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Streptomyces are Gram + filamentous bacteria, of great industrial interest. They
already produce the majority of the antibiotics used in modern medicine but the
sequencing of the genome of some members of this genera revealed that they have the
genetic potentiality to produce much more. In Streptomyces, antibiotic production
usually occurs in the periods of slow or no growth and is triggered by a nutritional
limitation in phosphate limitation. Antibiotic production can thus be considered as
resulting from an adaptation to growth in condition of phosphate limitation.

A novel understanding of the regulation of antibiotic biosynthesis was inferred
from the analysis of a mutant of Streptomyces lividans, a naturally very weak antibiotic
producing strain, that became a very high producer of some coloured antibiotics, upon
the interruption of a single gene, called ppk (Chouayekh and Virolle, 2002). This gene
was shown to encode an enzyme acting, in vitro, as a polyphosphate kinase (PPK),
polymerising the y phosphate of ATP into polyphosphate when the ATP/ADP ratio in
the reaction was high and as a nucleoside di-phosphate kinase (NDPK), regenerating
ATP from ADP and polyphosphate, when this ratio was low (Chouayekh and Virolle,
2002). In vivo, the expression of ppk was shown to be higher in condition of Pi
limitation (condition correlating with a weak energetic charge) than in condition of
phosphate sufficiency (Ghorbel et al., 2006a). In condition of phosphate limitation, the
expression of ppk was shown to be positively controlled (likely indirectly) by the two
components system PhoR/PhoP whereas in condition of phosphate sufficiency, the
expression of ppk is thought to be negatively controlled by a repressor using ATP as co-
repressor (Ghorbel et al., 2006a).
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In order to assess the in vivo enzymatic function of Ppk, in condition of
phosphate limitation, a comparative analysis of the intracellular content in ATP, ADP
and polyphosphate of the wild type strain of S. /ividans and of the ppk mutant was
carried out. At the beginning of growth, polyphosphates were always found to be longer
and more abundant in the ppk mutant strain than in the wr strain suggesting that, in vivo,
Ppk might act as an ATP regenerating enzyme (Ghorbel et al., 2006a). The absence of
this enzyme in the ppk mutant, was indeed shown to result in an higher intracellular
concentration of ADP than in the wild type strain suggesting a default of ADP to ATP
regeneration in that strain. Furthermore, at late incubation times, several observations
suggest that a strong activation of some specific enzymes of central metabolism takes place
in the ppk mutant strain. This strong activation, accompanied by a raise of the internal
oxidative stress, results in the production of ATP, reduced cofactors (NADH) and carbon
skeletons that will not be used for anabolism but will constitute “building blocks™ for
antibiotics biosynthesis.

Introduction

There is an urgent need to found new drugs leads to face a major threat of this
century, the development of multi resistant pathogenic bacteria. Actinomycetes are
already providing most of the antibiotics used in modern medicine, but the sequence of
the genome of a few species of this large genera (mainly Streptomyces species, S.
coelicolor, S. avermilis, S. scabies, S. ambofaciens) revealed that they possess 5 to 10
fold more biosynthetic pathways that could have been predicted from their biosynthetic
abilities (each specie is known to produce 3 to 4 different antibiotics). This enormous
genetic diversity is likely to result in the production of secondary metabolites with
different chemical structures and bio-activities. A very important and unexploited
reservoir of genetic and metabolic diversity resides in the thousand of species of this
genus. However, the expression of these putative biosynthetic pathways, detected in
silico, is often weak and the resulting metabolites too poorly produced to be
characterised. A major challenge is to find ways to exploit the outstanding genetic
potential and thus metabolic richness of the several hundreds of Actinomycetes species
present on earth in order to discovery new active drugs. In order to conceive strategies
to exploit this huge metabolic diversity, we need to get a deeper understanding of what
triggers the expression of the biosynthetic pathways and what is the nature of the
regulatory changes that lead the cell to redirect its central metabolism, usually aimed at
biomass construction, toward the production of secondary metabolites.

Some of our recent results leads us to propose a novel view of the regulation of
antibiotic biosynthesis that has high explicative and predicative value. This novel view
was inferred from the analysis of a mutant of Streptomyces lividans, a naturally very
weak antibiotic producing strain, that became a very high producer of the coloured
antibiotics, actinorhodin (ACT) and undecylprodigiosin (RED) upon the interruption of
a single gene, called ppk (Chouayekh and Virolle, 2002).
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The Ppk Gene Of S. Lividans Plays A Negative Role In The
Regulation Of Antibiotic Biosynthesis

In vitro enzymatic function of Ppk

The ppk gene was shown to encode an enzyme acting, in vitro, as a
polyphosphate kinase (PPK), polymerising the y phosphate of ATP into polyphosphate
(long polymers of phosphate linked by high energy phosphoanhydride bonds) when the
ATP/ADP ratio in the reaction mix is high and as a nucleoside di-phosphate kinase
(NDPK), regenerating ATP from ADP and polyphosphates, when this ratio is low (1).

PPK
nATP ——  PolyPn +n ADP

NDPK

Regulation of ppk expression

The expression of ppk was shown to be higher in condition of phosphate
limitation, condition resulting in a weak energetic charge, than in condition of
phosphate sufficiency (Ghorbel et al., 2006a).

In condition of phosphate limitation, the expression of ppk was shown to be
under the positive control (likely indirectly) of the two components system (TCS)
PhoR/PhoP. In these conditions, the expression of phoR/phoP is auto-induced and
PhoR/PhoP controls the expression of numerous genes involved in the supply of
phosphate either from external (high affinity phosphate transporters, secreted
phosphatases etc...) or internal sources (enzymatic systems responsible for the
degradation of phosphate rich cellular components such as polyphosphate,
phospholipids, nucleic acids etc...). However since this TCS also controls the
expression of ppk, it is also obviously involved in maintaining the energetic balance of
the cell (see below). All together these genes constitute the pAo regulon.

In condition of Pi sufficiency, the expression of ppk is thought to be repressed
by a putative repressor revealed in DNA band shift experiments (Ghorbel et al., 2006a).
In vitro, the affinity of this repressor for its target sites in the ppk promoter region is
enhanced in the presence of ATP, suggesting that ATP might act as a co-repressor of
ppk expression. The expression of ppk might thus be directly regulated by the energetic
state of the cell, repressed when the intracellular concentration of ATP is above a
certain threshold (condition of phosphate sufficiency) and de-repressed/induced when
this concentration falls below a certain threshold (condition of phosphate limitation).

Comparative analysis of the intracellular content in ATP, ADP and polyphosphate
of the wild type strain of S. lividans and of the ppk mutant:

In order to assess the in vivo enzymatic function of Ppk, in condition of Pi
limitation, a comparative analysis of the intracellular content in ATP, ADP and
polyphosphate of the wild type strain of S. /ividans and of the ppk mutant was carried
out.
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At the beginning of growth, polyphosphates (whose biosynthetic origin is
unknown) were always found to be longer and more abundant in the ppk mutant strain
than in the wt strain suggesting that, in vivo, Ppk might acts as a Nucleoside Di
Phosphate Kinase (NDPK), regenerating ATP from ADP and polyphosphates. The
absence of this enzyme in the ppk mutant, was indeed shown to result in an higher
intracellular concentration of ADP than in the wild type strain, all along growth (C.
Esnault, unpublished results), suggesting a default of ADP to ATP regeneration in that
strain.

On the opposite, at later incubation times, when antibiotics were produced, a
more active degradation of the polyphosphate pool was observed in the ppk mutant than
in the wild type strain (A. Smirnov, unpublished results). Since, a super-induction of
phoR/phoP expression was previously shown to take place in the ppk mutant strain
(Ghorbel et al, 2006b), genes belonging to the pho regulon are likely to be over-
expressed in this mutant. The over-expression of genes encoding polyphosphate
phosphatases activities, likely to belong to the pAo regulon, is thought to responsible for
the fast degradation of the polyphosphate pool in that strain. Furthermore, we
demonstrated that in these conditions, at very late incubation times, the intracellular
concentration of ATP was higher in the ppk mutant strain than in the wild type strain (C.
Esnault, unpublished results).

These experimental data led us to propose a novel model of the regulation of
antibiotic biosynthesis that suggests that, in Streptomyces, the real trigger of antibiotic
biosynthesis might be a deficit in the energetic charge of the cell.
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This novel model predicts that, in an attempt to re-establish its energetic
balance, a strong activation of central metabolism will take place, in the ppk mutant
strain. Central metabolic pathways coupled to the respiratory chain are indeed the main
ATP producing route within the cell. This activation will lead to the production of the
necessary ATP, of carbon skeletons and of reduced cofactors (NADH). In this situation
the carbon skeletons generated by this activation will not be used for biomass
construction but will constitute “building blocks™ for antibiotics biosynthesis. It has,
indeed, long been known that, in Streptomyces, antibiotic production occurs in the
period of slow or no growth (weak anabolism).

Furthermore, this stimulation of central metabolism is predicted to yield
abundant reduced co-factors that should be re-oxidized by the respiratory chain. However,
if the amount of reduced co-factors produced exceeds the oxidative capability of the
respiratory chain, electron leakage and thus the generation of reactive radicals (ROS,
RNS) will take place leading to an increase of internal oxidative stress that was
observed (see below).

Experimental validation of the model

The experimental validation of this model is in process by physiologic,
transcriptomic, proteomic and metabolomic approaches.

However, we have already demonstrated that the ppk mutant takes up glucose
(H. Hamdali et al., unpublished results) and consumes its internal polyphosphate pool
(A. Smirnov et al., unpublished results) more actively than the wild type strain. Since
glucose and phosphate are the needed fuels of metabolism, their enhanced consumption
is indeed a sign of the activation of the metabolism.

Furthermore, the enhanced sensitivity to external oxidative stress (H202) of
the ppk mutant in condition of antibiotic production (Ghorbel et al., 2006b) correlates
with an enhanced internal oxidative stress that is likely to result from the stimulation of
central metabolism. Since oxidative stress can be potentially damaging for the cell, the
bacteria has to precisely regulate the delicate balance between the necessary stimulation
of its central metabolism, to produce the indispensable ATP, and the potentially
deleterious effects of the oxidative stress resulting from this stimulation. Some of our
results suggest the existence of mechanisms sensing internal oxidative stress and
reducing the activation of central metabolism (and thus the production of antibiotic)
when the internal oxidative stress raises too dangerously (Nowacka-Mazurek et al.,
unpublished results).

At last, preliminary results of still on going proteomic studies of the ppk mutant
strain indeed confirmed the over-expression of enzymes involved in the resistance to
oxidative stress (catalases, superoxide dismutases). More importantly, these studies
revealed the over-expression of some key enzymes of glycolysis and Krebs cycle. The
over-expression of these enzymes is thought to be responsible for the over-production
of some metabolites that constitute precursors for antibiotic biosynthesis. Furthermore,
enzymes of the respiratory chain were also shown to be over-expressed indicating an
active respiration related to the strong activation of central metabolism.



Conclusion

The novel model proposed for the regulation of antibiotic biosynthesis suggests
that a weak energetic state might be the real trigger of antibiotic biosynthesis. A strong
induction of the expression some specific enzymes of central metabolism is taking place in
condition of energetic deficit. The over-expression of these specific enzymes is thought to
lead to the accumulation of the carbon skeletons constituting precursors of antibiotics
biosynthesis. This model, clarifies the nature of the relations existing between primary and
secondary metabolism. It has quite a high explicative and predictive value and is easily
testable.

Companies wish to be able to produce novel bio-active molecules with high
titters. To do so, it is first necessary to identify and clone novel biosynthetic pathways. It is
then necessary to increase their expression by genetically engineering genes encoding
specific or pleiotropic regulators either in the producing strain or in a super-host. However,
in any cases, it will be necessary to increase the precursors supply within the cell. To
achieve this, it is of fundamental importance to get a better understanding of the regulation
of central metabolism, the precursors supplier, in Actinomycetes species. The novel model
proposed should inspire the design of rational strategies to increase the supply of antibiotics
precursors and thus antibiotic production in Actinomycetes species. It can thus contribute to
enhance the production of novel molecules previously too weakly produced to be
detectable and thus tested for biological activity.

Companies are also sometimes facing the problematic genetic instability of
industrial over-producing strains. The high producing strains derive quickly and their
producing abilities are sometimes reduced or lost, generation after generation. The
deleterious effects of an high oxidative stress that is an obligate consequence of an
elevated antibiotic production might be responsible for this instability. It is thus also
important to get a good knowledge of the different strategies used by the strains to cope
with oxidative stress in order to construct stable hyper producing strains.
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Using an integrative vector, Pseudomonas genes encoding feruloyl-CoA synthetase and
feruloyl-CoA hydratase/aldolase were integrated into the lacZ gene site of Escherichia
coli. The resulting strain was very stable and more efficient in vanillin production than
strains expressing ferulic catabolic genes from a low-copy vector. Optimization of
culture conditions and bioconversion parameters, together with the reuse of the biomass,
leaded to a final yield of 6.6 Kg of vanillin per Kg of biomass, which is the maximum
vanillin yield value reported using resting cells of E. coli.

1. Introduction

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is the major organoleptic component of
the vanilla flavour, which is extracted from the cured beans of Vanilla planifolia. 1t is
one of the most important flavour compounds, and the current market demand is
supplied mostly using synthetic vanillin, chemically produced from guaiacol and lignin,
while natural vanillin obtained from Vanilla represents less than 1% of the annual
market demand (Prince et al., 1994). Rising demand for natural ingredients and the fact
that plant derived vanillin is relatively expensive, has led to the investigation of other
biotechnological routes such as the microbial production of this flavour from
phytochemicals, such as ferulic acid (Rao and Ravishancar, 2000; Priefert et al., 2001).
Ferulic acid is the most abundant cinnamic-related compound in the plant world and
occurs mainly in the cell walls. In several ferulic-degrading bacteria, ferulic acid is first
activated to feruloyl-CoA by a feruloyl-CoA synthetase, encoded by fcs gene, and then
the CoA thioester is subsequently hydrated and cleaved to vanillin and acetyl-CoA by a
enoyl-CoA hydratase/aldolase, encoded by ech gene. A number of microorganisms,
such as Amycolatopsis sp. strain HR167 (Achterholt et al., 2000), Pseudomonas putida
(Plaggenborg et al., 2003), Streptomyces setonii (Muheim et al., 1999; Sutherland et al.,
1993), have been proposed for the production of vanillin from ferulic acid. Recently,
recombinant Escherichia coli has been considered a good candidate for vanillin
production and a lot of biocatalysts able to convert ferulic acid into vanillin were
developed (Yoon t al., 2005; Barghini et al., 2007). A major drawback of E. coli
vanillin-producing systems is the genetic instability of the recombinant strains that
causes rapid declines in levels of vanillin production. In this work, a considerably more
stable strain was developed by integrating the ferulic catabolic operon of P. fluorescens
BF13 into the E. coli chromosome. Some parameters influencing the bioconversion
process were optimized by employing resting cells of this recombinant E. coli strain.
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2. Materials And Methods

2.1 Chemicals

All chemicals and HPLC solvents were of the highest purity commercially available and
were purchased from Fluka (Buchs, Switzerland) and Carlo Erba (Milan, Italy). Luria
Bertani (LB) broth (Lennox L Broth) was from Acumedia (Baltimore, Maryland);
Bacto-Agar was purchased from Difco (Detroit, Mich.).

2.2 Microorganism cultivation

E. coli IM109 was used for all standard cloning procedures, and as a host for the ferulic
catabolic genes. JM109 was grown in Luria-Bertani (LB) broth at 44°C in Erlenmeyer
flasks on an orbital shaker at 180 rpm. For bioconversion experiments, cultivation was
performed at 30°C. Kanamicyn was added at a final concentration of 25 pg/mL for the
growth of recombinant strains.

2.3 Construction of recombinant plasmids

Plasmid used for metabolic engineering of E. coli IM109 was generated inserting a
7715-bp Ssfl fragment, which contained the ferulic catabolic operon of P. fluorescens
BF13 (GenBank accession number AJ536325), into a low-copy temperature-sensitive
plasmid. The resulting plasmid, designated pFR2 was introduced by transformation into
E. coli IM109 cells.

2.4 Bioconversion experiments by resting cells of transformants

Cells were collected by centrifugation (6000 x g at 4°C for 10 minutes), washed twice
in M9 saline/phosphate buffer (4.2 mM Na,HPOy; 2.2 mM KH,POy4; 0.9 mM NacCl; 1.9
mM NH,CI), and suspended in the same buffer amended with 0.5 mg/L yeast extract) in
order to obtain a final concentration of biomass of 4.5 g (wet weight)/L.
Biotransformations were performed in 100 mL flasks containing 10 mL of cell
suspension supplemented with a sterile solution of ferulic acid (5 mM) and incubated on
a orbital shaker at 180 rpm. Vanillin was quantified after a 24-hour incubation by liquid
chromatography. Reuse of resting cells was performed in bioconversion cycles of 24 hr
with 4.5 g/l biomass and 5.0 mM ferulic acid. Once the bioconversion finished, the
cells were collected by centrifugation, washed and immediately used for the next
bioconversion cycle. The reaction volume was adjusted to have the fixed amount of
cells (4.5 g/L).

3. Results And Discussion

3.1 Isolation of plasmid-chromosome recombinants.

Ferulic catabolic genes encoding feruloyl-CoA  synthetase and feruloyl
hydratase/aldolase from P. fluorescens BF13 were cloned into a plasmid with a
temperature-sensitive replicon, designed for chromosomal integration into the /acZ gene
of Escherichia coli. The resulting plasmid, pFR12, was used to transform strain JM109
and cells with an integrated pFR12 plasmid could be selected at 44° C using a plasmid-
encoded kanamycin resistance. Sequencing across the integration sites of six
transformants demonstrated that in all cases the plasmid integration occurred at the lacZ
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locus. The new strain with the integrated ferulic catabolic genes was named FR13.

3.2 Biotransformation of ferulic acid to vanillin using resting cells of E. coli FR13

The ability of strain FR13 to convert ferulic acid into vanillin was initially evaluated by
using a culture grown at 44°C until stationary phase. A specific productivity of 29+1
pumol of vanillin/g of biomass x hr could be obtained by employing 4.5 g (wet weight)
of biomass/L and 5 mM ferulic acid.

3.3 Optimization of vanillin production in shaken flasks

The growth temperature and the physiological state of the cells employed in the
bioconversion were found to influence vanillin production yield. An overnight culture
grown at 44°C was diluted in fresh medium and incubated at different temperature for 3
hours. Among the three temperature tested (44°C, 37°C and 30°C), the highest vanillin
production was obtained with cells grown at 30°C, thus achieving a 50% increase in
specific productivity with respect to corresponding values obtained with cells from
cultures in stationary phase (Table 1). The latter results were in agreement with
Barghini et al. (2007) who observed that a sub-physiological temperature of growth is
an efficient strategy to increase vanillin production using E. coli strains expressing
ferulic catabolic genes from a low-copy vector.

Table 1. Effect of the growth temperature on the vanillin production by resting cells of
FR13 strain

Temperature Specific Productivity
of growth
©C) (pmol/g/hr)
30 44 +7
37 42 +5
44 37+1




58

If cells were pre-incubated at low temperature (+4°C) for different period of time (1, 5
and 13 days) before being used for bioconversion experiments, an increase in the
vanillin production yield was achieved (Figure 1). After 5 and 13 days of incubation at
4°C, a 12% to 30% improvement in the vanillin production was observed.

As the biomass production was costly and time-consuming, the possibility of reusing
the applied resting cells was also evaluated. Resting cells, pre-incubated at 4°C for 5
days, were reused four times achieving the vanillin production yields showed in Figure
2. Product yield remained over 50% until the fourth reuse. Figure 2 also shows that the
reuse of the cells permitted to obtain more than 6.6 Kg of vanillin per Kg of biomass.
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Figure 1. Effect of low temperature treatments on the vanillin production by resting
cells of FR13 strain.
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Figure 2. Vanillin yield (grey bar) and vanillin produced (Kg) per Kg of biomass (filled
triangle), after successive cells reutilization processes.

5. Conclusion

An integrative vector was constructed to allow expression of genes encoding feruloyl-
CoA synthetase and feruloyl-CoA hydratase/aldolase in E. coli. Optimization of culture
conditions and bioconversion parameters, together with the reuse of the biomass, leaded
to a final production of 6.6 Kg of vanillin per Kg (wet weight) of biomass, which is the
highest found in the literature for E. coli.
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Aim

The ever-increasing number of experiments carried on rodents (mostly rats and mice)
couples with advances in small animal imaging systems such as microPET, optical,
microCT, microMR, ultrasound and microSPECT. In this context a technical center
set-up for small animals imaging is required.

Methods

We recently designed a facility targeted to provide the best support to a wide range of
investigators involved in multidisciplinary researches. The metabolic and structural
imaging center was born thanks to a collaboration among the Second University of
Naples, the university of Naples “Federico II”, and the “A. Cardarelli” Hospital of
Naples. The Facility for Small Animal Imaging (SAIF) is dedicated to research studies
on rodents. We critically examined both research and regulatory issues. Our facility
will be able to satisfy a wide range of needs: training for researchers, study scheduling,
data acquisition, archiving, image display, and analysis. The SAIF is equipped with an
hybrid custom-made system microSPECT/Optical, a 7T microMR system, a microCT
scanner, and microUS. The main applications are: toxicology screening, viral
infections development, gene therapy, hepatic diseases, oncological imaging,
functional and physiological imaging and others. The SAIF is staffed with: biologists,
clinicians, biotechnologists, veterinarians, physicians, radiologists etc.

Furthermore it will house more than 5.000 animals, also providing a constant
procedural support in surgery, imaging, and analysis.
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Characteristics of equipment
Micro-CT (GE eXplore Locus)

The GE eXplore Locus scanner is an X-ray computed tomography system capable of
performing imaging studies of specimen or small animals in vivo . The Locus system
uses a X-ray detector with kV range of 35-80, and mA range of 0-500. The system has
three isotropic resolution settings (27, 45 and 90um) with a field of view (FOV) up to
80 mm in diameter. The Locus system uses a CCD with 10 micron square detector
element and 100 mm x 50 mm active area. The scan time is of 5-60 min depending on
the protocol used, with a sensitivity of milliMolar order.

Micro-CT (GE eXplore Locus)

Micro-MRI (7T Bruker)

The 7T 30-cm bore Bruker Biospec scanner is a dedicated imaging system equipped
with several shielded gradients for in vivo applications (< 50 micron). The BioSpec
system is also equipped for multinuclear and spectroscopy imaging (i.e. 1H, 31P, 15N,
13C, 19F). This instrument includes a breathing and heart gating/monitoring system to
limiting negative effects on image quality. This feature is essential to study animals
with an high breath and heart rate.



Micro-MRI (7 T Bruker)

Micro-PET (GE eXplore VISTA)

The GE eXplore VISTA microPET is a positron emission tomography scanner with a 3
cm (axial) x 6.7 cm (transverse) field of view. The system has an absolute sensitivity of
3% with a spatial resolution of ~1.2 mm in the center of the field, when using OS-EM
for image reconstruction.

SPECT/FRI

MediSPECT/FRI is a sperimental, and small animal dedicated scanner for radiolabeled
and fluorescence imaging, with a small field of view (2-56 mm), and a big spatial
resolution (0.12 mm). Detector for Ionizing Radiations: hybrid detectors in Siliceous
pixels (thick 0.3 mm), and in Cadmium Tellurium (thick 0.1 mm) linked to a reader
chip MEDIPIX2; the detectors are matrices 256 x 256 with a gap of 55 [Im, and a
sensible area of 1.4 cm x 1.4 cm. Collimators: tungsten pinhole (diameter 0.3, 0.4, 1.0
mm) for Tc-99m, and I-125 tracers; Mask with opening coded for I-125.
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Micro-US (VisualSonics Vevo 770)

The VisualSonics 770 High-Resolution Imaging System enables visualization,
assessment, and measurement of anatomical structures and hemodynamic function in
non-invasive imaging studies of small animals. B-mode (2D and 3D), power Doppler
(2D and 3D), M-mode and pulsed-Doppler imaging mode are available for anatomical,
cardiac and flow analysis, respectively. The high frequency at which the 770 operates
(20-55MHz) allows for achieving spatial resolution down to 30 microns, the highest
spatial resolution currently available in real time imaging.
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Biotechnology Center vivarium

The vivarium is designated to hold mice, rats, and rabbits. It occupies an area of about
250 mq, including 8 housing units, two laboratories, as well as quarantine and isolation
units able to hold about 5000 animals. Moreover a constant procedural support in
surgery, imaging, and analysis is provided.

We have created as well a facility able to maximize our resources supporting the
investigators as better as possible. At the same time we are focused to efficient
network set-up between different specialists in order to obtain an adequate
multidisciplinary approach .

Conclusions

We have created as well a facility able to maximize our resources supporting the
investigators as better as possible. At the same time we are focused in efficient
network between different specialists to obtain an adequate multidisciplinary approach.

The ever-increasing number of experiments carried on rodents (mostly rats and mice)
couples with advances in small animal imaging systems such as microPET, optical,
microCT, microMR, ultrasound and microSPECT. In this context a technical center
set-up for small animals imaging is required.

We recently designed a facility targeted to provide the best support to a wide range of
investigators involved in multidisciplinary researches. The metabolic and structural
imaging center was born thanks to a collaboration among the Second University of
Naples, the university of Naples “Federico 1I”, and the “A. Cardarelli” Hospital of
Naples. The Facility for Small Animal Imaging (SAIF) is dedicated to research studies
on rodents. We critically examined both research and regulatory issues. Our facility
will be able to satisfy a wide range of needs: training for researchers, study scheduling,
data acquisition, archiving, image display, and analysis. The SAIF is equipped with a
hybrid custom-made system microSPECT/Optical, a 7T microMR system, a microCT
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scanner, and microUS. The main applications are: toxicology screening, viral
infections development, gene therapy, hepatic diseases studies, oncological, functional
and physiological imaging and others. The SAIF is staffed with: biologists, clinicians,
biotechnologists, veterinarians, physicians, radiologists, etc.
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In this work the dynamic behavior of a chemostat has been theoretically studied with the
support of the singularity theory. The bioreactor is described by a simple two-
dimensional, unstructured ODE model accounting for biomass and controlling substrate
mass balances with variable yield coefficient. The main aim is an in-depth investigation
on the dynamics of the biorcactor, in particular on the presence and the role of
codimension one singularities. In comparison with the previous work of Ajbar (2001), a
more extensive analysis has been performed and the role of all the involved parameters
is evaluated. In particular, the effects of kinetic parameters and yield variability on the
dynamics of the bioreactor are systematically investigated. Therefore, for this system,
an exhaustive non-persistent bifurcation diagram is drawn; it allows exploiting the
conditions that determine dynamic regimes in the bioreactor and, to some extent, their
stability features.

1 Introduction.

The chemostat is a continuous bioreactor for microbial cultivation operating at a
constant reaction volume and characterised by a constant inlet flow rate of constant
composition (Bailey & Ollis, 1986). It is, probably, the simplest and the most
widespread type of continuous bioreactor. Its dimensionless mass balance equations can
be expressed in the following form:

xX'(t) = [p(s(0) —dil =k ; 1x(1)
(1)

. H(s(2))
") =dil(l-s(t))—
s' (1) = dil(1- 5(1)) y(s(t))xm

where x is the biomass concentration, s the limiting substrate concentration and di/ the
dilution rate. The adopted growth kinetics is the one proposed by Andrews (Bailey &
Ollis, 1986) which models the effect of substrate inhibition on microbial reproduction:

s
= - 2)
HLs) k+s+k,s*

According to Smith & Waltman (1995), the model in eq. (1) with a constant yield is not
capable of explaining any oscillatory behaviour in a chemostat, independently of the
kinetic expression chosen to describe the microbial growth. In the work by Pilyugin &
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Waltman (2003), it is stated that a necessary condition to ensure the existence of
dynamical regimes is to assume that the yield is not constant but dependent on the
substrate concentration. A common assumption in literature to model periodic
behaviour of a chemostat is to suppose a linear dependence of the yield coefficient on
the substrate concentration (Agrawal et al., 1982). Therefore, it is assumed that:

y)=1+ys 3

A coefficient kg, which takes account of the maintenance rate (van Bodegom, 2005), has
been introduced in eq. (1): as reported in that paper, this term is included in the interval
(0.01 - 0.1) in several experimental observations. In this work, an in-depth investigation
about the existence and nature of the dynamical regimes for this type of reactor is
performed: in particular, the analysis performed by Ajbar (2001) has been extended
detecting all the sets of codimension one singularity for steady and Hopf points and
plotting them in a non-persistent bifurcation diagram in the parameter plane spanned by
k and k;. This procedure allows obtaining information about the occurrence of global
bifurcations. Furthermore, the effect produced by y; on the occurrence of singularities is
investigated.

2 Complete singularity diagram of a chemostat.

2.1  Alist of the investigated singularity points

Before drawing the non-persistent bifurcation diagrams, a short explanation of the
meaning of this instrument is appropriate: in a compact subset P of the parameter plane
spanned by k and k;, it is possible to plot some one-dimensional manifolds (e.g., curves)
that determine the partition of P in some regions which show qualitatively similar
solution diagrams of static and dynamical regimes as a function of the dilution rate.
Unfortunately, this instrument is not problem-free. Golubitsky & Schaeffer (1985)
reported a general theorem which states the topological equivalence for steady state
solution diagrams belonging to the same region and also a weaker extension to the case
of Hopf points, but no exhaustive conclusions can be drawn for periodic regimes or
global bifurcations. However, despite this lack of generality about these complex
behaviours, the singularity diagrams permit to obtain some interesting insights into
them.

The static singularities, which occur in a chemostat with a kinetic law given by eq. (2)
and a yield expression described by eq. (3), are:

1. Codimension one: transcritical (collision of two steady state branches
with an exchange of respective stability properties).

2. Codimension two: pitchfork (a single stable (resp. unstable) steady state
branch bifurcates into three steady state branches, two of them being
stable (resp. unstable) and the third one unstable (resp. stable)).

The occurring dynamical singularities are:

1. Codimension one: Takens-Bodganov (TB) bifurcation (collision and
annihilation of a Hopf and a homoclinic bifurcation on a saddle-node
point), Hopf convergence or H,, singularity (collision of two



supercritical or two subcritical Hopf points), Bautin or H;, bifurcation
(change from supercritical to subcritical type for a Hopf point or vice
versa).
A third class of lines must be plotted in the singularity diagram: a limit to physically
meaningful regimes on a solution diagram is that dil>0; therefore, the loci of
transcritical, saddle-node or Hopf points occurring when dil=0 are the ones that separate
regions in which such bifurcations occur from the ones in which they have disappeared
in the corresponding solution diagrams.

2.2 Singularity diagram for a chemostat with y,;=10 and k,=0.05.

The above listed loci are computed by deriving the Lyapunov-Schmidt reduction for
both static and Hopf points and then determining the analytical equations that satisfy the
degeneracy conditions for each type of singularity (Golubitsky & Schaeffer, 1985).

In figure 1, the singularity diagram for the case y;=10 and ky=0.05 is reported; in figure
2, the solution diagrams corresponding to the regions defined in figure 1 are plotted.
These latter have been obtained using the continuation software AUTO2000 (Doedel et
al., 2006).

A general description of the system can be given by comparing the dynamics of the
resulting 13 regions. Zone 13, characterised by high values of both k and k; which
determine a very small p(s), shows only washout solutions: in fact, these conditions
prevent the population from growing because the maintenance term is greater than the
growth process. The lines that delimit this subset are the threshold of minimum
functionality of the bioreactor and, if the physical parameters lie over them, then the
choice of substrate is inadequate or there are some other limiting factors that prevent the
culture from growing in such a chemostat. Even the regions close to this border line are
characterised by low productivities and steady solutions with low dilution rates; in fact
the maximum growth rate can also be limited to 1% of the theoretical maximum growth
rate (see plot 11 in figure 2).

As reported by Ajbar (2001), the equation of the pitchfork singularity line is k=k;. If
k>k;, dynamical phenomena are quite unlikely: in fact, periodic behaviours for k>k;
occur only when the inhibition constant is very low (region 6). The black dashed line
separates the regions in which the intersection of the nontrivial and the washout branch
occurs from the ones in which they do not cross: in the latter case, the washout solution
is always stable and the stable manifold of the intermediate unstable regime separates
the basin of attraction of this point from the one corresponding to the nontrivial
stationary point.

The behaviour of the system is much more interesting when k<k;: under the pitchfork
singularity line, a saddle-node bifurcation, essentially due to the presence of the
maximum in the kinetic law, appears in the solution diagram. In this case the
nonlinearities of the system have a stronger influence and this is proved by the
appearance of dynamical solutions. In regions 3 and 8, periodic solutions originating
from Hy, singularity points are present. The two plots related to region 3 pinpoint a limit
of the singularity approach: as can be observed, a single diagram is not sufficient to
characterise the dynamical behaviour of this zone (i.e., it does not show all equivalent
solution diagrams).
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Figure 2 (on two pages): Solution diagrams for the regions defined in the previous
figure 1.

In this case, the intersection of the stable periodic regime with the unstable steady state
can cause the breakage of the periodic branch into two pieces terminating with a
homoclinic bifurcation on the unstable steady branch: plot 3A shows the case in which a
continuous periodic branch connects the two Hopf points, while plot 3B describes the
case in which the global bifurcations appear: in the latter situation, the interval of
dilution rates included between the ones in which homoclinic phenomena occur, is
characterised by the absence of stable regimes except from the washout ones.
Furthermore, region 8 has dynamical features similar to case 3B rather than 3A (with
the only difference that the transcritical point does not appear in the solution diagram).
The dash-dot line indicates a TB singularity, that is, a collision between a Hopf point
and the saddle-node (or limit) point. As defined before, a homoclinic bifurcation also
converges in this point: this implies that, on the upper side of this line but close to it, the
solution diagram must be similar to the one described in 3A of figure 2; in fact, this
topology permits the collapse of the right Hopf point and the adjacent homoclinic
bifurcation on the limit point when the dilution rate approaches the bifurcation value. In
the lower part of the plot in figure 1, (that is, under the TB locus), only the left Hopf
point and its correspondent homoclinic bifurcation survive as indicated by diagrams 4A,
4B and 9 in figure 2. Also in region 4 some global bifurcations occur and, hence, two
non-equivalent solution diagrams are required to characterise it. In diagram 4A the
periodic branch for the left Hopf is made up of only stable periodic orbits like the ones
in region 3 while for high k; and low k a fold bifurcation appears (starting from the
homoclinic one) and some unstable limit orbits arise: in particular, the homoclinic
bifurcation occurs between an unstable point and an unstable limit cycle for this subset
of region 4 (see plot 4B). A similar phenomenon can be observed also in region 9.

The dotted gray line indicates the singularity locus in which the instability of the
periodic orbits branch expands up to the Hopf point eliminating the stable ones:
therefore both in region 5 and 10, the Hopf point is subcritical and no stable periodic
orbits exist.

A final remark has to be made about the disappearance of Hopf points: the dashed gray
line indicates the boundary for this type of singularity. In the part of parameter space



bordered by the H;( and the TB singularity, two Hopf points occur; in region 11 one of
these points disappears while the second one vanishes when the right part of the curl
line which encloses region 11 is crossed. As already said, under the TB singularity line
a single Hopf point exists: this bifurcation point disappears when the dashed gray line is
crossed: in this region all the steady points are unstable and the only stable regimes are
periodic ones (as in region 12, for which the solution diagram is not reported here).

3  The effect of y; on the dynamics of the chemostat

A description about the effect of y; on the singularity diagram follows. In order to
evaluate its influence, the singularity diagrams for different values of these parameters
are drawn.
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Figure 3: Singularity diagrams for k;=0.05, (a) y;=2, (b) magnification of the detail in
the black square for case (a), (c) y;=0.5, (d) y,;=5.

In agreement with the conclusions obtained by Ajbar (2001), only if y,;>1 is it possible
to observe dynamical regimes. Therefore, if y;<1, the only singularity lines that are
present in the diagram are the pitchfork and the disappearance ones (therefore only
static singularity lines, as can be observed in figure 3c).

In figure 3a and b, the singularity diagram for y,;=2 is reported. As can be seen, a first
evident effect is the significant reduction of the region between the Hy, and the TB
singularity curves: differing from the previous case, the two lines cross each other
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causing the interruption of the Hy, curve in the intersection point that will be called S
where also the H singularity curve converges; therefore the region with the presence
of two Hopf points is much narrower than in the case y;=10 and the S point is a
singularity with a higher codimension than one as there is a convergence of two
codimension one curves in it. Similarly to figure 1, the region included between TB and
Hj line shows solution diagrams with a single periodic branch and the closer the
parameter point to Bautin curve is, the smaller the portion of periodic stable solutions
around the Hopf point is in the corresponding solution diagram (this behaviour is
similar to the ones in figure 2 case 4B): in fact, stable limit cycles disappear if the
parameters belong to the region behind both the TB and the Hyy curves (like the one
plotted in figure 2 case 5). An obvious consequence of this observation is that from a
TB point located on the left of S, the Hopf point collapsing on it is supercritical while it
is subcritical if the TB point is positioned on the right of S in figure 3a and b.

Therefore it is possible to conclude that stable periodic regimes (which can be
effectively observed) are possible only for parameter points lying in the area enclosed
by the vertical axis, the Hy; and the H, singularity lines. Comparing figures 1, 3a, 3¢
and 3d, it can be deduced that decreasing the y, value, the TB-H,-H;, intersection
singularity point moves progressively towards the origin up to vanishing for y;=I;
hence, lowering y; limits more and more the occurrence of stable periodic regimes (see,
for example the case y,=2 plotted in figure 3b in which the region with stable limit
cycles is very small); on the contrary when the parameter increases, the TB-Hy-Hg
intersection moves towards the disappearance loci until it vanishes. At this point, it
generates the curl of the dashed gray curve, which encloses region 11 in figure 1 and
indicates a different disappearance mechanism for the two Hopf points.

4 Conclusions

A final summary about the dynamics of the chemostat is that the effect due to the
positive slope of the yield function with substrate concentration is the main cause of
oscillating regimes; unstable periodic regimes are possible as well as subcritical Hopf
points (that Ajbar, 2001, did not indicate) as the inhibitive action becomes stronger;
instead, the occurrence of stable periodic regimes is more likely for rapidly growing
yields and low inhibition constant.
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The auxotrofic S. cerevisiae BY4741, carrying the fusion PIR4-IL1f, and able to
secrete the human interleukin-1f into the culture medium, has been employed in an
aerated bioreactor working as a fed-batch. Notwithstanding proper formulation of the
culture medium, the performance of the host strain BY4741 [Pir4-IL1B] in fed-batch
was not satisfactory: biomass density was far from that expected, glucose and ethanol
accumulated during the runs. To test if the oxidative stress was responsible for the
observed behaviour, the mutant BY4741 Aycal, deleted for the YCAI gene, coding for a
caspase-like protein involved in yeast apoptosis, was transformed with the expression
cassette containing the fusion PIR4-IL1p, and assayed in the same aerated fed-batch
system. The different performances exhibited by both BY4741[Pir4-IL1B] and BY4741
Aycal [Pir4-IL1pB], together with the study of death kinetics during operation runs,
evidenced the relevance of strain viability in the operative conditions employed.

1. Introduction

Saccharomyces cerevisiae has been recognized as the most useful eukaryotic
microorganism for heterologous protein production since 1978, when its genetic
transformation was established (Hinnen et al., 1978).

75

S. cerevisiae is a glucose-sensitive yeast and displays aerobic alcoholic fermentation
on glucose (Alexander and Jeffries, 1990). The regulation of glucose metabolism in yeast
has a major implication in the production of heterologous proteins, since a complete
oxidative metabolism of the carbon source should be maintained during the process to
achieve high cell densities with high yields of recombinant product (Mendoza et al.,

1994). In this concern, fed-batch technique, which permits substrate limitation, offers

a

tool for both metabolic control of sugar overflow metabolism and oxygen consumption
rate, avoiding engineering limitations with respect to cooling and oxygen transfer (Enfors,

2001).

In the present paper, the auxotrofic S. cerevisiae BY4741, carrying the fusion
PIR4-IL1p, has been employed as host strain to produce human interleukin-13 (IL-1p)
in an aerated bioreactor working as a fed-batch. This strain already revealed capable to
express and secrete interleukin-1 as a growth-linked product into the medium of
shake-flask cultures (Romano F. et al., 2007).

To achieve high biomass yield and productivity, an exponentially increasing feed

was initially applied to the bioreactor; then, the feed was switched to a constant value,
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to get over the oxygen transfer rate limitation in the reactor. In the operative conditions
employed, the behaviour of the recombinant strain was far from that expected.

Considering that fed-batch operations were carried out under vigorous and
continuous aeration, it has been hypothesized that oxidative stress could play a
significant role in determining the observed behaviour. To test this hypothesis, the
mutant BY4741 Aycal, deleted for the YCAI gene, coding for a caspase-like protein
involved in yeast apoptosis (Madeo et al., 2002; Mazzoni et al., 2005) was transformed
with the expression vector containing the fusion PIR4-IL1f, and assayed in the same
aerated fed-batch system.

The performances exhibited by both the recombinant strains, BY4741 [Pir4-
IL1B] and BY4741 Aycal [Pird4-IL1B], were compared and cell death kinetics during
operation runs examined.

2. Materials and Methods

2.1 Strains

S. cerevisiae strain BY4741 (MATo, ura3A0, leu2A0, metl5SA0, his 3A41)
(EUROSCAREF collection, Heidelberg, Germany), transformed with a YEplac vector
containing the gene fusion PIR4-IL1f (Romano F. et al., 2007), and indicated as
BY4741 [Pird4-IL1pB] was used in this work.

The same expression vector was employed to transform the deletion mutant S.
cerevisine BY4741 Aycal (MATo, wura3A0, leu2A0, metl5A0, his3Al,
yorl97w::kanMX4) (Madeo et al., 2002). Yeast transformants were selected for rail
prototrophy on SD medium (0,67% YNB, 2% glucose and required auxotrophy at the
concentration of 10 pg mI™).

2.2 Fed-batch cultures

Fed-batch cultures were perfomed in a 2.5 | stirred Bioflo 110 (New Brunswick,
Sc.). Cultivation started with a batch phase using 1 1 of defined mineral (DM) medium,
prepared according to Verduyn et al. (1992), containing 20 g glucose and supplemented
with vitamins, trace elements and bactocasaminoacids (BectonDickinson & Co.,
Sparks, MD 21152 USA) (Romano F. et al., 2007). Oxygen was supplied by sparging
the bioreactor with air at a flow of 1 vvm and the cascade system acted with the
agitation speed, automatically increasing or decreasing until the DOT set-point (30%
air saturation) was reached. The culture pH was maintained at 5.00 by automatic
addition of 2 N KOH.

When glucose was completely depleted, the feeding was started with a solution
containing 50% w/v glucose, other than vitamins, trace elements, iron sulphate and
bactocasaminoacids (Romano F. et al., 2007).

The exponential profile of flow rate F(z) was obtained from the mass balance on
limiting substrate (Enfors, 2001) and calculated according to:

F=F, -exp(u-t) (M

where Fy was given by:

_u-(X, %) @),
Fo—‘m v,



X, and V,, were biomass density and volume at the start of feeding, respectively; Sz was
the concentration of the growth limiting substrate in the reservoir; Y., was the
respiratory biomass yield; and p was the specific growth rate of the producer strain. The
exponential feeding was built up to ensure a constant p of 0,16 h™', below the maximum
(Mmax= 0,39 h™"), which was evaluated in a preliminary experiment carried out in
Erlenmeyer flask containing DM medium (Romano et al., 2007).

After the exponentially increasing flow rate, feed was switched to a constant value.
During fed-batch runs, aeration was accomplished as described above in the case of the
batch phase, except for the air flow which was of 1.5 vvm and pH maintained by
automatic addition of 10% v/v NH,OH. Dow Corning 1510 (dil. 1:10) was used as
antifoam. The bioreactor was inoculated with an adequate aliquot of a 24 h pre-culture,
to give an initial O.D.sq 0f 0.2 in the bioreactor.

All the fed-batch cultures were carried out in triplicate.

2.3. Biomass determination

Biomass was determined by optical density measurements at 590 nm and dry
weight determination. Unless otherwise stated, biomass is always referred as dry weight.
In the latter case, culture samples were washed twice, resuspended with distilled water,
and dried for 24 h at 105 °C . Parallel samples varied about 3-5%. The calibration curve
relating O.Dsq, values to biomass concentration provided a correlation factor of 2.45
0.Dsqp per mg ml™.

Cell viability during fed-batch runs was determined by viable count on
supplemented DM agar plates, incubated at 30 °C for 48 h.

2.4. Analyses

Samples were quickly withdrawn from fed-batch cultures, filtered on 0.45 pm
GF/A filters (Millipore, Bedford, MA USA) and filtrates analysed to determine residual
glucose, ethanol and interleukin-1f concentrations. Residual glucose in the medium
was determined by GOD-Perid from R-Biopharm (Roche, Mannheim, Germany).
Ethanol production was measured with the enzymatic kit (176290) from R-Biopharm
(Roche, Mannheim, Germany). Interleukin-1B was determined by immuno-blot analysis
in Bio-Dot® Microfiltration Apparatus (Bio-Rad, Hercules, CA, USA) and quantified
by densitometric analysis (MultiAnalyst, Bio-Rad) using the human EuroClone IL-
1B as a standard (Romano V. et al., 2007). All samples were analysed in triplicate and
the values of standard deviation obtained varied between 3-5%.

3. Results

3.1 Growth of S. cerevisiae BY4741 [Pir4-IL1p] in aerated fed-batch culture

Saccharomyces cerevisiae BY4741 [Pir4-IL1B] was cultured in the aerated
bioreactor, employing DM medium and glucose as carbon source. After a batch phase
of 16 h, exponential feed was started and maintained for 21 h, then the feed was
switched to a constant value for 9 h.

In Fig. la, total biomass of the producer strain and total amount of the fusion
protein secreted into the medium during the fed-batch phase, are reported. The
recombinant product accumulated along the entire time course of growth, with a yield
(Ypx) of 387 ng mg’'. After 20-22 h of feeding, no further increase in biomass and,
consequently, in product, was observed.
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Yeast metabolism was fully oxidative in the first 8-10 h of the exponential feeding,
being residual glucose in the medium absent and ethanol concentration at the same level
achieved at the end of the batch phase (Fig. 1b). Then, the behaviour of the recombinant
yeast was no longer consistent with the feeding profile applied: accumulation of glucose
in the medium and concomitant ethanol production were observed (Fig. 1b).
Apparently, glucose up-take of yeast cells was impaired and/or the amount of viable cell
in the bioreactor diminished. The resulting excess glucose determined the shift of yeast
metabolism towards fermentation.
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Fig. 1. Fed-batch run with BY4741 [Pir4-IL1B]: total biomass (®) and total
amount of recombinant protein (A) (a); residual glucose (m) and
ethanol (#) in the medium (b).

In the same operative conditions, a baker’s yeast strain, isolated from a
commercial sample, was able to display a fully respiratory metabolism along the entire
fed-batch run (data not shown), achieving a final biomass concentration of 77 mg ml™,
significantly higher than that obtained with BY4741 [Pir4-IL1B] (14,7 mg ml”,
considering that the final volume of the broth-culture was 1.7 1) (Fig. 1a).



3.2. Comparison between BY4741 [Pir4-IL1B] and BY4741 Aycal [Pir4-IL1f] in
aerated fed-batch cultures

Considering that fed-batch operations were carried out under continuous aeration,

it was supposed that oxidative stress could affect strain viability and, consequently,
explain the behaviour of the recombinant yeast. To test this hypothesis, the mutant
BY4741 Ayca [Pird-IL1B] was assayed in the same operative conditions previously
employed for BY4741 [Pir4-IL1].

Total biomass and residual glucose of BY4741 Ayca [Pir4-IL1B] monitored along
the fed-batch run, are reported in Fig. 2, and compared to the corresponding data
obtained with the original strain. Growth of the deletion mutant prolonged for further 10
hours with respect to that of BY4741 [Pir4-IL1B] (Fig. 2, top panel). As a consequence,
total final biomass was 34 vs. 25 g of the original strain. Accordingly, a higher amount
of recombinant protein was obtained, since the product yield (Y,,) remained the same
(data not shown). Also in the case of the deletion mutant, glucose accumulated in the
medium (Fig. 2, bottom panel), even though to a lesser extent.
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Fig. 2. Performance in fed-batch of the two recombinant strains: total biomass
(®) and residual glucose (m) of BY4741 [Pir4-IL1B]; total biomass (O)
and residual glucose (O) of BY4741 Ayca [Pir4-IL1p].
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Cell viability of both BY4741 [Pir4-IL1B] and BY4741 Ayca [Pir4-IL13] was
monitored during the respective fed-batch runs by viable count of colony forming
units (c.f.u.) and expressed as the ratio c.f.u./O.D.se9, where O.D.sqq corresponded to
the total biomass (viable and dead cells) present in the bioreactor. Data obtained are
reported in Fig. 3. Viability of both the strains diminished during the runs, though in
the case of the deletion mutant the value of the specific death rate constant was lower
than that of the original strain (0,011 vs. 0,026 h™', respectively). Apparently, the
deletion in the YCAI gene increased host viability, in the operative conditions
examined.
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Fig. 3. Death kinetics of the two recombinant strains, BY4741 [Pir4-IL1B] (®)
and BY4741 Ayca [Pir4-IL1B] (©) during fed-batch runs.

4. Discussion

In heterologous protein production by S. cerevisiae strains, auxotrophic host
systems (i.e. strains with multiple auxotrophic mutations, such as leu2, ura3, his3, trpl,
etc.), derived from industrial yeast strains, are widely used to ensure maintenance of
expression vectors with selectable markers (Cakar et al., 1999). These systems are
usually isogenic and haploid, differently from industrial strains which are usually
diploid or polyploid and prototrophic.

Heterologous protein production with S. cerevisiae strains is mostly performed in
bioreactors working in a fed-batch mode to avoid engineering limitations and exert
metabolic control by sugar limitation. The latter promotes oxidative metabolism in the
host with high biomass and product yields.

Notwithstanding proper formulation of the culture medium, the recombinant
BY4741 [Pir4-IL1B], grown in fed-batch reactor, is able to sustain a fully oxidative
metabolism only half-way through the exponential feeding, then the carbon source
begins to accumulate and ethanol is produced until cell growth definitively stops. As a
matter of fact, BY4741 cells precociously begin to die during the run, as shown by cell
death kinetics.



This unexpected behaviour cannot be ascribed to the so-called “metabolic burden”,
consequent to the introduction of the foreign DNA (Gorgens et al., 2001), since it is
observed also in the case of the wild type BY4741 (data not shown).

Deletion of YCAI gene undoubtedly improves host viability. This supports the
hypothesis that oxidative stress, arising during the continuous and vigorous aeration in
the bioreactor, is highly probable and consistently leads to apoptotic scenarios.
Apoptosis or programmed cell death (PCD) is now recognized to occur also in yeasts
(Madeo et al., 1999).

Under oxidative stress, yeast cells would produce reactive oxygen species (ROS),
which would induce YCA! gene to produce the protein caspase, involved in the
regulated process of PCD (Madeo et al., 2002).

However, the performance of the deletion mutant as well, is far from that of an
industrial strain. Apparently, other environmental stresses, deriving from process
conditions (e.g. shear stress) are exerted on the yeast cells and result more severe for
auxotrofic strains with respect to prototrophic ones and, mostly, haploid versus diploid.
Indeed, S. cerevisiae BY4741, a haploid strain mutagenized to introduce many
auxotrophies, could be intrinsically weaker than prototrophic yeasts.

The results obtained show that host viability is a relevant strain feature which has
to be carefully evaluated in the set up of a bioprocess. However, taking into
consideration that auxotrophic strains continue to be both useful tools acting on genes
involved in the sensitivity to different stress and longevity, and convenient platforms in
the field of heterologous protein production (Pronk, 2002), new metabolic and
bioprocess strategies should be developed for a better their exploitation.
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Intensification is a secure and worthy method of improving either a rather lengthy (time
consuming) or an energy intensive (far from normal conditions) process, searching for
the increase of at least one of the major parameters governing it: the kinetic, through the
partial transfer rates, the interfacial area or the driving force, seen as the distance from
the actual state of the process and its equilibrium. Ultrasound assisted extraction acts
primarily upon the kinetic of the extraction process, and secondarily upon the interfacial
area, through the eventual disintegration of larger particles. Compared with maceration,
infusion or decoction, it improves the process decreasing both operating time and
temperature while increasing the extraction yield. This intensive technique,
biochemically safe unless overexposure, was used to obtain active principles with
hypoglycaemic activity (sweet diterpenic steviol glycosides) from a medicinal plant
with high economical potential: Stevia rebaudiana leaves. Distilled water or a mixture
of water and ethanol in several ratios were employed as solvent. The active principles
were quantified by HPLC. An Artificial Neural Network was used to model the
ultrasound assisted extraction, due to its ability to cope with complex processes and
superior generalization capacity.

Keywords: Ultrasound assisted extraction, HPLC, Medicinal plants, Stevioside, Stevia
rebaudiana Bert., Artificial Neural Network.

1. Introduction

Stevia rebaudiana, native from Paraguay, is used as herbal sweetener for over 1500
years. Extracts of Stevia rebaudiana are part in weight-loss programs because of its
ability to reduce the cravings for sweet and fatty foods, to treat the diseases diabetes,
hypoglycaemia, candidasis, high blood pressure, skin abrasions and inhibiting growth
and reproduction of bacteria-like plaque (Gregersen et al., 2004). Stevia's greatest
appears to be a natural alternative to artificial sweeteners (such as aspartame or sodium
saccharin). The sweetness in Stevia rebaudiana is mainly attributed to two glycoside
compounds: stevioside (3-10% of dry leaf weight) and rebaudioside A (1-3%) which
can be up to 250 times sweeter than sucrose (Duke, 2006). The glycosides of Stevia
rebaudiana leaves have been extracted using classical techniques: maceration, infusion
or decoction, either requiring long processing time and low efficiency (maceration), or
the facing thermal degradation (infusion and decoction) (Vinatoru, 2001).
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In order to increase the productivity, several intensification techniques like ultrasonic
waves, supercritical fluids or microwaves were associated with extraction of plant’s
compounds to improve the yield and quality of extracted products. From these,
ultrasound assisted extraction seems to be economically most promising (inexpensive,
simple and efficient), being employed to extract active compounds such saponins,
steroids and triterpenoids from Chresta spp. about three times faster than with the
traditional extraction methods (Schinor et al, 2004). The main benefits of use of
ultrasound in solid-liquid extraction include the increase of the extraction yield and
faster kinetics (Kiel, 2007).

The purpose of the present experiment is to study the some parameters of extraction: dry
leaves particle size, solvents nature, sample weight to solvent ratio (w/v), temperature,
stirring and output power of the ultrasound and to determine the optimum domain in a
reliable ultrasound assisted extraction protocol. High-performance liquid
chromatography (HPLC) is used to separate and quantify the stevioside due to its high
reproducibility, good linear range, ease of automation and ability to analyze the number
of constituents in botanicals and herbal samples (Dacome et al., 2005).

2. Materials and Methods

2.1 Reagents and plant material

Stevioside (S3572, assay >98% (HPLC), form: solid, colour: white, free soluble in
water and ethanol, solubility H20: >20 mg/mL, storage temp: 2-8°C, chemical name:
40-13-[(2-O-B-D-Glucopyranosyl-B-D-glucopyranosyl)oxy]kaur-16-en-18-oic acid B-D-
glucopyranosyl ester, chemical formula: C38H60018 — see Figure 1, molecular weight:
804.87) used as the standard chemical was obtained from Sigma Chemicals.

Chromatographic grade — double distilled water, HPLC
grade acetonitrile, aqueous ethanol and distilled water
was used as extraction solvents and mobile phase.

Dry leaves of Stevia rebaudiana were purchased from the
Paraguay Medicine Market. They were stored in dark
| bags to protect them from humidity and light and, before
Figure 1 Stevioside — each bunch of experiments, they were cut into pieces of
Structural formula the appropriate equivalent diameter.

2.1 Experimental setup

Two ultrasonic bath (Model T420 Elma and Model T460 Elma), both working at 35
kHz frequency and an output power of 70 W and 170 W respectively were employed.
For stirring and heating a TK-22 Magnetic stirrer with heating was used. For
chromatographic measurements, a HPLC system Agilent Technologies 1200 series
model with UV-VIS detector was used. After the extraction process for all the methods,
the filtrate was separated from the residual plant material by vacuum pump filtration.

2.2 Classic extraction
Maceration was used as reference for comparisons with the ultrasound assisted and hot

extraction methods. Maceration was performed with 10 g of Stevia rebaudiana dry
leaves with three particle sizes (0.315 mm, 2 mm and 6.3 mm) and different solvents:



distilled water and water/ethanol mixtures (55% and 70%) with different sample weight
to solvent volume ratio (w/v): 1/10, 1/8, 1/5. The mixture was left at room temperature
for 24 h in closed Erlenmeyer flasks, small volumes for analysis being probed at 5, 20,
45, 120, 240 minutes and at the end of the process. The hot extraction (infusion and
decoction) was performed with 10 g of Stevia rebaudiana dry leaves having 0.315 mm
equivalent diameter, at a sample weight to water volume ratio of 1/5 (w/v) and
temperatures of 40 °C and 90 °C into Erlenmeyer flasks. For infusion (40 °C), samples
were taken at 5, 10, 20, 25 and 35 minutes while for decoction (90 OC), samples were
taken at 1, 2, 3, 5 and 8 minutes. Both maceration and hot extraction were performed
with and without stirring.

2.3 Ultrasound assisted extraction

Samples of 10 g of dry leaves from Stevia rebaudiana with four particles sizes
(0.315 mm, 2 mm, 6.3 mm and crushed dry leaves) were mixed with different solvents:
distilled water and water/ethanol mixtures (55% and 70%) with different sample weight
to solvent volume ratios: 1/10, 1/8, 1/5 (w/v) then placed into the ultrasound assisted
extractors at room temperature. The ultrasonic baths were filled with liquid water into
which glasses with samples were placed and sonicated for 1, 3, 5, 10, 15, 20, 25, 35, 40,
50 and 60 minutes at 70 W and 170 W respectively output power.

2.4 Dry residue analysis. Extractive values
According to the Romanian Pharmacopoeia (10™ edition) approximately 2 g (2 ml) of

extract was placed into a flat-bottomed glass dish (36 mm diameter and 28 mm height)
covered to prevent evaporation of solvent before weighting. After weighting, the extract
was dried in oven at 103 °C for 3 h. The content of extractive substances in the plant
material was calculated from the mass of dry extract and the initial mass of plant subject
to experiment. The concentration of extractive substances in the liquid extract was
calculated from the mass of dry extract and the volume of liquid extract. The extractive
value of the soluble compounds from the extract was calculated as a mass percentage of
dry residue (g/100 g extract).

2.5 Determination of steviol glycosides percentages using HPLC

Standard solution (2.2 mg/5 mL) of stevioside was prepared in the mobile phase
consisting of mix HPLC grade acetonitrile and bi-distilled water (80:20, v/v). Standard
series in the concentration range of 100-1000 ug/mL were obtained from the stock
solution. The mobile phase was used as solvent for all HPLC studies. The HPLC
analysis conditions were performed by isocratic elution with a flow rate of 0.4 mL/min.
All solvents were filtered through a 0.22 pm Millipore filter. Volumes of 5 puL. extracts
prepared from each sample were directly injected into HPLC then the peak areas at the
characteristic wavelength of the steviol glycosides were measured. The UV-VIS
detector was set to 210 nm and peak areas were integrated automatically using Agilent
software. Separation was carried out using a Supelcosil LC-NH2 or equivalent (length:
15 - 30 cm; inner diameter: 3.9 - 4.6 mm) and flow rate was set to 0.4 mL/min for an
isocratic elution at 40 °C as column temperature. The instrument was calibrated
pumping mobile phase through it until a drift-free baseline is obtained. The Agilent
software recorded the chromatograms of the sample standard solution.
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All the computations concerning the quantitative analysis were performed with external
standardization of the measured peak areas. The results were obtained as the mean value
of three separate injections. Using the measured peak areas of stevioside from the
sample solution and of the standard solution, the percentage of the extracted stevioside
was computed as: % stevioside = [Ws/W] x [Aa/As] x 100, where Ws is the mass of
stevioside in the standard solution (mg), W is the mass of sample (mg), As and Aa are
the peak area of stevioside from standard and sample solutions. The measurements of
stevioside from samples of Stevia rebaudiana were done according to stevioside
standard. At flow rate of 0.4 mL/min the retention time was 1.076 min for stevioside as

shown in Figure 2.
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Figure 2. Chromatogram of 2.2 mg/mL standard (Stevioside)

3. Results and Discussions

The HPLC method was applied to quantify the stevioside in the leaves of Stevia
rebaudiana, the results of different extraction protocols being presented in Tables 1 and
2, and Figures 3 and 4.

3.1 Results obtained for classic extraction

Table 1. Maceration extraction — dry residual and extracted stevioside obtained after 24 hours

a. Sample weight to b. Equivalent ¢. Solvent nature and
solvent volume ratio  diameter dry leaves, proportions
mm
ethanol ethanol

/10 1/8 /5 0315 2.0 6.3  water 559 70%
edr/l008 539 416 707 707 330 317 707 404 328
extract
gstevioside | g9 105 224 224 097 077 224 098 0.77
100 g extract

a. Influence of the sample weight to solvent volume ratio upon the maceration extraction yields
(0.315 mm equivalent diameter dry leaves, distilled water)

b. Influence of the particles size dry leaves on the maceration extraction yields (1/5 sample weight
to solvent volume ratio, distilled water)

c. Influence of the solvent nature on the maceration extraction yields (0.315 mm equivalent
diameter dry leaves, 1/5 sample weight to solvent volume ratio)

Although not unexpected, the results from Table 1 show a remarkable dependency of
extraction upon the granularity of the solid phase and the type of the liquid phase, but



quite normal with respect to the sample weight to solvent volume ratio. As the volume
used for extraction increases, the concentration of the extracted species decreases, while
their mass could either be the same, or increase too. In the latter case, to whom belongs
the actual experiment (data not shown), the extracted species reached the
thermodynamic saturation for the lowest volume of the liquid phase used. According to
experimental data (Table 2), the dimension of particles plays a key role in extraction of
soluble components from Stevia rebaudiana, a sharp decrease appearing when passing
from sub-millimetre to millimetre range, proving that diffusion inside solid phase is the
limiting step. Ethanol seems to inhibit sharply extraction of stevioside from Stevia
rebaudiana, due, probably, to its higher molecule and lower propensity of having
hydrogen bonds with stevioside molecules. From now on, the water will be the
extractive agent and the leaves granularity will be 0.315 mm, unless otherwise stated.
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Figure 3. The results for classic extraction; the influence of temperature and stirring upon the
extraction yield in time a) 25°C, b) 40 °C, ¢) 90 °C

When a supplemental kinetic energy is introduced from outside into the liquid phase
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through heating, what modifies is the process rate, not the thermodynamic equilibrium,
as can be observed from Figure 3, a)-c). If stirring is superimposed (increasing even
more the kinetic energy of the liquid phase dissipating mechanical energy), the
extraction process becomes even faster, although for the highest temperature its
contribution decreases significantly (see, for comparison, the vertical distance between
points at the beginning of the process in Figure 3, a-c). The thermal degradation of the
valuable compound starts manifesting, as an important downside of increasing the
temperature of extraction (Figure 3, c).

3.2 Ultrasound assisted extraction experiments

Table 2. Ultrasound assisted extraction results obtained after 20 min of sonication

a). Equivalent diameter of dry leaves, mm b). Solvent nature
crushed ethanol ethanol
0315 20 6.3 leaves water 55% 70%
edr/l00e 508 700 70 6.97 708 705 7.03
extract
gstevioside /- o ¢ 225 222 2.20 2.26 2.25 2.23
100 g extract

a). Influence of the equivalent diameter of dry leaves upon the ultrasound assisted extraction
yields (1/5 sample weight to solvent volume ratio, distilled water)

b). Influence of the solvent nature upon the ultrasound assisted extraction yields (0.315 mm
equivalent diameter of dry leaves, 1/5 sample weight to solvent volume ratio)
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Figure 4. Ultrasound - assisted extraction results. Influence of the output ultrasound power on the
extraction yield on time (70 W and 170 W, respectively).

When using ultrasound waves as intensification technique, the extraction rate increases
dramatically, the stevioside concentration attaining its maximum value for less than five
minutes (see Figure 4 for details). At the same time, neither the granularity of the solid,
nor the type of the liquid seem not to count anymore in the economy of the extraction
process, as pointed out by the data from Table 2. Even when crushed leaves are used,
not only the dry residual is almost the same, but also the stevioside concentration. Also,
the presence of ethanol becomes unimportant, the yield in stevioside having the same
value as for pure water. This is the effect of the sharp increase of the local turbulences,
which increase the mass transfer through diffusion inside the solid and also faster
mixing of the liquid, thus maintaining the highest possible driving force. Increasing the



power of the ultrasonic field has no beneficial effect, proving that an optimum ratio of
power and liquid, solid or both volumes should exist. The main drawback is the danger
of overexposure, when the valuable species ends up being destroyed (see Figure 4, the
decrease in the concentration of stevioside for long times), although this could be a
threat only for labile species.

3.3. Comparative discussions

The experimental results show that stevioside content of Stevia rebaudiana dry leaves is
higher than reported in literature. The highest stevioside content was removed from the
solid phase by ultrasound assisted extraction, about 10.26 % of dry leaf weight.
Compared to maceration, ultrasound assisted extraction increased the productivity more
than two hundred times, decreasing the time of completion. With respect to hot
extraction, whose performance is by far better than maceration, ultrasound assisted
extraction has the main advantage of working at ambient temperatures, thus avoiding
the thermal overexposure. Contrary to ultrasound overexposure, the thermal one has a
very narrow time window, largely increasing the probability of happening thus needing
a rather tight control (see Figure 3, c, where there are only three minutes between
optimum and thermal degradation, in Figure 4 this interval is over fifty minutes). Like
hot extraction, ultrasound assisted intensification needs special equipment to be
functional, which means higher investments, and electricity to produce the ultrasonic
waves, which means higher operating costs than maceration. So, a soundly economic
analysis should be done, in order to choose the best extraction procedure.

4. Artificial Neural Network modelling

Taking into account the complexity of the ultrasound assisted extraction, given not only
by the multitude of the implied parameters, but also from the complex interactions
between the mass transfer and the local velocity field heavily affected by the ultrasonic
waves, the Artificial Neural Network concept was considered for modelling. An ANN is
composed of elements (artificial neurones, organised in layers as the topological
structure of the brain, but far less complicate) that perform in a manner similar to the
most elementary functions of the biological neurone. The ANN mimics a number of the
brain’s characteristics: learn from experience, generalise from previous examples and
abstract essential characteristics from input containing scattered data, as any self-
organizing system. Learning means to present, repeatedly, to an ANN a set of couples
of input/output vectors, and to force it to optimize some metric like a sum of squared
distances real per desired output. A synthetic neuron (except those of the input layer)
processes the sum of the weighted signals received from its dendrites according to its
threshold function and outputs the answer through its axon to the following neurons.
The threshold function could be of any type of the generalized logistic curve. Matching
the ANN output to the real world passes through the attached neuron weights, which
modify until the learning criterion is fulfilled. Generalization means the capacity to give
a correct answer to a question outside the learning set and relies on ANN capacity of
finding out the hidden rules that govern the process, even if, at this time, it can not be
mathematically expressed. Anyway, the time consuming step is the learning phase.

The feed-forward ANN used to model the ultrasound assisted extraction has the
simplest structure with a single neuron in the hidden layer, three neurons in the input
layer (equivalent diameter of dry leaves, sample weight to solvent volume ratio and

89



90

~
J

output power) and five neurons
in the output layer, for the time
profile (up to ten minutes) of the
stevioside concentrations. This
way the ANN has the minimum
possible number of weights
which should be computed
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Figure 5. The parity plot of ANN vs. Experimental which the back-propagation
concentrations of stevioside algorithm was chosen. The lack

of abundant data prevent us from making a thorough analysis of the best ANN topology,
with the present data verifying only the capacity of the given ANN to satisfactorily
model the ultrasound assisted extraction. A parity plot of the experimental vs. the learnt
profiles is given in Figure 5, proving their good fit.

5. Conclusions

In this study, a HPLC method was developed and applied to quantify the stevioside
content of the Stevia rebaudiana. Compared with classical extraction methods like
maceration and hot extraction, the ultrasound assisted extraction proved to be a simpler
but more effective procedure to obtain active compounds from medicinal plants; it
works at lower temperatures, avoiding thermal degradation and higher rates, a very
important asset for industry. ANN seems to be a good choice for modelling this process.
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Membrane chromatography is a novel protein purification technique developed to
overcome the major limitations due to packed beads, such as long process time, mass
transport controlled by diffusion and high pressure drops.

In this work, the adsorption of human IgG onto new Protein A affinity membranes has
been studied in detail. To this aim, several chromatographic cycles have been measured
at different experimental conditions. A mathematical model for protein purification with
affinity membrane adsorbers has been developed and validated with experimental data.

1. Introduction

Protein A chromatography has become the preferred choice for the capture step of
antibody manufacturing. However, its high costs and the growth of antibody
applications has driven the search for alternative technologies (Low et al. 2007).
Membrane affinity chromatography is one of the processes that are receiving increasing
attention as a possible alternative to bead-based chromatography, even if its industrial
application is still far afield due to the low binding capacity of affinity membranes with
respect to chromatography beads (Thommes and Etzel 2007).

In this work, a new affinity membrane endowed with a very interesting binding capacity
for human IgG is studied in view of its use in the capturing step of a monoclonal
antibody production process. The membranes have been extensively tested with pure
polyclonal IgG solutions and with a cell culture supernatant containing IgG,. The
effects of flow rate and IgG concentration in the feed on the separation performance
have been studied in detail, considering binding capacity, selectivity and process yield.
A model simulation of the complete affinity cycle has been developed and the
experimental results have been compared with the simulated behaviour for different
values of feed concentrations and feed flow rates.

2. Experimental

2.1 Materials and methods

A new Protein A membrane (Sartorius Stedim Biotech, GmbH), with nominal pore size
of 0.45 pum, an average thickness of 200 um and a void fraction of 55%, has been used
for chromatographic separation of IgG. Pure polyclonal IgG, Gammanorm
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(Octapharma, Sweden) and a cell culture supernatant containing IgG; (ExcellGene,
Switzerland) were used as feed solutions.

The measure of IgG concentration of pure solutions was determined by UV readings at
280 nm (Shimadzu UV-1601). For complex solutions IgG concentration was
determined by HPLC using a protein A affinity cartridge (PA ID, Applied Biosystems,
Monza, MI, Italy) mounted on a liquid chromatography system (Alliance 2695 equipped
with a dual wavelength UV detector 2487, Waters Milano, Italy). The purity of the
eluted fractions was analyzed with size exclusion HPLC using a SEC column (Proteema
300, PSS, Mainz, Germany).

2.2 Dynamic experiments

Complete chromatographic cycles, adsorption, washing and elution have been
performed using an Akta Purifier chromatographic system (GE Healthcare, Italy). A
membrane column was prepared by cutting membrane discs of 2.5 ¢cm diameter and
inserting several membrane layers in a membrane holder; experiments have been carried
out using layered stacks of 5 and 10 membranes.

Phosphate buffered saline, PBS, pH 7.4 was used as equilibration and washing buffer,
0.1 M glycine pH 3.5 as elution buffer and a solution of 1 M NaCl and 50 mM NaOH
was used for regeneration. In experiments with pure IgG solutions, regeneration was
performed every 5™ cycle while in experiments with the cell culture supernatant it was
carried out after every cycle. The effects of different operating conditions, in particular
flow rate and IgG feed concentration, on membrane performance have been thoroughly
investigated.

2.3 Results

The membranes have been initially characterized in batch experiments with pure IgG
solutions in order to obtain kinetic and equilibrium thermodynamic parameters. In
particular, the Langmuir dissociation constant and the maximum static binding capacity
have been obtained in previous work, as reported by Boi et al. 2007a, and are around
0.0934 mg/ml and 12.75 mg/ml, respectively.

Dynamic experiments with pure IgG solutions have been performed at different values
of the feed concentration in the range of 0.15+2.0 mg/ml and at flow rates ranging from
I ml/min to 10 ml/min. The effect of concentration has been investigated in experiments
performed at a constant flow rate in all process stages. As the concentration increases
the breakthrough curve is sharper, indicating a better membrane utilization, and the
onset of breakthrough is anticipated as can be observed in Fig. 1. Conversely, the effect
of flow rate at a constant feed concentration is quite modest on the dynamic binding

capacity.
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Fig. 1. Dimensionless adsorption and washing profiles at 10 ml/min for different values
of I1gG concentration in the feed.

Elution profiles for the same value of IgG concentration in the feed are shown in Fig. 2.
As observed in previous works (Briefs and Kula, 1992, Dimartino et al. 2007) elution
peaks are higher and narrower at low values of the feed flow rate and became shorter
and broader as the flow rate increases.
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Fig. 2. Effect of flow rate on elution performance for experiments performed with 0.70
mg/ml of IgG in the feed and a layered stack of 10 membranes.

Due to the low titer in IgG, around 0.1 mg/ml, the cell culture supernatant was used as
received. Experiments were performed at different flow rates and a typical absorbance
profile is shown in Fig. 3. Fractions have been collected every millilitre and analyzed
with both Protein A and SEC HPLC analysis. The results indicate that the elution peak
is formed by pure IgG and that the membranes are endowed with very good selectivity.
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Fig. 3. Absorbance profile for experiments performed with the cell culture supernatant
at 5 ml/min constant flow rate using a stack of 5 membranes.

3. Mathematical model

3.1 Theoretical basis and model solution

The model is based on the adsorption of a single protein on affinity membranes and is
able to describe all process stages, namely adsorption, washing and elution. The
mathematical description considers the effects of system non idealities, generally called
system dispersion, due to mixing, channelling, dead-volumes, that are particularly
important in bench scale membrane chromatography (Sarfert and Etzel 1997).

The mathematical formalism adopted consists in a mass balance over the membrane
column coupled with a kinetic equation that describes the interactions between the
protein and the ligand immobilized on the membrane matrix. Description of the
adsorption and washing stages is based on the model developed by Suen and Etzel
1992, while the elution step is described with a first order kinetic equation.

The model equations, together with the relevant initial and boundary conditions, have
been implemented in Aspen Custom Modeler® simulation environment and solved using
the finite difference method. In industrial applications, especially for antibody capture,
chromatographic columns are operated up to 10% breakthrough. Since the onset of
breakthrough is the most important part of the curve, fitting of the adsorption stage has
been carried out up to 50% breakthrough.

The model has been validated using experimental data obtained for the adsorption of
pure polyclonal IgG on affinity membranes under different operating conditions
(Dimartino et al. 2007, Boi et al. 2007a).



3.2 Simulation results

The adsorption and washing profiles calculated with the model considered have been
compared with experimental results obtaining a rather satisfactory agreement with the
data, as it can be noted from Fig. 4.
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Fig. 4. Comparison between experimental data and model results for experiments
performed with pure 1gG solution at 1.48 mg/ml in the feed and constant flow rate of 10
ml/min using a layered stack of 10 membranes.

The model is able to describe well all process stages, as it can be observed in Fig. 5 in
which the IgG profile, obtained by Protein A analysis, has been compared with the
simulation results, for the experiments with the cell culture supernatant.
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Fig. 5. Comparison between experimental results and simulations for 1gG purification
from the cell culture supernatant at a flow rate of 2 ml/min using a layered stack of 5
membranes.
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4. Conclusions

A new protein A affinity membrane has been experimentally characterized to determine
its potential application in an IgG capture step of an antibody manufacturing process.
The results obtained indicate that this new membrane is endowed with a high binding
capacity and very good selectivity for IgG, thus they can be used to overcome the
throughput limitation and other well known drawbacks of traditional bead-based
chromatographic columns.

A mathematical model that describes membrane affinity chromatography has been
developed and validated considering the system under investigation (protein A affinity
membrane-human IgG). This model satisfactorily describes all the process stages and is
an useful tool for process design and for the simulation of a capturing step based on
membrane adsorbers.
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The present contribution reports on the characterization of the kinetics of phenol
conversion by Pseudomonas. sp. OXI in a continuously-operated, stirred reactor. The
investigation has been carried out in a 2 L reactor, mechanically stirred. The phenol
containing solution is delivered at dilution rates (D) varying from 0.025 to 0.5 h™'. The
phenol conversion process has been characterized in terms of time resolved
measurements the concentration in the liquid phase of phenol, cells, 2-hydroxymuconic
semialdehyde, the oxygen uptake rate, the total organic carbon and the total nitrogen.
Data were processed to assess the kinetic models - and related parameters — of phenol
conversion and cell growth under a wide range of operating conditions, from quasi-
batch up to values close to the wash-out conditions. The bacterial maintenance was also
assessed for growth on phenol. Kinetic parameters and phenol-to-biomass fractional
yield coefficient were significantly different from those estimated during batch cultures.
The maximum phenol degradation rate was of about 0.5 g/(L h).

1. Introduction

Phenolic compounds and their derivatives are present in significant amounts in raw
wastewaters from different industrial sources. Their concentration must be strictly
limited because of the deleterious effect of these molecules on a variety of biochemical
functions. Several bacterial strains are able to use aromatic hydrocarbons as a primary
source of carbon and energy (Whited and Gibson, 1991). The wide range of aromatic
substrates that can be metabolized by these microrganisms constitutes a powerful tool
for the bioremediation of environmentally harmful compounds.

Pseudomonas sp. OX1 was isolated from the activated sludge of a wastewater treatment
plant, and its ability to mineralize several aromatic hydrocarbons (Baggi et al., 1987)
might be relevant for bioremediation strategies. This bacterium grows using as unique
carbon and energy sources a large variety of aromatic molecules including phenol,
cresols and dimethylphenols, and also non-hydroxylated molecules, even at high
concentration (Baggi et al., 1987; Bertoni et al., 1996; Viggiani et al., 2006). Lodato et
al. (2007) have showed that this microrganism may convert azo-dyes under anaerobic
conditions. In particular, cells may convert any amount of dye if a balanced cycle of
anaerobic-aerobic process is carried out. It is likely that metabolites accumulated during
the aerobic phase, associated to growth/maintenance of Pseudomonas sp. OX1, are
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responsible for dye conversion during the subsequent anaerobic phase.

It should be taken into account that phenol degradation by Pseudomonas strains is
generally limited both by substrate inhibition and by low specific conversion rates
(Yang and Humphrey, 1975; Onysko et al., 2002). These issues have stimulated efforts
toward adoption of reactor configurations that are specifically suitable for the potential
of P. species and provide process intensification. In particular, the immobilization of the
microrganisms on solid carriers combined with the use of three-phase (gas/liquid/solid)
fluidised bed reactors may be adopted for process intensification (Heijnen et al., 1990;
Bryers, 2000; Russo, 2008). In any case, design and optimized operations of the
bioreactor with free or immobilized cells need a kinetic characterization of the process
under operating conditions close to the industrial applications.

A research program is active at the Chemical Engineering and at the Functional and
Structural Biology Departments of the University of Naples Federico II aiming at the
development of biotechnologies for bioremediation of water effluents with free and
immobilized microbial cells. The present contribution is focused on the kinetic
characterization of the phenol conversion process by free Pseudomonas sp. OX1 in a
continuously operated well stirred reactor. The phenol conversion process has been
characterized in terms of time resolved measurement of the concentration in the liquid
phase of phenol (Ph), cell (X), 2-hydroxymuconic acid semialdehyde (HMAS), oxygen
uptake rate (OUR), total organic carbon (TOC) and total nitrogen (TN).

2. Materials and method

2.1 Microrganisms and culture media

Pseudomonas specie OX1 was a gift of Dr. Paola Barbieri (Functional and Structural
Biology Department, Universita dell’Insubria, Varese, Italy). Stock cultures were
maintained, through periodic subculture every week, at 4°C on agar-M9 plates
containing 20 mM glucose (Sigma-Aldrich) as carbon and energy sources as reported in
Viggiani et al. (2006).

The composition of the liquid medium (pH=6.9) adopted in pre-cultures and cultures is
reported by Viggiani et al. (2006). Phenol was used as carbon source.

2.2 Apparatus
Figure 1 reports a sketch of the experimental apparatus. Continuous cultures were

carried out in a 2 L bench-scale mechanically stirred bioreactor (Biobundle - Applikon)
equipped with two 35 mm “Rushton Turbine” stirred on the axel. The temperature of
the reactor was controlled by external circulating water in the glass jacket. Oxygen
supply to the culture has been ensured by sparging air at the bottom of the reactor and
by proper setting of the mixing rate. Dissolved oxygen was determined by a “Clark-
type” probe (Mettler-Toledo, INPRO 6050). Air flow was sterilized by means of 0.22
pm filters (Millex FG - Millipore). A water-cooler at the gas outlet acts as humidity trap
to minimize water loss by air stripping. Liquid was continuously fed and withdrawn
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to/from the reactor by means of a peristaltic pump (Gilson Miniplus 3). Sampling was
carried out by means of a submerged pipe equipped with a silicone septum at the top.

The liquid reservoir was a 50 L stainless steel tank equipped with six ports located at
the top.

Sterilization of the bioreactor and ancillary apparatus was carried out in sifu by means
of 3 bar saturated steam provided by a steam generator (PG AUTO 9 — Lelit).
Sterilization conditions were: 100°C for 40 min.

2.3 Operating Conditions and Procedure
All tests were carried out at 30°C and no pH control was adopted.

Pre-cultures were grown in previously autoclaved 250 mL shake bottles filled with 100
mL of M9 medium and phenol (2 mM). Bottles were incubated for 15 h on a rotary
shaker at 125 rpm and 30°C.

The reactor with 1L medium (phenol 190 mg/L) and any ancillary apparatus were steam
sterilized for 40 min. Air flow rate and agitation were set at 200 nL/h (3.3 vvm) and
500 rpm, respectively. 100 mL of preculture in late exponential growth phase was
inoculated into the reactor and growth was carried out under batch-wise conditions for 1
day. Then the phenol bearing stream was fed continuously at the set flow rate. Drained
liquid flow rate was measured by time resolving the weight of the liquid collected at the
outlet. Sampling were carried out from bioreactor and reservoir typically at a time
interval of about 1h. The phenol conversion process has been characterized in terms of
time resolved measurements of pH, X, Ph, HMAS, OUR, TOC and TN in the liquid
phase. Typically, runs lasted between 7 and 20 days before the reactor was stopped,
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Figure 1 — Experimental apparatus.
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cleaned, sterilized and a new run started.

2.4 Analysis

Analysis of culture samples was carried out after centrifugation at 11,000 rpm for 10
min. The solid phase was characterized for biomass concentration. The cell density was
measured as optical density at 600 nm (Cary 50 -Varian). Calibration tests indicated that
the optical density is proportional to P. specie dry mass and under the operating
conditions tested it resulted 1.5 ODgy =1 gpm/L. Elemental analysis of dry biomass was
carried out by a C/H/N 600 LECO analyser. Liquid phase of the sampled cultures was
characterised in terms of concentration of soluble components. pH was measured by a
pHmeter (Hanna Instruments). Phenol and HMAS concentration were measured by UV-
VIS absorption at 271 and 380 nm respectively (g,7,=1.65 mMem™, €350=29 uM'em
1. TOC and TN were measured by means of a TOC/TN analyzer (Vcgy — Shimadzu).
OUR was measured by means of a respirometric assay according to the APHA Standard
Methods (1992) in a 10 mL bottle equipped with a DOT probe.

3. Kinetics and Stoichiometry Model

The growth stoichiometry of an aerobic microbial culture can be described by means of
a non-structured model:

! TOC+ ! 0O, + ! TN+... > X+.... (D)

X/TOC YX/O2 YX/TN

where Yxroc, Yxoz, Yxrn are the fractional yield coefficient of biomass with respect
to TOC, O, and TN. Similar fractional yields can be defined referring to the elemental

biomass composition ( Yx,1ocs Ys Jopand Yy py ). The fate of each substrate may be

distinguished in two paths: the consumption of substrate for growth and for
maintenance. In agreement with the model proposed by Pirt (1965) and with reference
to a generic substrate S it results:

L1 m 2
Yyx/s Yy /s u

where Yy, is the theoretical maximum fractional yield and mg the maintenance

coefficient.

The material balance referred to cell, phenol and oxygen and extended to the reaction
volume under steady state conditions are:

u=D (3a)

*L xOuT +mp, xOUT _p (PhIN _ppoOUT )
Yx/ph (3b)
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The model eq.s 3 relies on the following assumptions: i) the maintenance contribute to
the phenol consumption (see eq. 2) was taken into account; ii) convective flow of
oxygen in the liquid streams was neglected; iii) the contribute of gas convective flow to
the phenol balance was neglected (Viggiani et al., 2006).

The growth kinetics of free P. sp. OXI in batch culture by adopting phenol as carbon
source was characterized by Viggiani et al. (2006). In particular, the kinetics was
described by the Haldane model:

M Ph

Ph?
Kp +Ph+—
Ph K

: “)

p=p

Viggiani et al. (2006) reported values of u™ = 0.71 h', Kp,=0.31 g/L, K;=0.13 g/L. The
kinetics was such that the maximum of u=0.17 h"' is at Ph=0.2 g/L. Moreover, the
fractional yield coefficient Yy, resulted 0.82 for Ph<400 mg/L and decreased to zero
for Ph approaching 600 mg/L.

4. Results and Discussions

The reactor system has been characterized for what concerning the residence time
distribution of the liquid phase and the gas-liquid mass transport phenomena under
operating conditions of interest for the present investigations (Chianese, 2007). In
particular, the reactor behaves as a CSTR even over a time scale one order smaller than
that characteristic of the conversion process, 6 h (inverse of the expected maximum
value of u=0.17 h™).

Figure 2 shows relevant data of a representative run carried out in the bioreactor. The
reactor was operated under batch conditions for one day, then the phenol bearing stream
(Ph’ = 450 mg/L) was fed to the reactor at volumetric flow rate Q=55 mL/h
(D=0.055 h™"). The process was characterized in terms of soluble species concentration
and of OUR until steady state conditions were established, and then the liquid
volumetric flow rate was stepwise increased. The vertical dashed lines mark the times at
which the dilution rate was changed. The pH was about 6.9 throughout the run, without
any pH control. The concentration of HMAS (data not reported) was characterized by a
sharp increase after one day of continuous operation up to value of about 16 pM and a
decay to negligible values within two days. Data measured during the run reported in
Fig. 2 were worked out according to the model described in section 3 (eq.s 1, 2 and 3)
and value of the results are reported in Fig. 3 as a function of D (run 1).

Data of phenol-to-biomass fractional yield coefficient (Yypn) and phenol in the reactor
are reported in Figure 3 as a function of the dilution rate and parametric in the phenol
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concentration in the fed stream, ranging between 0.44 and 1.0 g/L. It is noteworthy that
data did not depend on the run and on the culture age (the time measured since the
reactor inoculation). Therefore, the possible effects of wall growth of cells may be ruled
out.

The agreement of the Yx,p, vs D data with the Pirt model (eq. 2) appears satisfactory.
Data regression yields: the theoretical maximum fractional yield Yy, p, =1.31 gpu/g and

the phenol maintenance coefficient mp;,=0.0034 g/(gpwm-h).

Figure 3 shows that the phenol conversion was about complete for D smaller than
0.45 h' and that wash-out conditions establish at D between 0.45 and 0.6 h™'. Moreover,
it should be mentioned that the culture age of the test at D=0.6 h”' was of about one
week. These observations further support the negligible role of the cell wall growth on
the performance of the reactor.
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Figure 2 — Relevant data measured during a continuous culture of Pseudomonas sp.
OX1. Medium: M9 added of phenol (carbon source).



The performance of the bioreactor in terms of amount of phenol degraded for unit of
time and volume was estimated by working out data of liquid flow rate and phenol
conversion measured during the tests. It results that the maximum throughput of the
bioreactor was about 0.50 gp/(L h) at a phenol concentration in the feed stream of about
1.0 g/L. The performance resulted quite high when compared with data available in
literature (Allsop et al., 1992; Feitkenhauer et al., 2003).

The comparison of the kinetic parameters and fractional yield coefficient, Yy,
estimated in the present work with those estimated in batch culture experiments
(Viggiani et al., 2006) is now in order Under continuous culture conditions the
maximum growth rate results about 3 times that estimated by means of batch cultures
(0.6 h' vs 0.17 h'"). The Yxs in continuous culture conditions is 1.5 times that
estimated in batch culture conditions. The difference between the two sets of data
suggests that the growth behaviour of P. sp. OXI strongly depends on the culture
modality, similarly to previous investigation carried out with other bacteria (Strobel,
1995; Feitkenhauer et al., 2003). The higher value of Yx;s measured in continuous
culture should indicate that phenol was degraded very efficiently by P. sp. OXI. Partial
accumulation of metabolites in the liquid phase during the first transient period points
out that the pathways to complete the phenol conversion may be kinetically
disadvantaged with respect to the initial phenol degradation pathway. The observed
behaviour may be due to the time-scale of the metabolic mechanism and in particular to
the comparison of the cell relaxation time with the time scales of the reactor (Bailey and
Ollis, 1986). In batch conditions the environment of cell growth changes continuously
with the time (nutrient depletion, biomass increase etc.). In a continuous culture growth
conditions remain stable in the time. Therefore, it is evident that for some bacteria the
batch cultures may not be considered representative of quasi-steady states and non
structured models can not be adopted.
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Figure 3 - Phenol to biomass fractional yield and phenol concentration in the reactor
as a function of the dilution rate.
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Nomenclature

D Dilution rate Ph Phenol concentration

HMAS 2-hydroxymuconic acid TN Total nitrogen carbon
semialdehyde TOC  Total organic carbon

Kia;  Mass transfer coefficient X Biomass concentration

m maintenance coefficient Y Fractional yield coefficient

0, Oxygen concentration

OUR  Oxygen uptake rate u Biomass specific growth rate
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One of the main limitations experienced while producing proteins in conventional
bacterial mesophilic systems is the need to operate at their optimal growth temperature
(usually 37 °C) for the production process. Since temperature has a general negative
impact on protein folding due to the strong temperature dependence of hydrophobic
interactions that mainly drive the aggregation reaction, the production of recombinant
proteins at low temperatures represents an exciting model to improve the quality of the
products. Recombinant protein production in psychrophilic bacteria, i.e. at temperature
as low as 4°C, may minimise undesired hydrophobic interactions during protein folding,
desirably resulting in enhancing the yield of soluble and correctly folded products. In
this context, a few cold adapted species are under early but intense exploration as cold
cell factories, among them, Pseudoalteromonas haloplanktis being a representative
example. The efficiency of cold-adapted expression systems was tested by fully soluble
and biologically competent production of several thermal-labile and aggregation-prone
products in PATACI125 such as the mature human nerve growth factor and a yeast o-
glucosidase Furthermore, with respect to E. coli, PATACI25 is extremely efficient in
secreting proteins in the culture medium. By the use of a psychrophilic a-amylase as
secretion carrier for the extra-cellular targeting of recombinant proteins an efficient
gene-expression system was set up. Observed efficiency of the cold-adapted system
(secretion yield was always above 80%) placed it amongst the best heterologous
secretion systems in Gram-negative bacteria reported so far.

1. Introduction

The number of candidate proteins to be used as biopharmaceuticals or in industrial
processes is rapidly increasing in recent years (Pavolu et al., 2005). However, efficient
expression of genes in homologous/heterologous expression systems and rapid
purification steps are actually major bottlenecks. In fact, although many recombinant
proteins have been successfully produced by common prokaryotic (Escherichia coli)
and eukaryotic (yeasts and CHO cells) hosts, these conventional systems have often
proved to be unproductive due to the special properties of the protein to be produced.
Indeed, beside the obvious impossibility of achieving a large scale production of
thermally labile proteins at the normal E. coli growth temperature, degradation of the
product by the host proteases and the incorrect folding of the nascent polypeptides,
resulting in the protein aggregation and accumulation as insoluble inclusion bodies, are
sometimes observed (Speed ef al., 1996). To overcome the above mentioned limits of E.
coli as host for recombinant protein production, a rational experimental approach has
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consisted in lowering the cultivation temperature (Baneyx, 1999), since this change has
a pleiotropic consequence on the folding process. Inclusion bodies formation is a
process mainly driven by hydrophobic interactions which are directly dependent on
temperature (Kiefhaber et al., 1991). There are many examples in literature describing
the effectiveness of enhancing solubility of a number of difficult proteins by this
approach (Vasina and Baneyx, 1997). The growth of E. coli below 37 °C has been often
explored to minimise aggregation but without consistent, protein-irrespective results.
The major drawback in E. coli cultivation at sub-optimal temperatures is, however, the
decrease in biomass production which reduces the global process productivity.
Therefore, the use of psychophilic bacteria as alternative expression hosts is the
compelling choice towards the exploitation of industrial processes at temperatures as
low as 0°C.

2. The psychophilic host: Pseudoalteromonas haloplanktis TAC125

P. haloplanktis TAC125 is a Gram-negative bacterium isolated from an Antarctic
coastal seawater sample collected in the vicinity of the French Antarctic station Dumont
D’Urville, Terre Adélie. It can be classified as a Eurypsychrophile (i.e. a bacterium
growing in a wide range of low temperatures; Atlas and Bartha, 1993) and was the first
Antarctic Gram-negative bacterium of which the genome was fully sequenced and
carefully annotated (Médigue et al., 2005). Genomic and metabolic features of this
bacterium, accounting for its remarkable versatility and fast growth compared with
other bacteria from aqueous environments, were discovered by combining genome
sequencing and further in silico and in vivo analyses. P. haloplanktis TAC125 is able to
duplicate in a wide range of temperatures (0-30°C), with an apparent optimal growth
temperature a t 20°C, where the observed duplication time in rich medium is 31 minutes
(Tutino et al., 1999). However, the bacterium still duplicates at fast speed even at lower
temperatures (at 4°C, one cell division is completed in about 100 min; unpublished
results from this laboratory) and, when provided with sufficient nutrients and aeration, it
grows to very high density (up to A¢=20) under laboratory settings, even at 0°C. This
growth performance makes it one of the faster growing psychrophiles so far
characterised. Fast growth rates, combined with the ability of P. haloplanktis TAC125
to reach very high cell densities even under laboratory growth conditions and to be
easily transformed by intergeneric conjugation (Duilio er al., 2004a), made this
bacterium an attractive host for the development of an efficient gene expression system
at low temperatures.

3. Genetic tools for recombinant protein production at low
temperatures

3.1 The psychrophilic expression vector

A few other reported examples of recombinant protein production in psychrophiles
made use of molecular signals (such as the origin of replication and the transcriptional
promoter) derived from mesophiles. A different philosophy inspired the construction of
our gene-expression systems, which derived from the proper assembly of true
phychrophilic molecular signals into a modified E. coli cloning vector. By combining



mesophilic and psychorophilic genetic signals a collection of psychophilic gene-
expression vectors was set up to produce recombinant proteins in P. haloplanktis
TACI125. The mesophilic signals consist of the pUC18-derived origin of replication
(OriC) and a selection marker gene (a P-lactamase encoding gene), allowing the
plasmid to replicate either in E. coli or in the phychrophilic host. Another crucial
mesophilic signal is represented by the OriT sequence, the conjugational DNA transfer
origin from the broad host range plasmid pJB3 (Blatny at al., 1997). Structural and
functional studies led to the isolation of the psychrophilic origin of replication (OriR)
from the P. haloplanktis TAC125 endogenous plasmid pMtBL (Tutino ef al., 2001).

3.2 Phsychrophilic promoters
3.2.1 Constitutive expression

The structural/functional characterisation of P. haloplanktis TAC125 promoters was
carried out by random cloning of genomic DNA fragments and identification of
promoter sequences by evaluating their capability to express a promoter-less reporter
gene (Duilio er al., 2004). By this promoter-trap strategy, a collection of constitutive
psychrophilic promoters showing different strengths at different temperatures was
identified. The implementation of the above described psychrophilic promoters in the
pMtBL-derived shuttle vectors resulted in the set up of cold-adapted gene-expression
systems, characterised by the constitutive production of the recombinant protein.

3.2.2 Regulated expression

Sometimes efficient production can only be achieved by fine tuning the recombinant
gene expression. This goal can be reached by using regulated promoters and efficient
induction strategies. Recently, by using a differential proteomic approach, we isolated
and characterised a two-component system. This regulatory system is responsible for
the transcriptional regulation of the gene coding for an outer protein porine, and it is
strongly induced by the presence of L-malate in the medium (Papa et al., 2006). The
regulative region of the porine gene was used for the construction of an inducible cold
expression vector, where the recombinant protein expression is under L-malate control.

3.3 Molecular signals for protein addressing

3.3.1 Periplasmic secretion

Although the production of recombinant protein in the host cytoplasm is the preferred
strategy many processes due to higher production yields, this approach cannot be
pursued when the wanted product requires the correct formation of disulphide bonds to
attain its catalytic competent conformation. Indeed as for all Gram-negative bacteria, P.
haloplanktis TACI125 cytoplasm is a reducing environment and the formation of
disulphide bridges is confined in the periplasmic space. From the genome analysis, we
know that P. haloplanktis TACI125 contains all the canonical periplasmic export
machineries (Medigue et al., 2005). Therefore, gene fragments encoding two signal
peptides from psychrophilic secreted proteins following different translocation
mechanisms have been cloned in the psychrophilic expression vectors, under the control
of different promoters in order to allow the signal peptides N-terminal fusion for
periplasmic addressing of recombinant proteins.
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3.3.2 Extra-cellular secretion

In order to combine the effects of low temperatures on the recombinant product
solubility with the advantages linked to extra-cellular protein targeting, a gene
expression system for the production and extra-cellular secretion of recombinant
proteins in psychrophilic bacteria was set up. The novel system makes use of the
psychrophilic a-amylase from P. haloplanktis TAB23 (Feller et al., 1992) as a secretion
carrier. This exo-protein is produced and secreted as a larger precursor with a long C-
terminal propeptide that is not mandatory for the o-amylase secretion when it is
produced by recombinant cold-adapted bacteria the propeptide (Tutino et al., 2002;
Cusano et al., 2006a). Starting from the latter observation, the secretion of chimeric
proteins obtained by the replacement of a-amylase C-terminal propeptide with a
passenger protein was studied (Cusano et al., 2006b). The novel genetic system allows
the easy in-frame cloning of any gene downstream of the mature psychrophilic a-
amylase encoding region (Figure 1). The spacer between the carrier and passenger
proteins contains the motif -Ala-Ser-Ser-Thr- recognised and cleaved by a P.
haloplanktis TAC125 secreted protease that allows the separation of the protein of
interest from the secretion carrier when it reaches the extra-cellular medium.

signal
peptide

N i o )
| N g
pFFamy :>—HI | | BTN
i A
1 2

PCR,
Aval-EcoRI hydrolysis,
Ligation

S-E S E

A
PFFamyACT* [T R
passenger gene

Smal-EcoR1 hydrolysis,
Ligation

S E
pFFamyACt*- *
passenger

chimerical gene

Figure 1 The genetic system for recombinant protein secretion in P. haloplanktis
TACI125 extra-cellular medium. White arrow, P. haloplanktis TAC125 aspC promoter;
signal peptide, sequence encoding P. haloplanktis TAB23 a-amylase signal peptide; C-
term, a-amylase C-terminal propeptide encoding sequence; linker, a-amylase linker
encoding sequence; A, Aval; E, EcoRI; S, Smal restriction endonuclease sites; black
arrows, PCR primers. The black star indicates the P. haloplanktis TACI125 exo-
protease cleavege site.



4. Recombinant protein production in P. haloplanktis TAC125

4.1 Cytoplasmic production: P. haloplanktis TAE79 [-galactosidase and
Saccharomyces cerevisiae o-glucosidase

Two “difficult” proteins were produced to test performances of the cold expression
system inducible by L-malate (Papa ef al., 2007). These proteins (the psychrophilic 3-
galactosidase from P. haloplanktis TAET9 and the S. cerevisiae a-glucosidase) were
chosen because they can hardly be expressed in mesophilic hosts even at sub-optimal
temperature conditions. When the 3-galactosidase was produced in E. coli cells at 18°C,
20mg of catalytically active enzyme was produced per litre of culture. Analogously,
recombinant yeast a-glucosidase produced in E. coli aggregates in an insoluble form
and the active soluble amount of protein was less than 1% of the total production (Le
Thanh and Hoffmann, 2005). Both recombinant psychrophilic -galactosidase and yeast
a-glucosidase were produced in P. haloplanktis TAC125 (Figure 2A and B) as soluble
and catalytically active enzymes at 15°C. Structural and kinetic analysis of the
recombinant proteins showed that both enzymes were nearly identical to their native
counterparts. Experimental conditions for optimal protein production in the cold
expression system were also defined. Under optimal expression conditions, recombinant
B-galactosidase is produced with high yields (620-720 mgL™), indicating that the
inducible system can be very effective in the expression of psychrophilic proteins that
are usually poorly produced in mesophilic hosts. A significantly lower production yield
is observed for yeast a-glucosidase (27 mgL™) possibly due to the different codon usage
between the eukaryotic and bacterial organisms. Nevertheless, the cold expression
system yielded a satisfactory amount of this protein in a soluble and active form.

4.2 Periplasmic production: h-f-NGF

Another example of “difficult” protein is the mature form of the human nerve growth
factor (h-NGF), a neurotrophin which found promising applications as a therapy agent
in several neurological disorders such as Alzheimer’s disease (Lad et al., 2003).
Therapeutical applications require the expression and purification of a large amount of
functional protein. However, the recombinant production of this protein exhibits several
problems in the conventional host E. coli, due to its tendency to form insoluble
aggregates either when produced as prepro-protein or as mature form (Dicou et al.,
1989; Rattenholl ef al., 2001). Vigentini et al., (2006) reported the expression of the
mature form of human NGF gene in P. haloplanktis TAC125 and investigated the
production and the cellular localisation of the recombinant protein. The protein
constitutively produced at 4°C was soluble and efficiently translocated in the host
periplasmic space (Figure 2C). A gel exclusion chromatography also indicated that the
protein was largely in a dimeric form, the quaternary structure required for its biological
activity (Harmer et al., 2003).
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122 KDa

79 KDa

Figure 2 Recombinant protein production in P. haloplanktis TAC125. A Recombinant
production of the thermally labile B-galactosidase from PATAE79 in PATACI125 cells.
7,5% SDS PAGE gel electrophoresis of protein extracts from PATACI25 cells
harboring p(PSHAD0363) and grown in minimal medium at 15°C in the absence (lane2)
and in the presence (lane3) of L-malate, in comparision with B-galactosidase from
PhTAET9 used as control (lanel). The recombinant protein is indicated by an open box.
B Recombinant production of the mesophilic a-glucosidase from Saccaromyces
cerevisiae in PATACI125 cells. 7,5% SDS PAGE gel electrophoresis of protein extracts
from PhTACI12S5 cells harboring pUCRPGLUCP1 and grown in minimal medium at
15°C in the absence (lane2) and in the presence (lane3) of L-malate, in comparision
with commercial a-glucosidase from yeast used as control (lanel). The recombinant
protein is indicated by an open box. C rth-NGF production and cellular localisation in
recombinant PhTAC125. Western blotting analysis of periplasmic (lane2) and
cytoplasmic (lane3) fractions of 4°C grown PhTACI125-pPM13psDngf recombinant
cells. Polyclonal anti-h-NGF antibodies were used for immunodetection. As positive
control, 50ng of rm-NGF proteins was loaded in lanel.

4.3 Extra-cellular secretion of several heterologous proteins

One strategy to improve the protein production process in to target the protein to the
outer compartment of the host cell. This strategy avoids inclusion body formation and
the majority of the proteolytic proteins in the cytoplasm and achieves a primary
purification reducing the costs of downstream processes. Cusano et al., (2006b)
described the setting up and utilisation of a cold gene expression system in P.
haloplanktis TAC125 implemented for the specific secretion of recombinant proteins in
the extra-cellular medium by the use of the psychrophilic a-amylase as a secretion
carrier. Three chimerical proteins, obtained by fusing intra-cellular proteins to the
psychrophilic exo-enzyme, were produced in P. haloplanktis TAC125 and their
secretion kinetic was evaluated. The results demonstrated that the cold adapted secretion
system is extremely efficient since all tested chimeras were correctly localised in the
extra-cellular medium with a secretion yield always above 80% (Tablel). Furthermore,
reported activity data indicated that the system also allows the correct disulphide bond
formation of chimera components (Cusano et al., 2006b).
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Table 1

Secretion yield of chimerical proteins in recombinant P. haloplanktis TAC125 cells

alkaline  secretion

vector a-amylase (UI/ml) a-amylase phosphatase  yield®
p em em(%) em(%)
pFFamyACt-dsbA  0.12+0.01  3.58 +£0.03 97 4 93
pFFamyACt-trpC 0.07 £0.02  3.65+0.03 98 5 923
pFFamyACt-blaM 123 +0.03 621 +0.03 83 1 82

Data are average results of three independent experiments. The volume of periplasmic fraction
was made the same as corresponding extra-cellular medium to allow a comparison. UL
international units; p, periplasmic extract; em, extra-cellular medium fraction; em(%), percentage
of the activity in extra-cellular medium fraction of the total activity (periplasmic plus extra-
cellular medium fractions). * The difference between the em (%) of amylase activity and em (%)
of alkaline phosphatase activity.

5. Conclusions

Over the last decade the number of set ups of reliable genetic systems for recombinant
gene expression in cold adapted hosts was significantly enhanced. Our results
demonstrated that the production of recombinant proteins in psychrophilic bacteria is
not only a mature and reliable technology but it is also a successful strategy to
overcome the product solubility problems often occurring in conventional systems such
as in E. coli. In this context, P. haloplanktis TAC125 and the gene expression systems
set up have a valuable biotechnological potential as non-conventional systems for the
production of “difficult” proteins.
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Protoplasts are the cells of which cell walls are removed and cytoplasmic membrane is the
outermost layer in such cells.Protoplast can be obtained by specific lytic enzymes to remove
cell wall.Protoplast fusion is a physical phenomenon,during fusion two or more protoplasts
come in contact and adhere with one another either spontaneously or in presence of fusion
inducing agents. By protoplast fusion it is possible to transfer some useful genes such as
diesese resistance,nitrogen fixation ,rapid growth rate ,more product formation rate,protein
quality,frost hardiness,drought resistance,herbicide resistance ,heat and cold resistance from
one species to another. Protoplast fusion an important tools in strain improvement for
bringing genetic recombinations and developing hybrid strains in filamentous fungi.
Protoplast fusion has been used to combine genes from different organisms to create strains
with desired properties.These are the powerful techniques for engineering of microbial
strains for desirable industrial properties. Protoplast fusion would continued to be an
existing area of research in modern biotechnology.This technique in the future will be one of
the most frequently used research tools for tissue culturists, molecular biologists,
biochemical engineers and biotechnologists..This review describes the protoplast fusion
technology and its biotechnological applications.

Introduction:

The protoplast includes the plasmalemma and everything contained within ie.the entire cell
without its inherent cellulosic cell wall.In protoplast technology ,Two genetically different
protoplast isolated from the somatic cells and are experimentally fused to obtain parasexual
hybrid protoplasts.The hybrid protoplast contained heteroplasoic cytoplasm and two fused
parent nuclei.Fusion of protoplast is relatively a new versatile technique to induce or
promote genetic recombination in a variety of prokaryotic and eukaryotic cells(Bhojwani
S.S. et al 1977).Protoplast fusion may be used to produce interspecific or even intergeneric
hybrids.Protoplast fusion becomes an important tool of gene manipulation because it
breakdown the barriers to genetic exchange imposed by conventional mating
systems.Protoplast fusion technique has a great potential for genetic analysis and for strain
improvement.It is particularly useful for industrially useful microorganisms(Murlidhar R.V
and Panda T. 2000).
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Enzymes used for breaking of cell walls:

For protoplast fusion it is important that the cell wall of plant and microorganisms is
degraded .So various enzymes used for this process.cellulase and pectinase or macerozyme
acting on plant cell wall.Bacterial cell wall are degraded by the action of lysozyme.Fungal
wall degraded by Novozyme -234 which includes glucanase and chitinase. Streptomyces cell
wall degraded by action of lysozyme and achromopeptidase (Narayanswamy S 1994)(
Jogdand S.N 2001).

Methods of protoplast fusion:

Protoplast fusion can be broadly classified into two categories:

Spontaneous fusion: Protoplast during isolation often fuse spontaneously and this
phenomenon is called spontaneous fiusion .During the enzyme treatment,protoplast from
adjoining cells fuse through their plasmodesmata to form multinucleate protoplasts.

Induced fusion:Fusion of freely isolated protoplasts from different sources with the help of
fusion inducing chemicals agent s is known as induced fusion.Normally isolated protoplast
do not fuse with each other because the surface of isolated protoplast carries negative
charges (-10mV to -30mV ) around the outside of the plasma membrane. And thus their is a
strong tendency in the protoplast to repel each other due to their same charges .So this type
of fusion needs a fusion inducing chemicals which actually reduce the electronegativity of
the isolated protoplast and allow them to fuse with each others(Narayanswamy S 1994).

The isolated protoplast can be induced to fuse by three ways;

Mechanical fusion:In this process the isolated protoplast are brought into intimate physical
contact mechanically under microscope using micromanipulator or perfusion micropipette.
Chemofusion:Several chemicals has been used to induce protoplast fusionsuch as sodium
nitrate ,polyethylene glycol,Calcium ions(Ca™ ). Chemical fusogens cause the isolated
protoplast to adhere each other and leads to tight agglutination followed by fusion of
protoplast (Pasha C.R et al 2007) (Jogdand S.N.2001).In order to convert cellulosic
materials to ethanol by single step process , Srinivasan R and Panda T(1997) carried out
chemofusion between protoplasts of Trichoderma reesei QM9414 and Saccharomyces
cerrevesei NCIM 3288 .Observed successful fusion suggest that endoglucanase is the key
enzyme in the success of fusion.Iwata M et al(1986) were obtained Tetracycline resistant
(Tet"),erythromycin resistant (Ery") fusants of Lactobacillus fermentatum 604 carrying a 10
megadalton Tet" plasmid and L.fermentatum 605 carrying a 38 megadalton Ery" plasmid by
means of polyethylene glycol induced protoplast fusion.

Chemofusion is a non specific,inexpensive,can cause massive fusion product,can be
cytotoxic and non selecetive and having less fusion frequency.

Electrofusion: Recently ,mild electric stimulation is being used to fuse protoplast .In this
two glass capilliary microelectrode are placed in contact with the protoplast .An electric
field of low strength (10Kvm™) gives rise to dielectrophoretic dipole generation within the
protoplast suspensionThis leads to pearl chain arrangement of protoplasts. Subsequent
application of high strength of electric fields (100 kvm™) for some microseconds results in



115

electric breakdown of membrane and subsequent fusion(Ushishima S.T et al 1991) (Jogdand
S.N.2001).Groth DI(1987) et al carried out electofusion of Penicillium protoplasts,after
diaelectrophoresis and foun viable fusion products.Dimitrov AP and Christov AM(1992)
reported electrically induced protoplast fusion wusing pulse electric field for
diaelectrophoresis and suggest the possibility of electrically indused protoplast fusion at
cation concentration that prevents fusion when sine — wave fields are applied.Gaint
protoplast of Pleurotus cornucopiae were fused using the glass microelectrode fusion
technique.To induce fusion Ca * was necessary .Polyethylene glycol 400 (PEG) promoted
fusion but also increased the adhesion of protoplasts(Magae Y et al 1986).In order to
regulate electrofusion Urano N et al(1998) studied electrofusion procedures for yeast
breeding and reported that cell membrane fusion behaviour of respiration deficient yeasts(P
) was remarkably different from the normal yeasts(P").Induction of cell membrane fusion in
P* protoplast appeared under the pulse conditions (height 2.5-5.5 kVem™and duration 25-
430us) and the time interval of morphological change from the long to short state was 3—11
s. On the other hand, induction of cell membrane fusion in P~ protoplasts appeared under the
higher pulse condition (height: 4.0-7.0 kV ¢cm™"' and duration: 20-500 us). The time interval
of the morphological change from the long to short state was 110—170 s in cell membrane
fusants of P~ protoplasts. The &-potential of P™ protoplasts was —10 to—30 mV and that of
the P~ protoplasts was —25—60 mV. The surface charge of the P protoplasts was more
negative than that of P" protoplasts; therefore, regulation of electrofusion among various
kinds of yeast strains was possible by changing the surface charge of the protoplasts using
mitochondrial mutations.

Electrofusion is easy to control having fusion frequency upto 100%.gives
reproducibility.less cytotoxic.But equipment is sophisticated and expensive.

Mechanism of protoplast fusion:

The mechanism of protoplast fusion is not fully known .Several explanations have been put
forward to understand the mechanism of protoplast fusion.Some are explained here:When
the protoplasts are brought into close proximity ,this is followed an induction phase thereby
changes induced in electrostatic potential of the membrane results in fusion .After the
fusion, The membranes stabilizes and the surface potential returns to their former state.Other
literature showed when the protoplasts are closely adhered ,the external fusogens cause
disturbance in the intramembranous proteins and glycoproteines.This increases membrane
fluidity and creates a region where lipid molecule intermix,allowing coalescence of adjacent
membranes.The negative charge carried by protoplast is mainly due to intramembranous
phosphate groups .The addition of Ca " ions causes reduction in the zeta potential of plasma
membrane and under this situation protoplasts are fused(Peberdy J.F 1980).The high
molecular weight polymer (1000-6000) of PEG acts as a molecular bridges connecting the
protoplasts. calcium ions linked the negatively charged PEG and membrane surface .On
elution of the PEG ,the surface potential are disturbed ,leading to intramembrane contact and
subsequent fusion, Besides this ,the strong affinity of PEG for water may cause local
dehydration of the membrane and increase fluidity,thus inducing fusion.Protoplast fusion
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takes place when the molecular distance between the protoplasts is 10A or less .This
indicates  that protoplast fusion is highly a traumatic events.(Jogdand
S.N,2001)(Narayanswamy S 1994)

Protoplast fusion in fungi:

Production and regeneration of protoplasts is a useful technique for fungal
transformations.Commercial preparation of enzymes which contain mixture of products to
digest fungal cellwall used .Novozyme 234 includes (glucanase and chitinase) enzyme
mixture is added to rapidly growing fungal tissue suspensed in an osmotic buffer (e.g.0.6
mol™ ,KCl1,1.2 mol™,Sorbitol or 1.2 mol'MgS0O,).The protoplasts and DNA are mixed in
presence of 15%(w/V)PEG 6000 and pH buffer (TRIS HCI).10 mml"'.PEG causes clump
formation in protoplasts. At 37°C ,grow mycelium on cellophone placed on agar
overnight.Incubte with enzyme at 30°C for 1.5 hours in empty petridish having KCl,than
filter protoplasts,wash protoplast in KCI (Centrifuge and resuspended the pellets).Protoplast
fusion frequency in fungi is 0.2 -2%(Srinivas R.T and Panda T 1997)(Jogdand S.N 2001)

Protoplast technology for Streptomyces species:

Streptomyces spp also do not have natural means of mating .For obtaining protoplasts from
Streptomyces lysozyme is used which breakes glycan portion of peptidoglycan wall.Cultures
from spore suspension (2 days in shaker at 30°C) harvest by centrifugation ,Resuspended in
0.03 mol” sucrose, washed and reharvest,Than resuspended in lysozyme solution in
protoplasting medium(30 min — 2 hr at 30°C) (Kohlar J and Darland G et al 1988) (Tehrani
J.L et al 1992).

Protoplast fusion in bacteria:

In bacteria protoplast can be obtained and fusion can be carried out with low frequency in
some gram positive organisms.For gram negative bacteria it is possible to obtain protoplast
but regeneration is difficult. The procedure is highly efficient and yields upto 80%
transformants (Iwata M. et al 1986) (Jogdand S.N.2001).

Biotechnological applications of protoplast fusion:

Protoplasts contained all the intracellular organelles of cells and form a vital link in transfer
of micromolecules between cyto organelles,currently most of the laboratories engaging in
fungal genetics are using gene manipulation procedures based on protoplasts. Therefore to
further improve the genetic properties of these strains using protoplast fusion are attempt to
develop methods for preparation and regeneration of protoplasts.The process involves
protoplast mutagenesis,transformation and protoplast fusion ( Evans D.A.1983). The direct
bioconversion of cellulosic materials to ethanol by the intergeneric fusants between T.reesei
and Saccharomyces cerevesie appears to be are of the best technique for an alternative
approaches for ethanol production Also this process is helpful in the production of a
complete set of cellulases by the protoplast fusion of T.reesei and A.niger (one produced
more amount of endo and exoglucanase and other produced more 3- glucosidase(Ahmed M
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and Berkley EI 2006).Prabhavarthy V.R. et al (2006) reported that the isolated protoplast
from Trichodermma reesei strain PTr2 showed high CMCase activity with 80% of fusants
and more than two fold increment in enzyme activities with two fusants SFTr2 and SFTr3 as
compared to the parental strain PTr2.Nazari R et al(2005) carried out intraspecific protoplast
fusion with polyethylene glycol 1000 in Streptomyces griseoflavus to increase the
production of desferrioxamine B chelator that absorbs additional iron from the blood of
thalasemia patients.A haploid glucoamylase  producing strains of Saccharomyces
diastatiacus lacking the pof gene and thus unable to produce phenolic off flavour in beer
was constructed by classical genetic techniques.Protoplast fusion was perfomed between
this strain and a brewing polyploidy Saccharomyces uvarum strain .Some clones derived
from fusion products can produce low carbohydrate beer of acceptable flavor(Janderova B
et al 1990).Rygielska J.K (2004) obtained interspecific fusants of starch fermenting yeasts
Schwanniomyces occidentalis ATCC 48086 and yeasts Saccharomyces diaastiacus ATCC
13007 and Saccharomyces cerevisiae.The fusants showed the tolerance to
cyclohexamide(0.001%) in case of Schwanniomyces occidentalis ATCC 48086 and the
ability of Saccharomyces yeasts to grow at 40°C. and also improved the ability to synthesize
amylolytic enzymes to improve the biochemical ability of yeasts .Amylase hyper producing
,catabolite repression resistant recombinant strains were produced by intraspecific
protoplast fusion of thermophillic fungus Thermomyces lanuginosus strains (Rubinder K et
al 2000) (Zhao K et al(2004) studied on the preparation and regeneration of protoplast from
Taxol producing fungus Nodulisporium sylviforme ,found that the combination of 4
enzymes (lywallzyme,snailase,lysozyme and cellulase) obtained higher the preparation
frequency of protoplast than that of any of them used alone. Zhang ZB et al(2007) carried
out protoplast fusion between the Helminthosporium gramineum sub sp,Echinchloae
(HGE)strain ,HMI and Curvularia lunata (CL) to breed new strains with improved spore
productivity and form fusant strains had increased production of the Phytotoxin ophiobolin
A,compared with HMIL.Liu WH etal(1996) carried out protoplast fusion between the
protoplast of an inducible cholesterol oxidase producing bacterium Arthrobacter simplex
USA 18 and a constitutive cholesterol oxidase producer strain US 3011 in the presence of
20-40% polyethylene glycol 6000 and the resultant fusants showed the cholesterol oxidase
activity in a cholesterol containing medium with 20-60% higher than that of parental
strains.Brume MD et al (1992) carried out protoplast fusion of morphologically and
biochemically different Claviceps purpurea strains producing ergotoxins without
introducing selective auxotrophic markers .Fused strains showed about ten fold higher
alkaloid production than parental strains.Javedekar VS et al (1995)construct a highly
flocculent yeast with a killer character by protoplast fusion .Resultant yeasts also being
resistant to the fungicide at a concentration of 100 pg/ml.Pasha et al (2007) reported that
protoplast fusion followed by sequential mutations gave a stable and good performing fusant
with maximum utilization of reducing sugars in the media.They fused the protoplasts of
thermotolerant Saccharomyces cerevisiae and mesophilic,xylose-utilizing Candida shehatae
by electrofusion,and the selected best fusant was mutated sequentially.The mutant fusant
CP11 was found to be stable and used for lignocellulosic fermentation and gave an ethanol
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yield of 0.459 g g' productivity of 0.67 g//h and fermentation efficiency of
90%.Electrically induced protoplast fusion employed for hybrid construction in ergosterol
producing yeast strains.Some fusion products proved to be hybrid with respect to ergosterol
content and to remain stable over several generations( Avram D et al 1992).Yari S et al
(2002) studied the effects of protoplast fusion on 8- endotoxins production in Bacillus
thuringiensis spp (H14) found that Bacillus thuringiensis fusants have 1.48 time more 6-
endotoxins than wild type.According to US Patent 7241588 Fusants of Penicillium
chrysogenum and Cephalosporium acremonium produced a novel lactam antibiotic .Kohlar
J and Darland G(1988) investigated the protoplast fusion in Streptomyces avermitillis which
involved in avermectin biosynthesis.resulting fusants showed improved properties in respect
to ,rifampicin resistance and maintaing the ability to carry out the metylation of C-5
hydroxyl of the avermectin molecules.Arti Das and Anuradha Ghosh (1989) carried out
protoplast fusion between two strains of Aspergillus niger 8-2 a fast growing strain and poor
producer of glucoamylase and Aspergillus niger 8-7 ,a slow rowing strain and good
producer of enzyme and the resulting fusant produced 68% more glucoamylase than
parental strains.Bakthiari M.R.et al(2007) carried out protoplast fusion between different
strains of Tolypocladium inflatum .One of the recombinants produced cyclosporine 2.8 times
more than parental strain.
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In the recent year’s one can observe a growing interest in lactic acid production, which
plays an important role in various applications in food, pharmaceutical and textiles
industries More recently, lactic acid fermentation has received much attention because
of an increasing demand for new bioengineering materials such as biodegradable
polymers and the recent rise in the cost of petroleum, which is usually used as feed
stock for production of lactic acid in conventional chemical processes. For a better
understanding of the fermentation process and its optimization, a model is of a great
help. Owing to the complexity of structured models, unstructured models can be
preferred and have proven to accurately describe lactic acid fermentation in a wide
range of experimental conditions and media. The aim of this work was to develop an
unstructured model based on the experimental results of lactic acid fermentation using
Lactobacillus helveticus growing on whey permeate supplementation. The first model
was developed for cultures without pH control; an additional term to account for the
undissociated lactic acid (and pH) inhibition was introduced in the Luedeking-Piret
model. The model was found to match both experimental growth and production data.
During cultures at pH controlled at 5.9, a corrective term was introduced in the
Luedeking-Piret model to account for cessation of production due to carbon substrate
limitation. This model matched experimental data accurately. To avoid the use of two
expressions for production rate depending on the culture conditions, the above
expressions were merged, leading to a unique expression taking into account both
effects, a nutritional limitation effect and an inhibitory effect. Results obtained show
that the generalized model gave a satisfactory description of experimental data in
various culture conditions, since it was validated during cultures at pH control and in
absence of pH control, as well as for different nitrogen supplementation of culture
media.

1. Introduction

A great interest was reserved for lactic acid production in these last years by several
authors. This product plays an important role in various applications mainly in the food
industry, but also in the production of pharmaceuticals, cosmetics and textiles industries
(Rojan and al., 2007). The continuous increase in its demand has received recently
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much attention due to its increasing applications in the preparation of new
bioengineering materials such as biodegradable polymers like polylactic acid (PLA),
and the more recent rise in the cost of petroleum, which is usually used as feed stock for
production of lactic acid in the conventional chemical processes. Lactic acid found also
many other applications, such as medical sutures, green solvents (Dutta and Henry,
2006; Wee and al.2006). The industrial production of lactic acid can be carried out by
two alternative technologies: chemical synthesis from fossil fuels and biotechnological
processes. Nowadays, the fermentative production of lactic acid is the world’s leading
technology (about 90% of world production).

To increase the efficiency of the lactic acid fermentation processes, various cell culture
methods have been investigated (Nandasana and Kumar 2007, Lin and Wang 2007).
However, batch fermentation remains the most commonly used approach in industrial
lactic acid production. Mathematical models may be useful for understanding the
fermentation process and its optimization (modelling experimental data and studying
the effects of experimental conditions on cultures kinetics) (Gadgil and Venkatesh,
1997; Amrane and Prigent, 1994a and 1999a). Lactic acid kinetics can be modelled par
both structured or unstructured models; structured models have been reported to
accurately describe lactic acid fermentation, but are complicated for many normal use
(J. Nielsen 1991; Gadgil and Venkatesh, 1997). Unstructured models can be therefore
preferred and have proven to accurately describe lactic acid fermentation in a wide
range of experimental conditions and media. Some unstructured models were developed
in the laboratory based on the partial linking between growth and lactic acid production
(Luedeking and Piret, 1959). Additional terms were introduced in the Luedeking and
Piret expression, to account for cessation of lactic acid production when carbon became
limiting, namely to describe experiments carried out at a constant (and optimal) pH, 5.9
(Amrane and Prigent, 1994a and 1994b; Amrane 2001), or to account for the inhibitory
effect of the undissociated lactic acid (and pH), occurring during cultures without pH
control, which is the case during seed cultures (Amrane and Couriol 2002). The aim of
this work is to develop new models, based on theses previously proposed models.

2. Materials and Methods

2.1. Microorganism

Lactobacillus helveticus strain milano used throughout this work was kindly supplied by
Dr A. Fur (Even Ltd, Ploudaniel, France). Stock cultures were maintained on 10 %
(w.v") skim milk and deep-frozen at -16°C. As required, these cultures were thawed
and reactivated by two transfers in 10 % (w v™') skim milk (42°C, 24h).

2.2. Media

Whey permeate powder (SIAB, Chateaubourg, France) was used as a carbon source; the
powder was reconstituted at 57 g L', corresponding to a lactose concentration of 48 g L
!. Before use, and after clarification, the solution was pumped through two heat
exchangers at 80 and 16 °C respectively (mean residence time: 20 seconds). The
solution was left to decant overnight at 4 °C, and the supernatant was then
supplemented with a 5 g L™ of yeast extract or the following RM supplementation (g L~
": yeast extract (YE), 20; trypsic and pancreatic casein peptones, 5 each (all from
Biokar, Pantin, France).



2.3. Culture conditions

Batch culture was carried out in a 2 L fermentor (SET 2M; SGI, Toulouse, France),
magnetically stirred (300 rpm), at 42°C and without pH control. Seed culture was
carried out in a 0.25 L laboratory-designed glass fermentor. Both fermentors were
equipped with an aseptic recirculation loop (Watson-Marlow 501 U peristaltic pump;
Volumax, Montlouis, France) incorporating a laboratory-made turbidimeter. As the
turbidity was continuously recorded, the total biomass could be calculated on-line after
dry weight calibration; the observed standard deviation was £0.2 g L™

Bacteria were precultivated by inoculating sterile culture medium with 0.8 % (v/v) of
the second skim milk transfer. Then, 1.6 L of pasteurised culture medium was
inoculated with 0.2 L seed culture (11% v/v), and the reaction proceeded.

At the end of both preculture and culture, the final biomass and lactic acid
concentrations were determined as previously described (Amrane and Prigent, 1994a).

3. Results

3.1 Model without pH control (inhibition model)
During lactic acid fermentation, the accumulated lactic acid decreases the pH value. The

acidic pH inhibits fermentation (Luedeking and Piret, 1959, Amrane and Prigent,
1994b). To overcome this inhibition, the pH is maintained during culture at its optimal
value for lactic acid production (Hanson and Tsao 1972, Venkatesh et al 1993), at
which the final free lactic acid concentration (approximately 0.3 g/l) is below the
inhibitory threshold (Gétje and Gottschalk 1991). Since the positive effects of
precultivating without pH control was shown (Amrane and Prigent 1996, Amrane and
Prigent 1998), the above models are not convenient for seed culture. Indeed, they do not
take into account the inhibition observed in absence of pH control. Several models
involving lactic acid inhibition can be found in the available literature, which consider
non-competitive product inhibition (Dutta et al. 1996, Ohara et al. 1992), or other types
of inhibition (Pinelli et al. 1997, Biazar et al. 2003) by the total lactic acid produced. It
is now recognised that the main inhibitory species is the undissociated form of the lactic
acid. From this, the Luedeking-Piret model (1959) was modified by introducing an
additional term to account for the undissociated lactic acid inhibition (Balannec et al.
2007):

D g e g L (1)
dt dt [HL];,,p,

Where [HL] and [HL]W, were the undissociated lactic acid concentration and its

inhibitory concentration.
The Verlhust model which proved to satisfactory describe growth kinetic (Moraine and
Rogovin 1996, Pandey 2000) was used in this work:

ﬂ::umax*(l_ z J*x (2)

dt X

max
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Integration of equation (2) gave:

oHma ™1
— * %
X=X " Xmax % e'u"w_*, (3)
Xmax — X9 T Xp

Where x and x,,,, were the initial and maximal values of the biomass concentration and
U max Was the maximal specific growth rate.
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Figure 1. Growth (e) and lactic acid production (*) kinetics during batch cultures of L.
helveticus growing without pH control on whey supplemented with 10 g L yeast
extract (a) and the RM supplementation (b); calculated data (—) by means of the growth
model (Eq.3) and the product inhibition model( Eq.1).
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The model was found to match both experimental growth and production data, and was
validated in various culture conditions, namely for a large range of nitrogen
supplementations of whey permeate (Balannec et al 2007).

3.2 Model at pH controlled at 5.9 (substrate limitation model)
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Figure 2. Growth (e) and lactic acid production (*) kinetics during batch cultures of L.
helveticus growing at pH controlled at 5.9 on whey supplemented with 10 g L yeast
extract (a) and the RM supplementation (b); calculated data (—) by mean of the growth
model (Eq.1)and the substrate limitation model for production (Eq.4).

As previously shown lactic acid production ceased at the beginning of cell death
irrespective of the considered nitrogen supplementation, namely when carbon became
limiting, since bacteria are unable to use the carbon content of autolysed cell (Amrane
2001). Cessation of production was therefore concomitant to cessation of lactose
consumption. The corrective term s,., was thus replaced by an expression taking into
account the carbon substrate limitation.

d_p=A*ﬂ+B*x* I_SLim (4)
dt dt K
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Where s and sy, were the lactose concentration at time t and the end of batch (the
limiting carbon concentration), respectively. This model was successfully tested for a
large range of nitrogen supplementation (Bouguettoucha et al.2007); the model
accounted for the whole production kinetics.

3.3 Generalized model
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Figure 3. Growth (e) and lactic acid production (*) kinetics during batch cultures of L.
helveticus growing without pH control (a, b) and at pH controlled at 5.9 (c, d) on whey
supplemented with 10 g L' yeast extract (a, ¢) and the RM supplementation (b, d);
calculated data (—) by means of the growth model (Eq.1) and the generalized model for

production (Eq.5).

To avoid the use of two expressions to describe production rate (involving nutritional
limitations, Eq.1 or an inhibitory pH effect, Eq.4), depending on culture conditions, the
above expressions were merged, leading to an unique expression taking into account
both effects, a nutritional limitation effect and an inhibitory effect:

dx (1_%}{1 [HL]

24 B¥x —
dt [HL],M]

b _ 4 )

dt



To describe the growth rate, the Verlhust model (eq.3) was considered. The generalized
model gave a satisfactory description of experimental data in various culture conditions,
since it was validated during cultures at pH controlled (Fig. 3a et b) and in absence of
pH control (Fig. 3¢ et d), as well as for different nitrogen supplementation of culture
media (Bouguettoucha et al. 2007).

4. Conclusion

The inhibition model was found to match both experimental growth and production data
recorded without pH control, namely in the case of an inhibitory effect of the
undissociated lactic acid (and the pH); the model was validated in various culture
conditions, namely for a large range of nitrogen supplementation of whey permeate.
The substrate limitation model was successfully tested for a large range of nitrogen
supplementation; the model matched whole production kinetics recorded during cultures
at pH controlled, namely in the case of nutritional limitations. Satisfactory results were
also obtained by considering the generalized model, which matched experimental data
in various culture conditions, since it was validated during cultures at pH controlled and
in absence of pH control, as well as for different nitrogen supplementation of culture
media.

5. References

Amrane A, and Y. Prigent, 1994a, Lactic acid production from lactose in batch culture:
analysis of the data with the help of a mathematical model; relevance for nitrogen
source and preculture assessment. Appl Microbiol Biotechnol 40:644-649.

Amrane A, and Y. Prigent, 1994b, Mathematical model for lactic acid production from
lactose in batch culture: model development and simulation. J Chem Tech
Biotechnol 60:241-246.

Amrane A, and Y. Prigent, 1996, A novel concept of bioreactor: specialized function
two-stage continuous reactor, and its application to lactose conversion into lactic
acid, J. Biotechnol. 45: 195-203

Amrane A and Y. Prigent, 1998, Identification and experimental validation of a
criterion allowing prediction of cellular activity for preculture of lactic acid
bacteria, J. Ferment. Bioeng. 85: 328-333.

Amrane A. and Y. Prigent, 1999a, Analysis of growth and production coupling for
batch cultures of Lactobacillus helveticus with the help of an unstructured model.
Process Biochem 34:1-10.

Amrane A. and Y. Prigent, 1999b, Differentiation of pH and free lactic acid effects on
the various growth and production phases of Lactobacillus helveticus. J Chem
Technol Biotechnol 74:33-40.

Amrane A., 2001, Batch cultures of supplemented whey permeate using Lactobacillus
helveticus: unstructured model for biomass formation, substrate consumption and
lactic acid production. Enzyme Microb. Technol. 28: 827-834.

Amrane A and Couriol C., 2002, unstructured model for seed culture without pH

control of Lactobacillus helveticus growing on supplemented whey permeate. J.
Chem Technol Biotechnol. 77:1-845 ().

127



128

Biazar J. M. Tango E. Babolian and R.Islam, 2003, Solution of the kinetic modelling of
lactic acid fermentation using Adomian decomposition method, Appl. Math.
Comput. 144: 433-439.

Balannec B., A. Bouguettoucha and A. Amrane, 2007, Unstructured model for batch
cultures without pH control of Lactobacillus helveticus — Inhibitory effect of the
undissociated lactic acid. Biochem Eng J 35:289-294,

Bouguettoucha A, B. Balannec, S. Nacef, and A. Amrane, 2007, A generalised

unstructured model for batch cultures of Lactobacillus helveticus. Enzyme
Microb Technol 41:377-382.
Dutta R. and M. Henry, 2006, Lactic acid: recent advances in products, processes and

technologies — a review. J Chem Technol Biotechnol 81:1119-1129.
Gadgil C.J. and K.V.Venkatesh, 1997, Structured model for batch culture growth of

Lactobacillus bulgaricus. ] Chem Tech Biotechnol 68:89-93.

Gitje G and G. Gottschalk, 1991, Limitation of growth and lactic acid production in
batch and continuous cultures of Lactobacillus helveticus, Appl. Microbiol.
Biotechnol. 34: 446-449.

Hanson T.P., and G.T., Tsao, 1972, Kinetic studies of the lactic acid fermentation in
batch and continuous cultures, Biotechnol. Bioeng. 14: 233-252.

Lin H. T. and F. S. Wang, 2007, Optimal design of an integrated fermentation process
for lactic acid production, AIChE. Journal, 53, (2): 449-459

Luedeking R. and E.L. Piret, 1959, A kinetic study of the lactic acid fermentation.
Batch process at controlled pH. J Biochem Microbiol Technol Eng 1:393—412.

Moraine R.A. and P. Rogovin, 1996, Kinetics of polysaccharide B-1459 fermentation,
Biotechnol. Bioeng. 8: 511-524.

Nandasana A. D. and S. Kumar, 2007, Kinetic modelling of lactic acid production from
molasses using Enterococus fecalis RKY1, Biochemical Eng. J. DOI 10
1016/j.bej.2007.07.014.

Nielsen J., K., Nikolajsen and J. Villadsen, 1991, Structured modelling of a microbial
system: 1. A theoretical study of lactic acid fermentation, Biotechnol. Bioeng. 38
1-10

Pinelli D., R.A., Gonzalez-vara, Y.D., Matteuzzi and F., Magelli, 1997, Assessment of
kinetic models for the production of L- and D- lactic acid isomers by
Lactobacillus casei DMS 20011 and Lactobacillus coryniformis DMS 20004 in
continuous fermentation, J. Ferment. Bioeng. 83: 209-212.

Pandey A., C.R. Soccol and D. Mitchell, 2000, New developments in solid state
fermentation: I -bioprocesses and products, Process Biochem. 35: 1153-11609.

Rojan P.J, K.M. Nampoothiri and A. Pandey, 2007, Fermentative production of Lactic
acid from biomass: an overview on process development and future perspectives.
Appl Microbiol Biotechnol 74:524-534.

Venkatesh K.V., M.R. Okos, and P.C. Wankat, 1993, Kinetic model of growth and
lactic acid production from lactose by Lactobacillus bulgaricus, Process
Biochem. 28: 231-241.

Wee Y.J., J.N. Kim and H.W. Ryu, 2006, Biotechnological production of lactic acid and

its recent applications, Food Technol. Biotechnol. 44 (2) 163—-172.



CHEMICAL ENGINEERING TRANSACTIONS, Volume 14, 2008
Edited by G. Marino, E. Bardone, A. Viglia
Copyright © 2008, AIDIC Servizi S.r.l., ISBN 978-88-95608-02-0

Use of a mathematical model to investigate the influence of
nitrogen consumption on pH during fermentation

Akin H., Brandam C., Meyer X-M.and Strehaiano P.
Laboratoire de Génie Chimique - UMR CNRS/UPS/INPT 5503
BP 1301, 5 rue Paulin Talabot - 31106 Toulouse cedex 1, FRANCE
E-mail : Cedric.Brandam@ensiacet.fr

This work deals with the use of a mathematical model to investigate the influence of the
nitrogenous source on the pH during alcoholic fermentation in winemaking. If the
influence of the assimilation of ammoniac by yeasts on pH is well developed in the
literature, the results are more dubious concerning the assimilation of the amino acids.
In order to discriminate various assumptions, a model of pH calculation developed by
Akin et al. (2007) was used. So, fermentations in media with different nitrogenous
source were carried out. The application of the model to fermentation medium whose
nitrogen source was made up only of ammoniac gave very satisfactory results and
confirms the assumption found in the literature that the assimilation of one mole of
ammonia releases one mole of proton in the medium. The use of the model made it
possible to invalidate two assumptions concerning the impact of the assimilation of the
amino acids on the pH. The most probable assumption is that the assimilation of the
molecules of amino acids charged positively led to the emission of protons in the extra
cellular medium.

1. Introduction

Nitrogen compounds are important for the growth and the metabolism of yeast. It is
quantitatively the second nutriment of the yeast, after the carbon element. During the
alcoholic fermentation, in winemaking, nitrogen of grape must is assimilated by yeast
cells for their growth. However, nitrogen is present under variable and complex forms:
ammonium ions, amino acids, peptides and proteins. It is known that only ammonium
ions and some amino acids are able to be metabolised by yeasts. The kinetic of the
fermentation and aroma production are particularly influenced by the quantity and the
nature of amino acids. So, the effect of nitrogen as precursors has been studied for long
time (Cantarelli, 1957; Ough, 1964). More recently, the problem of yeast nitrogenous
nutrition became a major research subject in oenology.

Various studies (Sigler and al., 1981; Kotyk, 1989) reported a pH decrease during
alcoholic fermentation by Saccharomyces cerevisiae on medium where ammonium ions
were the only nitrogenous source. The assimilation of ammonium ions by the yeast
would be linked to the excretion of protons in the extra cellular medium. According to
Won J.I and al. (1993) when one mole of ammonium is used, one mole of protons is

excreted: NH4* > NH3 (in cell) + H*

So, the decrease of pH would be directly proportional to the ammonium ions
assimilated by yeasts.
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Contrary to ammonium, the mechanisms of assimilation of amino acids by yeast seem
more complex. Several authors (Grenson and al., 1970; Salmon, 1989) studied the type
of exchange taking place between the intra cellular and extra cellular medium but no
clear conclusion can be drawn from these works. The impact of the assimilation of
amino acids by yeasts on the evolution of the pH is not clearly identified.

In previous studies (Akin et al., 2007), we proposed a mathematical model to calculate
the pH of a grape must during the fermentation. This model has been validated on
synthetic medium and natural grape musts. In this work, we propose to use this model to
test different assumptions drawn on the assimilation of ammonium ions and amino
acids.

Two fermentations with different nitrogenous source were performed.

2. Materials and methods

2.1. Micro organism

Saccharomyces cerevisiae QA-23 commercialised by Lallemand inc. was used as it is a
classical yeast strain for white winemaking.

2.2. Fermentation media and operating conditions

Fermentation were carried out on synthetic media whose composition was close to
grape must: glucose (200 g.L™"), malic acid (6 g.L™"), citric acid (6 g.L™"), KH,PO, (0.75
gL, K,S0, (0.5 gL™"), MgSO,, 7 H,0 (0.25 gL, CaCl,, 2H,0 (0.16 g.L'"), NaCl
(0.2 gL™"), a mixture of oligo elements, vitamins and anaerobia factors. The nitrogen
source differed with experiments: ammonium ions for an equivalent of 420 mg N.L"' for
the medium MS_NH4 and a mixture of amino acids for an equivalent of 305 mg N.L"!
for the medium MS_AA. The pH of media was adjusted to 3.3 before autoclaving with
NaOH solution (8N).

2.3. Compounds and pH measurement

The determination of cell concentration was done using an electronic analyser Beckman
Coulter, model M3 according to the Coulter method “Electrical Sensing Zone”. pH was
measured on line with a precision of 0.05 unit of pH. Concentrations of ammonium,
malic and lactic acids were measured by enzymatic kits (MicroDom). Citric, acetic and
succinic acid, ethanol and glycerol were measured by HPLC method. Individual amino
acid concentrations were determined by Biochrom 30 method.

2.4. pH calculation model

pH calculation model used in this study was developed by Akin et al. (2007). This
model was based on thermodynamic equilibrium of electrolytic compounds in solution.
The molality of hydrogen ions and thus the pH are determined by solving a non linear
algebraic equations system consisted of mass balances, chemical equilibrium equations
and electroneutrality principle.

3. Results and discussions

3.1. Fermentation of the MS_NH4 medium

The fermentation on the MS_NH4 medium was performed during 110h. Ammonium
ions is the only nitrogen source. The evolution of the main compounds concentration is
plotted on figure 1.
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Figure 1. Evolution of biomass, ethanol, ammonium and pH during fermentation
carried out on the MS_NH4 medium

During the first fermentation period (0 to 40 hours), the metabolic activity was slow: a
slow consumption of ammonium ions (about 30 mgN.L™"), a low production of biomass
(3.10° cells.mL™") and ethanol (4 g.L"). A little decrease of pH was observed, from 3.37
to 3.31. During the second period, between 40 and 110 hours, the metabolic activity
increased. At the end of the fermentation, ethanol concentration was about 82 g.L™,
biomass attained almost 160.10° cells.mL™" and ammonium was entirely consumed. The
decrease of pH was also emphasized since its final value was 2.90.

The measurement of organic acid concentrations indicates that very small quantities
were produced: 0.16 g.L"' of succinic acid, 0.18 g.L"' for acetic acid. Citric and malic
acids remained constant to 6 g L' during the whole fermentation.

3.2. pH Simulations

The pH calculated with the model (3.37) at the very beginning of the fermentation when
the medium composition is perfectly known is in agreement with the experimental
value. Some compounds contents were considered as constant during fermentation like
for instance mineral cations. The others (ethanol, sugar, organic acids and ammonium)
were considered to be variable and have been measured at different times for which pH
values can be calculated by the model.

The model expresses the hypothesis formulated by Castrillo J.I et al. (1995) and Won J.I
et al. (1993): when ammonium ions which are on the cation form (NH,") at the pH of
the must are consumed by yeasts, one mole of proton is released to ensure the
electoneutraly principle.
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Results are shown in figure 2. They show a very good agreement between calculated
and experimental pH values since the maximal deviation is less than the precision of the
measure.
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Figure 2. Comparison of experimental and simulated pH values in MS_NH4 medium
(initial pH=3.37; T=20°C)

3.3. Fermentation of the medium MS_AA

In MS_AA medium, amino acids brought 305 mg of nitrogen by liter which could be
assimilated by yeast. The fermentation has also been carried out and the evolutions of
the major compounds concentrations are plotted on figure 3.

As for the fermentation on MS_NH4 medium, we can distinguish two periods. During
the first period (0 to 20 hours), only 2 gL' of ethanol are produced, biomass attained
only 3.10° cells.mL™" and few amino acids were consumed (about 40 mgN.L™"). pH kept
constant to its initial value of 3.23. During the second period (20 to 110 hours), ethanol
production increased to reach 94 g.L™' at the end of the experiment. Concentration of
biomass rose to 200 millions cells per millilitre and amino acids were totally consumed.
The measurement of organic acid concentrations revealed that only 0.3 g.L"! of succinic
acid and 0.3 gL of acetic acid were produced. Malic and citric acids remained
constant to their initial concentration of 6 g.L™".

The pH value decreased from 3.23 to 3.13 after 50 hours of the fermentation which
corresponds to the assimilation of amino acids. After this time, pH increased regularly
to reach 3.25 at the end of the experiment. We have already shown (Akin et al., 2007)
that the ethanol effect on the organic acids dissociation is responsible for this rise.
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Figure 3. Evolution of biomass, ethanol, total amino acids and pH during fermentation
carried out on MS_AA medium (initial pH=3.23; T=20°C)

3.4. pH simulations
As for MS_NH4 medium, the initial pH of MS_AA medium was perfectly predicted by
the model. The knowledge of the medium composition allowed calculating an initial pH
of 3.23. The complexity of the phenomena linked to the assimilation of amino acids by
yeasts was underlined in the literature. The type of exchange which takes place when
amino acids pass through cell membrane are not yet known with accuracy and certainty.
To integrate the amino acids consumption in the model, three hypotheses were tested:

- Hypothesis 1: assimilation of amino acid does not influence the pH

- Hypothesis 2: consumption of one mole of amino acid causes the excretion of

one mole of H' like for the ammonium consumption
- Hypothesis 3: consumption 1 mole of amino acid charged positively only
causes excretion of 1 mole of protons to respect electroneutrality principle.

Under these hypotheses, the pH evolution was simulated and compared to experimental
data.
According to hypothesis 1, the decrease of pH observed between 0 and 50 h during the
fermentation of medium MS_AA would not be caused by amino acids consumption.
However, any other phenomenon could explain it since organic acids production was
very low. So, the pH decrease seems to be necessarily linked to amino acids
consumption and so hypothesis 1 is rejected.
pH were calculated under the hypothesis 2 (figure not showed). Minimum pH
calculated was 3.03, that is lower than the experimental one (3.13). Thus, the
assimilation of amino acids induces a decrease of pH but only some of them seems to
cause the excretion of protons.
To test the third hypothesis, it is necessary to evaluate amino acids proportion according
to their electronic charge. Each amino acid has a equilibrium constant (pK;) for their
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acid function (COOH) and an equilibrium constant (pK,) for their amine (NH,)
function. Some of them also have a third equilibrium constant (pK3) linked to their
radical. With these values of pK, it is possible to determinate the proportion of each
form of amino acids: cationic, anionic or neutral as a function of pH. For the initial pH
of 3.23, table 1 gives the proportion of each amino acids of the must.

Table 1. Quantity of nitrogen brought by each amino acid

Amino acids | Aspartic acid Thréonine Sérine Glutamic acid Glutamine Proline Cystéine
% cation (2+) 0,00 0,00 0,00 0,00 0,00 0,00 0,00
% cation (1+) 5,54 20,08 8,36 7,69 8,01 4,99 0,00
% neutral 76,52 79,92 91,64 84,27 91,99 95,01 0,00
% anion 17,94 0,00 0,00 8,05 0,00 0,00 0,00
%anion (2-) 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Amino acids Cystine Méthionine Isoleucine Leucine Tyrosine Phénylalanine Lysine
% cation (2+) 0,00 0,00 0,00 0,00 0,00 0,00 0,00
% cation (1+) 0,00 7,36 10,95 11,18 8,54 8,54 91,82
% neutral 0,00 92,64 89,05 88,82 91,46 91,46 0,00
% anion 0,00 0,00 0,00 0,00 0,00 0,00 0,00
%anion (2-) 0,00 0,00 0,00 0,00 0,00 0,00 8,18
Amino acids Glycine Alanine Valine Histidine Tryptrophan Arginine
% cation (2+) 0,00 0,00 0,00 0,00 0,00 0,00
% cation (1+) 11,65 11,41 12,63 3,74 14,52 91,99
% neutral 88,35 88,59 87,37 96,10 85,48 0,00
% anion 0,00 0,00 0,00 0,16 0,00 0,00
%anion (2-) 0,00 0,00 0,00 0,00 0,00 8,01

With these calculations and with the measure of individual concentration of amino acid,
we were able to determine the total concentration of amino acids on cationic, anionic
and neutral form during the fermentation (table 2).

In our medium, with amino acids repartition, there are 70% amino acids globally in
neutral form, 27 % have 1 positive charge, 1,3 % have 2 positives charges and 1,3 %
have only 1 negative charge.

In the model, to respect electroneutrality principle, each amino acid assimilated under
the cationic form involves a proton excretion whereas each amino acid on anionic form
involves neutralisation of one proton in the medium and amino acids on neutral form
have no effect on proton concentration.

With these assumptions, simulation of pH values of the medium MS_AA was realised.
Results are shown on figure 4. We noticed a good adequacy between the calculated and
experimental pH. The maximal deviation was 0.04 point of pH that is less than the
precision of the measure.



Table 2. Amino acids proportions according to their charge during fermentation

. Positive Positive Neutral Negative Negative

; Alpha amino . . . . . . . . . .

Time itrogen amino acids | amino acids | amino acids | amino acids|amino acids
(hours) (’:; f\’l b | (MmaNL | (mgNL) | (mgNL) | (mgNL) | (mgNAL)
9 A+ A2+ At A- A2-

0 305,0 83,2 5,0 213,2 3,6 0,0
15,7 256,0 69,7 4,2 1791 3,0 0,0
24 243,0 66,1 4,0 170,0 2,9 0,0

36,937 163,0 49,1 3.1 108,9 1,9 0,0
42,63 93,0 33,1 2,2 56,9 0,7 0,0
47,53 0,0 0,0 0,0 0,0 0,0 0,0
61,16 0,0 0,0 0,0 0,0 0,0 0,0
72,55 0,0 0,0 0,0 0,0 0,0 0,0
109,54 0,0 0,0 0,0 0,0 0,0 0,0

The simulation results were globally in agreement with the experimental data when
hypothesis 3 was formulated. So, the global charge of amino acids would determine the
pH evolution. However, additional experiments with different proportion of each amino
acid are necessary to validate this hypothesis.
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Figure 4. Comparison of experimental and calculated pH in MS_AA medium
(Initial pH=3.23; T=20°C)

4. Conclusion

At the end of this study, it can be stated with certainty that the acidification of the
medium during alcoholic fermentation is linked to the assimilation of the nitrogen
source. On a medium where nitrogen was only brought by ammonium (420 mg N.L™),
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the pH decreases down to 0.47 pH unit. With amino acids as nitrogen source (305 mg
N.L™) the decrease of the pH was lower, only 0.1 unit of pH.

The model of pH allowed us to suggest that only the cationic form of amino acids was
responsible for the pH decrease.

This assumption must be validated with additional fermentations realised on synthetic
medium as well as on natural grape musts.
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Modelling the growth and product formation characteristics of various microorganisms is a
very challenging task.There are many different approaches to modeling the microbial
kinetics .Simplistic unstructured model do not offer much in terms of elucidating the exact
nature of these processes.However more structured model often involve introducing process
variables that can not be estimated reliably.Several studies dealing with modeling the
growth and morphology of complex microorganisms such as filamentous fungi have been
published in recent years.Complete quantitative description of its behaviour would lead to
large sets of mathematical expressions describing the time evolution of a large number of
variables.Futheremore ,these equations would contain a large number of parameters which
would be difficult to obtain experimentally.Optimization of the productivity of biochemical
processes by the optimal control approach is in general a difficult task.Accomplishement of
such a task depends on the complexicity of model describing the biochemical process. The
value of mathematical models to organize data, to consider interactions in complex systems
in a rational way ,to correct the conventional wisdom and to understand essential qualitative
features of biological system has been clearly documented in prior research.Impact of this
research in biotechnology discovery has so for been limited ,but this will change in the
future if we are adept in recognizing emerging opportunities and in integrating new concepts
and tools into our research. In this review paper we are discussed the various model
describing fungal growth system and also emphasized on Trichodermma system .

Introduction:

By definition ,biochemical engineers are concerned with biochemical system,often with
systems employing growing cells.Even the simplest living cells is a system of such for
bidding complexity that any mathematical description of it is an extremely modest
approximation.The use of mathematics to provide a rigrous ,systematic and quantitative
linkage between molecular and microscopic phenomenon on one hand and macroscopic
process performance on the other hand(Baily J.E.1998).The study of filamentous fungi can
be difficult through experimental means alone due to the complex city of their natural
growth habitats and the microscopic scale of growth (eg Tip vesicle translocation and
hyphal tip extension,mycelial growth)Mathematical modeling provides a complimentary
,powerful and efficient method of investigation.The aim of mathematical modeling is not to
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form an extremely complex system of equation in an attempt to mirror reality instead the
aim to reduce a complex (biological) system into a simple (mathematical system)that can be
analyzed in for more details and from which key properties can be identified .Thus the aim
of mathematical modeling is not about what to include ,but instead what can be omitted
(Boswell G.P2003)(Melatiadis J et al 2001).Models can be categorized into probability or
kinetic models (measuring growth rate or generation time) according to the mathematical
approaches used.In case of filamentous fungi ,estimation of growth rate is more complicated
owing to the formation of surface colonies and also of hyphae throughout the carbon
source,a cell count is not appropriate.Empericals models simply describes the conditions
underwhich a experiment was performed,that is the effect on microbial growth of the
physical and chemical components of the carbon source.Such models are usually
polynomials.(Gibson M.A and Hocking D.A. 1997)(Bail S and Klis F.M1999).
Mathematical modeling of microbial growth has been used to estimate parameters (specific
growth rate and lag time) required to study growth under different physical and chemical
conditions.Mathematical models can be either empirical or mechanistic .Mechanistic models
are preferred because they are derived to represent the biochemical processes controlling
microbial  growth.However,if the mechanism  governing the  process is
unknown,mathematical fractions have to be used empirically.(Lopez S etal 2004)(Anseley
M et al 1990).In this paper we are much emphasized various model on fungal growth system
in generalized way and also on Trichoderma growth system

The various models describing fungal growth system:

Although a large body of work on the mathematical modeling of fungi is now
established,many vital queries still remain unanswered and relevant and important problems
un addressed. Predictive modeling of filamentous fungus growth has not received the same
level of attention as that of bacterial growth.This may well be because of the inherent
complexities associated with the quantification of fungal growth.Measurment of hyphal
extension rates usually reported as radial growth rate ,is probably the simplest and most
direct measures but it does not necessarily represents the true nature of fungal growth
.Fungal hyphae can penetrate the physical 3-dimensions matrix of carbon souces.There are
various models of fungal growth system have been studied.few are explained here.

Model of fungal mycelial growth:In general ,attempts at the mathematical modeling of
fungal growth have either focused on mycelial level ,using quanitities such as biomass yield
or have focusssed on growth on hyphal level such as hyphal tip growth ,branching.In the
former spatial proportions are generally ignored ,while the latter temporal effects are often
neglected The fungal mycelium is modeled as a distribution consisting of three components
: active hyphae( Corresponding to those hyphae involved in the translocation of internal
metabolites), Inactive hyphae(Denoting those hyphae not involved in translocation or
growth.eg hyphal tips) An important distinction is made nutrients located within the
fungus(internal ) and those free in the outside environments(external).Intarnally located
materials is used for metabolism and biosynthesis eg in the extension of hyphal tips
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(creating new hyphae)branching (creating new hyphal tips)maintain and the uptake of
external nutrient resources.This model is based on the physiology and growth characteristics
of fungus(Boswell G.P.etal 2003)

In terms of the five variables ( active hyphae,inactive hyphae,hyphal tips,internal substrate
and internal substrate) The model has the following structure:

Change in active hyphae in a given area = New hyphae (laid down by moving
tips)+reactivation of inactive hyphae-inactivation of active hyphae.

Change in inactive hyphae in a given area= Inactivation of active hyphae- reactivation of
inactive hyphae-degradation of inactive hyphae.

Changes in hyphal tips in given area= Tip movement out of /into area+ branching from
active hyphae-anaostomosis of tips into hyphae.

Changes in the internal substrate in the given area= Translocation (active and passive
mechanisms)+ uptake into the fungus from external sources —maintanence cost of hyphae-
growth costs of hyphal tips-active translocation costs

Change in external substrate in the given area= Diffusion of external substrare out of /into
area —uptake by fungus.

The interactions between the components listed above satisfy the following system
equations which are obtained from standerd conservation laws:

dm/6t = f,(m,m’,p,s;s.) = new hyphae- inactive hyphae
dm’/6t = fi,-(m,m’,p,s; se) = Inactivated hyphae — degradation
dp/dt = -6/8, J(m,m’,p,s; se)Hp (m,m’,p,s;,s.) =(tip migration )+(branching — anastomosis)

si/dt =[ -8/8x Ji P*(m,m’,p,s; so)Hj:*(m,m’,p,s;,s.)]+fi(m,m’,p,s;,s.) = [translocation(passive
andactive)]+[(uptakegrowthtrans.costs)]

35/t = - 8/6x Jo(m,m’,p,s; s¢) + fe (m,m’,p,s;,s,) = diffusion + (- uptake)

Where J and f denotes the flux (migration) and reaction (creation /loss) terms
respectively,for each quantity.m(x,t)the active hyphal density at time t where x denotes
spatial position;m’(x,t),the inactive hyphal density;p(x.t),the tip density;si(x,t),the internal
substrate concentration;and se(x,t),the external substrate concentration. (Boswell G.P et al
2002) (Boswell G.P et al 2003)

Model of Fungal spore germination:Bizukojk M and Ledkowitz(2006) reported spore
germination kinetics, according to this spores may be divided into 3 phases:Spore swelling
germ tube emergence and germ tube elongation takes place in the first phase,The spores
begins to swell increasing its dormant diameter significantly until a germ tube emerges in
the second phase.In the third phase the elongation of germ tube is observed and its growth
is usually exponential.
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Kinetic model for the process of spore germination:The biomass content in the presented
system is indirectly estimated as mean hyphal area because for the early stages of growth of
any filamentous fungus.

dA/dt = ke A.This equation is valid if t<t. ,where t. is the time when the tubes start to
emerge.For t> te the following system of ordinary differential equation to be proposed.

dcs/dt = - YSAkS-KI,INT~KIA-A/~KI,INT +CiNT- K]A+ A
dCN/dt = 'YNA kN KI,]NT-KIA-A/-KI,INT +CINT- KIA+ A.

depnr/dt = - k vr.eivr/Cint + Kine — Uit
dA/dt=p A

Where p is the specific growth rate of biomass expressed as the sum of the growth due to
each substrate:

n = kS-KI,INT-KIA-A/-KI,INT +CINT- K]A+ A + kN KI,]NT-KIA-A/-KI,INT +CINT- K]A+ A+ k

Nt-Cint/eint + Kinr

WhereA,mean protected area of hyphae; cr,Concentration of internal storage
compounds;cy,concentration of  nitrogen source;cs,concentration of  carbon
source;C,Circularity index;kinr,Internal storage compound uptake constant rate;ky,N-source
uptake constant rateks,C-source uptake constant rateksw,spore swelling constant
rate;K; o,Inhibition constant due to dimension of hyphae;K;nr,inhibition constant due to
internal storage compound;Kyr,saturation constant;L,mean hyphal length;te,spore swelling
time,Yna,yield of N source to hyphae;Ys,,yield of C source to hyphae, p,specific growth
rate of biomass.

Model of fungal hyphal tip growth: Tindemas S.H et al (2006) have been investigated the
fungal tip growth and proposed vesicle supply centre(VSC) and diffuse vesicle supply
centre model. According to VSC model vesicles mediated cell growth are created in the
golgi bodies and first transported to the Spitzenkorper which act as an organizing center
.From their the vesicles are released to ultimately fuse with the plasma membrane .The
mathematical abstraction of the Spitzenkorper is a point like object called the vesicle supply
center.These vesicles released randomly in all directions and move in a straight lines from
the VSC to cell envelop.Once a vesicles hits the plasma membrane ,it fuses with the
membranes and externalizes its contents causing a local expansion of the cell envelop .The
model assumes the amount of wall material delivered to the cell envelop to be the same for
any solid angle,as seen from the VSC.To this end the simplest explanation for an isotropic
motion of the vesicles through the cytoplasm and instantaneous exocytosis at the cell
wall.Diffusion allows for a finite vesicle exocytosis rate to be incorporated into the model in
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a natural way,through the boundry conditions.The effective diffusion constant of the
vesicles can be estimated from the Einstein relation D=k T/6una assuming the vesicle size
a to be roughly 50 nm and the viscosity n equals to that of water yields a diffusion constant
of about 4um?/s taking into account the fact that cytoplasm is more viscous than water then
D~ 1 um%s.This implies that vesicles will take only a few secods to travel the VSC to the
cell wall,making diffusion a viable method of vesicle delivery within the hyphal tip.
Models of Trichoderma growth system:

The Trichodermma system (like any other biological system)is of a complex
nature.Complete quantitative description of its behaviour would leads to large sets of
mathematical expressions describing the time evolution of a large number of
variables.Furthermore ,these equations would contains a large number of parameters which
would be difficult to obtain experimentally. The models describing biomass and product
formation are listed as follows:

Biomass related models:

Modified Monod model: dx;/dt = p x; (1 — 1/1-a (x;-x¢), Where a = So/K (xX,)

Polynomial model: dx,/dt = p x;[1 — (x;/x¢)*
Humphery’s model: dx,/dt = p x; — 8 x;Where p=p,.S/Ks+s andd =3, (1-S/K’s+5s)
The generalized logistic model: dx;/dt = - x; [1 — X;/K;]{a; +2a, t+ 3a; t°}

Whereas the enzyme production model are as follows:
The enzyme decay model: dx,/dt = b; x; —byx,

Polynomial model: dx,/dt = b; x; {bzxz)b3
The generalized logistic model: dx,/dt = - X5(1-Xo/K,) {a, + 2ast + 3at’}

Where a;,a,a; are the coefficients of the polynomial in the generalized logistic growth
model;a,as,as are the coefficients of the polynomial in the generalized logistic product
model;b, is the enzyme synthesis rate constant;b, is the enzyme decay rate constant;b; is the
power coefficient in the polynomial model for enzyme synthesis;K; is the limiting cell mass
concentration in biomass logistic model;K; is the saturation constant,K’; is the saturation
death rate constant;q is the power coefficient in polynomial model;S is the substrate
concentration;t is the fermentation time;X, is the intial biomass concentration;x; is the
biomass concentration at time t;X, is the enzyme activity at time t;X¢ is the final biomass
concentration;d is the specific death rate; p is the specific growth rate.

Modified Monod model and Polynomial model for biomass are the simplified versions of
the monod equation and do not require substrate concentration for determination.However
they could not account for the death phase of the system.The model suggested by
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Humpery’s on the other hand assumes the growth rate to be the net effect of actual growth
and death and depended on the concentration of limiting substrate present (Rakshit S.K and
Sahai V 1991).

Thouldur A et al (1999) described structured and unstructured growth kinetic models
Unstructured kinetic model:. The simplest kinetic model assumes that sugars are converted
into mycelial cell biomass ,which produce enzymes.

dL/dt = - UL X/YL N dz/dt = - Uz X/YZ
AX/dt= w X+ py X - keX, dP/dt = rp.X

Where L.,Z,X and P are the lactose ,xylose ,cell mass and protein concentration
respectively.The specific growth rates on lactose and xylose are p and p respectively.Yp
and Y 7 are the corresponding cellmass yield.ky is an endogenous growth terms ,rp is the
specific protein production rate.When both lactose and xylose present in the medium ,xylose
is preferentially taken up.The following forms are postulated for the specific growth rate and
protein production:

uL = (W maxt, /K s L LYK /Ky +2), e =y maxz -Z/K s 12,
rp=a p P t>24h,P=0 t<24h

Structured Kinetic model:The structured kinetic model incorporates a limited amount of
structure in the cell mass component.Cell mass divided into three categories — Primary
mycelia,Secondary mycelia,Spores than the equations

dL/dt = - XP/YL, dZ/dt = - Uz Xp/Yz, pr/dt = (”’L + Uz — k] — kdl)? dXS/dt = kl XP-
(kotkq2)Xs,dXo = ko X Than

dX/dt = pr/dt + dXS/dt + dXO = (},I,L + uz) Xp - kd1 Xp- deXS
dP/dt = rpX,

Where L,Z,X and P are the lactose ,xylose,cell mass and protein concentration,respectievely
and Xp, X; and X, are the cell mass contribution from primary mycelia,secondary mycelia
and spores.The specific growth rates on lactose and xylose are u;, and p; respectively;Yp
and Y are the corresponding cell mass yields.k; and k, are the constant rate terms for the
conversion of primary mycelia to secondary mycelia and for the conversion of secondary
mycelia to spores,respectively.ky, and kg, are endogenous death term and rp is the specific
protein production rate(Thouldar A Wet al 1999).

Velkovaska et al (1997) pointed out the concept of primary and secondary mycelium of
T.reesei growth in terms of product formation.Cellulase (as a product) production by
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Trichodermma can be defined as a Gaden III Type process.During this process two phase
are noticeable.Primary and Secondary.In the primary phase ,biomass accumulation and
normal metabolic activities reach their maximum then in secondary,later phase ,product
accumulation and formation rate reach their maximum values.Microscopic observation
shows that our young cells of Trichoderma reesei in the initial period of growth (the first
several days) are not very active for production of cellulase enzyme.After the fast initial
formation of primary mycelium ,microscopic analysis showed that mycelium structure starts
to changeafter approximetaly 2-3 days and the eventual appearance of chlamydospores
which is an important organs of asexual survivals and usually appears as a result of substrate
exhaustation.Substrate exhaustation triggers a physiological transformations(appearance of
secondary mycelium) in the cells to survive in medium with cellulose as the only
substrate.More concentrated microsomes are found into young growing tips of secondary
mycelia,these newer microsomes have a higher capacity to carry out protein synthesisand
responsible for product formation.

The Trichoderma system is very complex .For development of model equations existance of
structured biomass as primary and secondary mycelium are taken into account.

dXp/dt = p, S X/Ks + S -k X, For primary mycelium
dXy/dt + ky Xp- kaXs For secondary mycelium
dX/dt = py, S XK+ S - kgX For total biomass concentration

X in the medium is the sum of both mycelia types. The other constants are described earlier.
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The paper deals with the theoretical description of intensive regimes of heat and mass
transfer which are typical for high rate transport phenomena in chemical reactors. The
operation cycle in case of high-intensity fast processes is short and the entire process
can be performed under transient conditions. Problems of modeling high-intensity proc-
esses involve construction of equations with retarded and divergent arguments, which
takes account of the actual mechanism of transfer phenomena in the medium. In our
paper non-local equations of the heat and mass transfer in technological processes are
developed. The conditions of validity of the obtained equations and their solutions are
discussed. The generalization of relaxation transfer cores applied to multicomponent
systems is developed. It is established that the time dependence of the cross transfer
cores is non-monotonous and has a maximum. This is a specific phenomenon caused by
the effect of thermal diffusion or the Soret effect. The new methodology of calculating
the intensity of heat and mass transfer processes accompanied by cross effects has been
carried out.

1. Mathematical model

Consideration of the relaxation time and long-range interaction of structural components
of a medium is a great practical and theoretical problem (Rudyak, 1987, p. 270) that is
very relevant in cases of high-intensity fast processes. In this connection, the control of
high-intensity process is limited and it is important to calculate correctly and select the
best values of determining parameters. The time nonlocality of transfer processes under
high-intensity conditions can be described by the model of relaxation cores of transfer
[6]. Relaxation cores of transfer are the cores of integral transforms that, in the statisti-
cal theory of dissipation processes, relate fluxes with thermodynamic forces [1, 6].
Noteworthy are the wide possibilities of modeling by relaxation cores of transfer under
a minimum of phenomenological approaches, which makes the method good for a study
of the effect of the spatial-time nonlocality on the heat- and mass-transfer phenomena.
The total structure of the component mass fluxes and heat flux in an n-component sys-
tem according to this method has the following form according to (Jou, Casas-Vazquez
and Criado-Sancho, 2001, p. 225):

n+1
J(R.1)=J(R.10)+ > j dtdR'N i (R, R', 1,11 )Fi (R'.1), 1)
k=1
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where J are the substances fluxes; N;; are the relaxation transfer cores; Fj are the

thermodynamic forces; ¢ is a time; R is a space vector.
Limiting one self to the time nonlocality in the multicomponent system, one can write
expressions for the # linearly independent mass fluxes (Kim, Brener, 1996, p. 260).

Rt vT
-y jdthlk Rt-n)V [ relliy) ] jdrlN,h -1)=5s @
T
k=10
- vi(R.1) VT
In =2, JdaNm (Rt -V S50 - jdtzNhh(R,r—tz)T—z, ©)
k=10 0

where v, are the chemical potentials; 7 is the temperature.

To obtained a compact description and simplify transformations, let us assume
Vu+1 =—1. Then, in expressions (2), (3), one can replace the subscript # by n + 1 and

write a unified form for the mass fluxes and heat flux in the multicomponent system
(Brener, Muratov, Tashimov, 2004, p. 326):

n+l1t
-y J'quik (Rit-11 )v(@j. )
k=10

To analyze the total structure of the transfer equations, we use the special model equa-
tion, derived in (Brener, 2006, p. 566):

olik i |_lik
=1V - , 5
o Mik [ T Tik &)
where 7 are the relaxation times and
t vi(R.1)
lig = [anNig (R =)V A2 ©)

0

Using (10), as a result of the repeated differentiation up to derivatives of the (n+ 1)-th
order, the following relationships are obtained:

_ 1 l
oPy; & 1 P10 | B i vive /T) s
_ 1)Jj+1 771k k p+1 zk
J=0 = Yik k= lrzk

Subsequent transformations are based on the conservation laws:
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Acting on expression (7) by the nabla operator and using (8), one can obtain, as a result,
the differential equation of the (n + 2)-th order for the potential of each of the compo-
nents of the system:

n+2(,\ an+l( .
L """ (vi) 9 (Vl),..., aa"tl 3VisVy |=0. ©))

atn+2 ’ atn'f'l

The generalization of model approach (Kim, Brener, 1996, p. 261) to calculating relaxa-
tion cores for multiple components can be presented as

ON; 1 L 1

j:_Nﬂii + ZNkTik . (10)
k=1
k#i

Here, for filling to the Onsager principle, it is assumed thatz;; =7j; .

The matrix of set (10) is symmetrical; therefore, all its eigenvalues are real. In this con-
nection, by analogy with the result (Brener, 2006, p. 570), solution of (10) can be repre-
sented as the sum of the forward and cross components of the cores of transfer:

n
Ni=Y Nik (11)
k=1

where all items are real exponents and Nik = Nki. Hence, a relationship of the form of
(9) again occurs.

The nonlinear generalization of flow equations (1) can be represented in a nonlocal
quadratic form with tensor cores (Brener, 2006, p. 571):

Jj= —ril tjdrlNl.(,?(R,r —1)- V(M] -

T
k=1g

n+ln+l1t t . "
R, v (R,t )
-2 2 ”dtldtle.(,fg(R;t_tl;t_tz):V{Vk(T tl)jv( ol ) J

k=1p=100

In the weakly nonlinear approximation, one can assume
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(13)

<2) ”

where ¢ is the series expansion parameter. As the parameter, one can use the ratio of
the two Knudsen numbers that are calculated by two specific spatial scales for the elas-
tic and inelastic molecular collisions, respectively.

The simple non-linear generalization of the model (10) considering the cross effects in
a two-component system looks as follows

W _ —
f&m:_Nm(l_“"mNm)Tm1 +Nh(1_‘9hNh)r><l’

av _ _
&h Nm(l_“"mNm)fx1 —Nh(l_ghNh)fhl

(14

2. Model results

The solution of submitted model for a two-component system can be written in the

form

Nm =Nmm +Nmh (15)

Ni=Nph +Npm, (16)

where

Nmm — m |:£ﬂ12 +Lj exp(/lls)—[/ll +LJ€XP(/12$):| 9 (17)
A -4 Tm Tm

Npp = Th K/Iz +Lj exp(/lls)—(/ll +LJ6XP(/IZS)} > (18)
A2 -4 Th Th

Nuh =Npm = ks [exp(/lls)— exp(/lzs)] (19)

Tx(/12 - /11)

In the approximation of system quasi non-equilibrium, from the condition of attenuation
of distortions, it is follows that both characteristic quantities 41,2 should be negative.

From this, one can obtain the inequality for direct and cross relaxation times:

Ty >ATmTh - (20)

Let us introduce the dimensionless parameters that characterize the correlations of re-
laxation times of the forward and cross distortions:

T T
aj=—t; ay =" z=ajy,la; 1)

) Tx
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Figure 1 depicts the typical curves for the time history of relaxation transfer cores under
the different quantities of the parameters obtained by numerical experiment.
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Figure 1. (A) - Characteristic time dependences of the direct diffusion relaxation core
of transfer at o1 = 1.4 and (B) - the development of cross relaxation distortion at ] =

0.6;z=(1)0.2,(2) 0.4, (3) 0.6, (4) 0.8.
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The time dependence of the cross core of transfer has a maximum (Fig. 1 - B). This is a
specific phenomenon caused by the effect of thermal diffusion or the Soret effect. The
maximum of the time dependence of the cross core of transfer determines the period of
increase in the initial distortions of the temperature and concentration fields that is due
to influence of thermodynamic cross effects. From this, one can obtain the formula for
the specific period of increase in distortions:

Atn = In(2/41) . (22)
Al -4

3. Practical recomendations

In a compact form the calculations order for one-dimension tubular through-reactor with
allowing for the non-local phenomena can be described as follows.

The simplified system of heat and mass transfer reads:

2

1Y 1N X4 DAv, (23)
o°T or

72— =(-1+7pNp)=—+aAT, (24)

Let us introduce the extended variables using scales of the relaxations times order:
t; 0= i; x . Thus solutions of (23), (24) look as follows

T
v=vg+1vl, I =Ty +727]. 25)

The zero and first approximations are determined from the equations

821/() _ v 82T0 00y

s - 5 (26)
202 00 " 5p2 00
2 2 2 2
0 Ty O°T
v Vlszer v0+8 VO, 0 Tl:ai+N1—aO+—0. 27
002 00 00 52 092 00 00 52
From these equations it follows the characteristic solutions.
Zero-order:
Vo = VO(XX[:O +Cy exp(— 9); Ty = TO(xXt:O +CT exp(— 6’). (28)

First order:

v =(Cy + Ay 0)exp(=0); Tj = (Cr + A70)exp(-0). (29)
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The effective mass diffusivity is calculated with amendment to non-local phenomena:
Def = ZDef(O)- (30)

According to this approach the engineering methodology for calculating chemical reac-
tors with accounting of non-local phenomena and cross effects was carried out. Figures
2 and 3 depict some results of the above investigations.
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Figure 2. The relative deviation of the effective mass diffusivity from the nominal un-
der calculating with accounting to non-local phenomena
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Figure 3. Amendment coefficients under calculating effective diffusivities for high rate
processes.

The nonlinearity and the high order of the obtained equations are unusual and compli-
cate their practical use. Yet their capability to describe the various effects caused by the
nonlinearity of the medium and cross effects is rather wide and can justify subsequent
investigations. That work is likely to be of importance to practice in process engineering
including biotechnology processes. It seems that methods for describing transport phe-
nomena in complex systems such as biological or biotechnological systems may be in-
teresting for specialists in biotechnology.
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The productivity and copolymerisation control of PHBV were improved via specific
feeding (sodium glutamate 10 g/L. and sequential addition of valeric acid). The active
monitoring of PHA content in cells was made possible through TGA analysis based on
the large degradation temperature difference between PHAs and the rest of the cells.
Finally a kinetic model for the depolymerisation of PHA was proposed and discussed.

1. Introduction

Industrial biotechnology is a well known tool for production of fine and specialty
chemicals, mostly for pharmaceutical and cosmetic industries. Polymers are a new
emerging domain for expansion of Industrial Biotechnology. Such polymers may be
considered as well as material (Sudesh et al. 2000) as natural concentrates of chiral
products (Seebach et al. 1987).

One of the most promising such obtained class of polymers 1is the
poly(hydroxyalkanoates) (PHA) one. PHA are a huge family of bacterial polymers, they
present interesting performances and chirality properties, but they suffer from too
expensive and tricky production.

That is why a lot has to be done for improvements in PHA’s production, analysis

(control) and synthons application.

2. PHA production

In order to optimise the production of PHB and PHBV by C. necator, we made 2
experimental designs. We worked with experimental designs types 2P, with k=3 and
p=1. This allowed us to evaluate 6 factors in 8 experiments (Berezina et al. 2007).

First we wanted to enhance C. necator biomass. Indeed, as the PHA production depends
on nutrient control, most of the authors (Potter et al. 2004, Mantzaris et al. 2002) use to
allow the bacteria to grow under limited nutrient conditions: minimum mineral media
with only carbon supply used for the PHA production (typically glucose, fructose,
sodium gluconate etc.). On the other hand, it is known (Steinbiichel et al. 2003) that the
PHA production is made in two steps: C. necator growth followed by PHA
accumulation.

Different substrates were reported to be biomass enhancers such as citric acid (Wang et
al. 1997), sodium glutamate (Elbahloul et al. 2005, Barclay et al. 2001, Sauer et al.
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2004, Wang et al. 2001, Wang et al. 2000, Sonavane et al. 2003), aminolevulinic acid
(Hungerer et al. 1995) or aspartate (Sonavane et al. 2003). The most efficient biomass
enhancer seems to be sodium glutamate whereas citric acid is also supposed to influence
valerate content of final PHBV (Akyiama et al. 1992, Steinbiichel et al. 2003); finally
glucose concentration can also play a key role as well in biomass growth as in PHA
production.

Thus in the first experimental design (Table 1) we evaluated: citric acid supply (0 or

2 g/L), sodium glutamate supply (10 g/L or 20 g/L) and glucose concentration during
the accumulation step (10 g/L or 30 g/L).

Table 1 : Factor’s effects of both experimental designs

Factors DW PHA PHA/gow  PHA/Zgicose
Citric acid (2 g/L) -3 6 -4 -1
Glutamate (10 g/L) 15 25 15 8

[G] 30 g/L at 48h 15 4 13 4
[G]30 g/L att, 4 -3 04 0.9
P(0,) (30 %) 0.2 -1 -0.8 0.5
Valeric acid (4x5g/L) -0.2 1 0.8 -0.5

During the second experimental design we evaluated: glucose concentration at t,
(10 g/L or 30 g/L), P(O,) (3% or 30%) and valeric acid supply manner (4x5g/L or 1x20
g/L).

~ 0,6
- 0,5
- 0,4
- 03
- 0,2
- 0,1
-0
minimum media designed media

DW (g/L) 0 % PHA/gDW

B mPHA/LF % PHA/glucose (g/g)

B mPHA/Lf/h

Figure 1 : Majors variables evolution before (minimum media) and after (designed
media) the 2 experimental designs
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The citric acid supply, P(O,) variation and valeric acid supply manner resulted in no
benefice on DW, PHA content, PHA production, PHA/glucose yield or the whole
system productivity (Table 1), whereas an important beneficial effect of glucose
concentration at 30 g/L (either at the beginning of the fermentation or during the
accumulation step) and of glutamate supply at 10 g/L (at 20 g/L results were less
interesting due to the extra ammonium supply present in glutamate) was observed
(Table 1).

After the completion of control fermentations, which consisted in the combination of
best factors, we obtained the following improvements (Figure 1): Dry Weight
enhancement on 250%, PHA content on 30%, Volumetric production on 400%,
PHA/glucose yield on 200% and Productivity on 500%.

Table 2 : PHBYV analysis

HV (mol %) DSC SEC
Valeric acid supply’ _
GC  NMR T, To M, Ip
4 times 7 9 3 168° 120000 1.9
1 time 4 5 0 171° 220000 1.4

1. final valeric acid amount is the same in both cases
2. bimodal pick
3. monomodal pick

The manner of valeric acid supply has poor influence on growth, but deeply influences
as well the valerate content as the polymer structure (Table 2). Valerate content grows
from 4% (unique addition) to 8% (multiple additions). The results are even more
interesting when comparing other analysis: SEC clearly indicates 2 different types of
polymers and DSC suggests a block system for multiple additions and a statistic system
for single addition.

These results are consistent with Srienc’s group suggestions (Kelley et al. 2001,
Mantzaris et al. 2001, Pederson et al. 2006): switching of carbon source results in
increasing of valerate content and block copolymer structure.

3. PHA analysis

The parameters usually followed in a fermentation process, such as optical density, dry
weight or glucose concentration do not give any direct information about the yield of
PHBYV production.
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The control of the bacterial production of poly(hydroxyl alkanotes) (PHA) is usually
(Sudesh et al. 2000, Steinbiichel et al. 2003) done by an extraction method. A large
sample (ca 10 mL) is withdrawn from the fermentation reactor. The sample is then
centrifuged before to undergo a freeze-drying step. The lyophilizate is then immersed in
chloroform for the extraction of the PHA from the cells, and filtered. After precipitation
of the filtrate and drying of the PHA such obtained, one can at last, after several days,
have an idea of the yield of the process at the time the sampling was made. It is obvious
that, for a more or less one week long fermentation process, this method is unsuitable
for a reactive monitoring, not to mention the large use of solvents.

We improved and developed the method previously reported by Hahn et al. (1995)
(Talon et al. 2007). TGA performed on pure PHBV and on PHBYV still enclosed in
bacteria showed that a significant gap exists between the thermal degradation
temperatures of the PHA and of the cells. It appears indeed that the PHA is fully
degraded at 210-220 °C, whereas the weight loss due to the degradation of the cells only
begins at about 250-260 °C (Figure 2).
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Figure 2 : time course evolution of temperature program and weight (%) evolution

When used to follow two fermentations done in identical conditions, the results of the
thermogravimetric method show (Figure 3) that both the fermentation process and the
method of assay are reproducible.
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Reproducibility of TGA analysis between 2 similar experiments

In order to confirm the validity of the method, a fermentation experiment was followed

according

to the two methods (extraction and TGA methods). The results are shown in

Figure 4, where it can be seen that the results provided by the two methods are quite
comparable. Moreover, it seems that the thermogravimetric method would give more
exact results, since they are a little higher than those obtained with a single extraction
step, and it is well known that the yield of only one extraction is not quantitative.

Figure 4 :
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4. PHA Applications

Across different applications of PHA one can be interested by using their chiral
monomers, i.e. -hydroxyacids. Indeed, PHA are perfectly chiral polymers, as well their
monomers are, and B-hydroxyacids are very useful products. B-hydroxyacids can be
used by themselves (mostly in cosmetic industry) and as chiral synthons for a range of



158

products such as lactones, B-lactams, dioxanones, (Seebach et al. 1987) or even proven
antibiotics as tienamycin (Chiba et al. 1985) or elaiophylin (Seebach et al. 1986, Evans
et al. 1997).

The depolymerisation of PHA has been of interest for a long time. Pioneering work on
the PHB depolymerisation was performed by Merrick et al. (1964) and consisted on
enzymatic depolymerisation of non purified polymer. Pyrolysis approach developed by
Morikawa et al. (1980) produced mostly crotonic acid. More recent results (Lee et al.
2000, Lee et al. 1999) concerned the alcoolysis approach, finally Ren et al. (2005)
worked on in situ depolymerisation of PHAycp (medium chain length PHA).

Herzog et al. (2006) proposed a kinetic model for polyester depolymerisation by lipases,
but no kinetic model is yet available for the PHA depolymerisation, to our knowledge.

We wanted to make a simple kinetic model for the depolymerisation of the non purified
PHA, i.e. still contained inside the cells. This means that we have to treat 2 reactions:
the transfer across the cells” membranes and the depolymerisation of the free PHA.

K, ky
PHA, —> PHAy — > [-hydroxybutyric acid
)]
PHA., represents PHA inside of bacterial cells
PHA; represents free PHA in the reaction media

On first approximation we can assume that the percentage of depolymerisation will
essentially depend on PHA transfer across cell membrane. The second reaction is
supposed to be much faster than the PHA transfer (ester hydrolysis in aqueous basic
media), k,>>k;. In that case the only important parameter to be measured will be the
PHA content in cells and we can express the depolymerisation process as following:

PHAi
PHA (t)

% depolymerisation =

2
PHAI being initial content of PHA in cells
PHA (t) being the content of PHA in cells at instant t

In order to check this kinetic model, we made an experiment with 10 molar NaOH. We
compared results obtained by HPLC analysis of produced B-hydroxybutyric acid with
remained PHA content in cells measured by previously described TGA method
(Figure 5). We can observe quiet a correct correlation between the theoretic model and
the experimental data.



% depolymerization

40 60 80
PHA content
—— PHAIi / PHA(%) O experimental

Figure 5 : Comparison of the kinetic model with the experimental
depolymerisation

However, we may assume that that weaker the base the wronger the hypothesis that the
depolymerisation step can be neglected in regard of the diffusion step. Therefore, even
if this kinetic model is satisfactory at the first stage it should be précised for being more
universal for this system.

5. Conclusion

In this work we applied the experimental design system to investigate 6 different factors
for PHA production. We succeeded to identify the most important benefit factors which
allowed us to enhance the whole system PHB productivity for 5 times. We also
succeeded to control the PHBV structure (block or statistical) by valeric acid supply
manner.

Further developed thermogravimetric analysis enables a rapid control of the evolution
of a fermentation process, and therefore can offer the opportunity of being reactive
enough to adapt the process parameters when something seems to go wrong. This
method of assay provides good and reproducible results, and it is solvent free and
hugely time-saving.

Finally, we turned our interest to the PHA’s depolymerisation and established a
satisfactory kinetic model for the combination of membrane transfer and
depolymerisation reactions.
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Glycopeptides such as vancomycin are the drugs of last resort for the treatment of
severe infections caused by antibiotic resistant gram-positive bacteria. As a model strain
for analysing and manipulating glycopeptide biosynthesis we have chosen
Amycolatopsis balhimycina which synthesizes the vancomycin-type glycopeptide
balhimycin.

The 66-kb gene cluster encoding the biosynthesis of balhimycin was identified and
sequenced. The biosynthetic pathway was elucidated and functions were assigned to all
genes of the cluster.

Five out of seven amino acids of the heptapeptide backbone are — directly or indirectly —
derived from the shikimate pathway: two molecules fhydroxytyrosine (f-Ht) and
hydroxyphenylglycine (Hpg) and one molecule dihydroxyphenylglycine (Dpg). In
addition to the genes encoding the biosynthetic enzymes typical for secondary
metabolism, the balhimycin gene cluster includes two genes (pdh, dahp) which encode
key enzymes of the shikimate pathway. Since a second copy of each of these two genes
is found in the genome outside of the balhimycin cluster, we assume that the “pathway-
specific” enzymes are responsible for an optimized provision of tyrosine, a precursor of
the non-proteinogenic amino acids fHt, Hpg and Dpg.

In the efficient excretion of balhimycin an ABC-transporter is involved whose
inactivation led to an intracellular accumulation of balhimycin.

Bbr, a StrR-type regulator, is involved in the transcriptional control of the biosynthetic
genes. Furthermore a two component regulator system (VanRS) was identified which
may encode an overriding control system responding to the presence of glycopeptide.

In order to improve the yield of balhimycin, gene inactivation and overexpression
studies were performed. The manipulation of the transcriptional regulation as well as
targeted intervention in the primary metabolism should result in an increased
balhimycin production.

Primary and secondary metabolism

Primary metabolites are elementary puzzle pieces for all microorganisms: They are end
products of catabolism, set up to form primary intermediates such as amino acids,
nucleotides, vitamins, carbohydrates, and fatty acids. These biosynthetic intermediates
are subsequently assembled into the complex and essential metabolites that give
structure and biological function to the organism.
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Secondary metabolites are produced only by small groups of organism and are not
required for growth. They are structurally diverse, generally produced in mixtures with
other members of the same chemical family, and formed at low specific growth rates.
Important classes of secondary metabolites are the antibiotics. The metabolic pathways
of the primary metabolism often supply the precursors of the antibiotics. There is an
early common part which then branches to the synthesis of a primary metabolite on the
one hand and to a secondary metabolite on the other.

In some cases, primary end product feedback inhibits the common part of the pathway
and thus impairs production of secondary metabolites and accumulation of the
precursors. The amount of precursors and cofactors required for synthesis of antibiotics
is usually sufficiently low to be easily accommodated by the central carbon metabolism
of the cell. In cases that the precursors for antibiotic synthesis are cellular building
blocks such as amino acids, carbon is drained from the anabolic routes rather than the
central carbon metabolism. To obtain high yield strains it is not only important to
increase expression of the biosynthesis genes, but also the activity of the anabolic
pathway. The situation is generally more complex when there is a requirement for
specific precursors that are synthesized by enzymes encoded by genes in the
biosynthesis gene cluster (Gunnarsson et al., 2004).

Glycopeptide biosynthesis

Synthesis of specific precursors plays an important role in the biosynthesis of
glycopeptide antibiotics. Glycopeptides such as vancomycin are the drugs against
antibiotic resistant gram-positive bacteria. The best analyzed strain for glycopeptide
biosynthesis is Amycolatopsis balhimycina, the producer of the vancomycin-type
glycopeptide balhimycin (Nadkarni et al., 1994) (Figure 1).
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Figure 1: Structure of the glycopeptide balhimycin produced by 4. balhimycina.

Using a “Reverse Genetics” approach the 66-kb gene cluster (Pelzer et al., 1999)
encoding the biosynthesis of balhimycin has been identified. By a combination of
genetics, biochemistry and analytical organic chemistry the biosynthetic pathway has
been elucidated and the function of nearly all genes of the cluster has been proven.



The biosynthesis starts with the pathway-specific supply of the non-proteinogenic
amino acids Ahydroxytyrosine (fHt), hydroxyphenylglycine (Hpg) and
dihydroxyphenylglycine (Dpg) which form together with (N-methyl) leucine and
asparagine the heptapeptide backbone of balhimycin. f-Ht and Hpg are derived from
the shikimate branch of amino acid biosynthesis including unusual modification
reactions (Hubbard et al., 2000; Puk et al., 2002, Puk et al. 2004).

Hpg is derived from the aromatic ring of tyrosine and the a-carbon of tyrosine is the
carboxylic acid carbon of 4-Hpg. In the balhimycin biosynthetic gene cluster three orfs
(pgat, hmaS and hmo) are located which show high similarity to the genes that
participate in the biosynthesis of Hpg from prephenate in the chloroeremomycin
producer Amycolatopsis orientalis (Hubbard et al. 2000). Therefore, an analogous
biosynthetic pathway was postulated for the Hpg-biosynthesis in 4. balhimycina.

The three genes which are required for the biosynthesis of f~Ht are also localized in the
balhimycin biosynthetic gene cluster: the perhydrolase, Bhp, the nonribosomal peptide
synthetase module, BpsD and the monooxygenase, OxyD. Inactivation of all these three
genes resulted in null mutant strains of A. balhimycina. Supplementation of these
mutant strains with AHt restored balhimycin production thus confirming the
involvement of Bhp, BpsD and OxyD in AHt-biosynthesis. The proposed model
suggested tyrosine being loaded onto BpsD with subsequent fhydroxylation of BpsD-
bound tyrosine catalysed by OxyD (Puk et al., 2004). The last step is the hydrolysis of
S-Ht from the BpsD complex due to the action of the hydralase Bhp in order to deliver
the free amino acid.

The nonproteinogenic amino acid Dpg is synthesized via a polyketide synthase
mechanism (PKSIII) similar to that known from plant chalcon/stilben synthases (Pfeifer
et al., 2001). Four genes forming an operon (dpgABCD) are required to provide Dpg.
Inactivation of DpgA, the predicted polyketide synthase resulted in the loss of
balhimycin production. Restoration was achieved by supplementation with 3,5-
dihydroxyphenylacetic acid, which is both, a possible product of the PKS and a likely
precursor of Dpg. Enzyme assays with the protein expressed in Streptomyces lividans
showed that DpgA uses only malonyl-CoA as substrate (Pfeifer et al., 2001). The
heterologous co-expression of all dpg genes in S. /ividans led to the accumulation of
3,5-dihydroxyphenylglyoxylic acid. The final step in the pathway of Dpg is the
transamination. Inactivation of the predicted transaminase gene (pgat) resulted in a null
mutant strain and in accumulation of 3,5-dihydroxyphenylglyoxylic acid. Restoration of
balhimycin production in this mutant was only possible by simultaneous
supplementation with (S)-3,5-dihydroxyphenylglycine and (S)-4-hydroxaphenylglycine,
indicating that the transaminase is essential for the formation of both amino acids
(Pfeifer et al. 2001). Similar to Hpg, the formation of Dpg requires tyrosine as amino
donor which thus interconnects Dpg biosynthesis with the shikimate pathway.
Subsequently, the amino acids are linked by non-ribosomal peptide synthetases
(Recktenwald et al., 2002). The aromatic side chains are interconnected by P450
monooxygenases (StiBmuth et al., 1999; Zerbe et al., 2002; Stegmann et al., 2006); a
series of reactions which occur in a strict order (Bischoff et al., 2001a; 2001b) and lead
to the first antibiotically active intermediate. The NADH/FAD-dependent halogenase
BhaA catalyzes the chlorination of the two #Hts (Puk et al. 2002). The substrates of the
oxygenases as well as of the halogenase are not free biosynthetic precursors, but rather
intermediates which are bound to the NRPS (Bischoff et al., 2005). The resulting cross-
linked heptapeptide is then finally modified by methylation and glycosylation.

The final step in the secondary metabolite biosynthesis is the excretion of the products,
often mediated by specific transporters. A gene (tba) encoding a putative ABC-transporter
is part of the cluster. To prove its involvement in balhimycin excretion tha was inactivated
by gene replacement which did not interfere with growth and did not affect balhimycin
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resistance. However, in the supernatant of the tha mutant less balhimycin was detected
compared to the wild type; and the intracellular balhimycin concentration was 10 times
higher in the tba mutant than in the wild type.

The biosynthesis is regulated by a StrR-type regulator, which was shown to bind in front of
different operons of the balhimycin gene cluster (Shawky et al. 2007). This probably
ensures coordinated expression of the biosynthetic genes at the end of the exponential
growth phase as shown by RT-PCR. However, it is not known, which signal controls the
expression of the bbr gene.

In addition to the mentioned structural and regulatory genes the cluster also contains
putative resistance genes with similarity to vanY (encoding a putative D,D
carboxypeptidase) and vanR and vanS (putative two component regulatory system
sensing cell wall antibiotics) (Shawky et al., 2007).

Interconnection of primary and secondary metabolism in balhimycin
biosynthesis

The supply of precursors or cofactors from primary metabolism might be a limiting
factor for secondary metabolite production, in order to maximize product yields. Thus it
is necessary to redirect primary metabolic fluxes in a manner that supports high
secondary metabolite productivities (Thykaer and Nielsen, 2003). Current knowledge of
the biochemistry of primary metabolism pathways in actinomycetes is limited but
considered to be important for further rational improvement of strains overproducing
aromatic amino acids and derived compounds (Hodgson, 2000). The non-proteinogenic
amino acids f-Ht and Hpg of the heptapeptide backbone are directly derived from the
aromatic amino acid tyrosine. In addition, tyrosine is the amino donor in the Dpg
biosynthesis indicating a key role of the shikimate pathway in precursor supply. As a
consequence, the supply of tyrosine may be rate controlling during high-yield
glycopeptide production.

The aromatic amino acid L-tyrosine is derived from chorismate, the end product of the
shikimate pathway. The key enzymes of the shikimate pathway are responsible for the
following steps: DAHP synthase, the first enzyme of the shikimate pathway, condenses
the pentose phosphate pathway intermediate D-erythrose 4-phosphate and the glycolytic
pathway intermediate phosphoenolpyruvate to DAHP. The chorismate mutase (Cm)
catalyses the transformation of chorismate to prephenate. L-tyrosine biosynthesis
further proceeds by conversion of prephenate into 4-hydroxy-phenylpyruvate (via
prephenate  dehydrogenase, Pdh). 4-hydroxy-phenylpyruvate is subsequently
transaminated (via aromatic amino acid aminotransferase) to yield L-tyrosine (Michal,
1999). Aromatic amino acid biosynthesis in bacteria is strictly regulated via feedback
control mechanisms. Antibiotic biosynthesis may require specific metabolic
adaptations, e.g. expression of isoenzymes that serve to avoid feedback regulation by
aromatic amino acids.

The balhimycin biosynthetic gene cluster encodes two genes pdh and dahp which show
high similarity to corresponding genes of the primary metabolism. Interestingly, pdh is
also conserved within the glycopeptide biosynthesis gene clusters of chloroeremomycin
(cep), dalbavancin (dbv), complestatin (sta) and teicoplanin (fcp), whereas dahp exists
only in the cep cluster; a divergent Dahp synthase is encoded by the fcp cluster, but is
counted among the unique functions (Donadio et al., 2005).

From the preliminary data of the A. balhimycina genome sequencing project it is known
that a second copy of the dahp and pdh genes is located elsewhere in the genome.
Therefore, for Dahp and Pdh in the balhimycin biosynthetic gene cluster “pathway
specific” functions can be postulated. This assumption is further supported by
regulatory studies where it has been demonstrated that these two genes are, like the
structural biosynthetic genes, under the control of Bbr, the StrR like regulator of the



balhimycin gene cluster. Analysis on possible operon structures within the balhimycin
biosynthesis gene cluster reveals a co-transcription of several genes (Pfeifer et al., 2001;
Puk et al., 2004, Shawky et al., 2005). For example it can be suggested that bbr and pdh
comprise an operon as well as the genes expand from dvad to dahp. Since gel
retardation assays revealed that Bbr binds specifically to the upstream regions of the
regulator gene bbr, and dvad, involved in the dehydrovancosamine synthesis, pdh and
dahp are Bbr regulated genes. Further, in RT-PCR experiments the expression of bbr
was analyzed in correlation to growth and antibiotic production together with the
expression pattern of some biosynthetic genes. The expression of bbr occurs
simultaneously with that of the studied biosynthetic genes starting at least 8h before the
onset of antibiotic production confirming the results of the gel retardation experiments.
These results indicate that components of the primary metabolism are important for a
higher antibiotic production (Figure 2). Since Pdh is the first enzyme of the tyrosine
branch efficient flux towards hydroxyphenylpyruvate is an essential precondition.
Whilst much attention has been paid to the pathways and regulation of the balhimycin
biosynthesis, less is known of the pathways and the regulation of primary metabolism.
With the imminent completion of the total genome sequence of A. balhimycina,
understanding of the primary metabolism pathways and their interconnection to the
secondary metabolism will be gained. This knowledge will be used for rational
improvement of aromatic amino acids and balhimycin production in 4. balhimycina.
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Figure 2: Interconnection of primary and secondary metabolism in balhimycin
biosynthesis.

Highlighted by the circle is the tyrosine biosynthesis. Underlined are the enzymes
DAHP synthase, 3-desoxyarabino-heptulosonate-7-phosphate synthase, and pdh,
prephenate dehydrogenase. The thick arrows indicate the connection to balhimycin
biosynthesis. Proteinogenic (leucine and asparagines) and non proteinogenic amino
acids (dihydroxy-phenylglycine, 4-hydroxy-phenylglycine and Cl-fhydroxytyrosine)
are shown in white boxes , balhimycin intermediates in grey boxes. P, phosphate; PEP,
phosphoenyl pyruvate; TCC, Tri-carbon cycle;
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The evaluation of the effects by which physical, chemical and biological agents
(temperature, moisture, pH extremes, sunlight, proteolytic enzymes, bacteria, etc.) affect
stability of the active substance of a biological insecticide, as the present one based on
B. thuringiensis israelensis against mosquito’s larvae, is a prerequisite to identify the
appropriate mix of ingredients (antioxidants, radical scavengers, UV protectants, etc.)
required to protect the active substance during field application. Furthermore it is
necessary to study how to avoid not homogeneous application, or settling of the product
in aquatic environment, that can leave large sensible areas not covered by the active
substance and spoil the overall insecticidal effect displayed by the product. The final
objective is to develop a formulate with appropriate characteristics and persistence time
for large scale field applications. Actually a new product with these characteristics
(named BG zl) has been developed by Bio & Geo S.rl. by fermenting a B.
thuringiensis israelensis H14 strain, recovering and drying the parasporal crystals and
than formulating these crystals as emulsifiable liquid concentrate, with the addition of
protective ingredients and surfactants to enable easy mixing with water for an
application as a spray on large areas to fully exploit the insecticidal properties displayed
even at ppm concentration.

1. Introduction

The insect control, especially those harmful to agriculture and public health, involves
traditionally the use of chemicals that often can display negative drawbacks being
toxics, not only to the target insects, but also to beneficial ones, as well as to animals
and men. In addition, insects often develop resistance against these chemicals, after
many successive applications, and this effect can have dramatic consequence in terms of
increasing treatment doses and frequencies required, multiple pesticides, etc. and, at the
end, in terms of heavy damage of environment.

So the alternative of biological insecticides, offered by modern biotechnologies, has
been welcome and it is developing very much, well beyond expectations, particularly
for the treatment of urban areas and/or for insects that can give rise to public health
problems. This is the case of Dipteral insects (mosquitoes, etc.) that are able to transmit
heavy dangerous illness such as Yellow Fever and Dengue (see particularly Aedes
aegypti, etc.). The active substances, widely employed for the application against
diptera larvae, are protein endotoxins produced by Bacillus thuringiensis var israelensis
(Bti) as crystal parasporal inclusions. These proteins degrade quickly in nature and so
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they are not harmful to environment. But these advantageous elements produces the
main inherent biopesticide disadvantages: the short persistence time in field conditions
due to degradation effects by chemical, biological, physical and natural agents
(temperature, moisture, pH, sunlight, bacteria, etc.). The present work is focused on
these effects with the final objective to develop a new formulate with appropriate
characteristics and persistence time.

2. Materials and Methods

2.1 Microbial strain

A strain of Bacillus thuringiensis var. israelensis (Bti) was isolated from soil samples
and named z1. Microbiological characteristics and protein profiles of Bti z1 were
identical to the reference strain, ATCC 35646 Bacillus thuringiensis var. israelensis
serovar H14 (FIGURE 2).

2.2 Technical powder and formulate production

The production of experimental products has been developed by Bio & Geo S.r.l. in its
laboratory and plants in Caserta (FIGURE 1), by fermenting the Bti z1 strain described
above, recovering and drying the parasporal crystals (Technical Powder: TP) and than
formulating these crystals as emulsifiable liquid concentrate (Formulate: FO), with the
addition of protective ingredients and surfactants to enable easy mixing with water for
an application as a spray on large areas.

FIGURE 1 Bio & Geo Plant facility in Caserta



2.3 Gel electrophoresis of active proteins
The protein profiles of the products obtained from Bti z1 fermentation has been

obtained by standard SDS-PAGE gel electrophoresis (Lee et al. 2001): resuspending the
spore-crystal mixture in the buffer (60mM Tris-HCI-(pH 6.8), 25% glycerol, 2% SDS,
5% 2-mercaptoethanol, 0.1% bromophenol blue), boiling it for 10 min, and subjecting it
to SDS-10% polyacrylamide gel electrophoresis. SDS-PAGE was performed on a 10%
separating gel with a 3% stacking gel. The gel was stained with 0.1% Coomassie
brilliant blue (Sigma Co., USA).

To be noticed the two bands (130 kDa and 70 kDa, indicated by the arrows)
characterizing the pesticidal crystal proteins of such Bti strains:

KDa _
250 |
150 |
100 |

75 |
50 |

37

FIGURE 2 Gel electrophoresis of Bti active proteins in the technical powder obtained
from z1 strain fermentation (at different charges: lanes 2 (20 mg/ml); 3 (40 mg/ml) and
4 (30 mg/ml)), from ATCC strain fermentation (lanes 8 (20 mg/ml); 9 (40 mg/ml) and
10 (30 mg/ml)) and in the formulate BGz1 (lanes 5 (100 mg/ml); 6 (200 mg/ml) and 7
(300 mg/ml)).

2.4 Bioassay

Efficacy of a technical powder or a formulation is generally determined by
measurement against a standard formulation and expressed in terms of International
Toxic Units (ITU/mg) (de Barjac 1983). Potency is calculated by:

LC50 of the standard

x potency of the standard = Potency of the sample (ITU/mg)

LC50 of the sample
Where LC50 is the lethal concentration of that substance that produced a 50% mortality
frequency in standard conditions.
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2.5 Large scale field tests
The tests have been carried out in two drainage canals in Metaponto plain (Basilicata

Region - South of Italy). The test product was sprayed on the infested area and samples
of water were collected before and after the treatment to measure the variation of
concentration of mosquito diptera larvae (microscopic observation) versus time.
Multiple samples are taken at each time to get statistically sound results (average and %
Abbott test values are shown at the point 3). The results were compared with untreated

controls on the same infested drainage canals
2 : 3 IR A

3. Results and Discussion

3.1 Laboratory Tests

Preliminary laboratory tests have been carried out to evaluate direct intrinsic activity
and stability properties of the active substance as function of basic parameters, such as
dosage, temperature, pH, etc. These studies make the basis to understand the actual
performance of the bio-insecticides, such as the formulate BG zl1, although indirect
effects and interaction of environmental factors determine the final overall efficacy.
These indirect effects have been studied in the second part of the work (3.2 Large scale
field tests).

DOSAGE AND CONCENTRATION

The larvicidal activity of technical powder and of the formulate BGz1 measured in the
laboratory is shown in figure 4 in terms of average mortality frequency of Culex pipiens
larvae as function of the concentration of the tested substance supplied. Actually the
activity appears to be very high: it is enough a very low concentration (fraction of ppm)
for causing a lethal effect. Typical lethal concentrations LC50 (for 50% mortality) are
0.08 mg/l for technical powder (activity about 3,000 ITU/mg) and 0.32 mg/l for the
formulate (activity about 750 ITU/mg). The ratio of these two activities correspond to
the “dilution ratio” of the active substance during the formulation process (addition of 3



parts of ingredients to 1 part of technical powder). The actual ratio of activity displayed
in field conditions by TP and FO is obviously totally different and makes the reason for
the required formulation process.

LARVICIDAL ACTIVITY OF BG z1
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FIGURE 4 Larvicidal activity of technical powder and BGz1 formulate

TEMPERATURE

In general terms temperature is a very significant factor in the decomposition —
deactivation processes of the active substance. In the present case it was possible to
demonstrate that the active substance, being a protein crystal, is quite stable at ambient
temperature, both as technical dry powder and as a formulate, at least during the storage
phase of the product (less than 10% decay of the activity for year). The situation
becomes much more intriguing during the application phase when temperature effects
combine with other degradation effects and, even more important, with activity and
feeding behaviour of the insects. For example the reduced activity of Bt observed at low
temperature has been described as indirect consequence of the reduced activity and
amount of feeding by target larvae, rather than by any other direct effect (Walker 1995).
pH EXTREMES

In general terms pH of the product can affect its stability and activity in many ways, but
in the present case it was possible to demonstrate a quite good stability of the formulate,
both during the storage phase of the product and during the application, unless very low
(less than 4) or high (more than 8) pH environment is present. Actually alkaline
components can break down the active proteins fairly quickly (pH higher than 10); for
this reason buffering chemicals could be included in pesticide formulations if pH
extreme environment is expected in the area of application. But the normal pathway for
converting microbial protoxins to the biologically active toxins, after ingestion by
susceptible insect larvae, should not be obstructed by formulation ingredients.
PHOTODECOMPOSITION

Natural sunlight, especially the ultraviolet (UV) portion of the spectrum (UV-B, UV-A),
has been demonstrated to be responsible for inactivation of microbial insecticides
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(Behle et al., 1997) and the specific damage to Bt insecticidal proteins appeared to be
related to the damage of the tryptophan residues of the Bt protoxin by solar radiation in
the 300-380 nm range (Pusztai et al. , 1991). A recent publication (Wan et al., 2007)
suggests the utilization of melanin as photoprotective ingredient in bioinsecticide
applications. These aspects have been taken into account in BGz1 formulation that has
been designed to protect Bt protein crystals from UV damage, as indicated by laboratory
experiments, that demonstrated no inactivation effect, at least in the lab. experimental
conditions.

SETTLING CHARACTERISTICS

Bio-insecticides are normally applied directly to water for the control of mosquitos and
blackflies. Rapid sedimentation of protein crystals, and the consequent removal of
active substance from the surface where larvae normally feed, is than an important
limitation on the efficacy of such applications. The present formula BG z1, being based
on the addition of lipid and surfactants, have been designed to prolong residence time
of Bt protein crystals at the surface of water, as indicated by laboratory experiments
that demonstrated stable, homogeneous emulsion formed by mixing BG z1 with water.

3.2 Large Scale Field Tests

Final large scale field tests have been carried out to evaluate direct, indirect and overall
actual performance of the formulate BG z1 in the presence of environmental factors.
Two main tests have been carried out in two drainage canal trials in Metaponto plain.
The test product was compared with an untreated control, spraying BGz1 formulate on
two mosquito diptera larvae infested drainage canals.

In general terms, the activity displayed by BGz1 product can be judged very high in
both trials (almost complete disinfestations in very short time (1- 4 hours) even at low
dosage (1 kg/ha), but a quite large difference is observed in the two trials: the first one
being much more successful, with higher efficacy values.

TEST 1 TEST 2
BGz1 CONTROL | Efficacy | BGzl CONTROL | Efficacy
treated area treated area
area area
Average | Average (%  test | Average | Average (%  test
(n/1) (n/1) Abbott) (n/1) (n/1) Abbott)
Time=0 | 54 54 47 47
lh 11 76 85.5% 18.5 36.0 48.6%
4h 3 86 96.5% 10.7 23.5 54.5%
24 h 2 91 97.8% 10.5 233 54.8%

It is quite interesting to notice that these differences are not due to basic parameters
(product, dosage, etc. are the same) but to a number of indirect factors playing a role in
the test 2: such as the larger amount of vegetation present, the lower temperature, the
physiological state of the larvae at the time of treatment (October 2007).

The effect of low temperature and of the declining activity of the larvae has already
discussed above (Walker 1995). The effect of the amount of vegetation present is




understandable too, in terms of larger area to be covered and of presence of vegetation
exudates; in any case this effect has been noticed by other researchers too (unsuccessful
control of Culex peus in a primary oxidation pond with a dense cover of water hyacinth
and reduced effectiveness of Bti against Odagmia ornate in the presence of dense
vegetation: Mata et al. 1986).

4. Conclusions

The present investigation stressed the need to protecting the active substance of
biological insecticides during the application phase (Bt formulations frequently have
half-lives of up to 10 days, while unformulated Bt may have a half-life of only a few
hours: Dent, 1993). For this reason a new formula (BG z1) for more efficient delivery
of Bti endotoxins against mosquito’s larvae has been developed. Samples of this new
product have been prepared by Bio&Geo and tested at large scale field level, in
collaboration with Metapontum Agrobios. Very positive results have been obtained in
terms of stability, activity, persistence in field conditions and environmental protection.
Registration of this new product is in progress by Italian Authorities.
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