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A Putative Type II Secretion System Is Involved in Cellulose Utilization in Cytophaga hutchisonii
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Cytophaga hutchinsonii is a gliding cellulolytic bacterium that degrades cellulose in a substrate contact-dependent manner. Specific proteins are speculated to be translocated to its extracellular milieu or outer membrane surface to participate in adhesion to cellulose and further digestion. In this study, we show that three orthologous genes encoding the major components (T2S-D, -F, and -G) of type II secretion system (T2SS) are involved in cellulose degradation but not in cell motility. The individual disruption of the three t2s genes results in a significantly retarded growth on cellobiose, regenerated amorphous cellulose, and Avicel cellulose. Enzymatic analyses demonstrate that, whereas the endoglucanase activity of the t2s mutant cells is increased, the β-glucosidase activity is remarkably reduced compared to that of WT cells. Further analyses reveal that the t2s mutant cells not only exhibit a different profile of cellulose-bound outer membrane proteins from that of wild-type cells, but also display a significant decrease in their capability to adhere to cellulose. These results indicate that a functional link exits between the putative T2SS and cellulose utilization in C. hutchinsonii, and thus provide a conceptual framework to understand the unique strategy deployed by C. hutchinsonii to assimilate cellulose.
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INTRODUCTION

Cytophaga hutchinsonii is a common cellulolytic soil bacterium belonging to the phylum Bacteroidetes (Stanier, 1942; Reichenbach, 2006; Xie et al., 2007). C. hutchinsonii cells are capable of actively digesting crystalline cellulose in a substrate contact-dependent manner (Stanier, 1942; Larkin, 1989). Unlike most other well-studied cellulolytic microorganisms which apply either the extracellular free cellulase system or the cell surface-anchored multiprotein cellulosome to achieve the efficient degradation of cellulose (Lynd et al., 2002), C. hutchinsonii has been postulated to use a third but poorly understood strategy to digest cellulose (Wilson, 2008). Analysis of C. hutchinsonii genomic sequences reveals that no obvious homologs of cellobiohydrolases are present and all the annotated endoglucanases lack recognizable cellulose binding modules (CBMs; Xie et al., 2007). Although, several processive endoglucanases that may act as functional equivalents of exocellulases have been described (Ji et al., 2012; Zhu et al., 2013; Zhang et al., 2014), it has been recently found that only two periplasmic non-processive endoglucanases are critical for C. hutchinsonii growth on cellulose (Zhu et al., 2016). Additionally, since no genes encoding proteins with type A CBM that mediate binding to crystalline cellulose are present in C. hutchinsonii genome, adhesion of C. hutchinsonii to cellulose also appears to involve a novel set of cellulose-binding proteins (CBPs) located on the outer membrane (Gong and Forsberg, 1989; Jun et al., 2007).

Like many members in the phylum Bacteroidetes, another distinct feature of C. hutchinsonii is its rapid gliding motility over surfaces which has been speculated to facilitate cellulose assimilation by allowing cells to access regions of cellulose more amenable to digestion (Stanier, 1942). Bacteroidetes gliding motility has been extensively studied in the distantly related Flavobacterium johnsoniae where 19 Gld and Spr proteins involved in motility have been identified (Braun et al., 2005; McBride et al., 2009; Nakane et al., 2013; Shrivastava et al., 2013). Moreover, some Gld and Spr proteins have even been considered to be components of the recently established type IX secretion system (T9SS), previously referred to as the Por secretion system (McBride and Zhu, 2013; Shrivastava et al., 2013). T9SS genes appear to be present in many members of the phylum Bacteroidetes including C. hutchinsonii, which possesses genes predicted to encode orthologs of each of the T9SS proteins and presumably uses the system for protein secretion (Xie et al., 2007; McBride and Zhu, 2013). The functional involvement of T9SS in C. hutchinsonii cellulose utilization has been demonstrated by the observation that the individual absence of two T9SS components, SprP and PorU, results in defects in gliding and cellulose degradation (Wang et al., 2014; Zhu and McBride, 2014).

Besides T9SS, prokaryotes have evolved many ways of transporting protein cargo between locations (Green and Mecsas, 2016). One important system used by many Gram-negative bacteria to translocate proteins from the periplasm to the extracellular milieu or outer membrane surface is the type II secretion system (T2SS) (Korotkov et al., 2012; Rondelet and Condemine, 2013; Cianciotto and White, 2017). The T2SS is a sophisticated multiprotein machinery proposed to span both the inner and outer membranes which can be further subdivided into four subassemblies including the pseudopilus, the outer-membrane complex, the inner-membrane platform, and the secretion ATPase (Sandkvist, 2001; Korotkov et al., 2012), for which the 12–15 component proteins are generally encoded in a single operon. While the terminology GSP (general secretory pathway) has been sometimes used to referred to the different components of the T2S apparatus, its use needs to be refrained and in any case restricted solely to the description of translocation through the cytoplasmic membrane via the Sec apparatus and not to the components of the T2SS per se (Desvaux et al., 2004). It has also become apparent that the T2SS and the type 4 pilus system (T4PS) are evolutionarily related and share several structural and functional features (Peabody et al., 2003; Korotkov et al., 2012; Nivaskumar and Francetic, 2014). Although, genomic analysis revealed no homologous genes encoding the typical type 4 pilins, four genes encoding putative T2S-D (also called PulD or XcpQ in Klebsiella oxytoca and Pseudomonas aeruginosa respectively, and formerly GspD), T2S-E (also called PulE or XcpR, and formerly GspE), T2S-F (also called PulF or XcpS, and formerly GspS), and T2S-G (also called PulG or XcpT, and formerly GspG) of T2SS have been identified in C. hutchinsonii (Peabody et al., 2003; Cianciotto, 2005; McBride and Zhu, 2013; Cianciotto and White, 2017). Here we constructed chromosomal insertions or deletions for three of these t2s genes. These t2s mutants were found to be deficient in cellulose degradation but not in gliding motility, suggesting a link between a putative T2SS and cellulose utilization in C. hutchinsonii.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Culture Conditions

Strains and plasmids used in this study were listed in Table 1. C. hutchinsonii ATCC 33406 was used as the wild-type strain (WT) throughout this work. WT and mutant strains were maintained at 28°C in liquid or on solid PY10 medium containing 1.0% peptone, 0.05% yeast extract at pH 7.3, supplemented with different carbon sources as indicated. Escherichia coli was routinely cultured in Luria-Bertani medium supplemented with the following antibiotics when necessary: ampicillin, 100 μg/ml; kanamycin, 40 μg/ml; erythromycin, 60 μg/ml, and chloramphenicol, 15 μg/ml.


Table 1. Strains and plasmids used in this study.
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Plasmid Constructions

An 1,000-bp fragment within the CHU_3195 coding frame was amplified from C. hutchinsonii chromosomal DNA with primers 3195inF and 3195inR, and then ligated into the plasmid pLYL03 digested by BamHI and SalI to generate the pLYIN3195 plasmid. Similarly, an 800-bp fragment within the CHU_3199 coding frame was amplified from C. hutchinsonii chromosomal DNA with primers 3199inF and 3199inR, and inserted into the BamHI/SalI sites within the pLYL03 plasmid to obtain the pLYIN3199 plasmid. To construct the pLYIN1253 plasmid, an 825-bp fragment within CHU_1253 coding frame was also amplified from C. hutchinsonii chromosomal DNA with primers 1253inF and 1253inR, and inserted into the BamHI/XbaI sites within the pLYL03 plasmid. To generate the pYT3198 plasmid, two DNA fragments corresponding to approximately 2 kb of chu_3198 up- and downstream regions were amplified from C. hutchinsonii chromosomal DNA with the primers 3198upF/3198upR, and 3198downF/3198downR, respectively, and ligated into the pYT313 plasmid. For construction of the plasmids for complementation of the mutant strains, the chu_1284 promoter sequence and the full-length CHU_3195 coding sequence were amplified from C. hutchinsonii genomic DNA with primers P1284F/P1284-3195R and P3195F/P3195R, respectively, and joined together by using overlap-extension PCR. The resultant DNA fragment was subsequently ligated into pCH03C to obtain the pCH3195 plasmid. The same constructive strategy was used to generate the plasmid pCH3199, which contains a DNA fragment placing the CHU_3199 coding sequence under the control of the chu_1284 promoter. To construct the pCH3198 plasmid, the ompA promoter (Chen et al., 2007) and the CHU_3198 coding sequence were firstly amplified and fused together, and then inserted into pCH03C. All the primers used were listed in Table S1.

Targeted Insertion of chu_3195, chu_3199, and chu_1253 and chu_3198 Deletion

The plasmids pLYIN3195, pYT3198, pLYIN3199, and pLYIN1253 were individually transformed into C. hutchinsonii cells using electroporation as previously described (Zhu et al., 2013). After incubation on PY10 agar with erythromycin at 28°C for 7 days, resistant C. hutchinsonii colonies were picked, and transferred into liquid PY10 medium with erythromycin. For SacB-based deletion of chu_3198, the erythromycin-resistant cells were transferred to glucose-containing PY10 medium without any antibiotics. The propagated cells were harvested, diluted, and spread on PY10 agar plate with 0.4% glucose and 5% sucrose, followed by incubation at 28°C for 5–6 days. Single colonies were transferred into PY10 medium containing glucose and grown to exponential phase. The genomic DNA of the transformants was isolated using a Bacteria DNA kit (Sangon Biotech, Shanghai, China), and anchored PCR was performed to verify the correct integration events.

Complementation of the chu_3195, chu_3198, and chu_3199 Mutants

The complementation plasmids pCH3195, pCH3198, and pCH3199 were individually introduced into the chu_3195, chu_3198, and chu_3199 mutant strains using electroporation as described above. Cells were plated onto PY10 agar containing both erythromycin and chloramphenicol and cultured at 28°C for 5 days. The resistant colonies were then picked and cultured in liquid PY10 medium for plasmid extraction by using a plasmid mini kit (Omega Biotech, Doraville, USA). The isolated plasmids were then amplified via E. coli transformation and subjected to sequence verification.

Growth Analysis with Different Carbon Sources

For growth analysis on different carbon sources, C. hutchinsonii cells pre-cultured in PY10 medium supplemented with 0.4% glucose were collected, washed twice, and transferred to fresh PY10 medium containing different carbon sources. When 0.4% glucose or 0.4% cellobiose was used as the carbon source in PY10 medium, C. hutchinsonii growth was monitored by measuring the optical density at 600 nm using a 96-well UV-visible spectrophotometer. When 0.2% crystalline cellulose (Avicel PH101, Sigma, St. Louis, USA) or 0.2% regenerated amorphous cellulose (RAC) was used as the sole carbon source, total cellular proteins reflecting the growth status were determined as previously described (Zhu et al., 2010). For growth assay on filter paper, cells grown to the exponential phase in liquid PY10 medium with 0.4% glucose were collected and washed with PY10 medium without any carbon sources. Equivalent amount of WT and mutant cells were then spotted on PY10 plate with filter paper on top of the agar (0.6%).

Enzymatic Assays

C. hutchinsonii cells cultured in PY10 medium with glucose to an OD600 of 0.3–0.4 were collected by centrifugation at 5,000 × g for 5 min, and then resuspended in 50 mM Piperazine-1,4-bis (2-ethanesulfonic acid) (PIPES) buffer at pH 6.8. Endoglucanase and β-glucosidase activities of the intact cells were determined essentially as previously described (Zhou et al., 2016), using sodium carboxymethyl cellulose (CMC-Na, Sigma-Aldrich, USA) and p-nitrophenyl β-D-glucopyranoside (pNPG, Sigma-Aldrich, USA) as the substrate, respectively. One unit of the CMCase activity or β-glucosidase activity was defined as the amount of the enzyme releasing 1 μmol of glucose or pNP per minute. For total protein concentration measurement, cells were washed once with 50 mM PIPES buffer at pH 6.8, resuspended in 0.2 M NaOH and being boiled for 20 min. Protein concentration was determined using the Bradford method (Bradford, 1976) and albumin from bovine serum (BSA) was used as standard. Specific activities was represented as U/mg of protein.

SDS-PAGE Analysis of Extracellular Supernatant Proteins

C. hutchinsonii strains were grown in PY10 medium supplemented with 0.4% glucose at 28°C to mid-exponential phase with identical cell densities at OD600 between WT and mutant cells. The cultures were centrifuged at 5,100 × g for 20 min to collect cell pellet and cell-free supernatant, respectively. To precipitate proteins in the supernatant fraction, 56 ml of culture supernatant was supplemented with 14 ml of 50% trichloroacetic acid (TCA), incubated on ice for 12 h, and centrifuged at 13,000 × g for 30 min. The precipitate was finally dissolved in 90 μl of 1 × SDS-PAGE sample loading buffer after being washed twice with acetone. Samples with equal volumes were loaded for SDS-PAGE analysis. On the other hand, cell pellets were resuspended in 50 mM PIPES buffer at pH 6.8 after being washed with the same buffer, and subject to sonication. Cell lysates from WT and mutant strains with identical total protein amounts determined with a BCA protein assay kit (Pierce) were applied to SDS-PAGE analysis. Protein bands were visualized using Coomassie brilliant blue staining. Western blot analysis for CHU_0344 was performed as previously described (Wang et al., 2014).

Isolation and Identification of Solubilized OM Proteins Adhered To Cellulose

Preparation of the outer membranes (OMs), solubilization of the OM proteins (OMPs), and adhesion of OMPs to cellulose essentially followed the method described by Zhou et al. (2015) with some modifications. Specifically, cells were grown in PY10 medium supplemented with 0.4% glucose to mid-exponential phase and harvested at 5,000 × g for 10 min at 4°C, washed once with 50 mM PIPES buffer at pH 6.8 and resuspended in the same buffer supplemented with 0.5 M NaCl. The suspensions were vortexed thoroughly for 15 min and then centrifuged at 10,000 × g for 20 min to collect supernatant (S1) and sediment, respectively. Cells in sediments were subsequently resuspended with PIPES buffer containing 25% sucrose and vortexed once again for 10 min, followed by centrifugation at 10,000 × g for 20 min to collect supernatant fraction (S2) and sediment, respectively. The resultant sediment was subject to one repeated step with suspension buffer changed to distilled water and the resultant supernatant (S3) was collected. The mixed supernatant fractions (S1+S2+S3) were applied to ultracentrifugation at 100,000 × g for 1 h to sedimentate OMs. OM proteins were solubilized with 2% triton X-100 at 4°C for 12 h and ultracentrifuged at 100,000 × g for 30 min to remove insolubilized membrane debris. Equal amounts of solubilized OM proteins from WT and mutant strains were subject to SDS-PAGE analysis. To analyze the difference in cellulose-bound OM proteins between WT and mutant cells, ~0.5 mg solubilized OM proteins were mixed with 10 mg of autoclaved Avicel PH101 and rotated gently for 30 min at room temperature. The pelleted cellulose after centrifugation at 10,000 × g for 5 min was extensively washed twice with PIPES buffer. The OM proteins bound to cellulose were eluted with 1 × SDS-PAGE sample buffer, boiled for 10 min, and subject to SDS-PAGE. Protein bands were visualized using Coomassie brilliant blue staining. The missing or weakened protein bands in the profile of mutant strains compared to that of WT were cut and analyzed by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry.

Microscopic Observation of Colony Spreading and Individual Cell Motility

To examine C. hutchinsonii spreading, an aliquot of cells were transferred to an autoclaved glass slide that was covered with a thin layer of PY10 medium containing 0.6% agar, and incubated at 28°C for 2 days. The morphology of bacterial colony edges was observed by using phase contrast microscopy (Nikon Eclipse TE2000-S, Tokyo, Japan). Individual cell movement was examined essentially as described previously (Zhou et al., 2016). Briefly, the harvested cells were diluted in MMC buffer (10 mM MOPS, 4 mM MgSO4, 2 mM CaCl2, pH 7.6) to ~106 cell/ml. Five microliters of the suspension was transferred onto glass slides, and then were overlaid with about 200 μl of 1% methylcellulose in MMC buffer and placed at room temperature for 1 h. The motility of C. hutchinsonii cells was monitored with inverted phase contrast microscope (Nikon Eclipse TE2000-S), and continuous images were recorded at 1 s intervals. The images were analyzed using the ImageJ software, and Microsoft videos (7 frames/s, wmv file) were exported resulting in a 7 × faster speed than real-time replay.

Assay of Cell Adhesion to Cellulose

Cell adhesion to Avicel was measured by using the turbidity-based method as previously described (Gong and Forsberg, 1989) with some modifications. Mid-exponential phase cells were harvested by centrifugation, washed twice with phosphate buffered saline buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4), and resuspended in the same buffer to an optical density at 600 nm of 1.0 (A0). A 3.5-ml cell suspension was thoroughly mixed with 0.5 ml 10% (w/v) autoclaved Avicel. The mixture was left to stand at room temperature for 40 min with gentle rotation. The cell density of the resultant supernatant after sedimentation was again determined by measuring the OD600nm(A1). Calculation of the percentage of cellulose-adhered cells was carried out using the following equation:

[image: image]

A0: OD600nm value before adsorption; A1: OD600nm value after adsorption; A2: percentage of adhered cells.

To further compare the adsorbing affinity of WT and mutant cells to cellulose during incubation, cellulose with adhered WT or mutant cells obtained above were pelleted, resuspended in the same volume buffer, and was incubated at room temperature with gentle rotation. The cell density of the supernatant after sedimentation (At) was measured at the indicated time point, and the percentage of cells retaining on cellulose was calculated with the following equation:
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At: OD600 nm value after incubation for different time periods; A3: percentage of cells retaining to cellulose.

Electron Microscopic Analysis

Cells for scanning electron microscopic analysis were prepared as described by Xie with some minor modifications (Xie et al., 2007). Briefly, cells grown to the exponential phase on glucose were spotted onto filter paper on top of PY10 agar and incubated at 28°C for 40 min. The filter paper was then transferred to a tube, suspended in phosphate buffered saline buffer, and incubated at room temperature with low-speed shaking for the indicated time period. The cells adhered to filter paper was fixed with 2.5% glutaraldehyde in 100 mM PBS buffer (pH 7.2) at 4°C for 12 h, followed by washing with 100 mM PBS buffer, and dehydrated with ethanol. Samples were mounted, sputter coated with 60% gold and 40% palladium, and finally viewed with a JEOL JSM-7600F scanning electron microscope.

Statistical Analysis

Statistical analysis was performed using the student's t-test analysis. At least three biological replicates were performed for each analysis and the results and errors are the mean and SD, respectively, from three to five replicates.

Search of T2SS Component and Sequence Analyses

To search for the presence of homologous T2SS genes in C. hutchinsonii genome, the well-characterized T2SS protein sequences from several Proteobacteria members and the InterPro and Pfam numbers for T2S-D (IPR004846, PF00263), T2S-E (IPR001482, PF00437), T2S-F (IPR018076, PF00482), T2S-G (IPR013545, PF08334), T2S-L (IPR024230, PF05134), T2S-M (IPR007690, PF04612), and T2S-C (IPR024961, PF11356) were used as queries. Multiple sequence alignments were performed using Clustal W (Larkin et al., 2007). Pfam domain identification and secondary structural analysis was carried out using the Pfam 31.0 tool (http://pfam.xfam.org/) and the PSIPRED Server (http://bioinf.cs.ucl.ac.uk/psipred/), respectively (Jones, 1999; Finn et al., 2016). HHpred analyses of protein sequences were undertaken using the server available online (https://toolkit.tuebingen.mpg.de; Soding et al., 2005).

RESULTS

Identification of a Gene Cluster Encoding a Putative Type II Secretion System with a Distinct Organization in C. hutchinsonii Genome

Gram-negative bacteria use protein secretion systems to transport proteins across the outer membrane (Desvaux et al., 2009; Chagnot et al., 2013). Among others, the conserved type II secretion systems (T2SSs) transport a wide variety of folded proteins from the periplasm into the extracellular environment or the outer membrane surface (Korotkov et al., 2012; Rondelet and Condemine, 2013; Cianciotto and White, 2017). Due to the lack of systematic characterization of Bacteroidetes T2SS genes, the well-characterized T2SS protein sequences from several Proteobacteria members were used as queries to search for the presence of homologous T2SS genes in C. hutchinsonii genome. Genes encoding the four major homologous components of T2SS were localized via analysis on KEGG website. Whereas chu_3195 and chu_3199 encode orthologs of the major outer-membrane protein T2S-D, often referred to as secretin, and the inner-membrane protein T2S-F, respectively, chu_3196 and chu_3198 encode the secretion ATPase T2S-E and the major pesudopilin T2S-G, respectively. The four genes are organized into a cluster together with several upstream or downstream genes encoding putative hypothetical proteins via BLAST analysis (chu_3197, chu_3200-chu_3202, chu_3194, chu_3193, and chu_3191; Figure 1). Further structural analyses revealed that, while CHU_3197 was predicted to possess a Pfam domain Peptidase_A24 and several transmembrane helices, which is commonly observed in typical prepilin peptidase T2S-O, CHU_3200, and CHU_3201 were found to share sequence homology with well-characterized minor pseudopilins at their N-terminal hydrophobic alpha-helix comprising ~20 residues (Bleves et al., 1998; Korotkov and Hol, 2008; Figure S1). Moreover, analyses of CHU_3194, CHU_3193, and CHU_3191 using the HHpred server for remote protein homology detection retrieved several hits to PilN/M/O/P, the type 4 secretion system components which are evolutionally related with T2S-L/M/C (Korotkov and Hol, 2008), suggesting that they are possible candidates for the orthologs of the inner-membrane spanning proteins T2S-L/M/C, although no Pfam domain or significant sequence similarity are detected for these sequences. The putative T2SS gene clusters were also found in four other Bacteroidetes members with sequenced genomes (Table 2). In addition to the remarkably variable sequences of the minor pseudopilins and the inner-membrane platform constituents, the gene organization of the identified Bacteroidetes t2s clusters was also found to be obviously distinct from the well characterized prototype in Proteobacteria (Figure S2). Moreover, unlike the typical T2SS genes found in many Proteobacteria bacteria (e.g., E. coli, K. oxytoca, and Vibrio cholerae), which are clustered in one locus in the chromosome and organized into an operon under the control of one common promoter, all the putative T2SS genes in C. hutchisonii may not be organized in an operon as a whole, as evidenced by the observation that only the sequences spanning the ends of chu_3200 and chu_3201, chu_3197 and chu_3198, respectively, could be amplified using reverse transcriptional PCR (Figure S3).


[image: image]

FIGURE 1. Schematic illustration of the organization of the t2s gene loci in C. hutchinsonii genome.




Table 2. Distribution of T2SS components in E. coli, C. hutchinsonii, and four other Bacteroidetes members.
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Mutants Lacking the Individual Orthologous t2s Genes Are Defective in Cellulose Utilization

To test whether the identified T2SS gene cluster is involved in C. hutchinsonii cellulose utilization, mutants with targeted insertional inactivation of chu_3195, chu_3199, and a mutant lacking chu_3198 were constructed (Figure S4). Whereas growth of the three mutants was largely comparable to that of WT on glucose, a significantly long lag in growth was observed on cellobiose with the growth starting only until after 72 h-cultivation, although the final biomass yield was comparable to that of WT strain (Figure 2). The mutant growth was also delayed until after about 100 h when cultured on RAC (Figure 2). When analyzed for the ability to digest filter paper cellulose and Avicel, all the three mutants exhibited roughly the same phenotypes displaying a significantly compromised growth with detectable growth only until after 108 h-cultivation on Avicel and 10 d-cultivation on filter paper. The deficient growth was largely restored when the mutants were individually complemented with a plasmid expressing the respective t2s genes, indicating that the deficiency in cellulose utilization by these mutants was specifically caused by the targeted disruption of the respective gene locus.


[image: image]

FIGURE 2. Growth analyses of C. hutchinsonii WT, t2s mutant strains and the individual complemented strains in liquid PY10 medium containing different carbon sources as indicated (A) and on solid plate with filter paper on top of PY10 agar (B). The growth assay was performed in duplicate (with the same results) and one representative result is shown.



To test whether the deficiency in cellulose utilization displayed by t2s mutants resulted from the altered hydrolytic activities associated with C. hutchinsonii, the specific carboxymethylcellulase (CMCase) and β-glucosidase activities of intact WT and mutant cells were determined. As shown in Figure 3A, whereas the CMCase activity of the individual mutant was two- to three-fold higher than that of WT, the β-glucosidase activity was about 40% lower than that of WT, which may account for the growth delay on cellobiose (Figure 3B).
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FIGURE 3. Endoglucanase (A) and β-glucosidase (B) activity of the intact cells of WT, t2s mutant strains, and t2s complemented strains. Statistical analysis was performed using the student's t-test analysis. Significant differences (T-test *P < 0.05, **P < 0.01) in the enzymatic activities were detected between WT and t2s mutant strains. Values in this figure are the mean of three to five biological replicates. Error bars are the SD from these replicates.



T2s Mutants were Deficient in Cellulose-Bound Outer Membrane Proteins

Considering that a vast majority of T2SS substrates are secreted to extracellular milieu, we first focused on the effect of the T2SS absence on extracellular soluble proteins produced by C. hutchinsonii. As shown in Figure 4A, hardly any difference was observed for the profiles of the resolved proteins when cell-free spent culture medium from wild-type and other T2SS mutant cells was analyzed by SDS-PAGE. Accordingly, production of one of the prominent extracellular proteins, CHU_0344, which contains PKD and Ig-like domains that may be involved in cellulose substrate adhesion (Xu et al., 2012), was not affected either in the T2SS mutants by western blot analysis (Figure 4B). To identify the differentially expressed outer membrane (OM) proteins potentially resulting from the T2SS absence, OM proteins extracted from WT and the individual t2s mutant were bound to cellulose and were resolved by SDS-PAGE (Figure 5 and Figure S5). Several protein bands that were missing or weakened in the profile from the mutant cells compared to that from WT cells, were subject to mass spectroscopic analysis for protein identification (Table S2). The two successfully identified bands (denoted with numbers 1 and 2) corresponded to CHU_1277 and CHU_1253 respectively, of which CHU_1277 was previously shown to be critical for C. hutchinsonii cellulose utilization via participation in cellooligosaccharide assimilation (Ji et al., 2014). Further inserted inactivation of chu_1253 revealed that the absence of CHU_1253 also compromised C. hutchinsonii cellulose utilization with decreased β-glucosidase activity (Figure 6).
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FIGURE 4. SDS-PAGE analyses of the extracellular supernatant and cell lysate from WT and t2s mutant strains (A) and western blot detection for the extracellular or intracellular CHU_0344 protein using the antibody against CHU_0344 (B). Loading samples were normalized by calibration of cell biomass or total proteins. Proteins were stained with Coomassie brilliant blue. The signals of CHU_0344 with almost the same intensity from different cell lysates verified an equal protein loading between them.
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FIGURE 5. SDS-PAGE analyses of the cellulose-bound outer membrane proteins (OMPs) isolated from WT and the t2s mutant strains cultured from PY10 medium supplemented with 0.4% glucose. Total OMPs amounts were calibrated for equal protein loading. Proteins were stained with Coomassie brilliant blue, and the figure color was adjusted as black and white for clear visualization. The bands missing or weakened in the profile from the mutant strains relative to that from WT were indicated by asterisk. The bands denoted with numbers were successfully identified to be CHU_1277 and CHU_1253, respectively by mass spectral analysis.
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FIGURE 6. Analyses of growth and β-glucosidase activity of the chu_1253-inactivated mutant and WT strains. (A) Cell growth on glucose, (B) Cell growth on cellobiose, (C) Cell growth on Avicel, (D) β-glucosidase activity of the intact cells of WT and the mutant strains. Statistical analysis was performed using the student's t-test analysis. Significant differences (T-test *P < 0.05) in the enzymatic activities were detected. Values in this figure are the mean of three to five biological replicates. Error bars are the SD from these replicates.



T2s Mutants Retained Moving Ability

Gliding along cellulose fibers has been proposed to facilitate the cellulose digestion by C. hutchinsonii (Stanier, 1942; Xie et al., 2007). To determine whether the absence of T2SS components affect cell movement, WT and t2s mutant cells were examined for colony spreading abilities. As shown in Figure 7, the behavior of the mutant cells at the edge of the colony was observed to be largely indistinguishable from that of WT when cultivated on 0.6% agar except the chu_3195 mutant, whose colony boundary was relatively more obvious and compact. Cells were further examined for moving ability in viscous methylcellulose medium to minimize the random Brownian motion. As shown in Movies S1–S4 in the Supplementary Material, there was no apparent difference in the rapid motility of individual mutant cells compared with that of WT cells. These results imply that the putative T2SS may not be involved in the appropriate processing of cell surface proteins that are required for motility.
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FIGURE 7. Phase contrast microscopic analysis of the colony periphery of WT and t2s mutant cells on 0.6% agar surface.



T2s Mutant Strains Were Compromised in Adhesion to Cellulose

Adhesion of C. hutchinsonii cells to insoluble cellulose is thought to be required for efficient cellulose degradation though genomic analysis failed to detect any obvious CBPs (Larkin, 1989; Xie et al., 2007). Whereas each of the T2SS mutants retained the ability to adhere to cellulose, a significant decrease in the adhering capability was observed compared with that of the WT strain (Figures 8A,B). The percentage of WT cells, and of chu_3195, chu_3198, and chu_3199 mutant cells that attached to Avicel was 92, 67, 75, 70%, respectively. To verify the defect in cellulose adhesion as displayed by the mutants, cells attached to Avicel were resuspended and incubated with gentle rotation for the indicatedtime periods to determine the percentageof cells remaining attached. WhereasWT cells maintained a tightadhesion to Avicel even after an incubation of 7.5 h, there was a significant decreasein the percentage of adhered mutantcells to Avicel (Figure 8C). The difference between theadhering ability of WT and mutantcells to filter paper was further examined by scanning electron microscopic analysis after a similar treatment as above. Whereas WT cells were densely populated but regularly aligned in a head-to-tail mode on the surface of filter paper, the mutant cells were sparsely distributed in a relatively disordered way (Figure 8D and Figure S6). The decreased adhesion of the T2SS mutants to cellulose suggests that the predicted C. hutchinsonii T2SS may be involved in the secretion of proteins mediating cell attachment to cellulose. Additional studies are needed to determine the identity and functions of these proteins, and to characterize the mechanism by which the identified T2SS secrets them.


[image: image]

FIGURE 8. Analyses of WT and t2s mutant cell adhesion to cellulose. (A) The cell density (A1, OD600 nm) of the resultant supernatant after bacterial adhesion to cellulose at room temperature for 40 min with gentle rotation. The cell density at 600 nm (A0) before adhesion was adjusted to 1.0 for all the strains. Statistical analysis was performed using the student's t-test analysis. Significant differences (T-test **P < 0.01) were detected between WT and t2s mutant strains. (B) The percentage of cells adhered to Avicel cellulose after gentle rotation at room temperature for 40 min as indicated in (A). (C) The percentage of WT and mutant cells retained on cellulose after incubation for the indicated time periods. The respective percentage of the pre-adhered WT and t2s mutant cells as described in panel B was set to 100%. Three independent results for each strain were shown. The equations used for calculation of the cell percentage were described in Section Materials and Methods. (D) Scanning electron microscopic analyses of WT and mutant cells adhered to filter paper after incubation for the indicated time periods. Panels from left to right: WT, Δ3195, Δ3198, and Δ3199.



DISCUSSION

The cellulolytic bacterium C. hutchinsonii is considered to degrade cellulose in a substrate contact-dependent manner (Stanier, 1942; Larkin, 1989), and specific proteins are speculated to be secreted to extracellular milieu or outer membrane to participate in cellulose digestion. The type II secretion system (T2SS) comprising 12–15 proteins is devoted to translocate a wide variety of proteins from the periplasm and into extracellular milieu or outer membrane surface (DiChristina et al., 2002; Le Blastier et al., 2010; Baldi et al., 2012; Cianciotto and White, 2017). It has been extensively studied in plant and animal pathogenic bacteria, but rarely studied in nonpathogenic bacteria. The T2SS genes are commonly observed to be clustered in one or two loci, whereas some are dispersed in more than two loci scattered through the chromosome, especially those from Acinetobacter baumannii and Legionella pneumophila, which are dispersed in up to five different loci (Rossier et al., 2004; Harding et al., 2016). In this study, we identified a gene cluster encoding a putative T2SS involved in cellulose assimilation by the cellulolytic bacterium C. hutchinsonii. Whereas BLAST analysis with well-characterized T2SS sequences from Proteobacteria members as queries only retrieved orthologs of t2s-D (chu_3195), t2s-E (chu_3196), t2s-G (chu_3198), and t2s-F (chu_3199), further systematic analyses using Pfam and HHpred tools identified additional t2s genes with highly variable sequences, including the prepilin peptidase T2S-O-encoding gene chu_3197, the minor pseudopilins-encoding genes chu_3200 and chu_3201 as well as the inner-membrane platform constitute-encoding genes chu_3194, chu_3193, and chu_3191, which were all previously annotated as hypothetical proteins with unknown functions. In addition to the divergent sequences, the organization of the identified T2SS gene clusters from C. hutchinsonii and four other Bacteroidetes members were also found to be obviously distinct from the well characterized prototype in many Proteobacteria members such as E. coli, K. oxytoca, and V. cholerae. Of note, minor pseudopilins are yet to be found in Flavobacterium psychrophilum and Odoribacter splanchnicus, suggesting a significantly evolutionary divergence of t2s genes even in the phylum. Moreover, unlike the typical T2SS genes which are distributed in one locus and organized into an operon under the control of one common promoter, all the putative C. hutchisonii T2SS genes, though clustered in one locus, are most likely not organized in an operon as a whole. However, conclusion cannot be drawn at present that the above identified putative T2SS gene products are indeed functional counterparts of the well characterized T2SS given the scarce information from the closely related Bacteroidetes members. Possibility also exists that other possible candidates with more divergence from the typical T2SS components are present somewhere in the genome.

Whereas orthologues of T2S-D, T2S-F, and T2S-G in C. hutchinsonii (CHU_3195, CHU_3198, and CHU_3199) play an important role in cellulose degradation, as indicated by the significantly retarded growth of the individual mutant on cellobiose, Avicel, RAC, and filter paper, they do not have a noticeable effect on cell motility. Previous studies demonstrated that two orthologous components (SprP and PorU) of the recently identified secretion system T9SS are required for both C. hutchinsonii cellulose digestion and gliding motility (Wang et al., 2014; Zhu and McBride, 2014). This differential roles of T2SS and T9SS orthologues in C. hutchinsonii cellulose utilization and gliding motility are probably correlated with their different involvement in maintaining the proper function of specific proteins, which has been largely unknown so far. We also noted that the chu_3195 (t2s-D) mutant displayed a bit more apparent defect in total OM proteins, colony spreading and bacterial adherence to cellulose than the other two mutants although its viability is not noticeably compromised. Moreover, no detectable difference in cell morphology between the chu_3195 mutant and WT strains could be observed by using scanning or transmission electron microscopic analyses (Figure S7). It is not clear at present whether CHU_3195 fulfills additional functions besides being a secretin in T2SS. Considering its potential localization on the outer membrane, one can speculate that the absence of CHU_3195 might exert some other effects on the presentation of outer membrane or cell-surface-adhesive proteins, making this mutant more sensitive to extracellular stresses, and thus exhibit a more apparent defect than the other two mutants.

To explore the potential proteins secreted by T2SS in C. hutchinsonii which may be responsible for the deficiency in cellulose degradation in the T2SS mutants, we examined the effect of the individual absence of the three T2SS components on the extracellular proteins as well as outer membrane proteins bound to cellulose from WT and mutant cells. Whereas, the extracellular protein profiles were hardly affected in the mutants, outer membrane proteins bound to cellulose revealed apparently different profiles. Notably, CHU_1277 that is missing in the mutants encodes a putative outer membrane protein, whose absence results in a decline in the cell-associated β-glucosidase activity and almost completely abolishes cellulose degradation by C. hutchinsonii (Ji et al., 2014). The observed reduction in β-glucosidase activities in the t2s mutants may thus result from their inappropriate presentation due to the malfunction of chu_1277 or chu_1276 gene products, both of which have been reported to be important in maintaining the cell-associated β-glucosidase activities that are tightly coupled with cellulose utilization (Ji et al., 2014; Zhou et al., 2016). This altered organization or presentation of the relevant enzymes on the cell surface as seen with the changes in outer membrane protein profiles in t2s mutants may also account for the observed increased endoglucanase activity. Similarly, the targeted inactivation of chu_1253, the other compromised outer membrane protein, led to a defect in cellulose utilization together with reduced cell-associated β-glucosidase activity. Given that CHU_1277 and CHU_1253 are outer membrane porins, which are not likely to be the direct substrates of T2SS, we speculate that the deficiency in cellulose utilization as demonstrated by the t2s mutants was correlated with the compromised organization or presentation of the outer membrane proteins including relevant enzymes and lipoproteins, which has also been reported to occur in other bacteria (Howard et al., 1993; Vignon et al., 2003; Sikora et al., 2007). Further corroborating this assumption is the observation that the absence of T2SS components exerted a significant effect on the cell adhesion to cellulose, which is a prerequisite for C. hutchinsonii cellulose degradation and is believed to involve a set of cell surface proteins to facilitate cell-cellulose interaction. Whereas, the T2SS mutant cells retained the ability to adsorb to cellulose, the adhering capability was significantly decreased compared to the WT cells. Identification and characterization of these compromised cell surface-adhesins as well as outer membrane proteins whose appropriate presentation is mediated by T2SS will definitely help our understanding the unique cellulolytic mechanism deployed by C. hutchinsonii.
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T2 83331 Fioh_0613
T2SK 83332
Prepili peptidase T250 83335 CHU_3197 Fioh_0616 Phep_11031 Odosp_1528 FP2301

€. coli, Escherichia coli (Heyashi et al, 2006); C. hut, Cytophaga hutchinsonii ATCC 33406 (Xe et al, 2007); F. joh, Flavobacterium johnsonize (VcBride et al, 2009); F. psy,
Flavobacterium psychrophium (Han et al,, 2009): P hep, Pedobacter heparinus (Duchaud et al., 2007); O. spl, Odoribacter splanchicus (Goker ot a, 2011).
bThe protein sequance identities (>25%) between C. hutchinsonii T2S and its orthologs.
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