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Optimization of Culture Conditions for Production of
Cellulase by Stenotrophomonas maltophilia
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Stenotrophomonas maltophilia is a microorganism that exhibits a wide
range of applications. In this study, a Box-Behnken design was used to
determine the optimum parameters for maximizing the cellulase
production by S. maltophilia isolated from soil. The factors that were
evaluated were the pH (3 to 10), carbon source (0.5 wt.% to 1.5 wt.%
carboxymethylcellulose), and nitrogen source (0.5 wt.% to 1.5 wt.% yeast
extract). The results showed that a maximum cellulase activity of 0.082
U/mL was achieved at a pH of 6.3, a 0.72% carbon source concentration,
and a 1.5% nitrogen source concentration. Stenotrophomonas maltophilia
was grown on sterilized wheat straw (WS) to evaluate the production of
reducing sugars as a potential application in a biorefinery scheme. After
72 h of incubation at 30 °C, the final concentration of reducing sugars was
150 mg/L + 2 mg/L and the corresponding yield was 10.16%. The
hydrolyzed WS was mapped by synchrotron micro Fourier transform
infrared spectroscopy, where a significant reduction in the characteristic
signals for hemicellulose and cellulose was observed.
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INTRODUCTION

There are a large number of studies in the literature that focus on the development
of biofuels with the purpose of finding renewable sources of energy that can diversify the
energy supply and mitigate the negative impact of CO2 emissions from the use of fossil
fuels. One alternative to fossil fuels is the development of second generation biofuels, such
as bioethanol, where hydrolytic enzymes are a key element for the conversion of
lignocellulosic biomasses. Lignocellulolytic microorganisms can metabolize a wide range
of biomass substrates and are widespread in the environment (Mosier et al. 2005).
Recently, research has focused on finding efficient lignocellulolytic enzyme systems, with
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the main goal of reaching a sustainable bioconversion. Until now, most cellulases have
been isolated from fungal organisms, such as Trichoderma and Aspergillus, as well as
anaerobic bacteria, such as Clostridium (Galperin 2008; Maki et al. 2009). However,
cellulase enzymes that are produced by aerobic bacteria have received less attention.
Stenotrophomonas maltophilia is a non-fermenting, gram-negative bacterium that is
present in plants, soil, and water (Alonso et al. 2000; Ryan et al. 2009; Delafont et al.
2013). Because of the beneficial interactions with plants promoting plant growth, this
gram-negative bacterium has become important for biotechnological applications in
agriculture. Dantur et al. (2015) reported that Stenotrophomonas is not a phytopathogenic
species, in contrast with Xanthomonas and Xylella, which have similar phylogenetic
information. For example, S. maltophilia has been applied in the biological control of
fungal plant diseases (Berg et al. 1996; Dunne et al. 2000). Additionally, there are a large
number of studies in the literature on the industrial applications of S. maltophilia for the
production of lipases, biosurfactants, keratinolytic enzymes, and proteases (Jeong et al.
2010; Ribitsch et al. 2012; Hemlata et al. 2015; Neethu et al. 2015). Furthermore, S.
maltophilia is a microorganism that has the ability to produce extracellular cellulases
(Huang et al. 2012). Lopez-Mondéjar et al. (2016) published a study that shows that S.
maltophilia possesses the genetic information required for the expression of cellulases and
hemicellulases. Raj et al. (2013) studied S. maltophilia and evaluated the effects of
different agro-industrial residues, alternative carbon and nitrogen sources, and effect of pH
values on the xylanase production. Their results showed that the highest xylanase activity
was achieved with wheat bran (26.4 1U/mL £ 0.6 IU/mL), yeast extract (YE) (25 IU/mL +
0.6 IU/mL), and a pH of 8 (23.8 IU/mL £ 0.4 IU/mL). More recently, Dantur et al. (2015)
isolated a strain of S. maltophilia that was capable of cellulase production using
carboxymethylcellulose (CMC) as a carbon source and obtained a modest CMCase activity
of 1 pU/mL after 5 d of incubation at 30 °C. However, they did not optimize the operative
parameters for cellulase production.

In this study, the effects of the carbon and nitrogen sources, as well as the pH, on
the cellulase activity in cultures of S. maltophilia were determined. A Box-Behnken design
(BBD) was used to determine the optimum parameters for maximizing the cellulase
production. Additionally, the transformation of wheat straw (WS) to reducing sugars by S.
maltophilia was studied for possible application in a biorefinery scheme. The hydrolyzed
WS was mapped with synchrotron micro Fourier transform infrared (FTIR) spectroscopy.

EXPERIMENTAL

Screening and Isolation

Reforested soil from Guanajuato, Mexico, served the purpose to bio-screen the
hydrolytic microorganisms. A 5-g soil sample was diluted in 100 mL of sterilized 10 mM
phosphate buffer. Sequential dilutions were performed until a concentration of 10 was
reached. One milliliter of the resulting solution was spread onto an agar plate with CMC
as the sole carbon source, with the following composition (in distilled water): 0.165 g/L
K2HPO4, 0.16 g/L (NH4)2S0s4, 0.1 g/L YE, 0.096 g/L NaCl, 0.05 g/L cysteine-HCI, 0.0096
g/L CaCly, and 0.0096 g/L MgSOs (pH =7.0) (Kim and Wimpenny 1981). The plates were
incubated at 30 °C for 5 d. To observe the hydrolysis zone, the plates were flooded with an
aqueous solution of Congo red (1% wi/v) for 15 min and washed with 1 M NaCl. The
formation of a clear zone around the colonies registered as positive for cellulase
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production. The 5 isolated colonies that presented the highest diameter of clear zone were
selected to evaluate their enzymatic activity. The bacterial colony that showed the highest
enzyme activity was chosen for molecular identification and to evaluate and optimize the
operative parameters.

Seed Culture Preparation

A seed culture was prepared to obtain a homogenous inoculum for the subsequent
experiments. A mineral methanol salts medium (MMSM) was used in this study with the
following composition: 1 g/L KNOg, 0.20 g/L MgSO4-7H20, 0.02 g/L CaCl,-2H20, 0.23
g/L NapHPOs, 0.07 g/L NaH2PO4, 1 mg/L FeSO4-7H20, 5 nug/L CuS04-5H,0, 10 pg/L
H3BOs, 1 pug/L MnSQO4-5H20, 70 ng/L ZnSO4-7H20, and 10 pg/L MoOs. The initial pH
was adjusted to 7.0. After heat sterilization of the MMSM, methanol was added as the sole
carbon source at a concentration of 0.05 wt.%. Methanol was selected as the carbon source
for the production of biomass that was later used for cellulase production in the subsequent
experiments. Then, 100 mL of sterilized medium was placed in 250-mL flasks and
incubated at 30 °C for 3 d under static conditions. Five-milliliter samples were used to
inoculate the media flask for enzyme production with a bacterial suspension, the optical
density was adjusted to 0.2 at 500 nm.

Molecular Identification

For identification purposes, the 16S ribosomal gene was used as a molecular
marker. The extraction of DNA was performed using the Power Soil® DNA Isolation kit
(Mo Bio Laboratories, Carlsbad, USA), according to the instructions given by the
manufacturer. A region of the 16S rDNA gene was amplified using 28F and 519R primer
pairs based on the method used by Turner et al. (1999) and using a Quick Load Tag2x
Master Mix kit (New England BioLabs, Ipswich, USA) in a thermal cycler (C1000 Touch,
Bio-Rad, Hercules, USA). The polymerase chain reaction products were analyzed in a
0.8% agarose gel in TAE 1X buffer and purified using a QIA quick Gel Extraction kit
(QIAGEN, Hilden, Germany). Sanger sequencing was performed at the National
Laboratory for Genomics and Biodiversity (LANGEBIO, Guanajuato, Mexico). The
obtained sequences were analyzed with the BLAST tool (NCBI, Bethesda, USA) and
MEGAG6 software (Tamura et al. 2013) for phylogenetic analysis (GenBank accession
number: AJ131114.1).

Enzyme Production Medium

The broth for enzyme production contained the same components as were in the
medium described by Kim and Wimpenny (1981), but without agar, and 25 mL of the
medium were placed into 100-mL conical flasks. The flasks were autoclaved at 121 °C for
15 min. After cooling, the flasks were inoculated with 5 mL of the seed culture that was
prepared previously. The inoculated flasks were incubated at room temperature (30 °C £ 5
°C) for 5 d under static conditions. Afterwards, the supernatant was centrifuged at 492 x g
for 2 min and then used as the crude enzyme extract.

CMCase and FPase Activity

In 1.5-mL conical tubes, 0.5 mL of a 0.1 M phosphate buffer solution (pH = 7) that
contained 0.05 g of carboxymethylcellulose (CMC) (CMC-Sigma Aldrich, St. Louis, MO,
USA) or filter paper (FP) (Whatman #1, Sigma Aldrich, St. Louis, MO, USA) was added.
Later, a Thermomixer (Eppendorf, Hamburg, Germany) maintained the tubes at 50 °C.

Molina-Guerrero et al. (2018). “Cellulase production,” BioResources 13(4), 8358-8372. 8360



PEER-REVIEWED ARTICLE b | oresources.com

Subsequently, 0.5 mL of the enzymatic extract was added to the tubes, and the reaction
occurred for 60 min at 700 rpm. The reaction was stopped by placing the samples in an ice
bath. The reducing sugars were quantified according to Miller (1959).

Evaluation of the Effect of the pH, Carbon Source, and Nitrogen Source on
the Enzyme Production

The effect of the pH on the enzyme production was evaluated using the medium
described above by Kim and Wimpenny (1981), but without agar. The pH ranged from 3
to 10 in step intervals of 1 unit. The experiments were conducted at room temperature (30
°C £ 5 °C) with the following buffers: 50 mM citrate (pH = 2 to 5), 50 mM phosphate (pH
=61to 7), and 50 mM glycine—-NaOH (pH = 8 to 10). At the end of the incubation period,
the cell-free culture filtrate was used as an enzyme source.

The capacity of S. maltophilia to produce CMCase in the presence of different
carbon sources (maltose, lactose, fructose, xylan, and CMC) was evaluated. A broth was
prepared as described by Kim and Wimpenny (1981) and supplemented with a 1% (w/v)
concentration of each carbon source. The experiments were conducted at 30 °C £ 5 °C for
5 d. At the end of the incubation period, the cell-free culture filtrate was obtained and used
as an enzyme source.

Five nitrogen sources (NS) were evaluated to determine their effects on the enzyme
production. The assays were performed using 0.5% of the selected NS. The NS sources
that were evaluated were potassium nitrate (KNOz), YE, ammonium chloride (NH4Cl),
peptone, and ammonium sulphate ((NH4)2SO4). The experiments were conducted at 30 °C
+ 5 °C for 5 d. At the end of the incubation period, the cell-free culture filtrate was obtained
and used as an enzyme source.

Statistical Analysis

The effects of the nitrogen source, pH, and carbon source on the CMCase and FPase
activity were evaluated using an analysis of variance (ANOVA) and by applying the
Tukey-Kramer test with the statistical software JMP 10.0.2 (SAS Institute Inc., Cary, NC,
USA) (p < 0.05).

Biodegradation of Wheat Straw by S. maltophilia

Wheat straw (WS) was used as a carbon source using the media reported by Kim
and Wimpenny (1981). Winter WS (Triticum aestivum L.) was obtained from local farmers
in La Barca Province, Jalisco, Mexico (20° 15° 30" to 20° 26’ 45" North latitude and 102°
20° 40" to 102° 21° 20" West longitude). The WS was harvested using conventional hay-
harvesting equipment. Straw composition was determined according to AOAC
INTERNATIONAL methods (AOAC Official Methods 4.6.03 and 4.6.04) with 44.45 +
2.35,19.23 £4.20,5.78 £ 0.57 and 10.34 + 1.1 of cellulose, hemicellulose, lignin and ash
respectively (% w/w dry weight basis). The media was supplemented with 2% (w/v) WS
that had been previously sterilized. The experiment was conducted in triplicate using 250-
mL Erlenmeyer flasks with an effective work volume of 100 mL, which were inoculated
with 10% of the seed culture prepared previously and the absorbance was adjusted to 0.2
at a wave longitude of 500 nm. The pH of the medium was adjusted to 6, and the incubation
temperature was 30 °C. The experiment was incubated for 72 h. The reducing sugars
concentration was determined using the Miller method (Miller 1959).
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Synchrotron p-FTIR Analysis

An analysis of the WS using synchrotron pu-FTIR spectroscopy was completed to
map the surface of the hydrolyzed WS. The exploration of the substrate surface was
conducted in the ID21 at the European Synchrotron Radiation Facility (Grenoble, France).
The WS samples were placed in a 200-pL Eppendorf tube that was saturated with distilled
water, and the samples were frozen using liquid nitrogen. The obtained frozen samples
were cut using a cryogenic microtome (RM2265, Leica Biosystems Inc., Buffalo Grove,
USA) adapted with a diamond knife, and samples with 5-um thicknesses were obtained.
The samples were lyophilized and analyzed by synchrotron p-FTIR spectroscopy. The
beamline is equipped with a Thermo Nicolet Continuum (Thermo Scientific, Madison, W1,
USA) microscope coupled to a Thermo Nicolet Nexus FTIR spectrometer (Thermo
Scientific, Madison, WI, USA) with a 32x objective, a motorized sample stage, and a liquid
nitrogen-cooled 50 um HgCdTe detector.

Optimization of the Cellulase Production

Response surface methodology (RSM) using the BBD was used to determine the
mathematical correlation between the three independent variables on the production of the
CMCase; additionally, the BBD was used to determine the mathematical correlation
between the three independent variables with the cell density (Box and Behnken 1960).
The three independent variables for maximizing the enzyme activity were % CMC (X3),
pH (X2), and % nitrogen source (N, X1). The CMCase activity was the response variable
(Table 1). The low, middle, and high concentration levels of each variable were designated
as -1, 0, and 1, respectively.

Table 1. Values of the Factors Analyzed in the BBD

Actual Values of Natural Levels
Factor 1 0 1
% N (w/v) (X1) 0.5 1 1.5
pH (X2) 5 6 7
% CMC (w/v) (Xa) 0.5 1 1.5

For the statistical calculations, the independent variable levels were coded as:
xi = (X; — Xo) / 6X; )

where Xiis the real value of the variable, Xo is the midpoint of the range of Xi, oXi is the
step change in X, and xi is the coded value for X;, where i is 1, 2, and 3.

The behavior of the system was explained with the following quadratic model
equation,

Y = Bo + X1 Bixi + T, Buxt + Xiz1 By xix; 2
i<j

where Y is the predicted response variable, o is the intercept, Si, fii, and S are the linear,
quadratic, and interaction coefficients, respectively, and x; and x; are the coded forms of
the independent variables.

The analysis of the response surfaces, ANOVA, and optimization of the conditions
were performed using the JMP 10.0.2 software. The significant effects on the dependent
variables were determined with a t-test (p < 0.05).
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RESULTS AND DISCUSSION

Isolation and Molecular Identification of the Hydrolytic Strain

A bacterium that was capable of producing cellulases, identified as HCM-2, was
isolated from the reforested soil from Guanajuato, Mexico. The HCM-2 colonies displayed
a red color on the CMC agar plates and were identified as an aerobic, gram-negative
bacterium. The HCM-2 was able to grow with several different carbon sources, such as
betaine, CMC, dextrose, ethanol, methanol, L-ramose, maltose, mannose, ribose, and
xylose. Figure 1 shows that the 16S rDNA sequence presented similarities with different
Stenotrophomonas species according to the BLAST analysis. The phylogenetic analyses
indicated that the identity of the HCM-2 strain was S. maltophilia with a 100% similarity.

BB AJ121114.1 Stenotrophomonas matophilia strain LMG 957 185 ribesomal RMA parfial
7 HoMzZ
£ K 123858 1 St=notophomaonas mahophilia strain AHChGS 185 ribosomal RMA gens partisl s=quencs
1 NR 1182281 Stenotrophomanas pasvanii stmin LM G 25248 185 ribosomal RMA gens partial sequencs
EE| FUT48283 2 Btenotrophemonas pasnii strain ICB 85 185 ribosemal RNA gens partial sequance

KT2BT223 1 Stenctrophomeonas korssnsis strain NT 28 185 ribosomal RMA gene partisl sequencs
0 MR 041015.1 Stenatrophemanas keresnsis strain TREO01 185 fbesomal RMA gene partisl sequanocs
I ELRAEZTE3.1 Stenotrophomonas scidaminiphila stmin MK 2. Ha-5 185 ribosomal RMA gens partisl sequencs
T MR 025104 1 Stenctrophemenas acidaminiphila stain AMX 13 185 fbosomal RMA partial s=quence
MR 1337731 Lutzimeonas abyssi strain XH021 185 riboczomal RMNA partisl s=qusnca

'_D.'IIE_'

Fig. 1. Phylogenetic tree of the 16S rDNA sequence of HCM-2 isolated from a reforested soil.
The values of the bootstrap that showed a probability value higher than 50% were included at the
branching points.

Effect of the Carbon Source on the Enzyme Activity

To evaluate the effect of the carbon source on S. maltophilia cellulase production,
maltose, lactose, fructose, xylan, and CMC were tested. Figure 2a shows that the highest
enzymatic activity was achieved when the strain was incubated with CMC. The ANOVA
showed that treatment with CMC was significantly different compared with the other
treatments, and it also presented the highest enzyme activity (0.093 U/mL % 0.0025 U/mL).
The decreasing order for the CMCase activity when the carbon source was evaluated was
as follows: CMC > lactose > xylan > maltose > fructose. The ANOVA also showed that
the treatments with fructose, maltose, and xylan were statistically equal when compared
with one another. The treatment with lactose was significantly different compared with the
other treatments, but the enzymatic activity response was 80% lower compared with that
achieved with CMC. These results allowed for the selection of CMC as a suitable carbon
source for conducting the subsequent optimization experiments. A similar CMCase activity
was obtained by Das et al. (2010) for Bacillus sp. (0.037 IU/mL), and it was concluded that
the best carbon source for cellulase production was CMC. Additionally, Ariffin et al.
(2008) and Shabeb et al. (2010) presented similar results and also concluded that CMC,
FP, and cellobiose were the best carbon sources for inducing cellulase production by
bacteria, such as Cellulomonas sp. and Clostridium sp.

Effect of the Nitrogen Source on the Enzyme Activity
Nitrogen is the main building block of proteins (and enzymes) and is one of the
main constituents of protoplasm (Sethi et al. 2013). Five different nitrogen sources, KNOs,
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YE, NH4CI, peptone, and (NH4)2SO4, were tested to determine the effect on the enzyme
activity. Figures 2b and 2c demonstrate that all of the nitrogen sources used in this research
promoted CMCase and FPase production.
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Fig. 2. Characterization of the enzymatic extract of S. maltophilia at 50 °C after 5 d of incubation:
(a) effect of the carbon source on the CMCase activity; (b) effect of the nitrogen source on the
FPase activity; (c) effect of the nitrogen source on the CMCase activity; (d) effect of the pH on the
FPase activity; and (e) effect of the pH on the CMCase activity

Molina-Guerrero et al. (2018). “Cellulase production,” BioResources 13(4), 8358-8372. 8364



PEER-REVIEWED ARTICLE b | oresources.com

The CMCase activity was evaluated, and the results obtained were as follows: YE
(0.09 U/mL % 0.003 U/mL) > KNO3 (0.056 U/mL £ 0.004 U/mL) > NH4ClI (0.025 U/mL
+ 0.004 U/mL) > peptone (0.016 U/mL £ 0.004 U/mL) > (NH4)2SO4 (0.005 U/mL + 0.001
U/mL). The FPase activity was evaluated, and the results obtained were as follows: YE
(0.05 U/mL £ 0.006 U/mL) = (NH4)2SO4 = KNO3 = NH4CI > peptone (0.04 U/mL + 0.006
U/mL). The treatments that applied NH4Cl, peptone, and (NH4).SO4 as a nitrogen source
were statistically equal and presented the lowest CMCase and FPase activities. Similarly,
Raj et al. (2013) found that YE induced a higher xylanolytic activity (25 IU/mL + 0.6
IU/mL) with S. maltophilia compared with other nitrogen sources, such as NH4Cl, peptone,
and (NH4)2SO4. Additionally, Sethi et al. (2013) evaluated the cellulase activity with
Pseudomonas fluorescens, Bacillus subtilis, Escherichia coli, and Serratia marcescens
using YE as the nitrogen source and found similar results. The results of these authors and
this study indicated that YE is the nitrogen source that efficiently induces the production
of enzymes, such as cellulases and xylanases. Yeast extract was the best nitrogen source
because it was complemented by a mixture of amino acids, peptides, water-soluble
vitamins, and carbohydrates.

Effect of the pH on the Enzyme Activity

Figures 2d and 2e display data on the effect of the pH on the enzyme activity. The
pH range that was evaluated was 3 to 10. The results showed that a pH of 3 inhibited the
enzyme activity. The highest CMCase activity obtained was observed at a pH of 7, with a
value of 0.062 U/mL + 0.003 U/mL. The treatments at pH values of 6, 8, and 9 did not
present statistically significant differences. The treatments at pH values of 4, 5, and 10
were statistically equal. This result served to define the pH range for the following
optimization experiments. Previous papers have reported that the highest enzyme activity
occurs at a pH of approximately 7 for E. coli, S. maltophilia, B. subtilis, Serratia
marcescens, Pseudomonas fluorescence, and Cellulomonas sp. ASN2, which was in
accordance with the results of this study (Shabeb et al. 2010; Raj et al. 2013; Sethi et al.
2013). Nevertheless, these studies used an approximation method to find the highest
enzyme activity value, and did not optimize the activity.

Effects of the Carbon Source, Nitrogen Source, and pH on the Enzyme
Activity

The statistical treatment combinations of the test factors and the measured response
values, expressed as the CMCase activity that corresponded to each combination, are
shown in Table 2. An empirical equation was obtained from the RSM that related the
CMCase activity and tested factors, which is shown in their encoded form with Eqg. 3,

Y = —0.036 + 0.076X, — 0.120X, — 0.040X; — 0.010X,X, —
0.021X,X; + 0.003X,X; + 0.020X? — 0.010X% + 0.023X2 (3)

where Y is the CMCase activity and Xi, Xz, and Xz are the % N, pH, and % CMC,
respectively.

The coefficient of determination (R?) in the second-order equation was 0.89, which
indicated that 89% of the data variation could be explained by the model. The adjusted R?
value (84.82%) and predicted value (79.88%) revealed that the second-order model was an
adequate mathematical equation for demonstrating the relationship between the variables
and response.
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Table 2. BBD Matrix with the Experimental and Predicted Values of the CMCase
Activity

Factor CMCase Activity (U/mL)
Experiment
X1 X2 X3 Experimental Predicted
1 -1 -1 0 0.040 0.039
2 1 -1 0 0.078 0.074
3 -1 1 0 0.029 0.029
4 1 1 0 0.046 0.051
5 -1 0 -1 0.032 0.032
6 1 0 -1 0.084 0.065
7 -1 0 1 0.032 0.032
8 1 0 1 0.063 0.054
9 0 -1 -1 0.045 0.046
10 0 1 -1 0.032 0.032
11 0 -1 1 0.039 0.040
12 0 1 1 0.033 0.033
13 0 0 0 0.041 0.050
14 0 0 0 0.057 0.050
15 0 0 0 0.057 0.050
16 0 0 0 0.062 0.050
17 0 0 0 0.050 0.050

BBD Matrix with the Experimental and Predicted Values of the Enzyme
Activity

The response surfaces were plotted to analyze the effects of the interactions
between the variables and to determine the optimum enzyme activity. The results indicated
that the maximum enzyme activity (U/mL) given by the model was 0.084 U/mL. This value
was achieved with an Xz of 1.5%, X of 6.3, and X3 of 0.72%. The effects of the % N and
pH on the CMCase activity when the other factor (% CMC) was at its center point are
shown in Fig. 3a. A high N level allowed a higher CMCase activity when interacting with
a lower pH level. Samira et al. (2011) reported enzyme activity for S. maltophilia isolated
from Persian Gulf of 0.084 U/mL and 0.072 U/mL for CMCase and FPase activity
respectively. These values are similar to that obtained in this research. Shankar and
Isaiarasu (2011) reported that the highest enzyme activity occurred at a pH of 6 when they
tested the crude enzyme from Bacillus pumilus EWBCML. Additionally, Shankar and
Isaiarasu (2011) showed a similar enzyme activity (0.1 U/mL) when 1% CMC or 1%
cellulose (0.05 U/mL) was tested. Irfan et al. (2016) and Sethi et al. (2013) showed that a
pH of 7 produced the highest enzyme activities for microorganisms such as E. coli,
Bacillus, Serratia, Pseudomonas, and Cellulomonas sp. ASNZ2. Stenotrophomonas
maltophilia and Pseudomonas are species that occur ubiquitously in the environment and
can be found together in diverse niches, including the rhizosphere of plants (Ryan et al.
2009). The diverse class of y-proteobacteria includes bacteria such as E. coli,
Pseudomonas, Cellulomonas, and S. maltophilia (Ryan et al. 2009). The effects of % N
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and % CMC on the CMCase activity when the other factor (pH) was at the center point are
shown in Fig. 3b. A pronounced effect on the CMCase activity was observed at a high N
level and intermediate CMC level. In accordance with these results, Sethi et al. (2013),
Shankar and Isaiarasu (2011), and Irfan et al. (2016) found that the use of YE enzymes
increased the cellulase activity of different bacteria, such as E. coli, Bacillus, Serratia,
Pseudomonas, and Cellulomonas sp. ASN2. These bacteria were comparable with S.
maltophilia because they share phylogenetic information, which is because they belong to
the y-proteobacteria class.
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Fig. 3. Response surface plots and contour plots of the: (a) combined effects of the % YE and pH
on the enzyme activity; and (b) combined effects of the % YE and % CMC on the enzyme activity

Biodegradation of the WS by S. maltophilia

Wheat straw, which contains cellulose, hemicellulose, and lignin, served as the
carbon source for S. maltophilia. The experiment was conducted at a pH of 6 and 30 °C +
2 °C for 72 h. The reducing sugars were measured and the final concentration was 150
mg/L £ 2 mg/L and the corresponding yield was 35.5%. At the final point, a WS sample
was lyophilized for posterior analysis. The WS was analyzed before and after
biodegradation by p-FTIR coupled with a synchrotron light source in ID21 at the European
Synchrotron Radiation Facility. A synchrotron is a high-energy electron storage ring that
has brightness values 100 to 1000 times higher than a conventional thermal globar source
(Miller and Dumas 2006). Synchrotron p-FTIR allows for in situ analysis of biomass
samples at a molecular level, while combining spatial and chemical information from IR
absorbance to produce a chemical map that can be linked to specific functional groups
(Dokken and Davis 2007). The behavior of an enzyme obtained from a microorganism,
such as S. maltophilia, on natural substrates at a fundamental level can be better understood
with the use of a powerful tool like a synchrotron. This approach allowed for high-quality
IR spectra to be obtained because of high-IR photon flux on small surface areas (Miller
and Dumas 2006).

Figure 4 shows the spectra obtained by p-FTIR. The p-FTIR bands that were
associated with cellulose were 1434 cm™, 1376 cm™, and 1338 cm, which are associated
with CH: in-plane bending vibration, C-O stretching, and C-H ring in-plane bending
vibration, respectively (Pandey 1999; Wilson et al. 2000; Yu et al. 2007). The intensities
of these bands were reduced after bacteria action. The FTIR band at 1066 cm™ was also
associated with cellulose and can be associated with B(1-3)-polysaccharide, which is a
strong signal that characterizes a high cellulose composition (Adapa et al. 2011;
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Siengchum et al. 2013). Its intensity did not change after biological treatment. The FTIR
band at 1743 cm™ corresponded to C=0 groups and is a typical band that is associated with
hemicellulose (Siengchum et al. 2013). This band was present with a strong intensity in
the non-treated WS; however, after the S. maltophilia treatment, the weak signal indicated
that hemicellulose was removed. The FTIR bands that were associated with lignin were
1603 cm™ and 1510 cm™, which are associated with quadrant ring stretching (aromatic
lignin) and semicircle ring stretching (aromatic lignin), respectively. These bands were
present with a weak signal in the non-treated WS and are maintained after the biological
treatment. The FTIR band at 1167 cm™ was associated with the glycosidic linkages of the
glucose ring in cellulose, which includes symmetric polysaccharides (Adapa et al. 2011).
The FTIR bands at 2956 cm™ and 2906 cm™ were attributed to the stretching of C-H
(Kirtania et al. 2014). Kristensen et al. (2008) attributed the bands at 2950 cm™* and 2906
cm to waxes. These signals were modified after the biological treatment. These results
indicated that S. maltophilia was able to degrade the waxes in biomasses and use them as
carbon sources. Additionally, the hydrophilic tendency of the raw WS fibers was reflected
in the broad absorption bands at 3413 cm™, 3343 cm™, and 3314 cm™. These bands were
related to —OH groups that are their main components, which can include absorbed water,
aliphatic primary and secondary alcohols in cellulose, hemicellulose, lignin, extractives,
and carboxylic acids in extractives (Ibrahim et al. 2011; Kirtania et al. 2014). Additionally,
the FTIR band at 1664 cm™ was attributed to water absorbed in the cellulose (Siengchum
et al. 2013; Kirtania et al. 2014). These results demonstrated that S. maltophilia degrades
a natural substrate, such as WS, by hydrolyzing both cellulose and hemicellulose.
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CONCLUSIONS

1. Optimization of culture conditions for production of cellulase by Stenotrophomonas
maltophilia was performed to study the effects of the carbon source, nitrogen source,
and pH on this process. The carbon source, nitrogen source, and pH were sufficient to
support biochemical conversion, which permitted found an maximum CMCase
activity.

2. Stenotrophomonas maltophilia was grown on sterilized WS to evaluate the production
of reducing sugars. After 72 h of incubation at 30 °C, the final concentration of
reducing sugars was 150 mg/L + 2 mg/L and the corresponding yield was 10.2%,
showing its potential application such as in saccharification process

3. According to the synchrotron FTIR data, the bacterium was able to transform the WS
using waxes, cellulose, and hemicellulose as carbon sources. This tool was able to
provide information about the functionality of S. maltophilia for transforming biomass
into fermentable sugars.
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