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In an age of comparative microbial genomics, knowledge of the near-native architecture of microorganisms
is essential for achieving an integrative understanding of physiology and function. We characterized and
compared the three-dimensional architecture of the ecologically important cyanobacterium Prochlorococcus in
a near-native state using cryo-electron tomography and found that closely related strains have diverged
substantially in cellular organization and structure. By visualizing native, hydrated structures within cells, we
discovered that the MED4 strain, which possesses one of the smallest genomes (1.66 Mbp) of any known
photosynthetic organism, has evolved a comparatively streamlined cellular architecture. This strain possesses
a smaller cell volume, an attenuated cell wall, and less extensive intracytoplasmic (photosynthetic) membrane
system compared to the more deeply branched MIT9313 strain. Comparative genomic analyses indicate that
differences have evolved in key structural genes, including those encoding enzymes involved in cell wall
peptidoglycan biosynthesis. Although both strains possess carboxysomes that are polygonal and cluster in the
central cytoplasm, the carboxysomes of MED4 are smaller. A streamlined cellular structure could be advan-
tageous to microorganisms thriving in the low-nutrient conditions characteristic of large regions of the open
ocean and thus have consequences for ecological niche differentiation. Through cryo-electron tomography we
visualized, for the first time, the three-dimensional structure of the extensive network of photosynthetic
lamellae within Prochlorococcus and the potential pathways for intracellular and intermembrane movement of
molecules. Comparative information on the near-native structure of microorganisms is an important and
necessary component of exploring microbial diversity and understanding its consequences for function and
ecology.

Environmental and culture-based comparative genomic
analyses have established that closely related bacteria can ex-
hibit considerable genetic diversity (2, 38, 39, 48). Information
on the comparative, near-native cellular structures of closely
related microorganisms is an important component of under-
standing the functional consequences and significance of their
genomic diversity. Although this has been studied intensively
in heterotrophic bacteria, much less is known in this regard
about the ecologically significant group of microbial pho-
totrophs that play key roles in oxygen production, carbon fix-
ation, and global biogeochemical cycles. Prochlorococcus is a
globally important cyanobacterium that contributes nearly half
of the net primary production in certain open ocean regions (3,
7, 14, 18, 35, 50, 52). Using cryo-electron tomography, we
characterized and compared the three-dimensional (3D) struc-
ture of two Prochlorococcus strains in a near-native state. The
two strains selected for this study represent the major Prochlo-
rococcus ecotypes, eMIT9313 and eMED4 (18). MIT9313 be-
longs to a deeply branched clade and possesses a genome size
(2.41 Mbp) comparable to that of the closely related marine
cyanobacterium Synechococcus sp. strain WH8102 (2.43 Mbp)

(39). Members of eMIT9313 have been found to be particu-
larly abundant in deeper (�50 m) subtropical and tropical
waters (18). In contrast, MED4 belongs to a large clade com-
prised of recently derived lineages and possesses one of the
smallest genomes (1.66 Mbp) of any known photosynthetic
organism (39). Cells of eMED4 are relatively numerous in
deeper (�50 m) waters but have been found to be most abun-
dant in surface and near-surface waters (18).

Although our understanding of Prochlorococcus genomics,
physiology, and ecology has advanced significantly, our knowl-
edge of the architecture of this ecologically important cyano-
bacterium is incomplete. Traditional chemical fixation techniques
for preserving bacterial cells for conventional transmission
electron microscopy have proven unsatisfactory for the pre-
servation of major cellular structures in Prochlorococcus, in-
cluding the cell wall and intracytoplasmic (photosynthetic)
membranes (24). It is unknown how Prochlorococcus strains,
which possess dissimilar genome sizes and thus genetic poten-
tial, differ in their cellular architecture and respond at the
structural level to abiotic stress. This knowledge is essential for
an integrative understanding of the molecular physiology and
ecology of Prochlorococcus.

One major advantage of cryo-electron tomography is that
cells can be preserved in the absence of chemical fixatives and
visualized in a near-native state. Specimens with a thickness of
1 �m or less can be well preserved by plunge freezing and are
suitable for studies aimed at characterizing 3D cellular orga-
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nization (9, 46). Resolution of macromolecular complexes re-
quires thinner specimens (100 nm to 200 nm), which can be
achieved through cryoultramicrotomy.

In recent years, cryo-electron tomography has provided de-
tailed information on the near-native, 3D structures and orga-
nizations of a range of specimens, including mammalian tissue,
eukaryotic and prokaryotic microorganisms, viruses, organelles,
and bacterial microcompartments (9, 12, 13, 17, 25, 27, 32, 41,
46, 53). Macromolecular complexes that have been visualized
successfully include flagellum-related structures (33, 47), the
cytoskeleton (22, 27), and retrovirus envelope protein com-
plexes (8). This high-resolution technique has permitted us to
resolve key differences between Prochlorococcus strains that
were undetectable by conventional chemical fixation and trans-
mission electron microscopy techniques. Our cryo-electron to-
mography data indicate that Prochlorococcus strains, which
differ by less than 3% in their 16S rRNA gene sequences, have
diverged substantially in key structural characteristics, includ-
ing size, shape, cell wall structure, and the extent of their
intracytoplasmic (photosynthetic) membrane system. The evo-
lution of a streamlined cellular architecture, characteristic of
the MED4 strain, is expected to have physiological conse-
quences for niche differentiation in nutrient-limited open
oceans.

MATERIALS AND METHODS

Cell culturing and preparation for cryo-electron tomography. Prochlorococcus
strains MIT9313 and MED4 were cultured under identical conditions in the
laboratory. Both strains were grown in batch cultures in an artificial seawater
medium at 21 � 1°C and 10 �mol photons m�2 s�1. Illumination was provided
by “cool white” fluorescent lights on a 14-h-light/10-h-dark cycle.

For plunge freezing, cells collected by centrifugation were resuspended in
artificial seawater containing 20-nm colloidal gold particles, which served as
alignment fiducial markers in the tomographic tilt series. A 5-�l aliquot of the
specimen was applied to a glow-discharged 200-mesh Cu R3.5/1 Quantifoil grid
(Quantifoil Microtools, Jena, Germany). Prior to plunge freezing in liquid eth-
ane, each grid was blotted simultaneously from both sides with Whatman no. 1
filter paper. This procedure is known as “double blotting” (6). Chemical cryo-
protectants, fixatives, or stains were not added to the samples at any point during
preparation. Vitrified specimens were transferred immediately to liquid nitrogen
for storage.

For frozen-hydrated cryoultramicrotome sections, cells collected by centrifu-
gation were resuspended in dextran (molecular weight, 43,000; 20% final con-
centration), and an aliquot (�1 �l) of the suspension was frozen using an HPM
010 high-pressure freezer (Bal-Tec, Balzers, Liechtenstein). The sample carrier
utilized in this procedure was a 3-mm by 0.5-mm aluminum platelet, with a 2-mm
cavity diameter and 0.2-mm cavity depth. Following high-pressure freezing, sam-
ples were stored under liquid nitrogen. Frozen-hydrated sections were cut at
�160°C using a UCT ultramicrotome with an EM-FCS cryokit (Leica, Vienna,
Austria) (16). The frozen-hydrated sections (80 nm to 200 nm) were collected on
200-mesh molybdenum Quantifoil grids that had been coated first with a 10-nm-
thick continuous carbon film and then with colloidal gold particles.

Cryoelectron tomography. Specimens were transferred from liquid nitrogen
storage to a model 626 cryotransfer specimen holder (Gatan, Pleasanton, CA)
and imaged at below �176°C with a JEM-4000FX electron microscope (JEOL,
Tokyo, Japan) equipped with a Gatan GIF 2002 energy filter, operated in
zero-loss mode with a slit width of 15 eV. In order to optimize contrast at the
expected tomographic resolution, images were recorded at a 15-�m underfocus;
at this defocus, the first minimum of the contrast transfer function corresponds
to a spacing of 5 nm. All tomograms were recorded with a 1.8-nm pixel size
relative to the specimen, but some additional images were recorded with a
1.0-nm pixel size. Specimens were tilted about a single axis in 1° angular incre-
ments over a 120° range. The total electron dose for a tilt series was 50 e�/Å2 for
the frozen-hydrated sections and 70 e�/Å2 for the plunge-frozen whole cells. The
resolution of these single-tilt tomograms is anisotropic. A rough estimate can be
obtained from the formula d � �D/n (4), where D is the thickness of the cell
suspension layer or the frozen-hydrated section and n is the number of projection

images (120 in our case). The resolution along the tilt axis (y) is better than this
estimate, and that along the z axis (depth) is worse, due to incomplete angular
sampling (37). Thus, the “average” 3D resolution varies from about 6 nm for
170-nm-thick frozen-hydrated sections to about 20 nm for the 800-nm-thick
whole MIT9313 cells.

Image processing, analysis, and 3D modeling. Alignment of the two-dimen-
sional projection images of a tilt series was accomplished utilizing the colloidal
gold particles as fiducial markers (36). The SPIDER program (10) was used to
calculate the 3D reconstructions by weighted back-projection. For MIT9313, the
tomogram modeled contained 330 reconstruction slices and represented one of
six reconstructed MIT9313 tomograms (number of reconstruction slices ranging
from 290 to 360). For MED4, the tomogram modeled contained 200 reconstruc-
tion slices and represented one of six reconstructed MED4 tomograms (number
of reconstruction slices ranging from 130 to 230). In addition to these recon-
structed tomograms, approximately 35 and 82 projection views were collected for
MIT9313 and MED4, respectively, with many of the individual projection views
containing images of more than one cell. Tomograms were displayed and ana-
lyzed using ImageJ (http://rsb.info.nih.gov/ij/). Cell volumes were determined
based on equations for a sphere (4/3�r3; r is the radius) for MED4 and a prolate
spheroid (4/3�ab2; a and b are the semimajor and semiminor axes, respectively)
for MIT9313. For visualization, surface and volume rendering were accom-
plished with Amira 3D (Mercury Computer Systems, San Diego, CA).

Comparative genomic analyses. Sequences used in the comparative genomic
analyses were obtained from the complete Prochlorococcus MIT9313 and MED4
and marine Synechococcus WH8102 genomes (http://www.kazusa.or.jp/cyano
/cyano.html) and from GenBank. Predicted amino acid sequences were aligned
using the CLUSTALW program with the BLOSUM matrix. The identities sum-
marized in Table 1 were calculated from pairwise sequence alignments in
EMBOSS using the BLOSUM40 matrix (gap open � 10; gap extend � 0.2).
Database accession numbers of the protein sequences presented in Fig. 4C and
Table 1 are as follows: PMM0549 (MED4, CsoS1-1), PMM0022 (MED4, MurC),
PMM0610 (MED4, MurF), PMM0197 (MED4, MurG), PMM0617 (MED4,
MurI), PMM1709 (MED4, MraY), PMT1199 (MIT9313, CsoS1-2), PMT1206
(MIT9313, CsoS1-1), PMT0027 (MIT9313, MurC), PMT0401(MIT9313, MurF),
PMT2101 (MIT9313, MurG), PMT0393 (MIT9313, MurI), PMT2264 (MIT9313,
MraY), SYNW0029 (WH8102, MurC), SYNW1002 (WH8102, MurF),
SYNW2333 (WH8102, MurG), SYNW1010 (WH8102, MurI), and SYNW2516
(WH8102, MraY).

RESULTS AND DISCUSSION

Significance of divergent cell geometries in closely related
strains. Our cryo-electron tomography-based determination of
Prochlorococcus dimensions is the first reported for these cells
preserved in a near-native state. Although Prochlorococcus is
one of the smallest known photosynthetic organisms, differ-
ences in cell size and geometry distinguish strains cultured
under identical conditions. MED4 cells are roughly spherical
and are approximately 0.7 �m in diameter (Fig. 1A to D and
2A). In contrast, although MIT9313 grows slightly faster under
the irradiance (10 �mol photons m�2 s�1) and temperature
(21°C) conditions used in our experiments (doubling times of
57 h for MIT9313 and 72 h for MED4), MIT9313 cells are
larger and more oval and are approximately 0.8 by 1.2 �m (Fig.
1E to H and 2D). The volume of MED4, which is approxi-
mately 0.2 �m3, is about two times less than the volume of
MIT9313 (approximately 0.44 �m3).

Differences in cell size between closely related bacteria are
often correlated with differences in other cellular attributes.
Previous studies using scanning electron microscopy have sug-
gested that within the Prochlorococcus lineage, there exists a
positive correlation between cell size and genome size and thus
genetic potential (49). The results of the current study, where
cells were preserved in a near-native state, support these pre-
vious observations. MIT9313, which possesses a genome size of
2.41 Mbp, was found to possess a larger cell size than MED4,
which has the smallest genome (1.66 Mbp) of any known ox-
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FIG. 1. Striking differences exist in the near-native cellular architecture of closely related Prochlorococcus strains. (A) 3D view of a single cell
of Prochlorococcus MED4. (B) A 1.8-nm-thick tomographic slice of a MED4 cell. Two to three bands of intracytoplasmic (photosynthetic) lamellae
are visible near the cell periphery (white arrow). Several polygonal structures resembling carboxysomes are clustered in the central cytoplasmic
space (black arrows). (C) Surface-rendered model of a MED4 cell superimposed on a slice from a tomogram. Modeled 3D structures include the
outer membrane (light blue), inner membrane (dark blue), intracytoplasmic lamellae (green), and carboxysomes (yellow, pink, orange). A distinct
junction between two lamellae is visible (white arrow). (D) Surface-rendered model of MED4 showing that there are specific regions (white arrow)
where the intracytoplasmic membranes (green) terminate, resulting in the formation of large gaps in the membrane bands. Note that an additional
carboxysome is visible when the MED4 cell is viewed from this perspective. Color coding is as in panel C. (E) 3D view of a frozen-hydrated
Prochlorococcus MIT9313 cell. (F) A 1.8-nm-thick tomographic slice of a MIT9313 cell. Several bands of intracytoplasmic lamellae are located near
the cell membrane (white arrow). (G) Surface-rendered model of MIT9313 superimposed on a slice from a tomogram. Structures depicted include
the cell wall (purple, pink, blue), extensive intracytoplasmic membrane system (green), and carboxysomes (yellow, pink, orange, blue). (H) Side
view of a surface-rendered model of MIT9313, in which the regions where the intracytoplasmic membranes (green) terminate at the cell poles are
visible. Note that these fenestrations in the intracytoplasmic membranes create areas of direct contact between the central cytoplasmic space and
the region between the cell membrane and outermost intracytoplasmic membrane. Bars � 200 nm.
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ygen-evolving photosynthetic organism. Compared to MED4,
the MIT9313 genome contains 243 additional unique genes
(39).

The small size and roughly spherical geometry of MED4
have been reported for other Prochlorococcus strains, including
SS120. The latter strain has been sized by electronic (Coulter)
methods (approximately 0.6 �m in diameter) (30) and visual-
ized by scanning electron microscopy (approximately 0.7 �m in
diameter) (49). Differences in size, shape, and volume between
these strains and MIT9313 are expected to have an impact on
physiology, as several processes exhibit potential size and/or
surface area dependence, including cellular metabolic require-
ments and rates, metabolite leakage rates, nutrient uptake
rates per unit biomass, and interactions with light. As these
processes are also affected by other cellular attributes, it will be
important to determine how they differ between strains. It is

well known that small spherical cells, such as MED4, possess
very high ratios of surface area to volume and that the rate at
which external materials and metabolites diffuse passively into
a cell is enhanced as the cell surface area is maximized (34).
However, the exchange of specific metabolites could be facil-
itated by the presence of transporters in the cell envelope. Our
comparative genomic analyses indicate that the larger
MIT9313 genome contains a greater proportion of transport-
ers than the MED4 genome (39). Additional work is necessary
in order to establish how these differences at the genetic level
translate into dissimilarities in metabolite exchange rates in
MIT9313 and MED4 under different nutrient conditions.

Furthermore, although the absorption of visible wavelengths
of light is optimal theoretically for small spherical cells (34), it
is critical to understand how other cellular properties, such as
pigment concentration and intracytoplasmic membrane con-

FIG. 2. Prochlorococcus MED4 and MIT9313 cell structure as seen in frozen-hydrated whole mounts. In MED4, the intracytoplasmic
membranes are typically apposed to one or two regions of the cell membrane (A, white arrow). (B and C) Higher magnifications of the internal
membranes and a tracing (in blue) of their structure. A distinct junction between two intracytoplasmic membranes is shown (white arrow). (D, E,
F) In MIT9313, the cell pole is the primary location for termination of the intracytoplasmic membranes and this results in prominent fenestrations
(D, white arrow). (E) Structure of the intracytoplasmic membranes at a cell pole at a higher magnification; (F) tracing (in blue) of the same
membranes. Note the distinct junction between two membranes (white arrow). In these images (B to F), the black particles are colloidal gold
particles that were added to each sample and which serve as alignment fiducial markers. Bars � 100 nm (A, B, C, E, F) and 200 nm (D).
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tent, collectively affect the light absorption and photosynthetic
characteristics of Prochlorococcus. Early work comparing
roughly spherical Prochlorococcus (MED4/SS120-like cells)
and rod-shaped Synechococcus cells suggested that Prochloro-
coccus cells possess a higher probability of absorbing, rather
than scattering, light (30). This was attributed in part to their
high photosynthetic pigment concentration and tiny size com-
pared to Synechococcus (30). However, recent studies have
suggested that distinct differences exist between Prochlorococ-
cus strains in their light absorption characteristics and thus in
their relative photosynthetic capacity. When Prochlorococcus
MED4 and MIT9313 are cultured under low growth irradiance
levels (	20 �mol photons m�2 s�1), MIT9313 possesses a
higher growth rate, maximum quantum yield of photosynthe-
sis, and maximum rate of photosynthesis than MED4 (29).
These data indicate that the larger, oval MIT9313 cells are
better adapted for photosynthetic growth at low irradiance
levels than the smaller, spherical MED4 cells, and differences
in several factors, including light-harvesting pigment concen-
trations and intracytoplasmic membrane content, must play a
role.

Recent field studies on the distribution and abundance of
MIT9313 and MED4 ecotypes (eMIT9313 and eMED4) in the
Atlantic Ocean indicate that while eMIT9313 is most abundant
deep in the water column (50 to 200 m), eMED4 is actually
found throughout the water column (surface to 200 m) and
occurs at particularly high cell densities from the surface to
about 125 m (18). Thus, in the natural environment, eMED4 is
not restricted in its distribution to surface and near-surface
waters but is capable of thriving under a variety of irradiance
conditions. In the oceans, several environmental factors inter-
act to influence the overall distribution and abundance of Pro-
chlorococcus ecotypes. Although light is a key variable, other
factors, including nutrient concentrations, are expected to af-
fect the population dynamics of Prochlorococcus ecotypes (18).

Evolution of a reduced cell wall in Prochlorococcus MED4.
Striking differences exist in the cell wall ultrastructure of the
Prochlorococcus MED4 strain. These differences, which have
been undetectable using conventional transmission electron
microscopy (24), were prominent in our tomograms of frozen
hydrated Prochlorococcus cells. Cyanobacterial cell walls are
similar structurally to those of gram-negative bacteria but
share some characteristics with those of gram-positive bacteria
(15). In MIT9313, the cell wall is approximately 34 nm thick
and is composed of an outer membrane, a distinct peptidogly-
can layer, and an inner membrane (Fig. 3A). The peptidogly-
can layer in MIT9313 is approximately 4 nm thick. This is
considerably less than the approximately 16-nm thickness we
observed for the peptidoglycan layer in the marine cyanobac-
terium Synechococcus WH8102 (C. Ting, unpublished data)
and less than the thickness reported for other cyanobacteria
(15). Notably, the cell wall of the MED4 strain is significantly
reduced, and at 19 nm it is only about half the width of the
MIT9313 cell wall (Fig. 3B). This difference is due in part to a
significantly thinner outer membrane, which is approximately 6
nm thick in MED4 and approximately 12 nm thick in MIT9313
(Fig. 3). Furthermore, the cell wall of MED4 is characterized
by a reduced periplasmic space and the absence of a prominent
peptidoglycan layer. When visible, the peptidoglycan layer of
MED4 was less dense and narrower. Density profiles of the cell

walls underscore these differences between MIT9313 and
MED4. The MIT9313 cell wall density profile has an additional
peak, which is associated with the prominent peptidoglycan
layer, and the peak for the outer membrane is wider than in
MED4 (Fig. 3).

Although the cell walls in both MIT9313 (Fig. 1F, 2D to F,
and 3A) and MED4 (Fig. 1B, 2A to C, and 3B) are quite
uniform at different positions in a single cell, a few regions
could be identified in the MED4 cell wall where the periplasm
appears to be a bit wider. This could be due in part to struc-
tural dissimilarities between the MED4 and MIT9313 cell walls
that in turn affect the extent to which the protoplast can move
within the periplasmic space. A degree of variability in the
width of the cell walls of the gram-negative bacteria Esche-
richia coli and Pseudomonas aeruginosa was reported by Matias
et al. (26), who attributed this to protoplast movement. These
authors also suggested that the width of the cell envelope could
be affected by the presence of efflux transporter complexes that
are typically anchored in the cell membrane and span the width
of the periplasm to associate with channels in the outer mem-
brane (26). Although several of such efflux transporters have
been identified in the MIT9313 and MED4 genomes (39), their
biochemical properties and localization in the cell wall are
currently unknown.

Bacterial cell walls form the barrier between the cytoplasm

FIG. 3. Prochlorococcus MED4 possesses a minimal cell wall archi-
tecture compared to MIT9313. Shown are 1.8-nm-thick slices from
tomograms of frozen-hydrated MIT9313 (A) and MED4 (B) cells, with
the cell wall area depicted. Cell wall structures indicated include the
outer membrane (OM), peptidoglycan layer (PG), and cell membrane
(CM). Note the layers of intracytoplasmic lamellae adjacent to the cell
membrane in both cells. Density profiles of the wall region are shown
adjacent to the corresponding cell images. The cell wall structure
represented by a particular density peak is indicated, and these density
profiles emphasize the differences in cell wall structure between MED4
and MIT9313. Bars � 100 nm.
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and the external environment and have a key role in several
functions, including the movement of nutrients and other com-
pounds into and out of the cell, the preservation of cell shape,
and protection against environmental stresses (5, 15, 20, 54). In
addition, the wall counters intracellular osmotic pressure and
thus assists in preventing the rupture of the cytoplasmic mem-
brane and cell death. The strength of the cell wall is attribut-
able in large part to the peptidoglycan layer (5). The striking
differences between MED4 and MIT9313 in the extent of their
peptidoglycan layer and in the overall thickness of their cell
wall suggest that dissimilarities in the overall robustness of
their walls must exist.

However, the synthesis of a prominent peptidoglycan layer
could be costly to a cell, in part because nitrogen is an impor-
tant structural component of the peptide cross-links and N-
acetyl groups. Bacteria capable of surviving with a significantly
reduced peptidoglycan layer might have a competitive advan-
tage under nutrient-limited conditions, such as those found in
large regions of the open oceans that are dominated by Pro-
chlorococcus. While in certain habitats (i.e., coastal regions or
freshwater lakes), a prominent peptidoglycan layer might be
necessary because it provides mechanical stability to the wall
and resistance to chemical substances (15, 40), areas such as
the open ocean are relatively more stable and pristine envi-
ronments in which the evolution of a reduced cell wall might
confer a selective advantage.

Our comparative genomic analyses of MIT9313 and MED4
indicate that several of the genes involved in peptidoglycan
biosynthesis possess low sequence identities and might be di-
verging. The two strains possess similar complements of puta-
tive peptidoglycan biosynthesis genes, including murA, murB,
murC, murD, murE, murF, murG, murI, mraY, ddl, and pbp.
However, the amino acid sequence identities for the predicted
products of these genes are not very high (	52%) between
MED4 and MIT9313. Notably, the particularly low level of
sequence conservation (35% to 38% sequence identity) for
MurC, MurF, MurG, MurI, and MraY suggests that the func-
tions of these proteins might be diverging (Table 1). In con-
trast, comparisons between MIT9313 and marine Synechococ-
cus WH8102 indicate that these same gene products (MurC,
MurF, MurG, MurI, and MraY) share 61% to 72% amino acid
identity (Table 1).

Near-native structure and organization of �-carboxysomes.
Through their associated carbonic anhydrase activity and their
compartmentalization of ribulose bisphosphate carboxylase ox-
ygenase (RuBisCO), carboxysomes contribute to the optimi-
zation of cellular CO2 fixation (19). Two different types of
carboxysomes have been identified, and those found in form
1A and form 1B RuBisCO-containing organisms are 
-car-

boxysomes and �-carboxysomes, respectively. Prochlorococcus
possesses form 1A RuBisCO and thus 
-carboxysomes, and
it has been grouped with the 
-cyanobacteria (14, 42). At
present, detailed information on the structure of 
-carboxy-
somes from 
-cyanobacteria is unavailable (1), and our study is
the first to report on their near-native structure in Prochloro-
coccus.

The carboxysomes of MED4 and MIT9313 are polygonal
(Fig. 4A) and appear to be similar in size and shape to the
�-carboxysomes characterized in Synechocystis sp. strain PCC
6803 (19). Previous work in Prochlorococcus employing immu-
nogold labeling and conventional transmission electron mi-
croscopy demonstrated that RuBisCO is localized in these
structures (24). Our tomograms indicate that the carboxysomes
of Prochlorococcus MED4 and MIT9313 tend to cluster in
groups in the central cytoplasmic space (Fig. 1B, D, and G and
4A). This clustering of the carboxysomes might further facili-
tate carbon fixation, as CO2 leaked from any carboxysome
could enter and be fixed directly in an adjacent one. The
carboxysomes of MED4 are smaller than those of MIT9313,
with diameters of approximately 90 nm and 130 nm, respec-
tively.

Carboxysomes are associated with a polypeptide shell that
serves not only to sequester the enzymes involved in carbon
fixation but also to regulate metabolite flow (19). Our compar-
ative genomic analyses indicate that differences in the carboxy-
some polypeptide shells of MED4 and MIT9313 are likely to
exist. The MIT9313 genome contains a gene encoding an ad-
ditional carboxysome shell protein (CsoS1-2) that is not
present in the MED4 genome (Fig. 4B). The predicted amino
acid sequence of CsoS1-2 shares high (78%) identity with
CsoS1-1 of MIT9313 but is nearly twice the length (204 resi-
dues) of the MIT9313 CsoS1-1 (103 residues) due to an ex-
tended N-terminal region (Fig. 4C). Notably, the gene encod-
ing CsoS1-2 is also present in the genomes of three other
strains (SS120, NATL2A, and MIT9211), which are similar to
MIT9313 in that they belong to low-light-adapted Prochloro-
coccus clades and grow particularly well at low irradiance lev-
els. All of these strains contain both the CsoS1-1 and CsoS1-2
polypeptide genes (Fig. 4B). In contrast, the gene encoding
CsoS1-2 is absent from the genomes of MED4 and MIT9312,
both of which belong to the high-light-adapted Prochlorococcus
clade. As the overall chromosomal organization of carboxy-
some shell polypeptide genes is highly conserved in the ge-
nomes of these six Prochlorococcus strains (Fig. 4B), a poten-
tial role for the CsoS1-2 polypeptide in facilitating carbon
fixation under low-irradiance conditions needs to be ad-
dressed.

TABLE 1. Percent identities of the amino acid sequences of five putative peptidoglycan biosynthesis gene products in Prochlorococcus MED4
and MIT9313 and the marine Synechococcus strain WH8102

Prochlorococcus
strain

% Identity

MurC MurF MurG MurI MraY

MIT9313 WH8102 MIT9313 WH8102 MIT9313 WH8102 MIT9313 WH8102 MIT9313 WH8102

MED4 37.5 35.8 34.8 36.2 37.6 35.7 36.9 34.9 36.1 35.7
MIT9313 61.4 62 71.5 67.2 70.7
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Comparative 3D architecture of the intracytoplasmic lamellae.
A key structure in the Prochlorococcus cell is the intracytoplas-
mic membrane system. In cyanobacteria, these membranes
are critical for photosynthesis as well as other fundamental
metabolic processes (11, 23, 28, 31, 44, 45, 51). When grown
under identical conditions of irradiance level (10 �mol pho-
tons m�2 s�1), temperature (21°C), and nutrients, MIT9313
synthesizes a more extensive network of internal membranes
than MED4. MIT9313 cells possess three to five distinct layers
of intracytoplasmic membranes, which are arranged concentri-
cally near the cell periphery and which occupy a significant
fraction of the cytoplasmic space (Fig. 1E to H, 2D to F, and

5C). These intracytoplasmic membranes are well ordered and
are tightly appressed at the cell sides and less tightly appressed
near or at the cell poles, where they are often associated with
a larger luminal space. The lumen is consistently less dense
than the cytoplasmic space. Although this tight packing of the
internal membranes is possible because Prochlorococcus lacks
phycobilisomes, the structure and organization of these mem-
branes are distinct from those of other chlorophyll a/b-contain-
ing cyanobacteria (11, 28) in that the membrane layers are
arranged uniformly and are not interspersed throughout the
central cytoplasm. In contrast, MED4 possesses a less exten-
sive internal membrane system, with only two to four mem-

FIG. 4. The near-native structure of Prochlorococcus 
-carboxysomes and the overall genomic organization of carboxysome shell polypeptide
genes are highly conserved. (A) Carboxysomes of MED4 and MIT9313 are located typically in the central cytoplasmic space and are polygonal.
Depicted are 1.8-nm-thick slices from a tomogram of a frozen-hydrated MED4 cell and a frozen-hydrated cryoultramicrotome section of a
high-pressure-frozen MIT9313 cell. Bars � 100 nm. (B) The overall genomic organization of genes (csoS1-1, csoS2, csoS3, peptide A gene, peptide
B gene) encoding putative carboxysome shell polypeptides is highly conserved in Prochlorococcus strains MED4, MIT9313, MIT9312, SS120,
NATL2A, and MIT9211. Although the csoS1-2 gene is present in the genomes of strains (MIT9313, SS120, NATL2A, MIT9211) belonging to
low-light-adapted Prochlorococcus clades, it is missing from the genomes of strains (MED4, MIT9312) that are members of high-light-adapted
clades. rbcL and rbcS encode the large and small subunits of RuBisCO, respectively. (C) Alignment of the predicted amino acid sequence of
CsoS1-1 from MED4 with CsoS1-1 and CsoS1-2 from MIT9313. Although these amino acid sequences are highly conserved (an asterisk indicates
identical amino acid residues, a semicolon indicates conserved residues, and a period indicates semiconserved residues), CsoS1-2 possesses an
extended N-terminal region.
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brane bands apposed to the cell membrane in one or two
regions of the cell and sometimes extending around the entire
cell periphery (Fig. 1A to D, 2A to C, and 5A and B). Previous
work has established that at the growth irradiance levels used
in our studies, MIT9313 possesses a significantly greater max-
imum quantum yield of photosynthesis and chlorophyll b/a
ratio than MED4 (29). Since the light-harvesting and reaction
center complex polypeptides involved in photosynthesis are
associated with the intracytoplasmic membranes (24), differ-
ences in the organization and abundance of these internal
membranes must have consequences for the photosynthetic
physiology of these strains.

Through cryoelectron tomography we have established that
the internal membranes of Prochlorococcus form an extensive
interconnected network. Notably, at the cell poles in MIT9313,
the intracytoplasmic lamellae interconnect with other lamellae
or possess prominent fenestrations (Fig. 1F to H and 2D to F).
Distinct membrane junctions are also observed in MED4 (Fig.

1C, 2B and C, and 5A and B). Thus, in Prochlorococcus, the
luminal space of the intracytoplasmic membranes intercommu-
nicates to some degree. Similar interconnections among the
internal membranes have not been observed in cryo-electron
tomography studies on Synechocystis sp. strain PCC 6803 (51)
or the marine Synechococcus strain WH8102 (Ting, unpub-
lished). In MIT9313, the persistence of the intracytoplasmic
membrane fenestrations at the cell poles (Fig. 1F to H and 2D)
strongly suggests that they have a cellular function. One pos-
sibility involves the intracellular movement of compounds. The
tight packing of the membranes at the cell sides could preclude
efficient intracellular trafficking of macromolecules, smaller
organic molecules, and other cytoplasmic components. In
MIT9313, these components might move directly to and from
the central cytoplasmic space at the cell pole regions, where
these distinct fenestrations exist in the intracytoplasmic mem-
branes. For both MIT9313 and MED4, our tomographic data
do not provide evidence for physical continuity between the
intracytoplasmic membranes and cell membrane. Although the
internal membranes sometime extend quite close to the cell
membrane, as reported recently for Synechocystis sp. strain
PCC 6803 (23, 51), the region was not resolved sufficiently to
allow unambiguous confirmation of contact.

Tomography of cryoultramicrotome sections of frozen-hy-
drated cells provided higher resolution of the extensive intra-
cytoplasmic membrane system of MIT9313 (Fig. 5C and D).
We were able to visualize for the first time distinct membrane-
lined connections between the lumens of the tightly appressed
membranes at the cell periphery (Fig. 5D). These membrane-
lined channels were approximately 10 nm in length and 6 nm in
diameter. Because these channels linking the luminal space of
adjacent intracytoplasmic membranes are not abundant, it is
unlikely that their major function involves facilitating the dif-
fusion of solutes between adjacent compartments. However,
they could contribute to maintaining a uniform electrochemi-
cal potential across the intracytoplasmic lamellae. Membrane
connections between individual granum layers, as revealed in
tomographic studies of higher plant chloroplasts, are thought
to have a similar function (43). Maintenance and regulation of
the electrochemical potential across photosynthetic mem-
branes is critical for several key processes, including synthesiz-
ing ATP and preserving a luminal pH optimal for enzyme
activity (21).

In an age of comparative genomics, high-resolution infor-
mation on the native architecture of cells is essential for
achieving an integrative understanding of physiology and func-
tion. We have used cryo-electron tomography to characterize
the comparative 3D structure of Prochlorococcus strains in a
near-native state, and we have discovered a pronounced
streamlining of cellular architecture in a strain that belongs to
a large clade comprised of recently differentiated lineages.
Structural dissimilarities between closely related microorgan-
isms can reflect differences in their potential to thrive under
particular environmental conditions and have consequences
for microbial niche differentiation.
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