
Vol.:(0123456789)1 3

Journal of Polymers and the Environment (2021) 29:89–102 
https://doi.org/10.1007/s10924-020-01857-x

ORIGINAL PAPER

Kinetic Study of Lasiodiplodan Production by Lasiodiplodia 
theobromae MMPI in a Low‑Shear Aerated and Agitated Bioreactor

Stephanie C. T. Tabuchi1  · Sabrina E. Martiniano1 · Mário A. A. Cunha2 · Aneli M. Barbosa‑Dekker3 · 
Robert F. H. Dekker4 · Arnaldo M. R. Prata1

Published online: 18 August 2020 
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
Little information is available in the literature concerning the kinetics of the production of exopolysaccharides (EPS). The 
kinetics of growth, substrate consumption and lasiodiplodan (LAS) production by the filamentous fungus Lasiodiplodia 
theobromae MMPI were studied in a new bioreactor design (Low-Shear Aerated and Agitated Bioreactor; LSAAB) using 
media based on glucose and glycerol. The kinetic parameters of cultivation were compared with fermentations conducted 
in a stirred tank bioreactor (STR) and in shake flasks. Cultivation in LSAAB using glucose resulted in 3.17 ± 0.16 g.L−1 
of LAS, a value lower than that obtained in shake-flasks (6.49 ± 0.03 g.L−1), but somewhat higher than obtained in STR 
(0.70 ± 0.12 g.L−1). When glycerol was used as substrate, the production of LAS was less effective than glucose. From the 
fungal biomass produced, as well as the related growth kinetic parameters  (YX/S and  QX), fungal growth was more efficient 
in LSAAB. Lasiodiplodan production by L. theobromae MMPI from glycerol was accelerated by an increase in broth pH 
during cultivation, and the behavior was opposite (decreased pH) when using glucose. LSAAB proved to be promising for 
the production of LAS by the fungus studied. Although glucose was shown to be the better substrate for the production of 
LAS, glycerol, as a fermentation substrate, has potential of a less-expensive medium for cultivating the fungus.
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Introduction

Polysaccharides are natural biomacromolecules composed 
of sugar residues that possess peculiar physicochemical 
properties and biological functions, which can have diverse 
applications in food, industrial (pharmaceutical, cosmetics, 
chemicals) and agricultural sectors [1, 2]. They constitute an 
emerging market with projections of a global market value 
of around US $7.2 billion by 2024 [3]. In addition to these 
traditional uses, recent research highlights new applications 
for polysaccharides, especially in the field of pharmaceutical 
therapy and tissue engineering [2, 4–7].

A group of polysaccharides that has attracted attention 
in recent years are the β-D-glucans, and especially those of 
non-cellulosic origin, such as the (1 → 3)- β-D-glucans that 
are classified as biological response modifiers [8], and have 
peculiar technological and biological properties. The growth 
expectations for the global market of β-glucans appears 
promising considering the increased use of these polysac-
charides as food supplements. Consumer preference over 
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synthetic ingredients has driven the market that is estimated 
to reach a value of US $560.65 million by 2026 [9].

Exopolysaccharides (EPS) are polysaccharides secreted 
by some fungi and bacteria that, depending upon the micro-
bial system, form capsules around the cell, integrating with 
the cell wall, or appear outside the cell wall in the form 
of a slime that diffuses into the extracellular environment 
[10–13]. Lasiodiplodan (LAS), an uncommon, linear 
(1 → 6)-β-D-glucan, is an EPS produced by Lasiodiplodia 
theobromae MMPI [14], a filamentous fungus characteristic 
of tropical regions and a pathogen of various plant species 
[15].

In the natural environment, (1 → 6)-β-D-glucans are nor-
mally found in the cell wall matrix of fungi and in members 
of the phylum Chromista [16], and can be isolated by pro-
cedures that involve sequential extractions with hexane, hot 
and cold water and alkalis [17]. However, in the submerged 
cultivation of L. theobromae MMPI, LAS is secreted into 
the culture medium, and can simply be isolated by precipi-
tation with alcohol, an effective and inexpensive extraction 
method [18].

Besides the microorganism, the fermentation parameters 
that most influence the production of EPS are the composi-
tion of the nutrient medium, temperature, pH, agitation and 
aeration during the fermentation process. Such parameters 
have a direct influence on the quantity and functional proper-
ties of the exopolysaccharides obtained, and consequently, 
on their applications. Different carbon sources can be used 
in the fungal production of EPS, with glucose and sucrose 
being the most commonly used substrates [19]. The use of 
alternative raw materials as fermentation feedstocks, such 
as by-products from industrial chemical and biochemical 
processes and agro-industrial wastes, not only lower the cost 
of production, but also minimize environmental problems 
caused by improperly disposing of industrial waste products. 
Glycerol is an example of a low-cost and widely-available 
by-product generated from the production of biodiesel from 
plant seed oils, and has shown potential as a fermentation 
substrate to obtain various products of economic and envi-
ronmental interest [20].

In the cultivation of EPS-producing microorganisms, one 
of the main problems is the lack of homogeneity inside the 
bioreactor, since during the process there is a significant 
increase in the viscosity of the culture medium [21]. In cul-
ture media where the fermentation broth exhibits this behav-
ior and where shear-sensitive filamentous fungi are used, 
the use of conventional bioreactors such as the Stirred Tank 
Reactor (STR) does not appear to be suitable. In the STR, 
microbial cell adhesion to the impeller blades and to the air 
distribution tube holes prevents homogeneous air and nutri-
ent distribution in the culture medium. In addition, agitation 
promoted by the impeller blades causes significant shear of 
the fungal mycelium and hyphae.

In order to overcome the disadvantages of conventional 
bioreactors, the Low-Shear Agitated and Aerated Bioreac-
tor (LSAAB) was developed [22, 23]; a system that allows 
simultaneous aeration and agitation of the liquid medium, 
thus avoiding the obstruction of air outlets, which are in con-
tinuous motion, due to the larger diameter compared to the 
holes commonly used in conventional bioreactors air diffus-
ers. It is also noteworthy that the distribution of bubbles in 
a continuous circular motion promotes additional agitation 
of the medium, thus contributing to the inhibition of clump 
formation and a reduction in shear rate [22]. The LSAAB 
was first tested by Domingos et al. [23] for the cultivation 
of the basidiomycete, Ceriporiopsis subvermispora. The 
authors confirmed the bioreactor’s efficiency as a function 
of the higher amount of biomass that can be produced and 
the smaller formation of chlamydospores by this filamentous 
fungus.

In this context, the objective of the present work was to 
study the growth, substrate consumption and the kinetics of 
lasiodiplodan production by the filamentous fungus Lasi-
odiplodia theobromae MMPI using glucose and glycerol in 
LSAAB, and compare these with data obtained by STR, the 
most commonly used bioreactor. Shake-flask cultivation was 
included for comparative purposes.

Material and Methods

Microorganism and Inoculum Preparation

A fungal strain of Lasiodiplodia theobromae MMPI isolated 
from the fruit pinha (Annona squamosa) was maintained 
on PDA (potato dextrose agar) at 4 °C, and sub-cultured 
at 3-monthly intervals [24]. Pre-inoculum was prepared 
by growing the fungal isolate on PDA plates at 28 °C for 
96 h. With the aid of an inoculating loop, a small amount of 
mycelium and hyphae was scraped from the surface of agar 
plates colonized with freshly growing fungal mycelium, and 
transferred to 250 mL Erlenmeyer flasks containing 90 mL 
of Vogel minimum salts medium [25] and 10 mL of a 50 g.
L−1 glucose solution. Although a lower concentration of 
glucose (5 g.  L−1) was used to minimize the amount of EPS 
produced in preparing the pre-inoculum, this concentra-
tion was still sufficient to stimulate fungal mycelial growth. 
The flasks were placed in an orbital motion shaker (New 
Brunswick Scientific, Innova 4000, Edison, USA) for 48 h 
at 180 rpm and 28 °C. The biomass obtained was homog-
enized aseptically with the aid of a mixer for 30 s, and then 
centrifuged (1900×g for 30 min). The sedimented mycelium 
(biomass) was then resuspended and diluted with isotonic 
saline to make a suspension with an absorbance between 0.4 
and 0.5 at 400 nm, as described by Steluti et al. [26] with 
adaptations.
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Production of Lasiodiplodan by Lasiodiplodia 
theobromae MMPI in Shake Flasks

In this group of tests, the influence of the initial substrate 
concentration combined with the initial concentration of the 
nitrogen source (yeast extract) were evaluated on the produc-
tion of LAS by L. theobromae MMPI.

Tests were performed in 250-mL shake flasks containing 
45 mL culture medium and 5 mL inoculum (mycelial sus-
pension prepared as described above). The operating con-
ditions employed for fermentation were the same as those 
for the preparation of inoculum. Culture medium was pre-
pared and consisted of:  K2HPO4 (2 g.L−1) and  MgSO4.7H2O 
(2 g.L−1) as sources of mineral salts; yeast extract (Sigma‐
Aldrich, St. Louis, MO, USA) as nitrogen source; and glu-
cose or glycerol as carbon source. Both the nitrogen and 
carbon sources were evaluated at different levels, as shown 
in Table 1. The initial pH was adjusted to 5.0 with 5 mol.
L−1 HCl solution.

Experiments were performed in duplicate, and at every 
24-h timepoint, two flasks were removed from the shaker as 
a sample. Fermentation was discontinued after 72 h. Sam-
ples were analyzed for the biomass produced, substrate con-
sumption, LAS production and pH of the fermentation broth.

Lasiodiplodan Production by Lasiodiplodia 
theobromae MMPI in a Stirred Tank Reactor

L. theobromae MMPI was grown in a STR using the same 
concentrations of carbon source (glucose or glycerol) and 
yeast extract as in the shake flasks experiments that pro-
duced the highest amount of LAS.

The tests were carried out in a STR (BIOFLO III, New 
Brunswick Sc. Co., Edison, USA), working volume of 

1.25 L and equipped with temperature, agitation and aera-
tion controls. Fermentations were operated in batch mode 
using 1.0 L of medium volume, temperature of 28 °C, initial 
pH of 5.0, agitation of 400 rpm, and aeration of 0.8 vvm. 
Inoculation was performed using 50 mL of mycelial suspen-
sion obtained as described in item 2.1.

Lasiodiplodan Production by Lasiodiplodia 
theobromae MMPI in a Low‑Shear Agitated 
and Aerated Bioreactor

L. theobromae MMPI was grown in a LSAAB using the 
same carbon source (glucose or glycerol) and yeast extract 
concentrations as in the STR tests, to compare fungal growth 
and the kinetics of LAS production in the two bioreactor 
types.

The LSAAB corresponds to a 14-L Marriott bottle (see 
Supplementary Material, Fig. 1), the top of which is fitted 
with a cap with specific characteristics as described in a pat-
ent [22]. The fermentation process was operated in a batch 
system employing 10 L of medium volume, initial pH of 5.0, 
agitation of 300 rpm and aeration of 0.8 vvm. The bioreactor 
was inoculated with 500 mL of mycelial suspension obtained 
as described in item 2.1. Samples (50 mL) were periodically 
collected from the lower outlet. The temperature was con-
trolled using a TIC-17RGTi (Full Gauge Control, Canoas, 
Brazil) digital thermostat model, equipped with a thermis-
tor type temperature sensor. The thermostat charge terminal 
was connected to an externally fixed electrical resistor on 
the LSAAB bottle. The collar-shaped resistance (built of 
stainless steel) was run at 110 V and at a power of 400 W. Its 
diameter is 23 cm, close to the outer diameter of the bioreac-
tor bottle, and the width is 9.8 cm, having been fixed around 
the bioreactor using two bolts with nuts in the horizontal 
position, connecting its two ends. The thermostat tempera-
ture sensor was placed in contact with the fermentation broth 
by passing it through one of the bioreactor cap holes.

Analytical Methods

Biomass

The amount of mycelium produced was quantified gravi-
metrically as dry mass. Samples from the glucose fermenta-
tion tests were first diluted 1:2 to decrease their viscosity. 
The samples were next centrifuged for 30 min at 1900×g, 
and the mycelium recovered washed with deionized water. 
After washing, the mycelial samples were placed in porce-
lain crucibles and dried in an oven (FANEM/Model 315 SE, 
São Paulo, Brazil) to constant mass at 70 °C, and is recorded 
as the amount of mycelium (Px).

Table 1  Experimental conditions to evaluate the growth of Lasiodip-
lodia theobromae MMPI for the production of biomass and lasiodip-
lodan in shake flasks on media containing yeast extract and glucose 
or glycerol

*Fermentation runs

Run* Glucose 
(g.L−1)

Yeast extract 
(g.L−1)

Run* Glycerol 
(g.L−1)

Yeast 
extract 
(g.L−1)

A 10 3 J 10 3
B 10 6 K 10 6
C 10 12 L 10 12
D 30 3 M 30 3
E 30 6 N 30 6
F 30 12 O 30 12
G 50 3 P 50 3
H 50 6 Q 50 6
I 50 12 R 50 12
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Lasiodiplodan

LAS quantification was performed by precipitating the EPS 
with absolute ethanol. Alcohol at −10 °C was added to the 
fermented broth in a ratio of 1:4 (medium volume: alcohol 
volume), and the mixture left for 24 h at 4 °C. After precipita-
tion, the LAS was recovered by vacuum filtration on qualita-
tive filter paper (Whatman #1). The filter paper containing the 
LAS precipitate was oven-dried at 70 °C until constant mass 
and was recorded as the LAS concentration (Pp).

Carbon Source Concentration and Lasiodiplodan Purity

Both glucose and glycerol concentrations in shake flasks 
were determined by high-performance liquid chromatogra-
phy (HPLC; Waters, Milford, MA, USA) using a RI Detec-
tor (model 2414) equipped with a Biorad Aminex HPX-87H 
column (300 × 7.8 mm), and operated under the following 
conditions: column temperature of 45 °C, eluent sulfuric acid 
0.005 mol.L−1, eluent flow rate 0.6 mL.min−1, and injection 
sample 20 μL. All samples were properly diluted and filtered 
using a Sep Pak C18 filter (MILLIPORE, USA), and the eluent 
prior to use, was filtered under vacuum on a 0.45 μm HAWP 
membrane (MILLIPORE), and degassed in an ultrasonic bath 
(THORNTON, Vinhedo, SP, Brazil) operating at 40 kHz) for 
15 min. Glycerol concentrations in the bioreactors (STR and 
LSAAB) was also quantified by HPLC.

Glucose in bioreactors (STR and LSAAB) was determined 
by the 3,5-dinitrosalicylic acid (DNS) method according to 
Miller [27] with subtle modifications.

The purity of LAS samples was estimated by determin-
ing the content of total carbohydrates by the phenol–sulfuric 
method [28], and proteins by the Bradford method [29].

Determination of Fermentation Kinetic Parameters

The kinetics of the performance of the fungus during the fer-
mentation runs evaluated growth (measured as biomass), sub-
strate consumption, pH variation and LAS production by L. 
theobromae MMPI in submerged liquid culture.

The following kinetic parameters were calculated according 
to Eqs. 1–7 below:

(a) Conversion yield of substrate to cell biomass  (YX/S)

(b) Conversion yield of substrate to LAS  (YP/S)

(c) Specific yield  (YP/X)

(1)YX/S =
Maximum biomass amount (g.L - 1)

Consumed substrate (g.L
- 1)

(2)YP/S =
Maximum LAS amount (g.L - 1)

Consumed substrate (g.L - 1)

(d) Percentage of consumed substrate  (YC)

(e) Biomass volumetric productivity  (QX)

(f) LAS volumetric productivity  (QP)

(g) Global rate of substrate consumption  (QS)

Statistical Analysis

Values of the kinetic parameters determined in fermentations 
conducted in the STR and in the LSAAB were compared 
with each other by the Student’s t test. Anova and Tukey’s 
test were used to compare data on the production of fungal 
biomass and LAS in the different nutritional conditions of 
cultivations conducted in shake flasks. Statistica 7.0 soft-
ware was used in the analyzes, and were considered at the 
95% confidence level (p < 0.05).

Results and Discussion

Shake Flask Fermentation Tests to Define Substrate 
and Nitrogen Concentrations

Fermentation experiments were firstly performed in shake 
flasks in liquid submerged cultivation to define adequate 
concentrations of glucose, glycerol and yeast extract for the 
production of LAS by L. theobromae MMPI.

Glucose as Substrate

The results of the maximum amounts of biomass and LAS 
produced for fermentation tests A to I (experimental con-
ditions—Table 1), in which glucose was used as carbon 
source, are shown in Fig. 1a. The condition of test G pro-
vided the highest amount of both biomass (31.74 ± 0.59 g.
L−1) and LAS (6.49 ± 0.03 g.L−1), indicating a correlation 

(3)YP/X =
Maximum LAS amount (g.L - 1)

Produced biomass (g.L - 1)

(4)YC =
Consumed substrate (g.L - 1)

Initial substrate concentration (g.L - 1)
× 100

(5)QX =
Maximum biomass amount (g.L - 1)

Fermentation time (h)

(6)QP =
Maximum LAS amount (g.L - 1)

Fermentation time (h)

(7)QS =
Consumed substrate (g.L - 1)

Fermentation time (h)
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between fungal growth and EPS production, as was also pre-
viously observed [18]. In addition, the fact that test G used 
the highest concentration of carbon source (50 g.L−1 glu-
cose) and the lowest concentration of yeast extract (3 g.L−1) 
demonstrated that limiting concentrations of some nutrients 
in the presence of excess of carbohydrate appeared to favor 
exopolysaccharide production [13, 30]. This was confirmed 
by analyzing the tests in which the highest concentration 
of yeast extract (C, F and I) was used. Among the 50 g.L−1 
glucose tests, test I resulted in the lowest concentration of 
LAS. A similar behavior was observed in tests with 30 g.L−1 
glucose (D, E and F), where the lowest amount of LAS pro-
duced occurred under the condition of test F, where the high-
est concentration of nitrogen source was used (12 g.L−1).

The profile of fermentation from test G (highest biomass 
and LAS production) is shown in Fig. 2a, where the val-
ues of biomass, LAS, substrate concentrations and pH are 
included. After 48 h of cultivation there was little produc-
tion of both biomass and LAS. Such stagnation could be 
attributed to the increased apparent viscosity of the medium, 
which, although not measured, was clearly observable. Con-
sequently, there would be less mass transfer (mainly oxygen) 
in the culture medium, limiting both fungal growth and LAS 
production when compared with samples analyzed within 
the intervals: 0 to 24 h and 24 to 48 h. This statement is 
supported by the fact that at 48 h there was no substrate 
limitation in the medium. In addition, a low nitrogen supply 
(as in the case of test G) is considered favorable for EPS 
production, as reported by Nampoothiri et al. [31].

In the first 24 h of fermentation, 46% of the glucose 
present in the medium was consumed, while at the end of 
72 h, only 2.5% of its initial concentration remained. Ste-
luti et al. [26], in cultivating the fungus Botryosphaeria sp. 
MAMB-05 with 50 g.L−1 glucose, also observed a minimum 
amount of residual sugar in the medium at 72 h (2.4 ± 0.8 g.
L−1). Cunha et al. [18], in the cultivation of L. theobromae 
MMPI using 40 g.L−1 glucose, observed that about 30% of 
the substrate remained in the fermentation broth at 120 h. In 
our case (test G), as was also reported by Cunha et al. [18] 
using the same carbon source, a possible explanation for 
the residual substrate difference was the higher concentra-
tion of nitrogen source used in test G of our study, which 
may have contributed to higher substrate consumption, but 
without resulting in a higher EPS production. It should be 
noted that the production of LAS observed by Cunha et al. 
[18] was 7.01 ± 0.07 g.L−1, a slightly higher value than the 
LAS produced from test G (6.49 ± 0.03 g.L−1).

Glycerol as Substrate

In Fig. 2b are shown the results from test O (using glyc-
erol as carbon source). In this case, 30 g.L−1 glycerol and 
12 g.L−1 yeast extract were employed, and produced the 
highest amount of LAS (3.39 ± 0.06 g.L−1). This behavior 
showed an important difference between the two substrates 
tested. With glycerol as carbon source, unlike that of glu-
cose (30 g.L−1 and 50 g.L−1, respectively), the higher the 
concentration of nitrogen source used, resulted in the higher 
the amount of LAS produced (tests J, K, L; M, N, O and P, 
Q, R). This observation indicates that nitrogen limitation 
favored the production of LAS from glucose, but not in the 
case of glycerol. That is, when glycerol is used as the carbon 
source, both biopolymer production and fungal growth were 
favored by an increase in the nitrogen concentration, with 
one exception (test K, in which fungal growth decreased as 
the yeast extract concentration increased from 3 g.L−1 to 
6 g.L−1). Considering the tests using equal carbon source 

Fig. 1  Maximum values of the amounts of biomass and LAS 
obtained at 72 h by Lasiodiplodia theobromae MMPI in shake-flask 
cultivation at different concentrations of: a glucose and yeast extract; 
b glycerol and yeast extract (see Table 1 for experimental conditions)
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concentrations, highest amounts of biomass were obtained 
at the highest nitrogen concentration used (tests L, O and R). 
Thus, it can be concluded that cultivation of L. theobromae 
MMPI on nutrient media containing glycerol as substrate 
requires a higher concentration of nitrogen, both for bet-
ter production of fungal biomass and LAS, when compared 
to glucose-containing media (Fig. 1a). Torres et al. [32] 
studied the impact of glycerol and nitrogen concentration 
on EPS production by Enterobacter A47. The authors also 
concluded that an increase of initial nitrogen concentration 
(diammonium phosphate) promoted higher bacterial cell 

growth. However, unlike tests J to R, a higher concentra-
tion of nitrogen source impaired the synthesis of LAS. In 
view of the foregoing, it seems reasonable to assume that the 
synthesis of LAS is governed by factors not yet fully under-
stood, but which differ from one microorganism to another, 
as well as according to the carbon sources employed in the 
bioprocess.

In the case of test O, both the highest mycelial growth 
and biopolymer production occurred within 48 h, with 
both values remaining practically constant up to 72 h. The 
highest glycerol consumption observed occurred within 

Fig. 2  Kinetics of fungal 
growth, LAS production, 
substrate consumption and pH 
variation during shake-flask cul-
tivation of Lasiodiplodia. theo-
bromae MMPI in: (a) medium 
containing 50 g.L−1 glucose 
and 3 g.L−1 yeast extract (test 
G); and (b) medium containing 
30 g.L−1 glycerol and 12 g.L−1 
yeast extract (test O)
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24 to 48 h, during the same period coinciding with high-
est biomass production. Unlike the tests using glucose, 
total substrate consumption was not observed using glyc-
erol as the carbon source. The condition of test J was the 
one that favored highest glycerol consumption (76.32%), 
and that of test R provided the lowest consumption 
(22.36%), although resulting in highest mycelial growth 
(15.47 ± 0.5 g.L−1). This observation suggests that the 
cultivation/production of LAS from glycerol by L. theo-
bromae MMPI required a lower concentration of carbon 
source as compared to glucose.

The pH varied differently for each substrate used, indicat-
ing a different metabolic activity in relation to the consump-
tion of the carbon source (in this case, glucose and glyc-
erol) by the fungus. Except for tests A and B, glucose media 
showed a drop in pH up to 24 h of fermentation, followed by 
an increase up to 48 h (see Supplementary Material, Fig. 2a). 
The condition of test G, in which the highest accumulation 
of both fungal biomass and LAS was observed, provided the 
greatest pH drop (from 5.0 to 3.75) during the first 24 h. In 
addition, the final pH was lower (4.56) than the initial one 
(5.0). Steluti et al. [26] observed a similar behavior by culti-
vating Botryosphaeria sp. MAMB-05 on glucose media at 
different initial concentrations (25 g.L−1, 50 g.L−1 and 75 g.
L−1), and the largest reduction in final pH was observed in 
the test with 75 g.L−1, which showed the highest growth of 
the fungus. Similarly, Lazaridou et al. [33] reported that in 
the production of pullulan by Aureobasidium pullulans on 
sugarbeet molasses, the pH of the medium fell within the 
first 24 h of fermentation, and then subsequently increased. 
The authors attributed such a pH rise to the deamination of 
amino acids and the production of ammonia due to deple-
tion of the nitrogen source. Thus, in the case of the present 
study, it is possible to infer that the same phenomenon may 
have occurred with L. theobromae MMPI, considering that 
the medium of test G was the one that contained the lowest 
concentration of nitrogen source (Table 1).

Contrary to what was observed with glucose, in all tests 
using glycerol there was an increase in pH within the first 
24 h of cultivation to 7.0 (Supplementary Material, Fig. 2b). 
The increase in pH may have resulted from the selective 
absorption of some nutrients from the culture medium by the 
fungus as suggested by Barroso and Nahas [34]. This fact 
suggests that such nutrients are necessary for metabolism of 
glycerol, but not for glucose. Between 24 and 72 h, except 
for tests L and K, there was a drop in pH. At the end of 72 h, 
the pH of all culture media showed higher values than the 
initial pH (5.0). Steluti et al. [26] tested 8 carbon sources 
(glucose, fructose, mannose, galactose, mannitol, sorbitol, 
lactose and sucrose) for the cultivation of Botryosphaeria sp. 
MAMB-05 in shake flasks and found that only culture media 
with sugarcane molasses and galactose presented a final pH 
value higher than the initial pH.

The opposing profiles of pH variation between cultivation 
on glucose and glycerol media, especially in the first 24 h of 
fermentation, corroborates what was previously suggested, 
regarding the fact that the process is not completely under-
stood, differing clearly as a function of the nature of the 
carbon source employed.

Fermentation in the STR and LSAAB Reactors 
with Glucose as Substrate

The fermentation conditions of test G (50 g.L−1 glucose and 
3 g.L−1 yeast extract) conducted in the shake flasks revealed 
the best results for LAS production, and was, therefore, the 
culture medium chosen for the fermentation runs in STR and 
LSAAB. Cultivation was performed as described in items 
2.3 and 2.4.

The profiles of fungal growth, glucose consumption and 
LAS production during the cultivation of L. theobromae 
MMPI in STR and LSAAB are shown in Fig. 3a and b, 
respectively.

Fermentation in a STR

The highest amount of fungal biomass produced in STR 
was 5.08 ± 0.71 g.L−1 at 28 h of fermentation. In test G 
carried out in shake flasks, whose medium contained the 
same composition, the maximum fungal biomass produced 
was 31.74 ± 0.59 g.L−1 and occurred at 72 h. Therefore, 
the growth in STR was much lower than in shake flasks. 
Cunha et al. [18] obtained fungal biomass of 11.9 ± 0.57 g.
L−1 using 40 g.L−1 glucose medium at 120 h in a STR. The 
authors also observed that the fungal biomass obtained 
in the STR was lower than that obtained in shake flasks 
(17.3 ± 0.8 g.L−1).

The highest concentration of LAS obtained in STR 
(0.70 ± 0.12  g.L−1) was much lower than that in shake 
flasks (6.49 ± 0.03 g.L−1). Cunha et al. [18] obtained fun-
gal biomass of 11.9 ± 0.57 g.L−1 and 5.70 ± 0.16 g.L−1 of 
LAS using 40 g.L−1 glucose medium at 120 h in a STR. 
The authors also observed that the fungal biomass and LAS 
obtained in the STR were lower than that obtained in shake 
flasks (17.2 ± 1.13 g.L−1 and 7.01 ± 0.07 g.L−1 respectively). 
The authors attributed the lower fungal growth and LAS pro-
duction of STR to low oxygen transfer due to the increased 
viscosity of the medium associated with intense mycelial 
growth. As observed by Cunha et al. [18], in the experiments 
carried out at STR, the fungus clung to the baffles, impel-
ler blade, bioreactor walls and lid, forming large mycelial 
clumps (Fig. 4, panels e and f). At 18 h of cultivation, the 
fermentation medium became considerably viscous (visual 
observation) and there was virtually no circulation of the 
culture medium, with only some circulation observed at the 
bottom of the reactor near the impeller area. The lack of 
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homogeneity compromised cultivation, as the biomass and 
LAS produced, as well as the pH value, remained practically 
constant from 18 h onwards. At 28 h, it was no longer pos-
sible to take a sample, as there was no apparent circulation 
of the medium due to the viscous nature, and the fermenta-
tion appeared to have terminated (Fig. 4, panel d). The fun-
gus probably had not yet reached the end of the logarithmic 
growth phase or early stationary growth phase; stages of the 
largest production of exopolysaccharides by fungi [35]. This 
fact suggests that the fermentation medium and the initial 
conditions were adequate, but the changes resulting from the 

fungus itself made the process unfeasible. In other words, 
after that time the lack of homogeneity in the fermentation 
broth made it impossible for the fungus to access the nutri-
ents, as well as the oxygen required for growth and LAS 
production.

As noted in Fig. 3a in the STR during the first hours of 
fermentation, there was a decrease in pH, as was similarly 
observed in the tests on shake flask fermentations with glu-
cose as substrate. At 18 h the lowest pH value observed 
was 3.92. Similarly, the lowest pH observed in the tests of 
the shake flask experiments was 3.75 at 24 h of cultivation 

Fig. 3  Profile of the growth 
of Lasiodiplodia theobromae 
MMPI in STR (a), and LSAAB 
(b) for the production of LAS, 
glucose consumption and pH 
variation. The nutrient medium 
contained 50 g.L−1 glucose and 
3 g.L−1 yeast extract
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(Fig. 2a). There was no increase in pH beyond 24 h, as 
observed in the shake flasks tests, possibly due to the same 
factors that led to stagnation of substrate consumption.

The calculated kinetic parameters in STR are presented 
in Table 2. The rate of substrate consumption (Qs) in the 

STR was higher (0.98 ± 0.01 g.L−1.h−1) than that obtained 
by Cunha et al. [18] (0.23 ± 0.002 g.L−1.h−1), where L. the-
obromae MMPI was also cultivated in a STR on glucose 
(40 g.L−1) as substrate. Possibly, under the fermentation 
conditions studied in the STR, the metabolism of other sub-
stances may have been prioritized over fungal growth, and 
especially, the production of LAS, since at 24 h, glucose had 
been consumed to the extent of 48.8%, which was similar to 
that observed in shake flask cultivation (45.9%), also at 24 h 
of cultivation, but in which the production of biomass and 
LAS were much higher. In this case, the shearing action by 
the impeller blades of the bioreactor is considered an impor-
tant condition that does not exist in shake flask cultivation.

Fermentation in a LSAAB

The highest concentration of fungal biomass achieved in 
the LSAAB was 7.95 ± 0.35 g.L−1, and occurred at 64 h of 
fermentation. Likewise, the maximum amount of LAS pro-
duced (3.17 ± 0.16 g.L−1) occurred at 68 h of cultivation. 
Despite the amount of LAS produced in the LSAAB being 
more than four times higher than that obtained in the STR 
test (0.7 ± 0.12 g.L−1), the results still correspond to half the 
amount obtained in shake-flask cultivation (6.49 ± 0.03 g.
L−1).

Shortly after 68 h, the amount of LAS produced dropped 
slightly, indicating the possibility that LAS was consumed 

Fig. 4  Images of the culture 
medium of Lasiodiplodia theo-
bromae MMPI during cultiva-
tion in STR on 50 g.L−1 glucose 
and 3 g.L−1 yeast extract. a—
initial time (on inoculation); b 
at 4 h; c at 18 h; d at 28 h; pan-
els (e) and (f) show the fungus 
adhering to the baffles, impeller 
blade, bioreactor walls and lid 
within the bioreactor forming 
large mycelial clumps

Table 2  Kinetic parameters on the production of lasiodiplodan by 
Lasiodiplodia theobromae MMPI grown on 50 g.L−1 glucose and 3 g.
L−1 yeast extract in STR and LSAAB

PX production of biomass, PP production of LAS, YX/S yield of bio-
mass on substrate, YP/S yield of LAS on substrate, YP/X Yield of EPS 
to biomass, YC percentage of consumed substrate, QX biomass volu-
metric productivity, QP LAS volumetric productivity, QS global rate 
of substrate consumption
Same letters on the same line do not differ statistically at the 95% 
confidence level (p < 0.05)

Fermentation parameters STR LSAAB

Px (g.L−1) 5.08 ± 0.71b 7.95 ± 0.35a

Pp (g.L−1) 0.70 ± 0.12b 3.17 ± 0.16a

Yx/s (g/g) 0.19 ± 0.03a 0.18 ± 0.02a

Yp/s (g/g) 0.03 ± 0.01b 0.07 ± 0.001a

Yp/x (g/g) 0.14 ± 0.04b 0.40 ± 0.04a

Yc (%) 48.78 ± 0.35b 100 ± 0.68a

Qx (g.L−1.h−1) 0.18 ± 0.03a 0.12 ± 0.01b

Qp (g.L-1.h−1) 0.03 ± 0.01b 0.05 ± 0.002a

Qs (g.L−1.h−1) 0.98 ± 0.01a 0.62 ± 0.06b
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as an energy source during fermentation by the fungus. 
Giese et al. [36] reported that when Botryosphaeria rho-
dina MAMB-05 was grown on nutrient medium containing 
botryosphaeran (a (1 → 3)(1 → 6)-β-glucan) as substrate and 
a low concentration of glucose added to stimulate fungal 
growth, the fungus was able to produce enzymes (β-1,3-
glucanases) that were associated with the degradation of 
botryosphaeran during the late stationary phase of growth, 
providing an energy source for the fungus to continue grow-
ing until the death phase. Our study therefore reinforces the 
hypothesis that the fungus L. theobromae MMPI can also 
use LAS as a carbon source.

The amount of LAS produced and the pH profile in the 
LSAAB allows us to infer that the onset/acceleration of pro-
duction of LAS by L. theobromae MMPI grown on glucose 
is associated with some metabolic activity that causes a pH 
decrease in the fermentation broth. Figure 3b shows that 
the production of LAS commenced around 6 h and reached 
its highest level around 36–40 h, while the pH decreased 
from 5.0 at 6 h to 3.69 around 36 h of cultivation. The pH 
decreased was also observed in both the STR and shake-flask 
experiments. The lowest pH value observed in the LSAAB 
was 3.17 occurring at 64 h of fermentation, and then the 
pH value increased slightly. Thus, the pH behavior in the 
three different fermentation systems (shake flask, STR and 
LSAAB) proves that the metabolic pathway of glucose uti-
lization by L. theobromae MMPI leads to a decrease in pH, 
independent of the fermentation system of this bioprocess.

The kinetic parameters for the fermentation of glucose 
in LSAAB are presented in Table 2.  YX/S (0.18 ± 0.02 g.
g−1) and  QX (0.12 ± 0.01 (g.L−1.h−1) values in the LSAAB 
were lower than those observed in the STR, while  YP/S 
(0.07 ± 0.001 g/g) and  QP (0.04 ± 0.002) were higher, indi-
cating that the STR system was more favorable for biomass 
production, while the LSAAB favored the production of 
LAS. The  YP/X value (0.40 ± 0.04 g.g−1) was almost 3 times 
higher than the STR value. A high  YP/X interestingly demon-
strates a higher capacity for the production of LAS per gram 
of fungal biomass. As the main difference between the two 
bioreactors is related to shear, the parameter values men-
tioned suggest that such phenomena are most important in 
the production phase of LAS by L. theobromae MMPI, i.e., 
a lower shear led to better LAS production (LSAAB), while 
higher shear led to lower LAS production (STR), regardless 
of the amount of fungal biomass formed. This proposition is 
further supported by the fact that in shake-flask cultivation, 
where no shear exists under the conditions used, highest 
LAS production resulted among the three fermentation cases 
studied (shake flask, STR and LSAAB).

In the LSAAB, the fungus adhered to the temperature 
sensor and the defoamer injection hose without compro-
mising the growth and homogeneity of the medium. At the 
end of the fermentation period, the medium appeared more 

homogeneous, without the formation of agglomerates that 
impair mass transfer. Unlike that observed in the STR, the 
LSAAB was able to maintain homogeneity of the culture 
broth, which favored the fungal isolate to grow well con-
suming substrate and producing LAS until the end of the 
cultivation period.

Fermentation in STR and LSAAB Reactors 
with Glycerol as Substrate

Among the shake flask tests conducted with glycerol, test 
O with 30 g.L−1 glycerol and 12 g.L−1 yeast extract, pre-
sented the best results for the production of LAS. These 
conditions were therefore chosen for the cultivation of L. 
theobromae MMPI in STR and LSAAB. The cultivations 
were performed as described in items 2.3 and 2.4.

The profile for fungal growth, glycerol consumption and 
LAS production, as well as the pH profiles for STR and 
LSAAB are shown in Fig. 5.

Fermentation in STR

The highest amount of biomass (11.4 ± 0.87 g.L−1) was 
observed at 60 h of fermentation. This result was similar 
to that observed in the shake-flask experiments at 60 h 
(11.22 ± 0.34 g.L−1) under the same culture conditions (test 
O). After 60 h, there was a drop in the amount of biomass 
produced, which coincided with the time when glycerol was 
completely consumed, and the fungal isolate entered the late 
stationary phase of growth.

The maximum amount of LAS produced was 
3.02 ± 0.19 g.L−1, and occurred at 48 h of cultivation. After 
48 h, the amount of LAS produced fell slightly, as was also 
observed in the LSAAB experiment with glucose as the sub-
strate, indicating that the fungus possibly consumed some 
of the EPS produced for energy purposes. As observed for 
fungal growth, the highest amount of LAS produced was 
very similar to that obtained in shake flasks (3.39 ± 0.06 g.
L−1) at 48 h of cultivation.

The kinetic parameters arising from the STR experiment 
in which glycerol was used as substrate are shown in Table 3. 
Although the final amounts of biomass and LAS produced 
by cultivation in STR were relatively close to those obtained 
in the shake-flask experiments, in the STR the fungus was 
less efficient in producing biomass and LAS. In STR, glyc-
erol was completely consumed within 60 h of cultivation 
(Fig. 5a), while in shake flasks the substrate consumed was 
approximately half of the initial value (54.16%) supplied to 
the fungal cultures.

As with the shake flasks experiments, the pH in STR 
increased during the first hours of fermentation with glycerol 
as substrate, as opposed to the glucose-run fermentations 
in shake flasks, STR and LSAAB. However, the maximum 
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pH values found in the STR (6.25) were lower than that 
observed in the shake flask tests (7.27). The phenomenon 
of pH elevation followed by a decrease when L. theobromae 
MMPI was cultivated in medium containing glycerol as sub-
strate has not been reported in the literature. This is a topic 
that needs further study, which may even involve the dosing 
of metabolites other than EPS. This phenomenon seems to 
be related to the onset/acceleration of LAS production and 
deceleration of growth, as observed during the period 12 to 
36 h in the STR. Such a hypothesis is supported by a similar 
behavior observed in the shake-flask tests, specifically with 
test run O (Fig. 2b).

In the STR, as well as in shake flasks, the fungal isolate 
showed filamentous and dispersed growth, and clung to the 
baffles, impeller, and bioreactor walls.

Fermentation in LSAAB

The highest amount of fungal biomass observed in the 
LSAAB was 28.86 ± 1.46 g.L−1 at 30 h of fermentation. This 
value was much higher than the biomass obtained in shake 
flasks (11.22 ± 0.34 g.L−1) and STR (11.40 ± 0.87 g.L−1) 
cultivations. The higher homogeneity, and consequently, 
greater aeration of the medium in the LSAAB favored bio-
mass production, but not LAS, as the maximum amount of 
LAS produced was low, 1.45 ± 0.25 g.L−1.

The kinetic parameters of the fermentation experiment in 
the LSAAB are presented in Table 3. Comparing the values 
with those obtained in STR, the  YX/S and  QX values were 
higher, confirming that LSAAB was more suitable for fungal 
biomass production. On the otherhand, the  YP/S,  YP/X and 

 QP values were lower, which means, unlike when glucose 
was used as substrate, that LAS production was not higher, 
or more efficient, in the LSAAB.

The production of LAS commenced at 16 h fermentation 
and continued to increase up to 40 h, while the pH increased 
from 16 to 30 h of cultivation (Fig. 5b), reinforcing what was 
suggested regarding the pH variation associated with the 
onset/acceleration of EPS production. As with the shake-
flask experiments, the pH was observed to increase during 
the first 30 h of fermentation, with the highest pH value 
observed at 6.03, a value slightly lower than that observed 
in STR (6.25).

In the LSAAB, apart from the fungus adhering only to 
the temperature sensor during the fermentation run, the 
broth had a homogeneous appearance without formation of 
clumps.

Comparing the tests performed in LSAAB on the two 
substrates (glucose and glycerol), higher production of LAS 
resulted on the glucose-containing nutrient medium, and this 
was associated with an increase in the availability of oxygen 
in the culture broth. There was an increase in the produc-
tion of LAS in LSAAB compared to the STR fermentation 
experiments. In this case, it is noteworthy that higher oxygen 
transfer in LSAAB was due to the greater homogeneity of 
the medium throughout the fermentation process.

Conclusion

Submerged cultivation of Lasiodiplodia theobromae MMPI 
in nutrient medium containing glucose or glycerol as sub-
strate allowed the production of (1 → 6)-β-D-glucan (LAS) 
in shake flasks, stirred tank reactor and in a low-shear aer-
ated and agitated bioreactor.

Glucose proved to be the best carbon source for both cell 
growth and LAS production in all of the fermentation con-
ditions. Glycerol also demonstrated potential as a substrate 
for cultivating the fungus for the production of LAS, which 
is worthy of attention, since glycerol can be obtained at low 
cost as a by-product of industrial production of biodiesel 
from plant seed oils.

LSAAB showed better performance for mycelial growth 
and LAS production compared to STR with glucose as sub-
strate, which suggests that the effects of shear during cul-
tivation may be one of the bottlenecks for greater fungus 
performance in cultures normally carried out in bioreactors.

The results of the kinetic study of cultivation suggest 
that culture media with glycerol as carbon source requires 
a higher concentration of nitrogen (yeast extract), to pro-
vide both higher mycelial biomass and LAS production by 
L. theobromae MMPI compared to media containing glu-
cose. The onset/acceleration of LAS production by L. the-
obromae MMPI, both on glucose and glycerol, appears 

Table 3  Kinetic parameters on the production of lasiodiplodan by 
Lasiodiplodia  theobromae MMPI using 30 g.L−1 glycerol and 12 g.
L−1 yeast extract in STR and LSAAB

PX production of biomass, PP production of LAS, YX/S yield of bio-
mass on substrate, YP/S yield of LAS on substrate, YP/X yield of EPS 
to biomass, YC percentage of consumed substrate, QX biomass volu-
metric productivity, QP LAS volumetric productivity, QS global rate 
of substrate consumption
Same letters on the same line do not differ statistically at the 95% 
confidence level (p < 0.05)

Fermentation parameters STR LSAAB

Px (g.L−1) 11.40 ± 0.87b 28.86 ± 1.46a

Pp (g.L−1) 3.02 ± 0.19a 1.45 ± 0.25b

Yx/s (g g-1) 0.44 ± 0.04b 1.13 ± 0.09a

Yp/s (g  g−1) 0.12 ± 0.01a 0.06 ± 0.01b

Yp/x (g  g−1) 0.26 ± 0.04a 0.05 ± 0.01b

Yc (%) 100 ± 0.00a 93.05 ± 0.50b

Qp (g.L−1.h−1) 0.19 ± 0.01a 0.04 ± 0.01b

Qx (g.L−1.h−1) 0.06 ± 0.003b 0.96 ± 0.05a

Qs (g.L−1.h−1) 0.36 ± 0.01a 0.40 ± 0.01a
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to be related to the metabolic activity of the fungal iso-
late, which resulted in a variation of the pH of the culture 
medium that decreased when the substrate was glucose, 
but increased when the substrate was glycerol.

In the LSAAB cultivation experiments, the culture 
media remained homogeneous and without the forma-
tion of clumps, confirming that LSAAB is suitable for 
cultivating shear-sensitive microbial cells, and cells that 
have the inconvenience of easily adhering to the internal 
prominent parts of conventional bioreactors. In glucose 
medium, the LSAAB provided a significant increase in 

LAS production by the fungus under study compared to 
the STR experiments.

All lasiodiplodan samples showed a high degree of purity 
(97% carbohydrate, 2% of associated protein, and a mineral 
residue content of ~ 1%) regardless of the substrate used, or 
the configuration of the bioreactor wherein the fermentations 
were conducted.
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