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Abstract 

Bacteroidetes is one of the dominant phyla of ocean bacterioplankton, yet its diversity and 

population structure is poorly understood. To advance in the delineation of ecologically 

meaningful units within this group, we constructed near full-length 16S rRNA gene clone 

libraries from contrasting marine environments in the NW Mediterranean. Based on 

phylogeny and the associated ecological variables (depth and season), 24 different 

Bacteroidetes clades were delineated. By considering their relative abundance (from iTag 

amplicon sequencing studies), we described the distribution patterns of each of these clades, 

delimiting them as ecologically significant taxonomic units (ESTUs). Spatially, there was 

almost no overlap among ESTUs at different depths. In deep waters there was predominance 

of Owenweeksia, Leeuwenhoekiella, Muricauda-related genera, and some depth-associated 

ESTUs within the NS5 and NS2b marine clades. Seasonally, multi-annual dynamics of 

recurring ESTUs were present with dominance of some ESTUs within the NS4, NS5 and 

NS2b marine clades along most of the year, but with variable relative frequencies between 

months. A drastic change towards the predominance of Formosa-related ESTUs and one 

ESTU from the NS5 marine clade was typically present after the spring bloom. Even though 

there are no isolates available for these ESTUs to determine their physiology, correlation 

analyses identified the environmental preference of some of them. Overall, our results 

suggest that there is a high degree of niche specialisation within these closely related clades. 

This work constitutes a step forward in disentangling the ecology of marine Bacteroidetes, 

which are essential players in organic matter processing in the oceans. 
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Introduction 

Bacteria and archaea are extremely diverse with global estimations of about 10
12

 species  

(Locey & Lennon, 2016), yet we know little about microbial speciation processes in natural 

marine populations and to what extent coexisting genotypic diversity reflects ecological 

meaningful units (Cohan 2002, 2006; Polz et al. 2006; Cohan & Perry, 2007). One bacterial 

speciation model (the stable ecotype model) predicts that phylogenetic clusters likely 

correspond to ecological distinct units that arose by neutral diversification after niche-specific 

selection (Wiedenbeck & Cohan 2011). Such clusters have been observed in many bacterial 

taxa, and associated with environmental factors such as light, depth, seasonal mixing, or 

water stratification (Gordon & Giovannoni 1996; Moore et al. 1998; Morris et al. 2004; 

Carlson et al. 2009; Preheim et al. 2011). However, linking phylogenetic clusters to distinct 

ecotypes is still challenging, because the phylogenetic clusters can result from neutral 

evolution alone (Fraser et al. 2007), and the relationship between function and phylogeny can 

be distorted by recombination events or horizontal gene transfer (Doolittle & Papke 2006; 

Retchless & Lawrence 2007).  

 

The phylum Bacteroidetes is known to be one of the most abundant bacterial groups in 

aquatic ecosystems, contributing approximately from 4 to 22% of total bacteria in different 

marine ecosystems (Cottrell and Kirchman, 2000; Alonso-Sáez et al., 2007; Acinas et al. 

2015) and having a pivotal role in the processing of polymeric organic material (Kirchman, 

2002). Despite their importance, relatively little is known about the fine-scale diversity and 

structure of this phylum. Substantial progress in describing the diversity of class 

Flavobacteriia has been made by studies defining novel phylogenetic lineages among 
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uncultured species in the North Sea (i.e. marine clades NS; Alonso et al. 2007; Gómez-

Pereira et al. 2010), but this was done using general bacterial primers and through clone 

library construction. A few additional studies used Bacteroidetes-specific primers in an 

attempt to obtain detailed insights into their diversity in certain habitats (Kirchman et al. 

2003; Chen et al. 2008; Mühling et al. 2008; Díez-Vives et al. 2013). However, these studies 

were either limited by the low resolution of the fingerprinting approach used (i.e. denaturing 

gradient gel electrophoresis) or by the rather low number of clones analysed.  

 

In contrast, bacterial groups such as the Cyanobacteria, have received more attention, and 

segmentation of clades into ecologically significant groups (ecotypes) was reported by 

pioneering studies (Moore et al. 1998; West & Scanlan 1999). Since then, an increasing 

number of studies have focused on ecotype abundance and dynamics, and on refining the 

delineation of these ecotypes with newer techniques. For instance, ITS-based phylogenies 

partitioned previously observed divisions of cultured isolates of Prochlorococcus and 

Synechococcus into several genetically distinct new clades associated with particular depths, 

phenotypes, and geography (Rocap et al. 2002; Ferris et al. 2003). More recently, Farrant and 

coworkers  used metagenomic reads of a single functional gene marker (i.e. petB) to obtain 

spatial distribution patterns which divided well-defined populations of Prochlorococcus and 

Synechococcus into new Ecologically Significant Taxonomic Units (ESTUs; Farrant et al. 

2016).  

 

With the goal of investigating the ecology of naturally occurring marine Bacteroidetes, we 

aimed to identify phylogenetic clusters potentially representing ecologically distinct 

populations. We constructed a reference tree of the near full-length 16S rRNA gene 

sequences of samples obtained from contrasting environments to identify habitat-specific 
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clades. The temporal and spatial distribution of the defined clades was assessed by comparing 

them with two large-scale Illumina amplicon 16S rRNA gene tags (16S iTags) datasets from 

the North-western Mediterranean Sea. Representative sequences of Operational Taxonomic 

Units (OTUs)  defined at 99% identity were included by parsimony into our pre-existent 

phylogenetic tree. Clustering based on the temporal and spatial distribution patterns of the 

Bacteroidetes clades allowed defining ESTUs (i.e. subgroups within clades that co-occur in 

the field), which could be further associated with specific environmental parameters. 

 

Material and Methods 

Sample Collection and DNA extraction 

Bacterioplankton was collected from seawater samples taken with two different sampling 

strategies. Firstly, surface water samples were taken at the Blanes Bay Microbial Observatory 

(BBMO, 41°40’N, 2°48’E; Gasol et al. 2016) during a two-year seasonal study (from 

September 2006 to September 2008). Secondly, we compared this coastal location at the 

surface with a deep sample (2,000 m depth) obtained from an offshore location 111 km away. 

Both samples were taken aboard the RV ‘García del Cid’ during the ‘Modivus’ cruise 

(September 20
th

 to 23
rd

, 2007). About 8-10 L of seawater were in situ prefiltered through a 

200 μm-mesh, and sequentially filtered through a 20 μm-mesh, GF/A or polycarbonate 3 μm 

prefilters (Whatman), and 0.22 μm Sterivex filters (Durapore, Millipore) using a peristaltic 

pump. The 0.22 μm filters, were saturated with 1.8 ml lysis buffer (50 mM Tris- HCl, 40 mM 

EDTA, 0.75 M sucrose, pH 8.0), flash-frozen in liquid N2, and kept at -80 °C until extraction. 

Microbial cells were lysed with lysozyme, proteinase K and sodium dodecyl sulfate, and the 

nucleic acids extracted with phenol and concentrated in an Amicon Ultracentrifugal Unit 

(Millipore), as described in Massana et al. (1997). 
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Bacteroidetes-specific DNA amplification 

In a previous study using denaturing gradient gel electrophoresis (DGGE) fingerprinting, we 

demonstrated that the Bacteroidetes community structure at the BBMO displayed a marked 

seasonality with two distinct assemblages: one in Summer-Fall, and one in Winter-Spring 

(Díez-Vives et al. 2013). We built a Bacteroidetes-specific clone library for each of these 

seasonal communities, using pooled monthly samples from the corresponding periods taken 

along the 2-year study:  eight samples in the Winter-Spring library ‘WS’ and twelve in the 

Summer-Fall library ‘SF’ (see Table S1 for details). For the comparison between depths, the 

libraries were constructed using DNA from two individual samples (surface and 2,000 m 

depth), referred to as the Surface community ‘S’ and the Deep community ‘D’. Note that 

these libraries were obtained from samples taken at the end of summer.  

DNA amplification was carried out with a forward primer on the 16S rRNA gene and a 

reverse primer on the 23S rRNA. The primers were specific to the Bacteroidetes phylum 

(Table S2), CF319aF (Manz et al. 1996) and CF434R (5’ CACTATCGGTCTCTCAGG 3’). 

The latter is a primer designed on the 23S rRNA gene to overcome some cross amplification 

issues of the forward primer (Díez-Vives et al. 2012). Conventional PCR was modified with 

a reconditioning PCR to minimize the occurrence of heteroduplex amplicons as described in 

Acinas et al. (2005). Details on the primer election and PCR conditions can be found in the 

Methods S1 section of the supplementary material. 

 

Generation of clone libraries and sequencing 

The clone libraries were constructed using the Topo TA cloning system (Invitrogen) 

following the manufacturer’s instructions. Clones containing inserts of the expected size were 

selected from each library and Sanger-sequenced with three primers: CF319aF (Manz et al. 

1996), 968F (Chen et al. 2006) and 1492F (Lane 1991). Visual inspection of the 
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electropherograms was conducted, and high quality sequences were assembled using the 

software Geneious Pro (http://www.geneious.com). Chimeric sequences were identified using 

the software Mallard (Ashelford et al. 2006), and removed before further downstream 

analyses. The end of the small subunit rRNA gene was identified based on alignments with 

some representative Bacteroidetes sequences from the SILVA123 database.  Trimmed 

sequences had a total length of 1062 - 1074 bp. These gene sequences were deposited in 

GenBank under accession numbers KP887163 - KP887808. 

 

Classification and alignment of 16S rRNA sequences 

The ribosomal small subunit sequence dataset was used to query against the GenBank 

database, National Centre for Biotechnology Information (Benson et al. 2013) using BLAST 

(Altschul et al. 1990) to determine their closest relatives. Sequences were further classified 

with the SINA classifier (Pruesse et al. 2012) using both SILVA (Quast et al. 2013) and RDP 

(Ribosomal Database Project) taxonomies, with a cut off of 0.95 for the classification. 

Alignment of the small subunit dataset was performed in the SINA web alignment tool 

(Pruesse et al. 2012) and imported into the ARB software v5.1 (Ludwig et al. 2004). The 

alignment was manually refined according to secondary structure criteria.  

 

Clone library descriptors 

Operational Taxonomic Units (OTUs) were defined at 99% sequence similarity cut-off, for 

the near full 16S rRNA gene, using the furthest neighbour algorithm (complete clustering) 

within the software package Mothur (Schloss et al. 2009). Cluster similarity curves (unique 

sequence clusters represented as a function of sequence similarity), accumulation curves 

(number of OTUs as a function of number of sequences sampled), Good’s coverage (Good 

1953), Chao-1 estimator of species richness (Chao et al. 2009) and the Shannon diversity 
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index (Hill 1973) were generated for each of the four libraries. The Jaccard index (Jaccard 

1901) was calculated to detect similarities among libraries.  

 

Identification of ‘clades and habitats’ using AdaptML 

A reference phylogenetic tree was built with the near full-length 16S rRNA sequences. The 

evolutionary model AdaptML (Hunt et al. 2008) was used to identify putative clades (named 

‘populations’ in that software) based on the phylogenetic information and ecological data 

associated with each branch (i.e. season and depth). AdaptML identifies ecological 

populations based on associated environmental categories without a predetermined genetic 

similarity cut off and without knowledge of existing species, and offers a better approach 

than simplistic OTU clustering. It is a maximum likelihood method that employs a hidden 

Markov model to learn ‘projected habitats’ (distribution patterns among environmental 

categories) and ecologically cohesive ‘populations’ (groups of related strains sharing the 

same projected habitat). To define our environmental categories, we combined the temporal 

(Summer-Fall ‘SF’ or Winter-Spring ‘WS’) and spatial (Surface ‘S’ or Deep ‘D’) categories. 

In this case, S and D were both sampled in September (Table S1) and hence were considered 

SF sequences, while WS and SF were sampled at 5 m and thus were tagged as S sequences. 

The phylogenetic tree of the small subunit rRNA gene was generated using PhyML v.3.0 

with 100 bootstraps (Guindon et al. 2010). All parameters for AdaptML were kept at default 

values except rand=20 and the model threshold value that was set at 0.05. Model predictions 

and ecological data for the sequences were visualized using the interactive Tree of Life web 

application (iTol; Letunic & Bork 2011). 
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Generation of high-throughput sequencing (HTS) data 

To add distribution and ecological context to these clades, we included the relative 

abundance of OTUs (defined at 99% cut-off) from two different 16S rRNA gene Illumina-

Tag (16S iTags) sequencing datasets from the North-western Mediterranean Sea. These were 

generated from water samples collected either during the trans‐Mediterranean cruise 

HOTMIX aboard the R/V Sarmiento de Gamboa in spring 2014 (April 27
th

 to May 29
th

, 

2014; Table S3) or from surface waters in a time-series station sampled monthly at the 

BBMO from September 2006 to December 2011 (Table S4), which overlaps with the 2 years 

of samples used in the Bacteroidetes clone library construction (Table S1). Details of the 

DNA extraction, amplification and sequencing can be found in the Methods S2 of the 

supplementary material. Briefly, the V4-V5 region of the 16S rRNA gene was amplified for 

the HOTMIX samples, and the V3-V4 region was amplified for the BBMO series. Sequences 

were clustered into OTUs at 99% cut-off, and were taxonomically annotated using BLASTN 

against the SILVA123 database as reference.  

 

The HOTMIX dataset covers the whole Mediterranean Sea, yet for this study we considered 

the samples from the NW region only (65 samples from 9 locations), including 14,421 OTUs 

defined at 99% identity. The Blanes Bay dataset included 33,005 OTUs defined at 99% 

identity (64 samples from 5 years monthly sampling). Our clone library sequences were used 

to recruit OTUs with >99% similarity by BLASTN v.2.6.0 using default parameters. The 

candidate OTUs were then included in our 16S rRNA gene tree by Parsimony using ARB. 

Only sequences that were located within the limits of our predefined clades were kept. 

Bacteroidetes sequences from both HTS datasets have been submitted to the Genbank 

Sequence Read Archive under Bioproject ID PRJNA495818. 
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Defining Ecologically Significant Units (ESTUs) 

ESTUs were determined by clustering recruited OTUs from both amplicon 16S rRNA gene 

iTags datasets within each clade, based on relative abundances using model-based clustering 

methods implemented in the MCLUST package (Scrucca et al. 2016) within R (R Core Team 

2015). Heatmaps were used to visualize the relative abundances of OTUs clustered into each 

ESTU, and to validate the associations, i.e. OTUs with similar distribution patterns were 

clustered together. The relative abundance of each OTU belonging to a cluster was summed 

up to represent the ESTU abundance. 

 

The relative contribution of each ESTUs to the Bacteroidetes population was then calculated 

for each sample. Stacked barplots were used to visualize ESTUs. These ESTU profiles were 

compared using the Bray-Curtis similarity coefficient and clustered into groups by similarity 

using SIMPROF with an alpha level of 5% and 999 permutations (Somerfield & Clarke, 

2013). The resulting groups were termed ‘Environmental Groups’ (EG), as they responded 

similarly to the environmental factors studied. PCoA ordination was used to visualize sample 

clustering, with environmental parameters overlaid on the ordination using distance based 

linear modelling. A generalised additive model (GAM) was further used to fit either 

temperature or depth contour lines to ordinations. Ordinations, overlaying of environmental 

parameters, and covariates were conducted using the R package ‘vegan’ (Oksanen et al. 

2018). 

 

The environmental parameters to which these data were compared included nutrients, 

chlorophyll a, salinity, organic carbon concentration, and temperature in the Blanes Bay 

Microbial Observatory and the methods used to obtain these variables are detailed in 
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Romera-Castillo et al. (2013) and Gasol et al. (2016). The environmental variables collected 

during the HOTMIX cruise are described in Martínez-Pérez et al. (2017a, 2017b). 

 

Results 

Diversity of Bacteroidetes using environmental clone libraries  

The four libraries were sequenced with a similar effort (around 180 sequences each) using 

three overlapping primers to obtain almost complete 16S rRNA gene sequences. A total of 

701 sequences were obtained, of which 55 were flagged as putative chimeras, resulting in a 

final dataset of 646 sequences. Chimeric sequences were found particularly abundant in the 

WS (34 out of a total of 55) and, as a consequence, this curated library contained a lower 

number of sequences (Table S5).  

 

Cluster similarity curves of the 16S rRNA gene showed a drastic decrease in the number of 

distinct OTU clusters from 100 to 99% sequence similarity (Fig. S1A) suggesting significant 

sequence diversity within only 1% divergence (~ 10 nt). Likewise, accumulation curves 

approached asymptotes by 99% OTU definition in all libraries (Fig. S1B). The S library had 

the lowest number of OTUs at 99% cluster similarity (27; Table S5) compared with the other 

three libraries, which had relatively similar number of OTUs (41 – 46, Table S5). Good’s 

coverage ranged from 80 to 94% among the libraries (Table S5) and indicated that, at 99% 

similarity clustering, the libraries provided a relatively reliable inventory of the Bacteroidetes 

ribosomal operons present in BBMO given the method used. The Chao-1 estimator of 

richness revealed that the SF library contained the largest number of predicted OTUs (78.1), 

followed by the WS library (71), the D library (65.5) and S library (40.7). However, the D 

library was the most diverse (Shannon = 3.11) given the evenness in abundance of the OTUs 

within this sample (Table S5). The S and SF libraries were the most similar ones, sharing 
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36% of OTUs, followed by the SF and WS libraries with 19% similarity shared between 

them. The D library had the least similarity (7.2, 9.6 and 10.3 %) with the other libraries 

(Table S6). 

  

Taxonomic diversity and habitat-specific clades within the phylum Bacteroidetes  

The 16S rRNA gene sequences obtained in this study presented 87-100% sequence similarity 

to their closest BLAST hit (including uncultured/environmental sequences, Table S7). 

Classification of the sequences by SINA and RDP sorted them into the Flavobacteriia (602 

sequences), Sphingobacteriia (28 sequences), Cytophagia (7 sequences) and Bacteroidia (6 

sequences) classes. Within the class Flavobacteriia, 59 sequences belonged to the family 

Cryomorphaceae and 543 sequences to the family Flavobacteriaceae (Table S7). Within the 

latter, the majority of sequences belonged to uncultured marine clusters NS2b, NS4, NS5, 

and NS7 (as defined by Alonso et al. 2007), but several phylotypes belonged to clusters that 

contained cultured organisms of the genera Fluviicola, Owenweeksia, Winogradskiella, 

Formosa, Leeuwenhoekiella, Muricauda, Zunongwangia, or Polaribacter (Table S7). Some 

sequences were not classified further than to family level by any of the classifier tools used, 

and they are here referred to as ‘Unclassified’. Interestingly, genera with cultured organisms 

were overrepresented in deep environments (55% of the clone sequences), and represented a 

smaller fraction among the surface environments (12% of the clone sequences). 

 

Using the phylogenetic tree based on all 16S rRNA gene sequences and the associated 

environmental categories, AdaptML identified 3 non-redundant ‘habitats’ (HA, HB, HC; Fig. 

1). Habitat HA was dominated by sequences from surface environments during summer; 

habitat HB indicated a preference for deep waters, and habitat HC included winter specific 

communities in surface waters. It should be noted that we did not sample the combination of 
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winter and deep. The algorithm identified 24 clades, most of which presented a remarkable 

preference for one of the specific habitats (e.g. clades C4 and C12 associated to HC included 

only Winter-Spring sequences in surface, C5-C8 from HB presented only Summer-Fall 

sequences in deep waters).  Only a few clades were more broadly distributed across different 

environments (e.g. C17, C21 and C22 associated to HC consisted of a mix of SF and WS 

sequences mainly in shallow water; Fig. 1B). 

 

Using the distribution of Bacteroidetes clades to define ESTUs 

In order to infer Ecologically Significant Units (ESTUs), we analysed the distribution 

patterns of the Bacteroidetes clades previously delineated, using counts of OTUs (at the 99% 

identity) obtained from two amplicons 16S rRNA gene iTags datasets from the North-

western Mediterranean Sea (see Material and Methods). In the temporal dataset (BBMO), 

318 OTUs were recovered with >99% similarity to our clones from all Bacteroidetes OTUs 

(1,380 in the dataset), which corresponded to 42% of the total Bacteroidetes sequences. From 

these, 183 OTUs (20.6% of sequences) could be placed within the limits of our predefined 

clades in the 16S rRNA phylogenetic tree (Table S8). This was a stringent step that left half 

of the OTUs outside of the branch limits, but it was done to ensure that the OTUs were 

confidently related to the previous Bacteroidetes clades. As expected, clone sequences related 

to deep environments did not match many OTUs from the temporal scale study (C5, C6, C7, 

C8, C11, C18 and C20 included 0 to 3 OTUs, Table S8). Abundance and distribution could 

not be assessed for clades that did not include any OTU from the BBMO high-throughput 

sequencing dataset (i.e. six clades). Clades displaying more than one coherent OTU cluster 

with distinct distribution patterns, likely occupying different ecological niches, were split into 

independent ESTUs (Fig. S2A, Table S8). For instance, clades C16, C21 and C22 were 

divided into 4 ESTUs each (named A to D), C17 into 3 ESTUs, and C2, C3, C9 and C24 into 
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2 ESTUs each, based on clustering of their abundances per sample. Clades displaying a 

homogenous distribution pattern for all OTUs were not split but letter A was still added for 

consistency (Table S8).  

 

In the spatial dataset (HOTMIX), 219 OTUs were recovered with > 99% similarity to our 

clones, from the 1,978 OTUs classified as Bacteroidetes in the dataset. The sequences 

included in those OTUs represented 32.6% of all Bacteroidetes sequences. From these, 147 

OTUs (18.2% of Bacteroidetes sequences) were confidently placed within our predefined 

clades in the phylogenetic tree. In this case, only two clades did not include any OTUs (C4 

assigned to WS community, and C5 to SF community), likely because we also included 

bathypelagic samples. Similarly, some clades had homogenous distributions of OTUs and 

were maintained as one ESTU. Others were split into 2 ESTUs each (i.e. C16 and C24), or 3 

ESTUs (i.e. C7, C15, C17 and C23; Fig. S2B and Table S8). Thus, although our previous 

phylogenetic analysis divided Bacteroidetes clusters in several clades, which were based on 

sampling origin (i.e. seasonal and spatial), the inclusion of relative abundance values for 

these clades indicates that these ESTUs provide a finer estimate of Bacteroidetes ecologically 

meaningful diversity. Interestingly, when recruiting OTUs from the two 16S rRNA gene 

iTags using our clone sequences, we observed that these matched OTUs covered a wide 

range of relative abundances, from abundant to rare ones (see Fig. S3).       

 

Temporal distribution patterns of Bacteroidetes ESTUs  

The relative abundances of the identified ESTUs (with respect to the Bacteroidetes 

community) were examined for each monthly sample. Differential distribution of the ESTUs 

revealed five Environmental temporal Groups clustered by similarity (EtG; Fig. 2A). 

Environmental groups including single samples were not considered. The largest group 
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(EtG4) included 25 samples mostly from winter-spring samples (Fig. 2A-B). The distribution 

patterns of the bacterial assemblages within EtG4 seemed to be mainly driven by temperature, 

the concentration of Chl a, NO3
-
 and Si, as indicated by the principal coordinate analyses 

(PCoA) (Fig. 2C). EtG5 formed by summer-fall samples, included assemblages mostly 

correlated to temperature and DOC concentration, whereas EtG1, EtG2 and EtG3 included 

samples from the transition period from late spring to early summer, particularly from April, 

May and June of several years (Fig. 2B).  

 

Looking at the individual distribution of ESTUs (Fig. 2A), in the transition from EtG5 to 

EtG4 many ESTUs varied their abundances. The largest change occurred for ESTU 14A 

(belonging to the NS4 marine group), whose abundance increased notably. This ESTU 14A 

was positively correlated with Chl a concentration, salinity, NO2
-
 and NO3

-
 concentrations, 

and negatively with DOC concentration and temperature (Fig. 3A). However, ESTU 15A 

(also within the NS4 marine group) was already present in the previous months and did not 

show relevant abundance changes. ESTU 14A remained abundant in the next months (EtG 3) 

but ESTU 15A decreased to undetectable limits in certain months. Within the NS5 marine 

group, ESTUs 16A-D abundances decreased notably, but ESTUs 17A abundance increased. 

While ESTUs 16A-D were positively correlated with temperature and DOC concentration, 

and negatively with the concentration of Chl a, NO2
-
, and NO3

-
, the ESTU 17 A and C 

showed an opposite pattern (Fig S4A). Finally, within the NS2 marine group we observed an 

increase in ESTUs 22D and 24A-B, but a decrease in ESTU 22C, which became undetectable 

after winter. Clade 24 seemed to be a branch of the NS2 marine group dominant in 

mesopelagic waters (see below), and probably reached the surface at detectable levels during 

the winter mix. 
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Another drastic change in the Bacteroidetes communities occurred from EtG 4 to EtG 3 

(roughly from March to April). In this case, the largest change involved Clade 21 (assigned to 

Formosa), which bloomed in March and contributed up to 47% of the Bacteroidetes 

community in EtG3, with ESTUs 21B and D showing higher abundances than 21A and C. 

The seven ESTUs forming the NS2 marine group, that were in general abundant over EtG4 

and EtG5, decreased radically in numbers in EtG3. Clade 16 (of the NS5 marine group),  

after a decrease in the EtG4, showed a new increase in abundance for ESTU 16C. The other 

ESTUs belonging to this NS5 marine group, increased later on in EtG 2 when Formosa-

related ESTUs dropped in abundance.  

 

Spatial distribution patterns of Bacteroidetes ESTUs 

Similarly, the spatial samples could be grouped in 7 Environmental spatial Groups (excluding 

groups with single samples) based on the distribution of the identified ESTUs (clustered by 

similarity, Fig. 4A). Environmental spatial Groups EsG1 and EsG2 included deep-water 

samples (Fig. 4A-B) that were correlated with high salinities and nutrient concentrations (Fig. 

4C). EsG3 included mesopelagic samples, and EsG from 4 to 7 represented surface and DCM 

samples, linked to higher pH, O2, and TOC. Samples from shallow waters were overall more 

similar to each other than any of the deep-water samples, as indicated by the short distance 

among them in the PCoA plot (Fig. 4C).  

 

Distribution of individual ESTUs was characterized by the dominance of Owenweeksia-

related ESTUs in deep-water samples, mostly ESTU 7C, followed by ESTUs 7A and 7B. 

Other ESTUs that were abundant and specific of deep waters were ESTUs 8A (unclassified 

Cryomorphaceae), ESTU 13A (Leeuwenhoekiella-related), ESTU 18A (a deep water branch 

of the NS5 marine group) and ESTU 19A (Muricauda-related). In mesopelagic samples, 
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ESTUs 7A-C was still abundant but ESTUs 24A-B became predominant (from a deep water 

branch of NS2b marine group). This ESTU 24B was positively correlated with depth and 

other factors such as salinity and nutrients, and negatively correlated with oxygen, pH, 

temperature, and TOC (Fig. 3B). For shallower waters, the assemblages were dominated by 

different ESTUs related to NS5 marine clade (i.e. ESTUs 16A-B and 17A-C), NS4 marine 

group (ESTUs 15A-C and 14A), followed by ESTUs 23A-C (NS2 marine group), and ESTU 

21A (Formosa-related). All these ESTUs presented opposite correlations than those of the 

deep-water ESTUs (Fig. 3B). 

 

Discussion 

Our results indicate that Bacteroidetes clades can be divided into ecologically distinct units 

based on their phylogeny and also in their relative abundance in different environments. The 

ecological partition of Bacteroidetes clades has been poorly explored in comparison to other 

bacterial groups (e.g. Cyanobacteria) despite being one of the most abundant groups in the 

ocean and playing key functions in global carbon biogeochemical cycling.  In this work, we 

performed a comprehensive study to increase the knowledge of marine Bacteroidetes 

bringing novel insights into the ecology of this group. 

 

To characterise the fine-scale phylogenetic diversity of Bacteroidetes, a high quality 

reference tree was constructed from clone libraries including near full-length 16S rRNA gene 

sequences, in order to identify consistently supported clades. Phylogenetic trees that are 

constructed from short marker gene sequences, such as those from next-generation 

sequencing technologies typically lack resolution and struggle to confidently detect fine-scale 

community architectures (Acinas et al. 2004a; Singer et al. 2016) 
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Some mandatory methodological considerations in any study relying on the rRNA operon 

include the definition of the threshold for species discrimination, and the coexistence of non-

identical rrn operons within a genome (Crosby & Criddle 2003). Comparative genomics of 

prokaryotic isolates suggested an average nucleotide identity (ANI) threshold range of 94-

96% for species demarcation (Richter & Rosselló-Móra, 2009).  These values corresponded 

to 98.2 - 99% of 16S rRNA sequence similarity (Kim et al. 2014). Therefore, the cut-off of 

99% 16S rRNA sequence similarity used for OTU delineation in this work is appropriate for 

comparative purposes with other microbial ecology studies. Moreover, two thirds of the 

sequences grouped above the 99% sequence similarity, indicating a high microdiversity 

within Bacteroidetes species. Microdiversity clusters are commonly observed in 

bacterioplankton phylogenies, and it has been suggested that may be meaningful units of 

differentiation (Acinas et al. 2004a). On the other hand, multiple non-identical rRNA operons 

represent a source of systematic error in community analysis (Crosby & Criddle 2003). 

Bacterial genomes usually contain from 1 to 15 operons, but ca. 40% have either only one or 

two (Acinas et al. 2004b; Espejo & Plaza 2018). Although microheterogeneity between 

paralogous 16S rRNA genes is relatively common, the degree of sequence divergence in 

bacteria is rather low, with the vast majority showing < 1% nucleotide differences (Acinas et 

al. 2004a; Pei et al. 2010). It can be assumed that intra–genomic 16S rRNA gene 

heterogeneity has generally a relatively small impact on species delineation and inference of 

evolutionary histories in bacteria (e.g. Coenye & Vandamme, 2003; Engene & Gerwick, 

2011).  

 

Saturated clone library accumulation curves indicated that all libraries reached their diversity 

plateau, suggesting sufficient sequencing depth with this approach. The SF (Summer-Fall) 

library presented the largest richness for Bacteroidetes populations, in contrast with the 
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common trend of whole bacterial communities, which show diversity peaks in winter  

(Gilbert et al. 2012). However, the deep library contained more diversity than the surface 

libraries, in agreement with previous observations for marine bacterioplankton communities 

(Pommier et al., 2010; Sunagawa et al. 2015). 

 

Delineation of ecologically distinct populations, based on different gene-based phylogenies, 

has been successfully applied using the AdaptML algorithm with both bacterial isolates and 

uncultured groups (Connor et al. 2010; Biller et al. 2012; Szabo et al. 2013; Shepheard et al. 

2013; Chimetto Tonon et al. 2015). In our study, the model identified three non-redundant 

‘habitats’ and 24 ecological clades associated with these habitats. The clades were clearly 

segregated by depth but showed some mixing between seasons. Most marine Bacteroidetes 

sequences retrieved in this study represent uncultured clusters (76% of clone sequences) for 

which physiological information is lacking, and thus the environmental preferences of the 

clades described here are difficult to determine. Nonetheless, the use of Bacteroidetes OTU 

counts based on Illumina 16S rRNA gene iTags associated with our clades helped to 

understand some of the group distribution and their relation with environmental parameters.  

 

The Bacteroidetes assemblages from deep waters were substantially different from those of 

surface samples. In the spatial transect there was almost no overlap among ESTUs at 

different depths (the water was well stratified in the HOTMIX cruise; Martínez-Pérez et al. 

2017b). The notable occurrence of depth-specific clades had previously been suggested for 

Bacteroidetes using the 16S rRNA gene in DGGE studies (Blümel et al. 2007; Díez-Vives et 

al. 2013). A plausible hypothesis for such niche partitioning is that depth-specific clusters 

could be related to different types of organic matter, which typically change through depth 

gradients (Santinelli et al. 2002; Hedges 2002; Benner 2002). Recent findings of a clear 
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depth stratification of Favobacteria in the water column were revealed by the relative 

abundance of TonB-dependent transporters (TBDTs), which play a role in high-molecular 

weight organic matter uptake (Bergauer et al. 2017). In fact, the use of complex 

macromolecules varies among cultured genera of the class Flavobacteriia (Bernadet & 

Nakagawa, 2006), and genomic data also point to specialization of distinct flavobacterial 

clades for degradation of different polysaccharides and proteins (Bauer et al. 2006; Gómez-

Pereira et al., 2012; Fernández-Gómez et al., 2013; Bennke et al. 2016). This specialization 

is in tune with our findings on the large marine clade NS2b, which despite seeming generalist 

as a whole, is likely constituted by a complex suite of specialists adapted to narrower niches. 

This marine clade NS2b was first described from coastal North Sea surface waters (Alonso et 

al. 2007), and ribotypes related to this group appeared in all our libraries. A first phylogenetic 

approximation distinguished three clades with different depth distributions, and further 

analyses of abundance distribution within these clades confirmed the presence of ESTUs with 

different niche preferences, not only related with depth but also with season. 

 

 

Seasonally, Bacteroidetes presented multi-annual dynamic of recurring clusters, similarly to 

temporal patterns found in other bacterial phyla  (Vergin et al. 2013, Restrepo-Ortiz et al. 

2013). Specifically, five periods with fairly stable ESTU assemblages were identified (EtGs). 

The two longest stable periods occurred from July to October (EtG 5) and from November to 

April (EtG 4), with a notable transition from October to November. Likewise, drastic changes 

occurred from March to April. Groups that increased their abundance along this transition 

included Formosa-related and the NS5 marine group, while ESTUs related to NS2b and NS4 

marine groups decreased considerably. Previous studies have shown that flavobacterial 

phylotypes are one of the dominant groups responding to phytoplankton blooms (Teeling, et 
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al. 2012 and 2016, Buchan et al. 2014). This response consists of a succession of particular 

clades, namely Ulvibacter spp., Tenacibaculum, Formosa, Polaribacter spp., NS9, NS4, NS5, 

NS3a marine clades, and others, related to the progressive consumption of the algal-derived 

organic matter, and the gene repertories that allow the uptake and use of specific biopolymers 

during and after the bloom (Teeling et al. 2016, Unfried et al. 2018). We also detected a 

similar increase of Formosa-related and NS5 marine clade members after the chlorophyll 

peak in March. More importantly, we showed that these groups are not homogeneous but 

contain recognizable ‘Units’ (ESTUs) that respond differently to environmental conditions. 

Although we do not have information on the functional gene content of these Units, they 

most likely display distinct gene repertories driving their adaptation to available substrates. 

We further observed that other temporal-specific ESTUs seemed to specialize in response to 

particularly changing environmental conditions (e.g. temperature, inorganic nutrients). It 

would be interesting to further investigate the temporal variability of Bacteroidetes in deep 

environments in the light of the observations presented here. 

 

In conclusion, using fine-scale phylogenies we have successfully outlined the extent of 

diversity and structure of marine Bacteroidetes. The examination of the specific distribution 

of phylogenetic clades supported their spatial and temporal niche partitioning, and hence their 

identification as ecologically significant taxonomic units (ESTUs). A number of ESTUs, 

from both surface and deep water samples, were taxonomically associated to genera 

including bacterial isolates, however the most abundant ESTUs could not be related to 

previously isolated taxa preventing their phenotypic description. Despite that, we could 

identify some physico-chemical variables that could be acting as drivers, shaping the 

distribution and evolution of the various subgroups of this abundant group of heterotrophic 

bacteria.  
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Tables and Figures 
 

Figure 1. Season and depth distributions of Bacteroidetes sequences with habitat predictions 

mapped onto the phylogeny inferred by maximum likelihood analysis of 16S rRNA gene 

sequences. (A) Phylogenetic tree of all Bacteroidetes sequences; outer capital letters 

correspond to their taxonomy (see Table S7): FF = family Flavobacteriaceae (within class 

Flavobacteriia), FC = family Cryomorphaceae (within class Flavobacteriia), S = class 

Sphingobacteriia, C = class Cytophagia, B = class Bacteroidia. Clusters at the genus level 

are indicated by lowercase letters: a) Reichenbachiella and Roseivirga; b) Chitinophaga; c) 

NS11-12 marine group and Unclassified 1; d) Marinilabiaceae and Unclassified 2; e) 

Owenweeksia; f) Unclassified 3; g) NS7 marine group and Unclassified 4; h) Unclassified 5; 

i) Crocimitomix and Unclassified 6; j) Fluviicola; k) Zunongwangia, Salegentibacter, 

Salinimicrobium and Croceibacter; l) Leeuwenhoekiella; m) Marixanthomonas, Ulvibacter, 

Kordia and Unclassified 7; n) Polaribacter-Tenacibaculum; o) Myroides and 

Flavobacterium; p) NS4 marine group; q) NS5 marine group; t) Muricauda; r) Sedimibacter; 

s) Croceitalea; t) Unclassified 8; u) Mesoflavibacter; u) Psychroserpens; v) Winogradskyella; 

w) Formosa; x) NS2b marine group. Surrounding colored rings indicate the origin of each 

sequence: season (inner ring) and depth (outer ring). The codes C1 to C24 correspond to the 

different ecological clades predicted by AdaptML, and the color shading of these clusters 

refer to one of the 3 habitats predicted (HA, HB and HC, see Fig 1C) (B) Ultrametric tree 

summarizing habitat-associated units identified by the model and the distribution of each unit 

among seasons and depths. The clade numbers (C1-C24) match the clusters within the 

phylogenetic tree. (C) Three predicted habitats with distributions of seasons and depths 

inferred by the model. The habitat legend matches the colored circles used in sections A and 

B of the figure. To account for effects of uneven sampling, distributions were normalized by 

the total number of counts from each environmental category.  

 

 

Figure 2. Temporal distribution of Bacteroidetes ESTUs in the Blanes Bay Microbial 

Observatory. (A) Histogram of the relative abundance of each ESTUs in the monthly samples 

sorted by similarity. Environmental Group numbers are indicated with vertical bars on the 

left. Clusters of single samples were not described as environmental groups (grey bars) (B) 

Distribution of samples, color-coded by their Environmental Group as in A, over a 5-year 

period in the BBMO. (C) PCoA analysis of samples according to Bray-Curtis distance 

between Bacteroidetes assemblages, with fitted statistically significant (adjusted P value < 

0.05) physico-chemical parameters. Samples are color-coded as in panel A and clusters are 

gathered by a background shade of the same color. 

 

 

Figure 3. Heatmap showing the correlation analysis between ESTUs and various 

environmental parameters. (A) Bacteroidetes ESTUs at a temporal scale during 5 years. (B) 

Bacteroidetes ESTUs at a spatial scale over eight Western Mediterranean stations and with 

depth. The scale shows the degree of positive correlation (blue) or negative correlation (red) 

between the two sets of data. Crossing lines indicate correlations with an adjusted P value > 

0.05.  
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Figure 4. Spatial distribution of Bacteroidetes ESTUs across the Western Mediterranean Sea. 

(A) Histogram of the relative abundance of each ESTUs in the spatial samples sorted by 

similarity. Environmental Groups Numbers are indicated with vertical bars on the left. 

Clusters of single samples were not described as environmental groups (grey bars) (B) 

Distribution of samples, color-coded by their Environmental Group as in A, for the cruise 

HOTMIX. Samples from the cruise Modivus are colored in black and are indicated by ‘S’ for 

the Surface library sampling point, and ‘D’ for the Deep library sampling point. (C) PCoA 

analysis of samples according to Bray-Curtis distance between Bacteroidetes assemblages, 

with fitted statistically significant (adjusted P value < 0.05) physico-chemical parameters. 

Samples are color-coded as in panel A and clusters are gathered by a background shade of the 

same color. 

 

 

Supporting Information 
 

Additional Supporting Information may be found in the online version of this article. 
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