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The availability of nitrogen is one of themost important determinants that can limit the growth of photosynthetic
organisms including plants and algae; however, direct observations on the supramolecular architecture of pho-
tosynthetic membranes in response to nitrogen stress are still lacking. Red algae are an important evolutionary
group of algae which contain phycobilisomes (PBSs) on their thylakoid membranes, as do cyanobacteria. PBSs
function not only as light-harvesting antennae but also as nitrogen storage. In this report, alterations of the supra-
molecular architecture of thylakoidmembranes from red alga Porphyridium cruentum during nitrogen starvation
were characterized. The morphology of the intact thylakoid membrane was observed to be round vesicles. Thy-
lakoid membranes were reduced in content and PBSs were degraded during nitrogen starvation. The size and
density of PBSs were both found to be reduced. PBS size decreased by less than one-half after 20 days of nitrogen
starvation, but their hemispherical morphology was retained. The density of PBSs on thylakoid membranes was
more seriously affected as time proceeded. Upon re-addition of nitrogen led to increasing of PBSs on thylakoid
membranes. This work reports the first direct observation on alterations in the supramolecular architecture of
thylakoid membranes from a photosynthetic organism in response to nitrogen stress.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The phycobilisome (PBS) is the main light harvesting complex in
cyanobacteria and red algae [1,2], and it is among the largest light har-
vesting antennae in all photosynthetic organisms with an estimated
molecular weight of 4.5–23 × 106 Da [3,4]. PBSs are attached to the
stromal side of thylakoid membranes in a highly aggregated form and
differ from the light harvesting complexes in green plants which are in-
tegrated in thylakoid membranes [5,6]. PBSs absorb and transfer solar
energy with high efficiency to the photosystems that are located within
thylakoidmembrane [7–9]. The content of PBSs in cells is known to vary
depending upon the growth conditions, and under optimal growth
conditions, PBSs could account for half of all of the total soluble protein
in the cells [10,11].

PBSs are composed of chromophore-linked phycobiliproteins and
colorless hydrophobic linker polypeptides. Phycobiliproteins can be
llophycocyanin; ASW, artificial
itrate; PBS, phycobilisome; PC,
in; TEM, transmission electron
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categorized into four main groups based on their spectra properties:
allophycocyanin (APC), phycocyanin (PC), phycoerythrin (PE) and
phycoerythrocyanin (PEC) [12]. Along with linker polypeptides,
phycobiliproteins assemble into high molecular mass complexes, the
PBSs [13]. Based on electron microscopic observations, PBSs can be
sorted into three topological types: hemidiscoidal, hemispherical and
bundle-shaped [14]. Hemidiscoidal PBSs are found in both cyanobacteria
and red algae, and hemispherical PBS are in red algae [15]. Bundle-
shaped PBSs are found in only one species of cyanobacteria, Gloeobacter
violaceus [16].

Transmission electron microscopy (TEM) is one of the most impor-
tant tools for studying the ultrastructure of thylakoid membranes and
their associated supramolecular complexes in photosynthetic organ-
isms. TEM provides abundant direct observations and promotes photo-
synthesis research. In recent years, another important tool, atomic force
microscopy (AFM), has proven to be a unique and powerful method for
studying the supramolecular architecture of native photosynthetic
membranes under near-physiological conditions [17]. Although photo-
synthetic membranes from purple bacteria [18,19] and higher plants
[20–24] have been studied in detail with AFM, little research has been
performed on the photosynthetic membranes of cyanobacteria or
algae with AFM. Our previous study has reported the first AFM ob-
servation of the native supramolecular architecture of the photo-
synthetic membranes from the red alga Porphyridium cruentum
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[25]. High resolution three-dimensional tomographs of thylakoid
membranes showed that hemispherical PBSs are crowded on mem-
branes and have diverse distribution patterns under different light
intensities [25]. Such crowd arrangement could act as a major
impediment to the lateral diffusion of PBSs on red algal thylakoid
membrane [26].

In a natural environment, photosynthetic organisms, including
cyanobacteria and red algae, have developed a variety of adaptive re-
sponses to cope with stressful conditions, including nutrient limitation
or even deprivation, and survive under changing environmental condi-
tions [1]. A series of ordered and complicated physiological reactions
occur in non-diazotrophic cyanobacteria and red algae to allow survival
under conditions of nitrogen deficiency [27–29]. During nitrogen
starvation, the PBS is degraded to provide a nitrogen source for protein
synthesis and other cellular functions. Moreover, degradation of PBSs
reduces the absorption capacity and thus to prevent photodamage
caused by overexcitation [30].

Although nitrogen availability is one of the most important determi-
nants that limits the growth of photosynthetic organisms, direct observa-
tions on the dynamics of supramolecular architecture of photosynthetic
membranes from plants or algae in response to nitrogen stress are still
lacking. In this study, we investigated isolated thylakoid membranes
from the red alga P. cruentum using AFM and other techniques to reveal
the changes in the supramolecular architectures of the thylakoid mem-
branes of P. cruentum during nitrogen starvation. The AFM results are
conducive to a better understanding of the alterations of thylakoid mem-
branes and themechanism of PBS degradation under nitrogen stress. This
work reports thefirst direct observation on alterations in the supramolec-
ular architecture of thylakoid membranes from a photosynthetic organ-
ism in response to nitrogen stress.

2. Experimental procedures

2.1. Cell growth

P. cruentumwas grown in an artificial seawater (ASW)medium [31]
in flasks at 25 °C under continuous illumination (50 μmol quanta m−2-

s−1). Cells that grew to late logarithmic phase in nitrogen-rich ASW
medium were concentrated by centrifugation (10 min at 5000g at
room temperature). The pelletwaswashed three times in ASWmedium
that lacked potassium nitrate andwas then suspended in ASWmedium
lacking nitrate (−NASW) at a ratio of 0.1 g (wet weight) cells: 1 ml
medium. Two milliliters of the suspension was added to 200 ml of
nitrogen-rich ASW medium in the control treatment, and 2 ml of the
suspension was added to 200 ml of −NASW medium in the nitrogen-
starvation treatment. Cells that were collected from control cultures in
the late logarithmic phase of growth, and nitrogen-starved cultures at
0, 5, 10, 15 and 20 days were used in following experiments. For nitro-
gen recovery cultivation, potassium nitrate (0.1%, w/v) was added to
P. cruentum cultures after 20 days nitrogen starvation. Cells grown to
6 days were collected for the following experiments.

2.2. PBS isolation

The preparation of PBSs followed a previous procedure with slight
modifications [32]. The entire procedure was performed at room tem-
perature in 0.75 M potassium phosphate (pH 7.0) without any special
instructions. Cells were harvested by centrifugation at 5000g for
10 min and were then rinsed twice in 0.5 M potassium phosphate
(pH 7.0). The pellets were suspended in buffer at a ratio of 0.1 g (wet
weight) cells: 1ml buffer and then disrupted in a high-pressure homog-
enizer at 10,000 p.s.i. Triton X-100 was added to the cell homogenate to
a final concentration of 2% (v/v). The mixture was allowed to incubate
for 30 min with stirring using vertical rotators, and then centrifuged at
25,000g for 30 min to remove large fragments and cell debris. The
dark green superstratum was removed. The clarified middle samples
were then layered onto a three-step gradient of sucrose (0.5 M, 1.0 M
and 2 M) in buffer. The gradients were centrifuged for 1.5 h at
147,000g. PBSs were collected from the 1.0 M layer using a syringe
needle.

2.3. PBS-thylakoid membrane preparation

PBS-thylakoid membranes were prepared by following a previous
procedure with slight modifications [25]. Cells were harvested, rinsed
as described above, and then suspended in SPCmedium (0.5M sucrose,
0.5 M potassium phosphate, 0.3 M sodium citrate). The cells were
disrupted in a high-pressure homogenizer at 4000 p.s.i. The disrupted
cell mixture was layered onto a two-step gradient of sucrose (0.7 M
and 1.3 M) that was prepared with 0.5 M phosphate/0.3 M citrate,
pH 7.0. The PBS-thylakoid membranes were collected from the 0.7–
1.3 M sucrose interface after centrifugation for 40 min at 300,000g.
For preparing PBS-free thylakoid membranes, isolated thylakoid mem-
branes were dialyzed against buffer (30 mM potassium phosphate,
20 mM sodium citrate) for 7 h.

2.4. Spectral analysis

Absorption spectra were recorded at room temperature using a UV/
VIS-550 spectrophotometer (Jasco, Japan). Room temperature fluores-
cence spectra were measured using a FP-6500 fluorescence spectroflu-
orometer (Jasco, Japan) at an excitation wavelength of 545 nm.

2.5. AFM

Isolated PBS-thylakoid membranes from the sucrose gradient were
dialyzed against 0.5 M phosphate/0.3 M citrate (pH 7.0) to remove the
sucrose. Adsorption buffer, 13 μl, (10 mM Tris–HCl, pH 7.5, 150 mM KCl,
25 mMMgCl2) [33] mixed with 2 μl of 10% glutaraldehyde was spread on
freshly cleaved mica. Five microliters of dialyzed sample was immediately
injected into the buffer drop and then incubated for 1 h in a humidor. For
PBS-free thylakoid membranes, 5 μl of sample was spread on freshly
cleaved mica and incubated for 1 h in a humidor, without treatment
described above. Then, the drop on themicawas absorbed, and the surface
was rinsed with ultrapure water to remove salt and membranes that
were not firmly adsorbed to the substrate. Afterwards, the samples
were air dried and examined using a Multimode Nanoscope VIII AFM
(Bruker AXS, Germany) equipped with a J-scanner and an n-type silicon
cantilever (XSC11/AL BS; length 210 μm; resonance frequency 80 kHz;
k = 2.7 N/m; NanoAndMore Corp, USA). Imaging was conducted in
tapping mode at ambient temperature.

Comparisons betweenmean values of sizes and density of PBS were
determined by Student's t-test with P b 0.05.

2.6. TEM

The procedure followed that in a previous study [34]. Cells were har-
vested, rinsed, and fixed in 4% glutaraldehyde in 0.1 M phosphate buffer
(pH 6.8) for 2 h, followed by post-fixation in 1% osmium tetroxide (in
0.1Mphosphate buffer, pH6.8) for 2 h. Then, the cellswere rinsed in buff-
er, suspended inmelted2%agar, dehydrated in a gradedethanol dehydra-
tion series and embedded in Epon. Sections were stained with uranyl
acetate and lead, and were then examined with an electron microscopy.

3. Results

3.1. Spectral analyses

When grown in nitrogen richmedium, the color of a culture changes
from light red to a darker color, indicating growth of P. cruentum cells
(Fig. S1). When grown in nitrogen depleted medium, the color of the
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culture changed gradually to yellow-green, indicating the degradation
of the phycobiliproteins (Fig. S1).

The absorption spectra of P. cruentum cells and thylakoid mem-
branes during nitrogen-starvation were measured (Fig. 1A, B). The
results with P. cruentum showed typical absorption spectra. The absorp-
tion peak at 545 nm is attributed to PE, and the absorption peak at
620 nm to PC and APC. Compared to PC/APC, the absorption peak of
PE decreased more dramatically. After 20 days of nitrogen starvation,
the absorption of the phycobiliproteins decreased to a fairly low level.

The absorption spectra of isolated PBSs during nitrogen starvation
were measured (Fig. S2A). Absorption peaks from PE, PC and APC were
observed, indicating that all three phycobiliprotein components were
retained in the PBSs during nitrogen-depleted cultivation. The absorption
of PE decreased gradually. Difference in absorption spectra (Fig. S2B) indi-
cated that the changes in PBS absorbance resembled the absorption spec-
tra of pure PE, which suggests that the content of PE in PBSs was reduced.

Fluorescence spectra were measured on cells and PBS-thylakoid
membranes (Fig. 1C, D). When PE was excited, fluorescence emission
from PE, PBS and photosystems could be observed from all cells and
PBS-thylakoid membranes samples during nitrogen starvation. This in-
dicated that the energy coupling between PBS and photosystems were
retained during nitrogen starvation.

3.2. Ultrastructure of cells during nitrogen starvation

Stacked thylakoidmembranes filled the plastid of the control cells in
a parallel arrangement (Fig. 2A, F). After nitrogen starvation, thylakoid
membranes were reduced significantly (Fig. 2B–E) and lost their paral-
lel and close configuration features (Fig. 2G, H). The parallel lamellar
Fig. 1. Absorption spectra of cells (A), PBS-thylakoidmembranes (B) from P. cruentum under nit
(C) and PBS-thylakoid membranes (D) during nitrogen starvation (excited at 545 nm).
areas were shrunken and the space between lamellae became larger.
After 20 days of nitrogen starvation the lamellae were greatly reduced
and disordered (Fig. 2E, H). Dark-staining granules were located in the
periphery of the thylakoid and increased significantly during nitrogen
starvation. The exopolysaccharide layer of the cells became thicker
following nitrogen starvation. The average distances between adjacent
thylakoid membranes increased during nitrogen starvation (Table S1),
indicating changes of thylakoid membrane arrangement during nitro-
gen starvation.

3.3. Morphology of the thylakoid membrane

Thylakoid membranes from P. cruentum cultured in medium with
nitrate were observed using AFM. Interestingly, we found that most of
the intact thylakoid membranes were flattened vesicles (Fig. 3A). On
occasion, folds appeared (Fig. 3D). The PBSs were densely packed on
the thylakoid membranes, and they were randomly distributed. The
PBSs exhibited a hemispherical morphology (Fig. 3B, C), as was seen
in our previous study [25]. A lipid layer could be observed in some gap
areas between the PBSs. Some thylakoid vesicles were found to be
lying close to each other (Fig. 3D–F). Section analyses indicated that
they were overlap with each other instead of connected with each
other. Sometimes thylakoid vesicles with openings were observed
(Fig. 3H).

3.4. PBSs on thylakoid membranes during nitrogen starvation

To study the changes of PBSs on the thylakoid membranes, the
PBS-thylakoid membranes from P. cruentum cultured under nitrogen-
rogen starvation conditions for different days (d). Fluorescence spectra of P. cruentum cells



Fig. 2. TEM images of P. cruentum cells thatwere grownunder nitrogen starvation for 0 (A), 5 (B), 10 (C), 15 (D) and 20 days (E). Enlarged TEM images of cells during nitrogen starvation at
0 day (F), 10 days (G), and 20 days (H). Dark-staining granules are indicated by white arrows, and the exopolysaccharide layer is indicated by a black arrow. Scale bar: A, B, 1 μm; C, D, E,
0.5 μm; F, G, H, 0.2 μm.

Fig. 3. AFM images of PBS-thylakoid membranes from P. cruentum grown under control conditions. (A), Typical round thylakoid membrane vesicles. (B), Enlarged AFM image from panel
(A) with higher resolution showing the hemispherical PBS. (C), Enhanced three-dimensional AFM image of panel (B). PBS-free membrane regions are indicated by white arrows. (D–G),
Thylakoid membrane vesicles that were overlapped with each other. A fold in (D) is marked with a red arrow. Junctions between two vesicles are marked with dashed circles. (H),
Thylakoid membrane with an opening marked with a black arrow. Scale bar: A, D, E, F, 1 μm; B, C, 100 nm; G, H, 500 nm. (I–M) Height section analyses of thylakoid membranes at
overlapped area. (I) Is height profile from (D), (J, K) from (E), (L) from (F), M from (G). Lines indicated cross section positions.
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Table 1
Changes in sizes of PBSs (n N 300) and PBS density on thylakoid membranes (n N 10) dur-
ing nitrogen starvation (p b 0.05). Data are presented as means ± standard deviation.

Time (days) Length (nm) Width (nm) Height (nm) Density (μm−2)

0 58 ± 4 40 ± 3 27 ± 2 384 ± 17
5 52 ± 3 35 ± 3 25 ± 3 277 ± 18
10 51 ± 4 34 ± 3 20 ± 2 184 ± 23
15 49 ± 4 32 ± 3 19 ± 2 100 ± 33
20 49 ± 4 31 ± 3 14 ± 2 51 ± 15
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depleted conditions for 0 (control sample), 5, 10, 15 and 20 days were
imaged using AFM.

During nitrogen starvation, the round morphology of the thylakoid
vesicleswas retained.However, statistical analysis (n=47–88) showed
that the diameters of the thylakoid vesicles increased slightly with
prolonged nitrogen starvation (Table S2).

The PBS density on thylakoidmembraneswas analyzed (nN 10). The
PBSs at day 0were arranged densely on themembraneswith a random-
ly distributed pattern (Fig. 4A), and the density of the PBSswas calculat-
ed to be 384±17 PBS/μm2 (Table 1). In response to nitrogen starvation,
the PBS density on themembranes decreased gradually (Fig. 4B–E). The
PBS density decreased by ~28% during the first 5 days, and after 10 days,
the density was reduced to b50%. PBSs became sparse and lipid layers
became exposed. At 20 days, the density of PBSs on the membranes
decreased to only 51 PBS/μm2 (Table 1).

Average size of the PBSs at each nitrogen starvation stage was calcu-
lated (n N 300). On day 0, the average size of the PBSs on the thylakoid
membraneswas 58±4nm(length), 40±3 nm (width) and27±2nm
(height) (n=300) (Table 1). The sizes of PBSs gradually decreased dur-
ing nitrogen starvation. A decrease in the size of the PBSs was evident
after 5 days, and the size reduced about 6 nm in length, 5 nm in width
and 2 nm in height. Then, the size decreased slower from 5 to 20 days.
The average dimensions of the PBSs were 49 ± 4 nm (length), 31 ±
3 nm (width) and 14 ± 2 nm (height) after 20 days (Table 1). After
20 days of nitrogen starvation, the size of the PBSs decreased approxi-
mately 15% in length, 23% in width and 48% in height, compared to
the size at day 0. Although the PBSs decreased in size, the hemispherical
morphology of the PBSs was retained during nitrogen starvation
(Fig. S3).
Fig. 4.AFM images of PBS-thylakoidmembranes from P. cruentum grown under nitrogen starvat
AFM images from (A1–E1), respectively. (A3–E3), Enlarged AFM images from (A2–E2), respective
E2, 500 nm; A3–E3, 200 nm.
During nitrogen starvation, holes appeared in the thylakoid mem-
branes (Fig. 4). The holes were distributed throughout the membranes.
3.5. PBS-free thylakoid membranes

Thylakoid membranes on which PBSs were removed were imaged
with AFM (Fig. 5). Results showed that most PBSs on thylakoid mem-
branes were removed, and only a few PBSs could be occasionally recog-
nized. High resolution images showed that there were only particles
with diameters of 11–15 nm (Fig. S4), whichwere possibly to be photo-
systems or other complexes instead of PBSs. Compared with PBS-free
thylakoid membranes, we consider that the large protein complexes
we observed on native thylakoid membranes should be attributed to
PBSs.

Holes could be noticed on PBS-free thylakoid membranes, like
those on native thylakoid membranes. Sizes of small holes were
similar to that of a PBS. Holes larger than the size of PBS could be
ion for 0 (A1–A3), 5 (B1–B3), 10 (C1–C3), 15 (D1–D3) and 20 days (E1–E3). (A2–E2), Enlarged
ly. Holes in the thylakoidmembranes are indicated by arrows. Scale bar: A1–E1, 1 μm; A2–



Fig. 5. AFM images of PBS-free thylakoid membranes (A–E) from P. cruentum grown under nitrogen starvation for 0 (A), 5 (B), 10 (C), 15 (D) and 20 days (E). Scale bar: 1 μm. (F), Height
profile of panel (A). (G), Height profile of panel (E). The red and green arrows showed the height of holes. Lines indicated cross section positions.

Fig. 6. Recovery of P. cruentum upon addition of nitrogen source. Photos of nitrogen recovered P. cruentum (A). Absorption spectra of nitrogen recovered cells (B) and PBS-thylakoid
membranes (C). Room temperature fluorescence spectra of nitrogen recovered cells (D) and PBS-thylakoid membranes (E) excited at 545 nm. AFM images of nitrogen recovered PBS-
thylakoid membranes for 6 days (F). Scale bar: 500 nm.
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noticed, and the amount of the large holes tend to increase as the
time of nitrogen starvation increased.

3.6. Recovery upon addition of nitrogen

Experiments on recovery upon addition of nitrogen was performed
(Fig. 6). Nitrate was added to the 20-days nitrogen starvation culture.
The color of the culture turned from yellow-green to dark red. The ab-
sorption spectra and the fluorescence emissions of phycobiliproteins
in cells and isolated thylakoid membranes were recorded. The density
of PBSs on the membrane was increased as observed by AFM. These
results indicated that PBSs recovered after addition of nitrogen sources.

4. Discussion

AFM is a powerful tool for investigating supramolecular structures of
membrane proteins with high resolution [19]. In recent years, AFM-
based research on photosynthetic membranes from purple bacteria
and higher plants has increased. However, direct observations of chang-
es in the supramolecular architecture of photosynthetic membranes
from any photosynthetic organism in response to nitrogen stress are
still lacking. In our previous work, we reported on the supramolecular
architecture of thylakoid membranes from red alga (P. cruentum) that
was observed using AFM, and showed that AFM is useful for studying
red algal thylakoid membranes [25]. Therefore, we used AFM as
well as other techniques to investigate the supramolecular architec-
tures of photosynthetic membranes from P. cruentum during nitro-
gen starvation.

Nitrogen starvation resulted in obvious changes in the structure of
plastids from P. cruentum. The lamellae were reduced and distance
between adjacent thylakoid membranes increased after 20 days of ni-
trogen starvation, indicating that the plastids were affected greatly by
growth in a nitrogen-depleted environment. The thickness of the
exopolysaccharide layers surrounding P. cruentum cells gradually in-
creased. The amount of dark-staining inclusions increased, and they
may be starch granules, as in previous reports [35]. The accumulation
of glycogen in cyanobacteria during nitrogen starvation is well docu-
mented [36]. These results implied that the synthesis of polysaccharides
in P. cruentumwas more active after nitrogen starvation.

The overall morphology of the thylakoid membranes could not be
observed from the images of the ultrathin sections, but they could easily
be analyzed directly from the images of the isolated intact thylakoid
membranes. In higher plants, most thylakoidmembranes are connected
to form stacked grana, and it is well documented that they are round
vesicles. However, in red algae, where thylakoid membranes complete-
ly fill the plastids, much less research has been conducted. Gantt's group
presented TEM images of an isolated round thylakoid vesicle with a di-
ameter of b0.9 μm[37]. In our previouswork,we presented TEM images
of isolated thylakoid membranes, which were tube-like or irregular in
shape [25,38]. In thiswork,we observed that all of the isolated thylakoid
membranes were round vesicles, as observed in AFM images, except for
some that were broken. Considering the possible limitations of AFM as
well TEM, both round vesicles and tube-like/irregular vesicles might
exist in the plastid of red algae. However, observation of isolated mem-
brane vesicles could not give a satisfactory answer to the question of
membrane conformation in vivo.

P. cruentum cultures gradually turned from red to yellow-green
during nitrogen starvation. The bleaching in cyanobacteria or red
algae that is caused by nitrogen stress is known as chlorosis [39].
The major red pigment in P. cruentum is PE, and the color change im-
plies that PE undergoes degradation. The absorption spectra con-
firmed that phycobiliproteins were degraded gradually during
nitrogen starvation. The absorbance of PE declined more dramatical-
ly than for other phycobiliproteins, indicating that the content of PE
was reduced.
The supramolecular organization of thylakoid membranes was de-
termined using AFM in order to study the changes in the size and den-
sity of PBSs. During nitrogen starvation, PBSs were observed to be
arranged randomly on the thylakoid membranes. The density of PBSs
was greatly affected by nitrogen starvation, and the reduction of PBS
density was generally linear with time. Approximately 87% of the total
PBSswere lost after 20 days. PBS size decreased with time, and PBSs de-
creased approximately 15% in length and 23% in width after 20 days of
nitrogen starvation. PBSs of P. cruentum were composed mainly of PE
(84%) and a small portion of R-PC (11%) and APC (5%) [40]. Moreover,
PE is localized in the outer region of the PBSs. Thus, we suggest that a
portion of the PE in PBSs was degraded during nitrogen starvation
which resulted in a reduction of the size, and this was consistent with
the absorption spectra data.

PBSs were distributed evenly on the native thylakoid membranes.
During nitrogen starvation, the PBSs were degraded and the lipid layers
underneath could be observed. After 15 days, larger areas of lipid layers
were exposed, and most PBSs became aggregated to form clusters. This
indicated that degradation of PBSs on thylakoid membranes was not
completely random. After 20 days, whenmost of the PBSs were degrad-
ed, single PBSs remained on the thylakoid membranes.

Holes could be noticed on PBS-free thylakoid membranes and the
native thylakoidmembranes that were exposed during nitrogen starva-
tion. Although it is not know yet how these holes were formed, there
may be several possibilities for the formation of these holes. First, as
small holes are of similar size to that of PBSs, they might result from
loss of PBS. Larger holes might be formed by loss of an area of PBS or
breakage of lipid membrane adjacent to the place where PBSs were
lost. Second, since the heights of some holes were the same as that of
the mica support, they might not really be holes on one membrane
layer. Instead, they might possibly be perforations such as those
observed in cyanobacterial thylakoid membranes [41]. Third, the possi-
bility that holes were formed by sample preparation should not be
excluded. How these holes were formed is not yet known based on
present results, and further work is needed in the future.

High resolution images of PBS-free thylakoid membranes showed
that there were many small particles densely arranged on the mem-
branes. The sizes of these particles were about 11–15 nm in diameter.
Considering these particles fall within the size range of the photosys-
tems, they might possibly be attributed to photosystem I or photosys-
tem II. The density of these particles on thylakoid membranes from
P. cruentum cultured inmediumwith nitrate was about 2200–2800 par-
ticle/μm2, which was much higher than the density of PBS. However, it
was hard to distinguish the nature of these complexes directly with
the AFM technique alone.

A deficiency of nitrogen would likely affect the metabolism of the
cells. Although information concerning global regulation of the meta-
bolic networks in red algae during nitrogen starvation is lacking, the
expression of some enzymes is known to be regulated in red algae
when the nitrogen source was depleted [42]. In cyanobacteria, NblA,
NblR and other proteins are involved in PBS degradation [30,43], but
the molecular mechanism of PBS degradation in red algae is still not
clear. In red algae, Ycf18, the homolog of cyanobacterial NblA, seemed
not to be involved in the degradation of PBSs [44]. Thus the enzymes
and regulators that participate in the degradation of PBSs in red algae
still need to be elucidated.

Conflict of interest

The authors declare that they have no conflicts of interest with the
contents of this article.

Transparency document

The Transparency document associated with this article can be
found, in online version.

http://dx.doi.org/10.1016/j.bbabio.2016.08.005


1758 L.-S. Zhao et al. / Biochimica et Biophysica Acta 1857 (2016) 1751–1758
Acknowledgement

We would like to thank Mr. Wen-Jun Li from Yantai Institute of
Coastal Zone Research, Chinese Academy of Sciences for the assistance
during fluorescence spectra analysis. This work was supported by
the National Natural Science Foundation of China (31290230,
31290231, 91228210, 41376153, 31570066), the Hi-Tech Research
and Development program of China (2012AA092105, 2014AA093509),
and the Program of Shandong for Taishan Scholars (2009TS079). The
funders had no role in study design, data collection and interpretation,
or the decision to submit the work for publication.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2016.08.005.

References

[1] A.R. Grossman, M.R. Schaefer, G.G. Chiang, J.L. Collier, The phycobilisome, a light-
harvesting complex responsive to environmental conditions, Microbiol. Mol. Biol.
Rev. 57 (1993) 725–749.

[2] H.-N. Su, B.-B. Xie, X.-Y. Zhang, B.-C. Zhou, Y.-Z. Zhang, The supramolecular
architecture, function, and regulation of thylakoid membranes in red algae: an over-
view, Photosynth. Res. 106 (2010) 73–87.

[3] K.-P. Koller, W. Wehrmeyer, E. Mörschel, Biliprotein assembly in the disc-shaped
phycobilisomes of Rhodella violacea, Eur. J. Biochem. 91 (1978) 57–63.

[4] D.A. Bryant, G. Guglielmi, N. Tandeau deMarsac, A.-M. Castets, G. Cohen-Bazire, The
structure of cyanobacterial phycobilisomes: a model, Arch. Microbiol. 123 (1979)
113–127.

[5] D. Bald, J. Kruip, M. Rögner, Supramolecular architecture of cyanobacterial thylakoid
membranes: how is the phycobilisome connected with the photosystems?
Photosynth. Res. 49 (1996) 103–118.

[6] A.N. Glazer, Structure and molecular organization of the photosynthetic accessory
pigments of cyanobacteria and red algae, Mol. Cell. Biochem. 18 (1977) 125–140.

[7] A.N. Glazer, Phycobilisome: a macromolecular complex optimized for light energy
transfer, Biochim. Biophys. Acta 768 (1984) 29–51.

[8] C.W. Mullineaux, Phycobilisome-reaction centre interaction in cyanobacteria,
Photosynth. Res. 95 (2008) 175–182.

[9] L.-N. Liu, Distribution and dynamics of electron transport complexes in
cyanobacterial thylakoid membranes, Biochim. Biophys. Acta Bioenerg. 1857
(2016) 256–265.

[10] K. Baier, H. Lehmann, D.P. Stephan, W. Lockau, NblA is essential for phycobilisome
degradation in Anabaena sp. strain PCC 7120 but not for development of functional
heterocysts, Microbiology 150 (2004) 2739–2749.

[11] N. Adir, Elucidation of the molecular structures of components of the
phycobilisome: reconstructing a giant, Photosynth. Res. 85 (2005) 15–32.

[12] A.N. Glazer, Light guides. Directional energy transfer in a photosynthetic antenna, J.
Biol. Chem. 264 (1989) 1–4.

[13] L.-N. Liu, X.-L. Chen, Y.-Z. Zhang, B.-C. Zhou, Characterization, structure and function
of linker polypeptides in phycobilisomes of cyanobacteria and red algae: an over-
view, Biochim. Biophys. Acta 1708 (2005) 133–142.

[14] M. Watanabe, M. Ikeuchi, Phycobilisome: architecture of a light-harvesting
supercomplex, Photosynth. Res. 116 (2013) 265–276.

[15] W.A. Sidler, Phycobilisome and phycobiliprotein structures, in: D.A. Bryant (Ed.),
The Molecular Biology of Cyanobacteria, Kluwer Academic, Dordrecht 1994,
pp. 139–216.

[16] G. Guglielmi, G. Cohen-Bazire, D.A. Bryant, The structure of Gloeobacter violaceus and
its phycobilisomes, Arch. Microbiol. 129 (1981) 181–189.

[17] L.-N. Liu, S. Scheuring, Investigation of photosynthetic membrane structure using
atomic force microscopy, Trends Plant Sci. 18 (2013) 277–286.

[18] S. Scheuring, J.N. Sturgis, Atomic force microscopy of the bacterial photosynthetic
apparatus: plain pictures of an elaborate machinery, Photosynth. Res. 102 (2009)
197–211.

[19] S. Scheuring, D. Lévy, J.-L. Rigaud, Watching the components of photosynthetic bac-
terial membranes and their in situ organisation by atomic force microscopy,
Biochim. Biophys. Acta 1712 (2005) 109–127.

[20] W. Phuthong, Z. Huang, T.M. Wittkopp, K. Sznee, M.L. Heinnickel, J.P. Dekker, R.N.
Frese, F.B. Prinz, A.R. Grossman, The use of contact mode atomic force microscopy
in aqueous medium for structural analysis of spinach photosynthetic complexes,
Plant Physiol. 169 (2015) 1318–1332.

[21] M.P. Johnson, C. Vasilev, J.D. Olsen, C.N. Hunter, Nanodomains of cytochrome b6f and
photosystem II complexes in spinach grana thylakoid membranes, Plant Cell 26
(2014) 3051–3061.

[22] K. Sznee, J.P. Dekker, R.T. Dame, H.v. Roon, G.J.L. Wuite, R.N. Frese, Jumping mode
atomic force microscopy on grana membranes from spinach, J. Biol. Chem. 286
(2011) 39164–39171.

[23] H. Kirchhoff, S. Lenhert, C. Buchel, L. Chi, J. Nield, Probing the organization of photo-
system II in photosynthetic membranes by atomic force microscopy, Biochemistry
47 (2008) 431–440.

[24] B. Onoa, A.R. Schneider, M.D. Brooks, P. Grob, E. Nogales, P.L. Geissler, K.K. Niyogi, C.
Bustamante, Atomic force microscopy of photosystem II and its unit cell clustering
quantitatively delineate the mesoscale variability in Arabidopsis thylakoids, PLoS
One 9 (2014), e101470.

[25] L.-N. Liu, T.J. Aartsma, J.-C. Thomas, G.E.M. Lamers, B.-C. Zhou, Y.-Z. Zhang, Watching
the native supramolecular architecture of photosynthetic membrane in red algae:
topography of phycobilisomes and their crowding, diverse distribution patterns, J.
Biol. Chem. 283 (2008) 34946–34953.

[26] L.-N. Liu, T.J. Aartsma, J.-C. Thomas, B.-C. Zhou, Y.-Z. Zhang, FRAP analysis on red alga
reveals the fluorescence recovery is ascribed to intrinsic photoprocesses of
phycobilisomes than large-scale diffusion, PLoS One 4 (2009), e5295.

[27] I. Levy, E. Gantt, Development of photosynthetic activity in Porphyridium purpureum
(Rhodophyta) following nitrogen starvation, J. Phycol. 26 (1990) 62–68.

[28] M. Görl, J. Sauer, T. Baier, K. Forchhammer, Nitrogen-starvation-induced chlorosis in
Synechococcus PCC 7942: adaptation to long-term survival, Microbiology 144 (1998)
2449–2458.

[29] C. Richaud, G. Zabulon, A. Joder, J.-C. Thomas, Nitrogen or sulfur starvation differen-
tially affects phycobilisome degradation and expression of the nblA gene in
Synechocystis strain PCC 6803, J. Bacteriol. 183 (2001) 2989–2994.

[30] R. Schwarz, A.R. Grossman, A response regulator of cyanobacteria integrates diverse
environmental signals and is critical for survival under extreme conditions, Proc.
Natl. Acad. Sci. U. S. A. 95 (1998) 11008–11013.

[31] R.F. Jones, H.L. Speer, W. Kury, Studies on the growth of the red alga Porphyridium
cruentum, Physiol. Plant. 16 (1963) 636–643.

[32] E. Gantt, C.A. Lipschultz, J. Grabowski, B.K. Zimmerman, Phycobilisomes from blue-
green and red algae: isolation criteria and dissociation characteristics, Plant Physiol.
63 (1979) 615–620.

[33] L.-N. Liu, J.N. Sturgis, S. Scheuring, Native architecture of the photosynthetic mem-
brane from Rhodobacter veldkampii, J. Struct. Biol. 173 (2011) 138–145.

[34] E. Gantt, M.R. Edwards, S.F. Conti, Ultrastructure of Porphyridium aerugineum, a blue-
green colored rhodophytan, J. Phycol. 4 (1968) 65–71.

[35] D. Bhattacharya, D.C. Price, C.X. Chan, H. Qiu, N. Rose, S. Ball, A.P.M. Weber, M.C.
Arias, B. Henrissat, P.M.C.A. Krishnan, S. Zäuner, S. Morath, F. Hilliou, A. Egizi, M.-
M. Perrineau, H.S. Yoon, Genome of the red alga Porphyridium purpureum, Nat.
Commun. 4 (2013) 1941.

[36] S.E. Stevens Jr., D.L. Balkwill, D.A.M. Paone, The effects of nitrogen limitation on the
ultrastructure of the cyanobacterium Agmenellum quadruplicatum, Arch. Microbiol.
130 (1981) 204–212.

[37] M.F. Dilworth, E. Gantt, Phycobilisome-thylakoid topography on photosynthetically
active vesicles of Porphyridium cruentum, Plant Physiol. 67 (1981) 608–612.

[38] A.A. Arteni, L.-N. Liu, T.J. Aartsma, Y.-Z. Zhang, B.-C. Zhou, E.J. Boekema, Structure and
organization of phycobilisomes on membranes of the red alga Porphyridium
cruentum, Photosynth. Res. 95 (2008) 169–174.

[39] J. Sauer, U. Schreiber, R. Schmid, U. Völker, K. Forchhammer, Nitrogen starvation-
induced chlorosis in Synechococcus PCC 7942: low-level photosynthesis as a
mechanism of long-term survival, Plant Physiol. 126 (2001) 233–243.

[40] E. Gantt, C.A. Lipschultz, Phycobilisomes of Porphyridium cruentum: pigment
analysis, Biochemistry 13 (1974) 2960–2966.

[41] R. Nevo, D. Charuvi, E. Shimoni, R. Schwarz, A. Kaplan, I. Ohad, Z. Reich, Thylakoid
membrane perforations and connectivity enable intracellular traffic in cyanobacteria,
EMBO J. 26 (2007) 1467–1473.

[42] L.G. Gigova, N.J. Ivanova, Microalgae respond differently to nitrogen availability dur-
ing culturing, J. Biosci. 40 (2015) 365–374.

[43] J.L. Collier, A.R. Grossman, A small polypeptide triggers complete degradation of
light-harvesting phycobiliproteins in nutrient-deprived cyanobacteria, EMBO J. 13
(1994) 1039–1047.

[44] T. Kawakami, K. Sakaguchi, K. Takechi, H. Takano, S. Takio, Ammonium induced ex-
pression of the red algal chloroplast gene Ycf18, a putative homolog of the
cyanobacterial NblA gene involved in nitrogen deficiency-induced phycobilisome
degradation, Biosci. Biotechnol. Biochem. 73 (2009) 740–743.

doi:10.1016/j.bbabio.2016.08.005
doi:10.1016/j.bbabio.2016.08.005
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0005
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0005
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0005
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0010
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0010
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0010
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0015
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0015
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0020
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0020
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0020
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0025
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0025
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0025
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0030
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0030
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0035
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0035
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0040
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0040
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0045
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0045
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0045
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0050
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0050
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0050
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0055
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0055
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0060
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0060
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0065
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0065
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0065
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0070
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0070
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0075
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0075
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0075
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0080
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0080
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0085
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0085
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0090
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0090
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0090
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0095
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0095
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0095
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0100
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0100
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0100
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0100
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0105
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0105
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0105
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0105
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0110
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0110
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0110
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0115
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0115
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0115
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0120
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0120
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0120
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0120
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0125
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0125
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0125
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0125
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0130
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0130
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0130
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0135
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0135
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0140
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0140
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0140
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0145
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0145
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0145
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0150
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0150
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0150
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0155
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0155
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0160
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0160
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0160
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0165
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0165
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0170
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0170
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0175
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0175
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0175
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0175
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0180
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0180
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0180
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0185
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0185
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0190
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0190
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0190
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0195
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0195
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0195
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0200
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0200
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0205
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0205
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0205
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0210
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0210
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0215
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0215
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0215
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0220
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0220
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0220
http://refhub.elsevier.com/S0005-2728(16)30596-5/rf0220

	Supramolecular architecture of photosynthetic membrane in red algae in response to nitrogen starvation
	1. Introduction
	2. Experimental procedures
	2.1. Cell growth
	2.2. PBS isolation
	2.3. PBS-thylakoid membrane preparation
	2.4. Spectral analysis
	2.5. AFM
	2.6. TEM

	3. Results
	3.1. Spectral analyses
	3.2. Ultrastructure of cells during nitrogen starvation
	3.3. Morphology of the thylakoid membrane
	3.4. PBSs on thylakoid membranes during nitrogen starvation
	3.5. PBS-free thylakoid membranes
	3.6. Recovery upon addition of nitrogen

	4. Discussion
	Conflict of interest
	Transparency document
	Acknowledgement
	Appendix A. Supplementary data
	References


