Biofilms constitute a bank of hidden microbial diversity and

functional potential in the oceans
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Supplementary Figure 1. Geographic distribution of the eight sampling locations
of the 101 biofilms. (1) South Atlantic, (2) Red Sea, (3) Hong Kong Water, (4) Yung
Shu O Bay, (5) East China Sea, (6) South China Sea 1, (7) South China Sea 2, and (8)
South China Sea 3. The majority of biofilms were developed on Petri dishes and man-
made panels immersed in the subtidal zone. Biofilms were sampled from Hong Kong
seawater in different months during 2013-2017. During biofilm development, 24
adjacent seawater samples were collected from the locations (2), (3), (4), and (6) for
comparison. Sampling locations of the 67 Tara seawater samples (surface seawater
metagenomes downloaded for comparison with the biofilms) are also shown.



Supplementary Figure 2. Devices and materials used for biofilm development and
collection. Biofilms were developed on a) Petri dishes, b) zinc panels with antifoulant,
¢, d) small panels of man-made materials fixed in a container with matching slots, and
e, naturally-occurring rocks. Abbreviations: aluminum (Al), poly(ether-ether-ketone)
(PEEK), polytetrafluoroethylene (PTFE), poly(vinyl chloride) (PVC), stainless steel
(SS) and titanium (Ti).



Supplementary Figure 3. Microscopic observation of biofilms under a confocal
laser scanning microscope. a) Overall two-dimensional structure. Scale bar: 10 1 m. b)
Overall three-dimensional structure. Scale bar: 100 v m. ¢) Six dissected layers, from
the top to the bottom of the biofilm. Scale bar: 25 1 m.
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Supplementary Figure 4. Accumulation curve of detected OTUs for 100-fold
permuted sampling of the biofilms. Minimal increases towards the end of sampling
were observed. Calculations were performed using the ‘vegan’ package in R with 100
permutations. In a boxplot, central line represents the median, bounds represent upper
and lower quartiles, and whiskers represent maximum and minimum.
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Supplementary Figure 5. Correlation between biofilm or seawater specificity and
sequencing depth. A series of numbers (20, 40, 80, and 160 million) of reads were
randomly extracted, from one deeply sequenced biofilm metagenome and one seawater
metagenome. a) The number of OTUs specific to biofilms or seawater. b) The ratio of
specific OTUs in biofilms or seawater compared to the total number of OTUs in
biofilms and seawater. Dot lines indicate the change of the specific OTU ratios along
with the increase of sequencing depth. Errors represent standard deviations.
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Supplementary Figure 6. Taxonomic composition based on protein-coding marker genes derived from metagenomes. The figure shows
the distribution of all phyla across the 101 biofilm and 24 seawater metagenomes that were sequenced as part of the current study and the
67 previously published Tara Oceans metagenomes. The order of samples in this figure is the same as that in Supplementary Data 1.
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Supplementary Figure 7. Taxonomic composition based on analysis of 16S miTags following gene length and copy number
normalization. Abundant phyla (the top 30 phyla in terms of maximum relative abundance) are shown with all other phyla grouped
together as ‘Minor’. The order of samples in this figure is the same as that in Supplementary Data 1.
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Supplementary Figure 8. Representative microbial phyla differentially enriched
in the biofilms (101 biofilms compared with 91 seawater samples). Abundance was
calculated by analyzing 16S miTags, 16S miTags normalized by copy number and gene
length, and protein-coding marker genes. *** p-value <0.001 (Mann-Whitney U test).
In a boxplot, central line represents the median, bounds represent upper and lower
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Supplementary Figure 9. Similarity of the microbial communities based on 16S
miTags without data size normalization. Jaccard distances were calculated based on
an OTU matrix derived from 16S miTags without data size normalization, and
visualized through PCoA. The blue dots represent biofilms while the red dots represent
seawater microbial communities.
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Supplementary Figure 10. Similarity of the biofilms developed on artificial panels
and natural rocks, as well as seawater microbial communities. All samples included
for this analysis were collected in Hong Kong water in 2017. Jaccard similarity derived
from the OTU matrix was illustrated by PCoA. These analyses were performed after
normalizing the different 16S miTag data to the same library size, i.e. 10,000 sequences
per sample.
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Supplementary Figure 11. Distribution of biofilm-specific protein-coding genes in
the 101 biofilm metagenomes. Biofilm-specific protein-coding genes (redundant
genes without CD-HIT process) were identified by searching against the OM-RGC and
the seawater data from the current study. ‘Common protein-coding genes’ are genes
shared by both biofilm and seawater metagenomes. Biofilm-specific protein-coding
genes were subsequently combined and subjected to CD-HIT to generate a
nonredundant biofilm-specific gene catalogue (BSGC). The BSGC genes present in
more than 99 biofilms are defined as the biofilm core gene catalogue (BCGC).
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Supplementary Figure 13. Antibiotic resistance genes identified in the BCGC.

MLS refers to macrolides, lincosamides, and treptogramins.
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Supplementary Figure 14. Experimental design for the laboratory formation of
biofilms and free-living microbial cultures from the same subtidal seawater
sample. Each seawater sample collected from the subtidal zone was cultured under two
sets of conditions, one allowing for biofilm formation and the other restricting the
microorganisms to a free-living state. The experiment was performed in duplicate (two
subtidal seawater samples were collected at the initial stage).
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Supplementary Figure 15. Results from the 24 h laboratory experiment testing the
proliferation of particular taxa associated with biofilm formation. a) Venn diagram
showing the logical relations of all OTUs. b) Venn diagram showing abundant OTUs
(OTUs with more than nine sequences).
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laboratory. a) Venn diagram showing the logical relations of all COGs. b) The 40 most
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Supplementary Figure 16. Functions associated with biofilm formation in the
enriched COGs exclusively detected in the two biofilm samples.
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Supplementary Figure 17. Taxonomic affiliation of the 479 microbial genomes

recovered from biofilm metagenomes. All contigs used for genome recovery are > 10

Kb.
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Supplementary Figure 18. PKS and NRPS biosynthetic gene clusters in
Acidobacterium sp. BG-534. The longest cluster is 127.3 kb.
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EHvia GLGL AT THL vl BB BG-235-Csxl
CRV A MIVA ALV G IL 1 VA II 0IP91922.1
AHvV I A mMEBvaALALLAAL FBlL I Hv WP_115792350.1
ABv 1 aANY MBvaLALLAAL FEL Hv B Acxs2114.1
ABvV 1A EREvEvALALLAALEHE GEN-E. HVE WP_083774258.1
e HATVE VDELRDEA G LRNA [l BG-235-Csx1
Gy P K@ rRVGEHL nEA G LYEA 0IP91922.1
Gy ALGLA vvBlL L LMA LYBA LB wP 115792350.1
GY BaAaLGLA vMBlLL LEA LYBA LE Acxs2114.1
GY BaaLGLA vMBiLL LA LA LB wp 083774258.1

b 89 W P 006624637.1 TIGR02710 family CRISPR-associated protein Arthrospira platensis
100] WP 111890945.1 TIGR02710 family CRISPR-associated protein Arthrospira sp. 09.13F

W P 083806373.1 TIGR02710 family CRISPR-associated protein partial Arthrospira maxima
EDZ91608.1 CRISPR-associated protein TIGR02710 family partial Arthrospira maxima CS-328

WP 017660592.1 TIGR02710 family CRISPR-associated protein Geitlerinema sp. PCC 7105
26 98'PPT10179.1 CRISPR-associated protein Geitlerinema sp. FC II

WP 071518649.1 TIGRO02710 family CRISPR-associated protein Geitlerinema sp. PCC 9228
W P 068515365.1 TIGR02710 family CRISPR-associated protein Leptolyngbya sp. O-77
WP 006278675.1 TIGR02710 family CRISPR-associated protein Cylindrospermopsis raciborskii
W P 017741237.1 TIGR02710 family CRISPR-associated protein Scytonema hofmannii
W P 096569732.1 TIGR02710 family CRISPR-associated protein Sphaerospermopsis ksseleviana
W P 027404205.1 TIGRO02710 family CRISPR-associated protein Aphanizomenon flos-aquae
WP 017311125.1 TIGR02710 family CRISPR-associated protein Fischerella sp. PCC 9339
W P 016864709.1 TIGR02710 family CRISPR-associated protein Fischerella muscicola
100" W P 102205092.1 TIGR02710 family CRISPR-associated protein Fischerella muscicola
W P 048346056.1 TIGR02710 family CRISPR-associated protein Synechococcus sp. WH 8020
1nn|rWP0R7R6717'%1 TIGR02710 family CRISPR-associated protein Candidatus Brocadia sinica
41-“ﬂ|_ KXK28653.1 CRISPR-associated protein Candidatus Brocadia sinica
OGW 56898.1 CRISPR-associated protein partial Nitrospirae bacterium RIFCSPHIGHO2
1 100=WP048167722.1 TIGR02710 family CRISPR-associated protein Methanosarcina thermophila
82 WP 054298348.1 TIGR02710 family CRISPR-associated protein Methanosarcina flavescens
WP 097297691.1 TIGR02710 family CRISPR-associated protein Candidatus Methanoperedens sp. BLZ2
68 W P 012844129.1 TIGRO02710 family CRISPR-associated protein Rhodothermus marinus
30 PIZ26777.1 TIGR02710 family CRISPR-associated protein Chloroflexi bacterium CG
100 0IP25738.1 CRISPR-associated protein Dehalococcoidia bacterium CG2

W P 106500461.1 TIGRO02710 family CRISPR-associated protein Synechococcus lacustris
W P 061213698.1 TIGR02710 family CRISPR-associated protein Syntrophomonas wolfei
WP 007288113.1 TIGRO02710 family CRISPR-associated protein Thermosinus carboxydivor ans
94

WP 116553369.1 TIGR02710 family CRISPR-associated protein Pueribacillus theae

W P 083581109.1 TIGR02710 family CRISPR-associated protein Oceanicella actignis
82 W P 026612077.1 TIGR02710 family CRISPR-associated protein Methylocaldum szegediense
98| PLY13792.1 TIGRO02710 family CRISPR-associated protein Sedimenticola sp.
96 KXJ40854.1 hypothetical protein AXA67 08265 Methylothermaceae bacteria B42
GAP62850.1 hypothetical protein ARMA 1273 Ardenticatena maritima
W P 082374182.1 TIGR02710 family CRISPR-associated protein Ardenticatena maritima
EFO79697.1 CRISPR-associated protein TIGR02710 family Oscillochloris trichoides DG-6
100'W P 083778664.1 TIGR02710 family CRISPR-associated protein Oscillochloris trichoides
BG-235-Csx1
WP 115792350.1 TIGR02710 family CRISPR-associated protein Ammonifex thiophilus

ACX52114.1 CRISPR-associated protein TIGR02710 family Ammonifex degensii KC4
W P 083774258.1 TIGR02710 family CRISPR-associated protein Ammonifex degensii
52 PXF55380.1 TIGR02710 family CRISPR-associated protein Deltaproteobacteria bacterium
PMP71639.1 TIGR02710 family CRISPR-associated protein Thermodesulfovibrio aggregans
W P 059176884.1 TIGR02710 family CRISPR-associated protein Thermodesulfovibrio aggregans
W P 093394406.1 TIGR02710 family CRISPR-associated protein Thermodesulforhabdus norvegica
WP 022853920.1 TIGR02710 family CRISPR-associated protein Thermodesulfatator atlanticus
0IP91922.1 CRISPR-associated protein Syntrophaceae bacterium CG2
KFO066609.1 hypothetical protein ER57 16345 Smithella sp. SCADC
— 84 PXF59079.1 TIGR02710 family CRISPR-associated protein ANME-2 cluster archaeon
02 90 RCV63655.1 CRISPR-associated protein ANME-1 cluster archaeon

Supplementary Figure 19. Conserved regions and phylogenetic analysis of a csx1
gene identified from the genome of Acidobacterium sp. BG-235 recovered from
the biofilm metagenomes. a) Two conserved regions as revealed by aligning with Csx1
proteins from other bacteria. GenBank numbers: OIP91922.1, TIGR02710 family
CRISPR-associated  protein  [Syntrophaceae  bacterium]; WP_115792350.1,
TIGR02710 family CRISPR-associated protein [Ammonifex thiophilus]; TIGR02710
family CRISPR-associated protein [Ammonifex degensii KC4]; WP_083774258.1,
TIGR02710 family CRISPR-associated protein [Ammonifex degensii]. b) Phylogenetic
analysis of csx1 using the best hits in the NCBI-Nr database as references. A maximum
likelihood tree with 500 replicates is shown.
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