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Bacterial extracellular aminopeptidases are key enzymes in protein processing in oligotrophic seawater. To the best of our
knowledge, the regulation of aminopeptidase production in microbes inhabiting seawater has not yet been reported. The
present study attempted to experimentally clarify which organic materials affect bacterial extracellular aminopeptidase
production by nutrient-rich and starved cells growing in artificial seawater using Photobacterium, Alteromonas, Ruegeria,
and Sulfitobacter. In all four species, we found that peptides induced bacterial extracellular aminopeptidase production.
Amino acids led to cell growth with markedly lower aminopeptidase production by Photobacterium and Sulfitobacter, but
not by Alteromonas and Ruegeria. These results suggest that the extracellular aminopeptidases of marine bacteria are
primarily produced on demand in response to the presence of relevant substrates (peptides) in seawater. Peptidyl substances
may be regulatory nutrients for marine bacterial growth in aquatic environments.
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Dissolved organic molecules in seawater are important
substrates for marine heterotrophic bacteria. The ocean con‐
tains a large carbon pool of dissolved organic matter
(DOM), with the amount of carbon in DOM estimated to be
similar to that in atmospheric CO2 (Schimel, 1995). How‐
ever, significant portions of oceanic DOM pools are recalci‐
trant to microbial degradation and are only rarely used by
heterotrophic microbes (Nagata, 2008). Some of the utiliza‐
ble dissolved organic compounds in seawater may be char‐
acterized as free and combined amino acids and sugars
(Amon et al., 2001; Nagata, 2008). The uptake of organic
molecules across the bacterial membrane is generally lim‐
ited to molecules smaller than ca. 600 Da (Nikaido and
Vaara, 1985). Heterotrophic bacteria in seawater typically
take up dissolved organic compounds as small molecules
released after the partial digestion of extracellular macromo‐
lecules, such as proteins or polysaccharides, by extracellular
enzymes (ectoenzymes on the bacterial cell surface or
enzymes released into the environment) (Azam and
Malfatti, 2007). Other than proteins, polysaccharide frag‐
ments may be taken up through Sus-type (particularly with
SusC/D) systems via ‘selfish uptake’ (Cuskin et al., 2015);
this process occurs in marine waters (Reintjes et al., 2017).
In this case, polysaccharides must be initially hydrolyzed
outside the cell by extracellular enzymes.

In natural seawater, the activities of proteases have been
characterized based on assays that use substrate proxies
(Hoppe et al., 2002). Leucine aminopeptidase has been
examined as a representative of heterotrophic microbial pro‐
teolytic activity in seawater for several decades (Chróst,

* Corresponding author. E-mail: ssuzuki@ehime-u.ac.jp;
Tel: +81–89–927–8552; Fax: +81–89–927–8551.

Citation: Shindoh, S., Obayashi, Y., and Suzuki, S. (2021) Induction
of Extracellular Aminopeptidase Production by Peptides in Some
Marine Bacterial Species. Microbes Environ 36: ME20150.
https://doi.org/10.1264/jsme2.ME20150

1990). Our previous findings suggested that the bacterial
utilization of peptidyl compounds in aquatic environments
employs a two-step process: trypsin-type endopeptidases
catalyze the hydrolysis of high-molecular-weight proteins to
oligopeptides, which are subsequently hydrolyzed to amino
acids by aminopeptidases (Obayashi and Suzuki, 2005,
2008). Cultured bacterial strains isolated from seawater pro‐
duced extracellular activities corresponding to several types
of aminopeptidases (Bong et al., 2013). These findings sug‐
gested that heterotrophic marine bacteria produce extracel‐
lular aminopeptidases, which convert peptides in seawater
to amino acids that are then taken up by organisms. How‐
ever, protease activities in marine environments may origi‐
nate not only from heterotrophic bacteria, but also from
protists (Thao et al., 2015). Protease production is regulated
by environmental factors, and nitrogen limitations and the
presence of phosphate have been shown to induce the pro‐
duction of aminopeptidases (Lazdunski et al., 1975;
Ludewig et al., 1987). A role has also been reported for
organic matter. Algal proteins in river water appear to
induce the production of proteases (Hoch et al., 1996), and
glycopeptides have been shown to induce the production of
the LonA protease by Pseudomonas aeruginosa (Marr et al.,
2007). The extracellular proteases of marine bacteria are key
enzymes in the marine degradation and processing of DOM,
as described above; nevertheless, to the best of our knowl‐
edge, there is currently no information on the regulation of
extracellular protease production by microbes inhabiting oli‐
gotrophic seawater.

We hypothesized that proteinaceous substrates control
enzyme activity; bacteria under oligotrophic conditions may
respond to organic matter substrates by activating efficient
biochemical catabolism. Bacteria have generally developed
advanced mechanisms for the regulation of catabolic path‐
ways, as reported by Ben Kahla-Nakbi et al. (2007) in
marine bacteria. Bacteria (e.g., enteric bacteria) under eutro‐
phic conditions may easily access peptide substances; how‐
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ever, since marine bacteria in seawater are generally
subjected to largely oligotrophic conditions, they need to
expend energy in order to obtain organic nutrients. To
reduce energy expenditure, bacteria in seawater may pro‐
duce extracellular proteases in an “on-demand” manner,
synthesizing enzymes only when the relevant substrates are
present in the surrounding water. This hypothesis raises the
question of whether organic matter other than peptide sub‐
strates also contributes to this proposed regulation of
enzyme expression.

In the present study, we attempted to clarify extracellular
protease production by heterotrophic marine bacteria
exposed to biodegradable DOM in aquatic environments.
We considered the following (non-exclusive) possibilities:
Proteases are induced by proteinaceous substances (sub‐
strates) and some or all of the amino acids that are generated
by protein degradation. Additionally, other growth substan‐
ces, such as polysaccharides, may promote enzyme activity.
We also considered that the response observed may differ
depending on the physiological conditions of bacterial cells
upon encountering potential inducers. Therefore, the present
study experimentally investigated the mechanisms by which
protease activities are induced in bacteria growing in artifi‐
cial seawater (ASW) under various physiological condi‐
tions. We used four species of heterotrophic bacteria
isolated from seawater that were confirmed to produce
extracellular proteases before the initiation of the study. The
cells of each species were tested under two physiological
states depending on their previous nutritional conditions.
Specifically, each bacterium was cultured in the presence or
absence of sufficient nutrients prior to the initiation of the
experiments. Nutrient-rich cultured cells and starved cells
were suspended in ASW, and their growth and extracellular
protease activity were examined over time.

Materials and Methods

Bacteria for experiments
Among Proteobacteria, the largest bacterial group in the marine

environment (Sunagawa et al., 2015), Alphaproteobacteria and
Gammaproteobacteria are the dominant clades (Hagström et al.,
2002; Sunagawa et al., 2015). In the present study, we used two
species of Gammaproteobacteria, Photobacterium damselae
subsp. damselae strain 04Ya311 and Alteromonas sp. strain AIS33,
and two species of Alphaproteobacteria, Ruegeria sp. strain
F0CS5 and Sulfitobacter sp. strain AIS32. Photobacterium was
isolated from the surface water in Seto Inland Sea, Kagawa Prefec‐
ture, Japan (Neela et al., 2007); Alteromonas and Sulfitobacter
were isolated from the surface water of the Uwa Sea in Ehime Pre‐
fecture, Japan (Sato-Takabe et al., 2016); and Ruegeria was iso‐
lated from the surface water of the Seto Inland Sea, Ehime
Prefecture, Japan, as part of the present study. All strains were
classified based on their 16S rRNA gene sequences.

The protease activity profiles of these four strains were exam‐
ined in the logarithmic-growth phase, which revealed that all
strains exhibited extracellular aminopeptidase activities, whereas
trypsin-type activity hydrolyzing Boc-Phe-Ser-Thr-Arg-MCA was
weak (Fig. S1). Other hydrolytic activities against 4-methyl-
coumaryl-7-amide (MCA) substrates (Obayashi et al., 2017): nine
trypsin types and two chymotrypsin types, were rarely detected.

Therefore, in the present study, extracellular aminopeptidase
activity was considered to be an index of proteolytic activity.

Preparation of cells growing under nutrient-rich and starvation
conditions

The four strains were precultured in 50-mL plastic centrifuge
tubes (Sumitomo Bakelite), each containing 20 mL of Marine
Broth medium (MB; Difco), and incubated at 25°C overnight with
shaking at 120 rpm. Cells in the log-growth phase were harvested
by centrifugation at 5,400×g at 4°C for 30 min (Hitachi, CF16RN,
T9A31). The resulting pellets were resuspended and washed once
with ASW (Table S1), and were then centrifuged again under the
same conditions. The resulting pellets were considered to be “cells
grown under nutrient-rich conditions” because they had been pro‐
vided with sufficient organic nutrients, and were hereafter referred
to as “MB-cultured cells”. An aliquot of harvested cells was resus‐
pended in ASW and incubated in the absence of any additional
organic substances (i.e., under starvation conditions) at 4°C for 15
days. Cells were then collected by centrifugation. The resulting
pellets were considered to be “starved cells”. The preparation proc‐
esses for “MB-cultured cells” and “starved cells” are shown sche‐
matically in Fig. 1.

Microcosms
Aliquots (70 mL each) of bacterial cell suspensions in ASW (at

1.0×106 cells mL–1) were distributed to 100-mL glass screw cap
bottles. Separate suspensions were prepared using the MB-cultured
cells and starved cells of each strain.

To examine each bacterial growth and their extracellular pro‐
tease activity in response to the organic matter added, four differ‐
ent organic substances were added to separate bottles (Fig. 1):
peptides, amino acids, cellulose (a polysaccharide), and glucose (a
monosaccharide), each at two different concentrations (High and
Low) (except for cellulose). The peptide supplement consisted of
Bacto™ Proteose Peptone No. 3 (BD Bionutrients), which was
added to the bottles to a final concentration of 125 mg L–1 (High-
Peptone) or 12.5 mg L–1 (Low-Peptone). Amino acids were pre‐
pared as solutions of 20 types of proteinogenic amino acids (Wako,
Nacalai Tesque), which were added to the experimental bottles to a
final concentration of 100 μM each (High-Amino acids) or 10 μM
each (Low-Amino acids). Carboxymethyl cellulose sodium salt
(CMC, Nacalai Tesque) solution was added to the bottles (Cellu‐
lose) to a final concentration of 1.85 g L–1. D-(+)-glucose (Nacalai
Tesque) solution was added to the bottles to a final concentration
of 100 μM (High-Glucose) or 10 μM (Low-Glucose). The experi‐
mental concentrations of peptone and CMC were selected based on
the expected average molecular weights of each commercial prod‐
uct: 1.25×103 g mol–1 for Proteose Peptone and 1.85×105 g mol–1

for CMC. Based on these conversions, High-Peptone and Low-
Peptone were expected to contain approximately 100 μM and
10 μM peptone, respectively, while Cellulose was expected to con‐
tain approximately 10 μM CMC. Due to the lower solubility of
polymeric CMC, cellulose supplementation was performed at a
single concentration. As a control, a bottle without organic sub‐
stances (Non) was also prepared. All prepared bottles (High-
Peptone, Low-Peptone, High-Amino acids, Low-Amino acids,
Cellulose, High-Glucose, Low-Glucose, and Non) were incubated
at 25°C without shaking. After 0, 5, 10, 24, 48, and 72 h, 4-mL
samples were withdrawn from each bottle and subjected to bacte‐
rial counts and enzyme activity assays.

As shown in Table S1, the standard composition of ASW did not
include the element phosphorus. To supplement phosphorus in
ASW, a 2-mmol L–1 phosphate buffer stock was added to ASW to
yield a final concentration of 2 μmol-P L–1, a level that is approxi‐
mately equivalent to that of total phosphorus in natural seawater
(Nausch et al., 2018). Parallel experiments were conducted with
and without phosphate-supplemented ASW.

Viable cell count
Samples were subjected to serial 10-fold dilutions with ASW,

and 100 μL of diluted samples was plated on each MB agar plate
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“MB-cultured cell” groups

“Starved cell” groups

Incubated at 4˚C
for 15 days

HP HA HG

Cel NonLP LA LG

Suspended in artificial 
seawater (ASW)

Grown in marine 
broth (MB)

HP HA HG

Cel NonLP LA LG

Harvested at the middle 
log growth phase

Suspended in artificial 
seawater (ASW)

Time course subsampling
• Cell count
• Enzyme assay  

Time course subsampling
• Cell count
• Enzyme assay  

Fig. 1. Diagram depicting the experimental design. Details on the organic supplements added to each experimental bottle are described in the
text. Abbreviations: HP, High-Peptone; LP, Low-Peptone; HA, High-Amino acids; LA, Low-Amino acids; Cel, Cellulose; HG, High-Glucose; LG,
Low-Glucose; Non, without an organic supplement. The experiment was performed in artificial seawater with phosphorus (Fig. 2 and 3) and
without phosphorus (Fig. S2 and S3).

with replicates. After an incubation at 25°C for 1 or 3 days, colo‐
nies were counted and viable cell density (colony-forming units
[CFU] mL–1) was calculated.

Total cell count
Samples were fixed with glutaraldehyde (0.03% final concentra‐

tion) at 4°C for 16 or 24 h. Fixed samples then were passed
through a 0.2-μm Nuclepore filter (polycarbonate, 25-mm diame‐
ter; ADVANTEC) to collect bacterial cells on the filter, and cells
were stained with 4,6-diamidino-2-phenylindole (DAPI) as previ‐
ously described (Bien et al., 2015; Kohyama and Suzuki, 2019).
Cell counting was performed using an epifluorescence microscope
(×1,000, Olympus BX51) for 30 grids (1 grid: 0.01 mm2) per
sample; the resulting values were used to calculate cell density
(cells mL–1) in each sample.

Enzyme activities
Extracellular enzyme activities were measured according to the

methods of Obayashi et al. (2017). Synthetic MCA substrates
(Peptide Institute) were used for the assay: L-leucine MCA (Leu-
MCA) and L-alanine MCA (Ala-MCA) are aminopeptidase sub‐
strates, and t-butyloxycarbonyl-L-leucyl-L-seryl-L-threonyl-L-
arginine MCA (Boc-Leu-Ser-Thr-Arg-MCA) is a trypsin substrate.
Enzyme activities against these three substrates have been reported
in seawater (Obayashi and Suzuki, 2005), and are also produced by
marine bacterial isolates (Bong et al., 2013). Working solutions of
each MCA substrate were prepared at 2 mM in ASW containing
20% dimethyl sulfoxide (Wako). In the assays, 20 μL of the MCA
substrate solution was mixed with 180 μL of each sample in the

wells of a 96-well non-binding black plate (Greiner Bio-One)
(Obayashi et al., 2017), yielding a final MCA substrate concentra‐
tion of 200 μM. Assays were performed in triplicate (i.e., three
wells for each sample). The plate was incubated at 25°C for 1 h,
during which time the fluorescence intensity of each well was
measured five times (at 12-min intervals) to monitor the time
course of the change in fluorescence. The plate was shaken at
800 rpm for 60 s before each measurement. Measurements were
performed using a microplate reader (Corona SH8100Lab) with
excitation/emission wavelengths of 380/440 nm, respectively. Flu‐
orescence changes were converted to increases in the concentration
of a fluorophore (7-amino-4-methylcoumarin; AMC), generated as
a hydrolysis product of the MCA substrate. The same analysis was
performed with autoclaved samples to assess non-enzymatically
produced AMC. The enzymatic hydrolysis rates of substrates in the
samples were estimated from changes in the concentration of AMC
after the subtraction of non-enzymatically produced AMC. The
cell-specific hydrolysis rate (fmol cell–1 h–1) was calculated by
dividing activity by the total cell number at each culture’s sampling
time point.

Statistical analysis
Data are presented as an average±SD where appropriate. A two-

tailed one-way ANOVA with post hoc Tukey-Kramer tests were
performed to test the significance of differences among the experi‐
mental conditions examined. Calculations were performed using
Microsoft® Excel® 2016 with a statistical chart for multiple com‐
parisons. A difference was considered to be significant at P<0.01
(cell number) or P<0.05 (enzyme activity).
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Results and Discussion

Effects of organic substances on bacterial number
Fig. 2 shows changes in viable and total cell numbers

after the separate addition of peptone (peptides), amino
acids, cellulose (polysaccharide), and glucose (monosac‐
charide) to phosphorus-supplemented ASW. In most cases,
High-Peptone provided the strongest growth among the
experimental conditions examined for both MB-cultured
cells and starved cells (Fig. 2). MB-cultured cells of
Photobacterium and Sulfitobacter showed rapid increases in
cell density at the early stage (<10 h) of culturing, whereas
those of Alteromonas and Ruegeria increased after 10 h. The
lag periods for all species before starting growth were
longer with starved cells than with MB-cultured cells,
indicating that the resumption of growth in ASW was

delayed for starved cells. Growth in High-Peptone was sig‐
nificantly stronger (P<0.01) than that in Low-Peptone for all
species tested.

When Photobacterium and Sulfitobacter were cultured in
ASW supplemented with phosphorus, growth was observed
under not only High- and Low-Peptones, but also Low-
Amino acids (Fig. 2). Amino acids were expected to serve
as efficient substrates for incorporation and metabolism.
Regarding Alteromonas and Ruegeria, growth was rarely
observed in Low-Amino acids and was markedly stronger in
peptone-supplemented culture.

Growth was not observed in High-Amino acids medium
for any of the tested strains. We postulated that this inhibi‐
tion was the result of a pH effect: the addition of high con‐
centrations of amino acids lowered the pH of ASW, which
was 4.7 in High-Amino acids and 6.0 in Low-Amino acids.
The growth pH ranges of each species were previously
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Fig. 2. Cell growth of four species in artificial seawater (ASW) supplemented with phosphorus and various organic materials. Cultures were
initiated with the MB-cultured cells and starved cells of each bacterial strain. Colony-forming units (CFUs) and total cell numbers were counted at
the specified time points. Bacterial strains are indicated with genus names in each graph. Details of added organic materials are provided in the text.
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reported to be 5–11 (optimal pH 7–8) for Photobacterium
(Moreira et al., 2014), 5–11 (optimal pH 6–8) for
Alteromonas (Sinha et al., 2017), 5–11 (optimal pH 7–7.5)
for Ruegeria (Muramatsu et al., 2007), and 6–11 (optimal
pH 7–8) for Sulfitobacter (Liu et al., 2017). Therefore, the
failure of the selected strains to grow in High-Amino acids
medium appeared to reflect an inability to grow at low pH.

Carbon, nitrogen, and phosphorus are generally essential
for cell growth by bacteria (Vrede et al., 2002). Phosphorus
may be a growth-limiting factor for marine bacteria (Cotner
et al., 1997). To examine a possible phosphorus effect, we
performed the same culturing experiment in ASW with and
without phosphorus supplementation. The growth of
Photobacterium and Sulfitobacter was weaker in media
lacking supplemental phosphorus (Fig. S2) than in that with
supplemental phosphorus (Fig. 2), suggesting that phospho‐
rus facilitates efficient amino acid utilization in the bacteria
of these species. A previous study reported that phosphorus
limitation negatively affected central metabolism and secon‐
dary product synthesis by Gram-positive bacteria (Martín,
2004). However, the physiological effects of phosphorus
limitation remain unclear in marine bacteria (Romano et al.,
2015), despite marine environments often representing phos‐
phorus-limited conditions. Romano et al. (2017) reported a
relationship between phosphate limitation and the secretion
of ion-chelating molecules by bacteria, which implied that
phosphorus deficiency also affected the availability of trace
elements. Therefore, the amino acid utilization system may
be affected by phosphorus and/or trace metal limitation,
leading to growth suppression. The synthesis of nucleic acids
may also be involved in the phosphorus limitation effect.

Cellulose and glucose did not induce bacterial growth in
any of the strains with or without phosphorus supplementa‐
tion (Fig. 2 and S2), indicating that saccharides are inade‐
quate as the sole growth substrate. Glucose is a small
organic molecule that needs to be readily utilized by bacte‐
ria not otherwise limited by a deficiency for an essential ele‐
ment (Labella et al., 2011); in contrast, polysaccharides
need to be hydrolyzed prior to the uptake of the resulting
saccharides. In the present study, no growth was observed in
ASW supplemented with polysaccharides or glucose (at
either of the tested concentrations). This impairment in
growth was caused by a lack of nitrogen because saccha‐
rides do not contain organic nitrogen. ASW does not contain
a nitrogen source; therefore, cells cultured in ASW supple‐
mented with either type of saccharide will become nitrogen
limited. In contrast, all strains exhibited growth in peptone-
supplemented ASW, which is consistent with peptone
containing a balance of carbon, nitrogen, and phosphorus.

Therefore, these experiments demonstrated that peptone-
supplemented ASW is an efficient growth medium for the
bacterial strains tested; ASW supplemented with amino
acids also supported the growth of Photobacterium and
Sulfitobacter. In contrast, Alteromonas and Ruegeria did not
show stronger growth in ASW supplemented with amino
acids than in ASW lacking any organic substance (Non).
Similar results were obtained for the acceleration of growth
of starved cells by each organic substance; however, starved
cells appeared to require more time to restart their growth in
the presence of organic substances.

Changes in protease activity with each organic substance
Various proteases from marine bacteria have been discov‐

ered and examined; however, the majority of studies have
focused on proteases as pathogenic factors in fish pathogens
(Morita et al., 1996) and as biotechnology tools (Amin,
2018). In ecological studies, proteases have been reported
from marine sediment bacteria, a class that primarily
includes Gammaproteobacteria (Zhang et al., 2015). We
herein examined extracellular protease production by four
marine strains from Gamma- and Alphaproteobacteria. We
focused on enzyme activities that have been detected in nat‐
ural seawater (Obayashi and Suzuki, 2005; 2008) and
marine bacterial isolates (Bong et al., 2013).

Fig. 3 and S3 show cell-specific extracellular protease
activity during the first 72 h after the addition of substrate
organic materials. Cell-specific extracellular aminopeptidase
activities (detected by the hydrolysis of Leu-MCA or Ala-
MCA) were elevated in some experimental cultures,
whereas trypsin-like activities (detected by the hydrolysis of
Boc-Leu-Ser-Thr-Arg-MCA) did not exhibit apparent
changes from baseline levels in any of the tested experimen‐
tal conditions (Fig. 3 and S3). Although we cannot com‐
pletely deny the possibility of the expression of
endopeptidases other than trypsin, these strains are not
likely to produce endopeptidases because they do not pro‐
duce them even in MB media (see Materials and Methods).

In experiments performed using phosphorus-
supplemented ASW (Fig. 3), the levels of cell-specific ami‐
nopeptidase activity were markedly elevated in High-
Peptone bottles for both the MB-cultured and starved cells
of all tested strains, and were moderately elevated (in some
cases) in Low-Peptone and Low-Amino acids bottles. Ele‐
vations in the cell-specific activities of enzymes implies
enzyme synthesis (enzyme production). Cells cultured in
medium supplemented with cellulose or glucose did not
show any increases in aminopeptidase activity for any of the
strains. Eguchi et al. (1996) previously reported that
Sphingomonas sp. produced proteins and grew in glucose-
supplemented ASW medium, which is an oligotrophic con‐
dition. The conditions used in the present study lacked a
nitrogen source in saccharide-supplemented ASW; there‐
fore, the de novo synthesis of enzymes did not occur.

The aminopeptidase activities of all four strains cultured
under High-Peptone conditions increased during the loga‐
rithmic growth phase (5 to 48 h, depending on the strain,
Fig. 2 and 3), and decreased in the stationary phase (after
72 h for Photobacterium and Sulfitobacter). The sole
exception was the Leu-MCA hydrolyzing activity of
Photobacterium, which continued to increase during the sta‐
tionary phase. Alteromonas cultured in High-Peptone con‐
tinued growing and exhibited increased enzyme activity at
72 h (Fig. 2 and 3). When grown in High-Peptone medium,
the starved cells of each strain exhibited similar aminopepti‐
dase activity to that of MB-cultured cells. The starved cells
of Ruegeria, when grown in High-Peptone medium, also
exhibited strong aminopeptidase activity before cell growth
(Fig. 2 and 3). These results suggest that aminopeptidase
production by starved cells was rapidly stimulated upon
exposure to peptides, which may be a prerequisite reaction
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Fig. 3. Protease production (cell-specific extracellular activity of the enzyme) by each strain when grown in phosphorus-supplemented artificial
seawater (ASW) with various organic materials. Cultures were initiated with the MB-cultured cells and starved cells of each bacterial strain.
Enzyme activity was measured for aminopeptidases (with Leu-MCA and Ala-MCA substrates) and trypsin-like enzymes (with Boc-Leu-Ser-Thr-
Arg-MCA substrate). Bacterial strains and the symbols for the added organic materials are the same as in Fig. 2.

to obtain carbon, nitrogen, and energy for cell growth. acids medium was (in some cases) similar to that in High-
When grown in Low-Amino acids bottles, Photobacterium Peptone medium, aminopeptidase production was markedly

and Sulfitobacter also showed aminopeptidase production lower in Low-Amino acids bottles than that in High-Peptone
and cell growth when phosphorus was sufficient (Fig. 2 and bottles. Free amino acids, which may be taken up without
3). Although cell growth by these strains in Low-Amino hydrolysis, are expected to serve well as organic nutrients
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for heterotrophic bacteria (Azam and Malfatti, 2007). Ami‐
nopeptidase activity does not appear to be required for this
process.

Bacteria generally encode many types of aminopepti‐
dases. Some of these enzymes are constitutively expressed,
while others are induced under specific conditions; however,
the regulatory factors that control this expression have not
yet been defined for many aminopeptidases (reviewed in
Gonzales and Robert-Baudouy, 1996). Phosphorus limita‐
tion is considered to be related to the induction of some ami‐
nopeptidases located in the cytoplasm or inner membrane of
bacteria (Gonzales and Robert-Baudouy, 1996). The results
of the present study showed that the extracellular aminopep‐
tidases of the four tested marine bacteria were strongly
affected by peptides in the surrounding water, independently
of phosphorus limitation. In ecological studies, Hoch et al.
(1996) reported that aminopeptidases in river microbial
communities were induced by proteinaceous substances, a
finding that is consistent with the present results. Collec‐
tively, these results indicate that a large portion of bacterial
extracellular aminopeptidases in aquatic environments are
induced in the presence of peptide/proteinaceous substances
in environmental water. Marine Polaribacter isolates have
been reported to possess polysaccharide utilization loci at
which peptidase and carbohydrate-active enzymes are
coded, forming a chondroitin operon (Xing et al., 2015).
This finding suggests that polymer usage is regulated by
substrates. The substrate effect has also been reported in
carbohydrate enzyme regulation (Koch et al., 2019).

Therefore, extracellular aminopeptidase production by
four marine bacterial strains was enhanced in the presence
of peptides in the surrounding water. These enzyme activi‐
ties were induced at the early stages of the growth of these
microbes, even in starved cells that did not appear to be pro‐
liferating yet. This response to organic substrates is
expected to control bacterial growth in oligotrophic aquatic
environments.

Conclusion
The present study examined the growth and extracellular

protease activity of four species of Alpha- and
Gammaproteobacteria in the presence of defined medium
supplemented with individual organic substances. Growth
and increases in cell-specific aminopeptidase activity,
namely, aminopeptidase production, were observed for all
four tested strains upon supplementation with peptone and
amino acids, but not with cellulose and glucose, which may
be due to the lack of nitrogen for de novo enzyme synthesis.
Some of the tested strains showed growth upon supplemen‐
tation with amino acids with markedly less enzyme produc‐
tion than that with peptone. In some cultures of starved
cells, increases in cell-specific aminopeptidase activity
appeared before cell growth. These results demonstrate that
marine bacteria, whether previously grown under nutrient-
rich or starvation conditions, prioritize their response to pep‐
tidyl compounds when utilizing nutrients.

Acknowledgements

This work was supported by JSPS KAKENHI Grant Number
JP19H03033 and the LaMer Program of Ehime University sup‐

ported by the Ministry of Education, Culture, Sports, Science and
Technology, Japan. We are grateful to Miss A. Kadoya for her
technical assistance.

References

Amin, M. (2018) Marine protease-producing bacterium and its potential
use as abalone probiont. Aquac Rep 12: 30–35.

Amon, R.M.W., Fitznar, H.-P., and Benner, R. (2001) Linkages among
the bioreactivity, chemical composition, and diagenetic state of
marine dissolved organic matter. Limnol Oceanogr 46: 287–297.

Azam, F., and Malfatti, F. (2007) Microbial structuring of marine
ecosystems. Nat Rev Microbiol 5: 782–791.

Ben Kahla-Nakbi, A., Besbes, A., Chaieb, K., Rouabhia, M., and
Bakhrouf, A. (2007) Survival of Vibrio alginolyticus in seawater and
retention of virulence of its starved cells. Mar Environ Res 64: 469–
479.

Bien, T.L.T., Sato-Takabe, Y., Ogo, M., Usio, M., and Suzuki, S. (2015)
Persistence of multi-drug resistance plasmids in sterile water under
very low concentrations of tetracycline. Microbes Environ 30: 339–
343.

Bong, C.W., Obayashi, Y., and Suzuki, S. (2013) Succession of protease
activity in seawater and bacterial isolates during starvation in a
mesocosm experiment. Aquat Microb Ecol 69: 33–46.

Chróst, R.J. (1990) Microbial ectoenzymes in aquatic environments. In
Aquatic Microbial Ecology. Overbeck, J., and Chóst, R.J. (eds). New
York, NY: Springer-Verlag, pp. 47–78.

Cotner, J.B., Ammerman, J.W., Peele, E.R., and Bentzen, E. (1997)
Phosphorus-limited bacterioplankton growth in the Sargasso Sea.
Aquat Microb Ecol 13: 141–149.

Cuskin, F., Lowe, E.C., Temple, M.J., Zhu, Y., Cameron, E., Pudlo, N.A.,
et al. (2015) Human gut Bacteroidetes can utilize yeast mannan
through a selfish mechanism. Nature 517: 165–169.

Eguchi, M., Nishikawa, T., MacDonald, K., Cavicchioli, R., Gottschal,
J.C., and Kjelleberg, S. (1996) Responses to stress and nutrient
availability by the marine ultramicrobacterium Sphingomonas sp.
strain RB2256. Appl Environ Microbiol 62: 1287–1294.

Gonzales, T., and Robert-Baudouy, J. (1996) Bacterial aminopeptidases:
properties and functions. FEMS Microbiol Rev 18: 319–344.

Hagström, Å., Pommier, T., Rohwer, F., Simu, K., Stolte, W., Svensson,
D., and Li Zweifel, U. (2002) Use of 16S ribosomal DNA for
delineation of marine bacterioplankton species. Appl Environ
Microbiol 68: 3628–3633.

Hoch, B., Berger, B., Kavka, G., and Herndl, G.J. (1996) Influence of
wastewater treatment on the microbial ecology of a large, temperate
river system—The Danube River. Hydrobiologia 321: 205–218.

Hoppe, H-G., Arnostgi, C., and Herndl, G.F. (2002) Ecological
significance of bacterial enzymes in the marine environment. In
Enzymes in the Environment. Burns, R.G., and Dick, R.P. (eds). New
York, NY: Marcel Dekker, pp. 73–107.

Koch, H., Dürwald, A., Schweder, T., Noriega-Ortega, B., Vidal-
Melgosa, S., Hehemann, J-H., et al. (2019) Biphasic cellular
adaptations and ecological implications of Alteromonas macleodii
degrading a mixture of algal polysaccharides. ISME J 13: 92–103.

Kohyama, Y., and Suzuki, S. (2019) Conjugative gene transfer between
nourished and starved cells of Photobacterium damselae ssp.
damselae and Escherichia coli. Microbes Environ 34: 388–392.

Labella, A., Berbel, C., Manchado, M., Castro, D., and Borrego, J.J.
(2011) Photobacterium damselae subsp. damselae, an emerging
pathogen affecting new cultured marine fish species in Southern
Spain. In Recent Advances in Fish Farms. Aral, F. (ed.) IntechOpen,
pp. 135–152.

Lazdunski, A., Pellissier, C., and Lazdunski, C. (1975) Regulation of
Escherichia coli K10 aminoendopeptidase synthesis. Effects of
mutations involved in the regulation of alkaline phosphatase. Eur J
Biochem 60: 357–362.

Liu, Y., Lai, Q., and Shao, Z. (2017) Proposal for transfer of
Oceanibulbus indolifex Wagner-Döbler et al. 2004 to the genus
Sulfitobacter as Sulfitobacter indolifex comb. nov. Int J Syst Evol
Microbiol 67: 2328–2331.

Ludewig, M., Fricke, B., and Aurich, H. (1987) Leucine aminopeptidase
in intracytoplasmic membranes of Acinetobacter calcoaceticus. J
Basic Microbiol 27: 557–563.

7 / 8 Article ME20150



 

 

 

 
 

 

 
 

 
 

 

 
 

 
 

 

 

 

 

 

 
 

 
 

 

 

 

 

 
 

 

 

 
 

 

 
 

Shindoh et al.

Marr, A.K., Overhage, J., Bains, M., and Hancock, R.E.W. (2007) The
Lon protease of Pseudomonas aeruginosa is induced by
aminoglycosides and is involved in biofilm formation and motility.
Microbiology 153: 474–482.

Martín, J.F. (2004) Phosphate control of the biosynthesis of antibiotics
and other secondary metabolites is mediated by the PhoR-PhoP
system: an unfinished story. J Bacteriol 186: 5197–5201.

Moreira, A.P.B., Duytschaever, G., Tonon, L.A.C., Fróes, A.M., de
Oliveira, L.S., Amado-Fiho, G.M., et al. (2014) Photobacterium
sanctipauli sp. nov. isolated from bleached Madracis decactis
(Scleractinia) in the St Peter & St Paul Archipelago, Mid-Atlantic
Ridge, Brazil. PeerJ 2: e427.

Morita, J., Suzuki, S., and Kusuda, R. (1996) Metalloprotease produced
by Listonella anguillarum shows similar activity to plasma activated
protein C in rainbow trout coagulation cascade. Fish Pathol 31: 9–
17.

Muramatsu, Y., Uchino, Y., Kasai, H., Suzuki, K., and Nakagawa, Y.
(2007) Ruegeria mobilis sp. nov., a member of the
Alphaproteobacteria isolated in Japan and Palau. Int J Syst Evol
Microbiol 57: 1304–1309.

Nagata, T. (2008) Organic matter-bacteria interactions in seawater. In
Microbial Ecology of the Ocean, 2nd ed, Kirchmen, D.L. (ed.)
Hoboken, NJ: Wiley-Liss, pp. 207–241.

Nausch, M., Achterberg, E.P., Bach, L.T., Brussaard, C.P.D., Crawfurd,
K.J., Fabian, J., et al. (2018) Concentrations and uptake of dissolved
organic phosphorus compounds in the Baltic Sea. Front Mar Sci 5:
386.

Neela, F.A., Nonaka, L., and Suzuki, S. (2007) The diversity of multi-
drug resistance profiles in tetracycline-resistant Vibrio species
isolated from coastal sediments and seawater. J Microbiol 45: 64–68.

Nikaido, H., and Vaara, M. (1985) Molecular basis of bacterial outer
membrane permeability. Microbiol Rev 49: 1–32.

Obayashi, Y., and Suzuki, S. (2005) Proteolytic enzymes in coastal
surface seawater: Significant activity of endopeptidases. Limnol
Oceanogr 50: 722–726.

Obayashi, Y., and Suzuki, S. (2008) Occurrence of exo- and
endopeptidases in dissolved and particulate fractions of coastal
seawater. Aquat Microb Ecol 50: 231–237.

Obayashi, Y., Bong, C.W., and Suzuki, S. (2017) Methodological
considerations and comparisons of measurement results for
extracellular proteolytic enzyme activities in seawater. Front
Microbiol 8: 1952.

Reintjes, G., Arnosti, C., Fuchs, B.M., and Amann, R. (2017) An
alternative polysaccharide uptake mechanism of marine bacteria.
ISME J 11: 1640–1650.

Romano, S., Schulz-Vogt, H.N., González, J.M., and Bondarev, V. (2015)
Phosphate limitation induces drastic physiological changes,
virulence-related gene expression, and secondary metabolite
production in Pseudovibrio sp. Strain FO-BEG1. Appl Environ
Microbiol 81: 3518–3528.

Romano, S., Bondarev, V., Kölling, M., Dittmar, T., and Schulz-Vogt,
H.N. (2017) Phosphate limitation triggers the dissolution of
precipitated iron by the marine bacterium Pseudovibrio sp. FO-
BEG1. Front Microbiol 8: 364.

Sato-Takabe, Y., Nakao, H., Kataoka, T., Yokokawa, T., Hamasaki, K.,
Ohta, K., and Suzuki, S. (2016) Abundance of common aerobic
anoxygenic phototrophic bacteria in a coastal aquaculture area. Front
Microbiol 7: article 1996.

Schimel, D.S. (1995) Terrestrial ecosystems and the carbon cycle. Glob
Chang Biol 1: 77–91.

Sinha, R.K., Krishnan, K.P., Singh, A., Thomas, F.A., Jain, A., and
Kurian, P.J. (2017) Alteromonas pelagimontana sp. nov., a marine
exopolysaccharide-producing bacterium isolated from the Southwest
Indian Ridge. Int J Syst Evol Microbiol 67: 4032–4038.

Sunagawa, S., Coelho, L-P., Chaffron, S., Kultima, J.R., Labadie, K.,
Salazar, G., et al. (2015) Structure and function of the global ocean
microbiome. Science 348: 1262359-1-9.

Thao, N.V., Nozawa, A., Obayashi, Y., Kitamura, S-I., Yokokawa, T., and
Suzuki, S. (2015) Extracellular proteases are released by ciliates in
defined seawater microcosms. Mar Environ Res 109: 95–102.

Vrede, K., Heldal, M., Norland, S., and Bratbak, G. (2002) Elemental
composition (C, N, P) and cell volume of exponentially growing and
nutrient-limited bacterioplankton. Appl Environ Microbiol 68: 2965–
2791.

Xing, P., Hahnke, R.L., Unfried, F., Markert, S., Huang, S., Barbeyron,
T., et al. (2015) Niches of two polysaccharide-degrading
Polaribacter isolates from the North Sea during a spring diatom
bloom. ISME J 9: 1410–1422.

Zhang, X-Y., Han, X-X., Chen, X-L., Dang, H-Y., Xie, B-B., Qin, Q-L.,
et al. (2015) Diversity of cultivable protease-producing bacteria in
sediments of Jiaozhou Bay, China. Front Microbiol 6: 1021.

8 / 8 Article ME20150


