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Abstract
The impact of fusion genes on the overexpression of enzymes for the heterologous production of β-phellandrene by
Synechocystis mutants was investigated. The concept of overexpression of fusion genes was used in order to overcome the
low expression level of these enzymes. Various constructs of the codon-optimized gene of β-phellandrene synthase (PHLS),
along with the gene of geranyl diphosphate synthase (GPPS), were incorporated into the genomic DNA of Synechocystis sp. PCC
6803 following fusion with the highly expressed endogenous cpcB and cpcA genes, encoding the phycocyanin β- and α-
subunits, respectively. Findings in this study indicated that the utilization of a strong promoter (cpc) in combination with the
cpcB as a leader sequence was not by itself sufficient for cpcB.PHLS protein overexpression in the absence of the rest of the cpc
operon genes (cpcA, cpcC2, cpcC1, cpcD). Significantly higher expression of the CpcB.PHLS fusion protein was achieved only
when all cpc operon genes were present. In this case, the β-phellandrene yield was substantially greater compared with strains
that also expressed the cpcB.PHLS fusion gene in the absence of the remainder cpc operon genes. Interestingly, when the cpcA
was used in the leader sequence position, the CpcA.PHLS fusion protein caused the heterologous production of a mixture of
terpenoid isomers, instead ofβ-phellandrene. This study extends previous findings in the field and provides new insights into the
use of the fusion construct technology as a heterologous protein overexpression strategy for enzymes with slow catalytic activity.

Keywords Cyanobacteria . Terpenoids . β-Phellandrene . Metabolic engineering . Synechocystis . Photosynthesis . Fusion
proteins

Introduction

Cyanobacteria are well adapted photosynthetic microorgan-
isms that can be found in a vast array of ecological habitats,
including extreme environments (Mavroudakis et al. 2019).
Due to their versatile metabolic systems and forward and re-
verse genetics approaches, they have been used as scaffold
microorganisms with a wide range of biotechnological appli-
cations, from bioremediation and wastewater treatment to the
sustainable production of a plethora of natural products
(Dubey et al. 2011). A few examples include the production
of bio-hydrogen (Touloupakis et al. 2016), sugars, fatty acids,

pigments (chlorophyll a, carotenoids, phycocyanin), vitamins,
and enzymes (Lau et al. 2015). Synthetic biology and meta-
bolic engineering have made cyanobacteria ideal microbial
cell factories in which photosynthesis and the associated me-
tabolism are driven to the synthesis of bio-based chemicals
and fuels (Melis 2012). The production of these molecules
relies on sustainable and abundant raw materials, such as sun-
light, carbon dioxide (CO2), and water.

Unlike higher plants, cyanobacteria exhibit faster growth
rates and higher photosynthetic efficiencies (Dismukes et al.
2008), are amenable to easy genetic modifications, can be
grown on an industrial scale in affordable media, display eas-
ier product harvesting processes, and alleviate the competition
for arable land (Ducat et al. 2011; Bentley et al. 2014; Hendry
et al. 2019; Lin and Pakrasi 2019; Liu and Nielsen 2019). In
addition, the genome sequences of more than 270
cyanobacterial strains are available today, making the appli-
cation of -omics techniques (e.g., transcriptomics and proteo-
mics) easier to apply (Santos-Merino et al. 2019). On the other
hand, extraction and purification of natural products from
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plant tissues have a number of limitations including the slower
rates of plant growth, fluctuations in product yield depending
on seasonal, weather and geographical factors, and the in-
creasing demand for these products and the competition for
land. In addition, plants contain complex mixtures of com-
pounds with similar chemical structures. This property in-
creases both the difficulty and cost of the extraction and puri-
fication of the desirable target compound (Kiyota et al. 2014;
Kallscheuer et al. 2019). The use of cyanobacteria for the
production of high-value phytochemicals has many advan-
tages over heterotrophic microorganisms, as cyanobacteria
utilize CO2 and do not rely on other carbon sources such as
sugars. Cyanobacteria offer a “green” approach since they are
able to convert CO2, a greenhouse gas, into the desired prod-
uct, while the remaining cell biomass can be used as animal
feed or fertilizer (Lau et al. 2015). Since cyanobacteria are the
progenitors of higher plant chloroplasts and utilize the same
metabolic pathways, they are an excellent choice for the ex-
pression of functionally active higher plant enzymes com-
pared with heterotrophic microorganisms (Pattanaik and
Lindberg 2015). The model organisms Synechocystis sp.
PCC 6803 and Synechococcus elongatus sp. PCC 7492,
Synechococcus sp. PCC 7002 and Anabaena sp. PCC 7120
are the cyanobacterial strains that have been used in several
applications targeting the production of valuable compounds
through metabolic engineering (Savakis and Hellingwerf
2015). During the past decades, many valuable compounds
have been produced by engineered cyanobacteria. These are
specialty and commodity chemicals, which can be used as
biofuels or pharmaceuticals, such as ethanol (Deng and
Coleman 1999; Hellingwerf and Teixeira de Mattos 2009;
Gao et al. 2012), ethylene (Takahama et al. 2003; Xiong
et al. 2015), acetone (Zhou et al. 2012), isopropanol
(Kusakabe et al. 2013), 1,2-propanediol (Li and Liao 2013),
isobutanol (Miao et al. 2017), sucrose (Ducat et al. 2012),
lactic acid (Angermayr et al. 2012), fatty acids (Liu et al.
2011), and terpenoids (e.g., Betterle and Melis 2019).

Among these products, attention in our labs has been di-
rected towards terpenoids. Terpenoids or isoprenoids are the
most diverse group of natural products as they form the largest
class of plant secondary metabolites. Terpenoids are essential
for plant growth and metabolism and a great number of these
are important secondary metabolites. They are key compo-
nents of plant essential oils, steroids, phytol, and carotenoids
(Chaves et al. 2016). Due to their diverse structures, biological
activities, and physical and chemical properties, terpenoids are
of great commercial value with many industrial applications,
ranging from flavor, fragrance, and pharmaceuticals to pesti-
cides and potentially biofuels (Chaves and Melis 2018b). In
plant plastids, cyanobacteria, and microalgae, terpenoids are
synthesized via the methyl-erythritol-4-phosphate (MEP)
pathway, which is of prokaryotic origin (Bentley et al. 2014;
Chaves and Melis 2018b). The universal precursors for

terpenoid synthesis are the 5-carbon isopentenyl diphosphate
(IPP) and dimethylallyl diphosphate (DMAPP) molecules
(Englund et al. 2018). The head-to-tail covalent linkage of
DMAPP and IPP, catalyzed by the enzyme geranyl diphos-
phate synthase (GPPS), results in the synthesis of the 10-
carbon geranyl diphosphate (GPP), the precursor molecule
for the biosynthesis of all monoterpenoids and other more
complex terpenes (Englund et al. 2015). Although
cyanobacteria produce a large number of longer terpenoids
through the MEP pathway, they do not possess the genetic
information to generate 5C hemiterpenes, 10C monoterpenes,
and 15C sesquiterpenes (VanWagoner et al. 2007). However,
various 5C, 10C, and 15C terpenoids have been generated
through the heterologous expression of the corresponding
plant-derived terpene synthase genes (Englund et al. 2015).
A few examples are isoprene (Lindberg et al. 2010; Chaves
and Melis 2018a), linalool (Aprotosoaie et al. 2014), myrcene
(Johnson et al. 2016), β-phellandrene (Bentley et al. 2013;
Formighieri and Melis 2014b), limonene, bisabolene (Davies
et al. 2014), amorphadiene (Choi et al. 2016), β-
caryophyllene (Reinsvold et al. 2011), farnesene (Halfmann
et al. 2014), manoyl oxide (Englund et al. 2015) and squalene
(Englund et al. 2014).

More specifically, the monoterpene β-phellandrene
(C10H16) is a component of many plant essential oils, includ-
ing lavender, pine, grand fir, eucalyptus, and parsley. This
substance has a significant commercial potential and finds
applications in pharmaceuticals, flavor, fragrance, cosmetics,
personal-care products, and household and industrial supplies.
It also has the potential to be used as an advanced biofuel,
since monoterpenes can be viewed as bio-gasoline (Melis
2017). Despite its high demand in trade and industry, β-
phellandrene is quite expensive and difficult to acquire com-
mercially, especially in high purity, without other monoter-
pene impurities. Heterologous production of β-phellandrene
by the cyanobacterium Synechocystis, via the heterologous
expression of the codon-optimized Lavandula angustifolia
(lavender) β-phellandrene synthase (PHLS) gene, has been
reported (Bentley et al. 2013). An advantage of β-
phellandrene production by engineered Synechocystis is the
spontaneous separation of this compound from the cells and
the liquid medium of the culture. As a hydrophobic molecule,
β-phellandrene diffused through the cells and accumulates on
the surface of the liquid culture, facilitating the harvesting
procedure and leading to a product free of impurities
(Bentley and Melis 2012; Formighieri and Melis 2015).

However, there are barriers that need to be addressed in
order to achieve the production yields required for commercial
applications. Terpene synthases are secondary metabolism en-
zymes. One such barrier is the low product yield attributed to
the slow catalytic activities of phellandrene synthase and
geranyl diphosphate synthase enzymes which have a kcat =
3 s−1 (Demissie et al. 2011; Zurbriggen et al. 2012). Another
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barrier to the heterologous production of phellandrene in
Synechocystis is the low pool level of intermediates and the
competition with the endogenous terpenoid biosynthetic path-
way for the GPP substrate. Geranyl diphosphate synthase does
not provide enough substrate for both the endogenous meta-
bolic pathway of terpenoids and the heterologous β-
phellandrene synthase enzyme. This particular characteristic,
in addition to the slow catalytic activity of the phellandrene
synthase enzyme, has resulted in low product yields.

Previous studies have shown that overexpression of the
transgenic proteins helps to alleviate their slow catalytic activ-
ity and result in a higher product yield (Formighieri and Melis
2015; Betterle and Melis 2019). This was achieved by the
expression of phellandrene and geranyl diphosphate synthases
as fusion proteins with highly expressed sequences in
Synechocystis. The homologous cpcB gene, encoding the phy-
cocyanin β-subunit and the heterologous nptI gene which
confers resistance to kanamycin, were used as leader se-
quences in fusion constructs, respectively, resulting in signif-
icantly greater transgene protein accumulation and product
yield (Betterle and Melis 2018, 2019).

In the present study, the fusion constructs as protein over-
expression concept were further investigated and applied.
More specifically, the contribution of the different cpc operon
genes in the expression levels of the CpcB.PHLS fusion pro-
tein and the yield of β-phellandrene were studied.
Additionally, the CpcA.PHLS fusion protein overexpression
in Synechocystis was investigated. Finally, the GPPS gene
was co-expressed as either a cpcA.GPPS or cpcB.GPPS fusion
construct, along with the cpcB.PHLS or cpcA.PHLS fusion
sequences, respectively, all under the control of the strong
cpc promoter.

Materials and methods

Recombinant constructs, Synechocystis transformant
strains

The unicellular cyanobacterium Synechocystis sp. PCC 6803
(Synechocystis), referred to as the wild type (WT), was
employed as an experimental strain in the present study. The
codon-optimized gene of β-phellandrene synthase (PHLS)
from Lavandula angustifolia (Demissie et al. 2011;
Formighieri and Melis 2014a) was used for heterologous ex-
pression in Synechocystis and production of β-phellandrene
(β-PHL). A number of fusion constructs of the PHLS gene
along with the gene of geranyl diphosphate synthase (GPPS),
as well as the highly expressed endogenous cpcB and cpcA
genes, in addition to a chloramphenicol resistance cassette,
were generated. These constructs were incorporated into the
genomic DNA of Synechocystis via double homologous re-
combination between the 500 base pairs of the upstream and

downstream sequences of the cpc operon and expressed under
the control of the native cpc operon promoter (Formighieri
and Melis 2015). Successful synthesis of all constructs was
confirmed by nucleotide sequencing. TheΔcpc Synechocystis
strain was used as the recipient strain, and transformations
were performed as described by Kirst et al. (2014).
Transgenic DNA copy homoplasmy and maintenance of the
transformants was achieved by adding antibiotic selectable
markers (30 μg mL-1 chloramphenicol (cmR) and/or
25 μg mL−1 kanamycin) into the medium of the agar plates.
All experiments were repeated at least three times.

Growth conditions

All strains employed in this study were maintained on 1%w/v
agar BG-11 media supplemented with 10 mMHEPES-NaOH
buffer (pH 8.2) and 0.3% w/v sodium thiosulfate. Liquid cul-
tures were grown in 25 mM phosphate-buffered BG-11 me-
dium (pH 7.5) in a temperature-controlled chamber (28 °C),
under constant aeration and light intensity of 50μmol photons
m−2 s−1.

Genomic DNA PCR analysis

Genomic DNA templates were prepared by using Chelex 100
Resin (Biorad) as previously described (Formighieri and
Melis 2014b). Synechocystis cells contain multiple identical
circular DNA copies. Thus, complete segregation of the
transgenes into all copies of Synechocystis genome was exam-
ined by genomic DNA PCR analysis. The oligonucleotide
primer sequences used are listed in Table 1 and the genomic
DNA primer hybridizing sites are presented in Fig. 1.
Genomic DNA PCR analysis was performed using 5 μL of
genomic DNA as a template in 25 μL PCR mix and Phusion
High-Fidelity DNA Polymerase (New England Biolabs).
Three independent lines of each strain were selected for fur-
ther analysis.

Protein analysis

Cells from liquid cultures in the late-exponential growth phase
were harvested by centrifugation at 4000×g for 10 min and
resuspended in 5 mL of 50 mM Tris-HCl (pH 8). Cell suspen-
sions were treated with protease inhibitor (1 mM PMSF) and
disrupted by passing twice through a French press at 1500 psi.
Cell lysates were centrifuged at 2250×g for 3 min to pellet cell
debris and unbroken cells. Samples were incubated for 2 h at
room temperature with an equal volume of solubilization buff-
er (250mMTris-HCl, pH 6.8, 7%w/v SDS, 20%w/v glycerol
and 2 M urea). Then, samples were supplemented with β-
mercaptoethanol to a final concentration of 5% and examined
by SDS-PAGE and Western blot analysis. For protein visual-
ization on SDS-PAGE, gels were stained with Coomassie
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brilliant blue dye. For Western blot analysis, proteins were
transferred to a nitrocellulose membrane for immunodetection
and probed with PHLS- and GPPS-specific polyclonal anti-
bodies (Formighieri and Melis 2016).

Determination of biomass accumulation

Cell growth was determined spectrophotometrically by mea-
suring the optical density of the culture at 730 nm (OD730).
Biomass accumulation was determined gravimetrically by
measuring the dry cell weight (DCW) of the cells.

Qualitative and quantitative determination of
photosynthetic pigments

Photosynthetic pigment content was determined spectro-
photometrically from the cell lysates using a Shimadzu
UV-2700 UV–Vis spectrophotometer. The quantification
of chlorophyll a and carotenoids was performed according
to the protocol of Lichtenthaler (1987). Briefly, 1 mL of
culture was centrifuged at 1000×g for 1 min. After super-
natant disposal, the pellet was resuspended in 1 mL of
methanol. After incubation in the dark for 15 min, the
absorbance at specific wavelengths (470, 650, 665, and

Fig. 1 Schematic illustration of
the recombinant constructs used
in the present work in order to
replace the native cpc operon
genes in Synechocystis and
location of cpc_us, cpcA_Rv,
kan_ins_Rv, and cpc_ds primers.
a The cpc operon in
Synechocystis wild type. b Δcpc
strain used as a recipient strain in
this study. c Δcpc +
cpcB.PHLS+ cpc(−cpcA)
transformant containing the
cpcB.PHLS fusion gene as well as
the genes encoding the
phycocyanin linker polypeptides
(cpcC2, cpcC1, and cpcD), while
the cpcA gene is absent. d
Δcpc + cpcB.PHLS +
cpcA.GPPS and e Δcpc +
cpcB.GPPS+ cpcA.PHLS have
the cpcB.PHLS, cpcA.GPPS, and
cpcB.GPPS, cpcA.PHLS fusion
genes while the genes encoding
the linker polypeptides are absent.
f In the Δcpc + cpcB.PHLS +
cpcA.GPPS+ cpc construct, the
cpc operon is replaced by the
cpcB.PHLS and cpcA.GPPS
fusion constructs in the presence
of the genes encoding the
phycocyanin linker polypeptides

Table 1 Oligonucleotide primer
sequences used in the genomic
DNA PCR analysis of
Synechocystis wild type and
transformants

Primer Oligonucleotide sequence (5 to 3 ) Tm (°C)

cpc_us GAG ATC AGT AAC AAT AAC TCT AGG GTC 56

cpc_ds GAG ATT AGT CAT TGT TAT GGT TAG TTA ATG C 56

cpcA_Rv GGT GGA AAC GGC TTC AGT TAA AG 58

Kan_ins_Rv AAG GGA CAA TTG CAA ACG GG 56

Primers cpc_us, cpc_ds, and cpcA_Rv are taken from the literature (Formighieri et al. 2015; Chaves et al. 2016)
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710 nm) was determined using a Shimadzu UV-2700 UV–
Vis spectrophotometer.

Photosynthetic activity measurements

Maximal photosynthetic activity (Pmax) was measured at
25 °C by using a Clark type electrode system (YSI model
5300 Biological Oxygen Monitor). Samples were illuminated
with 500 μmol photons·m−2·s−1 and the infrared part of the
applied irradiation was filtered off by using a 2% CuSO4 so-
lution contained in a cuvette (4 cm path length) and placed
between the actinic light source and the sample.
Measurements took place under saturating carbon dioxide
conditions, achieved by dissolving 0.034% w/v NaHCO3

and 0.896% w/v Tricine (pH 7.6) in the cell-containing medi-
um (Delieu and Walker 1981). The rate of oxygen evolution
was recorded continuously for a period of 1 min. Maximal
photosynthetic activity was expressed in mmol O2 (mol
Chl)−1·s−1.

β-Phellandrene production

Extraction and quantification of β-phellandrene from
Synechocystis cultures were performed using established pro-
tocols (Bentley et al. 2013; Formighieri and Melis 2014b).
Cells were initially centrifuged at 4500×g for 10 min and
resuspended in 600 mL of fresh phosphate-buffered BG-11
media at an OD730 = 0.5, in a 1 L gaseous/aqueous two-phase
reactor (Bentley and Melis 2012). The bioreactors were then
slowly bubbled with 200 mL of 100% CO2 gas through the
bottom of the liquid culture, sealed and incubated for 48 h at
28 °C and under 50 μmol photons m−2 s−1. β-Phellandrene
was collected from the surface of the culture as previously
described by Bentley et al. (2013). Briefly, 10 mL of hexane
was added on top of the aqueous phase. After 2 h of incubation
with gentle-stirring of the culture, the organic phase was col-
lected. One microliter of the collected hexane layer was sub-
jected to gas chromatography-mass spectrometry (GC-MS)
analysis. Further analysis was performed by UV spectropho-
tometry. β-Phellandrene exhibits a characteristic absorbance
spectrum with a band peaking at 232.4 nm when dissolved in
hexane, while other monoterpenoids (including α-
phellandrene) exhibit a specific absorbance peak at 260 nm
(Bentley et al. 2013; Formighieri and Melis 2014b).

GC-MS analysis

GC-MS analysis was conducted with an Agilent 6890 gas
chromatograph equipped with a cool on-column injector, an
Agilent 7683 automatic liquid sampler and an Agilent 5973
inert mass selective detector. The chromatographic separation
was achieved on a DB-5MS column (30 m × 0.25 mm ×
0.25 μm, Agilent Technologies). Helium was used as a carrier

gas at a flow rate of 1.2 mL min−1. Oven temperature was
initially maintained at 50 °C for 4 min, then increased to
150 °C at a rate of 4 °C min−1, and finally increased to
260 °C at a rate of 20 °C min−1 and held at 260 °C for
5 min. The mass spectrometer was operated in electron impact
mode utilizing a 70-eV ionization energy and the mass range
scanned was 45–500 amu. The identification of the β-
phellandrene produced by the Synechocystis cultures was
based on a comparison of its MS data and retention time with
those of a commercially available standard. Quantitation of
the produced β-phellandrene was carried out by using γ-
terpinene as an internal standard.

Results and discussion

Plasmid constructs and Synechocystis transformants

The cpc operon (Fig. 1a) encodes the CpcB phycocyanin β-
and CpcA α-subunits and the associated linker polypeptides
(CpcC2, CpcC1, and CpcD). All these assemble to form the
peripheral rods of the phycobilisome light-harvesting antenna
in Synechocystis. It has been shown that replacement of the
cpc operon genes with the nptI gene conferring kanamycin
resistance (Fig. 1b) abolished the assembly of the phycocya-
nin peripheral rods and resulted in a truncated phycobilisome
antenna (Kirst et al. 2014).

The main objective of this study was to investigate whether
the presence or absence of the various cpc operon genes af-
fects the expression of the cpcB.PHLS fusion construct, as
measured by the abundance of the respective protein and the
yield of β-phellandrene production. Furthermore, the aim of
this study was to examine the contribution of the cpcA gene, as
a leader sequence in the protein expression of the cpcA.PHLS
fusion construct. Geranyl diphosphate synthase (GPPS) gene
was also introduced in the cpc operon as cpcA.GPPS and
cpcB.GPPS fusion constructs, concurrently with the
cpcB.PHLS and cpcA.PHLS fusion sequences, respectively.
Thus, various fusion constructs were constructed and used to
generate the corresponding transformant strains. These con-
structs contained the cpcB.PHLS or cpcA.PHLS fusion genes
in combination with the presence or absence of the rest of the
cpc operon-encoded subunits. The cpcB.PHLS + cpcA.GPPS,
cpcB.GPPS + cpcA.PHLS, and cpcB.PHLS + cpcA.GPPS +
cpc sequences (Fig. 1) were integrated into the Synechocystis
genomic DNA via double homologous recombination, thus
replacing the native cpc operon. The Δcpc+cpcB.PHLS+
cpc(−cpcA) transformant (Fig. 1c) carried the fusion
cpcB.PHLS gene, followed by the kanamycin resistance nptI
gene and the rest of the native cpc operon genes cpcC1,
cpcC2, and cpcD, while the cpcA gene was absent. The
Δcpc+cpcB.PHLS+cpcA.GPPS (Fig. 1d) and Δcpc+
cpcB.GPPS+cpcA.PHLS (Fig. 1e) transformant strains
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encoding the CpcB.PHLS, CpcA.GPPS and CpcB.GPPS,
CpcA.PHLS fusion proteins, respectively, were generated up-
on the introduction of the corresponding fusion constructs
along with the chloramphenicol resistance cassette (CmR) into
the cpc operon locus, while the genes encoding the phycocy-
anin linker polypeptides (cpcC1, cpcC2, and cpcD) were re-
moved. In the Δcpc+cpcB.PHLS+cpcA.GPPS+cpc
transformant (Fig. 1f), the cpcB.PHLS and cpcA.GPPS fusion
genes followed by the chloramphenicol resistance cassette and
the genes encoding the associated phycocyanin linker poly-
peptides replaced the cpc operon. Thus, the abovementioned
Synechocystis transformant strains also possessed a truncated
light harvesting antenna (TLA structure), as they failed to
assemble phycocyanin rods, previously described by Chaves
et al. (2016) and Formighieri and Melis (2015).

Genomic DNA PCR analysis

The integration of the fusion constructs in the Synechocystis
genome and state of transgenic DNA copy homoplasmy of the
transformants were tested by PCR analysis of the
Synechocystis genomic DNA. For this purpose, primers
cpc_us, cpc_ds, cpcA_Rv, and Kan_ins_Rv were used

(Table 1). Primers cpc_us, cpc_ds, and cpcA_Rv are expected
to generate different size products between the various
transformant lines and the wild type DNA (Fig. 1a–f), while
primer Kan_ins_Rv is specific to the recipient strain (Fig. 1b).
In the wild type strain, primers cpc_us and cpcA_Rv anneal
upstream of the cpc operon promoter and within the cpcA
gene, respectively. In the wild type, they amplified a 773 bp
product (Fig. 2a, b). The same primers generated single prod-
ucts of 2402 and 1736 bp corresponding to the cpcB.PHLS
and cpcB.GPPS inserts in the Δcpc+cpcB.PHLS+
cpcA.GPPS and Δcpc+cpcB.GPPS+cpcA.PHLS
transformants, respectively (Fig. 2a, b). Primers cpc_us and
cpc_ds, flanking the insertion site, generated a 3570 bp prod-
uct in the wild type and a 1013 bp product in the Δcpc strain
(Fig. 2c). In the Δcpc+cpcB.PHLS+cpcA.GPPS+cpc
transformant, PCR with primers cpc_us and cpc_ds generated
a larger product of 6973 bp, offering evidence of the integra-
tion of the cpcB.PHLS + cpcA.GPPS + cpc construct in the
cpc locus (Fig. 2c). Primers cpc_us and Kan_ins_Rv, anneals
upstream of the cpc operon and within the nptI sequence,
respectively. Genomic DNA PCR with these primers gave a
PCR product of 533 bp in the Δcpc strain (Fig. 2d–f).
However, no PCR product could be obtained with the same

Fig. 2 Genomic DNA PCR
analysis of Synechocystis
wild type and transformant
strains. a, b PCR using cpc_us
and cpcA_Rv primer set and c
PCR using cpc_us and cpc_ds
primer set were used in order to
examine the successful
replacement of the cpc operon by
the transgene sequences, as they
generated different product sizes
among the wild type, the
recipient, and the different
transformant strains. d–f PCR
using cpc_us and kan_ins_Rv
primer set specifically amplifies
the region with the nptI cassette
that is present only in the Δcpc
strain. Thus, PCR with these
primers was used to test for DNA
copy homoplasmy
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primers in the other transformant strains (Fig. 2d–f). The ab-
sence of a 533 bp PCR product in the Δcpc + cpcB.PHLS +
cpcA.GPPS, Δcpc + cpcB.GPPS + cpcA.PHLS, and Δcpc +
cpcB.PHLS + cpcA.GPPS + cpc transformant strains is evi-
dence of the absence of the nptI gene, suggesting the attain-
ment of transgenic DNA copy homoplasmy.

For the experiments below, a minimum of two independent
lines of each transformant was isolated and tested.

Protein analysis

Protein profiles of wild type and transformant strains were
examined by SDS-PAGE and Western blot analysis. In the
SDS-PAGE, all strains exhibited dominant bands at 55 kD,
attributed to the large subunit of Rubisco (RbcL) (Fig. 3a, b).
The wild type showed two abundant proteins at 20 and 17 kD,
attributed to the cpcB-encodedβ-subunit of phycocyanin, and

the cpcA-encoded α-subunit of phycocyanin, respectively.
These two proteins are not observed in the transformants.
The absence of cpcB and cpcA proteins from all the
transformants confirmed that these Δcpc strains possess the
TLA property (Kirst et al. 2014). The Δcpc+cpcB.PHLS+
cpcA.GPPS, Δcpc+cpcB.GPPS+cpcA.PHLS, and Δcpc+
cpcB.PHLS+cpcA.GPPS+cpc transformants exhibited faint
bands at approximately 23 kD attributed to the expression of
the chloramphenicol resistance protein. The Δcpc+
cpcB.PHLS+cpc(−cpcA) and two independent lines of the
Δcpc+cpcB.PHLS+cpcA.GPPS strain showed faint bands at
75 kD attributed to the CpcB.PHLS fusion protein (Fig. 3a).
The same faint bands were observed in three independent lines
of theΔcpc+cpcB.GPPS+cpcA.PHLS strain, attributed to the
CpcA.PHLS transgenic protein. These results indicated a low
transgenic protein expression in these strains. However, sub-
stantial amounts of the heterologous CpcB.PHLS

Fig. 3 Protein analysis of total protein extracts from Synechocystis
wild type and transformant strains. a SDS-PAGE analysis of WT (lane
1), Δcpc+cpcB.PHLS+cpc(−cpcA) (lane 2), three independent Δcpc+
cpcB.GPPS+cpcA.PHLS transformant lines (lanes 3–5), and two inde-
pendent Δcpc+cpcB.PHLS+cpcA.GPPS transformant lines (lanes 6–7).
b SDS-PAGE analysis of total protein extracts. Lane 1, WT; lanes 2–4,
three independent Δcpc+cpcB.PHLS+cpcA.GPPS+cpc transformant
lines. c Western blot analysis of protein extracts from Synechocystis
transformant strains, probed with specific polyclonal antibodies raised
against the PHLS protein. Lane 1, WT; lane 2, Δcpc+cpcB.PHLS+
cpc(−cpcA); lanes 3–4, two independent Δcpc+cpcB.PHLS+
cpcA.GPPS transformant lines. dWestern blot analysis of protein extracts
from three independent Δcpc+cpcB.GPPS+cpcA.PHLS transformant
lines (lanes 1–3), probed with specific polyclonal antibodies against the

PHLS protein. e Western blot analysis of protein extracts from three
independent Δcpc+cpcB.PHLS+cpcA.GPPS+cpc transformant lines
(lanes 1–3), probed with specific polyclonal antibodies against the
PHLS protein. f Western blot analysis of protein extracts from
Synechocystis transformant strains, probed with specific polyclonal anti-
bodies against the GPPS protein. Lane 1, WT; lane 2, Δcpc+
cpcB.PHLS+cpc(−cpcA); lanes 3–4, two independent Δcpc+
cpcB.PHLS+cpcA.GPPS transformant lines. g Western blot analysis of
protein extracts from three independent Δcpc+cpcB.GPPS+cpcA.PHLS
transformant lines (lanes 1–3), probed with specific polyclonal antibodies
against the GPPS protein. hWestern blot analysis of protein extracts from
three independent Δcpc+cpcB.PHLS+cpcA.GPPS+cpc transformant
lines (lanes 1–3), probed with specific polyclonal antibodies against the
GPPS protein
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recombinant protein were observed in three Δcpc+
cpcB.PHLS+cpcA.GPPS+cpc transformant lines (Fig. 3b).
In this strain, the cpcB.PHLS fusion genes, the genes that
encode the linker polypeptides (cpcC2, cpcC1, cpcD), as well
as the cpcA gene, in the form of cpcA.GPPS fusion gene, were
expressed. These observations suggested that the CpcB.PHLS
fusion protein is expressed in significant amounts and is evi-
dent in the SDS-PAGE gel as a dominant band, not only when
the cpcA gene is present but also when all the rest of the cpc
operon genes as well.

Western blot analysis with specific polyclonal antibodies
against the PHLS and GPPS proteins confirmed the presence
of the heterologous PHLS and GPPS fusion proteins in
Synechocystis transformant strains (Fig. 3c–h). More specifi-
cally, a strong cross reaction of the PHLS polyclonal antibod-
ies was observed with a protein band at 75 kD in the Δcpc+
cpcB.PHLS+cpc(−cpcA) and all lines ofΔcpc+cpcB.PHLS+
cpcA.GPPS and Δcpc+cpcB.PHLS+cpcA.GPPS+cpc
transformants, attributed to the CpcB.PHLS fusion protein
(Fig. 3c, e). The same results were observed in three lines of
Δcpc+cpcB.GPPS+cpcA. PHLS transformant attributed to
the cpcA.PHLS fusion protein (Fig. 3d). A cross-reaction of
the GPPS polyclonal antibody was observed with a protein
band at 53 kD in all lines ofΔcpc+cpcB.PHLS+cpcA.GPPS,
Δcpc+cpcB.PHLS+cpcA.GPPS+cpc, and Δcpc+
cpcB.GPPS+cpcA.PHLS transformants attributed to the
cpcA.GPPS and cpcB.GPPS fusion proteins, respectively
(Fig. 3f–h).

Further evidence for the identity of these protein bands was
obtained upon the analysis of the bands corresponding to the
fusion proteins (CpcB.PHLS, CpcA.GPPS, CpcB.GPPS, and
CpcA.PHLS) by using ESI MS/MS (Orbitrap Elite and Q
executive). In all transformants, a number of peptides

corresponding both to the leader and target sequences in the
fusion proteins were identified (data not shown).

These results provided evidence for the heterologous ex-
pression of PHLS and GPPS fusion proteins in Synechocystis
transformants generated in the present work.

Growth, biomass accumulation, and photosynthesis
characteristics of Synechocystis transformants

The cell growth and biomass accumulation were determined
spectrophotometrically by measuring the optical density of
the cultures at 730 nm (Fig. 4a), and dry cell weight (Fig. 4b)
after 48 h of cultivation in the 1 L gaseous/aqueous two-phase
reactor under 50 μmol photons m−2 s−1 light intensity. As
shown in Fig. 4a, all transformants exhibited similar and slight-
ly slower growth rates than the wild type strain. This was at-
tributed to the truncated light-harvesting antenna size of the
Δcpc strains, which limits the rate of light absorption by the
photosystems, hence the rate of cell growth (Kirst et al. 2014).
Furthermore, it was previously reported that the slower growth
of Synechocystis transformants, compared with the wild type
strain, could arise because of slower rates of carbon partitioning
to biomass accumulation, as a result of carbon flux deflection to
β-phellandrene production by these strains (Du et al. 2017;
Chaves and Melis 2018a; Betterle and Melis 2019).

The determination of the photosynthetic pigment content in
the various transformants was achieved by analyzing the vis-
ible spectrum of cell lysates (Fig. 5a). All transformants and
the wild type strain showed the characteristic peak at 680 nm,
attributed to Q band of chlorophyll α, an absorbance peak at
435 nm, attributed to the Soret absorption band of chlorophyll
a with contributions from carotenoids and bilins, and a shoul-
der at 470 nm also attributed to carotenoids. The characteristic

Fig. 4 Cell growth and biomass
accumulation of Synechocystis
wild type and transformant strains
were measured by optical density
of the culture at 730 nm (OD730)
and by dry cell weight (DCW)
after 48 h incubation of the cul-
tures in a gaseous/aqueous two-
phase bioreactor filled with
200 mL of 100% CO2, at 28 °C
and placed under continuous illu-
mination at 50 μmol photons
m−2 s−1
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peak of phycocyanin at 625 nm observed in the spectrum of
the wild type strain was significantly lower in all transformant
strains attributed to the replacement of the cpc operon. This is
due to the absence of the phycocyanin pigment but the pres-
ence of allophycocyanin as the only phycobilisome pigment
in the modified Synechocystis antenna (Kirst et al. 2014).
These observations, in combination with the absence of
cpcB and cpcA proteins evidenced in the SDS-PAGE gel,
indicate the successful deletion of the cpc operon and confirm
the TLA phenotype in all transformant strains. These results
were imprinted in the transformants’ phenotype that had green
coloration instead of the blue-green of the wild type strain (not
shown). The carotenoid to chlorophyll a ratio was found to be
significantly higher in the Δcpc+cpcB.PHLS+cpc(−cpcΑ),
Δcpc+cpcB.PHLS+cpcΑ.GPPS and Δcpc+cpcB.GPPS+
cpcΑ.PHLS transformants compared with that in the wild
type, while the Δcpc+cpcB.PHLS+cpcΑ.GPPS+cpc
transformant has a similar Car/Chl ratio to that of the wild
type (Table 2).

Regarding the photosynthetic efficiency of mutants, the
Δcpc+cpcB.PHLS+cpc(−cpcΑ), Δcpc+cpcB.PHLS+
cpcΑ .GPPS, and Δcpc+cpcB.GPPS+cpcΑ .PHLS
transformants exhibited a higher rate of photosynthetic oxy-
gen evolution, expressed as mmol O2 (mol Chl)−1 s−1, com-
pared with the wild type (Table 2). This increase was found to
be approximately 37% for the Δcpc+cpcB.PHLS+
cpc(−cpcΑ ) and Δcpc+cpcB.GPPS+cpcΑ .PHLS

transformants and 35% for the Δcpc+cpcB.PHLS+
cpcΑ.GPPS strain. In contrast, the rate of photosynthetic ox-
ygen evolution ofΔcpc+cpcB.PHLS+cpcΑ.GPPS+cpc strain
was relatively similar to that of the wild type.

β-Phellandrene production

The spectrophotometric analysis of hexane extracts from cul-
tures of the abovementioned strains showed the characteristic
absorbance maximum ofβ-phellandrene at 232.4 nm (Fig. 5b).

Gas chromatograms of hexane extract from the surface of
the Δcpc+cpcB.PHLS+cpc(−cpcΑ), Δcpc+cpcB.PHLS+
cpcΑ.GPPS, and Δcpc+cpcB.PHLS+cpcΑ.GPPS+cpc cul-
tures are shown in Fig. 6. A peak with a retention time of
12.45 min was evident in all chromatograms. This peak was
confirmed to correspond to β-phellandrene, as shown in the
gas chromatogram of the commercialβ-phellandrene standard
under the same GC operating conditions (Fig. 6a). To clarify
this observation, further analysis with mass spectrometry was
carried out. Figure 7 shows the comparison of the MS spectra
of the chromatographic peak with retention time 12.45 min.
The produced fragments (m/z = 136, 91 and 77) are consistent
with those of the fragmentation patterns of the β-phellandrene
standard solution (Fig. 7a), as well as previous studies in the
literature (Bentley et al. 2013).

Overall, these results showed the successful heterologous
production of β-phellandrene from the Δcpc+cpcB.PHLS+

Fig. 5 a Normalized absorbance
spectra of cell lysates were
measured for the determination of
the pigment content in wild type
and transformant strains. b
Absorbance spectra in the UV
region of the hexane extracts from
wild type and various
transformant strain cultures. β-
Phellandrene has a characteristic
absorbance spectrum with a max-
imum at 232.4 nm

Table 2 Pigment analysis and rates of photosynthetic oxygen evolution
measurements of Synechocystis wild type and transformant strains
following an incubation period of 48 h in gaseous/aqueous two-phase

bioreactors filled with 200 mL of 100% CO2, at 28 °C and under contin-
uous illumination of 50 μmol photons m−2 s−1

Strain Car/Chl Rate of photosynthetic oxygen evolution,
mmol O2 (mol Chl)−1 s−1

WT 0.40 ± 0.03 23.89 ± 1.20

Δcpc + cpcB.PHLS + cpc(−cpcΑ) 0.76 ± 0.07 32.90 ± 1.90

Δcpc + cpcB.PHLS + cpcΑ.GPPS 0.92 ± 0.05 32.16 ± 1.45

Δcpc + cpcB.GPPS + cpcΑ.PHLS 0.89 ± 0.09 32.77 ± 0.63

Δcpc + cpcB.PHLS + cpcΑ.GPPS + cpc 0.35 ± 0.01 21.03 ± 0.57
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cpc(−cpcΑ), Δcpc+cpcB.PHLS+cpcΑ.GPPS, and Δcpc+
cpcB.PHLS+cpcΑ.GPPS+cpc transformants. As a negative
control, wild type culture extracts were examined and found
not to produce β-phellandrene, as expected (Fig. 5b, 6b).

Interestingly, the Δcpc+cpcB.GPPS+cpcΑ.PHLS strain
was found to produce a mixture of isoprenoids. Most abun-
dant was the accumulation of δ-3-carene, followed by cam-
phene and α-pinene, which were detected in the gas chro-
matogram (Fig. 6f) instead of β-phellandrene. This observa-
tion was also accompanied by changes in the UV spectrum,
where a broad spectral band (instead of the distinct β-
phellandrene peak at 232.4 nm) was observed (Fig. 5b). This

is a potentially important finding because this was the first
time that the PHLS gene was fused with the cpcA gene.
Previous studies used the psbA2, cpcB, or the nptI genes, as
leader sequences for the expression of PHLS, leading to the
specific synthesis of β-phellandrene (Bentley et al. 2013;
Formighieri and Melis 2015). The discrepancy in this work
can possibly be attributed to the fusion of the PHLS gene in
the 3′-end of the cpcA sequence and the translation of the
cpcA.PHLS sequence as one peptide. The tertiary configura-
tion of the CpcA.PHLS protein may have altered the enzyme’s
catalytic properties, leading to the synthesis of alternative
monoterpenes. These results are consistent with the notion

Fig. 6 Gas chromatography analysis of the hexane extracts. a GC
analysis of a commercially availableβ-phellandrene standard. bGC anal-
ysis of Synechocystis wild type. c–f GC analysis of Δcpc+cpcB.PHLS+
cpc(−cpcA), Δcpc+cpcB.PHLS+cpcA.GPPS, and Δcpc+cpcB.PHLS+
cpcA.GPPS+cpc strains showing the dominant β-phellandrene peak with

a retention time of 12.45 min. Also shown is the GC analysis of the
hexane extracts from the Δcpc+cpcB.GPPS+cpcA.PHLS transformant
culture, comprising δ-3-carene with a retention time of 8.48 min as the
main monoterpene generated
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that β-phellandrene synthase (PHLS) genes from different
plants, when expressed in Synechocystis, enable synthesis of
variable monoterpene hydrocarbon blends (Formighieri and
Melis 2018).

In related literature, it was reported that using highly ho-
mologous or heterologous genes in Synechocystis (e.g., cpcB

or nptI and cmR genes), as leader sequences in fusion con-
structs, leads to overexpression of the respective fusion pro-
teins (Betterle and Melis 2018, 2019). More specifically, the
highly expressed sequence, when used as a leader sequence in
a fusion construct, was found to enhance the ribosome migra-
tion and translation through the entirety of the fusion sequence
(Formigheiri and Melis 2016; Chaves et al. 2017). However,
the results in the present study showed that the cpcA gene as a
leader sequence does not lead to the production of β-
phellandrene, but to a monoterpene hydrocarbon mixture of
three β-phellandrene structural isomers. More work needs to
be done in order to further investigate and explain this finding.

The β-phellandrene production yields of the different
transformants are shown in Table 3. β-Phellandrene yields
are expressed relative to the dry cell weight that accumulated
during the incubation period of 48 h and are expressed on the
basis of dry cell weight (DCW) or Chl a accumulation during
the same period of time. TheΔcpc+cpcB.PHLS+cpc(−cpcΑ)
transformant yielded an average of 0.28mgβ-phellandrene (g
DCW)−1. Although the PHLS enzyme is expressed as a
cpcB.PHLS fusion protein, under the control of the strong
cpc promoter, the product’s yield is relatively low. As men-
tioned in the literature, the selection of a strong promoter
could result in faster rates of transcription but not into a sig-
nificantly higher expression of the PHLS protein (Formighieri
and Melis 2016). In contrast, the Δcpc+cpcB.PHLS+
cpcΑ.GPPS yield of β-phellandrene was doubled to about
0.55mg (gDCW)−1. This could be attributed to the expression
of theGPPS gene as a fusion gene of cpcA.GPPS, in the same
operon with the PHLS gene. It is known that the GPPS en-
zyme in Synechocystis cannot provide enough geranyl diphos-
phate as a substrate of the PHLS enzyme, due to low expres-
sion level and activity (Formighieri and Melis 2016). It has
been reported that expression of the GPPS as a fusion protein
with a highly expressed sequence in Synechocystis, such as the

Fig. 7 Mass spectra of the chromatographic peak with retention time
12.45 min. a MS analysis of the GC peak with retention time
12.45 min of the commercially available β-phellandrene standard. b–d
MS analysis of the GC peak of extracts from the Δcpc+cpcB.PHLS+
cpc(−cpcA), Δcpc+cpcB.PHLS+cpcA.GPPS, and Δcpc+cpcB.PHLS+
cpcA.GPPS+cpc transformant strains

Table 3 β-Phellandrene production measurements of Synechocystis
transformants after the incubation period of 48 h in gaseous/aqueous
two-phase bioreactor filled with 200 mL of 100% CO2, at 28 °C and
under continuous illumination of 50μmol photons m−2 s−1. The produced
β-phellandrene is expressed as mg ofβ-phellandrene in correlation to the
dry cell weight that accumulated between the incubation period (yield) as
well as μg of β-phellandrene in relation to the concentration of the chlo-
rophyll α that the transformants contained after the incubation period

Strain β-Phellandrene,
yield
mg (g DCW)−1

β-Phellandrene,
μg (mg Chl)−1

Δcpc + cpcB.PHLS + cpc(−cpcΑ) 0.28 ± 0.00 22.60 ± 1.60

Δcpc + cpcB.PHLS + cpcΑ.GPPS 0.55 ± 0.03 36.19 ± 8.70

Δcpc + cpcB.PHLS + cpcΑ.GPPS
+ cpc

1.11 ± 0.01 52.59 ± 0.90
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NptI protein, results in the overexpression of the GPPS fusion
construct and finally enhances the β-phellandrene production
(Betterle and Melis 2018, 2019). Our results suggest that
CpcA as a leader sequence in a GPPS fusion configuration
could also enhance the β-phellandrene yield. Furthermore, an
important observation is that although both transformants
(Δcpc+cpcB.PHLS+cpc(−cpcΑ) and Δcpc+cpcB.PHLS+
cpcΑ.GPPS) expressed the PHLS enzyme as a CpcB.PHLS
fusion protein, expression levels and product yields were not
high. Interestingly, the Δcpc+cpcB.PHLS+cpcΑ.GPPS+cpc
produced a higher average of 1.11 mg β-phellandrene per g
DCW. The substantially greater β-phellandrene production in
the latter could be attributed to the expression of the
cpcB.PHLS and cpcA.GPPS fusion genes, as well as the ex-
pression of the rest cpc operon genes (cpcC2, cpcC1, and
cpcD). A comparison of these results and the protein analysis
results, where the expression of CpcB.PHLS fusion protein
was higher in the last strain, revealed the significance of the
presence of all the cpc operon genes in the expression of the
cpcB.PHLS fusion gene, and finally in the production of β-
phellandrene.

Conclusions

The present work provided a deeper insight into the cpc oper-
on fusion protein overexpression concept. Various “Δcpc”
transformants have been generated that contained the
cpcB.PHLS or cpcA.PHLS fusion genes, used in combination
with the presence or absence of the remaining cpc genes. All
the transformants exhibited the TLA phenotype. All strains
were found to grow efficiently and most of them produced
β-phellandrene. The results of the present study showed that
the construction of the cpcB.PHLS fusion gene and its expres-
sion under the native, strong cpc promoter does not necessar-
ily result in the overexpression of the corresponding protein.
The expression of the cpcB.PHLS fusion protein in substantial
amounts was achieved only when all cpc operon genes were
present. In this case, the β-phellandrene yield was substantial-
ly greater compared with strains that also expressed the
cpcB.PHLS fusion gene, albeit in the absence of the other
cpc operon genes. Another interesting finding is that although
the use of cpcB gene, as a leader sequence in the fusion
cpcB.PHLS construct, resulted in successful β-phellandrene
production, the cpcA sequence, when used as a leader se-
quence, leads to a mixture of three β-phellandrene structural
isomers. The work has also demonstrated that the heterolo-
gous expression of the GPPS gene resulted in an increased β-
phellandrene production. These results extend previous find-
ings in the field and provide new unique insights into the use
of the fusion construct technology as a protein overexpression
strategy for heterologous enzymes with low catalytic activity.
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