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Summary

The composition of the human microbiome profoundly impacts human well-being. However, the 

mechanisms underlying microbiome maturation are poorly understood. The nasal microbiome 

is of particular importance as a source of many respiratory infections. Here, we performed 

a large sequencing and culture-based analysis of the human nasal microbiota from different 

age groups. We observed a significant decline of pathogenic bacteria before adulthood, with 

an increase of the commensal Staphylococcus epidermidis. In seniors, this effect was partially 

reversed. Mechanistically, many S. epidermidis isolates stimulated nasal epithelia in vitro to 

produce antimicrobial peptides, killing pathogenic competitors. S. epidermidis itself proved highly 

resistant, owing to its exceptional capacity to form biofilms. We further confirm that high peptide-

producing and biofilm-forming S. epidermidis strains can outcompete pathogenic bacteria in vivo. 
Our study identifies a pivotal role of S. epidermidis in healthy maturation of nasal microbiome, at 

least in part by symbiotic cooperation with innate host defense.
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Introduction

Over the last decade, the human microbiome has received much attention and the 

importance of microbiome composition for human health has become abundantly clear. 

Many studies have reported correlations between microbiome composition and various 

physiological characteristics and disease manifestations (Chen et al., 2018; Clemente et al., 

2012; Gilbert et al., 2016). Importantly, the colonizing microbiota of human epithelia, which 

include those of the intestine, the skin, and the nose, are subject to control by mucosal 

immune defense mechanisms (Allaire et al., 2018; Chen et al., 2018; Hariri and Cohen, 

2016) and the composition of those microbial communities has been shown to change 

considerably during immune maturation in early life (Bomar et al., 2018; Capone et al., 

2011; Mika et al., 2015; Stewart et al., 2018; Yatsunenko et al., 2012). Furthermore, lack of 

microbiome maturation has been associated with disease (Bjorksten et al., 2001; Stokholm 

et al., 2018). However, the mechanisms that lead to the development of a heathy microbiome 

are poorly understood.

In comparison to the gut and skin microbiomes, that of the human nose has remained 

understudied. Yet, the nasal microbiota are of particular concern as the nostrils may 

harbor pathogens, such as Staphylococcus aureus or Moraxella catarrhalis, that can mount 

severe respiratory and associated systemic infections (Krismer et al., 2017; Murphy and 

Parameswaran, 2009; Pettigrew et al., 2012; Rawlings et al., 2013). While many studies 

have determined the nasal microbiome in populations of a specific age, mostly children, 

changes in the nasal microbiome in direct comparison of individuals from all periods 

of a human life have not yet been investigated (Bomar et al., 2018). Only one study 

investigated microbiomes of the skin and nares in children and young adults, emphasizing 

significant changes in the nasal microbiome during puberty, but was quite limited regarding 

the number of analyzed participants (total, n=28) (Oh et al., 2012). Furthermore, several 

studies associated presence of specific microbial taxa with respiratory diseases (Bomar et 

al., 2018; Bosch et al., 2017; Hasegawa et al., 2016; Teo et al., 2015). Generally, however, 

previous studies addressing the nasal microbiome were limited to 16S rRNA sequencing and 

thus mostly to differences between larger-order taxa, essentially precluding species-specific 

conclusions (Bomar et al., 2018).

A major genus present in the nose and often associated with nasal microbiome changes is 

the genus Staphylococcus (Bomar et al., 2018). This genus includes the important human 

pathogen S. aureus, nasal colonization with which in about one fourth of the population 

is associated with disease development (von Eiff et al., 2001; Wertheim et al., 2005). 

Several studies have specifically focused on correlations between nasal carriage of S. 
aureus and that of other organisms, as addressed by culture-based analysis of S. aureus 
growth combined with 16S rRNA-sequencing based determination of the nasal microbiome 
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(Liu et al., 2015; Yan et al., 2013). Other staphylococcal species, although sometimes 

involved in opportunistic infections, are generally beneficial and normal components of 

the human epithelial microbiota (Grice and Segre, 2011; Otto, 2004, 2009). Almost all 

of these belong to the coagulase-negative staphylococci (CNS), the predominant member 

of which is Staphylococcus epidermidis (Otto, 2009). Notably, the genus Staphylococcus 
exemplifies, by including beneficial but also pathogenic species, that correlative 16S rRNA 

sequencing-based microbiome studies, which seldom reach below the genus level, are prone 

to miss important biological relationships.

In the present study, we investigated the nasal microbiota of a total of 467 healthy 

volunteers from three different age groups by 16S rRNA-sequencing in addition to culture-

based methods. We report that the human nasal microbiota change significantly from 

child- to adulthood, resulting in pathogen exclusion, an effect partially reversed during 

senescence. Our results indicate a key role of the beneficial commensal S. epidermidis in 

this development, and we provide a mechanistic explanation for this association.

Results

Development of the human nasal microbiome with age

To analyze the evolution of the nasal microbiota during a human lifetime, we first 

determined the nasal microbiomes of 155 children (5.45 ± 0.50 years old), 171 young adults 

(19.47 ± 0.73 years old), and 141 seniors (82.50 ± 8.29 years old) by 16S rRNA sequencing. 

Analysis of the ten major microbial phyla revealed that the composition of the human 

nasal microbiome changed significantly with age and microbial diversity decreased upon 

entry into adulthood (Fig. 1A-C). In contrast, nasal microbiomes did not differ significantly 

by gender (Fig. 1D). Compared to the other two groups, presence of Proteobacteria was 

particularly pronounced in children and highly variable, while other major phyla were 

reduced in relative abundance.

Inverse correlation between Staphylococcus and opportunistic pathogens in the nasal 
microbiome

Analysis on the genus level also revealed considerable differences between age groups (Fig. 

2A,B). One striking example was the difference between the dominance of Moraxella in 

children and the virtual absence of that genus from the other two age groups. In contrast, 

Staphylococcus gained considerably in presence during the transition to adulthood (~ 

4.4 times) and was the predominant genus in young adults (Fig. 2B,C). With Moraxella 
belonging to the Proteobacteria, this change is most likely associated with the observed 

difference in abundance of this phylum between age groups. A further considerable 

difference between the children and young adult groups was the decline in Dolosigranulum 
(~ 2.4 times), a genus that only contains the opportunistic pathogen Dolosigranulum 
pigrum, which can cause upper respiratory tract infections, nosocomial pneumonia, and 

septicemia (Hoedemaekers et al., 2006; Lecuyer et al., 2007). In the senior group, the 

increase in Staphylococcus and decrease in Dolosigranulum observed in young adults was 

again partially reversed. Finally, some of the other main genera showed significant changes 

comparing age groups, but these were much smaller in extent (Fig. S1).
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Culture-based analysis of S. epidermidis abundance and inverse correlation with presence 
of pathogens in the nasal microbiota

On the basis of our sequencing data, we hypothesized that the decrease in pathogens in adult 

nostrils might be due to the increase in Staphylococcus bacteria. To further investigate this 

hypothesis, and because identification below the genus level is often difficult by 16S rRNA 

sequencing analysis, we complemented our study with culture-based identification (Fig. 3, 

Supplemental Data Set 1). To that end, we grew samples on tryptic soy broth (TSB) agar, 

a growth medium used generally for a wide range of bacteria, under aerobic conditions. 

Analysis of the relative abundance of staphylococcal species in the nostrils revealed general 

predominance of S. epidermidis, which was significantly more pronounced in young adults 

and to a lesser extent, seniors, than in children (Fig. 3A), suggesting that this species may be 

involved in the observed microbiome shifts.

Among all nasal isolates, of which the vast majority was culturable and identifiable 

(> 99%), the five most frequently isolated were S. epidermidis, S. aureus, Moraxella 
catarrhalis, Corynebacterium propinquum, and Corynebacterium pseudodiphteriticum (Fig. 

3B). The latter four species all represent opportunistic respiratory pathogens (Murphy 

and Parameswaran, 2009; Van Roeden et al., 2015; von Eiff et al., 2001; Yang et al., 

2018). Notably, abundance of S. epidermidis was inversely correlated with that of each of 

those species (Fig. 3C). While S. epidermidis significantly increased in presence during 

adolescence, presence of the other four species declined. In seniors, significant decrease 

of the presence of S. epidermidis was paralleled by significant increase of some of those 

species, while presence of others remained low. With S. epidermidis dominating among 

staphylococci, and M. catarrhalis representing the vast majority (93.3%) of Moraxella 
isolates (Supplemental Data Set 1), these culture-based results are in good accordance 

with those obtained by sequencing. Our culture-based study has the limitation that the 

used growth medium and aerobic conditions do not allow for the growth of all species of 

bacteria. Altogether, our data indicate that the nasal microbiota in young adults contain 

fewer pathogens than those of children, and to a more limited degree, seniors. Furthermore, 

our results suggest a role of S. epidermidis in shaping the human nasal microbiome by 

exerting a broad pathogen exclusion effect.

To analyze whether the observed differences in microbial composition of the nostrils are 

associated with a specific subtype of S. epidermidis, we typed 300 randomly selected 

isolates (100 per age group). While we observed considerable heterogeneity in all age 

groups, the presence of sequence types (STs) 59 and 89 significantly increased, while that of 

ST130 decreased with age (Fig. 4). Interestingly, we found no ST2 among the commensal S. 
epidermidis isolates, which confirms previous studies that have found that this specific ST is 

associated with infection (Lee et al., 2018; Li et al., 2009).

Symbiotic mechanism of S. epidermidis-mediated pathogen exclusion on the nasal 
epithelium

Next, we set out to investigate a potential mechanism underlying the S. epidermidis-

associated differences in the abundance of pathogens and opportunistic pathogens in the 

nasal microbiota. While colonization of specific bacteria may be affected by inter-bacterial 
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interactions (Nakatsuji et al., 2017; Piewngam et al., 2018; Sassone-Corsi et al., 2016), 

broad effects as those found in the present study are generally believed to be mainly 

impacted by the interaction with host defenses (Chen et al., 2018). Nevertheless, because 

S. epidermidis nasal isolates from healthy adults have been reported to show widespread 

production of bacteriocins (Janek et al., 2016), which if occurring preferentially in that age 

group may explain our observations, we tested concentrated culture filtrates of all 2241 

nasal in addition to 107 S. epidermidis clinical infection isolates for antimicrobial activity 

using the Kirby-Bauer disk-diffusion method (Bauer et al., 1959) (Fig. S2). We detected 

antimicrobial activity only in two isolates toward S. aureus, and never toward D. pigrum 
or M. catarrhalis. These results indicating rare bacteriocin production in S. epidermidis 
are in accordance with earlier studies that have used deferred antagonism assays (Skalka, 

1992). However, they are at odds with those from the abovementioned study, which used 

stamps of live bacteria on test plates (Janek et al., 2016), and another study that measured 

growth of test strains in liquid culture with spent culture filtrates (Nakatsuji et al., 2017). 

When we used those two methods with our isolates, we obtained results very similar to 

those previously described: in the assay used by Janek et al. we detected frequent activities 

against M. catarrhalis and D. pigrum as opposed to rare activity against S. aureus, while 

we found widespread inhibitory effects, with similar test strain dependence, using the liquid 

culture method employed by Nakatsuji et al. (Fig. S2). The assay used by Janek et al. 

may be more sensitive than the disk diffusion method in detecting low-level production of 

antimicrobial activities, but we believe that the observed discrepancies are also due at least 

in part to the fact that those methods, which use live bacteria, may yield false positives 

owing to nutrient competition or other non-bacteriocin-mediated effects. Particularly the 

liquid culture method is expected to be considerably influenced by the limited availability 

of nutrients in spent as compared to the fresh media control. Furthermore, the fact that 

Gram-positive bacteriocins are known to be generally less active against Gram-negative 

bacteria (such as M. catarrhalis), due to their outer membrane (Prudencio et al., 2015), is 

at odds with the finding of widespread activity particularly against M. catarrhalis. Notably, 

also with the methods employed by Janek et al. and Nakatsuji et al., we did not detect 

significant differences in frequency of antimicrobial activity between the age groups (Fig. 

S2). Consequently, direct competition by bacteriocins is not a likely general explanation 

for the broad pathogen exclusion effects we observed during the evolution of the nasal 

microbiome with age.

We then turned to investigating the interaction with host defenses, as the human immune 

system, including its innate arm, is known to show age-dependent maturation and 

deterioration processes (Kampmann and Jones, 2015; Metcalf et al., 2015; Simon et 

al., 2015). Immune mechanisms that govern asymptomatic epithelial colonization mainly 

comprise secretion of antimicrobial peptides (AMPs) (Diamond et al., 2009; Diamond et 

al., 2000). Lai et al. showed that S. epidermidis, but not a selection of other bacteria, 

induces production of human beta-defensins (hBD) 2 and 3 in normal human keratinocytes 

in a TLR2-dependent manner (Lai et al., 2010). However, the other bacteria tested in that 

study were not pathogenic members of the nasal microbiota. Therefore, we first extended 

on that previous study by measuring induction of AMPs by S. epidermidis versus the 

bacterial species that arose as the most important competing pathogenic nasal colonizers 
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in our microbiome study. Also, we used a human nasal keratinocyte cell line to better 

mimic the situation in the human nasal epithelium. In addition to that of hBD3, we 

included measurement of expression of LL37, another important AMP in skin (Doss et 

al., 2010). Finally, we distinguished between colonizing nasal isolates of S. epidermidis 
and isolates from infection (Table S1). We found that S. epidermidis isolates stimulated 

production of LL37 and hBD3 to a strongly and significantly higher extent than the other 

tested bacteria, which were largely devoid of such capacity (Fig. 5A,B). This phenotype 

was more pronounced in commensal than infectious S. epidermidis, and particularly 

prominent in ST59 isolates. Induction by S. epidermidis commensal isolates of hBD3 and 

LL37 production was strongly correlated (R2=0.8027; P<0.0001), suggesting a common 

mechanism. Thus, S. epidermidis isolates that colonize the nose, but not competing members 

of the human nasal microbiota and less so other S. epidermidis isolates, trigger AMP 

production in nasal human keratinocytes.

Immune stimulation as a bacterial strategy to compete with other microorganisms only 

makes biological sense if the stimulatory bacteria are protected from the ensuing immune 

attacks. In the previous study by Lai et al., S. epidermidis appeared protected from induced 

keratinocyte lysate, while the lysate was inhibitory toward one strain of S. aureus and one 

of S. pneumoniae (Lai et al., 2010). However, the range of these experiments was very 

limited in terms of strains and species used, the comparative effects were minor, and the 

experiments did not directly test sensitivity to AMPs. Furthermore, these authors did not 

address the mechanism of protection. Therefore, we analyzed isolates of S. epidermidis and 

competing pathogenic nasal bacteria for their capacity to resist hBD3 and LL37. Given that 

biofilm formation is a known AMP resistance mechanism (Otto, 2006) and bacteria are 

believed to grow in a biofilm-like manner during epithelial colonization (Otto, 2014), we 

hypothesized that different tolerance phenotypes may be due to biofilm formation. Thus, 

we performed these analyses in planktonic (free-floating) and biofilm modes of growth. 

S. epidermidis showed significantly increased biofilm formation (Fig. 5C) and capacity to 

resist killing by AMPs in biofilm, but not in planktonic mode, as compared to M. catarrhalis, 

D. pigrum, S. aureus, C. propinquum, and Streptococcus pneumoniae (Fig. 5D-G). Using a 

growth medium that was composed to mimic the situation in human nostrils (synthetic nasal 

medium SNM3) (Krismer et al., 2014), we achieved similar results (Fig. S3). AMP tolerance 

and biofilm formation were strongly correlated (TSB, for LL37, R2=0.7478; P<0.0001; 

for hBD3, R2=0.6494; P<0.0001; SNM3, for LL37, R2=0.6957; P<0.0001; for hBD3, 

R2=0.7867; P<0.0001). Nasal commensal isolates of S. epidermidis had significantly more 

pronounced biofilm formation and associated AMP resistance than infection isolates, in 

accordance with the notion that biofilm formation is important for colonization. Altogether, 

these results indicated that S. epidermidis nasal isolates have specific capacity to induce 

major immune defenses on human nasal epithelia to which they are themselves highly 

resistant due to increased capacity for biofilm formation.

To provide in-vivo confirmation for this notion, we selected four representative commensal 

S. epidermidis strains with either high biofilm-forming and high AMP induction capacity, 

high biofilm-forming and low AMP induction capacity, low biofilm-forming and high AMP 

induction capacity, or low biofilm-forming and low AMP induction capacity, in addition 

to an infection-origin isolate with the moderate biofilm-forming and low AMP induction 
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capacity we found to be characteristic for infection isolates (Table S2). The strong biofilm 

former/strong AMP inducer strain achieved significantly higher nasal colonization in mice 

and in-vivo induction of transcription of the CRAMP mouse homologue of LL-37 than 

all other strains, reflecting in-vitro results and emphasizing dependence on both these 

phenotypes for successful in-vivo colonization (Fig. 6A,B, Table S2).

In direct support of the idea that commensal S. epidermidis outcompetes niche competitors 

by stimulating AMPs to which it is itself tolerant due to biofilm formation, only the strong 

biofilm former/strong AMP inducer, but not the other strains, outcompeted the infection-

origin S. epidermidis strain in vivo (Fig. 6C) and led to significantly higher associated 

CRAMP induction (Fig. 6D). Furthermore, that strain efficiently outcompeted the two 

pathogenic bacteria S. aureus and M. catarrhalis in vivo and led to decreased signs of 

infection caused by these pathogens (Fig. 6E,F). Notably, this effect disappeared in cramp−/

− mice (Fig. 6F), which lack production of CRAMP, demonstrating the need for AMP 

induction for the competitive effect and providing direct support for the in-vivo relevance of 

our model.

Discussion

There is a very limited number of studies that have analyzed the development of the 

human nasal microbiome in different age groups and a general paucity of studies that have 

attempted to provide mechanistic explanations for microbiome diversity during a human life, 

considering changing immune maturity and its impact on host-microbiome interaction. The 

present study included a large number of isolates from three age groups - children, young 

adults, and seniors, which were chosen to represent ages with not yet developed, mature, 

and declining immune status, respectively. We found significant changes in the composition 

of the human nasal microbiome between those age groups. The most interesting aspects 

were the generally high abundance of S. epidermidis as well as a significant increase of 

S. epidermidis presence in the young adult group, which was associated with a significant 

decrease in the presence of a series of opportunistic pathogens, including S. aureus or 

M. catarrhalis. These changes were confirmed by culture-based analysis. Our 16S rRNA 

sequencing and culture-based analyses of the human nasal microbiota has limitations, 

similar to all such analyses, which include the bias of the chosen oligonucleotide pair 

and the absence of strictly anerobic bacteria in the aerobically grown cultures. Certain 

genera, such as Propionibacterium (Cutibacterium) may therefore be underrepresented in our 

analysis.

Our microbiota analyses suggested a potential mechanism by which S. epidermidis leads 

to pathogen exclusion in the nose in possible concert with the host immune system, given 

that it was most pronounced in the young adult group. Studies investigating the impact of 

S. epidermidis on the host’s immune system have focused mostly on innate immunity. One 

study has described TLR2-mediated stimulation of hBD2 and hBD3 expression in human 

keratinocytes by S. epidermidis (Lai et al., 2010), while another recent study suggested 

that S. epidermidis also moderates that effect via induction of the host regulator protein 

A20, decreasing hBD2 expression (Simanski et al., 2019). According to another study, a 

further pathway exists that involves dendritic and T-cells, resulting in increased production 

Liu et al. Page 7

Cell Host Microbe. Author manuscript; available in PMC 2024 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of S100-type antimicrobial peptides by keratinocytes, as shown when the skin of live mice 

was associated with S. epidermidis (Naik et al., 2015). Finally, S. epidermidis was shown to 

stimulate interferon-γ expression, resulting in increased immunity against influenza virus in 

a TLR2-independent manner (Kim et al., 2019).

In our study, we detected stimulation of gene expression of hBD3 and LL37, both key 

AMPs in human skin, when human keratinocytes were exposed to live S. epidermidis. 

Notably, we compared AMP-stimulatory activity among a series of different S. epidermidis 
strains as well a series of opportunistic pathogens, many of which we found to have 

decreased abundance in the nasal microbiota of young adults. Stimulatory activity was 

detected with commensal S. epidermidis isolates, but to a much lesser degree, S. epidermidis 
infection isolates or isolates of the used opportunistic pathogens. These findings thus showed 

that commensal S. epidermidis strains have an almost unique capacity to stimulate AMP 

production in human keratinocytes.

In one of the studies mentioned above, association of mouse skin with S. epidermidis led 

to a reduction of subsequent colonization with another, albeit eukaryotic microorganism 

(Candida albicans), suggesting a mechanism of pathogen exclusion, which given the 

increase of S100 AMP gene expression observed by the authors may be explained as 

AMP-mediated (Naik et al., 2015). In the study by Lai et al. previous application of 

S. epidermidis led to decreased skin infection by group A Streptococcus subsequently 

injected into the skin (Lai et al., 2010). Of note, no study that we are aware of has 

provided a plausible explanation of how the observed immune-stimulatory activity leads 

to a competitive advantage of the stimulatory microorganism in the context of the 

human microbiome, as such an advantage would require a mechanism of increased AMP 

resistance. Furthermore, an experimental setup of subsequent colonization or infection 

cannot adequately analyze directly competitive phenomena. Finally, the involvement of 

AMPs in the exclusion phenomenon was not directly tested in vivo in those studies. In 

our study, we analyzed biofilm-forming capacity as a known AMP resistance mechanism 

(Otto, 2006) and detected significantly higher biofilm formation among the S. epidermidis 
as compared to all other isolates, which was significantly correlated with AMP resistance. 

Furthermore, using a mouse competitive nasal colonization model, we could directly show 

stimulation by S. epidermidis of LL37 (CRAMP) gene expression in the noses of mice 

as well as competitive exclusion by S. epidermidis of S. aureus and M. catarrhalis, which 

using LL37 (CRAMP)-negative mice could be directly linked to AMP expression. These 

results are consistent with a model in which S. epidermidis achieves pathogen exclusion by 

stimulation of AMPs in the nose to which it is itself resistant owing to pronounced biofilm 

formation.

The factors that stimulate AMP expression and are, according to our and two other studies 

(Lai et al., 2010; Naik et al., 2015), unique to or predominantly expressed in S. epidermidis, 

so far remain unknown. In a recent study, the previously described immune-stimulatory 

phenomena involving T-cells were linked to N-formylated peptides (Linehan et al., 2018), 

but these are produced by virtually all bacteria and can hardly account for the observed 

differences between S. epidermidis and the other studied isolates. On the other hand, 

the group that reported the TLR2-mediated effects recently presented a novel lipopeptide 
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structure as allegedly underlying AMP stimulation (Li et al., 2013). However, immune-

stimulatory phenomena were predominantly shown with a synthesized form of that molecule 

and a rigorous structure elucidation as well as genetic evidence for production of and link 

to the AMP stimulation by that molecule in S. epidermidis were not provided. Altogether, 

we thus believe that the S. epidermidis-specific AMP-stimulating factors are still elusive and 

their identification warrants thorough future investigation.

In summary, we here describe changes in the composition and healthiness of the human 

nasal microbiome that reflect increase and decrease of immune efficiency with age. 

Furthermore, we discovered a mechanism of symbiotic interplay between a member of 

the human microbiota and innate host defense that contributes to pathogen exclusion 

and microbiome stabilization and helps host defenses overcome the difficult problem of 

distinction between beneficial and harmful colonizers. Finally, our findings attribute a 

key function to S. epidermidis in preventing pathogen overgrowth in the nose and thus, 

subsequent infections of the respiratory tract and other organs.

STAR Methods

LEAD CONTACT AND MATERIALS AVAILABILITY

Further requests for information may be directed to Min Li (ruth_limin@126.com) 

or Michael Otto (motto@niaid.nih.gov). Bacterial isolates are available from Min Li 

(ruth_limin@126.com). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects—This study was approved by the ethics committee of Renji Hospital, 

School of Medicine, Shanghai Jiaotong University, Shanghai, China (protocol 2017001). All 

individuals/legal guardians provided informed consent. Three groups of healthy volunteers 

were recruited from the community. In total, 158 children (5–6 years old), 210 young adults 

(18–20 years old), and 158 seniors (50–90 years old), who had resided in the community 

of Shanghai, China, were enrolled for the research. Among the subjects passing restriction 

criteria, there were 214 males and 248 females. No significant differences in microbiome 

composition were found according to gender (see Fig. 1D). The senior group contained 

a larger age span than the other two groups. This cohort likely includes a mix of pre/

perimenopausal and postmenopausal women who differ physiologically. Routine physical 

examination and health status enquiries were carried out to exclude unhealthy volunteers. 

The exclusion criteria for the study were as follows: abnormal physical examination results, 

pregnancy or breast-feeding, diabetes or other chronic metabolic diseases, various cancers, 

history of rhinitis or other chronic nostril diseases, current or prior chronic skin disorders, 

carriage of medical devices, contact with the hospital environment in the last six months 

preceding enrollment, use of any antimicrobials within one month preceding enrollment. 

Nasal swabs were collected from the mucosal surface internal to the limen nasi of each 

participant. Swabs were immediately submerged in 1 ml sterile saline for further use.

Mice—6-week-old female C57BL/6J or B6.129X1-Camptm1Rlg/J mice (Jackson 

Laboratories) were used for the experiments. They were provided with food and water 
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ad libitum. Littermates of the same sex were randomly assigned to experimental groups. 

Researchers were not blinded as for group allocation of animals. All animal work was 

approved by the ethics committee of Renji Hospital, School of Medicine, Shanghai Jiao 

Tong University, Shanghai, China.

Bacteria—Bacteria were generally clinical isolates from this study. See Table S1 for all 

bacterial strains used in in-vitro and in-vivo experiments. They were grown in tryptic soy 

broth (TSB) at 37 °C, with the exceptions outlined in the respective methods section.

Cell lines—The human nasal epidermal cell line RPMI2650 (ATCC) was cultured in 

DMEM (Dulbecco's modified eagle medium, GIBCO 11965–084) with 10% fetal bovine 

serum (FBS, GIBCO 10100147) at 37 °C with 5% CO2. The cell line is derived from a 

squamous cell carcinoma of the nasal septum in a male patient.

METHOD DETAILS

DNA extraction and 16S rRNA gene sequencing—Nostril swabs were submerged in 

1 ml sterile saline and vortexed for 2 min. 500-μl samples from each swab were centrifuged 

at 13,000 × g for 10 min, 4 °C, upon which the pellets were dissolved in Buffer ALT 

(QIAamp DNA Mini Kit, Qiagen 51306) with lysozyme (1.25 mg/ml, Sigma L6876) and 

lysostaphin (25 μg/ml, Sigma L4402) and incubated for 30 min at 37 °C. Then, DNA 

extraction was performed according to the protocol of the QIAamp DNA Mini Kit. 16S-

rRNA gene libraries were generated by PCR from purified genomic DNA with primers 341F 

(5’-CCTACGGGNBGCASCAG-3’) and 805R (5’-GACTACHVGGGTATCTAATCC-3’), 

which amplify the hypervariable V3 and V4 regions of the 16S rRNA gene. As all primer 

combinations used for microbiome studies, these primers underrepresent some species. The 

specific combination used here was reported, for example, to underrepresent the genus 

Propionibacterium (Gohl et al., 2016). The amplicons were further amplified and sequenced 

on the Illumina Hiseq 2500 platform. A total of 12773 to 464276 sequencing reads were 

obtained from 16S rRNA amplicons for each nasal sample.

Sequence analysis—The FastX tool kit (Gordon and Hannon, 2012) was used to trim 

sequencing data, and sequencing reads with a Phred base quality above 25 and read length 

longer than 30 were kept for analysis. Paired-end read pairs were assembled using Flash 

software (Magoc and Salzberg, 2011). USEARCH 8.0 implemented in QIIME was used for 

detection and filtration of chimeric sequences (Edgar et al., 2011). The lengths of amplified 

sequences obtained after splicing were between 400 and 500 base pairs for all samples. 

Samples with reads of less than 10,000 were excluded. Finally, 467 samples were amplified 

successfully, which were from 155 children [91 male, 64 female, 5.45 ± 0.50 (S.D.) years 

old], 171 young adults [76 male, 95 female, 19.47 ± 0.73 (S.D.) years old], and 141 seniors 

[47 male, 94 female, 82.50 ± 8.29 (S.D.) years old].

Quality-trimmed sequences were then clustered into operational taxonomic units (OTUs) at 

a similarity level of 99% by using the Ucluster algorithm implemented in QIIME (Caporaso 

et al., 2010). Taxonomic assignments were performed using the RDP classifier with a 

confidence cutoff of 0.8 and the Silva database (https://www.arb-silva.de/documentation/
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release-128/) as a reference (Wang et al., 2007). For each sample, a subset of 10,000 random 

reads were picked to construct the OTU abundance table. Taxonomic classification from the 

phylum to genus level for the same 10,000 reads was performed with the RDP Classifier 

based on the Silva database. To estimate sampling saturation, rarefaction and Shannon-

Wiener curves were generated (Fig. S4). Beta diversity indices [Principal coordinate analysis 

(PCoA) and Bray-Curtis dissimilarity] were calculated at a 97%-similarity cutoff by QIIME. 

Based on phylum-level composition, beta diversity was computed using the functions of 

“vegdist” and “cmdscale” implemented in the VEGAN package in R (Dixon, 2009). The 

difference in the abundance of each OTU across different samples or groups was compared 

based on the subset of 10,000 random reads for each sample.

Culture-based analyses—For bacterial cultures, nostril swabs were submerged in 1 

ml sterile saline and vortexed for 2 min. 100-μl samples from each swab were plated 

on 5% sheep blood agar and incubated at 37 °C for 24 h. In almost all swab samples 

(518/526), 20 colonies or less grew, and all colonies were subjected to species identification. 

In the eight swab samples that grew more than 20 colonies, 20 colonies were randomly 

selected. Species identification was performed using MALDI-TOF-MS (Bruker Daltonics, 

Bremen, Germany). To that end, a single clone was spotted onto the steel target plate, 1 

μl 10% formic acid (Sigma F0507) was added to the bacteria and dried for 5 min at 75 

°C. The spot was then overlaid with 1 μl MALDI matrix [a saturated solution of a-cyano-4-

hydroxycinnamic acid (Sigma 70990) in 50% acetonitrile / 2.5% trifluoroacetic acid]. After 

drying, the plate was subjected to the MALDI-TOF MS system for analysis. The spectrum 

was obtained in linear positive-ion mode range from 2000 to 20,000 Da. Each spot was 

measured manually on five different positions by using 1000 laser shots at 25 Hz in groups 

of 40 shots. The MALDI Bruker Biotyper 3.0 software and library (Bruker Daltonics) were 

used for spectra analysis. PCR amplification and 16S rRNA sequencing using primers F: 

5’-AGTTTGATCCTGGCTCAG-3’ and R: 5’-GGTTACCTTGTTACGACTT-3’ was used to 

identify isolates that failed to be confirmed by MALDI-TOF-MS. All identified bacterial 

isolates are listed in Supplemental Data Set 1.

MLST typing and eBURST algorithm—MLST was performed using the primer 

sequences for the PCR amplification of the seven housekeeping genes arcC, aroE, gtr, 
mutS, pyrR, tpiA, and yqiL. The number of alleles and STs was determined using the online 

MLST database (http://www.pubmlst.org). Previously unknown STs were deposited to the 

MLST database. In total, we obtained 2141 S. epidermidis isolates from nostril swabs, of 

which we randomly selected 100 isolates from each age group. The eBURST algorithm 

(http://eburst.mlst.net) was used to infer the evolutionary relation of S. epidermidis isolates.

Screening for antimicrobial activity—All 2141 S. epidermidis nasal isolates and 107 

S. epidermidis isolates, which represent all the non-duplicate isolates obtained during the 

study period (2017) from inpatients with invasive S. epidermidis infections at Renji hospital, 

were used for the agar diffusion (Kirby-Bauer) antimicrobial activity assay. S. epidermidis 
isolates were cultured in TSB at 37 °C with shaking at 180 rpm for 12 h. Culture filtrates 

were obtained by centrifugation and sterilized using 0.22-μM filters. For each sample, 

100-μl culture filtrate (four times 25 μl) was dropped on sterile filter paper disks. The dried 
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filter papers were placed on tryptic soy agar (TSA) agar plates inoculated with the relevant 

test strains (M. catarrhalis and S. aureus) or Todd-Hewitt broth agar (THA) plates with D. 
pigrum and incubated at 37 °C for 24 h. To prepare M. catarrhalis and S. aureus test plates, 

autoclaved TSA was cooled to 45 °C and inoculated with the test strains to an OD600 = 0.01 

for M. catarrhalis and 0.001 for S. aureus. For D. pigrum plates, autoclaved THA was cooled 

to 45 °C and inoculated with the test strain to an OD600 = 0.2. After mixing the medium 

with the cells, plates of 50 ml volume were poured.

For the live bacteria stamp assay according to Janek et al. (Janek et al., 2016), 2-μl cultures 

of live bacterial stocks were dropped onto test plates prepared as above, and incubated 

for the same time and conditions. For the liquid culture test according to Nakatsuji et al. 

(Nakatsuji et al., 2017), 1 x 104 CFU of the respective test strains were mixed with the 

obtained culture filtrates and grown for 24 h (for S. aureus and M. catarrhalis) or 72 h (for D. 
pigrum).

Isolate selection for biofilm and AMP studies—The bacterial isolates used for 

biofilm and AMP studies are listed in Table S1. The selection of isolates was as follows. 

For commensal S. epidermidis, we randomly selected three isolates per age group of the 

most abundant ST, ST59, as well as three isolates per group from other STs from nostril 

isolates obtained in this study. For infectious S. epidermidis, we randomly selected seven 

isolates of the predominant infectious ST2, from a strain collection of ST2 isolates published 

previously (Du et al., 2013), and seven isolates from other STs. For commensal S. aureus, 

we randomly selected three isolates per age group from nostril isolates obtained in this 

study. For clinical S. aureus, we selected isolates from our strain collection at Renji hospital 

representing the major community- and healthcare-associated methicillin-resistant S. aureus 
(MRSA) STs in China (STs 398, 59, 239, and 5). For C. propinquum and M. catarrhalis, 

we randomly selected two isolates each per age group from nostril isolates obtained in this 

study. For S. pneumoniae, we selected one isolate from the nostril isolates obtained in this 

study, one ATCC strain, and one clinical isolate from Renji hospital. For D. pigrum, we 

could only obtain four isolates from two people, and selected one from each. D. pigrum was 

grown in Todd-Hewitt broth (THB), all other bacteria were grown in tryptic soy broth (TSB) 

or synthetic nasal medium (SNM3) (Krismer et al., 2014), as indicated.

qRT-PCR—The human nasal epidermal cell line RPMI2650 (ATCC) was cultured in 

Dulbecco’s Modified Eagle’s medium (DMEM, GIBCO) with 10% fetal bovine serum. 

Cells were seeded to a confluence of up to 70% in 24-well plates. After stimulation with 104 

CFU of live bacteria for 24 h, we harvested cells and analyzed gene expression by real-time 

Quantitative Reverse Transcription-PCR (qRT-PCR). Total RNA was isolated from cells 

using a Qiagen RNeasy kit (Qiagen 74106) according to the manufacturer’s instructions. 

After treatment with a genomic DNA wipeout buffer (Qiagen 205311), approximately 1 μg 

of total RNA was reverse-transcribed with a Reverse Transcription Kit (Qiagen 205311), 

and the obtained cDNA was used as a template for qRT-PCR using SYBR-green PCR 

reagent (Roche). The primers used are listed in Table S3. The GADPH gene was used as 

a housekeeping gene control. Reactions were performed in a MicroAmp Optical 96-well 

reaction plates using a 7500 Sequence Detector (Applied Biosystems).
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Semi-quantitative biofilm assays—Overnight cultures of bacterial strains were diluted 

1:1,000 into fresh TSB. For biofilm formation in SNM3, overnight cultures of bacterial 

strains grown in TSB were collected, washed twice with SNM3, and adjusted to OD600 = 

1.0 in SNM3. Then, the diluted cultures were pipetted into sterile 96-well flat-bottom tissue 

culture plates and incubated at 37 °C for 24 h. Culture supernatants were gently removed, 

and wells were washed with phosphate-buffered saline (PBS). Biofilms at the bottom of the 

wells were treated with Bouin fixative for 1 h. Then, the fixative was gently removed, wells 

were washed with PBS, and stained with 0.4% (wt/vol) crystal violet. Biofilm formation was 

measured with a MicroELISA autoreader (BioTeK, USA) at 570 nm.

Killing assays—For planktonic bacteria: (TSB) Bacteria were grown to OD600 = 2.0, 

cultures were harvested, washed twice with 10 mM sodium phosphate buffer (pH 6.5) 

including 100 mM NaCl, and resuspended in the same buffer to a final concentration of 

106 in each sample. (SNM3) Cultures grown at 37 °C for 24 h in SNM3 were harvested 

and adjusted to 2 × 107 CFU/ml. Then, AMPs were added to final concentrations of 75 

μg/ml (hBD3, GenScript, USA) or 180 μg/ml (LL37, GenScript, USA), and samples were 

incubated at 37 °C for 3 h. Then, appropriate dilution series were plated on TSB agar plates. 

Plates were incubated at 37 °C for 24 h, after which colonies were counted.

For biofilm: (TSB) Bacterial cultures were adjusted to OD600 = 0.1 in TSB with 0.5% 

glucose. (SNM3) Precultures grown overnight in TSB were collected, washed twice with 

SNM3, and adjusted to OD600 = 1.0 in SNM3. Bacteria were then cultured in 96-well 

flat-bottom microtiter plates for 24 h. The culture media were removed carefully and AMPs 

(300 μg/ml hBD3 or 720 μg/ml LL37 in 100 μl sodium phosphate buffer, pH 7.2) were 

added to the biofilm. After 48 h, the biofilms were harvested carefully in 900 μl sodium 

phosphate buffer, pH 7.2, sonicated for 5 min, and vortexed for 15 min. Appropriate dilution 

series of the samples were plated on TSB agar plates. Plates were incubated at 37 °C for 24 

h, after which colonies were counted.

Mouse nasal colonization model—Based on the observed levels of biofilm formation 

and AMP induction in epithelial cells, we selected four commensal S. epidermidis strains 

(ST59-N44-2: biofilm+, induction+; ST59-N2-2-1: biofilm+, induction−; ST59-N9-2: 

biofilm−, induction+; and ST59-NO105-4: biofilm−, induction−) and one infection-origin S. 
epidermidis strain (ST2-2011-413: biofilm+, induction−) for in-vivo experiments. Overnight 

bacterial cultures were diluted 1:100 in fresh TSB and grown for 4 h at 37 °C. Bacteria 

were harvested by centrifugation at 4000 × g for 10 min, washed twice in sterile PBS, and 

suspended in PBS. 6-week-old female C57BL/6J mice (n=8 mice/isolate) were anesthetized 

by intraperitoneal injection with Avertin (Sigma T48402), and 20-μl aliquots containing 

1×107 CFU were instilled intranasally drop-wise once every day over 4 days, equally split 

between the two nostrils. The animals were sacrificed at the 6th day and the noses were 

surgically removed. Half of the noses were homogenized and used for RNA extraction using 

a Qiagen RNeasy kit (Qiagen 74106) according to the manufacturer’s instructions. The 

reverse transcription protocol was performed as described above (qRT-PCR protocol). The 

primers used are listed in Table S3. The other half of the noses were homogenized in 0.5 ml 
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of PBS on ice using a manual homogenizer (Tiangen), the homogenized tissues were diluted 

and then plated on TSB agar for CFU determination.

Competitive nasal colonization model—The bacteria were prepared as above. The 

experiment was performed in 9 groups with n=8 mice/group. Groups consisted of mice 

instilled with 1×107 CFU of one of the selected commensal S. epidermidis, 1×107 CFU 

of the selected infection-origin S. epidermidis, or 1×107 CFU each of one of the selected 

commensal S. epidermidis mixed with the infection-origin S. epidermidis in a 1:1 mix. 

6-week-old female C57BL/6J mice were anesthetized by intraperitoneal injection with 

Avertin, and 20-μl aliquots containing 1×107 CFU were instilled intranasally drop-wise once 

every day over 4 days, equally split between the two nostrils. The animals were sacrificed 

on day 6 after instilment and the noses were surgically removed. Half of the noses were 

homogenized and used for the detection of cramp expression. The other half of the noses 

were homogenized on ice in 0.5 ml of PBS using a manual homogenizer (Tiangen), the 

homogenized tissues were diluted and plated on TSB agar with or without ampicillin (100 

μg/ml) or kanamycin (50 μg/ml) for strain distinction and determination of CFU. (The 

infection-origin S. epidermidis strain is resistant to both ampicillin and kanamycin (AmpR, 

KanR), in contrast to the commensal S. epidermidis isolates).

For competitive colonization with S. aureus or M. catarrhalis, the high biofilm (biofilm +) 

and strong AMP inducer (induction +) S. epidermidis strain ST59-N44-2 was used. 20-μl 

aliquots containing 1×107 CFU of S. epidermidis or PBS only as control was pipetted 

slowly into the nares of C57BL/6J mice (n=8 mice/group) or B6.129X1-Camptm1Rlg/J mice 

(n=4 mice/group) (Jackson Laboratories) every day over four days. On day 6 after the 

first installation of S. epidermidis, a 20-μl aliquot containing 1 × 108 CFU of S. aureus 
ST239-09-770 or 4 × 109 CFU of M. catarrhalis N3-5-2 was intranasally instilled drop-wise 

equally between the two nostrils. The mice were sacrificed at day 7 for M. catarrhalis or day 

8 for S. aureus. The noses were removed immediately and homogenized in 0.5 ml of PBS. 

Then the homogenized tissues were diluted and plated on TSB blood agar for determination 

of S. aureus or on chocolate blood agar with or without vancomycin for determination of M. 
catarrhalis CFU. S. aureus was distinguished by hemolysis on blood agar. M. catarrhalis is 

naturally resistant to vancomycin, and also distinguishable by specific colony characteristics.

Histological analysis—Mice were killed by lethal anesthesia and the noses were 

harvested immediately. The nasal cavity was removed by one cut along the orbital bone 

between the eyes and one cut in the distal hard palate at the level of the first molar teeth. 

Excess soft tissue was removed, and the nose was rinsed in PBS, decalcified in 10% EDTA 

for at least 3 weeks, and then embedded in paraffin. The hematoxylin & eosin (H&E) 

staining was performed as previously described (Chamanza and Wright, 2015).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism Version 6.05 using 1-way or 

2-way ANOVA, linear regression, or Fisher’s exact test, as appropriate, or using QIIME 

(statistical analysis presented in Fig. 1C,D). In ANOVAs, Tukey post-tests were used, which 

correct for multiple comparisons using statistical hypothesis testing. All error bars show the 
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mean and standard deviation (SD). All replicates are biological. Random selections were 

performed using a random number generator [Rand function of Perl5 (http://www.perl.org)]. 

The number of replicates or animals used is given in the figure legends. For AMP and 

biofilm studies, the bacterial strains used are detailed in Table S1.
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Figure 1. Development of the human nasal microbiome with age.
(A) Relative abundance of the ten major phyla in investigated individuals by age group. (B) 

Bray-Curtis dissimilarity of the age groups (phylum level). Statistical analysis is by 1-way 

ANOVA and Tukey’s post-test. *, P<0.0001. Whisker boxes are drawn from the first to third 

quartiles. Error bars show minima and maxima. (C) Principal coordinate analysis by age 

group. (D) Principal coordinate analysis by gender. (C,D) Statistical analysis is by Analysis 

of Similarities (ANOSIM) test.
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Figure 2. Correlation of abundance of Staphylococcus and other genera in the nasal microbiome.
(A) Relative abundance of major genera in the nasal microbiome of single individuals in 

the three analyzed age groups. (B) Abundance of major genera in the three age groups. 

Bars depict means; error bars SD. (C) Abundance of Staphylococcus, Moraxella, and 

Dolosigranulum in the three age groups, in single individuals. See Fig. S1 for other 

main genera. Whisker boxes are drawn from the first to third quartiles. Error bars show 

minima and maxima. Statistical evaluation is by 1-way ANOVA with Tukey’s post-test. Data 

were also analyzed by ANCOM, by which all three genera showed significant differences 

between groups (no post tests are available with this analysis; see Supplemental Data Set 2 

for ANCOM results). The difference in the abundance of each OTU across different samples 

or groups was compared based on the subset of 10,000 random reads for each sample.
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Figure 3. Culture-based analysis of S. epidermidis abundance and inverse correlation with 
presence of pathogens in the nasal microbiota.
(A) Relative abundance of staphylococcal species (by culture-based quantification) in the 

nasal microbiota in the three age groups. (B) Relative abundance of all culturable bacteria 

in the three age groups. Red font and bars depict opportunistic respiratory pathogens, with 

bar thickness depicting relative pathogenic potential. (C) Inverse correlation of abundance 

of S. epidermidis and respiratory pathogens in the nasal microbiota in the three age groups. 

Statistical analysis is by Fisher’s exact test (comparing presence of a species in the young 

adult versus children and senior versus young adult groups). *, P<0.0001.
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Figure 4. Evolutionary relationships within and differences between age groups of S. epidermidis 
nasal isolates.
S. epidermidis isolates were typed by MLST and evolutionary relationship was computed 

using eBURST. Abundant STs are noted in boldface. The important STs for which 

statistically significant differences in abundance between age groups were detected are 

colored: ST59, blue; ST89, turquoise; ST130, red. Dot sizes correspond to abundance. 

Comparisons between age groups for specific STs were performed by contingency analyses 

using Fisher’s exact test (number of isolates of analyzed ST versus number of remaining 

isolates in the two groups to be compared).
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Figure 5. Symbiotic mechanism of S. epidermidis-mediated pathogen exclusion on the nasal 
epithelium – in vitro tests.
(A,B) Stimulation of expression of hBD3 (A) and LL37 (B) in nasal epithelial cells by S. 
epidermidis commensal and infection-origin isolates (with separate analysis of the major 

STs), commensal and infection-origin isolates of S. aureus, and other major opportunistic 

respiratory pathogens. See Table S1 for isolate selection. (C) Biofilm formation by the same 

isolates in TSB. (D,E) Tolerance to the AMPs hBD3 (D) and LL37 (E) by the same isolates 

in biofilm mode of growth (TSB). (F,G) AMP tolerance by the same isolates in planktonic 

mode of growth (TSB). See Fig. S3 for results in SNM3. (A-G) Three biological replicates 

were measured for every strain. The depicted data represent the average for each strain. 

Statistical analysis is by 1-way ANOVA with Dunnett’s post-tests versus data obtained with 

the S. epidermidis commensal ST59 (regular font P values) and S. epidermidis commensal 

other STs (italic font P values). Error bars show means ± SD. Experiments depicted in 

panels A-C were repeated four times, and those in panels D-G twice, with similar results.
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Figure 6. Symbiotic mechanism of S. epidermidis-mediated pathogen exclusion on the nasal 
epithelium – in vivo tests.
(A) Nasal colonization in mice of selected S. epidermidis commensal strains (B−I−, weak 

biofilm former and low AMP induction capacity; B+I+, strong biofilm former and high AMP 

induction capacity; B−I+, weak biofilm former and high AMP induction capacity; B+I−, 

strong biofilm-former and low AMP induction capacity, see Table S2), and an infection-

origin isolate with the B+I− phenotype characteristic for that group. Inocula, 1 × 107 CFU, 

once a day for 4 days, CFU determination 6 days after first instilment. (B) Induction of 

cramp gene in the same experiment as in panel A. (C) Competitive nasal colonization with 

the four selected commensal S. epidermidis strains and the infection-origin ST2 strain (1:1 

inocula, 1 × 107 CFU each, instilments and CFU determination as described for panel A). 

(D) Induction of cramp gene in the same experiment as in panel C. (E,F) Competitive nasal 

colonization with B+I+ S. epidermidis and S. aureus or M. catarrhalis (S. epidermidis, 1 × 

107 CFU every day over four days; S. aureus, 1 × 108 CFU at day 6; M. catarrhalis, 4 × 
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109 CFU at day 6). (E) Histological examination of noses. Yellow arrows, proliferation of 

cilia in nasal epithelial mucosa; blue arrows, destruction of epithelial submucosa. (F) CFU. 

(A-D, F) n=8. (B,D) Three measurements were taken for determination of CRAMP mRNA 

expression. The shown data represent the average for every mouse. (A,B,D) Statistical 

analysis is by 1-way ANOVA with Dunnett’s post-tests versus data obtained with with B+I+. 

(C,F) Statistical analysis is by unpaired t-tests. Error bars show means ± SD.
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