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Abstract: Lasiodiplodan is a β-glucan polymer with different interesting characteristics, includ-
ing therapeutic properties. It is an extracellular product, which is produced by the filamentous
fungus Lasiodiplodia theobromae, using glucose as a substrate. In the present work, the production
of lasiodiplodan was studied by the utilization of sugarcane straw as a low-cost carbon source.
Glucose-rich sugarcane straw hydrolysate was obtained by a sequential pretreatment with dilute
nitric acid (1% v/v) and sodium hydroxide (1% w/v), followed by enzymatic hydrolysis. The fer-
mentation process was conducted by the cultivation of the strain Lasiodiplodia theobromae CCT3966
in sugarcane straw hydrolysate in a shake flask at 28 ◦C for 114 h. It was found that hydrolysate
obtained after enzymatic hydrolysis contained 47.10 gL−1 of glucose. Fermentation experiments of
lasiodiplodan synthesis showed that the peak yield and productivity of 0.054 gg−1 glucose consumed
and 0.016 gL−1 h−1, respectively, were obtained at 72 h fermentation time. Fungal growth, glucose
consumption, and lasiodiplodan production from sugarcane straw hydrolysate presented a similar
pattern to kinetic models. The study on the chemical structure of lasiodiplodan produced showed
it had a β-glucan construction. The current study revealed that sugarcane straw is a promising
substrate for the production of lasiodiplodan.

Keywords: lasiodiplodan; sugarcane straw; Lasiodiplodia theobromae CCT3966; fermentation process

1. Introduction

β-glucans are polysaccharide-based polymers, which have promising applications in
medicine and pharmaceutical sectors because they have been found to possess potential
antimicrobial and anticancer properties. In addition, these polymers play a crucial role in
the improvement of the human immune system and decrease of blood cholesterol and also
helps in wound healing. Moreover, β-glucans can be effectively used in the cosmetics and
food industry as fat substitutes, emulsifiers, and food fibers [1–3]. Many microorganisms
such as fungi and bacteria were reported to have the ability of β-glucan synthesis using
carbon sources. Among them, the filamentous fungus Lasiodiplodia theobromae has received
a growing interest by researchers for the biosynthesis of an extracellular β-glucan polymer,
namely lasiodiplodan, since this fungus has a high potential for industrial production
level [1,4]. In this regard, the tremendous biological characteristics of lasiodiplodan such
as anti-proliferative effect on breast cancer cells, hypoglycemic function, and antioxidant
activities have made it an attractive biopolymer for commercial applications [5,6]. Generally,
the production costs of the fermentative products highly depend on the fermentation
substrates, mainly carbon source, as the use of raw materials such as lignocellulosic
biomass and agro-industrial residues decrease the manufacturing costs [7].
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Current efforts for microbial synthesis of lasiodiplodan are based on the utilization
of commercial sugars, particularly glucose [4,5,8–10]. These sugars are mostly obtained
from unsustainable carbon sources such as food-derived carbohydrates, which strongly
compete with food chains [11,12]. Furthermore, the production process will be costly
where large-scale synthesis of glucan is targeted. Hence, production of lasiodiplodan
from commercial sugars is not cost-efficient. In order to attain process economics and
successful industrialization of lasiodiplodan production, the exploitation of abundant,
renewable, and low-cost natural bioresources enhances economically feasible production of
lasiodiplodan [13]. Considering these facts, there is a rising trend in the utilization of waste
carbon sources for the production of biochemicals. Lignocellulosic feedstocks are the most
versatile and viable carbon sources, which could provide fermentable sugars for the biolog-
ical synthesis of chemicals. Moreover, these raw materials are promising carbon sources
and economically competitive ones as compared with food-based carbon sources [14,15].
However, current knowledge about lasiodiplodan synthesis from lignocellulosic biomass
is rudimentary and very limited research has been performed in this regard [13,16].

Sugarcane is known as one of the most abundant industrial crops in Brazil. Harvesting
sugarcane leads to the generation of a lignocellulosic residue, namely sugarcane straw
(tops and dry leaves of sugarcane plant) with an amount of 10–30 mega gram per hectare
(Mg ha−1), which is left on the land after harvesting [17,18]. In this regard, 14% dry
weight of the sugarcane plant forms sugarcane straw in sugarcane processing chains [19].
Considering the large production of sugarcane in Brazil (642.72 million metric tons of
sugarcane in Brazil’s marketing year for the duration March 2019–April 2020), a high
quantity of sugarcane straw is produced [20]. A part of sugarcane straw is left on the
ground to make soil fertile [21]. The rest of the sugarcane straw can be utilized as an
energy source or as a lignocellulosic feedstock for the production of biochemicals and
value-added products [22]. The lignocellulosic structure of sugarcane straw is composed
of a high content of cellulose ranging from 37% to 44.5% [23,24]. The high amount of
cellulose in sugarcane straw represents a potential and low-cost carbon source to obtain
fermentable sugars, which could further be utilized for the production of biochemicals
such as lasiodiplodan.

In order to access cellulosic fraction for effective hydrolysis by cellulolytic enzymes,
a pretreatment step is often imperative to partly break the recalcitrant structure of the
lignocellulose and to allow the removal of hemicellulose and lignin constituents, which
in turn leads to the enhancement of cellulose hydrolysis [25–30]. In this context, several
pretreatment methods have already been applied to fractionate the lignocellulosic compo-
nents of biomass [31]. Among them, dilute acid treatment has potential for the dissociation
of hemicellulose component, which could be utilized efficiently in industrial sectors. Acid
pretreatment followed by alkaline pretreatment for delignification of biomass has com-
monly been used to obtain a high amount of cellulose content [25,32–34]. Different acids
such as sulfuric (H2SO4), hydrochloric (HCl), nitric acid (HNO3), and phosphoric acid
(H3PO4) have been used for the pretreatment of lignocellulosic biomass [33]. Among these,
HNO3 was reported to have the less corrosive effect on equipment, and has been faster
and more effective for fractionating lignocellulose structure [35].

The study fulfilled by Abdeshahian et al. [36] showed that an untreated sample
of sugarcane straw was composed of 41.25% cellulose, 35.17% hemicellulose, 17.25%
lignin, and 2.81% ash. This indicates that sugarcane straw could be regarded as low-cost
lignocellulosic biomass to obtain glucose, which can be further used for the production of
glucan biopolymer through microbial fermentation process.

Therefore, the aim of this study was to investigate the feasibility of lasiodiplodan
production from the sugarcane straw, which was subjected to a sequential pretreatment
by diluted nitric acid (HNO3 1% v/v) and NaOH (1% w/v). In this study, the fungal
strain L. theobromae CCT3966 was cultivated on the glucose obtained from enzymatic
saccharification of pretreated sugarcane straw to synthesize lasiodiplodan. Moreover, a
kinetic model for the production of lasiodiplodan by the fungal strain in the fermentation
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medium was studied. The chemical structure of lasiodiplodan produced was studied using
Fourier Transform Infrared Spectroscopy (FT-IR) and X-ray diffractometry.

2. Materials and Methods
2.1. Raw Material

Sugarcane straw was obtained from Ipiranga Agroindustrial in Descalvado, São Paulo,
Brazil. Sugarcane straw collected with moisture content of less than 10% was then milled
using a laboratory knife mill unit. The milled sugarcane straw was transferred in a plastic
bag and stored at the temperature of 4 ◦C prior to its use for experiments.

2.2. Microorganism

The filamentous fungal strain Lasiodiplodia theobromae CCT3966 was procured from
Fundação André Tosello Pesquisa e Tecnologia (Campinas, São Paulo, Brazil). The isolate
was maintained on the yeast malt agar (Sigma-Aldrich, São Paulo, Brazil) with the chemical
composition of (gL−1): dextrose, 10; yeast extract, 3; malt extract, 3; peptone, 5, and agar,
20, with a pH value of 6.2 at 30 ◦C. The fungal inoculum was prepared by the cultivation
of the strain on yeast malt agar slant in 500 mL flasks at 30 ◦C. After growing fungal
cells, a defined volume of sterile distilled water containing 0.1% Tween 80 was added
to the flask, and mixed well. A fungal suspension was prepared for inoculation of the
production culture.

2.3. Pretreatment of Sugarcane Straw

Initially, the raw sugarcane straw was subjected to the pretreatment by the acid
solution to remove hemicellulose fraction. For acid pretreatment, dilute nitric acid (HNO3
1% v/v) (Labsynth®, São Paulo, Brazil) was used with a solid to liquid ratio of 1:10. In
this way, 20 g raw sugarcane straw was placed in 500 mL Erlenmeyer flask and 200 mL
of dilute HNO3 was added, followed by vigorous mixing. The flask was then transferred
into an autoclave and heated at 121 ◦C for 60 min [37]. The solid part was then collected,
washed with water (pH 7) and dried until the moisture content reached less than 10%.

To remove the lignin fraction from biomass, the acid pretreated sugarcane straw was
subjected to alkaline pretreatment. It was conducted by mixing cellulignin portion with a
NaOH (1% w/v) (Labsynth®, São Paulo, Brazil) solution in a solid to liquid ratio of 1:10.
For this, 200 mL NaOH solution was transferred to a 500 mL Erlenmeyer flask containing
20 g of acid pretreated sugarcane straw and mixed well. The mixture was heated at 121 ◦C
for 60 min using an autoclave [38]. Later, the solid fraction was separated from the liquid
part. The solid part was washed with water to remove lignin adhered to biomass and
neutralize delignified sugarcane straw. The pretreated sugarcane straw was dried until the
moisture content reached less than 10%.

2.4. Enzymatic Hydrolysis

Delignified sugarcane straw was subjected to enzymatic saccharification for conver-
sion of cellulose fraction to glucose. The enzymatic hydrolysis of the pretreated sugarcane
straw was performed using a commercial enzyme preparation, namely Cellic® CTec2
(Sigma-Aldrich, Brazil Ltd., São Paulo, Brazil) in 125 mL Erlenmeyer flasks. The hydrolysis
assay was conducted at a solid loading of 7.5% (w/v) using 50 mM sodium citrate buffer
(pH 5.0) in a total volume of 40 mL, so that the enzyme loading of 15 FPU (filter paper units)
per gram of dry biomass was applied for 72 h at 50 ◦C. The mixture was then centrifuged
at 2860× g for 10 min. The obtained hydrolysate was stored at −18 ◦C. The amount of
glucose in hydrolysate was measured and the cellulose to glucose conversion (XC-G) was
calculated using Equation (1):

XC−G =
CG

CB × f× 1.11
× 100 (1)
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where XC-G shows the glucose conversion value (%), CG (gL−1) denotes the concentration
of glucose released at the time of sampling, CB (gL−1) represents the concentration of
delignified sugarcane straw used in the flask before the beginning of enzymatic hydrolysis,
f indicates the content of cellulose in the dry delignified sugarcane straw, and 1.11 denotes
cellulose to glucose conversion coefficient [39].

2.5. Production of Lasiodiplodan

Lasiodiplodan production was conducted in a 125 mL-Erlenmeyer flask containing
sugarcane straw hydrolysate in which glucose concentration was set to 40 gL−1 with an
addition of 2 gL−1 KH2PO4, 2 gL−1 MgSO4.7H2O, and 1 gL−1 yeast extract. The initial pH
value of the hydrolysate was adjusted to 7.0. Then, the mixture was sterilized at 121 ◦C
for 20 min. Later, fungal inoculum (7 mL) was inoculated in sterile and cooled medium,
followed by incubation on a rotary shaker at 200 rpm and temperature of 28 ◦C for 114 h.

2.6. Kinetic Models of Lasiodiplodan Production Using Sugarcan Straw Hydrolysate

The production of lasiodiplodan by L. theobromae CCT3966 from sugarcane straw
hydrolysate was evaluated by conducting a kinetic study on the production process. In this
view, the growth of the fungal strain was described by the logistic (autonomous) model as
presented previously by Zhang et al [40]. The logistic model for the growth of microbial
growth was defined:

dX
dt

= µX
(

1− X
Xmax

)
(2)

where µ represents the maximum specific growth rate (h−1), X is fungal biomass (gL−1),
and Xmax is the highest fungal biomass concentration (gL−1), which was measured at the
end of fermentation. The integration of Equation (2) can give the following Equation:

Xt =
Xoeµt

1.0−
[(

Xo
Xmax

)
(1.0− eµt)

] (3)

where Xt is the biomass concentration (gL−1) at time t and Xo indicates the initial biomass
concentration (gL−1) at t = 0 when microbial inoculation was carried out. Equation (4) can
be derived from Equation (3) as:

µt = ln[

(
Xt

Xmax

)
1.0−

(
Xt

Xmax

) ]−ln[
(

Xmax

Xo

)
− 1.0] (4)

where the symbol of ln denotes the natural logarithm. The value of µ was calculated by

plotting ln[

(
Xt

Xmax

)
1.0−

(
Xt

Xmax

) ] against fermentation time (t) so that it provided a linear graph with

a slope of µ (h−1).
The Leudeking–Piret kinetic [41] was utilized to describe lasiodiplodan production as

shown in Equation (5):
dP
dt

= m
dX
dt

+ nX (5)

Equation (5) includes a growth-associated term m (dx/dt) and a non-growth associated
term nX. In consideration of the fact that production of lasiodiplodan by L. theobromae
CCT3966 is a growth-associated process, the term nX was, therefore, not included for
calculations. The integration of Equation (5) forms:

Pt = Po + m Xo

 eµt

1.0−
[(

Xo
Xmax

)
(1.0− eµt)

] − 1.0

 (6)
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where Pt is lasiodiplodan produced at time t and Pt is the lasiodiplodan concentration

(gL−1) at t= 0. Plotting Pt − Po against Xo

[
eµt

1.0−[( Xo
Xmax )(1.0−eµt)]

− 1.0
]

generates a linear

curve in which the slop is equal to the value of m.
The consumption of glucose as a microbial substrate was studied using the kinetic

model presented by Zhang et al. [40] as:

St = So − α (Xt − Xo)− β

(
Xmax

µ

)
ln
[

1.0−
(

Xo

Xmax

)(
1.0− eµt)] (7)

where St is the substrate (glucose) concentration (gL−1) at time t and the term So is the
initial substrate concentration (gL−1) in culture medium at t = 0. Factors α and β de-
note coefficients. The value of kinetic parameter α was obtained by plotting So − St −
β
(

Xmax
µ

)
ln
[
1.0−

(
Xo

Xmax

)(
1.0− eµt)] against (Xt − Xo). Therefore, the slope of the linear

curve generated denotes value of α. The factor β was computed by Equation (8):

β =
(dS/dt)

Xt
(8)

The statistical evaluation of the proposed models in relation to experimental data was
carried out by the mean squared error (MSE) and coefficient of determination (R2) [40]:

MSE =
1
n ∑n

i=1 (yi − fi)
2 (9)

R2 = 1− ∑ (yi − fi)
2

∑ (yi − yi)
2 (10)

where yi, yi, fi, and n represent experimental data, mean of experimental data, the model
data, and the number of samples taken for experimental data, respectively. The yield of
lasiodiplodan (Yp/s) was calculated as the ratio of lasiodiplodan produced to the glucose
consumed (gg−1). The volumetric productivity of lasiodiplodan (Qp) was measured as
the ratio of amount of lasiodiplodan produced to the time of the fermentaion (gL−1 h−1).
The ratio of the amount of biomass produced to glucose consumed (gg−1) was defined as
Yx/s[1].

2.7. Measurement of Biomass and Lasiodiplodan

At the end of the lasiodiplodan production process, the culture broth was collected.
Fungal biomass was separated by centrifugation at 2860× g for 10 min. The precipitated
biomass was washed properly and dried in an oven at 60 ◦C to achieve constant weight.
For lasiodiplodan measurement, the supernatant of the culture broth was recovered and
the dissolved lasiodiplodan was precipitated by adding 70% ethanol into fermentation
medium with the ratio of 1:3 (1 part mixture and 3 part 70% ethanol) and the mixture was
kept at 4 ◦C (overnight). The precipitate was then separated from the supernatant and
dried at the temperature of 60 ◦C to achieve constant weight. The mass of lasiodiplodan
was then weighed using a laboratory balance [1,16].

2.8. Chemical Characterization of Pretreated Sugarcane Straw

The chemical content of cellulose, hemicelluloses, and lignin for acid pretreated
and alkaline pretreated sugarcane straw was determined using the method presented by
National Renewable Energy Laboratory (NREL) [42]. The ash content of sugarcane straw
was measured using a muffle furnace at 500 ◦C for 24 h.

2.9. Scanning Electron Microscopy (SEM) of Pretreated Biomass

In order to study morphological changes in the lignocellulose structure of sugarcane
straw after pretreatment, the pretreated biomass was analyzed by SEM (Hitachi TM3000,
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Chiyoda, TYQ, Japan). For this, dilute acid pretreated sugarcane straw and alkaline
pretreated sugarcane straw (cellulose pulp) were subjected to SEM for morphological
analysis at 1000×magnification [16].

2.10. Fourier Transform Infrared (FTIR) Spectroscopy and X-ray Diffraction Analysis (XRD)

FTIR and XRD analysis of lasiodiplodan samples were performed to study the bio-
chemical structure of lasiodiplodan produced [16]. FT-IR spectrum was recorded in the
region of 4000–600 cm−1 using a Perkin Elmer® SpectrumTM GX (Shelton, CT, USA). XRD
was conducted over a diffraction angle (2θ) of 10–60. X-ray diffractogram was attained by
PANalytical (Malvern Panalytical, UK) [13].

2.11. Measurement of Glucose in Hydrolysate

The concentration of sugars was analyzed by High-Performance Liquid Chromatogra-
phy (HPLC) in a Agilent 1200 series (Agilent Technologies Inc., USA) equipment with a
Refractive index detector RID-6A and a HPX-87H (300 × 7.8 mm) column (Bio-Rad, USA).
The analysis conditions were: column temperature of 45 ◦C, the solution of 0.01 N H2SO4
as the mobile phase, flow rate of 0.6 mL/min, and 20 µL injection volume [13].

2.12. Statistical Analysis

Experimental data were statistically analyzed by ordinary one-way ANOVA method
and two-way ANOVA followed by Dunnett’s multiple comparisons test at 95% confidence
level (p < 0.05) using GraphPad Prism 8.0.2 software. The values of kinetic parameters of
the models generated were calculated manually.

3. Results
3.1. Chemical Composition of Pretreated Sugarcane Straw

As discussed earlier, the pretreated sugarcane straw was analyzed for the amount of
different components. After nitric acid pretreatment of the raw sugarcane straw, the chemi-
cal composition of pretreated sugarcane straw was analyzed. The lignocellulosic contents
of acid pretreated sugarcane straw are presented in Table 1. The chemical composition
profile of sugarcane straw pretreated with dilute nitric acid revealed that the hemicellulosic
content in untreated sugarcane straw reached 3.53% after acid pretreatment.

Table 1. Chemical composition of sugarcane straw: untreated biomass, after dilute acid (HNO3 1%
v/v) pretreatment, and after alkaline (NaOH 1% w/v) pretreatment a.

Component Untreated Biomass (%) c After Acid
Pretreatment (%)

After Alkaline
Pretreatment (%)

Cellulose 41.25 ± 1.10 62.28 ± 1.11 82.22 ± 1.04
Hemicelluloses 35.17 ± 0.30 3.53 ± 0.40 ND b

Lignin 17.25 ± 3.39 32.15 ± 0.44 16.28 ± 1.35
Ash 2.81 ± 1.43 2.265 ± 0.007 1.73 ± 0.29

a Values based on mean ± standard deviation; b ND: Not Detected; c [36].

On the other hand, the amount of cellulose and lignin components of sugarcane
straw after acid pretreatment reached 62.28% and 32.15%, respectively (Table 1). It is
noteworthy that the acid pretreatment of the lignocellulosic structure of plants causes a
considerable hydrolysis of hemicellulosic content. However, cellulose is hydrolyzed by
acid to a lesser extent.

As can be observed in Table 1, the sugarcane straw obtained after alkaline pretreatment
was composed of 82.22% cellulose, indicating that cellulose content notably increased com-
pared to the cellulose content recorded after acid pretreatment of sugarcane straw (62.28%).

In addition, it was also recorded that the hemicellulose fraction decreased even more
and was not detected after alkaline hydrolysis of acid pretreated sugarcane straw. Moreover,
the lignin content of alkaline pretreated sugarcane straw decreased to 16.28%, indicating
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the success of alkaline pretreatment in lignin removal (49.36%) after alkaline pretreatment
(Table 1). The statistical analysis of the pretreatment experiments showed that cellulose
content of sugarcane straw was significantly enhanced after acid pretreatment compared
to raw sugarcane straw (p < 0.01) as well as after alkaline pretreatment in comparison to
that for raw sugarcane straw and acid pretreated biomass (p < 0.01). On the other hand,
the hemicellulose content of untreated sugarcane straw significantly decreased in both
acid pretreated and alkaline pretreated biomass (p < 0.01). Although the lignin content of
sugarcane straw significantly decreased after alkaline pretreatment compared to that in
acid pretreated biomass (p < 0.01), variation in the lignin content of sugarcane straw was
not significant after alkaline pretreatment compared to that in untreated biomass (p > 0.05).

3.2. Pretreatment Effect on Structural Modification of Sugarcane Straw

SEM of the pretreated sugarcane straw was carried out to study the structural modi-
fication after acid and alkaline pretreatment. Figure 1 depicts SEM images of pretreated
sugarcane straw. As shown in Figure 1A, acid pretreated sugarcane straw revealed disor-
dered fibrous organization with rupture in vascular cells. The changes in morphology of
xylem structure are displayed as broken vessel elements and tracheids with the thin and
dissociated cell wall. Figure 1B depicts the micrograph of sugarcane straw pretreated by
alkaline after acid pretreatment. It can be observed that deep fracture in the fibrous organi-
zation with perpendicular breaks in the fiber cells occurred, indicating the increase in the
accessibility of the enzymes to the structure of delignified sugarcane straw for hydrolysis
of cellulose fraction.

Figure 1. SEM images of the pretreated sugarcane straw with magnification of 1000×: (A) HNO3

pretreated sugarcane straw; (B) NaOH pretreated sugarcane straw following acid pretreatment.

3.3. Enzymatic Hydrolysis of Raw and Pretreated Sugarcane Straw

Delignified sugarcane straw obtained after alkaline pretreatment was hydrolyzed
by the cellulase preparation. The results of enzymatic saccharification of the pretreated
sugarcane straw revealed that the concentration of glucose released at 6, 12, 24, 48, and
72 h were 3.25, 21.16, 42.06, 44.21, and 47.10 gL−1, respectively (Figure 2A). The results
indicated that a high amount of glucose was released at 24 h of enzymatic saccharification,
while the rise in glucose released from 24 to 72 h was comparatively not considerable.

Statistical analysis of the glucose produced in enzymatic hydrolysis of delignified
sugarcane straw (Figure 2) corroborated that the concentration of glucose was significantly
enhanced (p < 0.01) during the initial 24 h of hydrolysis time. The comparison of glucose
released after 24 h of enzymatic saccharification indicated that the increase in glucose
concentration was insignificant (p > 0.05) between 24 to 72 h of enzymatic hydrolysis.

In this regard, glucose released could have an inhibitory effect on the cellulase so
that increasing glucose concentration during cellulose hydrolysis dwindled enzymatic
saccharification. Furthermore, the more accessible cellulose fraction can be hydrolyzed in
the first hours of hydrolysis, remaining a more recalcitrant biopolymer in later times. This
fact is also shown by the cellulose to glucose conversion yield (Figure 2B).
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Figure 2. The profile of enzymatic hydrolysis of pretreated sugarcane straw during 72 h of hydrolysis time: (A) concentration
of glucose released; (B) cellulose to glucose conversion percentage.

As can be found from Figure 2B, the conversion percentage of cellulose to glucose for
enzymatic hydrolysis at 6, 12, 24, 48, and 72 h was 4.63, 30.87, 59.98, 63.05, and 67.15%,
respectively, indicating an increasing trend in the conversion of cellulose to glucose with
period of hydrolysis. It is noteworthy that a high yield of glucose conversion was obtained
in the first 24 h enzymatic hydrolysis. This result showed that glucose conversion reached
about 70% in 72 h of hydrolysis, but about 60% of conversion yield was achieved in the
first 24 h.

3.4. Lasiodiplodan Production Using Sugarcane Straw Hydrolysate

Figure 3A depicts the time course for the growth of L. theobromae CCT3966 in sugarcane
straw hydrolysate. As shown, the lag phase was not long. The initial fungal biomass
(Xo = 0.13 gL−1) started to grow shortly after the inoculation (t = 0). The fungal cells grew
drastically during 96 h of fermentation indicating the exponential phase of the growth.
The maximum specific growth rate (µ) was obtained at exponential growth phase with
the value of 0.06 h−1. Similarly, the decrease in biomass growth was recorded after 96 h
of fermentation, with a stationary phase of the biomass growth from 96 h to 114 h of
fermentation. The highest biomass formed (Xmax) was 3.01 gL−1. The growth of the isolate
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L. theobromae CCT3966 in the sugarcane straw hydrolysate was studied by the logistic
model. Here, the growth of fungal cells in sugarcane straw hydrolysate followed the
growth pattern generated by the model. This indicated that the kinetic model could predict
well the growth of the biomass in experimental conditions. The values of the kinetic
parameters of the model are shown in Table 2.

Figure 3. The profile of time course of fermentation process of L. theobromae CCT3966 in sugarcane straw hydrolysate:
(A) the fungal growth, (B) lasiodiplodan production, (C) glucose consumption.
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Table 2. The kinetic parameters for lasiodiplodan production from sugarcane straw hydrolysate in
batch fermentation.

Kinetic Parameter Value

Xo 0.13 gL−1

Xmax 3.01 gL−1

µ 0.06 h−1

α 4.54 gg−1

Yp/s 0.054 gg−1

Qp 0.016 gL−1h−1

Yx/s 0.09 gg−1

Xo , initial biomass; Xmax , the highest biomass production; µ, maximum.specific growth rate; α, lasiodiplodan
production coefficient; Yp/s, yield of lasiodiplodan production; Qp, volumetric productivity of lasiodiplodan
production; Yx/s, fungal biomass yield.

The production of lasiodiplodan by L. theobromae CCT3966 is shown in Figure 3B. It
shows that the gradual production of lasiodiplodan by the fungal cells was carried out
during initial 24 h of fermentation. However, the production of lasiodiplodan exhibited an
increasing trend from 24 to 72 h of the fermentation. The highest lasiodiplodan yield (Yp/x)
and productivity (Qp) of 0.054 gg−1 glucose consumed and 0.016 gL−1h−1 were recorded,
respectively, at 72 h of fermentation.

Moreover, it was also observed that the further increase in the fermentation time
from 72 to 114 h had no positive effect on the production of lasiodiplodan. The reduction
in lasiodiplodan production after 72 h was possibly due to the depletion of nutrients
(glucose and yeast extract) and dissolved oxygen in the culture medium since these are
the decisive factors for fungal growth and lasiodiplodan synthesis. Figure 3A,B clearly
indicated that the production of lasiodiplodan by the strain L. theobromae CCT3966 was a
growth-associated process since the maximum lasiodiplodan production was obtained in
the exponential growth phase.

Figure 3B also depicts the pattern of lasiodiplodan production presented by the kinetic
model generated. As shown, the biosynthesis of lasiodiplodan by the strain L. theobromae
CCT3966 in experimental fermentation was satisfactorily correlated with lasiodiplodan
production presented by the kinetic model.

Figure 3C depicts the profile of the glucose consumption in the production of la-
siodiplodan by the isolate L. theobromae CCT3966. It was observed that fugal cells utilized
glucose continuously from the early fermentation course to end. The fungal biomass
consumed most of the initial amount of glucose until 72 h of fermentation time (21.01 gL−1)
when the highest production of lasiodiplodan occurred (Figure 3A). As fermentation pro-
ceeded, a low quantity of glucose (13.32 gL−1) was utilized by the fungal cells during 72 h
to 114 h of the fermentation time. The lower glucose consumption after 72 h was in line
with the reduction of lasiodiplodan production during this fermentation course.

It can also be found from Figure 3C that the glucose presented in the sugarcane straw
hydrolysate was not completely consumed as a residual glucose concentration of 5.67 gL−1

was measured at the end of fermentation course. Considering the amount of glucose
consumed, the yield of fungal biomass (Yx/s) was 0.09 gg−1. As shown in Figure 3C, the
glucose consumption by the fungal cells in experimental fermentation was in a favorable
agreement with that in the kinetic model.

The statistical analysis of the generated models using R2 and MSE revealed that
simulated models with R2 value 0.9 and MSE value less than 10% were in good agree-
ment with the experimental results. Moreover, it indicated that the models adequately
represented the real process and they could be utilized to explain the process pattern of
lasiodiplodan production by L. theobromae CCT3966 from sugarcane straw hydrolysate in
batch fermentation.
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3.5. Chemical Structure of the Lasiodiplodan Produced by L. theobromae CCT3966

The FTIR spectra of the lasiodiplodan produced by L. theobromae CCT3966 have been
illustrated in Figure 4A. The fingerprint areas between 774–938 cm−1 pointed out the
presence of bands of glycosidic linkages with the β-type structure, which can be found in
several microbial glucans. Peaks and bands between 1000 and 1200 cm−1 indicate axial
deformations on C-C, C-H and R-C-O-C-R (ether) linkages. The absorption peak shown in
the 1072 cm−1 could indicate the symmetrical stretching vibrations of C = O bonds showing
the characteristic of the pyranose ring present in the monomers of glucans. The bands at
1255 cm−1 of FTIR spectra revealed the C-O-C asymmetric stretching vibrations. The band
observed in the region 1406 cm−1 could be attributed to the symmetric deformation of CH2
and COH groups. In this regard, the absorption peak at 1633 cm−1 shows the C=O bond,
which represents the presence of the glucose ring. The absorption peak detected at the
2932 cm−1 is related to the C-H stretching of the CH2 group. The peak shown in 3411 cm−1

indicates the hydroxyl group (OH) stretching.

Figure 4. Chemical characterization of lasiodiplodan produced from sugarcane straw hydrolysate by
L. theobromae CCT 3966: (A) FT-IR spectra, (B) standard X-ray diffraction profile.

X-ray diffraction of lasiodiplodan produced by L. theobromae CCT3966 is illustrated in
Figure 4B. As can be seen, the diffractogram pattern is shown by a broad peak at around
22◦ (2θ) indicating the polymeric structure of lasiodiplodan with a non-crystalline property.
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4. Discussion

Nitric acid had a notable effect on hemicellulose removal, which could increase
cellulose content. In this regard, the study fulfilled by Miléo et al. [32] revealed that the
pretreatment of sugarcane straw using 1% sulfuric acid at 120 ◦C for 10 min resulted in the
considerable removal of hemicellulosic fraction from sugarcane straw, from 29.7 to 8.5%.
Moutta et al. [43] investigated the pretreatment of sugarcane straw by sulfuric acid 2.9%
(w/v). It was observed that a high amount of hemicellulose composition was hydrolyzed,
while cellulose fraction decisively increased.

On the other hand, acid pretreatment could bring about the generation of pseudo-
lignin and the re-condensation of lignin, which leads to the increment of cellulose and lignin
content after acid pretreatment compared to that in raw biomass [19,43,44]. After alkaline
pretreatment of sugarcane straw, cellulose content increased up to 82.22%. This result is
comparable with the results obtained by Candido et al. [25] who applied consecutive acid
and alkaline pretreatment for sugarcane straw by sulfuric acid and sodium hydroxide,
respectively. They found that the cellulose content of raw sugarcane straw with the value
of 38.82% reached 60.80% and 84.56% after acid and subsequent alkaline pretreatment,
respectively.

This phenomenon can be attributed to the point that alkaline pretreatment causes the
removal of a high quantity of the lignin content, which could enlarge cellulose constitution
owing to the swelling of cellulose fibers [19,45,46]. The study conducted by Miléo et al. [32]
revealed when cellulignin sugarcane straw with hemicellulose and lignin composition
of 8.5% and 38.2%, respectively, was pretreated by NaOH (1.5% w/v), hemicellulose and
lignin content decreased to 6.4% and 26.8%, respectively. It was also observed that the
cellulose composition of delignified sugarcane straw reached 57.8% in comparison to 46.3%
cellulose content of cellulignin sugarcane straw.

After sequential pretreatment of the sugarcane straw using nitric acid and sodium
hydroxide, the enzymatic saccharification of pretreated biomass resulted in a remarkable
cellulose conversion into glucose (60%) with releasing 42.06 gL−1 glucose in the first 24 h
of hydrolysis (Figure 2). In contrast, the results indicated that there was no significant
difference (p < 0.0.1) in the glucose produced between 24 h to 72 h of enzymatic hydrolysis.
This finding revealed the important effect of the hydrolysis time in enhancement of glucose
release during 24 h so that the rise in glucose production and saccharification percentage
was conducted to a lesser extent at 24 h to 72 h of hydrolysis reaction [47].

The results obtained for enzymatic saccharification of pretreated sugarcane straw
are comparable with the previous studies. The study fulfilled by Santos-Rocha et al. [39]
revealed that enzymatic saccharification of hydrothermally pretreated sugarcane straw by
cellulase enzyme led to the release of 38 gL−1 glucose so that increasing enzymatic reaction
time enhanced glucose concentration up to 48.9 gL−1. A similar observation was found by
Moutta et al. [43], who hydrolyzed sugarcane straw that had been pretreated previously by
sulphuric acid (2.9%, 30 min). Their study showed that after 24 h of enzymatic hydrolysis
by cellulase, an amount of 19 gL−1 glucose was triggered, while continuous hydrolysis up
to 72 h resulted in 21 gL−1 glucose. Pereira et al. [48] conducted pretreatment of sugarcane
straw by dilute sulfuric acid (1.5%, 121 ◦C, 30 min), followed by enzymatic hydrolysis
for 24 h using cellulase preparations. It was noted that a quantity of 31 gL−1 glucose
was produced after 24 h. In an attempt, sugarcane straw was utilized for converting
cellulose fraction to glucose by cellulose-degrading enzymes. It was found that enzymatic
saccharification of alkaline pretreated sugarcane straw could hydrolyze cellulose to release
glucose with an overall cellulose conversion of 67% [49].

In this study, production of lasiodiplodan occurred from the beginning of the fermen-
tation time and continued to the highest lasiodiplodan production at 72 h fermentation,
while it was followed by a reduced production of lasiodiplodan from 72 to 114 h showing a
correlation between fermentation time and lasiodiplodan formation. This finding indicated
that fermentation time is of high importance to attain the highest lasiodiplodan yield when
the fungal cells are in the exponential growth phase [9].
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In this context, the production of lasiodiplodan from glycerol as a carbon source by the
fungal strain L. theobromae MMPI in a shake flask revealed that the peak lasiodiplodan was
measured at a 72-h time course [9]. A similar pattern was observed by Crognale et al. [50],
who found that the highest β-glucan production by the filamentous fungus Botryosphaeria
rhodina DABAC-P82 was obtained at 72 h fermentation in the shake flask.

The present study showed that the production of lasiodiplodan by the strain L. theobro-
mae CCT3966 was a growth-associated process. Similar findings were reported by Cunha
et al. [1] who cultivated the strain L. theobromae MMPI on glucose in a shake flask with
triggering the maximum lasiodiplodan production in the exponential growth phase.

Consumption of glucose as a carbon source occurred during the whole fermentation
process, while it was not consumed completely. A similar observation was reported
by Cunha et al. [1], who cultivated the strain L. theobromae MMPI in a shake flask to
produce lasiodiplodan from glucose. They noted that glucose was utilized during the
whole 120-h course of fermentation, and at this stage about 30% glucose remained in the
culture medium.

The study fulfilled by Philippini et al. [13] revealed that the FTIR of glucan polymer la-
siodiplodan produced by the strain L. theobromae CCT3966 from corn bran acid hydrolysate
showed a β-type conformation. Similar to the current study, Kagimura et al. [10] showed
that the lasiodiplodan produced by L. theobromae MMPI had a structure with a very wide
non-crystalline peak in the spectra 20–22◦ (2θ). In this line, the XRD curve of β-glucan
produced by Saccharomyces cerevisiae exhibited an amorphous phenomenon in which a peak
near to 22◦ (2θ) was observed [51].

5. Conclusions

This research showed the feasibility of lasiodiplodan production using the fermentable
glucose obtained from sugarcane straw pretreated by HNO3 (1% v/v) and NaOH (1% w/v).
The statistical analysis of the pretreatment results showed that pretreatments were signifi-
cantly improved cellulose content and removal of hemicellulose and lignin components of
sugarcane straw (p < 0.01). Statistical study on the glucose produced in enzymatic hydrol-
ysis of pretreated sugarcane straw revealed that enzymatic hydrolysis contributes to the
release of high quantity of glucose during the hydrolysis process (p < 0.01). The maximum
lasiodiplodan yield and productivity of 0.054 gg−1 and 0.016 gL−1h−1, respectively, were
obtained at 72 h fermentation time. Kinetic study of the fermentation process revealed
that the experimental biosynthesis of lasiodiplodan from sugarcane straw hydrolysate
followed the trend generated by the kinetic model. The chemical structure of lasiodiplodan
produced showed β-glucan structure. The statistical analysis of the kinetic models using
R2 value MSE parameters indicated that the experimental results were sufficiently con-
sistent with the simulated models. Sugarcane straw represents a promising substrate for
fermentative production of lasiodiplodan and further studies can be conducted for scaling
up the production of this biopolymer in the bioreactor.
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