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Abstract

:

This study investigated the characterization of a novel multifunctional enzyme, RuXyn394, derived from the metagenome of beef cattle rumen, and its impact on the in vitro microbial fermentation of wheat straw. RuXyn394, a member of the glycosyl hydrolase 11 family, displayed optimal activity under diverse pH and temperature conditions: xylanase at pH 5.5 and 50 °C, acetyl esterase at pH 6.5 and 60 °C, exoglucanase at pH 7.0 and 50 °C, and endoglucanase at pH 6.0 and 50 °C. The enzyme’s xylanase, endoglucanase, and exoglucanase activities exhibited remarkable pH stability across the range of pH 3–8 and maintained a relatively stable performance at temperatures from 20 to 50 °C, 20 to 60 °C, and 20 to 70 °C, respectively. The xylanase function, with the highest kcat/Km ratio, was identified as the predominant activity of RuXyn394. The enzyme’s various functions responded uniquely to metal ions; notably, the addition of 5 mM K+ significantly boosted the activities of xylanase, exoglucanase, and endoglucanase by 55.5%, 53.5%, and 16.4%, respectively, without affecting its acetyl esterase activity. Over the course of three time points (30 min, 60 min, 120 min), the degradation products of wheat straw xylan, including xylopentaose, xylotetraose, xylotriose, xylobiose, xylose, and total xylooligosaccharides, constituted an average of 18.4%, 33.7%, 20.6%, 22.9%, 4.3%, and 95.7% of the total products, respectively. RuXyn394 effectively hydrolyzed wheat straw, resulting in augmented volatile fatty acid production and ammonia-N levels during in vitro microbial fermentation. These findings indicate the potential of RuXyn394 as a novel and highly efficient enzyme preparation, offering promising prospects for the valorization of wheat straw, an agricultural by-product, in ruminant diets.
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1. Introduction


As the global population and economy grow, the demand for meat and dairy is steadily increasing, driving up the need for forage [1]. In some regions, a shortage of this type of feed restricts livestock farming development. Wheat straw, the leftover stems after wheat harvest, is often seen as waste [2]. Burning and direct field incorporation are common methods for managing these waste materials [2,3]. However, burning imposes significant environmental pressure, contributing to air pollution, greenhouse gas emissions, and ecosystem disruption [3]. On the other hand, field incorporation may easily trigger outbreaks of pests and diseases, while the excessive decomposition of straw results in the overproduction of organic acids, damaging the root systems of crops [4,5]. Wheat straw contains valuable fibrous materials like cellulose and hemicellulose, making it potential forage for ruminants. Using wheat straw as forage not only optimizes resources and safeguards the environment but also cuts breeding costs for ruminants, supporting sustainable agriculture. However, the efficiency of utilizing wheat straw by ruminants is hindered by the complex cross-linked structure formed by cellulose, hemicellulose, and lignin in wheat straw cell walls, posing a significant challenge to forage conversion.



Xylan is the main component of wheat straw hemicellulose, typically constituting 20–26% of the dry weight of wheat straw [6,7,8]. Earlier research findings have indicated that improved breakdown or elimination of xylan can disturb the xylan–lignin matrix, leading to enhanced efficiency in straw utilization. Removing xylan from wheat straw results in smaller particles, altered cell shapes, compromised cell walls, increased porosity, and a larger specific surface area, collectively enhancing cellulose digestibility [8]. Xylanase (EC 3.2.1.8) is a type of glycoside hydrolase that degrades xylan by catalyzing the cleavage of its β-1,4-glycosidic bonds into a mixture of xylose and low-molecular-weight xylooligosaccharides [9]. It stands out as the key enzyme in xylan degradation. Incorporating xylanase into lignocellulosic matrices facilitates the degradation of xylan within hemicellulose, thereby amplifying the hydrolytic efficiency of cellulase through enhanced cellulose accessibility [10]. Extensive research has been conducted on using xylanase to enhance the ruminal degradation and utilization of crop straw, but the findings are inconsistent. While some studies suggest that adding xylanase improves wheat straw rumen fermentation by increasing fiber degradation and volatile fatty acid (VFA) production [11,12], others report no significant positive effects [13]. These variations may be attributed to factors like the enzyme source, supplementation dosage, and application. Importantly, whether the selected enzyme can adapt to the rumen environment, maintaining activity without being degraded by ruminal microorganisms, is a crucial consideration. It is well known that the diverse cellulolytic enzymes, including xylanases, produced by the rumen microbiota play a crucial role in breaking down lignocellulosic substrates. This highlights the potential of the rumen microbiota as a valuable genetic resource for discovering xylanases that are effective in degrading wheat straw. Utilizing rumen metagenomic data, this research has identified a novel multifunctional enzyme, RuXyn394, which not only exhibits potent xylanase activity but also surprisingly demonstrates acetyl esterase, exoglucanase, and endoglucanase activities. Subsequently, its enzymatic characteristics as well as its impact on the microbial fermentation of wheat straw were analyzed.




2. Materials and Methods


2.1. Gene Cloning and Recombinant Plasmid Construction


Our earlier investigation furnishes comprehensive insights into the methodologies employed for DNA extraction, metagenomic sequencing, and the subsequent analysis of rumen microorganisms [14]. The RuXyn394 gene was synthesized via PCR with a T100 Thermal Cycler (Bio-Rad, Hercules, CA, USA), utilizing liquid-phase cDNA as the template and the primers F (CTTTAAGAAGGAGATATACATGTTCATGCTCGCGGCCGG) and R (CAGTGGTGGTGGTGGTGGTGCTCGAGTTTCAAAATTAATTTAAATTG). The resulting PCR fragments were incorporated into the pET-28a vector utilizing the Hieff Clone® Plus One-Step Cloning Kit (10911ES20; Yeasen Biotechnology (Shanghai) Co., Ltd., Shanghai, China). The resulting plasmid, denoted as pET-RuXyn394, was introduced into competent E. coli DH5α cells via heat shock. Subsequent to this, positive clones were isolated and subjected to sequencing procedures. The sequence information has been submitted to GenBank and is awaiting assignment of an accession number. In light of this, we have temporarily placed the sequence information in the Supplementary File.




2.2. Sequence Analysis


The RuXyn394 gene and its corresponding amino acid sequences underwent alignment procedures via online tools (https://www.ebi.ac.uk/services, accessed on 26 December 2023). A phylogenetic tree for RuXyn394 was constructed using MEGA X version 10.2.6 software (https://www.megasoftware.net/, accessed on 26 December 2023), leveraging 50 similar sequences identified from the alignment results. ClustalW was utilized to conduct multiple sequence alignments, while the InterPro aided in predicting RuXyn394’s conserved domain. For homologous modeling of RuXyn394, the Phyre2 server employed 3WP6 as a template.




2.3. Expression of RuXyn394


The proficient E. coli BL21 (DE3) cells underwent a transformation process using the recombinant pET-RuXyn394 plasmid. Afterward, the resulting transformed cells were cultivated on LB agar plates with added kanamycin at 37 °C. Once confirmed by PCR, the transformants were introduced into 2 mL of LB liquid medium. Following an overnight culture, a 250 μL aliquot was transferred into 25 mL of LB medium for shaking cultivation at 37 °C until reaching an optical density at 600 nm of approximately 0.8. The expression of RuXyn394 was induced by isopropyl-β-D-thiogalactoside (IPTG) at a final concentration of 0.3 mM, maintained at 20 °C, 80 rpm, for 20 h. Meanwhile, non-transformed E. coli BL21 (DE3) cells served as a concurrent control. The cultures were centrifuged at 8000 rpm for 15 min, and the resulting pellets were resuspended in phosphate-buffered saline (PBS) after discarding the supernatant. Ultrasonic treatment in an ice-water bath followed, producing a RuXyn394-containing supernatant analyzed via SDS-PAGE stained with Coomassie Blue. For purification, Ni-charged affinity chromatography was utilized. Following ultrasonic disruption and centrifugal separation, the resulting supernatant was mixed with pH 8.0 binding buffer (comprising 0.05 M sodium dihydrogen phosphate and 0.3 M sodium chloride) to achieve dilution, which was then applied to a 5 mL Bio-Scale Mini Nuvia IMAC Ni-Charged column (Bio-Rad, Hercules, CA, USA) within a low-pressure chromatography setup (Biologic LP from Bio-Rad, Hercules, CA, USA) at a flow rate of 1.0 mL/min. Subsequently, the bound RuXyn394 was initially washed with binding buffer containing 0.02 M imidazole and later eluted using binding buffer containing 0.25 M imidazole. The eluted liquid with RuXyn394 was quantified using a Bradford Protein Assay Kit (Sangon Biotech, Shanghai, China). SDS-PAGE confirmed the purity of RuXyn394. It is worth noting that despite multiple purification steps in this experiment, it was not possible to completely remove all contaminating proteins. However, these contaminants do not affect the subsequent enzymatic characterization analysis.




2.4. Characterization of RuXyn394


The substrate specificity of RuXyn394 was elucidated through analyses of reaction mixtures containing 1% wheat straw xylan [14], 0.0725% p-nitrophenylacetate (p-NPA) (N814797, Macklin, Shanghai, China), 1% chitosan (A600614, Sangon Biotech, Shanghai, China, deacetylation ≥ 90%), 1% sodium carboxymethylcellulose (CMC-Na) (30036328, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), or 1% Avicel (11365, Sigma-Aldrich, Shanghai, China), incubated at 50 °C and pH 6.0 (0.05 M citric acid-disodium hydrogen phosphate buffer) for durations of 30 min, 10 min, 2 h, 2 h, or 2 h, respectively. The quantification of liberated reducing sugars was facilitated by a reagent comprising alkaline 3,5-dinitrosalicylic acid, with colorimetric intensity assessed at 540 nm [15]. The liberated p-nitrophenol was quantified using a colorimetric method at 410 nm.



The influence of pH on the activity of purified RuXyn394 was ascertained within a 0.05 M citric acid-disodium hydrogen phosphate buffer system spanning pH 3.0 to 8.0 at 50 °C, utilizing wheat straw xylan, p-NPA, chitosan, CMC-Na, or Avicel as substrates, as previously described. The optimal temperature for the RuXyn394’s activity was assessed by employing wheat straw xylan, p-NPA, chitosan, CMC-Na, or Avicel as substrates, within their respective optimal pH, varying between 20 and 80 °C. The activity related to pH and temperature variations was presented as relative activity, capped at a maximum of 100%. RuXyn394’s resistance to heat and pH was assessed by subjecting it to pre-incubation at temperatures ranging from 20 to 80 °C for 1 h, and at pH ranging from 3.0 to 8.0 for 2 h at 4 °C, respectively, after which its remaining activity was measured at optimal pH and temperature.



The specific activities of RuXyn394’s xylanase, acetyl esterase, exoglucanase, and endoglucanase functions were determined under optimal conditions: xylanase activity was evaluated using 1% wheat straw xylan at 50 °C and pH 5.5 for 30 min; acetyl esterase activity with 0.0725% p-NPA at 60 °C and pH 6.5 for 10 min; exoglucanase activity with 1% Avicel at 50 °C and pH 7.0 for 2 h; and endoglucanase activity with 1% CMC-Na at 50 °C and pH 6.0 for 2 h. The enzymatic activity, defined as one unit (U), corresponded to the amount of enzyme capable of producing 1 μmol of reducing sugars or p-nitrophenol per min. Specific activity was expressed as units per milligram protein. To determine the Km and Vmax values of RuXyn394, nonlinear regression analysis employing the Michaelis–Menten equation was conducted. The substrates used varied from 0.2% to 2.5% wheat straw xylan, 0.5 mM to 8 mM p-NPA, 0.1 to 8.0% Avicel, and 0.125 to 2.0% CMC-Na. GraphPad Prism v5.0 (GraphPad Software Inc., San Diego, CA, USA) was utilized for this analytical process.



To investigate the resistance of RuXyn394’s four enzymatic functions to metal ions, inhibitors, and detergents, a specific quantity of these substances was individually introduced into the reaction system. Subsequently, the reaction was conducted as previously described. The enzymatic activity in the absence of any substance additions served as the baseline, denoted as 100%.




2.5. Hydrolysis Products of Wheat Straw Xylan


A reaction system with a volume of 1 mL was utilized in this study, consisting of 1% wheat straw xylan and 1.12 μg RuXyn394 (approximately 0.2 U of xylanase activity). The reaction was conducted for 30 min, 60 min, and 120 min, respectively, at 50 °C and pH 5.5. A control group was also established, which contained inactivated RuXyn394. The resulting hydrolysis products (xylose, xylobiose, xylotriose, xylotetraose, and xylopentaose) were analyzed using an HPLC system (model D-7000, Hitachi Ltd., Tokyo, Japan), following our previous methodology [15].




2.6. Hydrolysis of Wheat Straw by RuXyn394


This study explored the effects of varying RuXyn394 dosages on wheat straw hydrolysis. Wheat straw at 5% concentration was incubated with RuXyn394 enzyme levels from 0.15 to 2.25 µg in a 2 mL system at 50 °C and pH 5.5 for 12 h. Released reducing sugars were analyzed, with a control using an inactive enzyme.




2.7. In Vitro Fermentation


A study was conducted to assess RuXyn394’s impact on the microbial fermentation of wheat straw through in vitro methods. The methodology involved utilizing microbial inocula from bovine feces, as outlined in our prior publications [13]. In summary, healthy beef cattle were fed a diet comprising 700 g/kg wheat straw and 300 g/kg concentrates, and fresh feces were collected. The feces (450 g) were then diluted in 1 L of buffered McDougal’s artificial saliva, stirred at 39 °C for approximately 25 min, and filtered through two layers of cheesecloth. Subsequently, fermentation took place in 120 mL serum bottles, each containing 500 mg wheat straw and 60 mL fecal inoculum. For enzyme treatment, 187 μg of purified RuXyn394 was added to the fermentation bottle, while an equal amount of inactivated RuXyn394 served as the control. The bottles were incubated in triplicate in a shaking bath at 39 °C for 48 h. To halt the fermentation process, the bottles were placed on ice. The resulting fermentation mixture underwent filtration with nylon bags, and the filtrate was then subjected to analysis for pH, volatile fatty acids (VFA), and ammonia-N, following previous research [16].




2.8. Statistical Analyses


The statistical analysis employed IBM SPSS statistics version 20 (IBM, Chicago, IL, USA). For comparisons involving three or more groups, a one-way analysis of variance (ANOVA) was applied. Multiple comparisons were conducted using the least significant difference (LSD) test, and for comparisons between two groups, an independent-sample t-test was utilized. Statistical significance was established at p < 0.05.





3. Results


3.1. Sequence Analysis of RuXyn394


The RuXyn394 gene consists of 1182 base pairs and codes for a protein of 393 amino acids, as revealed by sequencing analysis. The anticipated theoretical molecular mass for this protein is 42 kDa. BLAST [protein] analysis of EMBL-EBI (https://www.ebi.ac.uk/services) using the UniProtKB/Swiss-Prot Database with default parameters revealed that RuXyn394 had a higher identity with some xylanase sequences from Neocallimastix patriciarum (UniProtKB accession Q9UV68) (60.3%), Piromyces sp. (UniProtKB accession Q12667) (64.9%), N. patriciarum (UniProtKB accession B8YG19) (63.2%), and Fibrobacter succinogenes (UniProtKB accession P35811) (46.7%) in the GH11 family at the amino acid level. A phylogenetic tree of RuXyn was generated by analyzing 20 protein sequences through BLAST. The results revealed a significant genetic affinity between RuXyn394 and the endo-1,4-beta-xylanases identified in F. succinogenes (UniProtKB accession P35811), as illustrated in Figure 1A. The GH11 domain was pinpointed via InterPro analysis within amino acid residues 60 to 266, as depicted in Supplementary Figure S1. The conserved patterns and specific elements within the RuXyn394 sequence were determined through aligning it with multiple similar protein sequences sharing distinctive characteristics. Based on the aligned proteins, the catalytic sites are represented by two residues, E155 and E253, both indicated with a pentacle. Employing the homology modeling technique, the 3D structure of RuXyn394 was constructed utilizing Phyre2, with 3WP6 as the reference template (Figure 1B). The anticipated configuration of RuXyn394 exhibited a β-jelly-roll fold reminiscent of a partially closed hand, a characteristic trait observed in enzymes belonging to the GH11 family.




3.2. Expression and Characteristics of RuXyn394


The gene encoding RuXyn394 was expressed in a heterologous host, E. coli BL21 (DE3). SDS-PAGE analysis of the purified protein revealed a distinct band corresponding to approximately 44 kDa, aligning with the calculated theoretical molecular mass of RuXyn394 based on its amino acid sequence (Figure 2).



RuXyn394’s substrate specificity was assessed with xylan, Avicel, CMC-Na, chitosan, and p-NPA. The enzyme showed a marked preference for xylan degradation, with notable activity against p-NPA, Avicel, and CMC-Na, while its activity on chitosan was negligible (Figure 3). Subsequently, this study investigated the characteristics of RuXyn394 using xylan, Avicel, CMC-Na, and p-NPA as substrates.



The activity of RuXyn394 with xylan, p-NPA, Avicel, and CMC-Na as substrates exhibits a distinct pH-dependent profile (Figure 4A). For xylan, RuXyn394’s optimal activity is at pH 5.5, with over 80% retained from pH 5.0 to 6.5. However, the activity falls below 25% beyond pH 8.0 or below 4.5, with near-complete inactivation below pH 4.0. With p-NPA, peak activity occurs at pH 6.5, with over 60% maintained from pH 5.5 to 6.5, and sharply declines beyond pH 5.0 or 7.0, nearly inactivating below pH 4.5. With Avicel, RuXyn394 exhibits its highest activity at pH 7.0, retaining over 75% activity from pH 6.0 to 8.0, but drops below 10% below pH 5.5. Unlike the aforementioned three substrates, when CMC-Na served as the substrate, RuXyn394’s activity peaked at pH 6.0 and retained over 50% activity from pH 5.0 to 8.0, with over 80% maintained between pH 4.0 and 7.0. After a 2 h pre-treatment within pH 3.0–8.0, RuXyn394 retained over 70% of its maximum activity using xylan, Avicel, and CMC-Na substrates (Figure 4B). Yet, with p-NPA as the substrate, it maintains 70% or more activity only under pH 5.0–7.0 after the same pre-treatment duration.



The temperature dependence of RuXyn394 at the optimal pH using four substrates is shown in Figure 4C. Utilizing xylan, Avicel, and CMC-Na as substrates, RuXyn394 demonstrated peak activity at 50 °C. For xylan, more than 60% of this activity is retained across temperatures from 20 °C to 70°C. Similarly, CMC-Na maintains over 60% activity from 20 °C to 80 °C, while Avicel preserves over 50% activity within the 40 °C to 70 °C range. With p-NPA, RuXyn394 exhibited maximum activity at 60 °C; however, except at 50 °C, RuXyn394 maintained activity below 60% at other temperatures utilized in this study. For thermal stability, RuXyn394 was subjected to pre-treatment at 20–80 °C for 1 h. The findings reveal that when utilizing xylan as a substrate, RuXyn394 maintains over 80% activity after a 1 h pre-treatment at 20–50 °C, but undergoes complete deactivation beyond 60 °C (Figure 4D). In the case of the p-NPA substrate, pre-treated RuXyn394 demonstrates activity ranging from 41% to 78%, with temperature-induced variations showing some perplexing patterns. When CMC-Na is the substrate, RuXyn394’s residual activity after a 1 h pre-treatment at 20–40 °C remains relatively stable. However, after pre-treatment at 50 and 60 °C, the residual activity increases by 155% and 36%, respectively. Nevertheless, as the pre-treatment temperature rises to 70 and 80 °C, RuXyn394’s residual activity decreases by 23% and 48%, respectively. Similarly, with Avicel as the substrate, RuXyn394’s residual activity surged by 143% following a 1 h pre-treatment at 50 °C. This activity notably declined with pre-treatment temperatures exceeding 70 °C, approaching inactivation at 80 °C.



The effects of various metal ions, inhibitors, and detergents on RuXyn394 activity are summarized in Figure 5. When xylan was employed as the detection substrate, Mg2+, Ca2+, Ni2+, Zn2+, and Mn2+ exhibited notable inhibitory effects on RuXyn394 activity at both 1 mM and 5 mM concentrations. Conversely, Cu2+ at 1 mM, K+ at 5 mM, and Na+ at 5 mM enhance RuXyn394 activity by 25%, 55%, and 65%, respectively. SDS and Triton-X100 exhibit a modest inhibitory effect (<50%) on RuXyn, whereas EDTA demonstrates pronounced inhibition, nearly abolishing RuXyn activity even at a concentration as low as 1 mM. The addition of 1 mM and 5 mM DTT resulted in an approximately 11% increase in the RuXyn activity. When utilizing p-NPA as a substrate, the activity of RuXyn increased by 21%, 28%, 11%, and 42% respectively in the presence of 1 mM Ca2+, 5 mM Na+, 1 mM EDTA, and 1 mM Tween20. Other additives exhibited either no significant effect or varying degrees of inhibitory effects on RuXyn activity at two concentrations. When utilizing Avicel as a substrate, at 1 mM, Mg2+, Na+, Ni2+, Mn2+, and SDS enhanced the activity of RuXyn394 by 28%, 128%, 23%, 157%, and 156%, respectively, yet this enhancement markedly diminished, with Mg2+ even exhibiting strong inhibition as concentrations rose to 5 mM. Additionally, 1 mM K+ inhibited RuXyn394 activity by 70%, while 5 mM K+ increased its activity by 53%. DTT, EDTA, Tween-20, and Triton X100 all demonstrated significant inhibitory effects on RuXyn394 regardless of the concentration tested. When utilizing CMC-Na as a substrate, 1 mM and 5 mM K+ and Zn2+ increased RuXyn activity by 10–16%, while 1 mM Ni2+ significantly boosted activity by 70%. Other ions, inhibitors, and detergents showed either negligible impact or different levels of inhibition on RuXyn.



RuXyn394 exhibited the highest kcat/Km ratio for wheat straw xylan among the four substrates (Table 1), indicating the strongest catalytic efficiency for this particular substrate. This finding aligns with the observed peak activity of RuXyn when wheat straw xylan served as the substrate.




3.3. Hydrolysis Products of Wheat Straw Xylan


The hydrolysis products of wheat straw xylan by RuXyn394 were analyzed in the present study. Regardless of the reaction time, xylotetraose and xylose were the highest and lowest sugar products obtained, respectively (Figure 6; Supplementary Figure S2). Increasing the reaction time from 30 to 120 min significantly increased xylopentaose, xylotetraose, and total XOS by 179.6, 311.5, and 675.9 µg/mL, respectively. The XOS distribution was also investigated. Except for xylotriose, the proportions of other individual sugars and the total XOS was not significantly influenced by the reaction time. However, the proportion of xylotriose notably decreased from 23.6% to 19.2% and 19.1% as the reaction time increased from 30 min to 60 min and 120 min, respectively. Across the three time points, xylopentaose, xylotetraose, xylotriose, xylobiose, xylose, and the total XOS accounted for an average of 18.4%, 33.7%, 20.6%, 22.9%, 4.3%, and 95.7%, respectively.




3.4. Hydrolysis and In Vitro Ruminal Fermentation of Wheat Straw


Figure 7A depicted the hydrolysis of wheat straw treated with a varying dosage of RuXyn394. With the increment of RuXyn from 0.15 to 2.25 µg in the reaction system, the reducing sugar yield from wheat straw hydrolysis significantly rose from 37.8 to 181.3 µg/mL. In order to assess the capacity of RuXyn394 to enhance the efficiency of straw digestion in ruminants, we examined the influence of RuXyn supplementation on the in vitro microbial fermentation process using wheat straw as the substrate. The addition of RuXyn394 resulted in several significant changes compared to the control group (Figure 7B). The pH in the RuXyn394 group is approximately 0.11 units lower than in the control group (6.49 vs. 6.38, p = 0.001). In terms of VFA production, RuXyn394 led to an increase of approximately 11.06 mM in total VFA concentration. Acetate levels rose by about 8.12 mM, propionate by approximately 2.64 mM, and butyrate by around 0.31 mM in the RuXyn394 group. Furthermore, the RuXyn394 group exhibited an increase of approximately 1.35 mM in NH3-N concentration.





4. Discussion


Agricultural straws serve as primary forage for ruminants. However, the intricate lignin–hemicellulose–cellulose composite structure in the cell wall poses a challenge for degradation and utilization by rumen microorganisms. Notably, xylan is the primary component of straw hemicellulose. Degrading xylan not only enhances hemicellulose utilization but also promotes the effective degradation and utilization of cellulose. Building on this, our study discovered the multifunctional xylanase RuXyn394 in the rumen, examining its enzymatic properties and its impact on the microbial fermentation of wheat straw.



The phylogenetic analysis indicated a proximate association between RuXyn394 and a GH 11 family xylanase from F. succinogenes. F. succinogenes, a prominent cellulolytic species in the rumen, has the ability to produce a diverse array of cellulolytic enzymes, such as hemicellulase, cellulase, and carbohydrate esterase, and plays a crucial role in the ruminal degradation of fiber [17]. The outcomes align with the observation that RuXyn394 originates from the rumen of beef cattle. InterPro analysis and homology modeling both confirmed that RuXyn394 belongs to the GH 11 family.



RuXyn394’s significant activity towards wheat straw xylan, p-NPA, Avicel, and CMC-Na indicates its functionality as a xylanase, acetyl esterase, endoglucanase, and exoglucanase. These enzymatic functionalities demonstrate markedly different properties. RuXyn394’s four enzymatic functions peaked between pH 5.5 and 7.0, which is somewhat consistent with the pH range of 6.0 to 7.0 typically found in the rumen environment [18,19]. The optimal temperatures for the xylanase, endoglucanase, and exoglucanase activities of RuXyn394 are all 50 °C. Despite the optimal temperature exceeding that of the rumen, similar findings have been reported for a multifunctional xylanase/glucanase characterized by Loaces et al. (2016) from the bovine rumen [20] (Table 2) or for other rumen-derived xylanase [15,21]. In the current study, the xylanase, endoglucanase, and exoglucanase functions of RuXyn394 demonstrated excellent pH stability, aligning with reports of certain multifunctional enzymes from previous studies [22] (Table 2). In terms of thermostability, the xylanase, exoglucanase, and endoglucanase functions of RuXyn394 maintained relatively ideal stability at temperatures ranging from 20 to 50 °C, 20 to 60 °C, and 20 to 70 °C, respectively. Notably, after a 2 h pre-treatment at 50 °C, the activities of the exoglucanase and endoglucanase of RuXyn394 increased by 143% and 155%, respectively. Despite our attempts to find a plausible explanation for this outcome, regrettably, none was identified. However, similar phenomena have been observed in previous studies [23,24], although the authors of those studies did not analyze or discuss them.



RuXyn394’s various functions exhibited distinct responses to the metal ions, inhibitors, and detergent selected in the present study. Overall, however, the acetyl esterase activity was relatively less affected by these additives compared to the other three functions. Specific concentrations of Cu2+, K+, and Na+ demonstrated a significant enhancement of RuXyn394’s xylanase activity, aligning with partial characteristics of some xylanases from rumen microorganisms [32]. The exoglucanase activity of RuXyn394 is notably boosted by low concentrations of Ni2+, Mn2+, SDS, and K+. This finding suggests that these metal ions may be pivotal in catalytic activity, possibly through interactions with key amino acid residues in the enzyme’s active site, serving as cofactors, or by causing conformational changes in the enzyme’s three-dimensional structure [33,34]. These results were in line with some of the partial characteristics of bifunctional cellobiohydrolase/xylanase and cellobiohydrolase/β-xylosidase from Chaetomium thermophilum and the mangrove soil metagenome, respectively [35,36]. However, unlike RuXyn394, SDS nearly completely inactivates these two enzymes. SDS, an anionic surfactant, is a potent agent that denatures proteins and is known to affect the sensitivity of the majority of enzymes [15,37]. In the current study, both the xylanase and exoglucanase activities of RuXyn394 exhibit considerable resistance to low concentrations of SDS. The inactivation of xylanase by SDS solutions has been reported before [37,38]. SDS resistance is a shared feature among proteins that maintain a stable structure, as they possess few conformations that are vulnerable to protease activity and exhibit inherent resistance against enzymatic breakdown [39]. Apart from SDS and EDTA, the endoglucanase activity of RuXyn394 exhibits good resistance to other additives used in this study, and it is notably enhanced by low concentrations of Ni2+. EDTA also demonstrates a significant inhibitory effect on the xylanase and exoglucanase activities of RuXyn394, suggesting that these enzymatic functions may require metal ions as cofactors [40]. This is corroborated by the promotional effects of many metal ions on the activity of RuXyn394, as previously mentioned. Taking into account the four functions of RuXyn394, it may be possible to enhance its activity by incorporating an appropriate level of K+ or Na+ into the reaction system.



RuXyn394’s highest kcat/Km value, with wheat straw xylan, indicates its superior catalytic efficiency for this substrate, confirming xylanase as its principal activity. This correlates with the enzyme’s peak performance on wheat straw xylan. Among its activities, RuXyn394’s xylanase outperforms its exo- and endoglucanase activities, consistent with other reported rumen-derived multifunctional xylanases [22,41].



Given the strong xylanase activity of RuXyn394, we conducted a detailed analysis of the degradation products resulting from its action on xylan. The results revealed that among the five analyzed products, the yield of xylose was minimal, with the average XOS production accounting for 95.7%. XOS, known for their health benefits and prebiotic effects, particularly enhance beneficial gut bacteria and exhibit a range of activities including antioxidant, antimicrobial, anti-inflammatory, and antiallergic properties, as well as aiding in metabolic improvements for diabetes [15]. Their applications span functional foods and additives for both human and animal production. Therefore, RuXyn394 holds significant potential for XOS production in the food and feed industries.



Our initial goal in isolating RuXyn394 was to enhance the utilization of crop straw by degrading xylan within the cellulose–hemicellulose–lignin complex. The findings indicate that RuXyn394’s multifunctionality, particularly its activity in degrading microcrystalline cellulose, makes it an attractive candidate for the hydrolysis of agricultural straws. This is because, compared to the amorphous regions, the dense crystalline areas of cellulose in lignocellulosic substrates are also a key factor that limit the efficient degradation of cellulose by rumen microorganisms and their enzymes [42,43]. Exoglucanase is very important for the degradation of crystalline cellulose due to its unique ability to target and degrade the highly ordered crystalline regions [44]. Numerous investigations have revealed that the combined action of exoglucanase with cellulase and xylanase significantly amplifies the enzymatic breakdown of agricultural straws [45,46]. In addition, the deacetylation of xylan by acetyl esterase can enhance xylanase accessibility and hydrolysis in pre-treated wheat straw, while the solubilization of xylan improves cellulose exposure to cellulases, amplifying its hydrolysis [47]. The aforementioned studies show that xylanase, endoglucanase, exoglucanase, and acetyl esterase each play a vital, constructive, and synergistic role in the degradation of straw lignocelluloses. This confers a substantial advantage to RuXyn394 in straw degradation, as evidenced by the significant increase in the reduction of sugars produced from wheat straw hydrolysis with the escalated dosage of RuXyn394 in the current research.



Rumen volatile fatty acids (VFAs), key end-products, primarily arise from the microbial fermentation of dietary carbohydrates such as cellulose, hemicellulose, pectin, starch, and soluble sugars [48]. The observed increase in VFAs could be attributed to the expedited enzymatic breakdown of wheat straw nutrients by RuXyn394, facilitating the easier microbial degradation of components like cellulose and hemicellulose. Studies have shown that the addition of exogenous xylanases can enhance the in vitro ruminal fermentation of wheat straw, boosting VFA yield and fiber digestibility [11,12], which aligns with our findings. Moreover, RuXyn394 has been shown to notably elevate the concentration of NH3-N, a reflection of the equilibrium between dietary protein breakdown and nitrogen assimilation by rumen microbes [12], potentially due to enhanced nitrogen degradation by RuXyn394. In summary, RuXyn394 has been effective in enhancing the microbial fermentation process of wheat straw.




5. Conclusions


From rumen metagenomics, we identified and expressed a multifunctional enzyme, RuXyn394, characterized as a xylanase/acetylesterase/exoglucanase/endoglucanase, with a focus on xylanase activity in E. coli. RuXyn394’s activities peaked at various pH and temperature combinations: xylanase at pH 5.5 and 50 °C, acetylesterase at pH 6.5 and 60 °C, exoglucanase at pH 7.0 and 50 °C, and endoglucanase at pH 6.0 and 50 °C. The enzyme’s xylanase, endoglucanase, and exoglucanase activities displayed remarkable pH stability, while its exoglucanase and endoglucanase functions showed relatively good thermostability. The addition of K+ and Na+ further boosted RuXyn394’s activity. The primary hydrolysis products from wheat straw xylan by RuXyn394 were XOS, including xylobiose, xylotriose, xylotetraose, and xylopentaose, constituting an average of 95.7% of the total products analyzed. RuXyn394 effectively broke down wheat straw, and its supplementation led to increased VFA production and NH3-N levels during in vitro microbial fermentation, potentially enhancing the straw’s nutritional value for ruminants and rendering it a more suitable feed. Overall, as an exogenous enzyme, RuXyn394 holds significant promise for enhancing microbial fermentation and the utilization of wheat straw in ruminants.
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Figure 1. The phylogenetic tree (A), homology modeling (B), and multialignment analysis (C) of RuXyn394. (A) The phylogenetic tree was constructed using the neighbor-joining method. The RuXyn394 was aligned online (https://www.ebi.ac.uk/services) using the UniProtkB/Swiss-Prot database. The first 20 similar sequences obtained were selected to construct the phylogenetic tree by MEGA X software. (B) The homology modeling of RuXyn394 was performed using GH11 xylanase from N. patriciarum (PDB number 3WP6) as the template. Red indicated alpha helices, light blue indicated beta-sheets, gray indicated disordered coils, and E253 and E155 were putative catalytic residues. (C) Multiple alignments of RuXyn394 and several GH11 xylanases from N. patriciarum (UniProtKB accession Q9UV68), Piromyces sp. (UniProtKB accession Q12667), and Fibrobacter succinogenes (UniProtKB accession P35811) were performed using ClustalW. Putative catalytic residues (pentacle). 
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Figure 2. Analysis of RuXyn394 by SDS-PAGE. M, protein marker; 1, non-transformed E. coli BL21 (DE3); 2, RuXyn394 transformants induced with 0.3 mM IPTG; 3 and 4, purified RuXyn394 from different collection tubes. Arrow indicates expressed RuXyn394. 
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Figure 3. The substrate specificity of RuXyn394. The activity of RuXyn394 towards various substrates was expressed as relative activity, with the activity towards xylan set as 100%. In this experiment, when xylan was used as the substrate, the activity of RuXyn394 was 65.3 U/mg. 
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Figure 4. Analysis of RuXyn394’s pH dependency (A) and stability (B), as well as its temperature dependency (C) and stability (D). Substrate concentration was 1% (w/v) wheat straw xylan, 0.0725% p-NPA, 1% CMC-Na, or 1% Avicel. (A) Reactions were carried out in 0.05 M citric acid-disodium hydrogen phosphate buffer system spanning pH 3.0 to 8.0 at 50 °C. (B) Reactions were carried out in their respective optimal pH, varying between 20 and 80 °C. Activity related to pH and temperature variations was presented as relative activity, capped at maximum of 100%. RuXyn394’s resistance to heat (C) and pH (D) was assessed by subjecting it to pre-incubation at 20–80 °C for 1 h, and at pH 3.0–8.0 for 2 h at 4 °C, respectively, after which its remaining activity was measured at optimal pH and temperature. 
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Figure 5. The effects of metal ions, inhibitors, and detergents on RuXyn394 activity across different substrates. The activity without additives was taken as 100%. For metal ions, SDS, DTT, and EDTA, the terms “low concentration” and “high concentration” refer to final concentrations of 1 mM and 5 mM, respectively, in the reaction system. For Tween-20 and Triton-100, “low concentration” and “high concentration” refer to final concentrations of 0.1% and 0.5% (v/v), respectively, in the reaction system. The activity without additives was taken as 100%. 
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Figure 6. Effects of RuXyn394 on production (A) and percentage (B) of XOS with incubation times of 30, 60, and 120 min. Within same metrics, asterisk indicates significant differences (p ≤ 0.05). 
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Figure 7. Effects of RuXyn394 on hydrolysis (A) and in vitro microbial fermentation (B) of wheat straw. Significant differences (p ≤ 0.05) are indicated by different lowercase letters and asterisks. 
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Table 1. Kinetic parameters of RuXyn394.
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	Substrates
	Km (mg mL−1)
	Vmax (µmol min−1 mg−1)
	kcat/Km (mL mg−1 S−1)
	Specific Activity (U/mg)





	Wheat straw xylan
	5.30
	262.2
	34.7
	190.2



	p-NPA
	0.077
	3.2
	29.2
	3.03



	Avicel
	85.27
	11.6
	0.10
	0.79



	CMC-Na
	11.82
	0.76
	0.05
	0.30










 





Table 2. Summary of some multifunctional cellulolytic enzymes from rumen microorganisms.
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Protein Name

	
Resource

	
Characteristics and Kinetic Parameters

	
Function

	
Reference




	
Substrate

	
Optimal pH, Temperature






	
EndoG

	
Rumen metagenome

	
p-NPC

	
5.0, 50 °C

	
Xylanse, glucanase

	
[20]




	
KG51

	
Goat rumen metagenome

	
CMC

	
5.0, 50 °C

	
endo-β-1,4-glucanase, endo-β-1,4-mannosidase, endo-β-1,4-Xylanase

	
[25]




	
Beechwood xylan

	
5.0, 40 °C




	
Avicel

	
N/A




	
N/A

	
Buffalo

rumen metagenome

	
Locust bean gum

	
5.0 and 6.0, 35 °C

	
Xylanase, pectin esterase, endoglucanase, mannanase

	
[26]




	
Xylan

	
N/A




	
Pectin

	
N/A




	
CMC

	
N/A




	
XynS20E

	
Ruminal

fungus Neocallimastix patriciarum

	
Birchwood (xylanase)

	
5.8, 49 °C

	
Xylanase, acetylxylan esterase

	
[27]




	
Birchwood xylan (acetylxylan esterase)

	
8.2, 58 °C




	
CbGH5

	
Cattle dung

	
CMC

	
9.0, 90 °C

	
Xylanase, cellulase

	
[28]




	
Birchwood xylan

	
8.0, 90 °C




	
RfGH5_4

	
Ruminococcus flavefaciens FD-1 v3

	
CMC-Na

	
5.5, 55 °C

	
Glucanase, xylanase

	
[29]




	
β-D-glucan

	
N/A




	
Tamarind Xyloglucan

	
N/A




	
Avicel

	
N/A




	
Birchwood xylan

	
N/A




	
CelXyn2

	
Buffalo rumen metagenome

	
CMC

	
6.0, 45 °C

	
Endoglucanase, xylanase

	
[30]




	
beechwood xylan

	
6.0, 45 °C




	
XylR

	
Nelore cattle rumen

	
Beechwood xylan

	
6.5, 37 °C

	
endo-1,4-β-xylanase,

esterase

	
[31]




	
p-nitrofenyl acetate

	
N/A




	
RuCelA

	
Yak rumen metagenome

	
CMC

	
5.0, 50 °C

	
Xylanase, endoglucanase

	
[22]




	
Birchwood xylan

	
7.0, 65 °C




	
RuXyn394

	
Beef cattle rumen metagenome

	
Wheat straw xylan

	
5.5, 50 °C

	
Xylanase, acetyl esterase, exoglucanase, endoglucanase

	
This study




	
p-NPA

	
6.5, 60 °C




	
Avicel

	
7.0, 50 °C




	
CMC-Na

	
6.0, 50 °C








SA: specific activity; N/A: not available.
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