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Marine brown algae produce the highly recalcitrant polysaccharide fucoidan,
contributing to long-term oceanic carbon storage and climate regulation.
Fucoidan is degraded by specialized heterotrophic bacteria, which promote
ecosystem function and global carbon turnover using largely uncharacterized
mechanisms. Here, we isolate and study two Planctomycetota strains from the
microbiome associated with the alga Fucus spiralis, which grow efficiently on
chemically diverse fucoidans. One of the strains appears to internalize the
polymer, while the other strain degrades it extracellularly. Multi-omic
approaches show that fucoidan breakdown is mediated by the expression of
divergent polysaccharide utilization loci, and endo-fucanases of family GH168
are strongly upregulated during fucoidan digestion. Enzymatic assays and
structural biology studies reveal how GH168 endo-fucanases degrade various
fucoidan cores from brown algae, assisted by auxiliary hydrolytic enzymes.
Overall, our results provide insights into fucoidan processing mechanisms in
macroalgal-associated bacteria.

Macroalgal forests represent one of the largest and most productive
coastal vegetated habitats on Earth, with a net primary production
equivalent to the Amazon rainforest"”. Macroalgae are ubiquitously
found in coastal environments, including rocky intertidal habitats,
coral reefs, and kelp forests'. Massive accumulations of free-floating
macroalgae are also found in the open-ocean, such as the golden tides
of Sargassum, which are expanding due to anthropogenic climate
change’. The increasing arrival of seaweed tides to the coastline causes
rising concerns due to their detrimental economic consequences®.

However, macroalgae represent a valuable raw material, and globally,
play a major beneficial role in regulating Earth’s climate by fixing
atmospheric CO, and storing carbon in the ocean. It has been esti-
mated that 173 Tg of CO, are fixed annually by macroalgae, and ca. 80%
is sequestered in the deep sea’. Most of the carbon storage is mediated
by brown algae? which contain in their cell wall the highly recalcitrant
polysaccharide fucoidan®. This polymer confers macroalgae a con-
siderable resistance to degradation, being currently considered a
climate-relevant polymer’. Moreover, fucoidan is gaining increasing
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attention due to its relevant biological effects, including anti-tumoral,
anti-inflammatory, immunomodaulatory, and antiviral activities®* ' with
beneficial health implications.

Fucoidans are complex sulfated polysaccharides whose precise
chemical structure is mostly unknown since the composition and
branching patterns are highly dependent on producing algal species,
growth stage and environmental conditions". Due to its complexity,
only a small fraction of the structure of fucoidan extracts from most
algae species has been elucidated” . Fucoidans can be divided into
two main types, homo- and heterofucans, depending on their back-
bone composition' (Fig. 1a-c and Supplementary Table 1). The main
chain of homofucans is formed exclusively by a-1,3-fucose (Type I;
Fig. 1a) or alternating «-1,3/a-1,4-fucose residues (Type II; Fig. 1b) that
are extensively decorated with sulfate, ester groups, and other
monosaccharides. In contrast, heterofucans contain a main chain
composed of various sugar monomers, including glucose, mannose,
rhamnose, xylose, and uronic acids, with sulfated fucose being
found at branching sites'*'*?. A particular type of heterofucans
typically produced by brown algae are galactofucans, composed of
B-p-galactose and o-i-fucose in variable ratios**>”* (Fig. 1c). The
remarkable complexity of fucoidan structures is a major obstacle to
advance in our understanding of the specialized degradation pathways
of this polysaccharide?, as well as the underlying mechanisms of their
therapeutic applications.

The slow turnover of fucoidans in the environment is mediated by
a highly specific catalytic machinery encoded in just a few marine
microbial taxa®?°. It is commonly assumed that the more complex a
polysaccharide is, the greater the number of enzymes needed for its
depolymerization” >, Specifically, the degradation of fucoidan
requires a combination of different enzymes, including glycoside
hydrolases (GHs), carbohydrate esterases (CEs), and sulfatases (SAs),
acting in a coordinated manner (Fig. 1a, b). A recently discovered
marine bacterial strain affiliated with Verrucomicrobiota (Lentimonas
sp. CC4) contains hundreds of fucoidan-degrading enzymes largely
concentrated in a megaplasmid®. Yet, this strain is highly specialized
in the digestion of homofucans, being unable to grow on heterofucans
produced by macroalgae such as Sargassum or Undaria pinnatifida®.
This finding highlights the exquisite specificity of fucoidan-processing
enzymes, which are extremely sensitive to the polysaccharide chemi-
cal structure.

Identifying the precise catalytic pathways and mechanisms for the
breakdown of distinct types of fucoidan is currently a major challenge.
It has been largely assumed that exo-acting fucosidases from Carbo-
hydrate Active enZyme®'(CAZy) families GH29, GH95 and/or GH141
process the polysaccharide in combination with a set of SAs (e.g.,
families S1.17, S1.22 and S1_25 according to SulfAtlas database®®**>*)
and CEs (e.g.,, family CE7 according to CAZy database®’). These
enzymes remove the side chains and negatively charged groups,
before endo-acting enzymes (i.e., endo-fucanases or endo-
fucoidanases®) can access the backbone structure. Endo-fucanases
may hold a key role in the complete digestion of fucoidan, but so far,
their biochemical and structural characterization lags behind that of
exo-fucosidases®?°, According to the CAZy database, there are cur-
rently four known families of endo-fucanases (GH107, GH168, GH174
and GH187) and a few representatives of these enzyme families have
been recently characterized, most of them from marine Flavobacteriia.
Among the GH107 family, some members are endo-o-1,4-fucanases
that hydrolyze a-1,4-1-fucosidic bonds in sulfated homofucans com-
posed of alternating 1,3- and 1,4-a-L.-fucopyranose residues®*°, while
others display hydrolytic activity against homogenous a-1,3-L.-fuco-
pyranoses in sulfated homofucans*®*. Additionally, endo-a-1,3-L-fuca-
nase activity has been reported for members of the GH168, GH174 and
GH187 families***. More recently, the enzyme FWf5 from Wenyingz-
huangia fucanilytica CZ1127" has been reported as an o-1,4-endo-
fucanase belonging to the GH168 family**. However, structural

information is still needed in these enzyme families to determine their
substrate specificity for the vast diversity of existing fucoidan
structures.

Notably, a significant fraction of putative endo-fucanases inclu-
ded in the CAZy database that remain uncharacterized are identified in
genomes of marine Planctomycetota, a phylum that is receiving great
interest at the ecological and biotechnological level”’. Members of
Planctomycetota are typically associated with marine sinking
particles®**** and the surface of seaweeds™. Indeed, these micro-
organisms are well-known for their capability to degrade complex
sulfated polysaccharides derived from macroalgae™*. Provided with
fascinating  cell  biology features such as  cytosolic
compartmentalization®, some Planctomycetota contain bacterial
microcompartments (BMC) to metabolize L-fucose residues from algal
polysaccharides®. Therefore, there is evidence suggesting that this
phylum plays a crucial, yet completely uncharacterized role in fucoi-
dan degradation. Here, we aim to understand the processing
mechanisms of recalcitrant fucoidan in Planctomycetota. By combin-
ing the isolation of fucoidan-degrading Planctomycetota strains asso-
ciated with macroalgae and their in-depth analysis by genomics,
transcriptomics, proteomics and fluorescent microscopy, we gain new
insights into fucoidan processing by marine bacteria. In addition,
through enzymatic assays and structural biology, we provide a model
on how GH168 endo-fucanases are assisted by auxiliary hydrolytic
enzymes to get access and process certain fucoidan cores. Conversely,
we show that Rho5174, an endo-fucanase from family GH168 present in
Planctomycetota, is able to partially hydrolyze fucoidan from a specific
macroalgae source. Finally, we also provide structural insights into the
mechanism of substrate recognition for this important enzyme family.

Results

Planctomycetota strains isolated from Fucus spiralis degrade
homo- and heterofucoidans

From nearly 100 isolates obtained by seeding biofilm samples of Fucus
spiralis in culture media tailored to promote the growth of Plancto-
mycetota (Fig. 1d), we identified 24 isolates affiliated with this phylum.
In substrate utilization assays using (i) homofucan from Fucus vesicu-
losus or (ii) galactofucan from Undaria pinnatifida as single carbon
source, only two isolates affiliated to the Pirellulaceae family, 892 and
913, showed a clear increase in OD when growing on both fucoidans
(Fig. 1e). Isolate 892 was affiliated with Rhodopirellula gimesia SWK7
(ANIb 97.97%, coverage 86.70%) and isolate 913 to Rhodopirellula
lusitana DSM 25457 (ANIb 97.53%, coverage 86.69%, recently reclas-
sified as Neorhodopirellula lusitana). Both isolates were selected for an
in-depth study of their mechanisms for fucoidan degradation.

Isolates 892 and 913 (892 and 913 strains, hereinafter) displayed
similar growth patterns on both types of fucoidans, achieving higher
growth rates in F. vesiculosus as compared to U. pinnatifida (Fig. le).
Both strains were also able to grow on the highly labile marine poly-
saccharide laminarin, which is a (1,3)-glucan with (1,6)-branches, and
the monosaccharide mannose. However, clear differences in growth
were found when fucose was added as the sole carbon source. While
strain 892 was unable to utilize fucose under our experimental con-
ditions, strain 913 could efficiently use it as a carbon source (Fig. 1e). In
general, both strains showed a higher lag phase growing on mono-
saccharides than on polysaccharides.

We assessed the ability of strains 892 and 913 to consume fucoi-
dan by monitoring the disappearance of its monosaccharides using
High-Performance Anion Exchange Chromatography with Pulsed
Amperometry Detection (HPAEC-PAD). As depicted in Fig. le, the
decreasing concentration of monosaccharides in supernatant filtrates
was concomitant with the increase in OD during bacterial growth. Both
strains, consumed ca. 90% and 77% of fucose contained in fucoidan
from F. vesiculosus and U. pinnatifida, respectively. Interestingly, the
galactose residue contained in the heterofucan of U. pinnatifida was
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Fig. 1| Chemical structure of fucoidans and experimental work with Plancto-
mycetota strains isolated from Fucus spiralis. Chemical structures of the com-
mon backbone chains of Type I (a) and Type II (b) homofucans, including the
target site for the fucoidan-processing enzymes. ¢ Chemical structure of the
common backbone of the galactofucan (heterofucan) found in Undaria
pinnatifida®. d Workflow of the experimental work. e Growth curves and

Hours (h)

carbohydrate consumption of strains 892 and 913 in different carbon sources
(i.e., fucoidan from Fucus vesiculosus and Undaria pinnatifida, laminarin, man-
nose and fucose). Data points at each time represent three biologically inde-
pendent experiments. Doubling times (t4) have been derived from optical density
measurement values (ODgo0) during exponential phase. Source data are provided
as a Source Data file.

completely consumed, being undetectable at the end of the growth
curves. In addition, both strains processed ca. 85% of glucose con-
tained in laminarin. When using monosaccharides for growth, com-
plete consumption of mannose was observed for strain 892, and ca.

95% consumption was detected for strain 913 after 95h. Finally,
HPAEC-PAD data also confirmed the inability of strain 892 to process
fucose, while strain 913 consumed ca. 95% of this monosaccharide
during the experiment (Fig. 1le).
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Fig. 2 | Fucoidan Polysaccharide Utilization Loci (PULs) in Planctomycetota
strains and global expression under different carbon sources obtained by
quantitative transcriptomics. Genomic location of putative fucoidan PULs in
strains 892 (a) and 913 (d) and functional composition of the PULs (b and e).
Besides endo-fucanases (GH107, GH168 and GH187) and exo-fucosidases (GH29,
GH95, GH141), all indicated in pink color, we identified enzymes from families GH97
(a-glucosidase/a-galactosidase), GH115 (a-glucuronidase), GH116 (B-glucosidase),
GH117 (a-neoagarobiosidase) and GH128 (endo-B-1,3-glucanase/ exo-p-1,3-gluca-
nase) in the PULs of strain 892 (b), and enzymes from families GH3 (3-glucosidase),
GH28 (endo-polygalacturonase/exo-polygalacturonase), GH109 (a-N-acet-
ylgalactosaminidase), GH115 (a-glucuronidase), GH116 (B-glucosidase), GH117 (a-
neoagarobiosidase), GH172 (a-p-arabinofuranosidase) in the PULs of strain 913 (e).

Pannels ¢ and f show mean transcripts per cell of individual genes in each of the
fucoidan PULs and the BMC (highlighted in different colors) in strains 892 and 913,
respectively, grown on different carbon sources (i.e., fucoidan from Fucus vesicu-
losus and Undaria pinnatifida, laminarin, mannose and fucose) in three biologically
independent experiments. Box plots indicate median (middle line), 25th, 75th
percentile (box), and 5th and 95th percentile (whiskers). Individual plotted data
points represent the transcripts per cell and black points indicate the outliers.
Transcripts per cell were quantified by transcriptomics using internal mRNA stan-
dards in three biologically independent replicates. Source data are provided as a
Source Data file. BMC: Bacterial microcompartment; GH: glycosyl hydrolase; S:
sulfatase; CE: carbohydrate esterase.

Planctomycetota strains 892 and 913 express highly hetero-
geneous polysaccharide utilization loci for fucoidan
degradation

We found 6 and 9 putative fucoidan Polysaccharide Utilization Loci
(PULs) in the genomes of strains 892 and 913, respectively. These loci

are enriched with exo-fucosidases, endo-fucanases and SAs (Fig. 2),
with no evidence of genomic structure similarity between the strains
(Fig. 3, Supplementary Datasets 1 and 2). Additionally, we found a
genomic region that likely encodes a BMC for fucose metabolism in
both strains (Figs. 2; Supplementary Datasets 1 and 2). Interestingly,
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protein level are shown. Bold letters highlight those proteins that were sig-
nificantly more abundant in one of the fucoidan sources as compared to lami-
narin (two-sided Student’s t-test, p value < 0.05). Source data are provided as a
Source Data file. Fuc: fucoidan from Fucus vesiculosus; Und: fucoidan from
Undaria pinnatifida; Lam: laminarin; GH: glycosyl hydrolase; S: sulfatase; CE:
carbohydrate esterase; CBM: carbohydrate binding modules; Hyp: hypothetical;
Carb: carbohydrate.
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PUL B from strain 892 also contains genes associated with the meta-
bolism of fucose, such as aldolase, fucose isomerase, and carbohydrate
kinase, together with a transporter (Major Facilitator Superfamily,
MFS) (Fig. 3, Supplementary Dataset 1). The fucoidan PULs in strain 892
have an average size of 10 Kbp and are co-located with the BMC in the
same genomic region (Fig. 2a; PULs A to F). In contrast, the fucoidan
PULs in strain 913 have an average size of 50 Kbp and are dispersed
across the genome (Fig. 2d; PULs G to O).

The number of predicted exo-fucosidases located in fucoidan
PULs is similar in both strains, with 13 GH29, 5 GH95, and 3 GH141
homologs in strain 892, and 15 GH29, 5 GH95, and 4 GH141 in strain 913
(Fig. 2b, e). The average identity in these enzymes ranged between ca.
25to 70% (Supplementary Datasets 3 and 4). Interestingly, both strains
differ in the composition and number of putative endo-fucanases
(Fig. 2b, e). In strain 913, we found enzymes from families GH168 (2),
GH107 (1), and GH187 (1) (Fig. 2e), while in strain 892, there are three
representatives of the GH168 family, one encoded in PUL A
(892_05174) and two in PUL D (892_06282 and 892_06289). Addition-
ally, two homologs of GH187 were found in strain 892 (892_02309 and
892_05521), but they were encoded outside the described PULs (Sup-
plementary Dataset 1). The fucoidan PULs in both strains had a dif-
ferent number of SAs (25 and 38 in strains 892 and 913, respectively),
all assigned to the S1 family and distributed in ca. 10 subfamilies. The
dominant SA families were S1 14 and S1_16 in strain 892, and S1_14, S1 15
and S1_17 in strain 913 (Fig. 2). Moreover, several fucoidan PULs from
both strains contained SAs from families S1 17, S1 22 and S1 25, which
are known to be involved in the cleavage of the sulfate group from
fucosyl residues®>*.

We used quantitative transcriptomics with internal RNA standards
to measure the average expression of the PULs when growing on both
types of fucoidan, produced by F. vesiculosus and U. pinnatifida, in
comparison to the labile polysaccharide laminarin and the mono-
saccharides fucose and mannose (Figs. 2c, f, Supplementary Data-
sets 1 and 2). In strain 892, most GHs within all six putative fucoidan
PULs were actively expressed (Supplementary Fig. 1 and Supplemen-
tary Dataset 1). Notably, PULs A and D, which contained the three
GH168 endo-fucanases, along with PUL B, displayed the highest mean
expression values when growing on both types of fucoidan (Wilcoxon
test, p-value < 0.05, Fig. 2¢, Supplementary Dataset 5). For strain 913,
we observed that growth on fucoidan from F. vesiculosus induced the
expression of GHs within most fucoidan PULs (Supplementary Fig. 1,
Supplementary Dataset 2), with the highest overall expression
observed in PUL I, which contains the predicted endo-fucanases GH168
and GH107 (Fig. 2f). The expression of GHs was lower when strain 913
was grown on fucoidan from U. pinnatifida compared to F. vesiculosus
(Supplementary Fig. 1), and growth on fucose did not induce the
transcription of any fucoidan PULs. This suggests that substrate-
recognition and transcription activation for the turnover of fucoidan
may be mediated by other components or structural identities that are
more complex than its main monosaccharide. Lastly, the BMC com-
partment was induced in both strains when they were growing on both
fucoidan sources, indicating an active metabolism of fucose residues.

Endo-fucanases are strongly upregulated during the degrada-
tion of different types of fucoidan

We conducted a gene expression analysis on RNAseq datasets of
strains 892 and 913 growing on the different carbon sources (Supple-
mentary Fig. 2). The DEseq2 package was used to identify specific
genes that were up- or downregulated by specific carbon sources. We
followed the criteria Log2-fold change (LFC)>2 and p<0.05 to
determine significant changes (Fig. 3, Supplementary Fig. 3, Supple-
mentary Datasets 1 and 2). When both strains were grown on fucoidan
compared to laminarin or mannose, we observed upregulation of the
expression of most SAs, exo-fucosidases, and all endo-fucanases within
the PULs (LFC>2, p<0.05; Fig. 3, Supplementary Datasets 1 and 2,

Supplementary Fig. 3). Interestingly, in strain 913, out of the 15 exo-
fucosidases upregulated by fucoidan compared to laminarin, seven
were upregulated only in the presence of F. vesiculosus (families GH29
and GH141) and two were upregulated only in U. pinnatifida (families
GH95 and GH141). Moreover, in the same strain, the GH107 homolog
was upregulated only in fucoidan from F. vesiculosus (LFC=4.08,
p <0.05; Supplementary Dataset 2), while the upregulation of the two
GH168 endo-fucanases was particularly pronounced in U. pinnati-
fida (LFC>5.9).

The proteome analysis of strain 892 revealed that most exo-
fucosidases and endo-fucanases located in fucoidan PULs were trans-
lated to protein (16 out of 24), including the two GH168 homologs
found in PUL D (Fig. 3a). However, only 8 out of 18 SAs were detected,
which were assigned to families S1_14, S1.15, S1.16, S1.17, S1_22, and
S1.25 (Fig. 3a, Supplementary Dataset 1). We assessed differentially
regulated proteins among various carbon sources using Student’s
t-test (LFC>1.5, p <0.05). We observed a total of 11 GHs and 4 SAs
upregulated when strain 892 was grown on fucoidan (from F. vesicu-
losus or U. pinnatifida) compared to other carbon sources (Fig. 3a,
Supplementary Dataset 1). Upon comparison of the two fucoidan
types, significant differences were only observed in two GH29 homo-
logs and two galactosidases (GH116 and GH115, LFC>1.5, p<0.05;
Fig. 3a; Supplementary Dataset 1). In genomic regions outside putative
fucoidan PULs, 13 GHs were differentially expressed at the protein level
in at least one type of fucoidan compared to other carbon sources.
Additionally, 11 SAs were upregulated during growth in U. pinnatifida
as compared to F. vesiculosus (LFC > 1.5, p <0.05), including families
S1. 4 (3),S1.7 (3) and S1 16 (1), which are involved in removal of sulfated
groups linked to a galactosyl residue*. For strain 913, when growing on
fucoidan, only 6 out of 38 SAs, and less than half of the exo-fucosidases
and endo-fucanases located in PULs (10 from 29) were identified by
proteomics (Figs. 3b, Supplementary Dataset 2). Out of these, two
endo-fucanases (GH107 and GH168), both located in PUL I, exhibited
varying protein expression depending on the type of fucoidan, in
agreement with transcriptomic results. The protein GH107 was only
upregulated when growing on fucoidan from F. vesiculosus (20-fold
change), whereas GH168 was more strongly induced in fucoidan from
U. pinnatifida (128-fold change at the protein level), consistent with
transcriptomic data. In terms of exo-fucosidases, only four showed
differential expression at the protein level between fucoidan sources
(LFC>1.5, p<0.05). Both types of fucoidan upregulated one SA from
subfamily S1_16, while four SAs from subfamilies S1_23, S1.22, S1.17, and
S1.15 were induced only in F. vesiculosus.

The endo-fucanase family GH168 is consistently present in
Planctomycetota genomes enriched in fucosidases
To expand our knowledge on the distribution of fucoidan-degrading
enzymes in the phylum Planctomycetota, we performed a screening of
enzymes from families GH29, GH95, GH141, GH107 and GH168 in all
available genomes at NCBI belonging to this phylum (>5000 gen-
omes). We found that almost 50% of Planctomycetota genomes ana-
lyzed (2735) contained at least one exo-fucosidase, and 16% contained
more than 5 homologs of these enzymes. However, endo-fucanases
were present in less than 3% of available genomes, and generally in low
abundance, indicating that the presence of these enzymes is not a
conserved genomic trait (Supplementary Dataset 6). This result con-
firms a wider distribution of exo-fucosidases than endo-fucanases in
bacterial genomes®*°. The presence of exo-fucosidases and endo-
fucanases was clearly enriched in the class Planctomycetia, especially
within the orders Pirellulales (i.e., some members of Rhodopirellula,
Aporhodopirellula, Neorhodopirellula and Novipirellula) and Phyci-
sphaerales (Fig. 4).

Members of the genera Aporhodopirellula, Neorhodopirellula and
Rhodopirellula (i.e., A. rubra, A. aestuarii, R. sallentina, N. lusitana), with
genomes closely related to strains 892 and 913, exhibited a

Nature Communications | (2024)15:10906


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55268-w

05

Rhodopirellula gimesia 892
Rhodopirellula sp. SWK7
Aporhodopirellula rubra CECT 8075

- Rhodopirellula sallentina SM41

Aporhodopirellula aestuarii ICT_H3.1
Allorhodopirellula solitaria CA85
Neorhodopirellula lusitana 913
Neorhodopirellula lusitana DSM 25457
Neorhodopirellula pilleata Pla100
Rhodopirellula baltica SH 1
Rhodopirellula baltica SWK14
Rhodopirellula baltica WH47
Rhodopirellula baltica SH28
Rhodopirellula europaea 6C
Rhodopirellula bahusiensis SWK21
Rhodopirellula islandica K833
Rhodopirellula sp. P2

Crateriforma conspicua V7
Crateriforma spongiae JC647
Novipirellula aureliae Q31b
Planctomycetes bacterium CA13
Novipirellula artificiosorum Poly41
Novipirellula maiorica SM1
Novipirellula galeiformis Pla520
Rubripirellula tenax Poly51
Rubripirellula reticaptiva Poly59
Rubripirellula obstinata LF1
Planctomycetes bacterium K23_9
Stieleria neptunia Enr13
Roseimaritima multifibrata FFO11L
Roseimaritima ulvae UC8

Aureliella helgolandensis Q31a
Mariniblastus fucicola FC18
Mariniblastus sp. g4_MAG_00002
Pirellulaceae bacterium BS150m-G36
Planctomycetes bacterium NIOZ-UU5
Pirellula staleyi DSM 6068
Blastopirellula marina DSM 3645
Aeoliella straminimaris sp. ICT_H6.2
Aeoliella mucimassa Pan181
Pirellulimonas nuda Pla175
Botrimarina mediterranea Spa11
Bythopirellula goksoyri Pr1d
Thermogutta sp. MAG-77
Thermogutta terrifontis R1
Planctomycetota bacterium J068
Gimesia maris DSM 8797

Gimesia chilikensis HG66A1

Fuerstia marisgermanicae NH11
Fuerstiella sp. Nau_8

Schlesneria paludicola DSM 18645
Planctomyces limnophilus DSM 3776
Thalassoglobus polymorphus Mal48
Thalassoglobus neptunius KOR42
Planctomyces brasiliensis DSM 5305
Paludisphaera borealis PX4
Aquisphaera giovannonii OJF2
Isosphaera pallida ATCC 43644
Fimbriiglobus ruber SP5

Gemmata obscuriglobus UQM 2246
Planctomycetes bacterium RS_6_53
Planctomycetes bacterium RS_9_10
Phycisphaerae bacterium A-K084
Planctomycetes bacterium UR.bin180

-+ Phycisphaera mikurensis NBRC 102666
- Pontiella sulfatireligans F21

Pontiella desulfatans F1(T)
Kiritimatiella glycovorans L21-Fru-AB
Candidatus Brocadia sp. DTUAMX1
Candidatus Brocadia sp. AM9
Verrucomicrobium spinosum DSM 4136
Akkermansia muciniphila CBA5201
Lentimonas sp. CC4

Coraliomargarita akajimensis DSM 45221

(-]
o
s 8 I
il 3
2 T ,8 @ ~ = =«
% 8 6E © © T T o W
28 ¢88e8 I T T ¢ 2
PE M2 02 ® 6 8 8 O O
44 42 2 2 0 1 5 22 15
40 35 5 5 0 1 7 28 0
28|26 22 o|1|4 12 o
33 31 2 2 0 0 8 21 2
36 31 5 5 0 0 10 20 1
9 |7 212 olola 1 2
44 41 3 2 1 0 9 20 12
37 34 3 2 1 0 10 23 1
20|15 5[5 o|o|l7 7 1
4 3 1 1 0 0 2 1 0
7 6 1 1 0 0 3 2 1
413 101 oflol2 1 o
7 5 2 2 0 0 2 2 1
5 5 0 0 0 0 B 1 1
6 | 5 1|74 o0lol4 1 o
7 6 1 1 0 0 4 1 1
6 5 1 1 0 0 B 2 0
615 111 oflofl5 40 o
16 15 1 1 0 0 5 10 0
56 | 49 7|6 1|2 |19 30 0
56 | 53 3|3 0|0 |8 p43u2
44 38 6 6 0 0 9 29 0
1 11 0 0 0 0 B 8 0
4| 4 olo oflol1 o 3
17 14 8 3 0 0 5 8 1
310 3|3 oflo|l4 5 1
717 oflo oflolo 1 &
10 7 8 3 0 0 4 2 1
9 |8 11 olol4 4 o
4 2 2 2 0 0 2 0 0
14 14 0 0 0 0 4 1 9
3|1 2 |me o1 o o
8 8 0 0 0 0 1 4 3
15 13 2 2 0 0 4 9 0
20 |28 11 oo |12 15 71
33 32 1 1 0 0 16 15 1
0 0 0 0 0 0 0 0 0
111 oo ool o o
15 15 0 0 0 0 6 8 1
14 13 1 1 0 0 2 11 0
23|21 2|2 o005 14 m
4 4 0 0 0 0 0 4 0
0 0 0 0 0 0 0 0 0
20 | 26 3 [m3w o | o |mEmmEHS
8 8 0 0 0 0 5 2 1
26 23 3 8 0 0 9 14 0
2|2 oflo olol2 o o
2 2 0 0 0 0 2 0 0
1 1 0 0 0 0 0 0 1
M| 9 2 |m2w oo e 3
0 0 0 0 0 0 0 0 0
4 4 0 0 0 0 1 0 3
111 o|lo oflolo o @ 1
3 2 1 1 0 0 2 0 0
2 2 0 0 0 0 1 1 0
212 oflo oflol1 1 o
6 6 0 0 0 0 2 4 0
1 1 0 0 0 0 0 1 0
1 1 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0
33 | 32 1 |70 0 | o |[mEmmen i
26 25 1 1 0 0 10 15 0
12 11 1 1 0 0 4 6 1
3 |3 1|4 oo |15 18 o
1 1 0 0 0 0 0 1 0
133 [m2em 7 | 5 2 | 0 |20 memm 16
107 | 98 9|8 1|0 |21 555 22
1 1 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0
111 oo ool o o
2 2 0 0 0 0 2 0 0
7 7 0 0 0 0 1 4 2
g1 |66 158 7| 0 |17 3118
13 13 0 0 0 0 1 11 1

Fig. 4 | Endo-fucanases and exo-fucosidases detected in selected genomes from
Planctomycetota and Verrucomicrobiota phyla. The recently characterized endo-
fucanase families GH187 and GH174 were not included in this comparative analysis
since the assignation was not found to be reliable using dbCAN v3.0.7. Taxa enri-

ched in fucosidases, i.e., displaying > 20 fucosidases, are highlighted in bold. Strains
892 and 913 are highlighted in magenta. The phylogenetic tree on the left side

shows the taxonomic profiling of the selected genomes, based on the amino acid
sequences of 10 core genes aligned using the Phylogenetic Tree Service from BV-
BRC database (https://www.bv-brc.org)"** without deletion and duplication
allowed, using Candidatus Brocadiia as outgroup. Enzymes with more than one
domain have not been considered in the total sum of fucosidases. Source data are
provided as a Source Data file.

comparable number of exo-fucosidases and endo-fucanases (Fig. 4;
Supplementary Dataset 6). Another group of Rhodopirellula genomes
(R. baltica, R. europaea, R. islandica) displayed a low number of exo-
fucosidases (3-6 copies of each family). However, most of them still

contained one homolog of GH168. Notably, among endo-acting fuca-
nases, GH168 was more widely distributed across Planctomycetota as
compared to GH107, which was found only in a few genomes (e.g.,
Neorhodopirellula  lusitana, Novipirellula aureliae; Fig. 4;
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Fig. 5 | Phylogenetic tree of GH168 homologs. Maximum likelihood phylogenetic
tree of GH168 homolog amino acid sequences from all available Planctomycetota
genomes at NCBI, selected genomes of Bacteroidota and Verrucomicrobiota, and
environmental sequences found in the The Ocean Microbiomics Database gene

catalog'. Source data are provided as a Source Data file. The number of collapsed
nodes are indicated in parentheses. The GH168 enzymes of strains 892 and 913 are
highlighted in magenta. The GH168 enzymes Rho5174 and PbFucA, which are the
focus of this study, are highlighted with star symbols.

Supplementary Dataset 6). This suggests that GH168 endo-fucanases
play a significant role in fucoidan degradation in Planctomycetota.
Interestingly, in our expanded analysis, we identified novel putative
GH168 enzymes coupled with additional exo-fucosidase domains, but
they were less widely distributed than the enzymes comprising a single
domain (Fig. 4; Supplementary Dataset 6).

We carried out a phylogenetic analysis of GH168 homologs pre-
sent in the Planctomycetota genomes and other known fucoidan
degraders from Bacteroidota and Verrucomicrobiota phyla (Fig. 5,

Supplementary Fig. 4). Our findings reveal a remarkable diversity of
GH168 enzymes, exhibiting a wide range of total percent identities,
spanning from 18% to 100% (see Supplementary Dataset 7). Highly
diverse GH168 homologs were also found at the level of individual
genomes, with different copies assigned to distant clusters in the
phylogenetic tree. For example, the percent identity among GH168
homologs in strains 892 and 913 ranged between 20-80% (coverage
>50%; Supplementary Dataset 7). Conversely, some GH168 homologs
from phylogenetically distant bacteria shared high similarity (>70%
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identity), suggesting horizontal gene transfer events. This was the case
of some endo-fucanases recently characterized from the Flavobacter-
ium Wenyingzhuangia fucanolytica****, which shared high similarity
(>60%) with some GH168 homologs of members of Verrucomicrobiota
(Kiritimatiella, Lentimonas, Pontiella, Roseibacillus,) and Planctomyce-
tota, mainly Pirellulaceae (e.g., Aporhodopirellula, Aureliella, Marini-
blastus Neorhodopirellula, Novipirellula, Rubripirellula), including
strain 892 (Supplementary Fig. 4).

Insights into fucoidan processing by GH168 enzymes from
Planctomycetota

To investigate the enzymatic activity and substrate specificity of var-
ious members of the GH168 family in Planctomycetota, we focused on
two enzymes: 892_05174 from the newly isolated strain 892 (herein-
after referred to as Rho5174) and PbFucA from a phylogenetically
distant member within the Pirellulaceae family, Planctomycetes bac-
terium K23 9. Both enzymes were expressed and purified to apparent
homogeneity. PbFucA (UniProt code AOA517NMB4, residues 35-392;
Supplementary Fig. 5) shares 36% sequence identity with Rho5174 and
contains a predicted signal peptide (residues 1-34). In contrast,
Rho5174 did not show a signal peptide in its N-terminus, according to
SignalP-6.0.

We studied the ability of Rho5174 and PbFucA to hydrolyze
fucoidan from F. vesiculosus and U. pinnatifida measuring the released
reduced sugar by the p-hydroxybenzoic acid hydrazide
(PAHBAH) method***°. Only residual hydrolytic activity was observed
after 20 h incubation under these conditions (Fig. 6a, b). In contrast,
the addition of strain 892 lysates previously grown in the presence of
fucoidan from F. vesiculosus (Lgoy-ry) Or U. pinnatifida (Lge>.up) to the
mixtures clearly triggered degradation of the corresponding fucoidans
after just 2 h of incubation with PbFucA (Fig. 6a, b). This synergistic
effect was less pronounced when Rho5174 and the lysates were incu-
bated with both fucoidans (Fig. 6a, b). Importantly, we observed very
reduced or no hydrolytic activity of both enzymes against fucoidan
from U. pinnatifida and F. vesiculosus, respectively, when combined
with the lysates of strain 892 grown in mannose (Lgoz.man) (Supple-
mentary Fig. 6). Thus, this indicates that Rho5174 and PbFucA can get
access and process fucoidan from F. vesiculosus or U. pinnatifida
assisted by hydrolytic enzymes of strain 892, which are exclusively
expressed in the presence of these fucoidan substrates. Moreover,
Rho5174 and PbFucA did not exhibit exo-fucosidase activity against 4-
nitrophenyl-a-i.-fucopyranoside (pNP-Fuc), confirming that the
enzymes exclusively display an endo-fucanase activity (Supplemen-
tary Fig. 7).

We performed Carbohydrate PolyAcrylamide Gel Electrophoresis
(C-PAGE) to detect degradation products of fucoidan from various
species of brown algae, including F. vesiculosus, U. pinnatifida, Clado-
siphon okamuranus, Ecklonia maxima and Macrocystis pyrifera, after
incubation with Rho5174 or PbFucA. These fucoidans differ in mono-
saccharide composition, sulfation degree and glycosidic linkage pat-
terns (Supplementary Fig. 8 and Supplementary Table 1). We assessed
the hydrolytic activity of the enzymes on these fucoidans, either alone
or in combination with cellular lysate Lgo,.ry. For U. pinnatifida, we
performed parallel experiments using the cellular lysate Lgoy.up
(Fig. 6d). Notably, Lgo,.r, exhibited clear hydrolytic activity on the
fucoidan from F. vesiculosus (Fig. 6c), and slightly degraded the
fucoidan from E. maxima and M. pyrifera (Supplementary Fig. 9). The
combination of Lgg,.ry With Rh05174 or PbFucA, significantly increased
the degradation capability of the latter enzymes against these fucoi-
dans, as evidenced by the attenuation of high molecular weight
fucoidan in the gels (Supplementary Fig. 9). This supports the notion
that enzymes present in the lysate facilitate the access of Rho5174 and
PbFucA to these fucoidan backbones. Lgg,.r, could not hydrolyze
fucoidan from C. okamuranus or U. pinnatifida. However, hydrolysis of
fucoidan from U. pinnatifida was detected when using Lgo,.up, but only

at a very low level (Fig. 6d). This was indicated by a smear in the upper
part of the C-PAGE gel, suggesting a partial breakdown of this fucoidan
source (Fig. 6d). Interestingly, Rho5174 exhibited hydrolytic activity
without the assistance of other enzymes against the fucoidan from C.
okamuranus, but not against other fucoidans tested (Supplementary
Fig. 9), indicating a high selectivity for the fucoidan source. PbFucA
could also partially hydrolyze fucoidan from C. okamuranus, but less
efficiently than Rho5174 (Supplementary Fig. 9).

Insights into fucoidan recognition and processing of the endo-

fucanase GH168 family

To better understand the structural determinants that govern substrate
specificity of the GH168 family of endo-fucanases, we determined the
structure of Rho5174 and PbFucA (Fig. 7, Supplementary Figs. 5 and 10-
13; Supplementary Table 2; Supplementary Note 1; see “Method” section
for further details). The overall protein scaffold and the conformation of
both proteins were essentially preserved (PDB codes 9F9V and 8RG3;
r.m.s.d. of 1.03 A from 284 residues, Supplementary Fig. 13). Thus, we
refer to Rho5174 to describe the overall structure of both enzymes (see
Supplementary Note 1 for PbFucA structure details). Rho5174 contains
(i) a catalytic domain adopting a conserved (B/x)s barrel topology
(residues 1-331) and (ii) a small C-terminal subdomain (residues 332-368)
comprising a B-sheet conformation composed of 4 antiparallel -
strands, with an overall size of 63 A x 39 A x 45 A (Fig. 7). The catalytic
domain and the C-terminal subdomain interact with each other through
an extensive contact area of ca. 997 A2, representing 7% of the total
accessible surface of the isolated domains (Fig. 7). A large groove runs at
the center of the catalytic domain, containing the active site of the
enzyme. This groove is surrounded by the loops connecting $1-al (loop
1; residues 16-22, light blue), 32-a2 (loop 2; residues 39-50, dark red),
B3-a3 (loop 3; residues 77-84, green), 34-a4 (loop 4; residues 153-171,
yellow), B5-B6 (loop 5; residues 200-215, pink), 6-a5 (loop 6; residues
228-237, orange), 37-a6 (loop 7; residues 263-279, dark blue), and
B8-a7 (loop 8; residues 311-324, khaki; Fig. 7) that form the fucoidan
binding site. The conformation of these loops is largely conserved
between Rho5174 and PbFucA, except for loop 3 and loop 5. Loop 3 is
longer in Rho5174 than in PbFucA, adopting a -hairpin conformation.
We could not model loop 5 in the Rho5174 structure, most likely due to
the higher flexibility of this loop compared to the PbFucA structure
(Supplementary Fig. 13).

Despite much effort, we were unable to crystallize Rho5174 or
PbFucA in complex with fucose or chemically synthesized sodium
methyl-a-L-fucopyranoside ~ 2-sulfate  (Fuc2S0,)”  (Supplementary
Fig. 14). However, we identified one molecule of 3-morpholinopropane-
1-sulfonic acid (MOPS) in the central groove of the Rho5174 structure
(Fig. 7). The sulfonic acid group of MOPS interacts with the side chains
of N76 of 33, W81 and K111 of loop 3 and Q156 of loop 4. The morpholine
ring of MOPS makes hydrophobic interactions with H14 of loop 1, F150
of B4, and Y314 of loop 8 (Fig. 7d). Structural comparison of Rho5174
and Funl68A, an endo-1,3-fucanase from the GH168 family whose
structure was recently solved in complex with fucotetraose (Funl68A-
Fuc,; PDB code 8YA7*%) revealed that the MOPS molecule in Rho5174
occupies the equivalent position to Fuc (-1) in the Fun168A-Fuc, com-
plex (Fig. 7g-i). Specifically, the sulfate group attached to the O2 posi-
tion of Fuc makes a salt bridge with the side chain of R170 (K111 in
Rho5174) in loop 3 and hydrogen bonds with the side chains of N129 and
W134 (N76 and W8I in Rho5174) also in loop 3. Fuc (-1) makes hydro-
phobic interactions with W350 (Y314 in Rho5174) in loop 8 (Fig. 7h).
Altogether, the experimental data support a common binding mode for
Fuc (-1) in Rho5174 and Funl68A. It is worth noting that Funl68A
hydrolyzes the a-1,3 bonds between Fucp(20SO3) and «-L-Fuc of sul-
fated fucoidans from Isostichopus badionotus and Thelenota ananas®
(Supplementary Fig. 15a), which are two species of sea cucumbers.

A double-displacement catalytic mechanism has been initially
proposed for Funl68A, with D206 and E264 being critical residues for
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Fig. 6 | Hydrolytic activity of PbFucA, Rho5174 and strain 892 lysates against
fucoidan from F. vesiculosus and U. pinnatifida. Hydrolytic activity of Rho5174
(left) or PbFucA (right) against fucoidan from F. vesiculosus (a) and U. pinnatifida
(b). The hydrolytic activity of the enzymes, strain 892 lysate grown in F. vesiculosus
(Lgoz-Fv, in panel a) or U. pinnatifida (Lge>.up, in panel b), and the combination of
enzyme and lysate are colored in gray, cyan, and magenta, respectively. Data
represent the mean + SD derived from three biologically independent experiments
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(n=3). ¢ C-PAGE analysis of the hydrolytic activity of Rho5174 and PbFucA, strain
892 lysate grown in F. vesiculosus (Lgo,.ry), and the combination of enzymes and
lysate against fucoidan from F. vesiculosus. d C-PAGE analysis of the hydrolytic
activity of Rho5174 and PbFucA, strain 892 lysate grown in U. pinnatifida (Lgoz.up)
and the combination of enzymes and lysate against fucoidan from U. pinnatifida.
Source data are provided as a Source Data file.

this enzyme, since the mutants D206E and E264Q were inactive®. In
Fun168A, the distance between D206 and the atom C1 of the fucosyl
residue at the 1 subsite was 3.0 A, indicating that D206 serves as a
nucleophile. In addition, the distance between E264 and the atom O1
was 2.7 A, indicating that E264 functions as the general acid/base
residue®. Interestingly, in the central groove of Rho5174, the MOPS
molecule is located near the predicted catalytic residues D152 and
E228 (Fig. 7a, d). These two residues are strictly conserved in both
Rho5174 and PbFucA structures (D152 and E228, in Rho5174, D184 and

E254, in PbFucA) and other members of the GH168 family, including
Fun168D from W. funcanilytica CZ1127** (Supplementary Fig. 15c).
Funl68D is an a-1,3 fucanase that acts between a-L-Fucp(20SO5)
and a-1-Fucp(20S03) of fucoidan from I badionotus and between
a-1-Fucp(20S03) and a-1-Fucp(2,40S05) of fucoidan from Holothuria
tubulosa, supporting a common catalytic mechanism (Supplemen-
tary Fig. 16).

In an extended analysis of the GH168 enzymes from strains 892
and 913, the Alphafold-predicted structures revealed a similar overall
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a

(B/a)g TIM-barrel
domain

Fig. 7 | The overall structure of Rho5174. a Cartoon representation showing the
general fold and secondary structure organization of Rho5174. Domains, MOPS
molecule (MPO) and catalytic residues are annotated. b Surface representation of
the Rho5174. Loops that form the main groove of Rho5174 are highlighted in dif-
ferent colors. ¢ Electrostatic surface representations of Rho5174 showing the
location of the catalytic site. d-f Close-up view of the catalytic active site of
Rho5174 shown as cartoon/stick and the electron density map of MOPS molecule
(MPO) shown at 1.0 o r.m.s.d (d) with annotated loops (e), and as electrostatic
surface representation (f). g Superposition of the X-ray crystal structures of

Rho5174 with the MPO molecule in gray (PDB code 9F9V) and Fun168A in complex
with the tetrasaccharide product (a-L-Fucp-1- 3-a-L-Fucp2,4(0S037)-1 > 3-a-L-
Fucp2(0S057)-1~ 3-a-L-Fucp2(0S05") in black (Fun168A-Fucy; PDB code 8YA7).
Binding subsites for Fuc, product are annotated. h Surface representation of the
crystal structure of Fun168A-Fuc, (PDB code 8YA7). The MPO molecule in Rho5174,
colored in light gray, is superimposed. i Close-up view of the superposition of the
fucoidan binding site of Fun168A (loops in different colors) and Rho5174 (colored
in pink). The residues of Fun168A interacting with the fucoidan derivative are
annotated and fucose residues are numbered according to the binding subsites.

topology to Rho5174 and PbFucA, with a GH168 domain followed by a
small B-sandwich subdomain (Supplementary Fig. 17). Sequence
alignment and structural comparison analysis of crystal structures of
Rho5174, PbFucA, Funl68A-Fuc, and the predicted structures of
Fun168D (Supplementary Dataset 8) and other GH168 enzymes from
strains 892 and 913 highlight that not only the catalytic residues (D152
and E228 in Rho5174), but also those forming subsites -1 and -2 are well
conserved among them (Fig. 8 and Supplementary Fig. 17). However,
the residues comprising subsites -3, +1, and +2 are highly diverse
among the enzymes, leading to cavities of different sizes and shapes.
This is exemplified in the Fun168A-Fuc, crystal structure by N95 (A41in
Rho5174 and G81 in PbFucA), and N171 (A112 in Rho5174 and G149 in

PbFucA), which interact with the sulfate from 02 and 04 of Fuc (-3),
respectively.

Interestingly, Rho5174 showed a high sequence identity with a
GH168 homolog in strain 913, 913_05635 in PUL_O (76% identity, Sup-
plementary Table 3, Supplementary Fig. 17). This implies that Rho5174
and 913_05635 (Supplementary Dataset 9) might hydrolyze similar
fucoidan fragments in both strains, showing a longer loop 3 with
respect to other members, which contains instead a (-hairpin motif
(Supplementary Fig. 17). Conversely, the enzymes 892_06289 (PUL D;
Supplementary Dataset 10) and 913 01189 (PUL I; Supplementary
Dataset 11), which share almost 49% of sequence identity and display a
shorter loop 3 and a longer loop 7 than other GH168 enzymes, were
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Fig. 8 | Structural basis of GH168 family substrate specificity. a Structural
comparison analysis of Rho5174 with X-ray crystal structures of PbFucA, Fun168A,
and the Alphafold models of GH168 enzymes from strains 892 and 913, and
Fun168D from W. funcanilytica CZ1127". Conserved and variable residues are
colored in red and blue, respectively. b Structure weighted sequence alignment of

GH168 enzymes from 892 and 913 strains, PbFucA from P. bacterium K23_9 and
Funl68A and Fun168D from W. funcanilytica CZ1127". Catalytic residues are high-
lighted with green circles. Residues interacting with fucose moieties in the X-ray
crystal structure of FunA168A-Fuc, are highlighted with red triangles.

detected by proteomics in both strains when growing on fucoidan. In
the latter enzyme-predicted structures, loop 7 also adopts a B-hairpin
as in the Fun168D AlphaFold model (Supplementary Fig. 17 and Sup-
plementary Fig. 15d-e). It is worth noting that Funl68A cannot accept

a-.-Fucp(20S057) at subsite +1 as Funl68D does, most likely due to
these differences in loops 3 and 7.

Finally, the enzyme 892_06282 in strain 892 (PUL D; Supplementary
Dataset 12) exhibits an additional hydrolytic domain belonging to the
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GH141 family at the N-terminus (Supplementary Fig. 17), representing a
novel multi-domain enzyme. It should be noted that, to date, the two
members of the GH141 family that have been biochemically character-
ized showed o-fucosidase activity on pectins® and endo-xylanase
activity®®. However, this family of enzymes has also been identified in
several fucoidan processing bacteria**°, suggesting a key role in the
hydrolysis of this polysaccharide. The enzymes 892_06282 and Funl68A
show 64% sequence identity and shorter loops 3 and 7 than the other
enzymes (Supplementary Table 3; Supplementary Fig. 17).

Planctomycetota strains 892 and 913 strains exhibit different
mechanisms of fucoidan uptake and degradation

In addition to the catalytic machinery to process fucoidan, the cellular
mechanisms employed by marine bacteria to uptake and digest this
polysaccharide remain unexplored. To study the uptake of fucoidan by
strains 892 and 913 by fluorescence microscopy, we synthesized a
fluorescently labeled fucoidan analog from F. vesiculosus, i.e., FITC-
Fucoidan. Both strains featured an oval cellular shape with ca. 2 um
diameter and typical planctomycetal morphology, including budding
events and a marked nucleoid. In experiments exposing mid-
exponential growing cells to FITC-Fucoidan, both strains showed a
high ability for polymer uptake, i.e., ca. 80% of bacterial cells analyzed
colocalized with the signal of FITC-Fucoidan by using Nile Red as cel-
lular envelope marker (Fig. 9a, b). A Rhodopirellula strain isolated from
the same niche but with no fucoidan degradation capability (strain
1062) was used as a negative control. Under the same experimental
conditions, no FITC-fluorescence was observed in strain 1062, thus
ruling out any unspecific binding of FITC-Fucoidan to the cells (Fig. 9a).

The closely related strains 892 and 913 exhibited remarkably dif-
ferent patterns of fucoidan uptake (Fig. 9). In the case of strain 892, the
analysis of the FITC-Fucoidan fluorescent signal clearly indicated an
internalization of the polysaccharide (>75% of cells had the fluorescent
signal inside the cell). However, in the case of strain 913, the FITC-
Fucoidan was mainly visualized outside the cells (>80% of analyzed
cells) but in close contact with the cell membrane, mostly con-
centrated in a cellular pole. In some cases, we observed that the cells
were placed nearby along a fiber of FITC-Fucoidan, seemly attached to
the polysaccharide, or growing in rosette-like structures with the FITC-
Fucoidan concentrated in the center (Figs. 9; Supplementary Fig. 18).
Manders analysis indicated that in strain 892, FITC-Fucoidan inter-
nalization takes place through different bacterial cell envelope areas
(i.e., high colocalization values for FITC-Fucoidan vs. Nile red and vice
versa, Fig. 9c). However, for strain 913, our analysis showed that while
FITC-Fucoidan strongly colocalized with the Nile red signal (Fig. 9¢;
high green in red colocalization value), very low colocalization of Nile
red with FITC-Fucoidan (low red in green colocalization value) was
observed. This result supports that, unlike strain 892, internalization of
FITC Fucoidan in strain 913 takes place in a single area of the cell
envelope. A two-phase membrane segregation with a highly hydro-
phobic phase in close contact with the FITC-Fucoidan was observed in
strain 913, suggesting an accumulation of invaginations of the inner
membrane at that site (Fig. 9, white arrows). Since Nile red fluores-
cence strongly depends on the hydrophobic environment of the lipid
membrane, we speculate that the observed membrane heterogeneity
could correspond to the generation of a highly hydrophobic phase
where lipids and membrane proteins required for oligosaccharide
breakdown and intracellular transport concentrate.

Overall, the visualization results are consistent with the idea that
strains 892 and 913 have contrasting feeding strategies. Supporting
this notion, the analysis of the proteomic samples during the growth
experiments indicated different expression patterns of membrane
transporters and secretory systems in both strains. In strain 913, up to
86 membrane transporters and 28 proteins related to secretion sys-
tems were upregulated at the proteomic level when exposed to
fucoidan from F. vesiculosus, with average fold-change ratios ranging

between 4 and 128, respectively, as compared to laminarin and man-
nose. From those, a total of 15 transporters were induced by growth on
fucose. This result indicates that a common set of transporters are
expressed during growth on fucoidan from F. vesiculosus and its pri-
mary monosaccharide fucose, reinforcing the idea that free fucose is
liberated during the extensive external digestion of fucoidan in strain
913. By contrast, a low number of transporters and secretory proteins
were induced by growth on fucoidan in strain 892 (i.e., only 4 trans-
porters and 4 proteins related to the secretory pathway), even if both
strains contained a similar inventory of proteins with these functions in
their genomes (Supplementary Fig. 19). These results are fully aligned
with the observations made by fluorescence microscopy, pointing to
two independent degradation and internalization mechanisms: while
cells from strain 913 process fucoidan externally, cells from strain 892
mainly perform internal digestion of this polysaccharide.

Discussion

The marine polysaccharide fucoidan produced by brown algae exhi-
bits a remarkable recalcitrance. This enigmatic feature is at the core of
its climate relevance, as it promotes the accumulation and long-term
sequestration of carbon in the ocean’. So far, only a narrow diversity of
microbial taxa have shown the capacity to degrade fucoidan, mainly
affiliated with Bacteroidota and Verrucomicrobiota, which are found in
fucoidan-rich environments such as sediments, marine particles and
the phycosphere of microalgae like diatoms? 2%, Even if fucanolytic
enzymes have been detected in metagenomes from brown algae®?, the
epiphytic macroalgal microbiome remains an unexplored niche for
uncovering mechanisms of fucoidan degradation. Such gap of
knowledge may critically limit our capacity to obtain accurate esti-
mates of the carbon effectively sequestered by macroalgae, which
results from the balance of algal production and microbial degradation
processes®>**, The two fucoidan-degrading marine strains isolated
here were associated with a biofilm sample from the macroalgae F.
spiralis. These strains are affiliated to the closely related genera Rho-
dopirellula and Neorhodopirellula® from the phylum Planctomycetota,
which are consistently found on the surface of diverse brown
macroalgae®**7°, Thus, they represent ecologically relevant models
for studying the mechanisms of fucoidan degradation in this impor-
tant, yet so far overlooked, environment. Strikingly, despite being
closely related at the phylogenetic level and sharing a common niche,
both strains exhibited a different genomic arrangement of fucanolytic
enzymes and contrasting fucoidan feeding mechanisms. Such differ-
ences likely relate to niche partitioning processes that may sustain
their coexistence in the algal biofilm®, as reported in marine bacteria
during phytoplankton blooms".,

Two non-exclusive mechanisms have been proposed for bacterial
feeding on complex carbohydrates in markedly different environ-
ments such as the human gut and marine waters’>’*, In the classical
external degradation mechanism, a myriad of enzymes with distinct
substrate specificities are secreted outside the cell in soluble form or
attached to the cell-surface, to perform the degradation in the sur-
rounding environment”. Thus, the uptake of externally hydrolyzed
products is not restricted to the enzyme-producing bacteria, but also
to other members of the microbial community, enhancing cross-
feeding events’™. In the alternative selfish mechanism, bacteria per-
form a partial external depolymerization of high-molecular-weight
carbohydrates leading to the formation of debranched oligosacchar-
ides, which are selectively imported into the cell to complete their
metabolism””’. Our results by confocal microscopy revealed that
strain 892 consumed fucoidan from F. vesiculosus through a selfish
mechanism since the polysaccharide was mainly visualized inside the
cell. Interestingly, fucose, the main monosaccharide of the homo-
fucan, did not sustain its growth, which is a characteristic phenotype
for selfish bacteria®”’. On the other hand, the feeding mechanism of
strain 913 on fucoidan from F. vesiculosus was consistent with an
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Fig. 9 | Visualization of Planctomycetota cells consuming FLA-fucoidan.

a Strains 892, 913, and 1062 were grown in the presence of FITC-Fucoidan (0.05%)
fixed and visualized by confocal microscopy. Bacterial cellular envelope and
nucleoid region were labeled using Nile Red (3 ug mI™) and DAPI (1 ug ml™),
respectively. Scale bar = 10 um b Quantification of cells with fucoidan detected
intra- and extracellularly and in contact with the bacterial envelope.

¢ Colocalization results between FITC-Fucoidan and Nile red. Orange bar (M1):

Bact. in contact with Fuc.

Red in Green Green in Red

fraction of Nile red (red signal) in FITC-Fucoidan (green signal) and dark red bar
(M2): fraction of FITC-Fucoidan (green) in Nile RED (red). Manders’ overlap coef-
ficients were calculated employing the JaCoP plug-in for ImageJ software. Data
represent the mean + SD derived from three biologically independent experiments
(n=3) and p-values of one-way ANOVA Tukey~s multiple comparison test are
indicated. Each dot represents a single experiment. Source data are provided as a
Source Data file.

extensive external degradation, including (i) the up-regulation of a
wide range of transporters and the Type Il Secretion system, (ii) the
ability to grow on the monosaccharide fucose, and (iii) the visualiza-
tion of fucoidan mainly outside but in close proximity to the cells,
suggesting that it is retained in the cellular envelope. This is an out-
standing observation, since the few previous visualizations available
on free-living marine bacteria consuming fucoidan have only shown
degradation through a selfish mechanism™, and external hydrolytic
activity of fucosidases in environmental samples has been rarely

reported””’. Our co-localization analysis suggests that in contrast to
the pattern observed in strain 892, in strain 913 fucoidan concentrates
in a single defined focus along the cellular envelope paired with a
higher-ordered region (i.e., higher Nile red fluorescence) in contact
with the polysaccharide. Since cellular membranes are known to phase
separate into high and low-ordered nanodomains, it is tempting to
speculate that strain 913 generates a membrane phase compartmen-
talization with a higher-ordered nanodomain in contact with the
polysaccharide containing all the required machinery to externally
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degrade and transport hydrolysis products through the bacterial
envelope.

The genomic architecture of the enzymatic repertoire for fucoidan
degradation in strains 892 and 913 also showed clear differences. While
in strain 913 the fucoidan PULs were scattered across the entire genome,
most of the fucanolytic PULs in strain 892 clustered together in a
genomic region with a similar size (ca. 1Mb, PULs B to F) to the reported
fucoidan-degrading megaplasmid found in Lentimonas CC4, affiliated
with Verrucomicrobiota®. This invites the hypothesis that this region
may have been integrated into the genome of strain 892 from a giant
extrachromosomal element. Despite the differences at the genomic
level, both strains showed the ability to grow efficiently on homofucan
and galactofucan sharing a core fucoidan degradative pathway encoded
by exo-fucosidases from families GH29, GH95, and GH141, the endo-
fucanase GH168 and SAs S1.17, S1.22 and S1 25. Interestingly, the pro-
teomic investment for fucoidan turnover in strains 892 and 913 was
much lower as compared to the highly specialized fucoidan degrader
Lentimonas CC4, whose core degradative pathway involved more than
100 exo-fucosidases and SAs, as revealed by proteomics®™. While
approximately 60% of these enzymes were differentially regulated in
two structurally related homofucans®, Lentimonas CC4 seems to be
unable to grow on heterofucans or even labile polysaccharides, sug-
gesting a high degree of specialization. On the other hand, strains 892
and 913 digested up to 80% of two markedly different fucoidans
(homofucan and galactofucan) by upregulating a reduced set of
enzymes, i.e., a total of 13 to 15 enzymes, including exo-fucosidases,
endo-fucanases and SAs (Supplementary Table 4), indicating a higher
flexibility in fucoidan degradation. The differential expression of selec-
ted variants of these enzyme families in strain 913 when growing on both
fucoidan structures suggests differences in their substrate recognition,
especially for the endo-fucanases of families GH107 and GH168.

We reveal that enzymes of family GH168 are consistently present
in Planctomycetota genomes enriched in fucosidases, suggesting their
importance in fucoidan degradation. Our hydrolytic experiments
showed that Rho5174 and PbFucA, both GH168 endo-fucanases, were
able to increase the degradation rate of fucoidan from F. vesiculosus,
and to a lesser extent from E. maxima and M. pyrifera, when combined
with the cellular lysate of strain 892. Both enzymes required the action
of other enzymes with complementary activities/specificities present
in this fucoidan-degrading bacteria, likely including SAs, CEs, and exo-
fucosidases. These findings support the notion that the latter enzymes
hydrolyze the heavily chemically decorated structures that protect the
glycosidic linkages of the fucoidan backbone as a first degradative
step. Afterwards, the endo-fucanases can access the core and accel-
erate the polysaccharide degradation®.

The enzyme Rho5174 was also able to hydrolyze fucoidan from C.
okamuranus on its own, whereas the cellular lysate of strain 892 could
not. However, this hydrolysis was rather weak, suggesting the need of
other enzymes to efficiently degrade this polysaccharide. Fucoidan
from C. okamuranus mainly consists of a-1,3-fucose (type I fucoidan),
partially sulfated at position O4, and has a high percentage of acet-
ylation and glucuronic acid®**’®. In contrast, fucoidan from F. vesiculo-
sus is composed of alternating o-1,3/a1,4-fucose (type Il fucoidan) with
02 sulfation®*”’. The fact that Rho5174 was transcriptionally upregu-
lated when strain 892 was grown on F. vesiculosus, but not detected at
the proteomic level suggests post-transcriptional regulatory mechan-
isms that depend on the fucoidan source. The ability of Rho5174 to
partially initiate the hydrolysis of fucoidan from C. okamuranus indi-
cates that distinct sources of fucoidan may follow substantially dif-
ferent degradation pathways. It is worth noting that other GH168
enzymes that have been characterized so far, belonging to the flavo-
bacterium W. fucanilytica CZ1127", can also initiate the degradation of
fucoidans from sea cucumbers without the action of other
enzymes*>*®, Future work will be needed to determine the specific
linkage and cleavage sites of Rho5174 and PbFucA.

Our structural comparison of GH168 family of enzymes revealed
that they share a conserved (B/a)s barrel catalytic domain and a
common binding site for fucoidan, which runs in the center of the
enzyme. Yet, we identified unique structural elements (loops 3, 4 and
7) that vary among different enzymes of the same strain and might
partially define the substrate specificity of each endo-fucanase® .
Such structural variability, related to distinct fucoidan recognition for
each enzyme, may allow bacteria to process different chemical struc-
tures of the polysaccharide backbone, increasing the overall fucoidan
degradation rate. Interestingly, several enzymes of the GH168 family
found in both strains (Rho5174 and 913 05635, or 892 06289 and
913_01189) share these unique elements that form the binding site for
fucoidan, which would lead to the recognition of similar fragments of
this polymer. However, we also found some highly conserved residues
that interact with O2 sulfated of Fuc (-1) and Fuc (-2) in the crystal
structure of Fun168A-Fuc,’. This suggests that these enzymes could
recognize at least O2 sulfated fucose at these subsites, as is the case of
the preferred substrates of Funl68A and Funl68D***. Beyond the
relevance of fucoidan at the biogeochemical level, the study of the
substrate specificity of new endo-fucanases and other fucoidan-
degrading enzymes will be fundamental to obtain chemically defined
fucoidan fragments and establishing the relationship between struc-
ture and biological activity on this glycan. Several studies revealed the
benefits of fucoidan in human health, including immunomodulation,
antioxidant, anti-allergic, antitumor, antiviral, anti-inflammatory, and
hepatoprotective effects®**°’. However, most of the earlier studies were
performed using non-homogeneous fucoidan structures, varying in
molecular weight, branching, linkages, and degree of sulfation and
decoration"*?, Thus, advancing our understanding of substrate
specificity of fucoidan degrading enzymes will be critical to produce
low molecular weight, homogeneous and less complex fucoidan
fragments, to apply this knowledge in the field of biomedicine.

The diversity of enzymes expressed for fucoidan degradation
reflects the structural complexity of this polymer. However, such
complexity, per se, does not explain their bioaccumulation in the
environment. Other complex polysaccharides such as xylan®®,
pectins®’, or a-mannans®*’® are effectively degraded by environmental
microorganisms. Similarly, in other systems, such as the mucus barrier
of the human gut, commensal bacteria continuously adapt to digest
new dietary glycans regardless of their complexity”'°". The strong
fucanolytic capacity of the strains shown here, investing a rather small
enzymatic repertoire, also challenges the rationale behind the high
recalcitrance of this polymer and invites the hypothesis that other
processes are regulating the fucoidan degradative process. The
microbiota found on the surface of macroalgae is typically host-
specific’®?®, which has been proposed to be related to the poly-
saccharide composition of the algae cell wallP*'®, The gelatinous
matrix composed of fucoidan provides a stable environment pro-
moting interactions and coexistence with commensal bacteria'®. The
relationship between the macroalgae and their core associated com-
munity is tight and shapes fundamental roles in the algal life cycle,
considering them as a sole organism termed “holobiont”’%. A com-
parable functional role can be assigned to the mucus barrier in the
human digestive tract, which is densely colonized by microbes and is
considered another holobiont system'*'%, Some members of the
intestinal microbiota, such as Akkermansia municiphila or Bacteroides
thetaiotaomicron, modulate the decorations of the glycoproteins
composing the mucus barrier using a set of specialized GHs. However,
these glycoproteins are used as a preferred carbon source only after
long starvation periods, presumably because this implies the auto-
digestion of their habitat'®"'°. We hypothesize that a similar process
can operate in the brown algae holobiont system. Some microorgan-
isms with the ability to process fucoidan, such as members of the
Pirellulaceae family, may act as primary colonizers, allowing the
establishment of a bacterial community into the algal surface. Their
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distinct fucoidan-feeding mechanisms and enzymatic content would
determine the subsequent succession of microbial communities in the
macroalgae, as proposed in the context of the degradation of other
polymers’™2, Moreover, the selective processing of structural units
of fucoidan, such as sulfation or other decorations, may change the
physical properties of the environment and shape the spatial dis-
tribution of the microbiome™. Nevertheless, the induction of the
complete fucoidan degradative pathway should be tightly regulated at
the community level, as their activation would compromise the sta-
bility of their environmental niche. Understanding the mechanisms of
interaction and sensitivity to environmental change in this tightly
regulated system should be a priority for future quantification of car-
bon fluxes mediated by macroalgae, which need to be reframed under
the holobiont concept®*®*,

Methods

Materials

Fucoidan from F. vesiculosus (F5631) and U. pinnatifida (F8315) for
growth test in minimal medium and hydrolytic experiments were
purchased from Sigma-Aldrich. Fucoidan from F. serratus (YF09360),
F. vesiculosus (YF57714), D. potatorum (YF157165), E. maxima
(YF157166), M. pyrifera (YF145109) and C. okamuranus (YF146834) for
hydrolytic experiments were purchased from Biosynth. Fucoidan from
U. pinnatifida (F8315) for hydrolytic experiments, tyramine and fluor-
escein isotiocyanate (FITC) were purchased from Sigma-Aldrich.

Isolation of Planctomycetota strains from Fucus spiralis
Samples of F. spiralis were collected in September 2021 from an
intertidal zone of the Bidasoa estuary, near Hondarribia harbor
(43.363036 N, 1.785446 E, Basque Country, Spain) and stored in natural
seawater at 4 °C overnight before starting the isolation procedure. For
the selective isolation of Planctomycetota strains from the surface of F.
spiralis, a biofilm suspension was prepared by carefully scraping 15 g of
algae into SmL of sterile natural seawater supplemented with the
fungicide cycloheximide (20 mg L™). An aliquot of this suspension was
plated directly into solid media selective for Planctomycetota™ con-
taining natural seawater (80%), ampicillin (200 mgL™), streptomycin
(200mgL™), and four different variations of carbon and energy
sources: N-acetylglucosamine (1g L™), a crude extract of fucoidan from
F. serratus (YF09360, Biosynth, 2gL™), a mixture of crude fucoidan
from F. serratus (YF09360, Biosynth, 2 g L™) and N-acetylglucosamine
(A4106; Sigma-Aldrich, 1gL™), and a complex medium containing
p-glucose (0.25gL ™), Bacto peptone (BD Biosciences, 0.25gL™), BD
Bacto yeast extract (BD Biosciences; 0.25gL™) and N-acet-
ylglucosamine (A8625; Sigma-Aldrich 1gL™). All carbon sources were
sterilized by filtration through 0.22 um pore-size filters and added to
the medium after autoclaving. Noble agar (BD Biosciences) was
employed as gellifying agent and pH was adjusted to 8.0.

Plates were inoculated with 20 pL of the biofilm suspension at two
different dilutions (10" and 107 in duplicates and incubated for
1 month at 25°C. A selection of colonies with different phenotypic
traits was examined by light microscopy using a Olympus microscope
BX60 with a Olympus cellSens software. Colonies were selected for
purification when microscopic analysis showed that cells displayed
oval shape, budding growth or the formation of rosettes, which are
characteristic morphologies for Planctomycetota. Pure cultures were
re-inoculated into rich liquid media containing glucose, bactopeptone
and levan extract (complex culture medium, see above), and stored in
20% glycerol at =80 °C. A random set of 20 isolates were selected for
amplification of partial 16S rRNA genes (using primers 27 f and 1492r'")
and Sanger sequencing by STAB VIDA.

Growth test in fucoidan minimal medium (MM)
To identify putative fucoidan-degrading strains, selected cultures were
inoculated in minimal media (MM) supplemented with pure fucoidan

(=95%) as sole carbon source. In the MM, natural seawater was sub-
stituted for 250 ml 4x concentrated artificial seawater (46.94gL™
NaCl, 7.84 g L™ Na,SO,, 21.28 g L™ MgCl,-6H,0, 2.86 g L™ CaCl,-2H,0,
0.384 g L™ NaHCO3, 1.384 g L™ KCI, 0.192g L™ KBr, 0.052g L™ H3BO;3,
0.08 gL SrCl,:6H,0 and 0.006 g L™ NaF) before autoclaving. Then,
the medium was supplemented with 0,50gL™ KH,PO4, 0,40gL™
NH,Cl and 0.005gL™ Bacto™ casamino acids (223050; Thermo
Fisher). As a carbon source, pure fucoidan from U. pinnatifida (=95%
purity, F8315; Sigma-Aldrich) and F. vesiculosus (=95% purity, F8190;
Sigma-Aldrich) were tested at a final concentration of 0.5 g L™. Isolates
were inoculated into 1 mL filter-sterilized fucoidan-containing MM in
24-well plates and incubated for 7 days (25°C, 85 rpm). At the initial
and final times, we obtained measurements of optical density of the
cultures in a microplate reader (Biotech Synergy).

Growth experiments with Planctomycetota isolates 892 and 913
The Planctomycetota isolates 892 and 913 were cultured in triplicate
500 mL Erlenmeyers flasks containing 200 mL of MM medium with
0.05% (wt/vol) fucoidan from F. vesiculosus (F8190; Sigma-Aldrich),
fucoidan from U. pinnatifida (F8315; Sigma-Aldrich); laminarin from
Laminaria digitata (L9634-1G; Sigma-Aldrich), L-fucose (A16789.03;
Thermo Fisher) and mannose (A10842.14; Thermo Fisher). Pre-cultures
grown on the same media were used to set the starting optical density
to 0.005 (OD 600 nm). Flasks were incubated at 25 °C with continuous
shaking at 85 rpm.

To compare growth patterns under different carbon sources,
samples were taken in regular intervals of ca. 8 h during 5 days for
measuring ODgoo and substrate utilization using the phenol-sulfuric
acid method (see below). Samples for transcriptomic and proteomic
analyzes were collected at mid-exponential phase when ODgoo Was
close to 0.08 (i.e., after 20 to 40 h). Briefly, duplicate samples (40 mL)
were centrifuged at 10,000 x g and 25 °C. Cells were flash-frozen in
liquid nitrogen and stored at —-80 °C until analysis. Samples of the
supernatant were filtered using 0.22-um pore-size syringe filters and
stored at —80 °C to analyze carbohydrate consumption.

Carbohydrate quantification in bacterial supernatants using
High-Performance Anion Exchange Chromatography with
Pulsed Amperometry Detection (HPAEC-PAD)

The monosaccharide content in samples collected during the growth
experiments was determined by the HPAEC-PAD analysis technique.
Briefly, 2 mL of supernatants were centrifuged before sample pre-
paration at 19,000 x g for 10 min at 4 °C followed by filtration through
0.22 um pore syringe-filter (13 mm). Then, samples were diluted 1:10
with MQ water and 0.5 mL of this solution was added to 2 mL of 1.25M
HCI to perform the acid hydrolysis of the polysaccharide. The reaction
was incubated for 20 h at 100 °C and neutralized by evaporation with
nitrogen gas at 60 °C. Finally, samples were rehydrated with MQ water,
diluted 1:20 (final sample dilution 1:1,000) to avoid interference from
salts and filtered again through 0.22 um pore syringe-filter (13 mm).
Carbohydrates were analyzed by high-performance anion exchange
chromatography (HPAEC) with pulsed amperometric detection (PAD)
using an ICS 5000+ ion chromatography system (Dionex, Thermo
Fisher Scientific). Monosaccharides were separated using a precolumn
and an analytical column Dionex CarboPac PA210-Fast-4 um and
detected using an ED 50 electrochemical cell equipped with a com-
bined pH-Ag/AgCl reference electrode and a gold working electrode.
Dionex EGC (Eluent Generator Cartidge) 500 KOH with Anion Trap
Column continuously regenerated (Dionex CR-ATC500) was used as
eluent source. An isocratic method of 18 mM KOH for 15 min, at a flow
rate of 0.1 mL min™, was used for the separation of monosaccharides
followed by and additional period to clean-up the columns (up to
60 mM KOH). Finally, the eluent was reduced again to 18 mM KOH for
re-equilibration of the columns. Chromatogram time was set to 35 min.
The injection volume was set to 2.5 uL. Calibration curves for fucose,
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galactose, mannose, glucose, rhamnose and xylose were performed by
multi-elemental standards of different concentrations in the range of
0.01 to 1 ppm, from 1000 ppm standards of each carbohydrate. Five
levels of calibration standards were run to generate a standard curve.
System control and data acquisition were performed with Chromeleon
v 7.2 SRS software (Dionex). The determination via HPAEC-PAD was
performed in the Phytotron SGiker Service from the University of
Basque Country (UPV/EHU, Spain).

Synthesis of FITC-Fucoidan

Fucoidan from F. vesiculosus (Sigma-Aldrich) was dissolved in phos-
phate buffer (pH 8.0). Tyramine (2.91 mmol, 400 mg) and NaBH;CN
(2.39 mmol, 150 mg) were added to the mixture and incubated at 37 °C
for 96 h with continuous stirring. The mixture was centrifuged at
11,500 x g for 10 min, and the supernatant was mixed with anhydrous
ethanol and crystallized at -20 °C. Finally, the product was precipitated
by centrifugation and evaporated to dryness in vacuo. Next, the syn-
thesized fucoidan-tyramine compound was dissolved in NaHCO;
(0.5molL™, pH 8.5), mixed with fluorescein isotiocyanate (FITC)
(0.064 mmol, 25 mg) and incubated at 37 °C for 24 h. The mixture was
centrifuged at 11,500 x g for 10 min, and the supernatant was added to
a solution of anhydrous ethanol and crystallized at -20 °C. The crys-
tallized product was collected by centrifugation and freeze-dried.
Finally, free FITC contaminants were removed by dialysis (membrane
molecular mass cut-off: 10 kDa) for 24 h. After collecting the liquid
inside the dialysis bag, the FITC-Fucoidan was lyophilized, yielding
155 mg (60%) of pure FITC-Fucoidan.

Visualization of fucoidan uptake by strains 892 and 913 using
confocal microscopy

Cells from strains 892 and 913 were grown on MM with fucoidan from
F. vesiculosus at 0.05%. A bacterial suspension (ODggo = 0.1) was diluted
(1:20) into 1 mL of fresh MM medium containing fluorescein-labeled
fucoidan (0.05%). After 40 h of incubation at 25 °C and 85 rpm in 24-
well plates, cells were stained with Nile Red (Sigma-Aldrich, 3 ugmL™
final concentration) and DAPI (Thermo Fisher, 1ugmL™ final con-
centration) for 30 and 20 min, respectively. Then, cells were washed
twice with MM medium at 19,000 x g for 10 min and fixed with par-
aformaldehyde (4%, 10 min). Samples were washed again with PBS and
resuspended in 50 pL of PBS. Samples were mounted on agarose pads
(1%) on microscope slides, covered with VectaShield and observed in a
confocal microscope Zeiss LSM800.

Quantification of bacterial interaction with fucoidan

The type of interaction with fucoidan from different bacterial strains
was determined by an experienced observer blind to sample identity. A
total of 100 cells were counted for each experimental condition. Bac-
teria were divided into two classes: those that had fucoidan inside and
those that had fucoidan outside. Additionally, all bacteria that dis-
played physical contact with the compound, either internally or
externally, were considered ‘in contact with fucoidan”. Fucoidan and
Bacterial Membrane Colocalization assay between the fluorophore
Nile Red and FITC-Fucoidan was quantified as the Manders™ overlap

coefficients using the JaCoP plug-in for Image) software®,

DNA extraction, whole-genome sequencing and assembly

Cultures were grown in 25mL of liquid rich media for 5 days and
pelleted. Cell pellets were washed twice with TE buffer, resuspended in
100 pL, and digested using lysozyme (1mgmlL?, 37 °C, 1h) and pro-
teinase K (100 ug mL™, 55 °C, overnight). DNA was extracted using the
Wizard® Genomic DNA Purification Kit (Promega). Whole-genome
sequencing was performed by combining Illumina MiSeq (2 x 150 pb)
and GridION (Oxford Nanopore). Library preparation and sequencing
were carried out at CNAG-CRG (National Center for Genomic Analysis,
Spain). For each sequenced isolate, genomic sequence reads derived

using Nanopore GridlON and paired end sequence reads derived using
lllumina MiSeq, were hybrid assembled using Spades v3.13.1"". Contigs
with length >5Kbp were selected for subsequent analyzes (see Sup-
plementary Table 5 for assembly details).

Genome annotation of Planctomycetota strains 892 and 913 and
comparison with other reference genomes

Genes were predicted using Prokka v 1.14.6" and annotated with
InterProScan v.5.57-90.0" using the databases Pfam'°, TIGRFAMs'”,
CDD'?, SMART” and SUPERFAMILY"**. GHs in the genomes were
identified using dbCAN v3.0.7'*. Three different tools implemented in
dbCAN for CAZyme annotation were used, (i) HMMER search against
annotated CAZYme domain boundaries, (ii) DIAMOND search against
the CAZy pre-annotated CAZyme sequence database and (iii) HMMER
for dbCAN-sub database, using default parameters. SAs were classified
into families and subfamilies using SulfAtlas database based on the
highest-scoring BLAST hit*.

For identifying putative PULs for fucoidan utilization in the gen-
omes, we searched for regions enriched in CAZymes from families
GH29, GH95, GH107, GH141 or/and GH168, co-localized with SAs and
regulators. The presence of transporters (such as ABC transporters,
Major Facilitators Transporters) was also considered, but not manda-
tory for the identification of putative PULs. In the absence of a reliable
method to detect GH187 and GH174 family members using dbCAN v3,
homologs of these enzymes were identified in our strains by using
BLASTP against the available sequences of these enzyme families in the
CAZY database (Nov 22, 2023).

Phylogenetic diversity of GH168 endo-fucanases in
Planctomycetota
To assess the phylogenetic distribution of fucosidases, all genomes
from the phylum Planctomycetota available at NCBI (5,202, accessed
September 2023), NCBI RefSeq genomes from the phylum Verruco-
microbiota (530) and selected genomes from the phylum Bacteroidota
(135) were retrieved and analyzed using the same methodology
explained above, considering only hits by HMMER and at least one
additional tool (DIAMOND and/or HMMER for dbCAN-sub) as imple-
mented in dbCAN v3'%, The aminoacidic sequences from the detected
GH168 homologs were used to build a custom database. To identify
additional GH168 family members from environmental samples, we
performed a local BLASTP against The Ocean Microbiomics Database
gene catalog™® using our GH168 custom database, selecting hits with
>30% identity and >70% coverage. To confirm the identity of the latter
GH168 hits, a second annotation with dbCAN v3.0.7'* was performed.
For assessing the phylogenetic relationship among GH168
enzymes, all the detected GH168 amino acid sequences from Planc-
tomycetota, Bacteroidota and Verrucomicrobiota phyla and those from
the environmental gene catalog were aligned using MAFFT v7'%.
Ambiguously aligned regions were removed with trimAl v1.4', using a
gap score cut-off of 0.95 and unaligned sequences were manually
discarded by inspection of the alignment with MSAViewer'”. A max-
imum likelihood tree was generated using RAXML v8.2.12"%° with the
PROTGAMMAUTO model. The resultant phylogenetic tree was visua-
lized and annotated with iTol"®. The homology of all retrieved GH168
proteins was assess using a reciprocal best match approach using the

rbm.rb script implemented in the Enve-omics collection'.

Transcriptomic analysis in carbohydrate degradation assays
with strains 892 and 913

Frozen cell pellet samples (45 mL) reserved for RNA extraction were
immediately resuspended in 10 mL of RNA lysis buffer to obtain a
clarified solution. A total of 5 mL of the lysate was spiked with internal
RNA standards obtained by in vitro transcription of genomic templates
of Saccharolobus solfataricus (formerly Sulfolobus solfataricus) P2
(NBCI Taxon ID 273057) for quantitative benchmarked
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transcriptomics'®. Five standards were spiked individually to each
sample at a conc. of ca. 20 pg uL™. Then, RNA was extracted using the
MirVana miRNA isolation Kit (Thermo Fisher) following the manu-
facturer’s recommendations. Samples were treated with Turbo DNAse-
free kit (Thermo Fisher) and RNA was quantified using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies, Inc.) and Qubit™
RNA High Sensitivity (Thermo Fisher). RNA quality and integrity were
checked using an Agilent RNA 6000 Nano Bioanalyzer (Agilent Tech-
nologies, Inc. 2001).

The RNA sequencing library was generated from 200-500 ng total
RNA with the Illumina Stranded Total RNA Prep, Ligation with Ribo-
Zero Plus Microbiome kit (Illumina) following the manufacturer’s
recommendations. The cDNA libraries were sequenced as 50-bp
paired-end reads on an lllumina NovaSeq 6000 platform (CNAG,
Spain). Raw sequences were trimmed using Trimmomatic', with
Sliding Window:50:35 and MINLEN:50 parameters, and reads passing
quality thresholds were paired. rRNA sequences were removed using
SortMeRNA v4.3.6'%, and Bowtie2 v2.4.2"¢ was used with the “-non-
deterministic” parameter to map the remaining reads to the assembled
genomes of the Planctomycetota strains. Read count tables were
obtained with HTSeq™ using -stranded = reverse, -a 10 and -m
intersection-nonempty parameters. To identify RNA internal standard
reads of S. solfataricus, the same procedure was performed using the
genome S. solfataricus. Individual transcript abundance (Ta) of
protein-coding genes in each RNA sample was calculated as described
in ref. 133, using Eq. (1),

_TsxSa

Ta Ss

@

where Ta corresponds to the estimated number of transcripts of an
individual protein-coding gene, Ts corresponds to the number of reads
assigned to the corresponding protein-coding gene, Sa corresponds to
the number of molecules of internal RNA standards from S. solfataricus
spiked to the RNA sample, and Ss corresponds to the number of reads
assigned to S. solfataricus internal standards. To calculate transcript
abundance per cell, Ta values were divided by total cell abundance in
the corresponding sample. The number of cells was determined by
flow cytometry using a BD Accuri™ C6 Plus Flow Cytometer in samples
preserved with glutaraldehyde (0.25% final concentration) and stained
with Sybr Green [ (Thermo Fisher; 10X final concentration). Differential
expression under different experimental conditions was analyzed
using DESeq2 v1.24"8 in R v4.2.1'°, discarding genes with less than 10
transcripts in all samples prior to normalization, and implemented
without automatic independent filtering. Patters in gene expression
were visualized with heatmaps created with the R package Complex-
Heatmap v2.12.1"°. To assess the differences in the overall PUL
expression, a pairwise Wilcoxon rank-sum test was performed using
the R package rstatix.

Proteomic analysis in carbohydrate degradation assays with
strains 892 and 913

Cell pellets were washed in 50 mM of Tris-HCI pH 6.8 at 4 °C before
sample analysis. Sample preparation and analysis were conducted in
the Proteomic Facility from the CIC bioGUNE (Derio, Spain). Samples
were submitted to LC-MS label-free analysis using a hybrid trapped ion
mobility spectrometry-quadrupole time of flight mass spectrometer
(timsTOF Pro with PASEF, Bruker Daltonics, Billerica, MA, United
States) coupled online to an EVOSEP ONE chromatograph (Evosep,
Odense, Denmark). Samples were incubated and digested following the
filter-aided sample preparation (FASP) protocol*. Trypsin was added
to a trypsin:protein ratio of 1:50, and the mixture was incubated over-
night at 37 °C, dried out in a RVC2 25 speedvac concentrator (Christ),
and resuspended in 0.1% FA. Peptides were desalted and resuspended
in 0.1% FA using C18 stage tips (Millipore). Digested sample (200 ng)

was loaded in an EVOSEP ONE chromatograph (Evosep, Odense, Den-
mark) and resolved with a 44 min run (30 SPD protocol). Data was
acquired using the standard DDA PASEF-standard_l.1sec_cycletime
method, that scans between 100-1,700 m/z, and 0.60-1.60 v.s/cm2
using a ramp time of 100 ms. The column was heated to 50 °C using an
oven. Protein identification and quantification were carried out using
PEAKS Studio software using default settings (Bioinformatics solu-
tions). Searches were carried out against a database consisting of
strains 892 and 913 protein entries, with precursor and fragment tol-
erances of 20 ppm and 0.05 Da. Data (protein area) was loaded onto
Perseus platform™? and further processed (log2 transformation,
imputation) before statistical analysis (two-sided Student’s t-test).
Proteins with a p value <0.05 were considered for further analyzes.
Differentially abundant proteins were considered witha LFC>1.5and a
p-value < 0.05 in at least one condition.

Cloning, expression, and purification of 892_058729 (Rho5174)
and PbFucA

The full-length gene encoding Rho5174 and PbFucA, from strain 892 and
Planctomycetes bacterium K23 9 respectively, were cloned into a
pET29a vector using Ndel and Hindlll sites (ATG:biosynthetics GmbH,
Mezhausen, Germany). The predicted signal peptide from PbFucA
sequence (UniProt code: AOA517NMB4, residues 35-392)'* has been
removed. Escherichia coli BL21(DE3) cells were transformed with the
corresponding plasmid and grown in LB medium supplemented
with 50 pgmL™ kanamycin at 37 °C and 200 rpm. Cell cultures were
induced at ODgpo of 0.6 - 0.8 by adding 1mM isopropyl [-p-
thiogalactopyranoside (IPTG). After 16 h at 18 °C, cells were harvested
by centrifugation at 5,000 x g for 30 min at 4 °C and resuspended in
125 mL of buffer A (50 mM Tris-HCI, pH 7.5, 500 mM NaCl) containing
protease inhibitors (A32955; Thermo Fisher) and 3uL of Benzonase
(71205; Merck). Cells were lysed by sonication in ice (30 cycles of 10 s
pulses with 60 s cooling intervals between the pulses, and 60% ampli-
tude) at 4 °C. The lysate was centrifuged at 20,000 x g for 40 min at
4°C. The supernatant was filtered through 0.22um filters and then
applied into a HisTrap HP column (5 mL, Cytiva) previously equilibrated
with buffer A. The elution was performed in a AKTA™ Prime Plus system
(GE healthcare, Uppsala, Sweden) using a linear gradient from 0% to
100% of buffer B (50 mM Tris pH 7.5, 500 mM NacCl, 500 mM imidazole)
for 40 min at 3.5mL min™. The purity of the protein was evaluated by
SDS-PAGE (TruePAGE Precast Gels, Merck) and protein bands were
visualized by Coomassie brilliant blue. For enzymatic activity experi-
ments, the fractions were further purified by size-exclusion chromato-
graphy (SEC) using a Superdex 75 10/300 increased column and 50 mM
Tris pH 7.5, 150 mM NaCl as running buffer. The eluted protein was
concentrated, flash-frozen, and stored at -80°C. For X-ray crystal-
lography experiments, the fractions were purified by SEC using the
same column and 20 mM Tris-HCI pH 7.5 as running buffer.

Preparation of lysates of Planctomycetota strains 892 and 913
Cells from 200 mL culture of Planctomycetota strains grown in F.
vesiculosus (Sigma-Aldrich), U. pinnatifida (Sigma-Aldrich), and man-
nose at a final ODggo between 0.15- 0.19 were centrifuged at 16,000 x g.
Cell pellets were resuspended in 12mL of 50 mM Tris-HCI, pH 7.5,
500 mM NaCl containing a pill of protease inhibitors (A32955; Thermo
Fisher), and 2uL of Benzonase (71205; Merck). Cells were lysed by
sonication (18 cycles of 10 s pulses with 59 s pulses of cooling intervals
and 10% amplitude) at 4 °C. The lysate was centrifugated at 30,000 x g
for 30 min at 4 °C. The lysates were flash-frozen and stored at -80 °C
for fucoidan degradation activity assays.

Fucoidan degradation activity assays using the p-hydro-
xybenzoic acid hydrazide (PAHBAH) method

For enzymatic hydrolytic experiments (n = 3), a solution of 1 mg mL™ of
fucoidan from different algal species was incubated with Rho5174 and

Nature Communications | (2024)15:10906

18


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55268-w

PbFucA at a final concentration of 2 and 1mgmL™”, respectively, in
50 mM Tris, 150 mM NaCl pH 7.5 to a final reaction volume of 100 uL. It
is worth mentioning that we were not able to concentrate PbFucA
without precipitation to assay more than 1mgmL™ of the enzyme in
the reactions. For the lysate hydrolytic experiments, a solution of
1 mg mL™ of fucoidan from different algae species was incubated with
lysates from strain 892 (1:5, v/v) in 50 mM Tris pH 7.5,150 mM NaCl to a
final reaction volume of 100 uL. For enzyme and lysate from strain 892
hydrolytic experiments, a solution of 1mgmL™ of fucoidan from dif-
ferent algae species was incubated with each enzyme at a final con-
centration indicated above, and lysate from strain 892 (1.5, v/v) in
50 mM Tris, 150 mM NaCl pH 7.5 to a final reaction volume of 100 pL.
The Rho5174 and PbFucA reactions were incubated at 37°C and 25°C,
respectively, for 0, 2, 7 and 20 h for each experiment. PbFucA pre-
cipitates at higher temperatures than 25 °C. We stopped the reactions
by denaturation of the enzyme at 98 °C for 5 min. The reducing sugar
equivalents of the samples were quantified with the para-
hydroxybenzoic acid (PAHBAH) assay®. Briefly, the PAHBAH working
reagent was freshly prepared at a ratio of 1:9 solution A (0.3M 4-
hydroxybenzhydrazide, 0.6 M HCI) to solution B (48 mM trisodium
citrate, 10 mM CacCl,, 0.5 M NaOH). The working reagent was added to
the reaction sample (1:10). This mixture was heated for 10 min at 99 °C
under constant mixing at 300 rpm. Next, the absorbance of the mix-
ture was measured at 410 nm in 200 plate reader Infinite® M Plex
microplate reader (TECAN) to quantify the reduced sugar in the
reaction. The results of each reaction were normalized to O.

Exo-fucosidase activity assays using 4-nitrophenyl-a-1-
fucopyranoside

We evaluated the exo-fucosidase activity of Rho5174 and PbFucA
against 4-nitropheyl-a-i-fucopyranoside (pNP-Fuc). 50uM of each
enzyme was incubated with 5 mM pNP-Fuc in 0.1 M citrate-phosphate
buffer along a pH gradient of 5.0, 6.0, 7.0 and 8.0 at 37°C for 24 hina
final volume 75 plL following described protocols®'**. The reaction was
stopped using 75uL of 0.4 M of phosphate buffer pH 10.4. The p-
nitrophenol released was measured spectrophotometrically at 405 nm
Infinite 200 plate reader Infinite® M Plex microplate reader (TECAN)
and evaluated using a standard curve of p-nitrophenol. We used FucOB
as positive control using the described conditions®.

Enzymatic assays for Carbohydrate Polyacrylamide Gel Elec-
trophoresis (C-PAGE)

For enzymatic hydrolytic experiments, a solution of 5SmgmL™? of
fucoidan from different algal species was incubated with Rho5174 and
PbFucA at a final concentration of 2 and 1mgmL™, respectively, in
50 mM Tris, 150 mM NaCl pH 7.5. It is worth mentioning that we were
not able to concentrate PbFucA without precipitation to assay more
than 1 mg mL™ of the enzyme in the reactions. For the lysate hydrolytic
experiments, a solution of 5 mg mL™ of fucoidan from different algae
species was incubated with lysates from strain 892 (1:5, v/v) in 50 mM
Tris pH 7.5, 150 mM NaCl to a final reaction volume of 100 pL. For
enzyme and lysate from strain 892 hydrolytic experiments, a solution
of 5mgmL™ of fucoidan from different algae species was incubated
with each enzyme at a final concentration indicated above, and lysate
from strain 892 (1:5, v/v) in 50 mM Tris, 150 mM NaCl pH 7.5 to a final
reaction volume of 100 pL. The reactions were incubated at 37°C and
25°C, respectively, for 0, 2, 5, 7, 24, 48 or 72 h for each experiment.
PbFucA precipitates at higher temperatures than 25 °C. We stopped
the reactions by denaturation of the enzyme at 98 °C for 5 min. Sam-
ples were stored at -20 °C for further analysis by C-PAGE in duplicate
assays. Briefly, 2 uL of loading buffer (0.02% phenol red in 20% gly-
cerol) was added to 10 pL of reaction. C-PAGE was performed on a 20%
(w/v) acrylamide/bisacrylamide electrophoresis gel in 100 mM
Tris-borate buffer pH 8.8 at 30 mA and 120V for 1h. The gel was
stained with 0.05% Alcian blue 8GX (Panreac, Spain) in 2% acetic acid

for 1h, followed by destained in water for 20 min. Subsequently, the
gel was stained with 0.01% O-toluidine blue (Sigma-Aldrich, Germany)
in 50% aqueous ethanol and 1% acetic acid was applied for 30 min and
distained in water for 1h.

Rho5174 and PbFucA crystallization and data collection

Rho5174 was crystallized by mixing 0.25uL of a protein solution at
10 mg mL™in 20 mM Tris-HCI pH 7.5 and 10 mM of sodium methyl-o-L-
fucopyranoside 2-sulfate (Fuc2S04; Supplementary Fig. 14)% with
0.25 uL of Morpheus screening condition G8, Molecular Dimensions
(0.1M sodium HEPES:MOPS acid pH 7.5; 0.1 M sodium formate, 0.1M
ammonium acetate 0.1M sodium citrate tribasic dihydrate; 0.1M
potassium sodium tartrate tetrahydrate, 0.2 M sodium oxamate; 9.25%
v/v MPD; 9.25% PEG 1000; 9.25% w/v PEG 3350). Crystals grew in
2-3 days. PbFucA was crystallized in three crystal forms, referred
thereafter as PbFucA-1, PbFucA-2 and PbFucA-3. The first crystal form,
PbFucA-1, was obtained by mixing 0.25uL of a protein solution at
5.4 mgmL™in 20 mM Tris-HCI pH 7.5 with 0.25 uL of JCSG+ screening
condition B4, Molecular Dimensions (100 mM HEPES pH 7.5 10% w/v
PEG 8000). Crystals grew in 2-3 days. The PbFucA-2 crystal form was
achieved by random microseeding of PbFucA-1 crystals, 0.25uL of
protein solution at 5.4 mgmL™ in 20 mM Tris-HCI pH 7.5 and 2mM
fucose was mixed with 0.05uL of PbFucA-1 seeds and 0.20 uL of
Morpheus screening condition E6, Molecular Dimensions (0.12M
ethylene glycols, 0.1 M buffer system 2 pH 7.5, 30% v/v precipitant mix
2). Crystals grew in 2-3 days. The PbFucA-3 crystal form was obtained
by mixing 0.25 pL of protein solution at 5.4 mg mL™ in 20 mM Tris-HCI
pH 7.5 and 2 mM fucose and 0.25 uL of Morpheus screening condition
D10, Molecular Dimensions (0.12 M alcohols, 0.1 M buffer system 3 pH
8.5, 30% v/v precipitant mix 2). All crystals were transferred to a cryo-
protectant solution containing 30% glycerol and frozen under liquid
nitrogen, except for Rho5174 crystals that grew in a cryo-protectant
solution. Complete X-ray diffraction datasets were collected at the
beamline BL13 XALOC (Alba Synchrotron, Spain) for Rho5174 and
beamlines 124 for PbFucA-1 and PbFucA-3 and i04 for the PbFucA-2
(Diamond Light Source (DLS), Oxfordshire, UK). Rho5174 crystallized
in triclinic space group P1 at 1.6 A (PDB code 9F9V, Supplementary
Table 2). The PbFucA-1 form crystallized in the monoclinic space group
P12;1 with six molecules in the asymmetric unit (MAU) and diffracted to
a maximum resolution of 22A (PDB code 8RG3, Supplementary
Table 2). The PbFucA-2 form crystallized in the orthorhombic space
group of P2;2;2; with 2 MAU at a resolution of 1.4 A (PDB code 8RG4,
Supplementary Table 2). The PbFucA-3 form crystallized in the tetra-
gonal space group P4,2;2 with 2 MAU to a maximum resolution of 2.1 A
(PDB code 8RGS5, Supplementary Table 2). All datasets were integrated

and scaled with XDS following standard procedures'.

Rho5174 and PbFucA structures determination and refinement
Structure determination of Rho5174 and PbFucA-1 crystal form was
carried out by molecular replacement methods implemented in
Phaser'*® and the PHENIX suite'*” and using the Alphafold model as a
template*®. Structure determination of PbFucA-2 and PbFucA-3 were
carried out by molecular replacement using the crystal structure of
PbFucA-1 chain A as template model. The final manual building was
performed with Coot™*® and refinement with phenix-refine. The structure
was validated by MolProbity™°. Data collection and refinement statistics
are presented in Supplementary Table 2. Molecular graphics and struc-
tural analyzes were performed with the UCSF Chimera package®™'.
Structural analysis and sequence alignments

Structure-based sequence alignment analysis was performed using
Chimera™. Z- score values were produced by using DALI. Domain
interface analysis was performed using PISA™, Conserved and similar
residues were labeled using the Multiple Align Show server (www.
bioinformatics.org/SMS/multi_align.html).
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Alphafold models of GH168 enzymes from strains 892 and 913,
and Fun168D

The Alphafold-predicted structures were obtained using ColabFold™*
and the full-length sequence of 892_06282 (Supplementary Dataset 12)
and 892_06289 (Supplementary Dataset 10) from strain 892, 913_01189
(Supplementary Dataset 11) and 913_05635 (Supplementary Dataset 9)
from strain 913 and Fun168D (Supplementary Dataset 8; UniProt code:
AOAI1B1Y6GS).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The atomic coordinates and structure factors have been deposited
with the Protein Data Bank (PDB), accession code 8RG3 (PbFucA-1),
8RG4 (PbFucA-2), 8RGS5 (PbFucA-3) and 9F9V (Rho5174). The whole
genome sequencing datasets and transcriptome sequencing data
generated in this study have been deposited in the European Nucleo-
tide Archive (ENA) under Bioproject accession number PRJEB71092
and Zenodo. The genome assemblies of 892 and 913 strains generated
in this study have been deposited under accession number
GCA_963859505.1 and GCA_963859645.1 respectively. Proteomic data
has been deposited to the ProteomeXchange Consortium via the
PRIDE repository with the dataset identifier PXD057797. The crystal
structures have been deposited in PDB under the following accession
codes: 8RG3, 8RG4, 8RG5, and 9F9V. Source data are provided with
this paper.
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