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Abstract-Bacteria-diatom interactions were studied during a diatom bloom produced in a 
mesocosm, in the absence of metazoan grazers, in order to examine the significance of bacterial 
hydrolytic ectoenzymes in mediating carbon fluxes and influencing diatom aggregation. The 
abundances of bacteria and protozoa, the production rates and hydrolytic ectoenzyme activities 
(protease, a and B glucosidase and chitobiase) of attached and free bacteria, were followed as well 
as the dynamics of the dissolved organic carbon (DOC) pool. An intense diatom bloom occurred 
with chlorophyll a (chl a) concentrations reaching 132yg liter-’ prior to aggregation. The diatoms 
were colonized by bacteria early on in the bloom and remained colonized throughout the bloom, 
yet they grew rapidly (>l day-‘). Attached bacteria were numerically a small fraction of the total. 
but they also grew very rapidly & = 4-16 day-‘) and were generally responsible for the majority of 
bacterial carbon demand, BCD, (46-92%) and hydrolytic enzyme activities (41-990/o). BCD 
accounted for an estimated 4060% of the total carbon fixed during the bloom; thus, roughly one- 
half of the primary production was channeled. via the DOC pool, into bacteria. The high 
ectohydrolase activities of bacteria attached to the surface of diatoms suggests that the hydrolysis of 
diatom surface mucus could be responsible for a major flux into the DOC pool making it a 
significant. but previously unrecognized, mechanism of DOM production. Enzymatic hydrolysis of 
surface mucus may also have inhibited diatom aggregation. Addition of purified glucosidase and 
proteasc to samples from the mesocosm inhibited diatom aggregation in cxpcriments designed to 
induct aggregation. It is hypothesized that the action of bacterial ectoenzyme on diatom surfaces 
inhibited diatom aggregation by reducing stickiness, thus prolonging the bloom and allowing the 
accumulation of extremely high chl a levels prior to aggregation. Future studies should consider 
bacterial hydrolytic ectoenzymes as a potentially important variable influencing carbon Rux 
pathways, particle aggregation, and the size and duration of diatom blooms in the ocean. 

INTRODUCTION 

Diatom blooms are dramatic events in the ocean’s biogeochemistry and the fate of the 
photosynthetically-produced organic matter can significantly influence the distribution of 
bioelements in the ocean. Three fates generally considered for the diatom biomass are 
grazing by zooplankton, consumption by the microbial loop, and direct sedimentation in 
the form of aggregates. These pathways process the organic matter in fundamentally 
different ways, therefore, the partitioning of organic matter among these pathways will 
influence patterns of biogeochemical cycling in the ocean and the efficacy of the ‘biological 
pumping’ of carbon (Volk and Hoffert, 198.5) out of the euphotic zone. 
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While rapid sedimentation of primary production may occur in the form of fecal pellets 
as a result of zooplankton grazing, high, episodic, downward fluxes of organic matter can 
result directly from the aggregation and sedimentation of post-bloom diatoms (Honjo, 
1982; Billet et al., 1983; Takahashi, 1986; Bodungen et al.. 1986). It has been proposed 
(Walsh, 1983) that this latter pathway may be one of the major sinks for carbon and 
nitrogen. Bacteria utilize a variable but often large fraction of primary production, which 
opposes sedimentation by converting organic carbon from a rapidly sinking pool (fecal 
pellets or post-bloom phytoplankton) to a non-sinking pool (bacterial biomass and COZ). 
Indeed, Pomeroy and Deibel (1986) suggested that the high downward flux of organic 
carbon associated with the spring phytoplankton bloom in the coastal waters of Newfound- 
land is due, in part, to an extreme uncoupling of bacteria and phytoplankton. 

Although it is clear that bacteria-phytoplankton coupling influences the partitioning of 
primary production among its various fates, the mechanisms that mediate the flux of 
organic carbon from phytoplankton to bacteria are not well understood, and this is a 
central problem in understanding the biogeochemical role of bacteria in the sea. The bulk 
of the products of the primary production are particulate, while bacteria can directly use 
only low molecular weight dissolved organic matter (Rodgers, 1961). Nevertheless, 
bacteria often manage to utilize a large fraction of the primary production. The mechan- 
isms commonly considered for dissolved organic carbon (DOC) production from phyto- 
plankton are the direct exudation of organic matter by phytoplankton (Fogg, 1983) and the 
release of DOC as a result of zooplankton and protozoan feeding activities (Lampert 1978; 
Jumars et al., 1989; Banse, 1992). Another potential source of DOC may be virus-induced 
cell lysis (Fuhrman, 1992), as viruses have been shown to be a dynamic component of a 
spring bloom (Bratbak et al., 1990). These views of DOC production implicitly assume 
bacteria have no direct role and that they passively await DOC production as a survival 
strategy. 

The discovery that pelagic bacteria express a variety of cell-surface bound hydrolytic 
enzymes (Hollibaugh and Azam, 1983; Hoppe, 1983; Somville and Billen, 1983) suggests 
that bacteria play an active role in the production of DOC from particles via enzymatic 
hydrolysis (Azam, 1984; Hoppe, 1984; Smith et al. 1992). Since most enzyme activity is 
cell-surface bound (Hollibaugh and Azam, 1983) the hydrolytic attack on particles would 
involve actual physical interaction of bacteria with particles (Azam and Smith, 1991). 
Whether bacteria attack unaggregated live phytoplankton with ectoenzymes, as they do 
other particles in the pelagic ocean, has been considered (Pomeroy and Wiebe, 1988; 
Azam and Smith, 1991) but remains largely unstudied. Such bacteria-phytoplankton 
interaction would generate DOM from the surface components of the phytoplankton 
without the mediation of animals. A second important consequence of such bacteria- 
phytoplankton interaction would be that the surface ‘mucus’ layer of the phytoplankton 
will be kept in check by bacterial hydrolases (assuming the enzymes can hydrolyze the 
mucus), and this could inhibit phytoplankton aggregation, as previously hypothesized 
(Azam and Smith, 1991; Azam et al., 1994). Thus, bacteria-phytoplankton interaction, in 
the absence of metazoan animals, might cause significant flux of organic matter into the 
microbial loop as well as enhance the accumulation of phytoplankton biomass by 
inhibiting phytoplankton aggregation. 

Our goal was to study bacteria-diatom interaction during a diatom bloom in the absence 
of metazoa. Our focus was on understanding the significance of bacterial ectohydrolases in 
mediating carbon flow from diatoms to bacteria and in inhibiting diatom aggregation. This 
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was studied in a diatom bloom produced via nutrient enrichment of a mesocosm where 
metazoa were excluded. 

MATERIALS AND METHODS 

The mesocosm 

For details of the SIGMA tank mesocosm, see Alldredge et al. (1995). Briefly, 1150 
liters of sea water from the Santa Barbara Channel was passed through a sand filter and 
amended with Na,SiOs (43.7 ,uM), NaNOa (44.1 PM), Na3P04 (3 PM), trace metals and 
vitamins. The mesocosm was then inoculated with 50 1 of unfiltered sea water and 
subjected to a 14: 10 h light/dark cycle. The tank was illuminated from above with the light 
intensity being -87 ,uE rnp2 s-l immediately below the surface. Temperature was 
maintained between 12.5 and 13.o”C. The tank was continuously stirred at 2.6 rpm by 
means of a rotating paddle. 

The mesocosm was sampled daily at -0930 h for 7 days beginning 7 days after the 
inoculation. At each time point, -1 liter of water was siphoned from the tank with Tygon@ 
tubing and transferred to acid washed polypropylene bottles. In order to estimate the 
contribution of bacteria attached to particles, subsamples were filtered at 1 atm through 
1 .Opm pore-size polycarbonate filters (Nuclepore). Both the unfiltered and 1 .Opm filtered 
water were assayed and the contribution of attached bacteria (defined as those bacteria 
which were retained on the 1 .O pm pore-size filters) was estimated by the difference. The 
water was maintained at 12.8”C during filtration and the rate assays (bacterial production 
and hydrolytic ectoenzymes), which were started within one hour of sampling. 

Bacterial abundance 

At each time point, 2.0 ml aliquots of both unfiltered and 1 .O pm filtered water were 
fixed with 0.2 pm-filtered, borate-buffered formalin (2% final), stained with 4’,6- 
diamidino-2-phenylindole (DAPI; 1 ,ug ml-’ final) for 10 min. In order to ensure a more 
even distribution of the bacteria on the filter, Tween-80 (Sigma) was added at 10 pug ml-’ 
final and the samples were sonicated for 30 s (Yoon and Rosson, 1990). The samples were 
then filtered onto 0.2pm pore-sized black polycarbonate filters (Nuclepore) and examined 
at 1250~ using epifluorescence microscopy (Porter and Feig, 1980). Microscope slides 
were prepared and counted within a few hours of sampling. 

Flagellate abundance 

At each time point, a 10 ml aliquot of the water was fixed with 0.2pm-filtered, buffered 
formalin (5% final), and filtered onto a 0.6pm pore-size polycarbonate filter (Nuclepore) 
washed twice with 2 ml of Tris buffer (0.1 M, pH 4), stained with primulin (63 ,ug ml-’ 
final), and examined using epifluorescence microscopy (Caron, 1983). 

Viral abundance 

At each time point, a 50 ml aliquot of the 1 .O ,um filtered water was fixed with electron 
microscopy-grade glutaraldehyde (2% final) and stored at 5°C until processing. Ten 
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milliliter aliquots were centrifuged (41,000 x g for 2 h) onto charged copper grids coated 
with formvar (Nomizu and Mizuike, 1986; Wells and Goldberg, 1992) as modified by 
Cochlan et al. (1993), stained with uranyl acetate (0.5% final) and viewed at 40,000~ with 
a transmission electron microscope (Hitachi H-500). Because viral abundance was 
determined in the < 1 .O pm fraction, they must be considered minimum estimates. 

Bacterial carbon production (BCP) 

The incorporation of 3H-labeled leucine was used to estimate bacterial carbon pro- 
duction (Kirchman et al. (1985) as modified for microcentrifugation by Smith and Azam 
(1992)). At each time, 0.5 ml aliquots of both unfiltered and 1.0 pm-filtered water were 
incubated with L-[4,5-3H] leucine (20 nM final; Amersham) in 2.0 ml-capacity polypro- 
pylene microcentrifuge tubes for 1 h at 12.8”C. All samples were done in triplicate. 
Samples with 5% trichloroacetic acid added prior to the addition of the 3H-leucine served 
as the blanks. Bacterial production was calculated as in Simon and Azam (1989) assuming 
20 fg C bacterium-l (L ee and Fuhrman, 1987). Saturation curves for the uptake of 
L-[4,5-3H]leucine were not conducted, therefore the bacterial carbon production may 
have been underestimated. The <l.Opm fraction was lost on Day 13 and therefore only 
the total production is reported for that day. 

Bacterial carbon demand (BCD) 

The minimum and maximum BCD were calculated on the basis of the measured 
bacterial carbon production and the minimum and maximum growth yields ( Yc) estimated 
as 

BCD = BCP x 100/Y, 

Bacterial growth yield 

Bacterial growth yield (%), is defined here as 

Yc = (BCP/(BCP + R,))lOO 

where R/, is bacterial respiration. The minimum and maximum Y, are calculated by 
calculating maximum and minimum Rh as follows. 

The maximum Rb was calculated day to day assuming that all carbon fixed at the mean 
primary production rate during this period, which was not accumulated in either the POC 
or DOC pools during the same period was respired, and that all of the respiration was 
bacterial (i.e. phytoplankton and protozoan respiration was set at 0). This results in the 
maximum R,, (hence minimum Y,) according to the equation: 

Rh = PP - A(POC + DOC) 

This was calculated from Days 8-13 when primary and bacterial production rates as well as 
particulate and dissolved organic carbon content were measured. 

The minimum Rb (hence maximum Yc) was estimated using the two periods in which 
there was a decrease in the DOC concentration (Days 10 411 and Days 12 + 13). We 
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assumed that DOC production was zero during those periods and that the observed DOC 
decline was due solely to bacterial production and respiration according to the equation: 

Rb = ADOC - BCP 

Dissolved organic carbon 

Water samples were filtered (GFIF) and stored frozen in precombusted glass ampules 
until analysis. Dissolved organic carbon (DOC), operationally defined as organic carbon 
that passed through the GF/F filters, was measured by the high temperature catalytic 
oxidation method (Sugimura and Suzuki, 1988). After acidification with 10% phosphoric 
acid and sparging with 02, 50-100 ~1 aliquots were injected into a ‘Suzuki clone’ DOC 
analyzer. Triplicate injections from each sample vial were assayed. The analyzer was 
calibrated with a glucose solution. 

DOC turnover times were calculated as DOC/BCD. These estimates were bracketed by 
using both the minimum and maximum BCD estimates. The minimum estimates of DOC 
production rates (using the minimum BCD estimate) were calculated as DOC produced = 
ADOC + BCD. 

Primary production, chlorophyll a and particulate organic carbon 

Net primary production (PP) as measured by r4C-bicarbonate uptake (2 h incubations at 
125 PEin min-r); chlorophyll a (Chl a), and particulate organic carbon (POC) were 
determined by Alldredge et al. (1995). 

Hydrolytic ectoenzyme activities 

At each time point, unfiltered and filtered (1 .Opm and 0.2pm) samples were incubated 
with fluorogenic substrates (methylumbelliferyl (MUF) and amino-methylcoumarin 
(AMC) derivatives) in order to estimate hydrolysis rates (Hoppe, 1983). Samples were 
incubated at 12.8”C, and the increase in fluorescence (356 nm excitation; 460 nm 
emmission) was followed with time using a Hoefer TKO-100 fluorometer. All samples 
were run in triplicate with heat-killed samples (80°C for 20 min) serving as controls. The 
fluorogenic substrates used (and enzymes assayed) were L-leucine-AMC (protease); 
MUF-P-o-glucoside (/3-gluocosidase); MUF-a-o-glucoside (a-glucosidase); and MUF-N- 
aceytl b-o-glucoside (chitobiase). The fluorometer was calibrated with standard solutions 
of MUF and AMC. 

Effect of hydrolytic enzymes on particle aggregation 

Water collected on Day 12 was used to examine the potential role of hydrolytic enzymes 
in inhibiting diatom aggregation. To test whether polysaccharides, mucopolysaccharides 
or proteins played a role in the diatom aggregation, /3-glucosidase and pronase E, a non- 
specific protease, were added to 22 ml aliquots of water in glass scintillation vials. The 
enzymes were added at an arbitrarily chosen final concentration of 1 unit ml-’ that was 
equivalent to -75 and 750 fold greater than the activities of /?-glucosidase and protease 
(respectively) measured in the tank. The vials were rolled to enhance aggregation (Shanks 
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and Edmondson, 1989) in the dark at 3 rpm and 12.8”C. After rolling for 5 h, the vials were 
placed upright and immediately photographed. Vials which did not receive additions of 
the enzymes served as the controls. 

RESULTS 

Standing stocks 

An intense phytoplankton bloom was achieved in the mesocosm as indicated by the chl a 
levels (7.6 + 0.2,ug 1-i on Day 7 increasing to 168.0 + lO.Opg 1-l on Day 12; Fig. l(A)). 
Chl a declined to 110.0 f 24.0 ,ug 1-l on Day 14. This bloom was dominated by diatoms 
belonging to the genera Chaetoceros and Thalassiosira (Alldredge et al., 1995). Bacteria 
increased throughout the experiment from 0.7 x lo6 ml-’ (Day 7) to 6.4 x lo6 ml-’ (Day 
14; Fig. l(A)). The increase between Day 9 and Day 34 was exponential. The percentage 
of bacteria retained on the 1 .Opm filter (operationally defined as attached bacteria) ranged 
from 5--50%. In terms of carbon biomass, the bacterial carbon pool remained very low 
compared to phytoplankton throughout the experiment, ranging from 0.7 to 4.1% of the 
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Fig. 1. Abundances (kSE) during the course of the bloom. (A) Free bacteria ( 
bacteria (iZl); and Chl a (A). (B) Flagellates (0); and viruses (0). 
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phytoplankton carbon. Flagellate abundance increased during the course of the bloom 
from 1.4 x lo3 ml-’ on Day 8 to 9.7 x lo3 ml-’ on Day 13 and declined slightly on Day 14 
(Fig. l(B)). Virus abundance increased nearly two orders of magnitude during the course 
of the bloom (3.4 x 10’ ml-‘-3.3 x lo7 ml-‘; Fig. l(B)). Virus abundance was strongly 
correlated with bacterial abundance (2 = 0.92;~ = 0.0002) and weakly correlated with chl 
a concentration (? = 0.28; p = 0.1789). 

Bacterial production and specific growth rates 

Bacterial carbon production (BCP) increased exponentially from Day 7 to Day 12 (Fig. 
2(A)) reaching its maximum at Day 12 at a value of 0.25 IL 0.03 mg C liter-’ day-‘. 
Attached bacteria accounted for 4692% of the total bacterial production. The specific 
growth rate (,u) of attached bacteria was very high throughout the experiment and peaked 
on Day 11 at 16.2 day -* (Fig. 2(B)). The attached bacteria had higher specific growth rates 
than the free bacteria throughout the experiment (Fig. 2(B)). The specific growth rate of 
free bacteria reached its maximum at 3.7 day-’ on Day 12, one day later than the attached 
bacteria. 
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Fig. 2. (A) Carbon production (+SE) of free ( ) and attached (0) bacteria or total bacteria (&I) 
(B) Specific growth rates (*SE) of free (0) and attached bacteria (0). 



82 D. C. Smith et al. 

3.0 

P 0.5 

0 

1.5 

k” 1.0 

0.5 

0 I I I I I I I I 
7 8 9 10 11 12 13 14 

Time (days) 

Fig. 3. (A) Primary production (0) or bacterial carbon demand (0). (B) F, (Bacterial carbon - 
demand/primary production) as a function of time. 

Primary production and bacterial carbon demand 

Primary production (Fig. 3(A)) increased dramatically between Day 8 and Day 9 (0.52 
to 2.67 mg C liter -i day-‘) and remained high until Day 12. The cumulative primary 
production from Days 7-13 was 11.89 mg C liter ‘. 

The minimum and maximum bacterial growth yield estimates were 9.3 and 17.0%. The 
maximum of the minimum estimates, and the minimum of the maximum estimates were 
used to constrain our estimates of the BCD during the course of the bloom (Fig. 3(A)). Fc: 
(the ratio of the contemporaneous BCD and PP) was also calculated as an indicator of 
bacteria-phytoplankton coupling (Fig. 3(B)). Initially, F, declined sharply (Day 9) due to 
rapid increase in PP. Afterwards, Fc increased steadily as a result of increased BCD. 

POC and DOC 

POC values increased exponentially up to Day 11, then leveled off at 4.81 + 0.06 mg C 
liter-’ on Day 13 (Fig. 4). The DOC pool showed large fluctuations (1.37-3.06 mg C 
liter-‘) during the course of the bloom. The concentration more than doubled (1.49 to 3.06 
mg C liter-i) between Days 11 and 12 then declined by 0.76 mg C liter-’ on Day 13. 
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Fig. 4. POC (0) and DOC (0) as a function of time. 
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Fig. 5. DOC production tSE (0) and DOC turnover times (0) during the course of the bloom 

DOC production and turnover 

The DOC production rates were estimated for 4 time points. These estimates ranged 
from 0.24-2.68 mg C liter-’ day-‘. The DOC turnover times were very short (maximum 
5.9 days) and decreased throughout the course of the bloom (Fig. 5). 

Hydrolytic ectoenzyme activities 

Protease activity increased from 240 (k36.1) nmol 1-l hh’ on Day 8 to 7332 (k10.56) 
nmol 1-l hh’ on Day 14 (Fig. 6(A)), the majority of the activity was associated with the 
> 1 .O,~rn fraction for the entire sampling period. The attached bacteria had up to 3 orders 
of magnitude greater cell-specific protease activity than the free bacteria (Fig. 6(B)). 
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6. (A) Stacked-bar graph of leucine-AMC hydrolysis rates (*SE) for attached 
bacteria and in the <0.2pm size fraction (0). (B) Cell specific hydrolysis rates for 

and free (0) bacteria. 

Chitobiase activity reached its maximum rate of 9.4 (k2.9) nmol AMC 1-l hh’ on Day 
11 (Fig. 7(A)) d an was completely dominated by the attached bacteria. No activity was 
seen in the free bacteria fraction until Day 12. Cell-specific hydrolysis rates also were 
dominated by the attached bacteria (Fig. 7 (B)). 

P-glucosidase activity increased in all size fractions during the course of the bloom with 
total activity increasing from 1.3 (k0.3) nmol MUF 1-l hh’ on Day 7 to 19.4 (510.4) nmol 
MUF 1-l hh’ on Day 14 (Fig.g(A)). As was observed for chitobiase, this activity was 
dominated, both total and cell-specific (Fig. 8(B)), by the attached bacteria. 

a-glucosidase increased throughout the experiment from 1.0 k 0.2 to 11.9 + 1.0 nmol 
MUF 1-l hh’ (Fig. 9(A)). Th e cell-specific hydrolysis rates were consistently higher for the 
attached bacteria (Fig. 9(B)). 

Effect of hydrolytic enzymes on particle aggregation 

The addition of the purified hydrolytic enzymes pronase E and p-glucosidase clearly 
resulted in reduced diatom aggregation as shown in Fig. 10. 
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Fig. 7. (A) Stacked-bar graph of MUF-N-acetyl$-o-glucosamine hydrolysis rates (*SE) for 
) bacteria and in the < 0.2 pm size fraction (Cl). (B) Cell specific 

hydrolysis rates for attached (0) and free (0) bacteria. 

DISCUSSION 

Population dynamics of attached and free bacteria 

The most striking observation was that many of the diatoms in the mesocosm were 
colonized by bacteria (Fig. ll), yet the diatoms continued to grow rapidly @ - 1 day-‘) 
until nutrients were depleted. The attached bacteria also had rapid growth rates @ = 4-16 
day-‘). The surface of diatoms was, therefore, a microenvironment conducive to rapid 
growth of bacteria and, furthermore, colonization of diatoms by growing bacteria did not 
seem to be an impediment to diatom growth. Diatom growth continued at - 0.3 day-’ 
even after nutrients were depleted, presumably using regenerated or stored nutrients. 

The high abundance of bacteria on actively growing diatoms was unexpected since 
healthy algae often are thought to not only be free of bacteria, but to actively discourage 
bacterial attachment. Waksman et al. (1937) found that the presence of live Nitzschia 
reduced the activity of heterotrophic bacteria in sea water, and Pratt et al. (1944) 
demonstrated the bactericidal effects of extracts of the green-alga, Chlorefla. Steeman 
Nielsen (1955) considered the ability of phytoplankton to produce antibodies to be 



86 D. C. Smith et al. 

Time (days) 

Fig. 8. (A) Stacked-bar graph of MUFP-D-glucoside hydrolyis rates (*SE) for attached (m) and 
) bacteria and in the <0.2pm size fraction (0). (B) Cell specific hydrolysis rates for attached 

(0) and free (0) bacteria. 

important and ‘. . . the lack of which would make these species fairly unsuitable for aquatic 
life’. Sieburth (1960) suggested acrylic acid production by the prymnesiophyte Phaeocystis 
prevents bacteria1 colonization, yet Putt et al. (1994) found that Phaeocystis harbor 
significant populations of attached bacteria. Recently, Slezak et al. (1994) presented data 
suggesting the concentration of acrylic acid is too low in sea water to inhibit the growth of 
bacteria, but suggested it may be important in microenvironments such as marine snow or 
Phaeocystis colonies. Trick et al. (1984) have shown that the dinoflagellate, Prorocentrum 
minimum can produce P-diketone which has antibiotic effects against marine bacteria and 
suggested it serves to reduce degradation of the algae by attached bacteria. Our results 
suggest that at least some phytoplankton allowed bacteria to attach to them without 
inhibiting their growth. There may have been some species-specificity in diatom-bacteria 
associations in our mesocosm since one species of Chuetoceros did not appear to become 
colonized. 

Despite their rapid growth, the attached bacteria did not accumulate until Day 14. 
Vaqut et al. (1989) suggest that bacteria1 attachment to phytoplankton is most dependent 
on the abundances (and therefore collision frequencies) of bacteria and phytoplankton 
cells. In our experiment, the growth of the attached bacteria was rapid enough that in-situ 
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Fig. 9. (A) Stacked-bar graph MUF a-D-glucoside hydrolysis rates (&SE) for attached ( 
) bacteria and in the <0.2,um size fraction (0). (B) Cell specific hydrolysis rates for attached 

(0) and free (0) bacteria. 

growth on diatoms may have dwarfed the acquisition of free bacteria by encounter. 
Instead of scavenging free bacteria, we suggest that the attached bacteria may have been a 
source of some of the bacteria found in the free bacteria pool. We calculate from the 
production and abundance data that 95-99% of the attached bacteria were lost. While the 
fates of these bacteria were not specifically studied, the progeny of attached bacteria may 
have been released into water (Jacobsen and Azam, 1984), grazed by protozoa (Caron, 
1987) or lysed by viruses (Proctor and Fuhrman, 1991). The population of free bacteria 
also suffered substantial losses, but the loss rate was consistently less than the production 
rate with the result that, in contrast to the attached bacteria, free bacteria increased 
exponentially. Predation pressure on free bacteria may have been lower and progeny 
release from attached bacteria may have contributed to the increase in free bacteria. 

Carbon flow into bacteria 

Quantifying carbon flux into bacteria depends highly on the accuracy of the estimates of 
Yc. Our estimates of 9.3-17.0% are low but within the range of previous studies using 
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various approaches. Bjornsen (1986) measured bacterial production and respiration and 
calculated growth yields of 1 l--27%. At high DOC levels (1.61-2.35 mg C liter-‘), similar 
to levels observed in this study, Kirchman etal. (1991) estimated the bacterial growth yield 
at 2-10% by measuring DOC utilization and bacterial carbon accumulation during a spring 
bloom in the North Atlantic. Using 14C-labeled, killed diatoms as a substrate, Biddanda 
(1988) found Yc of 20.5%. Higher growth yields (-40%) were found by Bjornsen and 
Kuparinen (1991) in the Southern Ocean. Thus, our estimates of Yc are well within 
published values. 

The net primary production rate in the bloom was very high; the cumulative carbon 
fixed (Day 7 -+ 13) was 11.9 mg C liter-‘. The BCD was also very high at 4.7-8.6 mg C 
liter-‘. Thus, despite the absence of metazoa and such a high rate of primary production, 
bacteria were able to utilize 40-72% of the fixed carbon. Since bacteria can use only 
dissolved matter there must have been efficient and high capacity mechanisms for 
channeling the fixed carbon into DOM. There was also a net accumulation of 0.88 mgC 
liter-’ DOC during this period. Adding the accumulated DOC and the BCD indicates that 
47-77% of carbon fixed during the bloom would have gone through the DOM pool. This 
raises the question of the mechanisms of DOM production which mediated such large- 
scale flux through the DOM pool. The DOM pool was large and dynamic during the 
bloom. In one 24 h period (Day 11 to Day 12) DOC more than doubled (1.50 to 3.06 mg C 
liter-‘). This impressive increase was followed by a 0.76 mg C liter-’ drop in DOC 
concentration on the following day. As these large fluctuations indicate, the turnover of 
DOC pool was very rapid. Turnover times (DOC/BCD) ranged from 1 to 6 days. These 
rates are comparable to those reported by Kirchman et al. (1991) from a natural 
phytoplankton bloom with high DOC concentrations. These writers suggest that the DOC 
produced during a phytoplankton bloom is very labile. They found that in sea water 
culture, 20-40% of the DOC turned over in 11 days, with the lowest turnover times, 2.7- 
4.4 days, during the first 24 h. In our experiment, because of the very high rate of primary 
production, the actual flux through the DOC pool was much greater than that in the study 
of Kirchman et al. (1991). 

Of the 11.9 mg C liter-’ of organic carbon that were photosynthetically produced from 
Days 7 to 13,4.46 mg C liter-’ (37.5%) and 0.88 mg C liter-’ (7.4%) can be accounted for 
in POC and DOC (respectively) that accumulated during this period. The accumulated 
bacterial and flagellate organic carbon can account for only 0.11 mg C liter-‘(0.9%). This 
leaves 6.45 mg C liter-’ (54.2”/ ) 0 unaccounted for in the standing stocks of organic carbon. 
Bacterial carbon production was estimated at 0.80 mg C liter-’ (6.7%). Our estimates of 
Yc require 4.60-8.50 mg C liter-’ of the remaining 5.65 mg C liter-’ to support bacterial 
respiration. 

Mechanisms of DOM production 

What mechanisms caused the conversion of -60% of primary production (roughly 1 mg 
C liter-’ day-‘) into DOC? Since metazoans were excluded, ‘sloppy feeding’ can be ruled 
out. Other mechanisms include phytoplankton exudation, protozoan grazing and viral 
lysis. Several lines of evidence suggest protozoa grazing could not have produced the 
majority of DOC. Caron et al. (1985) found that the omnivorous flagellate Puruphysomo- 
nas imperforata, feeding on diatoms and bacteria, released -10% of the ingested carbon 
(which was -7 times its cell carbon per day) as DOC. In our mesocosm, assuming a carbon 
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content of 120 fgC ,um3 (Fenchel, 1982) and an estimated volume of 65 pm3 flagellate-‘, 
the flagellate organic carbon was 11 ,ug C liter-’ (Day 8) to 75 ,ug C liter-’ (Day 13). 
Applying the carbon-specific rates of Puruphysomonas imperfecta to our experiment, the 
flagellates would have consumed 0.08-0.53 mg C liter-’ day-’ and released 0.008-0.053 
mg C liter-’ day-’ as DOC. This release explains only -24% of the estimated BCD. The 
predator-prey size ratio also argues against flagellate grazing as mediating the bulk of the 
carbon flux from the diatoms to DOC. Although the ratio may approach 1 in microbial 
food webs (Goldman and Caron, 1985), most diatoms in our tank were in chains on the 
order of 20-200 pm long (Alldredge et al., 1995), too large for efficient grazing by 
flagellates. Perhaps the strongest evidence that flagellate grazing was not a major source of 
DOM is that phaeopigments, which are produced as a result of flagellate grazing on 
diatoms (Goldman and Caron, 1985), were not detected at any point during the bloom 
(Alldredge et d., 1995). 

Since the cumulative BCP from Day 7-Day 14 was only -0.8 mg C liter-‘, viral lysis of 
bacteria could not have supplied significant DOC to satisfy the estimated BCD (even 
though virus population increased 2 orders of magnitude). Although viral lysis of diatoms 
could have supplied substantial DOC, this process was not quantified for lack of a method. 

Exudation of excess photosynthate by healthy phytoplankton is often invoked to explain 
carbon flux to bacteria (Mague et al., 1980; Fogg, 1983). Bjornsen (1988) modeled 
exudation on the basis of phytoplankton biomass and membrane permeability data and 
calculated a maximum exudation rate of 0.05 day-‘. He assumed -10% of cell carbon to 
be in the form of low molecular weight compounds (Terry et al., 1983; Cuhel and 
Waterbury, 1984; Smith and Geider, 1985) and that 50% of this pool is lost daily to 
exudation. Applying this rate to our data, and assuming all POC as diatom carbon, the 
cumulative DOC exudation (Days 7 -+ 14) was 1.09 mg C liter-‘, which is equivalent to 
1423% of the BCD. 

We therefore conclude that, with the exception of viral lysis of diatoms, which we could 
not measure, no single ‘traditional’ mechanism can explain the enormous flux of carbon 
through the DOC pool in the mesocosm. It is likely that several of these mechanisms were 
operating simultaneously. 

An additional mechanism of DOC production that may have been important in our 
experiment is the enzymatic hydrolysis of diatom surface polymers by the attached 
bacteria. The attached bacteria had extremely high specific growth rates and hydrolytic 
ectoenzyme activities. The cell-specific protease activities of attached bacteria ranged 
from 599 amol AMC cell-’ hh’ on Day 8 to nearly 30,000 amol AMC cell-’ hh’ on Day 11. 
This is more than two orders of magnitude higher than the cell-specific rates found on field 
collected marine snow aggregates (Smith et al., 1992). Martinez et al. (1994) screened 44 
marine bacterial isolates in pure culture and found the protease activity ranged from 4- 
3810 amol AMC cell-’ hh’. Their highest hydrolysis rate is still an order of magnitude 
lower than the maximum rate during our bloom. Interestingly, the isolate with highest per- 
cell protease activity was from a diatom bloom created in a microcosm. A relationship 
between hydrolase activity and DOC production is suggested by the observation that the 
doubling of DOC was immediately preceded by maxima in protease and chitobiase 
activities of attached bacteria. The specific growth rates of attached bacteria leveled off on 
Day 9 while the enzyme activities continued to increase. This would have weakened the 
hydrolysis-uptake coupling and increased the production of DOC. We propose that some 
of what is usually considered exudation may actually be DOM produced by enzymatic 
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hydrolysis of phytoplankton surface material by bacteria and not passive diffusion across 
the phytoplankton cell membrane. 

The interaction of bacteria with phytoplankton has previously been discussed in terms of 
the ‘phycosphere’ concept (Bell and Mitchell, 1972) where bacteria, using chemotaxis, 
stay near live phytoplankton cells and use exuded DOC without attaching to the alga. A 
variation on this theme is the ‘detritosphere’ concept (Biddanda and Pomeroy, 1988) 
according to which bacteria interact with detritus (including dead phytoplankton) not by 
hovering near it (as in bacteria-phytoplankton interaction), but by attaching to it and using 
hydrolytic enzymes to produce DOM which they can then utilize. We propose here a third 
type of interaction in which bacteria interact with, and attach to, diatom surface mucus to 
hydrolyze it rapidly without injury to the diatom. The attached bacteria grow extremely 
rapidly, apparently at the expense of DOM (including dissolved organic nitrogen and 
dissolved organic phosphorus) produced by enzymatic hydrolysis. In this scenario, 
bacteria do not wait until the diatom has been transformed into detritus, but establish a 
direct contact with the diatom to obtain organic matter from it. 

Inhibition of diatom aggregation by bacteria and the persistence of diatom blooms 

The diatom bloom began a ‘mass aggregation event’ (aggregates > 1 mm) late on Day 10 
(Alldredge et al., 1995). At this time, the diatom particle concentration (individual cells 
and chains) was -8000 ml-’ and the particles were exposed to high, constant shear due to 
the mixing of the tank (Alldredge et al., 1995). Both the diatom cell abundance and shear 
are higher than normally encountered in the ocean and yet the bloom did not aggregate 
significantly prior to this time. We suggest that such a large bloom persisted without 
aggregation because the diatoms were colonized with bacteria expressing extremely high 
levels of hydrolytic ectoenzymes which may have been preventing the mucus layers from 
building up. Mucus layers can increase diatom stickiness and facilitate aggregation 
(Kiorboe and Hansen, 1993). The hydrolase activity of attached bacteria was much higher 
than that of the free bacteria and may have been a response to the high concentration of the 
polymeric substrates in the mucus microenvironment. It is unclear why diatoms produce 
cell surface mucus. Although it may be a response to nutrient stress (Myklestad and Haug, 
1972), nutrients (N03, PO4 and SiOJ were still present at the onset of the mass 
aggregation event (Alldredge et al., 1995). Ishio et al. (1989) demonstrated that the 
dinoflagellate, Chattonella antiqua, secretes mucus as a self-defense mechanism in 
response to the presence of a bacterium they isolated from Hakata Bay. Our results are 
consistent with the hypothesis that sustained mucus secretion by diatoms serves as 
protection against the hydrolases of attached bacteria (Azam and Smith, 1991). 

Passow and Alldredge (1995) present data indicating that transparent exopolymer 
particles (TEP; Alldredge et al., 1993) accumulated in the water during the course of this 
bloom and played a role in the aggregation of the diatoms. It has been previously suggested 
(Passow et al., 1994) that TEP forms by the coalescence of polysaccharide fibrils which are 
excreted by diatoms. We suggest that the polysaccharides that formed the TEP in the 
mesocosm may have been the result of bacterial hydrolysis of diatom surface mucus rather 
than by direct excretion by the diatoms into the medium. This would be a result of the 
incomplete hydrolysis of the surface mucus, with polymeric (and possible colloidal) 
hydrolysis products accumulating in the water which then coalesce to form TEP. There 
were very strong correlations of TEP abundance with both a-glucosidase (r2 = 0.98; p = 
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Fig. 12. Schematic diagram depicting the proposed role of bacterial ectoenzymes in diatom 
aggregation. 

0.0001) and P-glucosidase (12 = 0.94; p = 0.0015) activities of the attached bacteria, 
suggesting a possible role for these enzymes in the production of TEP. This scenario is 
depicted in Fig. 12. 

While ectoenzymes may be involved in the production of TEP, they also should be 
involved in its degradation. Ectoenzymes may then inhibit the aggregation process by 
hydrolyzing not only diatom surface mucus, but also TEP. If the hydrolytic enzymes do 
inhibit the aggregation process, then exposure of aggregation-competent diatoms to 
overwhelming activities of hydrolases should render them less prone to aggregation. As 
shown in Fig. 10, the addition of high levels of protease and /3-glucosidase to mesocosm 
samples on Day 12 did inhibit aggregation, although the concentrations of the added 
hydrolytic enzymes are higher than those likely to be found in nature. In addition, the 
inhibition of diatom aggregation may have been facilitated by the added enzymes being in 
solution so that they could act on all exposed surfaces of the diatoms, as opposed to 
membrane-bound ectoenzymes in which activity is limited to areas where bacteria are in 
direct contact with the algae. Nevertheless, the observed result is consistent with the 
hypothesized effect of bacterial ectoenzymes on diatom aggregation. 

Chitin microfibrils also have been implicated in the aggregation of diatoms (Smetacek, 
1985). Thus, it is possible that, as suggested for protease and glucosidase, chitobiase 
activity of attached bacteria also could inhibit aggregation of diatoms. Although this was 
not directly tested, a decrease in the stickiness of small particles during the course of the 
bloom (Dam and Drapeau, 1995) was negatively correlated with the chitobiase activity of 
attached bacteria (r2 = -0.956, p = 0.010). It seems likely, then, that the protease, 
glucosidase, and chitobiase activities of bacteria all act to retard the aggregation process. 

Aggregation eventually does occur, presumably when the production of diatom surface 
mucus and TEP exceed the hydrolytic capacity of the bacteria. Conditions for bacterial 
growth may deteriorate upon aggregation of the diatoms as evidenced by the reduction in 
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the specific growth rates of the bacteria at the end of the bloom. In addition to sinking out 
of the upper water column, aggregated diatoms may become low O2 and low pH 
microenvironments, as has been demonstrated for other types of marine aggregates 
(Alldredge and Cohen, 1987; Shanks and Reeder, 1993). Such conditions may not be 
conducive to bacterial growth. The inhibition of diatom aggregation may therefore benefit 
the attached bacteria by allowing continued high production/hydrolysis rates and the 
potential to release the progeny and DOM in the upper water column. 

CONCLUSIONS 

Our results suggest that bacteria play an aggressive role in the production of DOC from 
phytoplankton during a bloom. We propose that bacteria, through hydrolytic ecto- 
enzymes, mediate the POC + DOC transformation, and actively compete with the 
metazoan grazers for the organic matter in the particulate phase as previously suggested 
(Azam, 1984). Moving carbon through this proposed pathway has significant implications 
in the vertical flux of carbon by transferring carbon from sinking pools (particles) into 
‘non-sinking’ pools (DOC, bacterial biomass and CO*) thus retarding the overall vertical 
flux of carbon in the ocean. In addition, bacterial hydrolytic ectoenzymes may inhibit 
aggregation, thereby prolonging diatom blooms and allowing the accumulation of diatom 
standing stocks to high levels. We suggest that bacterial hydrolytic ectoenzymes play 
important roles in carbon fluxes, particle aggregation, and the size and the duration of 
diatom blooms in the ocean. 
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