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Quantitative information on the ecophysiology of individual mi-
croorganisms is generally limited because it is difficult to assign
specific metabolic activities to identified single cells. Here, we
develop and apply a method, Halogen In Situ Hybridization-
Secondary Ion Mass Spectroscopy (HISH-SIMS), and show that it
allows simultaneous phylogenetic identification and quantitation
of metabolic activities of single microbial cells in the environment.
Using HISH-SIMS, individual cells of the anaerobic, phototropic
bacteria Chromatium okenii, Lamprocystis purpurea, and Chloro-
bium clathratiforme inhabiting the oligotrophic, meromictic Lake
Cadagno were analyzed with respect to H13CO3

� and 15NH4
�

assimilation. Metabolic rates were found to vary greatly between
individual cells of the same species, showing that microbial pop-
ulations in the environment are heterogeneous, being comprised
of physiologically distinct individuals. Furthermore, C. okenii, the
least abundant species representing �0.3% of the total cell num-
ber, contributed more than 40% of the total uptake of ammonium
and 70% of the total uptake of carbon in the system, thereby
emphasizing that numerically inconspicuous microbes can play a
significant role in the nitrogen and carbon cycles in the environ-
ment. By introducing this quantification method for the ecophysi-
ological roles of individual cells, our study opens a variety of
possibilities of research in environmental microbiology, especially
by increasing the ability to examine the ecophysiological roles of
individual cells, including those of less abundant and less active
microbes, and by the capacity to track not only nitrogen and carbon
but also phosphorus, sulfur, and other biological element flows
within microbial communities.

anaerobic phototrophs � nanoSIMS

Molecular biological approaches have in recent years provided
a wealth of high-resolution information regarding the genet-

ics, ecology, and evolution of microbial populations (1–5). At the
cellular level, however, quantitative information on the ecophysi-
ology of individual microorganisms in the environment is generally
scarce (see refs. 6 and 7). A major goal, therefore, is to assign
specific metabolic activities to the identities of individual cells. A
particularly promising approach to this objective is Secondary Ion
Mass Spectrometry (SIMS), which was applied for the first time in
environmental microbiology to follow inorganic carbon and nitro-
gen assimilation by bacterial and fungal cells and to show that
aggregates of archaea and sulfate-reducing bacteria founds in
sediments where anaerobic oxidation of methane predominated
were indeed consuming methane (6, 8). Single-cell resolution with
sufficient mass-resolving power was, however, only recently
achieved through the development of nano-scale secondary-ion
mass spectrometry (nanoSIMS). Other methods currently used
either do not provide single-cell resolution or, like microautora-
diography, require that microorganisms be fed radioactively labeled
substrates. The uptake of radioisotopes then directly links individ-
ual microbial cells to their activity in the environment (ref. 7 and
references therein). However, this approach is limited to elements
that have a radioisotope with a suitable half-life (�1 d; for example

14C and 3H) and excludes the study of other elements such as
nitrogen. NanoSIMS, on the other hand, can be used to measure the
distribution of any stable isotope as well as any radioisotope with a
suitable half-life, and thus, the uptake of radioactive or stable-
isotope labeled substrates can be monitored (9). Using nanoSIMS,
carbon and nitrogen uptake by nitrogen-fixing cyanobacteria (10)
and in situ nitrogen fixation by individual bacterial symbionts of
shipworms (11) have been quantified. When combined with in situ
hybridization using halogen- or stable-isotope-labeled gene probes,
nanoSIMS can additionally be used for the identification of indi-
vidual microbes (12, 13).

Here we developed and applied a method that allowed us to
examine the ecophysiology of single cells in the environment using
nanoSIMS. It uses horseradish-peroxidase-labeled oligonucleotide
probes and fluorine-containing tyramides for the identification of
microorganisms in combination with stable-isotope-labeling exper-
iments for analyzing the metabolic function of single microbial cells.
Using this method, we have quantified metabolic activities of single
cells of purple and green sulfur bacteria inhabiting the oligotrophic,
meromictic Lake Cadagno, a stratified alpine lake located in the
Piora Valley in the Southern Alps of Switzerland. Springs supply
salty water to its depths (14), and, as a result, Lake Cadagno is
permanently stratified. The upper, oxic waters are well-mixed and
contain low concentrations of phosphate and nitrate (14, 15). The
anoxic, lower layer is stagnant and enriched in phosphate and
ammonium. At the chemocline between these 2 layers, sharp
gradients appear in depth profiles of these nutrients and in those of
oxygen, sulfate, sulfide, and light (14, 16).

The physicochemical conditions favor development at the che-
mocline of a community consisting mainly of purple and green
photosynthetic sulfur bacteria. The seasonal variations of this
assemblage have been studied intensively in the past 10 years
(15–17) and make this lake an attractive test system for investigating
the activities of single cells. These anaerobic phototrophs, which use
light energy to oxidize sulfide and other reduced sulfur compounds,
are commonly found in seasonally or permanently stratified lakes,
anoxic ponds or sediments. Numerically abundant, in many of these
environments they are responsible for the oxidation of the entire
sulfide flux and thus play a critical role in the sulfur cycle (18–20).
However, the distribution of processes and materials among indi-
vidual cells in such environments remains unknown.

Here we quantified and compared ammonium and inorganic
carbon uptake of 3 species of anaerobic phototrophs, Chlorobium
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clathratiforme, Chromatium okenii, and Lamprocystis purpurea, and
quantitatively determined their contribution to the total ammo-
nium and inorganic carbon assimilation in the system. Moreover,
metabolic activities of individual cells belonging to the same species
were analyzed and compared. We conclude that halogen in situ
hybridization coupled to secondary ion mass spectrometry (HISH-
SIMS) will provide hitherto unavailable information about micro-
bial populations.

Results and Discussion
Physicochemical Parameters of Lake Cadagno and Relative Abundance
of Anaerobic Phototrophs. Measurements of physicochemical pa-
rameters confirmed earlier reports (16, 21, 22), showing steep
vertical gradients of nutrients and oxygen within the pycnocline and
a shift in redox potential between 10- and 11-m depth, indicating
anoxic, reducing conditions in the hypolimnion (Fig. 1). A turbidity
maximum was identified at 11.7-m depth, coinciding with a dense
microbial community, amounting to 2.1 � 107 cells mL�1, which
mainly consisted of green and purple sulfur bacteria (Fig. 1). Based
on these measurements, 3 depths (10.5, 11.5, and 12.5 m) spanning
the chemocline were chosen for sampling and for further analyses
of the phototrophic sulfur bacterial community. The most abundant
microorganism at those depths was the green sulfur bacterium, C.
clathratiforme, amounting to 1.7 � 107 cells mL�1 [Figs. 1 and 2 and
supporting information (SI) Table S1]. Purple sulfur bacteria L.
purpurea and C. okenii were detected in much lower numbers, of
1.1–2.9 � 105 cells mL�1 and 4.4–8.4 � 104 cells mL�1, respectively
(Figs. 1 and 2 and Table S1). Other anaerobic phototrophs present
were Lamprocystis roseopersicina and Chlorobium phaeobacteroides,
amounting to 2.7 � 105 cells mL�1 and 5.1 � 104 cells mL�1,
respectively (Table S1). These results confirmed previous studies
(17, 22) describing a numerically stable phototrophic community
strongly dominated by C. chlatratiforme.

Single-Cell Analysis. We analyzed single cells of C. clathratiforme, the
most abundant microorganism at all depths investigated, L. purpu-
rea, one of the most abundant, small-celled, purple sulfur bacteria,
and C. okenii, the only large-celled purple sulfur bacterium present.
For this purpose, water samples from 11.5-m depth were incubated
for 12 h at in situ light and temperature conditions after addition
of 15N-labeled ammonium and 13C-labeled bicarbonate. After
incubation, the samples were handled as described for Escherichia
coli and Azoarcus sp. cells (SI Text) and hybridized with HRP-
labeled oligonucleotide probes targeting specific regions of the 16S
rRNA of the 3 species.

After the deposition of fluorine-containing tyramides, filters
were immediately analyzed using nanoSIMS. For each individual
cell, we recorded simultaneously secondary-ion images of nat-
urally abundant 12C (measured as 12C�) and 14N (measured as
12C14N�) atoms and, similarly, of 13C, 15N, and 19F (Figs. 3–5).
Regions of interest around individual cells or clusters of cells
were defined by using the 19F signal as a mask. For each region
of interest, 15N/14N (inferred from the 12C15N/12C14N ratio) and
13C/12C ratios were calculated and compared with the natural
abundance ratios (Table S2).

All analyzed cells were substantially enriched in 15N and 13C
relative to the nonamended cells (Figs. 3–5 and Table S2). There
were significant differences in 15N/14N and 13C/12C ratios between
species, with C. okenii having the highest isotopic enrichments
followed by L. purpurea and C. clathratiforme (Figs. 3–5 and Table
S2). Moreover, large differences in 15N/14N and 13C/12C ratios were
observed between individual cells of the same species, reflecting
obvious differences in metabolic status or different types of me-
tabolism (see C, D, G, and H of Figs. 3–5). Unexpectedly, even cells
that were attached to each other (e.g., C. clathratiforme cells within
the same filament) had very different 15N/14N and 13C/12C ratios
(see marked cells and arrows in Fig. 3 C, D, G, and H and Table S2,

A B C

Fig. 1. Vertical distribution of turbid-
ity, oxygen, total cell numbers, and rel-
ative abundance of C. clathratiforme, C.
okenii, and L. purpurea (A), temperature
and conductivity (B), and redox poten-
tial and inorganic nitrogen (C).
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cells 3F 9a–h). These differences were even more evident when
cell-specific uptakes of ammonium and dissolved inorganic carbon
were calculated by using the 15N/14N and 13C/12C ratios and the
volumes per cell determined for each species (Fig. 6A and Table
S2). The volume estimates for C. clathratiforme, L. purpurea, and C.
okenii were 1.2, 5.3, and 270 �m3 per cell, respectively. Uptakes of
ammonium and of inorganic carbon by individual cells of C.
clathratiforme varied significantly. The range was approximately
12-fold for ammonium and 7-fold for carbon. For L. purpurea the

same ranges were approximately 2-fold and 2-fold. For C. okenii
they were approximately 7-fold and 3-fold (Fig. 6A). Nonetheless,
cells belonging to the same species generally grouped together in
three distinct clusters based on ammonium and inorganic carbon
assimilation (Fig. 6A).

A notable exception was one particular C. okenii cell that had
epibiontic microorganisms attached to the surface and that was
characterized by significantly lower ammonium uptake than other
C. okenii cells (Figs. 5C and 6A). This association with epibiontic
cells is not unique. In fact, a substantial proportion of the C.
okenii cells observed with fluorescence microscopy had similar
epibiontic cells attached (e.g., Fig. 2F). Such epibionts growing
on Chromatium species have been previously observed and it has
been suggested that these organisms could be either parasitic or
opportunistic bacteria growing on dissolved organic matter
excreted by the host cells (23, 24). Although the analysis of a
single cell does not allow us to determine the nature of the
association between C. okenii and the epibionts, it illustrates that
HISH-SIMS can visualize interactions between individual mi-
crobes in microbial aggregates in an unparalleled way. In a
similar approach, the function of individual members of micro-
bial consortia, microbial mats, and biofilms could be studied
using HISH-SIMS.

By averaging and comparing the uptake rates of individual cells
of each species, we determined that the least abundant C. okenii
assimilated approximately 60 times more ammonium and 70 times
more inorganic carbon than L. purpurea and approximately 700
times more ammonium and 1,000 times more inorganic carbon than
C. clathratiforme in the chemocline of Lake Cadagno (Fig. 6A).
These large differences can partly be explained by differences in cell
volume between species. When normalized to cell volume, the
differences between the 3 species became smaller but were still
substantial (Fig. S1). C. okenii assimilated on average approxi-
mately 2 times more carbon per �m3 of biomass than L. purpurea
and 3 times more ammonium and 5 times more carbon than C.
clathratiforme. The calculated average atomic C:N ratio (9.1) for in
situ inorganic carbon and ammonium assimilation for C. clathrati-
forme was lower than the C:N ratio (11.1) for in situ assimilation by
L. purpurea cells (Fig. 6A). Uptake by C. okenii cells was charac-
terized by high uptake C:N values (on average 14.8) (Fig. 6A). For
all 3 species, the C:N ratios substantially exceeded the Redfield
value (6.6) (25), which could indicate that these organisms accu-
mulate carbon-rich storage compounds [e.g., glycogen, starch, or
polyhydroxyalkanoates] in large quantities within the cell (26).

A B

C D

E F

Fig. 2. Epifluorescence micrographs of purple and green sulfur bacteria
hybridized with species-specific HRP-oligonucleotide probes for the 3 species
and fluorine-containing tyramides (A, C, and E). Corresponding fields stained
with DAPI show all cells in blue (B, D, and F). Arrows in F indicate epibionts
attached to C. okenii. (Scale bars, 5 �m.)

A B C D

E

F

G H

_ _

Fig. 3. 15N-ammonium and 13C-inorganic carbon uptake by individual C. clathratiforme cells. Parallel secondary ion images of C. clathratiforme cells (Cc), not
identified microbes (Nid) (A–D), and of an aggregate of not identified bacteria (Agg) (E–H). The square represents a 15�15-�m field chosen for further sputtering.
The abundances of 12C14N� (A and E), 19F� (B and F), and the 15N/14N (C and G) and 13C/12C (D and H) ratios are shown. The numbers and markings around cells
in figure define regions of interest which were used for calculation of 15N/14N and 13C/12C ratios (see Table 3). (Scale bars, 5 �m.)

Musat et al. PNAS � November 18, 2008 � vol. 105 � no. 46 � 17863

EN
V

IR
O

N
M

EN
TA

L
SC

IE
N

CE
S

http://www.pnas.org/cgi/data/0809329105/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0809329105/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0809329105/DCSupplemental/Supplemental_PDF#nameddest=SF1


Based on 15N/14N and 13C/12C ratios of individual cells and on the
labeling percentages of the substrates used (i.e., H13CO3

� and
15NH4

�), we calculated the doubling times for C. okenii, L. purpu-
rea, and C. clathratiforme cells. We assumed that all carbon and
ammonium assimilated stimulated growth of new cells. This sup-
position can lead to an underestimation of the carbon-based
doubling times for species that deposit C-rich storage compounds
(20). For all 3 species, particularly C. clathratiforme, C-based
doubling times varied widely (Fig. 7). Moreover, large differences
were observed between C. okenii and L. purpurea species, with
average, C-based doubling times of 5 and 7 days, and C. clathrati-
forme, with average doubling times of 36 days (Fig. 7). For L.
purpurea, and C. okenii the average N-based doubling times were in
good agreement with the C-based doubling times (Fig. 7). In
contrast, the average N-based doubling time for C. clathratiforme
(45 days) substantially exceeded the C-based growth rates, indicat-
ing that this anaerobic phototroph may indeed deposit C-rich
storage products. The observed doubling times for all 3 species were
significantly longer than those (0.5–1.5 days) reported for pure
cultures of green and purple sulfur bacteria grown under ideal
laboratory conditions (27–29) but were within the range (0.3–125 d)
(20) of doubling times estimated from bulk in situ measurements of
biomass or CO2 fixation (20, 30, 31). Intriguingly, the C-and
N-based doubling times (7 and 8 days) for bulk biomass from the
Lake Cadagno chemocline were comparable with the doubling
times for C. okenii and L. purpurea and substantially shorter than
the doubling time for C. clathratiforme (Fig. 7), indicating that the
most abundant species (i.e., C. clathratiforme) was not the main
contributor to total ammonium and inorganic carbon assimilation.

We determined the total uptake of ammonium and inorganic

carbon for each species by multiplying the average uptake rates by
the absolute cell abundance. Summed, these accounted for �57%
of total ammonium uptake and �85% of total inorganic carbon
uptake in the system as measured by bulk incubations and analyses
(Figs. 6 B and C). C. okenii with a total biovolume of 1.8 � 107 �m3

mL�1 contributed approximately 40% to the total ammonium
uptake and 70% to the inorganic carbon uptake. In contrast, C.
clathratiforme with a slightly larger total biovolume (2.1 � 107 �m3

mL�1) contributed only approximately 15% and 15% to the total
uptakes of ammonium and inorganic carbon, respectively. L. pur-
purea, with the smallest total biovolume (6.9 � 105 �m3 mL�1),
contributed the least, with uptakes of ammonium and inorganic
carbon accounting for 1.3% and 1.6% of the totals, respectively.
These results confirm that C. clathratiforme, by far the most
abundant species and having the highest biovolume, was not the
main assimilator of ammonium and inorganic carbon. Even more
puzzling was the low abundance of C. okenii, which represented a
very small fraction (�1% of the total cell number) of the microbial
community within the chemocline.

At present, we can only speculate why an organism with an
average doubling time 7 times shorter than C. clathratiforme is
present in such low abundance. The relative abundance of these
species might have been influenced by an enhanced predation
pressure in the system. C. okenii could have been subjected to a
higher predation pressure by anaerobic protozoa and predatory
prokaryotes (23, 32). Growing in net-like structures or large ag-
gregates, C. clathratiforme and L. purpurea are less susceptible to
protozoan grazers than are the single cells of C. okenii (33, 34). On
the other hand, growth as single, motile cells provides an advantage
to C. okenii, which can move freely through the water column and

A B C

D

_ _

Fig. 4. 15N-ammonium and 13C-inorganic carbon uptake by individual L. purpurea cells. Parallel secondary ion images of L. purpurea cells (Lp) and presumably
C. clathratiforme cells (Cc) (A–D). The abundances of 12C14N� (A), 19F� (B), and the 15N/14N (C) and 13C/12C (D) ratios are shown. The numbers and markings around
cells are defined in the legend of Fig. 4. (Scale bars, 5 �m.)

A B C D

E F G H

_ _

Fig. 5. 15N-ammonium and 13C-inorganic carbon uptake by individual C. okenii cells. Parallel secondary ion images of C. okenii cells (Co) and presumably C.
clathratiforme cells (Cc) (A–H). The abundances of 12C14N� (A and E), 19F� (B and F), and the 15N/14N (C and G) and 13C/12C (D and H) ratios are shown. Arrows in
C indicate highly active epibionts attached to a C. okenii cell. The numbers and markings around cells are defined in the legend of Fig. 4. (Scale bars, 5 �m.)
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find the best zones of nutrient availability and light intensity for its
metabolic requirements.

One of the most intriguing findings in our study was the large
range of uptake rates of ammonium and inorganic carbon for single
cells of the same species (Fig. 6A and Table S2). These substantial
differences could be the result of genomic diversity in phylogeneti-
cally identical (or closely related) but physiologically distinct pop-
ulations (35, 36). In recent years, molecular techniques have
revealed remarkable genetic and physiological diversity among
microorganisms of the same sample species (2, 4, 36, 37). The
genetic heterogeneity could be the basis for a physiological diversity
that provides selective advantages to different genotypes under
changing conditions (38). In the chemocline of Lake Cadagno, the
populations of anaerobic phototrophs can benefit greatly from a
continuous selection of the fittest subpopulations under changes of
nutrient concentrations, light intensity, or redox conditions. Such
genotypic plasticity may be advantageous especially for nonmotile
species such as C. clathratiforme, which are not capable of actively
moving through the chemocline to find the optimal growth condi-
tions in a variable environment.

An alternative explanation for the high metabolic variability of
individual cells within the same species could be nongenetic het-
erogeneity caused by differences in gene expression among indi-

vidual bacteria (39). Cells of different age or with different life
histories would be in different physiological states. They might have
experienced different ammonium or sulfide concentrations, have
suffered from traces of oxygen, or adapted to different light
intensities. Although this hypothesis could be tested by monitoring
specific mRNA in single cells of a 16S rRNA-defined population
(40), a proof of genomic heterogeneity would still require popula-
tion-genetic studies of isolates or metagenomic studies.

In conclusion, by applying HISH-SIMS to green and purple
sulfur bacteria from a natural environment, we found a remarkable
variability in metabolic rates of individual cells of the same species.
Consequently, a microbial population can now be studied as a
heterogeneous group of physiologically distinct individuals. More-
over, the major contribution of less abundant but highly active
microorganisms to ammonium and carbon uptake underlines the
great importance of rare keystone species to the nitrogen and
carbon cycles in the environment. The HISH-SIMS method opens
new lines of research in environmental microbiology, especially by
enabling studies of the ecophysiology of individual, phylogenetically
identified cells and by the capacity to track not only the flows of
nitrogen and carbon but also those of phosphorus, sulfur, and other
biologically active elements within microbial communities.

Materials and Methods
Measurements of Physicochemical Parameters. Temperature, conductivity, dis-
solved oxygen, turbidity, and redox potential were measured at depth intervals
of 1 m by a pumpcast conductivity-temperature-depth system equipped with an
oxygen sensor (17). Nutrients were analyzed at the same depth intervals using
standard methods (SI Text).

Culture Preparation and Fixation. E. coli strain DSM 30083 and Azoarcus sp. strain
HxN1 were grown as described (SI Text). Cells were prepared for hybridization
using standard protocols (SI Text).

Sample Collection and Preparation. Water samples were collected from the
center of Lake Cadagno (46o 33� N, 8o 43� E) in June 2007. The depth at the center
(the deepest point) was 21 m. Water samples were collected at depths of 10.5,
11.5, and 12.5 m, fixed for FISH in 1% PFA for 1 h at room temperature, filtered
on polycarbonate filters, and kept at �20 °C until processing. Parallel water
samples from 11.5-m depth were collected and incubated with 15N-labeled
ammonium (21.6 atom percent 15N) and 13C-labeled bicarbonate (19.3 atom
percent 13C) in 250-mL bottles at in situ light and temperature conditions for 4, 8,
and12h(SIText). Subsamplesweretakenforbulkmeasurementsofnitrogenand
carbon and for nanoSIMS analysis of single cells (see SI Text).

Whole Cell Hybridization. Catalyzed reporter deposition (CARD)-FISH and cell
counts were done using standard protocols (SI Text). The oligonucleotide probes
used in this study are shown in Table S3.

For nanoSIMS analysis, fixed cells were permeabilized in a lysozyme solution
[10 mg mL�1 in 0.05 M EDTA (pH 8.0) and 0.1 M Tris�HCl, pH (7.5); Fluka] for 1 h
at37 °C.Afterpermeabilization,filterswerewashedtwicewith2mLofultrapure

Fig. 6. Ammonium and inorganic
carbon assimilation by green and pur-
ple sulfur bacteria in Lake Cadgno.
Ammonium versus inorganic carbon
uptake by individual C. clathrati-
forme, L. purpurea, and C. okenii cells
(A). The line represents the theoretical
‘Redfield’, C:N ratio of 6.6. Contribu-
tion to the total ammonium (B), and
total dissolved inorganic carbon (C) as-
similation in the system by each pop-
ulation. For the calculation of total
nitrogen and carbon uptake, the ab-
solute abundance of each species as
determined by CARD-FISH was taken
into account.

Fig. 7. Nitrogen- and carbon-based doubling times calculated for bulk biomass
and individual C. clathratiforme, L. purpurea, and C. okenii cells. The doubling
times were calculated using the 15N/14N and 13C/12C ratios and assuming that all
carbon and nitrogen assimilated were channeled into growth.
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water (MQ; Millipore), treated with HCl (0.01 M) for 10 min, washed twice in MQ
water, and dehydrated with 96% ethanol for 1 min. Before hybridization, filters
were prehybridized for 1 h at 46 °C in hybridization buffer containing 0.9 M NaCl,
40 mM Tris-HCl (pH 7.5), 10% dextran sulfate, 0.01% SDS (SDS), 10% Blocking
Reagent (Boehringer), 1� Denhard’s reagent, 0.26 mg mL�1 sheared salmon
sperm DNA (Ambion), 0.2 mg mL�1 yeast RNA (Ambion), and the corresponding
formamide concentration (Table S3). The hybridization was performed using the
protocol previously described (41) with the following modifications: After pre-
hybridization, theHRP-labeledprobeworkingsolution (50ng �L�1;Biomers)was
added (1:150 vol/vol) to the hybridization buffer and well mixed. Hybridizations
were carried out for 6 h at 46 °C. After hybridization, filters were incubated in 50
mL of prewarmed washing buffer containing NaCl (215 mM for Chlc190, 46 mM
for Apur453, and 70 mM for Cmok453 hybridized filters), 5 mM EDTA (pH 8.0), 20
mM Tris-HCl (pH 7.5), and 0.01% SDS for 15 min at 48 °C. After washing, filters
were transferred in 1� PBS (pH 7.6) for 30 min to equilibrate the probe-delivered
HRP. Subsequently, the filters were incubated for 20 min at 46 °C in darkness for
tyramide signal amplification. The reactant mixture contained amplification
buffer and fluorine-containing tyramides (1,000:1 vol/vol) and 0.015% H2O2. The
filters were then washed once for 15 min in 1� PBS in darkness, twice with MQ
water,andoncefor1min in96%ethanol.Synthesisof tyramidesandpreparation
of the substrate mixture containing amplification buffer and H2O2 were done as
described (SI Text and ref. 42).

Nitrogen and Carbon Bulk Measurements. Abundances of 15N and 13C were
measured using standard methods (SI Text).

NanoSIMS Analysis of Single Cells—Image Acquisition and Data Processing. The
hybridized filters were analyzed between January 2007 and October 2007 using
a NanoSIMS 50 and a NanoSIMS 50L manufactured by Cameca. For each individ-
ual cell, we recorded simultaneously secondary ion images of 12C�, 13C�, 12C14N�,
12C15N�, and 19F� using 5 electron multipliers (Figs. 3–5). Measurements were
performed using 3 sets of analytical conditions (see SI Text). The 12C�, 13C�, 19F�,

12C14N�, and 12C15N� ions were collected and measured in parallel at a mass
resolution sufficient to separate the 13C� from the 12CH� and 12C15N� from the
13C14N�. Images and data were processed using the proprietary CAMECA Win-
Image processing software working under PC Windows XP environment (see SI
Text).

Biovolume Calculation and Biomass Conversion. The sizes of C. okenii, L. purpu-
rea, and C. clathtratiforme cells were directly measured from the epifluorescence
microscope images taken after fluorescence in situ hybridization and DAPI stain-
ing. Biovolume calculation and biomass conversion are described in SI Text.

Calculation of the Ammonium and Inorganic Carbon Assimilation Rates.
Amountsofammoniumand inorganic carbonassimilatedby individual cellswere
calculated from the 15N/14N and the 13C/12C ratios of the individual regions of
interest (Table S2), the mean biovolume for the corresponding species, and the
amounts of label added in the incubation experiments. The total assimilation for
each species was calculated by multiplying the average assimilation rates of
individualcellsbythenumberofcellsofthecorrespondingspecies (asdetermined
by FISH).

Calculation of the Doubling Times. Doubling times of the 3 species were calcu-
lated using the 15N/14N and 13C/12C ratios, the biovolume and the conversion
factor intobiomass tocalculatefirst the 15Nand 13Cexcess (asatomicpercent) into
individual cells. Using these values and the percentage of label added in the
incubation experiments as well as the time of incubation, we calculated the
doubling time for individual C. okenii, C. clathratiforme, and L. purpurea cells.

SI. Further information, including Figs. S2 and S3, is available in SI Text.
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