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Abstract
The influence of talc microparticles on metabolism and morphology of S. rimosus at various initial organic nitrogen 
concentrations was investigated. The shake flask cultivations were conducted in the media with yeast extract 
(nitrogen source) concentration equal to 1 g YE L− 1 and 20 g YE L− 1. Two talc microparticle concentrations of 
5 g TALC L− 1 and 10 g TALC L− 1 were tested in microparticle-enhanced cultivation (MPEC) runs. A high nitrogen 
concentration of 20 g YE L− 1 promoted the development of small agglomerates (pellets) of projected area lower 
than 105 µm2 and dispersed pseudohyphae. A low nitrogen concentration of 1 g YE L− 1 led to the limitation 
of S. rimosus growth and, in consequence, the development of the smaller number of large pseudohyphal 
agglomerates (pellets) of projected area higher than 105 µm2 compared to the culture containing a high amount 
of nitrogen source. In both cases talc microparticles were embedded into pellets and caused the decrease in their 
sizes. The lower amount of talc (5 g TALC L− 1) usually caused the weaker effect on S. rimosus morphology and 
metabolite production than the higher one. This correlation between the microparticles effect on morphology and 
metabolism of S. rimosus was especially noticeable in the biosynthesis of oxytetracycline, 2-acetyl-2-dicarboxamide 
oxytetracycline (ADOTC) and spinoxazine A. Compared to the control run, in MPEC their levels increased 4-fold, 
5-fold and 1.6-fold respectively. The addition of talc also improved the production of 2-methylthio-cis-zeatin, lorneic 
acid J and milbemycin A3.
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Introduction
Actinomycetes are leading producers of many chemi-
cally and biologically active substances. One of the most 
recognisable microorganisms belonging to this group 
is Streptomyces rimosus, a producer of a wide spectrum 
of secondary metabolites, including oxytetracycline, an 
antibiotic from the tetracycline group [1, 2]. In order to 
biosynthesize chemical compounds by such filamentous 
microorganisms as S. rimosus it is necessary to adjust the 
level of the nutrients in the culture medium [3]. The two 
basic ingredients are carbon and nitrogen sources, and 
their presence in the cultivation medium is vital for the 
development of microorganisms and their metabolism.

Due to its importance, the issue of culture media 
composition in bioprocesses has been of constant inter-
est. The most recent research on medium optimization 
in Streptomyces cultivations used statistical approach 
in the experiment design [4]. The authors used Plack-
ett–Burman design (PBD) to find medium components 
that significantly affect the bioproduction of the second-
ary metabolite, valinomycin, by Streptomyces sp. ZJUT-
IFE-354. Next they applied the central composite design 
(CCD) with Response Surface Methodology (RSM) to 
optimize the selected medium components. After the 
optimization procedure, the yield of valinomycin bio-
production increased 1.37-fold. The similar approach 
for Streptomyces can be found in the studies of Saleena 
et al. [5], Abdella et al. [6] and He et al. [7]. Preethi et 
al. [8] cultivated Streptomyces coelicolor SPR7 for per-
oxidase bioproduction using PBD and RSM method 
combined with artificial intelligence Back Propagation 
Algorithm (BPA) to optimize the process. Peroxidase 
amount increased 7-fold in comparison to the culture 
conducted with the non-optimized medium. Alloun et 
al. [9] obtained up to 4.5-fold enhancement of indole-
3-acetic acid (IAA) bioproduction by Streptomyces 
rubrogriseus AW22 using RSM and introducing artifi-
cial neural networks (ANN) to the process optimization. 
What is noteworthy, in the case of secondary metabolites 
medium optimization does not mean keeping substrates 
on the level which results in the most effective microbial 
growth. Environmental stress in the microbial cultiva-
tion, which can be triggered by the insufficient amount 
of nutrients, was proven to be an effective way to force 
fungi and bacteria to change metabolite bioproduction in 
order to survive [10]. In the aforementioned works, how-
ever, Streptomyces morphological development was not 
studied and it is proven that not only does the metabo-
lism of filamentous microorganisms depend on culture 
medium composition or generally process conditions, 
but it is also directly related to their morphology, either 
dispersed or pelleted [11]. On the other hand, changing 
the culture medium composition, especially the amount 
and type of carbon, nitrogen and phosphorus source, as 

well as the concentration of oxygen or carbon dioxide, 
can significantly influence the developing morphologi-
cal forms [12]. Unfortunately, when agglomerate (pellet) 
size increases above a certain critical value, the meta-
bolic activity inside their core is limited due to the insuf-
ficient diffusion of oxygen and nutrients [13]. Therefore, 
in order to solve problems arising from the relationships 
between the availability of crucial substances, microbial 
morphology and their metabolism modern morphologi-
cal engineering techniques have been developed [14]. To 
these methods belongs the microparticle-enhanced cul-
tivation (MPEC). It allows for the change of the micro-
organism morphology and consequently metabolite 
formation without affecting the optimized composition 
of the medium [15–17]. Microparticle addition to fila-
mentous fungi and actinomycete cultivations strongly 
influence on these microorganisms by physical interac-
tions and gene regulation. Streptomyces albus J1074/
R2 cultivated with talc microparticles developed pellets 
whose size was six-fold smaller in comparison to the con-
trol runs without the addition of the micromaterial [18]. 
These morphological changes were connected with the 
modifications of expression of 3341 genes, responsible 
both for growth and metabolism of the microorganism 
and it also resulted in three-fold enhancement of pama-
mycin production to 50 mg L− 1 [18]. Talc addition in 
the cultivation of Streptomyces lividans led to analogous 
results [17]. In S. lividans MPEC pellets grew smaller (up 
to 40%) and changes in gene clusters and metabolite pro-
duction were observed.

As the appropriate cultivation medium composi-
tion and the microbial morphology are the fundamental 
issues in every bioprocess involving filamentous micro-
organisms, there is a constant need for development in 
this field [19]. Recent studies have shown that indus-
trial bioprocesses using Streptomyces are more efficient 
when the microorganism grows in a dispersed form [20]. 
Therefore, Kumar et al. [20] thoroughly investigated 
Streptomyces toxytricini mycelial evolution from spores 
to pellets using partial proteomic analysis and micro-
scopic analysis. Streptomyces hyphae demonstrated the 
formation of septa, apical growth and branching behind 
the hyphae tip. Next, the branches of the hyphae agglom-
erated and probably formed cross-walls Many proteins, 
especially DivIVA, were involved in these processes. 
Next, the branched hyphae of Streptomyces toxytricini 
agglomerated and further transformed into more com-
pact morphological forms and, as a result, pellets were 
developed [20].

In the literature reports the positive effect of talc addi-
tion in MPEC was attributed to the decrease in the size 
of agglomerates (pellets) by preventing agglomeration 
of hyphae and physical destruction of the already devel-
oped agglomerates by increasing the shear forces caused 
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by microparticles [21]. The smaller agglomerates mean a 
shorter diffusion distance for nutrients and oxygen from 
the culture medium to the interior of the agglomerate, 
resulting in higher concentrations of secondary metabo-
lites and enzymatic activities [21]. An example of linking 
the reduction of agglomerate size with the increase of the 
amount of bioproduct concentration is the work of Yue 
et al. [22]. They cultivated Streptomyces gilvosporeus Z8 
with talc microparticles (diameter range of 6–45  μm). 
Natamycin titer in MPEC was 1.7-fold higher and the size 
of the pellets decreased even 10-fold compared to the 
cultivations without talc. A similar effect was observed 
in Streptomyces toxytricini KD18 cultivation [23]. The 
addition of glass beads and silica particles to the cul-
ture medium increased lipstatin production 4-fold, and 
caused to the formation of smaller pellets and dispersed 
pseudomycelia.

Nevertheless, there is a limited number of studies 
reporting Streptomyces morphology in detail with the 
use of morphological parameters and there are no stud-
ies linking the influence of culture medium composition 
with MPEC and formation of secondary metabolites at 
all. This work fills this gap by performing the Streptomy-
ces rimosus cultivations with talc microparticle addition 
at various initial organic nitrogen concentrations.

Materials and methods
Cultivated microorganism
The actinomycete Streptomyces rimosus ATCC 10970 
stored on medium Difco™ ISP2 agar slants was used in 
the study. To induce S. rimosus sporulation, 5 days before 
the experiments its spores were inoculated onto freshly 
prepared agar slants and incubated at 26 °C.

Medium composition
In order to investigate the influence of talc microparticles 
on the metabolism and morphology of S. rimosus at two 
various nitrogen contents, the microorganism cultiva-
tions were carried out in shake flasks of 150 ml working 
volume on the media differing by the concentration of 

yeast extract being the sole nitrogen source. Moreover, 
these cultivations were carried out simultaneously in 
the runs with the addition of 10  μm talc microparticles 
(MPEC) and without it (control). The following con-
centrations of yeast extract (YE) were used: 1  g YE L− 1 
and 20  g YE L− 1. The concentrations of the added talc 
microparticles (TALC) were 5  g TALC L− 1 and 10  g 
TALC L− 1. The amounts of the other substances in the 
medium were identical for each run of the experiment: 
glucose (20  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 talc microparticle powder 3MgO·4SiO2·H2O used 
in the study was produced by Thermo Scientific (USA) 
intended for research and development with molecular 
weight 379.28, particle size − 350 mesh (mean diameter 
10 μm, diameter range of 6–45 μm), density 2.7 g cm− 3 at 
20 °C, CAS number 14807-96-6.

The conducted study was divided into two experiments 
with each of them consisting of four runs (Table 1).

Both experiments were performed in triplicate in a 
Certomat® BS-1 shaker (B. Braun Biotech International, 
Berlin, Germany) at the temperature of 28  °C and rota-
tional speed 110  rpm. The cultivation time was 96  h. 
Samples were collected and analysed every 24 h

Inoculation procedure
For one run of experiment 1 slant of S. rimosus and 5 
shake flasks (1 flask for each of the 5 days of the experi-
ment) were prepared. To standardize the inoculum 
within an individual experiment consisting of four runs, 
four slants were washed under sterile conditions into 
700  ml of physiological saline and mixed. A 30  ml of 
inoculum was next poured into each previously pre-
pared flasks containing 100  ml of concentrated culture 
medium. The flasks were then refilled with 20 ml of saline 
with microparticles of talc (MPEC) or pure saline solu-
tion (control). As a result, 20 shake flasks containing 
150 ml of the medium in four runs were inoculated from 
one inoculum. All substrates and tools used were auto-
claved for 30 min at 121 °C.

Analytical methods
Image analysis
The samples of the culture broth for the morphologi-
cal analysis of S. rimosus were collected every 24 h and 
observed with an optical phase contrast microscope 
(OLYMPUS BX53, Olympus Corporation, Japan). In the 
next step, high-resolution RGB digital camera (OLYM-
PUS DP27) was used to take the microscopic images of 
the observed morphological objects and image analysis 

Table 1  Runs conducted in experiments 1 and 2 with their 
abbreviations

Abbreviation Yeast extract 
concentration
(g YE L− 1)

Talc con-
centration
(g TALC L− 1)

Experi-
ment 1

YE1TALC0_1 1 0
YE1TALC10_1 1 10
YE20TALC0_1 20 0
YE20TALC10_1 20 10

Experi-
ment 2

YE1TALC0_2 1 0
YE1TALC5_2 1 5
YE20TALC0_2 20 0
YE20TALC5_2 20 5
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software (OLYMPUS cellSens Dimension Desktop 1.16, 
Olympus Corporation, Japan) was used for digital image 
analysis. After applying Sobel, median and size filters 
three morphological parameters were calculated: pro-
jected area (A), elongation (E) and morphology number 
(Mo). Projected area determines the size of the mor-
phological objects and elongation describes their shape. 
Morphology number Mo was defined by Wucherpfennig 
et al. [24] and combines size and shape morphological 
parameters.

	
Mo =

2 ·
√

A · S√
π · D · E

OLYMPUS cellSens Dimension Desktop 1.16 determines 
all these morphological parameters as follows: “A - pro-
jected area, the number of pixels contained in an object 
multiplied by the squared calibration unit; E - elonga-
tion, the squared quotient of longitudinal and transversal 
deviation of all pixels belonging to the object along the 
regression, S - solidity (also known as roughness R), the 
area relative to the area of the object’s convex hull line, D 
- maximum diameter of the object”. The detailed descrip-
tion of all these morphological parameters can be found 
in [25].

Chemical analyses
The secondary metabolites identification was conducted 
in the positive ESI + and the negative ESI- electrospray 
ionization modes of high-resolution mass spectrom-
etry (ACQUITY-SYNAPT G2, Waters, USA. TargetLynx 
software (Waters, USA). The oxytetracycline standard 
and the Natural Products Atlas database of metabolites 
[https://www.npatlas.org/] were used for the quantita-
tive and semi-quantitative analyses of the secondary 
metabolites. A detailed description of the procedure was 
provided by Boruta et al. [26]. The calibration for UPLC-
MS analysis was performed with the use of 5 mM sodium 
formate solution in 90:10 (v/v) 2-propanol/water. The 
solution of leucine enkephalin (C28H37N5O7) at the con-
centration of 2 ng µl− 1 was used as the lock-mass in the 
accurate measurements of the mass of ions throughout 
the study.

Glucose concentration was assayed with the use of 
ultra-high performance liquid chromatography (UPLC® 
Acquity, Waters, USA) on a UPLC BEH Amide column 
(2.1 mm × 150 mm × 1.7 μm, Waters, USA) with the use 
of evaporated light scatter detector (ELSD). The analysis 
temperature was 35 °C. Eluent contained 75% acetonitrile 
deionized water solution with 0.2% of triethylamine and 
its flow rate was 0.29 ml min− 1.

Samples were harvested every 24 h of the cultivations, 
filtered with the use of paper filters (density 84  g m− 3) 
to remove biomass and microparticles and stored at a 

temperature of -18  °C. Samples intended for the chemi-
cal analyses were thawed at room temperature prior to 
analysis and filtered with the use of 0.2 μm syringe filters.

Calculations and statistical analysis
The effect of microparticles on the metabolism was 
described in the form of Enhancement Factor (EF) [16]. 
This parameter is calculated as the concentration or 
level of a metabolite obtained in the cultivation with 
talc (MPEC) divided by the concentration or level of this 
metabolite in the control run (without talc added). If it is 
equal to 1, it means there is no effect. The values higher 
than 1 indicates the positive effect of microparticles while 
those below 1 on the negative one. Standard deviations 
for EF were calculated on the basis of the statistical anal-
ysis for the concentration or level of a metabolite in the 
control run and MPEC run according to the formula:

	
∆EF

EF
=

∆A

A
+

∆B

B

where: A - concentration or level of a metabolite in the 
control run (without talc added), ΔA- standard deviation 
for A, B - concentration or level of a metabolite in MPEC, 
ΔB - standard deviation for B, EF - enhancement factor 
and ΔEF- standard deviation for EF.

In order to obtain reliable data, each experiment was 
performed in triplicate. Significance level α was set at 
0.05. Statistical t-test was used for P-values calculations. 
Standard deviations were calculated for the mean val-
ues of the glucose and metabolite concentrations. Mor-
phological parameters were calculated as mean values 
obtained from samples containing up to 8000 objects. 
The smallest tested set of objects was not smaller than 30 
objects, which allowed for obtaining statistically signifi-
cant results and the possibility of calculating confidence 
intervals.

Results
Effect of nitrogen source amount and talc microparticles 
on S. rimosus morphology
During the preliminary visual analysis of S. rimosus 
morphology the pseudomycelial objects of S. rimosus 
were divided into two classes. The first class (hereaf-
ter referred to as the class of agglomerates) consisted of 
round regular pellets, irregular pellets and clump forms. 
The second class (referred to as the class of non-agglom-
erates) contained the non-agglomerated morphological 
objects, mainly free pseudohyphae both branched and 
unbranched or circular spores. The exemplary micro-
scopic images of S. rimosus morphological forms are pre-
sented in Fig. 1.

The morphological objects obtained in 24  h of YE1T-
ALC0_1 run were the examples of pellets with the 

https://www.npatlas.org/
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Fig. 1  The exemplary microscopic images of: (a) circular pellets developed in the run YE1TALC0_1 without microparticles addition and 1 g YE L− 1; (b) 
irregular pellets with embedded talc microparticles developed in the run YE1TALC10_1 with 10 g TALC L− 1 and 1 g YE L− 1; (c) irregular pellets developed 
in the run YE20TALC0_1 without microparticles and 20 g YE L− 1; (d) dispersed pseudomycelium developed in the run YE20TALC0_1 without micropar-
ticles and 20 g YE L− 1; (e) irregular pellets with embedded talc microparticles developed in the run YE20TALC10_1 with 10 g TALC L− 1 and 20 g YE L− 1; (f) 
dispersed pseudomycelium developed in the run YE20TALC10_1 with 10 g TALC L− 1 and 20 g YE L− 1. Pellets images were snapped in 24 h of the runs; 
dispersed pseudomycelium images were snapped in 96 h of the runs
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characteristic distinct cores (Fig. 1a). They developed in 
the medium without talc microparticles. Figure  1b also 
shows pellets after 24  h of the experiment, but for the 
YE1TALC10_1 run, in which talc particles were embed-
ded in the structure of the pellets and consequently 
changed their shapes. Figure 1c and d show the morpho-
logical objects formed by S. rimosus in 24  h of YE20T-
ALC0_1 run. Agglomerated (class of agglomerates) and 
non-agglomerated (class of non-agglomerates) objects 
are shown in the separate images (Fig. 1c and d). In the 
case of the class of agglomerates (Fig. 1c) one can distin-
guish both pellets and clumps that do not have a regu-
lar, compact structure. The class of non-agglomerates 
that included non-agglomerated elongated pseudohy-
phae (branched and unbranched) and very small, spheri-
cal spores is exemplified in Fig. 1d. The last two images 
(Fig.  1e and f ) present both classes of S. rimosus mor-
phological objects in 24 h of YE20TALC10_1 run. Com-
paring the runs YE20TALC0_1 and YE20TALC10_1, the 
addition of talc to the latter one led to the development 
of pellets with more compact structure and embedded 
microparticles (Fig.  1e). In the case of the class of non-
agglomerates from YE20TALC10_1 (Fig.  1f ) pseudohy-
phae were not visibly different from the corresponding 
objects raised without talc addition in YE20TALC0 run 
(Fig.  1d). In the experiment 2 with talc addition at the 
concentration of 5  g L-1 (YE1TALC0_2, YE1TALC5_2, 
YE20TALC0_2, YE20TALC5_2, pictures not shown) 
morphological objects of S. rimosus developed in the 
same way as in the experiment 1 (YE1TALC0_1, YE1T-
ALC10_1, YE20TALC0_1, YE20TALC10_1, Fig. 1). How-
ever, the lower amount of talc caused the weaker effect 
on S. rimosus morphology, which is seen upon the values 
of morphological parameters (Figs. 2, 3 and 4).

Comparing the effect of nitrogen source, the low 
concentration of yeast extract (1  g YE L-1) in the runs 
YE1TALC0_1, YE1TALC10_1 led to the limitation of S. 
rimosus growth and, in consequence, the development 
of the smaller number of large pseudohyphal agglomer-
ates (Fig. 1a and b) than in the culture containing higher 
amount of nitrogen source (Fig.  1c-f ). The high con-
centration of yeast extract in the runs YE20TALC0_1, 
YE20TALC10_1 (20 gL-1) promoted the development of 
small agglomerates and dispersed pseudohyphae (Fig. 1c-
f ). Predictably, the same effect of nitrogen source on S. 
rimosus morphology was observed in the second experi-
ment (YE1TALC0_2, YE1TALC5_2, YE20TALC0_2, 
YE20TALC5_2, pictures not shown).

Figure 2 shows the changes of the values of projected 
area, morphology number and elongation for both classes 
of objects (agglomerates and non-agglomerates) from 
experiment 1 (10 g TALC L− 1). In the first 24 h, the rapid 
growth of the microorganism was observed (Fig.  2a). 
Projected area of the class of agglomerates increased 

from 1.0∙103 to 2.0∙105 µm2. As expected, the objects in 
the class of non-agglomerates were significantly smaller 
with the highest value of projected area equal to 1.0∙102 
µm2. What is more, this class was present only in the runs 
with 20 g YE L− 1 in the culture medium (YE20TALC0_1, 
YE20TALC10_1) and it could be definitely attributed 
to the nitrogen-rich conditions in this run. In the runs 
conducted in the medium containing 1 g YE L− 1 (YE1T-
ALC0_1, YE1TALC10_1) most of the hyphae agglomer-
ated independent of the presence of talc microparticles, 
forming pellets belonging to the class of the agglomerates 
(Fig. 2a).

Morphology number (Fig.  2b) at the beginning of the 
experiment 1 (0  h) was 0.7. This value describes the 
morphology of circular spores that were present at this 
moment of the cultivations. During the first 24 h of the 
runs YE20TALC0_1 and YE20TALC10_1 morphology 
number of non-agglomerated objects decreased below 
0.20 due to the hyphal growth. In 48 h S. rimosus agglom-
erated leaving only non-elongated objects in the class of 
non-agglomerates, which caused to the increase of mor-
phology number up to the value of 0.40. This value was 
maintained until the end of the experiment.

The course of elongation changes in all runs of experi-
ment 1 (Fig.  2c) was correlated with morphology num-
ber. In 0 h elongation calculated for circular spores was 
relatively low at the level of 1.16. As the filaments were 
becoming longer, elongation of the non-agglomerated 
objects in the class of non-agglomerates increased even 
to 4.32 in 24  h (YE20TALC0). Afterwards, in 48  h this 
value decreased and maintained in the range from 1.65 
to 1.90 until the end of the experiment. Because of the 
irregular shapes of the agglomerates in the runs YE1T-
ALC10_1, YE20TALC0_1, YE20TALC10_1 (Fig.  1) their 
morphology number and elongation had similar values 
to those for the objects from the non-agglomerated class 
(Fig. 2b and c). In the experiment YE1TALC0_1, in which 
distinct and circular pellets developed (Fig.  1a), their 
morphology number was significantly higher in compari-
son to the other runs of experiment 1 (Fig. 2b) and corre-
sponding elongation did not exceed 1.50 (Fig. 2c).

The time course of the morphological parameters only 
for the class of agglomerates, that developed in experi-
ment 1, is presented in Fig.  3. The highest projected 
area was obtained for S. rimosus agglomerates in YE1T-
ALC0_1 run (Fig.  3a). Projected area of pellets in 24  h 
was equal to 2.0∙105 µm2. In the corresponding run of 
experiment 1 with talc addition, YE1TALC10_1, the pel-
lets were markedly lower. The projected area of the pel-
lets in 24 h in YE1TALC10_1 was equal to 5.7∙104 µm2. 
The difference between these two values was statisti-
cally significant with p < 0.0001. Therefore, in these runs 
of experiment 1 talc addition influenced the size of the 
agglomerates leading to the development of smaller 
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morphological objects. The similar dependence was 
observed in YE20TALC0_1 and YE20TALC10_1 (Fig. 3a). 
The largest agglomerates in these two runs were observed 
in 48  h and their corresponding projected area values 
were equal to 7.1∙104 µm2 for YE20TALC0_1 and 2.3∙104 
µm2 for YE20TALC10_1 (p < 0.0001).

Apart from talc addition, yeast extract concentration 
was the factor influencing S. rimosus morphology too. 
Limited nitrogen source in YE1TALC0_1 run contrib-
uted to the growth of circular pellets with a distinct core 
(Fig. 1a) and of larger size (Fig. 3a) in comparison to the 
agglomerates from the other runs of experiment 1. The 
time changes of the projected area in the runs with 1 g YE 
L-1 were different from those observed in the runs with 
yeast extract concentration equal to 20 g YE L-1 (Fig. 3a). 
In YE1TALC0_1 and YE1TALC10_1 runs the phase of 
intensive pseudomycelial growth lasted 24  h, while in 
YE20TALC0_1 and YE20TALC10_1 runs the agglom-
erates were growing until 48 h. In the next hours of the 
runs with 20  g YE L-1 the decrease in the size of pseu-
domycelial objects occurred, which did not take place in 
YE1TALC0_1 and YE1TALC10_1 runs.

Another morphological parameter shown in Fig.  3 
is morphology number of the agglomerates from the 

experiment 1 (Fig. 3b). Only in the case of YE1TALC0_1 
run morphology number value did not decrease below 
0.50 since the beginning of the experiment. Its exact 
value in 24 h was equal to 0.61 and indicated the forma-
tion of circular and regular objects. The corresponding 
value of elongation (Fig.  2c) reached 1.25 which con-
firmed the direct observations of the circular shape of the 
agglomerates. In the other runs of experiment 1 (YE1T-
ALC10_1, YE20TALC0_1, YE20TALC10_1) morphology 
number for the agglomerates ranged from 0.45 to 0.32 
due to their shapeless irregular forms (Figs.  1 and 3b). 
Noteworthy is the fact that talc addition influenced the 
time changes of elongation in the runs of the experiment 
1 with both yeast extract concentrations (1 g YE L-1 and 
20 g YE L-1, Fig. 3c). In YE1TALC0_1 and YE20TALC0_1 
runs elongation was gradually increasing from the begin-
ning of the experiment until 72 h. In YE1TALC10_1 and 
YE20TALC10_1 runs the rapid increase of this parameter 
was observed during the first 24 h only. The most elon-
gated agglomerates were developed in YE1TALC10_1 
run with elongation equal to 1.90 in 48 h.

Experiment 2 (Fig.  4) included the following runs: 
YE1TALC0_2, YE1TALC5_2, YE20TALC0_2, YE20T-
ALC5_2. It differed from experiment 1 by lower talc 

Fig. 2  Projected area (a), morphology number (b) and elongation (c) for agglomerates and non-agglomerated objects from experiment 1 (10 g TALC L-1)
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concentration added at the level of 5  g TALC L− 1. The 
decrease in the amount of talc microparticles (to see 
whether their effect on actinomycete morphology was 
still observable) seemed tempting from the practical 
point of view as the lower amount of raw material could 
be used. The medium composition used in the corre-
sponding runs of both experiments was identical. The 
changes of morphological parameters for the class of 
agglomerates and non-agglomerates in the experiment 
2 (Fig.  4) were similar to the ones from experiment 1 
(Fig. 2). However, the values of the morphological param-
eters described below showed that the lower concentra-
tion of talc microparticles used in the experiment 2 led to 
the smaller differences between the values morphological 
parameters in the control and MPEC runs in compari-
son to experiment 1. The largest agglomerates developed 
in the runs with the lowest yeast extract concentration 
YE1TALC0_2 and YE1TALC5_2 (Fig.  4a). In 24  h their 
projected areas were equal to 1.3∙105 µm2 and 6.6∙104 
µm2 respectively (p < 0.0001) and differed significantly 
what indicated on the effect of the microparticles despite 
their lower concentration. In comparison, the highest 
projected area in runs with 20  g YE L− 1 in the culture 

medium was obtained at 48  h. Their exact values were 
3.9∙104 µm2 in YE20TALC0_2 and 3.5∙104 µm2 in YE20T-
ALC5_2 (p < 0.0001).

The other morphological parameters calculated for the 
objects observed in experiment 2, morphology number 
(Fig. 4b) and elongation (Fig. 4c) were compliant with the 
direct observations. For the largest and the most circular 
pellets in YE1TALC0_2 run morphology number was the 
highest and did not decrease below 0.50. In the other runs 
of experiment 2 (YE1TALC5_2, YE20TALC0_2, YE20T-
ALC5_2) both agglomerated and non-agglomerated 
objects were irregular, therefore morphology number 
was in the range from 0.20 to 0.45. Likewise, elongation 
(Fig. 4c) for the most circular agglomerates in YE1TALC0 
was the lowest in comparison to the other runs, in which 
both agglomerated and non-agglomerated objects were 
more elongated (YE1TALC5_2, YE20TALC0_2, YE20T-
ALC5_2). In 24  h the value of elongation was equal to 
1.27 for the class of agglomerates in YE1TALC0_2. The 
corresponding value form YE1TALC5_2 reached 1.70, 
thus talc addition led to the increase of elongation. The 
values of agglomerate elongation in YE20TALC0_2 and 
YE20TALC5_2 runs were almost equal reaching 1.58 and 

Fig. 3  Projected area (a), morphology number (b) and elongation (c) for the class of agglomerates developed in experiment 1 (10 g TALC L-1)
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1.57, respectively. The highest elongation was obtained 
for the non-agglomerated objects in YE20TALC0_2 and 
YE20TALC5_2. In 24 h of these two runs this parameter 
exceeded 3.00. In the experiment 1 the most elongated 
hyphae were also observed in 24 h of the runs with YE20 
(YE20TALC0_2 and YE20TALC10_2 (Fig. 2).

Analysis of secondary metabolites
The analysis of S. rimosus secondary metabolite reper-
toire was based upon the ones detected by mass spec-
trometry and, if possible, identified upon the available 
databases. Eight secondary metabolites that gave the 
most marked signals were selected and they are pre-
sented in Fig.  5. For the sake of clarity, each run of the 
experiment corresponded to a different colour: YE20T-
ALC10_1 red, YE20TALC5_2 yellow, YE1TALC10_1 
green and YE1TALC5_2 blue. Secondary metabolite 
levels were defined with the use of the enhancement 
factor EF (see Materials and methods section) which is 
the common way to present the results on the effect of 
microparticles on microbial metabolism. With regard to 
the amount of nitrogen source used the detected pool of 
metabolites can be divided into those that are produced 

under nitrogen-limited conditions only (1 g YE L− 1, e.g. 
oxytetracycline and ADOTC), in the nitrogen-rich condi-
tion only (e.g. 2-methylthio-cis-zeatin), and those occur-
ring in both variants of nitrogen amount (e.g. lorneic acid 
J, milbemycin A3, spinoxazine A).

The enhancement factor (EF) values obtained for 
oxytetracycline (Fig.  5a) in the YE1TALC10_1 run 
were markedly higher than 1. Therefore, talc addition 
enhanced oxytetracycline production. For the 72 h of the 
YE1TALC10_1 run EF was in the range from 2.5 to 4.0. 
In the run with the lower concentration of talc, YE1T-
ALC5_2, the difference between MPEC and control was 
not significant (p > 0.05) (Fig. 5a).

ADOTC enhancement factors EF, presented in Fig. 5b, 
reached 5.0 in 48 h of YE1TALC10_1 run and 3.0 in 48 h 
in YE1TALC5_2 run. In the following hours of the exper-
iments EF of ADOTC decreased systematically. Figure 5a 
and b show the same dependence for two studied com-
pounds belonging to tetracycline group namely oxytetra-
cycline and its derivative ADOTC. In the runs with 10 g 
TALC L− 1 their EFs were higher compared to the runs 
with 5  g TALC L− 1. For oxytetracycline, EF in the 72  h 
and 96 h of YE1TALC5_2 did not reach 1 which means 

Fig. 4  Projected area (a), morphology number (b) and elongation (c) for agglomerates and non-agglomerated objects from the experiment 2 (5 g TALC 
L− 1)
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Fig. 5  Selected secondary metabolites enhancement factors EF. The more the FE value exceeds 1, the stronger the enhancing effect of microparticles on 
metabolite levels. EF calculations and statistical analysis methods are described in Sect. 2.4.3
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that in this variant of MPEC the amount of the metabo-
lite was lower than in control run.

At the beginning of the experiments EF for 2-methyl-
thio-cis-zeatin (Fig.  5c) was close to 1 which indicated 
that the metabolite was hardly enhanced by talc addi-
tion. In 24 h exact EF values were equal to 1.1 in YE20T-
ALC10_1 and 0.8 in YE1TALC5_2. The positive effect 
of talc addition on 2-methylthio-cis-zeatin bioproduc-
tion occurred after 48 h of the experiments. At the end 
of the experiments, EF for this metabolite reached 1.7 in 
YE20TALC10_1 and 1.9 in YE1TALC5_2.

Lorneic acid J EF values higher than 1 were obtained 
only in one out of the four conducted runs, YE1T-
ALC10_1 (Fig.  5d). The highest lorneic acid J EF value 
in this run was equal to 1.6 in 72 h. The second run pre-
sented in Fig.  5d, YE20TALC10_1, was chosen to show 
the differences in EF levels caused by the change of 
yeast extract concentration. In the case of this particu-
lar metabolite, 10 g TALC L− 1 in the medium containing 
1 g YE L− 1 (YE1TALC10_1) improved lorneic acid J pro-
duction, whilst in the medium with 20 g YE L− 1 (YE20T-
ALC10_1) the effect of talc addition was opposite and EF 
decreased below 1.

Figure 5e shows enhancement factor EF for milbemy-
cin A3 obtained in two runs of the experiments differing 
only by yeast extract concentration. Similar to lorneic 
acid J, this amount of nitrogen source in the culture 
medium influenced milbemycin A3 EF. Importantly, for 
milbemycin A3 the increase of EF to 1.2 was observed in 
MPEC with 20 g YE L− 1 (YE20TALC10_1 96 h), whereas 
in YE1TALC10_1 this EF decreased to 0.8 in 96  h. The 
example of lorneic acid J and milbemycin A3 shows that 
the final effect of MPEC is also connected with medium 
composition.

Unidentified compounds with experimental m/z value 
[M-H]− ion: m/z = 608.2843 (Fig.  5f ) and m/z = 595.6595 
(Fig. 5g) both showed high enhancement factors in 24 h 
and 48 h of the experiment 1. The highest EF values were 
equal to 3.1 for m/z = 608.2843 (YE20TALC10_1 at 24 h) 
and 1.9 for m/z = 595.6595 (YE20TALC10_1 at 48  h). 
Therefore, it can be concluded that for these compounds 
talc addition in MPEC caused the highest enhancement 
in bioproduction during the cultivations conducted on 
a medium containing 20 g YE L− 1. Enhancement factors 
EF for m/z = 608.2843 and m/z = 595.6595 obtained in the 
runs with 1 g YE L− 1, YE1TALC10_1 and YE1TALC5_2 
(data not shown), were lower than 1.

In Fig. 5h, the positive influence of talc addition on spi-
noxazine A bioproduction by S. rimosus is shown. In 48 h 
of YE20TALC10_1 run EF achieved the highest value 
equal to 1.6. The higher concentration of spinoxazine A 
in MPEC compared to the control run also took place at 
lower talc concentration. In 96 h of YE1TALC5_2 EF for 
this compound was equal to 1.2.

Glucose utilization profiles
The profiles of glucose utilization by S. rimosus (Fig.  6) 
were strongly influenced by the initial concentration of 
yeast extract, being the nitrogen source. It is clearly seen 
that glucose concentration (GLU) decreased only by 
3 to 4  g GLU L− 1 from the initial 20  g GLU L− 1 in the 
runs with the use of the media with 1  g YE L− 1. In the 
runs containing 20 g YE L− 1 glucose utilization reached 
13  g GLU L− 1 within the process. These observations 
confirmed the expected growth limitation of S. rimosus 
caused by low nitrogen concentration (1 g YE L− 1). In the 
runs in which nitrogen was not the limiting factor (20 g 
YE L− 1), glucose was rapidly consumed. Interestingly, talc 
addition slightly improved glucose utilization by S. rimo-
sus in the runs in which its pseudomycelial growth was 
nitrogen-limited (YE1TALC10_1 and YE1TALC5_2) in 
comparison to the control runs. In YE20TALC10_1 and 
YE20TALC5_2, in which nitrogen limitation was not the 
case, talc addition caused the opposite effect. Comparing 
these two runs to their control runs, lower glucose con-
centrations at the end of the run were observed in the 
runs without talc.

Discussion
The conducted research supplied new data on the mor-
phological changes of S. rimosus and its effect on the 
secondary metabolism in the microparticle-enhanced 
cultivations (MPEC) in the media with various nitro-
gen source and talc microparticle concentrations. The 
influence of nutritional components and microbial mor-
phology on the metabolism has been proven and is a 
well-known fact for other species [4, 19, 27, 28].

Analyzing S. rimosus mycelial development with the 
use of the morphological parameters, it can be concluded 
that under the same process conditions, both MPEC and 
control runs can generate different morphological forms 
dependent on the culture medium composition. In the 
conducted experiments, the largest pellets with the most 
regular shapes were obtained in the runs with 1 g YE L-1 
(Figs. 1a and 3a). The low concentration of nitrogen led to 
biomass growth limitation, confirmed by glucose utiliza-
tion profiles (Fig.  6). According to the literature for the 
filamentous microorganisms, the amount of biomass is 
strongly associated with the diameter of developing pel-
lets [29]. Considering physical interactions, a small num-
ber of mycelial (or pseudomycelial) objects present in the 
culture unable the interactions between mycelial objects 
and leaves space for their growth. This leads to the devel-
opment of less number of larger agglomerates than in 
the culture containing a higher concentration of biomass 
(Figs. 1c and d and 3a). The high amount of yeast extract 
(20 g YE L-1) allowed S. rimosus for the nitrogen unlim-
ited growth. Bizukojć et al. (2023) [30] examined S. rimo-
sus cultivated in the media with various concentrations 
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of nutritional substances in bioreactors and drew the 
same conclusions. They additionally measured pH lev-
els in the cultures conducted in the medium containing 
20  g L− 1 yeast extract. In those experiments, pH value 
decreased from the initial 6.25 below 5, while in the S. 
rimosus cultivations in the medium containing 1 and 
5 g YE L-1 pH slightly increased, up to 6.75. As pH value 
impacts filamentous microorganism morphology, espe-
cially the agglomeration of mycelial objects, and its lower 
levels promote the formation of dispersed forms, pH dif-
ferences between the culture variants are an important 
insight [31].

Comparing cultivations without and with talc addition, 
in the S. rimosus MPEC runs talc microparticles embed-
ded into pellets and caused the decrease in their sizes 
(Figs.  1 and 3). However, the final morphological forms 
in runs with 10 g TALC L-1 differed with regard to size 
and shape when S. rimosus developed in the media con-
taining low (1 g YE L-1) and high (20 g YE L-1) amount of 
nitrogen (Figs.  1 and 3). Furthermore, the class of non-
agglomerates appeared only in the runs with high level of 
organic nitrogen (20 g YE L-1). In the runs with 1 g YE L-1 
most of the pseudohyphae agglomerated, forming pellets. 

The same morphological results on MPEC were obtained 
in the runs of the experiments conducted when half of 
the talc concentration was used (5  g TALC L-1 instead 
of 10  g TALC L-1). However, as it can be expected, the 
lower amount of talc caused the weaker effect on S. 
rimosus morphology. Nevertheless, a weaker morpho-
logical effect did not necessarily mean the aggravation 
of the production of secondary metabolites. Consider-
ing the conducted S. rimosus cultivations, the highest 
EFs for 2-methylthio-cis-zeatin (Fig.  5c) were obtained 
in the case when to the nitrogen-rich medium (20 g YE 
L-1) 10 g TALC L-1 of talc was added, and in the nitrogen-
limited medium (1 g YE L-1) only 5 g TALC L-1 was used. 
It shows that when various media are used, the optimum 
talc concentration should be adjusted to the biosynthesis 
of the particular secondary metabolite. The topic of the 
selection of the appropriate microparticle material, its 
size and amount was raised for each new MPEC process 
[32]. However, the change in the action of microparticles 
dependent on the substrate requires further research.

In this work the addition of 5 and 10 g of talc micropar-
ticles was used. However, the range of the microparticles 
concentration applied in MPEC starts from 0.5 g L-1. This 

Fig. 6  Profiles of glucose utilization by S. rimosus
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value was reported as optimal in UDP-glucose pyrophos-
phorylase bioproduction by Grifola frondosa. Talc mic-
roparticles addition assured the enhancement factor of 
the studied bioproduct at the level of 1.2 [33]. Nonethe-
less, the most often used microparticle concentrations 
range from 10 to 15 g L-1. The examples are Aspergillus 
ficuum cultivations with talc microparticles for phytase 
production [34, 35] or Rhizopus oryzae biosynthesis of 
lactic acid enhanced by aluminium oxide addition [36]. 
High enhancement factor EF equal to 10 was obtained 
in MPEC of Caldariomyces fumago in chloroperoxidase 
bioproduction with talc addition of 10  g L-1 [37]. The 
highest microparticles concentrations, up to 25 g L-1 are 
found in MPEC supplemented by titanate microparticles. 
Here in an Aspergillus niger culture Driouch et al. [28] 
obtained enhanced factor EF for glucoamylase equal to 
9.5. Nevertheless, it must be clearly stated that all these 
examples above deal with filamentous fungi and seeking 
the optimum amount of microparticles for this group of 
microorganisms. Unfortunately, there is a shortage of 
such data for actinomycetes [17, 18, 38].

Based on the conducted research, in the particular case 
of S. rimosus cultures the higher talc concentration (10 g 
TALC L-1) was usually more efficient to enhance metab-
olite production than its lower amount (5  g TALC L-1). 
This is consistent with the morphological impact (more 
significant for 10  g TALC L-1) and shows the synergy 
between the microparticle effect on morphology and 
metabolism. Oxytetracycline production was enhanced 
only at the low initial nitrogen concentration and the 
decrease of talc concentration from 10 g TALC L-1 to 5 g 
TALC L-1 led to the ceasing of its production (Fig.  5a). 
What is more, S. rimosus did not produce oxytetracycline 
in the medium with 20  g YE L-1 at all (with and with-
out talc). Abou-Zeid et al. [27] stated that decreasing of 
nitrogen source is the way to promoting oxytetracycline 
production. Bizukojć et al. [30] associated inhibited pro-
duction of this compound in the medium containing 20 g 
YE L-1 with the decrease in pH that occurred in their 
experiments. As ADOTC is of polyketide origin and sim-
ilar to oxytetracycline, its biosynthesis also took place in 
the medium containing low amount of nitrogen source, 
that is 1  g YE L-1. In addition to the factors mentioned 
above, pseudohyphal morphology can also influence 
the synthesis of oxytetracycline and ADOTC. It varied 
significantly depending on the nitrogen concentration 
used (Fig. 1). In the media with 1 g YE L-1 regular pellets 
developed, whilst in the runs conducted using 20  g L-1 
yeast extract small, irregular agglomerates and dispersed 
hyphae prevailed.

The example of enhancement factors for lorneic acid 
J and milbemycin A3 in the conducted S. rimosus cul-
tivations showed that the final effect of MPEC was 
strictly connected with nitrogen content. This is why 

the medium should be selected on the basis of the struc-
ture and metabolic pathway of the compound. A 10  g 
TALC L-1 addition in the medium containing 1 g YE L-1 
improved lorneic acid J production, whilst in the medium 
with 20 g YE L-1 the effect of talc addition was opposite 
and EF decreased below 1 (Fig.  5d). Similar to lorneic 
acid J, nitrogen content in the culture medium influenced 
milbemycin A3 enhancement factor EF. Importantly, for 
milbemycin A3 the value of EF equal to 1.2 was observed 
in MPEC at 20 g YE L-1 whereas it was only 0.8 in 96 h at 
1 g YE L-1. The analysis of spinoxazine A and two uniden-
tified compounds with experimental m/z value [M-H]- 
ion: m/z = 608.2843 and m/z = 595.6595 (Fig. 5f, g and h) 
confirmed again the well-known statement that the cul-
ture medium composition influences filamentous micro-
organisms metabolism. These three compounds occurred 
only in S. rimosus cultivations conducted in the medium 
containing 20 g YE L-1. The deficiency of nitrogen source 
in the runs of the experiments with yeast extract 1 g L-1 
did not promote their biosynthesis, both in control runs 
without microparticles and MPEC. Therefore, it can be 
concluded that the first step in the effective designing 
MPEC for the filamentous microorganisms is the selec-
tion of the appropriate medium and next of micropar-
ticles and their concentration. Statistical methods like 
Plackett–Burman design (PBD) combined with Response 
Surface Methodology (RSM) might prove to be a suitable 
tool [4, 6] for future studies on MPEC.

All in all, this work delivered the number of crucial 
information on the improvement of S. rimosus culti-
vations, a graphical summary of which is presented in 
Fig. 7.

Increasing the nitrogen concentration in the cultivation 
medium resulted in the formation of smaller agglomer-
ates (Fig.  7) and promoted the biosynthesis of one of S. 
rimosus metabolites namely spinoxazine A. Second-
ary metabolites of polyketide origin like oxytetracycline 
were produced only at the low initial nitrogen source 
concentration. However, this culture medium promoted 
the development of large pellets which are known to be 
inefficient in the biosynthesis processes mainly due to 
limitation in the transfer of substrates. Thus in order 
to increase metabolite production without changing 
the composition of the culture medium, the addition of 
microparticles was used. The presence of the micropar-
ticles in the cultivation medium caused the development 
of dispersed pseudomycelium and smaller pellets, and 
possibly led to the improvement of nutrient and oxygen 
diffusion to the interior of the agglomerates. Increasing 
concentration of talc microparticles showed a stronger 
influence on S. rimosus morphology as the smaller mor-
phological objects then appeared in the MPEC There-
fore, for those secondary metabolites, whose biosynthesis 
is to the high extent connected with the morphology of 
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the microorganism, as oxytetracycline or ADOTC, the 
increase of the Enhancement Factor depended on the 
talc concentration. On the other hand, 2-methylthio-
cis-zeatin was an example of a metabolite for which the 
correlations between morphology, culture medium com-
position and talc concentration were not so clear if any 
existed.

Conclusions
On the basis of the performed experiments several find-
ings can be drawn.

Microparticle-enhanced cultivations of S. rimosus con-
ducted in the same process conditions lead to different 
morphological forms of the actinomycetes dependent on 
the amount of nitrogen in the medium.

The low nitrogen content in the medium leads to the 
limitation of S. rimosus growth and, in consequence, the 
development of the lower number of larger agglomer-
ates than in the culture containing the high amount of 
nitrogen source. The high concentration of yeast extract 
promotes the development of small agglomerates and 
dispersed hyphae of S. rimosus.

Talc microparticles embedded into such agglomerates 
as pellets decrease their size. However, the power of the 

effect of microparticles on S. rimosus morphology and 
main metabolite production depends on the amount 
of microparticles added to the medium. The synergy 
between the microparticle effect on morphology and 
metabolism of S. rimosus is especially noticeable in the 
biosynthesis of oxytetracycline, ADOTC and spinoxazine 
A leading to the respective 4-,5- and 1.6-fold increase of 
their production.

In the case of 2-methylthio-cis-zeatin, a weaker effect 
of microparticles on S. rimosus morphology does not 
necessarily aggravate the biosynthesis of this metabolite 
so ultimately the optimum talc concentration should be 
adjusted to the biosynthesis of the particular second-
ary metabolite in conjunction with the selection of the 
medium composition.
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