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Coexisting protist-bacterial community accelerates protein
transformation in microcosm experiments
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Proteins constitute the major portion of labile substances in the marine environment
and are an important source of organic matter supporting marine ecosystems. However,
previous studies have revealed that specific bacterial membrane proteins are refractory
in the oceans. We here show by kinetic analyses of protease degradation activity using
inactivated Pseudomonas aeruginosa (Pa) cells as a proteinaceous substrate that bacterial
proteases are insufficient to completely hydrolyze proteins, which may partially cause the
protein accumulation in seawater. Protease activity was monitored simultaneously in 8
microcosms subjected to differing conditions. Some Pa proteins were retained for 30 days
in the presence of bacteria without protists, whereas the Pa proteins were completely
disappeared in the presence of both, indicating that these proteins were substantially
incorporated into protist biomass. Our result suggests that protists play an important
role in the transformation of bacterial proteins in seawater. Our experiments also imply
that the functional/taxonomic diversity should be taken into account when considering
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INTRODUCTION

Proteins make up more than 50% of the organic matter found
in marine organisms (Romankevich, 1984), suggesting a large
input from proteins to the dissolved combined amino acid
(DCAA) pool, which is comprised of those amino acids released
after hydrolysis of macromolecules (Keil and Kirchman, 1993).
A majority of DCAA pool, indeed, consists of proteins (Keil
and Kirchman, 1993), and can support a substantial fraction
of bacterial growth (Keil and Kirchman, 1993; Rosenstock and
Simon, 1993; Middelboe et al., 1995). Proteins and their pre-
cursors, amino acids, have also been detected at high enough
concentrations to be considered an important contributor to the
carbon and nitrogen pools (Keil et al., 1994; McCarthy et al,
1998; Horiuchi et al., 2004). The wide distribution and biological
importance of proteins, therefore, have attracted much attention
to their fates in aquatic environments. It is generally assumed that
proteins are labile in seawater and thus are not readily preserved
(Hollibaugh and Azam, 1983). However, research has indicated
that proteinaceous materials are preserved in freshwater, estuar-
ine, and marine waters and sediments (Tanoue, 1995; Tanoue
et al., 1996; Nguyen and Harvey, 1997, 1998; Fogel and Tuross,
1999; Pantoja and Lee, 1999a; Moore et al., 2012). Tanoue et al.
(1995), found that approximately 30 polypeptides with molecu-
lar masses ranging from 30 to 48 kDa were detected in seawater
samples collected from the Arctic to the Antarctic. Among these
polypeptides, the 48-kDa protein was found to be the major dis-
solved protein, with a concentration greater than 0.1 j1g 17!, This
protein was shown to be an intact homolog of porin P (OprP),

an outer membrane porin protein induced by phosphate deple-
tion in Pseudomonas aeruginosa (Hancock et al., 1982; Tanoue
et al., 1995). Porins derived from diverse bacterial groups were
later shown to be a major source of dissolved protein (Suzuki
et al., 1997, 2000; Yamada and Tanoue, 2009). One explanation
for the detection of membrane vesicle-associated proteins in the
oceans is that they are degraded slowly due to the low collision
frequency between vesicles and bacteria resulting from the low
protein concentration of seawater (Nagata and Kirchman, 1996).
Steric protection of bacterial membrane proteins by the mem-
brane itself as well as cell wall components also impedes bacterial
degradation of these proteins (Nagata et al., 1998) and represent
important mechanisms enhancing the preservation of proteins
(Moore et al., 2012). In addition, the chemical forms of proteins
(i.e., “fresh” proteins, and “modified” proteins) also influence
both their degradation and utilization by bacterial communities
(Keil and Kirchman, 1993; Azua et al., 2003; McKee et al., 2014).
Marine heterotrophic bacteria use extracellular to assimilate
protein, thus transforming dissolved organic matter into particu-
late matter available to higher trophic levels. The transformation
process composes of two steps. Polymers and particles are first
hydrolyzed by extracellular enzymes into smaller oligo-sized sub-
stances, which then diffuse into the bacterial periplasmic space
through porins (Hancock and Brinkman, 2002) and are incorpo-
rated into the cell biomass interacting with permeases (Azam and
Cho, 1987). The aminopeptidases have been thought to be the
major proteolytic enzymes in seawater (Chrdst, 1990; Bochdansky
et al.,, 1995; Crump et al., 1998; Murrell et al., 1999); however,
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more recent work indicates that trypsin-type enzymes are also
detectable at different levels in seawater (Obayashi and Suzuki,
2005; Bong et al., 2013; Steen and Arnosti, 2013). Although the
source(s) of proteolytic enzymes could be direct secretion from
marine bacteria (Arnosti, 2011) and mesophilic archaea (Lloyd
et al., 2013) into the surrounding water, sources other than bac-
teria and archaea can be hypothesized (Mohapatra and Fukami,
2004; Salerno and Stoecker, 2009).

Proteins and proteases can be an important model for use in
studying the role of microbial communities in determining the
fate of organic matter. A number of proteases of both marine bac-
teria (Arnosti et al., 2005; Obayashi and Suzuki, 2005; Obayashi
et al., 2010; Kiersztyn et al., 2012; Bong et al., 2013) and pro-
tists (Richardot et al., 1999; Sala and Giide, 1999; Mohapatra
and Fukami, 2004) have been detected in seawater. However,
with few efforts to study the effect of grazers on protein hydrol-
ysis (Pérez et al., 2003; Kawasaki and Benner, 2006), the role
of proteolytic enzymes in protein degradation in communities
composed of both bacteria and protists is poorly understood.
Previous studies have sought to determine the role of microbial
enzymes in the protein degradation process in seawater (Suzuki
et al., 1997, 1999; Obayashi and Suzuki, 2008). Here, we expand
on previous research by examining the role of protists as well
through monitoring of both enzyme activity and substrate fate
in seawater microcosms. By comparing proteolytic activity and
protein degradation profiles in samples of fractionated seawa-
ter, we elucidated some of the mechanistic basis of variability on
the protein degradation process within different microbial com-
munities. The inclusion of protists in our analyses provides a
more comprehensive understanding of the processing of proteins
in seawater because previous research has focused primarily on
bacterial communities.

MATERIALS AND METHODS

SAMPLE COLLECTION

Seawater was collected at Mori port, Matsuyama, Ehime, Japan
(33°48°39.30” N, 132°41°40.16” E) in August 2011. The seawater
parameters were: water temperature 26.5°C, pH 7.8, and salin-
ity 31 (psu). Seawater was pre-filtered through a 50-pm nylon
mesh to remove large particles and phytoplankton, contained and
kept cold in 10-1 plastic buckets until being processed within 2—
3 h. Portions of collected seawater were then sequentially filtered
through a GF/F filter (Whatman, 0.7-pm nominal mesh size) and
0.2-pm disposable capsule filter (Advantec). Treated seawater was
stored at 4°C and used in experiments within 12 h.

MODEL PROTEIN SUBSTRATE PREPARATION

Marine Pseudomonas aeruginosa strain eco3 was employed as
a substrate source. Strain eco3 was isolated from a coastal
site off Ehime, Japan (Nonaka et al., 2010). The bacterium
was cultured in a medium with phosphate-deficient artifi-
cial seawater (Hancock et al., 1982) with 0.1 M sodium N-
2-hydroxyethyl piperazine-N’-2-ethanesulfonate (HEPES) (pH
7.0), 7mM (NHy),SO4, 20 mM sodium succinate (pH 7.0), 0.1%
(v/v) trace ion mixture described in Hancock et al. (1981),
0.2mM sodium phosphate buffer (pH 7.0), and 1% proteose
peptone No. 3 (Becton, Dickinson). Cells were incubated at

37°C with shaking at 105rpm in the dark, which allowed the
production of OprP. After 24h of incubation, the bacterium
was harvested by centrifugation at 3000 x g for 30 min at 4°C
(Himac CF16RX, Hitachi). The cells were resuspended in phos-
phate buffered saline (PBS) and then disrupted by sonicating on
ice 6 times for 10s each at a power of 50 W using an ultrasonic
disruptor (UD-201, TOMY). The sonicated-P. aeruginosa cells are
hereafter referred to by the abbreviation “Pa” to distinguish them
from natural bacteria.

MICROCOSM EXPERIMENT
Eight microcosms were prepared in duplicate to assess the degra-
dation of Pa in seawater.

Approximately 0.4 g wet weight of Pa was suspended in 0.81
of treated water in 1-1 polycarbonate bottles (Nalgene, Nunc).
The microcosm bottles were: natural seawater plus Pa cells (bot-
tle name: SW+Pa), GF/F-filtered seawater (nominal mesh size
0.7pum) plus Pa cells (SW-0.7+Pa), 0.2-pm-filtered seawater
plus Pa cells (SW-0.2+Pa), and autoclaved seawater plus Pa cells
(Auto-SW+-Pa). Microcosms without Pa were designated as SW,
SW-0.7, SW-0.2, and Auto-SW. All microcosms were incubated at
26°C in the dark and shaken by hand once a day. A subsample was
taken from each bottle at the start of the microcosm experiment
(day 0) and on days 3, 5, 10, 15, and 30 to assess the abundance
of bacteria and protists, measure enzyme (protease) activity, and
determine the Pa protein profile. Although the use of GF/F traps
almost half of bacteria (Lee and Fuhrman, 1987), this filtra-
tion method is applicable to remove protist and retain natural
bacteria.

BACTERIAL AND PROTIST CELL COUNTS

The abundances of bacteria and protists were determined
by direct cell counting using epifluorescence microscopy.
Subsamples were fixed with formaldehyde (final concentration =
2%). For bacterial cell counts, fixed subsamples were appro-
priately diluted with PBS and then stained with DAPI (final
concentration = 0.3 wg ml~!) for 7 min in the dark (Sherr et al.,
2001). Stained samples were filtered onto 0.2-pm black nucle-
opore filters (Advantec), washed several times with PBS, and
observed using epifluorescence microscopy (x1000, Olympus
BX51, Olympus). Samples were enumerated in duplicate for the
Pa-containing microcosms and in triplicate for the Pa-free micro-
cosms. Approximately 200 cells or 40 views were counted for each
subsample. The coefficient of variation (CV) of bacterial counting
was 10.8 £ 9.6% (average &+ SD; n = 120).

Protist cells were counted according to the method reported by
Sherr and Sherr (1983). Briefly, fixed samples were stained with
DAPI for 7 min and then filtered onto black 0.8-pm nuclepore
filters (Whatman). The filters were then flooded with fluores-
cein iso-thiocyanate (FITC) solution for 10 min while in the filter
holders. The FITC was then allowed to pass through and the filters
were rinsed several times with ice-cold 0.5M sodium carbonate
buffer (pH 9.5) and viewed under an epifluorescence microscope
(%1000, Olympus BX51). Samples were analyzed in duplicate.
The CV of protist counting was 47.4 & 34.4% (average + SD;
n=24).
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PROTEASE ACTIVITY

Protease activity was measured fluorometrically by monitoring
the hydrolytic product 7-amino-4-methylcoumarin (AMC),
which results from the hydrolysis of synthetic peptide analog
methylcoumarylamide (MCA) substrates (Peptide Institute,
Osaka). The MCA substrates employed were Leu-MCA,
Boc-Phe-Ser-Arg-MCA, and Suc-Ala-Ala-Pro-Phe-MCA  for
determination of leucine-aminopeptidase, trypsin-type, and
chymotrypsin-type activities, respectively (Obayashi and Suzuki,
2005). Each substrate was dissolved in dimethyl sulfoxide
(DMSO, final concentration = 10%) and mixed with samples
at a final concentration of 100 uM in a total volume of 300 L
The concentration of AMC in each assay mixture was measured
using a microplate reader (SH8100, Corona) at 380/460 nm
(excitation/emission) both before and after incubation at 26°C
for 1 h. All samples were measured in duplicate. By comparing
the enzyme activity of Auto-SW+Pa microcosm with the other
Pa-added microcosms, it was possible for us to be sure that we
were tracking the enzyme activity of the natural community
vs. Pa cells. The activity in Auto-SW+Pa showed the potential
activity of Pa cells (injured and surviving Pa cells) because the
community composed of only Pa. In SW-0.2+Pa, SW-0.7+Pa,
and SW+Pa microcosms, there were other microbes besides Pa
cells. The usage of fluorogenic substrates (MCA-substrates) could
also affect the results by introducing substrate competiveness
between Pa proteins and MCA-proteins in mixtures of seawater
and DMSO because the peptide bonds attached to the aromatic
fluorescent tags are difficult to cleave (Stevenson, 1994; Pantoja
and Lee, 1999b). Nevertheless, by carrying out the same proce-
dure at every measurement, the comparison of protease activity
to obtain the changing profiles over time was possible. Although
this precludes the extrapolation of the results to the functioning
of full natural communities, our findings can still be regarded as
insights into the potential of the combination between bacteria
and protists to degrade proteins in seawater.

PROTEIN DEGRADATION PROFILING

Degradation of the crude protein fraction of Pa cells was moni-
tored by sodium dodecylsulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) (Sambrook and Russell, 2001). Subsamples of
microcosm water (40 or 80 ml) were mixed with trichloroacetic
acid (TCA, final concentration = 10% [w/v]) and left on ice for
30 min. The resulting precipitates were centrifuged at 10,000 x g
for 15 min at 4°C, after which 1 ml of ice-cold ethanol was added.
The precipitates were recovered by centrifugation and sequen-
tially washed with 1 ml of diethyl ether and then air-dried. The
dried pellets were dissolved in SDS-PAGE sample buffer (50 mM
Tris-HCl pH 6.8, 100 mM dithiothreitol, 2% [w/v] SDS, 10%
[v/v] glycerol, and 0.1% [w/v] bromophenol blue), heated at 95°C
for 3 min, then loaded onto a 15% polyacrylamide gel with a
5% stacking gel. The amount of sample loaded into each lane
was equivalent to 2ml of microcosm seawater. Electrophoresis
was performed at a constant current of 20 mA for 40 min. After
electrophoresis, the gel was stained with Coomassie brilliant blue-
R250 (CBB-R250). Protein band intensities were scanned for
semi-quantifying by densitometry with ImageJ software version
1.48 k. The protein intensity for each microcosm was expressed

as a percent of the initially added Pa in the same gel, in order to
eliminate variation due to variable staining intensity among gels.
We initially added Pa cells in each microcosm as 0.4 g wet cells
800 ml~!, which gave 0.02 jLg protein ml~! lane™! in SDS-PAGE
analysis.

RESULTS

CHANGES IN THE ABUNDANCE OF BACTERIA AND PROTISTS

Changes in the number of bacteria over time are summarized in
Figure 1. The initial cell densities were: 2.0-3.5 x 107 cells ml~!
in the Pa-containing microcosms (indicating the sum of natu-
ral bacteria and Pa cells), 6.9-10.0 x 10° cells ml~! in unfiltered
(SW) and GF/F-filtered (SW-0.7) microcosms (indicating natural
bacteria), and 2.0 x 104 cells ml™! in 0.2-pm-filtered (SW-0.2)
and autoclaved (Auto-SW) microcosms (indicating the effects
of filtration and autoclaving). Among the microcosms without
Pa addition, there was no apparent change in the cell density
in the SW, Auto-SW, and SW-0.7 microcosms during the incu-
bation period, whereas the density in the SW-0.2 microcosm
rapidly increased from 2.5 x 10% to 5.1 x 10° cells ml~! by day
5 and remained at this level throughout the study period. In
the Pa-containing microcosms, the density of cells in the Auto-
SW+Pa, SW-0.74Pa, and SW-0.24+Pa samples remained fairly
stable; however, the density of cells in the SW+Pa microcosm
decreased between days 5 and 10. Because the seawater used for
the SW and SW+Pa microcosms was not filtered, bacterial preda-
tors were not removed. Microscopic observation confirmed that
the SW and SW+Pa microcosms contained protists, and it was
determined that 1.7 x 10% and 2.1 x 10> protist cells ml~! were
present on day 0 in the SW and SW+Pa microcosms, respec-
tively (Figure2). The numbers of protists in the SW+Pa and
SW microcosms increased slightly to 8.1 x 10° and 3.2 x 10°

Cell number (cells ml'l)

0 5 10 15 20 25 30

Incubation (days)

—6— SW+Pa —o— SW
—&— SW-0.7+Pa —8— SW-0.7
—&— SW-0.2+Pa —A— SW-0.2
—&— Auto-SW+Pa —<©— Auto-SW

FIGURE 1 | Time-course analysis of changes in the number of bacteria
in each microcosm over time. Each value is an average of duplicate
(samples from Pa-containing microcosms) or triplicate (samples from
Pa-free microcosms) counts. Error bars representing the standard
deviations for the triplicate.
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FIGURE 2 | Number of protist cells in the SW and SW-+Pa microcosms
over the course of the study. Each value is an average of duplicate

measurements. <DL, below detectable level. Protists were not detected in
other micrososms.

cells ml~! until day 5, respectively and then returned to the ini-
tial level. The protist cell size was determined to be ca. 40 pm
by epifluorescence microscopy. No protists were detected in
other microcosms with filtered seawater, indicating that sequen-
tial filtration through 0.7- and 0.2-wm filters removed these
organisms.

CHANGES IN PROTEASE ACTIVITY

Three types of protease activity (aminopeptidase, trypsin-type,
and chymotrypsin-type) were measured during the experimental
period (Figure 3). The level of each type of protease activity was
much higher in microcosms with Pa addition (left panels) than
those in microcosms without Pa addition (right panels). SW+Pa
(Figure 3A) showed higher activity than 1000 nmol~! 17'h~! of
trypsin on day 0, which increased on day 3. This increase should
be derived from survived P. aeruginosa cells. In the unfiltered
microcosm (SW, Figure 3B), trypsin-type activity was higher
(200 nmol~'17! h~!) than aminopeptidase and chymotrypsin,
whose activities decreased over time. Protease activities in the SW-
0.74Pa microcosm (Figure 3C) increased greatly, which was not
observed in SW-0.7 without Pa (Figure 3D). The trypsin activ-
ity in SW-0.74Pa elevated over 8000 nmol~! 17! h™! on day
10 and aminopeptidase elevated over 5000 nmol~' 17! h~! at
day 5. Because protists were removed by the GF/F filtration, the
increase in the activities is derived from natural bacteria. The pro-
tease activity profile of SW-0.2+Pa (Figure 3E) was different from
that of SW-0.7. Drastic increase in trypsin and aminopeptidase
until day 10 was not observed. SW-0.2 (Figure 3F) showed the
increase in trypsin activity initially (Figure 3F) and reached the
highest value on day 3, although the value was low (500 nmol 17!
h~!). The SW-0.2 microcosm (Figure 3F) contained free enzymes
derived from bulk seawater and/or those released from the cell
lysis on filtration, and a small number of bacteria passing through
0.2-um filter.

The protease activities in the negative control (Auto-SW+Pa,
Figure 3G) showed only Pa-derived enzyme activity. Blank
control (Auto-SW, Figure 3H) did not show enzyme activity at all.

CHANGES IN MICROCOSM PROTEIN PROFILES

We examined changes in the protein profile in seawater micro-
cosms under different conditions using SDS-PAGE. Because
natural seawater did not contain detectable amounts of pro-
tein, as determined by CBB staining (Figure 4D), protein bands
detected on the gels were derived from the added Pa cells.
Proteins in the SW-+Pa microcosm disappeared completely by
day 15 (Figure 4A). However, 28% of protein was retained in the
SW-0.74Pa microcosm on day 30 (Figure 4B). The SW-0.2+Pa
showed 41% retaining of the protein on day 30 (Figure 4C). Pa
proteins were preserved on day 30 in Auto-SW+-Pa (Figure 4E),
although it decreased to 59%.

DISCUSSION

Changes in cell abundance of natural bacteria, injured Pa, and
surviving Pa in the Pa-containing microcosms and of natural bac-
teria in the Pa-free microcosms were observed. The numbers of
bacteria in both microcosms remained generally stable; however,
the bacterial abundance in the SW+Pa microcosm was markedly
lower on day 10 due to the effect of grazing by bacterivorous pro-
tists. The steep decrease in bacterial abundance in SW+Pa could
be caused by the decrease in the injured Pa not being able to
recover and grazed by protists. Weber et al. (2012), also points
out that protists prefer to graze inactive bacteria. The protist
abundance in SW+Pa was higher than that in SW because the
protists in SW+Pa had more available food not only natural bac-
teria, but also injured Pa and surviving Pa and more quantity
of food to take up. The relatively constant bacterial abundance
after day 10 in the SW+Pa microcosm (Figure 1) suggests that
the protists could not effectively graze on the bacteria because
the bacteria may have developed grazing-resistance mechanisms
such as size elongation, aggregation, and flagellum development
(Alonso-Sdez et al., 2009). Obayashi et al. (2010), reported that
marine microbes degrade, utilize, and grow on proteins derived
from P. aeruginosa.

The proteolytic activity differed significantly between micro-
cosms (Figure 3). The protease activity levels in the Auto-SW+Pa
microcosm were higher compared with the A microcosm, sug-
gesting that the increases in aminopeptidase and trypsin-type
activities in the Auto-SW+Pa microcosm are derived from the
temporary activation of surviving P. aeruginosa cells and/or the
release of intracellular enzymes brought about by sonication in
the process of preparing the Pa protein fraction.

Among the Pa-free microcosms, the SW-0.2 microcosm
showed the most elevation in trypsin-type activity, with the high-
est value observed on day 3 (Figure 3F). On day 0, the SW-0.2
microcosm contained free enzymes derived from bulk seawater
and/or those released from cell lysis by virus and filtration, and a
small number of bacteria passing through 0.2-pm filter, whereas
SW-0.2+Pa contained enzymes from Pa in addition to SW-0.2.
This suggests that natural bacteria produce more protease activ-
ity when their initial abundance is low. The effort of bacteria
to degrade a large amount of substrates irrelative to their initial
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FIGURE 3 | Proteolytic activity in the (A) SW+Pa, (B) SW, (C) of Pa cells and right panels are those without Pa cells. Aminopeptidase,
SW-0.7+Pa, (D) SW, (E) SW-0.2+Pa, (F) SW-0.2, (G) Auto-SW+Pa, and trypsin-type, and chymotrypsin-type activities were assayed using the
(H) Auto-SW microcosms over the course of the study. Solid lines substrates Leu-MCA, Boc-Phe-SerArg-MCA, and Suc-Leu-Leu-Val-Ty-MCA,
show the average of duplicate measurements and plots are of data respectively. Note that the scale of the y-axis in the left panels differs from
obtained from duplicate samples. Left panels are microcosms with addition  that in the right panels.

abundance, which may cause their robust growth (Figure 1). This
could explain the high enzyme activity in the SW-0.2 microcosm.

The SW-0.74Pa microcosm showed the highest protease activ-
ity among those containing Pa (Figure 3C). The high activity
can be attributed to the combination of microorganisms derived
from natural seawater and surviving P. aeruginosa, as evidenced
by the observation that the enzyme activity associated with
surviving and active P. geruginosa in the Auto-SW+Pa micro-
cosm (Figure 3G) was lower than in the SW-0.7+Pa microcosm.

Arnosti et al. (2011), suggested that in seawater the diversity of
enzymes that degrade complex substrates is positively correlated
with the diversity of the microbial community. Obayashi and
Suzuki (2008), also reported that each bacterial isolate shows sub-
strate specificity, whereas a variety of substrates are hydrolyzed
by the natural bacterial community in bulk seawater. Hence, the
greater variety of microorganisms and their respective capabil-
ity to degrade organic matter might have made the community
in the SW-0.74+Pa microcosm more active and robust. These

www.frontiersin.org

December 2014 | Volume 1 | Article 69 | 5


http://www.frontiersin.org
http://www.frontiersin.org/Aquatic_Microbiology/archive

Thao et al. Protists and bacteria in protein transformation process
A SW+Pa B SW-0.7+Pa C SW-0.2+Pa
Day Day Day
&Daypt Pa 0 3 5 101530 ®DOM Pa 0 3 5101530 &Da)nv Pa 0 3 5 10 15 30 ™
97.2 s 972 1” 97.2 :
66.4 66.4 66.4
45.0 45:0 u 45.0 '
‘}h |
29.0 29.0 29.0
20.1 20.1 20.1
14.3 143 14.3
D SW E Auto-SW+Pa
Day Day
(kDa) M pa 0 &Da)M Pa 0 3 5 10 15 30
91.2 28 97.0. s
664 - 664, °
45.0 45.0
29.0 290
20.1 20.1
14.3
14.3

—_—

size marker; Pa, proteins from P aeruginosa.

FIGURE 4 | SDS-PAGE profiles of proteins in the (A) SW+Pa, (B) SW-0.7+Pa, (C) SW-0.2+Pa, (D)SW, and (E) Auto-SW+Pa microcosms. M, molecular

results show the importance of various microbes and their cou-
pled degradation process in protein degradationas well as organic
matter recycling.

Studies of enzyme production by various bacterial strains
(Priest, 1984) or mixed populations (Chrdst, 1991) indicated that
the production of specific enzymes is induced by their substrates
and inhibited by their end products. Boetius (1995), showed
that hydrolytic activity reflects the respective enzyme substrate
rather than microbial biomass. Here, the highest protease activity
observed was trypsin-type activity in the SW-0.7+4Pa microcosm,
suggesting that proteins from sonicated-Pa cells are favored sub-
strates for proteases exhibiting this type of activity. On the other
hand, the fact that bacteria preferentially take up high-molecular-
weight DOM (Amon and Benner, 1994) could also have caused
the observed elevation in trypsin-type enzyme activity. However,

higher endohydrolase activity (i.e., trypsin-type enzymes) relative
to exohydrolase activity (i.e., aminopeptidases) could lead to the
unexpected accumulation of polymer and/or oligomer intermedi-
ates if these poly/oligomers are too large to be assimilated by the
prokaryotes and no other microorganisms are capable of utilizing
them.

Despite some increase of bacteria in SW-0.24Pa, the prote-
olytic activity was similar to Auto-SW+-Pa (Figures 3E,G), which
could have been due to the unmarked differences in cell abun-
dance since the amount of Pa added to the SW-0.2+Pa and
Auto-SW+-Pa microcosms was identical and represented a much
greater number of cells compared with the number of natural
indigenous bacteria.

Protein degradation profiling revealed that some proteins
remained until the end of the incubation in the Auto-SW+Pa,
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SW-0.7+4Pa, and SW-0.2+Pa microcosms (Figures 4B,C,E), even
in the presence of high levels of protease activity (Figure 3).
This result indicates that living natural bacteria and surviving Pa
did not sufficiently incorporate substrates into their biomass in
these microcosms. Although the protease activity in the SW+-Pa
microcosm was the lowest among those containing Pa, all of the
protein bands completely disappeared by day 15 (Figure4A),
implying that the protein transformation process is highly effi-
cient in the presence of both protists and bacteria. Since enzymes
have substrate specificity, the result in enzyme activity in SW-
0.74-Pa only showed the availability of enzymes that existed, but
not their intrinsic ability to hydrolyze the natural substrates.
Enzymes from protists and bacteria should be different from
each other. Despite the low proteolytic activity in SW+Pa, var-
ious enzymes actively degraded proteins into substrates which
were promptly incorporated into microbes. The major differ-
ence between those 2 microcosms is the presence of protists.
Consequently, these results lead us to propose a new hypothesis,
which holds that protein transformation in the marine environ-
ment involves uptake of bacterial proteins by not only bacteria
but also protists and/or proteolytic degradation by proteases
originating from various microbes, including protists. In other
words, efficient proteolysis in seawater may require the diver-
sity at functional/taxonomic level rather than simply diversity
within bacterial communities. Recent studies have also supported
our hypothesis that the extent to which a high-molecular-weight
substrate is bioavailable depends on microbial community capa-
bilities (D’Ambrosio et al., 2014) and the organisms using poly-
mers are quite distinct from those utilizing monomer constituents
(Kirchman et al., 2007; Alonso-Sdez et al., 2012). The transfer of
organic matter can also be enhanced by virus infection in natural
environment (Middelboe et al., 2003). However, in the present
experiment, Pa-protein degradation by virus in our experiment
can be ignored due to the preparation method by sonication
treatment.

In conclusion, bacteria produce high levels of proteolytic
activity in the absence of protists. However, bacteria alone can-
not efficiently transform proteins in seawater. Proteins could
be rapidly transformed in a coexisting protist-bacterial commu-
nity, in which protists might work as not only predators but
also sources of proteases, which are required for complete trans-
formation of proteins in seawater. Further hypotheses are that
protists may play a role as protein consumers and/or the excretion
of protists’ proteases should assist DOM decomposition, which
accelerates production of usable molecules for bacterial growth.
Bacterial growth can be stimulated by the increase in amino acids
and dipeptides, followed by enhancing protists growth. Thus,
protists may play an important role in the protein transforma-
tion by means of enzyme production and substrate utilization
in seawater. The results from the present study provide new evi-
dence demonstrating interactions between protists and bacteria
in relation to protein transformation in aquatic ecosystems.
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