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29680 Roscoff, France, 2Université Paris-Saclay, INRAE, UVSQ, VIM, 78350, Jouy-en-Josas, France and 3Sorbonne
Université, CNRS, Laboratoire Jacques-Louis Lions, Université de Paris, 75252 Paris, France
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ABSTRACT

Marine flavobacteria possess dedicated Polysaccha-
ride Utilization Loci (PULs) enabling efficient degra-
dation of a variety of algal polysaccharides. The
expression of these PULs is tightly controlled by
the presence of the substrate, yet details on the
regulatory mechanisms are still lacking. The ma-
rine flavobacterium Zobellia galactanivorans DsijT di-
gests many algal polysaccharides, including alginate
from brown algae. Its complex Alginate Utilization
System (AUS) comprises a PUL and several other
loci. Here, we showed that the expression of the AUS
is strongly and rapidly (<30 min) induced upon addi-
tion of alginate, leading to biphasic substrate utiliza-
tion. Polymeric alginate is first degraded into smaller
oligosaccharides that accumulate in the extracellu-
lar medium before being assimilated. We found that
AusR, a GntR family protein encoded within the PUL,
regulates alginate catabolism by repressing the tran-
scription of most AUS genes. Based on our genetic,
genomic, transcriptomic and biochemical results, we
propose the first model of regulation for a PUL in ma-
rine bacteria. AusR binds to promoters of AUS genes
via single, double or triple copies of operator. Upon
addition of alginate, secreted enzymes expressed at
a basal level catalyze the initial breakdown of the
polymer. Metabolic intermediates produced during
degradation act as effectors of AusR and inhibit the
formation of AusR/DNA complexes, thus lifting tran-
scriptional repression.

INTRODUCTION

Polysaccharides account for up to 50% of the dry weight
of marine micro- and macroalgae (1–3). Consequently,
polysaccharides abound in marine organic matter, com-
prising up to 50 and 25% of high molecular weight com-
pounds in surface and deep waters, respectively (4). Het-
erotrophic microorganisms make this pool of organic mat-
ter accessible to higher trophic levels via the microbial
loop and therefore control the fluxes of carbon and en-
ergy between compartments of the ecosystem (5). Further-
more, they are a rich source of enzymatic tools for algal
biomass valorization. Marine Flavobacteriia (phylum Bac-
teroidetes) are recognized as key players for the degrada-
tion of polysaccharides (6–8). This specialization relies on
dedicated genomic regions called Polysaccharide Utiliza-
tion Loci (PULs) that encode a suite of proteins neces-
sary for the assimilation of a specific polysaccharide (9).
This includes (i) carbohydrate-active enzymes for the break-
down of the substrate, (ii) modification enzymes catalyz-
ing the removal of substituents (e.g. acetylases, sulfatases),
(iii) membrane proteins favoring binding of the substrate to
cell surface, (iv) transporters for oligosaccharides and (v)
transcriptional regulators that control the PUL expression
depending on substrate availability. This organization was
first described in the gut symbiont Bacteroides thetaiotaomi-
cron, with the characterization of the Starch Utilization
System (Sus) that became the paradigm for PUL systems
(10,11). Numerous PULs have subsequently been described
in intestinal Bacteroidetes. They target food-derived terres-
trial plant polysaccharides such as cellulose, xyloglucans,
rhamnogalacturonans and fructans as well as host-derived
polysaccharides (12–17). More recently, the biological and
ecological importance of PULs from marine flavobacteria
has been increasingly recognized. Several PULs targeting
marine polysaccharides have been thoroughly character-
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ized, including PULs targeting alginate and laminarin from
brown algae (18,19), agars and carrageenans from red algae
(20–22) and ulvans from green algae (23).

Expression of all genes from a PUL is co-regulated and
tightly controlled by the presence of the substrate. This is
achieved by transcriptional regulators encoded within or
in the vicinity of the PUL (9). Predicted PULs encom-
pass a large diversity of regulators from different families,
including hybrid two-component systems (HTCS), extra-
cytoplasmic functioning (ECF) family of �/anti-� factors
and LacI, CRP, AraC (non-HTCS), SARP-OmpR and
GntR-like proteins (24). However, the regulatory mecha-
nisms have only been characterized in a few PULs from
intestinal Bacteroidetes. The first identified PUL regulator
was SusR from the Sus system in B. thetaiotaomicron. It
encodes an inner membrane-spanning receptor that binds
starch-derived oligosaccharides and controls the expression
of other sus genes (25). Subsequent studies highlighted dif-
ferent regulatory strategies depending on the PUL. In B.
thetaiotaomicron, the expression of the fructan PUL is con-
trolled by a fructose-binding HTCS (15). Arabinan utiliza-
tion is regulated by a HTCS transcriptional activator that
responds to arabinan-derived oligosaccharides and a NrtR-
family transcriptional repressor AraR that responds to ara-
binose (26,27), while utilization of host mucosal glycans is
controlled by ECF-� transcription factors (16). Further-
more, integration of several regulatory pathways allows a
fine-tuned interpretation of complex glycan signals, lead-
ing to substrate prioritization and coordinated regulation
of other cellular responses (28–30). By contrast, PUL reg-
ulatory pathways are unknown in marine Bacteroidetes.
Previous studies have shown that the expression of ma-
rine PULs is induced by their respective substrates, both in
cultured isolates (18–19,22,31–32) and in field experiments
(33–35). This underlines the importance of hitherto under-
explored regulatory mechanisms that allow cells to adapt
their metabolism to the complex, rapidly changing glycan
landscape in marine environments.

Zobellia galactanivorans DsijT is a marine heterotrophic
flavobacterium that has become a model organism to study
PUL-mediated polysaccharide degradation, complement-
ing the knowledge primarily based on gut Bacteroidetes.
Originally isolated from red seaweed in Roscoff, Brittany,
France (36), it degrades a large set of complex polysac-
charides such as agars and carrageenans from red al-
gae, as well as alginate, laminarin and fucoidans from
brown algae (37,38). Z. galactanivorans DsijT features sev-
eral adaptive traits for interaction with macroalgae, in-
cluding formation of biofilms, consumption of algal exu-
dates, resistance to algal defense as well as 50 predicted
PULs (38). Several of these PULs have been biochem-
ically characterized (18,20,22). One of the best-studied
PUL in Z. galactanivorans targets alginate, a major an-
ionic cell wall polysaccharide from brown algae made of
�-D-mannuronate and �-L-guluronate. In Z. galactanivo-
rans, the Alginate Utilization System (AUS) is encoded
by two loci transcribed as polycistronic mRNAs and two
genes isolated in the genome (Figure 1A) (18). The first and
larger locus (zgal 2624-2613) is centered on genes encod-
ing a TonB-dependent transporter (TBDT) and a SusD-
like protein, which are considered hallmarks of archety-

pal PULs (39). It notably encodes an uncharacterized tran-
scriptional regulator AusR of the GntR family (zgal 2617).
Members of this family are widespread regulators that un-
dergo conformational changes upon binding of an effec-
tor molecule, leading to a change in DNA-binding proper-
ties and repression or activation of transcription (40). The
current model of alginate degradation by Z. galactanivo-
rans relies on biochemical characterizations and bioinfor-
matic annotations (18,41) (Figure 1B). Alginate is initially
depolymerized by the extracellular alginate lyases AlyA1
(polysaccharide lyase family PL7, with appended carbo-
hydrate binding module of family CBM32) and AlyA7
(PL14) that release oligosaccharides with 4,5-unsaturation
at the non-reducing end. Two surface-exposed proteins
(ZGAL 2619 containing PKD and CBM domains, and the
SusD-like protein ZGAL 2620) likely recruit the polysac-
charide and/or oligosaccharides to the cell surface to fa-
cilitate the production of shorter oligomers by cell-bound
alginate lyases. The TBDT ZGAL 2621 could import un-
saturated oligosaccharides into the periplasm, where they
are further degraded into unsaturated mono-uronic acid
(�) by the alginate lyases AlyA2 (PL7), AlyA3 (PL17),
AlyA4 (PL6), AlyA5 (PL7) and AlyA6 (PL6). Monomers
� may enter the cytoplasm via the ExuT2 transporter (Ma-
jor Facilitator Superfamily), where they are further con-
verted into 2-keto-3-deoxy-6-phosphogluconate (KDPG)
through the consecutive action of the ring-opening en-
zyme KdgF (42), two 2-dehydro-3-deoxy-D-gluconate 6-
dehydrogenases (ZGAL 2615 and ZGAL 2622) and the
2-dehydro-3-deoxy-glucono-kinase KdgK1 (18). KDPG is
eventually assimilated into the central metabolism through
the Entner-Doudoroff pathway. We previously showed that
the expression of Z. galactanivorans AUS is tightly con-
trolled by the presence of alginate in the medium (18,32),
but a mechanistic understanding of this regulation is still
lacking.

In the present study, we investigated the fine-scale kinet-
ics of alginate degradation and AUS expression by Z. galac-
tanivorans DsijT, to better characterize the regulation pro-
cesses. We further showed that the PUL-encoded AusR reg-
ulator represses AUS expression in the absence of alginate.
This report constitutes the first characterization of the reg-
ulatory mechanism for a PUL in marine bacteria.

MATERIALS AND METHODS

Chemicals

Unless otherwise stated, all chemicals were from Sigma-
Aldrich. Two sources of alginate were used for growth
experiments, provided by Algaia (Satialgine S1600NS)
or Danisco (Grindsted FD176). Estimation of molecular
weight using Multi-Angle Laser Light Scattering (MALLS)
showed Mw = 3.9 105 and 2.0 105, respectively. To pre-
pare low molecular weight oligoalginates, Algaia alginate
(4.5 g.l−1) was digested by the recombinant alginate lyase
AlyA1 from Z. galactanivorans DsijT (41) and further ul-
trafiltered on a 10-kDa membrane. To obtain defined al-
ginate trisaccharide degradation products, fractions of oli-
goguluronates (G blocks), oligomannuronates (M blocks)
and mixed MG blocks were prepared by acid hydrolysis ac-
cording to Haug et al. (43). G and MG blocks were de-
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Figure 1. The AUS in Zobellia galactanivorans DsiJT. Gene numbers are indicated together with the names of the encoded proteins. (A) Genetic orga-
nization of the AUS. Potential promoter and Rho-independent terminator regions detected in a previous study (18) are indicated by arrows and circles,
respectively. (B) Schematic representation of alginate metabolism based on gene annotation and functional studies. Enzymes (ovals), substrate-binding
proteins (rectangles) and membrane transporters (barrels) are depicted. The activity of enzymes depicted in red has been experimentally validated in
previous studies. CBM: carbohydrate-binding module; TBDT: TonB-dependent transporter; �: unsaturated mono-uronic acid; DEH: 4-deoxy-L-erythro-
5-hexoseulose uronic acid; KDG: 2-keto-3-deoxy-gluconate; KDPG: 2-keto-3-deoxy-6-phosphogluconate; G3P: glyceraldehyde-3-phosphate.

graded by the guluronate-specific alginate lyase AlyA1, and
products were purified by size exclusion chromatography
as described previously (41) to obtain �GG and �MG
oligosaccharides, respectively (�: 4-deoxy-L-erythro-hex-
4-enepyranosyluronate). M blocks were degraded by the
mannuronate-specific alginate lyase Aly from Pseudomonas
alginovora X017, and products were purified by size exclu-
sion chromatography as described previously (44) to obtain
�MM oligosaccharides. D-mannuronic acid sodium salt
and L-guluronic acid sodium salt were from Carbosynth
(Compton, UK).

Bacterial strains, plasmids and primers

The bacterial strains and plasmids used in this study are
listed in Supplementary Table S1. Escherichia coli strains
were routinely grown in Luria-Bertani (LB) medium at
37◦C, 180 rpm. Zobellia galactanivorans strains were rou-
tinely grown at 20◦C in Zobell medium 2216E [per liter: 5
g tryptone, 1 g yeast extract, 800 ml filtered seawater, 200
ml distilled water (45)]. If needed, antibiotics were used at
the following concentrations: ampicillin: 100 �g.ml−1; ery-
thromycin: 50 �g.ml−1. A calibration curve was obtained to
convert Z. galactanivorans OD600 measurements to bacte-

rial biomass dry weight (Supplementary Figure S1), by dry-
ing 14 ml of bacterial suspension with known OD600 for 4
days at 60◦C and weighing the dry cell residue on a digital
scale (precision 10−4 g). Primers used in this study are listed
in Supplementary Table S2.

Construction of ausR deletion mutant

A Z. galactanivorans deletion mutant for ausR was gener-
ated using the previously described method (46). A 2081-
bp fragment spanning the first 30 bp of ausR and 2051 bp
of upstream sequences was amplified from genomic DNA
using primers OFT0015 and OFT0017. The fragment was
digested using BamHI and PstI and ligated into pYT313
that had been digested with the same enzymes, to gener-
ate pFT7. A 2037-bp fragment spanning the final 42 bp
of ausR and 1995 bp of downstream sequence was ampli-
fied using primers OFT0016 and OFT0018. The fragment
was cloned into PstI and SphI sites of pFT7 to generate the
ausR deletion construct pFT8, which was introduced into
the wild-type Z. galactanivorans DsijT by conjugation from
an E. coli S17-1 strain. Conjugants with plasmids integrated
in the genome were isolated on Cytophaga-agar contain-
ing 50 �g.ml−1 erythromycin. Single erythromycin-resistant
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colonies were grown overnight in Cytophaga medium in the
absence of antibiotics at 30◦C. The cells in which a sec-
ond recombination event resulted in loss of the plasmid
were selected on Cytophaga-agar containing 5% sucrose.
Isolated colonies were checked for erythromycin sensitivity.
ausR deletion was confirmed by polymerase chain reaction
(PCR) and sequencing on isolated colonies using primers
OFT0019 and OFT0020.

Culture conditions for physiology experiments

The Z. galactanivorans strains were cultivated in liquid Zo-
bell medium 2216E or marine mineral medium (MMM)
supplemented with different substrates (4 g.l−1) as the sole
carbon source (37). Pre-cultures in Zobell medium were
rinsed with two volumes of sterile saline solution prior to
inoculation. Cell density was monitored by measuring tur-
bidity at 600 nm using a Spark Tecan spectrophotometer.
Aliquots for RNA extraction were mixed with 0.5 vol. of
ice-cold killing buffer (20 mM Tris–HCl pH 7.5, 5 mM
MgCl2, 20 mM NaN3) and centrifuged at 4200 rpm at 4◦C
for 3 min. Pellets were immediately frozen in liquid nitrogen
and stored at −80◦C until further processing. To monitor al-
ginate degradation products, aliquots were centrifuged for
5 min at 13 000 rpm and supernatants were frozen at −20◦C
until analysis.

To test growth on jellified alginate, plates were prepared
by adding 15 mM CaCO3 and 20 mM glucono-D-lactone
to a 2% alginate FD176 solution in MMM (47). Plates were
inoculated with 2 �l of cell suspensions (OD600 normalized
to 1.7) deposited on the center and incubated at 25◦C.

RNA extraction

Total RNA was extracted using phenol–chloroform extrac-
tion as in (22), resuspended in 30 �l of RNase-free wa-
ter, treated with Turbo DNAse (Thermofisher) and puri-
fied using RNeasy Mini Kit (QIAGEN). Genomic DNA
elimination was checked by PCR amplification on RNA
samples using the OFT0007 and OFT0008 primers. RNA
was quantified using a Qubit fluorometer, its purity from
proteins (A260/A280) and residual chemical contaminants
(A260/A230) was checked on a Nanodrop and its integrity
was checked by gel electrophoresis or with Bioanalyzer.

Gene expression analysis

Gene expression was analyzed using RT-qPCR. cDNAs
were synthesized with the ImProm-II Reverse kit Transcrip-
tion System (Promega) using random hexamers, diluted
to 0.5 ng.�l−1 eq. RNA and stored at −20◦C. Quantita-
tive PCR was performed following conditions described
in (37), in 5 �l reactions containing 1× LightCycler 480
Sybr Green I Master (Roche), 400 nM of each primer and
2.1 �l of diluted cDNA sample. The expression of genes
from the alginolytic system was quantified using 17 vali-
dated primer pairs (Supplementary Table S2) and normal-
ized by the geometric mean of the reference genes gmkA,
glyA and icdA (37). MIQE information related to RT-qPCR
is gathered in Supplementary Table S3. Additional whole-
genome transcriptomic results obtained on Z. galactanivo-

rans DsijT were recovered from previously published, pub-
licly available datasets (NCBI GEO accessions GSE99940
and GSE101142) (22,32).

Northern Blot analysis

One �g of total RNA was separated by electrophoresis for
4 h at 40 V on 1% agarose gel containing 2% formalde-
hyde. As a control of sample quantity and integrity, du-
plicate samples were run on the same gel and stained with
ethidium bromide. Nucleic acids were transferred by capil-
larity to a nylon membrane (Hybond N+, Amersham) and
cross-linked with UV (1 min, 125 mJ). A DIG-labeled ausR-
specific DNA probe was constructed by PCR (PCR DIG
Probe synthesis kit, Roche Applied Science), using 0.2 �M
of primers zg 2617 fwN and zg 2617 rvN (Supplementary
Table S2) and 10 ng of Z. galactanivorans genomic DNA.
RNA was hybridized with 2 �l of probe (final concentra-
tion 1 ng.�l−1) for 16 h at 50◦C and detected using anti-
DIG/alkaline phosphatase antibody and CDP-Star (Roche
Applied Science). The membrane was exposed for 30 min to
a detection film (Kodak). Approximate sizes of the hybridiz-
ing mRNA were estimated using a 0.2–10 kb RNA ladder
(RNA marker R7020, Sigma).

Monitoring of alginate degradation products

Sugar reducing ends were quantified with the ferricyanide
assay (48) in a microtiter plate reader (TECAN Spark 10M)
on 10 �l of sample using a glucose calibration curve (0.25–
1.5 mM). Soluble unsaturated uronic acids were quantified
by measuring A235 on samples diluted 1:4 with distilled wa-
ter in a microtiter plate, using the molar extinction coeffi-
cient ε = 8500 l.mol−1.cm−1 (49). Size distribution profiles
of products were determined by MALLS. Samples (0.1 ml,
filtered at 0.45 �m) were separated on Shodex OH pak SB-
805, 804 and 803-HQ columns connected in series (mobile
phase LiNO3 0.1 M, flow rate 0.5 ml.min−1) and analyzed
using a DAWN® HELEOS® II MALLS detector (Wy-
att Technology). Generated data were analyzed with As-
tra software. Oligosaccharides were further analyzed with
HPAEC coupled with pulsed amperometry, by injecting 20
�l of filtered sample (30 kDa cut-off) onto a Carbopac
PA200 column (Thermofisher), with 100 mM NaOH as elu-
ent (1 ml.min−1) and a gradient of sodium acetate up to 700
mM. Oligosaccharides produced by the Z. galactanivorans
alginate lyase AlyA1 (41) were used as size standards.

Cloning, expression and purification of recombinant AusR

The ausR gene (zgal 2617) was amplified by PCR on
Z. galactanivorans genomic DNA using the primers
zg2617 fwC and zg2617 rvC. The PCR product (726 bp)
was digested with BamHI and MfeI and cloned into the
expression vector pFO4, followed by transformation into
E. coli NEB5�. All cloning steps were performed as de-
scribed in (50). After confirmation of successful cloning,
plasmids were transformed into the E. coli BL21(DE3) ex-
pression strain. For protein production, 250 ml of ZYP au-
toinducible medium with ampicillin (51) were inoculated
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with 25 �l of overnight pre-culture in LB medium and incu-
bated at 20◦C, 150 rpm for 3 days. Cells were centrifuged for
20 min at 4◦C, 5000 rpm and resuspended in 4 ml of buffer A
(25 mM Tris–HCl, 400 mM NaCl, 100 mM imidazole, pH
7.5) containing 5U.�l−1 DNAse, 1 mg.ml−1 lysozyme and
an anti-protease cocktail (Complete EDTA-free, Roche).
Samples were lysed by sonication (GE-50 ultrasonic pro-
cessor, 20 kHz, amplitude 55%, 3 × 10 s on ice) and cen-
trifuged for 30 min at 4◦C, 20 000 g. The supernatant was
filtered at 0.45 �m and loaded on a 5 ml HisTrap FF col-
umn (GE Healthcare) charged with NiSO4 and equilibrated
with buffer A. Proteins were eluted with a linear gradient
between buffer A and buffer B (25 mM Tris–HCl, 400 mM
NaCl, 1 M imidazole, pH 7.5) in 60 ml at 5 ml.min−1. Frac-
tions showing the presence of the recombinant protein on
SDS-PAGE (12% acrylamide) were pooled. Imidazole was
removed using a PD-10 Sephadex G-25M desalting column
(GE Healthcare), proteins were eluted in buffer C (25 mM
Tris–HCl pH 7.5, 400 mM NaCl) and concentrated by cen-
trifugation on Amicon Ultra-0.5 10 kDa (Millipore). Pro-
tein concentration was determined by Bradford assay using
BSA as a standard.

Electrophoretic Mobility Shift Assay (EMSA)

Cy-5 labeled DNA fragments covering the PalyA3 (201 bp)
and PausR (211 bp) promoters were amplified by PCR from
Z. galactanivorans DsijT genomic DNA with the Q5 High-
Fidelity DNA polymerase (New England Biolabs) using
primer pairs listed in Supplementary Table S2. PCR reac-
tions were purified using QIAquick PCR Purification kit
(QIAGEN). Sixty fmol of Cy-5 labeled probe were incu-
bated for 30 min at 20◦C with increasing concentrations of
purified AusR in 10 �l of binding buffer (20 mM Tris-HCl
pH 7.5, 2 mM DTT, 5% glycerol, 2 mM MgCl2, 14 �g.ml−1

polyd(I-C), 200 �g.ml−1 BSA). Samples were analyzed by
electrophoresis on 5% native polyacrylamide gels in 0.5X
Tris-Glycine buffer for 50 min at 170 V and 4◦C. Gels were
scanned on a Typhoon Imager (Amersham) with automatic
PMT settings and images were analyzed using ImageQuant
TL 1D v8.1. The fraction of free DNA was fitted to the Hill
equation using non-linear least square model in R v3.5.0,
as follows:

1 − F f ree = b + m − b

1 +
(

KD
[P]

)n

where Ffree is the fraction of free DNA, [P] is the pro-
tein concentration in binding reaction, KD is the apparent
dissociation constant, n is the Hill coefficient, and m and
b represent the fraction of bound DNA at the upper and
lower asymptotes of the titration (52). To test the potential
effectors of AusR-DNA interaction, the protein was incu-
bated with 100 nmol D-glucose, potassium gluconate, al-
ginate trisaccharides, D-mannuronate or L-guluronate for
15 min at 20◦C, before addition of the DNA fragments (60
fmol) and further incubation for 30 min at 20◦C.

Bioinformatic analysis

The AusR protein sequence was analyzed using In-
terProScan (53), ProtParam (https://web.expasy.org/

protparam/) and BLAST against the UniprotKB/Swiss-
Prot and PDB databases. Cellular localization was
predicted using PSORTb v3.0 (54). Ungapped motifs were
searched upstream all AUS genes from Z. galactanivorans
DsijT and 12 related flavobacterial species (Supplementary
Table S4), using MEME v5.1.0 (55), with a motif site
distribution of zero or one site per sequence and a motif
width >10 and <50. The detected motif was further
searched in the entire Z. galactanivorans DsijT genome
using FIMO (56). The RNAfold webserver was used to
predict the optimal secondary structure of the 230-bp
intergenic region zgal 2617-2616, using minimum free
energy prediction (57).

RESULTS

Alginate degradation follows a biphasic kinetics

We followed the growth of Z. galactanivorans DsijT in min-
imum medium supplemented with either alginate or mal-
tose as sole carbon and energy source (Figure 2). A longer
lag-phase was observed with alginate, compared to maltose
(ca. 12.5 and 1 h, respectively) (Figure 2A). Cell growth rate
was 20% lower with alginate compared to maltose (0.113
± 0.002 and 0.141 ± 0.003 h−1, respectively). The final cell
density was twice as high with maltose compared to alginate
and corresponded to 2.068 and 1.039 grams of dry bacterial
biomass per liter for maltose and alginate-supplemented
cultures, respectively (conversion factor 0.9555, see Supple-
mentary Figure S1). Assuming a carbon / dry weight ratio
of 0.5 in bacterial biomass (58) and knowing maltose and
sodium alginate carbon content of 42% and 33.3%, respec-
tively, we estimated that 62% and 40% of carbon from mal-
tose and alginate were used for biomass production, respec-
tively.

Degradation products were monitored in alginate-
fed cultures using biochemical assays (Figure 2B) and
MALLS analysis (Figure 2C). The concentration of al-
ginate oligosaccharides in spent medium was assessed
by measuring both sugar reducing ends and unsaturated
uronic residues specific to alginate degradation by lyases
(Figure 2B). Oligosaccharides first accumulated in the
medium, suggesting that their production exceeded con-
sumption by the cells, followed by a steady decrease. They
reached a maximum concentration after 22.5 h, in the mid-
dle of the exponential growth phase. MALLS analysis con-
firmed this biphasic assimilation pattern (Figure 2C). The
total concentration of molecules detected by MALLS in
spent medium remained stable during the lag-phase (until
12.5 h of cultivation) before decreasing during the exponen-
tial phase. MALLS also revealed changes in the alginate size
profile along the degradation kinetics. The initial alginate
substrate was mostly in the range 20–80 kDa (ca. 100–400
degree of polymerization, DP) with estimated average Mw
= 58 kDa. Although the total concentration remained sta-
ble, changes in alginate size profile were detected as early
as 0.5 h of cultivation. There was a gradual degradation of
molecules >40 kDa into smaller products. This led first to
an accumulation of products with intermediate size (20–40
kDa, peaking at 0.5h), followed by accumulation of smaller
products (<20 kDa, peaking at 9.25 h) that were ultimately
assimilated. Half of the initial substrate was consumed after

https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
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Figure 2. Monitoring the growth of Zobellia galactanivorans on alginate. (A) Growth at 20◦C, 180 rpm in minimum medium supplemented with either
maltose or alginate FD176 as a sole carbon source (mean ± s.e.m., n = 4). (B, C, D) Analysis of soluble degradation products measured in spent medium of
Z. galactanivorans grown in MMM supplemented with alginate FD176. (B) Concentration of soluble sugar reducing ends (expressed as glucose equivalent)
and unsaturated uronic residues (mean ± s.e.m., n = 4). (C) MALLS analysis of degradation products. Bars denote the mean concentration (left axis) of
products from different size fractions (from 0 to 200 kDa). Black circles denote the remaining percentage of total products detected compared to T0 (right
axis, mean ± s.e.m., n = 4). (D) Representative HPAEC analysis of degradation products after 30.5 hours of cultivation, as compared to standards enriched
in alginate tri-, tetra, penta- and hexa-saccharides.

30.5 h. Molecules > 80 kDa appeared refractory to degra-
dation, as their concentration only decreased from 0.2 to
0.16 g.L−1. Anion exchange chromatography showed that
dimer and trimer oligoalginates were the main products ac-
cumulating in spent medium at the end of the cultivation,
with additional contributions of tetra- and pentamers (Fig-
ure 2D).

A tight control allows a surge of AUS expression upon addi-
tion of alginate

We compared the expression of 17 genes from the AUS
along the growth curve on alginate and maltose using RT-

qPCR (Figure 3). In the control maltose-supplemented
medium, the expression of most genes from locus 1
(zgal 2624-2613) and 2 (zgal 4130-4132) showed less than 4-
fold variations compared to T0 until 30.5 hours. A transient
increase was detected during the first hours, potentially due
to cell manipulation during the change of medium or fast
entry into exponential phase. After 44.5 hours with maltose,
the more robust increase in expression levels could be due to
cells scouting for other carbon sources in substrate-depleted
medium.

When cells were transferred from Zobell medium to
alginate-supplemented medium, the transcription of all
genes from locus 1 and 2 was first strongly and rapidly in-
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Figure 3. Expression of genes from the AUS after addition of maltose
(dotted lines) or alginate FD176 (plain lines). Values are expressed as fold
change compared to pre-cultures in Zobell medium used to prepare the in-
oculum (i.e. T0). Differential expression compared to T0 was considered
significant for fold-change below 0.25 or above 4 (outside the gray zone).
Values are mean ± s.e.m. (n = 4).

duced within 1 hour followed by a slow decrease, result-
ing in a surge in mRNA levels (Figure 3). This surge coin-
cided with a 3-fold increase in the concentration of oligosac-
charides < 20 kDa in the first 30 minutes (Figure 2C).
Genes from both loci followed the same expression pat-
tern, suggesting they are part of the same regulon. Genes
downstream the promoters Ptbdt (zgal 2621-2618) and Paly6
(zgal 4132) were more expressed than the upstream part of
their respective locus. This is likely a cumulative effect of
both the activation of these promoters and of read-through
expression from the upstream promoters PalyA3 and PalyA4,
respectively. The gene ausR was the least induced gene of lo-
cus 1 (fold-change only 32). Altogether, this indicates that
transcription can start from several promoters. This was
confirmed by Northern blot analysis of an independent
experiment (Supplementary Figure S2A). A probe target-
ing the ausR gene revealed two RNA species (770 and 950
bases) in the absence of alginate. Since ausR is a 729 bp
ORF, the two products might correspond to the gene tran-
scribed alone with different initiation or termination sites.

The Northern blot profile changed for alginate-grown cells.
The transcription of the 950 bases ausR transcript was fa-
vored in this culture condition. Moreover, new RNA species
were detected. The larger transcript (9.5 kb) could corre-
spond to a transcription initiated from Ptbdt and covering
the region zgal 2621 to zgal 2616. The products of 5 kb and
2.6 kb could correspond to initiations from PausR but with
different termination sites, or to differential mRNA decay
(see Discussion). This is in line with the observation that
the genes zgal 2616-2613 showed a much higher induction
in the presence of alginate compared to ausR (Figure 3).

The genes alyA1 and alyA7 followed different expression
patterns from those in loci 1 and 2 (Figure 3). The expres-
sion of alyA1 increased transiently (0.5–3.5 h, 32-fold) be-
fore returning to its initial level after 9 hours. By contrast,
it was strongly down-regulated in the presence of maltose.
The expression of alyA7 decreased both with alginate and
maltose and was lowest in exponential phase, before return-
ing to its initial level in stationary phase.

Role of AusR as regulator of the alginate utilization system

To explain the inducible expression of the AUS, we hypoth-
esized that the PUL-encoded AusR protein is an essential
regulator of alginate metabolism in Z. galactanivorans. ausR
encodes a 27.6 kDa cytoplasmic protein comprising 242
amino-acids. InterProScan analysis predicted that AusR be-
longs to the GntR family of transcriptional regulators (59),
featuring a N-terminal Helix-Turn-Helix DNA-binding
domain (residues 12–80, IPR000524) and a C-terminal
effector-binding domain of the FadR subfamily (residues
85–231, IPR008920). AusR best BLAST hit against the
characterized protein database UniprotKB/Swiss-prot was
LutR from Bacillus subtilis strain 168 (accession O07007,
31.6% sequence identity, e-value 2.10−23) that negatively
regulates L-lactate utilization. The closest structurally char-
acterized homolog to Z. galactanivorans AusR was a GntR-
like regulator from Streptococcus agalactiae (PDB acces-
sion 6AZ6, 30.6% sequence identity, e-value 1.10−13) en-
coded in a genomic cluster dedicated to the degradation of
glucuronated substrates that notably comprises genes for
2-keto-3-deoxy-gluconate kinase, �-D-glucuronidase and
uronate isomerase (60).

To assess the role of AusR as a regulator of alginate
metabolism in Z. galactanivorans DsijT, we compared the
growth of a �ausR strain to the wild type (WT) strain. No
growth delay or difference in growth rate could be detected
in the absence of alginate in Zobell rich medium (Figure
4A). The formation of cell aggregates by Z. galactanivo-
rans (�ausR) in the stationary phase (Figure 4B) prevented
accurate OD600 measurements in Zobell medium and ex-
plains the apparent lower final cell density. Growth was fur-
ther tested in minimum medium containing alginate of dif-
ferent sizes as sole carbon source, ie. polymeric alginate of
average Mw 3.9 105 (hereafter S1600NS, Figure 4C) or 2.0
105 (hereafter FD176, Figure 4D) and oligomers < 10 kDa
(Figure 4E). In all three cases, growth of Z. galactanivorans
(�ausR) was delayed compared to WT. The length of the
Z. galactanivorans (�ausR) lag-phase was inversely propor-
tional to the size of the alginate substrate (S1600NS, 42–47
h; FD176, 47–62 h; oligomers, 70–85 h), whereas it was be-
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Figure 4. Phenotype analysis of the Zobellia galactanivorans (�ausR) deletion mutant. (A) Growth of WT (black) and mutant (red) strains in liquid Zobell
medium at 25◦C (mean ± s.e.m., n = 3). (B) Photograph of cultures in Zobell medium 9 h post-inoculation. (C, D, E) Growth of WT (black) and mutant
(red) strains at 25◦C in MMM supplemented with (C) alginate S1600NS (Mw = 3.9 105), (D) alginate FD176 (Mw = 2.0 105) or (E) oligoalginates < 10
kDa (mean ± s.e.m., n = 3). (F) Growth of equal amount of WT or �ausR strain spotted on jellified alginate. Photographs show representative results
of independent triplicate experiments. (G) Effect of ausR deletion on the expression of the AUS for cells in steady state in Zobell medium or alginate-
supplemented minimum medium. Transcript levels were normalized against the geometric mean of glyA, icdA and gmkA. Values are mean ± s.e.m. of
triplicate measurements.

low 40 h in all three conditions for WT. The deletion did not
significantly affect doubling times measured on S1600NS
alginate (WT, G = 6.9±0.9 h; �ausR, G = 6.1 ±1.2 h; Stu-
dent t-test t = -0.86, P = 0.45), FD176 alginate (WT, G =
7.0±0.7 h; �ausR, G = 8.6 ±0.3 h; t = 3.32, P = 0.06) or
oligomers (WT, G = 6.9±0.8 h; �ausR, G = 5.6 ±1.2 h;
t = -1.57, P = 0.21). Final cell density was similar in all
conditions. No cell aggregates were formed in the station-
ary phase in alginate medium. The growth delay was con-
firmed on solid medium with alginate as sole carbon source
(Figure 4F). The WT strain formed a liquefied patch within
3 days, while only faint growth and no liquefaction was de-

tectable for the �ausR strain. After 5 days, Z. galactanivo-
rans (�ausR) cells covered a surface 85% smaller than WT.

We compared the expression of AUS genes in WT and
�ausR strains for cells in steady-state in Zobell medium or
in alginate-complemented minimum medium (Figure 4G).
For the WT strain in Zobell medium, alyA1 and alyA7 were
the most expressed of the seven alginate lyase-encoding
genes. Furthermore, expression was low for all genes of
loci 1 and 2 except ausR, suggesting this gene could have
a higher basal expression than the rest of the locus. To con-
firm these results, we compared the expression of ausR to
that of upstream and downstream genes in Z. galactanivo-
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rans WT cells grown with 8 different mono- and polysaccha-
rides as sole carbon sources (Supplementary Figure S3). In
all cases except with alginate, ausR was more expressed than
neighboring genes within the locus.

In Zobell medium, expression values were higher in Z.
galactanivorans (�ausR) compared to WT for all genes of
loci 1 and 2 and for alyA1 (Figure 4G). This indicates that
ausR represses the expression of these genes in the absence
of alginate. Their expression was comparable between WT
and �ausR cells grown on alginate, showing that AusR was
inactive in this condition. The deletion-induced derepres-
sion effect observed in Zobell was highest for genes within
locus 1 (maximum 245-fold for alyA2) and only minor for
alyA1 (1.5-fold). By contrast, alyA7 expression was 26-fold
lower in Z. galactanivorans (�ausR) compared to WT in
Zobell medium, suggesting a different regulation mecha-
nism. In Z. galactanivorans (�ausR), the presence of al-
ginate did not increase the expression of genes compared
to the derepressed state in Zobell medium except for alyA1
and alyA7 that showed 3-fold higher expression with algi-
nate compared to Zobell medium.

AusR binds to promoters within the AUS genomic regions

To precisely determine the AusR-mediated regulation
mechanism, we searched for conserved DNA motifs up-
stream all genes of the AUS from Z. galactanivorans DsijT

and 12 additional marine flavobacteria with public genomes
(Supplementary Table S4). The MEME software high-
lighted the presence of a strong motif (Figure 5A, e-value
6.10−478). The detected DNA motif included the -7 box
[TAnnTTTG] and sites that match the consensus operator
sequence [NyGTNxACNy] found in the GntR family (61)
and more specifically the consensus [TKGTN2–3ACMA]
of the FadR subfamily to which AusR belongs (62). Pairs
of this putative AusR operator motif were detected up-
stream alyA3, alyA4, alyA6 and alyA1 (Supplementary Fig-
ure S4A, D, E, F) and were separated by three bases. A
third operator sequence was present in the promoter Ptbdt
upstream zgal 2621 (Supplementary Figure S4B). A sin-
gle canonical operator was present upstream ausR (Supple-
mentary Figure S4C). Sequence alignment of the conserved
DNA motifs showed that the palindromic structure of a
second operator in PausR was lost by mutation of two gua-
nines into adenines (Supplementary Figure S4H). No mo-
tif could be detected upstream alyA7. In promoters PalyA3,
Ptbdt, PalyA4 and PalyA6, the putative operators overlapped
the predicted -7 box. Binding of AusR to these operators
would thus strongly hinder the recognition of the promot-
ers by the RNA polymerase to initiate transcription. Larger
distances between the -7 box and the operator were found
for PalyA1 (32 bases) and PausR (125 bases). FIMO was used
to scan the entire Z. galactanivorans DsijT genome for addi-
tional occurrences of the conserved motif. A single instance
was found in the promoter of the gene zgal 2637 (Supple-
mentary Figure S4G), suggesting it is part of the AusR
regulon. This genes encodes the predicted gluconokinase
GntK1. Z. galactanivorans possesses a second paralogous
gluconokinase gene gntK2 (zgal 4757, 33% sequence iden-
tity) that lacks the operator sequence in its promoter. Tran-
scriptomic analysis using public DNA microarray data (32)

showed that the expression of gntK1, but not of gntK2, was
induced two-fold in the presence of alginate compared to
glucose (Supplementary Figure S5).

We further tested whether AusR interacts directly with
promoters containing the predicted operator sequence. The
ausR gene was cloned into the pFO4 expression vector (N-
terminal His-Tag fusion) and the recombinant protein was
overexpressed in E. coli BL21(DE3) and purified to homo-
geneity by nickel ion affinity chromatography. The puri-
fied protein had an estimated mass of ca. 27 kDa on SDS-
PAGE (Figure 5B), in line with the 28.4 kDa mass calcu-
lated based on His-tagged AusR sequence. Electrophoretic
mobility shift assays (EMSAs) were conducted using pu-
rified His-tagged AusR and increasing concentrations of
Cy5-labeled DNA covering fragments of PausR (Figure 5C)
and PalyA3 (Figure 5D). In both cases, AusR bound the pro-
moters in a concentration-dependent manner. Two PausR-
AusR complexes were detected: a first complex was de-
tected with 1.2 pmol AusR, while the second, more delayed
complex, appeared only with AusR concentrations above
2.5 pmol. Similarly, three PalyA3-AusR complexes were de-
tected. This could indicate cooperative interaction of DNA
fragments with one or multiple monomers of AusR. Appar-
ent dissociation constants KD estimated using gel densit-
ometry analysis showed a higher in vitro affinity of AusR
for PausR (KD = 587 nM) than for PalyA3 (KD = 1570 nM).
Estimates of Hill coefficient were > 1 for both PausR and
PalyA3 (n = 2.7 and 1.7, respectively), corroborating coop-
erative binding of AusR to these promoters. The relatively
high molar excess of AusR needed to observe the first com-
plex might be due to the presence of the His-tag on the puri-
fied protein used for EMSA, which could affect binding. To
confirm that the direct interaction of AusR to the promot-
ers was dependent on the predicted operator sequence, we
performed EMSAs using DNA probes covering or exclud-
ing the predicted AusR operator of PausR (Supplementary
Figure S6). Shorter versions excluding the operator showed
only a very weak binding, with >95% of probes remaining
as free DNA when incubated with 25 pmol purified AusR.

Identification of AusR effectors

We screened potential effector molecules that could mediate
the interaction of AusR with PausR and PalyA3 (Figure 5E
and F). Glucose, gluconate, mannuronate and guluronate
had no effect on the binding of AusR to the promoters.
By contrast, the alginate trisaccharides �MM and �MG
strongly inhibited the interaction with both promoters. A
slight effect could also be detected for �GG with PausR,
where a higher proportion of probe remained as free DNA
compared to the control without ligand. Therefore, alginate
oligosaccharides are effectors of AusR.

DISCUSSION

Based on these results, we proposed a model for the control
of alginate utilization by the AusR transcriptional regula-
tor in Z. galactanivorans DsijT (Figure 6). AusR belongs to
the GntR family, FadR subfamily of regulators and strongly
represses the expression of most AUS genes by binding to
specific operators in their promoters. Repression by AusR
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Figure 5. AusR binds to promoters containing the predicted operator sequence. (A) Sequence logo of the conserved DNA motif detected upstream genes
from the AUS. Individual sequences are shown in Supplementary Figure S4. (B) SDS-PAGE analysis of the purified recombinant His-tagged AusR protein.
Lane L, molecular weight ladder. (C, D) Electrophoretic mobility shift assays of DNA fragments covering the promoters PausR (C) and PalyA3 (D) with
increasing amount of purified His-tagged AusR (from 0 to 38 pmol). (E, F) Alginate trisaccharides prevent AusR binding to its promoters. EMSAs were
performed with 20 pmol of purified His-tagged AusR and 60 fmol of Cy5-labeled PausR (E) or PalyA3 (F), in the absence of any ligand or with 100 nmol
D-glucose, D-gluconate, �GG, �MM, �MG, D-mannuronate or L-guluronate. The first lane without AusR shows the mobility of free DNA. �: 4-deoxy-
L-erythro-hex-4-enepyranosyluronate; M: D-mannuronate; G: L-guluronate.

Figure 6. Proposed model for the regulation of alginate utilization by AusR in Zobellia galactanivorans DsijT. The repression of the AUS promoters by
AusR that occurs in the absence of alginate is represented by red arrows. The level of repression estimated from qPCR results (Figure 3) is indicated.
The number of AusR operators in each promoter is depicted by red ellipses, together with their distance to the -7 box (no indicated distance means that
operators overlap the -7 box). Genes and proteins depicted in grey are those with no or lower direct repression by AusR, allowing basal expression in the
absence of alginate.

is lower for alyA1 and its own gene ausR. The expression
of alyA7 appears to be controlled by a yet-unknown mech-
anism. The lower alyA7 expression in Z. galactanivorans
(�ausR) (Figure 4G) suggests an indirect control by AusR,
although further research is needed to elucidate the signal-
ing pathway. Wild-type Z. galactanivorans therefore pro-
duces the AusR regulator and the alginate lyases AlyA1 and

AlyA7 at a basal level in the absence of alginate. Upon ad-
dition of alginate, the extracellular secreted enzymes AlyA1
and AlyA7 catalyze the initial degradation of the polymer.
Metabolic intermediates (unsaturated uronic oligosaccha-
rides) act as effectors of AusR and prevent binding to its op-
erators, hence relaxing the repression. This triggers a rapid
increase in the expression of the whole AUS. The activi-
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ties of the AUS-encoded enzymes would subsequently re-
duce the levels of the AusR effectors, potentially allowing
a negative feedback mechanism. Such control of mRNA
surges by metabolic intermediates was previously shown to
operate in the degradation of chondroitin sulfate and hep-
arin in B. thetaiotaomicron (63). The repression of alyA7
expression in alginate-containing medium (lowest expres-
sion in the exponential phase, Figure 3) could reflect its
main role as a ‘sentry’ enzyme releasing the first oligosac-
charides upon addition of alginate, whereas it would be
less efficient afterwards when the AUS is expressed and
most of the substrate is oligomeric. Our results also show
an uncoupling of the expression of ausR and the down-
stream genes zgal 2616-2613 (Figure 3), although they are
currently believed to be transcribed as polycistronic mRNA
from the promoter PausR (Figure 1a). We propose three
non-exclusive explanations: (1) the presence of an addi-
tional promoter; (2) differential decay mediated by ribonu-
clease(s) and (3) conditional termination of transcription in
the intergenic region ausR-exuT2. First, the presence of an-
other transcription starting site upstream exuT2 is unlikely,
since we did not find the consensus -7 box [TAnnTTTG]
that is conserved in Flavobacterium and Bacteroides species
(64). Furthermore, no AusR binding site was predicted
in the intergenic region ausR-exuT2, although one would
be necessary to mediate transcriptional repression of the
zgal 2616-2613 mRNA in the absence of alginate. Second,
the downstream part of the zgal 2617-2613 mRNA might
be degraded by 3′-exonuclease(s) in the absence of algi-
nate. RNAfold analysis predicted a secondary structure
within the 230-bp ausR-exuT2 intergenic region (Supple-
mentary Figure S2B), which might protect ausR from this
degradation. This type of regulation has already been doc-
umented in other bacteria (65,66). Third, the same or an-
other secondary structure may conditionally block mRNA
elongation after the ausR gene, in a manner similar to ri-
boswitches that fold into termination or anti-termination
RNA structures (67). Whether it involves differential de-
cay and/or conditional termination, the regulation would
require an ON/OFF switch depending on physiological
conditions, signaling alginate availability. Folding of the
predicted mRNA secondary structure may depend on di-
rect binding of a signaling molecule (eg. alginate metabolic
intermediate), or on interaction with a regulatory RNA-
binding protein. Finally, it remains to be elucidated whether
alginate utilization is additionally controlled by catabolic
repression and/or substrate prioritization, as other PULs
from human gut bacteria (27–29). Previous studies showed
that the gammaproteobacterium Alteromonas macleodii 83-
1, which possesses a AUS distantly related to Z. galactanivo-
rans (including a predicted FadR subfamily regulator), pri-
oritizes laminarin over alginate through an unknown mech-
anism (68).

The Z. galactanivorans (�ausR) mutant strain had two
visible phenotypes (Figure 4). First, the mutant strain
showed a longer lag phase than the wild type when trans-
ferred from Zobell medium to alginate-containing medium.
This was unexpected since most genes from the AUS
were strongly de-repressed in the absence of alginate in
Z. galactanivorans (�ausR). However, these genes encode
cell-bound proteins that process small alginate degrada-

tion products rather than polymeric alginate. By contrast,
alyA7 was only minimally expressed in Z. galactanivorans
(�ausR). The lack of secreted AlyA7 would slow down the
initial breakdown of alginate polymers into short oligosac-
charides processable by the rest of the AUS, leading to a
longer lag phase. While the other secreted alginate lyase
AlyA1 was still expressed in Z. galactanivorans (�ausR),
it might not compensate for the 26-fold lower expression
of AlyA7. AlyA1 is an endolytic alginate lyase specific for
guluronate motifs (41). Although the exact specificity of
AlyA7 is currently unknown, other members of the PL14
family are endolytic mannuronate lyases (69–71). AlyA1
and AlyA7 might therefore have complementary activities
to breakdown polymeric alginate.

The second phenotype of Z. galactanivorans (�ausR)
was the formation of aggregates in rich medium (Figure
4). This auto-aggregation might be due to a change in self-
recognizing surface structures, such as capsular exopolysac-
charides (72). Indeed, a Bacteroides fragilis strain defec-
tive for a capsule biosynthesis locus auto-aggregated dur-
ing liquid growth, likely because surface adhesive molecules
usually shielded by the capsule became exposed in the mu-
tant (73). Although the presence of a capsule has never
been assessed in Z. galactanivorans, it features potential
capsule biosynthesis loci (i.e. zgal 1742-1751, zgal 3751-
3762, zgal 3780-3787) encoding the putative capsule syn-
thesis proteins CapC, CapD, CapJ and CapM together
with O-acetylases, O antigen biosynthesis proteins and
glycosyltransferases (38). Furthermore, previous results
showed that B. thetaiotaomicron co-regulates the degra-
dation of host glycans with capsular polysaccharide syn-
thesis, in an unknown signaling pathway that depends on
Sus-like outer membrane proteins (30). A similar coordi-
nated regulation of the alginate PUL and capsule biosyn-
thesis loci might exist in Z. galactanivorans and have been
disrupted in the �ausR mutant. Such a concerted expres-
sion might protect cells against immune defense reactions
by secreting/modifying their capsule while degrading algal
host cell walls.

The AusR operator sequence matched the FadR-
subfamily consensus [TKGTN2–3ACMA] that was previ-
ously inferred mostly from Proteobacteria, Actinobacteria
and Firmicutes species (62), confirming that DNA recog-
nition via the HTH domain is widely conserved across the
phylogenetic tree. In Z. galactanivorans, the presence of
multiple operators in immediate proximity to the -7 box
(PalyA3, Ptbdt, PalyA4 and PalyA6) was associated with a strong
transcriptional repression by AusR (Figure 6). By contrast,
a longer distance to the -7 box (Paly1, PausR) and the pres-
ence of a single operator (PausR) were linked to a lower
repression effect. Such a modular organization of opera-
tors resembles that found in the ara and gan gene clusters
of Bacillus subtilis (74,75), which encode catabolic path-
ways for arabinose and galactan, respectively. In both sys-
tems, two consecutive operators control the expression of
genes encoding metabolic enzymes, leading to a maximal
repression effect. The regulator genes themselves only have
one copy of the operator sequence that allows a moder-
ate self-negative feedback regulation. Dual operators may
be involved in cooperative binding of regulators, alterna-
tive oligomerization, recruitment of additional subunits and
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DNA bending ensuring a more flexible and precise control
of gene expression (62,76–77). In line with this hypothesis,
EMSA analysis (Figure 5) evidenced cooperative binding
and an additional protein/DNA complex when AusR was
incubated with PalyA3 (two operators) compared to PausR
(one operator). The present study indicates that the AusR
regulon comprises several distant loci in Z. galactanivo-
rans. It is worth noting that alyA1 features a putative AusR
operator site, although this gene was recently acquired by
horizontal transfer from Actinobacteria (46). This suggests
alyA1 was rapidly recruited into the regulon via the gain
of AusR binding sites within its promoter. The detection of
a pair of AusR operators in the promoter of the alginate-
induced gntK1 gene suggests it also belongs to the AusR
regulon. Future genome-wide mapping of AusR binding
sites using DNA affinity purification sequencing (DAP-seq)
or chromatin immunoprecipitation sequencing (ChIP-seq)
will help define the exact recognized DNA motif and po-
tentially expand the list of AusR-regulated targets within
Z. galactanivorans genome.

AusR utilizes short oligosaccharides released by alginate
lyases as its effectors (Figure 5E and F). This is reminis-
cent of previous studies in the soil bacteria Sphingomonas
sp. strain A1. This strain possesses an alginate-degrading
system different from most heterotrophic bacteria, whereby
cells form a mouth-like pit that directly imports the polysac-
charide into the cytoplasm before degradation (78). This
system is controlled by the LacI family transcription repres-
sor AlgO. Interaction of the C-terminal effector-binding
domain of AlgO with the unsaturated alginate oligosac-
charides �GGG, �GGGG, �MMM and �MMMM in-
duces a conformational change in the N-terminal HTH do-
main and inhibits the formation of the AlgO/DNA complex
(79). In Z. galactanivorans, it was intriguing that unsatu-
rated trisaccharides can act as effectors of the cytoplasmic
regulator AusR. Indeed, the current degradation model pre-
dicts that unsaturated monosaccharides (�) are imported
into the cytoplasm via the transporter ExuT2 from the Ma-
jor Facilitator Superfamily (MFS), while longer oligosac-
charides would be confined to the periplasm (Figure 1).
The closest characterized homolog of ExuT2 from Z. galac-
tanivorans is the hexuronate transporter ExuT from E. coli
K-12 (Uniprot accession P0AA78, 31% sequence identity),
which imports glucuronate, galacturonate and glucose into
the cytoplasm (80,81). The apparent in vitro interaction of
trisaccharides �MM and �MG with AusR might reflect
specific recognition of the � motif, an hypothesis supported
by the lack of interaction with the saturated monosaccha-
rides D-mannuronate and L-guluronate (Figure 5E and F).
The instability of the � monomer, which spontaneously
converts to 4-deoxy-L-erythro-5-hexoseulose uronic acid
within minutes (49), makes it technically difficult to test its
interaction with AusR in vitro. Alternatively, Z. galactanivo-
rans ExuT2 might import unsaturated trisaccharides into
the cytoplasm, where they could interact with AusR. Other
members of the MFS superfamily can transport oligosac-
charides such as maltotriose (82) and cellodextrins (83).

To our knowledge, AusR is the first characterized PUL-
encoded regulator in marine bacteria. Members of the
FadR subfamily control the metabolism of various oxidized
substrates, including fatty acids, amino acids and central

metabolites such as aspartate, pyruvate, glycolate, galac-
tonate, lactate, malonate and gluconate (61). The present
study extends the range of targets of the FadR subfam-
ily to polysaccharide catabolism and constitutes the first
characterization of a FadR-like regulator within the Bac-
teroidetes phylum. AUS featuring ausR orthologs, simi-
lar genetic organizations and high sequence similarities
were previously detected in Flavobacteriia, Bacteroidia, Cy-
tophagia, Alphaproteobacteria and Gammaproteobacteria
(18). Here, we show that the DNA motif recognized by
AusR in Z. galactanivorans DsijT is conserved in closely re-
lated alginate-degrading flavobacteria (Supplementary Ta-
ble S4). Within the PULDB database that lists PULs in
Bacteroidetes species (84), 69 out of 70 predicted alginolytic
PULs (encoding both PL17 and PL7) possessed a ausR ho-
molog (March 2020). Therefore, our results illuminate a
AusR-dependent regulatory mechanism for alginate degra-
dation globally conserved in marine bacteria, as well as in
gut microbes that laterally acquired the AUS (18,85). This
fine control may participate to the adaptation of bacteria to
complex, highly variable ecological niches, as proposed for
other GntR-like regulators (40). During the degradation of
alginate by Z. galactanivorans, oligosaccharides first accu-
mulate in the medium before being assimilated by cells (Fig-
ure 2). From an ecological perspective, these soluble degra-
dation products released in the environment might act as
public goods (86) and fuel scavenger bacteria less equipped
for polymeric alginate degradation. This corroborates re-
cent findings that few specialized bacteria can act as pio-
neer degraders of complex marine polysaccharides (87–89),
including Z. galactanivorans (46). This behavior is particu-
larly relevant for the efficient utilization of substrates immo-
bilized within brown algal cell walls. Furthermore, the eluci-
dation of the regulatory controls governing alginate degra-
dation might inspire ongoing efforts to bioengineer micro-
bial platforms for brown algal biomass valorization (90–92).
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Master recyclers: features and functions of bacteria associated with
phytoplankton blooms. Nat. Rev. Microbiol., 12, 686–698.
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Gilbert,H.J. and Henrissat,B. (2018) PULDB: The expanded
database of Polysaccharide Utilization Loci. Nucleic Acids Res., 46,
D677–D683.

85. Mathieu,S., Touvrey-Loiodice,M., Poulet,L., Drouillard,S.,
Vincentelli,R., Henrissat,B., Skjak-Bræk,G. and Helbert,W. (2018)
Ancient acquisition of ‘alginate utilization loci’ by human gut
microbiota. Sci. Rep., 8, 8075.

86. Cavaliere,M., Feng,S., Soyer,O.S. and Jiménez,J.I. (2017)
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