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ABSTRACT
The genetic components of microbial species that inhabit the body are known collectively

as the microbiome. Modifications to the microbiome have been implicated in disease processes
throughout the body and have recently been shown to influence bone. Prior work has associated
changes in the microbia taxonomy (phyla, class, species, €tc.) in the gut with bone phenotypes
but has provided limited information regarding mechanisms. With the goal of achieving a more
mechanistic understanding of the effects of the microbiome on bone, we perform a metagenomic
analysis of the gut microbiome that provides information on the functional capacity of the
microbes (all microbial genes present) rather than only characterizing the microbial taxa. Mae
C57BI/6 mice were subjected to disruption of the gut microbiota (AMicrobiome) using oral
antibiotics (from 4-16 weeks of age) or remained untreated (n=6-7/group). Disruption of the gut
microbiome in this manner has been shown to lead to reductions in tissue mechanical properties
and whole bone strength in adulthood with only minor changes in bone geometry and density.
AMicrobiome led to modifications in the abundance of microbial genes responsible for the
synthesis of the bacterial cell wall and capsule; bacterially synthesized carbohydrates;, and
bacterially synthesized vitamins (B and K) (p <0.01). Follow up analysis focused on vitamin K, a
factor that has previously been associated with bone health. The vitamin K content of the cecum,
liver and kidneys was primarily microbe-derived forms of vitamin K (menaquinones) and was
decreased by 32-66% in AMicrobiome mice compared to untreated animals (p < 0.01). Bone
mineral crystallinity was decreased (p=0.01) was decreased in AMicrobiome mice (p < 0.001)
and matrix carbonate-phosphoate ratio was increased. This study illustrates the use of
metagenomic analysis to link the microbiome to bone phenotypes and implicates microbially

synthesized vitamin-K as aregulator of bone matrix quality.
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INTRODUCTION

The gut microbiome consists of the genomic components, products, and microorganisms
in the gastrointestinal tract ). Changes in the constituents of the microbiome have been
associated with a number of chronic diseases throughout the body including cardiovascular
disease, obesity, diabetes, Alzheimer’s disease and arthritis Y. The effects of the microbiome on
host physiology has resulted in considerable interest in the microbiome as a potential diagnostic

or therapeutic target .

Recent studies have indicated that the microbiome can have a profound effect on bone:
mice raised from birth in an environment completely absent of microbial life (germ-free) have
altered long bone length and trabecular and cortical bone mass ®®. Disruption of the gut
microbiome using oral antibiotics lead to changes in trabecular and cortical bone mass and
femoral geometry in mice ®%. Manipulation of the gut microbiome with probiotics has been
shown to reduce bone loss associated with estrogen depletion in mice “%*? and recent studies
have suggested a similar effect in humans . Together these findings implicate the microbiome
as a contributor to bone mass and bone mineral density. However, bone mineral density does not
completely explain fracture risk “**. The term “bone quality” is used to refer to characteristics
of bone other than bone mineral density that influence bone strength and fracture risk . We
recently demonstrated that disruption of the gut microbiome in mice led to reductions in femoral
whole bone strength that could not be explained by changes in bone mass and geometry,

indicating that modifications to the microbiome lead to impaired bone tissue quality (Fig 1A) ©.

To date, studies reporting an effect of the microbiome on bone have characterized the
microbiome using sequencing of the bacterial 16S rRNA gene to determine the relative

abundance of microbial taxa (phylum, class, order, etc.) ¢>31 While phylogeny is useful for
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understanding the microbial community, more detailed sequencing often is required to identify
molecular pathways that link the microbiome to host phenotype. Metagenomic sequencing
involves analysis of the entire microbial genome and provides information on the functional
capacity of the gut microbiome (i.e. which genes are present) 9. Metagenomic analysis is
useful because many interactions between the microbiota and the host are a result of microbial

functional capacity rather than microbial taxonomy.

Changes in the composition and structure of the organic or mineral composition of bone
can lead to changes in both tissue- and whole bone mechanica performance ?*??. Bone tissue
chemical composition can be assessed using Raman spectroscopy to determine: crystallinity (the
size and stoichiometric perfection of the hydroxyapatite crystal lattice), mineral-to-matrix ratio
(the extent of collagen mineralization and mineral content), and the carbonate-to-phosphate ratio
(the extent of carbonate substitution into hydroxyapatite crystals). Additionally, nanoindentation
can characterize compressive mechanical properties (hardness and reduced modulus) at the
tissue-scale 2. To our knowledge, metagenomic analysis of the microbiome has not yet been
used to understand the effects of the microbiome on bone. Additionally, although multiple
studies report modifications in bone composition and nanomechanical properties in the context
of bone quality and fracture risk ?®®*#%*? no previous studies have evaluated changes in bone

tissue composition associated with changes in the gut microbiome.

The goal of this line of investigation is to determine how modifications to the gut
microbiome can influence bone tissue quality. Using samples from a previously reported study
including microbiome-induced changes in bone strength (Fig. 1A), we performed metagenomic
analysis of the fecal microbiota as well as nanoscale chemical anaysis of bone tissue.

Specifically, we determined the changes in the fecal metagenome and bone tissue chemical
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96 composition and nanomechanical properties associated with microbiome-induced changes in

97  bone tissue strength.

98
99 10MATERIAL AND METHODS

100 2.1 Study design

101 Animal procedures were approved by Cornell University’s Institutional Animal Care and
102 Use Committee. Mice from the C57BL/6J inbred strain were acquired (Jackson Laboratory, Bar
103  Harbor, ME) and bred in conventional housing in our animal facility. Male mice were either
104  treated to modify the gut microbiome (AMicrobiome) or untreated. Treated animals received
105  broad-spectrum antibiotics (1.0 g/L ampicillin + 0.5 g/L neomycin) in their drinking water from
106 weaning at 4 weeks of age until skeletal maturity (16 weeks of age) *. Chronic antibiotics cause
107 disruptions to the gut microbiome that are maintained over a prolonged time period “”. The oral
108  bioavailability of these antibiotics is absent (neomycin) or low (ampicillin), thereby limiting
109  extraintestina effects of dosing ®*?®. Additionally, neomycin and ampicillin have never been
110  associated with impared bone growth, do not influence bone length, body mass or gut
111 inflammation in these animals ® and do not cause noticeable changes in serum calcium or
112 vitamin D. Animals were housed in plastic cages filled with 1/4-inch corn cob bedding (The
113 Andersons Lab Bedding, Maumee, Ohio), fed with standard laboratory chow (Teklad LM-485
114 Mouse/Rat Sterilizable Diet) and water ad libitum, and provided a cardboard refuge
115  environmental enrichment hut (Ketchum Manufacturing, Brockville, Ontario). Animals were
116  euthanized at 16 weeks of age. The right tibia, cecum, liver, kidney, and fecal samples were
117  collected. Kidney and liver were stored at -20°C and cecum and fecal samples were stored at -

118  80°C.
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119 The study was performed using two cohorts of animals. One cohort of animals, described
120 inaprior study ®, was used for metagenomic analysis and tissue chemical, nanomechanics and
121 biochemistry (AMicrobiome n=7, untreated n=8). Tissue for some of the follow up biochemical
122  analyses used samples from a second cohort of animals raised in our facility under identical

123 conditions (untreated: n=6).
124 2.2 Metagenomic Analysis

125 Fecal samples collected one day prior to euthanasa were used for metagenomics
126  anaysis. Metagenomic analysis was performed on six samples per group (2 animals per cage).
127 DNA was extracted (DNeasy PowerSoil DNA Isolation Kit, MO BIO Laboratories Inc.,
128  Carlsbad, CA) following manufacturer’s recommendations. The fecal pellet was added to the
129 PowerBead tubes (Qiagen, Germantown, MD) and followed by a 10-minute vortex step.
130  Following addition of Solution C1, to enhance cell lysis, samples were incubated at 70° C for 10
131  minutes and then subjected to a vortex step for 15 minutes using the MO BIO Vortex Adapter
132 tube holder. Isolated DNA was quantified (Qubit dsDNA Broad Range Assay Kit, Life
133  Technologies, Carlsbad, CA). Aliquots of DNA were normalized to the same concentration of
134 0.2 ng/ul of DNA per sample. A sequence library was prepared (Nextera XT DNA Library
135  Preparation Kit, lllumina, San Diego, CA) to yield an average library size of 500 bp. Final
136  equimolar libraries were sequenced (MiSeq reagent kit v3 on the MiSeq platform, Illumina, San

137 Diego, CA) to generate 300 bp paired-end reads .

138 Metagenomic analyses were performed using MG-RAST (Metagenome Rapid
139 Annotation using Subsystem Technology version 4.0.3) ®°®Y In the MG-RAST analysis, the

140 fragments of DNA in a sample are compared to protein, RNA, and subsystem databases.
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141  Functional annotation of sequences in the current study used the SEED subsystem ©2. The
142  functional abundance analysis was performed using a “Representative Hit Classification”
143 gpproach with a maximum e-value of 1 x 10, minimum identity of 60%, and a minimum
144  aignment length of 15 measured in amino acids for proteins and base pairs for RNA databases.
145  The subsystems are grouped into hierarchical classifications ranging from the broadest functional
146  category at “Leve 1", to more specific functional roles at “Level 2" and “Level 37, and then to
147 the most detailed category of “Function”. The data underwent a normalization and
148  standardization process (within MG-RAST) to reduce inter-sample variability and to allow data
149  to be more easily comparable. The normalized counts were calculated as. normalized; =

150  log2(rawcounts; +1). The standardized counts were caculated as: standardized; =

151  (normalized; — mean(normalized,))/stdev(normalized;). Normalized counts are used as
152 a measure of the abundance of genes that match a functional category. Differences in the

153 abundance of genesin each of the functions were identified with o = 0.05 G339,

154 Principal coordinate analysis (PCoA) of the functional hierarchy based on the Bray-
155  Curtis distance was performed to investigate overall functional diversity of the gut flora
156  Principal coordinate analysis reduces the dimensionality of a complex dataset with thousands of
157  variablesto a smaller number so the diversity between samples can be easily visualized in atwo-
158  or three-dimensional scatterplot ©®. Each principal coordinate explains a percentage of the
159  variation in the data set, with the first two principal components accounting for the most

160  variation. PCoA was performed at subsystem Level 1, Level 2, and Level 3 hierarchies.
161

162 2.3 Raman Spectroscopy and Nanoindentation
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163 The right tibiae were harvested and fixed in 10% neutral buffered formalin for 48 hours.
164  Tibiae were then embedded undecalcified in methyl methacrylate and a single 2-mm-thick
165  transverse section from the proxima metaphysis was collected using a diamond wafering saw
166  (Buehler, Lake Bluff, Illinois). All sections were polished anhydrously on a Multiprep automatic
167  polishing system (Allied High Tech, Rancho Dominguez, CA) at 30 RPM with a 200g sample
168  load. Samples were polished with increasing grit silicon carbide polishing paper (800, 1200 grit)
169 using ethylene glycol as a lubricant, and followed by a series of slurries of aluminum oxide
170  powder (particle size of 3 um, 1um, and 0.1 um) in ethylene glycol ©®. The final root mean
171 square (RMS) roughness of the surface was determined to be ~35nm by measurement of ten 5
172 x5-um’? scans per sample with a surface profilometer (VKX Laser-Scanning Microscope;

173 Keyence, Inc.).

174 A Raman imaging system (InVia Confocal Raman Microscope; Reinshaw Inc.) was used
175  to collect spectra of the tibial cross sections by analyzing four different regions in each cross
176  section (n=4/group). A total of 20 individual point spectra were collected across four quadrants
177  of the cross section corresponding to 25%, and 75% of the cortical thickness with an additional
178  three points collected 50 microns away from the midline of the cortex (forming a‘+’ sign). The
179  five spectrawere averaged to determine a single representative measure per quadrant per sample.
180  Spectra were collected over the range 720-1,820 cm™ with a 785nm laser and a 50x long-
181  working-distance objective (N.A.=0.55) collecting for 30s a 50% power with cosmic ray
182  correction. Spectra first were normalized to the absorbance of PMMA at 813 cm™ (MATLAB,
183  MathWorks). Last, spectra were baseline-corrected to account for background fluorescence. The
184  following Raman bands were evaluated: phosphate (P0O3) v;1PO, (integration area ~930-980 cm-

185 %) @) amide Il (integration area ~1215-1300 cm-*) ©”, and carbonate (CO%~) COs (integration
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186  area ~1050-1100 cm-Y) ®”. From each spectrum the following measures were calculated:
187  mineral-to-matrix ratio (determined as the area ratio of phosphate v;PO, and amide Il1l);
188  carbonate substitution (measured as the area ratio of carbonate to phosphate viPO,); and mineral
189  crystalinity (measured as the inverse of the full-width-half-max of a Gaussian fit of the

190  phosphate v;PO, peak) .

191 Nanoindentation was performed on the same sections and regions analyzed by Raman
192  spectroscopy. Nanoindentation arrays were performed using a Berkovich indenter tip (T1-900
193  Triboindenter, Bruker, Eden Prairie, MN) calibrated to a silica glass standard. Each array
194 consisted of a4 x 4 grid of indentations with a 30 second ramp load t0 Prax = 2500 pN, a 30
195  second hold to reach equilibrium, and a five-second elastic unloading. Indents were placed 15
196 um away from each other to avoid mechanical interactions among indentations. Hardness (H)
197  and reduced modulus (E;) were determined from the force vs. displacement curves of each

198  indentation ® using the following relations:

_ Pmax _Sﬁ
199 H= 22 | F o=,

200 for which S is the contact stiffness (the slope of the load-displacement curve upon initial
201 unloading) and A. is the projected contact area of the indentation. The nominal contact depth of
202  theindentsin the bone samples was 260 nm.

203

204 2.4 Biochemical Analysis

205 Biochemical analyses of tissues were performed after receiving the results of the
206 metagenomics analysis as a means of testing the functional significance of modifications to the

207 microbial metagenome (n=6/group). Based on the metagenomics findings and bone
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208  biomechanical findings, the biochemical analysis focused on vitamin K. Vitamin K is a class of
209 fat-soluble vitamers consisting of phylloguinone (PK, vitamin K; in older literature) and the
210  menaguinones (vitamin K, in older literature). Menaquinones exist in ten known forms,
211 identified by the length of the isoprenoid side chain of the molecule (labeled MK-n where n is
212 the length of the side chain, MK4-MK13) “?. Phylloguinone and MK-4 are derived primarily
213 from the diet. The remaining nine known forms of menaquinone are synthesized primarily by
214  bacteriain the gut, although some bacterially-derived forms of vitamin K are found in fermented
215  or cured food products “?. The cecum is an important site for microbial production of vitamin K
216 “Y. The liver and kidney are distant organs where vitamin K accumulates “?. Phylloquinone
217 (PK) and menaguinone (MK-4-13) concentrations in the cecum, liver and kidney were measured
218 by liquid chromatography/mass spectroscopy (LC/MS) “?. Detailed procedures for vitamin K
219  extraction and sample purification are described elsewhere “®. The LC/M S system consists of an
220  Agilent 6130 Quadrupole M SD with an atmospheric pressure chemical ionization (APCI) source
221 connected to an Agilent series 1260 HPLC instrument (Agilent Technologies, Santa Clara, CA).

222 Separations were completed using a reversed-phase C18 analytical column (Kinetex 2.6 um, 150

223 mm x 3.0 mm; Phenomenex, Inc., Torrance, CA).

224 A major function of vitamin K in bone is carboxylation of Gla-containing proteins during
225  bone formation. The most abundant Gla-containing protein in bone matrix is osteocalcin (also
226 the most abundant non-collagenous protein in bone). To determine osteocalcin content, mouse
227  humeri were dissected and wrapped in PBS soaked gauze. The tested mouse humeri were
228  homogenized in 600 pl of extraction buffer containing 0.05M EDTA, 4M guanidine chloride and
229 30mM TrisHCI (Omni BeadRuptor 24, Omni International, Atlanta, GA). After

230  homogenization, the solution was centrifuged at 13000 rpm for 15 minutes to eliminate

10


https://doi.org/10.1101/562058

bioRxiv preprint doi: https://doi.org/10.1101/562058; this version posted March 1, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

231 remaining mineral debris from the supernatant. The supernatant was dialyzed against 1x PBS and
232 5mM EDTA for two days to eliminate denaturant. Extracted bone protein concentrations of the
233 dialyzed solutions were assessed using a Pierce™ Coomassie Plus (Bradford) Assay Kit. The
234  extracts then were serially diluted 1000-fold in PBS for use with the LSBio Mouse OC ELISA
235  kit, which has aworking range of 0.156-10 ng/mL. The OC quantification ELISA was performed

236  as per manufacturer protocol. Osteocalcin content was assessed in 4-5 animals per group.

237

238 2.5 Statigtical Treatment

239 Group differences between nanoindentation measures, metagenome Ssequence
240  abundances, vitamin K levels, and osteocalcin content were determined using a one-way
241 ANOVA 0=0.05 (JMP Pro 9.0.0). Differences in Raman measures between groups were

242  determined using a generalized least squares model (GLM) to account for the effect of quadrant.

243

244  3.0RESULTS

245 3.1 Metagenome Functional Analysis

246 The functional capacities of the gut microbiome differed among groups (Fig 1B).
247  Disruption of the gut microbiome caused drastic changes in the functional capacity of the gut
248  microbiome, as indicated by distinct clusters in the principal coordinate analysis (Fig 1C).
249  Metagenomics findings indicated differences in the abundance of genes associated with vitamin
250  biosynthesis, carbohydrate function and cell and cell capsule synthesis.

251 Pathways related to the synthesis of vitamin B and vitamin K were altered by disruption

11


https://doi.org/10.1101/562058

bioRxiv preprint doi: https://doi.org/10.1101/562058; this version posted March 1, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

252 of the gut microbiome. Mice with a disrupted gut microbiome had lower normalized counts for
253  genes associated with the synthesis of vitamin B2, B6, and B7 compared to untreated mice (Fig
254  2A), but had greater normalized counts for genes involved in the synthesis of vitamin B9 and K.
255  Further investigation identified differential presence of multiple genes involved in menaguinone
256  biosynthesis (Fig 2B): normalized counts for MenH, MenF, and MenE genes are greater in
257  AMicrobiome mice and the abundance of MenB, MenC and MenG genes was less in
258  AMicrobiome mice than in untreated mice.

259 The overall functional capacity and the abundance of genes for six of eight carbohydrate
260 functional categories were atered by AMicrobiome (Fig 2C). No differences in the overall
261  abundance of fermentation genes were detected. The abundance of genes related to the cell wall
262  and cell capsule differed among groups (Fig 2D). Normalized counts for genes for capsular and
263  extracellular polysaccharides were less abundant in mice with a disrupted gut microbiome than
264  in untreated mice (p < 0.01). Disruption of the gut microbiome led to increased abundance of
265  genes associated with Gram-negative cell wall components.

266

267 3.2 Raman Spectroscopy and Nanoindentation

268 Bone tissue crystallinity, carbonate substitution and mineral to matrix ratio varied among
269 quadrants (p < 0.05, Fig. 3). After accounting for variation among quandrants, disruption of the
270 gut microbiome was associated with decreased crystallinity (p=0.01, average difference
271 0.00056), increased carbonate substitution (p < 0.001, average difference 0.0113) and no
272  detectable differencesin mineral:matrix (Fig. 3B-D).

273 Reduced modulus measured using nanoindentation was similar among groups

274  (Supplemental Fig 4A; untreated: 30.8 GPa + 1.06; AMicrobiome: 30.4 GPa + 1.20, mean + SD).

12


https://doi.org/10.1101/562058

bioRxiv preprint doi: https://doi.org/10.1101/562058; this version posted March 1, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

275 Hardness was similar among groups (Supplemental Fig. 1, untreated: 1.08 GPa + 0.07;
276  AMicrobiome: 1.09 GPa £ 0.04).

277

278 3.5 Biochemical Analysis

279 Vitamin K content in the cecum, liver, and kidney primarily consisted of microbe-derived
280  menaguinones, on average, the microbe-derived menaquinones (MK5-13) accounted for 83.3%
281  t099.9% of the total vitamin K content (Fig 4A-C). Total cecal vitamin K content was lower in
282  AMicrobiome mice compared to untreated mice (Fig 4A). Tota liver vitamin K content was
283  lower in AMicrobiome compared to untreated mice (Fig 4B). Kidney vitamin K content was also
284  decreased in AMicrobiome mice (Fig 4C). Mean matrix-bound osteocalcin concentration was

285  reduced in AMicrobiome mice (p = 0.05, Fig. 4D).

286

287 4.0 Discussion

288 This study provides the first report of the metagenomic components of the microbiomein
289 adgituation of altered bone. The metagenomic analysis identified differences among groups in
290 terms of the abundance of genes related to vitamin synthesis, cell wall and capsule synthesis, and
291  carbohydrate synthesis. The observed differences in the abundance of genes associated with
292  vitamin synthesis led to follow up biochemical analyses focused on vitamin K, a factor that has

293 long been associated with bone health 9.

Biochemical analysis confirmed reduced
294  concentrations of vitamin K in the cecum, liver and kidney associated with disruption of the gut

295 microbiota — an effect dominated by reductions in the concentrations of forms of vitamin K

13
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296  generated by microbes (menaguinones 5-13), supporting a potential link between vitamin K

297  produced by the gut microbiota and bone tissue quality.

298 The current study provides a metagenomic analysis as a means of identify potential
299  mechanistic relationships between disruption of the gut microbiome and impaired bone tissue
300 strength (Fig. 1A). The gut microbiome may influence bone tissue through three genera
301  mechanisms: 1) regulation of nutrient absorption and microbe-derived vitamins, 2) regulation of
302 the immune system; and 3) translocation of inflammatory bacterial products across the gut
303  barrier “®. While regulation of the immune system and translocation of inflammatory bacterial
304 products can lead to changes in bone resorption, bone formation and bone mass “”, these
305 mechanisms are only known to regulate bone matrix quality only by modifying tissue age, a
306  factor that does not vary much in mice at 16 weeks of age. In contrast, vitamins produced by the
307 gut microbiota can influence bone tissue. In particular, vitamin K is produced by the gut

308  microbiotaand haslong been associated with bone health 4%,

309 Together with prior work, our findings provide preliminary support for a potential link
310  between the microbiome and bone tissue quality that is mediated by microbiome-derived vitamin
311 K. Although vitamin K may influence bone tissue quality in multiple ways, the best understood

312 mechanism isy carboxylation of gamma-carboxyglutamic (Gla-) containing proteins “®. Vitamin

313  K-dependent y carboxylation is required for proper binding of Gla- containing proteins to bone

314  tissue B4

. Bone contains many vitamin K-dependent proteins, however, the vitamin K-
315  dependent protein osteocalcin is the most abundant non-collagenous protein in bone tissue and is
316  known to influence bone tissue mechanical properties °*Y. Interestingly, our biochemical

317 analysis suggests that AMicrobiome may lead to reductions in matrix-bound osteocalcin (p =

318  0.05). When present in bone tissue, non-collagenous proteins such as osteocalcin can regulate

14
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319 and direct the formation and size of collagen fibrils, as well as mineralization and crystal

320  nucleation, leading to changes in crystalinity ©*%%

. Crystallinity is descriptive of the size,
321  perfection, and maturity of hydroxyapatite crystals and reductions in matrix crystallinity are
322 associated with reduced bone tissue strength ©”. Osteocalcin-deficient mice have decreased

8 and decreased bone tissue strength . Similarly, we found AMicrobiome to lead

323 crystalinity
324  to reduced crystallinity in this cohort of animals with impaired tissue strength (Fig. 1A).
325 Together these findings implicate vitamin K as a potential link between the microbiome and

326  bone tissue strength, but does not prove causation. Hence, we cannot ignore the potential

327  contribution of other mechanisms through which the microbiome may mediate bone.

328 In addition to identifying differences in vitamin synthesis, the metagenomic analysis also
329 observed significant changes in the abundance of genes associated with cell wall and capsule
330 synthesis and carbohydrate synthesis. We attribute the differences in abundance of cell wall and
331 capsule genes with changes in the taxonomic components of the gut flora in this cohort.
332 Specifically, our prior taxonomic analysis associated AMicrobiome with increases in the
333 abundance of organisms from the Gram negative phyla Proteobacteria in this cohort ®, whichis
334 consistent with the increase in the abundance of genes associated with production of Gram
335 negative cell capsule components. In contrast, the observed changes in abundance of genes
336  associated with carbohydrate synthesis is not as easily explained by taxonomy. These genes can
337 influence the production of molecules such as short chain fatty acids that have been associated
338 with changes in bone formation and remodeling , although a mechanism through which these

339  proteins might influence bone tissue quality has not yet been proposed.

340 The changes in bone tissue chemistry observed here are consistent with modifications in

341 whole bone mechanical performance reported previously for this cohort (Fig. 1A). Reduced
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342  crystalinity has previously been correlated with reduced bone tissue strength and/or giffnessin
343 humans and animals ©"%%Y_ Although this cohort shows reduced tissue strength assessed in
344  bending, we did not observe differences in nanoindentation-derived eastic modulus or hardness,
345 afinding we attribute to the fact that nanoindentation describes primarily compressive properties

346  of bonetissue while bending strength is determined primarily by failure propertiesin tension 2.

347 Several strengthsin the study are worth noting. To our knowledge the current study isthe
348  first to associate changes in the gut flora metagenomic constituents with bone. Previous studies

(35817  Because

349  have reported changes in phylogenetic profile using 16S rRNA sequencing
350  many different microbes have the same functional capacity, a shift in the microbial taxa may not
351  represent differences in the functions of the microbiota. By providing the functional capacity,
352  metagenomic analysis provides more information about potential links between the microbiome
353  and bone. Second, to our knowledge, the current study is the first to evaluate how alterations to
354  the gut microbiome can influence bone tissue composition and material properties. Most
355  previous studies have focused on how the gut microbiome can influence bone microstructure and
356  bone remodeling, but have not reported bone chemistry and nanoscale properties. Lastly, the
357 vitamin K assays alowed for the differentiation between dietary and microbe-derived forms of
358 vitamin K. Previous studies evaluating vitamin K and bone phenotype in rodents have been

359  restricted to phylloquinone or only one menquinone ©#%9.

360 Despite the strengths of the current study, a few limitations must be considered when
361 interpreting the findings. First, with regard to the metagenomic analysis, the current study was
362  hypothesis-generating and, as molecules of interest were not known a priori, it was not possible
363  todesign the study with statistical power for al follow up biochemical assays (matrix osteocalcin

364 in particular). Despite this limitation, the reductions in cecal and kidney vitamin K and bone
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365  tissue crystallinity in AMicrobiome mice and the trend toward reduced osteocalcin content were
366 all consistent with a potential microbiome — vitamin K - matrix osteocalcin mechanism.
367 However, the effects of vitamin K may be a result of other vitamin K-dependent molecules in
368  bone tissue (matrix Gla protein, etc.) or other ligands of vitamin K in the body (the pregnane X
369  receptor, for example ). Additionally, although Raman spectroscopy is useful for examining
370  chemical composition, other modifications in tissue composition may be present that are not well
371  described by Raman spectroscopy. Third, the biochemical analysis focused only on vitamin K in
372 the cecum, liver, and kidney. Future studies will require a more comprehensive testing of other
373  key potential factors such as vitamin B, circulating MAMPs such as LPS, and intestinal short-

374  chain fatty acids.

375 In conclusion, we find that disruptions to the gut microbiome that lead to impaired bone
376  tissue mechanical properties also lead to drastic shiftsin the overall functional capacity of the gut
377  microbiome. We observed shiftsin functional capacity of the gut microbiota that were associated
378 with changes in bone minera crystallinity, the degree of carbonate substitution, and
379  concentrations of microbially-derived forms of vitamin K in the body. Together our findings
380  support the use of metagenomics for a microbiome analysis, and provide preliminary evidence
381  for a mechanism in which production of vitamin K by the gut flora may influence downstream

382  pathways responsible for bone tissue composition and structure.
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591 FIGURES

592  Figure 1. (A) Disruption of the gut microbiome (AMicrobiome) results in reductions in tissue
593  strength assessed through three point bending of the mouse femur (figure adapted from ®). (B)
594 A heatmap summarizing the metagenomic analysis of the fecal microbiota. Each column
595  represents an individual animal (n=6 per group). (C) Principal coordinate analysis summarizes
596 thedifferencesin the functional capacity of the gut microbiota between the two groups.

597

598 Figure 2. The relative abundance of genes associated with key pathways for (A) vitamin
599  synthesis, (B) vitamin K synthesis (shown in the order of synthesis), (C) carbohydrates, and (D)
600  bacterial cell wall and capsule components are altered in AMicrobiome mice (n=6/group). * - p <
601  0.002.

602

603  Figure 3. (A) Five Raman point spectra were collected in each of the four anatomical quadrants
604  of atibia diaphysis cross section. The average of the five spectra within each quadrant was

605  determined. AMicrobiome was associated with reduced (B) crystallinity, no noticeable

606  differencesin (C) mineral:matrix ratio and an increasein (D) carbonate substitution after

607  accounting for variation among quadrants (n=4 specimens/group, error bars indicate SD).

608

609  Figure 4. Vitamin K content was altered by disruption of the gut microbiome in the (A) Cecum,
610 (B) Liver and (C) Kidney. n=6/group * indicates p < 0.001.(D) Matrix bound osteocalcin trended
611  toward reduction in AMicrobiome mice (p=0.05).

612
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