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Abstract
Algal polysaccharides are an important bacterial nutrient source and central component of marine food webs. However,
cellular and ecological aspects concerning the bacterial degradation of polysaccharide mixtures, as presumably abundant in
natural habitats, are poorly understood. Here, we contextualize marine polysaccharide mixtures and their bacterial utilization
in several ways using the model bacterium Alteromonas macleodii 83-1, which can degrade multiple algal polysaccharides
and contributes to polysaccharide degradation in the oceans. Transcriptomic, proteomic and exometabolomic profiling
revealed cellular adaptations of A. macleodii 83-1 when degrading a mix of laminarin, alginate and pectin. Strain 83-1
exhibited substrate prioritization driven by catabolite repression, with initial laminarin utilization followed by simultaneous
alginate/pectin utilization. This biphasic phenotype coincided with pronounced shifts in gene expression, protein abundance
and metabolite secretion, mainly involving CAZymes/polysaccharide utilization loci but also other functional traits. Distinct
temporal changes in exometabolome composition, including the alginate/pectin-specific secretion of pyrroloquinoline
quinone, suggest that substrate-dependent adaptations influence chemical interactions within the community. The ecological
relevance of cellular adaptations was underlined by molecular evidence that common marine macroalgae, in particular
Saccharina and Fucus, release mixtures of alginate and pectin-like rhamnogalacturonan. Moreover, CAZyme microdiversity
and the genomic predisposition towards polysaccharide mixtures among Alteromonas spp. suggest polysaccharide-related
traits as an ecophysiological factor, potentially relating to distinct ‘carbohydrate utilization types’ with different ecological
strategies. Considering the substantial primary productivity of algae on global scales, these insights contribute to the
understanding of bacteria–algae interactions and the remineralization of chemically diverse polysaccharide pools, a key step
in marine carbon cycling.

Introduction

Algae constitute a major fraction of biomass in the oceans
and are rich in chemically diverse polysaccharides [1, 2].
Algal polysaccharides are vital structural and storage com-
ponents, whose composition can vary by species and season
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[3]. Polysaccharides released by exudation or decay [4] are
an important carbon source for heterotrophic bacteria,
which hydrolyze and metabolize polymeric carbohydrates
via carbohydrate-active enzymes (CAZymes) [5].
CAZymes with or without carbohydrate-binding modules
(CBM) include polysaccharide lyases (PL), glycoside
hydrolases (GH), carbohydrate esterases (CE), glycosyl
transferases (GT) plus a range of auxiliary enzymes [6],
many having been biochemically characterized in detail [7].

Flavobacteriia are pivotal polysaccharide degraders in
marine systems [8, 9], but diverse CAZyme repertoires are
also found in Gammaproteobacteria [10], Verrucomicrobia
[11] and Planctomycetes [12]. CAZymes are often clustered
in polysaccharide utilization loci (PUL) that allow the
concerted degradation from polymer to monomer [13], with
up to 50 PUL for a range of substrates in some bacteria [14].
Structure and expression of PUL have been described in
several marine bacteria, but only considering one substrate
at a time [15–19].

Despite the insights afforded by these studies, a con-
ceptual investigation of bacterial polysaccharide degrada-
tion should consider that marine polysaccharide pools are
chemically diverse and variable mixtures [20] and that
competitive access to these resources is likely facilitated by
dedicated cellular adaptations. In the environment, bacterial
adaptive responses to varying polysaccharide pools are
reflected by temporal changes in CAZyme abundance and
diversity during the succession of phytoplankton blooms
[21, 22] that produce diverse polysaccharides [23, 24]. We
hypothesize that the structuring influence of marine poly-
saccharide mixtures on bacterial dynamics resembles pro-
cesses among human gut microbiota, including sequential
substrate utilization through catabolite repression and reg-
ulatory networks [25–27], with ecological implications on
cellular and community levels [28, 29]. Indeed, a recent
study in marine systems revealed that sequential degrada-
tion of alginate and laminarin in Bacillus coincides with
temporal regulation of the respective PUL [30]. The eco-
logical relevance of such adaptations is highlighted by
substrate-controlled regulation of hydrolytic machineries for
brown/green/red algae polysaccharides in Zobellia galac-
tanivorans [31] and sophisticated laminarin uptake
systems [32].

Here, we present three complementary perspectives on
polysaccharide mixtures and their utilization by marine
bacteria. First, transcriptomic, proteomic and exometabo-
lomic analyses of Alteromonas macleodii strain 83-1
growing on laminarin, alginate and pectin illuminate bac-
terial adaptations to polysaccharide mixtures on cellular
level. Second, molecular evidence that macroalgae release
polysaccharide mixtures indicates that cellular adaptations
are important in the environment. Third, microdiversity
of hydrolytic capacities among Alteromonas spp.

suggests different ecological strategies related to poly-
saccharide utilization. A. macleodii strain 83-1 has been
isolated from an alginate-enriched microcosm and repre-
sents an ecologically relevant model organism, as A.
macleodii degrades the algal polysaccharides laminarin,
alginate, pectin, xylan and pullulan [33], dominates poly-
saccharide degradation in some marine regions [34–36] and
occurs globally [37]. These traits may also contribute to the
close associations and metabolic interactions of A.
macleodii with phototrophs, including diatoms [38],
prymnesiophyceae [39] and cyanobacteria [40–42].

The polysaccharides investigated in the present study are
chemically diverse and ecologically relevant. Laminarin,
composed of β-(1–3)-glucose with β-(1–6) branches, is the
major intracellular polysaccharide of macroalgae and dia-
toms [43] and occurs at up to 0.5 mg L−1 in the North Sea
[44]. Accordingly, laminarinases are found in coastal to
pelagic bacteria worldwide [45, 46]. Alginate, comprising
homo- or heteropolymeric blocks of β-D-mannuronate and
α-L-guluronate, can constitute >50% of benthic and pelagic
brown macroalgae [47]. The environmental importance of
alginate is reflected by the occurrence of alginate lyases in
various bacterial taxa [48]. Pectin, largely composed of α-
(1–4)-galacturonate, is abundant in terrestrial plants, but the
presence of complex pectinolytic operons in marine bacteria
[49] and up to 0.3 µM galacturonate during phytoplankton
blooms [50] suggest that pectinous substrates are common
in marine systems as well. Due to their gelling capacities,
alginate and pectin may also occur in transparent exopoly-
mer particles [50, 51]. These particulate forms of poly-
saccharide mixtures are attractive microhabitats for bacteria,
including A. macleodii that colonizes gels derived from
macroalgae [34] and diatoms [35].

Overall, our multifaceted perspective on polysaccharide
mixture utilization contributes to understanding bacterial
gene regulation under substrate regimes that occur during
phytoplankton blooms or macroalgae decay. Considering
the substantial primary productivity of micro- and macro-
algae on global scales [52, 53] and the importance of
polysaccharides in biogeochemical cycles [54], these
insights are relevant for carbon fluxes and bacteria–algae
interactions in the oceans.

Materials and methods

Cultivation and sampling regime

All cultivations were carried out in seawater minimal
medium (SWM) [55] supplemented with sterile-filtered
polysaccharide mix or glucose as sole carbon sources.
Polysaccharides included laminarin from Laminaria digi-
tata (L9634; Sigma-Aldrich, St. Louis, MO), alginate from
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brown algae (A2158; Sigma-Aldrich) and apple pectin
(76282; Fluka, Switzerland). For all experiments, A.
macleodii 83-1 was precultured in SWM+0.1% glucose at
20 °C with shaking at 140 rpm for 24 h, washed twice with
sterile SWM and diluted to an optical density (OD600) of
0.1 (corresponding to approximately 8 × 107 colony-
forming units per mL as determined by plating on marine
agar). Main cultures were inoculated in 2 L Erlenmeyer
flasks containing each 400 mL SWM (supplemented with
0.06% glucose or 0.02% of each polysaccharide to provide
equal amounts of carbon source per treatment) with diluted
preculture at 0.5% (v/v) in triplicate. Cultures were incu-
bated at 20 °C with shaking at 140 rpm. Growth (OD600;
diluted if >0.4) and substrate utilization (high-performance
liquid chromatography (HPLC); see below) were deter-
mined in regular intervals. Samples for transcriptomics and
proteomics were taken after 13 and 21 h. Samples for
exometabolomics were taken after 13, 21 and 36 h (end of
the incubation). In addition, utilization of single substrates
was tested in 100 mL Erlenmeyer flasks containing each 20
mL SWM supplemented with glucose, pectin or laminarin
(0.05%, respectively) or methanol (0.1 and 0.3%), which
were incubated as described above.

Carbohydrate quantification

At each OD measurement, subsamples of 3 mL were filtered
through 0.22 µm mixed cellulose ester filters into combusted
glass vials and stored at −20 °C until analysis. Poly-
saccharide mix samples were diluted 1:3, chemically
hydrolyzed in 1.275M H2SO4 for 3 h at 100 °C in combusted
and sealed glass ampoules and neutralized with 1.75M cal-
cium carbonate. Samples were diluted 1:2000 (glucose) or
1:100 (hydrolyzed polysaccharides) with MilliQ before
quantification by pulsed amperometric detection [56, 57]
using a Carbopac PA 1 column (Thermo Fisher, Waltham,
MA). Eluents were 18mM NaOH (for glucose/
laminarin) or 135 mM NaOH (alginate/pectin). Calibration
curves were generated for all substrates, with five data
points for glucose and seven for polysaccharides (R2 >
0.994).

Genome sequencing and analysis

The genome of A. macleodii 83-1 was sequenced using
PacBio RSII technology (Supplementary Methods).
CAZymes were identified using dbCan [58], only con-
sidering hits with e < 10−23 and >80% query coverage.
Detailed annotation of selected genes was performed using
Pfam, UniprotKB, InterPro, TCBD and MEROPS databases
[59–61]. For the predicted GH16 (Alt831_03772) a
structure-based sequence alignment was done using the
ENDscript server with default parameters [62]. ZgLamA

(PDBid 4BQ1) from Zobellia galactanivorans [63] was
used to guide the alignment, followed by alignment with
biochemically characterized GH16 β-1,3-glucanases
(CAZY accession numbers AAC25554.2, AAC69707.1,
ADN02324.1 and AAD35118.1) [6].

Transcriptomics

At each sampling point, two 5 mL subsamples from each
replicate were centrifuged for 3 min at 8000 × g at room
temperature (RT). Cell pellets were immediately flash-
frozen in liquid nitrogen and stored at −80 °C until RNA
extraction. Total nucleic acids were extracted from one
subsample per replicate using the MasterPure RNA pur-
ification kit (Epicentre, Madison, WI). DNA digestion using
the Turbo DNA-free Kit (Thermo Fisher) was confirmed by
16S rRNA gene PCR. RNA was quantified using the Qubit
RNA BR Assay Kit (Thermo Fisher) and stored at −80 °C
before shipping on dry ice to the Earlham Institute
(http://www.earlham.ac.uk; Norwich, UK) for sequencing.
Library preparation, quality control, sequencing and bioin-
formatic analysis were done following standard procedures
(Supplementary Methods). Differential expression analysis
of quality-checked Illumina reads as mean of three biolo-
gical replicates is reported in Table S1. Changes of ≥2 log2
fold and an adjusted P value of <0.001 calculated using
DESeq2 [64] were considered significant.

Proteomics

At each sampling point, a 20 mL subsample from each
replicate was centrifuged for 5 min at 6500 × g at RT.
Extracellular proteins in the supernatant were processed
with StrataClean resin (Agilent, Santa Clara, CA). Cell
pellets were washed with phosphate-buffered saline, cen-
trifuged again, immediately flash-frozen in liquid nitrogen
and stored at −80 °C until analysis (Supplementary Meth-
ods). Briefly, extracted proteins were separated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis,
obtained peptide fractions digested using trypsin and sepa-
rated via liquid chromatography. Protein abundances
determined by tandem mass spectrometry (MS/MS) were
semi-quantified using calculated normalized spectral abun-
dance factor (%NSAF) values [65].

Exometabolomics

At each sampling point, a 20mL subsample from each
replicate was centrifuged for 20min at 3500 × g at 4 °C. In
addition, three sterile media blanks per substrate regime were
incubated and processed in the same manner. Exometabolites
were purified from supernatants using solid-phase cartridges
containing modified styrene-divinylbenzene polymer sorbents
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[66] and analyzed by ultrahigh resolution mass spectrometry
[67] (Supplementary Methods). Briefly, extracted exometa-
bolites were analyzed on a 15 T Solarix Fourier transform ion
cyclotron resonance mass spectrometer (FT-ICR-MS) cou-
pled to electrospray ionization (Bruker, Germany) in negative
mode. Two technical replicates per biological replicate were
measured, only considering peaks detected in both runs.
Furthermore, obtained spectra were calibrated and denoised
using strict procedures to ensure that only bacterial metabo-
lites were evaluated.

Carbohydrate microarrays of macroalgal exudates

Fresh macroalgal specimens were collected from rocky tidal
areas on the Isle of Helgoland (North Sea) in June 2017.
Algae were placed inside dialysis devices with 3.5–5 kDa
membranes (Float-A-Lyzer G2; SpectrumLabs, Rancho
Domingo, CA). Devices were filled with 10 mL ambient
seawater and placed in sterile-filtered seawater for 6 days in
the dark. Each 5 mL of dialyzed samples was filtered
through 0.2 µm Acrodisc filters (Pall, Port Washington, NY)
into combusted HPLC vials and stored at 4 °C. Samples
were printed as microarrays in triplicate and probed with
28 carbohydrate-specific probes [68] (Supplementary
Methods).

Comparative genomics

Alteromonas draft genomes assembled from metagenomes
were annotated using Prokka [69]. We furthermore included
33 complete genomes from Alteromonas isolates [70–73]
deposited at the Integrated Microbial Genomes (IMG)
database [74]. CAZymes were classified using the CAZY
database [6] and dbCan [58], only considering hits with e <
10−23 and >80% query coverage. Syntenic PUL were
identified using MultiGeneBLAST [75], only considering
hits with >50% amino acid identity and >70% query cov-
erage. For taxonomic comparisons, amino acid sequences of
20 core genes identified using BPGA [76] were aligned
using muscle [77]. A phylogenetic tree was constructed
using FastTree with 1000 replications [78] implemented on
CIPRES [79]. Homologs of A. macleodii 83-1 genes puta-
tively involved in catabolite repression were searched
against marine metatranscriptomes deposited at IMG, only
considering hits with >90% amino acid identity and >60%
query coverage.

Results and discussion

A. macleodii 83-1 cultivated on a mixture of laminarin,
alginate and pectin showed a biphasic phenotype relating to
polysaccharide preferences (Fig. 1). Initial exponential growth
during laminarin utilization until its complete consumption
(phase M1) was followed by simultaneous utilization of
alginate and pectin, but without net growth (phase M2).

Phases M1 and M2 coincided with major temporal shifts in
gene expression, protein abundance and metabolite secretion
(Figs 2-4; S1-2), involving 1–2 PUL per polysaccharide plus
additional gene clusters (Table S3). These adaptations match
those of pivotal polysaccharide degraders such as Zobellia
galactanivorans [31], substantiating the relevance of A.
macleodii for the remineralization of algal polysaccharides
[33, 34]. The prioritization of laminarin over alginate was
diametric to Bacillus weihaiensis [30], possibly indicative of
different ecological niches. B. weihaiensis has been isolated
from macroalgae and hence regularly encounters alginate
from cell walls, whereas A. macleodii is rarely found on
macrophytes and may primarily target storage laminarin
released by exudation or decay.

The biphasic phenotype resembled sequential poly-
saccharide degradation through catabolite repression in
human gut microbiota [25, 81, 82]. Related candidate genes
in A. macleodii include CreA (Alt831_00877), two putative
cAMP receptors (02509/03405), a partial phosphoenolpyr-
uvate phosphotransferase system (01559) and one hybrid
two-component system (02433), but none with differential
expression between growth phases. Although this indicates
a different mode of catabolite repression than in other

a

b

c

Fig. 1 Growth and substrate utilization. Biphasic phenotype of Alter-
omonas macleodii 83-1 (a) and utilization of polysaccharide mix
(b) and glucose (c) based on three biological replicates±standard
deviation. Both phases (shaded) were characterized using tran-
scriptomics, proteomics and exometabolomics at the time points
indicated
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marine bacteria [83–85], the detection of all candidate genes
in metatranscriptomes from the Atlantic, Pacific and Indian
Oceans indicated that substrate-controlled gene expression
influences the ecophysiology of Alteromonas. This notion
was supported by detection of all transcripts near the ori-
ginal isolation site of strain 83-1 (Table S4). Substrate
specialization can provide a competitive advantage in nat-
ural communities, but also promotes niche partitioning and
the stable co-existence of bacterial taxa [29, 86].

Cellular adaptations during sequential degradation
of polysaccharides

Laminarin utilization (phase M1)

Exponential growth during laminarin utilization was accom-
panied by upregulation of 253 genes compared to phase M2.
Genes encoding laminarin hydrolases, including GH16, GH1
and GH3 located in LamPUL1 and LamPUL2, were among
the highest upregulated genes (Figs. 2, 3; Table S3). The co-
localization of GH16- and GH3-encoding genes resembles
PUL organization in marine Bacteroidetes [9, 16], whereas

that of GH16 and GH1 is reminiscent of Bacillus [30].
Homology with biochemically characterized endolytic β-
(1⎼3)-glucanases (Fig. S3A) [63, 87] in combination with the
spectrometric detection of several laminarin oligomers
(Fig. S3B) suggested endolytic activity of the predicted GH16
(Alt831_03772). The exclusive upregulation of LamPUL1
and LamPUL2 with laminarin but not glucose indicated fine-
tuned sensing of polymeric vs. monomeric glucose, compar-
able to Gramella forsetii [16]. In this context, only laminarin
induced the upregulation of gene cluster Alt831_00338⎼47
(Table S3) encoding three xylose/glucose isomerases, two
glucose oxidoreductases and a gluconate 2-dehydrogenase,
suggesting that only polymeric glucose is partially channeled
into oxidative degradation to generate additional reducing
equivalents [88].

Alginate/pectin utilization (phase M2)

The switch to alginate/pectin utilization was mirrored by
induction of the respective degradation pathways (Figs. 2,
3), with 290 upregulated genes compared to M1 and an
enrichment of alginate/pectin-related proteins (Fig. S2B).

Fig. 2 Temporal changes in the expression of PUL for laminarin,
alginate and pectin degradation. a Upregulation of genes during lami-
narin (phase M1; yellow/red colors) and alginate/pectin degradation
(phase M2; blue/green colors) based on three biological replicates per
sample (average log2-fold changes ≥|2|; Padj < 0.001). b Corresponding
abundances of proteins (%NSAF; note the different scales for laminarin
vs. alginate/pectin-related proteins). PUL encode CAZymes (PL poly-
saccharide lyase, GH glycoside hydrolase, CE carbohydrate esterase;
numbers designating CAZyme families), transporters (TBDR TonB-
dependent receptor, MFS major facilitator superfamily transporter,

TRAPT tripartite ATP-independent transporter) and monomer utiliza-
tion genes (DehR 4-deoxy-L-erythro-5-hexoseulose uronate reductase,
Eda 2-keto-3-deoxy-6-phosphogluconate aldolase, KdgF protein for
uronate linearization, KdgK 2-keto-3-deoxy-D-gluconate kinase, KduD
2-deoxy-D-gluconate 3-dehydrogenase, KduI 4-deoxy-L-threo-5-hex-
osulose-uronate ketol-isomerase, UxaA altronate dehydratase, UxaC
glucuronate isomerase, UxuB fructuronate reductase). Numbers below
PUL correspond to IMG locus tags (prefix Alt831_ omitted). DGC
diguanylate cyclase, HP protein of unknown function, ND not detected,
%NSAF normalized spectral abundance factor
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Pectin degradation was related to three genomic loci. Pec-
PUL1 only encodes enzymes for processing pectin inter-
mediates, whereas the three PL1 enzymes for initial
hydrolysis are encoded separately: two in a second PUL
(PecPUL2) and one distantly without adjacent CAZymes
(Alt831_00890). Although our sampling procedure cannot
exclude some carry-over between intra- and extracellular
protein fractions, PL1_00890 was enriched 25-fold in the
culture supernatant and hence likely secreted (Table S5).
Similarities to the extracellular AlyA1 of Z. galactanivor-
ans, which is likewise not inside a PUL and essential for
attacking alginate gels and cell walls [89], indicate com-
parable roles as extracellular actors towards complex
matrices of gelling polysaccharides. However, the effec-
tivity of PL1_00890 may be limited by missing a CBM, as

present in the otherwise homologous PelB pectate lyase of
Pseudoalteromonas haloplanktis [49]. Pectin degradation is
most likely regulated comparably via a LacI type repressor
encoded in PecPUL1 and associated palindromic binding
motif TGCCACCGGTGGCA upstream of genes encoding
KduD, UxaA and GH28 (PecPUL1), a TonB-dependent
receptor (PecPUL2) and a distant GH28 (Alt831_02924),
respectively. Additional binding motifs with one mismatch
were identified upstream of genes encoding the separate
PL1, the GH105 in PecPUL1 and the transcriptional reg-
ulator in PecPUL2, respectively. An ecological relevance of
pectin degradation has been supported by micromolar
galacturonate concentrations during phytoplankton blooms,
which positively correlated with abundances of Gamma-
proteobacteria [50].

Upregulation with

Fig. 3 Gene expression of metabolic pathways related to laminarin,
alginate and pectin. Upregulation during laminarin (phase M1; yellow/
red colors) and alginate/pectin degradation (phase M2; blue/green
colors) based on three biological replicates per sample (average log2-
fold change ≥|2|; Padj < 0.001). Degradation via central intermediates
(DEH 4-deoxy-L-erythro-5-hexoseulose uronate, KDG 2-keto-3-
deoxy-D-gluconate, KDGP 2-keto-3-deoxy-6-phosphogluconate) is
related to CAZymes (PL polysaccharide lyase, GH glycoside hydro-
lase, CE carbohydrate esterase; with numbers designating CAZyme
families), transporters (TBDR TonB-dependent receptor, MFS major

facilitator superfamily transporter, TRAPT tripartite ATP-independent
transporter) and monomer utilization genes (DehR DEH reductase,
KdgF protein for uronate linearization, KdgK KDG kinase, KduD
2-deoxy-D-gluconate 3-dehydrogenase, KduI 4-deoxy-L-threo-5-hex-
osulose-uronate ketol-isomerase, UxaA altronate dehydratase, UxaC
glucuronate isomerase, UxuB fructuronate reductase). Enzyme names
and IMG locus tags of encoding genes (separated by underscore; prefix
Alt831_ omitted) are shown next to each step. ED Entner–Doudoroff
pathway, IM inner membrane, OM outer membrane
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Alginate degradation was related to AlgPUL1, which has
been characterized in detail before [33]. The enzyme KdgF
(Alt831_00946) essential for both pectin and alginate
degradation [90] is encoded in AlgPUL1 and hence
potentially shared by both pathways. In contrast, both
pathways possess a dedicated KdgK enzyme comparable to
Saccharophagus degradans [91]. Despite the significant
upregulation in phase M2, proteomic detection of several
AlgPUL1 enzymes in M1 (e.g., PL6 but not PL7 alginate
lyases) indicated that induction of alginolytic systems star-
ted earlier, possibly yielding the accumulation of oligomers
before their consumption in M2.

Missing net growth in phase M2 was surprising, as A.
macleodii 83-1 grows exponentially on alginate/pectin when
inoculated freshly (Fig. S4). Bacteriostasis from accumulation
of KDPG, the key intermediate from both pathways, was
hence unlikely [92]. We can also disregard growth-repressive
pH changes during laminarin utilization, as laminarin supports
growth at even higher concentrations (Fig. S4). One possible
scenario is an initiation of maintenance metabolism [93]
reflected by the upregulation of isocitrate lyase, a central
enzyme in the glyoxylate shunt and mediator of slow growth
[94]. Potential fermentative processes cannot be assessed, as
putative inhibitory fermentation products (e.g., acetate) were
outside the analytical window of FT-ICR-MS. The missing
upregulation of flagellar synthesis (Alt831_01034⎼58/
01083⎼01107), chemotaxis (00310⎼00315) and oxidative
stress response (e.g., 00915/01232/02447) compared to
glucose-grown stationary cells (Table S1) showed that M2
was no stationary phase and that processes related to
exploitation of new niches were less expressed. This
persistence-like but metabolically active phenotype [95] may
provide adaptation to changing nutrient regimes and benefit
the survivability of Alteromonas in the oceans.

Ecological implications

Exometabolome diversity

Laminarin and alginate/pectin utilization coincided with
major changes in exometabolome composition, with 138
and 143 molecular masses unique to phases M1 vs. M2,
respectively (Fig. 4a) and a decreasing relative fraction of
phosphorous and oxygen among exometabolites (Table S2).
The production of specific exometabolites with different
polysaccharides likely influences chemical interactions with
other bacteria [96]. A particular example is pyrroloquinoline
quinone (PQQ), whose molecular mass (329.00522 Da) was
exclusively detected at the end of phase M2 coincident with
induction of the PQQ biosynthetic operon (Tables S2-S3).
Identification of PQQ was corroborated by MS/MS frag-
mentation, yielding three fragment ions (285.016030,
241.026120 and 197.036170 Da) corresponding to loss of

one, two and three CO2 (Fig. 4b). PQQ likely served as
cofactor for alcohol dehydrogenases (ADHs) to convert
methanol released during pectin deesterification, mirrored
by upregulation of an adjacent PQQ-dependent ADH and
other ADHs (Table S3). However, the further metabolic fate
of methanol remains unclear. One possible route is oxida-
tion to formate, but methylenetetrahydrofolate dehy-
drogenase (Alt831_02739) was not upregulated in M2.
Missing growth on methanol as sole energy source (data not
shown) and the absence of relevant genes also question
potential assimilation via the serine cycle, although a recent
study has suggested methylotrophy for a closely related A.
macleodii [41]. Nonetheless, PQQ-/methanol-related traits
may play a role in microbial interactions [97], as methanol
is secreted by marine phytoplankton [98] and one mediator
of A. macleodii interactions with cyanobacteria [41]. The
fact that Alteromonas genomes vary in their content of
PQQ-dependent ADHs (Table S6) indicates different eco-
logical strategies related to alcohol metabolism.

Cellular adaptations in light of polysaccharide release by
macroalgae

Using carbohydrate microarrays, we demonstrated release
of polysaccharide mixtures by natural brown and red mac-
roalgae, suggesting that cellular adaptations as found in A.
macleodii 83-1 are environmentally relevant. Four of six

a b

Fig. 4 Exometabolome analyses by FT-ICR-MS. a Number of mole-
cular masses exclusively detected during laminarin and alginate/pectin
utilization. b Structure of pyrroloquinoline quinone, with carboxylic
groups with CO2 losses in MS/MS fragmentation encircled

Fig. 5 Exudation of polysaccharide mixtures by macroalgae. Mean spot
signal intensities in carbohydrate microarrays of four macroalgal exu-
dates, only showing those of the 28 polysaccharide-specific probes with a
positive signal (name indicated in parentheses; see Supplementary
Methods). FCP fucose-containing polysaccharide, RGI rhamnogalactur-
onan I, AGP arabinogalactan-protein glycan, GlcA glucuronic acid
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algal species, in particular the brown algae Saccharina
latissima and Fucus serratus, released varying levels of
fucoidan, arabinogalactan, rhamnogalacturonan and algi-
nate (Fig. 5), highlighting the ecological relevance of our
cultivation experiment. S. latissima, F. serratus and related
species are dominant macroalgae in temperate rocky habi-
tats, with a global standing stock of 200 million tons [99]
of which >50% can be polysaccharides [100]. Hence,
polysaccharides released by these algae may contribute

sizably to secondary production in coastal zones worldwide.
The detection of rhamnogalacturonan supports the notion
that pectinous compounds are present in marine algae and
that cellular adaptations thereto play an ecological role. The
detection of released alginate is important in view of
polysaccharide microhabitats, as dissolved alginate self-
assembles into microgels that are rapidly colonized by
marine bacteria, including A. macleodii [34]. Whereas
commonly applied hydrolysis techniques only allow

Fig. 6 Distribution and abundance of CAZymes among Alteromonas
in relation to phylogeny. Numbers correspond to gene count in syn-
tenic PUL compared to A. macleodii 83-1. In addition, total numbers
of CAZymes for laminarin (GH16), pectin (PL1) and alginate degra-
dation (PL6/7/17) are listed separately, as some are encoded outside of

PUL. Tree bases on alignment of 20 core proteins with Pseudoalter-
omonas atlantica T6c as outgroup (branch support values indicated by
circles). Genomes shaded blue: A. macleodii; green: A. mediterranea;
brown/yellow/pink/white: other Alteromonas. Asterisks indicate
metagenome-assembled genomes
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indirect conclusions on the native polymers, our method
provides direct insights into the composition of macroalgae-
derived polysaccharide mixtures.

Potential for polysaccharide mixture utilization among
Alteromonas spp.

To broadly assess the predisposition towards polysaccharide
mixtures, we compared CAZyme content of A. macleodii
83-1 with 33 closed and 9 metagenome-assembled Alter-
omonas genomes (Table S7) from diverse marine regions
[101, 102]. Presence of the complete PUL repertoire in A.
macleodii strains ATCC27126T, Te101 and AD45 isolated
from distant locations (Fig. 6) indicated that polysaccharide
mixture utilization is relevant in different habitats. Missing
PUL expression in Te101 during co-culture with nitrogen-
fixing Trichodesmium cyanobacteria [70] underlined that
PUL are substrate regulated, and furthermore showed that
polysaccharides are rarely secreted by healthy Tricho-
desmium. However, increasing TEP production when
Trichodesmium blooms demise [103] indicates that
polysaccharide-related traits may become important at other
stages of their interaction.

The wide occurrence of laminarin-related genes highlights
the importance of laminarin as bacterial substrate [45].
Homologs of the GH16 were found in >85% of Alteromonas
genomes, but not all possessing both complete laminarin PUL
(Fig. 6). Due to the broad substrate ranges of CAZyme
families such as GH16, some homologs may however target
other polysaccharides. For instance, A. stellipolaris, A. addita
and strains Mac1/Mac2 encode a second GH16 with 99%
sequence similarity to a β-agarase [104], probably opening
further ‘substrate niches’ during degradation of algal biomass.

The occurrence of pectin-related CAZymes in Alter-
omonas and Pseudoalteromonas [49] supports the notion
that pectinous substrates are indeed ecologically relevant in
marine systems. Over 80% of Alteromonas genomes pos-
sess homologs of PecPUL1 enabling the metabolism of
pectin oligomers, but PL1 enzymes needed for initial
polymer hydrolysis are often absent. Consequently, strains
like A. mediterranea U7 are unable to grow on polymeric
pectin (Fig. S5) but may scavenge pectin oligomers from
PL1-encoding strains, being reminiscent of interactions
between pioneers, harvesters and scavengers [105]. A
similar scenario may apply to alginate degradation. Whereas
only four strains harbor the complete AlgPUL1, other
Alteromonas spp. possess alginate lyases as well, which are
clustered within two PUL (A. stellipolaris), in one PUL plus
additional scattered lyases (A. australica) or completely
dispersed (A. mediterranea). These genomic differences
may influence alginolytic potentials and contribute to eco-
logical speciation, as seen in alginolytic vibrios [105]. The
observed microdiversity in enzymatic features, sometimes

in strains from distant locations and habitats (e.g., subclade
BS11, RS-S09 and UBA2532), indicates different ‘carbo-
hydrate utilization ecotypes‘ among Alteromonas adapted to
distinct substrate niches [106, 107].

Conclusions

Although being a simplified approximation to processes in
natural habitats, the demonstrated bacterial adaptations to
polysaccharide mixtures provide a window into organismal
and functional dynamics associated with successive ‘poly-
saccharide niches‘ during phytoplankton blooms [21, 22]
where bacteria with varying hydrolytic potentials and sub-
strate preferences compete. Together with the shown release
of polysaccharide mixtures by macroalgae and the genomic
predisposition of Alteromonas towards such mixtures, we
provide comprehensive cellular and environmental per-
spectives on the recycling of algal biomass, a key step in
marine carbon cycling. Considering the substantial abun-
dance and primary productivity of micro- and macroalgae,
these insights are relevant for carbon fluxes and
bacteria–algae interactions in the oceans.

Data accessibility

The closed and annotated genome of A. macleodii 83-1 is
publicly available under IMG accession #2716884210. Raw
transcriptomic reads from all biological replicates have
been deposited at the Gene Expression Omnibus under
GSE107306. Proteomics data from all biological replicates
have been deposited to the ProteomeXchange Consortium via
PRIDE [80] under PXD008280. The complete FT-ICR-MS
data are shown in Table S2.
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