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Daptomycin is a potential broad-spectrum anti-MRSA antibiotic produced by Strep-
tomyces roseosporus. It has been a boon for patients with complicated skin and skin 
structure infections. There is a constant urge to enhance the yield of Daptomycin to re-
duce the cost of its industrial production. Daptomycin fermentation is a highly aerobic 
process, and the fermentation broth exhibits typical rheological properties, which pecu-
liarly govern the production phenomenon. Being a secondary metabolite, Daptomycin is 
a non-growth associated product. Sufficient cell mass promises better production. The 
cell growth is particularly affected by stress conditions in the broth. In this study, the 
effects of stress conditions on broth characteristics were evaluated. Different rheological 
models were plotted and the Power law model was found to be best-fitted. The consis-
tency index (K) and the flow behavior index (n) data were calculated. This study should 
contribute to predict and control the rheology of large-scale Daptomycin fermentation.
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Introduction

Daptomycin has gained importance as a sec-
ondary metabolite with a unique mode of action 
against a wide range of aerobic and anaerobic 
gram-positive bacteria, including methicillin-resis-
tant Staphylococcus aureus (MRSA) and vancomy-
cin-resistant Enterococci. Streptomyces roseosporus 
is an important soil actinomycetes for the produc-
tion of this novel antibiotic, which is the first ap-
proved member of the A21978C family of the cy-
clic anionic 13-amino acid lipopeptide1. The 
morphological differentiation of S. roseosporus in 
culture broth is closely associated with Daptomycin 
production. Under nutrient limiting conditions and 
environmental stress conditions, S. roseosporus 
produced spores during the production of Daptomy-
cin in a submerged culture. The morphology of S. 
roseosporus is characterized by prominent features 
like spore chains, germinating spores, vegetative 
mycelium, and aerial hyphae2. The structural char-
acteristics observed before the addition of precursor 
showed that mycelium of cells was elongated and 
thick at 24 hours without Daptomycin being synthe-
sized. It then changed to a slender and apical form 
after production of Daptomycin at 192 hours. The 

addition of decanoic acid increases the accumula-
tion of Daptomycin, which suppresses the cell 
growth and concludes in structural disruption. The 
observed morphological changes were coherent 
with the reduced cell mass after stationary phase. 
Daptomycin is a non-growth associated product of 
idiophase. Sufficient biomass ensures better produc-
tion. The cell growth is particularly affected by 
stress conditions in the broth. The study of rheolog-
ical properties influenced by morphological chang-
es in the fermentation broth is of industrial impor-
tance, and is indispensable to enhance the yield of 
the desired product as it depends on the biomass 
cultured3. The filamentous nature of actinomycetes 
leads to viscous fermentation broths with shear 
thinning nature4. The structural changes of cell wall 
may be closely linked with the resistance to shear5,6. 
To enhance Daptomycin production, morphological 
characteristics and stimulation factors in the fer-
mentation process should be simultaneously consid-
ered to control the flow behavior of culture broths. 
There remains the need to eloquently establish the 
relationship between broth properties and produc-
tivity of Daptomycin. In this study, rheological 
models were compared to delineate the broth char-
acteristics of S. roseosporus NBRC 12910, which 
governs the production of the crucial secondary me-
tabolite, Daptomycin.
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Materials and methods

Strain

S. roseosporus NBRC 12910 was used for this 
study.

Medium and culture conditions

Streptomyces roseosporus was cultivated and 
maintained at 30 °C and 200 rpm in culture broth 
medium containing (g L–1): malt extract 3, glucose 
10, yeast 3, and peptone 5 at pH 6.5. Fermentation 
was carried out in a medium containing (g L–1): 
dextrin 30, glucose 10, soybean flour 20, Fe  
(NH4)2SO4 0.6, KH2PO4 0.2, and pH 7, and incubated 
at 30 ° C for 6 days. Cofactors were added to the 
sterile culture medium after aseptic filtration. The 
cultures were shaken in 250 mL Erlenmeyer flasks 
at 200 rpm for 6 days. N-decanoic acid was fed at 
48 h after inoculation (0.2 g L–1). All experiments 
were done in triplicate. The cultures were agitated 
with different numbers of 3-mm borosilicate glass 
beads (Sigma Aldrich) to expose the microorganism 
to stress conditions.

Evaluation of the rheology of cells

The consequence of the stress conditions sub-
jected by the glass beads on the microbial cells was 
assessed by various rheological model plots. The 
rheological properties were measured using the 
Brookfield viscometer. The Non-Newtonian behav-
ior of the microbial cell mass was predicted using 
the following fluid models.

1. Newtonian Model: τ = n γ
As per the definition of a Newtonian fluid, the 

shear stress, and the shear rate are proportional to 
each other.

2. Bingham: τ – τy,B = µP γ
Newtonian model and the Bingham plastic 

model can be described by straight lines in terms of 
shear rate and shear stress. The viscosity and yield 
stress can be found out by calculating the slope and 
the intercept.

3. Casson: τ0.5 = (τy,C)0.5 + µP,C γ 0.5
In Casson model, straight line results when the 

square root of shear rate is plotted against the square 
root of shear stress. The Casson yield stress is cal-
culated as the square of the intercept, and the Cas-
son plastic viscosity as the square of the slope.

4. Power law: τ = K γ n

Shear stress–shear rate plots of many fluids be-
come linear when plotted on double logarithmic co-
ordinates and the power law model describes the 
data of shear-thinning and shear thickening fluids.

In the equations, τ denotes shear stress, γ shear 
rate, τy,B Bingham yield stress, µP plastic viscosity, 
τy,C Casson yield stress, µP,C Casson viscosity, K con-
sistency index, n flow behavior (power-law) index7.

Results and discussion

Morphological alterations

The behavior of the microorganism in sub-
merged culture is dictated by several crucial factors, 
such as the type of microorganism, media, and cul-
ture conditions8–10. The growth of the microorgan-
ism and hence the metabolite of interest are greatly 
affected11. The typical morphological characteristics 
of S. roseosporus with a wide variety of differentia-
tion patterns were observed in baffled flasks with 
glass beads as shown in Figure 1. The dispersed 
swollen hyphae and arthrospores could be witnessed 
in the culture broth12. The increasing viscosity of 
the broth led to non-Newtonian nature, which is 
typical of actinomycetes. When the pattern of shear 
stress varying with shear rate was plotted, shear 
stress seemed to increase with increasing shear rate. 
The control culture containing no glass beads re-
vealed lower shear stress, which increased slowly 
from day 1 to day 6 when hyphae started to differ-
entiate. The shear stress in cultures that include 
maximum glass beads rose sharply, as depicted in 
Figure 2.
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Fig. 1 Typical morphology of S. roseosporus at different time intervals 

 

 

 

3.2. Rheological Patterns of  S. roseosporus 

 

F i g .  1  – Typical morphology of S. roseosporus at different time intervals
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Rheological patterns of S. roseosporus

The pattern depicted in Figure 2 clearly shows 
the non-Newtonian nature of the microbial culture 
broth. The change in the pattern can be correlated 
with the differentiation of the microbial cells with 
the passing of time and the increasing stress condi-
tions. The plots of the shear stress versus the shear 
rate of culture broths revealed that the culture broth 
had a non-Newtonian nature and shear stress in-
creased with the glass beads. The stress level grad-

ually increased as growth and differentiation of 
cells took place until the differentiation of hyphal 
structures into arthrospores. The shear rate increased 
abruptly depending upon the shear rate, which was 
dominated by the structural changes in the microor-
ganism. The exponential phase marked by cellular 
differentiation led to a sharp increase in the stress 
level. Further, different rheological models were 
plotted to fit the rheological pattern obtained in or-
der to evaluate the non-Newtonian behavior of the 
fluid (Figures 3 to 6).

0 10 20 30 40 50
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

Sh
ea

r s
tre

ss
 (P

a)

Shear rate (s-1)

 1 day 
 2 day
 3 day
 4 day
 5 day
 6 day

Without beads
(a)

0 10 20 30 40 50
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

S
he

ar
 s

tre
ss

 (P
a)

Shear rate (s-1)

 1 day 
 2 day
 3 day
 4 day
 5 day
 6 day

With 3 beads

0 10 20 30 40 50

0.5

1.0

1.5

2.0

S
he

ar
 s

tre
ss

 (P
a)

Shear rate (s-1)

 1 day
 2 day
 3 day
 4 day
 5 day
 6 day

With 6 beads

(b)

(c)

F i g .  2  – Rheological pattern of S. roseosporus when grown 
without beads (a), with 3 beads (b), and with 6 
beads (c) in submerged culture broth
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F i g .  3  – Rheological data as predicted by Bingham model 
when cells grown without beads (a), with 3 beads 
(b), and with 6 beads (c)
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Bingham plastic model

In Figure 3, the recorded data was predicted by 
model fitting experiment wherein the Bingham 
plastic model based on linear regression fitted the 
experimental data well until day 5, but no evidence 
of curve fitting was witnessed for day 6.

In Figure 3, the recorded data was predicted by 
model fitting experiment wherein the Bingham 
plastic model based on linear regression fitted the 
experimental data well until day 5, but no evidence 
of curve fitting was witnessed for day 6.

The parameters obtained from Bingham model 
and the R2 values obtained have been sorted in  

Table 1, which reveal that at increased shear rate, 
the data showed irregular curve fitting.

Casson plastic model

Casson model showed better fitting than Bing-
ham model, as represented in Figure 4.

Figure 4 represents the shear stress-shear rate 
plots of the culture broths as determined by the Cas-
son model, showing that the Casson model had an 
edge over Bingham plastic model for prediction of 
the cultivation of S. roseosporus. The parameters 
obtained from the model and the R2 values are de-
picted in Table 2, which show that at increased 

Ta b l e  1  – Bingham model parameters for cell grown without beads, with 3 beads, and 6 beads

Day

τy,B 

Pa
µP 

P
R2

Without 
beads

With 
3 beads

With 
6 beads

Without 
beads

With 
3 beads

With 
6 beads

Without 
beads

With 
3 beads

With 
6 beads

1 0.0015 0.0322 0.1015 0.0322 0.0015 0.002 0.782 0.782 0.634
2 0.0226 0.0137 0.2214 0.001 0.0053 0.0064 0.9502 0.9607 0.8703
3 0.1419 0.1772 0.2843 0.0097 0.0092 0.0074 0.9568 0.9341 0.7834
4 0.135 0.1726 0.3295 0.0097 0.01 0.0098 0.9833 0.9715 0.7946
5 0.436 0.3987 0.4237 0.0054 0.0088 0.0082 0.856 0.9199 0.8668
6 0.3148 0.3148 0.4248 0.0155 0.0155 0.0283 0.9006 0.9006 0.9649

Ta b l e  2  – Casson model parameters for cell grown without beads, with 3 beads, and with 6 beads

Day

τ 
Pa

µP,C 

P
R2

Without 
beads

With 
3 beads

With 
6 beads

Without 
beads

With 
3 beads

With 
6 beads

Without 
beads

With 
3 beads

With 
6 beads

1 0.012544 0.012544 0.066049 0.000961 0.000961 0.000729 0.804 0.804 0.720
2 0.002809 0.000289 0.131769 0.003364 0.005329 0.002704 0.947 0.906 0.925
3 0.057121 0.079524 0.1681 0.006084 0.005625 0.003249 0.975 0.981 0.840
4 0.142884 0.271441 0.298116 0.009025 0.003025 0.002601 0.944 0.981 0.840
5 0.322624 0.142884 0.178084 0.001521 0.009025 0.017161 0.833 0.964 0.911
6 0.142884 0.012544 0.066049 0.009025 0.000961 0.000729 0.944 0.944 0.976

Ta b l e  3  – Power law model parameters for cells grown without beads, with 3 beads, and with 6 beads

Day
n

k 
Pa sn R2

Without 
beads

With 
3 beads

With 
6 beads

Without 
beads

With 
3 beads

With 
6 beads

Without 
beads

With 
3 beads

With 
6 beads

1 0.6252 0.6252 0.348 0.010 0.0102 0.06 0.8352 0.8532 0.8042
2 0.9034 1.0332 0.399 0.06 0.542 0.11 0.9431 0.9515 0.9692
3 0.5869 0.535 0.4083 0.0619 0.0783 0.13 0.9881 0.977 0.8944
4 0.5869 0.5295 0.4181 0.0619 0.082 0.16 0.9881 0.9808 0.8343
5 0.2328 0.3148 0.2956 0.2816 0.239 0.25 0.8638 0.988 0.9469
6 0.5379 0.5379 0.5716 0.134 0.134 0.19 0.976 0.976 0.9829
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stress level, the experimental data fitted the Casson 
model better than the Bingham model.

Power law model

The rheological data fitted the power law mod-
el in the best possible manner, and the fitting was 
better than the other two mathematical models to 
predict the non-Newtonian behaviour of the broth. 

The power law model has been quite significant in 
chemical and biological transport systems. Figure 5 
proves that the curves adapted with the experimen-
tally recorded data fairly well. The parameters ob-
tained from the model and the R2 values are repre-
sented in Table 3, which confirm that the 
experimental data fits this mathematical model con-
vincingly.

F i g .  4  – Rheological data as predicted by Casson model 
when cells grown without beads (a), with 3 beads 
(b), and 6 beads (c)

F i g .  5  – Rheological data as predicted by the Power law 
model for cells grown without beads (a), with 3 
beads (b), and 6 beads (c)
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Parameters of best fitted model

The power law model depicted the rheological 
patterns of the culture broths of S. roseosporus fair-
ly better than the Bingham plastic model. It was 
also observed that the consistency index (K) and the 
flow behavior index (n) of the power-law fluid 
model prompted the morphological variations with 
increasing stress level, demonstrating that the cul-
ture broth becomes more shear-thinning with in-
creasing stress (Figure 6). Since the power law 
model fitted the data well, the consistency index (K) 
and the flow behavior index (n) of the power-law 
fluid model were taken into consideration to show 
the shear-thinning nature of the culture broth with 
increasing stress (Figure 7).

The consistency index (K) for S. roseosporus 
without glass beads increased and then decreased. 
With increasing stress, the culture broth portrayed a 
significant increment in K and n with time. On the 
contrary, the power-law index (n) decremented as 
stress increased, revealing the fact that the broth 

was becoming more shear thinning. Such rheologi-
cal behavior indicated the role of physical and 
chemical stimulation or enhanced morphological 
differentiation that demands better mass transfer 
within the submerged culture13–15. The dispersed 
mycelium network increased the shear stress and 
shear rate ratio. During the stationary phase, the 
morphology of S. roseosporus was substantially 
changed in submerged culture with glass beads, be-
cause the swollen hyphae in S. roseosporus were 
differentiated into arthrospores due to the rapid se-
cretion of the antibiotic16. At low shear stress condi-
tions (i.e. without beads), the consistency index (K) 
increased up to 0.28 Pa sn on day 5, and then de-
creased to 0.13 Pa sn on day 6. This condition was 
contradicted by the results seen at higher stress con-
ditions, wherein rapid changes in K and n were re-
vealed. The flow behavior index or the power-law 
index (n) decreased with increasing stress with 
time, indicating the typical shear thinning of the 
culture broth due to complex morphological alter-
ations of actinomycetes17. The rheological data 
changed with the growth phases of the microorgan-
ism. Morphological alterations lead to viscosity of 
the broth, increased respiration rate and the need for 
proper oxygen mass transfer leading to stress condi-
tions. This stress condition eventually has an ad-
verse effect on the bioprocess or fermentative pro-
duction of the antibiotic18. Therefore, a vivid insight 
into the rheological pattern of the microorganism 
would help to track the nature of the fermentative 
broth, and hence take up measures to increase the 
mass transfer rate through various process strate-
gies.

Conclusion

The rheological models used in this study were 
applied to the experimentally recorded shear stress-
shear rate data characterizing the flow behavior. 
Standing in better agreement with the experimental 
data and keeping consistent with theories, the pow-
er law model has done equally well. The present 
study explored the rheological properties of fermen-
tation broth of S. roseosporus, which was influ-
enced by the cell growth and cell differentiation. 
The morphological changes in the biomass were 
studied by regulating stress conditions. The 
non-Newtonian characteristics of the broth con-
firmed that cells were vigorously differentiated and 
thus rendered the broth ever more viscous. This 
kind of viscous nature might hinder mass transfer 
and production phenomenon of the essential sec-
ondary metabolite in the end. The applicability of 
the power law model would also help to further in-
vestigate the changes in volumetric oxygen mass 
transfer rate with the consistency index. Daptomy-

F i g .  7  – Variations in flow behavior index (n) of the pow-
er-law fluid model as cell growth occurs with or 
without glass beads

F i g .  6  – Variations in consistency index (K) of the power-law 
fluid model as cell growth occurs with or without 
glass beads
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cin is indeed a life-saving drug, but has a cost-in-
tensive production process. Thus, this preliminary 
effort assures that strategic regulation of the hydro-
dynamics of the fermentation broth can ensure en-
hanced biomass formation and lead to enhanced 
production.
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