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Dietary protein and the intestinal
microbiota: An understudied relationship

Alexandria Bartlett’2* and Manuel Kleiner!*

SUMMARY

Diet has a profound impact on the microbial community in the gastrointestinal
tract, the intestinal microbiota, to the benefit or detriment of human health. To un-
derstand the influence of diet on the intestinal microbiota, research has focused
on individual macronutrients. Some macronutrients (e.g. fiber) have been studied
in great detail and have been found to strongly influence the intestinal microbiota.
The relationship between dietary protein, a vital macronutrient, and the intestinal
microbiota has gone largely unexplored. Emerging evidence suggests that dietary
protein strongly impacts intestinal microbiota composition and function and that
protein-microbiota interactions can have critical impacts on host health. In this re-
view, we focus on recent studies investigating the impact of dietary protein quan-
tity and source on the intestinal microbiota and resulting host health conse-
quences. We highlight major open questions critical to understanding health
outcomes mediated by interactions between dietary protein and the microbiota.

INTRODUCTION

The community of microorganisms living in the digestive tract, the intestinal microbiota, greatly impacts
human health. Diet is known to affect this vital microbial community and interactions between dietary com-
ponents and the microbiota have been implicated in a variety of human diseases (Béckhed et al., 2005; Da-
vid et al., 2014; Patnode et al., 2019; Turnbaugh et al., 2009). To unravel the complex relationship between
host, diet, and the intestinal microbiota, research has focused on the impact of specific dietary components
including individual macro- and micronutrients. Some macronutrients, such as fiber, have been extensively
researched in regard to their impact on the microbiota and the resulting consequences to host health (De-
saietal., 2016; Patnode et al., 2019). Other macronutrients, particularly protein, remain vastly understudied
(Reese and Carmody, 2019). There is accumulating evidence that suggests protein is an important driver of
microbiota composition and function and that microbiota-protein interactions may have major impacts on
long-term host health (Budhathoki et al., 2019; Faith et al., 2011; Holmes et al., 2017; Huang et al., 2020;
Reese et al.,, 2018; Song et al., 2019).

Over 50% of the United States population is estimated to surpass the daily protein recommendation and
higher than recommended daily protein consumption has been observed in other countries as well
(Jantchou et al., 2010, USDA, Center for Nutrition Policy, 2015). The amount of protein in a given meal in-
fluences how much protein reaches the colon, where it can drive microbial processes such as protein
fermentation. Studies have shown an increase in protein derivatives (e.g. branched-chain amino acids
and nitrogen) in the colon and fecal material following an increase in the quantity of protein consumed
(Beaumont et al., 2017; Evenepoel et al., 1999; Reese et al., 2018; Russell et al., 2011; Silvester and Cum-
mings, 1995; Young et al., 2000). The source of dietary protein may also influence colonic protein fermen-
tation due to differences in digestibility of different protein sources (Joye, 2019; Marinangeli and House,
2017; Mathai et al., 2017). This has important implications to host health, as increased microbial protein
fermentation in the colon has been associated with intestinal diseases such as inflammatory bowel disease
and colorectal cancer, as well as metabolic diseases (Beaumont et al., 2017; Choi et al., 2021; Jantchou
etal., 2010; Jowett et al., 2004; Newgard et al., 2009; Russell et al., 2011). However, it is unclear if the nega-
tive health effects of microbial protein fermentation are a general phenomenon or if they are limited to high
protein intake or specific dietary protein sources.

In this review, we provide an overview of recent research on how the quantity and source of dietary protein
impacts microbiota composition and function, with a focus on human and murine studies. To put these
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studies into context, we first discuss factors that influence how much dietary protein is available to the in-
testinal microbiota. Additionally, we identify major open questions about protein-microbiota-host interac-
tions and potential pathways on how they can be addressed. While protein fermentation is relevant to
microbiota-protein interactions, it is not at the center of this review and we would like to point the reader
to excellent reviews by Oliphant and Allen-Vercoe (2019) and Portune et al. for further reading on protein
fermentation (Portune et al., 2016).

PROTEIN AVAILABILITY IN THE COLON

To understand interactions between dietary protein and the microbiota, one must first consider the pro-
cess of protein digestion. Protein digestion and absorption influences how much protein reaches the co-
lon, where most of the microbiota resides. Dietary protein is hydrolyzed to small peptides and amino
acids by host proteases before it can be absorbed in the small intestine (primarily in the duodenum
and jejunum). The majority of dietary protein (>90%) is absorbed in the small intestine but a fraction es-
capes digestion and eventually reaches the colon. Protein that reaches the colon is largely unavailable to
the host, as peptides and amino acids are minimally absorbed in the mammalian large intestine, except
in the case of neonates (Portune et al., 2016). This undigested dietary protein therefore serves as a sub-
strate for microbial metabolism. Undigested dietary protein that reaches the large intestine is hydrolyzed
to peptides and amino acids, which may be used by the microbiota as a source of carbon, nitrogen, and
energy through a diversity of metabolic pathways (Moreno-Pérez et al., 2018; Oliphant and Allen-Vercoe,
2019).

There are a number of factors that influence how much dietary protein goes undigested by the host and
reaches the intestinal microbiota. One factor is the quantity of dietary protein consumed in a given meal
by the host (See: impact of protein quantity on microbiota composition). Another factor is dietary protein
digestibility. Dietary protein digestibility is influenced by dietary protein source which dictates a protein’s
amino acid composition, protein accessibility, processing, and anti-nutritional factor content (Joye, 2019).
Dietary protein source generally refers to the species from which the protein was derived, but can also be
more specific (e.g. whey versus casein versus beef, all from cows).

The dietary protein source determines the amino acid composition of a protein. The amino acid
composition of a protein influences protein hydrolysis due to amino acid specificities of proteases.
In addition, amino acid composition influences protein chain flexibility (Joye, 2019). A less flexible
protein chain is less accessible for protease cleavage (Joye, 2019). Dietary protein accessibility can
furthermore be influenced by other dietary components consumed with the protein or the matrix in
which the protein resides (Acton et al., 1982; Barbé et al., 2014). For example, if a protein is surrounded
by fiber, the fiber will need to be metabolized before bacterial proteases can access the protein. Dietary
protein processing, which can range from simple heating to more in-depth processes of protein purifi-
cation, has the potential to both increase and decrease the digestibility of dietary protein (Carmody
and Wrangham, 2009). Anti-nutritional factors (e.g. protease inhibitors, tannins, and phytates) can be
found both in animal- and plant-based dietary proteins but are more commonly cited as negatively influ-
encing the digestibility of plant-based dietary protein sources (Carmody and Wrangham, 2009; Joye,
2019).

Other sources of protein for microbes in the colon that are not diet derived but need to be potentially
considered in studies of interactions between the microbiota and proteinaceous substrates, are
host protein and microbial protein. Host and microbial protein are sources of non-dietary protein
that may contribute to the protein pool available in the colon. Protein from the host is potentially
available from the secretion of digestive enzymes, tissue sloughing throughout the digestive tract,
and the mucosal layer. 18 g/day of host protein is estimated to contribute to the protein pool in the
colon in humans (Moughan and Rutherfurd, 2012). Another source of protein available to the
microbiota is microbial protein in the form of secreted proteins or those released through cell lysis
in the upper regions of the digestive tract. An important differentiation here is that the diet
itself can also contribute microbial protein to the protein pool in the colon, as the processing of
numerous foods, such as cheese, involves microbes (David et al., 2014). We only highlight this potential
confounder of dietary protein-microbiota studies and will not further discuss non-dietary proteins in this
review.
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DIETARY PROTEIN IMPACT ON MICROBIOTA COMPOSITION AND FUNCTION
Impact of protein quantity on microbiota composition

High-protein diets are frequently suggested for weight loss, elderly individuals, and athletes, yet our un-
derstanding of how an increase in undigested protein in the colon impacts the composition and function
of the microbiota is still limited (Beaumont et al., 2017; Moreno-Pérez et al., 2018; Ni Lochlainn et al., 2018).
When a high-protein meal is consumed, a corresponding increase in protein derivatives (nitrogen, urea,
and protein fermentation products) has been observed in the lower intestinal tract and fecal material of
humans and other mammals, suggesting there is a limit for how much protein can be absorbed by the small
intestine at one time (Beaumont et al., 2017; Evenepoel et al., 1999; Reese et al., 2018; Russell et al., 2011;
Silvester and Cummings, 1995; Young et al., 2000). Initial studies have shown dietary protein quantity to be
influential to the microbiota particularly through providing nitrogen, a limiting nutrient for the intestinal mi-
crobiota (Faith et al., 2011; Holmes et al., 2017; Reese et al., 2018). Considering the prevalence of high-pro-
tein diets, itis essential to understand how an increase in undigested dietary protein in the colon influences
the composition and function of the microbiota and the accompanying host health consequences.

Controlled diet studies in humans have presented contradictory results regarding compositional changes
of the microbiota in response to an increase in dietary protein consumption. These contradictions may be
due to 1) interference from other dietary components, 2) differences in the protein supplement sources
included in the diets, or 3) high interindividual variation between participants. When high-protein diets
are designed in diet-microbiota studies, carbohydrates or fat are often substituted with extra protein, re-
sulting in high-protein diets that are simultaneously low-carbohydrate/fat diets (Cotillard et al., 2013; David
etal., 2014, Russell et al., 2011). Intervention studies have largely shown that microbiota members with the
capacity to metabolize a substrate quickly increase in abundance following consumption of a diet high in
the respective substrate. The contribution of protein quantity to this transient effect of microbiota compo-
sition can be difficult to assess when the quantities of other dietary components are also altered. For
example, microbiota compositional changes were evident when participants consumed animal-based di-
ets with 30% protein or plant-based diets with 10% protein, but it was not possible to disentangle the in-
fluence of other dietary components from the results, such as limited fiber content in the animal-based diet
(David et al., 2014). Nonprotein dietary components can influence the availability of protein and offer addi-
tional substrates to the microbiota, as discussed above (See: protein availability in the colon).

Protein supplements offer a way to increase dietary protein without altering other dietary components, yet
the few human studies that have used protein supplements have come to contradictory conclusions. When
overweight individuals consumed casein or soy protein supplements, no significant changes of microbiota
composition were observed as compared to controls (Beaumont et al., 2017). However, microbiota compo-
sitional changes were observed when athletes consumed protein supplements consisting of whey isolate
and beef hydrolysate (Moreno-Pérez et al., 2018). After a ten-week supplementation period, 11 taxa were
found to be significantly different between the control and protein-supplemented groups (Moreno-Pérez
et al., 2018). Five of the taxa, all belonging to the Bacteroidetes phylum, were more abundant in the pro-
tein-supplemented group, while six taxa, belonging to the Proteobacteria or Firmicutes phyla, were more
abundant in the control group (Moreno-Pérez et al., 2018). It is worth noting that the protein sources of the
supplements differed between these contradictory studies. Beaumont et al. suggested that high interindi-
vidual variation may have masked compositional changes due to dietary intervention (Beaumont et al.,
2017). High interindividual variation of intestinal microbiota is well documented and often renders studies
in human populations difficult to interpret (Eckburg et al., 2005; Laukens et al., 2016; Salonen et al., 2014;
Walker et al., 2011). One way to tackle issues with high variation is to use mouse models in which microbial
communities can be more homogeneous due to a controlled environment or the introduction of defined
microbial communities. Below, we describe murine studies which allow for greater control of diet and envi-
ronment while offering microbiota models functionally similar to the human microbiota (Doré et al., 2015).

In gnotobiotic mice with a defined microbiota consisting of ten microbial species, dietary protein was
shown to be more influential on microbial community biomass and the individual abundance of all ten com-
munity members compared to fat (corn oil), polysaccharide (cornstarch), or simple sugar (sucrose) (Faith
etal., 2011). Dietary protein was found to limit the biomass of the community, but changes in species abun-
dances were not uniform (Faith et al., 2011). Three of the ten community members, Eubacterium rectale,
Desulfovibrio piger, and Marvinbryantia formatexigens, decreased in absolute abundance with an increase
in dietary protein, while all others increased (Faith et al., 2011). Faith et al. speculated that the decrease in
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the three community members may reflect resource competition between community members. The over-
all microbial biomass response to protein amount can be attributed to the fact that nitrogen is a limiting
nutrient in the large intestine, which has been demonstrated by additional studies in conventional
mice (Holmes et al., 2017; Reese et al., 2018). When mice were fed diets ranging from 6% to 40% protein,
microbial load increased in fecal samples with a corresponding increase in protein content (Reese et al,,
2018).

Dietary protein amount has also been shown to mediate changes in relative abundance of specific taxo-
nomic groups, as well as impact overall taxonomic diversity of the microbiota (Holmes et al., 2017; Kim
et al.,, 2016). Increased dietary protein has been shown to lead to a significant decrease in diversity at
both the family and genus level in studies examining murine microbiota response to high-protein diets
(Holmes et al., 2017; Kim et al., 2016). Holmes et al. modeled microbiota composition after feeding mice
25 different diets with varying quantities of protein (5%-60%) (Holmes et al., 2017). Their approach divided
taxa into guilds that represented responses to resource availability (rather than phylogeny) for their model.
An increase in dietary protein was associated with significant increases in Clostridium, unnamed Clostri-
diales and Allobaculum and significant decreases in the genera Eubacterium, Akkermansia, Mucispirillum,
Ruminococcus, Johnsonella, Alistipes, Butyrivibrio, and Blautia (Holmes et al., 2017). Another study found
that the abundance of Bacteroidaceae increased with an increase in dietary protein (Reese et al., 2018).
However, the modeling done by Holmes et al. found Bacteroidaceae to decrease with an increase in pro-
tein, demonstrating a lack of consensus between studies (Holmes et al., 2017). Bacteroidales was found to
consume higher quantities of dietary nitrogen than other taxa when mice were fed diets in which the pro-
tein source was isotopically labeled, supporting the idea that Bacteroidales are stimulated by higher avail-
ability of nitrogen from dietary protein (Reese et al., 2018). Further support for the idea that some groups
within the Bacteroidales order are stimulated by high dietary protein input comes from a recent study using
isotopically heavy water to track microbial activity in bioreactors inoculated with a human fecal microbiota
(Kleiner et al., 2021; Starke et al., 2020). The authors found that several Bacteroides species showed higher
activity in bioreactors fed with a medium simulating a high-protein diet as compared to a high-fiber diet
medium.

In summary, murine studies have provided evidence that overall microbial biomass increases but diversity
decreases with an increase in dietary protein (Faith et al., 2011; Holmes et al., 2017; Kim et al., 2016; Reese
et al., 2018). Decreased diversity has been linked with negative host health consequences based on asso-
ciations with numerous diseases and clinical disease indicators (Manor et al., 2020; Turnbaugh et al., 2009).
While compositionally different microbiotas have been shown to be similar in terms of function, due to
functional redundancy (Lozupone et al., 2012), additional studies are needed to clarify compositional
changes of individual taxa in response to protein quantity, as well as health impacts due to high protein-
induced diversity decreases. Multiple Clostridia have been shown to increase in abundance with an in-
crease in dietary protein but there are also instances in which Clostridia decrease in abundance with
increased dietary protein (Faith et al., 2011; Holmes et al., 2017). Although there is no consensus (Holmes
et al., 2017), several studies have associated an increase in abundance of Bacteroidia with an increase in
dietary protein (Faith et al., 2011; Kleiner et al., 2021; Reese et al., 2018).

Impact of protein quantity on microbiota function

Studies in humans and animal models have connected an increase in dietary protein consumption with
increased microbial protein fermentation in the colon (Beaumont et al., 2017; David et al., 2014; Mayne-
ris-Perxachs et al., 2016). Protein in the colon is hydrolyzed by microbial proteases to peptides and amino
acids. The amino acids can then be assimilated or fermented by the microbiota to produce a variety of end
products, including short-chain fatty acids (SCFAs), ammonia, phenols, hydrogen sulfide, amines, and in-
doles (Oliphant and Allen-Vercoe, 2019). Murine studies that include diets with varying protein content
have provided evidence that the functional response of the microbiota to an increase in dietary protein in-
volves increased protein hydrolysis and amino acid fermentation (Faith et al., 2011; Mayneris-Perxachs
et al., 2016). Untargeted mass spectrometry-based metabolomics has revealed significant differences in
the plasma concentrations of many amino acid-derived metabolites between conventional and germ-
free mice (Wikoff et al., 2009). Wikoff et al. found lower concentrations of tryptophan and N-acetyltrypto-
phan in conventional mice, compared to germ-free mice. The authors speculated that this difference is
likely due to the metabolism of dietary tryptophan by microbiota members in the conventional mice that
express tryptophanase (Wikoff et al., 2009).
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SCFAs are microbial metabolites produced from the fermentation of all amino acids (Table 2 in Oliphant
and Allen-Vercoe, 2019). Acetate, butyrate, and propionate are among the most abundant SCFAs pro-
duced from microbial fermentation of many different amino acids (Smith and Macfarlane, 1997). Beneficial
host health effects are frequently attributed to SCFAs (Nogal et al., 2021). However, studies investigating
the health effects of SCFAs have largely examined these metabolites in the context of carbohydrates rather
than protein, as carbohydrates are a major source of SCFAs.

Human studies examining the impact of a high-protein diet on microbiota function have reported inconsistent
findings regarding changes to fecal butyrate following protein supplementation. Beaumont et al. associated
an increase in dietary protein consumption with significantly lower levels of fecal butyrate (Beaumont et al.,
2017). However, Moreno-Pérez et al. found no significant difference in fecal butyrate, or any other SCFAs
measured, between individuals supplemented with protein and controls (Moreno-Pérez et al., 2018). Beau-
mont et al. found no significant differences in fecal propionate or acetate concentrations between individuals
consuming protein supplements and control groups (Beaumont et al., 2017).

A specific group of SCFAs, namely branched short-chain fatty acids (BCFAs), is exclusively produced by mi-
crobial fermentation of the branched-chain amino acids leucine, isoleucine, and valine, and are thus often
used as a marker of protein fermentation (Diether and Willing, 2019). Increased concentrations of the pro-
tein fermentation marking BCFAs isovalerate and isobutyrate were measured following protein supple-
mentation of obese individuals (Beaumont et al., 2017). In contrast, no change in concentrations of
BCFAs was observed following protein supplementation in athletes (Moreno-Pérez et al., 2018). Increased
concentrations of BCFAs from microbial fermentation of protein have been shown to negatively impact
liver insulin resistance in mice fed a high-fat high-sugar diet (Choi et al., 2021).

Additional protein fermentation end products that have been investigated and are associated with detri-
mental effects to host health, particularly in large quantities, include ammonia, phenol, and imidazole pro-
pionate (Gilbert et al., 2018; Portune et al., 2016; Russell et al., 2011). Ammonia can be produced through
the deamination of numerous amino acids and phenol is a product of microbial fermentation of tyrosine
(Portune et al., 2016; Smith and Macfarlane, 1997). Evidence suggests that both ammonia and phenol
can reduce epithelial barrier function in vitro (Hughes et al., 2008). Imidazole propionate, a microbial
metabolite of histidine, has been shown to induce glucose intolerance in mice and higher plasma concen-
trations have been found in individuals with type 2 diabetes (Koh et al., 2018; Molinaro et al., 2020).
Increased plasma concentrations of this metabolite have also been shown to correlate with lower levels
of microbial diversity (Molinaro et al., 2020). However, increased histidine consumption, based on food fre-
quency questionnaires, was not found to correlate with increased levels of imidazole propionate.

There are a number of understudied microbial protein fermentation products for which preliminary evi-
dence suggests benefits to the host at low concentrations but potentially detrimental host health conse-
quences at higher concentrations. One example of this is indole, a fermentation product of tryptophan.
Indole is not only a quorum-sensing molecule but has also been shown to be beneficial to maintaining
the epithelial barrier of the host (Bansal et al., 2010; Shimada et al., 2013). Additionally, indole concentra-
tions were found to be lower in mice upon induction of colitis (Alexeev et al., 2018). However, upon host
absorption of indole, it is metabolized to indoxyl-sulfate in the liver. Indoxyl-sulfate has been associated
with neuropsychiatric disorders and accumulates in patients with chronic kidney disease (Brydges et al.,
2021). Another example of a protein fermentation metabolite for which host health consequences are
dependent on concentration is hydrogen sulfide, which is produced by microbial fermentation of cysteine
and methionine (Buret et al., 2022).

When considering protein quantity, it is also worth taking into account the influence of protein-deficient
diets relevant for the study of malnourishment. Little research has been done in this area. One of the
few exceptions is a study in mice with a conventional microbiota, in which a diet deficient in protein (2%)
resulted in lower concentrations of protein fermentation metabolites in urine, including BCFAs, compared
to mice consuming standard (20%) protein diets (Mayneris-Perxachs et al., 2016).

Impact of protein source on microbiota composition

The majority of dietary protein sources can be divided into two overarching categories, plant-derived pro-
tein and animal-derived protein. Plant-based protein is generally considered to be less digestible
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compared to animal-based protein. The current approach for assessing protein quality is the Digestible
Indispensable Amino Acid Score (DIAAS). The DIAAS of plant-based proteins is typically lower than ani-
mal-based proteins (Marinangeli and House, 2017; Mathai et al., 2017). Based on the lower digestibility
of plant protein, one would expect that if equal quantities of animal and plant protein were consumed,
a greater proportion of plant protein would reach the colon and correspondingly result in greater protein
fermentation by the microbiota. Microbial fermentation of protein in the colon has been implicated in a
number of diseases including inflammatory bowel disease, colorectal cancer, as well as metabolic diseases
(Beaumont et al., 2017; Choi et al., 2021; Jantchou et al., 2010; Jowett et al., 2004; Newgard et al., 2009,
Russell et al., 2011). Therefore, one would expect a diet high in plant protein would be associated with
negative host health outcomes due to increased protein fermentation in the colon. However, multiple large
cohort studies contradict this expectation, as increased plant protein intake has been associated with
beneficial host health outcomes (Budhathoki et al., 2019; Huang et al., 2020; Jantchou et al., 2010; Song
et al., 2019). Thus, a major conundrum exists regarding our understanding of the relationship between di-
etary protein source, the microbiota, and resulting host health outcomes. One may consider fiber to play a
role in this conundrum, as increased plant protein consumption likely corresponds to increased fiber con-
sumption from the accompanying plant material. However, adjustments for fiber were made in the most
recent large cohort studies (Budhathoki et al., 2019; Huang et al., 2020; Song et al., 2019). It is also worth
noting that there is evidence that microbiota interactions with other dietary components of animal-based
protein sources, such as the microbial production of trimethylamine from choline in red meat, contribute to
negative host health consequences (Koeth et al., 2013).

Controlled human studies that exclusively investigate the influence of different dietary protein sources on
microbiota composition are extremely limited, thus the current knowledge in the field is primarily based on
animal studies. Studies in rodents have found several dietary protein sources to differentially impact micro-
biota composition including soy, milk/casein, chicken, beef, pork, fish, and egg (An et al., 2014; Bai et al.,
2016, 2018; Butteiger et al., 2016; Sivixay et al., 2021; Xia et al., 2020; Zhu et al., 2015, 2017) (Table 1). Soy is
the most common plant-based protein source examined in these dietary protein-microbiota rodent
studies. The microbiota of rodents on a soy-based protein diet has been found to be more diverse in com-
parison to multiple animal-based protein diets, including milk and egg protein (An et al., 2014; Butteiger
et al., 2016; Sivixay et al., 2021; Xia et al., 2020). However, these diversity differences are not consistent
across all studies (Zhu et al., 2015, 2017). While some studies have found differences in microbiota diversity
when comparing casein (the main protein in milk) and soy-fed rodents, when these two protein sources are
compared with other protein sources, microbiota composition is more similar for casein and soy-fed ro-
dents compared to other dietary protein sources (An et al., 2014; Bai et al., 2016; Sivixay et al., 2021; Xia
et al., 2020; Zhu et al., 2015, 2017). When rats were fed six different protein sources (casein, soy, pork,
beef, chicken, and fish), the phyla composition of the rats fed casein and soy was more similar to each other
than to the other protein sources (Zhu et al., 2015). Zhu et al. reported a higher relative abundance of Ru-
minococcacea OTUs in soy-fed rats that positively correlated with glucose, galactose, and ribose (Zhu
et al., 2017). The authors speculated that the relative abundance increases of these microbiota members
indicate that soy protein may favor bacteria with the ability to degrade glycans. Fiber-like effects have
also been suggested for egg white proteins but additional studies are needed to clarify and elucidate
this mechanism (Xia et al., 2020).

Casein-based diets are used as a control group in some studies, as casein is the protein component of the
defined AIN-93 laboratory rodent diet recommended by the American Institute of Nutrition (Bai et al., 2016,
Reeves etal., 1993; Zhu et al.,, 2015, 2017). When Choi et al. compared casein-fed mice to mice fed a protein
mix (composed of 10 different protein sources), they found changes to the microbiota regardless of fat and
carbohydrate content of the diets (Choi et al., 2021). Microbial diversity was higher for mice that consumed
the protein mix both when it was consumed in the context of a low-fat low-sucrose diet or high-fat high-
sucrose diet. Additionally, there were particular abundance changes of individual community members,
such as a decrease in Akkermansia muciniphila, when mice consumed the protein mix diets (Choi et al.,
2021).

Microbiota compositional changes have also been associated with other animal-based protein sources
including chicken, beef, pork, fish, and egg (An et al., 2014; Bai et al., 2018; Sivixay et al., 2021; Xia et al,,
2020; Zhu et al., 2015, 2017). We have summarized significant differences in relative abundance at the
phylum and family levels from studies performed in rodent models in Table 1. Changes in microbiota
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Table 1. Impact of dietary protein source on microbiota composition at the phylum and family levels

Protein Source: Taxonomic Changes:

(/M) Increased or decreased (J) relative abundance of taxon compared to protein
source indicated by color of arrow. Double sided arrows ($) represent increased and
decreased relative abundance of OTUs within the same family.

Phylum: Family:
Soy °1L°L°LP Actinobacteria ¢ Eggerthellaceae
compared to ¢ Micrococcaceae
other protein INPAP Bacteroidetes bed T Bacteroidaceae
sources ¢ Bacteroidales family p-2534-18B5
( R ¢ ¢ Muribaculaceae®
> 49°¢ Porphyromonadaceae
Beef/Pork, S prevotellaceae
Fish, ) ¢ ¢ Rikenellaceae
LAL? € Tannerellaceae
120L.°4° Firmicutes °\ ¢ Clostridiales family XIIT
¢ Enterococcaceae
11:¢ Eyysipelotrichaceae
¢ Lachnospiraceae
¢ Lactobacillaceae

¢ Peptococcaceae
¢ Peptostreptococcaceae
°1.°1° Ruminococcaceae
* Streptococcaceae
Proteobacteria ¢ Alcaligenanceae
4" Enterobacteriaceae

¢ Pseudomonadaceae

afNe

¢ Tenericutes

LA? Verrucomicrobia LA ? Akkermansiaceae
¢1.® Actinobacteria 3¢ ¢ Coriobacteriaceae
compared to Ne Corynebacteriaceae
other protein ¢ Eggerthellaceae
sources 1L L Micrococcaceae
(Soy, 1 21® Bacteroidetes APATENOT P Bacteroidaceae
. \°\¢ Bacteroidales family p-2534-18B5

Beef/Pork, ¢ Bacteroidales family RS-E47 termite group
Fish, ) LT P Muribaculaceae®

190°8°1° Porphyromonadaceae
PP PP L Prevotellaceae
LUV ° Rikenellaceae
¢ Tannerellaceae
¢ Deferribacteres ¢ Deferribacteraceae
*L° Firmicutes ‘1L ¢ Clostridiales family XIII
111N Enterococcaceae
*1°<00 L 00 Erysipelotrichaceae
212U L1 Lactobacillaceae
LT "1 Lachnospiraceae
¢ Peptococcaceae
PNope Peptostreptococcaceae
TP L8P Ruminococcaceae
L1 L C Staphylococcaceae
1281 ° Streptococcaceae
S Veillonellaceae

1° Proteobacteria N1 Alcaligenanceae
¢ Burkholderiaceae
VL) ¢ Pseudomonadaceae
Spirochaetes ¢ Spirochaetaceae

J ¢ ¢ Tenericutes

(Continued on next page)
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Table 1. Continued

8

Chicken
compared to
other protein
sources

(Soy,
Milk/Casein,
Beef/Pork,
Fish, ' ©1)

M1° Actinobacteria

1°¢ Coriobacteriaceae

¢ Micrococcaceae

L2 L°L° Bacteroidetes

5 -
¢ Bacteroidaceae

L% Muribaculaceae®

\¢ Porphyromonadaceae

1% Prevotellaceae

1¢ Rikenellaceae

PO Firmicutes

¢ Clostridiales family XIII

J¢ Enterococcaceae

1° Erysipelotrichaceae

1°° Lactobacillaceae

¢ Lachnospiraceae

1¢ Ruminococcaceae

¢ Streptococcaceae

1® Veillonellaceae

U° Proteobacteria

1 ¢ Alcaligenanceae

¢ Pseudomonadaceae

Spirochaetes

L ¢ Spirochaetaceae

Beef/Pork
compared to
other protein
sources

(Soy,
Milk/Casein,
Chicken,
Fish, )

A Actinobacteria

1+ Coriobacteriaceae

¢ Corynebacteriaceae

¢ Micrococcaceae

1® Bacteroidetes

1 Bacteroidaceae

"¢ Bacteroidales family p-2534-18B5

1°¢ Bacteroidales family RS-E47 termite group

1°0° Muribaculaceae®

1¢ Porphyromonadaceae

b.
© Prevotellaceae

"¢ Rikenellaceae

b -
$ Ruminococcaceae

N Tannerellaceae

LU0 Firmicutes

sl/e Enterococcaceae

151 Erysipelotrichaceae

1* Lactobacillaceae

0% Lachnospiraceae

1" Peptococcaceae

L Peptostreptococcaceae

1° Ruminococcaceae

101 ¢ Staphylococcaceae

1°¢ Streptococcaceae

1°1® Proteobacteria

T -
' Enterobacteriaceae

¢ Pseudomonadaceae

P4 Tenericutes

M Verrucomicrobia

M Akkermansiaceae

Fish
compared to
other protein
sources
(Soy,
Milk/Casein,
Chicken,
Beef/Pork,

)

P Actinobacteria

U° Bacteroidetes

L® Muribaculaceae®

L® Prevotellaceae

b -
$ Ruminococcaceae

N Tannerellaceae

PP Firmicutes

1° Erysipelotrichaceae

1 .
{.” Lachnospiraceae

1® Lactobacillaceae

1° Staphylococcaceae

L® Veillonellaceae

Proteobacteria

M Enterobacteriaceae

b "
" Tenericutes

M Verrucomicrobia

N Akkermansiaceae
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Table 1. Continued

* Coriobacteriaceae
11 Eggerthellaceae
* Bacteroidetes 4 ¢ Muribaculaceae
sources N1 Prevotellaceae
(Soy, P 1C Rikenellaceae
L N1 Tannerellaceae
5 ¢ Deferribacteres ¢ Deferribacteraceae
Beef/Pork, Firmicutes J* Streptococcaceae
Fish) 11" Erysipelotrichaceae
J ¢ ¢ Ruminococcaceae
11° Clostridiales family XIIT
¢ Burkholderiaceae

N Actinobacteria

compared to
other protein

Proteobacteria

Each protein source is designated by color (Soy=bluish green, Milk/Casein=sky blue,
Chicken=orange, Beef/Pork=vermillion, Fish=blue, Egg=yellow). All studies were performed in
conventional rodent models in which dietary protein sources differed between diets. Therefore,
all results are relative to the diet in which they are compared to. An increase (4*) or decrease (/)
in relative abundance of the phyla/family for the protein source listed in the protein source
column is indicated. For example, the first row indicates that the relative abundance of the
Actinobacteria phylum was lower in rodents on a soy-based diet compared to rodents on an egg
() chicken (1), fish (1) or beef/pork (1) diet. For two of the studies included (Zhu et al.,
2017, 2015), comparisons between diets were made at the OTU level. Double sided arrows (J)
represent increased and decreased relative abundance of different OTUs within the same family.
We only included results that were reported to be significantly different and when possible, only
taxa that represent approximately 1% or more of total relative abundance. Relative abundance
differences at other taxonomic levels can be found in Bai et al., 2016, 2018; Zhu et al., 2015,
2017. “Sivixay et al., 2021; "Zhu et al., 2015; “Xia et al., 2020; “Butteiger et al., 2016; “Zhu et al.,
2017, Bai et al., 2018; ®Formerly Bacteroidetes family S24-7.

composition have the potential to influence the colonic metabolite pool and in turn host health. However,
as described above (See: impact of protein quantity on microbiota function), there is much to be investi-
gated regarding the impact of microbial protein fermentation products to host health. Furthermore, the
concentration of BCFAs and other protein fermentation metabolites will depend not only on the micro-
biota species composition but also on the quantity of protein consumed, the source of the protein, and
the digestibility (See: protein availability in the colon).

Microbiota compositional changes have also been reported in gnotobiotic mice following consumption of
whole foods providing some of the protein sources described above. In mice colonized with bacterial iso-
lates from Bangladeshi children, diets with milk powder, tilapia, and eggs correlated with significant abun-
dance changes of multiple community members (Gehrig et al., 2019). Milk powder was positively correlated
with the abundance of Bifidobacterium longum and negatively correlated with the abundance of eight
different community members. The relative abundance of six clostridia (Ruminococcus torques, Dorea
longicatena, Blautia obeum (previously Ruminococcus obeum), Faecalibacterium prausnitzii, Dorea formi-
cigenerans, and Blautia luti), a Gammaproteobacteria (Escherichia fergusonii), and a Bacilli (Streptococcus
pasteurianus) was negatively correlated with milk powder. Tilapia was positively correlated with an increase
in the relative abundance of D. longicatena, B.obeum, B. luti, E.fergusonii, and S. pasteurianus and nega-
tively correlated with B. longum. Egg was positively correlated with the relative abundance of B. longum
and negatively correlated with D. formicigenerans, Streptococcus constellatus, B. luti, and S. pasteurianus.

The differences in digestibility between plant and animal proteins may provide some explanation as to why
plant proteins impact the microbiota composition differently than animal proteins. However, it has been
shown that even within the category of animal proteins, microbiota composition can be differentially
impacted, exemplified above by the differences between meat, casein, fish, and egg protein diets (An
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et al., 2014; Bai et al., 2018; Sivixay et al., 2021; Xia et al., 2020; Zhu et al., 2015, 2017). Furthermore, micro-
biota composition responds differently to protein from the same organism (e.g. casein and beef), illus-
trating the uniqueness of each protein source (Zhu et al., 2015). These findings demonstrate the urgent
need for additional studies investigating the impact of purified protein and protein from whole foods on
the composition of the intestinal microbiota.

Impact of protein source on microbiota function

The few studies investigating the relationship between dietary protein source and the intestinal microbiota
suggest protein source influences microbiota function. Microbiota functional changes characterized so far
are largely based on differences in metabolites produced by protein hydrolysis and amino acid fermenta-
tion (Beaumont et al., 2017; Zhu et al., 2017).

Differences in fecal pH and branched-chain amino acid concentrations have been found in overweight hu-
mans following consumption of different protein sources (Beaumont et al., 2017). Individuals supple-
mented with casein-based protein were found to have a significantly higher fecal pH (0.5 higher at pH
6.9) compared to the soy protein and control groups (Beaumont et al., 2017). The increase in pH was nega-
tively correlated with the concentration of butyrate in the casein group. Additionally, greater concentra-
tions of branched-chain amino acids were measured in the casein group compared to the soy and control
groups, suggesting increased protein degradation by the microbiota (Beaumont et al., 2017). Similarly,
another study found casein-fed rats to have significantly higher concentrations of branched-chain amino
acids in cecal material compared to rats on beef, chicken, or soy diets (Zhu et al., 2017).

Studies in rodents have associated changes in microbiota function with different dietary protein sources,
including soy, casein, fish, beef, chicken, and egg (An et al., 2014; Bai et al., 2016, 2018; Choi et al.,
2021; Sivixay et al., 2021; Zhu et al., 2017). As previously discussed (See: impact of protein quantity on Mi-
crobiota Function), the SCFAs butyrate, propionate, and acetate are major products of microbial fermen-
tation of amino acids. Butyric acid concentrations were found to be significantly higher in soy-fed rats
compared to rats on casein or fish diets (An et al., 2014). However, more recent studies have not found sig-
nificant differences in butyric acid concentrations between mice on soy, casein, fish, meat, or egg-based
protein diets (Bai et al., 2016, 2018; Sivixay et al., 2027). Bai et al. reported a significantly lower concentra-
tion of propionic acid in soy-fed rats compared to meat-fed rats (Bai et al., 2018). When mice were fed diets
with either casein or a protein mix (composed of 10 different protein sources), differences in microbiota
function were revealed in the context of low-fat low-sucrose and high-fat high-sucrose diets (Choi et al.,
2021). Butyric, propionic, and acetic acids in fecal content were higher for the mice consuming the protein
mix compared to mice consuming casein in the context of a low-fat low-sucrose diet (Choi et al., 2021).
BCFAs were higher in the fecal content of mice consuming the protein mix compared to casein in the
context of a high-fat high-sucrose diet (Choi et al., 2021). Furthermore, mice consuming the protein mix
had more severe health consequences from the high-sucrose high-fat diet compared to purified casein
(Choi et al., 2021). Outside of SCFAs, indole, hydrogen sulfide, and phenol levels were reported as signif-
icantly higher in rats fed fish or soy compared to casein (An et al., 2014).

Fecal and colonic metabolite profiles have been found to vary with dietary protein source in both humans
and animal models (Beaumont et al., 2017; Zhu et al., 2017). When overweight individuals consumed soy or
casein protein supplements, fecal metabolite profiles of each supplement group differed according to pro-
tein source (Beaumont et al., 2017). For example, acetoin, a bacterial metabolite produced from the
fermentation of soy, was only detected in the soy-supplemented group (Beaumont et al., 2017). In partic-
ipants consuming the soy supplement, the relative concentrations of the microbial fermentation metabo-
lites valerate, phenylacetate, and tyramine, all of which can be produced from amino acids, were higher in
fecal samples compared to casein-supplemented and control groups (Beaumont et al., 2017). Colonic
metabolite profiles of rats on a chicken-based diet have been shown to be distinct from metabolite profiles
of rats fed casein, beef, and soy diets (Zhu et al., 2017). A significantly higher concentration of lactate in the
chicken-fed rats distinguished the diet group in this study (Zhu et al., 2017). Zhu et al. also found similarity in
the colonic metabolite profiles of rats fed soy and beef diets.

Although current evidence suggests dietary protein source to be influential to microbiota function, it is

clear that additional studies are needed to clarify conflicting results and investigate functional changes
in greater depth. We have outlined pressing questions and potential strategies for investigation below.
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Figure 1. Pressing questions in the field of dietary protein-microbiota-host interactions

Major open questions

As we illustrate in this review, our understanding of interactions between dietary protein, the microbiota, and
host health is limited and there are many open questions (Figure 1). One key point that hopefully has become
obvious in this review is that not only protein quantity has strong effects on microbiota composition and func-
tion but also that protein source has similar or even stronger effects. This highlights that, similar to type of
fiber, which has been shown to have strong effects on microbiota function, type of protein consumed matters.
While an understanding of the mechanism behind responses to protein quantity has been emerging with
protein alleviating nitrogen limitation for microbes in the intestinal tract, the mechanisms behind effects
of protein source are poorly understood. Potential mechanisms that have been suggested or can be specu-
lated on include: (1) variability in host digestion of protein sources in the upper intestinal tract driven by pro-
tein accessibility and antinutritional factors leads to differences in the quality and amount of protein that
reaches the colon; (2) different amino acid composition of dietary proteins favors different microbes; (3)
non-proteinaceous substances that are associated with dietary protein impact microbiota composition
and function; and (4) post-translational modifications of proteins, such as glycosylations, interact with the mi-
crobiota. Investigation of these potential mechanisms is urgently needed to develop our understanding of
effects of types of protein sources on the microbiota and subsequent impacts on host health.

All of the questions we have outlined in Figure 1 require carefully controlled studies that extend beyond the
current correlation-based data in order to assess microbiota functional responses. Fortunately, there are
multiple emerging methods to potentially address these questions. Two important questions to answer
in the realm of protein-microbiota interactions include, which individual dietary proteins are resilient to
host and microbial conversion? and how does protein availability influence microbial metabolism? Deter-
mining which dietary proteins are resilient to host digestion and absorption will inform which proteins and
how much reach the microbiota. For example, of the hundreds of individual soy proteins that make up a soy
protein isolate, which individual soy proteins are most likely to be absorbed by the host? Which individual
soy proteins are likely to be resilient to host digestion, and reach the colon? Of the individual proteins that
reach the colon, are they accessible to microbial proteases (or are they trapped in fiber, etc.)?

To answer these questions relating to protein digestibility, identification and quantification of individual
dietary proteins throughout the intestinal tract is required. Identification and quantification of individual
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proteins throughout the intestinal tract will provide insight on which proteins are largely resilient to host
digestion (proteins that reach the end of the small intestine) and resilient to microbial fermentation (pro-
teins that reach the fecal material). Measurement of individual protein abundances throughout the intes-
tinal tract will also elucidate the role of the microbiota in the digestion of dietary protein.

Germ-free animal models can be used to assess the role of not only the microbial community in the colon
but also the microbes in the upper intestinal tract. One reason it is important to understand the role of the
upper intestinal tract microbiota in protein digestion is that the current method for assessing host protein
digestibility overlooks the contribution of upper intestinal tract microbes. Protein digestibility is currently
measured from ileal effluent. lleal effluent allows for assessment of protein digestibility before protein is
fermented by the colonic microbiota. However, there are still a large number of bacteria in the upper in-
testinal tract (10®~10* bacteria/mL in the duodenum and jejunum, 108 bacteria/mL in the ileum) that may
play a role in protein digestion (Sender et al., 2016). Comparing germ-free and conventional (or conven-
tionalized/gnotobiotic) model animals will allow for differentiation between host and microbiota-driven di-
etary protein digestion. Understanding the role of the entire intestinal microbiota in the digestion of die-
tary protein is vital to assess the impact of microbial protein fermentation to the host.

The next set of questions relates to the functional interactions of the microbiota and dietary protein; more
specifically, how does dietary protein in the colon impact microbial activity and metabolism? As described
above, nitrogen has been shown to be a limiting nutrient in the colon for the microbiota and increased ni-
trogen availability from higher amounts of dietary protein has been shown to stimulate specific microbial
speciesin the colon (Faith etal., 2011; Holmes et al., 2017; Reese et al., 2018). We expect that stimulation of
specific microbial species leads to changes in the colonic metabolite pool based on changes in the sub-
strates consumed by the microbiota. Colonic metabolite changes may reflect not only increased protein
fermentation but also changes to the consumption of other substrates. Which species are responsible
for changing substrate and end product concentrations is difficult to assess by correlating taxonomic abun-
dance changes with metabolite changes alone. To understand the role of microbial species in metabolite
conversions and assimilation, studies are needed that directly measure assimilation of carbon and nitrogen
by microbial species, as well as stimulation of specific species without increased assimilation. These direct
evidence-based studies will allow us to answer, what is the contribution of protein to microbial energy
metabolism and biomass assimilation?

There is a wide array of microbial metabolites that can be produced by the fermentation of amino acids by
the microbiota. Different protein sources have different amino acid compositions (Joye, 2019; Marinangeli
and House, 2017; Mathai et al., 2017). The varying amino acid compositions of different protein sources
mean that microbial metabolite profiles should vary depending upon the source and type of protein.
Many end products of protein fermentation may be detrimental to the host. However, the amounts and
types of microbial metabolites produced from different protein sources are currently understudied. For
example, hydrogen sulfide is known to be a product of microbial fermentation of cysteine (Oliphant and
Allen-Vercoe, 2019; Portune et al., 2016). Does consumption of a dietary protein source high in cysteine
result in increased concentrations of hydrogen sulfide in the colon?

In addition, it would be valuable to differentiate the source of metabolites that are produced from different
substrates. For example, SCFAs primarily originate from carbohydrates but are also a product of amino acid
fermentation. SCFAs represent protein fermentation products that may be beneficial to host health but the
exact quantity of SCFAs contributed from protein is currently unknown. Quantifying the contribution of
SCFAs from dietary protein will elucidate the functional impact of protein fermentation to host health through
the differentiation of protein fermentation products that may be beneficial versus detrimental to host health.

FUTURE DIRECTIONS

There are a number of emerging approaches to address pressing questions in the field of dietary protein-
microbiota interactions. A combination of meta-omics techniques will be particularly useful in unraveling
the relationship between dietary protein and the intestinal microbiota. Notably, metaproteomic analysis
of intestinal samples allows for the identification and quantification of thousands of proteins from the
diet, host, and microbiota in one measurement and thus this approach is key to understanding dietary pro-
tein-microbiota interactions (Kleiner et al., 2017; McNulty et al., 2013; Mottawea et al., 2016; Patnode et al.,
2019; Salvato et al., 2021). In addition to basic metaproteomic approaches that allow for identifying and
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quantifying proteins in microbiome samples, there are advanced metaproteomic methods to directly link
dietary components to their microbial metabolizers (Kleiner et al., 2018, 2021; Smyth et al., 2020). Metapro-
teomics can be combined with additional approaches to further address the questions we have outlined
above. For example, Patnode et al. used metaproteomics, genetic screening, and artificial food particles
(magnetic beads bound with dietary fibers) to assess fiber degradation by specific microbiota species (Pat-
node et al.,, 2019). This technique could be applied to studying dietary protein by using similar magnetic
beads bound with different dietary proteins. We point readers to a recent mini-review by Salvato et al.,
for an introduction to metaproteomics (Salvato et al., 2021).

Well-controlled studies that focus exclusively on dietary protein source and quantity will aid in furthering
our understanding of this dietary component that constitutes a vital portion of the human diet. When
designing protein-microbiota studies, it is important to consider interference of nonprotein dietary com-
ponents and to disambiguate host effects from microbiota effects, which can be achieved with the use
of fully defined diets and gnotobiotic animal models. Such studies will elucidate the currently understudied
relationship of dietary protein and the intestinal microbiota and contribute to the ultimate goal of modu-
lating the microbiota to benefit host health.
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