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Abstract: The human nasal microbiome can be a reservoir for several pathogens, including Staphylo-
coccus aureus. However, certain harmless nasal commensals can interfere with pathogen colonisation,
an ability that could be exploited to prevent infection. Although attractive as a prophylactic strategy,
manipulation of nasal microbiomes to prevent pathogen colonisation requires a better understanding
of the molecular mechanisms of interaction that occur between nasal commensals as well as between
commensals and pathogens. Our knowledge concerning the mechanisms of pathogen exclusion and
how stable community structures are established is patchy and incomplete. Nutrients are scarce in
nasal cavities, which makes competitive or mutualistic traits in nutrient acquisition very likely. In
this review, we focus on nutritional interactions that have been shown to or might occur between
nasal microbiome members. We summarise concepts of nutrient release from complex host molecules
and host cells as well as of intracommunity exchange of energy-rich fermentation products and
siderophores. Finally, we discuss the potential of genome-based metabolic models to predict complex
nutritional interactions between members of the nasal microbiome.
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1. Introduction

Human body surfaces are colonised by a multitude of different microorganisms
from all three kingdoms of life as well as their viruses [1]. Bacteria and bacteriophages,
however, represent the most abundant members of this ensemble, which is referred to as
the microbiome [2]. A growing body of epidemiological, clinical and experimental studies
indicate that microbiomes modulate fundamental physiological processes in humans and
that dysbiosis of the microbiota is associated with several acute and chronic disorders,
including psoriasis, asthma, obesity and cardiovascular diseases, as well as infection [3].
The increased risk of infection associated with changes in the composition of microbiomes
is related to their function as reservoirs of bacteria that can become pathogenic.

The human nasal microbiome is reservoir of several important human pathogens.
In children, pathogenic species such as Neisseria meningitidis, Haemophilus influenzae and
Streptococcus pneumoniae are frequently found [4]. In adults, the most prominent pathogen
is Staphylococcus aureus, which asymptomatically colonises the anterior nares of about
one-third of the human population. Staph. aureus causes a wide range of invasive infections,
leading to high morbidity and mortality, and asymptomatic nasal colonisation represents
a major risk factor for infection [5]. Additionally, the nasal mucosa is a portal of entry
of pathogenic viruses, fungi and other bacteria. The interplay between a healthy nasal
microbiome and the host immune system provides the first barrier against these agents [4,6,7].
Moreover, a healthy microbiome is key to preventing hyperreactivity of the immune system
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of the upper and low respiratory tract. Consequently, nasal microbiome dysbiosis is often
associated with the exaggerated immune responses underlying respiratory disorders such
as rhinosinusitis, asthma and chronic obstructive pulmonary disease, which in turn increase
the risk of chronic respiratory infections [4,8–10].

The composition of the human nasal microbiome changes dramatically over the
life span [4] but differences between individuals are also dramatic. In healthy human
volunteers, seven different “community state types (CST)” have been identified, only one of
which is dominated by Staph. aureus [11]. Host genetics plays a minor role in determining
the presence or absence of Staph. aureus. This strongly suggests that the community
structure and the interactions between Staph. aureus and other nasal commensals are
decisive in either allowing or preventing Staph. aureus colonisation. This opens up the
possibility to manipulate the nasal microbiomes in order to prevent infection. However,
this requires a better understanding of the molecular interactions that occur between the
members of the nasal microbiome in the environmental conditions present in the human
nasal cavity. Unfortunately, this knowledge is fragmented. Research on nasal colonisation
by Staph. aureus has focused on the pathogen and host, while the contribution of the nasal
microbiota is poorly understood.

Additionally, the general principles behind microbe–microbe interactions have mainly
been inferred from knowledge of the gut microbiome. The dynamics of microbiomes are
shaped by multiple factors including the environment (e.g., temperature, pH, oxygen),
nutritional status and host immune responses. However, there is little similarity in these
parameters between different human body sites [12]. The environment within the human
gut is characterised by anaerobic conditions and the presence of high amounts of complex
nutrients. Furthermore, peristaltic movement promotes constant mixing of the microbiome.
In contrast, external body surfaces such as the nares are predominantly aerobic; they have
low levels of nutrients and there is less mixing of the microbiome [13]. This suggests that
interspecies competition or collaboration within the nose microbiome will differ from those
that occur in the gut.

Beneficial microbes contribute to resistance against opportunistic pathogens through
direct or indirect mechanisms. Indirect effects are largely mediated by microbial stimulation
of host immune responses [14]. Direct effects include killing by antibiotics [15], contact-
dependent killing by Gram-negative bacterial type VI secretion systems [16], adhesion
exclusion and signaling interference [17]. Such mechanisms have been extensively reviewed
elsewhere and will not be discussed here.

Competition for or collaborative efforts to acquire scarce nutrients are less well-
understood. In this review, we will focus on the nutritional interactions that are known to
occur between the members of the human nasal microbiome. We are convinced that these
interactions are of special relevance because the nasal microenvironment is characterised
by scarce availability of nutrients. As knowledge derived from the nasal microbiome is
limited, we highlight general concepts of nutritional interactions that have been observed
in microbiomes from other human body sites, including the skin, the mouth, the respiratory
tract and the gut, and discuss their potential relevance for the human nasal community.

2. Nutritional Interactions amongst Species of the Nasal Microbiome

The human nasal cavity is poor in energy-rich, low-molecular-weight nutrients such
as mono- or disaccharides that can be directly acquired by microbes. Similarly, nitrogen-
containing nutrients such as amino acids are scarce, and the availability of trace metals is
limited [13,18,19]. This promotes two distinct patterns of interactions between bacteria that
inhabit the nares. Firstly, individuals cooperate in using limited resources. For example,
energy-rich fermentation products of one organism can be consumed by others. In addition,
the secretion of hydrolytic enzymes by one organism can release nutrients from high-
molecular-weight molecules for the benefit of the entire community. Secondly, nutritional
limitation will promote competition. This effect will be especially relevant for closely
related bacteria with similar metabolisms and similar nutritional requirements [20–22].
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Competition will occur also between distant bacterial lineages when essential trace nutrients
such as transition metals are limited.

2.1. Secreted Small Molecules

The metabolic activity of bacterial cells and their secreted products can influence the
characteristics of their habitats. This can open ecological niches for other microbes and
foster interactions. These interactions can be mutualistic or inhibitory and contribute to
shape the structure of bacterial communities.

2.1.1. Energy-Rich Fermentation Products

Bacterial fermentation of carbohydrates is accompanied by the secretion of energy- rich
molecules such as short-chain fatty acids (SCFAs), lactate, succinate, formate or alcohols.
While these products represent end products for the producer, they can be used as substrates
by cocolonising species with different metabolic capacities. Most fermentation products
are toxic at higher concentrations so metabolic interactions can be of reciprocal benefit
for producer and consumer. While the consumer benefits from the energy content of
the fermentation products, the producer profits from the associated detoxification of the
environment (Figure 1).

Figure 1. Production and consumption of small molecules. Bacteria can secrete fermentation products
such as acetoin and 2,3-butanediol, which might support growth of another cohabitant bacterium.
Siderophores bind iron (Fe3+) and can be taken up not only by the producing bacterium but also by
other bacteria with a matching receptor and transporter. Oxygen consumption by one species can
relieve growth inhibition of anaerobic species. This figure was created with BioRender.com.

Cross-feeding interactions have been studied in several bacterial habitats. Regarding
those associated with humans, several interactions have been reported in the context of
the gut. For example, Bifidobacterium adolescentis secretes lactate, which can be used by
Eubacteirum hallii and Anaerostipes caccae [23]. Similarly, Lactobacillus spp. and Bifidobacterium
longum are able to degrade inulin-type fructans followed by secretion of lactate and acetate,
which support butyrate-producing colon bacteria [24].

To our knowledge, the metabolic interactions between the members of the human
nasal cavity have not been studied. However, some examples are available in the context of
cystic fibrosis (CF). Pseudomonas aeruginosa and Staph. aureus are important pathogens in
CF patients, and the two organisms are frequently found in mixed communities [25–27].

BioRender.com
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Camus and colleagues have recently demonstrated that the two species can reciprocally
support each other [28]. During fermentation Staph. aureus secretes toxic acetoin. In
coculture, P. aeruginosa was shown to use acetoin as an alternative carbon source when the
concentration of glucose was low. This interaction is mutually beneficial because acetoin
increases P. aeruginosa proliferation while simultaneously detoxifying the environment to
support Staph. aureus survival [28].

In addition, the virulence of P. aeruginosa is increased by cohabitant bacteria such
as Klebsiella aerogenes, K. pneumoniae, and Staph. aureus in CF patients. They produce the
fermentation metabolite 2,3-butanediol, which promotes biofilm formation by P. aeruginosa.
It also increases colonisation of the respiratory tract by environmental microbes [29,30]. As
2,3-butanediol can be transformed into acetoin [31], it might serve as a carbon source for
P. aeruginosa.

Additionally, mucin-degrading bacterial species and their fermentation products are
important for structuring communities, which is discussed in detail below.

2.1.2. Siderophores

Another important nutrient is iron. Under physiological conditions, ferric iron (Fe3+)
is the dominant state. Ferric iron is hardly soluble, which limits its bioavailability. This
is intensified on host mucosal surfaces by the secretion of the iron-binding molecule
lactoferrin. To overcome iron limitation, bacteria secrete siderophores. Siderophores have a
very high affinity for Fe3+. The iron-complexed forms are taken up by bacterial cells via
ABC transporters, as reviewed elsewhere [32]. In general, iron-saturated siderophores can
be acquired by all members of a community since siderophore acquisition solely depends
on the expression of an appropriate receptor [33–35] (Figure 1). Siderophore production is
metabolically costly and results in the emergence of “cheaters” that rely on siderophore
production by other strains. The presence of “cheaters” negatively affects the fitness of
producers and has important effects on bacterial populations. This has been extensively
reviewed elsewhere [33].

Siderophore production and cheating might also influence the structure of nasal
communities. Nasal secretions are iron-limited, and iron-acquisition genes are strongly
expressed by Staph. aureus during nasal colonisation of humans and experimental ani-
mals [18,19]. Staph. aureus produces two siderophores: staphyloferrin A and staphyloferrin
B. The iron-saturated forms are taken up by the Hts and Sir systems, respectively. Addi-
tionally, Staph. aureus encodes systems for the acquisition of xenosiderophores produced by
other bacteria and the human host. The FhuCBG and SstABC systems promote acquisition
of hydroxamate-type and catecholate-type siderophores, respectively [36,37]. This suggests
that Staph. aureus might profit from the presence of nasal commensals that produce these
siderophores, which is a common trait of many bacteria.

The nasal commensal Staph. lugdunensis is unable to produce siderophores but is able
to take up staphyloferrin A and B produced by Staph. aureus. Accordingly, the presence of
Staph. aureus enabled Staph. lugdunensis to thrive under iron-restricted conditions. However,
it is unclear if this phenomenon is relevant during nasal colonisation [38]. C. propinquum was
shown to produce the siderophore dehydroxynocardamine in the human nasal environment.
This resulted in the inhibition of coagulase-negative staphylococci (CoNS), suggesting that
these species could not acquire dehydroxynocardamine and were therefore faced with
increased iron restriction [39].

2.1.3. Oxygen Consumption

Several anaerobic species are found within the nasal cavity [40] strongly suggesting
the presence of anaerobic microniches. It seems possible that these niches are provided, at
least in part, by physical characteristics of the mucosal surface such as crypts [41], which
create anoxic areas. However, it is also likely that oxygen consumption by aerobes allows
proliferation of anaerobes in close proximity (Figure 1). A relevant example is sinusitis
where the abundance of anaerobic bacteria such as Fusobacterium, Prevotella, Porphyromonas
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and Peptostreptococcus spp. increases over time. It was hypothesised that the causes of
these changes were a) the human host by creating edema and swelling, and b) the aerobic
bacteria by consuming oxygen and thereby creating favourable conditions for anaerobes to
grow [42].

2.2. Host Cells as a Source of Nutrients

The human nasal cavity is nutritionally poor. However, mucosal cells display and
secrete several high-molecular-weight glycosylated proteins such as sialylated glycans, or
glycosylated proteins such as mucins [43–46]. These serve as nutrient sources for microbial
communities via the secretion of degradative enzymes. Secreted enzymes represent “public
goods” as their activity will create products that can be acquired by other members of
the microbial community. Thus, certain commensals will profit from enzymes secreted by
others, which might foster cohabitation. Additionally, host cells themselves can be regarded
as a source of nutrients if they are lysed by bacteria and release their cytosolic contents.

2.2.1. Host Mucins as a Source of Carbon and Sulphate

Mucins are large glycoproteins that are secreted by or are membrane-anchored on
mucosal epithelial cells in the gastrointestinal, respiratory, reproductive and urinary tracts.
They contribute to the host’s antimicrobial defences as part of the gel-like mucus that forms
a physical barrier that can aggregate pathogens and facilitate their clearance. However,
mucus can also accommodate beneficial bacteria.

Mucins are highly O-glycosylated proteins carrying complex O-glycosylation struc-
tures comprising fucose, galactose, N-acetylgalactosamine or sialic acid, with the last two
sometimes being sulphated [45,46]. Mucins can serve as carbon, nitrogen and sulphate
sources when they are degraded by bacterial enzymes (Figure 2). Several studies showed
that mucin-degrading bacteria can support proliferation of organisms that are unable to
do so. However, it is difficult to assess if these effects are direct or indirect. A direct
benefit would be the consumption of released amino acids or carbohydrates, while an
indirect effect would be the consumption of fermentation products derived from mucin-
degrading bacteria as described above. The importance of collaborative degradation of
mucins is evident.

In patients suffering from chronic rhinosinusitis the abundance of anaerobic, mucin-
degrading bacteria increases. In vitro, mucin degradation products foster the proliferation
of Staph. aureus and modulate its gene expression by promoting the transition from com-
mensal to pathogen [47]. In vivo, the degradation of mucin was shown to be beneficial to all
members of the oral microbiome [48]. In a study investigating bacteria in the nasopharynx,
the growth of N. meningitidis was increased when Streptococcus mitis was present. This
was attributed to the ability of Strep. mitis to release carbohydrates from mucins, which
supported the growth of N. meningitidis [49].

Likewise, in the lungs of CF patients, anaerobic communities comprising Prevotella,
Veillonella, Streptococcus and Fusobacterium spp. were shown to degrade mucins and to
produce SCFAs as metabolic end products [50]. P. aeruginosa cannot utilise mucins as
a carbon source when growing alone. However, the SCFAs allowed it to thrive in the
community where mucins were the sole carbon source [50]. In line with this observation,
P. aeruginosa profited from the presence of mucin-degrading bacteria in a rabbit chronic
rhinosinusitis model [51].

Sulphation of terminal sugars in glycans can protect mucins from bacterial degradation.
However, some bacteria encode sulphatases that remove the sulphated cap and enable
degradation of the glycans [52]. This was demonstrated to be of importance within the
human gut microbiome. The human commensal Bacteroides thetaiotaomicron expresses
several sulphatases, which are essential for its ability to utilise O-glycans [53].
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Figure 2. Release of nutrients from host macromolecules. Bacteria can release nutrients from different
human macromolecules by secretion of degradative enzymes. Mucins (peptide chain with sugar
side chains is shown) can be degraded by mucinases and sulphatases to release carbon and sulphate.
Sialic acid is released from sialylated glycans (proteins modified with carbohydrates; here: blue
square—N-acetylglucosamine, green circle—mannose, yellow circle—galactose, pink diamond—
sialic acid) by the action of sialidases. Fatty acids, phosphate, carbon and nitrogen are released from
lipoproteins, triacylglycerols, phospholipids and phosphocholine, respectively, by secretion of lipases
and esterases. Lysis of red blood cells (RBCs) by haemolysins can release haemoglobin (hb). Not only
the bacteria secreting the enzymes (here shown in red) but also other bacteria colonising the same
niche might benefit from these nutrient sources, enhancing proliferation of the entire community.
This figure was created with BioRender.com.

P. aeruginosa secretes a sulphatase that promotes mucin degradation, which facilitates
invasion of the mucus barrier and promotes virulence in a systemic mouse infection
model [54].

In conclusion, the decapping mechanism could support other bacteria in the same
niche by providing access to degradable glycans. It is also possible that the sulphate groups
could serve as a nutrient source. However, nothing is known about any role for sulphated
mucins within the nasal microbiome.

2.2.2. Host Glycans as a Source of Sialic Acid

Eukaryotic mucosal cells are decorated with sialylated glycans where sialic acid is the
terminal monosaccharide (Figure 2). Moreover, mucins can also contain sialic acids. Due to
their negative charge and hydrophilicity, sialic acid residues have important functions in
blood cell repulsion, in glomerular filtration and in determination of the half-life of circulat-
ing glycoproteins [43,44]. Sialic acids also have important biological roles as ligands for
molecules such as selectins and Siglecs (Sia-binding immunoglobulin-superfamily lectins).
They also act as ligands for adhesins on the surface of pathogens [43,44]. Additionally, host
immune effectors such as lactoferrin or IgA2 are sialylated [55–57].

BioRender.com
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Bacterial manipulation of sialylated eukaryotic receptors or secreted molecules has
been recognised as an immune evasion strategy [43,58–60]. The secreted sialidase NanA
of Strep. pneumoniae promotes desialylation of lactoferrin and IgA2, thereby preventing
bacterial clearance from the respiratory tract [55]. In addition, the released sialic acid
can provide a carbon and nitrogen source for bacteria [58]. Thus, Strep. pneumoniae was
shown to grow on human glycoconjugates using its sialidases NanA and NanB [61]. This
strongly supports the idea that the release of sialic acid from host cells can provide access
to nutrients. This concept might also be important in the nutritionally poor environment of
the human nasal cavity. Direct evidence that nasal commensals degrade host glycans is
currently lacking. However, Cutibacterium acnes encodes several putative sialidases [62,63].
Similarly, Strep. mitis and Strep. oralis that colonise the oral cavity express sialidases [64].
Catabolism of sialic acid has been demonstrated for Staph. aureus and Staph. lugdunensis.
The nan locus comprising a transporter (nanT), catabolic enzymes (nanA, nanK, nanE) and a
repressor (nanR) was shown to be responsible [65].

It can be concluded that desialylation of host glycoproteins effects both the function of
the molecules and also provides a source of nutrients. Both effects will benefit the entire
community and not only the organism responsible for the activity. However, the relevance
of this for the composition of microbial communities is currently unclear.

2.2.3. Host Fatty Acids and Phospholipids as a Source of Carbon and Phosphorous

It is well-appreciated that bacterial lipases allow several bacterial species to use host-
derived fatty acids (Figure 2). This is reviewed elsewhere [66–69]. Some evidence is avail-
able to indicate that this phenomenon is of importance to the nasal microbiome. Human
nasal fluid contains all major classes of lipids, including fatty acids, glycerolipids, glyc-
erophospholipids, sphingolipids, cholesterol and cholesteryl esters [70]. Secreted bacterial
glycerophosphodiesterases can degrade glycerophosphodiesters into glycerol-3-phosphate
and the respective alcohol [71], while lipases hydrolyse triacylglycerols into glycerol and
fatty acids [72]. The expression of the glycerophosphodiesterase GlpQ of Staph. aureus is
regulated by phosphate availability [73]. GlpQ is an enzyme that allows Staph. aureus to
thrive on host phospholipids as the sole source of phosphorus [74]. Additionally, Staph.
aureus releases fatty acids from human low-density lipoproteins using its lipase GehB. The
fatty acids are incorporated into the bacterial membrane, thereby increasing the growth rate
of the pathogen [75]. Similarly, the human skin and nasal commensal C. accolens secretes the
lipase LipS1 to release fatty acids from host triacylglycerols. Interestingly, the hydrolysis
of triacylglycerols produces oleic acid as a by-product, which inhibits Strep. pneumoniae
growth in the nasopharynx [76]. The skin and nasal commensal Staph. epidermidis secretes
a sphingomyelinase that degrades the human membrane lipid sphingomyelin into ce-
ramide and phosphocholine. Phosphocholine contains carbon and nitrogen and is used by
Staph. epidermidis as nutrient source. Moreover, ceramide production supports the human
host by preventing skin dehydration, which is important for the skin-barrier function [77].
C. acnes is a commensal of the human skin and nasal cavity. It is able to hydrolyse human
triglycerides [78]. However, whether this contributes to growth of C. acnes was not reported.
Finally, P. aeruginosa showed reduced growth on various human fatty acids as the only
carbon source in mutants lacking FadD1 and FadD2, enzymes that are used for fatty-acid
degradation. FadD1 and FadD2 might be of importance in the lipid-rich environment of
the CF lung [79].

It can be concluded that there is considerable evidence regarding the degradation and
use of host-derived lipids and fatty acids by individual organisms, but the relevance of this
at the community level has hardly been studied.

2.2.4. Host Erythrocytes as a Source of Haem

Host erythrocytes are a rich source of haemoglobin, which carries four iron-containing
haem molecules. Haem-iron is used by many bacterial pathogens in the iron-limited envi-
ronment of the human host. This has been extensively studied in the context of invasive
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disease [80]. Haemoglobin is also found within the nasal cavity and promotes colonisation
by Staph. aureus [81]. Haem acquisition from haemoglobin might also be important for
the entire nasal community (Figure 2). It is currently unclear how haemoglobin reaches
the nasal cavity, but it is possible that intact erythrocytes arrive through microlesions in
the epithelial barrier. If this is true, bacterial haemolysins will likely benefit the entire
community. Staph. aureus, Staph. epidermidis and Staph. lugdunensis are haemolytic [82–84].
Some C. acnes strains are β-haemolytic under anaerobic conditions [85]. Systematic analysis
of haemolytic activity by other nasal commensals is currently lacking. In addition, it is
unclear if all nasal commensals use haemoglobin as an iron source. However, the pathogens
N. meningitidis [86], H. influenzae [87] and P. aeruginosa [88] express haem-acquisition sys-
tems. Corynebacterium diphtheriae thrives on haemoglobin [89], so it is possible that the
closely related commensal Corynebacteria might possess a similar ability.

In addition to haem, erythrocytes are also a source of other cellular factors. Lysis of
erythrocytes by Staph. aureus releases haemin and NAD+, which in turn supports growth
of H. influenzae [90]. Thus, haemolysis can be regarded as collaborative nutritional trait.

Finally, inflammation followed by tissue destruction can serve as a source of nutrients
such as amino acids and haem. For example in a periodontitis model, tissue inflammation
caused by the pathogen Porphyromonas gingivalis led to tissue destruction and release of
nutrients for the benefit of the local bacterial community [91].

2.3. Some Microbiome Members Act as Prey to Obtain Essential Nutrients

Some bacterial cells within a community can be regarded as sources of nutrients.
In Gram-positive bacteria, the cell surfaces are frequently decorated with phosphate-
containing wall teichoic acid (WTA) glycopolymers. The outer membrane of Gram-negative
bacteria frequently displays sialylated proteins. By expressing bactericidal compounds or
hydrolytic enzymes, prey bacteria release nutrients from other bacteria.

2.3.1. WTA as a Source of Phosphorus

WTA molecules are glycopolymers consisting of ribitol-phosphate or glycerol-phosphate
subunits that are covalently linked to the peptidoglycan of the cell wall. These polymeric
backbone structures can be modified by glycosylation and D-alanylation. WTAs promote
colonisation of the host, phage binding, bacterial-cell growth, antimicrobial resistance and
protection from environmental stress [92,93].

Jorge et al. showed that GlpQ from Staph. aureus can degrade both host phospholipids
and also glycerol-type WTA molecules from coagulase-negative staphylococci (CoNS)
Staph. lugdunensis, Staph. capitis and Staph. epidermidis [73] (Figure 3). This allowed
Staph. aureus to proliferate under phosphorous-limited conditions. As the WTAs from
CoNS were not completely degraded and their growth was not affected [73] the released
phosphate might also be beneficial for GlpQ-targeted bacteria.

2.3.2. Bacterial Surfaces as a Source for Sialic Acid

The surface of bacteria frequently displays sialylated oligosaccharides. Sialic acid is
either synthesised de novo or acquired from the human host. It is an energy source for
bacteria but can also mimic sialylated molecules on the host cell surfaces to subvert the
host immune response [58,60]. The Strep. pneumoniae sialidase NanA can release sialic acid
both from host cells and also from the surface of H. influenzae and N. meningitidis. This
was proposed to decrease their attachment to host cells [94] and might also serve as carbon
source for the NanA-producing Strep. pneumoniae (Figure 3).
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Figure 3. Microbiome members as a source of nutrients for other bacteria. Bacteria can degrade
surface-exposed molecules of other bacteria and use them as nutrient sources. e.g., wall teichoic acids
(WTA) can be degraded releasing glycerol-3-phosphate. Sialic acid (sia) can be acquired by degrading
sialylated glycans. This figure was created with BioRender.com.

2.3.3. Lysis of Bacterial Cells to Release Diverse Nutrients

Different bacterial species show distinct metabolic needs and possess different biosyn-
thetic capacities (auxotrophies and prototrophies) for amino acids or vitamins. It seems
likely that species with small genomes and auxotrophic phenotypes will rely both on
the host and also on other community members for essential nutrients. Interestingly, it
is now recognised that bacteriocin-encoding gene clusters are widely present in human
microbiomes [15]. It seems possible that secreted antibacterial compounds not only remove
competitors within an ecological niche but also release essential nutrients from lysed bacte-
ria (Figure 3). This hypothesis has hardly been investigated, but one study indicates that
this might be relevant, namely Bacillus subtilis sacrificing some cells under nutrient-limited
conditions, a phenomenon known as allolysis [95].

It is noteworthy that some species colonising the nutritionally poor nasal cavity have
reduced genomes. The 1.86 Mb genome of Dolosigranulum pigrum suggests multiple auxotro-
phies for amino acids, polyamines and enzymatic cofactors. It encodes several gene clusters
that putatively express diverse bacteriocins [96]. It is tempting to speculate that bacteriocin
production allows D. pigrum to release essential nutrients from other bacterial commen-
sals. While this needs experimental proof, it is clear that several Corynebacterium spp. are
positively correlated with D. pigrum and it is assumed that Corynebacterium spp. either
release metabolites supporting growth of D. pigrum (e.g., amino acids) or remove a toxic
component from the medium that inhibits D. pigrum [96].

2.4. Uncharacterised Bacterial Interactions

Metagenome analysis of nasal samples from Staph. aureus carriers revealed that
Staph. aureus and C. accolens co-occurred more often than expected by chance, while

BioRender.com
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C. pseudodiphtheriticum was present more often in Staph. aureus noncarriers. In cocultivation
experiments, C. accolens and Staph. aureus could support each other’s growth, whereas
C. pseudodiphtheriticum inhibited Staph. aureus [97]. However, the molecular mechanisms
behind these interactions are unknown.

C. pseudodiphtheriticum was also shown to promote host immunity to viral and bacterial
infections. The application of C. pseudodiphtheriticum improved the outcome of infection
with respiratory syncytial virus (RSV) and Strep. pneumoniae in a murine respiratory-tract-
infection model. This was mediated by induction of T-helper-cell response [98] but the
mechanistic basis of protection is unknown.

Interactions amongst members of the human nasal and respiratory tract are summa-
rized in Table 1.

Table 1. Overview of metabolic interactions in the nasal, respiratory tract and skin microbiome.
Metabolites or public goods, their producer, as well as species profiting or being inhibited, are
indicated.

Beneficial Interactions

Nutrient Source Metabolite/Public Good
Producer of Metabo-
lite/Macromolecule
Degrading Strain

Beneficiary Ref.

bacterial metabolism acetoin Staph. aureus P. aeruginosa [28]

bacterial metabolism 2,3-butanediol fermenting bacteria P. aeruginosa
environmental microbes [29,30]

bacterial metabolism siderophores
staphyloferrin A and B Staph. aureus Staph. lugdunensis [38]

bacterial oxygen
consumption oxygen oxygen-consuming

aerobic bacteria anaerobic bacteria [42]

human mucins mucin degradation
products

mucin-degrading
bacteria

Staph. aureus
oral microbiome

members
[47]

human mucins mucin degradation
products Strep. mitis N. meningitidis [49]

human mucins mucin degradation
products/SCFAs anaerobic communities P. aeruginosa [50,51]

human sialylated
molecules sialic acid Strep. pneumoniae Strep. pneumoniae [61]

bacterial sialylated
molecules sialic acid H. influenzae, N.

meningitidis Strep. pneumoniae [94]

human phospholipids glycerol-3-phosphate Staph. aureus Staph. aureus [74]

WTA from CoNS glycerol-3-phosphate Staph. aureus Staph. aureus [73]

human low-density
lipoproteins fatty acids Staph. aureus Staph. aureus [75]

human triacylglycerols fatty acids C. accolens C. accolens [76]

human sphingomyelin phosphocholine Staph. epidermidis Staph. epidermidis [77]

human sphingomyelin ceramide Staph. epidermidis human host [77]

human fatty acids fatty acids P. aeruginosa P. aeruginosa [79]

human erythrocytes haemin & NAD+ Staph. aureus H. influenzae [90]

human tissue destruction amino acids, haem P. gingivalis bacterial community [91]

bacterial metabolism unknown Corynebacterium spp. D. pigrum [96]
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Table 1. Cont.

Inhibiting Interactions

Nutrient Source Metabolite/Public Good
Producer of Metabo-
lite/Macromolecule

Degrading strain
Inhibited Species Ref.

bacterial metabolism acetoin Staph. aureus Staph. aureus [28]

bacterial metabolism siderophore
dehydroxynocarda-mine C. propinquum CoNS [39]

human triacylglycerols oleic acid C. accolens Strep. pneumoniae [76]

bacterial metabolism bacteriocins D. pigrum unknown [96]

3. Human Diseases Altering Nutritional Composition in the Upper Respiratory Tract

Studies describing the nutritional composition of human nasal secretions have focused
on healthy human volunteers [13,99]. However, little attention has been paid to the nutri-
tional status of the volunteers. It has to be considered that the concentration of nutrients
will fluctuate depending on the time passed since food intake or on underlying metabolic
diseases. Glucose levels within nasal and other secretions of the respiratory tract are known
to reflect those in the blood [100]. Those levels will most likely influence bacterial prolif-
eration rates, metabolic interactions and community structures. Diabetes has a profound
effect on the bacterial populations on various body sites as well as on the development
of bacterial and viral infections [101]. Regarding the nasal cavity, diabetic patients have
higher risks to be colonised by Staph. aureus than healthy individuals [102]. It is unclear
whether there is a causal relationship, but it has been shown that P. aeruginosa numbers
increase in the lungs of hyperglycemic mice compared to WT animals, a phenotype that
depends on bacterial glucose acquisition [103].

In a similar fashion, other human diseases might influence the nutritional composition
in the nasal cavity. For example, the intermittent interruptions in breathing of patients
suffering from obstructive sleep disorder (OSD) are associated with intervals of hypoxia
and hypercapnia. This will especially affect the epithelial surfaces of the respiratory tract, as
air flow is significantly impaired in this condition resulting in changes in moisture, oxygen
saturation [104], and eventually in the composition of the human microbiome [105]. In
particular, compared to healthy individuals OSD patients display a reduced microbiome
diversity with an enrichment in Neisseria species [106] but also in Streptococcus, Prevotella
and Veillonella [107].

While nutrient availability and associated altered bacterial fitness might contribute to the
observed microbiome alterations, more experiments are needed to support such hypotheses.

4. Genome-Based Metabolic Models to Predict Bacterial Interactions

Metabolic interactions amongst bacterial species are most likely to be relevant in
natural communities. This is especially true for nutrient-poor environments such as the
anterior nares, as well as for other human habitats such as the skin or mucosal surfaces.
However, experimental evidence about relevant interactions is still rare, and when available,
it is limited to a low number of model organisms that can be conveniently grown in
the laboratory in single and mixed cultures under strictly defined nutritional conditions.
However, in natural habitats interactions might be more complex, involving three or more
species as well as fluxes of multiple metabolites between organisms. Such interactions
are rarely studied experimentally, especially if solid initial hypotheses about putative
interactions are lacking. In addition, some strains fail to grow under defined nutritional
conditions, possibly because they would need unknown metabolites to sustain their growth.

In the age of next-generation sequencing, the scientific community has gained ac-
cess to a huge number of genome sequences from different species. Analysis of genomes
allows determination of the anabolic and metabolic capacities of strains. Accordingly,
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it is possible to model how well organisms might grow under defined nutritional con-
ditions by determining which precursors and essential nutrients are needed and which
metabolic end products would be produced. Hundreds of genome-scale metabolic models
are currently available, including those of nasopharyngeal commensals and pathogens
such as Haemophilus influenzae [108,109], Klebsiella pneumoniae [110], Micrococcus luteus [111],
Pseudomonas aeruginosa [112], Staphylococcus aureus [113] and Dolosigranulum pigrum [114].

This offers opportunities to model the growth of an organism alone or in combination
with other bacteria by suggesting metabolic interactions and fluxes. Much research has
already been performed on gut microbiome communities, their relationship with the host
and with each other as well as on the influence of diet on the microbiota [115–122]. One
study created a workflow to investigate metabolic interactions in the nasal microbiome [123].
The next steps will be to extend modeling approaches to include three and more species and
to predict primary metabolite fluxes and reciprocal support (Figure 4 blue box). Combined
efforts between computational biologists and microbiologists should be able to decipher
multilayered interactions within bacterial communities.

Figure 4. Metabolic models for prediction of bacterial interactions. Using metabolic models, primary
metabolite interactions in bacterial communities can be modeled (blue box). Secondary metabolites
such as siderophores and bacteriocins should also be regarded in predicting interactions (orange
box) as well as public goods released from human host macromolecules (green box). This figure was
created with BioRender.com.

However, current metabolic models have some shortcomings that need attention.
Most importantly, bacterial interactions will depend on more than just metabolic capacities.
These traits can also be identified from genomic sequences and need to be considered
when microbial interactions are modeled. Important factors in this regard are secondary
metabolites such as siderophores. Biosynthesis genes can be identified from genome

BioRender.com
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sequences. Their role in bacterial interactions is well-recognised [33]. Similarly, it is
possible to predict siderophore-receptor genes in bacterial species opening avenues to
incorporate siderophore-based interactions into metabolic models.

Another important trait is the production of antibacterial compounds. This is also
evident from genome analysis, with bacteriocins being key players shaping bacterial
communities [15]. Incorporating antimicrobial compounds into metabolic models will be
challenging as their host range is often unclear. However, integration of bacteriocins will
be key to improve the accuracy of the predicted interactions (Figure 4 orange box).

Finally, the relevance of secreted public goods fostering nutrient availability seems
generally disregarded. Metabolic models need to integrate information regarding the
presence of high molecular weight nutrients such as proteins, mucins, DNA and fatty
acids as well as information about the presence of the corresponding degradative functions
encoded within the genomes of the bacteria of interest. As the degradation products
are accessible to the entire community it seems possible that the action of public goods
rather than bacterial metabolic end products fosters reciprocal support within communities.
Similarly, it needs to be considered if detoxification of host immune defense molecules such
as antimicrobial fatty acids or lipids might allow growth of susceptible commensals in the
context of the human host (Figure 4 green box).

Accordingly, metabolic models will be an important tool to predict microbial interac-
tions and to suggest microbiome-editing to prevent infection. However, these approaches
will only be successful if the models go beyond metabolic capacities of individual species
and include the host environment as well as public goods.

5. Concluding Remarks

Understanding the interactions between the nasal microbiota and their influence on
pathogen colonisation is important for the prevention and treatment of human infections.
Due to the scarce nutrient availability in the nasal cavities, nutritional interactions between
members of the nasal microbiome appear to be particularly important. Bacterial genome
analyses as well as observations in vitro in isolation or in coculture showed that bacteria
can use human host cells and secreted molecules such as mucins, glycans and fatty acids as
nutrient sources. Furthermore, other microbiome members can act as a source of nutrients
if they are lysed or surface-presented molecules are degraded. Additionally, secreted small
molecules such as energy-rich fermentation products or siderophores not only benefit the
producing bacterium but can also support other bacteria localised in close proximity.

Interactions occurring in vivo will involve more than just two bacterial species. This
makes the importance of the known interactions difficult to judge. Moreover, several nasal
bacteria have not yet been investigated in vitro as they cannot be cultured. Accordingly,
future research needs to develop more sophisticated methods and experimental strategies.
Genome-based metabolic models are of great help to understand under which conditions
so far unculturable bacteria might grow. Simultaneously, they harbour the potential to
predict interactions and metabolic fluxes between various members of complex model-
communities. Such approaches are already used to investigate communities in the human
gut. However, the reliability of such metabolic models will most likely increase if they
incorporate the production of antibacterial compounds, secreted public goods, and infor-
mation on nutrient availability in the environment. Thus, collaboration of microbiologists
and bioinformaticians will be essential for further development and validation of metabolic
models. Moreover, experimental strategies need to step away from too simplistic in vitro
models. Future research needs the development and usage of 3D organoids that mimic the
human host physiology as much as possible within the nasal cavity. Additionally, human-
ised animal models mimicking complex human nasal microbiomes as close as possible will
be essential to realise microbiome-editing strategies.

Author Contributions: Conceptualisation, S.H. and L.A.A.; writing—original draft preparation,
L.A.A.; writing—review and editing, S.H.; supervision, S.H.; project administration, S.H.; funding
acquisition, S.H. All authors have read and agreed to the published version of the manuscript.



Metabolites 2022, 12, 489 14 of 18

Funding: This research was funded by “Deutsches Zentrum für Infektionsforschung (DZIF) TTU
HAARBI”, grant number “TTU 08.708” and by Deutsche Forschungsgemeinschaft (DFG), Cluster of
Excellence EXC 2124 Controlling Microbes to Fight Infections—project ID 390838134. The APC was
funded by “Deutsches Zentrum für Infektionsforschung (DZIF) TTU HAARBI”, grant number TTU
08.708 and the Open Access Publishing Fund of the University of Tübingen.

Acknowledgments: We thank Libera Lo Presti and Timothy J. Foster for critically reading and editing
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Gilbert, J.A.; Blaser, M.J.; Caporaso, J.G.; Jansson, J.K.; Lynch, S.V.; Knight, R. Current understanding of the human microbiome.

Nat. Med. 2018, 24, 392–400. [CrossRef]
2. Ogilvie, L.A.; Jones, B.V. The human gut virome: A multifaceted majority. Front. Microbiol. 2015, 6, 918. [CrossRef]
3. Cho, I.; Blaser, M.J. The human microbiome: At the interface of health and disease. Nat. Rev. Genet. 2012, 13, 260–270. [CrossRef]
4. Bomar, L.; Brugger, S.D.; Lemon, K.P. Bacterial microbiota of the nasal passages across the span of human life. Curr. Opin.

Microbiol. 2018, 41, 8–14. [CrossRef]
5. Bode, L.G.; Kluytmans, J.A.; Wertheim, H.F.; Bogaers, D.; Vandenbroucke-Grauls, C.M.; Roosendaal, R.; Troelstra, A.; Box, A.T.;

Voss, A.; van der Tweel, I.; et al. Preventing surgical-site infections in nasal carriers of Staphylococcus aureus. N. Engl. J. Med.
2010, 362, 9–17. [CrossRef]

6. Di Stadio, A.; Costantini, C.; Renga, G.; Pariano, M.; Ricci, G.; Romani, L. The Microbiota/Host Immune System Interaction in the
Nose to Protect from COVID-19. Life 2020, 10, 345. [CrossRef] [PubMed]

7. Man, W.H.; de Steenhuijsen Piters, W.A.; Bogaert, D. The microbiota of the respiratory tract: Gatekeeper to respiratory health.
Nat. Rev. Microbiol. 2017, 15, 259–270. [CrossRef] [PubMed]

8. Welp, A.L.; Bomberger, J.M. Bacterial Community Interactions During Chronic Respiratory Disease. Front. Cell Infect. Microbiol.
2020, 10, 213. [CrossRef] [PubMed]

9. Rawls, M.; Ellis, A.K. The microbiome of the nose. Ann. Allergy Asthma Immunol. 2019, 122, 17–24. [CrossRef] [PubMed]
10. Hardy, B.L.; Merrell, D.S. Friend or Foe: Interbacterial Competition in the Nasal Cavity. J. Bacteriol. 2021, 203, e00480-20.

[CrossRef] [PubMed]
11. Liu, C.M.; Price, L.B.; Hungate, B.A.; Abraham, A.G.; Larsen, L.A.; Christensen, K.; Stegger, M.; Skov, R.; Andersen, P.S.

Staphylococcus aureus and the ecology of the nasal microbiome. Sci. Adv. 2015, 1, e1400216. [CrossRef]
12. Hacquard, S.; Garrido-Oter, R.; González, A.; Spaepen, S.; Ackermann, G.; Lebeis, S.; McHardy, A.C.; Dangl, J.L.; Knight, R.; Ley,

R.; et al. Microbiota and Host Nutrition across Plant and Animal Kingdoms. Cell Host Microbe 2015, 17, 603–616. [CrossRef]
13. Krismer, B.; Liebeke, M.; Janek, D.; Nega, M.; Rautenberg, M.; Hornig, G.; Unger, C.; Weidenmaier, C.; Lalk, M.; Peschel, A.

Nutrient Limitation Governs Staphylococcus aureus Metabolism and Niche Adaptation in the Human Nose. PLoS Pathog. 2014,
10, e1003862. [CrossRef]

14. Sassone-Corsi, M.; Raffatellu, M. No vacancy: How beneficial microbes cooperate with immunity to provide colonization
resistance to pathogens. J. Immunol. 2015, 194, 4081–4087. [CrossRef]

15. Heilbronner, S.; Krismer, B.; Brotz-Oesterhelt, H.; Peschel, A. The microbiome-shaping roles of bacteriocins. Nat. Rev. Microbiol.
2021, 19, 726–739. [CrossRef]

16. Coulthurst, S. The Type VI secretion system: A versatile bacterial weapon. Microbiology 2019, 165, 503–515. [CrossRef]
17. Ghoul, M.; Mitri, S. The Ecology and Evolution of Microbial Competition. Trends Microbiol. 2016, 24, 833–845. [CrossRef]
18. Burian, M.; Rautenberg, M.; Kohler, T.; Fritz, M.; Krismer, B.; Unger, C.; Hoffman, W.H.; Peschel, A.; Wolz, C.; Goerke, C.

Temporal Expression of Adhesion Factors and Activity of Global Regulators during Establishment of Staphylococcus aureus
Nasal Colonization. J. Infect. Dis. 2010, 201, 1414–1421. [CrossRef]

19. Burian, M.; Wolz, C.; Goerke, C. Regulatory Adaptation of Staphylococcus aureus during Nasal Colonization of Humans.
PLoS ONE 2010, 5, e10040. [CrossRef]

20. Martens, E.C.; Chiang, H.C.; Gordon, J.I. Mucosal Glycan Foraging Enhances Fitness and Transmission of a Saccharolytic Human
Gut Bacterial Symbiont. Cell Host Microbe 2008, 4, 447–457. [CrossRef]

21. Momose, Y.; Hirayama, K.; Itoh, K. Competition for proline between indigenous Escherichia coli and E. coli O157:H7 in gnotobiotic
mice associated with infant intestinal microbiota and its contribution to the colonization resistance against E. coli O157:H7. Antonie
Van Leeuwenhoek 2008, 94, 165–171. [CrossRef]

22. Maltby, R.; Leatham-Jensen, M.P.; Gibson, T.; Cohen, P.S.; Conway, T. Nutritional Basis for Colonization Resistance by Human
Commensal Escherichia coli Strains HS and Nissle 1917 against E. coli O157:H7 in the Mouse Intestine. PLoS ONE 2013, 8, e53957.
[CrossRef]

http://doi.org/10.1038/nm.4517
http://doi.org/10.3389/fmicb.2015.00918
http://doi.org/10.1038/nrg3182
http://doi.org/10.1016/j.mib.2017.10.023
http://doi.org/10.1056/NEJMoa0808939
http://doi.org/10.3390/life10120345
http://www.ncbi.nlm.nih.gov/pubmed/33322584
http://doi.org/10.1038/nrmicro.2017.14
http://www.ncbi.nlm.nih.gov/pubmed/28316330
http://doi.org/10.3389/fcimb.2020.00213
http://www.ncbi.nlm.nih.gov/pubmed/32477966
http://doi.org/10.1016/j.anai.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/30579432
http://doi.org/10.1128/JB.00480-20
http://www.ncbi.nlm.nih.gov/pubmed/33077632
http://doi.org/10.1126/sciadv.1400216
http://doi.org/10.1016/j.chom.2015.04.009
http://doi.org/10.1371/journal.ppat.1003862
http://doi.org/10.4049/jimmunol.1403169
http://doi.org/10.1038/s41579-021-00569-w
http://doi.org/10.1099/mic.0.000789
http://doi.org/10.1016/j.tim.2016.06.011
http://doi.org/10.1086/651619
http://doi.org/10.1371/journal.pone.0010040
http://doi.org/10.1016/j.chom.2008.09.007
http://doi.org/10.1007/s10482-008-9222-6
http://doi.org/10.1371/journal.pone.0053957


Metabolites 2022, 12, 489 15 of 18

23. Belenguer, A.; Duncan Sylvia, H.; Calder, A.G.; Holtrop, G.; Louis, P.; Lobley Gerald, E.; Flint Harry, J. Two Routes of Metabolic
Cross-Feeding between Bifidobacterium adolescentis and Butyrate-Producing Anaerobes from the Human Gut. Appl. Environ.
Microbiol. 2006, 72, 3593–3599. [CrossRef]

24. Moens, F.; Verce, M.; De Vuyst, L. Lactate- and acetate-based cross-feeding interactions between selected strains of lactobacilli,
bifidobacteria and colon bacteria in the presence of inulin-type fructans. Int. J. Food Microbiol. 2017, 241, 225–236. [CrossRef]

25. Magalhães, A.P.; Grainha, T.; Sousa, A.M.; França, Â.; Cerca, N.; Pereira, M.O. Viable but non-cultivable state: A strategy for
Staphylococcus aureus survivable in dual-species biofilms with Pseudomonas aeruginosa? Environ. Microbiol. 2021, 23, 5639–5649.
[CrossRef]

26. Khanolkar Rutvij, A.; Clark Shawn, T.; Wang Pauline, W.; Hwang David, M.; Yau Yvonne, C.W.; Waters Valerie, J.; Guttman
David, S.; Cleary David, W. Ecological Succession of Polymicrobial Communities in the Cystic Fibrosis Airways. mSystems 2020,
5, e00809-20. [CrossRef]

27. Limoli, D.H.; Hoffman, L.R. Help, hinder, hide and harm: What can we learn from the interactions between Pseudomonas
aeruginosa and Staphylococcus aureus during respiratory infections? Thorax 2019, 74, 684. [CrossRef]

28. Camus, L.; Briaud, P.; Bastien, S.; Elsen, S.; Doléans-Jordheim, A.; Vandenesch, F.; Moreau, K. Trophic cooperation promotes
bacterial survival of Staphylococcus aureus and Pseudomonas aeruginosa. ISME J. 2020, 14, 3093–3105. [CrossRef]

29. Venkataraman, A.; Rosenbaum, M.A.; Werner, J.J.; Winans, S.C.; Angenent, L.T. Metabolite transfer with the fermentation product
2,3-butanediol enhances virulence by Pseudomonas aeruginosa. ISME J. 2014, 8, 1210–1220. [CrossRef]

30. Nguyen, M.; Sharma, A.; Wu, W.; Gomi, R.; Sung, B.; Hospodsky, D.; Angenent, L.T.; Worgall, S. The fermentation product
2,3-butanediol alters P. aeruginosa clearance, cytokine response and the lung microbiome. ISME J. 2016, 10, 2978–2983. [CrossRef]

31. Liu, Q.; Liu, Y.; Kang, Z.; Xiao, D.; Gao, C.; Xu, P.; Ma, C. 2,3-Butanediol catabolism in Pseudomonas aeruginosa PAO1. Environ.
Microbiol. 2018, 20, 3927–3940. [CrossRef] [PubMed]

32. Miethke, M.; Marahiel Mohamed, A. Siderophore-Based Iron Acquisition and Pathogen Control. Microbiol. Mol. Biol. Rev. 2007,
71, 413–451. [CrossRef] [PubMed]

33. Kramer, J.; Özkaya, Ö.; Kümmerli, R. Bacterial siderophores in community and host interactions. Nat. Rev. Microbiol. 2020,
18, 152–163. [CrossRef] [PubMed]

34. Cordero, O.X.; Ventouras, L.-A.; DeLong, E.F.; Polz, M.F. Public good dynamics drive evolution of iron acquisition strategies in
natural bacterioplankton populations. Proc. Natl. Acad. Sci. USA 2012, 109, 20059–20064. [CrossRef] [PubMed]

35. Griffin, A.S.; West, S.A.; Buckling, A. Cooperation and competition in pathogenic bacteria. Nature 2004, 430, 1024–1027. [CrossRef]
[PubMed]

36. Sebulsky, M.T.; Heinrichs, D.E. Identification and Characterization of fhuD1 and fhuD2, Two Genes Involved in Iron-Hydroxamate
Uptake in Staphylococcus aureus. J. Bacteriol. 2001, 183, 4994–5000. [CrossRef] [PubMed]

37. Tuomanen, E.I.; Morrissey, J.A.; Cockayne, A.; Hill, P.J.; Williams, P. Molecular Cloning and Analysis of a Putative Siderophore
ABC Transporter from Staphylococcus aureus. Infect. Immun. 2000, 68, 6281–6288. [CrossRef]

38. Brozyna, J.R.; Sheldon, J.R.; Heinrichs, D.E. Growth promotion of the opportunistic human pathogen, Staphylococcus lugdunensis,
by heme, hemoglobin, and coculture with Staphylococcus aureus. Microbiologyopen 2014, 3, 182–195. [CrossRef]

39. Stubbendieck, R.M.; May, D.S.; Chevrette, M.G.; Temkin, M.I.; Wendt-Pienkowski, E.; Cagnazzo, J.; Carlson, C.M.; Gern, J.E.;
Currie, C.R. Competition among Nasal Bacteria Suggests a Role for Siderophore-Mediated Interactions in Shaping the Human
Nasal Microbiota. Appl. Environ. Microbiol. 2019, 85, e02406-18. [CrossRef]

40. Kumpitsch, C.; Koskinen, K.; Schöpf, V.; Moissl-Eichinger, C. The microbiome of the upper respiratory tract in health and disease.
BMC Biol. 2019, 17, 87. [CrossRef]

41. Ali, M.Y. Histology of the human nasopharyngeal mucosa. J. Anat. 1965, 99, 657–672.
42. Brook, I. The role of anaerobic bacteria in sinusitis. Anaerobe 2006, 12, 5–12. [CrossRef]
43. Varki, N.M.; Varki, A. Diversity in cell surface sialic acid presentations: Implications for biology and disease. Lab. Investig. 2007,

87, 851–857. [CrossRef]
44. Varki, A. Sialic acids in human health and disease. Trends Mol. Med. 2008, 14, 351–360. [CrossRef]
45. Linden, S.K.; Sutton, P.; Karlsson, N.G.; Korolik, V.; McGuckin, M.A. Mucins in the mucosal barrier to infection. Mucosal Immunol.

2008, 1, 183–197. [CrossRef]
46. McShane, A.; Bath, J.; Jaramillo, A.M.; Ridley, C.; Walsh, A.A.; Evans, C.M.; Thornton, D.J.; Ribbeck, K. Mucus. Curr. Biol. 2021,

31, R938–R945. [CrossRef]
47. Lucas, S.K.; Villarreal, A.R.; Ahmad, M.M.; Itabiyi, A.; Feddema, E.; Boyer, H.C.; Hunter, R.C.; Raffatellu, M. Anaerobic Microbiota

Derived from the Upper Airways Impact Staphylococcus aureus Physiology. Infect. Immun. 2021, 89, e0015321. [CrossRef]
48. Bradshaw, D.J.; Homer, K.A.; Marsh, P.D.; Beighton, D. Metabolic cooperation in oral microbial communities during growth on

mucin. Microbiology 1994, 140, 3407–3412. [CrossRef]
49. Audry, M.; Robbe-Masselot, C.; Barnier, J.-P.; Gachet, B.; Saubaméa, B.; Schmitt, A.; Schönherr-Hellec, S.; Léonard, R.; Nassif, X.;

Coureuil, M.; et al. Airway Mucus Restricts Neisseria meningitidis Away from Nasopharyngeal Epithelial Cells and Protects the
Mucosa from Inflammation. mSphere 2019, 4, e00494-19. [CrossRef]

50. Flynn, J.M.; Niccum, D.; Dunitz, J.M.; Hunter, R.C. Evidence and Role for Bacterial Mucin Degradation in Cystic Fibrosis Airway
Disease. PLoS Pathog. 2016, 12, e1005846. [CrossRef]

http://doi.org/10.1128/AEM.72.5.3593-3599.2006
http://doi.org/10.1016/j.ijfoodmicro.2016.10.019
http://doi.org/10.1111/1462-2920.15734
http://doi.org/10.1128/mSystems.00809-20
http://doi.org/10.1136/thoraxjnl-2018-212616
http://doi.org/10.1038/s41396-020-00741-9
http://doi.org/10.1038/ismej.2013.232
http://doi.org/10.1038/ismej.2016.76
http://doi.org/10.1111/1462-2920.14332
http://www.ncbi.nlm.nih.gov/pubmed/30058099
http://doi.org/10.1128/MMBR.00012-07
http://www.ncbi.nlm.nih.gov/pubmed/17804665
http://doi.org/10.1038/s41579-019-0284-4
http://www.ncbi.nlm.nih.gov/pubmed/31748738
http://doi.org/10.1073/pnas.1213344109
http://www.ncbi.nlm.nih.gov/pubmed/23169633
http://doi.org/10.1038/nature02744
http://www.ncbi.nlm.nih.gov/pubmed/15329720
http://doi.org/10.1128/JB.183.17.4994-5000.2001
http://www.ncbi.nlm.nih.gov/pubmed/11489851
http://doi.org/10.1128/IAI.68.11.6281-6288.2000
http://doi.org/10.1002/mbo3.162
http://doi.org/10.1128/AEM.02406-18
http://doi.org/10.1186/s12915-019-0703-z
http://doi.org/10.1016/j.anaerobe.2005.08.002
http://doi.org/10.1038/labinvest.3700656
http://doi.org/10.1016/j.molmed.2008.06.002
http://doi.org/10.1038/mi.2008.5
http://doi.org/10.1016/j.cub.2021.06.093
http://doi.org/10.1128/IAI.00153-21
http://doi.org/10.1099/13500872-140-12-3407
http://doi.org/10.1128/mSphere.00494-19
http://doi.org/10.1371/journal.ppat.1005846


Metabolites 2022, 12, 489 16 of 18

51. Cho, D.-Y.; Skinner, D.; Hunter, R.C.; Weeks, C.; Lim, D.J.; Thompson, H.; Walz, C.R.; Zhang, S.; Grayson, J.W.; Swords, W.E.; et al.
Contribution of Short Chain Fatty Acids to the Growth of Pseudomonas aeruginosa in Rhinosinusitis. Front. Cell Infect. Microbiol.
2020, 10, 412. [CrossRef]

52. Roberton, A.M.; Wright, D.P. Bacterial Glycosulphatases and Sulphomucin Degradation. Can. J. Gastroenterol. 1997, 11, 642360.
[CrossRef]

53. Luis, A.S.; Jin, C.; Pereira, G.V.; Glowacki, R.W.P.; Gugel, S.R.; Singh, S.; Byrne, D.P.; Pudlo, N.A.; London, J.A.; Baslé, A.; et al. A
single sulfatase is required to access colonic mucin by a gut bacterium. Nature 2021, 598, 332–337. [CrossRef]

54. Kida, Y.; Yamamoto, T.; Kuwano, K. SdsA1, a secreted sulfatase, contributes to the in vivo virulence of Pseudomonas aeruginosa
in mice. Microbiol. Immunol. 2020, 64, 280–295. [CrossRef]

55. King, S.J.; Hippe, K.R.; Gould, J.M.; Bae, D.; Peterson, S.; Cline, R.T.; Fasching, C.; Janoff, E.N.; Weiser, J.N. Phase variable desialylation
of host proteins that bind to Streptococcus pneumoniae in vivo and protect the airway. Mol. Microbiol. 2004, 54, 159–171. [CrossRef]

56. Spik, G.; Strecker, G.; Fournet, B.; Bouquelet, S.; Montreuil, J.; Dorland, L.; van Halbeek, H.; Vliegenthart, J.F. Primary structure of
the glycans from human lactotransferrin. Eur. J. Biochem. 1982, 121, 413–419. [CrossRef]

57. Mattu, T.S.; Pleass, R.J.; Willis, A.C.; Kilian, M.; Wormald, M.R.; Lellouch, A.C.; Rudd, P.M.; Woof, J.M.; Dwek, R.A. The
glycosylation and structure of human serum IgA1, Fab, and Fc regions and the role of N-glycosylation on Fcα receptor interactions.
J. Biol. Chem. 1998, 273, 2260–2272. [CrossRef]

58. Vimr Eric, R.; Kalivoda Kathryn, A.; Deszo Eric, L.; Steenbergen Susan, M. Diversity of Microbial Sialic Acid Metabolism.
Microbiol. Mol. Biol. Rev. 2004, 68, 132–153. [CrossRef]

59. Severi, E.; Hood, D.W.; Thomas, G.H. Sialic acid utilization by bacterial pathogens. Microbiology 2007, 153, 2817–2822. [CrossRef]
60. Jennings, M.P.; Day, C.J.; Atack, J.M. How bacteria utilize sialic acid during interactions with the host: Snip, snatch, dispatch,

match and attach. Microbiology 2022, 168, 001157. [CrossRef]
61. Burnaugh, A.M.; Frantz, L.J.; King, S.J. Growth of Streptococcus pneumoniae on Human Glycoconjugates Is Dependent upon the

Sequential Activity of Bacterial Exoglycosidases. J. Bacteriol. 2008, 190, 221–230. [CrossRef] [PubMed]
62. Brüggemann, H.; Henne, A.; Hoster, F.; Liesegang, H.; Wiezer, A.; Strittmatter, A.; Hujer, S.; Dürre, P.; Gottschalk, G. The complete

genome sequence of Propionibacterium acnes, a commensal of human skin. Science 2004, 305, 671–673. [CrossRef] [PubMed]
63. Von Nicolai, H.; Höffler, U.; Zilliken, F. Isolation, Purification, and Properties of Neuraminidase from Propionibacterium acnes.

Zent. Bakteriol. 1 Abt. Orig. A Med. Mikrobiol. Infekt. Parasitol. 1980, 247, 84–94. [CrossRef]
64. Derrien, M.; van Passel, M.W.J.; van de Bovenkamp, J.H.B.; Schipper, R.; de Vos, W.; Dekker, J. Mucin-bacterial interactions in the

human oral cavity and digestive tract. Gut Microbes 2010, 1, 254–268. [CrossRef]
65. Olson, M.E.; King, J.M.; Yahr, T.L.; Horswill, A.R. Sialic Acid Catabolism in Staphylococcus aureus. J. Bacteriol. 2013, 195, 1779–1788.

[CrossRef]
66. Vromman, F.; Subtil, A. Exploitation of host lipids by bacteria. Curr. Opin. Microbiol. 2014, 17, 38–45. [CrossRef]
67. Fozo, E.M.; Rucks, E.A. Chapter Two—The Making and Taking of Lipids: The Role of Bacterial Lipid Synthesis and the Harnessing

of Host Lipids in Bacterial Pathogenesis. In Advances in Microbial Physiology; Poole, R.K., Ed.; Academic Press: New York, NY,
USA, 2016; Volume 69, pp. 51–155.

68. Wargo, M.J. Homeostasis and Catabolism of Choline and Glycine Betaine: Lessons from Pseudomonas aeruginosa. Appl. Environ.
Microbiol. 2013, 79, 2112–2120. [CrossRef]

69. Kengmo Tchoupa, A.; Eijkelkamp, B.A.; Peschel, A. Bacterial adaptation strategies to host-derived fatty acids. Trends Microbiol.
2022, 30, 241–253. [CrossRef]

70. Do, T.Q.; Moshkani, S.; Castillo, P.; Anunta, S.; Pogosyan, A.; Cheung, A.; Marbois, B.; Faull, K.F.; Ernst, W.; Chiang, S.M.; et al.
Lipids Including Cholesteryl Linoleate and Cholesteryl Arachidonate Contribute to the Inherent Antibacterial Activity of Human
Nasal Fluid. J. Immunol. 2008, 181, 4177–4187. [CrossRef]

71. Corda, D.; Mosca, M.G.; Ohshima, N.; Grauso, L.; Yanaka, N.; Mariggiò, S. The emerging physiological roles of the glycerophos-
phodiesterase family. FEBS J. 2014, 281, 998–1016. [CrossRef]

72. Jaeger, K.-E.; Ransac, S.; Dijkstra, B.W.; Colson, C.; van Heuvel, M.; Misset, O. Bacterial lipases. FEMS Microbiol. Rev. 1994, 15, 29–63.
[CrossRef]

73. Jorge, A.M.; Schneider, J.; Unsleber, S.; Xia, G.; Mayer, C.; Peschel, A. Staphylococcus aureus counters phosphate limitation by
scavenging wall teichoic acids from other staphylococci via the teichoicase GlpQ. J. Biol. Chem. 2018, 293, 14916–14924. [CrossRef]

74. Jorge, A.M.; Schneider, J.; Unsleber, S.; Göhring, N.; Mayer, C.; Peschel, A. Utilization of glycerophosphodiesters by Staphylococcus
aureus. Mol. Microbiol. 2017, 103, 229–241. [CrossRef]

75. Delekta, P.C.; Shook, J.C.; Lydic, T.A.; Mulks, M.H.; Hammer, N.D.; O’Toole, G. Staphylococcus aureus Utilizes Host-Derived
Lipoprotein Particles as Sources of Fatty Acids. J. Bacteriol. 2018, 200, e00728-17. [CrossRef]

76. Bomar, L.; Brugger, S.D.; Yost, B.H.; Davies, S.S.; Lemon, K.P. Corynebacterium accolens Releases Antipneumococcal Free Fatty
Acids from Human Nostril and Skin Surface Triacylglycerols. MBio 2016, 7, e01725. [CrossRef]

77. Zheng, Y.; Hunt, R.L.; Villaruz, A.E.; Fisher, E.L.; Liu, R.; Liu, Q.; Cheung, G.Y.C.; Li, M.; Otto, M. Commensal Staphylococcus
epidermidis contributes to skin barrier homeostasis by generating protective ceramides. Cell Host Microbe 2022, 30, 301–313.
[CrossRef]

http://doi.org/10.3389/fcimb.2020.00412
http://doi.org/10.1155/1997/642360
http://doi.org/10.1038/s41586-021-03967-5
http://doi.org/10.1111/1348-0421.12772
http://doi.org/10.1111/j.1365-2958.2004.04252.x
http://doi.org/10.1111/j.1432-1033.1982.tb05803.x
http://doi.org/10.1074/jbc.273.4.2260
http://doi.org/10.1128/MMBR.68.1.132-153.2004
http://doi.org/10.1099/mic.0.2007/009480-0
http://doi.org/10.1099/mic.0.001157
http://doi.org/10.1128/JB.01251-07
http://www.ncbi.nlm.nih.gov/pubmed/17981977
http://doi.org/10.1126/science.1100330
http://www.ncbi.nlm.nih.gov/pubmed/15286373
http://doi.org/10.1016/S0172-5599(80)80024-1
http://doi.org/10.4161/gmic.1.4.12778
http://doi.org/10.1128/JB.02294-12
http://doi.org/10.1016/j.mib.2013.11.003
http://doi.org/10.1128/AEM.03565-12
http://doi.org/10.1016/j.tim.2021.06.002
http://doi.org/10.4049/jimmunol.181.6.4177
http://doi.org/10.1111/febs.12699
http://doi.org/10.1111/j.1574-6976.1994.tb00121.x
http://doi.org/10.1074/jbc.RA118.004584
http://doi.org/10.1111/mmi.13552
http://doi.org/10.1128/JB.00728-17
http://doi.org/10.1128/mBio.01725-15
http://doi.org/10.1016/j.chom.2022.01.004


Metabolites 2022, 12, 489 17 of 18

78. Bouslimani, A.; Porto, C.; Rath, C.M.; Wang, M.; Guo, Y.; Gonzalez, A.; Berg-Lyon, D.; Ackermann, G.; Moeller Christensen, G.J.;
Nakatsuji, T.; et al. Molecular cartography of the human skin surface in 3D. Proc. Natl. Acad. Sci. USA 2015, 112, E2120–E2129.
[CrossRef]

79. Kang, Y.; Zarzycki-Siek, J.; Walton, C.B.; Norris, M.H.; Hoang, T.T. Multiple FadD acyl-CoA synthetases contribute to differential
fatty acid degradation and virulence in Pseudomonas aeruginosa. PLoS ONE 2010, 5, e13557. [CrossRef]

80. Choby, J.E.; Skaar, E.P. Heme Synthesis and Acquisition in Bacterial Pathogens. J. Mol. Biol. 2016, 428, 3408–3428. [CrossRef]
81. Pynnonen, M.; Stephenson, R.E.; Schwartz, K.; Hernandez, M.; Boles, B.R. Hemoglobin Promotes Staphylococcus aureus Nasal

Colonization. PLoS Pathog. 2011, 7, e1002104. [CrossRef]
82. Heilbronner, S.; Holden, M.T.; van Tonder, A.; Geoghegan, J.A.; Foster, T.J.; Parkhill, J.; Bentley, S.D. Genome sequence of

Staphylococcus lugdunensis N920143 allows identification of putative colonization and virulence factors. FEMS Microbiol. Lett.
2011, 322, 60–67. [CrossRef] [PubMed]

83. Donvito, B.; Etienne, J.; Denoroy, L.; Greenland, T.; Benito, Y.; Vandenesch, F. Synergistic hemolytic activity of Staphylococcus
lugdunensis is mediated by three peptides encoded by a non-agr genetic locus. Infect. Immun. 1997, 65, 95–100. [CrossRef]
[PubMed]

84. Donvito, B.; Etienne, J.; Greenland, T.; Mouren, C.; Delorme, V.; Vandenesch, F. Distribution of the synergistic haemolysin genes
hld and slush with respect to agr in human staphylococci. FEMS Microbiol. Lett. 1997, 151, 139–144. [CrossRef] [PubMed]

85. Dekio, I.; McDowell, A.; Sakamoto, M.; Tomida, S.; Ohkuma, M. Proposal of new combination, Cutibacterium acnes subsp. elon-
gatum comb. nov., and emended descriptions of the genus Cutibacterium, Cutibacterium acnes subsp. acnes and Cutibacterium
acnes subsp. defendens. Int. J. Syst. Evol. Microbiol. 2019, 69, 1087–1092. [CrossRef] [PubMed]

86. Lewis, L.A.; Gray, E.; Wang, Y.-P.; Roe, B.A.; Dyer, D.W. Molecular characterization of hpuAB, the haemoglobin–haptoglobin-
utilization operon of Neisseria meningitidis. Mol. Microbiol. 1997, 23, 737–749. [CrossRef]

87. Morton, D.J.; Seale, T.W.; Madore, L.L.; VanWagoner, T.M.; Whitby, P.W.; Stull, T.L. The haem–haemopexin utilization gene cluster
(hxuCBA) as a virulence factor of Haemophilus influenzae. Microbiology 2007, 153, 215–224. [CrossRef]

88. Marvig, R.L.; Damkiær, S.; Khademi, S.M.H.; Markussen, T.M.; Molin, S.; Jelsbak, L.; Keim, P.S. Within-Host Evolution of
Pseudomonas aeruginosa Reveals Adaptation toward Iron Acquisition from Hemoglobin. MBio 2014, 5, e00966-14. [CrossRef]

89. Schmitt, M.P. Utilization of host iron sources by Corynebacterium diphtheriae: Identification of a gene whose product is
homologous to eukaryotic heme oxygenases and is required for acquisition of iron from heme and hemoglobin. J. Bacteriol. 1997,
179, 838–845. [CrossRef]

90. Artman, M.; Domenech, E.; Weiner, M. Growth of Haemophilus influenzae in simulated blood cultures supplemented with
hemin and NAD. J. Clin. Microbiol. 1983, 18, 376–379. [CrossRef]

91. Hajishengallis, G. The inflammophilic character of the periodontitis-associated microbiota. Mol. Oral Microbiol. 2014, 29, 248–257.
[CrossRef]

92. Van Dalen, R.; Peschel, A.; van Sorge, N.M. Wall Teichoic Acid in Staphylococcus aureus Host Interaction. Trends Microbiol. 2020,
28, 985–998. [CrossRef]

93. Brown, S.; Santa Maria, J.P.; Walker, S. Wall Teichoic Acids of Gram-Positive Bacteria. Annu. Rev. Microbiol. 2013, 67, 313–336.
[CrossRef]

94. Shakhnovich, E.A.; King, S.J.; Weiser, J.N. Neuraminidase expressed by Streptococcus pneumoniae desialylates the lipopolysac-
charide of Neisseria meningitidis and Haemophilus influenzae: A paradigm for interbacterial competition among pathogens of the
human respiratory tract. Infect. Immun. 2002, 70, 7161–7164. [CrossRef]

95. González-Pastor José, E.; Hobbs Errett, C.; Losick, R. Cannibalism by Sporulating Bacteria. Science 2003, 301, 510–513. [CrossRef]
96. Brugger, S.D.; Eslami, S.M.; Pettigrew, M.M.; Escapa, I.F.; Henke, M.T.; Kong, Y.; Lemon, K.P. Dolosigranulum pigrum Cooperation

and Competition in Human Nasal Microbiota. mSphere 2020, 5, e00852-20. [CrossRef]
97. Yan, M.; Sünje, J.P.; Fukuyama, J.; Hwang, P.H.; Cho, D.-Y.; Holmes, S.; Relman, D.A. Nasal microenvironments and interspecific

interactions influence nasal microbiota complexity and S. aureus carriage. Cell Host Microbe 2013, 14, 631–640. [CrossRef]
98. Kanmani, P.; Clua, P.; Vizoso-Pinto, M.G.; Rodriguez, C.; Alvarez, S.; Melnikov, V.; Takahashi, H.; Kitazawa, H.; Villena, J.

Respiratory Commensal Bacteria Corynebacterium pseudodiphtheriticum Improves Resistance of Infant Mice to Respiratory
Syncytial Virus and Streptococcus pneumoniae Superinfection. Front. Microbiol. 2017, 8, 1613. [CrossRef]

99. Raphael, G.D.; Jeney, E.V.; Baraniuk, J.N.; Kim, I.; Meredith, S.D.; Kaliner, M.A. Pathophysiology of rhinitis. Lactoferrin and
lysozyme in nasal secretions. J. Clin. Investig. 1989, 84, 1528–1535. [CrossRef]

100. Wood, D.M.; Brennan, A.L.; Philips, B.J.; Baker, E.H. Effect of hyperglycaemia on glucose concentration of human nasal secretions.
Clin. Sci. 2004, 106, 527–533. [CrossRef]

101. Zhou, W.; Sailani, M.R.; Contrepois, K.; Zhou, Y.; Ahadi, S.; Leopold, S.R.; Zhang, M.J.; Rao, V.; Avina, M.; Mishra, T.; et al.
Longitudinal multi-omics of host-microbe dynamics in prediabetes. Nature 2019, 569, 663–671. [CrossRef]

102. Ahluwalia, A.; Sood, A.; Sood, A.; Lakshmy, R.; Kapil, A.; Pandey, R.M. Nasal colonization with Staphylococcus aureus in patients
with diabetes mellitus. Diabet. Med. 2000, 17, 487–488. [CrossRef]

103. Gill, S.K.; Hui, K.; Farne, H.; Garnett, J.P.; Baines, D.L.; Moore, L.S.P.; Holmes, A.H.; Filloux, A.; Tregoning, J.S. Increased airway
glucose increases airway bacterial load in hyperglycaemia. Sci. Rep. 2016, 6, 27636. [CrossRef]

104. Zhang, X.; Wang, S.; Xu, H.; Yi, H.; Guan, J.; Yin, S. Metabolomics and microbiome profiling as biomarkers in obstructive sleep
apnoea: A comprehensive review. Eur. Respir. Rev. 2021, 30, 200220. [CrossRef]

http://doi.org/10.1073/pnas.1424409112
http://doi.org/10.1371/annotation/a55051c6-25dc-4548-912e-bf339830668e
http://doi.org/10.1016/j.jmb.2016.03.018
http://doi.org/10.1371/journal.ppat.1002104
http://doi.org/10.1111/j.1574-6968.2011.02339.x
http://www.ncbi.nlm.nih.gov/pubmed/21682763
http://doi.org/10.1128/iai.65.1.95-100.1997
http://www.ncbi.nlm.nih.gov/pubmed/8975897
http://doi.org/10.1111/j.1574-6968.1997.tb12562.x
http://www.ncbi.nlm.nih.gov/pubmed/9228746
http://doi.org/10.1099/ijsem.0.003274
http://www.ncbi.nlm.nih.gov/pubmed/30762517
http://doi.org/10.1046/j.1365-2958.1997.2501619.x
http://doi.org/10.1099/mic.0.2006/000190-0
http://doi.org/10.1128/mBio.00966-14
http://doi.org/10.1128/jb.179.3.838-845.1997
http://doi.org/10.1128/jcm.18.2.376-379.1983
http://doi.org/10.1111/omi.12065
http://doi.org/10.1016/j.tim.2020.05.017
http://doi.org/10.1146/annurev-micro-092412-155620
http://doi.org/10.1128/IAI.70.12.7161-7164.2002
http://doi.org/10.1126/science.1086462
http://doi.org/10.1128/mSphere.00852-20
http://doi.org/10.1016/j.chom.2013.11.005
http://doi.org/10.3389/fmicb.2017.01613
http://doi.org/10.1172/JCI114329
http://doi.org/10.1042/CS20030333
http://doi.org/10.1038/s41586-019-1236-x
http://doi.org/10.1046/j.1464-5491.2000.00297.x
http://doi.org/10.1038/srep27636
http://doi.org/10.1183/16000617.0220-2020


Metabolites 2022, 12, 489 18 of 18

105. Cai, Y.; Juszczak, H.M.; Cope, E.K.; Goldberg, A.N. The microbiome in obstructive sleep apnea. Sleep 2021, 44, zsab061. [CrossRef]
106. Yang, W.; Shao, L.; Heizhati, M.; Wu, T.; Yao, X.; Wang, Y.; Wang, L.; Li, N. Oropharyngeal Microbiome in Obstructive Sleep

Apnea: Decreased Diversity and Abundance. J. Clin. Sleep Med. 2019, 15, 1777–1788. [CrossRef]
107. Wu, B.G.; Sulaiman, I.; Wang, J.; Shen, N.; Clemente, J.C.; Li, Y.; Laumbach, R.J.; Lu, S.E.; Udasin, I.; Le-Hoang, O.; et al. Severe

Obstructive Sleep Apnea Is Associated with Alterations in the Nasal Microbiome and an Increase in Inflammation. Am. J. Respir.
Crit. Care Med. 2019, 199, 99–109. [CrossRef]

108. Schilling, C.H.; Palsson, B.O. Assessment of the metabolic capabilities of Haemophilus influenzae Rd through a genome-scale
pathway analysis. J. Theor. Biol. 2000, 203, 249–283. [CrossRef]

109. Papin, J.A.; Price, N.D.; Edwards, J.S.; Palsson, B.Ø. The Genome-Scale Metabolic Extreme Pathway Structure in Haemophilus
influenzae Shows Significant Network Redundancy. J. Theor. Biol. 2002, 215, 67–82. [CrossRef] [PubMed]

110. Liao, Y.-C.; Huang, T.-W.; Chen, F.-C.; Charusanti, P.; Hong, J.S.J.; Chang, H.-Y.; Tsai, S.-F.; Palsson, B.O.; Hsiung, C.A. An
experimentally validated genome-scale metabolic reconstruction of Klebsiella pneumoniae MGH 78578, i YL1228. J. Bacteriol. 2011,
193, 1710–1717. [CrossRef] [PubMed]

111. Rokem, J.S.; Vongsangnak, W.; Nielsen, J. Comparative metabolic capabilities for Micrococcus luteus NCTC 2665, the “Fleming”
strain, and actinobacteria. Biotechnol. Bioeng. 2011, 108, 2770–2775. [CrossRef] [PubMed]

112. Payne, D.D.; Renz, A.; Dunphy, L.J.; Lewis, T.; Dräger, A.; Papin, J.A. An updated genome-scale metabolic network reconstruction
of Pseudomonas aeruginosa PA14 to characterize mucin-driven shifts in bacterial metabolism. NPJ Syst. Biol. Appl. 2021, 7, 37.
[CrossRef]

113. Renz, A.; Dräger, A. Curating and comparing 114 strain-specific genome-scale metabolic models of Staphylococcus aureus. NPJ
Syst. Biol. Appl. 2021, 7, 30. [CrossRef]

114. Renz, A.; Widerspick, L.; Dräger, A. First Genome-Scale Metabolic Model of Dolosigranulum pigrum Confirms Multiple
Auxotrophies. Metabolites 2021, 11, 232. [CrossRef]

115. Shoaie, S.; Karlsson, F.; Mardinoglu, A.; Nookaew, I.; Bordel, S.; Nielsen, J. Understanding the interactions between bacteria in the
human gut through metabolic modeling. Sci. Rep. 2013, 3, 2532. [CrossRef]

116. Heinken, A.; Thiele, I. Systematic prediction of health-relevant humanmicrobial co-metabolism through a computational
framework. Gut Microbes 2015, 6, 120–130. [CrossRef]

117. Bauer, E.; Zimmermann, J.; Baldini, F.; Thiele, I.; Kaleta, C. BacArena: Individual-based metabolic modeling of heterogeneous
microbes in complex communities. PLoS Comput. Biol. 2017, 13, e1005544. [CrossRef]

118. Diener, C.; Gibbons, S.M.; Resendis-Antonio, O. MICOM: Metagenome-Scale Modeling to Infer Metabolic Interactions in the Gut
Microbiota. mSystems 2020, 5, e00606-19. [CrossRef]

119. Heinken, A.; Thiele, I. Anoxic conditions promote species-specific mutualism between gut microbes In Silico. Appl. Environ.
Microbiol. 2015, 81, 4049–4061. [CrossRef]

120. El-Semman, I.E.; Karlsson, F.H.; Shoaie, S.; Nookaew, I.; Soliman, T.H.; Nielsen, J. Genome-scale metabolic reconstructions of
Bifidobacterium adolescentis L2-32 and Faecalibacterium prausnitzii A2-165 and their interaction. BMC Syst. Biol. 2014, 8, 41.
[CrossRef]

121. Tzamali, E.; Poirazi, P.; Tollis, I.G.; Reczko, M. A computational exploration of bacterial metabolic diversity identifying metabolic
interactions and growth-efficient strain communities. BMC Syst. Biol. 2011, 5, 167. [CrossRef]

122. Hoek, M.J.A.v.; Merks, R.M.H. Emergence of microbial diversity due to cross-feeding interactions in a spatial model of gut
microbial metabolism. BMC Syst. Biol. 2017, 11, 56. [CrossRef]

123. Glöckler, M.; Dräger, A.; Mostolizadeh, R. NCMW: A Python Package to Analyze Metabolic Interactions in the Nasal Microbiome.
Front. Bioinform. 2022, 2, 827024. [CrossRef]

http://doi.org/10.1093/sleep/zsab061
http://doi.org/10.5664/jcsm.8084
http://doi.org/10.1164/rccm.201801-0119OC
http://doi.org/10.1006/jtbi.2000.1088
http://doi.org/10.1006/jtbi.2001.2499
http://www.ncbi.nlm.nih.gov/pubmed/12051985
http://doi.org/10.1128/JB.01218-10
http://www.ncbi.nlm.nih.gov/pubmed/21296962
http://doi.org/10.1002/bit.23212
http://www.ncbi.nlm.nih.gov/pubmed/21618466
http://doi.org/10.1038/s41540-021-00198-2
http://doi.org/10.1038/s41540-021-00188-4
http://doi.org/10.3390/metabo11040232
http://doi.org/10.1038/srep02532
http://doi.org/10.1080/19490976.2015.1023494
http://doi.org/10.1371/journal.pcbi.1005544
http://doi.org/10.1128/mSystems.00606-19
http://doi.org/10.1128/AEM.00101-15
http://doi.org/10.1186/1752-0509-8-41
http://doi.org/10.1186/1752-0509-5-167
http://doi.org/10.1186/s12918-017-0430-4
http://doi.org/10.3389/fbinf.2022.827024

	Introduction 
	Nutritional Interactions amongst Species of the Nasal Microbiome 
	Secreted Small Molecules 
	Energy-Rich Fermentation Products 
	Siderophores 
	Oxygen Consumption 

	Host Cells as a Source of Nutrients 
	Host Mucins as a Source of Carbon and Sulphate 
	Host Glycans as a Source of Sialic Acid 
	Host Fatty Acids and Phospholipids as a Source of Carbon and Phosphorous 
	Host Erythrocytes as a Source of Haem 

	Some Microbiome Members Act as Prey to Obtain Essential Nutrients 
	WTA as a Source of Phosphorus 
	Bacterial Surfaces as a Source for Sialic Acid 
	Lysis of Bacterial Cells to Release Diverse Nutrients 

	Uncharacterised Bacterial Interactions 

	Human Diseases Altering Nutritional Composition in the Upper Respiratory Tract 
	Genome-Based Metabolic Models to Predict Bacterial Interactions 
	Concluding Remarks 
	References

