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SUMMARY

Understanding the axis of the human microbiome and physiological homeostasis is an essential 

task in managing deep-space-travel-associated health risks. The NASA-led Rodent Research 

5 mission enabled an ancillary investigation of the gut microbiome, varying exposure to 

microgravity (flight) relative to ground controls in the context of previously shown bone mineral 

density (BMD) loss that was observed in these flight groups. We demonstrate elevated abundance 

of Lactobacillus murinus and Dorea sp. during microgravity exposure relative to ground control 

through whole-genome sequencing and 16S rRNA analyses. Specific functionally assigned gene 

clusters of L. murinus and Dorea sp. capable of producing metabolites, lactic acid, leucine/

isoleucine, and glutathione are enriched. These metabolites are elevated in the microgravity-

exposed host serum as shown by liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

metabolomic analysis. Along with BMD loss, ELISA reveals increases in osteocalcin and 

reductions in tartrate-resistant acid phosphatase 5b signifying additional loss of bone homeostasis 

in flight.
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In brief

Bedree et al. demonstrate increases in Lactobacillus murinus and Dorea sp. during microgravity 

exposure, and pathways capable of producing lactic acid, leucine/isoleucine, and glutathione are 

enriched. These metabolites are elevated in the serum of the rodent flight cohort within the context 

of previously demonstrated loss of bone homeostasis.

Graphical Abstract

INTRODUCTION

Humankind’s exploration into the cosmos coincides with increasing space travel durations 

and demands upon the human body, which will require effective strategies for mitigation. 

The environmental factors of low-Earth-orbit space travel, ranging from galactic cosmic 

radiation, sleep deprivation, and psychological stress to microgravity, have demonstrable 

adverse effects on the homeostasis of mammalian physiology, such as reproducible loss 

of bone mineral density.1 Notably, microgravity is associated with human2–5 and rodent 

microbiome6,7 alterations; although, the health consequences of microbiome shifts within 

this environmental context remain vastly underexplored. Furthermore, the difficulty of 

consistently obtaining microbiome samples at desired time points and reliance of historically 

limiting culture-dependent assessment, such as during the Skylab program,8,9 hindered rapid 

exploration. Prior to the Rodent Research (RR) mission series, which was initiated by the 

International Space Station U.S. National Laboratory (ISSNL), formerly the Center for 
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Advancement of Science in Space, and the National Aeronautics and Space Administration 

(NASA) Ames Research Center in 2014, animal research in microgravity was limited 

to less than 3 weeks of spaceflight onboard space shuttles with limited sample size (n 

= 6–8). This was particularly true for studying bone homeostasis in microgravity.10,11 

However, the experimental conditions of these studies were incomparable to human low-

Earth-orbit durations, and thus, NASA developed the Rodent Habitat (RH),12,13 which 

enabled increased-duration rodent research onboard the International Space Station with a 

larger sample size, animal handling capabilities, and a variety of experimental procedures. 

Leveraging this technology, the RR-5 mission enabled live animal return (LAR) of rodents 

from the International Space Station. The primary objective of the RR-5 mission was 

to investigate if systemic application of BP-NELL-PEG, an engineered form of a bone-

formation-promoting natural peptide, NELL-like molecule-1 or NELL-1,14 combats long-

duration spaceflight-induced osteoporosis.15

The microbiome-focused ancillary study being presented herein investigated the intersection 

of the gut and oral microbiome ecology and the bone homeostasis axis. Emerging 

research has linked changes in the gut microbiome and bone homeostasis16,17 through 

immune system-modulating effectors,18–20 vitamin and nutrient deficiencies,21 endocrine 

regulation,22 and energy metabolism through short-chain fatty acids (SCFAs).18,23 

Interestingly, in terrestrial rodent models, it has been shown that administration of SCFAs 

(acetic/propionic/butyric acid), as well as other microbial metabolites, increased serum 

levels of insulin growth factor-1 (IGF-1)18 and decreased C-terminal telopeptide of type 

1 collagen (CTX-1) and nuclear factor κB (NF-κB) factors responsible for osteoclastic 

activity.18,23 Moreover, SCFAs, primarily produced by gut microbiota,24–27 are known 

immunomodulators28–30 and regulate systemic bone mass as well as prevent bone mineral 

density (BMD) loss.23 RR-5 provided a unique opportunity to test the use of a non-

ovariectomy BALB/c rodent model as a potential in vivo system for evaluating the effects 

of microgravity on the host’s microbiome and bone homeostasis, due to the degree and 

reproducibility of exacerbated bone loss in mammals during microgravity exposure.10,11 An 

additional rationale for evaluating the specific age range of the RR-5 cohort (30-weeks-old 

at launch) for microbiome changes is that BMD peaks and stabilizes around 30 weeks of age 

in BALB/c rodents,31,32 which was confirmed in the RR-5 cohort.15

Understanding the dynamic interactions among the commensal microbiome will be 

important for developing therapies to maintain healthy physiological homeostasis for future 

space travel, including that of increased duration.33 Innovations in genomic science and 

technology have enabled significant leaps in understanding of the effect of the microbiome 

on both health and disease-associated states. Bacterial dysbiosis of the commensal 

microbiota is correlated with multiple diseases, ranging from various gastrointestinal (GI) 

disease states34–38 to various types of cancer.39 In addition, the most recent NASA Twin 

study2 and other long-term human astronaut studies3 have shown intriguing increases in 

gut bacterial diversity in flight relative to ground controls. This observation was also 

reproducibly recapitulated in rodents from NASA’s RR-1 mission.6 While ongoing studies, 

such as the RR-7 mission and the NASA Astronaut Microbiome project, aim to further 

clarify the effects of microgravity on the different microbiomes of rodents and humans,33 

this study provides new insight into the axis of the murine gut microbiome and bone 
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homeostasis interactions as well as a glimpse into understanding microbiome diversity upon 

return to Earth in a rodent model.

RESULTS

LAR overall microbiome diversity is similar to LAR_G after return to Earth (week 4.5)

The rodents that did not receive drug therapy, phosphate-buffered saline (PBS)-injected 

“non-treated” control cohorts, were the focus of this ancillary study within the RR-5 

mission. For simplicity, only this control cohort is described in this work (see graphical 

abstract). The RR-5 PBS control flight cohorts comprised a total of 20 female BALB/c, 

30-week-old (at launch) mice that were housed in the RH onboard the International Space 

Station for 4.5 weeks, after which 10 rodents were returned alive (LAR cohort) to Earth 

and delivered to the University of California, Los Angeles (UCLA) Animal Care Facility to 

examine the effects of recovery for an additional 4.5 weeks. The other 10 rodents remained 

in the International Space Station for a full 9-week duration (full-term flight cohort, or 

ISS). The 20 cognate ground control rodents, LAR_G (10 rodents) and ISS_G (10 rodents), 

received a launch and transportation simulation and were then housed in identical RHs at 

Kennedy Space Center (KSC) in the International Space Station Environmental Simulator 

(ISSES) chambers. The ISSES mimicked the environmental conditions (temperature, 

humidity, and CO2 partial pressure) on the International Space Station. The LAR_G 

cohort was delivered from the ISSES at KSC to the UCLA Animal Care Facility at the 

same time as the LAR cohort returned via Dragon capsule at week 4.5, and both groups 

transitioned to standard caging upon arrival at UCLA (see STAR Methods). Furthermore, 

prior to cohort sorting into RH housing and respective experimental groups, all cohorts 

remained in standard caging in the Space Station Processing Facility (SSPF) vivarium. The 

RH hardware system automatically removes urine and fecal waste via constant airflow in 

microgravity. The ISS, ISS_G, LAR (until week 4.5), and LAR_G (until week 4.5) cohort 

mice were not coprophagic during flight or in the ISSES (see discussion). The basal cohort 

vivarium control (20 rodents) was euthanized 24 h post-launch and evaluated to account 

for environmental variability between the SSPF and the ISSES or the International Space 

Station and microbiome shifts resulting from lack of coprophagy or other iatrogenic factors. 

Thus, the basal cohort effectively served as a pre-flight or pre-simulation flight measurement 

when comparing ISS with ISS_G, LAR with LAR_G, or ISS with LAR cohorts.

Corresponding oral swabs and fresh fecal pellets of the LAR, LAR_G, and basal cohorts 

were analyzed for microbiome analysis using 16S rRNA amplicon sequencing (Figure 

1). To assess the biodiversity of these communities, amplicon sequence variants (ASVs) 

were taxonomically assigned. Alpha diversity was measured via observed genera, Shannon, 

and Simpson indices along with beta diversity and Firmicutes to Bacteroidetes (F/B) ratio 

analysis. In previous human studies, elevated microbial diversity was observed in flight, 

but returned to pre-flight levels post-Earth return after varying durations in recovery.2,3 

Importantly, the previous RR-1 study also recapitulated increases in microbial diversity at 

37 days (week 5) in microgravity6 in rodents before euthanasia. Therefore, it was important 

to evaluate the LAR to Earth (4.5 weeks) time point, which had a similar duration of 

microgravity exposure relative to the RR-1 mice. However, the LAR flight cohort displayed 
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similarity in community composition as well as in alpha (Figures 1A, 1E, 1I, S1A, and S1D) 

and beta diversity (Figures 1B, 1F, 1J, S1B, and S1E) relative to LAR_G (measured 24 h 

after acclimation at UCLA post-Earth return). A community shift was observed from week 

4.5 onward relative to the basal cohort, likely influenced by the environmental change from 

KSC to the UCLA Animal Care Facility and many other iatrogenic factors (see “Limitations 

of the study”). With respect to the F/B ratio (Figures 1C, 1G, and 1K), a metric for gut 

dysbiosis in GI disease states,40 we observed the same trend in the gut microbiome (Figure 

1). This observation held true until termination (week 9) (Figure 1; Tables S1, S2, and 

S3). In addition, the LAR to Earth (4.5 weeks) time-point analysis revealed enrichment of 

the gut microbiome genera Lactobacillus (p = 0.03), Ruminiclostridium 9 (p = 0.004), and 

Shuttleworthia (p = 0.03), with loss of Escherichia-Shigella (p = 0.04) and Hungatella (p = 

0.03) (Figure 1). When assessing oral biodiversity from samples obtained from oral swabs, a 

modest elevation of observed species in LAR versus LAR_G was found at week 4.5 (Figure 

S1D; Tables S4, S5, and S6) and overall beta diversity at week 9 (Figure S1H), which could 

be partially attributed to resuming coprophagy upon return to Earth. Overall, however, no 

major biodiversity changes were observed throughout the study between these cohorts.

Microgravity influences microbial diversity and composition of the ISS flight cohort (week 
9)

To gain insights into the effects of longer-term exposure to microgravity, the gut microbiome 

of the ISS cohort was compared with its terrestrial cognate ground control, ISS_G, and 

basal cohort (experiment 2). Fecal samples were collected during necropsy at termination 

or week 0 (basal only) after euthanasia, due to pre-determined experimental constraints 

and RH configuration. Evaluation of the microbiome diversity via 16S rRNA V4 amplicon 

gene sequencing of the ISS cohort revealed increases in alpha diversity through Shannon 

and Simpson indices relative to ISS_G, but they were not statistically significant (Figure 

2). Furthermore, community structure analysis revealed statistically significant differences 

in beta diversity (Figure 2B), and the ISS cohort also showed a significant increase in 

the F/B ratio (Figure 2C) compared with ISS_G, but not basal. These data are consistent 

with previous reports in both human astronauts2,3 and rodents.6 As such, to further 

evaluate changes in genera, analysis of differential genera abundance revealed several 

enriched genera within the ISS cohort, including Clostridium sensu stricto 1 (p = 5.0e−3), 

Romboutsia (p = 8.0e−4), Ruminiclostridium 9 (p = 0.042), and Shuttleworthia (p = 8.0e−4), 

and decreases in Hungatella (p = 0.027) (Figure 2D; Table S7). However, Lactobacillus was 

not found to be statistically significantly enriched.

Significant microbiome compositional structure alterations detected between the ISS and 
LAR cohorts at termination (week 9)

Understanding how the microbial diversity of the ISS cohort changes with additional 

microgravity exposure relative to LAR after returning to Earth was highly important. To 

effectively evaluate the microbiome diversity of the ISS cohort relative to the LAR cohort, 

additional fecal samples from the LAR and LAR_G cohorts were collected at necropsy after 

euthanasia at week 9 (Figure S2A; Table S8) to be consistent with ISS, ISS_G, and basal 

sampling. We observed statistically significant increases in alpha diversity through observed 

genera, Shannon diversity, and Simpson diversity indices in the ISS versus the LAR cohort 
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(Figure 3A). Community structure analysis revealed statistically significant differences in 

beta diversity and a significant increase in the F/B ratio (Figures 3B and 3C). Several 

differential genus abundance comparisons of genera revealed many enriched genera in the 

ISS cohort relative to LAR (Figure 3D; Table S9) or basal (Figure S2) and intriguingly 

showed enrichment of Lactobacillus (p = 0.0006).

Dorea sp. and Lactobacillus murinus are enriched in the ISS gut microbiome, and their 
specific gene functions are associated with host serum metabolite changes

The above analyses suggested consistent enrichment of genera, including Lactobacillus, in 

the LAR cohort post-Earth return versus LAR_G (Figure 1H) as well as the ISS cohort 

versus ISS_G (Figure 2) or LAR (Figure 3). However, to validate the accuracy of the 

16S rRNA data analysis and investigate changes in species, deep whole-genome shotgun 

(WGS) metagenomic sequencing was also performed. Taxonomic differences in the gut 

microbiome between the ISS (n = 10) and the ISS_G (n = 10) were further investigated 

as well as elucidation of the functional capacity and differential gene abundance between 

these cohorts from the same DNA isolates analyzed in Figure 2. Using the Metagenomic 

Intra-species Diversity Analysis System (MIDAS),41 we carried out species- and gene-level 

metagenomic analysis of fecal microbiome samples obtained from ISS and ISS_G rodents. 

MIDAS utilizes the Phy-Eco universal set of single-copy marker genes to determine relative 

abundance of species-level assignments. Species clusters (from genomes grouped at 95% 

average nucleotide identity) identified by MIDAS were compiled to generate a set of 

reference pan-genomes to map reads to obtain gene-level counts. We identified no statistical 

differences in gene-level alpha diversity, although the ISS was slightly lower than the 

ISS_G (Figure 4A; Table S10). However, beta diversity analysis showed slight separation 

(Figure 4B), reflecting compositional changes between the two cohorts. Taxonomic analysis 

of the MIDAS-assigned pan-genomes resulted in a total of 65 species clusters, with 51 

species being shared between the ISS and ISS_G cohorts and 7 species being unique 

within each cohort. Of the few differentially abundant species between ISS and ISS_G, 

Dorea sp. and L. murinus species were statistically significantly enriched in the ISS cohort 

(Figures 4C and 4D). A total of 1,571,490 genes assigned to species clusters were identified 

by MIDAS, of which 396,080 were assigned a functional annotation. Of those genes 

assigned functional annotations, 65,547 were identified as differentially abundant when 

compared by VoomLimma normalized by log2 counts per million (CPM).42 Due to the 

large number of differentially abundant genes, a strict cutoff was applied (8× coverage, 

p < 0.001) to highlight the most differentially abundant genes between ISS and ISS_G 

rodents as well as their associated metabolic functions (Figures 4A and 4D; Table S11). 

Multiple metabolic pathways were enriched within the ISS cohort compared with the ISS_G 

cohort (Figure 4E). Lactic acid (L), malic acid (M), glutathione (G), leucine/isoleucine 

(L/I), and butyric acid metabolism (BM) were all significantly enriched within the ISS 

cohort (Figure 4F). The functions associated with these pathways from all 396,080 genes 

were used to identify differentially abundant L-, M-, G-, L/I-, and BM-associated Enzyme 

Commission (EC) numbers as well as the taxonomic contribution to those EC numbers 

within each cohort (Figures 4F and S11). Dorea sp. and L. murinus were consistently 

found to contribute significantly to the enrichment of these pathways in the ISS cohort. 

Of the five identified differentially abundant EC numbers associated with BM, 60% were 
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found in only one species: L. murinus. Interestingly, deeper analysis of the BM-associated 

genes also revealed that L. murinus actually provides a unique function within the ISS 

gut microbiome community; it can convert pyruvate to either meso-(R,S)-2,3-butanediol or 

para-(R,R)-2,3-butanediol under aerobic and/or anaerobic conditions (Figure 4F; Table S11). 

The product, 2,3-butanediol, a known end metabolite of pyruvate fermentation in probiotic 

Lactobacilli, and its role in gut health and gut microbiome research are not well understood, 

but noted in other studies.43–48

Serum bone remodeling biomarkers and the overall metabolome were altered in 
spaceflight

The primary RR-5 study demonstrated longitudinal decreases in BMD in the PBS flight 

group (ISS) relative to PBS ground control (ISS_G).15 Specific decreases in BMD within 

cortical and trabecular bone of the femur, tibia, and lumbar vertebrae were detected via dual-

energy X-ray absorptiometry (DXA) in large overall areas. Decreases in femur trabecular 

thickness and increases in bone marrow adipogenesis were also found. However, it should 

be noted that BMD of a small subsection of trabeculae adjacent to the growth plate was 

also investigated via micro-computed tomography (microCT) scanning and histology to 

capture changes resulting from PBS or NELL-1 treatment as part of the primary RR-5 

objective. MicroCT scanning did not find statistically significant differences between the 

PBS-treated ISS and ISS_G cohorts, and no histological changes in hydroxyapatite-binding 

matrix proteins such as osteocalcin (OCN) and tartrate-resistant acid phosphatase (TRAP) 

were observed in the femur growth plate (see “Limitations of the study”). This significantly 

smaller region may not reflect the larger areas of BMD decline seen with DXA. This result 

is not surprising because of discrepancies between DXA and microCT measurements49 as 

well as variable site-specific responses to microgravity exposure.10,50–53

Terrestrial studies have demonstrated that altered microbiome compositions, including 

alterations through the use of probiotics,54,55 are implicated in regulating changes observed 

in BMD and bone matrix16,19,20 through increases in SCFAs, particularly acetic acid, 

propionic acid, and butyric acid.18,23 In addition, elevated circulation of many osteoblastic 

formation biomarkers, such as propeptides of type 1 collagen (P1NP) and OCN, and 

decreased levels of osteoclastic resorption marker CTX-1, as well as histological TRAP 

staining of osteoclasts, a marker of osteoclastic activity, were found in this association.18,23 

Therefore, we hypothesized that these microbiome shifts in the ISS cohort relative to 

ISS_G could indirectly influence bone homeostasis and investigated these metabolites and 

biomarkers accordingly. Elevated serum changes in OCN and reductions of TRACP 5b 

(serum biomarker equivalent of TRAP) were detected when comparing the ISS cohort 

with ISS_G (Figure 5A), although P1NP abundance was not differentially abundant. When 

evaluating the abundance of acetic acid, propionic acid, and butyric acid or either of the 

2,3-butanediol enantiomers, no differential abundances between the ISS and ISS_G cohorts 

were detected (Figures 5B and 5C; Tables S12 and S13). Intriguingly, statistically significant 

increases in abundances of lactic and malic acid were associated with microgravity exposure 

(Figure 5C; Table S14), as previously observed in human astronauts.2 While cellular 

metabolism of osteoblasts and mammalian cells certainly produces lactic acid/lactate 

broadly, gene cluster enrichments encoding lactate dehydrogenase mapped solely to the 
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enriched species L. murinus and Dorea sp. (Figure 4F) and, thus, may have contributed to 

overall elevated levels detected in serum. Targeted metabolomic analysis (Figures 6A and 

6B) demonstrated many other statistically significantly differentially abundant metabolites 

in the ISS cohort relative to ISS_G (Figure 6; Table S14). For example, the antioxidant 

Glutathione (Figure 6C), which has been shown to influence redox homeostasis that is 

essential for osteoblastic function,56 was recently shown to affect the survival of implanted 

osteoblast precursors in a murine bone regeneration model.57 However, not only was 

glutathione highly abundant in the ISS cohort sera relative to ISS_G (Figure 6C), but 

the gene encoding glutamate-cysteine ligase, a crucial enzyme for glutathione synthesis, 

was functionally enriched in the ISS cohort and associated with the significant increase 

in L. murinus (Figure 4F), suggesting a possible additive contribution to serum levels 

of glutathione along with hepatically derived glutathione. In addition, two interesting 

branched-chain amino acids (BCAAs), leucine and isoleucine, that are actively imported 

into osteoblasts during chondrogenesis56 were found to be enriched in the ISS cohort serum 

(Figure 6C). Similarly, gene cluster enrichments for acetolactate synthase and leucyl-tRNA 

synthetases, responsible for microbial synthesis of BCAAs,58,59 were directly associated 

with L. murinus and Dorea sp. (Figure 4F). The previous RR-1 predicted relative decreases 

in microbial-associated putrescine degradation pathways in the gut microbiome; however, 

the functional outcome was not observed in the ISS cohort relative to ISS_G as shown in the 

serum metabolite analysis (Figures 6A and 6B).

DISCUSSION

The RR-5 mission enabled evaluation of both the influence of microgravity and the impact 

of live return (hypergravity) on the rodent gut and oral microbiome. While the gut or oral 

microbiome diversity of the ISS or LAR cohort could not be sampled on the International 

Space Station prior to LAR return to Earth due to experimental constraints, the RR-1 study 

demonstrated a significant increase in alpha and beta diversity at 37 days (~week 5).6 Our 

data corroborate and further these findings, as elevated diversity was maintained through 

week 9 of microgravity exposure (Figure 2). Thus, we hypothesized that pre-Earth return, 

the LAR cohort could display similar diversity profiles. However, when comparing LAR 

with LAR_G post-Earth return, rapid loss or enrichment of certain existing species was 

observed (Figures 1E, 1F, 1G, and 1H). In contrast to human studies, which demonstrated 

increases in richness associated with microgravity and reduction upon returning to Earth 

within 60 days,3 we observed a reduction in microbial diversity at 24 h post-Earth return 

when comparing the LAR cohort to LAR_G ground control (see STAR Methods). This 

phenotype was maintained throughout the remainder of the present study (Figure 1) and 

could be influenced by resuming coprophagy. However, despite changes in diversity and 

persistent compositional differences due to caging effects (see “Limitations of the study”), 

direct conclusions about the health consequences other than the observation of a persistent 

microbiome shift longitudinally cannot be made. Despite the effects of coprophagy, it is also 

worth noting that the LAR did not show any significant changes in the diversity within the 

oral microbiome throughout (Figures S1A–S1I), corroborating the human astronaut tongue3 

and saliva60 microbiome analyses.
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Ecological gut microbiome dynamics on Earth display a positive correlation between 

biodiversity and ecosystem stability. Associated decreases in gut microbial diversity are 

one of the hallmarks of GI disease states, such as inflammatory bowel disease or 

Crohn’s disease.35,36,61 However, the opposite association is found in oral disease states 

when evaluating the microbiome,62–65 and oral dysbiosis has empirically been shown 

to influence GI disease states such as colitis.66 Under these notions, spaceflight effects 

such as microgravity stress alone should promote dysbiosis within the microbiome, and a 

decrease in microbial diversity would be expected. Thus, the observed modest increase in 

gut microbial diversity in the ISS cohort that was exposed to microgravity, shown in this 

study and other work,2,6 is partially surprising. Despite susceptibility to these spaceflight 

stressors in rodents and humans alike, it is unclear how these data can be reconciled 

based solely upon relative abundance or consequential functional outcomes; thus, these 

paradigms may not hold true in the absence of terrestrial gravitational forces. Nonetheless, 

long-term exposure to microgravity in low-Earth orbit or beyond the Van Allen radiation belt 

could impose significant adverse effects, such as systematic and local microenvironmental 

changes, including known associated dysregulated immune states,67,68 that are likely to have 

an impact on host microbiomes and induce adaptive and pathophysiological changes in 

digestive structures and physiology.69,70 Naturally, assessing causal outcomes of dysbiosis, 

such as inflammation in the colonic epithelial layer, in the ISS cohort versus ISS_G was of 

high priority, but impossible due to the primary objective of RR-5, which required freezing 

the carcasses prior to flight return before dissection. Thus, the tissue was compromised from 

the freeze-thaw event and could not be reliably assessed.

Increasing evidence suggests that an increased F/B ratio is a signature of gut dysbiosis 

and is correlated with disease states such as inflammatory bowel disease40 and obesity.71 

In this study, an increase in relative abundance of Firmicutes, as well as a decrease 

in Bacteroidetes (F/B ratio >1), was associated with microgravity exposure (Figure 1C), 

consistent with the pattern observed in the RR-1 study6 and two pivotal human astronaut 

studies.2,3 Furthermore, when comparing the ISS cohort with LAR to review longitudinal 

effects of LAR recovery on Earth, we found that the F/B ratio in the ISS cohort was 

increased relative to the LAR cohort (Figure 3C), as seen previously when astronauts return 

to Earth from microgravity exposure.2 To evaluate this increase in the F/B ratio along with 

evidence of elevated genera in the ISS group, deep metagenomic sequencing was performed 

and revealed that L. murinus, a commensal rodent gut bacterium and of the Firmicutes 
phylum, was enriched in the ISS rodents in comparison with the ISS_G cohort. Although 

it is worth noting that, due to the RH Hardware system automatically removing urine and 

fecal waste via constant airflow in microgravity, the ISS and LAR (until week 4.5) cohort 

mice were not coprophagic during flight, which may explain some diversity differences, as 

coprophagy is a known factor influencing the gut microbiome in rodents.72 Conversely, this 

enabled a rare and true host selection event absent of exogenous microbial colonization as 

evidenced by a relatively similar microbiome composition, albeit with minor alterations in 

microbial gene composition in the ISS versus the ISS_G cohort (Figures 4A and 4D). This 

selection under microgravity could have enabled an opportunistic selection of L. murinus or 

Dorea sp., which may promote intraspecies growth and indirect benefits to the rodent host. 

Further mechanistic studies will be required to validate this hypothesis.
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We hypothesized that, since the F/B ratio in the ISS versus the ISS_G cohort was increased, 

a reduction in Bacteroidetes, which are primarily responsible for SCFA production, 

would present a decrease in SCFAs observed. To validate this hypothesis, we performed 

metagenomic and targeted metabolomic analyses that unbiasedly displayed statistically 

significantly enriched predicted gene clusters and metabolites in the ISS cohort relative to 

ISS_G (Figures 4F, 5C, and 6C; Table S12). Our results showed no differential abundances 

of acetic/propionic/butyric acid in the ISS cohort serum versus the ISS_G cohort; however, 

elevated levels of lactic acid and malic acid were enriched in the ISS cohort (Figure 

4F), as corroborated by the NASA Twin study.2 Lactate dehydrogenase, which converts 

pyruvate into lactate, has been shown to be a product of energy metabolism in normal 

osteoclastic function.56,73,74 Furthermore, the antioxidant glutathione, which is primarily 

hepatically derived75 and synthesized by some gut microbiota,76 has been shown to 

influence redox homeostasis, which is essential for osteoblastic function56 and the survival 

of implanted osteoblast precursors in a murine bone regeneration model.57 Furthermore, 

the previous RR-1 study indicated a positive correlation between inferred microbial 

genes encoding glutathione-glutaredoxin redox enzymes and hepatic expression of redox-

associated genes, albeit non-significant once accounting for experimental variables that 

suggest independent regulation between the microbiome and the liver.6 Another important 

nutritional component of bone maintenance is adequate bioavailability of amino acids. 

Protein intake was demonstrated to be critical for osteoblast differentiation.77 The BCAAs 

leucine and isoleucine are actively imported into osteoblasts during chondrogenesis initiated 

by the osteoblastic transcription factor ATF4, the cognate ligand of RSK2, and mutations 

in this pathway (Coffin-Lowry syndrome) are associated with skeletal abnormalities.56,78,79 

L. murinus and Dorea sp. displayed gene cluster enrichments for acetolactate synthase and 

leucyl-tRNA synthetases and therefore potentially contribute to a proportion of the increase 

in leucine/isoleucine detected in ISS sera relative to ISS_G in the current study (Figure 6C).

There is a great need for the expansion of the current arsenal of treatment modalities for 

prevention and treatment of osteoporosis.17 Previously, probiotic therapy in rodents through 

the introduction of single Lactobacilli species such as L. helveticus,80 L. reuteri 6475,81 or 

L. rhamnosus,55 or as part of a cocktail such as VERSUSL#3,55 has been shown to promote 

increases in BMD. Future mechanistic studies in rodent models are warranted to rigorously 

evaluate the capacity of L. murinus and Dorea sp. to offset loss of BMD. Most importantly, 

however, these data encourage more targeted analyses to evaluate the consequences of 

these observed microbiome shifts and changes in bone homeostasis. This would also enable 

further insight into the effects of returning to Earth after microgravity exposure, longer 

durations in low-Earth orbit, and traversing past the Van Allen radiation belt, and beyond.

Limitations of the study

Importantly, there are limitations to the interpreted outcomes worth noting, including 

behavioral factors like coprophagy72 and iatrogenic effects such as transportation,82–84 

vendor source,85–89 environmental psychological stress, caging, bedding, ventilation, and 

husbandry that can influence the rodent microbiome composition.83,90–92 Accounting for 

these variables, the RR missions utilize the RH, the next generation of the animal enclosure 

module (AEM) that was successfully used in rodent spaceflight research in over 26 prior 
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rodent spaceflights. A recent study showed that, with respect to animal health and wellness, 

including animal growth, organ, body mass, rodent food bar and water consumption, and 

blood contents, AEM-housed rodents were in normal biological ranges compared with 

traditional vivarium-housed rodents.93 The RH has since been validated and recapitulated 

those results as shown in the RR-1 study.12 Therefore, it is important to note that the 

ISS, ISS_G, LAR (until week 4.5), and LAR_G (until week 4.5) cohorts utilized the RH 

to standardize conditions across groups. All groups received the same nutrient-upgraded 

rodent food bar94 throughout the entire study, mitigating diet-induced microbiome effects, 

as performed in RR-1. Another spaceflight variable worth consideration is the influence 

of cosmic radiation, which is known to negatively disrupt the GI epithelial integrity and 

alter the fecal microbiome in simulated spaceflight induced studies.95,96 However, it was 

eloquently demonstrated in the evaluation of the RR-1 cohort that the gut microbiome 

diversity increases observed were of a greater magnitude than the space-flight-induced 

effects,6 and the EXPRESS racks that house the RH on the International Space Station do 

shield the rodents from cosmic radiation. In addition, the previous STS-135 mission, which 

had only 13 days of microgravity exposure, did not find significant changes in colonic 

intestinal injury or inflammatory infiltration.7

Psychological adaptation is another key variable, which can be affected by launch-associated 

hypergravity and microgravity exposure, but was not within the scope of the RR-5 mission 

because of previous evaluation. A robust behavior analysis of spaceflight effects and 

microgravity adaptation of the previous RR-1 mission was conducted using video analysis. 

Thirty-two-week-old (at launch) female MuRF1 knockout and wild-type (C57BL/NTac-

Taconic Biosciences) mice, as well as 16-week-old female wild-type mice (C57BL/6J; The 

Jackson Laboratory), were assayed for species-typical behavior, including physical activity, 

grooming, feeding, and circadian rhythm, relative to ground controls for a total of 37 

days. The authors showed that both flight groups displayed a full range of species-typical 

behaviors relative to ground controls, including robust physical activity, effective grooming, 

and survival of all mice.13 However, “race-tracking” behavior was only detected in the 

younger flight cohort within 9–11 days of microgravity exposure. Therefore, since the RR-5 

mice were similar in age compared with the older mice in this study, we do not believe 

these behavioral traits had an impact on microbiome compositions. However, it is also worth 

mentioning that all previous RR missions (RR-1 through RR-4) did not include a nest box 

(enrichment hut) in the RH. RR-5 was the initial mission to include the nest box, in order 

to comply with regulatory requirements, and its impacts are still being investigated. As 

such, future studies would benefit from including an age-matched traditional vivarium box 

to account for differences resulting from RH nest box utilization by the different cohorts.

We approached evaluation of the taxa present via amplicon sequencing of different variable 

regions of the 16S rRNA gene in both oral (V1–V3) and gut microbiome samples (V4). 

It was previously shown that taxa detected in the oral cavity are more distinguishable at 

the species level than those in the commonly used V3–V4 regions.97 Although this could 

cause some differences in taxonomic calls, all read sets were assigned using the same 

classifier and reference database (SILVA-132) and had strict cutoffs for assignment (95%–

97%). Therefore, when evaluating differences observed from the 16S rRNA gut microbiome 
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datasets between the ISS and ISS_G cohorts, we utilized high-quality and deeply sequenced 

WGS datasets, which is where most of this work’s conclusions are supported.

It was recently shown that at week 9, the ISS cohort relative to ISS_G displayed flight-

associated longitudinal decreases in BMD within the femur, tibia, and lumbar vertebrae 

through DXA analysis. Decreases in femur trabecular thickness and increases in bone 

marrow adipogenesis,15 which is inversely correlated with bone formation,98–100 were also 

observed. However, the BMD of a small subsection of trabeculae adjacent to the growth 

plate was also investigated via microCT scanning and histology as part of the experimental 

design for the primary RR-5 mission. No statistically significant differences between ISS 

and ISS_G cohorts were found, including when evaluating histological markers, OCN and 

TRAP, in the analysis of the femur growth plate. These data are surprising, as spaceflight 

is reproducibly associated with blunted bone formation and increased bone resorption 

influenced by dysregulated osteoblast and osteoclast function.10 However, this discrepancy 

could be partially explained by the age of the RR-5 flight cohort (30 weeks old at launch), 

as previous work has shown that variations in BMD and trabecular microarchitecture are 

less detectable in older (32-weeks-old) relative to young (9-weeks-old) mice.50 Since mice 

are considered skeletally mature at ~16 weeks, with BMD peaking and stabilizing at ~30 

weeks of age, particularly in the case of BALB/c rodents,31,32 the age of the RR-5 cohort 

was selected to minimize these variables. The RR-5 mission dataset is the oldest age 

evaluated for bone homeostasis during spaceflight, compared with 39 days in a recent meta-

analysis.101 Bone homeostasis was further evaluated through analysis of the ISS cohort sera 

versus ISS_G, which revealed decreases in TRACP 5b and increases in OCN, while P1NP 

remained non-statistically different. Regarding the measurement of OCN, it is important 

to indicate that the commercial ELISA kit employed cannot distinguish between the γ-

carboxylated and uncarboxylated forms of OCN, but rather captures total OCN present. 

OCN is secreted solely by osteoblasts102 and has high affinity to bone and extracellular 

matrix in the γ-carboxylated form.103 However, the uncarboxylated form is released 

into circulation during osteoclastic resorption104 and has been shown to control broad 

physiological pathways as an endocrine effector.105 Therefore, the P1NP, OCN, and TRACP 

5b serum biomarker data may not reflect the overall bone homeostasis in the ISS cohort. 

Due to experimental design constraints, longitudinal analysis of the bone biomarkers was 

not possible, and as such, these data at week 9 should not be overinterpreted. The current 

trends could be due to changes in the ISS_G group; however, that cannot be determined due 

to the absence of a baseline or an age-matched traditional vivarium control group. Future 

studies would not only benefit from measuring the two populations (OCN) in relation to 

BMD measurements to provide further insight into these data, but also include longitudinal 

assessment throughout. When broadly evaluating the sum of the BMD (DXA and microCT) 

and biomarker data, we have no empirical evidence to firmly reconcile these phenotypes, of 

which the underpinnings are unknown. Ultimately, to directly conclude that L. murinus or 

Dorea sp. harbor any capacity to increase BMD, introduction as individual wild-type species 

(probiotic therapy), as shown for other Lactobacilli therapies,55,80,81 is required. In future 

studies, to robustly validate the microbial genetic pathways and the metabolites identified in 

this study, introducing L. murinus or Dorea sp. mutants overexpressing these metabolites in 

Bedree et al. Page 13

Cell Rep. Author manuscript; available in PMC 2023 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



multiple rodent osteoporotic models would provide the highest quality functional outcome 

data.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Future inquiries and requests regarding any resources or reagents should 

be directed to lead contact, Wenyuan Shi (wshi@forsyth.org).

Materials availability—All unique biological samples generated in this study are 

available from the lead contact with a completed material transfer agreement.

Data and code availability

• The un-processed raw 16S rRNA gene and metagenomic WGS sequencing files 

along with the LC-MS/MS raw data are all deposited in NASA’s GeneLab Open 

Source Repository (Accession Number: GLDS-417: https://doi.org/10.26030/

r6bd-0k20).

• All original code scripts used in the pipeline analyses and statistical output files 

are deposited on Github (https://doi.org/10.5281/zenodo.7620493).

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal husbandry—All animals were handled in accordance with the guidelines of 

the Institutional Animal Care and Use Committee (IACUC) of the National Aeronautics 

and Space Administration (NASA) (Protocol number NAS-16-001-Y1) and the University 

of California, Los Angeles (UCLA) Animal Care Facility (Protocol number 2009-127). 

Animals were housed in a 12-hr light: dark and temperature-controlled environment. They 

were given the NASA foodbar (NuRFB)94,107 as food and water ad libitum. The animals 

used in this study are from the Rodent Research (RR) 5 mission with its primary objective 

to test an osteoporosis therapy, BP-NELL-PEG.15 In this study, only animals that received 

control treatment phosphate-buffered saline (PBS) therapy were used and received injections 

peritoneally, every 2 weeks (0.3 mL). Thus, avoiding influence of the NELL-1 treatment, 

only these control animals and procedures are described in the methods herein.

25-week-old BALB/c female mice were obtained from Taconic Biosciences (New York, 

U.S.A.) and acclimated in the Space Station Processing Facility (SSPF) vivarium within 

Kennedy Space Center (KSC), Florida, U.S.A. Upon receipt, the mice were weighed and 

then transferred to standard vivarium cages, 5 animals per cage, with standard diet, bedding, 

and sterilized deionized water via standard sipper tubes ad libitum. The animals were 

maintained at an appropriate room temperature and placed on a 12-hour light/dark cycle. 

Cage enrichment (igloos) were also provided. After approximately a week, animals were 

moved to 10 per cage and acclimation to the NASA Nutrient Upgraded Rodent Foodbars 

(NuRFB),94 lixit water tubes, and raised wire floors began. 30-week-old experimental 
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animals were assigned to the following cohorts (n=10/cohort) based on average group 

body mass and DXA measurements: Live-Animal Return cohort (LAR), Full-Term Flight 

cohort (ISS), Ground control cohort for LAR (LAR_G), and Ground control cohort for 

ISS (ISS_G). At approximately 48 hours before launch, LAR and ISS groups were loaded 

into the Rodent Transporter12 and taken to the launch pad. Flight cohorts (LAR and ISS) 

were flown to space via SpaceX Dragon (CRS-11). Basal animals (n=20) were examined 

and euthanized 24 hours post rocket launch and carcasses were frozen. Once the Dragon 

capsule docked to the ISS, the crew members transferred the animals from the Rodent 

Transporter to the Rodent Habitats12,13 where the animals resided in for the duration of 

the experiment onboard the International Space Station. Matching ground control cohorts 

(LAR_G and ISS_G) were housed in identical Rodent Transporter and Habitat units inside 

the International Space Station Environmental Simulator (ISSES) chambers at NASA KSC, 

where CO2, temperature, and humidity were matched to that of International Space Station. 

LAR_G and ISS_G groups were operated on a 3-day offset to allow for ISS environmental 

telemetry to be received and programmed onto the ISSES chambers. At week 4.5 post-

launch, the LAR cohort was returned live to Earth (UCLA) from the International Space 

Station via Dragon Capsule, and the LAR_G cohort mice were shipped to the UCLA Animal 

Care Facility from KSC/ISSES. LAR and LAR_G cohorts were both kept at UCLA Animal 

Care Facility to examine the effects of recovery for 4.5 additional weeks. ISS and ISS_G 

cohorts remained in the International Space Station and the ISSES at KSC, respectively, 

for the remaining 4.5 weeks (see Graphical Abstract). All animals were euthanized at 

termination (week 9 post-launch).

Fecal sample acquisition and harvesting—LAR and LAR_G cohorts were sampled 

for individual fresh fecal samples from each mouse (in individual, autoclaved cages) at 

Pre-Flight (week 0), Live Animal Return to Earth (24 hours post arrival: week 4.5), and at 

Termination (week 9), prior to euthanasia and tissue dissection, for time-point microbiome 

analysis (Figure 1). The Basal cohort was also sampled (as individual mice, autoclaved 

cages) for fresh fecal samples at week 0 for comparison prior to euthanasia (Figure 1). 

ISS and ISS_G cohorts were euthanized at Termination (week 9) in the Space Station 

and the Kennedy Space Center, respectively. Along with the Basal group (euthanized at 

week 0), the ISS and ISS_G cohorts were delivered to UCLA Animal Care Facility as 

frozen carcasses (at −80°C). Thus, fecal pellet samples were acquired at necropsy after 

carcasses were thawed for tissue harvest and analysis (Figure 2). Additionally, fecal pellets 

were harvested at necropsy from LAR and LAR_G cohorts to maintain consistent sampling 

methods enabling true comparison to ISS, ISS_G, and Basal groups (Figure 3). Nominally, 

two freshly acquired fecal samples or more per mouse were collected and placed in 2.0 mL 

sterile, nuclease free (RNAase/DNAase), non-pyrogenic, polypropylene Corning Cyrogenic 

vials. Samples were promptly “flash frozen” with liquid nitrogen for 15 minutes – one 

hour (within 15 minutes or less of collection) and stored in a −80°C freezer. One fecal 

pellet (equivalent in mass) was used per mouse for DNA extraction and bacterial DNA 

was isolated using the QIAGEN Power Fecal DNA isolation kit (QIAGEN, Cat. No. 

12955-4) with bead beating. All procedures were approved under IACUC Protocol Number: 

NAS-16-001-Y1.
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Oral sample acquisition and harvesting—LAR and LAR_G cohorts were sampled 

for individual oral swabs from each mouse (in individual, autoclaved cages) that were 

acquired at Pre-Flight (week 0), Live Animal Return to Earth (24 hours post arrival week 

4.5), and at Termination (week 9), prior to euthanasia and tissue dissection, for time-point 

microbiome analysis (Figure S1). The Basal cohort was also sampled (as individual mice, 

autoclaved cages) at week 0 for comparison prior to euthanasia. The molars, cheeks and 

tongue (lingual and buccal) regions of the LAR and LAR_G rodents (3 swabs per mouse 

within each cage) were used as a consistent anatomical position for oral microbiome 

sampling. The rodents were anesthetized via isoflurane and sampled. Specifically, Plasdent 

Maxaplicator Super fine (2 mm) swabs were used for collection (MPN# 600-R-2). Samples 

were promptly “flash frozen” with liquid nitrogen for 15 minutes – one hour (within 15 

minutes or less of collection) and stored in a −80°C freezer. DNA samples were processed 

using the Lucigen - Master Pure DNA isolation kit (Ca. No. MC85200). All procedures were 

approved under IACUC Protocol Number: NAS-16-001-Y1.

METHOD DETAILS

Sequence quality control and noise reduction of fecal microbiome samples—
Sequencing of the 16S ribosomal V4 RNA gene was performed as previously described.108 

Library preparation for sequencing the V4 region of the 16S rRNA gene consisted of 

amplification and barcoding using the standard Illumina 515f/806r primer set. After library 

construction, 2×150bp (paired-end) sequencing was performed on an Illumina HiSeq 2500 

platform.109 The reads of amplicons from the V4 region of 16S rRNA were processed 

using the DADA2 package110 following a standard workflow of quality trimming, de-

replicating, DADA2 denoising, read-pair merging and chimera removal steps with the 

following parameter settings: For quality trimming, truncLen=c(151, 144), maxEE=c(Inf, 

Inf), minQ=c(0, 0); for error rate learning and DADA2 denoising, selfConsist = TRUE, 

pool=TRUE; for chimera removal, method = “pooled”. A total of 454 distinct amplicon 

sequence variants (ASVersus) were identified by DADA2 among all samples. The distinct 

sequences were sorted according to their total counts in all samples in descending order and 

assigned a numeric sequence ID, e.g. seq1, seq2, …, seq454, representing from the most 

abundant sequence to the least abundant sequence in terms of total read count in all samples.

Taxonomy assignment of 16S rRNA amplicons from fecal microbiome 
samples—Fecal ASV sequences were searched against a reference sequence set containing 

16S rRNA gene sequences from all named prokaryotes downloaded from the SILVA high 

quality ribosomal RNA database(v132)111 using “blastn”. The best hit covering ≥ 95% of 

the query length was identified for each sequence. If the best hit shares ≥ 98% identity with 

query sequence, the query sequence is assigned the taxonomy of the hit to the genera level. 

If the sequence identity between the query and the hit is greater than 97% but less than 98%, 

the query sequence is assigned taxonomy of the hit to the genus level. If a sequence does 

not have any hit with ≥ 97% identify, the taxonomy was not assigned. The genus level read 

count data, generated by the “tax_glom” function of Phyloseq were used in this analysis.

Sequencing noise reduction and sequence quantification of oral samples—
The sequencing of the V1-V3 region112 of 16S rRNA gene was completed using a custom 
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protocol113 and on the Illumina Mi-Seq platform. The 100×401 uneven paired-end reads 

of amplicons from the V1-V3 region of 16S rRNA were processed using the DADA2 

package110 for quality trimming, de-replicating, and DADA2 denoising with default settings 

and following parameters: truncLen=c(100,200), maxN=0, maxEE=c(2,2), truncQ=2. Due to 

the sequencing gap between the two reads, the read pairs were concatenated by inserting 

10 Ns in between two reads with the “justConcatenate=TRUE” option in the DADA2 

“mergePairs” function. Chimera were then removed with the “removeBimeraDenovo” 

function using the “consensus” method. A total of 1,708 ASVersus were identified and 

were subject to taxonomy assignment.

Taxonomy assignment of 16S rRNA amplicons from oral samples—Oral ASV 

sequences were searched against a collection of species level full length 16S rRNA 

reference sequences consisting of the HOMD RefSeq V15.1, HOMD RefSeq Extended 

V1.11, GreenGene Gold and NCBI 16S rRNA Reference collections, based on a specie-level 

taxonomy assignment algorithm106 (Detailed algorithm and reference sequences available 

online https://doi.org/10.5281/zenodo.7620855).

Bacterial diversity and statistical analyses—We profiled the gut microbial 

abundance and diversity of the PBS flight cohorts ISS and LAR, as well as ground 

controls, ISS_G and LAR_G, avoiding influence of the NELL-1 treatment. Additionally, 

only LAR and LAR_G groups were evaluated further for oral microbiome compositions 

due to experimental constraints. All diversity and statistical analyses were done under the R 

statistical environment (version 3.6.1).114 ASV count data, along with taxonomy assignment 

and sample meta information, were imported into R using the PhyloSeq package.115 Count 

data were sub-sampled into various comparison cohorts (for example, to compare ISS and 

ISS_G ground control only relevant samples were included). After sub-sampling, ASVs with 

fewer than 10 reads in at least 2 samples, or fewer than 100 reads across all samples, were 

excluded, using the “filter_taxa” function.

Alpha diversity analysis was conducted by using the mean ASV counts. To assess the 

statistical significance of the difference in alpha diversity between samples of two cohorts, 

the R function “estimate_richness” of the “phyloseq” package was used to calculate alpha 

diversities using the “Observed”, “Shannon”, and “Simpson” indices. The “kruskal.test” 

function in R was used as the non-parametric Kruskal-Wallis statistical test to access the 

significance of differences in samples with more than two groups. The non-parametric 

Wilcoxon-Rank Sum statistical test (R function “pairwise.wilcox.test”) was then used 

separately to perform pairwise comparisons with different p value adjustment methods.

Beta diversity was assessed by non-metric multidimensional scaling (NMDS) count data 

of the comparison cohort were subject to the “ordinate” R function specifying “NMDS” 

as the ordination method and “bray” specifying Bray-Curtis as the distance calculating 

function. To assess whether the variation in distances can be explained by the test 

cohorts, the “adonis” R function (analysis of variance using distance matrices, a form of 

nonparametric multivariate analysis of variance) were used to partition sums of squares 

and calculate the R2 and p values (R2 is the portion of the variants that can be explained, 

and p value indicating the possibility of the result by chance). To identify and illustrate 
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differentially abundant microbes at various taxonomic ranks (i.e., from ASV to domain) 

the “compare_group” function in the R package metacoder116 was used to determine the 

differences in median abundances between two cohorts of samples (Figure S2 and Tables 

S1–S9). The p values were measured using the Wilcoxon Rank-Sum test, followed with 

adjustment for multiple comparisons using the “fdr” method. Abundance ratios of taxa with 

non-significant p value (>0.05) were set to zero so that they will not show in the final 

differential abundance taxonomy tree, which was compiled with the “heat_tree” function in 

the metacoder. Firmicutes to Bacteroidetes ratios were calculated by agglomerating the read 

count data to the phylum level using the “tax_glom” function provided by the R PhyloSeq 
and ggplot2 packages,115 and the log2 count ratios between the two phyla were calculated 

for each sample. The Wilcoxon Rank-Sum test was then performed to evaluate the difference 

between the test cohorts.

Metagenome analysis of ISS versus ISS_G cohorts—Whole genome shotgun 

(WGS) sequencing was performed at the University of Washington’s Northwest Genomics 

Center (NWGC) on 10 biological replicates for both ISS and ISS_G rodents respectively 

(n=20). Sequencing libraries were generated using KAPA HTP Library Preparation Kits 

(07961901001, Roche) and sequenced on an Illumina NovaSeq 6000 System using a S 

Prime flow cell configured for 300 cycles which resulted in a total of 1,342,813,654 

reads with an average of 70,674,403 reads per sample. Raw paired-end reads were then 

filtered, trimmed for quality, and screened against a mouse (C57BL) reference database 

using kneadData.117 Filtered reads were then analyzed using the Metagenomic Intra-Species 

Diversity Analysis System (MIDAS) (database v.1.2, Species Coverage Cutoff 0.01, 

Merge Sample Depth Cutoff 1.0) (kkerns85/midas_nextflow.git). Species, gene, and single 

nucleotide polymorphism (SNP) analysis were performed (database v.1.2, Species Coverage 

Cutoff 0.01, Merge Sample Depth Cutoff 1.0). Species were identified by clustered sub-

species (>95% average nucleotide identity) and assigned by a reference genome for that 

cluster. A total of 67 species clusters were identified. Genes were identified and mapped to 

pangenomes of these sub-species clusters and then annotated using an in-house annotation 

pipeline utilizing the Pathosystems Resource Integration Center (PATRIC) Database (v. 

3.6.5). Differential species abundance was determined using mean relative abundance 

between ISS and ISS_G after imposing a cutoff of a row-summed relative abundance ≥ 

0.0001 and prevalence ≥ 20% of the total samples (4/20): resulting in a total of 50 species 

clusters that were then plotted using R (v. 15.6.0; Clustvis118). Differential gene abundance 

was analyzed using counts per million (CPM) normalized gene counts using the online 

web server Degust119 which calculated differential abundance by Voom/Limma (Min Gene 

Read Count 1.0, Min Gen CPM 1.0). Out of 396,080 total genes identified by MIDAS, 

64,574 genes were determined to be differentially abundant. Use of a cutoff allowed for 

more stringent analysis of differentially abundant genes between ISS and ISS_G rodents 

(FDR p value > 0.001, abs Log Fold Change = 3, > 8X Coverage), which resulted in 

651 highly differentially abundant genes. Using the midas_merge function we were able 

to determine the coverage of genes by taxonomic cohort. In order to better investigate 

this, we utilized RNASeq2G (unpaired, cohort 0, min read count 10, normalized using 

trimmed mean of M values (TMM), and log normalized using local polynomial regression, 

Loess120) within R. TMM normalized gene counts were then used to determine differences 
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in Enzyme Commission numbers (EC’s) for various KEGG annotations. Heatmaps were 

generated using Clustvis118 in R. TMM normalized gene counts were then converted to 

using a row z score (x − (mean(x)) / std(x)). Statistical analysis of these differences in EC’s 

was determined using non-parametric Kruskal-Wallis anova (p values adjusted by FDR). For 

statistically significant cohorts, the non-parametric Wilcoxon Ranked Sum test was applied 

(p values adjusted by FDR). EC pathways were mapped using Kyoto encyclopedia of genes 

and genomes (KEGG) and Metacyc.

LC-MS/MS analysis of rodent sera

Sample preparation: The analysis of the mouse serum metabolome targeted three different 

classes of molecules that each used different sample preparation and LC-MS/MS protocols: 

regular polar metabolites (Cohort 1), carbonic acids (Cohort 2), and glycols (Cohort 3). All 

samples were extracted in a randomized order. First, a stock extract for the three downstream 

methods was prepared by mixing 5 μL mouse serum with 20 μL methanol. The mixtures 

were precipitated at −20 °C for 2 hours, 10 min at 20,000 × g and 4 °C and supernatants 

were transferred into new Eppendorf tubes. For regular polar metabolites (Cohort 1), 2.5 μL 

extracts were mixed with 50 μL 0.1 % (v/v) formic acid, centrifuged for 10 min at 20,000 

× g and 4 °C, transferred into glass vials, and injected (5 μL) directly into the LC-MS/MS 

system.

Carbonic acids (Cohort 2) were derivatized using the 2-Hydrazinoquinoline-method 

established by.121 Specifically, 2.5 μL serum extract were mixed with 500 nmol 13C, 

D4-acetic acid isotope (Cambridge Isotope Laboratories, Ca# CDLM-1581-1) in 50 μL 

freshly prepared derivatization mix (1 mM 2-hydrazinoquinoline (Alpha Aesar, Ca# 

H50700MD), 1 mM 2,2′-dipyridil disulfide (Sigma-Aldrich, Ca# 8411090005), and 1 mM 

triphenylphosphine in acetonitrile (Fischer Scientific, Ca# A998-4,)). The reaction mixture 

was incubated for 1 h at 60°C, chilled on ice, and quenched with 50 μL H2O. After 

centrifugation at 20,000 × g and 4°C for 5 min, samples were transferred into glass vials and 

10 μL aliquots used for LC-MS/MS-analysis.

Glycols (Cohort 3) were prepared according to.122 2.5 μL blood serum extracts were 

spiked with 2.5 nmol D4-1,4-butanediol isotope (Cambridge Isotope Laboratories, Inc., 

Ca# DLM-181-PK) in 7.5 μL water. Then, 10 μL 4 M NaOH were added and mixed 

with 5 μL benzoyl chloride followed by 5-minute incubation at room temperature. The 

derivatization reaction was stopped by adding 5 μL 5% (w/v) glycine. Samples were 

vortexed, incubates for 5 min and the glycol derivatives extracted with 200 mL propane. 

Samples were centrifuged for 10 min at 4°C and 20,000 × g, supernatants transferred 

into a fresh Eppendorf tube and evaporated in a SpeedVac to complete dryness. After 

reconstitution in 50 μL buffer (50% acetonitrile, 50% water, 10 mM ammonium formate 

pH 2.5), insoluble material was removed by centrifugation and 10 μL aliquots subjected to 

LC-MS/MS analysis.

Absolute quantitation of polar metabolites, carbonic acids, and glycols in mouse serum 
by LC-MS/MS: Targeted quantitation was performed on a SCIEX QTRAP 6500 triple 

quadrupole mass spectrometer (SCIEX, Framingham, MA, USA) equipped with an Ion 
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Drive Turbo V ESI source and a Shimadzu Nexera XR HPLC system (Shimadzu, Kyoto, 

Japan). Details of the respective high-performance liquid chromatography (HPLC) methods 

and instrument parameters are summarized in Table S15. For polar metabolites (Cohort 

1), a Poroshell 120 EC-C18 (4.6×100 mm, 2.7 μm particle size; Agilent Technologies 

(Santa Clara, California)) guarded by a Security Guard Ultra C18 precolumn (Phenomenex, 

Torrance, California) was used for reverse phase separation as described.123 Derivatized 

carbonic acids were separated using an Acquity UPLC BEH C18 column (2.1×50 mm, 

1.7 μm particle size; Waters Corporation (Milford, Massachusetts)) hyphenated to a 

KrudKatcher Ultra HPLC In-Line Filter (0.2 μm depth × 0.004 inch) as previously 

described.121 Glycol derivatives were separated using an Atlantis dC18 column (2.1 × 150 

mm, 3 μm particle size; Waters Corp.) protected by a KrudKatcher Ultra HPLC In-Line 

Filter (0.2 μm depth × 0.004 inch) according to.122 The mass spectrometer was optimized 

for the detection of each molecule to obtain maximum intensity (polarity, collision energy, 

precursor and product ion selection; see Tables S16, S17, and S18). Samples were analyzed 

in randomized order and quality control standards were injected at regular intervals during 

and between analysis batches to monitor instrument performance (analyte separation and 

detection).

Preparation of calibration standards for quantification: Calibration standards were 

prepared by serial-dilution of stock solutions containing 64 compounds for polar 

metabolites, 4 carbonic acids, and 3 glycols. The carbonic acid and glycol standards were 

derivatized at the same time as the respective sample batches as described above. Calibration 

curves were collected over a concentration range of 100,000 to 0.0001 nmol using 5 and 

10 μL injection volumes (Tables S16–S18). All stock solutions were aliquoted and stored at 

−20°C until used.

ELISA analysis of rodent serum bone biomarkers—ELISA analysis of rodent 

serum bone biomarkers was completed using the Mouse propeptide of type 1 procollagen 

(P1NP) EIA (Immunodiagnostic Systems, East Bolden, United Kingdom) and the Mouse 

Osteocalcin ELISA (Novus Biologicals, Littleton, CO, USA) by the Multiplex Core at The 

Forsyth Institute (Cambridge, MA) and have been used in previous studies.124,125 Samples 

were assayed in duplicate when sufficient volume was available and were diluted 10-fold 

as per manufacturer’s recommendations for P1NP and 5-fold for OCN analysis. Briefly, 

samples were thawed on ice, diluted as above, and manufacturer’s protocols followed. 

The mouse P1NP EIA is a competitive assay where samples, controls, and calibrators 

are incubated with biotinylated P1NP reagent in wells coated with specific polyclonal anti-

P1NP antibody. HRP-labelled avidin is then added, after wash steps, and binds to the biotin 

complex. TMB colorimetric substrate is added and reaction stopped, absorbance at 450nm 

with correction at 650nm is read on a microplate reader (SpectraMax 340PC, Molecular 

Devices, San Jose, CA, USA); the color developed is inversely proportional to the P1NP in 

the sample. The OCN ELISA is a sandwich ELISA assay, whereby samples and standards 

are added to a plate pre-coated with anti-mouse OCN. A biotinylated detection antibody 

and Avidin-HRP conjugate are added in succession. Color substrate is added after all free 

components are washed away. The reaction is stopped, and optical density is measured 

at 450nm on a microplate reader. Optical density is proportional to the concentration of 

Bedree et al. Page 20

Cell Rep. Author manuscript; available in PMC 2023 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mouse OCN. The tartrate-resistant acid phosphatase 5b (TRACP 5b) ELISA is a solid phase 

immunofixation assay and uses antibody coated microtiter wells to bind TRACP 5b for 

quantification. After binding and wash, a solution of chromogenic substrate is introduced 

and incubated for 2 hours. The reaction is chemically halted and absorbance at 405nm 

is measured on a microplate reader. Color intensity is directly proportional to TRACP 5b 

amount and activity. All data for P1NP and OCN were calculated based on a 4-parameter 

logistic curve and adjusted for dilution factors, while data for TRACP 5b were calculated 

based on linear regression using concentration standards.

QUANTIFICATION AND STATISTICAL ANALYSIS

As microbiome datasets are typically distributed non-normally, thus, all microbial or gene 

diversity analysis of samples resulting from the 16S rRNA gene or WGS sequencing 

data were statistically assessed for their differences accordingly: using the R functions to 

perform the non-parametric Kruskall-Wallis statistical test for comparisons with more than 

two groups or the Wilcoxon Rank-Sum statistical test for unpaired two-sample statistical 

comparisons. Beta diversity assessed via NMDS was an analysis of variance using distance 

matrices, a form of non-parametric multivariate analysis of variance. Statistical analysis 

of these differences in EC’s, resulting from the metagenomic analysis, was determined 

using the non-parametric Kruskal-Wallis statistical test (p values adjusted by FDR). For 

statistically significant cohorts, the non-parametric Wilcoxon Ranked Sum test was applied 

(p values adjusted by FDR). Statistical output files are available along with all scripts 

used for pipeline analysis (see key resource table). Raw MS-data were processed using 

MultiQuant 3.0.1 software (SCIEX) and targeted metabolites were detected using multiple 

reaction monitoring (MRM) parameters listed in Table S15. Extracted peak areas were 

used for quantitation based on individual linear calibration curves. For carbonic acids and 

glycols, the internal isotope-labelled standards were used to normalize analyte recovery 

and matrix effects. The resulting data was further analyzed in Microsoft Excel for Student 

t test statistical analysis. Fold changes with log2 mean ratio ≤ or ≥ 1 and FDR ≤ 20 

were considered significant. All ELISA data was further analyzed in Graph Pad Prism 6.0 

Software (La Jolla, CA), where the parametric un-paired Student’s t test statistical test was 

utilized for comparison.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• NASA’s RR-5 mission investigated ancillary effects on the microbiome via 

live animal return

• Abundance of L. murinus and Dorea sp. is elevated under microgravity 

exposure

• Identified pathways capable of producing lactic acid, leucine, and glutathione 

are enriched

• These metabolites are elevated in the serum of flight cohorts, which lose bone 

homeostasis
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Figure 1. Longitudinal analysis of the fecal microbiome (fresh fecal samples) in the live animal 
return to Earth (LAR) flight cohort versus the ground control (LAR_G) cohort
(A, E, I) Longitudinal differences in alpha diversity of observed genera, Shannon, and 

Simpson diversity indices comparing LAR versus LAR_G cohorts or basal at pre-flight 

(week 0), live animal return to Earth (week 4.5), and termination (week 9) time points. The 

non-parametric Kruskal-Wallis statistical test was used to compare groups of two or more. 

The Wilcoxon rank-sum statistical test was employed for pairwise comparisons. Statistical 

significance is indicated accordingly.

(B, F, J) Beta diversity analysis comparing LAR versus LAR_G cohorts or basal at pre-flight 

(week 0), live animal return to Earth (week 4.5), and termination (week 9) time points. 

Non-parametric multivariate analysis of variance (PERMANOVA) was used to calculate 

a statistical comparison of variance using distance matrices. Statistical significance is 

indicated accordingly.

(C, G, K) Comparative analysis of the Firmicutes-to-Bacteroidetes ratio of LAR versus 

LAR_G or basal cohorts at pre-flight (week 0), live animal return to Earth (week 4.5), 

and termination (week 9) time points. The non-parametric Kruskal-Wallis statistical test 

was used to compare groups of two or more. The Wilcoxon rank-sum statistical test was 

employed for all pairwise comparisons of alpha diversity. Statistical significance is indicated 

accordingly.
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(D, H, L) Comparative analysis of genera enriched or lost in the LAR versus the LAR_G 

cohorts at pre-flight (week 0), live animal return to Earth (week 4.5), and termination (week 

9) time points. Taxa enriched or lost in the LAR cohort at a threshold of p < 0.05 compared 

with taxa present in the LAR_G cohort are represented in the MetacodeR heat tree by a 

color intensity log2 median ratio scale. The Wilcoxon rank-sum statistical test was used, and 

p values are indicated in the text and in Tables S1, S2, and S3.
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Figure 2. Alpha diversity, beta diversity, and comparative compositional shift analysis of the 
fecal microbiome (from necropsy) in the ISS flight cohort versus the ISS_G ground control 
cohort
(A) Alpha diversity analysis of observed genera, Shannon, and Simpson diversity indices 

comparing ISS versus ISS_G or basal cohorts (week 9). The non-parametric Kruskal-Wallis 

statistical test was used to compare groups of two or more. The Wilcoxon rank-sum 

statistical test was employed for pairwise comparisons, and statistical significance is 

indicated accordingly.

(B) Beta diversity analysis comparing the ISS with the ISS_G or basal cohorts (week 9). 

Non-parametric multivariate analysis of variance (PERMANOVA) was used to calculate 

a statistical comparison of all cohorts or pairwise using distance matrices. Statistical 

significance is indicated accordingly.

(C) Comparative analysis of Firmicutes-to-Bacteroidetes ratios between the ISS and the 

ISS_G or basal cohorts (week 9). The non-parametric Kruskal-Wallis statistical test was 

used to compare groups of two or more. The Wilcoxon rank-sum statistical test was 
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employed for all pairwise comparisons of alpha diversity. Statistical significance is indicated 

accordingly.

(D) Comparative analysis of genera enriched or lost in the ISS compared with the ISS_G 

control cohort (week 9). Taxa enriched or lost in the ISS cohort at a threshold of p < 0.05 

compared with taxa present in the ISS_G cohort are represented in the MetacodeR heat tree 

by a color intensity log2 median ratio scale. The Wilcoxon rank-sum statistical test was used, 

and p values are indicated in the text.
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Figure 3. Alpha diversity, beta diversity, and comparative compositional shift analysis of the 
fecal microbiome (from necropsy) in the ISS flight cohort versus the LAR flight return cohort
(A) Alpha diversity analysis of observed genera, Shannon, and Simpson diversity indices 

comparing ISS and LAR or basal cohorts (week 9). The non-parametric Kruskal-Wallis 

statistical test was used to compare groups of two or more. The Wilcoxon rank-sum 

statistical test was employed for pairwise comparisons, and statistical significance is 

indicated accordingly.

(B) Beta diversity analysis between the ISS and the LAR or Basal cohorts (week 9). 

Non-parametric multivariate analysis of variance (PERMANOVA) was used for statistical 

comparison using distance matrices between ISS and LAR cohorts. The p values are 

indicated accordingly.

(C) Comparative analysis of Firmicutes-to-Bacteroidetes ratios between the ISS and the 

LAR or basal cohorts (week 9). The Wilcoxon rank-sum statistical test was employed to 

compare ISS versus LAR cohorts, and significance is indicated accordingly.

Bedree et al. Page 34

Cell Rep. Author manuscript; available in PMC 2023 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D) Comparative analysis of genera enriched or lost in the ISS compared with the LAR 

control cohort. Taxa enriched or lost in the ISS cohort at a threshold of p < 0.05 compared 

with taxa present in the LAR cohort are represented in the MetacodeR heat tree by a color 

intensity log2 median ratio scale. The Wilcoxon rank-sum statistical test was used, and p 

values are indicated in the text.
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Figure 4. Differentially abundant gene analysis of L. murinus and Dorea sp. within the ISS flight 
cohort versus the ISS_G ground control cohort
(A) Diversity of genes. A total of 1,571,490 genes were detected with an average of 81,455 

(Shannon 8.79) and 76,693 (Shannon 8.78) observed gene hits in the ISS and ISS_G 

cohorts, respectively. Gene abundance analysis comparing the ISS versus the ISS_G cohort 

was evaluated through observed and Shannon indices (Wilcox rank-sum test adjusted by 

false discovery rate (FDR), and p values indicated accordingly).

(B) Principal-coordinate analysis (PCoA) of ordinated CPM-normalized gene counts for 

ISS_G and ISS. Marginal boxplots show the differences in ordinated distances for PC1 
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and PC2 by cohort (Wilcoxon test, adjusted by FDR). All boxplots show median and lower/

upper quartiles; whiskers show inner fences (see STAR Methods). The p values are indicated 

accordingly.

(C) Relative abundance of top 9 changing species between ISS and ISS_G. Enriched species 

L. murinus and Dorea sp. are highlighted.

(D) Relative abundance of select species. Parabacteroides goldsteinii made up nearly 84% 

of the total relative abundance for both ISS and ISS_G and was excluded from the top 10 

most changing bacterial species as no significant difference between ISS and ISS_G for this 

species was observed. The Wilcox rank-sum statistical test was adjusted by FDR, and p 

values are indicated accordingly.

(E) Differentially abundant genes between ISS and ISS_G. Log fold changes of 65,547 

differentially abundant genes were plotted individually. Significantly changing genes are 

highlighted in red (padj ≤ 0.05), and non-significantly changing genes are highlighted in 

blue (padj > 0.05) (see STAR Methods). Select genes with functional annotations of Enzyme 

Commission numbers (ECs) associated with short-chain fatty acid synthesis (KEGG maps 

for lactic acid, malic acid, glutathione, leucine/isoleucine, and butyric acid) in mammals 

were unbiasedly identified and annotated if enriched in the ISS cohort.

(F) Taxonomic contributions to SCFA and differentially abundant metabolite-associated 

genes between ISS and ISS_G. Log fold changes in EC gene hits within lactic acid, 

glutathione, leucine/isoleucine, butyric acid, and malic acid pathways (KEGG) are shown 

for all members that contributed gene hits within the community in relation to ISS_G 

levels. In addition, individual ECs contributed by enriched species Dorea sp. and L. murinus 
are highlighted. All boxplots show median and lower/upper quartiles; whiskers show inner 

fences (see STAR Methods). The Wilcox rank-sum statistical test was adjusted by FDR, and 

p values are indicated accordingly.
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Figure 5. Bone biomarker and short-chain fatty acid profiling in serum of the ISS flight cohort 
versus the ISS_G ground control cohort
(A) ELISA analysis of bone biomarkers OCN, P1NP, and TRACP in the ISS cohort versus 

the ISS_G. Unpaired Student’s t test statistical analysis was performed for comparisons of 

the ISS cohort versus the ISS_G. Statistical significance is indicated accordingly.

(B and C) Absolute quantification of R/S-2,3-butanediol and meso-2,3-butanediol and short-

chain fatty acids detected via targeted liquid chromatography-tandem mass spectrometry 

(LC-MS/MS). Unpaired Student’s t test statistical analysis was performed for comparisons 

between ISS and ISS_G cohorts. Abundance and individual statistical indications are listed 

in Tables S12–S14 and statistical significance is indicated accordingly.
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Figure 6. Targeted metabolome profiling of serum via liquid-chromatography mass spectrometry 
in the ISS flight cohort versus the ISS_G ground control cohort
(A and B) Metabolite relative fold change (log2 mean ratios) and abundance distribution in 

ISS versus ISS_G. Abundance and individual statistical indications are listed in Table S14. 

Black asterisks indicate the mean abundance, and Student’s t test statistical analysis was 

employed for pairwise comparisons. Fold changes with log2 mean ratio ≤1 or ≥1 and FDR 

≤20 were considered significant.

(C) Enriched metabolites in the ISS versus the ISS_G cohort. Student’s t test statistical 

analysis was employed for pairwise comparisons. Statistical significance is indicated 

accordingly.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Fecal pellets for gut microbiome sampling This study N/A

Oral swabs for microbiome sampling This study N/A

Serum This study N/A

Chemicals, peptides, and recombinant proteins

Acetic Acid-D4 Isotope Cambridge Isotope Laboratories Ca# CDLM-1581-1

1,4-Butanediol-2,2,3,3-D4 Isotope Cambridge Isotope Laboratories Ca# 1,4-BUTANEDIOL-2,2,3,3-D4

Acetic Acid-D4 Isotope Cambridge Isotope Laboratories Ca# CDLM-1581-1

Meso-2,3-Butanediol Sigma-Aldrich Ca# 361461-10G

(2R, 3R)-2,3-Butanediol Sigma-Aldrich Ca# 237639-1G

(2S, 3S)-2,3-Butanediol Sigma-Aldrich Ca# 300349-1G

Butyric acid Alfa Aesar Ca# L13189AE

2-Hydrazinoquinoline Alfa Aesar Ca# AAH50700MD

Folic acid Alfa Aesar Ca# AAJ6083314

Lactic acid Fischer Chemical Ca# A159-500

Malic acid Alfa Aesar Ca# AAJ6322122

Propionic acid Sigma-Aldrich Ca# 94425-5MLF

Pyruvic acid SPEX CertiPrep Ca# S-3242

Critical commercial assays

Mouse Propeptide of Type 1 Procollagen (P1NP) 
EIA

Immunodiagnostic Systems, East 
Bolden, United Kingdom

Ca# AC-33F1

Mouse Osteocalcin (OCN) ELISA Novus Biologicals, Littleton, CO, USA Ca# NBP2-68151

Tartrate-resistant acid phosphatase 5b (TRAP 5b) 
ELISA

Immunodiagnostic Systems, East 
Bolden, United Kingdom

Ca# SB-TR103

Deposited data

All raw DNA sequencing and metabolomic 
datasets

NASA Gene Lab Accession Number: GLDS-417 https://
doi.org/10.26030/r6bd-0k20

Experimental models: Organisms/strains

BALB/c Shi15 Taconic Biosciences

Software and algorithms

16S rRNA gene and metagenomic sequencing 
pipeline This study https://doi.org/10.5281/zenodo.7620493

Forsyth eHOMD NGS pipeline Al-Hebshi et al.106 https://doi.org/10.5281/zenodo.7620855
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