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ABSTRACT OF THE DISSERTATION

Molecular mechanisms mediating the effects of acute dietary vitamin A deficiency on a defined

model human gut microbiota
by
Matthew Charles Hibberd
Doctor of Philosophy in Biology and Biomedical Sciences
Molecular Microbiology and Microbial Pathogenesis
Washington University in St. Louis, 2016
Professor Jeffrey I. Gordon, Chair

Micronutrient deficiencies represent a form of “hidden hunger” that afflict two billion people
worldwide. To test the hypothesis that dietary micronutrient deficiency has differential effects on
members of the human gut microbiota, a consortium containing 92 sequenced phylogenetically
diverse bacterial strains was introduced into germ-free mice. Recipient animals were subjected to
a diet oscillation that began with highly defined micronutrient-sufficient diet followed by a deriva-
tive diet with one of four types of single micronutrient deficiency, or a diet representing combined
deficiencies, followed by return to the original sufficient diet. Times-series studies of microbial
community structure and transcriptome revealed that acute vitamin A deficiency had the largest
effects. Bacteroides vulgatus, a member of the developing microbiota associated with healthy
growth of children, was a prominent responder, increasing its abundance in the absence of dietary
vitamin A, and manifesting robust changes in gene expression affecting a number of metabolic
and other pathways. In vitro studies of different retinoids revealed that retinol was the most po-
tent inhibitor of B. vulgatus growth. Applying retinol selection to a library of 30,300 B. vulgatus
transposon mutants revealed that disruption of AcrR, a member of the TetR family of transcription-
al repressors, abrogated retinol sensitivity. Genetic complementation studies, in vitro RNA-Seq
analysis, and transcription factor binding assays disclosed that AcrR (i) functions as a repressor

vil



of an adjacent AcrAB-TolC efflux system (and of dispersed genes comprising a larger regulon)
and (i1) mediates retinol sensitivity. Measurement of retinol efflux from wild-type, acrR-mutant,
and complemented acrR mutant strains of B. vulgatus, combined with studies of the effects of a
pharmacologic inhibitor of this efflux system and of bile acids on growth provided additional sup-
port that members of the AcrR regulon, including AcrAB-TolC, function as determinants of retinol
and bile acid sensitivity in gut Bacteroides. Our findings raise the possibility that dietary retinol
availability, bile acids generated by microbial biotransformation, and this efflux system interact to

influence the fitness of B. vulgatus and perhaps other gut bacterial species.
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Chapter 1

Introduction



The microbiota and micronutrient deficiencies in the context of global health

Humans are an amalgamation of human and microbial cells and genes. Our population of microbi-
al cells is equal to or exceeds our population of human cells (Sender et al. 2016). The gut contains
our largest community of microbes (the microbiota) and microbial genes (the microbiome), and
is composed of members of all three domains of life — Eukarya, Archaea and Bacteria (and their
viruses). Bacteria dominate the gut environment and are the best studied while the identities and
activities of the eukaryotic and archaeal members of the microbiota are less well defined (Reyes
et al. 2010; Marchesi 2010; Dutilh et al. 2014; Ogilvie et al. 2013; Parfrey et al. 2014). Bacteria
in the gut are represented primarily by two phyla, the Bacteroidetes and the Firmicutes (Qin et al.
2010; HMP Consortium, 2012; Walker et al. 2011; G. D. Wu et al. 2011; Eckburg et al. 2005). A
healthy adult living in the USA harbors ~100 species-level bacterial taxa and >200 strain-level taxa
as judged by low-error sequencing of 16S rRNA amplicons (Faith et al. 2013). Significant inter-
personal variations exist in bacterial community composition. Although many host-derived factors
influence the configuration of the gut microbiota, arguably the most significant environmental de-
terminant of microbial community structure is diet (Muegge et al. 2011; Faith et al. 2011; Walker

et al. 2011; Carmody et al. 2015; Ussar et al. 2015).

Malnutrition, specifically undernutrition, is a significant global health challenge (Black et
al. 2013; Bryce et al. 2005). An estimated 45% of all childhood deaths worldwide can be attributed
directly or indirectly to various forms of undernutrition (Black et al. 2013). Moreover, the long
term sequelae of childhood undernutrition - stunting, neurodevelopmental and immune defects
- persist and are refractory to current therapies. Although food insecurity is an important factor
in disease pathogenesis, it is not the only one; other factors, including enteropathogen burden,
environmental enteric dysfunction, and perturbed postnatal development (maturation) of the gut

microbiota appear to play causal roles (Blanton et al. 2016).

Dietary macronutrient deficiencies often produce more overt disease (Ahmed et al. 2014;

Ahmed et al. 2009; Williams et al. 2003) than micronutrient (vitamin and mineral) deficiencies.



Thus, micronutrient deficiencies represent a form of “hidden hunger” (Muthayya et al. 2013). Epi-
demiologists estimate that micronutrient deficiencies afflict two billion people worldwide, with the
greatest prevalence occurring in pregnant women and children under the age of five (Institute of
Medicine (US) Committee on Micronutrient Deficiencies 1998; Bailey et al. 2015). It is clear that
micronutrient deficiencies are highly prevalent in the developing world, are associated with pov-
erty, and are part of an intergenerational cycle that involves pregnant mothers and their children
(Bailey et al. 2015). Deficiencies of iron, vitamin A, folate, and zinc are of particular concern to
global health organizations such as the World Health Organization, the United Nations Children’s
Fund, and the Bill & Melinda Gates Foundation due to their high prevalence and severity of mor-

bidity and mortality associated with these deficiencies.

Iron deficiency

Iron is critically important for oxygen transport in the blood and cellular respiration in muscle.
Dietary iron is derived from plant and animal sources in non-heme and heme forms, respectively
(Stipanuk and Caudill 2013). In the body, iron resources are highly conserved (only 0.05% of body
stores lost per day in humans) and iron access is tightly controlled by host iron transport and stor-
age systems. High iron loss occurs during menstruation, pregnancy, and lactation, and during in-
fections (Stipanuk and Caudill 2013); the combination of chronic dietary iron deficiency and iron
loss due these factors can lead to iron deficiency. Iron deficiency, as evidenced primarily by high
rates of microcytic anemia, is the most common nutritional disorder worldwide, afflicting some
30% of the world’s population (McLean et al. 2009). Iron-deficiency anemia contributes to adverse
pregnancy outcomes and maternal mortality; the offspring of iron deficient mothers begin life with
iron deficiency, which has a significant negative impact on a variety of biological processes includ-

ing immune function and psychomotor development (Baynes and Bothwell 1990).



Zinc deficiency

Zinc is an essential cofactor for a large number of enzymes and for the DNA binding activity of
a variety of transcription factors; as such, it is important for healthy growth and development
(Shankar and Prasad 1998; King 2011). Zinc is obtained in the diet primarily from animal products
and whole grain cereals. A recent survey of zinc availability in national food supplies estimates a
global prevalence of zinc inadequacy of 17% (Wessells and Brown 2012). Zinc bioavailability is
also affected by dietary components that limit its absorption such as phytates (Brni¢ et al. 2014).
The involvement of zinc in myriad cellular processes, combined with a lack of a specialized zinc
storage system in the human body, makes zinc deficiency a significant impairment, with mani-
festations that include immune dysfunction and increased rates of diarrheal disease (Shankar and

Prasad 1998; Rink and Gabriel 2000).

Vitamin A deficiency

Vitamin A is a class of essential fat-soluble compounds whose activities are important for vision,
immune function, reproduction, and signal transduction cascades that are key to normal develop-
ment (Stipanuk and Caudill 2013). Vitamin A is present in the diet in the form of retinyl esters from
animal sources and provitamin A carotenoids from plant sources; both require additional metabolic
processing before they can exert their biological functions. The fat solubility and storage charac-
teristics of re-esterified vitamin A make it difficult for an individual who once had adequate vita-
min A stores to become deficient due to dietary insufficiency alone. However, chronic exposure to
rice-based diets with little fat to aid in or stimulate absorption can potentiate deficiency (Roels et
al. 1958). Furthermore, the vitamin A status of mothers and their nursing infants is connected via
breast milk, with the result that deficiency can also be transmitted intergenerationally (Stoltzfus
and Underwood 1995). Vitamin A deficiency is the leading cause of blindness in children, impairs
immune responses to infection, and can lead to significant mortality (Bailey et al. 2015; The World

Health Organization 2009).



Folate deficiency

Folate is a water soluble B vitamin (B9) involved in the many facets of one-carbon metabolism, in-
cluding DNA synthesis, repair, and methylation (Stipanuk and Caudill 2013). Folate is present pri-
marily in plant-derived components of diet and is synthesized by members of the gut microbiota.
Folate deficiency causes macrocytic anemia in children and can lead to significant developmental
defects in the offspring of deficient mothers (Krishnaswamy and Nair 2007); moreover, epigenetic
changes in the offspring of deficient mothers may contribute to some of the more chronic sequelae

of deficiency (Guéant et al. 2013).

Multiple micronutrient deficiencies

Micronutrient deficiencies rarely exist in isolation; rather, the socioeconomic and cultural factors
that contribute to food insecurity often lead to clustered deficiencies of multiple micronutrients
(Muthayya et al. 2013; Bailey, West, and Black 2015). Furthermore, certain single micronutrient
deficiencies can interact physiologically to potentiate other deficiencies and increase associated
morbidities. Perhaps the most significant and best-studied examples of such an interaction occurs
when iron deficiency anemia is potentiated by deficiencies in vitamin A or folic acid (Fishman,
Christian, and West 2000; Schultink and Gross 1998). Additionally, zinc is required for proper

mobilization of vitamin A stores in the liver (Smith et al. 1973).

Just as micronutrient deficiencies do not exist in isolation, these complex, nutritionally-
propagated conditions are also not easily treated in isolation, as illustrated by treatment strategies
for zinc deficiency (Solomons, Ruz, and Gibson 1999). The most direct method for treatment of
micronutrient deficiency (or deficiencies) is administration of micronutrient supplements. Chal-
lenges associated with the production, distribution, and administration of purified supplements
have led to more socially ‘acceptable’ and sustainable therapeutic efforts based on direct fortifica-
tion of foods and dietary diversification (Bailey et al. 2015). Importantly, supplementation does not
treat the dietary or cultural origins of a given deficiency (or deficiencies); hence, public health ef-

forts have been directed at obtaining more holistic treatment and the need for deeper understanding
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of the root causes of specific deficiencies. Fortification is an attractive method for creating foods
with added nutritional value; however, the cultural acceptance of enhanced foods like -carotene
biofortified “Golden Rice” are limited due to local food traditions, political issues, and acceptance

of genetically-modified crops (Ye et al. 2000).

The complex nature of multiple micronutrient deficiencies, interpersonal differences in di-
etary requirements, coupled with technical aspects of formulation and production of a “one size fits
all” multiple micronutrient supplement, can lead to over-supplementation of one or more micro-
nutrients. For example, the WHO-recommended maternal prophylactic dose of 300,000-400,000
international units (IU) of vitamin A (either in a single or two equal doses administered >24 hr
apart), while intended to reduce maternal and infant vitamin A deficiencies, meets the criterion for
acute toxicity in humans (Penniston and Tanumihardjo 2006). The efficacy and safety of high-dose
vitamin A supplementation strategies have not been adequately studied. Moreover, strong evidence
suggests that iron supplementation in the developing world can potentiate multiple infections,
most notably malaria (Soofi et al. 2013; Veenemans et al. 2011; Sazawal et al. 2006). Thus, re-
sponsible and effective treatment of such deficiencies, without associated negative consequences,

represents a challenging active problem in global public health.

Studies of micronutrient deficiency in gnotobiotic animal models

Gnotobiotic animal research has been a powerful tool for nutrition research since the inception
of methods for rearing animals under germ-free conditions. More specifically, much of what is
known currently about interactions between the gut microbiota and host micronutrient metabolism
has been derived from historical gnotobiotic animal studies. An ‘eternal’ challenge of nutrition
research is the paradox between studying humans directly, and systematically manipulating (and
controlling) variables that are hypothesized to impact the interrelationships between diet, (gut)
microbial community configuration, and host biological features/processes. Gnotobiotic animal
models provide perhaps the best avenue for controlling experimental variables in an in vivo sys-

tem. Highly-defined research diets can be formulated and administered. The composition of the
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microbiota introduced into these animals can be manipulated. Replication is possible through the
use of animals with defined genetic backgrounds and the capacity to control environmental condi-
tions. Lines of conventionally-raised animals (e.g., rodents) can be re-derived as germ-free either
by embryo transfer or by caesarian section. Gnotobiotic isolators are typically composed of clear,
flexible vinyl with sealed gloved ports for within-isolator manipulations, HEPA-filtered inlets and
outlets for circulation of room air, and a chambered docking port for bringing supplies into and
biospecimens out of isolators. Both diets and water are sterilized by autoclaving or irradiation,
along with any other experimental supplies (some heat-sensitive supplies require chemical steril-

ization by ethylene oxide gas treatment) before placement in the isolator.

B vitamins

Vitamins B1 (thiamine), B6 (pyridoxine), B7 (biotin), B9 (folic acid), and B12 (cobalamin) are
synthesized by the small intestinal and colonic microbiota and absorbed to varying extent from
these regions of the gut (Klipstein and Samloff 1966; Stevens and Hume 1998). The dietary B vita-
min requirements of gnotobiotic animals are linked to their ability to scavenge microbiota-derived
B vitamins by coprophagy (and cecotrophy in the case of rabbits) (National Research Council
(US). Subcommittee on Laboratory Animal Nutrition 1995). Experimental folate deficiency has
been shown to depend on both dietary deficiency and perturbation of the gut microbiota with anti-
biotics (Klipstein et al. 1973). Furthermore, experimental folate deficiency in gnotobiotic animals

can be ameliorated by the introduction of an intact microbiota.

Bacterially-derived, labeled folate can be found in the tissues of human hosts (Camilo et
al. 1996; Klipstein and Samloff 1966; Klipstein and Lipton 1970). Some have suggested that the
ability of Lactobacillus spp. and Bifidobacterium spp. to produce B vitamins may contribute to

their purported probiotic activities (O’Connor 2013).



Vitamins K and A

Early studies identified a requirement for dietary vitamin K (primarily K,) in germfree but not
conventionally-raised (CONV-R) animals (Wostmann 1981). Germfree rats consuming very low
levels of dietary vitamin A survive four times longer than their CONV-R counterparts when fed
the same diets (>40 weeks versus 8-10 weeks), even in the presence of outright symptoms of defi-
ciency (Bieri et al. 1969; Rogers et al. 1971). More recent studies have linked vitamin A deficiency
to enteric infections, suggesting an interaction between this vitamin, the immune system, and op-
portunistic or overt pathogens in the intestine (Curtale et al. 1995; Sommer et al. 1987). Additional
indirect interactions between vitamin A, gut microbes, and the immune system may exist, as vita-
min A deficiency has been linked to decreases in Th17 cells in the small intestine with concurrent

reduction in the abundance of segmented filamentous bacteria (Cha et al. 2010).

Minerals

Intestinal microbes possess sophisticated direct and small molecule-mediated transport systems
for iron and zinc. CONV-R rats and rabbits exhibit enhanced iron uptake and storage, and the pres-
ence of an intact gut microbiota ameliorates anemia on low-iron diets (Reddy et al. 1965; Reddy
et al. 1972). Germfree rats also lose more iron in feces than CONV-R animals (Reddy et al. 1972).
Germfree animals fed zinc-deficient diets exhibit lower dietary zinc requirements than CONV-R
controls, suggesting a detrimental effect of the microbiota on zinc metabolism (Smith et al. 1972).
More recent studies of germfree mice and chickens, colonized with microbiota of varying com-
plexity, have shown the ecological importance of bacterial zinc acquisition systems: the effects are
dependent on community context and host inflammatory state (Gielda and DiRita 2012; Pesciaroli

et al. 2011; Liu et al. 2012).



Controlled manipulation of interactions between diet. the gut microbiota, and host:
gnotobiotics. defined communities, and assay methods

At the time that many of the gnotobiotic animal studies described above were performed, multi-
omic methods for mechanistic analyses of the effects of micronutrient deficiency on the microbiota
(and host) were not available. Just as the use of defined experimental diets for gnotobiotic animals
allows control over micronutrient exposure, defined communities of sequenced human gut bacteria
provide an opportunity for hypothesis-generating and hypothesis-based experiments devoted to
characterizing interactions between micronutrients and members of the microbiota. The popularity
of defined microbial community experiments has grown with the expansion of gnotobiotic facili-
ties, although the idea is certainly not new. In fact, early efforts by Schaedler and colleagues re-
sulted in the generation and broad adoption of an early defined gut microbiota (“altered Schaedler
flora” or ASF) (Schaedler et al. 1965; Dewhirst et al. 1999). The traditional use of the ASF was as
a standardized microbial “background” introduced at birth in order to allow confirmation of spe-
cific pathogen-free status in animals residing in barrier facilities. More modern implementations
of the defined community concept allow researchers to assemble well-characterized bacteria from
strain repositories, such as the American Type Culture Collection (ATCC) and its German equiva-
lent, the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ). The use
of organisms from these curated collections for defined community experiments was particularly
attractive during the earlier years of microbial genome sequencing when generating a deep draft or
finished genome was a very exhaustive and elaborate process. More recently, the dramatic increase
in sequencing capacity and concurrent decrease in sequencing costs, improvements in genome as-
sembly and annotation tools, and advances in the ability to culture bacterial members of a given
human’s gut microbiota have allowed defined communities to be assembled from sets of primary
rather than ‘domesticated’ isolates (Goodman et al. 2011). Researchers can now assemble defined
communities to complexities approaching the estimated complexity of the human communities
they are intended to represent and introduce them into germfree recipient animals fed defined diets

(Faith et al. 2011).



Regardless of the origin of defined community members, the ability to manipulate com-
munity membership is powerful for many reasons. On the technical side, such control allows for
colonization of experimental animals with known organisms, and like the intended use of the ASF,
enhances researchers’ ability to detect contaminants. On the experimental side, hypothesis test-
ing is potentiated by the ability to perform “add one (or more) in” or “leave one (or more) out”
experiments, providing direct proof of an organisms’ ability to influence the biological properties
of other community members, the overall community, and/or host (Faith et al. 2014). The ability
to interrogate defined microbial communities hinges on the possession or generation of draft qual-
ity or better genome sequences for all community members. Genome sequences allow in silico
metabolic reconstructions to be performed and prototrophies and auxotrophies to be predicted.
Methods such as short read shotgun sequencing of community DNA (Community Profiling by
Sequencing; COPRO-Seq), microbial RNA-Seq, whole genome transposon mutagenesis (INSeq),
and targeted or non-targeted mass spectrometry can be applied to characterize community struc-
ture and expressed functions in specified community and dietary contexts. COPRO-Seq avoids
biases common to 16S rRNA sequencing (McNulty et al. 2011; McNulty et al., 2013; Faith et al.,
2011), further, using the regions of the genome of each community member that discriminates it
from other members in a defined community permits quantification of organism abundances at
strain-level resolution. The low cost of sequencing and easy scalability of COPRO-Seq enables ac-
curate detection of low abundance members. Microbial RNA-Seq allows the metatranscriptome of
a microbial community or community members to be delineated using the same high-throughput
short-read sequencing methods employed for COPRO-Seq (Rey et al. 2010). Possessing a defined
set of sequenced genomes allows accurate mapping of short transcript reads to their genes of origin
and more precise definition of gene and operon boundaries. Depth of interrogation is scalable, as
it is for COPRO-Seq. Short-read transcriptional data can be normalized and analyzed at the level
of a single community member, allowing a ‘bottom-up’ approach for delineating that member’s
responses and contribution to the community meta-transcriptome. These bottom-up analyses can

complement top-down analyses of the entire community’s metatranscriptomic response to ma-
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nipulation of membership and/or diet. INsertion Sequencing (INSeq) is a method that marries ge-
nome-wide transposon mutagenesis with short-read sequencing technology and allows identifica-
tion of the genetic determinants of fitness for members of a defined artificial human gut microbiota
installed in gnotobiotic mice. Each INSeq library is composed of tens of thousands of transposon
(Tn) mutants (single site of Tn insertion/strain; 10-25 Tn insertions/gene; typically >80% genes
covered/genome). The mariner Tn vector contains Mmel sites positioned at each end, and diges-
tion of microbial DNA prepared from the gut contents or feces of recipient gnotobiotic mice with
this enzyme cleaves genomic DNA at a site 20-21 bp distal to the restriction enzyme’s recognition
site. The site of Tn insertion and the relative abundance of each Tn mutant in the input libraries
introduced into mice and in the ‘output’ (e.g., fecal) communities recovered from these animals is
defined using a protocol developed previously in our lab (Wu et al. 2015). Alternatively, the library
can be subjected to in vitro selections and selected libraries analyzed as above, or arrayed to obtain

individual mutants for further study.

Overview of the dissertation and hvpotheses

I have created a gnotobiotic mouse model of acute dietary micronutrient deficiencies. Animals
were colonized with a defined community of cultured, sequenced human gut-derived bacterial
strains obtained from ATCC and DSMZ. The size and diversity of this model human gut communi-
ty were unprecedented (92 organisms gavaged, of which 45.5 + 1.8 colonize each mouse; 348,843
total annotated coding sequences). I hypothesized that Fe, Zn, folate and/or vitamin A deficiencies
would have differential effects on the community that could impact the fitness and niche of its
members. I also hypothesized that these effects of micronutrient deficiency may persist, particu-
larly if the deficiency is experienced as the microbiota executes its developmental program during
the first 2-3 years of postnatal life and impacts host development: under these circumstances the
biological effects of micronutrient insufficiency may be felt even after the deficiency is ‘corrected’

by a dietary intervention.
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I pursued my hypotheses by first introducing the defined community into germfree mice
and subjecting the mice to a sequence of diet oscillations where a period of micronutrient suf-
ficiency was followed by deficiency followed by a return to sufficiency. Groups of animals ex-
perienced either a single deficiency (Fe, Zn, folate, or vitamin A) or combined deficiencies (all
four). A control group was maintained on a micronutrient sufficient diet throughout. The deficient
diets were very well defined, with protein represented only by amino acids to avoid the poten-
tially confounding problem of having to vary protein type between different experimental diets
due to differences in baseline micronutrient content. Microbial responses to diet oscillations were
initially defined using COPRO-Seq and microbial RNA-Seq. Analyses of the resulting large da-
tasets revealed that vitamin A deficiency had the greatest impact on defined community structure
and on the meta-transcriptome, with the strongest and most consistent response represented by an
inverse correlation between dietary vitamin A content and the abundance of Bacteroides vulgatus.
Follow-up INSeq, pharmacologic, genetic complementation, transcription factor binding and mass
spectrometry-based proteomic and metabolic studies revealed a B. vulgatus regulon controlled by
AcrR that included an AcrAB efflux system, which mediates the effects of vitamin A on the fitness
of this organism. Together, these studies provide an unanticipated view of the effects of vitamin A

on bacterial members of the human gut microbiota.
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Abstract

Micronutrient deficiencies represent a form of “hidden hunger” that afflict two billion people
worldwide. To test the hypothesis that dietary micronutrient deficiency has differential effects on
members of the human gut microbiota, a consortium containing 92 sequenced phylogenetically
diverse bacterial strains was introduced into germ-free mice. Recipient animals were subjected to
a diet oscillation that began with highly defined micronutrient-sufficient diet followed by a deriva-
tive diet with one of four types of single micronutrient deficiency, or a diet representing combined
deficiencies, followed by return to the original sufficient diet. Times-series studies of microbial
community structure and transcriptome revealed that acute vitamin A deficiency had the largest
effects. Bacteroides vulgatus, a member of the developing microbiota associated with healthy
growth of children, was a prominent responder, increasing its abundance in the absence of dietary
vitamin A, and manifesting robust changes in gene expression affecting a number of metabolic
and other pathways. /n vitro studies of different retinoids revealed that retinol was the most po-
tent inhibitor of B. vulgatus growth. Applying retinol selection to a library of 30,300 B. vulgatus
transposon mutants revealed that disruption of AcrR, a member of the TetR family of transcrip-
tional repressors, abrogated retinol sensitivity. Genetic complementation studies, vitro RNA-Seq
analysis, and transcription factor binding assays disclosed that AcrR (i) functions as a repressor
of an adjacent AcrAB-TolC efflux system (and of dispersed genes comprising a larger regulon)
and (ii) mediates retinol sensitivity. Measurement of retinol efflux from wild-type, acrR-mutant,
and complemented acrR mutant strains of B. vulgatus, combined with studies of the effects of a
pharmacologic inhibitor of this efflux system and of bile acids on growth provided additional sup-
port that members of the AcrR regulon, including AcrAB-TolC, function as determinants of retinol
and bile acid sensitivity in gut Bacteroides. Our findings raise the possibility that dietary retinol
availability, bile acids generated by microbial biotransformation, and this efflux system interact to

influence the fitness of B. vulgatus and perhaps other gut bacterial species.
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Introduction

Dietary micronutrients (vitamins and minerals) are cofactors for many enzymes whose functions
are essential for health. The “hidden hunger” of micronutrient deficiencies represents a global
health challenge, affecting 2 billion individuals, with inadequate iron, zinc, folate and vitamin A
representing the major contributors to this problem (Bailey et al. 2015; Institute of Medicine Com-
mittee on Micronutrient Deficiencies, 1998). Pregnant women and children are particularly vulner-
able to micronutrient deficiencies. A meta-analysis of 16 controlled clinical studies of ‘multiple
micronutrient powders’ conducted in 6-month to 11-year old children living in developing coun-
tries found no evidence of significant effects on linear growth, despite improvements in micronu-
trient status (Salam et al., 2013). These disappointing results raise questions about what features of
deficiency states we are failing to repair with current interventions, whether current protocols for
dosing and duration of treatment are adequate, and whether unappreciated and unintended deleteri-
ous effects accompany such interventions. For example, the WHO-recommended dose of vitamin
A for treatment of childhood deficiency meets the criterion for acute toxicity in humans (Penniston
and Tanumihardjo, 2006), while iron supplementation may potentiate the risk for certain infections

(e.g., malaria) (Soofi et al. 2013; Veenemans et al. 2011; Sazawal et al. 2006).

Recent studies have revealed a program of gut microbial community development, defined
by the changing patterns of abundance of a group of age-discriminatory bacterial strains, that is
executed during the first 2-3 years of postnatal life. This developmental program, which is shared
among healthy biologically unrelated infants/children living in culturally and geographically dis-
tinct low income countries, is disrupted in infants and children with undernutrition, resulting in
community configurations that appear younger (more immature) compared to those encountered
in chronologically age-matched individuals with healthy growth phenotypes (Subramanian et al.,
2014; Blanton et al., 2016a,b). Preclinical evidence indicates that this immaturity is not simply
an effect of undernutrition but a contributing cause: recently weaned gnotobiotic mice colonized
with immature gut microbiota samples from undernourished Malawian children manifest impaired

growth compared to recipients of microbiota from chronologically-aged matched healthy donors,
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even though animals in all treatment groups consumed the same amounts of a macro- and micronu-
trient deficient diet designed to resemble the diets of the microbiota donor population (Blanton et
al., 2016a). Analysis of the microbiota of recipient mice identified bacterial strains that are growth
discriminatory: they include a subset of the age-discriminatory strains. These observations suggest
a testable hypothesis: namely, that various types of micronutrient deficiencies may disrupt various
features of a developing microbiota. Moreover, such disruptions, occurring during a critical period

of community assembly, may persistent, with resulting deleterious effects on host biology.

Earlier studies comparing germ-free animals and their conventionally-raised counterparts
provided evidence that the gut microbiota can have beneficial effects in the face of micronutrient
deficiencies (e.g., enhanced iron uptake and storage in rats and rabbit models; Reddy et al., 1965;
1972), or detrimental effects [increased mortality on vitamin A-deficient diets (Bieri et al., 1969;
Rogers et al., 1971), and increased dietary zinc requirements (Smith et al., 1972; Reddy et al.,
1972) in rats]. The specific microbes and underlying mechanisms responsible for these observed

effects were not defined in these reports.

In the current study, we examine the effects of acute micronutrient deficiencies on mem-
bers of the microbiota using gnotobiotic mice colonized with a large and phylogenetically diverse
consortium of cultured and sequenced human gut bacterial strains, including strains representing
species that are age- and/or growth-discriminatory in Random Forests-derived models of micro-
biota development. Mice were subjected to a diet oscillation that began with highly defined micro-
nutrient-sufficient diet followed by a derived diet with one of four types of single micronutrient
deficiency, or a diet representing combined deficiencies, followed by return to the original micro-
nutrient sufficient diet. This model of acute deficiency allowed us to focus on primary microbiota
effects rather than having to disentangle potentially cofounding effects of combined community
and host deficiency states. Community DNA- and mRNA-level analysis, combined with in vitro
genetic, biochemical and pharmacologic studies allowed us to characterize the mechanisms that
underlie the pronounced effects of vitamin A deficiency on a growth-discriminatory bacterial spe-

cies.
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Results

The micronutrient sufficient diet and the derivative diets devoid of one or more micronutrients
were all well-defined compositionally with protein represented only by amino acids to avoid the
potentially confounding problem of having to vary protein type due to differences in their content
of bound minerals (Table S1). Adult (8-9 week old) germ-free C57Bl/6J mice that had consumed
a standard mouse chow, rich in plant polysaccharides and low in fat, since weaning were placed
on the micronutrient-sufficient diet for four days prior to colonization. Mice then received a single
oral gavage of a consortium of 92 sequenced human gut-derived bacterial type strains, contain-
ing 348,834 known or predicted protein-coding genes, encompassing the major phyla present in
the human microbiota; 16 of these strains represented species corresponding to strains that had
been identified as age- and/or growth-discriminatory in Random Forests-derived models of nor-
mal gut microbiota development (Table S2). Members of each treatment group (n=5 cohoused
animals/group) were maintained on the micronutrient sufficient diet for 14 days, followed by a
21-day period of acute micronutrient deficiency, followed by a 14 day period of re-exposure to the
micronutrient-sufficient diet. A control group was maintained on the micronutrient sufficient diet

throughout the course of the experiment (Figure 1A). All diets were given ad libitum.

Short-read shotgun sequencing (COmmunity PROfiling by Sequencing; COPRO-Seq) of
DNA prepared from fecal samples collected over time was used to define the efficiency and repro-
ducibility of colonization within and across treatment groups, and the relative abundance of each
community member as a function of diet. A group of 44 strains comprised a core group of organ-
isms that was represented in the fecal microbiota of members of all treatment groups at the end
of the first diet phase; the number of additional strains found in each treatment group was small
(range 0-3) (Table S3A,B): this similarity in community membership across treatment groups at
the end of this stage of the experiment was reflected in principal coordinates analysis (PCoA) of

pairwise comparisons using the Bray-Curtis dissimilarity metric (Figure 1B).
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Dietary vitamin A deficiency has the greatest effect on community structure and meta-

transcriptome

We applied mixed-effects linear models to log-transformed, rarefied COPRO-Seq data to identify
organisms with significant interactions between treatment group and diet stage. We also performed
least-squares means comparisons between mice in the control group monotonously fed the nutrient
sufficient diet and those assigned to the experimental treatments (Table 1). Communities sampled
at the end of the initial micronutrient sufficient diet phase (experimental day 14), 14 days after
switch to the deficient diet (day 28) and 14 days after return to the sufficient diet (day 49) were
included in the analyses. The results revealed that among the five acute dietary deficiency states
tested, vitamin A had the greatest effect on community structure, significantly impacting the abun-

dances of the largest number of organisms (Table S3A-G, Table S4A-C).

We subsequently used microbial RNA-Seq to characterize transcriptional responses to the
various diets: data generated from samples collected from each mouse in each treatment group at
the end of the micronutrient sufficiency phase (day 14), the end of the micronutrient deficiency
phase (day 35), and 14 days after return to the sufficient diet (day 49) were compared; statistically
significant differences in gene expression as a function of time/diet were identified using DESeq2
(see Methods); responsive genes were binned into KEGG Pathways and KEGG Orthology (KO)
groups. Analogous to the COPRO-Seq analysis, animals consuming the micronutrient sufficient
diet monotonously served as a reference control for temporal effects independent of diet transi-

tions.

Table SSA-H describes the results of this community-wide (top-down) analysis for all
treatment groups. Vitamin A deficiency elicited a larger number of significant alterations in the
meta-transcriptome than any of the other acute deficiency states (summarized in Table S5A):
the two top ranked KOs that incorporated transcripts whose expression changed significantly as
a function of the presence and absence of vitamin A were K02014 (‘TonB dependent receptors’),

K00936 (‘phosphotransferases with a nitrogenous group as acceptor’) (Table S5B).

28



The relative abundance of B. vulgatus increased significantly during the vitamin A defi-
ciency phase and decreased significantly when mice were transitioned back to the sufficient diet:
mixed effects linear modeling revealed that no other single micronutrient deficiency produced a
statistically significant increase in its representation. The only other single micronutrient deficient
state that affected its representation was iron but the change occurred in a direction opposite to
those observed with vitamin A. (Table 1). The direction and specificity of the response to vitamin
A deficiency was remarkable, as none of the other Bacteroides in the community exhibited this

pattern (Table S4).

The specificity and distinctive breadth of B. vulgatus’ responses to vitamin A availability
were also evident in the microbial RNA-Seq dataset (see Table S6A-G for a KO-level summary
of significant changes in its in vivo gene expression profile in response to diet oscillations in-
volving vitamin A, iron, zinc, or folate, and combined deficiency, as well as in the control group
monotonously fed the micronutrient sufficient diet, and Table S7A-T for a KO-level summary
of transcriptional responses for each member of the gut community represented in the vitamin A
treatment group). Acute dietary vitamin A deficiency did not produce a significant change in body

weight in these adult animals: this was also true for all of the deficiency states (Table S8).

Identification of a member of the TetR family of transcriptional repressors that mediates the

retinol sensitivity of B. vulgatus

To examine the mechanisms underlying the in vivo response of B. vulgatus ATCC 8482 to dietary
vitamin A availability, we incubated the strain in vitro, under anaerobic conditions, in a defined
medium, with or without supplementation of a range of concentrations of retinol, retinal, retinyl
palmitate, all-trans retinoic acid or B-carotene; the diterpene alcohol geranylgeraniol was used as
a control. Retinoid sensitivity was defined as the ratio between the time required to reach an OD
threshold of 0.3 for treated cultures versus control cultures containing vehicle alone (0.2% DMSO).
The concentration range of retinol (and other retinoids) used was based on previous reports of lev-

els in small intestinal and fecal contents of mice and humans (Liu et al. 2008; Hernandez-Alvarez
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et al. 2015). Treatment with 10 uM retinol completely inhibited the growth of B. vulgatus; retinal
and retinyl palmitate produced significantly reduced levels of growth inhibition compared to reti-
nol and geranylgeraniol had no significant effect (Figure 2A,B, Table S9A). A primary isolate of
B. vulgatus recovered from a Malawian child, characterized as a growth-discriminatory strain in
the gnotobiotic mouse experiments described in the /ntroduction (Blanton et al., 2016a), also ex-
hibited marked, dose-dependent growth suppression in the presence of retinol (Figure 2C, Table
S9B). Consistent with the responses documented in vivo to the dietary vitamin A oscillation where
B. dorei exhibited increased abundance in the presence compared to absence of vitamin A (Table
S4), retinol induced significantly less inhibition of the growth of this organism in vitro than B.

vulgatus (Figure 2B, Table S9B).

Whole genome transposon mutagenesis (INsertion Sequencing, INSeq; Goodman et al.,
2009; Wu et al., 2015) was subsequently used to identify the genetic determinants of the response
of B. vulgatus ATCC 8482 to retinol. A library of 30,300 isogenic Tn mutants was generated (see
Methods): 71% (2894) of the strain’s predicted ORFs contained Tn mutants positioned within their
proximal 80% (average of 10.5 Tn mutants/ORF represented in the library; 1 Tn/strain) (Figure
S1A). Simulating the number of unique mutants required to cover all non-essential ORFs revealed

that the INSeq library approached saturation (Figure S1B).

The library of Tn mutants was subjected to in vitro selection in the presence of 10 uM
retinol. Aliquots were withdrawn from primary cultures during lag and stationary phases. An ali-
quot from the stationary phase culture was then re-inoculated into fresh medium containing 10
um retinol for a second round of selection: log and stationary phase samples were withdrawn
from these secondary cultures (n=3 replicate primary and secondary cultures; Figure 3A). The
selected B. vulgatus libraries contained only four mutants (Figure 3B). These mutants map to
two adjacent genes in the B. vulgatus ATCC 8482 genome; BV'U(024(0 encoding an homolog of E.
coli ActR (17% identity, 22% similarity), a member of the TetR family of transcription factors,
and BVU0241, encoding a homolog of E. coli LpxA (33% identity, 35% similarity), a UDP-N-

acetylglucosamine O-acyltransferase which functions as the first enzyme in the biosynthetic path-
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way for the lipid A moiety of lipopolysaccharide (transfers (R)-2-hydroxymyristate from its acyl
carrier protein thioester to the 3’OH of UDP-N-acetylglucosamine; Crowell et al. 1986). Control,
DMSO-treated cultures displayed no selection for these mutants in either the primary or secondary

cultures.

As shown in Figure 3C, the acrR ortholog is positioned in the middle of a locus contain-
ing 12 similarly-oriented ORFs. Three ORFs located upstream of acrR and three ORFs located
immediately downstream each encode the orthologs of components of the E. coli AcrAB-TolC
complex. AcrAB-TolC is the prototypic example of multidrug efflux systems from the Resistance-
Nodulation-Cell Division (RND) superfamily (Figure 3D). Its AcrB component is a homotrimeric
integral inner membrane transporter powered by a proton gradient. TolC is also a homotrimer and
resides in the outer membrane. AcrA, a homohexamer, is a periplasmic adapter protein that bridges
AcrB and TolC. Substrates are captured in the lower cleft region of AcrB (through a process de-
termined in part by an associated small accessory protein AcrZ), transported through the binding
pocket, the gate, and finally to the AcrA funnel that connects AcrB to TolC (Du et al. 2014, Kim
etal. 2015).

Monocultures of each mutant strain exhibited a marked decrease in retinol sensitivity com-
pared to wild-type (WT) (Figure 3E). To confirm that the B. vulgatus AcrR ortholog was a key
regulator of the retinol sensitivity phenotype, we used the integrating expression vector pNBU2
tetQ to complement the mutant containing the Tn at genomic location 361472 (138 nucleotides
downstream of the start of the AcrR ORF). To do so, the BVU0240 (AcrR) ORF and the 21 nt in-
tergenic region between BVU0240 and BVU(241 were linked to the promoter of rpoD (BVU2738)
(Figure S2, Table S10 and Methods). The recombinant plasmid was amplified in E. coli S17 Apir,
and conjugated into the B. vulgatus acrR_361472::IN (abbreviated acrR::IN) strain. PCR of eryth-
romycin- and tetracycline-resistant transformants verified insertion at the attBV site positioned at
the 3’ end of BVU2094 (one of two serine tRNAs in the B. vulgatus genome). Complementation

of acrR::IN with the vector carrying PrpoD_acrR restored retinol sensitivity to wild-type levels,
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while complementation of acrR::IN with the empty pNBU2 _tetQ vector had no effect on retinol

sensitivity (Figure 2F; Table S9C,D).

Characterizing the regulon controlled by AcrR

Having established that acrR (BVU0240) is a key genetic determinant of retinol sensitivity in vitro,
we characterized its regulon. Triplicate cultures of the WT, acrR::IN and IpxA_362422::IN (ab-
breviated IpxA::IN) strains were grown to mid-log phase under control (0.2% DMSO) and treated
(10 uM retinol/0.2% DMSO) conditions (since WT B. vulgatus does not grow in the presence of
this concentration of retinol, microbial RNA-Seq could not be performed for this strain under this
treatment condition). Expression of the /pxA4 ortholog (BVU(0241) was completely ablated by the
Tn insertion in its ORF. Low levels of expression of acrR was detectable in the acrR::IN mutant
but all reads mapped to the area encompassed by the 5’ 138 nucleotides of the gene, indicating that
only truncated transcripts derived from the region of BVU0240 upstream of the Tn insertion site at

genome coordinate 361472 were being produced.

Analysis of the transcriptional profiles of untreated (DMSO control) cells identified 220
genes with statistically significant differences in their expression (DESeq2) in the acrR::IN mu-
tant vs WT comparison, and 165 genes in the /pxA4::IN mutant vs WT comparison with 92 genes
common to both sets of differentially expressed genes (Figure 4A; note that the fold differences
in expression of these 92 genes between the WT versus acrR::IN and the WT versus /pxA::IN mu-
tants were highly correlated with Pearson’s r = 0.92, p<0.000001) (Table S11). The putative 92
gene regulon included groups of genes belonging to KEGG pathways involved in (1) ‘amino sugar
and nucleotide sugar metabolism’ (6 genes, downregulated in Tn mutants), ‘cationic antimicrobial
peptide (CAMP) resistance/beta-lactam resistance’ (5 genes, upregulated except for BVU0238),
‘sulfur metabolism/purine metabolism’ (4 genes, upregulated), ‘alanine, aspartate and glutamate
metabolism’ (3 genes, upregulated) (Figure 4A, Table S11). Transcription of the 12 gene locus
containing acrR and IpxA was affected in similar ways by Tn mutagenesis of either gene: expres-

sion of upstream genes was significantly increased and expression of downstream genes signifi-
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cantly decreased (DESeq?2) (Figure 4B, Table S11). Together, these results support a conclusion
that the AcrR encoded by BVU0240 acts as a transcriptional repressor whose normal function can
be disrupted either by direct insertional inactivation, or by polar effects of the Tn insertion in the

upstream BVU0241 (IpxA) gene.

Inspection of the RNA-Seq datasets generated from the fecal microbiota of mice in the vi-
tamin A treatment group disclosed that 24 genes in the putative regulon identified from the in vitro
analysis were differentially expressed in vivo (Pathways; see Table S11). However, none of the

AcrAB-TolC locus components were defined as being differentially regulated in vivo by DESeq2.

Comparison of the genomes of other Bacteroides strains represented in the defined com-
munity, other human gut Bacteroides, and other members of the family Bacteroidaceae demon-
strated that acrR orthologs are positioned in loci containing genes encoding components of mul-
tidrug efflux systems belonging to the Resistance-Nodulation-Cell Division (RND) superfamily
(Figure 5A, Table S12). Figure S3 presents a phylogenetic tree of AcrR orthologs identified in

these organisms (note that B. dorei has the highest degree of similarity; Table S12B).

We employed comparative genomics (see Methods) of B. vulgatus ATCC 8482 and related
organisms to identify a conserved 30-bp palindrome as a candidate AcrR-binding motif (Figure
5B,C). Genome scans with this motif allowed reconstruction of AcrR regulons, including ortho-
logs of BVU0244-BVU0233 (Table S12A). As noted above, in B. vulgatus ATCC 8482 this gene
cluster encodes two homologous AcrAB-TolC efflux pumps; however, their respective compo-
nents only share 20-27% amino acid identity. Interestingly, in B. thetaiotaomicron and several
other Bacteroides genomes, the AcrR-associated gene cluster is broken into two separate loci, each
encoding one paralog of the AcrAB-TolC efflux system and preceded by a candidate AcrR bind-

ing site (Figure SA, Table S12A), suggesting co-regulation by AcrR orthologs in these genomes.

Genomic searches yielded one additional locus in B. vulgatus ATCC 8482 (BVU0421-
BVU0415) that is preceded by a high-scoring candidate AcrR-binding site (Figure 5B). This addi-

tional candidate AcrR target operon contains genes encoding an uncharacterized outer membrane
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protein (omad87), sodium/sulfate symporter (slf), 3’-phosphoadenosine 5’-phosphosulfate (cysQ),
adenylylsulfate kinase (cysC), and sulfate adenylyltransferase (cysDN). The latter enzymes are
involved in the sulfate assimilation pathway. In E. coli, the initial steps in assimilation of sulfate
during cysteine biosynthesis include sulfate uptake and sulfate activation by formation of adenos-
ine 5’-phosphosulfate, conversion to 3’-phosphoadenosine 5’-phosphosulfate, and reduction to

sulfite (Wirtz et al., 2005).

We subsequently used in vitro DNA-binding assays to test the predicted AcrR binding
site and determine whether retinol or filtered cell extracts from B. vulgatus affects binding. The
predicted 30 nt binding site upstream of the orthologous AcrAB-TolC operon in B. dorei has a
single nucleotide mutation located inside the non-conserved center of the AcrR binding motif.
AcrR, and AcrR differ by three amino acid substitutions. Two mutations are located in the N-
terminal DNA-binding domain, whereas a single mutation is positioned inside the effector binding
domain. We also noticed that the annotated BVU0240 ORF in B. vulgatus is 24-nt shorter than
its ortholog in B. dorei, which encodes an additional eight amino acid segment at its N-terminus.
This N-terminal sequence is conserved in AcrR orthologs across all analyzed Bacteroides spp.,
suggesting its functional relevance and that the site of initiation of translation of the transcript aris-
ing from BV'U024(0 may have been previously mis-annotated. Therefore, we expressed the the full
length and ‘truncated’ version of BVU0240, as well as its B. dorei DSMZ 17855 ortholog (BAC-
DOR_0022), each fused to a Smt3-His6 tag, in E. coli. The recombinant proteins, termed AcrR,

AcrR*,  (truncated version) and AcrR , were purified, their tag removed, and their ability to bind

BD’
the predicted DNA operator upstream of BVU0244 (acrA) tested. Fluorescence Polarization Assay
(FPA) yielded K, values for AcrR,, and AcrR, interacting with the tested DNA fragment of 18.5
+ 7 nM and 25 + 10 nM, respectively. The truncated AcrR*  protein did not interact with the same
target DNA fragment. Moreover, no appreciable binding was observed with full-length AcrR

protein and a negative control target DNA (representing the binding site of the unrelated B. the-

taiotaomicron AraR regulator of arabinose catabolism in the upstream region of B70356 (Chang et
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al., 2015) (Figure 5D). Retinol treatment (125 uM) had no effect on the binding of either purified

AcrR ortholog to target DNA.

These results were independently confirmed using an Electrophoresis Mobility Shift Assay
(EMSA). Both full-length proteins showed comparable concentration-dependent binding with a ~
50% shift at ~ 0.5 uM while no effect was observed using AcrR*_ or the nonspecific (negative
control) DNA fragment (Figure SE). Adding retinol at concentrations up to 125 uM had no ef-
fect on binding affinity in this assay. [The binding affinity (EC50) of AcrR, for its target DNA
sequence estimated by EMSA is ~20-fold higher compared to FPA results. FPA assesses a ther-
modynamic equilibrium constant (K ), whereas EMSA is intrinsically non-equilibrium, depending
on the dynamics of complex dissociation (k_;). We considered the EMSA results as a qualitative
verification, with the FPA results providing a more accurate quantitative assessment of binding

affinity].

Further evidence that the AcrAB-TolC efflux system affects retinol sensitivity and the effects

of bile acids

We hypothesized that the AcrAB-TolC efflux system that was upregulated when expression of
the acrR repressor was abrogated operated to reduce local toxic concentrations of retinol in either
the periplasm or cytoplasm. To test this hypothesis more directly, we measured the efflux of reti-
nol from cultures of WT B. vulgatus and the isogenic acrR::IN and PrpoD acrR complemented
acrR::IN mutants. Equal numbers of stationary cells were resuspended in PBS containing cysteine
and 10 uM retinol. LC-MS quantitation of retinol in cell free supernatants harvested at various time
points during a 2h incubation revealed a statistically significant increase in extracellular retinol in
the B. vulgatus acrR::IN mutant (where the efflux machinery is transcriptionally upregulated) but

not in the WT or complemented strains (Figure 6A).

We proceeded to treat cultures of B. dorei, which unlike B. vulgatus is resistant to the
growth inhibition produced by retinol, with phenylalanine-arginine f3-naphthylamide (PABN), a
known inhibitor of multidrug efflux systems including AcrAB-TolC (Renau et al., 1999). Treat-
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ment of B. dorei with 5 or 25 ug/mL PABN in the absence of retinol did not produce a significant
effect on growth relative to untreated cultures (Figure 6B). Addition of 5 and 25 ug/mL PABN in
the presence of 10 uM retinol produced a significant increase in retinol sensitivity (Figure 6C,
Table S13A). Treatment of B. vulgatus with PABN resulted in a modest but statistically significant
inhibition of growth (Figure 6B; Table S13A). B. vulgatus cultures treated with retinol do not dis-
play observable growth by OD, measurement, and as such were not further affected by inhibition
of the efflux machinery with PABN (Figure 6C). Together, these results support the notion that

AcrAB-TolC functions to mediate resistance to the growth inhibitory effects of retinol.

AcrAB-TolC has also been reported to confer resistance to bile acids (Thanassi et al. 1997).
Therefore, we tested the bile sensitivity of the WT and acrR::IN strains of B. vulgatus, WT B.
dorei DSM 17855, and WT B. fragilis NCTC 9343 (a known bile acid-resistant organism), using
oxgall-impregnated disks. WT B. vulgatus displayed the greatest sensitivity, in parallel with its
retinol sensitivity. The bile acid sensitivity of B. vulgatus acrR::IN mutant (upregulated expression
of AcrAB-TolC) was significantly lower than that of the isogenic WT strain and not significantly

different from that of B. dorei (Figure 6D, Table S13B).

Intriguingly, UPLC-MS analysis of fecal bile acid metabolites disclosed a significant in-
crease in the proportional representation of 3-tauro-muricholic acid sulfate in the vitamin A defi-
cient and multiple deficient groups compared to the control group monotonously fed the micronu-
trient-sufficient diet (Table S14). Together, these results suggest a testable hypothesis: namely that
dietary retinol availability, bile acid metabolites generated through biotransformation by members
of the gut microbiota, and the AcrAB-TolC efflux system interact to influence the fitness of B.
vulgatus and either directly or indirectly (through changes in the abundances/expressed biological

properties of organisms like B. vulgatus) other components of a developing or fully assembled gut
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community.

Prospectus

Results obtained from these studies invite a number of follow-up analyses. As noted above, tests
of the interactions between the efflux pump, retinol and bile acid metabolites whose concentra-
tions are affected by dietary vitamin A availability can be performed using the WT, acrR::IN and

complemented acrR::IN strains of B. vulgatus and WT B. dorei.

The mechanism by which retinol suppresses growth of B. vulgatus when the activity of the
AcrAB-TolC efflux pump is markedly reduced remains unclear. High resolution 2D-LC-MS/MS
proteomics has been performed on WT and acrR::IN strains, each grown to mid-log phase in the
presence or absence of 1 uM retinol to determine whether any B. vulgatus proteins are covalently

modified with retinol.

The mechanisms underlying the discordant sensitivities of WT B. vulgatus and B. dorei
to retinol in vitro remain unexplained. This discordance is seen when monocultures are compared
and when the two organisms are co-cultured in the presence of 10 uM retinol (resulting in the
dominance of B. dorei by stationary phase in treated, but not untreated cultures) (Figure S4). This
discordance is mirrored by the opposing patterns of change in the relative abundances of each
strain in vivo during the course of the dietary vitamin A oscillation. Low molecular weight cellular
extracts (<3 kDa) prepared from WT strains of B. vulgatus and B. dorei harvested during log phase
in the absence of retinol show negative (inhibitory) effects on binding of B. vulgatus AcrR and B.
dorei AcrR to the AcrR target sequence (Figure 6E). Additional studies are needed to determine
whether the different low molecular weight extracts, purified from the two different Bacteroides
strains grown initially under permissive conditions and then exposed to different concentrations of
retinol (and bile acid metabolites), produce different degrees of inhibition of AcrR | and AcrR
binding to their shared 30 nt target sequence, as judged by EMSA and/or FPA. Parallel qRT-PCR
analysis of RNA isolated from these cells to define expression of AcrAB-TolC components, AcrR

itself and other elements of the regulon (e.g., genes involved in sulfur metabolism) could also be
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informative. Nonetheless, this observation suggests the existence of as yet unknown compounds
that may operate as negative effectors (de-repressor) for these transcriptional regulators. Although
the chemical nature of the de-repressing ligand(s) remain(s) unknown, strain-associated differ-
ences in levels (upon retinol treatment) may provide a mechanism for the observed discordant

sensitivities of the two organisms.

Finally, these studies emphasize the importance of exploring the effects of applying speci-
fied dietary micronutrient deficiencies (vitamin A, various B vitamins, iron, zinc and other miner-
als) to gnotobiotic mice harboring (i) defined collections of cultured age- and growth-discrimi-
natory human gut bacterial strains representing the different stages of assembly of the human gut
microbiota, or (ii) intact uncultured normally developing microbiota from children with healthy
growth phenotypes or immature microbiota from those with undernutrition. The results should
not only allow dissection of the mechanisms by which micronutrients interact with community
members and the products of their metabolism to shape microbiota and host development, but also
may inform new approaches for more effectively treating (and ultimately preventing) the short and

longer term sequelae of deficiency states.
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Materials and Methods
Bacterial strains and culture conditions

Reference type strains used in this study are listed Table S2. Strains were grown in Gut Microbiota
Medium (GMM; Goodman et al., 2011) or Brain Heart Infusion agar (BHI, Becton-Dickinson,
Maryland, USA) supplemented with 10% horse blood, under anaerobic conditions (atmosphere
5% H,, 20% CO,, 75% N,) in a soft-sided plastic anaerobic chamber (Coy Laboratory Products,
Michigan, USA). The identity of each strain was confirmed by sequencing full length 16S rRNA
gene amplicons generated using the universal primers 8F and 1391R. Strains were arrayed into
96-well format and preserved in GMM containing 15% glycerol at -80°C. Additional manipula-
tions of the arrayed collection were performed inside the anaerobic chamber using a Precision XS

liquid-handling robot (Biotek Instruments, Inc.).

Primary human isolates of Bacteroides vulgatus (Blanton et al., 2016a) were revived from
-80°C stocks and cultured anaerobically in BHI broth supplemented with L-cysteine (0.5g/L), L-
histidine (0.2 mM), hematin (1.9 uM) and Vitamin K, (1 mg/L) (referred to as BHI+ broth) or on
BHI-Blood plates. Escherichia coli S17 Apir was used for routine cloning and as a conjugation
donor for genetic experiments involving B. vulgatus; it was grown in LB-Miller broth (BD Difco).
Antibiotics were added to media as appropriate: ampicillin (100 ug/mL), erythromycin (25 ug/

mL), tetracycline (2 ug/mL), and gentamicin (200 ug/mL).
Gnotobiotic animal husbandry

All experiments involving mice were performed using protocols approved by the Animal Studies

Committee of the Washington University School of Medicine.

Diets - Experimental diets were custom designed and manufactured by Harlan Teklad/
Envigo (Wisconsin, USA). Six diets were produced: four devoid of one of the micronutrients
(vitamin A, iron, zinc, folic acid), one in which all four micronutrients were absent, and one where

the levels of all of these micronutrients were sufficient. To design a consistent, defined base diet
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for all experimental diets, a nutritionally-replete mixture of individual amino acids was used in
place of complete protein. Custom vitamin and mineral mixes containing only the micronutrients
appropriate to each diet were then added to the base diet to generate each experimental diet. Diets
were measured into ~500 g portions and placed into 3 mm thick vacuum-sealed bags (Uline, Inc.,
Pleasant Praire, WI) and then placed in a second bag which was also vacuum-sealed. Diets were
shipped overnight on ice for sterilization by gamma radiation (20 kGy-50 kGy; STERIS Corp,
Mentor, OH). The nutritional characteristics of each irradiated diet were calculated based on diet

formulation and are reported in Table S1.

Colonization of germ-free mice - A -80°C stock plate of the clonally arrayed culture collec-
tion was thawed in the anaerobic chamber. A 96-well, deep well plate (Thermo Scientific Nunc)
was filled robotically with 960 uL of GMM broth. A 40 uL aliquot was withdrawn from each well
of the clonally arrayed culture collection and inoculated into the recipient plate, which was then
covered with an atmosphere-permeable seal (VWR). The inoculated plate was incubated under
anaerobic conditions for 48 h at 37°C, after which time an aliquot of each well was assayed for
growth by measuring OD, . Equal volumes of each well culture were pooled, mixed, transferred
to 1.8 mL crimp seal glass vials (Wheaton, NJ, USA) and sealed for transport to the gnotobiotic
mouse facility. Vials were immediately fogged into gnotobiotic isolators and 500 pL of the pooled

culture was introduced into each recipient germ-free mouse by oral gavage.

Adult male CF57BL/6J mice were maintained in a flexible plastic film gnotobiotic isolator
and fed a nutritionally-sufficient standard diet (B&K autoclavable chow #7378000, Zeigler Bros
Inc.) ad libitum. Four days prior to gavage of the defined 93-strain culture collection, all mice
were transitioned to the nutritionally-sufficient replete experimental diet. On experimental day 0,
mice received 500 uL of the strain mixture (via a single oral gavage administered through a flex-

ible plastic tube, attached to a syringe).

All mice were maintained on a strict light cycle (lights on at 0600h, off at 1800h). Each

experimental group consisted of 5 mice housed in a single cage in a single gnotobiotic isolator. All
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diets were provided ad libitum. All animals in all treatment groups were observed on a daily basis
and weighed weekly. Autoclaved bedding (Aspen woodchips; manufacturer) was changed weekly

and at the beginning of each diet oscillation.

The timing of fecal sampling for COPRO-Seq and microbial RNA-Seq analyses is de-
scribed in Figure 1A. All fecal samples were collected from individual mice into 2 mL screw cap
tubes (Axygen, CA, USA). Once sampling of the five animals in an isolator had been completed,
tubes were removed promptly and snap-frozen in liquid N, after which time they were transferred

to a -80°C freezer.
Community Profiling by Sequencing (COPRO-Seq)

The microbial community structure in each fecal sample was analyzed by COPRO-Seq as previ-
ously described (McNulty et al., 2013). Briefly, DNA was isolated by subjecting each fecal pellet
to bead-beading in a mixture containing 500 uL Buffer A (200 mM NacCl, 1200 mM Tris, 20 mM
EDTA), 210 uL 20% SDS, 500 uL phenol:chloroform:isoamyl alcohol (25:24:1, pH 7.9, Ambion)
and 250 uL of 0.1 mm zirconium beads (BioSpec Products, OK, USA) (3 min 2 mL screw cap
tubes (Axygen)) using Mini-Beadbeater-8 (Biospec). The aqueous phase was collected after cen-
trifugation at 4°C for 3 min at 8000 x g, and nucleic acids were purified with Qiaquick columns

(Qiagen) and eluted into 10 mM Tris.

COPRO-Seq libraries were prepared by first sonicating 100 pL of a 5 ng/uL solution of
DNA from each fecal sample [Bioruptor Pico (Diagenode, Jew Jersey, USA);10 cycles of 30 sec
on / 30 sec off at 4°C]. Fragmented DNA was cleaned up in MinElute 96 UF PCR Purification
plates (Qiagen). The fragments were blunt-ended, an A-tail was added, and the reaction products
ligated to Illumina paired-end sequencing adapters containing sample-specific 8 bp in-line bar-
codes. Size selection was performed (1% agarose gels); 250-350 bp fragments were excised and
the DNA purified by MinElute Gel Extraction (Qiagen). Adapter-linked fragments were enriched
by a 20-cycle PCR using Illumina PCR Primers PE 1.0 and 2.0 followed by MinElute PCR Purifi-

cation (Qiagen) and if agarose gels indicated adapter dimers further size-selected by AMPure XP
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SPRI bead cleanup (Beckman Coulter, California, USA). Libraries were pooled and sequenced

using [llumina MiSeq or HiSeq instrument (unidirectional 50 nt reads).

Sequence data was de-multiplexed and mapped to the reference genomes of community
members, plus three “distractor” genomes (B. fragilis NCTC 9343, Clostridium perfringens ATCC
13124, and Shigella sp. D9). The proportion of reads mapping to the “distractor” genomes was
used to set a minimum threshold cutoff indicating the presence/absence of an organism in the com-
munity on a per-sample basis. Normalized counts for each bacterial strain in each sample were
used to produce a relative abundance table (summarized in Table S3). Prior to statistical analyses,
the table was further filtered to exclude organisms not present at 0.1% relative abundance in >25%
of samples across all samples collected. Taxonomy information for each strain was added, and the

table was converted to BIOM format (McDonald et al., 2012).

To identify bacterial taxa that whose relative abundances were influenced by the micronu-
trient deficiency treatments, we rarefied the abundance table to 7,000 reads per sample and used
linear mixed-effects models of log-transformed abundances (plus one pseudo-count). For each
taxon, models were generated for each of the five dietary micronutrient deficiencies, including
the micronutrient sufficient group as a control in each model. Each model included experimental
stage (end of first sufficient diet phase at experimental day 14; 14 days after initiation of the mi-
cronutrient deficient diets; 14 days after return to the sufficient diet), treatment group (deficiency
versus control) and their interaction as fixed effects, with individual mice treated as a random ef-
fect. A significant interaction term was considered evidence of a potentially interesting influence
of the micronutrient deficiency, and tests of differences of least-squares means between the control
and deficiency groups in each experimental stage, followed by p-value adjustments using Holm’s

method, were used to further explore the effects of the experimental treatments.

In addition, relative abundances before and after diet oscillation were compared using the
group_significance.py script in QIIME version 1.9.0 (Caporaso et al., 2010). A followup analysis

was performed in R (version 3.2.3; R Core Team, 2015); (i) relative abundance data and associated
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metadata files were read into R, and the change in relative abundance for each organism within an
individual mouse between two diet phases was calculated; (ii) these values were compared across
experimental groups to identify changes in relative abundance that were significantly different
from relative abundance responses in other experimental groups. For all univariate analyses, both

nonparametric and parametric statistical tests were performed and the results compared.
Microbial RNA-Seq

Cultures of wild-type B. vulgatus and isogenic mutants were diluted 1:100 from overnight cultures
into 5 mL of fresh medium containing 1 uM or 10 uM retinol or 0.2% DMSO as control, and
grown to mid-log phase (OD,, 0.4-0.6) under anaerobic conditions in sealed Balch tubes. Once
cultures reached mid-log phase, they were treated with RNAProtect Bacteria Reagent (Qiagen),
vortexed, and incubated at room temperature for 5 minutes. Cultures were then transferred to
clean 15 mL tubes, centrifuged for 10 min at 3023 x g, supernatants were decanted, and the pellets
stored at -80°C. Pellets were thawed and resuspended in 500 uL of Buffer A immediately prior to

total RNA extraction.

Microbial RNA-Seq was performed as previously described (Rey et al., 2010; McNulty
et al., 2011). Following acid phenol extraction, precipitation in isopropanol, and two rounds of
DNAse treatment, each followed by cleanup using a MEGAClIear column (Ambion). RNA integ-
rity was confirmed by gel electrophoresis and PCR-based checks for genomic DNA contamina-
tion were performed. 23S rRNA, 16S rRNA, 5S rRNA and tRNA was removed [Ribo-Zero Kit
(ITlumina)] and purified bacteria mRNA precipitated with ethanol in the presence of GlycoBlue
(Ambion) to aid/guide complete resuspension in nuclease-free H,O. Double-stranded cDNA was
synthesized using random hexamers and Superscript II (Invitrogen). Illumina library preparation
was performed as described above for COPRO-Seq; however, size selection was performed in the
200-300 bp range. Libraries were subjected to sequencing first on the Illumina MiSeq platform for

quality control purposes, after which library balance adjustments were made where necessary and
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final sequencing at greater depth was performed using the Illumina HiSeq platform (50 nt unidi-

rectional reads).

Data analysis - The pipeline we employed for processing short-read metatranscriptomic
data is described in Rey et al. (2010). Briefly, sequence data were demultiplexed and bowtie ver-
sion 1.1.0 (Langmead et al., 2009) was used to map reads to the genomes of community members.
Raw counts were subsetted, normalized, and analyzed using DESeq2 (Love et a. 2014) in R 3.2.3
employing two complementary strategies (‘top-down’ and ‘bottom-up’). To analyze data at the
community level (top-down view of the meta-transcriptome), raw count data for each comparison
was filtered at a low abundance threshold of = 3 raw reads and for consistent representation in bio-
logical replicates (present in = 2 samples in both micronutrient sufficient and deficient diet groups
compared or present in all samples in one group and in none of the other), then imported into R.
Size factors and dispersions were estimated in DESeq2; significant differential expression was
defined using the Wald test based on negative binomial model-fitting. To obtain a strain-level view
of transcriptional responses (bottom-up analysis), RNA-Seq data were subsetted by strain, filter-
ing for low abundance and sample representation performed as above, and the resulting dataset
analyzed in R using DESeq2. Rarefaction was used to determine the fraction of expressed protein-
coding sequences in each organism that was detected across all RNA-Seq samples. Examination
of the saturation characteristics of per-strain rarefaction curves across all samples allowed us to
stratify organisms by predicted transcriptome saturation. Strains that colonized gnotobiotic mice
(by COPRO-Seq analysis) but for which saturation was low (Bacteroides finegoldii DSM 17565,
Bacteroides ovatus ATCC 8483, Bifidobacterium adolescentis 1.2-32, Enterobacter cancerogenus
ATCC 35316, Megamonas funiformis DSM 19343, Parabacteroides distasonis ATCC 8503, and
Proteus penneri ATCC 35198) were excluded from the bottom-up analysis (all transcriptomic data

was included in the community-level analysis).

Functional annotation of differentially expressed genes - The general strategy and bioin-
formatic tools used for functional analysis of RNA-Seq data are described in an earlier publication

(McNulty et al., 2011). Predicted protein-coding genes in the genomes of community members

44



were annotated by BLASTP query (e-value threshold of 1E-05) against the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (release 4 January 2016). Annotation results were used to
match coding sequence locus tags to KEGG Orthology (KO) identifiers. KO lookup tables for each
genome were used to annotate transcriptional data, which were then used to determine the repre-
sentation of KEGG General Categories, Pathways, Functions and Enzyme Commission numbers

in each microbial RNA-Seq dataset.
Phenotypic screen for the effects of various retinoids on growth of Bacteroides spp.

Stocks (50 mM) of retinol, retinal, retinoic acid, retinyl palmitate, B-carotene, and geranylgeraniol
(Sigma-Aldrich) were prepared in dimethyl sulfoxide under low-light conditions and stored in N_-
purged amber vials at -80°C. Bacterial strains were struck from -80°C glycerol stocks onto BHI-
blood plates containing antibiotics where appropriate and grown for 48 h at 37°C under anaerobic
conditions. Single colonies were picked into BHI+ broth and grown overnight under anaerobic
conditions at 37°C. Cultures were diluted to an OD,, of 0.05 in fresh BHI+ broth and grown to
mid-log phase. A Bacteroides defined medium (BDM) was prepared by mixing equal volumes of a
2x concentrate of the carbohydrate-free medium stock with a 2x concentrated carbon source solu-
tion, as described previously (McNulty et al., 2013). Either retinoids or DMSO (carrier control)
were mixed at a 25% overblend concentration into appropriate volumes of BDM, after which 150
uL of each treated medium was aliquoted into wells of a 96-well plate (Techno Plastic Products
AQG) using a liquid-handling robot housed in the Coy chamber. Mid-log test cultures were subse-
quently diluted 1:25 into 1 mL BDM/0.2% v/v DMSO in deep-well plates; 50 uL of the diluted cul-
tures were transferred to recipient wells in the test plate by robot, yielding 1x treatment and 1:100
final dilutions of the bacterial strains. Test plates were sealed with optically clear film (Axygen
UC500) and transferred to a plate stacker-reader system housed in the anaerobic chamber (BioTek
Eon and Biostack 4). For data collection from individual plates, each plate was placed directly in
the Eon plate reader and incubated at 37°C with OD,, values determined at 15 min intervals. For

multiplate data collection, the anaerobic chamber was heated to 37°C and plates were placed in
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the plate-handling robot and draped with laboratory diapers to achieve low-light conditions; OD,

measurements were performed for each plate at 15 minute intervals.

For multidrug efflux inhibitor studies, triplicate cultures were prepared as described above
for retinoid sensitivity testing and treated with phenylalanine-arginine B-naphthylamide (PABN,
Sigma-Aldrich) at 0, 5, or 25 ug/mL in combination with 0 or 10 uM retinol in 200 uL. BDM vol-

umes. Plates were sealed and OD,, tracked as above for single plates.

At the conclusion of each experiment, data were exported to text file and in-house perl
scripts were used to plot growth rate, the time at which each growth curve crossed a user-defined
OD,,, threshold, and the maximum OD, . Curve parameters were normalized to corresponding
values from control cultures containing 0.2% DMSO before comparison between strains. Statisti-

cal analyses were performed in Prism 6.0 (GraphPad Software).
In vitro competition experiments

Cultures of wildtype B. vulgatus ATCC 8482 and B. dorei DSMZ 17855 were grown overnight to
stationary phase in BHI+ at 37°C under standard anaerobic conditions. Cultures were diluted to
OD,, ~ 0.05 in fresh medium and allowed to grow to mid-log phase, at which time roughly equal
quantities of viable cells [1.3x10°+3.6x10* CFU for single organism controls; 2.19x10°+2.7x10*
total mixed cfu for competitions) were pelleted by centrifugation, and resuspended in 10 mL BDM
in triplicate balch tubes. Serial dilutions of pre-treatment cultures were plated on BHI-Blood agar
plates and incubated 24-36 hrs at 37°C under anaerobic conditions to define cfu/mL. Either 10 uM
retinol or 0.2% v/v DMSO as carrier control was added to each culture, which was then capped,

sealed, and incubated at 37°C outside the anaerobic chamber. Optical density (OD_ ) measure-

600
ments were taken over time to track the growth of each culture. When individual cultures reached
stationary phase, one mL samples were withdrawn aseptically from each tube using a sterile sy-

ringe and needle. A 100 pL fraction of each sample was used for serial dilutions and plating in

order to define the number of viable organisms (cfu/mL titers); the remainder was pelleted by
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centrifugation. The percentage of B. vulgatus and B. dorei in mixed-culture samples was indepen-

dently defined by COPRO-Seq analysis of DNA purified from the cell pellet.
INSeq-based identification of B. vulgatus mutants that affect retinoid sensitivity

Bacteroides vulgatus ATCC 8482 taxon-specific barcodes were introduced into the INSeq muta-
genesis vector (pSAM_Bt) by PCR amplification, using the primer pairs described in Table S10.
Amplification conditions were as follows: initial denaturation at 94 °C for 2 min, followed by 25
cycles of denaturation (94°C for 15 sec), annealing (58°C for 30 sec), and amplification (58°C
for 90 sec). Vector DNA was digested with Kpnl and BamHI, and the linear product ligated to the

amplicon product of the PCR, yielding the barcoded transposon mutagenesis vector.

Whole genome transposon mutagenesis of B. vulgatus ATCC 8482 was performed using
a published protocol (Wu et al., 2015). Aliquots of the mutant library were inoculated into BDM
containing retinol (10 uM) or 0.2 % DMSO. Triplicate cultures (250 mL each; starting OD, of
0.05) were incubated anaerobically at 37°C. Aliquots were removed in lag phase phase and after
selected mutants reached stationary phase. Additionally, a stationary phase aliquot from the pri-
mary culture was used to inoculate 250 mL of fresh selection medium. The resulting secondary

cultures were sampled in mid-log phase (OD, 0.4-0.6) and at stationary phase.

DNA was isolated from all cultures/time points, and the abundance and genome location
of mutants in input, control, and selected samples were determined. The mariner Tn contains two
engineered Mmel sites at both of its ends. DNA was digested with Mmel (which cuts 20 bp distal
to its recognition site), yielding products with flanking genomic sequence tags at both ends. Am-
pure XP bead-based and gel-based size selection is used to isolate and purify the products: custom,
indexed Illumina adapters were ligated to these fragments which were then sequenced (Illumina
HiSeq platform; 50 nt reads). INSeq reads were mapped to the B. vulgatus genome and analyzed
(Wu et al., 2015) to obtain the identity and abundance of each Tn mutant present in the input li-

brary and the selected or control libraries.

Retinol-resistant Tn mutants were isolated by plating dilutions of cryopreserved, station-
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ary-phase cultures on BHI-blood containing 25 ug/mL erythromycin. Colony PCR using primer
pairs that spanned inserted Tn borders (one genome location-specific primer and one transposon-
specific primer in each pair) were used to confirm the identities of mutants. Confirmed colonies
were grown overnight in BHI+ and archived as 15% glycerol stocks at -80°C. Retinoid sensitivity

experiments were performed using monocultures of isolated Tn mutant strains.
Complementation of B. vulgatus Tn mutants

Tn mutants of B. vulgatus were complemented using the genomic insertion vector pNBU2 _tetQ
(Martens et al., 2008). The coding sequences of acrR (BVU0240), IpxA (BVU0241), or both genes
were amplified by PCR with Phusion HF Master Mix (New England Biolabs, Massachusetts,
USA) from purified genomic DNA from wild-type B. vulgatus. To drive constitutive expression
of complemented genes, a 300 bp region upstream of the B. vulgatus rpoD gene (PrpoD) was also
amplified by PCR. The pNBU2 _tetQ backbone was digested with Xbal and Pstl; Gibson Assem-
bly (New England Biolabs) was used to assemble PrpoD and the appropriate B. vulgatus coding
sequence(s) into the digested vector. Assembled vectors were transformed into E. coli S17 Apir and
the assemblies confirmed by junction-spanning PCR. Vectors were mobilized from E. coli donor
to the corresponding B. vulgatus recipient by conjugation. Briefly, overnight cultures of both donor
and recipient were inoculated into rich media with antibiotics where appropriate and grown for
16-20 h at 37°C (E. coli, aerobically with shaking at 225 rpm; B. vulgatus, anaerobically without
shaking). Stationary phase cultures were then serially diluted into fresh medium, incubated for 4
h at 37°C. Cultures of donor and recipient cells with approximately equal optical densities were
pelleted by centrifugation, resuspended in 1 mL of fresh medium, and plated on BHI-blood agar.
After a 24 h aerobic incubation, the surface of each plate was scraped, resuspended in 5 mL BHI+
liquid, and plated on BHI+ agar with tetracycline (2 ug/mL). After a 48 h incubation under an-
aerobic conditions, colonies were picked, re-struck on BHI+ agar with tetracycline, and the site of
insertion and orientation of introduced gene verified by PCR and sequencing. Confirmed comple-
mented Tn mutants carrying either the empty pNBU2 tetQ vector or B. vulgatus sequences of

interest were subjected to retinoid sensitivity assays as described above.
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Transcription factor binding site analyses

Analysis of Bacteroides TetR regulons - We applied an integrative comparative genomics approach
to reconstruct the AcrR regulon in Bacteroides species (as implemented in the RegPredict Web
server, http://regpredict.lbl.gov) (Novichkov et al., 2010). This approach combines identification
of candidate regulator binding sites with cross-genomic comparison of regulons and function-
al context analysis of candidate target genes (Rodionov et al., 2007). The upstream regions of
BVU0240 and its orthologs in 11 Bacteroides genomes (representing a non-redundant set of spe-
cies excluding closely related strains) were analyzed employing a DNA motif recognition program
(the “Discover Profile” procedure implemented in RegPredict) to identify a conserved palindromic
DNA motif. After construction of a position-weight matrix for the candidate AcrR binding mo-
tif, we searched for additional AcrR-binding sites in the analyzed Bacteroides genomes. Finally,
we performed a consistency check or cross-species comparison of the predicted AcrR regulons.
Scores of candidate binding sites were calculated as the sum of positional nucleotide weights. The
score threshold was defined as the lowest score observed in the training set. Sequence logo for the

derived DNA binding motif was drawn using the WebLogo package (Crooks et al., 2004).

Cloning, expression and protein purification of B. vulgatus and B. dorei AcrR-like regula-
tors - Genes encoding orthologous AcrR-like regulators from B. vulgatus (BVU0240, AcrR ) and
B. dorei (BACDOR_00223, AcrR ) were amplified by PCR from genomic DNA using two sets of
specific primers containing BamHI and HindIII restriction sites (Table S10). A truncated variant of
AcrR, protein (AcrR*, ) that lacks eight N-terminal amino acids was cloned using an alternative
forward primer (Table S10). This “truncated variant” corresponds to an alternative translational

start of this protein as currently reflected in GenBank (WP_008782083.1).

The full length AcrR orthologs from B. vulgatus and B. dorei and the the truncated AcrR*
variant were cloned into the pSMT3 expression vector, and the recombinant proteins were ex-
pressed with an N-terminal His6-Smt3-tag in E. coli BL21/DE3 under control of the T7 promoter

(Mossessova et al., 2000). The engineered constructs encode fusion proteins with a N-terminal
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Smt3 polypeptide (SUMO ortholog), which is known to assist in protein folding and can be se-
lectively removed by treatment with SUMO protease (Ulp1; Mossessova and Lima, 2000). Cells
were grown in LB medium (50 mL) to an OD, of ~1.0 and protein expression was induced with
0.2 mM isopropyl-B-D-thiogalactopyranoside (IPTG). Cell were harvested after 18 h of additional
shaking at 20°C.

The recombinant AcrR,,, AcrR* and AcrR, proteins were purified using a rapid one-
step mini-column protocol on Ni-NTA agarose (Qiagen). Briefly, the harvested cells were re-
suspended in 20 mM HEPES buffer (pH 7) containing 100 mM NaCl, 0.03% Brij-35, 2 mM
B-mercaptoethanol and 2 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich). Cells were then
lysed by incubation with lysozyme (1 mg/mL) for 30 min at 4°C, followed by a freeze-thaw cycle
and sonication. For purification of the soluble fraction after centrifugation, Tris-HCI buffer (pH
8) was added to the supernatant (50 mM), which was loaded onto a Ni-NTA agarose mini-column
(0.3 mL). After washing with the starting buffer containing 1 M NaCl and 0.3% Brij-35, bound
proteins were eluted with 0.3 mL of the starting buffer containing 300 mM imidazole. Protein size
and purity (>90) were verified by SDS PAGE. Protein concentration was determined by Quick
Start Bradford Protein Assay kit (Bio-Rad). The N-terminal His6-Smt3-tag was cleaved off the pu-
rified proteins by digestion with Ulp1 protease (overnight incubation at 4°C in a reaction mixture

containing 0.07 mg/mL of the protease).

DNA binding assays - Interactions between the purified recombinant transcription factors
and their predicted DNA-binding sites were assayed using two techniques: electrophoretic mobil-
ity shift assay (EMSA) and fluorescence polarization assay (FPA). Single-stranded labeled and
unlabeled DNA oligonucleotides were synthesized (Table S10). A 40 bp oligo with a fragment
of the promoter region of the BVU 0244 gene contained the predicted 30 bp AcrR-binding site
(upper case characters). For EMSA, we used 5'-biotin-labeled DNA fragments, while FPA em-
ployed DNA fragments 3'-labeled with 6-carboxyfluorescein (the double-stranded labeled DNA
fragments were obtained by annealing the labeled oligonucleotides with unlabeled complementary

oligonucleotides at a 1:10 ratio). As a negative control, we used a 41-bp DNA fragment from the
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BT0356 gene containing the verified binding site of an unrelated transcriptional regulator, AraR,

from B. thetaiotaomicron (Chang et al., 2015).

For EMSA, the target DNA fragment (0.25 nM) was mixed with increasing concentrations
of the purified tag-free TetR, and TetR | proteins in a total reaction volume of 20 uL. The bind-
ing buffer contained Tris-HC1 20 mM (pH 8.0), KCI 150 mM, MgCl, 5 mM, DTT 1 mM, 0.05%
NP-40, 2.5% glycerol. After a 25 min incubation at 37°C, the reaction mixture was subjected to
electrophoresis on native 5% polyacrylamide gels in 0.5X TB at room temperature (100 min, 90
V). The DNA was electrophoretically transferred onto a Hybond-N* membrane (Pierce) and fixed
by UV cross-linking. Biotin-labeled DNA was detected with the LightShift chemiluminescent

EMSA kit (Pierce).

The effects of retinol and low molecular weight cell extracts from Bacteroides vulgatus
ATCC 8482 and Bacteroides dorei DSM 17855 were tested by their addition to the EMSA incu-
bation mixture. Low molecular weight cell extracts were prepared from 5 mL cultures grown in
BDM to OD = 0.5. Cells were pelleted by centrifugation, resuspended in 1 mL of lysis buffer (50
mM Tris-HCI pH 8.0, 0.2 mM NacCl, 0.03% Brij-35 and 1 mM DTT), and lysed by freeze-thaw,
followed by sonication for 1 min on ice. Debris were removed by centrifugation (13,000 rpm for
50 min at 4°C). The resulting supernatants were subjected to ultrafiltration [Amicon microcentri-

fuge filter units; 3 kDa cutoff (EMD Millipore)] to remove biopolymers.

For FPA, fluorescence-labeled double-stranded DNA fragments (3 nM) were incubated
with the increasing concentrations of the purified tag-free TetR ,, and TetR ) proteins in a 100 uL
reaction mixture in 96-well black plates (VWR). The binding buffer contained 20 mM Tris-HCI
(pH 7.5) and 100 mM NaCl and the incubation was conducted for 20 min at 24°C. Herring sperm
DNA (1 pg) was added to the reaction mixture as a non-specific competitor DNA to suppress non-
specific binding. FPA measurements were made using a Beckman multimode plate reader (DTX
880) with excitation and emission filters set at 495 and 520 nm. The fluorescence polarization

values were determined as previously described (Ravcheev et al., 2012).
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Bile sensitivity assays

Cultures of B. vulgatus WT, B. vulgatus acrR::IN, B. dorei WT, and B. fragilis ATCC 25285 (bile-
resistant control organism) were picked into supplemented BHI cultures and grown to stationary
phase at 37°C under anaerobic conditions. Culture density was measured by optical density and
cultures were diluted to OD, , = 0.5. Sterile cotton-tipped applicators were used to swab each
culture (triplicate for each organism) onto the surface of a BHI-Blood plate; sterile forceps were
then used place an oxgall-impregnated disk (Remel, Kansas, USA) in the center of each plate.
Plates were incubated at 37°C anaerobically for 24 h. The diameter of zone of inhibition (ZOI) was
measured in triplicate for each plate using a digital caliper. Mean ZOI was calculated for replicate

measurements for each plate.
Targeted mass spectrometry-based assays of retinoids in vitro

Aliquots of cultures of WT B. vulgatus WT, B. vulgatus acrR::IN, and the B. vulgatus acrR::IN::acrR
complemented mutant were diluted into supplemented BHI medium and grown to stationary
phase at 37°C under anaerobic conditions. Cultures were then diluted to an OD,, of 0.5 in 10
mL PBS/0.2% w/v cysteine and retinol was added to a final concentration of 10 uM. At indicated
timepoints 500 uL of each culture was removed to a 1.5 mL tube, spun in a microcentrifuge (Ep-
pendorf 5430) for 3 min at 20,817 x g. The supernatant was withdrawn and transferred to a 1 mL
sample vial (Waters, MA, USA), and deuterated (D5) retinol (Toronto Research Chemicals, Ontar-
10, Canada) was added to a final concentration of 10 uM as a spike-in control. Cell pellets from the
initial centrifugation were resuspended in 500 uL PBS by vortexing; the mixture was centrifuged
for an additional 3 min at 20,817 x g and the supernatant decanted. The resulting washed cell pel-
lets were subjected to 3 cycles of freeze/thaw at -80°C and on ice, respectively, then resuspended
in 500 mL methanol by vortexing for 30 s. Cell debris were pelleted by centrifugation for 3 min
at 20,817 x g, supernatants were transferred to a fresh 1.8 mL glass vial, and then evaporated to
dryness using a Speedvac (Savant SPD1010, Thermo Scientific, MA, USA). Dried material was

resuspended in 100 uL 10% methanol by vortexing: a 90 uL aliquot was mixed with 10 uL of D5-

52



retinol stock (100 uM) to achieve a final D5-retinol concentration of 10 uM. Mass spectrometry
analyses were performed using an Acquity I Class UPLC system (Waters, MA, USA) coupled to
an LTQ-Orbitrap Discovery (Thermo Scientific, MA, USA). Mobile phases for positive ionization
were (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile. Retinol quantifica-
tion was achieved by comparison of measured values to standard curves generated from stocks of

retinol and D5-retinol.

UPLC-MS analysis of fecal bile acids was performed using protocols described in an ear-

lier report (Dey et al., 2015).
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Figure Legends

Figure 1. The effect of dietary micronutrient deficiency on the configuration of a defined
human gut microbiota established in gnotobiotic mice. (A) Experimental design. (B) PCoA of
pairwise comparisons of fecal microbiota using Bray Curtis dissimilarity metric and COPRO-Seq
datasets. Fecal samples were obtained from mice in the indicated treatment groups at the indicated

time points.

Figure 2. The distinct retinol sensitivity phenotypes of B. vulgatus and B. dorei in vitro. (A)
Growth curves of B. vulgatus and B. dorei in defined medium with and without various retinoids.
The horizontal dashed line indicates the threshold used for calculating time-to-log phase measure-
ments. (B,C) Bar plots indicating mean (= SEM) retinoid sensitivity, calculated as time-to-log

phase for treated cultures versus time-to-log phase for vehicle alone (DMSO) control cultures.

Figure 3. Selection of retinol-resistant B. vulgatus Tn mutants. (A) Experimental design. The
mutant library was inoculated into defined medium containing 10 uM retinol or 0.2% v/v DMSO
(three cultures per treatment). In the first round of selection, mutants were allowed to grow to sta-
tionary phase and were then passaged to fresh medium and subjected to a second round of selec-
tion. Aliquots were withdrawn at lag and stationary phases from the primary cultures and at log
and stationary phase of the secondary cultures. The site of insertion of the Tn was defined in the
retinol-resistant mutants using INseq. (B) Fractional abundance of Tn mutants in retinol-selected
B. vulgatus libraries. The left portion of the panel indicates the abundance of each selected mutant
in the input library. Each set of four bars shown in the right portion of the panel indicates the abun-
dance of the Tn mutants at the indicated growth phases from both passages. (C) Schematic of the
B. vulgatus locus containing the retinol-resistant mutants identified from screening the Tn library.
Annotation is based on the NCBI reference assembly NC 009614.1. The genomic location of each
selected Tn mutant is indicated by a downward pointing arrow annotated with the corresponding
color from panel B and the corresponding genome coordinate for the site of Tn insertion. (D) Sche-

matic of components comprising the E. coli AcrAB-TolC effux system (taken from http://2013.
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igem.org/Team:Ciencias-UNAM/Project). (E) Retinol sensitivity of B. vulgatus Tn mutants grown
in monoculture in defined medium treated with 1 uM, 5 uM, and 10 uM retinol versus 0.2% v/v
DMSO as control. Mean values £ SEM of the ratio between treated and control cultures for each
strain are shown. The sensitive B. vulgatus WT and resistant B. dorei WT strains are shown as
positive and negative controls, respectively. (F) Retinol sensitivity of WT, acrR::IN (genome loca-
tion 361472) mutant strain, the complemented B. vulgatus acrR::IN + pNBU _PrpoD_acrR strain

and a control B. vulgatus acrR::IN361472 strain containing the empty vector.

Figure 4. Characterization of the acrR regulon. (A) Summarized KEGG pathways and func-
tions of differentially expressed genes identified by comparing log phase RNA-Seq data from
untreated cultures of mutant acrR::IN361472 and /pxA::IN strains to WT B. vulgatus. DESeq2-
based analysis identified a shared set of 92 differentially-expressed genes emanating from the
two insertion mutatns. The proportional representation of hits to the top four KEGG pathways
versus all other KEGG pathways is indicated by the horizontal bar plot; up- or downregulation of
expression of genes in the comparison of WT to mutant in the indicated pathway is indicated by
arrows. (B) Transcript counts, normalized by DESeq2, for each gene in the putative BVU0244-
BVU0233 operon. Bars indicate mean = SEM values for B. vulgatus WT and BVU0240::361472IN
and BVU041::IN strains under untreated and 10 uM retinol-treated conditions. Significant differ-

ential expression between indicated conditions was defined by DESeq?2.

Figure 5. Measuring interactions between the AcrR transcription factor and its target DNA
binding site. (A) Predicted AcrR-regulated operons in the genomes of Bacteroides species. Box-
es indicate clusters of co-regulated genes. Filled black circles indicate predicted AcrR binding
sites. (B) Sequences of predicted AcrR binding sites. (C) Consensus binding site motif. (D,E)
Fluorescence Polarization Assay (FPA) and Electrophoresis Mobility Shift Assay (EMSA) of the
specificity and affinity of the binding of AcrR,, AcrR*,  and AcrR, with predicted target DNA

sequences.
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Figure 6. Role of the AcrAB-TolC efflux pump in regulating B. vulgatus retinol sensitivity.
(A) Retinol efflux assay. Stationary phase cultures of WT, acrR::IN, and pNBU2_ PrpoD-acrR
complemented acrR::IN strains were resuspended in PBS plus cysteine and treated with 10 uM
retinol. Samples were collected over time. Retinol in cell-free supernatants (CFS) was quantified
by LC-MS. (B,C) Retinol sensitivity of WT B. dorei and B. vulgatus strains treated with increasing
concentrations of phenylalanine-arginine 3-naphthylamide (PAN), a chemical inhibitor of multi-
drug efflux systems. Data shown are mean (+ SEM) values for retinol sensitivity (treated/control).
(D) Bile sensitivity of WT and acrR::IN strains of B. vulgatus, WT B. dorei, and WT B. fragilis
(bile-resistant control). Data shown represent the diameter of zone of inhibition (mm) around an

oxgall-impregnated disc.
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Figure 4.
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Figure 5.
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Figure 6.
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Supplemental Materials

Supplemental Figure Legends

Figure S1. Characterization of the B. vulgatus INSeq library. (A) Distribution of transposon
mutants in the genome of B. vulgatus ATCC 8482. Key; Track 1 (innermost circle), plot of GC
skew for the genome using a sliding window size of 10kb (yellow, GC skew > 0; purple, GC skew
< 0); Track 2 (middle circle), genes with transposon insertions are depicted in light grey; Track 3
(outermost circle), all genes in the genome are shown with those represented in polysaccharide uti-
lization locus (PULSs) colored green, components of capsular polysaccharide synthesis (CPS) loci
colored red, and all others colored light grey. (B) Estimating the saturation of B. vulgatus ATCC

8482 transposon mutant libraries by in silico simulation.
Figure S2. Recombinant vector used to complement B. vulgatus acrR::IN mutant

Figure S3. Maximum likelihood phylogenetic tree of BYU0240/AcrR orthologs identified in
human gut-associated Bacteroides and other members of the family Bacteroidaceae. Multiple
sequence alignments were generated using ClustalX and exported in PHYLIP format. PhyML was
used to generate the maximum likelihood tree, with bootstrap support (out of 100) indicated for a

given node.

Figure S4. In vitro competition involving B. vulgatus and B. dorei. Plating was performed at
early log (EL) phase of each culture, immediately before treatment with either 10 uM retinol or
0.2% v/v DMSO, and again when cultures reached stationary phase. Mean values + SEM are

shown.
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Supplemental Figures

Figure S1.
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Figure S2.
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Figure S3.

g1

83

B. coprosuis

B. fragilis

B. nordii

62

100
L

B. salyersiae

B. ovatus

81

B. xylanisolvens

B. finegoldii
33 B. caccae

B. pyogenes

B. thetaiotaomicron
100
B. faecis

B. intestinalis

99

B. cellulosilyticus

63
B. oleiciplenus

85

75 B. uniformis

B. helcogenes

B. fluxus

65 B. gallinarum

98 B. stercoris

72 B. eggerthii

54 B. clarus

Prevotella ruminicola

B. coprophilus

67 96 B. plebeius

83 — B. barnesiae

E n— g coprocola

— B. massiliensis

97 BVUO0240: B. vulgatus
100 |

B. dorei

Barnesiella viscericola

45

Parabacteroides distasonis

35

Alistipes finegoldii

73



Figure S4.
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Supplemental Tables

Table S1. Nutritional characteristics of experimental micronutrient deficient and sufficient

diets

(A) Diet formulation for micronutrient sufficient and micronutrient deficient defined experimental

diets

(B) Micronutrient composition of defined experimental diets
Table S2. 92 sequenced human gut-derived bacterial strains
Table S3: COPRO-Seq analysis of community composition

(A) Relative abundance of strains associated with all treatment groups as measured at the end of

the first sufficient diet phase (experimental day 14)

(B) Relative abundance of strains associated with some, but not all treatment groups as measured

at the end of the first sufficient diet phase (experimental day 14)

(C) Relative abundance of strains associated with all treatment groups as measured in the micro-

nutrient deficient diet phase (experimental day 28)

(D) Relative abundance of strains associated with some, but not all treatment groups as measured

in the micronutrient deficient diet phase (experimental day 28)

(E) Relative abundance of strains associated with all treatment groups as measured in the micro-

nutrient deficient diet phase (experimental day 35)

(F) Relative abundance of strains associated with some, but not all treatment groups as measured

in the micronutrient deficient diet phase (experimental day 35)

(G) Relative abundance of strains associated with all treatment groups as measured in the second

micronutrient sufficient diet phase (experimental day 49)

Table S4. Identification of community members that exhibit significant changes in their
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abundance as a function of diet treatment and/or time

(A) Comparisons between day 14 (all mice on micronutrient sufficient diet) and day 28 (all mice
except control on micronutrient deficient diets as indicated), two-group Kruskal-Wallis (KW) tests,

false discovery rate corrected p-values where indicated

(B) Comparisons between day 14 (all mice on micronutrient sufficient diet) and day 35 (all mice
except control on micronutrient deficient diets as indicated), two-group Kruskal-Wallis (KW) tests,

false discovery rate corrected p-values where indicated

(C) Comparisons between day 14 (all mice on micronutrient sufficient diet) and day 49 (all mice
on micronutrient sufficient diet), two-group Kruskal-Wallis (KW) tests, false discovery rate cor-

rected p-values where indicated

Table S5. Microbial RNA-Seq analysis of changes in community metatranscriptome as a

function of diet treatment with grouping of transcripts into KEGG Orthology (KO) groups

(A) Number of genes with significant differences in their expression as a function of diet treatment

and/or time (DESeq2)

(B) KEGG Orthology group-summarized, differentially-expressed genes, vitamin A deficient

treatment group

(C) KEGG Orthology group-summarized, differentially-expressed genes, iron deficient treatment
group
(D) KEGG Orthology group-summarized, differentially-expressed genes, zinc deficient treatment

group

(E) KEGG Orthology group-summarized, differentially-expressed genes, folate deficient treat-

ment group

(F) KEGG Orthology group-summarized, differentially-expressed genes, multiple deficient treat-

ment group
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(G) KEGG Orthology group-summarized, differentially-expressed genes, micronutrient sufficient

group (monotonous diet)

(H) Differentially-expressed genes in fecal microbiota of members of the different treatment
groups, referenced to monotonous micronutrient sufficient diet control group, summarized at the

level of KEGG Pathways.

Table S6. Microbial RNA-Seq analysis of changes in B. vulgatus gene expression as a function

of diet treatment with grouping of transcripts into KEGG Orthology (KO) groups

(A) Number of genes with significant differences in their expression as a function of diet treatment

and/or time (DESeq2)

(B) KEGG Orthology group-summarized, differentially-expressed genes, vitamin A deficient

treatment group

(C) KEGG Orthology group-summarized, differentially-expressed genes, iron deficient treatment
group
(D) KEGG Orthology group-summarized, differentially-expressed genes, zinc deficient treatment
group
(E) KEGG Orthology group-summarized, differentially-expressed genes, folate deficient treat-

ment group

(F) KEGG Orthology group-summarized, differentially-expressed genes, multiple deficient treat-

ment group

(G) KEGG Orthology group-summarized, differentially-expressed genes, micronutrient sufficient

group (monotonous diet)

Table S7. Strain level RNA-Seq analysis of the effects of vitamin A on gene expression (sum-

marized at the level of KEGG Orthology (KO) groups)

(A) Number of genes with significant differences in their expression as a function of strain, diet
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treatment and/or time (DESeq2)

(B) B. dorei DSMZ 17855 KEGG Orthology group-summarized, differentially-expressed genes
(C) P. merdae ATCC 43184 KEGG Orthology group-summarized, differentially-expressed genes
(D) B. thetaiotaomicron 7330 KEGG Orthology group-summarized, differentially-expressed genes

(E) B. intestinalis DSM 17393 KEGG Orthology group-summarized, differentially-expressed

genes

(F) B. thetaiotaomicron VP1-5482 KEGG Orthology group-summarized, differentially-expressed

genes
(G) B. uniformis ATCC 8492 KEGG Orthology group-summarized, differentially-expressed genes
(H) B. cellulosilyticus WH2 KEGG Orthology group-summarized, differentially-expressed genes
(D) B. eggerthi DSM 20697 KEGG Orthology group-summarized, differentially-expressed genes

(J) C. intestinalis DSM 13280 KEGG Orthology group-summarized, differentially-expressed

genes

(K) 4. colhiminis DSM 17241 KEGG Orthology group-summarized, differentially-expressed

genes
(L) C. nexile DSM 1787 KEGG Orthology group-summarized, differentially-expressed genes

(M) R. gnavus ATCC 29149 KEGG Orthology group-summarized, differentially-expressed genes
(N) C. symbiosum DSM 934 KEGG Orthology group-summarized, differentially-expressed genes

(O) C. aerofaciens ATCC 25986 KEGG Orthology group-summarized, differentially-expressed

genes
(P) B. hansenii DSM 20583 KEGG Orthology group-summarized, differentially-expressed genes

(Q) C. asparagiforme DSM 15981 KEGG Orthology group-summarized, differentially-expressed
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genes
(R) C. scindens ATCC 35704 KEGG Orthology group-summarized, differentially-expressed genes
(S) R. torques ATCC 27756 KEGG Orthology group-summarized, differentially-expressed genes

(T) E. fergusonii ATCC 35469 KEGG Orthology group-summarized, differentially-expressed

genes
Table S8. Mouse weights as a function of diet treatment and time

Table S9. In vitro retinoid sensitivities of Bacteroides strains

(A) B. vulgatus ATCC 8482 and B. dorei DSMZ 17855

(B) B. vulgatus ATCC 8482 and a primary B. vulgatus isolate from a Malawian child

(C) B. vulgatus ATCC 8482, B. vulgatus Tn mutants, and B. dorei DSMZ 17855

(D) B. vulgatus (ATCC 8482), B. vulgatus Tn mutants, and complemented B. vulgatus Tn mutants.
Table S10. Strains, Primers, and Plasmids used in this study

Table S11. RNA-Seq analysis of B. vulgatus WT and Tn mutants (DESeq2)

Table S12. Characterization of acrR regulons in human gut Bacteroides strains

(A) Orthologs of components of B. vulgatus acrR regulon in other Bacteroides

(B) Conservation of BVU0240 (acrR) orthologs

(C) AcrR binding site predictions in Bacteroides

Table S13. Effects of bile acids and a pharmacologic inhibitor of AcrAB-TolC on growth of

WT and mutant strains of B. vulgatus and WT human gut Bacteroides strains

(A) Effects of pharmacologic inhibition of AcrAB-TolC by Phenylalanine-Arginine

B-Naphthylamide (PABN) on growth and retinol sensitivity

(B) Bile acid sensitivity
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Table S14. UPLC-MS analysis of the effects of micronutrient deficiency on fecal bile acid

metabolites
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Chapter 3

Future directions
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Introduction

The work described in this dissertation has revealed an interaction between vitamin A, a dietary
micronutrient of global health significance, and members of the human gut microbiota. Expanding
the defined community concept to capture the strain diversity of the human gut microbiota and the
application of COPRO-Seq, microbial RNA-Seq, INSeq, genetic complementation, transcription
factor binding and mass spectrometry-based analyses provides an experimental framework for
future studies. At least three major areas need to be explored further: (1) additional mechanistic
characterization of the interactions between vitamin A and human gut Bacteroides; (2) advancing
experimental and computational approaches for analyzing the responses of large defined human
gut microbial communities, installed in gnotobiotic models, to specific micronutrient deficiencies,
and (3) translating knowledge gained from these preclinical studies to proof of concept/proof of

mechanism studies in humans.

Further mechanistic characterization of bacterial responses to micronutrients

Vitamin A resistance mechanisms, toxicity, and interspecies variation in sensitivity

Several outstanding questions/issues arise from the work described in Chapter 2: (1) confirm and
expand our understanding of the role of multidrug efflux as a determinant of resistance to vitamin
A; (2) identify the intracellular targets of retinol and its mechanism of toxicity, and (3) investigate
the determinants of differential sensitivity in B. vulgatus and other human gut bacterial taxa to

retinol, including the role of microbial metabolites of bile acids.

While transcriptional and genetic analyses implicate the AcrAB-TolC efflux machinery
in vitamin A resistance in vitro, and to some extent, in vivo, additional work is needed to directly
measure the physical movement of retinoid movement from the cytoplasm or periplasm to the
extracellular environment to validate our predictions. Retinoids can be effectively quantified by
mass-spectrometric techniques. Once protocols are optimized, quantitative efflux studies should

be performed using wild-type B. vulgatus strains and corresponding acrR::IN and /pxA::IN mu-
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tants with retinol in the presence and absence of varying concentrations of the bile acid metabolites
we have identified in the microbiota of animals treated with the specified dietary micronutrient

manipulations; the results should be correlated with vitamin A sensitivity (see below).

The mechanism of retinol-mediated killing of B. vulgatus remains unknown. Two lines
of evidence provide hypotheses that can be tested. Bile acids possess similar chemical properties
to retinoids, are known to physically associate with retinoids in vivo to facilitate their epithelial
absorption, and have relatively well-studied mechanisms of toxicity in bacteria; i.e., they induce
membrane damage and destabilize macromolecules through detergent-like effects (reviewed in
Begley et al., 2005). I have identified consistently higher in vitro sensitivity to bile acids in the
wild-type B. vulgatus strain compared to the wild-type B. dorei strain. Moreover, the mutant B.
vulgatus acrR::IN strain (in which expression of the AcrAB-TolC efflux machinery is upregulated)
exhibits reduced bile sensitivity compared to the corresponding isogenic wild-type strain. This
profile of bile acid sensitivity parallels the profile of retinol sensitivity in these organisms. There-
fore, I hypothesize that retinol may exert its toxicity via bile-like mechanisms, e.g. membrane
damage. This hypothesis is further supported by the observation that the multidrug efflux system
identified as regulated by the key determinant of retinol resistance (the B. vulgatus AcrR) is also a
key determinant of bile acid resistance in other organisms (Lacroix et al. 1996; Prouty et al. 2004;

Thanassi et al., 1997).

A second hypothesis regarding the mechanism of retinol toxicity is that an altered profile
of proteins that are post-translationally, covalently modified with retinol (Kubo et al. 2005; Genchi
and Olson 2001) leads to toxicity. Protein retinoylation is thought to have important consequences
for cell fate in eukaryotic lineages (Breitman et al., 1980; Breitman et al., 1981; Myhre et al. 1996);
however, it is unclear how retinoylation affects protein structure or enzymatic activity (Takahashi
and Breitman 1991) or if it occurs in bacteria. Improvements in mass-spectrometry-based pro-
teomics are providing new insights into the types and protein targets of bacterial post-translational
modifications (PTMs; Cain et al., 2014). In eukaryotes, retinoylation relies on formation of an

ester or thioester bond, an observation that helps guide expectations of which amino acids may be
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modified by this PTM in bacteria. Analyzing high resolution proteomic datasets generated from
cultures of wild-type and acrR::IN B. vulgatus strains exposed to varying levels of retinol for
peptide fragments shifted from their expected mass by an amount that could reflect retinoylation
represents a first pass approach to determine if this PTM occurs in Bacteroides. If retinoylation is
observed, knowledge of the function of the targeted bacterial proteins could help delineate mecha-

nisms of toxicity.

It will be important to identify the determinants of the differential responses of B. vulgatus
strains and B. dorei to retinol in vitro and in vivo. The studies described in Chapter 2 indicate that
retinol is not a direct ligand of the AcrR homologs of either organism. As implied above, com-
parable studies need to be performed with bile acid species identified by UPLC-MS of cecal and
fecal samples obtained from gnotobiotic mice harboring the defined community and subjected
to the diet oscillation, namely tauro-f-muricholic acid, 3-muricholic acid, and deoxycholic acid
(molecular weights all <550 Da), to determine whether these compounds serve as AcrR ligands in
this system. Intriguingly, we have found that the in vitro DNA-binding activity of this transcription
factor is affected by an as yet unidentified < 3 kDa factor present in cellular extracts of both organ-
isms. Identifying the bioactive compound in this fractionated extract may provide clues as to the
nature of primary signals that regulate this locus, and how regulation of this locus differs between

B. vulgatus and B. dorei.

If differences in vitamin A resistance cannot be attributed to differential regulation of the ac-
tivity of the AcrAB-TolC system or its associated AcrR transcription factor by retinol/bile acid me-
tabolites, other aspects of efflux regulation may differentiate the species. For example, the AcrAB
system in E. coli is subject to an additional layer of regulation by the cell-stress-sensitive transcrip-
tion factors MarA and MarR (Multiple antibiotic resistance Activator and Regulator/Repressor,
respectively) (George and Levy 1983; Barbosa and Levy 2000; Keeney et al. 2007). To date, my
preliminary BLASTP-based searches for MarA and MarR in the B. vulgatus and B. dorei genomes
have produced several candidate MarA, but no MarR orthologs in either species. In B. vulgatus,

transcripts from three of four candidate marA genes (BVU0079, BVU0737, and BVU3088) were
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detectable in WT and acrR::IN but no differential expression was observed between the strains
or treatment with retinol). /n vitro experiments assaying the transcriptional responses of B. dorei
marA candidates to retinol treatment and genetic tests are needed to evaluate whether predicted B.

dorei marA orthologs are involved in regulating retinol sensitivity phenotypes

In E. coli, a conserved protein AcrZ is activated by MarA, physically associates with the
AcrB component of the efflux pump, and enhances efflux of specific antibiotics (Hobbs et al. 2012;
Du et al. 2014). Preliminary BLASTP queries for Bacteroides AcrZ homologs have also failed to

detect orthologs.

Detailed comparative genomic analyses coupled to detailed assays of the retinol sensitivi-
ties of different strains of B. vulgatus in the presence/absence or various bile acid metabolites may
provide insights about the mechanisms underlying their discordant retinol sensitivity phenotypes
as well as the discordant sensitivity phenotypes of various human gut-derived Bacteroides, includ-
ing B. dorei. Finally, while the studies described in Chapter 2 implicate AcrAB-TolC-mediated
efflux as a contributor to vitamin A resistance in B. vulgatus, differential sensitivities may also

involve efflux-independent mechanisms.

Expanding host-side exploration of bacteria-vitamin A interactions

The experiments described in my thesis were intended to investigate the effects of micronutrient
deficiency on members of the gut microbiota and did not focus on the host. By design, no attempts
were made to induce deficiency in host cell lineages. Mouse models of vitamin A deficiency rely
on long-term exposure to deficient diets (periods of >10 months or more) or intergenerational
transfer of deficiency by exposure of pregnant dams to vitamin A deficient diets, followed by
weaning of their offspring onto the same deficient diets (Moore and Holmes 1971; McCarthy and
Cerecedo 1952). These intergenerational deficiency models present challenges when using gnoto-
biotic models, as the effects of nutritional status on bacterial colonization must be considered in
order to provide reasonably-equivalent initial microbial populations for subsequent experimenta-

tion. An alternative strategy is based on the observation that in vitro, retinol was the most potent
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retinoid inhibitor of the growth of B. vulgatus; however, free retinol is relatively uncommon in di-
etary ingredients. The metabolism of dietary vitamin A requires processing of retinyl esters by host
retinyl ester hydrolases (REHs) secreted into the intestinal lumen or associated with the epithelial
brush border (membrane-associated phospholipase B1); the resulting retinol is then transported
across the epithelium (Stipanuk and Caudill 2013; Reboul 2013). Stable or inducible knockouts
of these host genes in mice re-derived germfree would provide a model where retinol levels could
be manipulated in a more typical diet context and in an otherwise healthy host. A challenge of this
approach is that vitamin A metabolites have broad effects on a variety of host functions; thus, any
disruption of vitamin A metabolism could disrupt essential processes and lead to unanticipated

off-target effects.

As suggested by the in vitro experiment described in Chapter 2, retinol-sensitive bacteria
may arise based on an inability to export cell-associated retinol. Retinol-resistant bacteria may be
efflux sufficient, or may achieve resistance by an as yet unidentified chemical transformation of
retinol that generates a derivative of reduced toxicity. Follow-up studies in the gnotobiotic animals
colonized with defined bacterial communities consisting of retinol-sensitive or -resistant taxa and
subjected to dietary vitamin A manipulations could identify situations in which sensitive bacteria
affect vitamin A availability to the host by either sequestration, or by actively transforming it to a

form with altered bioavailability/bioactivity.

Observations from both the in vivo and in vitro studies support a model of the interactions
between B. vulgatus and vitamin A illustrated in Figure 1. In the context of a diet replete with vi-
tamin A, retinol liberated from the retinyl esters by brush border or luminal host enzymes interacts
with bile acid species generated by the host and transformed by microbial metabolism as part of
its absorptive process. This liberated, bile-associated retinol interacts with B. vulgatus and other
Bacteroides such as B. dorei in the distal small intestine and proximal colon (as hypothesized
above, an additional level of interaction may occur at the level of the efflux pump). In vitro retinol
sensitivity and competition assays suggest that B. vulgatus is inhibited or killed by this interaction,

whereas B. dorei is much less sensitive, thus allowing B. dorei to thrive in the presence of vitamin
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A. Under circumstances of vitamin A deficiency, the balance between B. vulgatus and B. dorei is
not tipped in favor of B. dorei. A related hypothesis based on the greater concentration of free or
bile-associated vitamin A in the small intestine compared to colon is that the spatial distribution of
these two organisms along the length of the gut may also be affected by the presence of vitamin
A. A decreasing retinol gradient from the small intestine to more distal regions of the gut due to
incomplete absorption (under vitamin A sufficient diet conditions) may favor resistant organisms

like B. dorei over sensitive organisms like B. vulgatus.

The effects of other micronutrient deficiencies on the model gut microbiota

Dietary folate deficiency induced the second largest effect on the structure of the model commu-
nity (17 organisms) and its expressed meta-transcriptome, though the transcriptional effect was
manifest primarily when animals were returned to a folate-sufficient diet after experiencing folate
deficiency. The ability to synthesize folate is a common feature of human gut bacterial taxa. In the
context of dietary folate deficiency, organisms capable of producing this vitamin should exhibit a
fitness advantage; however, other members of the microbiota that are incapable of de novo synthe-
sis can “salvage” folate either in its intact form or by the less well characterized transport of pterin
and p-aminobenzoate-glutamate precursors (de Crécy-Lagard et al. 2007). In support of this view,
organisms that displayed positive responses to folate deficiency generally belong to taxa that are
capable of de novo folate biosynthesis (as defined by KEGG or SEED-based in silico metabolic
reconstructions). None of these organisms possessed annotated folate transporters: however, many
possessed transport and utilization proteins for aminobenoyl-glutamate. A more complete analysis
is needed of folate precursor synthetic and transport capabilities in the folate-responsive organisms

identified from during the course of this thesis.

Only four organisms displayed significant decreases in abundance in response to folate
deficiency. Based on a SEED subsystem analysis (http://rast.nmpdr.org/seedviewer.cgi) only one
member of this group, C. aerofaciens, is predicted to rely on salvage for acquisition of folate or

folate precursors (specifically, 7,8-dihydropteroate). As bacterial folate biosynthesis is much more
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common than salvage, one prediction is that a salvage-dependent organism would be negatively

impacted by folate deficiency.

Fewer organisms were affected by iron and zinc deficiency (13 and 14 responsive species,
respectively). Bacteria possess sophisticated systems for siderophore-mediated or direct acquisi-
tion of complexed or free iron and zinc, suggesting a possible competitive interaction between host
and microbiota for these metals. Interestingly, earlier studies in gnotobiotic animals, discussed in
Chapter 1, suggested beneficial roles for bacteria in iron metabolism and detrimental roles for bac-
teria in zinc metabolism. In our system, responses to both mineral deficiencies were similar for a

number of Bacteroides and Clostridia, both in terms of direction and magnitude.

Desulfovibrio piger GORI1 displayed a significant increase in its relative abundance be-
tween when animals were switched to an Fe-deficient diet: this increase abundance was ‘reversed’
when mice were returned to the Fe-sufficient diet. This organism reduces sulfate as a component
of its terminal anaerobic respiration; in other environments related organisms can reduce ferric
iron directly (as electron acceptor) or indirectly (via reduced sulfate) (Tebo and Obraztsova 1998;
Lovley et al. 1993). The observed response in D. piger to Fe-deficiency seem paradoxical: we
would expect that under iron-restricting conditions respiration would be slowed (assuming sulfate
is available) and fitness reduced, not increased. Unfortunately, functional annotation of differen-

tially-expressed genes in D. piger GOR1 via KEGG only yielded genes of unknown function.

Technical considerations

Community structure analyses - COPRO-Seq

The studies described in this thesis provide evidence that model communities composed of ~50 di-
verse bacteria are amenable to structural analysis using scalable, shotgun-sequencing methods like
COPRO-Seq. These shotgun sequencing methods avoid the bias introduced by primer selection
and PCR in 16S rRNA amplicon analyses. COPRO-Seq relies on the availability of draft quality

or complete genome sequences; its reliance on identification of unique regions in each member
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genome of the assayed community provides the essence of the power of the method and its capac-
ity to resolve strain-level differences in response to different perturbations. Our ability to culture
bacterial strains from biospecimens obtained from individual donors with biological phenotypes
of interest provides an opportunity to generate “personal, clonally-arrayed, sequenced culture col-
lections” that capture organisms that have co-evolved in a single gut habitat and reflect the en-
vironmental exposures that the donor has experienced in his/her lifetime (Goodman et al. 2011;
Blanton et al. 2016; Charbonneau et al. 2016). High-throughput culturing and genome sequencing
efforts have recently identified an important taxonomic issue: disagreement between 16S rRNA-
based, whole genome-based, and phenotypic identification is an increasingly common problem
for newly-isolated strains. Achieving a well-supported consensus about assembly strategies, iden-
tification of genome contaminants, taxonomic identification, and gene prediction/annotation is
essential to unite the diverse datatypes associated with high-throughput culturing and genome
sequencing efforts. With well-characterized culture collections, the limitations of COPRO-Seq are
reduced mainly to the quantity of sequencing a research group is willing to devote to their analyses

of community composition and structural variation.

Community metatranscriptome analyses - Microbial RNA-Seq

The same efforts to generate and annotate draft quality genome sequences for COPRO-Seq also
enable microbial RNA-Seq analyses of defined communities. Microbial transcriptional analyses
need to consider gene boundaries, operon structures, and RNAs arising from regions of the ge-
nome that are not predicted to encode proteins. Following from this, the “search space” for as-
signing reads to genes to identify transcript enrichment and by inference the biological meaning
of transcriptional responses represents a major bioinformatics challenge. This challenge can be
addressed using at least two approaches. The first method, typically applied to intact uncultured
community samples, relies on brute force by increasing sequencing depth. Although this method
is enabled by decreases in sequencing costs, it is still costly at the scale that is often required. In

addition, larger datasets require additional computational resources to process. A second strategy
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relies on directly reducing the search space by (1) utilizing defined communities of cultured organ-
isms for which genome sequences are available, (ii) improving gene annotations, and (iii) carefully
curating transcriptomic datasets. High fidelity gene annotations, in addition to predicting gene
function, enable researchers to shrink the search space down to portions of the genome that repre-
sent protein-coding sequences. Reads assigned to non-coding regions should not be discarded, as
information can be used to refine gene boundaries (as a component of gene calling and annotation
operations) and study small RNA biology. Carefully curating metatranscriptomic datasets during
analysis helps reduce search space post-facto, as it can allow researchers to set inclusion criteria
for organisms in metatranscriptomic analyses based on depth and quality of coverage. Even with
the significant level of transcriptomic sequencing pursued in Chapter 2, some organisms in the
defined community were not present at high enough abundance, or did not contribute sufficiently
to the community metatranscriptome, to be reliably assayed. We approached identification of such
organisms by rarefying metatranscriptome data and examining the degree to which plotted curves
approached saturation (saturation indicating a theoretically complete coverage of an organism’s
transcribed genome). This expressed transcriptome “coverage” analysis was used to set inclusion
criteria for organisms with “high,” “mid,” or “low” level coverage. Only organisms with high or
mid-level coverage were considered in our bottom-up analyses, though all detectable transcripts
were considered in top-down analyses. These types of considerations help to reduce errors intro-

duced by statistical analysis of poorly-assayed transcriptomes.

Linking gnotobiotic micronutrient deficiency models to real-world global health outcomes

This dissertation sought to build on three key elements - highly-defined experimental diets defi-
cient in specific micronutrients, defined model communities, and gnotobiotic mouse models — to
characterize the effects of micronutrient deficiency on the gut microbiota. Clearly, micronutrient
deficiencies present an immense global health challenge and studies reviewed in Chapter 1 indi-
cate that gut microbes have both beneficial and detrimental roles in affecting host micronutrient

status. A valuable next set of experiments would be to further study personal culture collections
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generated from children, living in areas of the world with a high burden of undernutrition, who
do or do not exhibit micronutrient deficiencies of interest. Preliminary evidence suggests that a
B. vulgatus strain obtained from a culture collection generated from a fecal sample from healthy
Malawian infant exhibits in vifro vitamin A sensitivity on par with the type strain B. vulgatus in-
cluded in the large, defined community analyzed in Chapter 2. Experiments designed to examine
the effects of vitamin A deficiency on the fitness of this primary B. vulgatus isolate in the context of
members of its native community would help connect results obtained in this dissertation to more
directly human relevant microbial communities. This type of model could be expanded to include
a COPRO-Seq analysis of this same community but supplemented with a consortium of sequenced
B. vulgatus isolates from multiple donors with and without micronutrient deficiency to define their

relative fitness under conditions of vitamin A sufficiency or deficiency.

A second strategy to link the work described in Chapter 2 to micronutrient deficiencies in
the developing world would be to correlate dietary micronutrient content, with a focus on vita-
min A, with human fecal microbiota profiles obtained from clinical sites where deficiencies are
endemic. To do so, we could leverage our lab’s ongoing partnership members of with the Bill &
Melinda Gates Foundation-supported MAL-ED consortium (“The Interactions of Malnutrition &
Enteric Infections: Consequences for Child Health and Development™) and a large repository of
biospecimens (fecal and serum) that had been serially collected from members of birth cohorts
living in five different low income countries. While these analyses could focus on vitamin A and
Bacteroides, these could be expanded to include other taxa affected by the single micronutrient
deficient states examined in Chapter 2. If correlations between microbial abundance and vitamin
A status and Bacteroides in these samples are identified, culture collections could be generated for

additional analyses in gnotobiotic mice and in vitro.

Finally, results from this work suggests that administration of micronutrient supplements
may have unintended and unanticipated effects on the gut microbiota. The composition of multiple
micronutrient supplements is carefully controlled with regard to iron in areas of the world where

malaria is endemic (Soofi et al. 2013; Veenemans et al. 2011). However, supplements intended
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to treat vitamin A deficiency generally contain levels of vitamin A that significantly exceed rec-
ommended daily doses. Given that (i) these doses may affect the composition of the developing
human gut microbiota, and (ii) gnotobiotic mouse models have been used recently to provide
preclinical proof of concept that impaired development of the gut microbiota (‘microbiota imma-
turity’) in children with undernutrition is causally related to their impaired growth and metabolism
(Blanton et al. 2016), it may be informative to test the effects of administering different doses of
dietary micronutrients to gnotobiotic recipients of transplanted intact uncultured microbiota from

these children.
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Figure Legend

Figure 1. An in vivo model of interactions between B. vulgatus and vitamin A. (A) Under vi-
tamin A sufficient conditions retinol is released from dietary retinyl esters by the activity of host
enzymes and interacts with bile and B. vulgatus. In vitro data suggests that B. vulgatus is inhibited
or killed by this interaction, whereas B. dorei (or other retinol-resistant organisms) thrive in the
presence of vitamin A. (B) Under vitamin A deficient conditions, the balance between vitamin A
sensitive (B. vulgatus) and resistant (B. dorei, other organisms) is not tipped in favor of resistant

organisms. See Chapter 2 for further mechanistic discussion.
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