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Abstract: Xylose is the second most abundant monomeric sugar on earth. Nevertheless, metabolizing
xylose into ethanol is a complex process due to several biochemical reactions. Some microorganisms
of the genus Mucor are suitable for this bioprocess. Using metal ions, such as zinc and calcium,
allows some fungal species to increase their ethanol yield. In this work, the wild strain Mucor spp.
(C1502) was molecularly identified via internal transcribed spacer (ITS) sequencing. Secondly, an
optimization using response surface methodology (RSM) with a central composite experimental
design (CCD) was carried out. The independent variables (X) were ZnSO,-7H,O (X1, 0.0-1.5 g/L)
and CaCl, (X2, 0.0-2.5 g/L) concentration in the fermentation broth in order to demonstrate the effect
of these ions, xylose was used as the only carbon source. The dependent variables (Y) measured
were ethanol yield (Y1, g ethanol/g xylose) and xylitol yield (Y2, g xylitol/g xylose). The identified
strain, Mucor circinelloides, was given the accession number MN128960 by the NCBI. Once the optimal
concentrations of zinc and calcium were calculated, experimental validation was performed, with
the highest ethanol and xylitol yields reaching 0.36 g ethanol/g xylose and 0.35 g xylitol /g xylose,
respectively. This study demonstrated that increasing the xylitol yield using the effect of the ions,
zinc and calcium, increases the ethanol yield. Furthermore, M. circinelloides (C1502) can produce
metabolites, such as ethanol and xylitol, from the xylose obtained from hemicellulose biomasses,
which can be used as a carbon source at low cost and with great availability.
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1. Introduction

Biofuels, a renewable energy source, have gathered a significant amount of attention
in the last decade [1]. Since carbon dioxide (CO,) emissions have increased because of
the use of fossil hydrocarbon fuels, biofuels have become an environmental alternative [2].
In this context, biomasses are a suitable feedstock for bioethanol production [3]. Usually,
second-generation (2G) biofuel production uses lignocellulose mainly from agricultural,
forestry and municipal wastes, as well as from energy crops and pulp paper [4-9]. Biomass
hydrolysis facilitates the production of fermenting sugars, such as glucose, the most abun-
dant monomeric sugar in lignocellulose (30-50%), and xylose, the second most abundant
sugar (18-30%) [10], for ethanol production and the production of other metabolites, such
as xylitol and lipids [11,12]. However, xylose consumption is an arduous process given
that there are few native microorganisms with the xylose pathway [13]. Currently, there are
bioprocesses, such as consolidated bioprocessing (CBP) and simultaneous saccharification
and co-fermentation (SSCF), that transform biomass feedstock directly into ethanol [14].
Due to the environmental impact and the overall production cost, CBP and SSCF are the
most promising bioprocesses. They usually involve a single microorganism for enzyme
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production and fermentation [15], but sometimes more than one microorganism can also
be used [16,17]. It is not enough for a microorganism to be able to utilize xylose, for they
must also have hydrolytic enzymes. There are few microorganisms with the “whole genes-
package” that are able to carry out these multiple bioreactions. Some authors consider
the fungi of the genera Trametes, Flammulina, Fusarium, and Mucor to be CBP-performing
microorganisms for bioethanol production [18-21]. Advantageously, Mucor circinelloides
produces ethanol under aerobic conditions [22]. Moreover, since it is an oleaginous fungus,
it can be used as a third-generation biomass for biodiesel production [13]. In the taxonomy
classification, Mucor circinelloides is a member of the Zygomycota division, Zygomycetes
class, Mucorales order, and Mucoraceae family [23]. In this respect, Mucor circinelloides
is a profitable wild strain due to its ability to carry out all the reactions involved in a
CBP [12,24-26]. However, even if hexoses fermentation, such as with glucose and fructose,
is successful and efficient, xylose fermentation continues to be one of the biggest challenges
for these bioprocesses. Metabolizing xylose into ethanol is such a complex process due to
several biochemical reactions.

There are two pathways for xylose metabolism in microorganisms: the xylose iso-
merase pathway and the xylose oxidoreductive pathway [27]. The xylose isomerase path-
way, commonly found in prokaryotes, transforms D-xylose into D-xylulose via xylose
isomerase (XI) [13]. On the other hand, the xylose oxidoreductive pathway, mainly found
in yeasts and fungi, such as Mucor circinelloides, reduce the D-xylose to xylitol via xylose
reductase (XR) and, subsequently, xylitol is transformed into D-xylulose via xylitol dehy-
drogenases (XDH) and then is incorporated into the pentose phosphate pathway (PPP) [28].
M. circinelloides contains three genes that encode XI, XDH, and XK, which indicates that the
xylose isomerase pathway and the xylose oxidoreductive pathway simultaneously exist in
M. circinelloides [29]. Given what we know from the literature, that M. circinelloides has the
xylose metabolism pathway is very comprehensible. There are different strategies in the lit-
erature that are focused on increasing xylose consumption and regulating metabolisms for
ethanol production. One of these is the enzymatic overexpression brought on by metabolic
engineering [13,19]. The other that is widely explored is the use of micronutrients or metal
ions, which have an essential role in metabolism regulation mechanisms, such as catalytic
induction, because they act like enzymatic cofactors [30]. For instance, zinc participates in
the catalytic site in XDH and XK [27]. Additionally, it is one of the essential micronutrients
in fungi. It is related to many biological processes, such as transcriptional regulation,
the metabolism of sugars and amino acids, enzymatic activity, antioxidant effects, and
homeostasis [31,32]. Moreover, Cuero et al. (2015) reported that zinc increases alcohol
dehydrogenase (ADH) expression in some fungi, including F. gramineum and Aspergillus
niger [33]. Additionally, zinc has been used to increase ethanol yield in Saccharomyces
cerevisiae and Mucor indicus [12,34]. Another metal ion of importance in fungi is calcium.
It plays several roles in the transduction of cellular signals and cell growth under stress con-
ditions [35]. Furthermore, one study revealed that calcium activates the calcineurin, which
plays a crucial role during the yeast-hyphal growth transition of M. circinelloides [36]. Since
calcium is involved in morphological regulation, and the yeast phase is associated with
high rates of ethanol production under anaerobiosis, an effect can be denied [37]. Further
interactions and behaviors among media components in the fermentation optimization
process can be understood using a powerful and efficient mathematical approach, such
as RSM. In this present study, we evaluated the effect of zinc and calcium on the xylose
consumption of the wild strain Mucor spp. (C1502) through an RSM analysis, using a CCD
optimization to measure xylitol and ethanol yield.

2. Materials and Methods
2.1. Microorganism Identification
The fermentations were performed using Mucor spp. C1502, a wild strain isolated

from a Ganoderma carpophore in Sinaloa, Mexico. The strain’s identity was based on mor-
phological analyses. A microscopic observation of the isolated microorganisms was carried
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out with methylene blue staining. The strain identities were confirmed by sequencing the
ITS using the primers ITS4 and ITS1. Fungal genomic DNA was extracted using DNAzol
(DNAzol®, Invitrogen Cat. No. 10503027, Cincinnati, OH, USA), following the manufac-
turer’s recommendations. Genomic DNA was suspended in 30 uL of ultrapure water. For
the DNA amplification of the complete internal transcribed sequences (ITS) of the rDNA
region (its1-5.8SrDNA-its2), the primer sets ITS-1 (5'-TCCGTAGGTGAACCTGCGG-3') and
ITS4 (5'-TCCTCCGCTTATTGATATGC-3') were used [38]. PCR analysis was conducted in
a reaction volume of 25.0 pL that included: 17.65 uL of ultrapure water, 2.5 uL of buffer,
0.75 uL of 50 uM MgCly, 1.0 pL of each primer (10 uM), 1 pL. 10 mM dNTP mix, 0.1 uL
(1 U) of Taq platinum DNA polymerase (Invitrogen, USA), and 1.0 uL of template DNA
(10 ng). The PCR was performed using the following conditions: an initial denaturing
step was conducted at 94 °C for 5 min; subsequently, 30 cycles consisting of 30 s at 94 °C
were followed by 30 s at 60 °C for annealing and 30 s at 72 °C for extension; and a final
extension step of 5 min was conducted at 72 °C. The PCR products were purified using the
QIAquick PCR purification Kit (Qiagen®, Cat. No. 28106. Germantown, MD, USA) and se-
quenced bi-directionally. DNA sequencing was performed using the Sanger method, (1979),
in the sequencing unit of LANGEBIO, CINVESTAV (Irapuato, Mexico). DNA alignments
were compared in the GenBank database using the BLAST-N software and the Mega-Blast
algorithm (NCBI-National Center for Biotechnology Information).

2.2. Fermentation

The inoculum broth contained (g/L): 50 glucose, 5 yeast extract, 3.5 KHyPOy,
7.5 (NHy4)2SO0y, 0.75 MgSOy4-7H,0O [15]. Three 1 cm? fungal mycelium squares were added
to the inoculum broth. Then, the broth was incubated at 28 °C and 150 rpm for 48 h
(glucose =0 g/L). The fermentation broth contained (g/L): 50 xylose, 7.5 yeast extract,
3.5 KHPOy, 7.5 (NHy)2504, 0.75 MgSO4-7H,0 [24]. The experiments were carried out in
50 mL flasks and the total volume was 30 mL. The flasks were inoculated with the 10%
M. circinelloides inoculum. Then they were incubated at 28 °C and 150 rpm for 144 h
(xyose =0 g/L). A sample of 2 mL was taken every 12 h during the fermentation.

2.3. Optimization and Statistical Analysis

The experimental design was performed according to RSM using Design-Expert
10.0.01 (Stat-Ease, Minneapolis, MN, USA) trial version software [39]. CCD was employed
to study the effect of two independent variables (X) [40,41], which were the ZnSO,4-7H,0O
(X1,0.0-1.5 g/L) and CaCl, (X2, 0.0-2.5 g/L) concentration in the fermentation broth. The
dependent variables (Y) measured were the ethanol yield (Y1, g ethanol/g xylose) and
the xylitol yield (Y2, g xylitol/g xylose). The yields were obtained from the average of
the triplicate for each experiment, and were measured with regard to the concentration
of ethanol and xylitol (g/L). Once the data were filled, the model was chosen for each
independent variable according to the software suggestion. Then, the analysis of variance
(ANOVA) was performed in the same software to verify if the model was significant
according to the statistical criteria determined by Fisher’s F-test and values of probability
p > F. Applying the stepwise regression procedure, non-significant terms (p > 0.1) were
deleted from a second order polynomial and a new polynomial was used to obtain a
predictive model for each response variable. The numeric desirability method of the RSM
allowed us to visualize the maximum ethanol yield at the best combination. Due to the fact
that xylitol is a metabolite that feeds the ethanol pathway, increasing the yield is considered
to be the best option. The fitted model for the dependent variables was evaluated at any
point X = (X1, X2) of the experimental zone, where the model predicted a response variable
value, Y1 (X) and Y2 (X). Then, Yi (X) was transformed into a value di(X), which fell in
the range (0, 1) and measured the desirability of the response to which the optimum value
intended to reach. In this case, the highest ethanol yield value is obtained. Then, the
optimum value of desirability (D) is D = 1; however, an acceptable estimation for D can be
between 0.6 and 0.9.
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2.4. Analytical Assays

Ethanol, xylitol, glucose, and xylose concentrations were measured in an UHPLC
(Ultra-High-Pressure Liquid Chromatography) Acquity Arc equipment (WATERS, Milford,
MA, USA). Samples were eluted with 0.005 M HySO4 and a flow rate of 0.6 mL/min using
an Aminex HPX-87H ion exclusion organic acid analysis column (300 x 7.8 mm) (BIO-RAD,
Hercules, CA, USA).

3. Results
3.1. Microorganism Identification

The morphological and phylogenetic analyses confirmed the strain identity as Mucor
circinelloides. In Figure 1, the morphological characteristics of the strain are presented. The
macroscopic characterization shows gray and aerial mycelium (a), while the microscopic
characteristics are sporangiospores (biggest globes), showed in (b) [42]. The hyphal-yeast
morphology can be observed in (c) and (d), where the yeast shape appeared as globes with
agglomerations adhered in the hypha [43].

(b)

(d)

Figure 1. Morphological characteristic of M. circinelloides (C1502). (a) Macroscopic characteris-

tics, (b) microscopic characteristics at 40 %, (c,d) lactophenol cotton blue-dyed samples at 40 x and
100, respectively.

The obtained sequence from the strain C1502 with a length of 514 base pairs (pb) con-
tained the complete ITS1-5.85-rDNA and the partial ITS2. After the sequence submission,
the accession number MN128960 was provided by GenBank. BLAST-N homology analysis
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between the sequence from the amplified rDNA region of the strain C1502 and the Mucor
circinelloides AF412286.1 strain showed that they share 100% of their identity.

3.2. Prediction Models for RSM

Fermentations were carried out according to the following experimental design using
the strain Mucor circinelloides C1502 (MN128960) (Table 1). The ethanol yields in the experi-
ments ranged from 0.081 to 0.197 g ethanol/g xylose. These yields were the highest ethanol
concentrations (g/L) obtained at 84 h of fermentation. The values of the xylitol yields were
from 0.175 to 0.244 g xylitol/g xylose. These yields were the highest concentrations ob-
tained at 60 h of fermentation and this was due to the fact that xylitol production occurred
before ethanol.

Table 1. Experimental design ! used to obtain the maximum ethanol yield (g/g).

A ) Process Variables (g/L) Response Variables (g/g)
ssay ZnS0O4-7H,0 CaCl, Ethanol Yield 3 Xylitol Yield 4
1 0.220 0.366 0.208 0.159
2 1.280 0.366 0.175 0.197
3 0.220 2.134 0.217 0.114
4 1.280 2.134 0.204 0.139
5 0 1.250 0.223 0.146
6 1.500 1.250 0.217 0.147
7 0.750 0 0.178 0.196
8 0.750 2.500 0.211 0.114
9 0.750 1.250 0.200 0.120
10 0.750 1.250 0.244 0.160
11 0.750 1.250 0.225 0.139
12 0.750 1.250 0.207 0.136
13 0.750 1.250 0.242 0.162

I Central composite rotatable design with two factors and five levels; 13 assays. 2 Does not correspond to the
order of processing. 3 Ethanol yield (g ethanol/g xylose) at 84 h. * Xylitol yield (g xylitol/g xylose) at 60 h.

3.2.1. Ethanol Yield

The effect of each factor and its interactions were analyzed using an analysis of variance
(ANOVA). For ethanol yield, the ANOVA showed a significant quadratic model (p < 0.0342).
This analysis shows that ethanol yield depends on the linear terms of [ZnSO4-7H,O con-
centration] (p < 0.2350) [CaCl, concentration] (p < 0.0743), as well as the quadratic term
[CaCl, concentration]? (p < 0.0208). Therefore, the prediction models for the maximum
ethanol yield were:

Coded factors:

Y =0.22 — 6.707 x 10799 x (X1) + 0.011 x (X2) — 0.016 (X2)?

Actual factors:

Y =0.18424 — 0.012646 [ZnSO4-7H,0O concentration] + 0.062196 [CaCl, concentration]
— 0.020065 [CaCl, concentration]?.

The regression model (R? = 0.6004) explains 60% of the variance, while the adjusted
determination coefficient R? in the model was 0.4672. The low difference between R? and
the adjusted R? means that the model is well adjusted to the data. The lack of adjustment
was non-significant (p = 0.9352), which is good because it allows the model to fit.

3.2.2. Xylitol Yield

For the xylitol yield, the ANOVA showed a significant linear model (p < 0.0210). This
analysis demonstrated that the xylitol yield depended on the linear terms of [ZnSO,4-7H,O
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concentration] (p < 0.3531) and [CaCl, concentration] (p < 0.0084). The prediction models
for the maximum ethanol yield were:
Coded factors:

Y =0.16 + 8.157 x 10799 x (X1) — 0.027 x (X2)
Actual factors:
Y =0.17249 + 0.015381 [ZnSO4-7H;0 concentration] — 0.031004 [CaCl, concentration]

The regression model (R? = 0.7616) explains 76% of the variance, while the adjusted
determination coefficient R? in the model was 0.7139. The R? is a reasonable agreement
with the adjusted R?, and it means that the model is well adjusted to the data. The lack of
adjustment was non-significant (p = 0.8283), which is good because it allows the model
to fit.

3.3. Ethanol and Xylitol Yield Optimization

The model thus developed allowed us to continue with the numerical optimization.
As a strategy to increase the ethanol yield at maximum value, different criteria for opti-
mization were performed and we selected the best. This process consists of maximizing
the xylitol yield and maintaining the ethanol yield in range. Figure 2a shows the global
desirability (D = 0.941) for the function of the ZnSO,-7H,0O and CaCl, concentrations.
The red-orange zone on the graphics indicates the optimal zone for each variable, while
the intermedium and lower values are represented in the orange and green-blue zone,
respectively. The optimal suggested concentrations were: X1, ZnSO,;-7H,O = 1.5 g/L
and X2, CaCl, = 0.168 g/L (Table 2). In Figure 2b, the 3D graph shows the effect over the
ethanol yield of both ions. The optimal region is in the red-orange zone where calcium
is above 1.5 to 2.0 g/L and zinc concentration is around 0 to 0.5 g/L. However, Figure 2c
shows that higher zinc concentration increases the xylitol yield, and less than 1 g/L calcium
is required.

Table 2. Comparison of model prediction and experimental values after the optimization.

Concentration . . T Optimal Response
Suggested (g/L) Optimal Prediction (g/g) Desirability (g/g)
CaCl, ZnS04-7H,0 Y1! Y22 (D) Y1! Y22
0.168 1.5 0.19 0.18 0.942 0.34 0.35
0 0 - - - 0.19 0.15

! Ethanol yield (g ethanol/g xylose) at 84 h. 2 Xylitol yield (g xylitol/g xylose) at 60 h.

3.4. Validation

The experimental results of the fermentation performed at the suggested ZnSO,-7H,O
and CaCl, concentrations are in Table 2. The optimal value for the ethanol yield was
0.34 (g ethanol/g xylose) against the control of 0.27, which represented a non-optimized
fermentation. Moreover, xylitol increased with respect to the control. It means that increas-
ing xylitol production has a consequence for ethanol production. In addition, every 12 h
during fermentation at optimal conditions, the yield was calculated. The ethanol yield was
better at 48 h with 0.36 (g ethanol/g xylose) than at 84 h. It means that the fermentation
time could also be reduced through optimization.
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Figure 2. (a) Desirability plot showing the best combination of ZnSO,-7H,O and CaCl, for an optimal
ethanol yield. (b) Response surface plots showing the effect of zinc and calcium on ethanol yield.
(c) Response surface plots showing the effect of zinc and calcium on xylitol yield.

4. Discussion

Zygomycetes are very likely to produce organic acids [44]. Nevertheless, under the
right conditions, strains such as Mucor circinelloides (C1502) are able to produce ethanol with
xylose as a carbon source. Media composition optimization facilitates the enhancement of
the yields from this bioprocess. Further speculations can be made when optimal behaviors
are obtained. There are two phenomena presented during this optimization, according
to our knowledge. The first is related to the effect of calcium and zinc ions on ethanol
yield. Calcium, at a certain concentration, increases the ethanol yield, and zinc apparently
decreases this dependent variable (Figure 1b). Calcium by itself can exhibit different mech-
anisms at the cell level, such as ion transport and morphological changes in fungi [35,36].
On the other hand, zinc by itself can cause membrane oxidation through its accumulation at
higher concentrations and, as a result, the cell becomes stressed [31]. However, the second
phenomenon regards the effect on xylitol yield. Zinc raises the xylitol yield, and calcium is
necessary, too (Figure 1c). Apparently, there is a relationship between zinc accumulation
and the effect of calcium on Mucor species [45]. In addition, zinc transportation in the cell
is related to an unknown effect of calcium. Hypothetically, zinc is transported into the
cell when the calcium concentration is optimal. Therefore, it could play several roles as
an enzymatic cofactor, a transcription factor, and in homeostasis [32]. Moreno et al. (2020)
reported that using clones of Candida intermedia resulted in ethanol and xylitol yields of
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about 0.22-0.33 g ethanol/g xylose and 0.00-0.29 g xylitol/g xylose at 72 h of fermenta-
tion [46]. Takano et al. (2012), reported a similar ethanol yield of 0.34 g ethanol/g xylose at
96 h of fermentation, using the fungi Mucor circinelloides NBRC 4572 and the same culture
medium conditions. Nevertheless, 1 g of CaCl,-2H,O was added [21]. Even these results
are very similar to our optimized results. We noticed, as an achievement, that the maximum
yield obtained during fermentation was 0.36 (g ethanol/g xylose) at 48 h, which is half
the time of fermentation from other studies, which means that productivity is doubled
using our method. That is why RSM has become in a useful tool that allows researchers to
explore notorious effects in the bioprocess with a limited experimental design [47]. Effects
can be on the catalytic activity of the enzymes related to xylose fermentation. Further
molecular analyses are required to acknowledge the cellular effect of these ions during
optimization. Other techniques, such as proteomics and metabolomics, may help to identify
specifical bottlenecks in the metabolism process. There are many strategies that we need
to develop before we upgrade to a pilot scale, however. Nevertheless, this study shows
that maximizing the xylitol yield increases the ethanol yield. Furthermore, it is relevant to
notice that in the biorefinery concept of lignocellulose, xylitol could be used as a high value
metabolite [48].

5. Conclusions

In this work, it was possible to identify the strain as Mucor circinelloides (MN128960)
through the ITS sequencing, which has a great potential to produce bioethanol and xylitol
with xylose as a carbon source. In addition, RSM, performed to optimize ZnSO,-7H,0 and
CaCl; concentrations, was very useful for determining optimal values, which were 1.5 g/L
and 0.168 g/L, respectively. The ethanol yield at the optimized conditions was 0.34 g
ethanol/g xylose at 84 h of fermentation. The highest xylitol yield was 0.35 g xylitol/g
xylose at 60 h fermentation and under optimal zinc and calcium conditions. Furthermore,
it was demonstrated by this study that increasing the xylitol yield with ZnSO,-7H,O
and CaCl, enhances the ethanol yield. Xylose fermentation for ethanol production is still
performed on a laboratory scale. Another important topic is the time of fermentation.
According to the data, fermentation can be carried out in 48 h rather than 84 h. Since
time can be reduced, the overall cost of production in a pilot or an industrial scale should
decrease in several aspects.
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