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 Ecological landscapes and probiotics 

 Breast milk 

 Complications of “modernization”: 
artificial sweeteners, emulsifiers 

 Clinical considerations, causation 

Prebiotics: Infant Formulas to 
Food Additives 



Costello et al., Science, 2012 

Community 
stability landscape 

Shift in community 
state variables 

Shift in 
environmental 
parameters 

“stability” reflects interactions 



Costello et al., Science, 2012 

Community 
stability landscape 

Factors that shape the gut ecological landscape 
 
 Diet (e.g., fruit, bread type) 
 Medications 
 Immunological status 
 Gut motility 
 Disease, including microbial pathogens 
 History, including priority effects 
 Genetics 
 
Falony et al., Science 352:560-4, 2016; Sprockett et al., Nat Rev Gastro 
Hepatol 2017, in press 



Attributes of ‘stable’ states in humans? 

Our benefits 

 Food digestion 

 Nutrition (vitamins, energy) 

 Xenobiotic processing 

 Metabolic regulation, cometabolism 

 Development: terminal differentiation of mucosa 

 “Education”, regulation of immune system 

 Epithelial “homeostasis”, barrier integrity 

 Colonization resistance to pathogens 

Turnbaugh P et al, Nature 449:804-810, 2007; Dethlefsen L et al, Nature 449:811-818, 2007 

(Based on cell counts, we are ~1 part bacterial, 1 part human…and based 
on numbers of unique genes, we are 150 parts bacterial, 1 part human…) 



 Food ingredients that induce the growth or activity of 
beneficial microorganisms; typically, “a non-digestible 
food ingredient that beneficially affects the host by 
selectively stimulating the growth and/or activity of one 
or a limited number of bacteria in the colon, and thus 
improves host health” (Gibson & Roberfroid, 1995) (v. origins of life) 

 Fructans, oligofructose, inulin, fructooligosaccharides, 
lactulose, galactooligosaccharides, + now: resistant starch, 
pectin, other fiber components, milk oligosaccharides 

 Bifidobacterium, Lactobacillus....others? 

 Direct v. indirect? Beneficial or any effect? 

What is a prebiotic? 

Hutkins et al, Curr Opin Biotechnol 2016 



Nature 535:48–55, 2016 

Human milk oligosaccharides 
 Human milk: lactose + 
HMOs (lactose core and 
combinations of other 
sugars; 60% fucosylated, 5-
20% sialylated; >100/mother, 
individualized) 
 Milk = bacteria; selects! 
 Bifidobacteria consume, 
ferment HMOs (internal) 
 External: Potential danger 
 “Secretors” (FUT2+) 20% 
more HMOs 
 Bovine ≠ human! Human 
20X more sialylated 
 Two cohort studies in 
Malawi: mothers of stunted 
infants had lower HMOs, but 
esp. non-secretors / low 
sialylated HMOs 



Cell 164:859–871, 2016 



Cell 164:859–871, 2016 

 Growth dependent on 
microbiota; also bone growth 

 Specific bacterial members of 
the gut microbiota obtained 
from an undernourished 
Malawian infant were able to 
metabolize S-BMO-derived 
sialyl-lactose to its constituent 
monosaccharides 

 S-BMO did not significantly 
impact the relative abundance 
of any colonizing strain, but 
rather, differentially expressed 
bacterial genes 

 Activation of fatty acid 
oxidation in fasting and 
enhanced anabolic metabolism 
of lipids in the fed state 

(Malawian diet) 



 Sialylated human milk oligosaccharides (S-HMOs) may 
be particularly important for infant health  

 S-bovine milk oligosaccharides are capable of promoting 
growth of newborn mice, pigs; growth is accompanied by 
changes in microbiota activity and host metabolic 
processes 

 Effect of S-HMOs as supplements on infant growth?? 

What does this mean? 

Cell 164:859–871, 2016 



 At 4 months, clear differences in microbiota composition between 
infants exclusively breast-fed and those exclusively formula-fed; 
breast-fed: lactobacilli, Bifidobacterium longum vs. formula-fed: 
Bilophila wadsworthia, Enterobacter, Citrobacter; breast-fed: 
oxidative phosphorylation, synthesis of B vitamins vs. formula-fed: 
adult-assoc functions, e.g. bile acid biosynthesis, methanogenesis 

 Cessation of breast-feeding: profound effects on microbiota by 12 
months, shifted toward adult-like composition enriched in 
Bacteroides, Bilophila, Roseburia, Clostridium, and Anaerostipes 

 Cessation of breastfeeding rather than introduction of solid foods 
is the major driver in the development of an adult microbiota 

Cell Host Microbe 17:690–703, 2015 



J Pediatr Gastroenterol Nutr Apr; 64: 624–631, 2017  

 Double-blind, randomized trial in 0-14d infants, cow’s 
milk formula ± 2 HMOs, x 6mo, assessed at 12 mo 

 Fewer reports of respiratory infection, anti-pyretic use, 
antibiotic use in HMO group 

 Conclusions: Safe, well-tolerated; potential benefits 
require testing in additional studies 



 Various classifications (“conventional food”, “food 
additive”, “dietary supplement”, “medical food”, “drug”) 

 FDA: Generally Recognized As Safe 

 2016: FDA narrowly defined dietary fiber to include “non-
digestible soluble and insoluble carbohydrates (with ≥3 
monomeric units), and lignin that are intrinsic and intact in 
plants”; isolated and synthetic fiber can have beneficial 
physiological effect: [Beta]-glucan soluble fiber and barley beta 
fiber were the only isolated fibers that qualified. 

 EFSA: Must demonstrate beneficial physiological effect 
or outcome (‘reduction of post-prandial glycaemic 
responses’, ‘maintenance of normal defecation’) 

Regulation of prebiotics 



Modern / “Western” Lifestyles? 

Science 357:802–806, 2017 



Nature 514:181–186, 2014 

 Non-caloric artificial sweeteners (NAS) introduced >100 yrs ago 
 Benefits?...weight reduction, normalization of blood glucose 
 Contradictory data on benefits; yet, FDA-approved 
 Not digested by host...but effects on microbes? 



Nature 514:181–186, 2014 

Chronic non-caloric artificial sweetener (NAS) consumption exacerbates glucose intolerance 

High fat diet Normal chow 

Transfers to GF mice 
(+ directly affects microbiota 
to impair glucose tolerance) Enhanced glycan degradation, SCFA production 



Nature 514:181–186, 2014 

NAS in humans associated with impaired glucose tolerance 

Transplanted responder, impaired OGTT...“Acute saccharin consumption impairs 
glycaemic control in humans by inducing dysbiosis” (!) 

b-d 



 Acute and chronic ingestion of non-caloric artificial 
sweeteners associated with impaired glucose tolerance  

 Associated changes in gut microbiota are capable of 
reproducing phenotype in germ-free mouse 

 Acute response in humans (glucose tolerance) is variable 

 Are acute effects durable over time? 

 How big are the attributable chronic effects in humans? 

How variable? Other factors? To what degree does 
microbiota contribute? 

What does this mean? 

Nature 514:181–186, 2014 



Nature 519:92–96, 2015 

Dietary emulsifiers alter 
microbiota localization, 
composition, and pro-
inflammatory potential 

(not sodium sulfite) 

Fecal lipocalin-2 



Nature 519:92–96, 2015 



 Relatively low concentrations of two commonly used 
emulsifiers induced low grade inflammation and 
obesity/metabolic syndrome in wild-type mice and 
promoted robust colitis in mice predisposed to this 
disorder 

 Findings “suggest that the broad use of emulsifying 
agents might be contributing to an increased societal 
incidence of obesity/metabolic syndrome and other 
chronic inflammatory” 

 Role of microbiota? Indirect? 

 Humans? 

What does this mean? 

Nature 519:92–96, 2015 



Association ≠ Causation !! 



Clinical problems associated with 
the indigenous microbiota 

 

Cause or effect? 
Initiating or propagating? 
Mono- or polyfactorial? 

 



What if the putative 
“parasite” is a specific 

community configuration? 



Koch’s postulates (guidelines) 

 “Die Aetiologie der Tuberculose”, Berlin, 1882  

i. Parasite occurs in every case of the disease in question 
and under circumstances which can account for the 
pathological changes and clinical course of the disease 
 
ii. Parasite occurs in no other disease as a fortuitous and 
nonpathogenic parasite 
 
iii. After being fully isolated from the body and repeatedly 
grown in culture, the parasite can induce the disease anew 
(and be re-isolated) 



Sir Austin Bradford Hill (1965) 

• strength of association (relative risk?) 

• consistency of association (reproducibility?) 

• specificity of association  
 (outcome unique to exposure?)  
• temporality (exposure precede outcome?) 

• biological gradient (dose-response relationship?) 

• plausibility (biological sense?) 

• coherence (compatible with present knowledge?) 

• experimentation (manipulation of exposure?) 

• analogy (conformity to previously-described 

 relationship?) 



Molecular methods: criteria for causation* 

• Association of signature (community configuration) with 
disease (specificity, sensitivity) 

• Lower signature intensity (dose) in hosts, tissues 
 without disease 
• Signature intensity decreases with disease resolution, 
 increases with relapse 
• Signature predates disease 
• Correlation of signature with pathology 
• Nature of organism inferred from signature consistent 
 with known characteristics; phenotypes predicted 
• Reproducibility 

(Fredricks DN, Relman DA. Clin Microbiol Rev 1996; 9:18-33) 

* Adapted from Sir Austin Bradford Hill, 1965 



Gut microbial ecosystem: Undernutrition  

Science 339, 530 (2013) 
Science 339, 548 (2013) 

Science 339, 530 (2013) 
Science 339, 548 (2013) 



Gut microbial ecosystem: Undernutrition  

Science 339, 530 (2013) 
Science 339, 548 (2013) 

Science 339, 530 (2013) 
Science 339, 548 (2013) 



Physical, pulse disturbance: flash flood 

Sycamore Creek, Maricopa County, AZ Fisher et al., Ecol Monographs 1982; 52:93-110 



8 subjects, 20 wks (pilot study) 

Daily sampling Weekly sample Colon cleanout 

Diet-Colon Cleanout 

Clean-out pulse disturbance 

10 10 

(Previous studies: 
few time points) 

Fukuyama et al., PLoS Comp Biol 2017 



Perturbation: recovery in <3 days 

Adaptive gPCA Fukuyama et al., PLoS Comp Biol 2017 



Park Management Plan 
(for human microbial ecosystem) 

 Habitat restoration 
 Promotion of native species 
 Targeted removal of invasive 
species 
 
 Ecosystem service providers? 
Community and host context? 
 Adaptive management: system 
monitoring to inform decisions 



 Co-evolution, co-adaptation are overarching themes 

 Breast milk, HMOs: critical, food for microbiota 

 Diets rich in fish (n-3 PUFAs), fermentable fibers and 
vegetables and fruits generally beneficial 

 Modernization/“westernization”: worrisome 
associations between high saturated fat, high sucrose, low 
fermentable fiber, microbiome and chronic inflammation 

 Some food additives capable of contributing to low 
grade inflammation, host metabolic disturbance 

 Humans: multiple interacting factors; adaptation, 
reinforcement; single factor effect sizes may be modest 

 Enlightened age of food science (microbiota-aware)? 

Summary 




