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Subcellular targeting of proteins is essential to orchestrate cytokinesis in eukaryotic cells. During cell division of Ustilago maydis, for example, chitinases must be specifically targeted to the fragmentation zone at the site of cell division to degrade remnant chitin and thus separate mother and daughter cells. Chitinase Cts1 is exported to this location via an unconventional secretion pathway putatively operating in a lock-type manner. The underlying mechanism is largely unexplored. Here, we applied a forward genetic screen based on UV mutagenesis to identify components essential for Cts1 export. The screen revealed a novel factor termed Jps1 lacking known protein domains. Deletion of the corresponding gene confirmed its essential role for Cts1 secretion. Localization studies demonstrated that Jps1 colocalizes with Cts1 in the fragmentation zone of dividing yeast cells. While loss of Jps1 leads to exclusion of Cts1 from the fragmentation zone and strongly reduced unconventional secretion, deletion of the chitinase does not disturb Jps1 localization. Yeast-two hybrid experiments indicate that the two proteins might interact. In essence, we identified a novel component of unconventional secretion that functions in the fragmentation zone to enable export of Cts1. We hypothesize that Jps1 acts as an anchoring factor for Cts1.
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INTRODUCTION

Protein targeting is required to orchestrate essential cellular functions. Eukaryotic cells particularly rely on this process because of their compartmentalization and the necessity of equipping membrane-enclosed organelles with cognate protein subsets (Sommer and Schleiff, 2014). Protein targeting is mediated mostly by signal sequences. This is exemplified by the N-terminal signal peptide for entry of the endoplasmic reticulum (ER). The endomembrane system was thought to be the only export route for long time. However, recent years challenged this view by the finding that many proteins lacking a signal peptide are secreted by other mechanisms. The term unconventional secretion collectively describes protein export mechanisms that circumvent signal peptide-mediated passage through the canonical endoplasmic reticulum - Golgi pathway (Malhotra, 2013; Rabouille, 2017). Unconventional secretion has been discovered in lower eukaryotes like the fungal model Saccharomyces cerevisiae or the amoeba Dictyostelium discoideum, but also plays important roles in higher eukaryotes. It is even involved in human disease like in infections with the human immunodeficiency (HIV) or Epstein Barr viruses (Rayne et al., 2010; Debaisieux et al., 2012; Nowag and Münz, 2015). Research revealed that unconventional export mechanisms can be vesicular or non-vesicular (Rabouille et al., 2012), however, molecular details on the different pathways are scarce. The best described examples are self-sustained translocation of fibroblast growth factor 2 (FGF2) in human cells and the secretion of acyl-binding protein Acb1 via specialized compartments of unconventional secretion (CUPS) in S. cerevisiae (Malhotra, 2013; Steringer and Nickel, 2018).

Recently, a novel mechanism of unconventional secretion has been described for chitinase Cts1 in the model microorganism Ustilago maydis (Reindl et al., 2019). In its yeast form the fungus grows by budding. In these cells, Cts1 acts in concert with a second chitinase, Cts2, and mediates cell separation during cytokinesis. Elimination of both enzymes results in a cytokinesis defect and the formation of cell aggregates (Langner et al., 2015). Cts2 has a predicted N-terminal signal peptide and is thus thought to be secreted via the conventional secretion route, pointing toward an intricate interplay between both pathways.

In line with its cellular function, Cts1 translocates into the fragmentation zone of budding yeast cells (Langner et al., 2015; Aschenbroich et al., 2019). This unique small compartment arises between mother and daughter cell after consecutive formation of two septa at the cell boundary (Reindl et al., 2019). Recently we demonstrated that Cts1 release depends on cytokinesis by using a cell cycle inhibitor that blocked unconventional but not conventional secretion (Aschenbroich et al., 2019). Furthermore, we showed that the septation proteins Don1 and Don3 are essential for Cts1 release (Aschenbroich et al., 2019). Don1 is a guanosine triphosphate exchange factor (GEF) that is delivered into the fragmentation zone by motile early endosomes, and Don3 is a germinal centre kinase (Weinzierl et al., 2002; Böhmer et al., 2009). Both proteins are required for secondary septum formation and their absence results in an incompletely closed fragmentation zone and thus, a cytokinesis defect similar to the one observed for the cts1/cts2 deletion strain (Langner et al., 2015). Lack of either Don1 or Don3 diminished extracellular Cts1 activity although the protein still localized at the fragmentation zone. Taken together, these observations indicated that the fragmentation zone is its most likely site of secretion, suggesting a lock-type mechanism in which a completely sealed fragmentation zone is essential for export (Aschenbroich et al., 2019; Reindl et al., 2019). To obtain further insights into subcellular targeting and unconventional secretion of Cts1, we here developed and applied a UV mutagenesis screen to identify components of the unconventional secretion pathway.



MATERIALS AND METHODS


Molecular Biology Methods

All plasmids (pUMa vectors, see below and Table 1) generated in this study were obtained using standard molecular biology methods established for U. maydis including Golden Gate cloning (Brachmann et al., 2004; Kämper, 2004; Terfrüchte et al., 2014; Bösch et al., 2016). Oligonucleotides applied for sequencing and cloning are listed in Table 2. Genomic DNA of strain UM521 (Kämper et al., 2006) was used as template for PCR reactions. All plasmids were verified by restriction analysis and sequencing. Detailed cloning strategies and vector maps will be provided upon request.


TABLE 1. U. maydis strains used in this study.
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TABLE 2. DNA oligonucleotides used in this study.

[image: Table 2]Plasmids for stable transformation of U. maydis: pUMa2373 (pDest-pep4D_Poma-LacZ-SHH-Cts1_NatR) was obtained in a Golden Gate cloning reaction using two flanking regions obtained by PCR using oligonucleotide combinations oRL1982 × oRL1983 (upstream flank pep4 locus) and oRL1984 × oRL1985 (downstream flank pep4 locus), the destination vector pUMa1476 (Terfrüchte et al., 2014) and pUMa2372. Storage vector pUMa2372 contained a Poma controlled non-optimized version of the lacZ gene (beta-D-galactosidase, accession NP_414878.1) from Escherichia coli Rosetta 2 in translational fusion to the cts1 gene (umag_10419) via an SHH linker (Sarkari et al., 2014) and a nourseothricin-resistance marker cassette (NatR) flanked by BsaI sites. To generate pUMa2335 (pRabX1-Poma_Gus-SHH_cbx), pUMa2113 was hydrolyzed with NcoI and NotI and a Gus-SHH encoding fragment was inserted, replacing the previous insert coding for Gus-SHH-Cts1. Similarly, in pUMa2336 (pRabX1-Poma_LacZ-SHH_cbx) the insert in pUMa2113 was replaced via NcoI/NotI restriction/ligation by a fusion gene encoding LacZ-SHH. Both plasmids were integrated in the ip locus under the control of the strong, constitutively active oma promoter. pUMa2605 was obtained by hydrolysis of pcts2Δ_hyg (Langner et al., 2015) with SfiI and replacing the HygR cassette with the G418-resistance cassette (G418R) from pUMa1057 (pMF1g) (Baumann et al., 2012). For assembly of pUMa3012 (pRabX1-Poma_Gus-SHH-Jps1) the jps1 gene was amplified by PCR using oMB372 × oMB373 yielding a 1844 bp product flanked by AscI and ApaI restriction sites. After hydrolysis with these enzymes the jps1 gene replaced the cts1 gene in pUMa2113 (Sarkari et al., 2014). For assembly of pUMa3034 flanking regions were amplified with oDD824 × oDD825 (upstream flank umag_03776 gene) and oDD819 × oDD820 (3′region of umag_03776) and used for SapI mediated Golden Gate cloning including destination vector pUMa2074 and the storage vector pUMa3035. pUMa3035 contained the mCherry gene for translational fusions as well as a HygR cassette. pUMa3111 (pDest-jps1D_G418R) was generated by replacing the HygR cassette in pUMa2775 by a G418R cassette from pUMa1057 using flanking SfiI sites. The progenitor vector pUMa2775 (pDest-jps1D_HygR) was synthetized by SapI mediated Golden Gate cloning with flanking regions obtained by PCR with oDD815 × oDD816 (upstream flank for umag_03776) and oDD819 × oDD820 (downstream flank for umag_03776), destination vector pUMa2074 and storage vector pUMa2242 harboring a HygR cassette (Aschenbroich et al., 2019). For generation of pUMa3293 (pRabX1-Pjps1_Jps1_eGfp_CbxR) a 1952 bp PCR product obtained with oUP65 × oUP66 (umag_03776 promoter region) was hydrolyzed with NdeI and BamHI and inserted into a pRabX1 derivative (pUMa3095) upstream of a jps1:gfp fusion gene (Stock et al., 2012). pUMa3095 was assembled in a three-fragment ligation of a 1849 bp PCR product of oMB190 × oMB120 (umag_03776 gene) hydrolyzed with BamHI and EcoRI, a 741 bp PCR product of oMB521 × oMB522 (gfp gene) hydrolyzed with EcoRI and NotI and a 6018 bp fragment of vector pUMa2113 (Sarkari et al., 2014) hydrolyzed with BamHI and NotI.

Plasmids for two-hybrid analyses in S. cerevisiae: All yeast-two hybrid plasmids were generated on the basis of the Matchmaker III System (Clontech Laboratories Inc., Mountain View, CA, United States). pGAD and pGBKT7 were modified to contain a SfiI site with specific overhangs to exchange the gene of interest. For generation of pUMa2927 (pGAD_Jps1) and pUMa2929 (pGBK_Jps1) a 1869 bp PCR product was obtained with oMB201 and oMB202 (amplifying the jps1 gene). The PCR product was hydrolyzed with SfiI and inserted into pGAD and pGBK backbones. For generation of pUMa2928 (pGAD_Cts1) and pUMa2930 (pGBK_Cts1), a 1549 bp PCR product was obtained with oMB203 and oMB204 (amplifying the cts1 gene). The product was hydrolyzed with SfiI and inserted into pGAD and pGBK backbones.



Strains and Cultivation Conditions

Ustilago maydis strains used in this study were obtained by homologous recombination yielding genetically stable strains (Table 1). For genome insertion at the ip locus, integrative plasmids were used (Stock et al., 2012). These plasmids contain an ipR allele that mediates carboxin resistance (Keon et al., 1991). Integrative plasmids were linearized within the ipR and subsequently used to transform U. maydis protoplasts. Mutants harboring a single copy of the plasmid were obtained via homologous recombination (Brachmann et al., 2004; Kämper, 2004). Gene deletion and translational fusions in locus were performed with plasmids obtained by either the SfiI- or Golden Gate cloning strategy using plasmids deposited in the Institutes plasmid collection (Brachmann et al., 2004; Terfrüchte et al., 2014)1. Gene insertion at the pep4 (umag_04926) and upp1 (umag_02178) locus resulted in the deletion of the respective protease-encoding genes and hence, as a positive side-effect for the screen diminished proteolytic activity of the strains (Sarkari et al., 2014). The corresponding plasmids were obtained by Golden Gate cloning (Terfrüchte et al., 2014). All strains generated were verified by Southern blot analysis using digoxigenin labeled probes (Roche). For ip insertions, the probe was obtained with the primer combination oMF502/oMF503 and the template pUMa260 (Loubradou et al., 2001). For insertions at the pep4 or upp1 locus (Sarkari et al., 2014) and other in-locus manipulations, the two flanking regions (upstream and downstream flanks) were amplified as probes.

Ustilago maydis strains were grown at 28°C in complete medium (CM) supplemented with 1% (w/v) glucose (CM-glc) (Holliday, 1974) or YepsLight (modified from Tsukuda et al., 1988). Solid media were supplemented with 2% (w/v) agar. CM-glc plates containing 1% (w/v) charcoal (Sigma C-9157) were used for mating assays (Hartmann et al., 1996).

Saccharomyces cerevisiae strain AH109 (Clontech Laboratories Inc., Mountain View, CA, United States) was employed for yeast two-hybrid assays. Gene sequences without predicted introns were inserted into the vectors pGAD24 and pGBKT7 generating translational fusions to the Gal4 activation domain (AD) and DNA-binding domain (BD), respectively.



Generation of a Compatible Strain by Genetic Crossings

To enable genetic back-crosses with FB2CGL the reporters were also introduced into the compatible strain FB1 by genetic crosses. Therefore, wild type strain FB1 was crossed with screening strain FB2CGL (mating type a2b2) using plant infections (see below) to obtain meiotic progeny. These were tested for their ability to mate with FB2. Compatible mating was screened on CM-glc plates containing 1% (w/v) charcoal (Supplementary Figure S1) on which strains harboring different alleles of both mating type loci form fuzzy colonies while strains which do not mate grow in smooth colonies. First, progeny was screened for the presence of the two artificial reporters Gus-Cts1 and LacZ-Cts1. Positive candidates were then tested in mating experiments with tester strains for induction of the fuzzy phenotype in FB2 crosses.



Mixing Experiments to Distinguish Intra- and Extracellular Reporter Activities

To distinguish intra- and extracellular LacZ activity defined cell amounts were mixed on CM-glc/X-Gal plates containing 1% (w/v) glucose and X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside; 20 mg/ml in DMSO, f.c. 60 mg/L in CM-glc). Screening strain FB2CGL and the AB33LacZcyt control were grown in liquid CM-glc medium until logarithmic phase. Cells were harvested, washed in PBS (1x, pH 7.2) and adjusted to an OD600 of 1.0. A 10–4 serial dilution was prepared in PBS. The diluted suspensions of both strains were mixed in defined ratios and plated in a total volume of 150 μl on CM-glc/X-Gal plates. After incubation for 4 days at 28°C protected from light, growth and conversion of substrate was photographed. For illumination a Ledgo CN-B150 LED On-Camera Light was used.



Gus/LacZ Activity Plate and Membrane Assays

Gus and LacZ activity were tested by indicator plate assays using CM plates containing 1% (w/v) glucose (CM-glc) and the respective chromogenic substrate X-Gluc (5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid; 0.5 mg/ml in DMSO) or X-Gal (20 mg/ml in DMSO), respectively. Tested strains were grown in CM-glc for 16 h. After adjusting the cultures to an OD600 of 1.0 in sterile PBS, 10 μl suspension were spotted on CM-glc plates and incubated at 28°C for 2 days. Intracellular Gus and LacZ activity was visualized by placing a nitrocellulose membrane (AmershamTM ProtranTM 0.45 μM NC, GE Healthcare Life Sciences) on top for 24 h at 28°C. The membrane was then removed and treated with liquid nitrogen for 3 min for cell lysis. Subsequently, it was soaked in X-Gluc buffer [25 μg X-Gluc/ml, solved in DMSO, 5 mM sodium phosphate buffer pH 7.0, 14 μM β-mercaptoethanol, 0.4 mM EDTA, 0.0021% (v/v) lauroyl-sarcosin, 0.002% (v/v) Triton X-100, 0.1 mg/ml (w/v) BSA] or X-Gal Buffer (1 mg X-Gal/ml, solved in DMSO, 15 mM Sodium phosphate buffer pH 7, 5 mM KCl, 0.5 mM MgSO4, 34 mM β-mercaptoethanol) for Gus and LacZ activity, respectively, and incubated at 37°C for 18 h.



UV Mutagenesis

For UV mutagenesis a 20 ml YepsLight pre-culture of screening strain FB2CGL was inoculated from a fresh plate and incubated overnight (200 rpm, 28°C). In the morning, the culture was diluted to an OD600 of 0.1 in 20 ml (200 rpm, 28°C). The culture was incubated until it reached an OD600 of 0.5. Subsequently it was diluted stepwise to an OD600 of 0.00125 (1:400) in 20 ml YepsLight. 150 μl of the 1:400 dilutions were spread evenly onto CM-glc screening plates containing 10 μg/ml X-Gal. The dried plates were exposed to UV irradiation (30 mJ/cm2) using a Stratalinker device (Stratagene). Plate lids were removed during exposition. Subsequently, plates were incubated for 2 to 3 days at 28°C until single colonies were grown.



Screening for Diminished Reporter Secretion

Clones that showed reduced or absent LacZ activity (i.e., colorless appearing colonies) after UV mutagenesis on CM-glc screening plates containing X-Gal (see above) were patched on plates containing X-Gluc to additionally assay for extracellular Gus activity. Plates were prepared by spreading 100 μl X-Gluc solution (100 mg/ml stock in DMSO) on CM-glc plates. Plates were incubated for 2 to 3 days on 28°C. Colorless colonies were patched again on X-Gluc and X-Gal plates simultaneously, this time streaking out larger areas of about 0.5 × 0.5 cm. During the procedure, control strains producing intracellular LacZ or Gus (FB2 LacZcyt and FB2 Guscyt, respectively), the non-mutagenized screening strain (FB2CGL) and the precursor strain lacking any reporters (FB2) were handled in parallel to verify the results (Table 1).



Generation of Cell Extracts and Supernatants

Strains were inoculated in 20 ml CM-glc and incubated at 28°C overnight. Next morning, the culture was used to inoculate a new culture of 70 ml CM-glc with a starting OD600 of 0.05. To detect potential growth defects, growth of the culture was followed by determining the OD600 every hour for at least 8 to 10 h. 2 ml aliquots of supernatants for Gus/LacZ assays and whole cells for Cts1 assays were harvested at OD600 of 0.3. Once the culture reached an OD600 of 0.7 50 ml were harvested (5 min, 3000 rpm, 4°C). The supernatant was transferred to a new tube and stored on 4°C. The cell pellet was used to prepare native cell extracts used for the Cts1, Gus and LacZ assay (modified from Stock et al., 2016). To this end the cell pellet was resuspended in 2 ml ice-cold native extraction buffer (1 mM phenylmethylsulfonylfluorid (PMSF), 2.5 mM benzamidine hydrochloride hydrate, 1 μM pepstatin; 100 μL Roche EDTA-free protease inhibitor cocktail 50×; dissolve in PBS pH 7.4). The suspension was then frozen in pre-chilled metal pots (25 ml, Retsch) using liquid nitrogen. Cells were ruptured at 4°C using the Retsch mill (10 min, 30 Hz) and then the metal pots were thawed at 4°C for 1 h. The cell extracts were transferred to a reaction tube and centrifuge for 30 min (4°C, 13000 rpm, benchtop centrifuge). Bradford assays were conducted to determine the protein concentrations in the samples (Bradford, 1976).



Quantitative Determination of Gus and LacZ Activity

Importantly, quantitative Gus, LacZ and Cts1 assays were conducted from a single culture (see below for Cts1 assay). Quantitative Gus and LacZ liquid assays were based on the chromogenic and fluorescent substrates ONPG for the liquid LacZ activity assay (o-nitrophenyl-β-D-galactopyranoside) and MUG for the liquid Gus activity assay (4-methylumbelliferyl-β-D-glucuronide trihydrate; BioWorld, 30350000-2 (714331), respectively (Stock et al., 2012, 2016). For both the ONPG and the MUG liquid assays (modified from Stock et al., 2012, 2016), activity was determined in native cell extracts and in the cell-free culture supernatant of candidate mutants in comparison to control strains (Koepke et al., 2011; Stock et al., 2012; Langner et al., 2015).

The Gus and LacZ assays with cell extracts and cell-free supernatants were conducted according to slightly modified published protocols (Miller, 1959; Stock et al., 2012). To this end, native cell extracts were adjusted to a total protein concentration of 100 μg/ml using PBS buffer. 10 μl of native cell extracts were then mixed in a black 96-well plate (96 Well, PS, F-Bottom, μCLEAR, black, CELLSTAR) with 90 μl of Gus- or Z-buffer and 100 μl of the respective substrate solution [Gus: 2 mM MUG, 1/50 vol. bovine serum albumin fraction V (BSA) in 1x Gus buffer; LacZ: 1 mg/ml ONPG in 2x Z-buffer]. For supernatant measurements, 100 μl cell-free supernatants were mixed with 100 μl of the respective substrate solution. 2x Gus buffer (Stock et al., 2016) was used for the Gus assay and 2x Z-buffer (80 mM Na2HPO4, 120 mM NaH2PO4∗H2O, 20 mM KCl, 2 mM MgSO4∗7H2O; adjust to pH 7; add 100 mM β-mercaptoethanol freshly) was used for the LacZ assay. The assays were conducted in the Tecan device (Tecan Group Ltd., Männedorf, Switzerland) for 1 h at 37°C with measurements every 10 min (excitation/emission wavelengths: 365/465 nm for Gus activity; OD420 for LacZ activity). A fixed gain of 150 was used for cell extract measurements and fixed values of 60 and 100 for Gus and Cts1 activity assays of culture supernatants, respectively.

For data evaluation the slope during linear activity increase of the kinetic measurements was determined. Values for the screening strain FB2CGL were set to 100% to judge the activities in the mutants.



Quantitative Determination of Cts1 Activity

The fluorescent substrate MUC was applied for the Cts1 liquid assay (4-methylumbelliferyl β-D-N,N’,N”-triacetylchitotrioside hydrate; M5639 Sigma-Aldrich) (Koepke et al., 2011; Stock et al., 2012). Strain AB33 cts1Δ (UMa387) (Koepke et al., 2011) carrying a cts1 deletion dealt as negative control for the Cts1 assays. For the MUC assay whole cells were subjected to the assay after washing to detect Cts1 activity at the cell surface. For intracellular activities, cell extracts were used (see above).

The Cts1 activity liquid assay with whole cells or 10 μg of native cell extracts was conducted according to published protocols with minor changes (Koepke et al., 2011; Stock et al., 2012). Once the culture had reached an OD600 of 0.3 a 2 ml sample was taken and cells were harvested by centrifugation (3 min, 8000 rpm, bench-top centrifuge). Cells were resuspended in 1 ml KHM buffer (110 mM potassium acetate, 20 mM HEPES, 2 mM MgCl2) (Koepke et al., 2011; Stock et al., 2012), the OD600 was documented and the suspension was subjected to the MUC assay. A MUC working solution was prepared form a stock solution (2 mg/ml MUC in DMSO) by diluting it 1:10 with KHM buffer (protect from light, store at 4°C). Black 96-well plates (96 Well, PS, F-Bottom, μCLEAR, black, CELLSTAR) were used for the assay. 70 μl of working solution were mixed with 30 μl of the cell suspension in one well. Activities for each strain were determined in triplicates. The plates were sealed with parafilm and incubated in the dark for 1 h at 37°C. The reaction was then stopped by adding 200 μl 1 M Na2CO3 and relative fluorescence units were determined in a plate reader at excitation and emission wave length of 360/450 nm, respectively, at 37°C with a fixed gain of 100 (Tecan Reader).



Plant Infection and Genetic Back-Crosses

Compatible U. maydis strains were subjected to genetic crosses on corn plants. Strain FB1CGL was obtained by genetic crossing of FB1 (mating type a1b1) with FB2CGL (mating type a2b2). Furthermore, mutagenized strains (derived from the FB2CGL strain background; mating type a2b2) which showed strongly reduced Cts1 secretion assayed by all three reporters were subjected to back-crosses with the compatible wild type strain FB1CGL (mating type a1b1). For infection of the host plant Z. mays (Early Golden Bantam), strains were grown to an OD600 of 0.8 in CM-glc, washed three times with H2O, and resuspended to an OD600 of 1 in H2O. For infection, compatible strains were then mixed in a 1:1 ratio. The cell suspension was injected into 7-day-old maize seedlings. Virulence of strain crosses was quantified using established pathogenicity assays (Kämper et al., 2006). Therefore, 7 days post infection plants were scored for symptom formation according to the following categories: (1) no symptoms, (2) chlorosis, (3) anthocyanin accumulation, (4) small tumors (<1 mm), (5) medium tumors (>1 mm), and heavy tumors associated with bending of stem. For spore collection, mature tumor material was harvested 2–3 weeks after infection and dried at 37°C for about 7 days.



Spore Germination and Analysis of Progeny

Spore germination and analysis was conducted according to published protocols (Eichhorn et al., 2006). To germinate spores for progeny analysis after genetic back-crossing of FB1 × FB2CGL or FB1CGL × FB2CGLmut1 dried tumor material was homogenized in a mortar, treated with 2 ml of a solution of 3.0% (w/v) copper sulfate for 15 min and washed twice with 1 ml sterile H2O. The spores were then resuspended in 500 μl sterile water. Prior to plating, the spore solutions were supplemented with ampicillin and tetracyclin to avoid bacterial contaminations (final concentrations: 600 μg/ml ampicillin; 150 μg/ml tetracyclin). Then, 200 μl of 1:1, 1:10 and 1:100 dilutions were spread on CM-glc plates, and incubated for 2 days at 28°C. Resulting colonies were singled out again on CM-glc plates to guarantee that each colony results from one clone. To identify FB1CGL after crossing of FB1 × FB2CGL progeny was assayed on charcoal plates for their mating types (see below) and on X-Gal and X-Gluc plates for the presence of the two reporters Gus and LacZ. To analyze FB1CGL and FB2CGLmut1 again indicator plates containing X-Gal and X-Gluc were used to pre-sort the cells into secretion competent and deficient clones. Candidates were further tested using liquid assays for all three reporters.



Mating Assay

For mating assays, cells were grown in CM medium to an OD600 of 1.0 and washed once with sterile H2O. Washed cells were adjusted to an OD600 of 3 in sterile H2O. Indicated strains were pre-mixed in equal amounts and then co-spotted on CM-glc plates containing 1% (w/v) charcoal. Plates were incubated at 28°C for 24 h. Tester strains were used as controls (Table 2).



Genome Sequencing and Assembly

Genomic DNA extraction was performed according to published protocols (Bösch et al., 2016), two separate preparations were combined, and the DNA concentration was adjusted to 100 ng/μl using TE-RNase in approximately 500 μl final volume. gDNA quality was verified by PCR reactions using primers specific for the bacterial 16sRNA gene (oRL1124 × oRL1125) and the intrinsic gene uml2 (umag_01422; oRL272 × oRL273). For genome sequencing, DNA libraries were generated using the Nextera XT Kit (Illumina) according to manufacturer’s instructions. Sequencing (v3 chemistry) was performed with a MiSeq sequencer (Illumina) at the Genomics Service Unit (LMU Biocenter). Obtained reads were quality trimmed and filtered with trimmomatic version 0.30 and fasta toolkit version 0.13.2. Sequence assemblies with passed single and paired reads were performed using CLC Genomics Workbench 8.0 (QIAGEN). The genome sequence of UM521 (Ustilago maydis 5212) was used as template for read assembly. Genomic DNA of screening strain FB2CGL was sequenced as reference. This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the accessions JABUOB000000000 and JABUOC000000000 (Reindl et al., 2020b). The versions described in this paper are JABUOB010000000 and JABUOC010000000.



Identification of Genomic Mutations

For identification of the underlying mutation in progeny of FB1CGL and FB2CGLmut1, PCR products were generated from gDNA of progeny clones #3 and #5 which showed no Cts1 activity and no blue halos on X-Gal and X-Gluc indicator plates. To this end, the following primer combinations were used to amplify the indicated genes (Table 2): umag_00493: oDD691 × oDD729; umag_06269: oDD692 × oDD730; umag_02631: oDD693 × oDD731; umag_03776: oDD694 × oDD732; umag_04298: oDD695 × oDD733; umag_05386: oDD696 × oDD734; umag_04385: oDD697 × oDD735; umag_04494: oDD698 × oDD736 and umag_11876: oDD699 × oDD737. gDNA was obtained like described (Bösch et al., 2016). Additional sequencing was conducted for umag_06269 and umag_03776 using progeny #9, #26, #31 and #39 (not shown). PCR products were sequenced and analyzed for the presence or absence of the mutations identified in genome sequence alignments of FB2CGL and FB2CGLmut1.



Protein Precipitation From Culture Supernatants

Secreted proteins were enriched from supernatant samples using trichloric acid (TCA) precipitation. Therefore, culture supernatants were supplemented with 10% (w/v) TCA and incubated overnight on 4°C. After washing twice in −20°C acetone the protein pellets were resuspended in minimal amounts of 3x Laemmli-Buffer (Laemmli, 1970) and the pH was eventually neutralized with 1 M NaOH. For SDS-Page analysis the samples were first boiled for 10 min and then centrifuged (22,000 × g, 5 min, room temperature).



SDS-Page and Western Blot Analysis

Boiled protein samples were separated by SDS-Page using 10% (w/v) acrylamide gels. Subsequently, proteins were blotted to methanol-activated PVDF membranes. The analyzed proteins contained an SHH-tag (Sarkari et al., 2014) and were detected using anti-HA (Sigma-Aldrich, United States) antibodies and anti-mouse IgG-HRP (Promega, United States) conjugates as primary and secondary antibodies, respectively. HRP activity was detected using AceGlow Western blotting detection reagent (PeqLab, Germany) and a LAS4000 chemiluminescence imager (GE LifeScience, Germany).



Yeast-Two Hybrid Assays

Yeast two-hybrid analysis was carried out using the Clontech MatchMaker III system as described before (Pohlmann et al., 2015). Transformation with plasmids and cultivation were performed using standard techniques (Clontech manual). In addition to negative and positive controls included in the MatchMaker III system, also examples for weakly interacting proteins were included (Pohlmann et al., 2015). Auto-activation was excluded for all tested proteins using controls with control plasmids.



Microscopy, Image Processing, and Staining Procedures

Microscopic analysis was performed with a wide-field microscope from Visitron Systems (Munich, Germany), Zeiss (Oberkochen, Germany) Axio Imager M1 equipped with a Spot Pursuit CCD camera (Diagnostic Instruments, Sterling Heights, MI) and objective lenses Plan Neofluar (40x, NA 1.3) and Plan Neofluar (63x, NA 1.25). Fluorescence proteins were excited with an HXP metal halide lamp (LEj, Jena, Germany) in combination with filter sets for Gfp (ET470/40BP, ET495LP, ET525/50BP), mCherry (ET560/40BP, ET585LP, ET630/75BP, Chroma, Bellow Falls, VT), and DAPI (HC387/11BP, BS409LP, HC 447/60BP; AHF Analysentechnik, Tübingen, Germany). The system was operated with the software MetaMorph (Molecular Devices, version 7, Sunnyvale, CA, United States). Image processing including adjustments of brightness and contrast was also conducted with this software. To visualize fungal cell walls and septa 1 ml of cell culture was stained with calcofluor white (1 μg/ml) before microscopy.



RESULTS


A Genetic Screen for Mutants Impaired in Cts1 Secretion Identifies a Novel Component

To identify mutants impaired in Cts1 secretion, a forward genetic screen based on UV mutagenesis was established (Figure 1 and Supplementary Figure S2; for experimental details see “Materials and Methods” section). To this end, a screening strain derived from the haploid FB2 wild type strain (mating type a2b2) was developed. This allows for co-infections of the host plant maize with compatible strains of differing a and b alleles like FB1 (mating type a1b1) to obtain meiotic progeny (Banuett and Herskowitz, 1989).
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FIGURE 1. Rationale of the forward genetic screen. The three reporters LacZ-Cts1, Gus-Cts1 and endogenous Cts1 were used to identify mutants with diminished Cts1 secretion. After UV mutagenesis, a high-throughput screen for absence of LacZ activity of LacZ-Cts1 was conducted on X-Gal containing plates. Next, colonies were patched on X-Gluc containing plates to verify the result with the Gus-Cts1 reporter. Remaining candidates were assayed in quantitative liquid assays for extra- and intracellular LacZ, Gus, and Cts1 activity. Candidates with diminished extracellular activity of all three reporters but unimpaired intracellular activity were collected. After genome sequencing, the mutation responsible for diminished secretion was identified by PCR analysis of different meiotic progeny showing a similar secretion phenotype on loci containing SNPs as identified in the genome comparison with the progenitor strain. For details see Supplementary Figure S2.


To minimize false positive screening hits, three different reporters for Cts1 secretion were employed: the bacterial reporter enzymes β-glucuronidase (Gus; published in Stock et al., 2012, 2016) and β-galactosidase (LacZ; newly established for U. maydis) as fusion proteins with Cts1 (Gus-Cts1, LacZ-Cts1), and endogenous Cts1 (Koepke et al., 2011). The genetic constructs for Gus-Cts1 and LacZ-Cts1 were stably inserted in the genome at distinct loci resulting in screening strain FB2CGL (Table 1 and Figure 2A). Strains harboring cytoplasmic Gus or LacZ were used as lysis controls and to mimic defective Cts1 secretion with intracellular reporter accumulation (control strains FB2 Guscyt and FB2 LacZcyt). Plate assays with the colorimetric substrates X-Gluc (5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid) and X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) demonstrated that the screening strain developed the expected blue color indicative for extracellular Gus and LacZ activity while the controls showed no color. Artificial cell lysis demonstrated the presence of intracellular reporter activity in the controls confirming the absence of significant cell lysis (Figure 2B). Furthermore, quantitative liquid assays with the colorimetric substrate ONPG (o-nitrophenyl-β-D-galactopyranoside) and the fluorogenic substrates MUG and MUC (4-methylumbelliferyl-β-D-glucuronide trihydrate; 4-methylumbelliferyl β-D-N,N’,N”-triacetylchitotrioside hydrate) detecting extracellular LacZ, Gus and Cts1 activity, respectively, revealed strongly enhanced extracellular activities of all reporters in FB2CGL compared to the respective control strains containing cytoplasmic versions or lacking the reporters (Figure 2C). Similar activity measurements in cell extracts again confirmed that all reporters were functional (Figure 2D). In addition, since we intended to use LacZ activity for high-throughput screening, a mixing experiment to assay its suitability was conducted. Mixing of FB2CGL with FB2 LacZcyt in different ratios on indicator plates containing X-Gal showed that the ratio of mixing was reflected by the ratio of colonies with a blue halo versus colorless colonies (Figures 2E–G). This demonstrated that mutants with defective secretion can be identified vis-a-vis colonies with intact secretion as an important requirement for the screening procedure. Finally, plant infection experiments indicated that pathogenicity of FB2CGL was not impaired, since FB2CGL (a2b2) crossed with the compatible mating partner FB1 (a1b1) elicited the typical symptoms including tumor formation on maize seedlings (Supplementary Figure S3). Thus, genetic back-crossing experiments are feasible with this strain. In summary, we successfully designed the strain FB2CGL for screening mutants defective in unconventional secretion of Cts1.
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FIGURE 2. Establishing screening strain FB2CGL harboring three reporters for unconventional secretion. (A) Scheme of the genetic constructs for the three reporters present in distinct loci of U. maydis strain FB2CGL. The reporter genes encoding endogenous Cts1 as well as Gus-Cts1 and LacZ-Cts1 are located on three different chromosomes (chr.). While the cts1 gene on chr. 12 has not been modified and is present in its natural setup controlled by its native promoter active in yeast cells, both lacZ:cts1 and gus:cts1 gene fusions were inserted artificially by homologous recombination using described protease loci (16). Both translational fusion genes are hooked up to the strong synthetic promoter Poma which is constitutively active in yeast cells grown on CM-glc. Insertion of the two reporters results in deletion of the genes upp1 and pep4 which both encode harmful extracellular proteases (16). (B) Plate assay to determine the suitability of the used reporters in FB2CGL in comparison to the lysis controls FB2 Guscyt and FB2 LacZcyt harboring cytoplasmic reporter enzymes. FB2 was used as negative control containing neither Gus nor LacZ. X-Gluc and X-Gal were applied as colorimetric substrates for Gus and LacZ, respectively. To visualize intracellular reporter activity, cells were lysed using liquid nitrogen. cyt, control strains with intracellular reporter activity or absent reporter activity. lys, cells lysed by treatment with liquid nitrogen. (C) Liquid assays using the substrates MUG, ONPG, and MUC to determine the suitability of the three reporters Gus-Cts1, LacZ-Cts1 and Cts1, respectively. 10 μg cell extracts of the indicated strains were used to assay intracellular reporter activities. Upper panel: Cts1 activity based on conversion of MUC; middle panel: Gus activity based on conversion of MUG; lower panel: LacZ activity based on conversion of ONPG. Each assay has been performed in one biological replicate. (D) Liquid assays using the substrates MUG, ONPG and MUC to determine the suitability of the three reporters Gus, LacZ and Cts1, respectively. Culture supernatants (Gus-Cts1/LacZ-Cts1) or intact cells (Cts1) of indicated strains were tested to determine extracellular reporter activities. Upper panel: Cts1 activity based on conversion of MUC; middle panel: Gus activity based on conversion of MUG; lower panel: LacZ activity based on conversion of ONPG. Each assay has been performed in one biological replicate. (E–G) Mixed culture experiments to verify applicability of the LacZ reporter for high-throughput screening on the colorimetric substrate X-Gal. Screening strain FB2CGL and control strain FB2 LacZcyt were mixed in the indicated rations and plated onto indicator plates containing X-Gal to visualize extracellular LacZ activity (blue color). Photographs were taken after incubation for 1 day. (E) 100% FB2CGL; (F) 50% FB2CGL/50% FB2 LacZcyt; (G) 10% FB2CGL/90% FB2 LacZcyt.


In order to screen for diminished unconventional Cts1 secretion, strain FB2CGL was subjected to UV irradiation with approximately 1% survival rate (Figure 1 and Supplementary Figure S2). Mutagenized cells were plated on X-Gal plates to detect extracellular LacZ activity based on the reporter LacZ-Cts1. Approximately 185,000 colonies were screened with a focus on mutants that exhibited normal growth (i.e., normal colony size) but impaired Cts1 secretion. 2,087 candidate mutants showing strongly reduced or absent blue halos were patched on X-Gluc plates employing the Gus marker (Figure 1). Of those, 566 that stayed colorless again were retested in qualitative plate assays using both the LacZ and the Gus marker to confirm these results. To this end the mutant candidates were patched each on an X-Gluc and an X-Gal containing plate and the coloration was observed. One hundred and twelve remaining colorless candidates were assayed for Cts1, Gus and LacZ activity in quantitative liquid assays using the substrates MUC, MUG and ONPG, respectively. The different enzyme activities of the progenitor strain FB2CGL were used as a baseline and set to 100%. Again, mutants showing reduced growth in liquid culture were sorted out to ensure that reduced secretion is not connected to growth problems. Multiple mutants displayed slight reduction in the extracellular activity of the reporters. In addition, three mutants were identified, in which Cts1, LacZ and Gus activity was present intracellularly, but diminished extracellularly (below 20% residual activity in all cases; FB2CGLmut1-3; Table 1 and Figures 3A,B). Western blot analysis confirmed equal protein amounts for LacZ-Cts1 and Gus-Cts1 in cell extracts of these mutants (Supplementary Figure S4A). All three mutants showed wildtype growth rates suggesting that reduced secretion is not resulting from growth defects (Supplementary Figure S4B).
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FIGURE 3. The screen identifies the uncharacterized protein Jps1. (A) Plate assays of indicated strains for extracellular LacZ activity using X-Gal and extracellular Gus activity using X-Gluc. The assays are based on secretion of the reporters LacZ-Cts1 and Gus-Cts1 and the respective substrates are only converted, if the fusion protein is secreted. This leads to the formation of blue colonies (and blue halos in case of Gus) resulting from extracellular substrate conversion. Mutants FB2CGLmut1, mut2 and mut3 were identified after UV mutagenesis of strain FB2CGL on screening plates (white colonies on both X-Gluc and X-Gal) and show the expected reduced extracellular activities indicating deficiency in Cts1 secretion. (B) Quantitative liquid assays detecting intracellular (int, filled columns) and extracellular (ex, open columns) Gus, LacZ and Cts1 reporter activity. Screening strain FB2CGL and a cts1 deletion mutant (AB33 cts1Δ, 15) were used as positive and negative controls, respectively. Activities obtained for FB2CGL were set to 100% to allow for a direct comparison of all strains. The assay was conducted thrice with similar results and a representative replicate is shown. (C) In all three identified mutants, base exchanges in gene umag_03776, now termed jps1, were identified. At the aa level, mutations result in the introduction of premature stop codons leading to the production of truncated proteins in all three mutants. Mut1 carries an additional aa exchange at position 335. Mutations identified in FB2CGLmut1-3 are indicated with red lines in the schematic representation of the protein. The size of native Jps1 is 609 aa.


To identify the responsible mutations whole genome sequencing was conducted for the first of the three identified UV mutants, FB2CGLmut1, in comparison to its progenitor FB2CGL using the published sequence of U. maydis UM521 as a template for the assembly3. Whole genome sequence information was deposited at DDBJ/ENA/GenBank under the accessions JABUOB000000000 and JABUOC000000000 (Reindl et al., 2020b). A total of 32 base-pair substitutions were detected in the comparison of FB2CGL and FB2CGLmut1. Nine single nucleotide polymorphisms (SNPs) were located in non-coding regions and were thus unlikely to cause the observed defect in unconventional secretion. The majority of the 23 mutations in coding regions were found to be 5′-CT or 5′-CCTT transitions which are expected for UV-induced mutations (Supplementary Figure S5) (Pfeifer et al., 2005). 11 substitutions were irrelevant silent mutations. The remaining 12 SNPs led to 10 aa replacements in 9 encoded proteins and hence constituted the top remaining candidates (Supplementary Figure S5). To locate which of these mutations was responsible for the defective Cts1 secretion, genetic back-crossing experiments were performed using plant infections. FB2CGLmut1 was pathogenic in crosses with compatible FB1CGL which carries similar reporter genes but an opposite mating type (Supplementary Figures S1, S3; see “Materials and Methods” section). Meiotic progeny was obtained and assayed for extracellular Gus, LacZ and Cts1 activity on indicator plates and by quantitative liquid assays. Based on these results the progeny was grouped into mutants with defective and intact secretion (Supplementary Figure S6). Sequencing of the nine candidate genes obtained from comparative genome sequencing revealed that all progeny with reduced extracellular reporter activity harbored mutations in gene umag_03776 (Figure 3 and Supplementary Figure S6). Strikingly, as detected by PCR with specific primers for this gene and subsequent sequencing also the other two identified UV mutants, FB2CGLmut2 and mut3, carried detrimental mutations in umag_03776, leading to synthesis of C-terminally truncated proteins (Figure 3C). This strongly suggested that this gene is essential for Cts1 secretion. The corresponding gene product was subsequently termed Jps1 (jammed in protein secretion screen 1). While the protein Jps1 has a predicted length of 609 aa, the truncated versions produced in mutants FB2CGLmut1, mut2 and mut3 only contained 448, 338, and 446 aa, respectively (Figure 3C). In essence we identified a crucial factor for Cts1 secretion by genetic screening.



Jps1 Is Essential for Cts1 Localization and Secretion

Jps1 is annotated as hypothetical protein with unknown function (see text footnote 3) and does not contain yet known domains (SMART4). None of its homologs in other Basidiomycetes has been characterized so far and Ascomycetes like S. cerevisiae lack proteins with significant similarities. Thus, to obtain first insights into its function we initially validated the screen by deleting the respective gene in the background of laboratory strain AB33 (Brachmann et al., 2001) using homologous recombination (AB33jps1Δ). Microscopic analysis revealed that budding cells of the deletion strain had a normal morphology comparable to controls like AB33 or the chitinase deletion strain AB33cts1Δ (Figure 4A) (Langner et al., 2015). Chitinase assays showed strongly reduced extracellular activity, confirming the essential role of Jps1 for Cts1 secretion (Figure 4B). To analyze the localization of Cts1 in a jpsΔ background strain AB33 jps1Δ/CtsG expressing a functional Cts1-Gfp (Cts1G) fusion was generated (Figure 4C) (Koepke et al., 2011). Microscopic studies revealed that in contrast to its native localization in the fragmentation zone (Figure 4D) (Langner et al., 2015; Aschenbroich et al., 2019) the Gfp signal for Cts1G now accumulated intracellularly and at the septa (Figures 4E,F). Interestingly, in about 56% of the cases, the signal was detected at the primary septum only, while in the remaining 44% the signal was present at both septa (Figure 4G). Cts1G was never observed in the fragmentation zone of the jps1 deletion strain (Figure 4H).
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FIGURE 4. Jps1 is crucial for unconventional Cts1 secretion. (A) Micrographs of yeast-like growing cells of indicated strains. The jps1 deletion strain AB33jps1Δ (jps1Δ) does not show any morphological abnormalities. The cts1 deletion strain AB33cts1Δ (cts1Δ) and the progenitor laboratory strain AB33 (wt) are shown for comparison. Scale bars, 10 μm. (B) jps1 deletion in the AB33 verifies its essential function in Cts1 secretion. Extracellular Cts1 activity of AB33, AB33jps1Δ and the control AB33cts1Δ is depicted. The assay was conducted in three biological replicates. Error bars indicate standard deviation. ***P-value 0.001; n.s., not significant (two sample t-test). (C) Extracellular Cts1 activity of Cts1G expressing strains are comparable to the progenitor strain AB33, suggesting that the protein is functional. The assay was conducted in five biological replicates. Error bars indicate standard deviation. ***P-value 0.001; n.s., not significant (two sample t-test). (D–F) Localization of Cts1-Gfp (Cts1G) in AB33 (D) and AB33jps1Δ (D,E). While Cts1 accumulates in the fragmentation zone of dividing cells with two septa in AB33 (D), it enriches in the cytoplasm and at the septa in the jps1 deletion strain. Two different scenarios were observed: Either Cts1 was found only at the primary septum at the mother cell side (E) or at both septa (F). White arrows depict septa with Cts1 signal. Scale bars, 10 μm. (G) Distribution of Cts1G signal at the primary septum only (PS) and at both septa (PS+SS) of dividing AB33jps1Δ cells with completely assembled fragmentation zones (AB33Cts1G: 900 cells analyzed; AB33jps1Δ/Cts1G: 1370 cells analyzed; three biological replicates). (H) Cts1G is restricted from the fragmentation zone. The graph depicts the fraction of cells in exponentially growing cultures of indicated strains with Cts1G accumulation in the fragmentation zone [similar cells analyzed as shown in (G)].


Next, a strain expressing Jps1 fused to Gfp (Jps1G) was generated to localize the protein (AB33Jps1G). Chitinase assays verified the functionality of the fusion protein (Figure 5A). Intriguingly, microscopic analysis revealed that Jps1G accumulated in the fragmentation zone of budding cells, similar to Cts1 (Figure 5B). To investigate if Jps1 localization depends on chitinase function, Cts1 was deleted in the background of AB33JpsG (AB33cts1Δ/Jps1G). Interestingly, this did not disturb Jps1 localization (Figure 5C). This suggests that Cts1 is dispensable for Jps1 function but not vice versa, indicating a unidirectional dependency of Cts1 on Jps1. To further substantiate the apparent co-localization, both proteins were differentially tagged in a single strain, expressing Jps1 fused to mCherry and Cts1 fused to Gfp (AB33Cts1G/Jps1mC). Indeed, both signals completely overlapped in the fragmentation zone in each observed case (Figures 5D,E). Since the co-localization studies suggested that the two proteins might interact we conducted yeast two-hybrid assays in which we fused Jps1 with the activation domain (AD) and Cts1 with the binding domain (BD), and vice versa. Self-interaction could be detected neither for Jps1 nor for Cts1. A weak interaction between Jps1 and Cts1 could be observed for one of the combinations, namely for BD-Cts1 and AD-Jps1 in serial dilutions on selection plates. We hypothesize that in the other combination (AD-Cts1 and BD-Jps1) the architecture of one of the N-terminal fusions interferes with the interaction of the proteins. Albeit this little inconsistency which needs to be resolved by alternative experimental approaches in the future, the result supports our idea that the two proteins might interact (Figure 5F).
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FIGURE 5. Jps1 co-localizes with Cts1 in the fragmentation zone. (A) Extracellular Cts1 activity of indicated strains. AB33cts1Δ lacking Cts1 was used as negative control. The Jps1mC fusion protein is functional. The assay was conducted in five biological replicates. Error bars indicate standard deviation. ***P-value 0.001; n.s., not significant (two sample t-test). (B) Localization of Jps1G in AB33. The protein accumulates in the fragmentation zone of dividing cells. Scale bar, 10 μm. (C) Localization of Jps1G in AB33cts1Δ. Localization of Jps1 in the fragmentation zone is not altered in the absence of Cts1. Scale bar, 10 μm. (D) Micrographs of strain AB33Cts1G/Jps1mC indicating co-localization of Cts1G and Jps1mC in the fragmentation zone. (E) Quantification of co-localizing signals (Co-Loc) and not co-localizing signals (No Co-Loc) of strain AB33Cts1G/Jps1mC in the fragmentation zones of 970 cells observed. The experiment was conducted in three biological replicates with identical outcomes. Not a single cell with differing observations than indicated was detected. (F) Yeast-two hybrid assays to analyze protein:protein interactions between Jps1 and Cts1. For the positive control using strains producing Pab1 and Upa1 a weak interaction had been shown before (Pohlmann et al., 2015). BD, binding domain; AD, activation domain.


Thus, our genetic screen identified a novel essential protein for unconventional Cts1 secretion. Co-localization and the putative interaction between Jps1 and Cts1 suggest that Jps1 might act as an anchoring factor for Cts1 that supports its local accumulation in the fragmentation zone.



DISCUSSION

In this study, we identified Jps1, a novel factor essential for unconventional export of chitinase Cts1 in budding cells. Jps1 was identified in a forward genetic screen. Such genetic screens are powerful tools to identify important players in unknown pathways (Forsburg, 2001). The prime example is the screen for components of the conventional secretion pathway which has been performed in S. cerevisiae. Initially, this temperature-sensitive screen was based on the fact that proteins accumulate in the endomembrane system of cells in which secretion is disturbed. These dense cells can be separated from cells with intact secretion by gradient centrifugation (Novick et al., 1980). The screen was continuously further developed and finally provided a detailed view on the key components of the canonical pathway including all stages of protein export (Mellman and Emr, 2013). Similarly, the here employed screen proved to be very efficient and powerful: in all three obtained mutants, mutations localized to the same gene (jps1). On the one hand, this underlines the quality of the screening procedure. On the other hand, this observation may also limit the screen in that other factors may be hard to identify in this screening set up. Alternatively, the repeated identification of the same mutant could be due to the fact that there is only one major factor involved in Cts1 secretion. However, we consider that unlikely. Therefore, in the next step a second copy of Jps1 under its native promoter will be inserted into the genome. This will minimize the risk of identifying the gene again in further screening attempts. Furthermore, we will streamline identification of responsible mutations. Here, we used genetic back-crosses via plant infection in combination with a PCR approach to identify Jps1. For future studies, we will use batch-sequencing of mutants with or without secretion of the reporters (Supplementary Figure S2 steps 10 and 11). Such pooled linkage analysis based on next-generation sequencing is known to have a great statistical power and thus allows an efficient identification of underlying mutations (Birkeland et al., 2010).

In the first screening round we concentrated on mutants that showed a normal growth behavior (i.e., colony sizes similar to untreated cells after UV mutagenesis). Mutants that are impaired in growth are much more complicated to analyze. Discrimination between true secretory defects and reduced secretion due to poor fitness of the cells is very difficult. Hence, it is well conceivable that we missed other important factors, especially because unconventional Cts1 secretion is tightly connected to cytokinesis (Aschenbroich et al., 2019). This also explains why we did not identify mutants defective in the septation factors Don1 or Don3 which we have shown to be essential for unconventional Cts1 secretion (Aschenbroich et al., 2019). The cognate deletion mutants have a cytokinesis defect and grow in tree-like structures (Weinzierl et al., 2002).

As an alternative application, the screen will be employed to optimize our recently established protein expression platform (Feldbrügge et al., 2013; Sarkari et al., 2016). Here, we use Cts1 as a carrier for valuable heterologous proteins. Exploiting the unconventional secretion route brings the advantage that N-glycosylation is circumvented and thus, sensitive proteins like bacterial enzymes can be exported in an active state (Sarkari et al., 2014; Terfrüchte et al., 2017; Stoffels et al., 2019). The screen will be adapted to select for mutants with enhanced marker secretion to eliminate existing bottlenecks and thus enhance yields (Terfrüchte et al., 2018). Random mutagenesis screens for hypersecretors were for example key to establish industrial production strains like the cellulase producing filamentous fungus Trichoderma reesei strain RutC-30 in which amongst further changes carbon catabolite repression was eliminated (Peterson and Nevalainen, 2012). A restriction enzyme mediated insertion (REMI) screen based on a β-galactosidase reporter has also led to the discovery of a set of mutants showing supersecretion of the reporter in Pichia pastoris (Larsen et al., 2013).

Our findings are in line with the proposed lock-type secretion mechanism (Aschenbroich et al., 2019; Reindl et al., 2019). Jps1 supports the subcellular accumulation of Cts1 in the fragmentation zone from where it is likely released (Aschenbroich et al., 2019). While the secretory pathway itself is new, it is conceivable that the molecular details of Cts1 export might be similar to described systems. For example, it could be released via self-sustained translocation through the plasma membrane which has been described for FGF2, but is nowadays discussed also for other proteins like HIV-Tat and interleukin 1beta (Dimou and Nickel, 2018). In the future, biochemical studies will shed light on the molecular pathway of unconventional Cts1 secretion. Interestingly, Jps1 orthologs are restricted to the Basidiomycetes. Hence, lock-type secretion is likely conserved at least in the Ustilaginales like Sporisorium reilianum, Ustilago hordei, Pseudozyma aphidis or Tilletia walkeri. This assumption is supported by the finding that Cts1 orthologs lacking predictions for N-terminal signal peptides are also present in these species. Unfortunately, published information about the yeast-like growth of these fungi and potential formation of fragmentation zones is yet scarce. The absence of Jps1 orthologs in S. cerevisiae and other Ascomycetes, fits well to the observation that septation in S. cerevisiae does not involve formation of a fragmentation zone, suggesting that molecular details of cell division differ between the two organisms (Reindl et al., 2019).

Jps1 is essential for efficient Cts1 localization and secretion while in turn Cts1 is not needed for Jps1 accumulation in the fragmentation zone. This one-sided dependency indicates that Jps1 is an important factor for Cts1 secretion but not vice versa. The underlying molecular details and thus the exact role of Jps1 during Cts1 secretion remain to be addressed by detailed biochemical and cell biological studies in the future. It is also not clear how the two proteins reach the fragmentation zone. Moving early endosomes enrich in the fragmentation zone prior to budding and were shown to carry Don1 (Weinzierl et al., 2002; Schink and Bölker, 2009). They are thus prime candidates for transporting proteins into the small compartment. However, we neither observed Cts1 nor Jps1 on these motile organelles (data not shown). While the septation factors Don1 and Don3 seem to play a passive role for Cts1 release by sealing off the fragmentation zone with the secondary septum, Jps1 acts as a third factor which is likely directly involved in the export process. Based on our results, it is conceivable that Jps1 functions as an anchoring factor for Cts1, thus supporting its local accumulation in the fragmentation zone where it likely degrades remnant chitin together with conventionally secreted Cts2 to support cytokinesis (Figure 6).
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FIGURE 6. Current model for subcellular targeting and unconventional secretion of Cts1 via anchoring factor Jps1. Cts1 is targeted to the fragmentation zone via an unconventional secretion mechanism. Motile early endosomes shuttle bidirectionally through the cells and transport the septation factor Don1 which is essential for secondary septum formation. Together with Don3 it localizes to the fragmentation zone formed between mother and daughter cell during cytokinesis. Both Don1 and Don3 are crucial for Cts1 export. The newly identified factor Jps1 also accumulates in the fragmentation zone. We hypothesize that the protein functions in anchoring Cts1 in the small compartment. Here, Cts1 acts in degrading remnant chitin for detaching mother and daughter cell in concert with conventionally secreted Cts2.


In sum, our genetic screen has already proven to be very efficient and an improved version will deal as a basis to identify further key components of unconventional secretion and optimize the connected protein expression platform in the future.



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/, JABUOB000000000 and JABUOC000000000.



AUTHOR CONTRIBUTIONS

JS designed, conducted, and evaluated the genetic screen with support of MR, KH, and AG. MR characterized Jps1 and prepared micrographs, quantifications, and enzyme assays. AB performed genome sequencing. KS prepared the manuscript with input of all co-authors, directed the project and acquired funding. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) – Projektnummer 267205415 – SFB 1208 (KS and MR). The scientific activities of the Bioeconomy Science Center were financially supported by the Ministry of Culture and Science within the framework of the NRW Strategieprojekt BioSC (No. 313/323-400-002 13).


ACKNOWLEDGMENTS

We acknowledge Dr. M. Feldbrügge for continuous support and valuable discussion. We thank B. Axler and U. Meyer for excellent technical support of the project. T. E. Hyland and L. Mielke contributed to the project in the framework of an internship and M. Tulinski and S. Wolf in their Master projects. This manuscript has been released as a pre-print at bioRxiv (Reindl et al., 2020a).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01529/full#supplementary-material


FOOTNOTES

1
http://www.mikrobiologie.hhu.de/ustilago-community.html

2
http://www.ncbi.nlm.nih.gov/nuccore/AACP00000000.2; accessed on 2020/04/01

3
https://mycocosm.jgi.doe.gov/Ustma2_2/Ustma2_2.home.html; last accessed 2020/04/01

4
http://smart.embl-heidelberg.de/; last accessed 2020/04/01

REFERENCES

Aschenbroich, J., Hussnaetter, K. P., Stoffels, P., Langner, T., Zander, S., Sandrock, B., et al. (2019). The germinal centre kinase Don3 is crucial for unconventional secretion of chitinase Cts1 in Ustilago maydis. Biochim. Biophys. Acta Proteins Proteom. 1867, 140154. doi: 10.1016/j.bbapap.2018.10.007

Banuett, F., and Herskowitz, I. (1989). Different a alleles of Ustilago maydis are necessary for maintenance of filamentous growth but not for meiosis. Proc. Natl. Acad. Sci. U.S.A. 86, 5878–5882. doi: 10.1073/pnas.86.15.5878

Baumann, S., Pohlmann, T., Jungbluth, M., Brachmann, A., and Feldbrügge, M. (2012). Kinesin-3 and dynein mediate microtubule-dependent co-transport of mRNPs and endosomes. J. Cell Sci. 125(Pt 11), 2740–2752. doi: 10.1242/jcs.101212

Birkeland, S. R., Jin, N., Özdemir, A. C., Lyons, R. H. Jr., Weisman, L. S., and Wilson, T. E. (2010). Discovery of mutations in Saccharomyces cerevisiae by pooled linkage analysis and whole-genome sequencing. Genetics 186, 1127–1137. doi: 10.1534/genetics.110.123232

Böhmer, C., Ripp, C., and Bölker, M. (2009). The germinal centre kinase Don3 triggers the dynamic rearrangement of higher-order septin structures during cytokinesis in Ustilago maydis. Mol. Microbiol. 74, 1484–1496. doi: 10.1111/j.1365-2958.2009.06948.x

Bösch, K., Frantzeskakis, L., Vranes, M., Kämper, J., Schipper, K., and Göhre, V. (2016). Genetic manipulation of the plant pathogen Ustilago maydis to study fungal biology and plant microbe interactions. J. Vis. Exp. 115:e54522. doi: 10.3791/54522

Brachmann, A., König, J., Julius, C., and Feldbrügge, M. (2004). A reverse genetic approach for generating gene replacement mutants in Ustilago maydis. Mol. Genet. Genomics 272, 216–226. doi: 10.1007/s00438-004-1047-z

Brachmann, A., Weinzierl, G., Kämper, J., and Kahmann, R. (2001). Identification of genes in the bW/bE regulatory cascade in Ustilago maydis. Mol. Microbiol. 42, 1047–1063. doi: 10.1046/j.1365-2958.2001.02699.x

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Debaisieux, S., Rayne, F., Yezid, H., and Beaumelle, B. (2012). The ins and outs of HIV-1 Tat. Traffic 13, 355–363. doi: 10.1111/j.1600-0854.2011.01286.x

Dimou, E., and Nickel, W. (2018). Unconventional mechanisms of eukaryotic protein secretion. Curr. Biol. 28, R406–R410. doi: 10.1016/j.cub.2017.11.074

Eichhorn, H., Lessing, F., Winterberg, B., Schirawski, J., Kämper, J., Müller, P., et al. (2006). A ferroxidation/permeation iron uptake system is required for virulence in Ustilago maydis. Plant Cell 18, 3332–3345. doi: 10.1105/tpc.106.043588

Feldbrügge, M., Kellner, R., and Schipper, K. (2013). The biotechnological use and potential of plant pathogenic smut fungi. Appl. Microbiol. Biotechnol. 97, 3253–3265. doi: 10.1007/s00253-013-4777-1

Forsburg, S. L. (2001). The art and design of genetic screens: yeast. Nat. Rev. Genet. 2, 659–668. doi: 10.1038/35088500

Hartmann, H. A., Kahmann, R., and Bölker, M. (1996). The pheromone response factor coordinates filamentous growth and pathogenicity in Ustilago maydis. EMBO J. 15, 1632–1641. doi: 10.1002/j.1460-2075.1996.tb00508.x

Holliday, R. (1974). Ustilago maydis: Handbook of Genetics. New York, NY: Plenum Press, 575–595.

Kämper, J. (2004). A PCR-based system for highly efficient generation of gene replacement mutants in Ustilago maydis. Mol. Genet. Genomics 271, 103–110. doi: 10.1007/s00438-003-0962-8

Kämper, J., Kahmann, R., Bölker, M., Ma, L. J., Brefort, T., Saville, B. J., et al. (2006). Insights from the genome of the biotrophic fungal plant pathogen Ustilago maydis. Nature 444, 97–101. doi: 10.1038/nature05248

Keon, J. P., White, G. A., and Hargreaves, J. A. (1991). Isolation, characterization and sequence of a gene conferring resistance to the systemic fungicide carboxin from the maize smut pathogen. Ustilago maydis. Curr. Genet. 19, 475–481. doi: 10.1007/bf00312739

Koepke, J., Kaffarnik, F., Haag, C., Zarnack, K., Luscombe, N. M., König, J., et al. (2011). The RNA-binding protein Rrm4 is essential for efficient secretion of endochitinase Cts1. Mol. Cell. Proteomics 10:M111011213. doi: 10.1074/mcp.M111.011213

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 227, 680–685. doi: 10.1038/227680a0

Langner, T., Özturk, M., Hartmann, S., Cord-Landwehr, S., Moerschbacher, B., Walton, J. D., et al. (2015). Chitinases are essential for cell separation in Ustilago maydis. Eukaryot. Cell 14, 846–857. doi: 10.1128/EC.00022-15

Larsen, S., Weaver, J., de Sa Campos, K., Bulahan, R., Nguyen, J., Grove, H., et al. (2013). Mutant strains of Pichia pastoris with enhanced secretion of recombinant proteins. Biotechnol. Lett. 35, 1925–1935. doi: 10.1007/s10529-013-1290-7

Loubradou, G., Brachmann, A., Feldbrügge, M., and Kahmann, R. (2001). A homologue of the transcriptional repressor Ssn6p antagonizes cAMP signalling in Ustilago maydis. Mol. Microbiol. 40, 719–730. doi: 10.1046/j.1365-2958.2001.02424.x

Malhotra, V. (2013). Unconventional protein secretion: an evolving mechanism. EMBO J. 32, 1660–1664. doi: 10.1038/emboj.2013.104

Mellman, I., and Emr, S. D. (2013). A Nobel Prize for membrane traffic: vesicles find their journey’s end. J. Cell Biol. 203, 559–561. doi: 10.1083/jcb.201310134

Miller, G. L. (1959). Dinitrosalicylic acid reagent for determination of reducing sugar. Anal. Chem. 31, 426–428. doi: 10.1021/ac60147a030

Novick, P., Field, C., and Schekman, R. (1980). Identification of 23 complementation groups required for post-translational events in the yeast secretory pathway. Cell 21, 205–215. doi: 10.1016/0092-8674(80)90128-2

Nowag, H., and Münz, C. (2015). Diverting autophagic membranes for exocytosis. Autophagy 11, 425–427. doi: 10.1080/15548627.2015.1009793

Peterson, R., and Nevalainen, H. (2012). Trichoderma reesei RUT-C30–thirty years of strain improvement. Microbiology 158(Pt 1), 58–68. doi: 10.1099/mic.0.054031-0

Pfeifer, G. P., You, Y. H., and Besaratinia, A. (2005). Mutations induced by ultraviolet light. Mutat. Res. 571, 19–31. doi: 10.1016/j.mrfmmm.2004.06.057

Pohlmann, T., Baumann, S., Haag, C., Albrecht, M., and Feldbrügge, M. (2015). A FYVE zinc finger domain protein specifically links mRNA transport to endosome trafficking. Elife 4:e06041. doi: 10.7554/eLife.06041

Rabouille, C. (2017). Pathways of unconventional protein secretion. Trends Cell Biol. 27, 230–240. doi: 10.1016/j.tcb.2016.11.007

Rabouille, C., Malhotra, V., and Nickel, W. (2012). Diversity in unconventional protein secretion. J. Cell Sci. 125(Pt 22), 5251–5255. doi: 10.1242/jcs.103630

Rayne, F., Debaisieux, S., Bonhoure, A., and Beaumelle, B. (2010). HIV-1 Tat is unconventionally secreted through the plasma membrane. Cell Biol. Int. 34, 409–413. doi: 10.1042/CBI20090376

Reindl, M., Hänsch, S., Weidtkamp-Peters, S., and Schipper, K. (2019). A potential lock-type mechanism for unconventional secretion in fungi. Int. J. Mol. Sci. 20:460. doi: 10.3390/ijms20030460

Reindl, M., Stock, J., Hussnaetter, K. P., Genc, A., Brachmann, A., and Schipper, K. (2020a). A novel factor essential for unconventional secretion of chitinase Cts1. bioRxiv [Preprint]. doi: 10.1101/2020.02.07.938613

Reindl, M., Stock, J., Hussnaetter, K. P., Genc, A., Brachmann, A., and Schipper, K. (2020b). Data from: WGS UV Mutagenesis Jammed in Unconventional Secretion. Available online at: https://www.ncbi.nlm.nih.gov/bioproject/634537 (accessed June 24, 2020).

Sarkari, P., Feldbrügge, M., and Schipper, K. (2016). “The corn smut fungus Ustilago maydis as an alternative expression system for biopharmaceuticals,” in Fungal Biology. Gene Expression Systems in Fungi: Advancements and Applications, eds M. Schmoll and C. Dattenböck (Berlin: Springer Book Series), 183–200. doi: 10.1007/978-3-319-27951-0_7

Sarkari, P., Reindl, M., Stock, J., Müller, O., Kahmann, R., Feldbrügge, M., et al. (2014). Improved expression of single-chain antibodies in Ustilago maydis. J. Biotechnol. 191, 165–175. doi: 10.1016/j.jbiotec.2014.06.028

Schink, K. O., and Bölker, M. (2009). Coordination of cytokinesis and cell separation by endosomal targeting of a Cdc42-specific guanine nucleotide exchange factor in Ustilago maydis. Mol. Biol. Cell 20, 1081–1088. doi: 10.1091/mbc.E08-03-0280

Sommer, M. S., and Schleiff, E. (2014). Protein targeting and transport as a necessary consequence of increased cellular complexity. Cold Spring Harb. Perspect. Biol. 6:a016055. doi: 10.1101/cshperspect.a016055

Steringer, J. P., and Nickel, W. (2018). A direct gateway into the extracellular space: Unconventional secretion of FGF2 through self-sustained plasma membrane pores. Semin. Cell Dev. Biol. 131:jcs217034. doi: 10.1016/j.semcdb.2018.02.010

Stock, J., Sarkari, P., Kreibich, S., Brefort, T., Feldbrügge, M., and Schipper, K. (2012). Applying unconventional secretion of the endochitinase Cts1 to export heterologous proteins in Ustilago maydis. J. Biotechnol. 161, 80–91. doi: 10.1016/j.jbiotec.2012.03.004

Stock, J., Terfrüchte, M., and Schipper, K. (2016). A reporter system to study unconventional secretion of proteins avoiding N-glycosylation in Ustilago maydis. Unconvent. Protein Secr. 1459, 149–160. doi: 10.1007/978-1-4939-3804-9_10

Stoffels, P., Müller, M. J., Stachurski, S., Terfrüchte, M., Schröder, S., Ihling, N., et al. (2019). Complementing the intrinsic repertoire of Ustilago maydis for degradation of the pectin backbone polygalacturonic acid. J. Biotechnol. 307, 148–163. doi: 10.1016/j.jbiotec.2019.10.022

Terfrüchte, M., Joehnk, B., Fajardo-Somera, R., Braus, G. H., Riquelme, M., Schipper, K., et al. (2014). Establishing a versatile Golden Gate cloning system for genetic engineering in fungi. Fungal Genet. Biol. 62, 1–10. doi: 10.1016/j.fgb.2013.10.012

Terfrüchte, M., Reindl, M., Jankowski, S., Sarkari, P., Feldbrügge, M., and Schipper, K. (2017). Applying unconventional secretion in Ustilago maydis for the export of functional nanobodies. Int. J. Mol. Sci. 18:937. doi: 10.3390/ijms18050937

Terfrüchte, M., Wewetzer, S., Sarkari, P., Stollewerk, D., Franz-Wachtel, M., Macek, B., et al. (2018). Tackling destructive proteolysis of unconventionally secreted heterologous proteins in Ustilago maydis. J. Biotechnol. 284, 37–51. doi: 10.1016/j.jbiotec.2018.07.035

Tsukuda, T., Carleton, S., Fotheringham, S., and Holloman, W. K. (1988). Isolation and characterization of an autonomously replicating sequence from Ustilago maydis. Mol. Cell Biol. 8, 3703–3709. doi: 10.1128/mcb.8.9.3703

Weinzierl, G., Leveleki, L., Hassel, A., Kost, G., Wanner, G., and Bölker, M. (2002). Regulation of cell separation in the dimorphic fungus Ustilago maydis. Mol. Microbiol. 45, 219–231. doi: 10.1046/j.1365-2958.2002.03010.x


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.

Copyright © 2020 Reindl, Stock, Hussnaetter, Genc, Brachmann and Schipper. 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-11-01529-g002.jpg
>

Cts1 reporter

cts1

endogenous locus (chr. 12)

B FB2CGL

rel. Cts1 activity/ODgqq (x10%)

FB21 |

cts1A

—

FB2CCL |

—
° L

rel. Cts1 activity/ODggq (x10%)

Gus reporter

oma

in upp1 locus (chr. 5)

Gus
FBZCG"

rel. Gus actmtleDsoo (x10 )

FB2-

Gus

Fa2°c-] |

S » W &

rel. Gus activity/ODggq (x10?)

LacZ reporter

Poma

in pep4 locus (chr. 15)

LacZ
FBZCG"

reI LacZ actnvutyIODsoo

Fe2{ |

LacZ |

FB2CCL |






OPS/images/fmicb-11-01529-g003.jpg
X-Gal/LacZ

. X-Gluc/Gus

B 700-
600' I :| Cts1int
int
_ 500- 1 Gus
X 1 Lacz™
> 400+
= 0 Cts1*
qaa 200__ — —_ Bl Gus®
©
= 150- Al ] Bl | acZ
100 T
50-
01— ' 'l.l.l_-----.'..l.l_-----.'....._
0’ > N Y %
O N R N S
& & & & &
Cts1

C secretion






OPS/images/fmicb-11-01529-g001.jpg
UV mutagenesis of FB2CCL

-

High-throughput ©
screening
(LacZ activity) &§”
Colorless, normal
size colonies
®
Confirmation v o
Gus activi '
( ty) - %

l Colorless colonies

Liquid assays
(Cts1, LacZ and
Gus activity) -

1= progeny

Diminished extra-
cellular activities

l SNPs in ORFs

Secretory mutants






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Novel Factor Essential for Unconventional Secretion of Chitinase Cts1



		INTRODUCTION



		MATERIALS AND METHODS



		Molecular Biology Methods



		Strains and Cultivation Conditions



		Generation of a Compatible Strain by Genetic Crossings



		Mixing Experiments to Distinguish Intra- and Extracellular Reporter Activities



		Gus/LacZ Activity Plate and Membrane Assays



		UV Mutagenesis



		Screening for Diminished Reporter Secretion



		Generation of Cell Extracts and Supernatants



		Quantitative Determination of Gus and LacZ Activity



		Quantitative Determination of Cts1 Activity



		Plant Infection and Genetic Back-Crosses



		Spore Germination and Analysis of Progeny



		Mating Assay



		Genome Sequencing and Assembly



		Identification of Genomic Mutations



		Protein Precipitation From Culture Supernatants



		SDS-Page and Western Blot Analysis



		Yeast-Two Hybrid Assays



		Microscopy, Image Processing, and Staining Procedures







		RESULTS



		A Genetic Screen for Mutants Impaired in Cts1 Secretion Identifies a Novel Component



		Jps1 Is Essential for Cts1 Localization and Secretion







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-11-01529-t001.jpg
Strains

FB1a

FB2?2

AB33

FB6a?

FB6b?

FB2 lacZ-cis1
(screening
progenitor)
:BQCGL

(screening strain)

FB1CCL (strain used
or back-crossings)

FB2 Guscyt

FB2 LacZoyt

FB2CCLmut1

FB2CCLmut2

FB2CCLmut3

AB33 jps1G

AB33 cts1G

AB33 jps1mC/
Cts1G

AB33 jps1A

AB33cts1A

Relevant
genotype/resistance

alb1 (wild type)
azb2 (wild type)

a2 PrarbW2bET
PhleoR

azbi
aib2

azb2
pep4::[Poma:lacZ:shh:cts1]
NatR

azb2

upp1:: [Pomagus:shh:cts1]HygR
pep4::[Poma:lacZ:shh:cts1]
NatR

aib1

upp1:: [Pomagus:shh:cts1]HygR
pep4::[Poma:lacZ:shh:cts1]
NatR

azb2

inS

[Pomagus:shhjip™

CbxR

azb2
inS
[PomalacZ:shhjip?
CbxR

azb2

upp1:: [Pomagus:shh:cts1]HygR
pep4::[Poma:lacZ:shh:cts1]
NatR +

UV-induced mutations #24-8
azb2

upp1:: [Pomagus:shh:cts1]HygR
pep4::[Poma:lacZ:shh:cts1]
NatR +

UV-induced mutations #4-13
azb2

upp1:: [Pomagus:shh:cts1]HygR
pep4::[Poma:lacZ:shh:cts1]
NatR +

UV-induced mutations #3-10
a2 PnarbW2bE1

PhleoR

ipS[Pppst ::umag_03776:gfojio"
CbxR

a2 PparbW2bET

PhleoR

umag_10419:gfo NatR

a2 PparbW2bET

PhleoR umag_10419:gfo NatR
umag_03776:mcherry

HygR

a2 PparbW2bET

PhleoR

a2 PnarbW2bE1

PhleoR

umag_10419A HygR

Strain collection
no. (UMa)

51

52

133

55

56

1501

1502

1647

1607

1508

1795

1831

1830

2299

388

2048

2092

387

Plasmids
transformed/resistance

/

pAB33 (Brachmann et al.,
2001)

/

pUMa2373 /
lacZ-Cts1_NatR

pUMa2374 /
gus-cts1_HygR

pUMa2335 / gus_cbxR

pUMa2336 / lacZ_cbxR

pUMa3293 / CbxR

pUMa828 (pCts1G-NatR)
(Koepke et al., 2011)

pUMa3034 / HygR

pUMa2775 /

HygR

pUMa780 (pCts1A-HygR)
(Koepke et al., 2011)

Manipulated locus

umag_
04926 (pep4) (Sarkari et al.,
2014)

umag_
02178 (upp1) (Sarkari et al.,
2014)

cbx

cbx

UV mutagenized (Figure 3;
Supplementary Figure S5)

UV mutagenized (Figure 3;
Supplementary Figure S5).

UV mutagenized (Figure 3;
Supplementary Figure S5).

cbx

umag_10419 (cts1)

umag._
03776 (jos1)

umag_
03776 (jps1)
umag_10419 (cts1)

Progenitor (UMa)

Cross of wild type strains
UM518 x UM521

Cross of wild type strains
UM518 x UM521

UMab2

Cross of wild type strains
UM518 x UM521

Cross of wild type strains
UM518 x UM521

UMab2

UMa1501 (Screening
progenitor)

Derivative of crossing
between FB1 and FB2°C-

UMa52

52 (FB2)

UMa1502 (screening strain)

UMa1502 (screening strain)

UMa1502 (screening strain)

UMa133

UMa133

UMa388

UMa133

133

References

Banuett and Herskowitz (1989)

Banuett and Herskowitz (1989)

Brachmann et al. (2001)

Banuett and Herskowitz (1989)

Banuett and Herskowitz (1989)

This study

This study

This study

This study

This study

This study

This study

This study

This study

Koepke et al. (2011)

This study

This study

Koepke et al. (2011)

aFB1, FB2, FB6a, and FB6b are used as tester strains for mating and are derived from the same spore obtained after crossing of the wild type strains UM518 and UM521 (Banuett and Herskowitz, 1989).





OPS/images/cover.jpg
’ frontiers
in Microbiology

A Novel Factor Essential
for Unconventional Secretion
of Chitinase Cts1





OPS/images/fmicb-11-01529-t002.jpg
Designation Nucleotide sequence (5-3')

oDD691 TGACCGTCAACGCATGGC

oDD692 TCGAGAATCGTGGTACCG

oDD693 TTGCAGCCTACAGGCAGG

oDD694 ACGGTGTGGCTGGAGTGG

oDD695 CATCGGTATGCTTGGCTC

oDD696 AGCGTCGAATTGACCGCC

obD697 GCTGTCAGAGGCGTTTCA

obD698 CCCAGAACAGCGCGTTCA
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oDD731 AGACTCGGCTGCAGCAGC

obD732 AAGCTGGACAGGAGTGGG

oDD733 AGATCGTAGCCGCCTTCG

obD734 TTGCTCCATCGTTGCCCG

obD735 CGTGAACGTCGCCCCGTA

oDD736 ATGACCAAATCGCCGCCC

obD737 TGACGCTCCCTGCTCTCC

obD815 ATAGCTCTTCCGTGCAATATTGTGCTGTGAAGAGTCTCG

oDD816 ATAGCTCTTCCGGCCGATTTGCAAGTCGTGGGC

obD819 ATAGCTCTTCCCCTCCGCTCCGCATCCCTCGACC

oDD820 ATAGCTCTTCCGACAATATTCATCTACGACGAGATTGGAGG

obD824 ATAGCTCTTCCGTGCAATATTTGACAACCTCGTCGGG

obD825 ATAGCTCTTCCCGAGGATTCCGCATCGATTGGG
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oMB203 GATTACAGGCCATTACGGCCATGTTTGGACGTCTTAAGCACAGG

oMB204 GATTACAGGCCGAGGCGGCCTTACTTGAGGCCGTTCTTG
ACATTGTCCC

oMB372 TTAGGCGCGCCATGCCAGGCATCTCC

oMB373 TTAGGGCCCTTAGGATTCCGCATCGATTGGGG

oMB520 CATGAATTCGGATTCCGCATCGATTGGGG

oMB521 TCAGAATTCATGGTGAGCAAGGGCGAGG

oMB522 CATGCGGCCGCCTTACTTGTACAGCTCGTCC

oMF502 ACGACGTTGTAAAACGACGGCCAG

oMF503 TTCACACAGGAAACAGCTATGACC
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oRL273 GCACTAGTATTGATCGTTCCAGAGCACG

oRL1124 AGAGTTTGATCMTGGCTCAG

oRL1125 GACGGGCRGTGWGTRCA

oRL1982 GGTCTCGCCTGCATTTAAATAGGAACGCCGCGTCGGC
ORL1983 GGTCTCCAGGCCTGTCTTGAAGTGAATGTCGG

oRL1984 GGTCTCCGGCCCTGTTGTTCAGTAGCAATGTG

ORL1985 GGTCTCGCTGCATTTAAATCACCCATTCGTGATTCACCAC
oUPB5 GGAATTCCATATGGCGAGCCTTGAGGCTGCGTTCC
oUP66 CGGGATCCGATTTGCAAGTCGTGGGCCTTCG
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