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ABSTRACT: Coastal plumes of low salinity water that extend hundreds of kilometers offshore into 
oligotrophic waters are often found in the Gulf of Mexico. To characterize one such feature, a series of 
photoautotrophic activity and biomass parameters were measured at 2 stations in the eastern Gulf of 
Mexico, including pigments by high performance liquid chromatography (HPLC), autotrophic pico- 
plankton abundance by flow cytometry, photoautotrophic I4C-HC03- fixation, and Ribulose-1,5- 
&phosphate carboxylase large subunit gene (rbcL) transcriptional activity. One sampling site (Stn 4) 
was in a 15 m deep, low salinity (29.8 ppt) plume 242 km west of Tampa Bay. This feature contained 
relatively high chlorophyll a (chl a) concentrations, carbon fixation rates, and Synechococcus cell abun- 
dance (8.6 X 104 cells rnl-l) at 3 m depth and a relatively shallow (45 m depth) subsurface chlorophyll a 
maximum (SCM). We also found a high level (1.1 ng I-') of Form IA rbcL mRNA in the surface water as 
determined by probing with a 1.1 kb Synechococcus WH7803 rbcL probe. Form 1A rbcLs have been 
found to occur malnly in chemosynthetic autotrophic bacteria but have recently been described in 
Synechococcus WH7803 as well as in Prochlorococcus GP2. In contrast, a nearby station outside of the 
plume (Stn 7) had a SCM at 83 m, lower chl a, Synechococcus cell counts, and carbon fixation rates in 
the surface waters. The amount of Form IA rbcL was only about 3% of the concentration found in the 
surface waters of Stn 4. Both stations had an abundance of Prochlorococcus cells (>105 rnl-') at inter- 
mediate depths (20 to 70 m). The picoeucaryote community occurred principally below the Pro- 
chlorococcus community, coinciding with the SCM, and was composed of diatoms, pryrnnesiophytes, 
and pelagophytes as determined by HPLC pigment analysis. This report represents the first description 
of Form IA rbcL transcriptional activity in the marine environment, and indicates that Form 1A rbcL- 
containing picoplankton (like Prochlorococcus GP2 and Synechococcus WH7803) may be important in 
the primary production of low salinity, surface water plumes of the Gulf of Mexico. 
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INTRODUCTION 

The oceans are now known to be environments of 
abundant microbial diversity, in both the autotrophic 
and heterotrophic components of microbial assem- 
blages (Giovanonni et al. 1990, DeLong 1992, Fuhrman 
et al. 1992, 1993). The photoautotrophic community in 
oligotrophic environments has been shown to be domi- 

nated by the picoplankton, which include the cyano- 
bacteria Synechococcus and Prochlorococcus, and 
small eucaryotic algae (picoeucaryotes). These groups 
have been shown to occupy their own respective niches 
in space and time (Stockner 1988, Landry et al. 1996, 
Campbell et al. 1997). In stratified water columns, the 
abundance maxima for each of these 3 major pico- 
planktonic groups are often vertically separated, yet 
the order of these groups varies with the environment 
sampled (Campbell et al. 1997, Paul et al. 1999). 
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coccus, Synechococcus, and picoeucaryotic algal pop- 
ulations were quantified using a Becton Dickinson 
FACSCaiibur (San Jose, CA) Flow cytometer equipped 
with a 488 nm, 15 mW Argon laser. Forward angle 
light scatter, right angle light scatter, green (530 I 
30 mi), orange (585 I 30 nm), and red (650 I 30 nm) 
fluorescence Parameters were coliected for each event. 
Purple-Yeliow calibration beads (2.2 pm, Spherotech 
Inc., IL) were added to each sample to perrnit nor- 
maiization of ali fluorescence signals. Data were col- 
lected using CellQuestTM software (Ver. 3, Becton 
Dickinson 1996), transferred to a personal computer 
(PC), and analyzed using CYTOWIN software (Vau- 
lot 1989, http://www.sb-roscoff.fr/Phyto/cyto.html#cyto- 
win). Event rates were recorded for each sample as it 
was run and abundances were corrected for volume 
analyzed and an enumeration efficiency factor. The 
efficiency factor was derived from event rate and 
counts for a series of known concentrations of caiibra- 
tion beads. 

HPLC pigment analysis. Two to 4 1 of sample water 
were:filtered through 2.5 cm Whatrnan GF/F glass 
fiber filters in dupiicate. The filters were folded in half, 
wrapped in aluminum foil, frozen irnmediately in 
liquid nitrogen, and stored at -80°C. The filters were 
extracted with 100 % acetone and extracts analyzed by 
(HPLC) by B. Pedersen, Mote Manne Lab, using the 
method of Miliie et al. (1993). 

Chlorophyll a analysis. Samples for chl a were col- 
lected by filtration onto 2.5 cm Whatman GF/F glass 
fiber filters in tnpiicate and stored frozen until extrac- 
tion. Filters were extracted in methanol and the chl a 
determined fluorometncally (Holm-Hansen & Rie- 
mann 1978). 

14C-carbon fixation. 14C-carbon fixation studies were 
performed essentially as descnbed in Pichard et al. 
(1993, 1997a) using sterile, acid-cleaned 500 mi poly- 
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carbonate flasks and 325 ml water samples. On-deck 
incubations were performed with natural irradiance 
that was adjusted to resemble the intensity and spec- 
tral features of the underwater iight field using neu- 
tral-density screening and colored acetate filters. Irra- 
diance intensity as a function of depth was determined 
by use of a Li-Cor iight meter equipped with Li-19OSA 
and Li-192SA surface and underwater photosyntheti- 
cally active radiation Sensors. 

RESULTS 

At Stn 4, the water column was highly stratified as 
indicated by the steep thermocline and the low saiinity 
surface water (Fig. 1B). The surface water salinity was 
-29 ppt and increased to 36 ppt at 25 m, where it 
remained constant to the base of the euphotic Zone. 
The in vivo fluorescence was highest in the low salinity 
'lens' near the surface (0 to 10 m). The SCM was 
relatively shaliow (45 m) compared to other stations in 
this area and the depth of the 1 % light intensity was 
approximately 60 m (Fig. 2A). 

Photosynthetic carbon fixation showed a maxirnurn 
in the surface waters (Fig. 2A) and decreased to 20 m, 
remaining near constant to 60 m (through the SCM). 
Below 60 m carbon fixation decreased dramaticaiiy. 
Chl a followed the in viv0 fluorescence with maxirna at 
the surface and at the SCM (45 m). 

Fig. 2B shows the flow cytometry data for Stn 4. The 
highest nurnbers of Synechococcus occurred in the 
surface waters (8.6 X 104 ceils ml-l) with a secondary 
peak at 20 m (4.3 X 104 celis ml-I). ProcNorococcus celi 
counts were undetectable in the surface waters but 
peaked at 40 m (1.4 X 105 celis rn-I). 

The picoeucaryote celi maxirnurn (2.3 X 103 ceils rnl-') 
occurred below the Prochlorococcus population at the 
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Fig. 1. (A) Location of stations sampled in this study. (B & C] CTD traces for Stns 4 and 7, respectively. Notice the low saiinity sur- 
face feature at Stn 4 (B), and approximate position of the SCMs as indicated by in situ fluorescence trace (labeled 'FLUOR.') 
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Fig. 2. (A) Relative light intensity (Iz/Io, -), photosynthetic 
carbon fixation (Carbon fixation, U ) ,  and chl a (chl a, A) at 
Stn 4. (B) Flow cytometry data from Stn 4, including 
Prochlorococcus (U) ,  Synechococcus (A), and picoeucaryote 
(-) cell abundance. (C) rbcL mRNA levels for Stn 4, in- 

cluding Form IA (.) and Form IB (U) 

SCM. Thus, these 3 picoplankton groups were verti- 
cally stratified, with the Synechococcus maximum at 
the surface, followed by Prochlorococcus at 40 m, and 
the picoeucaryotes at the SCM. 

Fig. 2C shows the distribution of rbcL mRNA in the 
water column of Stn 4. The greatest amount of Form 
IA rbcL mRNA occurred in the surface waters, and 
rapidly decreased to undetectable levels at 45 m. The 
Form IB rbcL mRNA, an abundant form in the Gulf of 
Mexico (Pichard et al. 1997a, Paul et al. 1999), was also 
maximal in the surface waters but was approximately 
70-fold less abundant than the Form IA rbcL mRNA. 
No Form ID rbcL was found in these samples. 

Fig. 3 displays the results of HPLC pigrnent analysis 
for the waters of Stn 4. Divinyl chl a and divinyl chl b, 
diagnostic pigments for Prochlorococcus, were maxi- 
mal at the SCM, with no detectable pigment levels in 
the surface waters. These data paralleled the flow 
cytometry data. Zeaxanthin, a pigment diagnostic for 
cyanobacteria, was highest in the surface waters, with 
a secondary peak ?ccurring at 35 m. Chl c l  and c2, 
components of all chromophytic algae, exhibited a 
peak in the surface waters and then a large peak at the 
SCM. Fucoxanthin, found in diatoms and prymnesio- 
phytes, showed a peak at the surface and also at the 
SCM, rnirroring the chl cl  and c2 data. Thus, the sur- 
face plume was comprised of chromophytic eucaryotes 
as well as Synechococcus. Both 19'-hexanoyl-oxyfuco- 
xanthin, a pigment contained primarily in prymnesio- 
phytes, and 19'-butanoyl-oxyfucoxanthin, a pigment 
found in pelagophytes, were maximal at the SCM. 

Stn 7 was more typical of the oligotrophic Gulf of 
Mexico than Stn 4. The depth of the mixed layer 
was -25 m, after which a steep thermocline occurred 
(Fig. 1C). Unlike Stn 4, the SCM occurred at approx- 
imately 83 m. Salinity was relatively constant over 
the entire 110 m euphotic Zone, ranging from 35.8 to 
36.4 ppt. 

Fig. 4A shows the distribution of carbon fixation, 
light intensity, and chl a as a function of depth at Stn 7. 
The depth at which illumination was 1 % of that at the 
surface was approximately 80 m, and coincided with 
the depth of the SCM. Unlike Stn 4, there was no dra- 
matic maxima in carbon fixation or chl a in the surface 
waters. The carbon fixation peak covered a broad 
expanse of depths, from 20 to 80 m. 

Fig. 4B shows the results of flow cytometry data for 
Stn 7. Prochlorococcus was the most numerically abun- 
dant picoplankter, with a maximal abundance of 1.83 X 

105 cells ml-' at the 50 m depth. Ac with Stn 4, the 
Synechococcus peak was in the surface waters (2.22 X 

104 cells ml-') and the picoeucaryotic peak occurred at 
the SCM (2.76 X 103 cells ml-I). 

Fig. 4C shows the results of the rbcL mRNA extrac- 
tion and hybridization studies. Ac with Stn 4, the high- 
est level of Form IA rbcL mRNA occurred in the sur- 
face water, but this was only approximately 2.8% of 
the signal observed in the surface waters of Stn 4. A 
second subsurface peak occurred at 50 m depth, coin- 
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Fig. 3. Pigment data for Stn 4 ,  including divinyl chlorophylls, 
chl cl and c2, and (A) zeaxanthin, and (B) fucoxanthins 
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cident with the Prochlorococcus peak in cell abun- 
dance. There were no detectable levels of Form IB or 
Form ID rbcL mRNA at any depth. 
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Fig. 5A,B shows pigment data for Stn 7. As with 
Stn 4, zeaxanthin or the diagnostic cyanobacterial pig- 
ment was greatest in the surface water, while a sec- 
ondary peak was found at 50 m. Divinyl chl a had a 
peak at 70 m while divinyl chl b had peaks at 70 and 
90 m, which overlapped or were slightly below the 
Prochlorococcus peak as determined by flow cytome- 
try. We interpret this to mean that the deeper portion of 
the Prochlorococcus population (those occurnng at 70 
and 83 m) had more cellular pigment content than 
those at 60 m. Chl c l  and c2, the signature pigments of 
chromophytic picoeucaryotes, were maximal at the 
SCM (83 m), which coincided with the picoeucaryote 
peak as determined by flow cytometry. The signature 
pigments for prymnesiophytes and pelagophytes (19'- 
hexanoyl-oxyfucoxanthin, and 19'-butanoyloxyfuco- 
xanthin, respectively) all were maximal at the SCM, as 
found for Stn 4. 
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DISCUSSION 
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A high abundance of Form IA rbcL transcripts were 
found associated with a low salinityhigh chl surface 
feature in the eastern third of the Gulf of Mexico. This 
is the first report of Form IA rbcL transcripts or DNA 
in general in surface waters. We have previously re- 
ported Form IB rbcL transcnpts in the surface and mid- 
depth water off Bermuda, that closely foilowed the 
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Fig. 4. (A) Relative light intensity (Iz/Io, -), photosyn- 
thetic carbon fixation (U), and chl a ( A )  as a function of depth at 
Stn 7. (B) Flow cytometry data for the vertical profile at Stn 7,  
including Prochlorococcus (U), Synechococcus (A), and pico- 
eucaryote (m) ceii Counts. (C) Form IA rbcL mRNA at Stn 7 
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Fig. 5. Results of HPLC pigment analysis of Stn 7, including 
(A) divinyl chlorophylls, chl cl and c2, and zeaxanthin and 

(B) fucoxanthin and derivatives 

Synechococcus cell abundance maxima (Paul et al. 
1999). Also, Form ID transcnpts were most abundant at 
the SCM, coinciding with 'red fluorescent cell counts', 
presumably picoeucaryotes. 

In the present study, the Form IA rbcL coincided with 
a peak in Synechococcus abundance and the highest 
rates of carbon fixation at Stn 4. Synechococcus WH- 
7803 has been shown to contain a Form IA RuBisCO 
(Watson & Tabita 1996), as has Prochlorococcus GP2 
(Shimada et al. 1995). These rbcL genes are divergent 
from other Synechococcus and Prochlorococcus rbcL 
sequences which are Form IB and more closely related 
to higher plants. It is thought that the Form IA rbcL 
in Synechococcus WH7803 is the result of a lateral 
transfer event, potentially from a ß/y purple bacterium 
(chemoautotroph or anoxygenic phototroph; Watson & 
Tabita 1996). The importance of this form of RuBisCO 
in the ocean has not been previously recognized. The 
following paper indicates that sequences obtained 
from these waters were most closely related to Pro- 

not other ß/y purple bacteria. 
A second peak in Synechococcus abundance oc- 

curred at 20 m at Stn 4; yet little Form IA mRNA was 
found. This population may have been a population 
distinct from that found in the upper 10 m, as it 
occurred in higher salinity water, not influenced by the 
plume. This population possessed less than 20 % of the 
carbon fixation rate of the surface plume population. 
It may be that transcnpt degradation had already 
occurred in this population, while RuBisCO enzyme 
activity was still intact, enabling carbon fixation. 

Although Prochlorococcus was the most numencally 
abundant picoplankter at both stations throughout the 
water colurnn, there were no detectable Prochlorococ- 
cus cells in the surface waters of Stn 4. This may have 
been caused by extremely low fluorescence of the sur- 
face populations of Prochlorococcus, preventing their 
detection by flow cytometry. However, divinyl chls 
were undetectable in the surface as well. If cellular 
pigment content was extremely low (as might be the 
case with surface populations), then it is possible that 
there was a surface Prochlorococcus population that 
was undetected by either pigment analysis or flow 
cytometry. In this case, given the low salinity plume, it 
appears that Synechococcus replaced Prochlorococcus 
in these surface waters. 

The cellular levels of Form IA rbcL transcnpts found 
in the surface waters of Stn 4 (0.059 fg per Synecho- 
coccus cell) are!slightly lower than those found by us at 
other sites (0.0?5 to 0.184 fg cell-'; Pichard et a1:1996). 
However, the latter data are for Form IB transcripts, 
and other organisms besides Synechococcus probably 
contributed to the hybndization signal. 

The low sallnity/high chl surface feature or plume 
has been observed previously, (Gilbes et al. 1996), and 
has been detected by Coastal Zone Color Scanner 
(CZCS) satellite imagery (Frank Muller Karger pers. 
comm.). At the time of sampling, there was no color 
satellite imagery available. Pnor studies have termed a 
similar feature the 'Green River' for a low salinity 
plume extending out of Mobile Bay or Appalachicola 
Bay down the Eastern Gulf of Mexico/west Florida 
Shelf as far south as the Dry Tortugas (Gilbes et al. 
1996). ~ h i s  feature is believed to be moved along in 
part by the;.;loop Current (Gilbes et al. 1996). It is not 
knbwn ii the ~ynechococcus cells found in this feature 
were oceanic species that bloomed in this' nutrient rich 
cbastalwat~r ?r if this was a bloom of a coastal Syne- 
chococcus-strain overlying oligotrophic Gulf of Mexico 
water. 

The dominance of Prochlorococcus and the vertical 
separation of the 3 major picoplankton components 
( ~ ~ n e c h o c o c c u ~ ,  Prochlorococcus, and picoeucaryotes) 
has been obseryed by others (Campbell et al. 1997). 
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We found the Synechococcus to be birnodally distrib- 
uted, with a surface population and a 50 m population 
(i.e. Stn 7). Below this was the Prochlorococcus cell 
abundance maximum, followed by the picoeucaryotes 
at the SCM. In the North Pacific, picoeucaryotes were 
found to comprise the SCM, and were abundant when 
nitrate was abundant. Prochlorococcus was found to be 
abundant when the nitrate was <0.1 nM (Blanchot & 
Rodier 1996). Sunilarly, Landry et al. (1996) found 
Prochlorococcus and heterotrophic bactena in the sur- 
face waters of the tropical Pacific, with Synechococcus 
and picoeucaryotes more abundant at depth. Analysis 
of a large data set suggests that Synechococcus, in 
most cases, is maximum in the upper portion of the 
water column (Partensky et al. 1999). 

Chromophytic pigment analysis by HPLC indicated 
the presence of diatoms and other chromophytes 
(fucoxanthin and chl c l  and c2) at the SCM of both sta- 
tions and in the surface waters of Stn 4. The latter may 
have been the result of a coastal species entrained in 
the coastal plurne encountered. Other chromophytic 
pigment signatures in our study included those of 
pelagophytes and pryrnnesiophytes, both occurring at 
the SCM. Prymnesiophytes have been shown to be 
important in primary production in the northern 
Mediterranean (Bustillos-Guzman et al. 1995, Barlow 
et al. 1997), in the equatonal Pacific, in the polar fronts 
of the Antarctic (Peeken 1997) and the northeast 
Atlantic (Mejanelle et al. 1995). Unlike diatoms, prym- 
nesiophyte production is often balanced by microzoo- 
plankton grazing (Venty et al. 1996, Latasa et al. 1997). 

Despite the abundance of the chromophytic forms at 
the SCM and associated carbon fixation, there was no 
chromophytic rbcL mRNA measured. We have previ- 
ously found Form 1D rbcL mRNA at the SCM off 
Bermuda and in the Gulf of Mexico (Pichard et al. 
199713, Paul et al. 1999). We suspect that the lack of 
Form ID rbcL mRNA may have been caused by the 
time of sampling. We sampled between 07:OO and 
10:OO h at both Stns 4 and 7. We have previously found 
a temporal Separation between the Form IB and Form 
ID rbcL mRNAs, with the latter produced between 
12:OO and 19:OO h. The chromophytic rbcL regulation is 
apparently not controlled by transcription, but by post 
transcriptionalltranslational events (Paul et al. 1999). 
We have found a temporal shift in rbcL transcription in 
cultures of the Prymnesiophyte Pavlova gyrans when 
compared to Synechococcus PCC7002 (J.B.K. & J.H.P. 
unpubl. obs.). Alternatively, the lack of Form ID rbcL 
mRNA at these Stations could have been caused by 
another form of rbcL yet to be descnbed. 

Acknowledgements. This work was supported by grants from 
the US Departrnent of Energy to J.H.P. and a feiiowship from 
the Austrian Science Fund to A.A. 

LITERATURE CITED 

Barlow RG, Mantoura RFC, Curnrnings DG, Fiieman TW 
(1997) Pigment chemotaxonomic distributions of phyto- 
plankton during summer in the western Mediterranean. 
Deep-Sea Res 44:833-850 

Blanchot J,  Rodier M (1996) Picophytoplankton abundance 
and biomass in the western Tropical Pacific Ocean during 
the 1992 E1 Nino year: results from flow cytometry. Deep- 
Sea Res 43:877-896 

Bustiüos-Guzman J ,  Claustre H, Marty JC (1995) Specific 
phytoplankton signatures and their relationship to hydro- 
graphic conditions in the cpastal northwestern Mediter- 
ranean Sea. Mar Ecol Prog Ser 124:247-258 

Campbeii L, Liu H, Noiia HA, Vaulot D (1997) Annual vari- 
abiiity of phytoplankton and bacteria in the subtropical 
North Pacific Ocean at Station ALOHA during the 
1991-1994 ENSO event. Deep-Sea Res 44:167-192 

Chisholm SW, Olson W, Zettler ER, Goericke R, Waterbury 
JB, Welschmeyer NA (1988) A novel free-iiving prochioro- 
phyte abundant in the oceanic euphotic zone. Nature 334: 
340-343 

Chishoim SW, Franke1 SL, Goericke R, Olsen W, Palenik B, 
Waterbury JB, West-Johnsrud L, Zeffler ER (1992) Pro- 
chlorococcus marinus nov. gen. sp.: an oxyphototrophic 
marine prokaryote containing divinyl chiorophyll a and b. 
Arch Microbiol 157:297-300 

DeLong EF (1992) Archaea in coastal marine environments. 
Proc Natl Acad Sci USA 895685-5689 

Douglas SE, Durnford DG, Morden CW (1990) Nucleotide 
sequence of the gene for the large subunit of ribulose-1,5- 
bisphosphate carboxylase/oxygenase from Cryptomonas @. 
J Phy~0126:500-508 

Ferris MJ, Palenik B (1998) Niche adaptation in ocean cyano- 
bacteria. Nature 396:226-228 

Fuhrman JA, McCaiium K, Davis AA (1992) Novel major 
archaebacterial group from marine plankton. Nature 356: 
148-149 

Fuhrman JA, McCaiium K, Davis AA (1993) Phylogenetic di- 
versity of subsurface marine rnicrobial communities from 
the Atlantic and Pacific Oceans. Appl Environ Microbiol 
59:1294-1302 

Gilbes F, Tomas C, Walsh JJ, Muiier-Karger FE (1996) An 
episodic chiorophyii plume on the West Florida Shelf. Con 
Shelf Res 16:1201-1224 

Giovanonni SJ, Britschgi TB, Moyer CL, Field KG (1990) 
Genetic diversity in Sargasso Sea bacterioplankton. Nature 
344:60-63 

Holm-Hansen 0, Riemann B (1978) Chlorophyll a deterrnina- 
tion: improvements in methodology. Oikos 30:438-447 

Hwang SR, Tabita FR (1991) Cotranscription, deduced pri- 
mary structure, and expression of the chioroplast-encoded 
rbcL and rbcS genes of the marine diatom Cylindrotheca 
sp. NI. J Bio1 Chem 266:6271-6279 

Landry MR, Kirshtein J,  Constantinou J (1996) Abundances 
and distributions of picoplankton populations in the Cen- 
tral Equatorial Pacific from 12" N to 12" S, 140" W. Deep- 
Sea Res 43:871-890 

Latasa M, Landry MR, Schlueter L, Bidigare RR (1997) Pig- 
ment-specific growth and grazing rates of phytopIankton 
in the central equatorial Pacific. Limnol Oceanogr 42: 
289-298 

Mejanelle L, Laureiüard J ,  Fiüaux J ,  Saiiot A, Lambert C 
(1995) Winter distribution of algal pigments in smail and 
large-size particles in the northeastern Atlantic. Deep-Sea 
Res 42:117-133 

Mdiie DR, Paerl HW, Hurley JP (1993) MicroalgaI pigment 



8 Mar Ecol Prog Ser 198: 1-8, 2000 

assessments using high-performance liquid chromatogra- 
phy: a synopsis of organismal and ecological applications. 
Can J Fish Aquat Sci 50:2513-2527 

Moore LR, Rocap G, Chisholm SE (1998) Physiology and mol- 
ecular phylogeny of coexisting Prochlorococcus ecotypes. 
Nature 393:464-467 

Morse 0, Salois P, Markovic P, Hastinas JW (1995) A nuclear- 
encoded Form I1 RubisCO in dinoflageliates. Science 268: 
1622-1624 

Newman SM. Cattolico RA (1990) Ribulose bisphosphate car- 
boxylase in algae: synthesis, enzymology and evolution. 
Photosynth Res 26:69-85 

Partensky F, Hess WR, Vaulot D (1999) Prochlorococcus, a 
marine photosynthetic prokaryote of global sigmficance. 
Microbiol Mol Biol Rev 63:106-127 

Paul JH, Pichard SL, Kang JB, Watson GMF, Tabita FR (1999) 
Evidence for a clade-specific temporal and spatial separa- 
tion in ribulose bisphosphate carboxylase gene expression 
in phytoplankton populations off Cape Hatteras and 
Bermuda. Limnol Oceanogr 44:12-23 

Peeken I (1997) Photosynthetic pigment fingerprints as indi- 
cators of phytoplankton biomass and development in dif- 
ferent water masses of the Southern Ocean during austral 
spring. Deep-Sea Res 44:261-282 

Pichard SL, Frischer ME, Paul JH (1993) Ribulose bisphos- 
phate carboxylase gene expression in subtropical marine 
phytoplankton populations. Mar Ecol Prog Ser 101:55-65 

Pichard SL, CampbeU L, Carder K, Kang JB, Patch J ,  Tabita 
FR, Paul JH (1997a) Analysis of ribulose bisphosphate 
carboxylase gene expression in natural phytoplankton 
populations by group-specific gene probing. Mar Ecol 
Prog Ser 149:239-253 

Pichard SL, Campbeil L, Paul JH (1997b) Diversity of ribulose 
bisphosphate carboxylase oxygenase Form I gene (rbcL) 
in natural phytoplankton cornrnunities. Appl Environ Mi- 
crobio163:3600-3606 

Raven JA (1995) Inorgani? carbon assimilation by marine 
biota. J Exp Mar Biol Ecol203:39-47 

Scanlan DJ, Hess WR, Partensky F, Newman J ,  Vaulot D 
(1996) High degree of genetic variation in Prochlorococ- 
cus (Prochlorophyta) revealed by RFLP analysis. Eur J 
Phycol 31:l-9 

Stockner JG (1988) Phototrophic picoplankton: an overview 
from marine and freshwater ecosystems. L w 0 1  Oceanogr 
33:765-775 

Editorial responsibility: Jed Fuhrman (Con tribu ting Editor), 
Los Angeles, Caiifornia, USA 

Shirnada A, Kanai S, Maruyama T (1995) Partial sequence 
of Ribulose-l,5-bisphosphate carboxylase/oxygenase and 
phylogeny of Prochloron and Prochlorococcus (Prochlo- 
rales). J Mol Evol40:671-677 

Tabita FR (1988) Molecular and cellular regulation of auto- 
trophic carbon dioxide fixation in microorganisms. Micro- 
bio1 Rev 52:155-189 

Toledo G, Palenik B (1997) Synechococcus diversity in the 
California Current as seen by RNA polymerase (rpoC1) 
gene sequences of isolated strains. Appl Environ Micro- 
bio1 63:4298-4303 

Urbach E, Chisholm SW (1998) Genetic diversity in Prochlo- 
rococcus populations flow cytometricaliy sorted from the 
Sargasso Sea and Gulf Stream. Lirnnol Oceanogr 43: 
1615-1630 

Urbach E, Scanlan DJ, Distel DL, Waterbury JB, Chisholm SW 
(1998) Rapid diversification of marine picophytoplankton 
with dissirnilar light-harvesting structures inferred from 
sequences of Prochlorococcus and Synechococcus (Cyano- 
bacteria). J Mol Evol46:188-201 

Valentin K, Zetsche K (1990) Structure of the Rubisco operon 
from the uniceilular red alga Cyanidium caldarium: evi- 
dence for a polyphyletic origin of the plastids. Mol Gen 
Genet 222:425-430 

Valuot D (1989) CYTOPC: processing software for flow cyto- 
metric data. Signal Noise 2:8 

Verity PG, Stoecker DK, Sieracki ME, Nelson JR (1996) Micro- 
zooplankton grazing of primary production at 140" W in 
the Equatorial Pacific. Deep-Sea Res 43:1227-1256 

Waterbury JB, Rippka R (1989) Subsection 1. Order Chroo- 
coccales Wettstein 1924, emend. Rippka et al. 1979. In: 
Staley JT, Bryan MP, Pfennig N, Holt JG (eds) Bergey's 
manual of systematic bacteriology, Vol 3. Williams and 
Wilkins, Baltirnore, p 1728-1756 

Watson GMF, Tabita FR (1996) Regulation, unique gene orga- 
nization and unusual primary structure of carbon fixation 
genes from a marine phycoerythrin-containing cyanobac- 
terium. Plant Mol Biol 32:1103-1106 

Watson GMF, Tabita FR (1997) Microbial ribulose 1.5-bisphos- . , 

phate carboxylase/oxygenase: a molecule for phylogenetic 
and enzymoloqical investiuation. FEMS Microbiol Lett 146: 

U 

13-22 
Watson GMF, Tabita FR (1999) Unusual ribulose 1,5-bisphos- 

phate carboxylase/oxygenase of anoxic Archaea. J Bac- 
teriol 181:1569-1575 

Submitted: August 27, 1999; Accepted: November 11, 1999 
Proofs received from author(s): May 9, 2000 


