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Limited information is available with regards to the microbial growth kinetics of Streptomyces coelicolor 

A3(2) immobilised in pressurised membrane gradostat reactors (MGR). The purpose of this study was 

to quantify the growth kinetics of the filamentous bacterium immobilised on the external surface of 

ceramic membranes. The single fibre MGR’s (SFMGR) were operated using a pneumatic system to supply 

humidified pressurised air to the extra capillary space (ECS). The nutrient growth medium was supplied 

to the lumen of the ceramic membrane in the dead-end mode. The growth curve that was obtained for 

S. coelicolor A3(2) showed the presence of two growth cycles (biphasic growth) from ±66 to 162 h and 

±162 to 354 h, respectively, with no noticeable intermediate lag phase. A faster specific growth rate of 

0.049 h−1 was obtained for the first growth cycle, with a lower specific growth rate in the range of ±0.013 

to 0.019 h−1 obtained for the second growth cycle. The growth kinetics of S. coelicolor A3(2) within a 

pressurised MGR has not been reported previously. 

 
 

  

 

1.  Introduction 

 
A fast emerging area of membrane bioreactor (MBR) applica- 

tions is the immobilisation and culturing of microorganisms, such 

as fungi and bacteria for the production of high-value low-volume 

secondary metabolites such as antibiotics, anti-inflammatories, 

anticancer drugs and vitamins [1–3]. 

A number of MBR applications have been reported in literature 

with various microorganisms [4–6]; fungi [1,7,9–11] and enzymes 

[3,8,12] that were successfully cultured and/or immobilised on the 

external surface of membranes. 

In continuous systems, such as a membrane gradostat reactor 

(MGR), where the nutrient solution passes through the mem- 

brane lumen to the extra capillary space (ECS) and pressurised 

humidified air is supplied on the shell side of the bioreactor, three- 

dimensional biofilms develop. This biofilm growth has a significant 

effect on momentum as well as mass transfer processes within 

MGR’s. 
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Various empirical kinetic profiles have been described in solid 

state fermentation (SSF) systems including linear, exponential, 

logistic and fast acceleration/slow deceleration. The modelling of 

microbial growth kinetics plays an important role in the design 

and optimisation of MGR systems. Mathematical models are used 

to describe the overall performance of the MBR. The models must 

therefore describe not only the microbial growth kinetics, but 

also the transport phenomena within the substrate bed and the 

mass and energy exchanges between the bed and subsystems of 

the MBR, such as the membrane wall and the extracellular space 

gases [13]. Therefore, studying and quantifying the growth kinet- 

ics within a continuous MGR is important as this can be utilised 

in the development of an efficient nutrient gradostat within the 

biofilm, as well as to model the mass transfer of the bioprocess 

[14]. 

A large amount of information regarding growth kinetics of 

microorganisms in batch, fed-batch and non-pressurised sys- 

tems are available in literature [14,19,32–35,41,44]. However, to 

date, limited information has  been  published  with  regards  to 

the microbial growth kinetics of bacteria immobilised in contin- 

uously operated pressurised MGR’s. The purpose of this study 

was to quantify the growth kinetics of the filamentous bacterium 

Streptomyces coelicolor A3(2) immobilised on the external sur- 

face of single fibre ceramic membrane MGR’s, operated under 

continuously pressurised air and nutrient supply. A limited under- 

standing of the kinetic model for actinorhodin production exists 

due to the unstable, complex heterogeneous nature of S. coelicolor 

[15]. 
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Table 1 

 

Characteristics of the capillary ceramic membrane. 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 
2. Materials and methods 

 
2.1. Microorganism 

 

The microorganism that was used in this study was S. coelicolor A3(2) [16], the 

model representative of a group of soil dwelling microorganisms. Streptomycetes 

are filamentous bacteria, resembling fungi in their structure, belonging to the genus 

Actinomycetes. The Streptomyces strain, S. coelicolor A3(2), produces a pH indica- 

tor antibiotic actinorhodin, which under alkaline conditions (at pH above 8.5) is 

blue and under acidic conditions (at pH below 8.5) is red. Actinorhodin has weak 

antibiotic properties and is not in use clinically. It is a polyketide made by multiple 

condensations of acetate by a Type II polyketide synthase. This antibiotic is a mem- 

ber of a group of chemically related antibiotics called isochromanoquinones that are 

synthesised via the polyketide pathway [17]. Actinorhodin is capable of inhibiting 

most Gram-positive bacteria, such as Staphylococcus aureus at high concentra- 

tions. However, it has no effects on Gram-negative bacteria, such as Escherichia coli 

[6]. 

 

 
2.2. Inoculum preparation 

 

The stock spore suspension with an estimated 1 × 107 spores/mL was main- 

tained in 20% glycerol at a temperature of −80 ◦C before use. The inoculum was 

prepared by inoculating 40 mL sterile International Streptomyces Project, medium 2 

(ISP2) [18] in a shaker-flask together with 100 L of the defrosted stock spore sus- 

pension (i.e. 1 × 106 spores/flask). The shaker-flask culture was then incubated for 

3 days at 27 ◦C and 200 rpm. 

 

 

2.3. Growth medium 

 

The nutrient medium used in both the inoculum preparation and bioreactor 

operation was ISP2 [18], a complex growth medium. The medium contained per 

litre of distilled water: 4 g glucose; 4 g yeast extract; and 10 g malt extract. The pH 

of the growth medium was adjusted to 7.5 with 1 M NaOH, before autoclaving for 

20 min at 121 ◦C. 

2.4. Experimental set-up and operation 

 

2.4.1. Ceramic membranes 

Capillary ceramic membranes were  previously  shown  to  be  very  suitable 

for spore immobilisation and biofilm development [19]. The assymetric capillary 

ceramic membranes used in this study were made of aluminium oxide (  -Al2 O3 ) 

with an inside coating of aluminium oxide ( -Al2 O3 ) and an average pore size of 

40 nm. The ceramic membranes used in the SFMGR system were supplied by Hyflux 

CEPAration BV in the Netherlands, a company specialising in hollow fibre ceramic 

membranes and modules. The characteristics of the capillary ceramic membrane 

that was used in this study are shown in Table 1. 

 

2.4.2. Bioreactor construction and sterilisation 

A schematic diagram of the SFMGR, as patented by Edwards et al. [20] is illus- 

trated in Fig. 1 [21]. After inserting a silicone disc gasket (C1) onto one end of the 

ceramic membrane (B), the membrane was inserted into the glass housing mani- 

fold (A). A second silicone disc gasket (C2) was placed onto the opposite end of the 

ceramic membrane. At both ends of the glass housing manifold a stainless steel end 

plate (D1 and D2) was aligned on the silicone disc gaskets and held in place by Schott 

GL18 end caps (E1 and E2) by rotating the end caps in a clockwise direction. 

After the SFMGR was constructed the reactor with ceramic membrane was pres- 

sure tested using water to check its ability to withstand high pressures and that 

no leaks were present. Three SFMGR’s were manifolded together using 5 mm (ID) 

by 8 mm (OD) silicone tubing, as shown in Fig. 2. A nutrient medium bottle and 

permeate collection bottle were attached to each bioreactor. 

Following construction, the glass SFMGR’s with ceramic membranes, medium 

bottles, humidifier, sample collection bottles and prime bottle were sterilised by 

autoclaving at 121 ◦C and 1 atm for 20 min. 

 

2.4.3. Inoculation procedure 

After sterilisation, each SFMGR was then inoculated with 2 mL uncontaminated 

inoculum. A Gram stain was used to detect the presence of contaminants. After 

closing all reactor exit ports, the inoculum was introduced through the inoculation 

line into the ECS and immobilised on the external surface of the ceramic membrane 

by reverse filtration [22]. 

After filling the ECS with sterile ISP2 growth medium from the medium bottle, 

the well-mixed inoculum and growth medium were displaced by increasing the ECS 

pressure. The inoculum suspension was therefore displaced from the ECS through 

the wall of the ceramic membrane and into the lumen of the membrane, where the 

suspension then exited the SFMGR through the prime line. By forcing the inoculum 

suspension through the wall of the ceramic membrane, using reverse filtration, the 

mycelia of the bacteria adhered to the outside surface of the membrane, as well as 

to the pores in the membrane wall. 

 

2.4.4. Bioreactor operation 

Four sets of three vertically orientated SFMGR’s (shown in Fig. 2 [21]) were used 

to culture the bacteria, S. coelicolor, at 28 ◦C on the capillary ceramic membranes. 

 

 
 

Fig. 1.  Single fibre membrane gradostat reactor (SFMGR) construction [21]. 
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Fig. 2. A schematic diagram of three manifolded single fibre membrane gradostat reactors [21]. 

 

Table 2 

System and reactor parameters. 
 

 
 

 

The system and reactor parameters are shown in Table 2. The airlines to the ECS of 

each reactor were manifolded from a single humidifier. The pressure applied to the 

medium bottle of each reactor was also manifolded from the same source. 

After sterilisation and inoculation, the nutrient medium was supplied to the 

membrane lumen at a flow rate of 0.001 L/h. The air was supplied to the ECS of the 

bioreactor at a flow rate of 2.4 L/h. A pressure differential, measured with pressure 

transducers, was created across the membranes by applying pressure to both the 

nutrient medium and the humidifier. The pressure applied to the nutrient medium 

was higher than the pressure applied to the humidifier to ensure transmembrane 

flux occurred. Two JCS Shinko proportional-integral-derivative (PID) controllers 

were used to display the set pressure and actual pressure of the nutrient medium 

and ECS, respectively. 

A membrane bioreactor system can be operated in one of two ways, either via 

constant flux control or via constant pressure control in a pneumatic system [23,24]. 

For the first 24 h it was attempted to maintain the transmembrane pressure (TMP) 

at 1 kPa to allow the microorganism to adhere to the membrane surface. For the 

remainder of the study the medium and ECS were operated at pressures of 53 and 

50 kPa, respectively, to attempt to maintain a TMP of 3 kPa, as shown in Fig. 3. The 

humidified air supplied to the ECS displaced the permeate produced, as a result 

of flux from the shell side, by the microorganism. As the TMP was kept constant, 

the flux that started at a rate of approximately 0.708 L/m2 h decreased over time 

due to an increase in the biofilm thickness, resulting in an increased resistance to 

transmembrane flux. 

 

2.5. Analytical methods 

 
Permeate from each SFMGR was collected daily. The amount of permeate col- 

lected daily was dependent on the pressure differential and the resistance to 

transmembrane flux by the biofilm. The volume and pH of the permeate samples 

were measured, including the time elapsed between sampling; thus allowing the 

flux to be calculated. Two reactors were disconnected at a time after 66, 90, 114, 

140, 162, 212, 282 and 354 h of operation and the wet biomass was measured. The 

dry biomass was measured after the biofilm was dried for 24 h at 70 ◦C. 

Actinorhodin concentrations were determined as described by Doull and Vining 

[25] and cited by De Orduñ a and Theobald [26]. After centrifuging the perme- 

ate samples at 4000 rpm for 10 min, to remove suspended cells and other solids, 

equal volumes (600 L) of supernatant and 2 M NaOH were added in a one-to-one 

ratio. The absorbance of the supernatant was measured at 640 nm in triplicate on a 

microtitre plate reader (Fluostar Optima BMG Labtech). The final actinorhodin con- 

centration was calculated using an extinction coefficient (E1%, 1cm = 355) as given by 

Doull and Vining [25] and De Orduñ a and Theobald [26]. 

The glucose concentration and phosphate concentration of the permeate sam- 

ples were measured in triplicate at a wavelength of 590 [27,28] and 650 nm [29,30] 

respectively, on a microtitre plate reader (Fluostar Optima BMG Labtech). 

 

3. Theoretical  considerations 

 
The growth curve obtained for this study was constructed from 

the average dry biomass obtained from the two reactors discon- 

nected after 66, 90, 114, 140, 162, 212, 282 and 354 h. The average 

dry biomass with standard error bars were plotted with the aid of 

the statistical program Sigma Plot (Version 8). 

 

3.1. Growth kinetic models 

 

The growth kinetics of microorganisms is frequently described 

by the logistic empirical equation. The shape of the logistic curve 

of microorganisms can be predicted by Eqs. (1) and (2) [31,32]: 

 
 

Differential form Integrated form 

dX 
=  X   1 −  

X       
(1) X = 

Xm
 

 

 

(2) 
dt Xm 1 + ((Xm/X0 ) − 1)e− t

 
 

 

 

 

 

 

 

 

 
 

Fig. 3. Plots of the permeate flux and the transmembrane pressure as functions of 

operation time for a pressure controlled MGR. 

However, this empirical model does not provide insight into 

what controls the microbial growth [33]. The logistic equation is 

often used due to its mathematical simplicity; in a single equation 

an adequate approximation of the entire growth curve is given, 

including both the lag phase and cessation of growth. The other 

kinetic equations such as the exponential and two-phase equations 

Model parameter 

Membrane inner radius 

Membrane outer radius 

Effective membrane length 

Glass manifold inner radius 

Glass bioreactor length 

Nutrient flow rate 

Nutrient medium viscosity 

Unit 

m 

m 

m 

m 

m 

L/h 

Pa s 

Basic value 

9.0 × 10−4
 

1.4 × 10−3
 

1.939 × 10−1
 

6.5 × 10−3
 

2.09 × 10−1
 

1.0 × 10−3
 

1.2 × 10−3
 



452 D. De Jager et al. / Enzyme and Microbial Technology 45 (2009) 449–456 

Table 3 

 

    

Results from the independent t-test. 
 

t-test between: t-value p-value 

66.46 and 90.57 h −3.77 0.0024 

90.57 and 114.89 h −0.58 0.5776 

114.89 and 140.54 h −1.03 0.3341 

140.54 and 162.20 h −0.13 0.8995 

162.20 and 212.35 h −3.22 0.0323 

212.35 and 282.45 h 5.78 × 10−16
 1 

 
 

 

 

 

 

 

 

 

 

 

Fig. 4. Growth curve obtained from the experimental data (the error bars represent 

the standard error using Sigma Plot 8.0). 

 

require that the growth curve be separated into various phases, 

with a different equation describing each phase [31]. 

Non-symmetrical growth profiles can be described by the power 

law as shown in Eq. (3); a modification of the logistic model (Eq.  

(1)), in which n takes on values either greater or less than 1 [34]. 

dX X n
 

= X 1 − ,  n < or > 1 (3) 
dt Xm 

For the logistic equation, n is equivalent to 1, the model is 

symmetrical around the inflection point; therefore the accelera- 

tion and deceleration rates are the same [34]. Using a membrane 

culture system Mitchell et al. [35] investigated the fungal growth 

of Rhizopus oligosporus and observed that the growth profile 

consisted of a brief period of rapid acceleration, followed by an 

extended period of slow deceleration. Therefore, to describe the 

growth of a fungal microorganism a two-phase growth model, 

utilising the exponential growth model to represent the fast 

acceleration phase (Eq. (4)) and an equation to represent the slow 

deceleration phase (Eq. (5)) was developed. This two-phase model 

complements, rather than replaces, the logistic model [34]. 

resulting in very little data being accumulated for this point. A 

similar growth curve, to that in Fig. 4 (not included in this article), 

was also obtained from a plot of the wet biofilm thickness as a 

function of time [21], thus validating the shape of the growth curve. 

An independent t-test was done to determine whether two 

growth cycles were present. The t-test measures the significant 

difference between data for 2 points, either dependent or indepen- 

dent, by comparing the means of the two points. The t-value, which 

can be negative as absolute values are not used when calculating 

the t-value, and p-value take both the sample size and standard 

deviation into account. A p-value smaller than and equal to 0.05 

(p ≤ 0.05) was interpreted as significant as it indicated a probability 

of 5% or less. 

The p-values, in Table 3, indicated that the increase in dry 

biomass between ±66 to 90 h and ±162 to 212 h was significant, as 

the p-values between these data groups were below 0.05. The sig- 

nificant difference between ±62 and 90 h occurred as the biofilm 

was still in the exponential growth phase. The significant differ- 

ence between ±162 and 212 h can only be explained by a second 

exponential growth phase. Therefore, the first growth cycle ends 

and the second growth cycle starts around ±162 h. A t-test could 

not be run between the data groups at ±282 to 354 h as there was 

too little data available, therefore no statistics were computed. 

Fig. 4 shows the presence of two growth cycles, confirmed by 

the t-test, indicating biphasic growth. The growth curve showed 

two typical s-shaped growth cycles with what appeared to be the 

start of a third growth cycle. Therefore, the first growth cycle was 

identified between ±66 and 162 h, with the second growth cycle 

occurring between ±162 and 354 h with no evident intermediate 

lag phase. The shape of the growth curve after ±282 h indicates 

   the possibility of a third growth cycle; however this could not be 
Differential form Integrated form confirmed due to biofilm sloughing after 354 h (as shown in Fig. 6). 
dX 

=   X,   t < t  
 

(4) X = X e t ,   t < t  
 

(6) Biphasic growth occurs when a microorganism exhibits two 

dt 
a 0 a growth phases due to the use of two different substrates for growth. 

dX 
= [ Le−k(t−ta )]X,   t ≥ t 

dt 
a
 (5) X = XA exp    

L 
(1 − e−k(t−ta ))  ,   t ≥ t 

k 

(7) Upon depletion of the first substrate the microorganism starts util- 

   ising a second substrate [36]. However, during this study a complex 
growth medium was utilised and the substrates were not identified. 

where ta is the time at which the growth switches from the expo- 

nential phase to the deceleration phase. The parameter L represents 

the ratio between the specific growth rate at the start of the decel- 

eration phase and the specific growth rate during the exponential 

phase, with a first-order rate constant of k [31]. 

The logistic, power law, exponential and two-phase models 

shown in Eqs. (1), (3)–(5), respectively, will be tested to determine 

which model(s) best describes the growth of S. coelicolor A3(2) in 

the pressurised SFMGR’s used in this study. 

 

4. Results and discussion 

 
4.1. Dry biomass growth curve 

From the experimental data obtained by integrating Eq. (8) [37], 

average specific growth rates of 0.053 and 0.012 h−1 was calculated, 

for the first growth cycle (±66 to 162 h) and second growth cycle 

(±162 to 354 h), respectively. However, utilising Ordinary Differ- 

ential Equations Solver (ODE) in the software program Polymath 
5.1 together with Solver in Microsoft Excel 2003 to minimise the 

sum of squares of the differences (SSD) between the experimental 

and calculated data, a specific growth rate value of 0.049 h−1 for the 

first growth cycle was found to provide a better fit to the growth 

curve. Specific growth rate values of 0.013 h−1 (±162 to 212 h) and 

0.019 h−1 (±212 to 354 h) was found to provide a better fit to the 

second growth cycle, when the two-phase growth model was fitted. 

1 dX 

Fig. 4 depicts the average dry biomass results obtained for 
  = 

X dt 
(8) 

S. coelicolor A3(2) cultivated on the external surface of the ceramic 

membrane in the continuous pressurised SFMGR’s. The data point 

at 354 h is devoid of standard error bars due to repeated sloughing 

of the biofilm from the membranes at this time (as shown in Fig. 6), 

where X is the microbial biomass (g); t represents time (h) and the 

specific growth rate constant (h−1) [37]. According to Naeimpoor 

and Mavituna [38], Shahab et al. [39] determined a specific growth 

rate of 0.048 h−1 for S. coelicolor grown in a continuous culture. This 

a 
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Fig. 5. Growth models fitted to the growth curve obtained from the experimental 

data (the error bars represent the standard error using Sigma Plot 8.0). 

 

 

Table 4 

Growth model fitting to the first growth cycle (66–162 h). 
 

Growth model Specific growth rate (  ) SSD R2 
n 

Logistic 0.049 h−1
 1.01 × 10−4

 0.95 N/A 

Power law 0.049 h−1
 6.85 × 10−5

 0.96 1.1 

Exponential 0.049 h−1
 19.1 0.56 N/A 

 

 

value corresponds to the specific growth rate value of 0.049 h−1 

calculated for the first growth cycle during this study. 

 

4.2. Modelling of the growth curve 

 

The ODE in the software program Polymath 5.1, as well as non- 

linear regression in Microsoft Excel 2003 was utilised to fit the 

logistic, power law, exponential and two-phase growth models to 

the two growth cycles of the growth curve in Fig. 4 by minimising 

the sum of square differences (SSD), as shown in Fig. 5. By determin- 

ing correlation coefficient (R2) values the best fit of the calculated 

data to the experimental data was validated. 
Tables 4 and 5 are a comparison of the sum of square differences 

(SSD) and R2 values obtained for the different growth models fit- 

ted to the growth curve in Fig. 4. Fig. 5 depicts the growth models 
showing the two best fits fitted to the growth curve obtained from 

the experimental data (the power law model from 66 to 162 h and 

logistic model from ±162 to 354 h; power law model from ±66 to 

162 h and two-phase model (fast acceleration: ±162 to 212 h and 

slow deceleration: ±212 to 354 h)). However, when comparing the 

growth models fitted in Fig. 5 the power law model from ±66 to 

162 h and logistic model from ±162 to 354 h gave the best fit to the 
experimental data. This was confirmed by the minimum SSD and 

maximum R2 values of 6.85 × 10−6 and 0.96 obtained for the power 

law model (±66 to 162 h) and 4.76 × 10−3 and 0.89 obtained for the 

logistic model (±212 to 354 h), respectively. The SSD value for the 

power law (fitted from 66 to 162 h) was an order of magnitude 

smaller than the logistic model. Even though the fast acceleration 

phase of the two-phase model showed a smaller SSD and higher R2 

value than the logistic model (fitted from ±212 to 354 h), when the 

 

 
 

Fig. 6. A ceramic membrane showing biofilm sloughing during operation of the 

SFMGR system. 

 

 

SSD and R2 values of the slow deceleration phase was taken into 

account this growth model was eliminated. 

Due to biofilm sloughing from the ceramic membrane (shown in 

Fig. 6), the shape of the growth curve could not be confirmed after 

354 h, even with repeated experiments. Changing the nutrient and 

airflow rates to minimise the probability of the biofilm sloughing 

was not an option, as the resulting graph would have been obtained 

under different operating conditions from earlier experiments and 

could therefore not be compared. 

In Fig. 7 and Table 6 the data point at 354 h was excluded due 

to biofilm sloughing, therefore, for the second growth cycle the 

growth models were only fitted from ±162 to 282 h. According to 

the minimum SSD and best R2 values, the power law model still 

gave the best fit for the first growth cycle, from ±66 to 162 h. Table 6 

is a comparison of SSD and R2 values obtained for the different 

growth models fitted to the second growth cycle of the growth 

curve from ±162 to 282 h. The two-phase model (fast acceleration 

phase from around ±162 to 212 h and slow deceleration phase from 

around ±212 to 282 h) gave the best fit for the second growth cycle. 
 

Table 5 

Growth model fitting to the second cycle (162–354 h). 
 

Growth model Specific growth rate (  ) SSD R2 Notes 

Logistic 0.040 h−1
 4.76 × 10−3

 0.89 N/A 

Exponential 0.0063 h−1
 1.37 × 10−2

 0.73 N/A 

Two-phase: fast acceleration (exponential) 0.019 h−1
 5.49 × 10−6

 1 
 

Slow deceleration 0.013 h−1
 5.34 × 10−3

 0.25 L = 1.47k =1  
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Table 6 

Growth model fitting to the second growth cycle (162–282 h). 
 

Growth model Specific growth rate (  ) SSD R2 Notes 

Logistic 0.075 h−1
 6.96 × 10−5

 0.75 N/A 

Exponential 0.019 h−1
 4.48 × 10−1

 0.75 N/A 

Two-phase: fast acceleration (exponential) 

Slow deceleration 

0.019 h−1
 

0.013 h−1
 

5.49 × 10−6
 

3.90 × 10−6
 

1 

N/A 

 

L = 1.47k =1  

 
 

 
 

Fig. 7. Growth models fitted to the growth curve obtained from the experimental 

data; excluding 354 h (the error bars represent the standard error using Sigma Plot 

8.0). 

 

 

From the minimum SSD values of 5.46 × 10−6 for the fast acceler- 

ation phase and 3.90 × 10−6 for the slow deceleration phase, an 
order of magnitude smaller than for the logistic model, and a max- 

imum R2  value of 1 the two-phase model provided the better fit to 

the growth curve. A comparison of Figs. 5 and 7 indicate the best 

growth model fit is obtained when the point at around 354 h on the 

growth curve is excluded. 

The two-phase model was developed to describe the growth 

of fungal microorganisms and even though S. coelicolor is a fila- 

mentous bacterium it behaves like fungi to some extent, because 

Streptomycetes are mycelial bacteria resembling filamentous fungi 

in their apical growth [40], which explains why the two-phase 

growth model provided the best fit. To describe the growth of a fila- 

mentous microorganism a two-phase growth model, representing 

the exponential phase and the deceleration phase was developed. 

The two-phase model complements rather than replaces the logis- 

tic model [34]. For microorganisms showing filamentous growth, 

the growth rate should not be described as depending on the 

substrate concentration, because the growth of a microorganism 

depends on the substrate concentration within its local environ- 

ment and not on the average substrate concentration and usage 

within the biofilm [34]. 
As biphasic growth was demonstrated, two specific growth 

rates were obtained, one for each growth cycle, with a lower 

specific growth rate (in the range of ±0.013 to 0.019 h−1) obtained 

for the second growth cycle compared to the first growth cycle (in 

the range of ±0.033 to 0.073 h−1). This corresponds to literature 

where similar MGR systems were utilised. Sheldon et al. [14] 

confirmed biphasic growth in the filamentous white rot fungi 

Phanerochaete chrysosporium (BKMF-1767) immobilised on a 

polysulphone membrane in a flow-cell MGR operated with a 

peristaltic pump system. Two exponential growth phases were 

identified with specific growth rates in the range of 0.07–0.1 h−1 

for the first growth cycle and in the range of 0.015–0.05 h−1 for 

the second growth cycle. This occurred due to the biofilm being 

exposed to ammonium starvation. Ntwampe and Sheldon [41] also 

reported a primary and secondary growth phase for the white rot 

fungi P. chrysosporium (BKMF-1767) immobilised on a vertically 

orientated polysulphone capillary membrane in an MGR. 

A comparison of the results (refer to Table 7) obtained in this 

study with a non-pressurised MGR system [14] showed a similar 

trend, with a lower specific growth rate obtained for the second 

growth cycle compared to the first growth cycle. However, the 

ranges of the specific growth rate values were not similar, this could 

be attributed to a filamentous bacterium being utilised in this study 

and a white rot fungi being utilised in the non-pressurised MGR 

system. 

Karandikara et al. [42] studied the life cycle of S. coelicolor on 

solid medium from a physiological perspective. In this study a 

biphasic growth pattern was identified, with a continuous transi- 

tion from an initial exponential growth cycle into a slower growth 

cycle of biomass accretion. The change from the initial exponen- 

tial growth cycle to the slower growth cycle coincided with the 

depletion of nitrate in the growth medium. The depletion of nitrate 

caused an increased production of -ketoglutarate by the microor- 

ganism which resulted in a decrease in the pH of the growth 

medium [42]. A biphasic growth pattern was identified when S. 

coelicolor was cultured on a solid medium. Therefore, it would 

appear that a solid substratum (i.e. solid medium, membrane sur- 

face in an MGR) onto which the microorganism can immobilise is 

required to initiate the phenomenon of biphasic growth, as this was 

not observed in batch and fed-batch cultures. 

During this study the nitrogen concentration present in the per- 

meate samples was not determined, therefore, it was unknown 

whether the system experienced nitrate depletion; resulting in the 

biphasic growth identified. However, the pH of the system was 

determined daily and no decrease was noticed at ±162 h when the 

first growth cycle ended and the second growth cycle started. This 

was possibly due to the fact that the system used in this study was a 

continuous system and not a batch system. The carbon concentra- 

tion present in the permeate samples, in the form of glucose, was 

determined during this study. However, even though the filamen- 

tous bacterium S. coelicolor A3(2) consumed glucose as indicated by 

the amount of glucose present in the permeate samples decreas- 

ing continuously overtime, glucose was not the limiting substrate 

 

Table 7 

Comparison of literature with data from this study. 

 

 Current study Sheldon et al. [14] Karandikara et al. [42] 

Microorganism S. coelicolor A3(2) Phanerochaete chrysosporium (BKMF-1767) S. coelicolor 

System 

Specific growth rate (first growth curve) 

Specific growth rate (second growth curve) 

Pressurised continuous MGR 

±0.013 to 0.019 h−1
 

±0.033 to 0.073 h−1
 

Non-pressurised flow-cell MGR 

0.07–0.1 h−1
 

0.015–0.05 h−1
 

Solid medium 

– 

– 

Reason identified for biphasic growth Not identified Ammonium starvation Nitrate depletion 
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in this system as glucose was never completely depleted within 

the system. Utilising linear programming Naeimpoor and Mavi- 

tuna [38] analysed the specific growth rate of S. coelicolor grown 

in chemostat cultures under various nutrient limitations. The max- 

imum theoretical growth rate was 0.093 h−1 for nitrogen limitation, 

0.071 h−1 for phosphate limitation and 0.065 h−1 for both sulphur 

and potassium limitations. In this study, the specific growth rate 

was determined to be 0.049 h−1 for the first growth cycle; 0.013 h−1 

for the fast acceleration phase and 0.019 h−1  for the slow decel- 

eration phase of the two-phase growth model. When compared 

to the specific growth rates determined by Naeimpoor and Mavi- 

tuna [38] it would appear that the system utilised in this study was 

not experiencing limitation from any of the nutrients analysed by 

Naeimpoor and Mavituna [38]. 

According to Bystrykh et al. [43] the general response of S. coeli- 

color A3(2) to a depletion of glucose is the abolishment of blue 

pigment synthesis; and to growth limitation by nitrogen (either 

ammonium or nitrate), phosphate, or trace elements is the synthe- 

sis of blue pigment (i.e. actinorhodin). The phosphate concentration 

of the permeate samples was determined daily and remained stable 

for the duration of the study. Blue pigment synthesis did not cease 

for the duration of the study. Therefore, the possibility exists that 

the system experienced trace element limitation since this was not 

measured and the amount of trace elements present in the nutrient 

medium was unknown, as a complex medium was utilised for the 

study. 

For batch cultures of S. coelicolor A3(2) with an airflow rate 

of 2–6 L/min a maximum specific growth rate of 0.03 h−1 was 

achieved [44]. For a batch culture with a lower airflow rate of 

2 L/min a maximum specific growth rate of 0.017 h−1 was deter- 

mined [45], while for a fed-batch culture with an airflow rate of 

2 L/min a maximum specific growth rate of 0.022 h−1 was deter- 

mined [45]. In batch cultures of S. coelicolor A3(2) with a continuous 

glucose feed, higher maximum specific growth rates were obtained 

at higher airflow rates. 

The results for the first growth cycle in this study are in 

agreement with the specific growth rate obtained for the same 

filamentous bacterium cultured in a non-pressurised batch system 

[44]. However, in non-pressurised batch and fed-batch systems of 

S. coelicolor A3(2) operated at lower airflow rates than utilised in 

this study, the specific growth rates were similar to the specific 

growth rate range obtained for the second growth cycle in this 

study. 

 

 

5. Conclusions and recommendations 

 

The growth kinetics of the filamentous bacterium S. coelicolor 

A3(2) immobilised in a pressurised MGR exhibits biphasic growth. 

From the growth models fitted to the growth curve obtained from 

the experimental data, the power law model described the first 

growth cycle and the two-phase model the second growth cycle. 

In this study, the specific growth rate was determined to be in the 

range of ±0.033 to 0.073 h−1 for the first growth cycle and ±0.013 

to 0.019 h−1 for the second growth cycle. 

It is recommended that the experiments be repeated with the 

same growth medium but at lower nutrient and airflow rates, to 

try prevent biofilm sloughing and thus confirm the shape of the 

growth curve and possibility of a third growth cycle after 354 h. 

Identical pressurised and non-pressurised systems of S. coelicolor 

A3(2) should be compared with regards to specific growth rates, 

biofilm thickness and biomass to determine the effect of pressure 

on the system. Experiments with other bacteria should be con- 

ducted in pneumatic systems to confirm whether the two-phase 

growth model phenomenon applies only to filamentous microor- 

ganisms or applies to non-filamentous bacteria as well. 
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