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• All animals are colonized 
by microbial communities

• In humans:
• ~100 trillion bacteria 

colonize epithelial 
surfaces

• 100 billion bacteria per 
gram of fecal matter in 
the colon





GUT MICROBIOME IS 

DYNAMIC

David et al., Genome Biol 2014
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DIET CAN BE A WAY TO 

MANIPULATE
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• Prebiotics are indigestible dietary carbohydrates 
known to stimulate gut microbiota

Body Site Lag 
(days) Host factor Representative OTUs (#) ρ

0 Stool:Hardness Eggerthella/Clostridium(11) -0.30
0 Stool:TimeOfDay Eggerthella/Clostridium(11) 0.27
1 Nutrition:Fiber Clostridium(6) -0.38
1 Nutrition:Fiber Ruminococcaceae/F.prausnitzii(4) -0.44
1 Nutrition:Fiber Eggerthella/Clostridium(11) -0.39
1 Nutrition:Fiber Ruminococcus/R.gnavus/Clostridium(4) -0.51
1 Nutrition:Fiber Ruminococcus/R.gnavus/Clostridium(5) -0.51
1 Nutrition:Fiber Blautia(3) -0.38
1 Nutrition:Fiber Bifidobacteriales(13) 0.36
1 Nutrition:Fiber Coprococcus(8) 0.44
1 Nutrition:Fiber Clostridium(1) -0.42
1 Nutrition:Fiber Ruminococcus/R.gnavus/Clostridium(6) -0.44
1 Nutrition:Fiber Roseburia/E.rectale(30) 0.37
1 Food:OrangeJuice Clostridium(1) 0.28
1 Food:BreakfastBar Ruminococcus/R.gnavus/Clostridium(4) -0.27
1 Food:BreakfastBar Ruminococcus/R.gnavus/Clostridium(5) -0.40
1 Food:BreakfastBar Bifidobacteriales(13) 0.27
1 Food:BreakfastBar Clostridium(1) -0.43
1 Food:Yogurt Bifidobacteriales(2) 0.45
1 Food:Fruits:Fresh Clostridiales(4) -0.27
1 Food:Fruits:Citrus Ruminococcaceae/F.prausnitzii(4) 0.36
1 Food:Soup Clostridiales(1) -0.25
1 Food:Soup Blautia(21) -0.26
1 Food:Soup:Other Clostridiales(1) -0.27
1 Food:Soup:Other Blautia(21) -0.28
-7 Exercise:TookPlace S.mutans/S.sanguinis(2) -0.28
1 OralCare:Flossing S.mutans/S.sanguinis(2) -0.30
1 Fitness:BodyFat Prevotella(4) -0.36

Subject A 
Saliva

Subject A Gut

David et al., Genome Biology 2014
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PREBIOTICS 

• Prebiotics are indigestible dietary carbohydrates 
known to stimulate gut microbiota

• Of interest because gut microbial fermentation leads 
to short-chain fatty acids like butyrate, a primary 
energy source for colonic epithelial cells

• Also of relevance to spaceflight because shelf-
stable and tend to originate in plants



• Dozens of dietary fiber species exist

HOW CAN PREBIOTIC REGIMENS BE 

RATIONALLY DESIGNED?

 

Prebiotics: Oligo- and Polysaccharides 
Amylopectin (corn) Galactomannan Lichenin Pullulan 
Amylopectin (potato) Glucomannan Lignin Rhamnogalacturonan I 
Arabinan Glycogen Oat spelt xylan Starch (rice) 
Arabinogalactan Gum (guar) Pectic galactan (lupin)  Starch (corn) 
Arabinoxylan (wheat)  Gum (rosin) Pectic galactan (potato) Starch (wheat) 
Cellobiose Heparin Pectin (apple) Starch (potato) 
Chitin Hyaluronan                  Pectin (citrus fruit) Xyloglucan 
Chondroitin sulfate Inulin Pectin (citrus peel) α-cellulose 
Dextran Laminarin Polygalacturonate α-mannan 



• Dozens of dietary fiber species exist

• Each may vary in effect

HOW CAN PREBIOTIC REGIMENS BE 

RATIONALLY DESIGNED?

RESULTS
Effects on short-chain fatty acids. We first examined the impact of each supple-

ment on the concentration of SCFAs in the feces. Both RPS and inulin significantly
increased total SCFA concentrations by 32% and 12%, respectively (both P ! 0.001).
Supplementation with RPS increased butyrate concentrations by an average of 29%
(P ! 0.001) and acetate by an average of 21% (P " 0.0012 [Table 1]). However, the
response was highly variable between individuals: the median concentration of bu-
tyrate increased in 63% of individuals and was either unchanged or decreased in the
remaining 37%. Although total SCFA concentrations increased with inulin supplemen-
tation, there were no statistically significant changes in individual SCFAs. There were
also no significant changes in the concentration of any of the SCFAs in the groups
whose diet was supplemented with either RMS or accessible starch (Table 1). Further-
more, there were no significant differences in SCFA concentrations between the control
group that consumed 20 g of accessible starch compared to the group that consumed
40 g of accessible starch.

Effects on bacterial communities. We characterized changes to the gut microbiota
using 16S rRNA gene sequencing. We chose not to cluster sequences into operational
taxonomic units (OTUs) after discovering that several taxa of interest, with very different
responses to the dietary supplements, would be clustered into a single OTU even at
99% identity. For example, Bifidobacterium longum and Bifidobacterium faecale have
different abilities to degrade RS, but the V4 regions of the 16S rRNA genes in these
species are 99.6% identical. Combining sequences corresponding to these species
masks a biological pattern that is readily apparent when considering the unique
sequences. Unlike OTUs that are calculated de novo with each new data set, unique
sequences also have the benefit of being directly comparable across data sets. Never-
theless, the V4 region of Bifidobacterium is not sufficient to resolve all species within this
genus. Bifidobacterium adolescentis, B. faecale, and B. stercoris have identical V4 regions,
as do B. longum and B. breve. A third group, Bifidobacterium catenulatum, B. pseudo-
catenulatum, and B. kashiwanohense, also share identical V4 regions. For all other
species of interest, a single sequence was identified that was specific to each species.
To avoid analysis of spurious sequences, we limited our analysis to the 500 most
abundant unique sequences, which accounted for 71% of the approximately 70 million
curated sequencing reads. Using this approach, we determined that both the RPS and
inulin significantly altered the overall structure of the community (PERMANOVA, P "
0.001 and P " 0.002, respectively), while the accessible starch and RMS did not (P " 1.0
and P " 0.65, respectively). None of the supplements significantly changed the alpha
diversity, as measured by the inverse Simpson index (P # 0.05).

The most affected bacterial populations. The sequences that changed the most
were identified by the ratio of their relative abundance during supplementation to their

TABLE 1 Fecal SCFA concentrations before and during dietary supplementationa

Groupb

Butyrate Acetate Propionate

Before During
Change
(%)

P
value Before During

Change
(%)

P
value Before During

Change
(%)

P
value

Accessible
starch
(n " 39)

13 $ 6.1 15 $ 8.3 %13 0.18 41 $ 17 41 $ 16 0 0.89 9.9 $ 6.0 9.3 $ 6.5 &6 0.47

Hi-Maize
(n " 43)

9.3 $ 4.1 9.7 $ 5.6 %5 0.81 37 $ 17 33 $ 15 &10 0.20 12 $ 15 12 $ 13 %0.3 0.81

Potato
(n " 43)

13 $ 6.0 16 $ 7.5 %29 <0.001 48 $ 22 58 $ 26 %21 0.0012 10 $ 7.7 8.6 $ 5.3 &16 0.39

Inulin
(n " 49)

11 $ 6.0 13 $ 7.0 %17 0.14 38 $ 18 41 $ 20 %8 0.077 11 $ 10 13 $ 15 %27 0.31

aThe concentrations of fecal SCFAs (in millimoles per kilogram) (mean $ standard deviation) before and during dietary supplementation. All P values are based on
repeated measures ANOVA.

bThe groups were given different dietary supplements. Accessible corn starch was given as a control. The number of individuals in each group is given in the
parentheses.

Baxter et al. ®

January/February 2019 Volume 10 Issue 1 e02566-18 mbio.asm.org 4

Baxter et al., mBio 2019



• Dozens of dietary fiber species exist

• Each may vary in effect

• Individuals also vary in response
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Like the fecal SCFA concentrations, there was also
some intra-individual variability in the composition of
microbiota. However, at least 75 % of OTUs were con-
sistently detected in all samples from an individual with
the coefficient of variation in their relative abundances
ranging from 39 to 65 %. Unlike the SCFAs, where stat-
istical tests did not detect differences in response to RS
for an individual, ANOSIM tests showed that RS supple-
mentation altered the composition of microbiota in most
individuals in the study (ANOSIM with Bray-Curtis
similarity; four samples before vs. four during RS for
each individual; p < 0.10 for 16 out of 20 individuals).
This conclusion was corroborated by results from a
PERMANOVA analysis to determine if RS supplementa-
tion altered the composition of microbiota in the overall
study population. In order to incorporate intra-
individual variability, each individual was considered as
the blocking factor in the PERMANOVA. This analysis
revealed that the composition of the gut microbiota was
altered with RS supplementation in our study population
(PERMANOVA using Bray-Curtis similarity blocking for
each individual; p = 0.001). A PERMDISP analysis further
revealed that the PERMANOVA was not affected by dif-
ferences in the dispersion of communities before and
during RS (PERMDISP p = 0.44).
The relative abundance of OTUs belonging to the

phylum Actinobacteria increased with RS, and there was
a small decrease in the abundance of Firmicutes. No
changes were detected in the relative abundances of
Bacteroidetes or Proteobacteria (Table 2). Finally, RS
supplementation did not change the overall richness or
evenness of the microbial community in the study popu-
lation (repeated measures ANOVA Chao1 index before
vs. during p = 0.49; Simpson’s index before vs. during
p = 0.96).
Therefore, despite the intra-individual variability in

fecal SCFA concentrations and composition of micro-
biota, repeated measures ANOVA and PERMANOVA
reveal that RS consumption led to increases in fecal bu-
tyrate concentrations and altered the composition of the
microbiota in the study population. However, the start-
ing concentrations of butyrate and the changes in butyr-
ate during RS varied widely between individuals (Fig. 2).

Baseline butyrate concentrations were not predictive of
butyrate concentrations during RS supplementation
(R2 = 0.08, p = 0.20).
To identify characteristics of the microbiota that may

underlie the variable responses to RS, we first used Ran-
dom Forest regression to identify relationships between
the abundances of OTUs and butyrate concentrations
before and during consumption of RS. No OTUs were
particularly strong predictors of butyrate concentrations
either before or during RS consumption. Butyrate con-
centrations before RS were weakly related to baseline
abundances of OTU 4 (Eubacterium rectale) (R2 = 0.14;
p = 0.10). Unexpectedly, this relationship was not detect-
able during RS supplementation.
Population-wide relationships between OTUs and bu-

tyrate concentrations could be masked by the heterogen-
eity of both variables between individuals. We therefore
looked for correlations between features of the micro-
biota and butyrate concentrations in subsets of partici-
pants that had similar responses in fecal butyrate
following RS supplementation. The study population
was separated into three groups using k-means cluster-
ing based on butyrate concentrations before and during
RS. An elbow plot [22] revealed that there were three
“clusters”. The categories identified were enhanced, high,
and low (Fig. 3a, b). The concentration of butyrate in
the “enhanced” group (n = 11) increased significantly
following consumption of RS (from 9 to 15 mmol/kg
wet feces, paired t test p = 0.0003). Individuals in the
“high” group (n = 3) maintained butyrate concentrations
≥11 mmol/kg wet feces during the course of the study.
Individuals in the “low” group (n = 6) had less than or
equal to 8 mmol butyrate/kg wet feces both before and
during RS (paired t test p = 0.14; Fig. 3c).
The OTUs that distinguished these three clusters were

identified using Random Forest analysis and LEfSe
(Table 3). Random Forest revealed OTU #7 as the most
prominent feature of the microbiota distinguishing the
low from the enhanced group (Table 3). Sequences
within this OTU are identical to those from Bifidobac-
terium adolescentis. The relative abundance of this OTU
before RS was similar in all three groups (~0.7–1.4 %;

Table 2 Effect of dietary supplementation with RS on relative
abundance of four dominant bacterial phyla
Phylum Before RS During RS (%) Change p value

Median ± IQR Median ± IQR paired t test

Actinobacteria 1.3 ± 0.6 6.2 ± 0.6 377 % 0.02

Firmicutes 37.1 ± 10.7 33.2 ± 5.2 -11 % 0.04

Bacteroidetes 53.3 ± 13.2 51.5 ± 9 -3 % 0.82

Proteobacteria 4.7 ± 4.1 4.8 ± 4.1 2 % 0.82

IQR interquartile range
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Individuals arranged in ascending order of butyrate before RS 

Fig. 2 Median butyrate concentrations for each individual before
(triangles) and during consumption of RS (circles). Dotted and dashed
lines denote the median values for butyrate before and during RS,
respectively, for the entire study population

Venkataraman et al. Microbiome  (2016) 4:33 Page 4 of 9

Venkataraman et al., 
Microbiome 2016
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How do we avoid 
provisioning astronauts with 
prebiotics that don’t work?
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• Which prebiotics should they take?

• Who should take them?

• And, when?

GOALS OF OUR WORK

Answer three questions for astronauts:



• Potentially a large number of prebiotics 
to screen

• Human studies can be logistically 
demanding

• In vivo physiological variation (e.g. 
SCFA absorption) may mask microbial 
response

CHALLENGES

TO SCREENING PREBIOTICS 



A SIMPLE 
HOST-FREE PREBIOTIC ASSAY

Zack Holmes

Holmes et al., mBio 2020

PUMP: Prebiotic Utilization and Metabolite Production



OBSERVED SIGNIFICANT VARIATION 
BETWEEN PREBIOTICS

and Metabolism study (47). We found all 17 individuals demonstrated a net gain of
SCFAs relative to the control in at least one prebiotic treatment, which led us to
conclude that all tested cultures were viable and metabolically active (Fig. 3).

Donor and prebiotic both impact SCFA production in vitro. We next tested the
hypothesis that different prebiotics equally promote the production of SCFAs by

FIG 3 In vitro SCFA production by prebiotic (A), donor (B), and individually (C). In a two-way ANOVA of the effects of “donor” and “prebiotic” on “SCFA
concentration/control,” “donor,” “prebiotic,” and their interaction were all statistically significant (P ! 0.0001, P ! 0.0001, and P ! 0.0001, respectively). Shown
is the total SCFA concentration of an in vitro culture after 24 h of anaerobic incubation, divided by the SCFA concentration of the corresponding prebiotic-free
control culture, for each of five prebiotic growth conditions across 17 donors (black dots). Gray diamonds are means, and gray bars are standard deviations.
(Absolute SCFA concentrations are depicted in Fig. S3.)

Gut Microbial SCFA Production in Pediatric Obesity ®

July/August 2020 Volume 11 Issue 4 e00914-20 mbio.asm.org 5

 on Septem
ber 4, 2020 at D

U
KE U

N
IV

http://m
bio.asm

.org/
D

ow
nloaded from

 

Holmes et al., mBio 2020

Pr
eb

io
tic

n=17 stool donors

p < 0.0001, two-way ANOVA
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YET, VARIATION

BETWEEN DONORS LARGER

Grouped by 
PREBIOTICS

Grouped by 
DONOR



• Which prebiotics should they take?

• Who should take them?
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HOW CAN WE STUDY

INDIVIDUAL VARIATION?

Petri dishes to capture 
90%

 of gut bacterial species

Need lots of  cultures: 
• Each individual estimated to 

harbor hundreds of unique gut 
bacterial strains


• Millions of colonies needed to 
match sensitivity of DNA 
sequencing


Culture can be hard to scale: 
• Manual isolation can be tedious 

and time-consuming

• Automation may require 

expensive and/or bulky robotics 
that need to be enclosed 
anaerobically Colony Picking Robot Anaerobic Chamber
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APPLY TOWARDS 

PREBIOTIC UTILIZATION
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 191 
Figure 2. A prebiotic utilization screen based on the MicDrop platform 192 
(A) Schematic of MicDrop prebiotic assay. (B) Droplet monoculture growth of B. 193 
thetaiotaomicron in microfluidic droplets measured by qPCR. (C) Results of 96-well 194 
plate growth of gut bacterial isolates across 11 carbohydrates. (D) ROC curve of 195 
MicDrop assay results at different growth threshold cut-offs using (C) as a reference. 196 
The black dot indicates the growth threshold that maximizes the true positive rate while 197 
minimizing the false positive rate, depicted in (E). (F) Correlation between two different 198 
MicDrop sessions (each carried out in triplicate) on the same frozen fecal sample and 199 
five different carbohydrates. Points indicate median growth of different SVs across each 200 
experimental session. 201 
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Figure 2. A prebiotic utilization screen based on the MicDrop platform 192 
(A) Schematic of MicDrop prebiotic assay. (B) Droplet monoculture growth of B. 193 
thetaiotaomicron in microfluidic droplets measured by qPCR. (C) Results of 96-well 194 
plate growth of gut bacterial isolates across 11 carbohydrates. (D) ROC curve of 195 
MicDrop assay results at different growth threshold cut-offs using (C) as a reference. 196 
The black dot indicates the growth threshold that maximizes the true positive rate while 197 
minimizing the false positive rate, depicted in (E). (F) Correlation between two different 198 
MicDrop sessions (each carried out in triplicate) on the same frozen fecal sample and 199 
five different carbohydrates. Points indicate median growth of different SVs across each 200 
experimental session. 201 
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EVERYONE  
HOSTS PREBIOTIC UTILIZERS 

Villa*, Bloom*, et al., mSystems 2020
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But, people vary in abundance of  utilizers 
across prebiotics



A

B

Actinobacteria FirmicutesBacteroidetes Proteobacteria

nu
m

be
r o

f t
ax

a

Number of carbon sources consumed

F

observed expected

Fraction of carbon tests identical
between set of shared strains

observed expected

Ph
yl
um

Su
bj
ec
t GOS Glucose Inulin Dextrin Xylan

Prebiotic

Su
bj
ec
t-
St
ra
in

Cl
us

te
r 1

Cl
us

te
r 2

participant sequence variant
lo

g1
0 

ce
ll 

ab
un

da
nc

e

D
en

sit
y

C D E

GlucoseDextrin GOSInulin Xylan

0.0
1.5
3.0
4.5
6.0
7.5

Firmicutes ActinobacteriaBacteroidetes Proteobacteria
Phylum

A
Participant

B C D E F G H I

A

B

Actinobacteria FirmicutesBacteroidetes Proteobacteria

nu
m

be
r o

f t
ax

a

Number of carbon sources consumed

F

observed expected

Fraction of carbon tests identical
between set of shared strains

observed expected

Ph
yl
um

Su
bj
ec
t GOS Glucose Inulin Dextrin Xylan

Prebiotic

Su
bj
ec
t-
St
ra
in

Cl
us

te
r 1

Cl
us

te
r 2

participant sequence variant

lo
g1

0 
ce

ll 
ab

un
da

nc
e

D
en

sit
y

C D E

GlucoseDextrin GOSInulin Xylan

0.0
1.5
3.0
4.5
6.0
7.5

Firmicutes ActinobacteriaBacteroidetes Proteobacteria
Phylum

A
Participant

B C D E F G H I

Number of Taxa that Grow on Prebiotic Abundance of Taxa that Grow on Prebiotic

But, people vary in abundance of  utilizers 
across prebiotics

EVERYONE  
HOSTS PREBIOTIC UTILIZERS 

Villa*, Bloom*, et al., mSystems 2020

Let’s start testing in people…
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• Requires a unique study design where 
all individuals consume the same 
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by the National Cancer Institutes (NCI). These data will inform us of the normal dietary fiber intake among 
participants and allow stratification if necessary. 

As described in aim 1a, I will use stool from the first baseline week to carry out in vitro 
fermentations using inulin, GOS, and dextrin and use total and relative in vitro butyrate production to 
predict in vivo butyrate production. To measure in vivo butyrate production, I will use all stool samples 
from a given week as repeated measures. In brief, each sample will be split for technical duplicates, 
homogenized in water, acidified to ~pH 3.0 with hydrochloric acid to protonate SCFAs, and analyzed on 
a GC-FID.  

I will also use stool samples to measure the concentration of INFg, TNF-a, IL-1b, IL-6, and IL-10, 
all of which are important markers of intestinal inflammation [34].  
 
Expected Results: I expect each prebiotic to increase fecal butyrate concentration in each treatment 
group and each individual as compared to their prebiotic-free baseline period. In response to increased 
fecal butyrate concentration, I expect a reduction in intestinal inflammation that will be detectable by 
reduced IL-1b, INFg, IL-6, and TNF-a, and increased IL-10. While I expect this response across all 
treatments and all groups, I also expect that the magnitude of butyrate production and its corresponding 
anti-inflammatory activity to correlate with the results from my in vitro work in aim 1a. I expect this 
correlation both across prebiotics within treatment groups, and across groups within prebiotic treatments. 
While unexpected, if no difference between treatments is observed in absolute butyrate production or 
anti-inflammatory activity, it will suggest that personalization of prebiotics to a microbiome is not 
necessary, although this would need further verification. While viewed as unlikely, this result would mark 
a major milestone in prebiotic research and highlight the need for research on other methods to increase 
patient responsiveness to prebiotics and fiber.  
 
Potential Problems and Alternative Approaches: Previous studies of butyrate in mice have shown that 
increased intestinal butyrate concentration can result in upregulation of butyrate receptors and 
transporters [2]. This can result in an increase in butyrate concentration in intestinal epithelial cells (IEC) 
without a corresponding increase in stool [2]. If anti-inflammatory activity is observed without an increase 
in butyrate concentration in the stool, it will suggest that the above descried phenomenon may be 
occurring. To measure this, the study may be altered to assay for the upregulations of the 
monocarboxylate cotransporter 1 (MCT1, gene SLC16a1) and sodium coupled monocarboxylate 
cotransporter 1 (SMCT1, gene SLC5a8). Transcripts from these genes should be detectable in sloughed 
epithelial cells contained in stool. 
 Increased butyrate production in response to prebiotic supplementation may have no measurable 
effect on intestinal inflammation in healthy participants. If this is the case, we may fail to see any 

Figure 2: Design for healthy human prebiotic trial. Study is uniform and balanced in period and frequency 

Pre A: Inulin
Pre B: Dextrin
Pre C: Galactooligosaccharides

Intervention Washout Intervent. Washout InterventionBaseline

Zachary Holmes 
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ClinicalTrials.gov ID: NCT03595306

Heather Durand

CHoosing the OptiMal 
Prebiotic (CHOMP)

Holmes, et al., In prep



AGAIN, SIGNIFICANT VARIATION 
BETWEEN PREBIOTICS



IMPORTANTLY, INDIVIDUAL VARIATION 
CORRELATED ACROSS 
PREBIOTICS
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WHAT DRIVES  
INDIVIDUAL VARIATION?

Can recent fiber intake affect 
prebiotic response?



• Which prebiotics should they take?

• Who should take them?

• And, when?

GOALS OF OUR WORK

Answer three questions for astronauts:



HYPOTHESIS

Exposure to prior doses of a 
prebiotic will affect microbiota 

response over time



Silverman, Durand, et al, Microbiome 2018

Heather Durand
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IS A SINGLE DOSE SUFFICIENT  
IN PEOPLE?

Jeff 
Letourneau

n = 40 healthy volunteers

Jeff 
Letourneau



HOW DOES THIS WORK?

Within 6 hrs of prebiotic exposure, 
human gut bacteria activate 

polysaccharide utilization loci
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• Prebiotics vary in effect on gut microbiota

• But, stronger individual variation in 
response

• Variation can be linked to gut microbial 
function, which in turn is linked to prior diet

• Even initial exposure to prebiotics will alter 
response to subsequent doses

SUMMARY
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VISION FOR ASTRONAUTS
Three questions:

1. Which prebiotics should they take?

• Might not matter too much.

2. Who should take them?

• Greatest benefit among those who normally 
eat the least fiber

3. And, when?

• Poor responders may start shortly before 
spaceflight



ONGOING WORK

What are the effects of prebiotics on 
cognition and mental 

performance?

Ken Racicot Mathias 
Basner
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