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ABSTRACT 35 

 36 

The human skin microbiome is a key player in human health, with diverse functions ranging 37 

from defense against pathogens to education of the immune system. While recent studies have 38 

begun to shed light on the valuable role that skin microorganisms have in maintaining a healthy 39 

skin barrier, a detailed understanding of the complex interactions that shape healthy skin 40 

microbial communities is limited. Cobamides, the vitamin B12 class of cofactor, are essential for 41 

organisms across the tree of life. Because this vitamin is only produced by a limited fraction of 42 

prokaryotes, cobamide sharing has been shown to mediate community dynamics within 43 

microbial communities. Here, we provide the first large-scale unbiased metagenomic 44 

assessment of cobamide biosynthesis and utilization in the skin microbiome. We show that 45 

while numerous and diverse taxa across the major bacterial phyla on the skin are cobamide 46 

dependent, relatively few species encode for de novo cobamide biosynthesis. We find that 47 

cobamide sharing shapes the network structure in microbial communities across the different 48 

microenvironments of the skin and that changes in community structure and microbiome 49 

diversity are driven by the abundance of cobamide producers in the Corynebacterium genus, in 50 

both healthy and disease skin states. Lastly, we find that de novo cobamide biosynthesis is 51 

enriched only in host-associated Corynebacterium species, including those prevalent on human 52 

skin. We confirm that the cofactor is produced in excess through quantification of cobamide 53 

production by skin-associated species isolated in the laboratory. Taken together, our results 54 

support a role for cobamide sharing within skin microbial communities, which we predict 55 

stabilizes the microbiome and mediates host interactions.  56 

 57 
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 69 

INTRODUCTION 70 

 71 

The human skin supports a diverse and complex ecosystem of bacterial, fungal, viral, and 72 

microeukaryote species, termed the skin microbiome. Highly adapted to live on the skin, these 73 

microorganisms form distinct and specialized communities across the skin’s sebaceous, moist, 74 

dry, and foot microenvironments. The skin microbiome plays a significant role in human health 75 

through contributing to immune system education and homeostasis, protecting against 76 

pathogen colonization, and promoting barrier maintenance and repair (Belkaid and Harrison, 77 

2017; Constantinides et al., 2019; Di Domizio et al., 2020; Linehan et al., 2018; Scharschmidt et 78 

al., 2017; Wanke et al., 2011).   79 

 80 

The transition from taxonomic characterization of the skin microbiome towards study of the 81 

mechanisms driving microbe-microbe and microbe-host interactions has shed light on the truly 82 

complex nature of skin microbial communities. Recent work has demonstrated that skin 83 

commensals not only take part in synergistic and competitive interactions with other microbes 84 

(Christensen et al., 2016; Claesen et al., 2020; Nakatsuji et al., 2017; O’Sullivan et al., 2019; 85 

Wollenberg et al., 2014), but also participate in host interactions that can dictate skin health and 86 

function (Brandwein et al., 2017; Gallo and Nakatsuji, 2011; Naik et al., 2012; Scharschmidt et 87 

al., 2017; Uberoi et al., 2021).  While these studies have provided fundamental insight into the 88 

roles that certain skin commensals, particularly Staphylococcus species and Cutibacterium 89 

acnes, play on the skin, our understanding of the forces that promote stability and mediate 90 

overall microbiome structure on healthy skin is still limited.  91 

 92 

Within microbial communities, microorganisms interact at a fundamental level through the 93 

competition, acquisition, and sharing of nutrients. Nutritional interdependence, for example 94 

when one member produces a nutrient that is essential for another, has the potential to impact 95 

not only individual species dynamics, but also higher-level interactions, dictating microbial 96 

community organization, stability, and function. Of particular interest within microbial 97 

communities is sharing of the vitamin B12 family of cobalt-containing cofactors, cobamides. 98 

Here, we use sharing, as previously defined by Sokolovskaya et al., to mean the release of a 99 

nutrient or metabolite that is acquired and used by another microorganism (Sokolovskaya et al., 100 

2020).  101 

 102 
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Cobamides are only synthesized de novo by a small fraction of bacteria and archaea, whereas 103 

the cofactor is essential for organisms across all domains of life, apart from land plants and 104 

fungi. They function in the catalysis of diverse enzymatic reactions, ranging from primary and 105 

secondary metabolism, including methionine and natural product biosynthesis, to 106 

environmentally impactful processes such as methanogenesis and mercury methylation 107 

(Sokolovskaya et al., 2020). Across bacteria, an estimated 86% of bacterial species have been 108 

found to encode at least one cobamide-dependent enzyme, whereas only 37% of all bacteria 109 

are predicted to produce the cofactor de novo (Shelton et al., 2019), suggesting that the majority 110 

of bacteria must acquire this important molecule externally. In addition, a unique feature of 111 

cobamides is their chemical diversity and functional specificity, with different microorganisms 112 

having distinct cobamide preferences and requirements. As such, numerous mechanisms exist 113 

for acquisition and use of preferred cobamide(s), including cobamide-specific gene regulation 114 

and selectivity by cobamide-dependent enzymes and transporters (Sokolovskaya et al., 2020). 115 

Therefore, considering the widespread dependence of cobamides, their limited biosynthesis 116 

across bacteria and archaea, and varying specificity organism-to-organism, cobamide sharing is 117 

hypothesized to be a major driver of microbial community dynamics. Indeed, in vitro and in vivo 118 

studies of microbial communities, including the human gut microbiome, have demonstrated that 119 

cobamide addition modulates community structure, cobamide composition, and expression of 120 

cobamide-related genes (Kelly et al., 2019; Men et al., 2015, 2017; Xu et al., 2018; Zhu et al., 121 

2019). In the skin microbiome, however, the role of cobamides has never before been explored. 122 

 123 

In the present study, we analyzed 1176 healthy skin metagenomes to predict cobamide 124 

dependence and biosynthesis within the skin microbiome and find that phylogenetically diverse 125 

skin taxa are predicted to use cobamides, while only a small fraction of species can produce this 126 

essential cofactor de novo. Modelling of microbial networks shows that cobamide producers, 127 

users, and non-users form associations, suggesting a role for cobamide producers that extends 128 

beyond direct cobamide sharing. In addition, analysis of taxonomic data from skin 129 

metagenomes of four independent studies, including healthy and diseased skin samples, 130 

revealed that the abundance of cobamide-producing Corynebacterium species is associated 131 

with higher microbiome diversity, a key feature of skin health. Lastly, a comparative genomics 132 

analysis of 71 Corynebacterium species, representing diverse host and environment niche 133 

ranges, shows that de novo cobamide biosynthesis is almost exclusively present in genomes of 134 

host-associated species. Taken together, our results suggest that within the skin microbiome, 135 
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cobamide sharing is a critical mediator of community dynamics and may play a role in host-136 

microbe interactions through promotion of microbiome diversity 137 

 138 

RESULTS 139 

 140 

Cobamide biosynthesis and precursor salvage genes are encoded by select skin taxa. 141 

The de novo cobamide biosynthesis pathway is highly complex, consisting of at least 25 142 

enzymatic steps that can be divided into subsections, including tetrapyrrole precursor synthesis, 143 

aerobic or anaerobic corrin ring synthesis, nucleotide loop synthesis, and lower ligand synthesis 144 

(Figure 1). To determine if cobamide biosynthesis occurs within the skin microbiome, we 145 

queried cobamide biosynthesis genes in 1176 skin metagenomes, encompassing samples from 146 

22 distinct skin sites of 3 independent skin microbiome surveys, including the present study, Oh 147 

et al. (Oh et al., 2016), and Hannigan et al. (Hannigan et al., 2015). Using profile HMMs 148 

representing 12 genes within the de novo cobamide biosynthesis pathway, cbiZ as a marker of 149 

cobamide remodeling, and single-copy core gene rpoB as a marker of community structure, we 150 

found that samples from sebaceous sites harbored the overall highest median number of hits to 151 

cobamide biosynthesis genes, followed by dry, moist, and foot samples (Supplemental Figure 152 

1A).  153 

 154 

To assess the contribution of different taxa to cobamide biosynthesis, the metagenomic 155 

sequence classifier pipeline Kraken and Bracken was used to classify the resulting gene hits. 156 

The top taxa encoding for biosynthetic genes in descending order were determined to be 157 

Propionibacteriaceae, Corynebacteriaceae, Veillonellaceae, Streptococcaceae, 158 

Dermacoccaceae, and Pseudomonadaceae. Within individual metagenomes, the contribution of 159 

each taxon to cobamide biosynthesis gene hits was calculated by dividing the number of 160 

biosynthesis gene hits assigned to a given taxa by the total number of biosynthesis gene hits 161 

within the sample. We found that Propionibacteriaceae was the dominant contributor to 162 

cobamide biosynthesis, particularly in sebaceous sites (Figure 2A). 163 

 164 

For a finer resolution of taxon contribution, we determined the species contribution of 12 core 165 

cobamide biosynthesis genes for the top 40 abundant species within the dataset. Species 166 

encoding the full or nearly complete suite of cobamide biosynthesis markers was consistent 167 

across microenvironments, with Cutibacterium acnes being the dominant contributing species 168 

(Figure 2B). Other species contributing to most or all of the biosynthesis markers include 169 
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Corynebacterium amycolatum, Corynebacterium kroppenstedtii, Corynebacterium 170 

glucuronolyticum, Veillonella parvula, Cutibacterium granulosum, and Propionibacterium sp. oral 171 

taxon 193. A proportion of low abundance skin taxa were predicted to encode for the full suite of 172 

cobamide biosynthesis markers (grouped into the “Other” category), demonstrating that 173 

cobamide biosynthesis is encoded by both dominant and rare taxa. 174 

 175 

Taxa such as Moraxellaceae and Xanthomonadaceae encode for a limited set of cobamide 176 

biosynthesis genes including cobQ/cbiP, cobD/cbiB, cobP/cobU and cobS (Supplemental Figure 177 

2), which can function in cobamide precursor salvage (Gray et al., 2008; Rodionov et al., 2019). 178 

This suggests that cobamide synthesis through salvaging is also occurring on the skin. 179 

Furthermore, cobamides are grouped into three classes based on their structurally distinct lower 180 

ligand: benzimidazolyl, purinyl, and phenolyl cobamides (Sokolovskaya et al., 2020). Most 181 

predicted cobamide producers identified in this analysis likely synthesize benzimidazolyl 182 

cobamides because they encode for bluB, the gene responsible for the aerobic synthesis of 183 

lower ligand 5,6-dimethylbenzimidazole (DMB) (Figure 2B, Supplemental Figure 2) (Campbell et 184 

al., 2006; Gray and Escalante-Semerena, 2007; Taga et al., 2007). However, in species such as 185 

V. parvula, C. granulosum, and C. glucuronolyticum, bluB is absent, suggesting that these 186 

species produce non-benzimidazolyl cobamides.  Overall, our results demonstrate that select 187 

taxa within the skin microbiome have the genetic potential to produce chemically diverse 188 

cobamides through de novo biosynthesis or precursor salvage and that de novo biosynthesis is 189 

restricted to only a few species.  190 

 191 

Phylogenetically diverse skin taxa are cobamide dependent 192 

Although few species within the skin microbiome synthesize cobamides de novo, we predict that 193 

a larger proportion use cobamides. We determined the prevalence of the cobamide transport 194 

protein btuB and 19 enzymes that carry out diverse cobamide dependent reactions. The median 195 

number of cobamide-dependent gene hits across samples varied by microenvironment 196 

(Supplemental Figure 1). Across the sebaceous, moist, and dry microenvironments, 197 

Propionibacteriaceae was the dominant family encoding for the cobamide-dependent enzymes 198 

D-ornithine aminomutase, methylmalonyl-CoA mutase, and ribonucleotide reductase class II 199 

(Figure 3). In contrast, across the remaining cobamide dependent enzymes, hits were assigned 200 

to phylogenetically diverse taxa across the four major phyla on the skin (Actinobacteria, 201 

Firmicutes, Proteobacteria, and Bacteroidetes) (Grice and Segre, 2011). Cobamide-dependent 202 

enzymes involved in primary metabolism, including methionine synthase, epoxyqueosine 203 
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reductase, ribonucleotide reductase, and ethanolamine lyase, were the most common cobamide 204 

dependent enzymes in the dataset (Supplemental Figure 3). Notably, only 1% of species 205 

appreciably contribute to de novo cobamide biosynthesis (n=18 species), yet approximately 206 

39% of species encode for cobamide dependent enzymes (n=638 species encoding at least 207 

one cobamide-dependent enzyme) (Supplemental Figure 3). While the true number of de novo 208 

cobamide producers may be underestimated due to filtering of rare and singleton hits prior to 209 

analysis, these species likely represent the core cobamide producers found on the skin. Overall, 210 

these results support a model of cobamide sharing, where a much larger number of skin taxa 211 

require cobamides than can produce the cofactor de novo. 212 

 213 

Regulation of cobamide biosynthesis is species-specific 214 

To further delineate cobamide usage within the skin microbiome, we identified cobalamin 215 

riboswitches within the metagenomes. Cobalamin riboswitches are cobamide-binding elements 216 

found in the untranslated region of bacterial mRNAs that regulate expression of genes or 217 

transcripts involved in cobamide-dependent metabolism, biosynthesis, and cobamide transport 218 

(Garst et al., 2011; Nahvi et al., 2004; Polaski et al., 2017). We show that phylogenetically 219 

diverse skin taxa encode for cobalamin riboswitches, with Propionibacteriaceae being the 220 

dominant taxa (Figure 4A). At the species level, these hits were found predominantly within C. 221 

acnes genomes.  222 

 223 

To identify the pathways regulated by cobamides in C. acnes, we mapped cobalamin riboswitch 224 

sequence reads to the C. acnes KPA171202 reference genome. We find that riboswitches are 225 

distributed across the genome in numerous regions, regulating pathways involved in ABC 226 

transport, cobalt transport, cobamide biosynthesis, and cobamide-dependent and -independent 227 

reactions (Figure 4B). Three of the C. acnes cobalamin riboswitches (Regions 6, 7, and 8) are 228 

located upstream of pseudogenes or genes of unknown function (Figure 4B). Manual curation of 229 

these sequences suggest that the small pseudogenes are hypothetical adhesin protein 230 

fragments and the larger downstream sequences are thrombospondin type-3 repeat containing 231 

proteins (Supplemental Material S4). The role of cobalamin riboswitches in regulation of these 232 

genes is unknown, but suggests that cobalamin riboswitches are regulating diverse functions 233 

yet to be discovered. 234 

 235 

We found fewer cobalamin riboswitches in the genomes of other species relative to C. acnes. 236 

Riboswitches were identified near gene neighborhoods with functions involved in cobamide 237 
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biosynthesis, ABC transport, cobalt transport, and both cobamide-dependent and cobamide-238 

independent isozymes (Figure 4C-G). Unlike C. acnes, which tightly regulates cobamide 239 

biosynthesis, our data do not support riboswitch regulation of cobamide biosynthesis in V. 240 

parvula, C. kroppenstedtii, and C. amycolatum, suggesting constitutive de novo production of 241 

the molecule occurs on the skin. Overall, cobalamin riboswitches are likely to regulate diverse 242 

processes in the skin microbiome, including novel functions.   243 

 244 

Cobamide biosynthesis and usage shapes microbial network structures 245 

Having determined that cobamide producers, precursor salvagers, and users are prevalent 246 

within the skin microbiome, we sought out to determine how these members may be interacting, 247 

both with each other and with members who neither use nor produce cobamides. We utilized 248 

the SPIEC-EASI statistical method to infer microbial associations between common species on 249 

the skin (see Supplemental Material S5). Associations present in at least two of the three 250 

metagenomic studies were used to generate a final consensus network for each skin 251 

microenvironment.  252 

 253 

Across all microenvironments, the majority of associations are positive, with few negative 254 

associations in each network (Figure 5A). The following measurements were used to quantify 255 

each network: node degree, density, transitivity, modularity, and phylum assortativity (see 256 

Supplemental Table 1 for a description of these properties). Overall, the moist environment 257 

network was the least sparse and modular and the most dense and transitive, suggestive of a 258 

more interconnected and less modular community. The dry network was the most sparse and 259 

modular and the least dense and transitive, suggesting the existence of interaction modules with 260 

dense connections between species of the same module. Sebaceous and foot networks fell in 261 

the middle of this spectrum. Across all microenvironments, we observed high assortativity by 262 

phylum, indicating a preference for species to associate with other species in the same phylum.  263 

 264 

Across microenvironments, the distribution of species identified to be cobamide producers, 265 

precursor salvagers, and non-producers was relatively consistent, with more non-producers 266 

than producers or precursor salvagers (Figure 5B). The distribution of species identified to be 267 

cobamide dependent or not cobamide dependent was also consistent across 268 

microenvironments, with a generally equal number of cobamide-dependent species to 269 

cobamide-independent species in each network (Figure 5C). Edges were quantified based on 270 

cobamide biosynthesis category, showing more non-producer to non-producer edges, followed 271 
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by producer to non-producer, producer to producer, producer to precursor salvager, and lastly 272 

precursor salvager to non-producer (Figure 5D). The moist microenvironment has the largest 273 

number of edges between species that are de novo producers and those that are non-producers 274 

yet cobamide-dependent, followed by sebaceous, dry, and foot microenvironments. Overall, we 275 

find that associations between cobamide producers, precursor salvagers, non-producers, users, 276 

and non-users are distributed throughout the networks, suggesting that cobamide sharing 277 

between users and producers can impact microbial interactions within the entire network. 278 

 279 

Microbial diversity and community structure is driven by cobamide producer abundance. 280 

While the majority of bacteria are predicted to encode at least one cobamide-dependent 281 

enzyme, only 37% of bacteria are predicted to produce the cofactor de novo (Shelton et al., 282 

2019). Therefore within microbial communities, cobamide sharing likely exists as a means to 283 

fulfill this nutritional requirement and is hypothesized to mediate community dynamics. On the 284 

skin, two of the top most abundant genera are Cutibacterium and Corynebacterium, both of 285 

which we found to include species that are de novo cobamide producers. Therefore, we 286 

hypothesize that changes at the community level are associated with the presence of these 287 

cobamide-producing species. To assess this, we first explored the relationship between 288 

microbiome diversity and cobamide-producing Corynebacteria (CPC) abundance within healthy 289 

skin metagenomes. NMDS ordination of Bray-Curtis dissimilarity indices revealed clustering that 290 

follows increasing gradients of both alpha diversity and CPC abundance, where alpha diversity 291 

increases as CPC abundance increases (Figure 6A, Supplemental Table 2). This was most 292 

striking for samples from sebaceous, moist, and foot sites. In contrast, this pattern of clustering 293 

was not observed for Cutibacterium cobamide producers, but rather samples with the highest 294 

Cutibacterium relative abundances often were the least diverse (Supplemental Figure 5). 295 

Furthermore, communities with a low CPC abundance were usually dominated by Cutibacterium 296 

acnes, whereas communities with high abundance showed an expansion of other skin taxa and 297 

an overall more even species distribution within the community (Supplemental Figure 6). 298 

Consistent with our analysis of riboswitch regulation, these results further support a model 299 

where Corynebacterium species constitutively produce cobamides as a shared common good, 300 

promoting microbiome diversity and structure. On the other hand, tightly regulated production by 301 

Cutibacterium species permits niche expansion and lower diversity.  302 

 303 

Cobamide production is depleted in atopic dermatitis  304 
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A decrease in microbiome diversity is associated with increased pathogen colonization in 305 

dermatological disease such as atopic dermatitis (AD) (Paller et al., 2019; Williams, 2005). To 306 

assess the potential role of CPC in the AD skin microbiome, we analyzed 417 metagenomes 307 

from a cohort of 11 pediatric AD patients and 7 healthy controls. Microbiome structures 308 

exhibited a higher level of variability compared to the adult cohorts, with weak clustering of 309 

samples based on alpha diversity or CPC abundance. A subset of samples collected from moist 310 

sites during a flare formed a distinct cluster exhibiting low CPC abundance and alpha diversity 311 

(Supplemental Figure 7). AD skin symptoms often present in moist sites such as the antecubital 312 

fossa (bend of the elbow) and popliteal fossa (bend of the knee), suggesting a relationship 313 

between microbiome structure, diversity, and CPC abundance during AD flares. Consistent with 314 

this hypothesis, we observed that CPC abundance is significantly reduced in AD patients at 315 

baseline (p=0.0018) as well as during flares (p=0.0050) compared to healthy controls (Figure 316 

6B). Within individual patients, a sharp decrease in CPC abundance between baseline and flare 317 

occurs in a subset of patients, particularly in the antecubital fossa and popliteal fossa (Figure 318 

6C). Overall, differential CPC abundance is detected between disease states, suggesting a 319 

relationship between these members and microbial community structure in atopic dermatitis.   320 

 321 

Cobamide biosynthesis is enriched in host-associated Corynebacterium species  322 

Until recently, species of the Corynebacterium genus have been underappreciated as significant 323 

members of skin microbial communities, predominantly due to the difficulty of growing these 324 

species in the lab, which is a result of their nutritionally fastidious and slow-growing nature 325 

(Grice and Segre, 2011). However, sequencing efforts have revealed that Corynebacteria are a 326 

dominant taxon within the microbiome, particularly in moist skin microenvironments (Grice et al., 327 

2009; Oh et al., 2014, 2016). Our results suggest an important role for cobamide production by 328 

skin-associated Corynebacterium species. Because other species within the Corynebacterium 329 

genus occupy highly diverse habitats, including soil, cheese rinds, coral mucus, and other 330 

human and animal body sites (Bernard, 2012), we were interested in exploring the genomic 331 

diversity within the Corynebacterium genus and how it relates to cobamide biosynthesis. To do 332 

so, we performed a pangenome analysis using anvi’o, which included 50 host-associated and 333 

21 environment-associated Corynebacterium genomes (Supplemental Material S8), acquired as 334 

complete assemblies from NCBI (n=68) or as draft assemblies from human skin isolates (n=3). 335 

Gene clusters (GCs), which are computed and used by anvi’o, represent one or more genes 336 

grouped together based on homology at the translated DNA sequence level (Delmont and Murat 337 

Eren, 2018). Across all species, 42,154 total GCs were identified. 495 of these are core GCs 338 
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present in all genomes, 13,235 GCs are shared (dispensable), and 28,424 GCs are found in 339 

only one genome (species-specific) (Supplemental Figures 8-9). Genome size ranged from 2.0 340 

to 3.6 Mbp, with an average of 2.7 ± 0.3 Mbp, and the number of GCs per genome ranged from 341 

1858 to 3170 GCs, with an average of 2365 ± 294 GCs (Supplemental Material S8). Host-342 

associated species have significantly fewer GCs per genome compared to environment-343 

associated species (2174 vs. 2664, p-value<0.0001) and a significantly reduced median 344 

genome length (2.52 Mbp vs 3.03 Mbp, p-value<0.0001) (Figure 7B, 7C).  345 

 346 

We determined functions that differ between host- and environment-associated genomes using 347 

a functional enrichment analysis. The top significantly enriched functions in environment-348 

associated genomes include pathways putatively involved in amino acid transport, metabolism 349 

of various substrates including aromatic compounds, tetrahydropterin cofactors, and 350 

citrate/malate, and other uncharacterized functions (q < 0.05) (Figure 7E). Within host-351 

associated genomes, we observed a significant enrichment of pathways involved in the 352 

transport of various metabolites and ions, as well as 8 COG functions involved in cobamide 353 

biosynthesis (q < 0.05) (Figure 7D). To identify and validate the presence of the de novo 354 

biosynthesis pathway within the 71 Corynebacterium genomes, we scanned the genomes using 355 

KOfamScan. Tetrapyrrole precursor synthesis, which is shared among the cobamide, heme, 356 

and chlorophyll biosynthesis pathways (Shelton et al., 2019), was conserved throughout the 357 

genus (Figure 7A). Corrin ring and nucleotide loop synthesis was intact and conserved within 5 358 

distinct Corynebacterium lineages, including those of C. diphtheriae, C. epidermidicans, C. 359 

argentoratense, C. kroppenstedtii, and C. amycolatum. The species within these groups encode 360 

for all or nearly all of the genes required for de novo cobamide biosynthesis, and notably, 21 out 361 

of 22 of these predicted cobamide producers are host-associated. Taken together, these results 362 

demonstrate a range of cobamide biosynthetic capabilities by Corynebacteria, with de novo 363 

producing species being almost exclusively host-associated, despite reduced genome size. 364 

Thus, we hypothesize a role for cobamides in mediating host-microbe interactions.  365 

 366 

Skin commensal Corynebacterium amycolatum produces high levels of cobamides.  367 

From our metagenomic and comparative genomic analyses, we identified C. amycolatum as a 368 

de novo cobamide producer. To test in vitro production of cobamides by this species, we 369 

isolated a strain of C. amycolatum from healthy skin, cultured it in a minimal growth medium, 370 

and prepared cell extracts from the intracellular metabolite content. We tested the cell extract in 371 

a microbiological assay using the indicator strain E. coli ATCC 14169, whose growth is 372 
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proportional to cobamide concentration from 0.1 to 1.5 ng/mL (Supplemental Figure 10A). When 373 

diluted 10,000- to 50,000-fold, C. amycolatum cell extracts yielded growth of E. coli within the 374 

linear range (Supplemental Figure 10B), with an average cobamide amount of 1.51 ± 0.135 µg 375 

per gram of wet cell weight and an average intracellular concentration of 11.3 ± 2.37 µM. 376 

Physiological requirements of cobamides range from nanomolar to even picomolar 377 

concentrations (Sokolovskaya et al., 2020), supporting our hypothesis that C. amycolatum 378 

produces the cofactor in excess quantities to support cobamide sharing in the community. 379 

 380 

DISCUSSION 381 

 382 

This study, which provides the first in depth analysis of cobamide biosynthesis and use within 383 

skin microbial communities, contributes to the growing body of evidence that nutrient sharing is 384 

a critical driver of microbial community dynamics. Our analysis of skin metagenomic data 385 

demonstrates that phylogenetically diverse skin taxa, both high and low abundance, encode for 386 

metabolically diverse cobamide-dependent enzymes, as well as proteins involved in cobamide 387 

transport and salvage. Meanwhile, de novo producing skin species are greatly outnumbered by 388 

the total number of species that require cobamides for metabolism. In contrast to studies of 389 

cobamides in other microbial communities that have demonstrated de novo synthesis to be 390 

carried out by a relatively small fraction of the community (Lu et al., 2020; Magnúsdóttir et al., 391 

2015; Romine et al., 2017), our results indicate that cobamides are produced by taxa 392 

considered to be dominant members within the skin microbiome, including Cutibacterium and 393 

Corynebacterium species. However, what is currently unknown is the extent to which 394 

cobamides produced by these dominant taxa are available for community use. 395 

 396 

Our findings show that regulation of biosynthesis and use can vary drastically from taxa to taxa. 397 

For example, we show that C. acnes is the top species encoding for cobamide biosynthesis and 398 

dependent genes within the dataset, yet expression of these genes is under tight regulation by 399 

over ten cobalamin riboswitches. Conversely, other predicted cobamide producers on the skin, 400 

such as C. amycolatum and C. kroppenstedtii, only possess a few cobalamin riboswitches, and 401 

these riboswitches regulate cobamide-dependent, -independent, and transport functions, as 402 

opposed to cobamide biosynthesis. The absence of riboswitch-regulated biosynthesis genes is 403 

similarly observed across all Corynebacteriaceae (Sun et al., 2013). This suggests that 404 

constitutive expression of cobamide biosynthesis occurs in specific skin taxa. Overall, cobamide 405 
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production and riboswitch regulation are likely to act as important mediators of microbe-microbe 406 

interactions on the skin.    407 

 408 

Within microbial communities, cobamides are hypothesized to mediate community dynamics 409 

because of the relative paucity of cobamide producers, yet evident requirement for this cofactor 410 

across the bacterial domain of life (Degnan Patrick H. Taga Michiko E. Goodman, 2014; Shelton 411 

et al., 2019; Sokolovskaya et al., 2020). Our results suggest that on the skin, Corynebacterium 412 

cobamide-producing species promote microbiome diversity and dictate community structure in 413 

both healthy and diseased skin states. In addition, microbial association analysis identified 414 

associations between cobamide producers, users, as well as non-users, revealing the 415 

opportunity for cobamide sharing to impact microbiome dynamics at a community level. 416 

Because there exists a spectrum of ecological niches on the skin, we propose that in addition to 417 

the existence of cobamide sharing, cobamide-mediated interactions are dependent upon the 418 

spatial structure of skin microbial communities. For example, C. acnes is an anaerobe that 419 

predominantly resides deep within the anaerobic sebaceous follicle (Dréno et al., 2018), 420 

dominating between 60-90% of the follicle community (Hall et al., 2018). As such, the 421 

opportunity for cobamide-mediated interactions is likely reduced as a result of the C. acnes-422 

dominated sebaceous gland. Approaching the more oxygenated skin surface, the community 423 

becomes more diverse (Oh et al., 2014), thus increasing the incidence of cobamide interactions 424 

and subsequent effects on community dynamics.  425 

 426 

Corynebacteria are well-equipped for growth on the skin due to their “lipid-loving” and 427 

halotolerant nature, allowing them to thrive in moist and sebaceous skin microenvironments 428 

(Scharschmidt and Fischbach, 2013). However, many questions remain about the processes 429 

that govern skin colonization by this relatively understudied skin taxa and how these processes 430 

may impact or be impacted by microbe-microbe and microbe-host interactions on the skin. We 431 

identified several Corynebacterium species to be de novo cobamide producers on the skin, and 432 

further, that the abundance of these species impacts microbial community dynamics through 433 

promotion of diversity. This suggests skin-associated Corynebacteria are a keystone species, 434 

leading us to perform a comparative genomics study of the entire genus. As expected, host-435 

associated species have significantly smaller genomes, but unexpectedly, they are enriched for 436 

de novo cobamide biosynthesis as compared to environment-associated species. Retention of 437 

the energetically costly 25-enzyme cobamide biosynthesis pathway within host-associated 438 
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species, even with reduced genome size, suggests that synthesis of this cofactor is 439 

advantageous for host niche colonization.  440 

 441 

A key question that arises is why some Corynebacterium species have retained the de novo 442 

cobamide biosynthesis pathway, while others have not. Our results showed that 443 

Corynebacterium species encode for cobamide-dependent methionine synthase, 444 

methylmalonyl-CoA mutase, and ethanolamine ammonia lyase, consistent with previous 445 

findings by Shelton et al. (Shelton et al., 2019). Therefore, cobamides are likely produced by 446 

Corynebacteria to fulfill metabolic requirements in methionine, propionate, and 447 

glycerophospholipid metabolism. Alternative cobamide-independent pathways exist for these 448 

functions, therefore cobamides may confer a distinct advantage for these species. Indeed, 449 

metE, the cobamide-independent methionine synthase, is sensitive to oxidative stress and has 450 

reduced turnover compared to metH (González et al., 1992; Hondorp and Matthews, 2004; 451 

Leichert and Jakob, 2004). The skin in particular is subject to high oxidative stress as a result of 452 

metabolic reactions, cosmetics, and UV irradiation exposure. (Andersson et al., 2019; Hakozaki 453 

et al., 2008; Kawashima et al., 2018). Therefore, while the significance of employing cobamide-454 

dependent vs -independent isozymes for bacterial metabolism on the skin is unknown, inherent 455 

features of the skin such as high oxidative stress may play a role.  456 

 457 

Our study further elucidates a potentially novel cobamide-mediated host-microbe interaction. 458 

We determined that 20 of 21 Corynebacterium species encoding for de novo biosynthesis are 459 

host-associated. Most of these species are characterized by their colonization of epithelial-460 

associated sites (skin, oral cavity, nasal cavity) of their various hosts, including humans, other 461 

small and large mammals, and birds. While a clear role for cobamides in host-microbe 462 

interactions is not currently defined, Kang et al. have demonstrated that in humans, oral vitamin 463 

B12 supplementation can repress cobamide biosynthesis genes of the skin microbiota, thus 464 

providing evidence that host-acquired cobamides are available to the microbiota through the 465 

skin (Kang et al., 2015). Whether microbially-produced cobamides are accessible to the host 466 

through these epithelial surfaces is unknown, but warrants future investigation.  467 

 468 

Our findings reveal that cobamide dependence is widespread across the phylogenetic diversity 469 

of the skin microbiome, while a small number of skin taxa are capable of de novo production, 470 

including several species of the Corynebacterium genus. Within skin microbial communities, 471 

abundance of these cobamide-producing Corynebacteria is strongly associated with increased 472 
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microbiome diversity and disease state, supporting our hypothesis that cobamides are important 473 

mediators of microbiome structure and skin health. We also show that within the 474 

Corynebacterium genus, de novo cobamide biosynthesis is uniquely a host-associated function. 475 

Future studies to interrogate the role of cobamides in microbe-microbe and microbe-host 476 

interactions will provide insight into the key roles that microbially-derived metabolites play in 477 

microbial community dynamics and host health.  478 
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FIGURE LEGENDS 501 

 502 

Figure 1. Simplified de novo cobamide biosynthesis pathway. Subsections of the pathway 503 

are indicated by color, with gene names and white boxes indicating each enzymatic step. 504 
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Aerobic and anaerobic corrin ring synthesis pathways contain orthologous enzymes that are 505 

indicated with dashed lines. HemL in parentheses is required for synthesis from glutamate. 506 

 507 

Figure 2. De novo cobamide biosynthesis is limited to distinct taxa on the skin. A) Taxon 508 

contribution reflects the proportion of normalized cobamide biosynthesis gene hits assigned to 509 

each taxon out of the total normalized cobamide biosynthesis gene hits within a sample. 510 

Normalization was performed by dividing hits to each gene by its profile HMM length. Taxon 511 

contributions are shown for the top 6 taxa, grouped by skin site. Color indicates 512 

microenvironment classification. B) The top 40 most abundant bacterial species within the 513 

dataset were determined by totaling the hits to single copy gene rpoB for each species. The 514 

remaining species were grouped into “Other”. Individual values in the heatmap represent the 515 

number of hits assigned to the species for a particular cobamide biosynthesis gene divided by 516 

the total number of hits to the gene. Gene hits were normalized by profile HMM length and 517 

sequencing depth prior to calculation. Black squares represent taxonomic abundance from 0 to 518 

0.01%. The colored bar above cobamide biosynthesis genes indicates pathway subsection from 519 

Figure 1. 520 

 521 

Figure 3. Phylogenetically diverse skin bacteria encode for cobamide dependent 522 

enzymes and transporters.  The total normalized hits for cobamide-dependent enzymes, 523 

cobamide transport protein btuB, and SCG rpoB are shown (total hits normalized to profile HMM 524 

coverage and sequence depth), with the taxonomic abundance of the hits expanded as relative 525 

proportions above. Hits to distinct B12-dependent radical SAM proteins are grouped together as 526 

“B12-dep radical SAM”. 527 

 528 

Figure 4. Cobalamin riboswitch regulation varies across skin taxa. A) The taxonomic 529 

abundance of hits for cobalamin riboswitches (Rfam clan CL00101) are shown, with an 530 

expanded view of low abundance hits to the right. Total cobalamin riboswitch hits within each 531 

microenvironment are indicated. Cobalamin riboswitch-containing reads identified from 532 

INFERNAL analysis were aligned to B) Cutibacterium acnes KPA171202, C) Veillonella parvula 533 

DSM 2008, D) Pseudomonas putida KT2440, E) Corynebacterium kroppenstedtii DSM 44385, 534 

F) Corynebacterium amycolatum FDAARGOS 1107, and G) Streptococcus sanguinis SK36 535 

genomes. Dark gray lines along the light grey genome track indicate the position of mapped 536 

INFERNAL hits within the genome. Genes upstream and downstream of the riboswitches are 537 

colored by their general functional annotation.  White (other function) indicates genes not 538 
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currently known to be associated with cobamides. Grey (hypothetical) indicates a hypothetical 539 

protein that has no functional annotation. Right-facing gene arrows and upright dark gray 540 

riboswitch icons indicate forward strand orientation, and left-facing gene arrows and inverted 541 

riboswitch icons indicate reverse strand orientation. Genomic regions are not to scale. 542 

 543 

Figure 5. Skin microbiome networks reveal microbial associations among cobamide 544 

producers, precursor salvagers, and users. A) The SPIEC-EASI method was used to identify 545 

microbial associations within each microenvironment of three independent skin microbiome 546 

datasets. Consensus networks are shown, representing associations identified in at least 2 of 547 

the 3 datasets. Species are represented by nodes and colored by phylum. Green and pink 548 

edges represent positive and negative associations, respectively. Node shape represents 549 

cobamide biosynthesis category and node size reflects mean species relative abundance within 550 

each microenvironment. Cobamide dependent species are outlined in black. In each final 551 

network, B) the number of species classified to each cobamide biosynthesis category, C) the 552 

number of species that are cobamide dependent or independent, D) the percentage of total 553 

edges that fall into each cobamide biosynthesis edge category, and E) the percentage of total 554 

edges that exist between cobamide producers and cobamide dependent species that are non-555 

producers or precursor salvagers is shown. NP=Non-producer, P=Producer, S=Precursor 556 

salvager. 557 

 558 

Figure 6. Cobamide-producing Corynebacterium abundance is associated with 559 

microbiome diversity and atopic dermatitis disease state. Within each metagenome, the 560 

cumulative relative abundance of cobamide-producing Corynebacteria (CPC) was calculated. A) 561 

NMDS plots based on Bray-Curtis indices for healthy adult samples within each skin 562 

microenvironment are shown. Points are colored by Corynebacterium cobamide producer 563 

relative abundance and sized by alpha diversity (Shannon). B) The relative abundance of CPC 564 

in pediatric atopic dermatitis patients at baseline, flare, and post-flare timepoints or in healthy 565 

control subjects. A pairwise Wilcoxon rank sum test was performed among each group with 566 

FDR correction (*<0.05, **<0.01) (C) The relative abundance of CPC in each individual skin site 567 

sampled. Black lines connect timepoints for a given patient. Certain sites were sampled from 568 

both sides of the body, therefore each point represents the average abundance of for each 569 

individual at the specified skin site. 570 

 571 
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Figure 7. De novo cobamide biosynthesis is host-associated within the Corynebacterium 572 

genus. A) A Corynebacterium phylogenetic tree based on comparison of 71 conserved single 573 

copy genes was generated using FastTree within the anvi’o environment. The tree is rooted with 574 

Tsukamurella paurometabola, and bootstrapping values are indicated (* = 100% bootstrap 575 

support). Species are colored by host (blue) or environment (orange) association, and by 576 

genome length (dark blue). KOfamScan was used to identify the presence (dark pink) or 577 

absence (light pink) of cobamide biosynthesis genes within each genome. Cobamide 578 

biosynthesis subsections are indicated and differentially colored based on  B) Genome length 579 

and C) number of gene clusters for the Corynebacterium genomes were determined using 580 

anvi’o. Significantly enriched COG functions in D) host-associated or E) environment-associated 581 

genomes were identified with anvi’o. The top 20 significantly enriched COG functions (q < 0.05) 582 

are shown, ordered by ascending significance. Blue = host-associated, orange = environment-583 

associated. *<0.0001 as calculated by Welch’s unequal variances t-test.  584 

 585 

Supplemental Figure 1. Read counts for cobamide biosynthesis genes, cobamide 586 

dependent genes, and rpoB. The total sum of reads mapping to cobamide biosynthesis 587 

genes, cobamide dependent genes, or single-copy core gene rpoB within each sample are 588 

shown.  589 

 590 

Supplemental Figure 2. De novo cobamide biosynthesis is restricted to select bacterial 591 

families on the skin. The top 20 abundant bacterial families within the dataset were 592 

determined by totaling the hits to single copy gene rpoB for each family. The remaining families 593 

were grouped into “Other”. Individual values in the heatmap represent the number of hits 594 

assigned to the family for a particular cobamide biosynthesis gene divided by the total number 595 

of hits to the gene. Gene hits were normalized by profile HMM coverage and sequencing depth 596 

prior to calculation. Black squares represent taxonomic abundance from 0 to 0.01%. 597 

 598 

Supplemental Figure 3. The number of unique species encoding single-copy core gene rpoB 599 

or 11 cobamide-dependent enzymes is shown. The number of unique de novo cobamide 600 

producers was determined by considering species with reads encoding for at least 5 of the 10 601 

cobamide biosynthesis gene markers. 602 

 603 

Supplemental Figure 4. For each microenvironment network, the relative frequency of nodes 604 

with each given degree is shown. 605 
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 606 

Supplemental Figure 5. Within each metagenome, the cumulative relative abundance of 607 

cobamide-producing Cutibacteria was calculated. A) NMDS plots based on Bray-Curtis indices 608 

for healthy adult samples within each skin microenvironment are shown. Points are colored by 609 

log 10 Cutibacterium cobamide producer abundance and sized by alpha diversity (Shannon). 610 

 611 

Supplemental Figure 6. Relative abundance of metagenomes with low or high 612 

Corynebacterium cobamide producer abundance. The first (0.05%) and third (0.75%) quartiles 613 

of the cobamide-producing Corynebacteria (CPC) relative abundance across all samples were 614 

used to group samples below 0.05% or above 0.75% CPC abundance. Relative abundances for 615 

samples within each group are shown. Species less than 10% relative abundance within each 616 

sample are grouped into “Other”.  617 

 618 

Supplemental Figure 7. Within each AD metagenome, the cumulative relative abundance of 619 

cobamide-producing Corynebacteria (CPC) was calculated. NMDS plots based on Bray-Curtis 620 

indices for pediatric AD samples within each skin microenvironment are shown. Points are 621 

colored by log 10 Corynebacterium cobamide producer relative abundance and sized by alpha 622 

diversity (Shannon). Shapes represent disease timepoint or healthy control.  623 

 624 

Supplemental Figure 8. Corynebacterium pangenome. Pangenome analysis generated with 625 

anvi’o. 42,154 gene clusters (combined core, dispensable, and singletons) were identified from 626 

71 Corynebacterium genomes and are ordered by gene cluster frequency (opaque, present; 627 

transparent, absent). Each gene cluster contains one or more genes contributed by one or more 628 

genomes. Genomes are colored by ecosystem association and ordered by the phylogeny based 629 

on 71 single copy genes (unrooted). ANI scale (0.7-0.8). Singleton gene clusters (grey) are 630 

collapsed. 631 

 632 

Supplementary Figure 9. Corynebacterium singleton gene clusters.  The number of 633 

singleton gene clusters per genome A) was determined using anvi’o. B) Welch’s unequal 634 

variances t-test did not reveal a significant difference in singleton gene cluster count between 635 

host- and environment-associated genomes. 636 

 637 

Supplemental Figure 10. C. amycolatum cell extract supports growth of E. coli strain 638 

auxotrophic for cobamides. E. coli ATCC 14169 was used as a microbiological indicator for 639 
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the detection of cobamide concentration in C. amycolatum LK19 cell extracts. A) Growth of E. 640 

coli was measured in minimal media with cyanocobalamin standards between 0.1 and 1.5 641 

ng/mL to generate a standard curve. B) E. coli growth with cyanocobalamin standards or 642 

different dilutions of cell extract. OOD600 values from 6 biological replicates and at least 3 643 

technical replicates are shown.  644 

 645 

METHODS 646 

 647 

Subject recruitment and sample collection 648 

Healthy adult volunteers were recruited from the University of Wisconsin-Madison Microbial 649 

Sciences Building in Madison, WI, USA, from July through November 2019 under an 650 

institutional review board approved protocol. The single eligibility requirement was that the 651 

subject is over 18 years of age. Subjects provided written informed consent before participation. 652 

During each visit, 8 skin sites were sampled from that represent the physiologically diverse 653 

microenvironments of the skin: sebaceous (alar crease, occiput, back), moist (nare, antecubital 654 

fossa, umbilicus), dry (volar forearm), and foot (toe web space). Samples were collected by 655 

wetting a sterile foam swab (Puritan) with nuclease-free H2O and swabbing an approximately 656 

1x1 inch area of the right lateral skin site for 15 rotations. Swabs were collected into 300 µL 657 

Lucigen MasterPure™ Yeast Cell Lysis solution and stored at -80°C until DNA extraction. 658 

Negative control air swabs, room swabs, extraction kit controls, and mock community samples 659 

were collected and prepared for sequencing as well. 660 

 661 

For extraction, samples were thawed on ice and incubated shaking at 37°C for 1 hour in an 662 

enzymatic cocktail of ReadyLyse (Epicenter), mutanolysin (Sigma), and lysostaphin (Sigma). 663 

Swabs were then centrifuged in a filter tube insert (Promega) for 60 seconds at 21,300 x g to 664 

remove all liquid from the swab. The liquid was added to a glass bead tube (Qiagen) and 665 

vortexed for 10 minutes followed by incubation at 65°C shaking for 30 minutes and 5 minutes on 666 

ice. The liquid was removed and added to MPC protein precipitation reagent, vortexed 667 

thoroughly,  and centrifuged for 10 minutes at 21,300 x g. The resulting supernatant was 668 

combined with isopropyl alcohol and column purified using the Invitrogen PureLink Genomic 669 

DNA extraction kit. Lastly, DNA was eluted in 50 µL of elution buffer.  670 

 671 

Metagenomic sequencing, processing, and taxonomic classification 672 
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Extracted DNA was prepared for sequencing by the University of Minnesota Genomics Center 673 

(UMGC) using the Nextera XT DNA Library Prep Kit (Illumina). Sequencing of the libraries was 674 

performed by UMGC on an Illumina NovaSeq (2 x 150 bp reads). We obtained 289 samples 675 

and 5.2 billion reads of non-human, quality-filtered, paired-end reads, with a median of 17.4 676 

million paired-end reads per skin sample. Raw sequence data has been deposited in the NCBI 677 

Sequence Read Archive (SRA) under BioProject ID PRJNA763232. 678 

 679 

 680 

Quality filtering, adapter removal, human decontamination, and tandem repeat removal were 681 

performed using fastp v0.21.0 (Chen et al., 2018) and KneadData v0.8.0. Taxonomic 682 

classification and abundance estimation was performed using Kraken 2 v2.0.8-beta (Wood et 683 

al., 2019) and Bracken v2.5 (Lu et al., 2017), with a custom database that included complete 684 

bacterial, viral, archaeal, fungal, protozoan, and human genomes, along with UniVec core 685 

sequences, from RefSeq. We further modified the custom database to separate plasmid 686 

sequences from the RefSeq genomes, as we and others have observed incorrect taxonomic 687 

assignment of plasmid sequences using RefSeq taxonomy with Kraken 2 (Doster et al., 2019). 688 

Potential contaminant species were identified and removed using the prevalence method in 689 

decontam v1.10.0 (Davis et al., 2018) and through manual inspection of air swab samples 690 

compared to matched skin swabs, ensuring a high-quality sequence set. To compare analyses 691 

across studies, an additional 906 human skin shotgun metagenomic samples from Oh et al. (Oh 692 

et al., 2016) and Hannigan et al. (Hannigan et al., 2015) were retrieved from the SRA under 693 

BioProject IDs PRJNA46333 and PRJNA266117, respectively. Metagenomic reads across 694 

multiple SRA run accessions from the same biological sample were pooled, processed for 695 

quality control, and assigned taxonomy using the methods outlined above. In all, the 696 

metagenomic data represents the skin microbial communities across 21 distinct sites from 66 697 

healthy individuals. Sample information is described in Supplemental Material S1 and S2. 698 

 699 

Choice of profile HMMs for skin metagenome survey of cobamide biosynthesis and use 700 

Profile HMMs, retrieved from the TIGRfam and Pfam databases, were used to detect cobamide 701 

biosynthesis, cobamide transport, and cobamide-dependent genes within skin metagenomic 702 

sequencing data. A total of 11 cobamide biosynthesis marker genes were selected because of 703 

their broad distribution throughout both the aerobic and anaerobic biosynthesis pathways and 704 

their presence within taxonomically-diverse cobamide producer genomes (Doxey et al., 2015; 705 

Lu et al., 2020; Shelton et al., 2019). CbiZ was included as a marker of cobamide remodeling, 706 
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and btuB was included to assess cobamide transport. 19 cobamide-dependent enzymes and 707 

proteins with B12-binding domains were chosen to evaluate cobamide use. The single-copy core 708 

gene rpoB was used as a phylogenetic marker to assess microbial community structure within 709 

each metagenome and as a proxy for sequence depth.  All cobamide-associated genes used in 710 

this analysis can be found in Supplemental Material S3.  711 

 712 

Metagenomic sequence search using HMMER 713 

Sequencing reads from this study, Oh et al., and Hannigan et al. were converted to FASTA 714 

format, retaining only forward read files for analysis. For biological samples with multiple SRA 715 

run accessions, only the largest run when considering base pair count was included for analysis 716 

(Supplemental Material S1 and S2). Metagenomes were translated to each of 6 frame 717 

translations using transeq from the emboss v6.6.0 package (Rice et al., 2000). The program 718 

hmmsearch from HMMER v3.3.1 (Eddy, 2011) was used with default parameters and an E-719 

value cutoff of 1E-06 to scan the metagenomic sequencing reads for homology to each 720 

cobamide-related HMM. The resulting hits were taxonomically classified to the species level 721 

using Kraken 2 (Wood et al., 2019) and Bracken (Lu et al., 2017). The number of hits for each 722 

gene was normalized to HMM length when analyzing individual metagenomes and to both HMM 723 

length and sequencing depth when analyzing groups of metagenomes. To reduce the rate of 724 

rare and singleton hits, species-gene pairings that did not appear in at least five samples from 725 

two or more datasets were excluded from further analysis. Taxonomic frequency profiles were 726 

generated for each cobamide-related gene by dividing the normalized number of gene hits per 727 

taxon by the total normalized number of gene hits. 728 

 729 

Metagenomic sequence search using INFERNAL 730 

Covariance models (CMs) for 3 cobalamin riboswitches from the Rfam clan CL00101 were 731 

retrieved from the Rfam database (Kalvari et al., 2018) (Supplemental Material S3). The 732 

program cmsearch from INFERNAL v1.1.2 (Nawrocki and Eddy, 2013) was used with default 733 

parameters and an E-value cutoff of 1E-06 to scan the metagenomes for RNA homologs to 734 

cobalamin riboswitches. The methods following hit identification are the same as described 735 

above for HMM analysis, except that the number of hits for each riboswitch were not normalized 736 

by CM length because the read lengths and CM lengths were relatively similar.  737 

 738 

Mapping of cobalamin riboswitch hits to genomes 739 
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Reads identified from INFERNAL were aligned against the complete genomes of Cutibacterium 740 

acnes KPA171202, Veillonella parvula DSM 2008, Pseudomonas putida KT2440, 741 

Corynebacterium amycolatum FDAAROS 1107, and Streptococcus sanguinis SK36 using 742 

bowtie2 v2.3.5.1 (Langmead and Salzberg, 2012) and visualized in R with the ggbio v1.30.0 743 

package (Yin et al., 2012). Genes upstream and downstream of the aligned reads within each 744 

genome were assigned functions based on NCBI RefSeq annotations and visualized using the 745 

gggenes v0.4.0 R package. Genes within genomic regions that encoded for a cobalamin 746 

riboswitch but had no genes currently known to be under cobalamin riboswitch control were 747 

assigned putative functions based on the top hit from NCBI BLAST searches against the nt/nr 748 

nucleotide collection database. 749 

 750 

SPIEC-EASI microbial network inference 751 

The statistical method SPIEC-EASI from the SpiecEasi R package v1.0.7 (Kurtz et al., 2015) 752 

was used to identify associations between microbial species in the skin metagenomes. Samples 753 

included for analysis are indicated in Supplemental Material S1 and S2; samples with 754 

comparatively low read counts within each dataset were excluded. Species were included for 755 

analysis if they were present at greater than 0.015% average abundance and identified in at 756 

least 55% of the samples, resulting in 185 final species Supplemental Material S5). SPIEC-EASI 757 

(neighborhood selection mode) was performed on samples grouped by both microenvironment 758 

and study, resulting in 12 total networks. Consensus networks were created for each 759 

microenvironment by merging sign-consistent edges from the node and edge sets identified for 760 

each study, requiring that each edge appear in at least 2 of the 3 datasets (Kurtz et al., 2019). 761 

The R package igraph v1.2.6 (Csardi et al., 2006) was used for network visualization and 762 

calculation of topological network properties.  763 

 764 

To incorporate cobamide biosynthesis and dependence information into the network analysis, 765 

data from Supplementary Table 5 of Shelton et al. (Shelton et al., 2019) was used to assess the 766 

presence of cobamide dependent enzymes and the potential for cobamide biosynthesis or 767 

precursor salvage in each species in the consensus networks. For each species, the presence 768 

of 7 cobamide-dependent enzymes (‘B12-dependent RNR’, ‘metH’, ‘methylmalonyl-CoA mutase 769 

family’, ‘ethanolamine ammonia lyase’, ‘B12-dependent glycerol/diol dehydratase’, ‘D-ornithine 770 

4,5-aminomutase’, ‘epoxyqueosine reductase’) was determined, and the ‘cobamide biosynthesis 771 

category’ was used to assign cobamide biosynthesis potential. These 7 cobamide dependent 772 

enzymes were chosen because they represent those most abundant on the skin (Figure 3). For 773 
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any consensus network species absent from the Shelton et al. dataset, KO identifiers in 774 

Supplemental Material S6 were searched against NCBI RefSeq complete assembled genomes 775 

for each species using KOfamScan, a functional annotation program based on KOs and HMMs 776 

(Aramaki et al., 2020). Genomes were then scored for cobamide biosynthesis category based 777 

on the presence of certain sets of cobamide biosynthesis genes (Supplemental Material S5 and 778 

S6). 779 

 780 

Microbiome diversity analysis of Corynebacterium cobamide producers 781 

For microbiome diversity analyses of the healthy adult skin microbiome, metagenomes from this 782 

study and Oh et al. (Oh et al., 2016) were subsampled to 1.5 million read counts using 783 

rarefy_even_depth() from the phyloseq R package v1.34.0 (McMurdie and Holmes, 2013), 784 

discarding samples below this read count cutoff. Samples included for analysis are indicated in 785 

Supplemental Material S1 and S2; samples from Hannigan et al. (Hannigan et al., 2015) were 786 

excluded from analysis due to comparatively lower sequencing depth; median 1.2 million 787 

(Hannigan) vs 17.4 million (this study) and 16.9 million (Oh) final paired-end reads. To adjust for 788 

study effect, adjust_batch() from the MMUPHin R package v1.5.2 (Ma, 2021) was used. Using 789 

taxonomic abundance information, the cumulative relative abundance of Corynebacterium 790 

species that encode for de novo cobamide biosynthesis was calculated for each metagenome. 791 

Alpha diversity was determined by calculating the Shannon index using the phyloseq diversity() 792 

function. For beta diversity analysis, abundances were square root transformed to give more 793 

weight to low abundance taxa, and the Bray-Curtis dissimilarity index was calculated for 794 

samples within each skin site using vegdist() from the vegan v2.5-6 package. The indices were 795 

ordinated using non-metric multidimensional scaling with the vegan metaMDS() program. For 796 

analysis of the pediatric atopic dermatitis microbiome, metagenomes from Byrd et al. (Byrd et 797 

al., 2017) were accessed from the SRA, processed, and assigned taxonomy using the 798 

described methods (Supplemental Material S7). Samples MET1440, MET1441, MET1449, 799 

MET1552, and MET1563 were excluded due to insufficient sequence data after processing. 800 

Analysis of Corynebacterium cobamide producer abundance and alpha and beta diversity was 801 

performed as outlined above.  802 

 803 

Corynebacterium comparative genomics 804 

71 Corynebacterium isolate genomes were acquired either from the National Center for 805 

Biotechnology Information (NCBI) as complete assemblies or from human skin isolates as draft 806 

assemblies. Supplemental Material S8 reports accession numbers and other information for 807 
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each isolate genome, including ecosystem association, which was assigned using strain 808 

metadata and species-specific literature. The pangenomics workflow from anvi’o v6.2 809 

(http://merenlab.org/2016/11/08/pangenomics-v2/) (Delmont and Murat Eren, 2018; Eren et al., 810 

2015) was used for comparative genomics analysis. Briefly, genomes were annotated using 811 

‘anvi-run-ncbi-cogs’, which assigns functions from the NCBI Clusters of Orthologous Groups 812 

(COGs) database. The Corynebacterium pangenome was computed using the program ‘anvi-813 

pan-genome’ with the flags ‘--minbit 0.5’, --mcl-inflation 6’, and ‘--enforce-hierarchical-814 

clustering’. Average nucleotide identity between genomes was calculated using pyani within the 815 

anvi’o environment (https://github.com/widdowquinn/pyani) (Pritchard et al., 2015). The program 816 

‘anvi-get-enriched-functions-per-pan-group’ was utilized to identify enriched COGs between 817 

host- and environment-associated genomes (Shaiber et al., 2020). Genome summary statistics 818 

are presented in Supplemental Material S8.  819 

 820 

Corynebacterium phylogenetic analysis  821 

The anvi’o phylogenomics workflow (http://merenlab.org/2017/06/07/phylogenomics/) was used 822 

to create a Corynebacterium phylogeny. Within the anvi’o environment, single-copy core genes 823 

(SCGs) from the curated anvi’o collection Bacteria_71 were identified within each genome using 824 

HMMER (Eddy, 2011),  and the SCG amino acid sequences were concatenated and aligned 825 

using MUSCLE (Edgar, 2004). A phylogenetic tree was then constructed using FastTree (Price 826 

et al., 2010) within the anvi’o environment, and Tsukamurella paurometabola DSM 20162 was 827 

included as an outgroup to root the tree. To identify cobamide biosynthesis genes within the 71 828 

Corynebacterium genomes, KEGG orthology (KO) identifiers from KEGG map00860 829 

(Supplemental Material S6) were used to create a custom profile for KOfamscan. Each genome 830 

was queried against this profile, and hits to the KOs above the predefined inclusion threshold or 831 

user-defined threshold (cobU/cobT, cobC, and bluB), were considered for further analysis. 832 

Visualization of the phylogenetic tree and cobamide biosynthesis pathway completeness was 833 

performed in R with the ggtree package v2.4.2 (Yu et al., 2017). 834 

 835 

Corynebacterium minimal M9 (CM9) medium composition and preparation 836 

11.28 g/L M9 salts, 0.1 g/L L-dextrose, and 0.2% Tween 80 were prepared in aqueous solution 837 

and autoclaved at 121°C for 15 minutes. We and others have observed that autoclaving a small 838 

amount of L-dextrose in the presence of other media components improves rapid and abundant 839 

growth of Corynebacterium species in synthetic media (Liebl et al., 1989). When cooled, the 840 

following media components were added at the concentrations indicated: 0.1 mM CaCl2, 2 mM 841 
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MgSO4, 50 nM CoCl2, 6 µM thiamine-HCl, 1.9 g/L L-dextrose, 100 mg/L L-arginine, 2 mg/L 842 

biotin. 843 

 844 

Corynebacterium amycolatum cell extract preparation 845 

C. amycolatum LK19, isolated from healthy adult skin, was cultured overnight in BHI with 0.2% 846 

Tween 80. To remove residual cobamides in the media and scale up culture conditions, cells 847 

were washed 3 times with CM9 broth, inoculated into 250-mL CM9 broth (starting OD600 = 0.1), 848 

and incubated shaking at 37°C for 24 hours. Cells were again washed, inoculated into 1-L CM9 849 

broth (starting OD600 = 0.1), and incubated shaking at 37°C for 48 hours. Cells were spun 850 

down at 4000 rpm for 20 minutes, wet cell weight was recorded, and 20 mL methanol per 1 g 851 

wet cell weight was added for metabolite extraction. To convert cobamides to their cyano form, 852 

20 mg potassium cyanide was added per 1 g wet cell weight, and the cell suspension was 853 

heated at 60°C for 90 minutes and mixed intermittently every 20 minutes. Following overnight 854 

room temperature incubation, cell debris was removed, and the solvent was evaporated using a 855 

rotary evaporator. The resulting extract was de-salted with a C18 Sep-Pak (Waters) cartridge. 856 

Briefly, the cell extract was suspended in 10-ml H2O and run through the cartridge, followed by a 857 

20-mL H2O wash and elution of the cobamide-containing fraction with 3-mL methanol. The de-858 

salted extract was dried in the fume hood and resuspended in 1.1 mL H2O for subsequent 859 

analysis.  860 

 861 

Microbiological cobamide indicator assay 862 

E. coli strain ATCC 14169, which requires either cobamide or methionine supplementation for 863 

growth, was acquired from the NRRL Culture Collection. The strain was cultured for 6 hours in 864 

BHI with 0.2% Tween 80 and washed 3 times with M9 minimal medium (11.28 g/L M9 salts 865 

(Sigma-Aldrich), 0.1 mM CaCl2, 0.2 mM MgSO4, 1 mM thiamine-HCl, 2 g/L L-dextrose, 100 866 

mg/L L-arginine). Cells were adjusted to an OOD600 of approximately 0.02 in M9 minimal 867 

medium. In each well of a 96-well plate, 200 uL of cells and 2.5 uL of sample (cyanocobalamin 868 

standards or C. amycolatum LK19 cell extract dilutions) were added. The plate was incubated 869 

stationary at 37°C for 18 hours, and OOD600 values were recorded using a BioTek Epoch 2 870 

Microplate Spectrophotometer. A standard curve was generated using cyanocobalamin 871 

concentrations between 0.1 and 1.5 ng/mL, and this was used to calculate cobamide 872 

concentration in the cell extracts. Intracellular concentrations were estimated assuming a 873 

cellular volume of 1 µm3 and 8x108 cells/mL at an OD600 of 1.0 (Sokolovskaya et al., 2019). 874 
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Quantification and Statistical Analysis 875 

The R Statistical Package was used to generate figures and compute statistical analyses. 876 

Statistical significance was verified through the non-parametric Wilcoxon rank-sum test with 877 

FDR correction or Welch’s unequal variances t-test. Correlations between cobamide-producing 878 

Corynebacteria abundance and Shannon diversity were calculated using the Spearman rank 879 

coefficient.   880 

 881 

 882 
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Figure 2. De novo cobamide biosynthesis is limited to distinct taxa on the skin. A) Taxon contribution reflects 
the proportion of normalized cobamide biosynthesis gene hits assigned to each taxon out of the total normalized 
cobamide biosynthesis gene hits within a sample. Normalization was performed by dividing hits to each gene by its 
profile HMM length. Taxon contributions are shown for the top 6 taxa, grouped by skin site. Color indicates microen-
vironment classification. B) The top 40 most abundant bacterial species within the dataset were determined by total-
ing the hits to single copy gene rpoB for each species. The remaining species were grouped into “Other”. Individual 
values in the heatmap represent the number of hits assigned to the species for a particular cobamide biosynthesis 
gene divided by the total number of hits to the gene. Gene hits were normalized by profile HMM length and se-
quencing depth prior to calculation. Black squares represent taxonomic abundance from 0 to 0.01%. The colored 
bar above cobamide biosynthesis genes indicates pathway subsection from Figure 1.
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Figure 3. Phylogenetically diverse skin bacteria encode for cobamide dependent enzymes and transporters.  The total nor-
malized hits for cobamide-dependent enzymes, cobamide transport protein btuB, and SCG rpoB are shown (total hits normalized to 
profile HMM coverage and sequence depth), with the taxonomic abundance of the hits expanded as relative proportions above. Hits 
to distinct B12-dependent radical SAM proteins are grouped together as “B12-dep radical SAM”.
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Figure 4. Cobalamin riboswitch regulation varies across skin taxa. A) The taxonomic abundance of hits for cobalamin riboswitches (Rfam clan CL00101) are 
shown, with an expanded view of low abundance hits to the right. Total cobalamin riboswitch hits within each microenvironment are indicated. Cobalamin ribo-
switch-containing reads identified from INFERNAL analysis were aligned to B) Cutibacterium acnes KPA171202, C) Veillonella parvula DSM 2008, D) Pseudomonas 
putida KT2440, E) Corynebacterium kroppenstedtii DSM 44385, F) Corynebacterium amycolatum FDAARGOS 1107, and G) Streptococcus sanguinis SK36 ge-
nomes. Dark gray lines along the light grey genome track indicate the position of mapped INFERNAL hits within the genome. Genes upstream and downstream of 
the riboswitches are colored by their general functional annotation.  White (other function) indicates genes not currently known to be associated with cobamides. 
Grey (hypothetical) indicates a hypothetical protein that has no functional annotation. Right-facing gene arrows and upright dark gray riboswitch icons indicate for-
ward strand orientation, and left-facing gene arrows and inverted riboswitch icons indicate reverse strand orientation. Genomic regions are not to scale.
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Figure 5. Skin microbiome networks reveal microbial associations among cobamide producers, precursor salvagers, and users. A) The SPIEC-EASI 
method was used to identify microbial associations within each microenvironment of three independent skin microbiome datasets. Consensus networks are 
shown, representing associations identified in at least 2 of the 3 datasets. Species are represented by nodes and colored by phylum. Green and pink edges rep-
resent positive and negative associations, respectively. Node shape represents cobamide biosynthesis category and node size reflects mean species relative 
abundance within each microenvironment. Cobamide dependent species are outlined in black. In each final network, B) the number of species classified to each 
cobamide biosynthesis category, C) the number of species that are cobamide dependent or independent, D) the percentage of total edges that fall into each co-
bamide biosynthesis edge category, and E) the percentage of total edges that exist between cobamide producers and cobamide dependent species that are 
non-producers or precursor salvagers is shown. NP=Non-producer, P=Producer, S=Precursor salvager.
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Figure 6. Cobamide-producing Corynebacterium abundance is associated with microbiome diversity and atopic dermatitis disease 
state. Within each metagenome, the cumulative relative abundance of cobamide-producing Corynebacteria (CPC) was calculated. A) NMDS plots 
based on Bray-Curtis indices for healthy adult samples within each skin microenvironment are shown. Points are colored by Corynebacterium 
cobamide producer relative abundance and sized by alpha diversity (Shannon). B) The relative abundance of CPC in pediatric atopic dermatitis 
patients at baseline, flare, and post-flare timepoints or in healthy control subjects. A pairwise Wilcoxon rank sum test was performed among each 
group with FDR correction (*<0.05, **<0.01) (C) The relative abundance of CPC in each individual skin site sampled. Black lines connect time-
points for a given patient. Certain sites were sampled from both sides of the body, therefore each point represents the average abundance of for 
each individual at the specified skin site.
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Figure 7. De novo cobamide biosynthesis is host-associated within the Corynebacterium genus. A) A Corynebacterium phylogenetic tree based on compari-
son of 71 conserved single copy genes was generated using FastTree within the anvi’o environment. The tree is rooted with Tsukamurella paurometabola, and 
bootstrapping values are indicated (* = 100% bootstrap support). Species are colored by host (blue) or environment (orange) association, and by genome length 
(dark blue). KOfamScan was used to identify the presence (dark pink) or absence (light pink) of cobamide biosynthesis genes within each genome. Cobamide 
biosynthesis subsections are indicated and differentially colored based on  B) Genome length and C) number of gene clusters for the Corynebacterium genomes 
were determined using anvi’o. Significantly enriched COG functions in D) host-associated or E) environment-associated genomes were identified with anvi’o. The 
top 20 significantly enriched COG functions (q < 0.05) are shown, ordered by ascending significance. Blue = host-associated, orange = environment-associated. 
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