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Photosynthetic cyanobacteria hold a great potential for the direct conversion of solar energy and CO,
into ‘green’ ethylene. The present study aims to develop a thin-layer artificial biofilm technology for sus-
tainable and long-term ethylene photoproduction, where recombinant Synechocystis sp. PCC 6803 cells
holding ethylene forming enzyme (Efe) from Pseudomonas syringae are entrapped within the natural
polymer matrix, thus forming the thin-layer biocatalytic structure. The production system was optimized
by varying different parameters, such as radiance, inorganic carbon level, and periodicity of medium
renewal. As a result, artificial films with entrapped cells of Synechocystis sp. PCC 6803 mutant produced
ethylene for up to 38 days, yielding 822 mL m~2 ethylene at 1.54% light to ethylene conversion efficiency.
These figures represent a 2-time enhancement in the duration of ethylene production, a 2.2-fold increase
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in the production yield, and a 3.5-fold improvement in the light to ethylene conversion efficiency as com-
pared to the cell suspension. This study demonstrates that ethylene producing cyanobacteria entrapped
in the polymeric matrix could truly act as photo-biocatalyst for the prolonged ethylene production by
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Introduction

The global challenges of the present day, including mitigation
of climate change and scarcity of natural resources, emerge a
transition from a linear fossil-based economy to a circular sus-
tainable (bio)economy. There is an urgent need to develop sus-
tainable fossil-free production platforms for fuels and chemi-
cals. Photosynthetic microorganisms (e.g. cyanobacteria,
microalgae) are considered as a third-generation sustainable
feedstock for the chemical industry. They utilize solar energy
to convert CO, into biomass and energy-rich organic com-
pounds. These microorganisms are also capable of holding
novel synthetic production pathways that allow them to func-
tion as living cell factories for the production of targeted
chemicals and fuels." Among cyanobacteria, Synechocystis sp.
PCC 6803 (hereafter Synechocystis) is the most popular model
organism with extensively characterized metabolic engineering
tools.*®

Ethylene is the main building block for the production of
plastics, fibers, and other organic compounds, also it has a
higher energy density (47 MJ kg™") and carbon content
(92 wt% mass fraction) that makes ethylene an attractive fuel
source.”® Currently, ethylene is extensively produced from
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strongly limiting biomass accumulation and maintaining photosynthetic activity and cell fitness.

energy-intensive steam-cracking of fossil fuel-derived hydro-
carbon feedstocks. This process generates significant green-
house gas and also co-produces extensive amounts of toxic
compounds. Hence, alternative routes to environmentally
friendly and sustainable ‘green’ ethylene production are being
studied. Ethylene is biologically synthesized by plants as a
signal molecule regulating plant growth and development, as
well as a stress response.’ Some plant pathogens such as
Pseudomonas syringae synthesize ethylene by ethylene forming
enzyme (Efe) via a single-step reaction utilizing a key substrate
i.e., 2-oxoglutarate (2-0G)."® The extensively studied Efe from
Pseudomonas syringae was heterologously expressed in the cya-
nobacterial species including Synechococcus elongatus PCC
79427 and Synechocystis.”**® Although good progress has
been reported with the proof-of-the concept ethylene produ-
cing recombinant cyanobacteria, the overall efficiency of the
available ethylene production systems is still low. Techno-econ-
omic analysis of bioethylene production by the recombinant
cyanobacterium identified ethylene productivity as the most
critical variable for cost reduction.’

In this work, we firstly optimized various culture para-
meters such as radiance and HCO;~ concentration in order to
enhance the yield of ethylene production in Synechocystis efe
mutant. In the next step, we applied thin-layer artificial
biofilm technique for improving ethylene production by
Synechocystis efe mutant. It is known that natural microbial
biofilm formation provide a protected mode enabling cells to
survive in harsh environments and share resources from the
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neighbouring cells.**”** Microbial biofilms can lead to econ-
omic losses (e.g. in food industry, hospitals) but also can be
successfully employed in biotechnology.>**

Artificial biofilm development by entrapping the microalgal
cells into thin-layer polymer matrices has been recently
demonstrated to be an alternative approach that strongly
limits the cell growth, engages efficient flux of photosynthetic
reductants to the desired end-products in a controlled
manner.”® > Alginate is the most often used natural and thus,
biodegradable polymer, which is composed of guluronic and
mannuronic acid residues. At room temperature, formation of
the water-insoluble alginate matrix can be achieved by direct
interaction of sodium alginate with divalent ions, like Ca**
and Ba** due to electrostatic interaction between the carboxylic
groups on the guluronic acid residues and Ca** ions.*’

This study demonstrates that application of a thin-layer
biofilm technology to Synechocystis efe mutant represents a
proof-of-concept for long-term (38 days) photosynthetic ethyl-
ene production with high (above 1.5%) light to ethylene con-
version efficiency.

Materials and methods
Strains and growth conditions

Synechocystis ~ wild-type originally obtained from
Prof. A. Kaplan (Hebrew University of Jerusalem, IL), and ethyl-
ene producing Synechocystis efe mutant (S5 strain) from Dr P.
Kallio (University of Turku, FI). In this mutant, the ethylene-
forming enzyme (encoded by efe from Pseudomonas syringae)
was heterologously expressed and the highest translational
efficiency of efe gene has been achieved by its modified riboso-
mal binding site from native cyanobacterial genes.'” The
Synechocystis cells were cultivated in BG11 medium®" with the
supplementation of 5 mM HEPES-NaOH (pH 7.5). The cells
were grown photoautotrophically at 30 °C on a rotary shaker
(120 rpm) in the 1% CO, aerated chamber. The cells were illu-
minated with continuous fluorescence light of 35 pmol
photons m™ s™" PAR (Photosynthetically Active Radiation).
The mutant cells were maintained in the presence of 25 pg
mL™" spectinomycin and 10 pg mL™" chloramphenicol. The
experimental cultures were grown under the same growth con-
ditions in 1 L flat Roux bottles containing 600 mL of
BG11 medium. These cultures were continuously sparged with
sterile filtered air with 1% CO, (filter with pore-size 0.2 pum,
Acro 37 TF, Gelman Sciences, USA). For all the experiments,
the cells were grown without antibiotics and harvested in their
exponential growth phase.

was

Ethylene production assay and ethylene quantification

2-3 mL of Synechocystis efe cultures were transferred into a
gas-tight 23.5 mL vials and supplemented with final concen-
tration of 1 mM of isopropyl-f-b-thiogalactopyranoside (IPTG)
(100 mM stock solution) and different concentrations of
NaHCO; (1 M stock solution prepared in BG11 medium), func-
tioning as an inducer and Ci (inorganic carbon) source,
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respectively. The tightly sealed vials were kept in a growth
chamber at 30 °C under continuous illumination from top
(35 pmol photons m™> s™' PAR, if otherwise not indicated)
with fluorescence lamps (Philips TL-D 36 W/865).

The ethylene level was monitored every 24 h using gas
chromatography (GC, Clarus 580, PerkinElmer, Inc.). GC was
equipped with Carboxen 1010 PLOT 30 m x 0.53 mm capillary
column and a flame ionization detector set at 150 °C with H,
and air flow fixed at 30 mL min~" and 300 mL min™", respect-
ively. Argon (AGA, Finland) was used as a carrier gas at a flow
rate of ~9.8 mL min~" (18 psi). 40 ul gas sample were taken
from the head-space of vials containing Synechocystis efe cells
using a gas-tight Hamilton syringe (Hamilton Company, USA)
and injected into the GC. The quantity of ethylene was deter-
mined based on the calibration curve, which was obtained
using different volumes of a commercial gas standard (1% v/v
C,H, in N,, AGA, Finland). The ethylene production yields
were normalized either per a litre of culture for suspension
cultures or per m?* of films for the immobilized cells. To allow
the direct comparison between suspension and immobilized
cultures, the ethylene production rate was estimated based on
their initial total Chlorophyll (Chl) content.

Cell immobilization procedures

Synechocystis efe cells were pelleted by centrifugation at 5000g
(JA-10 Fixed-Angle Rotor, Beckman Coulter) for 5 min. The
cells were entrapped in thin Ca®'-alginate films as described
previously*® with minor modifications. In the current research,
the blotting paper was used as a support. Cell entrapment was
carried out by using a formulation ratio of 1 g of wet cell
biomass and 1 mL of 1% alginate (#71238, Sigma-Aldrich).
The alginate matrix gelation was initiated by spraying 50 mM
CaCl, solution. The alginate films were cut into 3 x 1 cm
strips, placed onto the foam sponge support, and transferred
into 23.5 mL vials containing 3 mL of BG11 medium. To
ensure efficient production of ethylene by Synechocystis efe
cells, 200 mM NaHCOj;, if not mentioned otherwise, and
1 mM IPTG was introduced to the cultures. The ethylene
quantification was performed as described above.

Efficiency of PAR light energy conversion to ethylene

The efficiency of light energy conversion to ethylene (LECE)
was calculated assuming its photosynthetic biosynthesis from
H,0 and CO,. In this approach, we assume that formation of
ethylene proceeds in two stages:

3H20 + SCOZ — C5H505 + 402

(photosynthetic CO, fixation with formation of 2-OG);

C5H605 + Oz — C2H4 + 3C02 + Hzo.,
(conversion of 2-OG to ethylene by EFE)

resulting in the overall reaction: 2H,0 + 2CO, — C,H, + 30,.
For calculation of LECE, the following equation was applied:
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where AG° is the standard Gibbs free energy change of ethyl-
ene biosynthesis (1331.4 k] mol™ at 25 °C), R, is the rate of
ethylene photoproduction (mol h™"), Es is the energy of the
incident light radiation (k] m™> h™"), ¢ is the duration of the
experiment (h) and 4 is the surface area of the films (m?). The
irradiance was determined by the SpectraPen LM 500 (ICT
International, Australia) in the PAR region. For estimation of
LECE based on enthalpy of ethylene combustion (A.H° =
—1411.2 kJ mol™" at 25 °C, NIST Chemistry WebBook, http://
webbook.nist.gov) as presented by Lips et al,’ all efficiencies
given in our research should be multiplied by 1.06. The calcu-
lated efficiency values are only estimates due to uncertainties
in the real reaction stoichiometry. Therefore, these values
could not be directly compared to other technologies such as
solar cells or solar-to-fuels.

Photosynthetic activity

The photosynthetic efficiency of cyanobacterial suspensions
and immobilized cells were measured using AquaPen-C AP-C
100 hand-held fluorometer (Photon Systems Instruments,
Czech Republic). All measurements were performed in single-
use polystyrene cuvettes (optical length 1 c¢cm). According to
the manufacturer’s manual, a predefined QY protocol was
applied with saturating pulses (3000 pmol photons m™> s™*)
on top of the actinic light (50 pmol photons m™> s7') to
probe the effective yield of Photosystem II, Y(II), in light-
adapted state.

Cell density and Chl a determination

The cell density of the suspension cultures was determined
spectrophotometrically by measuring optical density at
750 nm (ODys,). Prior to the measurements of Chl a content,
the Synechocystis suspension cells were harvested and dark
incubated with 90% methanol for 5 min. The films with
entrapped cells were incubated in the dark with 90% methanol
at 65 °C for 30 min.>® All samples were harvested at 5000 g for
5 min and Chl a was determined spectrophotometrically at
665 nm.”>
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Absorption spectroscopy

In situ absorption spectra (370-750 nm) of cell suspensions
(OD50 = 0.8) were measured by the OLIS CLARITY 17 UV/VIS/
NIR spectrophotometer with the integrating cavity (On Line
Instrument Systems, Inc.). The raw absorbance data of the
samples were converted into absorbance values by using Fry’s
method.?® Prior to the measurements, the cells were released
from Ca’"-alginate films by 50 mM EDTA (pH 7.0),
washed with BG11 medium.

and

Results

We used the Synechocystis efe mutant with heterologous
expression of the ethylene-forming enzyme (encoded by efe
from Pseudomonas syringae) enabling the conversion of intra-
cellular 2-OG into ethylene via TCA cycle."”

Effect of different radiances on ethylene production

To study the effect of different radiances on ethylene yield, we
subjected the ethylene producing Synechocystis efe mutant sus-
pensions to moderate (35 pmol photons m™2 s™') and relatively
high- (100 pmol photons m™ s™*) radiances. Prior to the light
experiments, the efe cells were supplemented with an inducer
(1 mM IPTG) and Ci source (20 mM NaHCOj3). 2 mL culture
was placed in a gas-tight vial and ethylene production was
monitored every 24 h by gas chromatography.

Synechocystis efe cells, when placed in dark, produced a
residual amount of ethylene (Fig. 1A) and showed a stable Chl
content even after 72 h of incubation (Fig. 1B and C). Contrary
to this, strong ethylene production was monitored during the
first 24 h of illumination (Fig. 1A). Under high-light, the cul-
tures produced slightly less amount of ethylene than under
moderate light: 0.041 mmol L™ and 0.053 mmol L™", respect-
ively. In our experiments, continuous light illumination was
used to eliminate the possible effects of day-night cycles on
ethylene production. At 48 h, the cumulative ethylene yields
further increased to ~0.059 mmol L™" and 0.050 mmol L™
under moderate and high-light, respectively. An increase in
ethylene yield was accompanied by an increase in the Chl
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Fig. 1 Effect of different radiances on ethylene production in Synechocystis efe mutant. (A) Cumulative ethylene yield in the dark and under 35 and

100 pmol photons m™2 s7*

radiances; (B) visual phenotypic changes of cells under ethylene production conditions; (C) total Chl content. Prior to the

experiment, the cells were harvested in their exponential growth phase and Chl a concentration was adjusted to a final concentration of 4.5 pg mL™*
(2 mL cell suspension in 23.5 mL vial) with fresh BG11 medium (pH 7.5) supplemented with 20 mM NaHCOs5 (as Ci source). Ethylene production was
induced with 1 mM IPTG in the tightly sealed vials. Each experimental point represents 3 independent measurements from 3 vials (+SD).
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content. Under both radiances, the experimental cultures
demonstrated ~2.3 times higher Chl content by 24 h of incu-
bation (Fig. 1B and C). No further ethylene production was
observed under both light conditions after 48 h (data not
shown). Simultaneously, cultures substantially decreased Chl
content (Fig. 1C) and demonstrated a visual shift in the
pigment composition (Fig. 1B). It is important to note that a
relatively higher ethylene yield under moderate radiance was
observed even if the yield was normalized to Chl amount
(Fig. 1A and Fig. S1A, BY). Therefore, we decided to apply the
moderate radiance (35 pmol photons m™> s7') for further
optimization of ethylene production in the Synechocystis efe
mutant. We also would like to emphasize that efe mutant pro-
duced a residual amount of ethylene (0.01 mmol L™" at 48 h)
even without IPTG inducer due to the leakage in the lac pro-
moter (Fig. S21).

Influence of different treatments on cell fitness in suspension
cultures

In order to study the effects of the IPTG (an inducer), in-
organic carbon (Ci) source and ethylene accumulation on cell
fitness, Synechocystis efe mutant and its corresponding wild-
type (hereafter, WT) cultures were incubated (i) in the absence
of IPTG and NaHCO; (negative control); (ii) in the presence of
20 mM NaHCOg; (iii) in the presence of 20 mM NaHCO; and
1 mM IPTG; and (iv) in the presence of 20 mM NaHCO; and
exogenously added 1% ethylene to the headspace of the vials.
Both Synechocystis WT and efe cells demonstrated strong
growth inhibition in the sealed vials (Fig. 2A) without sup-
plementation of external Ci source (the standard
BG11 medium contains 2 mM Na,COj; as Ci source). This was
accompanied by a considerable decrease in OD,5, and Chl
amount monitored at 48 and 96 h (Fig. 2B-E). On the contrary,
supplementation of cultures with only 20 mM NaHCO;
resulted in a higher growth of WT and efe mutant as deduced
from the increased OD;5, and Chl amount at 48 h. However, at
96 h Chl amount of both cultures declined strongly to a lower
than the initial level. OD;5, of both cultures (Fig. 2B and C)
also decreased but to a lesser extent than Chl (Fig. 2D and E).
It is important to note that the efe mutant demonstrated a
stronger decrease in OD;5, and Chl content compared to WT.
The heterologous expression of efe in the Synechocystis cells
did not alter the carotenoid profile when compared to WT
cells under growth condition (Fig. S371), thus excluding the
influence of carotenoids on the bleaching phenotype of efe
cells in the sealed vials under illumination. Collectively, the
obtained data suggest that the Synechocystis cells become
rapidly Ci limited and exogenously added Ci source is necess-
ary for supporting cell fitness in sealed vials.

At 48 h, the cultures supplemented with 1 mM IPTG and
20 mM NaHCOj; demonstrated similar growth to the cultures
supplemented with only 20 mM NaHCO;. However, by 96 h
addition of IPTG led to a stronger decrease in the OD;s5, and
Chl compared to the cultures with only NaHCO;. In order to
clarify the IPTG effect on cultures, we have performed similar
experiments (1 mM IPTG and 20 mM NaHCO;) in the flasks

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Effects of an inducer (1 mM IPTG), inorganic carbon (20 mM
NaHCOs), and exogenously added ethylene on Synechocystis WT and
efe cultures. (A and B) phenotypic change; (B and C) changes in OD7so
and (D and E) Chl content under continuous illumination (35 pmol
photons m™2 s™%). For the supply of 1% ethylene, the >99% ethylene was
diluted in ambient air prior to the experiment. The error bars represents
the SD of 3 independent measurements from 3 vials.

with efficient gas exchange (Fig. S4t). Contrary to the experi-
ments performed in sealed vials, the cells demonstrated strong
growth as indicated by increases in OD;so and Chl. The
obtained results suggest that an inhibitory phenotype observed
in the presence of IPTG during a long-term experiment (96 h)
is due to cultivation in the closed system and Ci limitation.

In order to investigate the possible toxic effect of ethylene
on the Synechocystis cells, we exogenously added 1% ethylene
to the headspace of the tightly sealed vials containing efe
mutant and its corresponding WT. The cultures supplemented
with 1% ethylene and 20 mM NaHCO; demonstrated similar
OD and Chl pattern compared to the reference cultures con-
taining 20 mM NaHCOj; only (Fig. 2). Even under a high dose
of ethylene (>99% in the headspace), the cell growth was not
inhibited during 96 h (Fig. S5t). The obtained results con-
firmed that ethylene accumulation is not toxic to the
Synechocystis cells at least under the studied conditions, which
is in agreement with previous data.””**

Effects of HCO;~ supplementation on cell fitness and ethylene
production yield in Synechocystis efe suspensions

The results obtained above demonstrate that the cultures
placed in the sealed vials easily become Ci deprived. Thus,
supplementation of the cultures with an optimal Ci concen-
tration would be important for the enhanced ethylene pro-

Green Chem., 2020, 22, 6404-6414 | 6407
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concentration was adjusted to a final concentration of 4.3 pg mL™ (v = 3 mL) before supplementing with different concentrations of NaHCO3
(20—-300 mM). Each experimental point represents 3 independent measurements from 3 vials (+SD).

duction and also for the survival of the cells in the closed
system. NaHCO; is an excellent inorganic carbon source for
industrially important cyanobacteria and microalgae.**°
Therefore, in the next series of experiments we have studied
the effects of various NaHCO; concentrations (without altering
the level of IPTG inducer) on cell viability, photosynthetic
activity, and ethylene productivity.

As shown in Fig. 3A, supplementation of the cultures with
100 mM NaHCO; resulted in a ~5.5-fold increase in cumulat-
ive ethylene yield (0.39 mmol L") compared to the cultures
with 20 mM NaHCO; (0.07 mmol L") during 72 h of pro-
duction. The further increase in NaHCO; concentration
(200 mM) caused a further enhancement in ethylene pro-
ductivity (0.46 mmol L™"). Nevertheless, 300 mM NaHCOj; led
to a relatively lower ethylene yield (0.21 mmol L™"). The
obtained results suggest that the increase in the NaHCO; con-
centration to 100 or 200 mM has a positive impact on the
enhancement of ethylene production. All cultures sup-
plemented with different concentrations of NaHCO; demon-
strated photosynthetic yield Y(u) of 0.5 at 0 h, which is typical
for healthy cyanobacterial cells. The photosynthetic perform-
ance of the cultures supplemented with 100 and 200 mM
NaHCO; did not change during the first 24 h. In contrast, the
cultures incubated with the 20 mM and 300 mM NaHCO;
demonstrated a strong photosynthetic inhibition already at
24 h and thereafter (Fig. 3B). The efe cultures supplemented
with 100 and 200 mM NaHCO; demonstrated high biomass
accumulation and an approximately 6-fold increase in the Chl
content after 72 h of incubation (Fig. 3D). It is important to
note that the efe cultures supplemented with a high concen-
tration of NaHCO; (100-300 mM) showed bleaching by 120 h
of treatment (Fig. 3C), which was accompanied by a strong
decrease in Chl content (Fig. 3D) and photosynthetic perform-
ance (Fig. 3B).

Supplementation of the culture media with a high concen-
tration of NaHCO; could affect a cell metabolism via possible
changes in pH. Regardless of different NaHCO; concen-
trations, the pH of the initial culture increased from 7.5 to
7.9-8.0 immediately after the addition of NaHCO; (Table S17).
After 24 h of incubation, pH further increased to 10-10.5 and
continued to be alkaline until the end of the experiment

6408 | Green Chem., 2020, 22, 6404-6414

(96 h). An increase in pH (7.5 to 10.5) did not seem to affect
the photosynthetic performance of the ethylene producing
Synechocystis efe cells (Fig. 3B, see 100 and 200 mM NaHCOj;)
after 24 h incubation. The obtained results suggest that opti-
mally high concentration (100 and 200 mM) of NaHCO;
enhances ethylene production and prolongs cell viability
(Fig. 3). These results also emphasize that a high concen-
tration of NaHCOj; strongly increases the growth rate of the
suspension cultures in closed vials. However, such rapid
growth might have its flip side of causing nutrient starvation
during the long-term production experiments (e.g. 120 h).

Ethylene production in the semi-continuous suspension
cultures

Since inoculum size can influence the fitness of cells and also
a production yield, we performed new experiments with dense
efe cultures. During 3 days of ethylene production, the dense
suspension cultures (initial total Chl ~34 pg) demonstrated
~1.2-fold higher ethylene yield (Fig. 4A) compared to the sus-
pension cultures with low Chl (initial total Chl ~12.9 pg)
(Fig. 3A). However, ethylene production in dense cultures
strongly declined after 3 days similarly to the low-density cul-
tures and eventually strong bleaching was observed at the 5™
day (Fig. S6BT).

The whole-cell absorption spectra recorded from efe cells at
the 5™ d of ethylene production revealed a strong decrease in
the region of phycobiliproteins (around 625 nm) of phycobili-
somes (PBS), a large cyanobacterial antenna complex. At the
same time, only a small decrease in the carotenoids (~480 nm)
and Chl (~685 nm) peak was observed (Fig. S6At). The fast
degradation of PBSs could be accounted for the severe drop in
medium nutrients,*® mainly nitrogen in the rapidly grown sus-
pension cultures supplemented with a high concentration of
NaHCO;. Thus, such nutrients depletion might cause excessive
bleaching, and complete inhibition of photosynthetic activity
thus ultimately limiting ethylene production. Incubation of
the efe mutant cells with 5% BG11 medium (5 times higher
nutrient concentration) supplemented with 1 mM IPTG and
200 mM NaHCOj; delayed but not eliminated a bleaching phe-
notype (Fig. S6%1). These results further supported that the

This journal is © The Royal Society of Chemistry 2020
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After a strong decline in ethylene production (3—4 days), the suspension cells were periodically replenished with fresh BG11 medium (3 mL in
23.5 mL vial) containing inducer and Ci source. The total yield of ethylene productivity was normalized to the initial total Chl content. Each experi-
mental point represents 3 independent measurements from 3 vials (+SD). The spectra were normalized to the Chl absorption measured at 438 nm.

nutrient limitation at least to some extent accounted for the
degradation of photosynthetic pigments.

The results described above suggested that long-term ethyl-
ene production can be achieved by periodically replenishing
cultures with fresh BG11 medium (supplemented with 1 mM
IPTG and 200 mM NaHCOj3). The refreshment was periodically
performed every 3-4 days. As a result, replenished suspension
cultures produced ethylene without exhibiting a strong bleach-
ing phenotype for a longer period (more than 2 weeks)
(Fig. 4A). In the replenished suspension culture, excessive cell
bleaching has been noticed only after 17 days (Fig. 4B), which
is accompanied by inhibition of photosynthetic activity
(Fig. 4C) and a strong decrease in PBS (Fig. 4D) and ethylene
production. The obtained results suggest that periodically
replenished suspension cultures prolong ethylene production
maximum of 2 weeks.

Ethylene production by efe mutant entrapped within Ca**-algi-
nate films

Next, we applied the immobilization technique to the
ethylene producing Synechocystis efe mutant. It is known that
immobilized microalgae can act as long-lived bio-catalysts by
re-routing photosynthetic reductants to the production of
desired products, instead of biomass accumulation.**?®
Therefore, we attempted to engineer thin-layer alginate films
with entrapped Synechocystis efe cells as a long-term pro-
duction strategy.

The efe cells entrapped within thin-layer alginate films were
placed on top of a foam sponge in gas-tight vials. The medium
was supplemented with various concentrations of NaHCO;
(from 20-600 mM) and ethylene production was monitored
periodically under continuous moderate light (Fig. 5A). The efe
cells entrapped in a thin-layer film supplemented with 20 mM
NaHCO; produced ethylene (~1.23 mmol m™2) during 48 h,
then stopped the production. The cells supplemented with
200 mM NaHCO; demonstrated 9-fold higher ethylene pro-
duction (~10.95 mmol m~?) during 96 h compared to the cells
incubated with 20 mM NaHCO;. It is important to note that
suspension cultures demonstrated only a 5-fold increase in the
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Fig. 5 The ethylene production in the Synechocystis efe cells
entrapped in Ca2+-alginate thin-layer films. (A) Cumulative ethylene
yield; (B) the visual phenotype of the Synechocystis efe films. The films
(3 cm?) contained ~66 pg Chl. Each experimental point represents 3
independent measurements from 3 vials (+SD).

presence of 200 mM NaHCO; (Fig. 3A). Moreover, in the sus-
pension cultures, a strong decline in ethylene production was
observed already at 72 h (Fig. 3A), whereas immobilized cells
continued producing ethylene for 144 h (Fig. 5A). Under
200 mM NaHCOj; loading, the immobilized cells were not
prone to bleaching even at 144 h, only a slight bleaching phe-
notype was visible in the presence of low concentration
(20 mM) of NaHCO; (Fig. 5B).

The further increase in NaHCOj; concentration (400 and
600 mM) resulted in a relatively low ethylene yield compared
to 200 mM NaHCOj3, this tendency was already encountered in
the suspension cultures (Fig. 3A). The obtained results suggest
that 200 mM NaHCOj; is optimal for the enhancement of ethyl-
ene productivity not only in the suspension (Fig. 3A) but also
in immobilized cells (Fig. 5A). A longer period (up to 144 h) of
ethylene production can be achieved by immobilization of the
cells.
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Fig. 6 Effect of periodic refreshment of media and gas phase on the ethylene photoproduction by immobilized cells. (A) Ethylene yield measured
every 24 h after the induction with 1 mM IPTG; (B) the visual phenotypes of the Synechocystis efe films; (C) Chl content and photosynthetic activity;
(D) whole-cell absorption spectra were monitored periodically. Every 5 d immobilized cells were periodically replenished with fresh BG11 medium
supplemented with 1 mM IPTG and 200 mM NaHCOs. Each experimental point represents 3 independent measurements from 3 vials (+SD). The
spectra were recorded on an equal content of cells basis (OD;50) and normalized to the Chl absorption measured at 438 nm.

Effect of periodic replenishment cycles on ethylene
productivity in thin films

In contrast to suspension cultures (3—-4 d), alginate entrapped
efe cells demonstrated a decline in ethylene production activity
by the 5" day of the experiment (Fig. 6A). At this point, the
medium in the vials was refreshed and supplemented with
IPTG and NaHCO3;, thus a new cycle was initiated. During the
24 h of incubation, the ethylene production rates in immobi-
lized and suspended cells corresponded to 1.28 and 0.84 pumol
C,H, (mg Chl h)™, respectively (Fig. S71). The difference
became even more pronounced by the 3™ day, where immobi-
lized cells showed 7.7 times higher ethylene production rate
(0.62 umol C,H; (mg Chl h)™") than the suspension cells
(0.08 pmol C,H, (mg Chl h)™"). During the 1% cycle (1-5 d) of
the production phase, the immobilized cells achieved approxi-
mately 84 umol C,H, (mg Chl)™" yield (Fig. 6A), while the sus-
pension cultures in batch mode (3 d) produced maximum
43 pmol C,H, (mg Chl)™" (Fig. 4A).

The Synechocystis efe cells entrapped in Ca**-alginate film
demonstrated prolonged production of ethylene under semi-
continuous mode over 7 cycles (38 d) (Fig. 6A and Fig. S8AY)
than the suspension cultures, which functioned maximum for
5 cycles (15 d) (Fig. 4A and Fig. S8BT). After the first cycle, the
peak production of ethylene gradually decreased at each cycle
in immobilized cells (1% cycle to 7 cycle: 84 to 35 umol C,H,
(mg Chl)™), also in the suspension cultures (1° cycle to 5™
cycle: 39.4 to 18 pmol C,H, (mg Chl)™"). At the end of the
experiment, ~2.2 fold higher yield of ethylene and 2 times
longer periods of production was achieved from the immobi-
lized cells (~383 pmol C,H, (mg Chl)™") than the suspension
culture system (~174 pmol C,H, (mg Chl)™).

As presented in Fig. 6C, the entrapment of the efe cells did
not completely inhibit its growth/Chl content (from ~26 to
~55 pg Chl at 30 d), but strongly restricted compared to the
suspension cultures (from ~33 to ~133 pg Chl at 10 d)
(Fig. 4C). Moreover, entrapped cells did not demonstrate
bleaching in the 30 d of ethylene production phase and still
were photosynthetically active (Fig. 6B and C). The whole-cell
absorption spectra demonstrated a small decrease in the phy-
cobilin absorbance peak at the 30 and 38 d of production
(Fig. 6D) whereas complete PBS degradation was encountered

6410 | Green Chem., 2020, 22, 6404-6414

in 18 d of suspension cultures (Fig. 4D). The results obtained
indicated that entrapment of the cells in Ca*"-alginate films
prolongs and enhances the photoproduction of ethylene and
strongly improves cell fitness.

Light-to-ethylene conversion efficiency in Synechocystis efe
cells

Besides extended productivity, the light to product conversion
efficiency is one of the important factors for the industrial
success of bio-based products (i.e., ethylene). Therefore, we
evaluated the PAR LECE to ethylene in Synechocystis efe
cultures.

In the first series of experiments, we entrapped
Synechocystis efe cells within thin films and subjected them to
different radiances: 2, 4, 7, and 46 W m™> (9, 18, 30, and
205 pmol photons m™> s, respectively). Among all applied
radiances, the maximum yield of ethylene (9.14 mmol m?)
was obtained under 4 W m~> and a minimum yield of ethylene
(4.97 mmol m~?) was observed under high-light (46 W m™?)
at 8 d (Fig. 7A). At this time period, the ethylene production
had reached its stationary level in almost all samples. The
maximum PAR LECE (based on the maximum rate) was
observed under 2 W m™> (1.54%), whereas lower efficiency
0.08% was obtained under 46 W m™~> (Fig. 7B). Similarly, the
maximum PAR LECE for the overall ethylene production yield
(0.64%) was obtained under 2 W m~> whereas the minimum
(0.04%) under 46 W m™2. As expected more efficient light util-
ization occurs under low light, where PAR LECE converges to
the theoretical maximum.

Next, we compared PAR LECE for Synechocystis efe cells in
suspension cultures and in thin Ca®* alginate films during the
1% production cycle at about 8 W m™> radiance (Fig. 7C). The
PAR LECE calculated from the maximum production rate (sus-
pension 24-48 h and immobilization 0-24 h, Fig. 4A and 6A)
was 0.15% in the suspension cultures, while immobilized cells
demonstrated 0.53% efficiency. Similarly, PAR LECE calculated
for the total period (suspension 72 h and immobilization 96 h)
of ethylene production during the 1% cycle was more than
3-fold higher in the immobilized cells (0.35%) compared to
the suspension cultures (0.10%). These results showed that a
thin layer immobilization system, not only improved the yield

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 The light to ethylene conversion efficiencies by suspension and
immobilized Synechocystis efe cultures. (A) The yield of ethylene by
immobilized cultures under different radiances; (B) the light to ethylene
conversion efficiencies (%) calculated for the maximum rate and for the
total period of ethylene photoproduction in thin-films; the films (3 cm?)
contained ~43 pg Chl. The panel (C) compares light to ethylene
conversion efficiencies in suspension and immobilized cultures of
Synechocystis efe mutant under 35 pmol photons m=2 s™. The efficien-
cies were calculated for the maximum production rate and for the total
yield of ethylene during the 1% cycle (Fig. 4A and 6A). Each experimental
point represents 3 independent measurements from 3 vials (+SD).

of ethylene production but also substantially increased the
light-to-product conversion efficiency.

Discussion

Optimal radiance and HCO;™ concentration improve cell
fitness and ethylene productivity

Light fuels photosynthetic processes. For this reason, the pro-
duction of ethylene in Synechocystis efe cultures was dramati-
cally enhanced by the light (Fig. 1A). Our study demonstrates
that moderate radiance (30-35 pmol photons m™2 s™*, or 7-8
W m™?) is optimal for ethylene production in both suspen-
sions and immobilized cultures under the studied conditions
(Fig. 1A and 7A). A shift to either a low (down to 9 pmol

This journal is © The Royal Society of Chemistry 2020
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photons m™ s™*, or 2 W m?) or to high (up to 205 pmol
photons m™? s, or 46 W m™?) radiances decreased the ethyl-
ene production yield (Fig. 1A and 7A). The small amounts of
ethylene observed in dark samples most probably originated
from stored carbon reserves accumulated in Synechocystis efe
cells during photosynthesis. Various reports on the effect of
different radiances and their quality on the ethylene pro-
duction have been presented. Different from our findings, the
enhancement of ethylene production in Synechocystis was
demonstrated under 200 pmol photons m~> s~" (ref. 15) and
600 pmol photons m™ s™* of white light.” The improved ethyl-
ene rate was also reported under 50 pmol photons m~> s™* of
monochromatic red light with an additional 10 pmol photons
m~2 s' of white light.*® Similar to our study, Xiong and co-
authors® showed that ethylene can be efficiently produced
under moderate light (50 pmol photons m™> s™') via the TCA
cycle of the genetically modified Synechocystis strain. They also
demonstrated that under this light condition, Synechocystis
cells converted around 10% of fixed CO, to ethylene. Thus,
utilization of various light for ethylene production seems to
depend on the experimental setup: cell density, culture
volume, employed bioreactor, and engineered strain.

In aquatic environments, CO, diffusion is lower than in air
and controlled via chemical equilibrium with bicarbonate
(HCO;") or carbonate (CO;>7) depending on the medium pH.
In plants and aquatic phototrophs, both CO, and HCO;™ can
serve as main Ci sources for photosynthetic processes.*’*>
However, the efficiency of HCO;™ utilization is higher than
CO,, mainly due to a higher solubility of bicarbonate salts in
water (for example, NaHCO; solubility is above 90 g L' at
25 °C, while CO, is around 1.5 g L' at 25 °C). Hence, in this
study NaHCO; is applied as a Ci source for CO, assimilation
and ethylene production. Supplementation of the cultures
with 20 mM NaHCOj; enabled and prolonged cell growth in
the sealed vials during ethylene production (Fig. 2). Further
increase of NaHCO; up to 200 mM tremendously enhanced
cell growth (Fig. 3D), stabilized photosynthetic activity
(Fig. 3B), and improved ethylene production yields (Fig. 3A).
This finding is in agreement with a previous study where sup-
plementation of the Synechocystis mutant with other carbon
source Le., xylose enhanced ethylene production via the TCA
cycle.”® Additionally, the positive effect of increased concen-
tration of NaHCOj; (up to 180 mM) in microalgal cultures has
already been reported not only on the cell growth and lipid
content®*® but also on ethanol and 1-butanol photoproduc-
tion yields.*»*> However, under very high amounts of bicar-
bonate the metabolic activity of cells is often inhibited by the
substrate concentration or unbalanced osmotic pressure.*®*’
Indeed, supplementation of 300-600 mM NaHCO; in our
study reduced cell growth (Fig. 3) and the ethylene production
yield (Fig. 3 and 5).

Semi-continuous cultivation improves ethylene production
yield

Under saturating concentrations (100-200 mM) of NaHCOj3,
Synechocystis efe suspension cultures demonstrate a strong
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growth (until 3™ day), followed by pigment bleaching and ter-
mination of ethylene production (5™ day, Fig. 3). The bleach-
ing phenotype might be linked to a strongly increased culture
growth under high Ci concentration, which induces a nutrient
limitation in the middle of the experiment with the following
chlorosis. It is well known that macronutrient depletion
(mainly nitrogen, sulphur or phosphorus) leads to rapid degra-
dation of photosynthetic pigment-protein complexes. This is
important for supplying cells with amino acid residues, which
ensures their survival under nutrient limitation.?”*®*
Accordingly, deprivation of nutrients, particularly N, led to
severe PBSs degradation (Fig. S6AT) and strong inhibition of
photosynthetic activity in the suspension cultures observed at
the 5™ day (Fig. 3D). Application of 5-fold concentrated
BG11 growth medium does not abolish a degradation of PBSs
observed at 5 day but delays de-pigmentation (Fig. S6%)
suggesting that nutrient limitation is not the only factor limit-
ing the cell fitness, photosynthetic activity and ethylene pro-
duction yield in the suspension cultures under the studied
conditions. Under the semi-continuous mode, a periodic
refreshment of the cells with growth medium (every 3" day) by
providing nutrients and eliminating possible toxic secondary
metabolites from the spent medium strongly delays the inhi-
bition process demonstrating only slight changes in the photo-
synthetic yield, PBS absorption peak at 10 days, and a sus-
tained ethylene production for 16 days (Fig. 4). However, even
periodic replacement of media does not sustain cell perform-
ance and photosynthetic activity after the 5th cycle demon-
strating a complete inhibition of photosynthetic yield and
ethylene production activity at the 18" day (Fig. 4).

2-OG derived from carbon fixation acts as a key substrate for
both, the efe enzyme and N assimilation, and also serves as a signal-
ling molecule during N-limitation.>*' Supplementation of the cul-
tures with high HCO;™ concentrations affects cell metabolism via
changes in intracellular C/N ratio through the accumulation of
2-0G. However, efficient utilization of 2-OG by recombinant ethyl-
ene production pathway would limit substrate supply for
N-assimilation in Synechocystis efe cells disturbing intracellular C/N
homeostasis. This in turn might weaken the metabolic plasticity
required for cell survival as well as ethylene production in our
experimental conditions. In response to environmental and meta-
bolic stress, high density suspension cultures presumably undergo
programmed cell death.>*>* We also could not exclude the involve-
ment of massive production of reactive oxygen species (ROS) in this
process.

Immobilization enhances and prolongs ethylene production
by minimizing biomass accumulation

In contrast to suspension cultures, the immobilized
Synechocystis efe cells produced ethylene over 7 cycles (38
days), resulting in a 2-time enhancement in the duration of
ethylene production and a 2.2-fold increase in the production
yield (Fig. 4 and 6). Application of similar biomass load (start-
ing Chl content is 27-34 pg) and light irradiation allows a
direct comparison of two different production systems. It is
important to note that observed long-term ethylene production
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by the immobilized cells also addresses the genetic stability of
efe cells (Fig. 6A). The entrapment of Synechocystis mutant in
thin-layer Ca**-alginate films strongly decreases energy and
nutrient losses to biomass production®® by limiting, at least
partially, cell growth (Fig. 6C). This reduces problems with
nutrient limitations during the production cycles. Moreover, a
protective polymer layer shielding cells and improving cell-to-
cell communication via quorum sensing®” decreases compe-
tition between cells and enables them to achieve an optimal
cellular fitness (Fig. 6C).***® By uncoupling cell growth from
product synthesis, the artificial film biocatalyst allocates
photosynthetic reducing power towards ethylene production
(Fig. 6). As a result, the immobilized system achieves sustain-
able photoproduction of ethylene for up to 38 days yielding
822 mL ethylene per m? of the film.

Besides prolongation of the production process, thin-layer
immobilization approach also improves light utilization, and
thus allows more efficient distribution of light energy to the
product.*®*” Indeed, entrapment of Synechocystis efe cells
within thin artificial biofilm strongly enhanced PAR LECE to
ethylene (up to 3.5-fold) as compared to the suspension cul-
tures (Fig. 7C). The highest PAR LECE of around 1.54% was
achieved under the low radiance of 2 W m™? (9 pmol photons
m~> s7') when the cells showed the maximum production rate
(Fig. 7B). To the best of our knowledge, only one report on PAR
LECE showing a value of 3.58% has been presented. This value
was calculated by Lips et al.® from the previous study,*® which
was performed with Synechocystis ethylene producing mutant
cultivated in flat-panel chemostat photobioreactor setup. It is
important to note that Zavfel et al. research®® was performed
under monochromatic red LED light that engages the
maximum photochemistry in Synechocystis cells and thus
could not be directly compared to our study. Considering that
our immobilized system achieves a higher PAR LECE for
several days (8 d) at a low radiance of 9 pmol photons m™2 s,
thus the efficiency of low-light utilization can be vastly
improved by the thin-layer immobilization approach.

Our findings open new possibilities for further develop-
ment of a novel technology platform that targets application of
a direct production of ethylene from sunlight using cyanobac-
teria as real biocatalytic hosts in continuous cultures. Our
approach strongly limits biomass accumulation, preserves
photosynthetic activity, and maintains cell fitness, thus
enabling engineered cyanobacteria to act as long-lived biocata-
lysts for ethylene photoproduction.
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