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We explored the metagenomic, metabolomic and trace metal makeup of intestinal
microbiota and environment in healthy male participants during the run-in (5 day)
and the following three 21-day interventions: normoxic bedrest (NBR), hypoxic
bedrest (HBR) and hypoxic ambulation (HAmb) which were carried out within
a controlled laboratory environment (circadian rhythm, fluid and dietary intakes,
microbial bioburden, oxygen level, exercise). The fraction of inspired O2 (FiO2)
and partial pressure of inspired O2 (PiO2) were 0.209 and 133.1 ± 0.3 mmHg
for the NBR and 0.141 ± 0.004 and 90.0 ± 0.4 mmHg (∼4,000m simulated
altitude) for HBR and HAmb interventions, respectively. Shotgun metagenomes were
analyzed at various taxonomic and functional levels, 1H- and 13C -metabolomes
were processed using standard quantitative and human expert approaches, whereas
metals were assessed using X-ray fluorescence spectrometry. Inactivity and hypoxia
resulted in a significant increase in the genus Bacteroides in HBR, in genes
coding for proteins involved in iron acquisition and metabolism, cell wall, capsule,
virulence, defense and mucin degradation, such as beta-galactosidase (EC3.2.1.23),
α-L-fucosidase (EC3.2.1.51), Sialidase (EC3.2.1.18), and α-N-acetylglucosaminidase
(EC3.2.1.50). In contrast, the microbial metabolomes, intestinal element and metal
profiles, the diversity of bacterial, archaeal and fungal microbial communities were
not significantly affected. The observed progressive decrease in defecation frequency
and concomitant increase in the electrical conductivity (EC) preceded or took place
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in absence of significant changes at the taxonomic, functional gene, metabolome and
intestinal metal profile levels. The fact that the genus Bacteroides and proteins involved in
iron acquisition andmetabolism, cell wall, capsule, virulence andmucin degradation were
enriched at the end of HBR suggest that both constipation and EC decreased intestinal
metal availability leading to modified expression of co-regulated genes in Bacteroides

genomes. Bayesian network analysis was used to derive the first hierarchical model of
initial inactivity mediated deconditioning steps over time. The PlanHab wash-out period
corresponded to a profound life-style change (i.e., reintroduction of exercise) that resulted
in stepwise amelioration of the negative physiological symptoms, indicating that exercise
apparently prevented the crosstalk between the microbial physiology, mucin degradation
and proinflammatory immune activities in the host.

Keywords: metagenome, metabolome, human gut, microbiome, dysbiosis, exercise, inactivity, hypoxia

INTRODUCTION

Genetic and environmental factors involved in the onset of
obesity result in a complex process often associated with the
development of several chronic medical conditions (i.e., insulin
resistance, hyperglycemia, hypertriglycemia, dyslipidemia,
hypertension; Boulangé et al., 2016) and the activation of the
immune system (Gregor and Hotamisligil, 2011). In healthy
individuals, insulin was shown to elicit glucose uptake in
peripheral organs and the use of extracellular glucose by the
body resulting in increased tissue glycolysis and respiration,
accumulation of glucose and lipids by stimulation of glycogenesis
and lipogenesis, thereby also supporting protein synthesis (Saltiel
and Kahn, 2001; Perry et al., 2014; Boulangé et al., 2016). On the
other hand, impaired insulin action in peripheral organs results
in a loss of sensitivity to insulin, termed insulin resistance that
triggers fasting hyperglycemia, increased hepatic lipid synthesis,
dyslipidemia, hypertension, cumulating in fat accumulation
and increased adiposity in the long run, that are all associated
with higher immune system activity levels (Boulangé et al.,
2016).

Excessive calorie intake leads to saturation of the system
with high-energy value molecules giving rise to increased fat
accumulation that activates the production of effector molecules
(cytokines) and cells primarily involved in innate immunity
(Gregor and Hotamisligil, 2011; Boulangé et al., 2016). This
production results in a chronic, low-grade inflammatory status,
gives rise to recruitment and activation of many different types of
mature immune cells in different tissues that cumulatively further
modify the tissue environment and reinforce the inflammatory
process (Lumeng and Saltiel, 2011; Sell et al., 2012; Boulangé
et al., 2016).

Abbreviations: 1H-NMR, Proton nuclear magnetic resonance; BA, Bile
acids; BSS, Bristol stool scale; EC, Electrical conductivity; EDN, Eosinophil-
derived neurotoxin; ESA, European Space Agency; HAmb, Normobaric
hypoxic ambulatory confinement; HBR, Normobaric hypoxic bed rest; HSQC,
Heteronuclear single quantum coherence spectrum; NBR, Normobaric normoxic
bed rest; SCFA, C1-C6 short chain fatty acids; TOCSY, Total correlated spectrum;
TSOC, Total dissolved organic matter concentration; XRF, X-ray fluorescence
spectrometry.

Most studies thus far focused on the beneficial effects of re-
introduction of exercise to obese population to alleviate these
negative effects on one side, and to understand the effects of
athletic overtraining on the other (Clarke et al., 2014; Barton
et al., 2017). Recent studies clearly illustrated how exercise,
microbiota and its metabolic functions are mutually dependent
and responsive to physiological variations due to exercise (Clarke
et al., 2014; Barton et al., 2017; Monda et al., 2017; Šket et al.,
2017a,b). However, there is an obvious lack of data on the initial
changes in human microbiome and physiology during acute
cessation of exercise.

In order to improve our understanding of consequences
of acute and prolonged inactivity and hypoxia on human
pathophysiology the PlanHab experimental setup was adopted
(Debevec et al., 2014; Simpson et al., 2016; Šket et al., 2017a,b).
The PlanHab experiment was conducted according to European
Space Agency (ESA) and NASA core bedrest data collection SOP
(Standardization of bed rest study conditions 1.5, August 2009),
included controlled daily water and nutritional intake in addition
to controlled atmospheric oxygen content, circadian rhythm,
microbial ambiental burden and 24/7 medical surveillance
(Debevec et al., 2014; Simpson et al., 2016; Šket et al., 2017a,b).

In this study, multifaceted nature of the intestinal microbiota
of healthy male test participants was explored during the 5-
day run-in and three consecutive experimental phases [21-
day normoxic bed rest (NBR), hypoxic bedrest (HBR) and
hypoxic ambulation (HAmb); (Šket et al., 2017a,b)]. A number of
variables linked to the interplay between intestinal microbiome
and intestinal environment were measured: (i) Shot-gun
metagenomes of intestinal microbial communities at taxonomic
and functional levels, (ii) intestinal nuclear magnetic resonance
(1H-NMR and 13C-NMR) metabolomes; (iii) X-ray fluorescence
(XRF) spectroscopy of elements, and (iv) Bayesian network
analysis of significantly different intestinal parameters and
metabolites (Figure 1).

A number of negative physiological symptoms related to
obesity and metabolic syndrome have been observed to a large
extent in the PlanHab study in a dose dependent manner over
the course of 21-day experimental period in HBR and NBR,
but were absent from HAmb variant (Debevec et al., 2014,
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FIGURE 1 | Schematic outline of the PlanHab experiments and analysis workflow described in this study: general outline of NBR, HBR and HAmb sampling and
analyses (A); (B) overview of the statistical analyses; (C) example of results; (D) taxonomic and functional metagenome annotation; (E) analysis of intestinal
metabolome; (F) analysis of intestinal elements and metals; (G) integrative analysis and modeling using Bayesian network analysis.

2016; Rittweger et al., 2016; Simpson et al., 2016; Stavrou et al.,
2016; Šket et al., 2017a,b; Strewe et al., 2017). In addition,
the observed negative symptoms faded effectively in 14, 10,
<4 days for HBR, NBR, and HAmb, respectively (Debevec
et al., 2014; Šket et al., 2017a,b). Many of the microbial
parameters such as butyrate producing microbial community,
the general bacterial and archaeal microbial community were
shown to lag behind the changes in human physiology and
intestinal environment (Šket et al., 2017a,b), suggesting a time-
dependent and complex interplay between the host physiology
(including apparent constipation), immunity (inflammation),
controlled diet, intestinal environment variables andmicrobiome
physiology during the acute cessation of exercise. First analyses
suggested that shifts in intestinal environment gave rise to
modified microbial activity and metabolism toward degradation
of host mucus layer in bedrest variants (HBR, NBR) on one side,
and the production of beneficial indole derivatives in healthy
HAmb on the other (Figure S1).

We hypothesized that an acute reduction in physical
activity (complete inactivity) would result in (i) notable
changes in the taxonomic and functional composition of
intestinal tract metagenome; (ii) increased abundance of
functional gene categories linked to elevated levels of the
genus Bacteroides in the HBR variant reported before (Šket
et al., 2017b); (iii) distinct intestinal metabolomes; and
(iv) modified levels of various elements and trace metals
in the intestine environment; providing sufficient data to
establish (v) a Bayesian model linking relevant parameters and
enabling the forecast of metabolic states. As an additional
confounding factor aggravating the observed physiological

changes within the 21-day experiment, the systemic hypoxia
during inactivity was expected to point to the role of
mitochondrial stress whereas ambulation in hypoxia was
anticipated to at least partially ameliorate these inflammatory
effects due to the increased physical activity levels, established
hydrostatic pressures (Debevec et al., 2014; Šket et al., 2017a,b)
and maintained posture-related muscle activity (Miles-Chan and
Dulloo, 2017).

MATERIALS AND METHODS

Experimental Setup
Experimental setup of the PlanHab study was extensively detailed
before (Debevec et al., 2014, 2016; Rittweger et al., 2016; Simpson
et al., 2016; Stavrou et al., 2016; Šket et al., 2017a,b; Strewe et al.,
2017). For detailed experimental protocols, please see Šket et al.
(2017a,b). In essence, the PlanHab study was carried out between
October 2012 and December 2013 at the “Hypoxic Facility” of
the Olympic Sport Center Planica in Rateče, Slovenia, according
to the European Space Agency’s standardization plan for bed rest
studies (ESA, 2009). For this study, each participant underwent
5 days of baseline data collection during which participants
were ambulant, 21 intervention days and 5–14 days of medical
follow-up (Debevec et al., 2014; Šket et al., 2017a). For this
study 11 healthy men with a mean age of mean age (±SD)
of 26.4 ± 4.6 years, a height of 179.6 ± 4.7 cm, a mass of
75.9 ± 9.3 kg and a body mass index of 23.5 ± 2.7 kg/m2 were
enrolled as described before (Debevec et al., 2014; Šket et al.,
2017a,b).
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Microbial Metagenome Sequencing
The extracted genomic DNA (Šket et al., 2017a,b) was used
as a template for whole shotgun sequencing. Approximately
200 ng of microbial DNA was used for shearing of the long
DNA fragments with Covaris ultrasonicator. Quantity and
quality of DNA were examined using DNA Agilent Bioanalyzer
2,100 and Quant-iTTM PicoGreen DNA Fragment Analyzer
reagents DNF-473 Standard Sensitivity NGS Fragment Analysis
Kit.

Metagenomic libraries were constructed using NEBNext Ultra
DNA Library Prep Kit (Illumina Inc., USA) according to the
manufacturer’s protocol. First end repair of sonicated DNA and
ligation of adapters was performed. Then cleaning step and size
selection procedure of adapter ligated DNA were performed
using magnetic beads. After that step only fragments of DNA
around 650 base pairs long remained for downstream reactions.

Furthermore, indexing PCR and amplification of adapter
ligated DNA was performed, followed by another cleaning
step with magnetic beads. Prepared libraries were diluted to
4 nM, pooled equimolar and shotgun sequenced using Illumina
MiSeq platform (Illumina Inc., USA). Sequencing run produced
1.8 × 107 reads in total, 1 × 106 ± 1.9 × 105 (mean ± SD) per
sample.

Bioinformatic and Statistical Analysis of
Microbial Metagenome
Taxonomical and functional annotation of metagenomic datasets
was performed using Metagenomic Rapid Annotations using
Subsystems Technology (MG-Rast server) (Meyer et al., 2008).
The data was compared to REFSeq database for taxonomical
annotation and Subsystems database for functional annotation
using a maximum e-value of 1e−5, a minimum identity of 60%,
and a minimum alignment length of 15 base pairs and amino
acids respectively.

To analyze relationship between start vs. end of each
variant, and between ends of particular variants, a number of
established approaches was used: parsimony, weighted UniFrac,
uweighted UniFrac, AMOVA, HOMOVA, lefse, indicator
and metastats tests with 999 permutations were used as
implemented in mothur (Schloss et al., 2009). Multiple-group
comparisons were performed using Benjamini-Hochberg false
discovery rate (FDR) multiple test correction (Benjamini and
Hochberg, 1995; Benjamini and Yekutieli, 2001; Šket et al.,
2017a,b). In addition, a test statistic Abundance-Weighted
Kolmogorov-Smirnov (AWKS) as implemented in Corbata
(CORe microBiome Analysis Tools; Li et al., 2013; Šket
et al., 2017b) was used for calculations of the difference
between variants at the taxonomic or functional profiles.
The congruency of results from the various tests deployed
was schematically summarized (Figure 1) and taken to reflect
the signal observed at various levels of microbiome data
integrating over the underlying statistical assumptions of
particular separate analytical approach adopted in this study. The
use of a concerted approach of various statistical approaches
enabled us to detect the most evident congruent changes in
microbiome.

Intestinal Metabolome Analysis Using
Proton Nuclear Magnetic Resonance
(1H-NMR)
Fecal samples (200mg of drymatter) were resuspended in 800µL
of NMR phosphate buffer and centrifuged at 10,000 g for 30min
at 4◦C to remove fine particles. Samples were filtered through
0.22 µm HPLC compatible filters (Millipore, Germany), 400 µL
aliquots were mixed with 200 uL 1H-NMR buffer as described
before (Beckonert et al., 2007) and stored at−25◦C until analysis.
Phosphate buffer (pH 7.4) was prepared by weighing 1.443 g
NaH2PO4, 0.263 g NaH2PO4, 2mM TSP, and 1mM NaN3 into
50mL volumetric flask. Tenmilliliter of D2Owas added and filled
up to 50mL with Milli-Q water. Before analysis, samples were
thawed at room temperature, centrifuged at 12,000 g for 5min at
4◦C. In total, 550 µL of each sample was transferred into 5mm
NMR tube.

1H-NMR spectra were acquired on an Agilent Technologies
DD2 600 MHz NMR spectrometer equipped with 5mm HCN
Cold probe. The 2D experiments were measured on Agilent
Technologies (Varian) VNMRS 800 MHz NMR spectrometer
equipped with 5mm HCN Cold probe. All experiments were
measured at 25◦C. 1H-NMR spectra of the samples were recorded
with spectral width of 9.0 kHz, relaxation delay 2.0 s, 32 scans
and 32K data points. Water signal was suppressed using Double-
pulsed field gradient spin echo (DPFGSE) pulse sequence.
Heteronuclear single quantum coherence spectrum (HSQC) was
acquired with spectral widths of 9.0 kHz and 40 kHz for 1H-
and 13C-dimensions, respectively, 1,536 complex points for 1H-
dimension, relaxation delay 1.5 s, 160 number of transients and
128 time increments. Total correlated spectrum (TOCSY) was
measured with 1H spectral widths of 7.0 kHz, 4096 complex
points, relaxation delay 1.5 s, 32 number of transients and 144
time increments. The 1H and 2D spectra were apodized with an
exponential function and a cosine-squared function, respectively,
and zero filled before Fourier transform. All NMR spectra were
processed and analyzed using VNMRJ (Agilent/Varian) and
Sparky (UCSF) software and MestReNova.

The resulting spectra were consequently analyzed in
two complementary ways: (i) human expert chemometric
untargeted metabolomics, including 2D spectra, and (ii) targeted
quantitative metabolomics using Chenomx NMR Suite version
8.3 (Chenomx, Canada). For the latter, all spectra were randomly
ordered for spectral fitting using ChenomX profiler. Metabolites
analyzed in this study were thus independently identified using
2D NMR spectroscopy (see Supplementary Material, Figure S2
and Table S1) and with the support of Chenomx Compound
Library extended by Human Metabolome Data Base (Wishart
et al., 2013) the latter giving access to the use of chemical shift
profiles of 674 compounds.

Three different approaches to asymmetric sparse matrix
data analysis were adopted (Legendre and Legendre, 2012).
Each compound concentration obtained was (i) normalized by
dividing the measured concentration by the concentration of all
metabolites in that sample; (ii) Box-Cox or log2 transformed; (iii)
corrected for the total dissolved organic matter concentration
(TSOC), determined as described before (Kolbl et al., 2017).
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The significance of difference in the metabolic characteristics
of various groups of samples was tested using ANOSIM,
NP-MANOVA and expressed as an overlap in non-metric
multidimensional scaling (nm-MDS) trait space (Gower and
Euclidean distance measures). Stress function was used to select
the dimensionality reduction whereas Shepard’s plots were used
to describe the correspondence between target and obtained
ranks (Murovec et al., 2015). Benjamini Hochberg significance
correction for multiple comparisons was used as described before
(Šket et al., 2017a,b). The Methane Yield Database was used to
estimate the methane potential of constituents of the Western-
diet used within the PlanHab experiment (Šket et al., 2017a,b).

X-Ray Fluorescence Spectrometry (XRF) of
Intestinal Metal Content
Sample (10 g) was dried at 60◦C, homogenized and 100mg of
subsamples were compressed using a pellet die and hydraulic
press (Nečemer et al., 2008). Element analysis was performed
by X-ray florescence spectrometry focusing on the following 10
elements: P, S, K, Ca, Mn, Fe, Cu, Zn, Rb, and Sr (Figure S3).
XRF spectrometer based on Rh anode (35 kV) with 5mm beam
was used to irradiate the samples. XRF signal was detected with
silicon drift diode (SDD) (Amptek). Spectra were analyzed in
LabView and quantitative analysis was performed as described
before (Kump et al., 1996). Dark matrix (the non-responsive
elements) were determined by emission transmission method
(Nečemer et al., 2008). Quality assurance for the element
analysis was performed using standard reference materials: NIST
SRM 1573a (tomato leaves, homogenized powder); CRM 129
(hay powder); and OU-10 (geological sample of Longmyndian
greywacke, GeoPT24) (Likar et al., 2015). All statistical analyses
were performed as described above.

Bayesian Network Modeling
To explore the relationships between the immune, intestinal
and environmental parameters associated significantly with the
distribution of microbial communities in experimental variants
over time observed before (Šket et al., 2017a,b) and in this
study, Bayesian network analysis was conducted using the C++

utility (Ziebarth et al., 2013). A number of parameters (n = 261)
was monitored over the course of the PlanHab experiment and
a database containing these data was interrogated (Šket et al.,
2017b). Only the intestinal parameters that differed significantly
over the course of the PlanHab experiment were used (Figure S1).
First, the structure of a network model that best explains the data
was learned, and second, the model was used to make predictions
about the interactions between the variables in the model. Global
structure learning settings included (i) Maximum number of
parents (n = 4) as the number of immediate parents for every
node in the network to increase the speed of structure learning
for larger networks and to avoid over-fitting a networkmodel; (ii)
Number of high-scoring networks to include in model averaging
(k = 100) to increase the performance of the structure learning
search; (iii) Model averaging selection threshold of directed edges
to be included in the network given their posterior probabilities
after model averaging (Ziebarth et al., 2013). All directed edges
with posterior probabilities greater than the threshold were

included in the network (t = 0.8); (iv) Number of tiers in the
network which can then be used to specify structure learning
constraints was not assigned in order to perform the structure
learning from the data (Ziebarth et al., 2013).

The significant parameters identified in this and our recent
studies (Šket et al., 2017a,b) were inspected and segmented
according to the recorded time of significant deviation. The
arranged data were superimposed next to the calculated Bayes
network in order to check for the correspondence between the
experimentally observed and calculated hierarchy governed by
time frame of appearance.

RESULTS

Taxonomic Annotation of Bacteria,
Archaea, and Fungi
Altogether, 2.68 × 107 taxonomic hits were assigned of which
2.66 × 107 hits belonged to Bacteria. The most abundant
bacterial phyla were Firmicutes (59.6± 13.3%) and Bacteroidetes
(29.7 ±14.2%), followed by Actinobacteria (3.87 ± 2.02%),
Proteobacteria (3.80 ± 1.27%), Fusobacteria (0.52 ± 0.12%)
and Spirochaetes (0.48 ± 0.14%), in line with the general
assembly of human microbiome (Candela et al., 2012) and
our past observations on the same samples (Šket et al.,
2017b).

No significant differences were observed between initial
and endpoint bacterial microbiomes at the level of bacterial
taxonomic distribution using parsimony or unweighted
Unifrac metrics based either on Bray-Curtis, ThetaYC and
Jaccard indices. The group centroids (AMOVA) and dispersion
(HOMOVA) between initial and endpoint experimental
variants were at the margin of significance (p = 0.07) after the
correction for multiple comparisons. Lefse, indicator species and
metastats tests showed that Eubacterium ventriosum (p= 0.028),
Bacteroides sp. (p = 0.045) and Proteobacteria [Escherichia coli
(p = 0.026), Shigella sp. (p = 0.029), Veillonella sp. (p = 0.042)]
were significantly enriched at the end of HAmb, HBR and NBR
variants, respectively (Figure 2).

The members of Eubacterium that were enriched at the end
of HAmb are intensively involved in anaerobic degradation
of various plant polyphenols, e.g., flavonoids, through
deconjugation of various sugars obtained through diet into
derivatives with important physiological bioactivity for the host
(Schneider and Blaut, 2000; Rowland et al., 2017). However,
several studies have shown that the complete metabolism of
polyphenol glycosides requires active involvement of complex
intestinal microbial communities (Rowland et al., 2017).

Closer examination showed that the members of the genus
Bacteroides were significantly enriched at the end of HBR variant
[B. xylanisolvens (p = 0.012), B. finegoldii (p = 0.015), B. ovatus
(p = 0.015), B. sp. D22 (p = 0.018); B. sp. D1 (p = 0.021),
B. thetaiotaomicron (p = 0.021), B. fragilis (p = 0.033), B.
caccae (p = 0.036), B. cellulosilyticus (p = 0.04), B. capillosus
(p = 0.045), B. dorei (p = 0.048)]. In addition, B. eggerthii
(p = 0.02) and B. pectinophilus (p = 0.049) were decreased at
the end of NBR and HAmb variants. The results presented in
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FIGURE 2 | Schematic representation of the significant changes in the taxonomic annotation of metagenomes at the level of bacterial (A), archaeal (B), and fungal
(C) microbial communities.
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this study are in line with our past analyses at the level of 16S
rRNA amplicon sequencing (Šket et al., 2017b) that identified
a significant increase in the presence of the members of the
genus Bacteroides in HBR participants that belonged to species,
previously linked to various dysbioses in humans (e.g., intestinal
tract inflammation, obesity, insulin resistance, hyperglycemia,
metabolic syndrome, T2D (Šket et al., 2017b). The elevated levels
of the members of the genus Bacteroides were associated with a
poor postprandial glucose response inHBR andNBR participants
and other negative physiological symptoms (Simpson et al., 2016;
Šket et al., 2017b). However, not all members of the genus
Bacteroides interacted with their host in the same way, showing
that different but highly related species can have very different
effects on host metabolism, further suggesting that the key
effectors of improved metabolism of the host in HAmb could be
microbial metabolome, proteome and lipidome (Johnson et al.,
2016).

On the other hand, the increase in Proteobacteria in NBR
falls in line with past observations of potential metabolic
endotoxemia (Kamada et al., 2013). Altered intestinal conditions
were recently shown to facilitate the overgrowth of potentially
harmful constituents of indigenous intestinal bacteria as
some pathogens more efficiently utilize common resources
under novel conditions established due to physical inactivity
(Kamada et al., 2013). Another important strategy utilized by
bacterial pathogens to further acquire a growth advantage over
bacterial commensals is to stimulate host intestinal inflammation
that additionally hinders commensal survival, but increases
competitive advantages of pathogenic behavior in terms of
nutrient acquisition (Kamada et al., 2013).

Archaeal diversity and composition were also assessed in
the same samples (Figure 2). The majority of all archaeal
hits (1.3 × 105 sequences) was mostly assigned to phylum
Euryarchaeota (93.4 ± 1.01%), followed by Crenarchaeota
(5.46 ± 0.78%), Thaumarchaeota (0.54 ± 0.29%), Korarchaeota
(0.53± 0.19%) andNanoarchaeota (0.04± 0.06%). No significant
differences in the taxonomic distribution at various levels of
Archaea were identified using all of the above statistical tests
between initial and end-point samples between experimental
variants. These results are in-line with past observations of the
significant difference in the microbial community of Archaea
between the obese and healthy control groups (Pimentel et al.,
2012; Bojanova and Bordenstein, 2016). However, archaeal
methane production in humans has been epidemiologically
and clinically associated with constipation related diseases
(Triantafyllou et al., 2014), a trait observed in NBR and HBR
variants of PlanHab but not HAmb (Šket et al., 2017a). Methane
producers also had greater serum glucose content than non-
methane subjects suggesting impaired glucose tolerance and
higher susceptibility to hyperglycemia when challenged (Mathur
et al., 2014), the latter trait also observed in NBR and HBR
(Simpson et al., 2016). Methane decreased peristaltic velocity and
increased ileum contraction amplitude significantly in laboratory
animals (Jahng et al., 2012), supporting the observed eosinophil-
derived neurotoxin (EDN) increase and micro injuries at the site
of small intestine in NBR and HBR variants (Šket et al., 2017a).
Due to the slow growing nature of methanogens, slow transit

time observed in NBR and HBR would thus assist methanogens
in the gut to increase yields from their metabolic activity and
adjust their community structure in the long run, resulting in
the reported differences between obese and healthy volunteers
(Pimentel et al., 2012). The observed relationship between the
methane production and the pathogenesis of constipation as
well as obesity related syndromes, points to the fact that despite
no significant change in Archaeal microbial community was
observed in this study, their metabolic activity could be part
of manifestations observed in the negatively affected NBR and
HBR. The fact that Western-diet constituents exhibited highest
methane yields based from the entries in the Methane Yield
Database (Murovec et al., 2015) further supported the idea that
exercise acted as a safety valve and reduced the availability of
substrates for methane production in this study. The effects
observed after introduction of the wash-out period support this
observation (Debevec et al., 2014; Šket et al., 2017a,b).

Last, fungal diversity and composition was described using
1.7 × 104 fungal hits that were distributed between phylums
Ascomycota (80.2 ± 5.7%), Basidiomycota (15.5 ± 6.5%)
and Microsporidia (4.3 ± 2.5%) (Figure 2). Similar to the
Archaea, there were no significant differences in the fungal
taxonomic distribution at various levels of between initial and
end-point samples of experimental variants. Fungi of the human
microbiome have received least attention so far although many
of the species have the potential to conferment various substrates,
metabolism of the fungal cell wall in the intestine has the capacity
to influence the growth of E. coli and other bacteria, while the
production of extracellular substances inhibits the growth of
pathobionts such as C. albicans and/or their yeast-to-hyphae
transition (Bojanova and Bordenstein, 2016; Sam et al., 2017).
Microbiome and commensal fungi interaction was suggested to
be under numerous self-regulating feed-back loops as after the
disruption of microbiome the normally commensal elements in
themycobiome can shift theirmetabolism and turn pathogenic in
the long run (Sam et al., 2017), further aggravating the observed
negative physiological spiral observed in the PlanHab study
(Simpson et al., 2016). The observed significant differences in
Archaea and Fungal communities (Mar Rodríguez et al., 2015)
in obese and healthy individuals therefore appear to take place
at later phases of progressed dysbioses in rather dose dependent
manner on the extent of time spent in inactivity.

Functional Annotation of Metagenomes
Altogether, 1.2 × 107 functional hits were assigned to four
functional levels. Parsimony and unweighted Unifrac metrics
analyses based either on Bray-Curtis, ThetaYC and Jaccard
indices did not result in significant differences between initial
and end-point experimental variants at the gene level (Table S2).
The AMOVA and HOMOVA tests were also not significantly
different (p = 0.13, p = 0.106) between initial and end-point
experimental variants after correction for multiple comparisons.
In contrast, comparison at the functional level 1 showed that
gene groups at the end of HBR variant differed significantly
from the end of HAmb variant (p = 0.038). Genes coding for
proteins involved in iron acquisition and metabolism, cell wall,
capsule, virulence, disease and defense were enriched at the end
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of HBR in comparison to the end of HAmb variant. Although
the differences after the correction for multiple comparisons
between the start of experiment and the end of HBR variant
were on the margin of significance (p = 0.09) and hence deemed
not significant, the increase in abundance of gene groups for
virulence, disease and defense have been observed (p = 0.036;
Figure 3, Figure S4). These results suggest that with additional
exposure to inactivity (e.g., in ESA 60 day bedrest experiments)
significant differences at the level of the genes for cell wall,
capsule, virulence, disease and defense could be anticipated. This
shows that physical inactivity (lack of activity) per se effectively
modified the physiological responses of microbial communities
toward modified interaction with the host (Johnson et al.,
2016; Šket et al., 2017a,b) that eventually resulted in modified
microbial community structure and distinct distributions of
functional genes. However, no significant differences in richness
of microbial functional genes over the course of the PlanHab
experiment were detected at any level (p > 0.05).

In line with past observations (Šket et al., 2017b) mucin
degradation genes differed significantly between endpoints of
HAmb and HBR variants (p = 0.04), NBR and HBR (p = 0.027)
variants, and between the start and end of HBR (p = 0.032)
variants as well. Genes for beta-galactosidase (EC 3.2.1.23) as
well for α-L-fucosidase (EC 3.2.1.51), Sialidase (EC 3.2.1.18)
and α-N-acetylglucosaminidase (EC 3.2.1.50) were uniformly
increased at the end of HBR variant. These enzymes are
largely present in the Bacteroides genomes, the members of
the genus that were significantly enriched at the end of HBR
variant (Šket et al., 2017b). The co-identification of significant
enrichments for genes coding for capsule proteins and mucin
degradation genes are not surprising as these two gene categories
are coregulated in Bacteroides species (Martens et al., 2009;
Šket et al., 2017b) such as B. thetaiotamicron, B. fragilis and
B. vulgatus at the timescale of minutes in response to the
environmental characteristics (Johnson et al., 2016). In addition,
the environmental polymer distribution (ratios between plant cell
wall, microbial exopolysaccharides and host mucin polymers)
and temporal (un)availability (constipation, diet shifts) of
chemically diverse environmental polymers were shown to affect
the preferential use of substrates and hence gene expression
(Martens et al., 2009).

Further, ion milieu affects availability, transport and uptake
of nutrients of Bacteroides and is considered the first sign
of innate immune response activity (Martens et al., 2009;
Ravcheev et al., 2013). Further, Bacteroides are capable of effective
switching between the three carbon sources although there exists
a preferential use of plant polymers over the host mucus under
non-constipated conditions. In addition, the effects of other
commensal exopolysaccharides on Bacteroides thetaiotamicron
gene expression, such as Bifidobacteria, were clearly elucidated
(Rios-Covian et al., 2013, 2016). Bacteroides thus have the
capacity to swiftly alter gene expression to match changing
substrate availability and environmental fluctuations (Johnson
et al., 2016), whereas remarkably few Bacteroidetes were shown to
be influenced by host genetics. For the majority of the members
of this phylum, environmental factors determine their metabolic
activities leading to increased abundance, making them good

targets for therapeutic interventions to fine-tune their abundance
and metabolic activities.

Genes involved in aerobic and anaerobic respiration have
regularly been implicated as those responsible for metabolic
endotoxemia of microbial communities in response to increased
levels of reactive, oxygen, nitrogen and sulfur species during
inflammatory response in obesity related syndromes (Johnson
et al., 2016). However, genes for aerobic and anaerobic
respiration pathways were not significantly different between the
initial and end-point samples in PlanHab experimental variants.

Butyrate synthesis pathways genes at the end of NBR differed
significantly from those at the end of HBR (p = 0.018). Genes
for butyrate kinase were uniformly increased at the end of HBR
(p = 0.039) whereas butyryl-CoA dehydrogenase gene were
increased at the end of NBR. These results are in contrast to the
results of no significant difference reported before (Šket et al.,
2017a). The main difference stems from the fact that qPCR
and amplicon sequencing were used to analyze buk and but
genes, focusing mostly on the most widely reported members
belonging to the Firmicutes (Šket et al., 2017a). As shot-gun
untargeted metagenomics was used in this study, this shows that
additional butyrate producing bacteria could be detected and
established under the conditions of HBR in addition to those
covered by the primers used before (Vital et al., 2013; Šket et al.,
2017a). Anyhow, the elevated levels of functional genes were not
reflected at the level of increased butyrate concentration in the
same samples (Šket et al., 2017a) and 1H-NMR metabolomes
in this study. The steady state concentrations of C1-C6 short
chain fatty acids (SCFA) in feces were also not significantly
different between the variants in experiment, thus the exact flux
from feces toward the host intestinal cells remains unknown.
This is especially intriguing as HBR and NBR participants
exhibited significant constipation levels based on Bristol Stool
Scale classification (Šket et al., 2017a). A simulation taking into
account production and consumption rates from the same diet
at different exercise levels (Figure S5) showed the relationship
between actual concentration and potential removal rates from
fecal matter, congruent with observations of increased SCFA
content in obese groups described before.

Microbial Metabolome in the Intestinal
Environment
The analyses of 1H-NMR intestinal metabolomes revealed no
significant difference between variants over time in response
to hypoxia or inactivity (Figure 4). These findings are in-line
with our previous measurements of numerous parameters that
revealed insignificant changes in the concentration of SCFA,
TSOC, sterols and polyphenols, various aromatic compounds
through TSOC spectral deconvolution and reducing sugar
measurements in the same samples (Šket et al., 2017a,b).

On the other hand, a small set of intestinal parameters
(Figure S1) was significantly modified over the course of 21-
day experimental phase in NBR, HBR and HAmb variants:
Bristol Stool Scale (BSS), EDN, BA, EC, and indole (Šket et al.,
2017a,b). As indole is microbial metabolite and the other are
host derived this shows that the physiological changes primarily
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FIGURE 3 | Schematic representation of the significant changes in the functional annotation of microbiomes at the functional level (A), level 1 (B) and the category of
genes involved in mucin degradation (C). Please consult electronic supplementary material for detailed gene annotation lists.
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FIGURE 4 | Schematic representation of the relationships between microbial fecal 1H-NMR metabolomes. Note the nearly significant relationship between most
severely affected HBR and most healthy HAmb.

take place at the level of the host and cascade further down to
the microbial subsystem that responds by adjusting particular
metabolic activities. The predominant lack of change at the level
of fecal 1H-NMR metabolomes points toward the importance of
other levels of interaction between host and microbiome, most
probably at the level of proteome, its glycosylation and lipid
modification cycles in relation to the negative physiological and
psychological symptoms observed in HBR and NBR variants in
comparison to HAmb (Debevec et al., 2014; Simpson et al., 2016;
Stavrou et al., 2016; Šket et al., 2017a,b; Strewe et al., 2017).

Electrical Conductivity Governs Intestinal
Metal Availability
XRF measurements of elements and metals in fecal matter
revealed no significant difference between variants and time
spent in experiment (Figure 5). Elemental and metal content in
intestinal tract is of key importance to microbial metabolism,
virulence and pathogenesis, their protein synthesis and activity
on one hand, and host physiology on the other. On this line
of proteomic interaction between the microbiome and the host,
microbial siderophores play an important role in sequestering
iron and other metals in intestinal tract (Ahmed and Holmström,
2014). In nature, Fe has to compete not only against free protons
for the siderophore binding sites but also against other metal ions
such as divalent cations, including Cd2+, Cu2+, Ni2+, Pb2+, and
Zn2+ (Albrecht-Gary and Crumbliss, 1998) and trivalent cations,
such as Mn3+, Co3+, and Al3+ (Ahmed and Holmström, 2014).
There are several studies that have shown that siderophores have
an impact on the mobility of these metal ions in the environment
(Albrecht-Gary and Crumbliss, 1998; Ahmed and Holmström,
2014; Diaz-Ochoa et al., 2014; Vignesh and Deepe, 2017).
Many siderophores are non-ribosomal peptides in addition to
the catecholates (phenolates and other aromatic derivatives of
lignin degradation and microbial products), hydroxamates and

carboxylates (e.g., derivatives of citric acid). Overall binding rate
of Fe ions to siderophores decreased by 2–11-fold as electrical
conductivity (EC) as a measure of ionic strength increased from
∼0.01 to 0.5M (Ahmed and Holmström, 2014). The increased
EC in NBR and HBR as part of innate immune system indicated
the attempts of the host to systematically decrease the availability
ofmetals tomicrobes. Over the course of the PlanHab experiment
NBR and HBR participants exhibited elevated EC (Šket et al.,
2017b) at comparable metal contents in their diet as observed in
this study, coinciding with the increased inflammatory responses
(Simpson et al., 2016).

In addition to promoting microbial growth by binding metals,
there is emerging evidence of clinical relevance that microbial
siderophores can effectively modulate the host response. It
was previously shown that siderophores secreted by enteric
pathogens have the capacity to cause hypoxia-dependent
activation of HIF-1 in the Peyer’s patches and in human epithelial
and endothelial cells, a transcription factor that plays pivotal
roles during infection (Behnsen and Raffatellu, 2016; Šket et al.,
2017a,b).

Bayesian Network as a Model of
Interactions at Systems Level
A number of parameters (n = 261) was monitored over the
course of the PlanHab experiment and a database containing
these data was interrogated (Šket et al., 2017a,b). Only the
intestinal parameters that differed significantly over the course of
the PlanHab experiment were used to derive a model of human
physiology responses (Figure 6; Figure S1) establishing hierarchy
in the measured parameters for the first time. Exploration of the
network showed that changes in the parameter levels resulted
in reproduction of the responses observed within the PlanHab
study (Debevec et al., 2014; Simpson et al., 2016). For instance,
decrease in fecal electrical conductivity resulted in increased BSS
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FIGURE 5 | Schematic representation of the relationships between trace metal compositions based on XRF spectroscopy.

(no constipation) and reduced bile acids (BA) levels. Secondly,
increased indole concentrations at retained lower electrical
conductivity resulted in lowered intestinal inflammation (EDN)
levels. On the other hand, if BA levels were increased within the
network, EDN and conductivity were increased as well, whereas
BSS levels declined further toward constipation and reduced
indole production. However, this link between microbial indole
production and inflammationmarker EDN suggested that a non-
linear responses take place over the network as small changes in
indole levels exhibited unexpectedly large effects on BA content.

In addition, the tiers within the Bayes network corresponded
to the weeks within which significant parameters appeared within
the experiment (Figure 6) and providing for the first time a
model describing the initial steps within the human microbiome
and its host system in response to the acute inactivity: (i) decision
to decrease the level of physical activity gave rise to a cascade-like
modifications in human physiology over time; (ii) changes in host
physiology preceded changes in human microbiome structure;
(iii) changes in host physiology and intestinal parameters guided
human microbiome physiology and activity; (iv) prolonged
changes in host physiology supported distinct microbiome
activity and resulted in modified microbiome structure next
to aggravated physiological status of the host; and (v), the
introduction of a lifestyle change in the form of the exercise
during the wash-out period at the end of 21-day experiment
effectively resulted in alleviation of the developed negative
symptoms in human physiology, also in dose dependent manner
(Debevec et al., 2014; Simpson et al., 2016).

DISCUSSION

Exercise Trains Microbiome Functionality
Elevated levels of indole and its derivatives, tryptophan-derived
microbial metabolites, observed in HAmb, were shown to
promote host intestinal tract barrier integrity and expression

of anti-inflammatory interleukins (e.g., IL-10), inhibiting
proinflammatory TNF-α and NF-κB signaling (Steinmeyer et al.,
2015). Consequently, translocation of antigens and pathogens
was most probably decreased, including reduced LPS infiltration
into blood stream, resulting in reduced endotoxemia and host
inflammation (Rooks and Garrett, 2016).

The importance of exercise is linked to many-faceted nature
of human exercise: the vertical hydrostatic gradients within body
(Debevec et al., 2014), electrolyte losses from sweating, posture
energy consumption (Miles-Chan and Dulloo, 2017), significant
changes in the host muscle and circulating metabolome, that
all take place at the time scale of minutes following resistance
exercise (Berton et al., 2016). All these are most probably
associated with positive effects of the energy-consumption-
through-exercise lifestyle in HAmb and are reflected as healthy
levels of intestinal EC, BA, lack of constipation, lack of intestinal
inflammation (EDN) and increased indole levels (Šket et al.,
2017a,b).

From this perspective, it has become increasingly evident that
the gut microbiome is an essential supplier of extensive range of
metabolites that influence mitochondrial function and biogenesis
within the skeletal muscle to stabilize host metabolism and its
corresponding production of various metabolites, proteins and
signaling molecules (Franco-Obregón and Gilbert, 2017), while
contractions of skeletal muscles increase fatty acid oxidation
and promote mitochondrial biogenesis as well as microbiome
structural and functional adaptations (Clarke et al., 2014; Clark
and Mach, 2017; Šket et al., 2017b). Hence, a growing body of
evidence supports the idea that exercise provides the systemic
environment of signal products and metabolites originating
from microorganisms as well (Garagnani et al., 2014) that
modulate intestinal barrier function, mucosal immune response
and mitochondrial reactive oxygen species production, next to
acute inflammatory responses (Clark and Mach, 2017). These
parameters functionally inhibit, thermodynamically confine or
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FIGURE 6 | Bayesian network analysis. The intestinal parameters that differed significantly over the course of the PlanHab experiment were used to derive a model of
human physiology responses establishing hierarchy in the measured parameters.

makemicrobiota adapt to metabolic demands of physically active
lifestyle of the host, carrying out a set of physiological functions
(Estaki et al., 2016). From the extensively distinct microbial
assemblies and rather undirected changes in their structure it
follows that the metabolic function of microbiome is more
important to the host than the identity of the species providing
it (Marchesi et al., 2015; Beaumont et al., 2017). This was
reflected in the finding that the diversity at various taxonomic
and functional levels was not significantly affected within the
4-week time scale of the PlanHab experiment.

The Split Personality of Bacteroides:
Friend and Foe
As members of the phylum Bacteriodetes are highly adapted to
life in rapidly changing environment (Johnson et al., 2016), it
is conceivable, that their exposure to different environmental
conditions in HBR (host inactivity and hypoxia) modified
microbial physiology and provided sufficient competitive
advantage that resulted in their relative increase in microbial
community. However, inferring metabolic roles by taxonomic
classification alone by making the association of specific
functional roles to entire taxonomic groups is difficult, because
phylogenetically closely related organisms were shown to contain
differentially organized genomes and hence exhibit very different
metabolism (Bauer et al., 2015; Johnson et al., 2016), and hence
could produce rather distinct metabolic fingerprints (Beaumont
et al., 2017). Although the host inactivity resulted in significant
modification of some of the environmental parameters of

intestinal tract, this has apparently primarily directed microbial
physiology toward degradation of host mucin polymers and
concomitant upregulation of inflammagenic capsid proteins at
the same time (Martens et al., 2009). The increased abundance
of mucin degradation and capside related genes in HBR
metagenomes (this study) supports this observation. The
increased BA and EC levels in feces point toward host attempts
to counteract microbial activities, overgrowth and production of
metabolites.

Although Bacteroides are tolerant to BA, their increased
abundance in HBR was associated with the abnormal host
glucose metabolism and insulin resistance before (Qin et al.,
2012; Karlsson et al., 2013; Zeevi et al., 2015). In parallel, the
same positive relationship between insulin resistance and BA was
observed in HBR, whereas this relationship was present in NBR
devoid of significant community change.

As the increase in EC decreases availability of iron in intestinal
system by default, this forces Bacteroides to activate hemolysin
production in order to perforate host cells to provide haem inflow
(Robertson et al., 2006). Second, capside genes code for proteins
that bind major clotting proteins from human plasma and
prolong the intrinsic coagulation time or prevent clot formation
(Murphy et al., 2011), whereas accompanying polysaccharide
A activates immune system leading to increased blood inflow
(Elhenawy et al., 2014). Capside and mucin degradation genes
are coregulated, and the latter have the potential to decrease
mucin thickness, crosslinking, structure, porosity, influencing
the diffusion gradients and immune contacts (Martens et al.,
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2009), especially under constipated conditions, observed in
HBR and NBR. Third, glycosidases, proteases, polysaccharide A
and polysaccharide B, outer membrane proteins, phospholipids,
sphingolipids, exotoxins are preferentially packed into outer
membrane vesicles (OMV) released by many Bacteroides,
targeting complex polysaccharides from diet or human origin,
such as mucus glycans, allowing Bacteroides to modulate
host pathways (Elhenawy et al., 2014). Lastly, inactivity and
hypoxia lead to suboptimal mitochondrial function and release
of reactive oxygen species that effectively damage microbial
cells, releasing LPS (lipid A). These are taken up by host
cells under high BA and EC conditions through leaky tight
junctions, microbial perforations, intestinal abrasions (Šket et al.,
2017a,b), chylomicrons responsible for dietary lipid uptake, or
even OMV (Elhenawy et al., 2014), resulting in the initialization
of inflammation-based processes linked with insulin resistance
(Boulangé et al., 2016; Rowland et al., 2017), a condition
observed in HBR and NBR participants. Consequently, the
expression of inflammatory molecules was triggered by increased
systemic levels of endotoxins, including nuclear factor κB (NF-
κB) (Simpson et al., 2016; Šket et al., 2017a,b).

In humans, the circulating endotoxin levels in blood were
shown to increase by 20% in individuals with increased glucose
intolerance in comparison to healthy individuals (Cani et al.,
2007; Li et al., 2011; Boulangé et al., 2016). This is in line
with the observation that increased BA and EC in HBR and
NBR variants gave rise to increased intestinal translocation
into plasma, causing the observed negative inflammatory dose
dependent physiological symptoms in HBR and NBR (Debevec
et al., 2014; Simpson et al., 2016).

Derangements After Inactivity
Metabolic (BA), proteomic (EDN), ionic (EC), systemic (BSS)
adaptations observed before (Šket et al., 2017a,b) take place
in parallel with physiological symptoms (Debevec et al., 2016;
Simpson et al., 2016; Strewe et al., 2017) but precede the dysbiosis
with the time window of 2–3 weeks. We hypothesize that
this microbiome persistence has evolved to act as a “buffer”
contributing to the stability of metabolic homeostasis over
prolonged periods of time, by preventing overly fluctuating
metabolic responses to incidental nutritional or environmental
signals (Thaiss et al., 2016; Beaumont et al., 2017). Evolutionary
adaptations, such as starvation during winter hibernation bouts,
have the capacity to induce seasonal cyclic changes in microbial
community structure, insulin resistance, hyperglycemia, and
increase in Bacteroides content. In addition, these events
predispose the host toward effective weight-gain during summer
feast period, a trait apparently broadly conserved in evolutionary
diverse range of mammalian species (Carey and Martin, 2003;
Carey, 2013; Sommer et al., 2016) as recently proposed (Šket et al.,
2017b). In addition, the onset of wash-out period (HBR and NBR
variants, i.e., 14 and 10 days, respectively; Debevec et al., 2014;
Šket et al., 2017a) is rather symmetric to the end of hibernation
bout (Carey and Martin, 2003; Carey, 2013; Sommer et al., 2016),
as largely the same negative symptoms were alleviated after
reintroduction of exercise irrespective of mammalian species.
These data suggest that the yo-yo dieting and the effects onweight

gain (Thaiss et al., 2016) are not a human peculiarity but rather
a common evolutionary adaptation of mammals to survive cyclic
food shortage.

CONCLUSIONS

The observed progressive decrease in defecation frequency
and concomitant increase in the electrical conductivity (EC)
preceded or took place in absence of significant taxonomic and
functional gene rearrangements in bacterial, archaeal and fungal
microbial communities, their metabolomes and intestinal metal
profiles.

The fact that the genus Bacteroides and proteins involved in
iron acquisition and metabolism, cell wall, capsule, virulence
and mucin degradation were enriched elucidates for the first
time the initial mechanism of step-by-step development of
the observed negative physiological symptoms of the host.
These changes were largely induced by onset of inactivity
(NBR), compounded by hypoxia (HBR) and relieved by exercise
despite hypoxia (HAmb). The onset of the wash-out period
in the PlanHab experiment corresponded to a profound life-
style change that resulted in immediate amelioration of the
negative physiological symptoms, indicating that exercise acted
as an important parameter apparently downplaying microbial
physiology and metabolic activities involved in degradation of
the intestinal mucus layer, iron scavenging and proinflammatory
immune crosstalk.
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