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Decoupled Nutrient Status: a
framework to disentangle host
from microbial responses to diets
that vary in digestibility

Emily M. Venable* and Rachel N. Carmody*

Department of Human Evolutionary Biology, Nutritional and Microbial Ecology Lab, Harvard University,
Cambridge, MA, United States

Diet shapes the gut microbiome, which in turn influences host phenotype.
Accordingly, there is much interest in leveraging diet to modulate gut
microbial communities and host biology. However, recent approaches have
not fully appreciated that hosts and gut microbes experience diet differently.
Whether dietary nutrients reach the gut microbiota, which primarily resides in the
colon in humans and other hindgut fermenters, depends on nutrient absorption
in the small intestine. That gut microbes utilize the fraction of diet that escapes
host-driven digestion creates a paradigm where host nutrient status is decoupled
from, and often negatively correlated with, gut microbiota nutrient status. Here,
we present a framework based on this concept of decoupled nutrient status
(DNS), which can be used to understand distinct host and gut microbial
phenotypes that are ultimately mediated by the small intestinal digestibility of
the diet. We evaluate our framework against existing research employing diets of
varying digestibility and demonstrate convergence of host phenotypes and gut
microbial signatures across studies. Further, we highlight that gut microbial
signatures predicted by DNS manifest most strongly in humans living
industrialized lifestyles and in captive animals that habitually consume diets
with high host-driven digestibility. We posit that the evolutionary decoupling
of nutritional status between hosts and their gut microbiota has likely been
especially pronounced in humans due to our intensified pursuit of calorie-rich,
easy-to-digest diets. We conclude by proposing future research directions to
better capture diet as it appears to gut microbes, a perspective likely to deliver
new understanding of diet-microbiome interactions.

microbiome, digestion, gut physiology, microbial diversity, host-microbe coevolution

Introduction

Effective and efficient extraction of nutrients from the environment is fundamental to
organismal fitness. Therefore, evolution has selected for diverse and innovative foraging
strategies across species. Diet is likewise essential to the fitness of microbes inhabiting the
gastrointestinal (GI) tract, which subsist off the influx of diet-derived nutrients and

Abbreviations: DNS, Decoupled Nutrient Status; Gl, Gastrointestinal; HDD, Host-Driven Digestibility;
SCFAs, Short-Chain Fatty Acids; CAZymes, Carbohydrate-Active Enzymes.
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host and tissues

Sonnenburg, 2014). Further, gut microbial communities and their

endogenous secretions (Sonnenburg and
metabolites affect host fitness through critical interactions with the
immune system and energy balance, as demonstrated by impaired
immune cell development and low body weights despite high caloric
intake in germ-free animals (Bickhed et al., 2004; Kennedy et al.,
2018). Thus, to evaluate the fitness of a host, we must also consider
the fitness impacts of gut microbes and their collective ability to
adapt to dietary flux.

However, there is inherent competition among gut microbes and
between hosts and their gut microbes over the energetic substrates
that enter the GI tract. Dietary components that are readily digested
by the host in the small intestine do not reach downstream gut
microbial communities, which are concentrated in the colon. In
contrast, dietary components inaccessible to host absorption in the
small intestine are available to the colonic gut microbiota (Wong
and Jenkins, 2007). In other words, a nutrient-rich diet from a host
perspective is a nutrient-poor diet from a gut microbial perspective,
and vice versa. Thus, to better appreciate how diets of variable
interactions, we must

digestibility host-microbial

conceptually decouple host nutrient status from microbial

impact

nutrient status. Here, we present our framework of decoupled
nutrient status (DNS) and evaluate it using prior research,
demonstrating convergent effects of diverse diets mediated by
their relative availability to the host or gut microbiota. We then
propose ways to test our framework centered around quantifying
diet as it appears to gut microbes.

Anatomical and physiological basis
for DNS

Our DNS framework is rooted in spatial and temporal
separations between host digestion and absorption and gut
dictated by
physiology. Certain hosts  that
consume fiber-rich diets harbor foregut fermentation chambers

microbial metabolism of dietary substrates

mammalian  gut ruminant
that offer microbes primary access to nutrients (“first dibs”) as a
way of leveraging their comparatively vast genomic capacities for
carbohydrate digestion (Figure 1). Accordingly, ruminants derive
the majority of their daily energy needs from the short-chain fatty
acids (SCFAs) produced during microbial fermentation of plant
polysaccharides and other complex carbohydrates. SCFAs serve as
energetic substrates for diverse host tissues, albeit at a lesser rate of
return (~2 kcal/g) compared with the chemical value of the source
carbohydrate (~4 kcal/g) (Cummings and Macfarlane, 1997). SCFAs
also function as pleiotropic signaling molecules, affecting host
energy intake, energy allocation across tissues, and energy
expenditure (Carmody and Bisanz, 2023; Carmody et al.,, 2024).
By contrast, many hosts, including humans, that consume diets
largely accessible to their own digestive enzymes secure primary
access to ingested nutrients via adaptations that restrict gut microbes
to the distal GI tract (Walter and Ley, 2011). For instance,
pH gradients prevent most gut microbes (which are acid-
sensitive) from inhabiting the upper GI tract. Likewise, bile acids,
which are secreted into the duodenum, have canonical functions in
dietary fat emulsion and absorption but are also strongly
antimicrobial. Bile acids levels remain high until the ileum, where
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they are either resorbed via enterohepatic circulation or
deconjugated by bile-tolerant gut microbes (Chadaideh and
Carmody, 2021). Together, pH and bile acid gradients restrict gut
microbial biomass proximal to the ileocecal valve, which then
increases by roughly three orders of magnitude in the colon
(Walter and Ley, 2011). GI sphincters, including the ileocecal
valve, provide further physical barriers limiting microbial
encroachment into the upper GI tract. These features jointly
allow host digestive enzymes to engage with dietary substrates
without robust competition from microbial enzymes (Walter and
Ley, 2011).

In turn, the colonic gut microbiota specializes in metabolizing
the components of diet that routinely escape small intestinal
digestion, including oligosaccharides, resistant starches, and
non-starch  polysaccharides Jenkins, 2007;
2019). Gut
microbial genomes encode thousands of carbohydrate-active

(Wong and
Kennedy and Chang, 2020; Carmody et al,

enzymes (CAZymes), allowing them to metabolize complex
carbohydrate structures inaccessible to the 17 CAZymes
encoded in the human genome (Sonnenburg and Sonnenburg,
2014; Kaoutari et al., 2013).

Diets at opposing ends of host-driven
digestibility: evidence from humans
and rodents

While dietary substrates vary in their small intestinal
digestibility, diets that are comprised primarily of substrates
readily digestible by the host can be expected to consistently
decouple energetic states for hosts and gut microbes (Figure 1).
This decoupling leads to several discordant phenotypic predictions
for hosts and their gut microbes (Box 1). Numerous studies have
administered diets varying in digestibility and have reported
phenotypes consistent with these predictions. On the high end of
the digestibility spectrum are “ultra-processed” foods - now
dominant in industrialized food systems (Monteiro et al,
2013) - which are comprised of manufactured ingredients
extracted from whole foods or synthesized from organic
substrates and contain little to no microbiome-sustaining fiber,
micronutrients, or phytochemicals (Hall et al, 2019; Dagbasi
et al., 2020; Boutari and Mantzoros, 2022; Martinez Leo and
Segura Campos, 2020). Nutrients in ultra-processed foods have
typically been released from their cellular matrix, expediting their
absorption in the small intestine (Monteiro et al., 2013; Dagbasi
et al, 2020). The resultant maximization of small intestinal
digestibility favors host energy surplus. For example, Hall and
colleagues fed macronutrient- and calorie-matched diets
composed of unprocessed whole foods versus ultra-processed
foods for 2 weeks each to 20 adults in a metabolic ward (Hall
et al,, 2019). Despite participants reporting comparable levels of
hunger and satiety, participants consumed more calories, gained
more weight and fat, and had higher post-intervention levels of
cholesterol, free fatty acids, and adiponectin when fed the ultra-
processed diet (Hall et al., 2019). Inversely, Corbin and colleagues
designed a diet that prioritized nutrient availability to the gut
microbiome by selecting minimally processed fiber-rich and
resistant starch-rich foods with large particle sizes (Corbin et al.,
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FIGURE 1

Relationship between host-driven digestibility (HDD) and host and gut microbial phenotypes. (A) Within hindgut fermenting omnivorous hosts,
overall dietary digestibility can fluctuate across time, with hosts consuming items with relatively high or low HDD. (B) In general, diets with high HDD will
be absorbed primarily by the host, leading to higher levels of circulating glucose and/or lipids for use by host tissues and host energy storage. By contrast,
diets with low HDD, including those rich in fiber or resistant starch, lead to relatively low direct energy uptake by the host. (C) High HDD diets reduce
diet-derived nutrient availability for gut microbial communities, reducing their density and shifting overall microbial community composition, particularly
from fiber-degraders to mucin-degraders. In response, gut microbial production of short-chain fatty acids (SCFAs) decreases, with diverse downstream
impacts on host biology. By contrast, low HDD diets provide the gut microbiome with a rich source of nutrients, promoting high gut microbial diversity
and density. Likewise, fermentation products rise, including SCFAs, which provide hosts with approximately half the energy of their carbohydrate
precursors. (D, E) Gastrointestinal (Gl) tract physiology of diverse mammalian species reflects host versus microbial nutrient availability of evolved diets
and overall dietary diversity. The digestive tracts of hosts consuming high HDD diets, such as insectivores and carnivores, have relatively elongated small
intestines and shortened colons, prioritizing host-driven digestion. Alternatively, hosts consuming low HDD diets, such as herbivores, have enlarged
colons with auxiliary chambers for microbial fermentation and, in the case of ruminants, provide microbes primary access to dietary nutrients via foregut
fermentation chambers. Omnivores, including humans, have intermediate distributions of small intestinal and colonic tissue, reflecting dietary plasticity.
Humans exhibit elongated small intestines and truncated colons compared to closely related primates when adjusted for body size, the result of our
increasing commitment to calorie-rich, high HDD diets during human evolution. Digestive tracts in (D) are not depicted at scale relative to each other.
Created in BioRender.com.
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2023). In a crossover study design, they fed 17 participants either
their “Microbiome Enhancer Diet” or a macronutrient- and calorie-
matched Western diet for 23 days each. The Western diet increased
the fraction of energy that was absorbed by the host and host weight
gain relative to the Microbiome Enhancer Diet, with the latter
increasing gut microbial biomass and both circulating and fecal
SCFAs. Additionally, fiber-degrading microbial taxa (e.g., Prevotella
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and Lachnospira) bloomed on the Microbiome Enhancer Diet
whereas mucin-degrading taxa (e.g., Blautia and Bifidobacterium)
were more abundant on the Western diet. Thus, enhancement of
host-driven digestibility (HDD) led to greater host energy status and
favored mucin-degrading taxa whereas diets enhancing microbial
metabolism supported denser microbial communities and enriched
for fiber-degrading taxa.
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Box 1 | Phenotypic Predictions of Decoupled Nutrient Status (DNS).
Our DNS model predicts certain host and microbial responses to
dietary digestibility. Specifically, within humans and other hindgut
fermenting host species:

e Effects of host energy status and microbiota energy status can
be distinguished through the experimental administration of
diets that deliver similar calories to the host while altering
nutrient delivery to the colon (e.g., comparing refined low-
fat and unrefined high-fat diets).

e Diets inducing severe microbial nutrient limitation (e.g., refined
high-fat and refined high-sugar diets) will have similar effects
on gut microbiota community structure regardless of the
macronutrient composition of their digestible fraction.

e Consumption of diets with relatively high host-driven
digestibility (HDD) will tend to induce:

o Inthe host: Positive energy balance with increased energy
stores, higher circulating levels of lipids and/or glucose,
lower proportion of energy derived from short-chain fatty
acids (SCFAs), and potentially increased host-derived
secretions that facilitate small intestinal digestion, such
as bile acids.

o In the gut microbiome: Decreased community density
(absolute abundance), taxonomic diversity (a-diversity),
carbohydrate-active enzyme (CAZyme) richness, and
SCFA  production, with changes in microbial
community composition favoring protein- and mucin-
degraders, such as Bacteroides and Akkermansia.

e Consumption of diets with relatively low HDD will tend to
induce:

o In the host: Negative energy balance with decreased
energy stores, lower circulating levels of lipids and/or
glucose, and a greater proportion of energy derived from
SCFA-driven colonic energy salvage.

o In the gut microbiome: Increased community density,
diversity, CAZyme richness, and SCFA production, with
changes in microbial community composition favoring
fiber-degraders, such as Prevotella.

These broad effects on hosts and their gut microbiomes have
been widely reported (Sonnenburg and Sonnenburg, 2014; Monteiro
et al,, 2013; Hall et al, 2019; Dagbasi et al., 2020; Boutari and
Mantzoros, 2022; Martinez Leo and Segura Campos, 2020; David
etal,, 2014; Sonnenburg et al., 2016; Fragiadakis et al., 2019; Jha et al.,
2018; Dechan et al., 2024; Sonnenburg and Béckhed, 2016; Barber
et al., 2020; Cronin et al., 2021; O'Keefe et al,, 2015). Myriad studies
of laboratory rodents have demonstrated that digestible high-fat/
high-sugar diets enrich for mucin-degrading microbes, decrease
fiber-degrading microbes and SCFA production, and lead to
increased host body weights, adipose stores, and fasting blood
glucose and/or lipid levels (Rodriguez et al, 2019; Carmody
et al., 2015; Laffin et al., 2019; Jaja-Chimedza et al., 2018; He
et al, 2018; Daniel et al, 2014; Shan et al, 2019). Notably,
mouse chows high in fat or sugar have been shown to exert
similar effects on the gut microbiome relative to standard chows
(Shan et al, 2019; Dalby et al, 2017; Morrison et al., 2020),
supporting our DNS framework, which predicts that microbial
responses to nutrient limitation will be induced by high HDD
diets irrespective of their macronutrient composition.

Some rodent studies have directly compared diets with high
versus low HDD by modulating macronutrient composition and
incorporating refined ingredients that remove nutrients from their
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cellular-matrix, thus increasing HDD. Dalby and colleagues fed
mice refined high-fat (60% kcal) or refined low-fat (10% kcal) diets
with 5% fiber or an unrefined chow with 15% fiber for 8 weeks
(Dalby et al., 2017). Increases in body mass, fat mass, and fasting
blood glucose were specific to the refined, high-fat diet. However,
gut microbiome composition of mice fed high-fat and low-fat
refined diets converged and were distinct from those of mice fed
the unrefined chow, exhibiting reduced SCFA concentrations.
Mice fed refined diets had shorter colons and colonic content
mass, consistent with reduced nutrient flow to the colonic
microbiome. Likewise, Morrison and colleagues fed mice an
unrefined chow followed by a refined low-fat diet for 1 week
each and then either kept mice on the refined low-fat diet or
switched mice to a high-fat refined diet for 4 weeks (Morrison
et al., 2020). Again, body weight increased more in mice fed the
refined high-fat diet, indicative of host positive energy balance, but
the refined low-fat diet restructured the gut microbial community
in a manner that remained unchanged in mice subsequently fed the
refined high-fat diet. Together, these studies disentangle the effects
of host nutrient surplus (induced by refined high-fat diets) from
microbial nutrient limitation (induced by both refined high-fat and
refined low-fat diets), highlighting microbial nutrient limitation as
a key driver of gut microbial community composition as predicted
by our DNS model.

Diets modulating host or gut microbial
nutrient availability

Several studies have altered colonic nutrient availability more
specifically by supplementing diets with substrates known to be
indigestible to the host (Li et al., 2024; Xie et al., 2023; Chambers
etal., 2015; Liu et al., 2024; Nakajima et al., 2022). Li and colleagues
supplemented the diets of 37 overweight adults with 40 g of either
indigestible resistant starch or digestible starch for 8 weeks in a
crossover study (Li et al., 2024). Participants had significantly lower
fat mass, body weight, and waist circumference when supplemented
with resistant starch versus digestible starch. Moreover, relative
abundances of starch-degrading Ruminococcus bromii as well as
Bifidobacterium adolescentis and Bifidobacterium longum increased.
Likewise, mice reared for 8 weeks on a high-fat diet supplemented
with either resistant starch bound to the SCFA propionate or unbound
resistant starch harbored increased Ruminococcus and exhibited higher
SCFA production relative to mice fed an unsupplemented high-fat diet
(Xie et al,, 2023). Weight gain and fat pad mass was highest in mice fed
the unsupplemented high-fat diet, intermediate in mice supplemented
with resistant starch, and lowest in mice supplemented with propionate-
bound resistant starch. Carmody and colleagues interrogated gradients
of host versus microbial nutrient availability by feeding mice re-blended
diets containing various proportions of high-fat/high-sugar chow versus
low-fat/high-fiber chow (Carmody et al., 2015). As the high-fat/high-
sugar content increased from 0% to 100%, host adipose tissue stores
increased and gut microbial community composition shifted in a dose-
response manner.

Beyond increasing dietary fiber, researchers have modulated
HDD by supplementing diets with polyphenols, which chelate
nutrients and thereby inhibit host-driven digestion, or via
bypassing host digestion through the administration of enemas
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containing buttermilk directly to the colonic environment (Jaja-
Chimedza et al., 2018; Liu et al., 2021; Brennan, 2024; Mane et al.,
2021).
polyphenols led to decreased body mass and fat mass in mice

As predicted by DNS, supplementing chows with

but increased microbial SCFA production (Jaja-Chimedza et al,
2018; Liu et al,, 2021), whereas delivering nutrients directly to the
colon in humans via enemas had no impact on host weight or body
composition but likewise altered gut microbial composition (Mane
et al., 2021).

Jointly, these studies capture inverse relationships between host
nutrient availability and energy status and microbial nutrient
and metabolism as DNS

availability predicted by our

framework (Box 1).

DNS is predicted to vary across host
species and be exacerbated in humans

Comparing gut anatomies across mammals of diverse foraging
strategies provides a window into dietary digestibility and the extent
to which hosts are reliant on microbial metabolism for energy
harvest (Muegge et al, 2011; Ley et al, 2008) (Figure 1).
Ruminants and non-ruminant herbivores, which consume fibrous
plant materials inaccessible to mammalian enzymes, have adopted
bifurcated strategies for leveraging the large enzymatic arsenal of the
gut microbiota to break down complex carbohydrates. Whereas
ruminants have evolved a large microbial fermentation chamber
(rumen) upstream of the small intestine that grants microbes “first
dibs” on dietary nutrients (McKenzie et al., 2017), non-ruminant
herbivores largely restrict gut microbial communities to the distal GI
tract but provide expanded chambers for fermentation, including
enlarged ceca and elongated, sacculated colons. Although divergent
in form, ruminant and non-ruminant herbivore guts share the
outcome of providing additional niche space and time for
microbial fermentation and nutrient absorption, which helps
them optimize energy harvest from diets with low HDD. At the
other end of the spectrum, carnivores and insectivores, which
consume diets with high HDD, have low stomach pH, elongated
small intestines, and reduced ceca and colons - a bauplan
prioritizing host absorption of dietary substrates and reducing
niche space for gut microbes (Reese et al., 2021). In the middle
fall omnivores, which consume diets varying along a spectrum of
moderately low to moderately high HDD according to host feeding
niche (Hutchinson et al., 2022), and may exhibit substantial day-to-
day or season-to-season variability in HDD due to stochasticity in
optimal foraging (Remonti et al., 2016; Jensen et al., 2024; Coogan
etal, 2014). Accordingly, omnivorous guts exhibit digestive features
that are generally intermediate between those of herbivores and
carnivores/insectivores, with structures and physiologies that grant
the host priority access to nutrients in the small intestine while
supporting some degree of microbial fermentation the distal gut.
While omnivorous species vary widely in their habitual diets, gut
anatomy, and digestive physiology, they share the ecological
condition of relatively high variability in HDD, and therefore
benefit from adapting to dietary flux on short timescales
(Carmody et al., 2019; David et al.,, 2014).

Derived human gut anatomy and physiology suggest that the
decoupling of host and microbial nutrient status may have been
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exacerbated over human evolution. Humans are unique among
primates in that we routinely consume dietary substrates with
high HDD and caloric density (e.g., animal foods, nuts, honey),
and we additionally process our diet heavily through thermal and
physical means (Carmody et al., 2019; Dagbasi et al., 2020; Carmody
and Wrangham, 2009; Carmody et al, 2011; Wrangham and
Carmody, 2010). Thermal and physical processing of food
increases its net caloric value by increasing the susceptibility of
nutrients to digestive enzymes and decreasing host digestive effort
(Carmody et al., 2011; Groopman et al., 2015; Boback et al., 2007;
Barr and Wright, 2010). Humans have adapted anatomically and
physiologically to these dietary innovations (Wrangham and
Carmody, 2010; Carmody et al,, 2016; Aiello and Wheeler, 1995;
Zink and Lieberman, 2016). For instance, compared with our
australopithecine ancestors and our closest living relatives in Pan,
humans have energetically expensive features (e.g., large body size,
relatively large brains) yet markedly reduced structures for
mastication and digestion (e.g., small oral cavities, small chewing
muscles, small GI tracts) (Aiello and Wheeler, 1995). In addition,
our GI tracts have been reproportioned to favor small intestinal over
colonic tissue, with the small intestine being ~52% larger (by mass)
than expected for a great ape of our body size, but the colon being
~74% smaller (Bryant et al., 2023). These anatomical changes have
effectively committed humans to a calorie-rich and relatively high
HDD diet, concomitantly reducing the fraction of dietary nutrients
reaching colonic microbes. Habitually high HDD in the human diet
has likely exacerbated the decoupling of host and microbial nutrient
status, placing humans in a uniquely persistent state of energy
surplus relative to our gut microbial communities. Though
increasing HDD is hypothesized to have fueled the evolution of
modern humans (Wrangham and Carmody, 2010; Aiello and
Wheeler, 1995; Zink and Lieberman, 2016; Carmody et al., 2017),
an underappreciated consequence is that our evolved dietary niche
has effectively “starved” our microbes. We might therefore predict
that human physiology has evolved to depend less heavily on the
products of microbial fermentation than is the case for many other
omnivorous species, and further, that the human gut microbiome
has experienced unique selection pressures related to nutrient
limitation over the course of our evolution (Carmody et al., 2019;
Amato and Carmody, 2023). These hypotheses await empirical
testing, but may help to explain why human gut microbiota
exhibit less restructuring in response to dietary change compared
to the microbiotas of other omnivorous model organisms, such as
mice (Carmody and Bisanz, 2023).

Convergent gut microbial phenotypes of
diverse species on high HDD diets

Over the past few thousand years, consumption of human-
modified diets has expanded beyond humans to diverse host species
that humans have domesticated or held in captivity (Frankel et al,
2019). While studies have found variable effects of captivity and
domestication on the gut microbiomes of diverse animal species
(Reese et al., 2021; Diaz and Reese, 2021; Alberdi et al., 2021), those
that have considered dietary change due to captivity or
domestication have results

(Table 1).

generally reported

Multiple studies have demonstrated that many

convergent
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TABLE 1 Diets with high host-driven digestibility (HDD) mediate convergence of the gut microbiome across host species.

Sample
Population

Human Studies

Variation
in Diet

Gut Microbial Phenotypes

De Filippo et al. (2010)

Cross-sectional samples from children
living in urban Italy (n = 15) and children
living in rural villages in Burkina Faso

(n =15).

Diet of children in Italy: More processed
foods, protein, and fat

Diet of children in Burkina Faso: More
unprocessed foods and total fiber

Gut microbiomes of children in Italy:

T Firmicutes, | SCFAs, | microbial diversity, absence of
gut microbial xylose and carboxymethylcellulose
CAZymes

Gut microbiomes of children in Burkina Faso:

T Bacteroidetes, T Prevotella, T Xylanibacter,

T SCFAs, T microbial diversity, presence of microbial
xylose and carboxymethylcellulose CAZymes

O’Keefe et al. (2015)

Longitudinal samples from African
American adults (n = 20) living in urban
environments and South African adults
(n = 20) living in rural environments
before and after a dietary intervention.

African American diet: Primarily
processed foods and three times more
animal protein and fat

South African diet: Primarily unprocessed
foods and higher in resistant starch and
fiber

Intervention: Diets of each population
switched for 2 weeks

Pre-intervention African Americans: Bacteroides-
dominated, | SCFAs, T bile acids, | microbial diversity and
abundance of fecal metabolites

Post-intervention African Americans: T butyrate-
producing taxa, T SCFA, T butyrate, | bile acids
Pre-intervention South Africans: Prevotella-dominated,

T SCFAs, T butyrate-producing taxa, T diversity and
abundance of fecal metabolites

Post-intervention South Africans: | SCFAs,

| butyrate, T bile acids

Jha et al. (2018)

Vangay et al. (2018)

Cross-sectional samples from four
Nepalese populations: Chepang foragers
(n = 14), Raute (n = 11) and Raji (n = 11)
foragers now engaged in subsistence
agriculture, and Tharu farmers (n = 20).

Cross-sectional samples from Hmong (n =
95) and Karen (n = 84) women living in
Thailand, Hmong (n = 137) and Karen (n =
144) recent immigrants to the

United States, and second-generation
Hmong (n = 54) living in the United States.

Sample
Population

Foraging population: More wild plants
Agricultural populations: More grains and
tubers

Nutrient status: Most Chepang and Raute
participants experienced food scarcity

Diet composition clustered both culturally
by population (Hmong versus Karen) and
by immigration status. Diets of women
living in the United States derived a
greater percentage of calories from fat and
sugar.

Non-Human Studies

Variation
in Diet

Chepang foragers: | mucin-degrading Verrucomicrobia,
1T fiber-degrading microbes, T Prevotella

Tharu farmers: Tmucin-degrading Verrucomicrobia,

T Bacteroides Raute and Raji subsistence agriculturalists:
intermediate levels of Verrucomicrobia,

T Bacteroides (Raji only) Chepang and Raute: most similar
gut microbial community composition

Hmong and Karen in Thailand: T microbial diversity,

T Prevotella, T CAZymes for starch and fiber degradation
First-generation Hmong and Karen immigrants:

| microbial diversity, T Bacteroides, T CAZymes for simple
sugar degradation

Second-generation Hmong: Overall gut microbial
composition explained by years spent in the United States,
with microbial diversity and relative abundances of
Prevotella decreasing and relative abundances of
Bacteroides increasing.

Gut Microbial Phenotypes

Frankel et al. (2019)

Greene et al. (2019)

Cross-sectional samples from four matched
species and one matched genus of non-
human primates either living in the wild or
in zoos.

Cross-sectional samples from three genera
of captive lemurs (Lemur, Eulemur, and
Propithecus) and 14 genera of wild-living
lemurs (including Lemur, Eulemur, and
Propithecus).

Folivores (when living in the wild):
Alouatta and Colobus

Omnivores (when living in the wild):
Cercopithecus, Gorilla, and Pan

Diet in captivity: leafy greens, domesticated
fruits and vegetables, and biscuits

Dietary strategy (when living in the wild):
six folivore, four omnivore, and four
frugivore genera

Diet in captivity: folivores fed fiber-rich
animal chow, omnivores and frugivores fed
protein- and fat-rich animal chow, and all
fed domesticated fruits and vegetables

Captivity: gut microbial composition of all captive
primates converged despite differences in taxonomy and
wild diet

Folivores: | microbial diversity with captivity
Omnivores: no change to microbial diversity with

captivity

Folivores: | Prevotella and T Bacteroides with captivity,
greatest change from wild counterparts

Omnivores: T Prevotella and T Bacteroides relative to
wild counterparts

Frugivores: T Prevotella and | Bacteroides relative to wild
counterparts

Reese et al. (2021)

McKenzie et al. (2017)

Cross-sectional samples from
taxonomically diverse pairs of domesticated
or captive species and their wild
counterparts (n = 18 species total),
including artiodactyls, carnivores,
lagomorphs, and rodents.

Diet was not quantified but gut physiology
(ruminant, hindgut fermenter, or simple gut)
and wild foraging strategy (carnivore,
herbivore, or omnivore) explained 10% and
14% of observed variation in gut microbial
community structure, respectively.

Domestication: 15% of gut microbial variation across
samples explained by domestication or captivity status.
Domesticated or captive species, except for canines, had
similar shifts in gut microbiome composition relative to
their wild counterparts.
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TABLE 1 (Continued) Diets with high host-driven digestibility (HDD) mediate convergence of the gut microbiome across host species.

Sample
Population

Non-Human Studies

Variation
in Diet

Gut Microbial Phenotypes

Gomez et al. (2019)

Cross-sectional samples from 41 wild or
captive mammals, including carnivores,
ungulates, anteaters, primates, and
aardvarks.

Cross-sectional samples from 8 non-human
primate species living in the wild, captive
tufted capuchins, and hunter-gatherer,

agriculturalist, and industrialized humans.

Diet was not quantified but gut physiology
(ruminant, hindgut fermenter, or simple
gut) and wild foraging strategy (carnivore,
herbivore, or omnivore) varied across
species.

Diet was not quantified. However, wild
primates were either folivores/frugivores or
omnivores with diverse diets. Hunter-
gatherer and agriculturalist human
populations consumed diverse diets that
included high amounts of tubers.

Captivity: | microbial diversity (except for ruminant
species), | Prevotella, T mucin-degrading bacteria
including Verrucomicrobia, T Bacteroides
Wild-living: T microbial diversity, T Cyanobacteria,
1 Tenericutes

Captive capuchins: | microbial diversity relative to wild
primates and non-industrialized humans, T Bacteroides,
overall gut microbiome composition most like
industrialized humans

Wild primates: T microbial diversity relative to captive
capuchins and industrialized humans,

T Prevotella, T Clostridium, T Lachnospiraceae,

T Coprococcus, T Victivallaceae

Overall diet: gut microbiome compositions of frugivores/
folivores (low HDD) were more similar to those of non-
industrialized humans consuming low HDD diets, gut
microbiome compositions of omnivores (intermediate
HDD) were between those of non-industrialized and
industrialized humans

Clayton et al. (2016)

Wild or semi-captive doucs in Vietnam and
captive doucs in zoos in Philadelphia and
Singapore; wild or captive mantled howler
monkeys; eight captive non-human primate
species in zoos; and pre-published human
data.

Wild and semi-captive doucs consumed
significantly more plant types than captive
doucs. For other species, captive primate
diets consisted primarily of soy and corn.
In a subset of samples, total plant
consumption was indexed by percent of
sequenced fecal microbial DNA mapping
to plant chloroplast DNA.

Captive primates: | microbial diversity, Prevotella and
Bacteroides present, overall gut microbiome
compositions resembled those of industrialized humans,
| chloroplast DNA in feces

Wild primates: T microbial diversity, Prevotella and
Bacteroides absent, T chloroplast DNA in feces

Overall diet: % dietary fiber consumption in semi-captive
and captive doucs mediated how similar gut

microbiomes were to either wild doucs or humans, gut
microbiomes clustered by % chloroplast DNA in feces

Phylogenetically related hosts consuming diets with either high HDD or low HDD have distinct gut microbiomes. Yet, gut microbial phenotypes converge across distantly related host species on
the basis of HDD. Hosts consuming high HDD diets tend to be enriched in mucin-degrading microbes, specifically Verrucomicrobia, and exhibit low microbial diversity, abundance,
carbohydrate-active enzymes (CAZymes) targeting complex polysaccharides, and short-chain fatty acid (SCFA) production. By contrast, hosts consuming low HDD diets tend to be enriched in

fiber-degrading microbes, specifically Prevotella, and exhibit high microbial diversity, abundance, CAZymes targeting complex polysaccharides, and SCFA production.

animals, especially primates, shift towards “human-like” gut
microbiome profiles in captivity, when consuming human-
modified diets (Houtz et al., 2021; Clayton et al,, 2016). Notably,
consistent with predictions of our DNS model, multiple studies have
found that the effects of captivity on the gut microbiome are
exacerbated among hindgut fermenting species that typically
consume low HDD diets in the wild (Frankel et al., 2019; Greene
et al, 2019). Moreover, some ruminant species have not replicated
such microbial shifts in the colon despite the consumption of
human-modified diets (McKenzie et al, 2017; Trevelline and
Moeller, 2022), which is consistent with the idea that the
ruminant digestive tract allows other gut microbes first access
to nutrients.

Many studies have likewise documented differences among
human gut microbiomes along gradients of industrialization
(Fragiadakis et al., 2019; Jha et al, 2018; O’Keefe et al., 2015;
Smits et al., 2017; Morais et al, 2024; De Filippo et al., 2010;
Rosas-Plaza et al, 2022). While many aspects of ecology differ
between industrialized and non-industrialized populations, the
gut microbiomes of diverse human populations generally reflect
whether diet is comprised of primarily high HDD or low HDD
substrates (Table 1). Low HDD diets, which are more common
among non-industrialized populations, broadly increase gut

Frontiers in Food Science and Technology

microbial a-diversity, fiber-degrading capacity, and SCFA
production, all indicators of increased colonic fermentation and
gut health in industrialized settings (Sonnenburg and Sonnenburg,
2019a; Sonnenburg and Sonnenburg, 2019b). By contrast, high
HDD diets, which are more common among industrialized
populations, reduce microbial a-diversity and shift microbial
metabolism towards protein- and mucin-degradation, reflecting
the increased proportion of host-derived endogenous secretions
versus residual dietary substrates suitable for fermentation in the
colon (Sonnenburg and Sonnenburg, 2019a; Sonnenburg and
Sonnenburg, 2019b). Comparisons of the industrialized and
non-industrialized populations sampled to date have found
these patterns, with the guts of non-industrialized populations
consuming fiber-rich (ie., low HDD) diets enriched in
carbohydrate-degrading taxa like Prevotella, whereas the guts
of industrialized populations consuming less fibrous and ultra-
processed (i.e., high HDD) diets are enriched in protein- and
mucin-degrading taxa like Bacteroidaceae and Verrucomicrobia
(Fragiadakis et al., 2019; Jha et al.,, 2018; O’Keefe et al., 2015;
Smits et al.,, 2017; Rosas-Plaza et al., 2022; Wu et al., 2011).
Similarly, industrialized populations have higher ratios of mucin-
degrading CAZymes to plant-degrading CAZymes and lower

ratios of plant-degrading CAZymes to animal-degrading
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CAZymes Hadza
et al,, 2017).

Importantly, our DNS framework predicts that high-latitude

compared to hunter-gatherers (Smits

hunter-gatherers and pastoralists - non-industrialized populations
who habitually consume high HDD diets rich in fat and protein -
will have gut microbiomes that more closely resemble those of
industrialized populations than is the case for other non-
industrialized groups. Though few such studies exist, present
evidence suggests that this is the case. Like the gut microbiomes of
industrialized populations, the gut microbiomes of pastoralists have
relatively low taxonomic richness and diversity (Rosas-Plaza et al,
2022; Rubel et al., 2020; Liu et al., 2016). One meta-analysis found that
relative to agriculturalists, agropastoralists, and tropical hunter-
gatherers, pastoralists have more gut microbial taxa in common
with urbanites (Rosas-Plaza et al, 2022). Further, the Mboro
Fulani pastoralists in Cameroon had significantly higher levels of
Bacteroides and lower levels of Prevotella compared to Cameroon
hunter-gatherer and subsistence agriculturalist populations (Rubel
et al, 2020), and Mongolian pastoralists harbored microbiomes
enriched in amino acid- and lipid-degrading genes (Liu et al., 2016).

Collectively, while these findings suggest that industrialization-
mediated trends in the gut microbiome across human populations
are mediated by HDD, few studies have directly quantified diet. For
example, a recent analysis reported that cellulose-degrading
Ruminococcus bacteria are more prevalent in non-industrialized
populations, but
measured had comparable prevalence (Morais et al., 2024).

notably some industrialized populations
Without data on dietary intake of cellulose, the factors driving
differences in prevalence across populations remain uncertain.
Human diets are highly variable across populations, and may be
highly variable within populations across time, making it
challenging to model diet-microbiome interactions in human
populations based on subsistence style-based expectations or even

rigorously documented long-term averages (Licberman et al., 2023).

Direct tests of the DNS framework

Probing host and microbial responses to dietary digestibility will
require carefully crafted diets that manipulate HDD as well as the
development of accurate and economical methods to index diet as it
appears to the colonic gut microbiome. Nutrition research is ripe with
tools to modulate HDD, including processing dietary substrates
thermally or non-thermally (Carmody et al., 2011; Groopman et al,
2015; Zink and Lieberman, 2016; Evenepoel et al., 1998; Evenepoel et al.,
1999), exchanging simple versus complex carbohydrates (Dalby et al,
2017; Morrison et al, 2020), substituting simple starch for resistant
starch (DeMartino and Cockburn, 2020; Maier et al., 2017; Haralampu,
2000), supplementing diets with dietary compounds (such as
polyphenols) that inhibit HDD (Jaja-Chimedza et al., 2018; Liu et al,
2021), and bypassing small intestinal digestion through colonic
instillation of dietary compounds (Mane et al, 2021). Additionally,
some pharmaceuticals can modulate gut transit time, affecting the
duration that nutrients are available to host or microbial enzymes
without altering diet composition (Cummings and Macfarlane, 1997;
El Oufir et al,, 1996). Thus, our DNS model can begin to be tested
directly by performing dietary interventions using diets that reflect
gradients of HDD, with downstream measurement of host and
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microbial responses. Critically, capturing how dietary substrates are
transformed by host-driven digestion and the microbiota of the small
intestine, which differs significantly from the colonic microbiota (Kohl
et al, 2018; Anders et al,, 20215 Shalon et al., 2023), will identify which
dietary components are available to the colonic gut microbiome.

Prior studies have attempted to isolate HDD by collecting samples
from cannulated animals (Sutton and Oldham, 1977; Ipharraguerre
et al., 2007), human ileostomates (Wolever et al., 1986; Jenkins et al.,
1987), or through detection of isotopically labeled nutrients in
circulation (Hui et al, 2017; Klein and Klein, 1985). However,
such studies have limited ability to generalize to healthy hosts and
are unable to examine hosts in conjunction with their colonic
microbes. Two emerging methodological approaches may facilitate
the indexing of diet under physiological conditions and could
potentially be combined to disentangle host and gut microbial
nutrient availability: swallowable capsules that permit non-invasive
sampling of effluent along the GI tract (Shalon et al., 2023; Folz et al.,,
2023) and diet-targeted DNA metabarcoding (Reese et al.,, 2019a;
Petrone et al., 2023; Schneider et al., 2021).

Recently developed swallowable sample collection bladders coated
in pH-sensitive capsules can be used to collect effluent along the GI
tract (Shalon et al, 2023; Folz et al., 2023). Capsules have been
designed to dissolve at a specific pH between 55 and 7.5,
corresponding to conditions in the duodenum, jejunum, ileum,
and/or ascending colon. Once dissolved, the collapsed collection
bladder within the intact capsule is exposed to the GI lumen and
expands to draw in ~400 pL of effluent prior to closing via a one-way
valve. Collection bladders containing the sample are then retrieved
from stool. Swallowing multiple capsules with different pH targets
thereby enables non-invasive sampling along the GI tract. A human
trial demonstrated the utility of these capsules for probing the gut
microbiome and metabolome along the GI tract (Shalon et al.,, 2023;
Folz et al., 2023), finding host and microbial metabolic shifts predicted
by decades of prior research. However, to our knowledge these
capsules have not previously been employed in studies specifically
designed to track the fate of diet-derived substrates in the lumen.

One possible approach for indexing dietary residues in effluent is
DNA metabarcoding, which enables the tracking of DNA from plant
and animal foods as they traverse the gut by amplifying and
sequencing specific marker genes. Though multiple plant and
animal marker genes exist, the P6 loop of the plant chloroplast
trnL gene (10-143 base pairs) and the V5 region of the animal
mitochondrial 128 gene (56-132 base pairs) are economical because
their variable regions are short enough for high-throughput Illumina
sequencing (Schneider et al., 2021; Taberlet et al, 2007). DNA
metabarcoding of plant and animal genes has been widely used
in nutritional and behavioral ecology to identify the dietary niches of
animals inhabiting an ecosystem (Ficetola and Taberlet, 2023; de
Sousa et al., 2019; Evans et al., 2016; Liu et al., 2020). More recently,
diet-derived DNA has been amplified from human stomach
(Schneider et al., 2021) and fecal (Petrone et al., 2023; Reese
et al., 2019b) contents to provide an objective measure of dietary
substrates consumed. Despite the ability of human subjects to relay
information about their diet, objective measures of food intake are
nevertheless powerful because humans often have poor dietary recall
(Shim et al., 2014).

DNA metabarcoding has important limitations, including
overrepresentation of dietary components with high chloroplast
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densities such as leaves (Nichols et al, 2018; Ma and Li, 2015),
unspecific mapping to the plant or animal part consumed [which
can vary widely in digestibility (Ogawa et al, 2018)], and limited
taxonomic granularity as related species often share identical DNA
sequences within common marker genes of interest (Petrone et al,
2023; Reese et al., 2019b). However, if critical future research validates
the basic principle that residual DNA in effluent is inversely correlated
with nutrient uptake, DNA metabarcoding could represent a powerful
new tool for discriminating the components of diet available to hosts
versus colonic microbes. Notably, human subjects in prior studies of
DNA metabarcoding reported consuming coffee (Reese et al., 2019b)
and fruit juices or sugar cane (Petrone et al., 2023), but no DNA from
these substrates with high HDD was recovered in the feces whereas
DNA was recovered from nearly all plant-derived foods with relatively
low HDD, demonstrating the promise of applying DNA metabarcoding
to interrogate HDD.

Ultimately, the combination of effluent collection along the GI
tract and methods of quantifying diet residues in effluent could help
answer key unknowns in nutrition and microbiome research,
including: a) how the nutrient milieu changes along the GI tract;
b) the extent to which dietary substrates are digested in the small
intestine, and therefore their caloric value to the host; ¢) whether
dietary residues entering the colon are a stronger predictor of diet-
microbiome interactions than diet as quantified on the plate; and d)
the ecological and evolutionary pressures on microbes driven by
evolutionary changes in host-driven digestion, including anatomical
changes in the GI tract across species but also population-variable
genetic adaptations such as lactase persistence (Tishkoff et al., 2007)
or salivary amylase production (Perry et al.,, 2007) in humans.

Outlook

Small intestinal digestibility mediates nutrient availability to
humans and other hindgut fermenting hosts versus their colonic
gut microbiota. Critically, in these host taxa, host and gut microbial
experiences of nutrient status are decoupled from each other. Few
studies examining intraspecific variation in gut microbial
communities have directly quantified host diet, and virtually all
that have quantified diet have indexed it as it appeared on the
plate. Indexing the residues of diet that reach gut microbial
communities in the small intestine and colon is necessary to
accurately capture gut microbial responses to diet, diet-microbe
interactions, and downstream implications for host physiology. For
instance, identifying which dietary substrates reach gut microbes will
expedite our ability to pinpoint the dietary sources of bioactive
microbial metabolites (Rowland et al.,, 2018; Noerman et al., 2020;
Canfora et al,, 2019) and dietary levers for rationally manipulating the
gut microbiota (Reese and Carmody, 2019). Importantly, dietary
components digested and absorbed by the host can simultaneously
be inferred, providing a new lens into human nutrition and novel
insights into digestive physiology across individuals with predicted
variation in digestive capabilities, including those with genetic
differences in digestive enzymes (Schmidt et al., 2020; Poole et al,
2019; Hjorth et al,, 2020) and digestive diseases (Bitzer et al., 20165
Balestrieri et al., 2020; Malterre, 2009). More broadly, establishing the

small intestinal digestibility of nutrients affords greater accuracy in
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calculating the metabolizable energy content of the diet, which at
present can only be estimated using coarse-grained, outdated
multipliers (Carmody et al, 2024). Finally, our DNS framework
provides a rationale and blueprint for controlled tests that probe
how gut microbial communities respond to reductions in diet-derived
nutrients entering the colon, as we posit happened over human
evolution. Such testing could potentially identify host-microbiome
interactions that are uniquely human. Together, separating host from
microbial responses to diet and reevaluating them through the lens of
DNS will promote a richer and more nuanced understanding of host
biology, nutrition, and host-microbe interactions, as well as explicate
physiological responses to HDD diets in humans, a pattern now
reaching extremes in industrialized contexts.
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