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Nitrogen isotope records of chloropigments can be used to reconstruct photic zone processes. However,
the 15N offset between chlorophyll and biomass (epor = d15Nbiomass � d15Nchlorophyll) of cyanobacteria and
eukaryotes grown in laboratory batch cultures differs significantly and the cause of the difference
remains unknown. Here, in four experiments with Synechocystis sp. PCC 6803, values of epor were statis-
tically invariant when cultures were maintained at pH 6.5–9.5 under constant growth conditions in a
chemostat. The results suggest that the negative values of epor observed for freshwater cyanobacteria
are not artifacts of batch culturing.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Nitrogen isotopes in marine sediments are used to study the
nutrient cycles of ancient oceans. However, diagenesis may alter
the measured values of d15N of total organic N relative to original
biomass (Altabet, 1988; Robinson et al., 2005). Chloropigments
unaffected by diagenesis can be used to help interpret sedimentary
data (e.g. Chicarelli et al., 1993; Sachs and Repeta, 1999;
Kashiyama et al., 2008; Higgins et al., 2012) using the relationship
between the d15N values of chloropigments and the biomass from
which they derive. The difference, epor, averages 5 ± 2‰ for eukary-
otic phytoplankton, i.e. chlorophyll is depleted in 15N by 5‰ (c.f.
Sachs et al., 1999). In contrast, the average values of epor for marine
and freshwater cyanobacteria are 0 ± 2‰ and �10 ± 3‰, respec-
tively (Beaumont et al., 2000; Higgins et al., 2011), with the sole
exception being an outlier sample of marine Synechococcus sp. (epor

10‰; Sachs et al., 1999). Of these values, the negative value of epor

for freshwater cyanobacteria is the most unexpected: it indicates a
preferential enrichment of 15N in chlorophyll.

Differences in nutrient sources ðNHþ4 ;NO�3 and N2Þ and light
conditions (continuous vs. diel) do not affect the taxonomic pat-
terns of epor values observed for cyanobacteria (Higgins et al.,
2011). However, because all prior studies were conducted in batch
culture, it is possible that epor may be affected by the systematic
increase in pH associated with CO2 fixation and its impact on
NHþ4 ! NH3 speciation. The effect of isotopic equilibration on this
acid–base pair may be expressed differently between the low
ll rights reserved.

son).
buffer capacity of freshwater media and the high buffering capacity
of saltwater, potentially affecting the 15N content of key biosyn-
thetic intermediates. Alternatively, internal pools of either labile
or recalcitrant dissolved organic nitrogen (DON) may accumulate
in the batch environment and contribute to isotopic sorting. To
determine if unusual values of epor are an artifactual result of batch
conditions, we used a chemostat to maintain cultures of Synecho-
cystis sp. PCC 6803, a freshwater taxon, at constant pH and with
continuous flow of fresh medium.
2. Material and methods

2.1. Chemostat set-up

Synechocystis sp. PCC 6803 was cultured axenically in a chemo-
stat assembled from 1 l polycarbonate bottles (fresh medium,
growth chamber and outflow bottle). Sterile lab air (0.2 lm
Millex-FG50 filter) was supplied continuously via an aquarium
pump. The medium was BG-11 + 18 mM NO�3 (Rippka et al.,
1979), controlled at a constant inflow/outflow of 0.6–0.8 ml min�1

by peristaltic pump (adjusted to maintain constant cell density and
growth rate). The culture was illuminated (24 h) with a fluorescent
cool white lamp between 37–48 lE m�2 s�1 at a range of 25.0–
26.7 �C. An immersion pH probe (Mettler Toledo 405-DPAS-SC-
K8S/150) connected to an Etatron process control pump
(DLX-pH-RX/MBB) maintained pH generally within ±0.1–0.2 of
the set point by dosing 33 mM HCl as needed (ca. 20 ml d�1;
0.67 ml dose�1). Four experiments (A, B, C, D) were conducted with
nominal pH set points of 6.5, 7.5, 8.5 and 9.5, respectively.
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2.2. Continuous growth and sampling

Cells were inoculated (1:10) into 800 ml medium and were
grown under batch conditions at the selected pH to early log phase
(0.2 optical density at 730 nm, OD730; l 1.5 d�1) before initiating
pump flow. Flow was adjusted to maintain OD730 0.2 and the cul-
ture was grown and flushed until 3–4 replacement volumes of
fresh medium had eluted (60 h for A, C and D; 72 h for B). Samples
were collected at 4 h intervals for the subsequent 12 h for analysis.
Culture material from 24, 60 and 84 h was also saved for compar-
ison (collected at 45, 93 and 120 h for B). Cells were collected from
the outflow bottle – which was maintained at all times on ice (0 �C)
in a dark box – and were centrifuged at 4800 rpm, rinsed 2� with
10 ml Nanopure� H2O, pelleted and stored frozen (�20 �C).

2.3. Chlorophyll extraction and separation

Pellets were extracted in 10 ml dichloromethane (DCM)/MeOH
(2:1) by vortexing and sonication according to Higgins et al. (2011).
Concentrated extracts were eluted through Na2SO4 and SiO2 gel
pipette columns with 2:1 DCM/MeOH, dried and re-dissolved in
250 ll DCM. Extracts were separated using high performance li-
quid chromatography (HPLC; Agilent 1100 series, diode array UV/
Vis) from two injections per sample on a 4.6 � 25 mm ZOBAX SIL
column in a gradient from hexane (100%) to MeOH (75%) and
EtOAc (25%) at 35.5 min (1 ml/min). Chlorophyll a was recovered
by way of fraction collection between 8.5 and 10 min.

2.4. Chlorophyll oxidation and N isotope analysis

Chlorophyll was converted to NO�3 by UV radiation followed by
aqueous, alkaline K2S2O8 oxidizing reagent (POR; Knapp et al.,
2005; Higgins et al., 2009). NO�3 was quantified with a chemilumi-
Table 1
Raw data. Errors for measurements are reported as ±1r of replicate measurements
with propagation of error from blank corrections, unless the value is less than the
estimated ±0.5‰ absolute uncertainty of the instrument performance, in which case
±0.5‰ is substituted. Values in italics are for samples pre- or post-equilibration of the
culture in the chemostat; values in normal text are for optimized, stable samples
collected after 3–4s equilibration time.

pH (h) d15Nbiomass (‰) d15Nchl a (‰) epora (‰)

6.70 24 5.4 ± 0.3 13.7 ± 0.5 �8.3 ± 0.6
6.83 60 5.4 ± 0.3 14.0 ± 0.5 �8.6 ± 0.6
6.81 64 13.2 ± 1.0 �8.0 ± 1.0
6.85 68 13.6 ± 0.5 �8.4 ± 0.6
6.91 72 14.6 ± 0.5 �9.4 ± 0.6
6.76 84 5.0 ± 0.4 13.9 ± 0.8 �8.9 ± 0.9

7.53 45 6.3 ± v 17.3 ± 0.5 �11.0 ± 0.6
7.22 93 6.5 ± 0.0 14.9 ± 0.7 �8.4 ± 0.7
7.58 97 15.7 ± 0.5 �9.3 ± 0.5
7.57 101 12.4 ± 0.5 �5.9 ± 0.5
7.56 105 15.4 ± 0.6 �9.0 ± 0.6
7.61 117 6.4 ± 0.2 14.4 ± 0.9 �8.1 ± 0.9

8.31 24 6.6 ± 0.6 16.1 ± 0.5 �9.5 ± 0.8
8.68 60 6.0 ± 0.4 13.2 ± 0.5 �7.2 ± 0.6
8.66 64 15.6 ± 0.5 �9.6 ± 0.6
8.52 68 14.8 ± 0.7 �8.8 ± 0.8
8.47 72 15.7 ± 0.5 �9.7 ± 0.6
8.63 84 6.1 ± 0.3 15.4 ± 0.8 �9.3 ± 0.8

9.52 24 5.9 ± 0.3 12.8 ± 1.4 �6.9 ± 1.5
9.25 60 6.2 ± 0.9 13.3 ± 0.5 �7.1 ± 1.0
9.43 64 14.1 ± 0.5 �7.8 ± 1.0
9.50 68 14.2 ± 0.6 �8.0 ± 1.1
9.56 72 13.9 ± 0.6 �7.7 ± 1.0
9.51 84 6.3 ± 0.6 11.9 ± 0.5 �5.6 ± 0.8

a d15Nbiomass not available, calculated relative to average of preceding and lagging
values.
nescent analyzer (Monitor Labs) and 10 nmol N was used to obtain
d15N values via the denitrifier method with Pseudomonas chlorora-
phis and a Thermo Scientific Delta V isotope ratio mass spectrom-
eter (Sigman et al., 2001). NO�3 background (0.7 nmol N measured)
and a d15N value of 0 ± 10‰ (assumed) for the oxidation blank
were used to correct all d15Nchlorophyll data with full propagation
of error. For d15Nbiomass, aliquots of washed cells were suspended
in Nanopure water and transferred to pre-combusted fragments
of glass fiber filters inserted in Costech� tin capsules. Capsules
were crushed, desiccated and analyzed with a Costech 4010 Ele-
mental Analyzer connected to a Thermo Scientific Delta V mass
spectrometer.
3. Results and discussion

Growth conditions and isotope results for all experiments are
summarized in Table 1. Individual data points for d15Nbiomass,
d15Nchlorophyll and epor show no significant trends (Fig. 1). The aver-
age growth conditions and isotope values for the stabilized experi-
ments (Fig. 1, closed symbols) are: A, pH 6.9 ± 0.1, epor�8.6 ± 0.7‰;
B, pH 7.6 ± 0.0, epor�8.1 ± 1.8‰; C, pH 8.6 ± 0.1, epor�9.3 ± 0.5‰; D,
pH 9.5 ± 0.1, epor �7.8 ± 0.2‰. Most data points from before 64 h or
after 72 h (97 h or 105 h for B; Fig. 1, open symbols) were also not
outside these ranges and the average propagated error of measure-
ment for individual epor values (1r = ±0.8‰) is larger than the stan-
dard deviation within most experiments and the differences
between experiments (Table 1).

Critically, to change the value of epor, any causative process
must affect incorporation of 15N into pigment N differently from
whole protein (biomass) N. This requirement is difficult to satisfy,
because in cyanobacteria, chloropigments are produced from the
central amino acid glutamate, suggesting pigment and protein
d15N values should covary.

In batch growth, it is conceivable that epor could be affected as a
function of pH due to the equilibrium fractionation factor between
NHþ4 and NH3 (a25�C 1.019; Hermes et al., 1985). NH3 sits at a lower
d15N value than the system as a whole. Because NH3 can diffuse
through membranes, while NHþ4 must be transported, the predic-
tion would be that cells would use more diffused NH3 as pH
increases, rather than invest energy in translocating and deproto-
nating NHþ4 (the species required for all biosynthetic reactions is
NH3). If cells preferentially synthesize pigments early in batch cul-
ture, drawing on transported (15N heavy) N and then recycle those
pigments while making 15N-depleted proteins from diffusive NH3,
epor might be affected. Such an effect would be most strongly ex-
pressed across the pH–pKa transition and would be sensitive to
the timing of chlorophyll and protein biosynthesis relative to the
progression of pH in the culture flask as CO2 is consumed. It should
also be dependent on the relationship between intracellular pH
and the pH of the medium and the extent to which reduced N leaks
out of cells. However, our chemostat cultures argue against any pH
dependent effects on either the absolute values of d15Nbiomass and
d15Nchloropigment or on values of epor (Fig. 1a and b).

An explanation for 15N enrichment in chlorophyll of cyanobac-
teria therefore remains a mystery; however, it appears unlikely
that pH provides a first order explanation. An alternative hypothe-
sis might invoke isotopic sorting between cells and extracellular
exudates during maturation of batch cultures, but again, only if
such sorting occurred in tandem with differential timing of pig-
ment and bulk protein synthesis. Experimenting under chemostat
conditions also can address this possibility. Unlike the cultures of
Higgins et al. (2011), which grew for an average of ca. 10 days in
a single batch of medium before sampling, the residence time (s)
of medium in the chemostat cultures was 17–22 h. Our samples
were taken at ca. 4s, or nearly steady-state conditions; the samples
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Fig. 1. Values of d15N for total biomass (a), chlorophyll a (b) and epor values (c).
Open symbols correspond to pre- and post-equilibration samples. Closed symbols
correspond to optimized, stable samples.
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should contain less exudate than a batch culture. Synechocystis sp.
6803 in mid-log phase has an OD730 of ca. 0.6, whereas the samples
collected here (OD730 0.2) were in early stage of growth with
unlimited nutrient source and without an accumulation of waste
products. By itself, this condition would not necessarily rule out
the question of isotopic sorting. However, when compared
with the epor data reported by Higgins et al. (2011), the results from
the two approaches are similar: epor values averaged ca. �12‰ in
the batch work and ca. �8.5‰ here. If the difference in epor values
between freshwater cyanobacteria in batch cultures (epor ca.
�12‰) and eukaryotes (epor ca. 5‰) was due to accumulation of
exudate, substituting a chemostat for batch culturing should have
erased most of this 17‰ gap. Instead, the switch to chemostat
culturing erased only ca. 20% of the effect. The difference between
the two approaches does appear to be significant, however, as the
batch culture epor value is significantly more negative than the
values here.

Differences in growth rate between batch and chemostat cul-
tures also may affect the magnitude of epor. If so, understanding
the interplay between growth rate and the relative timing of chlo-
rophyll synthesis might help explain why epor values for freshwater
cyanobacteria are negative. If growth rate were important, culture
data would be difficult to extend to environmental interpretations,
although the one reported measurement of epor for a freshwater
system indicates that it has a negative value in the environment
as well (Katase and Wada, 1990). The doubling time in our study
was 17–22 h in the chemostats, while the starter cultures and most
of the batches reported by Higgins et al. (2011) had a doubling
time from 24–48 h; both are within the range of the natural dou-
bling time of Synechocystis sp. 6803. Across these rates, it appears
that epor is minimally affected, although both slower and faster
rates should be explored in the future. In batch cultures, a de-
creased growth rate in late log phase and stationary phase might
allow increased utilization of the lighter N isotope for biomass as
a whole. This could produce more isotopically divergent samples
if biomass and pigments are synthesized from different pools of
N, or at different relative rates throughout the course of a batch
culture, or are affected by changing the proportion of fluxes of
key intermediate(s) around a biosynthetic branching point (Hayes,
2001). Chemostats should diminish the effect of temporal sorting
and bring the d15N values of chlorophyll and biomass closer to-
gether, as observed. However, the observations reported here sug-
gest that the changes induced by chemostat approaches relative to
batch culturing are minor. Clearly, more work is needed to deci-
pher why values of epor for freshwater cyanobacteria are so differ-
ent from other photosynthetic species, but the pattern does not
appear to be an artifact of laboratory experimentation.

A final hypothesis to explain negative values of epor could in-
voke a 15N-fractionating exchange of NH2 groups in the gluta-
mate-derived metabolites dedicated to chlorophyll biosynthesis.
The N that originates with the glutamate destined to become glu-
tamate-1-semialdehyde and subsequently d-aminolevulinic acid
(d-ALA) must somehow become enriched in 15N relative to the
residual glutamate and other amino acids destined for protein syn-
thesis. However, the only N transformation occurs during the
transamination reaction, and it is believed that this reaction
conserves NH3. The N that is transferred from the pyridoxamine
cofactor of glutamate-1-semialdehyde aminotransferase to form
the d-NH2 group of d-ALA is replaced (reversion of pyridoxal to
pyridoxamine) using the a-NH2 from the proximal glutamate-1-
semialdehyde (Mayer et al., 1993; Ge et al. (2010). This is an inter-
molecular transfer that is thought to inhibit exchange of NH2

groups with exogenous NH3. Therefore, the only opportunity for
fractionation appears to lie within a biosynthetic branch point
affecting the original pool of glutamate itself. Future work is
needed to examine the d15N values of subcellular pools of gluta-
mate and glutamate-1-semialdehyde, both in cyanobacteria and
in other photosynthetic species.
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