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Supporting Information Methods 

 

Sequencing and processing of the microbial community  

 

Prokaryotic diversity was assessed by amplicon sequencing of the V4–V5 regions of the 

16S rRNA gene in the Illumina MiSeq platform (iTags) using paired-end reads (2 × 250 

bp) and primers 515F-Y (5′- GTGYCAGCMGCCGCGGTAA-3′) and 926 R 

(5′CCGYCAATTYMTTTRAGTTT- 3′) targeting both Archaea and Bacteria (Parada, 

Needham, and Fuhrman 2016). These data have been published in Ruiz-Gonzalez et al.   

(2019) and Logares et al. (2020). Picoeukaryotic diversity was assessed by amplicon 

sequencing of the V4 region of the 18S rRNA gene with the Illumina MiSeq platform 

using paired-end reads (2 × 250 bp) and the universal eukaryotic primers TAReukFWD1 

(5′-CCAGCASCYGCGGTAATTCC- 3′) and TAReukREV3 (5′-

ACTTTCGTTCTTGATYRA-3′) (Stoeck et al. 2010). These data have been published in 

Rodriguez-Giner et al. (2019).  For both groups, a UPARSE-based workflow (Edgar 

2013) implemented in a local cluster at the Marine Bioinformatics Service  (MARBITS) 

of the Institut de Ciencies del Mar (Logares 2017) was used for sequence data processing. 

Raw reads were corrected using BayesHammer (Nikolenko, Korobeynikov, and 

Alekseyev 2013) following Schirmer et al. (2015). Corrected paired-end reads were 

subsequently merged with PEAR (Zhang et al. 2014); sequences longer than 200 bp were 

quality-checked and de-replicated using USEARCH (Edgar 2013). Chimera check and 

removal were performed both de novo and using the SILVA reference database (Quast et 

al. 2013). Operational Taxonomic Units (OTUs) were delineated at 97% similarity using 

UPARSE V8.1.1756 (Edgar 2013). Taxonomic assignation was performed by blasting 

(i.e., BLASTn (Altschul et al. 1997)) the sequence representative of each OTU against 

the 16S SILVA v123 (Quast et al. 2013) and two in-house marine picoeukaryote 

databases based in a collection of Sanger sequences (Pernice et al. 2013) or 454 reads 

from the BioMarKs project (Massana et al. 2015) (http:// www.biomarks.eu/). Each of 

the four datasets used in this study (picoeukaryotes surface, prokaryotes surface, 

picoeukaryotes deep, prokaryotes deep) were randomly sampled down to the lowest 

sequencing effort to enable comparisons across the sites (22379 reads/sample in deep 

picoeukaryotes, 10617 reads/sample in deep prokaryotes, 4060 reads/sample in surface 

picoeukaryotes and prokaryotes). This resulted in a final OTU table including 268548  

http://www.biomarks.eu/


reads and 5330 OTUs in deep picoeukaryotes, 637020 reads and 3543 OTUs in deep 

prokaryotes, 479080 reads and 18535 OTUs in surface picoeukaryotes, 476859 reads and 

6965 OTUs in surface prokaryotes. Metazoan, Streptophyta and nucleomorphs OTUs 

were removed. More details on the OTU sequencing and rarefaction curves can be found 

in Logares et al. (2020), Giner et al. (2019). and Salazar et al. (2015). The SILVA 

reference database we used in this study catalogs reference sequences at the species and 

strain levels.   

 

Correlations between beta diversity and spatial and environmental descriptors 

 

Mantel tests (Mantel 1967) were used to analyze the statistical relationships between 

horizontal community dissimilarity across spatial and environmental gradients (Nekola 

and White 1999). The Mantel tests calculate the correlation between two distance 

matrices computed between pairs of samples, and evaluate its significance using random 

permutations (Mantel 1967). In this randomization, the rows and columns of one of the 

matrices are randomly permuted n times and the correlation of each permutation is 

calculated to assess the significance of any departure from a zero correlation. The Mantel 

r values falls in the range of -1 to 1, where values close to -1 indicates strong negative 

correlation and 1 indicates strong positive correlation. An r value of 0 indicates no 

correlation. We performed a set of Mantel tests using the vegan R package (Oksanen et 

al. 2019) between: (1) each environmental variable and the biological dissimilarity 

matrix, (2) between a combination of environmental variables that were the highly 

correlated with sample dissimilarities and (3) between the biological dissimilarity and 

oceanic distance. Since oceanic and environmental distances can be highly correlated, we 

performed partial Mantel tests to analyze the relative contribution of oceanic distance and 

differences in the environment on community composition changes, after controlling for 

each predictor (Table 3a-c). Similarity values in the main text are shown in percentages.  

 

To analyze the joint contribution of environment and oceanic distance on community 

structure, Multiple Regression on distance Matrices (MRM) were performed using the 

ecodist package in R (Goslee and Urban 2007). MRM involves a multiple regression 

analysis of a response matrix (community dissimilarity) on any number of explanatory 

variables (environment and oceanic distance), where each matrix contains distance or 



dissimilarities between all pair-wise combination of n objects (Legendre, Lapointe, and 

Casgrain 1994; Lichstein 2007). Statistical significance on MRM is performed by 

permutations in the same manner as the Mantel test (Table 3a-c).  

 

Across basin analysis of community similarities  

 

To analyse if the microbial samples in the surface and deep ocean were more similar 

within than across ocean basins (Atlantic, Pacific, Indian) (Supporting Information Table 

2 and Figure S3a-c) the ANalysis Of SIMilarity (ANOSIM) test was used. We calculated 

the community similarity of prokaryotes and picoeukaryotes within the Pacific, Atlantic, 

and Indian Oceans, using samples from just those Oceans. In brief, ANOSIM provides a 

way to test statistically whether there is a significant difference between two or more 

groups of sampling units. The ANOSIM statistic “R” compares the mean of ranked 

dissimilarities between groups (between oceans) to the mean of ranked dissimilarities 

within groups (within oceans). An R value close to 1 suggests dissimilarity between 

groups while an R value close to 0 suggests an even distribution of high and low ranks 

within and between groups. R values below 0 suggest that dissimilarities are greater 

within groups than between groups. Hence, the higher the R value, the more dissimilar 

the ocean basins are in terms of microbial community composition.  The significance of 

the R statistic is determined by permuting across the groups and comparing the position 

of the observed R value to the null distribution.
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Table S1. Description of the biological datasets (see data availability section). 

 

Group Size 

(µm) 

Sampling 

depth 

Number 

of OTUs 

Number 

of sites 

Sequencing Main groups 

Prokaryotes 

 (Logares et 

al. 2020; 

Salazar et 

al. 2015) 

0.2-

3; 

0.2-

0.8 

Surface 6965 118  

16Sr RNA 

gene 

 

Archaea and 

Bacteria 
 

Deep 

 

3543 

 

30 

 

Pico 

eukaryotes 

(Giner et al. 

2019; 

Logares et 

al. 2020) 

 

 

 

 

 

0.2-

3 

 

 

Surface 

 

 

 18535 

 

 

   118 

 

 

 

18Sr RNA 

gene 

Small 

heterotrophic 

flagellates, 

green algae, 

fungi, small 

parasites, 

cercozoa, 

diatoms, 

dinoflagellates, 

… 

 

Deep 

 

5330 

 

12 

 

 

 

 

 

 

 

 

 

 

 



Table S2. The ANalysis Of SIMilarity (ANOSIM) test between prokaryotes and 

picoeukaryotes in the surface and deep ocean was used to check if there were statistical 

differences in community composition across sites from the Atlantic, Pacific, and Indian 

oceans. The ANOSIM statistic “R” compares the mean of ranked dissimilarities between 

groups (between oceans) to the mean of ranked dissimilarities within groups (within 

oceans). An R value close to 1 suggests dissimilarity between groups while an R value 

close to 0 suggests an even distribution of high and low ranks within and between groups. 

The higher the R value, the more dissimilar the oceans are in terms of microbial 

community composition. The differences between groups were statistically tested using 

1,000 permutations. The “Group subset” analysis includes the same sites (or closer sites) 

across both biological groups. The “Layer subset” analysis includes sites matching the 

surface and deep ocean for prokaryotes and picoeukaryotes. The shaded cells indicate 

cases where the subset reduced the sampling size (number of sites). The non-shaded cells 

indicate cases where the subset did not reduce the sampling size. 

 

Group Depth Number of 

sites 

ANOSIM-R p Analysis 

Picoeukaryotes Surface 118 0.13 0.001*  

All sites Deep 12 0.30 0.023* 

Prokaryotes Surface 118 0.04 0.030* 

Deep 30 0.16 0.003* 

Picoeukaryotes Surface 118 0.13 0.001*  

Group 

subset 
Deep 12 0.30 0.023* 

Prokaryotes Surface 118 0.04 0.030* 

Deep 12 0.19 0.077 

Picoeukaryotes Surface 12 0.13 0.153  

Layer 

subset 
Deep 12 0.30 0.023* 

Prokaryotes Surface 27 0.07 0.100 

Deep 27 0.13 0.009* 

 

 

  



Table S3. Mantel correlations between a selection of best environmental variables with 

community dissimilarity using Bray-Curtis index for prokaryotes and picoeukaryotes. 

Key environmental variables are selected using Mantel tests. We selected the model with 

higher Mantel r correlations between community dissimilarity and the Euclidean 

distances of scaled environmental variables (* indicates p < 0.05). The “Group subset” 

analysis includes the same sites (or closer sites) across both biological groups. The “Layer 

subset” analysis includes sites matching the surface and deep ocean for prokaryotes and 

picoeukaryotes. SiO4 (µmol/L), PO4 (µmol/L), NO3 (µmol/L), WA: Water age (years), T: 

Temperature (ºC), S: Salinity, O: Oxygen (µmol/kg). The shaded cells indicate cases 

where the subset reduced the sampling size (number of sites). The non-shaded cells 

indicate cases where the subset did not reduce the sampling size. 
 

 

 

Model 

Analysis 

Group subset Layer subset 

Picoeukaryotes Prokaryotes Mean Picoeukaryotes Prokaryotes Mean 

Surface Deep Surface Deep Surface Deep Surface Deep 
T+S+O+PO4+SiO4+NO3+WA 0.215* 0.257* 0.412* -0.046 0.210 0.047 0.257* 0.412 0.083 0.200 

T+S+O+ PO4+SiO4+NO3 0.233* 0.222 0.441* -0.042 0.214 0.071 0.222 0.488 0.033 0.204 
T+S+O+PO4 0.240* 0.206 0.454* -0.024 0.219 0.023 0.206 0.464 0.048 0.185 
T+S+O+SiO4 0.216* 0.208 0.386* -0.032 0.195 -0.075 0.208 0.444 0.044 0.155 
T+S+O+ NO3 0.219* 0.203 0.445* -0.022 0.211 -0.018 0.203 0.444 0.050 0.170 

T+S+O 0.205* 0.188 0.395* -0.009 0.195 -0.102 0.188 0.416 0.060 0.141 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S4. a) Mantel correlations, b) Partial Mantel correlations, and c) Multiple 

Regression on distance Matrices (MRM) between prokaryotes community dissimilarity, 

oceanic distance, and environmental distance. Mantel partial correlations are calculated 

after controlling for the effects of oceanic and environmental distance. The statistical 

significance of the Mantel test is assessed using 9999 random permutations. MRM 

involves a multiple regression analysis of a response matrix (community dissimilarity) on 

any number of explanatory variables (in this case, environmental and oceanic distance), 

where each matrix contains distance or dissimilarities between all pair-wise combination 

of n objects. The test of statistical significance is performed by permutations (* indicates 

p < 0.05). The “Group subset” analysis includes the same sites (or closer sites) across 

both biological groups. The “Layer subset” analysis includes sites matching the surface 

and deep ocean for prokaryotes and picoeukaryotes. The shaded cells indicate cases where 

the subset reduced the sampling size (number of sites). The non-shaded cells indicate 

cases where the subset did not reduce the sampling size. 

 

(a)  

 

Group 

 

Depth 

 

Number of 

sites 

Dissimilarity vs Oceanic 

distance 

Dissimilarity vs Environmental 

distance 

 

Analysis 

Mantel r p Mantel r p 

Picoeukaryotes Surface 118 0.127* <0.001 0.215* <0.001  

Group 
subset 

Deep 12 0.341* 0.004 0.257* 0.028 

Prokaryotes Surface 118 0.082* <0.001 0.412* <0.001 

Deep 12 0.108 0.144 -0.046 0.615 

Picoeukaryotes Surface 12 0.142 0.084 0.047 0.374  

Layer 

subset 
Deep 12 0.341* 0.004 0.257* 0.028 

Prokaryotes Surface 27 0.076 0.053 0.412* 0.002 

Deep 27 0.143 <0.001 0.083 0.196 

 

(b)  

 

Group 

 

Depth 

 

Number of 

sites 

Dissimilarity vs Oceanic 

distance 

(control environment) 

Dissimilarity vs Environmental 

distance 

(control oceanic distance) 

 

Analysis 

Mantel r p Mantel r p 

Picoeukaryotes Surface 118 0.077* <0.001 0.191* 0.001  

Group 
subset 

Deep 12 0.280* 0.017 0.160 0.117 

Prokaryotes Surface 118 -0.024 0.889 0.406* <0.001 

Deep 12 0.140 0.154 -0.101 0.718 

Picoeukaryotes Surface 12 0.134 0.120 -0.001 0.473  

Layer 

subset 
Deep 12 0.280* 0.017 0.160 0.117 

Prokaryotes Surface 27 -0.011 0.571 0.406* 0.002 

Deep 27 0.117* 0.025 0.014 0.435 

 

c) 

 

Group 

 

Depth 

 

Number of sites 

MRM (Oceanic distance + 

Environment) 

 

Analysis 

MRM r p 

Picoeukaryotes Surface 118 0.228* 0.001  

Group subset Deep 12 0.373* 0.011 

Prokaryotes Surface 118 0.413* 0.001 

Deep 12 0.147 0.549 

Picoeukaryotes Surface 12 0.142 0.661  
Layer subset Deep 12 0.373* 0.011 

Prokaryotes Surface 27 0.412* 0.004 

Deep 27 0.143 0.187 

  



 

Figure S1. Maps showing the Malaspina sites for which surface and deep samples where 

available for picoeukaryotes and prokaryotes. a) “Group subset” matching the same sites 

(or closer sites) across groups and b) “Layer subset” matching surface and deep sites. n 

indicates the number of sites.  

 



 

 

Figure S2. Frequency of microbial horizontal community similarity values between pairs 

of sites in surface and deep ocean for picoeukaryotes and prokaryotes (bars). The y axis 

indicates the scaled bin frequency within each panel (i.e., bin frequencies are scaled to 

maximum of 1). The x axis indicates the community similarity values for each bin. A 

similarity value of 0 indicates that the two sites share no OTU in common, while a value 

1 indicates the two sites have identical communities. The smooth line indicates the kernel 

density estimate of the distribution. a) “Group subset” matching the same sites (or closer 

sites) across groups and b) “Layer subset” matching surface and deep sites. n indicates 

the number of sites. 

 



 

Figure S3. ANalysis Of SIMilarity (ANOSIM) for prokaryotes and picoeukaryotes in the surface and deep 

ocean across samples from the Atlantic, Pacific, and Indian oceans. The ANOSIM statistic “R” compares 

the mean of ranked dissimilarities between oceans to the mean of ranked dissimilarities within oceans. An 

R value close to 1 suggests dissimilarity between groups while an R value close to 0 suggests an even 

distribution of high and low ranks within and between groups. The differences between groups were 

statistically tested using 1000 permutations. The boxplot shows variability of the ranked dissimilarities. 

The bottom and top of the box are the lower (Q1) and upper (Q3) quartiles. The band inside the box is the 

median. a) All sites: data on all available sites in the surface and deep ocean; b) Group subset: data sampled 

similarly in space, done by selecting the same or the closer sites across the groups in surface and deep 

ocean; c) Layer subset: only sites matching the surface and deep ocean. n=number of sites. 



 

 

Figure S4. Community similarity distributions and distance decay patterns across 

different oceans, regions, and hemispheres. a) Frequency of microbial horizontal 

community similarity values between pairs of sites in surface and deep ocean for 

picoeukaryotes and prokaryotes (bars). The y axis indicates the scaled bin frequency 

within each panel (i.e., bin frequencies are scaled to maximum of 1). The x axis indicates 

the community similarity values for each bin. A similarity value of 0 indicates that the 

two sites share no OTU in common, a value 1 indicates the two sites have identical 

communities. The smooth line indicates the kernel density estimate of the distribution. b-

c) Relationships between horizontal community similarity and oceanic and environmental 

distance between pairs of sites. The points show the community similarity values for each 

unit of distance considering all pairs of sites. The relationship between community 

similarity and oceanic and environmental distance is fitted by a linear model (solid line), 

and the smooth shadows shows the 95% confidence level interval for predictions of a 

linear model. Regression lines are drawn on significant Mantel correlations.  

 

 

 

 

 

 



 

 

 

Figure S5. Relationships between horizontal community similarity and the Euclidean 

environmental distance for each of the variables used for picoeukaryotes and prokaryotes 

in the surface and deep ocean. The points show the community similarity values for each 

unit of distance considering all pairs of sites. The relationship between community 

similarity and the environmental distances is fitted by a linear model (solid line), and the 

smooth shadows shows the 95% confidence level interval for predictions of a linear 

model. Regression lines are drawn on significant Mantel correlations. A similarity value 

of 0 indicates that the two sites share no OTU in common, while a value 1 indicates the 

two sites have identical communities. PP: Primary productivity: a254: absorption 

coefficient of dissolved organic matter at 254 nm: PAR: Photosynthetically Active 

Radiation.  

 

 

 

 

 

 

 

 

 

 



 

 

Figure S6. Boxplot showing the variability of the environmental variables used during 

Malaspina in the surface and deep ocean for picoeukaryotes and prokaryotes. The bottom 

and top of the box are the lower (Q1) and upper (Q3) quartiles and the band inside the 

box is the median. The whiskers extend up to 1.5 times the interquartile range (Q3-Q1) 

from the box. The points outside the whiskers are not drawn. The jittering of points is 

added so that each sample is visible. a254: absorption coefficient of dissolved organic 

matter at 254 nm.  

 

 

 

 



 

Figure S7. Mantel correlations of prokaryotes and picoeukaryote community dissimilarity with 

environmental factors at surface and deep ocean. a) the “Group subset” analysis, which includes 

the same sites (or closer sites) across both biological groups and b) the “Layer subset” analysis, 

which includes sites matching the surface and deep ocean for prokaryotes and picoeukaryotes. 

Red colours indicate positive Mantel correlation between community dissimilarity and 

environmental variables. Blue colours indicate negative Mantel correlations, and an r value of 0 

(white) indicates no correlation. * Indicates p < 0.05. PAR: Photosynthetically Active Radiation 

(μE/cm/s), a254: absorption coefficient of dissolved organic matter at 254 nm (per 1/m), PP: 

Primary Productivity (mgC/m/h), SiO4 (µmol/L), PO4 (µmol/L), NO3 (µmol/L), Water age 

(years), T: Temperature (ºC), S: Salinity, O: Oxygen (µmol / kg). Ocean dist: least cost oceanic 

distance avoiding land. Env dist: Environmental Euclidean distance. 

 



 

Figure S8. Pearson correlations between pairs of environmental variables used in 

Malaspina for the a) surface and b) deep ocean. Circles are only drawn when correlations 

are significant, with positive correlations in blue and negative correlations in red.  

 

 

 

 

 

 

 

 

 



 

Figure S9. Relationships between horizontal community similarity vs oceanic distance and environmental 

gradients between pairs of sites in the surface and deep ocean for prokaryotes and picoeukaryotes. a-b) 

“Group subset” analysis, including the same sites (or closer sites) across groups and c-d) the “Layer subset” 

analysis, including sites matching the surface and deep ocean. The points show the community similarity 

values for each unit of distance. The relationship between community similarity and oceanic and 

environmental distance is fitted by a linear model (solid line), and the smooth shadows shows the 95% 

confidence level interval for predictions of a linear model. Regression lines are drawn on only significant 

Mantel correlations. n=number of sites. 


