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The cyanobacterium Synechococcus sp. strain PCC 7942 has two copies of the psbD gene which encodes the
D2 polypeptide of the photosystem II (PSII) reaction center. One of the genes, psbDI, overlaps the open reading
frame of another photosystem II gene, psbC; the psbDII gene is monocistronic. Gene inactivation experiments
had previously shown that psbDII is dispensable under normal laboratory growth conditions. However, similar
experiments with psbDI never produced viable psbDI-inactivated mutants, presumably because psbC expres-
sion depends on transcription through psbDI. The experiments described here were designed to assess the need
for psbDI independent of the need for expression ofpsbC. A strain, AMC027, was engineered in which a second
copy ofpsbC was expressed from the psbDII locus. Northern (RNA) blot analysis confirmed that both psbDI and
psbDII gave rise to dicistronic messages containing psbC sequences in AMC027. In this genetic background, it
was possible to inactivate psbDI, creating strain AMC050 and indicating that the psbDII gene is functional.
Western immunoblot analysis showed that the products of psbD and psbC, the PSII proteins D2 and CP43,
respectively, were present in thylakoids of AMC050, but at reduced levels relative to the wild type, the mutant
AMC027, and two psbDII-inactivated mutants. AMC050 consistently formed small colonies on plates and
competed poorly in mixed-culture experiments. This suggested that, although not essential for viability,
expression from the psbDI locus is required to produce sufficient D2 and CP43 for optimal growth.

The integral membrane proteins of the photosynthetic
membrane complex, photosystem II (PSII), are conserved
between cyanobacteria and higher plant chloroplasts (4, 26).
Among these conserved proteins are Dl and D2, which act in
concert to coordinate the cofactors that mediate the primary
photochemical reactions of charge separation and stabiliza-
tion (20, 34). The genes psbA and psbD, which encode Dl
and D2, respectively, are unique genes in the chloroplast
genomes of most plants (14, 21, 30, 36), but are present in
more than one copy in cyanobacterial genomes (5, 7, 8, 15,
19, 35). The cyanobacterium Synechococcus sp. strain PCC
7942 (hereafter referred to as Synechococcus) has three
psbA genes (8) and two psbD genes (12). The presence of
multiple genes for PSII proteins in cyanobacteria is an
evolutionary puzzle. Cyanobacteria lack some of the regu-
latory features observed in chloroplasts, such as complex
transcript patterns from densely packed operons (3, 6, 16)
and modulation of membrane stacking (17, 32). Multigene
families may represent a strategy for regulating PSII com-
position and architecture, divergent from that of chloro-
plasts, that has evolved within the cyanobacteria. If this idea
is correct, it predicts differential regulation among members
of the gene families under different growth conditions.
Gene inactivation is a useful tool for assessing the function

of individual genes of a multigene family. The method has
been used to engineer a set of Synechococcus strains having
each combination of two of the psbA genes inactivated (8).
This demonstrated that the psbA genes are all functional and
that each is capable of producing sufficient DI protein to
support photoautotrophic growth. Additional analysis has
shown that two distinct forms of Dl are encoded by the psbA
gene family and that differential gene expression results in a

variable ratio of the two forms in the thylakoid (27, 28). We
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are currently using the same methods to follow expression of
the psbD genes and synthesis of the D2 polypeptide.
The two psbD genes encode an identical D2 polypeptide,

but they are arranged in different transcriptional units (12).
One of the genes, psbDI, overlaps and is cotranscribed with
another PSII gene, psbC, which encodes the chlorophyll
a-binding protein called CP43 (4, 12). This is also the
arrangement of the unique psbD and psbC genes of chloro-
plast genomes (14, 21, 30). Synechococcus, like other cya-
nobacteria (35), has an additional monocistronic psbD gene
designated psbDII. Gene inactivation experiments like those
used to characterize the psbA gene family have shown that
psbDII is dispensable under normal laboratory growth con-
ditions (12). A similar experiment designed to test the need
for psbDI was complicated by dependence of the unique
psbC gene on psbDI expression (12).

In this study we used transformation methods based on
recombination between homologous cloned genes and the
cyanobacterial chromosome to engineer a strain having an
additional copy of psbC expressed from the psbDII locus.
This strain provided a genetic background in which it was
possible to inactivate the psbDI gene, indicating that psbDII
is a functional gene and can support photoautotrophic
growth. Although viable, the psbDI-inactivated mutant pro-
duced small colonies and competed poorly in coculturing
experiments, indicating that expression from the psbDI
locus is important for optimal fitness of the cell. This is
probably the result of insufficient expression of the D2 and
CP43 polypeptides from the psbDII-psbC locus.

MATERIALS AND METHODS

Synechococcus sp. strain PCC 7942 (Anacystis nidiulans
R2; Pasteur Culture Collection strain no. 7942) and trans-
formed derivative strains were grown in liquid BG-11 me-
dium (1) or on solid BG-11 agar (9) under constant fluores-
cent illumination at a photosynthetic photon flux density of
approximately 100 microeinsteins m-2 s-'. Liquid cultures
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TABLE 1. Strains and plasmids

Strain or plasmid Description Reference or source

Synechococccus strain
PCC 7942" Wild type; also called Anacystis nidlulacns R2 Lab collection
AMC015 Also called R2S2.2; psbDII inactivated by fl cassette at amino acid 281 12
AMC016 psbDII inactivated at amino acid 93 by kanamycin resistance cassette This study
AMC027 Second copy of psbC expressed from the psbDII locus; carries fl cassette This study
AMC050 psbDI inactivated at amino acid 93 by kanamycin resistance cassette. in This study

AMC027 background

Plasmid
pHP45fl Source of S1 cassette, which encodes spectinomycin resistance 22
pSKS101 Source of kanamycin resistance cassette 29
pUC18 Cloning vector; encodes ampicillin resistance 2
pBGS18 Derivative of pUC18; encodes kanamycin resistance 31
Bluescript KS M13- Cloning vector used for transcribing radiolabeled antisense RNA probes Stratagene
pUR290 Expression vector for lacZ translational gene fusions 25
pAMOll 1.2-kb bl fragment,' carrying most of the psbDI gene, in the vector pUC18 G. Stearns and S. Golden,

unpublished
pAM070 Derivative of pAMOll which carries a kanamycin resistance cassette inserted at G. Stearns and S. Golden,

the ApaI site of psbDI; BamHI site at left end of cassette lost during cloning; unpublished
recombination substrate used to produce strain AMC050

pAM146 2.5-kb P'lluI-Pstl DNA fragment, carrying all of psbDII, in the vector pBGS18 This study
pAM160 Derivative of pAM146 with the b3 fragmentb inserted at the BamHI site of This study

psbDII
pAM213 Derivative of pAM160 with the 51 cassette inserted at the distal BamIIHI site of This study

the b3 fragmentb; recombination substrate used to produce strain AMC027
pAM270 lac(Z-psbC translational fusion in pUR290; contains a 208-bp HindIII-Talql This study

fragment of psbC cloned in-frame into HindIII-Clal-digested pUR290
pAM360 EcoRV-SaO3A fragment from untranslated region upstream of psbDI in the This study

vector Bluescript KS M13-; used to transcribe a psbDI-specific antisense
RNA probe

"Pasteur Culture Collection number.
*See Fig. 1A.

were aerated by gyration or by bubbling with sterile air. All
transformed cyanobacterial strains are described in Table 1.
A detailed procedure for transformation and gene inactiva-
tion of Synechococcus has been published (9). Antibiotics
were added to BG-ll plates (as 400 pl of a 10Ox stock)
beneath the agar 4 h after inoculation (9, 11) to provide the
following final concentrations: spectinomycin, 40 Fg/ml;
streptomycin, 5 ,ug/ml; kanamycin, 50 ig/ml. Transformants
containing the Q1 cassette (22) were initially plated on a
combination of spectinomycin and streptomycin to select
against spontaneous spectinomycin-resistant mutants and
subsequently cultured in the presence of spectinomycin
alone. DH5ot (Bethesda Research Laboratories) was the
Escherichia coli host for all plasmids except pAM270, which
was propagated in a lacIq strain, BB4 (Stratagene). LB (18)
and Terrific Broth (33) media were used to propagate E. coli
strains, and antibiotics were added to cultures at standard
concentrations for maintaining the plasmids in E. coli (18).

Total DNA was isolated from 500-ml cultures of Synecho-
coccus strains as described previously (10). A total DNA
miniprep procedure was used to screen cyanobacterial trans-
formants (9). Most restriction and modifying enzymes were
purchased from Bethesda Research Laboratories (Gaithers-
burg, Md.) or Boehringer Mannheim Biochemicals and used
as directed by the manufacturer.

Southern blot analysis was performed by alkaline capillary
transfer ofDNA (24) from 0.7% agarose gels to Magnagraph
nylon membranes (Micron Separations, Inc.). Restriction
fragments were labeled with [32P]dCTP by random primer
labeling (2); alternatively, probes were synthesized as
[32P]UTP-labeled antisense RNA transcribed by T7 poly-
merase from Bluescript vector-based plasmids (Stratagene).

DNA-DNA hybridization mixtures contained 5x SSPE (18),
1% sodium dodecyl sulfate (SDS), denatured salmon sperm
DNA (100 [Lg/ml), and denatured probe and were incubated
at 60°C. Unhybridized probe was removed from filters by
washing in 0.5x SSPE-0.1% SDS at 65°C. Hybridization
mixes for RNA probes were as for DNA probes except that
they contained 50% (vol/vol) deionized formamide, carrier
DNA was omitted, and mixtures were incubated at 50°C.

Total RNA was isolated from 1.5-liter cyanobacterial
cultures as previously described by Golden et al. (9) and
modified by Schaefer and Golden (28). Samples were dena-
tured with formaldehyde (2), separated by electrophoresis in
a 1.4% agarose gel (2), and transferred to Magnagraph
membranes (Micron Separations, Inc.) for Northern (RNA)
blot analysis. 32P-labeled antisense RNA probes were pre-
pared and hybridized with membranes as for Southern
analysis. Unhybridized probes were removed by washing
filters in 0.lx SSPE-0.2% SDS at 65°C; however, the 16S
rRNA band was visible when this hybridization and washing
regimen was used with the psbDII-specific probe. The ribo-
somal RNA artifact could be removed by hybridizing filters
in 2.5x SSPE-1% SDS at 60°C and washing in 0.25x
SSPE-0.1% SDS at 65°C (data not shown).

Antisense RNA probes that detect transcripts from psbC
and psbDII have been described before (12). Plasmid
pAM360, which was used to produce a psbDI-specific an-
tisense RNA probe, contains a 64-base-pair (bp) EcoRV-
Saii3A fragment from upstream of the psbDI gene (12)
inserted into BamHI- and EcoRV-cleaved Bluescript KS
M13- (Stratagene).
Thylakoid membranes were isolated from cyanobacterial

cultures as described by Schaefer and Golden (27). Samples
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FIG. 1. Restriction maps of the psbDI and psbDII loci in wild-type Synechococcuts, AMCO27, and AMCO0O. The Synechococcus
chromosome is depicted as a solid horizontal line that is dashed at either end to indicate that the DNA extends in each direction, and no
linkage is suggested between the two psbD loci. The positions of open reading frames are indicated by boxes, which represent the following
genes: psbDI, slanted stripes; psbC, cross-hatching; psbDII, stippled gray; ft cassette, open box marked Sp; kanamycin resistance cassette,
open box marked Km. Restriction sites are designated by the following letters: B, BamHI; P, PstI. The sizes and positions of restriction
fragments are shown beneath the chromosome line for BamHI and PstI fragments, identified by b and p, respectively, followed by a numeral.
The scale is the same for all panels. (A) Map of the psbD loci in wild-type Synechococcus. (B) Map of the psbDII locus in AMC027; psbDI
is identical to that of the wild type. (C) Map of the psbDI locus in AMCO5O; the psbDII locus is identical to that of AMC027.

were solubilized and subjected to lithium dodecyl sulfate-
polyacrylamide gel electrophoresis as described by Guikema
and Sherman (13). Separated membrane proteins were trans-
ferred electrophoretically to nitrocellulose membranes (2),
and Western immunoblot analysis was performed as de-
scribed by Schaefer and Golden (27), except that antibody-
antigen reactions were visualized by alkaline phospha-
tase-conjugated anti-rabbit immunoglobulin G secondary
antibodies (Bio-Rad Laboratories).
Antiserum directed against the spinach D2 polypeptide

was a gift from W. Vermaas. Antiserum recognizing the
Synechococcus CP43 polypeptide was raised by injecting
rabbits with a 3-galactosidase-CP43 hybrid protein produced
from a translational gene fusion between the lacZ gene of E.
coli and a portion of the Synechococcus psbC gene. The
gene fusion plasmid pAM270 was constructed by inserting a
208-bp HindIII-TaqI fragment of the psbC gene (nucleotides
1928 to 2136 of the psbDI-psbC sequence [12]) into the lacZ
expression vector pUR290 (25), which had been cleaved
with Hindlll and ClaI. The lacZ gene was induced with
isopropyl-3-D-thiogalactopyranoside for production of the
hybrid protein, which was purified by anti-,-galactosidase
affinity chromatography as described by Schaefer and
Golden (27).

RESULTS

Our lab has shown that the psbDII gene can be inactivated
in the Synechococcus chromosome without noticeably im-

pairing growth (12). Attempts to inactivate the psbDl gene
by a similar method consistently resulted in recombination
of the inactivation cassette at the psbDII locus, suggesting
that the psbDI-psbC operon is essential. Because the unique
psbC gene depends on transcription through psbDI, the
apparently lethal phenotype could be the result of a polar
effect on psbC expression rather than an indication that
psbDI itself is necessary. In order to test this hypothesis, a

strain was constructed that carried a second copy of psbC
downstream of the psbDII gene. This strain provided a

genetic background in which we could attempt to inactivate
psbDI while still providing psbC expression.

Figure 1A represents the wild-type organization and re-

striction map of the psbDI-psbC and psbDII loci. Addition of
a second copy ofpsbC downstream of psbDII is depicted in
Fig. 1B. The recombination substrate used to engineer this
strain was constructed in two steps with E. coli as the
plasmid host. A plasmid carrying the entire psbDII gene was

opened at a BamHI site, near the end of the psbDII gene,
that is conserved in the nearly identical psbDI gene (Fig.
1A). A BamHI fragment from the psbDI-psbC operon that
carries the carboxy terminus of the psbDI coding sequence
and the entire psbC open reading frame was inserted into the
psbDII gene (Fig. 1A and B). The conservation between
psbDl and psbDII resulted in restoration of the psbDII open
reading frame. Because the BamHI fragment includes the
two nucleotide differences between psbDI and psbDII, the
presumptive GTG start codon for the psbC gene, missing in

A

B P
B j 1

psbDII psbC
lll-ikttvsesevvvv?vm .I
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FIG. 2. Southern blot analysis of the psbD and psbC loci of
wild-type Synechococcus, AMC027, and AMC050. DNA from wild-
type Synechococcus (lanes 1 and 4), AMC027 (lanes 2 and 5), and
AMC050 (lanes 3 and 6) was cleaved with BamnHI (lanes 1 to 3) or

Pstl (lanes 4 to 6) and separated by agarose gel electrophoresis as

described previously (9). Southern analysis was performed as de-
scribed in Materials and Methods. (A) Blot probed with fragment bl
(Fig. 1A), which was labeled by a random primer reaction. The psbD
probe was removed, and the blot was probed with an antisense RNA
complementary to the psbC message to produce panel B. Migration
positions of fragment size standards are shown in the center of the
figure.

psbDII (12), was imported with the psbC open reading
frame.
To provide a selection for moving the psbDII-psbC artifi-

cial operon into Synechococcus, a spectinomycin resistance
cassette was inserted at the distal BamHI site (Fig. 1B).
Because the marker is flanked by homology to the Synecho-
coccus chromosome, the predicted recombination event
following transformation of Synechococcus to spectinomy-
cin resistance is a reciprocal recombination or a gene con-

version that would replace an endogenous psbD locus with
the cloned construct (9). Other organizations of a recombi-
nation substrate are possible that would result in gene
duplication events at the target locus (9). The most likely
locus for recombination would be the psbDII locus, since
DNA from upstream and downstream of psbDII surrounds
the psbDII-psbC operon and the spectinomycin resistance
marker. All five of the spectinomycin-resistant Synecho(coc-
cus transformants that were analyzed had this arrangement.
One of these, AMC027, was chosen for further analysis.

Figures IA and B describe the alterations in patterns of
BamHI and PstI restriction fragments, labeled b or p,
respectively, followed by a numeral, that allowed mapping
the chromosome of transformants. Southern blot analysis of
these fragments is shown in Fig. 2. A probe that recognizes
both psbD genes hybridized to BamHI fragments of 1.2 (bl)
and 3.4 kilobases (kb) (b2) in the DNA of wild-type cells
(Fig. 2A, lane 1). In transformant AMCO27 (Fig. 2A, lane 2),
both of these fragments were unchanged, but an alteration in
the PstI fragment p2 was evident (Fig. 2A, lane 5). The new

fragment, p2.1, resulted from the insertion of the psbC-
containing BamHI fragment at the carboxy terminus of
psbDHI, which brought in a PstI site that is 0.5 kb further
from the left end of p2 than the native PstI site downstream

FIG. 3. Northern blot analysis of psbD and psbC transcripts
from wild-type Synecho(occus, AMC027, and AMC050. Triplicate
samples of RNA (4 p.g per lane) from the wild-type (lane 1), AMC027
(lane 2), and AMC050 (lane 3) were treated with formaldehyde,
separated on agarose gels, and transferred to nylon membranes. One
set of lanes was hybridized with an antisense RNA probe specific for
each of the following transcripts: (A) psbDI; (B) psbC; (C) psbDII.
The sizes of the wild-type psbD messages are indicated. An asterisk
marks the position of the 16S rRNA band, which bound the
psbDII-specific probe.

ofpsbDII (Fig. 1B). The p2 fragment was also recognized by
a probe from the interior ofpsbC (Fig. 2B, lane 5), consistent
with the map shown in Fig. 1B.
Northern blot analysis of transcripts from Synechococcu.s

strain AMC027 probed with radiolabeled antisense RNAs
specific for psbDI, psbC, or psbDII is shown in Fig. 3. These
blots showed that the psbDII message in AMC027 migrated
as a 2.5-kb species, the expected size for a psbDII-psbC
dicistronic message (Fig. 3C, lane 2). -Messages that hybrid-
ized to psbDI and psbC probes migrated at the same posi-
tions in RNA from AMC027 and from wild-type cells (Fig.
3A and B, lanes 1 and 2); this result was expected, since the
psbDII-psbC dicistronic message should be only 50 nucleo-
tides longer than the psbDI-psbC message (12) and not
detectable over the more abundant wild-type dicistronic
RNA. These data confirmed that psbC was being expressed
in AMC027 from the psbDII locus as well as from the psbDI
locus, suggesting that if psbDI is dispensable, it should be
possible to inactivate that gene in AMC027 without jeopar-
dizing psbC function.
Synechococcus strain AMC027 was used as a transforma-

tion host for a plasmid in which the psbDI gene had been
interrupted by a kanamycin resistance cassette (Fig. 1C).
The recombination substrate plasmid pAM070 is the same
plasmid that failed to produce psbDl-inactivated mutants
from wild-type cells. Of six kanamycin-resistant transfor-
mants of AMC027 that were characterized by Southern blot
analysis, recombination between the inactivation cassette
and the chromosome occurred at the psbDII locus in four
clones and at the psbDI locus in two clones (data not
shown). The viability of two clones in which the psbDI gene
was interrupted indicated that the gene is dispensable,
suggesting that psbDII can produce sufficient D2 polypeptide
to sustain photoautotrophic growth. However, only two of
six transformants showed this recombination event, despite
the fact that the inactivation construction had slightly more
sequence identity to psbDI than to psbDII; this suggested
that there might be a selective advantage to maintaining an
active psbDI-psbC operon.
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One of the psbDI-interrupted transformants, AMC050,
was characterized further to determine whether the psbDI
gene was fully inactivated. Figure 1C shows the expected
changes in BamHI and PstI restriction fragments following
recombination between the inactivation cassette and the
psbDI locus. These fragments were observed in the South-
ern blot analysis shown in Fig. 2. The fragments associated
with psbDI to which a psbD probe hybridized in wild-type
DNA, bl (Fig. 2A, lane 1) and pl (Fig. 2A, lane 4), were
altered in DNA from AMC050 (lanes 3 and 6). Fragment bl
was replaced by two new fragments, bl.1 and bl.2, that
resulted from the introduction of a BamHI site at the right
end of the kanamycin resistance cassette between the two
native BamHI sites (Fig. 1C). Fragment bl.1 contained the
first half of the psbDl gene and the entire kanamycin
resistance cassette and was recognized by a probe from the
antibiotic cassette as well as the psbD probe (data not
shown). Fragment bl.2 contained the second half of the
psbDI gene, from the BamHI site at the right end of the
kanamycin resistance cassette to the native end of bl.
Restriction digests with PstI also supported the inactivation
of psbDI. Fragment pl, which included all of psbDI and
most of psbC in wild-type cells (Fig. 1A), was replaced by
two new fragments, p1.1 and pl.2, in the transformant (Fig.
1C and 2A and B, lane 6). Fragments bl and pl were
undetectable in AMC050 DNA (Fig. 2A, lanes 3 and 6),
indicating that all copies of the chromosome carried the
inactivated psbDI locus. The BamHI fragment b3 was un-
changed in the mutant (Fig. 2B, lane 3); this result was
expected because the alterations at the psbDI locus occurred
upstream of the BamHI site at the left end of b3 (Fig. 1C).
Northern blot analysis confirmed that AMC050 did not

produce any detectable psbDI message (Fig. 3A, lane 3).
However, in this strain, a psbC probe recognized a 2.5-kb
RNA which should correspond to the psbDII-psbC dicis-
tronic message (Fig. 3B, lane 3). A psbDII-specific probe
confirmed that the 2.5-kb band was produced from the
psbDII locus (Fig. 3C, lane 3). Since all of the lanes shown
in Fig. 3 were loaded with a constant amount of RNA, the
Northern blot shows the relative abundance of messages
among the three strains. Comparison of the amount of 2.5-kb
message in lanes 2 and 3 of panel C indicates that the
steady-state level of message from the psbDII locus was
greatly increased in AMC050. Since the psbDII-psbC operon
is identical between AMC027 and AMC050, this suggests
that transcription of the psbDII gene is upregulated by
loss of function of psbDI. Lanes 2 and 3 of panel B provide
a comparison of the total amount of psbC message in
AMC027 and AMC050. It is important to note that the psbC
probe detected the messages from both the psbDI-psbC and
psbDII-psbC loci in AMC027 (lane 2). These data indicate
that the dicistronic message arising from psbDII (lane 3) is
significantly less abundant than wild-type psbD-psbC RNA
(lanes 1 and 2). Thus, the increased level of dicistronic
transcript from the psbDII locus in AMC050 fails to reach
the level of psbD-psbC message that is present in cells
containing a functional psbDI-psbC operon. This suggests
that AMC050, although photosynthetically competent, might
be somewhat impaired in production of the psbD and psbC
products, D2 and CP43.
Western blot analysis of thylakoid membranes for D2 and

CP43 indicated that AMC050 had a lower steady-state level
of each of these proteins than did wild-type cells of other
mutants in which the psbDI-psbC operon was active (Fig. 4).
The amount of D2 (panel A) and CP43 (panel B) was
constant among thylakoids of the wild type (lanes 1),

A
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n1 C4
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FIG. 4. Western blot analysis of thylakoid membrane proteins
from wild-type Synechococcus and four mutant derivative strains.
Duplicate thylakoid membrane samples containing 80 ,ug of total
protein from wild-type Synechococcus (lane 1), AMC027 (lane 2),
AMC050 (lane 3), AMC015 (lane 4), and AMC016 (lane 5) were
solubilized and loaded onto lanes of a 10 to 20% polyacrylamide
gradient gel. Following electrophoresis, the proteins were trans-
ferred to nitrocellulose and incubated with antisera directed against
the spinach D2 polypeptide (A) or the Synechococcus CP43 poly-
peptide (B). Antibody reactions were visualized with alkaline phos-
phatase-conjugated secondary antibodies and photographed. The
approximate size of each band relative to prestained molecular mass
standards is shown in kilodaltons (kd).

AMC027 (lanes 2), and two psbDII-interrupted mutants,
AMC015 and AMC016 (lanes 4 and 5). However, both bands
were lighter in the AMC050 lane. Strain AMC015 carries an
interrupted psbDII gene that is missing 71 amino acids from
the carboxy terminus of the coding region, and its truncated
psbDII mRNA is detectable by Northern blot analysis (12).
Since no truncated polypeptide was detectable in Fig. 4A,
lane 4, the mutant protein does not appear to accumulate in
thylakoids and is probably nonfunctional. The psbDII gene
of AMC016 is interrupted by the same construction used to
inactivate psbDI in AMC050; it could produce a peptide of
only 91 amino acids.

If the levels of D2 and CP43 are depressed in AMC050, it
is likely that the cells would show some growth impairment
relative to wild-type Synechococcus. Liquid cultures of each
of the strains in the absence of selective antibiotics showed
indistinguishable growth rates as measured by changes in
optical density at 750 nm. However, the information ob-
tained from these measurements is limited. Synechococcus
growth rate is light dependent and slowed by slight increases
in culture density which cause shading. This results in a very
short period of logarithmic growth; only gross differences in
rates would be detected. As a more sensitive measure of
subtle changes in fitness of mutant cells, coculturing exper-
iments were carried out in which equal numbers of mutant
and wild-type cells were mixed and grown for several days
without antibiotic selection. The advantage of this method is
that it tests the relative growth rates over a longer period of
time and through a range of light intensities able to penetrate
the developing culture over the course of the experiment.
After the coculturing period, the samples were diluted and
plated to assay the makeup of the resulting population by the
distribution of characteristic antibiotic resistance markers.
When the culture contained wild-type cells mixed with either
AMC016 or AMC027, mutant and wild-type colonies were
recovered in approximately equal numbers. However, only
27 to 34% of the colonies were resistant to spectinomycin
and kanamycin following coculture of wild-type and
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AMC050 cells. When all four strains were cocultured, 23%
of the colonies carried no antibiotic marker and were scored
as wild type, 27% were spectinomycin resistant and were
scored as AMC027, 36% were resistant to only kanamycin
and were scored as AMC016, and 14% carried resistance to
both antibiotics and represented AMC050. The colonies
carrying the two antibiotic markers of AMC050 were only
one-third to one-half the diameter of all other colonies in
each case, even when plated on nonselective medium. The
higher-than-expected number of AMC016 colonies and low-
er-than-expected number of AMC050 colonies could result
from loss of the spectinomycin resistance cassette from
AMC050; however, when AMC050 was cultured alone with-
out antibiotic selection, spectinomycin resistance was very
stable, and its loss would account for no more than a 0.5%
change in the representation of AMC050 in the population.
These data indicate that loss of function of the psbDI-psbC
operon, although not lethal, impaired the fitness of Synecho-
coccus, as predicted by the reduced levels of psbD-psbC
message and their products, the D2 and CP43 polypeptides.

DISCUSSION

These experiments demonstrated that the monocistronic
psbDII gene is functional and suggest that the essential
nature of the psbDI-psbC operon is explained by the need for
CP43 produced from the unique psbC gene. Although dis-
pensable, function of the psbDI locus appears to be impor-
tant for optimal growth under standard laboratory condi-
tions, since AMC050 competed poorly in mixed culture with
other strains and consistently formed small colonies. Com-
parison of psbD and psbC transcripts and D2 and CP43
polypeptides among AMC050 and strains having an active
psbDI-psbC locus indicated that the psbDII locus cannot
produce wild-type levels of the two proteins.
The message from the psbDII-psbC artificial operon in

AMC027 was present at a lower steady-state level than the
monocistronic psbDII message from wild-type cells; this
may be due to a difference in transcriptional efficiency
caused by the structural alteration of the transcription unit,
or it may reflect a decreased stability of the dicistronic
message relative to the monocistronic species. However,
inactivation ofpsbDI greatly increased the abundance of this
transcript. Since the psbDII-psbC dicistron is structurally
identical between AMC027 and AMC050, this can only be
interpreted as upregulation of psbDII expression in response
to loss of function of the psbDI gene; a sharp decline in the
steady-state level of D2 following psbDI inactivation is a
possible signal for increased expression from psbDII.
No growth impairment was noted in either of the two

mutants that lack function of psbDII. The gene may, how-
ever, have an important function in the cell under growth
conditions that were not tested in our experiments. Differ-
ential expression of other PSII genes has been reported (28).
The psbAII and psbAIII genes of Synechococcus are ex-
pressed at a very low level under typical laboratory growth
conditions, contributing only 5 to 6% of the total psbA
message population (8, 28). However, expression of these
genes is elevated at light intensities that exceed standard
photon flux (28), resulting in a higher proportion of a minor
form of DI in the thylakoid membrane (27). The psbDII gene
might likewise be induced under conditions that have not yet
been identified. Preliminary experiments suggest that the
abundance of the psbDII transcript in wild-type cells is
affected by changes in light intensity (S. A. Bustos and S. S.
Golden, unpublished data).

The differential expression of the three psbA genes results
in an altered ratio of two forms of Dl in the thylakoid
membrane (27). The two psbD genes of Synechococcus
encode an identical polypeptide; thus, no qualitative change
in PSII composition would be effected by modulating expres-
sion of psbDII. Evidence that the monocistronic psbDII
locus is regulated is provided by the increased steady-state
level of psbDII-psbC message in AMC050 relative to that in
AMC027. This suggests that psbDII is able to compensate
partially for loss of psbDI by increased expression. Consis-
tent with this suggestion is the lack of a typical procaryotic
-35 element in the promoter region of the psbDII gene, a
characteristic of E. coli promoters that are under positive
regulation (23). The primary result of regulated expression of
the monocistronic psbD locus would be to alter the ratio of
messages that encode psbD or psbC. In plant chloroplasts
there is a single overlapping psbD-psbC operon, but a
complex pattern of transcripts is produced from this locus,
including some monocistronic species (6). Changes in the
transcript pattern occur during chloroplast development in
barley, which correlate with increased expression of psbD
relative to psbC (6). No monocistronic messages have been
detected from the psbDI-psbC locus of Synechococcus (12).
Gene duplication may be an evolutionarily divergent mech-
anism for coordinating the synthesis of PSII components
that has evolved in the cyanobacteria.

ACKNOWLEDGMENTS

We thank Michael Schaefer and Monica Smith for their help with
preparation of the anti-CP43 antiserum and Wim Vermaas for
providing us with antiserum against the spinach D2 polypeptide.

This work was supported by Public Health Service grant RO1
GMS 37040 from the National Institutes of Health and an American
Cancer Society Junior Faculty Research Award (JFRA-224) to
S.S.G. Some of the equipment used in this research was provided by
a National Science Foundation Biological Instrumentation Program
Grant to S.S.G. and other investigators (BBS-8703784).

LITERATURE CITED
1. Allen, M. M. 1968. Simple conditions for growth of unicellular

blue-green algae on plates. J. Phycol. 4:1-4.
2. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G.

Seidman, J. A. Smith, and K. Struhl. 1987. Current protocols in
molecular biology. Greene Publishing Associates and Wiley-
Interscience, New York.

3. Barkan, A. 1988. Proteins encoded by a complex chloroplast
transcription unit are each translated from both monocistronic
and polycistronic mRNAs. EMBO J. 7:2637-2644.

4. Bryant, D. A. 1987. The cyanobacterial photosynthetic appara-
tus: comparison of those of higher plants and photosynthetic
bacteria. Can. Bull. Fish. Aquatic Sci. 214:423-500.

5. Curtis, S. E., and R. Haselkorn. 1984. Isolation, sequence and
expression of two members of the 32 kd thylakoid membrane
protein gene family from the cyanobacterium Anabaena 7120.
Plant Mol. Biol. 3:249-258.

6. Gamble, P. E., T. B. Sexton, and J. E. Mullet. 1988. Light-
dependent changes in psbD and psbC transcripts of barley
chloroplasts: accumulation of two transcripts maintains psbD
and psbC translation capability in mature chloroplasts. EMBO
J. 7:1289-1297.

7. Gingrich, J. C., J. S. Buzby, B. L. Stirewald, and D. A. Bryant.
1988. Genetic analysis of two new mutations resulting in herbi-
cide resistance in the cyanobacterium Synechococcus sp. PCC
7002. Photosyn. Res. 16:83-99.

8. Golden, S. S., J. Brusslan, and R. Haselkorn. 1986. Expression
of a family of psbA genes encoding a photosystem II polypep-
tide in the cyanobacterium Anacystis nidulans R2. EMBO J.
5:2789-2798.

9. Golden, S. S., J. Brusslan, and R. Haselkorn. 1987. Genetic

J. BACTERIOL.



SYNECHOCOCCUS psbD GENES 4713

engineering of the cyanobacterial chromosome. Methods En-
zymol. 153:215-231.

10. Golden, S. S., M. S. Nalty, and D. C. Cho. 1989. Genetic
relationship of two highly studied Synechococcus strains desig-
nated Anacystis nidulans. J. Bacteriol. 171:24-29.

11. Golden, S. S., and L. A. Sherman. 1984. Optimal conditions for
genetic transformation of the cyanobacterium Anacystis nidu-
lans R2. J. Bacteriol. 158:36-42.

12. Golden, S. S., and G. W. Stearns. 1988. Nucleotide sequence
and transcript analysis of three photosystem II genes from the
cyanobacterium Synechococcus sp. PCC7942. Gene 67:85-96.

13. Guikema, J., and L. Sherman. 1982. Protein composition and
architecture of the photosynthetic membranes from the cyano-
bacterium, Anacystis nidulans R2. Biochim. Biophys. Acta
681:440-450.

14. Holschuh, K., W. Bottomley, and P. R. Whitfeld. 1984. Structure
of the spinach chloroplast genes for the D2 and 44 kd reaction-
centre proteins of photosystem II and for tRNASer (UGA).
Nucleic Acids Res. 12:8819-8834.

15. Jansson, C., R. J. Debus, H. D. Osiewacz, M. Gurevitz, and L.
McIntosh. 1987. Construction of an obligate photoheterotrophic
mutant of the cyanobacterium Synechocystis 6803. Plant Phys-
iol. 85:1021-1025.

16. Kohchi, T., T. Yoshida, T. Komano, and K. Ohyama. 1988.
Divergent mRNA transcription in the chloroplast psbB operon.
EMBO J. 7:885-891.

17. Larsson, U. K., and B. Andersson. 1985. Different degrees of
phosphorylation and lateral mobility of two polypeptides be-
longing to the light-harvesting complex of photosystem II.
Biochim. Biophys. Acta 809:396-402.

18. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

19. Mulligan, B., N. Schultes, L. Chen, and L. Bogorad. 1984.
Nucleotide sequence of a multiple-copy gene for the B protein
of photosystem II of a cyanobacterium. Proc. Natl. Acad. Sci.
USA 81:2693-2697.

20. Nanba, O., and K. Satoh. 1987. Isolation of a photosystem II
reaction center consisting of D-1 and D-2 polypeptides and
cytochrome b-559. Proc. Natl. Acad. Sci. USA 84:109-112.

21. Ohyama, K., H. Fukuzawa, T. Kohchi, H. Shirai, T. Sano, S.
Sano, K. Umesono, Y. Shiki, M. Takeuchi, Z. Chang, S. Aota, H.
Inokuchi, and H. Ozeki. 1986. Chloroplast gene organization
deduced from complete sequence of liverwort Marchantia poly-
morpha chloroplast DNA. Nature (London) 322:572-574.

22. Prentki, P., and H. M. Krisch. 1984. In vitro insertional muta-
genesis with a selectable DNA fragment. Gene 29:303-313.

23. Raibaud, O., and M. Schwartz. 1984. Positive control of tran-

scription initiation in bacteria. Annu. Rev. Genet. 18:173-206.
24. Reed, K. C., and D. A. Mann. 1985. Rapid transfer of DNA from

agarose gels to nylon membranes. Nucleic Acids Res. 13:
7202-7221.

25. Ruther, U., and B. Muller-Hill. 1983. Easy identification of
cDNA clones. EMBO J. 2:1791-1794.

26. Satoh, K. 1985. Protein-pigments and photosystem Il reaction
center. Photochem. Photobiol. 42:845-853.

27. Schaefer, M. R., and S. S. Golden. 1989. Light availability
influences the ratio of two forms of Dl in cyanobacterial
thylakoids. J. Biol. Chem. 264:7412-7417.

28. Schaefer, M. R., and S. S. Golden. 1989. Differential expression
of members of a cyanobacterial psbA gene family in response to
light. J. Bacteriol. 171:3973-3981.

29. Shapira, S. K., J. Chou, F. V. Richaud, and M. J. Casadaban.
1983. New versatile plasmid vectors for expression of hybrid
proteins coded by a cloned gene fused to lacZ gene sequences
encoding an enzymatically active carboxy-terminal portion of
I-galactosidase. Gene 25:71-82.

30. Shinozaki, K., M. Ohme, M. Tanaka, T. Wakasugi, N. Hayash-
ida, T. Matsubayashi, N. Zaita, J. Chunwongse, J. Obokata, K.
Yamaguchi-Shinozaki, C. Ohto, K. Torazawa, B. Y. Meng, M.
Sugita, H. Deno, T. Kamogashira, K. Yamada, J. Kusuda, F.
Takaiwa, A. Kato, N. Tohdoh, H. Shimada, and M. Sugiura.
1986. The complete nucleotide sequence of the tobacco chloro-
plast genome: its gene organization and expression. EMBO J.
5:2043-2049.

31. Spratt, B. G., P. J. Hedge, S. te Heesen, A. Edelman, and J. K.
Broome-Smith. 1986. Kanamycin-resistant vectors that are an-
alogues of plasmids pUC8, pUC9, pEMBL8 and pEMBL9.
Gene 41:337-342.

32. Steinback, K. E., S. Bose, and D. J. Kyle. 1982. Phosphorylation
of the light-harvesting chlorophyll-protein regulates excitation
energy distribution between photosystem II and photosystem I.
Arch. Biochem. Biophys. 216:356-361.

33. Tartof, K. D., and C. A. Hobbs. 1987. Improved media for
growing plasmid and cosmid clones. Focus 9(2):12.

34. Trebst, A. 1986. The topology of the plastoquinone and herbi-
cide binding peptides of photosystem II in the thylakoid mem-
brane. Z. Naturforsch 41c:240-245.

35. Williams, J. G. K., and D. A. Chisholm. 1987. Nucleotide
sequences of both psbD genes from the cyanobacterium Syn-
echocystis 6803. Progress Photosynthesis Res. IV.12:809-812.

36. Zurawski, G., H. J. Bohnert, P. R. Whitfeld, and W. Bottomley.
1982. Nucleotide sequence of the gene for the M, 32,000
thylakoid membrane protein from Spinacia oleracea and Nico-
tiana debneyi predicts a totally conserved primary translation
product ofMr 38,950. Proc. Natl. Acad. Sci. USA 79:7699-7703.

VOL. 171, 1989


