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Abstract. Cultured isolates of the unicellular plank- b-containing prokaryote®rochlorococcussolated from
tonic cyanobacteridProchlorococcusand marineSyn-  surface waters of stratified, oligotrophic ocean provinces
echococcu$elong to a single marine picophytoplankton predominate in a lineage exhibitingddG + Cnucleotide
clade. Within this clade, two deeply branching lineagesfrequencies at highly variable positions.

of Prochlorococcustwo lineages of marine Aynecho-

coccusand one lineage of marine Bynechococcusx- ~ Key words:  Prochlorococcus — Synechococcus —
hibit closely spaced divergence points with low bootstrapCyanobacteria — Picophytoplankton — Photosynthetic
support. This pattern is consistent with a near-picoplankton — Prochlorophyte — Molecular evolution
simultaneous diversification of marine lineages with di-— Gene clusters

vinyl chlorophyll b and phycobilisomes as photosyn-

thetic antennae. Inferences from 16S ribosomal RNA\ntro duction

sequences including data for 18 marine picophytoplank-

ton clade members were congruent with resultpsiB  prochlorococcusand Synechococcughe dominant pi-
and petB and D sequence analyses focusing on five qqphytoplankton in the world’s open oceans, are unicel-
strains ofProchlorococcusand one strain of marine A yjar cyanobacteria with different photosynthetic pig-
Synechococ_cué?hwd codpn posmo_n and intergenic re- ments (Li and Wood 1988; Olson et al. 1990; Campbell
gion nucleotide frequencies vary widely among membersy; 5. 1994) Prochlorococcusiniquely possesses divinyl

of the marine picophytoplankton group, suggesting thah|orophylisa andb (8-vinyl chlorophylisa andb, chl a,
substitution biases differ among the lineages. Nonethesng cnl b,), and lacks phycobilisomes observable by
less, standard phylogenetic methods and newer algqransmission electron microscopy (Chisholm et al. 1988,
rithms insensitive to such biases did not recover dlfferent_ngz)_ TheProchlorococcugshlorophylia/b-binding an-
branching patterng within the group, and failed to clustefgnna protein is similar to CP43 Chla-binding protein
Prochlorococcuswith chloroplasts or other chlorophyll ,quced by iron stress in other cyanobacteria (LaRoche
et al. 1996).Synechococcusontains monovinyl chloro-
phyll a (chl a,), similar to plastids and most cyanobac-
o teria, and light harvesting phycobilisomes with numerous
* Present Addres_s(E.L_J.), Department of Microbiology, Nash HaI_I, polypeptide subunits and covalently bound bilin chromo-
Oregon State University, Corvallis, OR 97331, USA; (D.L.D.), Bio- hores.Svnechococcushveobilisomes are homologous
chemistry, Microbiology, and Molecular Biology Department, 5735 p Y ’ Bhy . g
Hitchner Hall, University of Maine, Orono, ME 04469, USA to structures in rhodophyte plastids, cyanelles, and most
Correspondence tcE. Urbach cyanobacteria (Bryant 1991).
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Table 1. Pigmentation ofProchlorococcusand Synechococcustrains

Strain chla, chl a, chl by chl b, b/a, PBS PE PUB PEB Reference

Prochlorococcus
CCMP1375 - + + + 0.4-2.4 - + + a,b
CCMP1378 - + - + 0.05-0.15 - - - a,b
GP2 - + ? + 0.17-0.18 - ? ? ? d
MIT9303 - + - + 0.7-1.3 - ? ? ? c
NATL2 - + ? + ? - - - - b
SB - + ? + 0.13 - ? ? ? d
TATL1 - + ? + ? - - - b
TATL2 - + ? + ? - + ? b

Synechococcus
PCC6301 + - - - - + - - - e
PCC7942 + - - - - + - - - e
PCC6307 + - - - - + - - - e
WH7805 + - - - - + + - + e
WH8101 + - - - - + - - e
WH8103 + - - - - + + + e

Phenotypically uncharacterizé®ttochlorococcusstrains not included PBS: Phycobilisomes

2Moore et al. 1995 PE: Phycoerythrin

P Hess et al. 1996 PUB: Phycourobilin

¢ Unpublished data of L. Moore, G. Rocap and S.W. Chisholm PEB: Phycoerythrobilin

dShimada et al. 1996 ?: Not determined

¢Waterbury and Rippka 1989

Prochlorococcus marinustrains contain chls, and  The designation is typically restricted to strains with chl
b,, carotenoids and a clatlike pigment, and lack phy- a; and phycobilisome photosynthetic antennae, although
cobilisomes (Chisholm et al. 1992). d#yland/or a novel the current diagnosis does not excliRi®chlorococcus.
phycoerythrin may also be present (Table 1) (Morel et al.The genus is divided into six “strain clusters” which are
1993; Partensky et al. 1993; Moore et al. 1995; Hess eintended as provisional genera. Strains from four of these
al. 1996). Type strain CCMP1375 was collected near thelusters are considered in the present study: marine A
bottom of the euphotic zone in the Sargasso Sea, an@lWVH7805 and WH8103), marine B (WH810X}yano-
numerous other strains have been established from dibium (PCC6307), andSynechococcu$PCC6301 and
ferent depths and diverse locations (Table 2). Studie®CC7942) (Table 2). Strain clusters are distinguished on
investigating the physiological capabilities of a small the basis of morphological and physiological properties,
number of these strains have identified distinct high anccharacteristics of the strain isolation sjt€&+ C nucleo-
low chl b/a, ratio phenotypes, supposed to be genetidide content, and the presence or absence of phycoery-
adaptations to low (deepwater) and high (surface) illu-thrin, a phycobiliprotein present in phycobilisomes
mination environments, respectively (Morel et al. 1993;(Table 1). The marine A cluster is additionally diverse in
Partensky et al. 1993; Moore et al. 1995; Shimada et althat ratios of phycourobilin to phycoerythrobilin chro-
1995). Included in the present study are two members omophores differ among phycoerythrins of different
the high chlb/a, ratio group, CCMP1375 (cHi/a, ratio  strains (Wood 1985; Waterbury et al. 1986).
0.4-2.4, collected from 120 m) and MIT9303 (dlk, Among cyanobacteria as a whole, phylogenetic analy-
ratio 0.7-1.3, collected from 100 m), and three low chlses have shown that photosynthetic pigments and the
b/a, ratio strains, CCMP1378 (cl/a, ratio 0.05-0.15, unicellular character oProchlorococcusand Synecho-
collected from 5 m), SB (chb/a, ratio 0.13, collected coccusare unreliable taxonomic indicators. 16S ribo-
from 40 m) and GP2H/a, ratio 0.17-0.18, collected somal RNA (rRNA) sequence analyses have shown that
from 150 m) (Moore et al. 1995; Shimada 1995, unpub-Prochlorococcus,green chloroplasts and the chl-
lished data of L. Moore, G. Rocap, and S.W. Chisholm).containing prokaryote$rochloron and Prochlorothrix
Prochlorococcus marinustrains are phenotypically di- hollandica are phylogenetically dispersed among the
verse and some may be described as new species in tieganobacteria (Urbach et al. 1992). Comparisons of
future. We therefore adopt the nomenclatBrechloro-  rpoC (Palenik and Haselkorn 1992)tpBE (Lockhart et
coccusto refer to chla, andb,-containing marine pico- al. 1992a)psbA(Kishino et al. 1990; Hess et al. 1995),
cyanobacteria, rather than designating all strBingari-  and 16S rRNA (Turner et al. 1989) gene sequences con-
nus. firm the polyphyletic origins of these chi-containing

The genusSynechococcuis a provisional taxon in- taxa and organelles, once supposed to descend from a
cluding unicellular coccoid to rod-shaped cyanobactericommon ancestor (Lewin 1977). 16S rRNA sequence
lacking structured sheaths (Waterbury and Rippka 1989)analyses similarly indicate that members of the unicel-
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Table 2. Prochlorococcusand Synechococcustrains included in this study

Isolation history

Strain Region Site Depth Date Researcher  Culture history Ref.
Prochlorococcus
CCMP1378 Sargasso 28°381,64°21W 120m 5/30/88 B. Palenik (a.k.a. SS120) cloneda
from SARG
CCMP1378 Mediterranean 43°N,61°52E 5m 1/89 D. Vaulot/ (a.k.a. Med4) cloned a
F. Partensky from MED
GP2 West Pacific 8°32!8,136°31.8E 150m 9/10/92 A. Shimada Clonal culture c
MIT9107 South Pacific 14°6@,134°60W 25m 8/8/91 J. Dusenberry/ Primary culture
M. DuRand
MIT9303 Sargasso 34°48,66°11W 100m 7/15/93 L. Moore Primary culture
NATL2 North Atlantic 38°59N,49°33W 10m 4/90 F. Partensky Primary culture* b
NATL2A North Atlantic 38°59N,49°33W 10m 4/90 F. Partensky Primary culture*
PAC1 Tropical Pacific 22°4%,158°00W 100m 4/92 L. Campbell Primary culture b
SB West Pacific 35°00:81,138°35.8E 40m 10/21/92  A. Shimada Clonal culture d
TATL1 Tropical Atlantic 21°02N,31°08W 20m 10/91 F. Partensky Primary culture b
TATL2 Tropical Atlantic 20°25N,31°08W 30m 10/91 F. Partensky Primary culture b
Synechococcus
Synechococcusluster
PCC630F Texas freshwater 1952 W.A. Kratz Clonal, axenic culture e
PCC7942 California freshwater 1973 K. Floyd Clonal, axenic culture e
Cyanobiumeluster
PCC630% Wisconsin freshwater 1949 G.C. Gerloff Clonal, axenic culture e
marine A-cluster
WH7805 Sargasso 33°4418,67°30W Surface  6/30/78 L. Brand Clonal, axenic culture f
WH810F Sargasso 28°30,67°23.8W Surface  3/17/81 J. Waterbury Clonal, axenic culture f
marine B-cluster
WH8101 Woods Hole Harbor Surface 1981 F. Valois Clonal, axenic culture  f
aChisholm et al. 1992 fwaterbury et al. 1986
b Parpais et al. 1996 T: Type culture
¢ Shimada et al. 1996 R: Reference strain
dShimada et al. 1995 a.k.a.: Also know as
¢ Waterbury and Rippka 1989 * |solated from the same enrichment culture

lular cyanobacterial Order Chroococcales are polyphythe b-type cytochrome and subunit IV polypeptides of

letic and dispersed among the cyanobacteria (Giovanthe photosynthetibg/f complex, respectively (Vermaas

noni et al. 1988). et al. 1978; Widger and Cramer 1991). These protein-
According to 16S rRNA sequence phylogenies, oneencoding genes were chosen because they were likely to

Prochlorococcusisolate (SSW5 [descended from show more variability than 16S rRNA sequences, and

SARG]) forms a shallow phylogenetic cluster with two also because they are single-copy, photosynthetic organ-

marine A Synechococcustrains (WH7805 and ism-specific loci, easily amplified with degenerate PCR

WH8103) (Urbach et al. 1992). SimilarlgpoC sequence primers and not implicated in gene exchange. Phyloge-

analyses link twoProchlorococcusisolates (DV1 [de- netic relationships inferred by established methods were

scended from MED] and LG [descended from SARG]) compared to results from new methods insensitive to

to three marine ASynechococcustrains (WH7803, nucleotide substitution biases.

WH7805 and WH8103) (Swift and Palenik 1992;

Palenik 1994). In the present work, we employ 17 new

16S rRNA sequences to address questions of whethgfiethods

additional strains of both taxa belong to tReochloro-

coccugmarineSynechococcugroup, and whether ances-

tor—descendant relationships can be inferred for strain€ell Culture and DNA Isolation

from different oceanic provinces, depths of isolation, and

pigment phenotypes. To assess the reliability of phylo-Prochlorococcuswere grown in modified K/10-Cu media: strains

genetic inferences from rRNA genes, phy|ogenetic relaNATL2, TATL1, TATL2, and PAC1 were grown as described by Scanlan

tionships were inferred for five strains Bfochlorococ- et al. (1996) and the remaining strains as in Chisholm et al. (1992). DNA

d trai f ing h . bB was prepared from dense cultures as described (Urbach et al. 1992;
cusand one strain of marin8ynechococcussingps Scanlan et al. 1996), or by a maodification of the protocol of Li et al.

and petB and D sequencespsbB encodes the ché- (1991). In the modified Li protocol, fto 10° Prochlorococcuswvere
binding antenna protein CP47, apétBand D encode concentrated by spin filtration (02m-pore Ultrafree-MC, Millipore)
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at 2000g and washed twice with cell suspension buffer (0.5 M NacCl, primary and secondary structures and amino acid translations (Lang
10 mM Tris, pH 8.0, 10 mM EDTA). Cells were resuspended in a final and Haselkorn 1989; Widger and Cramer 1991). Base compositions
volume of 100l cell suspension buffer and lysed by addition ofy dl2 ~ were calculated using GCG (Devereux et al. 1990). Phylogenetic cal-
0.5 M DTT and 6ul 10 M NaOH, with 10 min at 65°C. After addition  culations were performed using PHYLIP version 3.5c (Felsenstein
of 120 pl neutralization buffer (90 mM Tris, pH 8.0, plus 0.5 mol/l 1993), PAUP* (Swofford personal communication, neighbor-joining,
HCI), DNA was precipitated by the addition ofull 20 mg/ml glycogen =~ DNA parsimony, LogDet and DNA maximum likelihood) and GG95
(Boehringer) and 0.6 ml cold 100% ethanol, resuspended in TE (1QGaltier and Gouy 1995). Bootstrap analyses examined 1000 resampled
mM Tris, pH 8.0, 1 mM EDTA) and stored at —20°C. data sets.

Synechococcustrains were grown in S/N Medium according to 16S rRNA gene sequence analyses included all unambiguously
Waterbury et al. (1986). DNA and RNA were prepared by CsCl densityaligned and determined nucleotide sites. Parallel analyses omitted hy-
gradient centrifugation (Sambrook et al. 1989). pervariable regions (Gray et al. 1984; Dams et al. 1988). Neighbor-

joining calculations (Saitou and Nei 1987) employed Kimura two-

parameter genetic distances (Kimura 1980). DNA parsimony and
PCR Amplification, Cloning and Sequencing associated bootstrap calculations employed PAUP*'s heuristic search

and MULPARS options. The DNA maximum likelihood calculation

. » ) used nucleotide frequencies estimated from the data, transition:trans-
16S rRNA genes fronProchlorococcusstrains were amplified using yesjon ratio 2:1, and was initiated with a tree inferred by parsimony.

oxygenic phototroph-specific primers and protocols as described (Ury ;g et calculations used invariant nucleotide fractions 0.01-0.5. Boot-
bach et al. 1992). Sequences for strains CCMP1375, CCMP13784a5 hroportions reported are from calculations assuming an invariant
NATL2A, MIT9107, and MIT9303 were obtained by direct sequencing gaction of 0.1. GG95 calculations used nucleotide frequencies and
of PCR products, either by a solid-phase protocol (Hultman et al. 1989}, 1sition:transversion ratios estimated from the data. A parallel analy-
or using an ABI automated DNA sequencer. Sequences for straingig examined relationships amorRyochlorococcusCCMP1375,
NATL2, PAC1, TATL1, and TATL2 were obtained from cloned PCR CCMP1378, MIT9107, and MIT930Bynechococcud/H8103, Syn-
product_s. Products from at Ie_ast two independent PCR r_eact|ons Wer@chococysti?CCGBO:% anérochlorothrix hollandicaspecifying equi-
cloned into the TA vector (Invitrogen) and then subcloned into M13 for librium G + Cfrequencies equal to third codon position valuepshB
single-stranded sequencing using Sequenase (USB). At least two inde;,q petB/D sequences.
pendent clones were completely sequenced for each stra_lin, using for- psbB and petB/D phylogenetic relationships were inferred from
ward and reverse PCR primers and internal 16S rRNA primers. In the,ncatenated sequences, and also from the individual genes. Amino
case of strain TATLL, initial partial sequencing (ca 300 bp from the ;.4 sequence phylogenies fpsbBand petB/D were inferred using
forward primer) identified nine clones with the TATL1A sequence and PHYLIP's PROTPARS, PROTML, and PROTDIST programs, with
one with the TATL1B sequence. The TATL1B clone and two TATL1A 6 payhoff substitution matrix specified for PROTDIST. GG95 ge-
clones were sequenced completely. _ netic distances were calculated from first two codon position nucleotide
16S rRNA sequences fdBynechococcustrains WH8103 and a5 ging transition:transversion ratios estimated from the data and

WH7805 were determined using reverse transcriptase (Lane et abyijibrium G + Cfrequencies set to third codon position values. Dis-
1985). Sequences for strains WH8101 and PCC6307 were determlnetgnce trees were inferred by neighbor-joining.

by automated DNA sequencing of PCR products amplified using bac-
terial-specific primers (Lane 1991).
psbB and petB/D sequences were amplified using primer pairs Tests for Recombination Among Gene Sequences

PPSBB1353 (5GTIGCIGGIACIATGTGGTA)/PPSBB1928R
(5'GCRTGICCRAAIGTRAACCA) and PPETBD314 (BTGATG-
GTIYTIATGATGAT)/PPETBD1160R (SCCRTARTARTTRTGIC- The possibility of intragenic recombination among 16S rRNA gene
CCAT), respectively (I denotes inosingisbBamplification reactions ~ S€quences was investigated by comparison of phylogenetic trees in-
used 2.25 mM MgGland the temperature profile: 2 min 94°C; 1 min ferred for each of seven hypervariable regions (Gray et al. 1984; Dams
94°C, 1 min 51°C, 1 min 72°C (5 cycles); 1 min 94°C, 1 min 56°C, 1 €t al. 1988) by parsimony. Regions considered in the analyses were
min 72°C (10 cycles); 1 min 94°C, 1 min 62°C, 1 min 72°C (25 cycles); nucleotide positions 30-48, 227-287, 380-438, 615-644, 783-812,
10 min 72°C petB/Damplifications used 1.5 mM Mgghnd tempera- 4-929, and 1015-106& (coli numbering). Recombination among
ture profile: 2 min 94°C; 1 min 94°C, 1 min 45°C, 1 min 72°C (5 psbB and petB/D sequences was assessed by the method of Sawyer
cycles); 1 min 94°C, 1 min 50°C, 1 min 72°C (10 cycles): 1 min 94°C, (1989) using the program MULTICOMP (Reeves et al. 1994).
1 min 57°C, 1 min 72°C (25 cycles); 10 min 72°C. 100PCR reac-
tions contained MgGlas indicated, plsi 1 x Mg-free Taq polymerase
buffer (Promega), 20geM each dNTP, 100 nM each primer, and 5 Results and Discussion
units Taqg polymerase (Promega). PCR amplicons from three or more
replicate reactions were pooled, separated by electrophoresis in 1%
agarose gels, and purified from gel slices using GeneClean (Bio 101 g
Sgequencgs were d?etermined us?ng amplificati?)n primers an(d intern;PNA Sequence Characteristics

rimers PPSBB1527 (BFTYTAYGAYTAYGTIGG), PPSBB 1508R .
?5,CC|AGRTARTGRT(ARANGC)’ PPSBBng8I)? (EGAAAIAC- Thirteen 16S rRNA genes were sequenced from 12 cul-
ICCRTC), and PPETBD532R {SCIACRCTYTCICCICC). Most se-  tured isolates ofProchlorococcusand four sequences
quences were determined using the solid-phase protocol (Hultman et avere obtained from four strains 8fynechococcudable

1989). Sequences for strain MIT9303 were obtained by automated) Prochlorococcu§ ATL1, a nonclonal isolate, yielded
sequencing of pooled, cloned PCR products as described (Urbach et %.equences TATL1A and TATL1B for different clones in
1997). . .
%97) a 16S rRNA PCR product library. Since cloriiochlo-
rococcuscultures appear to contain only one 16S rRNA
Sequence Alignment and Analysis gene copy (unpublished Southern hybridization data of
D.J. Scanlan), the TATL1 sequences probably derive

Sequences were aligned by hand using the Genetic Data EnvironmeffOM different lineages coexisting in the culture. The
(provided by Stephen Smith) according to conserved regions of rRNAProchlorococcusCCMP1375 sequence is identical to the
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Table 3. Genbank accession humbers and sequencing template typesofiiiorococcusand Synechococcusequences included in this study

16S rRNA psbB petB/D
Accession Accession Accession

Strain number Template type number Template type number Template type
Prochlorococcus

CCMP1375 X63140 PCR product AF001481 PCR product AF001487 PCR product

CCMP1378 AF001466 PCR product AF001482 PCR product AF001488 PCR product

GP2 AF001472 Cloned PCR product — — — —

MIT9107 AF001468 PCR product AF001484 PCR product AF001490 PCR product

MIT9303 AF001469 PCR product AF001485 Pooled PCR product clones AF001491 Pooled PCR product clones

NATL2 AF001470 Cloned PCR product — — — —

NATL2A AF001467 PCR product AF001483 PCR product AF001489 PCR product

PAC1 AF001471 Cloned PCR product — — — —

SB AF001473 Cloned PCR product — — — —

TATL1A AF001474 Cloned PCR product — — — —

TATL1B AF001475 Cloned PCR product — — — —

TATL2 AF001476 Cloned PCR product — — — —
Synechococcus

PCC6301 X03538 Genomic clone — — — —

PCC6307 AF001477 PCR product — — — —

PCC7942 — — 714087 Genomic clone X64768 Genomic clone

WH7805 AF001478 rRNA — — — —

WH8103 AF001479 rRNA AF001486 PCR product AF001492 PCR product

WH8101 AF001480 PCR product — — — —

sequence from strain SSW5, subcultured from the sam&/H8103 reveals that third codon positions and inter-
primary culture (SARG) (Urbach et al. 1992). genic regions are saturated with nucleotide substitutions
psbBandpetBandD sequences were determined for and (in the intergenic region) insertions and deletions.
five strains of Prochlorococcus(CCMP1375, Third codon position identities range from 30.1%
CCMP1378, MIT9107, MIT9303, and NATL2A) and (MIT9107 and WH8103) to 56.6% (NATL2A and
one strain of marine ASynechococcu®vH8103) (Table  MIT9107) for psbB and from 23.7% (MIT9107 and
3). These single-copy genes are unique to photosyntheti@/H8103) to 60.3% (MIT9107 and CCMP1375) for
organisms (Vermaas and Ikeuchi 1991) and, thereforepetB/D,too small to give reliable phylogenetic informa-
easily amplified fromProchlorococcustultures contain-  tion (Table 4).Prochlorococcusand marine ASynecho-
ing heterotrophic bacterigpetB and D are neighboring coccus petB/Dintergenic regions range from 34 to 90
cistrons with a consistent tandem orientation in oxygeniqasepairs in length, with identifiable sequence similarity
photosynthetic prokaryotes and organelles (Vermaas anghr only a 23 basepair region shared by one pair of iso-
Ikeuchi 1991; Greer and Golden 1992). Regions of cOnjates (CCMP1378 and MIT9107, Figure 1). Intergenic
served amino acid sequence provide PCR priming sitefegion sequences were, therefore, omitted from phyloge-
for amplification of a fragment containing thé 8nd of ¢ analyses, and third codon positions were used only
petB,the 3 end ofpetD, and the highly variable inter- 4 estimate equilibrim G + C frequencies for GG95
genic region between them (the amplified locus will be 5 culations.
referred to as petB/D’). The psbBandpetB/Dloci are
not close to each other on cyanobacterial chromosomes
(Vermaas and lkeuchi 1991).

The sixpsbBandpetB/Dsequences appear to encode
functional proteins. Their amino acid translations align
with previously published sequences (Lang and Hain the 16S rRNA sequence phylogeny, strains of
selkorn 1989; Widger and Cramer 1991). They containProchlorococcusand marine A, marine B an@yano-
conserved heme-binding amino acid residuesp@B  bium-ClusterSynechococcu®rm a monophyletic group
(Widger and Cramer 1991; Hope 1993), as welpabB  (Fig. 2). Included in this lineage are three sequences
residues implicated in PSII assembly, photoautotrophidSAR6, SAR7, and SAR139) recovered by direct cloning
growth, and susceptibility to photoinhibition (Haag et al. from Sargasso Sea picoplankton (Giovannoni et al. 1990;
1993). At both loci, nucleotide sequence differences ocBritschgi and Giovannoni 1991), which typically con-
cur most frequently at third codon positions (Table 4). tains bothProchlorococcusand marine ASynechococ-

Comparison ofpetB/D and psbB sequences for the cuscells (Olson et al. 1990)CyanobiumCluster strain
five Prochlorococcusstrains andSynechococcus SynechococcuBCC6307, a freshwater isolate, branches

Phylogenetic Analysis



193

Table 4. Fractional identity (X 1000) for sequences gbB (below the diagonal) andetB/D (above) for cultured strains d?rochlorococcus
synechococcusnd other members of the cyanobacterial radiation

1 2 3 4 5 6 7 8 9 10
843 813 782 739 694 696 684 704 727
1 ProchlorococcusCCMP1378 970 947 936 932 902 886 864 875 845
588 542 473 351 275 313 321 359 489
821 813 830 742 684 704 678 686 711
2 ProchlorococcusMIT9107 967 943 943 924 905 886 848 879 830
524 550 603 374 237 336 336 298 473
787 799 792 754 716 722 668 719 709
3 ProchlorococcusNATL2A 914 914 928 932 902 879 845 879 845
530 566 519 397 344 405 313 397 435
741 739 765 759 719 694 643 696 681
4 ProchlorococcusCCMP1375 881 884 893 932 902 875 833 879 818
458 446 506 412 351 328 260 328 405
685 691 697 705 800 724 719 742 691
5 ProchlorococcusMIT9303 833 833 836 836 955 902 864 890 860
386 404 416 440 489 366 427 443 351
663 651 665 659 745 757 739 762 661
6 Synechococcug/H8103 830 824 821 804 869 902 867 886 822
325 301 349 367 494 466 481 511 336
629 616 598 627 653 667 737 762 676
7 SynechcoccuBRCC7942 77 768 741 756 768 786 875 902 848
331 307 307 367 422 428 458 481 328
588 608 612 616 618 659 713 767 661
8 Synechocysti®CC6803 744 750 747 750 747 783 839 871 848
271 319 337 343 355 410 458 557 282
608 627 614 627 675 685 715 767 701
9 Prochlorothrix hollandica 753 756 756 744 789 798 830 887 879
313 367 325 392 446 458 482 524 344
604 618 600 612 568 574 592 633 610
10 Zea maizechloroplast 729 726 714 723 696 744 741 783 771
349 398 367 386 307 229 289 331 283

Plain type: all codon positions, & 503 (psbB, n = 375 (etB/D
Bold type: first two codon positions, & 336 (sbB, n = 244 (petB/D
Italic type: third codon positions, &= 167 (sbB, n = 131 (petB/D

at the base of this lineage, with mariSgnechococcus Within the shallow clade containingrochlorococcus
and Prochlorococcusstrains forming a more recently and marineSynechococcustrains (the marine picophy-
evolved, marine picophytoplankton clade. Bootstrap retoplankton clade), it is not possible to distinguish well-
sampling strongly supports placement of the freshwatesupported, unitary lineages for phycobilisome- and chl
strain at the base of this group in neighbor-joining analy-b,-containing isolates, or for marine A and 8/necho-
ses.SynechococcuBCC6301, a member of the freshwa- coccus.Six deeply branching lineages: a group contain-
ter Synechococcu€luster, is outside the group (though ing SAR6 and mosProchlorococcusisolates, SAR7,
linked to marine picophytoplankton ar@yanobiumby  ProchlorococcusMIT9303, Synechococcug/H7805, a
some analyses, the association receives low bootstragroup containingynechococcu4/H8103 plus SAR139,
support). Consistent with previous results, the phylogenyandSynechococcu4/H8101 receive poor bootstrap sup-
implies that all analyzedProchlorococcusstrains share port for their relative branching order (Lineages 1-6, Fig.
more recent common ancestry with the phycobilisome-2). Different branching orders are inferred for these lin-
containing CyanobiumCluster (PCC6307) than with eages by different phylogenetic methods, but in no in-
other chlb-containing prokaryotesPfochloronsp. and stance is any grouping of these lineages supported by
Prochlorothrix hollandicd or organelles Marchantia  >70% of 1000 bootstrap analyses. Excluding the cloned
polymorphaand Cyanophora paradoxarganelles) (Ur-  sequences, which are potentially chimeras combining se-
bach et al. 1992). This phylogenetic pattern is consistenjuences from different lineages, does not result in greater
in trees including additional members of the cyanobacsupport for groupings of the remaining branches (not
terial clade (not shown). shown).



Phylogenetic relationships inferred from concatenated

sequences gbsbBandpetB/D are consistent with rela-

tionships inferred from 16S rRNA sequences (Fig. 3, Fig.
2). IndividualpsbBandpetB/Ddata sets gave congruent

logeny, Lineage 1 is well supported by bootstrap propor-
tions. In addition, a phylogenetic association between

ProchlorococcugviT9303 andSynechococcu#/H8103
receives greater support in the protein phylogeny than in

16S rRNA trees.
gene transfers among marine picophytoplankton lineages

are infrequent at these loci. RecebtL sequence phy-
verse assemblage of proteobacteria (Shimada et al. 1995;
Delwiche and Palmer 1996). However, well-supported

elements of thebcL and 16S rRNA gene trees are con-
picophytoplankton gene complements were apparently

unaffected by the event.

solved due to rapid, contemporaneous diversification of
both taxa. Other potential sources of low bootstrap con-
fidence, insufficient sequence information, and conflict-
ing patterns of sequence similarity within the data sets,
may be ruled out by the following: The possibility that
the data sets contain insufficient sequence information to
resolve the ambiguous branchings is contradicted by
strong bootstrap support for more recently evolved
clades (e.g., Lineages 1 and 5, Fig. 2; Lineage 1, Fig. 3),
and for deeper branchings (e.g., above and befgw-
plankton clade, Fig. 3). Conflicting patterns of sequence
similarity caused by nucleotide substitution biases
(Lockhart et al. 1992b) are contradicted by phylogenetic
calculations insensitive to such biases (LogDet and
GG95), which fail to infer strong support for the am-
biguous branchings (Fig. 2 and 3). Conflicting phyloge-
netic patterns attributable to mosaic evolution (Maynard
Smith et al. 1991; Sneath 1993; Cilia et al. 1996) are
ruled out for 16S rRNA sequences by comparison of

results as well (not shown). As in the 16S rRNA phy-
coccussequences suggest that gene transfers among
these lineages are infrequent. The congruence among
psbB, petB/Dand 16S rRNA phylogenies suggests that
logenies imply an interphylum gene transfer, grouping
Prochlorococcusand marineSynechococcugith a di-
sistent with the marine picophytoplankton forming a
deep branch within the cyanobacteria (Delwiche and
Palmer 1996) (Fig. 2). Thus, several proteobacteria ap-
pear to have acquired a cyanobacteriall, but marine
Low bootstrap confidence in the branching order among
picophytoplankton lineages (Fig. 2) suggests that
Prochlorococcusand Synechococculineages are unre-
echococcusPCC6307, Fig. 2; the marine picophyto-

Phylogenetic analyses &rochlorococcusaand Synecho-

Rapid Diversification of Marine Picoplankton

Evidence Against Gene Transfer
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Lineage
Bootstrap Proportions No.
node neighbor parsimony LogDet Prochlorococcus NATL2 ] ]
a 53 - - SAR6 .
b 94 78 94 Prochlorococcus TATL1A High
c 88 86 88 Prochlorococcus CCMP1378 Light- =2
d 68 54 72 < Prochlorococcus MIT9107 Adapted =4
e 74 79 75 el Prochlorococcus TATL1B Clade 1 8
f 89 88 89 Il Prochlorococcus SB, TATL2 !
g 97 94 97 Prochlorococcus GP2 8
100 B
l; 12? 99_ 70 ; Prochlorococcus NATL2A %
i 4 7 Prochlorococcus PAC1 S
) 5 6 ’ Prochlorococcus CCMP1375 %
k 96 84 94 — 8
1 68 - 67 SAR7 2 g
': 100 12(5) 100 Prochlorococcus MIT9303 3 ;‘)
o 89 74 87 Synechococcus WH7805 (marine A) 4 g
P 89 - 89 Synechococcus WH8103 (marine A) 5 e
q 100 100 100 m ll—if SAR139
r 70 ” 65 n Synechococcus WH8101 (marine B) 6 _ |
Synechococcus PCC6307 (Cyanobium)
Synechococcus PCC6301 (Synechococcus)
Arthrospira PCC7345
Trichodesmium NIBB1067
Prochloron sp.
Microcoleus PCC7420
B Anabaena PCC7120
Chlorogloeopsis HTF PCC7518
Chamaesiphon PCC7430
Microcystis aeruginosa PCC7806
a Synechocystis PCC6803
Spirulina PCC6313
Leptolyngbya foveolarum Komarek 1964/112
Prochlorothrix hollandica
Gloeobacter viollaceus PCC7421
o Marchantia polymorpha chloroplast
L Cyanophora paradoxa cyanelle
Escherichia coli
—1 Agrobacterium tumefaciens
0.10 nucleotide substitutions/position
Fig. 2. Phylogenetic relationships among cultured strainBroichlo- determined nucleotides betweEncoli positions 146 and 1312. Frame-

rococcus, Synechococcudoned sequences from Sargasso Sea bacteworks inferred by parsimony, LogDet, GG95 and maximum likelihood
rioplankton and other members of the cyanobacterial lineage inferredvere congruent at nodes which received >80% bootstrap support in
from 16S rRNA gene sequencdsscherichia coliand Agrobacterium neighbor-joining analyses. Bootstrap values below 50% and for nodes
tumefaciensre outgroups. The phylogenetic framework was inferred with zero branch length are omitted.

by neighbor joining, considering all 958 unambiguously aligned and

phylogenetic branching patterns inferred for each ofRelationships Amon§ynechococcuStrains
seven hypervariable regions, and fosbB and petB/D
sequences by statistical analyses according to the methd@dn the basis of evolutionary relationships inferred for
of Sawyer (1989). Neither set of analyses reveals localrepresentative strains, it appears that nfghechococ-
ized regions of anomalous phylogenetic pattern. Thusgusstrain clusters can be distinguished phylogenetically
neither insufficient sequence information nor conflicting (Fig. 2). The freshwate€yanobiumCluster PCC6307 is
phylogenetic patterns is the principal source of low boot-outside the marine picophytoplankton clade, but is
strap confidence for deep branchings in the marine picoelearly descended from a shared ancestor. Freshwater
phytoplankton clade. While these analyses do not ruleéSynechococcu€luster isolate PCC6301 branches out-
out other potential confounding factors, such as differ-side the group, within the general cyanobacterial radia-
ential retention of multiple rRNA operons in different tion. Within the marine picophytoplankton clade are both
lineages, they are consistent with the idea fhichlo-  obligately marine (marine A, WH7805 and WH8103)
rococcusand marineSynechococcuimeages are poorly and facultatively marine (marine B, WH8101) strains,
resolved because they arose in rapid succession. with different phycobiliprotein phenotypes falling into
Coexistence with diverse populations of cyanophageifferent, unresolved lineages. High phycourobilin ma-
viruses contributes to the genetic diversity of local ma-rine A WH8103, no phycourobilin marine A WH7805,
rine Synechococcugopulations (Waterbury and Valois and no phycoerythrin marine B WH8101 form indepen-
1993). Pressure to develop resistance to diverse cyanaent lineages within the clade. Sequence and pigment
phage may also have contributed to picophytoplanktordata for additional strains will be required to determine
diversification on a larger evolutionary scale. whether strains with similar phenotypes form distinct
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Lineage
No.g

Prochlorococcus CCMP1378 (0.22)
1 High Light-
1o Adapted Clade
Prochlorococcus MIT9107 (0.24)

Prochlorococcus NATL2A (0.27)

aper) uopjuerdoifydoord sutrepy

}% Prochlorococcus CCMP1375 (0.34)
100 —
Prochlorococcus MIT9303 (0.55) 3
L 81 ]
I 5
}% L Synechococcus WH8103 (0.69) 5 ]
Synechococcus PCC7942 (0.64)
_2? Synechocystis PCC 6803 (0.56)
&
> Prochlorothrix hollandica (0.62)
Zea maize chloroplast (0.27)
0.] amino acid changes/site
Fig. 3. Phylogenetic relationships among cultured strainBrotchlo- distance, protein parsimony and LogDet calculations, from top to bot-

rococcus, Synechococcasd other members of the cyanobacterial lin- tom, respectively. A branching order in accord with nodes receiving
eage inferred from concatenated sequencessbBand petB/D. The >80% bootstrap support in neighbor-joining analyses was inferred by
phylogenetic framework was inferred from amino acid translations byGG95. Bootstrap proportions below 50% are omitted. Numbers in pa-
protein maximum likelihood. Bootstrap proportions are from protein rentheses are third codon positiG + C frequencies.

lineages. However, phylogenetic relationships are conProchlorococcugunpublished data of L. Moore, G. Ro-
sistent with provisional genus-level distinctions betweencap, and S.W. Chisholm). It is surprising that such a
Synechococcus, Cyanobiuend the marine strain clus- good correlation can be detected between the depth of
ters. Among the marine picoplankton strains, high andsolation, pigment phenotype, and phylogenetic branch-
low phycourobilin marine ASynechococcusiay merit  ing pattern, as physical mixing processes should tend to
separate taxonomic status on par with marir@yiecho-  move cells from the depths at which they thrive. Isolation
coccus. protocols that mimidn situ light intensities may have
selected for different phenotypes in isolates recovered
from different depths.

The ability to synthesize phycoerythrin does not fol-
The 16S rRNA gene phylogeny reveals a recently arisindow the phylogenetic pattern. Phycoerythrin-containing
“high light-adapted clade” containing eigtRrochloro- ~ Strain TATL2 is more closely related to strains that do
coccussequences from isolates collected at or above 4ot bind aProchlorococcusphycoerythrin gene probe
m, and one strain (GP2) from 150 m (Fig. 2, Table 1).(NATL2, CCMP1378, and TATL1) (Hess et al. 1996)
More deeply branchindrochlorococcuslineages in- than it is to phycoerythrin-containing CCMP1375 (Fig.
clude one strain from 30 m (NATL2A) and three from 2, Table 2). Phylogenetic relationships, therefore, sug-
100 m or greater (PAC1, CCMP1375, and MIT9303).gest that, while low chlb/a, ratio Prochlorococcus
Available pigment data correlate with the phylogeny, instrains appear similar due to descent from a common
accord with the hypothesis of Goericke and Repetaancestor, phycoerythrin-containing strains appear similar
(1993) and Moore et al. (1995): low chla, ratio strains  due to differential retention (or transfer) of phycoerythrin
CCMP1378, SB and GP2 belong to the high light- genes amondProchlorococcuslineages. Pigment data
adapted clade, while the high chla, ratio strains for uncharacterized strains will shed additional light on
CCMP1375 and MIT9303 are outside the group. It therejpatterns of pigment inheritance.
fore appears that the recently arisen clade may be best Closely relatedProchlorococcusstrains have been
adapted to conditions near the surface of the euphotitsolated from geographically distant sites: tropical Atlan-
zone. A similar relationship between phylogeny and pig-tic strain TATL2 and Pacific strain SB have identical
ment phenotype has been observed for other isolates d6S rRNA sequences, and are closely related (>99.1%

Relationships AmongrochlorococcuStrains
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Table 5. Fractional identity of 16S rRNA sequences (X 1000)

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

1 ProchlorococcusNATL2

2 ProchlorococcusTATL1A 999

3 SAR6 998 997

4 ProchlorococcusCCMP1378 999 998 997

5 ProchlorococcusMIT9107 992 991 990 991

6 ProchlorococcusTATL1B 991 990 989 990 997

7 ProchlorococcusSB 992 991 990 991 998 997

8 ProchlorococcusGP2 993 992 991 992 995 994 997

9 ProchlorococcusNATL2A 985 984 983 986 981 980 983 983
10 ProchlorococcusPAC1 986 985 984 987 982 981 984 984 997
11 ProchlorococcusCCMP1375 985 984 983 984 985 982 985 985 982 983
12 SAR7 975 976 974 974 975 972 973 971 970 971 975
13 ProchlorococcusMIT9303 973 972 971 974 973 970 973 971 977 976 978 976
14 Synechococcug/H7805 962 962 960 963 962 959 962 960 962 963 971 971 977
15 Synechococcug/H8103 967 968 966 968 967 963 967 965 966 967 970 979 981
16 SAR139 967 968 966 968 967 963 967 965 966 967 970 980 980
17 Synechococcug/H8101 962 963 960 962 962 959 962 960 962 961 968 975 975
18 SynechococcuBCC6307 957 956 955 958 956 955 958 956 957 956 961 956 969
19 SynechococcuBCC6301 910 910 908 911 907 906 909 907 910 909 908 907 921
20 Arthrospira PCC7345 882 883 880 882 880 879 881 879 884 885 879 880 883
21 TrichodesmiumNIBB1067 862 863 860 861 866 863 866 864 862 862 865 866 867
22 Prochloronsp. 860 861 859 859 857 856 859 857 862 864 857 861 863
23 MicrocoleusPCC7420 875 875 873 874 877 876 878 875 873 873 872 874 873
24 AnabaenaPCC7120 880 880 878 880 879 878 881 879 882 882 882 878 886
25 ChlorogloeopsiHTF PCC7518 854 855 852 854 854 853 855 853 856 858 854 857 859
26 Chamaesipho®CC7430 881 882 879 880 881 880 882 880 878 878 876 873 873
27 Microcystis aeruginos&#CC7806 873 873 871 872 873 871 874 872 876 878 877 872 871
28 Synechocysti®CC6803 872 872 871 871 872 871 873 871 872 872 868 871 871
29 SpirulinaPCC6313 887 887 885 887 884 833 886 884 887 889 885 886 889
30 Leptolyngbya foveolarum Komarek 1964/112 865 865 864 864 865 864 866 864 864 865 861 867 861
31 Prochlorothrix hollandica 886 886 884 886 885 834 887 885 889 891 888 884 888
32 Marchantia polymorphahloroplast 842 841 840 843 843 841 843 841 844 843 838 839 841
33 Cyanophora paradoxayanelle 877 878 875 877 878 877 880 878 877 875 870 874 874
34 Gloeobacter violaceuPCC7421 879 878 878 878 876 875 878 876 882 882 831 882 888
35 Escherichia coli 777 777 776 778 777 776 777 775 784 783 777 781 778
36 Agrobacterium tumefaciens 779 780 778 778 782 781 782 779 780 782 778 787 782

identity) to Mediterranean and North Atlantic strains, in 1991; DeLong et al. 1993; Fuhrman et al. 1993). The
addition to other Pacific and tropical Atlantic isolates longest of these sequences are included in our analyses
(high light-adapted clade, Figure 1, Table 5). On the(Fig. 2). Clones SAR6 and SAR139 are closely related
other hand, Sargasso Sea isolates CCMP1375 arnd ProchlorococcusNATL2 and Synechococcus
MIT9303 fall into different, deeply branching lineages WH8103, respectively, and presumably derive from cells
(97.9% identity) and North Atlantic strains NATL2 and with similar phenotypes. Clone SAR7 is phylogeneti-
NATL2A, cultured from a single water sample, are morecally unaffiliated with eitherProchlorococcusor Syn-
distantly related (98.5% identity) than are NATL2A and echococcusultured strains. Inference of a pigment phe-
Pacific strain PAC1 (99.6% identity). There is thus nonotype for this clone must await sequences from
correlation between genetic distance and the geographiedditional, closely related isolates or resultsimfsitu
distance between sites Bfochlorococcusulture isola-  hybridization studies.

tion. This result is consistent with the findings of an

RFLP study ofProchlorococcusultures (Scanlan et al. ) . ,
1996). Nucleotide Substitution Biases

Picophytoplankton third codon positions and intergenic
Phylogenetic Affiliations of Environmental Clones regions are highly heterogeneons3 + Ccontent (Table
6). Third codon positio G + Cfrequencies range from
Studies investigating uncultured microorganisms in the0.26 to 0.66 fopsbB,from 0.18 to 0.73 fopetB/D,and
sea have recovered 16S rRNA gene clones belonging tivom 0.17 to 0.51 for intergenic regions, with each strain
the marine picophytoplankton clade (Giovannoni et al.exhibiting similar biased tendencies at all three loci.
1990; Britschgi and Giovannoni 1991; Schmidt et al. Prochlorococcusand marineSynechococcusequences
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Table 5. Extended

14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

976

973 995

969 979 983

959 959 962 965

918 915 918 922 914

873 876 878 886 881 897

863 865 868 877 871 886 923

858 861 865 875 861 877 915 902

868 862 864 872 870 879 919 910 904

882 880 880 890 882 887 912 907 901 914

854 859 860 863 856 876 892 886 882 895 913

862 870 871 875 881 884 901 894 890 904 903 894

868 870 872 879 873 894 903 888 897 910 900 881 903

865 875 876 880 880 902 898 888 904 899 902 882 916 933

888 889 892 900 889 909 914 903 919 899 912 887 902 913 929

862 864 864 861 856 886 876 861 864 880 886 856 887 884 901 887

886 886 887 895 892 914 889 884 878 876 882 859 897 895 896 898 877

838 835 837 842 846 852 866 873 870 865 874 852 857 857 856 866 830 861

863 875 877 884 875 887 895 886 888 882 894 880 891 882 881 896 857 873 884

879 883 887 888 892 883 890 891 884 876 877 870 876 871 871 891 849 880 861 882
773 776 777 775 776 764 769 760 765 766 764 767 760 760 757 767 755 766 775 760 780
780 781 784 780 788 771 777 784 788 781 772 773 768 773 780 784 770 770 769 775 796 797

in the literature also exhibit similar, strain-specific biasescorrespondence between the branching pattern and third
(Table 7). It therefore appears that consistent nucleotideodon positioé G + C frequencies (Fig. 3). The high
frequency biases apply to large segments of each gdight-adapted clade (CCMP1378 and MIT9107) exhibits
nome, in coding and noncoding regions. Thus, mutaiow frequencies (0.22 and 0.24), with more distantly re-
tional biases, rather than selection via intracellular tRNAlated isolates exhibiting progressively higher values.
frequencies (Post et al. 1979; lkemura 1982), are thé&ynechococcu#/H8103, the most divergent strain from
likely causes. We explored the pattern of nucleotide subProchlorococcusCCMP1378, has a third codon position
stitution biases in our phylogenetic trees by labeling theG + C frequency of 0.69. Since phylogenetic inferences
psbBand petB/D concatenated sequence phylogeny ac-using methods insensitive to substitution biases confirm
cording to third codon positimG + Cfrequencies, which the pattern inferred by standard methods, the gradient is
result in part from these biases (Lockhart and Pennyan intriguing pattern which likely reflects substitution
1992; Lockhart et al. 1992c) (Fig. 3). It has been sug-bias differences among marine picophytoplankton lin-
gested that the apparent polyphyly of ditontaining eages.
prokaryotes and organelles is an artifact of dissimilar
substitution biases (Lockhart et al. 1992b, c). However,
ProchlorococcusNATL2A and maize chloroplast se- Taxonomy oProchlorococcusind Synechococcus
guences fail to form a phylogenetic cluster, despite iden-
tity of their third codon positin G + C frequencies. Molecular phylogenies folProchlorococcusand Syn-
Thus, earlier conclusions of cld polyphyly are rein- echococcustrains may be used to refine cyanobacterial
forced. taxonomies to reflect evolutionary relationships. Branch-
Within the marine picophytoplankton clade, there is aing patterns and bootstrap proportions support proposed
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Table 6. Base composition of third codon positionsgabB, petB/Dand thepetB/Dintergenic regionG + Cvalues and numbers in parentheses

are fractional values

A T n G+C
pshB
ProchlorococcusCCMP1378 63 (0.38) 23(0.14) 19 (0.11) 62 (0.37) 167 0.26
ProchlorococcusMIT9107 59 (0.35) 27 (0.16) 17 (0.10) 64 (0.38) 167 0.26
ProchlorococcusNATL2A 53(0.32) 29 (0.17) 14 (0.08) 71 (0.43) 167 0.26
ProchlorococcusCCMP1375 45 (0.27) 41 (0.25) 17 (0.10) 64 (0.38) 167 0.35
ProchlorococcusMIT9303 24 (0.14) 59 (0.35) 28 (0.17) 56 (0.34) 167 0.52
Synechococcug/H8103 10 (0.06) 69 (0.41) 41 (0.25) 47 (0.28) 167 0.66
SynechococcuBCC7942 22 (0.13) 67 (0.40) 35(0.21) 43 (0.26) 167 0.61
Synechocysti®CC6803 27 (0.16) 55 (0.33) 31(0.19) 54 (0.32) 167 0.52
Prochlorothrix hollandica 19 (0.11) 64 (0.38) 32(0.19) 52 (0.31) 167 0.58
Zea maizechloroplast 57 (0.34) 18 (0.11) 25(0.15) 67 (0.40) 167 0.26
petB/D
ProchlorococcusCCMP1378 50 (0.38) 6 (0.05) 17 (0.13) 58 (0.44) 131 0.18
ProchlorococcusMIT9107 50 (0.38) 6 (0.05) 21 (0.16) 54 (0.41) 131 0.21
ProchlorococcusNATL2A 43 (0.33) 14 (0.11) 23(0.18) 51 (0.39) 131 0.28
ProchlorococcusCCMP1375 37 (0.28) 18 (0.06) 24 (0.18) 52 (0.40) 131 0.32
ProchlorococcusMIT9303 15(0.11) 41 (0.31) 35(0.27) 40 (0.31) 131 0.58
Synechococcug/H8103 9 (0.07) 59 (0.45) 37(0.28) 26 (0.20) 131 0.73
SynechococcuBCC7942 13 (0.10) 49 (0.37) 39 (0.30) 30 (0.23) 131 0.67
Synechocysti®CC6803 16 (0.12) 46 (0.35) 36 (0.27) 33(0.25) 131 0.63
Prochlorothrix hollandica 13 (0.10) 45 (0.34) 43 (0.33) 30 (0.23) 131 0.67
Zea maizechloroplast 43 (0.33) 14 (0.11) 23(0.18) 51 (0.39) 131 0.28
Intergenic region betweepetB and petD
ProchlorococcusCCMP1378 18 (0.43) 6 (0.14) 1(0.02) 17 (0.40) 42 0.17
ProchlorococcusMIT9107 14 (0.41) 9 (0.26) 3(0.09) 8(0.24) 34 0.35
ProchlorococcusNATL2A 23(0.39) 13 (0.22) 1(0.02) 22 (0.37) 59 0.24
ProchlorococcusCCMP1375 27 (0.34) 11 (0.14) 8(0.10) 34 (0.42) 80 0.24
ProchlorococcusMIT9303 24 (0.27) 26 (0.29) 9 (0.10) 31(0.34) 90 0.39
Synechococcug/H8103 8(0.21) 14 (0.36) 6 (0.05) 11 (0.28) 39 0.51
SynechococcuBCC7942 22 (0.23) 28 (0.29) 25 (0.26) 21(0.22) 96 0.55
Synechocysti®CC6803 41 (0.32) 31(0.24) 22 (0.17) 36 (0.28) 130 0.41
Prochlorothrix hollandica 88 (0.21) 101 (0.24) 114 (0.27) 124 (0.29) 427 0.50
Zea maizechloroplast 62 (0.34) 22(0.12) 36 (0.20) 62 (0.34) 182 0.32
Table 7. G + C nucleotide frequencies for marine picophytoplankton sequences in GenBank
Accession Length G+ C
Strain Gene No. Positions (bp) frequency Reference
Prochlorococcus
MED rpoC 711159 3rd codon pos. 204 0.20 Palenik and Haselkorn 1992
TATL1 pstS U75514 3rd codon pos. 331 0.22 Scanlan, unpublished
GP2 rbcL D21833 3rd codon pos. 396 0.35 Shimada et al. 1995
SARG Noncoding clone GATA/1200 237732 All 1142 0.37 Lorenz et al. 1995b
SARG Noncoding clone GATA/1100 237732 All 1147 0.29 Lorenz et al. 1995b
SARG rpoC 711160 3rd codon pos. 204 0.32 Palenik and Haselkorn 1992
CCMP1375 asd® 268126 3rd codon pos. 56 0.23 Lorenz et al. 1995a, b
CCMP1375 aspA 780110 3rd codon pos. 309 0.27 Hess, unpublished
CCMP1375 dap”&k 768126 3rd codon pos. 304 0.21 Lorenz et al. 1995a, b
CCMP1375 dnaA u44977 3rd codon pos. 462 0.25 Richter, unpublished
CCMP1375 psbA 749201 3rd codon pos. 361 0.38 Hess et al. 1995
Synechococcus
WH7803 pstS X71359 3rd codon pos. 326 0.76 Scanlan et al. 1996
WH7805 rpoC L34062 3rd codon pos. 204 0.72 Palenik 1994
WH8103 rpoC L34063 3rd codon pos. 204 0.79 Palenik 1994
WH8103 mpeA M91809 3rd codon pos. 166 0.70 de Lorimer et al. 1992
WH8103 mpeB M91809 3rd codon pos. 179 0.69 de Lorimer et al. 1992

MED: parent strain of CCMP1378
SARG: parent strain of CCMP1375

2Does not include nucleotide positions in overlap region
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