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Carbon source and growth rate are two major parameters affecting recombinant protein production in
Pichia pastoris. The effect of the most commonly used carbon sources (glycerol or glucose) and the specific
growth rate (u) has been studied on the production of a human antigen-binding fragment (Fab) in this
cell factory under the constitutive GAP promoter in fed-batch cultures.

Glycerol for batch phase and glucose for fed-batch phase was the most successful carbon source combi-
nation. During batch phase, by-products were detected when glucose was used, despite maintaining DO
at values higher than 35%. Also, the presence of cell aggregates was detected affecting the reproducibility
Recombinant protein production and operability of the bioprocess.

Antibody fragment Conversely, glucose was the best substrate for fed-batch phase. When working at C-limiting conditions,
Pear neither by-products nor aggregates were detected and Fab production levels were comparable to those

Keywords:
Pichia pastoris

Fed-batch obtained with glycerol. In addition, the lower heat yield (Yyx) and oxygen to biomass yield (Yo, x) for
Specific growth rate glucose-supported cultures made this substrate the best alternative from an industrial operational point
Substrates of view.

In addition, the effect of specific growth rate on fed-batch Fab production was studied. Medium and
high w (0.10 and 0.15h~!) set-points showed similar Fab production yield. However, in terms of total

and volumetric productivity, higher u was the best process condition.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recombinant proteins, including biopharmaceuticals proteins
and industrial enzymes, is a multi-billion dollar market [1,2].
Pichia pastoris is currently one of the most effective and versa-
tile systems for the expression of heterologous proteins [3]. This
fact is due to the combination of traits of this yeast, such as its
accessibility for genetic manipulation including well characterized
genetic elements, the ability to grow on defined media at very
high-cell densities, its capacity to perform post-translational mod-
ifications including glycosylation and disulphide bond formation
and the possibility of driving the protein production intracellularly
or secreting it to the extracellular medium [4-6].

Different promoters have been successfully employed for
recombinant protein production in P. pastoris [7]. The alcohol
oxidase promoter (Pyox7), which is strongly induced in the pres-
ence of methanol, has been extensively used, obtaining very
high expression levels [8-10]. Nevertheless, during the last years,
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the glyceraldehyde-3-phosphate dehydrogenase constitutive pro-
moter (Pgap) has become an increasingly used alternative [11-13].
GAP promoter allows the protein expression using glucose, glyc-
erol and other carbon sources as a substrate [14]. Several studies
have reported that Pgsp is more efficient than Phox; [15-17],
whereas others showed opposite results [18,19]. Thus, it appears
that expression levels achieved for a given protein using dif-
ferent promoters vary significantly based on properties of the
expressed protein. Additional research would be required to deter-
mine which factors impact the efficiency of both promoters [3]. The
use of the constitutive GAP promoter avoids the use of methanol
in the fermentations, which reduces the cell lysis of the cul-
tures, and subsequently, the proteolysis of secreted proteins [20].
From a large-scale processing perspective, the Pgap expression sys-
tem may be advantageous because it eliminates the hazard and
cost associated with the storage and delivery of large volumes of
methanol [21] and significantly decreases heat production and oxy-
gen requirements of the processes [22].

Full-size monoclonal antibodies (mAbs) and their fragments are
an increasingly class of therapeutic agents. Main characteristics
and applicability have been widely described previously [23,24].
Antigen-binding fragments (Fab) are complex proteins composed
of the antigen binding regions of an antibody molecule, contain-
ing both the heavy chain domains vH-cH and the entire light chain
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Nomenclature

List of symbols

CPR carbon dioxide production rate (mol CO; L-1h-1).
F; volumetric feeding rates of the components (Lh~1)
OUR oxygen uptake rate (mol O, L-1h-1).

P product concentration (mgFabL-1)

Qp volumetric productivity (mgFabL-1h-1)

qp specific product formation rate (mgFabgy~1h-1)
qs specific substrate uptake rate (gsgx~1h=1)

S substrate concentration (gL1)

4 volume (L)

X dry biomass concentration (gL-1)

Yco,/x carbon dioxide to biomass yield coefficient

(mol CO, gx™ 1)

Yo,/x oxygen to biomass yield coefficient (mol 0, gx1)
Ypys product to substrate yield coefficient (mgFabgs1)
Ypix product to biomass yield coefficient (mgFabgy~1)
Yoix heat yield coefficient (k] gx~1)

Yx/s biomass to substrate yield coefficient (gx gs~1)
Greek symbols

1% specific growth rate (h~1)

O density (gL-1)

o fraction of dry matter in the biomass (gg~1)

AH; combustion enthalpy of the components (k] g~1)

vL-cL chains, which are connected via disulfide bonds [25]. Micro-
bial expressions systems have been investigated for their potential
to produce mAbs and different mAbs fragments. The major advan-
tages of these systems lie in their shorter process times and lower
production costs as compared to mammalian cell culture [26]. In P.
pastoris, high expression levels of mAbs and their fragments have
been already achieved [27,28].

In this study, the human Fab 2F5 was used as a model protein
complex in order to evaluate the effect of the carbon source and
the specific growth rate for the production of heterologous protein
under the control of the glycolytic GAP promoter. Glucose and glyc-
erol were selected and compared as alternative substrates in both
phases of the process, batch and fed-batch. Once the best combi-
nation of substrates was selected, three different specific growth
rates were evaluated and compared. Thorough studies concern-
ing specific rates including cell growth, substrate consumption and
production formation have been carried out.

2. Materials and methods
2.1. Strains

The P. pastoris strain X-33 pGAPZaA Fab2F5 expressing the
human 2F5 Fab under the control of P. pastoris constitutive GAP
promoter was used throughout this study. Briefly, the expression
cassettes for the light and heavy chain of the human Fab 2F5 anti-
body fragment were separately introduced under the control of the
P. pastoris GAP promoter and combined on one plasmid [25]. This
strain expresses the human Fab using the Saccharomyces cerevisiae
a-mating signal sequence for secretion of the heterologous protein
to the extracellular medium.

2.2. Cultivation methods
2.2.1. Inoculum preparation

The inoculum for bioreactor cultures were grown for 24hin 1L
baffled shake flasks at 25 °C, 130 rpm, in YPG medium (2% peptone,

1% yeast extract, 2% glycerol; pH=7) adding zeocin (100 ugmL-1).
The shake flasks containing 150 mL of culture medium were inocu-
lated from cryostocks of the recombinant strain, grown, harvested
by centrifugation and re-suspended in batch medium to be inocu-
lated into the bioreactor.

2.2.2. Fed-batch cultivation

Fed-batch cultivations were carried outin a 5 L Biostat B Bioreac-
tor (Braun Biotech, Melsungen, Germany) working at initial volume
of 2L and finishing the process at approximately 4 L. The culture
conditions were monitored and controlled at the following values:
temperature, 25 °C; pH, 5.0 with addition of 30% (v/v) ammonium
hydroxide; pO,, above 20% saturation by controlling the stirring
speed between 600 and 1200 rpm and using mixtures of air and O,
at aeration within 1.0 and 1.25 vvm. Water evaporation losses were
minimized during the processes using an exhaust gas condenser
with cooling water at 8 °C.

The standard fermentation strategy consisted of two phases.
First, the batch phase starts with a standard carbon source con-
centration (40gL-1). It was performed using the batch medium
described elsewhere [11]. Glycerol and glucose were alternatively
used as sole carbon sources in different fermentations. During
this step, yeast grows at maximum specific growth rate until the
depletion of the C-substrate achieving a moderate concentration
of biomass (~20gL~1). Just after that, begins the fed-batch phase,
the most important of the process, where the culture reaches high
concentrations of biomass and product.

Second, the fed-batch phase was carried out by adding feeding
medium, which have similar composition to that described by Mau-
rer et al. [11] with minor modifications detailed below. Glycerol
and glucose were alternatively used as carbon source (400gL-1).
Biotin 0.02% (6 mL), PTM; (15 mL) trace salts stock solution [29]
and antifoam Struktol 650 (0.2 mL) were added per litre of feeding
medium.

The fermentation strategy during the fed-batch phase aimed to
achieve pseudo-steady-state conditions for specific rates during
carbon-limiting growth. A pre-programmed exponential feeding
rate profile for substrate addition derived from mass balance
equations to maintain a constant specific growth rate (u) was
implemented [30]. This open-loop control structure allows main-
taining a constant p, which enhances process reproducibility and
facilitates the systematic study of growth rate-related effects on
heterologous protein production [3].

The equations derived from the fed-batch substrate balance
used to apply this strategy were described elsewhere [31,32]. A
constant biomass to substrate yield (Yx;s=0.5 gx gs~1) was consid-
ered to determine the initial feed rate. The feeding medium was
added by automatic Crison micro-burettes MicoBU-2031 (Alella,
Barcelona, Spain).

2.3. Analytical methods

2.3.1. Biomass determination by dry cell weight (DCW)

Biomass concentration of the samples was determined as DCW
using the method previously described [31]. Determinations were
performed by triplicate and the relative standard deviation (RSD)
was about 4%.

2.3.2. Product quantification

The 2F5 human Fab was quantified by ELISA as previously
described [33]. Determinations were performed by triplicate and
the RSD was about 4%.

2.3.3. Protein quantification
Extracellular protein concentration was determined with the
bicinchoninic acid protein assay kit (Pierce BCA Protein Assay, Prod.
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No. 23225, Rockford, IL, USA), according to the manufacturer’s
instructions. Bovine serum albumin (BSA) was used as the protein
standard for the calibration curve.

2.3.4. Carbon source and by-products quantification of the
cultures

Glucose, arabitol, glycerol and ethanol were determined by
HPLC with a HP 1050 liquid chromatograph (Dionex Corporation,
Sunnyvale, CA, USA) using an ICSep ICE COREGEL 87H3 column
(Transgenomic Inc., Omaha, NE, USA). The mobile phase was 8 mM
sulphuric acid. Injection volume was 20 pL. Data was quantified
by Chromeleon 6.80 Software (Dionex Corporation, Sunnyvale, CA,
USA). The estimated RSD was below 1% for all the analytes.

Acetate was determined by GC with an Agilent 7820-A gas
chromatograph (Agilent Technologies, Inc, Santa Clara, CA, USA)
equipped with a flame ionization detector (FID) and a SGE Ana-
lytical Science BP21 column (30m x 0.25mm x 0.25 pum) (SGE
Analytical Science Pty Ltd, Victoria, Australia). Helium was used as
carrier gas. Samples were mixed (1:1, v/v) with a 0.2% hexanoic acid
solution in acid as an internal standard. Injection volume was 1 p.L.
Data was quantified by EZChrom Elite Compact Software (Agilent
Technologies, Inc, Santa Clara, CA, USA). RSD was about 6%.

3. Theory/calculation

3.1. Dynamic estimation of the working volume during the
process

In fed-batch fermentation the determination of culture volume
is a key parameter for the precise determination of specific rates
and yields of the bioprocess. Applying mass balance equations for
the total mass of broth in the reactor, a procedure has been devel-
oped to estimate the culture volume throughout the bioprocess.
This approximation is composed of different elements: feeding rate
of substrate, addition of ammonium hydroxide used in the pH con-
trol loop, volume of the samples withdrawn from the bioreactor,
water evaporation losses and gaseous exchange term as stated in
Eq. (1).

d(Vbroth ppo,)
%Ffeedﬂ)feed + FNH; ONH3 — Vsample Obroth Fevap pPH20
+ Virotn(32 OUR — 44 CPR) 1)

where Vs, is the volume of broth in the bioreactor (L); ppyoeh, broth
density (gL~ 1); Freeq, volumetric addition rate of feeding medium
(Lh™1); preeq, feeding medium density (gL~1); Fyu,, base feeding
rate (Lh=1); PNH3» 30% (v/v) ammonium hydroxide density; Vigmpie.,
volume of the samples taken out from the bioreactor (L); Fevap,
water evaporation rate (Lh~1); pH,0, water density (gL~1); OUR,
oxygen uptake rate (mol O, L~1 h—1); CPR, carbon dioxide produc-
tion rate (mol CO, L1 h~1). Densities, flow rates and Vo, were
determined gravimetrically at the end of the process. OUR and
CPR were estimated according to previously determined observed
yields Yo, /x (mol O, gx~!) and Yo, /x (Mol CO, gx~1) [34,35].

At the end of all the fermentations, slight deviations between
estimated and measured volumes were observed (3-5%). Con-
sequently, specific correction factors were applied to all the
fermentations.

3.2. Correction of substrate and product concentration for total
volume

Biomass, substrates and product concentrations were deter-
mined as described above, in Section 2.3. Although biomass
concentration (X) was related to the total volume (V1 ), the sub-
strates (Stiq) and Fab titer (Pp;q) were measured on the supernatant,

therefore, not considering the volume of biomass. Consequently,
substrates (S)and Fab titer (P) were recalculated on the total volume
applying Eqgs. (2) and (3), as described previously in the literature
[36].

Ss = Stig,(t) (1 - %) (2)
Pty = PLig,(t) (1 - Xa%)) (3)

where p is the yeast density and o is the fraction of dry matter in
the biomass. Both were determined experimentally, p=1068 gL'
and0=0.304gg 1.

3.3. Calculation of specific rates during the fed-batch phase

The estimation procedure for the determination of discrete spe-
cific rates: fu(p), dsg,» and dp,, Was adapted from Cos et al. [37].
Global state variables (XV, SVand PV) were estimated through all the
fed-batch phase by applying the smoothing tool (Matlab R2009a
Curvefit Toolbox, The Mathworks Inc., Natik, USA) from the off-
line data. The first derivatives of the smoothed curves were also
obtained. Finally, 1), asy» and dp, Were calculated by using their
corresponding mass balances in fed-batch mode. Uncertainties for
discrete specific rates were estimated by error propagation from
mass balance equations.

Additionally, applying the mass balances mentioned above,
mean specific rates of fed-batch cultivations can be calculated by
fitting the experimental data to a linear function. Some authors [27]
determined gs and g, considering the u value previously estimated,
which may lead to a significant error accumulation. The procedure
applied in this work determines gs and g, independently from the
0 estimation. This is an advantage in processes where the relation-
ship between p and g; or g, is not always constant. In this sense,
the method used has been based on linear regression as follows:

(XV) t

/ d(Xv) = Mmean/xv dt (4)
(XV)o to
t sv) t
Sfeed/Ffeed dt — / d(SV) = dspean /XV dt (5)
to (SV)o to
(PV) t
/ d(PV) = quean/XV dt (6)
(PV)o to

The standard error of each mean specific rate is estimated as the
standard error of the slope from the linear regression data.

3.4. Estimation of process heat production

Heat production has direct consequences on the cooling require-
ments of the bioprocess for temperature control. Usually, in
large-scale cultivations that reach very high-cell densities, this
parameter can become an important process bottleneck. The heat
generation from microbial cultures (Q) can be estimated with the
following equation:

Q = 1 XVhrown YWX (7)

where p is the specific growth rate (h~1); X, biomass of the pro-
cess (gL1); Viyoen, volume of broth in the bioreactor (L); Yqx, Heat
yield (k] gx~1). This last parameter describes the amount of heat
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Table 1
Summary of batch fermentation results using different carbon sources as substrate.

Substrates Carbon source Max. biomass Max. Fab Max. specific Overall Y5 Overall Yp/x Overall Yps

(gL ™) (gL ™) concentration growth rate (h~1) (gxgs™1) (mgFabgx1) (mgFabgs)
(mgL~1)
Glycerol 39.5+0.2 19.3+0.2 3.2+0.1 0.197 £ 0.002 0.49-+£0.01 0.17+£0.01 0.081+0.001
Glucose 39.7+0.2 123+£0.2 2940.1 0.190 £ 0.002 0.31+0.01 0.24+0.01 0.073 £0.001

produced per amount of biomass formed, this being independent
of biomass concentration as well as growth rate. This yield can be
estimated using Eq. (8):

(8)

where AHjs is the combustion enthalpy of substrate (k] gs~1); Yxs,
biomass to substrate yield (gxgs~'); AHy, combustion enthalpy
of biomass (kJgx~!). The combustion enthalpies of substrates
and biomass were estimated from bibliographic data. AHs (glu-
cose): —15.58 k] gs~1[38]; AHs (glycerol): —17.98 k] gs~1 [38]; AHy
(yeasts): —21.21 k] gx~! [39]. Otherwise, the Yx/s values used were
obtained from experimental data.

4. Results and discussion
4.1. Comparison of carbon sources during the batch phase

In Pgap-based recombinant production processes in P. pastoris,
either glucose or glycerol is conventionally used as the sole car-
bon source. However, no definitive conclusions have been drawn
as towhich substrate is the best for recombinant protein production
[3]. Several studies have been carried out comparing both sub-
strates showing that glucose is more efficient than glycerol [14,40],
whereas others reported opposite results [ 17,41]. In this work, both
alternative substrates were compared at each bioprocess phase, i.e.
the batch and fed-batch phases.

The first part of this study was focused on the batch phase.
For this step, most of the reported studies use glycerol. Neverthe-
less, there is a lack of systematic studies of this phase comparing
different carbon sources. In the present work, glucose and glyc-
erol were compared as two possible alternatives. As observed in
Table 1, the main difference among the substrates was the final
biomass reached, and consequently, biomass to substrate yield.
Both parameters were 55% higher when cells were grown on glyc-
erol. Nonetheless, no significant difference was observed for the
maximum specific growth rate. Total Fab production also presented
differences below 4%, although Ypx was higher for glucose due toits
lower Y5 value. Relevant differences observed in the final biomass
obtained should be related to the production of fermentative by-
products.

Time profiles are shown in Fig. 1A and B. Ethanol, ara-
bitol and acetate were detected in glucose-supported cultivations
(maximum concentrations: ethanol~4gL-!, arabitol~1gL™!,
acetate~0.5gL~1). Conversely, concentrations of these by-
products were always below 0.1gL~! when cells were grown on
glycerol. Notably, pO, and OUR time profiles were significantly
different depending on the C-source, reflecting different oxygen
consumption rate profiles of the cultures (Fig. 1A). Whereas in cul-
tures using glycerol the oxygen consumption rose exponentially
until the depletion of the substrate, an unexpected behaviour of
oxygen consumption was observed when using glucose. Specif-
ically, during the first hours, the oxygen consumption also rose
exponentially, causing a decrease on pO,. Afterwards, when pO,
attained values around 35%, no clear trend was observed. In this
case, the appearance of significant amounts of fermentative by-
products in the broth was detected, despite the DO level was kept

always above 30% for both cases. From this point, the exponential
expected behaviour of the OUR time evolution changed, presenting
alower slope. Besides, estimated OUR values showed higher oxygen
consumption for the glycerol-supported cultures.

These observations suggest that, although cultivation conditions
of both batches were fully aerobic throughout the whole experi-
ment, when growing in excess of glucose at high growth rate, P.
pastoris appears to show a limited Crabtree effect, that is showing a
respirofermentative metabolism. Also, one is tempted to speculate
that this yeast could sense the decrease of available oxygen in the
broth and switch its metabolism from fully respirative to respiro-
fermentative, even under fully aerobic conditions. Specifically, this
metabolic change could be triggered when, in excess of glucose in
the broth, the DO level of the cultivation reaches values around 35%.
In these cultivation conditions, the metabolic state of cells could be
similar to a culture with a lack of oxygen, which could lead to an
accumulation of intracellular reduced NADH because of a limitation
of the oxidative capacity of the cells and hence to an imbalance in
the redox state of the cells [42,43]. This metabolic phenomenon
has been already suggested in other works for cultures with oxy-
gen limitation [42]. All these metabolic changes could explain the
alteration observed in the oxygen consumption profiles, the impor-
tant reduction of biomass yield and the production of fermentative
by-products mentioned above. The results are in concordance with
others published where ethanol [13,43,44] and acetate [ 13,43 | were
produced under similar conditions.

The flocculation is a common phenomenon widely described for
yeast cell, specially for brewer yeasts [45]. In glucose-supported
batches it is important to note that when the substrate was rather
depleted the appearance of cell flocs was followed by microscopic
observation. The presence of aggregates affected the reproducibil-
ity and operability of the bioprocess.

Similar changes observed for the biomass yields were also
reported in previous studies comparing glucose and glycerol as a
sole carbon sources in batch cultures [41], and comparing among
batch and fed-batch cultivations growing on glucose [22]. Some
of the observed by-products were also reported with chemostat
cultures growing under glucose and oxygen limitation [46].

Based on the presented results, glycerol should be selected as
the most suitable carbon source for batch cultivations.

4.2. Comparison of carbon sources for both phases of fed-batch
cultivation

Although glycerol seems to be the most promising carbon source
for the batch phase, the combination of both carbon sources was
tested for the two phases of fed-batch cultivation. In order to avoid
the phenomenon’s described above, using glucose at the batch
phase, DO was kept above 50% throughout the whole experiments.
As a result, the production of fermentative by-products was sig-
nificantly reduced, and consequently, higher biomass yield was
reached (0.43 gx g5~ ! instead of 0.31 gx gs~1). Therefore, the differ-
ences observed among using both substrates in the batch phase
were reduced making easier the comparison. Four different fed-
batch cultivation strategies were performed using all the possible
combinations of carbon source, glycerol or glucose, within batch
and fed-batch phase. All the cultures had the same termination
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Fig. 1. Comparison of time profiles among the use of glycerol (————) and glucose (

) as a substrate in the batch phase. (A) Glycerol: OUR (A), pO, and stirring

rate; glucose: OUR (4), pO, and stirring rate. (B) glycerol: OUR (A), glycerol (¢), ethanol (O), arabitol (O), acetate (v); glucose: OUR (a), glucose (4), ethanol (@), arabitol (W),

acetate (v).

criterion: similar values of DCW of about 100gL-!. Up to this
value mass transfer problems are not relevant. All the cultivations
were aimed to keep the same set-point of specific growth rate (1),
0.10 h~1.The set-point was achieved without significant deviations.
Physiological and production parameters obtained from the culti-
vations are shownin Table 2A and B. As example, the time evolution
profile of the fermentation for a combination glycerol-glucose is
shown in Fig. 2A. Discrete and mean specific rates were calculated
as described in Section 3.3 and are presented in Fig. 2B and C.
Slight differences were observed in biomass to substrate yields,
these were among the range 0.45-0.50 gx g5~ !, being faintly higher
when glycerol was the carbon source of the fed-batch phase.
When comparing these values with those calculated in the batch

Table 2

cultures, significant differences were observed in the biomass yield
of glucose-supported cultivations depending on whether the sub-
strate was limiting or in excess, being higher at limiting conditions.
Similar differences were also reported and discussed in previous
studies [13]. The main differences were found in Fab production
among the cultivations growing with glucose or glycerol through-
out the batch phase. When using glycerol, final product titers
were around 30% higher than in glucose-grown cultures. Con-
sequently, similar increases were observed in other parameters
directly related to it such as g, Qp (volumetric productivity), total
productivity and product yields. In contrast, when comparing cul-
tivations that used the same carbon source in the batch phase but
different substrates in the fed-batch-phase, minor differences were

Physiological and production parameters of P. pastoris during fed-batch cultivations at nominal specific growth rate ;1=0.10 (h~'), using different combinations of carbon

sources as a substrate.

A
Substrates Max. Biomass Max. Fab Fed phase 1 Fed phase gs Fed phase gp
(gL 1) concentration mean (h™1) mean mean
(mgL™") (gsgx 'h1) (ngFabgy"h™")
Glycerol-glucose 97.0+3.9 247409 0.101 +0.001 0.225+0.001 257+04
Glycerol-glycerol 101.7 +4.1 23.2+0.8 0.098 +£0.001 0.185+0.002 23.2+03
Glucose-glucose 95.3+3.8 17.7+£0.6 0.099 +£0.003 0.203 +£0.001 17.4+0.3
Glucose-glycerol 99.6 +4.0 18.6+0.7 0.098 +0.001 0.206 +0.001 19.6+£0.3
B
Substrates Overall Yys Overall Ypjx Overall Yps Total Total Qp, volumetric
(gxgs™) (mgFabgx™1) (mgFabgs1) production productivity productivity
(mgFab) (mgFabh™') (mgFabL-'h™1)
Glycerol-glucose 0.45+0.02 0.26 +0.01 0.113+£0.004 89.6+3.1 2.31+0.08 0.64 +£0.02
Glycerol-glycerol 0.50+0.02 0.23+0.01 0.1144+0.004 79.6+2.8 2.13+0.07 0.62+0.02
Glucose-glucose 0.45+0.02 0.194+0.01 0.088 +0.003 704425 1.73+£0.06 0.44+0.01
Glucose-glycerol 0.47 £0.02 0.194+0.01 0.087 £0.003 72.3+25 1.80+0.06 0.47 £0.02
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found in Fab production and related parameters mentioned above.
These differences were quantified around 5-6%. The only exception
to this trend was observed in the total Fab production in fed-batch
cultivations grown on glycerol during the batch phase. Total Fab
production was 13% higher in the glucose-supported fed-batch
phase.

The results obtained in fed-batch cultures combining different
carbon sources indicate that the batch phase has a strong influ-
ence on the overall process yield and productivity, being significant
higher when the substrate used for this first phase was glyc-
erol. These differences could be related to the metabolic changes
described in the previous section. Specifically, during the last hours
of the glucose batch and the first hours of the fed-batch phase, when
the metabolic changes are taking place in the cells, the productivity
of heterologous proteins lowers until the metabolic quasi-steady
state is reached. Conversely, the results of production parameters
(gp and Qp) and biomass yields did not differ significantly among
cultures using glycerol or glucose as alternative carbon sources
throughout the fed-batch phase. Since glucose and glycerol are both
limiting substrates during the fed-batch phases, one can hypothe-
size that both metabolic pathways are fully respirative, opposite

to the batch phase using glucose, where the respirofermentative
metabolism can be suggested.

Thus, the selection criterion between both alternatives must be
based on other parameters than the mentioned above. From an
industrial point of view, heat production and oxygen consumption
could become bottlenecks in large-scale processes. Therefore, both
parameters have been used to compare different carbon sources
in order to identify the best alternative for industrial P. pastoris
fed-batch cultivations. The comparison of these parameters among
glucose-based processes and methanol-based processes has been
already reported in previous works, showing prominent advan-
tages for glucose-supported cultivations [22].

In the present study a comparison of estimated heat production
and oxygen requirements for either glucose or glycerol supported
cultivations of P. pastoris were carried out. In order to identify which
is the most suitable carbon source in terms of heat production,
equivalent bioprocesses using glucose or glycerol were compared
applying the estimation methodology described in Section 3.4. All
the terms of the heat production Eq. (7) are identical except Yqx.
Therefore, this is the key factor that was used as a selection crite-
rion. Applying Eq. (8) with the bibliographic data shown in Section
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3.4, the estimated value of Y x for glycerol-supplied cultivations
was 10% higher than growing on glucose. It must be remarked that
this heat yield is highly sensitive to Yx;s changes.

On the other hand, in aerobic systems, oxygen is a key substrate
employed for growth, maintenance and in other metabolic routes
including product synthesis. Due to its low solubility in cultivation
broths and the important requirements of it in fed-batch cultiva-
tions at very high cell densities, the oxygen transfer to the cells is
crucial, especially in large-scale aerobic bioprocesses [47].

In P. pastoris fed-batch cultivations, the maximum oxygen trans-
fer capacity of the reactor can be the limiting factor that determines
the maximum amount of biomass that can be reached. Air supple-
mentation with pure oxygen is possible at small scale but it presents
important drawbacks at large-scale production in terms of cost
and safety risk [48]. Assuming as equivalent the rest of system
parameters that affects to the oxygen consumption, oxygen yield
(Yo,/x) must be taken into account as a key factor for the compar-
ison between both substrates. Literature values of this parameter
for P. pastoris growing in different carbon sources have been com-
pared: glucose, 0.022 mol 0, gx~1 [35]; glycerol, 0.043 mol 0, gx~!
[34]; methanol (P4ox; System, Mut* strain), 0.185 mol O, gx~! [49].
The biggest difference of these estimations is observed among
methanol-based and glucose or glycerol-based cultivations. Com-
paring glucose and glycerol a clear difference is also observed, that
is, using glycerol oxygen requirements are two-fold higher.

In summary, glucose was the carbon source selected for fed-
batch phase. The lower Yqx and Yy, /x have important advantages
from an industrial application point of view.

4.3. Analysis of the effect of the specific growth rate in fed-batch
cultivations

Specific growth rate is a key parameter for the production of
heterologous protein. It affects directly to the productivity of the
bioprocess. As a result, the impact of this parameter has been com-
prehensively studied for different yeast hosts using chemostats
[11,50-52]. However, to our knowledge, there are no equivalent
studies using fed-batch cultivations, due the higher complexity of
the experimental set up.

In this work, once glycerol was selected for batch phase and glu-
cose for fed-batch phase as best substrates, a study of the influence
of specific growth rate on Fab production, using this substrate com-
bination, was made. A pre-programmed exponential feeding rate
profile for substrate addition to maintain constant p was the oper-
ational strategy selected. The selected set-points of specific growth
rate in fed-batch phase growing on glucose were 0.05, 0.10 and
0.15h~1. The maximum selected set-point of ;& was lower than
the umax obtained in batch experiments (0.19h~1) in order to
avoid a possible glucose accumulation. Again, fermentations were
stopped when DCW values reached around 100gL-1. All fermen-
tation parameters and shown in Table 3A and B, and the evolution
of biomass and specific growth rate during the fermentation are
presented in Fig. 3A and B. As can be seen in Fig. 3B and the calcu-
lated values of © mean, one can conclude than the pre-programmed
exponential feeding rate was accurately implemented. As observed
in Fig. 3C, the evolution of specific glucose consumption rates in
each growth rate condition is consistent with the corresponding
specific growth rates selected. The evolution of Fab production
and their specific production rates are presented in Fig. 4A and
B. The worst condition was the lowest specific growth rate tested
(0.05h~1). Not only the production is virtually stopped after 40 h
of operation, but also the maximum Fab production was 60% lower
than for the best condition. This fact is also reflected in the evolu-
tion of specific production rate (Fig. 4B), decreasing until five fold
lower than the maximum.
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Fig. 3. Biomass, 1 and g time evolution in fed-batch cultures at different nominal
specific growthrates, (a) £ =0.05h=" (O)«=0.10h"!,(®) ©=0.15h""; (A) biomass
concentration profiles; (B) discrete specific growth rate (u); (C) discrete specific sub-
strate uptake rate (gs). Error bars indicate the uncertainty of the discrete estimated
specific rates.

The maximum Fab production was reached at the nominal y set-
points of 0.10 and 0.15 h~1. However, although in terms of Ypx the
values are quite similar (Table 3B) (0.25 mg Fab gx~1), total and vol-
umetric productivity was higher at the maximum specific growth
rate tested.

Although the total Fab produced for 0.10 and 0.15u set-points
(h~1)is similar, the different fermentation time employed made the
highest specific growth rate selected as the strategy to maximize
the productivity.

For all the u tested the amount of extracellular Fab titered rep-
resents about 10-15% of the total extracellular protein produced.

Relationships between specific rates are presented in Fig. 5.
From the slope of the gs variation against the i, one can conclude
that the overall substrate to biomass yield is independent from the
e applied. Also, a typical specific growth rate monotonic increasing
pattern for the specific production rate is depicted. The higher the
i, the higher the gp is. However, Ypjx is dependent on the specific
growth rate attained.

These results are consistent with previous works that stud-
ied the impact of the specific growth rate in the production of
Fab in P. pastoris under the control of glycolytic promoter Pgsp
[11,52]. Specifically, the production of the human Fabs 3H6 and
2F5 were studied in chemostat under glucose limitation using the
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Table 3

Physiological and production parameters of P. pastoris during fed-batch cultivations with glycerol (batch phase) and glucose (fed-batch phase) as substrates at different

nominal specific growth rates.

A
Nominal x (h~1) Max. biomass Max. Fab Fed phase p Fed phase gs Fed phase gp
(gL ™) concentration mean (h™1) mean mean
(mgL~") (gsgx 'h™) (ngFabgx'h™")
0.05 100.5+4.0 15.1+£0.5 0.050+0.001 0.111+0.001 7.7+04
0.10 97.0+3.9 24.7+0.9 0.101+0.001 0.225+0.001 25.7+04
0.15 98.7+3.9 24.1+0.8 0.146 +0.001 0.312+0.002 35.2+0.7
B
Nominal p (h=1) Overall Y5 Overall Ypjx Overall Yps Total Total Qp, Volumetric
(gxgs™) (mgFabgx1) (mgFabgs!) production productivity productivity
(mgFab) (mgFabh1) (mgFabL 'h1)
0.05 0.46 +£0.02 0.15+0.01 0.069 +0.002 55.0+1.9 0.86+0.03 0.24+0.01
0.10 0.45+0.02 0.25+0.01 0.113+0.004 89.6+3.1 2.3+0.08 0.64+0.02
0.15 0.45+0.02 0.24+0.01 0.110+0.004 90.41+3.2 2.75+0.10 0.73+0.02
same expression system, presenting also the best production rates
3 at the highest specific growth rate.
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Fig. 4. Product time profiles in fed-batch cultures at different nominal specific
growth rates: (o) ©=0.05h"" (O) ©=0.10h"", (®) £ =0.15h"': (A) 2F5 Fab con-
centration; (B) discrete specific Fab production rates (qp), error bars indicate the
uncertainty of the discrete estimated specific rates.
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Specific substrate uptake rate (®) and specific Fab production rate (a).

The best results of Fab production in fed-batch cultivations
obtained in this study can be also compared with previous works
where the same Fab was produced in fed-batch process using the
same strain. In these studies, different feeding strategies were
applied in the fed-batch phase, namely, a constant feed rate [25]
and an optimized feeding profile that aimed to maximize the volu-
metric productivity [11]. In order to compare the results obtained
with different operational strategies mentioned above, mean spe-
cific production rates (qp) were estimated as time-averaged values
from discrete available literature data.

Thus, the gp value reached in this work, 35.2 pgFabgy~1h-1,
was about four-fold higher than using a constant feed rate,
8.2 ugFabgyx 1h~1, and 25% higher than applying an optimized
profile, 28.0 pg Fabgy~! h~1. To maximize the volumetric produc-
tivity, Qp, can be also a criterion to evaluate different operational
strategies, but always considering biomass produced within the
processes. Focusing on this performance parameter, the results pre-
sented in this work are slightly higher than the reported applying
an optimized profile, 0.73 vs. 0.67 (mgFabL-1 h-1). Nevertheless,
both strategies increased about 3.5-fold the values obtained using a
constant feed rate, 0.21 (mgFabL-1 h~1), in which it is also impor-
tant to note that the biomass reached was 50% higher than in the
other fed-batch cultivations.

The major advantage of the strategy described in this work is the
simplicity of the whole system based on an exponential feed com-
pared to the application of optimal trajectories, somewhat more
complex.

5. Conclusions

Glucose and glycerol have been used as alternative carbon
sources in P. pastoris fed-batch bioprocesses producing recombi-
nant proteins under the constitutive GAP promoter. In this work,
both options have been compared producing the human Fab 2F5 as
a protein model.

For the first step of the bioprocess, the batch phase, maximum
specific growth rate and total yield attained was quite similar for
both substrates. Nevertheless, when glucose was used as C-source
the production of fermentative by-products and the observed cell
aggregates affected the reproducibility and operability of the batch
phase.

In fed-batch cultivations using both substrates, an increase of
DO set-point until 50% for glucose-supported cultures in the batch
phase reduced the fermentative by-products, but the overall Fab
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production was still negatively affected. Thus, glycerol was selected
as the best substrate at the batch culture phase.

When glycerol and glucose were compared in the fed-batch
phase, yields and productivities did not differ significantly.
Nonetheless, the carbon source selected for the fed-batch phase
was glucose, due to provide lower heat yield (Yqx) and oxygen to
biomass yield (Yo, /x) comparing with glycerol. Hence, minor cool-
ing and oxygen requirements would be great advantages from an
operational point of view. Other authors also recommended the use
of glucose only under substrate limited growth conditions [13].

Finally, the effect of the specific growth rate on Fab production
was also evaluated for the constitutive Fab 2F5 production. The
lower the @ implemented, the lower Yp, Yps and final produc-
tion were. The maximum values of these parameters were obtained
from medium to high p set-point. This fact seems to be a common
characteristic for the constitutive Fab production and general for
this constitutive Pg4p-based expression system of P. pastoris [11,52].
Exponential feeding at high specific growth rates would be the most
suitable strategy due to its simplicity and to provide similar pro-
ductivities than those previously reported for the production of the
same Fab in fed-batch cultivations [11].

Acknowledgements

This work was supported by the project CTQ2010-15131 of
the Spanish Ministry of Science and Innovation, 2009-SGR-281
of the Reference Network in Biotechnology (XRB) (Generalitat de
Catalunya) and the grant FPU (X.G.) of the Spanish Ministry of Edu-
cation, Culture and Sport.

References

[1] AK. Pavlou, J.M. Reichert, Recombinant protein therapeutics-success rates,
market trends and values to 2010, Nat. Biotechnol. 22 (2004) 1513-1519.

[2] J.L. Corchero, B. Gasser, D. Resina, W. Smith, E. Parrilli, F. Vazquez, I. Abasolo, M.
Giuliani, J. Jantti, P. Ferrer, M. Saloheimo, Unconventional microbial systems for
the cost-efficient production of high-quality protein therapeutics, Biotechnol.
Adv. 31 (2013) 140-153.

[3] G. Potvin, A. Ahmad, Z. Zhang, Bioprocess engineering aspects of heterolo-
gous protein production in Pichia pastoris: a review, Biochem. Eng. J. 64 (2012)
91-105.

[4] J.M. Cregg, ].L. Cereghino, J. Shi, D.R. Higgins, Recombinant protein expression
in Pichia pastoris, Mol. Biotechnol. 16 (2000) 23-52.

[5] G.P.L.Cereghino, ]J.L. Cereghino, C. Ilgen, ].M. Cregg, Production of recombinant
proteins in fermenter of the yeast Pichia pastoris, Curr. Opin. Biotechnol. 13
(2002) 329-332.

[6] S. Macauley-Patrick, M.L. Fazenda, B. McNeil, L.M. Harvey, Heterologous pro-
tein production using the Pichia pastoris expression system, Yeast 22 (2005)
249-270.

[7] T. Vogl, A. Glieder, Regulation of Pichia pastoris promoters and its conse-
quences for protein production, New Biotechnol. (2012), http://dx.doi.org/
10.1016/j.nbt.2012.11.010.

[8] J.M. Cregg, T.S. Vedvick, W.C. Raschke, Recent advances in the expression of
foreign genes in Pichia pastoris, Nat. Biotechnol. (1993) 905-910.

[9] O. Cos, R. Ramon, J.L. Montesinos, F. Valero, Operational strategies, monitoring
and control of heterologous protein production in the methylotrophic yeast
Pichia pastoris under different promoters: a review, Microb. Cell Fact. 5 (2006)
17.

[10] E.S.Hartner, C. Ruth, D. Langenegger, S.N. Johnson, P. Hyka, G.P. Lin-Cereghino,
J. Lin-Cereghino, K. Kovar, ].M. Cregg, A. Glieder, Promoter library designed for
fine-tuned gene expression in Pichia pastoris, Nucleic Acids Res. 36 (2008) e76.

[11] M. Maurer, M. Kiihleitner, B. Gasser, D. Mattanovich, Versatile modeling and
optimization of fed batch processes for the production of secreted heterologous
proteins with Pichia pastoris, Microb. Cell Fact. 5 (2006) 37.

[12] A.L.Zhang,].X.Luo, T.Y.Zhang, Y.W. Pan, Y.H. Tan, C.Y. Fu, F. Tu, Recent advances
on the GAP promoter derived expression system of Pichia pastoris, Mol. Biol.
Rep. 36 (2009) 1611-1619.

[13] J. Heyland, J. Fu, LM. Blank, A. Schmid, Carbon metabolism limits recom-
binant protein production in Pichia pastoris, Biotechnol. Bioeng. 108 (2011)
1942-1953.

[14] H.R. Waterham, M.E. Digan, P.J. Koutz, S.V. Lair, ].M. Cregg, Isolation of the Pichia
pastoris glyceraldehyde-3-phosphate dehydrogenase gene and regulation and
use of its promoter, Gene 186 (1997) 37-44.

[15] H. Boer, T.T. Teeri, A. Koivula, Characterization of Trichoderma reesei cellobio-
hydrolase Cel7A secreted from Pichia pastoris using two different promoters,
Biotechnol. Bioeng. 69 (2000) 486-494.

[16] J.M. Delroisse, M. Dannau, J.J. Gilsoul, T. El Mejdoub, ]. Destain, D. Portetelle, P.
Thonart, E. Haubruge, M. Vandenbol, Expression of a synthetic gene encoding a
Tribolium castaneum carboxylesterase in Pichia pastoris, Protein Expr. Purif. 42
(2005) 286-294.

[17] A.L. Zhang, T.Y. Zhang, ].X. Luo, S.C. Chen, WJ. Guan, C.Y. Fu, S.Q. Peng, H.L. Li,
Constitutive expression of human angiostatin in Pichia pastoris by high-density
cell culture, J. Ind. Microbiol. Biotechnol. 34 (2007) 117-122.

[18] A. Vassileva, D.A. Chugh, S. Swaminathan, N. Khanna, Expression of hepatitis
B surface antigen in the methylotrophic yeast Pichia pastoris using the GAP
promoter, J. Biotechnol. 88 (2001) 21-35.

[19] S.J. Kim, Optimization of the functional expression of Coprinus cinereus peroxi-
dase in Pichia pastoris by varying the host and promoter, J. Microbiol. Biotechnol.
19 (2009) 966-971.

[20] D. Mattanovich, A. Graf, J. Stadlmann, M. Dragosits, A. Redl, M. Maurer, M.
Kleinheinz, M. Sauer, F. Altmann, B. Gasser, Genome, secretome and glucose
transport highlight unique features of the protein production host Pichia pas-
toris, Microb. Cell Fact. 8 (2009) 29.

[21] AR. Ferreira, F. Ataide, M. von Stosch, J.M.L. Dias, J.J. Clemente, A.E. Cunha, R.
Oliveira, Application of adaptive DO-stat feeding control to Pichia pastoris X33
cultures expressing a single chain antibody fragment (scFv), Bioprocess Biosyst.
Eng.35(2012) 1603-1614.

[22] J.Heyland,]. Fu, L.M. Blank, A. Schmid, Quantitative physiology of Pichia pastoris
during glucose-limited high-cell density fed-batch cultivation for recombinant
protein production, Biotechnol. Bioeng. 107 (2010) 357-368.

[23] J.M. Reichert, Monoclonal antibodies as innovative therapeutics, Curr. Pharm.
Biotechnol. 9 (2008) 423-430.

[24] A.L. Nelson, J.M. Reichert, Development trends for therapeutic antibody frag-
ments, Nat. Biotechnol. 27 (2009) 331-337.

[25] B. Gasser, M. Maurer, J. Gach, R. Kunert, D. Mattanovich, Engineering of Pichia
pastoris for improved production of antibody fragments, Biotechnol. Bioeng. 94
(2006) 353-361.

[26] B. Gasser, D. Mattanovich, Antibody production with yeasts and filamentous
fungi: on the road to large scale? Biotechnol. Lett. 29 (2007) 201-212.

[27] T.I Potgieter,S.D.Kersey, M.R. Mallem, A.C. Nylen, M. D’Anjou, Antibody expres-
sion kinetics in glycoengineered Pichia pastoris, Biotechnol. Bioeng. 106 (2010)
918-927.

[28] L.M. Damasceno, K.A. Anderson, G. Ritter, ].M. Cregg, L.J. Old, C.A. Batt, Coover-
expression of chaperones for enhanced secretion of a single-chain antibody
fragment in Pichia pastoris, Appl. Microbiol. Biotechnol. 74 (2007) 381-389.

[29] K.Baumann, M. Maurer, M. Dragosits, O. Cos, P. Ferrer, D. Mattanovich, Hypoxic
fed-batch cultivation of Pichia pastoris increases specific and volumetric pro-
ductivity of recombinant proteins, Biotechnol. Bioeng. 100 (2008) 177-183.

[30] O.Cos,D.Resina, P.Ferrer,].L. Montesinos, F. Valero, Heterologous production of
Rhizopus oryzae lipase in Pichia pastoris using the alcohol oxidase and formalde-
hyde dehydrogenase promoters in batch and fed-batch cultures, Biochem. Eng.
J. 26 (2005) 86-94.

[31] D.Resina, O. Cos, P. Ferrer, F. Valero, Developing high cell density fed-batch cul-
tivation strategies for heterologous protein production in Pichia pastoris using
the nitrogen source-regulated FLD1 promoter, Biotechnol. Bioeng. 91 (2005)
760-767.

[32] C. Arnau, R. Ramon, C. Casas, F. Valero, Optimization of the heterologous
production of a Rhizopus oryzae lipase in Pichia pastoris system using mixed sub-
strates on controlled fed-batch bioprocess, Enzyme Microb. Technol. 46 (2010)
494-500.

[33] K. Baumann, N. Adelantado, C. Lang, D. Mattanovich, P. Ferrer, Protein traf-
ficking, ergosterol biosynthesis and membrane physics impact recombinant
protein secretion in Pichia pastoris, Microb. Cell Fact. 10 (2011) 93.

[34] A. Sola, P. Jouhten, H. Maaheimo, F. Sdnchez-Ferrando, T. Szyperski, P. Ferrer,
Metabolic flux profiling of Pichia pastoris grown on glycerol/methanol mixtures
in chemostat cultures at low and high dilution rates, Microbiol-SGM 153 (2007)
281-290.

[35] K. Baumann, M. Carnicer, M. Dragosits, A.B. Graf, ]. Stadlmann, P. Jouhten, H.
Maaheimo, B. Gasser, J. Albiol, D. Mattanovich, P. Ferrer, A multi-level study
of recombinant Pichia pastoris in different oxygen conditions, BMC Syst. Biol. 4
(2010) 141.

[36] W. Borzani, Calculation of fermentation parameters from the results of a batch
test taking account of the volume of biomass in the fermenting medium,
Biotechnol. Lett. 26 (2003) 1953-1956.

[37] O. Cos, A. Serrano, ]J.L. Montesinos, P. Ferrer, ].M. Cregg, F. Valero, Combined
effect of the methanol utilization (Mut) phenotype and gene dosage on recom-
binant protein production in Pichia pastoris fed-batch cultures, J. Biotechnol.
116 (2005) 321-335.

[38] P.M.Doran, Bioprocess Engineering Principles, first ed., Academic Press, Boston,
1995.

[39] J.L. Cordier, B.M. Butsch, B. Birou, U. von Stockar, The relationship between
elemental composition and heat combustion of microbial biomass, Appl. Micro-
biol. Biotechnol. 25 (1987) 305-312.

[40] Y. Pal, A. Khushoo, KJ. Mukherjee, Process optimization of constitutive
human granulocyte-macrophage colony-stimulating factor (hGM-CSF) expres-
sion in Pichia pastoris fed-batch culture, Appl. Microbiol. Biotechnol. 69 (2006)
650-657.

[41] S. Tang, L. Boehme, H. Lam, Z. Zhang, Pichia pastoris fermentation for phytase
production using crude glycerol from biodiesel production as the sole carbon
source, Biochem. Eng. J. 43 (2009) 157-162.

[42] M. Carnicer, Systematic Metabolic Analysis of Recombinant Pichia pastoris
Under Different Oxygen Conditions, Ph.D. Thesis, Universitat Autdonoma


http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0005
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0015
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0020
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0025
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0030
dx.doi.org/10.1016/j.nbt.2012.11.010
dx.doi.org/10.1016/j.nbt.2012.11.010
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0040
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0045
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0050
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0055
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0060
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0065
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0070
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0075
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0080
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0085
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0090
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0095
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0100
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0105
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0110
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0115
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0120
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0125
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0130
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0135
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0140
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0145
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0150
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0155
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0160
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0165
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0170
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0175
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0180
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0185
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0190
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0190
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0190
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0190
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0190
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0190
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0190
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0190
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0190
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0190
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0190
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0195
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0200
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0205

X. Garcia-Ortega et al. / Biochemical Engineering Journal 79 (2013) 172-181 181

de Barcelona, Spain, 2012. (http://www.tdx.cat/handle/10803/96813), (last
accessed 01/31/2013).

[43] Ch Dietzsch, O. Spadiut, Ch. Herwig, On-line multiple component analysis
for efficient quantitative bioprocess development, J. Biotechnol. 163 (2013)
362-370.

[44] A. Kern, F.S. Hartner, M. Freigassner, ]. Spielhofer, C. Rumpf, L. Leitner,
K.U. Froehlich, A. Glieder, Pichia pastoris just in time alternative respiration,
Microbiol-SGM 153 (2007) 1250-1260.

[45] Y. ]Jin, R.A. Speers, Flocculation of Saccharomyces cerevisiae, Food Res. Technol.
31 (1999) 421-440.

[46] M. Carnicer, K. Baumann, I. Toplitz, F. Sanchez-Ferrando, D. Mattanovich, P.
Ferrer, ]. Albiol, Macromolecular and elemental composition analysis and extra-
cellular metabolite balances of Pichia pastoris growing at different oxygen
levels, Microb. Cell Fact. 8 (2009) 65.

[47] F. Garcia-Ochoa, E. Gomez, V.E. Santos, J.C. Merchuk, Oxygen uptake rate in
microbial processes: an overview, Biochem. Eng. J. 49 (2010) 289-307.

[48] C.Y. Lee, SJ. Lee, K.H. Jung, S. Katoh, EK. Lee, High dissolved oxygen tension
enhances heterologous protein expression by recombinant Pichia pastoris, Pro-
cess Biochem. 38 (2003) 1147-1154.

[49] J.M. Barrigén, R. Ramon, 1. Rocha, F. Valero, E.C. Ferreira, ].L. Montesinos, State
and specific growth estimation in heterologous protein production by Pichia
pastoris, AIChE J. 58 (2012) 2967-2979.

[50] M.L. Giuseppin, J.W. Almkerk, J.C. Heistek, C.T. Verrips, Comparative study on
the production of guar alpha-galactosidase by Saccharomyces cerevisiae SUS0B
and Hansenula polymorpha 8/2 in continuous cultures, Appl. Environ. Microbiol.
59 (1993) 52-59.

[51] M. Carlsen, K.V. Jochumsen, C. Emborg, ]. Nielsen, Modeling the growth and
proteinase A production in continuous cultures of recombinant Saccharomyces
cerevisiae, Biotechnol. Bioeng. 55 (1997) 447-454.

[52] M. Buchetics, M. Dragosits, M. Maurer, C. Rebnegger, D. Porro, M. Sauer, B.
Gasser, D. Mattanovich, Reverse engineering of protein secretion by uncoupling
of cell cycle phases from growth, Biotechnol. Bioeng. 108 (2011) 2403-2412.


http://www.tdx.cat/handle/10803/96813
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0215
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0220
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0225
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0230
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0235
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0240
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0245
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0250
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0255
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260
http://refhub.elsevier.com/S1369-703X(13)00226-X/sbref0260

	Fed-batch operational strategies for recombinant Fab production with Pichia pastoris using the constitutive GAP promoter
	1 Introduction
	2 Materials and methods
	2.1 Strains
	2.2 Cultivation methods
	2.2.1 Inoculum preparation
	2.2.2 Fed-batch cultivation

	2.3 Analytical methods
	2.3.1 Biomass determination by dry cell weight (DCW)
	2.3.2 Product quantification
	2.3.3 Protein quantification
	2.3.4 Carbon source and by-products quantification of the cultures


	3 Theory/calculation
	3.1 Dynamic estimation of the working volume during the process
	3.2 Correction of substrate and product concentration for total volume
	3.3 Calculation of specific rates during the fed-batch phase
	3.4 Estimation of process heat production

	4 Results and discussion
	4.1 Comparison of carbon sources during the batch phase
	4.2 Comparison of carbon sources for both phases of fed-batch cultivation
	4.3 Analysis of the effect of the specific growth rate in fed-batch cultivations

	5 Conclusions
	Acknowledgements
	References


