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A B S T R A C T

Organisms use various adaptive strategies against phosphate stress, including lipid remodeling. Here, the re-
sponse of major membrane lipids to phosphate stress was analyzed in Synechococcus sp. PCC 7942. Unlike plants
and eukaryotic microalgae, no significant increases in neutral lipids were found, whereas glycolipids content
increased to as high as 6.13% (of dry cell weight, DCW) and phospholipids decreased to 0.34% (of DCW) after
16 days of cultivation without phosphate. Glycolipids accumulation were mainly attributed to the significant
increase of digalactosyldiacylglycerol (DGDG) by 50% and sulfoquinovosyldiaclglycerol (SQDG) by 90%, both of
which acted as complementary lipids for phosphatidylglycerol (PG) in the cyanobacterial membrane. Also, a
notable increase in content (by 48%) of C18 fatty acids (especially C18:1) was observed in all glycolipids at the
expense of C12 and C14 (72%). These changes may contribute to membrane fluidity and photosynthetic activity
for basic cell metabolism and phosphate stress adaptation. Lipidomic analyses showed the reduction of PG 18:1/
16: 0 (by 52%) with the increase of DGDG 18:1/16:0 (133%) and SQDG 18:1/16:0 (245%), strongly suggesting a
direct conversion of PG to DGDG and SQDG. Moreover, the decreasing amount of monogalactosyldiacylglycerol
(MGDG) 16:1/16:0 (22%) was consistent with the increase of free fatty acids (125%) on day 2 of phosphate
absence, which suggested that MGDG is more likely to provide a pool of fatty acids for de novo synthesis of
glycolipids. This study provides valuable insight into cyanobacteria adaptation strategies to phosphate stress by
membrane lipid remodeling and unveils the underlying acyl chain fluxes into glycolipids.

1. Introduction

Glycolipids are widely found in plants, microalgae, and cyano-
bacteria, and a few members of Gram-positive and Gram-negative
bacteria [1]. They not only serve as structural lipids, which determine
the fluidity and integrity of membranes, but are also sensitive to
changes in the environment [2,3], such as temperature changes [4] and
nutrient deficiency [5]. Phosphorus is a necessary element for organ-
isms to maintain normal growth. Reduced phosphate concentration

affects cell growth, pigment content, photosynthetic activity, nucleotide
and phospholipids synthesis, DNA assembly, and other physiological
changes in the cell [6]. Organisms have developed different mechan-
isms to deal with phosphate stress conditions. Phosphate deprivation
conditions result in induced expression for several genes, leading to an
increasing level of phosphorous transport and uptake capacity [7,8].
The elevation of RNase gene expression level stimulates RNA de-
gradation, which releases phosphorus for other physiological processes
in the cell [9]. The remodeling of lipids is another vital process for cell
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growth during phosphate deprivation.
In plants and microalgae, glycolipids monogalactosyldiacylglycerol

(MGDG), digalactosyldiacylglycerol (DGDG) and sulfoquinovo-
syldiaclglycerol (SQDG) are the main components of the plastid mem-
brane and are essential in chloroplast functions, whereas phospholipids
are the main subcellular membrane lipid class under replete nutrient
conditions [1]. In phosphate-starved conditions, the amounts of DGDG
and SQDG increase at the expense of phospholipids in plants [1,10–12].
UPLC-MS(/MS)- and UPLC-MS/MS(/MS)-based lipidomic analyses fur-
ther reveal that phospholipids are broken down to glyceraldehyde-3-
phosphate (G3P), fatty acids, and diacylglycerol (DAG) [13]. The pro-
ducts are used to synthesize triacylglycerol (TAG), diacylglycerol-
N,N,N-trimethylhomoserine (DGTS), and glycolipids (MGDG, DGDG,
and SQDG) [13]. These changes suggest an effective phosphorus-con-
serving mechanism for cell survival. Moreover, the accumulation of a
new class of glycolipid glucuronosyldiacylglycerol (GlcADG) in plants
has also been suggested as essential in protecting against phosphorus
depletion [14–16]. In addition, Gram-negative bacteria (Sinorhizobium
meliloti and Rhodobacter sphaeroides) accumulate ornithine lipids (OL)
and DGTS during phosphate limitation [17–19]. Other cases involved in
DGTS accumulation are found in some microalgae, such as Chlamydo-
monas reinhardtii [20] and Nannochloropsis [21]. In addition, Rhodo-
bacter also accumulates glucosylgalactosyldiacylglycerol (GGD), which
is a unique glycolipid with α-glucose (1→ 4) linked to β-galactose [22].
These findings demonstrate that organisms can synthesize substitute
lipids in response to phosphorus limitation, which is essential for them
to adapt to phosphorus scarcity.

Cyanobacteria are widely spread across the world and make up to
25% of primary production in the oceans [23]. Their biomass con-
centration is usually limited by supplementation and recycling of nu-
trients, especially phosphorus [24]. Cyanobacteria spread from the
poles to the equator [25], suggesting that these organisms have de-
veloped efficient mechanisms to adapt to phosphate variations. A sys-
tematic investigation of glycolipids in the Adriatic Sea revealed that
increased glycolipids instead of phospholipids are common in oligo-
trophic ocean areas, particularly in phosphate limited regions, re-
presenting an effective phosphorus conserving strategy for plankton
survival, including cyanobacteria [26]. So far, although it has been
suggested that SQDG and DGDG can be induced under phosphate-de-
pleted conditions in cyanobacteria [27–30], a detailed adaptation me-
chanism for lipid remodeling has not been unveiled. To understand how
cyanobacteria adapt to phosphate stress by lipid remodeling, we in-
vestigated lipid class, membrane lipid composition, and fatty acid
profile changes of Synechococcus sp. PCC 7942 under phosphate-starved
conditions. Moreover, an analysis using an ultra-high performance li-
quid chromatography mass spectrometry (UHPLC-MS)-based lipidomic
platform further helped us understand the DAG and acyl flux under-
lying this lipid remodeling mechanism.

2. Materials and methods

2.1. Algae culture and experimental design

Synechococcus sp. PCC 7942 was obtained from Shanghai Ocean
University of China. Cells were air bubbled under 25 ± 2 °C and
140 μmol m−2 s−1 in a 1 L Erlenmeyer flask (20 cm length, 10 cm dia-
meter) with 500mL working volume of modified BG11 medium. The
initial OD730 was 0.1 and the pH was 8.0 [31].

In the experiments to study the effect of different phosphate con-
centrations on cell growth, photosynthesis activities, and lipid content,
1 L cell culture obtained at the end of the linear growth phase was
harvested by centrifugation (8000 rpm, 15min) and washed twice with
sterilized water. Cells were diluted by adding 100mL non-phosphate
BG11 medium and transferred into fresh BG11 medium with different
initial phosphate concentrations (0.08, 0.04, 0.03, 0.02, 0.01, and
0 g L−1). The initial OD730 was 0.1. Cell growth and photosynthesis

activities were measured every two days from day 0 to day 18. Cells
grown under different phosphate concentrations were harvested on day
18, then washed with methanol (10%, v/v) and stored at−80 °C for the
subsequent lipid analyses.

To study the effect of phosphate starvation (0 g L−1) on dynamic
changes of lipids, cells were grown in BG11 medium with a phosphate
concentration of 0.04 g L−1 (+P) or 0 g L−1 (eP). The culture condi-
tions and procedures were carried out as described above. Cells were
harvested every two days from day 0 to day 16.

2.2. Growth and biomass concentration determination

According to the method of Chiu et al. [32] the dry cell weight
(DCW) was determined. Synechococcus sp. PCC 7942 were harvested by
centrifugation, and washed twice. To determine DCW, the cell pellet
was lyophilized using a freeze drier (FD-1-50, Boyikang, China). A ca-
libration curve of OD730 measured by spectrophotometer (UV-1000,
Techcom, China) versus cell density was constructed. The sample was
diluted to an OD730 ranging from 0.1 to 1.0. Biomass concentration of
Synechococcus sp. PCC 7942 was calculated using the following equa-
tion: Biomass concentration (g L−1)= 0.274×OD730+ 0.0202
(R2= 0.990). Therefore, the biomass concentration was precisely pre-
dicted by optical density. The DCWs were means of three independent
experiments.

2.3. Photosynthetic activity analysis

Chlorophyll was determined after its extraction from the cells with
90% (v/v) methanol [33]. One-half milliliter of cell suspension was
centrifuged (10,000 g) at 4 °C for 10min, then the chlorophyll of the
pellet was extracted twice with methanol (90%, v/v) at 4 °C in dim light
for 1 h. After centrifugation (10,000 g) at 4 °C for 10min, the content of
chlorophyll was calculated according to the absorbance value of the
methanol extracts by using a spectrophotometer (UV-1000, Techcom,
China), with Eq. (1).

= ×−C (μg mL ) OD 13.91
665 (1)

The fluorescence emission spectra were studied with a spectro-
fluorometer (LS-55, Perkin-Elmer, Germany). The phycoerythrin to
phycocyanin ratio (PE:PC) was determined by recording the fluores-
cence excitation spectra [34].

The photosystem II quantum yield (FV/FM) was recorded by a Pulse
Amplitude Modulation fluorometer (PhytoPAM, Walz, Effeltrich,
Germany) before a dark period of 300 s, following a previously de-
scribed procedure [34]. The value was calculated as: FV/FM= (FV-F0)/
FM, where F0 is the basal fluorescence level, FM is the maximal fluor-
escence level and FV is the variable fluorescence.

2.4. Total lipid extraction and fractionation

Total lipids were extracted according to the modified method of Zhu
et al. [35]. Ground, dry cyanobacteria power (200mg) was suspended
in chloroform:methanol (2:1, v/v) at the volume of 10mL. Samples
were centrifuged (10min, 8000 rpm) after extraction for 10min. This
step was repeated another two times until the lipids were fully ex-
tracted. The supernatant organic solvent was moved to an empty tube
and evaporated to dryness in water at 65 °C. The contents of total lipids
were measured (BS 124S, Sartorius, Germany).

The extracted total lipids were separated into neutral, glyco-, and
phospho-lipids using silica Sep-Pak cartridges (500mg, Waters, USA) as
described by Damiani et al. [36]. First, the silica cartridges were
equilibrated with methanol (100%, 10mL), followed by chloroform
(30mL). Subsequently, 20mg total lipids (contained in 1mL chloro-
form solution) were added to the cartridges. The neutral lipids fraction
was first collected by eluting with chloroform:acetic acid (9:1, v/v) at
the volume of 15mL. The glycolipids fraction was collected by eluting
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with acetone:methanol (9:1, v/v) at the volume of 20mL. The phos-
pholipids fraction was collected last by eluting with 20mL methanol.
The amounts of neutral, glyco- and phospho-lipids were measured by
weighing after drying in a rotary evaporator (N-1100V-W, EYELA,
Japan) at 60 °C under vacuum.

2.5. Lipid composition and fatty acids profile analysis

Total lipids of the cells cultivated in −P/+P cultures on day 16
were chosen for further lipid composition and fatty acid analysis by thin
layer chromatography (TLC) coupled with gas chromatography mass
spectrometry (GC–MS). Detailed processes were as follows. A silica TLC
plate (Merck, Germany) was dipped in 0.15M ammonium sulfate so-
lution for 30 s and then dried for more than two days. A solution of
acetone:toluene:water (91:30:7, v/v/v) was the developing solvent
[12]. After developing, the total lipids were separated into four main
classes (MGDG, DGDG, SQDG, and PG). Spots were visualized by iodine
or α-naphthol staining. The position of each lipid class on the TLC plate
was confirmed by comparing with lipid standards (Avanti Polar Lipids,
USA).

For lipid composition and fatty acid analysis, each spot was scraped
from the plate and transferred into a glass tube. To the samples, 5 μg
nonadecanoic acid (C19:0) in 0.1mL methanol was added as an internal
standard. Fatty acid methyl esters (FAMEs) were prepared by adding
1mL 1 N methanolic HCl followed by incubation at 80 °C for 1 h.
Following the addition of 1mL 0.98% (wt/vol) KCl, the FAMEs were
extracted by hexane (1mL) and then concentrated to a small volume
(0.1 mL). Samples were injected into an AutoSystem XL GC/TurboMass
MS (Perkin Elmer, Germany) for further GC–MS analysis [37]. A
Spectra Physics integrator was used for the integration of fatty acid
data. The contents of fatty acids of each lipid class were calculated
based on the assumption that each lipid class contained two fatty acids
per molecule. For example, to calculate the DGDG content, we used Eq.
(2) [12]. Three independent experiments were conducted.

∑ ∑= ×(DGDG) mol% [FAMEs ]/ [FAMEs ] 100%(DGDG) (total) (2)

2.6. Reversed phase chromatography

A Vanquish UHPLC system equipped with an ACQUITY UPLC BEH
C18 column (100×2.1mm, 1.7 μm, Waters) was used to separate lipid
substances based on a modified method of Su et al. [38]. Mobile phases
were acetonitrile:water (60/40, v/v) with 10mM ammonium formate
and 0.1% formic acid (A) and isopropanol:acetonitrile (90/10, v/v)
with 10mM ammonium formate and 0.1% formic acid (B). The fol-
lowing gradient was used at a flow rate of 0.4 mLmin−1: 0–0.5 min
95% A, 2–2.1min 57% A, 12min 50% A, 12.1 min 46% A, 18min 30%
A, and 18.1–20min 95% A. The injection volume was set to 1 μL and
the column temperature was set to 55 °C.

2.7. Q Exactive plus mass spectrometer for identification of lipids

As described by Criscuolo et al. [39], a Thermo Scientific Q Exactive
hybrid quadrupole-Orbitrap mass spectrometer with electrospray ioni-
zation source (ESI) was used in data dependent mode (DDA) with one
full mass scan followed by the top 10 MS/MS scans per cycle. Spray
voltage was set to 3.2 kV in positive ion mode and 2.8 kV in the nega-
tive ion mode, all other interface settings were identical for positive and
negative ion modes. The capillary temperature, aux gas heater tem-
perature, sheath gas flow, aux gas flow, and s-lens RF level were set at
320 °C, 350 °C, 50 Arb, 15 Arb, and 50 V, respectively. For full mass
acquisition, data were collected in the range of m/z 150–2000 with
70,000 resolution. The value of automatic gain control (AGC) and the
maximum injection time (IT) were 1e6 and 100ms, respectively. For
data dependent MS/MS acquisition, spectral information was acquired

with a resolution of 17,500, AGC of 5e5, and IT of 50ms. Over the
whole collecting process, nitrogen (99.999%) was used as a collision-
induced dissociation gas. The normalized collision energy (NCE) was
15, 30, and 45 to fragment ions. Additives, high resolution mass, and
fragmentation of membrane lipids were used for identification ac-
cording to the fragmentation pattern of the standards (MGDG, DGDG,
SQDG, and PG 17:0/14:1 (Avanti Polar Lipids, USA)). In this experi-
ment, MGDG, DGDG, SQDG and PG were more suitable in negative
mode than positive, hence negative mode was used for identifying those
lipids (Fig. S1, Tables S1 and S2). However, DAG and TAG were more
suitable for positive mode than negative. Identification (Table S3) was
according to the method described by Légeret et al. [4].

Quantification of lipid molecular species was according to a mod-
ified method described by Yang et al. [40]. The lipid molecular species
were further quantified through external standard calibration. The
equations between lipid standard concentrations and peak areas were
shown in Table S4. The lipid standards were MGDG, DGDG, SQDG, PG
17:0/14:1, DAG 18:1/18:1, and TAG 18:1/18:1/18:1 from Avanti Polar
Lipids (USA). Three independent biological replicates were analyzed.

2.8. Data processing

The UHPLC-MS(/MS) data were obtained in raw files with the
XCalibur software (Thermo Fisher Scientific). The identification,
alignment and quantification were conducted using LipidSearch™ 4.1
(Thermo Fisher). The identification of lipids was determined by the
comparison of the fragmentation ions, the retention time and high re-
solution mass, which reveal the fatty acyl groups (FAs) on lipids, using
the LipidSearch Database. The sample names (based on the retention
time, peak feature, and m/z) and normalized peak intensity were ex-
ported for principal components analysis (PCA) using SIMCA software
(V.12.0, Umetric, Sweden). Three independent biological replicates
were analyzed.

2.9. Ultrastructure observation

The ultrastructure of cells was determined using transmission
electron microscopy (TEM). Sample were fixed in 2.5% glutaraldehyde
in 0.1M phosphate buffer (pH 7.4) at 4 °C for at least 7 h and then
postfixed in 2% osmium tetroxide in the same buffer. Cells were de-
hydrated through an ethanol series, and then embedded in epoxy resin.
Ultra-thin sections were cut using an ultramicrotome (Leica EM UC7,
USA) with a diamond knife and stained with uranyl acetate followed by
lead citrate solution. The images were taken with a transmission elec-
tron microscope (Tecnai G2 spirit Biotwin, CZ).

2.10. Membrane fluidity measurement

The membrane fluidity was estimated by measuring the steady-state
fluorescence polarization of the hydrophobic probe 1,6-diphenyl-1,3,5-
hexatriene (DPH). Thylakoid membranes were separated from
Synechococcus sp. PCC 7942 cells according to the method described by
Kondo et al. [41]. Cells were harvested and then suspended in 1mM
HEPES (pH 7.5) containing 0.1 M sorbitol and 10mM KCl [42]. Cells
were broken using a Beadbeater (Tissuelyser-24, Jingxin, China) with
zirconia/silica beads (0.1 mm, Biospec, USA). Then, thylakoid mem-
branes were precipitated by centrifugation at 20,000×g for 30min.
Next, the membranes were suspended in PBS (pH 7.4) (1 mL of 1 μg
chlorophyll) and labeled with DPH (0.2 μM) [43] on ice in the dark for
1 h. Thylakoid membranes labeled with DPH were incubated at 20 °C in
the dark for 10min, and then, the fluorescence polarization of the la-
beled membranes were measured using a fluorescence spectro-
photometer (FLS1000, Edinburgh, UK) between 20 °C and 50 °C, with
an excitation light of 380 nm (4 nm slit) and emission light of 425 nm
(7 nm slit). The polarization values were calculated as described by
Barber et al. [42].
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3. Results

3.1. Growth and photosynthesis activities of Synechococcus sp. PCC 7942
under different phosphate concentrations

The growth and photosynthesis activities of Synechococcus sp. PCC
7942 under different phosphate concentrations are shown in Fig. 1. The
growth of cyanobacteria was retarded under phosphate stressed or
starved conditions (Fig. 1A). Under phosphate depleted conditions
(0 g L−1), the biomass concentration increased to the highest content
(0.2 g L−1) on day 2 and remained constant until day 18 (Fig. 1A).
When cells were grown under phosphate stress conditions (0.01, 0.02,
0.03 g L−1), the biomass concentration showed a slower increase than
those grown under phosphate replete conditions (0.04, 0.08 g L−1)
(Fig. 1A). This indicated that cells can still grow under phosphate
stressed or starved conditions. In parallel, similar patterns were de-
tected for the chlorophyll content (Fig. 1B). The synthesis of chlor-
ophyll was almost completely inhibited in cells grown without phos-
phate (Fig. 1B). However, the chlorophyll contents showed a relatively
slower increase under phosphate stress (0.01, 0.02, 0.03 g L−1) condi-
tions than those under phosphate replete conditions (0.04, 0.08 g L−1)
(Fig. 1B). The chlorophyll content of the cells reached 9.3 (μgmL−1)
under 0.03 g L−1 phosphate concentration on day 10, which was almost
the same as those grown under 0.04 g L−1 phosphate concentration at
the same time (Fig. 1B). Moreover, the photosynthetic quantum yield
(FV/FM) value was almost constant (0.35) during the entire experiment
under 0.04 g L−1 phosphate concentration, whereas it was significantly
decreased throughout the experiment under phosphate stressed or
starved conditions (Fig. 1C), which indicated a drop in photosynthetic
capacity under phosphate stress conditions. The results above suggested
that although chlorophyll synthesis and photosynthesis activities were
repressed under phosphate stress conditions, the cells kept growing
with relatively low photosynthetic activities.

The phycobiliprotein fluorescence excitation ratio (phycoery-
thrin:phycocyanin, PE:PC) reflects the adjustment of light utilization
capacity [44]. Cells grown under phosphate absent conditions had a
higher PE:PC value than those grown under phosphate replete condi-
tions (0.04, 0.08 g L−1) (Fig. 1D). The PE:PC value of cells grown with
no phosphate increased significantly from 0.4 (day 0) to 1.9 (day 12)
and then gradually decreased to 1.2 (day 18) (Fig. 1D). This sharp
turnover pattern was also found on day 10 in cells grown under phos-
phate stress (0.01 and 0.02 g L−1) conditions (Fig. 1D). This demon-
strated the up-regulation of light utilization capacity in cyanobacterial
cells grown under phosphate stress conditions. The results above in-
dicated that Synechococcus sp. PCC 7942 could be kept alive under
phosphate stress, and even without phosphate, and have the ability to
adjust photosynthetic activities and light utilization to adapt to phos-
phate stress.

3.2. Changes of lipid class in response to different phosphate concentrations
in Synechococcus sp. PCC 7942

To explore the relationship between lipid changes and phosphate-
stress adaptation, the contents of total lipids and different lipid classes
in Synechococcus sp. PCC 7942 under different phosphate concentra-
tions were determined. As shown in Fig. 2, the contents of total lipids
and neutral lipids did not have significant changes, while contents of
glycolipids and phospholipids changed significantly. The content of
glycolipids increased with reduced phosphate concentrations, reaching
5.58% in cells grown without phosphate, which was 1.7-fold higher
than that of the control (0.04 g L−1) (Fig. 2). However, the content of
phospholipids decreased with the reduction of phosphate concentra-
tions. The lowest content (0.42%) of the phospholipids was observed
under phosphate absence, which was> 74% decreased as compared
with that of the control (Fig. 2). The results suggested that phosphate
limitation, especially starvation, may induce the alteration of lipid

Fig. 1. The growth and photosynthesis activities of Synechococcus sp. PCC 7942 in modified BG11 medium at different phosphate concentrations. Dry cell weight
(DCW) (A), chlorophyll (Chl) content (B), photosystem II quantum yield (FV/FM) (C), and phycobiliprotein fluorescence emission ratio (PE:PC) (D). Mean, n=3. PE,
phycoerythrin; PC, phycocyanin.
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composition in cyanobacteria.
To further understand the lipid changes during the whole growth

period, time-course changes of each lipid class under 0 g L−1 (eP) and
0.04 g L−1 (+P) phosphate concentrations were analyzed (Fig. 3). The
total lipids and neutral lipids in eP cultures did not show any sig-
nificant changes over the whole growth period (Fig. 3A and B). How-
ever, glycolipids had an increasing trend over all growth stages, espe-
cially from day 12 to day 16, and reached the highest content of 6.13%
in eP cultures on day 16, which was 1.95-fold higher than that in +P
cultures (Fig. 3C). Phospholipids reached its maximal content of 3.01%
on day 2, and decreased to 1.22% on day 8, and then slowly declined to

0.34% on day 18 (Fig. 3D). Glycolipids and phospholipids are the main
structural components of thylakoid and cytoplasmic membranes [45].
The results indicated that phosphate starvation may induce significant
membrane lipid changes, especially on day 16.

3.3. Effect of phosphate limitation on membrane lipid composition

Glycolipids (MGDG, DGDG, and SQDG) and phosphatidylglycerol
(PG) exist in oxygenic photosynthetic organisms from cyanobacteria to
higher plants, and contribute to constructing membrane systems, in-
cluding thylakoid membranes [46–48]. To further understand the effect
of phosphate stress on membrane lipid composition, we chose cells
grown on day 16 for membrane lipids analysis, when the glycolipid
content was the highest (Fig. 3C). Membrane lipid composition varied
significantly. As shown in Fig. 4B, the DGDG and SQDG contents in eP
cells increased respectively 1.5-fold and 1.9-fold compared with that in
+P cells. The proportion of membrane phospholipid (PG) was de-
creased by 75% in eP cells compared with that in +P cells (Fig. 4B).
This suggested that DGDG and SQDG may act as substitute lipids for PG
under eP conditions and that lipid remodeling occurred. This re-
modeling, where phospholipids were replaced with non-phospholipids,
has also been found in bacteria, plants and several microalgae [49–51].

The supply of phosphate also affects the fatty acid composition of
membrane lipids. In eP cells, C18:1 fatty acid showed clear increases in
MGDG, DGDG and SQDG, which increased by 149%, 106% and 421%,
respectively, compared with that in +P cultures (Table 1). The total
content of medium-chain fatty acids (C14:1, C14:0 and C12:0) was
decreased by 72% compared with that of the control (calculated from
Table 1). This suggested that fatty acid synthesis and elongation hap-
pened under phosphate-starved conditions. There was almost no

Fig. 2. Effects of different phosphate concentrations in contents (% DCW) of
total lipids, neutral lipids, glycolipids and phospholipids in of Synechococcus sp.
PCC 7942. Cells were cultivated in modified BG11 medium for 18 days. Mean,
n= 3.

Fig. 3. Dynamic changes in contents (% DCW) of total lipids (A), neutral lipids (B), glycolipids (C), and phospholipids (D) in Synechococcus sp. PCC 7942 under
phosphate replete (+P) and phosphate depleted (eP) conditions. Mean, n=3. The legends, +P and eP, indicate phosphate concentrations in the medium of
0.04 g L−1 and 0 g L−1, respectively.
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difference in the fatty acid composition of PG between eP and +P cells
(Table 1). One possible reason was that PG mainly donates DAG for
glycolipids synthesis. The results above suggested that the phosphate
stress-induced membrane lipid remodeling and changes in fatty acid
composition seemed to alter the membrane fluidity and stability and
help cyanobacteria adapt to unfavorable conditions.

3.4. Effect of phosphate limitation on membrane thickness and fluidity

The internal ultrastructures of Synechococcus sp. PCC 7942 cells
under phosphate replete (+P) and depleted (eP) conditions were fur-
ther observed using transmission electron microscopy (TEM) (Fig. 5).
As shown in Fig. 5B, the thylakoid membrane was considerably thicker
in eP cells than that in +P cells (Fig. 5A) after 16 days of phosphate
starvation. The thicker membrane resulted in a stacked formation in eP
cells. The superficial area of the thylakoid membrane seemed expanded
in eP cells (Fig. 5B). These alterations were similar to those seen in
Scenedesmus [52] and Phaeodactylum tricornutum [53] under phosphate
stress conditions. Many small polyphosphate bodies (PPBs) adhering to
DNA were observed in +P cells (Fig. 5A); however, the PPBs were al-
most absent in eP cells (Fig. 5B). This indicated that the degradation of
PPBs might be involved in providing phosphorus for DNA replication
under eP condition [54,55].

Changes in fatty acid composition of membrane lipids directly affect
thylakoid membrane fluidity [56]. The fluorescence polarization of
DPH in membranes separated from eP and +P cells were therefore
measured (Fig. 6). The polarization of DPH fluorescence in eP cells was
lower than that in +P cells (Fig. 6), which suggested an increased
membrane fluidity in Synechococcus sp. PCC 7942 over 16 days of
phosphate starvation.

3.5. Lipidomic analysis of Synechococcus sp. PCC 7942

To decipher how membrane lipids were remodeled under phosphate
stress conditions, an UHPLC-MS(/MS)-based lipidomic approach was
adopted. We could distinguish five major lipid classes and free fatty
acid (FFA) profiles with different molecular species in the cells. Our
analysis identified fifteen MGDG, fifteen DGDG, and ten SQDG mole-
cular species. The PG lipid class contained 21 molecular species (Table
S2). DAG exhibited nine identified molecular species (Table S3). FFA
was present in five different molecular species. Among those lipid
classes, we also distinguished regiochemical distribution of the sn-1/sn-
2 acyl chains of MGDG, DGDG, SQDG, and PG (Table S2).

To reveal the clustering trends within our multivariate lipidomic
data, an unsupervised statistical method (principal component analysis,
PCA) was used. In a PCA, differences and similarities of the samples are
revealed in the score plots by analysis of pattern formations or two-
dimensional clustering [38]. The first two components, which are used
for plotting scores and loadings, explained 77.0% of the variance
(Fig. 7). In the score plot (Fig. 7), the cells grown under eP conditions
were separated clearly during different growth days. However, cells
grown under +P conditions were clustered in one area of the plot from
day 2 to day 16 (Fig. 7), which indicated no significant physiological
differences in +P cultures. The result indicated that different metabo-
lites occurred under eP conditions. Therefore, based on the PCA ana-
lysis above, we chose lipidomic data of eP cells from day 0 to day 16 for
the next analysis.

To reveal the more specific role of PG in glycolipid accumulation,
such as providing acyl groups and diacylglycerol (DAG) for glycolipid
assembly, the changes of their molecular species during 16 days of
phosphate starvation were further investigated (Fig. 8). Multiple

Fig. 4. Membrane lipid composition of
Synechococcus sp. PCC 7942 grown under phosphate
depleted (eP) and replete (+P) conditions for
16 days. Total lipids separation by TLC and visuali-
zation by α-naphthol staining (A); Content of each
membrane lipid class (B). Mean, n= 3. Student's t-
test (*P < 0.05). The legends, +P and eP, indicate
phosphate concentrations in the medium of
0.04 g L−1 and 0 g L−1, respectively.

Table 1
Fatty acid composition of each individual membrane lipid class in Synechococcus sp. PCC 7942 grown in phosphate-starved condition for 16 days. Cells were
cultivated in modified BG11 medium under phosphate replete (+P) and phosphate depleted (eP) conditions. Mean, n=3. Student's t-test (*P < 0.05). The legends,
+P and eP, indicate phosphate concentrations in the medium of 0.04 g L−1 and 0 g L−1, respectively.

Fatty acid (mol %) MGDG DGDG SQDG PG

−P +P −P +P −P +P −P +P

12:0 2.84 ± 0.08* 9.21 ± 1.21 n.d. * 0.11 ± 0.03 n.d. n.d. n.d. n.d.
14:0 n.d. * 0.15 ± 0.02 n.d. * 1.62 ± 0.27 0.03 ± 0.01* 2.15 ± 0.19 n.d. n.d.
14:1 0.51 ± 0.31* 4.01 ± 1.02 0.19 ± 0.04* 2.50 ± 0.18 n.d. * 0.08 ± 0.03 0.90 ± 0.13 1.01 ± 0.06
16:0 43.71 ± 4.47 56.22 ± 8.17 40.74 ± 4.88 45.97 ± 3.56 43.39 ± 4.11 42.48 ± 3.08 45.35 ± 1.58 47.34 ± 3.28
16:1 22.75 ± 6.02 19.14 ± 4.49 35.79 ± 2.53 39.49 ± 1.83 42.92 ± 2.85 36.74 ± 2.79 9.66 ± 0.20 8.54 ± 0.94
17:1 n.d. n.d. n.d. n.d. n.d. n.d. 0.55 ± 0.12 0.25 ± 0.08
18:0 0.90 ± 0.12* n.d. 2.41 ± 0.59* 0.53 ± 0.12 n.d. * 14.91 ± 1.79 1.71 ± 0.39 2.26 ± 0.42
18:1 29.70 ± 2.27* 11.91 ± 2.00 19.39 ± 1.30* 9.40 ± 2.51 11.94 ± 1.82* 2.29 ± 0.68 37.41 ± 3.42 39.03 ± 1.32
18:2 n.d. n.d. n.d. n.d. n.d. n.d. 4.10 ± 0.42* 2.30 ± 0.32

n.d., not detected.

Z. Peng, et al. BBA - Molecular and Cell Biology of Lipids 1864 (2019) 158522

6



changes of these five glycerolipid molecular species are presented in
Fig. 8. MGDG molecular species were selectively degraded, i.e., 16:1/
16:0, 12:0/16:0, 14:1/16:0, and 16:0/16:0, among which the main
proportion 16:1/16:0 decreased the most (by 22%) during 2 days of
phosphate stress and then remained unchanged (Fig. 8A). Some mole-
cular species of MGDG gradually increased during 16 days of phosphate
deprivation, i.e., 18:1/16:1, 18:1/16:0, and 18:1/18:1, of which 18:1/
16:0 contributed> 80% to increased MGDG (Fig. 8A). The result in-
dicated that the acyl chain varied in MGDG during phosphate stress
conditions. The major PG molecular species included 16:1/16:0 and
18:1/16:0, both of which decreased by 75% and 52%, respectively,
after 16 days of phosphate starvation (Fig. 8D). This change was con-
sistent with the elevation of DAG molecules on day 8, i.e. 16:1/16:0,
18:1/16:0 and 18:1/16:1, which increased by 59%, 289% and 157%,
respectively (Fig. 8E). This suggested that the conversion of PG to DAG
took place during the eight phosphate-starvation days. Moreover, the
total FFA content increased significantly by 125% on day 2 and then
sharply decreased by 63% on day 16 (Fig. 8F). It seemed that DAG and
FFA functioned as mediators for glycolipid assembly, in particular

DGDG 18:1/16:0 and SQDG 18:1/16:0, which increased 133% and
245%, respectively (Fig. 8B and C). This results above demonstrated a
membrane lipid remodeling scenario where the initial degradation of
PG and MGDG mainly provide DAG or fatty acid pools for glycolipid
accumulation and membrane lipid remodeling.

4. Discussion

4.1. Growth and photosynthesis changes reflect phosphate stress adaptation

It has been widely accepted that environmental stress (such as
phosphate [13,51], nitrate [45,51], sulfite [57], and temperature stress
[34]) reduce pigment content, photosynthetic activities, and cell
growth. In our study, photosynthetic activities and growth of Sy-
nechococcus sp. PCC 7942 were also inhibited because of phosphate
depletion (Fig. 1A). The downregulation of growth rate and pigment
content has been suggested as a protective mechanism for cells [58]. In
our study, Synechococcus sp. PCC 7942 kept growing under phosphate
stress, even growing with no phosphate, and had the ability to adjust

Fig. 5. TEM images of Synechococcus sp. PCC 7942 cells grown in phosphate replete (+P) (A) and phosphate depleted (eP) (B) conditions for 16 days. The black
arrowhead in A indicates polyphosphate bodies (PPBs). T, thylakoid membrane; CW, cell wall. The legends, +P and eP, indicate phosphate concentrations in the
medium of 0.04 g L−1 and 0 g L−1, respectively.
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photosynthetic activities and light utilization (Fig. 1). The phosphate
stress induced a stepwise adaptation mechanism, because a more
complicated lipid remodeling process seemed to be operative under eP
conditions [51]. By contrast, nitrate stress is a more severe stress, as
nitrate limitation presumably relates to protein synthesis [51]. More
recent reports have shown that phytoplankton can assimilate dissolved
organic phosphorus by the enzymatic reaction of purple acid phos-
phatases (PAPs) and alkaline phosphatases (APs) to meet their phos-
phorus requirement [59,60]. Furthermore, cyanobacteria are able to
enrich large amounts of inorganic PPBs in the form of granules (Fig. 5),
with the physiological functions of stress response and cell division
[54,55]. This strategy can help cells reduce their physiological phos-
phorus need by 50% in phosphate-starved conditions [61,62]. Above
all, those mechanisms are essential for organisms to maintain growth in
environments low in phosphate.

The phycobiliprotein fluorescence value contributes to the F0 value
in cyanobacteria, and may eliminate damage by dissipating excess light
that cannot be used [34,44]. The parameter fluorescence emission ratio
(phycoerythrin:phycocyanin), indicating the energy transfer rate be-
tween these two phycobiliproteins, has been adopted to evaluate

cyanobacteria photosynthesis activity [34]. In our study the PE:PC ratio
had a sharp turnover pattern under phosphate concentration of 0, 0.01,
and 0.02 g L−1, which was different from cells cultivated under other
phosphate concentrations (Fig. 1D). This alteration suggests an ad-
justment of light utilization capacity under phosphate-starved condi-
tions for Synechococcus sp. PCC 7942. Furthermore, the ratio of MGDG
and DGDG is important for stability and normal function of the pho-
tosynthetic apparatus [10]. Our study found that the MGDG/DGDG
ratio increased from day 8 (0.7) to day 16 (1.0) (calculated from Fig. 8A
and B), which may also be related to the increased light utilization. The
results demonstrate that cyanobacteria can survive in phosphate-
starved conditions, which may also relate to membrane lipid changes.

4.2. Cyanobacteria only accumulate glycolipids under phosphate stress
conditions

Typically, nitrogen [36] and phosphorus deficiency [63] as well as
extreme environmental conditions, e.g. high salinity [64], high light
intensity [65], or extreme temperatures [66] induce the accumulation
of neutral lipids in most microalgae and higher plants. Neutral lipids
(such as TAG) can serve as carbon and energy storage lipids when cell
growth is arrested [51]. However, in our study, no significant accu-
mulation of neutral lipids was observed in Synechococcus sp. PCC 7942
under phosphate-starved conditions (Fig. 3). Cyanobacteria have a
strong ability to synthesize photosynthetic membranes, but they lack
native DAG acyltransferases (DGAT) which catalyze TAG synthesis from
DAG and acyl-CoA [67]. Although the proportion of neutral lipids in
Synechococcus sp. PCC 7942 was> 50% of total lipids (Figs. 2 and 3),
the main components might be pigments, DAG, FFA, and sterols
[68,69]. Based on the TEM results, the increased thickness and super-
ficial area of the thylakoid membrane in eP cells suggested an accu-
mulation of glycolipids in cyanobacteria (Fig. 5). Consistent with our
findings, photosynthetic bacterium Rhodobacter sphaeroides only accu-
mulated glycolipids and betaine lipids under phosphate stress condi-
tions [18]. It has also been reported that production of glycolipids and
neutral lipids can both be induced under phosphate stress or other
nutrient stress conditions in plants and some eukaryotic microalgae
[63,70–72]. Hence, we suggest that cyanobacteria only accumulate
glycolipids under phosphate stress conditions, which is different from
plants and eukaryotic microalgae.

Fig. 6. Fluorescence polarization of DPH in thylakoid membranes isolated from
Synechococcus sp. PCC 7942 cells. Cells under phosphate replete (+P) and
phosphate depleted (eP) conditions were harvested on day 16. Mean, n=3.
The legends, +P and eP, indicate phosphate concentrations in the medium of
0.04 g L−1 and 0 g L−1, respectively.

Fig. 7. The score scatter plot of PCA of membrane
lipidome data in negative ions (ESI−) mode. Cells
under phosphate replete (+P) and phosphate de-
pleted (eP) conditions were harvested on day 0, day
2, day 8, and day 16, successively. The legends, +P
and eP, indicate phosphate concentrations in the
medium of 0.04 g L−1 and 0 g L−1, respectively.

Z. Peng, et al. BBA - Molecular and Cell Biology of Lipids 1864 (2019) 158522

8



Glycolipids and phospholipids are the main structural components
of thylakoid and cytoplasmic membranes [45]. The increased glycolipid
yields seem to be related to the replacement of phospholipids by
non‑phosphorus lipids, such as glycolipids (Figs. 2 and 3), which makes
phosphorus available for other vital physiological metabolism pro-
cesses. This effective phosphorus-conserving mechanism has been de-
tected in many organisms during phosphate stress, including micro-
algae and photosynthetic bacteria [18,73]. In our study, the glycolipid
content increased simultaneously with the reduction of chlorophyll
content (Fig. 1B), indicating a protection machinery against photo
oxidation and over excitation at high light intensity [26]. Above all, the
present results imply that glycolipid accumulation under phosphate
stress conditions may help cyanobacteria adapt to this unfavorable
environment.

4.3. Phosphate-starvation adaptation by membrane lipid remodeling

Glycolipids (MGDG, DGDG, and SQDG) and phosphatidylglycerol
(PG) are widely present in photosynthetic organisms and contribute to
the construction of membrane systems [46–48]. The cyanobacterial
thylakoid membranes are the predominant membrane, representing
almost all cellular membranes [74]. In our study, DGDG and SQDG
accumulated under phosphate-limited conditions (Fig. 4B), which was
consistent with previous studies in plants [11,12,75] and microalgae
[13,51,71]. Moreover, a diminished MGDG/DGDG ratio, from 2.2 (+P
cells) to 1.2 (eP cells), was also detected (calculated from Fig. 4B). The
MGDG/DGDG ratio (non-bilayer forming lipids/bilayer forming lipids)
is important for the stability and normal functioning of the plastid
membrane, and can be regulated by the availability of phosphorus
[10,51,76,77]. A comparison of membrane lipid composition of six
species of salt-tolerant (i.e., samphire [Salicornia europaea]) and -sen-
sitive (i.e., cucumber [Cucumis sativus]) plants revealed that the MGDG/

Fig. 8. The contents of molecular species of each lipid class in Synechococcus sp. PCC 7942 in phosphate depleted (eP) condition. Cells grown in modified BG11
medium in phosphate depleted (eP) condition for 0 day (control), 2 days, 8 days, and 16 days. Mean, n=3. Student's t-test (*P < 0.05). The legend, eP, indicates
phosphate concentration in the medium of 0 g L−1.
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DGDG ratio is correlated with the resistance to salt [78] and low tem-
perature [79] in plants, which may function in protecting plants against
stress. Thus, we infer that the ratio is also correlated with low-phos-
phate stress adaptation for cyanobacteria.

Furthermore, PG and SQDG are the only negatively charged mem-
brane lipids and likely to have a similar function in the cell [80]. The
DGDG accumulation during phosphate stress is similar to SQDG sub-
stitutes for PG in thylakoid membranes [12]. Hence, the degradation of
PG by increasing amount of SQDG and DGDG (Fig. 4B) is an important
mechanism for protecting thylakoid membranes. This membrane lipid
remodeling where phospholipids are replaced by non-phospholipids is
different in some organisms. Replacement of phospholipids by betaine
lipids (BLs) has been shown in C. reinhardtii [81], Nannochloropsis [21],
Rhodobacter sphaeroides [17,18] and Sinorhizobium melilot [19] under
phosphate stress conditions. The results indicate that the accumulation
of DGDG and SQDG are both necessary for phosphate adaptation of
cyanobacteria.

4.4. Phosphate-starvation induce changes of membrane thickness and
fluidity

Synechococcus sp. PCC 7942 seemed to contain only traces of
medium-chain fatty acids (C12 and C14) and was C16 and C18 rich
(Table 1). It is noteworthy that the fatty acids at the sn-2 position of
membrane lipid molecular species are mainly C16 fatty acids in Sy-
nechococcus sp. PCC 7942 (Fig. 8), which has been proposed to maintain
the structure and function of the photosynthetic protein and is preferred
in freshwater cyanobacteria [82]. Compared with marine Synechococcus
strains, i.e., Synechococcus sp. WH7803, which is C14 rich at the sn-2
position of membrane lipids [34], Synechococcus sp. PCC 7942 has a
thicker thylakoid membrane. This feature is related to traits for
adapting to phosphate stress, as a thicker membrane lipid may result in
a stacked formation from hydrogen bond connections (Fig. 5B) [83].
This stacking not only balances the static electricity produced by
charged lipids SQDG and PG, but also maintains a high hydrous stacked
membrane [83].

A notable increase in content of C18 (especially C18:1) was ob-
served in all glycolipids at the expense of C12 and C14 (Table 1), which
also suggested a thicker membrane under eP conditions (Fig. 5B).
Moreover, the saturated and monounsaturated C16 and C18 fatty acids
contain higher caloric value than that of C12 and C14 [84], which may
store more energy for cell survival [85]. We therefore speculate that the
accumulation of glycolipids with high proportions of C16 and C18 fatty
acids benefit energy saving, just as TAG accumulation does for eu-
karyotic microalgae [86]. Further, a large amount of C18:1 in mem-
brane lipids triggered by phosphate stress was also found in several
eukaryotic microalgae [87,88]. Increased C18:1 will lead to an eleva-
tion of unsaturated membrane lipids, which will directly affect mem-
brane fluidity (Fig. 6), and further impact photosynthetic activities
[34,56]. Above all, we suggest that increases of C18:1 in glycolipids
may contribute to an appropriate membrane fluidity and function in
phosphate adaptation.

4.5. Pathways of membrane lipid remodeling

Based on the UHPLC-MS(/MS) lipidomic data, a likely scenario for
the fluxes of fatty acids and the DAG backbone is proposed in Fig. 9.
Reduced PG 18:1:16:0, simultaneous with increased DGDG 18:1/16:0
and SQDG 18:1/16:0 with the same stereochemistry (Fig. 8B, C and D),
strongly suggests a conversion of PG to DGDG and SQDG (Fig. 9). The
total DAG content increased from 3.6 to 5.5 (nmol mg−1) on day 8 and
then gradually decreased to 4.1 (nmol mg−1) on day 16 (calculated
from Fig. 8E). This observation does not rule out the role of substrate
(DAG) in the regulation of glycolipid synthesis, because the metabolism
of DAG (by glycolipid assembly) and the supplement of DAG (by
phospholipid degradation) are balanced during different growth stages

under phosphate deprivation [89]. Phospholipase C (PLC) is involved in
the lipid remodeling in bacteria Sinorhizobium meliloti [49]. A homo-
logous gene has also been detected in yeast and Agrobacterium [89–91].
Thus, PLC may be involved in phospholipid degradation and DAG re-
lease under phosphate-starved conditions in our experiment. This ob-
servation has also been reported in phosphate-deprived plants and
diatoms [13,75]. With the upregulation of PLC and phospholipase D
(PLD), the increased DAG is suggested to act as substrate for synthesis
of glycolipids (Fig. 9) [13,75]. Moreover, the content of DAG 16:1/16:0
was decreased by 39% from day 8 to day 16, which demonstrates the
modification of DAG molecular species. This modification may be cat-
alyzed by phosphatidylcholine:diacylglycerol cholinepho-
sphotransferase (PDCT), generating new molecular species of DAG
(Fig. 9) [92].

In addition, the initial significant degradation of MGDG 16:1/16:0
was consistent with the increase of DAG 16:1/16:0, suggesting a con-
version from MGDG to DAG on day 2. Although this conversion route
has been revealed in Arabidopsis freezing tolerance catalyzed by ga-
lactolipid:galactolipid galactosyltransferase/sensitive-to-freezing 2
(SFR2) [93], we could not observe the formation of other oligoga-
lactolipids in Synechococcus sp. PCC 7942 and did not find the highest
sequence similarity to SFR2 in Synechococcus sp. PCC 7942. Moreover, a
sharp increase in content of total FFA by 125% was detected during the
first two days of phosphate-starvation, which was also in line with the
significant decrease of MGDG (Fig. 8). This demonstrated that MGDG
may provide fatty acids under phosphate deprivation (Fig. 9). Similar
with our results, in Chlamydomonas, FFAs are produced by an upregu-
lation of the MGDG-specific lipase for TAG synthesis under nitrate de-
privation [81,94]. Taken together, this data indicates that the initial
degradation of MGDG in our experiment may provide fatty acids pools
for DAG de novo synthesis (Fig. 9).

Hence, we propose that, in cyanobacteria, glycolipid accumulation
and lipid remodeling come from two different pathways: (1) conversion
of PG to glycolipids, and (2) degradation of MGDG for glycolipids de
novo synthesis (Fig. 9).

5. Conclusions

The present study showed that Synechococcus sp. PCC 7942 can
grow under phosphate depleted conditions, which is related to the
DGDG and SQDG accumulation, and an increasing content of C18:1
fatty acid in glycolipids. This membrane lipid remodeling is likely to
regulate membrane fluidity, and further impact the efficient photo-
synthetic activities. An overall study of the lipidome indicated that the
accumulation of glycolipids and C18:1 fatty acids were primarily de-
pendent on the contribution of PG and MGDG. The degradation of PG
molecules (namely 16:1/16:0 and 18:1/16:0) were postulated to be
converted to DAG with 16:0 at sn-2 position, and participated in DGDG
and SQDG synthesis. Moreover, the initial reduction of MGDG mole-
cules (namely 16:1/16:0, 14:1/16:0, 12:0/16:0, 16:0/16:0) were hy-
drolyzed into different acyl groups and provided an acyl pool to par-
ticipate in DAG de novo synthesis and glycolipid assembly. This
adaptation process in phosphate-starved Synechococcus sp. PCC 7942
addressed the pivotal roles of galactolipids and phospholipids in med-
iating fluxes of DAG backbones and fatty acids to the glycolipids.
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