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Photosystem I (PS I) and Photosystem I (PS II) reaction centers include heterodimers of
the gene products of psaA (PSI-A) and psaB (PSI-B) and of psbA (D1) and psbD (D2),
respectively. Structural and sequence similarity exists among the heterodimer pair PSI-A
and PSI-B, and D1 and D2 (Svensson et al., 1990; Golbeck and Bryant, 1991; Nitschke
and Rutherford, 1991; Blankenship, 1992; Ruffle et al., 1992). Many sequences are now
available for reaction center proteins of PS I and PS II. Golbeck and Bryant (1991)
presented alignments of PSI-A and PSI-B for 7 taxa. Svensson et al. (1992) compiled 38
sequences of D1 (27 taxa) and 15 sequences of D2 (12 taxa) and showed that the
sequences were strongly conserved. Ruffle et al. (1992) have shown relationships among
the D1 and D2 proteins. In this paper, we present the first phylogenetic analysis of PSI-A
and PSI-B, and extend the existing reaction center alignments of D1 and D2 to include
several additional taxa.

Selected published protein sequences were retrieved from SWISS-PROT, PIR, and
GenPept data bases using BLAST (Altschul et al., 1990). Additional sequences were
obtained for Porphyra purpurea (M. Reith and J. Munholland, unpublished), Cyanophora
paradoxa (V. L. Stirewelt and D. A. Bryant, unpublished), and Zea mays (Sopory et al,,
1993, from Larrinua and McLaughlin, 1987). In total, 39 D1 and 11 D2 sequences of
different genera, and 14 PSI-A and 14 PSI-B sequences, representing 13 genera each,
were aligned. Alignments were done as described by Svensson et al. (1992), and Golbeck
and Bryant (1991). The resulting data matrices were analyzed using PAUP (Phylogenetic
Analysis Using Parsimony) version 3.1.1 (Swofford, 1993). All heuristics searches were
replicated 100 times with random addition sequence and tree bisection-reconnection branch
swapping. The options mulpars, steepest descent, collapse, and acctran optimization were
selected. Gaps were treated as missing data. The amount of phylogenetic information in
the parsimony analyses was estimated using the consistency, CI, (excluding uninformative
characters) and retention, Rl, indices. The trees were rooted by positioning the root along
the branch connecting Synechococcus to the rest of the network.

Mutltiple alignments of D1, D2, PSI-A, and PSI-B sequences resulted in matrices of 360,
353, 804, and 743 positions, respectively; consensus sequences for each group of reaction
center proteins are presented below (Complete data matrices are available upon request.).
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[ Synechocystis PCC 6803
— Amaranthus hybridus
— Arabidopsis thaliana
[ Brassica napus
—— Cusciia refiexa
[ Glycine max
— Gassypium hirsutum
Madicago sativa
‘E Pisum sativum
Vicia faba
[ Nicotlana tabacum
[~ Pslunig hybrida
== Populus defloides
[~ Sinapsis aba
— Solanum nigrum
— Spinacia oleracea
—— Spirodela oligorhiza

[ Hordeum vuigare
B Oryza sativa
Phalaris sp.
H Zea mays
—— Poa sp.

™ | T Secale cersale
[~ Marchantia polymorpha
E Picoa abies
Finus cereak
Chiamydomonas reinhardtii

E Chicrella eflipsoidea

Euglena gracilis

Antithamnion sp.
Galderia sulphuria

_E Bumilleriopsis filiformis
Edtocarpus sificulosus

Cyanophora paradoxa

| E Anabaena azollae

Fremyella diplosiphon

Prochiorothrix hollandica

Synechococous sp.

Fig. 1. Strict consensus of 1,660 minimal

length 400-step trees derived from parsimony

analysis of selected psbA (D1) sequences,
(=0.62, Ri=0.69,
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Spinacia oleracea
Nicotiana tabacum
Pisum sativum
Hordeum vuigare
Secale coreale

Oryza saliva
Marchantia polymorpha
Chiamydamonas reinhardtil
Euglena gracilis
Galderia sulphuria
Synechococeus sp.

Fig. 2. Strict consensus of 4 minimai length
144-step trees derived from parsimony
analysis of selected psbD (D2) seguences.
U=0.73, Ri=0.62.

Marchantia polymorpha

Nicoliana tabacum

Pisum sativum

Spinacia oleracea
[~ Zea mays
Oryza sativa
Euglena gracilis
Chiamydormonas reinhardtii
Cyanophora paradoxa
Porphyra purpurea
Synechocystis PCC 6803
Anahaena variabilis
Synechococcus sp.
Fig. 3. Strict consensus of 2 minimal fength
£59-step trees derived from parsimony
analysis of selected PSIA sequences,
Cl=0.69, RI=0.69.

Marchantia polymorpha
Nicotiana tabacum
Spinacia oleracea

Zea mays

Oryza sativa

Pisum sativum

Euglena gracilis
Chiamydomonas reinhardti
Chlamydomonas moewusii
Porphyra purpurea
Cyanophora paradoxa
Synechocystis PCC 6803 *
Anabaena variabilis
Synechococcus sp.

Fig. 4. Single maximally parsimonious
696-step tree derived from the analysis of
selected PSI-B sequences, Ci=0.72, RI=0.74,
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The multiple alignment of each of the reaction center subunits was facilitated by the
introduction of none (i.e., D2) or very few gaps (D1, one gap; PSI-B, three gaps; PSI-A,
16 gaps). Analyses of the D1, D2, and PSI-A data matrices resulied in 1,660, 4, and 2
maximally parsimonious topologies, whose strict consensus trees, with accompanying tree
lengths, consistency and retention indices, are shown in Figs. 1, 2, and 3, respectively. A
single maximally parsimonious tree obtained from the analysis of PSI-B sequences, is
presented in Fig. 4. PS I and II reaction center proteins are highly conserved among the
taxa examined. The inclusion of the Pisum sativum A2 PSI-A sequence (Lehmbeck et al.,
1986) resulted in a single maximally-parsimonious tree of 1033 steps, 374 steps greater
than the trees constructed without this sequence (CI excluding uninformative characters =
0.70; RI = 0.64). In this single PSI-A tree (not shown), this Pisum sequence arises as
sister taxon to Euglena and away from the other Pisum and dicot sequences. In most
cases, the evolutionary relationships inferred on the basis of PS I and II reaction center
protein sequences and maximum parsimony are in agreement with traditional concepts of
relationship. Generally the dicots and monocots each comprise a clade and are
sistergroups.

Remarks: We have presented here the current consensus sequence of core PS II reaction
center proteins (D1 and D2), and of core PS I reaction center proteins (PSI-A and PSI-B)
based on published as well as unpublished sequences. Further, we have presented here the
first phylogenetic analysis of PSI-A and PSI-B proteins and an extended analysis of D1
and D2 proteins. The phylogenetic trees, thus obtained, provide a hypothesis of the
evolutionary relationship of the reaction centers of prokaryotes, cyanelle, thodophytes,
chlorophytes and other eukaryotes (gymnosperms, monocots and dicots).
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