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Abstract 18 

Background: Petrochemical resources are becoming increasingly scarce, and 19 

petroleum-based plastic materials adversely impact the environment. Thus, an urgent 20 

need exists to replace petroleum-based materials with new and effective renewable 21 

materials. 22 

Results: In this study, we isolated a wheat pentosan-degrading bacterium (MXT-1) 23 

from wheat-processing plant wastewater. The MXT-1 strain was identified using 24 

molecular biology techniques. We then analyzed the degradation characteristics of the 25 

bacteria in wheat pentosan. We found that wheat pentosan was effectively degraded 26 

by bacteria. The molecular weight of fermented wheat pentosan decreased from 1730 27 

to 257 kDa. The pentosan before and after the biological modification was mixed with 28 

chitosan to prepare a composite film. After fermentation, the water-vapor permeability 29 

of the wheat pentosan film decreased from 0.2769 g·mm·(m2·h·KPa)-1 to 0.1286 30 

g·mm·(m2·h·KPa)-1. The smooth and dense surface morphologies of the film was 31 

observed by scanning electron microscopy after fermentation. The tensile strength of 32 

the film decreased after fermentation modification, whereas the flexibility increased.  33 

Conclusion: The results of this study have proved that the modified pentosan film could 34 

be a potential candidate for edible packaging films. 35 

 36 

Keywords: biological modification; chitosan; composite film; wheat pentosan 37 

 38 

Background 39 

Approximately 30% of all plastic products worldwide are used as packaging materials 40 

[1]. Petrochemical resources are becoming increasingly scarce, and petroleum-based 41 

plastic materials adversely impact the environment owing to their toxicity and non-42 

degradability. Thus, petroleum-based materials should be replaced with new and 43 

effective renewable materials. Xylan-type hemicellulose from agricultural and forestry 44 

crops has been studied by many scholars as a biodegradable, edible film material. 45 

Currently, crop wastes such as rye flour, oats, and arabinoxylan in wheat bran have been 46 

studied extensively with the objective of preparing film materials [2]. In addition, 47 

arabinoxylan extracted from wheat flour has been used to prepare edible films [3]. 48 

Pentosans are non-starch polysaccharides and a type of hemicellulose that exists 49 

in the cortexes of different grains. In addition to starch and gluten, wheat is also rich in 50 

non-starch polysaccharides, most of which are pentosans [4]. Industrial production of 51 

wheat gluten generates 2.4 × 107 tons of starch wastewater every year. Because of its 52 

high viscosity, wastewater is difficult to treat using conventional sewage-treatment 53 

methods [5]. Wheat starch-processing wastewater can be used as a good source of 54 

pentosans. The recycling of wastewater can also improve the economic efficiency of 55 

factories and ease the problem caused by sewage discharge [6]. 56 

Data from previous studies have shown that pentosan has beneficial effects on 57 

health [7,8]. For example, arabinoxylan offers many benefits for human health, 58 

including cholesterol-lowering activity, anti-type II diabetes effects, mineral absorption 59 



 

 

enhancement, stool-bulking effects, and prebiotic benefits [9]. Moreover, gluten-free 60 

bread made with pentosan can be used to relieve the symptoms of celiac disease [10].  61 

Pentosans have attracted must attention as sources of hemicellulose. In recent 62 

years, many studies have evaluated the applications of pentosans as film materials [11]. 63 

Polysaccharide films used for food packaging can isolate the food from ambient oxygen, 64 

prevent moisture from evaporating, and preserve aroma and flavor. However, the 65 

application range of polysaccharide films is limited by their poor mechanical strength, 66 

stability, and toughness. Glucuronic acid/xylan films can be modified by plasticization. 67 

Adding 50% of the plasticizer improves the ductility of a film and ensures its flexibility 68 

[12]. Acetylized-arabinoxylan and bleach treatment can improve the moisture-barrier 69 

properties of the hemicellulose film [13]. Mixed films containing chitosan and xylan 70 

have good hydrophobic properties, tensile strength, and other mechanical properties 71 

[14]. In addition, the tensile strength of high-molecular-weight arabinoxylan films is 72 

significantly lower than that of low-molecular-weight films [15]. 73 

The content of pentosans in wheat flour is approximately 2%, and the content of 74 

water-soluble pentosans is approximately 0.5% [16]. To increase the utility of water-75 

insoluble pentosans and improve the mechanical strength of polysaccharide films, the 76 

molecular weight of water-insoluble pentosans should be reduced [15]. Biological 77 

modification has major advantages over other modification methods. First, organic 78 

matter can be used to treat industrial wastewater, which can produce enzymes that 79 

degrade wheat pentosan and improve the efficiency of wastewater utilization. Second, 80 

microbial fermentation produces a complex enzyme system during the biological 81 

modification process, which is more efficient than pure enzymatic modification.  82 

In this study, wheat pentosan-degrading bacteria were selected from wheat starch 83 

wastewater and used to control the relative molecular weights of pentosans. Water-84 

insoluble pentosans were converted into water-soluble pentosans, and improvements in 85 

the processability the pentosan chitosan film after modification were analyzed. 86 

 87 

Results and Discussion 88 

Screening of strains 89 

A single colony for each strain was picked from a separation plate, transferred to a 90 

screening plate, and incubated at 37°C for 2 days. After the pentosan degraded, a 91 

transparent circle formed. The screening results are shown in Figure 1. Wheat pentosan 92 

was used as the only carbon source in the screening medium, which enabled screening 93 

for strains that use wheat pentosan. 94 



 

 

 95 

Figure 1. Image of a strain obtained by screening 96 

 97 

Oxford cup experiment 98 

As shown in Figure 2A, “g” and “a” represent bacteria cultured on media containing 99 

different carbon sources that both produce enzymes capable of degrading wheat 100 

pentosan, indicating that the enzyme produced by the bacteria was not inducible. After 101 

fermentation, the supernatants of g and a, cultured with different carbon sources, also 102 

showed enzyme activity (Figure 2B). The results suggested that the related bacterial 103 

enzymes were produced in secreted form. 104 

 105 
Figure 2. Strain and supernatant culture results. (A) Bacteria were cultured for 48 h. 106 

(B) Supernatants were cultured for 48 h. “g”: glucose was used as the sole carbon source 107 

in the medium; “a”: wheat pentose was used as the sole carbon source in the medium 108 

 109 

Strain degrading pentosan activity 110 

The bacterial strains, yeast cells, B. subtilis cells, and B. licheniformis cells were 111 

simultaneously inoculated into a screening plate. After 24 h of culture, only the α-strains 112 

showed transparent circles. After 48 h of culture, the phenomenon of transparent circles 113 

surrounding the α-strains became more obvious. As shown in Figure 3, wheat pentosan 114 

was barely degraded by the other strains. This finding showed that the obtained strain 115 

had high wheat pentosan degradation activity. 116 



 

 

 117 

Figure 3. Results observed after culturing different strains. The bacteria shown in 118 

panels A and B were cultured for 24 and 48 h, respectively. (α) Screened strain (β) B. 119 

subtilis W800n, (γ) B. licheniformis, (δ) yeast 120 

 121 

Strain identification 122 

The strains were observed under a microscope with low- to high-magnification 123 

objectives. The results showed that this strain was gram-positive. 124 

The bacterial 16S rDNA gene was sequenced, and the results showed that the 16S 125 

rDNA gene was 1452 base pairs long, consistent with the results of electrophoresis 126 

(Table 1). 127 

BLAST analysis of the partial 16S rDNA gene was performed against sequences 128 

deposited in GenBank (Table 2). A multiple sequence alignment was performed based 129 

on the 16S rDNA BLAST results, using sequences with differing homology and 130 

originating from different bacteria. MEGA software (version 5.1) was used to construct 131 

a phylogenetic tree (Figure 2). The bacterium was named MXT-1. 132 

Our results showed that strain MXT-1 shared a close relationship with B. subtilis 133 

strain 2C-62. The 16S rDNA gene was 99% homologous. The MXT-1 strain was 134 

subjected to comprehensive morphological and molecular biological analyses. Finally, 135 

the strain MXT-1 was classified as B. subtilis. 136 

 137 

Table 1. Sequence of the 16S rDNA gene of the MXT-1 strain 138 

1     GAATGGCGCG TGCCTATAAT GCAGTCGAGC GGACAGATGG GAAGCTCCGC TCCCTGATGT 

61    TCGCGGCGGA CGGGTGTAGT AACACGTGGG TAACCTGCCT GTAAGACTGG GATAACTCCG 

121   GGAAACCGGG GCTAATACCG GATGCTTGTT TGAACCGCAT GGTTCAAACA TAAAAGGTGG 

181   CTTCGGCTAC CACTTACAGA TGGACCCGCG GCGCATTAGC TAGTTGGTGA GGTAACGGCT 

241   CACCAAGGCG ACGATGCGTA GCCGACCTGA GAGGGTGATC GGCCACACTG GGACTGAGAC 

301   ACGGCCCAGA CTCCTACGGG AGGCAGCAGT AGGGAATCTT CCGCAATGGA CGAAAGTCTG 

361   ACGGAGCAAC GCCGCGTGAG TGATGAAGGT TTTCGGATCG TAAAGCTCTG TTGTTAGGGA 

421   AGAACAAGTG CCGTTCAAAT AGGGCGGCAC CTTGACGGTA CCTAACCAGA AAGCCACGGC 

481   TAACTACGTG CCAGCAGCCG CGGTAATACG TAGGTGGCAA GCGTTGTCCG GAATTATTGG 

541   GCGTAAAGGG CTCGCAGGCG GTTTCTTAAG TCTGATGTGA AAGCCCCCGC TCAACCCGGG 



 

 

601   GAGGGTCATT GGAAACTGGG GAACTTGAGT GCAGAAGAGG AGAGTGGAAT TCCACGTGTA 

661   GCGGTGAAAT GCGTAGAGAT GTGGAGGAAC ACCAGTGGCG AAGGCGACTC TCTGGTCTGT 

721   AACTGACGCT GAGGAGCGAA AGCGTGGGGA GCGAACAGGA TTAGATACCC TGGTAGTCCA 

781   CGCCGTAAAC GATGAGTGCT AAGTGTTAGG GGGTTTCCGC CCCTTAGTGC TGCAGCTAAC 

841   GCATTAAGCA CTCCGCCTGG GGAGTACGGT CGCAAGACTG AAACTCAAAG GAATTGACGG 

901   GGGCCCGCAC AAGCGGTGGA GCATGTGGTT TAATTCGAAG CAACGCGAAG AACCTTACCA 

961   GGTCTTGACA TCCTCTGACA ATCCTAGAGA TAGGACGTCC CCTTCGGGGG CAGAGTGACA 

1021  GGTGGTGCAT GGTTGTCGTC AGCTCGTGTC GTGAGATGTT GGGTTAAGTC CCGCAACGAG 

1081  CGCAACCCTT GATCTTAGTT GCCAGCATTC AGTTGGGCAC TCTAAGGTGA CTGCCGGTGA 

1141  CAAACCGGAG GAAGGTGGGG ATGACGTCAA ATCATCATGC CCCTTATGAC CTGGGCTACA 

1201  CACGTGCTAC AATGGGCAGA ACAAAGGGCA GCGAAACCGC GAGGTTAAGC CAATCCCACA 

1261  AATCTGTTCT CAGTTCGGAT CGCAGTCTGC AACTCGACTG CGTGAAGCTG GAATCGCTAG 

1321  TAATCGCGGA TCAGCATGCC GCGGTGAATA CGTTCCCGGG CCTTGTACAC ACCGCCCGTC 

1381  ACACCACGAG AGTTTGTAAC ACCCGAAGTC GGTGAGGTAA CCTTTTTGGA GCCAGCCGCC 

1441  GAAGTGACAG AG 

 

Table 2. Homology analysis of 16S rDNA sequence of the MXT-1 strain 139 

Accession 

number 

Sequence description Same-origin 

coverage (%) 

Homology 

(%) 

KR061403.1 

 

B. subtilis strain 2C-62 16S 

ribosomal RNA gene, partial 

sequence 

99 99 

JN132107.1 Bacillus sp. Q2 16S ribosomal 

RNA gene, partial sequence 

99 99 

KP209408.1 B. amyloliquefaciens strain 

EB32 16S ribosomal RNA gene, 

partial sequence 

99 99 

CP009748.1 B. subtilis strain ATCC 13952, 

complete genome 

99 99 

KJ123715.1 B. amyloliquefaciens strain V3 

16S ribosomal RNA gene, partial 

sequence 

99 99 

CP002634.1 B. amyloliquefaciens LL3, 

complete genome 

99 99 



 

 

CP002627.1 B. amyloliquefaciens TA208, 

complete genome 

99 99 

HQ153104.1 B. subtilis strain HFBL124 16S 

ribosomal RNA gene, partial 

sequence 

99 99 

AY881642.1 B. subtilis strain CICC10036 

16S ribosomal RNA gene, partial 

sequence 

99 99 

 140 

Figure 4. Phylogenetic map for the 16S rRNA gene of strain MXT-1 141 

 142 

The MXT-1 strain selected in this study had high pentosan degradation activity, 143 

suggesting important roles in the degradation and efficient utilization of pentosan in 144 

nature. 145 

 146 

Strain fermentation results 147 

Figure 5 shows changes in total polysaccharides after 36 h of fermentation. The 148 

polysaccharide content also decreased. However, pentosan was slowly degraded by 149 

MXT-1 in the initial stage and accelerated in the intermediate stage.  150 



 

 

 151 

Figure 5. Wheat pentosan concentrations during fermentation 152 

 153 

Table 3 shows the molecular weight of wheat pentosan varied with the bacterial-154 

fermentation time. The relative molecular weight gradually decreased from 1730 to 257 155 

kDa as the fermentation time increased to 22 h. Figure 6 shows the purification process 156 

of pentosan at different fermentation times. Some of the enzymes produced by the 157 

wheat pentosan-degrading bacteria can be secreted extracellularly by the MXT-1 strain. 158 

The endo-reaction of β-1,4 glycosidic bonds in wheat pentosan can lead to decreased 159 

polymerization. Enzymes acting on the side chains of pentosans may be produced by 160 

MXT-1, thereby reducing its branching and increasing its water solubility [17]. 161 

Previous findings have shown that the enzymatic degradation of pentosan generally 162 

depends on the synergistic effects of arabinofuranosidase and endoxylanase [18]. 163 

Therefore, the direct use of MXT-1 to degrade pentosan reduces production costs to a 164 

certain extent. 165 

 166 

Table 3. Relative molecular weights of wheat pentosan after increasing 167 

fermentation times 168 

Fermentation time (h) Relative molecular 

weight (kDa) 

0 1730 



 

 

12 646 

14 360 

16 344 

18 298 

20 270 

22 257 

 169 

 170 

Figure 6. Purification curves for pentosan at different fermentation time. The graphs 171 

shown in panels A–F represent wheat pentosan recovered after fermentation for 12, 172 

14, 16, 18, 20, or 22 h, respectively. 173 

 174 

Characterization and performance of the composite film 175 

Table 4 shows the WVP of the composite film materials before and after modification. 176 

The WVP was calculated according to Eq. (1). The WVP of the modified film material 177 

was significantly reduced. This finding may reflect better molecular compatibility 178 

between wheat pentosan and chitosan and stronger hydrogen bonding between the 179 

molecules. Part of the gap was filled with small pentosan molecules produced by 180 

degradation, and the membrane structure was denser. The chain arrangement of 181 

hydrogen bonds is enhanced by the flow of free low molecular-weight molecules 182 

between longer polymers [19]. In addition, a previous study showed that the free 183 

aldehyde group content in a pentosan solution increases after fermentation, making the 184 

film structure more compact [20]. The Maillard reaction between the amino groups of 185 

chitosan and the aldehyde groups of pentosan is strong, which reduces the amino group 186 

content [20]. 187 



 

 

 188 

Table 4. WVP parameters of the composite films 189 

Project Unmodified composite film Modified composite film 

WVP (g·mm·[m2·h·kPa]-1) 0.2769 0.1286 

 190 

Table 5 shows that the swelling ratio of the unfermented pentosan-chitosan 191 

composite film was 1.23, whereas that of the modified film was 1.45. Modification 192 

increased the number of hydrophilic groups. The lower molecular chains had more 193 

water-absorbing active sites than the higher chains. Our results are similar to those of 194 

previous studies [19, 21]. 195 

 196 

Table 5. The masses of the films before and after swelling 197 

Project Unmodified composite film Modified composite film 

Swelling capacity 1.23 ± 0.014 1.45 ± 0.017 

 198 

Figure 7 shows the tensile properties of the composite film before modification (A) 199 

and after modification (B). Before modification, the tensile strength of the composite 200 

film was 18.69 MPa, with a maximum displacement of 1.69 mm. In contrast, the tensile 201 

strength of the modified composite film is lower than the former, which is reduced by 202 

95%, but the tensile displacement increased. Thus, the film flexibility may have 203 

increased owing to the increased number of short-chain wheat pentosan molecules. 204 

Low-molecular-weight molecules enhance the mobility of pentosan and chitosan 205 

molecules. Previous investigators have drawn similar conclusions [19, 22]. Increased 206 

flexibility is beneficial for food packaging films. 207 

 208 
Figure 7. Tensile stress-displacement curves of the pentosan chitosan composite 209 

films. (A) Nonmodified pentosan chitosan composite films. (B) Pentosan chitosan 210 

composite films 211 

 212 

Figure 8 shows FT-IR spectroscopy data indicating that wheat pentosan and 213 

chitosan molecules interacted before and after modification. Figure 8A shows an 214 



 

 

absorption peak for the unmodified composite film at 2990 cm-1, which was attributed 215 

to C–H stretching vibrations, and an absorption peak at 3456 cm-1, which was attributed 216 

to O–H stretching vibrations. Figure 8B displays absorption peaks of the modified 217 

composite film at 2930 cm-1 (attributed to C–H stretching vibrations) and 3429 cm-1 218 

(attributed to O–H stretching vibrations). After the modification, the hydroxyl-219 

stretching vibration peak wave number of the membrane material decreased, and the 220 

peak shape widened. These results indicate that the modified pentosan/chitosan 221 

membrane material had stronger intermolecular hydrogen bonds and improved 222 

compatibility with polysaccharide molecules [21]. 223 

 224 

Figure 8. The FT-IR spectra of composite films. (A) Nonmodified pentosan chitosan 225 

composite films. (B) Modified pentosan chitosan composite films 226 

 227 

The pentosan-modified chitosan surface morphology and cross-section of the 228 

composite film were determined by SEM, before and after modification. Figure 9A 229 

shows that the surface of the unmodified pentosan/chitosan composite film was smooth, 230 

and crystalline particles could only be observed at a magnification of 2000×. The 231 

surface of the film was flat, with no obvious wrinkles or bubbles. The surface of the 232 

modified composite film was rougher, which may reflect embrittlement during the 233 

liquid nitrogen treatment (Figure 9B). Figure 9C shows that the cross-sectional 234 

thickness of the unmodified composite film was uniform, but the texture was rough. 235 

Compared with Figure 9C, the results in Figure 9D illustrated that the cross-section 236 

thickness of the composite film after modification was uniform, the structure was more 237 

compact, and no obvious phase separation occurred. Similar SEM results were 238 

previously obtained for chitosan films containing cellulose and other polysaccharide 239 

composite films [21,23], which further confirmed that the modification increased the 240 

compatibility between the pentosan and chitosan molecules. 241 



 

 

 242 

Figure 9. SEM micrographs of the surface and cross-section of pentosan chitosan 243 

films, before and after modification. (A, B) SEM surface images of pentosan chitosan 244 

composite films before and after modification. (C, D) SEM cross-sectional images of 245 

pentosan chitosan composite films, before and after modification 246 

 247 

XRD is a method for analyzing the spatial structures of internal atoms. When the 248 

components of a polymer system are compatible, their interactions are strong, which 249 

changes their diffraction results. The diffraction curves of the two composite films in 250 

Figure 10A and 10B revealed diffraction peaks at 10–20°, although they were not 251 

particularly obvious. Figure 10A shows the diffraction pattern of the composite film 252 

before modification. The 2θ diffraction peaks appeared at 15.19° and 17.88°, and the 253 

characteristic diffraction peaks of chitosan appeared at approximately 10° and 20°. 254 

Figure 10B shows the diffraction pattern of the modified composite film. The 2θ 255 

diffraction peaks were observed at 15.74° and 21.09°. The diffraction peak of chitosan 256 

shifts to the higher 2θ direction. Chitosan has a semicrystalline structure [17]. After 257 

modification, the compatibility of pentosan and chitosan changed, which interfered 258 

with the crystallization. Similar results were reported previously [21]. 259 



 

 

 260 

Figure 10. XRD spectra of composite films before and after modification. (A) 261 

Unmodified pentosan chitosan composite film. (B) Modified pentosan chitosan 262 

composite film 263 

 264 

Conclusions 265 

The physical properties of polysaccharide films can be improved by using strain MXT-266 

1 to ferment and modify wheat pentosan. The enzyme system acting on the side chain 267 

of pentosan may be produced by MXT-1. The solubility of pentosan increased after 268 

biological modification, the compatibility between pentosan and chitosan molecules 269 

was improved, and hydrogen bonding was strengthened. The pores between the 270 

molecules were filled with small molecules produced by pentosan degradation, which 271 

improved the barrier properties of the film. The flexibility of the wheat pentosan 272 

composite film were improved, and the water vapor transmission rate was reduced. 273 

Furthermore, with a decrease in the molecular weight of pentosan, the tensile strength 274 

of the film decreased to a certain extent. Considering the health benefits of pentosans, 275 

the composite film is expected to become a good, edible food-preservation film. In the 276 

future, in order to develop a new type of smart food cling film with degradability, 277 

antibacterial properties, and green environmental protection, we will explore the effect 278 

of changing the concentration of pentosan and chitosan solution, the mixing ratio of 279 

pentosan and chitosan, and the molecular weight and structure of modified pentosan on 280 

the physical properties and antibacterial properties of the film. 281 

 282 

Methods 283 

Materials 284 

Wheat B starch-wastewater samples were provided by Shandong Qufeng Food Tech 285 



 

 

Co., Ltd. (Weifang, China). The composition analysis is presented in Table 6. Water-286 

insoluble pentosans were extracted from wheat B starch wastewater according to Tao’s 287 

method [24] and were found to have a relative molecular weight of 1730 kDa. 16S RNA 288 

primer synthesis and DNA sequencing were performed by Sangon Biotech Co., Ltd. 289 

(Shanghai, China). The DN11-Bacterial Genomic DNA Rapid Extraction Kit, PL03-290 

High Purity Plasmid Small Amount Rapid Extraction Kit, DNA polymerase, DNA 291 

ligase, and Escherichia coli DH5α cells were purchased from Aidlab Biotechnologies 292 

Co., Ltd. (Beijing, China). The reagents used in this study were chemically pure. The 293 

name and composition of the culture medium involved in the experiment are shown in 294 

Table 7. All the medium ingredients were aseptically prepared. 295 

 296 

Table 6. Wastewater composition analysis 297 

Parameter Result 

Viscosity (mpa·s) 36 

Solid content (%) 7.0 

Glucose (%) 0.01 

Protein (%) 0.43 

Ash (%) 6.52 

 298 

Table 7. The name and element of the culture medium 299 

Name Element (g·L-1) 

Separation medium Peeled potatoes 200, Glucose 20, KH2PO3, MgSO4 

1.5, Agar 15, pH 6.0  

Screening medium KH2PO4 2, NH4NO3 2, MgSO4·7H2O 0.2, Yeast 

extract 5, Wheat pentosan 20, Agar 20, pH 6.0 

Fermentation medium Wheat pentosan 20, Yeast extract 5, KH2PO4 2, 

NH4NO2 2, MgSO4·7H2O 0.2, pH 6.0 

LB medium Yeast Dip Powder 5, Peptone 10, NaCl 10, pH 6.0 

Medium with glucose 

as the sole carbon source 

Glucose 20, KH2PO4 2, NH4NO3 2, MgSO4·7H2O 0.2, 

pH 6.0 

Medium with wheat 

pentosan as the sole 

Wheat pentosan 20, KH2PO4 2, NH4NO3 2, 

MgSO4·7H2O 0.2, pH 6.0 



 

 

carbon source 

 300 

Separation and screening of strains 301 

One milliliter of sample solution was absorbed from the collected wheat B starch-302 

production wastewater sample solution and diluted 10-3-, 10-5-, or 10-7-fold [25]. An 303 

appropriate amount of each dilution was inoculated in separation medium and then 304 

incubated at 37°C for 2 days. The single colony on the separation plate was streaked 305 

across solid medium cultivated as described above, and the transparent circle was 306 

observed. 307 

 308 

Oxford cup experiment 309 

We verified the inducibility of wheat pentosan-degrading enzymes produced by the 310 

target strain. As shown in Table 7, glucose (g) and pentosan (a) were used as the sole 311 

carbon sources for the two media, respectively [26]. In a sterile environment, the 312 

selected strains were respectively inoculated into two media and cultured for an 313 

appropriate time. After the fermentation, the bacterial cells were washed several times 314 

with sterile water and made into a suspension. 200 μL of each prepared suspension was 315 

transferred into separate Oxford cuvettes and incubated at 28°C for 2 days. For the 316 

target strain, we observed whether a transparent circle was produced on the medium 317 

with non-pentosan as the carbon source to determine whether the pentosan-degrading 318 

enzyme produced by the bacteria was inducible. Additionally, we observed whether 319 

there was a transparent circle in the fermentation supernatant of the strain to verify 320 

whether the pentosan-degrading enzyme was secreted [27]. 321 

 322 

Degradation activity experiment of wheat pentosan by target strain 323 

The activity of this strain was compared with that of other wheat pentosan-degrading 324 

strains. The bacterial strain, β-B. subtilis W800n, γ-licheniformis, δ-yeasts were 325 

cultured in LB medium. After 20 h, 200 μL of the same volume of the four cultured 326 

bacterial liquids was inoculated into four Oxford cuvettes on the same solid screening 327 

plate and incubated at 28°C for 2 days [27]. The results of culture were observed and 328 

compared. 329 

 330 

Strain attributes and molecular biology identification 331 

The morphology of the strain was observed, and the basic properties of the strain were 332 

verified by Gram staining [28]. Genomic DNA was extracted from the strain, and the 333 

target gene sequence was amplified. The genus of the strain was determined by 334 

performing Basic Local Alignment Search Tool (BLAST) analysis against sequences 335 

deposited in GenBank [29]. 336 

 337 

Wheat pentosan fermentation and molecular weight analysis 338 

Drawing the growth curve of the strain 339 

The strains were inoculated into the fermentation medium, the composition of the 340 



 

 

medium is shown in Table 2. Samples were taken every 2 h, and the optical density at 341 

600 nm (OD600) was measured [30]. Three parallel experiments were performed, and 342 

the growth curves of the strains were drawn using Origin 8 based on the experimental 343 

results. 344 

 345 

Determination of the wheat pentosan content during fermentation 346 

The phenol-sulfuric acid method was used to monitor changes in the wheat pentosan 347 

content during fermentation [31]. Wheat pentosan exists in water-soluble and non-348 

water-soluble forms. To increase the degradation effect of wheat pentosan, we first 349 

cultured the strain in LB medium containing 0.1% glucose until the OD600 exceeded 350 

8.0, after which the cells were precipitated, washed, and cultured further on a shaker 351 

for 36 h. The pentosan-degradation process was monitored, and the fermentation broth 352 

was collected every 2 h. The pentosan content generated during fermentation was 353 

analyzed according to the phenol-sulfuric acid method. 354 

 355 

Molecular weight analysis of wheat pentosan after fermentation 356 

The molecular weight of the wheat pentosan was analyzed after fermentation. DEAE-357 

cellulose 52 was used to purify and analyze the fermented wheat pentosan [32]. 358 

Sepharose-CL 6B chromatography was used to analyze the relative molecular-weight 359 

distribution. The phenol-sulfuric acid method was used to determine the polysaccharide 360 

contents in real time [33]. Dextrans with different relative molecular weights were 361 

collected, and standard curves were constructed [33]. A Sepharose-CL 6B column was 362 

used to analyze the relative molecular weights of the wheat pentosan species after 363 

fermentation. 364 

 365 

Preparation of pentosan-chitosan composite films 366 

Wheat pentosan and chitosan were used to prepare composite films. Wheat pentosan 367 

was suspended in water and stirred to obtain a wheat pentosan solution. Chitosan was 368 

added to a 1% acetic acid solution to prepare a 1.5% chitosan solution. Both solutions 369 

were mixed to obtain a mixed film solution [34]. The resulting solution was heated to 370 

60–65°C, 1% glycerin was added as a plasticizer, and mixing was performed using 371 

magnetic stirring for 4 h. The film liquid was degassed by sonication for 10 min, cast 372 

onto a glass plate, and naturally dried at 23°C and 50% relative humidity (RH). The 373 

films were removed from the board for use. 374 

A modified pentosan film solution was obtained after strain fermentation and used 375 

to prepare films by mixing biologically modified wheat pentosan with chitosan. The 376 

chitosan film solution was prepared according to the method described above. The 377 

performance of the two pentosan chitosan composite films before and after 378 

modification were analyzed [35]. 379 

 380 

Measuring the performance of the composite film 381 

The water-vapor permeability (WVP) of each sample was measured according to 382 



 

 

American Society for Testing and Materials standard 2005 [36]. Each film was sealed 383 

with an aluminum cup containing 43 g dry CaCl2, and the cup was placed in an 384 

environment with 100% RH. A 6-mm air gap was present between the desiccant and 385 

the underside of the film. An aluminum cup was placed in a drying box with a fan. The 386 

fan circulated the air above the sample at rotated at a speed of 0.15 m·s-1. A saturated 387 

Mg(NO3)2 solution was used to maintain the temperature at 22°C while maintaining the 388 

RH at 100%. The cup was weighed several times over a period of 4 days, and the WVP 389 

was calculated using Eq. (1). 390 𝑊𝑊𝑊𝑊𝑊𝑊 =
(𝑚𝑚2−𝑚𝑚1) × 𝐿𝐿𝐴𝐴 × 𝑡𝑡 × ∆𝑃𝑃           (1) 391 

where WVP is the water-vapor permeability; m1 and m2 are the masses of the film, 392 

vapor-permeable cup, and CaCl2 before and after water absorption, respectively; L is 393 

the thickness of the film; A is the effective measurement area; T is the measurement 394 

interval; and ∆P is the vapor-pressure difference on both sides of the film. 395 

The water solubility of the films was tested as follows. Each dried film was cut 396 

into a size of 3 × 3 cm2. An analytical balance was used to weigh the mass of each film 397 

three times in parallel, and the average value was recorded as m1. The composite film 398 

was immersed in 50 mL distilled water for 24 h at 25°C until swelling equilibrium was 399 

reached. Filter paper was used to absorb water from the surface of the film material 400 

[37]. The mass was weighed three times, the average value of the swollen mass was 401 

recorded as m2, and the water solubility was calculated according to Eq. (2) [38]. 402 

Water solubility =
𝑚𝑚2−𝑚𝑚1𝑚𝑚1           (2) 403 

where m1 and m2 are the masses of the film before and after swelling, respectively. 404 

To determine the tensile strength of the films, the films were cut into strips with a 405 

width of 5 mm and length of 100 mm. Each strip of film was cut into three pieces for 406 

tensile testing. A universal testing machine (Instron 5943, Instron) was used to measure 407 

the mechanical properties at 23°C and 50% RH. The initial distance between the clamps 408 

was 50 mm, and a 0.3 N load cell was used for testing at 5 mm·min-1. The tensile 409 

strength and tensile displacement of the three test pieces were measured, and the 410 

average of the parallel test results was calculated [39]. 411 

 412 

Characterization of the pentosan-chitosan composite film 413 

Fourier-transformed infrared (FT-IR) spectroscopy 414 

FT-IR spectroscopy is a technique that detects chemical bonds in molecules by 415 

generating infrared absorption spectra of solids, liquids, or gases. An infrared 416 

spectrometer (IR Prestige-21, Shimadzu) was used to analyze the infrared spectra of the 417 

composite films before and after modification [40]. 418 

 419 

Film microstructure examination by scanning electron microscopy (SEM) 420 

A Quanta 200 SEM instrument (Field Electron and Ion Company) was used to observe 421 

the microstructure of the surface and section of the wheat pentosan-chitosan composite 422 



 

 

films, before and after biological modification [36]. 423 

 424 

Determination of the degree of crystallinity by X-ray diffraction 425 

A D8-ADVANCE XRD instrument (AXS) used to determine the crystallinity of the 426 

wheat pentosan films, before and after biological modification [40]. 427 
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