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Editorial on the Research Topic
 Interspecies Interactions: Effects on Virulence and Antimicrobial Susceptibility of Bacterial and Fungal Pathogens



One of the most exciting achievements that microbiologists have pursued over the last decades is the recognition that microorganisms rarely live as single fluctuating entities but strictly interact with each other in complex communities known as biofilms. Studies on dental biofilms, intestinal communities, chronic wounds, or respiratory infections in patients with cystic fibrosis clearly demonstrate that community interactions greatly influence microbial survival and disease progression (Dalton et al., 2011; Caverly et al., 2015; Reynolds et al., 2015; Marsh and Zaura, 2017). These interactions range from synergism to competition and involve, among others, physical interactions, chemical signaling, and exchange of genetic information. There is no doubt that consideration of the social behavior of microorganisms can reveal emergent traits and mechanisms of pathogenicity that would be overlooked by studying bacteria in isolation. For instance, community establishment provides members with additional properties such as enhanced tolerance to antimicrobials, ability to evade host immune responses or to survive in harmful environments (Batoni et al., 2016).

This Research Topic gathers 11 articles from 71 authors exploring different aspects of species-to-species interactions. We believe that a deep understanding of the mechanisms at the basis of the ecological interactions among microbial species will provide the knowledge needed to translate novel interventions for the diagnosis, treatment, and prevention of poly-microbial infections into the clinic, and hope that this Research Topic may contribute to this purpose.

Certainly, the study of interspecies interactions strongly relies on the availability of suitable experimental models that enable the stable and long-term cultivation of poly-microbial communities (Røder et al., 2020). In this respect, the Topic includes three studies aimed at reproducing the features of specific body sites and at exploring the multiple interactions among commensals and pathogenic organisms, as well as antimicrobials. O'Brien and Welch described a new continuous-flow model for in vitro cultivation of mixed bacteria associated with cystic fibrosis airway infections, while Jordana-Lluch et al. developed and validated a simple 2D skin infection model for investigating commensals, pathogens and keratinocytes interactions. Finally, by employing an in vitro nasopharyngeal colonization model that mimics the conditions of the human nasopharynx including temperature, nutrient availability, aeration, and epithelial attachment, Bair and Campagnani studied the co-colonization dynamics of three main othopatogens: Moraxella catarrhalis, non-typable Haemophilus influenzae (NTHi), and Streptococcus pneumoniae and found that the presence of M. catarrhalis is essential for NTHi to survive the bactericidal effects of S. pneumoniae.

One of the most obvious translational aspect of interspecies interactions is the use of “friend” microorganisms, the so-called probiotics, to prevent or cure diseases caused by microorganisms endowed high pathogenic potential. Although traditionally used to restore intestinal flora after prolonged antibiotic therapy, probiotics have been considered as means to prevent/treat a variety of diseases during the last decade (Sales-Campos et al., 2019). In this Research Topic, two papers concerning the employment of candidate probiotics against oral pathogens are included. Moman et al. demonstrated that bacterial strains such as Lactobacillus reuteri and Streptococcus salivarius decrease the toxic effects of the periodontal pathogens Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans toward oral keratinocytes and in an in vivo model of G. mellonella larvae. Zhang et al. reported that Lactobacillus plantarum K41 is able to inhibit biofilm formation of the highly cariogenic species Streptococcus mutans and observed a significant reduction in the incidence and severity of dental caries in rats pretreated with this probiotic strain.

Kang et al. showed that competitive interactions among microorganisms can be exploited to protect plants by phytopathogens. They studied how the gene expression of the pathogenic fungus Gaeumannomyces graminis var. tritici was affected by Bacillus velezensis, an endophytic biocontrol bacterium exhibiting a broad antifungal spectrum against many phytopathogens.

The close relationship between interspecies interactions and susceptibility to antimicrobials is a rapidly expanding research area that is likely to provide new clues to face the worrisome and world- spreading problem of antimicrobial resistance (AMR) (Radlinski and Conlon, 2018). In this direction, Banerji et al. present a comprehensive and interesting review addressing the relation between microbial interactions and AMR from an ecological point of view. Highlighting that human, animal, and environmental systems are strictly interconnected, the Authors show that species interactions may play significant and sometimes multifaceted roles in determining the prevalence and distribution of AMR and antimicrobial resistance-associated genes (ARGs).

The effects of interspecies interactions on antibiotic susceptibility are not limited to closely related microorganisms but can actually cross kingdom borders (Harriott and Noverr, 2009). Nabb et al. disclose an interesting mechanism by which C. albicans may promote multi-drug tolerance in S. aureus. They report that S. aureus grown in dual cultures with C. albicans displays decreased intracellular ATP concentrations as well as lower membrane potential when compared to cultures lacking C. albicans. Collectively, the data reported demonstrate that decreased metabolic activity through nutrient deprivation may induce the formation of persister cells and represent a mechanism for increased antibiotic tolerance within polymicrobial cultures.

Interestingly, three articles from the Research Topic highlight how interactions between species can not only negatively affect the susceptibility of microbial populations to antimicrobials, but also be exploited for the identification of new drugs or drug targets. In the first of these articles, Hardy et al. screened a number of clinical bacterial isolates obtained from a variety of body sites for the ability to inhibit multiple S. aureus strains. They found that the majority of the isolates inhibited at least one S. aureus strain including MRSA. Furthermore, many of the clinical isolates belonging to the Staphylococcus and Corynebacterium genera mediated contact-independent inhibitory or bactericidal activity against S. aureus warranting the characterization of the active entities at the molecular level to reveal novel S. aureus therapeutics. In the second article, Herbrik et al. studied a strain of Streptomyces (TR1341) isolated from the sputum of a tuberculosis patient. They demonstrated that TR1341 produces at least two bioactive compounds with fungicidal or antibacterial/anti-virulence activity. Finally, in the third article (Veerapandian and Vediyappan), an in vitro study was carried out demonstrating the inhibition of mono-species or dual-species biofilms of S. gordonii and C. albicans, by gymnemic acid (GAs), a non-toxic small molecule inhibitor of fungal hyphae. The study shows that S. gordonii stimulates the expression of adhesive materials in C. albicans by direct interaction and/or signaling, and that the adhesive material expression can be inhibited by GAs.

Overall, we believe that the articles collected in this Research Topic represent a step forward for a better understanding of microbe-microbe interactions and their effects on infection outcome and antibiotic susceptibility. We hope that this article collection may encourage further studies in this research field aimed to develop new preventive and/or therapeutic approaches against poly-microbial infections.
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This study aimed to explore potential biocontrol mechanisms involved in the interference of antagonistic bacteria with fungal pathogenicity in planta. To do this, we conducted a comparative transcriptomic analysis of the “take-all” pathogenic fungus Gaeumannomyces graminis var. tritici (Ggt) by examining Ggt-infected wheat roots in the presence or absence of the biocontrol agent Bacillus velezensis CC09 (Bv) compared with Ggt grown on potato dextrose agar (PDA) plates. A total of 4,134 differentially expressed genes (DEGs) were identified in Ggt-infected wheat roots, while 2,011 DEGs were detected in Bv+Ggt-infected roots, relative to the Ggt grown on PDA plates. Moreover, 31 DEGs were identified between wheat roots, respectively infected with Ggt and Bv+Ggt, consisting of 29 downregulated genes coding for potential Ggt pathogenicity factors – e.g., para-nitrobenzyl esterase, cutinase 1 and catalase-3, and two upregulated genes coding for tyrosinase and a hypothetical protein in the Bv+Ggt-infected roots when compared with the Ggt-infected roots. In particular, the expression of one gene, encoding the ABA3 involved in the production of Ggt’s hormone abscisic acid, was 4.11-fold lower in Ggt-infected roots with Bv than without Bv. This is the first experimental study to analyze the activity of Ggt transcriptomes in wheat roots exposed or not to a biocontrol bacterium. Our results therefore suggest the presence of Bv directly and/or indirectly impairs the pathogenicity of Ggt in wheat roots through complex regulatory mechanisms, such as hyphopodia formation, cell wall hydrolase, and expression of a papain inhibitor, among others, all which merit further investigation.

Keywords: endophytic bacteria, pathogenic fungi, phytopathology, RNA sequencing, wheat disease


INTRODUCTION

“Take-all” is one of the most severe soil-borne diseases of wheat plants worldwide, caused by the necrotrophic fungus Gaeumannomyces graminis var. tritici (Bithell et al., 2016). This pathogen infects healthy wheat roots via infectious hyphae that penetrate the cortical cells of the root and progress upward into the stem base. Because this process invariably disrupts water flow, it eventually results in the premature death of infected plants. However, since the well-known virulence mechanism of Ggt might contribute to improved control of this fungal pathogen, considerable research effort has sought to better understand the mechanisms underlying Ggt pathogenicity (Dori et al., 1995; Yu et al., 2010; Yang et al., 2012). Consequently, many genes that contribute to Ggt pathogenicity have been identified, such as cellulase, endo-β-1,4-xylanase, pectinase, xylanase, β-1,3-exoglucanase, glucosidase, aspartic protease, and β-1,3-glucanase of cell wall degrading enzymes (CWDEs) (Yang et al., 2015). Based on their comparative transcriptome analysis of Ggt in axenic culture and Ggt-infected wheat, Yang et al. (2015) recently pointed out that many genes related to signaling, penetration, fungal nutrition, and host colonization are highly expressed during Ggt pathogenesis in wheat roots. Nevertheless, because of the complexity of the interaction between Ggt and its host plants, the pathogenesis of Ggt in wheat roots remains unclear. Additionally, control of the disease is hindered by a lack of resistant varieties and environmentally friendly fungicides.

Several studies have shown that beneficial bacteria, such as Bacillus subtilis (Liu et al., 2009, 2011; Durán et al., 2014; Yang et al., 2018), Bacillus velezensis (Wu et al., 2012; Luo et al., 2013; Kang et al., 2018), and Pseudomonas fluorescens (Daval et al., 2011; Kwak and Weller, 2013; Lagzian et al., 2013; Yang et al., 2014, 2017), could be used as effective and eco-friendly biocontrol agents to protect wheat from take-all disease. Among them, B. velezensis is a newly reported species that may be used to control take-all and other fungal diseases, such as spot blotch and powdery mildew (Cai et al., 2017; Kang et al., 2018). More specifically, B. velezensis CC09 (Bv) is an endophytic biocontrol bacterium, originally isolated from healthy Cinnamomum camphora leaves, that has broad antifungal spectra against many phytopathogens (Cai et al., 2016). It possesses several key biocontrol traits, namely, the production of strong antifungal metabolites (e.g., iturins and fengycins), promotion of plant growth, and induction of plant resistance (Cai et al., 2017; Kang et al., 2018). Recently, we found that this strain can cause the swelling, deformation, and cell content release of Ggt mycelia in vitro, inhibiting Ggt mycelia density and spread in wheat (Kang et al., 2018). Moreover, we also found that Bv could colonize and migrate in plants, leading to a 66.67% disease-control efficacy of take-all and 21.64% of spot blotch, with a single treatment inoculated on roots (Kang et al., 2018). These attributes make Bv a promising biocontrol agent for the long-term and effective protection of wheat from soil-borne and leaf diseases.

Yet, despite these established biocontrol features of Bv, limited information is available concerning its direct and indirect effects upon Ggt’s fungal pathogenicity in planta. For example, how Ggt responds to the presence of Bv in Ggt-infected plants remains unknown. In this study, we performed an RNA sequencing (RNA-Seq) analysis of Ggt in wheat roots with and without Bv. Since the Ggt transcriptome in axenic culture and Ggt-infected wheat roots differed markedly and varied during the infection process (Yang et al., 2015), the transcriptome of Ggt grown on potato dextrose agar (PDA) plates was also determined to serve as the control (CK). Through a comparative analysis of Ggt transcriptomes under three different conditions (e.g., grown on PDA, within wheat roots in the presence or absence of Bv), we sought to reveal the possible pathogenicity gene(s) of Ggt and its regulation by Bv in planta during the early infection of wheat roots.



MATERIALS AND METHODS


The Wheat, Bacterium, and Fungus

The winter wheat (Triticum aestivum “Sumai 188”) used in this study was purchased from the Jiangsu Academy of Agricultural Sciences, Nanjing, China. The endophytic bacterium Bv was isolated from C. camphora leaf tissue (Cai et al., 2016) and deposited in the China Center of Industrial Culture Collection (No. CICC24093). The genome sequence of Bv was deposited in the GenBank database under accession number CP015443. Bv was cultured in LB medium at 37°C and 200 rpm for 12 h (exponential growth phase), and then harvested by centrifugation at 8,000 rpm for 10 min at 4°C, and finally resuspended in distilled water to a final concentration of 1.0 × 108 CFU/mL (Kang et al., 2018). The take-all causative pathogen, Gaeumannomyces graminis var. tritici strain Ggt-C2 (Ggt), was deposited in Agricultural Culture Collection of China (No. ACCC 30310); it was a gift from Prof. Jian Heng (Department of Plant Pathology, Chinese Agricultural University, Beijing, China). The pathogenicity of Ggt was evaluated on T. aestivum Sumai 188 in our prior study (Kang et al., 2018). The periphery of 10-day-old colonies of Ggt on PDA plates at 25°C was used for inoculations.



Root Inoculation and Sampling

Seeds of winter wheat were surface disinfected and germinated, as described by Kang et al. (2018). Germinated wheat seeds were cultured on a sterilized 72-cell seedling tray containing 120 mL of 1/2 MS (Duchefa Biochemie, Haarlem, Netherlands, catalog number M022250) and incubated at 25°C under a 14-h light/10-h dark cycle for 7 days. The roots of 15 7-day-old seedlings were inoculated with 30 mL of Bv inoculum (1.0 × 108 CFU/mL). An equal amount of sterile distilled water was used to treat the roots, as a negative control. Five days after inoculation with Bv, the seedlings were gently removed from the tray, their roots were rinsed with sterile water, and then they were placed on water agar plates. Half of the seedling roots, whether inoculated with Bv or not, were fully covered by the fresh periphery of the 10-day-old colonies of Ggt and maintained for 3 days in a plant growth chamber at 25°C, under 50% relative humidity and a 14-h light/10-h dark cycle (light intensity of 200 μmol m–2 s–1). At this time, the mycelium had invaded the root cortex of wheat roots, but these lacked obvious symptoms (Kang et al., 2018). Approximately 15 seedling roots were pooled for each biological replicate of the Ggt or Bv+Ggt treatment; they were immediately flash frozen, and stored in liquid nitrogen until later usage, while 0.1 g of the periphery of the 10-day-old Ggt colony was remove from PDA plates and maintained in liquid nitrogen as well. Assays were repeated for three independent experiments. Thus, the total number of seedlings used was 45 (three replicates) per treatment or control group.



RNA-Seq and Data Analysis

Total RNA was extracted from Ggt- and Bv+Ggt-infected roots of wheat seedlings using an RNAiso Plus kit (TaKaRa, Otsu, Japan). The same method was used to extract total RNA from Ggt (periphery of 10-day-old colony) grown on PDA plates. The purity and integrity of the total RNA were determined using an Agilent 2100 Bioanalyzer RNA chip (Agilent Technologies, Santa Clara, CA, United States). The mRNA was purified from 3 μg of total RNA per sample using oligo(dT) magnetic beads and then cleaved into short fragments using divalent cations under elevated temperature. The short fragments were used for first-strand cDNA synthesis by using random primers and reverse transcriptase (Invitrogen, Carlsbad, CA, United States), followed by a second-strand cDNA synthesis, performed using DNA polymerase I and RNaseH. After the end repair process and ligation of adaptors, these second-strand cDNA products were purified and amplified via polymerase chain reaction (PCR) to create the final cDNA library.

The cDNA libraries were sequenced on an Illumina HiSeqTM 4000 platform by following the default Illumina Stranded RNA protocol (Personalbio, Shanghai, China). Clean reads were obtained by removing adapter sequences, any reads with more than 10% N, along with low-quality sequences (e.g., more than 50% of each read that had a Phred score Q ≤ 5). The Q20, Q30, and GC contents of the cleaned data were calculated (Yang et al., 2015). Each sample resulted in approximately 17 million 150-bp clean reads (sequencing data >2 gigabases per sample) for Ggt on PDA plates and 180 million 150-bp clean reads (sequencing data >25 gigabases per sample) for Ggt- or Bv+Ggt-infected root sample. Filtered clean reads were aligned to the reference Ggt genome in the genome website1 using SOAPaligner/SOAP2 (Li et al., 2009). All RNA-Seq data generated for this study were deposited in the National Center for Biotechnology Information Sequence Read Archive under BioProject IDs PRJNA485739 and PRJNA496308. Reads per kilobase per million (RPKM) were used to normalize the levels of gene expression for each replicate. To evaluate the reproducibility of RNA-Seq, a hierarchical cluster analysis (HCA) was done using the command “heatmap3::heatmap3” in the R (v3.5.3) package “gplots” (Warnes et al., 2015) with the hclust command (R Core Team, 2009). The “DESeq” package (1.10.1) of R was used to analyze differentially expressed genes (DEGs) in Ggt among the three conditions under the criteria of P values < 0.05 and an absolute log2 ratio ≥1 (Anders and Huber, 2012).



Functional Analysis of RNA-Seq Data

Two enrichment analyses of DEGs between samples were performed, topGO, and KEGG (Kyoto Encyclopedia of Genes and Genomes), by respectively, using the AgriGO analytical tools2 and the KEGG website3 (Alexa and Rahnenfuhrer, 2010; Yang et al., 2015). GO terms and KEGG pathways were considered significantly enriched by DEGs if the P values were < 0.05. All Venn diagrams were produced using Venny Tools4. Pathogenesis-related genes were identified through a BLAST search of the pathogen–host interaction (PHI) database (identity >25, E-value: 1e-10) (Jing et al., 2017).

The STEM (short time-series expression miner) software5 (Ernst et al., 2005) was used to identify the significantly enriched expression profiles (P values < 0.05) in Ggt on PDA plates and in Ggt- and Bv+Ggt-infected wheat roots. The log2-transformed RPKM values of Ggt on plates and in Ggt-infected roots in the absence or presence of Bv were used as the input data set. The software parameters for this STEM analysis were as follows: maximum number of model profiles = 8; maximum unit change in model profiles between treatments = 2; and calculated method of significance level = permutation test corrected by Bonferroni correction.



Validation of RNA-Seq Results via Quantitative Reverse Transcription PCR

The expression levels of six pathogenicity DEGs were determined by using quantitative reverse transcription PCR (qRT-PCR) to confirm the prior results of the RNA-Seq analysis. Total RNA from Ggt- and Bv+Ggt-infected wheat roots was each reverse transcribed into cDNA with the PrimeScriptTM 1st Strand cDNA Synthesis kit (Takara, Dalian, China, Code No. 6110A) according to the manufacturer’s protocol. The qRT-PCR was carried out by an Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, United States) using a SYBR® Advantage® qPCR premix (Toyobo, Osaka, Japan). Each qRT-PCR was performed with a 20-μL volume containing 2 μL of cDNA, 0.4 μL of each primer (10 μM), 10 μL of 2 × SYBR Green PCR Master Mix, and 7.2 μL of nuclease-free water. The amplification went as follows: 95°C for 30 s, 40 cycles at 95°C for 5 s, and 60°C for 5 s. The qRT-PCR primers used for the DEGs’ validation are listed in Supplementary Table S1. Three housekeeping genes – encoding actin, tubulin beta, and elongation factor2-1 – served as internal reference for qRT-PCR. Each reaction was performed in triplicate independent experiments for the reference and selected genes. Gene expression was evaluated by applying the 2–ΔΔCt method (Livak and Schmittgen, 2001).



Statistical Analyses

The qRT-PCR amplification data are expressed here as mean ± standard deviation (SD) of at least three independent biological experiments. PRISM software v7.0 (Graph-Pad Software, San Diego, CA, United States) was used to perform one-way analysis of variance (ANOVA) that compared the three conditions. Tukey’s multiple pairwise comparison test was applied to the mean relative expression levels of selected pathogenicity genes (first normalized by the three internal reference genes). A P-value of less than 0.05 was deemed statistically significant.




RESULTS


General Analyses of RNA-Seq Data

After removing the low-quality reads and adaptors, a total of 67,293,916, 553,791,342, and 553,453,160 clean reads were generated from the mRNA of Ggt on PDA and Ggt in wheat roots with and without Bv, which accounted for 91.6%, 83.2%, and 84.9% of raw reads, respectively (Supplementary Table S2). The quality of each library was similar, ranging from 97.02% to 98.63% of the raw reads with quality values of Q ≥ 20, and likewise from 92.16% to 96.03% of the raw reads with quality values of Q ≥ 30. Their average GC contents were 59.52%, 56.67%, and 57.77% for Ggt on PDA and Ggt in wheat roots with and without Bv, respectively. Together, these results confirmed the high quality of our sequencing data and their robust suitability for further analysis.



Identification of DEGs

A total of 9,588, 9,389, and 8,826 expressed genes were, respectively detected in Ggt on PDA and in wheat roots in the absence and presence of Bv, which corresponded to 64.19%, 62.86%, and 59.09% of all genes (14,936) in the Ggt genome. We found 8,395 genes expressed in Ggt (RPKM > 1) under all three conditions. Based on the respective RPKM values of these 8,395 genes, HCA showed that the three biological replicates from each treatment clustered into an independent branch (Supplementary Figure S1), thus indicating RNA-Seq data were reliable, being highly repeatable between biological replicates. When compared with Ggt grown on PDA, 4,134 DEGs (2,142 upregulated, 1,992 downregulated) and 2,011 DEGs (957 upregulated, 1,054 downregulated) were identified in Ggt in wheat roots in the absence and presence of Bv, respectively (Supplementary Figure S2A). The total numbers of upregulated and downregulated genes in the Ggt-treated samples were, respectively, 2.24- and 1.89-fold higher than those observed in the Bv+Ggt-treated group. As the Venn diagram shows, 1,251 and 66 upregulated DEGs, as well as 1,000 and 62 downregulated DEGs, were uniquely found in Ggt in wheat roots without and with Bv, respectively (Supplementary Figure S2B). However, overall rates of gene expression were similar between these two treatments (Supplementary Figure S2C).

In addition, a total of 31 DEGs were detected between the Ggt- and Bv+Ggt-infected wheat root libraries, with two upregulated genes (GGTG_06400 and GGTG_05929) and 29 downregulated genes in Bv+Ggt-infected roots relative to Ggt-infected roots (Table 1). Among the downregulated DEGs in Bv+Ggt-infected wheat roots, 13 genes (41.94%) were associated with secreted proteins, three genes (9.68%) encoded pathogenicity proteins (para-nitrobenzyl esterase, cutinase 1, and catalase-3), two genes were linked to cell wall lysis enzymes (esterase and cutinase), and one gene encoded peroxidases (catalase-3). In particular, the expression of ABA3 protein-encoding gene involved in the biosynthesis of abscisic acid was downregulated 4.11 times in Bv+Ggt-infected wheat roots compared with Ggt-infected wheat roots; this suggested that Bv might inhibit mycelial infection by regulating Ggt-derived abscisic acid. All these results indicated that the presence of Bv in wheat root directly or indirectly reduced the expression of pathogenicity genes.

TABLE 1. The expression profile of Ggt DEGs that were only affected by Bv in planta based on the analysis comparing Bv+Ggt and Ggt transcriptomic data.

[image: image]



HCA of DEGs

The HCA was conducted using those 4,260 DEGs that underwent significant changes in their expression in at least one replicate sample. This analysis revealed clear clustering of Ggt-infected wheat roots whether precolonized with Bv (Bv+Ggt) or not (Ggt), with the Ggt sample on PDA clustered into another branch entirely (Figure 1). Based on the expression levels of the DEGs, gene expression patterns were divided into five groups for the three experimental conditions. Clusters A and D contained the bulk of the DEGs. Cluster A and B were enriched in transcripts showing lower expression levels in Ggt-infected wheat roots, regardless of precolonization with Bv, versus the Ggt on PDA. Cluster C and D contained transcripts that were highly upregulated in the Ggt-infected wheat roots but whose upregulation was significantly suppressed in the presence of Bv or in Ggt on PDA. Cluster E contained those DEGs with very lower expression levels for Ggt on PDA while representing a higher expression level in the infected wheat roots with or without Bv.


[image: image]

FIGURE 1. Hierarchical clustering analyses of all DEGs. The analysis was based on three treatments’ RPKM value from the transcriptomic data of CK, Ggt, and Bv+Ggt treatments; red indicates high expression of genes, while green indicates low expression of genes. CK, the Ggt sample on the PDA plates; Ggt, the wheat roots infected with pathogen Ggt; Bv+Ggt, the Ggt-infected wheat roots in the presence of Bv.





Functional Enrichment of DEGs

A total of 4,260 transcripts that showed significant differential expression in at least one sample were used for the STEM analysis, resulting in three significantly enriched expression profiles (Figure 2) out of the eight enriched expression profiles (P values <0.05). Profile 1 contained 1,016 transcripts, which were significantly enriched in 10 pathways based on the KEGG database. These pathways were mainly involved in carbohydrate metabolism, such as for starch and sucrose, pentose and glucuronate interconversions, galactose, glycolysis/gluconeogenesis, and inositol phosphate. Compared with Ggt on PDA, all of the included DEGs were downregulated in Ggt in wheat roots with or without Bv. Yet, the expression levels of genes in Ggt in the Bv+Ggt-infected wheat roots were lower than those observed in Ggt-infected wheat roots. Profile 2 had 881 genes, enriched in 10 pathways, of which three were related to amino acid metabolism (e.g., taurine and hypotaurine; tryptophan, glycine, serine; and threonine and phenylalanine), while two pathways were involved in DNA replication and pyrimidine metabolism. These genes were downregulated in both the Ggt- and the Bv+Ggt-infected wheat roots relative to Ggt on PDA. Profile 6 contained the highest numbers of transcripts (1,706), which were enriched into 12 pathways, including lipid metabolism (e.g., sphingolipid, fatty acid, glycerophospholipid, and fatty acid degradation), tricarboxylic acid cycle, and peroxisome metabolism assigned to primary metabolism. Expression of these genes in Ggt-infected wheat roots was much higher than that on PDA plates or in Bv+Ggt-infected roots; hence, Bv might inhibit Ggt infection by regulating its primary metabolism.
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FIGURE 2. The significant (P values < 0.05) expression profiles generated by the analysis of the RPKM value based on the Ggt transcriptomic data of CK, Ggt, and Bv+Ggt treatments. The figure at the upper right corner represents the gene number. All significant annotated KEGG pathways for each profile are listed on the right shown by histograms. CK, the Ggt sample on the PDA plates; Ggt, the wheat roots infected with pathogen Ggt; Bv+Ggt, the Ggt-infected wheat roots in the presence of Bv.





DEGs for Secreted Proteins

During the process of host infection, fungi generally secrete a suite of proteins and enzymes to evade or counteract plant defense systems and alter the microenvironment of their host. Ggt reportedly harbors 1,001 secreted proteins with structures consisting of signal peptides and cleavage sites, subcellular targeting, transmembrane (TM) spanning regions, and glycosylphosphatidylinositol (GPI) anchor proteins (Xu et al., 2016). When compared to the gene ID of secreted proteins recently predicted by Xu et al. (2016), we identified a total of 458 (372 upregulated, 86 downregulated) and 198 (161 upregulated, 37 downregulated) secreted protein-coding DEGs (Supplementary Figure S3) among the 4,260 DEGs (Supplementary Figure S2A) in Ggt- and Bv+Ggt-infected roots, respectively. This clearly suggested that precolonization by Bv significantly regulated the expression of genes associated with secreted proteins in Ggt in wheat roots.

The STEM analysis revealed that all 469 DEGs encoding secreted proteins clustered significantly into profiles 5 and 6 (P values < 0.05) (Figure 3) but not so (P values> 0.05) in the other six profiles (not shown). Profile 5 included 266 genes whose expression was activated in Ggt-infected wheat roots but were mostly unaltered in the Bv+Ggt-infected roots or in Ggt on PDA (Figure 3). Profile 6 included 100 genes upregulated in the Ggt- and Bv+Ggt-infected wheat roots compared with Ggt grown on PDA (Figure 3). Moreover, the genes of both profiles were largely enriched in categories of catalytic activity, carbohydrate binding, and pattern binding. In profiles 5 and 6, a total of 137 genes (37.43%) participated in catalytic activities primarily related to hydrolases and oxidoreductases (Supplementary Tables S3, S4). Among these hypothesized hydrolase genes, most of them encode pectase, cellulase, xylanase, keratase, and peptidase, all of which play key roles in cell wall degradation. All the genes encoding oxidoreductase are capable of peroxidase activity with the function of pathogen self-defense against plant immune response. Additionally, the expression of Ggt genes encoding papain inhibitors involved in suppressing host protease activity was distinctly suppressed in Bv+Ggt-infected wheat roots. Collectively, these results suggested the presence of Bv directly and/or indirectly impaired the pathogenicity (e.g., cell wall degradation enzymes, oxidoreductases, and papain inhibitors, among others) of Ggt in wheat roots through complex regulatory mechanisms.
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FIGURE 3. The significant (P values < 0.05) expression profiles for identified secreted protein-coding genes. The analysis was based on the RPKM value of the Ggt transcriptomic data from CK, Ggt, and Bv+Ggt treatments. CK, the Ggt sample on the PDA plates; Ggt, the wheat roots infected with pathogen Ggt; Bv+Ggt, the Ggt-infected wheat roots in the presence of Bv.





DEGs for Fungal Pathogenicity

Based on the BLAST analyses of the PHI database, a total of 151 pathogenicity-related genes were identified in the Ggt genome (Supplementary Table S5). Of those, 83 genes are recognized as established determinants of pathogenicity in various pathogenic fungi (Supplementary Table S5), for which 44 (34 upregulated, 10 downregulated) were significantly expressed in Ggt-infected wheat roots in the absence of Bv, whereas 17 (11 upregulated, 6 downregulated) were significantly expressed in Bv+Ggt-infected wheat roots. The distribution of up- and downregulated Ggt pathogenicity DEGs is depicted in the Venn diagram (Figure 4). Evidently, 28 pathogenicity genes were uniquely regulated in Ggt-infected wheat roots, of which 4 genes – CTB5, Sc Srb10, ACP, and DEP4 – were downregulated during Ggt infection (Supplementary Table S6). Only one gene coding for appressorial penetration-associated GAS2 was found upregulated (2.69 fold change) in Bv+Ggt-infected wheat roots but not in Ggt-infected wheat roots. These results suggested that the presence of the biocontrol bacterium Bv reduces the pathogenesis of Ggt during its infection of wheat roots.
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FIGURE 4. The numbers of DEGs encoding Ggt pathogenicity proteins. The Venn diagram illustrates the shared and specific pathogenicity genes generated by the comparative Ggt transcriptomic data analysis of Ggt-infected wheat roots with or without Bv compared to Ggt on PDA plates. The upward (or downward)-pointing arrow represents up (or down)-regulated gene expression. Ggt, the comparison of total Ggt transcriptome on wheat roots compared to Ggt on PDA plate; Bv+Ggt, the comparison of total Ggt transcriptome on wheat roots pretreated by Bv compared to Ggt on PDA plates.





qRT-PCR Validation

The expression of the target genes, normalized by three internal reference genes, was downregulated between Ggt- and Bv+Ggt-infected wheat roots. Comparing the ratio of qRT-PCR expression and RPKM values for the Bv+Ggt-infected to the Ggt-infected wheat roots revealed they were mostly consistent, indicating the RNA-Seq data were robust (Supplementary Table S7).




DISCUSSION

This study compared the transcriptomes of Ggt and Ggt-infected wheat root in the absence and presence of the biocontrol bacterium Bv using the RNA-Seq platform. A total of 4,134 and 2,011 twofold DEGs were, respectively identified from the Ggt in the Ggt-infected roots without and with Bv relative to Ggt grown on PDA plates. Numbers of the upregulated and downregulated DEGs in the Ggt-infected roots were, respectively reduced by 55.3% and 47.1% when Bv had precolonized wheat roots. Some of these DEGs, whether related to Ggt pathogenicity or not, are consistent with those reported by Yang et al. (2015), but many of them were newly identified and, thus, warrant future investigation. However, only 31 DEGs (2 upregulated, 29 downregulated) were detected by directly comparing the Ggt- and Bv+Ggt-infected wheat root libraries (Table 1). These limited numbers of DEGs may truly reflect the direct or indirect (e.g., induced plant resistance) regulation of Ggt’s gene expression by endophytic Bv in wheat roots. Previous studies have shown that Bv can mutually coexist with plants and produce antifungal metabolites such as iturins in vitro and in vivo, which might have contributed to the changed Ggt transcriptome in the infected wheat roots (Gong et al., 2015; Cai et al., 2017; Kang et al., 2018). Moreover, beneficial bacteria impose small impacts upon plant root transcriptomes (Pieterse et al., 2014), and they may impose similarly small impacts upon fungal transcriptomes. This may explain the small number of DEGs observed between Ggt- and Bv+Ggt-infected wheat roots in this study.

Many secretory proteins have crucial functions in the fungal infection process. For example, CWDEs are the major pathogenicity factors involved in plant cell wall breakdown and are secreted by many pathogens during infection, such as Fusarium graminearum (Zhang et al., 2012), Colletotrichum orbiculare (Gan et al., 2013), Colletotrichum gloeosporioides (Alkan et al., 2015), Zymoseptoria tritici (McDonald et al., 2015), Colletotrichum graminicola (Torres et al., 2016), Dothistroma septosporum (Bradshaw et al., 2016), and Leptosphaeria maculans (Gervais et al., 2017). For example, the expression of genes encoding CWDEs (e.g., endo-1,4-b-xylanase, glycoside hydrolase family 61) were highly upregulated in Magnaporthe oryzae, a rice fungus closely related to the pathogen Ggt (Kawahara et al., 2012). Thus, inhibition of CWDE gene expression is one of the mechanisms by which bacteria exert biocontrol in vitro (Mela et al., 2011; Gkarmiri et al., 2015). Our in vivo test also demonstrated the biocontrol efficacy of Bv against Ggt might contribute to the inhibition of gene expression encoding CWDEs, since these genes were significantly upregulated in Ggt-infected roots but downregulated in Bv+Ggt-infected wheat roots compared to Ggt grown on PDA plates (Figure 3, Table 1, and Supplementary Tables S3, S4). For instance, the expression of cutinase 1 and xylanase in Bv+Ggt-infected roots was at least twofold lower than that in Ggt-infected roots.

Papain-like cysteine proteases (PLCPs) are a large class of proteolytic enzymes found in most plant species (Misas-Villamil et al., 2016). According to recent studies, a plant can protect itself from pest or pathogen attacks by producing PLCPs (Misas-Villamil et al., 2016; Liu et al., 2018); however, in the long-term battle waged between pathogens and plants, pathogens will evolve a PLCP inhibitor (e.g., EPIC2B and avirulence protein 2) to counteract host-derived PLCPs (Kruger et al., 2002; Tian et al., 2004, 2005, 2007). In line with this, we found that the expression of PLCP inhibitor-encoding genes was upregulated in Ggt-infected wheat roots compared with Ggt grown on PDA (Figure 3 and Supplementary Table S4), indicating that one or more PLCP inhibitors may play an important role in the process of Ggt infection. In stark contrast, the expression of PLCP inhibitor-encoding genes in Ggt-infected wheat roots precolonized by Bv was reduced substantially (Figure 3 and Supplementary Table S4). This result strongly suggests that low-level expression of PLCP inhibitor-encoding genes may be one of the biocontrol mechanisms exerted by Bv toward the fungal pathogen Ggt.

As a member of the peroxidases, catalase could mediate the decomposition of hydrogen peroxide into water and molecular oxygen, so as to protect the pathogens from reactive oxygen species (ROS) produced by both fungi themselves and host plants (Gardiner et al., 2015; Mir et al., 2015). Work by Singh et al. (2012) revealed that in the response of the fungal pathogen Verticillium longisporum to Brassica napus xylem sap, catalase peroxidase (VlCPEA) was the most upregulated protein, whereas knockdowns of VlCPEA-encoding genes resulted in sensitivity against ROS. In our study, many genes with predicted peroxidase activity (e.g., catalase) were found upregulated (Figure 3, Table 1, and Supplementary Table S4) during the pathogen Ggt’s infection of wheat roots, a result that agrees with previous reports (Govrin and Levine, 2000; Singh et al., 2012; Bao et al., 2014). This result suggests that, similar to the mechanism underlying other pathogenic infections, catalase peroxidase might also participate in protecting the fungus Ggt from the oxidative stress generated by wheat plants (Singh et al., 2012). Yet, because the expression of genes encoding peroxidase (e.g., catalase) was decreased in Bv+Ggt-infected wheat roots (Figure 3, Table 1, and Supplementary Table S4), the presence of biocontrol bacteria in planta could have diminished such detoxification activity by reducing peroxidase secretion.

ABA is a crucial molecule for regulating the growth and development of plants, and their stress responses and pathogenicity, and it has been widely studied (Spence et al., 2015). By examining the role of ABA produced by M. oryzae in rice leaves, Spence et al. (2015) suggested that it enhances disease severity in two ways, by increasing plant susceptibility and accelerating the pathogenicity of the pathogen itself. For instance, Pseudomonas syringae indirectly utilizes ABA as an effector molecule to modulate endogenous host biosynthesis of ABA, thus perturbing the ABA-mediated host defense responses (Lievens et al., 2017). In this current study, we identified a homologous gene (ABA3) encoding an enzyme involved in ABA biosynthesis (Siewers et al., 2006; Fan et al., 2009). The expression of this gene was 7.77-fold higher in Ggt-infected wheat roots but was lowered by almost 50% to being 4.11-fold higher in Bv+Ggt-infected wheat roots relative to PDA (Table 1). This result suggests that ABA, at least, is likely a critical component in plant–pathogen interactions between wheat and Ggt, whereas Bv might also use this ABA functioning to impair pathogen infection by disturbing Ggt-derived ABA synthesis and thus limiting fungal pathogenesis. Targeting these candidate pathogenicity genes/factor through further experimental analysis, such as gene knockouts in Ggt, will enable a better understanding of the biocontrol mechanisms of Bv that act on the pathogen Ggt.

Many plant pathogenic fungi have evolved the capacity to breach intact cuticles of their plant hosts by using an infection structure called the appressorium (Ryder and Talbot, 2015). Previous studies reported that during infection with a pathogen, the accumulation of glycerol in appressoria/hyphopodia results in highly localized turgor pressure upon the cell wall, and this further assists fungal pathogens to overcome cellular barriers for successful hyphal infection and extension (DeJong et al., 1997). For example, Martin-Urdiroz et al. (2016) have shown that glycerol accumulation of the appressorium in rice blast fungus Magnaporthe oryzae drives turgor-mediated penetration of the rice leaf. However, work by Sha et al. (2016) indicated that, in vitro, the biocontrol strain Bacillus subtilis suppressed the appressorial formation of Magnaporthe oryzae. The metabolism of glycerophospholipids, carbohydrate, and peroxisome may have direct or indirect effects on the biosynthesis of glycerol or its precursors’ replenishment (Supplementary Figure S4). As shown in profile 6, the activation or enhancement of the metabolism of glycerol (Figure 2) could be beneficial for Ggt to infect wheat roots. Conversely, the metabolism of glycerol was suppressed in Bv+Ggt-infected wheat roots. Thus, limiting the expression of glycerol synthesis-related genes in Ggt may be among the biocontrol strategies that Bv employs in planta.

Inexplicably, when compared with Ggt on PDA, 10 pathogenicity-related genes were downregulated in Ggt-infected wheat roots, and likewise six genes in Bv+Ggt-infected wheat root (Figure 4). These genes mainly encode MoAAT (4-aminobuty-rate aminotransferase), Chi2 (endochitinase), avenacinase, Ss-ggt1 (gamma-glutamyl transpeptidase), and SS-odc2 (oxalate decarboxylase). Although we do not know why these pathogenicity-related genes are downregulated in infected wheat roots, plausible reasons include the following: (1) these genes are host dependent and their activation is not essential in the Ggt–wheat ecological system; (2) the internal environment of wheat roots is not suitable for the expression of these genes; and (3) these genes are highly expressed in PDA, resulting in relatively low expression in wheat. As to which explanation is most probable and operative, this ought to be tested in the future.



CONCLUSION

This study has provided novel insights into a potential pathogenicity mechanism of Ggt in wheat roots, whether strain CC09 is present or absent (relative to the Ggt grown on PDA plates) through comparative analysis of their transcriptomes using the Illumina platform. Many novel candidate genes related to Ggt pathogenesis were identified, and some potential targets of biocontrol bacteria were discussed. The gene expression data presented in this study suggest that the following mechanisms likely play a role in the biocontrol efficacy of Bv against Ggt in wheat: (a) decreased amount of fungus-derived CWDEs; (b) repressed genes encoding papain inhibitors, catalase-3, and ABA3; and (c) limited hyphopodia formation that impedes pathogen infection. In addition, our results enhance our knowledge of not only the pathogenicity of Ggt at the early infection stage in wheat roots but also the potential mechanism of an endophytic biocontrol bacterium in planta. Nonetheless, to what extent Bv-induced plant defense fosters the biological control effect of Bv upon Ggt infection remains to be elucidated.
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FIGURE S1 |
Hierarchical clustering of transcripts for each replicate from Ggt and Bv+Ggt treatments. Hierarchical clustering analysis of the transcriptional profiles was performed using the hclust command in R and the default complete linkage method. Each gene’s expression was Z-score normalized separately within each of the three data sets. Rows (genes) were clustered hierarchically. Columns (RNA samples) were sorted by sample metadata. The genes with higher (red) or lower (blue) expression are represented. CK, the Ggt sample on the PDA plates; Ggt, the wheat roots infected with pathogen Ggt; Bv+Ggt, the Ggt-infected wheat roots in the presence of Bv.

FIGURE S2 |
The DEG expression profile obtained from the comparison of total Ggt transcriptome on wheat roots pretreated by Bv or not compared to Ggt on the PDA plate. (A) The number of Ggt DEGs in response to Ggt- and Bv+Ggt-infected wheat roots, respectively. (B) Venn diagram illustrating the number of Ggt DEGs upregulated or downregulated in Ggt- and Bv+Ggt-infected wheat roots. (C) The level of Ggt gene expression in response to Ggt- and Bv+Ggt-infected wheat roots, respectively. The expression level is shown along the horizontal axis, while values on the vertical axis indicate the gene number. CK, the Ggt sample on the PDA plates; Ggt, the wheat roots infected with pathogen Ggt; Bv+Ggt: the Ggt-infected wheat roots in the presence of Bv.

FIGURE S3 |
The number of DEGs encoding secreted proteins obtained from the comparison of total Ggt transcriptome on wheat roots pretreated by Bv or not compared to Ggt on the PDA plate.

FIGURE S4 |
Overview of the glycerol biosynthesis in fungus. The solid lines, dashed lines, circle marks, and frames represent the direct link, indirect links/unknown reaction, chemical compound, and metabolism/enzymes, respectively.

TABLE S1 |
The selected DEGs and the sequences of primer pairs used for the qRT-PCR experiment.

TABLE S2 |
Summary of the sequence analysis after Illumina sequencing.

TABLE S3 |
List of molecular functions for the identified secreted protein-coding genes, based on the data of profile 6 in Figure 3.

TABLE S4 |
List of molecular functions for identified secreted protein-coding genes, based on the data of profile 5 in Figure 3.

TABLE S5 |
The pathogenicity-related genes identified in the Ggt genome.

TABLE S6 |
The expression profile of DEGs assigned to pathogenicity proteins.

TABLE S7 |
Relative expression levels of selected pathogenicity-related DEGs in Ggt- and Bv+Ggt-infected wheat roots.



FOOTNOTES

1
http://fungi.ensembl.org/info/website/ftp/index.html

2
http://systemsbiology.cau.edu.cn/agriGOv2/

3
https://www.kegg.jp/

4
http://bioinfogp.cnb.csic.es/tools/venny/index.html

5
http://www.cs.cmu.edu/~jernst/stem/
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Dental caries and periodontitis are the most common oral disease of all age groups, affecting billions of people worldwide. These oral diseases are mostly associated with microbial biofilms in the oral cavity. Streptococcus gordonii, an early tooth colonizing bacterium and Candida albicans, an opportunistic pathogenic fungus, are the two abundant oral microbes that form mixed biofilms with augmented virulence, affecting oral health negatively. Understanding the molecular mechanisms of the pathogen interactions and identifying non-toxic compounds that block the growth of biofilms are important steps in the development of effective therapeutic approaches. In this in vitro study we report the inhibition of mono-species or dual-species biofilms of S. gordonii and C. albicans, and decreased levels of biofilm extracellular DNA (eDNA), when biofilms were grown in the presence of gymnemic acids (GAs), a non-toxic small molecule inhibitor of fungal hyphae. Scanning electron microscopic images of biofilms on saliva-coated hydroxyapatite (sHA) surfaces revealed attachment of S. gordonii cells to C. albicans hyphae and to sHA surfaces via nanofibrils only in the untreated control, but not in the GAs-treated biofilms. Interestingly, C. albicans produced fibrillar adhesive structures from hyphae when grown with S. gordonii as a mixed biofilm; addition of GAs abrogated the nanofibrils and reduced the growth of both hyphae and the biofilm. To our knowledge, this is the first report that C. albicans produces adhesive fibrils from hyphae in response to S. gordonii mixed biofilm growth. Semi-quantitative PCR of selected genes related to biofilms from both microbes showed differential expression in control vs. treated biofilms. Further, GAs inhibited the activity of recombinant S. gordonii glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Taken together, our results suggest that S. gordonii stimulates the expression of adhesive materials in C. albicans by direct interaction and/or signaling, and the adhesive material expression can be inhibited by GAs.

Keywords: bacteria–fungi interactions, Candida albicans, Streptococcus gordonii, nanofibrils, gymnemic acid, biofilm inhibition, GAPDH, mixed oral biofilms


INTRODUCTION

Dental caries is a polymicrobial biofilm-induced disease affecting 3.5 billion people globally (Kassebaum et al., 2017). The worldwide annual total costs due to dental diseases are estimated to be around $545 billion in 2015 (Righolt et al., 2018). New therapeutic approaches are required to manage these biofilm-associated oral diseases. We need an efficient antimicrobial agent which inhibits biofilm formation, while not exerting selective pressure on the oral microbiome. Candida albicans is a fungus that is the etiologic agent of oral thrush and denture stomatitis, two mucosal oral biofilm infections that particularly affect immunocompromised patients and elderly people, respectively (Odds, 1987). C. albicans and Streptococcus bacterial species are abundant in the oral cavity and readily form mixed biofilms which are resistant to antimicrobials and serve as a source for systemic infections (Dongari-Bagtzoglou et al., 2009; Silverman et al., 2010; Diaz et al., 2012; Ricker et al., 2014; O’Donnell et al., 2015). Some of the streptococci (e.g., Streptococcus mutans) are the causative agents of dental caries and gum disease. Recent studies have shown that a complex interaction and aggregation occurs between streptococci and C. albicans, and the molecular mechanisms are poorly understood (Dutton et al., 2014; Hwang et al., 2017).

Candida albicans is a commensal and an opportunistic human fungal pathogen found in cutaneous, oral, intestinal, and genital regions, and can initiate various forms of Candidiasis. Various groups of oral bacteria are shown to interact with C. albicans and influence the disease severity (Dongari-Bagtzoglou et al., 2009; Harriott and Noverr, 2011). Oral streptococcal species, including Streptococcus gordonii, Streptococcus oralis, and S. mutans, interact with C. albicans and augment both fungal and bacterial virulence (Silverman et al., 2010; Ricker et al., 2014; O’Donnell et al., 2015; Hwang et al., 2017). Other bacteria, including Staphylococcus aureus (Harriott and Noverr, 2009) and Acinetobacter baumannii (Uppuluri et al., 2018), use C. albicans hyphae as a substratum for attachment, and form robust biofilms.

Candida albicans exists in yeast, pseudohyphae, and hyphal growth forms. The transition from yeast or pseudohyphae to hyphae is required for its tissue invasion and biofilm formation. Mutants that are defective in hyphal growth are avirulent and unable to form biofilms (Lo et al., 1997; Nobile and Mitchell, 2006). Hence, C. albicans hyphae play a pivotal role in biofilm growth and virulence. Some of the oral bacteria, including S. gordonii are shown to promote the hyphal growths of C. albicans and bind preferably to these hyphal surfaces (Bamford et al., 2009). This hyphal binding increases biofilm mass, and chemical inhibition of candida hyphae reduces biofilm mass (Bamford et al., 2009). Several bacterial pathogens exploit C. albicans hyphae for their attachments (Silverman et al., 2010; Diaz et al., 2012; Dutton et al., 2014; Xu et al., 2014b; O’Donnell et al., 2015). A recent study has shown that yeast cells of Candida glabrata bind to C. albicans hyphae and form fungal-fungal biofilms in the oral milieu (Tati et al., 2016). Microbial biofilms are highly resistant to antimicrobial agents, sequestering them and causing tissue inflammation (Nett et al., 2010; Vediyappan et al., 2010; Xu et al., 2014b). It is plausible that inhibiting C. albicans hyphal growth with non-toxic small molecules could abrogate the hyphae-related virulence, including C. albicans interaction with bacteria and the growth of polymicrobial biofilms.

Gymnemic acids (GAs), a family of triterpenoid molecules from the medicinal plant Gymnema sylvestre, were shown to block C. albicans yeast-to-hypha transition and hyphal growth in vitro and in a worm (Caenorhabditis elegans) model of invasive candidiasis (Vediyappan et al., 2013). GAs contain various pharmacological properties, including antagonistic activity against the β-isoform of Liver-X-Receptor (LXR) which could result in decreased lipid accumulation in liver cells (Renga et al., 2015), suppressing sweet taste sensation by binding to taste receptors, T1R2, and T1R3 (Sanematsu et al., 2014), and blocking the uptake of glucose in the intestinal cells (Wang et al., 2014). The GA-rich gymnema extract has been used in humans to treat diabetes and obesity (Baskaran et al., 1990; Porchezhian and Dobriyal, 2003; Leach, 2007). A recent clinical study confirmed the traditional use of G. sylvestre for diabetes (Zuniga et al., 2017). Since S. gordonii and other oral bacteria use C. albicans hyphae for their attachment (Bamford et al., 2009) and GAs block the hyphal growth of C. albicans, we wanted to test the hypothesis that prevention of C. albicans hyphal growth using GAs could abolish bacteria – C. albicans interactions and the formation of mixed biofilms. In the current study, we show a synergistic interaction between S. gordonii and C. albicans in vitro, and the addition of gymnemic acids (GAs) prevented the growth of mono-species or dual-species biofilms. Our results show, for the first time to our knowledge, formation of “nanofibrillar” structures from C. albicans hyphae in response to S. gordonii co-culture, which correlates with their enhanced interaction and biofilms growth. Treating mono-species or dual-species biofilms with GAs abolished these structures and reduced biofilm growth.



MATERIALS AND METHODS


Strains, Culture Conditions, and Compounds

Streptococcus gordonii ATCC 10558 (generously provided by Dr. Indranil Biswas, Kansas University Medical Center, Kansas City, KS) and C. albicans SC5314 (genome sequenced) were used to generate mono-species or dual-species biofilms in 24-well microtiter plates (TPP, Cell culture treated) under static condition. Escherichia coli 10-Beta (NEB) and BL21(DE3) (Novagen, Madison, WI, United States) were used for cloning and expression of recombinant protein, and were routinely grown in Luria-Bertani (LB) broth or on LB agar. GAs were purified from G. sylvestre plant leaf extract, obtained from Suan Forma Inc., NJ, United States, according to the published protocols (Vediyappan et al., 2013; Sanematsu et al., 2014) and a mixture of GAs was used in this study. The GA mixture contains at least five species (GA-III, GA-IV, GA-XIII, GA-XIV, and GA-I) and therefore, the term GAs was used throughout in the text. All five GA species that we used have similar bioactivities of yeast-to-hypha inhibition (Vediyappan et al., 2013; Sanematsu et al., 2014). We have isolated GA-I recently and it was included in the GA mixture. There are 18 different species of GA that have been reported (Liu et al., 1992; Porchezhian and Dobriyal, 2003; Di Fabio et al., 2013). The GA mixture (50 mg/ml) was solubilized as a stock solution in TYES growth medium, filter sterilized (0.4 μm syringe filter), and diluted in the growth medium as required.



Determination of Minimum Biofilm Inhibition Concentrations (MBICs) and Growth Kinetics

Streptococcus gordonii and C. albicans co-exist in the oral cavity as abundant microbes, and the former is known to attach to the hyphal surfaces of the latter, forming a mixed-species biofilm with enhanced virulence. Preventing the growth of these biofilms by non-toxic small molecules would limit oral diseases and their systemic dissemination. Since GAs are known to inhibit C. albicans hyphal growth, we wanted to know if GAs can inhibit S. gordonii and C. albicans biofilms. First, we wanted to determine the MBIC of GAs against these microbial biofilms. The MBIC is the lowest concentration of GAs that inhibit maximum amount of biofilm growth. MBIC was determined in 24-well plates as previously described (Saputo et al., 2018), with slight modifications using TYES broth medium (1% tryptone and 0.5% yeast extract at pH 7.0 with 1% (wt/vol) sucrose). Briefly, suspensions of S. gordonii (∼2 × 106 CFU/ml) or C. albicans yeast cells (2 × 104 CFU/ml), according to Kim et al. (2017), were added into 24-well plates containing serially diluted GAs at concentrations ranging from 0 to 600 μg/mL. The plates were incubated at 37°C with 5% CO2 for 18 h statically. Medium alone and medium with GAs were also included in parallel as blanks to rule out that the observed readings were not due to precipitation of GAs or non-specific absorbance. After washing off unbound cells and medium with PBS, the adhered biofilms were stained with crystal violet (0.1%, CV solubilized in water) solution (Merritt et al., 2005). After removing the unbound CV, the wells were washed (at least two times) with PBS and dried to remove residual buffer. Biofilm attached CV stains were solubilized in 95% ethanol, and the absorbance was measured at 595 nm with a Victor 3 multimode reader (Perkin Elmer, United States). Experiments were repeated at least three times, each with triplicates, and representative results are shown.

To determine the effect of GAs on the growth rates of S. gordonii and C. albicans, we used a Bioscreen-C real time growth monitoring system (Oy Growth Curves Ab Ltd., Finland). In this method, 200 μl of growth medium containing exponentially growing S. gordonii or C. albicans yeast cells (each at A600 = 0.1) were added into the honeycomb wells (triplicate) with GAs (400, 500, and 600 μg/mL in 200 μl total volume) or without GAs (control), and their growth rates were measured for 24 h. The plates were incubated at 37°C without shaking except for 10-s of shaking before reading absorbance at 600 nm at 30-min intervals. The overall objective of the kinetic growth readings of S. gordonii and C. albicans in the presence or absence of GAs was to determine if GAs exert any toxic effect on the microbes.



Unstimulated Whole Saliva Preparation

Human saliva collection and processing were done as described previously (Jack et al., 2015). Briefly, unstimulated whole human saliva was collected from six healthy volunteers with Institutional Review Board (IRB) protocol approval (#9130.1) from Kansas State University. All the subjects gave written informed consent approved by the IRB committee. Saliva was pooled and mixed with 2.5 mM dithiothreitol and kept in ice for 10 min before clarification by centrifugation (10,000 × g for 10 min). The supernatant was diluted to 10% in distilled water and filter sterilized through a 0.22-μm nitrocellulose filter and stored at −80°C in aliquots. Diluted saliva was used to coat the microtiter wells and hydroxyapatite (HA) disks (Clarkson Chromatography Products, PA, United States) overnight.



Mono-Species and Dual-Species Biofilm Assay

To test the effect of GAs on biofilm formation in saliva-coated wells and on hydroxyapatite (sHA) disks, S. gordonii and C. albicans were grown alone or in combination in TYES medium with or without GAs (500 μg/ml) statically for 18 h at 37°C and in 5% CO2, as reported with some minor modifications (Dutton et al., 2014; Ricker et al., 2014). Two types of biofilm models were used. (i) Biofilms grown on saliva-coated hydroxyapatite (sHA) disks that were used for Scanning Electron Microscopic (SEM) analysis, and (ii) biofilms grown on the bottom of the saliva coated polystyrene microplates (24-wells, TPP cell culture treated). The biofilms developed on the microplate surfaces were used for CV staining, RNA, and for eDNA isolations. Briefly, sHA disks were placed in a 24-well plate and inoculated with approximately 2 × 106 (CFU/ml) of S. gordonii or/and 2 × 104 (CFU/ml) of C. albicans according to Kim et al. (2017) in the TYES medium with or without GAs. The effect of GAs against biofilm formation in the microtiter wells was determined using CV staining (Merritt et al., 2005), as described above (MBIC section). Experiments were repeated at least three times each with triplicates, and representative results are shown.



Measurement of Biofilm Extracellular DNA (eDNA)

Extracellular DNA was measured as described by Jack et al. (2015). Briefly, biofilms were scraped from saliva-coated wells into 0.5 mL TE buffer (10 mM Tris–HCl, pH 7.5, 1 mM EDTA), sonicated for 15 s at low speed (20 pulse, Branson Ultrasonic 250), and the cell-free DNA was collected by centrifugation at 10,000 × g for 5 min. The DNA concentration was then analyzed from the supernatant using a NanoDrop 2000 spectrophotometer (Thermo Scientific, United States).



Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy was done as per the standard protocol described previously (Erlandsen et al., 2004). Briefly, sHA disks with biofilms on their surfaces were fixed with 2% paraformaldehyde and 2% glutaraldehyde in 0.15 M sodium cacodylate buffer, pH 7.4, containing 0.15% Alcian blue. Biofilms grown on sHA disks were washed with 0.15 M cacodylate buffer and dehydrated in a graded series of ethanol concentrations. Specimens were mounted on adhesive carbon films and then coated with 1 nm of platinum using an Ion Tech argon ion beam coater. Prepared samples were observed in a SEM (Field Emission Scanning Electron Microscope, Versa 3D Dual Beam, Nikon).



RNA Isolation, cDNA Synthesis, and Semi-Quantitative RT–PCR

Biofilms grown in 24-well microtiter plates were treated with RNAprotect bacteria reagent (Qiagen, Valencia, CA, United States) for 5 min to stabilize RNA, and stored at −80°C. Total RNA was isolated from the biofilms using the TRIzol reagent (Invitrogen, Carlsbad, CA, United States) as per manufacturer instructions. The concentration of RNA was determined by measuring the A260 in a NanoDrop 2000 spectrophotometer (Thermo Scientific, United States). Total RNA (1 μg) was reverse transcribed into cDNA using the SuperScript III indirect cDNA labeling kit (Invitrogen), as per the manufacturer’s instructions with slight modifications. The semi-quantitative RT-PCR using 2X PCR Master Mix (Promega Corporation, Madison, WI, United States) and primers was carried out in a 20 μL reaction volume (1 μL cDNA, 10 μL Master Mix, 0.5 μM of each primer). Primers were designed using PrimerQuest® (Integrated DNA Technologies), and the details are given in Tables 1, 2. The internal control was 16S rRNA for S. gordonii and TDH3 for C. albicans. The cycling conditions consisted of initial denaturation at 94°C for 3 min followed by denaturation at 94°C for 30 s, annealing at 50 or 58°C for 30 s, and extension at 72°C for 45 s, then final extension at 72°C for 7 min. Twenty microliters of each PCR product was electrophoresed on an agarose gel (1.2% w/v) containing ethidium bromide (0.5 μg/ml). Images of the amplified products were acquired with an Alpha Imager; the intensity was quantified using the Image J software (NIH, United States). The band intensity was expressed as mRNA fold expression [specific gene expression/internal control gene (16S rRNA or TDH3)]. The intensity of each DNA band in the control cells was determined, taken as 1, and compared with the respective treated group (Sivaprakasam et al., 2016).


TABLE 1. List of S. gordonii specific primers used for semi-quantitative RT-PCR.
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TABLE 2. List of C. albicans primers used for semi-quantitative RT-PCR.
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Cloning, Expression, and Purification of rGAPDH

Glyceraldehyde-3-phosphate dehydrogenase is reported to be present in various streptococcal cell surfaces which mediates cell adhesion and plays an important role in bacterial infection and invasion (Brassard et al., 2004; Jin et al., 2011; Wang et al., 2012). For example, S. gordonii cell surface GAPDH binds to the FimA protein of Porphyromonas gingivalis and forms a mixed biofilm (Maeda et al., 2004a, b). GAPDH has multiple functions in various organisms (Sirover, 2017). Further, our semi-quantitative RT-PCR results showed reduced transcripts of gapdh in both mono-species and mixed-species biofilms, and hence we pursued to analyze the role of this protein. GAPDH gene from S. gordonii was PCR amplified using primers GAPDH-F (5′-ATTCCATATGGTAGTTAAAGTTGGTATTAACGGT-3′) and GAPDH-R (5′-GCGCTCGAGTTTAGCGATTTTCGCGAA GTATTCAAG-3′), where the underlined sequences in the forward and in reverse primers indicate NdeI and XhoI restriction sites, respectively. Following PCR amplification of chromosomal DNA from S. gordonii strain ATCC 10558, amplicons of 1008 bp were digested with NdeI and XhoI and inserted into the predigested pET28b plasmid (Novagen, Madison, WI, United States). Successful cloning of the gene was confirmed by restriction endonuclease and DNA sequence analyses (Supplementary Figures S1, S2). Recombinant plasmid was transformed into E. coli BL21 (DE3) for overexpression. Expression of GAPDH-6His protein was induced with 1 mM isopropyl-β-d-thiogalactopyranoside (IPTG) when cultures reached an optical density at 600 nm (OD600) of 0.6, and cells were harvested after 4 h. The cell pellet from 2 L of culture was resuspended in 40 ml of a buffer containing 50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 20 mM imidazole with 1× protease inhibitor cocktail (Roche) and 1 mM phenylmethylsulfonyl fluoride (PMSF), and cells were lysed by French press (∼19,000 psi). The lysate was centrifuged at 10,000 × g for 20 min at 4°C. Recombinant His-tagged GAPDH was purified using Ni-NTA Agarose (Qiagen, Valencia, United States) in native conditions according to the manufacturer’s recommendations. GAPDH was eluted using gradients of increasing imidazole concentration (100–300 mM). Fractions containing rGAPDH were pooled and dialyzed against distilled water and used for subsequent analysis.



SDS-PAGE and Immunoblotting

The purity of the proteins was checked using SDS-PAGE electrophoresis in a vertical electrophoretic mini-cell unit (Bio-Rad, Hercules, CA), in Tris-glycine running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS [pH 8.3]), for 1 h at 120 V. Proteins were transferred to an Immobilon-P PVDF membrane (pore size, 0.45 μm; Millipore Sigma, United States) and blocked with 5% non-fat dry milk in Tris-buffered saline (20 mM Tris, 150 mM NaCl, 0.2% Tween 20 [pH 7.5]). Membranes were incubated with anti-SgGAPDH immune sera raised in rabbits, followed by incubation with secondary antibody (anti-rabbit IgG; Cell Signaling Technology, United States). Reacted protein bands were visualized by using PierceTM ECL 2 Western Blotting Substrate (Thermo Scientific, United States) and imaging.



Determination of GAPDH Activity

Glyceraldehyde-3-phosphate dehydrogenase activity was measured in the presence and absence of GAs using Glyceraldehyde 3 Phosphate Dehydrogenase Activity Colorimetric Assay Kit (ab204732, Abcam, Cambridge, MA, United States) as per the manufacturer’s instructions. Briefly, purified rGAPDH protein (0.1 μM) was mixed with and without GAs (100 and 200 μM), followed by the addition of reaction mix supplied from the kit components. The conversion of NAD to NADH was monitored every 10 s spectrometrically using a Victor 3 multimode reader (Perkin Elmer, United States) at 450 nm.



Statistical Analysis

Data from multiple experiments (≥3) were quantified and expressed as mean ± SD, and differences between groups were analyzed using one-way ANOVA. Tukey multiple comparison test was used to analyze significance among the groups. p ≤ 0.05 was considered significant in all analyses. The data were computed with GraphPad Prism version 7.0 software.



RESULTS


Determination of Minimum Biofilm Inhibition Concentration

To determine the minimum amount of GAs needed to inhibit maximum biofilm growth of S. gordonii and C. albicans, an MBIC assay was performed with increasing concentrations of GAs (0–600 μg/mL). Biofilms were quantified by CV staining, and the results showed a concentration-dependent antibiofilm activity of GAs against S. gordonii and C. albicans (Figures 1A,C, respectively). A significant inhibition of biofilm formation was found from concentrations >400 μg/mL for S. gordonii and from concentrations >200 μg/mL for C. albicans. While maximum biofilm growth inhibition (80–90%) was found between 500 and 600 μg/mL for S. gordonii, about 50% biofilm growth was inhibited for C. albicans at that GAs concentration (Figure 1C).
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FIGURE 1. Determination of minimum biofilm inhibition concentration (MBIC) of GAs against S. gordonii (A) and C. albicans (C). Varying concentrations of GAs (0–600 μg/ml) were used in TYES medium containing S. gordonii or C. albicans in 24-wells with triplicates and incubated at 37°C with 5% CO2 statically for 18 h. Biofilms grown without GAs served as controls. Inhibition of biofilm growth was analyzed by CV staining and % inhibition of biofilm was calculated. The results represent means ± standard deviations for three independent experiments. Statistical significance was determined by ANOVA and a Dunnett’s multiple comparison test. ∗p < 0.05, ∗∗∗p < 0.0001, NS, not significant. Analysis of planktonic growths of S. gordonii (B) and C. albicans (D) with and without GAs. Honeycomb wells containing S. gordonii or C. albicans in 200 μl TYES medium with or without GAs were used to monitor their growth rates in a Bioscreen-C system for 24 h. Three different concentrations of GAs (400, 500, 600 μg/ml) were used. Absorbance was recorded every 30-min intervals at 600 nm as described in the section “Materials and Methods.” The results represent means ± standard deviations for three independent experiments.




Impact of GAs on the Growth Kinetics of S. gordonii and C. albicans

To determine if GAs are toxic to S. gordonii and C. albicans, we measured their growth kinetics as planktonic cells in the presence or absence of GAs using Bioscreen-C growth monitor at 37°C in TYES medium, as described in the section “Materials and Methods.” Since GAs inhibited S. gordonii biofilm growth from a concentration of 400 μg/ml upward, we used three different concentrations of GAs (400, 500, and 600 μg/mL) to assess its effects. As shown in Figure 1B, the growth of S. gordonii is slightly reduced in the presence of GAs. When S. gordonii was exposed to 400 and 500 μg/mL, GAs showed only slight growth inhibition, while GAs at 600 μg/mL affected S. gordonii growth to a greater extent. In contrast, GAs did not affect C. albicans growth rate until 12 h. At that point, GAs (400, 500, and 600 μg/mL) promoted the growth of C. albicans (Figure 1D), and each concentration had a similar effect. The mechanism for the growth induction is not known. One possibility may be that GAs may interfere with the carbohydrate metabolism of C. albicans, and as an adaptive response, the fungus turns on a different metabolic pathway for its cellular energy needs, resulting in an increased growth rate compared to the control. This conjecture is based on the fact that GAs are used for treating metabolic diseases in humans (e.g., lowering plasma glucose in diabetes) (Baskaran et al., 1990; Leach, 2007). Further studies on biofilm gene expression in the presence of GAs and biochemical validation are warranted. Taken together, GAs inhibited the growth of S. gordonii slightly at 400–600 μg/mL but did not inhibit C. albicans’ growth under the conditions used. Since 500 μg/ml GAs maximally inhibited biofilms of both microbes with minimal impacts on their growth rates, we employed this concentration (500 μg/mL) throughout the study to determine its effect on mono-species or dual-species biofilms.



Inhibition of S. gordonii and C. albicans Mono-Species and Dual-Species Biofilms Grown in 24-Well Microtiter Plates by GAs

The anti-biofilm efficacy of GAs was assessed under in vitro condition by measuring the binding of CV to S. gordonii biofilms cells grown in 24-well plates. The antibiofilm activity of GAs was effective at 500 μg/ml against S. gordonii and C. albicans mono-species and dual-species biofilms (Figure 2A). GAs treatment significantly reduced the amount of S. gordonii biofilms (Figure 2A). Similarly, the mixed biofilms were also reduced with GAs treatment, and are significant as analyzed by one-way ANOVA (p = 0.001). When Tukey multiple comparison test was used, the S. gordonii biofilm was significantly inhibited by GAs compared to C. albicans or dual-species biofilms (Figure 2A).
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FIGURE 2. Effect of GAs on S. gordonii and C. albicans mono-species or dual-species biofilms. (A) Crystal violet staining of S. gordonii and C. albicans, either as mono-species or as dual-species biofilms with and without GAs in saliva coated 24-well plates. (B) Measurement of eDNA from mono-species and dual-species biofilms with and without GAs. eDNA from pooled biofilms was released by gentle sonication as mentioned in the methods. The results represent means ± standard deviations for three independent experiments. Data were analyzed by one-way ANOVA followed by Tukey’s multiple comparison test. NS, not significant; ∗∗∗p < 0.001.




Effective Reduction of eDNA in Mono-Species and Dual-Species Biofilm by GAs Treatment

Extracellular DNA is a part of the polymeric materials in the extracellular matrix of biofilms (Xu and Kreth, 2013). To examine the effects of GAs on biofilm eDNA, mono-species and dual-species biofilms were grown in TYES medium. High levels of eDNA were found in both mono-species and dual-species biofilms. Interestingly, a significant reduction in eDNA concentrations were observed in the biofilms treated with GAs (p = 0.001, Figure 2B). There was no significant difference in the amount of eDNA reduction among the three groups as determined by Tukey multiple comparison test (Figure 2B), suggesting GAs treatment affects eDNA in all these biofilms similarly.



Inhibition of S. gordonii and C. albicans Mono-Species and Dual-Species Biofilms on sHA Disks

Scanning Electron Microscopy analysis was carried out to examine the structures of mono-species and dual-species biofilms formed on sHA disks that were treated with GAs. Biofilms formed on sHA disks were fixed, stained with Alcian blue, and processed as described (Erlandsen et al., 2004). These authors used different cationic stains to visualize bacterial surface structures by SEM. Since the microbial surface structures are negatively charged, the positively charged Alcian blue stain binds to the cell surface nanofibrils and improves their detection by SEM. SEM micrographs of S. gordonii revealed the formation of biofilms with thick aggregates of cells and patches of exopolysaccharide (EPS) on the surface of sHA (Figure 3A). Interestingly, very little biofilm of S. gordonii was found on the GAs treated-sHA disk, and large empty areas were seen mostly (Figure 3G). The SEM results are consistent with the results of the in vitro biofilm growth assay (Figure 2A). As expected, C. albicans control biofilms (B) contained multilayers of hyphae and in the GAs exposed biofilms, very little yeast and pseudohyphal cells were present on the sHA disks (H-I). It is worth mentioning that although GAs promote the growth rate of C. albicans (Figure 1D), the cells that grow are mostly planktonic yeast cells, and they poorly attach or fail to form biofilms. S. gordonii and C. albicans dual biofilms contained both dense bacterial and fungal hyphal cells (Figure 3C), and their abundance was decreased by GAs treatment (Figure 3I). The inhibitory effect of GAs was clearly demonstrated in the SEM micrographs of biofilms. Interestingly, mono-species and dual-species biofilms grown on sHA disks treated with GAs has no or few cell surface nanofibrils and instead exhibited smooth hyphal surfaces (Figures 3J–L).
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FIGURE 3. Scanning electron microscopy (SEM) observations of mono-species and dual-species biofilms grown on sHA in the presence or absence of GAs. Images of mono-species and dual-species biofilms grown for 18 h in the absence (control, A–F) and in the presence of GAs (G–L) at 500 μg/ml concentration. Magnifications: (A–C,G–I) scale bar 20 μm, and (D–F,J–L) scale bar 1 μm. Biofilms grown with GAs show few cells on the sHA surfaces compared to dense layers of cells with exopolysaccharides (EPS) in the control groups. Short fibrils in the control S. gordonii biofilms that are attached to neighboring cells are shown (D, arrows). Changes in the biofilm surface textures and absence of fibrils were observed in the GAs treated biofilm groups (G–L). GAs treated C. albicans show mostly yeast or pseudohyphal cells with few hyphae (H,K). Dashed box in F was further magnified in Figure 4 to show nanofibrillar structures. In GAs treated dual-species biofilms, weak or no fibrillar structures from S. gordonii and none from C. albicans were found (J–L).




S. gordonii and C. albicans Co-culture Promotes Formation of Extracellular Fibrils

Viewing the biofilms at higher magnification (50,000× or 1 μm) revealed that, without GAs exposure, there were short fibrils between S. gordonii cells, and some of these fibrils were attached to sHA (Figure 4C, arrows). As expected, C. albicans biofilms without GAs treatment produced mostly hyphae. Interestingly, C. albicans biofilms co-cultured with S. gordonii (dual-species biofilm) without GAs showed several closely attached bacterial-fungal cells with extracellular materials (Figure 4A). Strikingly, we found several thin fibrils from hypha that are in close contact with the sHA disk (Figure 4A, arrows) or to the neighboring hypha (Figure 4D, arrows). S. gordonii was in close contact with the C. albicans hyphae as the bacterium coiled around the hypha, and also appeared to be directly attached with the help of fibrils (Figures 4C,D, arrows).
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FIGURE 4. Dual-species biofilms in the absence of GAs promote nanofibrillar-mediated interactions. SEM images of dual-species biofilms showing nanofibrillar structures from C. albicans hypha that are attached to the sHA (A, arrows) as well as between two hyphae (B, arrows). S. gordonii exhibits high affinity to hypha by its fibrillar attachment and by tight coiling around the hypha (D), and also to sHA (C) which mimics teeth. The images were zoomed to show the nanofibrils. Scale bar, 1 μm.




Modulation of Gene Expression in Mono-Species and Dual-Species Biofilms With and Without GAs

Few studies have described differential expressions of genes during S. gordonii (Gilmore et al., 2003) or Streptococci + C. albicans dual-species biofilm growth (Dutton et al., 2016). To determine if some of these genes are affected by GAs treatment, a semi-quantitative RT-PCR analysis was used to examine variation in the expression of genes related to biofilm formation, i.e., cshA, ldh, gapdh, gftG1, scaA, and scaR for S. gordonii and CSH1, ZRT1, NRG1, and PRA1, for C. albicans. Treatment with GAs significantly reduced the expression of genes, including scaA, gapdh, and gtfG1 in S. gordonii mono-species biofilms, whereas, in dual-species biofilms, scaA, ldh, and cshA were reduced in their expression when compared with their respective controls (Figure 5A). Interestingly, the expression of ldh was enhanced ninefold in GAs treated S. gordonii mono-species biofilms but not in dual-species biofilms (Figure 5A). In mono-species biofilms of C. albicans, the expression of NRG1 was increased twofold in GAs treated samples compared to the untreated control (Figure 5B). No change was observed for NRG1 and CSH1 in GAs treated dual biofilms (Figure 5B and Supplementary Figure S3). The expression of PRA1 was increased twofold in GAs exposed C. abicans mono-species biofilms, whereas, in dual-species biofilms, the expression of PRA1 was decreased in GAs treated biofilms. In contrast, ZRT1, the regulator of PRA1, was overexpressed about fivefold in dual-species biofilms in the presence of GAs, but not in the GAs-exposed C. albicans mono-species biofilms.
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FIGURE 5. The mRNA expression level of biofilm genes as determined by RT-PCR. (A) Representative semi-quantitative mRNA expression profile for streptococcal primers showing the amplicons of mono-species and dual-species biofilms. (1) S. gordonii, (2) S. gordonii + GAs, (3) S. gordonii + C. albicans, (4) S. gordonii + (C. albicans + GAs, (5) Positive PCR control (gDNA used as template). Bar graphs represent the densitometry analysis of respective genes and a constant level of expression of 16S rRNA. (B) Representative semiquantitative mRNA expression profile for candida primers showing the amplicons of mono-species and dual-species biofilms. (1) C. albicans, (2) C. albicans + GAs, (3) S. gordonii + C. albicans, (4) S. gordonii + C. albicans + GAs, (5) Positive PCR control (gDNA as template). Bar graph represents the densitometry analysis of respective genes and a constant level of expression of TDH3. The results represent means ± standard deviations for three independent experiments. NS, not significant, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. P values were obtained by one-way ANOVA followed by Tukey’s multiple comparison test.)




Inhibition of GAPDH Activity by GAs

Glyceraldehyde-3-phosphate dehydrogenase from streptococcal species is involved in pathogenesis and biofilm formation. Also, GAs treatment of S. gordonii mono-species or dual-species biofilms showed a reduction in its, gene expression. To assess the potential inhibitory activity of GAs against the GAPDH from S. gordonii, we cloned the gene, overexpressed and purified the rGAPDH protein using the E. coli expression system (Figure 6A). The purified rGAPDH migrated at an apparent molecular weight of ∼40 kDa and reacted to polyclonal anti-SgGAPDH antibody (Figure 6B). We next tested the effect of GAs (100 and 200 μM) against the purified rGAPDH protein (0.1 μM). The assay depends on the conversion of glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate by GAPDH enzyme in the presence of NAD. Interestingly, GAs appears to bind to GAPDH and block its enzyme activity in a dose-dependent manner. At 200 μM concentration, GAs block the activity of GAPDH completely when compared to the reaction without GAs where it shows strong enzyme activity (Figure 6C).
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FIGURE 6. Purification of S. gordonii rGAPDH and determination of its enzyme activity. (A) SDS-PAGE gel showing purified fractions of rGAPDH protein from E. coli cell lysates. (1) Uninduced whole cell lysate, (2) Induced whole cell lysate, (3) French pressed cell lysate, (4) Unbound fraction, 5 to 9–100, 150, 200, 250, 300, and 350 mM imidazole eluted fractions, respectively. (B) Western blot of rGAPDH protein against anti-GAPDH antibody (anti rabbit S. gordonii GAPDH). Lanes, 1 and 2 – Purified rGAPDH protein at two different concentrations (3 and 1 μg). (C) Measurement of GAPDH activity in the presence and absence of GAs (treated, 200 μm equal to ∼160 μg/mL and 100 μm equal to ∼80 μg/mL).




DISCUSSION

Microbial infection in the oral cavity of humans is biofilm-associated, where a significant proportion of infection was mixed biofilms. S. gordonii, an early colonizer of the oral cavity, forms an adhering biofilm on oral surfaces via cell surface adhesins (Bamford et al., 2009), leads to stable colonization in the oral cavity, and also attaches to C. albicans hyphae via protein-protein interactions (Holmes et al., 1996). In addition, S. gordonii colonization on the tooth surface allows other microbes to adhere and develop mixed biofilms such as dental caries, which is the most prevalent human oral disease, especially among the children. We have investigated the S. gordonii mono-species and S. gordonii – C. albicans dual-species biofilms and their inhibition by gymnemic acids (GAs) in vitro. GAs, a medicinal plant-derived small molecule, was shown to prevent C. albicans yeast-to-hypha transition and hyphal growth without affecting its viability or yeast growth rate (Vediyappan et al., 2013). However, GAs’ effect on bacterial and or bacterial-fungal mixed biofilms are unknown. GAs are a family of triterpenoid saponin compounds which are the major active principles of G. sylvestre plant leaves. The extract of this plant is widely used for its various medicinal properties, including lowering blood glucose activity in diabetic patients and reducing obesity (Porchezhian and Dobriyal, 2003; Leach, 2007; Zuniga et al., 2017).

Antibiofilm efficacy of GAs was investigated in terms of CV staining and eDNA reduction in the saliva-coated microtiter wells, where the results were found to be significant compared to untreated controls. This is the first report to provide evidence that the GAs shows antibiofilm efficacy against both mono-species and dual-species biofilms of S. gordonii and C. albicans. The microbial biofilms are protected by self-produced exopolysaccharides (EPS). EPS are generally made up of different types of polysaccharides, proteins, glycoproteins, glycolipids, and eDNA. The importance of eDNA release during early stages of biofilm is to preserve the structural firmness, enhancing the mixed biofilm and protection against antimicrobial agents (Mulcahy et al., 2008; Jack et al., 2015; Jung et al., 2017). Therefore, reduction of eDNA accumulation and other components could substantively diminish the development of biofilm formation. As such, we found that GAs was able to reduce a significant amount of eDNA in both mono-species and dual-species biofilms (Figures 1, 2).

It was reported earlier that S. gordonii cells form surface fibrils, which have multiple properties like cell surface hydrophobicity, co-aggregate with other oral bacteria, saliva-coated hydroxyapatite (sHA) and bind to host fibronectin (McNab et al., 1996; Back et al., 2017). These results emphasize that fibril-mediated attachment is the critical factor for the initial oral colonization for Streptococci. In the present study, we observed an extracellular nanofibrillar-mediated attachment of S. gordonii cells to sHA by SEM. Interestingly, these nanofibrils were not peritrichous as previously reported (McNab et al., 1999) and instead, the scattered fibrils were attached to neighboring streptococci cells, sHA substratum and to C. albicans hyphae (Figures 3, 4A–D) confirming its role in adherence. To our surprise, synthesis of these fibrils was abolished in the GAs treated S. gordonii biofilms. These fibrils could be related to EPS and we believe GAs might be affecting their synthesis and/or their incorporation into the biofilms. One of the unexpected findings of S. gordonii–C. albicans mixed biofilms was the formation of short fibrils from the C. albicans hyphae (Figures 4A,B). These fibrils show attachment to neighboring hypha and to the sHA substratum. This shows that there is an enhanced mutual synergism between these two microbes. However, in GAs treated mixed biofilms, these fibrils were absent (Figure 3L) and significant inhibition of biofilms was found. Djaczenko and Cassone (1972) have reported the presence of fimbriae in C. albicans yeast cells and known to contain mannosylated glycoprotein (Yu et al., 1994). We believe the fibrils that we observe in hyphae could be different from the fimbriae described above. For example, the fimbriae reported by Djaczenko and Cassone (1972) were found on the surface of “yeast cells” grown on agar plates for several days. These fimbriae are short and continuous throughout the cell surface of mother yeast cells but very little on the daughter cells.

In contrast, our results show the fibrils are discontinuous and found only from hyphae of S. gordonii–C. albicans co-cultured biofilms where they have close contacts with abiotic or biotic surfaces (Figure 4). These fibrils were not observed in biofilms grown in the presence of GAs, suggesting that GAs can prevent adhesive fibrils, in part, by inhibiting its synthesis and or hyphae associated adhesive proteins.

To understand the mechanisms of biofilm inhibition by GAs, we determined the expression of selected genes that have predicted roles in the growth of S. gordonii and C. albicans biofilms (Gilmore et al., 2003; Dutton et al., 2016). EPSs are the core parts for the assembly and maintenance of biofilm architectural integrity in the oral cavity. The oral streptococci produce glucosyltransferase enzymes, Gtfs, that split and use glucose from extracellular sucrose to synthesize glucans, which helps the streptococci adhere to the tooth surface and to the surfaces of other oral microbes. S. gordonii, the primary colonizer of the oral cavity, produces gtfG1 (Vickerman et al., 1997). The RT-PCR analysis of S. gordonii biofilm cells shows basal level expression of gtfG1. However, GAs treatment reduced its expression, signifying the inhibitory potential of biofilm glucan by GAs (Figure 5A). This result agrees with SEM data where the S. gordonii biofilms treated with GAs show absence of adhesive fibrils when compared to the control biofilm where the fibrils can be seen between the biofilms cells and on the sHA (Figures 3D,J). The other roles of Gtfs include glycosylation of adhesive proteins such as GspB of S. gordonii and Fap1 of Streptococcus parasanguinis (Zhu et al., 2015). GAs are known to bind several proteins, including glucose transporter (Wang et al., 2014), taste receptors T1R2/T1R3 (Sanematsu et al., 2014), and Liver X-receptor (LXR) that regulates lipid metabolism in the liver (Renga et al., 2015). It has been reported that administration of GAs containing fraction, GS4, decreased the glycosylated hemoglobin (HbA1c) and glycosylated plasma protein in diabetic patients (Baskaran et al., 1990), and a similar mechanism may occur in microbial biofilms. Bacterial Gtfs play a critical role in enhancing the accumulation of C. albicans cells during mixed biofilm growths (Ellepola et al., 2017). GAs may affect the polysaccharide synthesis pathway in S. gordonii biofilms, through a reduced gtfG1 expression and or its enzyme activity. Further, Gtfs use metal co-factor Mn2+ for enzyme catalytic activity (Zhu et al., 2015) and the downregulation of scaA, the gene that encodes Mn2+ binding lipoprotein, in GAs treated S. gordonii mono-species as well as dual-species biofilms (Figure 5) may also contribute to the reduction of adhesive fibrils/polysaccharides. For growth and survival in the human host, S. gordonii will have to acquire Mn2+ with the help of ScaA, a prominent surface antigen. It has been shown that inactivation of scaA gene resulted in both impaired growth of cells and >70% inhibition of Mn2+ uptake (Kolenbrander et al., 1998).

Oral bacteria, including S. gordonii, can sense the redox status of the biofilm niche and respond accordingly. Among the genes examined for differential expression in biofilms, we found lactate dehydrogenase (ldh) is one of the highly upregulated genes in GAs treated biofilms of S. gordonii (Figure 5). The ldh enzyme interconverts pyruvate into lactate and back, as it converts NADH to NAD and back. In GAs treated S. gordonii, ldh may be converting lactate into pyruvate as the gapdh mRNA is downregulated in GAs treated mono-species or mixed biofilms of S. gordonii but not in C. albicans. GAPDH uses NAD during glycolytic activity and the reduced amount of GAPDH may lead to the accumulation of NAD, which in turn activates the overexpression of ldh through a redox-sensing system (Bitoun and Wen, 2016). To determine if GAs has any effect on GAPDH enzyme activity, we cloned the gapdh gene from S. gordonii, overexpressed in E. coli, and tested the purified rGAPDH with or without GAs. We found the inhibition of rGAPDH enzyme activity in a dose-dependent manner (Figure 6). GA was shown to inhibit rabbit GAPDH enzyme activity (Izutani et al., 2005). Maeda et al. (2004a, b) have showed that oral streptococcal (e.g., S. oralis, S. gordonii) cell surface-associated GAPDH binds to the long fimbriae (FimA) of P. gingivalis and play a role in the development of oral polymicrobial biofilms (Kuboniwa et al., 2017). In addition to glycolytic function, GAPDH is also a moonlighting protein and known to carry out multiple functions (Sirover, 2017). It is worth mentioning that natural products (anacardic acid and curcumin) have been shown to bind and inhibit Streptococcus pyogenes GAPDH activity. GAPDH is a major virulence factor (Gomez et al., 2019), and the GAPDH serves as a drug target for other pathogens (Freitas et al., 2009) as well. GAs appear to impact S. gordonii GAPDH both at the transcriptional and translational level and could account, at least partially, for the observed inhibition of S. gordonii growth and or biofilm. Comparison of amino acid sequences of both S. gordonii and C. albicans GAPDH revealed about 50% similarity, leaving open the possibility that GAs impact on them could be different. In fact, the expression of GAPDH gene in C. albicans (TDH3) biofilms grown in the presence or absence of GAs is not affected (Figure 5B, TDH3 RT-PCR bands). However, GAs impact on C. albicans GAPDH (Tdh3) enzyme activity and its role in biofilms can’t be ruled out and remains to be determined. Global gene expression and biochemical analyzes are necessary steps to reveal the mechanism(s) of GAs-mediated inhibition of S. gordonii mono-species and dual-species biofilms.

Among the genes examined in C. albicans mono-species or dual-species biofilms, NRG1, PRA1, and ZRT1 are the most differentially expressed. It is well known from the literature that Nrg1 of C. albicans is a DNA binding protein that represses its filamentous growth (Braun et al., 2001). GAs treatment shows a significant increase of NRG1 mRNA expression in C. albicans biofilms compared to control biofilms (Figure 5B), which may correspond to the observed yeast or pseudohyphal growth forms of C. albicans mono-species biofilm (Figure 3). However, no change of NRG1 expression level was observed in dual-species biofilms, yet their biofilm growth was inhibited, underscoring the unknown regulatory mechanism in the GAs treated dual-species biofilms. C. albicans sequesters environmental zinc through a secreted protein, the pH-regulated antigen 1 (Pra1) and transports it through the membrane transporter (Zrt1) for its invasive growth in the host (Citiulo et al., 2012). C. albicans has biphasic mechanisms for its environmental and cellular zinc homeostasis and Pra1 expresses when cells are at pH 7 and above or at zinc limitation (Crawford et al., 2018; Wilson, 2019). Kurakado et al. (2018) have also reported that the hypha-related Pra1 and Zrt1 play a major regulatory role C. albicans biofilm formation through zinc homeostasis. GAs treatment to C. albicans mono-species biofilm appears to cause zinc limitation and or change in cellular pH, which could be altered when grown with S. gordonii as mixed-species biofilms (Figure 5B).

Our understanding about mixed species biofilms in caries pathogenesis is still in its infancy (Metwalli et al., 2013). It was well known that from various host defense factors, microbes in mixed biofilms act synergistically for their survival (Morales and Hogan, 2010; Xu et al., 2014a). Great attention is needed on mitis group streptococci (S. gordonii, S. oralis, Streptococcus mitis, S. parasanguinis, and Streptococcus sanguinis), which form multispecies biofilms when aggregating with other bacterial and fungal species (Xu et al., 2014b). These oral microbial infections pose a significant threat to public health, as many pathogenic bacteria readily develop resistance to multiple antibiotics and form biofilms with additional protection from antibiotic treatment (Lebeaux et al., 2014). Currently available antimicrobial agents were most effective at drastically reducing the cell viability, rather than reducing the virulence via inhibiting the biofilm growth. For instance, fluoride is a proven agent for caries prophylaxis; however, excess use of fluoride causes fluorosis and hardening of cartilage. Also, these synthetic antimicrobial agents lead to negative effects in the gastrointestinal system and several other side effects. We are in need of efficient antimicrobial agent which inhibit biofilm formation, while at the same time the agent should not exert selective pressure over oral microbiome.

Recently, many studies have targeted medicinal plants in finding effective anticaries agents (Islam et al., 2008; Yang et al., 2017; Gartika et al., 2018; Henley-Smith et al., 2018). Medicinal plants have been used to prevent and treat microbial diseases since ancient times, which can target several antigens or pathways of the pathogens for inhibition without adverse effects. Earlier studies on medicinal plant extracts described biofilm inhibition by hindering hydrophobic properties of S. mutans (Nostro et al., 2004; Khan et al., 2012). Any antimicrobial agent that reduces or hinders interactions/attachment represents a novel strategy to overcome oral infection. Interestingly, our GAs treatment shows a significant reduction in both mono-species and dual-species biofilms and appear to act via more than one mechanism. GAs affect the transcription of S. gordonii gapdh and its enzyme activity in addition to gtfG1, which is involved in glucan polysaccharide synthesis. Further, GAs are able to curtail the development of nanofibrils that mediate cell-cell and substrate adhesion both in S. gordonii and C. albicans. In summary, our findings offer an anti-virulence approach for preventing mixed oral biofilms and by further optimization, and natural products have high potential as a useful source for developing mixed biofilm inhibitors.
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Antimicrobial resistance (AMR) is a global concern, pertaining not only to human health but also to the health of industry and the environment. AMR research has traditionally focused on genetic exchange mechanisms and abiotic environmental constraints, leaving important aspects of microbial ecology unresolved. The genetic and ecological aspects of AMR, however, not only contribute separately to the problem but also are interrelated. For example, mutualistic associations among microbes such as biofilms can both serve as a barrier to antibiotic penetration and a breeding ground for horizontal exchange of antimicrobial resistance genes (ARGs). In this review, we elucidate how species interactions promote and impede the establishment, maintenance, and spread of ARGs and indicate how management initiatives might benefit from leveraging the principles and tools of community ecology to better understand and manipulate the processes underlying AMR.
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INTRODUCTION

As pathogens and other microbes become increasingly and more frequently resistant to antibiotics, concern is growing world-wide that the use of antibiotics for treating and preventing diseases in humans, animals, and plants is rapidly becoming less effective and unsustainable (Nerlich and James, 2009; Defoirdt et al., 2011; Stockwell and Duffy, 2012; Wellington et al., 2013; Aćimović et al., 2015). Antimicrobial resistance (AMR) may, in addition, threaten the health of ecosystems (Grenni et al., 2018) and the performance of businesses that rely on large-scale maintenance of microbial monocultures or AMR-related reporter genes for culinary and industrial fermentation processes (Teuber et al., 1999; Bourdichon et al., 2012; Shaw et al., 2016), food and nutritional supplement cultivation (Richmond and Preiss, 1980; Hallmann and Rappel, 1999; Mišurcová et al., 2012; Wells et al., 2017), bioremediation (Jebelli et al., 2018), energy harvesting and biofuel production (Arora et al., 2015; Wang et al., 2015; Oliver et al., 2016), and the derivation of bioprospects (Strobel and Daisy, 2003; Ferrer et al., 2016) such as dyes (Tuli et al., 2015; Sen et al., 2019) and self-healing concrete (Seifan et al., 2016). Although many strategies to mitigate the threat and current impacts of AMR are presently being explored and enacted, such as altering how antibiotics are administered and regulated to sustain or improve their effectiveness (Fridkin and Gaynes, 1999; Drusano, 2003; Pruden et al., 2013; Chakradhar, 2016), discovering or developing new classes of natural and synthetic antibiotics to supplement or replace the old (Livermore, 2011; Moloney, 2016; Wiese and Imhoff, 2019), and employing bacteriocins and other scalable alternatives to the use of antibiotics (Joerger, 2003; Reardon, 2015; Czaplewski et al., 2016; Willing et al., 2018), the problem remains. At the root of this problem is the One Health nature of AMR; i.e., the interconnectedness among human, animal, and environmental systems (Figure 1A; Collignon and McEwen, 2019).
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FIGURE 1. (A) Traditional view of AMR, wherein the environment and wildlife mostly represent opportunities for exposure and/or reservoirs of drug-resistant microorganisms. (B) Expansion of the traditional view of AMR to include the effects and potential management implications of species interactions.


To begin to address this interconnectedness, we must acknowledge that resistance to antibiotics may not be the primary or original (evolutionary) purpose of antimicrobial resistance genes (ARGs). ARGs occur naturally in the environment, where they have been shown or posited to confer protection against toxins such as heavy metals and host-produced biocides and to perform important roles in cellular processes such as quorum sensing (the detection of conspecific or cooperative cells in the environment, associated with cell-to-cell communication/signaling and group activity) and biosynthesis (the enzymatic conversion of simple compounds into more complex products by living things; Figure 1B; Allen et al., 2010; Martinez, 2018). Indeed, ARGs are detected even in habitats that have historically been sheltered from antibiotic pollution and other forms of anthropogenic disturbance (McArthur et al., 2016; Van Goethem et al., 2018). Many antibiotic-producing microbes possess ARGs, ensuring that they are resistant or immune to their own antibiotics (Benveniste and Davies, 1973). Antibiotic-producing microbes may thus be a source of ARGs in sympatric species via horizontal gene transfer (Jiang et al., 2017; Ringel et al., 2017) or select for AMR in the targets of their antibiotics (Wellington et al., 2013), resulting in an “arms race” of cyclical coevolutionary dynamics known as “Red Queen” dynamics (Baron et al., 2018; Decaestecker and King, 2019). From the standpoint of managing AMR, this poses two separate challenges. First, for any new class of antibiotic discovered in nature, there may already be a corresponding suite of ARGs among or transferrable to pathogens (Bengtsson-Palme and Larsson, 2015). Second, efforts to monitor changes in ARG prevalence and identify areas of concern based on comparison to a “least disturbed” reference site may need to account for natural environmental variations in the reference site that favor the natural producers or production of antibiotics. Reference sites may themselves become areas of concern under certain conditions and should, in any case, be critically reviewed to ensure their appropriateness as a baseline of comparison (White and Walker, 1997; Whittier et al., 2007; Berendonk et al., 2015; Rothrock et al., 2016; Vikesland et al., 2017).

High-throughput “-omics” techniques, including genomics, transcriptomics, metabolomics, and proteomics, have greatly enhanced our ability to detect and quantify presence of antibiotic-resistant strains, identify modes of transmission of ARGs, and illuminate complex expression pathways and epigenetic mechanisms (Cockerill, 1999; Cohen et al., 2015; Huijbers et al., 2015; Motta et al., 2015; dos Santos et al., 2016; Anjum et al., 2017). These techniques can be useful for establishing best management practices to reduce antimicrobial resistance (Durante-Mangoni and Zarrilli, 2011; Cohen et al., 2015), estimating and monitoring risk of exposure to antibiotic-resistant pathogens (Brul et al., 2012; Tyson et al., 2015; Haddad et al., 2018; Brockhurst et al., 2019), and assessing environmental impacts of antibiotic pollution (Cairns et al., 2018b; Danner et al., 2019). They have helped to uncover critical roles that the environment plays in determining the establishment, maintenance, and spread of ARGs via mechanisms such as co-selection, co-resistance, cross-resistance, hypermutation, and exchanges of plasmids, transposons, and integrons (Seiler and Berendonk, 2012; Singer et al., 2016; Pal et al., 2017). However, while the value of these insights and of the as-yet untapped potential of -omics techniques in general cannot be overstated, elucidation of the molecular biology of AMR should complement, not overshadow, our understanding of underlying ecological processes, such as the relationships that microbes have with other species in the environment (US Centers for Disease Control and Prevention and UK Science and Innovation Network, 2018; Brockhurst et al., 2019). Here, we review some of these ecological relationships, discuss their implications for AMR management, and highlight existing frameworks in community ecology that could be used to address the problem of AMR holistically and robustly.



SPECIES INTERACTIONS INVOLVING ANTIMICROBIAL RESISTANCE


Competition

Although the intracellular and ecological functions of antibiotics in nature are varied and, in many cases, uncertain, at least some of the organisms that produce antibiotics appear to use them for allelopathy, “chemical warfare” with competing species (Sturz et al., 1998; Baquero et al., 2009; Raaijmakers and Mazzola, 2012; Chevrette and Currie, 2019). Penicillium notatum, for example, the mold famously discovered by Alexander Fleming to produce penicillin, was found, in that instance, to compete for resources and space with the bacterium Staphylococcus aureus (Demain and Elander, 1999; Bennett and Chung, 2001). This situation could increase the prevalence of ARGs in the environment, as ARG-possessing antibiotic producers outcompete their targets or as targets evolve ARGs in response to their competitors’ antibiotics. Even if microbes do not engage in allelopathy, possessing ARGs may increase their biological fitness due to co-benefits of the resistance mechanisms (e.g., ARGs coding for or regulating efflux pumps simultaneously provide resistance to heavy metals and other toxic compounds; Allen et al., 2010). On the other hand, if resource limitation is the predominant driver of microbial population dynamics and phenotypic plasticity in the expression of ARGs is insufficient to reduce costs (Auld et al., 2009), then microbes that do not house ARGs may have a competitive advantage over microbes that do, due to the energetic expenses or other physiological tradeoffs associated with ARGs (Kang and Park, 2010; Basra et al., 2018).

Moreover, under certain conditions, ARG-possessing microbes might facilitate rather than competitively exclude other microbes (Klümper et al., 2019). This has been shown to occur in one of two ways: through mutualism, which we describe in the next section, or through exploitation of “leaky” or “public” resistance mechanisms. For example, susceptible microbes can benefit from neighboring ARG-possessing competitors’ production and release of signaling compounds such as indole, a compound which activates drug efflux pumps and oxidative-stress protective mechanisms (Lee et al., 2010). As previously mentioned, antibiotics themselves may serve as signaling compounds, though they are more likely to be utilized by conspecifics and mutualistic symbionts than by competitors (Allen et al., 2010). Relative costliness of ARGs may create a selection pressure favoring exploiters over resistance builders, so that only the microbes that require ARGs for essential life processes retain their ARGs over time. Such “race to the bottom” coevolutionary dynamics are known as “Black Queen” dynamics (Morris et al., 2012; Cairns et al., 2018a). Microbes exhibiting Black Queen dynamics would represent a best-case scenario for human priorities regarding the evolution of AMR in pathogens, since it would entail selection against ARGs even under conditions favoring AMR.



Mutualism

The term “mutualism” refers to a relationship of mutually beneficial exchanges between different species (Hoeksema and Bruna, 2000). Certain mutualisms can enable microbes to acquire AMR without necessarily possessing their own independent ARGs. Two such mutualisms that have garnered attention in clinical settings and nutritional science are microbial biofilms and syntrophic consortia. Biofilms are structured associations of microbes that form on surfaces, including within food processing and water treatment facilities, various medical devices, and the human body (Donlan, 2002; Chmielewski and Frank, 2006; Ling et al., 2015; Kovach et al., 2017; Hu et al., 2018). They provide microbes with defenses against adverse conditions, increased efficiency in sequestering and assimilating nutrients, and other cooperative benefits (Jefferson, 2004; Nadell et al., 2016; Zhang et al., 2018). Syntrophic consortia are symbiotic associations of two or more microbial groups that allow for synthesis or degredation of substances that few or none of the constituent microbes would be able to synthesize or degrade on their own (Madigan et al., 2009; Morris et al., 2013; Bradáčová et al., 2019). Note that these characterizations are not mutually exclusive of one another: a biofilm can be a consortium and vice versa, depending on its location, form, and benefits.

The formation of biofilms can not only enhance the horizontal exchange of ARGs among constituent microbes (Molin and Tolker-Nielsen, 2003) but also confer AMR based on the physical and chemical structure of exopolysaccharides and other features of biofilm architecture shielding the constituent microbes’ cell envelopes (Mah and O’Tool, 2001; Jałowiecki et al., 2018). In addition, biofilms can provide resistance based on less intuitive mechanisms, such as slowed growth and inhibition of targeted metabolic processes (Olsen, 2015), achieved through the release of toxins by core constituent microbes (Lewis, 2005). Similarly, syntrophic consortia can allow microbes to gain AMR by creating enzymes in assembly-line fashion that degrade or inhibit antibiotics (e.g., β-lactamases; Olsen, 2015). This can be based on a small number of constituent microbes synthesizing the enzymes and the rest either supplying essential resources (Fan and He, 2011; Liu et al., 2017) or ameliorating factors such oxidative stress (Shatalin et al., 2011), or it can be based on multiple constituent microbes each synthesizing complementary parts of the enzymes (Burmølle et al., 2006; Islas-Espinoza et al., 2012). Mutualisms giving rise to exogenous or emergent AMR may call for the development of new methods of assessing antibiotic susceptibility that go beyond screening for conventional ARGs, at least in the case of the microbes known to engage in such mutualisms.



Predation and Parasitism

Microbes are often the prey or hosts of other species, including other microbes. Use of these natural enemies as biological control agents to combat clinical pathogens is a hot-topic area of research (which we delve deeper into in a later section) and has been shown to be effective under certain circumstances (Kutateladze and Adamia, 2010), including where pathogens already exhibit AMR (Willis et al., 2016). In natural environmental contexts, the influence of predation and parasitism on ARGs and AMR is complicated by the fact that certain predators and parasites produce antibiotics to subdue their prey or hosts and certain prey and hosts produce antibiotics to defend themselves from predators and parasites. For instance, predatory myxobacteria utilize antibiotics (myxovirescin and corallopyronin) to subdue prey such as Escherichia coli (Xiao et al., 2011), as does the non-obligate predator Aristabacter necator Strain 679-2 (pyrrolnitrin, maculosin, and banegasine; Cain et al., 2003). Antarctic sponges of the genus Crella produce antibiotic steroids (norselic acids A–E) that deter predators such as the amphipod Gondogeneia antarctica, as well as protozoan parasites of the genus Leishmania (Ma et al., 2009). Antibiotic-producing consumers and resources, like other antibiotic-producing organisms, may be sources of ARGs in sympatric species and select for AMR in the targets of their antibiotics.



Complex Associations and Indirect Effects

Although the broad categories of competition, mutualism, and predation/parasitism accommodate the entire spectrum of fundamental pairwise relationships within ecology (from mutually detrimental to mutually beneficial), these pairwise relationships do not exist in a vacuum. In the context of real-world ecological communities, mutualisms can enable predators and parasites to subdue their prey or hosts (Hwang et al., 1989; Mlot, 1997; Jones and Nishiguchi, 2004; Shiga, 2005), enable prey or hosts to fend off their predators and parasites (Soler et al., 2010; Pauli et al., 2014; Flórez et al., 2015; Van Arnam et al., 2018; Chevrette and Currie, 2019), and enable competitors to exclude their rivals (Preer et al., 1953; Brown et al., 2008; Mangla et al., 2008). Some of these complex associations and indirect interactions are mediated by antibiotics and ARGs. For example, the medicinal plant Leptospermum scoparium relies on endophytic bacteria to produce antibiotics such as phenazine and 2,4-diacetylphloroglucinol, which inhibit infection of the plant by pathogens such as Pseudomonas syringae pv. actinidiae (Wicaksono et al., 2018). Wicaksono et al. (2018) found that these bacteria were transmissible to other plants and could therefore be used for biological control of the plant diseases. Similarly, the pest beetle Lagria villosa relies on Burkholderia gladioli to produce icosalide, a lipocyclopeptide antibiotic that protects the beetle’s offspring from entomopathogenic bacteria (Dose et al., 2018), bacteria which predatory nematodes often rely on to envenomate prey (Mlot, 1997). Fungus-growing attine ants weed out microfungal parasites (competitors for the ants’ food) of the genus Escovopsis from their fungal gardens using antibiotics produced by a streptomycete bacterium that resides within their cuticles (Currie et al., 2003; Little and Currie, 2007). There is evidence to suggest that the ants might deliberately (arguably “artificially”) select their antibiotic-producing bacteria (Barke et al., 2011) and that the nature of the relationship has permitted the antibiotics to remain effective in controlling the parasitic fungi despite millions of years of coevolution (Pathak et al., 2019). In a study that had implications for agriculture, Li and Alexander (1988) found that use of antibiotic-producing soil inoculants can enhance crop yield and resilience by increasing colonization and nodulation by rhizobia.

Antibiotics and ARGs associated with symbionts of macroscopic hosts seem, at first glance, unlikely to be an important source of antibiotics and ARGs in clinical, industrial, or water treatment settings. If they have shared a long co-evolutionary history with their macroscopic hosts, the symbionts will likely have lost certain functional traits that are important to the fitness of their free-living counterparts (Bennett and Moran, 2015) and have as restricted a geographical distribution as their hosts (Martiny et al., 2006; Joseph et al., 2016). Three caveats to consider, however, are that: (1) even if the symbionts die when their hosts die, the symbionts’ antibiotics and genes are released into the environment; (2) animal migration, human globalization, and other modes of dispersal all permit spread to management-relevant environments (Brown and Barker, 1999; Molmeret et al., 2005; Allen et al., 2010; Forsberg et al., 2012; Zurek and Ghosh, 2014); and (3) many hosts of microbial symbionts are known vectors of disease. Investigating what Galimand et al. (2006) have referred to as a “clinically ominous event,” Hinnebusch et al. (2002) demonstrated that horizontal gene transfer among the microbes inside the Oriental rat flea Xenopsylla cheopis may have been the cause of AMR in Yersinia pestis strains isolated from bubonic plague patients in Madagascar.




COMMUNITY ECOLOGICAL APPROACHES TO ADDRESSING ANTIMICROBIAL RESISTANCE

While using methods such as -omics to comprehensively profile microbial communities both in and out of clinical settings is still a major priority, the biological data produced through these methods must ultimately be interpreted and synthesized for there to be progress in addressing the problem. The frameworks for this synthesis currently exist within community ecology. Two that are well-established and appropriate for the task are “integrated pest management” and “ecological succession.”


Integrated Pest Management

Integrated pest management (IPM) is a strategy designed to safeguard human health and the environment while avoiding, attenuating, or delaying pest outbreaks or associated damages (Kogan, 1998; Liang et al., 2015). Historically, the major focus of IPM has been minimization of pesticide use and enhancement of its efficacy in targeting herbivorous insects, weeds, and vectors of disease. Part of the motivation for this focus is that pesticides, globally, have promoted pesticide resistance among target species, adversely impacted non-target and beneficial organisms, and, in some cases, proven to be persistent in the environment (Barzman et al., 2015). The issue is analogous to that of antibiotics promoting AMR and other adverse outcomes. Although Magarey et al. (2019) and others (Fidler, 1998; Orzech and Nichter, 2008) have noted that complex cultural, legal, and socioeconomic factors underlie both issues and must be addressed for management practices to be successful, we focus here on providing basic understanding of relevant IPM approaches and elucidating how they might be applied in the context of AMR. Specifically, we consider the approaches of biological control and habitat manipulation.

Biological control is the use of living organisms to control pests. As previously stated, microbes, including those possessing ARGs, have natural enemies such as predators and parasites. A few studies highlight the potential of using these natural enemies to control pathogens responsible for post-harvest diseases of fruits and vegetables (Wilson et al., 1993), tree and woody plant diseases (Cazorla and Mercado-Blanco, 2016), and even diseases within humans and domesticated animals (Negus et al., 2017). Among the presently favored candidate biological control agents are protozoan bacterivores and plasmid-dependent bacteriophages. By decreasing microbial population abundance (the prerequisite for heritable variation and population viability) and exacting opposing selection pressures (compared to those exacted by antibiotics, other natural enemies, or competing microbes), these consumers can theoretically replace antibiotics or enhance the effectiveness of antibiotics and reduce the likelihood of AMR (Hiltunen et al., 2017; Cairns et al., 2018a,b).

Unfortunately, evidence is conflicting as to whether there are tradeoffs between AMR and defense against natural enemies. For example, whereas Chen et al. (2017b) found that AMR coincides with increased susceptibility to bacteriophages, Allen et al. (2017) found that AMR is associated with increased resistance to bacteriophages. If indeed AMR provides the co-benefit of defense against natural enemies, introduction of natural enemies may amplify the effectiveness and prevalence of AMR rather than decrease it. Moreover, in the environment of a gut or epiphytic microbiome, bacteriophages or other natural enemies of microbes may affect microbes that are necessary or beneficial for overall health more than they affect ARG-possessing pathogens. Equivalently, the natural enemies may prevent competitively inferior ARG-possessing microbes from being excluded by other microbes (Bohannan et al., 2002), in a manner akin to “keystone predation” (where apex predators preferentially feed on superior resource competitors, promoting biodiversity among the prey; Amarasekare, 2008).

Due to these concerns, biological control of pathogens, especially within humans and domesticated animals, requires forethought and the means to ensure that “ecological release” of the biological control agents and other potential adverse outcomes do not occur within or on the patients (Miller and Aplet, 1993; Louda et al., 2003; Shanmuganathan et al., 2009). Barratt et al. (2010) noted that numerous recent advances in risk assessment methodologies have helped to minimize the possibility of adverse outcomes of biological control. These include multi-factorial assessments of control agent viability, quarantine laboratory host range testing, pre- and post-release studies incorporating mechanistic population dynamics models, and meta-analysis of cumulative data from past introductions. Each of these advances (with the possible exception of meta-analysis of past introductions) can be tailored to evaluate the efficacy of biological control of pathogens and AMR. For example, comprehensive profiles of microbial communities both in and out of clinical settings can be assembled via sampling and manipulative experiments and be used to establish the host/prey specificity of putative biological control agents or select the most appropriate stage of infection or population growth at which to introduce biological control agents.

Habitat manipulation entails altering the physical, chemical, or biological structure of the landscape to inhibit pests or to benefit or manipulate the natural enemies and competitors of the pests. This includes creating or manipulating breeding grounds and refuges against adverse abiotic conditions, such as overwintering sites in terrestrial systems (Griffiths et al., 2008) or zones of oxygenated hypolimnion in aquatic systems (Klumb et al., 2004). It also includes providing incentives for pests to leave or reduce their impacts (e.g., trap crops; Badenes-Perez et al., 2004), targeting the pests’ symbionts and vectors (Beard et al., 2002; Pocquet et al., 2014), and introducing alternative prey or hosts to amplify the effects of natural enemies via apparent competition (Holt and Bonsall, 2017). In the context of managing AMR, the “landscape” may be outdoor environments and open public spaces serving as source pools of ARGs or hubs of transmission; indoor facilities and equipment; or individual vector, host, or patient microbiomes. At the larger scale, habitat manipulation might thus entail familiar tactics such as regulating and remediating pollutants, employing safe and sustainable hygiene practices, and removing conditions that favor human, plant, or animal exposure to vectors of disease. In the case of microbiomes, analogues of altering abiotic conditions, targeting of pests’ symbionts, and introducing alternative prey or hosts to amplify natural enemies’ effects might include manipulating dietary nutrients, utilizing prophylactics and probiotics (see, however, Gueimonde et al., 2013 for a cautionary perspective on this approach), and targeting non-pathogenic (or less pathogenic) mutualistic partners of pathogens rather than the pathogens themselves. Recent preliminary studies have even suggested that microbes not ordinarily present in the hosts’ organs could be employed for this purpose; e.g., photosynthetic cyanobacteria could be injected into the heart to convert blood carbon dioxide to oxygen and thereby inhibit the causes and symptoms of heart disease and necrosis (Cohen et al., 2017). Treatment strategies that counteract the benefit of exogenous or emergent AMR, such as the use of agents that disrupt quorum sensing or target specific components of the biofilm matrix and the use of biofilm-penetrating antibiotics, would also be a worthwhile extension of the principle of habitat manipulation (Donlan, 2000; Sully et al., 2014).



Ecological Succession

Ecological succession is the phenomenon of biological communities forming or re-assembling and changing over time following natural or anthropogenic disturbances. These disturbances can include influx or loss of resources or habitat structure (e.g., due to urban development), invasion of the ecological community by exotic species, and changes in abiotic conditions due to seasonality or pollution. They can also often be autochthonous, as in the case of pioneer lichen creating soil from bare rock (Shure and Ragsdale, 1977). Patterns of succession affect functional traits within species and interaction strengths among species and depend on factors such as disturbance severity and species’ dispersal limitations (Chang and Turner, 2019). Ecological succession theory has been developed within classical microbiology, even including versions of the concepts of r- and K-strategists (Dorodnikov et al., 2009). However, two popular microbiological paradigms have created some divergence between microbial ecological succession theory and classical ecological succession theory: that of “everything is everywhere, and the environment selects” (O’Malley, 2007) and of microbial utilization of resources being determined thermodynamically by reduction-oxidation reaction-related processes (a.k.a. the “Redox Tower”; Delattre et al., 2019). Through the lens of these paradigms, antibiotics constitute two separate forms of disturbance: a selection pressure against non-resistant microbes (which would release some of their metabolic resources and space, making them available to other microbes) and a metabolic resource for AMR-exhibiting microbes. Combining this concept with an understanding of the previously mentioned syntrophic consortia, it may be possible to predict the rate at which and extent to which antibiotics would be enzymatically degraded in the presence of particular microbial assemblages and the likelihood of ARG spread within those assemblages. This information could be used to assess or predict environmental impacts and legacy effects of antibiotics or to develop novel mitigation strategies. To some extent, it has already been used to develop or enhance certain bioremediation techniques (US Environmental Protection Agency, 2013).

However, real-world microbial succession is typically more complicated (Chen et al., 2017a). Within microbiomes of macroscopic hosts, various potential metabolic resources can become available simultaneously (e.g., via mixed diets), and host immune responses, natural enemies, and competitors of various kinds may also be present. Furthermore, as stated previously, microbes can obtain exogenous or emergent AMR via exploitation of ARG-possessing microbes, potentially promoting Black Queen coevolutionary dynamics (see Competition subsection of Species Interactions Involving AMR). Depending on the level of impact it has on the ARG-possessing microbes, this could allow for coexistence or be analogous to successional replacement of “pioneer” and “nurse” plants (Whittaker, 1993; Tewksbury and Lloyd, 2001). Conceptual models within classical ecological succession theory that could be used to predict such outcomes include that of “alternative stable states” (Fukami and Nakajima, 2011) and that of the “Stress-Gradient Hypothesis” (Bertness and Callaway, 1994). The latter, originally developed for terrestrial plant communities (and later refined by Malkinson and Tielbörger, 2010), posits that, among potential competitors, intense grazing pressure or abiotic stress can increase the prevalence and importance of facilitative interactions such as “associational defense” and “neighborhood habitat amelioration,” provided that the competitors possess adequate complementarity in their physiological traits. Studies of AMR across gradients of antibiotic pollution, other abiotic stress, and bacterivore biodiversity (e.g., Baquero and Negri, 1997; Dunivin and Shade, 2018; Harmand et al., 2018) could be used to parameterize numerical simulations based on the hypothesis and test whether facilitative interactions in the form of AMR-conferring multi-species syntrophic consortia and biofilms occur as predicted along these gradients.




DISCUSSION

AMR is a global human health concern, exacerbated by human population growth and socioeconomic inequity (Allcock et al., 2017; Jensen et al., 2019), climate change (MacFadden et al., 2018), and biological warfare/terrorism (Inglesby et al., 2000). It is also a pressing concern within the realms of industry, food production, and environmental health (Figure 1). The approach of “kill everything susceptible for as long as it is susceptible” has proven to be short-sighted and costly, with far-reaching implications. The relationships that microbes have with other species are an integral component of AMR ecology and should therefore be accounted for in both management initiatives and basic research. As we have described above, these relationships can have significant and sometimes multifaceted roles in determining the prevalence and distribution of AMR and ARGs. They and their effects call for subtle changes in our thinking regarding the boundaries of the problem that allow for innovations in the management of AMR, innovations that could easily and appropriately draw from existing frameworks within the field of community ecology. Priorities that would enable this progress include further characterizing AMR ecology in complex microbial communities and formally articulating and evaluating the links between this ecology and the risks to human and environmental health via mechanistic models and experimental tests of ecological theory.

Among the many questions still needing to be addressed regarding AMR ecology is what impact ARGs have on the longevity and infectivity of pathogens in the environment, outside of their hosts. Although many studies have traced ARGs introduced through human activities such as the generation of wastewaters, few have examined how the microbes associated with these ARGs persist and interact with other species in their new surroundings (Rodriguez-Mozaz et al., 2015; Bengtsson-Palme et al., 2017; Smalla et al., 2018). Knowing how frequently horizontal gene transfer of ARGs occurs among mutualistic symbionts, across trophic levels of microbial food webs, and in general (and, more importantly, knowing why) would enable researchers to better estimate the probability of non-pathogenic organisms with ARGs spreading resistance to the pathogens of humans, plants, and domesticated animals (Cairns et al., 2018a,b). Ideally, future research and mitigation efforts will leverage the fundamentals of modern microbial ecology, bringing together the principles and tools of molecular genetics, classical microbiology, and community ecology to allow us to better understand and manage the processes driving this complex challenge.
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The airways of people with cystic fibrosis (CF) provide a nutrient-rich environment which favours colonisation by a variety of bacteria and fungi. Although the dominant pathogen associated with CF airway infections is Pseudomonas aeruginosa, it is becoming increasingly clear that inter-species interactions between P. aeruginosa and other colonists in the airways may have a large impact on microbial physiology and virulence. However, there are currently no suitable experimental models that permit long-term co-culture of P. aeruginosa with other CF-associated pathogens. Here, we redress this problem by describing a “3R’s-compliant” continuous-flow in vitro culture model which enables long-term co-culture of three representative CF-associated microbes: P. aeruginosa, Staphylococcus aureus and Candida albicans. Although these species rapidly out-compete one another when grown together or in pairs in batch culture, we show that in a continuously-fed setup, they can be maintained in a very stable, steady-state community. We use our system to show that even numerically (0.1%) minor species can have a major impact on intercellular signalling by P. aeruginosa. Importantly, we also show that co-culturing does not appear to influence species mutation rates, further reinforcing the notion that the system favours stability rather than divergence. The model is experimentally tractable and offers an inexpensive yet robust means of investigating inter-species interactions between CF pathogens.

Keywords: cystic fibrosis, continuous-flow, co-culture, in vitro, Pseudomonas aeruginosa, Staphylococcus aureus, Candida albicans


INTRODUCTION

Cystic fibrosis (CF) is the most common life-limiting genetic disorder within the Caucasian population (Cystic Fibrosis Foundation, 2019), with 1 in 40 people estimated to carry the common ΔF508 mutation in the CF transmembrane conductance regulator (CFTR) gene (Bobadilla et al., 2002; Cystic Fibrosis Mutation Database, 2019). The most striking consequence of dysfunctional CFTR activity is the overproduction of nutrient-rich, mucilaginous sputum. This blocks the airways and generates a heterogenous environment with steep oxygen gradients and a lowered pH (Boucher, 2002; Tate et al., 2002; Worlitzsch et al., 2002). This environmental niche is rich in nutrients such as mucin, amino acids, iron, and nitrate making the CF airway prone to colonisation by a variety of microbial species (Grasemann et al., 1998; Jones et al., 2000; Palmer et al., 2007; Ghio et al., 2013). The resulting infections often persist for decades, leading to respiratory failure and eventually, premature death (Lyczak et al., 2002; Rajan and Saiman, 2002; Carmody et al., 2013, 2015; Elborn, 2016). Traditionally, these CF-associated infections have been linked with a relatively small number of easily-culturable pathogens, such as Pseudomonas aeruginosa or Staphylococcus aureus. However, the introduction of culture-independent molecular profiling approaches revealed that expectorated CF sputum samples often contain a much wider range of bacterial and fungal species (Sibley et al., 2006, 2008; Rogers et al., 2010a; Zhao et al., 2012; Carmody et al., 2013, 2015; Short et al., 2014; Boutin et al., 2015). This suggests that the CF airways may harbour a highly-diverse microbial community, although this notion has been challenged recently through the direct sampling of lavage fluid from the lungs of CF children. These new data suggest that to a large extent, the diversity of the previously reported CF-associated microbiome arises from contamination of the sample during passage through the oral cavity, and following sample processing (Jorth et al., 2019). Nevertheless, these newer studies still suggest that the CF airways harbour a core population of “non-conventional” pathogens, including Prevotella, Veillonella and Staphylococcus species, as well as “traditional CF pathogens” such as P. aeruginosa (PA).

The polymicrobial character of many CF-associated airway infections makes it crucial to consider what impact inter-species interactions have on the physiology and composition of the microbial consortium. Previous reports demonstrate that co-culturing bacterial species in vitro and in vivo causes significant alterations in gene essentiality (Ibberson et al., 2017). This can lead to changes in microbial lifestyle, impacting upon the expression of virulence factors (Rogers et al., 2009, 2010a,b; Hibbing et al., 2010; Leekha et al., 2011; Elias and Banin, 2012; Quinn et al., 2014; Limoli et al., 2016). For example, PA senses peptidoglycan shed from Gram-positive bacteria, and this stimulates the production of extracellular lytic virulence factors (Korgaonkar et al., 2013). Polymicrobial communities also display altered responses to therapeutic intervention. This may explain why many of the currently used clinical interventions designed to target PA show varying degrees of efficacy between patients (Lopes et al., 2012; Peters et al., 2012). As a consequence of these conceptual realisations, research focus is gradually moving away from studying individual species in isolation toward co-cultivating the major CF associated pathogens (Spasenovski et al., 2010; Bragonzi et al., 2012; Filkins et al., 2015; Magalhães et al., 2016; Lopes et al., 2017; Makovcova et al., 2017). However, these efforts are hampered by the paucity of adequate polymicrobial infection models. The development of a model which enables the stable and long-term recapitulation of CF polymicrobial communities is therefore highly-desirable.

Here we describe the development of a simple in vitro continuous-flow co-culture model which utilises artificial sputum medium (ASM). ASM is known to physiologically recapitulate the nutritional composition of CF airway secretions (Palmer et al., 2007; Kirchner et al., 2012; Turner et al., 2015). To the best of our knowledge, our co-culture model (Figure 1) is the first to permit the long-term, steady-state co-culture of three distinct microbial species: PA, Staphylococcus aureus (SA), and Candida albicans (CA). Through viable cell counting and optical density measurements, we demonstrate that the abundance of each member of this microbial population remains unchanged over the course of 4 days and that a total carrying capacity can be reached and maintained within the culture vessel. By contrast, and in line with previous reports, when these species are co-cultured under batch conditions, PA rapidly outcompetes the other species (Machan et al., 1992; Duan et al., 2003; Hogan et al., 2004; Mashburn et al., 2005; McAlester et al., 2008; Cugini et al., 2010; Holcombe et al., 2010; Morales et al., 2010; Park et al., 2012; Korgaonkar et al., 2013; Baldan et al., 2014; Fugère et al., 2014; Rüger et al., 2014; Barnabie and Whiteley, 2015; Filkins et al., 2015; Nguyen et al., 2015; Zago et al., 2015; Nguyen and Oglesby-Sherrouse, 2016). Our in vitro model provides a defined and experimentally tractable system which can be used to dissect interspecies interactions and determine the long-term impact of co-cultivation on the physiology and gene expression profiles of CF-associated pathogens. Our in vitro model also provides a robust and cheaper alternative to existing in vivo infection models, making it compliant with the current trend toward the refinement, replacement and reduction (3Rs) of animal models in research.
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FIGURE 1. Schematic diagram of the in vitro continuous-flow culture system used in this study. The main culture vessel (centre) is a 100 mL Duran bottle fitted with a 4-port HPLC GL80 screwcap lid, containing 4 sealable inlet/outlet ports. A multichannel peristaltic pump delivers fresh media (ASM) into the culture vessel from a reservoir, and also removes waste culture at the same rate of flow (Q). Arrows show the direction of flow. The culture vessel is incubated at 37°C and the contents are kept homogenous through gentle stirring. If required, an in-line spectrophotometer fitted with a continuous-flow cuvette can be included in the setup prior to the discard jar. The value for Q depends on the microbial species being cultured within the vessel.


The species chosen for inoculation into our co-culture model represent three distinct classes of microorganisms; a Gram-negative species and dominant CF-associated pathogen (PA), a Gram-positive species, often associated with CF airway infections (SA) and a dimorphic fungus (CA), also commonly found in CF airway secretions (Conrad et al., 2013). As such, our continuous-flow model lays a solid groundwork for the development and optimisation of an in vitro co-culture model which can be directly inoculated with expectorated CF sputum. This will hopefully enable, in the longer-term, full recapitulation of the CF-associated polymicrobial community in defined laboratory conditions.



MATERIALS AND METHODS


Microbial Strains and Culture Conditions

The bacterial/fungal strains used in this study are shown in Table 1. All bacterial strains were routinely cultured in lysogeny broth (LB) (Formedium) with vigorous aeration at 37°C overnight. Where necessary, cultures were supplemented with 50 μg mL–1 carbenicillin (to maintain pSB1057 in the N-(3-Oxododecanoyl)-L-homoserine lactone OdDHL biosensor strain) or 10 μg mL–1 tetracycline (to maintain pSB536 in the N-butanoyl-L-homoserine lactone BHL biosensor strain).


TABLE 1. Microbial strains used in this study.

[image: Table 1]Artificial sputum medium was used for every mono-, dual-, and triple-species cultivation. ASM was made using a modified version of the recipe published by Turner et al. (2015). Briefly, bovine maxillary mucin was replaced with 1.25 g L–1 porcine stomach mucin type-II (Sigma-Aldrich) and salmon sperm DNA was replaced with 1 g L–1 fish sperm DNA (Sigma-Aldrich) as described by Kirchner et al. (2012). A detailed protocol for preparing ASM can be found in the Supplementary Information (SI.1).


Continuous-Flow Culture Vessel and Culture Conditions

A schematic of the continuous-flow culture system is shown in Figure 1. The culture vessel consists of a 100 mL flask (Duran), fitted with an assembled 4-port HPLC GL80 screw cap (Duran). A 24-channel IPC ISM934C standard-speed digital peristaltic pump (Ismatec) was used to deliver sterile ASM at a defined flow rate (Q) through 1.5 mm bore sterilin silicon tubing (Fisher Scientific) to the culture vessel. A different channel on the same pump was used to remove waste culture into a discard jar at the same flow-rate. The culture vessel was maintained at 37°C and its contents were kept homogenous by stirring (100 rpm) using a magnetic stir bar. When necessary, the culture optical density was monitored at 600 nm (OD600 nm) by passing the removed waste culture through an in-line 6715 UV series spectrophotometer (Jenway) fitted with a continuous-flow cuvette.

Overnight cultures were washed three times in sterile 1 × phosphate buffered saline (PBS, Oxoid) prior to inoculating the culture vessel. Pre-warmed ASM (100 mL) in the culture vessels was inoculated with the required combination of microbial species. Each species was introduced into the culture vessel to achieve a starting OD600 nm of 0.05. The vessel was incubated for 3 h prior to staring the flow of medium. For mono-species and co-culture experiments not containing CA, the flow rate (Q) was set at 170 μL min–1. For co-culture experiments including CA, Q was decreased to 145 μL min–1. For all continuous-flow experiments, samples (1 mL volume) for cell enumeration were withdrawn using a syringe fitted with a sterile needle inserted through the rubber septa in the HPLC ports.



Aerobic and Stirred Batch Culture Conditions

For aerobic batch cultures, 250 mL Erlenmeyer flasks containing pre-warmed ASM (inoculated with the indicated strains to a starting OD600 nm of 0.05) were incubated at 37°C with vigorous shaking (180 rpm). Stirred batch cultures were set up as described for the continuous-flow experiments (see section “Continuous-Flow Culture Vessel and Culture Conditions”), except with Q = 0 μL min–1. For both types of batch culture, samples (1 mL volume) were taken from the culture vessel for OD600 nm analysis and viable cell counting.



Microbial CFU mL–1 Enumeration

Colony forming units (CFU) per mL of culture were determined using the single plate-serial dilution spotting (SP-SDS), as described previously (Thomas et al., 2015). Serial dilutions were made in sterile PBS and 20 μL of each dilution was spotted onto the appropriate selective agar. PA was isolated using pseudomonas agar base (Oxoid) supplemented with cetrimide (200 μg mL–1) and sodium nalidixate (15 μg mL–1). SA was isolated on mannitol salt agar (Oxoid). CA was isolated on BiGGY agar (Oxoid). During co-culture experiments involving CA, the agar plates used to isolate PA and SA were further supplemented with 5 μg mL–1 itraconazole to inhibit the growth of CA. All plates were incubated at 37°C. Pseudomonas agar base and mannitol salt plates were incubated overnight (16 h). BiGGY agar plates were incubated for 24 h. CFU mL–1 counts are averages taken from three technical repeats. There was no significant difference between total CFU mL–1 counts of pure microbial cultures plated onto either non-selective (LB-agar) or any of the selective agar (data not shown).



Quantification of Quorum Sensing Molecules

Aliquots (1.5 mL) of culture were collected after 24 and 96 h (as indicated) of incubation. The cells were pelleted by centrifugation (15,000 × g, 5 min, 20°C) and the supernatant was filtered (0.22 μm pore size). Aliquots of the supernatant were snap frozen in liquid N2 and stored at −20°C until use. OdDHL was detected using JM109 (pSB1057). BHL was detected using JM109 (pSB536). PQS was detected using PAO1 ΔpqsA CTX-lux::pqsA. Overnight starter cultures of the reporter strains were sub-cultured in LB supplemented with the appropriate antibiotics and grown to OD600 nm = 1.0. Following this, aliquots (60 μL volume) of the normalised cell culture were transferred to a sterile clear-bottomed black opaque 96-well plate (Greiner Bio-One) containing an equal volume of thawed culture supernatant. The plates were incubated at 30°C with shaking (100 rpm) for 3 h. Bioluminescence was recorded using a FLOUstar Omega plate reader (BMG). Standard curves to calibrate the biosensor outputs were constructed using known concentrations of synthetic quorum sensing molecules dissolved in ASM.



Quantification of Pyocyanin

Pyocyanin quantification was performed following chloroform extraction of the pigment (Knight et al., 1979). Aliquots (10 mL volume) of culture were collected after 96 h growth and the cells were pelleted (4000 × g, 30 min, 4°C). The culture supernatants were filter sterilised (0.22 μm pore size). Chloroform (4.5 mL) was added to 7.5 mL of the cell-free culture supernatant and the suspension was vigorously vortexed for 30 s. The immiscible layers were separated by centrifugation (4000 × g, 10 min, 4°C). An aliquot (3 mL volume) of the blue-green chloroform phase was removed and mixed with 1.5 mL 0.2M HCl. The immiscible layers were then separated by centrifugation and 1 mL of the rose-pink phase was transferred to a cuvette. The pyocyanin absorbance was measured at 520 nm using a BioSpectrometer Kinetic spectrophotometer (Eppendorf) and converted to concentration (μg mL–1) by multiplying the A520 nm value by 26.6.



Estimation of Mutation Rates

Mutation rates in the chemostat were measured as described by Foster (2006). Initially, the rate constant (λ) associated with exponential growth of PA and SA co-cultured in ASM, was determined by enumeration of CFU mL–1 on selective agar plates. Next, the total cell count (N) within the culture vessel at steady-state growth was determined. The number of spontaneous rifampicin resistant PA or SA mutants, r, was measured after t1 = 0 h, t2 = 24 h and t3 = 96 h of incubation. Total cell numbers in the chemostat did not change appreciably between 24 and 96 h. The value of r was determined by plating aliquots (100 μL volume) of culture onto either pseudomonas isolation agar supplemented with 60 μg mL–1 rifampicin (for PA), or mannitol salt agar supplemented with 0.05 μg mL–1 rifampicin (for SA). The mutation rate per cell per generation (m) was calculated according to Eq. 2 in Foster (2006);
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Statistical Analysis

Unless otherwise stated, all data represent the mean ± SD of three independent biological experiments. Results were analysed by one-way or two-way ANOVA (as indicated), or Student’s unpaired t-test using GraphPad Prism version 8.2.0, with P < 0.05 being considered statistically significant.



RESULTS


Mono-Species Continuous-Flow Culture (PAO1)

As a first step, we confirmed that PA, SA and CA could all grow in ASM. This was done by inoculating each species into flat-bottomed microtitre plates containing ASM. The plates were incubated at 37°C with vigorous shaking (180 rpm) in a FluoStar Omega plate reader, and the culture optical density (OD600) was monitored every 15 min. PA, SA and CA grew rapidly in ASM, achieving a final OD600 of > 1 after 24 h in all cases (Supplementary Figure S1).

Next, we measured whether a mono-species culture of PA could be maintained with stable steady-state titres in our continuous-flow setup. The laboratory reference strain, PAO1, was inoculated into the continuous-flow system using a flow-rate Q = 170 μL min–1 and the OD600 was measured every 30 min as described in Section “Continuous-Flow Culture Vessel and Culture Conditions.” The OD600 increased almost linearly for the first 8 h and then reached a plateau (OD600 ≈ 0.4) after 10 h of incubation (Figure 2A). By comparison, during growth in the same medium and experimental setup with Q = 0 μL min–1 (i.e., in stirred batch mode), the PA culture reached a final OD600 of > 1 (Figure 2B). We conclude that during continuous-flow operation, the setup allows the culture to achieve a steady-state carrying capacity with an OD600 well-below the final OD600 associated with entry into the stationary phase of growth in the same medium.
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FIGURE 2. Growth of P. aeruginosa in ASM in batch and continuous flow culture conditions. Growth (monitored as OD600) of PA in ASM during (A) continuous-flow culture (Q = 170 μL min– 1); (B) batch culture (Q = 0 μL min– 1). Data represent the mean ± standard deviation from three independent experiments.



Dual-Species Co-culture (PA-SA)

Staphylococcus aureus is also associated with CF airway infection and is particularly prevalent in adolescent patients (Goss and Muhlebach, 2011; Conrad et al., 2013; Jorth et al., 2019). Despite PA and SA being frequently co-isolated from CF patients, numerous antagonistic interactions have been identified between these species, and PA readily outcompetes SA in vitro in mixed cultures (Machan et al., 1992; Duan et al., 2003; Mashburn et al., 2005; Park et al., 2012; Korgaonkar et al., 2013; Baldan et al., 2014; Fugère et al., 2014; Rüger et al., 2014; Filkins et al., 2015; Nguyen et al., 2015). We therefore wanted to determine if the two species could be stably maintained in our continuous-flow culture system. We found that a mixed species co-culture of PA and SA could be readily maintained to yield an apparently stable steady-state composition using Q = 170 μL min–1. The CFU counts for each species are shown in Figure 3A, and the co-culture OD600 measurements are shown in Supplementary Figure S2. A steady state composition of around 107 SA CFU mL–1 and 108 PA CFU mL–1 was established by 24 h of growth, and there were no significant differences in the viable cell counts following this (P > 0.05) up to 96 h of growth. By contrast, during aerobic batch culture in flasks, PA rapidly outcompeted SA and no viable SA could be recovered at the 96 h sampling point (Figure 3B). PA also outcompeted SA during stirred batch co-culture conditions (Q = 0 μL min–1) in the continuous-flow vessel (Figure 3C), albeit at a slower rate. Taken together, these data indicate that a continual supply of fresh media and removal of waste products is crucial for permitting a successful PA-SA co-culture in vitro.
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FIGURE 3. Continuous-flow culture allows P. aeruginosa and S. aureus to be maintained in a stable steady-state. Viable cell counts [colony forming units (CFUs)] of P. aeruginosa PAO1 (PA, black bars) and S. aureus 25923 (SA, white bars) during co-culture in ASM using: (A) a continuous-flow setup; (B) aerobic batch culture; and (C) stirred batch culture. Data represent as mean ± standard deviation from three independent experiments. Asterisks represent significant (∗P < 0.05) differences in CFU mL– 1 counts in comparison with the data from the 24 h time point.




Dual-Species Co-culture (PA-CA)

Fungi, such as Candida sp. and Aspergillus sp. are also associated with CF airway infections (Williams et al., 2016; Bouchara et al., 2018). We therefore examined whether Candida albicans (CA) could be maintained alongside PA in the continuous-flow setup. This is important because inter-kingdom interactions between PA and CA have been previously shown to affect virulence factor production by both species (Hogan et al., 2004; McAlester et al., 2008; Cugini et al., 2010; Holcombe et al., 2010). We found that a co-culture of PA and CA could be readily maintained in the continuous-flow setup (Figure 4A), although to prevent a wash-out of CA from the culture vessel over time we had to decrease the flow rate (Q = 145 μl min–1). The culture carrying capacity for CA (ca. 105 CFU mL–1) was lower than it was for PA (ca. 108 CFU mL–1), but once a steady-state had been achieved (after 24 h incubation) no statistically significant differences in PA or CA viable cell counts were observed (P > 0.05). In contrast, CA titres rapidly declined during aerobic batch co-culture (Figure 4B). A similar, albeit slower decline in CA titres was observed during stirred batch growth (Figure 4C).
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FIGURE 4. Continuous-flow culture allows P. aeruginosa and C. albicans to be maintained in a stable steady-state. Viable cell counts (CFU) of P. aeruginosa PAO1 (PA, black bars) and C. albicans SC5314 (CA, grey bars) during co-culture in ASM using: (A) a continuous-flow setup; (B) aerobic batch culture; and (C) stirred batch culture. Data represent as mean ± standard deviation from three independent experiments. Asterisks represent significant differences in CFU mL– 1 counts in comparison with the data from the 24 h time point (∗∗P < 0.005, ∗∗∗∗P < 0.0001).




Dual-Species Co-culture (SA-CA)

We next wanted to confirm that a stable co-culture of SA and CA could be maintained independent of PA. Using Q = 145 μL min–1, this was indeed the case (Figure 5A), and after 24 h growth, the ratio of SA:CA remained essentially unchanged. As in the PA-CA co-culture, at steady-state, the carrying capacity (ca. 105 CFU mL–1) for CA was lower than it was for SA (ca. 108 CFU mL–1). Unexpectedly, we noted that following aerobic and stirred batch culture, the CA outcompeted the SA (Figures 5B,C). This confirms that in mixed cultures, a species comprising just 0.1% of the microbiota can potentially have a major impact on titres of the [initially] numerically-dominant organism.
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FIGURE 5. Continuous-flow culture allows S. aureus and C. albicans to be maintained in a stable steady-state. Viable cell counts of S. aureus 25923 (SA, white bars) and C. albicans SC5314 (CA, grey bars) co-cultures in ASM in: (A) a continuous-flow setup; (B) aerobic batch culture; and (C) stirred batch culture. Data represented as mean ± standard deviation of three independent experiments. CFU mL– 1 values are plotted on a log10 scale and asterisks represent significant differences in CFU mL– 1 counts in comparison with the data from the 24 h time point (∗∗P < 0.005, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001).




Triple-Species Co-culture

With the continuous-flow culture system clearly capable of maintaining dual-species co-cultures of PA-SA, PA-CA and CA-SA, we next wanted to determine if all three species could be co-cultured to achieve a stable steady-state composition. We found that setting Q = 145 μL min–1, a mixed population of all three microbial species could be maintained at a steady state for 96 h of incubation (Figure 6A; the corresponding in-line OD600 data are shown in Supplementary Figure S3). Once the steady-state had been achieved (i.e., after 24 h of growth) there were no significant differences in the CFU mL–1 counts for each species for the remaining duration of the co-culture (P > 0.1). The PA and SA titres remained at around 108–109 CFU mL–1, and the CA titres remained at around 105 CFU mL–1. By contrast, when co-cultured in aerobic batch culture, both SA and CA were outcompeted by PA (Figure 6B). Indeed, there was a progressive decrease in the number of SA CFUs in each of the samples harvested after the 24 h time-point (P < 0.0005), and by 72 h, no viable CA CFU could be recovered. However, and unlike the PA-SA aerobic dual cultures (Figure 3B), SA could still be recovered at the 96 h sampling point, suggesting that the presence of CA affords a degree of protection, perhaps by decreasing the direct competition between PA and SA for shared resources. The stirred batch co-cultures yielded a somewhat different pattern (Figure 6C). Here, following the 24 h sampling point, PA titres remained high (ca. 109–1010 CFU mL–1) and constant, but there was a significant and progressive decrease in SA titres (P < 0.05). Unlike the aerobic batch culture, this was accompanied by a much slower decline in CA titres.
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FIGURE 6. Continuous-flow culture allows P. aeruginosa, C. albicans, and S. aureus to be maintained in a stable steady-state. Viable cell counts of P. aeruginosa PAO1 (PA, black bars) S. aureus 25923 (SA, white bars) and C. albicans SC5314 (CA, grey bars) co-cultures in ASM in: (A) a continuous-flow setup; (B) aerobic batch culture; and (C) stirred batch culture. Data represented as mean ± standard deviation of three independent experiments. CFU mL– 1 values are plotted on a log10 scale and asterisks represent significant differences in CFU mL– 1 counts in comparison with the data from the 24 h time point (∗∗P < 0.05, ∗∗∗P < 0.001).




Quantification of P. aeruginosa Quorum Sensing Molecules

Quorum sensing (QS) mediated signalling pathways are linked to the regulation of secondary metabolite and extracellular virulence factor production by PA. Some of these QS-regulated factors have been implicated in mediating interactions with other microbial species (Gambello et al., 1993; Smith and Iglewski, 2003; Lau et al., 2004; Schuster and Greenberg, 2006; Dekimpe and Déziel, 2009; Antunes et al., 2010). To examine how other microbial species might impinge on QS in PA, we therefore determined the concentration of the Pseudomonas quinolone signal (PQS), N-(3-Oxododecanoyl)-L-homoserine lactone (OdDHL) and N-butanoyl-L-homoserine lactone (BHL) in the culture supernatant of single and mixed species co-cultures (Figures 7A–C, respectively).
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FIGURE 7. Quorum sensing molecule accumulation in the different culture setups. Concentration of the indicated P. aeruginosa quorum sensing molecules in the supernatant of single-species or multi-species co-cultures after 24 and 96 h incubation (as indicated). (A) Pseudomonas quinolone signal (PQS); (B) N-(3-oxododecanoyl)-L-homoserine lactone (OdDHL); (C) N-butanoyl-L-homoserine lactone (BHL). Data represented as mean ± standard deviation of three independent experiments.


The concentration of all three QS molecules was significantly (P < 0.0001) lower in the continuous-flow setup compared with the aerobic- and stirred-batch cultures. In the continuous-flow setup, there was no significant difference in the concentration of PQS between the 24 and 96 h sampling points, or of OdDHL between these sampling points (P > 0.1), although we did note an increase in BHL concentration in the PA-CA co-culture over this period (P > 0.05). In contrast, QS molecules accrued to much higher concentrations in the aerobic- and stirred-batch cultures. Moreover, the presence of co-cultivated species had a large, but differential impact on QS molecule production by PA. For example, in batch culture, SA appeared to stimulate OdDHL production, whereas CA appeared to depress OdDHL levels and stimulate PQS (and to a lesser extent, also BHL) production. Taken together, our data indicate that QS molecules accumulate to a much lower concentration in the continuous-flow setup compared with batch cultures.



Quantification of Pyocyanin

Pyocyanin is a redox-active PA secondary metabolite, and is linked with virulence and competition between microbial species in the CF lung (Castric, 1975; Hoffman et al., 2006; Voggu et al., 2006; Biswas et al., 2009; Filkins et al., 2015; Noto et al., 2017). We measured pyocyanin levels in the different culture setups at the endpoint of each experiment (Figure 8). Pyocyanin concentrations were significantly lower for all microbial species combinations in the continuous-flow setup compared with the aerobic- or stirred-batch cultures (P < 0.0001). No significant differences were observed in pyocyanin accumulation between the different microbial co-culture combinations following growth in the continuous-flow setup (P > 0.3). However, we did note that in the batch cultures, the presence of CA depressed pyocyanin accumulation.
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FIGURE 8. Pyocyanin accumulation in the different culture setups. The concentration (μg mL– 1) of pyocyanin in the supernatants of single-species and co-cultures after 96 h of incubation under: continuous-flow (black bars); aerobic batch (grey bars) and; stirred batch (white bars) culture conditions. Data represented as mean ± standard deviation of three independent experiments, P > 0.05 is considered no significant difference (ns).




Estimation of Mutation Rates in Co-cultures of P. aeruginosa and S. aureus

One possible use of the continuous-flow system described here would be to investigate how the presence of co-habiting species affects evolutionary trajectory(s). To gauge this, we measured the mutation rate of each species during co-culture. Mutation rates were measured as described by Foster (2006) and were assessed shortly after the steady-state had been attained (i.e., at the 24 h time-point) and at the end of the experiment (96 h time-point). The mean number of RifR-conferring mutations per cell division was comparable with previously-reported values [≈10–8–10–9 mutations/cell/division (Schaaff et al., 2002; Dettman et al., 2016)] and was consistently low for both PA and SA, with no statistically significant differences between the 24 and 96 h sampling points (P > 0.1) (Figure 9). We conclude that PA and SA do not exhibit abnormal mutability in the continuous-flow setup and that co-culture of these species has no apparent impact on their respective mutation rate.
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FIGURE 9. Mutation rates of P. aeruginosa and S. aureus during co-culture in the continuous-flow setup. Assumed mutation rates of P. aeruginosa PAO1 (black bars) and S. aureus 25923 (white bars) in the continuous-flow culture vessel after 24 and 96 h of incubation. Mutation rates were calculated as the number of RifR-conferring mutations per cell per cell division, calculated as described by Foster (2006). The bars represent the mean ± standard deviation from three independent experiments. P > 0.05 is considered not significantly different (ns).




Continuous-Flow Cultures Maintain a Constant pH

We also examined the endpoint pH of mixed-species cultures to see whether this differed from the starting pH of ASM (pH 6.7). We found that irrespective of the microbes and combinations of microbes being tested, the continuous flow cultures maintained a remarkably constant pH that was close to the starting pH. Stirred batch cultures maintained a pH of ca. 7, whereas aerobic batch cultures exhibited an endpoint pH > 8 (Supplementary Figure S4).



DISCUSSION

In this work, we have shown that a simple in vitro continuous-flow co-culture system enables long-term co-culture of three distinct microbial species (PA, SA and CA) associated with CF airway infections. When co-cultured in batch, these organisms ordinarily outcompete one another, leading to domination by a single species. However, in the setup described here, once a steady-state has been achieved (after around 24 h incubation) each inoculated species can be maintained at a constant titre, presumably reflecting the carrying capacity for each organism in the culture. Significantly, we show that even low-abundance species (represented by CA in our model) can be stably maintained, and that the presence of such species can have a major impact on the population trajectory of numerically more-abundant organisms such as SA, as well as inter-cellular signalling by PA.

The airways of people with CF have been shown to harbour a diverse polymicrobial community, comprising both bacteria and fungi (Sibley et al., 2006, 2008; Rogers et al., 2010a; Zhao et al., 2012; Carmody et al., 2013, 2015; Short et al., 2014; Boutin et al., 2015), and through the efforts of several teams, we now have a well-defined ASM for in vitro analyses. Indeed, PA grown in ASM has an almost identical gene expression profile compared with PA grown directly in sputum derived from CF patients (Turner et al., 2015). In spite of this, to date, there have been no reports describing the successful, long-term co-culture of CF-associated microbes in ASM. As we demonstrate in the current work, simply adding mixed-species inocula into ASM is not a recipe for the long-term maintenance of a stable population. Perhaps the best measure of the lack of progress on this front is seen when considering PA and SA. These two species are common in CF infections, and decades of work have revealed a wealth of knowledge about their physiology and nutritional requirements in axenic culture. However, until now, there have been no studies describing the successful long-term co-cultivation of these two species in vitro. One possible reason for this is that in iron limited conditions, PA lyses SA and uses the resulting lysate as a source of iron (Mashburn et al., 2005). By providing a continual supply of fresh media (which presumably mimics the unrelenting and exuberant production of airway secretions in the CF lung) we speculate that this nutritional limitation may be overcome.

The in vitro system described here offers a number of advantages. First, it is inexpensive to set up, making it accessible as a model to most researchers. Second, it is compliant with the “3Rs” (the replacement, refinement and reduction of animal research). Third, it is robust, as attested by the remarkably constant titres of each species following attainment of the steady-state condition. Fourth, early indications are that it can faithfully maintain species diversity when patient-derived CF sputum is being used to inoculate the system, and our progress on that aspect of the model will be published presently. Fifth, the system is far more defined and controlled than an animal model, allowing facile experimental perturbation. This experimental tractability means that we can address biological questions in a way that is just not possible with, e.g., animal models. For example, new species or defined mutants can be readily introduced to examine their impact on succession dynamics, and the action of antibiotics on the entire community can be accessed. We have also been exploring ways of modifying the setup to promote biofilm growth in the culture vessel, and again, these findings will be published in the near future.

Our in vitro setup is also subject to a number of perceived disadvantages. Unlike an animal model, it does not incorporate any immune response. This may be significant since the immune response would be expected to play a major role in clearance of microbes from the airways, and therefore exerts a selective pressure on the microbial community. Also, our model does not incorporate other types of host cell. This may be significant because in some circumstances (e.g., in patients carrying the DF508 CFTR mutation) the altered cell surface on the epithelia lining the airways has been implicated in promoting microbial colonisation (Campodónico et al., 2008). Mitigating these features, we note that few animal models accurately recapitulate the human CF airway environment, and aside from the difficulties associated with controlling and sampling such models, as far as we are aware, none of these models have yet been developed for maintaining a polymicrobial community of CF pathogens (O’Brien and Welch, 2019). One other potential disadvantage of our model is the requirement for continual flow. On the one hand, this is a feature that does allow maintenance of a stable steady-state community of microbes. On the other hand, even at low Q values, “washout” may prevent slow-growing species/variants from thriving, or key molecules from accumulating. For example, we noted that QS molecules (and pyocyanin) fail to accumulate in the continuous-flow system, whereas these compounds reached high levels in batch culture. The most likely explanation for this is simple washout (through continual dilution) of the QS signals. However, it should be noted that with Q = 170 μL min–1, it would take > 6 h to dilute the vessel contents by 50%, and all the while, the contained culture continues to grow and elaborate more QS molecules. To put this into context, previous work has shown that QS molecules more than double their concentration in batch cultures in a 2 h period (Davenport et al., 2015), so assuming similar kinetics in ASM, these molecules should accumulate faster than they are diluted. If so, this suggests that QS plays a less important role in continuous-flow cultures than it does in batch cultures. The low steady-state concentrations of QS molecules documented here may also be advantageous (for the experimenter). First of all, the metabolic physiology of the community is defined and stable over the experiment’s time course and we would not expect to see the bursts of metabolic activity which would normally accompany the accumulation of QS molecules in the post-quorate period (Davenport et al., 2015). Second, and if the effect(s) of QS molecules on community interactions does need to be examined, this can be easily be done through the addition of defined concentrations of exogenous QS molecules.

We conclude that the setup described here enables facile maintenance of PA, SA and CA (a Gram-negative bacterial species, a Gram-positive bacterial species and dimorphic fungus, respectively). Our approach provides a framework for potentially recapitulating the entire polymicrobial community associated with CF airway infections. The setup will provide leverage to access to key biological problems regarding inter-species interactions, the impact of antibiotics, and the impact that newly-introduced species may have on the community trajectory.
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Staphylococcus aureus is responsible for a high number of relapsing infections, which are often mediated by the protective nature of biofilms. Polymicrobial biofilms appear to be more tolerant to antibiotic treatment, however, the underlying mechanisms for this remain unclear. Polymicrobial biofilm and planktonic cultures formed by S. aureus and Candida albicans are 10- to 100-fold more tolerant to oxacillin, vancomycin, ciprofloxacin, delafloxacin, and rifampicin compared to monocultures of S. aureus. The possibility of C. albicans matrix components physically blocking antibiotic molecules from reaching S. aureus was ruled out as oxacillin, ciprofloxacin, delafloxacin, and rifampicin were able to diffuse through polymicrobial biofilms. Based on previous findings that S. aureus forms drug tolerant persister cells through ATP depletion, we examined nutrient deprivation by determining glucose availability, which indirectly correlates to ATP production via the tricarboxylic acid (TCA) cycle. Using an extracellular glucose assay, we confirmed that S. aureus and C. albicans polymicrobial cultures depleted available glucose faster than the respective monocultures. Supporting this finding, S. aureus exhibited decreased TCA cycle activity, specifically fumarase expression, when grown in the presence of C. albicans. In addition, S. aureus grown in polymicrobial cultures displayed 2.2-fold more cells with low membrane potential and a 13% reduction in intracellular ATP concentrations than in monocultures. Collectively, these data demonstrate that decreased metabolic activity through nutrient deprivation is a mechanism for increased antibiotic tolerance within polymicrobial cultures.
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INTRODUCTION

Globally, 1 in 20 patients are currently suffering from a nosocomial infection (Zarb et al., 2012; Koch et al., 2015a, b), with Staphylococcus aureus being a prevalent organism associated with these infections (Hassoun et al., 2017). S. aureus is a leading cause of infective endocarditis, osteomyelitis, skin and soft tissue infections, and prosthetic device-related infections (Tong et al., 2015). A number of S. aureus mediated infections can be attributed to the contamination of the device surface with a biofilm (Wolcott et al., 2010). Interestingly, biofilm mediated S. aureus infections are difficult to eradicate, yet are caused primarily by drug-susceptible strains (Conlon, 2014; Ericson et al., 2015). Moreover, in polymicrobial biofilms, S. aureus is interacting with other pathogens, including the fungus Candida albicans. Polymicrobial infections are of concern as they result in a higher mortality rate than monomicrobial infections (Goetghebeur et al., 2007; Perlroth et al., 2007). However, underlying mechanisms for these observations remain inconclusive (McKenzie, 2006; Lin et al., 2010; Fengcai et al., 2015; Royo-Cebrecos et al., 2017). Polymicrobial biofilms have been reported to increase pathogen virulence, antibiotic resistance, and biofilm robustness (Harriott and Noverr, 2009, 2010, 2011; Kong et al., 2016). More specifically, tolerance to vancomycin in polymicrobial biofilms with C. albicans through an increase in biofilm robustness due to the extracellular matrix products secreted by the C. albicans, which restricted vancomycin penetration into the biofilm (Singh et al., 2010; Kong et al., 2016). However, similar results were found in S. aureus monomicrobial biofilms treated with vancomycin (Singh et al., 2010); therefore, it is difficult to make any direct inferences about the underlying causes of tolerance to antibiotics.

Until recently, literature on the mechanisms of persister cell formation was limited to two themes, toxin-antitoxin (TA) modules and stringent response (Lewis, 2010; Maisonneuve et al., 2013). However, it was recently demonstrated that TA modules did not have a role in S. aureus persister cell formation (Conlon et al., 2016), and the stringent response, when disrupted in S. aureus had no effect on persister formation. Instead, it was observed that S. aureus cells exhibiting lower intracellular ATP had increased persister formation and tolerance to antibiotics (Conlon et al., 2016). Additional work confirmed an association between decreased metabolic activity in the TCA cycle and membrane potential with S. aureus persister formation (Wang et al., 2018). The metabolic status of S. aureus and nutrient acquisition has become of interest for explaining bacterial survival during chronic infection and more recently has been associated with antibiotic tolerance in S. aureus. Nutrients such as amino acids, iron, nitrogen, and carbon metabolism have been a focal point of recent in vivo investigations (Haley and Skaar, 2012; Halsey et al., 2016; Spahich et al., 2016). While glucose is required for initial infection, in mature abscesses, non-preferred carbon sources are often a limiting factor (Kelly and O’Neill, 2015; Spahich et al., 2016; Thurlow et al., 2018). Similarly, bacteria appear to form more robust biofilms when grown in the presence of abundant glucose. As the biofilm matures, glucose is exhausted leading to the formation of persisters (Amato and Brynildsen, 2014). These environments provide examples where glucose is required for initial establishment of infection, but as the infection progresses glucose availability becomes less important. Furthermore, nutrient sparse environments are frequently associated with relapsing chronic infection following antibiotic therapy. This points to a need for further exploration of the role of nutrient depletion in relapsing infections.

In this study, glucose exhaustion and the subsequent decrease in energy availability was explored as a mechanism for multidrug tolerance within S. aureus and C. albicans polymicrobial cultures. It was found that polymicrobial cultures depleted glucose more rapidly compared to monomicrobial cultures. Additionally, S. aureus grown in polymicrobial cultures demonstrated decreased intracellular ATP concentrations as well as lower membrane potential when compared to cultures lacking C. albicans. Evidence for increased antibiotic tolerance within polymicrobial cultures due to matrix composition or biomolecules secreted by C. albicans was not found. Overall, these studies highlight the importance of metabolism in bacterial persistence, and demonstrate a potential mechanism for relapse in polymicrobial infection following antibiotic treatment.



MATERIALS AND METHODS


Strains and Growth Conditions

The methicillin susceptible S. aureus strain HG003 was used in all assays (Herbert et al., 2010). The community acquired C. albicans strain SC5314 was used for all experiments (Gillum et al., 1984; Odds et al., 2004). For experiments demonstrating this phenotype occurs across staphylococcal species, Staphylococcus epidermidis 1457, S. aureus UAMS-1, and S. aureus JE2 were used. S. epidermidis was grown to late log (∼1 × 109CFU/mL) as this species is more sensitive to antibiotics an eradication occurs at early log phase. S. aureus JE2 is highly tolerant to antibiotics in later phases of growth and therefore assays were performed in early log (3 × 107CFU/mL). S. aureus UAMS-1 and HG003 are similar in persister formation and assays were performed in mid-log (2–5 × 108CFU/mL). SC5314 was grown to ∼3 × 106 CFU/mL for each biofilm and time-dependent kill assay where polymicrobial cultures were utilized. The Pspa:gfp plasmid was provided by Kim Lewis (Conlon et al., 2016). For construction of the PfumC:gfp reporter, the promoter of fumC was amplified (5′-gggcccgaattcttgatgatgttaatgcgcaaa-3′ and 5′-gggccctctagatcaatttctccccttatcac-3′) and cloned upstream of gfp into the EcoRI and XbaI sites in pALC1434 (Cheung et al., 1998). Once cloned, PfumC:gfp was electroporated into S. aureus RN4220 and subsequently transduced into HG003 using Φ11 phage. Unless otherwise stated, all growth steps and time-dependent kill assays were grown in 3 mL Tryptic Soy Broth (TSB) at 37°C at 225 rpm in 14 mL snap cap tubes.



96-Well Static Biofilm Tolerance Assays

Overnight cultures of S. aureus were diluted 1:1000 and C. albicans overnight cultures were diluted 1:100 in 100 μL of TSB within a 96-well polystyrene flat-bottom plate. Plates were incubated statically for 8 h. Non-adherent cells were washed with 1% NaCl, fresh TSB was added, and biofilms were subsequently challenged with antibiotics (10–100× MIC) for 24 h. MICs were previously determined for HG003: ciprofloxacin (0.5 μg/mL), gentamicin (1 μg/mL), oxacillin (0.5 μg/mL), vancomycin (1 μg/mL), rifampicin (0.008 μg/mL). Finally, biofilms were solubilized and plated on TSA containing amphotericin B (25 μg/mL) using a standard serial dilution technique. Error bars represent the standard deviation and statistical significance was determined using a t-test, P ≤ 0.05.



Planktonic Time-Dependent Kill Assays

Planktonic cultures were grown to mid-exponential phase in 3 mL TSB and challenged with antibiotics (10–100× MIC) as described previously (Conlon et al., 2016; Zalis et al., 2019). Cultures were placed in a shaking incubator at 225 rpm at 37°C. 100 μL aliquots were removed from samples, washed to remove antibiotic, and surviving bacteria were enumerated at 18, 24, 48, and 72 h by serial dilution and plating on TSA containing amphotericin B (25 μg/mL).



Antibiotic Diffusion Through Mono- and Polymicrobial Biofilms

Polycarbonate filters (13 mm) were sterilized by UV light for 30 min per side and placed on a TSA plate. Overnight S. aureus cultures were diluted 1:1000, C. albicans overnight cultures were diluted 1:100 in TSB. 100 μL of this solution was placed onto the filter and grown statically for 24 h. Biofilms were placed on fresh TSA plates seeded with 1 × 106 CFU S. aureus. A 13 mm polycarbonate disk was placed on the biofilm, followed by a diffusion disk. Each respective antibiotic (1 mg/mL ciprofloxacin, 10 mg/mL oxacillin, 1 mg/mL rifampicin, 10 mg/mL vancomycin) was added (10 μL) to the disk and plates were incubated for 24 h. The diameter of the zone of inhibition was then measured in millimeters. The average and standard deviation was obtained from biological triplicates. Significance was determined using a t-test, P ≤ 0.05.



Visualization of Antibiotic Diffusion Throughout a Biofilm Using Confocal Scanning Laser Microscopy

To visualize antibiotic diffusion through single and polymicrobial biofilms, fluorescently labeled vancomycin and delafloxacin were used as described previously with modification (Pereira et al., 2007). Biofilms were grown on 8-chambered glass coverslips (cat. 154941, MatTek Co.) for 24 h at 37°C statically in TSB containing 1% glucose. Following incubation, non-adherent cells were washed gently with 1% NaCl, and stained for 1 h. In order to visualize vancomycin, the fluorescent vancomycin BODIPY FL conjugate (ex488/em511) was added (5 μg/mL). Delafloxacin was visualized using the intrinsic fluorescence of the molecule (ex405/em450) at a concentration of (10 μg/mL). Concanavalin A (ex488/em545) was added (50 μg/mL) to visualize the biofilm matrix. The coverslip was mounted on the slides using Prolong Diamond Antifade (ThermoFisher) according to the manufactures recommendation. Biofilms were observed using a 60× oil immersion objective and an Olympus FV3000 laser scanning confocal microscope (Olympus, Tokyo, Japan). Images were acquired at a resolution of 512 by 512 pixels. To analyze the biofilms, a series of images at ≤ 1 μm intervals in the z axis were acquired through the depth of the biofilm. For each condition, at least three fields of view were imaged and processed equally using cellSens Dimension Desktop V1.18 (Olympus). Representative images are displayed.



Analysis of Matrix Coating and Antibiotic Accessibility Using Flow Cytometry

To determine whether coating of S. aureus by C. albicans matrix components blocked antibiotic access to the cell we utilized vancomycin BODIPY FL and the intrinsic fluorescence of delafloxacin. Cultures were grown to mid-exponential phase, fluorescent compounds were added 106 CFU/mL in 1% NaCl at the same concentration that was used in the confocal experiments for 1 h at room temperature. Samples were analyzed using a Sony SH800 cell sorter.



Concentrated Supernatant Time-Dependent Kill Assay

Cultures (25 mL) of each strain (HG003 and SC5314) were grown in a shaking incubator overnight. These cultures were then pelleted and the supernatant removed. Supernatants were passed through a 0.45 micron filter then spun through a 3000 MW filter and concentrated to approximately 1500 μL. Concentrated supernatant (300 μL) was then added to planktonic HG003 cultures and incubated for 4 h. These cultures were challenged with rifampicin (0.8 μg/mL). The bacteriostatic antibiotic, chloramphenicol (4 μg/mL), was added to prevent rifampicin resistant cells from regrowing. Aliquots (100 μL) were removed from samples, and surviving bacteria were enumerated at 18, 24, 48, and 72 h by serial dilution and plating on TSA.



Farnesol Time-Dependent Kill Assay

Overnight S. aureus cultures were diluted 1:1000 in TSB containing 40 μM farnesol and grown to mid-exponential phase. Rifampicin (0.8 μg/mL) and chloramphenicol (4 μg/mL) were added and bacteria were enumerated over 72 h.



Spent Media Time-Dependent Kill Assay

Overnight cultures were diluted 1:1000 and were grown to mid-exponential phase in 3 mL of either HG003 or SC5314 spent media collected from overnight cultures via centrifugation and challenged with rifampicin (0.8 μg/mL) and chloramphenicol (4 μg/mL). Bacteria were cultured and enumerated as described above.



Determination of Intracellular ATP Concentration

Intracellular ATP concentration was measured using the Promega BacTiter-Glo Microbial Cell Viability Assay according to manufacturer’s instructions. Late exponential phase cultures were filtered through a 5 μM filter to remove C. albicans. The remaining S. aureus cells were pelleted and washed with 1% NaCl prior to measuring luminescence. A sample was also taken for serial dilution and enumeration of bacteria. Luminescence was divided by surviving cells to account for any growth differences. Six replicates were used for obtaining averages and standard deviation. Significance was determined using a student’s t-test, P ≤ 0.05.



Measurement of Membrane Potential in Individual Cells

Membrane potential was measured using BacLight Bacterial Membrane Potential Kit according to manufacturer’s instructions. Briefly, samples were taken from mid-exponential phase (t = 5 h) in S. aureus either grown alone or in the presence of C. albicans. Samples were diluted to 1 × 106 cells in PBS and were stained with DiOC2(3) for 30 min and analyzed by flow cytometry. Carbonyl cyanide m-chlorophenylhydrazone (CCCP) was used to dissipate membrane potential and was used to gate low membrane potential cells. Bacterial cells were separated from fungal cells and debris using back scatter (BSC) and forward scatter (FSC) parameters with 50,000 events collected for each sample. DiOC2(3) was excited at 488 nm and emissions of the green and red fluorescence were detected with bandpass filters of 525/50- and 600/60-nm, respectively. Samples were analyzed using FlowJo software. The average and standard deviation was obtained from six biological replicates. Significance was determined using a student’s t-test, P ≤ 0.05.



Quantifying Extracellular Glucose Availability

Overnight cultures of S. aureus (1:1000) and C. albicans (1:100) were diluted in TSB and placed in a shaking incubator. Every hour, 500 uL media was removed and pelleted. Supernatant was then used to measure glucose concentration using an Invitrogen glucose detection colorimetric assay kit according to manufacturer’s instructions. Averages and standard deviation were calculated using six biological replicates.



Measuring Fumarase C Expression

Overnight cultures of S. aureus (1:100) containing PfumC:gfp or Pspa:gfp plasmids and C. albicans (1:50) were diluted in Mueller Hinton Broth (MHB) in a microtiter plate. Growth and fluorescence were (485ex/528em) were monitored over 22 h in a Biotek microplate reader at 37°C with continuous shaking. Averages and standard deviation were calculated from biological triplicates.



RESULTS


Polymicrobial Cultures Demonstrate Increased Tolerance to Antibiotics in Both Biofilm and Planktonic Environments

Polymicrobial infections are more tolerant to antibiotic therapy than single organism infections, though the underlying mechanisms remain unclear. Recent work has demonstrated that the presence of C. albicans increases S. aureus tolerance to vancomycin within a biofilm (Kong et al., 2016). We sought to determine if interactions between C. albicans and S. aureus lead to multidrug tolerance. Since mature biofilms often do not respond to antibiotics, it is often impossible to observe decreased antibiotic effectiveness between various cultures. In order to overcome this, immature biofilms were used. It is important to note that two distinct phenotypes of the wild type HG003 strain were observed. Following antibiotic treatment, cultures showed up to 3 logs of killing, or little to no effect. Polymicrobial biofilms led to significantly more survival in six of eight antibiotic treatments (ciprofloxacin p = 0.006, oxacillin p = 0.019, rifampicin p = 0.006, rifampicin/ciprofloxacin p = 0.001, rifampicin/gentamicin p = 0.003, and vancomycin/ciprofloxacin p = 0.008) compared to S. aureus monomicrobial biofilms (Figure 1). Interestingly, no increase in tolerance was observed when biofilms were challenged with vancomycin.
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FIGURE 1. Polymicrobial biofilms show increased tolerance to a variety of antibiotic. Overnight cultures of S. aureus were diluted 1:1000 and C. albicans overnight cultures were diluted 1:100 in TSB using a microtiter plate. Plates were incubated for 8 h at 37°C statically. Non-adherent cells washed, fresh media was added, and biofilms were subsequently challenged with antibiotics (10–100× MIC) for 24 h. S. aureus growing in polymicrobial biofilms (red) had significantly higher survival compared to biofilms only containing S. aureus (blue). Experiment was performed in biological triplicate and error bars represent standard deviation. Significance (as indicated by ∗) was determined using a t-test (p < 0.05).


To determine if the increase in tolerance was specific to biofilms, planktonic cultures were challenged with antibiotics during the mid-exponential growth phase. Following antibiotic challenge with rifampicin, ciprofloxacin, oxacillin, delafloxacin, and vancomycin, S. aureus exhibited 10 to 100-fold more persisters when grown in the presence of C. albicans (Figure 2). To further determine these effects were not strain or species specific, another MSSA strain, a MRSA strain, and a S. epidermidis strain were tested for antibiotic tolerance in the presence and absence of C. albicans (Supplementary Figures S1A–C). With all three strains, there was increased antibiotic tolerance when the staphylococcal species was grown in the presence of C. albicans. These experiments demonstrate the presence of C. albicans increases S. aureus persister cells when challenged with most antibiotics, regardless of whether growing in planktonic or biofilm environments.
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FIGURE 2. Polymicrobial planktonic cultures have increased antibiotic tolerance. Planktonic cultures were grown to mid-exponential phase in TSB and challenged with antibiotic (10–100× MIC), the surviving bacteria were enumerated over 48 or 72 h by plating on TSA containing amphotericin B (25 μg/mL). The presence of C. albicans increases S. aureus (red) antibiotic tolerance compared to S. aureus monocultures (blue). Experiment was performed in biological triplicate and error bars represent standard deviation.




With the Exception of Vancomycin, Antibiotics Diffuse Freely Through Polymicrobial Biofilms

One mechanism that could explain the increased tolerance in polymicrobial biofilms is that antibiotics are not able to completely penetrate the polymicrobial biofilm matrix. To determine whether this was the case for other classes of antibiotics, antibiotic penetration assays were performed. The respective zone of inhibition for oxacillin, rifampicin, delafloxacin, and ciprofloxacin indicated that these antibiotics are not impeded by the biofilm matrix created by S. aureus, C. albicans, or the combination of both organisms (Table 1). As previously demonstrated, vancomycin diffusion was inhibited by the polymicrobial biofilm (p = 0.041). A decrease in vancomycin diffusion was also seen with S. aureus monoculture biofilms, although this was found to not be significantly different (p = 0.052) from diffusion in the absence of biofilm.


TABLE 1. Zone of inhibition (mm) following antibiotic diffusion through biofilms.

[image: Table 1]To confirm these findings, vancomycin and delafloxacin penetration throughout the biofilm were examined using confocal scanning laser microscopy (Figure 3). S. aureus, C. albicans, or polymicrobial biofilms were grown. Formed biofilms were visualized by staining the polysaccharide matrix with concanavalin A (ConA, red). To visualize vancomycin, a fluorescent BODIPY conjugate was used (green). For delafloxacin, its intrinsic fluorescence was used (ex405/em450, blue). Contrary to the biofilm penetration assay and previously published work, vancomycin diffusion did not appear to be inhibited by the polymicrobial biofilm. The only exception to this observation is a slight decrease in vancomycin fluorescence in basal layers of the biofilm that reached 30 μM in height. However, a similar decrease in fluorescence was observed in biofilms formed by S. aureus alone. Despite this very modest phenotype, vancomycin was able to diffuse throughout the biofilm and reach all of the cells growing within the biofilm. Similarly, although the intrinsic fluorescence only produced a weak signal, delafloxacin was not inhibited by either single or polymicrobial biofilms. With the possible exception of vancomycin, the increased tolerance does not appear to be due to limited penetration of the antibiotic through the biofilm matrix.
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FIGURE 3. Vancomycin has limited diffusion while Delafloxacin does not have restricted diffusion through polymicrobial biofilms. (A) Vancomycin BODIPY FL conjugate (green) and concanavalin A (red) was added to a polymicrobial biofilm. The diffusion of vancomycin is modestly reduced in areas with a complex and thick biofilm. (B) Vancomycin BODIPY FL conjugate (green) and concanavalin A (red) was added to a monomicrobial S. aureus biofilm. The S. aureus biofilm has unrestricted diffusion of vancomycin. (C) Delafloxacin (blue) and concanavalin A (red) was added to a polymicrobial biofilm. The diffusion of delafloxacin is not restricted throughout the biofilm. (D) Delafloxacin (blue) and concanavalin A (red) was added to a monomicrobial S. aureus biofilm. The S. aureus biofilm has unrestricted diffusion of delafloxacin. Images are respective images from three random fields of view.




Vancomycin Binding in Planktonic Cultures Is Not Inhibited by Matrix Coating

Confocal imaging revealed ConA binding S. aureus within polymicrobial cultures. To determine whether this coating was enough to inhibit antibiotics from accessing the cell, flow cytometry was used to measure the amount of antibiotics able to bind to the bacteria. Vancomycin was found to bind similarly to S. aureus cells regardless of whether they were grown in monomicrobial cultures or polymicrobial cultures (Figure 4). To confirm that the growth to mid-exponential phase was long enough for matrix coating to occur, polymicrobial cultures were stained with ConA. Matrix coating did occur during this time as indicated by the fluorescence associated with S. aureus cells in polymicrobial cultures. Unfortunately, the intrinsic fluorescence of delafloxacin was too weak for analysis and could not be properly assessed. Nevertheless, it is clear that despite coating of bacterial cells, vancomycin was still able to bind to S. aureus, and physical inhibition of the antibiotic is not the reason for increased tolerance.
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FIGURE 4. Matrix coating does not inhibit vancomycin binding. (A) Vancomycin BODIPY FL conjugate was added to planktonic cells in either polymicrobial (red) or monomicrobial (blue) cultures. Vancomycin was able to bind S. aureus similarly in both conditions. Unstained cells were included as a control (gray). (B) Fluorescence from delafloxacin either in polymicrobial (red) or monomicrobial (blue) cultures was unable to be differentiated from unstained cells (gray) due to the weak signal produced. (C) To ensure matrix coating occurred, ConA was added to polymicrobial (red) cultures and compared to unstained polymicrobial cultures (gray). Data is representative of three independent replicates.




Increased Antibiotic Tolerance Within S. aureus and C. albicans Co-cultures Is Not Affected by Secreted Products

Secreted C. albicans products larger than 3,000 MW were concentrated and added to cultures prior to antibiotic challenge to examine whether a specific virulence factor or biomolecule was influencing tolerance within S. aureus. After an incubation period, cultures were challenged with rifampicin. Cultures containing concentrated supernatant showed no difference in antibiotic tolerance compared to cultures incubated without the added supernatant (Figure 5A).
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FIGURE 5. Products secreted by C. albicans are not responsible for increased tolerance. (A) Planktonic cultures were grown to mid-exponential phase in TSB (blue) with the addition of concentrated C. albicans (red) or S. aureus (black) secreted products larger than 3000 MW and subsequently challenged with rifampicin. No change in tolerance was observed when compared to the control. (B) HG003 (solid blue line) showed no growth defect in the presence of farnesol (black solid line) or in the presence of C. albicans (solid red line). The presence of farnesol did not increase tolerance to rifampicin (dashed black) compared to S. aureus in monomicrobial cultures (dashed blue line). S. aureus grown in the presence of C. albicans (dashed red line) increased survival by a log. (C) Planktonic S. aureus cultures were grown to mid-exponential phase in TSB (black), in spent S. aureus media (blue), or in spent C. albicans media (red). Cultures were challenged with rifampicin and surviving bacteria were enumerated over 48 h. Growth in both S. aureus and C. albicans spent supernatant increased survival following antibiotic challenge. All experiments were performed in biological triplicate and error bars represent standard deviation.


Previously, farnesol was shown to influence antibiotic tolerance (Jabra-Rizk et al., 2006; Kong et al., 2017). According to recent work, at high concentrations (100–150 μM), farnesol appears to enhance antibiotic effectiveness. Conversely, lower concentrations (40 μM) of farnesol appear to result in increased antibiotic tolerance. Therefore, we tested the possibility that increased tolerance is from farnesol secretion by C. albicans. Following the addition of farnesol (40 μM), no effect on antibiotic tolerance was observed when cultures were challenged with rifampicin (Figure 5B).

We considered the possibility that secreted products smaller than 3,000 MW were being excluded from these kill assays. To confirm previous findings, cultures were grown in spent media prior to antibiotic challenge. Growth in spent C. albicans media increased tolerance within S. aureus, however, growth in spent S. aureus media also increased tolerance to a similar extent (Figure 5C). These results cast doubt on the ability of secreted C. albicans products to increase antibiotic tolerance. Instead, the increase in tolerance in both environments suggests that a common cause, such as nutrient depletion, is responsible for increased tolerance.



Polymicrobial Cultures Consume Glucose at an Increased Rate, Leading to Lower Intracellular ATP Concentrations

Glucose, a preferred source of carbon for S. aureus, serves as the major substrate for glycolysis. This leads to NADH generation and subsequent ATP synthesis. Glucose concentration was measured over time to determine if a polymicrobial culture could deplete available glucose at an increased rate. As one would expect, glucose was consumed faster in the polymicrobial culture than the S. aureus monoculture (Figure 6).
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FIGURE 6. Extracellular glucose availability. Glucose concentrations were measured over time. Glucose was more rapidly consumed in polymicrobial cultures (red) compared to S. aureus monocultures (blue); both cultures completely exhausted the glucose in the media by 6 h. Experiments were performed in triplicate and error bars represent standard deviation.


To confirm that the lower concentrations of extracellular glucose affect the energy status of bacterial cells, the intracellular ATP in S. aureus from single and mixed cultures was measured. Previous work demonstrated that antibiotic tolerance is increased when intracellular ATP is depleted (Conlon et al., 2016). During late exponential phase, S. aureus cells from mixed cultures exhibited lower intracellular ATP concentrations compared to S. aureus from single cultures (Figure 7). Moreover, membrane potential is closely linked with the energy status of the cell, and therefore it is likely altered in polymicrobial cultures. S. aureus cells grown in the presence of C. albicans exhibited a reduced membrane potential compared to S. aureus monocultures (Figure 8). This indicates that polymicrobial cultures consume nutrients more rapidly than monomicrobial cultures, resulting in lower intracellular ATP and membrane potential.
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FIGURE 7. Staphylococcus aureus grown in polymicrobial cultures has lower intracellular ATP. Planktonic cultures were grown to late exponential phase, pelleted and washed, and intracellular ATP was measured. Bacterial numbers were determined by standard serial dilution technique and ATP concentrations were normalized to CFU. Data is represented by the mean of six independent replicates and error bars represent standard deviation. Significance was determined using a t-test (∗p < 0.05).



[image: image]

FIGURE 8. The presence of C. albicans decreases membrane potential in S. aureus cells. (A) Membrane potential was measured during mid-exponential phase in S. aureus either grown alone (blue) or in the presence of C. albicans (red). 1 × 106 cells in PBS were stained with DiOC2(3) for 30 min and analyzed by flow cytometry. (B) Carbonyl cyanide m-chlorophenylhydrazone (CCCP) was used to dissipate membrane potential (gray) and was used to gate low membrane potential cells. The mean ± SD is shown, n = 6 for the graph on the left. The figure on the right is representative of six independent replicates. Significance was determined using a t-test (∗p < 0.05).




Cells in Polymicrobial Biofilms Show a Decrease in Metabolic Gene Activity

Recent work has implicated an association between the TCA cycle and membrane potential and persister cell formation in S. aureus (Wang et al., 2018; Zalis et al., 2019). To examine whether a similar mechanism was occurring in polymicrobial cultures, TCA cycle activity was measured using a promoter-gfp fusion construct, PfumC:gfp. In the presence of C. albicans, fluorescence was notably lower over a period of 22 h (Figure 9). In order to assess if this effect was from a generalized reduction in transcription or specific to genes in central metabolism, Pspa:gfp was used as a control reporter. The spa gene encodes the virulence factor, protein A. The spa reporter had no difference between S. aureus cells grown alone compared to those cells grown in a polymicrobial culture, thus indicating decreased transcription was specific to metabolic processes.
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FIGURE 9. Fumarase C Expression. GFP expression of PfumC:gfp (A) and Pspa:gfp (B) was measured over time using a Biotek microplate reader. Overnight cultures of S. aureus (1:100) and C. albicans (1:50) were diluted in MHB in a microtiter plate. C. albicans decreased expression of the TCA cycle gene, fumarase (red) compared to expression observed when S. aureus was grown alone (blue). This effect was specific to fumarase and not the result of a generalized reduction in S. aureus transcription as indicated by the Pspa:gfp control. C. albicans did not affect fluorescence outside of gene expression (black). Experiments were performed in biological triplicate; error bars represent standard deviation.




DISCUSSION

It is estimated that fifty percent of all infections involve biofilms (Wolcott et al., 2010). Biofilm infections are notoriously difficult to eradicate completely, despite being caused primarily by drug-susceptible pathogens (Monack et al., 2004; Lewis, 2010; Conlon, 2014). Further complications arise when biofilms involve more than one organism, resulting in increased mortality (Gabrilska and Rumbaugh, 2015). Reasons for this increased mortality remain unclear but a number of studies have focused on individual antibiotic treatment as well as specific reasons for therapy failure. Increased antimicrobial resistance has been observed for a limited number of antibiotics (Harriott and Noverr, 2009), but this fails to explain recurring infections caused by drug-susceptible organisms. Our data provide an explanation for multi-drug tolerance by a broad acting energy-dependent mechanism. This is in accordance with recent work published on the mechanism of persister formation in S. aureus (Conlon et al., 2016; Wang et al., 2018; Zalis et al., 2019).

Polymicrobial biofilms were consistently more tolerant to antibiotics with the exception of vancomycin and gentamicin. This contradicts other findings, where the presence of C. albicans increased tolerance to both of these antibiotics (Singh et al., 2010; Perez et al., 2014; Li et al., 2015; Kong et al., 2016). This does not mean that there is no difference, and may be a result of little to no killing observed in either the monomicrobial or polymicrobial biofilms challenged with these antibiotics. Higher concentrations of antibiotics may show results similar to previously published work. However, a more interesting phenomena demonstrated here is that antibiotic diffusion through the biofilm did not appear to be a significant cause of increased antibiotic tolerance within the biofilm. In most cases, there was no significant difference between the zone of inhibition following diffusion through a polymicrobial or monomicrobial biofilm. Vancomycin diffusion was variable between replicates with one assay exhibiting no diffusion and the other replicates having impeded diffusion. The possibility exists that vancomycin is simply defusing through the biofilm at a slower rate than the other antibiotics. Confocal analysis also provided evidence that delafloxacin was not impeded by biofilm matrix. While the intrinsic fluorescent signal was faint, it is clearly present in the deeper biofilm layers.

Further support that physical inhibition is not the primary mechanism for increased tolerance is provided by experiments performed in a planktonic setting. It could be assumed that if physical inhibition was the primary mechanism for increased tolerance, there would be little difference in tolerance to non-cell wall acting antibiotics in a planktonic environment. However, the large increases in tolerance were consistent across all classes of antibiotics used, indicating that physical inhibition is not a likely explanation for multidrug tolerance. Further evidence against physical inhibition was provided by flow cytometry analysis. While the fluorescence from delafloxacin was too weak to be detected with our flow cytometer, vancomycin was clearly not inhibited by matrix coating from C. albicans.

Previous work has found the C. albicans quorum sensing molecule, farnesol, may both increase and decrease antibiotic susceptibility depending on its concentration (Jabra-Rizk et al., 2006; Kong et al., 2017). The effects of secreted products, including farnesol, on antibiotic tolerance were tested. Neither concentrated C. albicans nor S. aureus supernatant affected tolerance, indicating that extracellular byproducts larger than 3000 MW are not influencing antibiotic tolerance in S. aureus. However, this still leaves the possibility of smaller molecules influencing the bacteria.

Small products other than farnesol were further investigated by growing cultures in the presence of spent media. Growth in C. albicans conditioned media did increase antibiotic tolerance, however, the same phenotype was observed when grown in spent S. aureus media. Unexpectedly, the increase on antibiotic tolerance does not appear to be specific to a product secreted by C. albicans, rather, nutrient exhaustion was a more likely explanation for the observed increase in antibiotic tolerance.

Recent work on the mechanism of persister formation has implicated decreased intracellular ATP and membrane potential with an increase in antibiotic tolerance (Conlon et al., 2016; Shan et al., 2017; Wang et al., 2018; Zalis et al., 2019). Results from the spent media assay suggest that the increased tolerance in polymicrobial cultures can be explained by a similar mechanism. It follows that if C. albicans is decreasing available nutrients within the biofilm, S. aureus cells will have to compete for the same nutrients. Those cells, which are unable to find adequate nutrients will create a population of S. aureus cells in a low energy state, leading to an increase in tolerance to antibiotics with active targets. Available glucose was depleted faster in polymicrobial cultures and, fittingly, both ATP and membrane potential were lower in S. aureus cells grown in a mixed culture compared to monocultures. A specific mechanism with the TCA cycle was recently suggested (Wang et al., 2018; Zalis et al., 2019), and results with the TCA cycle reporter, PfumC:gfp, support those observations. Together these results demonstrate a decrease in S. aureus metabolism as a direct result of nutrient depletion by C. albicans.

Metabolism is becoming a focal point in the investigation of chronic S. aureus infections. While glycolysis is required for initial abscess formation in mice, upon maturation of the abscess glucose concentrations become a limiting factor (Richardson et al., 2015; Vitko et al., 2015; Thurlow et al., 2018). Similarly, during initial stages of biofilm formation, glucose is likely readily available and preferentially consumed. Later on in the process, the biofilm becomes a glucose-limited environment before subsequent dispersal of the biofilm (Boles and Horswill, 2008; Huynh et al., 2012). These examples are niches where antibiotic treatment of S. aureus is likely to fail. Furthermore, these niches often lead to chronic infections that the immune system is unable to manage (Leid et al., 2002; Jesaitis et al., 2003; Vuong et al., 2004; Cheng et al., 2011). Nutrient depletion leading to an antibiotic tolerant state may hold broader implications with parallels in chronic infections with other microorganisms.
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FIGURE S1 | Increased antibiotic tolerance associated with polymicrobial cultures are not strain or species specific. Planktonic cultures were grown to early to mid-exponential phase in TSB and challenged with vancomycin (100× MIC), the surviving bacteria were enumerated over 72 h by plating on TSA containing amphotericin B (25 μg/mL). The presence of C. albicans increases S. aureus UAMS-1 (A), S. aureus JE2 (B), and S. epidermidis 1457 (C) (red) antibiotic tolerance compared to S. aureus monocultures (blue). Experiment was performed in biological triplicate and error bars represent standard deviation.
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Otitis media (OM) is a prevalent pediatric infection characterized by painful inflammation of the middle ear. The Gram-negative diplococcus Moraxella catarrhalis is a commensal of the nasopharynx and one of three leading causative agents of OM. The most recent work on this multifaceted disease indicates that biofilms and polymicrobial infections play a pivotal role in recurrent and chronic OM, which are difficult to eradicate using standard antibiotic protocols. Although there have been significant advances in OM research, the actual bacterial and viral interactions leading to pathogenesis remain largely uncharacterized. However, colonization and persistence in the nasopharynx is clearly an essential first step. In this study, we assessed the role M. catarrhalis plays in the co-colonization and persistence of the other major otopathogens, Streptococcus pneumoniae and non-typeable Haemophilus influenzae (NTHi). We characterized both monomicrobial and polymicrobial biofilms using an in vitro nasopharyngeal colonization model. Biofilm assays were designed to mimic the nasopharynx and bacterial persistence was quantified over time. NTHi showed a steady and significant decline in viability over 20–48 h when this organism was in a dual species biofilm with S. pneumoniae. However, when M. catarrhalis was present in the polymicrobial biofilm NTHi survived for 48 h at 107 CFU per mL. In addition, an isogenic M. catarrhalis catalase-deficient mutant was also fully capable of protecting NTHi from the bactericidal activity of S. pneumoniae in a polymicrobial biofilm. Our results show that M. catarrhalis promotes a favorable environment for stable polymicrobial biofilms by enhancing the survival of NTHi in the presence of S. pneumoniae. These data suggest that colonization with M. catarrhalis promotes stable co-colonization with other otopathogens.
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INTRODUCTION

There are more than 700 million cases of acute otitis media (AOM) diagnosed globally each year, with 50% of affected children under 5 years of age (Monasta et al., 2012). Moraxella catarrhalis, non-typeable Haemophilus influenzae (NTHi) and Streptococcus pneumoniae cause approximately 95% of AOM cases creating an incredible economic burden on healthcare systems (Broides et al., 2009). In the United States, it is estimated that AOM is responsible for 4.3 billion dollars in health-related costs (Tong et al., 2018). In addition to being the most common reason for doctor’s office visits among children, AOM is also currently the most common reason for antibiotic use in the pediatric population. Recent studies have shown antibiotic resistance and decreased sensitivity developing among the major otopathogens (Pichichero, 2000a; Zielnik-Jurkiewicz and Bielicka, 2015; Sillanpaa et al., 2016; Korona-Glowniak et al., 2018). Further, the polymicrobial biofilms associated with AOM are incredibly resistant and difficult to treat using classic antibiotic protocols (Pichichero, 2000b; Leibovitz et al., 2003; Libson et al., 2005; Asher et al., 2008; Leibovitz, 2008; Korona-Glowniak et al., 2018). This is a result of conferred β-lactamase protection, quiescent bacteria within biofilms, poor antibiotic penetration and persister cells. When taken in combination with the continued prevalence of AOM in the post-vaccine era, these challenges demand novel preventative and treatment strategies.

Because all of these otopathogens can colonize asymptomatically, the interactions that occur in the nasopharynx that prevent or promote co-colonization play an important role in the steps that eventually lead to pathogenesis. Thus, we focused our studies on a more thorough evaluation of the possible events that occur during nasopharyngeal colonization. Providing a better understanding of the bacterial interactions that occur between the three primary otopathogens could lead to novel strategies for the prevention and treatment of AOM (Armbruster and Swords, 2010; Murphy, 2015).

To date, some of the dual species interactions of otopathogens have been characterized in vitro or in vivo. However, the ability to compare the three species in a single system has been limited by animal models that are less than ideal for the strict human pathogen M. catarrhalis. We have extended studies on these otopathogens by employing an in vitro nasopharyngeal colonization model adapted from previous studies originally designed for S. pneumoniae (Marks et al., 2012; Chao et al., 2017; Reddinger et al., 2018). The model mimics the conditions of the human nasopharynx including considerations for nasopharyngeal temperature, nutrient availability, aeration, and epithelial attachment.

Using this modified in vitro nasopharyngeal colonization model we assessed co-colonization dynamics of each otopathogen in dual species. Further, we analyzed interactions of all three otopathogens in triple species biofilms which have not been previously studied. Our results indicate that M. catarrhalis is able to promote survival of NTHi even in the presence of S. pneumoniae in triple species biofilms like those that have been previously shown to colonize the human nasopharynx (Hoa et al., 2009; Casey et al., 2010; Palmu et al., 2019).



MATERIALS AND METHODS


Bacterial Strains and Culture Methods

Moraxella catarrhalis strain 7169 is a clinical middle ear isolate (Faden et al., 1997). Minimally passaged planktonic M. catarrhalis cultures were grown at 37°C, 180 RPM, aerobically in chemically defined pneumococcal growth media (CDM) as previously described (van de Rijn and Kessler, 1980). NTHi strain 86-028NP is a clinical isolate from a pediatric patient who underwent a tympanostomy for chronic otitis media (OM) (Kennedy et al., 2000). NTHi cultures were grow at 37°C, 180 RPM, aerobically in CDM. S. pneumoniae EF3030 is a serotype 19F OM isolate that was grown statically and anaerobically in CDM at 37°C (Andersson et al., 1983). The co-infection strains M. catarrhalis 11-01-125, S. pneumoniae 11-01-125 and NTHi 11-01-125 were isolated from the middle ear fluid of a pediatric patient during a polymicrobial infection and generously provided by Michael Pichichero, MD (Rochester, NY, United States). Each species was grown as outlined above. These isolates were maintained for long term storage at −80°C.



Static Biofilms and Time Course Assay

Stationary in vitro biofilms were grown in 24-well plates on a monolayer of NCI-H292 bronchial carcinoma cells (ATCC CCL-1848) as previously described (van Schilfgaarde et al., 1995). Planktonic cultures were grown to an OD600 of ∼0.2 (∼107 CFU per mL). M. catarrhalis and NTHi were used at this concentration whereas S. pneumoniae was diluted 1:100 prior to seeding (∼104 CFU per mL). These inocula were used for the studies in Figures 1B,C, 2. For the data shown in Figure 3, all three otopathogens were used at a starting inoculum of ∼104 CFU per mL. Wells received 350 μL of each culture during seeding of either monomicrobial, dual species or triple species biofilms and CDM was added to a final volume of 1050 μL. Biofilms were incubated statically at 34°C and 5% CO2. Media changes were completed at 4, 20, and 28 h post-seeding by replacing all spent media with 1 mL fresh CDM. Biofilm formation was quantified at 0, 4, 20, 24, and 48 h by carefully removing the supernatant and any planktonic or loosely attached bacteria and resuspending the biofilm in PBS via physical disruption with a pipette tip. Dilution plating onto selective media was utilized for CFU enumeration of M. catarrhalis (Mueller–Hinton agar + vancomycin at 3 mg per mL), S. pneumoniae (Blood agar + gentamicin at 4 mg per mL), and NTHi (Chocolate agar + clarithromycin at 2 mg per mL) at each time point. Plates were incubated for 24 h at 37°C and 5% CO2.
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FIGURE 1. Time course assay analyzing monomicrobial and dual species biofilms in vitro. Bacteria were grown in monomicrobial (dashed) or dual species (solid) biofilms and maintained with media changes (black arrows) for 48 h. (A) NTHi86-028 NP (blue) and M. catarrhalis 7169 (green) monomicrobial and dual species biofilms. (B) NTHi86-028 NP (blue) and S. pneumoniae EF3030 (red) monomicrobial and dual species biofilms. (C) M. catarrhalis 7169 (green) and S. pneumoniae EF3030 (red) monomicrobial and dual species biofilms. Black dashed line indicates the limit of CFU detection. Each symbol and error bar represent the mean CFU per mL and standard deviation (SD) of biofilms at the respective time point. Data presented are from three independent assays with a minimum of two biologic replicates per assay.
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FIGURE 2. Time course assay analyzing monomicrobial and triple species biofilms in vitro. Bacteria were grown in monomicrobial (dashed) or triple species biofilms (solid). Biofilms were seeded simultaneously and maintained with media changes (black arrows) for 48 h. NTHi86-028 NP (blue), M. catarrhalis 7169 (green), and S. pneumoniae EF3030 (red) monomicrobial and triple species biofilms. Black dashed line indicates the limit of CFU detection. Each symbol and error bar represent the mean CFU per mL and standard deviation (SD) of biofilms at the respective time point. Data presented are from three independent assays with a minimum of two biologic replicates per assay.
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FIGURE 3. Time course assay to assess the effects of lower seeding concentrations and address strain specificity by analyzing trends of co-infection isolates. Bacteria seeded simultaneously at a lower concentration (∼105 CFU per mL) and maintained with media changes (black arrows) for 48 h in monomicrobial (dashed) or triple species (solid) biofilms. Each symbol and error bar represent the mean CFU per mL and standard deviation (SD) of biofilms at the respective time point. Data presented are from three independent assays with a minimum of two biologic replicates per assay. Black dashed line indicates the limit of CFU detection. (A) NTHi86-028 NP (blue), M. catarrhalis 7169 (green), and S. pneumoniae EF3030 (red) monomicrobial and triple species biofilms. (B) NTHi 11-01-125 (blue), M. catarrhalis 11-01-125 (green) and S. pneumoniae 11-01-125 (red) monomicrobial and triple species biofilms.




Transwell Assay

Dual species S. pneumoniae EF3030 and NTHi 86-028NP biofilms were grown in 24-well plates on a fixed H292 cell monolayer. NTHi 86-028NP and S. pneumoniae EF3030 planktonic cultures were grown to an OD600 of ∼0.2 and diluted 1:100 for a seeding concentration of ∼105 CFU per mL and 350 μL of the 1:100 culture dilution was used for seeding. A transwell insert was added to each well [0.4 μm PET cell-culture 24-well adapted insert (Corning Inc., Corning, NY, United States)]. Transwell inserts of the treated wells received 350 μL of M. catarrhalis 7169 prepared for seeding as discussed previously, and control wells were seeded with 350 μL CDM. Media changes were completed at 4, 20, and 28 h post-seeding by replacing the spent media in the well and in the transwell insert separately. At 24 and 48 h the spent media was removed and the inserts were placed into a sterile 24 well plate. The biofilms in the bottom of the 24-well plate and biofilms in the insert were each harvested in 1 mL PBS and dilution plated onto selective media for CFU enumeration as described above.



Catalase Mutant Formation

The M. catarrhalis catalase mutant 7169ΔkatSpec1 was constructed in 7169 using the SOE-PCR technique to construct an insertion/deletion mutation (Thornton, 2016). In brief, amplicons containing 1350 nucleotides (nt) of genomic 7169 DNA upstream (using primers 2865/2868, Table 1) and 1364 nt downstream (using primers 2869/2864, Table 1) of katA were amplified using the non-A-tailing high-fidelity polymerase PFU (Agilent Technologies, Santa Clara, CA, United States). A third 895 nt amplicon was generated using primers 2870 and 2871 designed to flank the spectinomycin resistance cassette using pSpec as the template (Whitby et al., 1998; Plamondon et al., 2007). The 5′ region of primers 2868 and 2869 contained 20 nucleotides of homology to the primers 2870 and 2871 to allow for overlap and priming to give the final product containing the spectinomycin resistance cassette inserted within a 150 nt deletion internal to the katA coding region. This was accomplished by a final PCR reaction using primers 2864 and 2865 and the three purified amplicons Qiagen MinElute Reaction Cleanup Kit (Qiagen, Germantown, MD, United States). The resulting 3609 nt amplicon, containing the insertionally inactivated katA, was purified Qiagen MinElute Reaction Cleanup Kit and used to mutagenize 7169 by natural transformation, as described (Furano and Campagnari, 2003). Transformants were selected following overnight growth on Mueller–Hinton agar plates containing 15 μg per ml spectinomycin. Chromosomal DNA from transformant 7169ΔkatSpec1 was isolated and subjected to PCR analysis (with primers 2874 and 2875 designed to flank the site of homologous recombination) and sequence analysis confirmed the integration of the inactivated katA construct into the 7169 genome. We further confirmed the functional inactivation using a qualitative catalase test. A sterile inoculating needle was used to transfer a single colony into a droplet of 3% hydrogen peroxide. A negative test is indicated by the lack of O2 production, which is a product of hydrogen peroxide catalysis by catalase.


TABLE 1. Nucleotide sequences of oligonucleotide primers used for PCR-based mutagenesis.
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Statistical Analyses

Student’s t-tests were used to compare the CFUs per mL of NTHi and S. pneumoniae exposed to M. catarrhalis or CDM in the filter well experiments. In addition, log transformed values of NTHi in the transwell assay (CDM treated, WT treated and catalase mutant treated) were checked for normal distribution using the Shapiro–Wilk test. Normally distributed data sets were analyzed by one-way ANOVA with Dunnett’s multiple comparison test. Alternatively, data sets that did not pass the Shapiro–Wilk test were analyzed using the non-parametric Kruskal–Wallis with Dunn’s multiple comparison test. All P-values were derived using a 95% confidence interval. The statistical analysis was performed with Prism 8 from GraphPad Software, Inc. (La Jolla, CA, United States).



RESULTS


Moraxella catarrhalis Promotes the Growth of NTHi in Dual Species Biofilms in vitro

Previous studies have shown that colonization with M. catarrhalis occurs very early in life and M. catarrhalis is more likely to be present in polymicrobial AOM than infections resulting from a single bacterial species (Broides et al., 2009). Using our in vitro nasopharyngeal colonization model we assessed the relationship between M. catarrhalis and NTHi biofilms in physiologically relevant conditions. Biofilm formation was quantified over time via CFU enumeration. Figure 1A, shows that NTHi forms a slightly more robust biofilm, ∼1 log greater, in dual species biofilms with M. catarrhalis than in monomicrobial biofilms which is consistent with previously reported data (Mokrzan et al., 2018). This is a statistically significant increase in viable NTHi at 48 h as compared to NTHi grown in monomicrobial biofilms (Supplementary Figure S1A).



NTHi Is Unable to Persist in Biofilms With S. pneumoniae

Although S. pneumoniae and NTHi each have a very high prevalence in OM individually, they are isolated together far less frequently (Casey et al., 2010). This is not surprising as previous studies have shown that peroxide production by planktonic S. pneumoniae elicits bactericidal effects on NTHi in vitro (Pericone et al., 2000). As recurrent OM is often considered a polymicrobial biofilm-associated disease, we performed studies to assess the relationship between these otopathogens in a dual species biofilm using our in vitro nasopharyngeal colonization model. Figure 1B shows that although NTHi can co-exist with S. pneumoniae for the initial 24 h, there is a rapid decline in NTHi viability to undetectable levels by 48 h. Based on these data, we concluded that NTHi and S. pneumoniae are unable to persist for extended periods in our in vitro model system.



Moraxella catarrhalis and S. pneumoniae Form Dual Species Biofilms in vitro

To determine if the S. pneumoniae bactericidal activity versus NTHi was also elicited against M. catarrhalis, we assessed the compatibility of these bacteria in biofilms using our in vitro model system. In contrast to the NTHi data, M. catarrhalis viability in dual species biofilms with S. pneumoniae remained consistent with the monomicrobial biofilm control (Figure 1C). At 48 h both species were present in the biofilm at ∼106 CFU per mL indicating that M. catarrhalis and S. pneumoniae can co-exist and persist in our model system in vitro. These data are consistent with previous in vivo studies suggesting that M. catarrhalis is capable of coping with the environmental stresses induced by S. pneumoniae in mixed species biofilms (Perez et al., 2014).



Moraxella catarrhalis Promotes the Survival of NTHi in Polymicrobial Biofilms With S. pneumoniae

As chronic or recurrent OM is considered a biofilm-associated disease, we further assessed the ability of these three otopathogens to co-exist and persist in a polymicrobial biofilm. Figure 2 demonstrates that NTHi is now fully capable of surviving and persisting in this triple species biofilm even in the presence of S. pneumoniae. The survival of NTHi at 48 h was stastically significant as compared to NTHi in dual species with S. pneumoniae (Supplementary Figure S1). It appears that the presence of M. catarrhalis in these polymicrobial biofilms provides some form of protection from the bactericidal effects of S. pneumoniae. Further, at 48 h NTHi forms the most robust biofilms of all three otopathogens as quantified by CFU per mL.

Based on previous work done by Chao et al. (2017) we inoculated S. pneumoniae in all the previously mentioned time course assays at a lower seeding concentration to facilitate the analysis of bacterial-bacterial interactions. To ensure that our triple species data was not affected by lower seeding concentration, we completed a time course assay where all three otopathogens were diluted 1:100 and seeded simultaneously at approximately equivalent concentrations (∼104 CFU per mL). Figure 3A confirms that the starting inocula had no effect on the establishment of polymicrobial biofilms and also confirms that the lower inoculum of M. catarrhalis was still able to protect NTHi from the bactericidal effects of the pneumococci.



Multiple M. catarrhalis Clinical Isolates Protect NTHi in Polymicrobial Biofilms Containing S. pneumoniae

We further assessed the strain specificity of the protective effect by testing co-infection strains that were simultaneously isolated from the middle ear fluid of a pediatric patient during a middle ear infection. Data collected from the co-infection strains demonstrated that NTHi was able to persist within the triple species biofilm and that protection by M. catarrhalis is not strain specific (Figure 3B).



Cell to Cell Contact Is Not Required to Protect NTHi From the Bactericidal Effects of S. pneumoniae

As one of the classic characteristics of bacterial biofilms is close contact at the cellular level, we utilized a transwell insert in our in vitro model system to physically isolate M. catarrhalis biofilms. Briefly, dual species S. pneumoniae and NTHi biofilms were seeded in 24-well plates on fixed H292 cell monolayers as described and transwell inserts were added to each well. M. catarrhalis was seeded into the inserts of the experimental wells and media alone was added to the control wells. Bacterial viability was assessed at 24 and 48 h as previously stated. Figure 4A shows that NTHi viability had a modest but significant decrease (∼1 log) at 24 h in the media treated controls as compared to the M. catarrhalis treated wells. This trend is even more apparent at 48 h, which shows that NTHi viability in the control wells was decreased by ∼103 CFU/mL compared with the M. catarrhalis exposed dual species biofilms which actually showed an increase in NTHi bacterial persistence to ∼107 CFU per mL (Figure 4B). These results demonstrate that M. catarrhalis can promote the survival and persistence of NTHi in the presence of S. pneumoniae and that this protective effect does not require direct contact. These data suggest that there is a factor(s) secreted or released into the supernatant that directly or indirectly confers protection to NTHi.
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FIGURE 4. Transwell assay to assess protection without cell to cell contact. Dual species S. pneumoniae EF3030 (Spn) and NTHi 86-028 NP (NTHi) biofilms were seeded in 24-well plates on a fixed H292 cell monolayer. To the filter inserts, approximately 105 CFU per mL M. catarrhalis 7169 (solid) or CDM (open) was added. Protection was assessed at (A) 24 h and (B) 48 h where bars represent the mean and SD of three independent assays with a minimum of four technical replicates. P-value of 0.05 was considered significant and indicated by asterisk (∗).




Moraxella catarrhalis Catalase Production Is Not the Only Mechanism Involved in Protecting NTHi From Pneumococcal Hydrogen Peroxide

Previous studies have shown that the bactericidal effects of S. pneumoniae hydrogen peroxide production on NTHi can be reversed by the addition of catalase (Pericone et al., 2000). Although NTHi produces catalase, the activity in vitro is considered quite low (Pericone et al., 2000) and this likely explains why it is not protective in our model system (Figure 1B). However, M. catarrhalis does produce a highly active catalase and this has been previously shown to neutralize the effects of S. pneumoniae hydrogen peroxide in planktonic cultures in vitro (Pericone et al., 2000). Based on this previous report, we constructed an isogenic catalase mutant in the M. catarrhalis 7169 (Mcat7169ΔkatASpec1) and confirmed this mutant was defective in catalase production (data not shown). This Mcat7169ΔkatASpec1 construct was assessed for protective activity in the transwell assay versus the wild-type Mcat7169 at 24 h (Figure 5A) and 48 h (Figure 5B). These results show that the Mcat7169ΔkatASpec1 mutant was able to confer protection of NTHi to the same extent as the wild type Mcat7169 at both time points. Given the previous reports, these results were somewhat surprising suggesting that catalase is not solely responsible for the protective effect seen in these polymicrobial biofilms using our model system.
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FIGURE 5. Transwell assay to assess the protective capacity of a M. catarrhalis catalase mutant. Dual species S. pneumoniae (SpnEF3030) and NTHi 86-028 NP (NTHi86028) biofilms were seeded in 24-well plates on a fixed H292 cell monolayer. To the transwell inserts, approximately 105 CFU per mL M. catarrhalis 7169 (solid), Mcat7169 ΔkatASpec1 (vertical stripes) or CDM (open) was added. Protection was assessed at (A) 24 h and statistical analysis was performed using a one-way ANOVA and Dunnett’s multiple comparison test of log transformed CFU per mL (B) and 48 h and statistical analysis was performed on log transformed CFU per mL using the Kruskal–Wallis with Dunn’s multiple comparison test. Bars represent the mean and standard deviation of three independent assays with a minimum of two technical replicates. P-value of <0.01 denoted ∗∗ and P-value of <0.001 denoted ∗∗∗.




DISCUSSION

The current model for OM pathogenesis is based on the concept that commensal bacteria colonize the nasopharynx of children very early in life and provide a reservoir for invasive diseases including AOM, sinusitis, and bacterial pneumonia. Although the mechanism of transition from colonization to opportunistic infection is not fully understood, it is widely accepted that changes in the host during a viral upper respiratory infection are linked to the subsequent onset of AOM (Heikkinen and Chonmaitree, 2003; Chonmaitree et al., 2008, 2016; Nokso-Koivisto et al., 2015). Based on this model, biofilms associated with colonization of otopathogens in the nasopharynx play a fundamental role in pathogenesis and are thus a primary target for preventative strategies.

While little is known about the transition from asymptomatic colonization to active infection, even less is known about how polymicrobial communities play a role in this transition. Using a model designed to mimic the environment of the nasopharynx we assessed the three primary otopathogens in dual species and triple species biofilms in vitro. To date, some of the dual species interactions have been characterized, but with contrasting results. For example, S. pneumoniae hydrogen peroxide production has been shown to have bactericidal effects on the other respiratory tract pathogens in planktonic cultures, in addition to being cytotoxic to the respiratory epithelial cells (Pericone et al., 2000). Likewise, S. pneumoniae produces neuraminidase which has the potential to remove sialic acid residues from other bacterial species exposing them to the host immune system. However, despite the many S. pneumoniae virulence factors cited, Perez et al. (2014) reported that S. pneumoniae increased colonization of M. catarrhalis in vivo. The same study also demonstrated that M. catarrhalis is able to confer β-lactamase protection to S. pneumoniae and conversely S. pneumoniae is able to provide M. catarrhalis with macrolide resistance. Based on the current literature, many questions remain relating to the potential synergism or antagonistic co-colonization of these two respiratory pathogens. The data presented in this study confirm that M. catarrhalis is in fact able to co-colonize in dual species biofilms with S. pneumoniae in vitro.

The multivalent pneumococcal conjugate vaccine and the Haemophilus influenzae type b vaccine have changed the landscape of nasopharyngeal colonization (Cohen et al., 2006; Revai et al., 2006; Dagan, 2009). Despite the success of these vaccines, NTHi strains and non-vaccine serotypes of S. pneumoniae remain a prominent cause of AOM. One of the few studies on the interactions of S. pneumoniae and NTHi suggests that NTHi can also confer β-lactamase-dependent antibiotic resistance and promote biofilm formation, and thus increase persistence, in vivo (Weimer et al., 2010, 2011). When studied in vitro, the interactions between S. pneumoniae and NTHi were reported to be cell density dependent and required the down regulation of pneumococcal genes regulating autolysis and fratricide (Hong et al., 2014). Our results indicate that S. pneumoniae is bactericidal to NTHi in dual species biofilms despite seeding at a relatively low concentration of S. pneumoniae to limit cytotoxicity. After approximately 24 h of biofilm growth, NTHi began to decline as a result of S. pneumoniae virulence.

We were also able to confirm that M. catarrhalis and NTHi successfully co-colonize in dual species biofilms as previously reported (Armbruster et al., 2010). Additionally, in our dual species model M. catarrhalis is able to promote the biofilm formation of NTHi supporting recently published work by Mokrzan et al. (2018). These observations have important implications because prolonged nasopharyngeal carriage subsequently increases the potential for transition to disease.

The nasopharynx is a polymicrobial environment. Multiple studies have shown that S. pneumoniae, M. catarrhalis and NTHi can simultaneously occupy this mucosal niche; however, very little is known about the bacterial interactions that occur between these species and the possible role these play in the pathogenesis of AOM (Hoa et al., 2009; Casey et al., 2010; Palmu et al., 2019). As mentioned previously, studies have shown that M. catarrhalis is more likely to be found in polymicrobial AOM infections than from a single-species infection (Broides et al., 2009). Additionally, colonization with M. catarrhalis happens very early in life, which is in part why M. catarrhalis is more frequently seen in children experiencing their first AOM episode as opposed to those with recurrent infections (Broides et al., 2009). These two qualities suggest that M. catarrhalis may be one of the first bacteria-bacteria interactions and a major factor in the subsequent colonization of other bacterial species. To test the possibility that M. catarrhalis may be important in polymicrobial colonization, we analyzed all three bacterial species in our colonization model in vitro. Our data confirmed that all three otopathogens were able to form a mixed species biofilm in our model system. More importantly, the presence of M. catarrhalis was essential for NTHi to survive the bactericidal effects of S. pneumoniae. This phenomenon, which appears to be “protective” for NTHi, has not been documented to date and provides novel insight into nasopharyngeal co-colonization and subsequently polymicrobial infection pathogenesis.

To explore the mechanism of protection we first considered the physical properties of the biofilms. We addressed the possibility that biofilm architecture was involved in shielding NTHi from S. pneumoniae or that cell to cell contact was required. We utilized a transwell assay which physically separated M. catarrhalis biofilms from NTHi and S. pneumoniae dual species biofilms, but allowed for the exchange of components in the supernatant. We found that physical contact is not necessary for M. catarrhalis to confer protection. These data suggest that a secreted or released factor(s) is responsible for the observed protective effect. We considered the known bactericidal effects of S. pneumoniae hydrogen peroxide production and hypothesized that catalase production may play a role in this process (Pericone et al., 2000). To test this, we constructed a catalase mutant in the M. catarrhalis 7169 background (Mcat7169ΔkatASpec1) and assessed its protective capacity in the transwell assay. The mutant had a phenotype similar to the wild-type demonstrating that catalase production by M. catarrhalis was not essential for protection. It is possible that Mcat7169ΔkatASpec1 was able to compensate using other mechanisms for coping with oxidative stress. Our initial results do not indicate a clear mechanism of protection, but they do suggest that it is reliant on a secreted or released factor(s) that is not catalase and is not dependent on physical or architectural characteristics of polymicrobial biofilms.

Future studies aim to use a more global approach to analyze the transcriptome of M. catarrhalis monomicrobial biofilms versus M. catarrhalis polymicrobial biofilms to parse out genes that are important in the polymicrobial environment and thus potentially important for the protective effect. The cumulative ability of these otopathogens to form polymicrobial biofilms, persist, and resist antibiotics has major implications in AOM epidemiology and pathogenesis. The mechanism of protection could provide a target for minimizing polymicrobial biofilms of the nasopharynx.
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Bacteria often exist in polymicrobial communities where they compete for limited resources. Intrinsic to this competition is the ability of some species to inhibit or kill their competitors. This phenomenon is pervasive throughout the human body where commensal bacteria block the colonization of incoming microorganisms. In this regard, molecular epidemiological and microbiota-based studies suggest that species-specific interactions play a critical role in the prevention of nasal colonization of the opportunistic pathogen Staphylococcus aureus. Despite this, S. aureus exists as part of the microbiota of ∼25% of the population, suggesting that the interplay between S. aureus and commensals can be complex. Microbiota studies indicate that several bacterial genera are negatively correlated with S. aureus colonization. While these studies paint a broad overview of bacterial presence, they often fail to identify individual species-specific interactions; a greater insight in this area could aid the development of novel antimicrobials. As a proof of concept study designed to identify individual bacterial species that possess anti-S. aureus activity, we screened a small collection of clinical isolates from the Walter Reed National Military Medical Center for the ability to inhibit multiple S. aureus strains. We found that the majority of the isolates (82%) inhibited at least one S. aureus strain; 23% inhibited all S. aureus strains tested. In total, seven isolates mediated inhibitory activity that was independent of physical contact with S. aureus, and seven isolates mediated bactericidal activity. 16S rRNA based-sequencing revealed that the inhibitory isolates belonged to the Acinetobacter, Agromyces, Corynebacterium, Microbacteria, Mycobacterium, and Staphylococcus genera. Unexpectedly, these included seven distinct Acinetobacter baumannii isolates, all of which showed heterogeneous degrees of anti-S. aureus activity. Defined mechanistic studies on specific isolates revealed that the inhibitory activity was retained in conditioned cell free medium (CCFM) derived from the isolates. Furthermore, CCFM obtained from S. saprophyticus significantly decreased mortality of S. aureus-infected Galleria mellonella caterpillars. While future studies will seek to define the molecular mechanisms of the inhibitory activities, our current findings support the study of polymicrobial interactions as a strategy to understand bacterial competition and to identify novel therapeutics against S. aureus and other pathogens.
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INTRODUCTION

Staphylococcus aureus is an opportunistic pathogen that, due to its ability to quickly adapt to harsh conditions and evade the host’s immune system, can colonize virtually any niche throughout the human body. S. aureus causes a variety of diseases, most frequently skin and soft tissue infections, but also systemic and toxin-mediated disease (Otto, 2010). To further exacerbate matters, numerous S. aureus strains are resistant to multiple antibiotics, which subsequently makes treatment more difficult. Even amongst otherwise healthy individuals, the lack of appropriate treatment often leads to more severe morbidity and higher mortality rates (Lowy, 2003). Accordingly, methicillin-resistant S. aureus (MRSA)-mediated disease was responsible for approximately 10,000 deaths from 2005 to 2013 in the United States (Klevens et al., 2007). Furthermore, the worldwide pervasiveness of multidrug-resistant S. aureus strains has led the World Health Organization to designate MRSA as a “high” threat to the global population (WHO, 2017).

Despite the propensity to cause significant morbidity and mortality, S. aureus exists as a part of the microbiota of approximately one-quarter of the population (Sakr et al., 2018); however, colonized individuals are more likely to develop S. aureus-mediated disease (Kluytmans and Wertheim, 2005). In thinking about the dynamics of colonization of the host, S. aureus must interact and compete with the other resident flora as a means to establish itself as a part of the microbiota of a particular niche (Burian et al., 2017). This is undoubtedly a complicated process. However, even the vast amount of currently available microbiota data has not substantially increased our current understanding of the molecular mechanisms underlying the complex interactions between resident flora and incoming pathogens like S. aureus. It is well-established that commensal microbes play a critical role in decreasing and preventing pathogen colonization. A well-known example of this can be found with the ability of fecal transplants from healthy donors to treat patients with recurrent Clostridium difficile infections; restoration of the normal gastrointestinal microbiota eliminates and prevents C. difficile colonization (Buffie et al., 2015).

The ability of commensal bacteria to block pathogen colonization is true at other anatomical locations as well. S. aureus nasal colonization in particular is greatly dependent on molecular interactions with the nasal flora (Brugger et al., 2016; Sakr et al., 2018). Indeed, the nasal cavity is a high salinity and nutrient scarce niche where resident and incoming bacteria compete for limited resources and space in a type of “bacterial warfare” (Krismer et al., 2014). These interactions are often species-specific, and commensal bacterial have been found to use a variety of mechanisms to block pathogen colonization, including the production and secretion of toxic compounds that directly kill or inhibit competitors. For example, various species from within the Streptococcus and Corynebacterium genera are inversely correlated with the presence of S. aureus in the nasal cavity or have been found to directly antagonize S. aureus (Lemon et al., 2010; Bomar et al., 2016). Even other members of the Staphylococcus genus have been found to negatively impact S. aureus viability; several coagulase-negative Staphylococcus (CoNS) species have evolved mechanisms to inhibit S. aureus colonization. Specifically, some S. epidermidis strains secrete a serine protease that is capable of disrupting S. aureus biofilm formation and blocking nasal colonization (Iwase et al., 2010). S. hominis and S. epidermidis both secrete strain-specific antimicrobial peptides that have potent selective bactericidal activity against S. aureus (Nakatsuji et al., 2017). Moreover, lugdunin, a novel cyclic peptide antibiotic produced by S. lugdunensis, has bactericidal properties against several Gram-positive pathogens, including S. aureus, and can prevent S. aureus nasal colonization (Zipperer et al., 2016). It is clear that within the context of the human nose, there is a selective pressure, even amongst closely related commensal species, to block or eliminate S. aureus.

Despite recent advancements detailing the negative molecular interactions that occur between S. aureus and the resident nasal flora, little is known about S. aureus interactions with bacteria isolated from other anatomical locations. Given this deficit and the fact that S. aureus can colonize the human body virtually ubiquitously, as a proof of concept study we set out to characterize S. aureus interactions with clinical bacterial isolates obtained from a variety of body sites from a diverse patient population at the Walter Reed National Military Medical Center. Herein, we show that the majority (82%, 28/34) of clinical isolates possessed some degree of in vitro anti-S. aureus activity when tested against multiple strains of S. aureus, including MRSA. Moreover, eight clinical isolates showed anti-S. aureus activity against all tested strains. Several of the clinical isolates that belonged to the Staphylococcus and Corynebacterium genera mediated contact-independent inhibitory activity against S. aureus. Furthermore, a portion of the clinical isolates (7/28) showed bactericidal activity against S. aureus. Unexpectedly, Acinetobacter baumannii isolates represented the most commonly identified species that produced heterogenous strain-specific anti-S. aureus activity. Finally, analysis of conditioned cell free medium (CCFM) from several isolates revealed that inhibitory activity was often present in the CCFM. Furthermore, CCFM derived from S. saprophyticus was able to reduce mortality of S. aureus-infected Galleria mellonella caterpillars. These findings suggest that S. aureus interactions with other bacteria are far more multifaceted than previously recognized, and strongly support the study of these interactions at the molecular level as a means to reveal novel S. aureus molecular targets or therapeutics.



MATERIALS AND METHODS


Strains, Culture and Bacterial Interaction Assays

All deidentified clinical isolates were obtained as a part of a memorandum of understanding (MOU) between the Uniformed Services University of the Health Sciences (USU) and the Walter Reed National Military Medical Center (WRNMMC), Department of Clinical Microbiology. The described studies represent research Not Involving Human Subjects since all isolates were obtained from discarded clinical microbiology plates that contained samples that were obtained during routine diagnostic testing and treatment of WRNMMC patients. Both USU and WRNMMC agree and acknowledge that the activities and projects pursued under the MOU complied with the applicable rules and regulations governing human subjects research within the Department of Defense; the Institutional Review Board at WRNMMC was the IRB of record for the collection of all patient samples. Strains were maintained as −80°C freezer stocks and were cultured under the following conditions unless otherwise noted: Clinical isolates were streaked from frozen glycerol stocks on Brain Heart Infusion (BHI) agar (Becton Dickinson) supplemented with 1% Tween80 (BHIT, Sigma-Aldrich). S. aureus strains were streaked from glycerol stocks on BHI agar. Each isolate was incubated overnight at 37°C. Bacterial interaction assays were performed as previously described (Yan et al., 2013; Hardy et al., 2019). Briefly, 40 mg of S. aureus or a clinical isolate was directly harvested from an agar plate with a sterile inoculating loop and then re-suspended in 200 μL of sterile saline solution (Fisher Chemicals). Eight microliters of the S. aureus cell suspension was inoculated into 15 mL of sterile BHIT agar that had been cooled to 55°C; inoculated agar was poured into a sterile petri dish, and allowed to solidify under sterile conditions. Next, 25 μL of a clinical isolate cell suspension was spotted onto the center of an agar dish (one clinical isolate per a S. aureus-seeded agar plate), and was allowed to dry for 40 min under sterile conditions. The resulting plates were incubated at 28°C, and the formation of a zone of clearance (ZOC) was visually assessed at 24, 72, and 120 h. Images of the ZOC were taken with an Amersham Imager 680 (General Electric). The ZOC was defined as the distance between the edge of the clinical isolate spot and the visible edge of the clearance ring. To measure ZOC length, images were analyzed using ImageJ software (NCBI). Each clinical isolate was assessed in three independent biological replicates against S. aureus strains 2014.N, LAC, and Mu50 (Table 1).


TABLE 1. Clinical isolates and S. aureus strains assayed.
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DNA Extraction, Amplification, Cloning, and 16S rRNA Gene Sequencing

All clinical isolates that possessed anti-S. aureus activity (28/34) were streaked from frozen glycerol stocks on BHIT agar and incubated overnight at 37°C. Single colonies of each isolate were subcultured in 2 mL of BHIT broth and incubated at 37°C with shaking for 24–48 h. Overnight broth cultures were pelleted by centrifugation and re-suspended in 0.2 mL of Phosphate Buffer Solution (PBS, Fisher Chemicals). Cell suspensions were lysed in a Bullet Blender Homogenizer for 5 min by mechanical disruption in bead-beater tubes that contained 0.1 mm sterile glass beads. Genomic DNA was extracted from lysed cells suspensions with the Wizard Genomic DNA Purification Kit (Promega) according to the manufacturer’s instructions.

Purified genomic DNA from each sample was subjected to PCR amplification of the 16S rRNA gene using the 8F (5′ AGAGTTTGATCCTGGCTCAG 3′) and 1492R (5′ GGTTACCTTGTTACGACTT 3′) primers. PCR mixtures (25 μL) contained 5X Phusion HF buffer, 200 mM of each dNTP, 0.5 μM of each primer, and 0.02 U/μL of Phusion DNA polymerase. PCR amplification was performed with the following reaction conditions: 98°C for 30 s, 30 cycles of 98°C for 5 s, 51°C for 30 s, 72°C for 1 min 30 s, with a final elongation step of 72°C for 5 min. The PCR amplified products were visualized on a 1% agarose gel to confirm the presence of an approximately 1,500 base pair band.

PCR products were purified using the QIAquick PCR purification kit according to the manufacturer’s instructions. Purified PCR products were polyadenylated utilizing the A-tailing procedure; reaction components (10 μL), including PCR-amplified DNA, 10X ThermoPol Buffer, 1mM dATP, and Taq DNA Polymerase, were incubated at 70°C for 30 min. A-tailed PCR products were subsequently cloned into the pGEM-T Easy vector according to the manufacturer’s instructions (Promega). Ligation products were transformed into E. coli TOP10 CaCl2 chemically competent cells. Transformants with the desired insert were isolated via “blue/white” selection on LB (Luria-Bertani) agar supplemented with ampicillin (100 μg/mL), X-gal (40 μg/mL) and IPTG (1 μM). To confirm the presence of the correct insert, colony PCR was performed on at least five white colonies per transformation using the GoTaq Green Master Mix (Promega) and pGEM-T Easy specific T7 (5′ GGGTTTTCCCAGTCACGA 3′) and SP6 (5′ GCACCCCAGGCTTTACAC 3′) primers with the following PCR conditions: 95°C for 3 min, 30 cycles of 95°C for 30 s, 45°C for 30 s, 72°C for 1 min 30 s, with a final elongation step of 72°C for 5 min. White colonies that contained the correct insert were cultured overnight in LB Broth plus ampicillin (100 μg/mL) with shaking. Plasmids were purified using QIAprep Spin Miniprep Kit (Qiagen) according to the manufacturer’s instructions and then used for sequencing.

As previously described (Johnson et al., 2016), to ensure near full-length coverage of the 16S rRNA gene, six individual sequencing reactions were performed on purified plasmids using the following primers: T7, SP6, 8F, 1492R, 515F (5′ GTGYCAGCMGCCGCGGTA 3′), and 806R (5′ AGAGTTTGATCCTGGCTCAG 3′). Sequence reads were manually assembled into a double stranded near full length 16S rRNA gene sequence, and taxonomic information was assigned after comparison with other 16S rRNA gene sequences in the Ribosomal Database Project (RDP)1 and GenBank2 using the Basic Local Alignment Search Tool (BLAST). The 16S rRNA gene sequences of all the strains speciated in this study were deposited in GenBank and assigned accession numbers. Strain descriptions, species identification, and accession numbers can be found in Table 1.



Contact-Dependent Assays

Strongly inhibitory clinical isolates were defined as follows: a ZOC that was visibly transparent, at least 2 mm in length, and with a defined edge. These isolates (17/28) were assayed to determine if anti-S. aureus activity was dependent on direct physical contact between the bacteria; in each case, the activity of each clinical isolate was tested against the S. aureus strain for which the strongest ZOC was obtained in the absence of a filter disk. A sterile 0.2 μm filter disk was placed on top of the BHIT agar that had been seeded with S. aureus; each clinical isolate was then individually spotted on top of the filter disk so that none of the cell suspension physically touched the S. aureus seeded agar plate. Plates were incubated at 28°C and were visually assessed at 24, 72, and 120 h for the absence or presence of a ZOC. The absence of a ZOC in the presence of a filter disk indicates that physical contact is necessary for anti-S. aureus activity against the corresponding most sensitive S. aureus strain. Clinical isolates were assessed in three independent biological replicates.



Recovery of S. aureus From ZOC

To determine if anti-S. aureus activity was bacteriostatic (growth inhibition) or bactericidal (killing), S. aureus survival and growth was monitored as compared to the original inoculum. Immediately after the plates solidified and before a clinical isolate was spotted, five-milligram punches of S. aureus-seeded agar were taken with a sterile pipette tip as a means to enumerate S. aureus colony forming units (CFU) present at T0. Bacterial interaction assays were performed with 15/28 strongly inhibitory clinical isolates as described above. Two isolates that produced a defined and transparent ZOC, but exactly 2 mm in length, were excluded from these experiments as the ZOC produced against S. aureus was too small to accurately extract agar punches. Each strongly inhibitory clinical isolate was tested against the S. aureus strain for which the strongest ZOC was produced. After 48 h (T48) of incubation at 28°C, five-milligram punches of agar directly adjacent to the clinical isolate spot (Inside ZOC) or at the edge of the petri dish (Outside ZOC) were again taken with a sterile pipette tip. To determine the number of S. aureus CFU present in an agar punch, punches were resuspended in 1 mL of BHI broth and heated to 55°C for 10 min. 10-fold serial dilutions of each suspension were prepared in PBS and then plated on Mannitol Salt Agar (MSA, Criterion). Plates were incubated at 37°C overnight, and recovered colonies were quantified. The number of CFU present in the 1 mL original suspension was calculated, and the fold change from T0 was calculated as follows: (Number of CFU present Inside or Outside ZOC at T48/Number of CFU present at T0). Fold change values less than 1 indicate bactericidal activity; S. aureus CFU recovered in an agar punch at T48 was less than the S. aureus CFU recovered in an agar punch at T0. Contact-dependent experiments were completed in three independent biological replicates.



Conditioned Cell Free Medium (CCFM) Preparation and Disk Diffusion Assays

Clinical isolates that produced contact-independent bactericidal anti-S. aureus activity (C. amy-2, S. sap, and S. epi-3) were independently cultured in 10 mL BHIT broth overnight at 37°C with shaking at 190 rpm. Cultures were pelleted by centrifugation, and the supernatant was filter sterilized with a.2 μm filter (Corning). One-milliliter of sterile supernatant was retained, and the remaining supernatant was concentrated (50X) with ammonium sulfate precipitation as previously described (Hardy et al., 2019). For heat-treatments, 50 μL aliquots of unconcentrated or 50X CCFM were incubated at 90°C for 10 min, then allowed to cool. For the disk diffusion assays, the S. aureus strain that was most sensitive to the corresponding inhibitory activity (C. amy-2/Mu50, S. sap/LAC, and S. epi-3/LAC) was cultured on BHI agar overnight at 37°C. The following day, the plate-grown cells were recovered and diluted to 1 × 108 cells/ml (OD600 0.1) in BHI broth. A sterile swab was then used to spread the S. aureus cell suspension on BHIT agar as a lawn. The plate was allowed to dry in a laminar flow hood for 30 min. Next, a sterile 5 mm diffusion disk was placed on top of the S. aureus lawn, and 50 μL of unconcentrated CCFM or 50X CCFM was inoculated onto the disk. Plates were incubated at 28°C, and images were taken after 72 h of incubation. Disk diffusion assays were conducted in three independent biological replicates.



S. aureus Infection and CCFM Treatment of Galleria mellonella Caterpillars

Staphylococcus aureus strains 2014.N, Mu50, and LAC were cultured overnight on BHI agar at 37°C. The following day, S. aureus cells were recovered and diluted to 1 × 108 cells/ml (OD600 0.1) in PBS. Total CFU were then further adjusted to obtain the required doses; i.e., 107 CFU or 106 CFU in 5 μL of PBS + 0.01% bromophenol dye. For infections, Galleria mellonella caterpillars (Vanderhorst Wholesale Inc) were utilized within 1 day of receipt. Caterpillars between 200 and 300 mg were chosen for infection. The injections were carried out as described previously (Desbois and Coote, 2011) with minor adaptations. Briefly, 5 μL of inoculum that contained 107 or 106 total CFU of S. aureus was injected into the last left proleg using a 10 μL glass syringe (Hamilton) fitted with a 31G needle. For caterpillars that were treated with CCFM, the caterpillars were maintained at room temperature for 1 h following the S. aureus injection, then refrigerated at 4°C for 12 min and then injected with 5 μL of freshly prepared 50X CCFM from S. sap or S. epi-3 (treated) or 50X concentrated BHIT (sham treated). These injections were into the last right proleg. All caterpillars were incubated at 37°C, and survival was monitored over 120 h. Untouched, and PBS injected caterpillars were included as controls. Data found in Figures 7A,B represent two completely independent biological replicates (n = 15 caterpillars) performed with different batches of caterpillars. Data found in Figure 7C represent a single batch of caterpillars, but two independently derived batches of CCFM (n = 15 caterpillars)/CCFM preparation. Kaplan–Meier survival curves were compared between groups using the Mantel–Cox test with Holm’s correction for multiple comparisons (excluding Untouched and PBS negative controls). An alpha value of 0.05 was considered statistically significant.



RESULTS


Activity of Clinical Bacterial Isolates Against S. aureus

Polymicrobial interactions within the human host are complex and dynamic. Numerous studies have shown that several genera that inhabit the skin and nasal cavity prevent the colonization of opportunistic pathogens (Jarraud et al., 2002; Bomar et al., 2016). However, these studies often focus on specific anatomical locations and do not represent the host as one environmental niche. Given this, we questioned whether bacterial species isolated from a diverse patient population and a variety of body sites would display antagonistic interactions against S. aureus. To this end, we obtained a collection of clinical isolates (Table 1) from the WRNMMC Clinical Microbiology Lab and assayed in vitro anti-S. aureus activity utilizing a bacterial interaction assay (Hardy et al., 2019). As prior studies have shown that antagonistic polymicrobial interactions are often strain-specific and because we previously showed that Corynebacterium pseudodiphtheriticum, a common skin and nasal commensal microbe, mediates heterotypic bactericidal activity against specific S. aureus strains (Hardy et al., 2019), we assayed anti-S. aureus activity against three phenotypically different S. aureus strains: S. aureus LAC (Community-Acquired, MRSA), S. aureus Mu50 (Hospital-Acquired, MRSA) and 2014.N (Methicillin-Sensitive S. aureus), a recently acquired nasal isolate (Table 1). To this end, 34 individual clinical isolates were assessed against each S. aureus strain in the bacterial interaction assays; appearance of a visible zone of clearance (ZOC) around the clinical isolate was considered a positive indicator of anti-S. aureus activity. While we found that six clinical isolates showed no anti-S. aureus activity, the majority (28/34, 82%) of tested clinical isolates possessed inhibitory activity against at least one of the S. aureus strains (Figure 1A). Furthermore, eight of the clinical isolates were able to inhibit the growth of all tested S. aureus strains. As expected, many of the clinical isolates mediated inhibitory activity in a S. aureus strain-specific manner: three clinical isolates only inhibited 2014.N, five only inhibited Mu50, and two only inhibited LAC (Figure 1A).
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FIGURE 1. Bacterial species isolated from patients at the Walter Reed National Military Medical Center inhibit Staphylococcus aureus growth. (A) Venn Diagram of anti-S. aureus activity: thirty-four clinical isolates were screened for anti-S. aureus activity in an in vitro bacterial interaction assays against S. aureus strains 2014.N, LAC and Mu50. 28/34 isolates tested possessed anti-S. aureus activity against at least one S. aureus strain. 6/34 possessed no activity against S. aureus. 8/34 inhibited growth of all S. aureus strains tested while the remaining 20 strains showed activity against one or two of the S. aureus strains as indicated in the Venn Diagram. (B) Representative Bacterial Interaction Assays: C. aurimucosum (C. aur-1), M. yunnanensis (M. yun), or S. saprophyticus (S. sap) were spotted onto an agar plate that had been seeded with the indicated S. aureus strains (2014.N, LAC, or Mu50). Plates were incubated at 28°C, and images were taken at 24, 72, and 120 h (24 and 120 h images are shown). Images are representative of three independent biological replicates. Scale bar = 10 mm and is the same in the corresponding 24 h and 120 images; in some cases the 120 h spots appear larger than the 24 h spots due to growth of the bacteria within the spots.


The species of the 28 isolates that exhibited anti-S.aureus activity were next identified via cloning and sequencing of the 16S rRNA gene; sequences were deposited into GenBank and accession numbers are available in Table 1. Analysis of the species information combined with the bacterial interaction assays revealed several types of ZOCs that developed over time (Figure 1B). For example, co-incubation of Corynebacterium aurimucosum (C. aur-1) or Mycobacterium yunnanensis (M. yun) with S. aureus 2014.N or Mu50 resulted in a diffused and moderately sized ZOC; a ZOC did not develop upon co-incubation with S. aureus LAC for either clinical isolate (Figure 1B). In contrast, co-incubation of Staphylococcus saprophyticus (S. sap) with S. aureus LAC resulted in a defined and transparent ZOC, while only a modest and hazy ZOC was produced against S. aureus 2014.N and Mu50.

Temporal quantification of ZOC length additionally revealed distinct patterns of interactions between each clinical isolate and each S. aureus strain. For the majority of the isolates, the ZOC length either remained constant or increased over time (Figure 2A). In support of the literature that suggests that some members of the Corynebacterium genus promote negative interactions with S. aureus (Yan et al., 2013; Hardy et al., 2019), numerous inhibitory isolates were speciated to be members of the Corynebacterium genus. These isolates tended to show anti-S. aureus activity selectively against strains 2014.N and Mu50; only one Corynebacterium isolate, C. jeikeium (C. jei), inhibited S. aureus LAC growth, but neither 2014.N or Mu50. Previous reports have also shown that several CoNS prevent S. aureus colonization by inhibiting growth or by direct killing (Iwase et al., 2010; Zipperer et al., 2016; Nakatsuji et al., 2017). In support of this, numerous Staphylococcal isolates were identified and possessed activity against S. aureus. These isolates generally mediated robust activity against S. aureus 2014.N and LAC, but only modest anti-S. aureus activity against Mu50 (Figures 2A,B). For example, Staphylococcus epidermidis (S. epi-1) and S. hominis (S. hom) produced defined and transparent ZOCs against 2014.N and LAC, but a comparatively small ZOC was produced against Mu50. Taken together, these results support the current hypothesis that antagonistic interactions with S. aureus are often strain-specific. As it would account for the differences in sensitivity amongst the various S. aureus strains, this may indicate that the S. aureus molecular target(s) of each inhibitory isolate is strain-specific and/or differentially expressed between the various S. aureus strains.
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FIGURE 2. Clinical isolates mediate strain-specific anti-S. aureus activity. (A) Heat map showing the activity of the indicated clinical isolate against the indicated S. aureus strains: The Zone of Clearance (ZOC) was defined as the distance between the edge of the clinical isolate spot to the visible edge of the S. aureus ring of clearance. The ZOC was measured using ImageJ software (NCBI) and each value within a box represents the arithmetic mean (in millimeters) of three independent biological replicates measured temporally (24, 72, and 120 h). Clinical isolate species names have been abbreviated as follows: C. aurimucosum (C. aur), C. striatum (C. str), C. amycolatum (C. amy), C. jeikeium (C. jei), C. tuberculostearicum (C. tub), S. epidermidis (S. epi), S. saprophyticus (S. sap), S. hominis (S. hom), A. baumannii (A. bau), M. paraoxydans (M. par), M. yunnanensis (M. yun), and Agromyces sp. 3098BRRJ (Agro sp.). Additionally, a number preceded by a – is used to indicate an independent isolate of the indicated species. (B) Example of strain-specific activity: S. epidermidis (S. epi-1) and S. hominis (S. hom) were co-incubated with agar plates seeded with S. aureus strains 2014.N, LAC or Mu50. Images of the ZOC were taken after 24 and 120 h of incubation at 28°C and are representative of three independent biological replicates. Scale bar = 10 mm and is the same in the corresponding 24 h and 120 images; in some cases the 120 h spots appear larger than the 24 h spots due to growth of the bacteria within the spots.


In addition to the expected members of the Corynebacterium and Staphylococcus genera, several clinical isolates that are not typically associated with the human microbiota were found to have anti-S. aureus activity. For example, there are few reports of the clinical isolation of Microbacterium species (Laffineur et al., 2003). However, M. paraoxydans, a pathogen of various fish species (Soto-Rodriguez et al., 2013), was recovered from two separate patients and both isolates possessed anti-S. aureus activity against strains LAC and Mu50 (Figure 2A). Similarly, Agromyces, a common soil microbe, also mediated anti-S. aureus activity against Mu50 (Figure 2A). These data indicate that antagonistic interactions with S. aureus are not limited to conventional members of the human microbiota that would have been under evolutionary pressure to evolve mechanisms to compete with S. aureus.



Heterotypic Inhibitory Activity of A. baumannii Against S. aureus

While Acinetobacter baumannii and S. aureus have been frequently co-isolated from wounds (Furuno et al., 2008; Castellanos et al., 2019), to our knowledge there is no published evidence that A. baumannii possesses any inhibitory activity against S. aureus. Thus, we were surprised that A. baumannii isolates represented ∼20% (7/34) of the clinical isolates that showed anti-S. aureus activity (Figures 2A, 3). Though not certain, this large representation of A. baumannii clinical isolates may be a result of the “wounded warrior” patient population that is often treated at WRNMMC. Of the seven A. baumannii isolates, two (A. bau-1 and A. bau-3) possessed inhibitory activity against all tested S. aureus strains. The remaining five A. baumannii mediated anti-S. aureus activity against at least two strains (Figure 2A).
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FIGURE 3. Independent Acinetobacter baumannii isolates produce strain-specific anti-S. aureus activity. Individual A. baumannii (A. bau-2 and A. bau-6) isolates were spotted onto an agar plate that had been seeded with various S. aureus strains (2014.N, LAC, or Mu50). Plates were incubated at 28°C, and images were taken at 24, 72, and 120 h (24 and 120 h images are shown). Images are representative of three independent biological replicates. Scale bar = 10 mm and is the same in the corresponding 24 h and 120 images; in some cases the 120 h spots appear larger than the 24 h spots due to growth of the bacteria within the spots.


The type of ZOC produced by A. baumannii varied and was largely dependent on the S. aureus strain being tested. For example, A. bau-2 produced a large and defined ZOC against 2014.N, a large and hazy ZOC against LAC, and no ZOC against Mu50 (Figure 3). In contrast, A. bau-6 produced a moderately sized and very defined ZOC against Mu50, a small and hazy ZOC against LAC, and no ZOC against 2014.N. Taken together, these data indicate that A. baumannii possesses heterogeneous strain-specific anti-S. aureus activity. This may in turn indicate that A. baumannii utilizes multiple independently evolved mechanisms to compete with S. aureus or that the target(s) of anti-S. aureus activity are differentially expressed between S. aureus strains.



Characterization of Contact-Dependent and Bactericidal Anti-S. aureus Activity

Commensal bacteria utilize a wide variety of molecular mechanisms to compete with other microbes; these include both contact dependent and independent mechanisms (Brugger et al., 2016). Thus, we sought to determine whether the observed anti-S. aureus activity of the clinical isolates required physical bacterial interaction. Of the 28 strains that displayed activity, we focused our efforts on the 17 clinical isolates that showed strong inhibitory activity; these strains produced a defined and transparent ZOC against S. aureus that was greater than or equal to 2 mm. To this end, bacterial interaction assays were repeated, but the clinical isolate was separated from the S. aureus seeded agar with a 0.2 μm filter disk. A ZOC still formed for 41% (7/17) of the tested clinical isolates (Figure 4A), indicating that anti-S. aureus activity was contact-independent. The clinical isolates that mediated contact-independent anti-S. aureus activity were restricted to the Staphylococcus and Corynebacterium genera (Figure 4B and data not shown). For example, two independently recovered S. epidermidis isolates (S. epi-1 and S. epi-3) and S. saprophyticus (S. sap) mediated robust contact-independent inhibitory activity (Figure 4B and data not shown). In addition, four Corynebacterium species (C. amy-2, C. aur-1, C. aur-2, and C. str-1) produced moderate inhibitory activity in the presence of a filter disk (Figure 4B and data not shown). Taken together, these data indicate that the various isolates can use both contact-dependent and contact-independent mechanisms as a means to inhibit S. aureus growth.
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FIGURE 4. Select clinical isolates mediate contact-independent anti-S. aureus activity. (A) Strongly inhibitory clinical isolates (17/28) were defined as follows: visibly transparent ZOC of at least 2 mm with a defined edge. (B) A 0.2 μm filter was placed on top of BHIT agar plates seeded with S. aureus (S. epi-1 and S. sap were incubated with S. aureus LAC, C. amy-2 was incubated with S. aureus Mu50, and C. aur-1 was incubated with S. aureus 2014.N). A clinical isolate (as described above) was then spotted on top of the filter paper such that the clinical isolate and the S. aureus seeded agar plate were physically separated. Images of the ZOC were taken after 120 h of incubation at 28°C. Images are representative of three independent biological replicates. Scale bar = 10 mm.


Commensal bacteria can compete with other bacteria using mechanisms that either inhibit bacterial growth (bacteriostatic) or directly kill (bactericidal) the competitor. To further characterize the anti-S. aureus activities of the strongly inhibitory clinical isolates, the number of S. aureus CFU were determined from within the ZOC, directly adjacent to the clinical isolate spot (Inside ZOC), and outside of the ZOC, on the edge of the petri dish (Outside ZOC), after 48 h (T48) of incubation. These numbers were then compared to the number of S. aureus CFU seeded within a comparable area of the agar plate at the initiation of the experiment (T0). Of the 17 strongly inhibitory isolates, 15 developed a ZOC that was large enough (greater than 2 mm) to take accurate agar punches that fell fully within the ZOC. Of these 15 isolates, 7 mediated bactericidal activity against S. aureus. Most of these isolates belonged to the Staphylococcus genus (4/7), followed by A. baumannii (2/7), and Corynebacterium (1/7, Figure 5). Combined with the contact dependence assays, a total of 3 clinical isolates (C. amy-2, S. sap, and S. epi-3) produced anti-S. aureus activity that was independent of direct contact and was also bactericidal. This strongly suggests that these isolates directly kill S. aureus via the secretion of toxic compound(s).
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FIGURE 5. Select clinical isolates mediate bacteriostatic or bactericidal activity against S. aureus. The number of S. aureus CFU seeded within the agar (T0) was compared to the number of S. aureus found after 48 h of incubation. S. aureus CFU numbers were determined from directly adjacent to the clinical isolate spot (Inside ZOC) or from outside the ZOC and the fold change from T0 was calculated. Each box represents the data from three independent biological replicates; the horizontal line is plotted at the arithmetic mean and the length of the box represents the range. A dotted line is indicated at 1, which would represent a purely bacteriostatic interaction where the numbers of S. aureus at T0 and T48 were unchanged. Values below the line indicate a decrease in S. aureus at the 48-h time point, which indicates bactericidal activity.




Basic Mechanistic Characterization of Contact-Independent Bactericidal Activity

We hypothesized that clinical isolates that produced contact-independent bactericidal anti-S. aureus activity would do so via a secreted compound(s) that would be present in culture supernatants. To test this hypothesis, C. amy-2, S. sap, and S. epi-3 were independently cultured in BHIT broth, and sterile conditioned cell free medium (CCFM) was prepared. Unconcentrated CCFM and 50X concentrated CCFM were then tested in a disk diffusion assay (Figure 6 and data not shown) against the S. aureus strain for which they showed the most robust bactericidal activity (C. amy-2/Mu50, S. sap/LAC, and S. epi-3/LAC). Each of the 50X concentrated CCFM samples produced a ZOC against the tested S. aureus strain (Figure 6). In addition, unconcentrated CCFM derived from S. sap and S. epi-3 produced a small ZOC against S. aureus LAC (data not shown). To determine the thermostability of the compound(s) found in the concentrated CCFM, aliquots of CCFM were also subjected to heat treatment prior to testing for anti-S. aureus activity. In all cases anti-S. aureus activity was maintained after heat treatment (Figure 6).
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FIGURE 6. Anti-S. aureus activity is retained in Conditioned Cell Free Medium. S. aureus strains LAC or Mu50 were spread on the BHI agar surface and a sterile disk was placed in the center of the plate. Fifty μl of concentrated CCFM prepared from C. amy-2; (incubated with Mu50), S. sap (incubated with LAC), and S. epi-3 (incubated with LAC) that was Heat-Treated (H+) or maintained at room temperature (H–) prior to use was inoculated onto the disk and allowed to dry. Images of the ZOC were taken after 72 h of incubation. Images are representative of three independent biological replicates. Scale bar = 10 mm.


To examine the therapeutic potential of the compound(s) found within the CCFM, we next examined the ability of CCFM to rescue S. aureus-infected Galleria mellonella caterpillars. G. mellonella have been established as a simple infection model for several pathogens, including S. aureus (Desbois and Coote, 2011; Tsai et al., 2016), and have also been used to test the efficacy of antimicrobials (Desbois and Coote, 2011). Despite the usefulness of this model, little is understood about the relative virulence of different S. aureus strains in G. mellonella. We previously found that in vitro gene expression of important virulence factors broadly varied amongst S. aureus strains 2014.N, LAC, and Mu50; 2014.N expresses the highest levels followed by LAC and then Mu50 (Hardy et al., 2019). Thus, we first tested the ability of these various strains to induce G. mellonella mortality at various doses. The overall virulence in this model revealed that LAC induced the highest level of death, followed by 2014.N and Mu50. Indeed, infection with LAC or 2014.N killed significantly more G. mellonella than Mu50 at the tested doses (Figures 7A,B). These data support the notion that though in vitro defined virulence factor expression profiles may be helpful, they do not always directly correlate with virulence in every in vivo model.
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FIGURE 7. Staphylococcus aureus-infected Galleria mellonella. Galleria mellonella caterpillars were divided into the indicated groups and were monitored for survival over 120 h at 37°C after the indicated inoculations. (A,B) Untouched and PBS injected Galleria served as negative controls and the indicated doses of 2014.N, LAC and Mu50 were tested. (C) For the treatment experiments, untouched caterpillars were maintained. Additionally, PBS injected caterpillars were treated 1-h post S. aureus infection with CCFM prepared from BHIT in which no bacteria had been cultured to ensure no effect of dual injection on survival. Caterpillars that were injected with 106 CFU of S. aureus strain LAC were treated 1-h post infection with BHIT CCFM (sham treatment) or S. epi-3 or S. sap derived CCFM. Kaplan-Meier survival curves were compared (excluding negative controls) using the Mantel–Cox test with Holm’s correction for multiple comparisons. In (A,B), the three S. aureus strains were compared to identify statistically significant differences in Galleria mortality; untouched and PBS dosed caterpillars were not included in the comparisons. In (A), Mu50 was significantly different than both 2014.N and LAC. In (B), significant differences between the various groups are indicated. In (C), BHIT treated caterpillars were compared to CCFM treated (S. epi-3 or S. sap) Galleria to identify difference; only S. sap was significantly different. Asterisks signifying the P value as follows: ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001.


To examine the therapeutic potential of the compound(s) found within the CCFM, we next tested the ability of CCFM to rescue S. aureus-infected G. mellonella. As we found Mu50 to be essentially avirulent in this model (Figures 7A,B), we focused our efforts on CCFM derived from S. sap and S. epi-3, which was most active against S. aureus LAC (Figure 2A). Treatment with S. sap CCFM, but not S. epi-3 CCFM, 1-h post infection with 106 S. aureus LAC significantly reduced mortality of infected G. mellonella compared to sham treated controls (Figure 7C). Taken together, our results indicate that anti-S. aureus activity mediated by the various bacterial species is diverse and suggest that secreted compound(s) derived from S. saprophyticus may have possible future therapeutic value.



DISCUSSION

Humans serve as an incredibly complicated and dynamic environmental niche for microorganisms. Our understanding of this fact has been greatly enhanced by the Human Microbiome Project, which has revealed that most anatomical locations are colonized with dozens, if not hundreds of bacterial species that must compete with each other for limited nutrients (Turnbaugh et al., 2007). While large microbiota-based epidemiological studies have identified the presence of these microbes, they often fail to elucidate the molecular interactions that occur between the resident flora and how these interactions may impact incoming pathogens. In addition, interactions with opportunistic pathogens are difficult to study in particular as the factors that promote commensalism vs. pathogenesis are often ill-defined. This is especially true for S. aureus, which asymptotically colonizes one-quarter of the population at any given time (Kluytmans and Wertheim, 2005; Wertheim et al., 2005), while simultaneously maintaining the ability to cause severe disease. It is well-established that the composition of the host microbiota heavily influences S. aureus carriage (Burian et al., 2017). This is particularly true in the nasal cavity, which serves as a primary reservoir for S. aureus colonization (Sakr et al., 2018). As such, many microbiota studies have focused on S. aureus interactions with the nasal flora. However, little is known about how S. aureus may interact with bacteria commonly found at other anatomical sites. Thus, in a proof of concept study we set out to characterize the basic interactions of S. aureus with bacterial isolates obtained from various sites (wound, blood, urine, and the nasal cavity) from patients at the WRNMMC. By taking a reductionist approach, we found that the majority of clinical isolates we screened displayed some form of in vitro anti-S. aureus activity.

En masse, in vitro bacterial interaction assays against three phenotypically different S. aureus strains revealed that the majority of tested clinical isolates were able to inhibit S. aureus to some degree (Figure 1, 2). Most of the inhibitory isolates were members of the Corynebacterium genera (10/28), which supports well-established findings that show that the Corynebacterium genus heavily impacts S. aureus colonization and viability (Yan et al., 2013; Hardy et al., 2019). For example, we previously showed that C. pseudodiphtheriticum, an important community determinant of S. aureus nasal colonization, mediates potent strain-specific bactericidal activity against S. aureus via production of a secreted factor(s) (Hardy et al., 2019). The results described herein indicate that related Corynebacterium species (C. aurimucosum, C. amycolatum, C. striatum, C. jeikeium, and C. tuberculostearicum) also possess some level of anti-S. aureus activity. Despite this finding, it is not possible to generalize that all Corynebacterium species negatively impact S. aureus. For example, C. accolens has been shown to actually promote S. aureus nasal colonization by reducing competition from other opportunistic pathogens (Yan et al., 2013; Bomar et al., 2016). In our screen, C. accolens possessed no anti-S. aureus activity (Figure 1A). In addition, recent work from Stubbendieck et al. (2019) showed that some Corynebacterium species can inhibit CoNS growth through the production of siderophores that enable these species to out-compete the CoNS for available iron, and thusly influence S. aureus viability. Therefore, individual Corynebacterium species appear to have evolved independent mechanisms that allow them to either cooperate or compete with S. aureus. Overall, our results combined with the growing body of literature suggest that the relationships observed in microbiota-based studies can be translated into in vitro phenotypes, and that the Corynebacterium genus in particular greatly impacts S. aureus viability and thusly colonization.

Culture independent-identification methods have revealed that wound infections, rather than being caused by a single species, are often polymicrobial in nature (Bowler et al., 2001; Peters et al., 2012; Tay et al., 2016). Moreover, microbiota-based studies have shown that wounds that are infected with multiple bacterial species tend to have worse outcomes as compared to wounds that are infected with a single species (Dalton et al., 2011; Pastar et al., 2013). It is worth noting that bacteria within wounds have to compete for resources and must contend with the host’s immune system. To aid these processes, bacteria that commonly infect wounds have evolved multiple mechanisms that help in these responses. For example, Pseudomonas aeruginosa and S. aureus are often co-isolated from wounds (Giacometti et al., 2000; Dowd et al., 2008). P. aeruginosa has been found to limit S. aureus growth by sensing the presence of S. aureus peptidoglycan (Korgaonkar et al., 2013; Pastar et al., 2013). P. aeruginosa responds by producing pyocyanin and elastase; both of these molecules have anti-S. aureus properties (Korgaonkar et al., 2013). Similarly, S. aureus and A. baumannii are also commonly co-isolated from wounds. However, to our knowledge there are no published reports of cooperative or competitive interactions between these two species. Thus, we were surprised that our initial screen revealed that A. baumannii was the most frequently isolated species possessing anti-S. aureus activity (7/28, Figures 2, 3). Moreover, the various A. baumannii isolates displayed a wide range of anti-S. aureus activities that were dependent upon both the A. baumannii and S. aureus strains. Future studies that seek to understand these interactions at a molecular level will be of great interest.

In thinking about the types of inhibition that we observed, contact-dependent inhibition can be mediated by variety of different mechanisms. For example, Type VI Secretion Systems (T6SS), which are found in many Gram-negative species, require physical contact and involve injection of toxic compounds directly into competitor cells (Coulthurst, 2019). Similarly, though mechanistically divergent from the T6SS, the Esx secretion pathway, which is broadly distributed amongst Gram-positive bacteria, also requires physical contact between competing bacterial species to mediate growth inhibition via toxic compounds (Whitney et al., 2017). In both these examples, only target cells that are physically touching the inhibitory cells are negatively impacted. In contrast contact-independent growth inhibition is typically mediated by toxic compounds that are synthesized and then secreted by the inhibitory species as a means to kill/prevent the growth of a competitor; no cell-to-cell contact between the two species is required. This approach is a common mechanism that is used by various microbes across multiple ecological niches and these compounds can include bacteriocins, secondary metabolites, and other small molecules (Zipperer et al., 2016; Terra et al., 2018). Finally, it is worth noting that some antagonistic interactions are more complex and can involve both contact-independent and dependent mechanisms. For example, initial physical contact between Streptococcus pneumoniae and S. aureus induces S. pneumoniae to generate and secrete hydrogen peroxide that can then kill S. aureus (Khan et al., 2016; Wu et al., 2019). Similarly, P. aeruginosa can physically senses S. aureus, which leads to global changes in transcription, resulting in the secretion of multiple compounds that have anti S. aureus activity (Korgaonkar et al., 2013; Filkins et al., 2015). Thus, of the 10 strongly inhibitory clinical isolates that produced a ZOC against S. aureus that was dependent on direct contact (Figure 4), some of these may require initial physical contact with S. aureus as a way to stimulate production of a toxic compound(s) or a secondary metabolite into the surrounding agar that can alter the pH or other environmental conditions in such a way as to impact S. aureus viability in that region. Undoubtedly, various species and strains utilize a diverse number of mechanisms to inhibit S. aureus.

Recently, there has been a renewed interest in the use of bacterial-derived compounds as novel therapeutics to treat highly drug resistant infections. Indeed, these compounds are potentially even more valuable because of the dearth of new antibiotics that are entering the market for human use. Our studies identified several isolates that inhibited S. aureus growth independent of physical contact, presumably through the activity of a secreted and diffusible compound(s) (Figures 1, 4). These isolates exclusively belonged to the Corynebacterium and Staphylococcus genera. Given that Corynebacterium and Staphylococcus are the primary genera that have been found to inhibit S. aureus growth on the skin and within the nasal cavity, it is clear that there appears to be a selective pressure for members of these genera to compete with S. aureus. It is worth noting that a portion of the identified isolates mediated killing activity (Figure 5); S. epidermidis represented the majority of the isolates that mediated bactericidal activity. This finding is likely not unexpected given that S. epidermidis, a common member of the human microbiota, has been found to actively compete with S. aureus by a variety of mechanisms: production of S. aureus-specific anti-microbial peptides, production of anti-biofilm compounds, and rapid and efficient nutrient acquisition (Lina et al., 2003; Iwase et al., 2010; Nakatsuji et al., 2017).

While the finding that S. epidermidis inhibits S. aureus is not surprising, to our knowledge our results are the first to show that Staphylococcus saprophyticus has anti-S. aureus activity (Figures 4–6). Moreover, we observed that treatment with S. saprophyticus CCFM was able to rescue survival of S. aureus-infected G. mellonella caterpillars (Figure 7C). S. saprophyticus is the second most common cause of bacterial urinary tract infections (UTIs) and is not associated with the healthy urinary tract (Marrie et al., 1982). Thus, S. saprophyticus presumably must out-compete normal urinary tract flora during the process of colonization and ultimate disease causation. Given that S. aureus can also infrequently colonize the urinary tract and cause UTIs, it’s interesting to speculate that S. saprophyticus has evolved to kill S. aureus as a means to prevent competition for this niche.

We note that secreted bactericidal compound(s) from some of the characterized isolates may have the potential to be developed for use as novel therapeutics to treat or prevent S. aureus-mediated infection. This ascertain is supported by the fact that anti-S. aureus activity was retained in CCFM from the three tested isolates (Figure 6), suggesting that these species negatively impact S. aureus viability most likely through the secretion of a toxic compound(s). Thought the nature of these compound(s) are unclear, they may include compounds like lantibiotics (McAuliffe et al., 2001), which are peptide antibiotics that are produced by a broad range of Gram-positive bacteria, including Staphylococcus. Genes that code for lantibiotics are often located on plasmids and other mobile genetic elements, and have a wide range of target-species specificity. Lantibiotics from closely related Staphylococcal species, such as epidermin (Götz et al., 2014), have been found to have potent inhibitory activity against S. aureus, including MRSA. It is possible that the anti-S. aureus activity we observed from S. saprophyticus, and the other Staphylococcal tested species, is the result of a lantibiotic that maintains potent inhibitory properties. Combined, our results indicate that many Staphylococcal species have evolved strategies to compete with S. aureus.

While this work was designed as a proof of concept study to explore the extent of anti-S. aureus activity exhibited by various microbes, we acknowledge that there are limitations to the study. For example, while the patient population at WRMMC is fairly diverse, given that many of the patients are soldiers that may have incurred traumatic injuries during the course of their service, a substantial proportion of isolates were obtained from wounds; this undoubtedly affected the types of species of bacteria that we ultimately screened. In addition, while this study described the basic molecular mechanisms of these interactions, a more detailed study will be required to clearly identify specific compounds and/or mechanisms of action that are responsible for anti- S. aureus activity.

In summary, this proof of concept study indicates that multiple bacterial species possess strain-specific anti-S. aureus activity when co-cultured in a bacterial interaction assay. This study further highlights the multifarious nature of polymicrobial interactions, which remain poorly understood. Furthermore, this work expands upon the growing body of literature that supports that the study of ‘bacterial warfare’ and the toxic compounds created by microbes as a means to compete with one another may be a ‘next best option’ for the identification of novel therapeutics that will help in overcoming the significant increase in antimicrobial resistance that threatens the health and wellbeing of the population (Zipperer et al., 2016; Nakatsuji et al., 2017; Stubbendieck et al., 2019). As such, we hypothesize that several of the inhibitory isolates identified in this study may produce toxic compounds that have the potential to be used as novel therapeutics or intervention strategies. Our future work will pursue elucidation of the molecular mechanism by which both A. baumannii and S. saprophyticus inhibit S. aureus. Overall, our findings support the continued study of polymicrobial interactions as a means to identify novel therapeutics and/or molecular targets of S. aureus and other pathogens.
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Streptomycetes, typical soil dwellers, can be detected as common colonizers of human bodies, especially the skin, the respiratory tract, the guts and the genital tract using molecular techniques. However, their clinical manifestations and isolations are rare. Recently they were discussed as possible “coaches” of the human immune system in connection with certain immune disorders and cancer. This work aimed for the characterization and evaluation of genetic adaptations of a human-associated strain Streptomyces sp. TR1341. The strain was isolated from sputum of a senior male patient with a history of lung and kidney TB, recurrent respiratory infections and COPD. It manifested remarkably broad biological activities (antibacterial, antifungal, beta-hemolytic, etc.). We found that, by producing specific secondary metabolites, it is able to modulate host immune responses and the niche itself, which increase its chances for long-term survival in the human tissue. The work shows possible adaptations or predispositions of formerly soil microorganism to survive in human tissue successfully. The strain produces two structural groups of cytotoxic compounds: 28-carbon cytolytic polyenes of the filipin type and actinomycin X2. Additionally, we summarize and present data about streptomycete-related human infections known so far.
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INTRODUCTION

Streptomycetes are commonly reported as soil bacteria with a life-style similar to fungi (Chater and Hopwood, 1993). Though indisputably based in soil, they can inhabit many more habitats including soil-like substrates (bat guano, tertiary sediments, and sea sediments), sea water and extreme habitats (arid, hypersaline or heavy metals-polluted biotopes, extreme temperatures, etc.) (Kampfer et al., 2014). Recently, numerous works report their important symbiotic relationships with plants and animals (Kaltenpoth et al., 2005; Behie et al., 2016). In some cases, they develop tight bonds with the host as it is documented in leaf-cutting (Haeder et al., 2009), but also other families of ants (Liu et al., 2018), and in the digging wasps. The wasp females form specific cultivation organs in their antennae to grow streptomycetes that in return produce antifungals protecting their offspring from deadly fungal diseases (Kaltenpoth et al., 2005; Nechitaylo et al., 2014). A recent work describes the first clearly documented case of their mutualism with vertebrates, sea turtles (Sarmiento-Ramirez et al., 2014). In almost all reported cases the streptomycetes protect the host or its food resources from pathogenic fungi.

In contrast, Streptomyces interaction with human seems to be marginal, or maybe neglected until recent days. Their ability to produce a plethora of secondary metabolites specifically targeted to human or mammalian cells is well known. Some of these have already been applied in human medicine as immunomodulators (rapamycin, tacrolimus) (Bolourian and Mojtahedi, 2018a) and cancerostatics (mitomycin C, bleomycin, actinomycin, doxorubicin and many others) (Olano et al., 2009). Despite this, only limited data report direct colonization of human bodies by streptomycetes. These include mainly endemic human streptomycetomas caused by S. somaliensis and S. sudanensis and rarely by other species in sub-Saharan Africa and India (Martin et al., 2004; van de Sande, 2013; Verma and Jha, 2019). It should be noted that even in the case of these “well-established” streptomycete pathogens, no specific virulence factors were recognized, and nothing is known about the molecular mechanisms of their pathogenicity. S. somaliensis has a remarkably small genome: 5.7 Mb compared to an average size of 7–10 Mbp of other streptomycetes. A reduced genome is a trend typical for obligatory, mostly intracellular pathogens (Kirby et al., 2012). In general, streptomycetes cause suppurative granulomatous tissue changes. The infection starts from the surface skin structures. If untreated, it proceeds to muscles, bones and may even spread via the lymphatic system or blood and cause a systemic disease. Compared to similar, fungi-originated, mycetomas, the actinomycetomas progress more rapidly and affect the deep bone structures in a short time. However, the antibiotic long-term treatment is quite successful (Relhan et al., 2017). Certain respiratory diseases (e.g., farmer’s lung disease) have been associated with inhalation of actinomycete spores, together with spores of fungi (Roussel et al., 2005; Cano-Jimenez et al., 2016). As streptomycete spores are significantly smaller than those of fungi (1.2–2.5 μm vs. 2.5–10 μm), they are extremely likely to reach the alveoli, which may elicit potential risk for exposed residents (Awad and Farag, 1999). Streptomycetes are often mentioned as etiologic agents of inflammatory diseases originated from water-damaged houses. The study of Huttunen et al. (2003) proves them to be one of the top microbial producers of pro-inflammatory and cytotoxic compounds in wet buildings. Scarce reports bring information of other infections of human manifested mainly as pulmonary infections, bacteremias and different organs abscesses (Kapadia et al., 2007) – see Supplementary Table S1 for details. Typical patients are immunocompromised, undergoing cancer therapy, etc., but also infections of immunocompetent people are reported (Yacoub et al., 2014).

For a long time, the presence of streptomycetes in healthy human microbiome remained neglected, though it was clearly reported in various animals. We suppose that their colonization of human tissues was and still is underestimated due to the lack of selective streptomycete cultivation techniques, their low growth rates and the generally accepted opinion of clinical microbiologist to view them as an air-born contamination. However, recent molecular data on the human microbiome confirm that they are present in the healthy skin (Gallo and Hooper, 2012), the gastro-intestinal tract (Bolourian and Mojtahedi, 2018b), the respiratory tract (Huang et al., 2015), and surprisingly also in the uterus (Collado et al., 2016). The major resource, whether ingested or inhaled, is soil, the contact with which is often mentioned as an important factor of human health (Sing and Sing, 2010). This makes them one of the hottest candidates as control agents of the developing microbial communities and coaches of the host immune system (Bolourian and Mojtahedi, 2018a, b). In fact, their huge variability of metabolite structures and activities must originate from broad interactions with various organisms, tissues and cells. They were recently also mentioned in connection to the suspected communication of gut microbiota with other organs, the gut-brain and gut-lung axes (Engevik and Versalovic, 2017; Bolourian and Mojtahedi, 2018b). Next, substantial changes in their abundance correlate with certain diseases or treatments (Huang et al., 2015; Wu et al., 2017; Silva et al., 2018). And last, we should also note that human guts contain considerably lower counts of streptomycetes than we can see in other, even closely related animals (Bolourian and Mojtahedi, 2018a). This was mentioned in connection to the typically cooked human diet, which destroys their important source – the soil particles-contaminated raw food. If we accept the theory of streptomycetes as one of the immune system coaches, their substantial reduction in human guts may correlate with the high incidence of the inflammatory bowel disease and gut cancer, almost unknown in animals (Rea et al., 2018). Taking all the recorded data together, the question arises: Can we consider streptomycetes to be friends or foes?

This work presents the characterization of Streptomyces sp. TR1341 strain isolated from the sputum of a patient with a history of multiple-organ TB, repeated respiratory infections and COPD. The patient was a senior man, living in the region with dust-polluted air. The strain was selected from our collection of about 80 strains of human specimen-originated streptomycetes due to a wide range of activities: from hemolysis to growth-inhibiting activities against both fungi and bacteria and other. We aimed to identify its specific genetic or metabolic features allowing it to colonize human tissues successfully. These human-adapted strains, in general, may serve as a great source of novel bioactive compounds specifically designed to modulate human cells behavior, e.g., suppressing the action of the immune cells to eliminate them. Moreover, they may substantially alter the behavior of the common microbiota and pathogens by targeted antibiotic activities or quorum quenching mechanisms (Park et al., 2005; Stubbendieck et al., 2016).



MATERIALS AND METHODS


Cultivation Media and Microbial Strains

The streptomycete strain was cultivated in mannitol-soya (MS) agar without CaCl2 (Hobbs et al., 1989), Oatmeal agar (HiMedia) or standard Columbia blood agar with sheep blood (Oxoid) at 28°C. Pathogenic bacteria were cultivated in the Columbia blood agar in 37°C. Streptomycete liquid cultures for metabolite extractions were cultivated in standard GYM medium (Ochi, 1987), 200 rpm, 28°C.

Following microbial species were used in the activity assays: Candida albicans CCM 8186, Staphylococcus aureus DSM 346, Bacillus subtilis CCM 1718, Streptococcus pneumoniae CCM 4424, Escherichia coli DSM 682, Klebsiella pneumoniae DSM 681, and Pseudomonas aeruginosa DSM 50071 from the culture stock of the Institute of Immunology and Microbiology, 1st Faculty of Medicine, Charles University. Staphylococcus aureus MRSA, Moraxella catarrhalis, and Neisseria pharyngis were clinical isolates isolated in the Laboratory of Clinical Microbiology, General Teaching Hospital, Prague. Saccharomyces cerevisiae CCM 8191 and Fusarium oxysporum BCCO 20_0605 strains were provided from culture stock of Biology Centre Collection of Organisms (BCCO) at Institute of Soil Biology.



Genome Sequencing and Assembly

DNA was extracted following the instructions of the Wizard Genomic DNA purification kit by Promega. An additional second centrifugation step was performed before resuspending the DNA. The sequencing of Streptomyces sp. TR1341 genome was performed by the Laboratory of Environmental Microbiology at the Institute of Microbiology, CAS, Prague. The library was prepared using the TruSeq PCR free LT library preparation kit (Illumina) and quantified with the KAPA library quantification kit (Roche). The library was sequenced using the Illumina MiSeq platform (Reagent kit v2, paired-end, 300 bp). Bowtie2 was used to screen for PhiX contamination (Langmead and Salzberg, 2012). Subsequently, reads quality was improved using Trimmomatic-0.36 (Bolger et al., 2014). Overlapping reads were merged using FLASH (Magoc and Salzberg, 2011). SPAdes 3.10.1 was used for assembly (Bankevich et al., 2012). The quality of the draft genome was assessed with QUAST (Gurevich et al., 2013) and Qualimap2 (Okonechnikov et al., 2016).



Phylogenetic Analyses

Maximum likelihood phylogenetic tree of the 16S rRNA gene was calculated in RAxML-NG (Kozlov et al., 2019) with the GTR + F0 + G model: general time reversible model, optimized base frequencies by maximum-likelihood, gamma distribution and bootstrap 100. The 16S rRNA gene sequences of closely related strains were obtained from the NCBI database and are summarized in Supplementary Table S2. In addition, autoMLST (Alanjary et al., 2019) was used to perform the multi-locus taxonomy analysis using 85 single copy housekeeping genes (Supplementary Table S3).



Hemolysis Assay

To assay the hemolysis, streptomycetes were inoculated from a sporulated culture on the MS agar onto the Columbia Blood agar. Development of hemolytic zones was observed in 2–5 days of cultivation at 28°C. The hemolysis type was evaluated according to the standard ASM guide (Blood Agar Plates and Hemolysis Protocols)1 : β-hemolysis (complete hemolysis) was defined as a complete lysis of red blood cells in the media around and under the colonies, the area appeared lightened (yellow) and transparent. Green or brown discoloration in the medium surrounding the colony, caused by the reduction of the red blood cell hemoglobin to methemoglobin, was assigned as α-hemolysis.



Antibiotic Susceptibility Testing

The streptomycete strain was characterized for susceptibility to set of 21 antibiotics using a disk diffusion assay as follows (modification of Kirby-Bauer disk diffusion method). The antibiotic disks contained following antibiotics: amikacin 30, amoxicillin 25, amoxicillin + clavulanic acid 20 + 10, ampicillin 10, azithromycin 15, cefazolin 30, ceftriaxone 30, ciprofloxacin 5, clarithromycin 15, doxycycline 30, erythromycin 15, gentamicin 10, chloramphenicol 30, minocycline 30, ofloxacin 5, penicillin 6, rifampicin 5, streptomycin 10, tetracycline 30, trimethoprim-sulfamethoxazole 1.25 + 23.75, vancomycin 30. The numbers indicate amount of the antibiotics in μg per disk.

First, isolate was grown on Oat Meal agar (HiMedia Laboratories, India) for 14 days at 28°C, then spore suspension of an isolate was prepared in sterile tap water (McFarland density scale of 0.5) and 200 μL of spore suspension isolate was spread on the Mueller Hinton plates (Dulab, Czechia). Filter paper disks, containing selected antibiotics (Bio-Rad Laboratories, Hercules, CA, United States) were placed immediately after drying (no later than 15 min after plating) on the plates in triplicates. Inhibition zones were measured after 24 h of growth at 28°C. Simultaneously, Staphylococcus aureus DSM 346 was analyzed as internal quality control. Evaluation was done according to EUCAST guidelines for aerobic actinomycetes (e.g., Corynebacterium, Nocardia) or based on arbitrary breakpoints according to zone size distributions amongst strains in our collection (Adámkova V., personal communication).



Cocultures With Pathogens

Due to the slower growth of streptomycetes, TR1341 was inoculated 48 h in advance and cultivated at 28°C. The pathogen line in a T-shape was added afterward. The vegetative growth of streptomycetes was already obvious, though they were usually not forming aerial mycelia yet. The bacteria were cocultured for next 1–2 days at 37°C and their interactions were observed.



Cocultures With Human Macrophages

Human monocyte cell line THP-1 (purchased from the American Type Culture Collection, ATCC® TIB-202TM) was cultured in the RPMI-1640 medium supplemented with 10% fetal calf serum (FCS), L-glutamine (292 μg/ml), penicillin G (100 U/ml), streptomycin (100 μg/ml; all from Biowest) and 50 μM mercaptoethanol (Sigma-Aldrich). Cells were cultured at 37°C in 5% CO2 and 95% air in a humidified incubator and passaged twice a week.

For the coculture experiments, the cells were resuspended in PBS with 1% FCS in concentration of 1 × 106 cells per ml. Aliquots of 100 μl (105 cells) were mixed with 10 μl of streptomycete spore suspension containing 106 spores. In the negative control the same volume of PBS with 1% FCS was used instead of the spores, in the positive control 10 μl PMA (phorbol 12-myristate 13-acetate) was used to activate monocytes. The activation of THP-1 was performed using the FagoFlowEx® kit (Sigma) according to manufacturer’s protocol. The cells were cocultured for 30 and 90 min at 37°C. Just before the flow cytometry analysis, the cells were washed once in PBS with 1% FCS and 1 μl of propidium iodide (PI, 50 μg/ml) was added to stain dead cells (monitoring of cytotoxicity). Respiratory burst of THP-1 cells was measured as the fluorescence of rhodamine 123 detected in 525 nm channel in BD FACS Canto II flow cytometer and analyzed using BD FACS Diva software. Data are expressed as average (n = 3) proportion of dead cells, dead but activated cells, neither activated nor dead cells and live activated cells. To compare the differences between control (PBS) and treated (TR1341) groups, two-way analysis of variance (ANOVA) followed by Bonferroni post hoc test in GraphPad Prism, version 5.0 was used. P ≤ 0.05 was considered as the level of statistical significance.

For the analysis of the coculture effect on the TR1341 secondary metabolome, the TR1341 spores (108 cells/ml, 0.5 ml) were subjected to 10 min 55°C heat shock to induce their germination and transferred to 30 ml of RPMI-1640 media without antibiotics in a baffled Erlenmeyer flask. After 6 h of cultivation at 28°C, 200 rpm, 50 ml of RPMI-1640 with or without THP-1 cells (105 cells/ml) and the cultivation continued for another 48 h. 8 ml of the culture was used as a seed to inoculate 80 ml of GYM. Fermentation in GYM continued in standard conditions for 3 days and secondary metabolites were extracted.



Extraction of Secondary Metabolites

Secondary metabolites were extracted after 3 days of cultivation in 80 ml of GYM media in 500 ml baffled Erlenmeyer flask at 28°C, 200 rpm. The 8 ml inoculum for the fermentation culture was grown for 2 days under the same conditions. Two techniques were used to extract the secondary metabolites: SPE columns and organic solvent extraction. SPE columns were used solely for pilot extraction for analytical reasons. Subsequent organic solvent extraction provided sufficient extract amounts for the activity assays.

Pilot screening of the secondary metabolites production was done using SPE columns small-scale isolation using Oasis HLB 3cc 60 mg cartridge (hydrophilic-lipophilic balanced sorbent, Waters, United States) as described previously (Cihak et al., 2017).

Medium scale extraction was performed as liquid phase extraction using organic solvents. The 3 days fermentation culture (80 ml) was spun down: the medium and the cell pellet were processed separately. The cells were extracted with 1/2 volume of acetone for 30 min at 4°C, in a reciprocal shaker, and 250 rpm. The organic fraction was evaporated under 140 mbar pressure at 37°C. The rest of the liquid was extracted with 8 ml of ethylacetate using the same extraction conditions. NaCl was added in the post-fermentation media to 5M concentration and it was extracted with 1/3 volume of ethylacetate, the same conditions as above. Both ethylacetate extracts were combined, dried and dissolved in 200 μl of chloroform.



LC Analysis of the Extracts

The pilot TLC fractionation of the extracts was performed using Silica gel TLC plates with 254 nm fluorescence indicator (Sigma-Aldrich, St. Louis, MO, United States). Ten μl of an extract were applied and developed in benzene: acetone (3: 2). The plates were recorded under short- and long-wavelength UV illumination (254 and 366 nm). LC-MS analysis was performed as described by Cihak et al. (2017).



Bioactivities of the Metabolic Extracts

Hemolytic activity was assayed using standard Columbia blood agar. Ten μl of the culture metabolic extract dissolved in chloroform were dropped on the blood agar and let air-dry. The same amount of the pure chloroform was used as a negative control. The plate was incubated overnight at 37°C.

For the antibacterial and antifungal activity assays of the extracts, 10 μl was fractionated using TLC. The TLC plate was air-dried and printed on top of the blood agar previously covered with a cell suspension of the selected target microorganism as listed in Methods (McFarland density scale of 0.5). The TLC plate was left attached for 15 min to allow diffusion of the active compounds into the agar, removed and the plate was incubated overnight at 37°C for the development of the growth inhibition zones.

The cytotoxicity of the extracts was assayed using the THP-1 human monocyte cell line. For the human cell assays the streptomycete metabolic extracts were dissolved in DMSO. The concentration of the THP-1 cells used in the assay was 106 cells/ml in RPMI-1640 with antibiotics. Final dilution of the extracts in the assay ranged from 1:500 to 1:50,000. The cells were cultured for 24 h at 37°C and 5.7% CO2. DMSO served as a negative control. Trypan Blue was used to stain and count the dead cells after the incubation.

The immunomodulatory effect of the extracts was assayed as their effect on THP-1 activation measured as production of the pro-inflammatory IL-1β by ELISA kit (Human IL-1beta Uncoated ELISA Kit, Invitrogen) according to the manufacturer’s recommendation. Non-lethal concentrations of the extract were used based on the cytotoxicity assays results. Results are presented as a mean of three independent experiments with standard error mean. T-test was employed to evaluate statistically significant differences between groups.



Disruption of the Filipin Gene Cluster

Genomic DNA of streptomycetes was isolated using the Wizard Genomic DNA Extraction Kit (Promega) using standard manufacturer’s protocol for Gram-positive bacteria. For the disruption of the putative filipin gene cluster, the pGM160 plasmid with the temperature—sensitive replication was used (Muth et al., 1989). The disruption cassette contained the spectinomycin-resistance gene with conjugative oriT of the pIJ778 plasmid (Gust et al., 2004) surrounded by two arms homologous to the regions upstream and downstream of the five PKS I-encoding genes of the filipin cluster. The left arm (1050 bp) was amplified by PCR using FIL1L (5′-CAGCATGTTGGTGGTGGTCT-3′) and FIL1R (5′-CTCGACCATTTGCACTCCAC-3′) primers. The right arm (1299 bp) was amplified using FILCRO1L (5′-CTTTACGAAATCGGCGAGA-3′) and FILCRO1R (5′-GCTCGGACATGACTCTCCTT-3′) primers. The scheme of the insertion cassette is shown in Results. The cassette was cloned in the pGM160 vector and the resulting pFILDIS was introduced in E. coli ET12567/pUZ8002 by electroporation. From the resulting strain the construct was inserted in TR1341 by conjugation as described by Gust et al. (2004). The presence of the plasmid was checked by PCR using the FIL1L and spec200 (5′-ATTTTGCCAAAGGGTTCGTG-3′) primers and next using spec1300 (5′-TCACCAAGGTAGTCGGCAAA-3′) and FILCRO1R. Both spec primers anneal inside the spectinomycin resistance region of the cassette. The recombinant strain was cultured in YEME media supplemented with spectinomycin (400 μg/ml) in a rotary shaker at 28°C to late exponential phase and then the cultivation continued in the non-permissive temperature of 39°C. The culture was plated in serial dilutions on the MS plates with spectinomycin and MS plates with thiostrepton. Already after 2 days of non-permissive culture only specR thioS colonies were found, indicating for the double crossing-over. The mutant colonies were checked using PCR with FIL1F – spec200 primers and spec1300 – FILCRO1R – both with positive band of a proper size and FIL1F – FILwtR (5′-GCGGTACGTCGGTGATCG-3′) and FILwtF (5′-TACTCGATGCTGGAGGACCA-3′) with no band formed in the disruption mutant. Both FILwt primers map within the deleted region of the filipin gene cluster. The parental wt strain was used as a control with no bands with spec primers and proper band size with FILwt primers.



RESULTS


Strain Isolation and Identification

The strain was isolated in the District Hospital in Pribram, Czech Republic, 2008, from sputum of an 81-year old male patient with previous history of lung and kidney TB. The patient’s medical records also report ischemic heart disease, hypertension, gastroduodenal ulcer, lung fibrosis, COPD and repeated infections of the respiratory tract. He lived in a region with a high air pollution and died 4 years later due to the secondary liver cancer combined with pneumonia.

The sputum was subjected to selective cultivation for mycobacteria due to the suspected tuberculosis by a standard procedure (decontaminated sputum). This eliminated majority of microbiota with only mycobacteria resistant enough to the harsh treatment. To certain extent, streptomycetes can survive it as well, though with much lower rates. So, the streptomycetes can be isolated only from heavily colonized specimen. The strain was deposited in the collection of the National Reference Laboratory for Pathogenic Actinomycetes in the Local Hospital in Trutnov, Czech Republic, and kindly provided for our research.

The only organism cultivated from the sputum had a typical filamentous appearance and grew in streptomycete-like colonies with gray-pigmented spores and yellow pigment produced to the culture media. The analysis of the 16S rRNA gene using EzTaxon (Chun et al., 2007) revealed Streptomyces costaricanus NBRC100773 as the closest match (1480/1480, 100%) – see Figure 1. AutoMLST (Alanjary et al., 2019) was used to perform the multi-locus taxonomy analysis using 86 single copy housekeeping genes (Supplementary Table S3 and Supplementary Figure S1). Both phylogenetic trees (Figure 1 and Supplementary Figure S1) suggest that Streptomyces sp. TR1341 belongs to the Streptomyces murinus group (clade 12 of family Streptomycetaceae), together with S. griseofuscus and S. costaricanus (Labeda et al., 2012)2. It is quite distant from plant and human pathogenic strains like S. scabiei, S. sudanensis, and S. somaliensis (Figure 1).
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FIGURE 1. Maximum likelihood phylogenetic tree based on 16S rRNA gene. Only bootstrap values higher than 50 are shown. Streptomyces strains marked with dots were isolated from water (blue) or are plant associated (green), plant pathogens (purple), animal associated (orange) or human pathogens (red); all other strain were either isolated from soil or their isolation source could not be found in literature.


Streptomyces sp. TR1341 showed susceptibility to aminoglycosides, macrolides, vancomycin, 2nd generation of tetracyclines, chloramphenicol and aminopenicillin augmented with β-lactamase inhibitor. On the other hand, strain TR1341 was resistant to penicillin, ampicillin, cephalosporins, quinolones, rifampicin, tetracycline and trimethoprim with sulfamethoxazole (Supplementary Table S4).

The genomic data have been deposited under the following accession numbers: BioProject PRJNA558635, BioSample SAMN12496210, SRA SRR9903270 and WGS VSDL00000000.



Hemolytic Activity

The TR1341 strain possesses strong β-hemolytic activity (i.e., causing complete hemolysis) that can be observed using Columbia Blood Agar plates already after 48 h of cultivation at 28°C (Figure 2A). The activity is not so common in soil-originated strains of streptomycetes, though the exact rates have not been studied yet. A pilot screening of our collection of 102 human-associated strains revealed 77.5% of β-hemolytic strains, but only 56% among 184 soil-originated strains (data not shown). The hemolysis is considered to be one of the virulence factors of pathogens and typically results from the action of protein hemolysins of various types (Vandenesch et al., 2012).
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FIGURE 2. β-hemolytic features of S. sp. TR1341. (A) β-hemolysis of TR1341 wt colonies in a standard blood agar plate, 3 days incubation in 28°C. (B) Disruption of the filipin/fungichromin production in TR1341ΔFIL2 causes complete loss of β-hemolysis. Grown for 4 days at 28°C in blood agar. (C) Production of hemolytic secondary metabolites by the strain (TR1341 wt) – extracted from 3-days old culture grown in GYM media by acetone/ethylacetate liquid phase extraction. The amount of extract applied (10 μl) corresponds to 4 ml of original culture. Dashed circle indicates the extract drop border, the arrows show the hemolytic zone. TR1341ΔFIL2 is the extract of filipin-deficient mutant of TR1341, chloroform stands for the negative control (the solvent only). Photographed after 16 h incubation at 28°C.


As the soil-originated, α-hemolytic (i.e., viridating, incompletely hemolytic) S. coelicolor A3(2) type strain, the genome of TR1341 contains 4 putative homologs of known hemolysin genes (Table 1). Of these, SCO1782 is implicated in the α-hemolysis in S. coelicolor M145 (Rajesh et al., 2013). These genes seem to cluster with other putative genes that could play a role in the organism survival in the host tissue or even in intracellular parasitism. As an example we can mention ABC-transporter genes specific for Fe3+-siderophore just next to the SCO1782 homolog in TR1341 (see Table 1 for details and references).


TABLE 1. Putative hemolysin genes in TR1341 genome and their homologs in S. coelicolor A3(2) genome (NC_003888.3).
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Production of Siderophores

Siderophores are commonly produced by all bacteria: free-living, commensal and pathogenic. Iron is considered an essential element. However, it is not always freely available. For instance, concentrations of free ferric cations in human tissues are extremely low. Successful colonizers must develop efficient systems of Iron acquisition, where to seize the entire iron-chelating complexes of the host seems beneficial (Miethke and Marahiel, 2007). Genes putatively encoding such factors can be found in the close vicinity of the β-hemolytic gene homolog SCO1782 (Table 1).



Filipin-Like Biosynthetic Gene Cluster Is Encoded in the Genome

The putative hemolysin genes described above can be identified in majority of available streptomycete genomes, too, disregarding their hemolytic activity (data not shown). No homologs of genes encoding typical β-hemolysis-causing hemolysins, such as streptolysins of the group A streptococci (Molloy et al., 2011), are present. Because if this, we speculated that the activity may not be caused by a protein factor, but a secondary metabolite. It has been well documented in the literature that certain polyene secondary metabolites of actinomycetes and fungi show hemolytic or general cytolytic properties: filipin- or pentamycin-type compounds with smaller rings and amphotericin- or candicidin-like compounds with larger rings. The smaller compounds cause quite harsh damage to the erythrocyte membranes, whereas the larger make subtler changes depending on many other factors. All these compounds are fungicidal and those with lower toxicity are used in clinical medicine – amphotericin B, nystatin A1, pentamycin – as crucial anti-fungal and anti-protozoal agents (Knopik-Skrocka and Bielawski, 2002).

Scanning of the TR1341 genome revealed a putative gene cluster encoding filipin-type of pentaene compounds. All biosynthetic genes are similar to those of the known filipin producers S. filipinensis (Payero et al., 2015) and S. avermitilis (Vicente et al., 2014). The PKS I-encoding genes A1-A5 resemble those of filipin and encodes a 28-carbon macrolactone ring typical for filipin, fungichromin, antifungalmycin or thailandin. Genes B, C, D, E, G, and H encode chain-tailoring enzymes (Figure 3). The cluster encodes the same three regulatory genes as in S. filipensis: FilR, a SARP-LAL regulator; FilF, a regulator from the PAS-LuxR family, which is involved in the regulation of virulence factors in pathogenic actinobacteria (Ryan et al., 2015) and finally FilI, a PadR family transriptional regulator (Santos et al., 2012; Vicente et al., 2014). An extra, perhaps incomplete, ORF encodes a short protein with another PAS domain.
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FIGURE 3. Filipin biosynthetic gene cluster of TR1341. The PKS I genes shown in black, tailoring genes in gray, regulatory in white. The gene annotation indicated in the table on the right and both compounds produced shown on the left. The PKSI genes disruption scheme shown in the middle A1-A5 genes replaced with the aadA spectinomycin resistance gene in TR1341ΔFIL2. Primers used to verify the gene disruption indicated by black arrows.




The TR1341 Strain Produces Filipin III and Fungichromin

The strain was cultured in GYM liquid media and extraction of secondary metabolites was done following two methods: using solid phase extraction (SPE) 3 ml columns; liquid phase extraction using acetone and ethylacetate sequentially for the mycelia and ethylacetate only for the post-fermentation media. The extract was analyzed using UHPLC-MS. Both extracts contain two polyene compounds: filipin III and fungichromin in concordance with the genetic information (Figure 4). The extract itself showed β-hemolytic features: a quantity corresponding to 4 ml of initial culture formed a clear hemolytic spot on the blood agar plate after incubation at 37°C for 12 h (Figure 2C).
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FIGURE 4. Production of cytolytic polyenes by TR1341. LC-MS analysis of the TR1341 extract of secondary metabolites: Filipin III (A) and fungichromin (C) peaks and corresponding MS analyses (B,D). Disruption of the filipin III and fungichromin production in the TR1341ΔFIL2 mutant: (E) wt chromatogram, (F) mutant chromatogram. The absorption spectra of compounds correspond to the standards of both polyenes – 5 conjugated double bonds (Castanho et al., 1992) (G).




28-Carbon Polyenes Are the Only Factors Causing β-Hemolysis of TR1341

To verify the hemolytic activity of filipin and fungichromin in the TR1341 extract, a mutant strain unable to synthesize this type of compounds was designed. The entire region encoding all 5 PKS I genes was replaced with a cassette harboring the spectinomycin resistance gene (aadA) originated from the pIJ778 vector of the streptomycete Lambda Red system (Gust et al., 2004) using a temperature-sensitive pGM160 replicon (see in section Materials and Methods). ThioR and specR recombinant colonies of putative filipin mutants were checked using PCR for a proper replacement (see Materials and Methods for details). The selected clone was designated as TR1341ΔFIL2. In order to exclude any contamination with the wt parent, the strain spores were collected and plated to grow in single colonies in MS media. A single spore (single colony) offspring was used in following experiments.

All the mutant colonies completely lost the β-hemolytic features (Figure 2B). However, incomplete hemolysis (viridation), seen as a greenish halo around the colonies was retained.

The TR1341ΔFIL2 mutant clones was subjected to regular fermentation. The extract was analyzed with UHPLC-MS and revealed no production of any of the cytolytic polyene macrolactones. The extract was assayed for the β-hemolytic activity together with the extract of the parental wt TR1341 strain. The hemolytic activity of the extract completely disappeared after disruption of filipin and fungichromin production (Figure 2C). This means that the hemolytic features of the strain are caused solely by the production of low-molecular weight hemolysins, the polyene secondary metabolites, and not by any other protein-type hemolysins putatively encoded in the genome.



TR1341 Influences Growth and Virulence of Human Pathogens

In order to check the antibiotic activities of TR1341, first, the T-shape co-inoculation of TR1341 with selected human pathogens was performed and the appearance of a growth-inhibiting zone around TR1341 was recorded. The results are summarized in Table 2 and Figure 5. Next, the metabolic extracts of TR1341 and the TR1341ΔFIL2 mutant were fractionated by TLC and the chromatographic plate was directly “printed” on the top of a blood agar plate inoculated with the pathogens.


TABLE 2. Antibiotic activities of the TR1341 strain and the filipin/fungichromin mutant TR1341ΔFIL2.
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FIGURE 5. Interactions of TR1341 with human bacterial pathogens in vivo. Vertical line = TR1341, horizontal line inoculated in a T-shape to touch the TR1341 inoculation = the pathogen. (A) Staphylococcus aureus: Growth inhibitory zone + induction of β-hemolysis by TR1341 (white arrows). (B) Pseudomonas aeruginosa: Induction of β-hemolysis (white arrows), motility and colored secondary metabolites production in Pseudomonas in the close vicinity of TR1341.


The TLC fractionation-based assay of the wt and mutant has shown that TR1341 produces at least two bioactive compounds: the fungicidal one with hemolytic features and an antibacterial compound. For the fungicidal activities, only the macrolactone polyenes of filipin and fungichromin are responsible. The activity completely disappears in the TR1341ΔFIL2 mutant. Antibacterial activity has a different retention factor using the TLC system and has quite a wide spectrum of activities – it acts against all assayed Gram-positives, including methicillin-resistant Staphylococcus aureus (MRSA), but also against some Gram-negatives (Moraxella and Neisseria). The compound(s) identification will be our future aim, as it targets clinically relevant human pathogens. Interestingly, the antibacterial activity against some microbes (S. aureus, S. pneumoniae, N. pharyngis) raised in the TR1341ΔFIL2 mutant compared to the wt, but remained the same against all others (Supplementary Figure S2). The mutant also loses the ability of the wt (Figure 5 and Table 2) to induce the hemolysis in S. aureus and P. aeruginosa, but the capsule-suppressing effect on S. pneumoniae is retained.



Human Cells-Targeted Activities of TR1341

The interactions of TR1341 with human cells was first assayed in vivo, using coculture of the strain spores with human monocyte cell line THP-1 (ratio 10: 1 = spores: macrophages). The viability and activation of THP-1 was assayed after 30 and 90 min of coculture as described in Section “Materials and Methods.” There was no effect neither in activation nor in survival of the THP-1 after 30 min coculture. But after 90 min, compared to PBS, a substantial drop in viability was obvious in the coculture with TR1341 spores – around 40% dead cells compared to about 8% in the controls. Also, number of viable, but not activated cells was significantly higher in the coculture: Above 26% compared to approx. 14% in the controls, suggesting the slight immunosuppressive effect of the germinating spores (Figure 6).
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FIGURE 6. In vivo influence of TR1341 spores on human THP-1 monocytes after 30 and 90 min of coculture. Data are expressed as an average (n = 3) proportion of dead cells, dead but activated cells, neither activated nor dead cells and live activated cells. Control cells were cultivated in PBS only. ****P ≤ 0.0001 (two-way ANOVA).


Next, the immunomodulatory effect of the metabolic extracts originated from the 3-days old stationary cultures was assayed for the cytotoxicity to THP-1. The experiment showed quite high level of cytotoxicity of the GYM media-derived culture with only 7% surviving cells in average in the 1: 10,000 dilution of the extract, and 64% in 1:50,000 dilution (compared to the control 88%, p = 0.001 and p = 0.0292, respectively). For the pro-inflammatory activity assays, measured as activation of IL-1β production in comparison with control, dilution of 1: 10,000 (p = 0.0362), 1: 50,000 (p = 0.0038) and 1: 100,000 (p = 0.0714) were used and the cells were simultaneously stimulated by LPS. The TR1341 extract caused a strong pro-inflammatory effect: the effect was concentration-dependent, dropping with the extract dilution, and statistically significant for the two lower dilutions of 1: 10,000 and 1: 50,000 (Figure 7A).
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FIGURE 7. Influence of TR1341 extracts on THP-1 human macrophages. Viability of the cells indicated by gray rectangles (top axis scale), pro-inflammatory activation of the cells measured as IL-1β release indicated by black rectangles (bottom axis). In all the assays THP-1 were activated by LPS. (A) Standard fermentation in GYM media – effect of extract dilution (dilution indicated on the Y axis). Control = cells + LPS + DMSO. (B) Effect of preculture of TR1341 with THP-1 prior to fermentation on production of pro-inflammatory and cytotoxic compounds. Control as above, extracts diluted 1:5,000.


In the last experiment, we assayed whether the previous contact with THP-1 human cells may change secondary metabolome bioactivities in TR1341. The streptomycete early exponential phase mycelia were cocultured with THP-1 in the RPMI-1640 media for 6 hrs. The culture was used as seed culture in standard GYM fermentation. In a control, only RPMI-1640 media without THP-1 was used to assess the impact of the rich tissue culture media itself on the streptomycete metabolism. The extracts were prepared as in the previous experiment and assayed the same way. The cytotoxicity of the extracts was ten times lower then after the standard fermentation: 1: 10,000 diluted extract had no effect on the cell viability; 1: 5,000 diluted extracts reduced viability to 50% in the coculture experiment (p = 0.0019), but had no effect in the control (84% viable, p = 0.3794). The same dilution was used to assess the effect of the extracts on the IL-1β production. Despite the drop in the percentage of alive cells, the overall production of IL-1β was more than seven times higher (p = 0.0099). This means that TR1341 cells boost its pro-inflammatory effect upon the contact with human cells (Figure 7B).

We hypothesized that the high cytotoxicity of the TR1341 extracts originates in the production of the cytolytic polyenes. That is why the cytotoxicity of the TR1341ΔFIL2 was assessed, too. Surprisingly, it was even an order higher than in wt. As the genome of TR1341 contains a putative gene cluster encoding another highly cytotoxic compound, actinomycin (data not shown), we analyzed the wt and mutant extracts for the presence of any actinomycin derivative. Actinomycin X2 was, in concordance with the genetic data, detected in both extracts by LC-MS, but the peak relative intensity was approximately 5.4 times higher in the extract of the filipin mutant TR1341ΔFIL2 than in wt (Figure 8). Comparison of the peak areas in HPLC chromatogram confirms 3.8 times higher production of actinomycin X2 in the filipin mutant. This finding can well explain the high cytotoxicity of the mutant extract and may also cause stronger antibacterial activity of the mutant extract (Sharma and Manhas, 2019).
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FIGURE 8. Actinomycin X2 production is substantially augmented in the TR1341ΔFIL2 mutant. LC-MS analysis of the acetone/ethylacetate extracts of wt and filipin mutant grown under standard conditions in GYM. Relative intensity of the actinomycin X2 signal in the TR1341ΔFIL2 mutant (A) is approximately 5 times higher than in the wt (C). The molecular mass of the corresponding peaks is given in (B,D). Absorption spectrum of the compound (E) corresponds to that of actinomycin X2 (F) (Furukawa et al., 1968).




DISCUSSION

In this study, we attempted to assess what factors may predetermine a streptomycete strain to colonize human tissues successfully and, perhaps, to become pathogenic. Such data are completely missing, even in the case of the well-recognized pathogens, S. somaliensis and S. sudanensis. Many factors may play a role in human non-mycetoma opportunistic infections: the individual strain metabolic characteristics – character of hydrolytic enzymes and bioactive secondary metabolites, the host immune system status or superinfection by other microbes (Verma and Jha, 2019). The Supplementary Table S1 summarizes all clinical cases of non-mycetoma human infections described in the literature up to date.

Almost 30 years ago McNeil et al. (1990) postulated that streptomycetes should be considered as potential pathogens to humans, having a role in primary pulmonary and cutaneous infections in some patients. Additionally, they recognized streptomycetes as the fourth most common isolate from clinical specimens among aerobic actinomycetes (following Nocardia asteroides, Actinomadura madurae, and N. brasiliensis) and underlined the importance to be further studied by clinical microbiologists. By inspecting the previous studies, we found, that the human non-mycetoma streptomycete infections are not linked to particular species (Supplementary Table S1), even though the set of 28 streptomycete clinical isolates mainly from sputum and wounds in the Mc Neil’s work was biochemically characterized as a single species: S. griseus. However, we should take in account that all the early taxonomic data, based solely on biochemical characteristics of the strains, might be quite misleading. The available data indicate that diverse streptomycetes from the nearby environment can colonize human body and potentially cause infection. The Streptomyces sp. TR1341 strain was selected from the collection of human-associated streptomycete isolates for further characterization mostly due to its most complex bioactive compounds production and strong β-hemolytic features. According to phylogenetic analyses, the pneumonia-associated strain is closely related to Streptomyces costaricanus NBRC100773 by 16S rRNA taxonomy and belongs to the S. murinus group by autoMLST multi-locus taxonomy. None of the closely related strains has been linked to human infection, though some were reported as plant-associated (Figure 1 and Supplementary Figure S1). Strain showed typical streptomycete antibiotic susceptibility profile: it was susceptible to aminoglycosides, macrolides, and additionally to minocycline, vancomycin, and amoxicillin augmented by clavulanic acid and resistant to cephalosporins, quinolones, rifampicin, tetracycline, chloramphenicol and penicillins. However, it was resistant to trimethoprim-sulfamethoxazole (cotrimoxazole, COX), showing completely no inhibition zone. This is not so often among streptomycetes, being previously observed only in streptomycete isolate from lung nodule (Kapadia et al., 2007), in Streptomyces cacaoi isolated from scalp abscess (Pellegrini et al., 2012), and in 29% of clinical streptomycete isolates of the study of McNeil (McNeil et al., 1990). Interestingly, the patient had been treated with COX a few years prior to the strain isolation.

We hypothesize, that one of the characteristics significant for successful colonization of human tissue by certain streptomycetes is their secondary metabolites repertoire. Though taxonomically related, the family of Streptomycetaceae varies greatly in the secondary metabolites produced by individual species or even strains of a single species. About 2/3 of their linear genomes encodes adaptive functions: secondary metabolites, extracellular enzymes, resistance genes, etc., which can be easily exchanged in the bacterial communities by means of horizontal gene transfer (Egan et al., 2001; Barka et al., 2016). The secondary metabolites produced may not have only positive impacts on the putative hosts, as mentioned in connection to streptomycetes as a members of healthy human microbiota. Many strains produce cytotoxic or cytolytic compounds (Knopik-Skrocka and Bielawski, 2002), or compounds able to slow down or stop the host immune response, cell division, etc. (e.g., (Striz et al., 2008; Petrickova et al., 2014). People in regular contact with the soil dust (miners, farmers) as well as inhabitants of cities with high air pollution and water-damaged houses are the most exposed. Minor immune system disorders or the altered mucosa and skin fitness or superinfection may be the major factors of the successful colonization or even progression to disease.

Our data show that the predispositions of the TR1341 strain encompass the production of β-hemolytic compounds with fungicide activity (filipin and fungichromin) and the production of another highly cytotoxic compound, actinomycin X2. Both can have a deadly impact on any human cell (Knopik-Skrocka and Bielawski, 2002; Liu et al., 2016). We have proven that the only β-hemolytic factor of the TR1341 strain are polyene compounds of the filipin group. Moreover, the genomes of streptomycetes, including TR1341 and the type soil strain S. coelicolor A3(2) contain at least 4 putative genes homologous to protein hemolysins genes of human or animal pathogens. One of these is essential for the incomplete α-hemolysis of S. coelicolor (Table 1). The disruption of the filipin/fungichromin gene cluster in TR1341 destroyed the β-hemolytic features of the strain entirely, leaving just the α-hemolytic features. As expected, together with the loss of hemolysis, the mutant strain lost also its fungicidal activities. However, the antibacterial activity remained the same or was even stronger in the mutant than in the wt (the wild type is active against various Gram-positive and Gram-negative bacteria – see Table 2). To explain these unexpected results, we have compared the wt and mutant metabolic profile that documented substantially higher production of actinomycin X2 in the filipin mutant compared to the wt. As both metabolic pathways do not share the same precursors, this may be due to the better supply of energy (ATP) and cofactors (NADH, NADPH) for the actinomycin biosynthetic machinery after depletion of the competing filipin pathway. The actinomycin X2 also has antibacterial features that may explain the higher antibacterial activity of the mutant extract, too.

The hemolytic effect of the strain in vivo is stronger than that of its metabolic extract. The finding may have several reasons. It is well documented that the production of secondary metabolites is coregulated by global regulators with morphogenesis (Hou et al., 2018; Wang et al., 2018). Since the extractions were performed from liquid cultures where the streptomycete cells often do not undergo standard morphological differentiation, the overall secondary metabolism rates may be reduced. Next, filipin-type polyenes are prone to oxidations and subsequent loss of the bioactivity (Tingstad and Garrett, 1960), so they may be partially degraded during the extraction. The appearance of hemolytic zones caused by the culture and its extract is slightly different. Production of the putative α-hemolysin (SCO1782) homolog may contribute to the discoloration of the zone by hemoglobin degradation (Rajesh et al., 2013) in vivo.

Disruption of the polyene production stops the CAMP test-like induction of hemolysis in other pathogens (S. aureus, P. aeruginosa) by TR1341 in the coculture assays. We can expect that larger and clearer hemolytic zones around the β-hemolytic pathogens originate from the secretion of the cytolytic polyenes from the TR1341 wt mycelia into the agar media. On the other hand, polyene-less mutant still suppresses formation of the capsule in the S. pneumoniae. Of the possible mechanisms, which might be involved in the suppression, production of extracellular capsule-degrading enzymes or quorum quenching mechanisms should be considered.

Next, we assayed immunomodulatory impacts of the interaction of human THP-1 macrophage cells with germinating spores. The germinating spores can be considered as the first active cells that the human mucosa immune cells encounter and react to when they are inhaled. We have shown in in vitro experiments that human macrophages viability and ability to activate the proper response to an invader are significantly reduced by their contact with the TR1341 germinating spores. Additionally, we have monitored the effect of secondary metabolites produced by stationary TR1341 cultures on viability and pro-inflammatory response of THP-1. The extracts of the late culture showed high cytotoxicity that we first ascribed to the production of the cytolytic polyenes. However, the extract of the polyene non-producing mutant had the cytotoxic effects even 10 times higher, though it obviously lost hemolytic activities. Detailed comparison of LC-MS data of both strains revealed a substantial elevation of the actinomycin X2 production, another highly cytotoxic compound. Disregarding the cytotoxicity of the wt extract, in sub-cytotoxic dilutions, it stimulated the pro-inflammatory response of THP-1. The late, stationary cultures used for the metabolite extractions may mimic microcolonies putatively formed in the host tissue after successful colonization.

The data presented in this work cannot be considered as a proof of a direct link between the patient’s symptoms of relapsing atypical pneumonias and colonization of his lungs by Streptomyces sp. TR1341, though no other facultative or obligatory pathogens were found in the sputum. In order to assess the facultative pathogenicity of the strain, at least an animal (mouse) model of lung colonization/infection should be used, which we would like to do in the near future. However, we should mention that production of similar metabolites (antifungal and cytolytic polyenes, actinomycins and cytotoxic compounds) was often reported in actinomycetes associated with animals and plants: Filipins are produced by mutualistic actinomycetes of brown algae (Parrot et al., 2019) and water caltrop plant (Kim et al., 2012), larger candicidins by symbionts of ants (Haeder et al., 2009; Barke et al., 2010; McLean et al., 2016), sceliphrolactam by digger wasps symbionts (Oh et al., 2011; Poulsen et al., 2011) and linear micangymicins by actinomycetes associated with southern pine beetles (Oh et al., 2009). Similarly, actinomycins production is often associated with ants actinomycete symbionts (Schoenian et al., 2011; Boya et al., 2017), where also cancerostatic antimycins frequently appear (Poulsen et al., 2011; Seipke et al., 2011; McLean et al., 2016). This supports our hypothesis that human-associated streptomycetes may benefit from production of these compounds, too.



CONCLUSION

This work documents several genetic adaptations that could help Streptomyces sp. TR1341 and perhaps also other human-associated streptomycetes to colonize the evolutionary new niche, the human tissue. First, it is a production of cytolytic or hemolytic polyenes, which allows the streptomycete not only to lyse human cells for nutrition, but also to conquer fungi. Second, it produces highly cytotoxic actinomycin X2. Third, the strain germinating spores can suppress the immune response of the human macrophages in vitro. The mechanism remains still unclear. Though the production of secondary metabolites is typical for stationary growth phases, small amounts of secondary metabolites can be detected already during the spore germination in S. coelicolor (Cihak et al., 2017). The observed suppression of THP-1 activation thus may originate from both direct interaction of TR1341 with macrophages and production of some bioactive compounds. Such activity would be quite beneficial for the streptomycete in the early phase of human lung tissue colonization as it could protect the spores and young mycelia from the attack of innate immune cells. Fourth, in contrast to the germinating spores, the stationary cultures of TR1341 produce secondary metabolites with pro-inflammatory and cytotoxic features. This feature becomes even stronger upon contact with human macrophages. Inflammatory processes are associated with destruction of the host tissue that may certainly provide the intruder with nutrients from the lysing host cells. Taking all the data together, we think that the crucial factors of pathogenicity in streptomycetes originate from their secondary metabolism. “Suitable” biosynthetic gene clusters may be easily spread by mechanisms of horizontal gene transfer in soil or other biotopes (Shintani et al., 2014; McDonald and Currie, 2017). This may explain why non-actinomycetoma streptomycete infections are reported even in taxonomically distant strains.
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Skin offers protection against external insults, with the skin microbiota playing a crucial defensive role against pathogens that gain access when the skin barrier is breached. Linkages between skin microbes, biofilms and disease have not been well established although single-species biofilm formation by skin microbiota in vitro has been extensively studied. Consequently, the purpose of this work was to optimize and validate a simple polymicrobial biofilm keratinocyte model for investigating commensal, pathogen and keratinocyte interactions and for evaluating therapeutic agents or health promoting interventions. The model incorporates the commensals (Staphylococcus epidermidis and Micrococcus luteus) and pathogens (Staphylococcus aureus and Pseudomonas aeruginosa) which form robust polymicrobial biofilms on immortalized keratinocytes (HaCat cells). We observed that the commensals reduce the damage caused to the keratinocyte monolayer by either pathogen. When the commensals were combined with P. aeruginosa and S. aureus, much thinner biofilms were observed than those formed by the pathogens alone. When P. aeruginosa was inoculated with S. epidermidis in the presence or absence of M. luteus, the commensals formed a layer between the keratinocytes and pathogen. Although S. aureus completely inhibited the growth of M. luteus in dual-species biofilms, inclusion of S. epidermidis in triple or quadruple species biofilms, enabled M. luteus to retain viability. Using this polymicrobial biofilm keratinocyte model, we demonstrate that a quorum sensing (QS) deficient S. aureus agr mutant, in contrast to the parent, failed to damage the keratinocyte monolayer unless supplied with the exogenous cognate autoinducing peptide. In addition, we show that treatment of the polymicrobial keratinocyte model with nanoparticles containing an inhibitor of the PQS QS system reduced biofilm thickness and P. aeruginosa localization in mono- and polymicrobial biofilms.

Keywords: polymicrobial biofilm, skin infections, Pseudomonas aeruginosa, Staphylococcus, Micrococcus luteus, quorum sensing, keratinocyte, antimicrobial


INTRODUCTION

Skin is the largest organ of the body and functions as a physical barrier against external insults, such as toxins or pathogenic microorganisms (Parlet et al., 2019). Skin is principally composed of an epidermis and underlying dermis with keratinocytes constituting 90–95% of the upper epidermal layer nearest to the colonizing microbiota. Depending on their differentiation state, keratinocytes are arranged in stratified layers and are potent sources of antimicrobial peptides and cytokine/chemokine signals. Keratinocytes orchestrate the formation of the stratum corneum which physically separates the viable layers of the cutaneous epithelium from surface microbes. The stratum corneum is a waxy waterproof composite containing flattened corneocytes and interlocking keratinocyte-derived lipids and granules that forms a tight mechanical barrier. Despite this seemingly inhospitable niche that is acidic, lipid dense and lacking in nutrients, direct contact with the environment results in skin becoming colonized by a diverse community of bacteria, fungi, viruses and mites, for which the skin offers a variety of stable niches with different environmental conditions and nutrients (Grice and Segre, 2011; Brandwein et al., 2016; Byrd et al., 2018; Erin Chen et al., 2018). Skin also acts as an immunological barrier that distinguishes between commensals and harmful microbes (Negrini et al., 2014). The commensal microbiota play an important role by “educating” the innate immune system to mount a response against antigens produced by pathogens, but not by commensals (Leech et al., 2019). Furthermore, commensals secrete proteins and other metabolites that modulate the virulence of pathogens or give the commensals a selective advantage to outcompete the pathogens (Cogen et al., 2008; Grice and Segre, 2011; Chen and Tsao, 2013; Bosko, 2019; Parlet et al., 2019). For instance, Staphylococcus epidermidis autoinducing peptide (AIP) signal molecules inhibit the Staphylococcus aureus agr system and hence exotoxin production (Otto et al., 2001) whereas Microccus luteus enhances S. aureus pathogenesis (Boldock et al., 2018).

Skin damage facilitates the entry of pathogenic bacteria resulting in an infected wound. Chronic wound infections, cost the United Kingdom healthcare service over £1 billion per year (Percival et al., 2012). Due to their links with predisposing conditions including diabetes and obesity, such chronic wound infections are increasing in prevalence. Infected surgical wounds increase the average hospital stay by 10.2 days compared with those that heal without complications. Extended periods of bacterial colonization in patients receiving antibiotics also create selection pressures that may allow resistant pathogens to emerge, impairing treatment and further delaying healing (Bowler et al., 2001).

The chronicity of wound infections is linked to biofilm formation because the extracellular matrix protects bacteria against host defenses and antimicrobial agents (Snyder et al., 2017). Biofilm related persistent infections account for 65–80% of all infections (Macià et al., 2014). Furthermore, such biofilms tend to be polymicrobial, which worsens prognosis (Peters et al., 2012). Staphylococcus aureus and Pseudomonas aeruginosa commonly infect chronic wounds and are often isolated from the same infection site (Deleon et al., 2014; Serra et al., 2015). Both species have developed intricate regulatory networks to achieve evasion, counter-inhibition and suppression of the other bacterial species to enable them to co-exist in the same niche (Hotterbeekx et al., 2017). Furthermore, the growth of the two pathogens together can offer mutual benefit through increased biofilm production, gentamicin tolerance and more severe infection (Deleon et al., 2014).

The regulation of biofilm development is complex, involving diverse transcriptional and post-transcriptional mechanisms. These include the population density dependent cell-cell communication network known as quorum sensing (QS) (Atkinson and Williams, 2009). The QS network of P. aeruginosa integrates three systems, las, rhl, and pqs (Lee et al., 2013), whereas S. aureus employs the accessory gene regulator (agr) QS system (Gordon et al., 2013; Bronesky et al., 2016). QS regulates the expression of diverse virulence genes (Njoroge and Sperandio, 2009), and thus QS inhibition has been widely investigated as an alternative to antibiotics to tackle specific pathogens given that interference with signaling would allow attenuation of virulence without compromising bacterial viability, thereby reducing the likely selection of resistance (Njoroge and Sperandio, 2009; Romero et al., 2012; Soukarieh et al., 2018; Shaaban et al., 2019). A notable added benefit is that QS inhibition may reduce biofilm maturation such that susceptibility to antibiotics and host defenses is enhanced. Recently, the usefulness of encapsulating a quorum sensing inhibitor (QSI) targeting the PqsR receptor of P. aeruginosa has been demonstrated (Singh et al., 2019). In an alginate nanoparticle delivery system, the QSI reduced P. aeruginosa biofilm development on keratinocytes, and when delivered in combination with an antibiotic and fully cleared P. aeruginosa biofilms in an ex vivo pig skin model (Singh et al., 2019).

Several in vitro models describing polymicrobial biofilms, including those pathogens most relevant to skin infections, have been developed (Coenye and Nelis, 2010; Negrini et al., 2014). The main drawback of these models is the lack of a host component (Ganesh et al., 2015; Roberts et al., 2015). In vivo (mice or porcine) models allow long term infection and mimic the chronicity of wounds (Ganesh et al., 2015). However, these models suffer from ethical limitations, especially when high-throughput analysis to test several anti-biofilm compounds needs to be performed. Thus, a simple, robust 2D polymicrobial model of skin infection that would facilitate the investigation of the interactions between skin colonizing bacteria (both commensal and pathogen) and to validate interventions, such as the impact of a QSI (Singh et al., 2019) is highly desirable. Here, we describe and validate a proof of concept model incorporating both commensals (S. epidermidis and Micrococcus luteus) and pathogens (S. aureus and P. aeruginosa) using HaCat cells (immortalized keratinocytes) as the model “skin” substrate. This simple skin model is shown to be useful for investigating commensal, pathogen and keratinocyte interactions and for evaluating therapeutic agents or health promoting interventions. We exemplify this by evaluating the impact of mutating the S. aureus agr QS system or delivering an anti-pseudomonal QSI nanoparticle on the polymicrobial biofilm and keratinocyte community.



MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

The bacterial strains, plasmids and antibiotics used are listed in Table 1. All bacteria were grown at 37°C in LB (P. aeruginosa) or BHI (S. aureus, S. epidermidis, and M. luteus), and shaken at 200 rpm when required. Plasmids including pSB2019 (carrying GFP protein) (Qazi et al., 2001) was transformed into the group I agr S. aureus strain SH1000 (Doherty et al., 2006) and S. epidermidis 1457 (Galac et al., 2017) as described elsewhere (Monk et al., 2012). S. aureus SH1000 Δagr was constructed by transducing the Δagr:tetM cassette from strain RN6911 (Novick et al., 1993) using phage phi ϕ11 as described previously (McVicker et al., 2018).


TABLE 1. Strains used in this study.
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2D Infection Model


HaCat Cells

Immortalized keratinocytes (HaCat, Culture Cell Lines, CLS Gmbh) were used as the “skin” substrate for the infection model. Cells were expanded in T75 flasks (Corning), in RPMI-1640 with phenol red supplemented with 10% v/v heat-inactivated foetal bovine serum (FBS), 1% v/v L-glutamine (200 mM) and 1% v/v penicillin (10,000 units/mL)/streptomycin (10 mg/mL) until 80% confluent. After removing the growth medium, cells were trypsinised using 7 ml of a solution containing 0.5 g/L trypsin/0.02 g/L EDTA. Trypsinization was stopped by adding 7 ml of heat-inactivated FBS. Cells were pelleted (5 min, 300 × g) and resuspended in 2 mL of RPMI supplemented with phenol red and seeded at 45,000 cells/cm2 in an eight well micro-slide Ibitreat chamber (ibidi, GmbH, Martinsried, Germany). When 100% confluent (approximately 90,000 cells/cm2), cells were washed three times by adding/removing 300 μL of Dulbecco’s Phosphate Buffered Saline (DPBS), prior to infection. HaCat cells were stained using either CellTracker (deep red) before infection or CellMask (deep red) prior to confocal imaging (both from Thermo Fisher Scientific), following the manufacturer’s instructions.



Bacteria

Separate overnight cultures of S. aureus, S. epidermidis, and M. luteus (day 1 of infection) were diluted 1:10 with fresh BHI (for both staphylococcal species) or 1:5 (for M. luteus) and further incubated at 37°C, 200 rpm until an OD600 1–1.5. For P. aeruginosa (day 2 of infection), the overnight culture was diluted 1:5 with fresh LB and further incubated (37°C, 200 rpm) until an OD600 0.8–1 was reached. For all bacteria, 1 ml of culture was pelleted for 1 min at 13,000 rpm and washed with Phosphate Buffered Saline (PBS, pH7.4). The cultures were subsequently resuspended in RPMI-1640 without phenol red to an OD600 0.01 in a final volume of 5 mL and further diluted 1:1,000. S. aureus and P. aeruginosa were further diluted to reach a 1:10,000 and 1:100,000 dilution, respectively. For the polymicrobial studies, the volume required to obtain an OD600 0.01 for each bacterial species was added together, adjusting the volume of RPMI accordingly and further diluted as above. A total of 150 μL were added to each well containing confluent HaCat cells (day 1 of infection) or HaCat cells and the Gram-positive bacteria (day 2 of infection), setting up 2 repeats per condition. Infected cells were incubated at 37°C, with 5% v/v CO2 and 95% humidity. Planktonic cells and growth medium were carefully removed and 100 μl of PBS were added to each well to avoid desiccation during confocal imaging (CLSM, LSM 700 Carl Zeiss, Germany).



Image Analysis

An average of 4–5 Z-stack images per well (8–10 per condition) were taken. Biomass, average thickness and surface area of the biofilms were quantified using COMSTAT2 software (Heydorn et al., 2000), applying automatic thresholding (Otsu’s method) and without connected volume filtering. Three biofilm parameters were analyzed. bio-volume (which represents the overall volume of the biofilm and provides an estimate of its biomass), average thickness (which provides a measure of the spatial size of the biofilm) and surface area (which calculated the area of the biomass surface exposed to the environment). A total of four independent experiments, with eight images per condition were analyzed.



Statistical Analysis

GraphPad Prism 7 software was used for graphical representation and statistical analysis. Quantitative variables were compared using a ratio paired two-tailed Student’s t. p-values < 0.05 were considered statistically significant.



Biofilm Bacterial Viable Counts

Biofilms were prepared in 96 well plates by adding 200 μl of the diluted cultures prepared as outlined above and incubated for a total of 40 h (but where included, P. aeruginosa was added after 20 h incubation). Biofilms were disrupted by sonication for 5 min and thoroughly resuspended by pipetting. Thirty microlitres of resuspended biofilm were added to 270 μl PBS in a 96 well plate and diluted up to 10–8. Five microliters were plated onto agar containing the appropriate antibiotics to selectively count each microorganism (Table 1). Nalidixic acid combined with colistin was used to inhibit the growth of P. aeruginosa. Viable counts were performed after 24 h (48 h for M. luteus).



16S rRNA Fluorescence in situ Hybridization (FISH)

Bacteria were identified using the protocol described by Pihl et al. (2010a) with some modifications. A pan-bacteria probe [5′-HyLite 488-GCTGCCTCCCGTAGGAGT-3′ (Malic et al., 2009)] was used to detect the four microorganisms included in the model. P. aeruginosa and S. aureus were further identified by the specific probes [5′ Hylite 555-GGTAACCGTCCCCCTTGC-3′ (Pihl et al., 2010b) and 5′ ATTO 647-GAAGCAAGCTTCTCGTCCG-3′ (Lawson et al., 2011), respectively]. After carefully removing the supernatant from the Ibitreat chamber, biofilms were fixed with 4% v/v paraformaldehyde in PBS (pH 7.4) overnight at 4°C before being washed with cold sterile PBS. Bacterial biofilm cells were permeabilized using lysozyme (7 mg/mL) in 100 mM of Tris–HCl, pH 7.5, and 5 mM EDTA for 15 min at 37°C followed by lysostaphin (0.1 mg/mL) in 10 mM Tris–HCl, pH 7.5, for 5 min at 37°C. Biofilms were washed with ultrapure water and dehydrated with 50, 80, and 99% ethanol for 3 min, respectively. Wells were inoculated with 250 μL of freshly prepared hybridization buffer [0.9 M NaCl, 20 mM Tris–HCl buffer, pH 7.5, with 0.01% w/v sodium dodecyl sulphate (SDS) and 25% v/v formamide containing 50 ng/mL of the oligonucleotide probes (Eurogentec)] and incubated at 47°C for 90 min in a humid chamber. After hybridization, the Ibitreat chambers were incubated with washing buffer (20 mM Tris–HCl buffer, pH 7.5, 0.01% w/v SDS and 149 mM NaCl) for 15 min at 47°C, and then rinsed with ultrapure water.



Measurement of Monolayer Integrity

Z-stack images of the HaCaT cells grown under different conditions stained with CellMask or CellTracker were captured using confocal fluorescence microscopy. Total fluorescence of the monolayer was used as an indirect way of measuring monolayer integrity. FIJI (free software) (Schindelin et al., 2012) enabled combination of all the slices of the Z-stack into a single plane (Z-project) in order to measure the total fluorescence emitted by the HaCat cells. Mean values of all the images taken per condition (8–10) were calculated and presented as the percentage of fluorescence compared with the HaCat control (100% fluorescence).



Quorum Sensing Activation and Inhibition

AIP-1 was synthesized as previously described (Murray et al., 2014) and used to supplement S. aureus SH1000 Δagr cultures by adding to the growth medium at a final concentration of 1 μM. ALGQSI nanoparticles (Singh et al., 2019) containing 4 μg/mL of 3-amino-7-chloro-2-n-nonyl-4(3H)-quinazolinone (3-NH2-7Cl-C9-QZN) (Ilangovan et al., 2013) were added to a final concentration of 300 μg/mL at day 2 of infection, and inoculated with P. aeruginosa.



RESULTS


Development and Validation of a Polymicrobial Biofilm Keratinocyte Colonization Model

To achieve co-culture of keratinocytes with more than one bacterial species, it was necessary to optimize the (i) bacterial inoculum size, (ii) timing of inoculation, and (iii) duration of co-incubation. The inoculum added to the keratinocytes (multiplicity of infection, MOI) was kept low with the aim of maintaining a healthy cell monolayer beneath the polymicrobial biofilm. To verify monolayer integrity, HaCat cells were monitored for 40 h post-inoculation with bacteria. Figure 1 illustrates the stages involved in establishing a polymicrobial species biofilm on the keratinocyte monolayer.
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FIGURE 1. Overview of the keratinocyte polymicrobial colonization model. (A) The steps required to establish polymicrobial colonization of keratinocytes. (B) 3D projection of a dual species biofilm (red: P. aeruginosa-mCherry, green: S. aureus-GFP) set up as described in panel A. (C) Visualization of the HaCat monolayer beneath the dual species polymicrobial biofilm shown in panel B. Keratinocytes were stained with CellTracker and imaged with 63 × magnification. Scale bar indicates 20 μm.


The commensals S. epidermidis and M. luteus were selected for this study due to their abundance in the healthy skin microbiota (van Rensburg et al., 2015), and similar nutritional requirements (Madigan et al., 2006). S. aureus and P. aeruginosa were chosen as representative pathogens based on their medical importance since they commonly cause skin and wound infections (Deleon et al., 2014; Serra et al., 2015). To monitor the formation of biofilms, both S. aureus and P. aeruginosa were engineered to produce a fluorescent protein by introducing a plasmid carrying the genes for either Green Fluorescent Protein (GFP) or mCherry (Table 1 and Figure 1B). The commensals were not tagged. The keratinocytes were routinely stained with CellTracker or CellMask to assess and quantify monolayer integrity (Figures 1C, 2A).
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FIGURE 2. Commensals aid maintenance of monolayer integrity during pathogen colonization. HaCat monolayers were stained with CellTracker deep red prior to incubation with commensals and/or S. aureus for 40 h. Where present, P. aeruginosa was included for the final 20 h of the incubation. Bacterial inoculation ratios were as described in Figure 1, and images taken at 63 × magnification. Scale bar indicates 20 μm. HaCat cells were inoculated with (A) no bacteria; (B) commensals S. epidermidis and M. luteus; (C) P. aeruginosa; (D) P. aeruginosa and commensals; (E) S. aureus; (F) S. aureus and commensals; (G) P. aeruginosa and S. aureus; (H) HaCat P. aeruginosa and S. aureus and commensals. HaCat cells are shown as a representative single plane. (I) Quantification of HaCat monolayer integrity by measuring the total fluorescence of the z-stack HaCat cells using ImageJ (8–10 Z-stack images analyzed per condition, two experiments), and plotted as percentage of the HaCat only control. SE: S. epidermidis; ML: M. luteus; SA: S. aureus; PA: P. aeruginosa. ∗p-value < 0.05.


Commensal cultures were adjusted to approximately 3 × 103 cfu/mL before inoculating the HaCat cell monolayer (corresponding to a final MOI = 0.005 bacteria:keratinocyte). This commensal load permitted biofilm formation without compromising HaCat cell health during the 40 h infection period (Figure 2B and Supplementary Figure S1O).

Little information is available with respect to the likely ratio of commensals to pathogens during the early stages of an infection. However, on healthy skin, the microbiota range from 102–106 cfu/cm2 (Egert and Simmering, 2016). For P. aeruginosa, an infecting dose for wounded skin has been reported to be ∼1,000 cfu (Leggett et al., 2012). For S. aureus, the infective dose was reported to be 100,000 cfu when ingestion was the route of infection (Leggett et al., 2012), but lower when the pathogen was administered topically. Thus, we assumed that the number of pathogen cells would be lower than the number of commensal cells. For the initial HaCat cell colonization, the commensal inoculum consisted of S. epidermidis or M. luteus cultures at OD600 0.01 diluted 1/1000 to give a final bacterial cell number of ∼3 × 103 cfu/mL in supplemented RPMI without antibiotics or phenol red. The commensals were mixed with a range of (i) S. aureus cells (10-fold and 50-fold dilutions of 3 × 103 cfu/ml) or (ii) P. aeruginosa cells (10-fold, 50-fold, and 100-fold dilutions of 3 × 103 cfu/ml). Both biofilm formation and HaCat health post-inoculation were monitored by confocal imaging to determine the conditions best suited for the final polymicrobial model. For S. aureus, the 50- and 100-fold culture dilutions did not form reproducible biofilms (data not shown). In contrast, HaCat monolayer inoculation with the 10-fold dilution of an S. aureus culture supported reproducible biofilm formation, although it should be noted that an ∼70% reduction in the HaCat cell monolayer integrity (calculated by measuring fluorescence as described in the Methods) was observed during the later stages (after 40 h) of colonization (Figures 2E,I and Supplementary Figure S1E). For P. aeruginosa, inoculation with 10- and 50-fold dilutions of culture caused complete destruction of the HaCat cells (data not shown), whereas the 100-fold dilution formed a robust biofilm while maintaining ∼10% of the HaCat monolayer integrity (Figures 2C,I and Supplementary Figure S1A).

The final bacterial ratios chosen were: 100:10:1 for commensals: S. aureus: P. aeruginosa. By pre-colonizing the HaCat cells for 20 h with commensals (and S. aureus if required) prior to inoculation with P. aeruginosa (Figure 1A), robust polymicrobial biofilms formed (Figure 3 and Supplementary Figure S1K). When quantified using COMSTAT2 for biovolume, thickness and surface area (Figure 4 and Supplementary Figure S2), the same trends were observed for each biofilm parameter quantified, confirming the stability and reproducibility of the model, although intrinsic biological variability between experiments meant that statistical significance was not always evident. However, the conditions used enabled the keratinocytes to maintain a monolayer when both pathogens were present (Figure 2H and Supplementary Figure S1K). The relative disruption of the HaCat monolayer could also be quantified following staining with CellTracker deep red (Figure 2I).
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FIGURE 3. Localization of bacteria within the polymicrobial keratinocyte colonization model is species dependent. Using the protocol outlined in Figure 1, either S. aureus, S. epidermidis or M. luteus was combined with P. aeruginosa to form a polymicrobial biofilm on top of a HaCat monolayer. 3D reconstructions of the polymicrobial biofilms are shown using 40 × magnification. HaCat cells were not stained. (A) Dual species intercalated biofilm of S. aureus (GFP tagged, green) combined with P. aeruginosa (mCherry tagged, red). (B) Dual species layered biofilm of S. epidermidis (GFP tagged, green) with P. aeruginosa (mCherry tagged, red). (C) Triple species biofilm containing a layer of M. luteus intercalated with S. epidermidis between P. aeruginosa (above) and the keratinocyte monolayer (below). Bacteria were detected by FISH using pan-bacterial (green) and Pseudomonas-specific (red) probes.



[image: image]

FIGURE 4. Commensals reduce biofilm biomass for both S. aureus and P. aeruginosa individually and when co-inoculated. The HaCat monolayer was inoculated with the indicated bacterial species and incubated for 40 h (S. aureus, commensals) or 20 h (P. aeruginosa) as outlined in Figure 1. The biofilm biomass was calculated using ImageJ. SE: S. epidermidis; ML: M. luteus; SA: S. aureus; PA: P. aeruginosa. Bold font indicates the bacterial species quantified. ∗p-value < 0.05. Images of the biofilms and HaCat monolayer are shown in Supplementary Figure S1, and average thickness and surface area are shown in Supplementary Figure S2.




Commensals Protect HaCat Cells From Pathogen Damage

To determine whether the commensals protected the HaCat cells from pathogen-mediated damage, the eukaryotic cells were stained using CellTracker deep red to visualize and quantify monolayer disruption (Figure 2). The penetration of CellTracker into all cellular compartments was observed in the HaCat control (Figure 2A). When the commensals were present (Figure 2B), similar cell staining was observed, indicating minimal disruption of the monolayer. Conversely, P. aeruginosa (Figure 2C) or S. aureus (Figure 2E) alone, or in combination (Figure 2G) disrupted the HaCat monolayer as shown by the reduction in the fluorescence of HaCat nuclei indicative of cell death. Interestingly, when the commensals were applied in combination with one or both pathogens, less eukaryotic cell damage was apparent (Figures 2D,F,H). To quantify these observations, the total fluorescence from HaCat cells was measured and averaged for two independent experiments (eight images each). By representing the monolayer integrity as a percentage of fluorescence relative to the HaCat control (Figure 2I), the commensals confer a significant level of protection of the keratinocytes from damage by either or both of the pathogens. In agreement with this, analysis of the polymicrobial biofilm biovolume revealed that the presence of the commensals significantly reduced the biofilm biovolume, thickness and surface coverage (Figure 4 and Supplementary Figure S2).



Bacterial Localization Within 2D Polymicrobial Biofilms Is Species Dependent

In the keratinocyte colonization model, S. epidermidis and S. aureus showed different biofilm localization patterns when co-cultured with P. aeruginosa (Figure 3). Both staphylococcal species were grown for 20 h to establish their colonization of the HaCat monolayer prior to inoculation with Pseudomonas. Incubation was subsequently continued for a further 20 h. The microcolonies of S. aureus intercalated with those of P. aeruginosa whereas P. aeruginosa formed a layer on top of the S. epidermidis biofilm (compare Figures 3A,B). In addition, the thickness of the P. aeruginosa/S. epidermidis biofilm was ∼50% less than the P. aeruginosa/S. aureus biofilm (Figures 3A,B). The other commensal chosen for this study, M. luteus, behaved similarly to S. epidermidis by combining with the latter to form a layer between P. aeruginosa and the keratinocytes (Figure 3C). In Figure 3C, FISH (in situ Fluorescent Hybridization) rather than a fluorescent protein was used to identify the bacteria. The pan-Bacterial probe (green) and P. aeruginosa specific probe (red) can be observed in differentiated layers (Figure 3C) where the upper orange layer corresponds to P. aeruginosa alone (as both green and red probes hybridized) and the bottom layer (green) indicates the location of the commensals. The absence of green fluorescent bacteria interspersed within the orange microcolonies suggests that both commensals are co-located in a separate biofilm layer.



Interspecies Interactions Are Detectable Within the Polymicrobial Biofilm Model

The differences in the relative localization of bacteria within the polymicrobial biofilm model could derive from interactions between the bacterial species that are competitive/inhibitory or synergistic/advantageous. To assess this, viable counts for each species were quantified after growing the bacteria in single or multi-species biofilms (Figure 5).
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FIGURE 5. Interspecies interactions are detectable within the polymicrobial biofilm. To form a single-species biofilm, each bacterial species was grown in wells in a 96 well plate. S. aureus and commensals were incubated for 40 h, while P. aeruginosa was incubated for 20 h before harvesting to determine the number of cfu. Polymicrobial biofilms were generated by incubating S. aureus and commensals together for 40 h in the combinations indicated. When P. aeruginosa was present, it was added after 20 h, and thus was only in combination with the others for 20 h. SE: S. epidermidis; ML: M. luteus; SA: S. aureus; PA: P. aeruginosa.


S. aureus, S. epidermidis, and P. aeruginosa, exhibited comparable viable counts, irrespective of whether they were grown in monoculture or in combination (Figure 5). In contrast, the viability of M. luteus was completely abolished by S. aureus in the dual biofilm (7-fold reduction, Figure 5). Interestingly, if S. epidermidis was present to form a triple species biofilm, M. luteus cfus were not reduced, which could support either an inhibitory effect of S. epidermidis upon S. aureus or synergy between S. epidermidis and M. luteus (Figure 5). Introducing P. aeruginosa into the polymicrobial biofilm after 20 h to create a quadruple-species biofilm, had little effect on the viability of the Gram positive bacteria already present.



The S. aureus agr QS System Contributes to HaCat Cell Damage

To demonstrate the utility of the assay for exploring the mechanisms underlying HaCat monolayer damage (Figure 2E), we investigated the role of the S. aureus agr QS system since it regulates the expression of multiple cytotoxins including alpha-hemolysin (Murray et al., 2014). An S. aureus QS-deficient Δagr mutant was incorporated into the keratinocyte polymicrobial model in the absence or presence of the exogenous cognate QS signaling molecule, AIP-1. Keratinocytes were stained with CellMask to determine the extent of any cell damage (Figure 6). The HaCat cell damage caused by the wild type S. aureus strain is clearly apparent (compare Figure 6A with Figure 6C). In contrast, the HaCat monolayer was mostly intact and comparable with the uninfected control when the cells were infected with the S. aureusΔagr mutant (compare Figures 6C,E). When the S. aureusΔagr mutant was supplemented with exogenous AIP-1, the keratinocyte monolayer was disrupted and rounded (dying) cells were observed, demonstrating the QS-dependent nature of the damage to the eukaryotic cells (Figure 6G). The commensals did not damage the HaCat monolayer (Figure 6B) and reduced the damage caused by both the S. aureus WT and the Δagr mutant provided with exogenous AIP (Figures 6D,H, respectively). Quantification of the HaCat cell fluorescence confirmed these observations (Figure 6I).
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FIGURE 6. The S. aureus agr QS system contributes to keratinocyte cell damage HaCat cells were incubated for 40 h after inoculation with (A) no bacteria; (B) commensals S. epidermidis and M. luteus; (C) S. aureus WT; (D) S. aureus WT and commensals S. epidermidis and M. luteus; (E) S. aureusΔagr; (F) S. aureusΔagr and commensals S. epidermidis and M. luteus; (G) S. aureus Δagr supplemented with 100 nM of AIP-1; (H) S. aureusΔagr and commensals S. epidermidis and M. luteus supplemented with 100 nM of AIP-1. HaCat cells are shown as a representative single plane. (I) Quantification of HaCat monolayer integrity by measuring the total fluorescence of the z-stack HaCat cells using ImageJ (8–10 Z-stack images analyzed per condition, two experiments) is shown as a percentage of the control lacking bacteria. ∗p-value < 0.05. SA: S. aureus, SE: S. epidermidis; ML: M. luteus; AIP: autoinducing peptide. HaCat cells were stained with CellMask prior to confocal imaging. Scale bar indicates 20 μm. Images were taken at 40 × magnification.




A Nanoparticle Encapsulated PQS Inhibitor Reduces P. aeruginosa Colonization of the Keratinocyte Polymicrobial Biofilm Model

To exemplify the use of the keratinocyte polymicrobial biofilm model for evaluating anti-virulence agents, we explored the effectiveness of alginate nanoparticles (ALG_QSI) loaded with the P. aeruginosa PQS system anti-virulence agent, 3-NH2-7Cl-C9-QZN. This was selected since we recently demonstrated that it was effective against monospecies P. aeruginosa biofilms in an ex vivo pig skin infection model (Singh et al., 2019). Figure 7 and Supplementary Figures S1, S3 show that the nanoparticles alone had no effect on S. aureus in monospecies biofilms or when co-colonizing with commensals. In contrast, the ALG_QSI nanoparticles reduced the P. aeruginosa biofilm in the presence and absence of commensals, and this was statistically significant (biovolume (p-value = 0.003), surface area (p-value = 0.0021); Figure 7 and Supplementary Figure S3). Polymicrobial biofilms containing P. aeruginosa and S. aureus in the presence of commensals were further reduced by ALG_QSI, suggesting an additive effect of nanoparticles and commensals (Figure 7 and compare Supplementary Figures S1J,L). Furthermore, the ALG_QSI nanoparticles affected the localization of P. aeruginosa with respect to S aureus (Supplementary Figure S1 compare panels I,J and panels K,L).
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FIGURE 7. The QSI inhibitor delivered in nanoparticles (ALGQSI) reduced biofilm formation by P. aeruginosa alone and in polymicrobial biofilms. HaCat monolayers were inoculated with S. aureus (40 h growth) and P. aeruginosa (20 h growth) alone or together with commensals (as outlined in Figure 1) in the presence or absence of ALGQSI nanoparticles. The biomass was quantified and plotted. SE: S. epidermidis; ML: M. luteus; SA: S. aureus; PA: P. aeruginosa. Bold font indicates the bacterial species quantified. ∗p-value < 0.05. Not all the statistically significant values have been marked. Images of the biofilms and HaCat monolayer are shown in Supplementary Figure S1, and average thickness and surface area are shown in Supplementary Figure S3.




DISCUSSION

Here, we describe the development, optimization and validation of a polymicrobial biofilm keratinocyte model combining commensals and pathogens. The methodology provides a protocol for investigating the impact of biofilms upon HaCat cell monolayers using confocal fluorescence microscopy to quantify monolayer integrity. The commensals were shown to reduce pathogen-mediated damage and help protect the integrity of the underlying keratinocyte monolayer. In addition, the model was used to exemplify (a) the impact of S. aureus AIP-mediated QS sensing, and (b) the effectiveness of a nanoparticle QSI delivery system targeting P. aeruginosa. The results obtained indicate that the model offers significant potential as a screening platform to assess interventions that reduce pathogen biofilms, promote healthy skin or aid healing as well as for investigating interactions that occur between commensals, pathogens and host keratinocytes (Egert and Simmering, 2016).

In co-cultures where P. aeruginosa has been reported to outcompete or largely inhibit staphylococcal growth (S. aureus or S. epidermidis), comparable numbers of both bacterial species co-inoculated at the same time have generally been used (Hotterbeekx et al., 2017; Bahamondez-Canas et al., 2019). However, this approach may be unrealistic, as infective doses vary (Leggett et al., 2012), and a relatively higher number of commensals are already present in the niche (Egert and Simmering, 2016). By assessing different ratios of commensals and pathogens and by adding P. aeruginosa 20 h later than either S. aureus or S. epidermidis, we were able to overcome P. aeruginosa-mediated inhibition. Both P. aeruginosa and S. aureus are capable of outcompeting M. luteus in co-culture (Malic et al., 2011). Consistent with this, M. luteus was not recovered when co-cultured with S. aureus but could be recovered if allowed to establish before inoculating P. aeruginosa. However, when S. epidermidis was included, M. luteus survived S. aureus mediated-inhibition, probably due to the inhibitory effect that S. epidermidis has upon the agr QS sytem of S. aureus (Otto et al., 2001; Chiu et al., 2017).

The ratio of P. aeruginosa to S. aureus in the inoculum did not inhibit the formation of, or localization within dual species biofilms on HaCAT monolayers (data not shown). S. aureus formed microcolonies interspersed throughout the P. aeruginosa biofilm, as previously observed (Yang et al., 2011). However, the inoculum ratios influenced the geography of biofilms formed by S. epidermidis and P. aeruginosa. While it has been previously reported that P. aeruginosa outcompetes and reduces S. epidermidis biofilms, either when both bacteria were inoculated at the same time or when P. aeruginosa was added to an established S. epidermidis biofilm (Pihl et al., 2010b), inoculating P. aeruginosa at a lower cell density resulted in the formation of a biofilm consisting of two distinct layers that was ∼50% thinner than the P. aeruginosa/S. aureus mixed biofilm (compare Figures 3A,B).

In common with all simple experimental models and the nature of the data that can be collected from them, that described here has limitations. For example, the colony counts to enumerate viable bacteria in the biofilms may be underestimates due to microbial aggregation. To minimize this, a sonication step was incorporated (Azeredo et al., 2017). Ideally, the commensals would be labeled with fluorescent proteins with complementary emissions to avoid the washing steps required by FISH since extensive washing can disrupt biofilms. Further development of the model will also require alternative methods for assessing keratinocyte monolayer disruption and HaCat cell viability since the fluorescent stains employed offer only indirect quantification. Most of the assays available for evaluating eukaryotic cell viability can also be used for assessing bacterial viability (e.g. Alamar blue) and so are not compatible with the model. The lactate dehydrogenase assay (Koeva et al., 2017) was evaluated during the development of the current model, however, inconsistent results were obtained (data not shown) that were attributed to the complexity of the system. Direct assessment of keratinocyte viability may be possible by analysis of mRNA (Lemaître et al., 2004), however, this would be lengthy and expensive, and thus not be suitable for high-throughput screening. Since only laboratory strains were evaluated, the behavior of fresh clinical strains should be investigated.

A major limitation of the model presented that is inherent to any in vitro assay, is that it lacks an active host immune system or blood supply, thus it does not fully represent the in vivo situation (Ganesh et al., 2015; Roberts et al., 2015). Although in vivo models are more realistic in terms of host-biofilm interactions, they have ethical and feasibility considerations. In vitro models are invaluable for the preliminary testing of novel antimicrobial compounds and an irreplaceable first step for the study of the mechanisms of intercellular interactions. However, it would be desirable to corroborate the interactions described here in an in vivo infection model (Roberts et al., 2015).

The intricate interplay between S. aureus and P. aeruginosa (Hotterbeekx et al., 2017) likely drives the reduction of biofilm observed most markedly in the presence of commensals. However, investigation of the underlying molecular mechanisms involved remains to be undertaken. In support of our observations, S. epidermidis can inhibit S. aureus survival (Chiu et al., 2017) and agr-dependent QS (Otto et al., 2001). In line with this hypothesis, we report reduced keratinocyte damage using the S. aureusΔagr mutant. This observation is supported by the previous study that described a timing dependent attenuation of cytotoxicity in ArgC mutants that produce reduced levels of AIP and suggested a survival advantage during infection by promoting colonization while restricting unnecessary overproduction of exotoxins (Sloan et al., 2019). Current studies are underway to identify the bacterial factors that contribute to the development of the polymicrobial biofilms described in the keratinocyte model presented here.

The polymicrobial keratinocyte colonization model assay was also used to assess the effectiveness of a novel P. aeruginosa QSI (Ilangovan et al., 2013) delivered via alginate nanoparticle encapsulation (ALG_QSI) (Singh et al., 2019). As expected, ALG_QSI reduced P. aeruginosa biofilm formation in monoculture. The less marked reduction compared to our previous study (Singh et al., 2019), likely reflects the shorter incubation of the bacteria with the keratinocytes. Given that the maximum reduction of pathogen biofilm occurred when the ALG_QSI was combined with the commensals, further work is required to determine whether this delivery system has any potential for treating wound infections.

In summary, we have developed a stable and reproducible keratinocyte colonization model that combines commensals and pathogens. The model can be easily adapted to study the effect of single bacterial species on HaCat cells (Singh et al., 2019) or modified by adding other commensals such as Corynebacterium spp., that are abundant in the skin microbiota. Alternatively it could be adapted for certain skin environments where different microbiome composition driven by skin characteristics occur (oily, moist, dry) by incorporating the most relevant bacteria or fungi (Grice and Segre, 2011). Furthermore, we have demonstrated that the ratio between bacterial species and the timing of inoculation of a polymicrobial biofilm can affect the outcome. Thus, closely mimicking the bacterial cell numbers found in a real scenario would be recommended. In the future, it will be interesting to conduct further experiments to unravel the underlying protective mechanisms that commensals provide to HaCat cells during early stage colonization by pathogens. The results obtained indicate that the model offers significant potential as a screening platform to assess interventions that reduce pathogen biofilms, promote healthy skin or aid healing as well as for investigating interactions that occur between commensals, pathogens and host keratinocytes (Egert and Simmering, 2016).
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Among cariogenic microbes, Streptococcus mutans is considered a major etiological pathogen of dental caries. Lactobacilli strains have been promoted as possible probiotic agents against S. mutans, although the inhibitory effect of Lactobacilli on caries has not yet been properly addressed. The objective of this study was to screen Lactobacillus strains found in traditional Sichuan pickles and to evaluate their antagonistic properties against S. mutans in vitro and in vivo. In the current study, we analyzed 54 Lactobacillus strains isolated from pickles and found that strain L. plantarum K41 showed the highest inhibitory effect on S. mutans growth as well as on the formation of exopolysaccharides (EPS) and biofilm in vitro. Scanning electron microscopy (SEM) and confocal laser scanning microscope (CLSM) revealed the reduction of both EPS and of the network-like structure in S. mutans biofilm when these bacteria were co-cultured with strain L. plantarum K41. Furthermore, when rats were treated with strain L. plantarum K41, there was a significant reduction in the incidence and severity of dental caries. Due to K41’s origin in a high salinity environment, it showed a high tolerance to acids and salts. This may give this strain an advantage in harsh oral conditions. Results showed that L. plantarum K41 isolated from traditional Sichuan pickles effectively inhibited S. mutans biofilm formation and thus possesses a potential inhibitory effect on dental caries in vivo.

Keywords: Streptococcus mutans, Lactobacillus plantarum, sichuan pickles, antibacterial properties, dental caries


INTRODUCTION

Dental caries is a common biofilm-dependent oral disease in humans, which manifests itself as a progressive demineralization of calcareous tissues caused by the complicated interactions between acid-generating bacteria and fermentable carbohydrates (Bal et al., 2019). The burden of untreated dental caries is shifting from children to adults, and caries in permanent teeth is one of the most prevalent disease world-over (Kassebaum et al., 2015). According to the 4th National Oral Health Survey of China 3-, 4-, and 5-years-old children, show the prevalence of dental caries of 50.8, 63.6, and 71.9%, respectively (Du et al., 2018). Dental biofilms are some of the most complex biofilm systems in nature. They are composed of multiple bacteria and fungi embedded in a matrix of polymers covering the surfaces of teeth (Xiao et al., 2012; Kidd and Fejerskov, 2016). Bacterial cells in the biofilm exhibit low metabolic activity, strong drug tolerance, and specific phenotype changes caused by the cell signaling or cross-species reciprocal protection (Yue et al., 2018). Previous studies have shown that Streptococcus mutans is an important oral cariogenic bacterium (He et al., 2013; Kulshrestha et al., 2016). Although it does not always dominate human dental plaque, in the presence of sucrose S mutans can assemble an insoluble exopolysaccharide (EPS). This EPS acts as a supportive framework for diffusion within the oral biofilm structure (Koo et al., 2013; Kim et al., 2015; Andre et al., 2017).

Currently, this cariogenic structure is eradicated mainly using non-specific mechanical removal such as tooth brushing and flossing, or by treatment with mouthwashes containing chlorhexidine (Gunsolley, 2010), essential oils (Van Leeuwen et al., 2011), or cetylpyridinium chloride (Haps et al., 2008). Fluoride washes are also used for the prevention of dental caries. In addition, natural substances such as tea catechins (Xu et al., 2012) and cranberry constituents (Koo et al., 2010), small molecules including dihydrofolate reductase (Zhang et al., 2015) and 7-epiclusianone (Murata et al., 2010), have also been characterized to show anti-plaque activities through unselective killing of oral microorganisms. However, few of them selectively eliminate cariogenic bacteria without disturbing the ecological balance of oral cavity. Therefore, novel therapies like probiotics (Kaye, 2017; Pahumunto et al., 2019) and glucansucrase inhibitors (Ito et al., 2011) have gained increasing attention for their antimicrobial activities in dental biofilm.

Probiotic microorganisms are living microbes that are beneficial to general health of hosts when taken in sufficient quantities. Delivery of probiotics to teeth as a paste or wash may concentrate the probiotic bacteria in the region of dental biofilm and thus may eradicate or diminish more pathogenic bacteria (Bosch et al., 2012; Fernandes et al., 2018). The most common strains found in commercial dental probiotic products include the genera Lactobacillus and Bifidobacterium (Sanders and Marco, 2010). However, both in vitro and clinical investigations of their effectiveness yielded ambiguous results with regards to their effects on Lactobacillus strains associated with caries (Fitzgerald et al., 1966; Tahmourespour and Kermanshahi, 2011; Hasslöf et al., 2013; Campus et al., 2014; Lin and Pan, 2014; Rodríguez et al., 2016).

Lactobacillus plantarum has been widely used in the preservation of cooked meat products (Vermeiren et al., 2004), condiments, and dairy products (Li et al., 2017). It exerts several beneficial effects, including immune system regulation, stabilization of the intestinal microbiota, and reducing cholesterol level (Vries et al., 2006). Furthermore, metabolic products of L. plantarum, including lactic acid and bacteriocin, have the antagonistic activities against adverse microorganisms (Zhu et al., 2014; Li et al., 2016). However, the inhibitory effect of L. plantarum on the control of caries has been only sparsely reported, and all the studies available to date were performed in vitro (Chun et al., 2013; Guo et al., 2016). Moreover, only a few studies have been performed on probiotics that can be added to daily foods directly. Therefore, an effort to control dental caries using probiotics is still necessary. Here, we propose exploring the anti-caries activity of L. plantarum, a bacterium that may be potentially supplemented in our daily diet.

Pickles are traditional fermented foods that are an integral part of the diet in the southwest of China due to their unique taste and beneficial functions. The numerous beneficial properties of pickles are conferred to them by the presence of microorganisms that contribute to the fermentation process. L. plantarum is one of the major contributors to these processes (Tian et al., 2013; Zhang et al., 2013). However, to date, no relevant reports have been published on the relationship between Sichuan pickles and oral health. We hypothesize that some L. plantarum strains in these pickles may be beneficial to the oral health by affecting the oral microbiome. We therefore undertook to evaluate the inhibitory effect of L. plantarum isolated from Sichuan pickles on dental caries both in vitro and in vivo.



MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

A total of 14 samples of pickles, the traditional fermented products in China, were collected from different areas in Sichuan province. All the samples were cut into pieces and subjected to serial dilution using sterile saline (0.80 g/100 mL), then suitable dilutions were spread on to the deMan-Rogosa-Sharpe (MRS) agar plates and incubated at 37°C for 48 h (Vijayendra et al., 2009). We preliminarily selected 54 mucoid colonies according to their morphological characteristics, as they were expected to be lactic acid bacteria, which were then stored at −80°C. According to the growth inhibition assay against S. mutans, five strains that exerted antibacterial activities were chosen. DNA of these five strains was extracted using QIAamp DNA Mini Kit following the manufacturer’s instruction and later subjected to polymerase chain reaction (PCR) using the universal primers of 27F and 1492R. According to their NCBI BLAST of 16S rDNA sequence, all these strains had the highest similarity to L. plantarum. The same results were obtained by matrix-assisted laser desorption ionization-time of flight mass spectrometry identification. The ABY-8 is a freeze-dried culture containing Streptococcus thermophilic and Lactobacillus bulgaricus used in yogurt fermentation.

All Lactobacillus strains and S. thermophilic were cultured in deMan-Rogosa-Sharpe (MRS) media. S. mutans UA159 was routinely grown in brain-heart infusion (BHI) medium (Difco, Detroit, MI, United States) in an anaerobic chamber (5% CO2, 10% H2, and 85% N2) at 37°C. All bacteria were stored at −80°C in 50% glycerol. After overnight incubation at 37°C, bacterial suspensions of both S. mutans and Lactobacillus were diluted by 10-fold using fresh media and cultured for approximately 2 h till reaching an OD600 = 0.5 before use.



Growth Inhibition Assay

The antibacterial activities of Lactobacillus strains against S. mutans was quantified using a modified well-diffusion method (Lin and Pan, 2014). As shown in Supplementary Figure S1, 200 ml melted BHI agar medium held at about 45°C was inoculated with 20 μl well mixed bacterial suspension of S. mutans. The medium containing S. mutans was poured into plates quickly, then placed in Oxford cups (San Ai Si Scientific Instrument Co., Ltd., Yancheng, Jiangsu, China) for medium solidification. Oxford cups of 7.8 mm diameters were then filled with 200 μl bacterial suspension of Lactobacillus strains, or chlorhexidine acetate (0.02%, Madam Health pharmaceutical Co., Ltd., Shanghai, China) that was chosen as the positive control. The growth inhibition diameter was measured after incubation at 37°C for 24 h.



Biofilm Formation Assay

The inhibitory effect of Lactobacillus sp. on S. mutans biofilm formation was performed as previously reported (Soderling et al., 2011). In brief, both Lactobacilli strains and S. mutans were diluted by 50-fold in the corresponding medium supplemented with 1% (w/v) sucrose and 25 μl MES (Sigma, St. Louis, MO, United States). Then, the formation of S. mutans biofilm was evaluated in the absence or presence of Lactobacillus strains. Lactobacilli strains were also cultivated alone to establish mono-species biofilms. Dilution of S. mutans and Lactobacillus strains were mixed at equal ratios (chlorhexidine acetate was used as the positive control). Biofilms were formed in 24-multiwell plates in order to enable viable cells measurements, and on sterile glass slides for microscopic observation.

In order to measure the viable cells in the biofilms, the unattached cells were removed from the wells after anaerobic incubation at 37°C for 18∼24 h. The remaining cells adhering to the wells were washed three times and resuspended in 1 ml PBS buffer. The re-suspensions were then collected and cultured in BHI agar plates supplemented with 0.1% (m/m) bromocresol. The CFU of S. mutans and Lactobacillus strains were enumerated following a culture period of 48 h (Schwendicke et al., 2017).



Extracellular Polysaccharide Measurement

The “Anthrone-sulfuric acid method” was used to identify EPS production as previously described by Ren et al. (2016). After Lactobacillus strains and S. mutans were cultured to reach an OD600 = 0.5, S. mutans were diluted by 50-fold in BHI medium supplemented with 2% (w/v) sucrose. The bacterial suspensions of Lactobacillus strains were mixed with an equal volume of diluted S. mutans suspension. MRS medium was used as a control. After anaerobic incubation at 37°C for 24 h, the culture fluid was removed and replaced with 2 ml sterile PBS. The deposits were resuspended and washed three times with sterile PBS to remove the water-soluble EPS. Then, insoluble EPS was extracted using 1.0 M NaOH with agitation at 37°C for 2 h. EPS production was measured at the absorbance of 620 nm, and a standard curve was made using glucose.



Autoaggregation and Coaggregation Assay

An autoaggregation assay was carried out as follows. Lactobacillus cells resuspended in PBS were adjusted to an absorbance of 0.6 ± 0.02 at A600 (A0); the absorbance (At) of the upper suspension was measured in the following 4 h. The result was calculated as: Autoaggregation (%) = 1 – (At/A0) × 100, where At represents the absorbance at time t = 1, 2, 3 or 4 h.

For the coaggregation assay, equal volumes of Lactobacillus sp. and S. mutans were mixed, and the absorbance of the upper suspension was measured in the following 4 h. Coaggregation was calculated as follows: Coaggregation (%) = (((A0 + B0)/2) – Ct)/((A0 + B0)/2) × 100, where A0 and B0 represent the initial absorbance of Lactobacillus sp. and S. mutans, and Ct represents the absorbance of the mixture measured at time t = 1, 2, 3 or 4 h.



Tolerance to Acids and Salts

To test the acid tolerance, Lactobacillus sp. was inoculated in MRS medium with a pH of 3∼6 in the treated group, and pH 7 in the control group. The salt tolerance was evaluated in MRS medium supplemented with NaCl 0.5%, 1.0%, 2.0%, 4.0%, and 8.0%, while the untreated MRS medium represented the control group, after incubation of Lactobacillus sp. at 37°C for 24 h. The survival rate was calculated as follows: survival rate (%) = treated group/control group × 100.



Minimum Inhibitory Concentration to Antibiotics

The minimum inhibitory concentration (MIC) of K41 against antibiotics was determined by the broth micro-dilution method using the standardized lactic acid bacteria susceptibility test medium (LSM), and L. plantarum ATCC 14917T was used as control (International Organization of Standardization/International Dairy Federation (ISO10932/Idf 223), 2010). The antibiotics concentrations in the plates were shown in Supplementary Table S1. The MIC was defined as the lowest concentration of the antibiotics that completely inhibited the growth of the tested strain. Each test was performed in triplicate.



Scanning Electron Microscope Observation

Scanning electron microscopy (SEM) observation was performed as previously described (Wu et al., 2015). Sterile glass slides were added to a 24-multiwell plate. Biofilms were grown on slides and incubated under anaerobic conditions at 37°C for 24 h. Glass slides were gently washed with PBS buffer twice and fixed with 2.5% glutaraldehyde overnight, then dehydrated in graded ethanol solutions (30%, 40%, 50%, 60%, 70%, 80%, 85%, 90%, 95%, 100%) for 15 min, dried in liquid CO2, and sputter-coated with gold before observation (FEI, Hillsboro, OR, United States). SE mode was used for SEM evaluation, and the scanning parameter was set at 20.00 kV.



Confocal Laser Scanning Microscope Observation

Confocal laser scanning microscope (CLSM) observation was performed as previously described with some modification (Cheng et al., 2016). All biofilms were dyed with Alexa Fluor 647-labeled dextran conjugate (1 μM; Life Technologies, Grand Island, NY, United States) and cultured on glass slides away from light for 24 h. Glasses were washed twice and labeled with 40 μL SYTO 9 green fluorescent nucleic acid stain (2.5 μM; Life Technologies, Grand Island, NY, United States) for 15 min. Then glass slides with biofilms were examined using a Leica DMIRE2 CLSM (Leica, Wetzlar, Germany) under a 60 × oil immersion objective lens. Emission wavelength at 668 nm was used for the detection of the EPS stained by Fluor 647-labeled dextran conjugate, while 498 nm was used for bacteria stained by SYTO 9 green fluorescent nucleic acid stain. Each image series was generated using optical sectioning at each position. Three-dimensional reconstruction and quantification of EPS/bacteria biomass at each position of biofilm were performed using IMARIS 7.0.0 (Bitplane, Zurich, Switzerland).



Animals and Diet

The dosing experiments were performed on 28, 17-day-old females of specific-pathogen-free Sprague Dawley rats (Dashuo Inc., Chengdu, China), weighing 60 ± 5 g. The flow chart of the animal model is shown in Figure 4A. During the first 3 days, the rats were fed with a diet supplemented with 0.1% carbenicillin, 0.1% chloramphenicol, and water containing 4,000 U/ml penicillin. From the fifth day on, rats were fed with a diet no. 2000 (56% sucrose; Dashuo Inc.), and 10% sucrose was added into the drinking water with ad libitum access (Murata et al., 2010). At the age of 21 days, rats were infected with an overnight bacterial suspension of S. mutans UA159 (108 CFU/ml) administered orally for three consecutive days. At age 24 days, the infection was assessed, and rats were randomly divided into four groups (n = 8): group 1, Control (MRS medium); group 2, Chlorhexidine acetate (0.02%); group 3, K41 (108 CFU/ml); group 4, K41 alone (108CFU/ml) mixed with ABY-8 (108 CFU/ml). Rat-molars were topical treated daily as mentioned above using oral swabs at a unified time of 20 s per quadrant for a period of 35 days (Beiraghi et al., 1990). Rats were weighed twice a week for the first 2 weeks and then once a week. After 5 weeks of treatment, the animals were sacrificed, and the maxillae and mandibles were aseptically removed. This study was reviewed and approved by the Ethics Committee of the College of Life Sciences, Sichuan University (No. 20191217001; Sichuan University, Chengdu, China).



Caries Scoring Assay

After flesh removal from around each tooth, the teeth were stained with 0.4% murexide solution for 12 h, then rinsed with distilled water (Han et al., 2017). Maxillary and mandibular molars were ground up along the mesiodistal sagittal plane using the rainbow technique (Super-Snap kit). Molar caries was evaluated and scored according to the Keyes’ method using a stereoscopic microscope (Keyes, 1958). Caries scoring was established by two expert examiners, who carried out blind scorings as the jaws were mixed-up and randomly assigned to the examiners.



Micro-CT Analysis

The right halves of the maxilla of five rats in each group were scanned at 10 μM isotropic voxel resolution using a cone-beam Micro-CT system (SCANCO MEDICAL, Swiss). The scanning parameters were set at 70 kV and 200 μA. After scanning, three-dimensional images of the maxilla were reconstructed, and the enamel volume and mineral density of the first molars were analyzed.



Laser Fluorescence Intensity Assessment

DIAGNOdent pen, a new generation of laser fluorescence device, was used for caries detection and quantification of the left halves of maxilla and mandible of eight rats in each group. Smooth surfaces and occlusal surfaces of each tooth were scored using a DIAGNOdent pen (model 2190) fitted with a fissure probe (Mat. no. 1.002.6967, KaVo, Biberach, Germany) and a proximal probe (Mat. no. 1.002.6970, KaVo, Biberach, Germany) that emitted visible red laser at a wavelength of 655 nm. The DIAGNOdent pen was calibrated according to the manufacturer’s guidelines with a ceramic standard (Rams and Alwaqyan, 2017). In all cases, the peak value was recorded as the final data for the surface. Every jaw had eight smooth surfaces and three occlusal surfaces to be assessed. These resulted in 112 smooth surfaces and 42 occlusal surfaces assessed in total. The readings of the DIAGNOdent pen in the smooth surfaces were the following: 0∼7, healthy tooth substance; 8∼15, beginning of the demineralization; ≥15, strong demineralization. The readings in the occlusal surfaces were the following: 0∼12, healthy tooth substance; 13∼24, beginning of the demineralization; ≥25, strong demineralization.



Statistical Analysis

Statistical analysis was performed using SPSS Statistics 17.0. Differences among groups were evaluated using one-way analysis of variance (ANOVA) with Duncan’s multiple comparison test. Values are expressed as mean ± standard deviation (SD). A value of P < 0.05 was considered statistically significant.



RESULTS


Inhibitory Effect of Lactobacillus sp. on S. mutans Growth, Biofilm Formation, and EPS Production

A total of 54 Lactobacillus strains isolated from pickles were used to analyze their inhibitory effect on S. mutans growth. Six of the strains formed an inhibitory area around S. mutans (Table 1). According to the diameter of the inhibition area, the highest antimicrobial activity, 14.7 ± 1.5 mm, was observed for strain K41. This was slightly higher than the chlorhexidine acetate (14.2 ± 1.9 mm), indicating that K41 had the best inhibitory effect on the growth of S. mutans.


TABLE 1. Effect of Lactobacillus strains on the growth of Streptococcus mutans.

[image: Table 1]The inhibitory effect on S. mutans biofilm formation is illustrated in Figure 1A. Viable S. mutans cells in the chlorhexidine acetate group were significantly different from the control group (P < 0.05). L. plantarum K11 and K41 possessed a similar magnitude of bactericidal activity against S. mutans, their inhibition rates were 97.7 and 98.4%, respectively. Interestingly, the viability of the different Lactobacillus sp. in the biofilm was not significantly different (P > 0.05).
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FIGURE 1. Screening of potential probiotics with antagonistic properties against S. mutans. (A) Viable cells of S. mutans and Lactobacillus sp. in different biofilms. (B) EPS production by S. mutans in the presence of a bacterial suspension of Lactobacillus strains. Control: deMan-Rogosa-Sharpe media. Results with different letters are significantly different (P < 0.05).


As shown in Figure 1B and Supplementary Figure S4, L. plantarum K26, K34 and K41, showed no significant differences with regards to EPS concentration. Furthermore, K41 showed a better inhibitory effect on EPS formation than K11 (P < 0.05). Therefore, L. plantarum K41 should be considered the strain with the best inhibitory effect on S. mutans growth, biofilm formation and EPS production, of Lactobacillus sp. perhaps indicating its potential benefit on the control of dental caries.



The Aggregation Ability and Tolerance of Lactobacillus sp. to Oral Condition

The autoaggregation ability of Lactobacillus is shown in Figure 2A and shows a significant difference among the five strains at 4 h. The best autoaggregation ability was K26 (35.1%), followed by K41 (31.0%). There was no significant difference in the remaining three strains (P > 0.05). The coaggregation with S. mutans increased during the first 4 h, and the difference among the five strains was small varying from 33.6 to 44.0% at 4 h (Figure 2B).


[image: image]

FIGURE 2. Aggregation ability and tolerance to harsh oral condition of L. plantarum. (A) The ability of autoaggregation measured at 1, 2, 3, and 4 h. (B) Coaggregation of Lactobacillus sp. with S. mutans at 1, 2, 3, and 4 h. (C) Lactobacillus sp. survival rate in acid condition. (D) Lactobacillus sp. survival rate in salty condition. Control: deMan-Rogosa-Sharpe media. Values are expressed as the mean ± S.D. Results with different capital letters are significantly different (P < 0.05).


The survival rates of all strains were over 75% when the pH was 5∼6, but lower than 5% at pH 3 (Figure 2C). When the salinity was less than 4.0%, the survival rates of all five strains were greater than 70% (Figure 2D). According to the aggregation results and the tolerance to acids and salt, all tested strains had strong ability to survive in the harsh oral environment. Thus, due to its extensive bactericidal activity, L. plantarum K41 was chosen for the subsequent experiments.

The MIC distributions and breakpoints of K41 are presented in Supplementary Table S2. L. plantarum K41 was characterized as sensitive according to breakpoints proposed by the Clinical and Laboratory Standards Institute [CLSI] (2015) and European Food Safety Authority [EFSA] (2012).



Inhibitory Effect of L. plantarum K41 on S. mutans Biofilm Structure

Once it was determined at what point K41 exerted the best inhibitory effect on S. mutans biofilm formation, we investigated the structure of the biofilm when S. mutans was co-cultured with K41. The SEM micrograph in Figure 3A showed that UA159-species formed a compact biofilm covered by network-like structures, which were identified as EPS. The structure in UA159 biofilm, following the addition of K41, showed a looser biofilm when compared to UA159-species alone, and the amount of EPS was decreased. Moreover, K41-species biofilm showed the thinnest structure, and had few micro-colonies on the surface. CLSM results in Figure 3B and Supplementary Figure S2A confirmed that EPS in UA159 + K41 biofilm was less dense than UA159-species biofilm. Moreover, the biofilm formed by S. mutans UA159 was significantly thicker (65.0 μm) than that formed by L. plantarum K41 (18.0 μm) and by the mixed co-culture (40 μm) (Figure 3C). As shown in Supplementary Figure S2B, the EPS/bacterial ratio in UA159-species biofilm was greater than in UA159 + K41 biofilm, suggesting that L. plantarum K41 exerted an inhibitory effect on EPS formation in biofilm.
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FIGURE 3. Microscope imaging of L. plantarum K41 on the S. mutans biofilm formation. (A) Scanning electron microscopy (SEM) images of the structures of different biofilms. Images were taken at 20,000× magnification. (B) EPS (red) and bacteria (green) distribution in the double-labeled biofilm was observed by confocal laser scanning microscope (CLSM). (C) The distribution of bacteria and EPS at different heights. The three-dimensional reconstruction was performed by IMARIS 7.0.0. Images were taken at 60× magnification. Red arrows in Figure 3A were the network-like structures.




Inhibitory Effect of L. plantarum K41on S. mutans Virulence in vivo

The rats remained in stable health throughout the entire experimental period. No significant weight gain or loss was observed in the treated groups (Supplementary Figure S3). Significant caries lesions were observed in all the untreated stained molars under stereoscopic microscopy (Table 2). Treatment with K41 significantly reduced the incidence and severity of smooth and sulcal caries compared with the negative control group (P < 0.05). The maxilla was reconstructed, and the three-dimensional images were performed in Figure 4B. The mean mineral density of the first molar enamel treated with K41 was higher than the one in the control group and lower than that in the positive control group (Figure 4C). In addition, the mean volume of the first molar enamel treated with K41 was larger than that of the molar treated with MRS medium and smaller compared to that of the molar treated with chlorhexidine acetate (P < 0.05) (Figure 4D). The condition of the smooth surfaces and occlusal surfaces of every jaw was recorded. The results are summarized in Table 3. The demineralization degree of the control group was more severe than the other three groups on both smooth and occlusal surfaces (P < 0.01), but no statistical difference was observed among chlorhexidine acetate (0.02%), K41 and K41 + ABY-8 group (P > 0.01).


TABLE 2. Effect of different treatments on the development of dental caries in rats (Keyes score).
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FIGURE 4. The observation and enamel analysis of maxillary by Micro-CT. (A) Flow chart of animal model. (B) Three-dimensional images of the molar area (right column) of the left mandible. (C) Density of the first molar enamel. (D) Volume of the first molar enamel. Control: deMan-Rogosa-Sharpe media; ABY-8: a mixture culture of S. thermophilic and L. bulgaricus. “*”: significant difference compared with control group (P < 0.05). Red arrows in Figure 4B were for tooth cavity. The red and green represented the degree of the mineralization, and the redder color means the higher degree of mineralization.



TABLE 3. DIAGNOdent laser autofluorescence intensity on rat teeth.

[image: Table 3]


DISCUSSION

Dental plaque biofilm is the ecological structure formed by a variety of microorganisms deposited on the tooth surface, and it is a key process leading to dental caries (Matsumoto et al., 2010). With the frequent exposure to dietary carbohydrate, the microbial community of plaque biofilm microbial population gradually shifts toward to cariogenic bacteria with characteristics of acidogenicity and acidurity (Bowen and Koo, 2011). Extensive investigations showed that S. mutans was the primary causative agent specifically found in the dental plaque (Aida et al., 2018; Jeong et al., 2018). Many probiotic solutions purportedly affecting S. mutans have been reported to treat dental caries (Soderling et al., 2011; Gruner et al., 2016; Schwendicke et al., 2017). Indeed in recent years, probiotic products such as probiotic powders or yogurts are becoming more and more popular as treatments for caries (Nadelman et al., 2017). Thus, it is possible that the daily application of probiotic microorganisms like Lactobacillus sp. through the consumption of fermented products will provide an important novel probiotic treatment for dental caries.

Although numerous studies have explored the potential benefit of probiotics to oral health (Campus et al., 2014; Lin and Pan, 2014), there is currently no standardized or comprehensive protocol for screening novel oral probiotics in vitro. Although it has been reported that probiotics inhibiting the growth of S. mutans it was thought that it did not necessarily control dental caries. Despite this the inhibition of biofilm formation by probiotics may well be relevant in the reduction of carinogenicity (Schwendicke et al., 2017). The main action of Lactobacillus sp. observed here was the inhibition of the formation of S. mutans biofilm and the reduction of the dental caries occurrence. In our study, the inhibitory rate of biofilm formation by S. mutans when co-cultured with L. plantarum K41 was 98.4%, which was similar to that of W. cibaria CMU of approximately 95% (Jang et al., 2016). Moreover, the inhibitory effect of L. plantarum K41 against S. mutans was higher than chlorhexidine acetate. In addition, the inhibitory rate in the formation of insoluble EPS by K41 was 90.7%, which was significantly higher than that for the previously reported L. plantarum K25 (21.44%) (Guo et al., 2016). Therefore, L. plantarum K41 provides an inhibitory effect on biofilm formation, indicating its potential beneficial effect in control of dental caries.

Lactobacillus sp. may provide a beneficial effect of reducing the occurrence of dental caries by having an inhibitory effect on biofilm formation in vitro. To be effective it must also be able to survive in the condition of the mouth (Jeong et al., 2018). Indeed, it is possible that Lactobacillus paracasei F19 had no long-term effect on the incidence of caries due to poor viability under the oral conditions over a long time (Hasslöf et al., 2013). Adhesion to epithelial cells and mucosal surfaces is the primary indicator of the effect of Lactobacillus sp. in maintaining oral health, and it is a multistep process involving the composition, structure and forces of interaction related to the intestinal epithelial cells or mucosal surfaces (Hagerman et al., 2010). In most cases, autoaggregation is beneficial for adhesion, and coaggregation with S. mutans may form a barrier to prevent the action of pathogenic microorganisms (Del et al., 2000; Lang et al., 2010). In our research, the coaggregation and autoaggregation rates at 4 h of L. plantarum K41 were 41.87 and 31.01%, respectively, which was similar to L. plantarum K25 as previously reported (Guo et al., 2016). Moreover, as harsh oral conditions due to the intake of low-acid or high-salt food, may affect the viability of probiotics the ability of K41 to withstand these conditions make it a candidate for probiotics. In view of horizontal gene transfer occurring in dental biofilms, the microbiological breakpoints of Clinical Laboratory Standards Institute [CLSI] (2015) and European Food Safety Authority [EFSA] (2012) indicate that the use of K41 in food is safe. Moreover, it has been reported that the antibiotics’ resistance of the Lactobacillus strains used widely in fermentation processes is not likely to have the potential health threat to humans (Ma et al., 2017).

To further verify the inhibitory effect of L. plantarum K41 on dental caries, an animal model was established to examine whether K41 could reduce the incidence of caries. In a previous study, L. paracasei subsp. paracasei NTU 101 was found to be protective against the development of dental caries in rats (Lin and Pan, 2014), but no report is available to date with regards to the inhibitory effect of L. plantarum on dental caries in animal models. When compared with micro-CT, the process of laser fluorescence intensity assessment was simple and convenient and thus used here. This enabled the use of one half of the maxilla of five rats in each group for micro-CT analysis, while the other half and mandible of eight rats were used for the assessment of the degree of demineralization by laser fluorescence intensity assessment. According to the analysis of micro-CT, the density was not significantly different among the four groups (P > 0.05), perhaps due to the individual differences and sampling capacity. Moreover, caries scoring assay, which is widely used in the clinical examination of dental caries, was also used to detect the caries lesions. In our study, we found that caries lesions and demineralization degree in K41 group were significantly lower than those of control group, suggesting that K41 had also beneficial effect on the control of dental caries.

Recently, an increased interest in the application of probiotics for oral health has emerged, and the concept of using probiotics to prevent caries has been proposed (Isabelle and Teughels, 2015; Pahumunto et al., 2019). To date, probiotics have been added to some functional beverages, while fermented milk is considered to be the most widely food vehicle supplemented with probiotic bacteria due to its unique taste and high nutritional properties (Balthazar et al., 2017; Nadelman et al., 2017; Nadelman et al., 2019). Therefore, L. plantarum K41 shows a potential commercial value when added to dairy products.

However, the animal assay still has its limitations. Our animal assay missed evaluating the influence of L. plantarum K41 on lesions in dentin and root caries. Rat-molars were treated by L. plantarum K41 following S. mutans infection and were assessed, even if there was no gross morphological evidence of dental caries lesions. The colonization of the oral cavity by Lactobacilli requires a retentive niche (Caufield et al., 2005). Our animal assay could not prove the relationship of K41 with root caries. It was commonly accepted that L. acidophilus was dominant in deep caries samples (Martin et al., 2002). In the future, the effect of K41 on root or dentin caries should be fully investigated.

In conclusion, our work demonstrated that L. plantarum K41 isolated from traditional Sichuan pickles had an inhibitory effect on the biofilm formation of S. mutans. Our results offer a potential alternative strategy for the control of oral biofilm/dental plaque and dental caries.
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FIGURE S1 | The growth inhibition assay plate.

FIGURE S2 | Quantitative analysis in the double-labeled biofilm observed by confocal microscopy. (A) Quantification of bacteria and EPS biomass. (B) The ratio of EPS to bacteria at different heights in biofilms. Values are expressed as mean ± SD.

FIGURE S3 | Effects of different treatments on rat weight gain. Values are expressed as mean ± S.D.

FIGURE S4 | Standard curve for EPS quantitative determination by anthrone-sulfuric method.

TABLE S1 | The concentration of antibiotics tested.

TABLE S2 | The MIC distributions and breakpoints of L. plantarum against antibiotics tested.
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The larvae of the wax moth Galleria mellonella and human oral keratinocytes were used to investigate the protective activity of the candidate oral probiotics Lactobacillus rhamnosus GG (LHR), Lactobacillus reuteri (LR), and Streptococcus salivarius K-12 (SS) against the periodontal pathogens Fusobacterium nucleatum (FN), Porphyromonas gingivalis (PG), and Aggregatibacter actinomycetemcomitans (AA). Probiotics were delivered to the larvae (i) concomitantly with the pathogen in the same larval pro-leg; (ii) concomitantly with the pathogen in different pro-legs, and (iii) before inoculation with the pathogen in different pro-legs. Probiotics were delivered as viable cells, cell lysates or cell supernatants to the oral keratinocytes concomitantly with the pathogen. The periodontal pathogens killed at least 50% of larvae within 24 h although PG and FN were significantly more virulent than AA in the order FN > PG > AA and were also significantly lethal to mammalian cells. The candidate probiotics, however, were not lethal to the larvae or human oral keratinocytes at doses up to 107 cells/larvae. Wax worm survival rates increased up to 60% for some probiotic/pathogen combinations compared with control larvae inoculated with pathogens only. SS was the most effective probiotic against FN challenge and LHR the least, in simultaneous administration and pre-treatment, SS and LR were generally the most protective against all pathogens (up to 60% survival). For P. gingivalis, LR > LHR > SS, and for A. actinomycetemcomitans SS > LHR and LR. Administering the candidate probiotics to human oral keratinocytes significantly decreased the toxic effects of the periodontal pathogens. In summary, the periodontal pathogens were variably lethal to G. mellonella and human oral keratinocytes and the candidate probiotics had measurable protective effects, which were greatest when administrated simultaneously with the periodontal pathogens, suggesting protective effects based on bacterial interaction, and providing a basis for mechanistic studies.
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INTRODUCTION

Periodontitis is a complex infectious disease associated with inflammation and the loss of periodontal attachment and bone support. It has several etiological and contributing factors such as the accumulation of biofilm and calculus (Wolf et al., 2005; Slots, 2017) and the presence of certain bacteria that have been identified as periodontal pathogens. There are several concepts of periodontal pathogenesis including the specific plaque hypothesis, which emphasizes the importance of specific bacteria (Nisha et al., 2017); the concept of keystone pathogens (Hajishengallis and Lamont, 2012) where a given bacterium exerts effects that are disproportionate to its abundance, and the polymicrobial synergy and dysbiosis model (Lamont and Hajishengallis, 2015; Nisha et al., 2017) all of which are significantly related to oral bacteria. Gram-negative anaerobic bacteria, in particular, have been implicated in the etiology of periodontitis. Aggregatibacter actinomycetemcomitans, Fusobacterium nucleatum, and Porphyromonas gingivalis, as well as other bacterial species including Tannerella forsythia and Treponema denticola (Socransky et al., 1998) are considered to be the important contributors to periodontitis in humans (Slots et al., 1986; Dzink et al., 1988; Duncan et al., 1993; Sandros et al., 1994).

A. actinomycetemcomitans is reported to damage host tissue via the production of a leukotoxin (Johansson, 2011), and a cytolethal distending toxin (DiRienzo, 2014). F. nucleatum directly influences host responses and can also increase the infectivity of other pathogens via the induction of expression of the antimicrobial peptide β-defensin and pro-inflammatory cytokines in the oral epithelium (Krisanaprakornkit et al., 2000; Bhattacharyya et al., 2016; Ahn et al., 2017). P. gingivalis expresses two types of gingipains (Imamura, 2003), which are reportedly implicated in the progression of periodontal disease and have been strongly associated with the induction of inflammation and destruction of the host periodontium (Miyachi et al., 2007). Porphyromonas gingivalis has been linked to the perturbation of periodontal microbial homeostasis. Hence, this bacterium has been proposed as a keystone periodontal pathogen (Hajishengallis and Lamont, 2012).

The potential of putatively beneficial bacteria (probiotics) to prevent or treat periodontitis and other oral diseases has been investigated (Vivekananda et al., 2010; Ince et al., 2015; Bohora and Kokate, 2017; Brignardello-Petersen, 2017; Kobayashi et al., 2017). Previous investigations have demonstrated the ability of certain species of Lactobacillus to inhibit the growth of P. gingivalis and A. actinomycetemcomitans (Sookkhee et al., 2001; Kõll-Klais et al., 2005). Krasse et al. (2006) reported decreased gum bleeding and reduced gingivitis following the administration of a Lactobacillus reuteri-based candidate probiotic suggesting mechanisms including the production of bacteriocins such as reuterin, competition with oral pathogens, and anti-inflammatory activity (Krasse et al., 2006). Another study proposed that Lactobacillus rhamnosus GG could suppress bone loss in a mouse model of induced periodontitis (Gatej et al., 2018). The administration of S. salivarius K12 has been associated with reduced alveolar bone loss and resorption in a murine periodontitis model (Zhu et al., 2019).

The use of alternative animal models for studying pathogenic microorganisms has increased in recent years (Swanson and Hammer, 2000; Casadevall, 2005; Chamilos et al., 2011) for several reasons, including throughput, cost, and ethics (Ball et al., 1995). In addition to the fact that microbial virulence mechanisms may be common between different hosts (Rahme et al., 1995), larvae are simple to work with, inherently replicable, and have a short life cycle in comparison to higher animals (Tsai et al., 2016). The presence of an innate immune system in invertebrates (Boman and Hultmark, 1987; Tsai et al., 2016) is an additional advantage over the use of alternatives such as cell culture.

Galleria mellonella, the caterpillar (larva) of the greater wax moth (Lepidoptera: pyralidae) is widely used as a non-mammalian animal model system to study host-pathogen interactions using a variety of microorganisms including bacteria (Morton et al., 1983; Miyata et al., 2003; Fedhila et al., 2006; Aperis et al., 2007; Seed and Dennis, 2008) and fungi (Mylonakis et al., 2005). Use of the G. mellonella model to study the protective effects of candidate probiotics has received some research attention where for example, it has been applied in the evaluation of candidate probiotics to impair Pseudomonas aeruginosa biofilm formation (Berrios et al., 2018), to reduce virulence in Candida albicans (Vilela et al., 2015; de Oliveira et al., 2017; Rossoni et al., 2017, 2018), and to protect against gastrointestinal pathogens such as Listeria monocytogenes and Escherichia coli (Scalfaro et al., 2017). Significant correlations between observed virulence in G. mellonella and mammalian models have been previously reported (Jander et al., 2000; Mylonakis et al., 2005), and G. mellonella host immune defense mechanisms have been proposed to broadly resemble those of humans (Nathan, 2014; Kohler, 2015). Host responses of the larvae can be assessed through both the cellular response mediated by phagocytic cells and the humoral immune response pathway mediated by antimicrobial peptides (AMPs) (Kavanagh and Reeves, 2004; Scalfaro et al., 2017).

The current study aimed to study the interactions between candidate probiotics (L. rhamnosus GG, L. reuteri, and S. salivarius K12) and periodontopathogens (A. actinomycetemcomitans, F. nucleatum, and P. gingivalis) in oral keratinocytes and a lower animal infection model (G. mellonella).



MATERIALS AND METHODS


Bacterial Strains and Culture Preparations

Candidate probiotics comprised Lactobacillus rhamnosus Goldin and Gorbach (GG) (ATCC 53103), Lactobacillus reuteri ATCC 55730, and Streptococcus salivarius K-12. The periodontal pathogens were Fusobacterium nucleatum ATCC 10953, Porphyromonas gingivalis ATCC 33277, and Aggregatibacter actinomycetemcomitans ATCC 33384. Aggregatibacter actinomycetemcomitans was grown in Tryptic Soya Agar and broth supplemented with 0.6% yeast extract (TSA and TSB) and incubated in a 5% CO2 atmosphere. All other bacteria were grown using Wilkins-Chalgren broth or agar (Oxoid, Basingstoke, United Kingdom) at 37°C and incubated in an anaerobic cabinet (atmosphere, 10:10:80, H2, CO2, N2). All bacteria were incubated at 37°C. For both in vitro and in vivo experiments, 10 ml volumes of each bacterium were prepared by growing cells overnight either anaerobically or in a 5% CO2 environment. A 100-fold dilution of overnight culture was made in sterile broth, which was incubated until the desired growth phase was reached according to constructed growth curves. Cells were harvested by centrifugation at 3220 × g for 15 min and the pelleted cells were washed and re-suspended in sterile phosphate buffer saline (PBS) (0.01 M PBS; NaCl 8 g/L, KCL 0.2 g/L, Na2HPO4 1.42 g/L, and KH2PO4 0.24 g/L, pH 7.4). These steps were repeated twice, and the cell suspension adjusted to a final optical density at 600 nm of 0.1. Each larva received aliquots of 5 μl of this bacterial suspension injected directly to the hemocoel. For experiments using lysates and cell-free extracts, 10 ml of 108 Colony Forming Units (CFU)/ml of the appropriate strain was centrifuged. The supernatant was reserved to use as a cell-free extract. The pellet was washed, concentrated in 1 ml of Wilkins Chalgren broth, and lysed using a bead beater (FastPrep FP120; Thermo Electron Corporation). Samples were filter sterilized to remove any whole bacteria remaining.



Galleria Infection Model

G. mellonella were obtained from Live Foods Direct, Sheffield, United Kingdom. The larvae were in the last instar stage (shedding of the exoskeleton), and were selected based on their weight (275–300 mg), the presence of a fresh cream color, and no gray markings. All larvae were used within 3 days from shipment.



Well-Diffusion Test

The test organisms were grown to the stationary phase (108 CFU/ml). Cultures of pathogenic bacteria were diluted 1:100 in Wilkins Chalgren agar. After careful mixing, 20 ml agar plates were poured and left to set. Once set, cup cuts were aseptically made within the agar (8 mm wells) and filled with 100 μl of the probiotic cell culture (∼1.5 × 108 CFU/ml) of each tested probiotic organism. The plates were incubated at 37°C anaerobically for 48 h and the diameter of the zone of inhibition produced measured using calipers.



Human Oral Keratinocyte Cell Culture

Human oral keratinocytes (HOKs, Sciencell Research Laboratories, United States) were used to assess the effect of probiotics on their viability. HOKs were maintained in oral keratinocyte medium (OKM, Sciencell Research Laboratories, United States) supplemented with oral keratinocyte growth supplement (OKGS) and 100 U/ml of both penicillin and streptomycin (OKM, Sciencell Research Laboratories, United States). The medium was substituted twice weekly and cells were incubated in a humid atmosphere with 5% CO2 at 37°C. Cells were cultured in T-25 or T-75 vented culture flasks and 24 well plates (Corning, Sigma, United States). The cells were plated, at a density of 10 × 104 cells per cm2, in 1 ml of the appropriate medium either in 12 or 24 well plates according to the experiment and used after 24 h incubation at 37°C at ∼90–100% confluence. Cells were exposed to 108 CFU/ml of each probiotic cell suspension for 24 h. Viability was determined using the trypan blue exclusion assay (Prince et al., 2012). Uninfected cells were included as a control. Probiotic lysates and cell-free extracts (100 μl) were added simultaneously with the periodontopathogen to the human oral keratinocytes.



Galleria mellonella Pathogenicity and Protection Assays

A modified version of the assay described by Ramarao et al. (2012) was performed. Larvae of G. mellonella were incubated for 30 min at room temperature before injection. Overnight cultures of each microorganism were centrifuged (3220 × g, 15 min) and suspended in PBS. This was repeated twice. Cultures were adjusted to an OD600 nm of 0.1. For intrahemocoelic injection, bacterial suspensions were prepared with final concentrations in the range of 104 CFU/ml to 108 CFU/ml. Volumes of 5 μl of each strain, cell-free extract or lysate were delivered directly to the hemocoel through an injection in the rear left pro-leg using a 26-gauge needle Hamilton microsyringe (Sigma, United Kingdom). Sterile PBS (5 μl) was injected into the “trauma” control group and additionally, a “no treatment” control group was added. The right pro-leg was used as the injection site. Different sites were used for pathogenic and probiotic strains to reduce the risk of injection site infection. Infected larvae were incubated in a petri dish in groups of 10 at 37°C in the dark for the duration of the experiment (5–7 days).



Determination of Larval Mortality

Larval mortality was determined daily over a week. Larvae that had turned black and that were not moving in response to a gentle shaking of the dish or touching with a pipette tip were considered dead. Dead larvae were removed from the petri dish and the death was recorded. The experimental endpoint was designated by either the death of all the larvae in the tested groups or the conversion of larvae into pupae. Pupae were identified via a color change to white (Jorjao et al., 2018). Five Petri dishes containing 10 larvae each were assigned to each experiment and control groups (50 larvae total for each sample). Dead G. mellonella were placed into sterile Universal bottles and homogenized in 10 ml of sterile PBS. This suspension was then serially diluted, and spot plated onto Wilkins Chalgren agar to calculate bacterial load per individual larva. The experiments were terminated once two of the control individuals had died or pupated.



Statistical Analyses

Galleria mellonella data were plotted as survival curves using the Kaplan–Meier estimator in Microsoft Excel 2010. The survival values were considered significantly different if the p-value was < 0.05. For cell culture work paired student’s T-tests done using Microsoft Excel 2010. Results were considered significant if p ≤ 0.05.



RESULTS


In vitro Antibacterial Activity of Selected Probiotics

In vitro testing of antibacterial activity using an agar well-diffusion assay indicated that all three tested pathogens were inhibited by the three investigated probiotics to varying degrees. A. actinomycetemcomitans showed the greatest sensitivity to all probiotics with significantly larger zones of inhibition produced than for other pathogens. Streptococcus salivarius K-12 was the most effective against A. actinomycetemcomitans (Table 1). For both F. nucleatum and P. gingivalis the effect of all probiotics was comparable with P. gingivalis exhibiting slightly more sensitivity (Table 1).


TABLE 1. Inhibition of periodontal pathogens by suspensions of candidate probiotics.
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The Susceptibility of Human Oral Keratinocytes and G. mellonella to Periodontal Pathogens

Data in Figures 1–3 show when control HOKs were incubated for 24 h, ∼97% ± 0.2 of the cells remained viable; whereas the percentage of cells that remained viable following 24 h inoculation with the periodontopathogens was significantly (p > 0.01) lower. P. gingivalis decreased the viability of treated cell monolayers to 40% (Figure 1), A. actinomycetemcomitans decreased the viability of cell monolayers to 51% (Figure 2), and F. nucleatum decreased the viability of treated cell monolayers to 34% (Figure 3).
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FIGURE 1. The protective effects of candidate probiotics for human oral keratinocytes (HOKs) against P. gingivalis. All probiotic cells, cell lysates, and culture supernatants protected HOKs against P. gingivalis. HOKs were inoculated with either live L. rhamnosus GG (LHR), L. reuteri (LR), or S. salivarius K-12 (SS) cells, lysates and supernatants (s-n) (white bars) or simultaneously in combination with P. gingivalis (PG) (gray bars). All experiments were performed for a minimum of three biological replicates, with three technical replicates each time. All data are shown as mean values plus/minus standard deviations. Results expressed as the mean ± SEM, *p < 0.05.
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FIGURE 2. The protective effects of candidate probiotics for human oral keratinocytes against A. actinomycetemcomitans. All probiotic cells, cell lysates, and culture supernatants protect HOKs against A. actinomycetemcomitans. HOKs were inoculated with either live L. rhamnosus GG (LHR), L. reuteri (LR), or S. salivarius K-12 (SS) cells, lysates and supernatants (s-n) (white bars) or simultaneously in combination with A. actinomycetemcomitans (AA) (gray bars). All experiments were performed for a minimum of three biological replicates, with three technical replicates each time. All data are shown as mean values plus/minus standard deviations. Results expressed as the mean ± SEM, *p < 0.05.
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FIGURE 3. The protective effects of candidate probiotics for human oral keratinocytes against F. nucleatum. All probiotic cells, cell lysates, and culture supernatants protect HOKs against F. nucleatum. HOKs were inoculated with either live L. rhamnosus GG (LHR), L. reuteri (LR), or S. salivarius K−12 (SS) lysates and supernatants (s-n) (white bars) or simultaneously in combination with F. nucleatum (FN) (gray bars). All experiments were performed for a minimum of three biological replicates, with three technical replicates each time. All data are shown as mean values plus/minus standard deviations. Results expressed as the mean ± SEM, *p < 0.05.


In the G. mellonella model (Figure 4), no mortality was observed in either control (non-treated control or PBS control). All three pathogens caused the death of at least 50% of larvae by the experimental endpoint. However, P. gingivalis and F. nucleatum caused significantly higher mortality (p < 0.05) than A. actinomycetemcomitans in the order F. nucleatum > P. gingivalis > A. actinomycetemcomitans (Figure 4). Bacterial lysates and broth culture filtrates of pathogens reduced the viability of larvae, but the mortality rate was less than with live bacteria. Lysates were more lethal than cell-free extracts. These data show that HOKs and G. mellonella are susceptible to infection with selected periodontal pathogens. By contrast, none of the candidate probiotics (L. rhamnosus GG, L. reuteri, and S. salivarius K-12) induced significant mortality in HOKs or G. mellonella (Figures 1–4).
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FIGURE 4. The lethal effect of periodontal pathogens in an invertebrate model. Kaplan-Meier plots of survival of G. mellonella larvae after challenge with periodontal pathogens. F. nucleatum (FN), Porphyromonas gingivalis (PG), or A. actinomycetemcomitans (AA). Viable bacterial suspension (black symbols), cell-free culture supernatant (blue symbols), bacterial lysate (red symbols), and PBS (white symbols). All experiments were done twice on 2 consecutive weeks, with different batches of larvae and with three replica plates where each plate contains 10 larvae. All three periodontal pathogens caused at least 50% larvae morality at the endpoint of the experiment. The mortality effects of F. nucleatum and P. gingivalis were significantly greater than A. actinomycetemcomitans (p < 0.05) in the order F. nucleatum > P. gingivalis > A. actinomycetemcomitans. Bacterial lysates and cell-free culture supernatants contributed to the reduction of larvae viability, but the lethal effects were lower than for viable bacteria.




Species-Dependent Protective Effects of Candidate Probiotics in G. mellonella and Human Oral Cell Lines Challenged With Periodontal Pathogens

When S. salivarius K-12 was injected with either F. nucleatum or A. actinomycetemcomitans there was a higher larval viability 24 h post-injection (p ≤ 0.01) than when G. mellonella was injected with the pathogens alone (Figure 5). However, S. salivarius K-12 did not protect larvae from the effects of P. gingivalis (Figure 5). L. reuteri afforded some protection against P. gingivalis but had a limited effect against F. nucleatum and A. actinomycetemcomitans. L. rhamnosus GG had some protective effect on G. mellonella viability when injected in a mixture with F. nucleatum and P. gingivalis but increased the mortality of larvae when injected in a mixture with A. actinomycetemcomitans (Figure 5). Probiotic protection in G. mellonella according to bacterial species was in the following order: for F. nucleatum SS > LR > LHR, for P. gingivalis LR > LHR > SS, and for A. actinomycetemcomitans, SS > LHR = LR. Administering probiotic strains, their supernatants and lysates simultaneously with F. nucleatum (Figure 3) or P. gingivalis (Figure 1) to human oral keratinocytes significantly (p < 0.05) increased the viability compared to when infected with the pathogen alone. Protection against A. actinomycetemcomitans inoculation in HOKs (Figure 2) was variable and was only statistically significant (p < 0.05) when lysates or supernatants were administered (p < 0.05).
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FIGURE 5. Protection of larvae conferred by candidate probiotics following simultaneous administration of periodontal pathogens into the same larval proleg. Pathogen only (black symbols) and PBS (white symbols). Pathogen administered simultaneously with L. rhamnosus (gray symbols), L. reuteri (red symbols), S. salivarius (blue symbols). All experiments were done twice on 2 consecutive weeks, with different batches of larvae and with three replica plates where each plate contains 10 larvae. S. salivarius K-12 had a protective effect (p ≤ 0.01) when administered simultaneously with F. nucleatum but not for A. actinomycetemcomitans or P. gingivalis. L. reuteri conferred protection against P. gingivalis, limited protection against F. nucleatum, and was not protective against A. actimomycetemcomitans. L. rhamnosus GG had some protective effect on larvae when was injected with F. nucleatum and P. gingivalis but reduced the larval viability when injected combined with A. actinomycetemcomitans.




Effect of Injecting of Pathogen and Probiotic Simultaneously in Different Pro-legs on G. mellonella Mortality

The effects of injecting pathogens and probiotics into separate prolegs were evaluated. This was to exclude any effects due to an inhibitory interaction between microorganisms. The viability of larvae injected with F. nucleatum was increased when injected simultaneously with all probiotics. The most effective was S. salivarius K-12 (Figure 6). For P. gingivalis, L. rhamnosus GG reduced the lethal effect of G. mellonella (Figure 6), while with the other two probiotics the viability was lower than the larvae injected with P. gingivalis alone. L. reuteri decreased conferred protection against A. actinomycetemcomitans, as did L. rhamnosus GG and S. salivarius K-12 to a lesser extent (Figure 6). Probiotic protection according to bacterial species occurred in the following order: SS > LR > LHR for F. nucleatum, LR > LHR > SS for P. gingivalis, and LR > LHR = SS for A. actinomycetemcomitans.
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FIGURE 6. Protection of larvae conferred by candidate probiotics following simultaneous administration of periodontal pathogens into the different larval prolegs. Pathogen only (black symbols) and PBS (white symbols). Pathogen administered simultaneously with L. rhamnosus (gray symbols), L. reuteri (red symbols), or S. salivarius (blue symbols). All experiments were done twice on 2 consecutive weeks, with different batches of larvae and with three replica plates where each plate contains 10 larvae. The greatest protection against F. nucleatum was conferred by S. salivarius K-12. For P. gingivalis and A. actinomycetemcomitans. L. rhamnosus GG was the most protective bacterium.




Effect of Probiotic Pre-treatment on Survival of G. mellonella Inoculated With Periodontal Pathogens

None of the larvae were killed when F. nucleatum was injected into larvae that were pre-injected with L. rhamnosus GG or S. salivarius K-12 (Figure 7). Furthermore, there was a highly significant decrease (p < 0.001) in the mortality of larvae pre-treated with L. reuteri (Figure 7). The effects of injecting P. gingivalis on larvae that were pre-treated for 24 h with probiotics was total protection for larvae pre-treated with L. reuteri whereas the least protection was conferred by L. rhamnosus GG (Figure 7). For A. actinomycetemcomitans the best protection was conferred by S. salivarius K-12 followed by L. reuteri and L. rhamnosus GG was the least effective (Figure 7) in terms of the increase of viability of larvae compared to larvae treated by pathogen only (p < 0.01). Probiotic protection according to bacterial species was in the following order: LHR > SS > LR for F. nucleatum, LR > SS > LHR for P. gingivalis, and SS > LR > LHR for A. actinomycetemcomitans.
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FIGURE 7. Protection of larvae conferred by prior inoculation with candidate probiotics and administration of periodontal pathogens 24 h later, into the different larval prolegs. Pathogen only (black symbols) and PBS (white symbols). L. rhamnosus (gray symbols), L. reuteri (red symbols), or S. salivarius (blue symbols). All experiments were done twice on 2 consecutive weeks, with different batches of larvae and with three replica plates where each plate contains 10 larvae. Prior-injection of larvae with L. rhamnosus GG or S. salivarius K-12 was highly protective against F. nucleatum. L. reuteri had the most effective protection against the effects of P. gingivalis, while S. salivarius afforded the greatest protective effect against A. actinomycetamcomitans.




DISCUSSION

We have utilized a waxworm larval pathogenicity model, and human oral keratinocytes to study interactions between candidate probiotics and periodontal pathogens. A. actinomycetemcomitans, F. nucleatum, and P. gingivalis were variably lethal to the larvae and were significantly lethal in oral keratinocytes. The candidate probiotics were not significantly pathogenic in all infection models investigated. Inoculation of larvae with the candidate probiotica before pathogen challenge gave measurable but partial protection against the periodontopathogens. Protection in mammalian culture was conferred by bacterial cells, their lysates, and cell-free extracts. There are two main mechanisms by which this protection could be conferred. The first involves direct inhibition of the periodontal pathogens by the candidate probiotics. In this respect, we observed an antagonistic effect of the probiotics against the periodontopathogens in in vitro tests, where A. actinomycetemcomitans was inhibited to the greatest extent. Previous studies have demonstrated the susceptibility of this bacterium to probiosis both in vitro (Jaffar et al., 2016, 2018) and in vivo (Morales et al., 2018). However, protection of the waxworm could also be conferred by host-dependent mechanisms. The lethality of the pathogens in the G. mellonella model followed the order F. nucleatum > P. gingivalis > A. actinomycetemcomitans. F. nucleatum, and P. gingivalis demonstrated significantly greater pathogenicity than A. actinomycetemcomitans. This finding is broadly in agreement with the Socranksy complexes (Socransky et al., 1998) where P. gingivalis and F. nucleatum form part of the red and orange complexes respectively, which have been strongly associated with periodontal disease. The toxic effects of spent culture fluid and lysates were also investigated. Both were shown to affect the viability of the larvae but to a lesser extent than with inoculation with live bacteria. This could involve extra-cellular virulence factors in addition to those that require a viable cell to be present. For example, the production of sialidase in P. gingivalis (Frey et al., 2019), the induction of inflammation by F. nucleatum (Han, 2015), and the production of toxins in A. actinomycetemcomitans (Belibasakis et al., 2019).

All of the candidate probiotic strains tested conferred a degree of protection to infection. However, the extent of this protection was dependent on the species of probiotic and the pathogen under test. This is in agreement with other studies demonstrating strain and species-dependent effects of probiotics when targeted toward periodontal pathogens (Teughels et al., 2013; Montero et al., 2017). The direct protection observed could be due to competition for adhesion, acid production, production of bacteriocins, and biosurfactants (Spurbeck and Arvidson, 2010; Kohler et al., 2012; Orsi et al., 2014; Sabia et al., 2014).

The effects of simultaneously administering the probiotic strain and the pathogen to G. mellonella but in a different pro-legs were investigated to differentiate between direct competitive effects (as seen in Table 1) and immunomodulation. Data in Figure 6 suggest that there was a protective effect comparable to that observed when the probiotics were administered to the same site. This supports the hypothesis that the probiotics protect the larvae from infection via a mechanism distinct from direct competition, such as immunomodulation (Toshimitsu et al., 2017). Data in Figure 7 show the effects of administering the probiotics 24 h before pathogen inoculation. Competitive inhibition of pathogens by probiotic strains has previously been indicated as important in terms of observing a significant and relevant probiotic effect (Zhu et al., 2010; Munoz-Quezada et al., 2013). Figure 7 shows that for F. nucleatum injected 24 h after Lactobacillus rhamnosus administration, F. nucleatum injected after S. salivarius K12 and P. gingivalis injected after L. reuteri administration larval mortality was comparable to that observed in the PBS control group. This could be due to immunomodulation in G. mellonella that subsequently inhibited infection with the periodontopathogens. This observation is in agreement with a previous study that demonstrated that the experimental co-infection of G. mellonella with L. acidophilus and C. albicans reduced the number of yeast cells in the larval hemolymph and increased the survival of larvae (Ribeiro et al., 2017).

The G. mellonella larvae represent a cost-effective simple in vivo model as a preliminary investigative tool for screening the potential protective probiotic effects against periodontal and potentially other pathogens. Selected probiotic candidates showed varied probiotic activity against F. nucleatum, P. gingivalis and A. actinomycetemcomitans in both the larval model an in human oral keratinocytes, warranting further investigation of the mechanisms of interaction and applicability to human health.
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Strains Inhibition diameter (mm) Strains Inhibition diameter (mm) Strains Inhibition diameter (mm)

Control NDP K36 ND K91 ND
Chlorhexidine acetate (0.02%) 14.2 +1.9% K41 147 £ 154 K92 ND
K11 11.3+4.94 K42 ND K93 ND
K12 ND K43 ND K101 ND
K13 ND K44 ND K102 ND
K14 ND K45 ND K103 ND
K15 ND K46 ND K111 ND
K16 ND K51 ND K112 ND
K21 ND K52 ND K113 ND
K22 ND K53 8.8+ 1.08 K121 ND
K23 ND K61 ND K122 ND
K24 ND K62 ND K123 ND
K25 ND K63 ND K131 ND
K26 10.3+1.54 K71 ND K132 ND
K31 ND K72 ND K133 ND
K32 ND K73 ND K141 ND
K33 ND K81 ND K142 11.3+£1.24
K34 13.3+1.04 K82 ND K143 ND
K35 ND K83 ND

aControl: deMan-Rogosa-Sharpe media. °ND: not detectable. °Values are expressed as mean =+ SD of the inhibition diameter (mm). Results with diifferent superscript
capital letters are significantly different (P < 0.05).
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Treatment Smooth-surface caries Sulcal-surface caries Sulcal-surface severity (mean + SD)

Ds? Dm? Dx¢
Control? 55.4 + 3.7A7 30.0 + 3.6" 21.0+2.54 11.1 £3.44 ND?
Chlorhexidine acetate (0.02%) 459 +3.48 223 +2.38 11.7 £ 2.48 5.0+ 2.68 ND
K41 44.4 + 4.68 214+ 418 11.7 + 3.55 50+1.38 ND

aps: dentin exposed. ®Dm: 3/4 of the dentin affected. ©Dx: whole dentin affected. 9Control: deMan-Rogosa-Sharpe media. ©ND: not detectable. fValues followed by the
same capital letter are not significantly different from each other.
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Treatment Smooth surface Occlusal surface

Total? HP B° sd Mean Rank® Total H B S Mean Rank
Controlf 112 58 46 8 269.924 42 1 19 12 105.604
Chlorhexidine acetate (0.02%) 112 83 29 0 217.068 42 24 18 0 68.078
K41 112 88 20 4 209.668 42 19 22 1 78.298
K41 + ABY-8 112 92 17 3 201.36° 42 16 23 3 86.058

aTotal surface of each group. PHealthy tooth substance, read as 0~7 in smooth surfaces and 0~12 in occlusal surfaces. °Beginning of the demineralization, read as 8~15
in smooth surfaces and 13~24 in occlusal surfaces. 9Strong demineralization, read as =15 in smooth surfaces and >25 in occlusal surfaces. ®Statistically significant
capital differences (P < 0.05) were observed between groups assessed. fControl: deMan-Rogosa-Sharpe media.
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Gene name

cshA

Idh

gapdh

gftG1

scaA

scaR

16S rRNA

Description

Cell surface hydrophobicity

Lactate dehydrogenase

Glyceraldehyde-3-phosphate dehydrogenase

Glucosyltransferase G

Metal ABC transporter substrate-binding lipoprotein

Iron-dependent transcriptional regulator

16S ribosomal RNA

Direction

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence (5'-3')

GACAAGCAGTTCGTTGGTAAAC
GGTTCCTTGACCTGGAATAGAC
CGTTCAGTTCACGCCTACAT
CAGCTGGTTGACCGATAAAGA
CTCGCATCAACGACCTTACA
AGCAGCACCAGTTGAGTTAG
CCATCCCTTGAGTACGAGTTTC
GTGGAGTAGAGCCAACGATTAC
GGGAATATC TTGGCGGTACAA
GGTCTTGAGACTCTTGGCATAG
TAGTCCACCATCTGGGCTATAC
GCCAACTTGAAGGCCATTTC
CCATAGACTGTGAGTTGCGAAC
CCGTCCCTTTCTGGTAAGATAC

Product Size (bp)

264

328

557

564

288

281

427
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Genename Description Direction Sequence (5'-3') Product Size (bp)

CSH1 Cell surface hydrophobicity Forward GCTGTCGGTACTATGAGATTGG 245
Reverse CTGTCTTCTGCGTCGTCTTT

ZRT1 Zinc-regulated transporter Forward ATGCCCGTGATACTGGAAAG 312
Reverse GGGTGATCAATGCAAACATGAG

NRG1 Transcription factor/co-repressor Forward ACTACAACAACCTCAGCCATAC 254
Reverse CAAGGGAGTTGGCCAGTAAA

PRA1 pH-regulated antigen Forward CGCTGACACTTATGAGGAAGTC 258
Reverse CTAGGGTTGCTATCGGTATGTTG

TDH3 Glyceraldehyde-3-phosphate dehydrogenase Forward GTCGCCGTCAACGATCC 455
Reverse GTGATGGAGTGGACAGTGGTC
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Periodontal pathogen Candidate probiotic

L. rhamnosus L. reuteri S. salivarius K-12

P, gingivalis 18941 15 2 2042
F. nucleatum 11 L2 156 +£1 20+0
A. actinomycetemcomitans 33+2 24+0 41 +£2

Determined using agar well-diffusion assays. Values are zones of inhibition (mm)

and represent mean + SEM from three separate experiments.
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Gene ID

GGTG_03282
GGTG_10566
GGTG_10011
GGTG_08754
GGTG_06400
GGTG_12447
GGTG_06631
GGTG_05929
GGTG_13651
GGTG_07328
GGTG_00233
GGTG_08345
GGTG_08028
GGTG_07717
GGTG_08722
GGTG_07931
GGTG_12291
GGTG_05152
GGTG_08620
GGTG_05151
GGTG_02030
GGTG_02188
GGTG_03806
GGTG_09078
GGTG_10994
GGTG_11842
GGTG_03493
GGTG_11826
GGTG_11845
GGTG_03814
GGTG_11844

Ggt

5.29
11.38

4.39

3.94
9.83
—2.09
10.54
8.98
12.22
10.69
10.156
5.68
4.03
3.18
2.03
3.04
3.95
3.94
3.32

4.28
4.86
4.11
10.71
1.95
9.68
roead
5.90
5.97

Bv+Ggt

2.90

1.79
2.97

8.25
6.96
9.88
8.20
3.97

1.65

2.36

—1.62

7.84

5.97

Bv+Ggt_vs_Ggt

—2.33
—4.80
—2.38
—2.54
1.96
—2.56
—3.93
1.42
—2.23
—1.96
—2.28
—2.44
—4.05
—1.65
—2.50
—1.47
—1.563
—2.48
—-1.52
-2.20
—-2.13
—1.94
—2.32
—4.59
—2.25
—2.82
—2.85
—3.66
—4.11
—2.92
—3.62

Protein name Secreted protein
Para-nitrobenzyl esterase Yes
Cutinase 1 Yes
Catalase-3 Yes
Endothiapepsin Yes
Tyrosinase Yes
Arylsulfatase-like protein Yes
Cell wall protein Yes
Hypothetical protein Yes
Hypothetical protein Yes
Hypothetical protein Yes
Diaminopimelate decarboxylase Yes
Hypothetical protein Yes
Cell wall protein Yes

Copper-transporting ATPase 1
Sodium/phosphate symporter

Putative nucleosome assembly protein
2-hydroxyacid dehydrogenase
Arsenical-resistance protein

L-ornithine 5-monooxygenase
NADPH-dependent FMN reductase ArsH
Aldehyde reductase ii

Glycosyl Hydrolase-glycosidase superfamily
NAD(P)-binding protein

ubiE/COQ5 methyltransferase

Glycosyl transferase, family 25

Putative cytochrome P450 monooxygenase
Integral membrane protein

Cyclohexanone -monooxygenase

Putative ABA3 protein

AhpD-like protein

Putative cytochrome p450 monooxygenase
protein/pisatin demethylase protein

PHI

PHI:2032
PHI:2383
PHI:1034

Gat, the comparison of total Ggt transcriptome on wheat roots compared to Ggt on PDA plate; Bv+Ggt, the comparison of total Ggt transcriptome on wheat roots
pretreated by Bv compared to Ggt on PDA plates; Bv+Ggt_vs_Ggt, the comparison of total Ggt transcriptome on wheat roots pretreated by Bv compared to Ggt on

wheat roots. “—”

represents negative values (downregulation).
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TR1341 ORF

FSY75_36865

FSY75_17865

FSY75_04245

FSY75_26430

S. coelicolor
homolog

SCO1782

SCO2534

SCO3882

SCO4978

Similar to

Bifunctional tRNA methyl-transferase/TIyA
hemolysin of Mycobacterium tuberculosis
(AQO55200.1) and Brachyspira (former Treponema)
hyodysenteriae (APP13931.1)

HlyC/CorC family magnesium and cobalt efflux
protein - TlyC family: hemolysin C of Brachyspira
hyodysenteriae (ACN83901.1) and Co?* -resistance
protein CorC of Salmonella typhimurium (TKE78380.1),
TlyC hemolysin of Rickettsia prowazekii (CAA7T2456.1)
HylA/YidD, Aeromonas hydrophila B-hemolysin
(WP_011707926.1)

YqfA family hemolysin Il family, e.g., Escherichia
coli (ANK03204.1)

Surrounding genes relevant to putative survival in
the host

Fe3*-siderophore ABC-type transporter (Rahman
et al., 2010; Forrellad et al., 2013; Rahman et al., 2015)

Adenosine deaminase (Lee and Yilmaz, 2018)
Methalo beta-lactamase (Somboro et al., 2018)

Heat shock-inducible repressor and Dnad chaperone
(Forrellad et al., 2013)

Thioredoxin, thioredoxin reductase (May et al., 2019)

Aspartate aminotransferase (Wang et al., 2016)
Phosphoenolypyruvate carboxykinase (Forrellad et al.,
2013)

Thymidylate kinase (Challacombe et al., 2014)

Gene Bank Accession numbers of homologous proteins given in brackets. The last column of the table shows genes that are encoded in the close vicinity of the putative
hemolysin genes and may play roles in the bacteria survival in the host tissue. Protein family names are shown in bold.
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Microorganism

Micrococcus luteus
Staphylococcus epidermidis
Staphylococcus epidermidis
Staphylococcus aureus
Staphylococcus aureus
Staphylococcus aureus Aagr
Pseudomonas aeruginosa

Strain

2665
1457
1457
SH1000
SH1000
SH1000
PAO1-Nottingham

Plasmid Antibiotic resistance

Furazolidone, Nalidixic acid, Colistin (all at 10 wg/ml)
Nalidixic acid, Colistin (all at 10 wg/mi)

pSB2019-gfp Chloramphenicol, Nalidixic acid, Colistin (all at 10 pg/ml)
pSB2019-gfp Chloramphenicol, Nalidixic acid, Colistin (all at 10 pg/ml)
pmMKAT Erythromycin (20 pg/ml) Nalidixic acid, Colistin (both at 10 pg/mi)

Tetracycline, Nalidixic acid, Colistin (all at 10 wg/ml)
pMEB032-mCherry  Tetracycline (125 ug/ml)

References

Rokem et al., 2011
Galac et al.,, 2017

This study

This study

This study

This study

Heeb et al., 2000;
Ortori et al., 2011
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Antibiotic No biofilm
Ciprofloxacin 76.67 £ 5.77
Delafloxacin 160 £ 5
Oxacillin 120 & 17,32
Rifampicin 1005
Vancomycin 40+ 5

No antibiotic 0+0

*Denotes significance using t-test (o < 0.05).

Zone of Inhibition (MM)

S. aureus biofilm

78.33 + 7.63
150+ 5
123.33 £ 156.27
95+5
13.33 £ 12.58

C. albicans biofilm

75 + 8.66
150 £ 0
1156 £ 18.03

96.67 + 2.89
35+0

Polymicrobial biofilm

76.67 £5.77
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Strain Lab strain Origin  Accession # Year Anti-S. aureus Contact Bactericidal vs. References
designation isolated activitys dependent vs. Bacteriostatic
e — Independent
2014.N LAC Mu50

Staphylococcus aureus test strains

S. aureus LAC DSM1485 Blood NC_002758.2 2005 N/A N/A N/A Voyich

et al. (2005)
S. aureus 2014.N DSM1416 Nose N/A 2012 N/A N/A N/A Hardy et al.

(2019
S. aureus Mu50 DSM1633 Abscess NC_002758.2 1997 N/A N/A N/A Kuroda

et al. (2001)
Acinetobacter clinical isolates
A. baumannii-1 DSM1675 Wound MN175920 2016 Strong Weak Weak Dependent4 Bactericidaly This Study
A. baumannii-2 DSM1676 Wound MN175921 2016 Strong Weak None Dependent4 Bacteriostatic+ This Study
A. baumannii-3 DSM1923 Wound MN175922 2016 Strong Weak Weak Dependent4 Bacteriostatic+ This Study
A. baumannii-4 DSM1924 Wound MN175925 2016 None  Weak Weak Not Tested Not Tested This Study
A. baumannii-5 DSM1917 Blood MN175926 2016 None  Weak Strong Dependents Not Tested* This Study
A. baumannii-6 DSM1762 Wound MN175924 2016 None  Weak Strong Dependents Bactericidalz This Study
A. baumannii-7 DSM1918 Wound MN175923 2016 None  Weak Weak Not Tested Not Tested This Study
Corynebacterium clinical isolates
C. amycolatum-1 DSM1914 Nasal MN175942 2016 Weak None None Not Tested Not Tested This Study
C. amycolatum-2 DSM1567 Nasal MN175937 2016 Weak None Strong Independents Bactericidalg This Study
C. aurimucosum-1 DSM1560 Urine MN175936 2016 Strong None Weak Independent Bacteriostatic+ This Study
C. aurimucosum-2 DSM1678 Wound MN175938 2016 Weak None Strong Independents Bacteriostatics ~ This Study
C. aurimucosum-3 DSM1912 Wound MN175945 2016 None  None Strong Dependents Not Tested* This Study
C. aurimucosum-4 DSM1913 Wound MN175932 2016 None  None Weak Not Tested Not Tested This Study
C. jeikeium DSM1915 Would MN175945 2016 None  Weak None Not Tested Not Tested This Study
C. striatum-1 DSM 1564 Wound MN175927 2016 Weak None Weak Not Tested Not Tested This Study
C. striatum-2 DSM 1566 Blood MN175947 2016 Strong None None Independent Bacteriostatic+ This Study
C. tuberculostearicum DSM1925 Nasal MN175944 2016 None  None Weak Not Tested Not Tested This Study
Microbacterium clinical isolates
M. paraoxydans-1 DSM1919 Nasal MN175940 2016 None  Weak Weak Not Tested Not Tested This Study
M. paraoxydans-2 DSM1920 Wound MN175935 2016 None  Weak Weak Not Tested Not Tested This Study
Staphylococcus clinical isolates
S. epidermidis-1 DSM1679 Would MN175939 2016 Strong Strong Weak Independent Bacteriostatic+ This Study
S. epidermidis-2 DSM1759 Wound MN175929 2016 Strong Strong Weak Dependent4 Bactericidaly This Study
S. epidermidis-3 DSM1760 Wound MN175930 2016 Strong Strong Weak Independent Bactericidaly This Study
S. epidermidis-4 DSM1922 Wound MN175931 2016 Strong Strong Weak Dependent4 Bactericidaly This Study+
S. epidermidis-5 DSM1761 Nasal MN175933 2016 Weak Weak None Not Tested Not Tested This Study
S. hominis DSM1916 Wound MN175934 2016 Strong Strong Weak Dependent4 Bactericidaly This Study
S. saprophyticus DSM1655 Urine MN175941 2016 Weak  Strong Weak Independent, Bactericidalp This Study
Other clinical isolates
Agromyces sp. 3098BRRJ  DSM1921 Wound MN175928 2016 None  None Weak Not Tested Not Tested This Study
Mycobacterium yunnanensis DSM1677 Wound MN175946 2016 Strong None Weak Dependent4 Bacteriostatic+ This Study

Subscript “1” indicates assay was tested against S. aureus 2014.N. Subscript “2” indicates assay was tested against S. aureus LAC. Subscript “3” indicates assay was
tested against S. aureus Mu50. Subscript “4” indicates strong anti-S. aureus activity defined as follows: ZOC was completely transparent, >2 mm, and a defined edge at
72 h. Weak anti-S. aureus was defined as follows: ZOC was not completely transparent, with a hazy and undefined edge at 72 h. None indicates a ZOC was not present
at 72 h. A ™” indicates that the ZOC was too small to perform Bactericidal vs. Bacteriostatic assays. “N/A” denotes information that was unavailable or not applicable.





OPS/images/fmicb-10-03028/cross.jpg
3,

i





OPS/images/fmicb-10-03028/fmicb-10-03028-g001.jpg





OPS/images/fmicb-10-02977/fmicb-10-02977-g004.jpg
S. sap

28

C. amy-2 C. aur-1

[ ] inhibitory Clinical Isolates

|:| Strongly Inhibitory Clinical Isolates

- Contact-Independent Clinical Isolates l





OPS/images/fmicb-10-02977/fmicb-10-02977-g005.jpg
[] side ZOC

3 [ Outside ZOC
g 104
g I i g
B NI 9 g f
5 J
¢ 1" 2
ol i = H |:|
3 H
g H e I
0.1 T T T T T T T T T T T T T T
o o o - v o o2 v e v Y N &
Y v g i \Y N W N \ & Q
U U N ST L G Y T Y S R &





OPS/images/fmicb-10-02977/fmicb-10-02977-g006.jpg





OPS/images/fmicb-10-02977/fmicb-10-02977-g007.jpg
>
=9
(=]
C

Percent survival

Percent survival

Percent survival

@
50—
0 T T T -
0 24 48 72 96 120
Time
100 ¥ —
) .—l___. i
50— i
7 |
- |
|
- A- -
o T T T T 1
0 24 48 72 96 120
Time
h |
50—
o T T T T 1
) 24 48 72 96 120

Time

¥
A
_‘.
.

*

*

*

*
*
4
. 3
>
- -

*

%
*
@
_‘.
>
-

*

Untouched
PBS
2014.N 107
Mu50 107
Lac 107

Untouched
PBS
2014.N 108
Mu50 108
Lac 108

Untouched
PBS, BHIT
LAC108, BHIT
LAC108, S.epi-3
LAC108, S. sap





OPS/images/fmicb-10-02977/fmicb-10-02977-g001.jpg
None LAC






OPS/images/fmicb-10-02977/fmicb-10-02977-g002.jpg
A 2014.N LAC Mu50 B 2014.N
24

Agro sp.

A. bau-1 .
A. bau-2 5 epil
A. bau-3
A. bau-4
A. bau-5
A. bau-6

S. hom
A. bau-7

C. amy-1
C. amy-2

C. aur-1

C. aur-2 |2.69 3.07
C.aur-3 |0.00 0.00 S. epi-1
C. aur-4 10.00 0.00

C. jei | 0.00 0.00
C. str-1 | 2.35  3.55
C str-2 (3.09 2.72 "N [S
C.wb (0.00 0.00 0.00|0.00
S. epi-1 |3.39 3.48 2.95|2.93
S. epi-2 3.35m3.89 3.25 - =1)12.33 3.01 3.47
S. epi-3 12.94 3.35 3.50|2.68 1.27 1.76 2.57
S. epi-4 | 2.33 2.70 2.69(3.33 3.66 3.74|1.65 3.50 3.82

S. epi-5 | 3.32 2.76 m 1.87

S. hom |1.69 2.99 2.48(1.71 2.06 2.28 |1.79 2.55 2.55

S.sap | 2.83 3.24 2.66 wmtﬂi 2,98 2.98

M. par-1 |0.00 0.00 0.00|1.63 2.28 2.36|0.49 3.04 3.82

1.44 2.76 2.60 S. hom

1.57 1.65 1.65

%110.00 0.00 0.00

S. epi-1

M. par-2 ({0.00 0.00 0.00(1.14 2.28 2.28|0.49 1.46 1.68
M.yun (2.11 2.76 3.17|0.00 0.00 0.00(0.00 2.90 2.41 5. honi

T T
L 1






OPS/images/fmicb-10-02977/fmicb-10-02977-g003.jpg





OPS/images/fmicb-10-02713/fmicb-10-02713-g008.jpg
Pyocyanin Concentration (ug ml'1)

ns
' ns '
2 0 = I_I I
15-
10-
5 ) n
0-Lm = =1
] J J
W S &
S N >
,00 ¢°° 'oO\b
P ® <°
& &
Qv Qv. rQQQ
@

Hl Continuous-flow
B Aerobic Batch
3 Stirred Batch





OPS/images/fmicb-10-02713/fmicb-10-02713-g009.jpg
ns

ns

|
Q
o
~—

0-8.5—
10-9_

10-7_
10-7.5_

1

UOISIAI(] ||99 48d suoljeln|p

Time (Hours)





OPS/images/fmicb-10-02713/fmicb-10-02713-g004.jpg
Continuous-Flow Culture

10°-
108-
107 -
106+ -
105—
104-
103-
102-

CFU ml’

oML WU Wil WU EU =0 =0
0 3 6 24 48 72 96

Time (Hours)

C Stirred Batch Culture

109_
108-
10?_
105-{ W .

CFU mil’

104 - k %k
103_
102_
101ﬁ
100_ u - - o u

0 - 6 24 48 72 96

Time (Hours)

CFU ml’

1010-‘
109;
103!
10?;
106—
105—
104_
103—
102_
101_

190- LML

El PA
= CA

Aerobic Batch Culture

3 6 24 48

Time (Hours)

% %k %k %k

72

Xk %k

% 3k 2%k %k

96





OPS/images/fmicb-10-02713/fmicb-10-02713-g005.jpg
CFU ml’

CFU ml’

Continuous-Flow Culture

T 106+

108_
107;
106;
105—
104_
103_
102_
101_

= —~

6

24

48

Time (Hours)

|
72

Stirred Batch Culture

* %k %k

| g

* % %k

96

* Xk k

100

|
6

T
24

I
48

Time (Hours)

|
72

|
96

1010 -
10°-
108-
107

:105ﬁ
I.Lt104_
103~
102
101

Aerobic Batch Culture

* %k

* %

* Xk Xk

* %k

10014,

J SA
= CA

| | |
3 6 24

|
48

Time (Hours)

|
72

|
96





OPS/images/fmicb-10-02713/fmicb-10-02713-g006.jpg
A Continuous-Flow Culture B Aerobic Batch Culture
109~ 1010
108- 10°-
107~ 10°- * % %
- 106- - 107 — |
E 105- € 10°- ; .
= 104 - 10°-
o 10%- L 104- ok % %
O ans_ ,
1% 103-
102- 102-
101 - 101-
100- 1o 1ML WUN WHI WUN WIHN B WU
6 24 48 72 96 0 3 6 24 48 72 96
Time (Hours) Time (Hours)
C Stirred Batch Culture
Hl PA
1010 -
e 3 SA
10°4 x B CA
107- f
= 106- *
S 10s- T ek
> ol
L 104-
Ls 104
103_
102_
101_
100-—%

3 6 24 48 72 96

Time (Hours)





OPS/images/fmicb-10-02713/fmicb-10-02713-g007.jpg
>

PQS Concentration (uM)

(@

BHL Concentration (uM)

w
[

N
[

-
1

o
|

&G
&
00
v
Y
\&

N w = )
| 1 | ]

OdDHL Concentration (uM) ®
1

(=]
|

iRN0 0 N

Continuous-flow (24
Hours)

Continuous-flow (96
Hours)

Aerobic Batch (24 Hours)
Aerobic Batch (96 Hours)
Stirred Batch (24 Hours)
Stirred Batch (96 Hours)






OPS/images/fmicb-10-02713/fmicb-10-02713-e000.jpg
1 (n—n)
=m (b —t)





OPS/images/fmicb-10-02713/fmicb-10-02713-g001.jpg
Multichannel Peristaltic Pump

Culture vessel (100 ml Gi-gpoorst HPLC
Duran flask) Crew cap

\ __—

Reservoir of artificial
sputum media (ASM)

"4
S /

Discard jar

N

e N

_ ) > ) L Y

Magnetic Stirrer






OPS/images/fmicb-10-02713/fmicb-10-02713-g002.jpg
B
0.5+ 2.0-

1.5-

oD 600,
&
|

0.5

I 0.0IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
25 0 20 40 60

Time (Hours) Time (Hours)






OPS/images/fmicb-10-02713/fmicb-10-02713-g003.jpg
CFU ml’

CFU mi!™"

10°-
108
107 -
106+
105
104
103
102+
101~

100+

Continuous-Flow Culture

3 6

24

48

Time (Hours)

72

Stirred Batch Culture

3 6

24

H %

48

Time (Hours)

96

1010
10°-
103;
107+
105_
10°5-
104_
103+
102_
101+

CFU ml’

100-

Aerobic Batch Culture

Time (Hours)

PA
SA





OPS/images/cover.jpg
INTERSPECIES INTERACTIONS: EFFECTS
ONVIRULENCE AND ANTIMICROBIAL
SUSCEPTIBILITY OF BACTERIAL AND

FUNGAL PATHOGENS

P frontiers Research Topics





OPS/images/fmicb-10-02803/fmicb-10-02803-g008.jpg
Ratiometric iRed Greenil

Low Membrane Potential

T
x
Q
o

4.0K
3.0K 7
1.0K 7

m SJUBAT JO JB3qUINN

r T T T T 1
(= o o o o o
n < o~ N -

|enuajod aueiquiajy
< MOT UM s||9) Jo abejuaaiad





OPS/images/fmicb-10-02803/fmicb-10-02803-g004.jpg
Humber of Events

3.0k

Humber of Events

1.5K =

1.0K =

500 =

Humber of Events

2.0k
15K =

1.0K =

[ I I e e






OPS/images/fmicb-10-02803/fmicb-10-02803-g005.jpg
100
108
107
Eos
2108
Ol
103

o0

0

20

40
Time (hours)

60

80

Time (hours)

100
108
107
Eos
108

104

108

20 40
Time (hours)

60





OPS/images/fmicb-10-02803/fmicb-10-02803-g006.jpg
0.8

1 ] 1
© p N
o o o

(1/B) @soan|9

Time (hours)





OPS/images/fmicb-10-02803/fmicb-10-02803-g007.jpg
0.000004- *

0.000003

>
L
O
o
= 0.000002-
<
=
=

0.000001 1

0.000000






OPS/images/fmicb-10-02803/cross.jpg
3,

i





OPS/images/fmicb-10-02803/fmicb-10-02803-g001.jpg
1010
10°
108
107

108
5105
5104
10°
102
10
100






OPS/images/fmicb-10-02803/fmicb-10-02803-g002.jpg
CFU/mL

CFU/mL

1010
10°
108
107
108
108
104
103
102
101

10°4

Control

10‘0
10°
108
107
106
105
104
103
102
101
100

Time (hours)

Rifampicin

60

80

20 40
Time (hours)

60

CFU/mL

CFU/mL

1010
10°
108
107
106
105
104
103
102
101

100

Ciprofloxacin

0%+

1010
10°
108
107
106
105
104
103
102
101

40 60
Time (hours)

Vancomycin

80

1004

20 40
Time (hours)

60

CFU/mL

CFU/mL

—_ Oxacillin

10°

108

107

106

105

104

103

102

101

1004 T T 1
0 20 40 60

Time (hours)

Delafloxacin
1010
10°
108
107
108
105
104
103
102
101
1004 T T T 1
0 20 40 60 80

Time (hours)






OPS/images/fmicb-10-02803/fmicb-10-02803-g003.jpg
2 !
|.n;...,.m.m

T e e

3 ”
o o

&
S =)
|
|

- -
@® ©
:I:a (=3

O R






OPS/images/fmicb-10-02713/fmicb-10-02713-t001.jpg
Strain

PAO1

ATCC 25923

SC5314
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Description

Pseudomonas aeruginosa, spontaneous chloramphenicol-resistant derivative. Used worldwide as a
laboratory reference strain (isolated Melbourne, 1954).

Staphylococcus aureus Rosenbach (ATCC® 25923D-5™), methicillin sensitive clinical isolate. Laboratory
reference strain lacking recombinases and mecA (isolated Seattle, 1945).

Candida albicans, clinical isolate commonly used as a wild-type laboratory reference strain (isolated
New York, 1980s).

PQS biosensor strain. ApgsA mutant of PAO1 containing a pgsA promoter:: luxCDABE fusion integrated at
a neutral site in the chromosome.

OdDHL biosensor strain. Escherichia coli JM109 containing pSB1057.
BHL biosensor strain. Escherichia coli JM109 containing pSB536.
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