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Marine Archaea are important players among microbial plankton
and signiﬁcantly contribute to biogeochemical cycles, but details
regarding their community structure and long-term seasonal
activity and dynamics remain largely unexplored. In this study, we
monitored the interannual archaeal community composition of
abundant and rare biospheres in northwestern Mediterranean Sea
surface waters by pyrosequencing 16S rDNA and rRNA. A detailed
analysis of the rare biosphere structure showed that the rare
archaeal community was composed of three distinct fractions. One
contained the rare Archaea that became abundant at different
times within the same ecosystem; these cells were typically not
dormant, and we hypothesize that they represent a local seed
bank that is speciﬁc and essential for ecosystem functioning
through cycling seasonal environmental conditions. The second
fraction contained cells that were uncommon in public databases
and not active, consisting of aliens to the studied ecosystem and
representing a nonlocal seed bank of potential colonizers. The
third fraction contained Archaea that were always rare but actively
growing; their afﬁliation and seasonal dynamics were similar to
the abundant microbes and could not be considered a seed bank.
We also showed that the major archaeal groups, Thaumarchaeota
marine group I and Euryarchaeota group II.B in winter and Euryarchaeota group II.A in summer, contained different ecotypes with
varying activities. Our ﬁndings suggest that archaeal diversity
could be associated with distinct metabolisms or life strategies,
and that the rare archaeal biosphere is composed of a complex
assortment of organisms with distinct histories that affect their
potential for growth.
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he seasonal dynamics of marine microorganisms have traditionally been studied at the DNA level (1, 2), but recent
studies have shown the importance of differentiating the active
communities from the total communities (3–5). One method
to explore an aspect of activity (i.e., the growth rate for speciﬁc
taxa) is to investigate microbial communities with both 16S
rRNA and 16S rDNA (6-8). The use of the 16S rRNA-to-rDNA
sequence ratio as an index of microbial growth has revealed
a generally positive correlation between abundance and activity
in coastal surface bacterial communities (4, 9). However, abundant microbes are not always the most active (3), even though
they contribute greatly to ecosystem functioning. An important
ﬁnding is that growth can be detected among low-abundance
taxa, also known as the rare biosphere (4, 7), which was ﬁrst
deﬁned with the development of new sequencing technologies,
allowing a deep coverage of the diversity of natural communities
(10). Rare taxa have been hypothesized to consist of dormant
microorganisms (or a seed bank) that could potentially be resuscitated under different environmental conditions (11). However,
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the discoveries that the rare biosphere had a biogeography (12),
and that a signiﬁcant portion of the rare community was active (4,
7), with growth rates that decreased as abundance increased (4),
suggest that the rare biosphere is not solely a dormant seed bank
(13). A rare biosphere has been detected within the domain Archaea (12), and although we have begun to gain insights into the
dominant archaeal phylotypes, the community structure of the rare
Archaea remains largely uncharacterized.
Marine planktonic Archaea have been recently recognized as
main drivers of the aerobic ammonia oxidation in many aquatic
ecosystems, suggesting an important role in the nitrogen cycle
(14–16). They have traditionally been described as spanning
three major groups: Thaumarchaeota marine group (MG) I,
which is more abundant in meso- and bathypelagic waters (17–
19), Euryarchaeota MGII, which is more abundant in surface
waters, and Euryarchaeota MGIII, which is restricted to deeper
waters (20, 21). The diversity of Archaea is, however, much more
complex; for instance, MGI appears to have distinct clusters
segregated according to depth and location (22). A recent metagenomic characterization of MGI from north Atlantic coastal
surface waters also suggested the presence of at least two dominant environmental populations that are divergent from each
other (23). The presence of at least two clusters was also demonstrated in the Mediterranean Sea (24) and corresponded to
groups previously detected in different oceanic provinces (20).
Whether this taxonomic diversity corresponds to distinct ecotypes, i.e., groups of microorganisms playing distinct ecological
roles and belonging to genetically cohesive and irreversibly
separate evolutionary lineages (25), is not known because the
relationship among archaeal activity, environmental conditions,
and sequence abundance has never been studied. Moreover, the
ecological control of archaeal diversity patterns over long time
scales remains poorly understood (24).
By monitoring surface archaeal communities in monthly intervals
during a 3.5-y period at the Banyuls-sur-Mer Bay Microbial Observatory, a site representative of the coastal northwest Mediterranean Sea, we aimed to describe the structure of the rare archaeal
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Deep Hydrothermal Vent Euryarchaeotic Group 6 (DHVEG-6),
pMC1, and South African Gold Mine Euryarchaeotic Group-1
(SAGMEG-1) clusters, which are frequently detected in deep
marine sediments (26). In contrast, the rare but common OTUs
were identiﬁed as MGI and MGII.

Results

Archaeal Community Structure, Dynamics, and Activity. The OTUs
abundance followed a log-series distribution for the 16S rDNA
and rRNA datasets (Fig. S2 A and B), with most OTUs included
in the ﬁrst octaves (i.e., species characterized by a low number of
reads). The abundant OTUs belonged mostly to MGI and MGII.
A and MGII.B (Fig. S2C) but also to MGIII. In the active fraction
(the 16S rRNA dataset), the major taxonomic groups (MGI,
MGII.A, and MGII.B) represented ∼93% of the reads (Fig.
S2C). Interestingly, some abundant OTUs in the 16S rDNA
dataset were less represented in the 16S rRNA dataset, for example, OTUs 2 and 9 afﬁliated with MGI, suggesting a weak
activity. In contrast, some abundant OTUs were also very active,
as shown by a greater relative abundance of 16S rRNA, such as
OTU 28 afﬁliated with MGI (Fig. S2C).
The MGI sequences followed a seasonal pattern and were
more abundant during winter (Fig. 3A). The MGI 16S rRNA
dynamics showed the same trend as that for 16S rDNA, suggesting metabolically active communities. Our analysis showed
that the MGI OTUs fell into four different clusters: A, B, C, and D
(Fig. S3A). Most of the OTUs were afﬁliated with MGI.B, followed by MGI.A, which is closely related to Nitrosopumilus
maritimus. These two clusters comprised all the abundant MGI
OTUs. Interestingly, MGI.A and MGI.B sequences exhibited
alternative patterns of 16S rDNA and rRNA representation. The
MGI.A sequences outnumbered the MGI.B sequences in the 16S
rDNA dataset (approximately two times more), whereas the
opposite was observed for the 16S rRNA dataset (Fig. 4). This
result suggested that MGI.B was much more active than MGI.A,
even though it was not the most abundant in the ecosystem. The
rare OTUs belonged to MGI.C, which is afﬁliated with sequences retrieved from deep waters (20) and distantly related to
Cenarchaeum symbiosum and to MGI.D. This cluster was distinct
from the others (89–92% similarity) and emerged earlier in the
phylogeny. MGI.C was active when present, whereas MGI.D was
not always active when present.
The MGII.A sequence abundance showed marked differences
between seasons, with the highest relative abundance during the
summer period (from May to October) and the lowest during the
winter months (Fig. 3B). The 16S rRNA dataset revealed a similar seasonal pattern of activity. In contrast, MGII.B dominated
in abundance and activity during winter, with the highest relative
abundance in February and recurrent peaks each year (Fig. 3C).
MGII.A was more active than MGII.B, consistent with its higher
relative abundance (Fig. 3 B and C). Euryarchaeota MGII.A was

Rare and Abundant Phylotypes. We used pyrosequencing to follow

changes in the community structure, relative sequence abundance, and potential activity of Archaea over time. A total of 351
operational taxonomic units (OTUs) were retrieved in the 16S
rDNA dataset, representing a total of 65,833 sequences. Seventeen OTUs were abundant (>1% and occurred in more than one
sample) and contained 97% of all of the sequences. The 16S
rRNA dataset was composed of 52,181 sequences consisting of
348 OTUs. Rarefaction curves for both 16S rDNA and 16S rRNA
indicated that, in most cases, the sequencing depth captured the
diversity present in the natural archaeal community (Fig. S1).
Only two OTUs were always abundant (OTU 2 afﬁliated with
MGI, and OTU 13 afﬁliated with MGII.B), whereas the remaining 15 abundant OTUs were rare in some samples (≤0.2% of
the sequences in a sample). Typically, OTUs abundant in winter
became rare in summer and vice versa. All the abundant OTUs
were active when they were abundant (Fig. 1A), and the plot
of the 16S rDNA against 16S rRNA OTU frequencies had an
intercept at zero and showed a high correlation between 16S
rRNA and 16S rDNA (Kendall nonparametric τ = 0.7; P < 0.001;
n = 224). However, 16S rRNA and 16S rDNA were more poorly
correlated when the abundant OTUs became rare (τ = 0.3; P <
0.001; n = 72), with some OTUs showing high activity (16S rRNA/
rDNA ratio >1) whereas others had low or no activity (16S rRNA/
rDNA ratio <1; Fig. 1B).
All OTUs were compared with the entire SILVA database to
ascertain if they were globally common (i.e., a high similarity to
reference sequences) or uncommon (i.e., a low similarity). The
abundant DNA OTUs were common, with an average 98% sequence similarity to the public database sequences (Fig. 2A). The
always rare DNA also contained a group of common OTUs
(96% similarity), but, notably, half the OTUs were uncommon,
with only 84% identity to the public reference sequences (Fig.
2B). The abundant and always-rare RNA OTUs were common
(98% and 96% sequence identity, respectively; Fig. 2) for the
active fraction of the community, and the absence of uncommon
OTUs in the rare 16S rRNA fraction indicates that the uncommon OTUs were never active. The low similarity to the
SILVA database displayed by the uncommon rare OTUs (84%
identity) suggests that they originated from undersampled ecosystems, not well covered by the public database. The closest relatives to the uncommon rare OTUs belonged to the Euryarchaeota
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Fig. 1. 16S rDNA against 16S rRNA OTUs frequencies for abundant OTUs when they are abundant (A) and when they become rare (B). The RNA and DNA
frequencies are plotted against each other for all abundant OTUs and all time points. The black line represents the regression, and the dotted line is the 1:1 line.
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biosphere by testing whether it is composed of a seed bank of
dormant cells or represents microorganisms with high growth rates.
By targeting both 16S rRNA and rDNA, we also veriﬁed whether
different archaeal clusters represent distinct ecotypes and assessed
the seasonal activity dynamics of marine Archaea.

Fig. 2. Distribution of the percent identity from a comparison between
public database sequences (SILVA) and abundant 16S rDNA and rRNA
sequences (A) and always-rare 16S rDNA and rRNA sequences (B). The data
are ﬁtted to a model of normal distributions (black lines) that identiﬁes
groups of OTUs as common (i.e., a high percentage identity) or uncommon
(i.e., a low percentage identity).

separated into two previously described (20) main subclusters
(M and K; Fig. S4), and most of the sequences belonged to subcluster M, which was also the most active (Fig. S5A). The subcluster M activity pattern was different from that of subcluster
K (Fig. S5). Most MGII.B sequences and activity were afﬁliated
with the WHARN subcluster (Figs. S5B and S6) that corresponds
to phylotypes II-CC, which are widely distributed in surface waters
of various oceanic provinces (20). Other Euryarchaeota were afﬁliated with the MGIII and the RC-V cluster and with methanogenic lineages (Fig. S6).
Less abundant groups, including OTUs afﬁliated with MGIII,
were also present and active during winter but were also detected
in July 2008 and 2009, together with reduced activity. The Miscellaneous Euryarchaeotic Group (MEG) and DHVEG-6 did
not present seasonal patterns of relative abundance and activity.
The canonical correspondence analysis plot (SI Materials and
Methods) showed a clear difference between the activity of the
two MGII clusters (Fig. S7): MGII.A appeared as a summer
community associated mainly with temperature, whereas the
activity of MGII.B was related to such winter features as nitrite,
nitrate, and oxygen. These winter features also characterized the
activity of MGI overall, and there were fewer differences between the different MGI clusters when considering the parameters followed in the present study. Contrary to MGII, MGI
clusters were discriminated according the second axis, which was
positively correlated with phosphate (Fig. S7).
Discussion
Our long-term study of archaeal dynamics and activity in surface
Mediterranean waters showed that rare Archaea were heterogeneous in their pattern of seasonal activity and phylogenetic
afﬁliation. We propose that the rare archaeal biosphere could be
divided into three different fractions classiﬁed as follows: the
local seed bank, the nonlocal seed bank (or the alien colonizers),
and the active-but-always-rare fraction.
6006 | www.pnas.org/cgi/doi/10.1073/pnas.1216863110
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The local seed bank represented Archaea that were rare but
became abundant at certain times. When abundant, their 16S
rDNA and 16S rRNA sequences were closely correlated, indicating that these OTUs were also active. Scatter plots of 16S
rRNA vs. rDNA yielded an intercept at zero, suggesting that
growth rates were constant as abundance varied (4). However,
when these OTUs became rare, their 16S rDNA and rRNA sequences were poorly correlated, which, according to a described
model (4), indicates increasing or decreasing growth rates as
abundance decreases. Such variable activity suggests changing
growth rates, possibly reﬂecting differences in the metabolic
state of the cells as they cycle between abundant and rare fractions. Contrasting activity levels among rare microbes have been
reported recently for Bacteria in a coastal system (4) and in lakes
(7). Within the context of our seasonal study, the observations
could indicate that these rare microorganisms are able to react to
seasonal ﬂuctuations of environmental conditions. Moreover,
these Archaea could not be considered as being typically dormant
cells because some of them lacked dormancy stages (i.e., were
always active) and others had only short ones. We propose that
this local seed bank maintains sufﬁcient metabolic diversity to
react to ﬂuctuating environmental conditions.
The second fraction contained rare Archaea that were uncommon and always inactive in the northwestern Mediterranean
Sea. They were aliens to the studied pelagic ecosystem, and their
low similarity to database sequences indicates that they may
originate from undersampled ecosystems, such as deep marine
sediments. This nonlocal seed bank may be dispersed by such
episodic events as river ﬂooding, strong storms, or even atmospheric deposition. It is possible that these microorganisms may
never grow in the water column as a result of a requirement for
very different conditions to those found in the pelagic environment. This fraction of the rare archaeal biosphere could be on its
way to extinction (13); alternatively, it may have the ability to
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A

Fig. 3. Seasonal dynamics of the most abundant taxonomic groups in both
the 16S rDNA and rRNA sequence datasets: (A) MGI, (B) MGII.A, and (C) MGII.B.
Winter months are shown in gray; summer months are shown in white.
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Fig. 4. Seasonal dynamics of active (16S rRNA dataset) MGI clusters: MGI.A,
MGI.B, MGI.C, and MGI.D. Winter months are shown in gray; summer
months are shown in white.

survive in a dormant stage representing a pool of potential colonizers of very different ecosystems.
Finally, the third fraction of rare Archaea was represented by
cells that were always rare but actively growing, and their phylogenetic afﬁliation and seasonal dynamics were similar to those
of the abundant Archaea. Although their activity suggests that
these cells are not dormant, the fact that they never made the
transition from rare to abundant indicates that they are not operating as a seed bank under the range of environmental conditions encountered during this study. Always rare but actively
growing populations may be maintained at a low abundance
because they are less efﬁcient than others when competing for
resources, or they may have a different life strategy that promotes rarity to minimize predation (11). Alternatively, these
groups may be more susceptible to speciﬁc viral attack (27).
Although MGI was overall more abundant and active in
winter, we found differences in activity between the clusters.
Four MGI clusters were identiﬁed through our analysis: MGI.A
(or I-α), MGI.B (or I-β), and MGI.C (I-γ) were ﬁrst described in
a large-scale study based on terminal restriction fragment length
polymorphism (T-RFLP) (20), but only MGI.A and MGI.B were
reported in a previous study conducted in the Mediterranean Sea
(24). The similar delineation of MGI.A and MGI.B by cloning/
sequencing (24) and pyrosequencing conﬁrmed that shorter
pyrosequencing reads may be as informative as near full-length
sequences, and thus suitable for building phylogenies (28, 29).
Interestingly, the MGI.A sequences were more abundant within
the 16S rDNA fraction, whereas MGI.B was more abundant
within the 16S rRNA fraction, suggesting that the most abundant
MGI cluster (i.e., MGI.A) was not the most active. The rarest
clusters, MGI.C and MGI.D, also presented different patterns of
activity: MGI.C was active when present, yet MGI.D was not always active when present. Both of these rare clusters were active
in winter, showing similar responses to such environmental conditions as oxygen, nitrite, nitrate, or Chlorophyll a (Chla) content.
However, there was a mismatch between their peaks of maximum
activity. The variable activity levels for the different MGI clusters
could suggest the presence of MGI clusters adapted to different
niches. The clusters’ recurrent seasonal activity patterns concomitant with reproducible environmental conditions may indicate an ecological specialization and predictable population–
environment linkage, comforting the idea of separate ecotypes, as
previously shown for Vibrionaceae populations (30). Although we
could not precisely deﬁne niches in the present study, we hypothesize that the MGI clusters represent ecotypes that correspond to distinct metabolisms, as previously demonstrated for
Bacteria (4). In fact, closely related SAR11 phylotypes were recently shown to have very different growth rates (4), which could
correspond to differences in metabolism, such as those observed
between the SAR11 ecotypes for phosphorus acquisition or glucose utilization (31, 32). Different metabolisms could thus allow
Hugoni et al.

the MGI ecotypes to occupy a variety of niches and explain
a global ecological success that is similar to that of SAR11 (33).
The MGI seasonal dynamics, illustrated by a higher relative
abundance during winter, correlated with the seasonality of such
surface water environmental parameters as nitrite and nitrate
concentrations. MGI is thought to play an important role in the
marine nitrogen cycle by oxidizing ammonia to nitrite (34, 35). In
our survey, most of the 16S rDNA sequences belonged to MGI.
A, which is closely related to the cultivated planktonic marine
Archaea N. maritimus (36), an autotrophic ammonia-oxidizer
that produces nitrite, suggesting the potential for ammonia oxidation of the MGI found in these waters. This hypothesis is
supported by the MGI winter peaks that coincided with an increase in the nitrite and nitrate concentrations, followed by a
decrease in ammonia. However, because phytoplankton can
also release nitrite (37), the exact origin of winter nitrite in this
ecosystem cannot be conclusively determined. Moreover, MGI.C
was distantly related to C. symbiosum, which is able to use urea
as energy and carbon source (38). As archaeal genes for urea
utilization have been detected in the marine environment (39–
41), we can also speculate that urea could be used as an alternative source of nitrogen and carbon by the MGI clusters that
are not closely related to N. maritimus, which does not possess
genes for urea utilization (42). The decrease in MGI abundance
and activity was coincident with an increase in Chla, as previously
shown in marine and freshwater ecosystems (43–45). This ﬁnding
suggests two hypotheses: a limitation of MGI abundance by organic material excreted by phototrophic primary production (36)
or a competition with phytoplankton for ammonium that may be
unfavorable to MGI (46).
Euryarchaeota were present year-round, but the opposite
seasonal dynamics of MGII.A and MGII.B suggests the presence
of different ecotypes. The predominance of MGII.A in summer
corresponds to a season of generally low abundance of MGII and
Archaea in the northwestern Mediterranean Sea (24). The winter peak of MGII.B corresponds to the highest archaeal and
MGI abundances (24), suggesting separate niches for the two
MGII clusters in surface waters. Their abundance and activity
dynamics might be affected by competition for resources with
other organisms and could reﬂect the development of different
strategies to improve their metabolic potential. For instance,
genes encoding proteorhodopsin have been found in members
of the Euryarchaeota MGII.A in the surface waters of the
North Paciﬁc (47), and recent studies showed a single copy of the
proteorhodopsin (pop) gene in the reconstruction of a coastal
MGII.A genome (48). In our study, the MGII.A sequences were
only 90% similar to the proteorhodopsin clade from a previous
work (47), but closer to the sequence reported in another (48)
(96% similarity). We therefore hypothesize that phototrophic
metabolism could be present in the Mediterranean Sea: MGII.A
could use light as an energy source, explaining the summer peaks
of abundance and activity, as irradiance is more important in this
season. In contrast, the MGII.B distribution in the rRNA datasets correlated with nitrogen compounds, as with MGI.
The results based on the 16S rRNA/rDNA ratios could have
been affected by the 16S rDNA copy number per genome. However, to our knowledge, all available complete genomes of mesophilic Archaea, including representatives from Euryarchaeota
and Thaumarchaeota showed only one copy of 16S rDNA: thus,
we assume that this is also the case in the natural communities.
To assess how well our sequence data could represent the community abundance, we compared the pyrosequencing quantiﬁcation to the metagenomic data obtained in September 2010 from
the same sampling station through the Global Ocean Sampling
project. The two methods showed a strong dominance of Euryarchaeota (95% and 88% for the pyrosequencing and metagenomic data, respectively) vs. Thaumarchaeota, suggesting no
major primer bias at the phylum level in our approach. A
PNAS | April 9, 2013 | vol. 110 | no. 15 | 6007
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signiﬁcant correlation has also been found between the abundance estimated by quantitative methods and pyrosequencing for
Bacteria (4, 6, 9) and by sequencing approaches for MGI in the
northwestern Mediterranean Sea (24). We therefore hypothesize
that the relative sequence abundance measured in this study was
comparable to the cell abundance dynamics.
In summary, this study clearly showed that the rare biosphere
could not solely be characterized as a seed bank of dormant cells;
rather, it is a complex association of indigenous and itinerant cell
types with contrasted origins and fate that contribute to microbial interaction networks and metabolic processes in the environment. Our phylogenetic afﬁliation suggested that the diversity
found within the environmental clusters of Archaea may correspond to different activity levels or growth rates, thus possibly
illustrating different metabolism and life strategies. Our results
show that we need to rethink our view of how abundant and rare
microbes contribute to ecosystem processes.
Materials and Methods
Sampling and Environmental Parameters. Surface seawater (3 m) was collected
monthly from March 2008 to June 2011 (40 samples) by using a 10-L Niskin
bottle at the Service d’Observation du Laboratoire Arago station (42°31′N,
03°11′E) in the Bay of Banyuls-sur-Mer in France. The water was kept in 10-L
high density polyethylene carboys in the dark until being processed in the
laboratory (within 1.5 h). A subsample of 5 L was preﬁltered through 3-μm
pore-size polycarbonate ﬁlters (Millipore), and the microbial biomass was
collected on 0.22-μm pore-size GV Sterivex cartridges (Millipore) and
stored at –80 °C until nucleic acid extraction. The physicochemical parameters (Fig. S8) were provided by the Service d’Observation en Milieu Littoral
(www.domino.u-bordeaux.fr/somlit_national).
The water sample used for the metagenomic analysis was collected at 3 m
depth on 28 September 2010 as part of the J. Craig Venter Institute European
Sampling Expedition following a protocol previously published (49). Annotation of the metagenomic data were performed through the J. Craig
Venter Institute metagenomics analysis pipeline (San Diego) (50).
Nucleic Acid Extraction and Pyrosequencing. The nucleic acid extraction
method was modiﬁed from Lami et al. (8) by using a combination of mechanic and enzymatic cell lysis applied directly to Sterivex cartridges, followed by extraction by using the AllPrep DNA/RNA kit (Qiagen). The RNA
samples were tested for the presence of contaminating genomic DNA by
PCR and then reverse-transcribed with random primers using the SuperScript
III Reverse Transcriptase kit (Invitrogen). The ampliﬁcation of the V3–V5
region of the 16S rRNA gene was performed by Research and Testing Laboratory (Lubbock, TX) with universal archaeal primers Arch349F (CCC TAC
GGG GTG CAS CAG) and Arch806R (GGA CTA CVS GGG TAT CTA AT) (51),
followed by pyrosequencing by using a Roche 454 GS-FLX system with
titanium chemistry.

based on the SSURef 108 database of the SILVA project (56) and added
annotated reference sequences from the Mediterranean Sea (24). The process was automated by PANAM (http://code.google.com/p/panam-phylogeneticannotation/downloads/list) that constructs phylogenetic trees for taxonomic
annotation (57) as detailed in SI Materials and Methods. After that step, all
sequences afﬁliated to Bacteria were removed from the data set, leaving
a total of 65,833 archaeal sequences for the 16S rDNA dataset and 52,181
sequences for the 16S rRNA dataset (Table S1). Phylogenetic trees containing
only the main taxonomic groups detected by PANAM (MGI Thaumarchaeota, MGII.A and MGII.B Euryarchaeota), and environmental OTUs afﬁliated with those groups, are included as Figs. S3, S4, and S6.
For the analysis of the seasonal dynamics, the 16S rDNA and 16S rRNA
samples were randomly resampled down to 208 sequences by using DaisyChopper (www.genomics.ceh.ac.uk/GeneSwytch/). We chose to resample
down to a relatively low number of sequences to retain the largest possible
number of samples; a total of 12 samples were discarded because of a low
number of sequences (< 208). However, for the analysis of the rare biosphere, a deeper sequencing effort was needed to deﬁne the rare Archaea,
and only samples with >488 sequences were retained (55 samples). To verify
if the different sampling cutoff could bias our analysis, we compared the
seasonal dynamics based on 208 sequences per samples to that based on 488
sequences. The two results were similar for the major groups, as, for example, for MGI (Fig. S9). We also compared the number and identity of the
abundant OTUs found for each cutoff. The entire 16S rDNA dataset, the one
resampled at 208 sequences, and the one resampled at 488 sequences,
showed 17, 18, and 21 abundant OTUs (> 1%), respectively (19, 22, and 21
for the 16S rRNA sequences). Notably, the abundant OTUs were always the
same in the different datasets.
Deﬁning Abundant and Rare Phylotypes. OTUs were considered abundant
when they comprised more than 1% of the sequences (11) and were present
in more than one sample. In contrast, rare OTUs were deﬁned as OTUs
representing ≤0.2% of the sequences in a sample (present once in a sample
of 488 sequences). This deﬁnition is well within the 0.1% to 1% range
commonly considered (58), and is more strict than the 1% threshold used
recently (4). OTUs were deﬁned as always rare when they were rare in all
the samples.
Representative sequences from all OTUs were compared with reference
sequences from the entire SILVA database (56) using BlastN (59) to identify
the percentage similarity between the queried sequences and their top hits.
To assess the commonness of the sequences, the distribution of their percentage identity was plotted and ﬁtted to normal distributions by using
a maximum-likelihood method implemented in the mixture analysis of the
PAST program (60). The method allowed us to deﬁne sequences as common
(96–98% identity to database sequences) or uncommon (83% identity
in average).

Bioinformatic Analysis and Statistics. The pyrosequencing data produced from
the 80 samples (16S rDNA and 16S rRNA) represented 477,589 raw sequences.
All sequences were checked against the following quality criteria: (i) no Ns;
(ii) quality score ≥27 according to PANGEA trimming (52); (iii) a minimum
sequence length of 200 bp; (iv) no sequencing error in the forward primer;
and (v) no chimeras [checked with UCHIME (53)]. The quality ﬁltering step
eliminated ∼15% of all sequences (1.6% were chimeras). The remaining
reads were clustered using USEARCH (54) at a 97% similarity threshold (55).
For the taxonomic afﬁliation, we constructed a dedicated archaeal database
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