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INTRODUCTION

Heterotrophic bacteria are major degraders of
organic matter in seawater and numerous studies
have shown that they play an important role in car-
bon flux in the marine ecosystem (Cottrell & Kirch-
man 2000, Azam & Worden 2004, Nagata 2008).
Most of the bioavailable dissolved organic matter in
seawater is present as high molecular weight mole-
cules (Benner 2002). These need to be hydrolyzed
by extracellular enzymes prior to bacterial uptake,
as transport of organic molecules across the bacter-
ial cell membrane is limited to monomers or small
polymers (Nikaido & Vaara 1985, Hoppe et al.
2002).

Proteins are important macromolecules for the
structure and function of all living organisms. In the
seawater environment, proteins comprise 5 to 20% of
dissolved organic nitrogen and 3 to 4% of dissolved
organic carbon (Sharp 1983, Thurman 1985) and are
correlated with bacterial growth (Rosso & Azam
1987, Benner et al. 1992, Keil & Kirchman 1993). A
wide variety of proteolytic enzymes are consistently
found in the marine environment and play a role in
the degradation and modification of marine proteins
prior to cellular uptake (Hoppe et al. 2002).

Bacterial proteases are either released into the
marine environment or present as ecto-enzymes
(cell-associated forms). Previous studies have re port -
ed dissolved enzyme activity in seawater, as well as
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that associated with bacteria-size par-
ticles (Hoppe 1983, Karner & Ras-
soulzadegan 1995, Pantoja et al. 1997,
Hoppe et al. 2002, Obayashi & Suzuki
2008). Enzyme activity intensifies in
suspended and sinking organic aggre-
gates (Smith et al. 1992, Taylor et al.
2009). Furthermore, culture super-
natants of marine bacteria contain
many types of proteases (Oda gami et
al. 1994), indicating that bacteria re -
lease proteases into the en vironment.
Sequential degradation of proteins by
the combined action of various pro-
teases is believed to occur in aquatic
ecosystems. However, the specific
bacterial groups responsible for pro-
tein degradation in seawater are still
unknown. Therefore, the origin of pro-
teolytic enzymes in seawater and the
contribution of various groups of bac-
teria to the pool of proteolytic enzymes
are of interest.

In this study, we examined the
changes in proteolytic activity on sev-
eral protein substrate analogues due
to starvation in a long-term microcosm. Enzymes
from isolated bacteria were also characterized to
evaluate their potential role in protein degradation in
the aquatic ecosystem.

MATERIALS AND METHODS

Sampling

Surface seawater samples were collected from the
Matsuyama coast, Ehime Prefecture, Japan (33° 54’
23.9’’ N, 132° 34.2’ E), in January 2009. The surface
seawater temperature and salinity were 13°C and 35,
respectively. The monthly profile of proteolytic activ-
ity at the sampling site has been reported by Oba -
yashi & Suzuki (2005). Seawater was pre-filtered
through a 150 µm plankton net and kept cold until it
was processed within 2 to 3 h. The seawater sample
used for the time-course experiment was stored in
10 l tanks maintained at 20 to 25°C in the dark. Sub-
samples were withdrawn from the stored seawater
tank at Days 0, 28, 56, 84 and 112. The natural con-
centration of the protein in this area was at a non-
detectable level according to Coomassie brilliant
blue-R250 staining on polyacrylamide gel (Obayashi
et al. 2010).

Enzyme assay

Enzymatic activity was analyzed using synthetic
peptide analogue 4-methyl-coumaryl-7-amide (MCA)
substrates according to the procedure described by
Obayashi & Suzuki (2005). Nineteen MCA substrates
for aminopeptidase, trypsin, chymotrypsin and elas-
tase (Table 1) were used to examine the enzyme sub-
strate specificity in seawater samples. Each substrate
was added to triplicate 1 ml seawater samples at a
final concentration of 100 µM, which was reported as
a saturating concentration by Obayashi & Suzuki
(2005). Mixtures of sample and substrates were incu-
bated in disposable cuvettes at 25°C for 1 h. The
 fluorescence of the released 7-amino-4-methylcou -
ma rin (AMC) moiety was measured before and after
incubation using a spectrofluorometer (Hitachi F-
2500) at excitation/emission wavelengths of 380/
460 nm. The fluorescence signal was converted to
AMC concentration using a calibration curve. The
potential hydrolysis rates of substrates were deter-
mined after subtracting the blank florescence inten-
sity of seawater (without added substrate) and non-
enzymatic production of AMC. This was determined
by analysing autoclaved filtered seawater with sub-
strates, and is reported here as nanomoles of sub-
strate per liter per hour of sampled seawater (nmol l−1
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Number            Name                        Substrate for             Molecular weight

1                       R-MCA                    Aminopeptidase                    331.37
2                       L-MCA                    Aminopeptidase                    288.34
3                      A-MCAa                   Aminopeptidase                    246.26
4                      K-MCAa                   Aminopeptidase                    303.36
5                      F-MCAa                   Aminopeptidase                    322.36
6                    Bz-R-MCA                        Trypsin                           435.48
7                   Z-F-R-MCA                       Trypsin                           612.68
8                 Glt-G-R-MCA                     Trypsin                           502.52
9               Boc-L-G-R-MCA                   Trypsin                           601.70
10             Boc-L-T-R-MCA                    Trypsin                           645.75
11             Boc-F-S-R-MCA                    Trypsin                           665.74
12             Boc-V-P-R-MCA                   Trypsin                           627.73
13           Boc-L-S-T-R-MCA                  Trypsin                           732.82
14             Boc-V-L-K-MCA                   Trypsin                           615.76
15             Boc-E-K-K-MCA                   Trypsin                           660.76
16           Suc-A-A-P-F-MCA            Chymotrypsin                      661.70
17           Suc-L-L-V-Y-MCA            Chymotrypsin                      763.88
18             Suc-A-A-A-MCA                  Elastase                           488.50
19             Suc-A-P-A-MCA                   Elastase                           514.53
aA-MCA, K-MCA and F-MCA were not tested for the samples taken on
Day 0

Table 1. Substrates used in this study. Bacterial cultures were tested with 19
substrates. MCA: 4-methyl-coumaryl-7-amide; Bz: benzoyl; Z: carboxyben-
zoyl; Glt: glutaryl; Boc: t-butyloxycarbonyl; Suc: succinyl; R: arginine; L:
leucine; A: alanyl; K: lysine; F: phenylalanine; G: glycyl; T: threonyl; S: 

seryl; V: valyl; P: prolyl; E: glutamyl; Y: tyrosine
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h−1). Total enzyme activity was measured in unfil-
tered seawater samples and dissolved enzyme activ-
ity was measured in the 0.2 µm filtrate (Nuclepore,
Whatman). Cell-associated enzyme activity was ex -
pressed as the difference between the total and dis-
solved enzyme activities.

Bacterial count

The total bacterial cell count was performed using
an epifluorescence microscope (Olympus BX51,
Japan) following filtration of a 2 ml sample onto a
0.2 µm black polycarbonate filter (Nuclepore, What-
man). The filter was stained with 4',6-diamidino-2-
phenylindole (DAPI) (0.1 µg ml−1 final concentration)
for 7 min and >300 cells were counted for each sample.

Bacterial isolation, identification and enzyme assay

Bacteria were isolated from the stored seawater
microcosm by spreading a 0.1 ml aliquot of seawater
onto a marine agar plate (Marine broth 2216 [Difco]
plus 1.5% agar) in triplicate and incubation at 25°C
for 2 d. Eighteen morphologically different bacterial
colonies were obtained from Days 0, 56, 84 and 112
(total 72 strains). All colonies were re-streaked twice
to ensure bacterial purity. Protease assays using cul-
tured bacteria were performed by inoculating one
colony of each bacterial isolate (at ×105 cells ml−1)
into autoclaved filtered seawater. No other source of
protein was added into the seawater. This was incu-
bated at 25°C for 2 d with mild shaking at 100 rpm.
After incubation, the bacterial suspension was sepa-
rated into total (unfiltered) and dissolved (<0.2 µm)
fractions and tested using the protease assay proce-
dures described above. The classification of isolates
was determined using 16S rDNA sequencing. Uni-
versal forward (341F: 5’-CCT ACG GGA GGC AGC
AG-3’) and reverse (907R: 5’-CCG TCA ATT CMT
TTG AGT TT-3’) primers were used to produce an
amplicon of approximately 566 bp. PCR was carried
out according to the method of Muyzer et al. (1993).
The 16S rDNA sequences of each isolate were
aligned with related reference species from the data-
base of the National Centre for Biotechnology Infor-
mation (NCBI, http://blast. ncbi. nlm. nih. gov/ Blast
.cgi) using the Basic Local Alignment Search Tool
(BLAST). Sequences were aligned using ClustalW in
the software package BioEdit (v.5.0.9). Phylogenetic
analysis was conducted using the neighbor-joining
method with 1000 bootstrap replications (Thompson

et al. 1997). Phylogenetic trees were visualized and
edited with TreeView software using Nanoarchaeum
equitans (AJ318041) as a defined out-group.

Due to the extensive work-load resulting from the
application of enzymatic and molecular techniques,
we were not able to process more than one mesocosm.
We only wanted to give an example and to stimulate
further investigations on the topic of our study.

Statistical analysis

One-way ANOVA combined with post hoc Tukey-
B tests were used to compare enzymatic activities at
time intervals and analyze the effect of storage dura-
tion on enzymatic activity. The paired-sample t-test
was used to compare the potential enzymatic activity
level of the unfiltered and <0.2 µm fractions. Princi-
pal component analysis (PCA) was applied to evalu-
ate the similarities and differences of proteolytic fea-
tures of the isolated bacteria. Proteolytic profiles of
72 bacterial strains analyzed for 19 substrates
(Table 1) were used as starting data for PCA. The
proteolytic profile of each strain was a data set of rel-
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Fig. 1. Time course of (A) total bacterial cell counts and (B)
colony forming unit (cfu) counts in stored seawater  samples.
Error bars represent standard deviations (SD) of triplicate 

measurements
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ative hydrolysis rates of each substrate against the
hydrolysis rate of the most hydrolyzed substrate by
that strain. PCA in this study was based on the
covariance matrix of relative hydrolysis rates of 19
substrates.

RESULTS

Changes in bacterial numbers 
in stored seawater

The total bacterial count decreased from 9.8 × 105

to 1.4 × 105 cells ml−1 at Day 28 and remained con-
stant at approximately 0.8 × 105 cells ml−1 thereafter
(Fig. 1A). The number of colony forming units (cfu) at
Day 0 was 6.9 × 102 cfu ml−1, which decreased to 3.5
× 102 cfu ml−1 by Day 28. After Day 28, the cfu count
increased, reaching a maximum of 4.4 × 104 cfu ml−1

at Day 112 (Fig. 1B).

Changes in protease activities 
in stored seawater

Fig. 2 shows the changes over time in proteolytic
potentials of the unfiltered and <0.2 µm stored sea-
water fractions at different storage times with 19 dif-
ferent substrates. Trypsin showed the highest activity
of the enzymes tested at Day 0. There was a signifi-
cant (p < 0.05) decrease in the hydrolysis potential of
the substrates for trypsin from Day 0 to Day 28, and
thereafter it remained relatively constant. When the

unfiltered and <0.2 µm fractions were compared,
more than half of the trypsin activity was attributed
to the <0.2 µm fraction.

Aminopeptidase activity significantly increased
over time (p < 0.05; Fig. 2). The aminopeptidase
activity was mainly found in the cellular fraction
except for the sample taken at Day 112, where the
higher activity (>90%) was observed in the <0.2 µm
fraction. A-MCA was the most hydrolyzed substrate
used to test aminopeptidase activity and its rate was
twice that of the other substrates.

Chymotrypsin activity was low from the beginning
until Day 84. The increase in chymotrypsin activity
observed at Day 112 was mainly attributed to the cel-
lular fraction (80%). The elastase activity was mostly
low (0 to 12.9 nmol l−1 h−1) throughout the observa-
tion period.

Isolation of bacteria from stored seawater

A total of 72 isolates of 23 genera were obtained
from the stored seawater sample. The major phyloge-
netic groups (with >95% identity) identified by 16S
rDNA analysis are presented in Fig. 3. Thirty isolates
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Fig. 2. Mean (±SD) hydrolytic activity of unfiltered (filled bars) and <0.2 µm (unfilled bars) fractions in stored seawater.
 Enzymes are as follows: A: aminopeptidase; T: trypsin; C: chymotrypsin; E: elastase. NT: not tested. See Table 1 for substrate 

definitions

Fig. 3. Neighbor-joining phylogenetic tree showing the posi-
tion of isolated bacteria from stored seawater at Days 0, 56,
84 and 112 compared with related species based on 16S
rDNA sequences. Isolates obtained in this work are shown
in bold. Nanoarchaeum equitans was used as an out-group.
Bootstrap support values >50 are indicated at nodes and the 

scale bar shows 0.1 substitutions per site
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were classified as Gammaproteobacteria, 18 isolates
as Alphaproteobacteria and 17 isolates as Bacteroi -
detes. Only a few isolates belong to the Betapro-
teobacteria, Actinobacteria and Firmicutes. Among
the Gammaproteobacteria, Pseudoalteromonas spe-
cies were found at all sampling times, whereas
Oceanospirillaceae species were only detected on
Days 84 and 112. Sulfitobacter (Alphaproteobacteria)
and Croceibacter (Bacteroidetes group) species were
detected at Day 56 and became dominant at Days 84
and 112.

Protease profiles of isolated bacteria

Proteolytic activities of all isolated bacteria from
Days 0−112 are shown in Figs. 4−7. The cell-specific
activities of bacterial isolates from Day 0 seawater
were higher than those from the other days.

Substrates for aminopeptidase were hydrolyzed at
the highest rate by most of the bacterial isolates,
 followed by chymotrypsin and trypsin. Most isolates
of Alphaproteobacteria (Sulfitobacter) detected at
Days 56, 84 and 112 hydrolyzed only substrates of
amino peptidase at the highest rates. Some isolates of
Gamma  proteobacteria, Actinobacteria and Staphylo-
coccus hydrolyzed substrates for trypsin at a higher
rate. Elastase activity was weak for all isolates.

The isolates belonging to the Bacteroidetes group
exhibited the highest aminopeptidase activity for all
storage periods except at Day 0. The higher trypsin
activity was observed in Gammaproteobacteria and
Bacteroidetes in comparison to the other groups of
bacteria, while the highest chymotrypsin activity was
found in Gammaproteobacteria.

DISCUSSION

The fate of proteins in seawater is of interest from
the viewpoint of organic matter supply to the micro-
bial loop and the biodegradation processes of organic
detritus. We examined proteolytic enzyme activities
in stored seawater and bacterial isolates to assess
their contribution to proteolysis during starvation.

The abundance of bacteria tended to decrease over
the 112 d of this experiment, whilst the abundance of
colony-forming bacteria increased (Fig. 1). This sug-
gests that unculturable bacteria decreased, while
culturable bacteria increased over time in the stored
seawater. This process might depend on physiologi-
cal adaptation based on nutrient condition (Eilers et
al. 2000), or species succession based on evolving

selective pressures. Bottle effects probably play a
role, concentrating nutrients at surfaces in favor of
the high substrate demand of cultivable bacteria
(Zobell & Anderson 1936, Ferguson et al. 1984, Agis
et al. 2007).

The trypsin-type activity in seawater at Day 0 was
significantly higher (p < 0.05) than the aminopepti-
dase- and chymotrypsin-type activities (Fig. 2). Tryp -
sin typically cleaves the protein backbone adjacent
to lysine or arginine (Olsen et al. 2004), and this pro-
cess is important for protein degradation and carbon
and nitrogen recycling. Our results showed that the
enzyme profile at the initial stage was quite different
from that obtained after a long period of starvation.
In the Day 0 seawater, trypsin and chymotrypsin
activities were detected in the <0.2 µm fraction,
while aminopeptidase activity was mainly found in
the cellular fraction. These results are in agreement
with the studies by Obayashi & Suzuki (2008) and
Pantoja et al. (1997).

Although many reports indicate that the proteolytic
potentials in aquatic systems are mainly associated
with the bacterial size fraction (e.g. Rosso & Azam
1987), dissolved enzymes can contribute to the total
activity. Obayashi & Suzuki (2008) demonstrated that
a major portion of trypsin activity in coastal seawater
is found in the <0.2 µm fraction, which includes col-
loids and solutes. Karner & Rassoulzadegan (1995)
reported a significant contribution of the <0.1 µm
fraction to aminopeptidase activity in coastal Medi-
terranean Sea samples. Free enzymes are possibly
supplied by autolysis of various cells, viral lysis and
protozoan grazing (Chróst 1991, Nagata & Kirchman
1992; González et al. 1993).

We observed a dramatic increase in the levels of
aminopeptidase and chymotrypsin activities in sea-
water at Day 112 compared with Day 0. The chy-
motrypsin activity at Day 112 was mainly attributed
to the unfiltered fraction while most of the aminopep-
tidase activity was attributed to the <0.2 µm fraction.
Albertson et al. (1990) pointed out that enhanced
excretion of extracellular enzymes into the surround-
ing environment might be correlated with bacterial
starvation. Münster (1991) also reported that the
activity of extracellular leucine aminopeptidase
would be increased when the concentration of dis-
solved free amino acids in the environment is limited.
Therefore, the expression of extracellular enzymes
with high substrate affinity might enhance the bacte-
rial assimilation of available organic matter under
nutrient-limited conditions.

We isolated heterotrophic bacteria from seawater
stored for different time periods and examined their
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Fig. 4. Proteolytic potentials of bacteria isolated at Day 0 and arranged according to their phylogenetic groups. See Table 1 for 
substrate definitions and Fig. 2 for enzyme definitions
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Fig. 5. Proteolytic potentials of bacteria isolated at Day 56. See Table 1 for substrate and Fig. 2 for enzyme definitions
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Fig. 6. Proteolytic potentials of bacteria isolated at Day 84. See Table 1 for substrate definitions and Fig. 2 for enzyme definitions
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Fig. 7. Proteolytic potentials of bacteria isolated at Day 112. See Table 1 for substrate and Fig. 2 for enzyme definitions
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proteolytic profile (Figs. 4 to 7). The majority of iso-
lated strains belonged to Gammaproteobacteria,
Alphaproteobacteria and Bacteroidetes. Although
culturable bacteria are not usually expected to com-
pletely represent the natural community, these 3
classes are commonly detected in various marine
regions (e.g. Cottrell & Kirchman 2000, Shivaji et al.
2004). Martinez et al. (1996) reported that the
enzyme profiles of bacteria isolated from different
environments are clearly different and we also
report that the proteolytic activity of isolates
obtained from different sources (types of proteins)
during starvation showed specific profiles. In the
aquatic environment, the types of organic matter
available for the microbial community can affect the
physiological activity of heterotrophic bacteria and
the community structure. The bacterial assemblages
might take a variable metabolic response to the
changes and limitations of nutrients in order to
grow and survive in the seawater environment.
Starvation responses of marine bacteria have been
studied mostly in laboratory cultures of Vibrio sp.
and Escherichia coli (Morita 1997, Kjellerberg et al.
1993). All cultures examined to date have some sys-
tematic response to starvation, including the synthe-
sis of new proteases, activation of the preexisting
enzymes and repression of specific enzymes, which
makes the bacteria able to change the nutrient
pathways and maximize sub strate uptake under the
stressful conditions of the marine environment (Ben
Abdallah et al. 2007, Siegele & Kolter 1992, Ben
Abdallah et al. 2009). Martinez et al. (1996) reported
that the cell-specific enzyme profiles of isolates from
eu trophic water bodies were lower than those from
oligotrophic water bodies. Baltar et al. (2009, 2010)
also demonstrated that isolated bacteria from deep-
sea water showed particularly high cell-specific
enzyme  activities.

PCA was used to evaluate the proteolytic features
of the 72 isolates and revealed that the first and sec-
ond principal components accounted for 26.2 and
18.7% of the variability, respectively. On the cross-
plot of the first and second principal component
scores (Fig. 8A−D), strains isolated from the seawater
microcosm at different days (0, 56, 84 and 112) dis-
persed similarly and any significant differences were
not found among their averaged scores (Figs. 8A,C).
In contrast, small differences in the averaged scores
among the phylogenetic groups (Bacteroidetes,
Gamma- and Alphaproteobacteria) were found
(Fig. 8D). These results showed that proteolytic fea-
tures of isolated bacteria might be slightly different
among the phylogenetic groups.

In general, it is difficult to define exact meanings
of the principal components in PCA methodology.
However, a cross-plot of the factor coefficients of
the first and second principal components is helpful
in considering the variability of the scores and the
characteristics of the samples. In Fig. 8E, all ‘amino -
peptidase’ appears in the upper region, indicating
that the second principal component scores rise
when the relative importance of aminopeptidase
activity in the sample is high. Conversely, the rela-
tive importance of ‘chymo trypsin’ causes a down-
ward shift in the second principal component score.
All ‘trypsin’ in Fig. 8E appeared in the right region,
indicating that the first principal component scores
of the sample should be higher when the impor-
tance of trypsin type activity is high. Comparing
the position on the cross-plot among phylogenetic
groups (Fig. 8B,D), most of the Alpha proteobacteria
characteristically showed a higher aminopeptidase
activity. Most of the Bacteroidetes strains were also
characterized by a high importance of amino -
peptidase and, for some of them, trypsin activity.
Although Gammaproteo bacteria and Actinobacteria
were scattered on the cross-plot, some of them
seemed to exhibit a higher importance of trypsin
and chymotrypsin activity.

The results of the PCA imply that the proteolytic
features of bacteria depend more on their phyloge-
netic classification than the nutritional conditions, at
least in the case of culturable strains from our micro-
cosm. In other words, a variety of bacteria with differ-
ent proteolytic features exist together under any
nutritional conditions. This might be the mechanism
by which various organic matters are efficiently
 utilized in the aquatic environment. This ability to
utilize various forms of organic matter, even in
changing environments, could also be important in
complex natural aquatic ecosystems. Martinez et al.
(1996) proposed that a shift in species composition
could strongly influence the rates and patterns of
polymer and particle hydrolysis in the sea. Further-
more, protease activity increased in a protein-
enriched microcosm (Pinhassi et al. 1999). Our results
indicate that each bacterial group produced specific
proteases contributing to proteolysis in the bacterial
community by a combined action.

In conclusion, we have provided evidence for the
variability of proteolytic extracellular enzymes in
seawater and bacteria isolated from seawater over
time. The results suggest that as the community
structure changes, various bacterial members com-
pensate each other, driving the protein degradation
cascade.
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Fig. 8. Results of principal component analysis based on proteolytic profiles of isolated bacteria. (A) Cross-plot of the first and
second principal component scores for each strain isolated from Days 0, 56, 84 and 112. Symbols are defined in C. (B) As A, but
the symbols are defined by each phylogenetic group of the isolated strain (defined in D). (C,D) As A and B, but the principal
component scores are averaged for each group of isolates, except for Actinobacteria and ‘others’ in D. Error bars indicate ±1
SD of the scores in each group. (E) Cross-plot of the first and second component coefficients of the relative hydrolytic rate of
each MCA substrate. Symbols are defined by substrates for aminopeptidase, trypsin, chymotrypsin and elastase. Numbers in 

the symbols represent the substrate name as given in Table 1
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