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Summary
Nitrogen-fixing cyanobacteria in the genus Trichodesmium play a critical role in the productivity of the
tropical and subtropical oligotrophic oceans. The ecological success of these populations is likely associated
with the diverse microbial interactions occurring within
the Trichodesmium holobiont, especially between Trichodesmium and heterotrophic bacterial epibionts. Yet,
the composition of the Trichodesmium holobiont and
the processes governing microbial assemblage are not
well documented. Here, we used high-resolution 16S
rDNA amplicon sequencing to examine the diversity of
Trichodesmium and associated epibionts across different ocean regions and colony morphologies (puffs and
rafts). Trichodesmium Clade I (i.e., T. thiebautii-like)
dominated the colonies in all ocean basins regardless
of morphology, although the Trichodesmium community
structure significantly varied between morphologies in
some regions. On average, Alphaproteobacteria (i.e.,
Thalassobius), Gammaproteobacteria (i.e., Pseudoalteromonas), Sphingobacteria (i.e., Microscilla and Vibrio)
and Flavobacteria dominated the epibiont communities,
but community composition and structure significantly
differed between regions. Epibionts from the two colony
morphologies were taxonomically and functionally distinct in the North Atlantic and North Pacific. These
findings suggest that the colony types might define two
distinct niches and that epibiont assemblage might be
driven in part by selective processes, where epibionts
are selected according to their influence on colony
metabolism.
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Introduction
Diazotrophs like Trichodesmium sp. play a keystone ecological role in the ecosystems where they occur by serving
as a source of newly fixed nitrogen in oligotrophic systems
(Letelier and Karl, 1996; Capone et al., 1997; Goebel
et al., 2007; Luo et al., 2012; Van Mooy et al., 2015). Trichodesmium is found as filaments, which often form
colonies that can have two main morphologies, termed
puffs and rafts (Hynes et al., 2012). The genus Trichodesmium comprises six different species and analyses of the
16S and the heterocyst differentiation genes have grouped
them in four different clades, with Clade I and Clade III representing the majority of Trichodesmium field populations
(Hynes et al., 2012; Rouco et al., 2014). Clade I includes
T. thiebautii, T. tenue, T. hildebrandtii and T. spiralis and
Clade III includes T. erythraeum and T. contortum (Hynes
et al., 2012). Many studies have focused on the identification and classification of Trichodesmium sp. in the
laboratory and the field (Rippka et al., 1979; Anagnostidis
rek, 1988; Zehr, 1995; Orcutt et al., 2002;
and Koma
Lundgren et al., 2005; Hewson et al., 2009; Hmelo et al.,
2012; Hynes et al., 2012) but have not focused on the distribution of the different Trichodesmium clades within the
main colony morphotypes in the field.
Within the colony, Trichodesmium are only a member of a
complex holobiont, a host-microbiome system, where Trichodesmium filaments host high concentrations of tightly
attached heterotrophic bacterial epibionts (Herbst and Overbeck, 1978; Paerl et al., 1989; Zehr, 1995; Dyhrman et al.,
2002; Hewson et al., 2009). In addition, other cyanobacteria
have been observed in association with Trichodesmium colonies (Hewson et al., 2009; Hynes et al., 2009; Hmelo et al.,
2012; Momper et al., 2015). Studies have suggested that
the metabolism of Trichodesmium and heterotrophic bacterial epibionts is tightly interconnected and that epibionts might
play an important role in the cycling of iron and phosphorus
within the colony (Achilles et al., 2003; Roe et al., 2012; Van
Mooy et al., 2012), with concomitant impacts on ocean biogeochemistry. The nature of these associations, and their
impact on Trichodesmium physiological ecology and biogeochemical rate processes in the colony, is still not well
understood. In addition, the microbial diversity and community structure of the epibionts across environmental
gradients, or whether puffs and rafts represent distinct habitats or niches, is not known.
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Fig. 1. Relative abundance of
Trichodesmium clade I, III and
IV rDNA 16S sequences.
a. Averaged relative abundance
as a function of ocean basin
and colony morphology. Error
bars represent the standard
error of the mean. p-values
resulting from within ocean
Permanova analyses on Bray–
Curtis dissimilarity matrices are
shown on top of the graph.
b. Heatmap of the inter-sample
variability during each cruise.
NAtl (North Atlantic), NPac
(North Pacific), SPac (South
Pacific).

In general, similar processes to those influencing bdiversity (variation in community composition across landscape) in macroscopic communities can also shape
microbial community assemblages and microbial consortia
composition (Hanson et al., 2012; Nemergut et al., 2013;
Morris and Hmelo, 2014). If neutral processes govern, biodiversity would arise at random, with organisms at the same
trophic level roughly equivalent with respect to fitness within
an environment (Hubbell, 2001). In such cases, Trichodesmium colonization might result from random habitat
discovery by members of the metacommunity, dependent
on dispersal rate and habitat affinity (Morris and Hmelo,
2014). In addition, b-diversity could be driven by neutral processes of speciation and drift events due to dispersal
limitation (Bell, 2010). Alternatively, if selective or deterministic processes dominate, as proposed by the Baas-Becking’s
hypothesis ‘everything is everywhere and the environment
selects’ (De Wit and Bouvier, 2006), then Trichodesmium
epibiont composition will be driven by the differential adaptation of microbes to local environmental conditions and the
niche space provided by the colony, as defined by resource
competition ability. It has been suggested that both neutral
and selective processes likely operate in combination to create and maintain microbial diversity (Nemergut et al., 2013;
Morris and Hmelo, 2014), but this has not been examined in
the context of the Trichodesmium holobiont.
In this study, rDNA 16S amplicons from Trichodesmium
puff and Trichodesmium raft colonies were sequenced
from samples collected in the North Atlantic, South Pacific
and North Pacific oceans. The study was designed to evaluate the composition of the holobiont as a function of
colony morphology and ocean basin and to investigate
which evolutionary processes might drive epibiont community assembly within the Trichodesmium holobiont.
Results and discussion
A total of 27 Trichodesmium samples were collected from
the North Atlantic, North Pacific and South Pacific oceans

(Supporting Information Fig. S1), rinsed several times to
avoid contamination and separated by colony morphology.
The diversity of the Trichodesmium holobiont was examined to ascertain the extent to which these communities
varied between colony morphology and ocean region using
high-throughput 16S rDNA amplicon sequencing. This
approach ensured robust coverage for all samples in this
study, with Good’s coverage estimator ranging from 0.94 to
0.98 (Supporting Information Table S1). Overall, the Trichodesmium holobiont was comprised primarily of
Trichodesmium spp. (66.7%) and heterotrophic bacterial
epibionts (31.8%), with a low contribution of other organisms such as Archaea or the chloroplasts of eukaryotic
phytoplankton (1.5%).
Trichodesmium diversity as a function of colony
morphology and ocean region
While there are several described species of Trichodesmium, falling into four major clades (Hynes et al., 2012),
field studies rarely distinguish beyond the genus level. Of
the Trichodesmium sequences, >97% mapped to one of
the three Trichodesmium sp. clades assessed (Supporting
Information Table S2). Clade I dominated all samples
(>80%) (Fig. 1), as has previously been observed in the
North Atlantic using 16S rDNA clone libraries (Hmelo
et al., 2012), and clade specific qPCR (Rouco et al., 2014).
The dominance of Clade I in the other ocean regions suggests that care must be taken in extrapolating culture
results from studies of the genome type strain T. erythraeum IMS101 to the field, as it is a representative of
Clade III. Despite the dominance of Clade I across all
ocean basins, the other Clades were routinely detected,
particularly in samples of the raft morphology from the
North Atlantic and North Pacific (Fig. 1). For example, the
relative abundance of Clade III in North Atlantic puffs was
always less than 1%, but Clade III represented 38 and
50% of the population in two of the North Atlantic raft
samples. The clade diversity of the Trichodesmium

C 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 18, 5151–5160
V

Trichodesmium holobiont diversity 5153
community, assessed using a two-way Permanova test on
Bray–Curtis dissimilarity distance matrices, significantly
differed between puffs and rafts in the North Atlantic
(F8,1 5 3.27, p 5 0.001) and the North Pacific (F8,1 5 5.44,
p 5 0.05), but not the South Pacific (F5,1 5 0.22,
p 5 0.673). These findings also suggest that individual
Trichodesmium colonies might not be clonal and likely are
comprised of multiple species from several clades.
Although DNA sequencing was performed on samples of
10–20 pooled colonies, all of the North Atlantic and North
Pacific puff samples, for instance, had a similar Clade I
and III percentage (Fig. 1b). This pattern would be difficult
to replicate if colonies were clonal, since it would require
repeated consistent sampling of 9 Clade I and 1 Clade
III colonies in each sample. Trichodesmium species and
colony morphologies can have different physiological capabilities (e.g., Hutchins et al., 2007; 2013; Webb et al.,
2007; Dyhrman et al., 2009; Chappell and Webb, 2010;
Hynes et al., 2012) and the differences in Trichodesmium
colony clade diversity observed here could underpin physiological differences observed between colonies of these
two morphologies in the field, such as those related to
phosphorus (Orchard et al., 2010), iron (Achilles et al.,
2003; Rubin et al. 2011) or CO2 metabolism (Gradoville
et al., 2014).
Trichodesmium species in the laboratory tend to have
different colony morphologies (Hynes et al., 2012), and
colonies of different morphologies are sometimes separated in the field as a potential proxy for segregating species.
Although morphology does not appear to be a good proxy
for species or even clade, the colonies could represent a
distinct niche for epibiont colonization, either as a result of
the physical difference in morphology or because of the
distinct mix of Trichodesmium clades present, particularly,
as shown here, in the North Atlantic and North Pacific.
Epibiont diversity of the Trichodesmium holobiont
Although Trichodesmium spp. dominated the colony 16S
rDNA sequences, >30% of the total 16S rDNA sequences
were from putative epibiont populations, predominately heterotrophic bacteria (31.8%). Only a very low number of
sequences (12 010, or 1.3%) mapped to 16S sequences of
chloroplasts from eukaryotic phytoplankton (Supporting Information Table S3). Of those, 11 720 sequences (1.25%) were
from diatoms, which are sometimes observed in tight association with colonies (Hynes et al., 2009). Although previous
field studies found moderate numbers of cyanobacteria, such
as Phormidum, Plectonema and Lyngbya, associated with
Trichodesmium colonies (Siddiqui et al., 1992; Hewson et al.,
2009; Hmelo et al., 2012), here only 1074 sequences
(0.11%) were from cyanobacterial groups other than Trichodesmium. The relative abundance of non-Trichodesmium
cyanobacteria in Trichodesmium colonies might vary

depending on the total concentration of these organisms in
the surrounding water, and how colonies were processed prior to sequencing. These associations warrant further scrutiny,
but were a small component of the total observations.
A recent study near Station ALOHA, in the North Pacific,
reported high numbers of Calothrix-like heterocystous cyanobionts in 75% of the Trichodesmium puff colonies
(Momper et al., 2015). This association with a cyanobiont
that fixes nitrogen with a temporal offset to Trichodesmium
could influence colony derived nitrogen-fixation budgets
depending on its prevalence and distribution (Momper
et al., 2015). It has been suggested that this association is
a mutualistic relationship where the cyanobiont alleviates
Trichodesmium nitrogen stress at night while taking advantage of Trichodesmium buoyancy to exploit new niches
(Momper et al., 2015). Overall, only 0.04% of the sequences in our study represented Calothrix-like members,
found mostly in the North Pacific and North Atlantic
oceans, and a significant differentiation between the raft
and puff morphology was not observed (Supporting Information Table S3 – see Cyanobacteria, Family I). Although
our data expand the observed distribution of this association to the North Atlantic, it appears that this association is
not a consistent feature of puffs in general, and it may be
that it is only seasonally present at high abundances, or it
is perhaps linked to a particular Trichodesmium species
that was not routinely present in our samples.
The Alphaproteobacteria (29.3%), Gammaproteobacteria (29.1%), Sphingobacteria (18.5%) and Flavobacteria
(4.6%) dominated the epibiont communities across all
samples (Supporting Information Table S3, Fig. S2), consistent with other lower resolution studies in both the North
Atlantic (Hmelo et al., 2012; Van Mooy et al., 2012) and
South Pacific oceans (Hewson et al., 2009). Species within
these phyla have previously been found in association with
other phytoplankton groups such as diatoms (Amin et al.,
2012; Sison-Mangus et al., 2014) and cyanobacteria (Stevenson and Waterbury, 2006; Tuomainen et al., 2006).
Notably, free-living bacterioplankton taxa dominant in the
oligotrophic waters sampled here, such as Prochlorococcus, Synechococcus, SAR11, SAR86 or Archaea (Venter
et al., 2004; Carlson et al., 2009), were either absent from
colonies or found at negligible concentrations (Supporting
Information Table S3). This suggests that unlike the oligotrophic organisms dominant in seawater, the epibiont
communities within the Trichodesmium holobiont may be
copiotrophic, benefiting from the comparatively nutrientrich environment on the surface of Trichodesmium filaments. In fact, bacteria from the class Flavobacteria
appear to utilize the dissolved organic carbon and the amino acids excreted by Trichodesmium (Herbst and
Overbeck, 1978; Carpenter et al., 1992; Capone et al.,
1994). Little is known about the nature of the Trichodesmium-epibiont association and its potential ecological
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observed in the Trichodesmium genome might stem from
a small Trichodesmium population size in a colony where
heterotrophic epibionts are found at high concentrations
and where gene functions might be shared (Walworth
et al., 2015). This ‘helper’ heterotrophic bacteria model
has been proposed to explain the association between the
cyanobacteria Prochlorococcus sp. and its epibiont community (Morris et al., 2011). The observations here are
consistent with a ‘helper’ heterotrophic bacteria model, but
metagenome sequencing would further resolve the contribution of the epibionts to metabolic potential within the
colony.
Neutral and selective drivers of the microbial
assemblage

Fig. 2. Top 30 OTUs representing the epibiont community within
the Trichodesmium holobiont.
On average, the top 10 OTUs represent 50% of the entire
epibiont community. OTU identity is given at the genus level or at
the lowest taxonomic level it could be classified.

costs and benefits. Epibionts might lower the local O2 concentration in the colony, which protects the oxygensensitive nitrogenase (Paerl and Pinckney, 1996).
Recent studies suggested that the Trichodesmium-epibiont interaction could also play an important role in the
nutrient cycling within the colony. For instance, epibionts
within the genus Microscilla sp. and Vibrio sp., which represented a high percentage of the epibiont populations in
some of the North Pacific and North Atlantic samples in
this study (8% and 5% for Microscilla sp. and Vibrio sp.
respectively; Fig. 2 and Supporting Information Table S3),
are capable of acquiring iron from a variety of inorganic
and organically complex iron sources due to their ability to
produce siderophores (Li and Chi, 2004; Roe et al., 2012).
Species of Vibrio sp. present in Trichodesmium colonies
also produce a class of quorum sensing molecule, acylated homoserine lactones (AHLs), that enhance the activity
of the enzyme alkaline phosphate in the colony (Van Mooy
et al., 2012). This enzyme is thought to play a critical role
in supplying bioavailable phosphorus to the colony
(Dyhrman et al., 2002; Orchard et al., 2009; 2010). Associations between epibionts and Trichodesmium might thus
allow Trichodesmium to fulfill certain metabolic requirements that it would not meet otherwise. A recent study
suggested that the low coding and large intergenic regions

Despite the potential functional importance of Trichodesmium-epibiont associations, little is known about the
taxonomic structure or the processes contributing to epibiont assemblage within the colony. The Invsimpson index,
which considers richness and relative abundance, suggested an overall higher diversity in puffs versus rafts in
the North Pacific and North Atlantic populations (23.9 v 3.8
and 11.3 v 9.4 for puffs and rafts in the North Pacific and
North Atlantic respectively). In order to further investigate if
epibiont diversity (community composition and relative
abundance) differed between colony morphology and
ocean basin, epibiont sequences were clustered into operational taxonomic units (OTUs) based on 97% sequencing
identity. Cluster analyses identified an average of
641 6 194 OTUs per sample (Supporting Information Table
S1), approximately 30 times higher than the average richness observed by Hmelo et al. (2012), a study which did
not use next-generation sequencing. Rank abundance
curves followed the power law decay distribution typically
observed in microbial communities (Bell, 2001), where
10 OTUs represented more than 50% of the community
whereas low abundant OTUs, below 0.1%, represented
most of the diversity in the sample (Fig. 2, Supporting
Information Fig. S3).
Neither ocean basin (F21,25 2.4, p 5 0.12) nor colony
morphology (F21.1 5 0.03, p 5 0.87) had a significant effect
on community richness, explored by the number of OTUs
per sample. However, epibiont communities were not
homogeneous across all samples and both region and colony morphology significantly affected community diversity
and composition (Supporting Information Table S4). Analyses within each region revealed that puffs and rafts in the
North Pacific and North Atlantic contained significantly
mutually exclusive epibiont communities (Fig. 3). Morris
and Hmelo (2014) suggested that distinct community patterns across colony morphologies could be explained as a
result of lottery competition theory (Sale, 1977; Morris and
Hmelo, 2014), where each colony is randomly filled by a
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Fig. 3. Epibiont community
diversity across ocean basins
and colony morphologies.
a. First two dimensions of
classic multidimensional scaling
of Bray–Curtis dissimilarity
distances. Ellipses represent
95% confidence intervals. Each
dot represents one sample,
color and shape coded by
ocean basin and colony
morphology. NAtl (North
Atlantic), NPac (North Pacific),
SPac (South Pacific).
b. Results from pairwise
Permanova testing (9999
permutations) of Bray–Curtis
dissimilarities of puffs and rafts
within each ocean basin and of
puffs or rafts across ocean
basins, after multiple test
correction. Solid line indicates
significant differences between
pairs (p < 0.05) and dashed line
indicates absence of significant
differences. Black dots represent
sampling locations. P (puffs), R
(rafts).

group of ecologically and functionally redundant epibionts
that compete for settlement on the surface (Simberloff and
Dayan, 1991). However, in this study puffs and rafts at
each station were sampled from the same water at the
same time. If communities were merely defined as a result
of the lottery hypothesis, it is unlikely that a distinct raft and
puff community would be consistently observed in colonies
in the same water mass. Rather, the consistent differences
in epibiont diversity between these two morphologies may
be driven by selective forces, given that puffs and rafts
could represent distinct niches either as a result of the
physical difference in morphology or because of the distinct mix of Trichodesmium clades present. In fact,
statistical differences in epibiont diversity between puffs
and rafts were only observed in the North Atlantic and
North Pacific, where the Trichodesmium diversity between
colony morphology was also significantly different (Fig. 1).
An analysis of the PICRUSt predicted metabolic capacities (Langille et al., 2013) encoded by the epibiont
communities (a total of 5019 KEGG orthologs: 4927, 4734
and 4650 for the North Atlantic, North Pacific and South
Pacific respectively), revealed significant differences

between the raft and the puff communities (Fig. 4). These
differences are magnified in the North Atlantic (90 KEGG
orthologs) and North Pacific oceans (241 KEGG orthologs),
relative to the South Pacific (only 4 KEGG orthologs)
(Fig. 4, Supporting Information Table S5), consistent with
their relative divergence in epibiont and Trichodesmium sp.
taxonomic diversity. While specific KEGG prediction by PICRUSt have to be interpreted with caution, given the potential
biases associated with the availability of reference genomes
and the selection of the hypervariable regions of 16S rDNA
for taxonomic assignment (Langille et al., 2013; Smith et al.,
2014), PICRUSt predictions suggested a number of potential pathways associated with nutrient and trace metal
metabolism uniquely enriched in puffs or rafts in the North
Pacific and North Atlantic (Fig. 4, Supporting Information
Table S5, Fig. S4). For instance, a putative phosphate regulon sensor (K07636), and putative iron-related transporters
(TonB-K03832, K02016), were only significantly enriched in
the raft communities (Supporting Information Table S5).
KEGG pathways involved in lipid transport (Supporting Information Fig. S4) were only enriched in the puff community
(Supporting Information Table S5). Although metagenomic
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Fig. 4. Number of KEGG pathways predicted to be differentially
represented (LDA score > 2) in the puff or raft community within
each ocean.
Metagenomes were inferred using PICRUSt, which predicted a total
of 5019 KEGG pathways.

analyses are necessary to fully resolve the metabolic potential conferred by these epibiont communities, these results
suggest that the two morphologies might be colonized by
epibionts which confer distinct metabolic function. These
results also emphasize the potential role of selective processes in defining the epibiont community composition,
suggesting that puffs and rafts in the North Pacific and North
Atlantic might not be colonized by ecologically and functionally redundant epibionts, but by those epibionts best suited
to exploit that particular colony morphology.
Differences in epibiont diversity between regions were
also examined and analyzed for each colony morphology
independently. Permanova analyses revealed that epibiont
diversity varied across ocean basins (Fig. 3). In addition,
results from the mantel tests showed a significant distancedecay pattern (Fig. 5), indicating that the dissimilarity in epibiont communities in both the puff and raft morphology
increased with increasing geographic distance. Distancedecay relationships have been observed for communities of
microorganisms in a range of habitats and at various taxonomic resolutions (Green et al., 2004; Horner-Devine et al.,
2004; Hewson et al., 2006; Casteleyn et al., 2010; Hanson
et al., 2012), and can originate as a result of neutral and/or
selective processes (Hanson et al., 2012; Nemergut et al.,
2013). If ecological equivalence could be assumed for each
sample across regions (i.e., the samples were collected
from sites of identical environmental conditions and comprised an identical Trichodesmium sp. host composition), a
distance-decay relationship could be explained solely by the
neutral forces of differential speciation, community drift or
dispersal limitation. However, different ocean regions represent distinct physicochemical environments (Sohm et al.,

Fig. 5. Distance-decay curves for the epibiont communities
obtained from mantel test analyses.
a. Raft morphology.
b. Puff morphology.

2011), and disparate physiological strategies have already
been observed between Trichodesmium sp. in the North
Pacific and North Atlantic oceans (Hynes et al., 2009; Chappell et al., 2012). This suggests that the distance-decay
pattern can also be driven by selective processes, following
the Baas-Becking hypothesis ‘everything is everywhere and
the environment selects’ (De Wit and Bouvier, 2006), where
the epibiont community will represent the best-fit community. The influence of neutral and selective processes cannot
be separated to explain differences in epibiont diversity
across oceans, and it is likely that these two processes
occur in combination. Taken together, these data suggest
that associations between Trichodesmium and the epibionts
are not random, but rather the epibionts might be selected
according to their metabolic potential to best exploit regional
biogeochemistry or local micro-environment within the colony, including Trichodesmium spp. composition.
Conclusion
This study characterized the Trichodesmium holobiont with
unprecedented resolution, and significant differences were
observed in the epibiont communities between both ocean
basins and colony morphologies. These data suggest that
the heterotrophic epibionts are essential members of the
Trichodesmium holobiont, and that while neutral processes
might contribute to the structure of these communities,
selective processes might play an important role in structuring the epibionts that best suits the Trichodesmium
community and best exploits the local environmental
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conditions. The distinct Trichodesmium holobiont populations associated with colony morphology and ocean region
likely contribute to the known heterogeneity in the activities
and physiological ecology of Trichodesmium. This may
explain the difficulties associated with the prediction of Trichodesmium bloom formation and nitrogen fixation
patterns in the ocean, which do not typically consider the
metabolic potential conferred by the epibiont community.
An increased effort to identify these epibiont communities
and their metabolic potential will help to further unravel the
ecological relevance of these associations as well as their
present and future contributions to global nutrient cycles.
Experimental procedures
Field sample collection
A total of 27 samples were collected during a cruise transect
in the South Pacific (SPAC, March 2007), North Atlantic
(X804, May 2008) and as part of a time series sampling in the
North Pacific at station ALOHA (PHORII, September 2013)
(Supporting Information Fig. S1). Trichodesmium colonies
were collected from the near surface (approximately within the
top 25 m) using a handheld 130 lm net. Single colonies were
picked and transferred into 0.2 lm filtered local surface water
collected at 5 m with a Rosette sampling device. To avoid
potential contamination, and to assure that only organisms
tightly associated with Trichodesmium were sequenced, colonies were rinsed in fresh 0.2 mm filtered local surface water
three more times. Then, colonies were separated into two
morphologies, ‘rafts’ (colonies with a parallel organization of
trichomes), and ‘puffs’ (colonies with a radial organization of
the trichomes). Between 10 and 20 washed Trichodesmium
puffs or rafts were filtered onto 47 mm, 10 mm polycarbonate
filters, which were then placed in 2 ml cryovials, snap-frozen
and stored in liquid nitrogen until DNA extraction was
performed.

DNA extraction
DNA was extracted from each filter using the Power Plant Pro
DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA), which
has been shown to be the most robust DNA extraction kit for
Trichodesmium samples (Hynes, 2009). Sample filters were
transferred to bead tubes provided by the kit and extracted following the manufacturer’s instructions. DNA was eluted in 50–
100 ml of elution solution and the DNA samples were kept at
2208C until DNA sequencing was performed.

rDNA 16S library construction
DNA from each sample was sent to Argonne National Laboratory (Lemont, IL) for paired-end sequencing (2 3 150 bp) of
partial 16S rDNA genes using the Illumina Miseq platform.
Genomic DNA was amplified using the Earth Microbiome Project barcoded primer set, adapted for the MiSeq platform by
adding nine extra bases in the adapter region of the forward
amplification primer that support paired-end sequencing. As
suggested by Kozich et al. (2013) and Mizrahi-Man et al.

(2013) for short-read sequencing strategies, the V4 region of
the 16S rDNA gene (515F-806R) was amplified, using regionspecific primers that included the Illumina flowcell adapter
sequences. The reverse amplification primer also contained a
twelve base barcode sequence for the later distinction of individual sample sequences (Caporaso et al., 2011; 2012). Each
25 ml PCR reaction contained 12 ml of MoBio PCR Water (Certified DNA-Free), 10 ml of 5 Prime HotMasterMix (1x), 1 ml of
Forward Primer (5 mM concentration, 200 pM final), 1 ml Golay
Barcode Tagged Reverse Primer (5 mM concentration, 200 pM
final) and 1ml of template DNA. The conditions for PCR were
as follows: 948C for 3 min to denature the DNA, with 35 cycles
at 948C for 45 s, 508C for 60 s and 728C for 90 s; with a final
extension of 10 min at 728C to ensure complete amplification.
The PCR amplicons were quantified using PicoGreen (Invitrogen, Carlsbad, CA). Once quantified, different volumes of
each of the products were pooled into a single tube so that
each amplicon was represented equally. This pool was then
R PCR Clean-Up Kit (MoBIO),
cleaned up using UltraCleanV
and then quantified using a Qubit (Invitrogen). After quantification, the molarity of the pool was determined and diluted down
to 2 nM, denatured and then diluted to a final concentration of
6.75 pM with a 10% PhiX spike for sequencing on the Illumina
MiSeq. Sequencing was performed as described previously
(Caporaso et al., 2012).

rDNA 16S sequence analyses
rDNA 16S sequences were processed using modules implemented in the Mothur v.1.34.0 software following Kozich et al.
(2013). Briefly, any sequences with ambiguous bases or homopolymers longer than eight bases were removed from the data
set and sequences were trimmed to a uniform length of 253 bp.
Sequences were aligned using the SILVA-compatible alignment
database available within Mothur and chimeric sequences were
removed using Uchime (Edgar et al., 2011). Unique sequences
were then classified by a Bayesian approach using the Mothurformatted version of the RDP training set (v.9) with an 80% cutoff. Sequences unique to Trichodesmium sp. (624 599
sequences, 67.7%) were extracted and assigned to three different Trichodesmium clades (Clade I, III and IV) by mapping to
rDNA 16S sequences obtained from Hynes et al. (2012), after
Janson et al. (1999) and Lundgren et al. (2005) (Supporting
Information Table S2), using the classify.seqs command implemented in Mothur. Herein, Clade I is represented by sequences
mapping to T. thiebautii and T. tenue Z-1, Clade III is represented by sequences mapping to T. havanum F34-5, T.
erythraeum K-02#2 and T. erythraeum 21-75 and Clade IV is
represented by sequences mapping to T. contortum and T.
tenue (accession numbers AF013028 and AF013029 respectively). A bacterial-epibiont-only dataset (298 174 sequences,
31.8%) was created by removing any sequences classified as
‘chloroplast’ (which included Trichodesmium sp. sequences and
other photosynthesizers), ‘mitochondrial’, ‘archaeal’ or
‘unknown’. Bacterial-epibiont-only sequences were clustered
into OTUs based on 97% sequencing identity. Depth coverage
was assessed using Good’s coverage estimator calculated in
Mothur. Venn diagrams were created within Mothur to visualize
the number of OTUs shared between ocean basins or colony
morphology. To analyze the effects of morphology and ocean
basin on both epibiont community composition (species
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richness) and community structure (species relative abundances) a two-way Permanova was performed using a Bray–Curtis
dissimilary distance matrix (Anderson, 2001). Permanova tests
were also performed separately with both morphology and
ocean basin as fixed effects in the Trichodesmium and the epibiont dataset and a Benjamini–Hochberg correction for multiple
testing was applied, limiting the overall false discovery rate to
5% (Benjamini and Hochberg, 1995). Variance in epibiont community structure described by Bray–Curtis dissimilarities was
visualized using principal coordinate analysis in R. Mantel tests
testing for correlations between community dissimilarity and
geographic distance were conducted for each colony morphology. All statistical tests were performed in R.
Metabolic predictions of the epibiont community were carried
out on OTUs at the 97% similarity level, using PICRUSt (Langille et al., 2013) through the Galaxy server (Goecks et al.,
2010). OTUs were assigned with Mothur against the Greengenes database (v5). The mean Nearest Sequenced Taxon
Index, calculated by PICRUSt to provide a reliability estimation
of the metagenome predictions, was in a normal range for all
samples (0.099 6 0.04), according to Langille et al. (2013). The
Linear Discriminant Analysis (LDA) Effect Size (LEfSe) algorithm (Segata et al., 2011) was used through the Galaxy server
to identify significant differentially abundant microbial relevant
pathways enriched in the puff or raft morphology within each
ocean basin. KEGG pathways were considered differentially
represented if their LDA score was higher than 2 (Segata et al.,
2011). Raw sequences for each sample have been submitted to
NCBI Sequence Read Archive, BIOPROJECT PRJNA314461
and SRA accession ID SRP072053.
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