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Abstract

Cultured isolates of Prochlorococcus from the Mediterranean Sea (MED4) and Sargasso Sea (SS120) have been
shown to have dramatically different pigment composition and growth rate responses when grown over a range of
irradiances. Moreover, analyses of field populations in the North Atlantic have shown that distinct ecotypes can
coexist in the same water column. These and other observations have led to the hypothesis that Prochlorococcus
is comprised of genetically distinct ecotypes that collectively expand the range of light intensities over which the
genus can thrive. In this paper, we explore this hypothesis by comparing the photophysiology of 10 different
Prochlorococcus isolates from diverse oceanographic regimes. We found that the 10 isolates could be grouped into
two loose clusters based on their growth response to varying light intensity and their chlorophyll b/a, (Chl b/a,)
ratios. Although both groups photoacclimate when grown over a range of light intensities, isolates with distinctly
higher Chl b/a, ratios (high B/A ecotype) reach maximal growth rates at lower irradiances (1, ), have high growth
efficiencies («), and are inhibited in growth at irradiances where isolates with low Chl b/a, ratios (low B/A ecotype)
are growing maximally. High Chl b/a, ratios resulted in higher spectrally weighted average Chl a,-specific absorption
coefficient (a%,), Chl a,-specific light-harvesting efficiency (ag..), and quantum yield (¢,) under low growth irra-
diances for the isolates of the high B/A ecotype relative to the others. The distinction between the high and low
B/A ecotypes is supported by molecular phylogenies constructed using the 16S ribosomal ribonucleic acid (rRNA)
gene. The physiological differences between the ecotypes most likely result in different relative distributions in a
given water column and in fluctuations in their relative abundances as a function of seasonal dynamics and water-

column stability.

Prochlorococcus, a Chl b-containing cyanobacterium
(Palenik and Haselkorn 1992; Urbach et al. 1992; Pinevich
et al. 1997), is the dominant phototroph found throughout
the euphotic zone from temperate to tropical waters of the
open oceans. Its vertical distribution spans from the surface
to depths of 200 m, where the light level can be as low as
0.1% of surface irradiance (Chisholm et al. 1988; Olson et
a. 1990a; Campbell and Vaulot 1993; Veldhuis and Kraay
1993; Lindell and Post 1995; Partensky et al. 1996; Camp-
bell et al. 1997). Prochlorococcus populations exhibit un-
usually large changes in their ratio of Chl b to divinyl Chl
a (Chl a,) and flow cytometrically derived chlorophyll fluo-
rescence per cell with depth (Olson et a. 1990a; Goericke
and Repeta 1993; Partensky et al. 1996; Shimada et al. 1996;
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Campbell et al. 1997). In addition, bimodal frequency dis-
tributions of chlorophyll fluorescence per cell have been ob-
served in the equatorial and North Pacific (Campbell and
Vaulot 1993; Binder et a. 1996; Blanchot and Rodier 1996),
the North Atlantic (Olson et al. 1991; McManus and Dawson
1994; Partensky et al. 1996; Moore et al. 1998), and the Red
Sea (Veldhuis and Kraay 1993).

These features collectively suggested that at least two
types of Prochlorococcus coexist in the oceans. one accli-
mated to the low light and high nutrient conditions of the
deep euphotic zone and the other acclimated to high light
and low nutrient conditions at the surface (Campbell and
Vaulot 1993; Goericke and Repeta 1993; Partensky et al.
1996). Indeed, laboratory studies of two Prochlorococcus
strains isolated from different oceans—MED4 from the
Mediterranean Sea and SS120 from the Sargasso Sea—
showed that the two strains were physiologically distinct.
SS120, which was isolated from the deep euphotic zone, had
a significantly higher Chl b/a, ratio and was better adapted
for growth at lower light intensities than the surface isolate,
MED4 (Partensky et al. 1993; Moore et a. 1995). Recently,
we demonstrated that bimodal Prochlorococcus populations
at two locations in the North Atlantic actually represented
the coexistence of at least two physiologically and geneti-
cally distinct populations with high and low light-adapted
characteristics similar to MED4 and SS120 (Moore et al.
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Table 1. Isolation information for Prochlorococcus isolates used in this study.

Isolate name Location Coordinates Depth of isolation  Date isolated Isolator
MIT9215* Equatorial Pacific 0°, 140°W Surface Oct 92 B. Binder
MIT9201* South Pecific 12°S, 145.4°W Surface Sep 92 B. Binder
MIT9202* South Pacific 12°S, 145.4°W 79 m Sep 92 B. Binder
MIT9302t Sargasso Sea 34.8°N, 66.2°W 100 m Jul 93 L. R. Moore
MIT9312tF Gulf Stream 37.5°N, 68.2°W 135 m Jul 93 L. R. Moore
MED4% Mediterranean Sea 43.2°N, 6.9°E 5m Jan 89 D. Vaulot
MIT9211* Equatorial Pacific 0°, 140°W ~83m Apr 92 R. Olson
MIT9303t Sargasso Sea 34.8°N, 66.2°W 100 m Jul 93 L. R. Moore
MIT9313t Gulf Stream 37.5°N, 68.2°W 135 m Jul 93 L. R. Moore
SS120*§ Sargasso Sea 29°N, 64.4°W 120 m May 88 B. Palenik

* |solates obtained by filter fractionation.

T Isolates obtained by sorting on flow cytometer.
+ Same isolate as CCMP1378.

§ Same isolate as CCMP1375.

1998). In addition, phylogenetic analyses of 16S rDNA se-
quences for a number of Prochlorococcus isolates from di-
verse locations indicate that isolates with low Chl b/a, ratios
formed a distinct cluster, which has been called the high
light-adapted clade, whereas the other isolates, characterized
by high Chl b/a, ratios, branched separately from this cluster
(Moore et al. 1998; Rocap et al. 1998; Urbach et a. 1998).

Collectively, these observations led to the question of
whether or not all isolates of Prochlorococcus could be char-
acterized as either low or high light-adapted ecotypes based
on their Chl b/a, ratio, growth response, and photosynthetic
performance as a function of light intensity. We address this
question here through a detailed comparative analysis of the
photophysiology of 10 Prochlorococcus isolates from di-
verse oceans and depths.

Materials and methods

Isolation and culture conditions—Ten isolates of Proch-
lorococcus (Table 1) were examined for their physiological
response to light availability. Isolation and culture conditions
for the clonal isolates SS120 and MED4 have been described
previously for their growth, pigment, and fluorescence data
(Moore et al. 1995). Isolates MIT9302, MIT9303, MIT9312,
and MI1T9313 were obtained by sorting on a flow cytometer
as described in Moore et al. (1998), and the four isolates
from the Pacific Ocean, MIT9201, MIT9202, MIT9211, and
MIT9215, were obtained by filter fractionation (as described
in Chisholm et al. 1992). None of these eight isolates was
rendered clona by growing up from a single cell. However,
they have been shown to have single 16S rDNA sequences
(Moore et al. 1998; Rocap et al. 1998) and have aways
maintained a coherent flow cytometric signature. None of
the isolates used in this study was axenic.

Batch cultures were grown in 25-mm glass test tubes on
14:10 light: dark (LD) cycle in Sargasso Sea water enriched
with 10 uM NaH,PO,, 50 uM NH,CI, 100 uM urea, 1.17
uM EDTA, and the following trace metals: 8 nM Zn, 5 nM
Co, 90 nM Mn, 3 nM Mo, 10 nM Se, 10 nM Ni, and 1.17
M Fe (““PRO2” media, a modification of K/10-Cu media
outlined in Chisholm et al. 1992). The only exception to
these conditions was for the growth, pigment, and fluores-

cence data for SS120 and MED4 taken from Moore et al.
(1995), where the cultures were grown in 250-ml polycar-
bonate flasks in a medium that contained 10-fold higher con-
centration of EDTA (11.7 uM). Different light levels were
obtained using cool-white fluorescent lamps in combination
with layers of plastic neutral-density filters (Roscolux) and
measured with a Biospherical QSL-100 light meter. Through
a series of small incremental changes in irradiance levels (as
suggested by Kana and Glibert 1987a), the cultures were
acclimated to each irradiance level for at least 10 generations
until balanced growth was established, asindicated by a con-
stant chlorophyll fluorescence per cell. Various measure-
ments were made during exponential phase once acclimation
and balanced growth were established. Experiments made at
irradiance levels where growth rate was zero were repeated
to ensure that a zero growth was indeed real. All growth
experiments were carried out at 24°C (*1), which is the
optimal growth temperature for SS120 and MED4 (Moore
et a. 1995) and is only dlightly below the optimal growth
temperature (25.5°C) for two Pacific isolates, MIT9211 and
MIT9215 (Moore 1997).

Growth rate and flow cytometric measurements—Growth
rate was determined by sampling each culture at the same
time of day over several generations using a FACScan flow
cytometer (Becton-Dickinson) to enumerate the cells. Mean
fluorescence per cell was also determined flow cytometri-
cally and is reported relative to 0.57-um-diameter yellow-
green, polystyrene microspheres (Polysciences). Data were
analyzed using cyTorc software (Vaulot 1989). As a means
of comparing the light-dependent growth response between
isolates, four parameters were used: w,.,., the light-saturated,
maximum growth rate for the temperature and media con-
ditions used; «, the growth efficiency under subsaturating
light; and I, 4, the light level at which w,, is reached. The
parameters were calculated as follows: w,., from the average
of the light-saturated growth rates, «, from the initial slope
of the w vs. |, curve, and I, , from the ratio of i, t0 a,.

Pigment measurements—Pigments were measured using
high-pressure liquid chromatography (HPLC), as described
in Goericke and Repeta (1993). Throughout this paper, we
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use “Chl b to refer to both monovinyl and divinyl Chl b
(Chl b, and Chl b,, respectively), as several isolates contain
both (see Results and discussion). For pigment analyses, cul-
tures were harvested from exponential growth phase by fil-
tering a known volume (10-25 ml) onto 25-mm Whatman
GF/F filters under low vacuum. Filters were stored in liquid
nitrogen until extraction (as described in Goericke and
Welschmeyer 1993) and analyzed on a C-8 column-based
reverse-phase Beckman Gold HPLC system. All pigments
were identified based on their relative retention times (Goer-
icke and Repeta 1993) and quantified using integrated ab-
sorbance at 440 nm for Chl a,, zeaxanthin, and «-carotene
and 478 nm for Chl b, and Chl b,. The chromatographic
systems were calibrated with Chl b, extracted from spinach
and Chl a, and Chl b, from Prochlorococcus cultures by
collecting each pigment as it eluted off the HPLC, drying
under N,(g), resuspending in 90% acetone, quantifying spec-
trophotometrically using known extinction coefficients
(Goericke and Repeta 1993), and then injecting a dilution
series for each pigment on the HPLC system. For pigment
analysis of cultures used in photosynthesis-irradiance ex-
periments (P-1) (see below), Chl a, and Chl b were extracted
as described above and quantified spectrophotometrically us-
ing the trichromatic equations of Jeffrey and Humphrey
(1975).

P-1 measurements—For P-I experiments, all 10 isolates
were grown at 24°C on a14:10-LD cycle at alow (~9 pmol
Q m~2 s and relatively high growth irradiance (~70 wmol
Q m2 s, except for MIT9303, where 52 umol Q m=2 s*
was used because its range of saturated growth is more nar-
row than the other isolates) using cool-white fluorescent
lamps. Photosynthesis, cell counts by flow cytometry, and
absorption measurements (see below) were made, and sam-
ples for pigment analysis were harvested during exponential
growth phase. Measurements were performed at the same
time of day (4—6 h into light cycle) for each culture to avoid
diel effects. Photosynthesis was measured by incubating ex-
ponentially growing cells with NaH“CO, (0.1 uCi ml—%;
specific activity between 10° and 2 X 10° DPM) at 23 =
1°C for 45 min and was terminated by acidification, as de-
scribed in Moore et a. (1998). Irradiances were obtained
using very high output/daylight spectrum fluorescent bulbs
attenuated with neutral-density filters. Chl a,- and cell-nor-
malized data were fitted to the equation of Platt et al. (1980)
using the curve-fitting program in SigmaPlot (Jandel Sci-
entific) to obtain photosynthesis parameters. maximum rate
of photosynthesis, P, (fg C (fg Chl a,)-* h-* or fg C cell -*
h-1), the initial slope of the P-1 curve, « (fg C (fg Chl a,)*
h=1 (umol Q m=2 st orfg C cel* h?! (umol Q m2
s 1Y), the irradiance at which photosynthesis is saturated,
I, (umol Q m=2 s1), and the index of photoinhibition, I,
(umol Q m=2 s71). The maximum quantum yield of photo-
synthesis, ¢,, (mol C mol Q-*) was calculated from the ratio
of a,, to @,. The rate values presented here are gross pho-
tosynthesis, as respiratory losses were assumed to be small
due to the short incubation times used (45 min). Measure-
ments were carried out on duplicate cultures for each strain
and treatment, and all values reported are the mean (=1 SE)
of duplicate cultures.

Absorption measurements—An in vivo absorption spec-
trum was obtained for each culture used in the P-1 experi-
ments. A Beckman DU-640 spectrophotometer was used,
with an opal diffuser placed between the suspended cells and
the detector opening to minimize particle-scattering effects
(when necessary, cultures were concentrated by centrifuga-
tion, as described in Moore et al. 1995). The spectrally
weighted average Chl a,-specific absorption coefficient, a%,
(m? (mg Chl a,)™%), was calculated over the photosyntheti-
cally available radiation (PAR) range (A = 400—700 nm) as
follows:

f ag ()\) ’ E()‘) dr

(1)
J E()) dA

where a%,(A) is the Chl a,-specific absorption and E(A) is
the energy spectrum (W nm-1) of the daylight fluorescent
lamps used for P-I experiments.

*
a'chl -

Results and discussion

Growth rate vs. irradiance—All Prochlorococcus isolates
exhibited steep initial slopes of growth rate vs. irradiance
curves and began to saturate at relatively low growth irra-
diances, such that differences between isolates are best ob-
served by plotting irradiance on alog scale (Fig. 1A,B). The
initial slope of the growth vs. irradiance on a linear scale,
a,, ranged from 0.013 to 0.027 d-* (umol Q m=2 s7%)~* (Tar
ble 2), which is on the high end of values reported for other
phytoplankton species from diverse taxa (Langdon 1988; Ir-
iarte and Purdie 1993; Milligan and Cosper 1997). Species
with approximately twofold higher «, values include the
chlorophytes Chlorella pyrenoidosa (Bannister 1979, as re-
ported in Langdon 1988) and Pycnococcus provasolii (Iriarte
and Purdie 1993). The growth of all the Prochlorococcus
isolates saturated at low irradiances, I, = 22-59 umol Q
m-2 st (Table 2), and the range of irradiances over which
they grew before growth was inhibited due to high light was
relatively narrow, approximately two orders of magnitude.
Most other species that have been studied are capable of
growth over larger irradiance ranges and typically do not
show inhibition at the relatively low irradiances seen for
Prochlorococcus. For example, growth occurs over three or-
ders of magnitude for the diatom Phaeodactylum tricornu-
tum (Nelson et al. 1979) and the cyanobacterium Synecho-
coccus WH7803 (Kana and Glibert 1987a).

There are distinct differences between Prochlorococcus
isolates in their growth response to light intensity. At first
glance, the growth rate curves of the 10 isolates may appear
to form a continuum, particularly at subsaturating irradianc-
es, but upon closer examination, they can be clumped into
two distinct groups based on their I, , (Table 2). One group,
which did not show growth inhibition until light intensities
exceeded ~250 umol Q m=2 st (Fig. 1A), consists of pre-
viously designated high light-adapted isolates MEDA4,
MIT9312, and MIT9302 (Moore et al. 1995, 1998) and also
includes three isolates from the Pacific, M1T9201, MIT9202,
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Fig. 1. Growth rate vs. irradiance curves for each isolate. (A)
Data points are for high light-adapted isolates, and the shadow rep-
resents the range of data corresponding to the low light-adapted
isolates. (B) Data points are for low light-adapted isolates, and the
shadow represents the range of data corresponding to the high light-
adapted isolates. Curves fitted by eye. Data for SS120 and MED4
are from Moore et a. (1995), and data for MIT9302, MIT9303,
MIT9312, and MIT9313 are from Moore et a. (1998).

and MI1T9215. The other group (isolates SS120, MIT9211,
MIT9303, and MIT9313; Fig. 1B) exhibited I, , values that
were about half those of the high light-adapted isolates and
(with the exception of MED4) had significantly lower w,.,
values (Table 2). Under the growth conditions of this study,
these four low light-adapted isolates were incapable of
growth above ~200 umol Q m=2 s%, where the other iso-
lates were at or near maximum growth rates (compare Fig.
1A,B). At subsaturating light intensities, the responses of the
four low light-adapted isolates were less uniform. Both the
type strain SS120 and the Pacific isolate M1T9211 were able
to grow at the lowest irradiances of any of the isolates; the

Table 2. Growth parameters from growth vs. light curves for
each isolate. Maximum light-saturated growth rate, w,,,., in units of
d-*; growth efficiency under subsaturating light intensities, «,, in
units of d-* (umol Q m~2 s71)~%; and irradiance at which growth is

saturated, |4, in units of umol Q m=2 s,
Mean Mean Mean
Isolate Mo =SE a, +SE I, =*SE

MIT9215 0.77 0.05 0.013 0.002 59 13
MIT9201 079 004 0020 0.005 40 12
MI1T9202 083 005 0.014 0.002 59 12
MI1T9302 0.75 0.03 0.014 0.003 56 13
MIT9312 078 001 0021 0.002 36 5
MED4 063 006 0.014 0.001 45 7
MIT9211 063 002 0.027 0.006 23 6
MIT9303 0.51 0.03 0.023 0.002 22 3
MIT9313 054 004 0022 0.004 25 6
SS120 053 006 0.020 0.005 27 10

Atlantic isolate MIT9303 had a very narrow range of light
intensities over which it could grow (3.6-73 umol Q m=2
s1); and the Atlantic isolate MIT9313 had an intermediate
response between MI1T9303 and MIT9211.

The grouping of the isolates based on light-dependent
growth rate response is consistent with their molecular phy-
logenies, based on 16S rDNA sequences. The high light-
adapted isolates form a distinct cluster among the marine
cyanobacteria, which has been designated the high light-
adapted clade (Moore et a. 1998; Rocap et al. 1998; Urbach
et a. 1998). The four low light-adapted isolates branch sep-
arately from the high light-adapted clade in these trees but
do not form a distinct cluster (Moore et al. 1998; Rocap et
al. 1998; Urbach et al. 1998), which is consistent with their
nonuniform growth response to light intensity. Similar phy-
logenetic patterns also have been obtained from sequence
analyses of two ecologically relevant functional genes, psbB
(which codes for the Chl a-binding antenna protein CP47;
Urbach et a. 1998) and ntcA (which codes for the global
nitrogen regulator NtcA; Lindell and Post unpubl. data).

The growth rates of Prochlorococcus reported here are
consistent with estimates of growth rates in the field at com-
parable light intensities. Within and below the subsurface
chlorophyll maximum (70—200 m), estimates of growth rates
range between 0.04 and 0.39 d—* for different oceans (Goer-
icke and Welschmeyer 1993; Binder et al. 1996; Partensky
et a. 1996; Liu et al. 1997). In our cultures, an I, of 10
umol Q m~2 st (which corresponds to a depth of 118 m,
assuming an attenuation coefficient of k = 0.045 m-* and
surface irradiance of I, = 2,000 umol Q m=2 s*) yielded
growth rates ranging from 0.04 to 0.25 d-* for the high light-
adapted isolates and from 0.18 to 0.41 d-* for the low light-
adapted isolates (Fig. 1A,B). This suggests that growth rates
reported for some deep populations in situ may represent a
composite growth rate for multiple ecotypes.

The compl ete photoinhibition of the low light-adapted iso-
lates grown at light intensities above ~200 umol Q m—2 s
raises questions as to whether they could survive in a surface
mixed layer. For example, in an upper mixed layer extending
to 50 m, PAR can range from 210 to 2,000 umol Q m-2 st
(assuming the same k and |, as above); these light levels far
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exceed the upper irradiance of growth for the low light-
adapted isolates (Fig. 1B). Complete inhibition of growth
due to high light exposure is not a common observation for
most phytoplankton, although it has been found for oceanic
species of dinoflagellates at ~800 umol Q m~2 s~ (Brand
and Guillard 1981). Prochlorococcus spp. are found in sur-
face waters, however, and estimates of in situ growth rates
in surface waters reach 0.75 d—* (Goericke and Welschmeyer
1993; Landry et al. 1995; Vaulot et a. 1995; Liu et al. 1997,
Veldhuis et a. 1997; Shalapyonok et al. 1998), similar to
the .. Of the high light-adapted isolates (Table 2). This, in
combination with the complete photoinhibition of the low
light-adapted isolates, suggests that populations of Prochlo-
rococcus in surface-stratified water columns are likely com-
posed only of high light-adapted ecotypes.

Chl b/a, ratio—All the Prochlorococcus isolates photoac-
climate, i.e., they increase their chlorophyll content as irra-
diance decreases. Increases in Chl b surpassed those of Chl
a, such that the ratio of Chl b/a, increased as irradiance
decreased, though to differing degrees for different isolates
(Fig. 2A). The six high light-adapted isolates clustered to-
gether with low ratios of Chl b/a, (0.05-0.65), whereas the
other four had the highest ratios (0.47—2.6). Among the low
light-adapted isolates, SS120 and MIT9211 had the highest
Chl b/a, ratios and were dlightly separated from MI1T9303
and MIT9313, suggesting that these four isolates do not form
a single cluster, which is again consistent with the growth
patterns and molecular phylogeny.

At any particular growth irradiance, the high light-adapted
isolates have significantly lower Chl b/a, ratios than the low
light-adapted isolates (P < 0.01), which, thus far at least,
alows this parameter to serve as a distinguishing character-
istic between these two groups, as long as the light history
is known. Two clonal isolates from the northwestern Pacific,
GP2 and SB, have low Chl b,/a, ratios (0.17 and 0.13, re-
spectively) when grown at low blue-green light (6 umol Q
m~2 s % Shimada et al. 1996). From this, we would predict
that these two isolates would have a high light-adapted
growth response. Consistent with this characterization, phy-
logenetic relationships inferred from 16S rDNA sequences
place these two isolates in the high light-adapted clade (Ur-
bach et a. 1998). Chl b/a, ratios also have been instrumental
in generating hypotheses about distributions of natural pop-
ulations of Prochlorococcus. In situ estimates of Chl b/a,
ratios in surface waters are typically <0.7 fg/fg (Goericke
and Repeta 1993; Claustre and Marty 1995), consistent with
the ratios characteristic of Prochlorococcus isolates capable
of growth in higher light intensities. Ratios in the deep eu-
photic zone shift to values as high as 3 fg/fg (Goericke and
Repeta 1993; Claustre and Marty 1995), spanning the range
found for the low light-adapted isolates, strongly supporting
the hypothesis that Prochlorococcus ecotypes partition the
water column with respect to depth (Campbell and Vaulot
1993; Goericke and Repeta 1993; Moore et al. 1998).

Because the distinction between the low and high light-
adapted groups is most clear based on their Chl b/a, ratios,
and in keeping with the use of pigment differences to char-
acterize different types of Synechococcus (e.g., high and low
PUB types; see Waterbury et al. 1986), we will refer to high

light-adapted Prochlorococcus as the low B/A ecotype and
low light-adapted isolates as the high B/A ecotype through-
out the rest of the paper.

Only four of the isolates—two low B/A (MIT9302 and
MIT9312) and two high B/A (MIT9211 and SS120)—con-
tain the more typical, monovinyl Chl b, in addition to divinyl
Chl b,, as has been previously reported for SS120 (Partensky
et a. 1993; Moore et al. 1995) (data not shown). Chl b, was
only present as maximal growth rates were achieved, and it
increased relative to Chl b, as irradiances became photo-
inhibitory for both the low and high B/A isolates. In the
former, Chl b, constituted 9-37% of the total Chl b, whereas
it reached 71% of the total Chl b in MIT9211. Another in-
teresting pigment anomaly is the presence of an unidentified
pigment in MIT9303 and MIT9313, which elutes from the
HPLC system 0.71 min after the zeaxanthin peak. This pig-
ment (possibly the carotenoid parasiloxanthin; Goericke
pers. comm.) was present only under low growth irradiances.
Although pigment composition may not, by itself, be the best
taxonomic criteria (Pinevich et al. 1997), the presence of
additional pigments in some, but not all, members of each
ecotype points more strongly to the possibility of subgroups
within the high and low B/A ecotypes.

Chlorophyll fluorescence per cell—Because the difference
in flow cytometrically derived chlorophyll fluorescence per
cell was one of the first indications of the coexistence of
different types of Prochlorococcus in natural populations
(Campbell and Vaulot 1993; Veldhuis and Kraay 1993), we
examined this parameter in the cultured isolates to see if it
could also be used to distinguish between the two ecotypes.
We found that although the two ecotypes could be loosely
clustered according to this parameter, there was significant
overlap, particularly at high light intensities (Fig. 2B). This
is because the fluorescence signal is tightly correlated with
total pigment content (Chl a, + b, + b,) (r? = 0.88) and
not as tightly with the Chl b/a, ratio. Thus, this parameter
was not a distinguishing characteristic between the two
groups.

The high B/A isolates, SS120, MIT9211, MIT9303, and
MIT9313, al exhibited small but significant amounts of flow
cytometrically induced orange (585 nm) fluorescence that
increased with decreasing growth irradiance (data not
shown). This is consistent with observations of the phyco-
erythrin (PE) genes in SS120 (Hess et al. 1996; Hess 1998)
and MIT9303 (Ting et al. 1998). Furthermore, low levels of
orange fluorescence have been reported for a natural popu-
lation of Prochlorococcus in the bottom euphotic layer of
the tropical Pacific, which have been attributed to the pres-
ence of small amounts of PE (Hess et al. 1996).

Absorption properties—As presented previously for iso-
lates SS120 and MED4 (Morel et al. 1993; Moore et al.
1995), changes in the ratio of Chl b/a, are reflected in the
in vivo Chl a,-specific absorption spectra of all Prochloro-
coccus isolates (Fig. 3). When grown under low irradiance,
a distinct peak associated with Chl b, + b, (A = 480 nm)
is apparent for the four high B/A isolates. Photoacclimative
changes in the concentrations of the pigments are also ap-
parent in the ratio of the total Chl b peak in the blue relative
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Fig. 2. Chl b/a, ratio (fg/fg) and relative mean chlorophyll fluo-
rescence per cell as a function of growth light intensity. (A) Ratio
of Chl b/a, (fg/fg) vs. irradiance. (B) Relative mean chlorophyll
fluorescence per cell vs. irradiance. Vaues are means (+1 SE) of
duplicate cultures. Data for SS120 and MED4 in both panels are
from Moore et a. (1995). Symbols for each isolate are the same as
in Fig. 1.

to the Chl a, blue peak (a,g,/a.) and the ratio of peak ab-
sorption of Chl a, in the blue relative to that in the red (a,,,/
a0, Fig. 3). All Prochlorococcus isolates examined to date
and a deep Prochlorococcus population in the Arabian Sea
(Johnson et al. 1998) have values of a,/as, (B/R ratio)
exceeding those observed for other phytoplankton (SooHoo
et al. 1986; Maske and Haardt 1987; Mitchell and Kiefer
1988; Moore et a. 1995), allowing this parameter to be used
as a rough indicator of the presence of these cells. As ex-
pected, the average Chl a,-specific absorption coefficients
spectrally weighted to the daylight lamps (a%,) are 1.6-fold
higher for the four high B/A isolates relative to the low B/
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Fig. 3. Chl a,-specific absorption spectra (m? (mg Chl a,)~*) for
each isolate grown at two growth irradiances (I,): low |, = 9 umol
Q m~2 s (thick lines) and high 1, = 70 umol Q m=2 s~ (52 umol
Q m=2 st for MIT9303) (thin lines).

A isolates (average a%, = 0.029 = 0.003 vs. 0.018 =+ 0.003
m? (mg Chl a,) %, respectively; P < 0.01).

Photosynthesis characteristics—The P-1 curves of the iso-
lates examined in this study (Fig. 4) were similar to those
reported previously for MED, SARG, and NATL1 (Parten-
sky et al. 1993). Many, but not all, of the photosynthetic
parameters reveal differences between the isolates consistent
with the high and low B/A categorization. At low growth
irradiance, the high B/A isolates are about twice as effective
at utilizing available light energy as the low B/A isolates
(average a,, = 0.11 vs. 0.05 fg C fg Chl a=* h=* (umol Q
m-2 s1)-% P < 0.01) (Fig. 5A). As has been shown for a
natural Prochlorococcus population in the Arabian Sea
(Johnson et al. 1998) and other cyanobacteria (Raps et al.
1983; Kana and Glibert 1987b), this can be attributed to an
increase in energy transfer from the accessory pigments to
Chl a,, as indicated by a positive correlation between ag,,
and the Chl b/a, ratio in this group (r2 = 0.799; Fig. 6A).
Partensky et al. (1997) have shown that this increased effi-
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Fig. 4. Average Chl a,-normalized P-I curves for each isolate
grown at low and high growth irradiances: low I, (triangles) = 9
wmol Q m=2 s7* and high |, (circles) = 70 umol Q m=2 s7* (52
pumol Q m=2 st for MIT9303). Values are means (+1 SE) of du-
plicate cultures. Error is smaller than symbol size for data without
error bars.

ciency is accomplished by an increase in the concentration
of antenna complexes but not the concentration of photo-
system | and Il cores in SS120. When acclimated to high
growth irradiances, a4, of the high B/A isolates decreased,
while that of the low B/A isolates stayed roughly the same
(Fig. 5A). The regulation of «,, for the low B/A isolatesis
difficult to assess based on P-I measurements because the
changes are small; however, the same mechanisms of pho-
toacclimation are apparently at play, though to a smaller de-
gree (Partensky et al. 1997).

The overall range of photosynthetic efficiency values mea-
sured in this study (ay,, = 0.03-0.125 fg C fg Chl a™* h*
(umol Q m=2 s )Y also is consistent with value ranges
previously reported for Prochlorococcus (Partensky et al.
1993; Shimada et al. 1996) and Synechococcus (Alberte et
al. 1984; Kana and Glibert 1987b; Bidigare et al. 1989; Shi-
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mada et al. 1996). Even though these values need to be re-
duced by ~20% for comparison with other studies in which
cool-white fluorescent lamps were used, they still fall in the
high end of values relative to most other phytoplankton (see
Langdon 1988).

In contrast to the findings of Partensky et al. (1993), al
the isolates had higher cell-specific light-harvesting efficien-
¢y (a.y) when grown in low light than in high light (Fig.
5B). a. varied significantly among the high B/A isolates,
with low light-grown MIT9313 and MIT9303 having the
highest «,, values ever reported for Prochlorococcus (Par-
tensky et al. 1993; Shimada et al. 1996) or Synechococcus
(Glibert et al. 1986; Kana and Glibert 1987b), again pointing
to the extremely efficient light-harvesting capabilities of this
organism. The variability in ay, in al the isolates is well
correlated with the total cellular chlorophyll content (Chl a,
+ b, + b,), though the relationship differs for the low and
high B/A isolates (Fig. 6B), reflecting different photoaccli-
mative strategies between these two ecotypes.

Maximum photosynthetic rates normalized to Chl a,
(Peiay varied significantly among the different isolates (Fig.
5C), ranging from 1.3 to 5.2 fg C fg Chl a** h™%, and are
comparable to values reported by others for Prochlorococcus
(Partensky et al. 1993) and other picophytoplankton (Alberte
et a. 1984; Johnsen et a. 1992). They were generally higher
for cells grown at high light, and the differences between
high and low light-grown cells were only pronounced among
the low B/A isolates, except for MIT9312 (Fig. 5C). The
lack of photoacclimative response of photosynthesis in
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MIT9312 is surprising, and we have no explanation for it at
the moment.

When P,.., was normalized to cell (P! ), the overall range
of values was much greater (1.8-12 fg C cell-* h-%) (Fig.
5D), and growth irradiance did not have a pronounced effect
on the values. As observed for ., the two high B/A isolates
MIT9303 and MI1T9313 exhibited the highest light-saturated
maximum photosynthetic rates under both growth irradianc-
es examined (Fig. 5D), approaching values reported for Sy-
nechococcus (Wood 1985; Glibert et al. 1986; Waterbury et
a. 1986; Kana and Glibert 1987b; Shimada et al. 1996).
Increases in Pl were correlated with increases in total cel-
lular chlorophyll content (Chl a, + b, + b,) for the high B/
A isolates (r2 = 0.91) but not the low B/A isolates (data not
shown).

Photoinhibition of photosynthesis at high light intensities
was a consistent feature for all of the isolates regardless of
growth irradiance (Fig. 4). The irradiance at which photo-

inhibition is first apparent (1,) was generally lower in the
high B/A isolates, consistent with the relative differencesin
photoinhibition of growth response between the two groups
(Fig. 1A,B). Because of the high initia slope of the P-I
curves and low P2 the irradiance at which photosynthesis
saturated (I,) was very low (18-87 umol Q m-2 s-*) and was
lowest, on average, for the high B/A Prochlorococcus. Also,
as expected, |, increased for cultures grown under higher
irradiances (Fig. 5E).

The maximum quantum yield of photosynthesis (¢,,) of
al isolates grown at low light was relatively high (0.063—
0.107 mol C mol Q%) (Fig. 5F), approaching the theoretical
maximum of 0.125 mol C mol Q-* Similarly high values
of ¢,, (up to 0.10 mol C mol Q%) have been reported pre-
viously for this group (Partensky et al. 1993), Synechococcus
(Iturriaga and Mitchell 1986; Bidigare et a. 1989), and for
some eukaryotic species, such as P. tricornutum (Geider et
al. 1985) and the prymnesiophyte Chrysochromulina poly-
lepis (Johnsen et al. 1992). The value of ¢,, decreased by at
least half (1.9- to 4.2-fold) when the high B/A isolates were
grown at higher light intensities, whereas the low B/A iso-
lates showed only a minor response. These patterns were
strongly correlated with changes in agy,, (r> = 0.96). Al-
though decreases in ¢,, at high growth irradiances have been
reported previously for Prochlorococcus (Partensky et al.
1993), Dunaliella tertiolecta (Sukenik et al. 1990), and P.
tricornutum (Geider et al. 1985), decreases of the magnitude
we observed have only been reported for natural phytoplank-
ton assemblages. The latter have been attributed to nitrogen
limitation and/or high light absorption by nonphotosynthetic
pigments (Cleveland et al. 1989; Kolber et al. 1990; Babin
et al. 1996; Sosik 1996). Absorption of light by zeaxanthin,
the major nonphotosynthetic pigment in Prochlorococcus,
may be responsible for some of the changes in ¢,, we ob-
served in the high B/A cells. Unfortunately, we did not mea-
sure this pigment for the cultures used in the P-1 experi-
ments.

Ecological implications of Prochlorococcus ecotypes—It
has been hypothesized that Prochlorococcus ecotypes par-
tition the water column with respect to depth, high B/A eco-
types (previously called low light adapted) primarily occu-
pying the deep euphotic zone and low B/A ecotypes
(previously called high light adapted) extending to the sur-
face waters (Campbell and Vaulot 1993; Goericke and Re-
peta 1993; Moore et a. 1998). Indeed, the range of Chl b/
a, ratios measured in the field is broader than that of any
one isolate, and the ratios found in the surface and deep
euphotic zone (Goericke and Repeta 1993; Claustre and
Marty 1995) are consistent with the characteristic Chl b/a,
ratios and light-dependent growth responses of low B/A and
high B/A Prochlorococcus, respectively. Some preliminary
phylogenetic analyses of natural populations (Ferris and Pal-
enik 1998; West and Scanlan pers. comm.) also are consis-
tent with the vertical partitioning hypothesis, but multiple
Prochlorococcus ecotypes (Moore et a. 1998) and phylo-
types (Palenik 1994; Ferris and Palenik 1998; Urbach and
Chisholm 1998) have been observed in single water samples,
reflecting the dynamic nature of the ocean mixed layer. It is
clear that vertical distributions of ecotypes cannot easily be
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interpreted without a detailed understanding of the relative
scales of mixing and growth rates of the different ecotypes
and the past mixing history of the water column. More im-
portantly, environmental factors other than light undoubtedly
are important in shaping these patterns.

Multiple ecotypes are well known in Synechococcus,
which is a close relative of Prochlorococcus and cooccurs
with it in the open ocean. Like Prochlorococcus, Synecho-
coccus ecotypes differ in their photosynthetic accessory pig-
ment composition (Waterbury et al. 1986; Waterbury and
Rippka 1989) and appear to be distributed based on their
relative light-harvesting abilities (Alberte et al. 1984; Glover
et a. 1986; Olson et al. 1988, 1990b). Genetically distinct
ecotypes also have been reported for the marine diatom Ske-
letonema costatum (Gallagher et al. 1984; Gallagher and Al-
berte 1985), which differ in their cellular photoadaptive fea-
tures and their seasonal pattern of abundance.

Conclusions

All of the Prochlorococcus isolates we analyzed are very
efficient at growth and photosynthesis under low light con-
ditions relative to most other phytoplankton groups and as
such, should be considered low light adapted. There are dis-
tinct differences among the isolates, however, which cluster
into two groups based on their growth, photosynthesis, and
pigment responses to changing light intensities. One of the
groups, which is comprised of previously labeled high light-
adapted ecotypes, grows optimally at light intensities that
totally photoinhibit the remaining isolates (which were pre-
viously designated low light-adapted ecotypes). We propose
that these groups be called low and high B/A ecotypes, re-
spectively, because the Chl b/a, ratios are a primary differ-
entiating feature between the two groups, and this terminol-
ogy would be in keeping with that used for ecotypes of
marine Synechococcus. Furthermore, since all Prochlorococ-
cus isolates are low light adapted relative to other phyto-
plankton species as awhole, this new terminology will avoid
confusion when comparing them with other species.

The low BJ/A isolates have very uniform physiological
characteristics and form a well-supported cluster in molec-
ular phylogenies constructed using 16S rDNA sequences.
Although the high B/A isolates are distinctly separate from
this cluster, they do not themselves form a distinct phylo-
genetic cluster (Moore et al. 1998; Rocap et al. 1998; Urbach
et al. 1998), which is consistent with the diversity seen in
several of the physiological parameters within this group. It
is not clear how the physiologica differences between the
high B/A isolates are reflected in their ecology. However,
because they all share characteristically high chl b/a, ratios
and because high chl b/a, ratios are found primarily in deep
euphotic zone waters, we have grouped them together as
high B/A ecotypes until further information warrants a new
designation. We suspect that as more isolates are collected
and examined physiologically and phylogeneticaly, addi-
tional ecotypes may emerge, and it is possible that some of
these groups will be designated as distinct species of Pro-
chlorococcus. Analyses customarily used to define species,
such as %G + C content (Priest and Austin 1993) and DNA-

DNA hybridization (Stackebrandt and Goebel 1994), have
awaited the availability of axenic cultures of Prochlorococ-
cus, which have only recently been obtained.

The presence of multiple ecotypes of Prochlorococcus in
a given environment should allow them to thrive over a
much broader range of environments than would be possible
for a physiologically and genetically homogeneous popula-
tion. This undoubtedly contributes to their ecological success
throughout the marine environment.
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