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estimating primary production, particularly in the nutrient-
limited tropical oceans where P. marinus dominates phyto-
plankton community composition.
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Introduction

Phytoplankton biomass in the oceans represents approxi-
mately 0.2% of the global photosynthetically active carbon 
biomass (Field et al. 1998). Despite this fact, oceans con-
tribute 45–50% of global net primary production (NPP), 
equating to roughly 50 petagrams of carbon per year 
(Falkowski et al. 1998; Field et al. 1998). Accurate meas-
urements of phytoplankton primary production are criti-
cal to understand and predict how marine ecosystems will 
respond to climate change. Furthermore, advancing ocean 
biogeochemistry and ecosystem models require quantitative 
descriptions of phytoplankton properties during resource-
limited growth (Litchman and Klausmeier 2008; Follows 
and Dutkiewicz 2011).

Prochlorococcus marinus is a globally important and 
extensively studied cyanobacterium (Hess et al. 2001; Ting 
et al. 2002; Partensky and Garczarek 2010). With an aver-
age cell diameter of 0.6 µm, it is the smallest known unicel-
lular phototroph (Chisholm et al. 1988), and is ubiquitously 
distributed in the euphotic zone in tropical and subtropical 
oligotrophic waters between 40°N and 40°S with cell den-
sities ranging from  104 to  105 cells ml−1 (Partensky et al. 
1999). Thus, P. marinus is the most abundant photosyn-
thetic organism in the world playing a crucial role in global 
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primary production and carbon cycling (Chisholm et  al. 
1988; Partensky et al. 1999).

Prochlorococcus contributes an estimated 13–48% of 
NPP in the equatorial Pacific Ocean (Vaulot et al. 1995) and 
an estimated 8.5% of ocean NPP (Flombaum et al. 2013). 
NPP is defined as the rate of photosynthetically fixed C 
available for other trophic levels, and it can be calculated 
as the product of phytoplankton growth rate and cell car-
bon when those values are available. However, while phy-
toplankton carbon is now measureable (Graff et al. 2012), 
methods to reliably determine growth rate remain out of 
reach. In contrast, cell chlorophyll (Chl) and light absorp-
tion are relatively simple to measure in the field and by 
remote sensing. Therefore, estimates of marine primary 
production are commonly derived using photosynthetic 
efficiencies [rates of carbon fixation or oxygen production 
per unit Chl or normalized to absorbed light (Silsbe et al. 
2015)]. However, phytoplankton adjust their Chl content 
depending on nutrient availability. This cellular plasticity 
can cause the Chl:C ratio to vary by an order of magnitude 
and causes major uncertainties in global estimates of pri-
mary production (Siegel et al. 2013).

Rates of carbon production are commonly measured 
using 13C or 14C-radiolabeled sodium bicarbonate. Chl-
specific 14C-uptake rates have been used extensively to 
estimate net carbon primary production (NPC) and are 
also used to calibrate algorithms of NPC based on satel-
lite retrievals (Behrenfeld and Falkowski 1997). However, 
Chl-specific 14C-uptake rates vary depending on incubation 
duration and growth rate and can range between gross and 
net carbon production (Laws et al. 2002; Marra 2009). This 
variability is caused by the relative distribution of photo-
synthetically assimilated carbon among different metabolic 
pathways, such as various catabolic and biosynthesis path-
ways. Ultimately, the lifetime of newly assimilated carbon 
(the time it takes for assimilated carbon to be converted 
back to  CO2) depends on the metabolic pathway that domi-
nates under certain environmental conditions (Halsey et al. 
2011).

In this study, we investigated the effects of nitrogen 
limitation on metabolic processes underlying gross and 
net carbon primary production and other cell properties in 
P. marinus. In recent studies on eukaryotic algae, Halsey 
et  al. (2010, 2013, 2014) discovered that chlorophyll-spe-
cific gross and net carbon primary production  (GPCb and 
 NPCb) were independent of nutrient-limited growth rates. 
We tested whether these behaviors are also expressed in 
the cyanobacterium P. marinus. We used 14C-uptake meas-
urements of varying duration to assess  GPCb and  NPCb, 
fluorometry to examine Photosystem II activity (maximal 
photosynthetic efficiency of PSII FV/FM, and functional 
absorption cross section of Photosystem II σPSII), and Fou-
rier transform infrared (FTIR) spectroscopy to determine 
the biochemical composition of P. marinus grown at dif-
ferent steady-state nutrient-limited growth rates under con-
stant saturating light (see Table  1 for detailed definitions 
of the production measurements made in this study). We 
found that P. marinus uses the same general carbon allo-
cation strategies as many eukaryotic algae. However, a key 
difference is that the efficiency of carbon conversion into 
biomass is significantly lower in this globally important 
cyanobacterium compared to the eukaryotes (Halsey et al. 
2013, 2014). Our results provide important cell properties 
of Prochlorococcus under steady-state nutrient limitation 
and information about the photo-physiology and photo-
synthetic energy use efficiency of P. marinus that can be 
directly applied to global estimates of net primary produc-
tion that take into account community composition.

Materials and methods

Culture conditions

Prochlorococcus marinus strain PCC 9511 (Pasteur Cul-
ture Collection of Cyanobacteria; Pasteur Institute, Paris, 
France) was grown at 20 °C in chemostat mode in artifi-
cial sea water PCR-S11 medium (Rippka et al. 2000) made 

Table 1  Abbreviations and 
definitions of production 
measurements

Abbreviation Definition Units

FV/FM Maximum photochemical efficiency of open RCIIs Unitless
ΦPSII Effective photochemical efficiency of RCIIs in actinic light Unitless
Pb

max Maximum Chl-specific carbon fixation rate µmol C (mg DV-Chl a h)−1

αb Light-limited slope of the PE curve µmol C (mg DV-Chl a)−1 h− 1 
(µmol quanta m−2 s−1)−1

Ek Light saturation point µmol quanta m−2 s−1

Pb
Eg Chl-specific carbon fixation rate at the growth irradiance µmol C (mg DV-Chl a h)−1

GPCb Chl-specific gross carbon primary production µmol C (mg DV-Chl a h)−1

NPCb Chl-specific net carbon primary production µmol C (mg DV-Chl a h)−1
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of Red Sea salt (Red Sea Fish Pharm, Israel) and supple-
mented with  (NH4)2SO4 concentrations of 400, 200, and 
100 µM to achieve specific growth rates (µ) of 0.3, 0.2, and 
0.1  day−1, respectively. The maximum specific growth rate 
(0.3  day−1) corresponded to the N-replete culture. Cultures 
attained steady-state growth by continuous flow of medium 
into and out of the culture using peristaltic pumps at pre-set 
rates; accordingly, µ was set by the dilution rate determined 
as

Cultures were maintained at each growth condition for 
at least 10–15 generations (i.e., 3–14 weeks, depending 
on growth rate) to ensure full acclimation prior to sam-
pling (LaRoche et  al. 2010). Cells were considered to be 
at steady-state once measurements of intrinsic fluorescence 
(F0) or divinyl chlorophyll a (DV-Chl a) (see below) were 
constant for 3–4 consecutive days. For each nitrogen-lim-
ited growth rate, triplicate 700 ml cultures were grown in 
1  l Erlenmeyer flasks, aerated, and continuously illumi-
nated by fluorescent light bulbs (PILA LF 36W/33–640, 
Poland) with a photon flux density ~50  µmol quanta 
 m−2 s−1 measured using a spherical quantum sensor (Walz 
ULM 500, Germany). Growth under continuous irradi-
ance limited the range of growth rates achieved compared 
to those previously reported for P. marinus cells growing 
under light–dark cycles. We used constant light conditions 
to ensure that cell division was asynchronous and there was 
no diel rhythm in photosynthesis, thus providing us the 
advantage of reproducible sampling. P. marinus was una-
ble to maintain growth at continuous irradiances >50 µmol 
quanta  m−2 s−1 (data not shown), which resulted in bleach-
ing of cultures probably due to accumulated photo-damage. 
Nevertheless, the light conditions used in this study for P. 
marinus were similar to the study by Lindell et al. (2002) 
that investigated nitrogen metabolism in Prochlorochoccus 
strain PCC 9511.

Culture monitoring

Daily measurements of F0 or DV-Chl a concentration were 
used to monitor each culture. F0 was measured in fluorom-
eter FL3000 (Photon System Instrument, Czech Republic) 
after acclimating cells for 10 min to darkness. To determine 
DV-Chl a, cells of triplicate culture samples were filtered 
onto 25-mm glass fiber filters with a particle retention of 
0.4  µm (MN GF 5, Macherey–Nagel, Germany). Filters 
were extracted in 100% methanol and stored at −20 °C for 
24  h. The absorption spectra of the extracts were meas-
ured spectrophotometrically (spectrophotometer UV 500, 
ChromSpec, CZ), and DV-Chl a was quantified using the 
equation for Chl a assessment in Porra (2006).

(1)� =
Flow rate

Culture volume
.

Cell density

Number of cells was measured using a flow cytometer A50 
(Apogee Flow systems, UK) equipped with a blue laser 
(488  nm) and analyzed using FlowJo software (Flowjo 
LLC, USA) using standard procedures for data analysis 
according to Shapiro (2005).

Elemental composition

For cellular carbon and nitrogen analysis (C:N), 1, 2, and 
3 ml samples were filtered in triplicate onto pre-combusted 
(5  h at 550 °C) MN GF 5 filters, wrapped in tin capsules 
and stored at −70 °C until analysis with a CN Elemental 
Analyzer vario MICRO cube (Elementar Analysensysteme 
GmbH, Germany) as described in Nelson and Sommers 
(1996). A filter blank was subtracted from raw values.

Photosystem II Chl a fluorescence characteristics

Chl a fluorescence was measured using a fluorometer 
FL3000 (Photon System Instruments, Czech Republic). 
Cells were dark acclimated for 10  min prior to measure-
ments to oxidize all PSII reaction centers. F0 was measured 
using low-intensity blue measuring light (455 nm). A mul-
tiple turnover saturating flash (duration 850  ms, intensity 
2100 µmol quanta  m−2 s−1, 635 nm) was applied to reduce 
all reaction centers and raise fluorescence to its maximum 
(FM). The maximum photochemical efficiency of open 
RCIIs was calculated as the ratio of FV/FM, where FV 
(variable fluorescence) corresponds to FM − F0. Cells were 
then exposed to an actinic light (205 µmol quanta m−2 s−1, 
635 nm) for 145 s. The effective photochemical efficiency 
of PSII in actinic light (ΦPSII) was determined as Fq′/FM′, 
where FM′ is the maximum fluorescence in light-adapted 
state and Fq′ = FM′ − F′, where F′ is the steady-state fluores-
cence in the light (Kromkamp and Forster 2003).

Measurements of electron transport rate

The electron transport rate (ETR) through Photosystem II 
was determined by fast repetition rate fluorescence using 
a custom-designed FL3500 fluorometer (Photon Sys-
tems Instruments, Czech Republic). After a 10  min dark 
acclimation period, a series of 100 blue (463  nm) flash-
lets of 1  μs duration was applied to induce single turno-
ver of all RCII. Changes in fluorescence were then meas-
ured during sequential exposure to 11 different intensities 
(0–1023 µmol photons m−2  s−1) of blue actinic light. The 
resulting fluorescence light curves were fitted to the model 
of Kolber et al. (1998) to derive the maximum and minimal 
fluorescence, the effective PSII cross section (σPSII), and the 
connectivity between photosystems (p). These parameters 
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were then used to calculate the ETR according to Suggett 
et al. (2010):

where nPSII represents the ratio of functional reaction cent-
ers of PSII to total chlorophyll a. The value 1/nPSII = 500 
(mol chl a/mol RCII) was used (see Suggett et  al. 2010 
for details). ΦRCII is the quantum yield of photochemis-
try within RCII [taking constant values of 1 mol  e− (mol 
 photons−1)], and E is the intensity of the actinic light. We 
used a custom-designed fluorometer, so an instrument-spe-
cific Kr coefficient for nPSII assessment has not been deter-
mined. Therefore, relative numbers of active RCII, instead 
of absolute numbers, were derived from F0 and σPSII 
(Oxborough et al. 2012; Silsbe et al. 2015).

Short-term 14C-uptake rates

To assess photosynthesis versus irradiance (PE) relation-
ships, uptake of 14C-bicarbonate at light intensities ranging 
from 0.5 to 500  µmol  quanta  m−2  s−1 was measured in a 
temperature-controlled photosynthetron-type incubator. 
For each PE curve, a 45 ml culture aliquot was inoculated 
with 5  µCi inorganic 14C  (NaH14CO3, MP Biomedicals, 
CA, USA), aliquoted into scintillation vials (1  ml each), 
and incubated for 20 min. After incubation, samples were 
acidified with 50 µl 1 N HCl and degassed for 24 h. Three 
1  ml samples inoculated with 14C were kept in the dark 
for 20  min, acidified, and degassed. After 24  h of degas-
sing, EcoLite scintillation cocktail (MP Biomedicals, CA, 
USA) was added to each sample to determine their radio-
active decay using a Tri-Carb 2810 TR liquid scintillation 
analyzer (PerkinElmer, MA, USA). To obtain the total 
activity of  NaH14CO3 added, three 50  µl samples were 
added to vials containing 50-µl ethanolamine, 900 µl cul-
ture media, and 5 ml of EcoLite scintillation cocktail and 
capped immediately and counted. PE curves were modeled 
according to nonlinear least-squares regression described 
by (Jassby and Platt 1976)

where Pb is the Chl-specific rate of carbon fixation [µmol 
C (mg DV-Chl a h)−1], Pb

max is the maximum Chl-spe-
cific C fixation rate [µmol C (mg DV-Chl a h)−1], αb is the 
light-limited slope of the PE curve [µmol C (mg DV-Chl 
a)−1 h−1 (µmol quanta m−2 s−1)−1], and E is the irradiance 

(2)ETR = �PSII × nPSII ×

F
�
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/
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(3)P
b
= P

b

max

[

1 − exp

(
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b
× E

Pb
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)]

,

(µmol  quanta  m−2  s−1). The light saturation point Ek 
(µmol quanta m−2 s−1) was defined as

Samples for measuring dissolved organic carbon (DOC) 
were prepared with 14C as described above and incubated 
for 20 min at 0 and 500 µmol quanta m−2 s−1. Samples were 
then filtered through an MN GF 5 filter to separate dis-
solved from particulate matter, acidified, and degassed as 
described above.

Time dependence of 14C-uptake

To determine the kinetics of 14C-uptake over time, a 100 ml 
aliquot of culture was transferred to a small sterile tem-
perature-controlled chemostat with the same light condi-
tions and a flow rate adjusted to maintain the same specific 
growth rate as the stock chemostat by accounting for the 
reduced volume in Eq.  (1). Freshly prepared bovine car-
bonic anhydrase (Sigma-Aldrich, St. Louis, MO, USA) was 
added to the culture (5  U  ml−1) to ensure immediate iso-
topic equilibrium between  HCO3

− and  CO2. After 2  min, 
the culture was inoculated with  NaH14CO3 (1  µCi  ml−1). 
Sampling for 14C-uptake rate started 2  min after inocula-
tion with 14C and continued regularly over 24 h by taking 
1.1 ml samples at each time point using a syringe and trans-
ferring the sample to a 2-ml Eppendorf tube. Two 0.5 ml 
subsamples were transferred to scintillation vials, acidified 
and degassed for 24 h. At each time point, two additional 
50  µl samples were taken to determine the total remain-
ing activity, and treated as total activity samples described 
above. Five milliliter of scintillation cocktail was added to 
each sample after 24 h and then measured by liquid scintil-
lation counting.

Generalized model of carbon utilization

Carbon allocation in cells growing at all three growth rates 
was modeled by calculating the fraction of newly fixed car-
bon that is partitioned into either a short-half-life or long-
half-life pool as described in detail in Halsey et al. (2013).

Gas exchange measurements

Photosynthesis and light-dependent respiration rates at 
20 °C were measured using a MIMS (Membrane Inlet Mass 
Spectrometer). The instrument, experimental procedures, 
and data analysis were identical to Milligan et  al. 2007 
with the following exceptions: because Prochlorococcus 
photosynthetic activity is inhibited by stirring or shaking, 
we have added the isotope label by mixing 1  ml of 18O2 

(4)Ek =
P
b

max

�b
.
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saturated medium with 5 ml of cell suspension. The actinic 
illumination was provided by a laboratory white LED light 
source adjusted to 50 µmol quanta m−2 s−1 inside the meas-
uring chamber.

Fourier transform infrared spectroscopy

To determine the macromolecular composition of cells 
growing at each nitrogen-limited growth rate, 30 ml of the 
cell suspension was harvested by centrifugation at 8000×g 
for 10 min at 20 °C. Cells were washed twice with ammo-
nium formate (28 g  l−1), re-suspended in 50 μl of ammo-
nium formate, and spread on a Si 384-well plate (Bruker, 
Billerica, MA, USA). Samples were measured on a Nicolet 
IS10 (Thermo Scientific, Waltham, MA, USA) spectrom-
eter equipped with a microarray reader and a deuterated tri-
glycine sulfate (DTGS) detector. Absorbance spectra were 
collected in the spectral range from 400 to 4000 cm−1 at a 
spectral resolution of 4 cm−1 and 64 scans were co-added 
and averaged. A Blackman–Harris three-term apodization 
function was used, with a zero-filling factor of two. Omnic 
software (Nicolet) was used for measurement and data 
processing. Spectra were normalized to the maximum of 
an amide I absorption band at 1645  cm−1 and absorption 
maxima of lipids (1735 cm−1) to protein (amide I) and lipid 
to carbohydrate (1152  cm−1) were used for comparison 
(Giordano et al. 2001).

Statistics

Data were statistically analyzed by linear regression using 
MS EXCEL 2010. One-way ANOVA analysis [Dunn’s 
Method to detect significant differences (p < 0.05)] and 
nonlinear least-squares regressions were performed by Sig-
maPlot 11 (Systat Software, CA, USA).

Results

Growth and cell properties

Continuous cultures of P. marinus were established with 
three steady-state N-limited specific growth rates (0.1, 
0.2, and 0.3  day−1). The maximum achieved growth 
rate of N-replete culture (0.3  day−1) in our experiments 
was less than the maximal growth rate reported under 
light–dark regimes of illumination [0.69  day−1 in syn-
chronized cyclostats with diel light (Bruyant et al. 2005) 
and 0.63  day−1 under a 12:12 light:dark cycle (Kulk 
et  al. 2012)]. The slower growth under continuous irra-
diance has been observed in several species (Brand and 
Guillard 1981). Recently, we reported slower growth in 
alga Chromera velia grown under light–dark cycles than 

under continuous irradiance with the same light dose 
(Quigg et  al. 2012). This has several possible reasons. 
Under continuous irradiance, cell cycles are not synchro-
nized. While under light–dark cycles DNA replication 
and cell division occur in the dark phase, in continuous 
light replicated DNA is damaged and growth is inhib-
ited. Also, in our study of Prochlorococcus, we used an 
artificial seawater-based medium with defined nitrogen 
concentrations instead of the natural seawater-based 
medium with undefined nitrogen concentrations used 
in the studies achieving faster growth rates. Neverthe-
less, the growth rates we established are comparable to 
those reported in other research on P. marinus, where 
µ = 0.38 day−1 under a 12:12 L:D regime (Fu et al. 2007) 
and µ = 0.19–0.38  day−1 under a dynamic irradiance 
(Kulk et  al. 2011; Zorz et  al. 2015) were observed. The 
range of growth rates used in our experiments allowed us 
to investigate the effects of steady-state nutrient limita-
tion on cell properties and photosynthetic energy use in 
P. marinus.

Cellular DV-Chl a decreased with increasing nitrogen 
limitation (p < 0.05). Thus, DV-Chla:C and DV-Chla:N 
also decrease significantly (p < 0.05, Table  2). On the 
other hand, ratios of C:N increased slightly but not sig-
nificantly with increasing N limitation (Table 2).

Photosystem II Chl a fluorescence characteristics

FV/FM and ΦPSII remained almost invariant across all 
steady-state N-limited growth rates, suggesting that cells 
maintained fully functional active photosystems and pho-
tosynthetic electron transport regardless of the degree of 
nutrient limitation. The functional absorption cross sec-
tion of PSII (σPSII) was significantly larger in N-replete 
cells growing at 0.3  day−1 than in N-limited cells growing 
at 0.2 and 0.1  day−1 (Table 3), (p < 0.05). Thus, Prochlo-
rococcus cells decreased the size of their light-harvest-
ing antennae with increasing N limitation. However, the 

Table 2  Cellular DV-Chl a content and elemental composition of 
steady-state nitrogen-limited cultures of P. marinus (n = 4, ± standard 
deviations)

Statistically significant changes are indicated with asterisks and dag-
gers (p < 0.05)

Variables N-limited growth rate  (day−1)

0.1 0.2 0.3

DV-Chl a (fg/cell) 0.3 ± 0.2* 0.9 ± 0.1* 1.5 ± 0.2*
DV-Chla:C (×10−2) 

(µg/µg)
0.7 ± 0.1* 1.8 ± 0.5 3.1 ± 0.7*

DV-Chla:N (µg/µg) 0.07 ± 0.01* 0.13 ± 0.04† 0.22 ± 0.05*,†

C:N (µg/µg) 8.3 ± 1.2 8.1 ± 0.9 7.2 ± 0.5
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decrease in effective PSII antenna size was not linearly 
proportional to the nutrient-dependent decline in growth 
rate and in chlorophyll concentration. We hypothesize 
that this nonlinearity in σPSII dependence on the growth 
rate and pigmentation reflects the removal of the pack-
aging effect (i.e., pigment self-shading) in the N-limited 
cells growing at 0.2 and 0.1  day−1. Relative nPSII normal-
ized to DV-Chl a increased with increasing nutrient limi-
tation, but, conversely, when normalized to cell density, 
relative nPSII decreased (Table 3). Photosynthetic electron 
transfer rates through PSII at the growth irradiance did 
not change across steady-state N-limited growth rates and 
averaged 344 ± 39 µmol  e− (mg DV-Chl a h)−1 (Fig. 1).

Short-term 14C-uptake incubations

Chl-specific 20  min 14C-uptake measurements were used 
to estimate photosynthesis as a function of irradiance (PE 

curves) and to gain information about how nutrient limi-
tation influences carbon metabolism. From the fits of the 
measured data, we determined the initial light-limited 
slope (αb) and the light-saturated rate of carbon fixation 
(Pb

max). Both Pb
max and αb increased linearly (r2 = 0.96) 

with µ (Table 4; Fig. 2). The consequence of the observed 
covariance in Pb

max and αb is that the light saturation 
index (Ek) was almost identical for µ = 0.3 and 0.2  day−1 
(Behrenfeld et  al. 2004), and Ek was only slightly higher 
in the severely nitrogen-limited cells with µ = 0.1  day−1 
(Table  4). From the PE curves generated from 20  min 
incubations, we also determined Pb

Eg, which is the Chl-
specific carbon fixation rate at the growth irradiance 
(50  µmol  quanta  m−2  s−1). Pb

Eg increased linearly with µ 
(r2 = 0.99) and differed significantly among N-limited cul-
tures (p < 0.05), (Table  4; Fig.  1). At first approximation, 
since Pb

Eg was measured at the growth irradiance, it should 
provide quantitative information about the amount of fixed 
C available for cell metabolism and growth. However, due 
to the duration of the incubation (20 min), Pb

Eg represents 
the balance between (a) new C fixed by photosynthesis 
and retained by the cell and (b) new C fixed and oxidized 
back to  CO2 during the incubation. In severely N-limited 
cells, Pb

Eg matched the  NPCb value, but Pb
Eg was similar 

to  GPCb in N-replete cells (Fig.  1). Short-term (20  min) 

Table 3  Photophysiological 
fluorescence characteristics of 
steady-state nitrogen-limited 
P. marinus (n = 4, ±standard 
deviations)

Statistically significant changes are indicated with asterisks and daggers (p < 0.05)

Variables N-limited growth rate  (day−1)

0.1 0.2 0.3

FV/FM 0.63 ± 0.03 0.66 ± 0.02 0.62 ± 0.01
ΦPSII 0.49 ± 0.05 0.54 ± 0.05 0.5 ± 0.04
σPSII  (A2  PSII−1) 174 ± 19.9* 162 ± 14.5† 250 ± 5.4*,†

nPSII (PSII DV-Chl a−1) relative units 2.78 ± 1.77 1.15 ± 0.54 0.87 ± 0.18
nPSII (PSII  cell−1) relative units 3.1 ± 2.5 4.6 ± 3.6 5.0 ± 1.3
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Fig. 1  Relationships between the photosynthetic electron transfer 
rate (open diamond and dashed line), DV-Chl a specific gross car-
bon primary production  (GPCb, filled square and solid line), carbon 
fixation rate at the growth irradiance (Pb

Eg, filled inverted triangle 
and dash-dotted line), and net carbon primary production  (NPCb, 
open circle and dotted line), in P. marinus as a function of N-limited 
growth rate. Each data point is the average from at least three meas-
urements (where none are visible, the error bars are smaller than the 
size of the symbol)

Table 4  Variables describing PE curves measured in steady-state 
nitrogen-limited P. marinus (n = 3, ±standard deviations)

Statistically significant changes are indicated with asterisks (p < 0.05)

Variables N-limited growth rate  (day−1)

0.1 0.2 0.3

Pb
max [µmol C (mg DV-Chl 

a h)−1]
214 ± 4* 316 ± 4* 558 ± 6*

αb [µmol C (mg DV-Chl 
a)−1 h−1 (µmol quanta 
 m−2 s−1)−1]

3 ± 0.1* 6 ± 0.2* 11 ± 0.3*

Ek (µmol quanta  m−2 s−1) 71 ± 0.8* 53 ± 1.5 51 ± 1.8
Pb

Eg [µmol C (mg DV-Chl 
a h)−1]

86 ± 16* 198 ± 41* 315 ± 52*

Pb
C  (day−1) 0.17 ± 0.03* 1.02 ± 0.21* 2.18 ± 0.46*

DOC% of Pb
max 19 ± 3.2* 7 ± 1.1 6 ± 2.5
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carbon fixation provided a fairly good estimate of growth 
rate (=Pb

Eg × DV-Chl a/C) in the slowest growing cells 
(0.17 day−1 in cells growing at 0.1 day−1), but increasingly 
overestimated growth rate by five- and sevenfold in cells 
growing at 0.2 and 0.3  day−1, respectively (Table 4). The 
amount of DOC excreted into the medium was <10% of 
Pb

max in N-replete cells (µ = 0.3 day−1) and in less N-lim-
ited cells (µ = 0.2 day−1), but was 20% of Pb

max in severely 
N-limited cells (µ = 0.1 day−1) (Table 4).

Time-dependent 14C-uptake

Because previous work showed that metabolic processing 
of newly fixed carbon can be influenced by nutrient limita-
tion and therefore can impact the kinetics of carbon turn-
over, we also determined the time dependency of the net 
rate of C assimilation in P. marinus. Chl-specific 14C-based 
production was measured following incubations that ranged 
from 2 min to 24 h using the method introduced by Hal-
sey et  al. (2011) (Fig.  3). Measurements of C-production 
obtained 2 min after isotope addition were similar for cul-
tures grown at the three N-limited growth rates and aver-
aged 374 ± 21  µmol C (mg DV-Chl a h)−1, providing a 
good estimate of  GPCb. Chl-specific 14C-uptake rates 
decreased with time. The kinetics describing the decline 
of the Chl-specific 14C-uptake rates changed depend-
ing on N limitation. In the most severely N-limited cells, 
Chl-specific 14C-uptake declined by 50% of the initial rate 
after only 4 min. In contrast, it took 10 min in less N-lim-
ited cells and 120  min in N-replete cells for Chl-specific 

14C-uptake to decline to 50% of the initial rate. Following 
24 h, approximately 80% of newly fixed carbon had been 
catabolized to  CO2 regardless of growth rate. After 24  h, 
Chl-specific 14C-uptake matched  NPCb in cells growing at 
all growth rates.  NPCb was invariant with growth rate and 
averaged 71 ± 10 µmol C (mg DV-Chl a h)−1.

We applied a generalized model of algal carbon allo-
cation and mobilization (Halsey et  al. 2013) to our data 
describing the kinetics of 14C-production (Fig.  3). This 
model is based on the idea that newly fixed carbon is allo-
cated to two different carbon pools that vary in their rate of 
carbon oxidation back to  CO2 in proportion to growth rate. 
The model gave a strong fit to the data for cells growing at 
the slower two growth rates (r2 = 0.97), but was a poorer 
fit for the fastest growing cells (r2 = 0.86). Optimized half-
lives for the two carbon pools were 18 s and 2.8 h.

Fourier transform infrared spectroscopy

We used FTIR to determine the relative contributions of 
different macromolecular carbon pools in P. marinus grow-
ing at different nutrient-limited growth rates (Pistorius 
et  al. 2009). The biomass of faster growing cells (µ = 0.3 
 day−1) was more biochemically reduced (i.e., containing 
higher amounts of proteins than slower growing cells). 
More severe N limitation caused carbohydrates to increase 
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steady-state cultures grown at  0.3  day−1 (open circle), 0.2  day−1 (open 
square), and 0.1  day−1 (open inverted triangle) obtained from 20 min 
14C-uptake measurements. Data fitting is represented by solid lines. 
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Fig. 3  Kinetics of carbon production based on 14C-uptake measure-
ments of increasing duration and the generalized model of carbon 
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values for cells at all growth rates. Each data point is the average of 
three measurements, error bars are standard deviations with n = 3 
(where not visible, the error bars are smaller than the size of the sym-
bol)
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from 32 to 43% of the total carbon content while protein 
content decreased from 61 to 46%, (p < 0.05) and lipid con-
tent remained nearly constant (Fig. 4).

Discussion

This study examined the physiological responses of P. 
marinus strain PCC 9511 to nutrient limitation. We focused 
on understanding how the degree of nutrient limitation 
affected resource allocation in this globally important 
cyanobacterium and whether these allocation strategies 
are distinct from those determined in other eubacterial and 
eukaryotic phototrophs.

Parameters describing the pigmentation (Table 2) show 
that cells decrease cellular DV-Chl a with increasing 
nitrogen limitation. Light-harvesting pigments are rich in 
nitrogen and are therefore downregulated with decreas-
ing ammonium availability. This adjustment also caused 
the DV-Chl a:C and DV-Chl a:N ratios to decrease lin-
early with decreasing growth rate. Such linearity has been 
observed before, and the slope of the DV-Chl a:C vs. nutri-
ent-limited growth rate relationship in P. marinus is com-
parable to the corresponding relationships in eukaryotic 
algae (Laws and Bannister 1980; Halsey and Jones 2015). 
This new information for numerically abundant P. marinus 
increases the robustness of the Chl:C parameter to con-
strain production models. Interestingly, FV/FM and ΦPSII 
in acclimated P. marinus cells were not affected by nitro-
gen limitation (Table 3) supporting the results of Parkhill 
et  al. (2001). Thus, P. marinus alters its light-harvesting 

photosynthetic apparatus to maintain maximal photosyn-
thetic efficiency at the level of PSII in response to nutri-
ent availability. Such alterations of the light-harvesting 
system include adjusting the effective absorption cross sec-
tion (σPSII). In the nitrogen-limited cells (i.e., cells growing 
at µ = 0.1 and 0.2  day−1), the very low cellular DV-Chl a 
content was reflected by a reduced σPSII and higher rela-
tive nPSII compared to cells growing at 0.3  day−1. However, 
changes in relative nPSII related to DV-Chl a (Table 3) were 
driven by the decreasing concentration of DV-Chl a within 
the cell. Interestingly, the cellular density of PSII reaction 
centers decreased markedly with decreasing growth rate 
(Table 3). This result, taken together with the smaller pro-
tein pool (Fig. 4) in nitrogen-limited cells, suggested cru-
cial changes in the PSII light-harvesting antennae (Herzig 
and Falkowski 1989). These changes allow cells to main-
tain maximal photosynthetic efficiency and photosynthetic 
electron transport across all growth rates (Table 3; Fig. 1).

Basic parameters describing PE relationships in N-lim-
ited P. marinus (Pb

max, αb, and Pb
Eg see Table 4) decreased 

linearly with increasing N limitation.  Ek thus remained 
constant in cells growing at 0.3 and 0.2  day−1, a phenom-
enon known as Ek-independent variability. This behavior 
is caused by differences in how newly fixed carbon is allo-
cated to carbon metabolic pathways depending on growth 
rate. In very slowly growing cells, severely limited by 
nitrogen, the lifetime of newly fixed carbon is much shorter 
compared to faster growing cells (Halsey et al. 2010, 2011). 
Interestingly, Pb

max measured in N-replete cells (Table  4) 
nearly matched dawn values in P. marinus PCC 9511 grown 
under cyclostat conditions (Bruyant et al. 2005). Similarly, 
Pb

max in severely N-limited cells was similar to the mid-
night values in the Bruyant et  al. (2005) study. Thus, the 
dawn- and night-time physiology of P. marinus growing 
under a diel cycle appear to express the metabolic behav-
iors of fast and slow-growing cells, respectively. These 
observations comparing photo-physiology of laboratory-
based culture studies are particularly useful when interpret-
ing measurements on natural communities to understand 
their nutrient or growth status.

The particular stage of the cell cycle through which a 
cell is progressing also influences how newly fixed carbon 
is allocated to different carbon metabolic pathways. Dur-
ing the division phase (S-G2-M), cells direct the majority 
of new carbon to long-term storage compounds (long-lived 
carbon forms) (Halsey et al. 2013). Thus, Pb

max peaked in 
the afternoon in synchronized Prochlorococcus MED4, 
coinciding with the division phase of the cell cycle (Zin-
ser et  al. 2009). Slightly less than half of the cells in our 
P. marinus culture growing at 0.3  day−1 divided each day, 
whereas only about a tenth of the cells growing at 0.1  day−1 
divide each day. Thus, the growth rate-dependent increases 
in Pb

max and αb (Table 4) reflect the increasing proportion 

Fig. 4  Relative macromolecular biomass composition of steady-state 
nitrogen-limited P. marinus determined by FTIR semi-quantitative 
analysis (n = 4, ±standard deviations). Changes in protein (**) and 
carbohydrates (***) content in cells grown at 0.1 and 0.3  day−1 were 
statistically significant from one another (p < 0.05)
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of cells that are entering the division phase and diverting 
new carbon to longer-lived storage forms.

The rate of photosynthetic electron transport through 
PSII  (ETRPSII) was not significantly different from  GPCb 
across all three N-limited growth rates (Fig. 1). This result 
indicates that under the growth conditions employed in this 
study, essentially all photosynthetically derived electrons 
passing through thylakoid membrane from PSII towards 
PSI are used for carbon fixation via the Calvin cycle. This 
result was surprising because previous work on P. marinus 
PCC 9511 postulated that a significant portion of photo-
synthetically derived electrons are diverted away from the 
Calvin cycle and instead directed to oxygen-consuming 
pathways, such as the Mehler reaction and terminal oxi-
dase activity, to generate sufficient ATP to fuel metabolism 
(Behrenfeld et al. 2008). To verify our findings that these 
pathways were not operating in our cultures, we used 18O2 
as a tracer of respiration and monitored its loss rates in the 
light and dark using MIMS. If these alternative, oxygen-
consuming pathways were operating in our P. marinus cul-
tures, 18O2 would have been consumed more rapidly in the 
light than in the dark (Halsey et al. 2010); however, no dif-
ferences in the 18O2 loss rates were observed in cells grown 
at any of the three nitrogen-limited growth rates (Fig. S1).

One possibility for the contrasting results of these stud-
ies is that in all of our cultures, regardless of growth rate, 
sufficient newly fixed carbon flows through cellular cata-
bolic pathways (glycolysis and respiration) to satisfy the 
ATP demands of the cells. This scenario is especially plau-
sible because the growth rates were slow [0.1–0.3  day−1, 
compared to 0.69  day−1 in the Behrenfeld et  al. (2008) 
report]. Thus, the proportion of new carbon allocated to 
short-lived pathways (respiration) was likely sufficient 
for all ATP requirements in our cultures, but it was insuf-
ficient to cover the energetic costs in cells growing faster 
than 0.3  day−1. Therefore, in fast growing cells, alterna-
tive pathways (Mehler and terminal oxidase activity) 
may be required but not in the slow-growing cells in our 
experiments. It is worth noting that phytoplankton isolated 
from the oligotrophic open ocean, including P. marinus 
MED4, exhibited alternative oxidase activity. This activ-
ity is highest under high-light conditions (Mackey et  al. 
2008). Moreover, plastoquinol terminal oxidase proteins 
(McDonald and Vanlerberghe 2005) and NAD(P)H dehy-
drogenase complexes which function in PSI cyclic electron 
transport were found in MED4 (Zinser et al. 2009). These 
findings obtained from field (McDonald and Vanlerberghe 
2005; Mackey et al. 2008) and laboratory research (Behren-
feld et  al. 2008; Zinser et  al. 2009) suggest that P. mari-
nus may activate and use alternative electron pathways in 
response to high light to avoid photo-damage. However, to 
our knowledge, oxygen-consuming alternative pathways 
have not yet been directly measured in Prochlorococcus, 

and those alternative pathways were only a small fraction 
of gross photosynthesis in the cyanobacterium, Microcystis 
aeruginosa (Kunath et al. 2012).

It should be noted here that despite many trials, we have 
not yet been able to quantitatively measure the rates of oxy-
gen evolution in Prochlorococcus that match the measured 
rates of ETR or C assimilation. For some unknown reason, 
the maximal gross rates of  O2 evolution [110–145 µmol  O2 
(mg DV-chl a h)−1] measured either using a Clark electrode 
or MIMS were several times lower than the rates of ETR 
or  GPCb. Further experiments are under way to elucidate 
whether this is due to the mechanical stress caused by una-
voidable concentrating and stirring of Prochlorococcus cell 
suspensions, or whether it is inherently caused by some 
structural or functional modification of Photosystem II in 
this organism with highly streamlined genome (e.g., Rocap 
et al. 2003).

The rate of carbon fixation through the Calvin cycle is 
GPC and the rate of carbon accumulation into biomass is 
NPC. Consistent with previous observations in eukaryotic 
algae (Halsey et al. 2010, 2013, 2014), our results showed 
that neither  GPCb nor  NPCb were affected by nitrogen 
limitation in P. marinus. We found that  NPCb constituted 
approximately 20% of  GPCb. The remaining 80% of  GPCb 
is known as a transient carbon pool. The primary product of 
the Calvin cycle is glyceraldehyde 3-phosphate and alloca-
tion of this product to different metabolic pathways is spe-
cies specific (Palmucci et al. 2011; Giordano et al. 2015), 
and as discussed above, can also vary depending on nitro-
gen availability (Kaffes et  al. 2010; Palmucci et  al. 2011; 
Giordano et al. 2015; Halsey et al. 2010, 2011, 2013).

The parameter Pb
Eg, together with time-dependent 14C 

measurements, can reveal information about how cells alter 
carbon allocation in response to different environmental 
conditions. Pb

Eg matched  NPCb values in cells growing at 
µ = 0.1  day−1 (Fig. 1). Thus, in these very slowly growing 
cells, 80% of the carbon fixed during the 20-min incubation 
(the difference between  GPCb and  NPCb) was “short-lived” 
transient carbon that was catabolized back to  CO2. On the 
other hand, Pb

Eg matched  GPCb in cells growing at µ = 0.3 
 day−1 because carbon fixed during the incubation is long-
lived. The growth rate-dependent lifetimes of the transient 
carbon pool are clearly resolved in Fig. 3 and are remark-
ably similar to the behaviors in other nutrient-limited algae. 
Nevertheless, the generalized model of carbon utilization 
did not fully capture the kinetics of carbon production in 
P. marinus growing at 0.3  day−1. The data show that newly 
fixed carbon in cells growing at 0.3  day−1 is longer lived 
than the model predicts and suggests that other processes 
are functioning to regulate carbon use in this bacterium.

To better understand how carbon use in P. marinus dif-
fers from other algae, we also compared biomass compo-
sition of P. marinus across nutrient-limited growth rates. 
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The fate of new carbon differs depending on the environ-
ment because cellular requirements for the major macro-
molecules, lipids, proteins, and carbohydrates, can vary 
with nutrient availability (Jakob et  al. 2007). In general, 
eukaryotic cells cultivated in continuous culture respond 
to decreased growth rate due to increased N limitation by 
reducing carbon flow to lipids and accumulating carbo-
hydrates (Halsey and Jones 2015). In P. marinus, we also 
found a significant increase in carbon allocated into car-
bohydrates in cells growing at 0.1 compared to 0.3  day−1 
(Fig. 4). However, lipid content did not change significantly 
and was only 8–10% of the total carbon pool compared to 
45–70% in green algae (Halsey and Jones 2015; Fig.  3), 
likely reflecting the lack of internal membrane bound orga-
nelles in the cyanobacterium. The protein pool, which is 
typically maintained even at very slow growth rates (Mor-
ris 1980) became smaller with N limitation. Overall, the 
carbon allocation patterns in P. marinus grown under nitro-
gen limitation were equivalent to those observed in the 
model diatom P. tricornutum (Jakob et al. 2007).

One of the open questions in the field of aquatic pri-
mary productivity is whether relatively simple and rapid 
measurements of ETR, derived from chlorophyll variable 
fluorescence can substitute traditional methods employ-
ing incorporation of C isotopes in quantitative determina-
tion of primary productivity (for review, see Suggett et al. 
2010). For several decades, researchers have tried to para-
metrize and understand the underlying mechanisms caus-
ing the observed variability between ETR and C fixation. 
Such variability can be quantified as the electron require-
ment for carbon fixation (Φe,C = ETR/C fixation, Lawrenz 
et al. 2013). Our results indicate, that when C assimilation 
is determined by short-term incubations (20–120  min), a 
major source of the variability in Φe,C seems to be environ-
mentally driven changes in utilization of C products. Our 
and recent work (reviewed in Halsey and Jones 2015) show 
that rates of C fixation determined in such a way can attain 
almost any value between  GPCb (for nutrient-replete) and 
 NPCb (for nutrient-stressed cultures). On the other hand, in 
all cases reported here, ETR provided accurate estimates 
of  GPCb and more importantly, a vehicle for determining 
 NPCb. Therefore, at least for Prochlorococcus, aquatic net 
primary production can be derived directly from meas-
urements of ETR. Further research is, however, needed to 
prove validity of this hypothesis for other organisms and 
other environmental stresses.

This work quantitatively describes the photosynthetic 
energy budget in the globally abundant cyanobacterium 
P. marinus strain PCC 9511. To our knowledge, this is 
only the second cyanobacterium for which an accounting 
of photosynthetic energy from gross to net photosynthe-
sis has been done.  GPCb in P. marinus [374 ± 21 µmol C 
(DV-Chl a h)−1] was similar to the value for D. tertiolecta 

[319 ± 17 µmol C (Chl a h)−1] (Halsey et al. 2010). How-
ever, only 20% of  GPCb was retained as  NPCb in P. mari-
nus, compared to ~35% in the green alga and in a diatom 
(Halsey et al. 2013). Interestingly,  NPCb was only 18% of 
 GPCb in M. aeruginosa, to our knowledge the only other 
cyanobacterium for which these data have been collected 
during nitrogen-limited growth (Kunath et  al. 2012). On 
the other hand, under light-limited growth,  CO2 conversion 
into biomass was at least as efficient in Synechocystis sp. as 
in the green alga, Chlorella sorokiniana (Schuurmans et al. 
2015). These data suggest the possibility that under nitro-
gen limitation, cyanobacteria are generally less efficient 
in converting photosynthetic energy into biomass. This 
decreased energetic efficiency could be related to the fact 
that in cyanobacteria, photosynthetic and respiratory elec-
tron transport operate simultaneously in the plasma mem-
brane, and moreover, these two processes share some of the 
same electron transfer components. Other photosynthetic 
electron transport pathways, such as those that contribute 
to light-dependent oxygen consumption (e.g., Mehler and/
or midstream oxidase activities) and cyclic electron trans-
port, can serve to supplement ATP generation, thereby 
decreasing reliance on carbon catabolism. Eukaryotes 
reliably direct ~20% of gross photosynthetic flow to light-
dependent respiratory pathways during steady-state growth 
(Halsey and Jones 2015). However, reports so far show that 
cyanobacteria use these pathways only at super-saturating 
irradiances (Kunath et  al. 2012; Schuurmans et  al. 2015) 
or under iron limitation (Bailey et al. 2008), although elec-
tron cycling around PSII may be an important mechanism 
to support additional ATP generation in cyanobacteria 
(Ananyev et al. 2016). Finally, our results may also imply 
that primary and secondary endosymbiotic events leading 
to the evolution of eukaryotic algae afforded a greater effi-
ciency of photosynthetic energy use.
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