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Abstract: Bacterial cellulose (BC) consists in a highly crystalline nanopolymer whose potential for application 

in both traditional and new industries is significant due to its unique physico-mechanical properties. In scaled 
BC biosynthesis processes, the use of microorganism consortia characterised by their adaptability and 
synergistic effects when coordinating substrate consumption appears to be promising. In the present work, the 

effect of inoculum dosage on BC yield during Medusomyces gisevii Sa-12 symbiotic culture on a glucose 
medium under optimal conditions is studied in detail. Two available methods were chosen for quality control of 
the BC: scanning electron microscopy, presenting an express method for confirming the origin of cellulose; 
and the degree of polymerisation in terms of a common method for controlling the quality of cellulose. Four 

experiments were carried out for the producer introduction with a dosage of 5, 10, 15 and 20% vol.. Use of the 
Medusomyces gisevii Sa-12 symbiotic culture provided the greatest number of acetic acid bacteria and the 
highest BC yield (7.5–8.0%) with an inoculum dosage of 10–20% vol. At the same time, an inoculum dosage 
of 20% vol. allowed the culture time to be halved, while an inoculum dosage of 5% vol. appears to be 
insufficient. All inoculum dosage variants were determined to provide the same three-dimensional cross-linked 

microfibrillar structure of BC samples. The degree of polymerisation (DP) of BC samples was first established 

to depend on the dosage of the inoculum and the duration of BC biosynthesis. Thus, the biosynthesis process 
can be controlled using such a simple parameter as inoculum dosage and BCs can be synthesised 
directionally with a given DP. The inoculum dosage of 10% vol. was established as providing the highest 

possible DP of BC (value of 5000), decreasing slightly during prolonged culture. 
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Резюме: Бактериальная целлюлоза (БЦ) является высококристаллическим нанополимером с уникаль- 
ными физико-механическими свойствами, поэтому обладает превосходным потенциалом применения 
как в традиционных, так и в новых отраслях. В масштабированных процессах биосинтеза БЦ 
перспективно применение консорциумов микроорганизмов, характеризующихся адаптивностью и обла- 
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дающих синергетическими эффектами в координирующем потреблении субстрата, поэтому в 
данной работе используется симбиотическая культура Мedusomyces gisevii Sa-12. В работе подробно 
исследуется влияние дозировки инокулята на выход БЦ при культивировании на глюкозной среде в 
оптимальных условиях. Для контроля качества БЦ выбрано два доступных метода: растровая 
электронная микроскопия, которая является экспресс-методом подтверждения происхождения цел- 
люлозы и степень полимеризации, как распространённый метод контроля качества целлюлозы. 
Проведено четыре эксперимента с внесением продуцента c дозировкой 5% об., 10% об., 15% об. и 
20% об. Выявлено что, при использовании симбиотической культуры Мedusomyces gisevii Sa-12 
наибольшая численность уксуснокислых бактерий и наибольший выход БЦ (7,5–8,0%) обеспечиваются 
при дозировке инокулята 10–20% об. При этом дозировка инокулята 20% об. позволяет сократить 
продолжительность культивирования вдвое. Дозировка инокулята 5% об. является недостаточной. 
Показано, что все варианты дозировки инокулята обеспечивают одинаковое трехмерное сетчатое 
микрофибриллярное строение образцов БЦ. Впервые установлено, что степень полимеризации (СП) 
образцов БЦ зависит от дозировки инокулята и продолжительности биосинтеза БЦ. Таким образом, 
с помощью простого параметра – дозировки инокулята – можно управлять процессом биосинтеза и 
направленно синтезировать БЦ с заданной СП. Установлено, что дозировка инокулята 10% об., 
обеспечивает получение максимально высокой СП БЦ – 5000, которая при длительном культи- 
вировании снижается незначительно. 
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INTRODUCTION 
Bacterial cellulose (BC) manifests itself as a 

unique polymer having a three-dimensional cross-
linked structure formed by pure cellulose nanofibers 
synthesised by microorganisms. Compared with 
plant cellulose, BC is characterised by its chemical 
purity, porosity, higher degree of crystallinity and 
polymerisation, as well as high moisture retaining 
ability. In addition, BC is a biodegradable, biocom- 
patible and non-toxic biopolymer having unique 
physical and mechanical properties, such as extra- 
ordinary mechanical strength, permeability to 
liquids and gases, flexibility and formability [1]. The 
combination of these properties determines an 
extremely wide range of BC applications: these 
include pulp and paper and textile industries, food 
industry, cosmetology, pharmaceuticals, biomedicine 
and innovative engineering materials (diaphragms 
for acoustic systems, flexible touch displays, 
electrically conductive nanocomposite membranes, 
etc.) [2–5]. 

The potential widespread use of BC is hindered 
by its high cost, due to the low yield determined by 
the characteristics of the metabolism of cellulose-
synthesising bacteria. Therefore, studies aimed at 
increasing the yield of BC are relevant. These include 
screening of carbon sources, nitrogen and stimu- 
lating additives, optimisation of the composition of 
nutrient media, a detailed study of culture condi- 

tions, innovative engineering support of the biosyn- 
thesis process and the search for new producers 
and their gene modifications [1, 2, 6]. 

Medusomyces gisevii Sa-12 symbiotic culture 
is used in this study. This culture can be termed 
“underestimated”, since, although it has often been 
used as a source for isolating individual strains of 
cellulose-synthesising bacteria [1–7], it has rarely 
been used as an independent producer [2, 8–10]. 
This is associated with an obvious fact: in the 
microorganism community, part of the substrate is 
spent on the vital activity of non-target microorga- 
nisms and the biosynthesis of their metabolites. 
However, there have been several reports con- 
cerning the difficulties of scaling the BC biosyn- 
thesis process and modifying it for use in complex 
industrial environments using individual genetically 
modified strains and the consortia advantages. 
The latter include adaptability and synergistic 
effects in coordinating substrate consumption in 
consortia, which provides their adaptation to chan- 
ging environmental conditions during biosynthesis 
and maintenance of the process productivity at a 
high level [1, 2, 11]. 

The main parameters of the Medusomyces 
gisevii Sa-12 culture on glucose media were descri- 
bed by us in [9]. However, such an important 
parameter as the inoculum dosage remained 
unexplored. BC synthesis is known to be stimulated 
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when the cell count increases and the cells go into a 
quorum-sensing state [12, 13]. In order to avoid 
reverse inhibition, it is necessary to ensure the stable 
functioning of highly concentrated populations. A 
possible solution to this problem is proposed in the 
form of slow growing or non-growing cell populations, 
which is achieved by immobilising producer cells in 
BC biosynthesis. In this case, both a negative 
immobilisation result for the Acetobacter xylinum 
ATCC 700178 strain [14] and a positive result for 
Komagataeibacter xylinum B-12429 strain [15] are 
described in the literature. Before carrying out such 
complex studies, the optimum inoculum dosage for 
the used culture should be determined, since the 
results achieved with varying dosages can differ 
greatly. 

A review of the relevant literary sources 
connected with the aim of this study showed a lack of 
data on the effect of the inoculum dosage of the 
Medusomyces gisevii Sa-12 symbiotic culture on the 
BC yield. Two available methods were chosen for 
quality control of the BC: scanning electron micro- 
scopy, presenting an express method for con- 
firming the origin of cellulose [1, 2] and the degree 
of polymerisation in terms of a common method for 
controlling the quality of cellulose [16–18]. 

 

EXPERIMENTAL PART 
BC biosynthesis was conducted on a semisyn- 

thetic glucose medium using a Medusomyces gisevii 
Sa-12 symbiotic culture as inoculum in 250 mL 
containers with a spacing factor of 80%. The viability 
of the Medusomyces gisevii Sa-12 producer was 
maintained by subculturing every 14 days on a 
synthetic glucose medium prepared by dissolving 
glucose (22 g/L) in black tea extract (the content of 
dry tea in the nutrient medium was 5 g/L, corres- 
ponding to 1.6 g/L of extractives according to [9]). 
The resulting solution was filtered and cooled to a 
temperature of 27 °C, then a symbiotic culture was 
introduced. 

In order to study the effect of the inoculum 
quantity on the yield of BC and its physicochemical 
characteristics, four experiments were carried out 

with the producer introduced into the nutrient medium 
at the following dosages: 5, 10, 15 and 20% vol. For 
each dosage, BC biosynthesis was carried out for  
24 days under static conditions in a ТС-80 dry-air 
thermostat at a temperature of 27 °C accompanied 
by daily monitoring the total cell count, glucose 
concentration, pH and BC yield. The obtained BC 
samples were purified from residues of the nutrient 
medium and cells by passive diffusion in dilute 
solutions of sodium hydroxide and hydrochloric 
acid according to [9]. In order to determine the BC 
yield, the films were dried at room temperature in 
the expanded state. The yield of BC was cal-
culated as the ratio of the mass of dry BC and the 
mass of glucose in the volume of the nutrient 
medium [9, 19–21]. 

The total count of yeast cells and acetic acid 
bacteria was determined by the limiting dilution me- 
thod. The yeast count was controlled by inoculation 
on an agar medium of unhopped beer wort (culture 
at 27 °C for 3 days). The count of acetic acid bacteria 
was controlled by inoculation on yeast-agar with  
3% (vol.) of ethanol (culture at 27 °C for 3 days). 
Glucose concentration in the nutrient medium was 
established spectrophotometrically using a reagent 
based on 3,5-dinitrosalicylic acid (Panreac, Spain) by 
UNICO UV-2804 instrument (USA). The calculation 
of the substrate utilisation constant was performed 
according to [22]. The DP for the obtained BC 
samples was determined by a method based on the 
dissolution of cellulose in a cadoxene solution and 
subsequent viscometry of the resulting solution [23]. 
The microfibrillar structure of the BC was studied 
using a JSM-840 scanning electron microscope 
(Japan) [24]. 

The studies were carried out using the equip- 
ment of the Biysk Regional Centre for Collective 
Use SB RAS (IPCET SB RAS, Biysk). 

 

RESULTS AND DISCUSSION 
During the culture of Medusomyces gisevii Sa-

12 with a different dosage of the inoculum, the total 
count of yeast cells and acetic acid bacteria was 
determined. The results are presented in Fig. 1. 

 

  

a b 
 

Fig. 1. Total cell count of (a) yeast and (b) acetic bacteria during the culture  
of Medusomyces gisevii Sa-12 with different inoculum dosage 

 

Рис. 1. Общая концентрация клеток дрожжей (a) и уксуснокислых бактерий (b)  
в процессе культивирования Medusomyces gisevii Sa-12 с различной дозировкой инокулята 
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For all inoculum introduction variants, the count 
for yeast cells in the nutrient medium during the 
culture of Medusomyces gisevii Sa-12 was deter- 
mined to be an order of magnitude higher than for 
acetic acid bacteria. This appears to be charac- 
teristic of this symbiotic culture: yeast processes 
glucose into ethanol, further ethanol is consumed by 
acetic acid bacteria, while the bacteria synthesise 
BC gel-film to protect themselves from the environ- 
ment. Thus, the metabolic elements of the symbiotic 
culture are localised in different partners, promoting 
the increase in the adaptability and stability of the 
culture [25]. 

The low inoculum dosage 5% vol. leads to a 
sharp increase in the specific cell growth rate: on 
the 2nd day of culture, the yeast count is the highest 
among all variants and comprises 33 mln. CFU/mL, 
while the number of acetic acid bacteria is equal to 
3.1 mln. CFU/mL, exceeding their number for 
inoculum dosages of 15 and 20% vol. However, 
already by the 5th day, both types of microorga- 
nisms go into the stationary phase and from  
14th day the death phase is observed. 

According to the yeast count, the inoculum 
dosage variants of 10–20% vol. practically coincide: 
the exponential growth phase is observed for 2 days, 
then the linear and slow growth phases are pre- 
sented; on the 10th day, the cultures enter the sta- 
tionary growth phase; the death phase is observed 
from the 18th day. According to the count of acetic 
acid bacteria, the inoculum dosage of 10% vol. is in 
the lead. The culture enters the stationary phase 
on the 3rd day with a bacterium count equal to  
5.2 mln. CFU/mL; the death phase begins on the  
16th day. At inoculum dosages of 15 and 20% vol., 
the stationary phase is observed from the 10th to the 
16th day. During this period the acetic acid bac- 
teria count is slightly higher than for the inoculum 
dosage of 10% vol.: 7.3 and 6.7 mln. CFU/mL, 

respectively, against 5.9 mln. CFU/mL. The death 
phase also starts on the 16th day.  

Earlier, the count of acetic acid bacteria for the 
Medusomyces gisevii Sa-12 culture was shown by 
us to serve as a marker for BC synthesis: the higher 
the bacteria count, the higher the yield of BC [9], 
which demonstrates good agreement with the 
dependence of the BC biosynthesis on the acetic 
bacteria count for individual strains [12, 13]. Thus, 
for inoculum dosages from 10 to 20% vol., an 
equivalent high yield should be obtained and the 
inoculum dosage of 5% vol. turns out to be clearly 
insufficient: no proper cell count is provided in the 
medium, predicting low BC yield for this variant. 

Fig. 2 shows glucose utilisation and BC yield 
during culture of Medusomyces gisevii Sa-12 
depending on the dosage of the inoculum. 

It can be seen from the presented data, that, 
with an increase in the inoculum dosage, the process 
of substrate utilisation is intensified: the substrate 
utilisation constant comprises 0.193 and 0.229 days-1 

for the inoculum dosage of 5 and 20% vol., 
respectively. For all the inoculum dosage variants, 
the main glucose consumption occurred from 0 to 
10 days, due to its consumption by microorganism 
cells and their reproduction. This period corresponds 
to the logarithmic growth phase of yeast and acetic 
acid bacteria (Fig. 1A). After 10 days, a slow 
utilisation of the substrate was observed for the 
reason of obvious glucose consumption for the 
metabolism of maintaining microorganisms. 

When the inoculum was added in an amount of 
5% (vol.) of the nutrient medium volume, a thin gel 
film of BC was formed only on the 8th day of culture. 
In this variant, the BC growth process took place in 
three stages: from 8th to 10th day, the yield 
increased to 2.3%; from 10th to 21st day, a plateau is 
observed on the chart; from 21st to 24th day, a 
further increase in BC growth to 6.9% is presented. 
 

 

 

 

Fig. 2. Glucose concentration and BC yield plotted against inoculum dosage 
 

Рис. 2. Изменение концентрации глюкозы и выхода БЦ  
в зависимостиот дозировки инокулята 
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This can be explained by the formation of new thin 
BC layers on the surface of the culture medium 
with new generations of acetic acid bacteria. For 
inoculum dosages of 10% vol. and 15% vol., the 
curves demonstrate an exponential character, 
reaching a plateau in about 16 days. After this, a 
very slow increase in BC is observed. At an 
inoculum dosage of 20% vol., the main increase 
equal to 7.1% in BC yield occurred from 3rd to 
10th day of culture. In the period from 10th to 24th 
day, a slow increase in the yield of BC is 
presented and no visible degradation processes 
are observed. After 24 days of culture, for 
inoculum dosage of 10, 15 and 20% vol., the BC 
yield comprised 7.8, 7.4 and 7.9%, respectively. 
Based on Fig. 2, the inoculum dosage of 5 % vol. 
can be concluded to be insufficient for Meduso- 
myces gisevii Sa-12: at this dosage, glucose is 
spent on the synthesis for biomass of both yeast 
and acetic acid bacteria and their high specific 
growth rates lead to inhibition of BC biosynthesis. 

The data presented in the literature indicate 
that, for various producers, the quantity of inoculum 
providing the highest BC yield can vary in the range 
from 5 to 20% vol. For example, in [26], the effect of 
inoculum dosages of 10, 20 and 30% vol. on the 
BC yield was described using a Komagataeibacter 
hansenii ATCC 23769 producer with the maximum 
obtained at 20% vol. dosage. A study of the effect 
of inoculum dosage ranging from 4 to 12% vol. 
using a Gluconacetobacter xylinum ATCC 10245 
producer showed that the maximum BC yield is 

obtained at 8% vol. of inoculum [27]. For 
Gluconacetobacter sp. RV28 producer tested in 
the range from 1 to 10% vol. the inoculum dosage 
providing maximum yield was 5% (vol.). Here, both 
a decrease and an increase in the indicated 
inoculum dosage was observed to result in a 
decrease in BC yield [28]. For the Gluconaceto- 
bacter xylinus CH001 producer, over the range of 
4–12% vol., an inoculum dose of 10% vol. turned 
out to be optimal [29]. 

In our case, for the Medusomyces gisevii Sa-12 
symbiotic culture, the application of inoculum dos- 
ages from 10 to 20% vol. provides comparable re- 
sults. With a view to economy, a dosage of 10% vol. 
is recommended. If the problem consists in accel- 
erating BC biosynthesis, it is recommended to use a 
dosage of inoculum of 20% vol. as this will reduce 
the time of culture by 2 times. 

Fig. 3 demonstrates SEM images of BC 
samples. For all variants of inoculum dosages, BC 
samples were obtained with an unordered three-
dimensional network structure and microfibril 
thickness from 30 to 70 nm, which is characteristic 
of BCs, fundamentally distinguishing it from all other 
types of celluloses and being in good agreement 
with published data [2, 10, 30]. According to SEM, 
no differences between the samples were revealed; 
thus, it can be concluded that inoculum dosage has 
no effect on the microfibrillar structure of the BC.] 

The effect of inoculum dosage and culture 
time on the degree of cellulose polymerisation in 
BC samples is shown in Fig. 4. 

 

  

а b 
  

c d 
 

Fig. 3. SEM image of BC samples at different inoculum dosage: 
а – 5%; b – 10%; c – 15%; d – 20%; (zoom × 5000) 

 

Рис. 3. Микрофотографии образцов БЦ при различной дозировке инокулята, 
РЭМ, %: a – 5; b – 10; c – 15; d– 20; (масштабирование × 5000) 
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Fig. 4. Effects of inoculum dosage and culture time 
on cellulose polymerisation degree of BC samples 

 

Рис. 4. Влияние дозировки инокулята и продолжительности культивирования  
на степень полимеризации целлюлозы в образцах БЦ 

 

For all types of experiments, on the 7th day of 
biosynthesis, high DP values (3160-5000) for BCs, 
typical for BC, were obtained. The DP obtained in 
our work are in good agreement with the literature 
data, where, for various BC producers, it varies 
from 1600 to 6000 [17, 18, 31, 32]. 

From the data analysis (Fig. 4), it follows that 
the maximum value of the cellulose DP, equal  
to 5000, was reached on the 7 th day of BC 
biosynthesis at a inoculum dosage of 10% vol. 
Dosages of 15 and 20% vol. demonstrated very 
similar results in terms of DP value: 4150 and 4100, 
respectively. For the 5% vol. of inoculum, the 
smallest DP value of 3160 was observed, which is 
1.6 times lower than for the 10% vol. dosage. The 
results can be explained by the metabolic 
characteristics of the Medusomyces gisevii Sa-12 
symbiotic culture: low inoculum dosage leads not 
only to inappropriate consumption of the substrate for 
biomass synthesis, instead of BC synthesis, but also 
to a decrease in the quality of the synthesised BC. 

For all variants, a decrease in the DP of 
cellulose occurs with an increase in the duration of 
biosynthesis from 7 to 21 days. Moreover, the 
decrease comprised 49.4, 14.6, 15.7 and 22.9% 
(of the maximum DP value for this variant on the 
7th day of biosynthesis) for dosages of 5, 10, 15 
and 20% vol., respectively. Therefore, in order to 
reduce the DP during the BC biosynthesis, the 
dosage of the inoculum of 5% vol. is concluded to 
be insufficient; conversely, a dosage of 20% vol. is 
excessive. 

The decrease of DP during biosynthesis may 
be due to the fact that, in the first 7 days of culture, 
biosynthesis of highly polymerised BC takes place 
and, after culture from 7 days onwards, low 
polymerised BC layers are synthesised, which 
reduces the average cellulose DP value in BC 
samples. Physiologically, this version is explained 
by a well-known fact: since acetic acid bacteria are 
strict aerobes, the biosynthesis of new BC layers 

is carried out on the surface of already formed 
layers [1, 2]. However, over time, the state of the 
population worsens: nutrients are exhausted, 
metabolic products are accumulated promoting for 
the decrease in DP of the synthesised BC. The 
tendency toward a decrease in the degree of 
polymerisation of cellulose with an increase in the 
culture time is described in [18]; however, the 
authors simply state the fact without being able to 
adequately explain it. It should be noted that 
problems of long-term BC culture in global 
practice have been poorly studied, despite the 
desirability for the duration of this process to be 
reduced. In our opinion, the stated version of the 
decrease in DP is more viable than the version of 
the decrease in DP explained by the destruction 
of BC during long-term culture proposed in the 
1970s [33] since the total mass of BC during 
prolonged culture continues to increase. 

Thus, in the process of studying the inoculum 
dosage, we were able to observe an interesting 
regularity of the dependency of the DP of BC 
samples on the inoculum dosage and the duration 
of BC biosynthesis, as well as to determine the 
optimal inoculum dosage of 10% vol., leading to 
the procurement of a BC possessing maximum DP 
that decreases slightly during long-term culture. 
This opens up the possibility of regulating the 
biosynthesis of BC to directly obtain BC having 
desired properties. 

 

CONCLUSIONS 
As the result of this study, during biosynthesis 

of BC by the Medusomyces gisevii Sa-12 symbiotic 
culture, a high yield (7.5–8.0%) was established for 
an inoculum dosage of 10–20% vol. Moreover, in 
the case of an inoculum dosage of 20% vol., the 
culture time is reduced by half. 

All inoculum dosage variants are shown to 
provide the same three-dimensional cross-linked 

microfibrillar structure of BC samples. 
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For the first time, the dependence of the BC 
polymerisation degree on the inoculum dosage 

and the time of biosynthesis has been established. 

The optimal dosage of the inoculum 10% vol. was 
determined, resulting in a maximum degree of 

polymerisation equal to 5000. 
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