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ARTICLE INFO ABSTRACT

Keywords: Cyanobacteria can utilize CO, or even N to produce a variety of high value-added products efficiently. Plas-
Cyanobaf:teria toquinone (PQ) is an important electron carrier in both of the photosynthetic and respiratory electron transport
Plastoquinone chain. Although the content of PQ, as well as their redox state, have an important effect on physiology and
Z}I_JIGBT metabolism, there are relatively few studies on the synthesis of PQ and its related metabolic regulation mech-

anism in photosynthetic microorganisms. In this study, the strategies of overexpression of Geranyl diphosphate:
4-hydroxybenzoate geranyltransferase (lepgt) and addition of 4-hydroxybenzoate (4-HB) as the quinone ring
precursor were adopted to regulate the biosynthesis of PQ in Synechocystis PCC 6803. Combined with the analysis
the photosystem activity, respiration rate and metabolic components, we found the changes of intracellular PQ
reprogrammed the metabolism of Synechocystis PCC 6803. The results showed that the overexpression of lepgt
reduced PQ content dramatically, by 22.18%. Interestingly, both of the photosynthesis and respiration rate were
enhanced. In addition, the intracellular lipid and protein contents were significantly increased. Whereas, the
addition of low concentrations of 4-HB enhanced the biosynthesis of PQ, and the intracellular PQ contents were
increased by 14.76%-70.86% in different conditions. Addition of 4-HB can regulate the photosystem efficiency
and respiration and reprogram the metabolism of Synechocystis PCC 6803 efficiently. In a word, regulating the PQ
biosynthesis provided a novel idea for promoting the reprogramming the physiology and metabolism of
Synechocystis.

Metabolic rewiring

1. Introduction

Cyanobacteria is a photosynthetic microorganism, which can use
CO4, even Nj, to efficiently synthesize high value-added compounds (e.g.
ethanol, fatty acids, isoprene) [1]. It has broad application prospects in
the fields of food, bioenergy and environments. A variety of strategies,
such as genetic engineering or stress tolerance, have been applied to
increasing the level of target products of Cyanobacteria. For example,
both nitrogen stress conditions [2] and overexpression of key enzymes
[3] can be used to increase lipids accumulation. Reducing power and
energy play a crucial role in the growth and metabolism of algal cells.
The change and consumption rate of NADPH and ATP in algae can
regulate the intracellular physiological metabolic rate and biomass
productivity [4-6].
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Synechocystis is one of the most widely used prokaryotic model
cyanobacteria nowadays [7]. Synechocystis sp. PCC 6803 is a model
cyanobacteria which can synthesize glycogen, fatty acids and poly-
hydroxybutyrate. Photosynthetic and respiratory electron transport
chain plays a vital role in photosynthetic microorganisms. Plastoqui-
none (PQ) is an important electron transfer intermediate, which medi-
ates the transfer of reducing power and energy in Synechocystis [8]. In
Synechocystis, the quinone ring precursor of PQ is 4-hydroxybenzoic acid
(4-HB), which is different from eukaryotic microalgae [9]. The synthesis
pathway of 4-HB in Synechocystis is similar to that of Escherichia coli
which synthesized from chorismite [10]. The isoprene side chain pre-
cursor of PQ is solanesyl diphosphate (SPP) or dipropyl diphosphate
(DPS), which is synthesized through the 2-C-methyl-D-erythritol
4-phosphate (MEP) pathway in Synechocystis [11]. In the second

* Corresponding author. State Key Laboratory of Bioreactor Engineering, East China University of Science and Technology, Shanghai, 200237, PR China.

E-mail address: hwu@ecust.edu.cn (H. Wu).

https://doi.org/10.1016/j.synbio.2021.10.004

Received 9 July 2021; Received in revised form 11 October 2021; Accepted 12 October 2021
2405-805X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:hwu@ecust.edu.cn
www.sciencedirect.com/science/journal/2405805X
http://www.keaipublishing.com/en/journals/synthetic-and-systems-biotechnology
https://doi.org/10.1016/j.synbio.2021.10.004
https://doi.org/10.1016/j.synbio.2021.10.004
https://doi.org/10.1016/j.synbio.2021.10.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.synbio.2021.10.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Fan et al.

synthesis stage, 4-HB and SPP undergo a series of decarboxylation, hy-
droxylation, methylation, and other steps to synthesize PQ-9. However,
the genes and metabolic pathways of the PQ biosynthetic pathway in
Synechocystis are not completely understood yet.

The content and the redox status of PQ are important to the growth
and metabolism of cyanobacteria. Firstly, PQ acts as a carrier of elec-
trons in the photosynthetic electron transport chain. PQ is an interme-
diate of acyclic electron transport chain, which transmits electrons from
PSII to cytochrome bgf (Cyt bgf). Besides, PQ is also an important part of
the cyclic electron transport chain. In this cycle, electrons can be
transmitted from PQ to PSI through Cyt bgf, then back to PQ through
reduced ferredoxin or NADPH [12]. What’s more, PQ also plays an
important role in respiratory electron transport chain in Synechocystis.
There are many studies on the PQ-mediated photosynthetic electron
transport chain, while relatively few exploration on the PQ-mediated
respiratory electron transport chain of Synechocystis. It is known that
the electrons generated by the substrate on the respiratory electron
transport chain are transferred to PQ through NDH-1 or SDH, and then
transferred to electron carriers such as cyt bgf, and finally transferred to
terminal oxidase [13]. Studies have shown that electrons generated from
respiratory can participate in the photosynthetic electron transport
chain too [14]. The respiratory chain can provide or remove electrons in
the photosynthetic electron transport chain to prevent excessive oxida-
tion or reduction of PQ [15]. The energy and reducing power generated
by the PQ-mediated photosynthetic and respiratory electron transport
chain can participate in the synthesis of various important chemical
compounds in Synechocystis.

Furthermore, PQ is involved in the anabolism of various compounds
in microalgae and cyanobacteria. For example, it is involved in the
synthesis of carotenoids [16]. It plays an important role in the formation
of the transmembrane proton gradient required for ATP synthesis in the
chloroplast [17]. Finally, PQ can participate in a variety of biological
behaviors, including acting as redox sensor [18], responding to heavy
metal ion concentration changes [19], responding to biological pressure
[20], and mediating programmed death [21].

As a carrier of electrons for photosynthesis and respiration, changes
in PQ content will have a vital impact on the growth and metabolism of
photosynthetic organisms [22]. Previous studies have found that com-
plete lack of PQ would result corn to turn yellow and was prone to death
in the seedling stage [23]. The complete lack of PQ inhibits the photo-
synthetic electron transfer in the chloroplast and results in over-
excitation of PSII and PSI [24]. Excessive excitation of PSII and PSI will
produce a large amount of reactive oxygen species (ROS), cause severe
photo-oxidation damage, and seriously affect chloroplast metabolism
[25]. The complete lack of PQ in the mesophyll cell (MC) results in the
accumulation of large starch granules in the chloroplasts, but no starch
accumulation in bundle sheath cells (BSC) chloroplasts of maize [26].
The difference in the degradation rate of ROS between MC and BSC
chloroplasts indicates that there are differences in the mechanism of
physiological metabolism and synthesis between the two organelle
types. Therefore, the variation of PQ content in different photosynthetic
organisms may lead to different phenotypes.

Geranyl diphosphate: 4-hydroxybenzoate geranyltransferase (lepgt)
from Lithospermum erythrorhizon is a key catalytic enzyme in shikonin
biosynthesis pathway. LePGT synthesizes isoprene 4-hydroxybenzoate
(G-4HB) by using 4-HB and GPP [27,28]. Interestingly, 4-HB and GPP
are the same substrates for ubiquinone biosynthesis [29]. We previously
studied the expression of lepgt in E. coli, and found that ubiquinone (UQ)
content was reduced and led to the accumulation of lactic acid, which
was approximately the theoretical yield [30]. It was proved that small
changes in UQ content in E. coli could achieve precise regulation of
metabolism. In addition, green microalgae, such as Chlamydomonas
reinhardtii, can synthesize UQ by adding 4-HB [31].

Here, we attempted to regulate the intracellular PQ content through
the strategies of overexpressing lepgt or adding 4-HB to Synechocystis.
The metabolic rules like photosystem efficiency and respiration rate, as
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well as intracellular metabolite production mode were studied. To the
best of our knowledge, this is the first attempt to discuss the relationship
between PQ content and intracellular metabolites in photoautotrophic
microorganism.

2. Materials and methods
2.1. The culture condition of Synechocystis PCC 6803

All Synechocystis strains used in this study were cultured with BG11
medium at 28 °C, 120 rpm and continuous illumination of 50 pmol
photons/m?/s. The logarithmic phase of Synechocystis strains were
seeded into fresh BG11 medium with initial concentration of OD73p =
0.1. 4-HB was dissolved in ethanol and diluted down in the growth
medium to a final concentration of 1% ethanol, and the final concen-
tration in the experimental group was 0 mM, 1 mM, 2 mM. The group of
0 mM was wild type Synechocystis which 1% ethanol was added.

2.2. Construction of plasmids and transformation of Synechocystis

The sequence of lepgt was optimized according to the codon prefer-
ence of the Synechocystis and synthesized by GenScript China. The
primer sequences were shown in Table S1. Plasmid pUC-lepgt was con-
structed by inserting promoter psbAll, lepgt, and terminator TrbcL.

The transformants in this study were obtained by the natural trans-
formation of Synechocystis and the expression cassette of lepgt was in-
tegrated into the slr0168 site of the Synechocystis chromosome by
homologous recombination. The single colonies, which were isolated
form plate resistance screen several times, were identified at DNA and
RNA levels. The single colonies that had been demonstrated successful
transcription were selected as transformants (named “LePGT).

2.3. Optical density and cytochrome content assays

The optical density (OD) of Synechocystis was calculated according to
the absorbance of spectrophotometer at 730 nm. During the cultivation
of Synechocystis, 1 mL culture was centrifuged every 48 h (12000 g, 5
min) and the pellet was resuspended in 1 mL N, N-dimethylformamide.
The solution was mixed before dark treatment 5min for extraction. The
mixture was collected by centrifugation (12000 g, 5 min), and the
absorbance of the supernatant was used to calculated cytochrome con-
tent. The cytochrome content calculating was done based on previous
study [32].

2.4. Measurements of photosystem efficiency and respiration rate

Cells growing in the middle of the exponential phase (cultured 7 days
in Fig. le), were centrifuged, and concentrated to a chlorophyll con-
centration of 20 pg/mL. Taken 3 mL of the algae solution concentrated
to a chlorophyll concentration of 20 pg/mL, and leaved it in the dark for
15 min. The chlorophyll fluorescence parameters of PSII were measured
by AquaPen FP110 (FluorCam, Czech Republic).

Cells in the middle of the exponential phase were centrifuged, and
concentrated to a chlorophyll concentration of 100 pg/mL. Taken 2 mL
of the algae solution concentrated to a chlorophyll concentration of 100
pg/mL, and leaved it in the dark for 1 min. The P700 and P700" pa-
rameters of PSI were measured by Dual-PAM-100 (Walz, Germany).

Cells in the middle of the exponential phase were centrifuged, and
concentrated to a chlorophyll concentration of 10 pg/mL. Taken 10 mL
of the algae solution concentrated to a chlorophyll concentration of 100
pg/mL, and leaved it in the dark for 5 min. The respiration rate of
Synechocystis was measured by FireStingGO, oxygen electrode (Pyro
Science Sensor Technology, Germany) under dark conditions [33].
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Fig. 1. Destabilization of plastoquinone content in Synechocystis PCC 6803 with two strategies. (a): Construction of transformant; (b): Identification of
transformants pUC-lepgt at DNA levels; (c): Identification of transformants pUC-lepgt at cDNA levels; (d): PQ content in different treatments; (e): Growth comparison.
The group of 0 mM was wild type Synechocystis which 1% ethanol was added. We verified the upstream homology arms, the target gene and the downstream
homology arm by using primers Up-F and psbAII-R, primers LePGT-F and LePGT-R, Trbcl-F and Down-R, respectively. RNA was extracted and reverse transcribed into
cDNA. The primers LePGT-F and LePGT-R were used to screen the successfully transcribed strains. Standard errors was calculated from three biological independent

experiments; asterisks represent significant differences (*p < 0.05, **p < 0.01).

2.5. Plastoquinone content assays

The extraction and analysis method of PQ referred to the method of
PQ extraction and HPLC separation from Chlamydomonas reinhardtii
with slight modifications [34]. The Synechocystis under mid-log phase
was collected by centrifugation (12000 g, 2 min, 4 °C) and quickly
resuspended in methanol. The supernatant was collected by centrifu-
gation (12000 g, 2 min, 4 °C) and quickly entered HPLC system for
analysis. The analysis method of PQ-9 was as follows: C18
reversed-phase column (Hypersil ODS2 5 pm, 4.6 mM x 250 mM) with
mobile phase of methanol: n-hexane (340/40, v/v). The column tem-
perature was 40 °C. The flow rate was 1.6 mL/min and the absorbance
detection wavelength was 255 nm. The concentrations of PQ-9 in the
extract were evaluated by comparing with the PQ-9 standard and
normalized based on OD73( value of the Synechocystis sample.

2.6. Intracellular metabolites assays

For fatty acid, cells were collected at the stable phase by centrifu-
gation (6500 g, 8 min), freeze-dried for 48 h, and ground into algal
powder. 10 mg algae powder was used to extract the crude oil according
to the method of Folch et al. [35]. Adding 1% H3SO4-CH3OH (2 mL),
vertexing, and incubating at 70 °C for 30 min. Then adding cyclohexane
containing 0.133 g/L methyl heptadecanoate (5 mL) to mixture and
vertexing. Water was added to mixture, vortexed and then stratified. The
Agilent GC-6890 N equipped with 5975 inert mass selective detector
was used to analyze the profiles and contents of fatty acids. The GC-MS
analysis program was kept at 120 °C for 1 min. The temperature was
increased to 170 °C at a temperature increase of 10 °C/min and retained
for 1 min. The temperature was raised to 260 °C at the rate of 10 °C/min
until the analysis was completed.

The Synechocystis on stable phase was extracted and calculated by
glycogen extraction kit (Suzhou Keming Company, China). For protein
production assay, the NaOH solution (0.5 mol/L, 10 mL) was added into
a centrifuge tube containing 5 mg algal powder. The cells were crushed
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by ultrasonication and incubated at 75 °C for 30 min. The supernatant
was collected by rapid centrifugation (12000 g, 10 min, 4 °C). The
protein concentration was determined by BCA method.

For neutral lipid content assay, Synechocystis on the stable phase was
centrifuged and resuspended to OD739 = 0.5 with BG11 medium. 10 pL
Nile red was added into the mixture. The mixture was vortexed and
incubated for 10 min in the dark. The excitation wavelength was at 530
nm and the emission wavelength was at 575 nm in the multifunctional
enzyme marker. The neutral lipid content was calculated according to
fluorescence intensity.

2.7. Statistical analysis

The mean, error bars, and p-values in this study were calculated from
three independent experiments and three biological replicates in each
experiment using t-test in SPSS. p < 0.05 represents a significant
difference.

3. Results and discussion
3.1. Two strategies of regulating the PQ biosynthesis in Synechocystis

To reduce the content of PQ, we constructed the plasmid pUC-lepgt
and integrated the expression cassette of lepgt into the Synechocystis
chromosome through natural transformation and homologous recom-
bination (Fig. 1a). The single colony, after multiple purification, was
boiling to quickly extract the genome. We verified the upstream ho-
mology arms, the target gene and the downstream homology arm by
using primers Up-F, psbAII-R, primers LePGT-F and LePGT-R and Trbcl-F
and down-R, respectively (Table S1 and Fig. 1b). The successfully inte-
grated single algal colonies were selected and cultured to the middle of
logarithmic growth phase. RNA was extracted and reverse transcribed
into cDNA (Fig. 1c). We confirmed that the lepgt in the selected trans-
formants was successfully transcribed by identifying the DNA and RNA
of the transformants. Phenotypes of transformants and wild type strains
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were measured. The content of PQ in transformant was significantly
reduced by 22.18% (p < 0.05) compared with the wild-type (Fig. 1d).

In another strategy, different concentrations (0 mM, 1 mM, 2 mM) of
4-hydroxybenzoic acid (4-HB) were added to promote the synthesis of
PQ in Synechocystis. The experimental group of 0 mM was wild type
Synechocystis with 1% (v/v) ethanol. After addition of 1 mM 4-HB, the
intracellular PQ content of the experimental group increased by 14.76%
than that of the control. In addition, when Synechocystis cultured in the
medium containing 2 mM 4-HB, the intracellular PQ content increased
to 596.16 nmol/OD and significantly increased by 70.86% than that of
the control one (p < 0.01) (Fig. 1d).

Different from eukaryotic microalgae, the quinone ring precursor of
PQ in Synechocystis is 4-HB and the precursor of isoprene side chain is
GPP. Therefore, the overexpression of lepgt in Synechocystis can drain the
precursors of PQ, 4-HB and GPP, to reduce PQ content. The increasing of
PQ content with 4-HB treatment confirmed that Synechocystis could
synthesize PQ with exogenous 4-HB. The changes of PQ content will
affect electron transfer efficiency of the photosynthetic and respiratory,
and further affect the efficiency of photosynthetic and respiratory sys-
tem. It ultimately influences production of reducing power and energy.
Hence, small changes in PQ content will probably reprogram the
intracellular metabolic flux.

3.2. Changes in PQ content had little effect on the growth

The growth curves of the wild type and the transformant showed no
significant difference (Fig. 1e). The results indicated that the small
amount of reduced PQ content might have no significant effect on the
growth of Synechocystis. Meanwhile, the effect of the addition of 4-HB on
the growth rate of Synechocystis were also studied. As shown in Fig. 1e,
compared to the control group, the addition of 1 mM 4-HB and 2 mM 4-
HB had little effect on the growth of Synechocystis. However, higher
concentrations (3 mM) inhibited the growth of Synechocystis (50% at
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Fig. 2. Chlorophyll a fluorescence transients of Synechocystis PCC 6803.
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240 h), and the growth was completely inhibited with 5 mM addition
(data not shown). In order to further study the effects on metabolism of
Synechocystis, we measured the efficiency of the photosystem, respira-
tion rate, and the concentrations of intracellular metabolites in
Synechocystis.

3.3. The effect of changes in PQ content on photosystem II

3.3.1. The effect of reduced PQ content on photosystem IT

In order to further study the effect of PQ content reduction on
photosynthesis, the chlorophyll fluorescence parameters of the wild type
and transformant in the exponential phase were measured and analyzed
according to previous method [36]. The fluorescence values at step O, J,
and I (Fo, Fj, Fi) and the maximum fluorescence value (Fm) of the
transformant were all higher than those of the wild type (Table S2). The
basic shape of the OJIP fast fluorescence kinetic curve was consistent
with that of the wild type (Fig. 2a and c). The initial slope of the fluo-
rescence curve (Mo) and the fluorescence level of step J (Vj) decreased
by 7.95% and 7.55%, respectively. This suggested that overexpression of
lepgt promoted the electron transport chain between Q, and Q, in Syn-
echocystis [37]. The values of parameter Sm and YO0 in transformant
were both higher than those of the wild type (Table S2). It was indicated
that the transfer yield of per captured electron in transformant was
higher [38]. Though the values of Fv and Fm in transformant were
increased by 9.32% and 17.62%, respectively, the maximum electron
transfer efficiency (Fv/Fm) of the photosystem II (PSII) of transformant
was slightly increased by 0.24%.

Plags, based on the “vitality” index or survival index of light quantum
flux absorption, was the overall expression of photosynthetic activity.
The Plags value of the transformant increased by 22.54% which proved
that the overexpression of lepgt increased the “vitality” of PSII in Syn-
echocystis. The values of ¢Po and ¢Eo of the transformant increased by
12.94% and 9.21% than the wild-type, respectively. The overexpression

b 100000 4

= 0mM 4-HB
o 1mM4-HB
900001 4 2 mM4-HB
3 800007 s
& 70000
2 60000
$ 50000 —
g 40000] o asemmm—
£ 30000
20000
10000
0 . ; . . .
10 100 1000 10000 100000 1000000

Time (msec)

d Fv/Fm
2.00

w0 150 Vi
1.00

=0 mM 4-HB
—Vj e=——1mM4-HB
=2 mM 4-HB

qPQ ———0«

ETo/RC ‘ Mo

fluorescence kinetics curve of wild-type and transformant; (b): Chlorophyll a fluorescence kinetics curve with different concentrations of 4-HB; (c): The spider-plot
presentation of selected parameters quantifying the behavior of PS II of wild-type and transformant; (d): Spider-plot presentation of selected parameters quantifying
the behavior of PS II with different concentrations of 4-HB. The group of 0 mM was wild type Synechocystis which 1% ethanol was added.
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of lepgt enhanced the capture efficiency of absorbed energy and the
transfer the absorbed energy to the photosynthetic electron transport
chain.

When we considered the changes in the specific energy fluxes used
for energy absorption (ABS/RC), capture (TRo/RC), transport (ETo/RC),
and consumption (DIo/RC), the data showed that the values of absorp-
tion and capture efficiency were slightly reduced and the electron
transfer efficiency was increased by 11.55% compared to the wild type.
This indicated that the overexpression of lepgt might increase the elec-
tron transfer efficiency and reduce the energy dissipation efficiency in
Synechocystis. We found that the Plags value of the transformant
increased due to the increasing in the efficiency of electron transport in
the photosynthetic pathway and other pathways flowing into the
photosynthetic electron transport chain [39]. qPQ represented the
non-photochemical quenching of PSII and the value of qPQ in trans-
formant significantly increased by 180.70% (p < 0.05). It was proved
that the energy absorption in the photosynthetic electron transport
chain of the transformant was much higher than the energy utilization
efficiency and the over-excitation of PSII was prevented by
non-photochemical quenching.

3.3.2. The effect of different increments of PQ on photosystem II

We measured the effect on the chlorophyll fluorescence parameters
of Synechocystis with low-concentration 4-HB addition. The results
showed that the initial slope of the fluorescence curve (Mo) and the
fluorescence level of step J (Vj) gradually increased with the increasing
of 4-HB concentration (Fig. 2b and d). Compared with the control group,
the values of Mo, V; and Vj amounted to 149.20%, 193.65%, and
152.16% of the control in the Synechocystis treated with 2 mM 4-HB. The
addition of low-concentration 4-HB inhibited electron transfer from Q,
to Qp in Synechocystis [40]. The basic shape of the OJIP fast fluorescence
kinetic curve of Synechocystis with 1 mM 4-HB addition was consistent
with that of the control group, but it changed with 2 mM 4-HB addition.

Though the values of the parameter Fv and Fm of the experimental
group treated with 1 mM 4-HB were diminished by 11.30% and 9.26%,
respectively, the maximum electron transfer efficiency (Fv/Fm) of PSII
slightly reduced and had no significant change compared with the
control group. The values of the Fv and Fm at 2 mM of 4-HB were
dropped by 70.48% and 70.09%, respectively. The value of Fv/Fm at 2
mM of 4-HB was only 0.04 and significantly decreased by 83.82% (p <
0.05). 4-HB diminished the Fv/Fm value of Synechocystis in a
concentration-dependent manner [41].

We found that the PIagg value of Synechocystis gradually decreased
with the increasing of 4-HB concentration. The PIgg value with 2 mM 4-
HB addition was only 0.015. This result showed that the addition of 2
mM 4-HB could significantly decrease “vitality” of photosynthesis of
Synechocystis. N is the reduction turnover amount of PQ. The N value of
Synechocystis with 2 mM 4-HB improved by 494.36% which proved that
4-HB improved turnover numbers of PQ.

The values of parameter ETo/RC, ETo/ABS and ETo/TRo in Syn-
echocystis treated with 2 mM 4-HB dropped by 33.86%, 20.83% and
9.60%, respectively, and the DIp/RC value increased by 974.86%
compared with the control group. This indicated that the addition of 2
mM 4-HB could reduce the transfer efficiency of absorbed energy and
captured energy and the electron transfer of per unit reaction center. It
also increased the efficiency of energy dissipation in Synechocystis. In
summary, by measuring the chlorophyll fluorescence parameters, we
found that the PSII efficiency with 1 mM 4-HB addition was slightly
reduced, whereas was significantly reduced with 2 mM 4-HB addition.
The decrease of Plpgg value in Synechocystis with 4-HB addition was
diminished, because of the reducing of electron transfer rate in the
electron transport chain and the increasing of energy dissipation effi-
ciency [40].
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3.4. The effect of changes in PQ content on photosystem I

3.4.1. The effect of reduced PQ content on photosystem I

In the photosynthesis of Synechocystis, Photosystem I (PSI) could
transfer electrons from phycocyanin or cytochrome to ferredoxin. PSI is
the most efficient photoelectric device in nature which every photon
captured could be used for electron displacement [42]. Photosynthetic
cyclic electron transport is the photosynthetic electron transport around
PSI which starts and ends with PSI. It only produces ATP and does not
produce NADPH which could regulate the ratio of ATP/NADPH [43]. As
a carrier of electrons for photosynthesis and respiration, changes of PQ
content will have a vital impact on the photosynthesis and respiration
efficiency of photosynthetic organisms [44]. Under the stimulation of far
red light and white light, the total photosystem efficiency of PSI in
Synechocystis was measured by Dual-PAM-100. The parameter of P700
represents the photosynthetic system efficiency. The parameter of
P700" represents the efficiency of the linear electron transfer chain and
the amount of PSI [45]. We found that the total photosystem efficiency
of transformant was higher than the wild type (Fig. 3a and b). Our re-
sults indicated that the expression of lepgt increased the total photo-
system efficiency of Synechocystis. DCMU could inhibit the electron
transport from PSII to PQ, thus blocking the linear electron transport
chain. With the addition of DCMU and far red light, we measured the
efficiency of cyclic electron transport (P700™") in Synechocystis and found
the photosystem I efficiency of the transformant in transformant was
increased by 40.51% compared with the wild type (Fig. 3b). Taken
together, the overexpression of lepgt increased the amount of PSI in the
transformants. In conclusion, the overexpression of lepgt in Synechocystis
diminished the PQ content, promoted the linear electron transport and
the total photosystem efficiency of photosynthesis, and had little effect
on the efficiency of cyclic electron transport chain. It would benefit to
the NADPH and ATP produced by photosynthesis and regulated the
NADPH/ATP ratio produced by photosynthesis.

3.4.2. The effect of different increments of PQ on photosystem I

The total photosystem efficiency in Synechocystis with low-
concentration 4-HB was measured by Dual-PAM-100 with the stimula-
tion of far red light and white light. The results showed that 4-HB can
effectively improve the total photosystem efficiency (P700) at 1 mM
addition and it can significantly inhibit photosystem at 2 mM addition
(Fig. 3a). Then, we measured the photosystem I efficiency with the
addition of DCMU and far red light (Fig. 3b) [45]. The results showed
that 4-HB slightly increased the PSI efficiency of Synechocystis at 1 mM
addition. However, with higher concentrations (2 mM) 4-HB showed
inhibition effect. Furthermore, the number of PSI with 1 mM 4-HB
addition slightly increased by 13.87% while the number of PSI treated
with 2 mM 4-HB dropped by 50.82% in cyanobacteria.

In conclusion, 4-HB could slightly decrease the efficiency of PSII and
increase the efficiency of cycle electron transport and the total photo-
system at 1 mM. We assumed that the addition of 1 mM 4-HB slightly
decreased the NADPH content produced by the linear electron transport
chain, increased the ATP content produced by the cycle electron trans-
port chain and adjusted the ratio of NADPH/ATP produced by the
photosystem in Synechocystis. However, higher concentrations (2 mM)
significantly restrain the efficiency of photosystem and decrease the
production of both NADPH and ATP. Detailed multi-omics analysis is
need to be conducted to further elucidate the mechanisms beyond the
PQ regulation.

3.5. The effect of changes in PQ content on respiration rate

Respiration in cyanobacteria maintains a transmembrane proton
gradient in the dark to promote the production of ATP and water, thus
provides energy for some active transport [46]. In addition, PQ medi-
ated respiration and photosynthesis are both on the thylakoid mem-
brane. Therefore, the data of photosynthesis and respiratory system
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should be combined to analyze the impact of PQ content fluctuation on
Synechocystis. We used FirestingGO, oxygen electrode to measure the
respiration rates of Synechocystis in the logarithmic period under dark
conditions. As shown in Fig. 3c, the respiration rate of the transformant
increased by 27.35% compared to the wild-type. In order to prevent the
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photosystem from overreduction, the metabolic cooperation between
photosynthetic and respiratory is needed to supply more ATP [47]. From
these results, we could infer that the overexpression of lepgt in Syn-
echocystis could significantly reduce PQ content and significantly in-
crease photochemical quenching efficiency of the photosystem.
Therefore, the respiration rate was enhanced to promote the production
of ATP.

As shown in Fig. 3c, the respiration rate of control group amounted
to 20.20 pmol Oy/mg Chl/h and increased by 20.01% compared with
WT. It was an interesting phenomenon that the addition of 1% ethanol
decreased the efficiency of total photosystem and improved the respi-
ration rate. The respiration rate of cells with 1 mM 4-HB addition
increased by 20.08%, and the respiration rate of cells with 2 mM 4-HB
addition reduced by 54.90% (p < 0.01).

Combined with the analysis of chlorophyll fluorescence parameters,
we found that the addition of 1 mM 4-HB had almost no significant effect
on the PSII efficiency and increased the total photosystem efficiency and
respiration rate. However, with the addition of 2 mM 4-HB, both
photosystem efficiency and respiratory rate reduced significantly.
Although the addition of two different concentrations of 4-HB both can
lead to the increase of PQ content, it will have completely different ef-
fects on photosynthesis and respiration. This indicated that PQ not only
acts as redox intermediate, but also affects the physiological state of
Synechocystis in other ways. Thus the changes of PQ content will have a
vital impact on the photosynthesis and respiration of Cyanobacteria.

3.6. The effect of changes in PQ content on intracellular metabolites

3.6.1. The effect of reduced PQ content on intracellular metabolites

Lipid and glycogen are the main intracellular reduction products of
Synechocystis. Glycogen is the main carbohydrates store in cyanobacteria
and has a wide range of biological functions. For example, it can be
converted to bioethanol by yeast fermentation or be converted to
methane by anaerobic fermentation in biogas plants [48]. Glycogen
production in cyanobacteria can be significantly promoted under ni-
trogen stress. However, the nutritional stress significantly reduced the
growth [49]. The overexpression of lepgt decreased the content of PQ
and promoted the efficiency of photosynthesis and respiration in Syn-
echocystis. In order to study the regulation mechanism of reduced PQ
content on intracellular metabolism, the changes of fatty acids,
glycogen, protein and other metabolites were analyzed (Table 1).

The level of intracellular neutral lipids in transformant significantly
increased by 58.18% (p < 0.05) (Fig. 4a). We found each fatty acid
composition increased in transformant (Table 2). The total fatty acid
content in transformant was 42.18 mg/g DCW, which significantly
increased by 10.56% compared with the wild type (p < 0.01) (Fig. 4b).

Table 1
Physiological metabolism parameters of Synechocystis PCC 6803 with different
treatments.

WT LePGT Control 1 mM 4-HB 2 mM 4-HB
Caretoind 227 + 2.38 + 2.03 + 1.91 + 1.86 +
(pg/mL) 0.31 0.050 0.085 0.015 0.025
PQ (nmol/ 337.78 262.86* 348.91 400.40 + 596.16%%
0D730) +11.64  +6.47 +16.34 1581 +21.43
Glycogen 170.15 173.76 +  155.89 205.21%# 177.61% +
(mg/DCW)  +£1573  14.21 +3.93 +15.30 0.92
Protein (mg/  221.36 262.02+  220.99 230.70 + 253.03 +
DCW) +18.35  35.89 +18.58  33.02 29.00
Total fatty 3468 + 4219 + 4685+  37.87% + 34.90%% +
acid (mg/  0.34 1.92 0.83 1.16 1.84
DCW)

The values shown are the averages of three biological replicates and three
measurement replicates.

*Difference between transformants and wild types,*p < 0.05,**p < 0.01.
#Difference between the experimental group and the control group with addi-
tion of 4-HB,#p < 0.05,##p < 0.01.
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Table 2
Fatty acid profiles of Synechocystis PCC 6803 with different treatments.
Fatty acid WT LePGT Control 1 mM 4-HB 2mM 4-HB
type
(mg/g
DCW)
C16:0 23.40 + 25.81 + 32.78 + 27.32% + 22.27% +
2.38 1.18 1.74 3.31 2.71
Cl6:1 1.00 + 1.01 + 1.54 + 2.16 £0.33 3.21% +
0.2 0.118 0.39 0.32
C18:0 1.46 £ 1.76 + 1.14 £ 0.43 + 0.55 +
0.26 0.343 0.62 0.077 0.13
C18:1 3.47 + 413+ 3.26 + 0.42"% + 0.88"% +
0.868 0.487 1.79 0.052 0.12
C18:2 3.96 + 4.14 + 3.35+ 4.29% + 3.33 &+
0.521 0.472 0.75 0.44 0.54
C18:3 4.90 + 5.33 + 6.23 + 590 +0.60  4.66 +
0.90 0.319 0.30 0.81

The values shown are the averages of three biological replicates and three
measurement replicates.

# Difference between the experimental group and the control group with addi-
tion of 4-HB, #p < 0.05, *p < 0.01.

In addition, the protein and glycogen content of transformant was
increased by 8.16% and 18.37% respectively (Fig. 4c and d). Based on
the above results, we can speculate that the lepgt overexpression could
transfer more carbon sources to the synthesis pathway of lipid and
protein in Synechocystis.

3.6.2. The effect of different increments of PQ on intracellular metabolites

4-HB addition dramatically increased the neutral lipid content by
54.82% at 1 mM and by 41.35% at 2 mM (Fig. 4a). As shown in Fig. 4b
and Table 2, the intracellular fatty acid content of Synechocystis was
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decreased by the addition of exogenous 4-HB. Compared to the control
group, the total fatty acids content was decreased by 20.34% with 1 mM
4-HB addition and decreased by 26.59% with 2 mM 4-HB addition.
Significant decreases of C16:0 and C18:1 were observed with 1 mM 4-HB
addition. The yield of C16:1 and C18:2 enhanced with 1 mM 4-HB
addition. In addition, 4-HB dropped the levels of C18:0 and C18:0 at
1 mM. The content of C16:1 was significantly increased, but the content
of other fatty acid decreased after a 2 mM 4-HB treatment (Table 2).

Glycogen content was increased in Synechocystis with 4-HB addition
(1 mM, 34.92%; 2 mM 16.78%) (Fig. 4c). Compared with the control
group, the level of protein was slightly decreased by 5.98% at 1 mM, but
increased by 15.80% at 2 mM (Fig. 4d). According to the results, we can
infer that the addition of 4-HB could regulate carbon flow, and its impact
on carbon flow varies with concentration (Fig. 5).

Due to the different physiological metabolic pathways, the pheno-
type changes of microalgae caused by the addition of compounds are
different. For example, when Chlamydomonas reinhardtii was treated
with exogenous low-concentration 4-HB, the growth was significantly
stimulated and the lipid peroxidation significantly inhibited [50].
Low-concentration 4-HB treatment can promote the growth of Chlorella
and the synthesis of intracellular nucleic acids, cytochromes and soluble
proteins [51]. In this work, it was worth noting that the addition of 1%
ethanol could significantly promote the accumulation of neutral lipid
and fatty acid, as ethanol may affect the stability and fluidity of cell
membrane of Synechocystis [52]. In addition, 4-HB had little effect on
growth, intracellular protein and cytochrome content in Synechocystis at
concentrations of both 1 mM and 2 mM.

The addition of a range of chemicals, such as 4-HB, salicylic acid,
traumatic acid, can promote cell growth and metabolism in green algae
(Chlamydomonas reinhardtii, Chlorella spp.). While adding higher con-
centrations of such compounds could have a significant inhibitory effect
on cell growth and intracellular anabolic pathways. There is not a linear
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relationship between the changes of microalgae phenotype and the
concentration of the compounds [32,51]. The phenotypic changes, such
as intracellular fatty acid content, do not show a linear change in Syn-
echocystis treated with different concentration of exogenous ethylene
[53]. In this study, 4-HB enhanced the contents of intracellular glycogen
and the neutral lipid at 1 mM which was higher than those at 2 mM
4-HB.

In summary, the overexpression of lepgt in Synechocystis could
competitively drain 4-HB and GPP, significantly reduce the content of
PQ and promote the synthesis of intracellular fatty acids, neutral lipids,
and glycogen. By the addition of exogenous 4-HB, we found that
different increment of intracellular PQ could regulate the metabolism of
Synechocystis, showing different contents of intracellular fatty acid,
glycogen, and neutral lipid. The results showed that the small changes of
PQ content in Synechocystis can achieve precise regulation of physiology
and metabolism. The further experiment can be combined with metab-
olomics to further explore how the changes of PQ content cause different
effects on intracellular metabolic pathways. The strategies of genetic
engineering and compound addition in this work provide a new strategy
for promoting the synthesis of active substances in Cyanobacteria.

4. Conclusion

PQ is an important redox cofactor in Cyanobacterium. In this study,
the synthesis of PQ in Synechocystis were regulated by two strategies:
genetic engineering and the addition of 4-HB. The overexpression of
lepgt and the addition of low-concentration 4-HB had little effect on the
growth and promoted the synthesis of neutral lipid. Small changes in PQ
content would lead to more changes of metabolic flux and result in
different phenotypes. This study explored the effect of PQ content
changes on the metabolic regulation of prokaryotic photoautotrophs.
The strategies of genetic engineering and compound addition in this
work provide a new method for regulating the anabolism of active
substances in cyanobacteria.
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