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Abstract
Phytoplankton in high-light, low-nutrient ocean environments are challenged with maintaining high

photosynthetic efficiency and simultaneously preventing photodamage that results from low levels of electron
acceptors downstream of photosystem II (PSII). Here, we identify a process in open ocean picophytoplankton
that preserves PSII activity by diverting electrons from the photosystemI (PSI) complex–mediated carbon
assimilation to oxygen via a propyl gallate–sensitive oxidase associated with the photosynthetic electron transport
chain. This process stabilizes diel photochemical efficiency of PSII, despite midday photoinhibition, by
maintaining oxidized PSII reaction centers. Although measurements of the maximum photochemical efficiency of
PSII, Fv : Fm show midday photoinhibition, midday CO2 fixation is not depressed. Moreover, CO2 fixation
saturates at low irradiances even though PSII electron flow is not saturated at irradiances of 1,985mmol photons
m� 2 s� 1. This disparity between PSII fluorescence and CO2 fixation is consistent with the activity of an oxidase
that serves as a terminal electron acceptor, maintaining oxidized PSII reaction centers even when CO2 fixation has
saturated and the total number of functional reaction centers decreases because of photoinhibition (reflected in
lower midday Fv : Fm values). This phenomenon is less apparent in coastal phytoplankton populations, suggesting
that it is a strategy particularly distinctive of phytoplankton in the oli gotrophic ocean. Spatial variability in
features of photosynthetic electron flow could explain biogeographicaldifferences in productivity throughout the
ocean and should be represented in models that use empirical photosynthesis and chlorophyll fluorescence
measurements from a limited number of ocean sites to estimate the productivity of the entire ocean.

The open ocean presents numerous challenges to
photosynthetic organisms. Physiological stresses imposed
by a rapidly fluctuating light environment are exacerbated
by oligotrophic nutrient conditions that limit the availabil-
ity of iron, a nutrient required for maintenance and repair
of the photosynthetic apparatus, and macronutrients, such
as nitrogen and phosphorus, that are required for cell
growth. Despite these challenges, picophytoplankton are
remarkably well adapted to life in the open ocean. Recent
estimates suggest that the dominant picocyanobacteria
generaProchlorococcusand Synechococcusare responsible
for up to two thirds of primary production in the oceans or

nearly one third of the total primary production on Earth
(Field et al. 1998; Scanlan 2003). Picophytoplankton also
comprise eukaryotes such as the PrasinophytesOstreococ-
cusand Micromonas. These organisms are located primar-
ily in coastal areas where they can contribute up to 75% of
total CO2 fixation (Fouilland et al. 2004; Worden et al.
2004). However, they are also present in the oligotrophic
oceans where they have successfully colonized the deep
euphotic zone (Campbell and Vaulot 1993; D�´ez et al.
2001).

Iron is required for the synthesis of certain components
of the photosynthetic apparatus. In eukaryotic photo-
trophs, the photosystem II (PSII) complex incorporates
four iron atoms, whereas the comparatively iron-rich
downstream electron acceptors cytochromeb6 f (cyt b6 f )
and the photosystem I (PSI) complex require 6 and 12 iron
atoms, respectively (Fig. 1A). The low amount of PSI
relative to PSII in open ocean ecotypes of cyanobacteria
(Bailey et al. 2008), green algae (P. Cardol, G. Finazzi, and
F. A. Wolman pers. comm.), and diatoms (Strzepek and
Harrison 2004) suggests that these organisms are evolu-
tionarily adapted to coping with the limitations imposed by
low iron availability. In the open ocean, photosynthetic
CO2 fixation saturates at relatively low irradiances (100–
300 mmol quanta m� 2 s� 1) compared with the maximum
surface irradiance (�2,000mmol quanta m� 2 s� 1) (Par-
tensky et al. 1993, 1999 and references therein; Li 1994), in
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PSII reaction centers at high light intensities in photosyn-
thetic marine prokaryotes (Bailey et al. 2008) and
picoeukaryotes (P. Cardol, G. Finazzi, and F. A. Wolman
pers. comm.). Bailey and coworkers found thatSynechoc-
cocusWH8102 (a photosynthetic picocyanobacterium from
oligotrophic surface waters) appeared to have a low PSI to
PSII ratio, indicative of constitutive low-iron adaptation.
Furthermore, whereas CO2 fixation saturated at low
irradiance (�150 mmol photons m� 2 s� 1) in this strain,
PSII reaction centers remained open even at very high
intensity illumination ( �2,000mmol photons m� 2 s� 1),
suggesting a flow of electrons to acceptors other than
CO2. This alternative electron transport out of PSII was
abolished under anoxic conditions and in the presence of
the oxidase inhibitor propyl gallate (pgal), suggesting that
PSII excitation pressure is relieved via the reduction of
oxygen by a pgal-sensitive oxidase, possibly PTOX
(inhibitors of alternative quinol oxidases [Berry et al.
2002] had no effect). Similarly, the oligotrophic ocean
picoeukaryote strain OstreococcusRCC809 has low levels
of PSI and cyt b6 f relative to PSII, and PSII photochem-
istry is pgal sensitive (P. Cardol, G. Finazzi, and F. A.
Wolman pers. comm.). However, the coastalOstreococcus
OTH95 isolate did not exhibit pgal sensitivity and showed
unremarkable PSI and cyt b6 f levels relative to PSII,
suggesting that the photoprotective reduction of oxygen is
a strategy distinctive of phytoplankton in the oligotrophic
ocean where iron is scarce.

Gene sequences for PTOX are widespread among strains
of cyanobacteria closely related to the high–light adapted
Prochlorococcus marinusMED4, as well as Synechococcus
in the oligotrophic Sargasso Sea (McDonald and Vanler-
berghe 2004). To determine whether photoprotective
strategies similar to those described above exist in natural
assemblages of picophytoplankton in situ, we have
explored the redox state of PSII over the diel cycle in
environmental samples, its relationship to CO2 fixation,
and factors involved in PSII photochemistry in the
oligotrophic waters of the open ocean. Chlorophyll
fluorescence measurements were taken from surface waters
in the Pacific and Atlantic oceans to assess diel variability
in the maximum photochemical efficiency of PSII, variable
to maximum fluorescence (Fv : Fm), and in the operating
photochemical efficiencies of PSII under actinic irradiance
(WPSII) throughout the day. The photoprotective role of
molecular oxygen reduction was investigated for open
ocean phytoplankton from the surface and deep euphotic
zone, as well as from coastal locations in the Atlantic and
Pacific oceans.

Materials and methods

Site descriptions—Samples from the Pacific Ocean were
collected onboard the research vessel R/VKilo Moana from
locations north of Hawaii within the North Pacific
Subtropical Gyre (NPSG) at Station ALOHA (22 u45�N,
158uW; Fig. 2A) from 07 to 11 November 2006 on
Hawaiian Ocean Time-series (HOT) cruise No. 187
(http://hahana.soest.hawaii.edu/hot/hot_jgofs.html). Ha-
waiian coast samples were collected from the southeastern

coast of Oahu, south of Waikiki Beach, on 05 November
2006 (Fig. 2A). Samples from the Atlantic Ocean were
collected onboard the research vessel R/VAtlantic Explorer
south of Bermuda in the Sargasso Sea, in and around the
Bermuda Atlantic Time-series Study (BATS; Fig. 2B)
station (approximately 32uN, 64uW) from 21 to 25
November 2006 on cruise X0619 (http://www.bios.edu/
research/bats.html). Bermuda coast samples were collected
from Ferry Reach (Fig. 2B), the body of water separating
St. David’s Island and St. George’s Island, at the dockside
laboratory facility at the Bermuda Institute of Ocean
Sciences (BIOS) on 26 and 27 November 2006.

Flow cytometry—Aliquots of seawater were removed
throughout the sampling periods for flow cytometry and
were fixed with gluteraldehyde (Sigma) at a final concen-
tration of 0.1%. All flow cytometry samples were stored
and shipped at � 80uC, except the Pacific open ocean
samples were stored briefly at� 20uC during transport
(roughly 6 h). Pacific coastal samples were not collected.
Samples were analyzed on a FACSAria flow cytometer,
and data analysis was performed with the use of FlowJo
software (TreeStar) Absolute cell densities for picophyto-
plankton populations (cells � 2 mm in diameter, including
Prochlorococcus, Synechococcus, and picoeukaryotes), were
determined by spiking samples with a known volume and
concentration of 1 mm of fluorescent yellow-green beads
(Polysciences).Prochlorococcus, Synechococcus, and pi-
coeukaryotes were identified on the basis of size (deter-
mined by right angle light scatter) and autofluorescence
characteristics as described by Mackey et al. (2007). The
coefficient of variation for phytoplankton cell densities
determined from triplicate samples was� 0.10 for all
samples.

Chlorophyll fluorescence parameters and terminology—
Energy absorbed but not used in photochemistry can either
undergo nonphotochemical quenching (i.e., dissipation as
heat, movement of the photosynthetic antennae from PSII
to PSI in state transitions, or PSII photodamage) or
fluorescence (re-emission of energy as light). Fluorescence
analysis uses this energy balance to provide information
about the efficiency of photochemistry on the basis of
changes in PSII fluorescence under a range of different
light treatments. In this study, maximum fluorescence in
the dark-adapted state (Fm), minimum fluorescence in
the dark-adapted state (Fo), maximum fluorescence in the

Fig. 2. Maps of sampling sites in the (A) Pacific and (B)
Atlantic oceans.
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and 132mmol quanta m� 2 s� 1, respectively, showing that
the irradiance at which the rate of photosynthesis saturated
remained similar between morning and midday.

Photosynthetic parameters derived from PI curve data
from the DCM differed from surface samples, with lower
light-saturated photosynthetic rates (Pm) of 1.3 g C (g Chl
a)� 1 h� 1 and 1.6 g C (g Chl a)� 1 h� 1 for morning and
midday samples, respectively. Values ofa from the DCM at
morning (0.07496 g C [g Chl a]� 1 h� 1 [mmol quanta
m� 2 s� 1]� 1) were nearly twice as high as at midday
(0.04459 g C [g Chla]� 1 h� 1 [mmol quanta m� 2 s� 1]� 1).
In contrast, values of b from the DCM at morning
(0.00163 g C [g Chla]� 1 h� 1 [mmol quanta m� 2 s� 1]� 1)
were roughly half as great as at midday (0.00384 g C [g Chl
a]� 1 h� 1 [mmol quanta m� 2 s� 1]� 1). Values ofEk for DCM
samples were an order of magnitude lower than in surface
samples and were half as high at morning (18mmol quanta
m� 2 s� 1) than at midday (35 mmol quanta m� 2 s� 1).

Comparison of the relative PSII electron transport rates
and PI curves in surface cells at midday indicate that
electron flow through PSII remains high even at irradiances
for which CO2 fixation is saturated (Fig. 8). Electron flow
to carbon saturates near 131mmol quanta m� 2 s� 1,
whereas the relative electron transport rate through PSII
remains unsaturated up to 1,985mmol quanta m� 2 s� 1 (not
shown).

Oxygen deprivation experiments—As shown in Fig. 9,
oxygen is necessary for open ocean picophytoplankton to
maintain PSII reaction centers in an oxidized state. Even
under actinic irradiances of 1,985mmol quanta m� 2 s� 1, a
large portion of PSII reaction centers remained oxidized in
aerobic samples, as indicated by the high value ofF �

m
relative to Fs (Fig. 9A). By contrast, if oxygen is eliminated
from the samples, the PSII reaction centers are completely
closed (reduced) at 1,985mmol quanta m� 2 s� 1, and F �

m

Fig. 7. Photosynthesis–irradiance curves from the Atlantic open ocean site for (A) surface samples in the morning, (B) surface
samples in midday, (C) DCM samples in the morning, and (D) DCM samples in midday.

Table 2. Photosynthesis–irradiance parameters determined for Atlantic open ocean samples from the surface of the euphotic zone
and the deep chlorophyll maximum (DCM).

Ps (g C
[g Chl a]� 1 h� 1)

a ([g C
{g Chl a} � 1 h� 1]/

[mmol quanta m� 2 s� 1])

b ([g C
{g Chl a} � 1 h� 1]/

[mmol quanta m� 2 s� 1])
Pm

(g C [g Chl a]� 1 h� 1)
Ek (mmol

quanta m� 2 s� 1) R2

Surface
morning

10.219 0.06336 0.00306 8.4 132 0.85

Surface
midday

7.126 0.05416 0.00000 7.1 131 0.76

DCM morning 1.478 0.07496 0.00163 1.3 18 0.69
DCM midday 2.134 0.04459 0.00384 1.6 35 0.38
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to PSII are particularly vulnerable to the effects of high
light because inefficient dissipation of PSII excitation
energy can lead to PSII photodamage (Long et al. 1994;
Adir et al. 2003). The development of mechanisms for
maintaining oxidized PSII reaction centers would relieve
PSII excitation pressure when CO2 fixation is limited by
low nutrient availability and low levels of PSI and cyt b6 f,
thereby decreasing the potential for PSII photodamage. In
surface populations from the open ocean,Fv : Fm and qP
showed strong diel periodicity, whereasWPSII remained
relatively constant (Fig. 5A,B,D,E). This suggests that at
midday, when the fewest functional reaction centers are
present (low Fv : Fm), a larger fraction of them remain
oxidized (high qP), which allows for the maintenance of
high PSII photochemical efficiency (reflected in a stable
WPSII) and likely prevents cells from incurring lethal levels
of photodamage from high midday irradiances. By
contrast, in the morning when irradiances are low and
the maximum number of functional PSII reaction centers
are present (highFv : Fm), a smaller fraction of the reaction
centers remain oxidized during exposure to high light (low
qP). This configuration still allows for the maintenance of
high PSII photochemical efficiency, resulting in a stable
WPSII. The maintenance of a higher fraction of oxidized
PSII reaction centers at midday is therefore likely to help
open ocean picophytoplankton survive despite incurring
photoinhibition, a potential consequence of performing
photosynthesis in a high-light, low-nutrient environment.

In contrast to the open ocean, coastal populations
showed less variability in Fv : Fm and qP, while still
maintaining a relatively stable WPSII (Fig. 5C,F). This
shows that a greater proportion of the PSII reaction
centers remain functional at midday in the coastal relative
to the open ocean samples and that a smaller fraction of the
centers need to remain oxidized to achieve constant
photochemical efficiency throughout the day. In other
words, different strategies are used in the open ocean and
coastal sites to keep a nearly constant diel photochemical
efficiency. In the open ocean, picophytoplankton maintain
photochemical efficiency at midday by enhancing oxidation
of those reaction centers that are still functional and
simultaneously contending with a decrease in the total
number of functional PSII reaction centers from photo-
inhibition. By contrast, in coastal waters in which
photosynthesis is less limited by iron and macronutrient
availability, more reaction centers remain functional
throughout the day, with a smaller fraction of them
remaining in the oxidized state. This might reflect a more
favorable PSII to PSI ratio in the coastal organisms,
allowing balanced electron flow through the two photo-
systems (Strzepek and Harrison 2004).

Understanding the mechanism by which open ocean
picophytoplankton maintain a large fraction of oxidized
PSII reaction centers during the period when there appears
to be maximal photoinhibition is critical for understanding
how these organisms cope in this high-light, oligotrophic
environment. In open ocean surface waters, photosynthetic
CO2 fixation saturates at relatively low irradiances (100–
300 mmol quanta m� 2 s� 1) compared with the maximum
surface irradiances (2,000mmol quanta m� 2 s� 1) (Par-

tensky et al. 1993, 1999 and references therein; Li 1994).
Comparison of PI relationships and the relative PSII ETRs
of natural populations of phytoplankton (Fig. 8) indicate
that, although CO2 fixation rates saturate at irradiances of
131 mmol quanta m� 2 s� 1 (Fig. 7C,D), PSII electron flow
saturates at much higher light intensities (Fig. 8). Interest-
ingly, the relative PSII ETR does not saturate in the
phytoplankton populations from surface waters of the open
ocean even at intensities of 1,985mmol quanta m� 2 s� 1

(data not shown). Similar results were observed in
laboratory cultures of both prokaryotic (Bailey et al.
2008) and eukaryotic (P. Cardol, G. Finazzi, and F. A.
Wolman pers. comm.) picophytoplankton isolated from the
oligotrophic open ocean. These data show that electron
flow through PSII at irradiances greater than 131mmol
quanta m� 2 s� 1 must be used to reduce an electron
acceptor other than CO2.

Because oxygen has been shown to be a major electron
acceptor in laboratory strains of open ocean phytoplankton
(Bailey et al. 2008; P. Cardol, G. Finazzi, and F. A.
Wolman pers. comm.), we tested whether electrons were
being used to reduce oxygen in natural populations of open
ocean phytoplankton. Under oxic conditions, the photo-
chemical efficiency of PSII in cells exposed to high light
remains high, and a substantial fraction of PSII reaction
centers are oxidized (Fig. 9A). These results show that at
irradiances above those that saturate photosynthetic CO2
fixation, electrons can still exit PSII. However, when
oxygen is removed, the photochemical efficiency of PSII
drops significantly and none of the PSII reaction centers
remain oxidized during exposure to high light (Fig. 9B).
This oxygen-dependent transition suggests that excess PSII
excitation energy is rerouted to the reduction of molecular
oxygen.

The decrease in PSII electron flow during treatment with
pgal (Fig. 9C) shows that the activity of a pgal-sensitive
oxidase is necessary to keep PSII reaction centers oxidized,
and that the activity of such an oxidase appears to be
particularly important in high-light, low-nutrient waters of
the open ocean. Our in situ data are further supported by
studies performed with laboratory-grown cells using a
range of inhibitors specific to various oxidases (Bailey et al.
2008; P. Cardol, G. Finazzi, and F. A. Wolman pers.
comm.). A pgal-sensitive oxidase is critical for maintaining
open PSII reaction centers under high-light conditions for
both SynechococcusWH8102 (Bailey et al. 2008) and the
open ocean ecotype ofOstreococcus, RCC809 (P. Cardol,
G. Finazzi, and F. A. Wolman pers. comm.), both of which
have low PSI : PSII and cyt b6 f : PSII ratios (Bailey et al.
2008; P. Cardol, G. Finazzi, and F. A. Wolman pers.
comm.). This oxidase activity is negligible in a coastal
ecotype of Ostreococcus(OTH95), which does not show
features of low iron adaptation (P. Cardol, G. Finazzi, and
F. A. Wolman pers. comm.).

Pgal might have some nonspecific physiological effects;
in addition to inhibiting PTOX, it can also inhibit the
alternative oxidase of the mitochondrial electron transport
chain in eukaryotes. However, it has negligible effects on
other components of the photosynthetic electron transport
chain in Synechococcus(Bailey et al. 2008). Although the
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