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ABSTRACT Pseudoalteromonas piscicida is a Gram-negative gammaproteobacterium
found in the marine environment. Three strains of pigmented P. piscicida were isolated
from seawater and partially characterized by inhibition studies, electron microscopy, and
analysis for proteolytic enzymes. Growth inhibition and death occurred around colonies
of P. piscicida on lawns of the naturally occurring marine pathogens Vibrio vulnificus,
Vibrio parahaemolyticus, Vibrio cholerae, Photobacterium damselae, and Shewanella algae.
Inhibition also occurred on lawns of Staphylococcus aureus but not on Escherichia coli
O157:H7 or Salmonella enterica serovar Typhimurium. Inhibition was not pH associated,
but it may have been related to the secretion of a cysteine protease with strong activity,
as detected with a synthetic fluorogenic substrate. This diffusible enzyme was secreted
from all three P. piscicida strains. Direct overlay of the Pseudoalteromonas colonies with
synthetic fluorogenic substrates demonstrated the activity of two aminopeptidase Bs, a
trypsin-like serine protease, and enzymes reactive against substrates for cathepsin G-like
and caspase 1-like proteases. In seawater cultures, scanning electron microscopy re-
vealed numerous vesicles tethered to the outer surface of P. piscicida and a novel mech-
anism of direct transfer of these vesicles to V. parahaemolyticus. Vesicles digested holes
in V. parahaemolyticus cells, while the P. piscicida congregated around the vibrios in a
predatory fashion. This transfer of vesicles and vesicle-associated digestion of holes were
not observed in other bacteria, suggesting that vesicle binding may be mediated by
host-specific receptors. In conclusion, we show two mechanisms by which P. piscicida in-
hibits and/or kills competing bacteria, involving the secretion of antimicrobial substances
and the direct transfer of digestive vesicles to competing bacteria.

IMPORTANCE Pseudoalteromonas species are widespread in nature and reduce com-
peting microflora by the production of antimicrobial compounds. We isolated three
strains of P. piscicida and characterized secreted and cell-associated proteolytic enzymes,
which may have antimicrobial properties. We identified a second method by which P.
piscicida kills V. parahaemolyticus. It involves the direct transfer of apparently lytic vesi-
cles from the surface of the Pseudoalteromonas strains to the surface of Vibrio cells, with
subsequent digestion of holes in the Vibrio cell walls. Enzymes associated with these
vesicles are likely responsible for the digestion of holes in the cell walls. Pseudoalteromo-
nas piscicida has potential applications in aquaculture and food safety, in control of the
formation of biofilms in the environment, and in food processing. These findings may
facilitate the probiotic use of P. piscicida to inactivate pathogens and may lead to the
isolation of enzymes and other antimicrobial compounds of pharmacological value.
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Members of the genus Pseudoalteromonas are Gram-negative, motile, and rod-
shaped gammaproteobacteria that are found in high abundance in marine

waters. Many species have been identified, and some have been shown to produce
antimicrobial compounds, including isovaleric acid and 2-methylbutyric acid (1);
p-hydroxybenzoic acid, trans-cinnamic acid, 6-bromoindolyl-3-acetic acid, N-hy-
droxybenzoisoxazolone, and 2=-deoxyadenosine (2); and 3,3=,5,5=-tetrabromo-2-2=
biphenyldiol (3). Offret et al. (4) reviewed the antimicrobial metabolites produced
by Pseudoalteromonas spp., listing them as alkaloids, polyketides, and peptides.
Only 16 of 41 Pseudoalteromonas spp. have been shown to produce these com-
pounds (4). About one-half of the Pseudoalteromonas spp. are pigmented (5), and
components of the pigment have been reported to have antibacterial properties
(3–10). Extracellular serine proteases, metalloproteases, and other less-character-
ized proteolytic substances are also produced by some Pseudoalteromonas spp. (8,
11–17) and are, in most cases, believed to serve as antibacterial agents or to remove
proteinaceous material from biofilms (18, 19). It has been suggested that Pseudo-
alteromonas and other bacteria that are associated with the surface of corals
produce antimicrobial compounds that may serve as a mechanism to protect corals
from pathogens (20, 21), although Choudhury et al. (15) reported on a strain of
Pseudoalteromonas agarivorans that was a sponge pathogen. Together, Pseudo-
alteromonas spp. produce a host of compounds that suppress competing microor-
ganisms in the marine environment. These qualities have allowed Pseudoalteromo-
nas spp. to be used probiotically to prevent disease in cultured fish and shellfish
(22–25). Their beneficial effects are likely related, at least in part, to their secretion
of inhibitors to competing microflora, including fish and shellfish pathogens.

In this paper, we isolated three Pseudoalteromonas strains from seawater and
identified them as P. piscicida. The isolates were tested for specificity against a variety
of Gram-negative human and fish pathogens, as well as Gram-positive pathogens,
to compare their ability to inhibit bacteria from natural and anthropogenic sources.
Scanning electron microscopy (SEM) was performed to characterize the morphol-
ogies of these strains and to identify mechanisms by which P. piscicida attacks and
kills competing bacteria. Substrate specificity tests were conducted on the P.
piscicida strains to identify the proteolytic enzymes potentially responsible for the
inhibition of competing bacteria.

RESULTS
Isolation, phylogenetic analysis, and pigment production. Several bacteria were

isolated from seawater and produced colonies surrounded by foci of clearing on lawns
of Vibrio parahaemolyticus. They were designated strains DE1-A, DE2-A, and DE2-B.
Pigmentation of the colonies was also assessed, resulting in the appearance of yellow
colonies for DE1-A and orange colonies for DE2-A and DE2-B after 24 h. Pigmentation
became increasingly intense over 96 h.

Sequencing of �1,400 bp of the 16S rRNA gene was performed and showed that the
three strains were closely related to each other and were homologous to P. piscicida
strains in the NCBI database, with over 99% sequence identity. We constructed a
phylogenetic tree using the neighbor-joining method with 30 16S rRNA gene se-
quences from P. piscicida strains and eight additional Pseudoalteromonas species (Fig.
1). All P. piscicida strains branched together and were highly related to one another,
indicating that DE1-A, DE2-A, and DE2-B are P. piscicida isolates. Sequences from two
strains of Pseudoalteromonas flavipulchra also clustered with the 16S rRNA gene se-
quences from P. piscicida, suggesting that these two strains may be mislabeled. The
seven additional Pseudoalteromonas species examined all branched divergently from P.
piscicida strains (Fig. 1).

Specificity of inhibition. Nine genera of human- and fish-pathogenic bacteria
encompassing 13 species were screened for sensitivity to antimicrobial substances
produced by the three P. piscicida isolates. These assays involved the inoculation of
plates with Pseudoalteromonas spp. before the lawns had formed to determine if the
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formation of the lawns (growth of the host cells) would be inhibited by the Pseudo-
alteromonas. The results are shown in Table 1. Vibrios and other bacteria that are
indigenous to marine waters were inhibited by at least one of the three strains of P.
piscicida. The largest zones of clearing (up to 3.5 mm) were produced in lawns of Vibrio
vulnificus (MLT362). Somewhat smaller zones were observed in V. vulnificus MLT364,
while considerably smaller zones were observed for V. vulnificus MLT1003 (Table 1). This
indicates strain-related differences in inhibition among V. vulnificus. In V. parahaemo-
lyticus O3:K6, the bacteria used in the initial screening of the seawater from which the
isolates were obtained, inhibition was minimal (ranging from 0.5- to 1.5-mm zones of
inhibition). Another member of the Vibrionaceae family, Photobacterium damselae, was
strongly inhibited, with zones of clearing up to 2.5 mm, depending on the strain.
Among the least inhibited bacteria were the coral and shellfish pathogen Vibrio
coralliilyticus and the fish pathogen Vibrio alginolyticus. Escherichia coli O157:H7 and
Salmonella enterica serovar Typhimurium DT-104 were resistant to all three P. piscicida
strains, whereas only one strain (DE1-A) inhibited Shigella sonnei. All three strains
inhibited Staphylococcus aureus similarly, with zones of clearing not exceeding 1 mm
(Table 1).

In a second set of assays, fully grown lawns of Aeromonas hydrophila, V. alginolyticus,
V. parahaemolyticus, and V. vulnificus MLT362 and MLT1003 were stabbed with the
three strains of P. piscicida and incubated for 48 h. Bands of clearing formed similarly
to the bands that formed when lawns had been freshly seeded. Clearing of the lawns
indicates lysis of the bacteria within those lawns. Formed and immature lawns both
produced zones of clearing which increased in size over time, indicating that the
substances secreted by P. piscicida were not only inhibitory to the growth of bacteria

FIG 1 Evolutionary relationships among Pseudoalteromonas piscicida strains and related species based
on 16S rRNA gene sequence. The evolutionary relationships were inferred using the neighbor-joining
method. The optimal tree with the sum of branch lengths of 0.10271041 is shown. The percentages of
replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates)
are shown next to the branches. The tree is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Kimura 2-parameter method and are in the units of the number
of base substitutions per site. The rate variation among sites was modeled with a gamma distribu-
tion (shape parameter � 5). The analysis involved 30 nucleotide sequences. All positions containing
gaps and missing data were eliminated. There were a total of 1,155 positions in the final data set.
Evolutionary analyses were conducted in MEGA7.
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within the lawns but were actually lethal to the bacteria. This lethal effect occurred
without direct contact with P. piscicida cells, indicating that it was from substances
secreted from the colonies.

Morphology. Scanning electron microscopy revealed that all three P. piscicida
strains possessed surface vesicles of widely different shapes and sizes, ranging from
under 50 nm to approximately 100 nm (Fig. 2). Each isolate often showed multiple
vesicle morphologies, perhaps as a result of the age of the bacterium, possible

TABLE 1 Inhibition of human and/or fish pathogens by three Pseudoalteromonas piscicida
strains, DE1-A, DE2-A, and DE2-B, in triplicate assays

Pathogen

Zone of clearing (mm) around colonies
of P. piscicidaa:

DE1-A DE2-A DE2-B

Marine bacteria
Aeromonas hydrophila 0.5 �0.5 1.5

0.5 0 1
0.5 0 0

Listonella anguillarum 0.5 0.5 0.5
0.5 0.5 0.5
0.5 0.5 0.5

Photobacterium damselae 0.5 2 2.5
0.5 2 2.5
0.5 1 2

Shewanella algae 1 0.5 0.5
1 0.5 0.5
1 0.5 0.5

Vibrio alginolyticus 0.5 0 0
�0.5b 0 0
0 0 0

Vibrio cholerae 1 1 1
1 1 1
1 1 1

Vibrio coralliilyticus �0.5 �0.5 �0.5
�0.5 �0.5 �0.5
�0.5 �0.5 �0.5

Vibrio parahaemolyticus O3:K6 1 1.5 1
1 1.5 0.5
1 1 0.5

Vibrio vulnificus MLT362 3.5 3 3
3.5 3 3
3.5 3 2.5

Vibrio vulnificus MLT364 2.5 2.5 2
2.5 2 2
2 2 1.5

Vibrio vulnificus MLT1003 1.5 1 1.5
1.5 1 1.5
1 1 1

Anthropogenic bacteria
Escherichia coli O157:H7 0 0 0

0 0 0
0 0 0

Salmonella enterica serovar Typhimurium 0 0 0
0 0 0
0 0 0

Shigella sonnei 1.5 0 0
1.5 0 0
1.5 0 0

Staphylococcus aureus 1 1 1
1 1 1
0.5 1 0

aZones of clearing were measured around 48-h-old colonies of three P. piscicida isolates grown at 24 to 26°C
on lawns of human and/or fish pathogens. The results are shown for triplicate readings and were rounded
to the nearest 0.5 mm. Distances were measured from the outer portion of the P. piscicida colony to the
outer periphery of the zone of clearing.

bA result of �0.5 indicates that an area of clearing was observed but was too small to accurately measure.
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induction of vesicle formation in the presence of either competing bacteria, changes in
nutrients in the surrounding seawater, or combinations of those factors. For instance,
isolate DE1-A displays different morphologies, with some vesicles attached to long stalks or
pilus-like structures (Fig. 2A and B), which we refer to as bacterial “tethers.” Vesicles also
varied in size and shape, as can be readily observed for isolate DE2-A in Fig. 2C. Isolate
DE2-B was generally narrower than the other isolates (Fig. 2D). Its length also varied
considerably, as shown in Fig. 2E. Overall, each strain was highly pleomorphic.

Transfer of lytic vesicles. In the presence of V. parahaemolyticus O3:K6 in liquid
culture (seawater), P. piscicida strains DE2-A (Fig. 3A and B) and DE1-A (Fig. 3C)
appeared to transfer vesicles to the V. parahaemolyticus. In these micrographs, V.

FIG 2 Scanning electron micrographs of P. piscicida strains. (A and B) Multiple morphologies of P. piscicida strain DE1-A with
notable vesicles. (C) Large flat vesicles extending outward from the surface of P. piscicida strain DE2-A. (D and E) Typical
appearance of P. piscicida strain DE2-B with widely varied lengths.
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parahaemolyticus has a smooth surface prior to vesicle transfer. There appears to be
some elasticity to the vesicles, as they stretched (Fig. 3C). Transferred vesicles produced
characteristic holes in the V. parahaemolyticus cell walls (Fig. 3D). Note in Fig. 3D the
intact V. parahaemolyticus in the center containing P. piscicida vesicles on its surface. A
mixed culture containing P. piscicida DE2-B (Ps), V. parahaemolyticus (V), and perme-
abilized vibrios (PV) is shown in Fig. 3E. These holes indicate that the transferred

FIG 3 Scanning electron micrographs of P. piscicida strains in coculture with V. parahaemolyticus O3:K6. (A to C) Apparent
transfer of digestive vesicles from P. piscicida to the surfaces of V. parahaemolyticus in P. piscicida strain DE2-A (A and B) and
strain DE1-A (C). (D) Vibrios containing vesicle-associated holes, except in center of micrograph, where an intact V. parahae-
molyticus appears with vesicles on its surface. (E) P. piscicida (Ps), V. parahaemolyticus (V), and late-stage V. parahaemolyticus
with vesicle-digested holes visible (permeabilized vibrios [PV]). (F) Two P. piscicida DE2-A bacteria suspected to be feeding
(grazing) on nutrients released by a permeabilized V. parahaemolyticus.
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vesicles contain one or more compounds capable of digesting holes through the
bacterial cell walls. The appearance of bacteria containing multiple holes was seen only
in cultures containing both P. piscicida and V. parahaemolyticus; thus, the appearance
of such holes appears to be diagnostic for infection of V. parahaemolyticus O3:K6 by P.
piscicida. In Fig. 3F, two P. piscicida bacteria may be feeding off the nutrients released
by the lysed V. parahaemolyticus. This “feeding phenomenon” was commonly observed
(also see Fig. 2E). Another isolate of Pseudoalteromonas, strain DE2-C, shows apparent
scars where vesicles may have been pulled off the surface during transfer to the vibrios
(Fig. 4). This pattern was frequently recorded in this particular strain, perhaps because
the vesicles in this strain were often very large and bulbous. By measurement, the
largest vesicles in this strain were approximately 125 nm in diameter (Fig. 4). This isolate
was not characterized as extensively as the other three strains but was also isolated
from the Delaware Bay. After viewing many micrographs of P. piscicida and its attached
vesicles, it can be concluded that the vesicles are highly pleomorphic.

Microscopic evaluation of zones of bacterial inhibition. Pseudoalteromonas pis-
cicida strains produced colonies surrounded by zones of clearing on a wide range of
bacteria (Table 1). Scanning electron micrographs of agar from the outer edge of the
Pseudoalteromonas colonies, when grown in the presence of V. vulnificus (Fig. 5A),
showed only typical Pseudoalteromonas morphology and the general absence of
vibrios. Within the zone of clearing around the colony (Fig. 5B) there was an absence
of V. vulnificus and Pseudoalteromonas, indicating that the vibrios did not survive and
the Pseudoalteromonas strains did not spread beyond the colony boundaries. Outside
the zone of clearing, vibrios in the lawn were present at high density and did not show
vesicles on their surface (Fig. 5C). Thus, the zones of clearing appear to be caused
primarily by substances secreted from the Pseudoalteromonas colonies. Similar results
were obtained with all Pseudoalteromonas strains examined (DE1-A, DE2-A, and DE2-B;
Fig. 5). Additionally, V. parahaemolyticus gave similar results (not shown).

Acid secretion. The secretion of one or more diffusible compounds from colonies
resulted in the formation of zones of inhibition in lawns of various host cells (Table 1).
Literature suggests that these zones may be attributed to the secretion of acidic
compounds (1, 2). We evaluated the possibility that changes in pH may have played a
role in the formation of zones of inhibition around P. piscicida colonies grown on lawns
of V. vulnificus. The results showed that the colonies, areas within the zones of
inhibition, and the viable lawns of V. vulnificus host cells outside the zones of inhibition
were approximately the same pH (8.1); thus, pH was not the cause of inhibition.

Enzyme activity. Since protease secretion has been associated with some Pseudo-
alteromonas spp., we overlaid membranes containing six synthetic fluorogenic

FIG 4 High magnification of P. piscicida strain DE2-C in a V. parahaemolyticus coculture showing large
round bulbous vesicles and apparent scars on its surface, suspected to be from the transfer of vesicles
to the vibrios. Scale bar signifies 500 nm.
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substrates onto colonies of the three P. piscicida strains, zones of clearing around
the colonies, and the unaffected lawns of V. vulnificus to determine the possible
presence of proteolytic enzymes (Table 2). Colonies from all strains of P. piscicida
contained one or more enzymes which cleaved AFC-002 (L-Arg-AFC; AFC, 7-amino-
4-trifluoromethylcoumarin), a substrate for aminopeptidase B, within 1 h, while
strains DE2-A and DE2-B cleaved AFC-008 (L-Lys-AFC), another substrate for ami-
nopeptidase B (Table 2). Substrate cleavage was observed only from the center of
the colonies, suggesting that the older cells produced sufficient enzyme for detec-
tion. Aminopeptidase B typically cleaves arginyl and/or lysyl residues from the
amino termini of proteins and peptides. Cleavage of AFC-002 was observed in the
zone of clearing around strain DE2-A after 1 h, while the lawn of V. vulnificus did not
show any comparable enzyme activity. In contrast, no enzyme activity was detected
for any of the strains in the zones of inhibition using AFC-008 as the substrate. It
should be noted that the lawns of V. vulnificus produced very strong lysyl-
aminopeptidase activity toward AFC-008.

The centers of two of the three colonies of P. piscicida reacted strongly to AFC-059
(D-Pro-Phe-Arg-AFC) within 15 min, indicating the presence of a colony-associated
serine protease in strains DE1-A and DE2-A and a weak proteolytic reactivity in DE2-B
(Table 2). AFC-059 is an excellent substrate for trypsin and kallikrein-like proteases,
since they typically cleave on the carboxyl side of arginyl and lysyl residues. The zone
of clearing for DE1-A was negative even though the colony was positive for serine
protease activity. In contrast, the zone of clearing was positive for strains DE2-A and
DE2-B. Overall, these results show apparent differences in the production and secretion

FIG 5 Scanning electron micrographs of agar plugs excised from inhibition assays. Plates containing V.
vulnificus in the agar were stabbed with three strains of P. piscicida and incubated at 22°C for 24 h until
Pseudoalteromonas colonies and zones of clearing around the colonies became visible. The entire area
(colonies, zones of clearing around the colonies, and the area just outside the clear zones) was excised,
processed, and subjected to SEM. (A) The outer edges of three colonies of P. piscicida (strains DE1-A,
DE2-A, and DE2-B) showing typical morphologies, including extracellular vesicles. (B) Areas within the
zone of Vibrio inhibition showing the absence of bacteria. (C) Normal-appearing lawns of V. vulnificus just
outside the zone of inhibition. Images taken at �50,000 magnification; scale bar beneath images � 2.0
�m and applies to all micrographs.
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of serine protease(s), suggesting there could be multiple serine proteases produced by
these strains. Lawns of V. vulnificus showed strong activity toward AFC-059. Another
substrate, AFC-094 (methoxysuccinyl [MeoSuc]-Ala-Ala-Pro-Val-AFC), was not cleaved
by enzymes in any of the Pseudoalteromonas strains, either by the colonies or within the
zones of clearing (Table 2).

Colonies of DE1-A and DE2-A showed proteolytic activity toward the cathepsin
substrate AFC-096 (MeoSuc-Ala-Ala-Pro-Met-AFC) within 15 min, while DE2-B was
positive after 1 h (Table 2). Activity was not localized to the center of the colony but was
diffuse over the entire colony. Only DE2-B displayed activity within the zone of clearing
after membrane overlay for 1 h (Table 2).

Very strong activity was observed within 15 min from the colonies and from
secreted enzymes within the zones of inhibition against the substrate AFC120 (AC-Tyr-
Val-Ala-Asp-AFC), which is a substrate used to detect cysteine and aspartic acid
proteases with high specificity for cleaving on the carboxyl side of aspartic acid (Table
2). The entire colony of each strain expressed strong activity, and a weaker activity was
evident over the zones of clearing. The lawns of V. vulnificus did not show any signs of
activity. Substrate AFC-120 is a substrate that has been marketed for the detection of
caspases 1 and 4. None of the above-mentioned enzyme activities were inhibited by 10
mM EDTA, suggesting that they are not metalloproteases.

A photograph of DE2-A colonies and zones of clearing around the colonies is shown
in Fig. 6A. Figure 6B shows the fluorescence produced from the various substrates after
the overlay of P. piscicida DE2-A colonies, as well as the surrounding areas of clearing
and the outer lawns of V. vulnificus using five different substrates (Fig. 6B). Substrate
AFC-094 was omitted from this figure, since it was not cleaved by any of the P.
piscicida-produced enzymes. Examples of fluorescence in the center of the colonies can
be seen for substrates AFC-002, AFC-008, and AFC-059, as mentioned above. The outer
lawns of V. vulnificus produced enzymes that cleaved only AFC-008 and AFC-059 from
among the six substrates tested (Fig. 6B). It is well known from our previous work that
membranes containing AFC-008 produce fluorescence when overlaid onto Vibrionaceae
family members, and this has led to the development of a membrane-based assay for
the quantification of total Vibrionaceae (26, 27). It should be noted that there is a halo
of fluorescence around the colony of P. piscicida DE2-A when overlaid with AFC-059
(Fig. 6B). This fluorescence did not reach the outer levels of the zone of clearing, which
remained dark blue (no enzyme activity), suggesting limited diffusion of this serine
protease.

Bioinformatics analysis of available P. piscicida genome sequences for the
presence of proteolytic enzymes. In an effort to determine whether P. piscicida has

FIG 6 Colonies and fluorogenic assays for enzyme activity. (A) Photographs of colonies of P. piscicida
strain DE2-A, zones of clearing around the colonies, and surrounding healthy lawns of V. vulnificus strain
MLT362. (B) Same areas as in panel A were overlaid with cellulose acetate membranes containing
synthetic fluorogenic (7-amino-4-trifluoromethylcoumarin-linked [AFC]) substrates and photographed
under UV illumination at 364 nm to identify proteolytic activity (light areas). Representative results are
shown using substrates AFC-002 (L-Arg-AFC), AFC-008 (L-Lys-AFC), AFC-059 (D-Pro-Phe-Arg-AFC), AFC-096
(MeoSuc-Ala-Ala-Pro-Met-AFC), and AFC-120 (N-acetyl-Tyr-Val-Ala-Asp-AFC).
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the genetic components required for the enzymatic potential described above, we
examined available genome sequences. In the NCBI genome database, four genome
sequences are available for P. piscicida, of which P. piscicida ATCC 15057 (accession
number NZ_ARMY00000000.1) is the most complete. There were 97 peptidases anno-
tated within the 5.3-Mb genome sequence of P. piscicida ATCC 15057 and JCM 20779,
13 of which were annotated as aminopeptidases. To determine the number of extra-
cellular peptidases, the 97 peptidases were examined for the presence of a signal
peptide using SignalP 4.1 (28). Of these, 47 peptidases showed the presence of a signal
sequence, with three peptidases containing a single transmembrane domain. There
were 36 proteases annotated, of which seven were metalloproteases and nine were
serine proteases. Thirteen of these proteases contained a signal peptide sequence,
indicating they are likely extracellular proteins. The two additional P. piscicida genome
sequences in the NCBI genome database had peptidases similar to those of ATCC
15057.

We also searched the P. piscicida ATCC 15057 genome for putative caspase 1-like
proteins using the Pfam database (http://pfam.xfam.org/). This database contains a
large collection of protein families represented by multiple sequence alignments. As of
January 2017, there were 516 prokaryotic species that contained 1,416 caspase se-
quence homologs (protein family PF00656, peptidase C14). By using BLAST analysis, we
examined all 1,416 sequences to identify possible homologs within P. piscicida but
found no matches. Since our study and others have shown that there is significant
variation among strains and species in terms of enzymatic activity, we broadened
our search to examine all 42 Pseudoalteromonas representatives in the NCBI ge-
nome database. From this analysis, we discovered several caspase homologs among
several Pseudoalteromonas species. Caspase domain proteins were identified in
Pseudoalteromonas sp. strain P1-9 (accession no. LKBD01000006.1), Pseudoalteromo-
nas prydzensis (accession no. WP_064665900), Pseudoalteromonas haloplanktis (acces-
sion no. ADOP01000022.1), Pseudoalteromonas elyakovii ATCC 700519 (accession no.
JWIH01000017.1), and Pseudoalteromonas luteoviolacea DSM 6061 (accession no.
AUYB01000147.1). By using the cathepsin G preproprotein from Mus musculus (acces-
sion no. NP_031826), we identified numerous serine protease homologs among Pseu-
doalteromonas spp. but not against P. piscicida.

DISCUSSION

The presence of various proteolytic enzymes in P. piscicida strains suggests a
potential functional role in the inhibition of competing bacteria. All three strains of P.
piscicida showed the strong presence of cysteine protease activity similar to that of
caspase 1 from the colonies and within the zones of clearing. No comparable activity
was observed in the lawns of V. vulnificus. In S. Typhimurium, caspase 1 has been shown
to be involved in the formation of pores between 1.1 and 2.4 nm in diameter within the
membrane of macrophages of infected host cells (29). Such digestive properties may
help explain how a similar enzyme of the three P. piscicida strains may have contributed
to the digestion of holes in the cell walls of V. parahaemolyticus. This enzyme is also a
likely candidate for causing the formation of zones of inhibition in lawns of competing
bacteria (Table 1).

The presence of trypsin-like serine protease activity associated with all three P.
piscicida strains may have further contributed to vesicle-associated digestion of the cell
walls of V. parahaemolyticus. Another serine protease, which hydrolyzed a substrate
that is typically used for the detection of cathepsin G, was detected in the three P.
piscicida strains. In humans, cathepsin G is a neutrophil lysosome-mediated enzyme
with broad inhibitory activities toward Gram-positive and Gram-negative bacteria (30).
It appears that our P. piscicida strains contain a homolog of cathepsin G, which might
contribute to the inactivation of a broad range of bacteria. Inactivation may be through
direct proteolytic processing of the bacterial cell walls to form holes, as observed in V.
parahaemolyticus (Fig. 3D to F), or by the processing of proenzymes to activate them
or make peptidases more easily secreted and diffusible. Either of the two aminopep-
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tidase B-like proteases detected may also contribute toward zymogen activation or the
processing of enzymes to make them more easily secreted and diffusible. Bioinformatic
analyses demonstrated the presence of multiple aminopeptidases and serine proteases
in P. piscicida, providing further evidence for our findings.

To date, methods have not been developed to isolate the vesicles from the surface
of Pseudoalteromonas, due in part to their irregular sizes, apparent stickiness, and
differences in their attachment to the P. piscicida strains. In fact, the structures by which
the vesicles are tethered to the P. piscicida appear to be quite different (Fig. 2 and 4).
Clearly, more work is needed to isolate and further characterize the enzymes detected
in this study, especially if compounds of potential pharmacological value are to be
identified.

This study demonstrated that secreted “inhibitors” are more than just inhibitory but
are lethal to other bacteria, since they cleared (lysed) established lawns of vibrios and
other bacterial genera. Inhibition assays demonstrated highly varied results, depending
on the host bacterium and the strain of P. piscicida used. Marine bacteria and those that
might be considered anthropogenic were inhibited by one or more P. piscicida strains.
Staphylococcus aureus was the only Gram-positive bacterium tested for inhibition and
was minimally inhibited by all three strains. From an evolutionary perspective, it would
be expected that marine bacteria, like P. piscicida, would evolve to more effectively
develop mechanisms to compete with organisms found in their native habitat; thus, it
is a bit surprising that Shigella sonnei was inhibited to the degree it was by P. piscicida
DE1-A (Table 1).

The second method to eliminate competing bacteria (e.g., V. parahaemolyticus) is
through contact inhibition via lytic vesicles. Interestingly, electron micrographs showed
the transfer of lytic vesicles (Fig. 3A to C) and the formation of vesicle-associated holes
in the cell walls (Fig. 3D to F) of only V. parahaemolyticus; no such transfer of vesicles
or formation of holes in the cell walls were observed in micrographs of the three P.
piscicida strains in V. vulnificus, V. alginolyticus, Shewanella algae, or E. coli. It is unclear
whether the transfer of lytic vesicles is receptor mediated, which could explain the
differences between the transfer of vesicles to V. parahaemolyticus and the apparent
failure to transfer vesicles to the other bacteria. After viewing hundreds of electron
micrographs of P. piscicida in coculture with V. parahaemolyticus, it appears that the
Pseudoalteromonas strains congregate around the permeabilized vibrios in a predatory
fashion, where they may assimilate nutrients given off by their prey. We conclude that
P. piscicida should be considered a predator of V. parahaemolyticus by virtue of its
ability to identify target vibrios, perhaps through some receptor-mediated process;
transfer lytic vesicles to the outer surface of the vibrios; digest holes in the Vibrio cell
walls; congregate around the dying vibrios; and assimilate nutrients released by the
vibrios in a true grazing manner. If we consider the modulation of marine bacteria by
Pseudoalteromonas, by other marine predatory bacteria, like Halobacteriovorax spp.,
and by bacteriophages, we can begin to recognize the complexities of bacterial survival
and death in the marine environment. Further studies are needed to explore vesicular
transfer to determine if it is temperature, salinity, or nutrient dependent in V. parah-
aemolyticus and whether it occurs in other serotypes or species.

In the marine environment, which has currents and tides to help flush and dilute
away secreted inhibitors, direct contact of P. piscicida with competing bacteria may be
a more efficient approach for Pseudoalteromonas spp. to attack their prey, particularly
in and around biofilms. Both secretion and lytic vesicles may take part in the modu-
lation or destruction of pathogenic bacteria in biofilms where Pseudoalteromonas and
other bacteria may remain in close proximity. Although some species of Pseudoaltero-
monas are widely reported to form biofilms, others have been reported to degrade and
control biofilms (18, 19). We speculate that direct contact with lytic vesicles and the
secretion of antimicrobial compounds act synergistically to reduce competing microbes
and proteinaceous materials within biofilms. Proteinaceous materials may be highly
susceptible to the proteolytic activities of the trypsin-like and chymotrypsin-like serine
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proteases and the cysteine protease of P. piscicida, thus giving P. piscicida a selective
advantage in biofilm degradation.

We showed the presence of many vesicles of various sizes and shapes on the
surfaces of all three P. piscicida strains, often connected to stalk-like tethers. The vesicles
and tethers appear to be a natural part of these P. piscicida strains and are different
from curli structures or flexible pili reported previously in other species of Pseudoaltero-
monas (31, 32). Likewise, these tethers are different from the stalks of stalked bacteria,
like Caulobacter spp., or to the reproductive stalks that form during bacterial budding.
The tethers of P. piscicida appear to have a unique role in the attachment and release
of lytic vesicles to V. parahaemolyticus and perhaps to other organisms or to environ-
mental surfaces, including biofilms.

There have been many reviews on the roles of bacterial outer membrane vesicles
(OMVs) in regard to gene and protein transfer to host cells, the transfer of virulence
factors, promotion of host cell destruction, cellular communications, elicitation of
immune responses in host cells, etc. (33–38). Unlike typical OMVs, the vesicles of P.
piscicida did not appear to be secreted and may not be considered extracellular, since
they are tethered to the bacterium. The sizes of OMVs are generally listed as being
between 10 and 300 nm in diameter (36, 37). Nevot et al. (39) identified small OMVs
from Pseudoalteromonas antarctica that were only 25 to 70 nm in diameter. The largest
vesicles in the current study were approximately 125 nm in diameter (Fig. 4). It is not
certain if some of the vesicles from P. piscicida are spontaneously released or only
transferred to competing bacteria by direct contact. The transfer mechanism is sus-
pected to predominate, since vesicle-like structures within the extracellular milieu were
not readily observed on micrographs. Shewanella oneidensis strain MR-1 also produces
OMVs, but they appear uniform in size and are attached to the outer membrane by thin
membranous structures referred to as nanowires, which conduct electrical impulses
(40). The tethers and associated vesicles of P. piscicida appear to be highly pleomorphic,
even within the same P. piscicida isolate (Fig. 2B). The full function of these appendages
remains to be determined.

In conclusion, it appears that P. piscicida has the ability to target the destruction of
natural competitors by two methods: the release of antimicrobial compounds and the
direct transfer of lytic vesicles to competitors. Potential antimicrobial compounds
identified in this study include several proteolytic enzymes. Further studies are needed
to (i) characterize the digestive compounds that are secreted from P. piscicida and
related Pseudoalteromonas spp., as well as those that are associated with lytic vesicles,
with the goal of identifying new pharmacological compounds of potential therapeutic
benefit; (ii) determine if the vesicles and tethers serve any other biological or mechan-
ical functions; (iii) ascertain which bacteria can serve as hosts for this vesicular transfer
or if different strains of P. piscicida exhibit different host specificities; (iv) determine if
vesicular transfer is receptor mediated; (v) further investigate the predatory nature of P.
piscicida and its modulation of overall bacterial levels in the marine environment; and
(vi) identify potential probiotic uses for P. piscicida in aquaculture, seafood processing,
and the reduction of biofilms.

MATERIALS AND METHODS
Bacteria. Pseudoalteromonas isolates were obtained from seawater tested on lawns of V. parahae-

molyticus O3:K6 (strain RIMD2210633), as described below. RIMD2210633 is a clinical pandemic strain
originally obtained from an outbreak in Japan (41). The ability of the Pseudoalteromonas isolates to
inhibit Gram-positive and Gram-negative bacteria was determined using the bacteria listed in Table 3.

Isolation of inhibitory bacteria from seawater. Seawater samples from three sites along the
Delaware Bay (42, 43) were screened for bacteria that showed inhibitory properties toward V. parahae-
molyticus. Screening was performed by use of a plaque assay method originally designed to detect Vibrio
predatory bacteria, namely, Bdellovibrio and like organisms (BALOs), in seawater (42). In essence, 25 ml
of bottom agar was added to 100-mm-diameter petri dishes and allowed to harden. The bottom agar
consisted of Pp20 agar, made as follows: 1 g/liter Pp20 medium and 15 g/liter Bacto agar (both from
Becton, Dickinson and Co., Sparks, MD), and, in place of distilled water, the medium was made with 30
ppt salinity seawater (seawater that had been autoclaved and passed through a 0.22-�m-pore filter prior
to storage and use). Seawater for the medium was obtained at high tide off the dock of the Cape
May-Lewes Ferry terminal in Lewes, DE, near the mouth of the Delaware Bay. A top agar (upper layer of
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agar) was prepared and maintained in a liquid state by combining 1 g/liter Pp20 medium and 7.5 g/liter
Bacto agar made with seawater. Top agar was autoclaved and, while still hot, 7.5 ml was pipetted into
a series of sterile 15-mm screw-cap glass culture tubes. The tubes were maintained in a water bath at
48°C. Vibrio parahaemolyticus O3:K6 was grown at 26°C and 250 rpm overnight in Luria-Bertani broth
(Becton, Dickinson and Co.) made with sterile seawater that had been diluted to 20 ppt salinity to give
a final salinity of 30 ppt (LB–3% broth). The following day, the enrichment was subcultured by
reinoculation into fresh LB–3% broth until the optical density at 600 nm (OD600) reached �0.20, so that
the culture was in exponential-growth phase. For each plaque assay isolation for Pseudoalteromonas in
seawater, 7.5 ml of test seawater was added to a tube of warm top agar, along with 1 ml of the host Vibrio
(at OD600, �0.20), and the tube was capped and gently inverted 3 times to mix. The mixture was overlaid
onto a plate of bottom agar and allowed to harden with the lid partially opened. After solidification, the
plates were inverted and incubated at 26°C. Since the top agar overlay was very soft, care was exercised
to allow ample time (30 to 45 min) for the agar to solidify, and the plates were inverted gently. This
procedure allowed the formation of lawns of V. parahaemolyticus and plaques or areas of clearing around
visible colonies of presumptive Pseudoalteromonas spp. within 24 h.

Presumptive Pseudoalteromonas colonies were picked with a Pasteur pipette from the center of the
colony to 15 �l of sterile seawater, which was streaked on Luria-Bertani agar made with 20 ppt seawater
to give a final salinity of 3% (LB–3% agar). Isolated colonies were picked successively 3 to 4 times to
obtain a pure culture. Purity was verified by plating for contaminating vibrios on Difco thiosulfate-citrate-
bile salts-sucrose (TCBS) agar (Becton, Dickinson and Co.) with incubation overnight at 26°C. Only purified
isolates without contaminating vibrios (e.g., plates that failed to produce colonies on TCBS) were
evaluated. Pigment production by the colonies was also evaluated on LB–3% agar after 26°C incubation
for 24 to 96 h.

Phylogenetic and bioinformatic analyses. Purified isolates were grown in pure culture on LB–3%
agar, and picks were submitted to Genewiz, Inc. (South Plainfield, NJ) for 16S rRNA gene sequencing
using proprietary universal 16S rRNA primers. The 16S rRNA gene sequences from P. piscicida strains
DE1-A, DE2-A, and DE2-B were compared to 16S rRNA gene sequences in the NCBI databases for P.
piscicida and related species with the following NCBI accession numbers: NR_040946.1, KP757027.1,
FJ457149.1, FJ457171.1, KF880965.1, KY382776.1, AHCC02000078.1, NR_119147.1, FJ457174.1,
NR_025126.1, KC534410.1, HQ439521.1, AB681560.1, FJ457184.1, HQ439549.1, HQ439541.1, FJ457234.1,
JQ250821.1, JQ250823.1, KT443875.1, NR_113299.1, KY073271.1, FR750950.1, KC534415.1, EU880522.2,
NR_044837.2, and AB681915.1. The nucleotide sequences were aligned using CLUSTAL W using the
program MEGA 7.0 (44). To infer evolutionary relationships, a phylogenetic tree was constructed
using the neighbor-joining method using MEGA 7.0 (44, 45). The evolutionary distances were
computed using the Kimura 2-parameter method and are in units of the number of nucleotide
substitutions per site (46). The percentage of time the taxa clustered together, a test of robustness
of branching patterns, was determined by the bootstrap replicate test (1,000 replicates) (47).

Four genome sequences of P. piscicida are present in the NCBI genome database. These four P.
piscicida strains, recovered from the marine environment, were examined for the presence of peptidases,
extracellular peptidases, and hydrolases. Sequence-based prediction of secreted peptidases was deter-
mined using SignalP 4.1 to identify putative signal peptides to differentiate peptidases and extracellular
peptidases. All peptidases with signal sequences were then examined for transmembrane domains using

TABLE 3 Bacteria used in this study

Bacterium Designationa Source or referenceb

Marine bacteria
Aeromonas hydrophila K144 USDA
Listonella (Vibrio) anguillarum ATCC 43305 ATCC
Photobacterium damselae HSOA-9 50
Shewanella algae ATCC 51192 ATCC
V. alginolyticus ATCC 17749 ATCC
V. cholerae O139 CASHD ICDDR-B
V. coralliilyticus RE98 51
V. parahaemolyticus O3:K6 RIMD2210633, tdh� 41
V. vulnificus MLT362, biotype 1 52
V. vulnificus MLT364, biotype 1 52
V. vulnificus MLT1003, biotype 1 52

Anthropogenic bacteria
Escherichia coli O157:H7 ATCC 43889 ATCC
Salmonella enterica serovar

Typhimurium
DT104 USDA

Shigella sonnei BS514 USUHS
Staphylococcus aureus 196E ATCC 13565 ATCC

aRIMD2210633, clinical isolate originally from Japan; tdh�, contains the thermostable direct hemolysin gene.
bUSDA, U.S. Department of Agriculture, Agricultural Research Service, Wyndmoor, PA; ATCC, American Type
Culture Collection, Manassas, VA; ICDDR-B, International Centre for Diarrheal Disease Research-Bangladesh,
Dhaka, Bangladesh; USUHS, Uniformed Services University of the Health Sciences, Bethesda, MD.
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the TMHMM server 2.0 to predict transmembrane helices (28, 48). The four genomes of P. piscicida
examined were for strain ATCC 15057 (accession no. NZ_ARMY00000000.1), which has a genome size of
5.3 Mb with 4,467 annotated proteins; strain JCM 20779 (NZ_AHCC00000000.1), which has a genome size
of 5.3 Mb with 4,437 annotated proteins; strain S2040 (NZ_JXXW00000000.1), which has a genome size
of 5.0 Mb with 4,137 proteins; and strain S2724 (NZ_JXXX00000000.1), which has a genome size of 5.2
Mb with 4,395 annotated proteins. Caspase 1-like proteins were investigated using the Pfam database
(http://pfam.xfam.org/) (49). BLASTn analysis was used to interrogate all sequenced Pseudoalteromonas
spp. in the NCBI genome database for the presence of caspase 1-like proteins.

Specificity of inhibition. The specificities of the Pseudoalteromonas strains to inhibit the naturally
occurring marine bacteria Aeromonas hydrophila, Listonella anguillarum, Photobacterium damselae, She-
wanella algae, V. alginolyticus, Vibrio cholerae, V. coralliilyticus, V. parahaemolyticus, and three strains of V.
vulnificus were determined as follows. The host cells were grown to an OD600 of �0.20 in LB–3% broth
at 26°C. Both the bottom and top agars were prepared as described above. The bottom agar was added
to 100-mm-diameter petri dishes and allowed to solidify. Then, 1 ml of host cells was added to a tube
of top agar, the tube was inverted to mix, and the agar was poured over the bottom layer. After
solidification, each Pseudoalteromonas strain was picked from colonies grown on LB–3% agar plates,
stabbed into the top agar in triplicate, and incubated for 48 h at 24 to 26°C. Assays for determining the
inhibition caused by Pseudoalteromonas isolates on E. coli O157:H7, Salmonella enterica serovar Typhi-
murium, Shigella sonnei, and Staphylococcus aureus were similar, except the salt in the LB agar was
reduced to 1.5% and the Pp20 medium was prepared with diluted seawater, such that the final salinity
was 1.5%. This reduction in salinity was required for some of these nonmarine pathogens, which formed
poor lawns at the higher (3%) salinity level. Under these conditions, bacterial lawns formed within 24 h.
Zones of clearing were measured from the outer edge of each Pseudoalteromonas colony to the outer
edge of the clear zone at �1.5 magnification on a Quebec colony counter and recorded at 48 h
postinoculation. To determine if Pseudoalteromonas spp. also formed zones of clearing on plates with
established lawns, the lawns were poured the day before inoculation, and the surfaces of the lawns were
dotted with Pseudoalteromonas spp. the following day. These plates were incubated at 24 to 26°C for 48
h, and the zones of inhibition around the colonies were measured as described above.

Acid production by Pseudoalteromonas strains. To determine whether the P. piscicida strains
secrete acidic compounds responsible for the zones of clearing around colonies grown on lawns of V.
vulnificus, strains were dotted onto V. vulnificus plates, as described above (see “Specificity of inhibition,”
above). After incubation at 26°C for 72 h, zones of clearing in the V. vulnificus lawns surrounding the
Pseudoalteromonas colonies were tested with nonbleeding MColorpHast pH strips (pH, 6.5 to 10; EMD
Millipore Corp., Billerica, MA). These colorimetric strips measure pH in 0.2 unit increments. Pseudoaltero-
monas piscicida colonies and lawns of V. vulnificus were also tested to compare pHs. Color development
on the pH strips was recorded after 1 min.

Screening for proteolytic enzymes using fluorogenic substrates. Petri dishes were inoculated
with V. vulnificus MLT362 and dotted with the three P. piscicida strains (as described under “Specificity
of inhibition,” above). Synthetic fluorogenic substrates were used to ascertain the proteolytic activity
associated with the surfaces of the colonies, the zones of Vibrio inhibition around the colonies, and the
unaffected lawns of vibrios. Synthetic substrates contained specific peptides covalently linked to
7-amino-4-trifluoromethylcoumarin (AFC) as the leaving group. The substrates used are listed in Table 2
and were obtained from Enzyme Systems Products, Livermore, CA. The AFC is naturally fluorescent, but
its fluorescence is quenched by the peptidyl side groups; thus, only after enzymatic cleavage of the entire
side group does the AFC regain its fluorescence. Substrates were dissolved in dimethyl sulfoxide and
diluted to 20 mM in distilled water (dH2O). Cellulose acetate membranes were soaked in the diluted
substrate for 15 s and then air-dried and stored in the dark for up to 1 week. On the day of use,
membranes were cut into 1.5- to 2-cm squares, dipped for 2 s in dH2O, and overlaid onto 48-h-old
colonies of the three strains of Pseudoalteromonas plus the zone of clearing around the colonies and onto
the vibrios in the lawn outside the zone of clearing. The overlays were performed in triplicate. After 15
min and 1 h, the membranes were evaluated for enzyme activity by monitoring for fluorescence under
a UV lamp at 364 nm. Membranes were then removed with forceps and allowed to dry under a hood,
and both sides of the membranes were reevaluated under UV illumination. This process allowed enzyme
activity, which was associated with the surface of the colonies, secreted enzyme in the zones of inhibition
around the colonies and from the lawns of vibrios, to be determined. Fluorescence signaled the
successful cleavage of the peptidyl side chain from the AFC, providing an indication of the family of
enzyme present, based on the enzyme’s specificity for cleavage.

To help characterize enzymes as possible metalloproteases, assays showing positive proteolytic
activity were repeated, where substrate-containing membranes were wet in dH2O containing 10 mM
EDTA immediately prior to overlay of the colonies, zones of inhibition around the colonies, and the
healthy lawns of vibrios. The abolition of fluorescence would be an indication that the enzyme in
question is a metalloprotease.

SEM. Pseudoalteromonas strains were inoculated into sterile seawater containing V. parahaemolyti-
cus, V. vulnificus, V. alginolyticus, Shewanella algae, and E. coli O157:H7. Cultures were grown for up to 5
h at room temperature (�22°C), placed on coverslips for 1 h, glutaraldehyde fixed, and prepared for SEM,
as previously described (42). Controls without P. piscicida were prepared similarly and viewed for their
characteristic morphologies. Mixed cultures were viewed and observed for interactions between the
bacteria and to identify any significant morphologies indicative of bacterial cell injury. In addition to
liquid cultures, 48-h-old Pseudoalteromonas colonies surrounded by zones of clearing on lawns of V.
vulnificus and V. parahaemolyticus were excised with a scalpel to capture the colony, the surrounding
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zone of clearing, and the lawn of host vibrios just outside the zone of clearing. The excised agar was
processed for SEM as follows: the agar slices were placed in individual wells of 12-well plates and fixed
by covering with 200 �l of 2.5% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) for 30 min.
Wells were drained, the slices were rinsed twice for 30 min each with �2.5 ml of 0.1 M imidazole buffer
(pH 7.0; Electron Microscopy Sciences) and dehydrated for 30-min intervals each in �2.5 ml of 50, 80, and
90% ethanol and 3 times for 30 min each time in �2.5 ml of 100% ethanol. The gel slices were stacked
in a wire basket, separated by cloth, and placed in a critical point drying apparatus (Denton Vacuum, Inc.,
Cherry Hill, NJ), where they were dried for approximately 20 min using liquid carbon dioxide (Welco Co.,
Allentown, PA). The samples were mounted on stubs and sputter gold coated (EMS 150R ES; Electron
Microscopy Sciences) for 1 min. Samples were then viewed with an FEI Quanta 200FEG scanning electron
microscope (Hillsboro, OR) at an accelerating voltage of 10 kV in high-vacuum mode.
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