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Summary

Outer membrane extensions are common in many
marine bacteria. However, the function of these sur-
face enlargements or extracellular compartments is
poorly understood. Using a combined approach of
microscopy and subproteome analyses, we therefore
examined Pseudoalteromonas distincta ANT/505, an
Antarctic polysaccharide degrading gamma-proteo-
bacterium. P. distincta produced outer membrane
vesicles (MV) and vesicle chains (VC) on polysaccha-
ride and non-polysaccharide carbon sources during
the exponential and stationary growth phase. Surface
structures of carbohydrate-grown cells were
equipped with increased levels of highly substrate-
specific proteins. At the same time, proteins encoded
in all other polysaccharide degradation-related geno-
mic regions were also detected in MV and VC sam-
ples under all growth conditions, indicating a basal
expression. In addition, two alkaline phosphatases
were highly abundant under non-limiting phosphate
conditions. Surface structures may thus allow rapid
sensing and fast responses in nutritionally deprived
environments. It may also facilitate efficient carbohy-
drate processing and reduce loss of substrates and

enzymes by diffusion as important adaptions to the
aquatic ecosystem.

Introduction

Marine bacteria have developed several strategies to effi-
ciently sense, trap and utilize nutrients in the ocean,
which allow them to persist and to propagate under
substrate-limited conditions as well as to successfully
compete during nutrient-rich conditions such as phyto-
plankton blooms. Besides multimodular proteins and
expanded sets of specialized enzymes, high copy num-
bers of transporters, ‘selfish’ uptake mechanisms,
streamlined genomes or lithoheterotrophy (Moran
et al., 2004; Swan et al., 2013; Hehemann et al., 2017;
Reintjes et al., 2017; Unfried et al., 2018), such strategies
might also include the production of membrane exten-
sions, a ubiquitous phenomenon in marine environments.
These extensions include vesicle chains (VC) (Fischer
et al., 2019), which protrude from the cellular surface,
and membrane vesicles (MV) (Nevot et al., 2006; Frias
et al., 2010; Pérez-Cruz et al., 2013; Biller et al., 2014;
Schatz and Vardi, 2018), which are released into the
environment.

MV formation has been frequently reported in patho-
genic bacteria (Kadurugamuwa and Beveridge, 1995;
Pérez-Cruz et al., 2015), commensals (Ahmadi Badi
et al., 2017; Arntzen et al., 2017), and bacteria in water-
limited soils, which produce MV-containing nanopods
(Shetty et al., 2011) or VC (Remis et al., 2014). However,
while the exact function of these morphological peculiari-
ties has been extensively investigated in pathogens, it is
still largely underexplored in the marine environment.
While vesicle formation is linked to the distribution of
cytotoxic compounds or virulence factors in pathogens
(Ellis and Kuehn, 2010), additional functions like surface
adhesion, biofilm formation, cell-cell-communication, hori-
zontal gene transfer or nutrient acquisition may also play
a pivotal role for non-pathogenic marine bacteria,
guaranteeing their survival in nutrient-depleted environ-
ments (Abe et al., 2020). As recently proposed, MV may
have an important effect on microbial population
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dynamics in substrate niches with high local cell densi-
ties, which suggests that polysaccharide-providing algal
blooms are also hot spots for bacterial communication
and exchange (Schatz and Vardi, 2018).
Previous studies demonstrated that a specific polysac-

charide utilization locus (PUL), encoding all required pro-
teins for pectin degradation and sugar uptake, enabled
the Antarctic strain Pseudoalteromonas distincta
ANT/505 to degrade pectin (Truong et al., 2001;
Hehemann et al., 2017). Here, we demonstrate that this
psychrophilic marine bacterium is able to utilize additional
polysaccharides besides pectin. We observed high mor-
phological diversity of polysaccharide-using P. distincta
ANT/505 cells, many of which featured MV and VC as
membrane extensions. Our data suggest that MV and VC
accelerate polysaccharide sensing and the initial depoly-
merization steps. We hypothesize that the abundance of
degradative enzymes, carbohydrate-binding proteins and
transporters on an enlarged surface area represents an
adaptation of marine bacteria to the dilute marine envi-
ronment. This specialization likely enables the cells to
enhance interaction with complex substrates and
increases efficiency of polysaccharide digestion, which is
an important aspect of nutrient cycling in the ocean.

Results

PUL repertoire

In addition to a previously investigated pectin PUL
(Truong et al., 2001; Hehemann et al., 2017), we identi-
fied 12 new putative PULs as well as distal genes coding
for polysaccharide-acquiring or -degrading functions in P.
distincta ANT/505 (formerly classified as
Pseudoalteromonas haloplanktis ANT/505) (Fig. 1,
Fig. S1). Comparative analysis indicated that most of the
respective PUL-encoded genes also exist in other cold-
adapted marine representatives of the genus
Pseudoalteromonas (Fig. 1), suggesting that such func-
tions are widespread in cold ocean waters. Our PUL
analysis predicted a putative alginate PUL (PUL 3), which
was present with high similarities in all other
Pseudoalteromonas strains (Fig. S2). These compari-
sons revealed that P. distincta’s putative alginate PUL is
localized on two different contigs (92 and 65). Despite
sharing only a very short overlap of 13 bp, both contigs
could be assembled into one coherent PUL sequence
based on synteny analyses with related PULs. That algi-
nate is indeed a substrate for P. distincta was confirmed
by growth experiments (Fig. S3). In comparison to pectin-
grown cells, growth rates were slightly higher on alginate,
as were the observed maximum optical densities. Other
putative substrates derived from carbohydrate active
enzyme (CAZyme) composition of PULs were pullulan,

levan or glucan. Associated substrates of seven PULs
remain unknown. Nevertheless, compared to an average
PUL number of 7.5 in 53 bacteria isolated from North
Sea surface waters (Kappelmann et al., 2019), a total
PUL number of 13 thus reflects P. distincta’s adaptation
to a polysaccharide diet.

Morphological diversity

Microscopic analyses determined an average cell length
of about 1.3 μm and a width of 0.5 μm under all substrate
conditions (alginate, pectin and peptone) and illustrated a
remarkable morphological diversity of P. distincta cells
(Fig. 2). Regardless of the carbon source and the growth
phase (exponential and stationary growth phase), cells
formed MV, VC and thin tubulars (Fig. 2). The diameter
of these thin tubulars exceeds the diameter of flagella
(15-20 nm) (Jones and Aizawa, 1991), which classifies
tubulars as separate appendages. The tubulars reached
lengths of up to 300 nm, and had a diameter of about
20-40 nm. VC were even longer than the thin tubulars.
With a maximum length of about 4 μm, VC can be up to
threefold longer than the rod-shaped cells themselves
(Fig. 3A). Single vesicle units from VC had a diameter
size of about 37 nm. With a diameter size ranging from
10-18 nm, P. distincta’s MV are smaller than the linked
vesicles in VC (Fig. 3B and C). We speculate that some
of the blebs arising from the cell surface might represent
MV (Fig. 2B), which were clearly visible in MV-enriched
fractions (Fig. 3C).

In principle, VC and MV may arise either exclusively
from the outer membrane, or from both the inner and the
outer membrane. Based on our microscopic analysis we
assume MV to protrude from the outer membrane
(Fig. 2F). TEM analyses did not detect bilayer MV, so
called inner-outer MV. Likewise, VC appeared also to be
produced as a continuum of the outer membrane, illus-
trated by TEM analyses of ultra-thin cell sections (Fig. 2C
and I). Vesicle units of VC were arranged in a structured
form, in which vesicles were interconnected with each
other, but not strangulated (Fig. 3B). Formation of VC
and thin tubulars also enabled cell-to-cell connections in
liquid and on solid media, but with VC-linked cells being
more specific for liquid cultures (Figs S4 and S5). In addi-
tion, the putative extracellular polymeric substances
(EPS) might support encapsulation of larger cell aggrega-
tions. Using proteome analysis (see below), we found
that P. distincta produces a putative exopolysaccharide
biosynthesis protein (EGI73895), a capsular polysaccha-
ride biosynthesis protein (EGI73894) and polysaccharide
export proteins (EGI74679, EGI74701, EGI74704) during
all growth conditions tested (Table S1).

Unlike VC and MV that arise from the outer membrane,
the composition of tubulars remains unknown. It has
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been reported that similar structures are constructed from
protein or from membranes in other bacteria (Clark
et al., 2007; Remis et al., 2014). They might also consist
of EPS.

Although most observations were thus universal for all
conditions tested, two specific morphological features
were identified during growth on alginate. First, alginate
seemed to trigger the formation of large coccoid
deformed cells (Fig. 2A). With an average length of
2.5 μm and a width of 1.5 μm, these enlarged cells were
twice as large compared to the typical rod-shaped cells.
Microscopic analyses indicated that representative cells
of this large subpopulation are able to perform cell divi-
sion (Fig. S6). Second, alginate-grown cells produced
thick protuberances, which greatly diverged in structure
and size from the VC and thin tubulars observed under
all other growth conditions. The thick, unstructured protu-
berances reached maximum lengths of 400 nm and an
average diameter of 188 nm (Fig. 2A and C).

Subproteome analyses

In order to examine the function of these detectable
membrane extensions of P. distincta, we analyzed differ-
ent subcellular fractions using proteomics. We investi-
gated and compared four individual subproteomes,
i.e., the VC-enriched and the MV-enriched protein

fraction as our target structures, as well as the intracellu-
lar soluble and the outer membrane-associated protein
fraction as two selected references. At the same time, we
used different carbon sources to analyze substrate-
specific responses.

Depending on the substrate, subproteome analyses
captured 1000-1250 proteins in the MV- or VC-enriched
fraction, compared to 900-1100 proteins in the outer mem-
brane and 1500-2100 proteins in the intracellular soluble
proteome. Out of 4126 proteins encoded in the P. distincta
genome, a total of 2499 proteins could be identified and
quantified as %riBAQ-values (relative intensity-based
absolute quantification, see Experimental procedures) in
the context of this study. Whereas all intracellular prote-
ome samples were dominated by cytoplasmic proteins,
outer membrane-associated, periplasmic and extracellular
proteins but also proteins of unknown localization were
enriched in MV and VC samples (Fig. 4). Further analyses
revealed that a large proportion of those unknowns might
also be membrane-associated, periplasmic or extracellular
proteins. On average, SignalP (Almagro Armenteros
et al., 2019) identified a type I signal peptide for about
37% of those unknown proteins and a type II lipoprotein
signal peptide for about 25% (Table S2).

Noteworthy, proteome analyses quantified proteins
from all PULs in MV and VC fractions irrespective of
whether or not polysaccharides were available as carbon
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Fig. 1. Comparison of P. distincta ANT/505 genomic contigs with genome sequences from other marine Pseudoalteromonas strains using BRIG
(Alikhan et al., 2011) and identified P. distincta PULs. For (putative) substrates assigned to PULs see also Fig. S1.
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Fig. 2. Electron micrographs illustrating different morphotypes of P. distincta ANT/505 growing on different substrates. A–C. Cells grown on algi-
nate. D–F. Cells grown on pectin. G–I. Cells grown on peptone. Formed VC are marked with an arrow and thick protuberances with an asterisk,
both produced from the outer membrane.
A. Overview of different morphotypes of P. distincta.
B. Single cell with blebs on the cell surface and a big vesicle, with size fitting to a VC.
C. Cross section of cells showing the thick protuberances and VC.
D. Cells with thin tubulars.
E. Vertical view on one P. distincta cell with several VC.
F. Cross section of cells showing thin vesicles on the surface of the cell.
G. Cells with typical morphology of P. distincta.
H. VC and tubulars forming an intercellular network.
I. Cross section of cells showing blebs on the cell surface and a VC.
VC: vesicle chain.
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source (Fig. 5). Altogether, our analyses captured
18 putative polysaccharide specific CAZymes in peptone
MV and VC samples, including glycoside hydrolases
(GH), polysaccharide lyases (PL) and carbohydrate
esterases (CE), compared to 20 enzymes with alginate
and 24 enzymes with pectin (Table S3). However, when
providing a defined carbohydrate, abundance of the
respective PUL-encoded proteins was increased com-
pared to peptone-grown cells (Table S1, Figs S8 and
S9), especially in the case of pectin (Fig. 5A). On the
other hand, we also found a very similar number of pepti-
dases in peptone and polysaccharide samples.

In addition to these nutrient-digesting enzymes,
remarkably abundant putative phosphate-releasing
enzymes were identified under all growth conditions,

although sufficient phosphate was supplied in the
medium. This includes two putative phosphatases
EGI74899 and EGI72339, as well as a pair of putative
alkaline phosphatases (EGI73112 and EGI73113), which
are encoded by PUL 5. The latter two belonged to the
most abundant proteins in the MV and VC fractions in all
samples (Fig. 5B, Table S1). The structure of the alkaline
phosphatases-encoding PUL 5 largely varied among
marine Pseudoalteromonas strains (Fig. S2).

The high number of nutrient-processing proteins is not
only reflected in quantified enzymes, but also in detected
sugar transporters, which are often, but not exclusively,
expressed from PULs. We identified 52 of 54 TonB-
dependent receptors (TBDR) encoded in the P. distincta
genome in our proteome analyses (Table S1). These

Fig. 3. Electron micrographs of membrane extensions of pectin grown P. distincta ANT/505.
A. Scanning electron micrographs of cells with large VC.
B. Negative staining of isolated VC.
C. Negative staining of MV.
VC: vesicle chain; MV: membrane vesicle.

Fig. 4. Contribution of cytoplasmic,
membrane-bound, periplasmic and
extracellular proteins to overall protein
abundance in all sample types. Abun-
dance of proteins (sum %riBAQ
values) per predicted subcellular local-
ization is given for the individual sub-
proteomes (IC: intracellular soluble,
VC: vesicle chain, MV: membrane
vesicle, OM: outer membrane) of
peptone-, pectin- and alginate-grown
cells of P. distincta ANT/505. Locali-
zation was predicted using PsortB
(Yu et al., 2010).
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proteins transport a variety of different substrates
(Fig. S7A). Especially in MV and VC fractions of pectin-
grown cells, polysaccharide-related TBDRs were more
abundant than TBDRs for vitamin- or siderophore acqui-
sition. Among various captured carbohydrate TBDRs,
their overall abundance was mainly due to the particularly
abundant pectin PUL-specific TBDRs or specific pectin-
responding TBDRs (Fig. S7B).
Taking a closer look at pectin and alginate-degrading

enzymes in the different subproteomes, both PUL-
encoded and non-PUL-encoded polysaccharide-
depolymerizing enzymes as well as transporters were
highly abundant in MV and VC fractions, whereas sugar
oligomer-degrading or monomer-metabolizing enzymes
were less abundant in these subproteomes (Figs 6 and
7, Table S3, Figs S8 and S9).
The observed induction of the pectin PUL cor-

responded to findings of Hehemann et al. (2017). Pro-
teins that are active on the polysaccharide chain and
transporters that mediate uptake of oligomeric pectate
during pectin utilization were also highly abundant in
membrane extensions of P. distincta during growth on
pectin as only carbon source (Fig. 6). The putative outer
membrane-anchored PUL-encoded pectate lyase PelA
(EGI73601) was one of the most abundant proteins in
MV and VC fractions (Table S1). The pectin PUL-
encoded TBDR proteins EGI73602 and EGI73616 were
even more abundant in the MV and VC subproteomes,

with EGI73616 being the most abundant protein in mem-
brane extension samples. These proteins were also
detected in high quantities in the outer membrane sam-
ples (Fig. 6). In addition to enriched outer membrane-
associated proteins in surface structures, the putative
periplasmic GH105 (EGI73610) was also abundant in MV
and VC. By contrast, monosaccharide transporters
(TRAP-transporters: EGI73596, EGI73597, EGI73598),
or enzymes, which are involved in the degradation of
monosaccharides were abundant in the intracellular solu-
ble proteome. In summary, mainly proteins catalyzing first
steps of pectin deconstruction and import of produced
products are dominant in the surface structures.

A similar picture was detected for the alginate-utilizing
proteins in membrane extensions of P. distincta. Three
PUL-encoded alginate lyases, one PL17 (EGI71377) and
two PL6 (EGI71376, EGI71760), were identified in MV
and VC fractions (Fig. 7). Proteome analysis showed that
also other, non-PUL-associated proteins were abundant
during growth on alginate, indicating their putative role in
alginate utilization (Fig 7, Fig. S9). This was supported by
dbCAN2 (Yin et al., 2012) and CDVist (Adebali
et al., 2015) analyses, which classified three proteins of
formerly unknown function as PLs. One of them was the
aforementioned PUL-encoded PL6 (EGI71760), but
another two unknowns were not PUL-associated and
were assigned to the alginate-active PL family
7 (EGI71436) and 18 (EGI71949). In addition, CDVist

A B

Fig. 5. Abundance of PUL-encoded proteins. The abundance of PUL-encoded proteins is given for the different subproteomes (IC: intracellular
soluble, VC: vesicle chain, MV: membrane vesicle, OM: outer membrane) of peptone-, pectin- and alginate-grown cells of P. distincta ANT/505.
A. Summed abundance values (sum %riBAQ) of PUL-encoded proteins (for more information on PULs see Table S3).
B. Individual protein abundance values (%riBAQ) of PUL 5-encoded proteins contributing to the overall abundance of all PUL 5-encoded proteins
shown in panel (A).
Please note that protein abundance values should only be compared within the same subproteome (see Experimental procedures for details).
Arrows indicate the orientation of corresponding protein-coding genes. Operons were predicted using FGENESB (Solovyev and Salamov, 2010).
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identified a dystroglycan-type cadherin-like protein
(EGI74527) to have a polysaccharide lyase domain,
hereinafter labelled as PLnc. Comparison of this lyase
with corresponding proteins from different
Pseudoalteromonas species revealed that all these pro-
teins also possess the same PL domain at their C-
terminus.

In comparison to alginate-depolymerizing lyases,
alginate-specific TBDRs were even more abundant in
surface structures, which was similar to results with pec-
tin (Fig. 7). The periplasmic PUL-encoded

oligosaccharide-degrading EGI71377 (PL17), as well as
a PUL-encoded inner membrane-associated transporter
(EGI71379; major facilitator superfamily transporter iden-
tified with Pfam (El-Gebali et al., 2019)), were also quan-
tified in the MV and VC proteomes, but with lower
abundance, which was similar to their abundance in the
other subproteomes (Fig. 7). Corresponding to our results
on pectin utilization, proteins catalyzing downstream
processing of alginate-derived monosaccharides were
again more abundant in the intracellular soluble
proteome.

A B

Fig. 6. Abundance of pectin utilization proteins in membrane extensions.
A. Putative pectin degradation pathway in P. distincta (Hehemann et al., 2017).
B. Abundance (%riBAQ) of the pectin-specific proteins within the different subproteomes (OM: outer membrane, MV: membrane vesicle, VC: ves-
icle chain) of pectin-grown cells of P. distincta ANT/505. Proteins in bold mark pectin PUL-encoded proteins (Fig. S1).
Asterisks mark low-abundant proteins (Table S1). IM: cytoplasmic membrane, TBDR: TonB-dependent receptor, GH: glycoside hydrolase, TRAP:
Tripartite ATP-independent periplasmic transporter, KDG: 2-keto-3-desoxy-gluconate, KDPG: 2-keto-3-desoxy 6-phosphogluconate. Please note
that protein abundance values should only be compared within the same subproteome (see Experimental procedures for details).
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Although both carbohydrates thus triggered a targeted
production of substrate-specific enzymes, we found that
proteins related to pectin utilization were highly abun-
dant in pectin-grown cells, compared to low-abundant
alginate-utilizing proteins in alginate-grown cells. In
addition, 13 pectin-PUL-encoded proteins were exclu-
sively quantified in pectin-grown cells, whereas results
for alginate suggested a certain basal expression of the
alginate PUL (Table S3). This might indicate that algi-
nate is more accessible as a substrate compared to
pectin, which was also reflected in corresponding
growth curves (Fig. S3).

Discussion

The exact function of cellular appendages like VC or
released MV of marine bacteria in their aquatic environ-
ment is controversially discussed. In P. distincta ANT/505,
the formation of VC as well as additionally produced thin
tubulars might support aggregation of cells on solid but also
in liquid media, which emphasizes their role in forming

cellular networks. In non-marine environments, the link
between such appendages and biofilm formation has been
extensively investigated for clinical isolates or other patho-
genic bacteria. For instance, the plant pathogen Dickeya
dadantii formed cellulose nanofibres decorated with bead-
like structures, which conjoined cells with each other (Jahn
et al., 2011), whereas for the clinical strain
Stenotrophomonas maltophilia fibrillar structures have been
reported (de Oliveira-Garcia et al., 2002; Jahn et al., 2011).
Besides, also fish pathogens like Flavobacterium psy-
chrophilum or Flavobacterium columnare produced VC to
establish cell-cell-interactions (Møller et al., 2005; Laanto
et al., 2014). At the same time, the formation of biofilms is
a widespread phenomenon in marine ecosystems with
objectives and functions not exclusively restricted to patho-
genicity. In addition, just as we found for P. distincta in liq-
uid culture, aggregation of cells is not only related to solid
surfaces, but is also common in floating bacteria (Malfatti
and Azam, 2009; Abe et al., 2020). Accordingly, Malfatti
and Azam (2009) illustrated that a majority of free-floating
bacteria from coastal and marine environments were
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associated with each other by pili or in gels, either in pairs
or in small communities of up to 20 cells. With assistance
of VC or thin tubulars, free-living bacteria could thus adhere
to each other, but also to algae, floating algal polysaccha-
rides or marine snow, which represent nutrients in the
aquatic environment (Bruns et al., 2001; Galkina
et al., 2011). In addition to VC formation, MV might also
mediate contact to substrates or between cells, as
suggested for the cellulolytic herbivore gut bacterium
Fibrobacter succinogenes (Arntzen et al., 2017), but also
in marine ecosystems (Abe et al., 2020). Moreover, based
on microscopic analyses we assume that VC of P. distincta
bridge periplasms of intertwined cells, thus functioning like
plasma bridges, which might allow an exchange of peri-
plasmic components and molecules. Such a putative func-
tion of VC and membrane tubes has recently been
suggested for the soil bacterium M. xanthus, where a trans-
port of proteins and other molecules was hypothesized to
coordinate social behaviour of these bacteria (Remis
et al., 2014). For nanotubes, a cell-to-cell transfer of non-
conjugative plasmids has already been verified in Bacillus
subtilis (Dubey and Ben-Yehuda, 2011). Therefore, VC and
MV in P. distincta likely enable biofilm formation, allowing
for shelter and putatively even for exchange of different
molecular components.

In addition, membrane extensions substantially enlarge
the bacterial surface. Our data reveal that MV and VC
are equipped with abundant outer membrane-associated
and periplasmic proteins, including polysaccharide-using
enzymes and transporters, but also phosphatases. We
suggest that this increases accessibility of important
nutrients in a dilute marine environment, perhaps also in
a community-based manner since both structures might
establish cellular networks. An enrichment of TBDR
transporter proteins in MV fractions was also reported for
other marine bacteria, e.g. Pseudoalteromonas antarc-
tica NF3, Shewanella livingstonensis NF22T and
Shewanella vesiculosa M7T (Nevot et al., 2006; Frias
et al., 2010; Pérez-Cruz et al., 2013). In addition, prote-
ome analyses detected increased abundances of peri-
plasmic and outer membrane proteins in the VC-
dominated stationary phase compared to the exponential
phase in Formosa sp. Hel3_A1_48 (Fischer et al., 2019).
This underlines that despite cost intensity, MV and VC
production represents an advantageous adaptation to
nutrient-limited conditions. Whether the increased abun-
dance of degradative enzymes, carbohydrate-binding
proteins and transporters in MV and VC results from
global allocation of resources at the expense of other,
less relevant functions, remains to be investigated.

Whereas VC stay attached to the cell, MV are released
into the environment. Thus, a polysaccharide-acquiring
and -degrading protein cargo of MV might increase

accessibility of highly compact and complex
carbohydrate-containing organic matter and serve for
pre-digestion. Similarly, in pathogenic bacteria, MV were
described as a trap to provide bacteria with nutrients
(Pérez-Cruz et al., 2015). Released MV may also act as
a storage container for polysaccharide degradation prod-
ucts until the MV fuse with the bacteria to release the
captured pre-digested polysaccharides into the cell
(Schatz and Vardi, 2018). In contrast, VC might rather
increase contact to substrates by enlarging the cellular
surface and therefore accelerate the degradation pro-
cesses. For the VC-producing Formosa sp. Hel3_A1_48,
Fischer et al. (2019) also pointed to the advantage of
equipping this enlarged surface with high affinity proteins
rather than secreting enzymes into the ocean, which has
also been described for other marine bacteria (Kabisch
et al., 2014). This way, larger polysaccharide breakdown
products are rapidly transported into the periplasm where
they are further digested, known as the ‘selfish’ uptake
mechanism (Reintjes et al., 2017). Such a strategy could
prevent loss of these proteins by diffusion and increase
the efficiency of polysaccharide use. P. distincta formed
MV and VC during all growth phases, which has been
reported for MV before (Beveridge, 1999; Biller
et al., 2014). Formation was also independent of sub-
strate conditions in our study, whereas cellulolytic F.
succinogenes did not produce outer membrane MV dur-
ing growth on glucose (Arntzen et al., 2017). Irrespective
of whether or not polysaccharides were available, P. dis-
tincta invested in the sensing of carbohydrates to a cer-
tain extent, indicating a basal expression level of
corresponding proteins. Consistent with this finding, G.
forsetii KT0803T produced a broad spectrum of TBDRs
or TBDR-SusD pairs during a defined carbohydrate diet,
which strengthens the hypothesis that these might be
‘sensing proteins’ (Kabisch et al., 2014). Just like P. dis-
tincta is permanently searching for polysaccharides, pro-
duction of alkaline phosphatases might enable the use of
phosphoesters from dissolved organic phosphor com-
pounds (Luo et al., 2009). Surface structures contained
alkaline phosphatases in high quantities, like reported
before in MV of M. xanthus (Evans et al., 2012). Alkaline
phosphatases with highest abundance (EGI73112,
EGI73113) are part of PUL 5, which also encodes a
GH31 activity. However, it remains questionable if PUL-
association hints to a phosphorylated algal polysaccha-
ride, since reports on such substrates, like in Chlorella
pyrenoidosa (Su�arez et al., 2010), are scarce. Screening
of 964 Bacteroidetes genomes and more than 13.500
PULs in a recent study revealed 576 PULs encoding
phosphodiesterases, but no CAZymes (Lapébie
et al., 2019). Here, nucleic acids were suggested as
putative targets, which thus hints towards substrates
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other than polysaccharides. Accordingly, some
Pseudoalteromonas strains have lost the GH31 function
within the PUL or even PUL-organization itself, indicating
that the encounter of CAZyme and phosphatase func-
tions in PUL structures might be random (Fig. S2). Never-
theless, increased quantities of phosphatases under non-
phosphate limited conditions suggests that marine bacte-
ria always anticipate a phosphate shortage. This might
be advantageous since phosphate could be a limiting fac-
tor in marine environments, e.g. during phytoplankton
blooms (Van Mooy et al., 2009; Teeling et al., 2012). To
sum up, both, MV and VC might thus support early sub-
strate recognition, allowing for rapid responses and more
efficient substrate utilization.
Whereas there is increasing information on the func-

tions of such membrane extensions, mechanisms of their
formation and corresponding regulation are still incom-
pletely understood. Looking specifically at VC, we saw
that they differed in length and that all of them were
pearled. Thus, pearling occurs during formation of the VC
and not as a result of growth phase or substrate. This is
in contrast to findings in soil bacteria, where the pearling
of membrane tubulars was caused by different environ-
mental stresses, e.g. changes in the osmotic gradient or
mechanical perturbations (Bar-Ziv and Moses, 1994; Bar-
Ziv et al., 1998; Sanborn et al., 2013). In addition, we
suggest that vesicle units are released in a stepwise pro-
cess, successively elongating the chain in P. distincta
ANT/505, whereas in soil bacteria or Formosa
sp. Hel3_A1_48 tubulars transform into complete VC
(Fischer et al., 2019).
Similar to VC, the mechanism of MV formation in P.

distincta can only be speculated. In general, there are dif-
ferent models on so-called membrane-blebbing as regu-
lated or stochastic events, e.g. by reduction of outer
membrane peptidoglycan cross-links (Schwechheimer
et al., 2013; Schwechheimer and Kuehn, 2015), but also
a passive formation from membrane fragments after cell
lysis has been reported (Turnbull et al., 2016). A con-
served mechanism for the formation of MV was recently
described for pathogenic Gram-negative bacteria (Roier
et al., 2016). The VacJ/Yrb ABC transport system con-
trols the retrograde transport of phospholipids from the
outer to the inner membrane. This leads to an accumula-
tion of phospholipids in the OM supporting the formation
of MV. Deletions of single genes encoding for proteins
within this transport system resulted in a higher vesicula-
tion rate in Haemophilus influenza and Vibrio
cholera. Corresponding genes (EGI73822, EGI74980,
EGI74977-74979) for this transport system are also found
in P. distincta and the respective proteins were identified
under all growth conditions (Table S1). However, whether
this system plays also a role in MV formation in this
marine Gram-negative bacterium remains elusive.

Membrane extensions and tubulars of the cold-adapted
Antarctic bacterium P. distincta might enable cell-cell-
connections. Outer membrane-derived MV and VC mas-
sively enlarge the bacterial surface, which improves the
surface-to-volume ratio (Fischer et al., 2019). As their
protein cargo contains a variety of enzymes and trans-
porters, membrane extensions allow rapid sensing of
available nutrients and immediate responses, hereby
increasing access to polysaccharide matrices. This is a
beneficial strategy of substrate scavenging and utilization
in dilute nutrient-limited aquatic habitats. Marine surface
structures might thus play an important role in nutrient
cycling in the ocean and support marine polysaccharide
utilization.

Experimental procedures

Bacterial strains and cultivation condition

The strain Pseudoalteromonas distincta ANT/505 was
isolated from sea ice-covered surface water of the South-
ern Ocean (Truong et al., 2001). Precultures were grown
in Marine Broth 2216 (Difco) at 16�C at 200 rpm. Cultiva-
tions with defined substrates were performed in marine
mineral salt medium (Schut et al., 1993) with 0.2% citrus
pectin (Sigma), 0.2% alginate from brown algae (Sigma)
or 0.2% peptone (Sigma) as the only carbon source at
10�C and 150 rpm.

Genomic comparison with other species

Available genome sequences of four cold-adapted
Pseudoalteromonas strains (P. translucida chromosome I
and II, assembly acc. GCA_000026085.1; P. arctica
MelAa3, assembly acc. GCA_002836095.1; P. prydzensis
DSM 14232, assembly acc. GCA_001661495.1;
Pseudoalteromonas sp. Bsw20308, assembly acc.
GCA_000310105.2) were downloaded from NCBI and
compared to the genome sequence of P. distincta
ANT/505 using BLAST Ring Image Generator (Alikhan
et al., 2011) with BLAST (version 2.7.1+, ‘-task blastn’;
Altschul et al., 1990; Camacho et al., 2009). Only contigs
(16, 92, 71, 65, 53, 24, 23, 19, 18, 14, 12, 9, 5 and 1)
which encode deduced PULs were included in this analy-
sis and used for BRIG comparison and visualization. Con-
tigs 92 and 65 with a short overlapping sequence of 13 bp
were manually fused to generate one coherent
alginate PUL.

We identified corresponding PULs or partial gene clus-
ters in other cold-adapted Pseudoalteromonas strains
using MultiGeneBlast (version 1.1.14, using default set-
tings) (Medema et al., 2013) and performed a local blastn
(version 2.10.0+, e-value 1E-05) of selected regions
(Camacho et al., 2009). Sequences and comparisons
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were plotted using the GenoPlotR package (Guy
et al., 2010). Graphs were edited in inkscape
(version 1.0).

Proteome analyses of subcellular protein fractions

For proteome analyses, the intracellular soluble-, the
outer membrane-, the MV- and the VC protein fractions
were investigated, referred to as subproteomes in the
text. For the isolation of the intracellular soluble and
the outer membrane proteins, 100 ml of cell suspension
was harvested in the exponential growth phase by centri-
fugation (4�C, 3000�g, 10 min). Outer membranes were
prepared as described by Frias et al. (Frias et al., 2010).
The obtained crude outer membrane pellet was
resuspended in HEPES containing 2% N-lau-
roylsarcosine. Samples were stored at �20�C until further
analysis.

Purification of the MV fraction was performed as
described by McBroom et al. (McBroom et al., 2006). The
MV-pellet was resuspended in 1 ml phosphate buffer
(0.2 g L�1 KCl, 0.2 g L�1 KH2PO4, 11.688 g L�1 NaCl,
1.15 g L�1 Na2HPO4) and filtered through a 0.45 μm filter
(Filtropur S 0.45, Sarstedt, Nümbrecht, Germany).

Enrichment of the VC and appendages was performed
according to the method described by Remis et al. (2014)
with minor changes. Cells were harvested again in the
late exponential growth phase and were vortexed for
1 min. Cells were pelleted by centrifugation at 4�C
for 10 min at 5000 rpm. The remaining culture superna-
tant was filtered successively through 0.45 μm and
0.2 μm pore size filters (Filtropur S 0.45, Filtropur S 0.2,
Sarstedt, Nümbrecht, Germany) and centrifuged for 1 h
at 30,000 rpm. The pelleted VC and appendages were
resuspended in 150 μl of phosphate buffer.

Protein concentration was determined with the Pierce-
BCA-Assay (Thermo Fisher Scientific, Waltham, MA,
USA) in triplicates according to the manufacturer’s instruc-
tions. Twenty micrograms of protein extract of each frac-
tion was separated by 1D-SDS-PAGE (Mini-Protean TXG
gel, 10% acrylamide) (Laemmli, 1970). The sample prepa-
ration and mass spectrometry (MS) analyses were per-
formed according to Koch et al. (2019). MS spectra were
searched against a target-decoy database containing all
proteins encoded in the P. distincta ANT/505 genome
(NCBI ID NZ_ADOP00000000.1) as forward and reverse
sequences, and a set of common laboratory contaminants.
Database searches and filtering were performed using
MaxQuant (version 1.5.8.3) (Cox and Mann, 2008), with a
false discovery rate (FDR) on protein and peptide level of
0.01. %riBAQ-values (relative intensity-based absolute
quantification) were calculated for semi-quantitative com-
parison between the different substrates. Abundance
values (%riBAQ) were only calculated for proteins which

were identified in at least two out of three biological repli-
cates. Please note that protein abundance values are
readily comparable across proteins within the same sam-
ple or sample type (subproteome). Comparing abundance
values of the same protein across different subproteomes,
however, is less reliable, due to dissimilar total protein
identification rates or fundamental differences in protein
extraction methods. For example, in alginate-grown cells,
IC samples yielded roughly twice as many identifications
compared to MV, VC or OM samples, rendering % abun-
dance values less comparable.

The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE (Perez-Riverol et al., 2019) partner repository with
the dataset identifier PXD017403.

PUL prediction

Genomic regions were considered as a PUL, if the dis-
tance between carbohydrate-active enzymes (CAZymes),
excluding glycosyl transferases, and TonB-dependent
transporters (TBDRs) was not more than five genes.
CAZymes were identified using the dbCAN meta server
with default settings, while hmmscans against the Pfam
32.0 (El-Gebali et al., 2019) and TIGRfam 15.0 (Haft
et al., 2013) databases, applying an e-value of 1E-05,
identified TBDRs. Results were filtered with the
hmmscan-parser.sh script. TBDRs may contain the Pfam
domains PF00593, PF07715 or a low scoring
carboxypeptidase-domain PF13715. We considered
TBDRs to be a positive hit, if PF00593 and PF07715
were identified or PF07715 plus additional porin domains.
We used TIGRfam models TIGR01778 (copper),
TIGR01779 (vitamin B12), TIGR01782 (polysaccharide),
TIGR01783 (siderophore), TIGR01785 and TIGR01786
(haem and haemoglobin) for further functional classifica-
tion of TBDRs. Putative substrates of PULs were derived,
if possible, based on the CAZyme composition.

Scanning electron microscopy

For the analysis of P. distincta cells with the scanning
electron microscopy 109 cells were required. Therefore,
the cells were counted with a Thoma counting chamber
(Abbe-Zeiss counting cell chamber). The required volume
of culture was washed with artificial seawater without
FeSO4 (Burkholder, 1963). The cells were resuspended
in the same saline buffer and filtered onto a 0.2 μm poly-
carbonate filter (0.2 μm, GTTP, Merck KGaA, Darmstadt).
Cells adsorbed to a polycarbonate filter were fixed with a
fixation solution (1% glutaraldehyde, 2% paraformalde-
hyde, 25 mM sodium azide in 30% artificial seawater) for
30 min at 0�C, for 90 min at room temperature and finally
at 4�C until further processing. Then the samples were
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treated with 2% tannic acid in washing buffer (10 mM
cacodylate buffer [pH 7.0] and 15% artificial seawater) for
1 h, 1% osmium tetroxide in washing buffer for 1 h and
2% uranyl acetate in washing buffer for 1 h at room tem-
perature – with washing steps in washing buffer in
between. After dehydration in a graded series of aqueous
ethanol solutions (10%, 30%, 50%, 70%, 80%, 90%) for
10 min each and a final treatment with 100% ethanol
three times for 10 min, samples were critical point-dried
with liquid CO2, mounted on aluminium stubs, sputtered
with gold/palladium and examined with a scanning elec-
tron microscope EVO LS10 (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany). Micrographs of Figs 2B
and E, and 3A were recorded with a scanning electron
microscope Supra 40VP (Carl Zeiss Microscopy GmbH).
Afterwards, the micrographs were edited by using Adobe
Photoshop CS6.

Transmission electron microscopy (TEM)

The cells (i) were fixed (2.5% glutaraldehyde in 100 mM
cacodylate buffer [pH 7.4] and 27% salt solution con-
taining 821 mM NaCl, 52 mM MgCl2, 57 mM MgSO4 and
13 mM KCl) for 30 min at 4�C and then for 90 min at
room temperature (Fig. 2C) or (ii) were fixed (1% glutaral-
dehyde, 4% paraformaldehyde, 0.2% picric acid in 5 mM
HEPES buffer and 27% salt solution) for 5 min at 40�C
by using a microwave processor for laboratory use
(H2500 Microwave Processor, Energy Beam Sciences
Inc. East Granby, Connecticut, USA), and then for 30 min
at room temperature (Fig. 2F and I). Finally, samples
were stored over night at 4�C until further processing.
Subsequent to embedding in low gelling agarose, cells
were washed in washing buffer (100 mM cacodylate
buffer [pH 7.4] and 70% salt solution), postfixed in 2%
osmium tetroxide (in 100 mM cacodylate buffer and 60%
salt solution) for 1 h, washed with 60% salt solution and
then stained en bloc with 2% uranyl acetate in 90% salt
solution for 90 min at room temperature. After dehydra-
tion in graded series of ethanol (20%, 30%, 50%, 70%,
90% for 10 min each, 96% two times for 10 min, 100%
ethanol three times for 10 min) the material was embed-
ded in AGAR 100 resin. Sections were cut on an ultrami-
crotome (Reichert Ultracut, Leica UK Ltd, Milton Keynes,
UK), stained with 4% aqueous uranyl acetate for 3 min
followed by lead citrate for 30 s and analysed with a
transmission electron microscope LEO 906 (Zeiss,
Oberkochen, Germany). Afterwards, the micrographs
were edited by using Adobe Photoshop CS6.

Negative staining

The flotation method was used for the negative
staining procedures (i) to visualize outer membrane

vesicles, and (ii) to visualize isolated vesicle chains.
(i) For visualization of vesicles, the method according to
Théry et al. (2006) was applied with minor changes.
Briefly, vesicles were fixed with 2% paraformaldehyde in
0.1 M sodium phosphate buffer (pH 7.5) and then allowed
to adsorb onto a glow-discharged carbon-coated holey
Pioloform film on a 400-mesh grid (Plano GmbH, Wetzlar,
Germany) for 20 min. The grid was then transferred onto
two droplets of PBS, onto a droplet of 1% aqueous glu-
taraldehyde for 5 min, onto eight droplets of deionized
water for 2 min each, and finally onto a drop of 1% aque-
ous uranyl acetate for 5 min. After blotting with filter
paper the grids were air-dried. (ii) Isolated vesicle chains
were fixed with 2.5% glutaraldehyde (in 100 mM
cacodylate buffer and 27% salt solution) and adsorbed
onto a glow-discharged carbon-coated holey Pioloform
film on a 400-mesh grid for 5 min. The grid was then
transferred onto two droplets of deionized water, and
finally onto a drop of 1% aqueous uranyl acetate for 15 s.
After blotting with filter paper the grids were air-dried. All
samples were examined with a transmission electron
microscope LEO 906 (Carl Zeiss Microscopy GmbH,
Jena, Germany) at an acceleration voltage of 80 kV.
Afterwards, the micrographs were edited by using Adobe
Photoshop CS6.
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