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Sixty-One Volatiles Have Phylogenetic Signals Across Bacterial Domain and Fungal Kingdom
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Microorganisms are diverse in their genome sequences and subsequently in their encoded metabolic pathways, which enabled them to adapt to numerous environmental conditions. They produce thousands of small molecules, many of which are volatiles in nature and play important roles in signaling in intra- and inter-species to kingdom and domain interactions, survival, or virulence. Many of these compounds have been studied, characterized, and organized in the mVOC 2.0 database. However, such dataset has not been investigated comprehensively in terms of its phylogeny to determine key volatile markers for certain taxa. It was hypothesized that some of the volatiles described in the mVOC 2.0 database could function as a phylogenetic signal since their production is conserved among certain taxa within the microbial evolutionary tree. Our meta-analysis revealed that some volatiles were produced by a large number of bacteria but not in fungal genera such as dimethyl disulfide, acetic acid, 2-nonanone, dimethyl trisulfide, 2-undecanone, isovaleric acid, 2-tridecanone, propanoic acid, and indole (common bacterial compounds). In contrast, 1-octen-3-ol, 3-octanone, and 2-pentylfuran (common fungal compounds) were produced primarily by fungal genera. Such chemical information was further confirmed by investigating genomic data of publicly available databases revealing that bacteria or fungi harbor gene families involved in these volatiles’ biosynthesis. Our phylogenetic signal testing identified 61 volatiles with a significant phylogenetic signal as demonstrated by phylogenetic D statistic P-value < 0.05. Thirty-three volatiles were phylogenetically conserved in the bacterial domain (e.g., cyclocitral) compared to 17 volatiles phylogenetically conserved in the fungal kingdom (e.g., aristolochene), whereas 11 volatiles were phylogenetically conserved in genera from both bacteria and fungi (e.g., geosmin). These volatiles belong to different chemical classes such as heterocyclic compounds, long-chain fatty acids, sesquiterpenoids, and aromatics. The performed approaches serve as a starting point to investigate less explored volatiles with potential roles in signaling, antimicrobial therapy, or diagnostics.
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INTRODUCTION

Microorganisms are among the most successful organisms in surviving on earth at different environmental conditions and under different stresses (Hengge and Storz, 2011). One of their most impressive attributes for such adaptation tactics lies in their extensive metabolic diversity, which enabled them to synthesize a repertoire of organic compounds (Fondi et al., 2009; Wilmes et al., 2009). These organic compounds serve numerous functions to the individual producers and/or the whole community, e.g., as signaling molecules at the intra- and inter-species to kingdom and domain levels (Ryu et al., 2003; Kai et al., 2009). A significant number of such organic compounds have low molecular mass (100–300 Daltons), typically small compounds (up to C20), often with low boiling point, and high vapor pressure, classically denoted as “volatile organic compounds” (VOCs) (Schulz and Dickschat, 2007).

The analysis of microbial VOCs (mVOCs) is complicated by virtue of their chemical complexity and the growth medium components used for bacterial growth (Schulz and Dickschat, 2007). The VOC profiles from clinical and food samples are generally more complex than those derived from pure bacterial cultures grown in vitro, which can be considered artificial (Farag et al., 2017). Improved analytical methods are thus needed to ensure comprehensive detection and determination of bacterial volatile profiles under different conditions. Most commonly employed methods for airborne volatile analysis from microbes rely on headspace analysis, in which VOCs from a dynamic airflow over a culture are bound onto an adsorbent filter and then released by rinsing the filter with organic solvents (Timm et al., 2018). Additionally, volatiles can also be sampled in the absence of airflow, using a solid-phase microextraction (SPME) fiber, followed by direct analysis in a heated gas chromatography (GC) (Farag et al., 2013). For a detailed review on mVOC detection methods, please refer to the review by Audrain et al. (2015).

Over 2,000 mVOCs have been detected from around 1,000 bacterial and fungal species, which have been systematically organized in the mVOC 2.0 database1 (Lemfack et al., 2014, 2018). In this database the user can search using numerous features or options such as mass spectrum, Kovat’s index, compound class, chemical ID, etc. However, no comprehensive analysis has been performed to investigate the presence or absence of any VOC pattern in such volatilome profile datasets or search for fingerprint VOCs among the different bacterial and fungal taxa. Consequently, the major goal of this study was to test for potential phylogenetic signals in the bacterial and fungal volatilomes. The approach employed is the phylogenetic signal testing, which is defined as the affinity of related taxa to resemble each other in a trait (i.e., production of a specific volatile or set of volatiles) more than they resemble other taxa randomly drawn from the phylogenetic tree (Münkemüller et al., 2012). Such an approach has been thoroughly utilized and successfully used in ecological context to identify phylogenetic patterns in many binary and continuous traits. This was exemplified by numerous groups in the identification of volatile emissions from various eukaryotic species (e.g., identifying volatile terpenes in tropical tree species) (Fritz and Purvis, 2010; Suinyuy et al., 2013; Courtois et al., 2016; Choudoir et al., 2019; Friberg et al., 2019; Hunt et al., 2019).



MATERIALS AND METHODS


Dataset Preparation

A published dataset of volatiles was used in this study. This dataset was obtained from the mVOC 2.0 database2 (Lemfack et al., 2014, 2018), which included volatiles collected from ca. 300 original publications. In the original publications, volatile detection methodology was non-standardized and differed significantly in the sample preparation, collection, and analysis. Moreover, the volatilome size was skewed toward certain species or even strains rather than others (e.g., due to their medical or industrial importance). Because of these limitations and to reduce the number of false-positive results, we agglomerated the dataset at the genus level and analyzed the dataset in a qualitative matter (i.e., volatiles present or absent). Furthermore, compounds’ stereochemistry was not considered because different studies were not consistent in detecting the different isomers of compounds. Genera and volatile names were carefully and manually checked for typos, then duplicates were removed. Finally, several misannotated volatiles were excluded from the analysis. This significantly reduced the size of the dataset to 25% of its original volatiles number finally including a total of 474 volatiles across 221 genera. All following analyses were performed in the R Statistical Environment (R Core Development Team3) version 3.6.2.



Phylogenetic Reconstruction and Visualization

Phylogenetic tree of microorganisms, based on the quality checked and aligned ribosomal (r)RNA sequences, was obtained from the SILVA rRNA database project (SILVA SSU release 1324) (Quast et al., 2013; Yilmaz et al., 2014). The phylogenetic tree was reconstructed using R packages adephylo (Jombart et al., 2010), phylobase5, phylosignal (Keck et al., 2016), ape (Paradis et al., 2004), and phytools (Puckridge et al., 2013). The phylogenetic tree was pruned to taxa of which mVOCs were included in this analysis. Finally, the phylogenetic tree was visualized and annotated using the Interactive Tree of Life (iTOL) version 5.6.1 (Letunic and Bork, 2019).



Multivariate Analysis

Multidimensional scaling (MDS) plot was generated using R packages vegan6 magrittr7, dplyr8, and ggpubr9. Distance matrix was computed using binary method due to the rather qualitative nature of the data, with each volatile designated by a 0 in case of being absent versus 1 when present. The R package vegan was used to test for statistical differences in the volatilomes between taxa by implementing permutational analysis of variance (ANOVA) following 999 permutations.



Measurement of Phylogenetic Signal of Individual Volatiles

To test for a phylogenetic signal for binary traits, we used phylogenetic D statistic for each volatile found in more than one species (Fritz and Purvis, 2010). This index was calculated using the R package caper10. The D statistic is equal to 1 if the observed binary trait has a phylogenetically random distribution across the tips of the phylogeny and equal to 0 if the observed trait is phylogenetically clustered as if it had been evolved by Brownian motion (null expectation). Using 1,000 permutations, a P-value is generated to test whether the observed value of D is significantly different from 1 (a random distribution) or 0 (the null expectation). Volatiles with a P-value < 0.05 were deemed significant.



Volatiles Chemical Classification

To consistently annotate volatiles with their appropriate chemical class, first, we used PubChem to retrieve the corresponding IUPAC name11 (Kim et al., 2019). Then, web-based application, ClassyFire12 was employed for automated structural classification of volatiles based on their IUPAC names (Djoumbou Feunang et al., 2016).



RESULTS AND DISCUSSION


Multivariate Analysis of the Bacterial and Fungal Volatilomes

Prepared mVOC dataset included 474 volatiles and 221 genera across the microbial tree of life and comprised 120 bacterial genera and 101 fungal genera. Multivariate data analysis of bacterial and fungal volatilomes showed differences at the kingdom (fungal) and domain (bacteria) level with R2 = 0.03751 and P = 0.001 by permutational multivariate analysis of variance (PERMANOVA) (Figure 1). At lower taxa levels, the explained variation increased and was highest at the family level with R2 = 0.72008 and P = 0.001 by PERMANOVA. This suggests that the optimum amount of variation in the volatilome profiles was explained more at the family level, which was 72% of the total variance. Volatilomes of Alteromonas, Halomonas, Photobacterium, Plantibacter, Pseudoalteromonas, Rhizobium, Roseovarius, Sphingomonas, Variovorax, and Zoogloea clustered separately at the bottom left corner of the multidimensional scaling (MDS) plot than the volatilomes of the other bacteria. After further analysis, it was revealed that these ten bacterial species were separated due to the very small volatilome size possibly due to the lack of investigations rather than the actual volatilome size or profile. Therefore, these bacteria should be investigated in more detail in the future to clarify whether the limited complexity of their volatilomes is a characteristic determinate. It can be speculated that these bacteria perform specialized metabolism due to their specialized ecological roles, e.g., Rhizobium species are symbiotic bacteria that act cooperatively with plant roots of the legume family; Halomonas species have been found in a variety of saline environments, including estuaries, ocean and saline lakes as it grows in the range of 5–25% NaCl; while Zoogloea cells form tree-like colonies/populations within a colloidal matrix indicating that their metabolism depends on individual cells and intercellular signal communication. At the phylum level, differences were also observed among microbial volatilome profiles with R2 = 0.12071 and P = 0.001 by PERMANOVA (Figure 2). This suggests that ∼12% of the data variance is explained by taxa classification at the phylum level. Several Proteobacteria genera (dark orange) (Citrobacter, Enterobacter, Klebsiella, Proteus, and Shigella) and Basidiomycota genera (dark green) (Amanita, Cantharellus, Cortinarius, Cystoderma, Gomphidius, Hydnum, Hygrophorus, Mycena, Suillus, and Tricholoma) were nicely separated from the bulk.
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FIGURE 1. Multidimensional scaling plot of the volatilome profiles from bacterial and fungal genera differentiated at the domain (bacteria) and kingdom (fungi) level. The bottom left corner shows the clustering of the genera with very small volatilome sizes.
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FIGURE 2. Multidimensional scaling plot of the volatilome profiles from bacterial and fungal genera differentiated at the phylum level. The top left corner shows the clustering of the Basidiomycota genera, while the bottom right shows the clustering of a few Proteobacteria genera.




Volatiles Frequency and Distribution Among Bacterial and Fungal Genera

Among all volatilomes, 34 volatiles were produced by at least 10% of all included genera (Table 1). Numerous volatiles such as dimethyl disulfide, acetic acid, 2-nonanone, dimethyl trisulfide, 2-undecanone, isovaleric acid, 2-tridecanone, propanoic acid, and indole were produced by a significant number of bacterial genera (>75%) rather than by fungal genera. These compounds can be characterized as “typical bacterial VOCs,” and literature shows that they have been documented to be produced by bacterial species (Bos et al., 2013; Fincheira and Quiroz, 2018; Caspani et al., 2019).


TABLE 1. Volatiles that are produced by at least 10% of the bacterial and fungal genera.

[image: Table 1]As a case study, we considered dimethyl disulfide and dimethyl trisulfide, which are byproducts derived from methionine amino acid degradation. This process is catalyzed by the enzyme L-methionine γ-lyase that carries the conserved domain PRK06234 (Hanniffy et al., 2009; Marchler-Bauer et al., 2017). All proteins registered in the National Center for Biotechnology Information (NCBI) Reference Sequence (RefSeq) database that harbor the same domain structure (Marchler-Bauer et al., 2017) were identified. Among 552,557 proteins, 94.44% of the protein sequences belonged to the species in the bacterial domain, while 5.56% belonged to the fungal kingdom – after normalization to the total number of bacterial and fungal protein sequences in RefSeq Release 93. Genomic data supports volatilome analysis regarding the prevalence of sulfur amino acid metabolism in the majority of bacterial species to generate respective VOCs. It appears that the volatile sulfur metabolism is dominated by bacteria rather than by fungi, which indicates a differential impact on the ecological roles of both phyla. The volatilomes, however, may be biased, as growth media used in in vitro culturing influence microbial metabolism and respective product profiles, including the volatilomes. In the lab, bacteria are usually grown on Luria-Bertani (LB) agar or nutrient broth (NB) agar complex media which are protein-rich, while the typical fungal medium is potato dextrose agar (PDA), which is carbon-rich (Velez et al., 2018).

Moreover, a fewer number of volatiles were produced mainly (>75%) by fungal rather than bacterial genera such as 1-octen-3-ol, 3-octanone, and 2-pentylfuran and can be considered common fungal VOCs (Table 1). Interestingly, 1-octen-3-ol, 3-octanone, and 2-pentylfuran are known as lipid peroxidation and degradation products of linoleic acid in Aspergillus species, e.g., A. fumigatus and A. flavus (Heddergott et al., 2014; Miyamoto et al., 2014). Whether 1-octen-3-ol, 3-octanone, and 2-pentylfuran serve any function to these fungi has yet to be determined. 2-Pentylfuran was proposed as a marker for A. fumigatus in the breath of lung-infected patients, however, this was not further pursued due to non-specificity (Chambers et al., 2009; Mercier et al., 2018). One of the gene families involved in this reaction is the fatty acid dioxygenase, which harbors two conserved domains: cd09817 [linoleate (8R)-dioxygenase and related enzyme] and COG2124 (cytochrome P450). A genomic analysis with these conserved domains showed that among 393 proteins, 99.84% belonged to the fungal kingdom, while 0.16% belonged to the bacterial domain after normalization to the total number of fungal and bacterial proteins in RefSeq Release 93 (O’Leary et al., 2016). This mirrors the volatilome data as the majority of the genera producing those fatty acid-derived volatiles were from strains of the fungal kingdom.

To ensure that the calculated distribution patterns are not due to skewness in the datasets size, datasets were compared in terms of the volatilome richness or evenness. This richness and evenness comparison revealed no statistically significant difference between the volatilome size of the bacterial and fungal genera (Figure 3A). Moreover, no statistically significant difference between the evenness of the produced volatiles by bacterial and fungal genera was detected (Figure 3B). It is noticeable that the median of volatilome size was ∼10 volatiles, however, some genera exhibited a relatively huge volatilome size reaching up to 140 volatiles. This is again attributed to the extensive investigation of the VOC profiles of several bacteria and fungi that are important for medical, agricultural, or economical reasons. The genera are ranked in a descending order according to their volatilome size: Pseudomonas, Tuber, Penicillium, Serratia, Aspergillus, Bacillus, Streptomyces, Fusarium, Escherichia, Trichoderma, and Staphylococcus. Overall, our analyses did not show any difference in the diversity of the bacterial and fungal volatilomes.
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FIGURE 3. Volatiles richness and evenness. (A) Volatilome size richness was calculated as the total number of volatiles produced by a genus, (B) while volatiles frequency was calculated as the division of the number of genera producing a volatile by the total number of genera investigated. The non-parametric Mann–Whitney U-test was used to test for statistical significance.




Volatiles With a Strong Phylogenetic Signal

Among the 474 volatiles, 61 exhibited a significant phylogenetic signal as demonstrated by its P-value (Tables 2–4 and Figure 4). For example, for a volatile to have a significant phylogenetic signal, its corresponding phylogenetic D statistic P-value should be <0.05 (Fritz and Purvis, 2010). This means that a volatile is phylogenetically conserved more than expected under Brownian threshold model. 33 volatiles were phylogenetically conserved in the bacterial domain (Table 2 and Figure 4), whereas 17 volatiles were phylogenetically conserved in the fungal kingdom (Table 3 and Figure 4), and 11 volatiles were phylogenetically conserved in genera from both bacterial domain and fungal kingdom (Table 4 and Figure 4).


TABLE 2. Phylogenetically conserved volatiles in genera belonging to bacterial domain only.
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TABLE 3. Phylogenetically conserved volatiles in genera belonging to fungal kingdom only.
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TABLE 4. Phylogenetically conserved volatiles in genera belonging to both bacterial domain and fungal kingdom.
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FIGURE 4. Phylogenetic tree of bacterial and fungal genera annotated with the 61 phylogenetically conserved volatiles. Rows indicate the distribution of each volatile across the bacterial and fungal genera. Red circles represent the volatiles that are phylogenetically conserved among bacterial genera only. Blue squares represent the volatiles that are phylogenetically conserved among fungal genera only. Purple triangles represent the volatiles that are phylogenetically conserved among both bacterial and fungal genera. The production of volatiles is visualized in a binary fashion, filled or empty symbols indicate that a volatile is present or absent, respectively. The phylogenetic tree was visualized and annotated using the Interactive Tree of Life (iTOL) version 5.6.1.


One of the identified volatiles with a strong phylogenetic signal in the bacterial genera was the monoterpene cyclocitral. The present analysis indicated that its production is phylogenetically conserved within the cyanobacteria phylum by the genera: Calothrix, Rivularia, Plectonema, and Phormidium. This result matches previous knowledge that cyclocitral is exclusively produced by cyanobacteria (Harada et al., 2009). It causes a color change from green to blue during cell lysis (Harada et al., 2009). Cyclocitral exhibits a strong inhibitory activity against cyanobacteria (Arii et al., 2015) in what is known as a grazer defense signal, which is unique to the cyanobacterium Microcystis (Jüttner et al., 2010). It acts as chemical signal of an unsuitable food organism and a repellent to predator/grazer, therefore protecting Microcystis colonies (Jüttner et al., 2010). Monoterpene biosynthesis and emission is a prerequisite in many plant species, while so far only a few monoterpene synthases and ca. 55 sesquiterpene synthases have been isolated from bacteria (Dickschat, 2016). Therefore, it is not surprising that hedycaryol, ionone and dihydroionone were identified as strong phylogenetic signals in the present analysis. Hedycaryol acts as a defense compound in plants (Liang et al., 2018), while biological and ecological roles of the bacterial hedycaryol remains unknown. Ionone and dihydroionone are aromatic compounds with a great interest to fragrance industry, however, their functional role have yet not been described in bacteria (Zhang et al., 2018). Furthermore, it is interesting to note that in bacteria several long fatty acids, pyrazines, and their derivatives are strong phylogenetic signals. Pyrazines are typically biosynthesized by bacteria, e.g., 3,5-dimethyl pyrazine was recently proposed to be a new quorum sensing signal playing an important role in commensal and pathogenic bacteria, such as Vibrio cholerae (Papenfort et al., 2017).

Aristolochene, a bicyclic volatile sesquiterpene, was found as another phylogenetically conserved volatile (Table 3). Aristolochene is produced by the fungal genera Aspergillus, Penicillium, Neofusicoccum, Lasiodiplodia, and Periconia. It is biosynthesized from farnesyl pyrophosphate by aristolochene synthase (Proctor and Hohn, 1993). Aristolochene is a sesquiterpene that is a precursor for mycotoxins such as the PR toxin produced by Penicillium roqueforti (Jeleń, 2002; Dubey et al., 2018). Aristolochene was detected alongside the PR toxin and therefore it was proposed as a marker for the PR toxin (Jeleń, 2002; Dubey et al., 2018). The biosynthetic cluster for the production of PR toxin and its precursors was recently characterized (Hidalgo et al., 2014, 2017). Moreover, it was shown that disruption in that biosynthetic cluster led to overproduction of mycophenolic acid, an antitumor compound confirming the role of aristolochene and other PR toxin precursors as cell signaling molecules (Hidalgo et al., 2014, 2017). In order to confirm the presence of the biosynthetic pathway of aristolochene in one of the genera we identified and visualize its biosynthetic pathway, we used iPath 3.0: interactive pathways explorer v3 tool (Darzi et al., 2018). We chose Neofusicoccum parvum as an example for an aristolochene-producing species and Escherichia coli as a non-producer. Then, we mapped the KEGG Orthology entries (KOs) of both species to the biosynthesis of secondary metabolites pathways. We showed that only N. parvum has the complete pathway for the biosynthesis of aristolochene, in comparison to E. coli (Supplementary Figure 1A).

Geosmin is a typical compound biosynthesized by bacteria as well as fungi (Table 4), which include various bacterial genera (i.e., Streptomyces, Anabaena, Calothrix, Rivularia, Lyngbya, Oscillatoria, Phormidium, Stigmatella, Myxococcus, Nannocystis, and Chondromyces) and some fungal genera (i.e., Aspergillus, Penicillium, Verticillium, Chaetomium, Armillaria, and Pholiota). Its earthy smell is characteristic and well known and can easily be recognized by humans in different environments (e.g., humid forests). Although this volatile is known for quite a long time, the biological or ecological role remains mostly elusive. It was suggested that it functions as an indicator of contaminated food as well as water (Stensmyr et al., 2012). Similar to aristolochene, we wanted to confirm the presence of the biosynthetic pathway of geosmin in one of the genera we identified and visualize its biosynthetic pathway using iPath 3.0 (Darzi et al., 2018). We chose Streptomyces albidoflavus as an example for a propanoic acid-producing species and E. coli as a non-producer. Then, we mapped the KEGG Orthology entries (KOs) of both species to the metabolic pathways. We showed that only S. albidoflavus has the complete pathway for the biosynthesis of propanoic acid, in comparison to E. coli (Supplementary Figure 1B).

3-Hydroxy-15-methylhexadecanoic acid was among the fatty acids identified in this study with a strong phylogenetic signal. It was only observed in bacterial genera that belong to the same phylum, Bacteroidetes (e.g., Bacteroides, Porphyromonas, and Prevotella). 3-Hydroxy-15-methylhexadecanoic acid is one of the characteristic lipid A components of the lipopolysaccharides (LPS) (Johne and Bryn, 1986; Ogawa, 1993). Whether this fatty acid is critical for the endotoxicity of these Gram-negative bacteria is not well-defined.

In summary, our phylogenetic signal testing revealed that the production of several volatiles is phylogenetically conserved. This work gives a new framework for studying microbial volatiles by integrating metabolomic and phylogenetic data. The presented approach of phylogenetic signal testing does not give a clue whether the genes for the biosynthesis of volatiles are vertically or horizontally transferred between species during evolution.



Human Volatiles Versus Microbial Volatiles

de Lacy Costello et al. (2014) estimated that the human body emits 1,840 volatiles. These volatiles were detected from different bodily fluids or excretions (i.e., feces, urine, breath, skin secretions, milk, blood, and saliva). The human microbiome is, with no surprise, an important contributor to the human metabolic capacity and the production of several of metabolites and volatiles (Visconti et al., 2019; Elmassry and Piechulla, 2020). However, the number of shared human (hVOCs) and microbial volatiles is not known. We hypothesized that many shared hVOCS and mVOCs exist. Therefore, we compared the 476 mVOCs analyzed in this study (this does not represent all microbial volatiles) and the hVOCs. Indeed, we found that out of the 476 mVOCs 229 volatiles (∼48%) were also produced in/from humans (Figure 5). Human fecal volatilome ranked the first in terms of the number of overlapping volatiles with mVOCs, ∼139 volatiles (Figure 5). This is not surprising because the human gut harbors the largest number and most diverse microbiota in the human body (Almeida et al., 2019; Integrative Hmp (iHMP) Research Network Consortium, 2019). It is presumed that many of those hVOCS detected from feces originate from the gut microbiota itself due to their massive metabolic capacity. Moreover, blood hVOCS showed the least resemblance to mVOCs (Figure 5). Finally, we found 10 hVOCs common to all bodily excretions and mVOCs, i.e., 1-butanol, acetaldehyde, acetone, benzaldehyde, heptanal, hexanal, octanal, pentanol, styrene, and toluene (Figure 5). However, further investigation is required to determine whether the shared hVOCs and mVOCs are produced exclusively by our human microbiome.
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FIGURE 5. UpSet plot of the intersections of the 229 volatiles identified from human bodily excretions that shared with microbial volatiles. The red bars (bottom left) indicate the number of microbial volatiles matching human volatiles from each bodily excretion. The green dots (connected with green lines) represent the intersections of the volatiles in bodily excretions and the blue bars (top) indicate the frequency of these intersections. For example, the fourth blue bar from the left shows 10, which is the number of volatiles detected from all bodily excretions (which is indicated by the green dotes across all bodily excretions). The UpSet plot was generated using the UpSetR R package, https://cran.r-project.org/web/packages/UpSetR/ (Conway et al., 2017).




CONCLUSION

Microbial VOCs are integral components of the microbial metabolome. They serve numerous biological and ecological functions in plants, microbes, and animals (Piechulla et al., 2017; Piechulla et al., 2020), covering a wide range of action potentials from signaling to virulence. However, many mVOCs have unknown functions yet to be discovered. Across 221 bacterial and fungal genera, it was observed that the production of 61 mVOCs was phylogenetically conserved. Many of which were dominantly emitted either of bacterial domain or fungal kingdom and are considered common bacterial VOCs (e.g., dimethyl disulfide and acetic acid) or common fungal VOCs (e.g., 1-octen-3-ol and 2-pentylfuran), respectively and maybe used as fingerprints or biomarkers. This analysis shed light on several underestimated volatiles that could have potential in various applications. These applications concern basic sciences (i.e., to understand the biological or ecological roles of these volatiles in microorganismal communities) as well as applied research (i.e., to utilize these volatiles in diagnostics of pathogenic microorganisms or to utilize the respective microorganisms to produce specific volatiles in industry using biotechnology). We note that our results should be considered carefully as they were based on a rather qualitative than quantitative dataset. Also, our analysis was limited to available data on only 221 genera. Therefore, the true diversity in the metabolic capacity of the microbial life may not be represented by our investigation.
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Supplementary Figure 1 | Overview of the biosynthetic pathways for aristolochene and geosmin. (A) Comparative biosynthesis of secondary metabolites pathways based on KEGG Orthology entries (KOs) between Neofusicoccum parvum [aristolochene (yellow circle) producer] and Escherichia coli. (B) Comparative biosynthesis of secondary metabolites pathways based on KOs between Streptomyces albidoflavus [propanoic acid (yellow circle) producer] and E. coli. Maps were visualized by iPath3.0: interactive pathways explorer v3.


FOOTNOTES

1http://bioinformatics.charite.de/mvoc

2http://bioinformatics.charite.de/mvoc

3https://r-project.org

4https://arb-silva.de

5https://cran.r-project.org/web/packages/phylobase

6https://cran.r-project.org/web/packages/vegan

7https://cran.r-project.org/web/packages/magrittr

8https://cran.r-project.org/web/packages/dplyr

9https://cran.r-project.org/web/packages/ggpubr

10https://cran.r-project.org/web/packages/caper

11https://pubchem.ncbi.nlm.nih.gov

12http://classyfire.wishartlab.com


REFERENCES

Almeida, A., Mitchell, A. L., Boland, M., Forster, S. C., Gloor, G. B., Tarkowska, A., et al. (2019). A new genomic blueprint of the human gut microbiota. Nature 568, 499–504. doi: 10.1038/s41586-019-0965-1

Arii, S., Tsuji, K., Tomita, K., Hasegawa, M., Bober, B., and Harada, K. (2015). Cyanobacterial blue color formation during lysis under natural conditions. Appl. Environ. Microbiol. 81, 2667–2675. doi: 10.1128/AEM.03729-14

Audrain, B., Farag, M. A., Ryu, C.-M., and Ghigo, J.-M. (2015). Role of bacterial volatile compounds in bacterial biology. FEMS Microbiol. Rev. 39, 222–233. doi: 10.1093/femsre/fuu013

Bos, L. D. J., Sterk, P. J., and Schultz, M. J. (2013). Volatile metabolites of pathogens: a systematic review. PLoS Pathog. 9:e1003311. doi: 10.1371/journal.ppat.1003311

Caspani, G., Kennedy, S., Foster, J. A., and Swann, J. (2019). Gut microbial metabolites in depression: understanding the biochemical mechanisms. Microb. Cell 6, 454–481. doi: 10.15698/mic2019.10.693

Chambers, S. T., Syhre, M., Murdoch, D. R., McCartin, F., and Epton, M. J. (2009). Detection of 2-pentylfuran in the breath of patients with Aspergillus fumigatus. Med. Mycol. 47, 468–476. doi: 10.1080/13693780802475212

Choudoir, M., Rossabi, S., Gebert, M., Helmig, D., and Fierer, N. (2019). A phylogenetic and functional perspective on volatile organic compound production by actinobacteria. mSystems 4:e00295-18. doi: 10.1128/mSystems.00295-18

Conway, J. R., Lex, A., and Gehlenborg, N. (2017). UpSetR: an R package for the visualization of intersecting sets and their properties. Bioinformatics 33, 2938–2940. doi: 10.1093/bioinformatics/btx364

Courtois, E. A., Dexter, K. G., Paine, C. E. T., Stien, D., Engel, J., Baraloto, C., et al. (2016). Evolutionary patterns of volatile terpene emissions across 202 tropical tree species. Ecol. Evol. 6, 2854–2864. doi: 10.1002/ece3.1810

Darzi, Y., Letunic, I., Bork, P., and Yamada, T. (2018). iPath3.0: interactive pathways explorer v3. Nucl. Acids Res. 46, W510–W513. doi: 10.1093/nar/gky299

de Lacy Costello, B., Amann, A., Al-Kateb, H., Flynn, C., Filipiak, W., Khalid, T., et al. (2014). A review of the volatiles from the healthy human body. J. Breath Res. 8:014001. doi: 10.1088/1752-7155/8/1/014001

Dickschat, J. S. (2016). Bacterial terpene cyclases. Nat. Prod. Rep. 33, 87–110. doi: 10.1039/c5np00102a

Djoumbou Feunang, Y., Eisner, R., Knox, C., Chepelev, L., Hastings, J., Owen, G., et al. (2016). ClassyFire: automated chemical classification with a comprehensive, computable taxonomy. J. Cheminform. 8:61. doi: 10.1186/s13321-016-0174-y

Dubey, M. K., Aamir, M., Kaushik, M. S., Khare, S., Meena, M., Singh, S., et al. (2018). PR Toxin - biosynthesis, genetic regulation, toxicological potential, prevention and control measures: overview and challenges. Front. Pharmacol. 9:288. doi: 10.3389/fphar.2018.00288

Elmassry, M. M., and Piechulla, B. (2020). Volatilomes of bacterial infections in humans. Front. Neurosci. 14:257. doi: 10.3389/fnins.2020.00257

Farag, M. A., Song, G. C., Park, Y.-S., Audrain, B., Lee, S., Ghigo, J.-M., et al. (2017). Biological and chemical strategies for exploring inter- and intra-kingdom communication mediated via bacterial volatile signals. Nat. Protoc. 12, 1359–1377. doi: 10.1038/nprot.2017.023

Farag, M. A., Zhang, H., and Ryu, C.-M. (2013). Dynamic chemical communication between plants and bacteria through airborne signals: induced resistance by bacterial volatiles. J. Chem. Ecol. 39, 1007–1018. doi: 10.1007/s10886-013-0317-9

Fincheira, P., and Quiroz, A. (2018). Microbial volatiles as plant growth inducers. Microbiol. Res. 208, 63–75. doi: 10.1016/j.micres.2018.01.002

Fondi, M., Emiliani, G., and Fani, R. (2009). Origin and evolution of operons and metabolic pathways. Res. Microbiol. 160, 502–512. doi: 10.1016/j.resmic.2009.05.001

Friberg, M., Schwind, C., Guimarães, P. R., Raguso, R. A., and Thompson, J. N. (2019). Extreme diversification of floral volatiles within and among species of Lithophragma (Saxifragaceae). Proc. Natl. Acad. Sci. U.S.A. 116, 4406–4415. doi: 10.1073/pnas.1809007116

Fritz, S. A., and Purvis, A. (2010). Selectivity in mammalian extinction risk and threat types: a new measure of phylogenetic signal strength in binary traits. Conserv. Biol. 24, 1042–1051. doi: 10.1111/j.1523-1739.2010.01455.x

Hanniffy, S. B., Philo, M., Peláez, C., Gasson, M. J., Requena, T., and Martínez-Cuesta, M. C. (2009). Heterologous production of methionine-gamma-lyase from Brevibacterium linens in Lactococcus lactis and formation of volatile sulfur compounds. Appl. Environ. Microbiol. 75, 2326–2332. doi: 10.1128/AEM.02417-8

Harada, K.-I., Ozaki, K., Tsuzuki, S., Kato, H., Hasegawa, M., Kuroda, E. K., et al. (2009). Blue color formation of cyanobacteria with beta-cyclocitral. J. Chem. Ecol. 35, 1295–1301. doi: 10.1007/s10886-009-9706-5

Heddergott, C., Calvo, A. M., and Latgé, J. P. (2014). The volatome of Aspergillus fumigatus. Eukaryotic Cell 13, 1014–1025. doi: 10.1128/EC.00074-14

Hengge, R., and Storz, G. (eds) (2011). Bacterial Stress Responses, Second Edition. Washington, DC: American Society of Microbiology. doi: 10.1128/9781555816841

Hidalgo, P. I., Poirier, E., Ullán, R. V., Piqueras, J., Meslet-Cladière, L., Coton, E., et al. (2017). Penicillium roqueforti PR toxin gene cluster characterization. Appl. Microbiol. Biotechnol. 101, 2043–2056. doi: 10.1007/s00253-016-7995-5

Hidalgo, P. I., Ullán, R. V., Albillos, S. M., Montero, O., Fernández-Bodega, M. Á, García-Estrada, C., et al. (2014). Molecular characterization of the PR-toxin gene cluster in Penicillium roqueforti and Penicillium chrysogenum: cross talk of secondary metabolite pathways. Fungal. Genet. Biol. 62, 11–24. doi: 10.1016/j.fgb.2013.10.009

Hunt, A., Al-Nakkash, L., Lee, A. H., and Smith, H. F. (2019). Phylogeny and herbivory are related to avian cecal size. Sci. Rep. 9:4243. doi: 10.1038/s41598-019-40822-0

Integrative Hmp (iHMP) Research Network Consortium (2019). The integrative human microbiome project. Nature 569, 641–648. doi: 10.1038/s41586-019-1238-8

Jeleń, H. H. (2002). Volatile sesquiterpene hydrocarbons characteristic for Penicillium roqueforti strains producing PR toxin. J. Agric. Food Chem. 50, 6569–6574. doi: 10.1021/jf020311o

Johne, B., and Bryn, K. (1986). Chemical composition and biological properties of a lipopolysaccharide from Bacteroides intermedius. Acta Pathol. Microbiol. Immunol. Scand. B 94, 265–271. doi: 10.1111/j.1699-0463.1986.tb03051.x

Jombart, T., Balloux, F., and Dray, S. (2010). adephylo: new tools for investigating the phylogenetic signal in biological traits. Bioinformatics 26, 1907–1909. doi: 10.1093/bioinformatics/btq292

Jüttner, F., Watson, S. B., von Elert, E., and Köster, O. (2010). β-cyclocitral, a grazer defence signal unique to the cyanobacterium Microcystis. J. Chem. Ecol. 36, 1387–1397. doi: 10.1007/s10886-010-9877-0

Kai, M., Haustein, M., Molina, F., Petri, A., Scholz, B., and Piechulla, B. (2009). Bacterial volatiles and their action potential. Appl. Microbiol. Biotechnol. 81, 1001–1012. doi: 10.1007/s00253-008-1760-3

Keck, F., Rimet, F., Bouchez, A., and Franc, A. (2016). phylosignal: an R package to measure, test, and explore the phylogenetic signal. Ecol. Evol. 6, 2774–2780. doi: 10.1002/ece3.2051

Kim, S., Chen, J., Cheng, T., Gindulyte, A., He, J., He, S., et al. (2019). PubChem 2019 update: improved access to chemical data. Nucl. Acids Res. 47, D1102–D1109. doi: 10.1093/nar/gky1033

Lemfack, M. C., Gohlke, B.-O., Toguem, S. M. T., Preissner, S., Piechulla, B., and Preissner, R. (2018). mVOC 2.0: a database of microbial volatiles. Nucl. Acids Res. 46, D1261–D1265. doi: 10.1093/nar/gkx1016

Lemfack, M. C., Nickel, J., Dunkel, M., Preissner, R., and Piechulla, B. (2014). mVOC: a database of microbial volatiles. Nucl. Acids Res. 42, D744–D748. doi: 10.1093/nar/gkt1250

Letunic, I., and Bork, P. (2019). Interactive tree of life (iTOL) v4: recent updates and new developments. Nucl. Acids Res. 47, W256–W259. doi: 10.1093/nar/gkz239

Liang, J., Liu, J., Brown, R., Jia, M., Zhou, K., Peters, R. J., et al. (2018). Direct production of dihydroxylated sesquiterpenoids by a maize terpene synthase. Plant J. 94, 847–856. doi: 10.1111/tpj.13901

Marchler-Bauer, A., Bo, Y., Han, L., He, J., Lanczycki, C. J., Lu, S., et al. (2017). CDD/SPARCLE: functional classification of proteins via subfamily domain architectures. Nucl. Acids Res. 45, D200–D203. doi: 10.1093/nar/gkw1129

Mercier, T., Guldentops, E., Van Daele, R., and Maertens, J. (2018). Diagnosing invasive mold infections: what is next. Curr. Fungal Infect. Rep. 12, 161–169. doi: 10.1007/s12281-018-0322-0

Miyamoto, K., Murakami, T., Kakumyan, P., Keller, N. P., and Matsui, K. (2014). Formation of 1-octen-3-ol from Aspergillus flavus conidia is accelerated after disruption of cells independently of Ppo oxygenases, and is not a main cause of inhibition of germination. PeerJ 2:e395. doi: 10.7717/peerj.395

Münkemüller, T., Lavergne, S., Bzeznik, B., Dray, S., Jombart, T., Schiffers, K., et al. (2012). How to measure and test phylogenetic signal. Methods Ecol. Evol. 3, 743–756. doi: 10.1111/j.2041-210X.2012.00196.x

Ogawa, T. (1993). Chemical structure of lipid A from Porphyromonas (Bacteroides) gingivalis lipopolysaccharide. FEBS Lett. 332, 197–201. doi: 10.1016/0014-5793(93)80512-s

O’Leary, N. A., Wright, M. W., Brister, J. R., Ciufo, S., Haddad, D., McVeigh, R., et al. (2016). Reference sequence (RefSeq) database at NCBI: current status, taxonomic expansion, and functional annotation. Nucl. Acids Res. 44, D733–D745. doi: 10.1093/nar/gkv1189

Papenfort, K., Silpe, J. E., Schramma, K. R., Cong, J.-P., Seyedsayamdost, M. R., and Bassler, B. L. (2017). A Vibrio cholerae autoinducer-receptor pair that controls biofilm formation. Nat. Chem. Biol. 13, 551–557. doi: 10.1038/nchembio.2336

Paradis, E., Claude, J., and Strimmer, K. (2004). APE: Analyses of Phylogenetics and Evolution in R language. Bioinformatics 20, 289–290. doi: 10.1093/bioinformatics/btg412

Piechulla, B., Lemfack, M. C., and Kai, M. (2017). Effects of discrete bioactive microbial volatiles on plants and fungi. Plant Cell Environ. 40, 2042–2067. doi: 10.1111/pce.13011

Piechulla, B., Lemfack, M. C., and Magnus, N. (2020). “Bioactive bacterial organic- an overview and critical comments,” in Bacterial Volatile Compounds as Mediators of Airborne Interactions, eds C. Ryu, L. Weisskopf, and B. Piechulla, (Singapore: Springer Nature Singapore Pvt Ltd.).

Proctor, R. H., and Hohn, T. M. (1993). Aristolochene synthase. Isolation, characterization, and bacterial expression of a sesquiterpenoid biosynthetic gene (Ari1) from Penicillium roqueforti. J. Biol. Chem. 268, 4543–4548.

Puckridge, M., Last, P. R., White, W. T., and Andreakis, N. (2013). Phylogeography of the Indo-West Pacific maskrays (Dasyatidae, Neotrygon): a complex example of chondrichthyan radiation in the Cenozoic. Ecol. Evol. 3, 217–232. doi: 10.1002/ece3.448

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucl. Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

Ryu, C.-M., Farag, M. A., Hu, C.-H., Reddy, M. S., Wei, H.-X., Paré, P. W., et al. (2003). Bacterial volatiles promote growth in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 100, 4927–4932. doi: 10.1073/pnas.0730845100

Schulz, S., and Dickschat, J. S. (2007). Bacterial volatiles: the smell of small organisms. Nat. Prod. Rep. 24, 814–842. doi: 10.1039/b507392h

Stensmyr, M. C., Dweck, H. K. M., Farhan, A., Ibba, I., Strutz, A., Mukunda, L., et al. (2012). A conserved dedicated olfactory circuit for detecting harmful microbes in Drosophila. Cell 151, 1345–1357. doi: 10.1016/j.cell.2012.09.046

Suinyuy, T. N., Donaldson, J. S., and Johnson, S. D. (2013). Variation in the chemical composition of cone volatiles within the African cycad genus Encephalartos. Phytochemistry 85, 82–91. doi: 10.1016/j.phytochem.2012.09.016

Timm, C. M., Lloyd, E. P., Egan, A., Mariner, R., and Karig, D. (2018). Direct growth of bacteria in headspace vials allows for screening of volatiles by gas chromatography mass spectrometry. Front. Microbiol. 9:491. doi: 10.3389/fmicb.2018.00491

Velez, P., Espinosa-Asuar, L., Figueroa, M., Gasca-Pineda, J., Aguirre-von-Wobeser, E., Eguiarte, L. E., et al. (2018). Nutrient dependent cross-kingdom interactions: fungi and bacteria from an oligotrophic Desert Oasis. Front. Microbiol. 9:1755. doi: 10.3389/fmicb.2018.01755

Visconti, A., Le Roy, C. I., Rosa, F., Rossi, N., Martin, T. C., Mohney, R. P., et al. (2019). Interplay between the human gut microbiome and host metabolism. Nat. Commun. 10:4505. doi: 10.1038/s41467-019-12476-z

Wilmes, P., Simmons, S. L., Denef, V. J., and Banfield, J. F. (2009). The dynamic genetic repertoire of microbial communities. FEMS Microbiol. Rev. 33, 109–132. doi: 10.1111/j.1574-6976.2008.00144.x

Yilmaz, P., Parfrey, L. W., Yarza, P., Gerken, J., Pruesse, E., Quast, C., et al. (2014). The SILVA and “All-species Living Tree Project (LTP)” taxonomic frameworks. Nucl. Acids Res. 42, D643–D648. doi: 10.1093/nar/gkt1209

Zhang, X., Liao, S., Cao, F., Zhao, L., Pei, J., and Tang, F. (2018). Cloning and characterization of enoate reductase with high β-ionone to dihydro-β-ionone bioconversion productivity. BMC Biotechnol. 18:26. doi: 10.1186/s12896-018-0438-x


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Elmassry, Farag, Preissner, Gohlke, Piechulla and Lemfack. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-11-557253-t002.jpg
Volatile Chemical class D Estimate Phylogenetic P-value P-value Number of
signal phylogenetic Brownian bacterial genera

3-Hydroxy-15- Long-chain fatty acid —4.12578 5.125784 0 0.996 3

methylhexadecanoic

acid

Hedycaryol Sesquiterpene —2.35126 3.351256 0 0.985 5

3- Long-chain fatty acid —2.24339 3.243395 0 0.988 5

hydroxyhexadecanoic

acid

12-methyltetradecanoic Long-chain fatty acid —2.04942 3.049425 0 0.971 4

acid

13-methyltetradecanoic Long-chain fatty acid —2.01785 3.017848 0 0.975 4

acid

7-tetradecenol Alcohol —1.90478 2.904777 0 0.943 4

Heptadecene Alkene —1.8946 2.894599 0 0.943 3

2,6,6-trimethylcyclo- Ketone —1.78744 2.78744 0 0.948 4

hex-2-en-1-one

lonone Heterocyclic compound —1.77631 2.776307 0 0.981 6

Dihydroionone Heterocyclic compound —1.73277 2.732767 0 0.943 4

Cyclocitral Monoterpene —1.69961 2.699614 0 0.956 4

3-hydroxytetradecanoic Long-chain fatty acid —1.68834 2.688339 0 0.895 3

acid

lonone-5,6-epoxide Heterocyclic compound —1.68477 2.684775 0 0.975 6

Ethyl-2- Ester —1.68138 2.681376 0 0.942 4

hydroxypropionate

2-phenyl-2-propanol Aromatic compound, —1.68063 2.680632 0 0.938 4
alcohol

8-methylheptadecane Alkane —1.60584 2.605841 0 0.963 5

Hexadecenoic acid Long-chain fatty acid —1.53466 2.534657 0.001 0.887 3

7-methylheptadecane Alkane —1.563265 2.532646 0 0.951 5

5-methyl-2-(1- Heterocyclic compound —1.02303 2.023027 0 0.821 7

methylethyl)pyrazine

2-hydroxy-3-pentanone Ketone —1.02267 2.022671 0.002 0.792 3

9-decenol Unsaturated alcohol —0.94583 1.945835 0 0.862 5

3-ethyl-2,5- Heterocyclic —0.93737 1.937368 0 0.823 4

dimethylpyrazine compounds

Dodecanol Alcohol —0.74702 1.747024 0 0912 11

2-butyl-3,6- Heterocyclic compound —0.62766 1.627655 0.005 0.753 3

dimethylpyrazine

2-hydroxy-2,6,6- Ketone —0.58202 1.568202 0.007 0.746 3

trimethylcyclohexan-1-

one

3-butyl-2,5- Heterocyclic compound —0.56563 1.565633 0.01 0.737 3

dimethylpyrazine

2-tridecenone Ketone —0.37951 1.379511 0 0.789 11

4-methylguinoline Heterocyclic compound —0.30888 1.308876 0.014 0.701 3

Farnesy! Prenyl pyrophosphate —0.22603 1.226032 0.011 0.689 3

pyrophosphate

2,5-bis-(1- Heterocyclic compound —0.19579 1.195791 0.015 0.653 3

methylethyl)pyrazine

2 ,6-dimethylpyrazine Heterocyclic compound —0.17457 1.174567 0 0.649 7

Heptan-4-olide Lactone —0.04932 1.04932 0.008 0.617 4

Hexan-4-olide Lactone —0.02547 1.025475 0.009 0.585 4






OPS/images/fmicb-11-557253-t001.jpg
Volatile

3-Methyl-1-butanol
2-Phenylethanol
Dimethyl disulfide
Benzaldehyde
Acetic acid
2-Methyl-1-butanol
2-Nonanone
1-octen-3-ol
Dimethyl trisulfide
Isobutanol
Pinene
2-undecanone
Ethanol

Isovaleric acid
Limonene
Butanone
2-heptanone
3-octanone
Acetophenone
Acetoin

Benzyl alcohol
2-pentanone
2-tridecanone
Decanal
1-hexanol
1-octanol
Dimethyl sulfide
Propanoic acid
Nonanal
1-butanol
2-pentylfuran
Acetone

Indole
Phenylacetaldehyde

Chemical class

Alcohol
Aromatic compound, alcohol
Organosulfur compound
Aromatic compound, aldehyde
Carboxylic acid
Alcohol
Ketone
Alcohol
Organosulfur compound
Alcohol
Monoterpene
Ketone
Alcohol
Methyl-branched fatty acid
Monoterpene
Ketone
Ketone
Ketone
Ketone
Ketone
Aromatic compound, Alcohol
Ketone
Ketone
Aldehyde
Alcohol
Alcohol
Organosulfur compound
Carboxylic acid
Aldehyde
Alcohol
Heterocyclic compound
Ketone
Heterocyclic compound
Aromatic compound, aldehyde

Number of genera

71
57
52
51
40
39
39
37
37
37
37
35
34
34
32
31
30
30
29
28
27
26
25
25
24
24
24
24
23
22
22
22
22
22

Genera %

321
25.8
23.5
23.1
18.1
17.6
17.6
16.7
16.7
16.7
16.7
156.8
16.4
16.4
14.5
14.0
13.6
13.6
13.1
12°7
12.2
11.8
11.8
11.8
10.9
10.9
10.9
10.9
10.4
10.0
10.0
10.0
10.0
10.0

Bacterial genera %

54.9
63.2
86.5
66.7
82.5
35.9
76.9
8.1
89.2
37.8
37.8
771
471
79.4
40.6
71.0
60.0
13.3
65.5
67.9
741
61.5
96.0
64.0
M7
50.0
75.0
91.7
60.9
54.5
9.1
59.1
77.3
59.1

Fungal genera %

451
36.8
13.5
33.3
17.5
64.1
231
91.9
10.8
62.2
62.2
22.9
52.9
20.6
59.4
29.0
40.0
86.7
34.5
321
259
38.5
4.0
36.0
58.3
50.0
25.0
8.3
39.1
45.5
90.9
40.9
227
40.9






OPS/images/fmicb-11-557253-t004.jpg
Volatile Chemical class D Estimate Phylogenetic P-value P-value Number of Number of fungal
signal phylogenetic Brownian bacterial genera genera
Decanoic acid Medium-chain fatty —0.78737 1.787369 0 0.832 4 1
acid
3-methyl-2-butanol Alcohol —0.5385 1.5638499 0 0.828 4 4
3-methylfuran Heterocyclic compound —0.42748 1.427482 0 0.759 1 6
2-decenal Aldehyde —0.26139 1.261393 0 0.674 3 2
Valeric acid Straight chain fatty acid —0.26112 1.261118 0 0.721 10 2
1-decanol Alcohol —0.24541 1.245407 0 0.707 13 2
Methionol Organosulfur —0.17737 1177371 0 0.671 10 1
compound
Geosmin Alcohol —0.1643 1.164295 0 0.684 11 6
Heptadecane Saturated hydrocarbon —0.10067 1.100673 0 0.613 8 1
Hexadecanoic acid Long-chain fatty acid —0.04772 1.047717 0.001 0.586 8 2
2-ethyl-5- Heterocyclic compound —0.01893 1.018933 0.003 0.564 6 2

methylpyrazine





OPS/images/fmicb-11-557253-t003.jpg
Volatile Chemical class D Estimate Phylogenetic P-value P-value Number of fungal
signal phylogenetic brownian genera
Trichodiene Unsaturated —1.95004 2.950041 0 0.961 4
hydrocarbon

2,3,5-trimethylfuran Heterocyclic compound —1.59661 2.596614 0.005 0.851 3
3,4-dimethoxytoluene Aromatic compound —0.74437 1.74437 0.007 0.776 3
Aristolochene Sesquiterpene —0.73614 1.736145 0 0.835 5
1,3-dimethoxybenzene Aromatic compound —0.564314 1.643142 0.005 0.731 3
Calarene Sesquiterpene —0.563914 1.5639141 0.001 0.748 4
1-methoxy-3- Aromatic compound —0.49196 1.491962 0.01 0.728 3
methylbenzene

3-hexenol Alcohol —0.35565 1.355653 0.011 0.718 3
6-undecanone Ketone —0.3359 1.335898 0.007 0.709 3
5-octenol Alcohol —0.31986 1.319864 0.014 0.697 3
3-pentanol Alcohol —0.29544 1.295439 0.003 0.698 3
1-penten-3-ol Alcohol —0.2864 1.286402 0.004 0.703 3
Hexanolactone Lactone —0.26708 1.267075 0.007 0.688 3
Chalcogran Ketal —0.26474 1.264744 0.007 0.691 3
Conophthorin Ketal —0.26047 1.260467 0.007 0.694 3
Cuprenene Sesquiterpene —0.18634 1.186336 0.008 0.649 3
Methyl acetate Ester —0.03907 1.039073 0.021 0.602 3






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Sixty-One Volatiles Have Phylogenetic Signals Across Bacterial Domain and Fungal Kingdom



		INTRODUCTION



		MATERIALS AND METHODS



		Dataset Preparation



		Phylogenetic Reconstruction and Visualization



		Multivariate Analysis



		Measurement of Phylogenetic Signal of Individual Volatiles



		Volatiles Chemical Classification







		RESULTS AND DISCUSSION



		Multivariate Analysis of the Bacterial and Fungal Volatilomes



		Volatiles Frequency and Distribution Among Bacterial and Fungal Genera



		Volatiles With a Strong Phylogenetic Signal



		Human Volatiles Versus Microbial Volatiles







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-11-557253-g005.jpg
99

TRl i

Human bodily excretion intersections

666
5555
o 4444
33
22222222222
IIIIIIIIIIIII1111111111111111111111111111111
" AENNNNNNNNNNNNNNNNNNNNNNNnnnn
® ® ®

- Blood ? o ? ® o ? o0 o9 o009
_ Milk ' X ® o9 ? ? ® o9 o XX X, llo @ é 'YX 'Y o9 o¢ 1| ¢

_ Urine ] ? 99| 909 ] ?9 ] ool ¢l ¢

I Feces eecbeo

100 50 0
Number of volatiles matched to mVVOCs





OPS/images/fmicb-11-557253-g004.jpg
Tree scale: 0.1 +——

snuoq
snuyual
DpIuodLad
sniodiuods
DLIDJAY
Jopoasniy
uojAxodAH
Jaqn|
$22AW0IDY22DS

bua)st]
wnjwo3aby?)

bpLIS
pjjauow|ps

snjjvg
$n220203da.13s03dad

DpIdUapINCI]
snajoid

pjjaIsqaly
Djja81YyS
pIYyd1aYIsy

J2100q0I23Uu7
piddpis

wni3o0qoayI0pnasq
DUDINAY

Xiayyo|p)
puabqouy
wniplwioyd
pAqBuA]

pujnids

bWwau03123|d
snjoLio)

snpiduaiy
sniodyapy
sisspipds
pwJiapours
pjoljoyd
pujnwwpl{
snuudo)
snaLpBy
snjoinajd
pjnuyual
snuljayd
snjouou|
bpipub)
sndoziyy

sA13ogAyon3s
wnupsnq

pjjaubpio
pIysspuupy
wnpayjoydL|
wnyoing
snjiBiadsy
sadAwiof12and
pipojdipoisp]
wn2203isnjoaN
wnuiodsopp|)

1239Dg03soioulq
Djjauljopm

123200431
SauasILIY
Ja3a0gowoydy
spuowopnasq
133120q03Y NS
1310Dq0as0y
saJkwoipuoy)
ssArouubN
$N22020XAN
Djja30WsHS
$Nn220203d2.435
$n220203907
$n22020U30
20}50U0ON3T
sn22001pad
sn|190qo3I07
$N22020423U3
wnua3a0g0UID)
sn22020jAydpis
sn)jpqIUaDy
sn220203dad
wnipuiso;
xuyjodAjor
DLIOID|I9SO
DJ|230A91d
spuowoiAydiod
sapl0423120g
DJ[31S42INDM
J2320q0jAdwp)
sazAwoydaiis
wnua30qINIg
wnua3o0gosny
snijodoydid
pLpydoals
pupjjiwiy
puLIBPOYdL|
sdadApio)
wnijjLIaA
wnijd1uad

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEN 1.D.DDDD-DDD13 Dlmethoxybenzene
0000000000000060006000060006000000060000000000000000 | | 000 00000000000000060000000000000000060000000

lecanoic acid

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOQOOOOOOOOOOOO...OOO.OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOQOQOOOOOO1”D‘" thyltetradecanoic acid
e e e e e e e e e e e e e T e e e e e e e e e e e e e e e e C e C e T T I e e e e e ey 11- Methoxy -3-methylbenzene
HIHI\II\IH\II\HIHIHII\H[I\I\IIH[I!I\\II]\I\IIHI\I\H[I\IHII\IHIII\\IIIHI\IIHI\I]H\I\IHII\IH[II\\I[IH\IIIIH\I]-D.DI—WWI—II—\TI. en-3-ol

O e e e e e e O e e e O O O O e e 1 I[—|235Tr|methylfuran
OOOO00OO000OO0OOOO002,5-bis-(1-Methylethyl)pyrazine
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO..0.000.000000000000000000000000000000000000000000000000002 6,6-Trimethylcyclo-hex-2-en-1-one
00 | 0000 | 0000000 00000000000006060606000000000000000 000 000006000000 00000000000000000000000000000eerI gyl
OOOOOOOOOOOO.O.O.OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO2-DUtyl -3, |6 dimethylpyrazine
2-Ethyl-5-methylpyrazine
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO.O.OOO.OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO2 Hydroxy-2,6,6-trimethylcyclohexan-1-one
[0000000000000000000000000000000 | 0 00006000000000006000060000000000060000000000000000000000600060000000rs, (WK lrchl):
000000000000000000000000 © | | 00000000000000000000000000000000000000000000000000000000000000000e0ersy iyt
0000 ¢ | | ©000000000006066 €6 © [ 6 ¢ | 60006000000006006000060600006006060060000006000000060000000000600600000006 e sl
O O O O O O O e O O C T T 113,4-Dimethoxytoluene
000000000000 o 0 00000000000 000000000000000000000000000000000000000000000000000000000000000000eeexy:l Xty eri
A A o O R RO - Faerl (e pyrazine
exeno
[0000000000000000600000000000000000006000000000000 | | 00060000000000060000600000006000000000000000000000Cxy\: (VLR Elwlol:lul]
0000000000000000000000600000000000006000000000000 | | 6 | 0000000000600000000000006000000000000000000000KH: N (0N Nelllwhlddll|
OOOOOOOOOOOOOOOOOOOOOOOOQOQQQOOOOOOOOOOOOOOOOOOO0.0..OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO3 HVCtILOTVZtegratdec?nmc acid
Wi utano

v \4 3-Methylfuran
ULJLIL_ILJLJLJLIULJLJLJULJLJULJUUUULIUUULJLJULJLJLJUULJLJLJLJL_ILJLJULJLJUI_JLJLJULLLIULJLILJLJLJLJLJLJLJLJLJLJLLILJLJLJLJLJULJI_JI_JLJLJLJLJLJLJLJLJLJL.I[_JIDIULJLJLJLJLJLJI3 Pentanol
OOOOOOOOOOOOOOOOOOOOO..OOOOOOOOOOOOOOOOOOOOOOOOOOOOO0.00000000000000000000000000000000000000000004 Methylquinoline
OOOOOOOOOOOO......OOOO OOOOO 000000000000 0000000000800060000000 OOOO 0000000000000 0000000000000000 O Y-Vt methylethyl)pyrazme
L 1] L E O E I \_II_J T M5-Octenol
FTWW—IFTTTIFTTTTII’TWTﬂﬁmﬂﬂﬁl—ﬁﬂﬁﬂﬂ[—ﬁFTTWFTTWITFTTTW_]WTWﬂﬂﬂﬂﬂf—lﬁﬂ[—lﬂﬁﬂﬂﬂﬂﬂﬂﬂﬂTﬂl—ﬁﬂﬂﬁﬂFTTWFTTWTTTTI_IFTWIDIWWWTTWHI6 Undecanone
000000000000 000000060000000000000000000 | | o 0006 ©00000000600600000000000000000000000000000000000000ery i\ rillenl
o] 00, ¢ | 0000000000000000000000000060000000000000000000000000000000000000000060000000000000000000000ral: el
000000000000000000000600000000000000000 | | o 000 00600000000000000000000000000000000000000000000000e!:- Y i)l
0.00QO..OOOOOOOOOOOOOOOOOOOOOO0.000000000000000000000000000000000000000000000000000000000000000009 Decenol

|| ] | W W [ | [JAristolochene

] II IIIDII | | EEEEEN] [ICalarene

1 T T | [ NN IMChalcogran

|| ]I IHEEEN |l | H RN W Conophthorin
[T [l | W [ ICuprenene

|
OOOOOOOOOOOOOOOOOOOOOOOOQOQQQOOOOOOOOOOCO0.000.00000000000000000000000000000000000000000000000000Cycloc|tra| "
Decanoic aci
000000000000000000000000000000000000000 | 0 000 00000000000000000000000000000000000000000000000eeenl el N
o o0 [l ] 00 00000006 000000000 | 6 0000000000000000000000006000000000000000000000000000000000006e0eeb:"::,

VvV i

OOOOOOOOOOOQOOOOOOO....OOOOOOOOQOOQOOOQQQOQOOOQOOOOO0.00000000000000000000000QOOOOOOOOOOOOOOOOOOOnedzcgryol

eptadecane
000000000000000000000000000000000000000 | 6 000000000000000000000000000000000000000000000000000000l: Il )
OOOOOOOOOOOQOOO0.000.0.00000000000QOOOOOOOOOOOOQQQOQQQOOOOOOOOOOOOOOOOOOQOOOOOOOOQOOOOOOOOOOOOOOOHept?jn-4-o|ide "

Hexadecanoic aci
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO.O..OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOHexadecen0|c acid
(0000000000000 6 006 6 000000006000 0000000000000600000000600000000000600000000600000000000000000000006]:: il
O T O T T O T T T T T T T T T T T O T T T T T T T T T T T T T IO T T T IlHexanolactone

e
OOOO(V)OO(VDCVDQOOOOOOOOOOOOOOOOOOOOOOOO(V)OOO...O.OO..OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO:\(/)In(t)'?e 5|6 epoxide
O O O O O O O O T T O T T T T IMethyl acetate

OO O O O O O O O O O O O O O O O O O O O O O O O O O O OO T Trichodiene
\AAAA4 v VVVV V'V /Valeric acid






OPS/images/fmicb-11-557253-g003.jpg
ns

Fungi

§ A .............-—__——_l

- Y o N = o
o o o o o o
m ssauuana Asuanbaly sojije|oA
@O0 ) @ ©] oo O
(72)
c
@ [ J @ @ @ () @ e © © @
| | | | | | |
o o o o o o o
< N o (o] © < N
- - -
< SSaUYILI BZIS dWO|I}e|OA

Bacteria

Fungi

Bacteria





OPS/images/cover.jpg
’ frontiers
in Microbiology

Sixty-One Volatiles Have
Phylogenetic Signals Across
Bacterial Domain and Fungal

Kingdom





OPS/images/fmicb-11-557253-g002.jpg
1

—————

\

B

Tricholoma
Cantharellu? Mycena

Suillus

Hydnum

', Gomphidius

« Hygropho
A Y

Cortinarius

Amanita
@

\

Lo S

Cystoderma
7

rus®

4

1
|
\

\
\ Enterobacter,'

X ) . \
] Prot%us K.IebSIeIIa “

Shigella "

Citrobacter ;

0:2 1

MDS 2

-0.2 1

0.4 1

-0.50

-0.25

MDS 1

Phylum

‘ Actinobacteria
E Ascomycota
(@] Bacteroidetes
z Basidiomycota
(o] Cyanobacteria
Firmicutes
Fusobacteria

o
@
E Proteobacteria

Spirochaetes

IE‘ Zygomycota






OPS/images/fmicb-11-557253-g001.jpg
Halomgpas
Pseudoalteromonas

Sphingomonas

Bacteria
Fungi









OPS/images/logo.jpg
, frontiers
in Microbiology





