
a significant fraction of the net primary production in the
tropical and subtropical oceans (Vaulot et al. 1995;
Campbell et al. 1997; DuRand et al. 2001), making it an
important participant in the global carbon cycle. Un-
derstanding how this genus is able to establish numerical
dominance over such broad vertical and meridional scales
is crucial to our understanding of its role in the global
ecosystem.

One contributor to the numerical abundance and broad
habitat of Prochlorococcus appears to be the genetic and
physiological diversity within the lineage. Recently de-
veloped molecular approaches—probe hybridization and
quantitative (real-time) polymerase chain reaction
(QPCR)—have revealed that different lineages (i.e., eco-
types) dominate at different depths and latitudes, and these
different distributions are reflected in their genetic and
physiological profiles (West and Scanlan 1999; Ahlgren et
al. 2006; Zinser et al. 2006). Ecotypes eMED4 and
eMIT9312, which have a high light optimum for growth
(Moore et al. 1995, 1998; Moore and Chisholm 1999),
dominate the upper euphotic zone in stratified waters of the
Atlantic Ocean, Mediterranean Sea, Red Sea, and Arabian
Sea (West et al. 2001; Fuller et al. 2005; Johnson et al. 2006)
(the ‘‘e’’ prefix distinguishes the ecotype from the type
strain from which it was named [Rocap et al. 2002]). In
contrast, ecotypes with relatively lower optimal light
intensities for growth, and low compensation light in-
tensities (Moore et al. 1995, 1998; Moore and Chisholm
1999), are found deeper in the stratified euphotic zone
(West et al. 2001; Fuller et al. 2005; Johnson et al. 2006).
The abundance maxima of the low–light-adapted ecotypes
in deeper water is also consistent with the ability of some of
these ecotypes to use nitrite as a nitrogen source, which is
absent in the upper euphotic zone but is typically maximal
at the base of the euphotic zone (Moore et al. 2002).

In a recent study, our group characterized the Prochlor-
ococcus ecotype composition along a meridional transect
from the United Kingdom to the Falkland Islands in the
Atlantic Ocean (Johnson et al. 2006). In this study, we used
QPCR to quantify the six known ecotypes throughout the
euphotic zone and discovered that ecotypes eMED4 and
eMIT9312, which dominate the total Prochlorococcus
population, further partition the habitat range of Prochlor-
ococcus meridionally (Johnson et al. 2006). Within the
30uN to 30uS band of the Atlantic, the eMIT9312 ecotype
was most abundant by several orders of magnitude,
whereas the higher latitudes that abut the observed
geographical limit of Prochlorococcus (�40uN or S) are
dominated by the eMED4 ecotype. One of the environ-
mental variables that differs most significantly with latitude
is water temperature, and temperature was found to
correlate well with eMIT9312 abundance in the euphotic
zone (Johnson et al. 2006). Laboratory studies of cultured
representatives of the eMIT9312 and eMED4 ecotypes
reflected their relative abundances: eMIT9312 strains
outgrow eMED4 strains at high temperatures, whereas
the reverse is true for colder temperatures (Johnson et al.
2006). Other environmental variables also appeared to play
a role in determining ecotype abundances. Light (eMED4),
ammonium (eMIT9313), and nitrate (eMIT9313) correlat-

ed with abundance, whereas phosphate (eMED4 and
eNATL2A) and nitrate (eMED4) anticorrelated with
abundance (Johnson et al. 2006). The anticorrelation with
nutrients suggested that at higher nutrient concentrations,
ecotypes eMED4 and eNATL2A are competitively exclud-
ed by other phytoplankton. Hence, ecotypes vary in their
relative contributions to the total Prochlorococcus abun-
dances at different depths and oceanic regions and have
different relationships with environmental variables.

In a more recent study, Bouman et al. (2006) circumnav-
igated the Southern Hemisphere and characterized the
ecotypic composition of Prochlorococcus using a molecular
probing technique, focusing their work on the surface
mixed layer. Abundances of some of the ecotypes
correlated with variables associated with degree of vertical
mixing. Abundances of the high light II (HLII) ecotype
(which our group designated eMIT9312) positively corre-
lated with temperature, mean daily surface irradiance, and
relative abundance of photoprotective pigments and mixed
layer depth and, hence, a more stratified condition, whereas
abundance of the LL (low light) cluster (consisting at least
of the eMIT9313 and eNATL2A ecotypes, but not eSS120)
was inversely correlated with these features and consistent-
ly were more abundant in colder and deeper mixed surface
layers. However, some ecotypes, the high light I (HLI,
eMED4) and SS120 (eSS120), showed no relationship with
physical forcing, demonstrating that such interactions
occur in an ecotype-specific manner.

From these prior studies, it is clear that a complete
understanding of factors that regulate total abundance of
Prochlorococcus requires consideration of the individual
responses of the diverse lineages that make up the whole. In
this work, we further examine the abundance patterns of
the Prochlorococcus ecotypes and investigate the underlying
factors that establish their different distributions. We focus
on the populations in the Gulf Stream, North American
continental margin, and western Sargasso Sea, to determine
how their structures vary regionally and seasonally. In the
Sargasso Sea, we also monitored changes that occur over
short timescales (days) to understand the extent to which
single-profile ‘‘snapshots’’ of population structures account
for the variability that can occur in these fluid and dynamic
environments. We combine this data set with that of the
meridional transect of the Atlantic (Johnson et al. 2006)
and apply problem-tailored regression analysis to assess the
roles that light and temperature play in defining the vertical
and meridional distribution patterns of the individual
ecotypes. Finally, we compare the growth properties of
the different ecotypes at varied light and temperature levels
to investigate the direct influence that light, temperature, or
both might play in establishing ecotype abundances in
seawater.

Methods

Samples in the western Sargasso Sea were collected from
31 March to 09 April 2001 and from 25 August to 04
September 2002 aboard the R/V Endeavor (cruises EN351
and EN375, respectively; Fig. 1). Time series studies for
both cruises were performed by sampling the same location
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over the course of a week. Samples in the central Sargasso
Sea and North Equatorial Current were collected on 14 and
21 January 2001 aboard the R/V Seward Johnson (cruise
MP01) as part of the MANTRA/PIRANHA study (http://
biology.usc.edu/bc/). CTD measurements (conductivity,
temperature, barometric pressure, chlorophyll a [Chl a],
fluorescence, and photosynthetically available radiation)
were made simultaneously by sample collection with
a Niskin rosette. Acoustic Doppler current profiler
(ADCP) measurements of current velocity were measured
with an RDI 75 kHz Ocean Surveyor system, which
included heading input from an Ashtech ADU2 attitude
GPS. Sample collection for QPCR (100 mL filtration per
replicate filter) and flow cytometry (FCM) measurements
was performed as described (Zinser et al. 2006). Percent
surface irradiance was calculated with a case I radiative
transfer model following Morel (1988). This model
estimates photosynthetically active radiation (PAR) atten-
uation on the basis of depth profiles of Chl a concentra-
tions. Chl a concentrations were determined with a Turner
10-AU fluorometer as described (Johnson et al. 1999).

Quantitative PCR—QPCR for the six Prochlorococcus
ecotypes was performed as described in Zinser et al. (2006)
with the same sets of culture-based standards and PCR
conditions. Measurements of template concentrations were
deemed valid if they met two criteria: (1) their threshold
cycle (CT) values were lower than that of the negative
controls, which lacked template DNA and (2) the melt
curve analysis of the products showed an absence of

nonspecific amplifications. Sample template concentrations
lower than the most dilute standard were also reported in
the data, as long as they had lower CT values than the
negative controls and with the caveat that they are
extrapolated values beyond the standard set. The theoret-
ical limit of detection in this assay is 0.65 cells mL�1, or one
cell per PCR reaction. For the purposes of graphical
presentation, values found below this limit were changed to
equal this limit, as were values from samples showing
nonspecific products amplified (these were only from a few
field samples and gave artifactual values of �10 cells
mL�1). For the log-linear modeling of the data, values
�0.065 cells mL�1 (one-tenth the limit of detection) were
set to 0.065 cells mL�1, whereas values �0.065 cells mL�1

were left unchanged. For some analyses, the abundance
estimates of the ecotypes were summed to yield total
Prochlorococcus numbers, as determined by QPCR, to
compare with total numbers assessed by flow cytometry
(see below). The latter is considered the ‘‘true’’ number of
cells (Zinser et al. 2006). Any differential between these two
numbers is attributed to deficiencies in primer design for
the QPCR, resulting from the limitations of our culture
collection which served as the data base for the design of
the primers.

Flow cytometry—Samples (laboratory and natural sea-
water samples) were prepared for FCM by fixing them in
0.125% (v/v) glutaraldehyde during a 10-min dark in-
cubation and freezing in liquid nitrogen until analysis. All
field samples were quantified with an EPICS flow cytometer
(Beckman Coulter), and all laboratory samples used to
prepare QPCR standards were quantified with a FACScan
(Becton Dickinson) with modified optics (Dusenberry and
Frankel 1994; Cavender-Bares et al. 1998). Prochlorococcus
and Synechococcus were differentiated and enumerated on
the basis of their distinct red and orange fluorescence and
light scatter signals (Dusenberry and Frankel 1994; Caven-
der-Bares et al. 1998). For the log-linear modeling of the
data, values �6.5 cells mL�1 were set to 6.5 cells mL�1.

Culture experiments—Prochlorococcus strains NATL2A
and MIT9313 were grown in 25 ml of Pro99 natural
seawater–based medium (Andersen et al. 2005) in glassware
soaked overnight in 1 mol L�1 HCl, followed by a rinse in
18 MW Milli-Q water. Experiments with growth at
different temperatures was performed in a temperature
bar (Moore and Chisholm 1999) under 14 : 10 h light :
dark (LD) photoperiod under cool white fluorescent lamps,
at an irradiance of 66 6 3 mmol quanta m�2 s�1, as
performed by Johnson et al. (2006) for strains MED4, MIT
9515, MIT 9312, and MIT 9215. Experiments with growth
at different light levels were performed under a 14 : 10 LD
photoperiod under cool white fluorescent lamps, at 24uC.
Varying light levels were provided through the use of
neutral density (gray) filters (Roscolux, Stamford, CT).
Triplicate (at least) cultures were grown for several
generations at the test temperature or light level before
measuring growth. For experiments for growth at different
temperatures, growth at temperatures exceeding the limits
for individual strains was attempted several times.

Fig. 1. Stations sampled on three cruises. Symbols indicate
when the stations were sampled, and shading indicates location:
continental margin (black), Gulf Stream (gray), or Sargasso Sea
(open). Positions of the central Sargasso Sea (CSS) and equatorial
current (EQ) stations are shown in the insert. Numbered symbols
indicate spring 2001 (1) and summer 2002 (2) stations examined as
time series in Figs. 2 and 3. Sta. 1 is at the BATS site.
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Fig. 3. Community structures in (A–D) the Gulf Stream and (E–H) the continental slope for
summer 2002 (A, B, E, F) and spring 2001 (C, D, G, H) cruises, and (I, J) in the central Sargasso
Sea (SS) for winter 2001. See Fig. 2 for legend.
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dances are regulated by temperature, either directly or
indirectly via its role in regulating mixed layer nutrient
concentrations. However, an important caveat to these
interpretations is that flow cytometry measures Prochlor-
ococcus and Synechococcus populations at the genus level,
so these analyses reflect only the dominant ecotypes.
Ecotype-specific relationships with light and temperature
could therefore be masked, and indeed, differences at the
ecotype level are observed for Prochlorococcus (see below)
and might also exist for Synechococcus.

We next applied this same regression approach to
the abundances of the four most abundant individual
ecotypes. eMED4, eNATL2A, and eMIT9313 have simi-
larly shaped relationships of abundance as a function of
temperature, peaking around 19uC and declining dramat-
ically above 25uC (Fig. 5A,C,D). In contrast, ecotype
eMIT9312 abundances increase steadily with tempera-
ture, reaching near-constant maximum values between
about 25uC and 28uC (Fig. 5B), reflecting its numerical
dominance over the other ecotypes at high tempera-
ture found here and in Johnson et al. (2006). Because
eMIT9312 is the numerically dominant ecotype by orders
of magnitude in this dataset, it is clear that the patterns
seen for total Prochlorococcus (Fig. 4A) reflect those of
eMIT9312.

The abundances of eMED4 and (to a lesser extent)
eMIT9312 are positively correlated with light at all light
values, irrespective of temperature (Fig. 5E,F). In contrast,
eMIT9313 shows a strong photoinhibition at high light,
irrespective of temperature (Fig. 5H). These results are
consistent with the respective light physiologies of these
ecotypes, with the eMIT9312 and eMED4 strains having
a higher growth optimum than the eMIT9313 strains
(Moore and Chisholm 1999). Interestingly, the abundance
versus light curves for the eNATL2A ecotype (Fig. 5G) was
intermediate between that of eMED4 and eMIT9313
(Fig. 5E,H), showing some photoinhibition at high light
levels (�1% surface PAR). The relative sensitivities of
eMED4, eNATL2A, and eMIT9313 to high light, regard-
less of water temperature, have a striking relationship to
the relative depth distributions of these ecotypes in
stratified waters of the Sargasso (Fig. 2B,C). In contrast,
no clear relationship was found between relative abundance
and temperature (Fig. 5A,C,D). Together, these data
suggest that the light gradient (but not the temperature
gradient) in the euphotic zone is likely playing a significant
role in establishing the ‘‘stacked’’ distribution curves
observed.

The relative influence of light and temperature on
abundance was found in this study to be ecotype de-

Fig. 4. Dependence of Prochlorococcus or Synechococcus cell abundances (A, B) on temperature over different ranges of light and
(C, D) on light over different ranges of temperature and log(PAR), where PAR is photosynthetically active radiation expressed as
a percentage of surface irradiance, and T is temperature (uC). The data points are cell abundances determined by flow cytometry. The
dashed lines are fits produced by nonparametric locally weighted regression, and the solid lines are nonparametric regression fits,
assuming that temperature and light have independent multiplicative effects on the concentrations (see text for details).
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