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Abstract

Ethylene is a volatile alkene which is used in large commercial scale as a precursor in plastic industry, and is currently
derived from petroleum refinement. As an alternative production strategy, photoautotrophic cyanobacteria Synechocystis
sp. PCC 6803 and Synechococcus elongatus PCC 7942 have been previously evaluated as potential biotechnological hosts
for producing ethylene directly from CO,, by the over-expression of ethylene forming enzyme (efe) from Pseudomonas
syringae. This work addresses various open questions related to the use of Synechococcus as the engineering target, and
demonstrates long-term ethylene production at rates reaching 140 uL L™ h™! OD,s,~! without loss of host vitality or capac-
ity to produce ethylene. The results imply that the genetic instability observed earlier may be associated with the expression
strategies, rather than efe over-expression, ethylene toxicity or the depletion of 2-oxoglutarate—derived cellular precursors
in Synechococcus. In context with literature, this study underlines the critical differences in expression system design in the

alternative hosts, and confirms Synechococcus as a suitable parallel host for further engineering.
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Introduction

Ethylene (C,H,) is a simple alkene which is widely used in
chemical industry as a precursor for polymer synthesis and
in food industry to induce fruit ripening. In addition, eth-
ylene is a potential fuel with high energy density and other
physicochemical properties suitable, for example, to com-
bustion engines (Zulkarnain Abdul Latiff et al. 2008). The
global ethylene demand is higher than 150 million tonnes per
year (Petrochemical 2015) and it is primarily derived from
non-renewable sources as a product in petroleum refining.
The production of one ton of ethylene in the commonly used

Veronica Carbonell and Eerika Vuorio contributed equally to this
work.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11274-019-2652-7) contains
supplementary material, which is available to authorized users.

P4 Pauli Kallio
pataka@utu.fi

Molecular Plant Biology, Department of Biochemistry,
University of Turku, 20014 Turun yliopisto, Finland

steam cracking process releases 1,5-3 tons of carbon dioxide
in the atmosphere, which makes this one of the largest single
CO, emitting processes in chemical industry (Ungerer et al.
2012) and thus a significant global environmental burden.

In nature, ethylene has several distinct biological func-
tions. In plants, it acts as a hormone associated with fruit
ripening and abscission of leaves, and is produced from
1-aminocycloprone-1-carboxylate (ACC) by the enzyme
ACC oxidase (Dong et al. 1992). Micro-organisms use eth-
ylene, for example, in non-specific defence signalling (Got-
twald et al. 2012) and as a mediator in virulence (Weingart
et al. 2001), and it is produced via at least two different path-
ways: Ethylene biosynthesis may proceed through 2-keto-
4-methylthiobutyric acid by the action of NADH:Fe(III)
EDTA oxidoreductase as in Cryptococcus albidus (Fukuda
et al. 1989; Ogawa et al. 1990), or it can be generated from
2-oxoglutarate and L-arginine by ethylene forming enzyme
(efe) as in various Pseudomonas species (Fukuda et al. 1986;
Nagahama et al. 1991).

There is an increasing global need to develop and evalu-
ate new solutions for the production of sustainable sub-
stitutes for petroleum-derived products such as ethylene.
One of the potential biotechnological approaches is to use
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photosynthetic microbial cells, cyanobacteria, as engineered
biological factories to produce different end-products of
interest. This would allow the direct utilization of atmos-
pheric CO, and water as substrates for the biosynthesis of
the target metabolites using sunlight as the sole source of
energy, thus bypassing the use of biomass as starting mate-
rial. In this respect, cyanobacteria have been extensively
studied as engineering targets, and a range of molecular
biology tools and production strategies have been developed
and characterized [See reviews (Hagemann and Hess 2018;
Sun et al. 2018)]. Besides ethylene, cyanobacteria have been
engineered to produce various products, including alcohols,
organic acids, and carbohydrates [see reviews (Oliver et al.
2016; Zhou et al. 2016)], but the overall efficiencies are still
below the threshold required for any commercial applica-
tions, and require further systematic research.

Autotrophic production of ethylene has been studied pri-
marily in two cyanobacterial strains Synechocystis sp PCC
6803 (Guerrero et al. 2012; Ungerer et al. 2012; Eckert et al.
2014; Zhu et al. 2015; Lee et al. 2015; Xiong et al. 2015;
Zaviel et al. 2016; Carbonell et al. 2016) and Synechococcus
elongatus PCC 7942 (Fukuda et al. 1994, Sakai et al. 1997,
Wang et al. 1999, 2000; Matsuoka et al. 2001; Takahama
et al. 2003) (from here on referred to as Synechocystis and
Synechococcus, respectively). The general strategy has been
to over-express the heterologous ethylene forming enzyme
from Pseudomonas syringae to convert endogenous meta-
bolic precursors 2-oxoglutarate and L-arginine to ethylene,
which then as a volatile gas spontaneously diffuses out from
the cell and separates into the culture headspace.

In comparison to Synechocystis, only relatively low pro-
ductivities have been achieved in stable Synechococcus
strains (Supplementary Table S1), and the most efficient
expression systems have been associated with instability
and eventual loss of ethylene production in a few genera-
tions (Sakai et al. 1997; Takahama et al. 2003). The reported
instability has been accompanied by apparent metabolic
stress on the Synechococcus host, observed as decreased
growth rates and chlorophyll breakdown resulting in a yel-
lowish-green phenotype (Sakai et al. 1997; Takahama et al.
2003). At genetic level, the inactivation has been associated
with insertion mutations taking place at specific repeated
sequence elements (CGATG) which cause frameshifts in the
efe gene (Takahama et al. 2003).

The aim of this study was to clarify different factors pre-
viously associated with the instability of the ethylene pro-
duction systems in Synechococcus. Specifically, the intention
was to (1) elucidate the role of the efe primary sequence
in context with the chromosomal integration site, and (2)
analyse possible stress effects caused by efe over-expression
and ethylene levels, in order to obtain a more comprehensive
view of the potential limiting factors in further developing
Synechococcus as a platform for ethylene biosynthesis.
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Materials and methods
Cell strains and default culture conditions

Escherichia coli strain DH5a was used for the molecular
cloning steps and plasmid propagation. The cells were
cultured in Luria—Bertani medium supplemented with
25 ug mL~! of spectinomycin and 10 pg mL~! of strepto-
mycin (37 °C, 120 rpm shaking). Synechococcus elongatus
PCC 7942 was used as the efe over-expression host for eth-
ylene production. The cells were cultivated in BG11 lig-
uid medium (20 mM TES-KOH, pH 8) supplemented with
25 ug mL~! of spectinomycin, 10 pg mL~! of streptomycin
and 1 mM IPTG (Geerts et al. 1995; Berla et al. 2013) when
appropriate. The cultures were carried out in 100 mL volume
(250 mL Erlenmeyer flasks) under continuous light (50 pmol
photons m~2 s71) at 30 °C in 1% CO, in an orbital shaker
(120 rpm) in a Sanyo Chamber (SanyoFElectric Co. Ltd).

Assembly of the efe over-expression constructs
and transformation into Synechococcus

The commercial plasmid pUC19 (Yanisch-Perron et al.
1985) was used as the backbone to assemble a chromosomal
integration vector for the introduction of efe in Synecho-
coccus (Table 1). A 1094 bp fragment allowing targeted
homologous recombination into the host genome at the NSI
site (GenBank: U30252.3) (Mackey et al. 2007) was PCR
amplified (Table 2, primers 1 and 2) and subcloned (Aatll-
BamHI) into pUC19 to create p19_7942_NSI (Table 1).
Subsequently, two efe gene variants, o-efe (GenBank:
D13182.1) and sy-efeh (GenBank: KX184731), were PCR
amplified (Table 2, primers 3 and 4) from pDF-trc-o-EFE
(Carbonell et al. 2016) and pDF-trc-EFEh (Guerrero et al.
2012), respectively, to create fragments carrying a spectino-
mycin/streptomycin resistance cassette (Sp'/Str"), lac repres-
sor (Lacl?), trc promoter (P,,.) and the two rrnB terminators.
The fragments were inserted into p19_7942_NSI (Eagl) cre-
ating the final integration constructs pChr_7942_NSI_o-efe_
Sp and pChr_7942_NSI_sy-efeh_Sp (Table 1), which were
then confirmed by sequencing (Table 2, primers 5-8). The
plasmids were transformed into Synechococcus via natural
transformation and the resulting recombinant strains were
called Synechococcus:o-efe and Synechococcus:sy-efeh
respectively. Full segregation of the mutants at the NS/ locus
was verified by PCR (Fig. 1).

Quantitative analysis of ethylene production

Ethylene production of the strains was monitored in a step-
wise experiment of four repeated consecutive 100 mL
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Table 1 Plasmids used in the study

Plasmids Description

References

pUC19
p19_7942_NSI
pDF-trc-EFEh

Ap', ori (ColEl)

p19_7942_NSI
pDF-trc-o-EFE
p19_7942_NSI

pChr_7942_NSI_o-efe_Sp
Str' cassette flanked by NST

pChr_7942_NSI_sy-efeh_Sp Derivative p19_7942_NSI containing sy-efeh gene, rrnB terminator regions and

Sp'/Str* cassette flanked by NS/

pUC19 derivative containing 1,1 kb fragment of NSI from Synechococcus

sy-efeh gene, rrnB terminator regions and Sp'/Str" cassette for insertion into
0-efe gene, rrnB terminator regions and Sp/Str cassette for insertion into

Derivative p19_7942_NSI containing o-efe gene, rrnB terminator regions and Sp'/

(Yanisch-Perron et al. 1985)
This study
(Guerrero et al. 2012)

(Carbonell et al. 2016)
This study

This study

Table2 PCR Primers (5'—3' direction) used in this study

1D Primers Sequence and description
1 fw_SEA0027 attagacgtcTAGTCGCCGCAGTAGTGATG
Cloning NSI from Synechococcus genome (Aatll overhang)
2 rv_SEA0027 aatggatcc ACCCGGTAGGGATTTCG
Cloning NSI from Synechococcus genome (BamHI overhang)
3 fw_pDF_s_iq_e_t2 CTGGCTTTGCTTCCAGATGT
Cloning of pDF cassette containing Sp"/Str', Lacl?, P,,, efe variants and two rrnB terminators
4 rv_pDF_s_iq_e_t2_Eagl taaacggccgCTTTCAGCTAGCGTACCA
Cloning of pDF cassette containing Sp'/Str’, Lacl?, P,,, efe variants and two rrnB terminators
(Eagl overhang)
5 fw_seq_NSI_7942 TAGTCGCCGCAGTAGTGATG
Sequencing and colony PCR
6 rv_seq_NSI_7942 CTCCAGCAAGCTAGCGATTT
Sequencing and colony PCR
7 75_pUC_Rev GCTCACTCATTAGGCACCCCAGG
Sequencing and colony PCR
8 rv_seq_NSI_ins AGGGCCGTGATCTTGTCAT

Sequencing and colony PCR

Complementary regions are shown in capital letters and restriction sites are underlined

cultivation batches, with four biological replicates each.
Every cultivation batch was started at OD;5, ~0.1 and grown
until the optical density reached ~ 1 (after about 4 days), fol-
lowed by analysis of ethylene production and inoculation
of the successive batch. Ethylene quantitation was carried
out by transferring 1 mL of the cell cultures supplemented
with 1 mM IPTG into 10 mL sealed vials, followed by 2-8 h
incubation under specified conditions (50 umol photons
m~2s7!, 30 °C, 120 rpm), and analysis of the headspace gas
phase (25-250 pL samples) by GC-MS as described earlier
(Guerrero et al. 2012; Carbonell et al. 2016). The integrated
MS peak areas were used to calculate the relative ethylene
production as pL of ethylene per litre of culture per hour (UL
L~' h™!), and normalized to cell density to allow compari-
son. The statistical significance of the observed differences
was evaluated based on the calculated average values, using
pairwise t-test analysis at significance level p <0.05.

Evaluation of expression system stability
in long-term cultivations

Long-term stability of the Syrnechococcus ethylene produc-
tion strains was evaluated in a 16-week step-wise batch cul-
tivation trial, carried out in 40 mL culture volume in 100 mL
Erlenmeyer flasks in four parallel replicates. The cultures
were diluted in fresh BG11 (containing antibiotics) to OD-5
0.05 at 1 week intervals, and analysed for ethylene produc-
tivity after 7 days incubation.

Effect of supplemented ethylene on cell growth

The effect of high concentrations of ethylene on WT Syn-
echococcus was evaluated by supplying 99% (v/v) gaseous
ethylene (AGA, Espoo, Finland) into 20 mL cell cultures
containing 50 mM bicarbonate in gas-tight serum bottles
(160 mL). Ethylene was supplied directly into the culture
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Fig. 1 Colony PCR (1% agarose gel) confirming chromosomal inte-
gration and segregation of the efe expression cassettes at the NSI-
locus of Synechococcus elongatus PCC 7942. Wild type control (WT;
expected fragment size =906 bp), Synechococcus carrying efe from
P. Syringae (0-efe; expected fragment size =5446 bp), and Synecho-
coccus carrying sequence optimized efe (sy-efeh; expected fragment
size=5446 bp). The NSI-specific primers used for the colony PCR
are listed in Table 2

media by bubbling for 2 min (= 0.5 bars) with an injection
needle through the butyl rubber cap of the sealed bottles
(equipped with an additional outlet needle to prevent the
build-up of overpressure). Air and nitrogen gas were used
as parallel controls. Growth of the cells was followed by
monitoring culture OD,5, for the subsequent 7 days.

Substrate supplementation

The quantitative effect of substrate supplementation on eth-
ylene production was evaluated by the addition of 5 mM
L-arginine (Sigma-Aldrich) or/and 1 mM 2-oxoglutarate
(Sigma-Aldrich) into the sealed 10 ml reaction vials at the
same time with IPTG. The analysis was carried out in four
biological replicates, and the ethylene productivity was com-
pared against corresponding reactions without supplemented
substrates.

Spectral analysis of the cultures

Absorption spectra of the Synechococcus cultures
(400-750 nm) were recorded with Infinite 200 Pro plate
reader (Tecan Ltd, Switzerland). The spectra were obtained
from 150 pL of cell cultures normalized to the same OD5,
on 96 well plates (Greiner 96 Flat Bottom Transparent
Polystyrol).

@ Springer

Results

Construction of Synechococcus strains for ethylene
production

In order to evaluate the production of ethylene in Synechoc-
occus, two chromosomal integration constructs were assem-
bled for the over-expression of the heterologous ethylene
forming enzyme under the control of a constitutive promoter
P,,.. (Huang et al. 2010; Guerrero et al. 2012). Two alterna-
tive forms of the efe gene used in the constructs were (i) the
native efe from P. Syringae (0-efe) used in several earlier
studies in Synechococcus (Fukuda et al. 1994; Sakai et al.
1997; Takahama et al. 2003) and (ii) a sequence-optimized
form (sy-efeh) previously expressed in Synechocystis, from
which the repetitive sequences CGATG associated with
insertion mutations had been removed (Ungerer et al. 2012;
Guerrero et al. 2012; Carbonell et al. 2016). The chromo-
somal locus NSI was selected as the target site for homolo-
gous recombination, as it had previously successfully used
for protein over-expression in Synechococcus (Ditty et al.
2005; Mackey et al. 2007). The sequenced constructs were
transformed into Synechococcus, followed by selection
based on acquired antibiotic resistance. Colony PCR was
used to confirm integration at the NSI site and full segrega-
tion of the generated mutants (Fig. 1), and in each case, only
fragments corresponding to the expected size (5446 bp) were
observed while the WT fragment was not detected (906 bp).

The two generated Synechococcus strains produce
ethylene at similar levels

Cultivation of both of the generated Synechococcus efe over-
expression strains resulted in the accumulation of ethylene
in the headspace of the closed culture vials as detected by
GC-MS. The production efficiency of the two strains was
very similar, and no obvious difference could be observed
between the function of the o-efe or the sy-efeh under the
conditions tested (Fig. 2a). In both cases the ethylene pro-
ductivity remained stable throughout the four consecutive
4-day batch cultures, with highest recorded yields of around
140 uL L=' h™! OD,5,7!, averaging to about 100 uL. L~" h~!
OD,5,~! (Fig. 2b).

Expression of efe or direct ethylene
supplementation do not induce adverse effects
to the cells

With the objective to evaluate possible adverse effects
caused by ethylene production to the host, the two efe-
expressing strains were compared against the wild type
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Fig.2 Ethylene production by Synechococcus elongatus PCC 7942
over-expressing sy-efeh and o-efe in four successive 4-day batch cul-
tures. a Production rate averages of the four batches normalized to
OD;5, (n=4; error bars represent SD). b Average ethylene production
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Fig.3 Growth (OD;5,) of Synechococcus elongatus PCC 7942 wild
type (dotted line), Synechococcus:o-efe (solid light grey line) and
Synechococcus:sy-efeh (solid dark grey line) in the successive 4-day
batch cultures (n=3, error bars represent SD). Statistically significant
differences were not observed between the growth of the alternative
strains (7 test)

Synechococcus strain. The results showed that constitutive
ethylene production at the recorded levels did not have any
clear negative impact on the growth of the host; The growth
rates of all the strains were comparable (Fig. 3), and the
phenotype based on culture colour and absorption properties
measured spectrophotometrically (Fig. 4) were similar. Fur-
thermore, the presence of high concentrations of supplied
ethylene (up to>99% of the headspace gas) in sealed 7-day
batch cultures did not affect the viability of the cells, indi-
cating that ethylene itself does not inflict any acute toxicity
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throughout the entire experiment (n=16; error bars represent SD).
Statistically significant differences were not observed between the
cultivation batches or the alternative strains (7 test)
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Fig.4 Absorption spectra of Synechococcus elongatus PCC 7942
wild type (dotted line), Synechococcus:o-efe (solid light grey line)
and Synechococcus:sy-efeh (solid dark grey line). Absorption curves
were obtained from three replicates of each strain and normalized to
0Dy,

effects on Synechococcus even at saturating concentrations
(Fig. 5).

The engineered strains maintain the capacity
to produce ethylene in long-term cultivation

In order to further evaluate the stability of the Synechococcus
ethylene-producing strains in long-term incubation, the cul-
tures were subjected to a 16-week step-wise batch cultivation,
in which the cultures were diluted once a week in fresh BG11
medium and analysed for productivity at given time-points
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Fig.5 Evaluation of the tolerance of Synechococcus elongatus PCC
7942 wild type towards supplemented ethylene. The cell cultures
(20 mL) with 50 mM of bicarbonate were incubated for 7 days in
sealed 160 mL serum bottles under ethylene atmosphere (squares).
As controls, parallel cultures were incubated with air (diamonds) and
with pure nitrogen (triangles). (n=3; error bars represent SD). The
decline in growth after 96 h is primarily due to the depletion of bicar-
bonate from the air-tight cultivation flasks. Statistically significant
differences were not observed in cell growth between the alternative
culture conditions (¢ test, p <0.05)

(Fig. 6). The results clearly demonstrated that, despite some
batch-specific fluctuation, the overall capacity to produce eth-
ylene was not lost nor significantly reduced in over 3-month
expression trials.

Supplementation of efe substrates does
not significantly improve productivity

To obtain more information on the key factors limiting eth-
ylene productivity of the engineered Synechococcus strains,
the production cultures were incubated in the presence of the
two primary substrates of efe, 2-oxoglutarate and L-arginine.
Although the uptake of the compounds from the medium was
expected to be at least partially limited for Synechococcus
(Vazquez-Bermidez et al. 2000; Montesinos et al. 1997) a
clear increase in ethylene formation was observed for both
strains supplemented with the two substrates (Fig. 7). How-
ever, this improvement was rather subtle, with average val-
ues remaining under 40% at best, and apparently susceptible
to relatively minor alterations, as observed in the different
response of the strains towards 2-oxoglutarate and L-Arginine
when supplied one at a time.
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Fig.6 Relative long-term ethylene productivity recorded for Synecho-
coccus elongatus PCC 7942 sy-efeh and o-efe over-expression strains
in successive batch cultures over a period of 16 weeks. The mean and
standard deviations represent four biological replicates, and the data
is normalized to the total calculated average (grey horizontal line).
The relatively large fluctuation between the successive measurement
time points (c¢f. Data in Figs. 2, 7) is due to a different experimental
set-up with smaller cultures and extended incubation time between
dilution and the measurement (7 days), in which minor variations in
cultivation conditions have a proportionally significant effect on the
recorded numerical values
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Fig. 7 Evaluation of the effect of supplemented substrates, 2-oxoglu-
tarate (1 mM) or/and L-arginine (5 mM) on relative ethylene produc-
tivity in Synechococcus elongatus PCC 7942 sy-efeh and o-efe over-
expression strains. The data is normalized to the calculated average
of the non-supplemented strains (grey horizontal line). The mean and
standard deviations represent four biological replicates. The asterisk
indicates statistically significant change (¢ test, p <0.05) in reference
to the corresponding control without supplemented substrates
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Discussion

Ethylene is a prominent target for the development of
novel biotechnological applications due to the large global
market, and need for sustainable alternatives for the cur-
rent petroleum-based technologies. This study focused on
engineered photoautotrophic cyanobacterial systems that
allow the production of ethylene directly from CO,, with
a specific focus of critical strain-specific constraints asso-
ciated with using Synechococcus as the host. Majority of
earlier studies have focused on another cyanobacterial spe-
cies Synechocystis, which has generally exhibited higher
ethylene production levels and stability (Supplementary
Table S1). In comparison, apart from systems with very
low productivities that have been apparently stable, efe
over-expression in Synechococcus has repeatedly been
associated with metabolic stress and compromised expres-
sion system stability observed as decreased efficiency and
eventual loss of ethylene production (Sakai et al. 1997,
Takahama et al. 2003) (Supplementary Table S1). With the
objective of evaluating the potential for further develop-
ment, this study compared the activity of two alternative
forms of the efe gene in Synechococcus, and addressed (i)
the effect of the site of chromosomal integration and (ii)
the impact of ethylene levels on the stability and perfor-
mance of the production system.

Two different variants of efe (native gene from P. Syrin-
gae and a codon optimized sequence) were inserted at the
NSI locus (Ditty et al. 2005) in Synechococcus chromo-
some under the regulation of trc promoter (Huang et al.
2010; Guerrero et al. 2012). Both expression systems were
functional, producing in average around 100uL L™' h™!
OD750_1 ethylene (Fig. 2), without apparent loss of the
capacity in extended cultivations (Fig. 6). Notably, the
maximum production levels (approaching 140 uL L=' h~!
OD;5,”!) were almost three-fold higher than earlier
reported for any stable ethylene production system in Syn-
echococcus (Sakai et al. 1997) (Supplementary Table S1),
providing a starting point for comparing and evaluating the
possible factors behind the problems encountered earlier.
It must be emphasized that while the numbers are still
somewhat lower than recorded for corresponding Synecho-
cystis strains, and significantly below the highest reported
values in the most extensively engineered systems (Mo
et al. 2017), the baseline for ethylene production appears
to be rather similar for the two strains.

The only form of efe that has previously been expressed
in Synechococcus is the native gene form P. Syringae,
which has been reported to accumulate insertion mutations
resulting in efe inactivation and loss productivity in several
generations (Takahama et al. 2003). Our observation that
both expressed forms of efe remained equally functional

in Synechococcus (Figs. 2, 3, 4) confirmed the expecta-
tion that the nucleotide sequence per se does not play any
critical role in determining system integrity. Comparison
of the different expression strategies used in Synechoc-
occus (Supplementary Table S1), however, reveals that
the unstable systems specifically apply psbAI locus for
expression cassette integration (Takahama et al. 2003),
or contain sequence elements (promoter and terminator
sequences) which may promote homologous recombina-
tion at this site (Sakai et al. 1997). It is conceivable that
these approaches render the endogenous Synechococcus
psbAI gene inactive and defective in the production of the
specific photosystem II reaction center protein D1, which
is essential under normal growth conditions (Golden et al.
1986; Aro et al. 1993). It is important to note here that the
expression of alternative psbA genes in response to envi-
ronmental cues, as well as the function of the correspond-
ing D1 proteins, are critically different in Synechococcus
and Synechocystis (Mulo et al. 2009). This explains why
psbAI in Synechocystis, unlike in Synechococcus, can be
disrupted without compromising viability (Varman et al.
2013; Yu et al. 2013), and emphasizes the crucial impor-
tance of taking host-specific features into account when
selecting the expression strategy for a particular organism.

In regards to acute toxicity, the study confirms that ethyl-
ene in itself does not induce any detectable adverse effects
on the growth or viability of Synechococcus even when sup-
plied at saturating concentrations in prolonged incubation
(Fig. 5). Thus, interference of ethylene in native metabolic
functions would not pose limitations for using Synechoc-
occus as a host for biotechnological applications. One of
the bottlenecks which have been proposed for ethylene
biosynthesis, however, is the depletion of 2-oxoglutarate—
derived building blocks in the cell (Takahama et al. 2003)
that would compromise a wide range of native metabolic
activities including biosynthesis of proteins and nucleic
acids. Despite production levels which were comparable
with earlier reports (Sakai et al. 1997), such adverse effects
were not observed in the current study, and the host cells
appeared not to suffer from biosynthetic burden resulting
from the shortage of 2-oxoglutarate. In addition, even though
the uptake of extracellular substrates is likely to be at least
partly restricted by the diffusion through the membrane, the
relatively moderate effect observed for 2-oxoglutarate and
L-arginine supplementation on ethylene production (Fig. 7)
reinforces the view that also other factors besides substrate
limitation currently constraint the system.

Our conclusion is that the key limiting factors in using
Synechococcus as a host for photoautotrophic production of
ethylene are not related to adverse effects caused efe over-
expression or the presence of ethylene. Instead, the bio-
synthetic bottlenecks may be similar to those identified for
Synechocystis: (i) Restricted overall flux towards the TCA
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cycle, and (ii) strictly regulated feedback inhibition of the
three first catalytic steps of the cycle including conversion
of isocitrate to 2-oxoglutarate, which could be reinforced
by (iii) enhancing the expression of efe to increase the effi-
ciency of ethylene formation, thus increasing the biosyn-
thetic pull throughout the pathway.
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