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Abstract
Streptomyces produce a broad spectrum of biologically active molecules such as oxytetracycline and rimocidin, which are 
widely used in human and animal treatments. microparticle-enhanced cultivation (MPEC) is one of the tools used for Strep-
tomyces bioprocesses intensification by the control of mycelial morphology. In the present work, morphological changes of 
Streptomyces rimosus caused by the addition of 10 µm talc microparticles in MPEC were correlated with the biosynthetic 
activity of the microorganism. Comparing the runs with and without microparticles, major morphological changes were 
observed in MPEC, including the deformation of pellets, variation of their size, appearance of hyphae and clumps as well as 
the aggregation of mycelial objects. The presence of talc microparticles also influenced the levels of the studied secondary 
metabolites produced by S. rimosus. Comparing control and MPEC runs, the addition of talc microparticles increased the 
amounts of oxytetracycline (9-fold), 2-acetyl-2-decarboxamido-oxytetracycline (7-fold), milbemycin A3+4[O] (3-fold) and 
CE 108 (1.5-fold), while rimocidin (27-ethyl) and milbemycin β11+4[O] production was reduced. In summary, the addition 
of talc microparticles to S. rimosus cultivations led to the development of smaller morphological forms like hyphae and 
clumps as well as to the changes in the amounts of secondary metabolites.
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Introduction

The rising problem of microbial resistance to antibiotics and 
the contemporary high rate of disease spreading trigger the 
demand for new medicines of natural origin. Many of these 
compounds can be commercially produced by actinomy-
cetes. Their secondary metabolism is an inexhaustible source 
of bioactive molecules: antibacterial, antiviral, antifungal, 
antiparasitic and antitumor substances. Actinomycetes rep-
resenting the Streptomyces genus are highly relevant in 
the context of drug manufacturing due to their secondary 
metabolism encompassing a wide spectrum of biologically 
active molecules [1]. It is well known that filamentous mor-
phology is one of the key factors influencing the growth and 
secondary metabolite production in Streptomyces cultures 
[2–5]. Therefore, the importance of seeking new methods to 
control actinomycete morphology in submerged cultivation 
processes is unquestionable.

Microparticle-enhanced cultivation (MPEC) is a mor-
phological engineering technique employed for the inten-
sification of cultivation processes involving filamentous 
microorganisms. One of the first studies on the production 
of Streptomyces metabolites in MPEC was conducted by 
Ren et al. [6]. The addition of 6 µm talc microparticles 
into Streptomyces sp. M-Z18 culture allowed for obtaining 
50% higher levels of ε-poly-l-lysine (2.51 ± 0.08 g L−1) in 
comparison to the control experiment without microparti-
cle addition [6]. The most recent studies on morphological 
engineering techniques with regard to actinomycetes include 
microparticle-enhanced cultivations (MPEC) of strains from 
various families [7]. The biosynthesis of seven commer-
cially relevant natural products was boosted by the addition 
of 10 μm talc microparticles. So far, the highest reported 
titre of the antibiotic bottromycin A2 and its methylated 
derivative Met-bottromycin A2 was obtained (109 mg L−1) 
in the MPEC of the recombinant Streptomyces lividans. The 
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important observation of the study was that the morphology 
of S. lividans pseudomycelium was physically affected by 
talc microparticles. Kuhl et al. [7] compared the cultivations 
without and with the addition of microparticles and con-
cluded that in the presence of talc microparticles S. lividans 
pellets were by 40% smaller, the expression of bottromycin 
gene cluster was altered, and the morphogenesis was accel-
erated by the upregulation of developmental regulator genes. 
The addition of 10 μm talc microparticles was also used 
in Streptomyces albus cultivation to enhance pamamycin 
production which is an antituberculosis polyketide [8]. The 
product titre was tripled up to 50 mg L−1. The microparti-
cles used in this study affected such morphology-associated 
regulators as RelA, SsgA, EshA and upregulated to 1024-
fold the pamamycin cluster. Summing up, the expression 
of 56% of all S. albus genes (3341 genes) was affected by 
talc microparticles. The great interest in the cultures of fila-
mentous microorganisms enhanced by microparticles led to 
the investigation of the effects of the addition of various, 
chemically distinct microparticles. Walisko et al. [9] tested 
talc microparticles, surface modified talc microparticles and 
glass beads in the production of antitumor antibiotics rebec-
camycin by Lechevalieria aerocolonigenes. The highest titre 
of the metabolic product in the particle-enhanced shake 
flask cultivations reached 120 mg L−1. Compared to the 
particle-free L. aerocolonigenes control runs, the addition 
of talc microparticles increased rebeccamycin production 
threefold and the addition of surface modified talc micro-
particles resulted in the ninefold enhancement. The addition 
of different particles to the actinomycete cultures was also 
tested by Holtmann et al. [10]. They used particles of broken 
porous SiO2 of diameter 120–200 μm (microparticles) and 
glass beads of diameter 0.25–0.5 mm (macroparticles). The 
obtained results showed the 85% increase of the level of anti-
biotic actinorhodin produced by Streptomyces coelicolor and 
the acceleration of streptavidin formation in Streptomyces 
avidinii cultures [10].

The latest review articles discussing morphological engi-
neering of filamentous microorganisms reflected the grow-
ing interest in the bioprocess applications of actinomycetes. 
However, the subject of morphology tailoring is still under-
represented and should be investigated by using the novel 
tools of metabolic engineering and synthetic biology [11, 
12]. Surprisingly, only a few studies on morphological engi-
neering with actinomycete have been reported so far in the 
review articles [13, 14]. S. rimosus was only once mentioned 
by Kuhl et al. [7] without any specific data. Therefore, the 
microorganism which was chosen to be the subject for this 
study was not extensively studied earlier. Nevertheless, its 
large biosynthetic potential was previously reported [15, 
16]. Oxytetracycline, rimocidin and milbemycin produced 
by S. rimosus are widely used in human and animal treat-
ments, both in the bacterial and fungal diseases [17, 18]. 

The broad spectrum of S. rimosus secondary metabolites, 
including rimocidin CE108, rimocidin (27-ethyl), milbe-
mycin A3+4[O], milbemycin β11+4[O] was investigated by 
Boruta et al. [16].

The present work focussed on the morphological changes 
of S. rimosus caused by the addition of talc microparticles in 
MPEC. These changes were correlated with the biosynthetic 
outcomes of submerged cultivations, i.e. with the formation 
of secondary metabolites previously reported in S. rimosus: 
oxytetracycline, 2-acetyl-2-decarboxamido-oxytetracycline, 
rimocidin, rimocidin CE108, rimocidin (27-ethyl), milbemy-
cin A3+4[O] and milbemycin β11+4[O].

Materials and methods

Strain

Streptomyces rimosus ATCC 10970 was studied throughout 
these experiments. The slants prepared for this microorgan-
ism contained Difco™ ISP2 Medium 2 in accordance with 
the International Streptomyces Project guidelines. S. rimo-
sus spores were transferred onto the slants and incubated at 
26 °C for 5 days to develop its pseudomycelium and induce 
its sporulation.

Cultivation method and medium composition

S. rimosus shake flasks cultivations with various amounts of 
talc microparticles added to the basal medium and control 
experiment without microparticles were made simultane-
ously. Concentrations of talc microparticles were equal to 
0 g L−1 (control), 0.5 g L−1, 5 g L−1, 10 g L−1, 12 g L−1, 
making control and four variants of experiments with talc 
microparticles. The technical details of microparticles sup-
plied by its manufacturer (Termo Scientific, USA) were as 
follows: white to pale grey talc powder for research and 
development, 3MgO·4SiO2·H2O, molecular weight 379.28, 
particle size − 350 mesh (mean diameter 10 µm), density 
2.7 g cm−3 at 20 °C, CAS number 14807-96-6.

The basal medium was identical in each variant of 
the experiment and included yeast extract (5 g L−1), glu-
cose (22  g  L−1), KH2PO4 (1.50  g  L−1), MgSO4·7H2O 
(0.52 g L−1), NaCl (0.4 g L−1), ZnSO4·7H2O (1 mg L−1), 
Fe(NO3)3·9H2O (2  mg  L−1), biotin (0.04  mg  L−1), 
H3BO3·7H2O (0.065 mg L−1), MnSO4·7H2O (0.07 mg L−1), 
CuSO4·5H2O (0.25 mg L−1), Na2MoO4·2H2O (0.05 mg L−1). 
The pH was set on 7 with the use of NaOH solution.

To assure the replicability of the experiments and 
appropriate growth conditions in each shake flask, namely 
spore and microparticle concentrations, the following steps 
were undertaken. First the basal medium was composed. 
Five flat-bottom flasks each of total volume 500 mL and 
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one Erlenmeyer flask of total volume 300 mL were made 
out for each talc concentration run and for the control. 
A 120 mL of the basal medium was poured into all flat-
bottom flasks (cultures preparation) and a 150 mL into 
the one Erlenmeyer flask (inoculum preparation). The 
appropriate amounts of talc calculated so that to give the 
assumed final microparticle concentration were weighed 
out into 50 mL beakers and secured with aluminium foil. 
In the next step all flasks with the basal medium and beak-
ers with dry talc microparticles were autoclaved at 121 °C 
for 30 min. Inoculum was prepared by washing S. rimosus 
slant into the aforementioned sterilised Erlenmeyer flask. 
After mixing it with the selected amount of talc micro-
particles, a 30 mL of the inoculum was poured into each 
of the five flat-bottom flasks provided for one run of the 
experiment. For the control run the microparticle addition 
step was skipped. The final volume of the medium in each 
shake flask during the cultivation was equal to 150 mL 
(120 mL of the medium + 30 mL of the inoculum with or 
without talc addition).

Spore concentration in the inoculum was set on 109 per 
litre based on Thoma cell counting chamber measurements. 
Inoculated flasks with and without talc were cultivated for 
96 h at 28 °C in an orbital shaker Certomat® BS-1 (B. Braun 
Biotech International, Berlin, Germany) at 110 rpm. Dur-
ing the experiments the samples were collected every 24 h 
including 0 h. Each experiment consisting of the control run 
and four runs with various talc concentrations was replicated 
four times.

Morphological analysis and semiautomatic image 
processing

Morphological analysis was carried out using the light phase 
contrast microscope (OLYMPUS BX53, Olympus Corpora-
tion, Japan), high-resolution RGB digital camera (OLYM-
PUS DP27) and image analysis software (OLYMPUS 
cellSens Dimension Desktop 1.16, Olympus Corporation, 
Japan). Microscopic images for the digital image analysis 
were snapped during microscopic observations of the mor-
phological objects found in the samples collected every 24 h 
of the experiments. The median filter and Sobel filter were 
applied before segmentation in the semiautomatic image 
processing procedure. Morphological parameters including 
projected area (A), elongation (E) and roughness (R) were 
calculated during the analysis of the snapped image. They 
were then used for morphology number (Mo) calculations. 
Projected area (A) describes the size of the studied objects, 
elongation (E) and roughness (R) parameters determine 
their shape. The terms of the morphological parameters are 
defined in OLYMPUS cellSens Dimension Desktop 1.16 
as follows:

•	 Projected area (A)—the number of pixels contained in an 
object multiplied by the squared calibration unit;

•	 Elongation (E)—the squared quotient of longitudinal and 
transversal deviation of all pixels belonging to the object 
along the regression line;

•	 Roughness (R)—the area relative to the area of the 
object’s convex hull.

Morphology number (Mo) was calculated in accordance 
with Wucherpfennig et al. [19].

A—projected area, S—solidity, identical regarding the defi-
nition with the roughness R, D—maximum diameter of the 
object, E—elongation.

Morphology number combines the size and the shape 
parameters giving information about objects morphology. 
Its values are within the range from 0 to 1. For circular, 
regular objects like pellets or spores morphology number 
approaches 1. For the elongated hyphae or irregular clump 
forms morphology number decreases.

The detailed description of the morphological analysis, 
semiautomatic image processing and the morphological 
parameters can be found in the previously published papers 
[20, 21].

Analysis of secondary metabolites and glucose 
concentrations

The secondary metabolites present in the culture broth were 
analysed with the use of the ultra-high performance liquid 
chromatography (UPLC® Acquity, Waters, USA) coupled 
with high resolution mass spectrometry (ACQUITY-SYN-
APT G2, Waters, USA) The analysis of secondary metabo-
lites was conducted in the positive and negative electrospray 
ionisation modes (ESI+ and ESI−). Detailed procedure can 
be found in [16]. The secondary metabolites identification 
was carried out on the basis of the analytical standards 
(oxytetracycline) and database of metabolites: the Natural 
Products Atlas [https://​www.​npatl​as.​org/]. The quantitative 
and semi-quantitative analyses of the secondary metabo-
lites were conducted with the use of TargetLynx software 
(Waters, USA).

Glucose concentration was determined on a UPLC 
BEH Amide column (Waters, USA) of dimensions 
(2.1 mm × 150 mm × 1.7 μm) at temperature 35 °C and elu-
ent flow rate 0.29 mL min−1. Eluent contained 75% ace-
tonitrile solution with 0.2% of triethylamine in deionised 
water. An evaporated light scatter detector (ELS) was used to 
quantify the amount of glucose. Prior to all chromatographic 

Mo =

2 ⋅
√

A ⋅ S
√

� ⋅ D ⋅ E

https://www.npatlas.org/
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analyses, the samples were filtered through 0.2 µm syringe 
filters.

Glucose uptake rate calculations

PTC Mathcad 15 software was used to calculate glucose 
uptake rates. The experimental data (glucose concentration 
changes in time) were approximated by cubic b-spline func-
tion. In the next step, the approximation function was dif-
ferentiated to find the changes of volumetric glucose uptake 
rate in time.

Statistical analysis

Mean values of morphological parameters were calculated 
using 30 or more actinomycete objects. Statistical analysis 
of secondary metabolite enhancement factors and substrate 
(glucose) concentrations were conducted on the basis of four 
replications of the experiments. It provided statistically sig-
nificant data for calculating standard deviation and confi-
dence bands with the significance level α = 0.05. P-values 
were generated by statistical t-test and if they were lower 
than 0.05, it confirmed the statistical significance of the dif-
ferences for the values being compared during the elabora-
tion of results.

Results

S. rimosus shake flasks experiments were conducted to 
determine the effect of the addition of talc microparticles 
on this microorganism cultivated under submerged condi-
tions. S. rimosus morphological forms observed during the 
experiments were classified into two morphological groups 
of objects. The first group comprised elongated hyphae 
and loosely compacted clump forms (Fig. 1a). In the sec-
ond group, there were pellets with well-evolved structure 
and higher values of projected area A in comparison to 
the objects from the first group (Fig. 1b). The microscopic 
images of the morphological objects presented in Fig. 1b 
also show the changes of pellets structure caused by the 
increasing concentrations of talc microparticles. In 24 h 
of the control run (without microparticles), pellets were 
round and regular, however, at the end of the experiment 
they underwent slight deformation. In the next run, with 
the smallest amount of talc microparticles (0.5 g  L−1), 
microparticles were embedded into the pellets, strengthen-
ing their structure (Fig. 1b). In the run with 5 g L−1 of talc 
microparticles the shape of pellets changed markedly. They 
were deformed to the elongated, irregular objects which also 
agglomerated with each other. The addition of two highest 
amounts of talc microparticles (10 and 12 g L−1) resulted in 
the similar elongation of pellets, nevertheless the presence 

of talc suspended in the culture medium prevented the 
agglomeration of the objects and further increase of their 
size (Fig. 1b). All these observed morphological changes 
were quantitatively described using the morphological 
parameters.

The course of the morphological changes occurring 
during the experiments is shown in Fig. 2. After the first 
24 h of growth, S. rimosus pellets of projected area A in the 
range from 104 to 106 µm2 were formed, regardless of talc 

Fig. 1   Images of S. rimosus morphological forms: a Exemplary 
hyphae and clumps in the run with 0.5  g  L−1 of talc at 96  h, scale 
200 µm; b pellets in 24 h and 96 h of the control run and of the runs 
with 0.5, 5, 10 and 12 g L−1 of talc microparticles, scale 500 µm
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microparticles concentration in the medium (solid markers 
in Fig. 2a). The smaller morphological forms, clumps and 
hyphae with projected area not exceeding 164 µm2, were 
found in all runs with the addition of talc (hollow markers in 
Fig. 2a). The exception was the control run without micro-
particles (Fig. 2), in which clump forms and loose hyphae 
were not observed.

The values of morphology number Mo (Fig. 2b) and 
elongation E (Fig. 2c) for the morphological group of S. 
rimosus pellets and for the morphological group of clumps 
and hyphae were not so distant from each other, as opposed 
to their projected area values (Fig. 2a). The most circular 
objects with elongation equal to 1.24 and regular round 
shape indicated by morphology number 0.74 were S. rimo-
sus spores found in 0 h of the experiment. During next 24 h 
of cultivation the morphology number decreased to 0.52 
(the highest value obtained for pellets, in the run without 
talc microparticles) and 0.23 (the lowest value obtained 
for clumps and hyphae, in the run with 5 g  L−1 of talc). 
Noteworthy observations were made for the objects from 
the run with 12 g L−1 of talc microparticles. Although the 

projected area for the morphological group of pellets and 
for the morphological group of clumps and hyphae in 24 h 
differed by two orders of magnitude (Fig. 2a), their morphol-
ogy numbers were almost identical, equal to 0.35 and 0.37, 
respectively. What is more, the P-value lower than 0.0001 
indicated statistically significant differences between these 
two morphology number values (Fig. 2b). In the end of this 
run, the group of clumps and hyphae vanished due to hyphal 
agglomeration and only one morphological group, namely 
group of pellets, remained. What is more, in the run with 
the second highest talc concentration of 10 g L−1, the group 
of clumps and hyphae did not agglomerate into pellets as it 
was recorded in the run with 12 g L−1 of talc. Nevertheless, 
their morphology number increased to 0.61 in 96 h, thereby 
reaching the highest value (excluding spores at 0 h). There-
fore, the morphology of the group of clumps and hyphae was 
influenced by 10 g L−1 of talc microparticles in such a man-
ner that it maintained their small sizes of 102 µm2. The val-
ues of elongation (Fig. 2c) indicated that the most elongated 
objects were formed in the end of the run with 5 g L−1 of 
talc and 0.5 g L−1 of talc. Elongation E values for the group 

Fig. 2   Evolution of morphological forms of S. rimosus based on projected area A (a), morphology number Mo (b) and elongation E (c) changes 
in time
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of clumps and hyphae at 96 h reached 3.57 and 3.32 respec-
tively. At the same time, elongation E for the pellets were 
equal to 2.14 in the run with 5 g L−1 of talc and 1.34 in the 
run with 0.5 g L−1 of talc. For the hyphae and clumps in the 
run with 10 g L−1 of talc the course of elongation changes 
was modified by the addition of microparticles. After its 
preliminary increase lasting up to 24 h, this parameter began 
to decrease to the final value of 1.35 in 96 h.

The influence of talc microparticles addition on the mor-
phology group of S. rimosus pellets is shown in detail in 
Fig. 3. Morphological parameters (A, Mo, E) for the pellets 
evolved after 24 h indicated on the morphological differ-
ences in the runs with and without microparticles. P-values 
at 96 h of the control run without talc and in the runs with 
the chosen amount of talc were calculated for the sake of 
clarity (Fig. 3).

The values of projected area for the control run in 72 h 
and 96 h, when the production of secondary metabolites was 
the highest, were equal to 1.2 × 105 µm2 and 1.4 × 105 µm2, 
respectively. Identical values (and P > 0.05 in 96 h) were 

obtained for the run with 5 g L−1 of talc, despite the fact that 
earlier in this run (24 h and 48 h) the highest projected area 
out of all MPEC runs was observed (Fig. 3a). For the other 
runs with the addition of talc the differences between the 
values of projected area of pellets and its respective values 
from the control run were significant (P < 0.0001 in 96 h, 
Fig. 3a). In the run with the lowest microparticle concentra-
tion, 0.5 g L−1 of talc, the pellets grew larger in comparison 
to the control and in the end their projected area was equal 
to 2.2 × 105 µm2. In the remaining two runs, with the highest 
talc concentrations 10 g L−1 and 12 g L−1, the pellets were 
smaller than the corresponding objects from the control run. 
The final projected area reached 6.2 × 104 µm2 (10 g L−1 of 
talc) and 4.6 × 104 µm2 (12 g L−1 of talc).

Although the size of pellets in the run with 5 g L−1 of talc 
expressed as projected area was the same as in the control 
run (Fig. 3a), their shapes were different in comparison to 
the run without the talc addition (Fig. 3b, c). The morphol-
ogy number Mo of pellets in 96 h of the run with 5 g L−1 of 
talc was equal to 0.27, while the corresponding value in the 

Fig. 3   Evolution of S. rimosus pellets based on projected area A (a), morphology number Mo (b) and elongation E (c) changes in time
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control reached 0.46. The highest morphology number Mo 
at 96 h was equal to 0.49, and hence the most regular and cir-
cular shapes were obtained for the pellets from the run with 
0.5 g L−1 of talc. However, the difference between this value 
of morphology number and the respective one from the con-
trol run was not statistically significant (Fig. 3b). Summing 
up, in the case of S. rimosus pellets the addition of the lowest 
talc amount equal to 0.5 g L−1 led to the increase of the final 
morphology number as well as projected area (Fig. 3a, b). 
Moreover, higher talc concentrations caused the decrease of 
morphology number, which in the runs with 10 g L−1 and 
12 g L−1 of talc went hand in hand with the smaller projected 
area values (Fig. 3a, b).

The changes of pellets elongation (Fig. 3c) were con-
sistent with their morphology number Mo. In the case of 
the run with the lowest morphology number (5 g L−1 of 
talc), elongation reached the highest value of 2.14 indicat-
ing the most elongated morphological objects. The low-
est elongation was found in the control run (1.41) and in 
the run with 0.5 g L−1 of talc (1.34) and the difference 
between them was not significant (Fig. 3c). The pellets 

obtained in the runs with 10 g L−1 and 12 g L−1 of talc 
were more elongated in comparison to the control and their 
elongations were equal to 1.93 and 1.88, respectively.

The addition of talc microparticles influenced the pro-
duction of the selected S. rimosus secondary metabolites. 
It was presented as enhancement factors (Fig.  4). The 
enhancement factors (EF) were calculated as mean amount 
of metabolite obtained in the run with talc microparticles 
divided by the corresponding value in the control run:

Oxytetracycline concentrations were analysed quantita-
tively and the amounts of other metabolites were expressed 
in terms of their [M + H]+ or [M−H]− ion peak areas. The 
structures of the detected and studied S. rimosus second-
ary metabolites and their experimental monoisotopic 
masses at ESI− ionisation are presented in the Supple-
mentary materials (Figs. S1–S7). The most remarkable 
influence of talc microparticles on S. rimosus cultures 

EF =
mean amount of a metabolite for the run with talc microparticles

mean amount of a metabolite for the control run

Fig. 4   Enhancement factors calculated for oxytetracycline, 2-acetyl-2-decarboxamido-oxytetracycline, rimocidin, rimocidin CE108, rimocidin 
(27-ethyl), milbemycin A3+4[O], milbemycin β11+4[O] in the 72 h of the experiments (a) and in the 96 h of the experiments (b)
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was observed in the case of oxytetracycline and 2-acetyl-
2-decarboxamido-oxytetracycline both in 72 h (Fig. 4a) 
and 96 h (Fig. 4b) of the experiments. In 72 h of the run 
with 5 g L−1 of talc (Fig. 4a) the mean oxytetracycline 
amount was ninefold higher compared to the control run 
without microparticles. Moreover, in the run with 5 g L−1 
of talc the highest oxytetracycline concentration equal to 
9.5 mg L−1 was obtained. The corresponding value from 
the control run reached only 0.7 mg L−1. Not much lower 
was the enhancement factor obtained for 2-acetyl-2-decar-
boxamido-oxytetracycline in 72 h of the run with 5 g L−1 
of talc (Fig. 4a). The highest 2-acetyl-2-decarboxamido-
oxytetracycline amount reached 279 [a.u.] for the run with 
5 g L−1 talc and it was sevenfold higher that in the particle-
free run. The noteworthy enhancement factor exceeding 
the value of 3 was noted for milbemycin A3 + 4[O] in 72 h 
of the run with 10 g L−1 of talc (Fig. 4a). The compound 
rimocidin CE 108 was also enhanced by the addition of 
talc microparticles (Fig. 4a, b). Its highest enhancement 
factor was equal to 1.5 (72 h, 10 g L−1 of talc). The levels 
of rimocidin (27-ethyl) and milbemycin β11 + 4[O] were 
decreased by talc addition to S. rimosus cultivations and 
rimocidin formation was not influenced by the presence of 
microparticles (Fig. 4a, b).

The concentration of glucose (Fig. 5a) being the main 
carbon source in the culture medium was analysed dur-
ing the experiments. The obtained data allowed for the 

calculation of glucose uptake rate (Fig. 5b). Comparing the 
influence of all examined talc concentrations on S. rimosus 
culture, the final mean values (96 h of the experiments) of 
glucose concentration obtained from four replications were 
significantly lower for two runs: control without talc and 
the run with 0.5 g L−1 of talc. Their exact values were 7.45 
and 7.47 g L−1, respectively. The amount of the unutilized 
glucose increased along the concentration of talc micro-
particles in the culture medium (Fig. 5a). In 96 h of the 
run with 5 g L−1 of talc glucose concentration was equal 
to 10.56 g L−1, in the run with 10 g L−1 of talc it reached 
10.95 g L−1. In the run with the highest tested talc con-
centration (12 g L−1) glucose amount was at the level of 
11.44 g L−1. Changes of glucose uptake rate demonstrated 
the same pattern as glucose concentration profiles (Fig. 5b). 
Despite of the lowest value at the beginning of control run 
and the run with 0.5 g L−1 of talc microparticles (equal to 
0.07 g GLU L−1 h−1), glucose uptake rates in theses runs 
were increasing rapidly until 48 h and remained on the rela-
tively high level until the end of the experiment (Fig. 5b). 
Glucose uptake rates at the end of the control and the run 
with 0.5 g L−1 of talc were equal to 1.16 g GLU L−1 h−1 and 
1.19 g GLU L−1 h−1, respectively. For the sake of compari-
son, glucose uptake rates in 96 h of the runs with the higher 
talc concentrations equal to 5, 10 and 12 g L−1 were much 
lower and had the respective values of 0.12, 0.12, and 0.10 g 
GLU L−1 h−1.

Fig. 5   The changes of glucose concentration (a) and glucose uptake rate (b) during S. rimosus cultivations with and without talc microparticles 
addition
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Discussion

The influence of microbial morphology on the produc-
tion of secondary metabolites by filamentous microor-
ganisms (actinomycetes and fungi) has been reported 
many times in previous studies [inter alia 2, 3, 14, 22]. 
Therefore, morphological engineering and techniques 
related to it, to which microparticle-enhanced cultiva-
tion (MPEC) belongs, aroused a great interest in the 
last 20 years [23]. It was proved that the morphologi-
cal objects that allow for the efficient mass transfer 
were small pellets [24], “hairy” agglomerates, clump 
forms and loose hyphae [14]. Therefore, reducing the 
size of morphological objects by adding microparticles 
may increase the efficiency of metabolite biosynthesis 
by filamentous microorganisms [25]. One of the first 
applications of MPEC for Streptomyces which resulted 
in the enhancement of metabolite production con-
nected with the morphological changes was conducted 
by Ren et al. [6]. This research group introduced 6 µm 
talc microparticles into Streptomyces sp. M-Z18 culture 
and obtained up to 50% higher levels of ε-poly-l-lysine 
(2.51 ± 0.08 g L−1) in comparison to the control experi-
ment. This enhancement of actinomycete metabolism was 
attributed to the decrease of pellet diameter caused by the 
addition of talc microparticles. In our study, the similar 
dependence was observed and the effect of microparti-
cles on a Streptomyces species. Comparing S. rimosus 
pellets from the runs with and without microparticles, 
it was found that the addition of higher talc concentra-
tions at 10 g  L−1 and 12 g  L−1 to the cultivations led 
to the reduction of projected area of pellets (Fig. 3a) 
and caused to the decrease of morphology number Mo 
(Fig. 3b). Projected area A in 96 h of the experiments 
reached 6.2 × 104 µm2 (10 g L−1 of talc) and 4.6 × 104 
µm2 (12 g  L−1 of talc) while in the control run it was 
1.4 × 105 µm2 (P < 0.0001). What is more, the smaller 
morphological forms, clumps and hyphae, appeared only 
in the runs with the addition of talc (Fig. 2a). The addi-
tion of talc microparticles influenced not only the size 
of the S. rimosus objects, but also caused to a change in 
their shapes. Elongation of S. rimosus pellets increased 
(Fig. 3c), hence the developed objects were not only 
smaller but more irregular either (Fig. 1). Shape changes 
of the morphological objects caused by microparticles 
addition were also reported in the literature. Filamentous 
fungi species with various mechanisms of pellets forma-
tion were examined [26]. For example in C. globosum 
submerged cultivations Al2O3 microparticles addition 
remarkably changed the shapes of pellets from the cir-
cular to the star-shaped one [26].

Nevertheless, the addition of microparticles would not 
always reduce the size of the objects, which was often over-
looked by researchers. Kowalska et al. [20] tested various 
filamentous fungal species in MPEC with Al2O3 micropar-
ticles and proved that their addition may cause agglomera-
tion of morphological forms leading to the development of 
larger agglomerates. The increase of the size of mycelial 
objects by Al2O3 microparticles addition was obtained for a 
non-agglomerative M. racemosus while for the agglomera-
tive A. terreus the results were opposite. Therefore, the final 
outcome of the application of MPEC is related to the specific 
microorganism morphology development mechanism either 
agglomerative or non-agglomerative [20]. Apart from it, the 
physical forces occurring between mycelial objects (spores, 
hyphae, pellets) and microparticles including electrostatic 
and van der Waals forces, steric interactions and hydro-
phobicity of the elements suspended in the culture medium 
also play the important role in the morphological develop-
ment of the given species [13]. In this study, the addition 
of lower amounts of talc microparticles (on the level of 
0.5 g L−1–5 g L−1) increased the projected area of S. rimo-
sus pellets as well as their morphology number Mo (Fig. 3a, 
b). The exact size of the pellets in 96 h of the run with talc 
0.5 g L−1 was equal to 2.2 × 105 µm2 and corresponding 
value for pellets in the control run reached 1.4 × 105 µm2 
(P < 0.0001). These data indicate that S. rimosus pellets 
that were developing in the run with talc 0.5 g L−1 had cir-
cular shapes and their sizes were larger in comparison to the 
control run and to the runs with higher talc concentrations.

The morphological results were confronted with the 
analysis of the amounts of secondary metabolites pro-
duced by the studied actinomycete. The occurrence of 
smaller morphological forms as hyphae and clumps in the 
runs with talc microparticles caused the changes in the 
amount of secondary metabolite formed during the experi-
ments. Oxytetracycline, 2-acetyl-2-decarboxamido-oxy-
tetracycline, milbemycin A3+4[O] and rimocidin CE 108 
amounts increased, while rimocidin (27-ethyl) and milbe-
mycin β11+4[O] production was reduced by the addition 
of talc microparticles (Fig. 4a, b). The most remarkable 
influence of talc addition to the S. rimosus cultures was 
observed for oxytetracycline (its amount was up to nine-
fold higher comparing to the control run without micropar-
ticles) and for 2-acetyl-2-decarboxamido-oxytetracycline 
(sevenfold higher). Comparable results were obtained 
by Walisko et al. [9]. The addition of surface modified 
talc microparticles to the L. aerocolonigenes cultivation 
increased rebeccamycin production ninefold. What is 
more, apart from their morphological and metabolic influ-
ence, microparticles are thought to induce genetic modi-
fications in the gene clusters and morphogenesis [7, 8] In 
the research conducted by Kuhl et al. [8] the expression 
of 56% of all S. albus genes (3341 genes) was affected 
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by the microparticle addition. In S. lividans cultivations 
[7] pellets grew by 40% smaller, the expression of bot-
tromycin cluster gene was modified and morphogenesis 
was accelerated by the upregulation of the developmental 
regulator genes.

Summing up, comparing the S. rimosus runs with-
out microparticles and MPEC major differences were 
observed that can be concluded in the following state-
ments. Pellet shape deformation and their variation of 
size are observed in S. rimosus MPEC. Moreover, hyphae 
and clump forms appear due the action of microparticles. 
The addition of talc microparticles does not always reduce 
the size of S. rimosus objects. At lower talc concentra-
tions (from 0.5 g  L−1 to 5 g  L−1) added to S. rimosus 
culture the agglomeration of morphological forms takes 
place, leading to the development of larger agglomer-
ates. The decrease of S. rimosus pellet size takes place 
only for higher (10 g L−1 and 12 g L−1) talc microparticle 
concentrations. The presence of talc microparticles has 
the undeniable effect on the levels of several secondary 
metabolites of S. rimosus. Oxytetracycline, 2-acetyl-2-de-
carboxamido-oxytetracycline, milbemycin A3+4[O] and 
rimocidin CE 108 production is enhanced in MPEC, while 
rimocidin (27-ethyl) and milbemycin β11+4[O] production 
is reduced.

MPEC technique in the actinomycete cultivations 
occurred to be an effective tool for morphology tailor-
ing. Based on our current knowledge, microparticles can 
be easily applied in bioprocesses involving filamentous 
microorganisms for the improvement of secondary metab-
olite production. Furthermore, morphological and genetic 
analysis of filamentous microorganisms in MPEC could 
provide fundamental knowledge on their growth and devel-
opment. It is especially important for Streptomyces species 
which is still underrepresented in the studies on tailored 
morphology.
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