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Abstract Culture conditions in shake flasks affect fila-

mentous Streptomyces lividans morphology, as well the pro-

ductivity and O-mannosylation of recombinant Ala-Pro-rich

O-glycoprotein (known as the 45/47 kDa or APA antigen)

from Mycobacterium tuberculosis. In order to scale up from

previous reported shake flasks to bioreactor, data from the

literature on the effect of agitation on morphology of Strep-

tomyces strains were used to obtain gassed volumetric power

input values that can be used to obtain a morphology of

S. lividans in bioreactor similar to the morphology previ-

ously reported in coiled/baffled shake flasks by our group.

Morphology of S. lividans was successfully scaled-up,

obtaining similar mycelial sizes in both scales with diameters

of 0.21 ± 0.09 mm in baffled and coiled shake flasks, and

0.15 ± 0.01 mm in the bioreactor. Moreover, the specific

growth rate was successfully scaled up (0.09 ± 0.02 and

0.12 ± 0.01 h-1, for bioreactors and flasks, respectively),

and the recombinant protein productivity measured by

densitometry, as well. More interestingly, the quality of the

recombinant glycoprotein measured as the amount of man-

noses attached to the C-terminal of APA was also scaled- up;

with up to five mannose residues in cultures carried out in

shake flasks; and six in the bioreactor. However, final biomass

concentration was not similar, indicating that although the

process can be scaled-up using the power input, others factors

like oxygen transfer rate, tip speed or energy dissipation/cir-

culation function can be an influence on bacterial metabolism.

Keywords Scale-up � Power input � APA 45/47 kDa �
O-mannosylation � Mycobacterium tuberculosis �
Streptomyces lividans

Abbreviations

Di Impeller diameter (m)

Fg Volumetric gas flow rate (m3/min)

g Gravitational acceleration (g/m2)

N Agitation speed (rev/min)

Np Power number (Dimensionless)

P Power input by agitation (W)

Pg Gassed power input (W)

Pg* Corrected gassed power input by bioreactor

geometry (W)

Re Reynolds number (Dimensionless)

V Operation volume (m3)

W Impeller blade width (m)

l Fluid viscosity (mPa.s)

q Density (kg/m3)

Introduction

Shake flasks have been widely used in the study and

optimization of biotechnology processes, allowing to the
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performance of experiments with minimal costs and material

(Buchs et al. 2000a, b). However, shake flasks have several

limitations, one of them, and probably the most important, is

the complex understanding of the individual environmental

factors involved (mixing/aeration), due to the dependency of

the oxygen transfer rate on agitation speed, and the inability

to control pH and/or dissolved oxygen tension (DOT). This

understanding is essential in order to reach a rational large-

scale production (Seletzky et al. 2007). Recently, some

approaches about the characteristic properties of shaken

cultures trying to establish scaling criteria with an engi-

neering basis have been reported (Hoopen et al. 1994;

Silberbach et al. 2003; Seletzky et al. 2007; Klockner and

Buchs 2012; Gamboa-Suasnavart et al. 2011). Therefore, the

scaling-up from shake flasks to bioreactors is essential to

obtain large quantities of final products. However, this pro-

cess is troublesome and poorly understood, mainly due to the

lack of knowledge concerning the influence of the operating

conditions on mass transfer, hydrodynamics, and power

input. On the other hand, it is difficult to define an engi-

neering parameter of shake flasks to be scaled up to the

bioreactor, since geometries are different, and commonly a

biological parameter is used for this purpose, such as growth

rate, productivity or morphology in filamentous cultures

(Junker et al. 2004; Seletzky et al. 2007; Hoopen et al.

1994).

The relationship between agitation frequency, produc-

tivity, growth, and aggregation morphology has been widely

studied in the filamentous bacteria Streptomyces sp., and

mathematical models have been proposed to describe this

relationship (Tough and Prosser 1996; Tough et al. 1995;

Giudici et al. 2004; Roubos et al. 2001). Moreover, in sub-

merged cultures of S. lividans, the aggregation morphology

plays an important role in the production, secretion (Yun

et al. 2001; Dobson et al. 2008; Anné et al. 2012), and post-

translational modification of recombinant proteins (Vallin

et al. 2006; Gamboa-Suasnavart et al. 2011). In the specific

case of the recombinant production of the Ala–Pro–rich

O-glycoprotein (also known as 45/47 kDa or APA antigen

native of Mycobacterium tuberculosis) by S. lividans, the

small and dispersed mycelial aggregates obtained in baffled

and stainless steel coiled flasks improve the production and

increase the degree of O-mannosylation of the recombinant

protein, in comparison with the large aggregates obtained in

conventional shake flasks (Gamboa-Suasnavart et al. 2011).

This antigen is a candidate for generating a new vaccine

against tuberculosis (Sable et al. 2011), due to its capacity to

induce lymphoproliferative response associated with its

O-mannosylation pattern (Horn et al. 1999; Dobos et al. 1996).

The purpose of this study was to establish the culture

conditions in a laboratory bioreactor for obtaining a mor-

phology of S. lividans similar to that produced in coiled

and baffled shake flasks by using both, a biological

parameter (morphology) and an engineering parameter

(power input), and proposing scaling-up strategies for fil-

amentous bacteria cultures based on engineering parame-

ters. Moreover, this study would allow us to understand the

relationship between morphology-production and post-

translational modifications of recombinant proteins in

S. lividans.

Materials and methods

Microorganism and culture conditions

Wild type S. lividans 66 strain 1326 (Kieser et al. 2000)

was transformed with plasmid pIJ6021MT-45 carrying the

apa gene under a thiostrepton-inducible promoter, and

conferring resistance to kanamycin (Lara et al. 2004). Pre-

cultures were carried out as previously reported (Gamboa-

Suasnavart et al. 2011). Coiled flasks (250-ml, filled with

50 ml of medium) consisted of conventional Erlenmeyer

flasks with an inserted 30 cm stainless steel spring (1.3 cm

diameter, 19 SW gauge). Baffled flasks consisted of con-

ventional flasks with three indentations of 2.5 cm in the

wall of the flasks. Culture medium was Luria–Bertani’s

with kanamycin (50 lg/ml), modified by addition of 34 %

w/v sucrose (Lara et al. 2004). In this manuscript all coiled

and baffled shake flask culture data was taken from pre-

viously reported data of our group and it was used as a

reference for demonstrating the scale-up strategy (Gam-

boa-Suasnavart et al. 2011). The shake flasks cultures were

carried out at 30 �C and 150 rev/min for 60 h (New

Brunswick Scientific lab shaker, 2.5 cm shaking diameter),

with addition of the inducer thiostrepton (10 lg/ml) at 16 h

of culture.

Bioreactor culture conditions, control system

and scaling up strategy

A 1.5-l bioreactor (Applikon Biotechnology�, USA) was

used, containing 950 ml of the same shake flask culture

medium. The bioreactor contained two 4.5 cm diameter

Rushton turbines in a tank to turbine diameter ratio of 3:1.

The bioreactor was inoculated with 50 ml from coiled

shake flasks (12 h of culture), and the fermentation was

maintained at 30 �C. Recombinant APA (rAPA) produc-

tion was induced (thiostrepton 10 lg/ml) at the same bio-

mass concentration achieved at 16 h in shake flask. DOT

was maintained at least at 10 % of air saturation (to avoid

oxygen limitation), by maintaining a constant total gas flow

rate of 0.5 l/min, and by enriching the inflowing air with

oxygen, according to a proportional-integral-derivative

control algorithm in a ADI1030 controller (Applikon

Biotechnology�, USA). The pH was controlled at 7.2.
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Culture parameters (DOT, pH, temperature, and agitation)

were displayed on line, and saved on hard disk for later

analysis.

Based on the work of Tough and Prosser (1996), a

correlation between Pg/V and bacterial morphology was

proposed (Fig. 1a). Standard dimensions were assumed for

the bioreactor Bioflo II (New Brunswick Scientific) as is

shown in Table 1, and a air flow of 2.0 l/min (Tough and

Prosser 1996; Tough et al. 1995). The power input was

calculated from Eq. 1, and then divided by the operation

volume to obtain the volumetric power input:

P ¼ NpDi5n3q ð1Þ

In order to determine Np, Reynolds numbers were

calculated from 100 to 1,100 rev/min (2), resulting higher

than 1 9 104, indicating a turbulent flow (Rushton et al.

1950a, b). According to the relation proposed for Rushton

turbines in turbulent flow, Np can be assumed as a constant

value of 5.5 (Chapple et al. 2002):

Re ¼ qDi2N

l
ð2Þ

In order to calculate the gassed power input, Eq. 3 was

used as proposed by Hugmark (1980):

Pg

P
¼ 0:1 � Fg

NV

� �
� 0:25 � N2D4

i

gWV2=3

� �
� 0:20 ð3Þ

Finally, it is important to consider that the previous equa-

tions are based on standard bioreactor geometries, includ-

ing four baffles. To get a better approximation to the real

Pg/V, a correction proposed by Dickey et al. (2004) was

used to correct the Pg/V in terms of baffle number between

this work and Tough and Prosser (1996). Results of these

calculations are shown in Table 2. This correction was

published online (www.chemicalprocessing.com/Media/

MediaManager/Baffle_Effect.pdf). When two baffles are

used, the calculated Pg/V must be multiplied by 0.85 (this

work), and when no baffles are used the factor may

decrease down to 0.2 (bioreactor used by Tough and

Prosser 1996). Figure 1a shows the approach to S. coeli-

color morphology as a function of corrected volumetric

power input (Pg*/V). A corrected Pg/V and agitation rate is

shown in Fig. 1b considering the bioreactor used in this

work (1.0 l Applikon bioreactor).

Analytical determinations

Growth was followed by optical density at 600 nm, and

biomass dry weight as follows: 10 ml of culture were fil-

tered through a 0.45 lm pore size membrane (Millipore,

USA), and washed once with one volume of distilled water.

The obtained mycelia were dried for 24 h in an oven at

55 �C, then placed for 2 h in a desiccator, and weighed

afterwards, as previously described (Gamboa-Suasnavart

et al. 2011).

Image analysis

The characterization of mycelial aggregation was made on

samples taken at 60 h from each culture, and fixed to avoid

the loss of morphology (Gamboa-Suasnavart et al. 2011).

These samples were analysed by microscopy, and the

average diameter, area, and perimeter of each aggregate

was determined. At least 100 clumps, aggregates or pellets

were analysed for each sample, at least 3 samples were

analysed per culture, and three cultures were carried out in

the bioreactor. Coiled shake flask data were also reported

Fig. 1 a Relationship between corrected gassed volumetric power

input (Pg*/V) and previously experimental (closed circles) and

modeled data (open squares) of mycelia diameters of S. coelicolor

(raw data was taken from Tough and Prosser 1996, of agitation and

morphology radius, as is shown in Table 2). b Correlation between

corrected Pg*/V and agitation speed in the bioreactor used in this

work (the trend of Pg*/V data taken from Table 2 are shown, dots are

not presented as several data of agitation speed for our system

exceeded 1.0 W/l). The dotted line shows the searched aggregate

diameter as the morphology on coiled shake flasks (a), and the

equivalent Pg*/V and agitation in the bioreactor used in this work (b)
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in Gamboa-Suasnavart et al. (2011), and are repeated here

for comparative purposes. One-way ANOVA for inde-

pendent samples and pair-wise comparisons using Tukey

HSD (Test for Post-ANOVA) were carried out in order to

assess the morphological statistical differences between

cultures (Gamboa-Suasnavart et al. 2011).

Quantification, purification, and identification of rAPA

Total protein in the supernatant was determined using the

Thermo Scientific Pierce BCA Protein Assay Kit (Thermo-

Pierce, USA). Electrophoresis in 10 % SDS-PAGE,

immunoblotting and purification of rAPA were carried out

as previously described (Gamboa-Suasnavart et al. 2011).

Briefly, culture filtrate was obtained by removing the

mycelia at 8,0009g for 30 min at 4 �C, and filtration

through 0.45 lm membrane filter (Millipore, USA). The

supernatant was precipitated by ammonium sulfate (75 %),

and proteins were recovered by centrifugation at 8,0009g,

suspended in PBS, pH 7.4, and dialysed against distilled

water overnight at 4 �C. Then, proteins were dialysed

against acetate buffer pH 5 at 4 �C for 24 h, and centri-

fuged at 8,0009g for 10 min, the supernatant was dialysed

against ConA-binding buffer for 24 h. The recombinant

protein was purified by chromatography on a ConA-

Sepharose column (Concanavalin A from Canavalia ensi-

formis, Sigma-Aldrich, USA), and eluted with 0.05 M of

a methyl-mannopyranoside in ConA-binding buffer.

A second purification protocol was also followed in those

samples taken from the bioreactor: after the dialysis against

Table 1 Comparison of the

bioreactors used for calculating

Pg/V for Streptomyces

coelicolor A3(2) growth (Tough

and Prosser 1996) with the one

used in this work

Parameter Units Tough and Prosser (1996),

Bioflo II NBS (USA)

This work,

Applikon (USA)

Number of baffles 0 2

V (Operation volume) m3 0.001 0.001

Di (Impeller Diameter) m 0.045 0.045

n (Agitation speed) rev/min 100–1,100 100–1,100

Np (Power number) Dimensionless 5.5 5.5

Fg (Gas flow) m3/s 3.3 9 10-5 8.3 9 10-6

W (impeller width) m 0.011 0.011

Table 2 Pellet radius reported and calculations derived from Tough and Prosser (1996) data, and calculations for the bioreactor used in this

work

Agitation speed

(rev/min)

Data derived from Tough and Prosser (1996) Calculations in this work

Pellet radius (mm)* Volumetric power input Volumetric power input

Exp. Data Modelled data P/Va

(W/l)

Pg/Pb

(-)

Pg/Vc

(W/l)

Pg*/Vd

(W/l)

P/Va

(W/l)

Pg/Pb

(-)

Pg/Vc

(W/l)

Pg*/Ve

(W/l)
Mean SD Mean SD

250 ND ND 0.16 0.034 0.146 0.576 0.084 0.017 0.146 0.814 0.119 0.107

500 0.12 0.02 0.14 0.031 1.175 0.519 0.610 0.122 1.175 0.735 0.863 0.777

750 0.09 0.018 0.10 0.038 3.964 0.488 1.932 0.386 3.964 0.690 2.732 2.456

999 0.06 0.01 0.07 0.032 9.397 0.468 4.396 0.879 9.397 0.662 6.221 5.600

SD standard deviation

ND not determined

* Pellet radius reported by Tough and Prosser (1996) as a function of agitation speed
a Volumetric power input calculation using Eq. 1
b Ratio of gassed power input vs. power input calculation using Eq. 3
c Volumetric gassed power input. Calculated from P/V 9 Pg/P
d Corrected volumetric gassed power input. Pellet diameter (mm) reported by Tough and Prosser (1996) was graphed in Fig. 1a as a function of

this value
e Corrected volumetric gassed power input. A trend of agitation speed was graphed as a function of this value in Fig. 1b for the bioreactor and

aeration conditions used in this work
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acetate buffer the proteins were centrifuged at 8,0009g, for

10 min. The supernatant was dialysed with 20 mM

Tris–HCl, pH 8.3 4 �C. The rAPA protein was purified by

anion-exchange chromatography (AKTA-Prime system,

Pharmacia Biotech, USA) onto a HiTrap Q-Sepharose

column equilibrated with 20 mM Tris–HCl, pH 8.3. Elu-

tion was then carried out with a linear 0–1 M NaCl gra-

dient. Fractions were collected, analysed by SDS-PAGE,

and quantified.

Protein digestion and MALDI-TOF analysis

Characterization of O-linked glycans at the C-terminal

region of rAPA was made by MALDI-TOF analysis as

previously reported (Gamboa-Suasnavart et al. 2011).

rAPA was digested with LysC in order to obtain 8 peptides,

and the C-terminal peptide (P8) was analysed. Mass was

determined by MALDI-TOF mass spectrometry on a

Bruker Microflex time-of-flight mass spectrometer equip-

ped with a nitrogen laser at l = 337 nm. Spectra were

recorded in reflector or linear positive mode.

Reproducibility of growth cultures and MALDI-TOF

analyses

Bioreactor and shake flasks cultures were made at least in

triplicates. Figure 2 shows the mean value of the inde-

pendent cultures, and the standard deviation among repli-

cas. At least two MALDI-TOF analyses were done at the

end of each independent culture.

Results

In a previous study three shake flask geometries were

evaluated (conventional, baffled, and stainless steel coiled),

in order to provide different shear and oxygenation con-

ditions for S. lividans cultures expressing recombinant

APA (Gamboa-Suasnavart et al. 2011). The largest and

roundest pellets, with diameters up to 1.0 mm, were

observed in conventional flasks; the smallest clumps, with

diameters of 0.21 ± 0.09 mm, were obtained in both baf-

fled and coiled shake flasks (Gamboa-Suasnavart et al.

2011). The production of rAPA is around 3 times higher in

small mycelial aggregates than in larger pellets, and up to

five mannose residues were found in the carboxy-terminal

region of the protein, also named peptide P8 in coiled and

baffled shake flasks, but in conventional shake flasks only

two mannoses residues were found (Gamboa-Suasnavart

et al. 2011). The aim of this study was to scale up this

bioprocess to a 1.0 l bioreactor, taking into account rAPA

productivity and quality (number of mannose residues in

P8), and to achieve mycelial aggregate sizes similar to

those obtained in baffled/coiled shake flasks. This was

carried out by using the experimental data and the model

proposed by Tough and Prosser (1996), which relates

agitation rate to average diameter of S. coelicolor A3(2)

(Table 2). These authors found S. coelicolor A3(2) aggre-

gates with diameters of 0.16 ± 0.034, 0.14 ± 0.031,

0.10 ± 0.038, and 0.07 ± 0.032 mm for 250, 500, 750 and

999 rev/min, respectively in modeled data (as is shown in

Table 2). Moreover, in experimental data, Tough and

Prosser (1996) found aggregates with diameters of

0.12 ± 0.02, 0.09 ± 0.18, and 0.06 ± 0.01 mm for 500,

750 and 999 rev/min, respectively. Figure 1a shows the

mean diameters and the agitation recalculated in terms of

corrected volumetric gassed power input (Pg*/V) using

Eqs. 1, 2, 3 and bioreactor geometry corrections (Table 2).

The equation from this correlation resulted as an expo-

nential decay (4):

Diameter ¼ 0:112þ 0:193e�2:95 Pg�=Vð Þ ð4Þ

An aggregate morphology of about 0.21 mm would be

achieved by agitating S. coelicolor A3(2) with a Pg/V of

0.20 W/l (point ‘‘a’’ of Fig. 5a). To achieve the same Pg/V

in this study (using an Applikon� 1.0 l bioreactor), 310 rev/

min was needed (point ‘‘b’’ in Fig. 5b), in which gassed

volumetric power input is correlated with agitation speed.

To simplify the agitation control of all cultures, 300

rev/min was selected.

Figure 2 shows that the final biomass production in the

bioreactor was higher (4.95 ± 0.35 g/l) than those

obtained in baffled/coiled shake flasks (3.50 ± 0.20 g/l).

However, the specific growth rate was not significantly

different between bioreactors (0.09 ± 0.02 h-1), and shake

Fig. 2 Biomass growth of S. lividans producing rAPA from M.

tuberculosis, in coiled shake flasks (close symbols) cultures carried

out at 30 �C and 150 rev/min (previously reported by Gamboa-

Suasnavart et al. 2011), and bioreactor (open symbols) cultures carried

out at 300 rev/min, pH of 7.2 and DOT above 10 % of air saturation
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flasks (0.11 ± 0.01 h-1). An increase in power dissipation

rate promoting a higher biomass concentration was repor-

ted in S. pristinaespiralis, and S. natalensis in cultures

carried out in shake flasks (Mehmood et al. 2011;

el-Enshasy et al. 2000). It can be assumed that the dissipation

energy in a 1.0-l bioreactor was slightly higher than in cul-

tures carried out in baffled/coiled shake flasks. Furthermore,

the doubtful ‘‘non-growth phase’’ in bioreactor cultures that

lasted for almost 12 h are due to the size of the inoculum,

since the bioreactor started with ten times less pre-germinated

spores than coiled shake flasks (as seen in the inset of Fig. 2).

Some reports demonstrate that high inoculum sizes promote

dispersed forms in Streptomyces, while a small inoculum

tends to pellet formation (Dobson et al. 2008; el-Enshasy

et al. 2000), which is not the case in this work. No significant

differences were found in morphology of aggregation

between bioreactor cultures carried out at 300 rev/min (Pg*/V

of 0.181 W/l) and coiled/baffled shake flasks (Fig. 3;

Table 3). In comparison with the model used and predicting

0.21 mm, and considering an standard deviation of 0.06 mm

of diameter of S. coelicolor A3(2) (equal to a standard devi-

ation of 0.03 mm in aggregated radius, as presented in

Table 2), the aggregation morphology of S. lividans in the

bioreactor was not significant different with the diameter of

aggregates of 0.15 ± 0.01 mm (Table 3). Moreover, these

Fig. 3 Representative mycelia

morphology of S. lividans

cultured in: a Coiled and baffled

shake flasks (previously

reported by Gamboa-Suasnavart

et al. 2011). b Bioreactor

(Bar indicates 250 lm,

49 magnification)

Table 3 Morphological comparison between cultures carried out in

coiled shake flasks and in bioreactor at 300 rev/min

Area (mm2) Diameter

(mm)

Perimeter

(mm)

Coiled and baffled

flask

0.029 ± 0.018 0.21 ± 0.09 0.89 ± 0.40

Bioreactor 0.019 ± 0.012 0.15 ± 0.01 0.58 ± 0.05

Data are presented as average ± standard deviation of image analysis

of at least 100 clumps, mycelia or pellets for each sample
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bioreactor morphology values fall within the size dispersion

obtained in baffled/coiled shake flasks (0.21 ± 0.09 mm).

A densitometry comparison of volumetric total protein

SDS-PAGE between coiled flasks and bioreactor superna-

tants shows a similar production of rAPA (Fig. 4a,b), and it

was confirmed by mAB 6A3 in Western blots (Fig. 4c).

Previously, Gamboa-Suasnavart et al. (2011) reported that a

similar rAPA productivity was found in baffled and coiled

shake flask. On the other hand, O-linked mannoses on P8 of

rAPA produced in bioreactor cultures were characterized

(Fig. 5) and compared with those reported in coiled/baffled

shake flasks (Gamboa-Suasnavart et al. 2011). In native

Fig. 4 a SDS-PAGE of total

secreted proteins of coiled shake

Flasks (CF) cultures carried out

at 30 �C and 150 rev/min

(previously reported by

Gamboa-Suasnavart et al.

2011), b bioreactor (B) cultures

carried out at 300 rev/min, pH

of 7.2 and DOT above 10 % of

air saturation. c Western blot of

rAPA by S. lividans using the

mAB 6A3, protein from coiled

shake flask (CF) and bioreactor

cultures (B). WM weight marker

Fig. 5 MALDI-TOF analysis for the C-terminal peptide of the

purified rAPA generated by LysC digestion, and obtained in coiled

shake flasks (a) (previously reported by Gamboa-Suasnavart et al.

2011), and Bioreactor at 300 rev/min (b). Numbers above each units

of atomic mass mean the number of mannoses linked to the peptide.

In bioreactor cultures analysed by MALDI-TOF up to six mannoses

were found, but the non-glycosylated peak was found. In the inset

(c) the non-O-glycoform with a molecular mass of 4,623.5 Da is

present in the purified protein by affinity cromatography using ConA
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Mycobacterium tuberculosis APA, C-terminal peptide pre-

sents heterogeneity from none to three mannose units

attached to the Thr277 (Dobos et al. 1995, 1996). In the

C-terminal peptide of the rAPA in S. lividans, none to four

mannoses were found in 1.0 l conventional shake flasks

cultures (Lara et al. 2004), and up to five mannoses in

250 ml baffled/coiled shake flasks (Gamboa-Suasnavart

et al. 2011). For comparison purposes, Fig. 5a shows the

MALDI-TOF of rAPA from coiled flasks previously

reported by our group (Gamboa-Suasnavart et al. 2011).

The rAPA from bioreactor cultures purified by anion-

exchange chromatography was analysed by MALDI-TOF.

Up to six mannose units were found (Fig. 5b) with a typical

difference between each observed peak of 163 ± 2 Da,

corresponding to a single mannose residue. However, the

non-O-glycosylated C-terminal peptide was not found,

corresponding with a theoretical molecular mass of

4,624.3 Da, and in shake flasks appears at 4,627.08 Da

(Fig. 5a). In order to determine the presence of the non-O-

glycosylated form, the 45/47 kDa band was excised from a

culture extract SDS-PAGE gel and the Lys-C digestion was

carried out. A typical MALDI-TOF analysis of non-purified

APA is shown in the inset of Fig. 5b, showing the non-O-

glycoform with a molecular mass of 4,623.5 Da, and also

the forms with up to three mannose residues attached can be

seen, but the noise is too high to observe the six glycoforms

observed in purified rAPA by anion exchange. Results of

this work combined with those previously reported by our

group show that morphology might play an important role

in the determination of O-glycosylation in recombinant

proteins of S. lividans. Finally, this successful scale-up

strategy can be useful to separately understand how

hydrodynamic forces and oxygen/nutrient transfer inside S.

lividans aggregates modify the ability to O-glycosylate

recombinant proteins. The aim is to be able to design further

production processes in order to control the amount of

glycans added to bacterial recombinant glycoproteins,

manipulating their antigenic properties.

Discussion

In this study, a mathematical model and experimental data

of S. coelicolor cultures were used to predict the size of the

aggregates in bioreactor cultures in a recombinant strain of

S. lividans, based on the gassed volumetric power input.

These data were used to obtain a similar morphology in the

bioreactor as that reported previously in baffled/coiled

shake flasks (Gamboa-Suasnavart et al. 2011), with the aim

of maintaining biomass growth, recombinant protein pro-

duction, and O-mannosylation degree. In this order, no

significant differences were obtained in specific growth

rate, morphology, and production between coiled/baffled

shake flasks and the scale-up bioreactor. The observed

narrower range of morphologies in bioreactor cultures, and

also a smaller average diameter than in flasks (Table 2),

even with no significant differences, can be an indication

that the maximum local energy dissipation rate throughout

the bulk in bioreactor is higher and more homogeneous

than the distribution in baffled/coiled shake flasks. This is

in agreement with Peter et al. (2006), who reported that at

the same power consumption, the maximum energy dissi-

pation rate in stirred tank bioreactors is ten times higher

than those in shake flasks. Moreover, up to six mannoses

attached to the C-terminal peptide were obtained in bio-

reactor cultures, an additional one to the number obtained

in shake flasks. However, final biomass concentration was

not similar, indicating that others factors like oxygen

transfer rate, tip speed or energy dissipation/circulation

function can be an influence on bacterial metabolism.

Finally, it would be interesting to separately determine and

quantify the effect of shear stress (at different agitation

rates), dissipation/circulation function and DOT, in order to

find the main operational (environmental) conditions that

are affecting O-glycosylation and productivity in filamen-

tous bacterial cultures, and to be able to propose an

experimental methodology to explain the biological mech-

anisms that are involved in this phenomena.
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