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Bacteria are integral to marine carbon cycling. They transfer organic carbon to higher
trophic levels and remineralise it into inorganic forms. Kelp forests are among the
most productive ecosystems within the global oceans, yet the diversity and metabolic
capacity of bacteria that transform kelp carbon is poorly understood. Here, we use
16S amplicon and metagenomic shotgun sequencing to survey bacterial communities
associated with the surfaces of the giant kelp Macrocystis pyrifera and assess the
capacity of these bacteria for carbohydrate metabolism. We find that Macrocystis-
associated communities are distinct from the water column, and that they become
more diverse and shift in composition with blade depth, which is a proxy for tissue
age. These patterns are also observed in metagenomic functional profiles, though the
broader functional groups—carbohydrate active enzyme families—are largely consistent
across samples and depths. Additionally, we assayed more than 250 isolates cultured
from Macrocystis blades and the surrounding water column for the ability to utilize
alginate, the primary polysaccharide in Macrocystis tissue. The majority of cultured
bacteria (66%) demonstrated this capacity; we find that alginate utilization is patchily
distributed across diverse genera in the Bacteroidetes and Proteobacteria, yet can
also vary between isolates with identical 16S rRNA sequences. The genes encoding
enzymes involved in alginate metabolism were detected in metagenomic data across
taxonomically diverse bacterial communities, further indicating this capacity is likely
widespread amongst bacteria in kelp forests. Overall, the M. pyrifera epibiota shifts
across a depth gradient, demonstrating a connection between bacterial assemblage
and host tissue state.

Keywords: kelp, microbiome, metagenomics, Macrocystis, alginate, epibiota

INTRODUCTION

Heterotrophic bacteria play an essential role in the world’s oceans by metabolizing and
remineralising dissolved and particulate organic carbon that would otherwise be unavailable to
higher trophic levels (Azam and Malfatti, 2007). These interactions provide a key contribution to
biogeochemical cycling by liberating refractory carbon, shuttling carbon between coastal systems
(Säwström et al., 2016), and reducing the sequestration of carbon to the deep ocean (Jiao et al.,
2010).

Within the global oceans, kelp forests are one of the most productive ecosystems and a
large reservoir of organic carbon (Reed et al., 2008), contributing an estimated 5662 g C
m−2 yr−1 to global net primary production (Krumhansl and Scheibling, 2012). The majority
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of kelp carbon is released to the environment as detritus
(i.e., particulate organic carbon; Krumhansl and Scheibling,
2012), while a smaller portion is exuded as dissolved organic
matter (Reed et al., 2015). Both of these substrates represent
substantial pools of organic carbon for bacterial utilization. Given
the abundance of carbon within kelp forest ecosystems and
the interdependence between bacterial metabolism and marine
productivity, the kelp forest is an important system in which to
study microbial carbon cycling and oceanic nutrient fluxes.

The giant kelp Macrocystis pyrifera is the largest, fastest
growing macroalgal species (Ravanal et al., 2017) and serves
as the structural foundation in Pacific kelp forests (Steneck
et al., 2002), yet the diversity and metabolic capacity of bacteria
that cycle Macrocystis carbon is poorly known. The epibiota of
Macrocystis (Michelou et al., 2013), and kelp generally (Lemay
et al., 2018), are distinct from that of the water column. Yet, kelp
influence the water column microbiota (Lam and Harder, 2007;
Chen and Parfrey, 2018) and their carbohydrate degradation
capacity (Clasen and Shurin, 2015). Studies comparing across
seaweeds find species-specificity of associated bacteria in
taxonomic profiles (Lachnit et al., 2009; Lemay et al., 2018)
and functional profiles, with functional differences in part
reflecting metabolism of host polysaccharides (Roth-Schulze
et al., 2016). Across kelps, host tissue age (Bengtsson et al.,
2012) and condition (Marzinelli et al., 2015) shape epibiota
diversity and composition. For example, Bengtsson et al.
(2012) documented seasonal microbiota succession on blades
of Laminaria hyperborea, and Lemay et al. (2018) show an
analogous pattern in which perennial and annual kelp species
harbor different epibiotic communities.

Bacteria transform algal-derived carbon by utilizing a diverse
suite of degradative enzymes (Wang et al., 2016) that target
numerous host polysaccharides (Dong et al., 2012; Martin et al.,
2015). Brown algae, including kelp, produce an extracellular
matrix primarily composed of the polysaccharides alginate,
cellulose, and fucoidan (Michel et al., 2010), with the relative
abundance of these polysaccharides varying across species and
seasons. Alginate is the dominant polysaccharide in several
kelp species, including M. pyrifera, where it comprises roughly
15–25% of dry weight, with highest concentrations observed
in the fall (Whyte and Englar, 1978) and in young blades
(McKee et al., 1992). Polymeric alginate is metabolized via
alginate and oligoalginate lyase enzymes that are typically
found within bacterial operons (Thomas et al., 2012). Alginate
assimilation is initiated by the depolymerization of polymeric
alginate, which is typically catalyzed by extracellular alginate
lyases, although direct uptake of the polymer has been reported
(Hisano et al., 1995). Oligomeric products are then imported
into the bacterial periplasm, where they are further degraded into
monosaccharides by oligoalginate lyases (Thomas et al., 2012)
prior to transport into the bacterial cytosol. Because alginate
is one of the primary organic carbon sources in kelp forests
and a known substrate of bacterial metabolism, its utilization by
bacteria is likely an important process in coastal carbon turnover.

The objective of this study is to determine the distribution
and variability of alginate utilization among bacteria in Pacific
Macrocystis forests, and to reconstruct the broader communities

in which this activity occurs. We perform amplicon and
shotgun metagenomic sequencing on epibiotic and water column
communities to reconstruct their taxonomic and carbohydrate
metabolic profiles, and provide the first metagenomic survey of
alginate metabolic genes in kelp forests. We also assay cultured
bacteria isolated from the kelp forest to determine their ability
to degrade polymeric alginate and metabolize it for growth
(referred to together as alginate utilization). These data provide a
better understanding of the relationship between taxonomic and
functional diversity in marine bacterial communities.

MATERIALS AND METHODS

Surface-Associated Microbial
Communities
Macrocystis pyrifera blades were sampled by scuba in August,
2015 from three subtidal kelp beds adjacent to Calvert Island,
British Columbia (Site 1 (Stryker): 52 04.962 N, 128 21.883 W;
Site 2 (Triquet): 51 48.343 N, 128 15.479 W; Site 3 (Goose
South): 51 55.226 N, 128 27.571 W; Supplementary Data Sheet
S2). These sites were chosen due to their similar oceanographic
properties, depths (Site 1 – 5 m; Site 2 – 5 m; Site 3 – 7 m),
and inclusion in long term monitoring projects. At each site, five
kelp blade replicates were sampled at the bottom (1 m above
sediment), middle (1 m below surface), and top (surface) of
the water column. Each blade was removed and brought to the
surface in a sterile Ziploc R© bag. On the surface, each blade (n = 45)
was rinsed with sterile seawater for 10 s to remove transient
microbes, and then a 10 cm2 area in the center of the blade was
swabbed with a sterile Puritan R© cotton swab for 10 s. Swabs were
immediately transferred into sterile cryovials (VWR) and placed
on ice for transport back to the lab, where they were stored at
−80◦C. Water samples from each site were collected from the
same depths as kelp blades and were stored in sterile 500 ml
Nalgene R© bottles (n = 12). Water was pre-filtered at 150 µm to
remove larger organisms and bacteria were subsequently filtered
from the water samples using a Cole-Parmer MasterFlex L/S
peristaltic pump with a 0.22 µm Durapore R© membrane filter
(Merck Millipore Ltd.). Filters from each water sample were
immediately stored at−80◦C in individual Whirl-Pak R© bags.

Bacterial DNA from the kelp blade swabs and water
column filters was extracted with the MoBio PowerSoil R©-
htp 96 well DNA extraction kit using standard protocols
(Mo Bio Laboratories, United States). The V4 region of the
16S rRNA gene was amplified by PCR using redesigned
versions of the primers 515f/806r (Caporaso et al., 2012):
515f : 5′–GTGYCAGCMGCCGCGGTAA–3′, 806r: 5′–GGACT
ACNVGGGTWTCTAAT–3′. These primers have been modified
to include a 12 bp Golay barcode on the forward primer and
degeneracies were added to improve taxonomic coverage1. Each
PCR consisted of 10 µl of 5-Prime Master Mix, 1 µl of each
primer (final concentration = 0.2 µM), 2 µl of DNA, and PCR
grade water to a final volume of 25 µl. The PCR protocol
consisted of an initial denaturation step at 94◦C for 3 min,

1http://www.earthmicrobiome.org/protocols-and-standards/16s/
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followed by 25 cycles of denaturation at 94◦C for 45 s, primer
annealing at 50◦C for 60 s, and extension at 72◦C for 90 s, with
a final extension step of 72◦C for 10 min. PCR products were
quantified using Quant-IT Pico Green R© ds DNA Assay Kit (Life
Technologies). Sample DNA was then pooled in equal amounts
(25 ng) and purified using the MoBio UltraClean R© PCR clean-up
kit. Quantitation of the pooled library and paired-end Illumina
MiSeq sequencing (2× 300 bp) were performed at the Integrated
Microbiome Resource facility at Dalhousie University (Halifax,
Canada).

The resulting raw sequencing reads were demultiplexed
in QIIME v1.9.1 (Caporaso et al., 2010b) using
split_libraries_fastq.py, which yielded an average of 86,857
reads/sample. Demultiplexed reads were trimmed to 250 bp
using the FastX Toolkit2 and clustered using Minimum Entropy
Decomposition (MED; Eren et al., 2015) into nodes analogous
to operational taxonomic units (OTUs). This clustering was
performed as implemented in the Oligotyping microbial analysis
software package (Eren et al., 2013) and carried out with the
minimum substantive abundance parameter (−M) set at 250
reads. All other parameters retained the default settings. MED
OTUs were taxonomically identified using UCLUST (Edgar,
2010) and assign_taxonomy.py in QIIME by querying the SILVA
SSU Ref NR 128 database (Supplementary Data Sheet S4).
OTUs were subsequently filtered for host contamination by
removing chloroplast and mitochondrial annotations, and by
sample occurrence (≥2 samples) and read count (≥100 reads
per OTU). The remaining OTU representative sequences were
aligned with PyNAST v.1.2.2 (Caporaso et al., 2010a) using the
SILVA SSU Ref NR 128 alignment as a template and a tree was
constructed in QIIME using FastTree (Price et al., 2010). An
OTU heatmap was constructed in the R statistical environment
(all analyses in R performed with v3.4.0; R Core Team, 2017).

Bacterial Community Comparisons
To quantify the richness of culture-independent bacterial
communities, the Chao1 metric (Chao, 1984) was calculated
for each sample in QIIME using alpha_diversity.py. Samples
were first rarefied at a depth of 30,000 sequences. Richness was
compared using mixed effect analysis of variance (ANOVA) with
the lmerTest package (Kuznetsova et al., 2015) in R. Briefly,
when comparing Macrocystis and water samples, site was set as a
random effect while depth (bottom, middle, surface) and sample
type (seawater, macroalgae) were both set as fixed effects. When
comparing only kelp blades, site was again set as a random effect
and depth was set as a fixed effect. Pairwise comparisons of kelp
communities across depths were performed within lmerTest as
Student’s t-tests.

We compared bacterial community composition using the
weighted UniFrac metric, which takes abundance into account
(Lozupone et al., 2007). Beta diversity distance matrices
were generated in QIIME at a rarefaction depth of 30,000
sequences/sample and visualized as Principal Coordinates plots
in R. Communities were compared using a permutational
multivariate analysis of variance (PERMANOVA; Anderson

2http://hannonlab.cshl.edu/fastx_toolkit/

et al., 2005) and a permutational analysis of within group
multivariate dispersion (PERMDISP; Anderson, 2004), both with
9999 permutations and implemented in Primer (v.6; Clarke and
Gorley, 2006). When comparing all bacterial communities, both
depth and sample type were set as fixed effects while site was
set as a random effect. For comparisons of Macrocystis samples
only, depth was once again a fixed effect and site a random effect.
Pairwise PERMANOVA analyses conducted within Primer were
used to compare Macrocystis communities across depths.

Testing for the differential abundance of bacterial genera
across Macrocystis blade depths was performed in R using the
two-tailed Welch’s t-test (t.test). Benjamini–Hochberg adjusted
p-values were used to account for multiple hypothesis testing
(Benjamini and Hochberg, 1995). Read counts were normalized
to total sample counts prior to analysis. Genera were considered
differentially abundant if their FDR corrected p-value < 0.1 and
log2 fold change across depths was ≥| 2| .

Carbohydrate Metabolic Profile
Reconstruction
To assess the capacity for alginate utilization in kelp forest
bacterial communities, a subset of samples were sent for shotgun
metagenomic sequencing using the same DNA as 16S rRNA
gene sequencing. These samples consisted of 10 kelp (5 bottom
depth, 5 middle depth) and 5 water samples (4 bottom depth, 1
surface depth) from one kelp bed (Site 3). Metagenomic libraries
were prepared using the Illumina Nextera XT kit and 150-bp
fragments and sequenced on an Illumina NextSeq 550 at the
Integrated Microbiome Resource facility at Dalhousie University.
Quality statistic generation, paired-end read merging, and quality
filtering were performed with VSEARCH (Rognes et al., 2016) on
the resulting raw sequencing reads. Merging was performed with
default parameters (except maximum mismatch was reduced to
2 nucleotides) and non-merged forward reads were added to the
merged reads to increase coverage. Reads were trimmed at the
beginning to remove low quality bases, quality filtered (minimum
length: 100-bp; maximum error rate: 0.005), and truncated once
base quality dropped below 30. This yielded 7,924,598 reads with
an average length of 147-bp. The mean sequences per sample was
528,307, and one kelp sample with 1169 reads was removed prior
to analysis due to low sequence count.

Open reading frames (ORFs) were predicted in MetaPathways
v2.5.1 (Konwar et al., 2015) using the prodigal algorithm and a
minimum peptide length of 33. Predicted ORFs were annotated
in MetaPathways with the LAST algorithm and default run
parameters against the Carbohydrate Active Enzymes database
(CAZy; release 2014.09.04; Lombard et al., 2014). This resulted
in 6,799,723 ORFs, of which 138,785 were annotated to the
CAZy database (Supplementary Data Sheets S5, S6). Subsequent
filtering to remove eukaryotic, viral, archaeal, and unclassified
proteins resulted in 126,084 ORFs corresponding to 26,509 CAZy
annotations (Supplementary Data Sheets S7, S8).

Carbohydrate Active Enzymes functional profiles were
rarefied at a depth of 1000 sequences/sample prior to
comparisons of composition and richness. Profile dissimilarity
matrices were generated using the Bray-Curtis metric (Bray
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and Curtis, 1957) and differences in composition were tested
using PERMANOVA and PERMDISP in Primer v.6 (9999
permutations each; p < 0.05), and visualized with principle
coordinate plots. Functional richness was determined by the
observed number of enzyme annotations and families within
each sample and compared using the two-tailed Welch’s t-test in
R (t.test). Communities were compared across sample type and
depth separately, instead of a mixed effect design, as the water
samples did not sufficiently represent multiple depths. Testing
for an association between functional and taxonomic richness
was performed using the two-tailed Spearman’s rank correlation
test in R (cor.test).

Differential abundance analysis for CAZy families and
individual gene annotations was performed using the two-tailed
Welch’s t-test in R. Genes with <100 total reads and families
with <1000 total reads were excluded from the analysis in
order to compare only high abundance groups. Read counts
were normalized to sample counts and p-values were adjusted
for multiple hypothesis testing using the Benjamini–Hochberg
method (Benjamini and Hochberg, 1995). Genes and families
were considered differentially abundant if their FDR corrected
p-value < 0.1 and log2 fold change∼| 1| or greater. The log2 fold
change threshold was relaxed relative to genus enrichment due to
low sequence coverage in the metagenomic dataset.

To determine how well the metagenomic dataset
corresponded to the 16S amplicon data, and to better link the
two bacterial community profiles, we performed closed reference
OTU picking in QIIME (pick_closed_reference_otus.py) on the
quality filtered metagenomic sequences against the SILVA SSU
Ref NR 128 database. OTUs were taxonomically assigned using
UCLUST (Edgar, 2010) and assign_taxonomy.py, and OTUs
assigned to chloroplast or mitochondria were removed. Taxa
summary plots were then constructed for comparison with the
16S rRNA gene amplicon dataset.

Cultured Bacterial Isolates and Detection
of Alginate Utilizing Bacteria
Bacteria were cultured from a subset of the macroalgal blades
and water column samples used for amplicon sequencing
(Supplementary Data Sheet S3). Macrocystis blades from the
bottom and middle depth at each site that were swabbed for
sequencing were immediately swabbed again for culturing. These
swabs were plated directly onto both alginate and tryptone
marine agar media (n = 30 for each media type). Alginate
marine agar media was made using a previously published
protocol (Clasen and Shurin, 2015) and consisted of distilled
water, Instant Ocean R© (to salinity∼31 ppt), 1.5% agar, and
0.3% sodium alginate (Sigma-Aldrich A0682). Tryptone marine
agar media was made using distilled water, Instant Ocean R© (to
salinity∼31 ppt), 1.5% agar, and 1% tryptone (BD REF211705).
Liquid versions of both media types were prepared in identical
fashion with agar excluded. One water sample from mid and
bottom depths at each site was also plated on each media type
(n = 12). Plates were sealed with parafilm and stored at 4◦C for
2 weeks to facilitate transport from the remote field site to the
lab. Once in the lab cultures were incubated at 12◦C, as this
was approximately the in situ water temperature when sampling.

After plates had been incubated for several days, 5–10 colonies
displaying morphological variation were isolated using standard
microbiological techniques. Subsequent assays and maintenance
of cultures all occurred at 12◦C.

Growth With Alginate as the Sole
Carbon Source
Isolated bacteria were inoculated in triplicate into 96 well
microplates containing alginate marine media to determine if any
were capable of utilizing alginate as a sole carbon source. Growth
was measured daily using turbidimetry over 4 days. Isolates were
considered to be growing if absorbance readings at the first and
final time point were significantly different (two-tailed paired
t-test; p < 0.05), a minimum increase of 0.1 OD492 was detected,
and mean absorbance increased by ≥50%.

Alginate Utilization Assays
We aimed to broadly detect alginate utilization by bacteria and
performed two distinct assays on each isolate to better capture the
different stages of the alginate metabolic pathway. The use of two
assays allowed us to partially account for the complex metabolic
interactions and substrate partitioning that have been reported
for alginate (Wong et al., 2000; Kita et al., 2016). For example,
some bacteria that do not degrade polymeric alginate can
metabolize alginate oligosaccharides (Hehemann et al., 2016) and
some taxa can directly uptake the polymer (Hisano et al., 1995).
One assay employed here assessed extracellular degradation of
polymeric alginate and another tested for enhanced growth
yielded by alginate metabolism within the cell. It should be noted
these assays were chosen to detect possible interactions with
extracellular, kelp-derived alginate, but they do not distinguish
this from the biosynthesis of alginate, of which some bacteria
are capable and similar enzymes are involved (Kim et al., 2011).
Furthermore, quantitative assays were chosen over traditional
plate staining methods to minimize subjectivity, due to the
lack of substrate specificity reported in analogous assays of
polysaccharide degradation (Meddeb-Mouelhi et al., 2014), and
to provide consistent and conservative thresholds for detecting
alginate utilization.

Metabolism of alginate for growth was assessed by comparing
the growth of liquid cultures with and without alginate
supplemented to the medium. The alginate supplemented media
consisted of tryptone marine media (see above) with 0.3% sodium
alginate added. Each isolate was grown for 3 days prior to the
experiment. This likely corresponded to post-exponential phase
for most isolates, but we did not construct individual growth
curves. Cultures were then inoculated in triplicate into a 96
well plate containing tryptone media and a plate containing
alginate supplemented media. Growth was then measured daily
using turbidimetry over 4 days. Isolates were considered to
be metabolizing alginate if they grew in alginate supplemented
media (according to the criteria listed above for the alginate
only media) and net growth in alginate supplemented media
was 50% greater than in un-supplemented media. It should be
noted that while this assay was used to detect increased growth in
alginate supplemented media, it is unable to identify organisms
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who utilize alginate but achieve the same maximal growth in
culture, or taxa whose metabolism of tryptone is inhibitory to the
metabolism of alginate.

The second aspect of alginate utilization, degradation of
polymeric alginate, was assessed by measuring the strong
absorption of UV light characteristic of de-polymerized alginate,
due to the formation of C-4 = C-5 double bonds within alginate
oligosaccharides (Wong et al., 2000; Han et al., 2016). As above,
each isolate was grown for 3 days prior to the experiment and
inoculated in triplicate into a 96 well plate containing alginate
marine media. UV absorbance was measured daily over a 4 days
time period. Isolates were considered to degrade alginate if
the absorbance readings at the first and final time point were
significantly different (paired t-test, p < 0.05), a minimum change
of 0.1 OD230 was detected, and absorbance increased by ≥50%.
This assay was used to detect the increase in UV absorbance over
the course of the growth period, however, it was not used to detect
an initial increase in absorbance followed by a reduction (owing
to the uptake of alginate oligosaccharides). Thus, bacterial isolates
that rapidly imported the cleaved alginate oligosaccharides at a
rate greater than depolymerization were not detected using this
technique. Negative controls for all assays consisted of media
without bacterial inoculum.

Isolate Sequencing and Taxonomy
Assignment
Isolates assayed for alginate utilization were sequenced at the
V4–V9 region of the 16S rRNA gene. DNA was extracted using
Prepman Ultra R© and amplified with primers 515f/1492r: 515f :
5′–GTGYCAGCMGCCGCGGTAA–3′, 1492r: 5′–CGGTTACC
TTGTTACGACTT–3′. Each PCR contained 12.5 µl of 2X
Phusion Flash Master Mix R©, 1.25 µl of each primer (final
concentration: 0.5 µM), 1 µl of DNA, and PCR grade water
to final volume of 25 µl. PCR was performed with an initial
denaturation temperature of 98◦C for 10 s, followed by 30 cycles
of denaturation at 98◦C for 1 s, annealing at 52.3◦C for 5 s, and
extension at 72◦C for 15 s, with final extension at 72◦C for 1 min.
PCR products were Sanger sequenced at the Genome Quebec
Innovation Centre at McGill University (Montreal, Canada).

Isolate sequence data was initially trimmed in Geneious
(v.9.1; Biomatters) to remove low quality ends and ambiguities.
The resulting sequences were then aligned using the SILVA
Incremental Aligner (SINA v1.2.11; Pruesse et al., 2012), queried
against the SILVA SSU Ref 128 database (minimum identity 95%;
Quast et al., 2012), and the highest matching taxon was recorded.
Sequences were subsequently queried against the SILVA SSU Ref
128 database locally using BLAST+ (blastn; Camacho et al., 2009)
to confirm taxonomy and retrieve additional quality scoring
metrics. Isolate sequences were then collapsed into OTUs in
QIIME by clustering at 100% sequence identity using UCLUST
(Edgar, 2010) and a representative sequence was picked for each
OTU. For each 100% OTU, we then aligned all sequences that
were collapsed into the OTU with MUSCLE (Edgar, 2004) to
confirm that sequences were 99.8–100% identical; they were.

Phylogenetic trees of isolate OTUs and reference sequences
were constructed using RAxML v.8.2.9 (Stamatakis, 2014) for the

three major bacterial clades detected. Briefly, OTU representative
sequences were aligned to the SILVA SSU Ref NR 128 alignment
using PyNAST within QIIME. Aligned sequences, along with a
filtered SILVA SSU Ref NR 128 alignment and tree, were then
used to construct a Maximum Likelihood tree using the GAMMA
model of rate heterogeneity and the evolutionary placement
algorithm (Berger et al., 2011). The SILVA alignment and tree
were filtered to retain only genera detected in either the culture-
independent or cultured communities of Macrocystis and the
water column for each clade. Reference sequences for each genus
were selected because they were either the type species or a
common marine taxon. The number of reference sequences to
include for each genus was chosen relative to the number of OTUs
falling within that genus. Annotation of phylogenetic trees was
performed using the ggtree package (Yu et al., 2017) in R.

We assessed the taxonomic composition of the cultured
community with high-throughput 16S rRNA gene sequencing by
scraping all colonies off of a subset of culture plates with a sterile
cell scraper following isolation of individual colonies; 1 sample
per plate. These pooled bacterial colonies were then processed
with the same DNA extraction, PCR, and amplicon sequencing
procedures as the uncultured communities (above). The plates
used here were from one water and three kelp samples from each
site, and both media types were included (n = 24 total; water = 6,
middle depth kelp blades = 18).

Figure Generation
All figures were generated and exported in the R statistical
environment (v3.4.0; R Core Team, 2017). Minor modifications,
when needed, were performed using Inkscape v0.91.

Accession Numbers
Raw Illumina MiSeq and NextSeq reads, along with associated
MiMARKS compliant metadata, have been accessioned in
the European Bioinformatics Institute3 (Study Accession
Number: PRJEB21672). Raw Sanger sequencing reads have been
accessioned in GenBank4 (Accession Numbers: MF443456 –
MF443740).

RESULTS

Bacterial Communities on Macrocystis
pyrifera and in the Surrounding Water
Column
We sampled the cultured and uncultured epibiota on
M. pyrifera blades from three depths, along with 11 nearby
water column communities, within three kelp beds adjacent
to Calvert Island, British Columbia. Overall, these bacterial
assemblages are composed of 1001 OTUs assigned to 198
genera. Unsurprisingly, there are substantial differences between
cultured and uncultured communities and fewer OTUs detected
in cultured communities (Figure 1A). At broad taxonomic

3www.ebi.ac.uk
4www.ncbi.nlm.nih.gov/genbank/
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levels, uncultured communities are primarily composed of
Gammaproteobacteria, Alphaproteobacteria, Verrucomicrobia,
Planctomycetes, and Bacteroidetes (Figures 1A,B), while
Gammaproteobacteria and Bacteroidetes dominate cultured
communities (Figure 1A and Supplementary Figure S1).
The uncultured M. pyrifera epibiota differs strongly from the
uncultured bacterial community found in the water column;
while many OTUs are shared across these sample types their
relative abundance differs markedly (Figure 1A). Differences
between water and M. pyrifera are driven in part by high
abundance of Cyanobacteria (mostly Synechococcus) in the water,
but near absence on M. pyrifera, and abundant Verrucomicrobia
(Persicirhabdus) and Planctomycetes (Blastopirellula) on
M. pyrifera blades from middle and top depths (Figures 1A,B).
Within shared phyla we also observe turnover at the genus
level across Proteobacteria and Bacteroidetes (Figure 1C).
The cultured community is quite similar between the water
column and M. pyrifera, likely due to the selectivity of culturing
(Figure 1A and Supplementary Figure S1).

At higher resolution, bacterial diversity again differs between
the M. pyrifera epibiota and surrounding water column
across uncultured communities, and also across blade depth
for M. pyrifera. Unless otherwise specified we focus on the
uncultured bacterial communities from this point on. We used a
mixed effect ANOVA implemented in lmer to test for differences
in richness, as measured by the Chao1 index, between sample
types (water versus Macrocystis blades; fixed effect) and across
Macrocystis blade depth (top, middle, bottom; fixed effect), while
accounting for site, which was included as a random effect.
Richness differs significantly across sample type (Chao1; F = 18.2,
df = 1, p = 0.0001) and blade depth (F = 9.7, df = 2, p = 0.0003), but
not across site (p = 0.87). Pairwise comparisons of richness across
depth revealed that M. pyrifera communities are significantly
richer on blades from bottom depths (p < 0.001), while richness
is similar on middle and top blades (p = 0.64; Figure 1D).

We visualized similarity in bacterial community composition
with a principle coordinate plot generated from a weighted
UniFrac distance matrix, which clearly shows that water column
communities are distinct from those on Macrocystis (Figure 1E).
We then tested for differences in community composition
between sample types and across Macrocystis blades of differing
depth with multifactor PERMANOVA that included fixed terms
for sample type (Macrocystis versus water) and depth (top,
middle, and bottom), and site as a random effect (N = 55
total). In this full model sample type was highly significant
(Pseudo-F = 3.33, df = 1, p = 0.0001), but depth and site were
not (depth: Pseudo-F = 2.59, df = 2, p = 0.11; site: Pseudo-
F = 0.73, df = 2, p = 0.7) and dispersion differed across all
three factors (PERMDISP p < 0.05). The substantial differences
in community composition between water and Macrocystis are
apparent in the OTU heatmap and taxa summaries (Figure 1).
In order to assess differences in community structure within
Macrocystis epibiota, we conducted a separate PERMANOVA
on only Macrocystis samples (N = 44), again with depth as
a fixed factor and site random. Here, depth is a significant
determinant of community structure (Pseudo-F = 4.31, df = 2,
p = 0.015), but site is not (Pseudo-F = 1.63, df = 2, p = 0.09).

Pairwise comparisons across depth again show that the epibiota
on bottom blades are distinct (p = 0.001), but epibiota on
top and middle blades do not differ (p = 0.48). Differences
across depth are driven by changes in the relative abundance
of several phyla — Verrucomicrobia and Alphaproteobacteria
are more abundant on upper and middle blades, while
Gammaproteobacteria are more abundant on deeper blades
(Figure 1B and Supplementary Figure S2) — and particularly
by the turnover of dominant genera within major clades
(Figure 1C). For instance, Persicirhabdus (Verrucomicrobia)
is highly enriched in the upper depths, while a shift from
Saprospiraceae to Dokdonia occurs within Bacteroidetes from
deep to shallow. Overall, 21 genera are differentially abundant
between bottom and upper depths (FDR adjusted p < 0.1;
Supplementary Table S2). Genera enriched on blades from the
bottom depth predominantly fall in the Gammaproteobacteria,
including Psychromonas, a genus with demonstrated capacity
for alginate utilization (Table 1). Blades from upper depths
were enriched for Sphingomonadales (Alphaproteobacteria),
Dokdonia, and Persicirhabdus (Figure 1C and Supplementary
Table S2).

Carbohydrate Metabolic Profiles
We reconstructed carbohydrate metabolic profiles for M. pyrifera
and water column samples from one kelp bed (Site 3), using
shotgun metagenomic sequencing, to assess the capacity for
alginate utilization in these bacterial communities (Figure 2).
Metagenomic reads were annotated using the Carbohydrate
Active Enzymes database (CAZy; release 2014.09.04; Lombard
et al., 2014). The majority of CAZy annotations detected on
M. pyrifera and in water column bacterial communities fall
within Glycoside Hydrolase and Glycosyl Transferase enzymes
(Figure 2C). Overall, metagenomic reads mapping to CAZy
genes were assigned to enzyme families associated with the
metabolism of diverse algal carbohydrates, in addition to
the metabolism of substrates related to fundamental bacterial
processes (e.g., peptidoglycan, lipopolysaccharide; CAZypedia
Consortium, 2017; Supplementary Table S3).

Most CAZy families are found in similar proportions across
kelp and water column bacterial communities (Figure 2C),
despite the substantial taxonomic differences observed
(Figures 1, 2A,B). The Polysaccharide Lyase (PL) enzyme
class, which includes alginate and oligoalginate lyases, represents
a small portion of the carbohydrate functional profiles, 5–10%
overall (Figure 2C). However, the majority of PL genes belong
to the PL6, 7, 15, and 17 families (Figure 2D) within both kelp
and water column communities. The only known activities
in these families are alginate and oligoalginate lyases, with
the exception of PL6 which also contains chondroitinase B.
Notably, three of these families (PL6, 7, 17) are among the
most abundant CAZy families in the Macrocystis epibiota and
together represent ∼5% of the total carbohydrate metabolic
profile (Figure 2 and Supplementary Table S3). The same
polysaccharide lyase families are found in the water column,
though they make up less of the relative abundance of the overall
CAZy profile (Figure 2). Indeed, we found 4 CAZy families
to be differentially enriched between Macrocystis communities

Frontiers in Microbiology | www.frontiersin.org 6 August 2018 | Volume 9 | Article 1914

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01914 August 17, 2018 Time: 11:32 # 7

Lin et al. Alginate Utilization in the Macrocystis Microbiome

FIGURE 1 | Bacterial diversity associated with Macrocystis blades and the nearby water column. (A) Heatmap of the relative abundance of operational taxonomic
units (OTUs) detected on Macrocystis blades from different depths and in the water column from cultured and uncultured samples. OTUs are ordered by taxonomy
and the major bacterial clades detected are indicated on the y-axis. (B–E) Uncultured samples only. (B) Taxa summaries of uncultured communities on Macrocystis
and in the water column at the Phylum level (∗Class for Proteobacteria). All samples within a sample type merged. (C) Genus level plot of (B). (D) Bacterial species
richness (Chao1 index) is higher on the Macrocystis surface compared to the water column (N = 11), and greater on blades at bottom depth (N = 14) compared to
middle (N = 15) and top (N = 15) depths. Statistical tests summarized in text; ∗p < 0.01. (E) Principle coordinate plot of Weighted UniFrac distance for kelp and
water bacterial communities.

and the water column (Supplementary Table S2), with all four
families enriched on the Macrocystis surface. Notably, two of
these families contain alginate lyase enzymes (PL7 and PL17),
while a third (CBM32) has been shown to be involved in the
binding of alginate by polysaccharide lyases (Sim et al., 2017; Lyu
et al., 2018).

Functional profiles of CAZy genes differ in composition
between M. pyrifera and the water column, and across blade
depths, consistent with the observed patterns of taxonomic
composition. We compared functional composition across
sample types with PERMANOVA analysis of Bray–Curtis
distance matrices and visualized differences with PCoA plots
(Figure 2E). The profiles of carbohydrate metabolic potential
differ significantly between the water column and Macrocystis
epibiota (PERMANOVA: Pseudo-F = 1.92, df = 1, p = 0.0006)
and the Macrocystis communities are significantly more dispersed
(PERMDISP: p = 0.0005) (Table 2). Comparing Macrocystis
samples between middle and bottom depth reveals significant
differences in functional composition (PERMANOVA: Pseudo-
F = 1.3, df = 1, p = 0.0066), while dispersion does not differ
(Table 2). In contrast, we see no difference in functional richness
between Macrocystis and water column communities at the
gene (Welch’s t-test for observed genes: p = 0.18) or family
level (Welch’s t-test for observed families: p = 0.33; Table 2).
Macrocystis-associated communities from bottom depths do
harbor greater CAZy richness at the family level (Welch’s t-test
p = 0.0023; Table 2), while depths do not differ in CAZy gene
richness (Welch’s t-test p = 0.23; Table 2). Macrocystis blade
communities at the bottom depth were also taxonomically richer,
and we find that Macrocystis-associated community functional

richness (CAZy families) is positively correlated with taxonomic
richness (Spearman’s rank correlation test: p = 0.0045, rs = 0.87;
Figure 2F).

We hypothesized that alginate metabolic capacity might differ
with depth in the Macrocystis epibiota, given the significant
difference in functional community structure across depth
and the prevalence of several alginate lyase families within
carbohydrate metabolic profiles. However, no genes encoding
alginate degrading enzymes or PL families are differentially
enriched across blade depths. We next looked at the total
metabolic profiles to identify metabolic processes that might be
associated with the observed depth patterning. While no CAZy
genes were differentially enriched, we identified three CAZy
families (GH16, CBM6, and CBM13) that were enriched in the
bottom depth (adjusted p < 0.1; Supplementary Table S2). These
families contain enzymes involved in the hydrolysis of diverse
algal polymers (GH16), in particular cellulose (CBM6, CBM13;
Adams et al., 2011).

Alginate Utilizing Bacteria
We cultured bacteria from a subset of the kelp blades and water
samples using tryptone and alginate marine media. A total of
338 isolates were assayed for the utilization of alginate, and 255
of these were successfully identified by Sanger sequencing the
V4–V9 region of the 16S rRNA. Of these 255 isolates (Table 1), 91
were capable of depolymerizing alginate (36%), 33 were capable
of metabolizing it for growth (13%), and 44 could do both (17%).
A larger proportion of bacteria isolated on alginate media (76%)
demonstrated alginate utilization compared to bacteria isolated
on tryptone media (55%). Bacterial isolates were predominantly
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TABLE 1 | Diverse bacterial genera from isolates cultured in the Macrocystis pyrifera forest demonstrate alginate utilization.

Genus Isolates Observed activity OTUs∗ Reported alginate
utilization

Growth (obligate) Growth (supplemented) Degrade Both None

Alteromonas 35 − 9% 34% 11% 46% 16 Sawabe et al., 1995;
Iwamoto et al., 2001

Cellulophaga 9 − 0% 11% 67% 22% 7 Martin et al., 2015; Zhu
et al., 2016

Cobetia 9 − 44% 22% 11% 22% 6 Martin et al., 2015; Gong
et al., 2016

Colwellia 3 − 33% 33% 33% 0% 3 ∧This study

Formosa 1 − 0% 100% 0% 0% 1 Mann et al., 2013; Tanaka
et al., 2015

Glaciecola 2 − 50% 50% 0% 0% 2 Xu et al., 2017

Halomonas 10 − 10% 10% 20% 60% 8 Wong et al., 2000

Idiomarina 5 − 20% 0% 20% 60% 3 ∧This study

Litoreibacter 1 − 0% 0% 0% 100% 1

Maribacter 5 − 0% 80% 0% 20% 5 Nedashkovskaya et al.,
2004; Zhan et al., 2017

Marinobacter 2 − 0% 0% 0% 100% 1

Paraglaciecola 13 − 8% 38% 31% 23% 9 Schultz-Johansen et al.,
2016

Photobacterium 2 − 50% 50% 0% 0% 1 Wong et al., 2000

Polaribacter 1 − 100% 0% 0% 0% 1 Dong et al., 2012; Tanaka
et al., 2015

Pseudoalteromonas 94 − 14% 46% 18% 22% 44 Matsushima et al., 2010; Li
et al., 2011

Pseudomonas 4 − 0% 0% 0% 100% 2 Boyd et al., 1993

Psychrobacter 2 − 50% 0% 0% 50% 2 Dong et al., 2012

Psychromonas 3 − 33% 33% 33% 0% 1 Dong et al., 2012

Rheinheimera 2 − 0% 0% 100% 0% 1 ∧This study

Rhodococcus 1 − 0% 0% 0% 100% 1

Shewanella 2 − 50% 50% 0% 0% 2 Martin et al., 2015; Tanaka
et al., 2015

Sulfitobacter 26 − 8% 19% 4% 69% 8 Ivanova et al., 2004

Tamlana 1 + 0% 0% 100% 0% 1 Tanaka et al., 2015

Vibrio 22 + 5% 50% 18% 27% 12 Han et al., 2004; Martin
et al., 2015

Total 255 13% 36% 17% 34% 138

∗OTUs represent isolates within each genus clustered at 99.8–100% similarity in 16S rRNA sequences. ∧We identified three bacterial genera that were not previously
known to use alginate (Colwellia, Idiomarina, and Rheinheimera).

from the Gammaproteobacteria (Figure 3 and Table 1), with
Pseudoalteromonas being the most abundant cultured genus
(94/255 isolates) and containing the most active isolates (n = 73),
followed by Alteromonas and Vibrio. Two isolates were capable
of obligate growth on alginate; these were assigned to Tamlana
(Flavobacteriaceae) and Vibrio (Gammaproteobacteria). Finally,
while alginate utilization has been reported for most assayed
genera previously (Table 1), we observed this capacity for the first
time in three genera: Colwellia, Idiomarina, and Rheinheimera.

To further understand how alginate utilization varies across
closely related taxa, Sanger sequences from the 255 isolates
were clustered at 100% similarity into OTUs. The resulting
138 OTUs fall in 24 genera within the Gammaproteobacteria,
Alphaproteobacteria, and Flavobacteriaceae (Table 1). OTU
representative sequences were aligned to the SILVA 128 reference

database and placed into phylogenetic trees for each of these
clades (Figure 3 and Supplementary Figures S3–S5). In total,
104 OTUs (representing 20 genera) demonstrated alginate
utilization (Supplementary Table S1). Importantly, 17 OTUs
were composed of isolates with and without this capacity; these
taxa were thus discordant for alginate utilization despite identical
16S sequences. Discordance was also observed for type of activity
(metabolism, degradation, both; Supplementary Table S1).

To deeply survey the total cultured bacteria from M. pyrifera
and the water column, and to investigate how representative
the isolated taxa were, we sequenced bacterial colonies from
24 culture plates (18 kelp; 6 water). Plates were scraped for all
colonies and sequenced at the V4 region of the 16S rRNA gene
on the Illumina MiSeq platform. Sequences were clustered into
150 OTUs that fall within 62 genera. Cultured taxa belong almost
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FIGURE 2 | Bacterial taxonomic and functional profiles within a single kelp bed. Bacterial communities from kelp blades at middle (n = 4) and bottom (n = 5) depths,
and in the surrounding water column (n = 5), in one kelp bed (Site 3). (A,B) Taxonomic profiles from 16S rRNA gene amplicon sequencing are variable between water
and Macrocystis, and across depth. See Supplementary Figure S6 for corresponding taxonomic profiles derived from metagenomic data. (A) Phylum (∗Class for
Proteobacteria) level. (B) Genus level (most abundant genera shown in legend). (C,D) Relative abundance of Carbohydrate Active Enzyme (CAZy) annotations from
these communities is largely consistent across sample types. (C) CAZy annotations largely fall within Carbohydrate Binding Modules (CBM), Glycosyl Transferases
(GT), Glycoside Hydrolases (GH), and Polysaccharide Lyase classes (PL). Enzyme families within these broader groups are represented by stacked bars of the same
color. (D) Relative abundance of CAZy families within the Polysaccharide Lyase class. Families PL6, 7, 15, and 17 are the most abundant and almost exclusively
contain alginate and oligoalginate lyases. (E) Principle coordinate plot of CAZy annotations constructed from Bray–Curtis dissimilarity matrix shows differences
between Macrocystis bottom and middle blades, and the water column, similar to taxonomic composition (statistical tests summarized in Table 2). (F) Functional
richness (number of CAZy families) is correlated with taxonomic richness of OTUs in Macrocystis communities (rs = 0.87).
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TABLE 2 | Summary of statistical tests comparing bacterial carbohydrate metabolic profiles.

Data Comparison Welch’s t-test Observed genes Welch’s t-test Observed families

Group 1 Group 2 df t p df t p

(A) CAZy functional profile richness

All samples Blade (n = 9) Water (n = 5) 11.61 −1.43 0.18 4.78 1.07 0.33

Macrocystis Bottom (n = 5) Middle (n = 4) 9.86 −1.27 0.23 6.98 6.95 0.0023

(B) CAZy functional profile dissimilarity

All samples Blade (n = 9) Water (n = 5) 1 1.92 0.0006 1,12 67.65 0.0005

Macrocystis Bottom (n = 5) Middle (n = 4) 1 1.3 0.0066 1,7 4.78 0.087

entirely to the Gammaproteobacteria, Alphaproteobacteria, and
Flavobacteriaceae (Figure 1A and Supplementary Figure S1).
Planctomycetes and Verrucomicrobia, which were abundant in
the culture-independent dataset, were absent among cultured
taxa. Notably, the three genera (Alteromonas, Pseudoalteromonas,
and Vibrio) comprising the majority of cultured taxa occur at
very low abundance in the M. pyrifera epibiota (Supplementary
Figure S1). Overall, there is little overlap between the cultured
and uncultured bacterial communities (Figure 1A).

DISCUSSION

Structure and Diversity of the
Macrocystis pyrifera Epibiota
The epibiota of M. pyrifera (Figure 1 and Supplementary
Figure S2) is composed of bacteria known to be prevalent
in the marine environment (Wahl et al., 2012; Singh and
Reddy, 2014) and on algal surfaces (Staufenberger et al., 2008;
Burke et al., 2011; Michelou et al., 2013). We find distinct
bacterial communities on Macrocystis compared to the water
column, though large numbers of OTUs are shared across
both, consistent with other kelps (Lemay et al., 2018). The
Planctomycetes phylum in particular was highly enriched relative
to the water column (Figure 1B), and is commonly found on
kelp (Vollmers et al., 2017; Lemay et al., 2018). Planctomycetes
are often underrepresented in amplicon sequencing studies, but
were found to dominate biofilms on Laminaria (Bengtsson and
Øvreås, 2010). Persicirhabdus and Rubritalea (Verrucomicrobia)
are also emerging as common associates of Macrocystis
(Figure 1C) and kelp more generally (Vollmers et al., 2017).

We observed that epibiotic communities differ in composition
and richness across blade depths (Figure 1 and Supplementary
Figure S2), with richer communities being found at the
bottom depth (Figure 1D). This depth associated structuring
of bacterial communities represents a novel axis of community
variation in Macrocystis forests. Blades at lower depths are
older (Wheeler and North, 1981; Reed et al., 2015), and while
this age difference may only correspond to several months
(Druehl and Wheeler, 1986; Van Tussenbroek, 1989), this
pattern is consistent with work in other kelp documenting
microbial succession and increasing richness as blades age
(Bengtsson et al., 2012), as well as microbiota changes with
tissue degradation and disease state (Marzinelli et al., 2015).
Additionally, we did not observe such differences between water

column communities across depths, which would indicate that
abiotic factors are not driving community variation. However,
due to an unbalanced distribution of water samples across sites,
these observations were not statistically validated. Regardless, the
increasing diversity of bacteria and functional genes involved in
carbohydrate metabolism observed on deeper blades is likely a
consequence of reduced production of anti-fouling metabolites,
and other processes during senescence, that make the host surface
increasingly permissive to colonization and degradation (Egan
et al., 2013).

The taxa that are enriched at lower depths (Figure 1 and
Supplementary Table S2) may be opportunistic metabolisers
of kelp tissue. Interestingly, several Gammaproteobacteria
genera were enriched in deeper communities and this may
be explained by their capacity for degrading diverse algal
polysaccharides (Michel et al., 2006), making them well suited
as generalists on older tissue. Further, the substantial enrichment
of Saprospiraceae on lower depth blades may reflect a similar
role for this group in tissue degradation, as this family includes
known degraders of algal polysaccharides (McIlroy and Nielsen,
2014). Younger tissue may be more likely to host taxa specifically
associated with kelps, and we find several abundant taxa that
are detected on kelps in other studies, such as Persicirhabdus
(Vollmers et al., 2017; Chen and Parfrey, 2018) and Dokdonia
(Figure 1C), which is often found on seaweeds generally.
Taken together, these patterns are consistent with succession on
M. pyrifera blades with increasing depth. However, as depth is
additionally associated with light reduction and variations in
Macrocystis tissue physiology (Konotchick et al., 2013), the exact
cause of this patterning remains unclear. Furthermore, the tidal
range at these kelp beds was high during the period of collection
(>3 m) and blades at the middle depth were likely at the surface
at some points during the day. Thus the exposure to similar
abiotic factors, such as air temperature, sunlight, and oxygen,
maybe have also contributed to the similarity observed between
shallower communities relative to those at depth.

Epibiotic Functional Profiles Change
With Depth
Carbohydrate metabolism in the Macrocystis forest appears to
be structured around the major constituents of kelp tissue.
Of the most abundant CAZy families that we detected,
many represent activities related to carbohydrate substrates in
Macrocystis (Supplementary Table S3; Ravanal et al., 2016),
in particular alginate and cellulose. Despite their taxonomic
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FIGURE 3 | Distribution of alginate utilizing taxa within the Gammaproteobacteria. Phylogenetic tree of Gammaproteobacteria genera detected in the M. pyrifera
epibiota and surrounding water column in this study, constructed from 16S rRNA gene sequences by placing cultured bacterial isolates into a tree of reference
sequences with RAxML EPA. See Supplementary Figure S3 for labeled tree with isolate identities, reference taxa, and accession numbers. Green: cultured
bacterial isolates in this study; sequences from isolated bacteria with 99.8–100% 16S similarity were collapsed into operational taxonomic units (OTUs). Blue:
cultured isolates from this study whose growth was enriched by at least 50% in the presence of alginate, or that grew with alginate as the sole carbon source
(marked with ∗). Red: cultured isolates in this study that degrade alginate. Purple: cultured isolates whose growth was enhanced and that degrade alginate. Gray:
cultured isolates demonstrating neither enhanced growth nor degradation. Detailed information on cultured isolates in Supplementary Table S1.

differences, kelp and water column metabolic profiles appear
compositionally similar at the level of CAZy families (Figure 2C
and Supplementary Table S3). Yet, we did observe differences
between carbohydrate metabolic profiles with regard to alginate
metabolism. Interestingly, two CAZy families containing alginate

lyase enzymes, and one family shown to be involved in
binding alginate, were enriched on the Macrocystis surface
relative to the water column (Supplementary Table S2). This
may reflect an abundance of alginate on the kelp surface
relative to the water column and could underlie some of the
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taxonomic differences observed between kelp and water bacterial
communities. However, the pre-filtering of water column samples
prior to processing (thereby removing larger detrital material),
in addition to the highly disparate sequencing coverage of the
metagenomic samples and unbalanced distribution of water
samples across depths, necessitate further validation of these
observations.

The capacity for alginate utilization was observed across
all bacterial communities (Figure 2D) and the majority of
all PL genes fall within four families that almost exclusively
contain alginate and oligoalginate lyases (Jagtap et al., 2014).
Interestingly, these same families were shown by Hehemann
et al. (2016) to contain sufficient metabolic diversity to
partition alginate within bacterial populations. Furthermore,
the abundance of three of these families (PL7, 6, 17)
in epibiotic functional profiles indicates the importance of
alginate as a carbon source in this system. Finally, the
presence of these families across taxonomically diverse bacterial
communities (Figures 2A,B) indicates a broad capacity for
alginate utilization, particularly as the cultured taxa we assayed
are underrepresented in these communities. While inferences
drawn by comparing across these different datasets are
understandably limited, the correspondence observed between
taxa summaries generated from both metagenomic and amplicon
sequences (Supplementary Figure S6) supports the observation
of taxonomic variability across these samples. Interestingly, many
of the genes within these PL families are annotated to taxa that
were also cultured and demonstrated the capacity for alginate
utilization, though conversely, alginolytic genes assigned to
numerous uncultured genera were also present in the functional
profiles. The annotation of alginate lyase genes from diverse
taxa may also indicate the potential for broad distribution of
this capacity, however, these results alone do not conclusively
demonstrate the presence of alginate utilization in genera other
than those that were assayed. While bacteria that utilize alginate
may persist on the algal surface at lower abundances or as
opportunists, further work is required to conclusively determine
how prevalent this metabolic capacity is.

We report a depth associated structuring of epibiotic
functional profiles consistent with the observed taxonomic
structuring. Communities on deeper blades are compositionally
different (Figures 2C–E) and host functionally and
taxonomically richer assemblages (Figure 2F). These
observations are consistent with dynamics of bacterial
succession, whereby poorly defended tissue is increasingly
colonized by generalist taxa. Despite these differences, no
CAZy genes or families related to alginate metabolism were
differentially abundant across blade depths. Given the magnitude
of alginate in this system, this may indicate the occurrence of
constitutive, rather than variable alginate turnover. Possibly,
only a subset of bacteria on the Macrocystis surface metabolize
alginate, regardless of tissue state and community composition,
and this activity is sufficient to liberate alginate carbon. It
should be noted that the lack of differentially abundant CAZy
genes observed attests only to the gene content of these
communities and does not reflect variation in gene expression
that may be present across depths. Thus the capacity for alginate

utilization may be present within all functional profiles, while
a depth associated patterning of activity may only be apparent
from gene expression data. While it remains unclear whether
alginate metabolism underlies the differences between epibiotic
communities, it may be integral to structuring assemblages
on detrital material, particularly as detritus accounts for the
majority of kelp carbon export (Krumhansl and Scheibling,
2012). As stated previously, the filtering of water samples in this
work precludes a robust characterization of detrital-associated
assemblages. Future work should aim to determine whether
these bacterial communities are in fact structured around the
utilization of kelp derived alginate.

We did detect the enrichment of three CAZy families
(GH16, CBM6, CBM13; Supplementary Table S2) in
communities on deeper blades and these contain enzymes
targeting several algal carbohydrates, particularly cellulose
(Adams et al., 2011). As cellulose is the second most abundant
carbohydrate in Macrocystis (Ravanal et al., 2016), this may
reflect a more complete degradation of algal tissue occurring
on deeper blades, supporting a successional role for these
communities. Interestingly, alginate degradation prior to
cellulose saccharification improves carbohydrate liberation in
Macrocystis tissue (Ravanal et al., 2016). Constitutive alginate
turnover may therefore be advantageous, as it would increase
access to other carbon substrates once host defenses are reduced.
In this case, successional bacterial communities would be
structured around the availability of other carbon substrates, as
opposed to alginate.

Diverse Cultured Bacteria in Macrocystis
Forests Are Capable of Utilizing Alginate
A large proportion of isolates cultured from the epibiota of
M. pyrifera and surrounding water column are capable of
degrading and/or metabolizing alginate (66%; Table 1). The
majority of isolates cultured on both selective (containing
alginate) and non-selective media demonstrated this activity,
indicating that this pattern is not simply the product of media
bias. The capacity for alginate utilization is broadly, but unevenly,
distributed across the major taxonomic groups cultured
here (Gammaproteobacteria: Figure 3 and Supplementary
Figure S3, Alphaproteobacteria: Supplementary Figure S4, and
Flavobacteriaceae: Supplementary Figure S5), all of which are
important marine carbon metabolisers (Edwards et al., 2010;
Teeling et al., 2016). Most of the taxa capable of utilizing alginate
have been reported in previous studies, however, we extend this
catalog of genera by three, all within the Gammaproteobacteria
(Table 1).

The capacity for alginate utilization, and polysaccharide
degradation more generally, is likely more widespread than
estimated by culturing alone (Bengtsson et al., 2011; Martin
et al., 2015). The poor representation of cultured genera in
M. pyrifera epibiotic communities (Figure 1A) is consistent with
previous studies, and this culturing inefficiency evidently biases
characterizing metabolic activity, such as alginate utilization,
toward underestimation. Indeed, the vast majority of taxa
detected by sequencing uncultured communities were not
isolated and assayed, though genes involved in alginate
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metabolism (PL families 6, 7, 15, 17 in Figure 2D) are consistently
present and reasonably abundant across all communities.
Specifically, the Planctomycetes and Verrucomicrobia are well
represented in epibiotic communities but are entirely absent
among cultured taxa (Supplementary Figure S1). These groups
may participate in important interactions with the algal host
(Lage and Bondoso, 2011; Vollmers et al., 2017), including carbon
metabolism (Bengtsson and Øvreås, 2010), yet are historically
difficult to culture (Op den Camp et al., 2009; Fuerst and
Sagulenko, 2011).

The patchy phylogenetic distribution of observed alginate
utilization may result from horizontal gene transfer (HGT),
which would further support the potential for diverse taxa to
possess this capacity. Marine bacteria are capable of highly
frequent HGT (McDaniel et al., 2010) and the transfer of
alginate lyase genes has been reported previously (Wargacki
et al., 2012; Hehemann et al., 2016; Zhu et al., 2017). Simple
carbohydrate metabolism is also often shallowly conserved
within bacterial phylogenies (Martiny et al., 2013), likely owing
to the relative ease of transferring genes required for low
complexity metabolic pathways. The abundance of alginate
in kelp forests coupled with its relatively simple metabolic
requirements could therefore produce a broad incorporation
of alginate lyase genes. Interestingly, many of the genera that
demonstrate alginate utilization in this study also metabolize
numerous other algal polysaccharides (Michel et al., 2006;
Alderkamp et al., 2007; Mann et al., 2013; Schultz-Johansen et al.,
2016). This metabolic heterogeneity and the diversity of observed
alginate utilizing taxa both support a disconnect between 16S
identity and simple carbohydrate metabolism that is consistent
with HGT.

We demonstrate here that the M. pyrifera epibiota and
surrounding water column harbor diverse culturable bacteria
capable of degrading and metabolizing alginate, a function
that is integral to the cycling of kelp carbon in the coastal
ocean. The capacity for alginate utilization appears to have a
broad, but patchy distribution in bacterial phylogenies; it is
not always present within a given genus and is variable even
across isolates with identical 16S rRNA sequences. This indicates
a weak association between functional capacity and taxonomy
at high resolution. While the prevalence and distribution of

alginate utilization across taxa within the M. pyrifera epibiota
remains unclear, the pervasiveness of this trait within cultured
bacteria, abundance of alginate metabolic genes assigned to
diverse genera, and presence of these genes across taxonomically
variable bacterial communities, suggests that it may be common
and the cycling of algal carbon is performed by diverse groups of
marine bacteria.
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