The shrinking human gut microbiome

Andrew H Moeller

Mammals harbor complex assemblages of gut bacteria that are
deeply integrated with their hosts’ digestive, immune, and
neuroendocrine systems. Recent work has revealed that there
has been a substantial loss of gut bacterial diversity from
humans since the divergence of humans and chimpanzees.
This bacterial depauperation began in humanity’s ancient
evolutionary past and has accelerated in recent years with the
advent of modern lifestyles. Today, humans living in
industrialized societies harbor the lowest levels of gut bacterial
diversity of any primate for which metagenomic data are
available, a condition that may increase risk of infections,
autoimmune disorders, and metabolic syndrome. Some
missing gut bacteria may remain within under-sampled human
populations, whereas others may be globally extinct and
unrecoverable.
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Introduction

A typical human harbors on the order of 10" bacterial
cells in the large intestine [1]. This gut microbiota, which
can contain over a thousand species, is deeply integrated
with virtually every tissue and organ system in the body.
Gut bacteria process difficult to digest components of the
diet, promote angiogenesis in the intestine [2], train the
immune system [3], regulate metabolism [4], and even
influence moods and behaviors [5].

Humans’ intimate relationships with gut bacteria likely
reflect a long history of coevolution, wherein host and
symbiont lineages have acted as selective forces on one
another over millions of years. Recent work has shown
that some of the most prevalent bacteria in the human gut
are descended from ancestral symbionts that have
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persisted within the human lineage since before the
divergence of humans and gorillas [6°]. The maintenance
of gut bacterial lineages within host lineages over
evolutionary timescales is consistent with the possibility
that these symbioses have been conserved by selection.
Under this view, disruption of the gut microbiota is
expected to negatively impact human health.

Here, I summarize current understanding of the changes
in the composition of the gut microbiota that occurred
over the course of human evolution. In particular, I review
recent evidence that humans have experienced a massive
loss of gut bacterial diversity since diverging from chim-
panzees. | discuss the timeline of this gut bacterial
depauperation, the hypothesized causes, and the
potential consequences for human health.

Ancient losses of gut bacterial diversity
Humans diverged from chimpanzees over six million
years ago and have since undergone myriad phenotypic
changes. One transition that came to distinguish Homo
from Pan was increased consumption of animals by ances-
tral hominins. Evidence of persistent hominin carnivory
has been reported from archaeological remains dating
back to the first half of the Pleistocene ~2 million years
ago [7]. Over the course of human evolution, the dietary
shift away from plant-based foods and towards animal fat
and protein has led to a reorganization of gut morphology
as well as substantial changes in the bacterial composition
of the gut microbiota.

Decreased reliance on dietary fiber and increased intake
of animal fats and proteins during human evolution led to
a reduction in the size of the large intestine. In the Great
Apes, the large intestine composes over half of the total
intestinal volume while the small intestine constitutes
approximately one fourth [8]. In humans, these propor-
tions are inverted, with the large intestine composing one
fifth of the total intestinal volume and the small intestine
constituting approximately 60% [8]. Across mammals, the
ratio of small and large intestinal volumes differentiates
carnivores and herbivores, with carnivore guts consisting
of relatively larger small intestines and relatively smaller
large intestines compared to herbivores [8]. Together,
these observations suggest that the morphology of the
human gut has become adapted to a meat-based diet
since the divergence of humans and chimpanzees.

Coincident with a reduction in the volume of the colon,
humans have experienced a substantial reduction in
bacterial richness (i.e., alpha diversity) within the gut
microbiota  since diverging from chimpanzees.
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Comparisons of the gut microbiotas of humans and the
African apes, enabled by high-throughput sequencing of
16S rRNA genes present in fecal samples, have revealed
that individual humans, on average, harbor fewer phyla,
classes, orders, families, genera, and species of gut
bacteria than do individual chimpanzees, bonobos, or
gorillas [9°]. This trend is recapitulated across a diversity
of human populations representing a range of lifestyles,
including Amerindians of the Amazon rainforest in
Venezuela, rural Malawians, and urban Americans [9°].

The ancestral decreases in gut bacterial diversity within
the human lineage are consistent with the reductions in
dietary fiber and increases in the intake of animal fats and
proteins that occurred during human evolution. Across
mammals, carnivores tend to house the lowest levels of
gut bacterial species richness per host, whereas herbivores
harbor the highest [10]. Moreover, many of the bacteria
that have decreased in relative abundance within the
human gut microbiota are known to digest complex plant
polysaccharides. For example, the relative abundance of
Fibrobacter, a genus named for its fibrolytic activity, is over
fivefold lower within the gut microbiotas of humans,
regardless of lifestyle, relative to within the gut micro-
biotas of African apes [9°]. Conversely, the few bacteria
taxa whose relative abundances have increased within
human gut microbiotas include genera that are positively
associated with the degree of meat-eating within human
populations (e.g., Bacteroides) [9°,11].

Modern lifestyles dwindle gut microbiomes
The dietary transition toward carnivory in the early evolu-
tionary history of hominins has been hypothesized to have
contributed to the evolution of larger brains and improved
cognition [12]. Subsequent to these neurological enhance-
ments, some of the most conspicuous differences between
humans and other apes have arisen as a consequence of
human culture. Approximately 12 000 years ago, at the
dawn of the Holocene, multiple human populations around
the world simultaneously shifted from hunter—gatherer
lifestyles to settled, agricultural societies [13]. This Neo-
lithic Revolution began a prolonged period of rapid cultural
evolution that has accelerated within industrial and post-
industrial societies over the last ~300 years. Extant varia-
tion in lifestyle practices of human populations around the
world afford an opportunity to evaluate how these cultural
transitions have impacted the composition of the human
gut microbiota.

Available data suggest that transitions from hunter—gath-
erer to agricultural lifestyles have led to shifts in the
relative abundances of gut bacterial taxa but little or no
change in gut bacterial richness. Gomez e al. [14°°]
compared the gut microbiotas of two coexisting human
populations residing within the Central African Republic:
the BaAka, who maintain a hunter—gatherer lifestyle, and
the Bantu, who have adopted an agricultural lifestyle.
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Consistent with the dietary differences between these
populations, the BaAka hunter—gatherers harbored higher
levels of bacteria capable of amino-acid and vitamin
metabolism, whereas the Bantu agriculturalists harbored
higher levels of bacteria capable of carbohydrate and
xenobitotic metabolism. However, the authors detected
no significant differences in per-host bacterial species
richness between the gut microbiotas of the two
populations. Similarly, Obregon-Tito er «/. [15] and
Morton ¢z al. [16°] compared the gut microbiotas of
hunter—gatherer and traditional agriculturalist
populations in Peru and Cameroon, revealing composi-
tional differences between the gut microbiotas of host
populations consistent with dietary differences, but no
differences in per-host bacterial species richness.

In contrast to hunter—gatherer to agricultural transitions,
adoptions of industrial and post-industrial lifestyles have
led to massive reductions in bacterial richness within
human gut microbiotas. Individuals living in urban
centers in the United States harbor fewer gut bacterial
species on average than do individuals living more
traditional lifestyles in Malawi [17], Veneczuela [17,18],
Peru [15], and Papua New Guinea [19]; the gut micro-
biotas of urban Nicobarese people are less species-rich
than are the gut microbiotas of Nicobarese living more
traditional lifestyles [20]; the gut microbiotas of urban
[talians are less species-rich than are the gut microbiotas
of Hadza hunter gatherers [21] and display altered func-
tional and resistome profiles [22]; the gut microbiotas of
children living in urban Italy are less species-rich than are
the gut microbiotas of children living more traditional
lifestyles in Burkina Faso [23]; gut bacterial loads are
higher in rural Africans relative to African Americans [24];
the gut microbiotas of urban Russians appear to be
missing functional pathways associated with Gram-posi-
tive Firmicutes relative to the gut microbiotas of rural
Russians [25]; and the gut microbiotas of Han Chinese are
less diverse than are the gut microbiotas of Tibetans and
Mongolians living traditional lifestyles [26,27]. High-
throughput sequencing of fecal samples retrieved from
archaeological contexts (z.e., coprolites) dating between
1400 to 8000 years before present further corroborate the
view that the gut microbiotas of industrialized popula-
tions have deviated substantially from the ancestral state
[28]. The compositional profiles of the bacterial commu-
nities preserved within these ancient fecal samples more
closely resemble the gut microbiotas of extant popula-
tions following traditional lifestyles than they do the gut
microbiotas of extant industrialized populations [28].

Industrialized and traditional lifestyles differ in many
respects, confounding the identification of the specific
practices that have led to decreases in gut bacterial
diversity within industrialized societies. One potential
cause is the rise of food processing and the corresponding
reductions in the intake of dietary fiber in favor of simple
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sugars. Recently, studies in model systems have indicated
that long-term reductions in dietary fiber can lead to the
extirpation of gut bacterial taxa from host lineages.
Sonnenburg ¢z a/l. [29°°] showed that removing fiber from
the diets of mice precluded the transmission of certain gut
bacterial taxa to offspring. Similarly, Clayton ez a/. [30°]
found that lack of dietary fiber was the primary factor
associated with the loss of gut bacterial diversity from
captive primates. In mice, changes in the gut microbiota
induced by lack of dietary fiber can alter intestinal short-
chain fatty acid profiles, leading to a rewiring of the
transcriptional landscape across an array of host tissues
[31]. Thus, the recent diet-induced changes in the gut
microbiotas of industrialized human populations may
have wide-reaching effects on host phenotypes.

Other potential causes of reduced gut bacterial diversity
within industrialized human populations include certain
modern medical practices. For example, longitudinal
studies in humans have shown that levels of gut bacterial
diversity decrease drastically after antibiotic use [32,33].
Although bacterial richness may recover after treatment is
completed, the timeline and extent of the restoration is
highly subject-dependent [34]. The consequences of
antibiotic use on gut bacterial diversity may be most
severe when treatment is administered during the early

Figure 1

years of life, before the adult microbiota has fully formed
[35]. Similarly, Caesarean section has also been associated
with lower levels of gut bacterial diversity within infants
throughout the first two years of life relative to vaginal
delivery [36]. However, a recent study based on a larger
sample of individuals found no evidence of an effect of
Caesarean section on infant gut bacterial diversity [37].

Lifestyle practices in industrialized societies drive reduc-
tions in gut bacterial diversity within individual humans,
but bacterial transmission through social contacts may
enable the maintenance of gut bacterial diversity within
human populations at large [38,39]. A current challenge is
to determine which, if any, gut bacterial linecages have
gone extinct from entire human populations. Moeller
et al. [6°] sequenced gyrB amplicons derived from Bacter-
oidaceae, Bifidobacteriaceae, and Lachnospiraceae resid-
ing within the gut microbiotas of humans living in the
United States and wild populations of chimpanzees,
bonobos, and gorillas. Phylogenetic analyses of these data
revealed several gut bacterial lineages that have codiver-
sified with hominids over the last ~15 million years.
However, two Bacteroidaceae lineages that have codiver-
sified with and been maintained within African apes were
not recovered from any humans in the United States,
suggesting that these ancient gut bacterial symbionts
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Humans in industrialized societies harbor the fewest gut bacterial genera of any primate.

(a) Time calibrated phylogeny of primate species for which comparable

16S rDNA gut-microbiome datasets are available [9°,17,49,50]. (b) Box

and whisker plots show the mean number of bacterial and archaeal genera detected within individual gut microbiomes of each primate species.
Datasets were merged and analyzed in QIIME [51] following the methods of [9°]. Humans from the United States, Malawi, and Venezuela were
sampled from urban centers, rural communities, and traditional Amazonian villages, respectively [17]. Dashed red line highlights the mean bacterial

richness within individuals from the United States.
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have been lost from the United States population. One of
the Bacteroidaceae lineages that appears to be missing
from humans in the United States was detected within
individuals living in rural Malawi, indicating that the loss
of this lineage from humans in the United States occurred
after the divergence of these human populations. These
results highlight how evolutionary analyses of gut
microbiotas of humans and non-human primates can
reveal ancestral constituents of the hominid gut
microbiota as well as specific gut bacterial extinction
events that have occurred within human populations.

The depauperate gut microbiota and modern
diseases

Industrialized lifestyles have led to greatly reduced levels
of gut bacterial diversity, such that humans living in
industrialized societies harbor the fewest gut bacterial
genera per host of any primate for which metagenomic
data are available (Figure 1). This observation suggests
that the depauperate state of the gut microbiota in indus-
trialized human populations is unprecedented in the
history of primate evolution. That humans in industrial-
ized populations may be missing gut bacterial taxa and
functions that have been conserved across primates
demands investigation of the consequences of reduced
gut bacterial richness on human health.

A complete summary of the links between richness of the
gut microbiota and human health is outside the scope of
this review; however, recent prospective studies and
experiments in gnotobiotic organisms have indicated that
lack of diversity in the gut microbiota may cause or
contribute to a range of modern diseases. Obese individ-
uals harbor lower levels of gut bacterial diversity than do
lean individuals [40,41], and microbiota-transplant
experiments in germ-free mice have shown that this
obese-associated microbiota is sufficient to cause obesity
and its associated neurobehavioral changes [42,43]. The
severity of symptoms of irritable bowel syndrome is
negatively associated with gut bacterial species richness
[44]. Lack of gut bacterial diversity contributes to
Clostridium difficile infection: transplantation of gut bacte-
rial diversity from healthy individuals into infected indi-
viduals cures ~90% of antibiotic-resistant cases [45,46].
Practices that reduce post-natal gut bacterial diversity are
associated with an increased incidence of asthma later in
life [47,48]. Although it is becoming clear that variation in
gut bacterial richness among individuals within industri-
alized human populations can influence disease risk, the
effects on host health of variation in gut bacterial richness
among populations of humans and non-human primates
remain unknown.

Conclusions

Every mammal harbors a gut microbiota that profoundly
influences the health of its host. Humans have lost a
substantial fraction of our ancestral gut microbiota since
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diverging from chimpanzees. The shrinking of the human
gut microbiota began early in human evolution with the
transition to meat-based diets and has accelerated
dramatically within industrialized societies. Evidence is
accumulating that this gut bacterial depauperation may
predispose humans to a range of diseases. Comparative
surveys of humans and nonhuman primates hold the keys
to identifying the specific lineages of gut bacteria that
have been lost from humans, and experiments in gnoto-
biotic model systems have the power to reveal what, if
any, beneficial functions these missing symbionts confer
to hosts. Together, these approaches may pave the way
for therapies to restore the gut microbiotas of at-risk
individuals and populations.

Acknowledgements

I thank Taichi Suzuki and Michael Nachman for helpful discussions. This
work was funded by a Miller Research Fellowship to AHM from the Miller
Institute for Basic Research in Science at the University of California,
Berkeley.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
oo Of outstanding interest

1. Sender R, Fuchs S, Milo R: Revised estimates for the number of
human and bacteria cells in the body. PLoS Biol. 2016, 14:
e1002533.

2. Stappenbeck TS, Hooper LV, Gordon JI: Developmental
regulation of intestinal angiogenesis by indigenous microbes
via Paneth cells. Proc. Natl. Acad. Sci. U. S. A. 2002, 99:
15451-15455.

3. GensollenT, lyer SS, Kasper DL, Blumberg RS: How colonization
by microbiota in early life shapes the immune system. Science
2016, 352:539-544.

4. Chevalier C, Stojanovi¢ O, Colin DJ, Suarez-Zamorano N,
Tarallo V, Veyrat-Durebex C, Rigo D, Fabbiano S, Stevanovi¢ A,
Hagemann S et al.: Gut microbiota orchestrates energy
homeostasis during cold. Cell 2015, 163:1360-1374.

5. Fung TC, Olson CA, Hsiao EY: Interactions between the
microbiota, immune and nervous systems in health and
disease. Nat. Neurosci. 2016, 20:145-155.

6. Moeller AH, Caro-Quintero A, Mjungu D, Georgiev AV,

. Lonsdorf EV, Muller MN, Pusey AE, Peeters M, Hahn BH,
Ochman H: Cospeciation of gut microbiota with hominids.
Science 2016, 353:380-382.

Applying a strain-level phylotyping approach, the authors identify

constituents of the human gut microbiota that have been conserved over

the course of hominid evolution as well as specific lineages that have
been lost from human populations.

7. Ferraro JV, Plummer TW, Pobiner BL, Oliver JS, Bishop LC,
Braun DR, Ditchfield PW, Seaman JW, Binetti KM, Seaman JW
et al.: Earliest archaeological evidence of persistent hominin
carnivory. PLoS One 2013, 8:e62174.

8. Milton K: Primate diets and gut morphology: implications for
hominid evolution. In  Food and Evolution: Toward a Theory of
Human Food Habits. Edited by Harris M, Ross E. Temple
University; 1987:93-115.

9. Moeller AH, Li Y, Ngole EM, Ahuka-Mundeke S, Lonsdorf EV,

. Pusey AE, Peeters M, Hahn BH, Ochman H: Rapid changes in the
gut microbiome during human evolution. Proc. Natl. Acad. Sci.
U. S. A. 2014, 111:16431-16435.

The authors show that humans, regardless of lifestyle, harbor lower levels

of gut bacterial diversity on average than do African apes. This study

www.sciencedirect.com

Current Opinion in Microbiology 2017, 38:30-35


http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0005
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0005
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0005
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0010
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0010
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0010
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0010
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0015
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0015
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0015
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0020
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0020
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0020
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0020
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0025
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0025
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0025
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0030
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0030
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0030
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0030
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0035
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0035
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0035
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0035
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0040
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0040
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0040
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0040
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0045
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0045
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0045
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0045

34 Microbiota

demonstrates how population-level microbiome datasets from host
species of known relatedness can be employed to reconstruct composi-
tional changes in the gut microbiota that have occurred over the course of
host evolution.

10. Ley RE, Hamady M, Lozupone C, Turnbaugh PJ, Ramey RR,
Bircher JS, Schlegel ML, Tucker TA, Schrenzel MD, Knight R et al.:
Evolution of mammals and their gut microbes. Science 2008,
320:1647-1651.

11. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA,
Bewtra M, Knights D, Walters WA, Knight R et al.: Linking
long-term dietary patterns with gut microbial enterotypes.
Science 2011, 334:105-108.

12. Aiello LC, Wheeler P: The expensive-tissue hypothesis: the
brain and the digestive system in human and primate
evolution. Curr. Anthropol. 1995, 36:199-221.

13. Zeder MA: The origins of agriculture in the Near East. Curr.
Anthropol. 2011, 52:5221-S235.

14. Gomez A, Petrzelkova KJ, Burns MB, Yeoman CJ, Amato KR,

ee Vickova K, Modry D, Todd A, Robinson CAJ, Remis MJ et al.: Gut
microbiome of coexisting BaAka Pygmies and Bantu reflects
gradients of traditional subsistence patterns. Cell Rep. 2016,
14:2142-2153.

The authors describe pronounced compositional differences between the

gut microbiotas of hunter—gatherer, agriculturalist and industrialized

populations. Functional metagenomic profiling suggested that

compositional differences between the gut microbiotas of different

host populations may be adaptive for hosts.

15. Obregon-Tito AJ, Tito RY, Metcalf J, Sankaranarayanan K,
Clemente JC, Ursell LK, Xu ZZ, Van Treuren W, Knight R,
Gaffney PM et al.: Subsistence strategies in traditional
societies distinguish gut microbiomes. Nat. Commun. 2015,
6:6505.

16. Morton ER, Lynch J, Froment A, Lafosse S, Heyer E, Przeworski M,

e  Blekhman R, Segurel L: Variation in rural African gut microbiota
is strongly correlated with colonization by Entamoeba and
subsistence. PLoS Genet. 2015, 11:e1005658.

In addition to revealing variation in gut microbiota composition associated

with lifestyle, this study presents evidence that Eukaryotic predators may

help maintain bacterial diversity within the gut microbiota (i.e., Eukaryotic
predators may function as keystone species).

17. Yatsunenko T, Rey FE, Manary MJ, Trehan |, Dominguez-
Bello MG, Contreras M, Magris M, Hidalgo G, Baldassano RN,
Anokhin AP et al.: Human gut microbiome viewed across age
and geography. Nature 2012, 486:222-227.

18. Clemente JC, Pehrsson EC, Blaser MJ, Sandhu K, Gao Z, Wang B,
Magris M, Hidalgo G, Contreras M, Noya-Alarcon O et al.: The
microbiome of uncontacted Amerindians. Sci. Adv. 2015, 1:
e1500183.

19. Martinez I, Stegen JC, Maldonado-Gémez MX, Eren AM, Siba PM,
Greenhill AR, Walter J: The gut microbiota of rural Papua New
Guineans: composition, diversity patterns, and ecological
processes. Cell Rep. 2015, 11:527-538.

20. Anwesh M, Kumar KV, Nagarajan M, Chander MP, Kartick C,
Paluru V: Elucidating the richness of bacterial groups in the gut
of Nicobarese tribal community —perspective on their lifestyle
transition. Anaerobe 2016, 39:68-76.

21. Schnorr SL, Candela M, Rampelli S, Centanni M, Consolandi C,
Basaglia G, Turroni S, Biagi E, Peano C, Severgnini M et al.: Gut
microbiome of the Hadza hunter-gatherers. Nat. Commun.
2014, 5:3654.

22. Rampelli S, Schnorr SL, Consolandi C, Turroni S, Severgnini M,
Peano C, Brigidi P, Crittenden AN, Henry AG, Candela M:
Metagenome sequencing of the Hadza hunter-gatherer gut
microbiota. Curr. Biol. 2015, 25:1682-1693.

23. De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M, Poullet JB,
Massart S, Collini S, Pieraccini G, Lionetti P: Impact of diet in
shaping gut microbiota revealed by a comparative study in
children from Europe and rural Africa. Proc. Natl. Acad. Sci.
U. S. A. 2010, 107:14691-14696.

24. OuJ, Carbonero F, Zoetendal EG, DelLany JP, Wang M, Newton K,
Gaskins HR, O’Keefe SJ: Diet, microbiota, and microbial

metabolites in colon cancer risk in rural Africans and African
Americans. Am. J. Clin. Nutr. 2013, 98:111-120.

25. Tyakht AV, Kostryukova ES, Popenko AS, Belenikin MS,
Pavlenko AV, Larin AK, Karpova Y, Selezneva OV, Semashko TA,
Ospanova EA: Human gut microbiota community structures in
urban and rural populations in Russia. Nat. Commun. 2013,
4:2469.

26. LiK, DanZ, Gesang L, Wang H, Zhou Y, DuY, RenY, Shi Y, Nie Y:
Comparative analysis of gut microbiota of native Tibetan and
Han populations living at different altitudes. PLoS One 2016,
11:e0155868.

27. Liu W, Zhang J, Wu C, Cai S, Huang W, Chen J, Xi X, Liang Z,
Hou Q, Zhou B: Unique features of ethnic Mongolian gut
microbiome revealed by metagenomic analysis. Sci. Rep.
2016, 6:39576.

28. Tito RY, Knights D, Metcalf J, Obregon-Tito AJ, Cleeland L,
Najar F, Roe B, Reinhard K, Sobolik K, Belknap S et al.: Insights
from characterizing extinct human gut microbiomes. PLoS
One 2012, 7:e51146.

29. Sonnenburg ED, Smits SA, Tikhonov M, Higginbottom SK,

ee Wingreen NS, Sonnenburg JL: Diet-induced extinctions in the
gut microbiota compound over generations. Nature 2016,
529:212-215.

Through an elegant set of experiments, the authors demonstrate a

relationship between gut bacterial relative abundance and the probability

of transmission between host generations. These results strongly imply

that bottlenecks and founder effects govern the inheritance of the gut

microbiota.

30. Clayton JB, Vangay P, Huang H, Ward T, Hillmann BM, Al-

. Ghalith GA, Travis DA, Long HT, Van Tuan B, Van Minh V et al.:
Captivity humanizes the primate microbiome. Proc. Natl. Acad.
Sci. U. S. A. 2016, 113:10376-10381.

The authors compare the gut microbiotas of a variety of wild and captive

primate populations and evaluate how specific lifestyle practices

influence gut bacterial diversity. Interestingly, antibiotic use appeared to

have little long-term effect on the gut microbiotas of captive primates,

whereas lack of dietary fiber was strongly associated with reductions in

bacterial diversity.

31. Krautkramer KA, Kreznar JH, Romano KA, Vivas El, Barrett-
Wilt GA, Rabaglia ME, Keller MP, Attie AD, Rey FE, Denu JM: Diet-
microbiota interactions mediate global epigenetic
programming in multiple host tissues. Mol. Cell. 2016, 64:
982-992.

32. Korpela K, Salonen A, Virta LJ, Kekkonen RA, Forslund K, Bork P,
De Vos WM: Intestinal microbiome is related to lifetime
antibiotic use in Finnish pre-school children. Nat. Commun.
2016, 7:10410.

33. Greenwood C, Morrow AL, Lagomarcino AJ, Altaye M, Taft DH,
Yu Z, Newburg DS, Ward DV, Schibler KR: Early empiric
antibiotic use in preterm infants is associated with lower
bacterial diversity and higher relative abundance of
Enterobacter. J. Pediatr. 2014, 165:23-29.

34. Langdon A, Crook N, Dantas G: The effects of antibiotics on the
microbiome throughout development and alternative
approaches for therapeutic modulation. Genome Med. 2016,
8:39.

35. Blaser MJ: Antiobiotic use and its consequences for the
normal microbiome. Science 2016, 352:544-545.

36. Jakobsson HE, Abrahamsson TR, Jenmalm MC, Harris K,
Quince C, Jernberg C, Bjorkstén B, Engstrand L, Andersson AF:
Decreased gut microbiota diversity, delayed Bacteroidetes
colonisation and reduced Th1 responses in infants delivered
by caesarean section. Gut 2014, 63:559-566.

37. Chu DM, Ma J, Prince AL, Antony KM, Seferovic MD, Aagaard KM:
Maturation of the infant microbiome community structure and
function across multiple body sites and in relation to mode of
delivery. Nat. Med. 2017, 23:314-326.

38. Moeller AH, Foerster S, Wilson ML, Pusey AE, Hahn BH,
Ochman H: Social behavior shapes the chimpanzee
pan-microbiome. Sci. Adv. 2016, 2:e1500997.

Current Opinion in Microbiology 2017, 38:30-35

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0050
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0050
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0050
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0050
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0055
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0055
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0055
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0055
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0060
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0060
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0060
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0065
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0065
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0070
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0070
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0070
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0070
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0070
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0075
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0075
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0075
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0075
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0075
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0080
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0080
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0080
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0080
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0085
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0085
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0085
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0085
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0090
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0090
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0090
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0090
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0095
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0095
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0095
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0095
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0100
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0100
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0100
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0100
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0105
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0105
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0105
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0105
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0110
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0110
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0110
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0110
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0115
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0115
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0115
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0115
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0115
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0120
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0120
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0120
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0120
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0125
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0125
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0125
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0125
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0125
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0130
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0130
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0130
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0130
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0135
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0135
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0135
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0135
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0140
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0140
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0140
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0140
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0145
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0145
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0145
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0145
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0150
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0150
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0150
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0150
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0155
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0155
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0155
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0155
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0155
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0160
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0160
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0160
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0160
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0165
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0165
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0165
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0165
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0165
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0170
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0170
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0170
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0170
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0175
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0175
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0180
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0180
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0180
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0180
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0180
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0185
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0185
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0185
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0185
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0190
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0190
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0190

39.

40.

41.

42.

43.

44.

45.

Tung J, Barreiro LB, Burns MB, Grenier JC, Lynch J,

Grieneisen LE, Altmann J, Alberts SC, Blekhman R, Archie EA:
Social networks predict gut microbiome composition in wild
baboons. elLife 2015, 4:e05224.

Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G,
Almeida M, Arumugam M, Batto JM, Kennedy S: Richness of
human gut microbiome correlates with metabolic markers.
Nature 2013, 500:541-546.

Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A,
Ley RE, Sogin ML, Jones WJ, Roe BA, Affourtit JP: A core gut
microbiome in obese and lean twins. Nature 2009, 457:480-484.

Bruce-Keller AJ, Salbaum JM, Luo M, Blanchard E, Taylor CM,
Welsh DA, Berthoud HR: Obese-type gut microbiota induce
neurobehavioral changes in the absence of obesity. Biol.
Psychiatry 2015, 77:607-615.

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER,
Gordon JI: An obesity-associated gut microbiome with
increased capacity for energy harvest. Nature 2006, 444:
1027-1031.

Tap J, Derrien M, Térnblom H, Brazeilles R, Cools-Portier S,
Doré J, Storsrud S, Le Nevé B, Ohman L, Simrén M: Identification
of an intestinal microbiota signature associated with severity
of irritable bowel syndrome. Gastroenterology 2017, 31:
111-123.

Youngster |, Russell GH, Pindar C, Ziv-Baran T, Sauk J,
Hohmann EL: Oral, capsulized, frozen fecal microbiota

46.

47.

48.

49.

50.

51.

Human gut microbiomes are losing diversity Moeller 35

transplantation for relapsing Clostridium difficile infection.
JAMA 2014, 312:1772-1778.

Youngster |, Mahabamunuge J, Systrom HK, Sauk J, Khalili H,
Levin J, Kaplan JL, Hohmann EL: Oral, frozen fecal microbiota
transplant (FMT) capsules for recurrent Clostridium difficile
infection. BMC Med. 2016, 14:134.

Huang YJ, Boushey HA: The microbiome and asthma. Ann. Am.
Thorac. Soc. 2014, 11:S48-S51.

Russell SL, Gold MJ, Hartmann M, Willing BP, Thorson L,
Wilodarska M, Gill N, Blanchet MR, Mohn WW, McNagny KM et al.:
Early life antibiotic-driven changes in microbiota enhance
susceptibility to allergic asthma. EMBO Rep. 2012, 13:440-447.

Amato KR, Martinez-Mota R, Righini N, Raguet-Schofield M,
Corcione FP, Marini E, Humphrey G, Gogul G, Gaffney J,
Lovelace E et al.: Phylogenetic and ecological factors impact
the gut microbiota of two Neotropical primate species.
Oecologia 2016, 180:717-733.

Fogel AT: The gut microbiome of wild lemurs: a comparison of
sympatric Lemur catta and Propithecus verreauxi. Folia
Primatol. (Basel) 2015, 86:85-95.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K,
Bushman FD, Costello EK, Fierer N, Pefia AG, Goodrich JK,
Gordon JI: QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 2010, 7:335-336.

www.sciencedirect.com

Current Opinion in Microbiology 2017, 38:30-35


http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0195
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0195
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0195
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0195
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0200
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0200
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0200
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0200
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0205
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0205
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0205
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0210
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0210
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0210
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0210
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0215
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0215
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0215
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0215
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0220
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0220
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0220
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0220
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0220
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0225
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0225
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0225
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0225
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0230
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0230
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0230
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0230
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0235
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0235
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0240
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0240
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0240
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0240
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0245
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0245
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0245
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0245
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0245
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0250
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0250
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0250
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0255
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0255
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0255
http://refhub.elsevier.com/S1369-5274(16)30154-0/sbref0255

	The shrinking human gut microbiome
	Introduction
	Ancient losses of gut bacterial diversity
	Modern lifestyles dwindle gut microbiomes
	The depauperate gut microbiota and modern diseases
	Conclusions
	References and recommended reading
	Acknowledgements


