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A B S T R A C T

Fast Repetition and Relaxation chlorophyll fluorescence induction is used to estimate the effective absorption
cross section of PSII (σPSII), to analyze phytoplankton acclimation and electron transport. The fitting coefficient ρ
measures excitation transfer from closed PSII to remaining open PSII upon illumination, which could
theoretically generate a progressive increase in σPSII for the remaining open PSII. To investigate how ρ responds
to illumination we grew marine phytoplankters with diverse antenna structures (Prochlorococcus, Synechococcus,
Ostreococcus and Thalassiosira pseudonana) under limiting or saturating growth light. Initial ρ varied with growth
light in Synechococcus and Thalassiosira. With increasing actinic illumination PSII closed progressively and ρ
decreased for all four taxa, in a pattern explicable as an exponential decay of ρ with increasing distance between
remaining open PSII reaction centers. This light-dependent down-regulation of ρ allows the four phytoplankters
to limit the effect of increasing light upon σPSII. The four structurally distinct taxa showed, however, distinct
rates of response of ρ to PSII closure, likely reflecting differences in the spacing or orientation among their PSII
centers. Following saturating illumination recovery of ρ in darkness coincided directly with PSII re-opening in
Prochlorococcus. Even after PSII had re-opened in Synechococcus a transition to State II slowed dark recovery of ρ.
In Ostreococcus sustained NPQ slowed dark recovery of ρ. In Thalassiosira dark recovery of ρ was slowed, possibly
by a light-induced change in PSII spacing. These patterns of ρ versus PSII closure are thus a convenient probe of
comparative PSII spacings.

1. Introduction

Photosystem II (PSII) is composed of a reaction center (PSII RC)
served by light harvesting complexes, which together absorb light and
transform it to chemical energy for reductive assimilation in plants,
algae and cyanobacteria. Transfer of excitons from light harvesting
complexes to the PSII RC is fast and occurs with a high quantum yield
[1–3]. However, the excitons visiting the PSII RC have alternate fates;
to be trapped by the PSII RC and thereby induce charge separation, heat
dissipation or fluorescence dissipation, or to be transferred to neighbor-
ing PSII RC until the exciton is eventually trapped, lost as heat or
emitted as fluorescence [4]. The connectivity parameter (ρ) expresses
the probability of an exciton visiting one PSII RC and then transferring
to another neighboring PSII RC [1,5,6]. The concept of ρ was proposed
by Joliot and Joliot 1964 [7] to explain a dampened, non-exponential
increase in fluorescence as PSII RC close. ρ can be detected through
sigmoidicity of a chlorophyll a fluorescence induction curve as PSII
centers go from open to closed under the influence of a single turnover
saturating flash [1,5,8,9]. ρ has interacting implications for parameters

derived from chlorophyll fluorescence induction curves for algae and
cyanobacteria, including how the effective absorption cross section for
PSII photochemistry (σPSII) [5] and the rate of electron transport
through PSII [10] will respond to increasing light.

Fast Repetition Rate (FRR) fluorescence can be used to measure ρ,
σPSII and other PSII functional parameters without the addition of
inhibitors [5]. Fluorometers based upon the FRR principle apply a train
of flashlets to cumulatively and rapidly induce closure of PSII, and are
now extensively used in laboratory and field studies to investigate
photosynthesis in phytoplankton populations [11–14]. With FRR, the
flashlet intensity, number and repeat rate are chosen to provoke only a
single reduction of each QA site (QA) within one flashlet train. This
single turnover avoids multiple turnovers of PSII within a given flashlet
train [5] that would in turn distort the model assumptions used to
extract functional parameters from the fluorescence rise curve.

In an FRR fluorescence induction curve σPSII is derived as a target
size parameterization of the exponential rise of fluorescence towards
the maximal fluorescence (FM) asymptote in response to cumulative
photons delivered. ρ is derived from the degree of sigmoidal departure
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from a simple exponential rise curve [1,5]. σPSII has been widely
measured among diverse marine phytoplankton [15,16], and shown to
decrease dynamically in response to high light due to non-photoche-
mical quenching (NPQ) [17]. σPSII increases when phycobilisome
excitation shifts from PSI to PSII in cyanobacteria in a state 2 to state
1 transition [18]. Moreover, σPSII changes in response to stress condi-
tions [15,19] and during acclimation to changing light [20]. According
to a simple concept of the effect of ρ, σPSII′ measured under actinic light
should increase as PSII RC close under the influence of increasing
actinic light since the excitons captured by antenna complexes should
be transferred from closed PSII to the remaining open PSII, so that
average antenna size per open PSII increases. In parallel, however,
induction of non-photochemical quenching could act to decrease σPSII′
under actinic light. This expected interaction of ρ and σPSII′ complicates
efforts to analyze changes in σPSII′ under the influence of non-photo-
chemical quenching. We therefore sought to characterize interactions of
ρ with non-photochemical quenching and with σPSII′ in the face of
increasing actinic excitation.

We grew four marine phytoplankton taxa with diverse photophy-
siologies and light harvesting antennae systems; a diatom, a prasino-
phyte, a picocyanobacteria and a Prochlorococcus (Table 1) under
growth limiting and growth saturating actinic lights. We determined
the effects of FRR flashlet intensity on estimated ρ, and established
protocols to extract consistent estimates of ρ on suspended phytoplank-
ton cultures. We then measured responses of ρ to increasing actinic
light, and the interactions of ρ with σPSII′, yield of non-photochemical
quenching (YNPQ) and PSII closure (qL) across these four species. We
sought to determine if the patterns of measured ρ vary across taxa or
with growth light. Across the taxa and growth light combinations we
sought to determine if ρ interacted with progressive closure of PSII
centres to drive an increase in the σPSII′ for remaining open PSII centres.
This is a critical issue for estimations of PSII electron transport
[15,21,22] and of PSII content [23–25] across taxa. Finally, we sought
to use the photophysiologically diverse phytoplankters to explore
general or taxa-specific factors that control or influence changes in
measured ρ with increasing actinic light levels

2. Materials and methods

We examined four taxa of marine phytoplankton in this study
(Table 1). The cyanobacterial species, Prochlorococcus marinus MED4
(Prochlorococcus) obtained from Provasoli-Guillard National Center of
Marine Phytoplankton (NCMA, Boothbay Harbour Maine) was grown in
Pro99 medium prepared using the Pro99 kit from NCMA [31].
Synechococcus sp. WH8102 (Synechococcus) obtained from NCMA was
grown in L1-Si medium [32]. The prasinophyte green algae, Ostreococ-
cus tauri RCC745 (Ostreococcus) obtained from Roscoff Culture Collec-
tion (RCC) was grown in f/2 medium [33] without adding sodium
silicate. The marine centric diatom strain Thalassiosira pseudonana
CCMP1335 (Thalassiosira) obtained from the NCMA was cultured in
f/2 medium [33]. We grew all four taxa in a temperature controlled
incubator at 22 °C and 30 μmol photons m−2 s−1 or 260 μmol
photons m−2 s−1, with a light/dark cycle of 12 h:12 h. We chose these

growth light levels based upon our experience as growth limiting or
growth saturating light, within the acclimatory range of the four diverse
taxa. We tracked the growth of cultures by following fluorescence
emission at 680 nm (Prochlorococcus, Ostreococcus& Thalassiosira) or at
650 nm (Synechococcus) using a plate spectrofluorometer (SpectraMax
Gemini EM, Molecular Devices, Sunnyvale, USA).

When cultures reached mid-exponential phase we took samples for
chlorophyll fluorescence induction measurements, placed them in a
2 ml cuvette and then dark-adapted them for ~2 min. Samples were
then exposed to a train of 40 blue (455 nm) flashlets with a duration of
1.2 μs separated by an intervening interval of 1.0 μs of darkness to
induce a Fast Repetition and Relaxation (FRR) fluorescence induction
curve [5], using a Photon Systems Instruments FL3500 fluorometer
system (Brno, Czech Republic). This train of 40 blue flashlets cumula-
tively induced a single turnover of PSII which reduced QA and thereby
closed PSII. We chose the intensity of the flashlet for each species in
order to saturate the fluorescence rise within around 30 of 40 flashlets
(Fig. 1) [34,35]. For each FRR induction curve we exported the data
from the FluorWin data capture software to fit a model with four
parameters: minimal fluorescence, F0; maximal fluorescence, FM;
effective absorption cross section for PSII photochemistry, σPSII; and
coefficient of excitonic connectivity ρ; [5] using the PSIWORX-R
package (A. Barnett, sourceforge.net) [25,36]. For each measurement,
we did an FRR induction before and then again after a 1 s period of
darkness to allow PSII to re-open after illumination. We thus deter-
mined in the dark F0, FM, σPSII, ρ; under actinic light FS, FM′, σPSII′ ρ′; and
following 1 s of darkness after actinic light F0 ′1 s, FM ′1 s, ρ′1s, σPSII′1 s.

We then estimated F0′ as:

F ′ = F ′ ∗{1 − [(F ′ − F ′) F ′ ]}0 01s M1s M M1s

[37].
To examine the response of PSII function to increasing light

intensity in the four studied species, we set a series of 60 s exposures
to increasing steps of actinic light levels from 0 to a maximal light level.
We measured the FRR induction curve at the end of each light level
exposure, and then again after 1 s dark period to allow re-opening of
PSII. We estimated the coefficient of photochemical quenching (qL):

q = (F ′ − F ) (F ′ − F ′)∗(F ′ F )L M S M 0 0 S

[38].
We estimated the yield of non-photochemical quenching (YNPQ):

Table 1
Diameter, major pigments, major light harvesting complex (LHC) and state transition
evidence in four phytoplankters.

Species Diameter Major pigments Major LHC State transition

Prochlorococcus ~0.6 μm Chl a2, b2 [26] Pcb Not in MED4
[27]

Synechococcus ~1 μm Chl a, APC, APC,
PE (PEB & PUB)
[57]

PBS PBS movement,
spillover [28]

Ostreococcus ~1 μm Chl a, b LHCs Not found [29]
Thalassiosira ~ 5 μm Chl a, c FCPs Not found [30]

Fig. 1. Representative Chlorophyll Fluorescence Fast Repetition Rate induction curves
with different flashlet intensities.
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YNPQ=F F ′ − F FS M S M

[39],
We followed Serôdio et al. [40] and used the maximum value of FM

attained for a given sample, not necessarily the value measured after
initial dark acclimation, as our basis for estimation of YNPQ.

We calculated the electron transport rate as:

ETR (e PSII s ) = σ (or σ ′)∗q ∗E− −1 −1
PSII PSII L

[15].
Where E is actinic irradiance (μmol photons m−2 s−1). We calcu-

lated ETR using σPSII′1 s because σPSII′ could not be estimated repro-
ducibly under high actinic light in Ostreococcus grown under 260 μmol
photons m−2 s−1, and we did not find any significant difference
between σPSII′ and σPSII′1 s in the other three study species. Further
details of the definitions of fluorescence variables and parameters are in
S1 Table.

Using the light response curves, we chose the lowest actinic light
sufficient to drive ρ to a minimal level in each species. This actinic light
intensity was then used to examine the recovery of ρ after light
exposure in the four studied species. For the ρ recovery measurement
protocol we set an initial dark period of 10 s and measured the FRR
induction at the end of the dark period to get the initial dark ρ in the
four studied species. Then we applied 4 sequential periods of 10 s of the
saturating actinic light appropriate for each species from each growth
light level, with an FRR measurement every 10 s, to track the decrease
of ρ to a minimal level under saturating actinic light. Each FRR
measurement applied a saturating flashlet series to the illuminated
cells and then another saturating flashlet series after 1 s of darkness.
Then we turned off the saturating light and tracked ρ recovery under
darkness with an FRR measurement every 10 s, for a total of 50 s. To
examine the effects of state transitions, a component of measured non-
photochemical quenching [41], on ρ recovery in Synechococcus, we
repeated the ρ induction and recovery experiment but provided low
light, instead of darkness to cultures during the recovery phase to
inhibit any state 1 to state 2 transition that occurred under darkness.

Two way ANOVA followed by Tukey's honestly significantly differ-
ence (Tukey's HSD) test was conducted to test the statistical significance
of the differences among means of initial ρ across the species grown
under two light intensities. Further details of statistical analyses are
provided in figure legends and in S2 Statistical Results.

3. Results

3.1. Selection of FRR flashlet intensity and initial ρ values

Fig. 1 presents representative effects of FRR flashlet intensity on
fluorescence induction patterns and therefore upon estimated excita-
tion transfer among PSII units (ρ). Excessive flashlet intensity leads to
rapid saturation of chlorophyll fluorescence emission within a few
flashlets. This leads to an under-estimate of ρ (0.39 in the example
Fig. 1) with a wide confidence interval (0.10) using the PSIWORX-R
(www.sourceforge.net) fitting routine. In contrast, insufficient flashlet
intensity leads to a failure to fully saturate chlorophyll fluorescence
emission by the end of the 40 flashlets applied. This leads to an over-
estimate of ρ (0.47 in the example Fig. 1) with a large confidence
interval (0.03). The third scenario in Fig. 1 is observed when full
saturation occurred at flashlet number ~30 of the 40 applied flashlets
[34,35] with an intermediate ρ value (0.44 in the example Fig. 1) with a
small confidence interval (0.01). This same saturation profile gave the
highest estimated value and smallest confidence interval for FV/FM and
the smallest confidence interval on the estimate for σPSII. We did similar
tests for all species grown at 30 or 260 μmol photons m−2 s−1 to select
the lowest flashlet intensity sufficient to drive the samples to saturation
within ~30 flashlets, to achieve the smallest confidence intervals on
estimates of ρ and σPSII and the maximal estimates for FV/FM.

The symbols show measurement points from Fast Repetition Rate
induction curves provoked by a series of 40 flashlets (1.2 μs duration,
2 μs intervening dark) applied over 128 μs that cumulatively closed
Photosystem II. Triangles, lowest flashlet intensity; circles, intermediate
flashlet intensity; squares, highest flashlet intensity. These sample
curves were taken from a sample of Prochlorococcus MED4 grown under
30 μmol photons m−2 s−1. The inset table shows parameter and 95%
confidence interval estimates from curve fits of the induction curves.

The initial dark-acclimated ρ measured for the four phytoplankton
species after growth under limiting or saturating light is presented in
Fig. 2. ρ was significantly lower in Synechococcus and Thalassiosira
grown under saturating light compared to growth under limiting light. ρ
was lowest in Synechococcus (0.18) while it was highest in Ostreococcus
(0.43), in both cases for cultures grown under saturating light.
Synechococcus showed wider variation among replicate determinations
of ρ, possibly because its large state transitions generated strongly time-
dependent scatter among the replicates during transfer from growth to
measurement conditions.

3.2. Prochlorococcus connectivity and Photosystem II function

Fig. 3 presents the responses of Photosystem II to increasing actinic
irradiance in Prochlorococcus, with parameters (S1 Table) extracted
from FRR chlorophyll fluorescence induction curves (Fig. 1) measured
under a series of increasing actinic irradiance levels. For cultures from
growth limiting 30 μmol photons m−2 s−1 the dark-acclimated initial ρ
(0.42) decreased to minimal levels once actinic irradiance reached
65 μmol photons m−2 s−1. Estimated ρ′ then increased as the irradi-
ance increased above saturating levels (Fig. 3A). These estimates under
high actinic light showed high variability and wide confidence intervals
on the parameter estimates from individual FRR curves, because the
amplitude of variable fluorescence remaining above steady state
fluorescence was small. In further analyses, we therefore focused on
the initial decline in ρ′ as irradiance increases from darkness to
saturating levels. After exposure of cultures from growth limiting light
to 65 μmol photons m−2 s−1, ρ′1 s recovered to 73% of the initial dark
value (Fig. 3B). This ρ′1 s recovery decreased after exposure to yet
higher light intensities (Fig. 3B). For cultures from growth saturating
260 μmol photons m−2 s−1 (Fig. 3A) the starting dark acclimated ρ was

Fig. 2. The initial dark-acclimated ρ for four phytoplankters.Cultures were grown under
limiting (dark columns) or saturating light (lighter columns). Bars sharing a common
letter were not significantly different from one another (Tukey's HSD, P < 0.05).
n = 4–6 independently grown cultures, means ± S.D.
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Fig. 3. Responses of Photosystem II to increasing light intensity in Prochlorococcus.Cultures from growth limiting (filled triangles) or growth saturating light (empty circles); n = 4–8
independently grown cultures, means ± S.D.(A) Coefficient of excitation transfer among PSII units under actinic light (ρ′) or (B) after 1 s dark following actinic light (ρ′1 s).(C)
Coefficient of photochemical quenching under actinic light (qL) or (D) after 1 s dark following actinic light qL1s).(E) Yield of non-photochemical quenching under actinic light (YNPQ) or
(F) after 1 s dark following actinic light (YNPQ1s).(G) Effective absorption cross section for PSII photochemistry under actinic light (σPSII′) (A2 quanta−1) or (H) after 1 s dark following
actinic light (σPSII′1 s).
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lower (0.35). ρ then decreased to a minimal level by an irradiance of
295 μmol photons m−2 s−1. qL [38] decreased faster and reached a
lower level with increasing irradiance in cultures from growth limiting
light, compared to cultures from growth saturating light (Fig. 3C). qL1 s
completely recovered to 1 (Fig. 3D). In cultures from growth limiting
light YNPQ reached 0.27 when light intensity reached 675 μmol
photons m−2 s−1; after 1 s dark, YNPQ relaxed back to 0.23
(Fig. 3F). In Prochlorococcus from growth saturating light a fraction of
the PSII pool remained open even under high light (Fig. 3C) and we did
not detect any evidence of induction of YNPQ (Fig. 3E and F). For
cultures from growth limiting light σPSII′(Fig. 3G) increased as irradi-
ance increased from 0 to 167 μmol photons m−2 s−1. After only 1 s
dark, σPSII′1 s recovered to the initial value after all treatment light
levels (Fig. 3H). In contrast for cultures from growth saturating light
there was no effect of measurement light upon σPSII′ nor upon σPSII′1 s
(Fig. 3G and H). σPSII was significantly higher in the cells from growth
limiting than in cells from growth saturating light. An increase in YNPQ
related to antenna processes (Fig. 3E) would be expected to provoke a
decrease in σPSII′ (Fig. 3G). We therefore attribute the rise in measured
YNPQ in cultures from growth limiting light (Fig. 3E) to non-photo-
chemical quenching outside the antennae.

We plotted the electron transport rate (ETR) response to increasing
light for Prochorococcus (Fig. 4A). Maximal electron transport rate
(ETRmax) and the light level for saturation of ETR (IK) were both higher
in Prochlorococcus from growth saturating light compared to cultures
from growth limiting light (Table 2). In an even array of PSII centers,
the reciprocal of the fraction of open PSII RC, 1/qL will be directly
proportional to the distance between remaining open PSII RC. Since ρ
should depend upon the distance to the next available open PSII RC (M.
Gorbunov, pers. comm.) we plotted ρ versus 1/qL for Prochlorococcus
(Fig. 4B) using the data from Fig. 3A, C. For Fig. 4B, we considered only
those paired points of ρ and 1/qL taken as irradiance increased from 0 to
saturating levels (Fig. 4A), and not those points with low confidence
taken under excess light (Fig. 3A). We found that a single phase
exponential decay described the relation between ρ versus 1/qL for data
pooled from Prochlorococcus from growth limiting or growth saturating
light.

Fig. 5 presents kinetic changes in Photosynthesis II function in
Prochlorococcus under saturating light and subsequent dark recovery.
Cultures were initially measured after dark acclimation (60 s), then
exposed to 167 μmol photons m−2 s−1 (for cultures grown at limiting
30 μmol photons m−2 s−1) or to 365 μmol photons m−2 s−1 (for
cultures grown at saturating 260 μmol photons m−2 s−1) for 4 ∗ 10 s
with an FRR measurement every 10 s. This was in each case sufficient to
saturate the light-induced down-regulation of ρ′ (Fig. 3A). Cultures
were then shifted back to darkness for recovery. ρ and qL decreased to
minimal levels within 10 s under the saturating light treatment but
completely recovered within the first 10 s of dark recovery period
(Fig. 5A and B). Comparing Fig. 5A with Fig. 3B we see that after down-
regulation induced by exposure to saturating light measured ρ partially
recovers within 1 s (Fig. 3B) and completely recovers by 10 s (Fig. 5A).
YNPQ was not induced by the saturating light treatments in Prochlor-
ococcus grown under either light condition (Fig. 5C). σPSII fluctuated
slightly but showed limited response to the light or subsequent dark
recovery (Fig. 5D), although as in Fig. 3GH σPSII was significantly
higher in Prochlococcus cells from growth limiting than in cells from
growth saturating light.

3.3. Synechocococcus connectivity and Photosystem II function

For Synechococcus cultures from growth limiting light the dark-
acclimated initial ρ (0.44) decreased to minimal levels once actinic
irradiance reached 370 μmol photons m−2 s−1 (Fig. 6A) but ρ1s there-
after recovered to 75% of the initial dark value (Fig. 6B). For cultures
from growth saturating light (Fig. 6A) the dark acclimated initial ρ was
significantly lower (0.24). ρ′ increased under 65 μmol

photons m−2 s−1, decreased to a minimal level by an irradiance of
1184 μmol photons m−2 s−1, and then increased with further increases
in irradiance, with increasing scatter among replicates. ρ1s recovered to
79% of the initial dark value (Fig. 6B). qL decreased faster and reached
a lower level with increasing irradiance in cultures from growth
limiting light, compared to cultures from growth saturating light
(Fig. 6C), while qL1 s completely recovered to 1 (Fig. 6D). In cultures

Fig. 4. Light response curves of Prochlorococcus.(A) Electron transport rate (ETR)
response to increasing light.Cultures from growth limiting (filled triangles) or growth
saturating light (empty circles) were fit according to the equation ETR = E/
(a × E2 + b × E + c) [42,43]; dotted lines show 95% confidence interval of the
regression lines. Fitting data from the two growth lights separately gave a significantly
better fit than a common fit of all data pooled (F = 64.45, P < 0.05). n = 4
independently grown cultures, means ± S.D.(B) Coefficient of excitation transfer among
PSII units (ρ, ρ') plotted against the reciprocal of simultaneously determined coefficient of
photochemical quenching (1/qL).Cultures were exposed to 0 to 167 μmol
photon m−2 s−1 (filled triangles) 0 to 365 μmol photons m−2 s−1 (open circles). Error
bars on ρ determinations show the 95% confidence interval on the fitted parameter from
an individual measurement. A nonlinear regression line was fit to the data pooled from
both growth lights according to the equation ρ= a× exp.(−(b × (1/qL)) (r2 = 0.91,
Summed square of residuals = 0.03, Residual standard error = 0.24, Exponential decay
rate = 0.85). Black dotted lines show 95% confidence interval of the regression line.
Fitting data from the two growth lights separately did not show a significantly better fit
than a common fit of all data pooled (F = 2.16, P > 0.05). n = 4 independently grown
cultures, means ± S.D.
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from growth limiting light YNPQ dropped sharply upon illumination,
reflecting a State 2 to State 1 transition [41] and was not re-induced
with increasing light intensities (Fig. 6E). In Synechococcus from growth
saturating light YNPQ also decreased from darkness to the first actinic
light level and then re-increased when light intensity reached
2100 μmol photons m−2 s−1 (Fig. 6E), showing some capacity for
induction of NPQ under high light [44]. For cultures from growth
limiting light σPSII′ (Fig. 6G) increased from 279 to 374 A2 as irradiance
increased from 0 to 675 μmol photons m−2 s−1. For cultures from
growth saturating light σPSII′ increased in parallel with the state 2 to
state 1 transition induced by the first actinic light and then decreased in
parallel with the induction of YNPQ (Fig. 6G). σPSII′1 s showed little
response to increasing light level (Fig. 6H).

Maximal electron transport rate (ETRmax) and the light level for
saturation of ETR (IK) were higher in Synechococcus grown under
260 μmol photons m−2 s−1 compared to cultures grown under
30 μmol photons m−2 s−1 (Fig. 7A, Table 2). As with Prochlorococcus
we found that a single phase exponential decay described the relation
between ρ versus 1/qL in Synechococcus but the cultures from growth
limiting light had a fit distinct from the cultures from growth saturating
light (Fig. 7B). To achieve the single phase exponential fit we excluded
the measures taken under 0 μmol photons m−2 s−1 which fell below
the trend because of the state 2 to state 1 transition (Fig. 6E).

ρ and qL decreased to minimal levels within 10 s under the
saturating light treatment but completely recovered within the first
10 s of dark recovery period in Synechococcus (Fig. 8A and B). YNPQ
was induced to 0.16 by the saturating light treatment in Synechococcus
from growth limiting light and to 0.2 for cultures from growth
saturating light (Fig. 8C). As in Fig. 6GH σPSII was significantly higher
in Synechococcus from growth limiting than from growth saturating
light, but showed limited response to the saturating light or subsequent
dark recovery (Fig. 8D).

The effect of state transitions on ρ recovery in Synechococcus is
shown in Fig. 9. After down regulation under saturating light ρ recovery
is faster under low light, with cells maintained in State I with higher
σPSII (Fig. 9A, B) compared to ρ recovery under dark where cells fell
back to State II with down-regulation of σPSII (Fig. 9B). We plotted
paired data from Fig. 9A and B from the recovery period following
exposure to saturating light and found a linear correlation between ρ
and σPSII (Fig. 9C).

3.4. Ostreococcus connectivity and Photosystem II function

For cultures from growth limiting light the dark-acclimated initial ρ
(0.44) decreased to minimal levels once actinic light reached 166 μmol
photons m−2 s−1 (Fig. 10A). Thereafter ρ′1 s recovered to only 52% of
the initial dark value (Fig. 10B). For cultures from growth saturating
light (Fig. 10A) ρ′ decreased to a minimal level by an irradiance of
166 μmol photons m−2 s−1. ρ′1 s thereafter recovered to only 34% of
the initial dark value (Fig. 10B). qL decreased faster and reached a
lower level with increasing irradiance in cultures from growth limiting

light compared to cultures from growth saturating light, (Fig. 10C) but
in both cases qL1s completely recovered to 1 (Fig. 10D). In cultures
from growth limiting light YNPQ was induced with increasing actinic
light, but the induction of YNPQ was much bigger in Ostreococcus from
growth saturating light (Fig. 10E). For cultures from growth limiting
light σPSII′ (Fig. 10G) decreased from 605 to 347 A2 as irradiance
increased from 0 to 272 μmol photons m−2 s−1, but σPSII′1 s then
recovered to 522 A2 (Fig. 10H). For cultures from growth saturating
light σPSII′ decreased from 597 to 347 A2 as irradiance increased from 0
to 272 μmol photons m−2 s−1, but σPSII′1 s only recovered to 404 A2

(Fig. 10H), with a significant down-regulation of σPSII′ sustained beyond
1 s of dark in parallel with the strong induction of YNPQ.

When we plotted the ETR response to increasing light for
Ostreococcus (Fig. 11A) we found Maximal electron transport rate
(ETRmax) and the light level for saturation of ETR (IK) were higher in
this algae from growth saturating light (Table 2) although scatter in our
estimates of σPSII′ for Ostreococcus led to high variability among
replicates in our estimates of ETR. In Fig. 11B we again plotted ρ vs.
1/qL as irradiance increased from 0 to saturating levels (Fig. 11A). We
again found that a single phase exponential decay described the relation
between ρ and 1/qL for Ostreococcus, whether grown under growth
limiting or saturating light.

ρ and qL both decreased to minimal levels under the saturating light
treatment but only qL completely recovered within the first 10 s of dark
recovery period (Fig. 12A and B), with a slower recovery in ρ. YNPQ
was induced to 0.22 in Ostreococcus grown under 30 μmol
photons m−2 s−1 and to 0.46 by in Ostreococcus grown under 260 μmol
photons m−2 s−1 (Fig. 12C). σPSII′ decreased under the light treatment
and gradually recovered to the initial value under the subsequent dark
period (Fig. 12D).

3.5. Thalassiosira pseudonana connectivity and Photosystem II function

For cultures from growth limiting light, the dark-acclimated initial ρ
(0.39) decreased to minimal levels once actinic irradiance reached
483 μmol photons m−2 s−1 (Fig. 13A). Thereafter ρ1s recovered to
only 31% of the initial dark value. For cultures from growth saturating
light (Fig. 13A) the starting dark acclimated ρ was lower (0.33) and
then decreased to a minimal level by an irradiance of 272 μmol
photons m−2 s−1. ρ′1 s thereafter recovered to 64% of the initial dark
value (Fig. 13B). qL decreased faster and reached a lower level with
increasing irradiance in cultures from growth limiting light compared
to cultures from growth saturating light (Fig. 13C). qL1s completely
recovered to 1 (Fig. 13D). YNPQ was induced to a higher maximum in
cultures from growth saturating light (Fig. 13E). For cultures from
growth limiting light σPSII′ (Fig. 13G) increased from 365 under
darkness to 399 A2 under 21 μmol photons m−2 s−1 but then gradually
decreased to 356 A2 as irradiance increased further.

We plotted the ETR response to increasing light for Thalassiosira
(Fig. 14A). Maximal electron transport rate (ETRmax) and the light level
for saturation of ETR (IK) were higher in Thalassiosira from growth

Table 2
Photophysiological parameters.

Growth rate (μ, d−1), maximal PSII photochemical yield (FV/FM), maximal PSII electron transport rate (ETRmax, e− PSII−1 s−1), saturation threshold light level (IK, μmol
photons m−2 s−1) and maximal YNPQ for taxa from growth limiting 30 or growth saturating 260 μmol photons m−2 s−1. n = 4–8 independently grown cultures, means ± S.D.

Species Growth light μ Fv/Fm ETRmax IK Maximal YNPQ

Prochlorococcus 30 NA 0.63 ± 0.02 ~31 ~20 0.27
260 0.36 ± 0.03 0.59 ± 0.01 ~90 ~64 0.04

Synechococcus 30 0.21 ± 0.08 0.26 ± 0.02 ~239 ~135 0.22
260 0.36 ± 0.10 0.2 ± 0.12 ~369 ~300 0.29

Ostreococcus 30 0.21 ± 0.03 0.56 ± 0.03 ~279 ~61 0.32
260 0.53 ± 0.03 0.56 ± 0.03 ~358 ~105 0.64

Thalassiosira 30 0.19 ± 0.02 0.62 + 0.02 ~140 ~36 0.26
260 0.29 ± 0.04 0.57+ 0.02 ~231 ~72 0.58
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saturating light (Table 2). In Fig. 14B we again plotted ρ vs. 1/qL as
irradiance increased from 0 to saturating levels. We again found that a
single phase exponential decay described the relation between ρ versus
1/q for Thalassiosira from both growth light levels, although the
statistical significance of support for a single fit was borderline
compared to separate fits for the two growth light levels.

ρ and qL decreased to minimal levels under the saturating light
treatment but only qL completely recovered within the first 10 s of dark
recovery period (Fig. 15A and B). YNPQ was induced to a higher
maximum for Thalassiosira from saturating growth light (Fig. 15C). For
cultures from growth limiting light σPSII increased under the light
treatment and gradually decreased to the initial value under dark
conditions. For cultures from growth saturating light σPSII decreased
under light treatment and recovered to the initial value after the first
10 s of dark recovery, in a mirror image of the pattern of YNPQ
(compare Fig. 15D with Fig. 15C).

4. Discussion

4.1. Effect of FRR settings and initial ρ across taxa

The setting of FRR flashlet intensity [34,35] affected the value of ρ
from fits of fluorescence induction curves in all the studied species,
where high flashlet intensity led to under-estimated ρ, while low
flashlet intensity led to over-estimated ρ. A previous study found in
contrast that a lower flashlet intensity which did not saturate fluores-
cence in Chlorella pyrenoidosa under-estimated ρ [5]. Using a protocol to
set optimum flashlet intensity we found that the initial values of ρ
ranged from a low of 0.18 in Synechococcus to 0.43 in Ostreococcus,
consistent with 0 < ρ < 0.5 in previous studies [5,12,13,45], show-
ing that ρ can vary widely among species.

4.2. Effects of increasing light on ρ', qL, and σPSII′

Understanding the relations among ρ' and σPSII′ in the four
phytoplankton species could help us understand the fates of energy
absorbed by light harvesting antenna and PSII response mechanisms
under varied light conditions. When Joliot and Joliot [7] proposed the
notion of ρ, they concluded that an exciton that visits a closed PSII RC
can be redirected to an open PSII RC, so that the trapping cross section
of remaining open PSII RC increases as their neighbors become closed.
Therefore σPSII′ of remaining open PSII RC should increase when
neighbors become closed by actinic light. In this study, we observed
that σPSII′ significantly increased in Synechococcus first transferred from
dark to low actinic light intensity from the dark (Fig. 6G) likely
reflecting a state 2 to state 1 transition [18,41], but that σPSII′ did not
then change when actinic light continued to increase and PSII RC
progressively closed. Moreover, we did not see any progressive increase
of σPSII′ when PSII RC progressively closed under actinic light in the
other three taxa studied, contrary to the model of Joliot and Joliot [7]
that σPSII′ of PSII RC will increase as neighboring PSII RC are closed.
Our results rather show that across four structurally diverse taxa ρ′
drops quickly under actinic light and therefore the remaining exciton
transfer among PSII is not strong enough to measurably affect the σPSII′
in remaining open PSISII RC, a precedent found in Chlorella vulgaris [9].

As actinic light increased to saturating levels in all species, ρ′
decreased to minimal levels. In some cases estimated ρ′ then re-
increased with further increases in actinic light. The remaining variable
fluorescence was however too small to accurately fit the values of ρ′
under high light in Prochlorococcus, Synechococcus and Ostreococcus.
Furthermore, ρ′1 s measured after 1 s of darkness remained low after
exposure to super-saturating light. We are therefore not confident in the
increasing fitted ρ′ values measured under super-saturating light in
Prochlorococcus, Synechococcus and Ostreococcus. ρ′ remained low even
under super-saturating light in Thalassiosira (Fig. 6A). We therefore
suspect that actual ρ′ is minimal under super-saturating light to pre-

Fig. 5. Changes in Photosystem II function under initial darkness, saturating actinic light
and subsequent dark recovery in Prochlorococcus.Cultures were measured in darkness
(0 s), exposed to saturating light and shifted back to darkness. n= 4 independently
grown cultures, means ± S.D.(A) Coefficient of excitation transfer among PSII units (ρ or
ρ′)(B) Coefficient of photochemical quenching (qL).(C) Yield of non-photochemical
quenching (YNPQ).(D) The effective absorption cross section for PSII (σPSII or σPSII′; A2

quanta−1).
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Fig. 6. Responses of Photosystem II to increasing light intensity in Synechococcus.Cultures from growth limiting (filled triangles) or growth saturating light (empty circles); n = 4–8
independently grown cultures, means ± S.D.(A) Coefficient of excitation transfer among PSII units under actinic light (ρ) or (B) after 1 s dark following actinic light (ρ′1 s).(C) Coefficient
of photochemical quenching under actinic light (qL) or (D) after 1 s dark following actinic light (qL1s).(E) Yield of non-photochemical quenching under actinic light (YNPQ) or (F) after 1 s
dark following actinic light (YNPQ1s).(G) Effective absorption cross section for PSII photochemistry under actinic light (σPSII′)(A2 quanta−1) or (H) after 1 s dark following actinic light
(σPSII′1 s).
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empt dangerous increases in σPSII′ [46] in these phytoplankton.
A simple approximation of an evenly spaced two dimensional

matrix of PSII RC shows that distance among remaining open PSII RC
is a linear function of the reciprocal of the fraction of remaining open
PSII RC, 1/qL. Our results support previous work that excitonic
connectivity among PSII declines rapidly beyond a certain distance
among open PSII [47]. Furthermore the decay of ρ versus 1/qL suggests
an accessible approach to rapidly analyze the comparative spacing of

Fig. 7. Light response curves of Synechococcus.(A) Electron transport rate (ETR) response
to increasing light.Cultures from growth limiting (filled triangles) or growth saturating
light (empty circles) were fit with the equation from Fig. 4A. Dotted lines show 95%
confidence interval of regression lines. Fitting data from the two growth lights separately
gave a significantly better fit than a common fit of all data pooled (F = 153.5, P < 0.05).
n = 4 independently grown cultures, means ± S.D.(B) Coefficient of excitation transfer
among PSII units (ρ, ρ′) plotted against the reciprocal of simultaneously determined
coefficient of photochemical quenching (1/qL).Cultures were exposed to 0 to 527 μmol
photons m−2 s−1 (filled triangles) or 0 to 1185 μmol photons m−2 s−1 (open circles).
Error bars on ρ determinations show the 95% confidence interval on the fitted parameter
from an individual measurement. Nonlinear regression lines were fit to the data pooled
from 30 μmol photons m−2 s−1 (r2 = 0.75, Summed square of residuals = 0.17,
Residual standard error = 0.23, Exponential decay rate = 0.55) or 260 μmol
photons m−2 s−1 (r2 = 0.72, Summed square of residuals = 0.09, Residual standard
error = 0.18) according to the same equation as Fig. 4B. Below dotted lines show 95%
confidence interval of the regression lines. Fitting data from the two growth lights
separately gave a significantly better fit than a common fit of all data pooled (F = 19.82,
P < 0.05). n = 4 independently grown cultures, means ± S.D.

(caption on next page)
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PSII centres across taxa with diverse thylakoid architectures. We were
able to fit an exponential decay correlating ρ with 1/q, but the curve fits
differed among the taxa, showing differential responses of ρ to
progressive PSII closure among the taxa. To drive ρ down to the
minimal level of 0.1 required a qL of 0.26 in Synechococcus from growth
limiting light; 0.3 in Thalassiosira; 0.35 in Synechococcus from growth
saturating light; 0.42 in Prochlorococcus; and 0.5 in Ostreococcus. This
suggests the effective distance among PSII RC [48,49] is greatest in the
chl a/b prasinophyte green algae Ostreococcus compared to the other
taxa because less PSII closure is required to reach minimal ρ in
Ostreococcus. Indeed, measured distances between PSII RC vary from
12.8 nm in the cyanobacteria Synechocystis, up to 24 nm in grana
thylakoids of spinach (Spinacea oleraceae var. polka) [49,50]. For
Synechococcus we found significantly lower initial ρ for cultures from
growth saturating light compared to cultures from growth limiting light
[51]. Interestingly Synechococcus was also the only of our test taxa that
showed a statistically distinct relation between ρ and 1/qL depending
upon growth light. We long ago found that in another strain of
Synechococcus the low light isoform of PsbA protein supported larger
state transitions and concomitant changes in excitation distribution
compared to the high light isoform. We now suspect that the distinct
patterns of ρ versus PSII closure in Synechococcus WH8102 also reflect
different isoform compositions of PsbA depending upon growth light.
Alternately, or in parallel, Synechococcus may increase the spacing
distance between PSII centers with increasing growth light, to a greater
extent than found in the other tested taxa.

4.3. Effect of saturating light and subsequent recovery upon ρ and NPQ

In Prochlorococcus ρ recovered in direct parallel with the reopening
of PSII RC in darkness after exposure to saturating light. In contrast in
Synechococcus after a saturating light treatment ρ recovered faster under
low actinic light compared to darkness (Fig. 9). Respiration can affect
the redox state of the PQ pool, leading to a transition from state 1 to
state 2 in darkness in cyanobacteria [41]. In our study, Synechococcus
transitioned from state 1 to state 2 under dark recovery but remained in
state 1 under low light recovery. We suggest that in Synechococcus
under state 1 increased connectivity among PSII helps ρ to completely
recover to the initial low light ρ′ value, compared to a slower recovery
of ρ under state 2 in darkness [44,52] when excitation flow from PSII to
PSI, and/or from phycobilisomes to PSI, competes with PSII-PSII
excitonic connectivity.

Following the saturating light treatment in Ostreococcus ρ did not
completely recover to initial values even when qL completely recovered
within the first 10 s dark. In Ostreococcus the delay in recovery of ρ was
paralleled by an incomplete recovery of σPSII′ within the first 10 s of
dark. We suggest that a sustained form of NPQ competes for excitation
[53] thereby, down-regulating both ρ and σPSII′. Indeed ρ was also lower
in shade leaves compared to sun exposed leaves of Hordeum vulgare L.
[54], a pattern correlated with excitation dissipation in that species. In
Thalassiosira, as in Ostreococcus, ρ did not completely recover to initial
values even though qL completely recovered within the first 1 s of dark.
However, contrary to Ostreococcus, in Thalassiosira σPSII did not
completely recover within the first 10 s of dark. These results suggest
another physiological mechanism in diatoms, beyond the proportion of
remaining open PSII RC (qL) and connectivity mediated by σPSII, which
delays ρ recovery within the first 10 s of dark. Membrane and PSII
particle spacing can change within minutes in spinach chloroplasts
[55,56] so spacing of PSII might also be changed by illumination in

Fig. 8. Changes in Photosystem II function under initial darkness, saturating actinic light
and subsequent dark recovery in Synechococcus.Cultures were measured in darkness (0 s),
exposed to saturating light and shifted back to darkness. n = 4 independently grown
cultures, means ± S.D.(A) Excitation transfer among PSII units (ρ).(B) Coefficient of
photochemical quenching (qL).(C) Yield of non-photochemical quenching (YNPQ).(D)
The effective absorption cross section for PSII (σPSII or σPSII′; A2 quanta−1).

Fig. 9. The effect of state transitions on PSII function under actinic light treatment and
dark recovery in Synechococcus.(A) Excitation transfer among PSII units (ρ and ρ′)(B) The
effective absorption cross section for PSII (σPSII and σPSII′).(C) ρ and ρ′ plotted against σPSII
and σPSII′ during the dark recovery period. The black solid line shows a regression line fit
to the data while the black dotted line shows the 95% confidence interval of regression;
y = 0.0019 ∗ x − 0.2968, R-squared = 0.79. n = 4 independently grown cultures,
means ± S.D.
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Fig. 10. Responses of Photosystem II to increasing light intensity in Ostreococcus.Cultures from growth limiting (filled triangles) or growth saturating light (empty circles); n = 5
independently grown cultures, means ± S.D.(A) Coefficient of excitation transfer among PSII units under actinic light (ρ′) or (B) after 1 s dark following actinic light (ρ′1 s).(C)
Coefficient of photochemical quenching under actinic light (qL) or (D) after 1 s dark following actinic light (qL1s; D).(E) Yield of non-photochemical quenching under actinic light (YNPQ)
or (F) after 1 s dark following actinic light (YNPQ1s).(G) Effective absorption cross section for PSII photochemistry under actinic light (σPSII′) (A2 quanta−1) or (H) after 1 s dark following
actinic light (σPSII′1 s).
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eukaryotic diatoms. Re-establishing the spacing among PSII under
darkness could delay ρ recovery in diatoms.

5. Conclusion

When PSII RC closed under increasing actinic light σPSII′ did not
increase, because ρ decreased from initial levels. This decrease in ρ is
largely explicable in terms of an increase in the distance among

Fig. 11. Light response curves of Ostreococcus.(A) Electron transport rate (ETR) response
to increasing light.Cultures from growth limiting (filled triangles) or growth saturating
light (empty circles) were fit with the equation from Fig. 4A. Dotted lines show 95%
confidence interval of regression line. Fitting data from the two growth lights separately
give a significantly better fit than a common fit of all data pooled (F = 6.06, P < 0.05).
n = 5 independently grown cultures, means ± S.D.(B) Coefficient of excitation transfer
among PSII units (ρ, ρ′) plotted against the reciprocal of simultaneously determined
coefficient of photochemical quenching (1/q).Cultures were exposed to 0 to 167 μmol
photons m−2 s−1 (filled triangles) or to 0 to 206 μmol photons m−2 s−1 (empty circles).
Error bars on ρ determinations show the 95% confidence interval on the fitted parameter
from an individual measurement. A nonlinear regression line (as in Fig. 4B) was fit to the
data pooled from both growth lights (r2 = 0.87, Summed square of residuals = 0.10,
Residual standard error = 0.15, Exponential decay rate = 1.35). Black dotted lines show
95% confidence interval of the regression line. Fitting data from the two growth lights
separately did not show a significantly better fit than a common fit of all data pooled
(F = 2.44, P > 0.05). n= 5 independently grown cultures, means ± S.D.

Fig. 12. Changes in Photosystem II function under initial darkness, saturating actinic
light and subsequent dark recovery in Ostreococcus.Cultures were measured in darkness
(0 s), then exposed to saturating light and shifted back to darkness. n= 5 independently
grown cultures, means ± S.D.(A) Excitation transfer among PSII units (ρ).(B) Coefficient
of photochemical quenching (qL).(C) Yield of non-photochemical quenching (YNPQ).(D)
The effective absorption cross section for PSII (σPSII or σPSII′; A2 quanta−1).
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Fig. 13. Responses of Photosystem II to increasing light intensity in Thalassiosira.Cultures from growth limiting (filled triangles) or growth saturating light (empty circles); n = 4–6
independently grown cultures, means ± S.D.(A) Coefficient of excitation transfer among PSII units under actinic light (ρ) or (B) after 1 s dark (ρ′1 s).(C) Coefficient of photochemical
quenching under actinic light (qL) or (D) after 1 s dark following actinic light (qL1s).(E) Yield of non-photochemical quenching under actinic light (YNPQ) or (F) after 1 s dark following
actinic light (YNPQ1s).(G) Effective absorption cross section for PSII photochemistry under actinic light (A2 quanta−1, σPSII under 0 μmol photons m−2 s−1, σPSII′ under illumination) or
(H) after 1 s dark following initial dark (σPSII1s) and actinic light (σPSII′1 s).
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remaining open PSII RC with increasing actinic light, although the
responsiveness of ρ to PSII closure varied across taxa, likely reflecting
differences in spacing among PSII. Subsequent to the initial down
regulation ρ, recovery under darkness or low light is directly attribu-
table to PSII re-opening in Prochlorococcus. In the other taxa even after
PSII has re-opened three distinct mechanisms intervene to delay the
recovery of ρ. We suggest that the patterns versus PSII closure ρ′ can
provide a convenient means to compare differences in PSII spacing
across structurally diverse taxa.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2017.03.003.

Fig. 14. Light response curves of Thalassiosira.(A) Electron transport rate (ETR) response
to increasing light.Cultures from growth limiting (filled triangles) or growth saturating
light (empty circles) were fit with the equation from Fig. 4A. Dotted lines show 95%
confidence interval of the regression lines. Fitting data from the two growth lights
separately gave a significantly better fit than a common fit of all data pooled (F = 17.0,
P < 0.05). n = 4–6 independently grown cultures, means ± S.D.(B) Coefficient of
excitation transfer among PSII units (ρ, ρ′) plotted against the reciprocal of simultaneously
determined coefficient of photochemical quenching (1/qL).Cultures were exposed to 0 to
272 μmol photons m−2 s−1 (filled triangles) or 0 to 272 μmol photons m−2 s−1 (empty
circles). Error bars on ρ determinations show the 95% confidence interval on the fitted
parameter from an individual measurement. A nonlinear regression line was fit to the
data pooled from both growth lights (r2 = 0.91, Summed square of residuals = 0.05,
Residual standard error = 0.19, Exponential decay rate = 0.66) according to the
equation Fig. 4B. Black dotted lines show 95% confidence interval of the regression line.
Fitting data from the two growth lights separately did not show a significantly better fit
than a common fit of all data pooled (F = 2.0, P > 0.05). n = 4–6 independently grown
cultures, means ± S.D.

Fig. 15. Changes in Photosystem II function under initial darkness, saturating actinic
light and subsequent dark recovery in Thalassiosira.Cultures were measured in darkness
(0 s), exposed to saturating light and shifted back to darkness. n= 4–6 independently
grown cultures, means ± S.D.(A) Excitation transfer among PSII units (ρ).(B) Coefficient
of photochemical quenching (qL).(C) Yield of non-photochemical quenching (YNPQ).(D)
The effective absorption cross section for PSII (σPSII or σPSII′; A2 quanta−1).
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