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Repeta 1992). Based on flow cytometric signatures 
and/or the presence o f  chl a2, P. marinus has been 
found in the  Atlantic Ocean (Neveux et al. 1989, Olson 
et al. 1990, Veldhuis & Kraay 1990), the  tropical and 
subtropical Pacific (Chavez et al. 1991, DiTullio et al. 
1992, Campbell & Vaulot 1993), the Mediterranean 
Sea (Vaulot et al. 1990, Vaulot & Partensky 1992), and 
the Red Sea (Veldhuis & Kraay 1993). Synechococcus 
has always been found in regions where P. marinus is 
present, although P. marinus often extends to lower 
depths (Olson et al. 1990, Campbell & Vaulot 1993, 
Veldhuis & Kraay 1993). P. marinus is usually found in  
abundances reaching lo4  to l o 5  cells m l l  (Olson et al. 
1990, Vaulot et al. 1990, Chavez et al. 1991, Campbell 
& Vaulot 1993, Veldhuis & Kraay 1993) and can con- 
tribute u p  to 65% of  total chl a, i.e. the  sum of  chl al 
and chl a2 (Veldhuis & Kraay 1990, Goericke & 
Welschmeyer 1993). Goericke & Welschmeyer (1993) 
measured the growth rate o f  P. marinus b y  measuring 
the incorporation of  C into chl a^.  Surface layer 
growth rates o f  P. marinus ranged from 0.1 to 0.5 d-' 
and did not vary systematically over the seasons; 
growth rates at the subsurface chlorophyll maximum 
(SCM) ranged from 0.04 to 0.16 d-I. These authors also 
calculated that the seasonally averaged contribution of  
P. marinus to the total primary productivity in  the Sar- 
gasso Sea was 25 % . 

Prochlorococcus marinus has been  observed in the  
North Atlantic only when surface water temperatures 
were above 15OC, suggesting that low temperature 
can influence the P. marinus distribution (Olson et 
al. 1990, Veldhuis et al. 1993). In the  North Atlantic, 
P. marinus blooms after Synechococcus does (after the 
onset o f  spring stratification) and establishes a sub- 
surface abundance maximum usually associated with 
the deep chlorophyll maximum (Olson et al. 1990). P. 
marinus is generally present throughout the euphotic 
zone during the winter, fall and spring, but during the 
early summer the majority o f  cells are largely restricted 
to the SCM (Olson et al. 1990). In the  North Pacific 
(station ALOHA), P. marinus is uniformly abundant in  
the surface of  the euphotic zone and declines in  num- 
bers with depth during all seasons (Campbell & Vaulot 
1993). Synechococcus populations in  both the  North 
Atlantic and North Pacific are uniformly abundant in  
the surface and have no subsurface maximum year- 
round (Olson et al. 1990, Campbell & Vaulot 1993). P. 
marinus populations are more abundant and extend 
deeper in the water column than Synechococcus popu- 
lations throughout most o f  the year in the oligotrophic 
North Atlantic (Olson et al. 1990, Veldhuis & Kraay 
1993) and Pacific (Campbell & Vaulot 1993). 

Prochlorococcus marinus seems to be  particularly 
well adapted to growth in low light, as determined b y  
laboratory studies (Partensky et al. 1993) and distribu- 

tions observed in the field. At the 1.6% light level in 
the Sargasso Sea, P. marinus was found to grow twice 
as fast as other phytoplankton, based on  14C incorpora- 
tion into chl ay. and chl ai (Goericke & Welschmeyer 
1993). Morel et  al. (1993) suggested that the ability o f  
P. marinus to dominate the algal population in the 
deeper euphotic zone may be  due,  in part, to the 
optical properties of  P. marinus. Because of  its small 
size, it has a higher absorption efficiency than Syne- 
chococcus, even though both are well suited for 
absorbing the blue light available in  oligotrophic 
waters (Morel et al. 1993). 

In stratified waters, photoacclimation (used here to 
describe reversible light-induced alterations in the 
physiological or morphological characteristics o f  a 
population) o f  Prochlorococcus marinus populations 
is reflected b y  a change in cellular concentrations of  
chl a, and in mean cellular fluorescence (Olson et al. 
1990, Veldhuis & Kraay 1990, 1993, Campbell & Vaulot 
1993). Goericke & Repeta (1993) reported dramatic 
changes of  the  ratio o f  chl b2/chl ay, with depth at a 
station in the southern Sargasso Sea, ranging from 
0.1 in the surface layer to 3.0 below the SCM. 

These field observations led us  to examine how light 
and temperature af fec t  the growth rates o f  Prochloro- 
coccus marinus and Synechococcus and to analyze the 
e f fec ts  o f  light on  the  pigment composition of  the cells. 
While differences in  nutrient utilization are undoubt- 
edly a critical environmental determinant, this factor 
could not b e  studied as axenic cultures have not yet 
been established for these species. In addition, w e  
examined the  extent o f  physiological differences be- 
tween 2 P. marinus clones isolated from dif ferent parts 
o f  the  world: the Sargasso Sea and the Mediterranean 
Sea. 

METHODS 

Culture conditions and growth measurements. 
Clonal cultures o f  WH8103, a high phycourobilin 
(PUB) Synechococcus strain isolated from the Sargasso 
Sea (obtained from John Waterbury, Woods Hole 
Oceanographic Institution, M A ,  USA) ,  and Prochloro- 
coccus marinus isolated at 120 m from the Sargasso 
Sea (P. marinus SS120; designated CCMP-1375 at 
the  Center for the  Culture o f  Marine Phytoplankton, 
Bigelow Laboratory for Ocean Sciences, West  Booth- 
bay Harbor, ME, U S A )  and from the surface o f  the 
Mediterranean Sea (P. marinus MED4; CCMP-1378) 
were maintained in  a modified K/10 medium (Chis- 
holm et  al. 1992) supplemented with 50 pM urea and 
10 nM NiCl?. For measuring growth rate as a function 
o f  temperature, cultures were grown in glass test tubes 
in  an aluminum temperature-gradient bar on  a 14 h 
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hght: 10 h dark cycle at 90 pE m 2  s l ,  incident from 
below. For light experiments, cultures were grown in 
250 ml polycarbonate bottles on a 14 h light: 10 h dark 
cycle at 24 Â 1 OC. Different light levels and quality 
were generated using cool white fluorescent lamps in 
combination with neutral density (Rosco #3402, 3403, 
3404) and blue (Rosco #69) filters. The blue filter, 
which transmits maximally at 440 nm with half-maxi- 
mum transmission width of 130 nm, provides a light 
environment similar to that found m the deep euphotic 
zone of the Sargasso Sea (Jerlov 1976). The growth 
irradiance (pE m 2  s )  for the white and blue light 
regimes was matched using a recently calibrated 
quantum scalar irradiance meter (Biospherical QSL- 
100, San Diego, CA, USA). Of the white light irradi- 
ance, 47 % is comprised of wavelengths between 380 
and 540 nm, corresponding approximately to the 
wavelengths of light provided by the blue filters. Thus, 
the cells grown in white light had approximately half 
the energy in the blue wavelengths as the cells grown 
only in blue light of comparable total irradiance. 

Cultures were acclimated to each irradiance level for 
several generations (until the mean fluorescence per 
cell was constant) before data was collected. Repli- 
cates for all growth experiments represent serial 
transfers from the same 'parent' culture. Cells were 
harvested in exponential growth phase for the pigment 
analyses, in vivo absorption spectra, and fluorescence 
excitation and emission spectra. 

Growth rate was determined by sampling each cul- 
ture at the same time of day over several generations 
using a Becton-Dickinson FACScan (San Jose, CA) 
flow cytometer to enumerate the cells. This instrument 
employs an argon-ion laser with 488 nm line as the 
excitation source. Fluorescence emission was obtained 
using a long-pass filter (> 650 nm) for chlorophyll (red 
fluorescence) and a narrow band-pass filter (585 nm, 
half-maximum transmission width = 42 nm) for phyco- 
erythrin (orange fluorescence). Mean chlorophyll 
fluorescence per cell is presented relative to standard 
fluorescent beads (0.57 pm diameter; Polysciences, 
Inc., Warrington, PA, USA). Data were analyzed using 
CYTOPC software (Vaulot 1989). 

Pigment measurements. Prochlorococcus mainus 
and Synechococcus WH8103 cultures (25 to 75 ml) 
were collected on 25 nun Whatman GF/F filters using 
vacuum pressure of < 75 mm Hg. Filters were stored in 
liquid nitrogen for 1 to 6 mo. For pigment analysis by 
reverse-phase high-pressure liquid chromotography 
(RP-HPLC), filters were extracted as described in 
Goericke & Welschmeyer (1993). All samples were 
analyzed on a C-18 column-based RP-HPLC system 
using a Rainin Dynamax 10 cm 3 pm C-18 column; the 
following solvents: A (Me0H:aqueous ammonium 
acetate, 85:15), B (MeOH), and C (acetone); and a 

linear ternary gradient (time; % solvent A, % solvent B, 
% solvent C): (0 mm; 100, 0, O),  (5 min; 6, 92, 2), 
(12 min; 0, 100, O ) ,  (15 min; 0,90, lo),  (18 mm; 0,40, 60), 
(20 min; 0, 20, 80), (24 min; 0, 20, 80), with a flow rate 
of 1.5 ml min1. The coefficient of variation for replicate 
analyses on this system was concentration dependent; 
for the major pigments discussed here it was in the 
range 1 to 5%. 

Selected samples were also analyzed on a C-8 
column-based RP-HPLC system (Goericke & Repeta 
1993). On this system, chl ai is well separated from 
chl a-, and its stereoisomer chl 82'. Chl bl and chl bi are 
partially separated. The chromatographic systems 
were calibrated with zeaxanthin, a-carotene, chl by, 
and chl a2 isolated from low-light cultures of Prochloro- 
coccus marinus (clone MED4), and with chl ai  and 
chl bl isolated from spmach. Pigments were quantified 
(Waters 990 photodiode array detector) using inte- 
grated absorbance at 440 nm and the extinction coeffi- 
cients given by Goericke & Repeta (1993). The chl bl/ 
chl b2 concentration ratio was determined for all 
samples from the ratio of the integrated absorbances at 
468 and 478 nm (Goericke & Repeta 1993). 

All pigments were identified based on retention time 
and on-line Vis-spectra. Mass spectra of chl a2, chl bl, 
and total chl b, i.e. the sum of chl bi and chl b2, were 
recorded using liquid secondary ion mass spectro- 
metry (LSIMS) with a VG dynamic LSIMS probe, 
acetone as a solvent and nitrobenzylalcohol as a 
matrix with polyethyleneglycol 600 and 1000 as an 
internal standard. Samples were ionized with a cesium 
ion gun operated at 35 kV. Pigments for this analysis 
were isolated from a higher plant and from pooled 
extracts of high-light cultures of Prochlorococcus 
marinus SS120. 

Absorption spectra. An in vivo absorption spectrum 
for cells concentrated on a filter was run for each 
sample using a Beckman DU-7 (Irvine, CA) single- 
beam spectrophotometer following methods outlined 
by Mitchell & Kiefer (1988). Absorption spectra of cells 
collected on filters, rather than spectra of whole cell 
suspensions, were used in order to compare lab results 
to field results. Scans were run with a 2 nm bandpass 
at 600 nm r n i n .  All samples were filtered using What- 
man GF/F filters at low vacuum, pressure (<75 mm Hg), 
placed on a glass slide, and run within 2 to 3 min of 
filtration to avoid potential artifacts (Stramski 1990). A 
GF/F filter saturated with culture medium was used as 
the blank, and the optical density of the filter sample 
(ODf) at 750 nm was subtracted from all spectra to 
obtain ODf(X). 

In order to correct the absorption spectra of filter 
samples for the effects of pathlength amplification, a 
0-correction algorithm was empirically derived for our 
spectrophotometer using Synechococcus WH8103 and 
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Prochlorococcus marinus, following published methods The relationship between ODf and ODs obtained 
(Mitchell & Kiefer 1988, Mitchell 1990). Each species for Synechococcus WH8103 differed (up to 30% at 
was concentrated by centrifugation (11 000 rpm, ODf = 0.4) from that found previously for other phyto- 
19000 x q, 30 min, 10Â°C) and serial dilutions were plankton species, including an unidentified strain of 
made to cover a range of optical densities. Absorption Synechococcus (Mitchell 1990) and Synechococcus 
spectra for these cell suspensions were obtained with WH7803 (Cleveland & Weidemann 1993). The rela- 
an opal diffuser (Shibata 1958). For the same culture, tionship found for Prochlorococcus marinus differed 
there were no differences in shape between the even more, up to 50% lower ODc is obtained when 
absorption spectrum obtained using an opal diffuser the optical density of cells filtered onto a GF/F filter 
and that obtained using an integrating sphere (H. reaches 0.4. To verify that the different 3 correction 
Sosik & L. R. Moore unpubl. data). For each absorption found for Synechococcus WH8103 and P. marinus in 
spectrum of a cell suspension, a corresponding spec- this study was not due to any systematic or procedural 
trum was determined using an equivalent pathlength error, absorption of Thalassiosira weissflogii cells was 
(clearance area of filter multiplied by the length of also measured on our system and found to be consis- 
the spectrophotometer cuvette) of cells collected on a tent with that found by other researchers for other 
filter. phytoplankton (Fig. 1) (Mitchell 1990, Cleveland & 

The relationship between the OD 0) and the optical Weidemann 1993). A greater correction for Synecho- 
density of cells in suspension, ODs(\)r fits a second- coccus WH8103 cells, and the even smaller P. marinus 
order polynomial: cells, may result from their small size. It is likely that 

ODs(k) = a ODf@) + b [ODf (k)] 
the cells become embedded within the filter matrix 
rather than creating a layer on top of the filter, and the 

where a and b are the coefficients (inset, Fig. 1). The interaction of the filter scattering and the cell scatter- 
in vivo absorption spectrum for each phytoplankton ing (as small as it is; Morel et al. 1993) might increase 
culture was calculated as follows: the pathlength of amplification, similar to a thicker 

filter pad (cf. Mitchell 1990). Culture conditions such as 
a*ph(\) = 2.3 Af [ODs(k)]/Vf C, nutrients and light which affect cell size might influ- 

where Af is the area of the cells on the filter (m2), Vf is ence the extent of the 3 correction; however, this effect 
the volume of cells filtered (ml), ODs(k) is the optical deserves more study. 
density of the suspension obtained by applying the cor- The unique 3 correction of Prochlorococcus marinus 
rection algorithm (Eq. 1) to the measured values of and Synechococcus WH8103 becomes particularly im- 
ODf(\), C, is the amount of chl ai  or chl a2 in the sample portant when estimating photosynthetic quantum yield. 
(mg m l l ) ,  and the constant 2.3 converts units from log Depending on the optical density of the sample, if the 
of base 10 to naturallog (Mitchell & Kiefer 1988). 3-correction algorithm for other phytoplankton is used 

Mitchell 
P. marinus syn. T. weissflogii (1990) 

0.392 
Mitchell 

N 9750 16123 6309 698 1 Synechococcus \,,, 
r 0.975 0.973 0.993 n.r. WH8103 ,,,A 

\ . A' 

Fig. 1. Relationship between the  optical 
density (OD) of  cells measured in suspen- 
sion and on  a filter for Synechococcus 
WH8 103 (A) and Prochlorococcus marlnus 
(0) f rom this study compared to the  rela- 
tionship obtained for Thalassiosira weiss- 
flog11 i n  this study (individual data points 
not shown) and obtained b y  Mitchell 
(1990) for a collection o f  phytoplankton 
species, including Synechococcus. Inset: 
coefficients for Eq. (1)  obtained b y  fitting 
N data points to  a second-order poly- 
nomial. r: correlation coefficient: n.r.: not 

OD of cells on filter reported 



Moore et al.: Comparative physiology of Synechococcus and Prochlorococcus 
- 

for P. marinus (e.g. Partensky et al. 1993), the absorp- 
tion spectrum could be overestimated by as much as a 
factor of 2 in the blue, resulting in a higher spectrally 
weighted chl a-specific absorption and, consequently, 
a lower photosynthetic quantum yield. Thus, the rela- 
tively high maximum quantum yields calculated by 
Partensky et al. (1993) would actually be higher if 
samples with ODf > 0.1 were used and our P. marinus- 
specific correction were used. 

Spectral reconstruction. Whole-cell absorption spec- 
tra [aph(^.); m l ]  were reconstructed and compared to 
in vivo absorption spectra as follows (Mann & Myers 
1968, Bidigare et al. 1987, 1989a, b): 

where a,(^.) is the spectral specific absorption coefficient 
for each pigment, i, and cl is the volume-based con- 
centration (mg m 3 )  of pigment i. The individual pig- 
ment-specific absorption coefficients [al(^.)] (Fig. 2) were 
determined by normalizing the HPLC-generated 
absorption spectra to the weight-specific absorption 
coefficient (Goericke & Repeta 1993), multiplying by 2.3 
to convert from log of base 10 to natural log units, and 
shifting the wavelength of the pigment spectra as fol- 
lows: (1) chl a2 a,(^.) was shifted to the red by 6 nm for 
wavelengths greater than 480 nm; (2) zeaxanthin a,(k) 
was shifted to the red by 10 run; (3) the a,(^.) for 
a-carotene and the unknown carotenoid were shifted by 
6 nm to the red; and (4) no shift was made for chl b-, and 
the chl c-like a,(^.). The wavelength shifts were the best 
matches for the in vivo absorption maxima (see Fig. 11). 

Fluorescence spectra. Because a spectrofluorometer 
was not readily available, samples for fluorescence 
excitation and emission spectra were fixed with 0.125 Yo 
glutaraldehyde (Tousimis, Rockville, MD, USA) and 

wavelength (nm) 

Fig. 2. Pigment-specific absorption coefficients [a , (X)]  for the 
different pigments in Prochlorococcus mannus, wavelength 
shifted to match the in vivo absorption peaks. Each pigment is 

designated by a different line type 

frozen in liquid nitrogen for later analysis (Vaulot et al. 
1989). A SLM-Aminco (Champagne-Urbana, IL, USA) 
SPF-500 spectrofluorometer with a Xenon arc lamp as 
the excitation source was used for the fluorescence 
excitation and emission spectra. Excitation spectra 
were determined by measuring fluorescence emission 
at 680 nm (the wavelength of maximum emission for 
both Prochlorococcus marinus and Synechococcus 
WH8103) as a function of excitation wavelength. Meas- 
urements were obtained in 1 run increments (2 run ex- 
citation band width) from 400 to 660 nm in 'ratio mode' 
which corrects for spectral variation due to the lamp. 
A media blank was subtracted from each spectrum. 
Quantum corrected excitation spectra were obtained by 
measuring the absorption and fluorescence excitation 
spectra of pure chl al ,  chl bl and phycoerythrin (Sigma, 
St. Louis, MO, USA), calculating the ratio of fluores- 
cence excitation to absorption as a function of wave- 
length for these standards, and correcting the spectrum 
of each sample by dividing by this ratio. The rhodamine- 
B method of Melhuish (1962) was not appropriate for the 
spectrofluorometer used in this study. 

To evaluate the influence of preservation on the 
analysis, spectra run on fresh aliquots and thawed 
aliquots which had been fixed and frozen were com- 
pared. For Prochlorococcus marinus SS120, the ampli- 
tude of the fluorescence excitation peak at 450 nm 
(due to chl a2) did not change, whereas the peak at 
480 nrn (due predominantly to chl bd was reduced by 
18% in the fixed and frozen sample relative to the 
fresh sample. In P. marinus MED4, the chl a-, and chl bi 
fluorescence excitation peaks were reduced 22 and 
12%, respectively, by the preservation process. Al- 
though these differences were significant, they did not 
obscure the systematic intraspecies changes in fluores- 
cence spectra which accompanied changes in light 
intensity. In contrast, the changes in fluorescence 
excitation due to preservation for Synechococcus 
WH8103 (40 % decrease in both phycoerythrin peaks 
with a concomitant increase of 27 % in the chl ai fluo- 
rescence excitation peak) were too large to allow 
meaningful interpretation of the trends. 

RESULTS AND DISCUSSION 

Temperature optima 

The 2 Prochlorococcus mainus clones had the same 
optimal growth temperature of 24 OC, but neither would 
grow at 28 OC, the optimum for Synechococcus WH8103 
(Fig. 3). Between 15 and 2 2 T ,  however, the growth 
rates were quite similar for all 3 strains. Synechococcus 
WH8103 would not grow below 15 'C under the condi- 
tions used in this study, differing from results previously 
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Synechococcus 
T WH8103 

Temperature ('C) 

Fig. 3. Growth rate as a function of temperature for 3 oceanic 
picoplankters: Prochlorococcus marmus SS120 (a), P. maimus 
MED4 (0) and Synechococcus WH8103 (A).  Cultures were 
maintained at 93 pE m 2  s 1  under a 14 h light: 10 h dark regime. 

Error bars are 1 SD from the mean based on 2 or 3 cultures 

reported for several other marme Synechococcus clones 
(Waterbury et al. 1986, Castenholtz &Waterbury 1989). 
The  relatively low upper-limit growth temperature for 
the 2 P. marmus clones most likely is strain-specific, 
since P. marinus has been detected at water tempera- 
tures as high as 28 'C in  the equatorial and south Pacific 
(R. Olson, E. Zettler, J. Dusenberry & B. Binder unpubl. 
data), the north Pacific (Campbell & Vaulot 1993) and 
the Red Sea (Veldhuis & Kraay 1993), 

O f  the 3 clones examined in this study, only Pro- 
chlorococcus marinus MED4 grew at a temperature of  
12.5 "C, comparable to that of  the Mediterranean Sea in  
wintertime (Vaulot et al. 1990). The  lower temperature 
limit for growth of  P. marinus SS120 is consistent with 
the observation that P. marinus has only been detected 
in the North Atlantic when  surface temperatures are 
greater than 15OC (Olson et al. 1990, Veldhuis et al. 
1993). However, the differences in  optimal growth tem- 
perature cannot account for the difference in latitudinal 
and seasonal distributions of  P. marinus and Syne- 
chococcus seen in  the North Atlantic (Olson et  al. 1990, 
Goericke & Welschmeyer 1993, Veldhuis et al. 1993). 
The depth-integrated abundance of  P. marinus is the 
same as that o f  Synechococcus during the winter in the  
North Atlantic but is greater than that o f  Synechococcus 
at other times of  the year when  the surface temperature 
ranges from 22 to 27 OC (Olson et al. 1990). 

Light-dependent growth rates 

The  light-saturated, maximum growth rates (urnax) 
for the 2 Prochlorococcus marinus clones were similar: 
0.53 Â 0.06 d-' for P. marinus SS120 (Fig. 4 A )  and 

(A) P. marinus SS120 
6 white hght 1 

Growth Irradiance ( pE m 2  L )  

Fig. 4. Growth rate (Â SD) as a function of both white and blue 
light uradiance Cultures were maintained at 24 5 'C under a 
14 h hght:10 h dark regime. Cultures were adapted to the 
growth irradiance for at least 10 generations. Open symbols: 
white-hght-grown cells; closed symbols: blue-light-grown cells. 
(A) Prochlorococcus marmus SS120, (B) P. mannus MED4, 

(C) Synechococcus WH8103 

0.63 Â 0.06 d-I for P. marinus MED4 (Fig. 4B). T h e  urnax 
for Synechococcus WH8103 was higher (1.0 Â 0.1 d*')  
(Fig. 4C).  P. marinus SS120 (which was isolated from 
120 m) had a significantly lower compensation light 
intensity (Icomp) for growth (the 95 5% confidence 
interval about Icomp did not overlap with those of  P. 
marinus MED4 and Synechococcus WH8103) and 
grew faster at lower light levels than both P. marinus 
MED4 (which was isolated from the  surface; c f .  Parten- 
sky et al. 1993) and Synechococcus WH8103 (Table 1). 
P. marinus SS120 had positive growth rates at light 
intensities about 5 times lower than Synechocccus 
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Table 1. Light-dependent growth parameters (pE m 2  s l )  for 
Prochlorococcus marmus and Synechococcus cultures grown in 
white and blue light. Icomp: compensation hght level at which no 
growth occurs (= x-intercept for a linear fit to the light-limited 
region of the p vs log(I) growth curve). Values in parentheses 
are the 95 % confidence mterval about Icomp- Imax: light level 
at which growth rate reaches a maximum; lining irradiance at 

which growth rate is first inhibited due to excess light 

P. mannus White 1 (0.4-2.4) 37 Â 8 110 
SS120 Blue 1 (0.4-1.4) 17 Â 3 50 

P. mannus White 4 (2.6-6.7) 90 Â 13 450 
MED4 Blue 4 (2.0-5.9) 49 Â 8 80 

Synechococcus White 5 (3.5-8.4) 142 Â 21 >450 
WH8103 Blue 4 (3.5-6.1) >80 >80 

WH8103 (Fig. 4A, C). At the Icomp for Synechococcus 
WH8103, for example, P. marinus SS120 grew at about 
0,3 d-I. At 10 pE m-2 sU1 of blue light (typical of the 
wavelengths which penetrate deep in oligotrophic 
waters), the growth rate of P. marinus SS120 was about 
twice that of the other 2 picoplankters. These results 
are consistent with field observations which have 
shown that P. marinus extends deeper into the 
euphotic zone than Synechococcus (Chisholm et al. 
1988, Olson et al. 1990, Campbell & Vaulot 1993, Veld- 
huis et al. 1993) and that P. marinus grows faster than 
other phytoplankton by a factor of 2 at the 1.6% light 
level in the Sargasso Sea (Goericke & Welschmeyer 
1993). 

Growth of Prochlorococcus marinus SS120 was 
inhibited at light intensities greater than 37 pE m 2  s"'~ 
and it did not grow at 140 pE m 2  s l ,  even after a 
several day adjustment period employing small incre- 
mental increases in irradiance (as suggested by Kana 
& Gilbert 1987). Photoinhibition of this strain at rela- 
tively low growth irradiances is not consistent with the 
distribution of P. marinus in the Sargasso Sea, where 
they are present (Olson et al. 1990) and growing 
(Goericke & Welschmeyer 1993) in the surface waters 
when light intensities are in excess of 200 pE m 2  s l .  
In the surface layer during the winter, growth of P. 
marinus is comparable to the growth rates of the other 
phytoplankton, and during the summer, P. marinus 
grow at a rate corresponding to 60 % of the growth rate 
of the other phytoplankton (Goericke & Welschmeyer 
1993). The difference between our laboratory data and 
the field data could be explained by physical mixing 
(which could modulate the light regime experienced 
by these cells in the field), or by the existence of 2 (or 
more) different strains of P. marinus in the Sargasso 
Sea - one adapted for growth at high light, and one 
(e.g. P. marinus SS120) adapted for growth deep in 
the euphotic zone. 

The light-dependent growth response of Prochloro- 
coccus marinus MED4 has characteristics distinct from 
P. marines SS120 and is consistent with characteristics 
expected for a high-light-adapted strain. The Imax for 
P. marinus MED4, for example, was more than twice 
that for P. marinus SS120 and more similar to the Imax 
for Synechococcus WH8103 (Table 1). P. marinus 
MED4 was photoinhibited only at the highest growth 
irradiance tested (450 pE m 2  s t ) .  Thus, the differ- 
ences between P. marinus MED4 and P. marinus SS120 
could reflect differences between populations col- 
lected from different depths rather than different 
geographical locations. 

For all 3 picoplankters, light-limited growth rates in 
blue light were higher than at the same irradiance of 
white light (Fig. 4). These differences can be explained 
if we consider the portion of photon flux density in the 
white light corresponding to the band of transmittance 
of the blue filters (47 % of the white light irradiance is 
between 380 and 540 nm). This band of wavelengths 
includes the wavelengths of absorption by the major 
photosynthetic pigments: chl al, chl a2, chl b2, and 
PUB. The reduced growth rates of cells grown in white 
light relative to those in blue light can be explained 
solely on the basis of reduced levels of photosyntheti- 
cally usable radiation: the graphs 'collapse' onto one 
another when the white light irradiance is expressed in 
terms of blue photon flux density (data not shown). 

Cellular pigment content 

Concentrations of chlorophylls and carotenoids were 
determined in light-limited and light-saturated cul- 
tures of all 3 picoplankton clones. The major pigments 
present in Synechococcus WH8103 were chl al ,  zea- 
xanthin and p-carotene, and the major pigments of 
low-light cultures of Prochlorococcus marinus SS120 
and P. marinus MED4 were chl 3 9 ,  chl by., a chl c-like 
pigment, zeaxanthin, a-carotene, and an unknown 
carotenoid, consistent with previous reports (Guillard 
et al. 1985, Goericke & Repeta 1992). Analysis of the 
pigments on the C-18 column-based RP-HPLC system 
also revealed traces of p-carotene in the 2 P. marinus 
clones. 

The analysis of high-light cultures of Prochloro- 
coccus marinus SS120 on the C-8 column-based 
HPLC system revealed 2 partially separated chl b peaks 
(Fig. 5a) with on-line absorbance spectra typical of 
chl bl and chl b2 (cf. Goericke & Repeta 1993). Chl al 
was undetectable m these cultures, which would have 
eluted at 28.9 min, well separated from chl a2 and its 
stereoisomer chl a;' (Fig. 5a). We isolated chl a2 and 
total chl b from high-light cultures of the P. marinus 
clone SS120 and recorded their mass spectra to prove 
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Fig. 5. (a) System I1 chromato- 
gram (absorbance at 440 nm) of 
the pigments of the Prochloro- 
coccus mannus SS120 grown at 
75 pE m 2  s 1  under white light. 
Inset: partial separation of chl b, 
and chl bi when absorbance is 
measured at 473 nm. (b) Mass 
spectrum of total chl b isolated 
from high-light cultures of P. 
marinus clone SS120. The clus- 
ter at m/z 905 to 907 is due to 

1 1 1 1 1 l a . s x i o 3  chl b, and chl bi as demon- 
lo, strated from the deconvoluted 

9 2 2 . 4  xlo3 spectra (inset) which are identi- 

0.0 
cal to the spectra of chl bi (m/z 

907) and chl bi (m/z 905) 

the presence of these pigments and the absence of 
chl b2 allomers. The major ion in the mass spectrum of 
chl a2  was m/z 891, consistent with its molecular ion. 
The dominant peak in the mass spectrum of total chl b 
was a cluster around m/z 903 to 909 (Fig. 5b); notably 
absent were major signals at m/z 921, 934 and 937, 
which would have corresponded to the allomers of 
chl b2 (cf. Otsuki et al. 1987). Using least-squares 
analysis, the cluster at m/z 903 to 909 was deconvo- 

luted into 2 chl b spectra with molecular ions at m/z 
905 and 907 (Fig. 5b, inset), which correspond to the 
molecular ions of chl b2 and chl b,, respectively. 

The relative concentrations of chl bl and chl bi were 
determined in all cultures by recording the ratio of the 
integrated total chl b absorbances at 468 and 478 nm 
(A468/A478). The ratios of the integrated absorbances at 
468 and 478 nm were 1.229 Â 0.004 (standard devia- 
tion) for pure chl bl isolated from higher plants and 
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Fig 6. Ratio of chl bi to chl b2 in Prochlorococcus mannus 
SS120 (0) and P. mannus MED4 (0) grown under white light 

0.837 Â 0.004 for pure chl b2 isolated from the corn 
mutant ON8147 (Bazzaz 1981). The chl b from low- 
light cultures of Prochlorococcus marinus SS120 
(<20 ]iE m 2  s l )  had an average A4g8/A478 ratio of 
0.84 Â 0.008 (N = 13), a value not significantly different 
from the value of pure chl b2 (0.10 > p > 0.05). The ratio 
increased with increasing growth irradiances, indi- 
cating that P. marinus SS120 has measurable amounts 
of normal chl bi at high light (Fig. 6). Chl bi was not 
detected in previous analyses of pigment content in the 
P. marinus isolate from the Sargasso Sea because the 
light level used in those studies (Goericke & Repeta 
1992) was below that at which chl bi begins to be 
synthesized. In contrast, P. marinus MED4 does not 
have any detectable levels of chl bl at any growth irra- 
diances (Fig. 6), as indicated by an average A468/A478 
ratio of 0.839 Â 0.016 (N = 42), a value not significantly 
different (p > 0.25) than the value of 0.837 for pure 
chl b2. The presence of chl bl in P. marinus SS120 and 
its absence in P. marinus MED4 has been suggested 
by other researchers (Partensky et al. 1993). For the 
rest of this paper, references to chl b in the P. marinus 
data refer to the sum of chl bl and chl b2 (i.e. total chl b) 
for P. marinus SS120 and to chl b2 only for P. marinus 
MED4. 

Cellular chl a increased with decreasing light inten- 
sity in all 3 picoplankton (Fig. 7A). The chl a2 per cell 
of Prochlorococcus marinus was 2 to 6 times lower than 
the chl a i  of Synechococcus WH8103 at all light inten- 
sities. P. marinus MED4 had about 2.5 times the chl a2 
per cell, but 3 to 10 times less chl b per cell (Fig. 7B), 
than P. marinus SS120, such that the sum of the chl a2 
and total chl b was similar for both clones (data not 
shown). The total chl b/chl a2 ratio for P. marinus 
SS120 was 10 times higher than the chl b2/chl a2 ratio 
for P. marinus MED4 at all growth irradiances, but 

P marinus MED4 -a , z, , , , , 

Growth irradiance (@E m 2  < I )  

Fig. 7. (A) Cellular chl ai for Synechococcus and chl a; for 
Prochlorococcus marmus SS120 and P mannus MED4. (B) 
Cellular chl b content of both P. marinus clones The inset 
shows that the total chl b m the 2 P. marinus clones as a func- 
tion of blue light and 'corrected' white light (see text) is the 
same. (C) Ratio of total chl b to chl a, as a function of white 
growth irradiance for the 2 strains Symbols for all 3 panels 
are the same. P marlnus SS120 (0, Â¥) P. mannus MED4 (0 ,  m) 
and Synechococcus WH8lO3 (A,  A ) ;  open symbols. white hght; 
closed symbols: blue light. Error bars' 1 SD of the mean of 2 or 

3 cultures 

the percent change in the chl b/chl a2 ratio over the 
growth irradiance range was the same (Fig. 7C). 

Depth profiles of chl b2/chl a2 ratios in the field 
(Goericke & Repeta 1993) span a range which is 
greater than the ranges measured here for either of 
the 2 clones of Prochlorococcus marinus. The range of 
chl b2/chl a2 ratios measured in the deep euphotic zone 
of the Sargasso Sea is similar to the range of total 
chl b/chl a-, ratio of P. marinus SS120 measured under 
blue and white light (0.4 to 2.4), whereas the range 
found in the surface waters of the Sargasso Sea is more 
similar to the range measured for P. marinus MED4 
grown under blue and white light (0.05 to 0.2) 
(Goericke & Repeta 1993). As suggested by Goencke 
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& Repeta (1993), the sharp transition of chl b2/chl a2 
ratios at depth may be due, in part, to changing pop- 
ulations of differently photoadapted (as opposed to 
photoacclimated) P. mannus populations: in the sur- 
face, the P. marinus population may consist of low 
chl b2-type cells capable of growth at higher light, 
similar to P. marinus MED4; in the deeper euphotic 
zone, the population may shift to high chl b2-type cells, 
similar to P. marinus SS120. 

The chlorophyll content for all 3 picoplankters grown 
in blue light was lower than that of cultures grown in 
white light (Fig. ?A, B). When the white light irradiance 
was corrected for the amount of blue light wavelengths, 
however, the differences disappeared for the chloro- 
phyll~ and other pigments (shown for total chl b only; 
Fig. 7B, inset). Thus, these Prochlorococcus marinus 
clones do not chromatically adapt to blue light. Rather, 
they respond to the amount of photosynthetically usable 
light energy available in both the blue and white light 
treatments. 

Cellular concentrations of zeaxanthin varied by about 
a factor of 2 in the 2 Prochlorococcusmarinus clones and 
Synechococcus WH8103 (Fig. 8A). The trends range 
from slightly increasing with irradiance in P. marinus 
SS120 (regression coefficient = 0.005 Â 0.001; p < 0.001) 
to no obvious variations with growth irradiance in P. 
marinus MED4 and Synechococcus WH8103, with the 
exception that low-light cultures of Synechococcus 
WH8103 have relatively high concentrations of zeaxan- 
thin. These data confirm the results of Kana et al. (1988), 
who showed that cellular concentrations of zeaxanthin 
do not vary appreciably in nutrient-replete batch cul- 
tures of Synechococcus WH7803 grown under a wide 
range of white light intensities. In contrast to the results 
of Bidigare et al. (1989b) for Synechococcus WH7803, 
we found no difference in the average cellular zea- 
xanthin content for P. marinus and Synechococcus 
WH8103 cells grown in white light and those grown in 
blue light (blue light data not shown). 

The content of zeaxanthin in Synechococcus 
WH8103 (3.3 Â 0.6 fg zeaxanthin cell"') was 1.7 times 
greater than that reported for Synechococcus WH7803 
(Kana et al. 1988) and 3 times the amount in the P. mar- 
inus clones (Fig. 8A). However, when zeaxanthin con- 
tent is normalized to estimated cell volume, there is no 
significant difference between Synechococcus WH8lO3 
and Prochlorococcus marinus. [The volume of Syne- 
chococcus WH8103 (0.42 Â 0.03 pm3 cell"') is esti- 
mated to be 3.2 times greater than that of P. marinus 
(0.13 Â 0.01 urn3 cell-'); Morel et al. 19931. In addition, 
a significant, positive correlation (p < 0.01) was found 
between cellular zeaxanthin and the forward light 
scatter signal on the flow cytometer for all 3 organisms 
(data not shown). When zeaxanthin is normalized to 
forward light scatter and plotted against growth irradi- 
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Fig. 8. Change in zeaxanthin and carotenes with change m 
white light intensity for Synechococcus WH8103 ( A )  and the 
2 Prochlorococms marinus clones, SS120 (0) and MED4 (m). 
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ance (Goericke pers. comm.), outliers disappear, in 
particular the low-light-grown Synechococcus WH8103 
data points. These results point to the possibility of 
using zeaxanthin as a marker for prokaryotic bio- 
volume in the field. 

For all 3 picoplankton clones, the zeaxanthin to chl a 
ratio increased (driven by photoacclimative changes in 
chl a) with increasing growth irradiance (Fig. 8B). At 
high light intensities, the zeaxanthidchl a ratio was 
highest for Prochlorococcus marinus MED4 and began 
to level off for Synechococcus WH8103. P. marinus 
SS120 has its highest ratio of zeaxanthin/chl a (about 
1.5) at light intensities at which its growth rate was 
photoinhibited (Fig. 4A). 

The a-carotene in the Prochlorococcus marinus cul- 
tures and the b-carotene in the Synechococcus cultures 
covaried with chl a (data not shown) such that the ratio 
of carotene to chl a was constant over the entire irradi- 
ance range for all 3 organisms (0.26 Â 0.02 for P. mari- 
nus SS120, 0.13 Â 0.02 for P. mainus MED4, and 0.09 Â 

0.01 for Synechococcus WH8103). It is likely that 
these carotenes are associated with the photosynthetic 
apparatus, as suggested for b-carotene in Synecho- 
coccus WH7803 (Kana et al. 1988). In addition, both the 
chl c-hke pigment and an unknown carotenoid in the 
P. marinus cultures increased with decreasing light 
(data not shown), also suggesting that these 2 pig- 
ments are involved in photosynthesis. 
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Flow-cytometrically induced red fluorescence 

As expected, the mean red fluorescence per cell 
increased with decreasing growth irradiance in all 3 
organisms (Fig. 9A, B). Prochlorococcusmarinus SS120 
had a greater mean cellular red fluorescence at a given 
irradiance than P. marinus MED4 (Fig. 9A) and the 
change in fluorescence per unit chl a was larger in 
P. marinus SS120 than P. marinus MED4 (Fig. 10A). 
This difference is reduced when fluorescence was 
normalized to the sum of chl a2 and total chl b 
(Fig. lOB), as expected since the sum of total chloro- 
phyll~ is the same for the 2 strains. However, the 
difference is not totally eliminated by this normaliza- 
tion. Even if the red fluorescence is plotted against the 
sum of all the pigments except zeaxanthin, the differ- 
ence in slopes still exists (p < 0.001). P. marinus SS120 
has a greater change in red fluorescence per pigment 
content because it absorbs more light than P. marinus 
MED4 at 488 nm (see below), which is the wavelength 
of the laser line used by the flow cytometer and which 
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Synechococcus WH8103 

red fluorescence 

fluorescence 
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Fig. 9. Flow-cytometrically induced fluorescence per cell as a 
function of white growth irradiance. Symbols: the mean 
fluorescence of the population relative to standard heads; 
error bars 1 SD of mean fluorescence. (A) Prochlorococcus 
mannus SS120 (0) and P. marinus MED4 (n), (B) Synechococ- 
cus WH8103. (A) mean red fluorescence per cell; (A) mean 

orange (phycoerythrin) fluorescence per cell 
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Fig. 10 Relative mean red fluorescence per cell as a function 
of chlorophyll for both Prochlorococcus mannus clones, 
SS120 (0) and MED4 (a) grown under white light intensity 

(A) Cellular chl a;, (B) sum of chl and total chl b per cell 

is close to the in vivo absorption maxima of chl The 
linear relationship between the fluorescence and 
chl a2, and the sum of chl 3 2  and total chl b (Fig. lo),  is 
indicative of a negligible pigment package effect in 
these small cells (Sosik et al. 1989, Veldhuis & Kraay 
1990, Morel et al. 1993). 

In the North Atlantic, the mean red fluorescence of 
Prochlorococcus marinus has been shown to increase 
sharply (about 5-fold) between the 2 and 3% light 
levels (Veldhuis & Kraay 1990). A similar sharp in- 
crease in fluorescence with depth was observed m the 
North Pacific between the 50 and the 120 m depths 
(Campbell & Vaulot 1993). These changes are greater 
than expected from photoacclimative increases in red 
fluorescence per cell for either P. marinus SS120 or P. 
marmus MED4 alone (Fig. 9A), but might be explained 
partially by a shift in population from a low chl bz-type 
P. marinus population with relatively low mean red flu- 
orescence in the surface waters to a high chl bytype 
P. marinus population with higher mean red fluores- 
cence in the deep euphotic zone. This mterpretation of 
the fluorescence data from field measurements is con- 
sistent with observations by other authors (Campbell 
& Vaulot 1993, Goericke & Repeta 1993, Veldhuis & 
Kraay 1993) and the possible existence of 2 (or more) 
strams of P. marinus which coexist in the same water 
column. 

Chlorophyll-specific absorption 

For all 3 picoplankters, the main blue absorption peak 
in the in vivo chl a-specific absorption (aePh) spectrum 
decreased with decreasing growth irradiance, except 
for low-light cultures of Prochlorococcusmarinus SS120 
(Fig. H A  to C ) .  As irradiance levels decreased, absorp- 
tion due to total chl b (at 480 and 657 nm) increased 
relative to the chl a2 absorption (at 449 and 673 nm) in 
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I (B) P. marinus MED4 Pigment wavelength (nm) 
chl a, 443, 673 

( C )  Synechococcus WH8103 Pigment wavelength (nm) 
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Fig. 11. In vivo chl a-specific absorption spectra {aePh [m2 (mg chi a ) ] }  for 
all 3 picophytoplankters Wavelengths of maximum absorption for the var- 
ious pigment peaks are listed in the insets (PEB: phycoerythrobilin; PUB: 
phycourobilin). Each line corresponds to an average spectrum of 2 or 3 cul- 
tures grown at different white-light irradiances. Lines at the bottom corre- 
spond to the standard deviation of each average spectrum. (A) Prochloro- 
coccusmannus SS120, (B) P. mannusMED4, (C) SynechococcusWH8103 

P. marinus SS120, resulting in  an apparent 
increase in the height of  the chl a2 absorp- 
tion peak in  the blue as well as in the red 
(Fig. 11A). For P. marinus MED4, there was no 
change in the  relative peak heights at 480 
and 443 n m  with changing growth irradiance 
(Fig. 11B) because the  ratio o f  chl b2 to chl a2 
is relatively small (Fig. 7C) .  T h e  blue absorp- 
tion o f  chl a, in Synechococcus WH8103 also 
decreased slightly as growth irradiance de- 
creased (Fig. l l C ) ,  although not to the same 
extent and not as systematically as for P. 
marinusMED4. Overall, P. marinus SS120 had 
a higher a*ph in  the blue wavelengths than 
Synechococcus WH8 103. 

To quantify the  contribution of  various pig- 
ments to the absorption spectra o f  Prochloro- 
coccus marinus, absorption spectra were 
reconstructed from knowledge of  the concen- 
tration of  the individual pigments and their 
respective extinction coefficients. (Absorption 
spectra for Synechococcus WH8103 were not 
reconstructed because the phycobiliproteins 
were not measured.) Reconstructed absorp- 
tion spectra for both P. marinus clones grown 
at high and low light levels closely matched 
the measured in vivo absorption spectra 
[apii(^), m i ;  not normalized to chl ay] (Fig. 12A 
to D).  The  contribution b y  the individual pig- 
ments in  each reconstructed spectrum reveals 
that the non-photosynthetic pigment, zeaxan- 
thin, is a major contributor to absorption at 
both high and low irradiances in  P. marinus. 
At the high growth irradiances, zeaxanthin 
absorption contributed 40 and 50 % to the total 
absorption at 449 and 443 n m  in P. marinus 
SS120 and P. marinus MED4, respectively 
(Fig. 12A, C). High contributions of  non- 
photosynthetic pigment absorption to total 
absorption could have important implications 
for estimates o f  primary productivity and 
photosynthetic quantum yield (Bidigare et 
al. 1987, 1989b). 

At the  lowest growth irradiances, the 
zeaxanthin contribution to the total absorp- 
tion at 443 n m  decreased to 30% and chl a2 
increased to 51 % of  the total in Prochloro- 
coccus marinus MED4; chl b2 contributed 
5 5 %  of  the total absorption at 448 n m  over 
all irradiance levels (Fig. 12C, D). T h e  shoul- 
der at 480 n m  for P. marinus MED4 is due 
primarily to the  second absorption peak of  
zeaxanthin, not chl b2 (Fig. 12C, D). In low- 
light P. marinus SS120, the absorption peak 
at 449 n m  is due to 42 % absorption b y  chl b2r 
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20 YO absorption b y  chl a2,  and only 15 YO absorption b y  
zeaxanthin (Fig. 12B). Thus,  the large amount o f  
absorption b y  chl b2 at low growth irradiances keeps 
the absorption in  the blue at relatively high values 
(Fig. 11A). For both P. marinus clones, absorption b y  
a-carotene at the chl a2 blue peak wavelength was 
10 to 15 % and that due to an unknown carotenoid and 
the chl c-like pigment was less than 5 % over the range 
of  growth irradiances (Fig. 12A to D).  

The  slight differences between the in vivo and the 
reconstructed absorption spectra could b e  due to 
several factors: (1)  the wavelength shifts assumed for 
calculating al (k)  may not be  precisely correct; (2)  w e  
used the 662 and 653 nm extinction coefficients for 
chl a2 and chl b2, respectively (Goericke & Repeta 
19931, which dif fer slightly from those measured b y  
Shedbalkar & Rebeiz (1992); (3 )  mprecision in the 
correction of  the filter absorption spectra may result in  
differences in the magnitude of  absorphon, Still, the 
close match between the reconstructed absorption 
spectra and the in  vivo absorption spectrar in particular 
the lack of  'flattening' of  absorption m the blue, is con- 
sistent with the findings of  Morel et al. (1993) that the 
package e f f ec t  in Prochlorococcus marinus is minimal. 
Bidigare et al. (1989b) concluded the same for Syne- 
chococcus WHY803 using similar methods. 

T h e  photoacclimative changes In chl a absorption 
peak height, quantified above using reconstructed 
absorption spectrar can also be  illustrated b y  plotting 
the  light-dependent ratio o f  chl a absorption in the 
blue relative to that in  the red (B/R ratio; Mitchell & 

C e f e r  1988) (Fig. 13). For all 3 phytoplankters, the B/R 
ratio increased with increasing growth irradiance 
reflecting the trend in zeaxanthin to chl a ratio 
(Fig. 8B). Proch1orococcus marjnus had a B/R ratio that 
increased to 5 as growth irradiance increased (see also 
Partensky et al, 19931, whereas 'typical' eukaryotic 
phytoplankton have B/R ratios o f  less than 2.5 (SooHoo 
et al. 1986, Maske & Haardt 1987, Mitchell & Kiefer 
1988). 

Several factors contribute to high B/R ratios in Pro- 
chlorococcus marinus. First, the ratios o f  accessory pig- 
ments (particularly chl b2 and zeaxanthin) to chl a2 are 

o P. marinus SS120 
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high. Secondly, the B/R ratio of  pure chl 
a2 and chl b2 in solvent (diethyl ether) 
is about 15 and 50% higher than that 
for chl al and chl bl ,  respectively (see 
also Bazzaz 1981). Higher specific 
absorption in  the blue wavelengths for 
chl a2 and chl b2 would provide an 
added advantage for P. marinus to 
absorb blue light relative to other 
phytoplankton, Thirdly, the small size 
o f  P. marinus results in a smaller pack- 
age e f f ec t  relative to most other phyto- 
plankton and, hence, less flattening of  
the absorption spectrum in the blue 
region (Morel et al. 1993, Partensky et 
al. 1993). 

High B/R ratios (> 3 )  from in vivo a*ph 
measurements (corrected for detrital 
absorption) have been observed m the 
Sargasso Sea (Bricaud & Stramski 
1990) and o f f  the coast o f  southern 
California (H.  Sosik & B. G. Mitchell 
unpubl. data) and are likely due to the 
presense of Prochlorococcus marinus, 
as hypothesized b y  Bricaud & Stramski 
(1990). In fact, B/R ratio could possibly 
be  used to detect the presence of  P. 
marinus in  the  field when  HPLC or flow 
cytometry is not available. 

Chlorophyll a-specific fluorescence 
excitation 

The  fluorescence emission spectra 
for both Prochlorococcus marhus  
clones is a single peak at 680 n m ,  the 
same wavelength as for Synechococcus 
WH8103 (data not shown). The  chl a- 
normahzed fluorescence [F*ph(k)]  o f  
P, marmus SS120 increased as growth 
irradiance decreased (Fig. 14A),  oppo- 
site to the  trend in  a*ph(X). This increase 
was due in large part to the  increase in 
chl b2 relative to chl a2 (Fig. 7 C ) ,  such 
that below irradiances of  56 pE m-2  s-I 
the contribution of  chl b2 to fluores- 
cence excitation exceeded that of  chl a2 
(Fig. 14A). In fact, the ratio o f  the total 

wavelength (nm) 

wavelength (nm) 

Fig 14 Chl a-specdlc fluorescence excltatlon spectra at Uferent  growth m a -  
diances. Fluorescence emission was measured at 680 nm. Each hne corre- 
sponds to an average spectrum of 2 or 3 cultures grown at different whlte-light 
uradlances. Lines at the bottom (below a relative fluorescence of 1) correspond 
to the standard deviabon of the average spectrum, (A) Prochlorococcus mannus 
SS120, (B) P, marinus MED4. Inset: comparison of FePh(k) and chl a-speclflc re- 
constructed spectra, ABS-Z, generated by subtrachng the zeaxanthm absorp- 
tlon from the reconstructed absorption and dlvidmg by chl a2 content at hlgh 
(HL) and low (LL) hght mtensities. F*ph(k) was normahzed to the chl a2  peak of 
AEiS-Z for easy cornpanson of spectral shapes. LL = 3 pE m-2 s-I for P. marinus 
SS120 and 18 pE m-2 ssl for P. marlnus MED4; HL = 75 pE m-'s-l for P. mari- 

nus SS120 and 173 UE m-2 s-l for P marlnus MED4 

chl b F*ph peak at 480 nm to that o f  the chl a2 F*ph peak dsferences of  the chl a2 a*ph peak. However, fluores- 
at 443 n m  (F-ratio; Mitchell & Kiefer 1988) is positively cence emission due to chl b2 absorption F*ph (480 n m )  
correlated (r = 0.87, p < 0.01) with the  total chl b/chl a2 was apparent when  P. marinus MED4 was grown at 
ratio for P. marinus SS120 (data not shown). For P. mar- low irradiances (Fig, 14B). 
inus MED4, the differences between high- and low- T h e  opposite trend in  the  magnitude of  the chl a2 
light chl a2 F*ph(k) peaks are small compared to peak in  fluorescence excitation spectra relative to the 
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absorption spectra can be explained more fully by 
considering the non-photosynthetic role of zeaxanthin 
(Kana et al. 1988, Bidigare et al. 1989b). The fluores- 
cence excitation spectra should be spectrally similar 
to the absorption spectra only if the light absorbed by 
the accessory pigments (e.g. chl b2) is transferred with 
high (and equal) efficiency to chl a2. Pigments not con- 
nected with the photosynthetic apparatus will not be 
observed in the excitation spectrum. To verify that 
zeaxanthin does not contribute to chl a2 fluorescence, 
we subtracted zeaxanthin absorption from the chl a- 
normalized reconstructed absorption spectra (ABS-Z) 
and compared this to the corresponding measured 
F*ph(L) at both h g h  and low growth irradiances. The 
comparison revealed that ABS-Z spectra for both 
Proch1orococcus marinus clones was spectrally similar 
to the measured F*ph(k), even when considering spec- 
tral distortion in F*ph(L) due to the preservation process 
(see 'Methods'). Furthermore, the trend of decreasing 
absorption in the blue with decreasing irradiance 
(Fig. 1 lA, B) was eliminated for P. marinus MED4 and 
reversed for P. marinus SS120, as was seen for F*ph(L). 
This indicates that zeaxanthin does not contribute 
to fluorescence emission, consistent with the non- 
photosynthetic role of zeaxanthin suggested by other 
authors (Kana et al, 1988, Bidigare et al. 1989b). 

CONCLUSIONS 

Prochlorococcus marinus SS120 is adapted to 
growth at low light, relative to Synechococcus 
WH8103 (Fig. 4 ,  Table 1). This result supports obser- 
vations that P. marinus is a very abundant (Olson et 
al. 1990) and fast-growing (Goericke & Welschmeyer 
1993) picoplankter in the deep euphotic zone of the 
Sargasso Sea. A high abundance of P. marinus has 
been observed in the deep euphotic zone in other 
oceanic regions as well: the eastern North Atlantic 
(Veldhuis et al. 19931, the Red Sea (Veldhuis & Kraay 
19931, the North Pacific (Campbell & Vaulot 1993) 
and the equatorial Pacific (R. Olson, E. Zettler, J. 
Dusenberry & B. Binder unpubl. obs,). Thus, it is 
likely that strains similar to P. marinus SS120 are 
present in these locations as well. 

Differences in seasonal and lat~tudinal distributions 
of Prochlorococcus marinus and Synechococcus in the 
Sargasso Sea cannot be explained by the temperature- 
dependent growth responses observed in this study 
(Fig. 31, Other factors, such as nutrient availabilityi are 
likely to be important environmental determinants. In 
the North Atlantic, P. marinus appear to be limited to 
regions with temperatures above 15 to 18 OC (Olson et 
al. 1990, Veldhuis et al. 1993). The presence of P. mar- 
inus strains other than those used in this study also 

may account for the different latitudinal and seasonal 
distributions observed in the North Atlantic. 

The 2 clones of Prochlorococcus mannus used in this 
study d~ffer significantly in their physiological responses 
to light. P. marinus MED4 is high-light adapted, ex- 
hibiting a light-dependent growth response similar to 
Synechococcus WH8103 (isolated from the surface of 
the Sargasso Sea), whereas P. marinus SS120 is low- 
light adapted. P, marinus MED4 has significantly re- 
duced levels of chl b2/chl a2 relative to P. marinus SSl2Or 
which results in different absorpt~on and fluorescence 
properties. Gene sequence analysis of the rpoC1 RNA 
polymerase gene indicates that these 2 P. marinus 
clones are more divergent than 2 heterocyst-forming 
cyanobacteria from different morphological groups 
(Palenik & Haselkorn 1992), supporting the idea that 
these 2 P. marinus isolates are genetically distinct- On 
the other hand, these isolates are only 1.2 % divergent in 
the slower-evolving 16s ribosomal RNA gene (E. Ur- 
bach unpubl. data), which suggests that these 2 clones 
are monophyletic. Analysis of 16s ribosomal RNA, psbB 
and combined petB and petD gene sequences has 
revealed that these 2 clones and other P. marinus iso- 
lates form a phylogenetic cluster (E. Urbach unpubl. 
data), suggesting that they should be considered a 
single genus, and possibly a single species. Further 
studies of the phylogenetic d~versity of these organisms 
are needed to explore this issue, 

It is possible that the differences in the physiological 
response to light between Prochlorococcus marinus 
SS120 and P. marinus MED4 are not due solely to the 
fact that they were isolated from 2 geographically dis- 
tinct regions, but reflect the depth from which each 
was isolated. Several lines of evidence suggest that at 
least 2 strains of P. marinus may coexist at a given 
locality, and that these strains may be photoadapted 
for high and low light in ways that are similar to P. mar- 
inus MED4 and P. marinus SS120, respectively. (1) 
P. marinus are able to grow in the surface w e d  layer 
of the Sargasso Sea (Goericke & Welschmeyer 1993), 
even though the Sargasso Sea P. marinus isolate is 
photoinhibited at high light. (2) Depth profiles of 
chl b2/chl a2 in the Sargasso Sea are suggestive of a 
h ~ g h  chl b2-containing P. marinus at depth and a low 
chl b2-containing P. marinus in the surface (Goericke 
& Repeta 1993). (3) At least 2 coexisting populations 
of P. marinus in the deep euphotic zone have been 
observed based on flow cytometric measurements in 
the North and South Pacific (Campbell & Vaulot 1993, 
B. Binder, R. Olson, J, Dusenberry & E, Zettler unpubl. 
obs.), the Red Sea (Veldhuis & Kraay 1993) and the 
Sargasso Sea (authors' unpubl. obs.). 

The observed variability in chl a-specific absorption 
and fluorescence excitation spectra as a function of light 
is due to photoacclimative changes in pigment ratios 
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and not to pigment package effect, as evidenced by 
reconstructed absorption spectra. Our results differ 
from results for eukaryotic phytoplankton, where the 
package effect accounts for most of the changes in the 
blue region (chl a peak) of a*ph (Mitchell & Kiefer 1988, 
Berner et al. 1989). Reconstructed absorption spectra for 
Prochiorococcus marhusindicated that zeaxanthin is a 
major contributor to the magnitude and changes in the 
blue region of a*ph but does not contribute to chlorophyll 
emission, consistent with a non-photosynthetic role in 
these organisms (Kana et al. 1988, Bidigare et al. 1989b). 
Estimates of primary productivity and photosynthetic 
quantum yields could be incorrect by as much as 50 YO if 
the absorption of light due to zeaxanthin is included. 
The use of chl a-specific photosynthetically active ab- 
sorption (asps) quantified from FePh(L) to eliminate van- 
ability in a*ph due to non-photosynthetically active pig- 
ments has been suggested (Sosik & Mitchell unpubl. 
data). An additional error in the estimates of primary 
productivity and quantum yields may occur if an incor- 
rect p-correction algorithm is used to correct absorption 
of cells on filters from waters dominated by picoplank- 
ton, in particdar P. marinus. 

In vivo a*ph in the blue for Prochlorococcus marinus 
is higher relative to that measured for eukaryotes 
(Maske & Haardt 1987, Mitchell & Kiefer 1988, Berner 
et al. 19891, resulting in a high B/R ratiov which could 
be used as an mdicator of P. marinus when more 
reliable methods of detection, such as flow cytometry 
or HPLC, are unavailable. The high a*ph in the blue is 
due not only to high pigment-specific absorption by 
accessory pigments but also to the small cell size of 
P. marinus (Morel et al, 1993). The small cell size and 
chl b2 content of P. marinus, particularly P. marinus 
SS120, are key features which give P. marinus a com- 
petitive advantage over Synechococcus and other 
phytoplankton in the deeper euphotic zone where 
nutrients are relatively available. 
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