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A Newly Isolated Strain Lysobacter brunescens YQ20 and Its Performance on Wool Waste Biodegradation
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Wool keratin is difficult to degrade as comparing to feathers because of its tough secondary structure. In order to develop an approach for high-value utilization of wool fiber waste by keratinolytic microorganisms, which is produced from shearing, weaving, and industrial processing of wool, screening of wool-degrading bacterium with high degradation efficiency were performed in this study. To this end, Lysobacter brunescens YQ20 was identified and characterized. The optimized conditions for wool degradation were pH 9.0 and 37°C with 20% liquid volume of Erlenmeyer flask. After fermentation, 15 essential amino acids were detected when wool fiber waste was fermented. The total amino acids produced from 1% wool per hour were 13.7 mg/L. The concentration was 8.6-fold higher than that produced by the strain Stenotrophomonas maltophilia BBE11-1, which had previously been reported to have the highest wool-degrading capacity. Our study reports the first Lysobacter strain that exhibits efficient wool degradation and yields higher concentrations of amino acids than previously reported strains. Whole-genome sequencing indicated that there were 18 keratinase-like genes in the genome of YQ20, which exhibited a long evolutionary distance from those of Bacillus. Therefore, L. brunescens YQ20 may have applications in the environmentally friendly management of wool waste as fertilizer in agriculture.
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INTRODUCTION

In the wool processing industry, wool is processed into a series of products, including cashmere and yarn, which are then used for the manufacturing of various goods, such as clothing items, carpets, and tapestries. However, an abundance of rough wool fibers are left as wastes (Zoccola et al., 2012). A considerable amount of low-grade wool waste is also generated from abattoir processing and farming wool trimming practices.

Wool is mainly made up of two major types of protein, i.e., keratin proteins and keratin-associated proteins (Plowman et al., 2012). The major component of wool is keratin protein, accounting for approximately 95% of wool components (Shavandi et al., 2016). According to their secondary structures, keratins can be divided into α-keratin and β-keratin, which consist of α-helical coils and β-pleated sheets, respectively (Meyers et al., 2008; McKittrick et al., 2012). α-Keratin is more difficult to degrade than β-keratin because α-keratin has more disulfide bonds (Gupta et al., 2013). Wool contains 50%–60% α-keratins and less amounts of β-keratins; therefore, it is highly resistant to degradation compared with feathers from chickens, ducks, and geese (Daroit and Brandelli, 2014).

Currently, most feathers are processed into feather meal using high-pressure methods or milling, yielding a product commonly used as a protein supplement in animal feeds. Waste wool fibers have been used as fertilizer (Górecki and Górecki, 2010). However, this product is environmentally hazardous, contains limited amino acids, and exhibits poor digestibility (Onifade et al., 1998; Brandelli, 2008; Holkar et al., 2018). Digestion by microbial fermentation is an alternative, high-value, environmentally friendly method compared with chemical and physical methods (Nam et al., 2002; Sharma and Devi, 2018). Keratinases are expressed in a variety of microbes, particularly those of the genera Bacillus (Suntornsuk et al., 2005; Cedrola et al., 2012) and Actinomyces (Jaouadi et al., 2010) and some species of saprophytic and parasitic fungi (Gradišar et al., 2005). However, although most known keratinases can efficiently degrade feathers, they are not highly active against wool (Fang et al., 2013b). Therefore, it is necessary to identify novel keratinases with higher activity and a broader spectrum of substrates to establish an improved method for the enzymatic conversion of wool and waste wool fibers.

Accordingly, in this study, we screened for novel keratinolytic bacteria with high efficiency. We then isolated L. brunescens YQ20 and characterized its wool degradation ability under optimized fermentation conditions. Our findings highlighted the potential value of L. brunescens YQ20 in the waste management of wool and provided a solid foundation for future analysis of keratin-degrading enzymes in L. brunescens YQ20.



MATERIALS AND METHODS


Materials

Unprocessed wool and wool fiber waste used for fermentation were collected from Shandong Jinliyuan Plush Product Co., Ltd. (Yangxin County, Shandong Province, China).



Isolation of Bacteria From Soil

Soil samples were collected from two sheepfolds from a village in Tanfang town, Weifang City, Shandong Province, China. The samples were kept for enrichment in distilled water with 1% wool and incubated at 37°C with shaking at 220 rpm for 1 week. Then, the bacteria were isolated by serial dilution and spread plate technology. Casein agar plates were used for screening and isolation. The plates were incubated at 37°C for 48 h. The composition of casein agar medium was as follows 10 g/L casein, 5 g/L MgSO4·7H2O, 5 g/L NaCl, and 15 g/L agar. Colonies with a hydrolysis zone were selected out for fermentation with wool as the sole carbon source. The wool fermentation medium contained 5 g/L NaCl, 0.5 g/L KH2PO4, 1 g/L K2HPO4, 1 g/L MgSO4·7H2O, and 10 g/L wool (natural pH). Isolates that could degrade wool during fermentation were considered as positive producers. Freshly grown single colonies on casein agar plates were inoculated into 20 ml nutrient broth medium (18 g/L, pH 7.4). The culture was incubated at 37°C and 220 rpm for 24 h in an orbital shaker and then stored in glycerol stock (15%, final concentration) at −80°C.



Identification of the Keratinase-Producing Bacterium by 16S rRNA

The isolate was identified based on morphological analysis and 16S rRNA gene sequencing. Colony polymerase chain reaction was performed for amplification of the 16S rRNA gene with 27F (5′-AGAGTTTGATCCTGGCTGAG-3′) and 1492R (5′-GGCTACCTTGTTACGACTT-3′) as primers. The amplified DNA was purified and sequence by Genewiz (Suzhou, China). The DNA sequence was submitted to BLAST.1 A neighbor-joining phylogenetic tree was constructed based on 16S rRNA sequences using MEGA7.



Inoculum Preparation

Before fermentation, 400 μl glycerol inoculum was transferred into a 250-ml Erlenmeyer flask containing 50 ml nutrient broth medium and incubated at 37°C and 220 rpm for 24 h. After fermentation, 4% of the inoculum was transferred into a 250-ml flask containing 50 ml fermentation medium.



Growth Determination and Evaluation of Fermentation by YQ20

Fermentation were performed at 37°C and 220 rpm with 1% of wool fiber waste as a substrate. During growth, fermented broth was collected for determination of the production of amino acids and degradation of wool per 12 h.

Degradation of wool fiber waste and production of amino acids were measured to evaluate the fermentation process. Wool degradation was determined as previously described (Ramakrishna Reddy et al., 2017). Production of amino acids was determined as follows. First, the fermentation broth was boiled at 100°C for 10 min and then centrifugated at 10,000 × g for 15 min. The supernatant was diluted with distilled water and measured at 280 nm.



Optimization of Wool Waste Concentration

A series of wool fiber waste concentrations (1%, 2%, 3%, 4%, 5%, 6%, 7%, and 8%) were evaluated to determine the appropriate concentration during fermentation. The other components of the fermentation medium were the same as described above. The fermentation was carried out at 37°C and 220 rpm for 36 h.



Effects of Temperature, pH, and Oxygen on Wool Waste Degradation

In order to determine the suitable conditions for fermentation, including temperature, pH, and oxygen, single-factor experiments were performed with 6% wool fiber waste as substrate.

For optimization of temperature, the culture medium was incubated separately at 25°C, 30°C, 37°C, or 40°C. For determination of the optimum pH for fermentation, fermentation was carried out at pH 5, 6, 7, 8, 9, or 10. The pH was adjusted using 0.1 N HCl or 0.2 N NaOH. The effects of oxygen on wool waste degradation were studied with different volumes of liquid cultures (25, 50, 75, and 100 ml) in a 250-ml Erlenmeyer flask.

All evaluations of fermentation processes were conducted after 36 h. All experiments were repeated with three parallels. The mean values and standard deviations were recorded.



Amino Acid Analysis of Fermentation Broth

During fermentation, 6% wool fiber waste was added into a 250-ml Erlenmeyer flask containing 50 ml fermented medium (pH 8.0). After sterilization, fermentation was carried out with 4% inoculum at 37°C and 220 rpm. When OD280 no longer increased, fermentation broth was filtered using Whatman No. 1 filter paper, and the obtained filtrate was then assessed using an amino acid analyzer (L-8900; Hitachi, Japan) for determination of amino acid contents.



Genome Sequencing and de novo Genome Assembly

For Single Molecule Real Time (SMRT) sequencing (Pacific Biosciences, Menlo Park, CA), total DNA from YQ20 was extracted with a bacterial genomic DNA extraction kit (Sigma-Aldrich, United States) according to the manufacturer’s instructions. The DNA quality was detected using Qubit (Thermo Fisher Scientific, Waltham, MA, United States) and a Nanodrop instrument (Thermo Fisher Scientific). Qualified genomic DNA was fragmented with G-tubes (Covaris, MA, United States) and end-repaired to prepare SMRTbell DNA template libraries (PacBio, Menlo Park, CA, United States), according to the manufacturer’s specifications. Fragments with sizes of less than 5 Kb were selected using a Bluepippin system. Library quality was detected by Qubit, and the average fragment size was estimated on a Bioanalyzer 2100 (Agilent, Santa Clara, CA, United States). SMRT sequencing was performed on a Pacific Biosciences RSII sequencer (PacBio) according to standard protocols (MagBead Standard Seq v2 loading, 1 × 180 min movie) using P4-C2 chemistry.

Continuous long reads were obtained from three SMRT sequencing runs. Reads longer than 500 bp with a quality value over 0.75 were merged together into a single dataset. The hierarchical genome-assembly process pipeline (Chin et al., 2013) was used to correct for random errors in the long seed reads (seed length threshold: 6 kb) by aligning shorter reads from the same library against them. The resulting corrected, pre-assembled reads were applied to de novo assembly using Celera Assembler with an overlap-layout consensus strategy (Myers et al., 2000). To validate the quality of the assembly and determine the final genome sequence, the Quiver consensus algorithm (Chin et al., 2013) was used.



Genome Annotation and Bioinformatics Analysis

The Glimmer3 program was used for prediction of putative CDSs (Delcher et al., 2007). Prediction of noncoding RNAs, such as rRNAs, was carried out using rRNAmmer (Lagesen et al., 2007), and tRNAs were identified by tNRAscan (Lowe and Eddy, 1997).

Gene function annotation was based on several complementary approaches, including the National Center for Biotechnology Information (NCBI) Nr database, UniProt/SwissProt, KEGG, GO, COG, pfam, and protein families (V26.0).

To identify genes encoding for enzymes potentially involved in keratin degradation, genome mining was performed using amino acid sequences of known enzymes against the genome of L. brunescens YQ20 with BLAST (Altschul et al., 2005). Keratinases included those from Bacillus tequilensis Q7 (AKN20219.1; Zaraî Jaouadi et al., 2015), Brevibacillus brevis strain US575 (AGO58466.1; Jaouadi et al., 2013), Bacillus circulans strain DZ100 (AGN91700.1; Benkiar et al., 2013), Bacillus pumilus (ANQ68333.1; Fellahi et al., 2016), Bacillus amyloliquefaciens K11 (AKR05134.1; Yang et al., 2016), Bacillus licheniformis (AFT92040.1; Liu et al., 2013), Bacillus licheniformis MKU3 (AAY82467.1; Radha and Gunasekaran, 2007), Bacillus pumilus (ANQ68334.1; Fellahi et al., 2016), F. pennivorans (AAK61552.1; Kluskens et al., 2002), Actinomaduraviridilutea DZ50 (AMH86070.1; Ben Elhoul et al., 2016), P. aeruginosa (ADP00718.1; Sharma and Gupta, 2010), G. stearothermophilus AD-11 (AJD77429.1; Gegeckas et al., 2015), S. maltophilia BBE11-1 (AGK29593.1; Fang et al., 2014), and Thermoactinomyces sp. YT06 (APY18977.1; Wang et al., 2019).

The amino acid sequences of proteins, including known keratinases and proteins from YQ20, were initially aligned using ClustalW. Subsequently, phylogenetic trees were constructed using MEGA7 with the best model. The conserved motifs were identified using the Multiple Expectation Maximization for Motif Elicitation online program suite (Bailey et al., 2009). Catalytic domain analysis was carried out using NCBI Batch CDD.2 Visual presentation was realized with the integrating toolkit TBtools (Chen et al., 2018).



Nucleotide Sequence Accession Numbers

The whole-genome sequencing project was assigned BioProject no. PRJNA592006.




RESULTS


Isolation and Identification of Lysobacter brunescens YQ20

In order to screen out a strain that could degrade wool, we collected soil samples from sheepfolds. Samples were stored for enrichment in distilled water with 1% wool shearing from sheep for 1 week. After cultivation on casein agar plates for 48 h, six colonies produced clear zones, indicating that proteases were secreted. After fermentation with wool as a substrate, there was only one strain that could degrade wool (Figures 1A–C); this strain was designated YQ20. As shown in Figure 1D, after 48 h of fermentation by YQ20, no long wool remained. The time course of wool fermentation by YQ20 is shown in Figure 1E. When fermentation was carried out with 1% wool fiber waste as a substrate, there was a significant increase in amino acids produced until 36 h.

[image: Figure 1]

FIGURE 1. Wool fermentation by Lysobacter brunescens YQ20. (A) Fermentation medium with unprocessed wool as a substrate, without sterilization. (B) Fermentation medium with unprocessed wool as a substrate, sterilization. (C) Unprocessed wool after fermentation. (D) Filter residues without and with fermentation. (E) Time course study on amino acid production during fermentation.


The strain YQ20 was then submitted for 16S rRNA sequencing. As shown in Figure 2, YQ20 showed 99% identity with L. brunescens strain HME8653. Additionally, the colonies became brown during cultivation, consistent with the known features of L. brunescens. Therefore, YQ20 was designated as L. brunescens YQ20.

[image: Figure 2]

FIGURE 2. Phylogenetic tree of YQ20. The branching pattern was generated by the neighbor-joining tree method. The GenBank accession numbers of the 16S rRNA nucleotide sequences are indicated in brackets.




Optimization of Culture Conditions for the Degradation of Wool Fiber Waste

From Figure 3A, as the substrate concentration increased, the degradation rate of wool decreased, and the production of amino acids increased linearly until the wool reached 7% of liquid volume. Next, the effects of different fermentation parameters, including pH, temperature, liquid volume, and substrate concentration, were investigated. The highest degradation rate of wool and greatest amount of produced amino acids was found by L. brunescens YQ20 after 36 h of fermentation at 37°C and pH 9.0 (Figures 3B,C). In order to investigate the requirement for oxygen during fermentation by L. brunescens YQ20, a series of fermentation cultures with different volumes of medium were prepared with the same concentration of wool fiber waste. As shown in Figure 3D, when the liquid in the Erlenmeyer flask was greater than 20% the volume of the flask, the degradation ratio and produced amino acids obviously decreased.

[image: Figure 3]

FIGURE 3. Effects of (A) substrate concentration, (B) temperature, (C) pH, and (D) volume of liquid medium on wool fiber waste degradation and amino acid production by Lysobacter brunescens YQ20.




Determination of Amino Acid Contents in Fermented Broth

Wool fiber waste from the wool processing industry was used for fermentation by L. brunescens YQ20 to analyze the contents of free amino acids in the fermentation broth. From Figure 3D, when the substrate concentration was 7%, the amino acid concentration in the fermentation broth no longer increased, and the degradation rate of wool decreased. Therefore, we chose 6% wool for fermentation to determine the composition and content of amino acids in the fermentation broth. It was found that the OD280 no longer increased after 66 h of fermentation, therefore, fermentation was stopped for amino acid contents analysis. As shown in Figure 4, 15 amino acids were identified when wool waste was degraded, of which Glu was the most abundant (1.4 × 103 mg/L). The total content of free amino acids reached 5.4 × 103 mg/L.

[image: Figure 4]

FIGURE 4. Free amino acid contents in wool fiber waste fermented broth by Lysobacter brunescens YQ20. Control, autoclaved feather medium without inoculum; Test, fermentation by Lysobacter brunescens YQ20. The control value was too low to measure.




General Features of the Lysobacter brunescens YQ20 Genome

In order to understand the ability of L. brunescens YQ20 to degrade wool, whole-genome sequencing was performed. The circular chromosome of the L. brunescens YQ20 genome consisted of 4,358,679 base pairs (bp) with an average G + C content of 68.72%. No plasmids were found during analysis. By prediction using glimmer, 3,932 protein-coding sequences (CDSs) were predicted, accounting for 89.7% of the genome and having lengths ranging from 114 to 14,181 bp. The circle genome was visualized using Circos (version 0.62; Krzywinski et al., 2009). The orientations of all genes are shown in Figure 5 in the direction of replication.

[image: Figure 5]

FIGURE 5. Circle graph of the Lysobacter brunescens YQ20 chromosome. Circles are numbered from 1 (outer) to 5 (inner). Circles 1–2, locations of predicted CDSs on + and − strands, respectively; Circle 3, nonprotein coding RNA (ncRNA); Circle 4, %G + C content; Circle 5, GC skew = (G − C)/(G + C).


For gene function annotations, different databases, including non-redundant (Nr), Cluster of Orthologous Groups of proteins (COG), Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and SwissProt, were used. We found 3,514 and 2,320 genes with homologs in NR and SwissProt databases, respectively, and 2,589 and 1859 genes could be classified using COG and KEGG, respectively. In total, 3,514 genes could be annotated by these databases, indicating that these genes had been extensively studied. There were 226 genes assigned into biological process, cellular component, and molecular function categories by level 2 GO annotation. The biological process-associated genes were classified into eight categories, among which metabolic process (38.54%), cellular process (25%), and single-organism process (17.71%) were dominant. Among the seven identified cellular component categories, most expressed genes were enriched in cells (31.25%), cell part (31.25%), and macromolecular complex (21.25%). Molecular function-related genes were classified into only four groups, i.e., binding (48%), catalytic activity proteins (32%), structural molecule activity (18%), and transporter activity (one gene).



Keratinase-Like Gene Candidates and Sequence Analysis

In order to mine possible keratinase genes in the genome of L. brunescens YQ20, 14 known keratinases from different genera were used for BLAST search. Finally, 18 proteins were searched out and annotated as subtilase family, which belongs to subtilisin-like serine protease.

Figure 6 shows integration of the results of phylogenetic analysis of amino acids, gene structures, and conserved motifs of known keratinases and proteins from L. brunescens YQ20. Notably, keratinases from the genus Bacillus aggregated as a clan (Figure 6A), but keratinases from the other genera and serine proteases from L. brunescens YQ20 were separate, indicating that these proteins had long evolutionary relationships and differentiation. Based on the phylogenetic tree, the keratinase family showed obvious diversity in sequence. Using the MEME suite, 10 conserved motifs were identified. As shown in Figures 6B,C, keratinases from Bacillus in clad I had their own specific motifs and belonged to the S8 subtilisin subset family. Multiple sequence alignment indicated that amino acid sequence similarities between eight keratinases from the genus Bacillus remained above 50%. Keratinases from Fervidobacterium pennivorans (AAK61552.1), Thermoactinomyces sp. YT06 (APY18977.1), and Stenotrophomonas maltophilia BBE11-1 (AGK29593.1), which showed approximately 35% similarity to those from Bacillus, were distributed in different clads in the phylogenetic tree (Figure 6A), harbored different motifs, and belonged to S8 serine protease. Although keratinases from Pseudomonas aeruginosa (ADP00718.1) and Geobacillus stearothermophilus AD-11 (AJD77429.1) showed degradation abilities toward keratin, these proteins did not harbor the same conserved motifs as other known keratinases (Figure 6B), and the similarities were lower than 16% for the other keratinases. Additionally, Conserved Domains Database (CDD) analysis indicated that these proteins were Zn-dependent metalloproteases (LasB in Figure 6C).3

[image: Figure 6]

FIGURE 6. Phylogenetic relationships, conserved protein motifs, and conserved domains of known keratinase and proteins from Lysobacter brunescens YQ20 by Blastp. (A) Phylogenetic tree. The phylogenetic tree was constructed using the Maximum Likelihood method with 500 bootstrap replications and a WAG model. Keratinases from Bacillus are colored in green. (B) Motif composition of all proteins. The motifs are displayed in different colored boxes. (C) Conserved domain analysis by NCBI CDD. The protein length can be estimated using the scale bar at the bottom.


As shown in Figure 6A, YQ20 proteins clustered in clads II and III, had their own specific motifs, and belonged to different S8 serine protease subfamilies (Figures 6B,C). The similarities between YQ20 keratinase-like proteins and known keratinases were less than 35%, except for those from YQ20_2402, YQ20_0507, and YQ20_0707 (59.6, 49.6, and 48.1%, respectively) and the enzyme from S. maltophiliaBBE11-1 (AGK29593.1).




DISCUSSION


Isolation and Characterization of Lysobacter brunescens YQ20 for Wool Waste Degradation

Previous studies have shown that most keratinases are serine proteases (Gradišar et al., 2005). The main industrial producers of serine proteases are strains belonging to the genera Bacillus (Jaouadi et al., 2010; Maeda et al., 2011; da Silva, 2018), and Streptomyces (Demir et al., 2015). Among all the reported keratinases, two have been reported to be produced by members of the genus Lysobacter. One producing strain is Lysobacter NCIMB 9497, which expresses a keratinase with 2% powdered keratin as a substrate when cultured for 31 days (Allpress et al., 2002). The other is Lysobacter sp. A03, a cold-adapted bacterium (Pereira et al., 2014) that shows maximum proteolytic activity on day 5 when cultivated in feather meal broth containing 1% feather meal. Although the keratinase from Lysobacter has been purified and characterized, its degradation ability toward wool had not yet been investigated. Notably, L. brunescens YQ20 identified in this study was the first Lysobacter strain shown to have high degradation efficiency toward wool. The optimization of fermentation conditions indicated that the keratinase from L. brunescens YQ20 had a pH optimum in the alkaline range and a temperature optimum at 37°C, similar to keratinases from other bacteria (Riffel et al., 2003; Lateef et al., 2015; Ramakrishna Reddy et al., 2017). Moreover, the process of degradation required oxygen.

Currently, some wild-type keratinase-producing strains from other genera have been reported to degrade wool directly when fermentation, including some Bacillus strains (Gousterova et al., 2005; Hassan et al., 2013; Laba and Rodziewicz, 2014) and S. maltophilia BBE11-1 (Fang et al., 2013a,b). However, the genus Lysobacter has not been reported to degrade wool. Accordingly, L. brunescens YQ20 is the first Lysobacter strain shown to degrade wool. Stenotrophomonas maltophilia BBE11-1 was a kertin-degrading strain which was isolated from a poultry farm. According to the reports, the purified enzymes form S. maltophilia BBE11-1 could degrade native duck feather and wool for different days (Fang et al., 2013a). After fermentation for 48 h in a 30-L fermenter, the strain S. maltophilia BBE11-1 was found to degrade 66.7% of native wool. The total amount of amino acids was 153.32 mg/L after 96 h of fermentation with 1% native wool as the substrate; the most abundant essential amino acid was phenylalanine, reaching 92.67 mg/L (Fang et al., 2013b). Prior to our study, this was the strain showing the best wool-degrading capacity. However, in our study, after fermentation for 66 h with 6% wool waste from the wool processing industry as substrate, L. brunescens YQ20 yielded a total amino acid content of 5.43 × 103 mg/L, indicating that L. brunescens YQ20 produced 13.7 mg/L free amino acids from 1% wool fermentation per hour, which was 8.6-fold higher than that of S. maltophilia BBE11-1. In the fermentation broth, the concentration of phenylalanine was 338.56 mg/L, and glutamate exhibited the highest concentration of any amino acid (1.4 × 103 mg/L). Taken together, these results indicated that L. brunescens YQ20 exhibited excellent degradation ability toward wool.

Species of the genus Lysobacter are frequently found in natural soils (Seccareccia et al., 2015) and produce volatile organic compounds and antimicrobial compounds (de Boer et al., 2019), which can inhibit spore germination and mycelial growth of several phytopathogens, promote plant growth, and induce plant resistance (Vlassi et al., 2020). In addition, species of the genus Lysobacter secrete a variety of lytic enzymes, including proteases, glucanases, chitinases, and cellulases (Seccareccia et al., 2015). Therefore, L. brunescens YQ20 may be a good candidate for the bio-utilization of wool fiber waste from the wool processing industry to high-value fertilizer in agriculture or additives as animal feed. More studies are needed to scale up and optimize the fermentation process.



Analysis of Keratinolytic Genes Based on the Whole-Genome Sequence of Lysobacter brunescens YQ20

Keratinases are a class of keratinolytic proteases, most of which are serine-type proteases according to sequence analysis (Su et al., 2020). The proteins searched out by Blastp with known keratinases were annotated as subtilisin-like serine proteases, consistent with our previous knowledge. For the genome of Bacillus sp. JM7, there was only one gene which was predicted to encode a subtilisin-like serine protease after genome sequencing, and this protein was verified experimentally as a keratinase (Jin et al., 2019). According to a review by Vivek (Salwan and Sharma, 2019), eight bacteria, including Actinomadura viridilutea (accession no.: NZ_PVNI01000001.1), Bacillus pumilus ATCC 7061 (ac-cession no.: NZ_ABRX01000001-NZ_ABRX01000016), Burkholderia pseudomallei (ac-cession no.: CH899711-CH899721, DS981341-DS981409), Caldanaerobacter subterraneus KB-1 (accession no.: NZ_AXDC01000001-NZ_XDC01000102), Dermatophilus congolensis DSM44180 (accession no.: KE386981-KE386981), P. flavipulchra (accession no.: JH650741-JH650756), P. aeruginosa (accession no.: KK111587-KK111849), and Thermus aquaticus (accession no.: ABVK02000001:ABVK02000022), express 11 serine proteases. Moreover, species of the genus Lysobacter produce a series of exoenzymes, including proteases, to utilize food sources (Christensen and Cook, 1978). Thus, L. brunescens YQ20 has a natural advantage for keratin degradation. Analysis of the gene structure and conserved motifs indicated that keratinases show obvious differences in sequences, and keratinase-like proteins from YQ20 had a long evolutionary distance from the keratinase of Bacillus. These results indicated that the keratinases in L. brunescens YQ20 may be distinct from the known keratinases of Bacillus. Accordingly, additional studies including proteomic analysis, transcriptomic analysis, and experiments of keratinases expression will be carried out to identify the keratinase genes in YQ20.

Few keratinases have been shown to have high activity against wool. In this study, we aimed to improve the bio-utilization of wool fiber waste from the wool processing industry by isolating a keratinolytic bacterium with efficient wool degradation activity. We obtained the first strain from the genus Lysobacter to have wool degradation activity. After characterization, L. brunescens YQ20 showed improved degradation ability toward wool compared with S. maltophilia BBE11-1, which had previously been identified as the bacterium with the highest wool-degrading capacity. In future studies, large-scale fermentation should be carried out to optimize the industrial process. Moreover, genome sequencing analysis indicated that YQ20 may also harbor novel keratinases, and future studies are needed to verify these findings and elucidate the degradation mechanisms of this strain.




DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://www.ncbi.nlm.nih.gov/genbank/, no. PRJNA592006.



AUTHOR CONTRIBUTIONS

XG: conceptualization, writing—review and editing, and funding acquisition. QM: methodology, writing—original draft preparation, and project administration. YZ, XZe, PH, FL, XZa, and YY: investigation and validation. All authors contributed to the article and approved the submitted version.



FUNDING

This project was supported by the Natural Science Foundation of Shandong Province (grant nos. ZR2020MC053 and ZR202102180372).



ACKNOWLEDGMENTS

The authors thank Editage for language editing.



FOOTNOTES

1https://blast.ncbi.nlm.nih.gov/Blast.cgi

2https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi

3https://www.ncbi.nlm.nih.gov/cdd



REFERENCES

 Allpress, J. D., Mountain, G., and Gowland, P. C. (2002). Production, purification and characterization of an extracellular keratinase from Lysobacter NCIMB 9497. Lett. Appl. Microbiol. 34, 337–342. doi: 10.1046/j.1472-765X.2002.01093.x 

 Altschul, S. F., Wootton, J. C., Gertz, E. M., Agarwala, R., Morgulis, A., Schäffer, A. A., et al. (2005). Protein database searches using compositionally adjusted substitution matrices. FEBS J. 272, 5101–5109. doi: 10.1111/j.1742-4658.2005.04945.x 

 Bailey, T. L., Boden, M., Buske, F. A., Frith, M., Grant, C. E., Clementi, L., et al. (2009). MEME suite: tools for motif discovery and searching. Nucleic Acids Res. 37(suppl_2), W202–W208. doi: 10.1093/nar/gkp335 

 Ben Elhoul, M., Zaraî Jaouadi, N., Rekik, H., Omrane Benmrad, M., Mechri, S., Moujehed, E., et al. (2016). Biochemical and molecular characterization of new keratinoytic protease from Actinomadura viridilutea DZ50. Int. J. Biol. Macromol. 92, 299–315. doi: 10.1016/j.ijbiomac.2016.07.009 

 Benkiar, A., Nadia, Z. J., Badis, A., Rebzani, F., Soraya, B. T., Rekik, H., et al. (2013). Biochemical and molecular characterization of a thermo-and detergent-stable alkaline serine keratinolytic protease from Bacillus circulans strain DZ100 for detergent formulations and feather-biodegradation process. Int. Biodeterior. Biodegrad. 83, 129–138. doi: 10.1016/j.ibiod.2013.05.014

 Brandelli, A. (2008). Bacterial keratinases: useful enzymes for bioprocessing agroindustrial wastes and beyond. Food Bioprocess Technol. 1, 105–116. doi: 10.1007/s11947-007-0025-y

 Cedrola, S. M. L., de Melo, A. C. N., Mazotto, A. M., Lins, U., Zingali, R. B., Rosado, A. S., et al. (2012). Keratinases and sulfide from Bacillus subtilis SLC to recycle feather waste. World J. Microbiol. Biotechnol. 28, 1259–1269. doi: 10.1007/s11274-011-0930-0 

 Chen, C., Xia, R., Chen, H., and He, Y. (2018). TBtools, a toolkit for biologists integrating various HTS-data handling tools with a user-friendly interface. bioRxiv [Preprint]. doi: 10.1101/289660

 Chin, C.-S., Alexander, D. H., Marks, P., Klammer, A. A., Drake, J., Heiner, C., et al. (2013). Nonhybrid, finished microbial genome assemblies from long-read SMRT sequencing data. Nat. Methods 10, 563–569. doi: 10.1038/nmeth.2474 

 Christensen, P., and Cook, F. D. (1978). Lysobacter, a new genus of nonfruiting, gliding bacteria with a high base ratio. Int. J. Syst. Evol. Microbiol. 28, 367–393. doi: 10.1099/00207713-28-3-367

 Daroit, D. J., and Brandelli, A. (2014). A current assessment on the production of bacterial keratinases. Crit. Rev. Biotechnol. 34, 372–384. doi: 10.3109/07388551.2013.794768 

 da Silva, R. R. (2018). Different processes for keratin degradation: The ways for biotechnological application of keratinases. J. Agric. Food Chem. 66, 9377–9378. doi: 10.1021/acs.jafc.8b04439 

 de Boer, W., Li, X., Meisner, A., and Garbeva, P. (2019). Pathogen suppression by microbial volatile organic compounds in soils. FEMS Microbiol. Ecol. 95. doi: 10.1093/femsec/fiz105 

 Delcher, A. L., Bratke, K. A., Powers, E. C., and Salzberg, S. L. (2007). Identifying bacterial genes and endosymbiont DNA with glimmer. Bioinformatics 23, 673–679. doi: 10.1093/bioinformatics/btm009 

 Demir, T., Hameş, E. E., Öncel, S. S., and Vardar-Sukan, F. (2015). An optimization approach to scale up keratinase production by Streptomyces sp. 2M21 by utilizing chicken feather. Int. Biodeterior. Biodegrad. 103, 134–140. doi: 10.1016/j.ibiod.2015.04.025

 Fang, Z., Zhang, J., Liu, B., Du, G., and Chen, J. (2013a). Biochemical characterization of three keratinolytic enzymes from Stenotrophomonas maltophilia BBE11-1 for biodegrading keratin wastes. Int. Biodeterior. Biodegrad. 82, 166–172. doi: 10.1016/j.ibiod.2013.03.008

 Fang, Z., Zhang, J., Liu, B., Du, G., and Chen, J. (2013b). Biodegradation of wool waste and keratinase production in scale-up fermenter with different strategies by Stenotrophomonas maltophilia BBE11-1. Bioresour. Technol. 140, 286–291. doi: 10.1016/j.biortech.2013.04.091 

 Fang, Z., Zhang, J., Liu, B., Jiang, L., Du, G., and Chen, J. (2014). Cloning, heterologous expression and characterization of two keratinases from Stenotrophomonas maltophilia BBE11-1. Process Biochem. 49, 647–654. doi: 10.1016/j.procbio.2014.01.009

 Fellahi, S., Chibani, A., Feuk-Lagerstedt, E., and Taherzadeh, M. J. (2016). Identification of two new keratinolytic proteases from a Bacillus pumilus strain using protein analysis and gene sequencing. AMB Express 6:42. doi: 10.1186/s13568-016-0213-0 

 Gegeckas, A., Gudiukaitė, R., Debski, J., and Citavicius, D. (2015). Keratinous waste decomposition and peptide production by keratinase from Geobacillus stearothermophilus AD-11. Int. J. Biol. Macromol. 75, 158–165. doi: 10.1016/j.ijbiomac.2015.01.031 

 Górecki, R. S., and Górecki, M. (2010). Utilization of waste wool as substrate amendment in pot ccultivation of tomato, sweet pepper, and eggplant. Pol. J. Environ. Stud. 19, 1083–1087.

 Gousterova, A., Braikova, D., Goshev, I., Christov, P., Tishinov, K., Vasileva-Tonkova, E., et al. (2005). Degradation of keratin and collagen containing wastes by newly isolated thermoactinomycetes or by alkaline hydrolysis. Lett. Appl. Microbiol. 40, 335–340. doi: 10.1111/j.1472-765X.2005.01692.x

 Gradišar, H., Friedrich, J., Križaj, I., and Jerala, R. (2005). Similarities and specificities of fungal keratinolytic proteases: comparison of keratinases of Paecilomyces marquandii and Doratomyces microsporus to some known proteases. Appl. Environ. Microbiol. 71, 3420–3426. doi: 10.1128/aem.71.7.3420-3426.2005 

 Gupta, R., Sharma, R., and Beg, Q. K. (2013). Revisiting microbial keratinases: next generation proteases for sustainable biotechnology. Crit. Rev. Biotechnol. 33, 216–228. doi: 10.3109/07388551.2012.685051 

 Hassan, M. A., Haroun, B. M., Amara, A. A., and Serour, E. A. (2013). Production and characterization of keratinolytic protease from new wool-degrading Bacillus species isolated from Egyptian ecosystem. Biomed. Res. Int. 2013:175012. doi: 10.1155/2013/175012 

 Holkar, C. R., Jain, S. S., Jadhav, A. J., and Pinjari, D. V. (2018). Valorization of keratin based waste. Process. Saf. Environ. Prot. 115, 85–98. doi: 10.1016/j.psep.2017.08.045

 Jaouadi, B., Aghajari, N., Haser, R., and Bejar, S. (2010). Enhancement of the thermostability and the catalytic efficiency of Bacillus pumilus CBS protease by site-directed mutagenesis. Biochimie 92, 360–369. doi: 10.1016/j.biochi.2010.01.008 

 Jaouadi, N. Z., Rekik, H., Badis, A., Trabelsi, S., Belhoul, M., Yahiaoui, A. B., et al. (2013). Biochemical and molecular characterization of a serine keratinase from Brevibacillus brevis US575 with promising keratin-biodegradation and hide-dehairing activities. PLoS One 8:e76722. doi: 10.1371/journal.pone.0076722 

 Jin, M., Chen, C., He, X., and Zeng, R. (2019). Characterization of an extreme alkaline-stable keratinase from the draft genome of feather-degrading Bacillus sp. JM7 from deep-sea. Acta Oceanol. Sin. 38, 87–95. doi: 10.1007/s13131-019-1350-5

 Kluskens, L. D., Voorhorst, W. G., Siezen, R. J., Schwerdtfeger, R. M., Antranikian, G., van der Oost, J., et al. (2002). Molecular characterization of fervidolysin, a subtilisin-like serine protease from the thermophilic bacterium Fervidobacterium pennivorans. Extremophiles 6, 185–194. doi: 10.1007/s007920100239 

 Krzywinski, M. I., Schein, J. E., Birol, I., Connors, J., Gascoyne, R., Horsman, D., et al. (2009). Circos: An information aesthetic for comparative genomics. Genome Res. 19, 1639–1645. doi: 10.1101/gr.092759.109 

 Laba, W., and Rodziewicz, A. (2014). Biodegradation of hard keratins by two Bacillus strains. Jundishapur. J. Microbiol. 7, e8896–e8896. doi: 10.5812/jjm.8896 

 Lagesen, K., Hallin, P., Rødland, E. A., Stærfeldt, H.-H., Rognes, T., and Ussery, D. W. (2007). RNAmmer: consistent and rapid annotation of ribosomal RNA genes. Nucleic Acids Res. 35, 3100–3108. doi: 10.1093/nar/gkm160 

 Lateef, A., Adelere, I. A., and Gueguim-Kana, E. B. (2015). Bacillus safensis LAU 13: A new source of keratinase and its multi-functional biocatalytic applications. Biotechnol. Biotechnol. Equip. 29, 54–63. doi: 10.1080/13102818.2014.986360 

 Liu, B., Zhang, J., Li, B., Liao, X., Du, G., and Chen, J. (2013). Expression and characterization of extreme alkaline, oxidation-resistant keratinase from Bacillus licheniformis in recombinant Bacillus subtilis WB600 expression system and its application in wool fiber processing. World J. Microbiol. Biotechnol. 29, 825–832. doi: 10.1007/s11274-012-1237-5 

 Lowe, T. M., and Eddy, S. R. (1997). tRNAscan-SE: a program for improved detection of transfer RNA genes in genomic sequence. Nucleic Acids Res. 25, 955–964. doi: 10.1093/nar/25.5.955 

 Maeda, T., Yoshimura, T., García-Contreras, R., and Ogawa, H. I. (2011). Purification and characterization of a serine protease secreted by Brevibacillus sp. KH3 for reducing waste activated sludge and biofilm formation. Bioresour. Technol. 102, 10650–10656. doi: 10.1016/j.biortech.2011.08.098 

 McKittrick, J., Chen, P. Y., Bodde, S. G., Yang, W., Novitskaya, E. E., and Meyers, M. A. (2012). The structure, functions, and mechanical properties of keratin. JOM 64, 449–468. doi: 10.1007/s11837-012-0302-8

 Meyers, M. A., Chen, P.-Y., Lin, A. Y.-M., and Seki, Y. (2008). Biological materials: structure and mechanical properties. Prog. Mater. Sci. 53, 1–206. doi: 10.1016/j.pmatsci.2007.05.002

 Myers, E. W., Sutton, G. G., Delcher, A. L., Dew, I. M., Fasulo, D. P., Flanigan, M. J., et al. (2000). A whole-genome assembly of Drosophila. Science 287, 2196–2204. doi: 10.1126/science.287.5461.2196 

 Nam, G.-W., Lee, D.-W., Lee, H.-S., Lee, N.-J., Kim, B.-C., Choe, E.-A., et al. (2002). Native-feather degradation by Fervidobacterium islandicum AW-1, a newly isolated keratinase-producing thermophilic anaerobe. Arch. Microbiol. 178, 538–547. doi: 10.1007/s00203-002-0489-0 

 Onifade, A. A., Al-Sane, N. A., Al-Musallam, A. A., and Al-Zarban, S. (1998). A review: potentials for biotechnological applications of keratin-degrading microorganisms and their enzymes for nutritional improvement of feathers and other keratins as livestock feed resources. Bioresour. Technol. 66, 1–11. doi: 10.1016/S0960-8524(98)00033-9

 Pereira, J. Q., Lopes, F. C., Petry, M. V., Medina, L. F.d. C., and Brandelli, A. (2014). Isolation of three novel Antarctic psychrotolerant feather-degrading bacteria and partial purification of keratinolytic enzyme from Lysobacter sp. A03. Int. Biodeterior. Biodegrad. 88, 1–7. doi: 10.1016/j.ibiod.2013.11.012

 Plowman, J. E., Deb-Choudhury, S., Clerens, S., Thomas, A., Cornellison, C. D., and Dyer, J. M. (2012). Unravelling the proteome of wool: towards markers of wool quality traits. J. Proteome 75, 4315–4324. doi: 10.1016/j.jprot.2012.03.027 

 Radha, S., and Gunasekaran, P. (2007). Cloning and expression of keratinase gene in Bacillus megaterium and optimization of fermentation conditions for the production of keratinase by recombinant strain. J. Appl. Microbiol. 103, 1301–1310. doi: 10.1111/j.1365-2672.2007.03372.x 

 Ramakrishna Reddy, M., Sathi Reddy, K., Ranjita Chouhan, Y., Bee, H., and Reddy, G. (2017). Effective feather degradation and keratinase production by Bacillus pumilus GRK for its application as bio-detergent additive. Bioresour. Technol. 243, 254–263. doi: 10.1016/j.biortech.2017.06.067 

 Riffel, A., Lucas, F., Heeb, P., and Brandelli, A. (2003). Characterization of a new keratinolytic bacterium that completely degrades native feather keratin. Arch. Microbiol. 179, 258–265. doi: 10.1007/s00203-003-0525-8 

 Salwan, R., and Sharma, V. (2019). Trends in extracellular serine proteases of bacteria as detergent bioadditive: alternate and environmental friendly tool for detergent industry. Arch. Microbiol. 201, 863–877. doi: 10.1007/s00203-019-01662-8 

 Seccareccia, I., Kost, C., and Nett, M. (2015). Quantitative analysis of Lysobacter predation. Appl. Environ. Microbiol. 81, 7098–7105. doi: 10.1128/aem.01781-15 

 Sharma, R., and Devi, S. (2018). Versatility and commercial status of microbial keratinases: a review. Rev. Environ. Sci. Biotechnol. 17, 19–45. doi: 10.1007/s11157-017-9454-x

 Sharma, R., and Gupta, R. (2010). Extracellular expression of keratinase Ker P from Pseudomonas aeruginosa in E. coli. Biotechnol. Lett. 32, 1863–1868. doi: 10.1007/s10529-010-0361-2 

 Shavandi, A., Bekhit, A. E.-D. A., Carne, A., and Bekhit, A. (2016). Evaluation of keratin extraction from wool by chemical methods for bio-polymer application. J. Bioact. Compat. Polym. 32, 163–177. doi: 10.1177/0883911516662069

 Su, C., Gong, J.-S., Qin, J., Li, H., Li, H., Xu, Z.-H., et al. (2020). The tale of a versatile enzyme: molecular insights into keratinase for its industrial dissemination. Biotechnol. Adv. 45:107655. doi: 10.1016/j.biotechadv.2020.107655 

 Suntornsuk, W., Tongjun, J., Onnim, P., Oyama, H., Ratanakanokchai, K., Kusamran, T., et al. (2005). Purification and characterisation of keratinase from a thermotolerant feather-degrading bacterium. World J. Microbiol. Biotechnol. 21, 1111–1117. doi: 10.1007/s11274-005-0078-x

 Vlassi, A., Nesler, A., Perazzolli, M., Lazazzara, V., Büschl, C., Parich, A., et al. (2020). Volatile organic compounds from Lysobacter capsici AZ78 as potential candidates for biological control of soilborne plant pathogens. Front. Microbiol. 11:1748. doi: 10.3389/fmicb.2020.01748 

 Wang, L., Zhou, Y., Huang, Y., Wei, Q., Huang, H., and Guo, C. (2019). Cloning and expression of a thermostable keratinase gene from Thermoactinomyces sp. YT06 in Escherichia coli and characterization of purified recombinant enzymes. World J. Microbiol. Biotechnol. 35:135. doi: 10.1007/s11274-019-2710-1 

 Yang, L., Wang, H., Lv, Y., Bai, Y., Luo, H., Shi, P., et al. (2016). Construction of a rapid feather-degrading bacterium by overexpression of a highly efficient alkaline keratinase in its parent strain bacillus amyloliquefaciens K11. J. Agric. Food Chem. 64, 78–84. doi: 10.1021/acs.jafc.5b04747 

 Zaraî Jaouadi, N., Rekik, H., Ben Elhoul, M., Zohra Rahem, F., Gorgi Hila, C., Slimene Ben Aicha, H., et al. (2015). A novel keratinase from bacillus tequilensis strain Q7 with promising potential for the leather bating process. Int. J. Biol. Macromol. 79, 952–964. doi: 10.1016/j.ijbiomac.2015.05.038 

 Zoccola, M., Aluigi, A., Patrucco, A., Vineis, C., Forlini, F., Locatelli, P., et al. (2012). Microwave-assisted chemical-free hydrolysis of wool keratin. Text. Res. J. 82, 2006–2018. doi: 10.1177/0040517512452948


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ma, Zhang, Zheng, Luan, Han, Zhang, Yin, Wang and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-13-794738-g005.jpg





OPS/images/fmicb-13-794738-g006.jpg
B
Emmazm ——.

S p—
Y —

H“T

o o

R
————vamar e
vazo_grer T —

e mowe
. vaz_aein
 wom
e e e
¥ - s

e a B

Yoz _ mow i 1

ok o ——

vawomy, T A—— —————

oz —f—-— o ———

Yoy —

o —————————— T — skl

sy ————F—f ) —

v T e p—

i F _—

55 5
1 e N e . A M0 <o sw s o w0





OPS/images/fmicb-13-794738-g003.jpg
Temperature ()

=
3
S

00280

(3) opepesaq
a
£
s
]
3
EI
£8
28
85
-_
b
e 2 8 % 8 8§ g 8 ® 8 8’ =%
55) uoepe.Be
< (%) uonepeibeq & (%) uonepesbag

Volume (mL)

oH





OPS/images/fmicb-13-794738-g004.jpg
Control

R Test

95'8€€

£1'699

68299

Amino acids

€0'89¢1

LLvvE
6190V | R

PR o 0 Y RGP AR W B 1 o® P I O

A\

T \\r
o o
© =]
4 4

1
\mE

) UOIBIUBOUOD)

1600
200 4

G





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Newly Isolated Strain Lysobacter brunescens YQ20 and Its Performance on Wool Waste Biodegradation



		Introduction



		Materials and Methods



		Materials



		Isolation of Bacteria From Soil



		Identification of the Keratinase-Producing Bacterium by 16S rRNA



		Inoculum Preparation



		Growth Determination and Evaluation of Fermentation by YQ20



		Optimization of Wool Waste Concentration



		Effects of Temperature, pH, and Oxygen on Wool Waste Degradation



		Amino Acid Analysis of Fermentation Broth



		Genome Sequencing and de novo Genome Assembly



		Genome Annotation and Bioinformatics Analysis



		Nucleotide Sequence Accession Numbers









		Results



		Isolation and Identification of Lysobacter brunescens YQ20



		Optimization of Culture Conditions for the Degradation of Wool Fiber Waste



		Determination of Amino Acid Contents in Fermented Broth



		General Features of the Lysobacter brunescens YQ20 Genome



		Keratinase-Like Gene Candidates and Sequence Analysis









		Discussion



		Isolation and Characterization of Lysobacter brunescens YQ20 for Wool Waste Degradation



		Analysis of Keratinolytic Genes Based on the Whole-Genome Sequence of Lysobacter brunescens YQ20









		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Footnotes



		References



















OPS/images/fmicb-13-794738-g001.jpg





OPS/images/fmicb-13-794738-g002.jpg
46 Lysobacter brunescens strain HME8653 | KC157043.1
el Yazo

Lysobacter brunescens sirain HME287 | KF911330.1
Lysobacter brunescens strain GS1-30 | KU9B4674.1
Lysobacter brunescens strain R094 | KC252928.1

Lysobacter ginsengisolistrain Gsoil 357 | NR_112563.1

[t [ ysobachr bt v 4,12 | FRIZZTS01

Lysobacter capsicisirain 10.4.5 | FN357197.1

GEI_ Lysobacter panaciterrae strain MTH26 | HQ143603.1
o1 [ Thermomonas carbons strain G2436 | NR_134219.1

Thermomonas fusca strain LMG 21739 | AJ519988.1
99 [~ Endophytic bacterium SV929 | KPTS7707.1

Luteimonas aestuariistrain FMWA 38/1 | KT751289.1

a5 Luteimonas abyssi strain XH038-3 | JX501252.1
Luteimonas mephitis strain E5-4 | KY649398 1
‘Stenotrophomonas sp. srain YFC1.2 | MF996504.1

[ Poowacanimores daiooesis s VIR0 EETOEATA

Pseudoxanthomonas mexicana sirain YU23S MCC3122 | MH021678

(88— B AR ALIS | Looisooss
Xanthomonas translucens strain P25 | AY994101.1

Xanthomonas sacchari sirain ICGV-3 | KY882110.1
Pseudomonas boreopolis strain SR3 | KM103100.1

100 ‘Stenatrophomanas panacihumi sirain PRNBS | MG450364.1
35| {—

Luteimonas abyssi strain XHO31 | JQ860216.1
Xanthomonas cucurbitae strain NEP XC10 | GU373651.1

Xanthomonas campestis strain CP81 | KFO40971.1
5 Xanthomonas oryzae sirain NBRC 3312 | ABG800ST.1

7 Xanthomonas fragariae strain BRIP 53402 | HQ223083.1





OPS/images/cover.jpg
’ frontiers
in Microbiology

A Newly Isolated Strain Lysobacter
brunescens YQ20 and Its
Performance on Wool Waste
Biodegradation









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Microbiology





