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Interplay of human ABCC11
transporter gene variants with
axillary skin microbiome functional
genomics

Bruce R. Stevens'™ & Luiz F. W. Roesch?

The human armpit microbiome is metabolically entangled with skin cell physiology. This “meta-
organism” symbiotic mutualism results in sweat either with or without odor (osmidrosis), depending
on host ABCC11 gene haplotypes. Apocrine metabolism produces odorless S-glutathione conjugate
that is transferred by ABCC11 transporters into secretory vesicles, deglutamylated to S-Cys-Gly-
3M3SH thiol, and exuded to skin surface. An anthropogenic clade of skin bacteria then takes up the
thiol and bioconverts it to malodorous 3-methyl-3-sulfanylhexan-1-ol (3M3SH). We hypothesized

a familial meta-organism association of human ABCC11 gene non-synonymous SNP rs17822931
interplaying with skin microbiome 3M3SH biosynthesis. Subjects were genotyped for ABCC11 SNPs,
and their haplotypes were correlated with axilla microbiome DNA sequencing profiles and predicted
metagenome functions. A multigeneration family pedigree revealed a Mendelian autosomal recessive
pattern: the C allele of ABCC11 correlated with bacterial Cys-S-conjugate B-lyase (PatB) gene known
for Staphylococcus hominis biosynthesis of 3M3SH from human precursor; PatB was rescinded in
hosts with homozygous TT alleles encoding ABCC11 loss-of-function mutation. We posit that a C allele
encoding functional ABCC11 is key to delivering host conjugate precursors that shape heritable skin
niche conditions favorable to harboring Staphylococcus having genomics of odor thiol production. This
provides existential insights into human evolution and global regional population ancestries.

It is increasingly appreciated in the literature that humans and other multicellular organisms are comprised
of their own eukaryote cells plus niche communities of resident microbial cells'™*. Environmental pressures
over millennia have given rise to the co-evolution of such cross-kingdom mutualistic “meta-organism” entities,
reflected in familial microbiome phenotypes in Homo sapiens ancestral groups from distinct global regions! .
This interactive relationship steers physiological, medical, and neuropsychological phenomena involving
a variety of host organ systems, notably the skin and the gut-brain axis'®. The present study centers on the
relationship of human host ABCCI1 gene variants interplaying with axillary skin anthropogenic microbiome
functional genomics of malodor thiols.

Armpit odor (osmidrosis) phenotype is attributable to apocrine sweat molecules being biotransformed by
axilla skin niche microbiota into volatile organic compounds. The early literature proposed roles for steroids and
volatile fatty acids in malodor, while recent studies support the prevailing notion that a particular thioalcohol,
methyl-3-sulfanylhexan-1-ol (3M3SH), is a primary factor dominating the malodor phenotype due to 3M3SH
concentration prominence on skin and its significantly lower olfactory threshold compared to other axillary
molecules’ .

The metabolic pathway yielding 3M3SH involves a cross-kingdom biochemical route. It begins as an
odorless S-glutathione thiol conjugate molecule generated by human host apocrine gland metabolism. Apocrine
ABCCI11 transporters transfer this conjugate into secretory vesicles, whereupon it is deglutamylated into S-Cys-
Gly-3M3SH which is then exuded to the skin surface; subsequently, particular commensal skin bacteria take up
this thiol and finalize the bioconversion of odorless S-Cys-Gly-3M3SH into 3M3SH”~1>%,

Malodor vs. non-odor phenotype is determined by niche microbiome community composition, with
Staphylococcus spp. and Corynebacterium spp as the most prevalent taxa found on axillary skin of humans
and non-human primates”-%10-1315-1821-25 Of critical importance in determining axillary thiol odor, the Cys-
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S-conjugate B-lyase (PatB) gene characteristic of Staphylococcus hominis, in particular, is both necessary and
sufficient to enzymatically convert human S-Cys-Gly-3M3SH precursor into microbial product 3M3SH!%-12,

Host ABCC11 transporter activity is an obligatory step early in the above described chain of events leading to
3M3SH7-%1115. ABCC11 (“ATP-Binding Cassette, sub-family C, member 11”; EC 7.6.2.2; NCBI gene ID 85320)
is a member of the ABC transporter superfamily of membrane bound ATP-dependent primary active transport
proteins that catalyze efflux of cGMP, cAMP, metabolic products, and cytotoxic/xenobiotic compounds from
cells or intracellular compartments®. In humans there are 49 known ABC transporters grouped into seven
subfamilies. Nine members of the ABCC[1-13] subfamily, notably ABCC11, confer xenobiotic and multidrug
resistance transporter activity’®?’. ABCC11 is a monomer polypeptide encoded by a 82.7 kb gene consisting
of 39 exons located at human chromosome 16q12.1%°. ABCC11 exhibits pleiotropic physiological functions
in a variety of cell and tissue types throughout the body. Pioneering studies identified ABCC11 prominently
expressed in apocrine glands of skin axillary and groin tissues, ceruminous ear canal structures, and mammary
tissues!'>?8-30, Single cell RNA sequencing®! further indicates expression in sebaceous glands, liver, testes, prostate,
and a prominent role in glandular epithelial cells of breast relating to physiology of lactation/colostrum and
pathophysiology of breast cancer?®?’. Lower expression in single cell types also includes hepatocytes, spermatids,
visceral and cutaneous adipocytes, and astrocytes®’.. ABCCI1 allele locus c.538 C encodes the wild type
functional polypeptide with residue p.Gly180 required for transporter activity, with post-translational N-linked
glycosylation sites at p.Asn838 and p.Asn844 required for trafficking, collectively leading to ABCC11 expression
in membranes and participation in a spectrum of cell physiological processes and phenotypes®1%11:2%:33.34,
Notable high-affinity substrates for human ABCC11 include S-glutathione conjugated thiols’ %152, as germane
to the present study.

In contrast with the roles of wild type ABCC11 described above, a non-transporting mutant variant of
dysfunctional ABCCI11 transporter proteins blocks the axillary apocrine gland’s obligatory step of S-glutathione
conjugate transport in the chain of events that ultimately lead to 3M3SH’->!115. The single nucleotide
polymorphism (SNP) rs17822931 at locus ¢.538 C>T in the human ABCCI1 gene encodes the variant non-
synonymous loss-of-function translated polypeptide mutation at p.Glyl180Arg?>*. The initial discovery of
this SNP was associated with dry earwax (T alleles expressing non-functional ABCC11 with p.Arg180) vs. wet
earwax (C alleles expressing functional p.Gly180) from ear canal ceruminous glands as differentiated between
ethnic groups®®¥”. This fortuitously led to identifying the distinguishable thiol osmidrosis phenotypes of axillary
odor as a risk factor of ABCCI1 haplotypes C vs. T alleles, as associated with taxonomy differences in skin
microbiome metabolism of molecules originating from axillary gland secretions!®. In an interesting historical
context, ABCCI11 SNP rs17822931 represents the first documented non-synonymous SNP variant reported to
translate as a grossly distinctive phenotype binary shift of a heritable trait®>. Note that in the present study, alleles
are reported to represent the forward orientation, per standard convention of NCBI dbSNP*.

The present study was undertaken in order to shed light on better understanding the heritable confluence of
human ABCCI1 transporter gene missense variant rs17822931 with axillary skin microbial functional genomics
required for microbial biosynthesis of 3M3SH. We hypothesized that at least one copy of the host ABCC11
wild type “C” allele—in contrast with “T” allele of SNP rs17822931 that encodes mutant ABCC11 transporter
loss-of-function—is sufficient and necessary for the manifestation of axillary skin Staphylococcus PatB gene,
an essential step in the 3M3SH bioconversion pathway, as coupled within a multigeneration family pedigree.
Understanding such a meta-organism mutualism of Homo sapiens with anthropogenic commensal microbes
can provide clues for insights with existential implications in better understanding human evolution and global
regional population ancestries”!”%%,

Results

Microbiome beta diversity reflects host cohorts’ SNP haplotypes

Microbiome beta diversity was examined by principal coordinate analysis ordination (PCoA), as shown in the
data of Fig. 1. PCoA revealed: (1) cohort clustering of CC and of CT; (2) overlapping clustering of CC with CT;
(3) clustering of TT; and (4) each CC and CT segregated from the clustering of TT. Results in Fig. 1 are based on
N=50 individual left and right axillae samples paired from each subject (pairings shown by dashed lines), which
were similar to results based on pooled left + right samples (N=25) from each subject (data not shown). To
further test if the clusters observed in the PCoA could be explained by the haplotypes, the denoised rarefied ASV
dataset was analyzed by Permutational Multivariate ANOVA (PERMANOVA, Table 1). Overall, the ABCC11
variant haplotypes were responsible for 5% of the variance in the axillary microbiota (R?=0.05, FDR-adjusted p
=0.001). The pairwise comparisons, as shown in the data of Table 1, revealed significant differences in subjects
with homozygous TT vs. homozygous CC (p=0.001), in TT vs. heterozygous CT (p=0.006), and in TT vs.
subjects with a C on any allele (i.e., a cohort with pooled metadata [CC+ CT], p=0.0001), while CC vs. CT was
not significantly different (p=0.125). Altogether, the results demonstrated the microbiome community of TT
was segregated from that of CC and CT.

Host transporter SNP alleles differentiate microbiome taxonomic skin distributions

Microbiome taxonomic distributions were assigned to the ABCC11 transporter metadata haplotypes. Figure 2A
shows the relative abundances ranked distributions of taxa derived from RDB database of the Illumina
DADA2 denoised rarefied ASV data. Here, for TT cohort the fractional composition of the total taxa was 29%
Staphylococcus and 57% Corynebacterium; for CT it was 57% Staphylococcus and 29% Corynebacterium; and
for CC it was 65% Staphylococcus and 1% Corynebacterium. Figure 2B revealed taxa prevalences at the level
of species within these samples, based on Nanopore 4.5 kb reads of 16S-ITS-23S rRNA genes; note the high
prevalences of Staphylococcus hominis, Staphylococcus epidermidis, and Corynebacterium tuberculostearicum. The
data in Fig. 2 represent a hybrid sequencing approach combining Illumina plus Nanopore analyses. Sequencing
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Fig. 1. Principal coordinate analysis ordination of axillary skin microbiome ASVs for ABCCI1I metadata.
Beta diversity PCoA Bray-Curtis dissimilarities ordination of 9324 microbiome DADA?2 denoised rarefied
ASVs was obtained for human host metadata haplotypes CC (red circles), CT (blue triangles), and TT (green
squares) allele combination of ABCCI1 wild type and SNP 517822931 cohorts. N=50 samples individually
representing both axillae from N=25 subjects. Dashed lines connect paired samples of left and right armpits
from each given subject. The CC and CT cohort samples were clustered within and amongst themselves, while
collectively distinguishable from the clustering of homozygous TT cohort samples; detailed PERMANOVA
comparisons are described in Table 1.

Haplotype cohorts | Df | SS R? F p (FDR adj.)
TTvs.CC 1 1.1214 | 0.07798 | 2.6217 | 0.001 o
Residual 31 | 13.2602 | 0.92202

Total 32 | 14.3817 | 1.00000

TTvs.CT 1 0.7497 | 0.04333 | 1.7211 | 0.006 ek
Residual 38 | 16.5525 | 0.95667

Total 39 | 17.3022 | 1.00000

CCvs.CT 1 0.5402 | 0.05360 | 1.3027 | 0.125 N.S.
Residual 23 9.5371 | 0.94640

Total 24 |10.0773 | 1.00000

TT vs. (CC+CT) 1 1.1027 | 0.05173 | 2.5637 | 0.0001 ek
Residual 47 | 20.2151 | 0.94827

Total 48 | 21.3178 | 1.00000

Table 1. PERMANOVA of microbiome ASVs comparing human host ABCCI1 haplotypes. Permutational
multivariate ANOVA (PERMANOVA) pairwise comparisons of skin microbiome ASV abundances differences
assigned to human cohort allele combinations; p was adjusted for FDR; all permutations =999. Human subject
cohort wild type C alleles and SNP rs17822931 T allele combinations were: homozygous TT; homozygous CC;
or heterozygous CT. Comparison was also assessed for TT vs. subjects with a C on any allele (i.e., a cohort

of subjects with pooled allele combinations (CC+ CT)). Microbiome dataset incorporated all 9324 DADA2
denoised rarefied ASVs assembled from total pool of all subjects. Data represent both armpit samples obtained
from N=25 subjects.

results for 16S variable regions V1V2 and V3V4 (Fig. 2A) provided comprehensive coverage of diverse microbial
communities, enhancing the broad and accurate identification of bacterial taxa, reducing the reliance on specific
primer pairs, minimizing single primer-induced biases, and providing the input for the PICRUSt2 necessary to
generate predicted functional genomics. However, the read length constraints of Illumina limit the accuracy of
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Fig. 2. Taxonomic distributions. (A) Relative abundances of the ranked top 10 most abundant bacteria taxa
at the genus level are shown for human host cohort metadata haplotypes CC, CT, and TT of ABCC11 wild
type or SNP rs17822931 alleles. Data were based on Illumina DADA?2 rarefied ASVs with RDB database.

(B) Prevalences at the species level represented within the dataset. Data were derived from Nanopore 4.5 kb
long-read DNA sequencing of the 16S-ITS-23S rRNA genes. The detection threshold 0.01 was used to remove
species under 1% abundance. Data represent both armpit samples from N=25 subjects.
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taxonomic assignment at the species level. To overcome this limitation, it is essential to sequence larger regions
of the rRNA gene operons. To address this, we further examined 4.5 kb contiguous long reads of the rRNA
operon using Nanopore sequencing. By combining the strengths of Illumina for the quantification of microbial
abundances plus Nanopore technology for the prevalence of species, we achieved a more robust and precise
characterization of bacterial communities.

In Fig. 3, FDR-adjusted mixed-effects model ANOVA analysis of the log-transformed abundance data
indicated that Staphylococcus in CC and in CT cohorts were each significantly greater than in the TT cohort
(p <0.05), with no significant differences comparing CC vs. CT (p > 0.05). For Corynebacterium, a mixed-effects
model ANOVA analysis (Fig. 3) revealed that the CC cohort had significantly lower values compared to both
the TT and CT cohorts (p <0.05), while there was no significant difference between the TT and CT cohorts
(p>0.05). In concert with SparCC network analysis indicating no significant correlations between these two taxa
(p-values ranged from 0.12 to 0.92 for all allele combinations), the data collectively imply that these microbial
distribution differences are due to skin niche preferences rather than competition for resources.

Predicted functional genomics of microbiome thiol metabolism enzymes

The PICRUSt2 pipeline output results were comprised of 2332 EC numbers, 7734 KEGG KO orthologs, and
MetaCyc metabolic features parsed into 3670 biochemical reactions mapped into 432 pathways. These data
were then collectively filtered to isolate enzymatic steps germane to biosynthesis of axillary odor molecules
of microbial origin reported in the literature’-!>16-1820_ The resulting consensus of the pooled PICRUSt2 data
yielded the key genes of Staphylococcus hominis specifically required in the pathway leading to 3-methyl-3-
sulfanylhexan-1-ol (3M3SH) biosynthesis from starting point precursor S-Cys-Gly-3M3SH conjugate”!%-1%;
namely, cysteine-S-conjugate B-lyase (PatB, ShPatB, EC4.4.1.13, K01760), Aminopeptidase A (PepA, EC3.4.11.1,
K01255), and proton H*-dependent oligopeptide transporter (POT, K03305).

The data of Fig. 4 indicated that homozygous CC or heterozygous CT subjects exhibited microbiome PatB
at levels significantly greater than homozygous TT subjects (p <0.05), while not significantly different between
CC vs. CT (p>0.05). Further in Fig. 4, there were no significant differences (p>0.05) among all haplotypes
for microbial expression of both PepA and POT, as consistent with the universal expression of those enzymes
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Fig. 3. Distribution of Staphylococcus and Corynebacterium comparing cohorts of human host subjects
expressing haplotypes CC, CT, or TT of ABCC11 wild type or SNP rs17822931 alleles. Box plot of total
abundances of Staphylococcus and Corynebacterium at the taxonomic level of the genus are shown log-
transformed. ANOVA means with the same letter are not significantly different (FDR adjusted p > 0.05), while
different letters are significantly different (FDR p < 0.05). Data represent both armpit samples from N=25
subjects.
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Fig. 4. Key thiol-conjugate pathway enzymes of axilla skin microbiome. The PICRUSt2 pipeline yielded key
microbiome enzymes PatB and PepA that are required for bioconversion of S-Cys-Gly-3M3SH into volatile
3M3SH odor molecules. Host apocrine metabolism is the source of S-Cys-Gly-3M3SH on the skin surface,
which is transported into microbiota by POT'®!!. Cohort comparisons include CC, CT, and TT haplotypes
of ABCC11 wild type or SNP rs17822931 alleles. Box plots of enzyme abundances data are shown log-
transformed. In each panel, ANOVA means with the same letter are not significantly different (FDR adjusted
p > 0.05), while different letters are significantly different (FDR p <0.05). Data represent both armpit samples
from N =25 subjects.

amongst other microbial members of the anthropogenic clade of skin commensal bacteria'®. Thus, microbiome
PatB was the principal factor differentiating the allele cohorts in Fig. 4.

Intertwined metabolic pathway of microbial 3M3SH malodor biosynthesis steered by host
precursor inherited in ABCC11 haplotypes

A family pedigree of subjects spanning 3 generations was parsed from a subset of the study metadata pool.
All family members self-identified as being of European/American modern era geosocial ancestry. The data of
Fig. 5 revealed a Mendelian autosomal recessive distribution pattern of ABCCI1 haplotypes within this pedigree
(Fig. 5A), as further correlated with Mendelian-like inheritance of their axillary skin’s microbiome enzymes
for 3M3SH bioconversion (Fig. 5B). Data in the heatmap of Fig. 5B indicated that tagged data of individual
family members reflected their personal SNP-dependent microbiome enzyme abundance distributions, as being
consistent within the aggregated metadata pool that encompassed non-family members.

Discussion

The main finding of this study is that human ABCCII gene variant haplotypes are engaged in an interplay
with 3M3SH odor bioconversion functional genomics of armpit skin niche microbiome communities. This
implicates the involvement of a meta-organism symbiotic mutualism in steering thiol osmidrosis phenotype.
Collectively the Results support our hypothesis that at least one copy of the ABCCI1 ¢.538 C allele is both
sufficient and necessary for familial manifestation of axillary skin microbial genes essential for the thioalcohol
odor bioconversion pathway, in particular the cysteine-S-conjugate P-lyase (PatB gene) of Staphylococcus
hominis. Further, this pattern of mutualism was rescinded in hosts homozygous for SNP rs17822931 TT alleles
of ABCC11, which significantly diminished prevalence and relative abundance of Staphylococcus, and instead
favored the abundance of Corynebacterium. The findings were reinforced by a multigeneration family pedigree
metadata subset that revealed a Mendelian autosomal recessive familial relationship.

Assimilation of host/microbe meta-organism interaction events

The Results (Figs. 1, 2, 3, 4 and 5; Table 1, Supplementary information S1) are assimilated into the Fig. 6
consensus cartoon diagram of host/microbe interactions. This is described in the following narrative, as
supported by the literature’-1>!72, In this model, malodorous volatile 3M3SH has its precursor roots beginning
with the first step originating as the odorless S-glutathione conjugated molecule generated by human axillary
apocrine gland metabolism. Gland intracellular membrane ABCCI1 transporters transfer S-glutathione
conjugate into secretory vesicles where it is deglutamylated into S-Cys-Gly-3M3SH. Sloughed vesicles then
exude odorless S-Cys-Gly-3M3SH onto the skin surface, becoming available for bacterial uptake via proton-
dependent oligopeptide transporter POT'®!!. Host axillae niche suitability to favorably harbor particular species
of Staphylococcus on its skin depends on the presence of this starting thiol delivered by ABCC11 transporters;
in particular, a unique anthropogenic clade of Staphylococcus exploits the host-supplied S-Cys-Gly-3M3SH
substrate to generate pyruvate as an energy source!’. Volatile 3M3SH is the dominating thiol microbial byproduct
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Fig. 5. Multigeneration human host ABCCI1 haplotype pedigree and heatmap of skin microbiome genes
critical for 3M3SH bioconversion. (A) Family pedigree of subjects (N=9) spanning 3 generations, obtained
from a subset of the study metadata pool. ABCC11 wild type and SNP rs17822931 allele assignments CC,
CT, TT are shown. All family members self-identified as being of American/European modern era geosocial
ancestry. (B) Heatmap of PICRUSt2 pipeline results for critical 3M3SH bioconversion pathway enzymes (see
Fig. 4). Data are clustered by metadata ABCC11 wild type and SNP rs17822931 allele cohort assignments CC,
CT, or TT. Data represent both armpit samples, also indicating the metadata subset of family pedigree N=9
subjects from Panel A. Relative abundances are centered and scaled from 100 to -100.

of such metabolism, thereby contributing to malodor phenotype particularly attributable to Staphylococcus
hominis expression of thiol biotransformation enzymes characteristic of this clade’!41618, The next intermediate
enzymatic step in Fig. 6, namely S-Cys-Gly-3M3SH > Cys-3MSH + Glycine, has been previously assigned to
PepAl9-12in Staphylococcus—e.g., EC3.4.11.1 or K01255 in our PICRUSt2 Results (Figs. 4 and 5). Other labs®!>17
found this conversion step could also be alternatively catalyzed potentially by a Corynebacterium enzyme TpdA
(EC3.4.13.23 / K23980); however note that TpdA was not detected in the present study’s skin samples dataset.
Furthermore, an alternative thiol odor pathway described by Natch’s group®!® involving N-acyl glutamine
aminoacylase (EC 3.5.1.133, K23726, NAGA, agaA) was also not detected in any of our samples. Therefore,
pursuit of a Corynebacterium spp thiol odor pathway was abandoned in the present study.

As depicted in Fig. 6 (reflecting the Results), PatB lyase is the critical enzymatic step finalizing biosynthesis
of 3M3SH + pyruvate from S-Cys-3M3SH, in particular attributed to Staphylococcus hominis'®-12 while lacking
in Staphylococcus epidermidis'®12. In the final step of Fig. 6, 3M3SH is exported out of the bacteria onto the
skin surface via simple passive diffusion!®. The 3M3SH pathway steps of Fig. 6 are shown occurring in subjects
with the CC or CT haplotypes that express at least one copy of functional ABCC11 transporter protein. This is
in contrast with non-odor phenotype hosts who possess the SNP rs17822931 homozygous TT haplotype that
encodes defective non-transporting ABCC11 protein mutants (Fig. 6). Mutant ABCC11 is the rate-limiting step
that fails to export the conjugated thiol substrates out of axillae gland cells onto the skin, and thus T'T haplotype
thwarts the entire thiol odor generating process of Fig. 6.
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Fig. 6. Meta-organism entangled metabolic pathway of microbial 3M3SH malodor biotransformation steered
by human precursor thiol conjugate substrate in ABCC11 haplotypes. Results assimilated into a functional
cartoon model of skin microbiome/human mutualism that entangles human ABCC11 transporter activity
and microbial pyruvate + 3M3SH biosynthesis in osmidrosis. Steps are as follows. Host axillary apocrine
gland metabolism initially generates S-glutathione-3M3SH conjugate molecules that are transported into
intracellular vesicles by ABCC11 membrane transporters. Within the vesicles, S-glutathione-3M3SH is
converted to S-Cys-Gly-3M3SH by a gamma-glutamyl transferase step’. Shedding of fragmented vesicles onto
the skin surface exposes the S-Cys-Gly-3M3SH, becoming available for commensal bacteria uptake transport
via POT!®!L, Relative magnitude concentrations of the human thiols on the skin surface are proportional

to ABCC11 functional transporter activity, as positively correlated with expression by copy numbers of the
wild type C allele vs. mutant T allele SNP rs17822931 (CC~CT>TT). A unique anthropogenic clade of
Staphylococcusexploits host-supplied thiol substrates to generate pyruvate as an energy source along with
3M3SH byproduct!®!2. Niche suitability of host axillae to adapt Staphylococcus residence harbored on its

skin depends on the presence of the starting S-Cys-Gly-3M3SH conjugated thiol precursor supplied by host’s
shed apocrine gland vesicles. Thus, relative abundance of Staphylococcus harbored on axillae skin is positively
correlated with copies of the C allele (CC~CT > TT). Volatile 3M3SH is the dominating thiol byproduct

of the pyruvate biosynthesis, contributing to axillary malodor phenotype, in particular attributable to
Staphylococcus hominis expression of these enzymes’~#1618, The meta-organism mutualism genomics of odor
binary phenotype manifests as a host Mendelian autosomal recessive familial trait, as in Fig. 5. The microbial
transporter and enzymes are described in Fig. 4. Key: “S-glutathione-3M3SH” is glutathione-S-3-methyl-3-
sulfanylhexan-1-ol conjugate; “S-Cys-Gly-3M3SH” is (S-(6-hydroxy-4-methylhexan-4-yl)-L-cysteinylglycine);
“Cys-3M3SH?” is (S-(6-hydroxy-4-methylhexan-4-yl)-L-cysteine); “3M3SH” is (3-methyl-3-sulfanylhexan-1-
ol).

The Results data collectively signify that hosts with at least one C allele provide axillary skin niche conditions
of metabolic substrates advantageous to harboring Staphylococcus that possess the requisite enzymes of the
biosynthesis pathway that generates pyruvate+3M3SH. This relationship is positively correlated with copy
number (CC~ CT > TT). The present Results are consistent with the prevailing consensus reports of osmidrosis
phenotype and abundances of microbiome taxonomic designations in axilla of humans’-$10-13.15-18:22,24,25
and non-human primates*""** including chimpanzees, gorillas, and baboons. Our Methods in the present
study uniquely deployed DADA2 denoised rarefied ASVs obtained with primers spanning the entire V1-
V4 hypervariable region of 16S rRNA gene and the RDP reference database. Nevertheless, some reports**
conflict with the majority consensus, ostensibly attributable to various alternative techniques that have included
differences in skin sampling methods, culture-based bacterial analyses, DNA isolation, library preparations, 16S
rRNA gene primers restricted to V3V4 or only V4, relying on OTUs instead of denoised ASVs, and choosing
GreenGenes reference databases with reported limitations.

The above interpretation of Results data has been inferred from analyses of microbiome 16S rRNA genes
(see Methods), whether from Nanopore 4.5 kb long reads of the rrn operon, or derived from PICRUSt2 pipeline
using denoised rarefied DADA2 ASVs based on V1-V4 primers. Validation and extension of our model could
be further explored in future projects using approaches that deploy other techniques including metagenomics,
qPCR, and/or RNAseq.
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Osmidrosis as a meta-organism phenomenon

Axillary osmidrosis (sweat odor) represents the first documented autosomal recessive trait whereby an
evolutionarily conserved eukaryote single non-synonymous SNP of high penetrance genetics reflects the familial
merger of a prokaryotic anthropogenic commensal niche microecosystem community composition coupled with
a concomitant distinctive binary shift in eukaryotic phenotype®10:11:120:3536 Pegple are multicellular organisms
composed of their own human eukaryote cells plus prokaryote cells inextricably intertwined with the functional
genomics of a personal anthropogenic prokaryotic microbial ecosystem inhabiting various anatomical niches
throughout the host. This “meta-organism” arrangement is the existential consequence of co-evolutionary
advantage adaptations shaping such a symbiotic mutualism. In this arrangement the microbiome provides
benefits by steering human host physiology, behaviors and phenotypes of medical and social consequences,
while the host reciprocates by providing housing, metabolic necessities, and social structure as a person-to-
person communicable vehicle for propagating their prokaryote buddies>. Thus, some human familial traits are
not wholly eukaryotic genetics, but rather they are microbiome traits manifested by sociological interactions and
environmental factors that facilitate propagation of particular bacteria taxa by their hosts'~. This is revealed in
the data of Fig. 5, in which the host ABCCI11 SNP rs17822931 haplotype family pedigree parallels transmission
of particular skin niche microbiome genomics.

Apocrine odor phenotype and geosocial meta-organism relationships

The Results collectively raise the question: how did the meta-organism pedigree pattern of Fig. 5 possibly arise
in this study’s family whose members all self-identified as being of modern era American/European geosocial
ancestry? Clues to address this question come from evolutionary microbial phylogeny data coupled with human
anthropology migration patterns.

Rudden and colleagues'® have argued that the emergence and diversification of an ancient unique
anthropogenic clade of malodorous thioalcohol-producing skin Staphylococcus spp appeared within the
timeframe of ancestral humanoid divergence from primates. In particular, Staphylococcus hominis in this clade
arose with a novel genome expressing a unique cysteine-S-conjugate -lyase, PatB, within its battery of enzymes;
this exploited the biotransformation of its eukaryotic hosts’ apocrine exported “waste” thiol substrates of ABCC11
into pyruvate as a microbial energy source, with 3M3SH as the byproduct!®. The modern-day metabolic pathway
of this niche adaptation is encapsulated in Fig. 6. This co-evolution entangling of the functional genomics of
ABCCI1 in socially-interactive Homo sapiens with its uniquely human Staphylococcus spp. microbial community
(Figs. 2 and 3), is consistent with meta-organism mutualism!~° that tracks human behaviors and global migration
patterns over time.

Such migrations originated with ABCCII wild type homozygous CC alleles in the prehistoric out-of-
Africa diaspora, branching initially northward into Asia, then migrating westward to regions of Europe and
southward to Oceania. ABCCI1 has been designated as a “gold standard” experimentally-validated marker
of human migration admixture gene flow in the Fine-Mapping of Adaptive Variation (FineMAV)*® project.
The ABCC11 ¢.538 C>T (p.Glyl80Arg) mutation initially arose ~ 40,000 years ago, roughly 2000 generations
(1023-3901, 95% CI)*. HapMap studies of global ancestry groups suggest that this mutation arose in an
ancestral individual in a glacier-isolated cold climate region of Mongolia, whose peoples then initially migrated
throughout the world heavily dominated by easterly movements into regions currently populated by modern
peoples of Han Chinese and Korean ancestry??%2-*43647 Modern individuals in East Asia currently display
ABCC11 homozygous TT at a frequency of virtually 100% and nearly 0% CT or CC?*?%347_ This East Asian
regionalization clustering is in contrast to modern individuals of generationally ancient sub-Saharan African
ancestry who are virtually 100% homozygous CC and nearly 0% TT or CT?**%*. Gunther’s group*® identified
the ABCCI1 SNP rs17822931 T allele variant in genomic sequences of four human remains of Scandinavian
Mesolithic hunter-gatherers dating in the early postglacial migration period between 9500 and 6000 years ago,
implicating an additional east to west migration from East Asia into Mesolithic Europe. Among modern humans
self-identifying as being of European ancestry, the T allele exists at a rate of roughly 1-10%2*2*3647, Thus, the
autosomal recessive genetics pattern in the American/European family pedigree metadata of the present study
Results (Fig. 5) is consistent with this collection of migration patterns.

Studies of ratios of nonsynonymous : synonymous nucleotide substitutions intimate that the emergence,
global latitude and altitude migration admixtures, and penetrance of the ABCCI1 rs17822931 loss of function
C>T mutation became concentrated among geosocial clusterings of modern humans whom are the most
generationally distant from original African regions, thereby discarding their prehistoric evolutionary selective
allelic constraints?*282%343647 Subsequent migrations back towards the equator then putatively re-engaged the
adaptive benefits of the C allele. Roughly 10,000-25,000 years ago, migration from Eurasia across the Bering
land bridge into the Americas has resulted in modern indigenous Native American descendants who exhibit
rs17822931 T allele frequency linearly positively correlated with absolute latitude of their tribes?®. Polynesian
genome analyses®>* indicate that a wave of migrations of East Asian ancestors (homozygous TT with 0% C
alleles) southward into Oceania about 3000 years ago rapidly re-established ABCC11 C alleles into the population
during island colonization, as introduced through Papuan admixtures. Contemporaries of Asians ancestors that
migrated to the Melanesian island of Gidra now display a 92% C allele frequency, notably approaching the 100%
frequency of C alleles in Africans at the same latitude. It has been posited that ABCCI1 C alleles impart a positive
selective advantage in tropical climates burdened by opportunistic pathogens, through benefits of augmented
apocrine colostrum and skin bacteriostatic peptides from niche microbial communities® provided by mothers
to their newborns® .

The full spectrum of teleological advantages to anthropomorphic bacteria and their host phenotypes
resulting from the global migration patterns and modern distribution of ABCC11 SNP variants, remains to
be explored!’. Possible precipitating factors include global latitude or elevation adaptations to climate and
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temperature, circadian sun exposure of skin to UV, trade route influences on endogamous and exogamous
genomics, enhanced immunity factors of colostrum, ear wax viscosity, olfactory-driven body odor/pheromone
influences on localized group culture acceptance/loyalty/mate preference®, etc. There is credence in climate-
olfactory theories, given that Staphylococcus hominis replete with PatB is concentrated in several moist apocrine
body sites of humans®, including inguinal crease, plantar heel and toe web of feet, and antecubital crease, in
addition to axillae. Alternative theories to explain the global patterns of ABCC11 distributions in humans and
various animal species, such as genetic convergence, are discussed in the attached Supplementary text S1.

Who is the evolutionary driver: people or microbes?

Within a given meta-organism entity, the cross-talk assimilation of eukaryote genomics entangled with
prokaryote genomics synergistically enhances the odds of a mutualistic evolutionary survival advantage**.
In the light of this meta-organism concept, one conceivable alternative explanation for the observed human
ancestral groups’ distribution pattern of ABCCI11 SNPs could be that the selective pressure might be actually
coming from the axillary skin bacteria taxonomic community niche ecosystem itself to propagate their
prokaryotic populations. Thus, in this scenario, commensal microbes engineer communicable opportunities
by steering social interactions and close contacts among their hosts who are relegated as mere Trojan horse
delivery vessels and incubators for their microbial companions. As discussed above, the selective advantages of
ABCCI1 transporter activity in various tissues, as correlated with geography and climate, addresses phenotypes
relating to apocrine physiology of sweat osmidrosis, ear canal cerumen viscosity, and breast functions. However,
beyond apocrine tissues, this leaves open unexplored pleiotropic roles for evolutionary and migration selective

advantages of ABCCI1 variants as manifested in the physiology of various other cell types throughout the
body®10.1115.1620.26-2931-34,

Odor phenotype governed by one amino acid residue of a single non-synonymous SNP

The host’s rate-limiting step in the thiol malodor chain (Fig. 6) is predicated on apocrine transporter functionality
of wild type ABCC11 protein possessing the requisite p.Gly180 residue expressed by the c.538 C allele’. Our
AlphaFold atomic structure modeling of ABCC11 (Supplementary Fig. S1) shows that such wild type expression
forms a transmembrane functional conduit pore through the polypeptide, arranged from 12 transmembrane
alpha helices, translocating glutathione conjugates into apocrine cell vesicles. In contrast, in the non-malodor
phenotype?>®! the non-synonymous missense variant ¢.538 C>T allele of SNP rs17822931 encodes loss-of-
function mutant ABCC11 transporter protein with p.180Gly > Arg substitution®10:11:20:3435 (Supplementary Fig.
S1) which is trafficked for proteasome degradation.

Statement on plasticity of human ABCC11-microbiome relationships

It must be emphasized that the authors of the present paper are sensitive to deploying the most appropriate
and responsible use of population descriptors. Building on UNESCO’s ethics declarations and meta-analysis
discussions in the literature®?, we ascribe the 3M3SH/osmidrosis phenotype of ABCCI11 haplotypes as a meta-
organism symbiotic mutualism phenomenon that is plastically influenced by environmental factors across time
throughout geosocial locations within a common denominator of the Homo sapiens genome. We articulate this
in the light of population descriptors in evolutionary genomics? as being potentially misinterpreted by rogue
social media sensationalizing and in irresponsible training of artificial intelligence (AI) and machine-learning
models, with nuances potentially perverted to fit prejudicial agendas. To be clear, our position is that C and T
alleles of ABCC11 haplotypes steer skin physiology niche conditions in a mutualistic coexistence with particular
microbes as shaped by the environment, within the human genome backdrop of Homo sapiens as a global single
species.

Concluding remarks

It is concluded that human ABCC11 gene C alleles, which encode apocrine cell wild type functional transporters
of S-glutathione conjugates, are correlated with co-occurrence of axillary skin select commensal Staphylococcus
hominis thiol conjugate bioconversion genomics crucial for osmidrosis; and furthermore, this pattern of meta-
organism mutualism is rescinded by host T allele non-synonymous SNP rs17822931 that encodes mutant non-
functional ABCCI11 transporters. This relationship implies that human apocrine thiol conjugate metabolites
transported by wild type ABCC11 shape axillary skin niche conditions as favorable to harboring familial
microbiome communities of thiol osmidrosis. The present study provides a gateway for future projects exploring
existential/evolutionary understandings of Homo sapiens, as shaped by (i) environmental selective advantages
that influence migration-associated endogamous and exogamous genomics of population ancestry; (ii) climate-
related health fitness; and (iii) olfactory-driven pheromone/bacterial odor influences on behaviors such as
community cultural acceptance/fidelity and/or mate selection”1”3,

Methods

Axillary skin microbiome sampling

The axillary skin surface microbiomes of each human host subject (>18 y.o., N =25, 13 males and 12 females)
were examined by collecting and isolating independent sterile skin swabs of the right and left axillae®>. Before
sampling, subjects refrained from using deodorant or antiperspirants for 3 days, bathing for 24 h, and antibiotic
use for 30 days. Samples swabbed from each subject’s left and right axillae were simultaneously and independently
processed in parallel; DNA extraction, purification, and sequencing incorporated N=50 axilla samples (25
subjects x 2 axillae per subject). Subsequent downstream data analyses treated each of the 50 axillae as a separate
sample. Still, as microbiome composition from the same subject is likely to be more similar compared to samples
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from different individuals, we used paired analysis methods or mixed-effects models, when appropriate, where
right or left axillae are treated as a random effect, allowing us to account for the fact that the two samples from
each subject are not independent. Microbiota DNA was isolated using the DNAGenotek OMNIgene system
(DNAGenotek, Ontario, Canada) according to the manufacturer’s instructions, with total DNA extraction
and purification using the QIAmp PowerFecal Pro DNA kit (Qiagen LLC, Germantown, MD USA) deploying
SpeedVac concentration and bead beating.

Microbiome amplicons

For each armpit sample, 2 X300 cycles QIAseq 16S rRNA gene primer kit panels (Qiagen) were deployed to
separately target hypervariable region V1V2 and region V3V4 of 16S rRNA gene separately. For each of the 50
axillary samples the pooled libraries from PCR products of both primer panels were then sequenced in one run
using the Illumina platform with MiSeq*"* software (v4.1.0; https://www.illumina.com), thereby generating
data spanning V1-V4. Sequenced amplicon denoising was executed using the R package Divisive Amplicon
Denoising Algorithm 2 (DADA2)>* pipeline (version 1.16; https://benjjneb.github.io/dada2/index.html) as
described by us®. Briefly, paired-end raw reads were inspected and quality filtered, allowing a maximum expected
error of 1 base per sequence. Forward and reverse reads were truncated at 250 bases, and the primer sequence was
removed. High-quality forward and reverse readings were merged, chimeras were removed using the consensus
method, and a table of amplicon sequence variants (ASV) was created. The taxonomy assignment was performed
using the RDP database®>*° with RDP taxonomic training dataset 18 (https://zenodo.org/records/4310151). The
resulting tables were converted into a phyloseq object in R for downstream analyses (phyloseq®” release 3.19;
https://doi.org/10.18129/B9.bioc.phyloseq). ASVs assigned to eukaryotes, mitochondria, and chloroplasts were
removed from the dataset, and data were rarefied®”® to the minimum library size using R package microbiome (ht
tps://microbiome.github.io/tutorials/Installation.html) (Supplementary Information Table S1). After rarefaction
at 85,486 sequences per sample, all samples exhibited coverage > 99% and thus were considered representative of
the microbial community. The final working dataset of DADA2 sequences comprised abundances for 9324 ASV's
that were used for subsequent downstream analyses.

Bioinformatic and statistical multivariate analyses

Prokaryotic metagenome predictions were generated from the pool of the 9324 ASVs using the Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States-2 (PICRUSt2) pipeline® (https://githu
b.com/picrust/picrust2.git). The PICRUSt2 output dataset yielded abundances for 2332 Enzyme Classification
(EC) numbers, 7734 KEGG orthologs (KO), and MetaCyc metabolic features® (https://metacyc.org) parsed
into 3670 biochemical reactions mapped into 432 pathways. Based on these PICRUSt2 results, enzymes and
metabolic pathways with attending intermediary metabolism organic compounds were deconstructed as being
germane and salient to microbial odor production’~1316-18:20,

Beta diversity differences among samples were measured by Permutational Multivariate ANOVA
(PERMANOVA) analysis using the adonis function from the vegan R package®! (https:/github.com/vegand
evs/vegan). The dataset with 50 samples was stratified in two blocks, each comprising 25 samples from the
left and right armpits. The stratified dataset was analyzed as a blocking factor to account for within-subject
variation while analyzing the between-subject differences. PCoA ordination was deployed with the Bray-Curtis
dissimilarity distance analysis within the R package phyloseq®. A network analysis was carried out using the
SparCC (Sparse Correlations for Compositional data) method®? embedded in the microeco R package (v1.9.0;
https://cran.r-project.org/web/packages/microeco/index.html) to test for co-occurrence patterns between
microbes. For contrasting the abundance of individual microbes within the dataset, the total read counts were
first log-transformed, and differences in means were tested by mixed-effects model analysis of variance followed
by the estimated marginal means using the Ime4 package in R (ver. 1.1-35.5; https://github.com/lme4/lme4).
Individual microbes were specified as the dependent variable. CC, CT, and TT alleles were defined as the fixed
effect, and the left and right armpit were specified as the random effect. We computed the estimated marginal
means using the function emmeans within the Ime4 R package and adjusted the p-values using the Bonferroni
correction to interpret the model results.

Statistical multivariate analyses, data visualizations, and pedigree heatmaps of taxa and enzyme
distributions were conducted using phyloseq®’, Morpheus®® (https://software.broadinstitute.org/morpheus),
and MicrobiomeAnalyst 2.0 modules® (https://www.microbiomeanalyst.ca/MicrobiomeAnalyst/home.xhtml).
Organic molecules’ nomenclature and structures were obtained from PubChem® (https://doi.org/10.1093/nar
/gkac956). The above listed R packages were run using R software® for macOS and Windows (ver 4.2.2-4.4.2;
https://www.r-project.org ).

Nanopore operon sequencing prevalences

While Illumina rarefied ASV data were used to quantify and analyze relative abundances at the level of genus, the
positive identification of taxon prevalences at the level of species was confirmed by sequencing the near-entire
rrn operon of bacteria (4.5 kb reads encompassing the 16S-ITS-23S genes) using nanopore sequencing (Oxford
Nanopore Technologies, New York). Library preparation, nanopore long-read DNA sequencing, and RESCUE
pipeline bioinformatics (https://github.com/josephpetrone/RESCUE) were executed as previously described by

us®’.

Human ABCC11 SNP genotyping of cohorts
Human genomic DNA was extracted and analyzed from saliva samples collected with the Oragene-DISCOVER

Kit (OGR-500; DNA Genotek, Ontario Canada). Genotyping®® examined alleles at 16q12.1 relating to missense
variant ABCCI11 single nucleotide polymorphism SNP rs17822931 (NM_001370497.1(ABCC11):c.538 C>T
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(p.Gly180Arg)). The PSQ HS 96 Pyromark pyrosequencing system (Qiagen) was deployed for the allele analyses.
In the present study, alleles are reported to represent the forward orientation, per standard convention of NCBI
dbSNP3>. The ensuing metadata represented subject cohorts representing allele combinations of (i) homozygous
CG; (ii) heterozygous CT; (iii) homozygous TT; and (iv) and a merged cohort denoted “[CC+ CT]” which
possessed at least one C on any allele.

Data availability

Data availability. The datasets supporting the conclusions of this article are available in the NCBI Sequence Read
Archive (SRA) repository under BioProject Accession RINA1077601 (https://www.ncbi.nlm.nih.gov/bioprojec
t/2term=PRJNA1077601).
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