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Evidence for tight coupling between active bacteria and particulate organic carbon
during seasonal stratification of Lake Michigan

Abstract—Suspended particulate organic matter (POM) cal role of active particulate biomass to the cycling of POM
plays a critical role in the planktonic ecology of Lake Mich-  gs a whole.
igan du_ring seasonal_ thermal stratification. We show, based on Phytoplankton, via the photosynthetic fixation of carbon
stable isotope and ribosomal RNA (rRNA) data, that the re- 5,4 1 trients, represents a source of suspended POM on
lationship between suspended POM and active biomass chang- which zooplankton feed. Another source of POM is hetero-

es as thermal stratification persists. Stable isotope data indi- . S - -
cated that sources of suspended POM change between Ju|ytroph|c bacteria; they consume dissolved organic matter

and October, moving from primary production at a deep chlo-  (DOM) of planktonic origin and covert it to particulate bio-
rophyll layer to recycling-based production in surface waters. mass. Protozoa and larger zooplankton, in turn, consume
Concomitant change in the distribution of active bacterial and phytoplankton, bacteria, and other POM and excrete bioac-
eukaryotic biomass was observed as indicated by rRNA abun- tive elements metabolized by phytoplankton and bacteria.
dances. Active bacterial and eukaryotic biomass were highly Thys, phytoplankton, zooplankton, and heterotrophic bacte-
correlated throughout the year. I—_|owever, t_he cprrelatlon b_e- ria are not only the active biological components of sus-
tween suspended POM and active bacterial biomass varied pended POM, they are also the primary agents of POM cy-
seasonally and reflected the transitions in planktonic ecology. cling

Suspended POM from depths60 m was primarily of sedi- . L .
mentary origin. The combined application of stable isotope The roll of heterotrophic bacteria in the cycling of POM

and rRNA analysis of suspended POM indicated a dynamic IS a function of the abundance and quality of organic carbon
relationship between the bulk POM reservoir and living plank- and the trophic structure of the lake. These factors may vary
tonic biomass. seasonally. Pace and Cole (1994) have developed a model
to predict the response of heterotrophic bacteria to resource
availability as inferred from heterotrophic bacterial biomass
The release of bioactive elements via the cycling of susor production (Fig. 1). When bacterial mortality by grazing
pended particulate organic matter (POM) is a fundamentdf low, a tight relationship is expected between bacteria and
control on photosynthesis and, hence, the planktonic ecologgvailable resources. Alternatively, when grazing is dominant,
of thermally stratified lakes. However, suspended POM i®nly a weak relationship is expected. This model provides a
not a passive reservoir composed entirely of detrital matesonceptual framework with which to evaluate possible link-
rial, but encompasses most of the active plankton includingges between bacteria and POM.
phytoplankton, zooplankton, and bacteria. Few studies have In Lake Michigan, there is evidence that heterotrophic
specifically addressed the relative contribution and ecologibacterial growth may be limited by DOM availability (Gard-
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Niskin bottle was filtered on GF/F for stable isotope analysis,
which requires a large quantity of POM. Only a small por-
tion of suspended POM occurs in the size range between
O = high grazing that which is retained by GF/F filters and membrane filters
(Shafer and Armstrong 1994); therefore, we assumed that
POM retained for [POC], stable isotopes, and rRNA analyses
were nearly identical to one another. All filters and mem-
branes were immediately frozen -a#70°C for transportation
back to the laboratory.

Glass fiber filters were acidified in 1 N HCI overnight to
remove carbonate and dried at60[POC] was determined
using a Fisons NA 1500 elemental analyzer. Standard error
for these analyses was within 2bg L. C:N,omc ratios
were also obtained via this analysis. Carbé#Q) and ni-
trogen ¢'°N) stable isotope ratios were determined using an
automated system composed of the aforementioned elemen-
tal analyzer coupled to a Micromass Optima isotope ratio—
— monitoring mass spectrometer. Samples were run in dupli-
cate and standard materials were inserted into the automated
sequence every sixth analysis. Errors are less than 0.3%o.
DIC was precipitated from 250 mL of lake water with sat-

Fig. 1. Schematic of the model of Pace and Cole (1994) showurated NaOH and BaCl, an®°*C was determined using an
ing the theoretical response of bacteria to a limiting resource unddso-Carb system coupled to the Optima. All isotope values
conditions of low and high grazing pressure. are reported versus Peedee belemnite (PDB)éfeC and

versus air fors**N.

For rRNA analyses, the frozen membrane filters were
ner et al. 1986, 1989; Pernie et al. 1990), and bacterial prasrushed with sterile, baked spatulas and transferred to screw-
duction may exceed the supply of labile DOM used forcap Eppendorf tubes containing low-pH buffer, buffer-equil-
growth when the lake is thermally stratified (Scavia et al.ibrated phenol (pH 5.1), sodium dodecyl sulfate, and 0.5 g
1986; Scavia and Laird 1987). Thus heterotrophic bacterizirconium beads. RNA was isolated by bead-beating, phe-
may be supported by some other source of organic mattemol-chloroform extraction and ethanol precipitation as pre-
Although it is understood that POM is extensively recycled,viously described (Stahl et al. 1988; MacGregor et al. 1997).
consumption of POM by bacteria may represent an imporRNA was transferred to nylon membranes in triplicate and
tant sink of POM that may affect the planktonic ecology of 16S-like rRNA was probed with radiolabeled oligonucleo-
Lake Michigan. tide probes targeting the domains Bacteria (S-D-Bact-0338-

Using stable isotope compositions as a tracer for POMa-A-18), Archaea (S-D-Arch-0915-a-A-20), and Eucarya (S-
and ribosomal RNA (rRNA) concentrations as a moleculaD-Euca-1379-a-A-16), as well as with a universal probe
surrogate for active biomass, we studied the cycling of POMS-*-Univ-1390-a-A-18). Membranes were prehybridized at
in Lake Michigan. Here we present data obtained from July0’C and washed at 8€, 56C, 42C, and 44C, respec-
and October 1997 that indicate a strong seasonal variatidively. Hybridization was quantified relative to known
in the linkage between bacteria and POM. This combineé&mounts of target RNA with a Phosphorimager (Model
analytical approach provided detailed information about thel00S; Molecular Dynamics Inc.).
relationship between microbial population dynamics and wa- Ideally, the sum of rRNA concentrations derived from the
ter column processes. domain-level probes should equal hybridization to the uni-

versal probe. In July, summations of the domain-level probe

Field and laboratory methodsSuspended POM and sur- totals were 163 55% of the universal probe. Past studies
face sediments were collected from the RNéeskayat a  have shown that elevated domain summation usually reflects
station 12 km offshore of Fox Point, Wisconsin {48 40'N, partial RNA degradation since the region of the small sub-
87°40'11"W), at a water depth of roughly 100 m during mid- unit rRNA targeted by the universal hybridization probe is
July and early October 1997. Samples were collected at midrery sensitive to enzymatic or chemical degradation (Raskin
day. et al. 1997). We speculate the elevated summations observed

Using a single 20-L Niskin bottle, water samples werein July reflect partial degradation of the universal target, for
retrieved from depth and immediately filtered. The suspendexample, as might result from ingestion by grazers. In Oc-
ed POM included detritus, bacteria, phytoplankton, and mitober, summations were 107 18%.
crozooplankton. Mesozooplankton were also captured at Following water column sampling, sediments were col-
concentrations of a few individuals per 20 L. For particulatelected using a box corer that was immediately subcored on
organic carbon concentration ([POC]) and rRNA analysesgeck using 7.6-cm acrylic tubes and held at 84luring
separate 1-L aliquots of water were filtered through glass$ransit to the laboratory. The subcores were sliced under an-
fiber filters (GF/F 0.4m, Whatman) and membranes (0.2 oxic conditions in a glove box and frozen. Sediment samples
um, Millipore), respectively. The remaining water from the were analyzed as described above for POM, with only minor

A =low grazing

Bacterial biomass

Limiting resource
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Fig. 2. Chla fluorescence, POC concentrations, stable isotope compositions, and rRNA con-
centrations for Lake Michigan in July (panels A—F) and October (panels G—L). The scale and units
for panels in the top row are the same as their complements in the bottom row.

modifications to the methods. Fundamental water columiPOM may be used as tracers of the dissolved source of these
data was collected using a Seabird conductivity temperaturelements and the ecological setting in which they were trans-
depth (CTD) probe equipped with a chlorophgll(Chl @)  formed into organic matter (Fogel and Cifuentes 1993). Al-
fluorescence detector. Casts were made immediately prior though myriad physical, chemical, and biological processes
POM sampling and coring. influence isotope ratios of suspended POM, these data may
be applied to study the origin and fate of POM in marine
Distribution of Chl a fluorescence and [POC] during ther- and aquatic ecosystems (Ostrom et al. 1997; McCusker et
mal stratification: Depth profiles of [POC] and CHhd fluo-  al. 1999). Without isotopic analysis of all of the possible
rescence revealed a distinct transition in the depth distribusources of carbon and nitrogen to an ecosystem, isotopic
tion of phytoplanktonic biomass between July and Octoberatios of bulk POM cannot easily resolve specific sources of
In July, a broad thermocline was in place between 8 and 1éhese elements to POM. However, they may be applied to
m. This structure effectively partitioned the water columnidentify seasonal and depth-dependent differences in POM
into a warm, nutrient-poor surface layer and a cold, nutrientsynthesis.
rich deep layer (Brooks and Edgington 1994). There were In July, the POM was more enriched %€ in the surface
two distinct [POC] maximums in July (Fig. 2B): one in the layer than in the DCL (Fig. 2C). This may be due in part to
thermocline at 15 m and one in the upper deep layer at 25light differences in the dissolved inorganic carbon (DIC)
m. The latter maximum roughly coincided with the maxi- reservoir, which had &3C of —3.0 = 0.5%. and—4.0 +
mum Chl a fluorescence (Fig. 2A); this deep chlorophyll 0.4%. in the surface and deep layers, respectively. Addition-
layer (DCL) is a common feature in Lake Michigan follow- ally, the isotope effect during photosynthesis may be affected
ing the onset of thermal stratification (Fahnenstiel and Scaviby dissolved CQavailability and growth rate of phytoplank-
1987). ton (Fogel and Cifuentes 1993; references in McCusker et
In October, the thermocline was deeper and sharper, ex. 1999). Although the precise reason for differences in the
tending between 18 and 20 m. Peak @Hluorescence was 6%C of POM with depth is difficult to resolve, these data
weaker than in July, and confined to the surface layer (Figindicate that POM was produced under different conditions
2G). The DCL is controlled by nutrient/light interaction and in the surface layer versus the DCL.
the decreased solar radiation in October may no longer sup- The >N of POM in July also indicated biogeochemically
port photosynthesis in the nutrient-rich deep layer (Scavialistinct zones of POM cycling (Fig. 2Dj**N values near
and Fahnenstiel 1987). The [POC] also peaked in the surfadbe surface (2 m) and in the vicinity of the DCL (20, 25,
layer (Fig. 2H). and 30 m) vary in the range of 2-5%. and may reflect the
isotopic composition of N© , which was expected to be
Stable isotope ratios of suspended POMre stable car- around 3.0%. (McCusker et al. 1999). In contrast, in the
bon and nitrogen isotope ratio&{C andé'*N) of suspended thermocline at 10 and 15 m, th#°N are significantly less
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Table 1. Elemental and stable isotope* composition of organic1983). Because RNA is quickly degraded both enzymatically
matter. Values for particulate organic matter (POM) are the averaggnd chemically once outside the cell (reviewed in Mac-
of July and .October. Values for sediments are the average of fOLGregor 1999), rRNA recovered from POM is derived exclu-
surface sediment samples from deptt® cm below the sediment— sively from active biomass.
water interface. Standard deviations are given in parentheses. The contribution of active plankton representing each of

Sample CiN 519C 515N t_he three o_lomains (Archaea, Bacteria, a_nd Eucarya) was es-
: timated using a set of three oligonucleotide probes, each de-
i%ga;e;gi/'lmem g-gg g-ggg _g-gg Eg-g% g-gg E(l)gi; signed to hybridize specifically to the 16S-like rRNA of each
: . el . . : domain. For both sampling times and at all depths, archaeal
Surface-layer POM 8.18 (1.34) —27.12 (0.43) 2.32 (1.59) rRNA was detectable but generally less than 1% of rRNA
* |sotope ratios are reported versus PDB &iC and versus air fo6'*N. of bacteria (primarily heterotrophs) and eukaryotes (phyto-
plankton and zooplankton).

In July, profiles of bacterial and eukaryotic [rRNA] (Fig.
and approach 0%., which may be indicative of the fixation2E,F) roughly track Cha fluorescence, reaching a maximum
of atmospheric B Although not the only mechanism to pro- immediately below the DCL. These data suggest that the
duce 6N values in this range, this interpretation is furtheramount of active bacterial and eukaryotic biomass was spa-
supported by the detection of heterocystous cyanobactertally coupled to photosynthesis and the primary production
and active transcription of cyanobacterial genes encoding Nof POM. Although there are small peaks in the [rRNA] pro-
fixation functions (nifH) at this location in Lake Michigan files at the shallower [POC] maximum, they are not propor-
(MacGregor et al. 2001). tional to the concentration of [POC]. Therefore, the relative

In contrast to July, stable isotope composition of POM incontribution of active biomass to suspended POM was dif-
October was fairly homogeneous with depth across the theferent in the surface and deep layers during July.
mocline (Fig. 21,J). The relative lack of variation &N and The October profiles of bacterial and eukaryotic [rRNA]
6*C indicates that POM was produced under uniform eco{Fig. 2K,L) also track Chla fluorescence, peaking in the
logical conditions primarily in the surface layer and reflectssurface layer. Typically, growth of small phytoflagellates is
the transition to recycling-based production. Perhaps surfacipported entirely by regenerated phosphorous in the surface
POM, which is eventually mixed throughout the water col-layer (Scavia and Fahnenstiel 1987), and in contrast to July,
umn during winter overturn, persists in the deep layer forbacterial [FRNA] is higher than eukaryotic [rRNA]. This is
some time. consistent with previous observations of relatively enhanced

The composition of suspended POM in July and Octobeproduction by bacteria, which are not nutrient limited in
at depths greater than 60 m is similar to the composition ofake Michigan during late thermal stratification (Moll and
sedimentary organic matter (OM, Table 1). The G;Nand Brahce 1986). Also, it is evident that there was little active
6N of sedimentary OM are distinct from those of surfacebiomass in the deep layer, reflecting the seasonal destruction
layer POM, whereas th&3C are similar for all pools. These of the DCL and a transition to production at shallower
data are consistent with earlier observations of a bottom nedepths.
pheloid layer in Lake Michigan that is maintained through The rRNA abundances also suggest that carbon from ac-
resuspension of sediment (Hicks and Owen 1991). tive bacteria made only a small contribution to bulk POC.

For example, at 10 m in October, bacterial [[RNA] wag

Biomass estimates using rRNA analysiée interpret the ug L%, but [POC] was=300 ug L. Assuming that rRNA
concentration of rRNA as a semiquantitative indicator of thes 40% carbon and that 10% of bacterial carbon biomass is
biomass of active microorganisms within suspended POMRNA, roughly 1% of POC was from active bacteria. Alter-
There is a one-to-one relationship between the quantity afiatively, direct bacterial counts from this depth during the
ribosomes and the quantity of rRNA molecules in a cell.same cruise (compliments of R. Hicks, University of Min-
Ribosomes are central to protein synthesis (translation), amtkesota) were 2.X 1(° cells L%, which when multiplied by
it is well known that microorganisms adjust ribosome con-an average carbon content of 24 fg céfior Lake Michigan
tent to meet the demands imposed by growth and maintg¢Scavia et al. 1986) indicates that total bacterial carbon bio-
nance (Bremer and Dennis 1987; Kerfhof and Kemp 1999)mass accounted for about 15% of POC. Despite the as-
In slowly growing marine bacteria, Kemp et al. (1993) ob-sumptions and disparate sources of data used for these two
served a strong linear correlation between RNA content andalculations, they independently suggest that active and total
cell volume (and presumably cell mass). This relationship idacteria were only a minor component of POC.
consistent for a broad range of growth rates (0.01-0:2b h  Finally, there was little active biomass in the very deep
that generally bracket growth rates reported for bacteria itayer despite abundant [POC] associated with a nepheloid
Lake Michigan (Scavia and Laird 1987), including the slow-layer. This result supports those of Hicks and Owen (1991),
ly growing community associated with the nepheloid layerwho did not find any increase in deep-layer heterotrophic
near the sediment—water interface (Hicks and Owen 1991pacterial activity associated with a bottom nepheloid layer
Additionally, Kemp et al. (1993) observed that near-dormantn Lake Michigan.

(0.01 hY) marine bacteria do not retain excess ribosomes.

RNA is generally related to biomass in zooplankton as well Analysis of factors controlling biomasklsing the model
(Bamstedt and Skjoldal 1980), and in phytoplankton, RNA :of Pace and Cole (1994) (Fig. 1), relationships between bac-
DNA ratio is correlated with growth rate (Dortch et al. terial rRNA, eukaryotic rRNA, and POM may be examined
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Fig. 3. Plots of relationships between bacterial and eukaryotic [RNA] and between bacterial
[FRNA] and [POC]. Panels A and B are for July; panels C and D are for October.

in the context of the relationship between active biomass and Whether the bacteria rely directly on POM as a source of
the bulk reservoir of suspended POM (Fig. 3). In Lake Mich-carbon or their limiting resource covaries with POM is not
igan (Gardner et al. 1986; Scavia and Laird 1987; Pernie dinown. Perhaps as phytoplanktonic production waned in the
al. 1990), as in many other environments (Cole et al. 1988)yutumn, heterotrophic bacterial production became strongly
heterotrophic bacteria are primarily dependent on eukaryotdgnited by available DOM (Gardner et al. 1989), and the
as sources of labile DOM released directly by phytoplanktorheterotrophic bacterial community was intimately associated
(via excretion or autolysis) or released during grazing bywith the demise of living eukaryotic particles. Alternatively,
zooplankton. Despite vertical variation in the chemical com-bacteria may rely on the direct hydrolysis of detrital POM,
position and origin of POM, the correlation between bactewhich may account for the deficit in bacterial carbon demand
rial and eukaryotic [rRNA] throughout the water column in gbserved previously (Scavia and Laird 1987; Gardner et al.
July (Fig. 3A) and October (Fig. 3C) is strong. This under-1989: Pernie et al. 1990). Thus in October, there was little
scores the tight ecological relationship between these furpQC that was not coupled in some way with active bacterial
damental active components of the Lake Michigan plankhiomass; this is evidenced by tidntercept in Fig. 3D (43

tonic ecosystem. + 37 ug POC LY.
Using a similar approach, we may also examine the re-

lationship between suspended POM and inferred active bac- Conclusions—It has been asserted that the olanktonic
terial biomass. For July, bacterial [rRNA] and [POC] data P

; : . ity in Lake Michigan is highly dependent on the
do not covary in the surface layer (Fig. 3B); therefore, thecommuni . .
fraction of POM composed of active bacterial biomass wad€Ycling of POM by bacteria. By analyzing POM and rRNA

not constant throughout the water column. One explanatiofft S€Veral depths in the summer and autumn, we have shown

for the lack of a constant relationship is a relaxed coupling{/ at the connection be';ween heterotrophic bacteria and POM
between bacteria and the particulate pool of nutrients. AcY aries seasonally in this complex ecosystem. Although there

cording to the model of Pace and Cole (1994), this couldPPears to be a strong correlation between bacteria and eu-
result from more active grazing of bacteria. So in July, whilekaryotes throughout the year, t°C and §*N of POM

the correlation between eukaryotes and bacteria was strogflect the transition from primary production in the nutrient-
throughout the water column, the contribution of these activéiCh deep layer to recycling-based production in the nutrient-
components of biomass to bulk POM varied, possibly bepoor surface Iay_er as thermal st_ratlflcatlon persists. It appears
cause of some depth-dependent variation in grazing efficierthat the correlation between active heterotrophic bacteria and
cy or preference. However in October, there was a stronfOM intensifies as this transition occurs, and it may be more
correlation between [POC] and [rRNA] data (Fig. 3D). This correct to think of POM as recycling itself as opposed to
suggests strong spatial coupling between inferred active bideing acted upon by independent microbial agents. Applying
mass and concentration of suspended POM in the water cok combination of stable isotope and rRNA analyses has pro-
umn; the ecosystem became increasingly dependent on POWbded a new perspective on the relationship between plank-
recycling for production as seasonal nutrient depletion in théonic organisms and POM not provided by more conven-
surface layer progressed. tional measures.
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Phagotrophy and toxicity variation in the mixotrophic

Prymnesium patelliferuniHaptophyceae)

Abstract—Phagotrophy was investigated in the photosyn-
thetic and ichthyotoxidPrymnesium patelliferunfHaptophy-

ceae) using fluorescent microspheres, fluorescently labeled
bacteria, and live bacteria cells. Ingestion rates were estimated
both from prey uptake and disappearance experiments in phos-

phorus (P)-limited and -replete algal culturBsymnesium pa-
telliferum was feeding preferentially on bacteria (bact) com-

pared to fluorescent microspheres (FM). Large fluorescent

microspheres (1.6 and 3m) were ingested at very low rates
(<0.1 FM alga* h=%), and small microspheres (Ogm) were
not ingested. Ingestion of bacteria (mean size"® was high-
est in P-limitedP. patelliferumcultures (up to four bact alga
h-1) compared to P-replete cultures (0—1.2 bact &da). In
addition, cellular P content of P-limited cells fed with bacteria

became similar to those of P-replete cultures after 48 h, indi-
cating a close relation between cellular P content and feeding
behavior. Hemolytic activity oP. patelliferumwas up to four
times higher in P-limited cultures compared to P-replete cul-
tures. During the transition from P-limiting to P-replete con-
ditions, the addition of bacteria and/or the corresponding bac-
terial filtrate 0.2 wm) and/or P® to P-limited cultures
resulted in a decrease (50%) of the hemolytic activity after 24
h in relation to controls (no addition of bacteria, filtrate, or P).
No PG~ was detectable as a result of enriching cultures with
bacterial cells or bacterial filtrates. These results indicate that
P. patelliferumcan use different sources of P (inorganic and
dissolved, organic and particulate) and adapt its mode of nu-
trition in a short time. Furthermore, the decrease of hemolytic

activity in the highly toxic P-limited cells also occurred rap-
idly following a recovery in cellular P status through mixo-

trophic feeding or uptake of inorganic phosphate, suggesting

that toxicity in P. patelliferumcells can be minimized by nu-
trient manipulation.

Blooms of toxic haptophytes, mainly consisting ©firy-

Toxicity can be greatly affected by the growth phase and
stress conditions of the alga (i.e., light, salinity, nutrients;
Edvardsen and Paasche 1998). Both nitrogen and phospho-
rus limitation have been shown to increase toxicityHn
parvumcompared to nutrient repletion (Johansson and Gra-
ndi 1999).

Phagotrophy in photosynthetic haptophytes (i.e., mixotro-
phy) is well described in the gen@hrysochromulingJones
et al. 1993; Nygaard and Tobiesen 1993) and to a lesser
extent in the genuPrymnesium(Nygaard and Tobiesen
1993; Tillmann 1998). Most attention has been directed to-
ward the physiology of these mixotrophs (i.e., the influence
of biotic/abiotic factors on their heterotrophic capabilities).
Nutrient limitation has been shown to have different effects
on grazing activity in various mixotrophs (i.e., stimulation)
(Caron et al. 1993; Legrand et al. 1998) or no effect (Skov-
gaard 1996). Phagotrophic nutrition may in turn affect cel-
lular chemical composition and, thus, the synthesis of toxic
substances. The percentage of naturally occulimpphys-
is acuminatacells containing food vacuoles has been shown
to be related to the content of okadaic acid or dinophysis
toxin (DTX) per cell and seemed to be dependent on the
nutrient conditions in the environmergdefig. 8 in Granid
and Carlsson 1998). However, the interaction between mix-
otrophic nutrition and toxicity in toxic phytoplankton has not
been investigated.

In this study, we present data on bacterivoryPrymne-
sium patelliferumshowing that the ingestion of bacteria pro-
vided an immediate source of phosphorus, which enhanced
the growth of phosphorus (P)-limiteld. patelliferumcells
and, in turn, decreased the hemolytic activity in previously
P-limited cells.

Culture and growth conditiors-A nonaxenic strain oP.

sochromulina polylepis, C. leadbeateri, Prymnesium par-patelliferum(Rhpat89 obtained from the Oslo Algal collec-
vum, and P. patelliferum,have occurred in Scandinavia for tion, Norway) was grown in triplicates in modified f/10 me-
the last 10 yr (Edvardsen and Paasche 1998). These bloontium (Guillard 1995) corresponding to two different N: P
mostly C. polylepis,have simultaneously killed hundreds of ratios (160:1, 16:1), giving a limited P supply and no nu-
tons of farmed fish, resulting in large economic losses in thisrient limitation with the following concentrations (N: P

region. The toxic substances of the gen@tarysochromu-

160:1: NQ = 120 uM, PG~ = 0.75 uM; N:P = 16:1:

lina and Prymnesiumhave been largely studied in terms of NO, = 120 uM, PG}~ = 7.5 uM). The abundance of back-
their physiological effects (i.e., ichthyotoxic, cytotoxic, heu- ground bacteria (bact, mainly small cocci) ranged from 0.02
rotoxic) and their responses to environmental conditionsto 0.05 X 10 bact ml? in the cultures used in this study.



