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A B S T R A C T   

Increased polyhydroxybutyrate production in cyanobacterium Synechocystis sp. PCC 6803 lacking adc1 gene 
(Δadc1) is first-timely reported in this study. We constructed the mutant by disrupting adc1 gene encoding 
arginine decarboxylase, thereby exhibiting a partial blockade of polyamine synthesis. This Δadc1 mutant had a 
proliferative growth and certain contents of intracellular pigments including chlorophyll a and carotenoids as 
similar as those of wild type (WT). Highest PHB production was certainly induced by BG11-N-P+A condition in 
both WT and Δadc1 mutant of about 24.9 %w/DCW at day 9 and 36.1 %w/DCW at day 7 of adaptation time, 
respectively. Abundant PHB granules were also visualized under both BG11-N-P and BG11-N-P+A conditions. All 
pha transcript amounts of Δadc1 mutant grown at 7 days-adaptation time were clearly upregulated corresponding 
to its PHB content under BG11-N-P+A condition. Our finding indicated that this adc1 perturbation is alternatively 
achieved for PHB production in Synechocystis sp. PCC 6803.   

1. Introduction 

Recently, bio-based and degradable bioplastics, in particular poly-
hydroxyalkanoates (PHAs) polymers, are better practically produced 
from prokaryotic organisms, such as well-known bacteria Alcaligenes 
eutrophus, Ralstonia eutropha [4, 21, 24] and cyanobacteria Spirulina sp., 
Nostoc muscorum, Synechocystis sp. PCC 6803 [1, 5, 32, 33, 46, 47]. The 
most common type of PHAs polymers in prokaryotic cells is poly-
hydroxybutyrate or PHB abundantly found as energy and carbon re-
serves, especially under starved condition [6]. Nowadays, three main 
strategies have been implemented to induce PHB production from pro-
karyotic organisms including nutrient modified medium, environmental 
stresses, and genetic engineering approaches. First strategy is general-
ized to accelerate the accumulation of energy reserves in forms of PHB 
granules inside living cells by generating deprived conditions of essen-
tial nutrients. Not only nutrient deficiencies of nitrogen (N) and/or 
phosphorus (P), but also carbon supplementation, such as acetate and 
glucose, could induce PHB accumulation in microorganisms via 

different patterns upon protein synthesis suppression and expression 
[10, 13, 32, 37]. The certain increase of PHB accumulation was conse-
quently induced when Synechocystis sp. PCC 6803 cells pre-grown in 
BG11 medium containing 0.1% glucose were further adapted in a 
modified BG11 medium lacking phosphorus (P) and adding 0.4 % acetate 
[32]. Recent reports revealed that carbon pool via glycogen production 
and catabolism, as well as sugar catabolism, had influenced on PHB 
production under nitrogen deprivation periods in Synechocystis sp. PCC 
6803 [22, 27]. Secondly, the environmental stresses could induce PHB 
production in microorganisms by supporting bacterial viability under 
adverse environments, such as heat stress, oxidative stress, high salinity 
[2, 3, 7, 28]. Third strategy relates to genetic and/or metabolic engi-
neering approach. In addition, the integrated strategies are also prom-
ising potential for improving PHB quality and productivity. The 
enhanced PHB accumulation was previously achieved by overexpressing 
native PHB biosynthetic genes, including phaA (encoding 
beta-ketothiolase), phaB (encoding acetoacetyl-CoA reductase), phaEC 
(encoding PHA synthase), in cyanobacterium Synechocystis sp. 

Abbreviations: ADC, arginine decarboxylase; DCW, dry cell weight; DMF, N,N-dimethylformamide; h, hour(s); HPLC, high pressure liquid chromatography; PCR, 
polymerase chain reaction; PHAs, polyhydroxyalkanoates; PHB, polyhydroxybutyrate; TAE, Tris-acetate-ethylene diamine tetraacetic acid; TCA, tricarboxylic acid. 

* Corresponding author. 
E-mail address: saowarath.j@chula.ac.th (S. Jantaro).  

Contents lists available at ScienceDirect 

Biotechnology Reports 

journal homepage: www.elsevier.com/locate/btre 

https://doi.org/10.1016/j.btre.2021.e00661 
Received 19 January 2021; Received in revised form 12 July 2021; Accepted 23 July 2021   

mailto:saowarath.j@chula.ac.th
www.sciencedirect.com/science/journal/2215017X
https://www.elsevier.com/locate/btre
https://doi.org/10.1016/j.btre.2021.e00661
https://doi.org/10.1016/j.btre.2021.e00661
https://doi.org/10.1016/j.btre.2021.e00661
http://crossmark.crossref.org/dialog/?doi=10.1016/j.btre.2021.e00661&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biotechnology Reports 31 (2021) e00661

2

PCC6803, in particular phaAB-overexpressing strain, by 2.6-fold in-
crease of about 26% w/DCW PHB, and up to 35% PHB after adding 0.4% 
(w/v) acetate [20]. The metabolic engineering approach on competing 
metabolic pathways for enhancing acetyl-CoA supply to PHB production 
was employed in Synechocystis sp. PCC 6803 via the deletions of pta and 
ach genes, encoding phosphotransacetylase and acetyl-CoA hydrolase, 
respectively, which resulted to block the conversion of acetyl-CoA to 
acetate, and further combined with a heterologous expression of phos-
phoketolase encoded by xfpk from Bifidobacterium breve [8]. On the 
other hand, the metabolic influence from non-adjacent pathways also 
has impact on higher PHB production, such as a reduction of phosphate 
transport, a reduction of proline accumulation via nitrogen metabolism 
[19, 43]. Recently, the UV-randomly mutated Synechocystis sp. PCC 
6714, a point mutation of phosphate-specific transport system integral 
membrane protein A (PstA) proved by genome sequencing, gave 2.5-fold 
higher PHB productivity than wild type by about 37 % w/DCW PHB 
under nitrogen and phosphorus starvation [19]. The 
transposon-mutated Synechocystis sp. PCC6803 strains with the disrup-
tions of sll0461, encoding gamma-glutamyl phosphate reductase (ProA), 
and sll0565 encoding a hypothetical protein, contained higher PHB 
accumulation [43]. Interestingly, it was noted that after proline reduc-
tion via the sll0461 deletion would gain more glutamate production 
flowing to main TCA cycle, which not yet clear mechanism how to 
enhance PHB production. Since the certain knowledge has been known 
that proline and glutamate, as well as, polyamines tightly involve in 
stress response of living organisms via arginine utilization [15, 34], the 
knockout mutation of adc1 gene encoding arginine decarboxylase in 
polyamine biosynthesis (Δadc1 strain) was constructed in this study. Our 
result was first timely-evident finding that Δadc1 cells favored highest 
PHB accumulation after applying nitrogen and phosphorus starvation 
plus acetate addition for 7 days. 

2. Materials and methods 

2.1. Construction of Synechocystis sp. PCC 6803 mutant lacking adc gene 
(Δadc1) 

Cyanobacterium Synechocystis sp. PCC 6803 mutant lacking adc1 
gene (Δadc1) by knockout technique was constructed. To obtain this 
construct, the gene fragment of adc1 gene of about 2.4 kb was amplified 
by PCR from genomic DNA of Synechocystis sp. PCC 6803. Primer se-
quences were designed by adding enzyme restriction sequences shown 
by underlined letters. Forward primer was designed for about 200-bp 
upstream of adc1 gene (5′-GGAATTCCATATGCTCCTGCTGTCAACGGT 
TAA-3′) with added NdeI restriction enzyme sequences whereas reverse 
primer was about 200-bp downstream of this gene with added BamHI 
sequences (5′-CGGGATCCGCATCAAGTTACTATCTGAG-3′). Next, this 
amplified gene fragment was cloned into pGem®-T easy vector (Prom-
ega Corporation). Then, a kanamycin resistant cassette (about 1.8 kb) 
was inserted to interrupt adc1 gene which cut at one site by HindIII in 
that vector by blunt end ligation. After that, the obtained recombinant 
plasmid was transformed into Synechocystis sp. PCC 6803 wild type cells 
using natural transformation method [20]. Synechocystis host cells were 
freshy grown until their optical density (OD) at 730 nm of about 0.5. 
Fifty mL of cell culture was harvested and concentrated by centrifuga-
tion (2790 × g) and resuspended in 0.5 mL of new BG11 medium. About 
10 μg of plasmid DNA was added into that concentrated cell suspension, 
and further incubated under normal growth condition for 6 hours before 
spreading cell suspension on 0.45 μm sterile mixed cellulose esters 
(MCE) membrane (MF-Millipore, Merck) placed over a BG11 agar plate. 
After 24 h incubation, that membrane filter was transferred to place on 
new BG11 agar containing 20 μg/mL kanamycin. Colonies were grown 
from that selective antibiotic agar plate under normal growth condition 
within 3 weeks. To confirm complete segregation of adc1 knockout 
strain (Δadc1), mutant cells were analyzed by PCR using forward and 
reverse primers of adc1. 

2.2. Cell culture and modified nutrient conditions 

Synechocystis sp. PCC 6803 cells, both wild type and mutant, were 
grown in BG11 medium [35] until late-log phase of growth for about 16 
days. Growth condition was performed on the rotary shaker under a 
continuous light (40-50 μE/m2/s) at 28-32 ◦C. Cell growth was deter-
mined spectrophotometrically by measuring OD at 730 nm. Those 
late-log growing cells (10 days) were applied to various treatments of 
modified nutrient conditions under the same growth condition for 11 
days. There were three modified nutrient media including the depriva-
tion of both nitrogen (N) and phosphorus (P) (BG11-N-P), and the carbon 
supplementations of 0.4% (w/v) acetate (A) and 0.4% (w/v) glucose (G) 
into BG11-N-P medium, represented as BG11-N-P+A and BG11-N-P+G, 
respectively. For BG11-N-P medium, it was BG11 medium lacking NaNO3 
in which ferric ammonium citrate was also replaced by equimolar 
concentrations of ferrous sulphate heptahydrate whereas phosphorus 
deprived condition was performed by replacing K2HPO4 with equimolar 
concentration of KCl. 

2.3. Determinations of intracellular pigments 

Intracellular chlorophyll a and carotenoid contents of Synechocystis 
sp. PCC 6803 cells were extracted by N,N-dimethylformamide (DMF) 
method [9, 16, 25]. Cell culture (1 mL) was harvested by centrifugation 
at 2790 × g at room temperature for 10 minutes. One mL of DMF was 
used to dissolve cell pellet fraction. After quick spinning, the 
DMF-extracted supernatant was spectrophotometically measured its 
absorbances at 461, 625, 664 nm, respectively, and subsequently 
calculated its intracellular contents according to equations [9, 25]. 

2.4. Determination of PHB granules by fluorescence microscopy 

PHB granules in Synechocystis cells were stained by fluorescent dye 
Nile red, and monitored by fluorescence microscopy. One ml of Syn-
echocystis cell culture was harvested by centrifugation at 2790 × g. Then, 
a small loop of cell pellets was resuspended into 3 μl of Nile red staining 
solution. Then, 0.9 % (w/v) normal saline (100 µL) was subsequently 
added, mixed and incubated overnight under darkness [20, 44]. To 
monitor the stained cells, fluorescent microscope equipped with a digital 
camera (Olympus DP72, Japan) was applied using a filter cup with 535 
excitation wavelength, at magnification of 100X. 

2.5. PHB extraction and HPLC analysis 

In order to extract PHB from Synechocystis cells, cultured cells (about 
50 mL) were harvested by centrifugation at 6000 × g for 10 minutes. Cell 
pellets were boiled at 100 ◦C for 60 minutes with 800 µL of concentrated 
sulfuric acid, and 200 µL of 20 mg/mL adipic acid (an internal standard). 
This hydrolysis of PHB polymer generated crotonic acid monomers 
which were detected by high pressure liquid chromatography (HPLC) 
instrument [44]. Boiled samples were filtered by 0.45 µm polypropylene 
membrane filter before detecting PHB content by HPLC instrument 
(Shimadzu HPLC LGE System, Japan) using C18 column, Inert Sustain 
3-µm (GL Sciences, Japan). The flow rate was 1.0 ml per minute with UV 
detector set at 210 nm.. The running buffers were 30% (v/v) acetonitrile 
and 70% (v/v) of 10 mM KH2PO4 (pH 2.3). Authentic commercial PHB 
(Sigma) was used as standard which prepared as similar as cell sample. 
The yield of crotonic acid after hydrolysis detected by HPLC was used to 
generate PHB standard curve and estimated PHB content in cell sample. 
The unit of PHB content was % PHB weight per dry cell weight (% 
w/DCW). The dry cell weight was measured after drying harvested cell 
pellets in 80 ◦C oven until a constant weight was obtained [20]. 

2.6. Determination of relative transcript level 

Synechocystis cell culture (50 – 100 mL) was harvested by 
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centrifugation at 12,000 xg for 5 minutes and discarded supernatant. 
Cell pellets were extracted for total RNA by TRIzol Reagent® (Invi-
trogen). The cDNAs were synthesized from 5 μg of total RNAs later by 
using SuperScript® III First Strand Synthesis Kit (Invitrogen). After that, 
these synthesized cDNAs were used as the template for RT-PCR ampli-
fication using many specific primers listed in Table 1. The PCR condition 
for all pha genes consisted of 95 ◦C for 30 seconds, followed by 31 cycles 
of 95 ◦C for 30 seconds, 50 ◦C for 30 seconds, and 72 

◦

C for 35 seconds, 
and the a final extension at 72 

◦

C for 5 minutes. For 16S rRNA as a 
reference, the PCR condition consisted of 95 ◦C for 30 seconds, followed 
by 19 cycles of 95 ◦C for 30 seconds, 55 ◦C for 30 seconds, and 72 

◦

C for 
35 seconds, and the a final extension at 72 

◦

C for 5 minutes. The PCR 
products were checked by 1.5% (w/v) agarose gel electrophoresis using 
in 0.5xTAE buffer. 

2.7. Results and discussion 

The adc1 gene was inactivated from the Synechocystis sp. PCC 6803 
wild type, namely Δadc1 mutant which contained adc1-kmr locus 
(Fig. 1). Clearly, growth of Δadc1 mutant under normal growth condi-
tion was similar to that of wild type, except slightly higher during 14 - 16 
days of cultivation (Fig. 2A). In general, cell growth at stationary phase 
was influenced by many substantial factors which directly related to 
nutrient-depleted medium and changed environment. The changed pH 
of medium was one of those important factors which impacted on cell 
growth in longer time period [18]. On the other hand, the similar 
accumulation of chlorophyll a was noted in both WT and mutant strains 
(Fig. 2B). For carotenoid content, the mutant strain contained signifi-
cantly higher content than that in WT at 15 days of cultivation (Fig. 2C). 
These results indicate that the high polyamine accumulation was un-
necessary under normal growth condition of Synechocystis sp. PCC 6803 
as evidently supported by a slight amount of polyamines remained in 
Δadc1 mutant (data not shown). The induced polyamine content was 
responsive to environmental stresses, especially ionic and osmotic 
stresses, in Synechocystis cells [16]. The regulatory response of adc2 gene 
in Arabidopsis plant was mainly induced rather than adc1 by salt stress 
leading to increase putrescine accumulation [45] whereas the adc genes 
in Synechocystis sp. PCC 6803 including adc1 and adc2 had differential 
responses to stresses [17]. Accordingly, we suggested that the adc1 
disruption of Synechocystis cells in this study did not inhibit growth and 
their intracellular pigment accumulations under normal growth condi-
tion since their adc2 gene had certainly functioned. 

Recent reports revealed that the maximum PHB production in Syn-
echocystis cells was started at the late-log and stationary phases of 
growth [20, 32]. In this study, we then adapted the harvested 

Synechocystis cells at late-log phase of growth (10 days of cultivation) 
into various modified media including BG11-N-P, BG11-N-P+A, and 
BG11-N-P+G for 11 days (Fig. 3). Unexpectedly, after transferring the 
mutant cells which were grown till late-log phase of cell growth into new 
normal BG11 medium, their growth recovery was notably less active, as 
evidently shown in stable level after 7 days of adaptation time when 
compared with WT (Fig. 3A and B). Our results indicated that growth of 
both WT and mutant strains was dramatically decreased under BG11 
medium lacking N and P nutrients (Fig. 3A and B). The supplementation 
of acetate could slightly increase cell growth of Δadc1 mutant when 
compared to those cells adapted in BG11-N-P and BG11-N-P+G (Fig. 3B). 
Glucose addition into BG11-N-P medium did not abolish cell growth but 
severely inhibited chlorophyll a and carotenoid accumulations within 7 
days of adaptation time (Fig. 3C-F). These results suggested that Syn-
echocystis cells would assimilate glucose as carbon source for main-
taining cell growth with less photosynthesis, as evident by lower 
contents of intracellular pigments. On the other hand, we also found that 
the acetate addition could significantly induce the accumulations of 
chlorophyll a and carotenoids, in particular in Δadc1 mutant, when 
compared with those under BG11-N-P and BG11-N-P+G (Fig. 3D and F). 
The supplemented acetate under heterotrophic growth was thoughtfully 
assimilated by Synechocystis cells via acetyl-CoA-derived metabolic in-
termediate which located in bottleneck flowing to many crucial path-
ways including Krebs’ cycle, PHB, glycogen and fatty acid syntheses [8, 
20, 41, 42]. In Synechocystis, two mechanism models were considerably 
proposed for driving the conversion of acetate into acetyl-CoA via either 
a catalysis of ATP-driven acetyl-CoA synthetase (ACS encoded by sll0542 
gene), or catalyzed reactions of acetate kinase (ACK encoded by sll1299 
gene) and phosphotransacetylase (PTA encoded by slr2132) [39, 41]. 

We demonstrated the PHB production in Synechocystis cells adapted 

Table 1 
PCR primers for RT-PCR.  

Target 
gene 

Name Oligo sequences Amplified fragment 
length (bp) 

phaA phaAF 5’-CATGATGGTTTGACGGACAG- 
3’ 

310 

phaAR 5’-GACTACAGTTGCCCGCTGTT- 
3’ 

phaB phaBF 5’-ATGCCGGTATCACCAAAGAC- 
3’ 

390 

phaBR 5’-CAATTTCCTCCGGTTTACCA- 3’ 
phaC phaCF 5’-GGGCACATTTAGCCTGTGTT- 

3’ 
346 

phaCR 5’-GTAAGTTTCCCCCGCTTGAT- 3’ 
phaE phaEF 5’-GAGCAATATACCGCCACCAC- 

3’ 
371 

phaER 5’-TCTTCCATCAAAGCAGCAAA- 
3’ 

16S rRNA 16F 5’-AGTTCTGACGGTACCTGATGA- 
3’ 

521 

16R 5’-GTCAAGCCTTGGTAAGGTTCT- 
3’  

Fig. 1. Inactivation of adc1 gene. (A)PCR analysis of the adc1 gene in the ex-
pected mutant in which a fragment of adc1 gene was interrupted and replaced 
with a kanamycin resistant cassette (kmr). Lane M: DNA marker, WT: wild type, 
MT: Δadc1 mutant, NEG: negative control without genomic DNA of Synecho-
cystis 6803. (B) depiction of the recombinant plasmid used to generate Δadc1 
mutant strain. The plasmid carries about 4.2 kb fragment of adc1 gene plus 
inserted kmr cassette. 
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in different modified media (Fig. 4). In Synechocystis WT cells, it was 
found that higher PHB accumulation was significantly induced by all 
modified media at day 7 of adaptation time (Fig. 4A) whereas the 
highest increase pointed to PHB contents of about 24.9 %w/DCW at day 
9 of adaptation time under BG11-N-P+A condition, and stayed constant 
till day 11 of adaptation time. On the other hand, a sharp increase was 
shown by about 36.1 %w/DCW in Δadc1 mutant at day 7 of adaptation 
time under BG11-N-P+A condition (Fig. 4B) following by that in BG11-N- 
P condition of about 19.8 %w PHB/DCW. These produced PHB in-
ductions occurred faster in Δadc1 mutant when compared with WT. It is 
worth to note that the certain PHB decrease of Δadc1 mutant after day 7 
of adaptation time occurred in cells which had slight increases of its 
growth and intracellular pigments at the same time under BG11-N-P+A 
condition. It ruminatively suggested that this cellular condition would 
result a lack of fatal situation to enhance PHB when compared to WT. 
Moreover, the substantial decrease of PHB could represent a stored 
carbon mobilization for survival under scarce conditions, such as carbon 
limitation, thermal or oxidative stresses [26]. We also showed the 
Nile-Red stained PHB granules in Synechocystis Δadc1 mutant (Fig. 5). 
Abundant PHB granules were apparently found under BG11-N-P and 
BG11-N-P+A conditions for 7 days in Δadc1 mutant when compared to 
those in WT (Fig. 5B, C, F and G). According to modified medium, the 
nutrient deficiency of either nitrogen or phosphorus, herein or both, 
enabled to efficiently induce higher accumulation of PHB granules in 
Synechocystis sp. PCC 6803, and those granules were further increased 
by supplying more carbon source of acetate (0.4 %w/v), as recently 
reported in wild type [32] and engineered strains (Table 2). Recently, 
large PHB granules were noted by about 81 %w/DCW PHB under 
nutrient limiting conditions in a metabolically engineered 
ΔpirC-REphaAB Synechocystis sp. PCC6803 strain, with heterologous 
overexpression of Cupriavidus necator phaAB and a disruption of pirC 
gene encoding phosphoglycerate mutase [23]. The pirC deletion resulted 
in certain increase of glycogen degradation and lower glycolysis under 
nitrogen starvation in which PHB accumulation was augmented [23, 

29]. On the other hand, we considered that the genetic engineering on 
any transcription factors may give less impact to induce PHB production 
whereas the metabolic engineering of competing/neighboring pathways 
would gain more promising for increasing PHB (Table 2), such as agp 
knockout [48], and Xfpk expresstion with double pta_ach deletion [8]. 
Importantly, our finding demonstrated that the polyamine synthesis 
disturbance dramatically induced higher PHB production in Synecho-
cystis sp. PCC 6803 up to 36.1% w/DCW under modified nutrient con-
dition. In general, the polyamine pathway in cyanobacteria relates to 
arginine catabolism, one of amino acids utilized as a source of nitrogen 
for cell growth [34]. Some arginine amino acids could be converted to 
polyamines by arginine decarboxylase (encoded by adc genes) whereas 
the main direction of arginine mostly flows to TCA cycle via 
proline-glutamate pathway [11, 15]. Altogether, we proposed that the 
adc1 mutation with trace polyamines (data not shown) might enhance a 
fast flow of more arginine to TCA cycle, thereby increasing energy 
metabolism for growth and generating carbon pool, as evident by the 
higher growth of Δadc1 mutant (Fig. 2). Excess acetyl-CoA or carbon 
pool might then contribute to PHB accumulation, instead of TCA cycle 
direction, which efficiently induced by our modified nutrient conditions 
used in this study. On the other hand, as previously noted, Tyo et al. [43] 
discussed that Synechocystis 6803 Δsll0461 (or proA) strain which 

Fig. 2. Growth (A) and pigment contents including chlorophyll a (B) and ca-
rotenoids (C) of Synechocystis sp. PCC 6803 wild-type (WT) and Δadc1 mutant 
(Mutant) cells under normal condition for 16 days. Cells were grown in BG11 
medium under normal growth condition. The error bars represent standard 
deviations of means (mean ± S.D., n = 6). In B and C, means with the same 
letter have nonsignificant differences at a significance level of P < 0.05. 

Fig. 3. Growth (A) and pigment contents including chlorophyll a (B) and ca-
rotenoids (C) of Synechocystis sp. PCC 6803 wild-type (WT) and Δadc1 mutant 
(Mutant) cells under adaptation period in various nutrient conditions for 11 
days. Cells were grown in various nutrient conditions including normal BG11 
medium as control, BG11 without nitrogen and phosphorus nutrients (or BG11- 
N-P), BG11-N-P medium supplemented by 0.4% (w/v) acetate (or BG11-N-P+A), 
BG11-N-P medium supplemented by 0.4% (w/v) glucose (or BG11-N-P+G). The 
error bars represent standard deviations of means (mean ± S.D., n = 3). 
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represented lower proline was attacked by other stresses which subse-
quently induced higher PHB accumulation. Rationally, we would then 
speculate that not only other stresses attacking when cells have less 
polyamines but also the increase flow of amino acids, herein arginine, to 
energy metabolism, which favor PHB production in Synechocystis sp. 

PCC 6803, particularly under stressed condition. For prospective di-
rection, additional experiments on specific gene manipulations related 
to arginine catabolism and neighboring pathways, as well as up-to-date 
technology of omics analyses, might verify and gain more understanding 
whether polyamine pathway disturbance literally influences on PHB 
production via the increase of the acetyl-CoA pool. 

We also demonstrated the changed transcript levels of each gene in 
PHB biosynthetic pathway under all conditions at day 7 of adaptation 
time (Fig. 6). Up to date, it is known that there are a cluster of two open 
reading frames for phaA and phaB [40], and phaE and phaC which both 
responsible to a polyhydroxyalkanoic acid (PHA) synthase [12]. We 
showed that Synechocystis WT had high transcript amounts of phaA, 
phaB and phaC whereas phaE transcript level was lowest under normal 
growth condition (BG11) (Fig. 6A and B). In previous work, the double 
overexpression of phaAB in Synechocystis 6803 had influenced on a 
certain increase of PHB production [20]. Intriguingly, the Δadc1 mutant 
contained higher transcript level of all pha genes, except phaC, when 
compared to those of WT (Fig. 6). Modified medium of BG11-N-P+A 
could dramatically induce all pha genes of Δadc1 mutant among other 
conditions corresponding to PHB production (Figs. 4 and 5). However, 
we found that WT cells under BG11-N-P+G condition contained lower 
transcript levels of phaA and phaB that did not show a tight connection 
with PHB content whereas the transcript amounts of both phaC and phaE 
did (Fig. 6). Our results indicated that gene expressions of phaA and 
phaB mainly occurred in similar tendency whereas the changed tran-
script proportion of phaC and phaE was alternately regulated once phaC 
transcript amount was apparently decreased. 

3. Conclusion 

Synechocystis sp. PCC 6803 lacking adc1 gene (Δadc1) had the highest 
capacity to synthesize PHB under nutrient modified media. This Δadc1 
mutant could grow as similar as Synechocystis wild type. Its highly 
accumulated PHB occurred up to 36.1 %w/DCW after adaptation in a 
nitrogen and phosphorus-deprived BG11 medium containing 0.4 %(w/v) 
acetate for 7 days. To understand the actual connection between lower 
polyamine synthesis and high PHB production in cyanobacteria, further 
specific gene manipulations on arginine catabolism and neighboring 
pathways, as well as omics analysis, would be promising in bioenergy 
and biomaterial fields of Biotechnology. Last but not least, the metabolic 
engineering approach and product recovery system for preventing 
intracellular PHB degradation in cyanobacterial cells would draw a 
spotlight guidance for sustained PHB production from algal resource in 
practical application. 

Fig. 4. Polyhydroxybutyrate (PHB) contents of Synechocystis sp. PCC 6803 (A) 
wild-type (WT) and (B) Δadc1 mutant (Mutant) cells under adaptation period in 
various nutrient conditions for 11 days. PHB content (%w/dry cell weight 
(DCW)) was measured from cells grown in various nutrient conditions including 
normal BG11 medium as control, BG11 without nitrogen and phosphorus nu-
trients (or BG11-N-P), BG11-N-P medium supplemented by 0.4% (w/v) acetate 
(or BG11-N-P+A), BG11-N-P medium supplemented by 0.4% (w/v) glucose (or 
BG11-N-P+G). The error bars represent standard deviations of means (mean ±
S.D., n = 3). Means with the same letter have nonsignificant differences at a 
significance level of P < 0.05. 

Fig. 5. Images of Synechocystis 6803 wild type (A-D) and Δadc1 mutant (E-H) adapted for 7 days under various nutrient conditions. Images are from fluorescence 
microscopy showing PHB granules as bright gold particles with 100x magnification. 
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