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Abstract

:

Functional or compositional perturbations of the microbiome can occur at different sites, of the body and this dysbiosis has been linked to various diseases. Changes in the nasopharyngeal microbiome are associated to patient’s susceptibility to multiple viral infections, supporting the idea that the nasopharynx may be playing an important role in health and disease. Most studies on the nasopharyngeal microbiome have focused on a specific period in the lifespan, such as infancy or the old age, or have other limitations such as low sample size. Therefore, detailed studies analyzing the age- and sex-associated changes in the nasopharyngeal microbiome of healthy people across their whole life are essential to understand the relevance of the nasopharynx in the pathogenesis of multiple diseases, particularly viral infections. One hundred twenty nasopharyngeal samples from healthy subjects of all ages and both sexes were analyzed by 16S rRNA sequencing. Nasopharyngeal bacterial alpha diversity did not vary in any case between age or sex groups. Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes were the predominant phyla in all the age groups, with several sex-associated. Acinetobacter, Brevundimonas, Dolosigranulum, Finegoldia, Haemophilus, Leptotrichia, Moraxella, Peptoniphilus, Pseudomonas, Rothia, and Staphylococcus were the only 11 bacterial genera that presented significant age-associated differences. Other bacterial genera such as Anaerococcus, Burkholderia, Campylobacter, Delftia, Prevotella, Neisseria, Propionibacterium, Streptococcus, Ralstonia, Sphingomonas, and Corynebacterium appeared in the population with a very high frequency, suggesting that their presence might be biologically relevant. Therefore, in contrast to other anatomical areas such as the gut, bacterial diversity in the nasopharynx of healthy subjects remains stable and resistant to perturbations throughout the whole life and in both sexes. Age-associated abundance changes were observed at phylum, family, and genus levels, as well as several sex-associated changes probably due to the different levels of sex hormones present in both sexes at certain ages. Our results provide a complete and valuable dataset that will be useful for future research aiming for studying the relationship between changes in the nasopharyngeal microbiome and susceptibility to or severity of multiple diseases.
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1. Background


Among the remaining challenges in biomedical sciences, one of the most important is to fully understand the effect of aging on human biological processes, health, and wellness. In recent years, solid evidence has been collected to support the idea that the microbial communities that inhabit the different anatomical areas of the human body could play a key role in these processes, and there has been much speculation about possible medical interventions [1,2,3,4,5,6]. Although most research has focused on the well-studied gut microbiome, there is growing evidence that variations in microbial communities in other sites of the body are also responsible for wide-ranging health effects [7,8,9,10,11]. The case of the respiratory tract is curious, since the lungs were long believed to be sterile, despite the fact that they are constantly exposed to microorganisms in inhaled air and the upper respiratory tract [12], which has been the main cause that the respiratory microbiome has barely been studied until very recently [13]. However, new culture-independent microbial identification techniques, such as metagenomics, have revealed that the respiratory tract is a dynamic ecosystem, and this has raised the interest of the scientific community in the role of the respiratory microbiota in health and disease [12,13].



The human upper respiratory tract that comprises the anterior nares, nasal cavity, sinuses, nasopharynx, Eustachian tube, middle ear cavity, oral cavity, oropharynx, and larynx is the major portal of entry for infectious droplet- or aerosol-transmitted microorganisms [14]. Among these different areas, the nasopharynx is anatomically unique because it presents a common meeting place for the ear, nose, and mouth cavities [15], but has not gained special prominence until the outbreak of the current COVID-19 pandemic [16]. Importantly, dozens of studies have already detected unquestionable correlations between the composition of the nasopharyngeal microbiota and susceptibility to different viral infections in humans [13], and some evidence is emerging, although still controversial, that it may be playing a role in the susceptibility to SARS-CoV-2 infection, too [17]. Elucidating this might shed light on the still unexplained fact that some COVID-19 patients, such as the elderly, are more susceptible and present more severe forms of COVID-19 than others [18].



Large cohort studies of human microbiome data with appropriate controls are particularly valuable, especially of all ages and both sexes, as these datasets are difficult to obtain due to multiple factors, including our long lifespans, heterogeneity in consent and other sample access issues, and because of socioeconomic confounds. Therefore, human studies have tended to focus on a specific component of the lifespan, such as infanthood, or studies of the elderly, rather than examining variation across an entire population. Knowledge about the relationships between changes in the nasopharyngeal microbiota and susceptibility to viral infections is a good example of this, since most studies have focused only on children [13].



A crucial factor to consider in studies of variation across the lifespan is sex as a biological variable. For aging research, this includes the understanding that females and males may have different aging trajectories [19,20,21], including in key systems such as the digestive tract. For example, the gut microbiome and sex hormones may interact to predispose women to autoimmune diseases [22] and dietary interventions are known to have sex-specific effects on gut microbiota [23]. There are no studies analyzing the possible sex-associated differences in the nasopharyngeal microbiome at different life stages.



Here, we analyze, for the first time, the diversity and relative abundance of the nasopharyngeal microbiota across the whole lifespan in 120 healthy individuals of all ages and both sexes, the taxonomic changes in the nasopharynx associated to age or sex, and the possible biological relevance of several taxa whose frequency of appearance in the population is high. We therefore provide a very comprehensive and valuable dataset that will be the base for future research aimed at identifying relationships between age- and sex-associated changes in nasopharyngeal microbiome and susceptibility to or severity of the diseases of interest.




2. Results


2.1. Data Annotation and Sample Overview


A total of 120 nasopharyngeal microbiomes from 120 healthy individuals were analyzed. A total of 4,538,196 high-quality 16S rRNA sequences ranging from 10,627 to 256,449 sequences per sample (mean = 37,818.3; median = 33,169) were obtained after quality control analyses and OTU filtering. The 16S rRNA sequences were binned into 128 families, 250 genera and 561 species. The most abundant families were Staphylococcaceae (12.14%), Burkholderiaceae (11.52%), Carnobacteriaceae (11.48%) and Corynebacteriaceae (9.47%). The most abundant genera were Staphylococcus (13.06%), Dolosigranulum (11.99%), Corynebacterium (10.18%) and Ralstonia (10.08%). The most abundant species were Dolosigranulum pigrum (24.55%), Ralstonia pickettii (19.02%), Corynebacterium pseudodiphtheriticum (4.87%) and Propionibacterium acnes (4.85%). We excluded one sample with an abnormally high proportion of Chlamydophila, which is an indication of an abnormal sampling or pathological disorder of this individual ‘C_A1_M8’. To reveal age-related progression of nasopharyngeal microbiota, we divided the samples into six age groups, each divided into females and males to be able to also study possible sex-associated differences (Table S1). There were 20 samples in each age group and 10 samples in each sex group within them, except for the first age group (A1: 1–20 years) where one male had to be excluded as indicated above (Table S1).



We sought to determine the ways in which different samples were grouped according to their OTU composition. To that end, we applied nonmetric multidimensional scaling (NMDS), which is a powerful statistical tool that enables complex multivariate data sets to be visualized in a reduced number of dimensions, to determine the clustering patterns of samples according to their Bray–Curtis distances (which were calculated based on the relative abundance matrix of the 250 genera across the 119 samples) (Figure 1). The analysis of similarities (ANOSIM), which is a non-parametric statistical test, was used to analyze whether there were statistically significant differences among the different age groups included in this study. Thus, even though the samples apparently did not form distinct clusters when viewed using this approach as they appeared mostly intermixed and the different confidence ellipses overlapped each other, the differences between the age groups A1–A4 (ANOSIM statistic, 0.1075; significance, 0.016) and A1–A5 (ANOSIM statistic, 0.1075; significance, 0.016) were significant according to ANOSIM (Figure 1). Similar result was obtained when focusing on possible differences between the two sexes, as samples from females and males also appeared completely intermixed and did not form any groups, and significant differences were not detected according to ANOSIM (Figure 1).




2.2. Bacterial Diversity in the Nasopharynx of Healthy Individuals Is Stable throughout Lifespan


The fact that significant changes in bacterial diversity throughout life had previously been described in the well-studied gut microbiota of healthy individuals [24] prompted us to test whether similar changes occur in the nasopharynx by analyzing the alpha diversity, referred to as within-community diversity [25], for the different age and sex groups established for this study (Table S1). However, the Shannon’s diversity index, which measures evenness and richness of communities within a sample, did not show any statistically significant changes in bacterial diversity among the different age groups (Figure 2a). Moreover, alpha diversity also did not vary as a function of sex when the Shannon index was calculated considering all individuals of all ages included in this study (Figure 2b), nor when the same analysis was performed comparing females and males within each age group (Figure 2c). The use of other indexes commonly used to measure alpha diversity, such as the inverse Simpson’s diversity index, which is an indication of the richness in a community with uniform evenness that would have the same level of diversity (Figure S1), or the Chao1 index, which measures the total richness of communities within a sample (Figure S2), confirmed the absence of any statistically significant differences in bacterial diversity between the different age groups (Figures S1a and S2a) or between females and males (Figures S1b,c and S2b,c). Therefore, all these results together suggest that contrary to what occurs in other anatomical areas, such as the gut where bacterial diversity decreases with aging [24], it remains stable in the nasopharynx of healthy people over time, without notable changes at any stage of life, not even in very young people or in the elderly over 70 years of age (Figure 2a and Figures S1a and S2a). Curiously, another interesting finding provided by this work, for the first time, is that there are no significant differences when comparing bacterial diversity in the nasopharynx of healthy females and males (Figure 2b,c and Figures S1b,c and S2b,c), regardless of the stage of life studied and the important hormonal differences that exist between both sexes at certain ages.




2.3. Age- and Sex-Associated Changes in Relative Abundance of Bacterial Taxa in the Nasopharynx of Healthy Individuals


To determine differences in nasopharyngeal taxa abundance among age and sex classes, we compared the nasopharyngeal microbiome of healthy women and men in the six different age groups established for this study (Table S1). The first general analysis at the phylum level revealed that Firmicutes and Proteobacteria relative abundances showed opposite kinetics with aging (Figure 3a–f), while the relative abundance of Firmicutes, which is the majority phylum in the youngest individuals (50%) (Figure 3a), clearly decreased with aging reaching its lowest values in subjects in their 50s and 60s (21% and 27%, respectively) (Figure 3d,e). The relative abundance of Proteobacteria presented its lowest value in the youngest people (24%) (Figure 3a) and increased in older individuals, peaking in subjects who were in their 50s (53%) (Figure 3d). The relative abundance of other phyla, such as Actinobacteria, Bacteroidetes, Tenericutes, or Cyanobateria, remained more stable throughout life (Figure 3a–f). Moreover, when we continued working at the phylum level and searched for any abundance differences between the nasopharyngeal microbiota of females and males, we determined that, interestingly, the results were almost identical for both sexes within the two age groups containing the youngest (1–20 years) (Figure S3a) and oldest (>70 years) (Figure S3f) individuals. However, several differences between females and males were observed in other age groups, notably a higher relative abundance of Actinobacteria in males in their 20s and 30s compared to females of the same age group (20% vs. 7%) (Figure S3b), a higher relative abundance of Proteobacteria in males in their 40s compared to females of the same age group (46% vs. 29%) (Figure S3c), a higher relative abundance of Proteobacteria in females in their 50s compared to males of the same age group (57% vs. 47%) (Figure S3d), and a higher relative abundance of Firmicutes and lower of Actinobacteria in females in their 60s compared to males of the same age group (37% vs. 20% and 10% vs. 22%, respectively) (Figure S3e). Therefore, the fact that there were differences in taxa abundance when comparing the nasopharyngeal microbiota of females and males in most of the age groups studied (individuals between 21 and 70 years of age) (Figure S3b–e), but not within the two age groups containing the youngest and oldest individuals (people between 1 and 20 and older than 70 years of age) (Figure S3a,f), suggests that the different levels of sex hormones present in both sexes at different life stages might be modulating the nasopharyngeal microbiome.



Next, we proceeded further in this study and moved to the family level, finding that 24 distinct bacterial families presented an average abundance of >1% in at least one of the age groups studied (Figure 3g). Our analyses revealed the dominant family in each of the age groups: Staphylococcaceae in A1, Carnobacteriaceae in A2, Staphylococcaceae in A3, Burkholderiaceae in A4, Streptococcaceae in A5, and Staphylococcaceae in A6 (Figure 3g). Thus, it is curious that although Proteobacteria was the majority taxa in all the age groups when analyzing the nasopharyngeal microbiota at the phylum level (Figure 3a–f), the dominant family in all the age groups belongs to the Firmicutes phylum, except in the case of age group A4 where the family Burkholderiaceae, which belongs to the Proteobacteria phylum, was the most abundant taxa at family level (Figure 3g). Differences in the relative abundance of some families were detected when compared between age groups, but without following any easily interpretable pattern (Figure 3g). Analysis of differential taxa abundance at the family level between age groups, but separately in females and males, did not show any relevant sex-associated differences between sexes regarding the dominant bacterial families in each age group compared to the results described above for both sexes together (Figure 3g), excepting that Burkholderiaceae was the most abundant family in males of age group A3 instead of Staphylococcaceae, and that Corynebacteriaceae is the dominant family in males of age group A5 instead of Streptococcaceae (Figure S4). As mentioned above when working with females and males together, differences in relative abundance were detected in some families when comparing between different age groups in both sexes, but without following any easily interpretable patterns (Figure S4). Visualization of taxa abundance at the family level in all the individuals included in this study showed that most of them had a very diverse microbiome, with a high number of families with relative abundance of >1% (Figure S5). However, a few individuals had one dominant family that represented the majority of their nasopharyngeal microbiomes; these families tended to be Burkholderiaceae, Carnobacteriaceae and Staphylococcaceae (Figure S5).



Working at the genus level, we determined that 24 bacterial genera presented an average abundance of >1% in at least one of the age groups studied (Figure 3h). Moreover, our results showed that Staphylococcus was the dominant genus in age group A1, Dolosigranulum in A2, Staphylococcus in A3 and A6, Ralstonia in A4, and Streptococcus in A5 (Figure 3h). No relevant differences were detected when comparing taxa abundance in the nasopharynx of females and males at the genus level within the age groups studied (Figure S6). Similar to what was described above at the family level, visualization of taxa abundance at the genus level in all the individuals included in this study showed that most of them had a high number of genera with relative abundance of >1%, with a few individuals presenting one dominant genus (mostly Dolosigranulum or Staphylococcus) that represented the majority of their nasopharyngeal microbiomes (Figure S7). Next, we focused on those genera whose relative abundance were significantly different between the different age groups established in this study, as this could help us to identify changes in the nasopharyngeal microbiota that are characteristic of aging. Thus, our analyses revealed that there were statistically significant differences (adjusted p-value < 0.05) in relative abundance between the distinct age groups in 11 bacterial genera: Acinetobacter, Brevundimonas, Dolosigranulum, Finegoldia, Haemophilus, Leptotrichia, Moraxella, Peptoniphilus, Pseudomonas, Rothia and Staphylococcus (Figure 4a and Table S2). Interestingly, most of these statistically significant differences in relative abundance between the age groups for the 11 mentioned genera were between age groups A1 or A6, which include individuals between 1 and 20 years of age and over 70 years old, respectively, and the rest of age groups (18 out of 37 cases for the age group A1 and 16 out of 37 cases for the age group A6) (Table S2). Among these statistically significant changes detected, it should be noted that Acinetobacter was the only genus whose relative abundance in the nasopharynx clearly increased progressively throughout life, peaking in individuals older than 70 years of age (Figure 4a and Table S2). In the cases of Dolosigranulum and Rothia, their relative abundance drastically increased and decreased, respectively, in individuals over 70 years of age, compared to middle-aged people in their 50s and 60s (Figure 4a and Table S2). Changes among the different age groups of Finegoldia, Leptotrichia and Haemophilus were also interesting, as their relative abundance was markedly reduced in elderly people over 70 years of age, even though they were present at other ages throughout life, mainly during middle age (Figure 4a and Table S2). The case of Haemophilus was particularly intriguing, as while its relative abundance was at least 10% of the nasopharyngeal microbiota composition in age groups A1-A5 (if we consider only these 11 genera that present statistically significant differences between age groups), it dramatically decreased in the group of individuals over 70 years old (Figure 4a and Table S2). Furthermore, it is noteworthy that the bacterial genera Brevundimonas, Finegoldia, Leptotrichia and Peptoniphilus presented a very low relative abundance in the youngest individuals, who are between 1 and 20 years old, compared to other age groups (Figure 4a and Table S2). Finally, although Moraxella and Staphylococcus showed significant differences in relative abundance between the distinct age groups in several cases, these differences did not seem to follow any easily interpretable pattern relating relative abundance levels to a particular life stage (Figure 4a and Table S2). Next, we wondered whether the significant differences in relative abundance between age groups observed for these 11 bacterial genera were due to sex-associated differences. Visualization of taxa abundance in females and males separately, considering only these 11 genera, showed no notable differences between both sexes (Figure S8). The only exception was a higher relative abundance of Dolosigranulum in males in their 20s and 30s compared to females of the same age, because this genus was clearly dominant in five males from that age group while only in one female of the same age (Figure S9). Besides this observation regarding Dolosigranulum, analyzing the taxa abundance in all the individuals included in this study also revealed that in most people, 1 out of these 11 genera was dominant compared to the relative abundance of the other 10 genera (Figure S9). Interestingly, 8 out of the 11 genera, excepting Bevundimonas, Finegoldia and Peptoniphilus, were determined to be the dominant genus in at least one individual, demonstrating that nasopharyngeal taxonomic composition at this level can be very variable between different individuals, even if they belong to the same age or sex groups (Figures S9 and S10).




2.4. Identification of Potentially Biologically Relevant Bacterial Genera by Analyzing Their Frequency of Appearance in the Nasopharynx of Healthy Individuals


After analyzing taxa abundance at the phylum, family, and genus levels, looking for differences between age and sex groups, we decided to apply another strategy to attempt to identify bacterial genera whose presence in the nasopharynx might be characteristic of a certain life stage, independently on their abundance levels. Thus, based on the idea that in some cases the presence of a genus within a certain sex or age group but not in others can be biologically relevant, even if its abundance is low, we studied the frequency with which each genus appeared in the individuals included in this study by visualizing, for each genus, the percentage of people from each age group in which it is present. Firstly, we analyzed this in the 11 genera that presented significant differences between the distinct age groups, with the aim of checking whether these genera were present in a high percentage of individuals and, therefore, that the relative abundance results previously shown in Figure 4a were reliable. Indeed, our results showed that these 11 genera appeared with a high frequency in the individuals included in this study, especially in the cases of Acinetobacter, Dolosigranulum, Haemophilus, Moraxella, Pseudomonas and Staphylococcus (Figure 4b). These data also revealed that several genera, such as Brevundimonas, Finegoldia and Peptoniphilus, appeared less frequently in the youngest people than in the other age groups, while the frequency of appearance of others, such as Rothia, decreases in the oldest people (Figure 4b). Interestingly, it coincides that these genera that appear most frequently in the individuals included in this study are also the ones that appear most often as the dominant genus in the taxonomic composition of individuals (Figures S9 and S10). Next, we identified several bacterial genera that could be biologically relevant as part of the nasopharyngeal microbiota, although they did not show any significant differences in relative abundance between age or sex groups. This was (i) because their frequency of appearance in the nasopharynx of the healthy population was very high, as in the case of Anaerococcus, Burkholderia, Campylobacter, Delftia, Prevotella, Neisseria, Propionibacterium, Streptococcus, Ralstonia, Sphingomonas and Corynebacterium (Figure 5a); (ii) because their frequency of appearance drastically increased with age, such as the cases of Faecalibacterium, Stenotrophomonas and Phascolarctobacterium (Figure 5b); or (iii) because their frequency of appearance drastically decreased with age, such as the cases of Aggregatibacter, Gemella and Fusobacterium (Figure 5c).





3. Discussion


Comparing bacterial species richness in the nasopharynx of healthy individuals in the different age groups established for this study and between females and males revealed no age- or sex-associated significant differences in alpha diversity. These results, which were confirmed by using three of the most reliable and commonly used alpha diversity indexes, such as the Shannon’s diversity index, the inverse Simpson’s diversity index, and the Chao1 diversity index, indicate that the nasopharyngeal microbiome is highly stable and robust to perturbations throughout life as well as between sexes within each of the different age groups in healthy subjects. Alpha diversity could be expected to be lower in the youngest individuals compared to older individuals in all the anatomical areas, as the fetus is sterile until the moment of birth, when the newborn begins to be progressively colonized by microorganisms until its definitive microbiota is established [26]. This is exactly what happens, for example, with the gut microbiome of infants, whose alpha diversity is consistently determined to be lower than in adults [27,28], probably due to the introduction of new diversity from food, which increases with the consumption of foods other than breast milk [29]. Detailed metagenomic studies, which should include samples collected at multiple time points during childhood and during adulthood, would be needed to determine whether something similar occurs in the nasopharynx. In the case of the present study, we would not be able to detect such differences in diversity between the youngest individuals and the rest of age groups, if they exist, for two reasons: (i) because our first age group, which includes the youngest individuals, is very broad and encompasses individuals up to 20 years old, so any differences from young children could be diluted; (ii) because as we were not interested specifically in children, but in broader age groups spanning all stages of life, we excluded children younger than 1 year of age from this study, as their highly changing microbiota in formation could bias the analyses we were interested in. Interestingly, although it is known that there are relevant sex-associated differences in diversity in other anatomical areas such as the gut, and that such differences are probably due to the different levels of sex hormones between both sexes [30], we did not observe any significant diversity differences between females and males, even in the age groups where sex hormones levels should be quite different. It is also curious that, contrary to what occurs in the gut where the alpha diversity of the microbiota decreases with aging [24], we did not observe a similar reduction in diversity in the nasopharynx of older individuals. This difference between both anatomical areas might be explained by the fact that decreased microbial diversity of the gut in older subjects is associated with chronological age, number of concomitant diseases, number of medications used, increasing coliform numbers, and changes in diet [31], and although chronological age affects both anatomical areas in a similar way, it seems probable that other of these factors might affect the gut microbiota in a more intense way compared to the nasopharyngeal microbiota. In summary, we can say that the diversity of the nasopharyngeal community is very stable throughout life and between sexes.



Our analyses of taxa abundance in the nasopharynx at the phylum level revealed the existence of sex-associated differences within the age groups including individuals between 21 and 70 years of age, but not in the youngest and oldest people. As previously mentioned for the alpha diversity results, multiple sex-associated differences in taxonomic composition have also been described for the human gut microbiome [30], and numerous studies have reported evidence to support the idea that levels of sex hormones, such as progesterone [32], androgen [33], and estrogen [34], regulate its composition [35,36]. The effects of sex hormones on other microbial niches, such as the human vaginal microbiota, have also recently been demonstrated [37]. Although it has been shown that estrogen stimulation (hormone/gender effect) in the upper respiratory tract mucosa could reduce virus virulence by improving both nasal clearance and local immune response [38], the relationship between sex hormone levels and the nasopharyngeal microbiota has so far not been directly observed in clinical studies. However, the fact that our results reveal differences between females and males at the phylum level in all the age groups, except for those where differences in sex hormones levels do not exist or are not so strong (>70 years and 1–20 years old), suggests that sex hormones might be modulating the taxonomic composition of the healthy human nasopharynx. Note that although differences in sex hormones could be expected to be relevant in the age group that includes individuals between 1 and 20 years of age since pubescents and adolescents are part of this group, we assumed that such differences should not be so significant in our case because 70% of individuals in this age group are prepubescent in our study.



We might be tempted to think that the microbiota of nearby anatomical sites that are closely related in terms of structure and function should be practically identical. However, the reality seems to be much more complex. A good example of this is that although nasopharynx and nose are adjacent, and previous metagenomic studies comparing the microbiome of both anatomical areas have revealed a clear continuity, there are important differences between the two sites and even niche-specific bacteria [39]. Furthermore, this study also reported an evident heterogeneity among participants, since the nasopharyngeal microbiome of half of them was dominated by Moraxella, Streptococcus, Fusobacterium, Neisseria, Alloprevotella or Haemophilus, while in the other half it contained an intermixed bacterial profile where Staphylococcus, Corynebacterium, and Dolosigranulum seemed to be important bacterial members with varying relative abundances [39]. Our taxa abundance analyses at the genus level only detected statistically significant relative abundance differences between the different age groups for 11 bacterial genera: Acinetobacter, Brevundimonas, Dolosigranulum, Finegoldia, Haemophilus, Leptotrichia, Moraxella, Peptoniphilus, Pseudomonas, Rothia, and Staphylococcus. Interestingly, most of the 37 statistically significant differences detected between the different age groups for these 11 genera appear when comparing age groups A1 and A6 with the rest of the age groups (18 out of 37 and 16 out of 37, respectively). Therefore, these results reveal that, in terms of relative abundance of bacterial genera, the nasopharyngeal microbiota of the youngest and oldest subjects is more different from that of the other age groups than that of any other age group. Among these age-associated changes, from a clinical perspective, it is particularly concerning that Dolosigranulum, which is an opportunistic pathogen that causes pneumonia in elderly patients [40], is overrepresented in the nasopharynx of individuals over 70 years of age compared to middle-aged subjects. This suggests that the relative abundance of Dolosigranulum may be higher in elderly people due to the process of immunosenescence that occurs in them [41,42], or that its higher abundance may be due to other unidentified age-related factors. Nevertheless, the relevance of Dolosigranulum in the nasopharynx deserved further investigation, since nasal administration Dolosigranulum pigrum 040417 to mice increased the resistance against respiratory syncytial virus (RSV) and Streptococcus pneumoniae [43,44]. However, other strains of the same species failed to protect mice against these pathogens [43,44]. Another interesting observation of our study is that Haemophilus that causes pneumonia mainly in elderly people [45] is underrepresented precisely in individuals over 70 years of age. This suggests that their lower relative abundance in elderly subjects is due to other unidentified age-related factors, and that the elderly are much more susceptible to opportunistic infections caused by this bacterium, probably due to the previously mentioned process of immunosenescence. Further research will be necessary to elucidate the precise reason for this. Something similar could be said for Rothia, as its relative abundance also decreases drastically in people over 70 years of age while it is known to cause pneumonia mostly in aged individuals [46]. It is worth noting that, regardless of their relative abundance or whether they show statistically significant differences between age or sex groups, those bacterial genera that are present in most individuals or whose frequency of appearance changes drastically throughout life could be relevant from a biomedical and ecological point of view. Based on this idea, we highlight Anaerococcus, Burkholderia, Campylobacter, Delftia, Prevotella, Neisseria, Propionibacterium, Streptococcus, Ralstonia, Sphingomonas and Corynebacterium as candidate bacterial genera that could be playing an important role as they are present in the nasopharynx of most healthy individuals. In addition, we propose Faecalibacterium, Stenotrophomonas and Phascolarctobacterium as candidate bacterial genera that could be playing a relevant role, as their frequency of appearance in the nasopharynx of healthy subjects increases progressively throughout life, and Aggregatibacter, Gemella and Fusobacterium because their frequency of appearance in the nasopharynx decreases drastically and progressively as healthy people age. Elucidating the biomedical relevance of all these bacterial genera which are part of the healthy nasopharyngeal microbiota and determining their potential involvement in health and disease at different stages of life is certainly an exciting topic for future work.



Our study has several limitations. This was an observational, retrospective study, and collection of data was not standardized in advance. The 16S rRNA gene sequencing approach to study the microbiota could introduce bias in the obtained data because this method does not allow the study of the whole microbiome, but only the genera amplified by PCR. The taxonomic assignment at the species level may not be fully accurate. Nevertheless, it is the most common technique to study microbiota in clinical samples. Moreover, it was not possible to obtain serial samples. Furthermore, the groups are small, particularly the sex groups within each age group, so the study may have been underpowered to detect certain associations. Finally, we could not access any sociodemographic, environmental, lifestyle, or medical information of subjects enrolled in this study, which would have been helpful to better understand the characteristics of the cohort.



Although multiple studies have analyzed the microorganisms present in the nasopharynx in different contexts before this work, the characteristics of the healthy and mature human nasopharyngeal microbiota was largely unknown since (i) most studies focused on children or elderly people, (ii) confounding factors such as external drivers that alter it are not well known to date, and (iii) focus is generally shifted to its variation in diseases. With this work, we fill this important gap in knowledge. However, further research will be necessary to elucidate the effects of the nasopharyngeal taxonomic composition as well as the age- and sex-associated changes described here on the susceptibility of certain individuals to infectious diseases. Studying the case of the elderly people in detail will be particularly interesting from a biomedical and clinical perspective, since their nasopharyngeal microbiota is significantly different from that of younger subjects, and they are known to be much more susceptible to multiple infectious diseases, most notably COVID-19 [47]. Therefore, we hypothesize that there may be some correlation between the taxonomic composition in the nasopharynx of the elderly and their increased susceptibility to COVID-19, but this will be a challenge for future metagenomic studies that should include different age groups, both sexes, and patients infected with SARS-CoV-2 who have developed the disease with different severity.




4. Methods and Materials


4.1. Sample Selection, Collection, and Classification


Due to the available economic resources, we randomly selected 120 nasopharyngeal samples from a cohort of 6354 healthy subjects belonging to the Health Area I of the Region of Murcia (Spain) who voluntarily provided their samples between 27 August 2020 and 8 September 2020 for diagnostic purposes and tested negative for SARS-CoV-2 infection. Nasopharyngeal swabs were obtained by approaching the nasopharynx transnasally and stored in Universal Transport Medium (UTM): Viral Transport medium (COPAN Diagnostics Inc., Murrieta, CA, USA). Nucleic acid extraction was performed using the automatized system Nuclisens EasymaG (bioMérieux, Madrid, Spain) based on the ability of silica to bind DNA and RNA in high salt concentrations (Boom technology). The polymerase chain reaction (PCR) kit used to verify that all the samples were negative for SARS-CoV-2 infection was Novel Coronavirus (2019-nCoV) Real Time Multiplex RT-PCR kit (Detection for 3 Genes), manufactured by Shanghai ZJ Bio-Tech Co., Ltd. (Liferiver Biotech, la Jolla, CA, USA) and the CFX96 Touch Real-Time PCR Detection System (BioRad, Madrid, Spain).



To facilitate the study of age- and sex-associated changes in the nasopharyngeal microbiota throughout life, and to ensure that the sample size of all the age and sex groups were homogeneous, we decided on an experimental design that distributed the 120 nasopharyngeal samples that we could analyse into six age groups with 20 individuals each, of which 10 were females and the other 10 were males (Table S1). For this, the 6354 healthy subjects of our parent cohort were divided into their age matched groups and numbered, and then randomly obtained numbers were used to select 10 females and 10 males from each of the age groups. Random numbers were generated in RANDOM.ORG, which is a True Random Number Generator (TRNG) that generates true randomness via atmospheric noise, unlike the most common and less trustworthy Pseudo-Random Number Generators (PRNGs) [RANDOM.ORG: True Random Number Service. Available at: https://www.random.org]. According to the exclusion criteria we established for this study, (1) individuals younger than 1 year of age were disqualified because the microbiome of infants is known to be highly fluctuating with age, and (2) subjects who were tested for SARS-CoV-2 infection because they had respiratory or any other kind of symptoms were also excluded to avoid the enrolment of individuals who could have any infection or disease that could alter their nasopharyngeal microbiota although they were not infected by SARS-CoV-2.




4.2. Amplification, Library Preparation, and Sequencing


Bacterial identification was performed by sequencing the 16S rRNA gene’s hypervariable regions. The 16S rRNA gene was amplified by multiplex PCR using Ion Torrent 16S Metagenomics kit (Ion Torrent, Thermo Fisher Scientific Inc., Alcobendas, Spain), with two sets of primers, which targets regions V2, V4, and V8, and V3, V6–7, and V9, respectively. Amplification was carried out in a SimpliAmp thermal cycler (Thermo Fisher Scientific Inc., Alcobendas, Spain) running the following program: denaturation at 95 °C for 10 min, followed by a 3-step cyclic stage consisting of 25 cycles of denaturation at 95 °C for 30 s, annealing at 58 °C for 30 s, and extension at 72 °C for 20 s; at the end of this stage, the program concludes with an additional extension period at 72 °C for 7 min and the reaction is stopped by cooling at 4 °C. The resulting amplicons were tested by electrophoresis through 2% agarose gels in tris-acetate-EDTA (TAE) buffer, purified with AMPure® XP Beads (Beckman Coulter, Inc, Atlanta, GA, USA), and quantified using QubitTM dsDNA HS Assay Kit in a Qubit 3 fluorometer (Thermo Fisher Scientific Inc., Alcobendas, Spain).



A library was generated from each sample using the Ion Plus Fragment Library Kit (Ion Torrent), whereby each library is indexed by ligating Ion Xpress™ Barcode Adapters (Ion Torrent) to the amplicons. Libraries were purified with AMPure® XP Beads and quantified using the Ion Universal Library Quantitation Kit (Ion Torrent, Thermo Fisher Scientific Inc., Alcobendas, Spain) in a QuantStudio 5 Real-Time PCR Instrument (Thermo Fisher Scientific Inc., Alcobendas, Spain). The libraries were then pooled and clonally amplified onto Ion Sphere Particles (ISPs) by emulsion PCR in an Ion OneTouch™ 2 System (Ion Torrent) according to the manufacturer´s instructions. Sequencing of the amplicon libraries was carried on an Ion 530™ Kit (Ion Torrent) on an Ion S5™ System (Ion Torrent). After sequencing, the individual sequence reads were filtered by the Torrent Suite™ Software v5.12.1 to remove low quality and polyclonal sequences.




4.3. Bioinformatics and Statistical Analysis


The obtained sequences were analyzed and annotated with the Ion Reporter 5.18.2.0 software (Thermo Fisher Scientific Inc., Alcobendas, Spain) using the 16S rRNA Profiling workflow 5.18. Clustering into OTUs and taxonomic assignment were performed based on the Basic Local Alignment Search Tool (BLAST) using two reference libraries, MicroSEQ® 16S Reference Library v2013.1 and the Greengenes v13.5 database. For an OTU to be accepted as valid, at least ten reads with an alignment coverage of ≥90% between hit and query were required. Identifications were accepted at the genus and species level with sequence identity of >97% and >99%, respectively. Annotated OTUs were then exported for analysis with R (v.4.1.2) (https://www.R-project.org/), where data were converted to phyloseq object [48] and abundance bar plots were generated. Data were converted to DESeq2 object [49] that uses a generalized linear model based on a negative binomial distribution to calculate differential abundance between groups. Thus, the differential abundance analysis was conducted according to the phyloseq package vignette with bioconductor DESeq2 (https://bioconductor.org/packages/devel/bioc/vignettes/phyloseq/inst/doc/phyloseq-mixture-models.html#import-data-with-phyloseq-convert-to-deseq2, accessed on 10 January 2022). The raw abundance matrix was imported into phyloseq object (as specified in the documentation of phyloseq with DESeq2) and subsequently converted to DESeq2 object. Then, estimated size factors were used with the DESeq2 function to obtain the differential abundance. DESeq automatically searches for outliers and, if possible, replaces the outlier values estimating mean-dispersion relationship. If it is not possible to replace, p-values are replaced by NA. R (v.4.1.2) was also used to perform a non-metric multidimensional scaling (NMDS) analysis on Bray–Curtis dissimilarity measures among samples based on relative OTU abundances (i.e., percentages). The relative abundances of OTUs were also used to test for statistically significant differences among age and sex groups. Group OTU compositions were compared through the non-parametric statistical tool ANOSIM. The 90% confidence data ellipses for each of the age groups were plotted. Alpha diversity was estimated based on Chao1, Shannon, and Inverse-Simpson indices by using the phyloseq package. To test for statistically significant differences between pairwise groups in alpha diversity, the non-parametric Wilcoxon test was used. Frequency of appearance was obtained by calculating the percentage of individuals in each age group in which that taxon occurs. The bar plots aggregated by groups (age and/or gender) show the aggregated relative abundance (sum of relative abundances). Krona charts that aid in the estimation of relative abundances even within complex metagenomic classifications were generated as previously described [50]. All the other graphs were generated with the R package ggplot2 version 3.3.3., including the confidence data ellipses which were plotted using the ‘stat_ellipse’ function, also from this package [51].





5. Conclusions


Our study shows that bacterial diversity in the nasopharynx of healthy subjects remains very stable and resistant to perturbations throughout the whole life and in both sexes. Age-associated changes in taxa abundance were observed at phylum, family, and genus levels, as well as several sex-associated changes probably due to the different levels of sex hormones present in both sexes at certain ages. We provide a complete and valuable dataset that will be useful for future research aiming for studying the relationship between changes in the nasopharyngeal microbiome and susceptibility to or severity of multiple diseases.








Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24044127/s1.





Author Contributions


The authors offer the following declarations about their contributions: Conceived and designed the experiments: S.C., S.D.T., M.L.C., V.M. Performed the experiments: S.C., F.P.-S. Analyzed the data: S.C., S.D.T., F.P.-S., Á.E., M.L.C., V.M. Provided essential samples: A.M.-D. Writing—original draft: S.C. Writing—review & editing;: S.C., V.M. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the grant 00006/COVI/20 to VM and MLC funded by Fundación Séneca-Murcia, the Saavedra Fajardo contract 21118/SF/19 to SC funded by Fundación Séneca-Murcia, the Juan de la Cierva-Incorporación contract to SDT funded by Ministerio de Ciencia y Tecnología/AEI/FEDER. The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.




Institutional Review Board Statement


All procedures in this work were carried out following the principles expressed in the Declaration of Helsinki, as well as in all the other applicable international, national, and/or institutional guidelines for the use of samples and data, and have been approved by the Comité de Ética de la Investigación (CEIm) at Hospital Clínico Universitario Virgen de la Arrixaca (protocol number 2020-10-12-HCUVA—Effects of aging in the susceptibility to SARS-CoV-2).




Informed Consent Statement


Nasopharyngeal swabs were collected for diagnosis of SARS-CoV-2 infection before this study was conceived, without the need of any informed consent as the collection procedure was non-invasive and risk-free. However, when the COVID-19 pandemic spread out of control, samples were kept at the Microbiology Service instead of destroyed after diagnosis as it was considered that they might be extremely relevant for research. This, together with the facts that (i) the retrospective use of these samples did not affect donor health or treatment at all, (ii) all data has been treated anonymously, and (iii) movement was limited due to the exceptional circumstances of the pandemic meant that it was not possible to obtain informed consent for the use of these samples in research. Moreover, none of the subjects expressly objected to their samples being used for research.




Data Availability Statement


Raw sequencing data of all 16S rRNA sequences, metadata, and abundance tables are available at the open access repository Figshare under the accession numbers 10.6084/m9.figshare.19785991 and 10.6084/m9.figshare.19786147, respectively.




Acknowledgments


We thank I. Fuentes, P. Martinez for their excellent technical assistance, Anabel Antón for 16S rRNA sequencing, and the staff of the Microbiology Service of HCUVA for sample collection and processing.




Conflicts of Interest


The authors declare no competing interest.




References


	



Heintz, C.; Mair, W. You are what you host: Microbiome modulation of the aging process. Cell 2014, 156, 408–411. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.; Benayoun, B.A. The microbiome: An emerging key player in aging and longevity. Transl. Med. Aging 2020, 4, 103–116. [Google Scholar] [CrossRef] [PubMed]

	



Mossad, O.; Batut, B.; Yilmaz, B.; Dokalis, N.; Mezö, C.; Nent, E.; Nabavi, L.S.; Mayer, M.; Maron, F.J.M.; Buescher, J.M.; et al. Gut microbiota drives age-related oxidative stress and mitochondrial damage in microglia via the metabolite N6-carboxymethyllysine. Nat. Neurosci. 2022, 25, 295–305. [Google Scholar] [CrossRef] [PubMed]

	



Warman, D.J.; Jia, H.; Kato, H. The Potential Roles of Probiotics, Resistant Starch, and Resistant Proteins in Ameliorating Inflammation during Aging (Inflammaging). Nutrients 2022, 14, 747. [Google Scholar] [CrossRef]

	



Gates, E.J.; Bernath, A.K.; Klegeris, A. Modifying the diet and gut microbiota to prevent and manage neurodegenerative diseases. Rev. Neurosci. 2022, 33, 767–787. [Google Scholar] [CrossRef]

	



Murray, E.R.; Kemp, M.; Nguyen, T.T. The Microbiota-Gut-Brain Axis in Alzheimer’s Disease: A Review of Taxonomic Alterations and Potential Avenues for Interventions. Arch. Clin. Neuropsychol. 2022, 37, 595–607. [Google Scholar] [CrossRef]

	



Das, S.; Bhattacharjee, M.J.; Mukherjee, A.K.; Khan, M.R. Recent advances in understanding of multifaceted changes in the vaginal microenvironment: Implications in vaginal health and therapeutics. Crit. Rev. Microbiol. 2022, 1–27. [Google Scholar] [CrossRef]

	



Aleti, G.; Kohn, J.N.; Troyer, E.A.; Weldon, K.; Huang, S.; Tripathi, A.; Dorrestein, P.C.; Swafford, A.D.; Knight, R.; Hong, S. Salivary bacterial signatures in depression-obesity comorbidity are associated with neurotransmitters and neuroactive dipeptides. BMC Microbiol. 2022, 22, 75. [Google Scholar] [CrossRef]

	



Song, H.; Xiao, K.; Min, H.; Chen, Z.; Long, Q. Characterization of Conjunctival Sac Microbiome from Patients with Allergic Conjunctivitis. J. Clin. Med. 2022, 11, 1130. [Google Scholar] [CrossRef]

	



Saud Hussein, A.; Ibraheem Salih, N.; Hashim Saadoon, I. Effect of Microbiota in the Development of Breast Cancer. Arch. Razi Inst. 2021, 76, 761–768. [Google Scholar] [CrossRef]

	



Costantini, C.; Nunzi, E.; Spolzino, A.; Merli, F.; Facchini, L.; Spadea, A.; Melillo, L.; Codeluppi, K.; Marchesi, F.; Marchesini, G.; et al. A High-Risk Profile for Invasive Fungal Infections Is Associated with Altered Nasal Microbiota and Niche Determinants. Infect. Immun. 2022, 90, e0004822. [Google Scholar] [CrossRef] [PubMed]

	



Dickson, R.P.; Erb-Downward, J.R.; Martinez, F.J.; Huffnagle, G.B. The Microbiome and the Respiratory Tract. Annu. Rev. Physiol. 2016, 78, 481–504. [Google Scholar] [CrossRef]

	



Dubourg, G.; Edouard, S.; Raoult, D. Relationship between nasopharyngeal microbiota and patient’s susceptibility to viral infection. Expert Rev. Anti. Infect. Ther. 2019, 17, 437–447. [Google Scholar] [CrossRef] [PubMed]

	



Sahin-Yilmaz, A.; Naclerio, R.M. Anatomy and physiology of the upper airway. Proc. Am. Thorac. Soc. 2011, 8, 31–39. [Google Scholar] [CrossRef]

	



Bluestone, C.D.; Doyle, W.J. Anatomy and physiology of eustachian tube and middle ear related to otitis media. J. Allergy Clin. Immunol. 1988, 81, 997–1003. [Google Scholar] [CrossRef]

	



Zhou, P.; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y.; Li, B.; Huang, C.L.; et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273. [Google Scholar] [CrossRef]

	



Candel, S.; Tyrkalska, S.D.; Alvarez-Santacruz, C.; Mulero, V. The nasopharyngeal microbiome in COVID-19. Emerg. Microbes Infect. 2023, 12, e2165970. [Google Scholar] [CrossRef]

	



Mueller, A.L.; McNamara, M.S.; Sinclair, D.A. Why does COVID-19 disproportionately affect older people? Aging (Albany N. Y.) 2020, 12, 9959–9981. [Google Scholar] [CrossRef]

	



Jašarević, E.; Morrison, K.E.; Bale, T.L. Sex differences in the gut microbiome-brain axis across the lifespan. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2016, 371, 20150122. [Google Scholar] [CrossRef] [PubMed]

	



Ji, H.; Kim, A.; Ebinger, J.E.; Niiranen, T.J.; Claggett, B.L.; Bairey Merz, C.N.; Cheng, S. Sex Differences in Blood Pressure Trajectories Over the Life Course. JAMA Cardiol. 2020, 5, 19–26. [Google Scholar] [CrossRef]

	



Scheinost, D.; Finn, E.S.; Tokoglu, F.; Shen, X.; Papademetris, X.; Hampson, M.; Constable, R.T. Sex differences in normal age trajectories of functional brain networks. Hum. Brain. Mapp. 2015, 36, 1524–1535. [Google Scholar] [CrossRef] [PubMed]

	



Markle, J.G.; Frank, D.N.; Mortin-Toth, S.; Robertson, C.E.; Feazel, L.M.; Rolle-Kampczyk, U.; von Bergen, M.; McCoy, K.D.; Macpherson, A.J.; Danska, J.S. Sex differences in the gut microbiome drive hormone-dependent regulation of autoimmunity. Science 2013, 339, 1084–1088. [Google Scholar] [CrossRef] [PubMed]

	



Bolnick, D.I.; Snowberg, L.K.; Hirsch, P.E.; Lauber, C.L.; Org, E.; Parks, B.; Lusis, A.J.; Knight, R.; Caporaso, J.G.; Svanbäck, R. Individual diet has sex-dependent effects on vertebrate gut microbiota. Nat. Commun. 2014, 5, 4500. [Google Scholar] [CrossRef] [PubMed]

	



Claesson, M.J.; Cusack, S.; O’Sullivan, O.; Greene-Diniz, R.; de Weerd, H.; Flannery, E.; Marchesi, J.R.; Falush, D.; Dinan, T.; Fitzgerald, G.; et al. Composition, variability, and temporal stability of the intestinal microbiota of the elderly. Proc. Natl. Acad. Sci. USA 2011, 108 (Suppl. 1), 4586–4591. [Google Scholar] [CrossRef]

	



Lemon, K.P.; Armitage, G.C.; Relman, D.A.; Fischbach, M.A. Microbiota-targeted therapies: An ecological perspective. Sci. Transl. Med. 2012, 4, 137rv135. [Google Scholar] [CrossRef]

	



Shao, Y.; Forster, S.C.; Tsaliki, E.; Vervier, K.; Strang, A.; Simpson, N.; Kumar, N.; Stares, M.D.; Rodger, A.; Brocklehurst, P.; et al. Stunted microbiota and opportunistic pathogen colonization in caesarean-section birth. Nature 2019, 574, 117–121. [Google Scholar] [CrossRef]

	



Yatsunenko, T.; Rey, F.E.; Manary, M.J.; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.; Hidalgo, G.; Baldassano, R.N.; Anokhin, A.P.; et al. Human gut microbiome viewed across age and geography. Nature 2012, 486, 222–227. [Google Scholar] [CrossRef]

	



Koenig, J.E.; Spor, A.; Scalfone, N.; Fricker, A.D.; Stombaugh, J.; Knight, R.; Angenent, L.T.; Ley, R.E. Succession of microbial consortia in the developing infant gut microbiome. Proc. Natl. Acad. Sci. USA 2011, 108 (Suppl. 1), 4578–4585. [Google Scholar] [CrossRef]

	



Bokulich, N.A.; Chung, J.; Battaglia, T.; Henderson, N.; Jay, M.; Li, H.; D Lieber, A.; Wu, F.; Perez-Perez, G.I.; Chen, Y.; et al. Antibiotics, birth mode, and diet shape microbiome maturation during early life. Sci. Transl. Med. 2016, 8, 343ra382. [Google Scholar] [CrossRef]

	



Consortium, H.M.P. Structure, function and diversity of the healthy human microbiome. Nature 2012, 486, 207–214. [Google Scholar] [CrossRef]

	



Leite, G.; Pimentel, M.; Barlow, G.M.; Chang, C.; Hosseini, A.; Wang, J.; Parodi, G.; Sedighi, R.; Rezaie, A.; Mathur, R. Age and the aging process significantly alter the small bowel microbiome. Cell Rep. 2021, 36, 109765. [Google Scholar] [CrossRef]

	



Kornman, K.S.; Loesche, W.J. Effects of estradiol and progesterone on Bacteroides melaninogenicus and Bacteroides gingivalis. Infect. Immun. 1982, 35, 256–263. [Google Scholar] [CrossRef]

	



Org, E.; Mehrabian, M.; Parks, B.W.; Shipkova, P.; Liu, X.; Drake, T.A.; Lusis, A.J. Sex differences and hormonal effects on gut microbiota composition in mice. Gut Microbes 2016, 7, 313–322. [Google Scholar] [CrossRef]

	



Koren, O.; Goodrich, J.K.; Cullender, T.C.; Spor, A.; Laitinen, K.; Bäckhed, H.K.; Gonzalez, A.; Werner, J.J.; Angenent, L.T.; Knight, R.; et al. Host remodeling of the gut microbiome and metabolic changes during pregnancy. Cell 2012, 150, 470–480. [Google Scholar] [CrossRef]

	



Neuman, H.; Debelius, J.W.; Knight, R.; Koren, O. Microbial endocrinology: The interplay between the microbiota and the endocrine system. FEMS Microbiol. Rev. 2015, 39, 509–521. [Google Scholar] [CrossRef]

	



He, S.; Li, H.; Yu, Z.; Zhang, F.; Liang, S.; Liu, H.; Chen, H.; Lü, M. The Gut Microbiome and Sex Hormone-Related Diseases. Front. Microbiol. 2021, 12, 711137. [Google Scholar] [CrossRef]

	



Wessels, J.M.; Felker, A.M.; Dupont, H.A.; Kaushic, C. The relationship between sex hormones, the vaginal microbiome and immunity in HIV-1 susceptibility in women. Dis. Model Mech. 2018, 11, dmm035147. [Google Scholar] [CrossRef]

	



Di Stadio, A.; Della Volpe, A.; Ralli, M.; Ricci, G. Gender differences in COVID-19 infection. The estrogen effect on upper and lower airways. Can it help to figure out a treatment? Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 5195–5196. [Google Scholar] [CrossRef]

	



De Boeck, I.; Wittouck, S.; Wuyts, S.; Oerlemans, E.F.M.; van den Broek, M.F.L.; Vandenheuvel, D.; Vanderveken, O.; Lebeer, S. Comparing the Healthy Nose and Nasopharynx Microbiota Reveals Continuity As Well As Niche-Specificity. Front. Microbiol. 2017, 8, 2372. [Google Scholar] [CrossRef]

	



Lécuyer, H.; Audibert, J.; Bobigny, A.; Eckert, C.; Jannière-Nartey, C.; Buu-Hoï, A.; Mainardi, J.L.; Podglajen, I. Dolosigranulum pigrum causing nosocomial pneumonia and septicemia. J. Clin. Microbiol. 2007, 45, 3474–3475. [Google Scholar] [CrossRef]

	



Gruver, A.L.; Hudson, L.L.; Sempowski, G.D. Immunosenescence of ageing. J. Pathol. 2007, 211, 144–156. [Google Scholar] [CrossRef] [PubMed]

	



Fulop, T.; Larbi, A.; Dupuis, G.; Le Page, A.; Frost, E.H.; Cohen, A.A.; Witkowski, J.M.; Franceschi, C. Immunosenescence and Inflamm-Aging As Two Sides of the Same Coin: Friends or Foes? Front. Immunol. 2017, 8, 1960. [Google Scholar] [CrossRef] [PubMed]

	



Ortiz Moyano, R.; Raya Tonetti, F.; Tomokiyo, M.; Kanmani, P.; Vizoso-Pinto, M.G.; Kim, H.; Quilodran-Vega, S.; Melnikov, V.; Alvarez, S.; Takahashi, H.; et al. The Ability of Respiratory Commensal Bacteria to Beneficially Modulate the Lung Innate Immune Response Is a Strain Dependent Characteristic. Microorganisms 2020, 8, 727. [Google Scholar] [CrossRef] [PubMed]

	



Raya Tonetti, F.; Tomokiyo, M.; Ortiz Moyano, R.; Quilodran-Vega, S.; Yamamuro, H.; Kanmani, P.; Melnikov, V.; Kurata, S.; Kitazawa, H.; Villena, J. The Respiratory Commensal Bacterium Dolosigranulum pigrum 040417 Improves the Innate Immune Response to Streptococcus pneumoniae. Microorganisms 2021, 9, 1324. [Google Scholar] [CrossRef] [PubMed]

	



Blain, A.; MacNeil, J.; Wang, X.; Bennett, N.; Farley, M.M.; Harrison, L.H.; Lexau, C.; Miller, L.; Nichols, M.; Petit, S.; et al. Invasive Haemophilus influenzae Disease in Adults ≥65 Years, United States, 2011. Open Forum. Infect. Dis. 2014, 1, ofu044. [Google Scholar] [CrossRef] [PubMed]

	



Maraki, S.; Papadakis, I.S. Rothia mucilaginosa pneumonia: A literature review. Infect. Dis. (Lond.) 2015, 47, 125–129. [Google Scholar] [CrossRef]

	



Chen, Y.; Klein, S.L.; Garibaldi, B.T.; Li, H.; Wu, C.; Osevala, N.M.; Li, T.; Margolick, J.B.; Pawelec, G.; Leng, S.X. Aging in COVID-19: Vulnerability, immunity and intervention. Ageing Res. Rev. 2021, 65, 101205. [Google Scholar] [CrossRef]

	



McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data. PLoS ONE 2013, 8, e61217. [Google Scholar] [CrossRef]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef]

	



Ondov, B.D.; Bergman, N.H.; Phillippy, A.M. Interactive metagenomic visualization in a Web browser. BMC Bioinform. 2011, 12, 385. [Google Scholar] [CrossRef]

	



Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016. [Google Scholar]








[image: Ijms 24 04127 g001 550] 





Figure 1. Microbial community composition. Nonmetric multidimensional scaling (NMDS) plot of the Bray–Curtis distances which were calculated using the relative abundance of the 250 genera across the 119 samples as input. Each sample is represented by one dot, colored according to age, and shaped according to sex. The 90% confidence data ellipses are shown for each age group. 
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Figure 2. Comparison of alpha diversity parameters across the age and sex groups studied. Box-whisker plots of the alpha diversity Shannon index and its comparison using the Kruskal–Wallis test among the different age groups established for this study (a), and the Wilcoxon signed-rank test between females and males (b,c). Each sample is represented by one dot. The age group A1 includes subjects between 1 and 20 years old, A2 between 21 and 40, A3 between 41 and 50, A4 between 51 and 60, A5 between 61 and 70, and A6 includes individuals over 70 years of age (Table S1). 
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Figure 3. Taxonomic composition and age-associated metagenomic changes in the nasopharynx of healthy individuals. (a–f) Krona charts showing the bacterial community composition at the phylum level in the indicated age groups. Stacked bar charts showing the relative abundance (%) of bacterial phyla. (g) Stacked bar charts showing the relative abundance (%) of bacterial families in the indicated age groups. (h) Stacked bar charts showing the relative abundance (%) of bacterial genera in the indicated age groups. For clarity, only bacterial families (g) and genera (h) with average abundance >1% at each age group are shown. 
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Figure 4. Taxonomic composition and frequency of appearance of the 11 bacterial genera which show significant differences between age groups. (a) Stacked bar charts showing the relative abundance (%) of the 11 bacterial genera indicated in the age groups established for this study. (b) Percentage of individuals, of the total included in this study, in which the indicated genera are present in the indicated age groups. 
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Figure 5. Frequency of appearance of potential biologically relevant bacterial genera. (a–c) Percentage of individuals, of the total included in this study, in which the indicated genera are present in the indicated age groups. 
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