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Bacterial endosymbionts occur in diverse fungi, including members of many lineages of Ascomycota that inhabit living plants. These endosymbiotic bacteria (endohyphal bacteria, EHB) often can be removed from living fungi by antibiotic treatment, providing an opportunity to assess their effects on functional traits of their fungal hosts. We examined the effects of an endohyphal bacterium (Chitinophaga sp., Bacteroidetes) on substrate use by its host, a seed-associated strain of the fungus Fusarium keratoplasticum, by comparing growth between naturally infected and cured fungal strains across 95 carbon sources with a Biolog® phenotypic microarray. Across the majority of substrates (62%), the strain harboring the bacterium significantly outperformed the cured strain as measured by respiration and hyphal density. These substrates included many that are important for plant- and seed-fungus interactions, such as D-trehalose, myo-inositol, and sucrose, highlighting the potential influence of EHB on the breadth and efficiency of substrate use by an important Fusarium species. Cases in which the cured strain outperformed the strain harboring the bacterium were observed in only 5% of substrates. We propose that additive or synergistic substrate use by the fungus-bacterium pair enhances fungal growth in this association. More generally, alteration of the breadth or efficiency of substrate use by dispensable EHB may change fungal niches in short timeframes, potentially shaping fungal ecology and the outcomes of fungal-host interactions.
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INTRODUCTION

Plant-fungus interactions shape plant health and productivity in all terrestrial ecosystems (Heilmann-Clausen and Boddy, 2008; Kivlin et al., 2011; Tedersoo et al., 2014; Davison et al., 2015). Pathogens can negatively influence photosynthesis, nutrient- and water uptake and transport, structural integrity, reproduction, and seed germination of their hosts (Blanchette, 1991; Agrios, 1997; Gallery et al., 2007; Grimmer et al., 2012; Oliva et al., 2014). In turn, mycorrhizal fungi and some endophytes may enhance nutrient uptake and growth, alter plant water relations, or deter antagonistic microbes or herbivores (Arnold et al., 2003; Waller et al., 2005; Arnold and Engelbrecht, 2007; Busby et al., 2015; Estrada et al., 2015; van der Heijden et al., 2015).

Outcomes of such interactions are influenced by genetic and environmental factors (Schafer and Kotanen, 2003; Gallery et al., 2010; see Agrios, 1997; Jones and Dangl, 2006), but also can be shaped by additional microorganisms that alter fungal phenotypes (Frey-Klett et al., 2007; Márquez et al., 2007). Such microbes may occur on the exterior surfaces or interior of fungal cells, where they can alter sporulation, substrate use, metabolite production, and other features relevant to fungal interactions with plants (Partida-Martínez and Hertweck, 2005; Salvioli et al., 2010; Hoffman et al., 2013; Spraker et al., 2016). In particular, many plant-associated fungi harbor endosymbiotic bacteria (hereafter, endohyphal bacteria, EHB) that can affect host function and subsequent plant-fungus interactions (Partida-Martínez and Hertweck, 2005; Hoffman et al., 2013; Salvioli et al., 2016). EHB are known among diverse fungi (Hoffman and Arnold, 2010; Desirò et al., 2015; Shaffer et al., 2016), but only a few have been developed as model systems in which their effects have been observed.

The majority of studies to date focus on EHB in diverse root-associated and soilborne fungi, particularly Mucoromycotina, Mortierellomycotina, and Glomeromycotina (Bianciotto et al., 2003; Bertaux et al., 2005; Partida-Martínez et al., 2007b; Sharma et al., 2008; Sato et al., 2010; Desirò et al., 2015). Many of these EHB influence the phenotype of their fungal hosts. For example, the bacterium Burkholderia rhizoxinica produces a virulence factor that enables its host fungus Rhizopus microsporus (Mucoromycotina) to cause disease on rice (Partida-Martínez and Hertweck, 2005; Partida-Martínez et al., 2007b). When the bacterium is removed, the fungus is no longer pathogenic and loses the ability to reproduce asexually (Partida-Martínez and Hertweck, 2005; Partida-Martínez et al., 2007a). The bacterium Candidatus Glomeribacter gigasporarum increases responsiveness to strigolactones exuded by roots, enhancing hyphal elongation and branching relevant to mycorrhizal establishment by Gigaspora margarita (Gigasporaceae, Glomeromycotina) (Bianciotto et al., 1996, 2003, 2004; Lumini et al., 2007; Anca et al., 2009).

EHB also occur in Basidiomycota, with case studies beginning to highlight the functional aspects of their associations in rhizosphere and phyllosphere fungi (Bertaux et al., 2005; Izumi et al., 2005; Sharma et al., 2008; Ruiz-Herrera et al., 2015). For example, Rhizobium radiobacter (syn. Agrobacterium tumefaciens), like its host, Piriformospora indica (Sebacinales), can promote growth and induce disease resistance in barley (Sharma et al., 2008). Similarly, a Bacillus sp. fixes and makes available atmospheric nitrogen within cells of Ustilago maydis (Ustilaginomycotina; Ruiz-Herrera et al., 2015).

EHB recently have been documented in diverse Ascomycota, including members of multiple classes (Pezizomycetes, Eurotiomycetes, Dothideomycetes, and Sordariomycetes) and multiple functional groups (Barbieri et al., 2000; Hoffman and Arnold, 2010; Shaffer et al., 2016). They are widespread in foliar endophytes and in soilborne Ascomycota (e.g., those that interact with seeds; Hoffman and Arnold, 2010; Shaffer et al., 2016). To date their functional significance has been assessed in detail in only one study system: the foliar endophyte Pestalotiopsis sp. (Amphisphaeriaceae, Xylariales, Sordariomycetes) and its EHB, Luteibacter sp. (Xanthomonadaceae, Gammaproteobacteria; Hoffman et al., 2013; Arendt, 2015). More generally, studies of EHB in the Ascomycota and other fungi have focused primarily on Proteobacteria, Firmicutes, and Mollicutes (e.g., Desirò et al., 2015; see also Baltrus et al., 2016), leaving gaps with regard to the potential for symbiotic modulation of fungal phenotypes by members of other bacterial lineages.

Here, we use a phenotypic microarray (PM) to explore the influence of an EHB on its fungal host under laboratory conditions. Approaches to evaluate phenotypic effects of EHB on host fungi range from predictive analyses based on genomics and related tools to assays that use infected and cured strains of the same fungus (Anca et al., 2009; Ghignone et al., 2012; Hoffman et al., 2013). The advantage of our approach is that it allows quantification of respiration and growth on 95 substrates simultaneously, providing within-experiment controls and comparisons that are not subject to variation introduced in a lower-throughput framework (Atanasova et al., 2010; Druzhinina et al., 2010; Blumenstein et al., 2015a,b). PMs have been used in diverse studies involving bacteria (reviewed in Bochner, 2008), and since their development have been extended to work with fungi, including yeasts and filamentous strains (reviewed in Bochner, 2003; Druzhinina et al., 2006; Atanasova and Druzhinina, 2010; Pfliegler et al., 2014). To our knowledge, PMs have not been used previously to explore interactions among microbes or more specifically, the effects of bacterial endosymbionts on fungal phenotypes.

In this study we focus on a lineage of bacteria that has not yet been evaluated for phenotypic modulation of fungi: the Bacteroidetes, a diverse clade of Gram-negative, non-endospore forming bacteria that are known from soils and from diverse symbiotic associations (Krieg et al., 2010; Thomas et al., 2011). Specifically we examine the effects of a strain of Chitinophaga sp. (Bacteroidetes) on substrate use by its host fungus, a strain of Fusarium keratoplasticum (F. solani species complex, FSSC, sensu Short et al., 2013). The fungal strain was originally isolated from the interior of a seed of a tropical tree that was retrieved from soil in a tropical forest. Subcultures of the strain consistently harbor Chitinophaga sp., and preliminary analyses indicated that this bacterium can be removed by antibiotic treatment. Here we show that this endohyphal Chitinophaga alters substrate use and substrate-specific growth by its host fungus. Our results highlight the importance of EHB with regard to shaping fungal phenotypes relevant to plant-fungus interactions and demonstrate the capacity of a focal member of the Bacteroidetes to alter the functional traits of a fungal species that includes medically and ecologically important strains.

MATERIALS AND METHODS

As part of a previous study (Sarmiento et al., 2015; Zalamea et al., 2015), a fungus was isolated from a seed of Cecropia insignis (Urticaceae) that had been buried for 1 month in the soil in the tropical forest understory at Barro Colorado Island, Panama (9° 10′N, 79° 51′W; 86 m.a.s.l.; for a site description see Leigh, 1999). The seed was retrieved from the soil, washed in water, and surface-sterilized by sequential immersion in 95% ethanol (10 s), diluted chlorine bleach (0.525% NaClO; 2 min), and 70% ethanol (2 min) (Arnold and Lutzoni, 2007). The seed was cut in half and allowed to surface-dry under sterile conditions. One half of the seed was placed on 2% malt extract agar (MEA) following Gallery et al. (2007). Fungal isolate PS0362A, containing its bacterial symbiont, grew from the interior of the seed. PS0362A was deposited as a living voucher at the Robert L. Gilbertson Mycological Herbarium, University of Arizona.

Phylogenetic analyses based on three loci identified PS0362A as F. keratoplasticum, a member of the Fusarium solani species complex (FSSC) (Nectriaceae, Hypocreales, Sordariomycetes, Ascomycota; Shaffer et al., 2016). Its bacterial symbiont was observed during screening and was identified by phylogenetic analysis of the 16S ribosomal RNA (rRNA) gene as Chitinophaga sp. PS-EHB01 (Bacteroidetes) (Shaffer et al., 2016). We have refined the placement of Chitinophaga sp. PS-EHB01 within the Chitinophagaceae by focusing taxon sampling and inferring a new 16S phylogeny, confirming its taxonomic identity (see Supplementary Materials and Methods).

Preparation of Axenic Fungal Culture

Fusarium keratoplasticum PS0362A was naturally infected by Chitinophaga sp. PS-EHB01. We prepared an axenic strain of the fungus by subculturing hyphae under sterile conditions on 2% MEA amended with four antibiotics: ampicillin (100 μg/mL), kanamycin (50 μg/mL), tetracycline (10 μg/mL), and ciprofloxacin (40 μg/mL; see Hoffman and Arnold, 2010; Hoffman et al., 2013; Arendt et al., 2016). We refer to clones of the naturally infected fungus as the EHB+ strain, and those of the axenic fungus as the EHB− strain.

We confirmed the presence or absence of Chitinophaga sp. PS-EHB01 in F. keratoplasticum PS0362A through light microscopy, molecular analysis, and fluorescence microscopy. We first ruled out extrahyphal bacteria (i.e., contaminants in the medium or microbes on hyphal surfaces; see Supplementary Figure 1) by examining five samples of hyphae per culture at 400X and 1,000X on a Leica DM400B compound microscope. We did not observe extrahyphal bacteria in any cultures of the EHB+ or EHB− strains used here.

We extracted total genomic DNA from fresh mycelia of EHB+ and EHB− strains using the REDExtract-N-Amp Plant Kit (Sigma-Aldrich, St. Louis, MO, USA) following a modified protocol (see U'Ren, 2016; U'Ren et al., 2016). We prepared five separate DNA extractions per strain type. We used the polymerase chain reaction (PCR) to amplify a ca. 1,400 base pair (bp) segment of the 16S rRNA gene (forward primer 27F, reverse primer 1492R; 10 μM; Lane, 1991) with PCR cycling parameters following Hoffman and Arnold (2010) (3 min at 94°C, 40 cycles of 30 s at 94°C, 30 s at 55°C, and 2 min at 72°C, followed by 10 min at 72°C). For each reaction we used 10 μL of PCR Ready Mix, 0.8 μL of each primer, 4.4 μL of molecular grade water, and 4 μL of DNA template. We used molecular grade water instead of template in negative controls. Negative controls never resulted in visible, positive PCR products. Positive controls consisted of a bacterial strain that was amplified consistently with these primers. Positive controls yielded amplification as expected in every PCR.

Positive PCR products were cleaned by adding 1 μL ExoSAP-IT (Affymetrix, Santa Clara, CA, USA) to each of the remaining products. Reactions were incubated on a thermal cycler at 37°C for 60 min, and then at 80°C for 15 min to deactivate enzymes. Cleaned PCR products were diluted 1:1 with molecular grade water and sequenced bidirectionally on an AB3730XL (Applied Biosystems, Foster City, CA, USA) using PCR primers (5 μM) at the University of Arizona Genomics Core.

An assembly pipeline consisting of phred and phrap (Ewing and Green, 1998; Ewing et al., 1998) driven by Chromaseq (Maddison and Maddison, 2005) in Mesquite v.2.75 (Maddison and Maddison, 2009) was used to call bases and assemble bidirectional reads into contigs. Base calls were verified by manual inspection of all chromatograms in Sequencher v.5.1 (Gene Codes Corp., Ann Arbor, MI, USA).

We consistently found Chitinophaga sp. PS-EHB01 in cultures of the EHB+ strain of F. keratoplasticum PS0362A. No other bacteria were observed in that strain. Chitinophaga sp. PS-EHB01 was not detected in cultures of the EHB− strain of F. keratoplasticum PS0362A, and we observed no other bacteria in clones of that strain.

To confirm that Chitinophaga sp. PS-EHB01 was viable and that it occurred within viable hyphae, we examined living hyphae by microscopy with the Live/Dead BacLight Bacterial Viability Kit (Invitrogen, Carlsbad, CA, USA) following Hoffman and Arnold (2010). The kit provides a two-color fluorescence assay of bacterial viability that uses two dyes: SYTO 9, a green-fluorescent nucleic acid stain that labels all cells, and propidium iodide, a red-fluorescent nucleic acid stain that labels only those cells with damaged or otherwise compromised cell membranes (see manufacturer's instructions).

We prepared fungal cultures for Live/Dead visualization by removing a small piece of mycelium (≤2-mm2) from the growing edge of a single colony growing on 2% MEA. Fragments were aseptically transferred to glass slides containing 20 μL of 1:1:18 Live/Dead stain (component A: component B: molecular grade water), teased apart using sterile insect mounting needles (size 00; BioQuip, Rancho Dominguez, CA, USA), covered with a coverslip, and incubated in the dark for 15 min. After incubation, we washed the mycelium by pulling molecular grade water through the slide mounts with bibulous paper and sealed the slides with two coats of nail polish. We used a Leica DM400B compound microscope with a 100-W mercury arc lamp for fluorescent imaging. Samples were viewed at room temperature with a Chroma Technology 35002 filter set (480-nm excitation/520-nm emission) and 100X APO oil objective.

Cultures of the EHB+ strain of F. keratoplasticum PS0362A consistently displayed fluorescence of nucleic acids distinct from fungal mitochondrial or nuclear DNA (Figure 1). Combined with the absence of extrahyphal bacteria and successful amplification of Chitinophaga sp. PS-EHB01 16S rRNA genes from genomic DNA isolated directly from the fungal culture, these results served as evidence of EHB+ status (Hoffman and Arnold, 2010; Arendt et al., 2016; Shaffer et al., 2016). Cultures of the EHB− strain did not contain visible fluorescence as above (Figure 1), and PCR amplification of bacterial 16S rRNA genes failed in these strains. The EHB+ and EHB− status of F. keratoplasticum PS0362A strains was confirmed before and after preliminary assays and Biolog® assays (below).
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FIGURE 1. Fusarium keratoplasticum strain PS0362A. (A) Details of culture on 2% MEA: hyphae, conidiophores, and macroconidia. (B) Conidiophores bearing macroconidia. (C) The EHB+ strain. Fluorescently tagged nucleic acids of viable bacteria appear green, those with damaged membranes in red, and compromised fungal organelles in orange. (D) Same frame as (C) viewed with differential interference contrast (DIC). In (C,D), orange arrows indicate fungal nuclei, green arrows indicate viable EHB, and the red arrow indicates inviable EHB. (E) The cured strain (EHB−). Fluorescently tagged nucleic acids of compromised fungal organelles in orange. (F) Same frame as (E) viewed with DIC. In (E,F), orange arrows indicate fungal nuclei. In all images fungal mycelium was alive at the outset of preparation but was inactivated during the visualization process. Scale bars = 10 μm.



Preliminary Assays

We compared colony diameter and spore production between EHB+ and EHB− strains of F. keratoplasticum PS0362A by comparing five clones of each strain growing on 2% MEA. For each clone, we placed a 4-mm plug onto 2% MEA (15 mL) in a 100-mm Petri plate. Each plug was excised from just within the growing edge of a fresh culture growing for 5 days on 2% MEA in a 100-mm Petri plate. Plates were then incubated at 25°C for 10 d. At that point the colony diameter was ca. 5 mm from the edge of a 100-mm Petri plate, and aerial hyphae were numerous. To compare colony diameter, we marked the diameter of each clone across two orthogonal axes using a fine tip permanent marker, photographed each culture plate with aid from a tracing LED lightbox, and obtained the colony diameter for each clone by taking the average of the two axes as measured in ImageJ (Schneider et al., 2012). To compare spore production, we obtained spores from each clone by flooding the surface of the plate with 5 mL of sterilized milli-q H2O (sH2O), scraped the surface using a sterile rubber policeperson, and transferred the suspension to a sterile 50-mL Falcon tube (Corning, NY, USA). For each clone, we quantified the number of spores per mL of suspension using a hemocytometer.

Biolog® Assays

We used commercially available Biolog® microplates for phenotypic microarray assays. Biolog® filamentous fungus (FF) microplates (Catalog #1006, Biolog Inc., Hayward, CA, USA) are 96-well microtiter plates containing 95 unique carbon sources and one negative control (H2O) (Supplementary Table 1). Substrates and reagents are pre-filled and dried into wells. Redox chemistry based on the reduction of iodonitrotetrazolium violet (INT) produces a red-colored formazan dye with peak absorbance at 490 nm (Bochner and Savageau, 1977; Kubicek et al., 2003). This provides a colorimetric measure of mitochondrial activity resulting from substrate use (i.e., oxidation of succinate to fumarate in the citric acid cycle causes INT to be reduced; Bochner and Savageau, 1977; Bochner, 1989; Bochner et al., 2001; Kubicek et al., 2003). Reduction of INT and production of formazan cannot be reversed, and the quantitative measure of formazan accumulation by spectrophotometry reflects oxidation of the substrate in a particular well (Bochner, 1989; Bochner et al., 2001; Kubicek et al., 2003). In turn, reading the plates at 750 nm measures turbidity, which reflects growth of the fungus through substrate use and production of mycelium (Kubicek et al., 2003; Druzhinina et al., 2006; Atanasova and Druzhinina, 2010; Blumenstein et al., 2015b). Based on these measurements, the plates can distinguish even closely related strains within fungal species (Singh, 2009; Atanasova and Druzhinina, 2010).

Although FF microplates were designed for use with sporulating fungi, non-sporulating fungi can be evaluated on the plates following inoculation with homogenous hyphal suspensions (Singh, 2009). We assessed effects of EHB using hyphal suspensions for two reasons: first, the fungus produces conidia but we have not yet observed EHB in conidia of PS0362A following staining as described above (Supplementary Figure 2). Second, the fungus appears to colonize seeds as hyphae in natural conditions (Sarmiento et al., 2015).

We prepared inoculum by incubating mycelium from two clones of the EHB+ strain and two clones of the EHB− strain of F. keratoplasticum PS0362A on 2% MEA at 25°C for 10 d. At that point the colony diameter was ca. 5 mm from the edge of a 100-mm Petri plate, and aerial hyphae were numerous, as above. We flooded the surface of each plate with 5 mL of sH2O, scraped the surface using a sterile rubber policeperson, and combined suspension from both plates of the same EHB status by pouring into a sterile 50-mL Falcon tube. We separated and excluded conidia by filtering the suspensions through three layers of sterile cheesecloth, discarding the filtrate, and transferring trapped hyphae to new tubes. We brought the total volume of each tube up to 20 mL with 0.2% carrageenan type II media (see Hobbie et al., 2003). We then transferred each suspension to a sterile Waring blender cup and blended for 20 s. The suspension was allowed to cool for 20 s and then blended again for 20 s (see Gale et al., 1960; Orbach et al., 1996). We let each suspension rest for 10 min to allow large fragments to fall out of suspension, and diluted each with 0.2% carrageenan type II media to obtain an absorbance of 0.22 at 600 nm. We added 3 mL of this diluted suspension to 27 mL of 0.2% carrageenan type II media to produce the final hyphal suspension (Hobbie et al., 2003) (Supplementary Figure 3). We allowed suspensions to sit for 6 h at room temperature, confirming that any remaining conidia had germinated and produced at least one septum distal to the germ tube (Supplementary Figure 3B).

We inoculated 100 μL of suspension into each well of each microplate, pipetting carefully to avoid creating bubbles, and sealed each plate with a double layer of Parafilm (Bemis, Neenah, WI, USA). We prepared five replicate microplates for EHB+ and EHB− strains, wrapped all ten plates in aluminum foil, placed them into a plastic freezer bag with moistened paper towels to prevent drying, and incubated them at 25°C. Preliminary examination of hyphal suspension added to a synthetic glucose medium (20 mM) confirmed viability and growth of the inocula prepared as above.

We obtained data for substrate use by reading plates at 490 nm (absorbance corresponding to cellular respiration) and 750 nm (absorbance corresponding to hyphal density) every 12 h for 7 d. Plates were read using a Synergy H1 hybrid reader and accompanying Gen5 v.1.11 software package (BioTek, Winooski, VT, USA). We defined absorbance for a given strain on a given substrate on a given plate ([image: image]) as the value read at a given wavelength (λ) at a specific time point during the experiment (t), and total absorbance by a given strain on a given substrate ([image: image]) as the mean absorbance from five replicate plates, measured at a given wavelength (λ) at a specified time point during the experiment (t). As previous studies have shown the absorbance spectrum of hyaline mycelium to be level over wavelengths from 490 to 750 nm, an adjusted redox value for the production of formazan is obtained by subtracting the absorbance for hyphal density (750 nm) from that for cellular respiration (490 nm; Tanzer et al., 2003; Atanasova and Druzhinina, 2010). We therefore define the corrected absorbance at 490 nm as Ac490 = A490 − A750.

Absorbance measurements corresponding to respiration (Ac490) and hyphal density (A750) were highly positively correlated (Kendall's τ = 0.68, p < 2.2 × 10−16; Figure 2). Furthermore, because similar studies may use indicator dyes other than INT (see Bochner and Savageau, 1977) and redox-based color formation by filamentous fungi does not always correlate with growth as with bacteria and yeasts (Atanasova and Druzhinina, 2010), absorbance values corresponding to hyphal density (750 nm) are more consistent across different growth conditions and hyphal morphologies. Absorbance values corresponding to hyphal density also are more often reported and therefore more comparable among studies (Tanzer et al., 2003; Atanasova and Druzhinina, 2010). Thus, we focus our results on measurements of absorbance (i.e., turbidity) corresponding to hyphal density (A750), which we refer to as growth (below).
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FIGURE 2. Absorbance measurements corresponding to cellular respiration (Ac490) and hyphal density (A750) were highly correlated. Values were log transformed prior to analysis.



Measurable growth was defined as 0.3 < [image: image] ≤ 3.0 (see Figure 3), where the upper bound represents 99.9% light absorbance and the lower bound the value that best differentiates growth in the lag phase (i.e., negligible growth) from that reaching the log/exponential phase, across all substrates. We recognized absorbance values at which strains reach stationary phase as representing the maximum capacity for growth on that substrate. We observed a range of growth corresponding to 0.31 ≤ [image: image] ≤ 2.54. Overall we recognized five major outcomes: (1) negligible growth by both EHB+ and EHB− strains ([image: image] ≤ 0.3), (2) measurable growth by both, but no difference in growth between EHB+ and EHB− strains, (3) measurable growth by the EHB+ strain but negligible growth by the EHB− strain, (4) measurable growth by both, with the EHB− strain reaching a higher density, and (5) measurable growth by both, with the EHB+ strain reaching a higher density.
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FIGURE 3. Total absorbance for EHB+ and EHB− strains of Fusarium keratoplasticum PS0362A across all substrates on Biolog® phenotypic microarrays over 7 d. Light- and dark-orange lines represent absorbance at 490 nm (i.e., cellular respiration). Light- and dark-blue lines represent absorbance at 750 nm (i.e., hyphal density, defined here as growth). Dark, dotted lines with open circles indicate absorbance for EHB+ strains. Light, solid lines with filled circles indicate absorbance for EHB− strains. Colored squares indicate different substrate classes. The horizontal line at Absorbance = 0.3 indicates the minimum absorbance value recognized. The vertical line at Day = 7 indicates the time point for which absorbance values were formally compared. (A) Sugar-based substrates. (B) Amino- and carboxylic acids, their derivatives, and other substrates.



Statistical Analyses

For preliminary assays, we compared colony diameter and spore production between EHB+ and EHB− strains using Welch t-tests. For Biolog® assays, we compared differences in global substrate use (i.e., growth across all substrates) between EHB+ and EHB− strains of F. keratoplasticum PS0362A using hierarchical clustering and permutational multivariate analysis of variance (PERMANOVA; Anderson, 2001; Anderson and ter Braak, 2003) based on the Bray-Curtis dissimilarity metric, as implemented in the R package vegan (R Core Team, 2015; Oksanen et al., 2016). For each time point, we first calculated dissimilarities among all replicate plates considering growth across all substrates. We then visualized global differences in substrate use among plates by constructing cluster dendrograms, and analyzed differences between plates inoculated with EHB+ and EHB− strains using PERMANOVA (n = 1,000 permutations). We further explored differences using non-parametric analysis of similarity (ANOSIM; n = 1,000 permutations; Clarke and Green, 1988; Clarke, 1993) and multi-response permutation procedures (MRPP; n = 1,000 permutations; Biondini et al., 1985), but given the normality of the data we focus here on results from PERMANOVA. We made comparisons for each time point in order to determine the time at which the global effect was largest. We then used that time point to evaluate differences in A750 between EHB+ vs. EHB− strains for focal substrates using Welch t-tests. We controlled for the rate of type I errors inherent in making multiple comparisons by using the false discovery rate-controlling method of Benjamini and Hochberg (1995). The raw data and R scripts for all analyses are available online (Shaffer, 2017).

RESULTS

Naturally infected (EHB+) and cured (EHB−) strains of F. keratoplasticum PS0362A were stable under laboratory conditions and grew readily on standard growth media and on diverse substrates in Biolog® assays. Both colony diameter and spore production by EHB+ and EHB− strains were similar on 2% MEA (Supplementary Figures 4, 5). However, in Biolog® assays, growth by the fungus was significantly influenced by the presence of the EHB Chitinophaga sp. PS-EHB01 across the majority of carbon sources (Figure 3 and Supplementary Figure 6, Table 1).


Table 1. Comparison of total absorbance at 750 nm at 7 d ([image: image]) between EHB+ and EHB− strains of F. keratoplasticum PS0362A.

[image: image]



Overall the EHB+ strain used 79 of 95 carbon sources (Figure 3, Table 1). The EHB− strain used 77 of 95 of carbon sources, including all of those used by the EHB+ strain except for one disaccharide and one brominated chemical (see below; Figure 3 and Supplementary Figure 6, Table 1).

Global substrate use (i.e., growth across all substrates considered simultaneously) differed significantly between EHB+ and EHB− strains after 1 day and differentiated further throughout the remainder of the experiment (Figure 4, Table 2). For many substrates the initial growth rates of EHB+ and EHB− strains were similar; however, the hyphal densities at which EHB− strains reached stationary phase were often significantly lower than those at which EHB+ strains reached stationary phase (e.g., N-acetyl-D-glucosamine, L-proline, γ-aminobutyric acid, L-ornithine, quinic acid, D-gluconic acid, putrescine; Figure 3, Table 1). PERMANOVA indicated that global differences were greatest at 7 d (Figure 4D, Table 2); therefore, we used this time point for comparing growth between EHB+ and EHB− strains on individual substrates. We classified our results into four general outcomes, as described below.
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FIGURE 4. Cluster dendrograms summarizing differences in global substrate use at 1, 2, 4.5, and 7 d among EHB+ and EHB− replicate Biolog® PMs. Distances represent Bray-Curtis dissimilarities. Results from a permutational multivariate analysis of variance (PERMANOVA) are shown for each time point. Panels show differences at (A) 1 d, (B) 2 d, (C) 4.5 d, and (D) 7 d.




Table 2. Summary of differences in global substrate use between EHB+ and EHB− strains over 7 d.

[image: image]



The 17 substrates on which we observed negligible growth by both the EHB+ and EHB− strains (Outcome 1) included diverse monosaccharides (e.g., D-psicose), amino sugars (e.g., N-acetyl-D-galactosamine), amino acids (e.g., glycyl-L-glutamic acid), amides (e.g., alaninamide), and phosphorylated chemicals (e.g., glucose-1-phosphate), in addition to water (Figure 3, Table 1).

EHB+ and EHB− strains both used, but did not differ in growth on, 15 substrates (Outcome 2; Figure 3, Table 1). These included diverse monosaccharides (e.g., D-fructose), sugar alcohols (e.g., D-mannitol), amino acids (e.g., phenylalanine), and carboxylic acids (e.g., fumaric acid).

On two substrates we observed measurable growth by the EHB+ strain and negligible growth by the EHB− strain (Outcome 3). These were lactulose and bromosuccinic acid, on which the EHB+ strain only grew to [image: image] = 0.66 and 0.39, respectively (Figure 3, Table 1).

We observed measurable and significantly different growth between EHB+ and EHB− strains on 64 carbon sources (Figure 3, Table 1). The EHB− strain grew to a higher density on five substrates (Outcome 4), including one monosaccharide (D-arabinose), two stereoisomeric forms of one carboxylic acid (D- and L-malic acid), and one amide (succinamic acid; Figure 3, Table 1). The EHB+ strain grew to a higher density on 59 substrates (Outcome 5), including over three-quarters of all sugar-based substrates (77%), and most amino- and carboxylic acids and their derivatives (58 and 60%, respectively) (Figure 3, Table 1).

We repeated the experiment by re-curing the naturally infected strain and performing the Biolog® trial a second time. The raw data and code for analyses are available online (Shaffer, 2017). Results were consistent with those reported here.

DISCUSSION

Endohyphal bacteria (EHB) have been documented as symbionts in phylogenetically and ecologically diverse lineages of fungi (Barbieri et al., 2000; Bianciotto et al., 2003; Bertaux et al., 2005; Partida-Martínez et al., 2007b; Sharma et al., 2008; Hoffman and Arnold, 2010; Sato et al., 2010; Desirò et al., 2015; Shaffer et al., 2016). Only in a few cases have their effects been explored. Comparative genomics and phenotypic assays have recently highlighted the importance of certain proteobacterial EHB among foliar endophytic Ascomycota (Arendt, 2015; Baltrus et al., 2016). Here we provide the first insight to the influence of EHB on broad-spectrum substrate use by a member of a clade of fungi known for their widespread pathogenicity on plants (i.e., the F. solani species complex), with a focus on a strain affiliated with seeds from tropical forest soil. The strain considered here is a member of a lineage that is known for ecologically and medically important strains (i.e., F. keratoplasticum; Short et al., 2013). Its endohyphal bacterium belongs to a genus known for their production of secondary metabolites with antimicrobial activity (i.e., Chitinophaga). More broadly, it is a member of the Bacteroidetes, a phylogenetically diverse phylum of Gram-negative bacteria that are globally distributed, exhibit many biological functions, and are well-known symbionts of mammals and insects as well as degraders of organic matter (Moran et al., 2005; Thomas et al., 2011). Similar to Proteobacteria, Bacteroidetes are often one of the most representative taxa recovered from environmental sampling of freshwater, soil, animals guts and skin, and especially the phyllosphere (Redford et al., 2010; Thomas et al., 2011). To our knowledge, no endohyphal member of the Bacteroidetes has been examined previously for its associations with fungi or its phenotypic effects on a fungal host.

Phenotypic Microarrays

Phenotypic microarrays (PMs) provide a means to obtain quantitative data in a reproducible and highly controlled manner with respect to biomass accumulation from the metabolism of specific compounds. Such data can inform diverse and emerging fields concerning microbial ecology such as community systems biology and metametabolomics, and can provide the basis for hypotheses that can be evaluated in the context of genomics and transcriptomics analyses.

Recently PMs have been used to address questions in fungal ecology and evolution, including those relevant to biotechnology applications (Greetham, 2014; Blumenstein et al., 2015a), evolutionary relationships and species concepts (Rice and Currah, 2005; Atanasova et al., 2010), carbon dynamics and niche differentiation (Lee and Magan, 1999; Hobbie et al., 2003; Friedl et al., 2008), genetic and functional diversity (Dobranic and Zak, 1999; Druzhinina et al., 2006; Grizzle and Zak, 2006; Friedl et al., 2008), and ecophysiology (Druzhinina et al., 2010). Here we used a Biolog® plate assay as a rapid and simple method for use in characterizing the influence of EHB on broad-spectrum carbon source use by a filamentous fungus.

We found that the presence of Chitinophaga sp. PS-EHB01 significantly influenced substrate use across over two-thirds (67%) of carbon sources. The EHB+ strain grew to a higher absorbance compared to the EHB− strain across the majority of substrates (62%). In general, initial growth rates of EHB+ and EHB− strains were similar; however, the absorbance values at times after which the EHB− strain reached stationary phase were significantly lower than for those for when the EHB+ strain reached stationary phase (Figure 3, Table 1). We speculate that the bacterium may serve as a metabolic enhancer, possibly releasing compounds that serve as growth factors for the host fungus, or by detoxifying or metabolizing otherwise harmful waste or growth byproducts such as reactive oxygen species known to accumulate from catabolism of certain compounds (e.g., L-ornithine, putrescine; Pegg and Casero, 2011; Salvioli et al., 2016; Vannini et al., 2016). That Chitinophaga sp. PS-EHB01 appears to be consistently associated with F. keratoplasticum PS0362A but cannot be isolated into pure culture on standard media (Shaffer, unpublished) suggests that this EHB may rely on its host fungus to acquire essential nutrients.

Perspectives from Related Species

Although their genomes have not yet been sequenced, genomic data are available for close relatives of the bacterium and fungus evaluated here (see Coleman et al., 2008; Del Rio et al., 2010). The focal bacterium is closely related to Chitinophaga pinensis (Supplementary Figure 7), which was isolated originally from soil and is known for its ability to degrade chitin (Sangkhobol and Skerman, 1981). Chitinophaga pinensis also produces antibiotics with activity against a diversity of filamentous fungi (Mohr et al., 2015). That species possesses multiple genes predicted to be involved in the metabolism of carbohydrates (n = 330) and amino acids (n = 301; Del Rio et al., 2010). The focal bacterium is also closely related to C. arvensicola (Supplementary Figure 7), a bacterium associated with amphibian skin that produces metabolites with inhibitory effects on the notorious fungal pathogen Batrachochytrium dendrobatidis, causal agent of chytridiomycosis (Loudon et al., 2014). Whether such traits are common in the Chitinophaga strain examined here remains to be determined.

Using a three-locus dataset, we showed previously that F. keratoplasticum PS0362A is part of the F. solani species complex (FSSC). The fungus studied here is closely related to FSSC Clade 3 haplotype group 2 (Shaffer et al., 2016). The closest relative with publicly available genomic data, Nectria haematococca MPVI, is in group 11-c (Short et al., 2013; Shaffer et al., 2016). Nectria haematococca MPVI occurs as a saprotroph and plant pathogen in diverse habitats (Coleman et al., 2008). Many members of the FSSC have conditionally dispensable, supernumerary chromosomes (CD chromosomes) that can influence the use of specific carbon sources (Covert, 1998; Coleman et al., 2008). CD chromosomes are mitotically stable in N. haematococca MPVI (Covert, 1998). Therefore, it is likely that the phenotypic results observed here do not reflect differential presence of CD chromosomes between EHB+ and EHB− strains, but rather a difference in the presence of the bacterium between them.

The genome of N. haematococca is highly enriched with genes coding for carbohydrate-active enzymes, including glycoside hydrolase and polysaccharide lyase genes (Coleman et al., 2008). Nectria haematococca also possesses a high number of ATP-binding cassette (ABC) transporter genes, second only to Aspergillus oryzae when compared to 10 other members of the Dikarya (Coleman et al., 2008). That the fungus studied here was able to use the majority of carbon sources regardless of EHB infection status may reflect similar gene composition. These substrates included some synthetic, non-natural compounds such as lactulose, bromosuccinic acid, and Tween® 80, emphasizing the metabolic breadth of this fungus. Strikingly, that breadth is increased markedly by the presence of Chitinophaga sp. PS-EHB01 as an EHB. Once data for both the bacterium and fungus are available, comparative genomics and transcriptomics can be used to understand metabolic interactions between the pair. More broadly, the pair could be developed to become a model system for understanding EHB of plant-associated Ascomycota.

Implications for Seed-Fungus Interactions

Fungi recruit from soil to seeds that have been dispersed to the soil seed bank, thus undergoing horizontal transmission (rather than being vertically transmitted from mother to offspring) (U'Ren et al., 2009; Sarmiento et al., 2015; Zalamea et al., 2015; Sarmiento et al., unpublished). Given this life history, seed-fungus interactions at the soil-seed interface (i.e., those involving the seed coat) are of primary interest with regard to community assembly of fungi in seeds. Furthermore, similar to bud-break or wounding (Agrios, 1997; Schädel et al., 2009; Gordon and Leveau, 2010; Savatin et al., 2014), seed germination represents a key event during which nutrients that may attract potential symbionts are released into the environment. The potential for EHB to influence seed-fungus interactions during colonization of seeds by fungi at the soil-seed interface, and during key plant life-stage transitions such as seed germination, should be investigated further.

Here we showed that the presence vs. absence of Chitinophaga sp. PS-EHB01 led to differential growth by F. keratoplasticum on most sugars, amino acids, and carboxylic acids, nearly all of which are relevant in plant biology. In particular, a number of substrates are important in the ecology of seeds, such as important global regulators (e.g., D-trehalose and myo-inositol; Loewus and Murthy, 2000; Grennan, 2007; Henry et al., 2014; Lunn et al., 2014), those metabolized or produced during seed imbibition and germination (e.g., D-trehalose, sucrose, D-raffinose, stachyose, dextrin, and L-asparagine; Atkins et al., 1975; Bewley and Black, 1978; Kuo et al., 1990; Queiroz and Cazetta, 2016), as well as those important in the metabolism of seed structural components such as the seed coat (e.g., D-mannose, L-arabinose, sucrose, D-raffinose, stachyose, myo-inositol, and L-alanine; Herold and Lewis, 1977; Bewley and Black, 1978; Kuo et al., 1990; Buckeridge et al., 2000; Loewus and Murthy, 2000; Lahuta et al., 2007; Kosina et al., 2013). The average difference in growth between EHB+ and EHB− strains, considering only those substrates on which we observed significant differences (n = 64; Table 1) was [image: image] = 0.3. Whether this difference scales to meaningful changes with regard to interacting with plants in nature is not yet known, and will be assessed in future work using seed-infection and seed-germination experiments. We anticipate that changes in fungal substrate use by EHB will alter phenotypes that in turn define both the fungal niche and the outcomes of interactions with hosts.
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4

L-alanyl-glycine 1.09 0.05 1.06 0.07 061 764 06

2-keto-D-gluconic acid 0.84 002 070 0.07 4.43 4.46 0.01

5
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D-maic acid 123 004 147 004 928 791 <0.00001 4
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ESTERS
D-lactic acid methyl ester 022 000 047 000 15.96 800 NA 1
succinic acid monomethyl 1.20 01 079 016 476 687 0004 5
ester

AMIDES
alaninamide 021 001 020 001 114 581 NA 1
glucuronamide 0.10 001 011 000 321 5.48 NA 1
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ethanolamine 092 004 105 021 141 423 03 1
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glucose-1-phosphate 014 001 014 000 035 77t NA 1
adenosine-5'- 012 001 011 000 228 597 NA 1
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bromosuccinic acid 038 002 025 001 1354 7.0 <0.000001 3
SURFACTANTS
Tween® 80 062 008 055 003 225 563 009 2
water o011 000 010 000 298 686 NA 1

Values are means and standard deviations. Underined means indicate substrates for which absorbance was negligible for both strains (ie., Alsy < 0.3). For the remaining substrates,
resuilts of Welch t-tests are shown. Adjusted p-values were cormected folowing Eenjamini and Hochberg (1995). Significant p-values (ie., <0.05) are bolded. Means in bold are those
that were found to be significantly greater in comparisans. For each subsirate, one of five observed oulcomes i isted (see Section Resulls).
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Bray-Curts dissimiarites based on growth across allsubstrates were calculated for each
pair of replicate phenotypic microarays, which were grouped based on inoculation with
EHB:+ vs. EHB— strains. Results from three different methods (oermutational multivariate
analysis of variance [PERMANOVA), analysis of similarity ANOSIM), and mult-response
permutation procedure [MAPP) confrm that significant differences in global substrate use
between EHB-+ and EHB- strains were observed and maintained after one dy. Significant
p-vakes (ie., < 0.05) are boided.
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