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ABSTRACT The importance of microorganisms to human skin health has led to a
growing interest in the temporal stability of skin microbiota. Here we investigated
the dynamics and assembly of skin fungal communities (mycobiomes) with amplicon
sequencing of samples collected from multiple sites on 24 healthy Chinese individuals across four seasons (in the order of winter, spring, summer, and autumn in a calendar year). We found a signiﬁcant difference in community compositions between
individuals, and intrapersonal community variation increased over time at all body
sites. Within each season, the frequency of occurrence of most operational taxonomic units (OTUs) was well ﬁtted by a neutral model, highlighting the importance
of stochastic forces such as passive dispersal and ecological drift in skin community
assembly. Despite the signiﬁcant richness contributed by neutrally distributed OTUs,
skin coassociation networks were dominated by taxa well-adapted to multiple body
sites (forehead, forearm, and palm), although hub species were disproportionately
rare. Taken together, these results suggest that while skin mycobiome assembly is a
predominantly neutral process, taxa that could be under the inﬂuence of selective
forces (e.g., host selection) are potentially key to the structure of a community network.
IMPORTANCE Fungi are well recognized members of the human skin microbiota

and are crucial to cutaneous health. Common cutaneous diseases such as seborrheic
dermatitis and dermatophytes are linked to fungal species. Most studies related to
skin microbial community dynamics have focused on Western subjects, while nonWestern individuals are understudied. In this study, we explore the seasonal changes
of the skin mycobiome in a healthy Chinese cohort and identify ecological processes
that could possibly give rise to such variations. Our work reveals the dynamic nature
of host skin fungal community, highlighting the dominant roles neutral forces play
in the seasonal assembly of skin mycobiome. This study provides insight into the
microbial ecology of the human skin microbiome and ﬁlls a knowledge gap in the
literature regarding the dynamics of skin fungal community.
KEYWORDS community assembly, human skin, skin mycobiome, temporal dynamics

S

kin is the major interface between the human body and its external environment
(1). The microbial communities (microbiota) residing on skin, mostly consisting of
bacteria and fungi, are important in protecting human hosts from pathogen invasion (2,
3). Temporal shifts in skin microbial composition may be associated with cutaneous
fungal infections (4, 5), and the incidence and severity of skin diseases vary with
seasonality and environmental ﬂuctuations (6–8). Thus, understanding the determinants of skin microbial dynamics and how skin communities are assembled over time
provides a framework for skin health prediction, risk assessment, and disease treatment.
Previous metagenomic and amplicon-based studies have characterized the skin
microbiota across multiple body sites of Western subjects (9–11). Due to the physiological difference between skin niches (9), both bacterial and fungal communities
March/April 2019 Volume 4 Issue 2 e00004-19

Citation Tong X, Leung MHY, Wilkins D,
Cheung HHL, Lee PKH. 2019. Neutral processes
drive seasonal assembly of the skin
mycobiome. mSystems 4:e00004-19. https://
doi.org/10.1128/mSystems.00004-19.
Editor Josh D. Neufeld, University of Waterloo
Copyright © 2019 Tong et al. This is an openaccess article distributed under the terms of
the Creative Commons Attribution 4.0
International license.
Address correspondence to Patrick K. H. Lee,
patrick.kh.lee@cityu.edu.hk.
Received 4 January 2019
Accepted 6 March 2019
Published 26 March 2019

msystems.asm.org 1

Tong et al.

March/April 2019 Volume 4 Issue 2 e00004-19

Downloaded from http://msystems.asm.org/ on June 19, 2019 by guest

display topographical distributions (10, 12): for example, with lipophilic taxa enriched
particularly on sebaceous sites, while other taxa characterize dry and moist sites (13). In
addition, foot sites are recognized to have the highest fungal diversity and exhibit a
higher variability compared to other body sites (10, 11). A recent mycobiome study has
shown that skin fungal diversity converges from childhood to adulthood, with a
profound shift in community composition during puberty (14). In healthy adults,
Malassezia species such as Malassezia restrica, Malassezia globosa, and Malassezia
sympodialis have been identiﬁed as core members of the skin mycobiome, which are
largely stable over time (11, 15), while a decrease in Malassezia fungal diversity could
be associated with skin diseases (16) or therapeutic treatment (17). In addition to
host-intrinsic factors, stochastic forces like the transient acquisition of microbes by
dispersal from external environments (18), microbial transmission between cohabiting
members of a residence (19–21), and ecological drift (22) may also affect the diversity
and composition of skin microbiota.
As a result, these host-associated microbial communities are typically uneven, with
few abundant taxa and many rare taxa, reﬂected in a long-tail rank abundance
distribution (23). To date, our knowledge of many ecosystems, including skin, is mostly
based on the dominant taxa, but rare species are receiving increased attention as they
may have a disproportionate inﬂuence on community stability and function (24–27).
Taxa that are usually rare but occasionally become abundant, namely the conditionally
rare taxa (CRT) (26, 28), are of particular interest. In drinking water distribution systems,
nitriﬁers bloom to abundance after disturbance, and these CRT have been suggested to
be indicators of environmental changes that are otherwise difﬁcult to detect (29). The
rare-to-abundant occurrence pattern of CRT has been reported in multiple ecosystems,
where CRT ecology explains large temporal shifts in the structure of microbial communities (25, 26) and may help to identify the biological, chemical, and physical drivers
of microbial dynamics.
Given the various factors associated with community dynamics in the microbiomes
of healthy individuals (30), there is growing interest in using theoretical models to
query experimental data to identify processes that may drive such variations. Neutral
theory is frequently applied to predict the assembly pattern of microbial communities
and is favorable for its relative simplicity. This model assumes that all species in the
community are functionally equivalent and that stochastic factors (i.e., random dispersal and birth/death events) are the primary drivers of ecological diversity and community structure (31). This approach has been successfully applied to model microbial
communities in ecosystems, including the human lung (32, 33) and skin (34), animals
(35, 36), and wastewater (37). On the other hand, a simpler approach is the binomial
distribution model, which assesses the importance of random sampling on microbial
community structure in the absence of drift and dispersal limitations (38), which is a
useful complement to the neutral model for understanding microbial community
assembly.
In this study, we investigated the dynamics of skin fungal communities of a healthy
Chinese cohort across four seasons. Furthermore, we investigated the relative contributions of individual-speciﬁc CRT to the temporal dynamics of individual mycobiomes
and whether there were signature taxa that uniquely identiﬁed hosts. Finally, we
quantiﬁed the importance of neutral processes in skin community assembly and used
coassociation networks to shed light on the potential interactions between fungi.
Overall, this study provides important insights into the seasonal dynamics of the skin
mycobiome in an Asian cohort and expands our understanding of how stochastic and
deterministic processes drive the assembly of human-associated microbial communities. In particular, this study highlights the importance of seasonality in network stability
of the skin mycobiome, with a more fragile network in autumn than other seasons.
These ﬁndings can help us understand the links between seasonal variation of the skin
mycobiome and the seasonality of certain skin disorders and can be useful for the
prevention and treatment of cutaneous diseases.
msystems.asm.org 2
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RESULTS
Intrapersonal skin mycobiome composition varies over time. The temporal
stability of skin mycobiomes was investigated on a per-individual, per-site basis using
the Bray-Curtis dissimilarity metric. With symmetrical sites combined, intrapersonal
community dissimilarity dramatically increased after one season, almost doubling after
three seasons (Fig. 1), suggesting that the long-term intrapersonal skin community
similarity was lower than the short-term one. This pattern held for all body sites, with
the change in forehead community composition lowest among the three sites over the
same time period (see Fig. S1A in the supplemental material), consistent with the
relative stability of sebaceous sites compared to dry sites (11). When community
dissimilarity between individuals was considered, cohabitants harbored more similar
communities than noncohabitants, though this effect was no longer observed after an
interval of three seasons (Fig. 1).
To examine whether intrapersonal community stability correlated with diversity, the
correlation between the abundance-based Shannon diversity index and Bray-Curtis
dissimilarity metric was tested. A positive rank correlation was observed for both palm
and forearm communities (Spearman’s rho ⫽ 0.41 and 0.30, P ⫽ 0.003 and 0.04,
respectively [Fig. S1B]), but this trend was insigniﬁcant in forehead communities (P ⫽
0.19). In addition, a signiﬁcant temporal change in diversity was detected for both palm
and forearm sites (Kruskal-Wallis test, P ⫽ 3.3 ⫻ 10⫺5 and 1.6 ⫻ 10⫺4, respectively), but
not for forehead (P ⫽ 0.78). These results suggest that skin community stability varies
over time as a function of diversity for upper limbs, where low-diversity sites appear to
be more stable than high-diversity sites.
Intrapersonal skin mycobiome varies signiﬁcantly at the OTU level across
seasons. Next, we assessed the temporal stability of dominant fungal taxa within each host
community at the rank of genus. The skin commensal Malassezia remained largely stable
over time as a core genus across all individuals (with M. restricta and M. globose dominating)
(see Fig. S2 in the supplemental material), and forehead harbored a higher abundance of
Malassezia than palm and forearm (Kruskal-Wallis test, P ⫽ 9.7 ⫻ 10⫺8). This ﬁnding
March/April 2019 Volume 4 Issue 2 e00004-19
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FIG 1 Effect of time on skin community dissimilarity. Community Bray-Curtis dissimilarity was calculated for the same anatomical site within and
between individuals (n ⫽ 24). The comparison groups include within each individual, between cohabitants, and between noncohabitants. Time
interval is the number of seasons between sampling. The intrapersonal community dissimilarity at the time interval zero refers to the pairwise
comparison between the symmetrical sites (left/right palms or forearms) within the same individual and season.

Tong et al.

suggests that sebaceous skin sites are more selective for members that have the ability to
metabolize lipids present in the sebum compared to dry sites (39). Less dominant and
ubiquitous genera varied widely in abundance at different body sites (Fig. S2). Speciﬁcally,
taxa including Aspergillus, Candida, and an unclassiﬁed member within the order Tremellales
tended to be enriched at speciﬁc sites of certain individuals, but could also be periodically
absent, low in abundance, or ﬂuctuate widely in other subjects.
As individuals with unique microbial ﬁngerprints (i.e., signature taxa) can be differentiated from one another at intervals spanning months or years (11), supervised
random forest classiﬁers were used to study whether host-speciﬁc skin fungal signature
taxa exist and persist across seasons. Although the resolving power of the top 30 OTU
predictors varied over time, one signature taxon (OTU_4, within Tremellales; mean
relative abundance of 54.7% ⫾ 31.5%) was identiﬁed for individual MOS 3W that was
stably maintained at all body sites, but remained low in prevalence and abundance in
all other individuals (Fig. 2). Three low-abundance signature taxa were also detected,
including OTU_11 (within Sporidiobolales, 11.9% ⫾ 14.7%) for individual TMB 3Y,
OTU_23 (within Basidiomycota, 11.4% ⫾ 9.2%) for individual FH 3Z, and OTU_20 (within
Malassezia, 12.1% ⫾ 13.1%) for individual QB 3Y.
Individual-speciﬁc CRT contribute to intrapersonal temporal community dissimilarity. In addition to the dominant taxa, between 32 and 82 CRT were identiﬁed for
each host (see Fig. S3A in the supplemental material), of which most were non-humanassociated taxa— e.g., plant pathogens and mushroom-forming fungi. Few CRT were
unique to a single host (Fig. S3B), with cohabitants sharing more CRT than noncohabitants (Mann-Whitey U test, P ⫽ 0.04 [Fig. S3C]). Notably, a few CRT were exclusively
detected in cohabitants, while being absent in individuals from other households.
However, many CRT that were shared by cohabitants bloomed in a disjointed manner
(Fig. S3D), suggesting that cohabitation might affect the presence of CRT in individuals
March/April 2019 Volume 4 Issue 2 e00004-19
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FIG 2 Discriminatory power and distribution pattern of OTU predictors across individuals and seasons. (Left panel) The top 30 OTU predictors are selected and
ranked in decreasing order of the mean discriminatory power (black line, mean decrease in accuracy score across four seasons) based on the random forests
algorithm, with taxonomy assigned at the genus rank (y axis). The mean decrease in accuracy score for each OTU predictor in each season is color-coded.
(Middle panel) Prevalence (i.e., occurrence frequency) of OTU predictors in an individual community. (Right panel) Mean (color of nodes) and coefﬁcient of
variation (CV) (size of nodes) of the relative abundance of OTU predictors in an individual community. The absence of nodes in the middle and right panels
indicates these OTU predictors were not detected in the host community at any season. The three panels are constructed and arranged following the format
proposed by Oh et al. (11).
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FIG 3 Contribution of individual-speciﬁc CRT to intrapersonal Bray-Curtis dissimilarity. (A) The contribution of individual-speciﬁc CRT to intrapersonal temporal community dissimilarity was measured at
each body site of an individual between two successive seasons (in the order of winter-spring, springsummer, and summer-autumn). (B and C) The abundance (B) and richness (C) of individual-speciﬁc CRT
were calculated as the proportion of CRT counts or number in the total OTU counts or number of each
sample in the rareﬁed individual-speciﬁc OTU tables, respectively. The crimson diamonds represent mean
values.

or groups of cohabiting individuals, but not the timing of CRT blooms. Cohabitation is
usually associated with similar exposome and lifestyle, which might contribute to the
dynamics of CRT in high-exposure and high-perturbation skin communities. The contribution of CRT to intrapersonal temporal community dissimilarity ranged between 0
and 66% (Fig. 3A) and was positively correlated with CRT abundance or richness in each
host community (Spearman’s rho ⫽ 0.96 and 0.58, P ⫽ 1.6 ⫻ 10⫺6 and 4.0 ⫻ 10⫺3 for
CRT abundance and richness, respectively [Fig. 3B and C]).
Seasonal assembly of skin community is driven predominantly by neutral
processes. The Sloan neutral model (31) was ﬁtted to the seasonal data set to
investigate the contribution of stochastic processes to skin mycobiome assembly.
Because this study spanned only 1 year, microbial speciation and diversiﬁcation processes were unlikely to have a meaningful contribution to assembly and so were
excluded from the model. The neutral model outperformed the binomial model for all
seasons (see Fig. S4A in the supplemental material), suggesting that passive dispersal
and ecological drift were more inﬂuential than random sampling of the metacommunity. The neutral model was well ﬁtted to the skin communities for all seasons, with the
R2 value ranging between 0.607 and 0.726 (Fig. 4). The estimated migration rate, m, a
March/April 2019 Volume 4 Issue 2 e00004-19
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FIG 4 Fit of Sloan neutral model to skin mycobiomes. The occurrence frequency of OTUs was predicted
for (A) winter, (B) spring, (C) summer, and (D) autumn skin communities according to the Sloan neutral

(Continued on next page)
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measure of the inﬂuence of dispersal on community composition, was lowest in winter
and highest in summer, which might be associated with a preference for bare upper
limbs in warmer weather. Within each season, 82 to 87% of OTUs were well predicted
by the model (Fig. S4B). This ﬁnding suggests that neutrally distributed OTUs contributed a large proportion of skin community richness and thus that skin mycobiome
assembly was predominantly driven by neutral processes.
Taxa in the above-neutral, below-neutral, and neutral partitions formed three distinct clusters that differed signiﬁcantly in the principal-coordinate analysis (PCoA)
across all seasons (permutational multivariate analysis of variance [PERMANOVA], P ⫽
0.002, t ⫽ 3.2 [Fig. S4C]). The differences between clusters were driven by a small
number of taxa that were speciﬁc to the nonneutral partitions. Partitions above the
neutral prediction were strongly distinguished by OTUs from the genus Penicillium
(Kruskal-Wallis test, P ⫽ 0.024), while below-neutral partitions were strongly distinguished by OTUs from the genus Candida (P ⫽ 0.024), as well as taxa from the classes
Basidiomycota (P ⫽ 0.040), Sporidiobolales (P ⫽ 0.021), and Tremellales (P ⫽ 0.006).
Malassezia species are thought to be well adapted to proliferation in skin ecosystem as
core commensals (39–41). Based on this assumption, the proportion of OTUs classiﬁed
as Malassezia was calculated for each partition. As expected, Malassezia OTUs made up
a large proportion of the above-neutral partition, which was much higher than in the
neutral and below-neutral partitions (Fig. S4D). This pattern was consistent across
seasons, highlighting the role of selection in the seasonal assembly of skin mycobiome.
All CRT identiﬁed in individual mycobiomes fell into the neutral or below-neutral
partitions (except one CRT from individual ADMA 3Z, which fell into the above-neutral
partition [see Fig. S5 in the supplemental material]), and more CRT followed a
neutral than nonneutral distribution within a host. These ﬁndings suggest that the
dynamics of neutrally distributed CRT are largely regulated by stochastic processes
(e.g., passive dispersal and ecological drift). The below-neutral CRT are likely to be
dispersal limited most of the time, but these taxa could be driven to bloom due to
environmental changes speciﬁc to the host or transient major dispersal events (e.g., the
host comes in contact with a major reservoir of the taxon).
Coassociation networks of skin fungi. To infer potential ecological associations
between fungal OTUs in the skin mycobiomes, coassociation networks were constructed on a seasonal basis using the Sparse InversE Covariance estimation for
Ecological Association and Statistical Inference (SPIEC-EASI) framework (42). In each
season, the average path length of the inferred network was compared to that of
randomly assembled networks. The inferred networks were more highly interconnected
than ⬎96% of random networks with the same number of nodes and similar density,
suggesting that the structure of the inferred networks is unlikely to be random (see
Fig. S6 in the supplemental material). Interestingly, apparent network collapse was
observed in autumn, with a lower network density, D (D ⫽ 0.0259), compared to those
of winter (D ⫽ 0.0346), spring (D ⫽ 0.0311), and summer (D ⫽ 0.0299), suggesting that
seasonality may affect the stability of the skin mycobiome network. In all seasons,
nonneutral OTUs were overrepresented in the inferred networks, although this may be
because of the frequency threshold applied (⬎25% prevalence), and they participated
in more positive than negative coassociations in any season (Fig. 5A; see Fig. S7 in the
supplemental material), suggesting that fungal OTUs tend to coexist or even develop
mutualistic relationships in skin communities. In addition, the networks displayed a
strong modularity (within a range of 0.5 to 0.62), with modules tending to be dominated by OTUs from a single taxonomic group (Fig. 5B). In each network, the OTU with
the highest betweenness centrality was recognized as the hub node, which is likely the

FIG 4 Legend (Continued)
model. OTUs that occurred more frequently than predicted by their abundance are colored in green,
while those that occurred less frequently than predicted are shown in orange. Purple circles represent
OTUs that are well ﬁtted to the neutral model (i.e., within the 95% conﬁdence interval). The predicted
frequency is shown as a solid line, and dotted lines represent the 95% conﬁdence intervals.
March/April 2019 Volume 4 Issue 2 e00004-19
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FIG 5 Coassociation networks of skin mycobiome in winter. Nodes in the networks represent OTUs, and edges are inferred associations between OTUs. Positive
and negative associations are indicated by gray and red edges, respectively. Nodes without connections are excluded from the plots. (A) Nodes in the network
are color-coded by the partition relative to the neutral model. (B) Nodes belonging to the same module are grouped by colored regions for visualization and
color-coded by class lineages. (C) The intensity of the green is proportional to the node degree, and the node size is proportional to the centrality of the node
in the network. (D) The intensity of purple is proportional to the prevalence of OTUs, and the node size is proportional to the mean relative abundance of the
OTUs across all individual communities.

bottleneck (43) in the network. Surprisingly, all hub OTUs were very rare (abundance of
⬍0.01% [see Table S1 in the supplemental material]), in contrast with the highabundance OTUs, which tended to be less connected (Fig. 5C and D). This ﬁnding
suggests that rare species might play important roles in stabilizing skin mycobiome
communities over time.
DISCUSSION
From an ecological perspective, each human can be viewed as an island-like habitat
patch (22), with a myriad of microorganisms colonizing inside and outside the body
March/April 2019 Volume 4 Issue 2 e00004-19
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(12). As with any microbial community, an individual’s microbiome is assembled from
a source pool (i.e., all the microbes a host encounters in its environment) via the
fundamental processes of dispersal, diversiﬁcation, selection, and drift (44). To understand the ecological processes driving the assembly of host-associated communities,
neutral theory, which assumes species are functionally interchangeable, can act as a
null model to contrast against deterministic effects such as niche specialization and
selective pressure (33).
As the skin surface is highly exposed, the composition of the skin community is
assumed to be susceptible to stochastic events such as randomly losing and acquiring
microbes. Supporting this, this study found that the majority of the OTUs were well ﬁt
by the neutral model, suggesting that passive dispersal and ecological drift are more
important than selection in skin community assembly. OTUs that deviate from the
neutral model are likely to be under either host or other environmental selection
pressure (positive/negative) or are able to disperse by speciﬁc routes not applicable to
other OTUs in the source pool (32). Speciﬁcally, the skin-associated taxa that occurred
more frequently than expected are likely to be well adapted to or actively selected by
the hosts as moisture and nutrients on skin surface may beneﬁt some microorganisms
(1). On the other hand, environmentally associated taxa, which tended to be rarer, are
more likely to be inﬂuenced by the diverse and dynamic nature of environmental
exposures (45). Nevertheless, seasonality seems to play a less important role compared
to selection forces in community composition of the below-neutral partition, given that
a distinct cluster was identiﬁed on a PCoA plot. The existence of host-speciﬁc signature
taxa is likely due to interactions between host-speciﬁc selective pressures, host-speciﬁc
environmental exposures, and stochastic events.
Neutrally distributed taxa are less likely to be speciﬁcally adapted to a host. As a
result, their abundances in any given community could be partly regulated by the
surrounding source community via dispersal, independent of the niche functional traits
(35, 36). Given the importance of neutral assembly processes, dispersal and drift have
been suggested to be major drivers of the community variation both within and among
hosts, as reported in the host-associated communities of fruit ﬂy (35) and zebraﬁsh (36).
Within the same season, cohabitants harbored more similar communities than noncohabitants, consistent with the existence of a shared microbial source pool within a
residence. For an individual host, the long-term community similarity was signiﬁcantly
lower than the short-term similarity, likely due to the fact that the shared source pool
is itself dynamic and that neutral processes are powerful enough to generate a large
amount of diversity even on short time scales (36).
Although neutrally distributed OTUs were mostly responsible for skin community
richness, they were less likely to structure the coassociation network through interactions with other species. The prevalence of nonneutral OTUs in the coassociation
networks suggests that nonneutral ecological processes may have a strong inﬂuence
on network structure and composition, perhaps because healthy individuals tend to
actively select for species that interact in ways that might beneﬁt skin health (39,
46). The network analysis also found that hub OTUs were present in extremely low
abundances, suggesting that rare species can have a disproportionate effect on
community interactions (25). This suggests a possible answer to the question of why
these low-abundance taxa do not drift to extinction (22) and implies that rare taxa that
are stably present over long periods are very likely to be functionally signiﬁcant. In
addition, higher modularity in an association network has been interpreted as indicative of greater niche partitioning (47), with modules possibly representing functional
niches (48). Thus, we hypothesize that these rare hub species might contribute to
community function by bridging between niches. A recent study (49) has demonstrated
that the extinction of rare species heavily inﬂuences the functional structure of species
assemblages, but another report (50) has suggested that many rare species only add
functional redundancy to an ecosystem. Further work is required to fully understand
the functional roles of rare species in host-associated microbial communities. It is worth
msystems.asm.org 9
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noting that fungi probably also interact with the skin bacterial community (51, 52),
which was not considered in this study.
In summary, this study reveals considerable intra- and interindividual variations in
skin fungal community composition over seasons. Most individuals cannot be distinguished from one another due to the absence of skin signature taxa, and individualspeciﬁc CRT only partly contribute to the temporal intrapersonal community dynamics.
Neutrally distributed OTUs signiﬁcantly contribute to skin community richness, and a
large proportion of seasonal intra- and interindividual variations could be explained by
neutral processes. However, neutral OTUs are less involved in community coassociation
networks, while taxa that deviate above the neutral prediction are likely to interact with
other OTUs and act as hub species to stabilize the network structure. In addition,
seasonality seems to have an inﬂuence on the network stability of skin mycobiome,
with a more fragile network in autumn than other seasons. Since the collapse of a
network could be associated with potential cutaneous pathogens and skin diseases (4,
53), further epidemiological work is required to understand whether autumn is associated with increased risk of certain skin disorders and the links between skin fungal
infection and weather conditions in Asian individuals. Overall, this study highlights the
importance of neutral processes in the temporal dynamics and assembly of skin fungal
communities and suggests that ecological models and network analysis can provide a
useful framework to detect transient taxa and understand the health status of human
skin microbiome.
MATERIALS AND METHODS
Sample collection and sequencing. Subject recruitment, sample collection, genomic DNA extraction, library preparation, and sequencing were conducted as previously described (52, 54, 55). In brief, a
total of 480 samples were swabbed from ﬁve skin sites (forehead, left and right outer forearms, and left
and right palms) of 24 healthy occupants from 11 Hong Kong households across four seasons (in the
order of winter, spring, summer and autumn) in 2014. These body sites were chosen to be representatives of sebaceous (forehead) and dry (palms and outer forearms) skin ecosystems. For each individual,
a single biological sample was collected from each body site during a given season. Participants were
instructed not to use makeup or skin care products at least 1 h before sampling. No antimicrobial
medication was used at least 3 months prior to sampling. The subjects’ basic personal information and
local weather conditions are summarized in Table S2 in the supplemental material. A negative control
was prepared using reagents from the DNA extraction kit and processed in parallel with the samples.
Samples were placed randomly on 96-well plates, and PCR ampliﬁcation was prepared in a UV-sterilized
laminar ﬂow hood. The ﬁrst fungal internal transcribed spacer (ITS1) region was ampliﬁed with the primer
set 18Sfw (5=-GTAAAAGTCGTAACAAGGTTTC-3=) and 5.8Srv (5=-GTTCAAAGAYTCGATGATTCAC-3=) (10).
Libraries were sequenced on an Illumina MiSeq platform (SeqMatic, Fremont, CA) to generate 250-bp
paired-end reads.
OTU formation. Raw forward and reverse reads were merged with the “-fastq_mergepairs” command in USEARCH (version 9.0.2132) (56) and trimmed to a uniform length of 273 bp with a maximum
error rate of 0.5 error per read using the USEARCH “-fastq_ﬁlter” command. Sequences that passed
quality ﬁltering were demultiplexed and clustered into OTUs at 97% similarity following the UPARSE
pipeline (57). OTU taxonomy was assigned based on a curated ITS database (10) using UCLUST in QIIME
(version 1.9.1) (58). Chimeras were identiﬁed using the sensitive mode of the “uchime2_ref” command
in USEARCH to maximize the detection sensitivity. OTUs classiﬁed to taxonomic lineages with an average
relative abundance of greater than 3% in the negative control were considered contaminants. Chimeras,
singletons, and contaminants were removed from the data set. After quality control, a total of 1,597 OTUs
comprising 8,928,145 reads were retained for the downstream analyses.
Alpha- and beta-diversity analyses. Samples were rareﬁed to 1,086 reads per sample before
community analysis, and 10 samples with fewer than 1,086 reads were discarded. The rarefaction depth
was selected to minimize the loss of samples, with Good’s coverage estimator greater than 0.97,
suggesting that community richness had been mostly captured. The abundance-based alpha-diversity
metric Shannon index and the beta-diversity metric Bray-Curtis dissimilarity were calculated for the
rareﬁed OTU table using the QIIME scripts “alpha_diversity.py” and “beta_diversity.py,” respectively.
The temporal stability of the skin community was assessed using the Bray-Curtis dissimilarity metric,
with symmetrical body sites pooled. Between-sample dissimilarities were classiﬁed into three groups:
within an individual, between cohabitants of the same household, or between individuals from different
households. Each household had one to ﬁve occupants, and cohabitation is indicated by a common
preﬁx (e.g., for individual TK 3Z, TK is the household name). Intervals between sample times were
represented as an integer from 0 to 3, where 0 represents the same season, 1 represents winter to spring,
spring to summer, and summer to autumn, 2 represents winter to summer and spring to autumn, and
3 represents three seasons apart starting from winter.
Malassezia species-level identiﬁcation. As the curated ITS database was unable to provide taxonomic classiﬁcation at the species rank, a custom species-level reference database with 90 ITS1 seMarch/April 2019 Volume 4 Issue 2 e00004-19
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quences for the common skin genus Malassezia was used as described previously (52). Brieﬂy, reads
belonging to Malassezia OTUs were ﬁltered and classiﬁed against the reference database based on a
sequence similarity of greater than 99% using the “-usearch_global” command in USEARCH. In the ﬁrst
round of classiﬁcation, 29 out of 155 Malassezia OTUs were assigned to a known species or strain in the
database. The remaining unclassiﬁed Malassezia OTUs were then interrogated against the NCBI nr
database, and only those that matched reference sequences containing the complete ITS1 region with
at least 99% identity were considered correct hits. With this approach, the majority of Malassezia reads
(4.8 million out of 5.2 million) were classiﬁed to the species rank.
Identiﬁcation of CRT and the contribution of CRT to intrapersonal community dissimilarity. CRT
were identiﬁed for each individual (referred to as individual-speciﬁc CRT) using the R script described by
Shade et al. (26). In brief, these transiently abundant taxa were identiﬁed from the rareﬁed individual OTU
tables as OTUs with coefﬁcient of bimodality greater than 0.9 and a peak abundance greater than 0.5%
of the total community when blooming. This abundance threshold enables detection of taxa with subtle
temporal changes, as a steep decline in the number of CRT was observed with an increasing abundance
threshold (see Fig. S8 in the supplemental material). As Bray-Curtis dissimilarity is a scaled summation of
the absolute difference in abundance between two communities, the contribution of CRT to intrapersonal community dissimilarity between two samples was calculated as a ratio with scaling summation
with all taxa in the denominator and the summation attributed to CRT in the numerator.
Identiﬁcation of signature taxa using the random forest algorithm. Random forest analysis was
implemented using the package “randomForest” (59) (version 4.6-14) in R (version 3.3.0), with a
rareﬁcation depth of 1,086 reads per sample and 500 trees. This supervised machine-learning method
was used to identify OTUs with high power to discriminate between individuals, by iteratively generating
individual identiﬁcation predictions and calculating the decrease in classiﬁcation accuracy that would
result from excluding a given OTU from the group of predictors. The algorithm was performed on a
seasonal basis with all OTUs from a given season included in the analysis.
To identify signature taxa for each host community, the prevalence (i.e., proportion of samples in
which a predictor is detected within an individual) as well as the mean relative abundance and the
coefﬁcient of variation (CV) of relative abundance across body sites and seasons were calculated for each
predictor in each host. OTU predictors present at all body sites within a particular subject with a higher
discriminatory power and low CV in relative abundance over time are deﬁned as individual-speciﬁc
signature taxa, as described by Oh et al. in a previous temporal study of human skin microbiota (11).
Coassociation networks. Skin community coassociation networks were constructed using the
SPIEC-EASI (version 1.0.2) (42) software on a seasonal basis with all samples from a given season included
in the analysis. The algorithm was executed in Meinshausen-Bühlmann neighborhood selection mode,
with a minimum lambda of 0.01 and a subsampling number of 50. As the coassociation network could
be biased by taxa that are conﬁned to a speciﬁc individual, OTUs detected in ⬍25% of the samples in
each seasonal data set were excluded from the network analysis. The ﬁnal network model was selected
via the “stability approach to regularization selection” and was visualized using the R package “igraph”
(version 1.2.2) (60) with unconnected nodes discarded. The modularity of the coassociation networks was
calculated using the edge betweenness community detection method, and the node with the highest
centrality was deﬁned as the hub OTU. Network density (D) was calculated using the “edge_density”
function of R package “igraph,” which is deﬁned as the ratio between the number of edges and the
number of all potential connections of a network.
To test the signiﬁcance of coassociation network path lengths, 10,000 networks were randomly
assembled with the same number of nodes and similar density as the original network for a given season.
Average path length was calculated for the original and random networks using the “mean_distance”
function of R package “igraph.”
Seasonal assembly of skin community predicted by Sloan neutral model. The Sloan neutral
model (31) was applied to assess the importance of neutral process in the assembly of skin communities
over seasons using the R code described by Burns et al. (36). In general, the model predicts that species
that are more abundant in the metacommunity are more likely to disperse by chance, whereas less
abundant species are more likely to go extinct due to ecological drift (31). For a given season, the
frequency of occurrence of OTUs in a set of local communities (i.e., skin community of an individual host)
and their mean relative abundances across the metacommunity (i.e., skin communities of all individuals)
were ﬁtted to the model. All OTUs in a season were sorted into the three partitions based on whether
and how they deviated from the 95% conﬁdence interval around the neutral model prediction:
above-neutral (occurred more frequently and/or at greater abundance than predicted by the neutral
model), below-neutral (occurred less frequently and/or at lower abundance than predicted), or neutral
(within prediction). The 95% conﬁdence interval was determined using the “Hmisc” (61) (version 4.1-1)
package in R. The ﬁt of the neutral model was compared to the ﬁt of the binomial model based on the
Akaike information criterion (AIC) scores. The binominal model was computed using the R code
described by Burns et al. (36) as a build-in model. The goodness of ﬁt of the neutral model to seasonal
skin data was assessed using the coefﬁcient of determination (R2), and the estimated migration rate was
represented with the parameter m.
PCoA was applied to visualize the compositional difference between the three partitions across four
seasons based on the binary Jaccard distance metric. Each partition in a season was treated as a distinct
community and rareﬁed to an equal depth of 6,181 reads (total number of reads of the smallest
partition).
Statistical tests. All statistical differences between groups used either the nonparametric MannWhitney U test (two groups) or Kruskal-Wallis test (three or more groups). Permutational multivariate analysis
msystems.asm.org 11
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of variance (PERMANOVA) was conducted with the “adonis” function in R package “vegan” (62) (version 2.5-3).
Spearman’s rank correlation coefﬁcients were computed using the “cor.test” function in R.
Ethics approval and consent to participate. Ethics approval for subject sampling and publication
of data originating from subjects included in this study was granted by the City University of Hong Kong
Ethics Committee (reference no. 3-2-201312 [H000334]).
Data availability. Computer scripts are available at FigShare (https://ﬁgshare.com/s/4e41b1d0894
aceb669f3). Raw sequencing reads (480 skin samples and one negative control) in this study have been
deposited in the NCBI SRA archive under accession no. SRP126376.

ACKNOWLEDGMENTS
This research was supported by the Research Grants Council of Hong Kong through
project 11276116. The funder had no role in the design, data collection, interpretation,
and submission of the work presented here.
The authors declare no competing interests.

REFERENCES
1. Grice EA, Segre JA. 2011. The skin microbiome. Nat Rev Microbiol
9:244 –253. https://doi.org/10.1038/nrmicro2537.
2. Rosenthal M, Goldberg D, Aiello A, Larson E, Foxman B. 2011. Skin
microbiota: microbial community structure and its potential association
with health and disease. Infect Genet Evol 11:839 – 848. https://doi.org/
10.1016/j.meegid.2011.03.022.
3. van Rensburg JJ, Lin H, Gao X, Toh E, Fortney KR, Ellinger S, Zwickl B,
Janowicz DM, Katz BP, Nelson DE, Dong Q, Spinola SM. 2015. The human
skin microbiome associates with the outcome of and is inﬂuenced
by bacterial infection. mBio 6:e01315-15. https://doi.org/10.1128/mBio
.01315-15.
4. Kong HH, Oh J, Deming C, Conlan S, Grice EA, Beatson MA, Nomicos E,
Polley EC, Komarow HD, Murray PR, Turner ML, Segre JA. 2012. Temporal
shifts in the skin microbiome associated with disease ﬂares and treatment in children with atopic dermatitis. Genome Res 22:850 – 859.
https://doi.org/10.1101/gr.131029.111.
5. Tanaka A, Cho O, Saito C, Saito M, Tsuboi R, Sugita T. 2016. Comprehensive pyrosequencing analysis of the bacterial microbiota of the skin
of patients with seborrheic dermatitis. Microbiol Immunol 60:521–526.
https://doi.org/10.1111/1348-0421.12398.
6. Sanders M, Pardo L, Franco O, Ginger R, Nijsten T. 2018. Prevalence and
determinants of seborrhoeic dermatitis in a middle-aged and elderly
population: the Rotterdam Study. Br J Dermatol 178:148 –153. https://
doi.org/10.1111/bjd.15908.
7. Silcocks P, Williams HC. 2005. A scientiﬁc look at seasonality of symptom
severity in atopic dermatitis. J Invest Dermatol 124:xviii–xvxix. https://
doi.org/10.1111/j.0022-202X.2004.23638.x.
8. Pascoe VL, Kimball AB. 2015. Seasonal variation of acne and psoriasis: a
3-year study using the Physician Global Assessment severity scale. J Am
Acad Dermatol 73:523–525. https://doi.org/10.1016/j.jaad.2015.06.001.
9. Oh J, Byrd AL, Deming C, Conlan S, NISC Comparative Sequencing
Program, Kong HH, Segre JA. 2014. Biogeography and individuality
shape function in the human skin metagenome. Nature 514:59 – 64.
https://doi.org/10.1038/nature13786.
10. Findley K, Oh J, Yang J, Conlan S, Deming C, Meyer JA, Schoenfeld D,
March/April 2019 Volume 4 Issue 2 e00004-19

11.

12.

13.

14.

15.

16.

17.

18.

Nomicos E, Park M, NIH Intramural Sequencing Center Comparative
Sequencing Program, Kong HH, Segre JA. 2013. Topographic diversity of
fungal and bacterial communities in human skin. Nature 498:367–370.
https://doi.org/10.1038/nature12171.
Oh J, Byrd AL, Park M, NISC Comparative Sequencing Program, Kong HH,
Segre JA. 2016. Temporal stability of the human skin microbiome. Cell
165:854 – 866. https://doi.org/10.1016/j.cell.2016.04.008.
Human Microbiome Project Consortium. 2012. Structure, function and
diversity of the healthy human microbiome. Nature 486:207–214.
https://doi.org/10.1038/nature11234.
Grice EA, Kong HH, Conlan S, Deming CB, Davis J, Young AC, Bouffard
GG, Blakesley RW, Murray PR, Green ED, Turner ML, Segre JA. 2009.
Topographical and temporal diversity of the human skin microbiome.
Science 324:1190 –1192. https://doi.org/10.1126/science.1171700.
Jo J-H, Deming C, Kennedy EA, Conlan S, Polley EC, Ng W-I, NISC
Comparative Sequencing Program, Segre JA, Kong HH. 2016. Diverse
human skin fungal communities in children converge in adulthood. J
Invest Dermatol 136:2356 –2363. https://doi.org/10.1016/j.jid.2016.05
.130.
Sugita T, Yamazaki T, Makimura K, Cho O, Yamada S, Ohshima H, Mukai
C. 2016. Comprehensive analysis of the skin fungal microbiota of astronauts during a half-year stay at the International Space Station. Med
Mycol 54:232–239. https://doi.org/10.1093/mmy/myv121.
Han SH, Cheon HI, Hur MS, Kim MJ, Jung WH, Lee YW, Choe YB, Ahn KJ.
2018. Analysis of the skin mycobiome in adult patients with atopic dermatitis. Exp Dermatol 27:366–373. https://doi.org/10.1111/exd.13500.
Brandwein M, Fuks G, Israel A, Al-Ashhab A, Nejman D, Straussman R,
Hodak E, Harari M, Steinberg D, Bentwich Z, Shental N, Meshner S. 2018.
Temporal stability of the healthy human skin microbiome following
Dead Sea climatotherapy. Acta Derm Venereol 98:256 –261. https://doi
.org/10.2340/00015555-2769.
Lax S, Smith DP, Hampton-Marcell J, Owens SM, Handley KM, Scott NM,
Gibbons SM, Larsen P, Shogan BD, Weiss S, Metcalf JL, Ursell LK,
Vázquez-Baeza Y, Van Treuren W, Hasan NA, Gibson MK, Colwell R,
Dantas G, Knight R, Gilbert JA. 2014. Longitudinal analysis of microbial
msystems.asm.org 12

Downloaded from http://msystems.asm.org/ on June 19, 2019 by guest

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
mSystems.00004-19.
FIG S1, PDF ﬁle, 2.5 MB.
FIG S2, PDF ﬁle, 1.4 MB.
FIG S3, PDF ﬁle, 0.5 MB.
FIG S4, PDF ﬁle, 1.7 MB.
FIG S5, PDF ﬁle, 1.9 MB.
FIG S6, PDF ﬁle, 1.5 MB.
FIG S7, EPS ﬁle, 4.2 MB.
FIG S8, PDF ﬁle, 0.4 MB.
TABLE S1, DOCX ﬁle, 0.1 MB.
TABLE S2, XLSX ﬁle, 0.1 MB.

Skin Mycobiome Seasonal Dynamics

19.

20.

21.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

March/April 2019 Volume 4 Issue 2 e00004-19

38.

39.

40.

41.

42.

43.

44.
45.

46.
47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

2010. Combined niche and neutral effects in a microbial wastewater
treatment community. Proc Natl Acad Sci U S A 107:15345–15350.
https://doi.org/10.1073/pnas.1000604107.
Sloan WT, Woodcock S, Lunn M, Head IM, Curtis TP. 2007. Modeling
taxa-abundance distributions in microbial communities using environmental sequence data. Microb Ecol 53:443– 455. https://doi.org/10.1007/
s00248-006-9141-x.
Grice EA, Dawson TL. 2017. Host-microbe interactions: Malassezia and
human skin. Curr Opin Microbiol 40:81– 87. https://doi.org/10.1016/j.mib
.2017.10.024.
Theelen B, Cafarchia C, Gaitanis G, Bassukas ID, Boekhout T, Dawson TL,
Jr. 2018. Malassezia ecology, pathophysiology, and treatment. Med Mycol 56:S10 –S25. https://doi.org/10.1093/mmy/myx134.
Gaitanis G, Magiatis P, Hantschke M, Bassukas ID, Velegraki A. 2012. The
Malassezia genus in skin and systemic diseases. Clin Microbiol Rev
25:106 –141. https://doi.org/10.1128/CMR.00021-11.
Kurtz ZD, Müller CL, Miraldi ER, Littman DR, Blaser MJ, Bonneau RA. 2015.
Sparse and compositionally robust inference of microbial ecological
networks. PLoS Comput Biol 11:e1004226. https://doi.org/10.1371/
journal.pcbi.1004226.
Yu H, Kim PM, Sprecher E, Trifonov V, Gerstein M. 2007. The importance
of bottlenecks in protein networks: correlation with gene essentiality
and expression dynamics. PLoS Comput Biol 3:e59. https://doi.org/10
.1371/journal.pcbi.0030059.
Vellend M. 2010. Conceptual synthesis in community ecology. Q Rev Biol
85:183–206. https://doi.org/10.1086/652373.
Jiang C, Wang X, Li X, Inlora J, Wang T, Liu Q, Snyder M. 2018. Dynamic
human environmental exposome revealed by longitudinal personal monitoring. Cell 175:277–291.e31. https://doi.org/10.1016/j.cell.2018.08.060.
Chen YE, Fischbach MA, Belkaid Y. 2018. Skin microbiota-host interactions. Nature 553:427. https://doi.org/10.1038/nature25177.
Faust K, Raes J. 2012. Microbial interactions: from networks to models.
Nat Rev Microbiol 10:538 –550. https://doi.org/10.1038/nrmicro2832.
Jeanbille M, Gury J, Duran R, Tronczynski J, Agogué H, Ben Said O,
Ghiglione J-F, Auguet J-C. 2016. Response of core microbial consortia to
chronic hydrocarbon contaminations in coastal sediment habitats. Front
Microbiol 7:1637. https://doi.org/10.3389/fmicb.2016.01637.
Leitao RP, Zuanon J, Villéger S, Williams SE, Baraloto C, Fortunel C,
Mendonça FP, Mouillot D. 2016. Rare species contribute disproportionately to the functional structure of species assemblages. Proc Biol Sci
283:20160084. https://doi.org/10.1098/rspb.2016.0084.
Mouillot D, Bellwood DR, Baraloto C, Chave J, Galzin R, Harmelin-Vivien
M, Kulbicki M, Lavergne S, Lavorel S, Mouquet N, Paine CET, Renaud J,
Thuiller W. 2013. Rare species support vulnerable functions in highdiversity ecosystems. PLoS Biol 11:e1001569. https://doi.org/10.1371/
journal.pbio.1001569.
Tipton L, Müller CL, Kurtz ZD, Huang L, Kleerup E, Morris A, Bonneau R,
Ghedin E. 2018. Fungi stabilize connectivity in the lung and skin microbial ecosystems. Microbiome 6:12. https://doi.org/10.1186/s40168-017
-0393-0.
Leung MH, Chan KC, Lee PK. 2016. Skin fungal community and its
correlation with bacterial community of urban Chinese individuals. Microbiome 4:46. https://doi.org/10.1186/s40168-016-0192-z.
Park T, Kim HJ, Myeong NR, Lee HG, Kwack I, Lee J, Kim BJ, Sul WJ, An S.
2017. Collapse of human scalp microbiome network in dandruff and
seborrhoeic dermatitis. Exp Dermatol 26:835– 838. https://doi.org/10
.1111/exd.13293.
Wilkins D, Leung MH, Lee PK. 2017. Microbiota ﬁngerprints lose individually identifying features over time. Microbiome 5:1. https://doi.org/10
.1186/s40168-016-0209-7.
Tong X, Leung MH, Wilkins D, Lee PK. 2017. City-scale distribution and
dispersal routes of mycobiome in residences. Microbiome 5:131. https://
doi.org/10.1186/s40168-017-0346-7.
Edgar RC. 2010. Search and clustering orders of magnitude faster
than BLAST. Bioinformatics 26:2460 –2461. https://doi.org/10.1093/
bioinformatics/btq461.
Edgar RC. 2013. UPARSE: highly accurate OTU sequences from microbial
amplicon reads. Nat Methods 10:996 –998. https://doi.org/10.1038/
nmeth.2604.
Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Peña AG, Goodrich JK, Gordon JI, Huttley GA, Kelley
ST, Knights D, Koenig JE, Ley RE, Lozupone CA, McDonald D, Muegge BD,
Pirrung M, Reeder J, Sevinsky JR, Turnbaugh PJ, Walters WA, Widmann J,
Yatsunenko T, Zaneveld J, Knight R. 2010. QIIME allows analysis of
msystems.asm.org 13

Downloaded from http://msystems.asm.org/ on June 19, 2019 by guest

22.

interaction between humans and the indoor environment. Science 345:
1048 –1052. https://doi.org/10.1126/science.1254529.
Song SJ, Lauber C, Costello EK, Lozupone CA, Humphrey G, Berg-Lyons
D, Caporaso JG, Knights D, Clemente JC, Nakielny S, Gordon JI, Fierer N,
Knight R. 2013. Cohabiting family members share microbiota with one
another and with their dogs. eLife 2:e00458. https://doi.org/10.7554/
eLife.00458.
Ross AA, Doxey AC, Neufeld JD. 2017. The skin microbiome of cohabiting couples. mSystems 2:e00043-17. https://doi.org/10.1128/
mSystems.00043-17.
Leung MH, Tong X, Wilkins D, Cheung HH, Lee PK. 2018. Individual and
household attributes inﬂuence the dynamics of the personal skin microbiota and its association network. Microbiome 6:26. https://doi.org/
10.1186/s40168-018-0412-9.
Costello EK, Stagaman K, Dethlefsen L, Bohannan BJ, Relman DA. 2012.
The application of ecological theory toward an understanding of the
human microbiome. Science 336:1255–1262. https://doi.org/10.1126/
science.1224203.
Shade A, Caporaso JG, Handelsman J, Knight R, Fierer N. 2013. A metaanalysis of changes in bacterial and archaeal communities with time.
ISME J 7:1493–1506. https://doi.org/10.1038/ismej.2013.54.
Coveley S, Elshahed MS, Youssef NH. 2015. Response of the rare biosphere to environmental stressors in a highly diverse ecosystem (Zodletone Spring, OK, USA). PeerJ 3:e1182. https://doi.org/10.7717/peerj
.1182.
Jiao S, Zhang Z, Yang F, Lin Y, Chen W, Wei G. 2017. Temporal dynamics
of microbial communities in microcosms in response to pollutants. Mol
Ecol 26:923–936. https://doi.org/10.1111/mec.13978.
Shade A, Jones SE, Caporaso JG, Handelsman J, Knight R, Fierer N, Gilbert
JA. 2014. Conditionally rare taxa disproportionately contribute to temporal changes in microbial diversity. mBio 5:e01371-14. https://doi.org/
10.1128/mBio.01371-14.
Lawson CE, Strachan BJ, Hanson NW, Hahn AS, Hall ER, Rabinowitz B,
Mavinic DS, Ramey WD, Hallam SJ. 2015. Rare taxa have potential to
make metabolic contributions in enhanced biological phosphorus removal ecosystems. Environ Microbiol 17:4979 – 4993. https://doi.org/10
.1111/1462-2920.12875.
Shade A, Gilbert JA. 2015. Temporal patterns of rarity provide a more
complete view of microbial diversity. Trends Microbiol 23:335–340.
https://doi.org/10.1016/j.tim.2015.01.007.
Gomez-Alvarez V, Pfaller S, Pressman J, Wahman D, Revetta R. 2016.
Resilience of microbial communities in a simulated drinking water distribution system subjected to disturbances: role of conditionally rare
taxa and potential implications for antibiotic-resistant bacteria. Environ
Sci: Water Res Technol 2:645– 657. https://doi.org/10.1039/C6EW00053C.
Palmer C, Bik EM, DiGiulio DB, Relman DA, Brown PO. 2007. Development of the human infant intestinal microbiota. PLoS Biol 5:e177.
https://doi.org/10.1371/journal.pbio.0050177.
Sloan WT, Lunn M, Woodcock S, Head IM, Nee S, Curtis TP. 2006.
Quantifying the roles of immigration and chance in shaping prokaryote
community structure. Environ Microbiol 8:732–740. https://doi.org/10
.1111/j.1462-2920.2005.00956.x.
Venkataraman A, Bassis CM, Beck JM, Young VB, Curtis JL, Huffnagle GB,
Schmidt TM. 2015. Application of a neutral community model to assess
structuring of the human lung microbiome. mBio 6:e02284-14. https://
doi.org/10.1128/mBio.02284-14.
Morris A, Beck JM, Schloss PD, Campbell TB, Crothers K, Curtis JL, Flores
SC, Fontenot AP, Ghedin E, Huang L, Jablonski K, Kleerup E, Lynch SV,
Sodergren E, Twigg H, Young VB, Bassis CM, Venkataraman A, Schmidt
TM, Weinstock GM. 2013. Comparison of the respiratory microbiome in
healthy nonsmokers and smokers. Am J Respir Crit Care Med 187:
1067–1075. https://doi.org/10.1164/rccm.201210-1913OC.
Kim H-J, Kim H, Kim JJ, Myeong NR, Kim T, Park T, Kim E, Choi J-Y, Lee
J, An S, Sul WJ. 2018. Fragile skin microbiomes in megacities are assembled by a predominantly niche-based process. Sci Adv 4:e1701581.
https://doi.org/10.1126/sciadv.1701581.
Adair KL, Wilson M, Bost A, Douglas AE. 2018. Microbial community
assembly in wild populations of the fruit ﬂy Drosophila melanogaster.
ISME J 12:959. https://doi.org/10.1038/s41396-017-0020-x.
Burns AR, Stephens WZ, Stagaman K, Wong S, Rawls JF, Guillemin K,
Bohannan BJ. 2016. Contribution of neutral processes to the assembly of
gut microbial communities in the zebraﬁsh over host development.
ISME J 10:655. https://doi.org/10.1038/ismej.2015.142.
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