
Available online at www.sciencedirect.com
www.elsevier.com/locate/gca

Geochimica et Cosmochimica Acta 75 (2011) 7351–7363
Paleoenvironmental implications of taxonomic variation
among d15N values of chloropigments

Meytal B. Higgins a,b,⇑, Felisa Wolfe-Simon a,c, Rebecca S. Robinson d, Yelun Qin a,
Mak A. Saito e, Ann Pearson a,⇑

a Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA 02138, United States
b Lewis-Sigler Institute for Integrative Genomics, Princeton University, Princeton, NJ 08544, United States

c US Geological Survey, Menlo Park, CA 94025, United States
d Graduate School of Oceanography, University of Rhode Island, Narragansett, RI 02882, United States

e Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, Woods Hole, MA 02543, United States

Received 20 September 2010; accepted in revised form 21 April 2011; available online 1 May 2011
Abstract

Natural variations in the ratios of nitrogen isotopes in biomass reflect variations in nutrient sources utilized for growth. In
order to use d15N values of chloropigments of photosynthetic organisms to determine the corresponding d15N values of bio-
mass – and by extension, surface waters – the isotopic offset between chlorophyll and biomass must be constrained. Here we
examine this offset in various geologically-relevant taxa, grown using nutrient sources that may approximate ocean conditions
at different times in Earth’s history. Phytoplankton in this study include cyanobacteria (diazotrophic and non-diazotrophic),
eukaryotic algae (red and green), and anoxygenic photosynthetic bacteria (Proteobacteria), as well as environmental samples
from sulfidic lake water. Cultures were grown using N2, NO3

�, and NH4
+ as nitrogen sources, and were examined under

different light regimes and growth conditions. We find surprisingly high variability in the isotopic difference
(d15Nbiomass � d15Nchloropigment) for prokaryotes, with average values for species ranging from �12.2& to +11.7&. We define
this difference as epor, a term that encompasses diagenetic porphyrins and chlorins, as well as chlorophyll. Negative values of
epor reflect chloropigments that are 15N-enriched relative to biomass. Notably, this enrichment appears to occur only in cya-
nobacteria. The average value of epor for freshwater cyanobacterial species is �9.8 ± 1.8&, while for marine cyanobacteria it
is �0.9 ± 1.3&. These isotopic effects group environmentally but not phylogenetically, e.g., epor values for freshwater Chroo-
coccales resemble those of freshwater Nostocales but differ from those of marine Chroococcales. Our measured values of epor

for eukaryotic algae (range = 4.7–8.7&) are similar to previous reports for pure cultures. For all taxa studied, values of epor

do not depend on the type of nitrogen substrate used for growth. The observed environmental control of epor suggests that
values of epor could be useful for determining the fractional burial of eukaryotic vs. cyanobacterial organic matter in the sed-
imentary record.
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1. INTRODUCTION

Nitrogen isotopes in the sedimentary record can serve as
a useful proxy for marine nutrient cycling. The biomass of
primary producers acts as an integrated signal of phyto-
plankton nutrient sources in marine surface waters. Because
diagenetic reactions, both before and after burial, may
unpredictably alter the isotopic signal of this biomass
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(Sachs and Repeta, 1999; Sigman et al., 1999; Robinson
et al., 2005), one way to avoid potential problems in inter-
pretation of sedimentary isotope data is to measure isolated
organic nitrogen pools that are not affected by diagenesis
(Chicarelli et al., 1993; Sachs and Repeta, 1999; Sachs
et al., 1999; Sigman et al., 1999; Robinson et al., 2004,
2005; Chikaraishi et al., 2008; Kashiyama et al., 2008a,b,
2010; Higgins et al., 2009, 2010; Ren et al., 2009).

Compound-specific d15N measurement of chlorophyll
biomarkers is an especially attractive option, because the
light-harvesting pigments chlorophyll or bacteriochloro-
phyll are produced by all photosynthetic organisms and
therefore provide a record of surface water processes. Since
degradation of the tetrapyrrole macrocycle occurs initially
at C–C methine bonds, measuring intact chlorins and por-
phyrins ensures a nitrogen isotopic value unaltered by dia-
genesis (Louda and Baker, 1986). Recent advances in
analytical techniques have enabled the measurement of
minute quantities of chlorins and porphyrins, rendering
these methods applicable for paleoceanographic studies
on even low total organic carbon (TOC) sediments
(Chikaraishi et al., 2008; Kashiyama et al., 2008b, 2010;
Higgins et al., 2009, 2010). However, these proxies can be
used to constrain paleoceanographic interpretations only
if the relationship between chloropigment and total biomass
d15N values is well understood across phylogenetically di-
verse phytoplankton, including eukaryotic phytoplankton,
as well as aerobic and anaerobic photosynthetic bacteria.

Several studies have examined the nitrogen isotope frac-
tionation between cultured organisms and chlorophyll, epor

(epor = d15Nbiomass � d15Nchloropigment; Fig. 1). These studies
have focused mostly on eukaryotic taxa that are dominant
in modern marine systems, as well as on terrestrial plants
(Sachs, 1997; Sachs et al., 1999; Kennicutt et al., 1992).
Sachs et al. (1999) measured an average value of
epor = 5.1 ± 1.1& (i.e., chlorophyll was �5& depleted in
15N relative to biomass) in seven species of eukaryotic phy-
toplankton and one cyanobacterium (Synechococcus sp.,
order Chroococcales). To date, two studies have focused
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Fig. 1. Previously published epor = d15Nbiomass � d15Nchlorophyll data, take
2000. Hollow squares represent photosynthetic bacteria, and filled squar
on epor values specifically in bacteria. Beaumont et al.
(2000) measured values of epor for Rhodobacter capsulatus

(Alphaproteobacteria, purple non-sulfur) and Anabaena

cylindrica (Cyanobacteria, order Nostocales) grown on dif-
ferent nitrogen and carbon sources (Anabaena: N2 and
CO2, Rhodobacter: N2 vs. NH4

+, CO2 vs. malate). Values
of epor for Rhodobacter averaged 8.6 ± 1.6&. Strikingly,
values of epor for Anabaena averaged �8.5 ± 0.7&; i.e.,
chlorophyll was enriched in 15N relative to total biomass.
This result is similar to an earlier report in which Katase
and Wada (1990) measured epor values between �12.9 and
�16.0& in environmental samples of Mycrocystis spp.
(Cyanobacteria, order Chroococcales) isolated from a Jap-
anese lake. Together these data suggest there may be funda-
mentally different controls on values of d15Nchlorophyll in
cyanobacteria.

In this study we investigate the taxonomic distribution of
epor values in order to aid in the interpretation of compound-
specific nitrogen isotope data from the sedimentary record.
We specifically examine eukaryotic and prokaryotic phyto-
plankton that are relevant for paleoceanographic studies of
different times in Earth history. Included are seven species
of cyanobacteria, two species of anoxygenic photosynthetic
bacteria, and two eukaryotic algae (chlorophyte and rhodo-
phyte). Batch cultures were grown on different N sources
(NH4

+, NO3
� and N2), and light conditions (continuous

light vs. a diel light:dark cycle). In many of the cultures, val-
ues of epor were determined at multiple time points during
growth (lag, log and stationary phase). Our results are consis-
tent with prior observations and confirm that values of epor in
cyanobacteria are fundamentally different in comparison to
other photosynthetic taxa.

2. METHODS

2.1. Culture and growth conditions

Cultures included Synechocystis sp. PCC 6803, Synecho-

coccus sp. WH8102, Nostoc sp. PCC 7120, Anabaena
Sy
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n from Sachs et al., 1999; Kennicutt et al., 1992; Beaumont et al.,
es represent eukaryotic phytoplankton.
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variabilis ATCC 29413, Crocosphaera watsonii WH8501,
Prochlorococcus marinus MED4 (from S. Chisholm),
Rhodopseudomonas palustris CGA009 (from T. Bosak), and
Chlamydomonas reinhardtii CC125. Porphyridium cruentum

(CCMP 1328) was obtained from the Bigelow Laboratory
Center for Culture of Marine Phytoplankton as a 50 mL live
culture and sampled directly. The Phormidium mat-forming
cyanobacterial culture (obtained from T. Bosak) was previ-
ously isolated from Yellowstone microbial mats and cultured
according to Bosak et al. (2009).

Aerobic cultures were maintained axenically in 1 L or
500 mL acid-cleaned polycarbonate bottles, continuously
aerated (except Crocosphaera) with sterile-filtered air, and
illuminated by fluorescent cool-white lamps under the irra-
diance and temperature conditions as indicated in
Table EA-1-1. Synechocystis sp., Nostoc sp., A. variabilis,
and R. palustris were grown on modified BG-11 medium
containing 1.8 mM NH4

+ (Allen and Stanier, 1968). If nec-
essary, pH was adjusted to 8.3 with MES (2-(N-Morpho-
lino)ethanesulfonic acid) as an organic buffer. C.

reinhardtii was grown on modified TP minimal medium
with 7.5 mM NH4

+ (Harris, 1989). Synechococcus sp. was
grown on SN media containing either 9 mM NO3

� or
1 mM NH4

+ (Waterbury et al., 1986). Prochlorococcus

was grown on Pro99ESL media containing 0.8 mM
NH4

+, under a 14:10 light–dark cycle, as described by Zin-
ser et al. (2009). Porphyridium was grown on a 13:11 L:D
cycle, using f/2-Si media containing 0.88 mM NO3

�

(Guillard, 1960). Axenic cultures of C. watsonii were grown
in nitrogen-free SO medium at 28 �C under a 14:10 light–
dark cycle (Waterbury et al., 1986; Webb et al., 2001).

2.2. Environmental sample

An environmental sample of Lamprocystis purpurea

(formerly called Amoebobacter purpureus) was obtained
in situ from Mahoney Lake, British Columbia, Canada.
Mahoney Lake is a meromictic lake characterized by a high
density of anoxygenic purple sulfur bacteria in the chemo-
cline (Overmann et al., 1991). This layer contains bacterio-
chlorophyll a concentrations of up to 20,900 lg/L, and is
dominated (>98% of photosynthetic cells) by L. purpurea,
a member of the Gammaproteobacteria. Suspended cells
were collected from the chemocline at a depth of 7 m and
frozen until analysis.

2.3. Growth and pigment analyses

Whole-cell spectral measurements from 400 to 800 nm
were made on a Beckman Coulter DU-640 spectrophotom-
eter. For the cyanobacteria, chlorophyll a (Chl a) concen-
trations were determined using 100% methanol (MeOH)
extracts of biomass pellets collected in duplicate from
2 mL of culture, centrifuged at 21,000g for 10 min at
4 �C. The absorbance of these extracts was analyzed at
665 nm and Chl a concentration was calculated according
to Porra (2002). The concentrations of Chl a and Chl b were
measured with 90% acetone extracts of Chlamydomonas

biomass (centrifuged from 2 mL culture aliquots) at 646
and 653 nm (Jeffrey and Humphrey, 1975; Porra, 2002).
Chlorophyll concentrations were monitored daily through-
out growth experiments.

2.4. Sample processing and chlorophyll extraction

Cultures grown under continuous light were sampled at
specific times during the growth cycle. Continuous-light
cultures of Synechocystis grown on NO3

�, Nostoc grown
on NO3

� and N2, Anabaena grown on NO3
�, NH4

+, and
N2, and Chlamydomonas grown on NH4

+, were sampled
daily in duplicate 1 mL aliquots. For continuous-light
grown cultures of Synechococcus, Nostoc, and Rhodo-

pseudomonas with NH4
+, duplicate 50 mL aliquots of cul-

ture were taken every other day. Cultures grown under
diel-light conditions were sampled in duplicate 50 mL ali-
quots during log phase, during several serial dilutions.
For each diel sample, duplicate aliquots were taken during
consecutive light and dark periods. The specific days along
the growth curve at which cultures were sampled are indi-
cated in Supplemental Figures EA-1-1 and EA-1-2.

Cell pellets from cultures of Synechocystis grown on
NO3

�, Nostoc grown on NO3
� and N2, Anabaena grown

on NO3
�, NH4

+, and N2, and Chlamydomonas grown on
NH4

+ were centrifuged in 1.5 mL centrifuge tubes, dec-
anted, washed and pellets were frozen at �20 �C. Samples
grown on NH4

+ and NO3
� were gently washed after thaw-

ing. All other cultures were washed twice by resuspension in
fresh, sterile N-free medium, followed by centrifugation in
50 mL or 250 mL clean conical centrifuge tubes. The super-
natant was removed, and the cell pellets were flash frozen
with liquid N2 and stored at �80 �C.

Cell pellets were extracted using a 2:1 (v/v) mixture of
dichloromethane (DCM)/MeOH with vortexing (1 min),
sonication (10 min), and incubation in the dark for >2 h
at 4 �C. Silica gel columns were prepared by adding glass
wool, Na2SO4, and SiO2 gel to a 5” glass pipette, and then
combusted. Sample extracts were transferred to the col-
umns, eluted with 1 mL 2:1 DCM/MeOH, and stored at
�20 �C until analysis. All glassware was precombusted,
and organic solvents were all GC2 grade.

Each extract was analyzed for total Chl a or bacterio-
chlorphyll a (Bchl a) by HPLC (Agilent 1100 series with
multi-wavelength UV/Vis detector). Samples were injected
to a ZORBAX SIL column (4.6 � 25 mm, 5 lm), and
eluted using a gradient from hexane to 50:50 MeOH/
EtOAC (v/v; Table EA-1-2), at 1 mL/min. Combined ex-
tracts containing an estimated �50 nmol N were evapo-
rated and brought up to 50 lL in DCM. In cases where
N contents were lower than 30 nmol N/sample, consecu-
tively-sampled cell pellets (adjacent time points) were com-
bined to yield enough N for isotopic analysis. Pigments
were collected using the same HPLC program, with time-
based fraction collection for Chl a or Bchl a peak elution
(usually 6–16 and 5–15 min, respectively).

Chl a concentrations were determined from integrated
absorbance at 410 nm, using a conversion factor (4.25e-
3 nmol Chl*mAU�1min�1) that was calculated using the
same HPLC program for Chl a standard (Sigma). The con-
version factor for Bchl a was empirically determined by
comparing HPLC absorbances at 364 and 770 nm of
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Rhodopseudomonas Bchl samples to their N concentrations
after oxidation.

2.5. Chlorophyll isotopic analysis

Chl and Bchl were quantitatively converted to NO3
�

according to the methods outlined in Higgins et al.
(2009). Briefly, samples were oxidized in quartz tubes, fol-
lowed by chemical oxidation using 0.05 M K2S2O8 that
was recrystallized three times and dissolved in fresh
0.15 M NaOH. Nitrate concentration was measured using
a chemiluminescent analyzer (Monitor Labs) and d15N val-
ues were measured on samples containing 10 nmol N using
the denitrifier method with Pseudomonas chlororaphis

(Sigman et al., 2001; Casciotti et al., 2002) on a Thermo
Scientific Delta V isotope ratio mass spectrometer. Isotopic
measurements were standardized to the N2 reference scale
using the KNO3 standard IAEA N3. Values of d15N were
corrected for N blank according to Higgins et al. (2009).
Oxidizing reagent N concentrations were measured, and as-
signed a d15N value of 5 ± 10& (based on measured values;
data not shown). HPLC solvent N concentrations were esti-
mated according to Higgins et al. (2009) and assigned a
d15N value of 0 ± 10&.

2.6. Bulk isotopic analysis

Thawed cell pellets were resuspended in nanopure water,
vortexed, and aliquoted into clean centrifuge tubes at a vol-
ume corresponding to a final total mass of �2 lmol cell N.
In cases where Chl N concentrations were low enough that
samples had to be combined for d15Nchl analysis, cell sam-
ples were combined in the same ratio for bulk d15N analysis
before aliquoting. Aliquots for bulk isotopic analysis were
transferred 100 lL at a time to tin capsules that each con-
tained a small piece of combusted glass fiber filter, and then
desiccated. Dry capsules were folded and crushed, and ana-
lyzed on a Carlo Erba elemental analyzer connected to a
Delta Plus isotope ratio mass spectrometer (Thermo Finn-
igan) or a Costech 4010 Elemental Analyzer connected to a
Delta V (Thermo). Sample d15N values were calculated
using standards IAEA1 and IAEA2.
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Fig. 2. Measured values of epor for eukaryotic algae (a) and anoxygenic
shading distinguishes light regime. The growth days of the cultures at t
samples; else the designation (light or dark) and batch numbers are shown
as a function of growth rate is shown in Figure EA-1-1–3.
3. RESULTS AND DISCUSSION

3.1. Fractionations associated with chlorophyll synthesis in

eukaryotes

Cultures of the chlorophyte (primary green) alga C. rein-

hardtii were analyzed for the effects of growth rate and light
conditions on the N isotopic difference between chlorophyll
and biomass (Figure EA-1-1). In Chlamydomonas cultures
grown on NH4

+, epor values averaged 6.6 ± 1.3& when
grown under continuous light, and 6.6 ± 1.4& when grown
under a diel light regime. The magnitude of the Chlamydo-

monas epor values increased along the growth curve, starting
at 5.6 ± 0.9& on days 4–6, falling briefly to 4.9 ± 0.6& on
day 8, and increasing to 8.7 ± 0.6& on day 18 (Fig. 2, Ta-
ble 1). The overall increase in epor values across the experi-
ments may reflect the effects of nitrogen limitation on the
partitioning of amino acids used as precursors for chloro-
phyll biosynthesis, and/or the effects of nitrogen limitation
on the culture (see discussion below in Section 3.3.1).

Similar fractionation values were seen for a eukaryotic
primary red (rhodophyte) alga (Fig. 2). The epor value mea-
sured for P. cruentum grown with NO3

� under diel condi-
tions was 6.8 ± 1.1&. In comparison to other data from
the literature (Fig. 1), most of which are from more re-
cently-evolving heterokont algae (Falkowski and Knoll,
2007), our results support the idea that nitrogen isotopic
fractionation in chlorophyll biosynthesis is similar across
the breadth of eukaryotic phytoplankton, with average val-
ues of epor predictably between 5 and 7&.

3.2. Fractionations associated with bacteriochlorophyll

synthesis in anoxygenic photosynthetic bacteria

To examine fractionation factors for taxa that are impor-
tant in anaerobic systems, we measured epor values for two
anoxygenic photosynthetic bacteria. An environmental
sample of the purple sulfur Gammaproteobacterium L. pur-

purea was collected from sulfidic lake water. L. purpurea has
an epor value of 5.8 ± 0.6&, similar to values measured for
eukaryotic algae (Fig. 2). This is an expected result, because
bacteriochlorophyll synthesis in Gammaproteobacteria
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Table 1
Average d15N data. All isotope values are shown as average ±1 S.D. when multiple measurements were made, except in the case of epor = d15Nbiomass � d15Nchlorophyll, where the error is calculated
by compounding the errors of d15Nchlorophyll and d15Nbiomass.

Species Light
regime

N source d15N Growth
days

[Chl a] (lg/ml) l (d�1) d15Nchl d15Ncell epor

Day Night Day Night Day Night

Anabaena variabilis ATCC 29413 Continuous NO3
�

6.1 ± 0.3
4–7 2.2 ± 0.3 0.59 10.0 ± 0.5 2.7 ± 0.1 �7.4 ± 0.5
8–9 5.1 ± 0.1 0.23 10.1 ± 1.1 2.2 ± 0.2 �8.0 ± 1.2
10 5.7 ± 0.5 �0.05 2.5 ± 0.2

NH4
+

1.9 ± 0.1
4–7 1.4 ± 0.1 0.52 7.7 ± 0.7 �1.1 ± 0.2 �8.8 ± 0.8
9–10 4.7 ± 1.4 0.23 6.6 ± 0.5 �1.2 ± 0.2 �7.8 ± 0.5

N2

0.7 ± 0.7
4–8 1.6 ± 1.0 0.48 6.8 ± 1.0 �1.1 ± 0.1 �7.9 ± 1.0
9–10 4.2 ± 0.3 0.08 6.5 ± 0.9 �0.9 ± 0.3 �7.3 ± 1.0

Nostoc sp. PCC 7120 Continuous NO3
�

6.1 ± 0.3
5–8 2.6 ± 0.8 0.24 6.0 ± 0.1 �1.6 ± 0.1 �7.6 ± 0.1
9–10 3.1 ± 0.1 0.07 3.3 ± 0.6 �2.4 ± 0.1 �5.7 ± 0.6

NH4
+

�0.1 ± 0.1
3 0.8 ± 0.3 0.24 �2.0 ± 0.2 �10.1 ± 0.1 �8.1 ± 0.2
5 1.8 ± 0.1 1.05 14.7 ± 0.3 2.9 ± 0.4 �11.8 ± 0.5
7 3.8 ± 0.2 0.18 18.3 ± 0.3 4.5 ± 0.1 �13.8 ± 0.4
8 4.1 ± 0.1 0.09 16.6 ± 0.1 4.5 ± 0.0 �12.2 ± 0.2
11 4.6 ± 0.1 0.10 14.5 ± 2.1 1.8 ± 0.2 �12.7 ± 2.1

N2

0.7 ± 0.7
5–8 3.7 ± 3.0 0.63 7.6 ± 0.1 �1.1 ± 0.8 �8.7 ± 0.8
9 6.5 ± 0.8 �0.25 – �0.2 ± 0.7 –
10 5.8 ± 0.2 �0.11 6.7 ± 0.3 �0.2 ± 0.3 �6.9 ± 0.4

Diel (12/12) NO3
�

4.3 ± 0.9
n/a 3.1 ± 0.3 0.15 �8.1 ± 0.8 �5.2 ± 0.9 �17.1 ± 1.3 �16.0 ± 2.6 �8.9 ± 1.5 �10.8 ± 2.7
n/a 3.6 ± 0.1 0.25 �6.0 ± 0.9 �3.9 ± 0.5 �15.1 ± 1.5 �14.9 ± 1.4 �9.0 ± 1.7 �11.0 ± 1.5
n/a 7.5 ± 0.5 0.13 – 3.5 ± 0.4 �6.1 ± 0.4 �5.9 ± 0.4 – �9.4 ± 0.5

Synechocystis sp. PCC 6803 Continuous NO3
�

6.1 ± 0.3
7–8 12.9 ± 0.6 0.42 12.4 ± 1.3 2.6 ± 0.2 �9.8 ± 1.3
10–11 25.5 ± 3.8 0.18 13.5 ± 1.6 3.2 ± 0.2 �10.3 ± 1.7
14–15 – – 13.7 ± 0.6 3.9 ± 0.0 �9.8 ± 0.6
18 – – 12.5 ± 0.8 4.9 ± 0.0 �7.6 ± 0.8

NH4
+

�0.1 ± 0.1
3 1.4 ± 0.4 0.52 10.7 ± 0.7 �4.4 ± 0.1 �15.1 ± 0.7
5 2.6 ± 0.2 0.31 19.8 ± 0.8 4.9 ± 0.1 �14.9 ± 0.8
7 3.0 ± 0.0 0.07 18.4 ± 1.4 4.9 ± 0.0 �13.5 ± 1.4
8 2.7 ± 0.1 �0.10 17.3 ± 3.6 4.9 ± 0.1 �12.5 ± 3.6

Diel (12/12) NO3
�

4.3 ± 0.9
n/a 1.3 ± 0.2 0.21 – – �2.2 ± 0.6 �1.9 ± 0.8 – –
n/a 3.1 ± 0.2 0.29 12.7 ± 1.0 10.7 ± 1.0 �1.0 ± 0.3 �2.0 ± 1.2 �13.7 ± 1.0 �12.6 ± 1.6
n/a 2.8 ± 0.2 0.25 8.0 ± 0.8 8.7 ± 1.1 �3.1 ± 0.2 �3.1 ± 0.7 �11.1 ± 0.8 �11.9 ± 1.3
n/a 5.3 ± 0.4 0.29 10.5 ± 0.7 12.5 ± 0.9 �2.8 ± 0.5 �2.6 ± 0.0 �13.3 ± 0.9 �15.1 ± 0.9

(continued on next page)
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Table 1 (continued)

Species Light
regime

N source d15N Growth
days

[Chl a] (lg/ml) l (d�1) d15Nchl d15Ncell epor

Day Night Day Night Day Night

Synechococcus sp. WH8102 Continuous NO3
�

5.7 ± 1.1
3–5 0.7 ± 0.2 0.38 0.3 ± 0.2 0.8 ± 0.4 0.6 ± 0.4
9 2.2 ± 0.1 0.31 1.1 ± 0.2 0.5 ± 0.3 �0.6 ± 0.3
11 2.9 ± 0.2 0.08 1.5 ± 1.0 0.6 ± 0.5 �0.9 ± 1.1
13 4.7 ± 0.1 0.26 1.9 ± 1.1 0.7 ± 0.6 �1.2 ± 1.3

NH4
+

3.3 ± 0.6
2–4 0.3 ± 0.1 0.84 �8.6 ± 2.8 �7.1 ± 1.1 1.5 ± 3.0
5 0.9 ± 0.0 0.67 0.3 ± 1.3 �1.4 ± 0.8 �1.7 ± 1.5
7 1.3 ± 0.1 0.10 4.7 ± 1.2 4.1 ± 0.9 �0.6 ± 1.5
13 0.7 ± 0.0 �0.28 6.3 ± 1.4 3.4 ± 0.2 �2.9 ± 1.4

Diel (12/12) NO3
�

5.7 ± 0.1
n/a 0.7 ± 0.1 0.14 �25.2 ± 6.0 �22.7 ± 7.9
n/a 1.2 ± 0.1 0.19 �21.3 ± 1.4 �18.5 ± 2.4 �17.5 ± 2.7 �19.2 ± 0.2 3.8 ± 3.1 �0.6 ± 2.4
n/a 2.9 ± 0.1 0.04 �14.9 ± 2.4 �12.7 ± 2.1 �9.1 ± 0.9 �8.4 ± 0.6 5.7 ± 2.6 4.3 ± 2.2

Crocosphaera watsonii Diel (14/10) N2

0.7 ± 0.7
n/a 0.1 ± 1.2 0.0 ± 0.6 �1.3 ± 0.4 �1.0 ± 0.4 �1.4 ± 1.3 �1.0 ± 0.7

Prochlorococcus marinus MED4 Diel (14/10) NH4
+

4.0 ± 0.4
n/a �5.1 ± 1.7 �7.1 ± 0.9 �2.0 ± 1.9

Phormidium YNP Isolate Diel NO3
�

3.2 ± 0.9
n/a 1.9 ± 1.2 �7.5 ± 2.3 �9.4 ± 2.6

Rhodopseudomonas palustris Continuous NH4
+ 4 �22.4 ± 2.5 �13.1 ± 0.8 9.3 ± 2.6

6 �21.6 ± 1.4 �11.5 ± 1.0 10.1 ± 1.7
7 �28.6 ± 1.9 �12.9 ± 1.0 15.7 ± 2.1

Chlamydomonas reinhardtii Continuous NH4
+

�3.5 ± 0.6
4–6 11.7 ± 1.4 0.35 �11.7 ± 0.8 �6.1 ± 0.2 5.6 ± 0.9
8 29.9 ± 4.6 0.16 �9.7 ± 0.4 �4.7 ± 0.2 4.9 ± 0.5
10 28.9 ± 2.8 0.07 �8.6 ± 0.5 �2.2 ± 0.5 6.4 ± 0.7
12 32.7 ± 1.2 �0.02 �7.7 ± 0.4 �0.6 ± 0.1 7.1 ± 0.5
14 – – �6.6 ± 0.5 0.1 ± 0.3 6.7 ± 0.6
18 – – �5.5 ± 0.6 3.2 ± 0.3 8.7 ± 0.6

Diel (12/12) NH4
+

�1.3 ± 0.6
n/a 3.7 ± 0.5 0.18 �8.7 ± 4.5 �7.0 ± 2.1 �2.1 ± 1.4 �2.3 ± 0.5 6.6 ± 4.7 4.7 ± 2.2
n/a 5.0 ± 0.4 0.29 �7.0 ± 1.1 �6.2 ± 1.1 �0.7 ± 0.4 �0.6 ± 0.6 6.3 ± 1.1 5.5 ± 1.3
n/a 16.3 ± 0.2 0.01 �5.8 ± 0.3 �5.9 ± 1.0 2.4 ± 0.2 2.3 ± 0.0 8.2 ± 0.4 8.3 ± 1.0

Porphyridium cruentum Diel (13/11) NO3
� �15.3 ± 0.9 �8.5 ± 0.7 6.8 ± 1.1
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follows the same pathway as chlorophyll biosynthesis in
eukaryotic algae (O’Brian and Thöny-Meyer, 2002).

R. palustris, a purple nonsulfur Alphaproteobacterium,
was grown aerobically on NH4

+ and under continuous
light. This species is characterized by larger epor values than
those seen either for algae or for purple sulfur bacteria.
Bacteriochlorophyll was offset from biomass by an average
of 11.7 ± 3.8& in a batch culture of R. palustris (Table 1),
with epor values increasing from 9.3 ± 2.6& to 15.7 ± 2.1&

over the course of a growth cycle (n = 3) (Fig. 2; Fig-
ure EA-1-1).

A value of epor of �12& is significantly different from a
typical epor value of 5–7&. This probably results from use
of a different initial precursor for bacteriochlorophyll syn-
thesis in Alphaproteobacteria. In all organisms, the first
committed precursor to chlorophyll and heme biosynthesis
is d-aminolevulinic acid (d-ALA), which can be made from
two different amino acid precursors. All cyanobacteria and
algae convert the amino acid glutamate to d-ALA. How-
ever, non-photosynthetic eukaryotes and Alphaproteobac-
teria (including R. palustris) use the Shemin pathway to
synthesize d-ALA from glycine (Beale and Weinstein,
1989; Beale, 2006). Glycine is derived from the amino acid
serine, which is formed in a three-step process that involves
a transfer of an amino group from glutamate. Thus, even
though the ultimate source of N for both pathways is glu-
tamate, the additional steps involved in conversion of glu-
tamate to glycine yield glycine that is more 15N-depleted
than glutamate. A previous report for A. cylindrica grown
on different nitrogen sources showed that glycine is 2–4&

more depleted in 15N than glutamate (Macko et al.,
1987). Similarly, McClelland and Montoya (2002) mea-
sured d15N values of amino acids from the cultured green
alga Tetraselmis suecica and found a 4.3& offset. McCarthy
et al. (2007) suggest that the offset may be even greater: they
measured 9.2& depletion in the d15N value of glycine com-
pared to glutamate from environmental samples of a dia-
tom mat dominated by Rhizosolenia. Similarly,
Chikaraishi et al. (2009) report an average difference be-
tween glutamate and glycine of 5.5& for cyanobacteria,
4.5& for green algae, and of 8.9& for red and brown algae.
Together these results suggest glycine is systematically (by
5 ± 3&) depleted in 15N relative to glutamate.

Isotopic depletion in the glycine utilized by the Shemin
pathway explains our data, as well as prior reports.
Beaumont et al. (2000) found that epor values for the
Alphaproteobacterium R. capsulatus grown on N2 and
NH4

+ averaged 7.5& and 9.7& lighter than biomass,
respectively. The relatively negative value of d15N in
chloropigments of Alphaproteobacteria thus reflects an
established property of glycine. This effect need not be spe-
cific to Alphaproteobacteria, but rather, to date it is only
the Alphaproteobacteria that are believed to use glycine
to make tetrapyrrole pigments. The overall range of obser-
vations suggests that the conventional (algal) chlorophyll
biosynthetic pathway has a nitrogen isotopic fractionation
of �5–7&, but the Shemin pathway has a fractionation of
�8–12&, for a difference of approximately 3–5&, i.e.,
identical to the isotopic difference between glutamate and
glycine.
3.3. Fractionations associated with chlorophyll synthesis in

cyanobacteria

3.3.1. Freshwater cyanobacteria

Most surveys of the nitrogen isotope fractionation asso-
ciated with chlorophyll biosynthesis have focused on
eukaryotic phytoplankton. Here we focused most of our ef-
forts on phylogenetically and environmentally diverse cya-
nobacteria, grown under different nutrient and light
conditions. Chl-based growth profiles and isotope data
were obtained for the freshwater species Nostoc sp. PCC
7120, A. variabilis ATCC 29413, and Synechocystis sp.
PCC 6803 under multiple growth conditions; and for a
mat-forming Phormidium sp. in a single experiment. Cul-
tures were grown either under continuous or diel (12:12)
light, and with different nitrogen sources. Synechocystis

does not fix nitrogen, so it was grown on NH4
+ and

NO3
�, whereas the diazotrophic Anabaena and Nostoc

spp. were grown on NH4
+, NO3

�, and N2, and Phormidium

was grown on NO3
� only. We measured the (initial) media

d15N values (Table 1), without accounting for enrichment
due to Rayleigh fractionation during nutrient consumption
(Hoch et al., 1992), and then measured the d15N values for
chlorophyll and biomass throughout the experiments (Ta-
ble 1, Fig. 3). Figures EA-1-1–3 show growth rates and
sampling time points.

The most striking feature of the results for fresh water
species (Table 1, Fig. 3) is that they all have values of epor

that are opposite in sign from fractionations seen in eukary-
otic algae and anoxygenic photosynthetic bacteria. For spe-
cies grown in continuous light, chlorophyll d15N values
were on average �10& more 15N-enriched than biomass
(epor = �9.9 ± 2.8&). These results are consistent with the
data obtained by Beaumont et al. (2000) for Anabaena sp.

Since cyanobacteria have light-dependent circadian
rhythms (Kondo et al., 1993), we also tested the effects of
diel illumination on the fractionation associated with chlo-
rophyll biosynthesis. The continuous-light experiments for
Nostoc sp. and Synechococystis sp. using NO3

� as N source
were repeated on a 12:12 cycle (Figure EA-1-2). Separately,
a freshwater mat-forming cyanobacterium (Phormidium

sp.) that was initially isolated from a hotspring at Yellow-
stone National Park (Bosak et al., 2009) was grown on a
13:11 (L:D) cycle. For all of these cultures, the observed
fractionation was similar to the continuous-light cultures
(Table 1; Fig. 3). Nostoc, Synechocystis, and Phormidium

isolates had values of epor ranging from �8.9 to �15.1&

and averaging �11.4 ± 2.0&; this is within 1r of the aver-
age obtained for continuous illumination.

However, on an individual species basis, there were
small differences in epor values observed for the freshwater
cyanobacteria species analyzed under a diel regime. Values
of epor are slightly more negative (i.e., absolute values of
d15Nchl are more positive) in these cultures when grown in
diel conditions and sampled both in the light and in the
dark (p < 0.02 for Nostoc and p < 0.002 for Synechocytis).
Values of epor for Synechocystis grown on NO3

� average
�9.4 ± 1.1& under continuous light and �13.0 ± 1.1& un-
der diel light conditions. In Nostoc grown on NO3

�, epor

values average �6.7 ± 1.5& under continuous light, and
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growth rate is shown in Figure EA-1-1–3.
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�9.8 ± 1.6& under diel light (Table 1); i.e., in both cases
the enrichment of 15N into chlorophyll is more strongly ex-
pressed under diel conditions. Isotopic differences between
samples collected during light periods and their correspond-
ing dark periods are not statistically significant. Since off-
sets between d15Ncell and initial media d15N values
indicate that these cultures were not N limited, the differ-
ences in epor values between cultures grown under continu-
ous and diel light conditions may result from differential
cellular allocation of nitrogen resources as a result of vari-
able enzymatic expression (Saito et al., 2011). However, in
all cases, the magnitude and direction of epor is observed
regardless of N substrate, growth rate, or illumination
(Fig. 3). It appears to be universally true that the chloro-
phyll of freshwater cyanobacteria is enriched in 15N.

The lack of an observed substrate effect is not surprising.
When nitrogen is assimilated into cells, it is converted to
NH3, no matter what its starting oxidation state (NO3

�,
NH4

+ or N2). This NH3 is then used to make the intracel-
lular amino acid pools from which both cellular proteins
and chloropigments are synthesized. Enzymes that convert
N substrates to cellular NH3, such as nitrate reductase and
nitrogenase, have different fractionations (e.g., Hoering and
Ford, 1960; Delwiche and Steyn, 1970; Waser et al., 1998;
Granger et al., 2004). These fractionations should only af-
fect values of d15Nbiomass (or d15N of total amino acids) rel-
ative to d15Nsubstrate; they should not affect d15Nchlorophyll

relative to d15Nbiomass. Our data for cyanobacteria grown
on NO3

� and N2 are entirely consistent with this idea.
In practice, however, the observed values of epor for Nos-

toc and Synechocystis grown on NH4
+ (continuous light

experiments) do show small substrate-dependent effects.
We believe that this is an artifact of batch culturing. Values
of epor of �13.5 ± 1.2& and �14.0 ± 1.2&, respectively,
are significantly outside the window of �6& to �9& ob-
served for other media under continuous light (p < 0.002;
Table 1). It is possible that these extreme values may result
from nitrogen recycling under nitrogen stress, as the NH4

+

concentration in these cultures was estimated to be limiting
over the duration of the experiments. By the end of the
experiments, Nostoc and Synechocystis both showed bio-
mass values of d15N that were more enriched than
d15NNH4+ of the starting media, suggesting that enough
NH4

+ is consumed to induce 15N-enrichment of the remain-
ing NH4

+ by Rayleigh fractionation. In contrast, the final
Anabaena biomass was more 15N-depleted than the starting
value of d15NNH4+, suggesting it did not become N-limited.
Consequently, its value of epor was not affected.

Nitrogen limitation may increase the magnitude of epor

values through a difference in the synthesis and recycling
rates of chlorophyll and bulk biomass. As biomass accumu-
lates, it should become 15N-enriched through Rayleigh frac-
tionation until it approaches the starting reactant d15N
value of the N substrate. However, since the final values
of d15Nbiomass for Nostoc and Synechocystis were more po-
sitive than the starting NH4

+, biomass must be recycling
into a 15N-depleted dissolved form that is not bioavailable.
This is required in order to maintain isotope balance.
Therefore the measured values of d15Nbiomass that are hea-
vier than the initial d15NNH4+ of the medium must repre-
sent time-averaged product that is biased toward the later
days of the culture. If the chlorophyll component has a
shorter residence time than bulk biomass – i.e., it is newly
synthesized from glutamate at a higher rate – the 15N con-
tent of new chlorophyll will reflect an even more highly
Rayleigh-fractionated substrate. This will cause the appar-
ent fractionation between chlorophyll and biomass to in-
crease beyond the enzymatic fractionation associated with
(instantaneous) chlorophyll biosynthesis. Such Rayleigh
distillation effects on epor are only possible in closed systems
and may not be significant for most environmental samples.

Alternatively, some component of any observed differ-
ences in epor may be due to variability in the intracellular
15N fractionation between glutamate and bulk biomass
(eglu = d15Nbiomass � d15Nglu). Glutamate is a central inter-
mediate in the formation of other amino acids that are used
to build the bulk of cellular protein. The normal kinetic iso-
tope effects associated with these reactions cause 15N-deple-
tion in the downstream amino acids, with residual 15N
accumulation in glutamate. Changes in eglu may then result
from changes in cellular N partitioning. Macko et al. (1987)
found total protein to be 3.5 ± 0.3& enriched in 15N com-
pared to total biomass in six species of algae, and glutamate
to be �3.3 ± 0.9& more enriched in 15N than whole
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protein. More recently, Chikaraishi et al. (2009) measured
d15N values of amino acids and biomass for a suite of dif-
ferent phytoplankton species, finding eglu values from
�2.9& (the cyanobacterium A. cylindrica) to +2.5& (the
green alga Chlorella sp.). These ranges could help explain
some variability in epor values.

To summarize, the variability in expressed values of epor

within cyanobacterial species is affected minimally or not at
all by the choice of N substrate (N2, NO3

�, or NH4
+). Ex-

pressed values of epor are affected modestly by growth under
different light regimes, by the degree of N-limitation experi-
enced under cellular growth conditions, or by differences in
the intracellular partitioning of 15N among amino acids.
However, none of these factors are large enough to affect
the gross observation: values of epor are always negative
for freshwater cyanobacteria. These observations from cul-
tures are supported by the only in situ value of cyanobacte-
rial epor measured to date – a freshwater lake in Japan in
which epor was determined to be �13& to �16& (Katase
and Wada, 1990). These values indicate potentially even
stronger enrichment of 15N in the chlorophyll of cyanobac-
teria growing naturally in freshwater systems.

3.3.2. Marine cyanobacteria

To compare differences across environmental regimes, as
well as to broaden the taxonomic representation among our
experiments, we also examined three species of marine cya-
nobacteria. Growth profiles and isotope data were obtained
for marine Synechococcus sp. WH8102 under multiple con-
ditions, including growth on NO3

� and NH4
+, and in con-

tinuous light and diel (12:12) cycles. We also tested two
additional environmentally-representative taxa under diel
(14:10) conditions. These were the unicellular, marine nitro-
gen-fixing species C. watsonii (grown on N2) and the marine
prochlorophyte P. marinus MED4 (grown on NH4

+). Fig-
ures EA-1-1–3 show growth rates and sampling time points,
and isotope data are given in Table 1.

The data again show that choice of substrate is the least
significant determinant of values of epor (Fig. 4), and that
nutrient recycling or intracellular partitioning have small
but measurable effects. Across all of the marine species
data, the average expressed value of epor = �0.9 ± 1.3&;
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Fig. 4. Measured values of epor values for marine cyanobacteria. Shapes
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while by N substrate, NO3
� epor = 1.4 ± 1.3&, NH4

+

epor = �1.5 ± 1.9&, and N2 epor = �1.2 ± 1.0&. The
remarkable feature of these marine cyanobacterial data is
that in strong contrast to freshwater strains, values of epor

now are clustered around 0&, i.e., effectively no fraction-
ation of 15N between chlorophyll and biomass.

By species, the epor data for C. watsonii (order Chroo-
coccales) reflect diel growth, sampled in both the light
(�1.4 ± 1.3&) and dark (�1.0 ± 0.7&) at late log phase.
These values are not significantly different from P. marinus

(order Prochlorales), also grown on a diel cycle and sam-
pled a single time point (�2.0 ± 1.9&). All three results
are very similar, despite the different taxonomic affiliations
and growth substrates (N2 vs. NH4

+) for these species.
Synechococcus was grown under both continuous light

and diel conditions. When grown using NH4
+, it had a va-

lue of epor averaging �0.9 ± 1.9& (continuous light). This
is again the same as the values found for Crocosphaera

and Prochlorococcus. When grown specifically using
NO3

�, Synechococcus had a value of epor averaging
�0.5 ± 0.8& under continuous light, but a value of
+3.3 ± 2.8& under diel conditions, i.e., chlorophyll became
more 15N-depleted when grown on diel rather than contin-
uous light. The latter value is significantly different from the
other results for Synechococcus (Table 1) and is approach-
ing the values seen for eukaryotic algae. This effect was ob-
served to be a function of time in culture (Figure EA-1-2).
The same effect is not seen in other cyanobacteria, nor is it
seen outside of the cyanobacteria: Chlamydomonas had the
same epor value under continuous and diel light conditions
(Table 1), although the magnitude of the fractionation
again did increase with time in culture, probably due to
NH4

+ recycling (see Section 3.1).
Our data for Synechococcus sp. WH8102 differ from the

previously published measurement of epor for Synechococ-

cus sp. WH7803 from Sachs et al. (1999). In contrast to
the small fractionations that we measured, Sachs et al. mea-
sured a value of epor of 10.1& for the offset between chlo-
rophyll and Synechococcus biomass, i.e., chlorophyll 10&

more depleted in 15N. Since this value differs dramatically
from our data, not just for Synechococcus sp. but for all
of the marine cyanobacteria we tested, we find this earlier
sphaera
tsonii

Prochlorococcus
marinus
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NH4
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a are shown in Figures EA-1-1 and EA-1-2, and epor as a function of
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value irreproducible. It is possible that this earlier value is
an artifact of culturing conditions (growth data were not
presented), sample contamination, N-recycling in batch
medium, or some other unexpected effect. When considered
along with all of our other data for marine cyanobacteria,
or just among our data for Synechococcus, the Sachs
et al. (1999) value is a statistical outlier (Grubbs’ test,
p < 0.05). This is true even considering the time-evolving
values of epor in our diel cultures. We suspect that the value
reported by Sachs et al. (1999) is not representative either of
Synechococcus spp. or of marine cyanobacteria in general.
Analysis of environmental samples will be important to an-
swer this question.

The overall pattern of results suggests that marine and
freshwater species occupy two distinct categories of 15N
fractionation among cyanobacteria. The distinction be-
tween freshwater (epor � �10&) and marine (epor � 0&)
chlorophyll 15N fractionation is not sorted phylogeneti-
cally. The marine strains tested include representatives of
the orders Prochlorales and Chroococcales, while the
freshwater strains tested include the orders Chroococcales,
Nostocales, and Oscillatoriales. The entire data set for
cyanobacterial epor values (50 data points) encompasses cul-
tures that (i) were grown with a variety of N substrates; (ii)
were measured at growth time-points that included early-,
mid-, and late-log phases as well as stationary phase; (iii)
were grown on a variety of light regimes; and (iv) represent
a wide diversity of cyanobacterial taxa. There are no dis-
cernable patterns in the outcome other than the growth re-
gime: freshwater or marine. Taxonomic variability of
results within these two categories is not statistically signif-
icant. We therefore believe that the explanation for these
categories lies within a differing physiology of N utilization
that is a function of growth medium (salinity, pH, ionic
strength, metal availability, or some other factor (e.g.,
Zerkle et al., 2008)).

3.4. Implications of epor values for the interpretation of

sedimentary isotope data

These results have several implications for the use of
chlorin and porphyrin N isotopes in paleoceanography.
In order for values of d15N of chloropigments to be a useful
proxy for past nutrient conditions, the value of epor must be
well constrained. To date, chlorin and porphyrin d15N data
have been uniformly interpreted assuming a 5& value for
epor (Sachs and Repeta, 1999; Ohkouchi et al., 2006;
Kashiyama et al., 2008a,b, 2010; Higgins et al., 2010). This
assumption appears to be valid with regard to changing
environmental conditions: in all phyla studied previously,
as well as all taxa investigated in this work, the type of N
substrate (N2, NO3

�, or NH4
+) has little effect on chloro-

phyll 15N fractionation. This suggests that values of epor

would not be systematically affected by different redox con-
ditions. In the absence of differences in species composition,
the proportions of N2, NH4

+ and NO3
� utilized by the

marine phytoplanktonic community would not affect the
observed magnitude of epor, even if such changes in nutri-
ents affected the bulk values of sedimentary d15N. In other
words, values of d15N of total sedimentary nitrogen and of
chloropigments always would be expected to change in par-
allel. This would be the predicted pattern in a sedimentary
environment in which all export production is dominated
by sinking biomass of eukaryotic phytoplankton (or
eukaryotes plus purple sulfur bacteria).

However, phylum-specific differences do have the poten-
tial to exert a strong effect on the interpretation of epor val-
ues. Environmental samples from extremely ferruginous
oceans or lacustrine systems could contain significant quan-
tities of porphyrins derived from bacteriochlorophylls of
Alphaproteobacteria. Such environments may have oc-
curred frequently in the latest Archean (Kappler et al.,
2005) and possibly in the Neoproterozoic (Canfield et al.,
2007; Johnston et al., 2010). These organisms may have
alternated with sulfide-oxidizing photoautotrophs, espe-
cially in the Paleo- and Mesoproterozoic (e.g., Canfield,
1998; Brocks et al., 2005; Lyons et al., 2009), regardless,
throughout the majority of the Proterozoic, export produc-
tion of prokaryotic biomass was likely to have been more
significant than eukaryotic biomass (Logan et al., 1995;
Close et al., 2011). Because the magnitude of epor for anoxy-
genic photosynthetic Alphaproteobacteria (�8–12&) is
nearly twice that for sulfide oxidizers or oxygenic eukary-
otes (�5–7&), signatures of Alphaproteobacteria would
be completely distinct from the epor signatures of other tax-
onomic groups of primary producers.

Thus, if thermally-immature Precambrian rocks could
be analyzed for porphyrin d15N values, and bulk d15N val-
ues of kerogen-bound nitrogen represented unaltered, pri-
mary biomass from surface waters, compound-specific
porphyrin analyses could help elucidate which photosyn-
thetic organisms dominated export production in Precam-
brian oceans. Such data may be especially informative for
rocks deposited during the Archean and Paleoproterozoic,
before the rise of eukaryotic phytoplankton. Indeed, it is
possible to suggest that in general, values of epor recorded
in sediments would follow a pattern loosely stratified by
Eon: very positive in the Archean (anoxygenic photosyn-
thesizers), near zero in the Proterozoic (fewer anoxygenic
photosynthesizers, and general dominance of cyanobacte-
ria), and moderately positive to zero in the Phanerozoic,
depending on the fraction of eukaryotic plankton.

In marine environments dominated by cyanobacteria,
epor values would shift towards being within 0 ± 2& of
the values of d15N for total sedimentary nitrogen. However,
in the event that a cyanobacterial signal in sediments was
influenced strongly by freshwater species, perhaps resulting
from a “lens” of stratification, it is possible that values of
epor recorded in sediments could be negative. Such
situations may have occurred during the Eocene, when
freshwater ferns (Azolla spp.) were present in the Arctic
(Speelman et al., 2009), or in the Holocene Black Sea
(van der Meer et al., 2008). In earlier work by our group,
we measured epor values in Pleistocene Mediterranean sap-
ropels, for which very modest salinity changes have been
proposed (van der Meer et al., 2007). At the time, we inter-
preted our results (based on absolute values of d15N of total
sedimentary N near 0&) as indicating a relatively large con-
tribution of cyanobacterial N2-fixation to export produc-
tion (Higgins et al., 2010). We now suggest that this
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interpretation was incorrect: although they decreased
slightly in sapropel horizons, values of epor remained near
5& both within sapropel horizons and between sapropel
events. We did not at the time know of the characteristic
epor signatures for cyanobacteria, but based on these values
of epor, the sapropel results are not consistent either with
dominant export of marine or of freshwater cyanobacteria.
To date only one lacustrine example has been studied; but it
did have a very negative value of epor (Katase and Wada,
1990). This suggests that – if present – signals for freshwater
cyanobacteria should be detectable. Further tests of this
principle are necessary in a range of environmental systems.

In general, in the record of Phanerozoic marine sediments
for which porphyrin isotope data exist, values of epor show
relatively little variation. Near-zero and/or negative epor val-
ues have not yet been detected in any marine system. The pat-
tern of “eukaryotic” epor values near 5& even appears to hold
during Cretaceous Oceanic Anoxic Events (OAEs), when
productivity has been suggested to have been influenced by
a relatively large increase in cyanobacterial N2-fixation.
Other results to date include a sample of a Triassic oil shale
(Chicarelli et al., 1993), two data points for the Bonarelli
shale of Cretaceous OAE 2 (Ohkouchi et al., 2006), four
additional samples from the Bonarelli and one from the older
Selli level (Kashiyama et al., 2008a), and seven horizons from
the middle Miocene (Kashiyama et al., 2008b). Most of these
values are�4& (rather than a typical�5&) depleted in 15N
relative to coeval sedimentary nitrogen or kerogen; with the
exception of the Triassic sample, which has a smaller appar-
ent epor value of around 2–3&. Assuming no diagenetic alter-
ation of bulk d15N signals, values of epor near 4& for OAEs
represent approximately a 1& shift toward a marine cyano-
bacterial endmember of epor = 0&. Such changes in epor val-
ues are thus consistent with a large relative change in the
cyanobacterial population, but place a maximum constraint
on the cyanobacterial fraction of total export flux at �20%.
The Triassic data suggest a larger cyanobacterial contribu-
tion of �50% of the total organic burial. Overall, these data
from the recent Phanerozoic suggest that cyanobacteria do
not contribute a major component of preserved export pro-
duction and/or that their chloropigments are not well pre-
served. Such a conclusion is consistent with the idea that in
the modern ocean, eukaryotic phytoplankton are responsible
for most of the export flux out of surface waters, even in ba-
sins that may have a large population of N2-fixing cyanobac-
teria contributing to their surface N pools (e.g., Altabet,
1988).

4. CONCLUSIONS

Measurements of the 15N fractionation between chloro-
phyll and biomass in a taxonomically diverse group of pho-
tosynthetic organisms suggest that fractionation factors fall
into four groups. Eukaryotic algae and most anoxygenic
photosynthetic bacteria produce chloropigments that are
5–7& more 15N-depleted than biomass, i.e., epor values of
�5–7&. Purple nonsulfur Alphaproteobacteria are charac-
terized by greater fractionation (epor of �8–12&) due to a
different amino acid precursor for bacteriochlorophyll.
Cyanobacterial epor values fall into two groups. Freshwater
cyanobacteria are characterized by apparent inverse fracti-
onations for chlorophyll biosynthesis, with epor values of
��10& (enriched in 15N relative to biomass). Marine cya-
nobacteria have effectively no fractionation, with epor values
averaging �0&. Offsets between chlorins/porphyrins and
bulk N in marine sedimentary sections studied thus far
are around 4–5&. This suggests that in the Mesozoic and
Cenozoic, eukaryotes have dominated marine export
production.

ACKNOWLEDGMENTS

We would like to thank Susan Carter, Julie Fliegler, Matt
Horn, Jill Brockmann, Allison Coe and Greg Eischeid for assis-
tance with sample preparation and analysis. We wish to thank
Whitney Wells and Madison Andres for their technical assistance,
and their high school teacher Paul McGuinness and support from
the City Mayor’s Program, for making their contribution possible.
We are grateful to Sallie Chisolm and Tanja Bosak for microbial
samples. We thank Jay Brandes for editorial assistance, and Yui-
chiro Kashiyama and two anonymous reviewers for their very
insightful comments. This work was supported by NSF grant
OCE-0825269 (to A.P. and R.S.R.), and by the David and Lucille
Packard Foundation (to A.P.).

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.gca.
2011.04.024.

REFERENCES

Allen M. M. and Stanier R. Y. (1968) Growth and division of some
unicellular blue-green algae. J. Gen. Microbiol. 51, 199–202.

Altabet M. A. (1988) Variations in nitrogen isotopic composition
between sinking and suspended particles – Implications for
nitrogen cycling and particle transformation in the open ocean.
Deep-Sea Res. Part A 35, 535–554.

Beale S. I. and Weinstein J. D. (1989) Tetrapyrrole metabolism in
photosyntbetic organisms. In Biosynthesis of Heme and Chlo-

rophylls (ed. H. A. Dailey). Mcgraw-Hill, New York, pp. 287–

391.

Beale S. I. (2006) Biosynthesis of 5-aminolevulinic acid. In
Chlorophylls and Bacteriochlorophylls (eds. B. Grimm, R. J.
Porra, W. Rudiger and H. Scheer). Springer, Dordreckt, pp.

147–158.

Beaumont V. I., Jahnke L. L. and Des Marais D. J. (2000)
Nitrogen isotopic fractionation in the synthesis of photosyn-
thetic pigments in Rhodobacter capsulatus and Anabaena

cylindrica. Org. Geochem. 31, 1075–1085.

Bosak T., Liang B., Sim M. S. and Petroff A. P. (2009)
Morphological record of oxygenic photosynthesis in conical
stromatolites. Proc. Natl. Acad. Sci. 106, 10939–10943.

Brocks J. J., Love G. D., Summons R. E., Knoll A. H., Logan G.
A. and Bowden S. A. (2005) Biomarker evidence for photo-
trophic sulfur bacteria in a stratified Paleoproterozoic sea.
Nature 437, 866–870.

Canfield D. E. (1998) A new model for Proterozoic ocean
chemistry. Nature 396, 450–453.

Canfield D. E., Poulton S. W. and Narbonne G. M. (2007) Late-
Neoproterozoic deep-ocean oxygenation and the rise of animal
life. Science 315, 92–95.

http://dx.doi.org/10.1016/j.gca.2011.04.024
http://dx.doi.org/10.1016/j.gca.2011.04.024


7362 M.B. Higgins et al. / Geochimica et Cosmochimica Acta 75 (2011) 7351–7363
Casciotti K., Sigman D., Hastings M., Bohlke J. and Hilkert A.
(2002) Measurement of the oxygen isotopic composition of
nitrate in seawater and freshwater using the denitrifier method.
Anal. Chem. 74, 4905–4912.

Chicarelli M. I., Hayes J. M., Popp B. N., Eckardt C. B. and
Maxwell J. R. (1993) Carbon and nitrogen isotopic composi-
tions of alkyl porphyrin from the Triassic Serpiano oil shale.
Geochim. Cosmochim. Acta 57, 1307–1311.

Chikaraishi Y., Kashiyama Y., Ogawa N. O., Kitazato H., Satoh
M., Nomoto S. and Ohkouchi N. (2008) A compound-specific
isotope method for measuring the stable nitrogen isotopic
composition of tetrapyrroles. Org. Geochem. 39, 510–520.

Chikaraishi Y., Ogawa N. O., Kashiyama Y., Takano Y., Suga H.,
Tomitani A., Miyashita H., Kitazato H. and Ohkouchi N.
(2009) Determination of aquatic food-web structure based on
compound-specific nitrogen isotopic composition of amino
acids. Limnol. Oceanogr. Methods 7, 740–750.

Close H. G., Bovee R. J. and Pearson A. (2011) Inverse carbon
isotope patterns of lipids and kerogen record heterogeneous
primary biomass. Geobiology. doi:10.1111/j.1472-4669.2011.
00273.x.

Delwiche C. C. and Steyn P. L. (1970) Nitrogen isotope fraction-
ation in soils and microbial reactions. Environ. Sci. Technol. 4,

929–935.

Falkowski P. G. and Knoll A. H. (2007) Evolution of primary

producers in the sea. Academic Press.
Granger J., Sigman D. M., Needoba J. A. and Harrison P. J. (2004)

Coupled nitrogen and oxygen isotope fractionation of nitrate
during assimilation by cultures of marine phytoplankton.
Limnol. Oceanogr. 49, 1763–1773.

Guillard R. R. L. (1960) A Mutant of Chlamydomonas moewusii
lacking contractile vacuoles. J. Eukaryotic Microbiol. 7, 262–

268.

Harris E. (1989) The Chlamydomonas Sourcebook: A Comprehen-

sive Guide To Biology And Laboratory Use. Academic Press,
San Diego.

Higgins M. B., Robinson R. S., Carter S. J. and Pearson A. (2010)
Evidence from chlorin nitrogen isotopes for alternating nutrient
regimes in the Eastern Mediterranean Sea. Earth Planet. Sci.

Lett. 290, 102–107.

Higgins M. B., Robinson R. S., Casciotti K. L., McIlvin M. R. and
Pearson A. (2009) A method for determining the nitrogen
isotopic composition of porphyrins. Anal. Chem. 81, 184–192.

Hoch M. P., Fogel Marilyn L. and Kirchman David L. (1992)
Isotope fractionation associated with ammonium uptake by a
marine bacterium. Limnol. Oceanogr. 37, 1447–1459.

Hoering T. C. and Ford H. T. (1960) The isotope effect in the
fixation of nitrogen by azotobacter. J. Am. Chem. Soc. 82, 376–

378.

Jeffrey S. and Humphrey G. (1975) New spectrophotometric
equations for determining chlorophyll a, b, c1 and c2 in higher
plants and natural phytoplankton. Biochem. Physiol. Pflanz.

165, 191–194.

Johnston E. P. S. L., Johnston D. T., Poulton S. W., Dehler C.,
Porter S., Husson J., Canfield D. E. and Knoll A. H. (2010) An
emerging picture of Neoproterozoic ocean chemistry: insights
from the Chuar Group, Grand Canyon, USA. Earth Planet.

Sci. Lett. 290, 64–73.

Kappler A., Pasquero C., Konhauser K. O. and Newman D. K.
(2005) Deposition of banded iron formations by anoxygenic
phototrophic Fe(II)-oxidizing bacteria. Geology 33, 865–868.

Kashiyama Y., Ogawa N. O., Kuroda J., Kitazato H. and
Ohkouchi N. (2008a) Diazotrophic cyanobacteria as the major
photoautotrophs during mid-Cretaceous Oceanic Anoxic
Events: nitrogen and carbon isotopic evidence of sedimentary
porphyrin. Org. Geochem. 39, 532–549.
Kashiyama Y., Ogawa N. O., Shiro M., Tada R., Kitazato H. and
Ohkouchi N. (2008b) Reconstruction of the biogeochemistry
and ecology of photoautotrophs based on the nitrogen and
carbon isotopic compositions of vanadyl porphyrins from
Miocene siliceous sediments. Biogeoscience 5, 797–816.

Kashiyama Y., Ogawa N. O., Nomoto S., Kitazato H. and
Ohkouchi N. (2010) Nitrogen and carbon isotopic composi-
tions of copper, nickel, and vanadyl porphyrins in Cretaceous
black shales. In Earth, Life and isotopes (eds. N. Ohkouchi, I.
Tayasu and K. Koba). Kyoto University Press, Kyoto.

Katase T. and Wada E. (1990) Isolation of chlorophyll a in
Microcystis spp. for determination of stable isotopes of carbon
and nitrogen, and variation in Suwa lake. Japan Anal. 39, 451–

456.

Kennicutt M. C., Bidigare R., Macko S. and Keeney-Kennicutt W.
(1992) The stable isotopic composition of photosynthetic
pigments and related biochemicals. Chem. Geol.: Isot. Geosci.

Sect. 101, 235–245.

Kondo T., Strayer C. A., Kulkarni R. D., Taylor W., Ishiura M.,
Golden S. S. and Johnson C. H. (1993) Circadian rhythms in
prokaryotes: luciferase as a reporter of circadian gene expres-
sion in cyanobacteria. Proc. Natl Acad. Sci. USA 90, 5672–

5676.

Logan G. A., Hayes J. M., Hieshima G. B. and Summons R. E.
(1995) Terminal Proterozoic reorganization of biogeochemical
cycles. Nature 376, 53–56.

Louda J. W. and Baker E. W. (1986) The biogeochemistry of
chlorophyll. In Organic Marine Geochemistry (ed. M. L. Sohn).
American Chemical Society, Washington, DC, pp. 107–126.

Lyons T. W., Anbar A. D., Severmann S., Scott C. and Gill B. C.
(2009) Tracking euxinia in the ancient ocean: a multiproxy
perspective and proterozoic case study. Annu. Rev. Earth

Planet. Sci. 37, 507–534.

Macko S. A., Estep M. L. F., Hare P. E. and Hoering T. C. (1987)
Isotopic fractionation of nitrogen and carbon in the synthesis of
amino acids by microorganisms. Chem. Geol. 65, 79–92.

McCarthy M., Benner R., Lee C. and Fogel M. (2007) Amino acid
nitrogen isotopic fractionation patterns as indicators of het-
erotrophy in plankton, particulate, and dissolved organic
matter. Geochim. Cosmochim. Acta 71, 4727–4744.

McClelland J. W. and Montoya J. P. (2002) Trophic relationships
and the nitrogen isotopic composition of amino acids in
plankton. Ecology 83, 2173–2180.
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