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Abstract The ability of Prochlorococcus to numerically

dominate open ocean regions and contribute significantly

to global carbon cycles is dependent in large part on its

effectiveness in transforming light energy into compounds

used in cell growth, maintenance, and division. Integral to

these processes is the carbon dioxide-concentrating mech-

anism (CCM), which enhances photosynthetic CO2 fixa-

tion. The CCM involves both active uptake systems that

permit intracellular accumulation of inorganic carbon as

the pool of bicarbonate and the system of HCO3
- con-

version into CO2. The latter is located in the carboxysome,

a microcompartment designed to promote the carboxylase

activity of Rubisco. This study presents a comparative

analysis of several facets of the Prochlorococcus CCM.

Our analyses indicate that a core set of CCM components is

shared, and their genomic organization is relatively well

conserved. Moreover, certain elements, including carb-

oxysome shell polypeptides CsoS1 and CsoS4A, exhibit

striking conservation. Unexpectedly, our analyses reveal

that the carbonic anhydrase (CsoSCA) and CsoS2 shell

polypeptide have diversified within the lineage. Differ-

ences in csoSCA and csoS2 are consistent with a model of

unequal rates of evolution rather than relaxed selection.

The csoS2 and csoSCA genes form a cluster in Prochlo-

rococcus genomes, and we identified two conserved motifs

directly upstream of this cluster that differ from the motif

in marine Synechococcus and could be involved in regu-

lation of gene expression. Although several elements of the

CCM remain well conserved in the Prochlorococcus line-

age, the evolution of differences in specific carboxysome

features could in part reflect optimization of carboxysome-

associated processes in dissimilar cellular environments.
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Introduction

For photosynthetic prokaryotes inhabiting variable envi-

ronments, a central challenge involves optimizing meta-

bolic flexibility within the crowded space of a single cell.

The fact that key cellular processes can be incompatible

adds layers of complexity to this evolutionary challenge. In

light of this, the cyanobacterial CO2
--concentrating

mechanism (CCM) is an exquisite system that has evolved

to enhance photosynthetic carbon dioxide fixation reactions

(Price et al. 2008; Kupriyanova et al. 2013). This mecha-

nism effectively concentrates CO2 near ribulose-1,5 bis-

phosphate carboxylase oxygenase (Rubisco), which can

utilize either CO2 or O2 in the reaction that it catalyzes

involving ribulose 1,5-bisphosphate. One of the key com-

ponents of the CCM is an active uptake system that permits

inorganic carbon to accumulate within cells as the bicar-

bonate pool (Badger et al. 2006; Price et al. 2008). Toge-

ther with the passive movement of CO2 into cells, the

recycling of leaked CO2, and the maintenance of cyto-

plasmic pH levels, these essential features of the CCM

ensure the accumulation of cellular inorganic carbon.
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A major operational component of the CCM involves

the carboxysome, a microcompartment in which the car-

boxylase activity of Rubisco is optimized by the accumu-

lation of CO2 in its vicinity (Shively et al. 1973; Cannon

et al. 2001; Yeates et al. 2008; Kerfeld et al. 2010; Espie

and Kimber 2011; Kupriyanova et al. 2013; Rae et al.

2013a, b). Carboxysomes are polyhedral and are sur-

rounded by a thin protein shell (3–6-nm thick), whose

polypeptides are organized with apparent icosahedral

symmetry (Iancu et al. 2007; Schmid et al. 2006; Yeates

et al. 2008; Kinney et al. 2011; Sutter et al. 2013; Espie and

Kimber 2011; Keeling et al. 2014). The shell can function

as a permeability barrier and is thought to mediate the

movement of molecules into and out of the carboxysome

(Kerfeld et al. 2005; Espie and Kimber 2011; Kinney et al.

2011; Sutter et al. 2013). Although the carboxysome shell

is permeable to protons (Menon et al. 2010), work by Dou

et al. (2008) suggests that the carboxysome shell acts as a

diffusional barrier to CO2 and permits its accumulation in

the carboxysome. Thus, with the functioning of carbonic

anhydrase which co-localizes with Rubisco within carb-

oxysomes and catalyzes the conversion of bicarbonate

(HCO3
-) and protons to CO2 and water, CO2 molecules are

concentrated near the active site of Rubisco and are pre-

vented from leaking out of the cell (Kerfeld et al. 2005;

Price et al. 2008; Yeates et al. 2008; Espie and Kimber

2011).

Furthermore, structural studies have revealed that a

large fraction of carboxysome shell proteins, which contain

a bacterial microcompartment (BMC) domain

(Pfam00936), are organized into hexameric units that

constitute the facets of the icosahedron (Kerfeld et al.

2005; Tsai et al. 2007). These hexamers are associated with

a central pore characterized by a large positive electrostatic

potential (Kerfeld et al. 2005; Tsai et al. 2007). This central

pore, as well as the gaps between hexamers, could be

involved in regulating metabolite flux and in particular,

could facilitate the movement of negatively charged mol-

ecules, such as bicarbonate (Kerfeld et al. 2005). More-

over, other carboxysome shell proteins form pentameric

units, which could constitute the vertices of the icosahedral

shell (Tanaka et al. 2008; Sutter et al. 2013; Keeling et al.

2014). These pentamers are also associated with a posi-

tively charged pore (Kinney et al. 2011; Sutter et al. 2013);

however, because of the fewer number of pentamers

compared to hexamers associated with an icosahedral shell,

and the narrow pore diameter (about 4 Å), Sutter et al.

(2013) have suggested that it is unlikely the pentamers

have a significant role in metabolite flux across the shell. A

unique class of trimeric carboxysome shell polypeptides

(CsoS1D) has also recently been studied (Klein et al. 2009;

Kinney et al. 2011). These exhibit pseudohexameric sym-

metry and are discussed in greater detail ahead.

Cyanobacterial carboxysomes are classified as either a-

or b-carboxysomes, depending on whether they contain

Form 1A or Form 1B Rubisco (Badger et al. 2002; Rae

et al. 2013a). Prochlorococcus and some marine Syn-

echococcus have a-carboxysomes, which are also found in

several chemoautotrophic proteobacteria (Cannon et al.

2002; Badger and Price 2003; Badger et al. 2006; Espie

and Kimber 2011). Studies using cryoelectron microscope

tomography have revealed that in the lumen of the a-

carboxysomes of Halothiobacillus neapolitanus and mar-

ine Synechococcus WH8102, Rubisco is organized in

roughly concentric layers (Schmid et al. 2006; Iancu et al.

2007). Approximately 232 ± 18 Rubisco oligomers were

observed in each marine Synechococcus WH8102 a-carb-

oxysome, with about half of the Rubisco oligomers

occurring in a layer next to the carboxysome shell (Iancu

et al. 2007). Regions of direct contact between Rubisco and

shell proteins were not observed (Iancu et al. 2007) and

past work has suggested that a loose association exists

between Rubisco and the caboxysome shell (Shively et al.

1973; So et al. 2004). Recently, it has been suggested that

CsoS2 shell proteins could have a role in Rubisco organi-

zation in a-carboxysomes and might be involved in

attaching Rubisco oligomers to the inner shell (Rae et al.

2013a).

Prochlorococcus, an ecologically important marine cya-

nobacterium that numerically dominates subtropical and

tropical open ocean regions, represents a significant system

in which to study the CCM. Recent work has revealed the

evolution of striking diversity in this lineage, both in struc-

ture and function, and in particular, the photosynthetic

apparatus and physiology (Moore et al. 1998; Moore and

Chisholm 1999; Bibby et al. 2003; Ting et al. 2007, 2009).

This diversification in part reflects ecotype-associated

adaptation to abiotic and biotic factors, including utilization

of key resources, such as light and nutrients. Prochloro-

coccus ecotypes involve isolates belonging to specific clades

that share similarities at the physiological and genetic levels

and examples include eMIT9312, eMED4, eNATL2A,

eMIT9313, eSS120, and eMIT9211 (Coleman et al. 2006;

Johnson et al. 2006). As field studies by Johnson et al. (2006)

demonstrated, Prochlorococcus ecotype distributions can

differ throughout the open ocean water column; for example,

whereas eMIT9312 is present at high cell concentrations

from the surface to 150 m, eMIT9313 is abundant only

deeper in the water column (50–200 m).

A key element of the CCM that is of particular interest is

the carbonic anhydrase, which serves to concentrate CO2

within the carboxysome by catalyzing the conversion of

HCO3
- and protons to CO2 and water (De Araujo et al.

2014; Kimber 2014; Nishimura et al. 2014). Thus, a basic

operational feature of the CCM, involving the intercon-

version of inorganic carbon species inside the cell, is
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ensured by the carbonic anhydrase. The Prochlorococcus

carbonic anhydrase (CsoSCA) initially was identified as

belonging to the novel e-class, which includes the carbonic

anhydrases of Halothiobacillus neapolitanus and marine

Synechococcus WH8102, and was proposed to be distinct

from the a-, b-, and c-classes (So et al. 2004). However,

structural studies indicated that the e-class is actually a

novel subclass of b-carbonic anhydrases (Sawaya et al.

2006). In members of this subclass, the two fused protein

domains containing the pair of active sites in classic b-

carbonic anhydrases have diverged to such an extent that

only one domain still has an active site (Sawaya et al.

2006). The turnover number (kcat) of the carbonic anhy-

drase present in carboxysomes purified from Prochloro-

coccus strain MED4 was reported to be less than (about

half) that of the H. neapolitanus carbonic anhydrase and of

other recombinant b-carbonic anhydrases (Roberts et al.

2012). Interestingly, however, the KCO2

(295.1 ± 31.9 lM) of MED4 Rubisco is almost two times

greater than that of the H. neapolitanus Rubisco (Roberts

et al. 2012), and the KCO2
(750 lM) of the MIT9313 Ru-

bisco (cloned and expressed in E. coli) is the highest

recorded for a Form I Rubisco (Scott et al. 2007). In light

of these data, the Prochlorococcus carbonic anhydrase and

its impact on the carboxylation activity of Rubisco in intact

carboxysomes clearly require further characterization in

different strains.

Recent studies on the Prochlorococcus carboxysome

have also focused on CsoS1D, a novel shell polypeptide

(Klein et al. 2009; Roberts et al. 2012). CsoS1D is a tan-

dem BMC-domain protein (i.e., it contains a fusion of

BMC domains), and CsoS1D trimers can dimerize to form

pseudohexamers (Klein et al. 2009; Kinney et al. 2011). A

distinct pore is present at the three-fold axis, and the

conformation of neighboring Glu120 and Arg121 residues

is thought to dictate whether the pore is in an open

(*14 Å, diameter) or closed position, thus functioning as a

potential gating mechanism (Klein et al. 2009; Kinney

et al. 2011). It has been suggested that the relatively large

size of this pore could permit metabolites, such as ribulose

bisphosphate (RuBP), to pass freely, and that a gating

mechanism could function in preventing loss of other key

metabolites and/or the entrance of inhibitors (Klein et al.

2009; Kinney et al. 2011). However, it is unknown how

metabolite specificity would be established or how struc-

tural changes associated with the open and closed pore

conformations might be accommodated by the surrounding

carboxysome shell proteins (Espie and Kimber 2011;

Kimber 2014). Recent work involving production of

carboxysomes in a heterologous host suggests that CsoS1D

might have an important role in carboxysome architecture

and assembly (Bonacci et al. 2012; Kimber 2014). The

isolation of intact carboxysomes from Prochlorococcus

strain MED4 revealed that CsoS1D is a low abundance

shell protein (Roberts et al. 2012). In this same work,

Western analyses were used to confirm that CosS1

(10.7 kDa), CsoS2 (101 kDa), and Rubisco (53.5 kDa) are

associated with the MED4 carboxysome (Roberts et al.

2012).

In this study, we present a comparative analysis of

several proteins that have a central role in the Prochloro-

coccus carbon dioxide-concentrating mechanism. While

one might expect the CCM to be well conserved among

ecotypes, it is conceivable differences in specific elements

might evolve in response to factors, such as microhetero-

geneity in the physico-chemical properties of the water

column and/or the need to optimize mechanisms for spe-

cific cellular/physiological environments. Previous work

reported that carboxysome size is not conserved within the

Prochlorococcus lineage (Ting et al. 2007), and some

strains (i.e., those that are deeply branched, such as

MIT9313, MIT9303, SS120, MIT9211, NATL1A,

NATL2A) have an additional carboxysome gene (csoS1E)

(previously named CsoS1-2, in Ting et al. 2007). CsoS1E

has since been found in all marine cyanobacteria except

Prochlorococcus strains belonging to the large clade of

recently differentiated lineages (i.e., MED4, AS9601,

MIT9215, MIT9301, MIT9312, MIT9515, MIT9202;

Roberts et al. 2012). The precise function of CsoS1E is

unknown, and although it has a C-terminal BMC domain,

its N-terminus does not share homology to known protein

domains (Kinney et al. 2011). Through our analyses, we

have established that within the Prochlorococcus lineage,

fundamental components of the CCM are shared and are

even highly conserved between strains, which represent

different ecotypes. Interestingly, however, specific ele-

ments have diversified between strains, including the car-

bonic anhydrase, an integral component of the CO2-

concentrating mechanism.

Materials and methods

Culture conditions

Prochlorococcus strain MIT9313 was grown in batch culture

in an artificial sea water medium supplemented with NaHCO3

(2 mM, final concentration) at 21 ± 1 �C and 20 lmol pho-

tons m-2 s-1. Illumination was supplied by cool white fluo-

rescence lights on a 14 h light: 10 h dark cycle. Cell growth

was monitored by measuring changes in Chlorophyll a fluo-

rescence over time using an Aquafluor fluorometer (Turner

Designs), and cells were sampled for transmission electron

microscopy during the exponential growth stage.
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Genome sequence data and analyses

The annotated files containing the complete genome

sequences of 12 Prochlorococcus strains (MIT9312,

MED4, MIT9515, MIT9301, MIT215, AS9601, SS120,

MIT9211, NATL1A, NATL2A, MIT9303, MIT9313), as

well as other cyanobacteria, were extracted from GenBank

(http://www.ncbi.nlm.nih.gov) and were used in con-

structing our in-house database system as described in Ting

et al. (2009). Gene and protein sequences for specific CCM

components were extracted from our in-house database,

GenBank (http://www.ncbi.nlm.nih.gov), and Cyanobase

(http://genome.microbedb.jp/cyanobase/).

The chromosomal organization of specific genes was

visualized using Artemis (Rutherford et al. 2000).

EMBOSS and CLUSTAL W or Omega were used for

local/global pairwise sequence alignments and for multiple

sequence alignments, respectively, and all alignments were

conducted with the BLOSUM scoring matrix and default

gap values. Analyses of the similarity of the MIT9303

genome (reference sequence) to nine other Prochlorococ-

cus genomes and the relative location of genes encoding

proteins involved in the carbon dioxide-concentrating

mechanism were conducted with the BLAST Ring Image

Generator (BRIG version 0.95; Alikhan et al. 2011). The

phylogenetic footprint-discovery program from Regulatory

Sequence Analysis Tools (RSAT) was used to detect

putative regulatory motifs associated with the Prochloro-

coccus carboxysome gene cluster (Defrance et al. 2008;

Thomas-Chollier et al. 2008). For the RSAT analyses,

Prochlorococcus strain SS120 was designated as the query

organism, and both dyad filtering and predicting operon

leader genes were selected as analysis options. Trans-

membrane helices associated with the putative bicarbonate

transporters of Prochlorococcus were predicted with the

MEMbrane protein Structure and Topology (MEMSAT3)

program (Jones et al. 1994; Jones 2007).

Molecular evolutionary analyses were conducted using

the MEGA 5 (versions 5.05 and 5.2.1) software package

(Kumar et al. 2004). Gene sequence alignments were

manually edited so that they were in frame and consistent

with protein sequence alignments. The maximum-likeli-

hood method with a WAG model was used for protein

phylogenetic analyses (Whelan and Goldman 2001).

Nucleotide maximum-likelihood analyses were conducted

using the Tamura–Nei model, with all codon positions

included (Tamura et al. 2011). For both protein and gene

maximum-likelihood analyses, all gaps were deleted, and

bootstrap analyses involved 1,000 resamplings. The num-

ber of synonymous (dS) and nonsynonymous (dN) substi-

tutions per site and tests of purifying selection were

calculated using the modified Nei–Gojobori method (Ju-

kes–Cantor), with a transition/transversion ratio of 0.89 for

csoSCA and 0.82 for csoS2. Nonparametric relative rate

tests were conducted using Tajima’s general method

(Tajima 1993), with one degree of freedom and a signifi-

cance level of 5 %.

Two-step chemical fixation and electron microscopy

Cells were harvested by centrifugation, resuspended in a

small volume (\10 ml) of the original culture media, and

then repelleted in an Eppendorf Micro Centrifuge

(1,6759g, 10 min). Following the removal of all sea water

medium, cells were resuspended in the primary fixation

buffer, which contained 2 % glutaraldehyde (Ted Pella,

Inc., CA) and 0.25 M sucrose in a 0.1 M sodium phosphate

buffer (*pH 7) and were fixed for at least 90 min at 4 �C

and in darkness. Following primary fixation, cells were

rinsed twice with 0.1 M sodium phosphate buffer (*pH 7)

containing 0.25 M sucrose, and once with 0.1 M sodium

phosphate buffer alone. Following post-fixation in 2 %

potassium permanganate (Mallinckrodt) for about 2 h at

4 �C, samples were subjected to a graded ethanol dehy-

dration series (30–100 %) and embedded in Spurr

embedding medium (Ted Pella, Inc.). Ultrathin sections

(55 nm) were stained with uranyl acetate (*6 %) and lead

citrate, and examined in a Philips CM-10 transmission

electron microscope (TEM).

Results and discussion

Visualization of Prochlorococcus carboxysomes

When visualized using transmission electron microscopy,

Prochlorococcus carboxysomes appear as prominent,

electron-dense, polygonal inclusions that have rounded

rather than sharp corners and appear to lack an internal

crystalline substructure (Fig. 1a). The carboxysomes tend

to cluster in the central cytoplasmic space and are rarely

positioned between the intracytoplasmic membranes and

plasma membrane (Fig. 1a). This clustering is consistent

with that observed in Prochlorococcus MED4 and

MIT9313 cells visualized in a near-native state using

cryoelectron microscope tomography, and we previously

suggested that this cellular organization might facilitate

carbon fixation (Ting et al. 2007). Carboxysome clustering

has also been reported in Halothiobacillus neapolitanus

cells visualized using electron cryotomography (Iancu et al.

2010). Previous studies indicate that Prochlorococcus

carboxysome diameters can differ by as much as 40 nm

between strains [i.e., approximately 90 nm in MED4 vs.

130 nm in MIT9313 (Ting et al. 2007)]. Overall carboxy-

somes from Prochlorococcus are within the size range

reported for other (cyano)bacteria (Synechococcus
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WH8109, 92–116 nm, Dai et al. 2013; Synechococcus

WH8102, 114–137 nm, Iancu et al. 2007; Halothiobacillus

neapolitanus, average size 134 ± 8 nm, Iancu et al. 2010).

The relationship between the carboxysome and putative

components of the CCM in Prochlorococcus is depicted in

the illustration shown in Fig. 1b.

Genomic organization of CCM components

In Prochlorococcus, genes encoding carboxysome proteins

are part of a highly conserved cluster that includes rbcL and

rbcS, and in the deeply branched MIT9313 and MIT9303

strains, the chromosomal location of this cluster relative to

genes (sbtA, bicA1/2) encoding putative bicarbonate trans-

porters is also conserved (Fig. 2; Tables S1, S2). Notably, in

these two strains, a putative bicA1 and sbtA gene cluster is

located upstream of and nearby the carboxysome genes, while

bicA2 is found further downstream (and on the reverse strand

in MIT9303) (Fig. 2). However, in most strains (MED4,

MIT9312, MIT9515, AS9601, MIT9215, MIT9301, SS120,

MIT9211, NATL1A, NATL2A), the bicA1 and sbtA cluster is

located at a greater distance upstream from the carboxysome

gene cluster; in addition, while the carboxysome genes are

located on the forward strand, bicA1 and sbtA, as well as

bicA2, are found on the reverse strand (shown in Fig. 2 for

eight strains, Tables S1, S2).

Eight carboxysome-related genes (csoS1D, csoS1, rbcL,

rbcS, csoS2, csoSCA, csoS4A, csoS4B) exhibit synteny in all

Prochlorococcus genomes (Fig. 2), with a gene encoding a

HAM1 family protein occurring on the opposite strand

between csoS1D and csoS1 in all strains (not shown in

Fig. 2). The deeply branched MIT9303 strain has gene

insertions that are not present in other strains, and these

occur directly upstream of csoS1, csoSCA, and csoS1E.

These insertions involve genes of unknown function

(P9303_08061, P9303_08111), as well as a predicted

pseudogene (annotated as a pseudogene derived from

P9313_15181). Furthermore, as our laboratory (Ting et al.

2009) and as others (Roberts et al. 2012) have reported,

deeply branched Prochlorococcus strains (SS120, MIT9211,

NATL2A, NATL1A, MIT9313, MIT9303) retain an addi-

tional putative carboxysome gene (csoS1E) which is located

directly downstream of csoS4B (Fig. 2). The csoS1E gene is

also found in Synechococcus, including marine strains such

as WH8102, WH7803, and WH8109 (Roberts et al. 2012).

In light of this, it is most parsimonious to presume that

csoS1E was present in the original ancestor of the Pro-

chlorococcus lineage and was subsequently lost from the

common ancestor that gave rise to the large clade of recently

differentiated lineages that include strains MED4, MIT9515,

MIT9312, MIT9301, MIT9215, and AS9601.

In the cyanobacterium Synechococcus WH5701, it has

been suggested that key components of the CCM were

acquired via lateral gene transfer (Rae et al. 2011). In par-

ticular, bicarbonate transporters (cmpABCD, sbtAB 1) were

found to be present in a genomic island and occurred in

association with a transposable element (Rae et al. 2011). In

Prochlorococcus, genomic islands have been predicted in

strains MIT9312 and MED4 based on comparative analyses

of regions that do not exhibit synteny (Coleman et al. 2006)

and in strains MED4, SS120, and MIT9313 (Dufresne et al.

2008) based on methods modified from Hsiao et al. (2005) and

Rusch et al. (2007). Tables S3A and S3B present complete

lists of the genomic islands identified in these studies, as well

as those predicted by IslandViewer (http://www.

Fig. 1 Architecture of the Prochlorococcus cell and visualization of

elements of the CCM. a Transmission electron micrograph of

Prochlorococcus cells (strain MIT9313) preserved by chemical

fixation. Carboxysomes (black arrows) are visible as electron dense

structures in the central cytoplasmic space. Note that the intracyto-

plasmic lamellae are visible toward the cell periphery and are present

in bands of approximately three layers. Scale bar, 0.25 lm b Illus-

tration of a Prochlorococcus cell depicting CCM elements, including

the carboxysome (yellow hexagonal) and putative HCO3
- transport-

ers (BicA, SbtA, yellow circles). The carboxysome-associated

carbonic anhydrase (CA) catalyzes the conversion of HCO3
- to

CO2. PM plasma membrane, PG peptidoglycan, OM outer membrane,

ICM intracytoplasmic lamellae, PGA phosphoglyceric acid
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pathogenomics.sfu.ca/islandviewer/query.php), which inte-

grates the IslandPick, SIGI-HMM, and IslandPath/DIMOB

programs (Langille et al. 2008). Although there is consistency

between the different approaches, it should be noted that none

of the methods yielded completely identical results (Tables

S3A, S3B). In Prochlorococcus, bicA1, bicA2, and sbtA, as

well as other genes (csoS1D, csoS1, rbcL, rbcS, csoS2, cso-

SCA, csoS4A, csoS4B) encoding components of the CCM are

not associated with the island regions predicted by any of

these approaches.

Conservation of putative bicarbonate transporters

Previous analyses of cyanobacterial CO2-concentrating-

mechanisms by Price et al. (2008) suggest that

Prochlorococcus strains lack the gene encoding the BCT1

high-affinity bicarbonate (HCO3
-) transporter, as well as

genes encoding the Ndh-14 and Ndh-13 CO2 transporters.

However, they do possess genes encoding putative BicA

low-affinity bicarbonate transporters and a putative SbtA

high-affinity bicarbonate transporter (Price et al. 2008),

which exhibits low (22–25 %) sequence identity with the

SbtA from Synechocystis PCC6803. Both BicA and SbtA

are Na?/HCO3
- symporters, and BicA belongs to the SulP

family of anion transporters found in prokaryotes and

eukaryotes, and are often annotated as sulfate transporters

in cyanobacterial genomes (Price et al. 2004, Price 2011;

Kupriyanova et al. 2013).

Our comparative genomic analyses of 12 strains confirm

that Prochlorococcus lacks genes encoding BCT1 and

Fig. 2 Genomic context and organization of genes encoding pre-

dicted proteins involved in the CCM in Prochlorococcus presented

with the genomes of ten strains visualized using the BLAST Ring

Image Generator (BRIG version 0.95; Alikhan et al. 2011). Informa-

tion about gene ID numbers and chromosomal start sites for each

Prochlorococcus strain is provided in Tables S1 and S2. The

MIT9303 genome (bright green, outermost ring) was used as the

reference sequence in the BRIG diagram, and the genomes of other

Prochlorococcus strains are represented by colors indicated in the

center of the ring. Differences in the relative intensities of the colored

lines in a single ring correlate with the similarity between a gene in a

particular strain and that same gene in MIT9303 (i.e., the more the

intense a color, the greater the similarity between the genes). A gene

encoding a predicted HAM1 family protein is present on the opposite

strand between csoS1D and csoS1 in all Prochlorococcus strains but

has not been included in the diagram. Note that strain MIT9303 has

gene insertions (hypoth, pseudo) present within the carboxysome gene

cluster that is absent in other strains. In this strain, a short gene

(108 bp, P9303_08111, not shown) encoding a putative hypothetical

protein has also been indentified between csoS2 and csoSCA and

overlaps in sequence with csoSCA
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Ndh-14/Ndh-13. However, all strains possess genes

encoding putative BicA1, BicA2, and SbtA transporters,

which exhibit comparable sequence identities (BicA1,

72–99 %; BicA2, 62–98 %; SbtA, 61–98 %) within the

Prochlorococcus lineage (Tables S4A, S4B). While Pro-

chlorococcus BicA1 exhibits greater sequence identity

(68–69 %) with the Synechococcus WH8102 NP_898027

protein, BicA2 exhibits greater sequence identity

(65–80 %) with the NP_896932 protein (Table S4A), both

of which have been annotated as sulfate transporters.

Although an additional gene annotated as BicA

(NP_897617) is also present in the WH8102 genome, the

predicted protein sequence exhibits lower sequence iden-

tity with the Prochlorococcus BicA1/A2 proteins (Table

S4A).

Previous studies by Shelden et al. (2010) on BicA (566

amino acids) from Synechococcus PCC7002 demonstrated

experimentally that this protein has 12 membrane-spanning

regions. These authors also reported that a highly con-

served sequence motif (NSNKELIGQGLGN) associated

with members of the SulP family of proteins occurs in the

loop region connecting helices eight and nine (Shelden

et al. 2010). Notably, all transmembrane helix prediction

programs tested, except for MEMSAT3 and SCAMPI-msa,

suggested incorrectly that this loop region is a membrane-

spanning domain (Shelden et al. 2010).

BicA1 has a predicted length of 550–555 amino acids in

most Prochlorococcus strains, except for MIT9211 (577

amino acids) and MIT9313/MIT9303 (573 amino acids). In

contrast, BicA2 is smaller and consists of 514–527 amino

acids. Using MEMSAT3, we predicted that BicA1 from

Prochlorococcus has ten transmembrane helices, and

BicA2 has 11 transmembrane helices in all strains except

for NATL1A/NATL2A (ten helices). Moreover, we were

able to establish that in the loop region connecting helices

eight and nine of BicA1, a highly conserved motif is

present (NSDRELIGQGIGN) in Prochlorococcus that is

similar to the one present in Synechococcus PCC7002. The

loop region from MIT9215 is the only sequence to differ by

one amino acid in the fourth position (NSDKELIGQ-

GIGN). Similarly, in the loop connecting helices eight and

nine in BicA2, a well-conserved motif is present

(NKNKEARGQGIAN). However, the fourth residue of

this sequence is more variable, and among deeply branched

strains, this residue is a V (NATL2A, NATL1A, MIT9211,

MIT9313, MIT9303) or a T (SS120); in addition, the 11th

residue has been mutated to an M in one strain (NATL1A),

and the 12th residue has been mutated to a G in NATL1A/

NATL2A.

SbtA was characterized originally in Synechocystis

PCC6803 as a high-affinity Na?-dependent bicarbonate

transporter (Shibata et al. 2002) and is thought to function

as a tetramer (Zhang et al. 2004; Price 2011). A single

subunit of the Synechocystis PCC6803 SbtA (slr1512)

consists of 374 amino acids and has ten membrane-span-

ning domains (Price 2011). The putative SbtA of Pro-

chlorococcus is smaller (330–341 amino acids) than the

Synechocystis PCC6803 SbtA and shares low sequence

identity (22–25 %) with it. Use of MEMSAT3 enabled us

to predict that the putative Prochlorococcus SbtA also has

ten transmembrane helices in all strains.

Comparative genomics of Prochlorococcus

carboxysome proteins

Conservation of CsoS1, CsoS1E, CsoS1D, CsoS4A,

and CsoS4B

Comparative genomic analyses of predicted carboxysome-

associated polypeptide sequences indicate that CsoS1,

CsoS1E, CsoS1D, CsoS4A, and CsoS4B are relatively well

conserved within the Prochlorococcus lineage. CsoS1, a

major shell protein containing one bacterial microcom-

partment domain (BMC), is one of the most highly con-

served proteins. Notably, comparisons among 12

Prochlorococcus strains indicate that sequence identities

for CsoS1 range from 97 to 100 % (Table 1). This extent of

sequence conservation across the Prochlorococcus lineage

for a protein is striking and not common. Furthermore,

comparisons of CsoS1 between Prochlorococcus and

marine Synechococcus WH8102 (98–100 %, Table 1), as

well as other Synechococcus strains including WH7803

(98–100 %), RCC307 (91–96 %), CC9605 (98–100 %),

and CC9902 (98–100 %), indicate that this protein is also

highly conserved between genera.

The crystal structure of Halothiobacillus neapolitanus

CsoS1A has been solved to 1.4 Å resolution (Tsai et al.

2007). The predicted amino acid sequence of H. neapolit-

anus CsoS1A shares 83 % sequence identity with that of its

Prochlorococcus counterparts. CsoS1A is thought to

assemble into a molecular layer consisting of distinct

hexameric units, each associated with a central pore of

about 4 Å (at the narrowest region) through which small-

charged molecules, such as HCO3
-, might pass (Tsai et al.

2007). The high level of sequence conservation between H.

neapolitanus CsoS1A and Prochlorococcus CsoS1, as well

as Synechococcus, suggests that this polypeptide is a key

building block of a-carboxysomes in different organisms

and that its major structural and functional roles are

conserved.

Earlier reports indicated that the deeply branched Pro-

chlorococcus strains MIT9313, SS120, NATL2A, and

MIT9211 have a gene encoding CsoS1E (previously called

CsoS1-2) which shares the highest (77–79 %) sequence

identity with CsoS1 (previously called CsoS1-1) and is

absent from strains belonging to the large clade of recently
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differentiated lineages (Ting et al. 2007). Comparisons

between strains indicate that CsoS1E amino acid sequences

share identities ranging from 54 to 66 %, and are not as

well conserved as CsoS1 (Table 1). The only exceptions

involve comparisons between the strains NATL1A/

NATL2A (99 %) and MIT9313/MIT9303 (90 %)

(Table 1). The greatest variability in CsoS1E exists in the

N-terminal region of the polypeptide sequence, where there

are large insertions and deletions. Removal of this region

results in a significant increase in CsoS1E sequence iden-

tity scores (82 to 88 %), and these scores are again higher

for NATL1A/NATL2A (100 %) and MIT9313/MIT9303

(98 %) comparisons. Although the structure and function

of CsoS1E are not yet known, this protein has a predicted

C-terminal bacterial microcompartment (BMC) domain

(Kinney et al. 2011). Furthermore, microarray-based gene

expression studies by Tolonen et al. (2006) indicated that

csoS1E was expressed in MIT9313 grown at 10 umol

photons m-2 s-1 under nutrient replete conditions; how-

ever, its expression levels were much lower (5–129) rel-

ative to other carboxysome genes (csoS4B, csoS4A,

csoSCA, csoS2, and rbcS) (Tolonen et al. 2006, Supple-

mentary Material).

All Prochlorococcus strains also possess genes encoding

CsoS1D which has been annotated as a hypothetical pro-

tein in the genomes. This protein has been identified as a

low abundance shell polypeptide in MED4 (Roberts et al.

2012), and structural studies have established that this

tandem BMC protein forms trimers which dimerize into

hexamers that are associated with a central pore (14 Å)

(Klein et al. 2009). The opening of this pore is likely gated

by an Arg side chain, and structural analyses suggest that

the convergence of three Arg side chains could result in

pore closure (Klein et al. 2009). In the Prochlorococcus

lineage, the predicted amino acid sequence of CsoS1D

exhibits relatively high sequence identities (77–100 %)

among all strains (Table S5A).

Genes encoding CsoS4A and CsoS4B are located in a

relatively tight cluster that includes csoS2 and csoS3

(Fig. 2). While csoS4A is separated from csoSCA by only

0–3 nucleotides in all strains, csoS4A and csoS4B overlap

by one nucleotide in strains such as MIT9313 and

MIT9303 or are separated by 5–32 nucleotides in strains

belonging to the large clade of recently differentiated lin-

eages. Notably, CsoS4A exhibits high (86–100 %)

sequence identity among all Prochlorococcus strains

(Table S5B). In contrast, sequence identities are the highest

for CsoS4B in comparisons between strains belonging to

the large clade of recently differentiated lineages

(92–100 %) and are lower (78–85 %) in comparisons

between this group and deeply branched strains. CsoS4A

and CsoS4B contain a EutN (Pfam03319) domain in the

N-terminal region of the polypeptide sequence that has also

been identified in the b-carboxysome CcmL protein, and

structural studies indicate that CsoS4A subunits associate

to form pentamers, which function as vertices in the

carboxysome shell (Tanaka et al. 2008; Kinney et al.

2011). In individual pentamers, the C-terminal regions of

neighboring CsoS4A subunits are tightly associated, and

these pentamers are characterized mainly by a positive

electrostatic potential and have a central pore of approxi-

mately 3.5 Å (Tanaka et al. 2008; Kinney et al. 2011).

Table 1 Identity matrix for CsoS1 (bold, above the diagonal) and CsoS1E (below the diagonal) of 12 Prochlorococcus (Pro) strains and marine

Synechococcus (Syn)

1 2 3 4 5 6 7 8 9 10 11 12 13 14

(1) Pro MED4 100 99 99 99 99 98 98 98 98 98 97 98 98

(2) Pro MIT9515 – 99 99 99 99 98 98 98 98 98 97 98 98

(3) Pro MIT9301 – – 100 100 100 98 98 98 98 98 97 98 98

(4) Pro AS9601 – – – 100 100 98 98 98 98 98 97 98 98

(5) Pro MIT9215 – – – – 100 98 98 98 98 98 97 98 98

(6) Pro MIT9312 – – – – – 98 98 98 98 98 97 98 98

(7) Pro NATL1A – – – – – – 100 99 99 100 98 99 99

(8) Pro NATL2A – – – – – – 99 99 99 100 98 99 99

(9) Pro SS120 – – – – – – 60 60 100 99 99 100 100

(10) ProMIT9211 – – – – – – 58 59 66 99 99 100 100

(11) Pro

MIT9313

– – – – – – 54 54 58 55 98 99 99

(12) Pro

MIT9303

– – – – – – 54 55 60 54 90 99 99

(13) Syn WH8102 – – – – – – 54 56 57 62 60 60 100

(14) Syn WH7803 – – – – – – 52 52 53 57 63 61 62

Photosynth Res

123



Divergence of CsoSCA and CsoS2

within the Prochlorococcus lineage

A central element of the carbon dioxide-concentrating

mechanism is the carbonic anhydrase (CA), which func-

tions to concentrate CO2 in the carboxysome by catalyzing

the conversion of HCO3
- and protons to CO2 and water. In

Prochlorococcus, the csoSCA (formerly csoS3) gene

encodes a carbonic anhydrase (So et al. 2004). Interest-

ingly, comparisons of CsoSCA/csoSCA between members

of the large clade of recently differentiated lineages

(MED4, MIT9515, MIT9301, MIT9215, MIT9312,

AS9601) indicate that MED4 exhibits lower (85–87 %,

protein; 82–83 %, gene) pairwise identities than other

strains (93–98 %, protein; 91–97 %, gene, Table 2).

Moreover, comparisons between strains within this large

clade and those that are deeply branched (NATL1A,

NATL2A, SS120, MIT9211, MIT9313, MIT9303) indicate

that CsoSCA/csoSCA sequence identities are generally low

(56–63 % protein; 62–68 %, gene) and are comparable to

those involving marine Synechococcus (57–70 %, protein;

58–69 %, gene, Table 2).

Analyses of the number of synonymous (dS) and

nonsynonymous (dN) substitutions per site for csoS3 indi-

cate that dS [ dN in all strain comparisons and that this

gene is under purifying selection (q-value is significant at

the 5 % level) in all except three strain comparisons (Table

S6). In two of these comparisons (MIT9313/MIT9303 vs.

MIT9215), evolutionary distances could not be estimated

(Table S6), and the third comparison involved the

NATL1A and NATL2A pair (q-value = 0.052). For this

latter pair, the codon-based test of neutrality indicated that

the null hypothesis of strict neutrality (dN = dS) could not

be rejected at the 5 % level (q-value = 0.101).

Alignments of the derived CsoSCA sequences from

different Prochlorococcus strains indicate that while there

is high conservation among strains in the central catalytic

region of the sequence, as well as in the C-terminus, sig-

nificant variability exists at the beginning (residues 1 to

approximately 47) of the N-terminal region (Fig. 3). It has

been suggested that the N-terminal domain might be the

region involved in interactions with the carboxysome shell

or Rubisco (Sawaya et al. 2006). In Prochlorococcus, the

beginning of this region is characterized by insertions and

deletions, as well as numerous point mutations. Structural

studies on CsoSCA from Halothiobacillus neapolitanus

have identified the remaining regions of the N-terminal

domain to consist of four a-helices (Sawaya et al. 2006),

and these helices, as well as their intervening loop regions,

are well conserved among Prochlorococcus strains

(Fig. 3). In addition, these structural studies on the H. ne-

apolitanus CsoSCA have suggested that in the active site of

the enzyme, a zinc ion is coordinated by Cys-173, His-242,

and Cys-253 (Sawaya et al. 2006). These three amino acid

residues are conserved in all Prochlorococcus CsoSCA

sequences, and their positions are indicated in the catalytic

domain of the sequence in Fig. 3 (shown in light blue).

Moreover, in H. neapolitanus, CsoSCA Asp-175 and Arg-

177 are thought to have a role in key catalytic steps,

including substrate binding (Sawaya et al. 2006). Both

Asp-175 and Arg-177 are also conserved in all Prochlo-

rococcus CsoSCA sequences, and they are located in a loop

region of the catalytic domain between neighboring b-

sheets (Fig. 3, shown in light blue).

Table 2 Identity matrix for the carbonic anhydrase protein (CsoSCA, bold, above the diagonal) and gene (csoSCA, below the diagonal)

sequences of 12 Prochlorococcus (Pro) strains and marine Synechococcus (Syn)

1 2 3 4 5 6 7 8 9 10 11 12 13 14

(1) Pro MED4 87 86 85 85 85 58 58 62 61 57 56 58 57

(2) Pro MIT9515 83 94 93 94 93 58 58 63 61 59 57 58 57

(3) Pro MIT9301 82 91 98 96 97 58 58 62 60 59 59 58 59

(4) Pro MIT9215 82 91 97 95 96 58 58 62 60 58 58 58 57

(5) Pro MIT9312 82 92 94 94 95 58 58 62 60 58 58 58 59

(6) Pro AS9601 82 91 97 96 94 58 58 62 60 59 59 58 59

(7) Pro NATL1A 68 67 67 66 67 67 99 66 67 66 65 59 60

(8) Pro NATL2A 68 67 67 67 67 67 100 66 67 66 64 59 61

(9) Pro SS120 67 68 66 67 68 68 69 69 74 69 69 64 67

(10) Pro MIT9211 67 65 65 66 66 67 69 69 75 69 68 66 66

(11). Pro MIT9313 63 62 63 62 63 63 67 67 69 69 97 69 70

(12) Pro MIT9303 62 62 62 62 62 64 66 66 69 69 97 68 70

(13) Syn WH7803 63 62 62 62 62 61 63 63 65 67 69 68 72

(14) Syn WH8102 58 58 60 59 59 59 62 62 63 64 67 67 70
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Phylogenetic trees constructed from csoSCA (Fig. 4a)

and CsoSCA (Fig. 4b) reveal that the clustering of isolates

is generally congruent with 16S rDNA-based phylogenetic

groupings. As in ribosomal trees, MIT9313 and MIT9303

are very closely related and form the basal branch of the

Prochlorococcus clade (Fig. 4a). However, in phylogenetic

trees constructed with either csoSCA (Fig. 4a) or CsoSCA

(Fig. 4b), MED4 alone forms the basal branch of the large

clade of recently differentiated lineages. This branching

pattern is strongly supported (bootstrap value = 100) in

both the csoSCA gene (Fig. 4a) and CsoSCA protein

(Fig. 4b) trees and differs from the branching pattern

observed in trees constructed from 16S rDNA or 16S–23S

rRNA ITS region sequences, or in trees constructed using

genome-based phylogenies (Kettler et al. 2007). In these

latter phylogenetic trees, MED4 and MIT9515 group sep-

arately from MIT9312, MIT9215, AS9601, and MIT9301

(Kettler et al. 2007).

The above observations led us to ask whether the MED4

CsoSCA/csoSCA sequence is accumulating mutations at a

different rate compared to other Prochlorococcus strains.

In order to address this we conducted relative rate tests

with Synechococcus WH8102 serving as the outgroup. The

data in Table 3, as well as Table S7, indicate that in tests

with MED4 and members of the large clade of recently

differentiated lineages (MIT9515, MIT9312, MIT9301,

MIT9215, AS9601), mutations in CsoSCA/csoSCA (all

positions, as well as first and second nucleotide positions)

appear to be accumulating at approximately the same rate

(v2 was not significant at the 5 % level).

Notably, however, relative rate tests for CsoSCA/cso-

SCA between MED4 and deeply branched Prochlorococ-

cus strains (SS120, MIT9211, NATL2A, NATL1A,

MIT9313, MIT9303) revealed that it is possible to reject

the null hypothesis of equal rates of evolution (Table 3).

This was true for tests involving all nucleotides positions,

Fig. 3 Alignment of the predicted amino acid sequences of CsoSCA

from nine Prochlorococcus strains. Residues associated with the

N-terminus are shown in blue, those associated with the C-terminus

are shown in green, and those associated with the catalytic domain are

shown in pink. Predictions of a-helices (14) and b-sheets (11) are

based on structural studies on CsoSCA from H. neapolitanus (Sawaya

et al. 2006), and residues associated with these secondary structures

are in bold (a-helices) or are underlined (b-sheets). Identical residues

are designated with an asterisk, conserved residues are indicated with

a semicolon, and semiconserved residues are marked with a period
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as well as the first and second nucleotide positions. Fur-

thermore, this was the case when the entire amino acid

sequence was used and even when the more variable region

at the beginning of the N-terminal domain was removed

(Table 3). Thus, these data suggest that CsoSCA is not

evolving at the same rate in all Prochlorococcus strains. In

particular, this is true for deeply branched strains. The data

in Table 3 indicate that the MIT9313/MIT9303 CsoSCA is

accumulating mutations at a different rate compared to

CsoSCA from other deeply branched strains (SS120,

MIT9211, NATL2A). It should also be pointed out that the

results of the relative rate tests between SS120, MIT9211,

Fig. 4 Phylogenetic analysis of

a csoSCA and b CsoSCA from

Prochlorococcus and

Synechococcus using

maximum-likelihood methods.

Sequences from

Halothiobacillus neapolitanus

were used as the outgroup in

these analyses. Support values

for internal branches are

displayed at each node and

represent percentage bootstrap

values from 1,000 resamplings
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and NATL2A/NATL1A were dependent on whether the

nucleotide (all positions or first and second positions only)

or amino acid sequence was being examined (Tables 3,

S7). For example, relative rate tests between MIT9211 and

NATL2A indicated that although CsoSCA is accumulating

mutations an equal rate, csoSCA (all positions, as well as

first and second positions) is not (Table 3).

As relative rate tests conducted in the absence of the

most variable region of the N-terminal domain did not alter

these conclusions (Table 3), the data suggest that the

accumulation of point mutations in other regions of Cso-

SCA might also have a role. For example, alignments of

CsoSCA from several Prochlorococcus strains reveal a

region within the catalytic domain where sequence con-

servation is lower than in neighboring regions (Fig. 3). In

particular, regions between b-sheets five and six and a-

helices J and K possess lower sequence conservation, as

does a-helix J.

In all Prochlorococcus strains, csoSCA is clustered with

csoS2, and these genes are separated by only seven

nucleotides. The csoS2 gene encodes a putative carboxy-

some shell polypeptide, and this structural protein has not

yet been characterized in detail (Kinney et al. 2011). Our

analyses of predicted CsoS2 sequences indicate that low

(55–59 %) identities exist between strains belonging to the

large clade of recently differentiated lineages and those that

are more deeply branched (Table S8). Analyses of the

number of synonymous (dS) and nonsynonymous (dN)

substitutions per site for csoS2 indicate that dS [ dN in all

strain comparisons and that this gene is under purifying

selection (q-value is significant at the 5 % level) in all

except one comparison (NATL1A/NATL2A, Table S9).

For NATL1A/NATL2A, the codon-based test of neutrality

indicated that the null hypothesis of strict neutrality

(dN = dS) could not be rejected at the 5 % level (q-

value = 0.357).

In order to examine whether mutations might be accu-

mulating at unequal rates in CsoS2 in different strains, we

conducted relative rate tests using CsoS2 from Synecho-

coccus WH8102 as the outgroup. Tests involving members

of the large clade of recently differentiated lineages

(MED4, MIT9312, MIT9301, MIT9215, AS9601) indicate

that mutations in CsoS2 appear to be accumulating at

approximately the same rate (v2 was not significant at the

5 % level, Table S10A). However, relative rate tests

involving deeply branched strains (NATL1A, NATL2A,

SS120, MIT9211, MIT9313, MIT9303) reveal that evolu-

tionary rates are not equivalent in all strains (Table S10B,

note comparisons between MIT9313/MIT9303 and SS120/

NATL1A/NATL2A, and between MIT9211 and NATL1A/

NATL2A). Moreover, comparisons between members of

the large clade of recently differentiated lineages (MED4,

MIT9312, MIT9301, MIT9215, AS9601) and deeply

branched strains also indicate that mutations in CsoS2 are

Table 3 Nonparametric relative rate test scores for the carbonic anhydrase gene (csoSCA) and protein (CsoSCA) sequences of Prochlorococcus

(Pro)

A B Nucleotidea

(all positions)

Nucleotidea

(1st, 2nd positions)

Amino acida Amino acida,b

(-N-terminus)

Pro MED4 Pro SS120 25.02 (0.000) 53.08 (0.000) 20.60 (0.000) 19.60 (0.000)

Pro MED4 Pro MIT9211 36.91 (0.000) 52.20 (0.000) 17.78 (0.000) 18.60 (0.000)

Pro MED4 Pro NATL2A 11.31 (0.001) 19.36 (0.000) 6.19 (0.013) 7.04 (0.008)

Pro MED4 Pro NATL1A 11.65 (0.001) 19.17 (0.000) 5.76 (0.016) 6.58 (0.010)

Pro MED4 Pro MIT9313 69.37 (0.000) 85.96 (0.000) 35.76 (0.000) 34.62 (0.000)

Pro MED4 Pro MIT9303 67.64 (0.000) 90.16 (0.000) 34.95 (0.000) 33.80 (0.000)

Pro MED4 Pro MIT9515 2.10 (0.147) 3.95 (0.047) 0.89 (0.346) 1.47 (0.225)

Pro MIT9313 Pro SS120 16.12 (0.000) 8.60 (0.003) 4.57 (0.033) 4.38 (0.036)

Pro MIT9313 Pro MIT9211 9.54 (0.002) 11.00 (0.001) 6.87 (0.009) 5.56 (0.018)

Pro MIT9313 Pro NATL2A 26.21 (0.000) 27.44 (0.000) 14.40 (0.000) 13.44 (0.000)

Pro MIT9303 Pro SS120 16.12 (0.000) 10.94 (0.001) 4.38 (0.036) 4.19 (0.041)

Pro MIT9303 Pro MIT9211 9.41 (0.002) 13.40 (0.000) 6.21 (0.013) 4.95 (0.026)

Pro MIT9303 Pro NATL2A 25.89 (0.000) 30.15 (0.000) 13.76 (0.000) 12.81 (0.000)

Pro SS120 Pro NATL2A 2.36 (0.125) 7.93 (0.005) 3.95 (0.047) 3.28 (0.070)

Pro MIT9211 Pro NATL2A 6.41 (0.011) 6.44 (0.011) 2.51 (0.113) 2.58 (0.108)

a Synechococcus WH8102 was used as the outgroup in all tests. Numbers represent v2 values and numbers in parentheses represent the q-value

for the indicated analysis. Low q-values (\0.05) were used to reject the null hypothesis of equal rates of evolution between A and B
b Amino acid (-N-terminus) indicates analyses conducted using CsoSCA protein sequences lacking the initial N-terminus region (first 43 amino

acids for MED4, MIT9515, MIT9312, AS9601, MIT9301, MIT9215, MIT9211; first 44 amino acids for SS120; first 48 amino acids for

MIT9313, MIT9303; first 53 amino acids for NATL1A, NATL2A)
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not accumulating at equal rates between strains (Table

S10B). In summary, although the majority of carboxysome

genes/proteins are well conserved in the Prochlorococcus

lineage, our data suggest that csoSCA and csoS2 constitute

points of diversification among strains.

A putative regulatory motif unique

to the Prochlorococcus carboxysome gene cluster

The highly conserved genomic organization of Prochlo-

rococcus carboxysome genes discussed previously led us to

examine whether putative regulatory motifs are associated

with this gene cluster and could be identified in individual

Prochlorococcus genomes. Phylogenetic footprint analyses

conducted using Regulatory Sequence Analysis Tools

(RSAT, http://rsat.ulb.ac.be/rsat/; Defrance et al. 2008;

Thomas-Chollier et al. 2008) resulted in the identification

of a putative hairpin-forming motif located directly

upstream of csoS2 (Fig. 5). Interestingly, although this

motif is located in a similar region of the genome in strains

belonging to the large clade of recently differentiated lin-

eages (AS9601, MIT9301, MIT9215, MIT9312, MIT9515,

MED4) and in deeply branched strains (SS120, MIT9211,

MIT9313, MIT9303, NATL1A, NATL2A), the sequence

of the motif is not conserved between these groups (Fig. 5).

For strains AS9601, MIT9301, MIT9215, MIT9312,

MIT9515, and MED4, a relatively well-conserved motif

was identified (Fig. 5). A region of eight nucleotides,

CTTTCTCC-X1–3/6/22–GGAGAAAG, is identical in the

motifs present in each of these strains. Differences in the

overall length of this motif between strains are due to the

number of terminal adenines/thymines (two or five) and to

the length of the intervening region (X1–3/6/22) (Fig. 5). In

Prochlorococcus strain MED4, this motif lacks all terminal

adenines/thymines but has a longer intervening region

(X = 22 nucleotides) (Fig. 5).

Among strains (SS120, MIT9211, NATL2A, NATL1A,

MIT9313, MIT9303) that are more deeply branched within

the Prochlorococcus lineage, a putative hairpin-forming

motif was also identified in the same region upstream of

csoS2 (Fig. 5). The overall length of the motif, minus the

intervening region, is nine base pairs in all of the deeply

branched strains, and differences between strains are

mainly due to the presence of one or four additional ade-

nines/thymines and/or guanines/cytosines (Fig. 5).

Although there is more variability in this motif among

strains, a region of five nucleotides, TAGCC-X5/8/11/25/27–

GGCTA, is conserved in all motifs. Furthermore, in two

strains (SS120, MIT9211), an additional three nucleotides

are also conserved, TAGCCTCG-X5/8/25/27–CGAGGCTA

(Fig. 5). Strains MIT9313 and MIT9303, which are most

deeply branched within the Prochlorococcus lineage, also

have these three additional nucleotides, and their motif

contains an insertion (an adenine) in this region in the

second part of the motif (Fig. 5). Moreover, the thymine

present in the second part of the motif has been mutated to

an adenine/guanine in MIT9313 and MIT9303 (Fig. 5), and

the length of the intervening region (X = 25 or 27) is more

than twice that found in other strains.

Future work will establish whether this motif has a role

in regulating gene expression, and thus, whether it might

impact strain-specific differences in carboxysome gene

expression. The motifs identified within the Prochloro-

coccus lineage are unique and are not present in marine

Synechococcus. Phylogenetic footprint analyses conducted

using RSAT resulted in the identification of a different

putative hairpin-forming motif in marine Synechococcus

that is located in the same region upstream of csoS2 and

Fig. 5 Identification of putative hairpin-forming regulatory motifs

directly upstream of csoS2 and csoSCA in 12 Prochlorococcus

genomes. Strains (MED4, MIT9312, MIT9515, AS9601, MIT9301,

MIT9215) belonging to the large clade of recently differentiated

lineages share a conserved motif and are shown above the carboxy-

some gene cluster. Deeply branched strains (SS120, MIT9211,

MIT9303, MIT9313, NATL1A, NATL2A) share a different motif

and are shown below the carboxysome gene cluster. The length of the

intervening region (X1–27) in the motif is indicated in the figure and

differs between strains. A gene encoding a HAM1 family protein is

present on the opposite strand between csoS1D and csoS1 in all

Prochlorococcus strains and is not included in the diagram. Notably,

marine Synechococcus strains possess a different motif (GAG-

CCCTGA-X5–9–TCAGGGCTC) located in the same region upstream

of csoS2 and csoSCA
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csoSCA. Notably, in contrast to what was observed in the

Prochlorococcus lineage, this motif is highly conserved

among Synechococcus strains that belong to different

clades and were isolated from habitats such as the open

ocean (Synechococcus WH8102 (clade III), WH7803

(clade V)) and California current (Synechococcus

CC9311(clade I), CC9605 (clade II), CC9902 (clade IV)).

This motif consists of nine nucleotides (GAGCCCTGA-

X5–9–TCAGGGCTC) that are identical in all five Syn-

echococcus strains and an intervening region (X5–9) of five

to nine base pairs.

Conclusions

Cyanobacterial carbon dioxide-concentrating and carbon

fixation reactions are associated intimately with the

overall physiology and photosynthetic strategies of a cell.

Our work indicates that Prochlorococcus strains share a

core set of CCM elements, whose genomic context and

organization are relatively well conserved. However,

while certain components of the carboxysome, such as the

CsoS1 and CsoS4A shell polypeptides, exhibit striking

conservation, major proteins, such as the carbonic anhy-

drase (CsoSCA) and CsoS2 shell polypeptide, have

diversified within the Prochlorococcus lineage. Our

results indicate that differences in csoSCA and csoS2

between strains are consistent with a model of unequal

rates of evolution rather than relaxed selection. It will be

important for future studies to address the impact of these

differences in primary structure on carbonic anhydrase

activity and the possibility of a structural/functional

relationship between CsoSCA and CsoS2. The csoS2 and

csoSCA genes form a tight cluster in all Prochlorococcus

genomes, and we identified two motifs upstream of this

cluster. Interestingly, marine Synechococcus strains pos-

sess a different, yet highly conserved, motif in the same

genomic context upstream of csoS2-csoSCA. As this

putative hairpin-forming motif could be linked to strain-

specific differences in gene expression, its role will be

important to investigate in Prochlorococcus. While fun-

damental elements of the CCM are shared within the

Prochlorococcus lineage, one cannot rule out the possi-

bility that strain/ecotype-specific differences have evolved

for optimizing carboxysome-associated function within

specialized cellular environments.
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