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ABSTRACT

Aim While paradigms of macroecology are challenged by the high rates of

reproduction, dispersal and horizontal gene exchange of bacterial communities,

environmental DNA sequencing makes community profiles accessible. We test

fundamental hypotheses of macroecological theories, showing that both

taxonomic and functional classifications have distinct biogeographical variation

across distance and environments depending on trophic composition.

Location Studies spanning the global oceans.

Methods Taxonomic and functional profiles were obtained from metagenomes and

were compared across oceanographic regions and tested for patterns of co-

occurrence. The influences of sampling method (filter size), environmental variables

and geographical distribution were compared with distance-based linear models to

test predictors of taxonomic and functional composition. Macroecological drivers

were compared with bacterial community structure to test four biogeographical

hypotheses: (1) no biogeographical patterns, (2) community structure reflects

environmental dissimilarity, (3) community structure reflects distance, (4)

community structure reflects environment and distance.

Results Bacterial families were clustered into four trophic groups – phototrophic,

oligotrophic, eutrophic and copiotrophic – by changes in abundance across

oceanographic regions and co-occurrence with core functions. Changes in

community composition were best modelled by longitude for free-living

communities and dissolved oxygen for mixed communities of free-living and

particle-associated bacteria. Both microhabitat and community assignment had an

impact on biogeographical patterns, with taxonomic compositions following our

hypotheses 2 and 4 and functional gene compositions following hypotheses 3 and 4.

Main conclusions We described four trophic groups adding to the current

dichotomy of the classification of marine bacteria as oligotrophic or copiotrophic.

Taxonomic composition of mixed communities reflected environmental differences

but not geographical distance, whereas functional gene composition in free-living

communities was independent of environmental dissimilarity and reflected

geographical distance. Patterns of biogeography in bacterial communities differed

depending on the description of taxa or function. Therefore, we developed a new

paradigm for bacterial ecology which shows that some aspects of bacterial evolution

depend on trophic complexity, history and current environmental conditions.
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INTRODUCTION

The global oceans are experiencing rapid change in response

to global climate change, acidification (Orr et al., 2005) and

record species decline (Jackson, 2008; Barnosky et al., 2011).

Community productivity, stability and the resilience of

organisms to disturbance are affected by taxonomic and

functional composition. Communities with high diversity

provide functional redundancy and increased niche space

occupancy, which leads to higher productivity and resilience

to disturbance (Tilman et al., 1997; Diaz & Cabido, 2001).

Bacterial communities respond rapidly to disturbance (Alli-

son & Martiny, 2008), act as a primary catalyst for oceano-

graphic processes (Cho & Azam, 1988) and are potential

indicators of ecosystem health (Falkowski et al., 1998; Harvell

et al., 1999). The vast abundance of marine bacteria and their

involvement in ecological processes suggests their importance

as a variable in oceanographic and ecosystem models, but

their high taxonomic and metabolic diversity makes it diffi-

cult to include bacteria in ecological models (Allison & Mar-

tiny, 2008).

Marine bacterial biogeography is described using taxo-

nomic characterization methods including 16S genes, termi-

nal restriction fragment length polymorphism, denaturing

gradient gel electrophoresis, ribosomal intergenic spacer anal-

ysis and gel-based approaches (Wayne et al., 1987; Stacke-

brandt & Goebel, 1994; Moeseneder et al., 1999; Sapp et al.,

2007). Yet a distinct problem with analysing bacteria is the

divergence shown within the genome of a single species. Tra-

ditional taxonomic classification uses a 97% similarity cut-off

of the 16S gene as a species definition; however, the remain-

ing genomic regions may be only 65–90% similar (Konstanti-

nidis & Tiedje, 2005). Widely shared genes make up the core

genes, which encode functional characteristics that are

descriptive of taxa (for example, photosynthesis in cyanobac-

teria) (Pal et al., 2005). Most of the core genes show vertical

transmission, but there are a number of flexible or auxiliary

genes within bacterial genomes (Fraser et al., 2009; Philippot

et al., 2010; Andam & Gogarten, 2011). Auxiliary genes are

transferred horizontally (Ochman et al., 2000) and can have

dramatic ecosystem consequences. Vibrio cholera, for exam-

ple, is a relatively benign bacterium until the addition of

phage-derived genes that increase its pathogenicity (Waldor

& Mekalanos, 1996). Horizontal gene transfer is abundant

across bacterial communities, with high rates occurring in

the marine environment (McDaniel et al., 2010). Since the

16S genes are predominantly limited to vertical gene transfer

(which is a reason why they are used as taxonomic discrimi-

nators) and auxiliary functional genes are incorporated by

horizontal gene transfer, the forces of evolution and environ-

mental selection may be affecting taxa and function at differ-

ent rates.

Eukaryotic biogeography focuses on taxonomic assess-

ments, but is increasingly incorporating functional classifica-

tions, such as morphological, physiological or behavioural

characteristics. Studies that have incorporated both

taxonomic and functional assignments of eukaryotes have

found different macroecological responses between taxonomy

and functions. For example, fish assemblages show a taxo-

nomic composition that follows regional patterns, while

functional composition is selected by habitat (Hoeinghaus

et al., 2007). Devictor et al. (2010) showed taxonomic, func-

tional and phylogenetic diversity of birds to be only partially

congruent across France and no one measure described all

aspects of community distribution (Devictor et al., 2010).

Similar trends are being discovered in microbial commun-

ities. In freshwater systems, the functional biogeography of

bacteria is driven by organic matter, while taxa show regional

differences (Ruiz-Gonzalez et al., 2015). In the marine sys-

tem, bacterial communities across a latitudinal gradient of

coral reefs showed that function is indicative of geographical

differences, while taxonomy is related to the cover of benthic

organisms (Kelly et al., 2014). Therefore, factors that govern

the distribution of eukaryotic and bacterial taxonomy and

function remain an unanswered question.

Patterns of biogeography are influenced by life-history

traits across an environment (Mueller et al., 2004; Sherman

et al., 2008). Marine bacteria inhabit distinct microhabitats

within the water column (Azam & Malfatti, 2007), including

free-living and particulate-associated lifestyles (Kellogg &

Deming, 2009; Allen et al., 2013; Fontanez et al., 2015). Free-

living marine bacteria are generally small with streamlined

genomes, low nutrient requirements and are oligotrophic or

phototrophic (Lauro et al., 2009; Yooseph et al., 2010). Oli-

gotrophs are comparatively long-lived organisms with low

fecundity that have stable populations around the carrying

capacity of their environment (Fierer et al., 2007). In con-

trast, particulate-associated bacteria are larger, with a range

of genes to exploit nutrient-rich pockets. Particulate-

associated bacteria include copiotrophs that grow rapidly and

have a greater proportion of genes associated with chemo-

taxis, biofilm formation and antibiotic resistance (Lauro

et al., 2009). Copiotrophs are comparatively short-lived

organisms with a high fecundity that grow at an exponential

rate (Fierer et al., 2007). Biogeographical studies have not

considered differences in marine microhabitats, such as free-

living and particulate-associated bacterial communities,

because sampling methods that filter sea water may artifi-

cially remove microhabitats (Rusch et al., 2007). This practice

has led to the assumptions that bacterial communities in the

oceans are dominated by oligotrophs and phototrophs

(Lauro et al., 2009). By identifying the change in functional

genes and bacterial families between free-living and

particulate-associated communities, we describe the biogeog-

raphy of bacterial subpopulations that adopt these different

life strategies.

We compared bacterial communities with regard to envi-

ronmental dissimilarity and geographical distance to test

which of the following four macroecological hypotheses best

describes the biogeographical variation in bacteria. The first

hypothesis is that marine bacteria show no biogeography

(H1) (‘everything is everywhere’). The potential lack of
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bacterial biogeography was postulated due to high turnover

rates and dispersal ability. The original everything is every-

where hypothesis included the caveat ‘but the environment

selects’ (Baas-Becking, 1934; O’Malley, 2008). This caveat is a

standard hypothesis (H2) and reflects the influence of current

environmental variation in bacterial biogeography (Fierer &

Jackson, 2006). For example, bacterial communities vary with

season (Gilbert et al., 2012), temperature/light and pH (Raes

et al., 2011; Alsop et al., 2014) and along a depth gradient of

reducing oxygen availability (Bryant et al., 2012; Cassman

et al., 2012). Differences in community composition could

theoretically be attributed entirely to environmental selection

from the long tail of rare species found in bacterial datasets

(Fuhrman, 2009) in which ‘everything’ may indeed be pres-

ent, assuming that any evolution immediately contributes to

the rare tail independent of location. The third hypothesis

(H3) predicts that community variation occurs over distance

due to historical evolutionary changes, not to current envi-

ronmental selection. Evidence of bacterial evolution over dis-

tance is difficult to differentiate from environmental drivers

like temperature and sunlight, as both vary across latitudinal

gradients. As an example of divergence over distance, Crump

et al. (2007) found variation in bacterial communities across

10 polar lakes that shared similar environmental characteris-

tics but were separated at a spatial scale of< 10 km (Crump

et al., 2007). The final hypothesis (H4) is that distribution of

bacterial communities is similar to that of eukaryotes, reflect-

ing the influence of both evolution and current environment

(Martiny et al., 2006).

Metagenomics, which is the classification of communities

via their DNA, produces detailed descriptions of taxonomic

and functional genes. The rapid accumulation of metage-

nomics datasets enables broad-scale ecological questions to

be investigated, as we have done here. We used two separate

marine surface water metagenomics datasets, compiled from

15 metagenomes each (30 metagenomes in total) to assess

patterns in trophic abundance and evaluate the four biogeo-

graphical hypotheses. The first metagenomic dataset is domi-

nated by free-living bacteria and the second is a combination

of free-living and particulate-associated bacteria (which we

term the ‘mixed community’). We first describe the taxa and

functional characteristics to determine differences between

free-living, mixed communities and oceanographic region.

Second, we identify patterns of co-occurrence between taxa

and function, thereby describing core functions that distin-

guish trophic levels in which four distinct trophic strategies

emerge. Third, we develop a model to determine which set

of geographical and environmental variables predict taxo-

nomic and functional distribution in the free-living and

mixed communities. Finally, we test the four biogeographical

hypotheses independently on the two metagenomic datasets

to determine whether the predicted macroecological drivers

are different between taxonomic and functional classifica-

tions. Comparisons across distance and environmental condi-

tions show the relative importance of environmental

selection to taxonomic composition and of historical proc-

esses to functional composition of the bacterial community.

MATERIAL AND METHODS

Two metagenomic datasets of 15 metagenomes each were

compared. The metagenomes spanned six marine systems,

representing a wide global and environmental distribution

(see Appendix S1 and S2 in Supporting Information). All

samples were from the water column in the photic zone. The

first dataset is from the Galapagos, the Indian Ocean and the

north-west Atlantic; this dataset included a narrow scope of

free-living bacteria (termed ‘free-living communities’) as bac-

teria were collected from water filtered through filters with a

pore size of 0.1–0.8 lm (Rusch et al., 2007) during the

Global Ocean Sampling expedition (GOS). The second data-

set comes from the north-east Pacific (collected for this

study), the central Pacific (Kelly et al., 2014) and the south-

west Atlantic (Bruce et al., 2012), and includes a wide range

of particulate and free-living bacteria (termed ‘mixed com-

munities’). These samples were collected from sea water fil-

tered through filters with a pore size of 0.22 or 0.45 mm to

20 mm. Reference locations for all metagenomes can be found

in Appendix S3. These datasets, may include small eukar-

yotes, bacteria, archaea and viruses; however, the dominant

component is bacterial DNA, and therefore we analyse the

bacterial fraction.

The proportion of sequences represented in each taxon or

function across the 30 metagenomes was calculated by anno-

tating 3.4 million sequences using Metagenomic Rapid Anno-

tations with Subsystems Technology (MG-RAST) (Meyer

et al., 2008). MG-RAST has been used to annotate metage-

nomes constructed from next-generation small-fragment

DNA datasets (Dinsdale et al., 2008; Hultman et al., 2015).

Metabolic and taxonomic BLAT (Kent, 2002) annotations

were performed on all 30 metagenomes. Sequence similarities

was set at a maximum E-value of 1 3 1027 and a minimum

alignment length of 30 bp. Raw sequence abundances were

normalized against the total number of sequences that were

similar to the SEED database (Overbeek et al., 2005). Taxo-

nomic profiles were compared at the family level and func-

tional profiles were compared as broad metabolic groupings.

The annotations from these metagenomes were used to iden-

tify differences between communities and the variation over

distance and environment.

A permutation multivariate analysis of variance (PERMA-

NOVA) was used to determine whether community profiles

were distinct based on microhabitat, i.e. free-living or mixed,

and by oceanographic region for both the taxonomic and

functional assignments. A pairwise PERMANOVA, which is a

permutated post hoc test, was run with oceanographic region

nested within mixed or free-living community (Anderson &

Robinson, 2001). Principal component analysis (PCA) was

used to visualize community similarity between metagenomes

(Ramette, 2007; Dinsdale et al., 2013). The PCA was overlaid
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with eigenvectors to identify the variables that had the great-

est influence on the metagenomic distribution.

A Pearson’s correlation matrix was constructed to identify

core functional genes that co-occurred with the dominant

families, and Holm’s sequential Bonferroni correction was

performed to account for the multiple testing (Kropf et al.,

2004). Taxa were limited to family classifications that repre-

sented> 1% of the total bacterial community. Rare species

were not included to minimize the number of regressions

and avoid the influence of false positives that may occur due

to automatic annotations. The Pearson’s correlations are dis-

played as heat maps organized by Euclidean distance for free-

living, mixed and global patterns of co-occurrence.

Environmental variables – temperature, salinity, oxygen

utilization, nitrate, phosphate and dissolved oxygen – were

collected from the annual average of the NOAA 2013 Ocean

Atlas (Levitus et al., 2013) (Appendix S2). The NOAA meta-

data were used rather than the sampling metadata, because

environmental data were incomplete or not available for

some oceanographic regions. In addition, the Ocean Atlas

reports yearly averages, which provide a better description of

environmental variability, rather than a single snap-shot

taken at the time of sampling. Differences in community

composition across the global dataset were compared with

sampling method (filter size), geography (latitude and longi-

tude) and environmental variables using DistLM (Anderson

& Walsh, 2013). Community dissimilarity was modelled

across these variables in a step-wise procedure and the

Akaike information criterion (AICc) was used to select the

optimal model. Since filter size was found to be a dominant

driver in community composition and selected for distinct

trophic strategies, free-living and mixed-communities were

compared independently for all downstream analyses.

To determine the drivers of bacterial biogeography, the

four hypotheses proposed by Martiny et al. (2006) were

tested using RELATE (Spearman), a Mantel-type test (Ander-

son & Walsh, 2013). Four matrices were calculated using

Euclidean distance for taxonomic dissimilarity, functional

dissimilarity, environment dissimilarity and geographical

distance.

RESULTS

Regional differences

Bacterial communities were sampled> 20,000 km apart

across a continuum of environmental variables (Appendices

S1 & S2). Total community composition included 200 identi-

fied families across the 30 metagenomes. The 11 most domi-

nant families (with an average abundance of> 1%) were

used for downstream analysis as the dominant taxa. In free-

living communities, the 11 dominant families represented

81–99% of the total community (Fig. 1a). Free-living com-

munities were dominated by phototrophs and oligotrophs

composed of five family groups: Prochlorococcaceae

(19.13 6 5.84%), Chroococcaceae (8.33 6 2.56%), SAR11 clus-

ter (34.67 6 3.82%), Flavobacteriaceae (12.33 6 2.11%) and

Rhodobacteraceae (19.97 6 3.24%). The remaining six families

included eutrophic and copiotrophic bacteria with the most

abundant family, Enterobacteriaceae, representing only

0.65 6 0.22%. In mixed communities the bacterial families

were more evenly distributed. The 11 most abundant families

represented 62–94% of the total community. The mixed

communities include phototrophs such as Prochlorococcaceae

(5.19 6 1.42%) and Chroococcaceae (7.70 6 1.73%), oligo-

trophs such as SAR11 cluster (5.69 6 1.62%), Flavobacteria-

ceae (7.52 6 1.72%) and Rhodobacteraceae (19.15 6 4.02%),

eutrophs such as Enterobacteriaceae (13.73 6 5.44%), Pseudo-

monadaceae (6.10 6 1.44%) and Burkholderiaceae

(2.14 6 0.78%) and copiotrophs such as Vibrionaceae

(4.44 6 1.02%), Alteromonadaceae (3.18 6 1.13%) and Shewa-

nellaceae (2.06 6 0.55%). Eutrophs and copiotrophs were in

greater abundance in mixed communities. Mixed commun-

ities also had greater within-region variation, with the great-

est difference in abundance occurring in Enterobacteriaceae.

Taxonomic composition was distinct between free-living

and mixed communities, while communities were loosely

clustered by region (Fig. 1b). The free-living communities

were positioned to the left of the PCA by a high abundance

of the SAR11 cluster, and mixed communities were posi-

tioned to the right by the abundance of Enterobacteriaceae

and Pseudomonadaceae (pseudo-F5,24 5 9.8, P< 0.001). The

spread of metagenomes along the second principal compo-

nent, described the regional differences (pseudo-F5,24 5 6.8,

P< 0.001). The relative abundances of Prochlorococcaceae and

Rhodobacteraceae had the greatest influence on differentiating

metagenomes across regions. Within the free-living commun-

ities, the Indian Ocean was significantly different from the

north-west Atlantic (t 5 4.34, P 5 0.016) and the Galapagos

(t 5 3.48, P 5 0.011), but the north-west Atlantic and the Galapa-

gos bacterial communities were not significantly different

(t 5 1.10, P 5 0.337). The mixed bacterial communities did not

show significant differences in taxonomic abundance between

regions (south-west Atlantic, north-east Pacific, t 5 1.28,

P 5 0.264; south-west Atlantic, central Pacific, t 5 1.05,

P 5 0.427; north-east Pacific, central Pacific, t 5 1.58, P 5 0.077).

Functional sequences were clustered into 26 broad func-

tional metabolic groups, with a relatively similar distribution

across regions (Fig. 2a). Carbohydrates (16.65 6 0.25% of the

metagenome), protein metabolism (13.54 6 0.28%) and

amino acids and derivatives (13.28 6 0.255%) were abundant

metabolic processes across all communities. Free-living com-

munities were distinguished from mixed communities by

having a higher abundance of protein metabolism and phage,

transposable element and plasmid metabolism, while mixed

communities were distinguished by a higher abundance of

fatty acid metabolism, lipid and isoprenoid metabolism, and

carbohydrate metabolism (pseudo-F5,24 5 7.8172, P 5 0.001)

(Fig. 2b). Oceanographic regions were significantly different

(pseudo-F5,24 5 4.6, P< 0.001) and positioned along the first

principal component by the proportion of sequences in

phages, transposable elements and plasmid metabolism, and

amino acid and derivative metabolism. Within the free-living

J. M. Haggerty and E. A. Dinsdale
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communities, functional composition of the Indian Ocean

bacteria was significantly different from functional composi-

tion of the north-west Atlantic (t 5 2.72, P 5 0.011) and

Galapagos bacteria (t 5 2.55, P 5 0.011). However, the north-

west Atlantic and the Galapagos bacteria were not signifi-

cantly different in their functional composition (t 5 1.09,

P 5 0.26). There were no significant differences between

regions in the functional composition of mixed bacterial

communities (south-west Atlantic, central Pacific, t 5 1.48,

P 5 0.069; south-west Atlantic, north-east Pacific, t 5 1.38,

P 5 0.095; north-east Pacific, central Pacific, t 5 1.40,

P 5 0.059), because of high within-site variation.

Taxonomy and functional co-occurrence

We identified functional characteristics that co-occurred with

dominant families to provide a description of four trophic

strategies, oligotrophy, phototrophy, copiotrophy and

Figure 1 (a) The dominant 11 taxonomic families showed differences in proportional abundances between microhabitats: free-living (FL) or

mixed communities (MC). (b) A principal component analysis of all families across regions, with principal components 1 and 2 depict 69.6% of

the total variation. Communities from the same oceanographic region are assigned the same symbol and are visually grouped.

Biogeography of bacterial taxonomy and functional genes
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eutrophy. A high abundance of phototrophs and oligotrophs

drove patterns of co-occurrence of core functions in free-

living communities (Appendices S4 & S5), while the core

functions in mixed communities diverged, splitting the group

into the copiotrophs and a newly defined group which we

termed eutrophs (Appendices S6 & S7).

By combining the free-living and mixed community data-

sets, global patterns of co-occurrence provided four distinct

taxonomic clusters (Fig. 3) with significant correlations to

core functions (Appendix S8). Phototrophs,

Prochlorococcaceae and Chroococcaceae were characterized by

functions important to photosynthetic bacteria, including

photosynthesis, and cofactors, vitamins and pigments. Oligo-

trophic families – SAR11 cluster, Flavobacteriaceae and Rho-

dobacteraceae – co-occurred with nitrogen metabolism, stress

response and amino acids and derivatives. Variation in func-

tions between oligotrophic families was observed. The SAR11

cluster correlated with nitrogen metabolism and respiration,

while Rhodobacteraceae and Flavobacteraceae correlated with

amino acids and derivatives, indicating potential for further

Figure 2 Differences in functional composition in the bacterial community were observed between microhabitat; free-living (FL) or

mixed communities (MC) using a bar chart of proportion (a) and oceanic regions, using a principle component analysis (b). Functional

composition of bacterial communities differentiates samples by FL or MC and visually clusters by oceanographic region.
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delineation of oligotrophs based on metabolic requirements.

In the mixed communities, we identified phototrophs and

oligotrophs and two additional trophic groups. The first set

were classical copiotrophic bacteria, including Vibrionaceae,

Alteromonadaceae and Shewanellaceae, which were correlated

with iron acquisition and metabolism, motility and chemo-

taxis, virulence, disease and defence, and potassium metabo-

lism. Copiotrophic functions were associated with bacteria

moving towards rich nutrient sources and the ability to

degrade complex compounds in a competitive environment.

We called the second set of bacteria eutrophs; these included

Enterobacteriaceae, Pseudomonadaceae and Burkholderiaceae

that were positively correlated with cell wall and capsulation.

Eutrophic functions were diverse with few correlations, sug-

gesting that they carry a range of genes to enable rapid

response to changing environments. The abundance of copio-

trophs and eutrophs varied within the regions. The copio-

trophs were relatively stable and the eutrophs showed high

levels of variation in abundance, suggesting a life strategy of

exploiting new conditions rapidly (Appendix S9). Therefore,

these four trophic strategies extend the common dichotomy

whereby marine bacteria are predicted to be either oligo-

trophs or copiotrophs.

Indicators of community composition

The taxonomic and functional composition of the bacterial

community was influenced by sampling method (filter size),

geography (latitude and longitude) and environmental varia-

bles (temperature, salinity, dissolved oxygen, oxygen utiliza-

tion, phosphate and nitrogen). Global comparison of

bacterial taxonomic composition showed that longitude, filter

size and nitrogen were the strongest predictor variables of

community dissimilarity (r2 5 0.465) with filter size contrib-

uting half of the r2 value (pseudo-F 5 9.07, P 5 0.001,

r2 5 0.202). Functional composition showed a similar pat-

tern, with longitude and filter size being the best predictor

variables (r2 5 0.327) and a third of the model was predicted

by filter size (pseudo-F 5 4.46, P 5 0.001, r2 5 0.111).

Because filter size contributed to the bacterial community

distribution, the two datasets were described in separate tests.

Figure 3 The taxa and function across all 30 communities shows four distinct patterns of co-occurrence or trophic strategies:

phototrophs, oligotrophs, eutrophs and copiotrophs. Pearson’s correlation is colour coded with red being positively correlated and blue

being negatively correlated. A bold Pearson’s r indicates significance at the P 5 0.05 level (two-tailed, Holm’s sequential Bonferroni

corrected). The average and standard deviation in the proportion of sequences for each family are provided.
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Within the free-living communities all environmental variables

(except oxygen utilization) and geographical variables were signif-

icantly correlated with the change in family composition (Table

1). Of the 8 variables, longitude was the strongest predictor vari-

able and was selected as the only variable necessary to produce the

best model by AICc (AICc 5 95.725, r2 5 0.570). The difference

in functional composition showed a similar pattern with all but

two variables, dissolved oxygen and oxygen utilization, being sig-

nificantly correlated. Longitude was the single best predictor vari-

able of functional changes (AICc 5 35.728, r2 5 0.419) within the

free-living bacterial community.

In the mixed communities, which were composed of four

trophic groups, taxonomic composition only correlated with tem-

perature (Table 1). However, the model found that dissolved oxy-

gen was the single best predictor variable of taxonomic

distribution (AICc 5 103.55, r2 5 0.174). The difference in the

functional composition showed that longitude was the only sig-

nificant correlation with functional dissimilarity (Table 1) and no

single best predictor was identified in the AICc model.

Community similarity over distance and environment

The difference in geographical distance and environmental

parameters was measured and compared with differences in

bacterial community composition across> 20,000 km. Taxo-

nomic dissimilarity of free-living communities showed bio-

geographical differences, and was positively correlated with

both geographical distance (Rho 5 0.602, P 5 0.002) (Fig. 4a)

and environmental dissimilarity (Rho 5 0.208, P 5 0.038)

(Fig. 4b). Mixed bacterial communities showed no correla-

tion between taxonomic relatedness and geographical dis-

tance (Rho 5 0.022, P 5 0.366) (Fig. 4c). However, in the

mixed community taxonomic dissimilarity was positively cor-

related with environmental dissimilarity (Rho 5 0.252,

P 5 0.035) (Fig. 4d), indicating that environmental selection

was shaping the community taxonomic composition.

Bacterial functional compositions showed a different pat-

tern from taxonomic composition. The functional composi-

tion of both the free-living and mixed community was

strongly correlated with geographical distance (Rho 5 0.466,

P 5 0.001) (Fig. 5a) (Rho 5 0.338, P 5 0.001) (Fig. 5c). There

was no correlation between functional composition and envi-

ronmental dissimilarity for the free-living community

(Rho 5 0.164, P 5 0.089) (Fig. 5b) and a weak relationship

between functional composition and environment for the

mixed community (Rho 5 0.214, P 5 0.028) (Fig. 5d).

Despite being in environmentally similar conditions,

Table 1 DistLM describing single correlation to change in taxonomic or functional composition and stepwise comparison in the AICc

model. For each variable, proportional sum of squares (SS) and proportion of variation in the community structure explained the

variable (Prop.) is given.

Taxonomic dissimilarity Functional dissimilarity

SS (trace) Pseudo-F P Prop. SS (trace) Pseudo-F P Prop.

Free-living community

Marginal test:

Latitude 5277.900 7.238 0.003 0.358 46.594 3.942 0.027 0.233

Longitude 8407.000 17.208 0.002 0.570 83.900 9.375 0.001 0.419

Temperature 5428.600 7.564 0.012 0.368 49.043 4.217 0.020 0.245

Salinity 4328.900 5.396 0.012 0.293 42.452 3.497 0.040 0.212

Dissolved oxygen 3973.800 4.790 0.016 0.269 34.132 2.671 0.061 0.170

Oxygen utilization 522.330 0.477 0.638 0.035 14.892 1.045 0.336 0.074

Phosphate 5202.700 7.078 0.005 0.353 51.530 4.505 0.020 0.257

Nitrate 4912.800 6.487 0.006 0.333 52.125 4.575 0.017 0.260

Sequential test:

Longitude 8407.000 17.208 0.001 0.570 83.900 9.375 0.002 0.419

Mixed community

Marginal test:

Latitude 2060.100 2.457 0.062 0.159 19.033 1.433 0.199 0.099

Longitude 649.830 0.686 0.541 0.050 31.151 2.523 0.033 0.163

Temperature 2248.600 2.729 0.049 0.174 16.380 1.215 0.288 0.085

Salinity 1836.000 2.146 0.096 0.142 21.918 1.679 0.124 0.114

Dissolved oxygen 2256.700 2.741 0.056 0.174 16.431 1.219 0.293 0.086

Oxygen utilization 1778.900 2.068 0.127 0.137 23.251 1.795 0.093 0.121

Phosphate 933.790 1.009 0.372 0.072 25.304 1.977 0.093 0.132

Nitrate 1306.800 1.458 0.185 0.101 26.048 2.045 0.050 0.136

Sequential test:

Dissolved oxygen 2256.700 2.741 0.060 0.174 - - - -

Longitude - - - - 31.151 2.523 0.025 0.163
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functional differences increased with geographical distance,

demonstrating the relative importance of evolutionary history

over environmental selection in shaping the functional com-

position of marine bacterial communities.

DISCUSSION

We have shown that the taxonomy and functional composi-

tion of marine bacterial communities have distinct patterns

of biogeography depending on community complexity. In

free-living communities, taxonomic biogeography is the

result of both historic events and current environment, simi-

lar to eukaryotes (consistent with H4). The taxonomic com-

position of the mixed community is affected by

environmental characteristics, but not by geographical dis-

tance, consistent with H2 that everything is everywhere, but

the environment selects. Conversely, the functional genes of

free-living communities are not correlated with environmen-

tal differences, but are correlated with geographical distance,

suggesting that historical events are selecting bacterial func-

tions (consistent with H3). Mixed communities have a func-

tional composition selected for by both current

environmental selection and evolutionary divergence across

space (consistent with H4).

The taxonomic classification of the free-living fraction fol-

lows a similar biogeographical pattern to eukaryotes, being

driven by both current environmental variables and historic

evolutionary forces (consistent with H4) (Fig. 4a,b) (Borcard

et al., 1992; Briers & Biggs, 2005). The taxonomic composi-

tion of free-living bacteria shows evolutionary changes over

distance and selection by the environment, consistent with

their life-history strategies. Free-living communities are

dominated by phototrophs and oligotrophs (Lauro et al.,

2009; Yooseph et al., 2010), which have stable populations

based on the carrying capacity of limiting resources. Photo-

trophs are reliant on sunlight and are found to have a higher

abundance of sequences similar to photosynthetic pathways,

a demonstrated core function for this trophic group (Fig. 3).

Raes et al. (2011) found that sunlight correlates with photo-

troph abundance and is the best predictor variable across a

latitudinal subset of the GOS data. Our analysis extends the

longitudinal distribution from the east Atlantic into the

Indian Ocean. We found longitude to be the best model for

taxonomic difference, with significant correlations with tem-

perature and the limiting nutrients nitrate and phosphate

(Table 1). Oligotrophic bacteria have an inverse abundance

to phototrophs. The abundance of oligotrophic bacteria

changes with limiting nutrients that drive primary produc-

tion (Elser et al., 2007) and the resulting availability of differ-

ent sources of carbon on which they rely (Rusch et al., 2007;

Fontanez et al., 2015). The oligotrophs have streamlined

genomes (Lauro et al., 2009), and we have shown a relatively

stable population distribution that is correlated with func-

tions that regulate amino acids and derivatives, nitrogen uti-

lization and stress response (Fig. 3).

The mixed bacterial communities are composed of all four

trophic strategies and community differences are correlated

with environmental similarity and not distance. This indi-

cates that community taxonomic composition of the mixed

bacterial community is driven by contemporary

Figure 4 Taxonomic

dissimilarity compared with

distance (a, c) and

environmental dissimilarity

(b, d). Positive correlations

with distance indicate the

influence of evolutionary

history and positive

correlations with

environment indicate the

influence of current

environmental drivers on

community composition. The

difference (as a measure of

Euclidean distance) between

every community is plotted.

Communities with significant

correlations are displayed

with a regression line (a,

Rho 5 0.602; b, Rho 5 0.208;

d, Rho 5 0.252).
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environmental selection (H2) (Fig. 4c,d): everything is every-

where but the environment selects (Baas-Becking, 1934). The

inclusion of the copiotrophs, and eutrophs in the marine

microbiome, increases community plasticity enabling tempo-

ral variability associated with fluctuating oceanographic con-

ditions while maintaining functional diversity. Taxonomic

plasticity is maintained by rare species (Fuhrman, 2009). The

copiotrophic families were differentiated from eutrophic fam-

ilies by patterns of abundance and correlation to different

core functions. Copiotrophic families Vibrionaceae, Alteromo-

nadaceae and Shewanellaceae, had a distinct pattern of co-

occurrence with subsystems including, motility, virulence,

potassium and iron acquisition (Fig. 3). On a global compar-

ison eutrophs are distinguished from copiotrophs by co-

occurrence with the metabolisms of cell wall and capsule

(Fig. 3). The eutrophs Enterobacteriaceae, Pseudomonadaceae

and Burkholderiaceae, had highly variable abundances across

regions (Fig. 1a) in response to temporal shifts in carbon

Figure 5 Functional dissimilarity

compared with distance (a, c) and

environmental dissimilarity (b, d).

Positive correlations with distance

indicate the influence of

evolutionary history and positive

correlations with environment

indicate the influence of current

environmental drivers on functional

composition. The difference (as a

measure of Euclidean distance)

between every community is

plotted. Communities with

significant linear regression are

displayed with a line (a,

Rho 5 0.466; c, Rho 5 0.338; d,

Rho 5 0.214).

Figure 6 A four-part conceptual model describes the interaction between taxa and function in relation to distance and environmental

variability. Variation is compared for a single location (a) and over increasing distances (b, c, d). Within a single location natural

variation in the bacterial community is shown over time for taxa (blue) and function (red) in response to environmental changes

(green). Due to the numerous biotic and abiotic variables, environment has high variation (green). Due to the presence of many rare

species, taxonomic composition will respond rapidly to environmental variables (blue). Functional characteristics of the bacterial

community have minimal variation with shared genomic characteristics between organisms (red). Random sampling displayed as dots

on the graph shows how time influences interpretations of the biogeography of a bacterial community.
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availability. Eutrophs in mixed communities shared positive

correlations with phototrophs (Appendix S6), suggesting a

co-occurrence of eutrophs and phototrophs, with pulses in

primary productivity and nutrient influx.

In free-living bacterial communities, functional dissimi-

larity is correlated with geographical distance (Fig. 5a,c),

suggesting that there are evolutionary differences that influ-

ence functional composition, whereas current environment

had little effect on functional composition, corresponding

to H3. Functional dissimilarity across communities is lower

due to a dominance of shared metabolic genes and the

maintenance of a reservoir of auxiliary genes (Fig. 2).

Jiang et al. (2012) found that function of free-living com-

munities was correlated with both distance and environ-

ment, but they compared communities across ocean

depths, which is a strong driver of community composi-

tion with a dramatic difference in environmental drivers.

In contrast, the mixed communities that include highly

fluctuating trophic groups have functions that are corre-

lated with geographical distance and weakly with environ-

ment (Fig. 5c,d) (consistent with H4).

Our findings show that bacterial taxa and bacterial func-

tion correlate with different biogeographical drivers. Simi-

larly, in a smaller-scale geographical analysis, bacterial

communities of coral reefs surveyed along a latitudinal

gradient showed a taxonomic composition driven by envi-

ronment, while functional composition was driven by

geography (Kelly et al., 2014). We propose a model to

suggest how the taxonomic and functional composition of

bacterial communities develops across space and time (Fig.

6a–d). Consider a bacterial community over time (perhaps

2 years) where there is environmental variability associated

with seasonal changes (green line) and the taxonomic

composition changes in response to the changes in envi-

ronmental variables (blue line). The majority of organisms

persist as the rare tail even when there is selection by the

environment. Community function is conserved by the

large number of shared metabolic pathways and a smaller

reservoir of auxiliary functions in the rare community (red

line). The minimal variation in function corresponds to

core genes of dominant taxa (Fig. 6a). With increasing

geographical distance (Fig. 6b), the environment, taxa and

functions diverge, but are difficult to detect with haphaz-

ard sampling such as we employed in this research. At a

small distance, taxa and environmental variability overlap

at certain time points, whereas functions are distinctive. At

the larger geographical distance (Fig. 6c) the environment

shows some overlap but the taxa are now different across

oceanographic regions. At vast distances, perhaps between

polar and other regions of the ocean, or different depths,

the environmental variation is sufficient to distinguish bac-

terial taxa and functions (Fig. 6d). Sampling across differ-

ent trophic strategies will influence the amount of

variation seen within communities and how tightly taxo-

nomic and functional composition are correlated.

CONCLUSION

Principles of biogeography will continue to be challenged by

bacterial community composition because of their diversity

and genomic complexity. We have shown that there are sig-

nificant implications dependent on the inclusivity or exclu-

sivity of trophic strategies and taxonomic or functional

assignments. Our four hypotheses indicate the principles of

biogeography governing community composition, and evolu-

tionary drivers of bacterial community are different for taxo-

nomic and functional classifications. Taxonomic composition

shows the potential for rapid response to current environ-

mental conditions. However, differences in functional com-

position correlate with overall geographical distance,

indicating the relative importance of evolutionary history

that allows divergence over time. Indeed, as more eukaryote

genomes are sequenced to provide a full assessment of the

functional potential within a eukaryote population, similar

variation in eukaryote functional biogeography may become

apparent. The inclusion of multiple trophic strategies in the

taxonomic composition increases the importance of current

environmental conditions, while the influence of evolutionary

history is lost. Functional community dissimilarity of micro-

bial communities is driven by evolutionary history, whereas

environmental difference is reduced.
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SUPPORTING INFORMATION

Additional supporting information may be found in the

online version of this article at the publisher’s web-site:

Appendix S1 Bacterial communities sampled using

metagenomics displayed on a map of the world and coloured

by region.

Appendix S2 Comparison of environmental variables from

NOAA Ocean Atlas across oceanographic regions for both

free-living and mixed communities and R2 to field collected

measures.

Appendix S3 Reference oceanographic region and

publication for all community profiles.

Appendix S4 The co-occurrence of taxa and function in free-

living communities shows two distinct patterns driven by

phototrophs and oligotrophs (given as average abundance

and standard deviation) and a third weakly correlated cluster

of rare families.

Appendix S5 Holm’s sequential Bonferroni corrected P-

values of two-tailed test of correlation between taxonomy

and function from the free-living dataset with n 5 15.

Appendix S6 The co-occurrence of taxa and function in

mixed bacterial communities shows three distinct patterns of

co-occurrence.

Appendix S7 Holm’s sequential Bonferroni corrected P-

values of two-tailed test of correlation between taxonomy

and function from mixed-community dataset with n 5 15.

Appendix S8 Holm’s sequential Bonferroni corrected P-

values of two-tailed test of correlation between taxonomy

and function from global dataset with n 5 30.

Appendix S9 Bacterial communities in mixed communities

have increasing within-site variability across trophic groups.

Within-site variability is the standard deviation of trophic

groups within each oceanographic region normalized to the

proportional population abundance.
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