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ABSTRACT: Seasonal trends in the bacterial formation of transparent exopolymer particles (TEP)
were assessed in a seawater culture experiment using filtrate (0.8 nm) obtained from surface water of
Sagami Bay, Japan. An Alcian blue staining/colorimetric method was used to assess samples in both
the presence and absence of metabolic inhibitors of bacteria. TEP formation was always negligible in
the presence of metabolic inhibitors. However, the TEP accumulation rate (¢t = 0 to 1) associated with
bacterial growth was high (156.9 + 66 pg Gum Xanthan equivalents 1! d!) in September, October,
and March, and low (0 + 12.7 pg Gum Xanthan equiv. I"! d"!) from December to February, even for
samples with large increases in bacterial numbers. The observed TEP accumulation rate without
metabolic inhibitors was positively correlated with chlorophyll a concentration (r = 0.799, n = 9), bac-
terial organic carbon production rate (r = 0.784, n = 9), and bacterial number (r = 0.948, n = 9) in the
field, indicating the importance of exudates from phytoplankton and probably from bacteria. During
the months with high TEP formation rates, the bacterial TEP that formed in terms of carbon exceeded
bacterial carbon utilization by 1- to 2-fold, suggesting an indirect process of bacterial TEP formation.
Based on microscopic examinations of seawater cultures and field samples, the scavenging of TEP
precursors by increased bacterial particles was important in the bacterial enhancement of high TEP
formation in fall and early spring. These observations suggest the importance of bacteria as media-
tors of bacteria-associated TEP formation coupled to the supply of usable dissolved organic matter,
including TEP precursors.
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INTRODUCTION

Transparent exopolymer particles (TEP), which are
polysaccharide particles stained by Alcian blue, influ-
ence the biogeochemical cycle of carbon in the ocean.
TEP can assemble abiotically because of their sticky
nature (Dam & Drapeau 1995, Engel 2000). Their stick-
iness serves as glue to facilitate the aggregation
between phytoplankton (Riebesell 1991) and bacteria
(Alldredge et al. 1993) and the formation of 'marine
snow' (Alldredge et al. 1993). Consequently, fixed
organic carbon is exported as TEP sink from the
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euphotic zone to the ocean interior. This process may
represent one of the necessary mechanisms for sedi-
mentation in the ocean. Owing to the abundance of
TEP and TEP precursors (Hong et al. 1997), as well as
their unique functions, a better understanding of TEP
production associated with planktonic communities in
the upper ocean is essential for improving our knowl-
edge of oceanic biogeochemical cycles.

Seasonal variations in TEP production have often
been associated with phytoplankton variations, espe-
cially diatom blooms (Grossart & Simon 1997, Passow
et al. 2001). Given that TEP production is primarily
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controlled by the availability of nanometer-sized TEP
precursors and that diatoms can produce these pre-
cursors in culture and under field conditions, diatoms
have been considered the dominant organisms respon-
sible for TEP production (Kierboe & Hansen 1993, Pas-
sow & Alldredge 1994). Other factors such as the phys-
iological state of phytoplankton (Passow & Alldredge
1995a, Grossart et al. 2006), irradiance (Hong et al.
1997), and physical factors, including wind-stimulated
shear (Grossart et al. 1998) and bubbling (Zhou et al.
1998), also influence TEP production.

Autotrophs, such as Phaeocystis sp. (Passow 2000)
and macroalgae (Ramaiah et al. 2001), and het-
erotrophs, such as marine bacteria (Passow 2002a,
Radic et al. 2003) and nanoflagellates (Passow 2000),
can produce TEP. However, controversy exists
regarding the importance of these organisms, espe-
cially the contribution of marine bacteria, to TEP for-
mation in natural environments (Stoderegger &
Herndl 1999, Passow 2002a, Prieto et al. 2002). Bac-
teria release significant amounts of extracellular
polysaccharides (EPS) in the form of capsules, films,
and free exopolymers (Decho 1990, Cowen 1992, Shi-
bata et al. 1997). Metabolically active bacteria con-
stantly release capsular material to the surrounding
water, in amounts equivalent to 25% of the respired
carbon (Stoderegger & Herndl 1998). Bacteria have
unique roles in TEP dynamics, such as (1) the poten-
tial to function as nuclei by sticking to TEP precur-
sors and (2) the enhancement of collisions among
dissolved organic materials (DOM), possibly includ-
ing TEP precursors, as a result of bacterial motility
(Johnson & Kepkay 1992). The sticky coating materi-
als on bacteria allow the attachment of precursors
(Van Loosdrecht et al. 1989) and the consequent for-
mation of TEP. The encounter rate of bacteria with
DOM can be influenced by shearing, surface coagu-
lation (Johnson et al. 1986), and other collision mech-
anisms. Radic et al. (2003) found that bacterial TEP
formation was enhanced under turbulent conditions,
whereas Stoderegger & Herndl (1999) found that
fewer, but larger particles were produced under con-
ditions of high turbulence. Nevertheless, the indirect
roles of bacteria in TEP formation have not been
extensively examined.

The aim of the present study was to extract and
evaluate seasonal trends in the formation of TEP
associated with bacterial growth by comparing
predator-free bacterial assemblages obtained from
coastal waters in samples with or without metabolic
inhibitors. We found that bacteria enhanced the for-
mation of TEP during the highly productive season,
suggesting that bacteria-associated TEP formation
depends on a combination of factors, which include
the abundance of usable DOM as well as TEP pre-

cursors and the amount of bacterial particles. In addi-
tion, the microscopic analysis revealed that bacteria-
dominated particles contribute greatly to the total
TEP abundance.

MATERIALS AND METHODS

Sample collection and experimental procedure.
Surface (0 m) seawater samples were collected
once each month from August 2004 to April 2005
(Table 1) in coastal Sagami Bay, Japan (35°9'30"N,
139°9'25"E), where the deepest water was 120 m.
The samples were collected using a 5 1 Niskin sam-
pler or a plastic bucket. Both sampling devices were
washed with HCI and rinsed with Milli-Q water (Mil-
lipore) before use. For the incubation experiments,
sample water was filtered with a Nuclepore filter
(0.8 pym pore size: Whatman) to remove phytoplank-
ton and bacterivores. Filtration was conducted within
6 to 7 h of sampling. Filtrates were stored in two 11
glass bottles that had been previously combusted at
550°C for 5 h. Sodium azide (NalNj;), a respiratory
chain inhibitor, with a final concentration of 0.02%
(w/v), and antibiotics (streptomycin: final concentra-
tion, 25 U ml%; penicillin: final concentration, 25 pg
ml!) were added to one of the bottles to prevent bac-
terial activity. The 2 glass bottles were kept in a dark
room at 20°C for 4 to 5 d under stagnant conditions.
Duplicate samplings of filtrates were conducted at
24 h intervals under a flow hood. Filtered formalde-
hyde (2% final concentration) was added to preserve
the samples until the analyses of TEP and bacterial
abundance. The TEP accumulation rate was calcu-
lated as the difference between the TEP concentra-
tion at time (f) = 0 (no incubation) and that at t = 1
(1 d of incubation) or at t = 2 (2 d of incubation),
divided by the incubation time (1 or 2 d).

To test for the possible interruption of TEP formation
by NaNj as a chelator of cations in seawater during

Table 1. Sampling dates, temperature, and salinity of water
samples collected in Sagami Bay, Japan

Sampling date Temperature (°C) Salinity (%o)
August 12, 2004 28.0 31.3
September 16, 2004 24.8 32.4
October 15, 2004 21.5 27.6
November 18, 2004 20.0 32.1
December 17, 2004 18.3 34.5
January 18, 2005 15.8 32.8
February 17, 2005 15.1 35.0
March 17, 2005 13.8 33.6
April 14, 2005 15.0 34.1
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the incubation, Nuclepore (0.2 pm pore size) filtrates
were obtained from Heterosigma carterae cultures
(NEPCC 102, Canadian Center for the Culture of
Microorganisms) grown in artificial seawater (ESAW)
(Harrison et al. 1980). Autoclaved glass bottles were
filled with the filtrates with or without both NaNj
and antibiotics, sealed, and rotated on a roller. The
bottles were kept for 22 h at 4°C under dark conditions
to minimize the bacterial influence. TEP concentra-
tions were measured colorimetrically as described
below. There was no significant difference between
duplicate filtrates with and without inhibitors (p > 0.05:
Student's t-test, n = 4).

Biological and chemical measurements. Bacteria
were counted under an epifluorescence microscope
(x1000: BX51; Olympus) after staining the nuclei with
SYBR-Gold (Chen et al. 2001). Duplicate samples of
10 ml (August to March) or 20 ml (April) were filtered
onto 0.2 pm, 25 mm Nuclepore filters under constant
vacuum (<0.02 MPa) to make the slides. Two methods
were used for the TEP analysis. The first method was a
polysaccharide-specific dye-binding assay for the col-
orimetric measurement of TEP, using 100 ml samples
and 0.4 pm, 25 mm Nuclepore filters (Passow & All-
dredge 1995b). This method was used for incubation
experiments of filtered seawater (0.8 pm) and for field
samples (0 m) that were neither filtered nor incubated.
The TEP concentrations were expressed in terms of
Gum Xanthan equivalents (mg or pg Gum Xanthan
equiv. I'!). The second method, used for field samples
and the incubation experiment in April, employed
microscopy (x400) after staining. For the simultaneous
observation of TEP morphology and bacterial assem-
blages, we applied a double-staining method using
SYBR-Gold, which allowed stable observation even
under UV light. The samples from the field (20 to
70 ml) and those from the April incubation experiment
(20 ml) were first stained with SYBR-Gold (final con-
centration, 0.025% [v/v]), then filtered onto 2.0 pm,
25 mm and onto 0.2 pm, 25 mm Nuclepore filters,
respectively, using the same procedure as for bacterial
counting, and then stained with Alcian blue. The fil-
tered samples were evaluated for TEP by a modified
microscopy method (Logan et al. 1994). Pictures were
taken with a camera (Olympus DP 70) connected to the
microscope, and the particle areas associated with the
areas stained by Alcian blue were measured on the
images using Image Pro Plus software (Media Cyber-
netics). At least 30 TEP or 30 fields were measured for
each slide. Duplicate and single samplings were con-
ducted for the incubation experiment (April) and the
field study, respectively.

Nutrient analyses were conducted using an auto-
analyzer (AACS III; Bran + Luebbe) based on the
methods described by Strickland & Parsons (1972).

The detection limits of the auto-analyzer were
0.02 pM for PO,3" and 0.01 pM for NO;~. Chlorophyll
a (chl a) was extracted with N,N-dimethylformamide
(Suzuki & Ishimaru 1990) at 20°C for longer than 2 d,
and the chl a concentration was determined using a
fluorometer (10-AU; Turner Designs; Holm-Hansen et
al. 1965).

The bacterial organic carbon production rate was
estimated from the incorporation rate of *H-thymidine
(Fuhrman & Azam 1980). Subsamples from the surface
water were incubated for 1 h at the in situ temperature
(x2°C) in the dark. The thymidine incorporation rate
was converted to bacterial production by assuming
3.9 x 10'7 cells mol™ (Ducklow 2000) and 15 fg C cell’!
(Fukuda et al. 1998).

Statistical analysis. Pearson's correlation coefficient
was used to test the correlation between the variables
in Table 2. Student's t-test was used to test the influ-
ence of NaNj; as a chelator on TEP formation and the
significance of the difference in TEP formation in the
presence versus absence of biological inhibitors.

RESULTS
Seasonal changes in biological parameters

The water temperature was generally high in sum-
mer and low in winter and early spring, ranging from
28°C (August 2004) to 13.8°C (March 2005) (Table 1).
The salinity showed little change and ranged
between 27.6 and 35 %.. Nitrate concentrations at 0 m
varied widely, from undetectable (<0.01 pM) in
August to 17.6 pM in October (Fig. 1a). The concen-
trations of nitrite and ammonium were <2.57 pM
(October 2004) and 0.66 pM (April 2005), respec-
tively, during the study and were generally much
lower than those of nitrate (data not shown), with 2
exceptions: in August, the concentrations of the 3
forms of nitrogen (nitrate, <0.01 pM; nitrite, 0.02 pM;
ammonium, <0.05 pM) were close to the detection
limits; in September, the ammonium concentration
was slighter higher (0.13 pM) than nitrate (0.09 pM).
Phosphate concentrations ranged from 0.06 pM in
August to 0.43 pM in January. The ratio of total inor-
ganic N to P was lower than the Redfield ratio (16:1)
only in summer.

Microscopy revealed large differences in the TEP
abundance from August 2004 to April 2005 (9 mo)
(Fig. 1b). TEP were most abundant in August
(172 mm? 1"!) and decreased to between 34.2 and
11.8 mm? 1"t in fall (September and November). The
TEP abundance remained low throughout winter,
with an average of 2.6 mm? 1! and increased again in
spring (March and April), reaching values similar to
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Table 2. Correlation analysis results for variables in the field and the incubation experiments: chlorophyll a (chl a, ng 1°!); bacterial

organic carbon production rate (BP, pg C 1'* d™'); bacterial growth (BG, cells ml"! d-!); TEP area, the area of transparent exopolymer

particles (mm?171); bacterial number (No. cells ml™!); TEP accumulation rate (¢ = 0 to 1), calculated as the difference between the TEP

values at t=0 and t= 1 divided by 1 d (ng Gum Xanthan equiv. I"! d!); TEP accumulation rate (t = 0 to 2), calculated as the difference

between the TEP values at t = 0 and ¢ = 2 divided by 2 d (ug Gum Xanthan equiv. I"* d!). All analyses were based on n = 9. NS: not
significant at p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001

Chl a BP rate BG TEP area No. TEP accumulation rate
(field) (field) (culture) (field) (field) (culture)
(t=0to 1) (t=0to2)
Chl a (field) - r=0.377 NS r=0.676"* r=0.016 NS r=0.616 NS r=0.799** r=0.433 NS
BP rate (field) - r=0.196 NS r=0.875"" r=0.808"" r=0.784" r=0.114 NS
BG (culture) - r=0.059 NS r=0471 NS r=0.551NS 1r=0.557NS
TEP area (field) - r=0.701"* r=0.541INS r=0.163 NS
No. (field) - r=0.948*** 1r=0.309 NS
TEP accumulation rate - r=0.431 NS
(culture)
(t=0to 1) -
(t=0to2)

those measured in fall (average, 24.5 mm? 1"!). From
December to April (5 mo), TEP levels were also ana-
lyzed by a colorimetric method and were expressed as
mg of Gum Xanthan equiv. 1I"! (Fig. 1b). The TEP
concentration was highest in March (0.25 mg Gum
Xanthan equiv. I"') and lowest in February (0.05 mg
Gum Xanthan equiv. I"'). The monthly trends were
similar to those obtained under microscopic observa-
tion (r = 0.968, n = 5).

The chl a concentration also showed large seasonal
variations (Fig. 1c) and was highest (15.1 pg 1Y) in
October, which was also the month with the highest
concentration of nitrate. Chl a concentrations re-
mained low in winter and increased again at the
beginning of spring 2005. The highest chl a values
were most often obtained at 0 m during all months
except March, when the highest value occurred at a
depth of 10 m (data not shown). Overall, the water
used for the incubation experiments represented the
highly productive layer of the field profiles.

The number of bacteria showed only small changes
throughout the seasons, ranging from 2.0 x 10° to 4.2 x
10° cells mlI™! (Fig. 1c). However, a slight seasonal trend
was observed, with lower values in winter and higher
values in summer and spring.

The bacterial organic carbon production rate ranged
from 0.1 to 4.8 ng C1°' d! (Fig. 1c). In August, the bac-
terial organic carbon production rate was high (4.8 ng
C I't d'1) and the chl a value was low (3.26 ug I},
whereas the reverse relationship was observed in
October. From November to the following April, bacte-
rial production showed a seasonal trend similar to that
of chl aq, with lower values in winter and higher values
in spring.

Change in bacterial number and TEP concentration
during incubation

Bacterial growth without inhibitors generally
showed a rapid increase early during incubation (=0
to 1 or t =0 to 2) and a decrease toward the end of the
experiment (Fig. 2). The highest initial concentration
was 2.0 x 10° cells mI™! in August, and the lowest was
2.3 x 10° cells ml™! in January. However, in most of the
filtrates containing inhibitors, the bacterial numbers
either remained nearly constant or decreased slightly
during incubation (Fig. 2). These results indicate that
NaNj and antibiotics restrained bacterial growth and
allowed the observation of TEP formation with and
without biological activities, including bacterial activ-
ity, for most of the months (p < 0.05, n = 8), with the
exception of August.

The addition of metabolic inhibitors led to negligible
changes in TEP concentrations in all experiments
(Fig. 2). TEP concentrations remained between 0.02
and 0.14 mg Gum Xanthan equiv. I"! for the entire
incubation period (4 to 5 d). In contrast, TEP formation
coupled with bacterial growth was observed in the
experiments without inhibitors, except in winter
(Fig. 2).

In fall (September and October) and early spring
(March), abundant TEP formation was associated with
the initial increase in bacterial numbers, despite
decreases or the absence of distinct changes in bacter-
ial numbers in the subsequent incubation days (Fig. 2).
The maximum TEP formation, calculated as the maxi-
mum TEP concentration minus the initial TEP concen-
tration, during these months ranged between 0.38 and
0.99 mg Gum Xanthan equiv. I"!. Moderate TEP forma-
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Fig. 1. (a) Monthly changes in surface NO;™ (solid line) and
PO,*" (dashed line) in Sagami Bay, Japan; the NO;~ value in
August was <0.01 pM, below the detection limit of the auto-
analyzer. (b) Monthly changes in surface transparent ex-
opolymer particles (TEP) abundance in Sagami Bay. TEP
abundance was analyzed microscopically and expressed as
area (solid line) for values from August to April and was ana-
lyzed spectrophotometrically and expressed as Gum Xanthan
equivalents (dashed line) for values from December to April.
Error bars for the TEP abundance measured spectrophoto-
metrically indicate range. (c) Monthly changes in surface
chlorophyll a (chl a) concentration (solid line), bacterial
organic carbon production (dash-dotted line), and bacterial
number (dashed line) in Sagami Bay

tion (0.15 to 0.22 mg Gum Xanthan equiv. 1'!) occurred
in association with increased bacterial numbers, as
seen in August, November, and April. The TEP con-
centration (0.26 mg Gum Xanthan equiv. I"!) and bac-
terial number (3.2 x 10° cells ml™!) for the April experi-
ment reached a maximum at t = 2 and dropped
thereafter. From December to February, there was only
a very small increase in TEP formation (<0.15 mg Gum
Xanthan equiv. I"!) despite an increased bacterial
count, which was a distinctive winter phenomenon.

TEP (mg Xanthan equiv I) PO,* (uM)

Bacterial number (108 cells mI™")

Microscopic observations of TEP during the
incubation experiments

To observe TEP formation at different stages of
incubation, filtered samples were analyzed micro-
scopically. The areas stained by Alcian blue on the
micrographs were classified into 2 categories: (1) free
TEP associated with negligible bacteria and (2) TEP
associated with dense bacterial assemblages. Most of
the Alcian blue-stainable particles observed at the
early stage in the cultures without metabolic inhibitors
were TEP with dense bacterial assemblages, and no
free TEP were observed until ¢t = 4 (Fig. 3a). Based on
the total area of the particles, 30% of the TEP were
free and 70% were associated with dense bacterial
assemblages at ¢t = 4. In the cultures with inhibitors,
both free TEP and those associated with dense bacter-
ial assemblages were observed throughout the entire
incubation period, except at ¢ = 0 (Fig. 3b). However,
free TEP as a percentage of the total particle area
had a tendency to increase toward the end of the
incubation time.

Microscopic observations of TEP in the field samples

Monthly changes in particles associated with TEP in
the field at 0 m were monitored microscopically. In
addition to the 2 categories of TEP aggregates
observed in the culture experiment, TEP were also
associated with larger amorphous particles and with
phytoplankton in the field samples. The determination
of the relative abundance in each category was
semiquantitative because of the small sampling sizes.
However, TEP particle association with dense bacterial
assemblages was generally low in early fall (Sep-
tember and October) and early spring (March), and
increased in winter (November and February) and
mid-spring (April). Morphologically, the most abun-
dant particles were TEP associated with either larger
amorphous particles or with phytoplankton; the re-
lative abundance of these 2 categories combined
was roughly more than two-thirds of the total TEP
during the observation period.

DISCUSSION

This study demonstrates clear seasonal trends in TEP
formation associated with bacterial growth in coastal
waters (Fig. 2). In the absence of inhibitors, the TEP
concentrations increased in September and October,
became low in winter, and increased moderately again
in spring. Negligible TEP formation was detected
spectrophotometrically in the filtrates containing bac-
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Fig. 2. Time-course variations of TEP concentration and the corresponding bacterial abundance in filtrates from natural seawater
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lines indicate filtrates that did not receive these treatments. Each point is the average value of duplicate samples, and the
error bars indicate range +SD



Sugimoto et al.: Bacterial contributions to formation of TEP 37

100

80 —

60 —

40 |

20 —

AT
AAMHHn

A

100

Ratio in area (%)

80 —

60 —

Ay
AR RRQYJTNYY MiH ha H N

ZA MM

a
%
b
%
4
Time (d

Fig. 3. Time-course variations in the percentage contribution
of the 2 types of particles stained by Alcian blue in the in-
cubation experiment samples using filtered natural surface
seawater obtained from Sagami Bay in April 2005: (a) without
an inhibitor and (b) with an inhibitor. Particles were cate-
gorized into 2 groups: TEP with dense bacterial assemblages
(hatched portion) and free TEP associated with negligible
bacteria (black portion). Each percentage was obtained by
dividing the total particle area of each category by the sum
of the total particle areas of the 2 categories

-

terial inhibitors; thus, TEP formation appears to be
related to increases in bacterial abundance. The fol-
lowing discussion focuses on mechanisms that may
have been important for bacterial contributions to TEP
formation in the study area.

Correlation between field parameters and bacterial
TEP formation

The analyses of incubation data and field parame-
ters showed a good correlation between the TEP
accumulation rate (f = 0 to 1) in the culture and the chl
a concentration in the field (r = 0.799, n = 9; Table 2),
as well as the bacterial organic carbon production rate
in the field (r = 0.784, n = 9; Table 2). Given that the
availability of usable organic matter is a key factor for
bacterial production, the above correlations suggest
that TEP formation is related to the abundance of
DOM, including TEP precursors, possibly mainly pro-
duced by phytoplankton. This is indirectly consistent

with conventional reports of a good correlation be-
tween phytoplankton abundance and TEP abundance
during blooms (Passow & Alldredge 1994, Mari &
Kigrboe 1996), although there was no correlation be-
tween chl a and TEP abundance at the site in the pre-
sent study (r = 0.02, n = 9). Most of the studies report-
ing a good correlation between TEP abundance and
phytoplankton biomass have examined short-term
bloom development. For long-term observation or the
combination of bloom and non-bloom situations, as in
this study, the above correlation may not be apparent.
Other potential explanations for this incongruous rela-
tionship between chl a and TEP abundance in the
field include the timing of TEP production by phyto-
plankton (Penna et al. 1999) and the bacterial bio-
degradability and recalcitrance of TEP precursors
(Grossart et al. 2006). The bacterial number in the
field also had a positive correlation with the TEP ac-
cumulation rate (t = 0 to 1) in the culture experiments
(r=0.948,n=9, p=0.015).

Possibility of TEP production by bacterial exudation

The above correlation analyses suggest that the bac-
terial TEP accumulation rate is related not only to the
availability of material for bacterial use, but also to the
bacteria. Among the possibilities for bacterial contribu-
tions to TEP formation, we examined whether it was
possible for bacteria to produce the measured amount
of TEP using the available DOM. In the present study,
the average TEP formation in samples with bacteria
<0.8 ym (after filtration) was 1.77 + 1.6 f{g Gum Xan-
than equiv. cell' h™! (n = 9), which was calculated by
dividing the increased TEP concentration by the aver-
age bacterial cell number during the initial period (f =
0 to 1 d). The values obtained during the productive
season, such as 3.66 fg Gum Xanthan equiv. cell"! h™!
in March, were much higher than the reported mean
TEP production rate (0.11 = 0.03 fg Gum Xanthan
equiv. cell'! h™!) in a seawater culture of natural bac-
terial assemblages obtained from the North Sea
(Stoderegger & Herndl 1999).

Based on literature reports of the TEP-to-carbon
ratio (TEP-C = 0.75 x Gum Xanthan equiv.; Passow
2002b) and the bacterial carbon production during the
incubation experiment, the ratio of TEP-C to bacterial
carbon production was calculated, assuming a bacter-
ial cell carbon content of 15 fg (Fukuda et al. 1998)
and a carbon growth yield of 30% (Stoderegger &
Herndl 1998). In this calculation, the value 1 would
represent the point at which the amount of carbon
taken up by the bacteria equaled the amount of TEP-
C produced by the bacteria, a highly unlikely sce-
nario. The average ratio of TEP-C:bacterial carbon
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was 0.89 + 0.87 (n = 9) for the entire study period;
however, the ratio increased to 1.37 = 0.6 (n = 6) when
the low winter ratios (December, 0.14; January, 0.10;
and February, 0.15) were excluded. The most extreme
case occurred in August, giving a value of 2.29. As the
above calculation was based on several assumptions
in the conversion factor of Gum Xanthan equivalents
to carbon obtained from diatom TEP and bacterial
carbon contents, some uncertainties remain. Never-
theless, even if we were to use a higher range of bac-
terial carbon, i.e. 30 fg C cell™? (Vrede et al. 2002), the
TEP-C:bacterial carbon production ratio during pro-
ductive seasons would be 0.68 + 0.3 (n = 6), and the
highest value would be 1.15 (August). Therefore,
additional factors, such as the self assembly of TEP
precursors coupled with bacterial growth, are neces-
sary to explain the high bacterial TEP formation
observed in our culture study.

Indirect bacterial contributions to TEP formation

To form suspended particles on the 0.4 pm filter used
in this study, small colloids such as TEP precursors
must first collide and then remain stuck together to
increase the particle size. Bacterial cell motility can
increase the probability of collisions among colloidal
materials (Johnson & Kepkay 1992) by more frequently
bumping particles of less than a few microns (O'Melia
& Tiller 1993), in addition to Brownian motion and con-
vective diffusion of colloidal materials. Bacterial motil-
ity could create advective flow toward the bacteria and
thereby increase the probability of collisions. This may
have led to the high TEP formation that occurred in the
incubation experiment under stagnant conditions.

A high concentration of colloidal materials seems
necessary for bacterial motility to effectively create
collisions and scavenge particles. High TEP formation
occurred in our cultures during seasons in which large
amounts of TEP precursors were expected to be avail-
able. Bacterial motility may work efficiently in such
situations, although a quantitative evaluation of the
effect would be difficult because of unknown para-
meters such as the numbers and sizes of the TEP
precursors.

The interaction between the bacteria and TEP pre-
cursors can be mediated by neutral exopolymers pro-
duced by and attached to certain bacteria (Sutherland
1985), which have a lower repulsion than the nega-
tively charged TEP precursors. To avoid filtering out
small TEP precursors, neutrally coated bacteria could
be introduced into the present incubation culture to
serve as nuclei for attracting negatively charged TEP
precursors, thus increasing the particle volume
sufficiently to allow the precursors to be trapped on

the filter. The attraction between neutrally coated
bacteria and TEP precursors may be an additional
mechanism of TEP formation in the presence of high
numbers of bacteria.

Several mechanisms of TEP precursor self assembly
(Stoderegger & Herndl 1999, Passow 2000) have been
proposed, including cation bridges (Kloareg & Qua-
trano 1988) and hydrogen bonding (Chin et al. 1998)
between TEP precursors. Precursor self assembly may
explain the abundant TEP formation in the present
incubation experiments. However, because there was
no increase in TEP formation in the presence of bio-
logical inhibitors under spectrophotometric analyses,
the self assembly of TEP precursors at the concen-
tration and incubation period (up to between 4 and 5 d)
used in this study seemed to require some type of
bacterial input.

Certain bacteria tend to form clusters, defined in the
present study as TEP associated with dense bacterial
assemblages in culture medium (Zobell 1941), whereas
others tend to disperse (K. Sugimoto unpubl. data).
Introducing such bacteria into the cultures could
contribute to further TEP formation. Moreover, TEP
precursors that form a gel seem to attract bacteria by
offering attachment sites (Alldredge et al. 1993, Ver-
dugo et al. 2004), consequently producing TEP-associ-
ated bacteria. Bacteria were reported to accumulate on
‘invisible loci," which were speculated to be TEP
(Grossart et al. 2001). It is unclear whether bacteria
serving as nuclei just accelerate the speed of the for-
mation of TEP from precursors. Given the same initial
concentration of TEP precursors, will the amount of
TEP formation at equilibrium be the same for both
filtered seawater with bacteria and that without bac-
teria? The significance of self assemblage of precursors
and indirect contribution of bacteria on TEP formation
has not yet been solved.

Particle morphology in the incubation experiments
and in the field

Microscopic observations revealed the presence of
free TEP associated with negligible bacteria, a typical
form of precursor self assemblage, even in the sam-
ples with inhibitors during the April incubation exper-
iment (Fig. 3b), which was not obviously detectable
by the colorimetric assay. Free TEP were also
observed in the samples without inhibitors at the end
of the experiment (t = 4; Fig. 3a). However, free TEP
were not observed during the early stages of the
experiment without inhibitors, despite the relatively
large increase in photometrically measured TEP. Most
of the observed TEP were associated with dense
bacterial assemblages, consistent with the possibility
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Source
Prieto et al. (2002)
Stoderegger & Herndl (1999)
Stoderegger & Herndl (1999)
Present study

Experimental condition
0.2 pm prefiltered
0.2 pm prefiltered

0.2 pm prefiltered, with

inhibitor of eukaryotes
0.8 pm prefiltered

Bacteria
Bacteria
Bacteria
Bacteria

Organism, species, etc.

equiv. 1"t d ™)
63.8
30-46.7
0-8.6
7-267

Production rate
(g Gum Xanthan

and depth
Bay of Cadiz
(Jul-Aug 1998)
North Sea
(Feb—Apr 1998)
North Sea
(Feb—Apr 1998)
Sagami Bay

rates, excluding those in the present study, were calculated from the source graphs. Incubation experiments were not axenic. —: no available data
Sampling place, seasons,

Culture or mesocosm experiments

Table 3. Variations in the production of transparent exopolymer particles (TEP) and extracellular polysaccharides (EPS) reported in this and previous studies. Production
Filtered seawater

— that bacteria contribute to TEP for-
é mation by serving as nuclei.
_ = = %‘ The microscopic analyses raised
§ § T 3 3 23 § E a concern regarding the discrep-
2 I8 8 8 8 8 = S ancy between the colorimetric and
T fng ¢ 2 2 < E % microscopic observations. TEP for-
§ & ; § ; ; ; g .g mation was barely visible spec-
) jﬁ E é D% E g Z trophotometrically in the samples
© 5 & g with inhibitors, whereas particle
% morphology fluctuated in the mi-
M croscopic observations. This incon-
g,9,9,. 8 § gruity may have been caused by
‘*;3 S E:; g % g s: g § § different detection limits and differ-
o »ExEpE 8 8 ent pore sizes of the filters used for
ZE g § % § g g g g the colorimetric (0.4 pm) versus
%é '8 ég ég é 2 = microscopic methods (0.2 um). The
5 % g g g g 5 v 5 .5 ability of the 0.2 pm filter to capture
ﬁl g g é g é § E % % TEP was 2.3-fold that of the 0.4 pm
T S90290fgE g filter (average of duplicate sam-
CRRCENCEN I ples) with the spectrophotometric
" ~ method and 1.5-fold that of the
g} a @ S 0.4 pm filter (duplicate samples of
2 q:; E g E 3 & total particle area; n > 200) with the
g EE‘; S % é microscopic method, using natural
g § g § ; g) :m” §~ seawater filtrates (0.8 pm) obtained
2888 § S “g g during a very productive season
© § ié :ﬁ § A & (K. Sugimoto unpubl. data).

;SU = é’ Despite the discrepancy, the oc-
currence of free TEP at the late stage
of incubation and the absence of free

S - TEP at the early stage in untreated

ir’ E S g n 9 w» Sl < samples suggest that free TEP can

g 47 & © © ™ ® f form and remain free in water with-

= = out active bacteria. Therefore, free

TEP were observed throughout al-

= most the entire incubation period,

= B} gg §§ expgpt att=0, in. th§ sgrgples con-
§ o . g2 A g taining th.e bactenf’ﬂ 1nh1b1t.or.

> :E Gg 3 E’, 2 g ,_{I’ Tl» Interestingly, microscopic obser-

<|E | - ,:‘E’ % g =2 E L g & ; vations of field particle morphology

‘8" @ g @ 3 = S ﬁ % 2 revealed quite a large fraction of

S :% vc‘n% = 2EESG TEP with dense bacterial assem-

z 5 2‘ ; éfﬁ blages among the Alcian blue-

= eé o5 stainable particles, which was

< noticeable in winter and mid-

spring (April). This is consistent

with the results of the incubation

% experiment that showed a high per-

E 2 centage of TEP with dense bacter-

go é ‘% ial assemblages in untreated sam-

% = ; E ples. This fraction has not been

% E § é sufficiently investigated despite its

é% % T, 9 quantitative importance and pos-

£ S i.% 2 = sible function as a facilitator of

particle formation.
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Relevance of bacterial TEP formation

In the incubation experiment, TEP formation associ-
ated with bacterial growth achieved a rate of 231 ng
Gum Xanthan equiv. It d! in October (=0 to 1), which
was much higher than the TEP production rates ob-
tained from similar bacterial incubation experiments
using water obtained from the North Sea (16°C;
Stoderegger & Herndl 1999) and the Bay of Cadiz (Pri-
eto et al. 2002), i.e. 46.7 and 63.8 pg Gum Xanthan
equiv. I'! d!, respectively (Table 3). The October rate
was even higher than the TEP production rates of the
non-axenic cultured diatoms Chaetoceros affinis
(100 pg Gum Xanthan equiv. I"! d*!) and Nitzschia an-
gularis (166 pg Gum Xanthan equiv. I"* d™!) grown on a
30 % reduction of macronutrients (Passow 2002a), al-
though the rate was only 15.6% (Liu & Buskey 2000)
and 23 % (Corzo et al. 2000) of those for non-axenic Au-
reoumbra langunensis and Chaetoceros calcitran, re-
spectively, grown on 25 pM NOj™. TEP accumulation
rates in Phaeocystis-dominated mesocosm experiments
(Passow 2002a) were comparable to our October rates.

To estimate the bacterial potential of indirect and
direct TEP formation in the field, standing stocks of
TEP were divided by the TEP accumulation rates (=0
to 2) obtained in the incubation experiments using the
same month's seawater, from December to April.
Between 9% (December) and 37 % (April) of the stand-
ing stocks could be renewed daily by the sum of bac-
terial indirect and direct activity. Despite several
assumptions, such as unchanged TEP availability in
the field, bacterial indirect and direct TEP formation
had a high potential to contribute to the field TEP
dynamics. Therefore, the role of bacteria in TEP
formation should be evaluated in both field and culture
studies to better understand TEP formation under
various environmental conditions.

CONCLUSIONS

We observed bacterium-associated TEP formation
with seasonal variation in the filtered seawater.
Specifically, the TEP accumulation rate during the
first day showed a good correlation with the abun-
dance of chl a in pre-filtered water and with the bac-
terial organic carbon production rate in the field. This
suggests that the abundance of TEP precursors, prob-
ably produced by phytoplankton, affect TEP forma-
tion by bacteria.

During productive seasons, abundant TEP formation
occurred, but could not be explained only by physio-
logical production by bacterial cells. Therefore, an
indirect contribution of the bacterial population to TEP
formation, such as bacteria acting to increase the

attraction among TEP precursors, might be an impor-
tant factor, at least during productive seasons.

The high ratio of TEP with dense bacterial assem-
blages to free TEP associated with negligible bacteria
in our culture experiment, as shown by microscopic
observation, indicates the importance of bacteria in the
formation of TEP. This finding was not observable by
the colorimetric method used here.
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