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Summary

Bacterial colony morphology can reflect different
physiological stages such as virulence or biofilm for-
mation. In this work we used transposon mutagene-
sis to identify genes that alter colony morphology
and cause differential Congo Red (CR) and Brilliant
Blue G (BBG) binding in Shewanella algae, a marine
indigenous bacterium and occasional human patho-
gen. Microscopic analysis of colonies formed by the
wild-type strain S. algae CECT 5071 and three trans-
poson integration mutants representing the diversity
of colony morphotypes showed production of biofilm
extracellular polymeric substances (EPS) and dis-
tinctive morphological alterations. Electrophoretic
and chemical analyses of extracted EPS showed dif-
ferential patterns between strains, although the tar-
gets of CR and BBG binding remain to be identified.
Galactose and galactosamine were the preponderant
sugars in the colony biofilm EPS of S. algae. Sur-
face-associated biofilm formation of transposon inte-
gration mutants was not directly correlated with a
distinct colony morphotype. The hybrid sensor his-
tidine kinase BarA abrogated surface-associated bio-
film formation. Ectopic expression of the kinase and
mutants in the phosphorelay cascade partially recov-
ered biofilm formation. Altogether, this work pro-
vides the basic analysis to subsequently address the
complex and intertwined networks regulating colony
morphology and biofilm formation in this poorly
understood species.
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Introduction

Microbial colony morphology and the capacity to bind
dyes can serve as an indicator of a distinct state of
microbial physiology and metabolism including virulence
and biofilm formation. In this context, structured
hydrophobic bacterial colonies of species such as Sal-
monella Typhimurium with a high capacity to bind the
dyes Congo Red (CR) and Calcofluor White have been
identified as biofilm forming and concomitantly to exten-
sively produce amyloid fimbriae and the exopolysaccha-
ride cellulose (Romling, 2005). Biofilms formed by
Shewanella spp. have major ecological and biotechno-
logical impact (Hau and Gralnick, 2007). Different biofilm
models and an array of genetic and biochemical
approaches have been used to analyze the formation,
regulation and development of biofilms in some She-
wanella spp. For example, batch and flow biofilm models
were developed for Shewanella putrefaciens (Bagge
et al., 2001), early biofilm formation of Shewanella frigidi-
marina was analyzed by proteomics (Linares et al,
2016), and biofilm formation under flow conditions in
Shewanella oneidensis MR-1 was assessed by trans-
poson mutagenesis (Thormann et al., 2004). Within the
genus Shewanella, S. oneidensis MR-1 is a widely used
genetic and physiological model with readily accessible
gene manipulation strategies, a broad repertoire of
anaerobic respiration pathways including metal oxide
reduction, and diverse extracellular electron transfer
capacities (Hau and Gralnick, 2007).

Species identification by the use of molecular
approaches increasingly reports the marine bacterium S.
algae as causing disease in humans (Vogel et al., 2000;
Janda and Abbott, 2012; Martin-Rodriguez et al., 2017,
2019). Metabolites produced by S. algae are known to
participate in diverse ecological interactions (Gong et al.,
2015; Singh et al., 2015; Rutschlin et al., 2017). A dis-
tinctive feature of S. algae is the production of tetrodo-
toxin (Nozue et al, 1992). Biofilm formation has been
proposed to play a role in certain S. algae infections
(Holt et al., 2005). We have shown that the morphologi-
cal and nano-mechanical properties of statically-grown
S. algae biofiims are dramatically affected by the nutrient
environment (Martin-Rodriguez et al., 2014), and we
have recently demonstrated that respiration of alternative
electron acceptors acts as a driver for strain-specific
induction of biofilm formation in this species (Martin-
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Rodriguez et al., 2021). Besides surface-associated bio-
film formation under static or hydrodynamic conditions,
the colony biofilm is another widely employed model vali-
dated for diverse bacterial species including Pseu-
domonas spp. (Friedman and Kolter, 2004), Bacillus
spp. (Romero et al., 2010), Vibrio cholerae (Yildiz and
Schoolnik, 1999) and the enterobacterial species Sal-
monella Typhimurium and Escherichia coli (Romling
et al., 1998; Romling, 2005).

The physiology of S. algae has hardly been explored
at the molecular level. In this work we initially investi-
gated whether and to which extent a characteristic dye
binding colony morphotype of S. algae on agar plates
supplemented with CR and Brilliant Blue G (BBG) devel-
ops, and whether such a morphotype can be associated
with a multicellular biofilm behavior with pronounced pro-
duction of extracellular matrix components. To this end,
a collection of over 5,000 transposon insertion mutants
was screened to identify genes involved in colony mor-
phology development in S. algae CECT 5071, and the
biofilm extracellular matrix composition of the wild-type
(WT) strain and representative transposon integration
mutants was analyzed using an array of techniques
spanning from electrophoretic profiles to Fourier-trans-
form Infrared Spectroscopy (FTIR) and monosaccharide
content analyses. Regulation of a different type of bio-
film, namely surface-associated biofilm formation in static
broth culture, was investigated in selected transposon
insertion mutants. Genes with diverse functionalities
affected the colony morphotype and surface-associated
biofilm formation, including the gene coding for the sen-
sor histidine kinase BarA which affected biofilm forma-
tion independent of catalysis.

Results

Shewanella algae shows distinct colony morphotypes on
CR- and BBG-supplemented agar plates

We observed a distinct colony phenotype of S. algae
CECT 5071 when grown on LB agar supplemented with
CR and BBG. When colonies were visualized against a
black background (referred to as “top-black view”), the
colony phenotype was characterized by concentric rings
of intense blue-green coloration, a slight red outer mar-
gin, and pale rims (Fig. 1A). In contrast, a light red color
of the colony was observed when visualized perpendicu-
larly over a clear background (referred to as “top-trans”
view). Without dye supplementation to LB agar, the WT
colony does not show such a pigmentation, therefore
colony coloration must derive from dye binding (Fig. 1A).
To confirm this observation, methanolic extracts of colo-
nies grown on LB agar with or without CR and BBG
were prepared, and the absorbance spectra were
recorded and compared to those of methanolic solutions

of CR and BBG (Fig. 1B). An absorbance maximum at
610 nm matching the maximum absorbance of BBG was
recorded in extracts of colonies grown in the presence
of the dyes, consistent with the blue-green colony mor-
photype with negligible CR accumulation. Consistently,
no absorbance maxima were recorded in the extracts of
WT colonies grown on LB agar without dye supplemen-
tation. Next, we questioned whether this colony pheno-
type was exclusively observed in a single isolate or
shared by a larger number of strains. To address this
question, we examined the phenotypes of a collection of
23 strains of S. algae and the closely-related species
Shewanella chilikensis on CR and BBG-supplemented
LB agar. Investigation of morphotype development over
48 h showed the phenotype to be strain-dependent,
varying from blue-green to red as a consequence of dif-
ferential absorption of the dyes (Fig. 1C). This pheno-
type was temperature-independent, most evident beyond
24 h of incubation at 30°C (Fig. 1C), and developed fas-
ter at a higher temperature (tested at 22, 30 and 37°C,
data not shown).

Transposon mutagenesis identifies genes that alter the
S. algae CECT 5071 colony morphotype and static
biofilm formation

To identify genes that alter the appearance of S. algae
CECT 5071 colony morphology, we performed mini-Tn5
transposon mutagenesis. Specifically, we focused on
mutants displaying either one or several of the following
features: altered coloration (either more ‘white’, more
‘red’ or more ‘blue’ mutants), altered colony size, and
altered colony margin. Screening of 5082 transposon
insertion mutants resulted in the recovery of 43 colonies
presenting an altered morphotype, for which the location
of the transposon insertion site was determined (Fig. 2,
Table 1). Thus, 28 disrupted genes with diverse functions
as inferred by their annotations and biological pathway
assignations were identified. Seven genes were found to
be interrupted at distinct sites in more than one mutant.
Those genes code for the type 2 secretion system
(T2SS) protein GspF, a delta-aminolevulinic acid dehy-
dratase, the WecB/TagA/CpsF family glycosyltransferase
WecG, the phosphoribosylformylglycinamidine synthase
PurL, a DNA adenine methylase, and two hypothetical
proteins with gene locus tags E1N14_01730 and
E1N14_14870, with E1N14_01730 having 8 distinct
transposon insertion sites. Of note, the colony morpho-
types resulting from transposon insertion at different loca-
tions within the same gene were almost identical and
therefore only one representative insertion mutant is
shown in Fig. 2. Furthermore, several of the interrupted
genes belonged to the same gene cluster or were located
in close proximity to each other (Fig. S1).
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Fig. 1. Colony biofilm phenotypes of Shewanella algae.

48 h

A. Colony morphotypes of S. algae CECT 5071 wild-type (WT) on LB agar with or without Congo Red (CR) and Birilliant Blue G (BBG) supple-

mentation. Top-trans and top-black views are shown.

B. Absorbance spectra of methanolic extracts of S. algae CECT 5071 colony biofilms grown on LB agar with or without CR and BBG supple-

mentation. Spectra of CR and BBG solutions in methanol are also shown.

C. Phenotypes (top-trans view) of S. algae CECT 5071 (type strain, TS) and 22 S. algae or Shewanella chilikensis strains listed in Table S1 on

LB agar supplemented with CR and BBG.

Expression and composition of extracellular matrix of S.
algae CECT 5071 wild-type and transposon mutants

To gain a better understanding of extracellular matrix
expression and the chemical basis of the different colony
biofilm phenotypes, the WT strain and mutants M1
(barA), M3 (thyA) and M8 (E1N14_01730) were selected

as representatives of the phenotypes observed in our
study. Thus, compared to the WT, the barA mutant M1
showed preserved BBG binding with CR binding shifted
to the outmost colony rim, the thyA mutant M3 showed
increased CR binding, and the E1N14_01730 mutant M8
showed negligible dye binding. Inspection of the central
and peripheral areas of these colonies by Scanning
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Fig. 2. Colony morphotypes of S. algae CECT 5071 and transposon insertion mutants. Shown are the top-trans and top-black views of colonies
of the WT strain and isogenic transposon insertion mutant derivatives. Genes without a name assigned are named after their GenBank locus

tags.

Electron Microscopy (SEM) (Fig. 3) revealed cells locally
producing different extracellular matrices, a hallmark of
biofilm formation (Flemming and Wingender, 2010). Of
note, the arrangement of cells to each other within the

colony as well as their morphology differed dramatically
across the selected mutants compared to the WT strain;
most distinctively, the barA mutant M1 displayed exten-
sively aligned cells and the thyA mutant M3 displayed
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Table 1. Genes interrupted by transposon insertion in colony morphology mutants.

1187

Mutant(s) Gene Locus tag Gene product Biological process

M1 (nt. 717) barA E1N14_00465 Two-component sensor histidine kinase Transcription, Transcription regulation,
BarA Two-component regulatory system

M2 (nt. 1057) nadB E1N14_01455 L-aspartate oxidase Pyridine nucleotide biosynthesis

M3 (nt. 662) thyA E1N14_01485 Thymidylate synthase Nucleotide biosynthesis, Translation

regulation

M4 (nt. 503) E1N14_01730 E1N14_01730 Hypothetical protein -

M5 (nt. 513)

M6 (nt. 177)

M7 (nt. 77)

M8 (nt. 91)

M9 (nt. 119)

M10 (nt. 77)

M11 (nt. 544)

M12 (nt. 208) nqrA E1N14_01800 Na'-translocating NADH-quinone reductase lon transport, Sodium transport, Transport
subunit A

M13 (nt. 190) fusA E1N14_03520 Elongation factor G Protein biosynthesis

M14 (nt. 171) E1N14_03880 E1N14_03880 Hypothetical protein -

M15 (nt. 499) rho E1N14_05040 Transcription termination factor rho Transcription, Transcription regulation,

Transcription termination

M16 (nt. 978) gspF E1N14_05760 T2SS protein GspF Protein transport, Transport

M17 (nt. 396)

M18 (nt. 570) gspD E1N14_05770 T2SS protein GspD Protein transport, Transport

M19 (nt. 217) menF E1N14_07510 Isochorismate synthase Menaquinone biosynthesis

M20 (nt. 1574) menD E1N14_08030 2-Succinyl-5-enolpyruvyl-6-hydroxy-3- Menaquinone biosynthesis
cyclohexene-1-carboxylase synthase

Mm212 E1N14_08925 E1N14_08925 Type | secretion C-terminal target domain- Cell communication
containing protein

M22 (nt. 68) E1N14_09155 E1N14_09155 Hypothetical protein -

M23 (nt. 1915) priA E1N14_09830 Primosomal protein N’ DNA replication

M24 (nt. 143) degS E1N14_10330 Outer membrane-stress sensor serine Stress response
endopeptidase DegS

M25 (nt. 61) E1N14_10530 E1N14_10530 L-sorbosone dehydrogenase -

M26 (nt. 79) crp E1N14_10795 cAMP-activated global transcriptional Transcription, Transcription regulation
regulator CRP

M27 (nt. 239) mdh E1N14_12485 Malate dehydrogenase Tricarboxylic acid cycle

M28 (nt. 902) E1N14_14620 E1N14_14620 LPS O-antigen length regulator Lipopolysaccharide biosynthetic process

M29 (nt. 567) E1N14_14660 E1N14_14660 Glycosyltransferase family 1 protein Glycogen biosynthesis

M30 (nt. 963) E1N14_14665 E1N14_14665 Delta-aminolevulinic acid dehydratase Heme biosynthesis, Porphyrin biosynthesis

M31 (nt. 430)

M32 (nt. 8) wecG E1N14_14675 WecB/TagA/CpsF family Enterobacterial common antigen

M33 (nt. 137) glycosyltransferase biosynthetic process

M34 (nt. 566) E1N14_14870 E1N14_14870 Hypothetical protein -

M35 (nt. 297)

M36 (nt. 297)

M37 (nt. 90)

M38 (nt. 2499) purl E1N14_15175 Phosphoribosylformylglycinamidine Purine biosynthesis

M39 (nt. 3654) synthase

M40 (nt. 19) E1N14_17155 E1N14_17155 DNA adenine methylase DNA restriction-modification system

M41 (nt. 191)

M42 (nt. 618) recB E1N14_17705 Exodeoxyribonuclease V subunit beta DNA damage, DNA repair

M43 (nt. 1494) edd E1N14_19200 Phosphogluconate dehydratase Carbohydrate metabolism, Gluconate

utilization

Gene abbreviations, locus tag in the S. algae CECT 5071 chromosome and gene annotations are indicated. Biological processes associated
with gene products are shown for annotated genes.
a. The open reading frame appears to be truncated (edge of a contig), therefore the transposon insertion site is ambiguous.

dramatically elongated,
these observations show extracellular matrix production
in S. algae colony communities and suggest potential
differences in EPS structure and composition between
WT and mutant strains as well as different levels of mul-

ticellular organization.

filamented cells.

Altogether,

As the composition of S. algae biofilm EPS is
unknown, EPS was extracted from colony biofilms of the
WT strain and mutants M1 (barA), M3 (thyA) and M8
(ETN14_01730) following two procedures relying on dif-
ferent chemistries, namely cation exchange resin (CER)

extraction in PBS and formaldehyde-NaOH extraction of
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Fig. 3. Scanning Electron Microscopy images of colony biofilms of S. algae CECT 5071 wild-type and transposon mutant derivatives. Shown
are representative images of the central and peripheral areas of colony biofiims formed by the WT strain (A) and the transposon insertion
mutants M1 (barA) (B), M3 (thyA) (C), and M8 (E1N14_01730) (D) after 48 h of incubation on LB agar at 30°C. Macroscopic colony images are

reproduced from Fig. 2. Scale bar = 1 um.

PBS-resuspended colonies, the latter reported to
increase the solubility of biofilm EPS constituents (Liu
and Fang, 2002). The total protein and carbohydrate
content of extracted EPS was analyzed. Per unit of bio-
mass, the EPS of M3 (thyA) contained a higher carbohy-
drate content than that of the WT strain, and this
difference was statistically significant for the CER-ex-
tracted EPS (Fig. 4A and C). No significant differences
in total carbohydrate content were found in the EPS of
mutants M1 (barA) and M8 (E1N14_01730) compared to
the WT using either extraction method. The total protein
content of CER-extracted EPS of M1 (barA) and M3
(thyA) was significantly higher than that of the WT strain
(Fig. 4B), whereas no significant difference with respect
to the WT was recorded for the EPS of M8
(E1TN14_01730). The total protein content in the
formaldehyde-NaOH EPS extract of M8 (E1N14_01730)
was significantly lower than that of the WT strain,

whereas no significant differences were recorded for the
other two mutants with respect to the WT (Fig. 4D).
Overall, the total carbohydrate and protein content was
higher in formaldehyde-NaOH extractions than in CER
extractions, consistent with previous reports (Liu and
Fang, 2002).

We next separated the EPS content by SDS-PAGE
followed by gel staining using an array of dyes specific
to different biochemical components. All electrophoretic
runs contained similar quantities of EPS, i.e. 7.5 pg of
total protein per lane. Stains-All staining (Fig. 4E)
showed a smear of purple-stained high MW components
(proteoglycans) in WT and M8 (E1N14_01730) CER
extracts, which gradually diffused for lower MW compo-
nents under 55 kDa. Notably, discrete bands of approxi-
mately 60 kDa were observed in the EPS of the WT and
mutant M8 (E1N14_01730), and of 100 kDa in the EPS
of mutants M1 (barA) and M3 (thyA), irrespective of the

© 2021 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
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Fig. 4. Biofilm Extracellular Polymeric Substances (EPS) analysis of colony biofilms of S. algae CECT 5071 WT and selected transposon inser-
tion mutants. Total carbohydrate content per unit of biofilm biomass (wet weigh) (A, C) and total protein content per unit of biofilm biomass (B,
D) in CER EPS extracts and formaldehyde-NaOH EPS extracts of the WT strain and mutants M1 (barA), M3 (thyA) and M8 (E1N14_01730).
The statistical significance of the differences between the WT strain and transposon insertion mutants was calculated by One-way ANOVA fol-
lowed by Dunnett’s post hoc analysis, with P = 0.05 as the threshold for significance (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
SDS-PAGE electrophoretic profiles of extracted EPS after Stains-All staining (E), Alcian blue staining at pH = 2.5 (F), Alcian blue staining at

pH = 1.0 (G), PAS staining (H), colloidal Coomassie staining (l), and silver staining (J).
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extraction method. In CER EPS extractions, these bands
stained faint pink, indicating anionic protein composition.
The same bands were remarkably more prominent in
formaldehyde-NaOH extracts and stained intense blue,
consistent with an identity as highly anionic proteins,
with the change in global charge being presumably a
consequence of the extraction method. Alcian Blue stain-
ing at pH =25 (Fig. 4F) and PAS staining (Fig. 4H)
revealed these components to likely be carboxylated gly-
coproteins. Consistently, these discrete bands were
absent upon Alcian Blue staining at pH = 1.0 (Fig. 4G),
which otherwise revealed sulfated components of a MW
significantly higher than our detection limit, presumably
of a polymeric nature, in the CER EPS extracts of the
WT and M8 (E1N14_01730) strains. Staining of proteins
by colloidal Coomassie (Fig. 4l) revealed a proteome in
CER EPS extracts that was similar for the WT strain and
the M8 (E1N14_01730) mutant, and for the M1 (barA)
and M3 (thyA) mutants, respectively. Formaldehyde-
NaOH treatment, however, seemed to cause extensive
protein degradation as noted by a diffuse smear in all
extracts. Loading lower amounts of extracts (down to
< 2.5 pg of total protein) did not contribute to the devel-
opment of discrete bands (data not shown). Such pro-
files for each mutant and extraction method were
consistent with those observed upon silver staining,
which otherwise revealed additional discrete bands in
CER extracts given the higher sensitivity of this method
over colloidal Coomassie (Fig. 4J).

FTIR analysis of EPS and monosaccharide composition

Fingerprinting of the EPS material extracted by both the
CER and formaldehyde-NaOH treatments was performed
by FTIR analysis (Fig. 5A, B, respectively). The FTIR
spectra collected from two biological replicate samples
were essentially identical (Fig. S2). FTIR spectra showed
similar bands for the EPS material of the different strains
and extraction procedures, with a broad band centered at
3250 cm™ corresponding to the O-H stretching of the
hydroxyl groups in polysaccharides and proteins; a triple
band at 2900 cm™ that can be assigned to the CH,
asymmetric stretch in lipids and fatty acids; a shoulder at
1720 cm™ corresponding to the carbonyl (C = O) stretch
of ester groups; the bands at 1650 and 1550 cm’
assigned to the Amide | and Amide Il bands of proteins,
respectively; the absorption bands at 1135and
1050 cm™' that usually represent the stretching vibra-
tions of C-O-C and C-O in carbohydrates and nucleic
acids; and finally, a band at 850 cm™ that could be
assigned to the C-H bending in an aromatic moiety (Cao
et al., 2011; Sardari et al., 2017; Vilaplana et al., 2015).
The CER EPS extracts showed a higher relative
absorbance of the bands at 2900 and 1720 cm™,

potentially related to the presence of lipid and fatty acid
populations that might have been partially removed by
the formaldehyde-NaOH treatment. When comparing the
EPS from different strains, no major differences could be
observed in the FTIR spectra. The bands at 2900 cm™
were more prominent for the WT and M1 (barA) strains
compared with M3 (thyA) and M8 (E1N14_01730) for
both the CER and formaldehyde-NaOH extracts, indicat-
ing a higher presence of lipids and fatty acids. The pres-
ence of a small shoulder at 1720 cm™ could be detected
in the CER EPS extracts of all strains except the WT,;
this shoulder can be assigned to the carbonyl stretch of
ester groups potentially present in acidic sugars. Differ-
ences in the area between 1300 and 900 cm™ could be
assigned to the nucleic acid and polysaccharide content
and composition in the different extraction processes
and strains. Finally, the absence of the band at 850 cm™’
in the M1 (barA) mutant CER-extracted EPS compared
with those of the WT, M3 (thyA) and M8 (E1N14_01730)
strains could be attributed to the relative presence of
aromatic side chains of the respective amino acids (Vila-
plana et al., 2015).

The monosaccharide analysis of the EPS (Table 2)
revealed the presence of galactose (Gal) and galac-
tosamine (GalN) as the main components of the
extracts, with minor amounts of glucosamine (GlIcN), glu-
cose (Glc), mannose (Man), ribose (Rib) and arabinose
(Ara). The presence of other monosaccharides such as
rhamnose (Rha) or fucose (Fuc) was not detected in the
EPS. Interestingly, major differences were observed in
the monosaccharide composition depending on the
extraction procedure, with a marked abundance of Ara in
the NaOH-formaldehyde extracts compared to the CER
EPS materials. In general, the WT strain showed a trend
to higher GalN relative abundance compared to Gal,
whereas in the M1 (barA), M3 (thyA) and M8
(ETN14_01730) mutants the Gal content was highest
(Table 2).

Static biofilm formation analyses

We next questioned whether altered binding of CR or
BBG correlates with altered biofilm formation in static
broth culture. To this end, the WT strain and the 43
transposon mutants were assayed for biofilm formation
in MB medium. Bacterial total cell density at 600 nm,
ODgpo, monitored during 24 h of static incubation indi-
cated that all strains had reached stationary phase at
the experimental endpoint (data not shown). Qualitative
features of the growth and biofilm phenotypes of all
strains are shown in Fig. S3. Thus, preferential growth at
the air-liquid interface was observed for the WT strain,
with significant pellicle formation as well as biofilm for-
mation on the walls and on the bottom of the wells.
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Fig. 5. FTIR spectra of EPS extracts of S. algae WT and selected transposon insertion mutants. Spectra from two biologically replicate experi-
ments per strain are shown for (A) CER EPS extracts (B) formaldehyde-NaOH EPS extracts. Peaks with differences between samples are high-
lighted.

Different levels of planktonic growth and biofilm forma- formation, e.g. M32-M33 (wecG); mutants with impaired
tion patterns were recorded across mutant strains and pellicle production but preserved sub-aerial biofilm for-
included mutants with stronger pellicle production, e.g. mation capacity, e.g. M19-M20 (menF and menD,
M42 (recB); mutants with proficient sub-aerial biofilm respectively); and mutants unable to form biofilm, e.g.
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Table 2. Monosaccharide composition of S. algae WT and selected Tn5 integration mutants.

CER NaOH-Formaldehyde

Monosaccharide WT M1 M3 M8 WT M1 M3 M8

Ara 0.9 (0.3) 0.7 (0.1) 0.5 (0.3) 0.2 (0.1) 12.0 (0.2) 16.7 (0.9) 19.7 (0.2) 10.9 (1.5)
Rib 1.9 (1.9) 0.2 (0.1) 0.2 (0.0) 0.2 (0.0) 1.4 (0.3) 1.4 (0.1) 2.2 (0.4) 1.2 (0.3)
Man 2.0 (0.5) 2.6 (0.1) 0.8 (0.2) 0.9 (0.2) 0.4 (0.0) 3.7 (2.9) 0.4 (0.1) 0.3 (0.0)
Gal 30.1 (0.8) 54.9 (3.2) 37.8 (10.8) 441 (8.7) 33.4 (1.4) 415 (1.3) 37.1(0.8) 46.8 (1.9)
Glc 8.3 (0.6) 9.1 (0.5) 5.1 (1.8) 45 (1.5) 2.1 (0.5) 7.2 (1.5) 5.6 (3.3) 2.4 (0.5)
GleN 12.4 (0.8) 12.4 (2.3) 11.4 (0.3) 11.1 (0.7) 10.1 (0.2) 10.6 (1.0) 9.1 (0.5) 8.5 (0.0)
GalN 44.4 (1.9) 20.0 (1.6) 44.2 (9.1) 39.1 (9.9) 40.7 (1.2) 18.9 (5.7) 25.9 (2.9) 29.9 (4.0)

Ara, arabinose; Rib,ribose; Man, mannose; Gal, galactose; Glc, glucose; GlcN, glucosamine; GalN, galactosamine.
Values indicate %mol of neutral sugars as determined in two replicate biological extracts with three technical replicates each (standard devia-
tion is presented in parentheses).

M15 (rho) and M21 (E1N14_08925). To account for indexes as determined by the ratio between CV-stained
effects derived from growth alterations in mutant strains, biomass and total cell density (ODgoo) are presented
both biofilm formation indexes as determined by crystal (Fig. 6A, B). Absolute and normalized biofilm indexes
violet (CV)-stained biomass and normalized biofilm gave comparable results.
A
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Fig. 6. Biofilm formation in static marine broth culture of S. algae CECT 5071 WT and transposon insertion mutants.

A. Surface-associated biofilm indexes as quantified by crystal violet staining (ODsgo) from at least three biological replicate cultures with seven
technical replicates each. The statistical significance of the differences between the WT strain and transposon insertion mutants was calculated
by One-way ANOVA followed by Dunnett’s post hoc analysis, with P = 0.05 as the threshold for significance (*P < 0.05; **P < 0.01;

*ikP < 0,001; ****P < 0.0001).

B. Normalized biofilm indexes, as determined by the ratio between eluted CV recordings and the ODgg Of the cultures before CV staining. The
statistical significance of the differences between WT and mutants was calculated by One-way ANOVA followed by Dunnett’s post hoc analysis,
with P = 0.05 as the threshold for significance (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). The dotted line in panels (A) and (B)
indicate WT levels of biofilm or normalized biofilm, respectively.
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Altered surface-associated biofilm formation of trans-
poson insertion mutants with respect to the WT was fre-
quently observed. The lack of apparent correlation
between the colony and surface-associated biofilm phe-
notypes suggest different components are involved in
the development of either type of biofiim in different
media. For example, the M3 (thyA), M19 (menF) and
M20 (menD) mutants show increased CR binding, but
only M3 exhibited significantly increased biofilm forma-
tion (> 5-fold) compared to the WT strain. Likewise,
transposon mutants M4-M11 interrupting the same hypo-
thetical gene (E1N14_01730) all displayed a colony phe-
notype with abrogated CR and BBG binding compared
to the WT, even though their surface-associated biofilm
formation in marine broth culture as determined by CV
staining was not significantly different. On the other side
of the spectrum, biofilm formation was strongly impaired
or almost entirely abolished in three mutants: M1 (barA),
M15 (rho), and M21 (E1N14_08925). Consistently,
mutants within the same gene interrupted by mini-Tn5
insertion exhibited similar biofilm formation changes with
respect to the WT strain.

Functional analysis of the S. algae CECT 5071 sensor
histidine kinase BarA

Signal transduction systems integrate environmental
stimuli with physiological responses, including biofilm for-
mation. BarA is the sensor histidine kinase of the BarA-
UvrY two-component system, catalyzing phosphorylation
of the cognate response regulator UvrY via a phosphore-
lay cascade from the transmitter (HisKA) domain with a
conserved His302 residue to a central receiver (REC)
domain containing a conserved Asp718 residue, and
subsequently to a C-terminal phosphotransfer domain
(Hpt) containing a conserved His861 residue (Ishige
et al., 1994; Pernestig et al.,, 2001) (Fig. S4A). Domain
structure and phosphotransfer residues are conserved in
the S. algae ortholog of E. coli.

To functionally characterize the role of the BarA phos-
phorelay on S. algae static biofilm formation, the native
barA gene or mutant derivatives harboring one or sev-
eral amino acid replacements in the phosphorelay cas-
cade were expressed from plasmid pSRK-Gm in the
barA mutant M1 showing impaired biofilm production. Of
note, the empty expression vector pSRK-Gm had a pro-
nounced effect resulting in a higher baseline level of bio-
film formation in the WT strain (Fig. S4B). Ectopic
expression of barA restored biofilim formation to 40 %
WT pSRK-Gm levels.

Next, single, double, and triple amino acid replace-
ments resulting in H306A, D729A, H860A, H306A-
D729A and H306A-D729A-H860A, were introduced into
BarA on the complementation vector pBarA. Mutant

proteins expressed in mutant M1 with the amino acid
replacements D729A, H860A, H306A-D729A and
H306A-D729A-H860A did not significantly change biofilm
formation with respect to the native protein. The only
marginally statistically significant difference was recorded
for cells expressing the BarA H306A mutant with respect
to the native protein, yet with a presumably negligible
biological significance. Of note, WT pSRK-Gm and M1
cells expressing the native protein and mutant deriva-
tives with single amino acid replacements exhibited cell
aggregation (Fig. S4B). Cell aggregation was, though,
not observed in M1 cells harboring the empty plasmid or
upon expression of variants of BarA with double or triple
amino acid replacements. These results evidence a sub-
stantial plasmid effect and, in addition, suggest that BarA
plays a complex role in the expression of the cell aggre-
gation and biofilm formation phenotypes.

Discussion

Regulation of colony morphology and biofilm formation
are complex processes, often involving multiple, inter-
connected pathways. In this work, we analyzed genes
contributing to the development of distinct colony mor-
photypes by differential CR and BBG binding in the type
strain S. algae CECT 5071 as well as biofilm formation
onto an abiotic surface in static broth culture. Over 5,000
transposon insertion mutants were generated, and the
transposon insertion site was identified in 43 mutants
showing altered colony morphology features. While our
transposon screening is far from saturated, the likelihood
of random integration into the S. algae CECT 5071 chro-
mosome is supported by the retrieval of independent
transposon insertions.

Targeted open reading frames included genes
involved in essential processes such as nucleotide
biosynthesis, DNA replication and repair, transcription,
and central metabolic pathways, supporting the notion
that CR and BBG colony morphology development is a
multi-factorial process deeply integrated into the physiol-
ogy of S. algae. Transposon insertions in specific path-
ways like menaquinone biosynthesis (men mutants M19
and M20) and sodium transport (ngrA mutant M12) point
to respiration as a key process regulating colony mor-
photypes of S. algae. Of note, many of the transposon-
interrupted genes code for hypothetical proteins of yet
unknown function. For example, gene E1N14_01730
encoding a hypothetical protein that abolished BBG bind-
ing, a novel colony dye binding type, was found to be
disrupted in 8 of the 43 mapped mutants and is a pri-
mary candidate for further functional studies.

Binding of specific dyes to agar-grown colonies has
been shown to be an indicator of, for example, virulence,
biofilm formation and iron acquisition (Daskaleros and
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Payne, 1987). We do not know which physiological
stage the BBG and CR binding colony morphotype
reflects. To our knowledge, binding of BBG has not been
associated with a certain physiological stage or surface
protein expression. However, we hypothesize that an
elevated ‘red” morphotype might resemble the rdar or
rugose colony biofilm morphotype of E. coli and S.
Typhimurium (Romling et al., 2003; Smith et al., 2017) or
the rugose morphotype of diverse Vibrio spp. including
Vibrio cholerae (Yildiz and Visick, 2009) and other bacte-
ria. Major hallmarks of a biofilm can include the expres-
sion of adhesive EPS components that induce a rough/
rugose colony phenotype, an associated surface- and
self-aggregative phenotype, a regulation of the colony
morphotype by the ubiquitous messenger cyclic di-GMP,
a substantially altered cell physiology and metabolism,
and tolerance against antimicrobials and disinfectants
(Romling and Balsalobre, 2012).

One of the intrinsic features of the biofiim lifestyle is
the production of EPS with structural, protective and
physiological functions (Flemming et al, 2007). To our
knowledge, colony phenotypes have not been investi-
gated previously in S. algae. We showed that the col-
ony morphotype features of S. algae on CR and BBG-
supplemented agar emerge from dye binding. As such
phenotypes might be associated with a different protein
and carbohydrate composition of the extracellular
matrix, biofilm EPS was extracted using two methods.
Our biochemical analyses showed similarities between
the EPS of the colony biofims of WT and M8
(ETN14_01730) on the one hand, and of M1 (barA) and
M3 (thyA) on the other hand, which were consistent in
both extraction procedures. Major differences in
monosaccharide content were observed between the
CER and formaldehyde-NaOH extracts, the latter show-
ing ten-fold higher arabinose content than the former. In
both extraction procedures, galactose and galac-
tosamine were the most abundant monosaccharides.
Nevertheless, CR or BBG binding to specific, individual
EPS components produced by S. algae could not be
assigned. It should be noted that many biofiim EPS
components such as the exopolysaccharides cellulose
and curdlan, type 1 fimbriae, and amyloid fimbriae are
not soluble in water and can only be depolymerized
and/or extracted by specific treatment which enables
their isolation and subsequent disaggregation/hydrolysis
into monomeric components, such as treatment with
acids or alkali (Collinson et al., 1991; Zogaj et al,
2001). It is not known whether similar insoluble poly-
mers may be produced by S. algae. It should also be
noted that CR is reported to bind as well to membrane-
integrated outer membrane proteins (Qadri et al., 1988),
or soluble but firmly-attached LPS (Budanova et al.,
2018). Differential elucidation of the identity of EPS

constituents of S. algae WT and mutant biofilms cer-
tainly requires additional experimentation with alternative
technical approaches.

Testing selected transposon mutants in static liquid
culture allowed us to identify several genes positively or
negatively regulating surface-associated biofilm forma-
tion in S. algae. Genes whose interruption increased bio-
film formation included the T2SS (gsp mutants M16-
M18), which has been shown to be required for biofilm
formation in enteropathogenic E. coli (Baldi et al., 2012)
and Vibrio cholerae (Johnson et al., 2014). Notably, the
interruption of genes involved in nucleotide biosynthesis
nadB (M2) and thyA (M3) resulted in increased biofilm
production, the latter causing a remarkable 5-fold
increase. The biofilm formation increase observed in the
nqrA mutant M12 suggests an involvement of the elec-
tron transport chain and respiration in the regulation of
this type of biofilm, a process that we have reported to
be deeply involved in the regulation of biofilm formation
in S. algae and E. coli (Kamal et al., 2020; Martin-
Rodriguez et al., 2020, 2021).

Among the genes whose disruption caused inhibition
of surface-associated biofilm formation, a transposon
insertion in the gene with locus tag E1N14_08925 (mu-
tant M21) practically abrogated biofilm production. Bio-
film formation in the S. algae rho mutant M15 was also
virtually entirely abolished, pointing to transcription termi-
nation to be involved in biofilm formation. Interruption of
the hybrid sensor histidine kinase barA caused signifi-
cant inhibition of biofilm formation. A study in Yersinia
pseudotuberculosis showed a barA mutant to increase
CR binding while surface-associated biofilm in multiwell
plates was not significantly different from that of the WT
(Schachterle et al., 2018). Surprisingly, while the phos-
phorelay activity of BarA was not required for S. algae
biofilm formation on the abiotic surface, phenotypic dif-
ferences in biofilm formation patterns were recorded
upon the expression of mutants in two or all three amino
acids in the phosphorylation cascade. Notably, control of
biofilm cohesiveness by BarA has been reported in Y.
pseudotuberculosis (Schachterle et al., 2018). A limita-
tion of our study is the strong plasmid effect, which
altered dramatically the biofilm phenotypes under investi-
gation, as well as the intrinsic difficulty of performing
gene manipulation in this strain. The metabolic costs of
plasmid maintenance, including significant effects on bio-
film formation, are recognized (Ghigo, 2001; Ow et al.,
2006; Teodosio et al., 2012) .

In summary, this work explored genes involved in the
regulation of different multicellular behaviors in S. algae
using a transposon mutagenesis approach. We have
defined a dye binding colony model of S. algae on LB
agar supplemented with CR and BBG, paving the way
towards studies aiming to explore the identity of the CR
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and BBG binding targets and the nutrient factors affect-
ing the development of different strain-specific morpho-
types. A first chemical characterization of the biofilm
EPS of S. algae has been provided, which showed dis-
tinctive electrophoretic fingerprints of the WT strain and
selected mutants. Monosaccharide analyses identified
galactose and galactosamine as the main components
of S. algae colony extracellular matrix. In addition, dis-
tinct cell-cell arrangement and cell morphology was
observed in mutant colonies, the biological significance
stil to be explored. The development of alternative
genetic tools will facilitate subsequent molecular studies
with S. algae.

Experimental procedures
Strains and growth conditions

The bacterial strains used in this study are listed in
Table S1. Shewanella algae CECT 5071 was routinely
cultured in Marine Broth (MB) or on Marine Agar at
30°C. Escherichia coli strains were routinely cultured in
LB broth or on LB agar at 37°C. When required, kana-
mycin (50 ug ml™"), gentamycin (50 ug ml™), and/or iso-
propyl B-D-1-thiogalactopyranoside (IPTG, 500 uM) were
supplemented.

Transposon mutagenesis

Plasmid pRL27 (Table S2) was mobilized from E. coli
MFDpir to S. algae by bi-parental mating (Ferrieres
et al., 2010). Briefly, 1-ml aliquots of overnight cultures
of both strains were washed twice with fresh LB med-
ium containing 0.3 mM diaminopimelic acid (DAP),
mixed, spotted on LB agar containing DAP, and incu-
bated overnight at 37°C. Mating was interrupted by re-
suspending the cells in LB medium and plating on Km
agar.

A total of 5082 mutants were individually picked,
grown in MB, and their colony biofilm morphotype ana-
lyzed on LB agar supplemented with 40 ug mI™" CR and
20 pg mi™ BBG, on which S. algae showed the most
pronounced colony morphotype. Mutants exhibiting
altered colony biofilm morphotypes were preserved.
Mapping of the transposon chromosomal insertion sites
was conducted as previously described (Larsen et al.,
2002). Briefly, genomic DNA was isolated and digested
with an enzyme that does not cut within the transposon
(BamHI and/or Spel). The resulting DNA fragments con-
taining the transposon and adjacent chromosomal DNA
were self-ligated, propagated in E. coli DH5a Apir and
sequenced using primers tpnRL17-1 and tpnRL13-2
(Table S2) pointing outwards of the transposon. The
genetic environment of the transposon insertion sites

was reconstructed using the S. algae CECT 5071 draft
genome sequence obtained as described below.

Whole-genome sequencing

DNA was extracted from S. algae CECT 5071 using the
DNeasy Blood & Tissue Kit (Qiagen). Library preparation
was performed using the TruSeq Nano DNA library
preparation kit (llumina) and the libraries were subse-
quently sequenced on a MiSeq platform, 2 x 300 bp
paired end reads. The sequencing reads were pro-
cessed using the BACTpipe bacterial assembly and
annotation pipeline v2.6.0 (https://github.com/ctmrbio/
BACTpipe). The Whole Genome Shotgun project was
deposited at the GenBank under the accession
SMNRO00000000 and annotation was added by the NCBI
Prokaryotic Genome Annotation Pipeline

Colony biofilm morphotype analyses

The colony biofilm morphotype of S. algae WT and
transposon insertion mutants was evaluated on LB agar
supplemented with CR (40 ug ml™") and a second addi-
tive, BBG (20 pg ml™), to provide better contrast for the
visualization of colony morphotypes (Friedman and Kol-
ter, 2004; Cimdins and Simm, 2017). Ten ul overnight
cultures were spotted on CR and BBG-supplemented
agar plates and incubated at 30°C for 48 h for pheno-
type recording. Extraction of colony-bound dyes was per-
formed by scraping and resuspending the colonies in
500 pl methanol, followed by intense vortexing and cen-
trifugation to collect cell debris. The absorbance spectra
were recorded from 200-ul supernatant aliquots.

Assessment of biofilm formation in broth culture

Static biofilm formation assays were conducted as
reported (Martin-Rodriguez et al., 2014) with minor mod-
ifications. Briefly, fresh overnight cultures were homoge-
nized by vigorous vortexing and diluted 1:100 in MB.
Two-hundred ul were pipetted into each well of a flat-
bottomed 96-well plate and incubated statically at 30°C
for 24 h. Total cell density was determined as ODggo.
The total biofilm index was determined by CV staining
(0.2 %) followed by elution with 30% acetic acid and
absorbance recording at 590 nm. The normalized biofilm
index was calculated as the ratio between eluted CV
recordings and ODggo. Growth and biofilm formation pat-
terns were documented using strip-wells (Greiner Bio-
One, Kremsmunster, Austria, #762070). Statistical analy-
ses were performed using GraphPad Prism software
version 8.4.3 (GraphPad Software, San Diego, CA,
USA).
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Extraction of soluble biofilm extracellular matrix
components

Extraction of soluble extracellular polymeric substances
(EPS) from the colony biofilms of selected transposon
mutants was performed following two previously
described procedures, namely CER extraction and
formaldehyde-NaOH extraction (Liu and Fang, 2002;
Jachlewski et al., 2015) with minor modifications. Thus,
overnight cultures of the test strains were prepared in
two biological replicates, homogenized by vigorous vor-
texing and used to grow colony biofilms by spotting
10 ul on LB agar plates without addition of dyes (30°C,
48 h, 50 colonies per biological replicate). Each set of
50 colonies was scraped from the agar and suspended
in 10 ml PBS (pH = 7.4, 0.01 M, Medicago, Sweden) in
pre-weighed 50 ml tubes, and the biofilm biomass was
recorded.

For CER extraction, 2 g of the strongly acidic resin
Amberlite HPR1100 (Merck, Darmstadt, Germany) pre-
washed with 20 ml PBS (2 x 15 min) were added. The
biofilm suspensions were vigorously shaken at maximal
speed for 10 min using a KEBO-Lab REAX 2000 vortex.
Subsequently, the tubes were centrifuged at 4°C,
4000 rpm, for 2 h, and the supernatants were filtered
(0.2 um). The filtered supernatants were transferred to
Pur-A-Lyzer dialysis membranes (MWCO 3.5 kDa) and
dialyzed against ddH,O 2 x 1 h at room temperature
and then 24 h at 4°C.

For formaldehyde-NaOH EPS extraction, the resus-
pended biofilm biomass was fixed for 1 h at 4°C by addi-
tion of 60 ul formaldehyde (37 % v/v). After fixation,
800 ul 5N NaOH were added and the samples were stir-
red for 3 h at 4°C. Subsequently, the extracts were cen-
trifuged for 2 h at 4°C, 4000 rpom. The supernatants
were collected, filtered (0.2 um), and dialyzed against
ddH,0 2 x 1 h and then 24 h at 4°C.

Scanning electron microscopy

Prior to imaging, bacterial colonies were overlayered with
2.5% glutaraldehyde and 1% paraformaldehyde in 0.1 M
phosphate buffer, pH = 7.4. After fixation, the bacterial
colonies were cut out and the bulk of the supporting
agar was carefully trimmed away prior to washing in
ddH,O and stepwise ethanol dehydration. The colonies
were finally subjected to critical-point-drying (Leica EM
CPD 030, Wetzlar, Germany), mounted on specimen
stubs using carbon adhesive tabs and sputter coated
with platinum (Quorum Q150T ES). SEM images were
acquired using an Ultra 55 field emission scanning elec-
tron microscope (Zeiss, Oberkochen, Germany) at 5kV
and the SE2 detector.

Quantification of total carbohydrates and proteins in EPS
extracts

Total carbohydrate contents per unit of biomass were
determined using the phenol-sulfuric acid method (Total
Carbohydrate Assay Kit; Sigma-Aldrich, St. Louis, MO,
USA) and normalized with respect to the total biofilm bio-
mass. Total proteins in the EMC extractions were quanti-
fied by the Lowry method after Peterson’s modification
(Peterson, 1977) using a commercially-available kit
(Sigma-Aldrich TP0300) and normalized with respect to
the total colony biomass. Statistical analyses were per-
formed using GraphPad Prism software version 8.4.3
(GraphPad Software, San Diego, CA, USA).

Electrophoretic analysis of biofilm EPS

EPS components were separated by SDS-PAGE (12%
polyacrylamide gels, 1x Tris-Glycine-SDS buffer, 100 V)
and the gels were submitted to different staining meth-
ods to detect EPS components based on their chemical
nature, as indicated below:

Stains-all. A protocol by Lee and Cowman (Lee and
Cowman, 1994) was adapted with minor modifications.
Thus, after electrophoresis, gels were washed twice with
ddH,0, fixed in 25% isopropanol for 3 h, washed again
twice with ddH,O and stained overnight in a 0.005% (w/
v) solution of Stains-All in 50% ethanol. Gels were
destained in ddH,O under light before imaging.

Alcian Blue staining. A protocol by Shori and co-work-
ers (Shori et al., 2001) was adapted with minor modifica-
tions. After electrophoresis, gels were washed twice with
ddH,0, fixed (10% acetic acid, 25% ethanol, 4 x 15
min) (Boleij et al., 2019), washed again with ddH.O
twice, and stained overnight in a Alcian Blue solution at
pH = 2.5 (0.1% w/v Alcian Blue, 3% acetic acid, 0.5% v/
v Tween-20) or pH = 1.0 (0.1 % w/v Alcian Blue, 0.1 M
HCI, 0.5% v/v Tween-20). At pH = 2.5, the cationic dye
Alcian Blue stains dissociated (ionic) acidic groups
(Boleij et al., 2019) including carboxylated and sulfated
mucins, whereas at pH = 1.0 the dye is specific to sul-
fated mucopolysaccharides. Gels were destained in solu-
tions of the same composition as the respective staining
solutions, except for Alcian Blue, and documented.

Periodic acid-Schiff (PAS) staining. Glycoproteins were
stained using the periodic acid-Schiff (PAS) method with
the Pierce Glycoprotein Staining Kit (Thermo Fisher Sci-
entific, Waltham, MA, USA) following the manufacturer’s
instructions. This method is specific for glycans bearing
vicinal hydroxyl groups (Boleij et al., 2019).

Colloidal Coomassie staining. Visualization of proteins
in EPS extracts was performed by colloidal Coomassie
staining. Briefly, gels were washed twice with water,
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fixed for 1 h (40% ethanol, 10% acetic acid), washed
2x15 with water, and stained overnight with a colloidal
Coomassie solution (0.1% wi/v Brilliant Blue G-250, 2%
w/v 85% ortho-phosphoric acid, 10% w/v ammonium sul-
fate). Excess dye was removed with 1% acetic acid
before imaging.

Silver staining. EPS components in extracts were also
visualized by silver staining using a commercial kit
(Pierce Silver Stain Kit, Thermo Fisher Scientific, Wal-
tham, MA, USA) following the manufacturer’s indications.
Excess stain was removed by placing the gel in a 1%
hydrogen peroxide solution.

FTIR analysis

FTIR spectra were collected using a Spectrum 100 FTIR
instrument (Perkin Elmer, Norwalk, CT, USA) equipped
with a single reflection accessory unit (Golden Gate, Gra-
seby Speac Ltd, Kent, UK). The data were recorded in a
spectral range of 600-4000 cm™ at a resolution of
4.0 cm™ after 16 scans. The baseline correction and nor-
malization of the recorded spectra were performed using
Spectrum software (Perkin Elmer, Norwalk, CT, USA).

Monosaccharide analysis (neutral sugars and uronic
acids)

Analysis of neutral sugars and uronic acids was per-
formed by acid hydrolysis followed by chromatographic
quantification of the released monosaccharides. Two bio-
logical replicates and two analytical replicates were per-
formed per bacterial strain and extraction methodology.
In brief, around 1 mg of freeze-dried EPS material was
subjected to acid hydrolysis with 2 M trifluoroacetic acid
(TFA) at 121°C for 3 h (Albersheim et al., 1967). An ali-
quot of the acid hydrolysate was dried under N, air, and
the neutral sugars were derivatized to their alditol acet-
ates (Blakeney et al., 1983) by reduction (using NaBH,
in 1 M NHz at room temperature) and acetylation (with
acetic anhydride in pyridine at 100°C for 60 min). The
derivatized alditol acetates were purified by liquid:liquid
extraction using ethyl acetate and further analyzed by
gas chromatography — mass spectrometry (GC-MS)
using a HP-6890 GC system and an HP-5973 electron-
impact mass spectrometer (Agilent Technologies)
equipped with a SP-2380 capillary column (30 m by
0.25 mm, Supelco). Separation of the alditol acetates
was performed using a temperature program from 180°C
to 230°C at a rate of 1.5°C min™' (Mélida et al., 2013).

Site-directed mutagenesis

Amino acid substitutions in S. algae BarA, H306A,
D729A, HB860A, H306A-D729A and H306A-D729A-

H860A, were introduced using the primers listed in
Table S2 using the Q5 site-directed mutagenesis kit
(NEB) following the manufacturer’s instructions. Point
mutations were confirmed by Sanger sequencing. Plas-
mids were propagated in Escherichia coli TOP10 and
introduced in S. algae by electroporation. Electrocompe-
tent S. algae cells were prepared by washing overnight
cultures three times with 1 M sorbitol, pH = 7.2 (Corts
et al., 2019).
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Fig. S1. Gene synteny and proximity of S. algae CECT
5071 transposon-interrupted genes. Tn5-disrupted genes
are colored in red. Genes putatively belonging to the same
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operon are colored in pale yellow. Key annotations are indi-
cated.

Fig. S2. Individual FTIR spectra of CER and formaldehyde-
NaOH EPS extracts. Data from two biological experiments
are shown for CER EPS extracts, A-D, and formaldehyde-
NaOH EPS extracts, E-H, of the WT strain and mutants M1
(barA), M3 (thyA) and M8 (E1N14_01730).

Fig. S3. Growth and biofiim formation patterns of S. algae
WT and transposon insertion mutants. Side and top views
of strip-well cultures (24 h, 30°C, MB medium) of S. algae
CECT 5071 WT and isogenic transposon insertion mutant
derivatives before and after crystal violet staining of biofilm
biomass.

Fig. S4. Functional analysis of the hybrid sensor histidine
kinase BarA of S. algae. A. Domain architecture of the BarA
protein as determined by SMART (http://smart.embl-heide
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Iberg.de/). The location of Tn5 integration and key amino
acid residues H306, D729 and H860 putatively involved in
the phosphorelay cascade are indicated. B. Biofilm forma-
tion of S. algae WT and mutant M1 (barA) harboring the
empty vector pSRK-Gm plasmid, or the mutant strain com-
plemented with the native or mutant barA derivatives cloned
in pSRK-Gm. Statistical significance of the differences are
calculated from 4 biological replicates with 6 technical repli-
cates each using One-way ANOVA followed by Tukey’s
post hoc analysis, with P = 0.05 as the threshold for signifi-
cance (* P < 0.05; ** P < 0.01; *** P < 0.001; *¥** P <
0.0001). Inset: side view of CV-stained wells showing phe-
notypic differences upon native or mutant barA expression
with respect to the WT or mutant empty vector controls.
Table S1. Bacterial strains used in this study.

Table S2. Plasmids and primers used in this study.
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