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Introduction

Shake flasks are inexpensive bioreactors that
are widely used to evaluate multiple operational
conditions, to screen several microbial strains
simultaneously, and to optimize culture media
(Freedman, 1970; Freyer et al. 2004; Büchs, 2001;
Orozco-Sanchez and Rodríguez-Monroy 2007; Giese
et al. 2014; Villegas et al. 2016). However, shake
flasks have several limitations, including the inability
to control environmental conditions (Büchs, 2001;
Orozco-Sanchez et al. 2011), such as pH and dissolved
oxygen tension (DOT). In addition, for commercial
production, many bioprocesses need to occur on
a larger scale than in shake flasks; therefore, it is
necessary to scale-up these to bioreactors, in which, it
is possible to monitor and control several variables of
the process independently (Tajsoleiman et al. 2019).
Various criteria have been proposed for scaling-up
biotechnological processes, such as the volumetric
mass transfer coefficient (kL a) (Humphrey, 1998;
Garcia-Ochoa and Gomez, 2009; Trujillo-Roldán et
al. 2013), the oxygen transfer rate (Garcia-Ochoa and
Gomez, 2009; Raval et al. 2017), impeller tip speed
(Junker et al. 2009), mixing/circulation time (Junker,
2004), and volumetric power input (P/V) (Pérez et al.
2006; Rocha-Valadez et al. 2006, Gamboa-Suasnavart
et al. 2013; Xu et al. 2017). P/V is a global parameter
defined as the amount of energy required to maintain
the fluid motion within a vessel for a given period of
time (Marques et al. 2010), and it is associated with the
physical phenomena that occur in the bioreactor, such
as oxygen transfer, removal of carbon dioxide, macro
and micro mixing, turbulence intensity, uniformity of
the liquid phase, and hydrodynamic stress (Lara 2011,
Olmos et al. 2013).
Streptomyces is a genus of actinomycetes, a group
of Gram-positive bacteria with high GC content (6575%) that are commonly used to produce a wide
range of secondary metabolites (Jakimowicz and
van Wezel 2012; Olmos et al. 2013; Xia et al.
2014; van Dissel and van Wezel 2017). Additionally,
some strains, such as S. lividans, are used for the
expression of heterologous proteins and glycoproteins
(Lee and Lee 1996; Vrancken and Anné 2009; Anné
et al. 2012; Lara et al. 2004; Gamboa-Suasnavart et
al. 2011). In submerged culture, S. lividans shows
a filamentous morphology of branched and nonbranched hyphae, clumps, and pellets (Giudici et al.
2004; Gamboa-Suasnavart et al. 2011; Anné et al.
1086

2012; Marín-Palacio et al. 2014; Gamboa-Suasnavart
et al. 2018; Zacchetti et al. 2018). The filamentous
morphology in S. lividans plays an important role
in the production, secretion, and post-translational
modification of recombinant proteins (Tamura et al.
1997; Yun et al. 2001; Lara et al. 2004; GamboaSuasnavart et al. 2011; Gamboa-Suasnavart et al.
2013; Marín-Palacio et al. 2014).
Understanding the effect of the P/V on pellets size
(influencing product yields) is of great interest for
industry-scale production (van Veluw et al. 2012; van
Dissel and van Wezel 2017; Koepff et al. 2017). For
example, large pellets are optimal for the production
of antibiotics (Wardell et al. 2002), while for the
production of enzymes or novel products (such as
anticancer agents) small pellets are preferred (van
Wezel et al. 2006).
For the production of the recombinant
glycoprotein APA (a 45/47-kDa O-mannosylated
immuno-dominant antigen from Mycobacterium
tuberculosis) by S. lividans, higher yields and an
increased degree of O-mannosylation (up to five
residues of mannose attached to the C-terminal of
rAPA) were observed when small aggregated and
dispersed mycelia were present in cultures. These
were found in baffled (BF) and coiled (CF) orbital
shake flasks cultures. However, when S. lividans were
grown in normal (conventional) Erlenmeyer orbital
shake flasks (NF) lower yields and just two residues
of mannose were found (Gamboa-Suasnavart et al.
2011).
On the other hand, Marín-Palacio et al. (2014)
measured the P/V in NF, BF and CF using the
method described by Büchs et al. (2000). During
the exponential growth phase, the highest P/V was
observed in BF (∼0.51 kW/m3 ), followed by CF
(∼0.44 kW/m3 ), and NF (∼0.20 kW/m3 ). All cultures
were carried out at the same agitation rate of 150
rpm (Marín-Palacio et al. 2014). In this work, the
measured P/V in NF and CF were used as a criterion
to scale-up the cultures to stirred-tank bioreactors.
We measure and compare S. lividans growth and
morphology, rheological parameters, the production
of rAPA and its post-transcriptional modifications
in shake flasks and bioreactor cultures to determine
if P/V is an appropriate parameter to scale-up
recombinant filamentous bacterial cultures.
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2.1

Materials and methods
Microorganisms and culture conditions

We used a transformed strain of Streptomyces lividans
66 (strain 1326) harboring the plasmid pIJ6021MT45, which carries the Mycobacterium tuberculosis
apa gene (Rv1860) under the thiostrepton-inducible
promoter (PtipA ) (kindly donated by Dr. Luis ServínGonzalez). YT medium was used for the pregermination of S. lividans spores at 37 °C, 150 rpm
and 8 h in CF (coiled flasks consist of conventional
normal flasks with an inserted 30 cm stainless steel
spring of 1.3 cm diameter, 19 sw gauge), as previously
described Gamboa-Suasnavart et al. (2011).
All shake flasks cultures were carried out at 30
°C, at 150 rpm with an orbital diameter of 2.5 cm
(C25 Incubator Shaker, New Brunswick Scientific,
Edison, NJ, USA) in 250-mL flasks containing 50 mL
of Luria-Bertani broth (LB: 10 g/L tryptone, 5 g/L
yeast extract, and 5 g/L NaCl), modified with 34% w/v
sucrose with kanamycin (50 µg/mL).

2.2

Bioreactor culture
scaling up strategy

conditions

and

All cultures were run at least in triplicate in
1.0-liter bioreactor (Applikon Biotechnology, Delft,
The Netherlands) containing 750 mL of LB broth
supplemented with 34% sucrose (Gamboa-Suasnavart
et al. 2011). The bioreactor has a height:diameter ratio
of 2.0 and is equipped with two Rushton impellers
(diameter, 0.045 m) and two baffles (1/10 of tank
diameter). The bioreactor was inoculated with 50 mL
from CF over-night cultures. Bioreactor cultures were
carried out without dissolved oxygen tension (DOT)
or pH control, maintained at 30 °C and a constant total
gas flow rate of 0.5 L/min and agitated at 260 or 340
rpm. Production of rAPA was induced by the addition
of thiostrepton (10 µg/mL; Merck-Sigma-Aldrich St.
Louis, MO, USA) at 20 h of culture.
The unaerated power number (Np), defined
by dimensional analysis since 1950´s (relating the
resistance force to the inertia force), given by Equation
1, was used to set the stirrer speed of the impeller
(Rushton et al. 1950; Rushton 1952).
Np =

P
ρN 3 D5i

(1)

The gassed power input (Pg ) was calculated by

Equation 2 (Nagata 1975).
!
Pg
Di 4.38 0.115 1.96Di /Dt
log1 0
= −192
Re
Fr
Ae (2)
P
Dt
In equation 2 the Pg /P ratio is a function of Aeration
number (Ae ), Froude number (Fr) and Reynolds
number (Re). This correlation is applicable for stirred
tank bioreactors equipped with six bladed Rushton
type turbines in various diameters (Dt /4, Dt /3, Dt /2
and 3Dt /4) with two helices heights (Di /5 and Di /4),
four baffles (Dt /10), and in a wide range of air flow
rate. Air was introduced from a ring sparger or from a
single nozzle at the center of the vessel (Nagata 1975).
The design of the bioreactor used in this work fulfills
the conditions of equation 2.
Moreover, this correlation is applicable for a range
of Ae between 0.0 and 0.13 (Amanullah et al. 2004),
in our case Ae was 0.023 and 0.032 for 260 and 340
rpm, respectively. Also, this equation has been used
at a stirring speed of up to 600 rpm in laboratory
bioreactors with low viscosity fluids and densities
close to the water (Nagata 1975; Ni et al. 1995;
Amanullah et al. 2004). This would allow us to use
this equation reliably since the conditions of this work
were in the range of Re and Fr previously used (Nagata
1975; Ni et al. 1995; Amanullah et al. 2004).
It is important to consider that the equation 2
is based on a bioreactor configuration with four
baffles. To obtain a better approximation of the
real Pg /V, a correction proposed by Dickey et al.
(2004) was used to account for the number of
baffles. When two baffles are used, the calculated
Pg /V must be multiplied by 0.8. This correction
has been published and is available online:
(https://www.chemicalprocessing.com/assets/Media/
MediaManager/Baffle_Effect.pdf).

2.3

Analytical determinations

Biomass was determined as dry weight as previously
reported by Gamboa-Suasnavart et al. (2011).
Extracellular protein concentrations were determined
by the Bradford method (Bio-Rad Protein Assay Kit;
Bio-Rad, Hercules, CA, USA), and a calibration
curve was constructed using bovine serum albumin
(BSA) as a standard. Culture filtrate was obtained
by removing the mycelia by centrifugation at 8,000
× g for 30 min at 4 °C and filtration through a
0.45 µm membrane filter (Merck-Millipore, Billerica,
MA, USA). The supernatant was precipitated with
ammonium sulfate (75 %), and the precipitated
proteins were recovered by centrifugation at 8,000
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× g for 30 min at 4 °C, suspended in PBS (pH
7.4), and dialyzed against distilled water overnight
at 4 °C. Electrophoresis in 12 % SDS-PAGE and
subsequent immunoblotting were carried out as
previously reported (Gamboa-Suasnavart et al. 2011;
Gamboa-Suasnavart et al. 2013; Marín-Palacio et
al. 2014). Briefly, the membranes were blocked
by incubation with skim milk (5 %w/v) in PBS
containing Tween 20 (0.05 %v/v; PBS-T) for 1 h,
washed with PBS-T (0.05 %), and then incubated
with the primary antibody (mAb6A3; donated by
Dr. Clara Espitia) at a 1:1000 dilution overnight at 4
°C. The membranes were incubated with peroxidaseconjugated anti-mouse IgG (Merck-Sigma-Aldrich,
St. Louis, MO, USA) at a 1:2000 dilution for 1 h. Also,
membranes were incubated with anti-concanavalin
A (ConA)- peroxidase conjugate (Concanavalin A
from Canavalia ensiformis (Merck, Sigma-Aldrich,
USA) for 1 h at room temperature. After incubation,
the blots were stained with SuperSignal West
Pico Chemiluminescent Substrate (Thermo-Pierce
Chemical, USA), and images were taken using the
C-DiGit Chemiluminescent Western Blot Scanner (LiCor, USA).

2.4

Rheological measurements

A stress-controlled rheometer (Physica MCR 101;
Anton Paar, Graz, Austria), equipped with a plateand-plate measuring system (diameter, 50 mm; Anton
Paar) and a gap of 1 mm was used for the
determination of the shear viscosity curves of the
complete culture broths at 30 °C in a shear rate range
of 0.1-100 s−1 (Marín-Palacio et al. 2014). The flow
curves of each sample were measured in triplicate and
fitted to the Ostwald-de Waele model (equation 3),
and the rheological parameters were calculated with
correlation coefficients (R2 > 0.99).
η = Kγn−1

(3)

For turbulent flows (Re > 104 ) in a stirred tank of
standard geometry (H = Dt , and Dt = 3Di ) in nonNewtonian fluids, Equation 4 can be used to obtain the
average shear rate (γ) (Sánchez-Pérez et al., 2006).
 1

 4N p ρD2i  1+n 3
 N 1+n = mN 3/(1+n)
γ = 
π33 K 

(4)

Where m is a constant due to N p is a constant in
turbulent flows (5.5 for Rushton turbines). Equation 4
is quite general and applies also to Newtonian fluids
(n = 1 and K = η) (Sánchez-Pérez et al. 2006).
1088

To calculate the size of the eddie of the
microscale and compare it with the sizes of the
cellular aggregates, the Kolmogorov equation was
used (Kolmogorov 1941; Rocha-Valadez et al. 2007).
ν3
λ=
ε

2.5

!1/4

S. lividans aggregate
measurements

(5)

morphology

The morphology of S. lividans was measured
as previously reported (Gamboa-Suasnavart et
al. 2011; Marín-Palacio et al. 2014). Briefly, to
avoid actual morphology losses, 20 µL of culture
broth was fixed with formalin solution (10% v/v),
placed on a slide, and covered with a cover slip
(Marín-Palacio et al. 2014). A minimum of 300
objects in each sample were analyzed for each
determination. The image was captured with a
digital camera (Coolpix 4300; Nikon, Tokyo, Japan)
mounted on a microscope (Nikon Optiphot-2) at 4×
magnification. Image analysis was performed with
ImageJ (National Institutes of Health, Bethesda, MD,
USA; http://imagejnihgov/ij/index.html). The average
diameter was measured to characterize the size of
aggregates. The average diameter is defined as the
diameter of a perfect circle, having the same area as
the aggregated to be measured.
Also, the average fractal dimension (DB ) and
lacunarity (L) were measured for samples taken at
the end of each culture. The first step of procedure
was conversion of color images to grayscale images
using the auto-threshold selection (ImageJ -> Image > Adjust -> auto-threshold). Fractal dimension (DB )
and lacunarity (L) was calculated by using FracLac
pluging (ImageJ -> plugins -> Fractal Analysis ->
FracLac) for ImageJ, and the program was allowed
to convert the images to binary images (Karperien
2013). A minimum of 50 objects in each sample were
analyzed for each experimental condition.

2.6

Protein digestion and MALDI-TOF
analysis

To characterize the O-linked glycans in the C-terminal
region of rAPA, 50 µg of protein was digested
with LysC to obtain eight peptides. The C-terminal
peptide (P8) was analyzed by MALDI-TOF mass
spectrometry on a Bruker Microflex time-of-flight
mass spectrometer equipped with a nitrogen laser at
l = 337 nm. Spectra were recorded in reflector or
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linear positive mode as previously reported (GamboaSuasnavart et al. 2011; Gamboa-Suasnavart et al.
2013; Marín-Palacio et al. 2014).

2.7

3 Results
3.1

Statistical treatment

One-way ANOVA and pair-wise comparisons using
Tukey HSD (Test for Post-ANOVA) were carried
out for independent samples. Those were done
to assess the morphological statistical differences
between shake flask and bioreactor cultures. Analysis
were done using Excel® (2007) and the “VassarStats:
Website for Statistical Computation” available on-line
of Vassar College, NY-USA (http://vassarstats.net/).

Streptomyces lividans growth kinetics
in an agitated bioreactor at the same
volumetric power input observed in
shake flasks

To determine if the volumetric power input (P/V)
is a critical parameter for scaling-up recombinant
filamentous bacterial cultures, we compared the
growth and morphology of S. lividans, as well as,
the production and O-mannosylation of rAPA between
shake flasks and mechanically agitated bioreactors at
two similar P/V values. These two values were equaled
by calculating the agitation rate (by using Equations 1
and 2) in a 1.0 L bioreactor in which the initial gassed
volumetric power input (Pg /V) was similar to the P/V
previously measured in NF and CF (Marín-Palacio et
al. 2014).

Table 1. Operational, stoichiometric and kinetic parameters of S. lividans growth and rAPA production. Cultures
were carried out in conventional normal (NF) and coiled (CF) shake flasks. Moreover, cultures were carried out in
1.0 L bioreactors at similar volumetric power inputs than NF and CF. The average and standard deviation for at
least three biological replicates per condition are shown.
Parameter
P/V (kW/m3 )c
kL a (h−1 )
µ (h−1 )
Xmax (g)
Lag phase (h)
Maximum pellet size (µm)
Fractal dimension (DB )
Fractal lacunarity (L)
K (mPasn )
Fluid index n (-)
rPLA2 (%)d
Maximum mannose
residues at C-terminal

Erlenmeyer flasksa
Normal
Coiled
∼0.20
41.4±5.2A
0.08±0.01A
2.1±0.2B
∼16
370±82A
1.391±0.298A
2.285±1.599A
0.11±0.02B
0.40±0.06A
25±3A
6

∼0.44
87.4±0.6B
0.14±0.01B
5.2±0.1C
∼16
160±40B
1.151±0.207A
2.552±0.578A
0.05±0.01C
0.63±0.01B
36±3B
6

260 rpm
∼0.20
35.1±0.7A
0.09±0.01A
3.7±0.2A
∼12
245±6C
1.485±0.202A
3.481±1.041B
0.08±0.0A
0.46±0.08A
27±5A
7

Bioreactorb
340 rpm
∼0.40
67.3±0.6C
0.12±0.02A,B
4.0±0.2A
∼12
214±4D
1.340±0.133A
3.363±1.258B
0.08±0.01A
0.46±0.08A
25±2A
7

a. Data from shake flasks was taken with permission from Marín-Palacio et al. (2014).
b. This work
c. In shake flasks P/V was measured by RAMOS device (Marín-Palacio et al. 2014) and in bioreactor initial Pg /V was calculated
by equations 1 and 2.
d. The percentage corresponding to the recombinant protein was calculated based on gel densitometry (Figure 3A). The results
with the same capital letter in superscript are statistically similar (P> 0.01).
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Figure 1A shows S. lividans growth kinetics in an
agitated bioreactor at 260 rpm (Pg /V = 0.20 kW/m3 )
and 340 rpm (Pg /V = 0.40 kW/m3 ) in comparison to
those cultures carried out in NF (Pg /V = 0.20 kW/m3 )
and CF (Pg /V = 0.44 kW/m3 ). In both cases, the
lag phase took between 12 and 16 h, similar to that
observed (∼12 h) in shake flasks (Marín-Palacio et al.
2014). A slightly higher specific growth rate (µ) was
observed in bioreactor cultures at 340 rpm (0.12±0.02
h−1 ) than at 260 rpm (0.09±001 h−1 ). Similar specific
growth rates were observed between CF (014±0.01
h−1 ) and 340 rpm, as also, between NF (0.08±0.01
h−1 ) and 260 rpm cultures (Table 1). However, similar
maximum biomass was obtained in the bioreactors at
both Pg /V values (3.7±0.2 and 4.0±0.2 g/L for 260 and
340 rpm, respectively), whereas lower biomass was
obtained in NF (2.1±0.2 g/L), and higher final biomass
was obtained in CF (5.2±0.1 g/L; Figure 1, Table 1).

3.2

Fig. 1. (A) Kinetics of biomass growth of S.
lividans producing rAPA from M. tuberculosis, in
1L bioreactor carried out at initial 0.20 kW/m3 and
0.40 kW/m3 and in conventional normal flasks at 0.20
kW/m3 (NF) and coiled shake flasks at 0.44 kW/m3 .
(B) Average diameter and standard deviation of S.
lividans pellets. (C) Evolution of the flow consistency
index K (mPasn ). (D) flow behavior index n (-).
Cultures were carried out at initial 0.20 kW/m3 (260
rpm, black triangles, solid line) and at initial and
0.40 kW/m3 (340 rpm, black dots, solid line). For
comparison data of bacterial growth in coiled (0.44
kW/m3 , open triangles, dotted line) and conventional
(0.20 kW/m3 , open dots, dotted line) shaken flask
carried out at 150 rpm (Previously reported by MarínPalacio et al. 2014, with permission).
1090

Morphological parameters
lividans in the bioreactors

of

S.

The kinetics of the pellet size (average diameter) was
evaluated in triplicate cultures (samplings at 24, 36,
60, and 72 h) and analyzing at least 300 objects per
sample (Figures 1B and 2). An increase in pellet
size was observed in mid-exponential phase (up to
245±6 µm at 260 rpm and 214±4 µm at 340 rpm),
but a decrease, to approximately 140 µm at both Pg /V
values, was observed at the end of culture (Figure 2).
This reduction in size could be a result of erosion or
dispersion of surface aggregates (Rocha-Valadez et al.
2006). At the same power input in the NF, the pellets
increased to an average up to 370±82 µm; however,
a wider range of diameters was observed, including
pellets of up to 700 µm in diameter (Marín-Palacio
et al. 2014), while in the CF cultures, the average
diameter was 160±40 µm, which was similar to
those obtained in the bioreactors. These morphological
differences in size may occur in response to the
different mixing patterns present in shake flasks and
bioreactors with mechanical agitation, which may
hinder scaling-up from shake flasks to bioreactors
(Gerson and Kole, 2001).
To quantify the complexity of S. lividans mycelial
morphology, the fractal dimension (DB ) and the
lacunarity (L) were also measured. DB is in essence,
a scaling rule comparing how a pattern’s detail
changes with the scale at which it is considered (i.e.
complexity). The term lacunarity (L) is defined as
gappiness, visual texture or inhomogeneity of the
analyzed structure (Smith et al. 1996; Karperien,
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(Karperien, 2013). Here, no significant differences
were found in terms of DB at the end of shake flask
and bioreactor cultures (Table 1). However, greater
lacunarity was found in both bioreactor cultures than
in shake flask cultures (Table 1). This allows us to
determine that there is a greater number of gaps (and
homogeneity) in bioreactor cultures (no significant
difference between 260 rpm and 340 rpm), than in
those cultures in NF and CF (no significant difference
between CF and NF).

3.3

Fig. 2. S. lividans pellet diameter distributions of in 1L
bioreactor cultures carried out at initial 0.20 kW/m3
(A) and 0.40 kW/m3 (B). Samples were taken at 24 h
(dotted), 36 h (dash-dot-dot), 60 h (long-dash), and 72
h (solid) of culture.
2013). In lacunarity the calculation is based on pixel
masses if the image instead of box counts as in DB

Rheological behavior of S. lividans in
the bioreactors

The data obtained from the flow curves of the S.
lividans cell suspensions fitted the Ostwald-de Waele
model. The rheological behavior of the cultures was
non-Newtonian, acting as a pseudoplastic fluid (shear
thinning, n < 1). The fluid index (n) was 0.46±0.08 in
both bioreactor cultures (Figure 1D), and it remained
nearly constant during cultivation. It is important to
mention that the cultures in this study developed
a similar rheological behavior to those previously
reported for CF and NF (Marín-Palacio et al. 2014).
We also observed no significant difference in the flow
consistency index (K) between the cultures agitated at
260 and 340 rpm, even though the initial Pg /V values
of 0.20 kW/m3 and 0.40 kW/m3 , respectively. The
flow consistency index was essentially the same for
the first 30 h of culture (0.03±0.01 mPasn ), and then
increased to 0.08±0.01 mPasn at 50 h (Figure 1C).

Fig. 3. SDS-PAGE (A) of total secreted proteins by S lividans. Western blot (B) of rAPA production by S. lividans
using mAB 6A3 (B) and using ConA-peroxidase (C). Lane 1: Page ruler; Lanes 2 and 3 are two independent
bioreactor cultures carried out 260 rpm; Lanes 4 and 5 are two independent bioreactor culture carried out 340
rpm; Lane 6 (wt): negative control, Streptomyces lividans 66 strain 1326, without transformation; Lanes 7: positive
control, recombinant APA produced in shake flasks cultures of E coli.
www.rmiq.org
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is worth to note that no significant differences were
observed in rAPA in bioreactor cultures at 260 and
340 rpm. In addition, rAPA production levels were
confirmed by Western blotting with mAB6A3 and
ConA-peroxidase (Figures 3B and 3C).
We also characterized the O-linked glycans
attached to the C-terminal region of rAPA. Here, up
to seven mannose residues in cultures at 260 and 340
rpm were detected (Figures 4A and B, Table 1), which
is one residue more than those observed in CF and NF
cultures (Marín-Palacio et al. 2014). However, in all
cultures, peptides with just one mannose residue were
not detected.

4

Fig. 4. MALDI-TOF analysis for the carboxy-terminal
peptide of the recombinant APA protein by LysC
digestion and obtained in (A) Bioreactor culture
carried out 260 rpm (B) Bioreactor culture carried out
340 rpm. Numbers above each peak mean the number
of mannose units linked to the peptide. At least three
MALDI-TOF analyses were done at the end of each
independent culture.
A higher flow consistency index was obtained in NF
(0.11±0.02 mPasn ), whereas a lower K (0.045±0.003
mPasn ) was obtained in CF (Marín-Palacio et al.
2014).

3.4

Production of recombinant APA and
O-mannosylation in shake flasks and
bioreactors at the same P/V

Densitometric analysis of the protein gels showed that
rAPA comprised 27±5 % of the total extracellular
protein in bioreactor cultures at 260 rpm (Figure 3A),
which was similar to that obtained in the NF (25±3 %)
(Marín-Palacio et al. 2014). In contrast, in bioreactor
cultures at 340 rpm, which has a P/V similar to that
in CF, rAPA comprised 25±2 % (Figure 3A), which is
∼10 % less than that obtained in the CF (36±3 %). It
1092

Discussion

In this study, the P/V of S. lividans cultures in NF
and CF was scale-up to a stirred tank bioreactor
to determine if the P/V has a direct effect on cell
growth, morphology, production and O-mannosylation
of a recombinant glycoprotein (rAPA). A comparison
of the final biomass concentration did not show
significant differences in bioreactor cultures, although
the values were lower from the maximum biomass
obtained from CF and higher than those from NF
(Table 1), showing that P/V cannot be used as a
scale-up parameter for biomass growth in S. lividans.
However, when the specific growth rate (µ) was
compared at the same P/V similar values were
observed (between shake flasks and bioreactors),
meaning that this parameter is directly related to P/V
(Table 1). This may be due to the fact that other
factors in addition to P/V are important when scaling
up a shaken-flask culture to a bioreactor, such as
the hydrodynamic profiles in the cultivation systems
(Mancilla et al. 2015; Palacios-Morales et al. 2016).
These results are in agreement with those obtained
by Kelly et al. (2006) and Lin et al. (2010) who
found that P/V favored a similar specific growth rate
but decreased biomass concentrations in cultures of
Aspergillus niger.
The lower biomass in the NF cultures (2.1±0.2
g/L) compared to the bioreactor cultures agitated at
260 rpm (3.7±0.2 g/L) may be due to the difference
in gas induction, which is only provided by surface
aeration in the shake flasks compared to sparging
and stirring in the bioreactors (Shukla et al. 2001).
The modifications of conventional flasks, such as
baffles (Freedman 1970) or coiled springs (Hopwood
et al. 1985; Gamboa-Suasnavart et al. 2018), are
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often used to increase the oxygen transfer rate and
prevent the formation of large pellets by filamentous
microorganisms (Mancilla et al. 2015; PalaciosMorales et al. 2016). As shown in Table 1, when the
P/V values obtained in the shake flasks were scaleup to bioreactors, higher kL a values were obtained in
CF and NF than in the bioreactor cultures (Table 1).
It is already proven that the gas-liquid mass transfer
coefficient (kL a) in any culture is a function of the
mode of energy dissipation and the physico-chemical
properties of the liquid media (Shukla et al. 2001).
Additionally, larger average pellet diameters were
obtained in the NF cultures than in the bioreactor
cultures at the same P/V. These morphological
differences may be the result of the different mixing
patterns present in the NF and bioreactor (Gerson and
Kole 2001). It has been shown that the morphology
of S. lividans is closely related not only to the
hydrodynamic stress, but also to the time that the stress
is applied to the microorganism (Zacchetti et al. 2018).
Büchs and Zoels (2001) demonstrated that the power
consumption is more uniformly distributed in orbital
agitation processes using NF than in stirred tanks.
Therefore, the hydrodynamic stress is lower in NF.
According to Peter et al. (2006), at the same power
consumption, the maximum rate of energy dissipation
in a stirred-tank bioreactor is ten times higher than that
in a NF.
The decrease observed in the average diameter
of the pellets after mid-exponential growth phase
in both bioreactor cultures (Figure 1B) is consistent
with results of Rocha-Valadez et al. (2007), who
assessed the influence of the frequency of movement
on the morphology of Trichoderma harzianum. In
addition, Jüsten et al. (1996) showed that power
input is a parameter that is weakly correlated with
damage to fungal hyphae when different scales of
operation are used, indicating that the changes in
morphology at any given P/V depend significantly

on the geometry of the impeller. In fact, power
dissipation/circulation time (EDCF) showed a better
correlation with mycelial morphology (Jüsten et al.
1998), as hyphae fragmentation is caused by the
intermittent passage of the mycelium through the
impeller region under high-energy dissipation (Jüsten
et al. 1998). Moreover, the architecture of S. lividans
pellets changes when cultures enter the stationary
phase and the fragmentation coincides with nutrient
exhaustion in submerged cultures (Zacchetti et al.
2018). The fact that a greater number of gaps (and
homogeneity), measure as lacunarity, was found in
bioreactor cultures (Table 1), than in those cultures in
shake flasks is an indicator that the hydrodynamics and
aeration in bioreactors are surely different from that
which occurs in shake flasks. It has been reported that
lacunarity (L) and fractal dimension (DB ) correlate
strongly with branching frequency, being lacunarity a
robust estimator of branching behavior (Barry 2013).
No significant differences were observed in the
flow consistency and behavior indexes (K and n)
in bioreactor cultures (at both P/V values), which
indicate that both the biomass concentration and
morphology act similarly, and that the differences
between the cultures are not sufficiently large to
affect the rheological parameters (Marín-Palacio et
al. 2014). Equations 3 to 5 were used to calculate
the average shear rate, the apparent viscosity and the
microscale size of Kolmogorov (Kolmogorov 1941;
Rocha-Valadez et al. 2007). With the change of the
rheological parameters of the culture in bioreactor it is
observed that the size of the eddie of Kolmogorov is
in the interval between 50 and 280 micrometers. This
value is in the range of the average diameters of the
cellular aggregates (Table 2). Those data indicate that
the hydrodynamics in the bioreactors are determining
the pellet size and that these eddies may be different in
the NF and CF (Rocha-Valadez et al. 2007; Olmos et
al. 2013; Palacios-Morales et al. 2016).

Table 2. Average shear rate, apparent viscosity, Kolmogorov microscale size and average pellet diameter for
different culture times in agitated bioreactors.
Parameter
Culture
time (h)
0
24
36
60
72

Bioreactor (260 rpm)
γ

Bioreactor (340 rpm)

(s−1 )

η (mPa.s)

λ (µm)

Pellet
diameter (µm)

184.5
193.8
152.2
78.3
53.1

0.89±0.1
0.72±0.2
1.3±0.1
4.6±0.6
10.8±0.5

43.6
40.5
58.2
157.6
282.3

–
147±4
245±6
138±4
146±43
www.rmiq.org

(s−1 )

γ

η (mPa.s)

λ (µm)

Pellet
diameter (µm)

322.1
274.8
202.3
133.3
108.4

0.66±0.1
0.81±0.4
1.4±0.8
3.7±1.7
6.0±2.1

29.1
36.9
58.4
109.2
148.9

–
131±3
214±4
160±10
134±5
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At the end of bioreactor and NF cultures, the
consistency index (i.e., the “thickness”) increased
substantially as the biomass concentration increased,
even with the reduction in pellet size. This suggests
that the consistency index of small pellets (e.g.,
<200 µm in diameter) is not particularly sensitive
to an increase in the concentration of the pellets, as
was previously reported (Casas-López et al., 2005).
However, we cannot determine whether these changes
in both, the consistency index and behavior index,
are due to morphology, cell biomass concentration,
or composition of the culture medium. Finally, the
rheological similarity between the bioreactor and NF
cultures may be associated with an increase in the
Pg /V of the bioreactor culture medium at the end of
culturing, as was observed in NF (Marín-Palacio et
al 2014). It will be very interesting to determine the
behavior of Pg /V in bioreactors as has been previously
reported (Reséndiz et al., 1991; Kaiser et al., 2017).
In terms of productivity, previous reports suggest
that recombinant protein production is only affected
when the pellet size is greater than 2.0 mm (GamboaSuasnavart et al., 2011). However, there was an
increase in the amount of extracellular protein in
CF, compared to those cultures in NF and bioreactor
(Table 1). This even allows us to suppose that smaller
pellets or dispersed mycelium (as in CF) can have
higher specific productivity of recombinant proteins
than larger pellets, as in NF and bioreactors (van Wezel
et al., 2006; Willemse et al., 2018).
Finally, native APA from M. tuberculosis contains
0-3 mannose residues in the C-terminal region (Dobos
et al. 1996; Dobos et al. 1995). In contrast, rAPA
produced in S. lividans contained up to four mannose
residues in 1.0 L NF cultures (Lara et al. 2004),
up to five or six mannoses in 250 mL baffled/coiled
shake flask or bioreactor cultures at 150 rpm (GamboaSuasnavart et al. 2011; Gamboa-Suasnavart et al.
2013), and up to six mannose residues in NF cultures
containing 25 and 15 mL of culture medium (250
mL, flask volume), shaken at 168 and 150 rpm,
respectively (Marín-Palacio et al. 2014). In contrast,
up to seven mannose residues were attached to
the C-terminal peptide in both bioreactor cultures
(at 0.20 and 0.40 kW/m3 ), which was one more
mannose than obtained in the NF and CF (MarínPalacio et al. 2014). Previously, we suggested that
the limiting factor for post-translational modifications,
such as O-mannosylation, is mass transfer phenomena,
especially oxygen transfer, rather than hydrodynamic
factors. In this study, the DOT in the bioreactors was
above 10% allowed us to avoid oxygen as a limiting
1094

factor inside large pellets, for this reason, we were able
to detect one additional mannose residue. Moreover,
we detected up to five more mannose residues than
that reported by Gamboa-Suasnavart et al. (2011) in
NF, where the pellet sized was four times higher than
observed here (1570±410 µm).

Conclusions
Our results show that volumetric power input can
successfully be used for scaling up some, but not all,
kinetic, stoichiometric and productivity parameters.
We propose that some cellular responses, even the
morphology, could be affected by the differences in
patterns of hydrodynamics/aeration between shake
flasks and bioreactors. This is clearly an indication that
the actual mechanisms governing the production of
recombinant O-glycoproteins in filamentous bacterial
cultures, as well as the effects of other important
process variables, such as pH and dissolved oxygen
tension, remain to be established, and should be taken
into account in future process development.
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Nomenclature
Ae

aeration number (dimensionless:
Q/(D3i N))
BF
baffled Erlenmeyer shake flasks
CF
coiled Erlenmeyer shake flasks
DB
fractal dimension (mean)
Di
impeller diameter (m)
DOT dissolved oxygen tension (% air
saturation)
Dt
bioreactor diameter (m)
Fr
Froude number (dimensionless: Di
N2 /g)
g
gravitational acceleration (9.8 m/s2 )
K
flow consistency index (Pa.sn )
kL a
volumetric oxygen transfer coefficient
(h−1 )
L
fractal lacunarity
N
agitation speed (rpm: 1/min, rps: 1/s)
n
flow behavior index (dimensionless)
NF
conventional normal Erlenmeyer
shake flask
Np
power
number
(dimensionless:
P/[N3 D5i ρ])
P
power input (W)
P/V
volumetric power input (kW/m3 )
Pg /V volumetric gassed power input
(kW/m3 )
Q
gas flow rate (m3 /sec)
rAPA recombinant alanine and proline rich
antigen, or 45/47 kDa protein from
Mycobacterium tuberculosis
Re
impeller
Reynolds
number
(dimensionless: Di N2 ρ/η)
t
culture time (h)
V
volume (m3 )
X
biomass (g/L)
Y
yield (g/g)
Greek symbols
γ average shear rate (s−1 )
ε energy dissipating rate (m2 /s3 )
η apparent broth viscosity (Pa.s)

Kolmogorov microscale (µm)
kinematic viscosity (µ/ ρ: m2 /s)
specific growth rate (h−1 )
Pi number
density (kg/m3 )
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