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Cells of Synechocystis sp. PCC 6803 lacking photosystem I (PSI-less) and containing only photosystem II (PSII)
or lacking both photosystems I and II (PSI/PSII-less) were compared to wild type (WT) cells to investigate the
role of the photosystems in the architecture, structure, and number of thylakoid membranes. All cells were
grown at 0.5 μmol photons m−2 s−1. The lumen of the thylakoid membranes of the WT cells grown at this
low light intensity were inflated compared to cells grown at higher light intensity. Tubular as well as
sheet-like thylakoid membranes were found in the PSI-less strain at all stages of development with organized
regular arrays of phycobilisomes on the surface of the thylakoid membranes. Tubular structures were also
found in the PSI/PSII-less strain, but these were smaller in diameter to those found in the PSI-less strain
with what appeared to be a different internal structure and were less common. There were fewer and smaller
thylakoid membrane sheets in the double mutant and the phycobilisomes were found on the surface in more
disordered arrays. These differences in thylakoid membrane structure most likely reflect the altered compo-
sition of photosynthetic particles and distribution of other integral membrane proteins and their interaction
with the lipid bilayer. These results suggest an important role for the presence of PSII in the formation of the
highly ordered tubular structures.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Oxygenic photosynthesis is undertaken by both plants and cyano-
bacteria. These organisms convert light energy to chemical energy in
the photolysis of water, releasing electrons into an electron transfer
chain generating chemical potential energy, and liberating oxygen.
The site of photosynthesis in these organisms is a specialized mem-
brane system called the thylakoid membrane. Macromolecular pro-
tein complexes involved in photosynthesis are embedded within
thylakoid membranes and are also found as peripheral antenna in
cyanobacteria and algae.

The structural basis of photosynthesis in both cyanobacteria and
higher plants is understood from spectroscopic studies and X-ray
II; FF, freeze fracture; EF, en-
ting complex
.O. Box 874501, Arizona State
965 8618; fax: +1 480 965

n de Meene).
d Research, Harpenden, Herts,

ace Chemistry, Department of
sity of Technology, Den Dolech

rights reserved.
crystallography of photosynthetic complexes [1,2]. In higher plants,
the chlorophyll b containing light harvesting complex (LHC), which
is associated with photosystem II (PSII), is implicated in the formation
of thylakoid stacks, also called grana membranes, by electrostatic
forces [3]. In cyanobacteria, there are no LHCs, but rather phycobili-
somes that that are extrinsic to the cytoplasmic side of the thylakoids
and act as antenna complexes for light capture. The presence of phy-
cobilisomes prevents the possibility of grana-like stacking of the thy-
lakoid membranes. The role of the photosystems themselves in
determining the structure of thylakoid membranes is not clear. To
study the role of PSII on thylakoid architecture we investigated a mu-
tant of Synechocystis sp. PCC 6803 lacking a functional photosystem I
(PSI) complex [4] leaving only PSII present and a mutant lacking both
PSI and PSII [5]. A previous study [22] reported on the ultrastructural
and biochemical characteristics of a mutant lacking only PSII.

Cyanobacteria are ideal organisms to investigate questions regard-
ing processes and structures associated with oxygenic photosynthe-
sis. In particular, Synechocystis sp. PCC 6803 is a useful model
cyanobacterium as the genome has been sequenced [6], genetic ma-
nipulations are straightforward [7], and this organism can be grown
with an external carbon source allowing the deletion of photosyn-
thetic components. Protocols for measurements of photosynthesis
have been developed and this organism is amenable to cryofixation
techniques for ultrastructural analysis [8–10].

http://dx.doi.org/10.1016/j.bbamem.2012.01.019
mailto:Robert.Roberson@asu.edu
http://dx.doi.org/10.1016/j.bbamem.2012.01.019
http://www.sciencedirect.com/science/journal/00052736


1428 A.M.L. van de Meene et al. / Biochimica et Biophysica Acta 1818 (2012) 1427–1434
The PSI-less mutant investigated lacks the psaA and psaB genes that
encode the core reaction center proteins necessary for the assembly of
the PSI complex. These deletions allow detailed investigations into
PSII [4].

The PSI/PSII-less mutant lacks the PSI core genes psaA and psaB, as
well as the two copies of the psbD gene and psbC [5]. The psbD genes
encode the PSII reaction center protein D2 that binds essential redox
co-factors necessary for photosynthetic electron transfer. The last
gene, psbC, encodes the CP43 protein. The PSI-less mutant only
grows at low light intensities of 0.5 μmol photons m−2 s−1 or less
presumably due to the reduction of the plastoquinone pool at higher
light intensities. Both the PSI-less and the PSI-less/PSII-less strains re-
quire glucose as a fixed-carbon source.

The organization and structure of the thylakoids in these mutants
and in wild type (WT) cells grown at low light intensities was deter-
mined using transmission electron microscopy and electron tomogra-
phy. The number of thylakoid membranes and the volume of the
thylakoid membranes and the enclosed lumen were determined
from the electron micrographs using stereological methods for statis-
tical analysis. The distributions, sizes and numbers of intermembrane
particles were investigated using freeze fracture/freeze etch analysis.
PSII-less cells were not investigated as Nilsson and coworkers [22] in-
vestigated such a mutant previously using FF and TEM techniques.

The differences observed in this study can be correlated to bio-
chemical and physiological properties that have previously been de-
scribed in these mutants and give some insight into how the
functional photosystems are involved in thylakoid structure.

2. Materials and methods

2.1. Cell culture

Synechocystis sp. PCC 6803 cells were maintained on sterile agar
plates made with BG-11 medium [11] with 10 mM TES-NaOH (pH
8.0), 1.5% agar, 10 mM glucose and 0.3% sodium thiosulfate added. For
the PSI-less mutant [4] 25 μg/ml chloramphenicol was added to the
agar plate. For the PSI/PSII-less mutant [5] 25 μg/ml chloramphenicol,
10 μg/ml erythromycin, and 25 μg/ml spectinomycin were added. For
liquid culture, the cells were grown in 50ml of BG-11medium contain-
ing 5 mM TES-NaOH (pH 8.0) with the relevant antibiotics and 5 mM
glucose in 100 ml Erlenmeyer flasks on an orbital shaker at 140 rpm.
All cell types, includingWT, were grown continuously at a light intensi-
ty of 0.5 μmol photons m−2 s−1 at a constant temperature of 30 °C.

2.2. Transmission electron microscopy

Cells in the logarithmic growth phase were spun in 50 ml centri-
fuge tubes at 1200 rpm in a medical centrifuge for 10 min to form a
pellet. Approximately 20 μl aliquots of the cell pellet were placed
onto a Formvar-coated copper grid, which was then placed between
the flat sides of two B-type brass planchets (Ted Pella Inc., Redding,
CA). The copper grid is used as a spacer creating a thin layer of cells
that allowed for a higher yield of well frozen cells. The cells were
high pressure frozen using a Bal-Tec HPM 010 High Pressure Freezing
Machine (Bal-Tec Products, Middlebury, CT). Following cryofixation,
the samples were freeze-substituted at −85 °C in 1% glutaraldehyde
(Electron Microscopy Sciences, Washington, PA) and 1% tannic acid
in HPLC-grade anhydrous acetone for 72 h. The samples were then
rinsed in three changes of anhydrous acetone at −85 °C before
being placed in a 1% OsO4 solution in acetone and slowly warmed to
room temperature over a six-hour period. The cells were then rinsed
in acetone and slowly infiltrated with and polymerized in Spurr's
resin [12]. Embedded cells were cut into serial 70 nm thick sections
with an Ultracut R Microtome (Leica, Vienna, Austria) and collected
on Formvar-coated copper slot grids. Sections were post-stained
with 2% uranyl acetate in 50% ethanol for 5 min followed by 5 min
with Reynolds' lead citrate [13]. The grids were carbon-coated and
viewed at 80 kV using an FEI CM12S transmission electron micro-
scope (FEI Company, Mahwah, NJ). At least 100 cell images were
taken, at random, of each strain investigated. Images of these sections
were captured digitally with a 1 K Multiscan CCD Camera (Gatan Inc.,
Pleasanton, CA) using Digital Micrograph software (Gatan).

The number of thylakoid membrane sheets per cell was counted
for 100 random cell images of each strain to determine whether
there was a difference in the average numbers of thylakoid mem-
brane sheets per cell between the strains. The relative volumes of
the lumen of these thylakoid membrane sheets were compared to
the cytoplasmic volume using stereological methods [14,15].

2.3. Electron tomography

The embedded cells were prepared for electron tomography as de-
scribed in [10]. Thick sections (100–200 nm) were cut with an Ultra-
cut R microtome (Leica, Vienna, Austria) and collected on grids post-
stained as described above. Fiducial markers were applied randomly
to each surface of the sections in the form of 10 nm colloidal gold par-
ticles (Sigma, St. Louis, MO). Dual-axis electron tomograms were col-
lected using a Tecnai F20 intermediate-voltage electron microscope
(IVEM) (FEI Company, Hillsboro, OR) at 200 kV at the Center for
Solid State Sciences (Arizona State University, AZ). Tomography
data sets were obtained from selected cells by acquiring consecutive
tilt views every 1o from−60o to +60o on a Gatan 1 K×1 K CCD cam-
era. Tilt-series acquisition was carried out automatically at a nominal
defocus of 0.8 μm by the tomography plugin for the ESVision data ac-
quisition software (Emispec Inc., now FEI Company). For the collec-
tion of the tomographic tilt-series an in-house built high-tilt sample
holder was used [16]. The datasets were subsequently aligned, recon-
structed and visualized in IMOD [17–19]. A total of nine dual-axis to-
mograms, three of each cell type, were reconstructed and analyzed.

Tomographic figures selected in this paper represent cross sec-
tions through the complete tomographic reconstructions. The corre-
sponding movie supplements display sequential sections through
the reconstructed volume, i.e., moving from the front to the back
side of the reconstruction. Movies were generated using QuickTime
Pro (Apple Computers, Cupertino, CA). Tomography data sets were
obtained from selected cells by digitally collecting consecutive tilt
views every 1o from −60o to +60o. The size of the pixels in the to-
mograms was 1.1 nm giving a 4–5 nm resolution in the X- and Y-
axes and 6–7 nm in the Z-axis due to the point spread function of
the microscope. A total of nine dual-axis tomograms, three of each
cell type, were reconstructed.

2.4. Freeze fracture

For freeze fracture, cells were prepared for high pressure cryofixa-
tion as described above. However, instead of the B-type planchets,
solid gold or brass edge-to-edge planchets (3 mm×0.8 mm) (Bal-
tec RMC distributed by Boeckler Instruments Inc., Tucson, AZ) were
used. The cells were placed directly on the flat surface of the planchet
prior to freezing and no copper slot grid was used as cells needed to
stay on the surface of the planchet for fracturing. Two of the planchets
were appressed together for freezing, which allowed a thin layer of
cells to be frozen without reducing the size or conductivity of the
planchets. These specimen carriers could fit into both the specimen
holder for the high-pressure freezer and the Balzers 400D Freeze-
Etch Unit (Balzers Corp., Nashua, NH) where the cells were fractured
as the two planchets were separated. If required, the knife in the
chamber could be used to further fracture the material. Following
fracturing, the cells were etched at −110 °C for 5 min at a pressure
of 10−6 mbar. The specimen was then shadowed with platinum
from a 45o angle and the replica was backed with carbon applied
from directly above [20]. To clean the replicas, the planchets, cells



Fig. 1. TEM images of Synechocystis sp. PCC 6803 wild type cells grown at 0.5 mol photons m−2 s−1 (A–D), PSI-less cells (E–H), and PSI/PSII-less cells (I–L) both grown under the
same conditions as the wild type cells. The thylakoid membrane pairs (white arrowheads) form layers around the periphery of the cell in all three cell types converging adjacent to
the cytoplasmic membrane at various points around the cell (asterisks). Carboxysomes (c) and polyhydroxyalkanoate granules (p) are present in the cells. The PSI-less cells (E–H)
have tubes of thylakoid membranes that are surrounded by electron opaque phycobilisomes and can be seen in both cross section as circles and longitudinal section as tubes (white
arrows). Similar tubes are seen in the PSI/PSII-less cells. Scale Bars=200 nm.
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Fig. 3. Average number of thylakoid membrane pairs and percentage thylakoid volume
per cell per strain. The PSI-less mutant has more thylakoid membrane pairs per cell but
the volume of the PSI-less and WT cells are not significantly different. The PSI /PSII-less
cells have fewer thylakoid membrane pairs than the PSI-less mutant but similar num-
ber to the WT LL grown cells. The volume taken up by the thylakoid membranes in this
mutant was significantly lower.
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and replicas were initially placed in 15% methanol for 10 min, followed
by 30min in a 1:1 solution of 15% methanol and sodium hypochlorite
before being placed in 100% sodium hypochlorite overnight at room
temperature. The next day the planchets and replicas were rinsed
three times in double distilled H2O before the replica only was placed
in 70% sulfuric acid for 5 h at 60 °C. The replicas were then rinsed
again in double distilled H2O before being placed on Formvar-coated
mesh grids. The replicas were viewed at 80 kV using an FEI CM12S
transmission electron microscope (FEI Co., Mahwah, NJ). The sizes of
the particles on the surfaces of the thylakoid membranes were deter-
mined directly from the electronmicrographs using theMetamorph Im-
aging System (Molecular Devices, Sunnyvale, CA).

3. Results

3.1. Thylakoid membrane organization and number

The thylakoid membranes were significantly different in all of the
three strains of Synechocystis sp. PCC 6803 investigated (Figs. 1 & 2).
The central region of cytoplasm within the thylakoid membranes
contained the central cytoplasmic space with carboxysomes and
was sometimes traversed by thylakoid membranes and other struc-
tures. Polyhydroxyalkanoate granules were found mostly around
the periphery of the cells (Fig. 1).

Like cells grown at higher light intensities [8,10], the thylakoid mem-
brane pairs of WT cells grown 0.5 μmol photons m−2 s−1 (Fig. 1A–D)
formed stacks of parallel sheets that converged at points adjacent to the
cytoplasmic membrane. In 15 cells out of 207 examined (7%) there
were points of convergence where there appeared to be fusion between
the cytoplasmicmembrane and the thylakoidmembranes, creating conti-
nuity of the periplasmic space and thylakoid lumen (Fig. 2B).

In the low light grown WT cells, the number of thylakoid mem-
brane pairs in a stack ranged from 1–8 compared to 3–10 in cells
Fig. 2. TEM images (A–B, E–F, I–J), electron tomography images (C, G, K) and electron tomog
photons m−2 s−1 (A–D), PSI-less cells (E–H), and PSI/PSII-less cells (I–L). In the 0.5 mol pho
ed lumen. Glycogen granules are apparent between the thylakoid pairs (black arrowheads). A
with the periplasmic space (black asterisk). From electron tomography, location and size of
to observe. In the model the thylakoid membrane pairs (green) and glycogen granules (oran
present on the surface of the thylakoid membranes and tubes (white arrowheads and arrow
(black arrowheads) project slightly into the lumen when observed in a 5 nm electron tomog
of thylakoid membrane sheets (green) with rows of phycobilisomes (blue) on the surface. In
the thylakoid membrane sheets (white arrowheads) (I, K). In these cells, there also appear to
branes in the PSI-less cell (white arrows). In the model the phycobilisomes (blue) form m
bars=100 nm (A, B, E, F, I, J) and 20 nm (C, D, G, H, K, L).
grown at higher light [10]. However, in the low light grown cells,
each thylakoid membrane pair enclosed what appeared to be an in-
flated thylakoid lumen that measured from approximately 10 nm in
width up to almost 300 nm in some cells (Fig. 1A–D). The thylakoid
membrane sheets were on average 30–120 nm apart and glycogen
granules were packed between them (Fig. 2A, C–D, Supp. 1A, 1B).
Phycobilisomes (Fig. 2A) were found more commonly on thylakoid
membranes towards the outside of the cell than towards the inside.

In the PSI-less mutant (Fig. 1E–H), the thylakoid membranes
formed stacks of 1–10 thylakoid membrane pairs. However, rather
than always forming sheets (Fig. 2E) that enclosed the thylakoid
lumen, these thylakoid membranes formed tubes around a lumen
(Figs. 1E–H, 2F–H, Supp. 2A, 2B). These tubes were observed in 74%
(129 out of 175) of PSI-less cells examined often followed through a
number of 70 nm serial thin sections and were distinct from the thy-
lakoid centers observed in WT cells grown in high light [10,21] as
there was no internal structure observed in the PSI-less tubes and
the diameter was variable. Phycobilisomes were prominent in this
mutant along the thylakoid sheets and around the thylakoid tubes
(Fig. 2E–H, Supp. 2). Glycogen granules were less prominent. At
high magnification, structures could be seen directly beneath the
phycobilisomes possibly extending into the lumen (Fig. 2G).

In the PSI/PSII-less mutant (Figs. 1I–L, 2I–L, Supp. 3A, 3B), thylakoid
membrane sheetswere also present around the periphery of the cell but
were not as extensive and appeared to be reduced concentric sheets
that did not form as many layers. However, the number of thylakoid
membrane pairs per cell was similar to WT but fewer than the PSI-less
mutant. The lumen was 5–8 nm in diameter in this strain, similar to
WT cells grown at 50 μmol photonsm−2 s−1 [10]. There were cylindri-
cal structures (Figs. 1L, 2J) that appeared to be a cross between the tubes
of the PSI-less mutant and the thylakoid centers of WT cells as there
seemed to be some internal structure. These were not as common as
the tubes in the PSI-less mutant but were still found in 18% (18 out of
100) of cells observed. In 70 nm thin sections, there appeared to be
amorphous material of the same electron density consistent with that
of the phycobilisomes observed in the PSI-less mutant over the surface
of the thylakoid membranes and the tubes (Fig. 2I, J). In electron tomo-
grams, it was more evident that these structures were hemispherical
phycobilisomes that were not laid out in regular arrays (Fig. 2K, L). Oth-
erwise this mutant was remarkably similar in appearance to WT cells
grown under high light conditions.

An interesting variation among the three strains studied were the
number of thylakoid sheets and the volume of the lumen enclosed
within these sheets (Fig. 3). The number of thylakoid membrane
sheets per cell was higher in the PSI-less mutant (average of 12) com-
pared to the WT cells grown in low light (average of 7), although the
overall volume of the lumen was greater in the WT cells (9% in WT
cells and 7% in PSI-less cells). The PSI/PSII-less mutant had fewer thy-
lakoid membrane sheets per cell (average of 6), which enclosed a
smaller volume of lumen compared to the other two strains (2%).
3.2. Integral membrane protein distribution on thylakoid membranes

Freeze fracturing of the surface of the thylakoid membranes of the
low light grown wild type cells (Fig. 4A, B) revealed the presence of
raphy models (D, H, L) of the thylakoid membranes of wild type cells grown at 0.5 mol
tons m−2 s−1 (A–D), the thylakoid membrane pairs (white arrowheads) enclose inflat-
t a convergence site (asterisk), the inflated lumen (double black asterisk) is continuous
the glycogen granules becomes more apparent and phycobilisomes were more difficult
ge) are shown. In the PSI-less cells (E–H), numerous phycobilisomes (black arrows) are
s respectively) (E–G). Directly beneath the phycobilisomes, electron opaque structures
raph (G). The tomographic model shows two thylakoid membrane tubes and portions
the PSI/PSII-less cells (I-L), phycobilisomes (black arrows) are present on the surface of
be tubes with phycobilisomes on the surface (J), similar to the tubes of thylakoid mem-
ore disordered arrays on the surface of the thylakoid membrane sheet (green). Scale

image of Fig.�3


Fig. 4. Freeze fracture images of the PFs (A, C, E) and EFs (B, D, F) of the low light grown wild type cells (A–B), PSI-less cells (C–D) and PSI/PSII-less cells (E–F). There is a higher
density of particles on the P-faces of all three species than on the E-faces. The P-faces also show rows of particles on the wild type low light grown cells and the PSI-less cells
(white arrows).
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3997 particles/μm2 on the protoplasmic face (PF) and 902 particles/
μm2 on the endoplasmic face (EF). PF particles were 6–12 nm in di-
ameter. The EF particles were 4–9 nm in diameter. Some PF particles
formed rows on the thylakoid membranes (Fig. 4A).

In the PSI-less mutant, freeze fracture (Fig. 4C, D) revealed the
presence of 3120 PF particles/μm2 and 583 EF particles/μm2. The di-
ameter of the PF particles fell in the range of 5–20 nm with most of
the particles falling into the range between 10 and 16 nm. The EF par-
ticles were 5–10 nm in diameter. Some rows of particles were
evident.

The PSI/PSII-less mutant (Fig. 4E, F) had 2797 PF particles/μm2 and
251 EF particles/μm2. On the PF surface the particles were 8–17 nm in
diameter. On the EF surface, the particles were 4–20 nm in diameter.
No rows of particles were obvious.

4. Discussion

This study was designed to investigate the effect of deletion of PSI
on the architecture and structure of the thylakoid membranes in
Synechocystis sp. PCC 6803. Deletion of PSI leaves only functional
PSII as the major photosystem in the membrane and this deletion
was found to cause gross morphological changes to the structure
and the number of thylakoid membrane sheets in the cell. The
lower light conditions in which the cyanobacteria were grown
resulted in variations in thylakoid structure compared to WT cells
grown in high light conditions. A strain with a deletion of only PSII
was not investigated in the present study as Nilsson and coworkers
(1992) investigated such a mutant previously using FF and TEM tech-
niques. No difference in the gross morphology of the thylakoid mem-
brane system was observed in the Nilsson et al. study, with the
mutants appearing to be similar to wild type cells [22–24].

4.1. Changes in thylakoid architecture caused by low light
growth conditions

It is known that the ratio of PSI to PSII is different in thylakoid
membranes when cyanobacterial cells are grown in low light as com-
pared to high light [25–27] with the amount of PSI decreasing in low
light. In chloroplasts that were investigated after similar treatments,
the ultrastructure was modified with an increase in thylakoid mem-
branes and chlorophyll content in low light conditions [28]. The in-
flated lumens of the wild-type cells grown in low light have been
observed before in cyanobacteria grown in periods of dark [29–32]
or in aging cells [29]. These inflated lumen were termed “intrathyla-
koidal vesicles” and described as two thylakoid membranes that are
slightly-to-widely separated rather than closely appressed [33]. The
cause of the changed appearance has been associated with stress,
the change in ratio of PSI to PSII, a reduced plastoquinone pool, or a
decrease in chlorophyll content, which was suggested previously for
cells aged under optimal light conditions where intrathylakoid vesicle
formation was observed [29]. In the present study, the low light con-
ditions represent a variation in environmental conditions that the
cyanobacteria have adapted to, possibly causing the change in thyla-
koid membrane architecture in line with a mechanism or combina-
tion of mechanisms cited above. Iron starvation has also been
associated with the observation of intrathylakoid vesicles after chlo-
rophyll a and PSII reaction centers began to break down [34,35], a
similar situation to the mutants investigated here where there is no
PSI reaction center. The iron-starved vesiculated cells later showed a
complete degradation of the entire thylakoid system, which was
also observed in some cells in this study.

The inflated lumen of the low light grown cells from this study
allowed the visualization of what appeared to be connections be-
tween the thylakoid membrane system and the cytoplasmic mem-
brane at thylakoid membrane convergence sites as has been
suspected for many years [10,36–39]. These connections may be
more obvious because the inflated thylakoid lumen enhanced the
usually small connections. While these cytoplasmic connections
were only observed in 7% of cells in this study, it is possible that
they may exist in most cells during cell expansion when thylakoid
membranes are actively growing, but have been difficult to detect
[8,40]. This may be due to the usually small size and transient nature
of the connections; characteristics which may maintain the biochem-
ical distinction between the thylakoid and cytoplasmic membranes.
This theory is supported by the “hemifusion” model suggested by ex-
tensive proteomic analysis of the different membrane fractions from
Synechocystis [41]. Predicted roles for such connections have included
the transport of glycolipids and possibly photosystem precursors to
the thylakoid membrane [10,36]. The PratA-D1 PSII precursors have
been observed around the periphery of the cell [42,43] and there
must be some mechanism for transferring these components to the
thylakoid membranes: either via these connections or via lipid bodies
[44–46]. At these connections, the lumen appears to be connected to
the periplasmic space. This connection may allow transport of
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protons from the lumen to the periplasmic space and vice versa.
Overall, apart from the inflated lumen, the general cytoplasmic archi-
tecture of the low light grown cells was similar to high light grown
cells.
4.2. The structure of thylakoid membranes without PSI

Deletion of PSI, leaving PSII as the only functional photosystem,
caused the striking formation of tubular thylakoid membranes ob-
served in 74% of the cells examined. Tubular structures were also ob-
served in the PSI/PSII less cells; however, these tubular structures
were seen much less frequently (18% of cells) and appeared to have
an internal structure distinct from the tubular structures in the PSI-
less strain. The change in morphology of the PSI-less mutant may be
directly related to the role that PSI has in the membrane structure
and be a result of the change in organization and packing of PSII in
the membrane. PSII-less mutants, which maintain PSI, show no such
tubular structures and appear to have a sheet-like structure similar
to that found in WT cells [22–24]. Alternatively, the tubular system
may be caused by changes associated with PSI deletion such as an
over-reduced plastoquinone pool.

At the higher resolution in the Z-axis provided by electron tomog-
raphy, an intriguing structure was observed situated below the phy-
cobilisome possibly extending into the lumen of the thylakoid
membranes. This is possibly the oxygen evolving complex of PSII
that is known to project by 4–5 nm into the lumen from high resolu-
tion studies [47,48].
4.2.1. Morphological changes caused by the deletion of PSI and PSII
Surprisingly, deletion of both PSI and PSII from Synechocystis sp.

PCC 6803 caused little apparent change to thylakoid morphology
compared to the high light grown cells except for a decrease in the
number of thylakoid membrane pairs and reduced size. The thylakoid
membrane pairs were closely appressed and only some smaller and
less frequently occurring tubes with different apparent internal and
external organization were observed.
4.3. Phycobilisomes

Phycobilisomes are most commonly arranged in orderly rows al-
ternately between two adjacent membranes [49] and this phenotype
was obvious in the PSI-less mutant and in the WT cells. The mutant
lacking both functional PSI and PSII had phycobilisomes but these
were in more disordered arrays, possibly caused by the deletion of
the D2 and CP43 proteins of PSII. Some order is still present as seen
in the electron tomogram models, which may be due to the mem-
brane anchoring properties of the phycobilisomes themselves. In the
low light grown WT cells, the phycobilisomes seemed to be found
more often on the peripheral thylakoids, which correlates with the
hyperspectral imaging of chlorophylls and phycobilisome pigments
[50]. This indicates that there is possibly compartmentalization of
the cell and thylakoid membranes in Synechocystis. Glycogen granules
were also observed between thylakoid membranes with varying elec-
tron density similar to that seen in Cyanothece sp. ATCC 51142 [51].
Glycogen granules were not observed in the mutant cells possibly be-
cause the glycogen was used as a carbon resource due to the limited
functionality of photosynthesis in these cell lines.

The prominent phycobilisomes in the PSI-less mutant were
expected as phycobilisomes are known to associate with PSII [1,49].
As these are peripheral antenna complexes, it is less likely that they
are involved in membrane organization or architecture. The regular
arrays of phycobilisomes observed in the PSI-less mutant supports
the theory that the phycobilisomes link to PSII forming orderly arrays.
4.4. Freeze fracture particle distribution

Investigations of the particles found on the surface of the thylakoid
membranes in all three strains studied showed a number of interesting
features; however, the data was not extensive as these cyanobacteria
are small and relatively difficult to fracture, particularly the mutant
strains as they have reduced numbers of thylakoid membranes. There
were differing numbers of EF particles in all three strainswith the num-
ber of particles in the WT correlating well with the numbers found in
other studies in WT cells [22,52]. In a PSII-less strain that lacked the
psbA gene, D1, D2 and CP47 and so only had functional PSI present,
the number of particles on the E-face were approximately half that ob-
served in WT cells [22]. The PSI/PSII-less strain had the least number of
particles on the E-face and there seemed to be a large size difference be-
tween the particles. This may be due to single molecular complexes
such as ATPase or cytochrome oxidase.

The number of PF particles in the low light grown WT cells were
smaller than that observed in high light grown cells and this may be
a reflection of the changed ratio of PSI:PSII in the thylakoid mem-
branes. Both the mutants also had fewer PF particles than the WT
cells. The difference in particle numbers between the two mutant
strains was not significant, indicating that the photosystem complexes
are maintained in the membrane without the non-functional proteins
and this may also explain the variations in size of the particles in the
mutant strains. This result was also suggested by Nilsson et al. (1992).

5. Conclusions

The structure of the thylakoid membranes of Synechocystis were
severely disrupted in the mutant lacking PSI. The change in morphol-
ogy could be due to the presence of only PSII and the overall charge
and structure of the photosystem complexes or to other effects
caused by the mutation. There have also been other potential proteins
that are not found in the photosynthetic process that may be involved
in thylakoid membrane formation including the Vipp1 mutant [53],
Alb3 [54], plastoglobulin-like proteins [44] and Slr1768, a SPHF ho-
mologue [55]. The roles of these genes are still being elucidated.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbamem.2012.01.019.
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