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ABSTRACT

Significant efforts have been made to address the hidden hunger challenges due to iron, zinc,
iodine, and vitamin A since the beginning of the 21% century. Prioritizing the vitamin A
deficiency (VAD) disorders, many countries are looking for viable alternative strategies such
as biofortification. One of the leading causes of VAD is the poor bioconversion of B-carotene
into retinoids. This review is focused on the opportunities of bacterial biosynthesis of
retinoids, in particular, through the gut microbiota. The proposed hypothesis starts with the
premise that an animal can able to store and timely convert carotenoids into retinoids in the
liver and intestinal tissues. This theory is experimental with many scientific insights. The
syntrophic metabolism, potential crosstalk of bile acids, lipocalins and lipopolysaccharides of
gut microbiota are reported to contribute significantly to the retinoid biosynthesis. The gut
bacteria respond to these kinds of factors by genetic restructuring driven mainly by events
like horizontal gene transfer. A phylogenetic analysis of B-carotene 15, 15’-mono (di)
oxygenase enzymes among a selected group of prokaryotes and eukaryotes was carried out to
validate the hypotheses. Shedding light on the probiotic strategies through non-genetically
modified organism such as gut bacteria capable of synthesizing vitamin A would address the

VAD disorders.
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Abbreviations

AACT Acetoacetyl-CoA thiolase

ADH Alcohol dehydrogenase

ALDH1 Aldehyde dehydrogenase

BCM(D)O [3-carotene 15, 15’-mono (di) oxygenase
BCMO B-carotene 15, 15’-monooxygenase
BCOI B-carotene-15, 15’-0xygenase

BCOIlI B-carotene-9’, 10’ -oxygenase

Blh Bacteriorhodopsin-related protein-like homolog protein
Brp Bacterioopsin-related protein

CCD Carotenoid cleavage dioxygenases
CRBP Cellular retinol-binding protein

CYP Cytochrome enzyme P450

FPPS Farnesyl pyrophosphate synthase

FXR Farnesoid X receptor

GGPPS Geranylgeranyl diphosphate synthase
GGPS Geranylgeranyl pyrophosphate synthase
GRAS Generally regarded as safe

HMGR Hydroxymethylglutaryl-CoA reductase
HMGS Hydroxymethylglutaryl-CoA synthase
IDI Isopentenyl diphosphate delta isomerase
LGT Lateral gene transfer

LPS Lipopolysaccharide

LRAT Lecithin: retinol acyltransferase

LYCB Lycopene B-cyclase

MEP 2-C-methyl- D-erythritol-4-phosphate
ML Maximum likelihood

MVA Mevalonate

MVD1 Phosphomevalonate decarboxylase
MVK Mevalonate kinase

NTR Nuclear transcription receptor

PDS Phytoene desaturase




PMK Phosphomevalonate kinase
PSY Phytoene synthase

RBP Retinol-binding protein
RDH Retinol dehydrogenase
REH Retinyl ester hydrolase

RR Retinaldehyde reductase
RXR Retinoid X receptor
UNICEF United Nations children's fund
VAD Vitamin A deficiency

1. Introduction

A nutrient of global importance, an essential nutrient, and its deficiency can cause a pervasive
hidden hunger is the vitamin A. A current worldwide issue and still an inexcusable scenario
about the vitamin A deficiency (VAD) is about one-third of children aged 6 to 59 months is
still affected by this illness. VAD can develop serious health issues such as visual
impairment, frailty and increased risk of mortality to the infants below five years of age and
pregnant ladies. The highest rates of the vulnerable children are in Sub-Saharan Africa (48
%) and South Asia (44 %) (UNICEF 2018). Although various fortification programs with
pseudo vitamins and dietary supplements have reduced significant morbidity due to VAD, it
also reported causing nutrition imbalance and many other adverse effects. Moreover, poor
bioavailability, challenges in large-scale extension and the cost of manufacturing vitamin
formulations result in an ineffective VAD eradication so far.

The lipophilic fat-soluble vitamins (A, D, E, and K) have been the focus of
investigation for almost a century. In particular, many chemical and biological approaches
have been made to synthesis carotenoids and retinoids. Biofortification approaches such as
genetic engineering of the carotenoid pathway in crops like corn, rice, and potato have not

been successful due to the risk of unintended effects and poor support offered by the public




and government policies (Tang et al. 2012). Though various investigators have made efforts
to decipher the viable vitamin A alternative, they have managed to find only synthetic
analogues. The chemically produced retinoid compounds may exhibit less biological activity
and create undesirable by-products (Parker, Smith, and Baxendale 2016). The synthetic
receptor-selective retinoids also may result in altered toxicity patterns (Curley and Robarage
1997). It is the time to explore natural sources to identify the biological agents which carrying
the retinoid activity to overcome the synthetic retinoid products (Uray, Dmitrovsky, and
Brown 2016).

In the biological system, the animals including humans create retinoids from
carotenoids obtained from plants, while a plant cannot produce retinoids. The entire retinoid
biosynthesis pathway including the carotenoid synthesis might have embodied only in lower
level organisms such as microbes. Numerous studies have attempted to decode the impacts of
the gut microbiome on host metabolism, innate immunity, and metabolic disorders. The
human colon is the host of a diverse microbiota with more than 50 bacterial phyla dominated
by Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria (Eckburg et al. 2005). The
impact of host genetics and green diet on the gut microbial diversity has been detailed by
human microbiome project (Lozupone et al. 2012; Blaser 2016). The microbial adaptability
to eukaryotic tissues and the symbiotic metabolism of nutrients fuels through opportunistic
genetic alterations within individual gut microbes (Harms et al. 2015). Many bacterial strains
such as Bifidobacteria and Lactobacillus have been shown to exhibit vitamin producing
capacity although their metabolic pathways have not been elaborated (Linares et al. 2017).

Though some gut bacteria possess the genes for carotenoids synthesis, if they acquire
a rhodopsin type gene, it could be possible to synthesis retinoids from dietary carotenoids
(Culligan et al. 2014). Some bacteria create retinoids as a prosthetic group for

bacteriorhodopsin (Jang et al. 2011).



The carotenoids such as B-carotene, a-carotene, and B-cryptoxanthin are the primary
provitamin compounds reported to present abundantly in the human tissues. In particular,
people around the world consume vitamin A in the form of B-carotene through fruits and
vegetables. While the recent debates about B-carotene-cleaving enzymes are more focusing
on eukaryotic p-carotene 15, 15’-mono (di) oxygenase (BCM(D)O), no attention has been
paid to bacterial sources. The B-carotene-cleavage enzymes were principally reported in
animal liver, intestine, yolk sac, placenta and the embryo (Redmond et al. 2001). Some
researchers outlined the microbial vitamin A synthesis through bacteria synthesizing retinoid-
like compounds and the gut microbiome with BCM(D)O mimicking activity.

In particular, this review highlights the scientific predictions that are underpinning the
hypothesis “Biosynthesis of retinoids from carotenoids dependent and independent pathways
through gut microbiota.” First, the liver and or intestine of the animals are the storage and
bioconversion sites for synthesizing retinoids from carotenoids. The carotenoids are
metabolized through the carotenoid cleavage enzymes synthesized by the epithelial cells that
include the cells lining the liver. Since, a diverse group of microbes in the liver and intestine
relay on that organ for its nutritional requirements, they could have developed the capability
to take part or entire metabolism of carotenoids and retinoids. Also, the microbial role in
retinol transportation to multiple sites of the body through bacterial compounds mimicking
the retinol-binding protein (RBP) is an area of concern. Second, the host-symbiont
interactions through the hologenome adaptation effect. The microbes could have remodelled
its genetic make-up, generation by generation through various intragenomic recombination
processes with the host cells to increase the adaptability with the gut environment. Third,
through lateral or horizontal gene transfer phenomenon, the genes for the biosynthesis and
catabolism of carotenoids and retinoids might have been transferred to bacteria from the host

tissues. Fourth, some putative enzymes that synthesis retinoids of different biological activity



could have been synthesized and utilized by microbes to sustain the niche. Finally, there is
always a bidirectional pressure exists between the prokaryotic cells and the host eukaryotic
cells in the organs. The demand could have resulted in inter-bacterial changes that alter the
microbes to play a role in vitamin A synthesis.

A vital organ, nutritional powerhouse and one of the top vitamin A source is the beef
liver. The liver also acts as a downstream of the gastrointestinal tract in the digestive system
and harbours trillions of bacteria (Hartstra, Nieuwdorp, and Herrema 2016). Hence, this
review strongly emphasizes and proposes a critical role for the liver or intestine-friendly
bacteria in Vitamin A biosynthesis. These proposed conceptual points with literature
evidence have been detailed, and the alternative strategies to overcome VAD are illustrated.
This review aims to focus exclusively on bacterial metabolism of retinoid and carotenoid and
revealed some natural and viable approaches such as probiotics and synbiotic foods for VAD.
2. Influencing factors of VAD
VAD develops mainly among the children and pregnant woman due to inadequate intake,
poor bioavailability of stored vitamin due to protein and fat malnutrition, impaired liver store
and especially poor bioconversion ratio of B-carotene to retinoids (Schaub et al. 2017). An
insufficient or marginal intake will lead to limited stores of carotenoids, and a sudden
demand will deplete the reserves. The carotenoids and retinoids of plant and animal sources
upon ingestion exhibit a poor absorption due to errors in the hydrolysis process of esterified
compounds and unhealthy gastrointestinal status (Reboul 2013). The diseased or
malfunctioned liver cannot store as much retinal or make as much retinol binding proteins.
Children with adequate vitamin A but severely malnourished and protein deficient are also
vulnerable to VAD. This disorder is due to the poor transportation of retinoids to the target
sites of the body (Akerstrom, Flower, and Salier 2000). The primary causative factors

affecting the vitamin A status and leading to VAD associated disorders are depicted in
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Figure 1. Major risk factors for VAD. Inadequate intake, poor bioavailability, impaired liver store
(Akhtar et al. 2013), protein and fat malnutrition (He et al. 2013) and poor bioconversion due to
factors such as enzyme efficiency (Scherzinger and Al-Babili 2008) are presented in the diagram.

Likewise, one of the critical conditions leading to VAD is bioconversion efficiency of
the gut cells mediating the transformation of B-carotene into retinoids. Various factors
influence the catalytic property of the carotenoid oxygenase enzymes. The enzyme
BCM(D)O depends on ferrous iron as a cofactor and exhibits variable enzyme activity based
on host genetic factors such as single nucleotide polymorphisms (Esaki, Malkaram, and
Zemplenim 2012). Iron or zinc deficiency considerably alters the vitamin A metabolism
(Himoto and Masaki 2018). The preferential absorption of carotenoids into lipid micelles
depends on the all-trans isomer configuration of the compound and formation of secondary
and tertiary bile acids. Moreover, the availability of lipopolysaccharides and lipoproteins
specific to the absorption and transportation of carotenoids and retinoids have significant
implications on vitamin A status (He et al. 2013). Also, the excess intake of carotenoids leads
to poor uptake owing to the limited capacity of micelle-carotenoid incorporation (Perera and

Yen 2007).



The bioconversion efficiency of B-carotene to retinal in various animal species differs
based on a number of factors, in particular, the poor converter phenotype of enzyme BCMO
(Green and Fascetti 2016). It is evident that vitamin A status is greatly influenced by the
bioconversion ability of the epithelial gut cells lining the intestine, liver, and other target
organs.

3. Carotenoids to Retinoids: Bioavailability to Bioconversion to Bioefficiency

Concerning the bioconversion of carotenoids into retinoids, the site, rate, and efficiency of
the process is specific and are carried out at particular localities of the body. An overview of
the retinoid cycle and B-carotene metabolism from feed to bioconversion is depicted detailly
in Figure 2 adopted from Bonet et al. 2015. The carotenoids intake through green plants and
animal products are absorbed and metabolized majorly in the stomach, liver and intestinal
organs. In diets, the carotenoids and retinoids found majorly in two forms: in oil droplets and
fruits and vegetable matrices (Olson et al. 1999). Upon ingesting the carotenoid-rich plants or
retinoids rich animals, the compounds are released from the food matrix through the physical
and chemical metabolic processes such as chewing and fermentation. The epithelial tissues
covering the organs carry the retinoid metabolizing enzymes and the necessary receptors. In
addition to the passive diffusion of preformed retinoid, the carotenoids such as [3-carotene are
absorbed intact by the intestine, and also circulated through chylomicrons and their remnants
(Redlich et al. 1996, 1999). The digestive fluid of the stomach, enzymes such as gastric lipase
and gut microbiota aid in dispersion of carotenoids and retinoids into lipid micelles along
with bile salt. Some microbial proteins such as E. coli Blc and dietary proteins such as cow
milk lipocalins with the potential to bind retinol and B-carotene also transport them into

enterocytes (Borel and Desmarchelier 2017).
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Figure 2. Overview of retinoid and b-carotene metabolism in a eukaryotic cell and physiological role
of the specified organs. The important sites of bioconversion of carotenoids to retinoids are stomach,
liver, and intestine with varied metabolic functions. The carotenoids digested from the plant-sourced
foods and animal tissues form lipoprotein micelles during digestion, fermentation and metabolism
processes. The miscelles containing retinyl esters and b-carotene with bile salts are circulated in the
blood. Through endocytosis, the micelles are internalized by lipoprotein receptors. The retinyl esters
are hydrolyzed to retinol by retinyl ester hydrolase (REH), which can also be oxidized back to retinyl
esters by lecithin: retinol acyltransferase (LRAT). The active retinol binds with cellular binding
protein (CRBP) and transported to the target tissues through specific surface receptors (STRAG,
RBPR2) and attaches with retinol binding protein (RBP). Besides, the circulating RBP bind retinol
can be internalized into the cells through the same receptors and can be stored as retinyl esters through
REH enzymes. The retinol can be reversibly transformed to retinal through retinaldehyde reductase
(RR) and back to retinol through alcohol dehydrogenase (ADH) or retinol dehydrogenase (RDH). The
retinal is irreversibly oxidized to retinoic acid (RA) through the action of aldehyde dehydrogenase
(ALDH1). However, the main pathways are symmetric cleavage of b-carotene into retinal by the
enzyme b-carotene-15, 150 -oxygenase (BCOI) and asymmetrical cleavage by b-carotene-90 , 100 -
oxygenase (BCOII). The mitochondrial BCOII products can be transformed to retinal through BCOI.
The retinoic acid is transferred to the nucleus through cellular retinoic acid binding protein (CRABP).
The retinoic acid exerts genomic transcriptional modulating activity by binding with nuclear
transcription receptor (NTR). The retinoic acid is oxidized by the cytochrome enzymes P450 (CYP)
and eliminated from the cell (Bonet et al. 2015)

f-carotene

The bioconversion of B-carotene into retinal is also depending on the type of cleavage
enzyme, health condition and even the rate of fat intake and its digestion. The -carotene split
into retinal through oxidative enzyme BCM(D)O. The enzyme B-carotene-9', 10'-0xygenase
(BCO2) mediates the asymmetric cleavage of f-carotene into apocarotenoids. The excess
retinoic acid is cleared through oxidization by the cytochrome enzymes P450 (CYP) (Bonet
et al. 2015). The enzyme activity has been reported in mammalian organelles such as jejunum
enterocytes, intestinal mucosa, liver, kidney, lung, and brain (Wolf 2009; During et al. 1996;

Scherzinger and Al-Babili 2008). However, the major sites of carotenoid metabolism are




revealed as liver and intestine. The bioconversion of carotenoids to retinoid and its
bioavailability in the rat intestine in relation to the abundant of gut microflora was studied by
Grolier et al. 1998. The findings suggest that the intestinal microflora have some impact on
absorption of carotenoids and also on the biological activities of carotenoids and retinoids.

On account of B-carotene bioconversion efficiency, the factor is calculated from the
proportion of absorbed provitamin A carotenoid into retinoid. Though, various populations
having different nutritional habits, we gathered the data by searching the PubMed listed
publications to derive the recent data. The conversion ratio is also varied by the type of food
matrix, body weight and condition of the human beings. The mean conversion ratio of
vegetable B-carotene matrix to vitamin A by weight as 26:1 and for fruits like orange as 12:1
and for the golden rice, the proportion is 3.6:1(Tang 2010). With a breastfeeding woman, the
ratio is 12:1 for fruits and 28:1 for vegetables by weight (Khan et al. 2007) and with an
anaemic child with VAD, the conversion factor of vitamin A rich food is 26:1 by weight (de
Pee et al. 1998). Despite the various conclusions, the recent research data of mean conversion
ratio of a healthy well-fed man is 19:1 of B-carotene to retinol activity equivalent (RAE) by
weight (Schaub et al. 2017).

Therefore, it is evident that the gut cells, in particular, the liver and intestine mediate
the vitamin A homeostasis and hence the symbiotic bacteria could contribute to the functions
significantly.

4. Role of gut bacteria in bile acids, dietary lipids, and retinol binding protein
regulation

Recently, much scientific evidence has been documented on the crucial role of gut microbiota

in biosynthesis or co-metabolism of the essential vitamins (Roberfroid et al. 2009). There is a

multidirectional benefit exists between gut microflora, bile acid homeostasis and retinoid

metabolism (Sommer and Backhed 2013). This section reviews the symbiotic relationship
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between the gut microbiota and the metabolism of bile acids, dietary lipids and cellular
proteins in support of vitamin A synthesis. The ability of the body to convert -carotene to
retinoids is stimulated or impeded by numerous factors which include: gene variant,
microbiota, dysbiosis, insulin resistance, bile acid status, carotenoid oxygenases enzymes,
hydrochloric acid content, lipid level, and celiac diseases (Saeed et al. 2017). A synergy
between the microbiota variation and vitamin A absorption supports the notion that there are
cross-talks among bile acid, lipids and cellular proteins with gut microorganisms (Leung et
al. 2009). The microbes may provide the host with specific and functional enzymes and
altering the biochemical pathways.

The scientific knowledge about the number of human gut bacterial species from a few
hundred in the 1970s to many thousands in the recent times is due to the advancements in
metagenomics analysis. With the improvements in molecular techniques, the gut microbiota
is estimated at between 100 to 200 trillion microbes in 1000 different species. The human
stomach, liver, and intestine harbors complex microbial communities in the range of 10° to
10%, 10* to 108 and 108 to 10 colonies per gram respectively (Hooper, Midtvedt, and Gordon
2002). It is clear that the density of microflora is relatively lower in the stomach, high in the
liver and intestinal organs. The common dominant microbiota belongs to the Bacteroidetes,
Firmicutes, Actinobacteria, Proteobacteria and Fusobacteria phylum. In a healthy adult
intestine, Bacteroidetes and Firmicutes dominate (around 95%) the total microflora (Ohland
and Jobin 2015) and constitute more than 85% in the liver metabolic studies (Liu, Hu, and
Wan 2016). The hypothetical interplays between the gut microflora and vitamin A
biosynthesis are illustrated in Figure 3 which is completely or partially supported through the

scientific relevance.
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Figure 3. The hypothetical interplay among gut microbiota, bile salt, dietary lipids and cellular retinol
binding proteins in retinoid metabolism. The figure illustrates the richness of gut microbiota in order
of abundance in the specified organs and some crucial carotenoid and retinoid metabolism factors
such as lipopolysaccharides (LPS), retinol binding proteins and bile salts

Around 2844 to 5653 intestinal genes were regulated by the habitat microbiota
including the retinoid metabolic pathways (Johansson et al. 2008). The gut microbiota aid in
absorption, metabolism, and transport of carotenoids and retinoid by synthesizing secondary
and tertiary bile salts through various biochemical reactions. Lactobacillus, Bifidobacterium,
Bacteroides, Listeria, and Clostridium performs deconjugation; Clostridium, Bacteroides,
Eggerthella, Escherichia, Eubacterium, Ruminococcus, and Peptostreptococcus conducts
oxidation and epimerization; Eubacterium and Clostridium performs dihydroxylation;
Eubacterium, Bacteroides, and Lactobacillus conducts esterification and Peptococcus,
Clostridium, Pseudomonas and Fusobacterium carry out desulfation (Gerard 2014). The
hydrolysis and conjugation reactions are catalysed by the intestinal bacterial enzymes such as
bile salt hydrolases (Kellogg 1974). The dihydroxylation reactions such as conversion of

primary bile salts into successive salts are mediated by bacterial species such as Clostridia
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(Zwicker and Agellon 2013). The retinoid metabolism genes such as retinoid X receptor
(RXR) are modified in relation to the gut microbial alterations. The significant pathways in
retinoid biosynthesis like a canonical pathway, farnesoid X receptor (FXR) and RXR are
regulated by the secondary and tertiary bile acids transformed by the gut microbiota (Swann
etal. 2011).

The lipopolysaccharide (LPS) of the stomach or rumen fluid aids in the absorption of
carotenoids and retinoids from the feed digesta and also mediating the circulation (German
and Dillard 2006). LPS ingested through feed and metabolized through the digestive fluid are
further tuned into fat micelles suitable for carotenoids transportation to the active sites by the
gut microbiota. Bacterial LPS also plays a crucial role in liver nutrient absorption (Heuman
1989). The liver regeneration also needs the role of commensal microbes in harnessing the
signalling cascade molecules such as LPS (Karin and Clevers 2016). The secondary and
tertiary bile acids tuned for carotenoids and retinoids metabolism is essential for vitamin
homeostasis (He et al. 2013). In the intestine, the gut microbiota synthesis enzymes or
complement proteins such as bacterial lipocalins which could contribute to the intestinal
transport of retinoid (Bishop 2005).

Berry et al. 2012 experimented with the protein made in bacteria to evaluate the
human STRAG6 mediated retinol uptake process in retinol or RBP complex. He elucidated that
the microbial proteins contribute to the RBP concentration in human blood. BCM(D)O
activity is regulated by the feedback mechanism and varied protein levels (Gronowska-
Senger and Wolf 1970). The bacterial lipocalins are lipophilic molecules with diverse
functional activities including retinol transportation (Akerstrom, Flower, and Salier 2000).
The lipocalins are majorly found in gram-negative bacteria with a 3D structure (Newcomer et
al. 1984). A significant similarity is observed between the structures of bacterial lipocalins

and serum retinol binding protein (Bishop 2005).
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A deeper understanding of the gut microbiota in VAD affected individuals could lead
to preventive strategies and natural therapies. Further, targeting the interplay between vitamin
A metabolism, bile acids, and lipopolysaccharides and proteins of bacterial source seems to
be one of the promising avenues for the treatment of VAD disorders, but more research is
needed.

5. Comparison of enzymes and their genes reported in the bacterial, plant and animal
metabolism of B-carotene and retinoids
The scientific fact that the gut organs of the animals can synthesis retinoids through the
carotenoids of green forage propels the concept that there is a role for gut friendly microflora
in the production of carotenoids and or vitamin A. The characterization and illustration of the
retinoid metabolic pathway describing the bioconversion process in eukaryotes were
investigated (Goodman et al. 1966, 1967). The enzyme BCMO was first identified and
isolated as a cytosolic enzyme by the product retinal (Olson and Hayaishi 1965). The
molecular characterization of BCM(D)O have been reported in various species, including
chickens (Wyss et al. 2000), zebra fishes (Lampert et al. 2003), humans (Yan et al. 2001),
fruit flies (von Lintig and Vogt 2000) and mice (Paik et al. 2001). In prokaryotic organisms,
the bacteria usually use the mevalonate (MVVA) pathway over 2-C-methyl-D-erythritol-4-
phosphate (MEP) pathway for carotenoid production (Vranova, Coman, and Gruissem 2013).
The bacterial biosynthesis of carotenoids has been detailed and discussed by various
researchers in different organisms (Armstrong 1994). However, studies explaining the
biosynthesis of retinoid cycle intermediates through microbial cells are limited and small

attention has been paid.
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Figure 4. The biosynthesis pathway of b-carotene (MVA pathway) in plants and retinoid synthesis in
animals and its equivalent steps in bacteria (modified from Bai et al. 2011). For simplicity, only major
intermediates are shown. The gene accession numbers of the enzymes are given below the gene
symbol in parentheses with the published authors. Enzymes: AACT, acetoacetyl-CoA thiolase;
HMGS, hydroxymethylglutaryl-CoA synthase; HMGR, hydroxymethylglutaryl-CoA reductase;
MVK, mevalonate kinase; PMK, phosphomevalonate kinase; MVD1, phosphomevalonate
decarboxylase; IDI, isopentenyl diphosphate delta isomerase; GGPPS, geranylgeranyl diphosphate
synthase; FPPS, farnesyl pyrophosphate synthase; GGPS, geranylgeranyl pyrophosphate synthase;
PSY, phytoene synthase; PDS, phytoene desaturase; LYCB, lycopene b-cyclase; BCM(D)O, b-
carotene 15,15’-mono(di)oxygenase; RR, retinal reductase; ADH, alcohol dehydrogenases; RDH,
retinol dehydrogenase; ALDH1, aldehyde dehydrogenases; LRAT, lecithin retinol acyltransferase;
REH, retinyl ester hydrolase; mvak, Acetyl-CoA acetyltransferase; mvaS, HMG-CoA synthase;
mvaA, HMG-CoA reductase; mvaK1, mevalonate kinase, mvaK2, phosphomevalonate kinase; mvaD,
mevalonate diphosphate decarboxylase; idi, Isopentenyl-diphosphate Delta-isomerase; ispA, geranyl
diphosphate synthase; crtE, bacterial GGPP synthase; crtB, bacterial phytoene synthase; crtl,
carotenoid isomerase; crtY, bacterial lycopene cyclase; BCO, b-carotene oxygenases; blh,
bacteriorhodopsin-related protein-like homolog protein; brp, bacterioopsin-related protein; BcALDH,
Bacillus cereus Aldehyde dehydrogenase, CBADH, Clostridium beijerinckii alcohol dehydrogenases;
ALDH1a/2, aldehyde dehydrogenase and indicates no enzymes were reported.

Carotenogenesis occurs in bacteria through various pathways and can synthesis 700
different types of carotenoids (Hedl et al. 2002). All the isoprenoid compounds are derived

from five-carbon (C5) units and in particular through the MVVA pathway (Putter et al. 2017).
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A list of bacterial, plant and animal enzymes with corresponding genes and their accession
number reported to be responsible for synthesis and metabolism of carotenoids and retinoids
are outlined in Figure 4. Since most of the prokaryotic carotenoid metabolism takes place
through the MV A pathway starting with acetyl co-A, the important intermediates were given
with reference. The genes and the enzymes identified for prokaryotic carotenoid metabolism
were derived from a web server called ProCarDB
(http://bioinfo.imtech.res.in/servers/procardb/) (Nupur et al. 2016). Most cyanobacteria and
some pigment-producing bacteria having the phytoene synthase (CrtB) enzyme which
mediates the phytoene synthesis step (Sabehi et al. 2005). The following steps such as
phytoene to lycopene and B-carotene are catalysed by phytoene desaturase (Crtl) and
lycopene p-cyclase (CrtY) respectively. Some bacteria such as Streptococcus and
Staphylococcus have carotenoid desaturase enzymes which can catalyse the entire pathway
steps of the C40 carotenoids desaturation (Marshall and Wilmoth 1981). These data illustrate
the ability of the bacteria to synthesise the B-carotene and to metabolize it into the retinoid
products.

However, the carotenoid cleavage dioxygenases (CCD) enzymes of gut friendly
bacteria have not been studied so far. Recently, some of the Proteobacteria such as
Sphingopyxis alaskensis, Novosphingobium aromaticivorans, and mycobacteria such as
Mycobacterium tuberculosis reported undergoing the cleavage reaction (Liang, Zhu, and
Jiang 2017). The two bacterioopsin proteins thought to convert B-carotene into retinoids are
bacteriorhodopsin-related protein-like homolog protein (Blh) and bacterioopsin-related
protein (Brp).

The role of bacteria in the synthesis of retinoid intermediates such as retinoic acid,
retinal and retinol demonstrated by different researchers is summarized here. Sabehi et al.

2005 revealed that the proteorhodopsin genes were linked with blh genes that can encode the
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carotenoid cleavage enzymes. These genes were reported in multiple microorganisms like
Halobacterium halobium (Shand and Betlach 1994), Haloarcula marismortui (Baliga et al.
2004), Haloquadratum walsbyi, and Salinibacter ruber (Mongodin et al. 2005) and
Halobacterium sp. NRC-1 (Ng et al. 2000). Although these enzymes exhibit the capability to
metabolize the carotenoids into retinoids, they differ in various properties from the
mammalian BCM(D)O enzymes (Kim et al. 2009). While mining the genome of Donghaeana
dokdonensis DSW-6, the blh gene, whose product is responsible for the cleavage of B-
carotene into retinal molecules were unravelled (Kwon et al. 2013). Hong et al. 2016
identified aldehyde dehydrogenase enzyme from Bacillus cereus that having the potential to
biotransform retinal to retinoic acid. Further, he elucidated that the amino acid sequence from
the enzyme aldehyde dehydrogenase of B. cereus and mammalian were closely related. This
bacterium is also reported to have the catalyzing power for converting the all-trans retinal to
all-trans retinoic acid with NAD(P)+ and could reduce all-trans retinal to all-trans-retinol
with the catalytic residues of the enzyme Glu266 and Cys300 along with NADPH. The
retinaldehyde dehydrogenase enzyme was expressed in E. coli and observed that it functions
through complexing with cellular retinol binding protein (Penzes, Wang, and Napoli 1997).
Sobreira et al. 2011 performed the phylogenetic analysis of retinol dehydrogenase
enzymes in eukaryotes and prokaryotes through NCBI BLASTp 16. A large number of
bacteria have shown closest hits majorly the Cyanobacteria, Bacteroidetes, and
Planctomycetes. Further, he added that the enzymes of bacteria and animal orthologs are
considered as the same clade since they are closely linked with each other. The
metagenomics analysis uncovered certain gram-positive bacteria such as Enterococcus and
Streptococcus spp. with brp/blh genes that are mimicking the (BCM(D)O) genes (Culligan et

al. 2012).
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In a human gut metagenomic study, certain gram-positive and gram-negative bacteria
possessing the putative genes brp/blh were identified mimicking the BCM(D)O activity. The
relevant genes might have undergone lateral gene transfer from multicellular eukaryotic cells
to microorganisms in the aphotic nature of the gut environment (Sleator 2011 and 2013).
Culligan et al. 2012 revealed the genes encoding the enzyme homology to BCMO in human
gut metagenomics library. The metabolic pathways of vitamin synthesis were highly
represented in the enterotypes of 22 faecal metagenomes and implied a synergetic
interrelationship with the host (Arumugam et al. 2011). The role of microbiota in vitamin A
synthesis and transport should be explored in depth with relevant scientific insights to fill the
gaps in VAD disease complications.

The human microbiome being considered as a second genome is one of the important
sources of genetic diversity and metabolic adaptability. The genetic make-up of the bacteria
depending on the liver, intestine, and gut may transform into retinoid producers through any

one of the proposed phenomena explained in the following sections.

6. Testable Hypotheses: Microbial metabolism of carotenoids and retinoids

There are a considerable data supports and reveal the biochemistry behind the bacterial
synthesis of folates, riboflavin, cobalamin, and other K and B vitamins. Qin et al. 2010
published the fact that the human gut microorganism can synthesize B-vitamins through
pubSEED, a metagenomics analysis platform. In that study, subsystems of eight B-vitamin
synthesising genes were identified and used to predict the capable gut bacteria. Few studies
have demonstrated that the bacterial enzymes mimicking the BCM(D)O can produce
retinoids from B-carotene. However, the natural enzymes of the bacteria to biotransform the
retinoids into various functional forms and the biochemical pathways is not well exploited

(Peck et al. 2001; Sabehi et al. 2005). The importance of studying the role of gut microbiota
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in the biosynthesis of retinoids and bioconversion capability from carotenoids is emphasized
through the following contextual scientific backgrounds.

6.1. Mechanisms proposed for microbial retinoid synthesis: Symbiotic relationship
pressures in acquiring the metabolic capabilities

One of the hidden metabolic organs that play a significant role in nutrition metabolisms such
as bioaccessibility, bioavailability and bioconversion processes is the gut microbiota. The
microbiome adapts rapidly with the human tissues through multiple factors that necessitate a
symbiotic relationship. The gut commensal microbes are concerned about their wellbeing and
response favourable to host in all the conditions. It is hypothesized that the microbiome may
directly participate in host metabolic activities and support the host with the essential
nutrients on a mutual benefit basis (Fukunda and Ohno 2014). Lack of retinoid affects the
normal cellular functions and interferes with the nutrient digestion process (Reboul 2013).
Higher B-carotene stores and demand in retinoid availability might impact the association
between gut microbiota and the host. As a consequence of the demand due to poor
bioconversion of B-carotene to retinoids, the gut bacteria could have developed the potentials
which could also prolong beyond the demand period of retinoids. The phenomena of
carotenoid metabolic gene transfer between the host and microbe and in turn the secondary
changes to stabilize the same are part of the interactional symbiosis (Moran and Jarvik 2010).
Hence, the assumption is that the gut microbes would play key roles as enzymes, mediators,
and transporters in retinoid biosynthesis as part of the symbiotic relationship.

6.2. Mechanisms proposed for microbial retinoid synthesis: Evolutionary and
Hologenomic adaptational effect

The microbiome adaptational effect to support the gut bacterial biosynthesis of vitamin A can
be projected based on the following significant assumptions. The inter variations in microbial

diversity in response with host metabolic activities (high vitamin metabolism activity in liver
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and intestine), gene expression compatibility with the host condition and mobile genetic
elements that could transfer the genes from the host to bacteria (Figure 5). The principal
phenomenon of remodelling its bacterial cells to associate with the eukaryotic cells is
intragenomic recombination processes. Various clusters of microbial genes are activated or
engineered in response to the adapted habitat (Hill et al. 2002). The epigenetic switches (Li et
al. 2016), site-specific recombination (Van der Woude 2011), spontaneous mutations (Harms
et al. 2015), and phenotypic switches work in a bi-directional manner. The genetic novelty in
the gut microbes through mutators might also facilitate the biosynthesis of required
compounds within the bacterial populations due to the fluctuating environments (Travis and
Travis 2002). Although, the beneficial mutation ratio is comparatively lesser than the neutral
or detrimental mutations (e.g., E. coli beneficial mutation per genome per replication is 2 X
1079), the associated microbes of the organs tend to adapt faster (Imhof and Schlotterer 2001).
It could be proposed that the retinoid metabolising genes acquired by the microbiota also
should have been conserved in successive generations due to the shorter multiplication times

and larger population sizes.

Gene expression Intragenomic

alteration to adapt to the recombination and
mutations

gut
Abundance

Generation Time

Figure 5. Proposed process in support of the adaptation of microbiome to host environment and through
ecological and genetic changes due to the short generation times and large population size. G1 to Gn
denotes the generation period (adapted from, Li et al. 2016).
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6.3. Mechanisms proposed for microbial retinoid synthesis: Horizontal transfer of
retinoid metabolizing gene
One of the natural phenomena and principle behind the adaptation of living organisms in their

host environment is horizontal gene transfer. Even a complex biosynthetic pathway can be
gained by this process and transform into a favourable host organism (Malys, Campbell, and
Malys 2015). The constraints in host carotenoid metabolic pathways were addressed by the
microbial enzyme and coevolved with the local ecosystem. The selective evolution of
biosynthetic pathway and the ability to integrate the microbial genome with the host to
function in the receipt metabolic network is one of the crucial possible mechanisms. The
protein encoding transcripts including retinal biosynthetic enzymes were characterized in
Flavobacterium species (Kimura et al. 2011). In Bacteroidetes genomes, the (3-carotene gene
is flanked only by blh and also suggests it is by the lateral gene transfer of rhodopsin genes
and is a frequent process (Pinhassi et al. 2016). A proportion of carotenoids found in the
membrane of haloarchae and the symbiotic Salinibacter sp. produced red colonies of similar
appearance. The genes responsible for the conversion of carotenoids to retinoids may be
evolved through horizontal gene transfer from ancestral organisms (Anton et al. 2002;
Lutnaes et al. 2004).

6.3.1. Phylogenetic analysis to elucidate the gene transfer phenomena from eukaryotes
to prokaryotes

The most relevant mechanism of gut bacterial evolution can be explained by the lateral gene
transfer (LGT). Numerous forces and positive selection pressure influence the LGT (Gillings
2017). Only a few researchers have elucidated the LGT event from a eukaryote to prokaryote.
Avrias et al. 2012 speculated the transfer of glycoside hydrolase gene from Archaeplastida

(eukaryote) to Bacteroides through Bayesian and bootstrapped maximum likelihood methods.
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The evolutionary proximity of retinoid metabolism pathways among eukaryotic organisms
such as animals and the bacteria was investigated and narrated through phylogenetic analysis
of the responsible enzymes (Kiser, Golczak, and Palczewski 2014). The aldehyde
dehydrogenase catalysing the transformation of retinaldehyde to retinoic acid is reasoned and
proved with standard models of evolution (Millard et al. 2014). Doolittle (1998)
demonstrated the transformation of genes from protist to food bacteria through LGT
phenomenon.

In this review, we identified and retrieved the protein homologs of BCM(D)O from
selected eukaryotic and prokaryotic organisms by BLASTp search at the NCBI non-

redundant database. Redundant sequences with >90% non-pairing amino acid sequences were

96 WP 0980755 Longibacter salinarum (Bacteriodetes)
89 -WP 1030302 Salinibacter altiplanensis (Bacteriodetes)
100 WP 0283465 Bradyrhizobium elkanii (Proteobacteria)
198 WP 0954850 Mesorhizobium mediterraneum (Proteobacteria)
WP 0980614 Longimonas halophile (Proteobacteria)
87 KPI15573.1 Actinobacteria bacterium (Actinobacteria)
WP 0157934 | Catenulispora acidiphila (Actinobacteria)

100_[ XP 0059079 ] Bos mutus (Mammalia)
o8 XP 0198342 Bos taurus indicus (Mammalia)

L XP 0179172 Capra aegagrus hircus(Mammalia)
100 NP 059125. Homo sapiens(Mammalia)

XP 0167857 | Pan troglodytes(Mammalia)

89 XP 0188669 | Gorilla gorilla(Mammalia)

95 NP 067461. | Mus musculus (Mammalia)

WP 0095795 | Fulvivirga imtechensis (Actinobacteria)

76 | WP 0951314 7] Anaeromicrobium sediminis (F irmicutes)
L WP 0119968 ] Coxiella burnetii (Proteobacteria)
—

01

Figure 6. Maximum-likelihood phylogeny unrooted tree of b-carotene mono(di) oxygenases enzymes
in selected prokaryotes and eukaryotes.

removed, and entirely aligned sequences were kept for phylogenetic reconstruction. The

sequences were aligned through MAFFT version 7 (Katoh and Standley 2013). The best
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protein substitution model JTT+I+G+F fit for the sequences was generated using Protest
(Perez Sirkin et al. 2017) and was used to perform maximum likelihood (ML) estimation with
RAXML ver.8.2.4 (Bohm et al. 2015). For the best-scoring tree with well-supported nodes,
1000 bootstrap replicates were done to generate the ML tree topology. The unrooted tree
generated through the ML method is given in Figure 6.

The RAXML bootstrap values more than 70 are indicated at the branches. Genebank
accession numbers are provided at the end of the branch. The eukaryotic organisms with
BC(M)DO enzymes were indicated as blue colour and the green colour highlights the
bacteria. The red colour highlights the bacteria closely related to the eukaryotic organisms. In
particular, Fulvivirga imtechensis belonging to the phylum Bacteroidetes subclades from the
mammalian animals indicates that a maximum homology found among the protein sequences
which indicates the possibility of horizontal gene transfer like phenomena.

Fulvivirga imtechensis, a gram-negative aerobic bacterium is reported to have some
eukaryotic characters through evolutionary phylogenetic analysis. In the comparative
genomics study using in silico bacterial carotenoid biosynthesis pathway, Bacteroidetes
which is a sub-lineage from Actinobacteria is proposed to possesses carotenoid oxygenases
and desaturases enzyme families. The evolutionary mechanism suggested for this phenomena
may be explained through horizontal gene transfer, co-evolution with other biochemical
reactions, gene acquisition followed by gene loss and positive selection (Klassen 2010). In
multiple sequence alignment of specific bacterial annexin proteins with the eukaryotic
domains, the sequence motifs are strongly conserved in various sites of Fulvivirga
imtechensis. This phenomenon might be explained by horizontal gene transfer between
eukaryotic organisms and bacteria through protozoan eukaryotes (Kodavali et al. 2014).

It is also inferred that the animals like Bos mutus (domestic yak), Bos Taurus (cow)

and Capra hircus (goat) with a close relationship with human BCM(D)O enzymes and their
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liver as an abundant source of the vitamin A is a promising area of concern. In vitro
examination of the microbial flora of these animals using suitable culture system may unravel
some significant outbreaks in the biosynthesis of vitamin A. Owing to the consequence of the
long-term coevolution among the gut bacteria and the eukaryote, it can be speculated that the
bacteria could acquire the BCM(D)O genes because of an LGT like event.

6.4. Mechanisms proposed for microbial retinoid synthesis: Putative enzymes
reported synthesizing retinoids from carotenoids

Zhang et al. 2018 discovered the inherent enzymes of E. coli capable of converting retinal
into retinol or retinyl esters. A group of genes in the microbes encodes the enzymes with
retinol reductase activity. Kim et al. 2009 find out the salt tolerance genes that encode a
putative carotenoid metabolizing enzyme with homology to a BCMO protein, which capable
of cleaving a [3-carotene to two molecules of retinal. This enzyme also shares more similarity
with a brp/blh-family 15, 15'-B-carotene monooxygenase from Prevotella marshii DSM
16973 and with Bifidobacterium bifidum BGN 4 (Kim et al. 2009 and Peck et al. 2001). In
the bacteria Staphylococcus aureus, the orange carotenoid staphyloxanthin is synthesized by
acyltransferase enzymes (Pelz et al. 2005). Synechocystis sp. PCC 6803, a cyanobacterium
encodes the retinal synthesising enzyme which can metabolize the p-apo-carotenals (Ruch et
al. 2005). In the carotenoid biosynthesis studies, specific putative ADP-binding sites in the N-
terminal portion of the carotenoid dehydrogenase enzymes were identified. The metabolic
pathway could have preserved evolutionarily in bacteria. The bacterial enzymes mimicking
the carotenoid metabolism were purified and characterized (Armstrong, Alberti, and Hearst
1990). These findings show the probability of putative enzymes in the bioconversion of

carotenoids into retinoids.
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6.5. Mechanisms proposed for microbial retinoid synthesis: Literature insights
behind the bacterial enzymes in the synthesis of retinoids

The Halobacterium strains are proven with the capability to synthesis retinal from
carotenoids. However, these bacteria possess carotenoid synthesizing genes and not the
carotenoids oxygenase homologs. Hence it can be postulated that retinal might have
biosynthesized through some independent enzymatic pathways (Ruch et al. 2005). There are
some speculations behind the retinoid production that there is a direct biosynthesis pathway
without the carotenoids and its cleavage mechanism (Peck et al. 2001). Besides, the proven
carotenoid oxygenases enzymes BCOI (B-carotene-15, 15’-oxygenase) and BCOIl (B-
carotene-9, 9’-oxygenase); a third enzyme retinyl ester binding protein could exist rather than
the oxygenases (Mata et al. 2004).

About six enzymes are required to biosynthesis B-carotene from isopentenyl
diphosphate (IPP) (Gomez-Consarnau et al. 2007; Kimura et al. 2011), and the blh gene can
produce enzymes mimicking the BCMO which transform p-carotene into retinoids. The
genes responsible for all these enzymes were identified in the genome of the strains of
Dokdonia sp. PRO95, 4H-3-735, MED134, and R-8282. These organisms lack the genes for
carotenoid metabolism (crtO gene). This phenomenon indicates that they possess a new
group of rhodopsins which aid in catabolizing the carotenoids to retinoids (Riedel et al.
2013). The biosynthetic capacity for retinal was found in Nostoc, whereas, in the genome, no
sequence similarity with blh was found (Bouvier et al. 2005; Moise, von Lintig, and
Palczewski 2005). Based on Synechocystis enzyme apocarotenoid 15,15"-oxygenase
assumption, Nostoc might utilize the apocarotenals to synthesis retinoids through an

alternative pathway without carotenoids cleavage enzymes (Ruch et al. 2005).
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Overall, with the above postulated scientific assumptions, research insights on the role
of gut microflora in vitamin A metabolism in carotenoid and retinoid production pathway
would be a solution to overcome VVAD disorders.

7. Genetically engineered microbes in vitamin A synthesis

Owing to the disadvantages of chemical synthesis and complicated extraction process,
researchers have developed competent bacteria through genetic engineering. The carotenoid
biosynthesis is successful through natural and genetically modified biosynthetic pathways in
several bacteria (Miura et al. 1998). The sensitivity towards oxygen and aqueous culture
system is a challenging issue in synthesis and extraction of retinoid compounds. Plasmid
constructed genes such as pAC-CAR16DcrtX and its expression are successfully
demonstrated in E. coli for producing p-carotene. The E. coli genetically engineered with
brp/blh genes coding for BCM(D)O enzymes produced retinal, and the microbial cells
acquired the orange or red colour (Martinez et al. 2007; Beja et al. 2000; Wang et al. 2012).
The engineered E. coli reported to produce a high level of B-carotene can be modified with
oxygenase enzymes specific to -carotene oxidation. Further, the E. coli produce protein-
bound retinal which is not appropriate for therapeutic applications (Zhang et al. 2018). A
two-phase culture system comprising a dodecane layer and the culture broth was effective to
minimize the degradation of retinoids. Recombinant E. coli produces retinal through MVA
pathway from acetyl co-A. (Jang et al. 2011). The blh gene was isolated from uncultured
marine bacterium 66A03 and expressed in E. coli. The expressed enzyme is capable of
cleaving B-carotene at 15, 15’ double bond to yield two molecules of all-trans-retinal (Kim et
al. 2009)

The role of surfactants on retinoid production such as agitation, pH, and temperature
in bioreactors using genetically engineered E. coli, was optimized and proved useful for mass

production (Lee et al. 2012). A recombinant E. coli constructed with chicken BCMO gene
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demonstrated good survivability in cattle rumen conditions with stable expression of the
target genes. Further, the bacteria are tested for generally regarded as safe (GRAS) organism
(Garcia - Lopez et al. 2012). Benefits aside, the genetically modified bacteria have been a
bone of contention and considered as a threat to human health and the environment.

8. Strategies and predictable routes for the identification of retinoid synthesising

bacteria

The modern genetic tools such as 16s rRNA sequencing provide genus and species level
identification of both culturable and unculturable archaea and bacteria. Also, the
bioinformatics tools such as cluster linkage analysis enable screening of target genes among
the prokaryotes and eukaryotes. Taking these advantages, by integrating the modern
molecular and microbiological techniques, metabolomics approach would be a feasible route
for identifying a bacterium with retinoid synthesising genes.

In the recent decades, some of the researchers experimented the interactions between
vitamin A biosynthesis and rumen microflora. The major sources of vitamin A are pre-
vitamins like retinyl acetate from foods of animal origin such as beef liver (4-20 mg
retinol/100 g) and pro-vitamins like B-carotene from plant-based foods (roughly 60 —120 mg
[-carotene per 100 g) (USDA, 2004). The highest concentrations of preformed vitamin A are
avian and mammalian livers. The cattle fed with good quality forages and free-range cattle
stores B-carotene in adipose tissue and also nutritionally superior due to its higher contents of
vitamins and conjugated linoleic acids (Rohrle et al. 2011). However, the animals cannot
synthesize retinoid "de novo," and hence they rely on BCM(D)O to transform carotenoids
into retinal. The sheep excreted more B-carotene in the faeces than they consumed which
could be due to the gut microbial organisms (McGillivray 1951). King, Ohman, and Smith
(1962) reported that B-carotene is bio-converted into pre-vitamin compounds in steer and

sheep rumen. Certain strains of bacteria such as Staphylococcus, Streptococcus, and Bacillus
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are known to synthesize carotenoids (Aono and Horikoshi 1991). The bioavailability of
carotenoids is affected by cattle rumen microflora, and an indirect mechanism may be
responsible for this effect. A modulation in the microbial population is altering the liver
storage of vitamin A and a decrease in -carotene (Almquist and Maurer 1955).

Given this scientific evidence that the commensal gut microflora is one of the vital
sources of a range of vitamins to the host, showing light on the potential of gut bacteria in
organisms like cattle would be an ideal strategy. The carotenoid intake by the ruminants is
not affected by ruminal fermentation and is absorbed in the liver and small intestine where
the enzyme BCM(D)O cleaves it into two retinal molecules (Garcia - Lopez et al. 2012). The
bioconversion of B-carotene into retinoids occurs rapidly in the liver and intestinal tissues of
the grass-fed cattle which could be influenced by several factors (Green et al., 2016). Further,
investigations have to be made to spot out the probiotic bacteria that can colonize and
metabolize or co-metabolize beta-carotene and retinoids.

9. Future research projections to combat VAD: Probiotics and synbiotics

One of the general therapeutic strategies that can beneficially influence the host metabolism
to improve the health is pre or probiotic functional foods. The retinoid producing probiotics
may provide a complementary source of vitamin and would prevent VAD. The prebiotics can
stimulate the growth and or activity of the colonizing probiotic beneficial bacteria. While a
synbiotic, the combination of probiotic microbes and prebiotic substances could effectively
mediate the microbe-directed therapeutics (Pandey, Naik, and Vakil 2015). The synbiotic
products such as oligosaccharides with beneficial microbes such as lactobacilli and
bifidobacteria for the production of short chain fatty acids are successful therapy in practice
(Rastall and Gibson 2015). Apart from induction of specific antimicrobial peptides,

chemokines, competitive inhibition of pathogens and immune homeostasis, the probiotic
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bacteria can intermediate the organ-specific metabolic pathways. Interfering with the gut
metabolism with targeted beneficial microbes would be an attractive future therapy design.
The probiotic gut-friendly bacteria have been documented for various therapeutic
purpose in clinical trials. Formulating the vitamin producing microorganisms in nutritive
drinks or foods which can mutually associate with the gut, synthesis carotenoids and or
retinoids from p-carotene would be a promising solution. Long-term association and
tendency to release the biosynthesized molecules over a prolonged period are some of the
advantages in developing a retinoid producing synbiotic food. Pompei et al. 2007 used
lyophilized bifidobacteria in the synbiotic formulation to increase the serum folate
concentration. The probiotic strain E. coli Nissle 1914 isolated from World War 1 soldier
been used to treat bowel diseases without side effects in Europe (Schultz 2008). Such a
probiotic bacterium with the capacity to produce and deliver vitamin A from B-carotene
would be a natural alternative to combat VAD.
10. Conclusion
In conclusion, this review elucidates the hypothetical facts behind the role of microorganisms
in particular gut microbiota in vitamin A biosynthesis. An inexpensive, readily available
source of vitamin A apart from dietary intake, fortification, and direct dose would be finding
probiotic bacteria capable of producing carotenoids and retinoids. Consumption of probiotic
bacteria in live supplement or synbiotic form would also become a strategy for improving the
bioavailability of the retinoid compounds in liver and other target sites of the body. Further, a
finely focused approach to search for gut-friendly vitamin A-producing bacterium would
provide new avenues of research about the alternative biosynthetic strategies. A complex task
and a necessary goal at the moment would be mapping the gut microbiota, especially from
the animal such as free-range cattle liver in carotenoid and retinoid metabolism. If this task

could be accomplished, fighting and eliminating the VAD is not-too-distant in future.
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