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ARTICLE INFO ABSTRACT

Keywords: The development of a circular, bio-based economy is a major challenge of this century. Photosynthesis-driven
Cyanobacteria biomanufacturing offers a sustainable approach to biotechnological production and CO; recycling, contrib-
€O, uting to carbon neutrality. This study examines the effect of different light intensities on the metabolically
Photosynthetic microbial factories R . . .

Bioprocesses engineered cyanobacterium Synechococcus elongatus PCC 7942 (2PE_aroK strain), which produces 2-phenyletha-
2-Pgenylethanol nol (2-PE), a valuable aromatic compound used in food and cosmetics industries. The investigation was con-
Photobioreactors ducted in a flat-panel photobioreactor under various light conditions (0-500 pmol photons m~2 s~1). We

identified 150 pmol photons m~2 s~* as optimal, yielding 282 mg L™} 2-PE, with a productivity of 28.7 mg L™}

d™! and 87 % light absorption efficiency. At lower light intensities, 45-50 % of carbon was allocated to 2-PE,
decreasing to 28 % at higher intensity. The study highlights the metabolic interplay between photosynthesis,
carbon utilisation, and target product formation, providing insights for optimised photosynthesis-based

3-D light modelling

biomanufacturing.

1. Introduction

Photosynthesis-driven bioprocessing represents a promising avenue
for sustainable biotechnology, offering applications ranging from
renewable energy to high-value compounds. By utilising light and car-
bon dioxide (CO2) as primary inputs, photosynthetic microorganisms
such as microalgae and cyanobacteria provide a renewable solution to
industrial manufacturing, contributing significantly to efforts to limit
greenhouse gas emissions and achieve carbon neutrality (Hamouda and
El-Ahmady El-Naggar, 2021; Levasseur et al., 2020). These microbe-
based solutions provide a renewable approach to biomanufacturing,
aligning with global efforts to limit climate change.

Among photosynthetic organisms, prokaryotic cyanobacteria stand
out as particularly promising candidates for industrial applications.
They possess highly efficient oxygenic photosynthesis, exhibit rapid
growth, reach high cell densities (Schuurmans et al., 2015) and are
amenable to genetic modification (Berla et al., 2013). Despite their

potential, the transition from laboratory-scale research to commercial-
scale production is fraught with challenges, including strain selection,
optimisation of cultivation conditions, and scaling up in photo-
bioreactors (PBRs). Among the many factors affecting microalgae
biotechnology (e.g. temperature, pH, carbon source, mixing) light is
dominant. Light serves as the primary energy source for photosynthesis,
directly driving cellular metabolism and growth. The role of light in
photosynthetic efficiency and biotechnological production has been
extensively studied (Kwan et al., 2021; Lisondro et al., 2022; Rahman
et al., 2023). Both natural and artificial light sources are employed for
photosynthetic cultivation. Open systems, such as raceway ponds, often
rely on sunlight, while closed systems, such as photobioreactors, utilise
artificial lighting due to its precise controllability. Artificial light can be
modulated to enhance both biomass and product yields, making it a
preferred option for high-value compound production. Additionally,
several strategies are being developed to improve the economic feasi-
bility of artificial light systems in large-scale photosynthetic production.
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These include optimizing reactor designs to improved light distribution
(Do et al., 2022), applying tailored light spectra (Luimstra et al., 2018),
and integrating renewable energy sources or natural sunlight (Sforza
et al.,, 2015) to reduce operational costs and environmental impact.
Therefore, the energy cost for light should be evaluated, since it largely
influences the price of compounds produced by microalgae-driven fac-
tories (Maltsev et al., 2021). Among all the light sources, e.g. tungsten,
fluorescent, halogen, high-pressure sodium lamps, it has been estimated
that 15-16 US$ kg™! can be spent for light-emitting diodes (LEDs)
illumination system, largely adopted nowadays (Blanken et al., 2013;
Singh and Mishra, 2023). Additionally, artificial lighting is not subject to
geographic or seasonal variations, allowing for year-round bio-
manufacturing. While more expensive, artificial lighting typically re-
sults in greater biomass and product yields compared to natural
illumination, improving the overall efficiency of biomanufacturing
processes (Sobolewska et al., 2023; Kratky et al., 2023). Noteworthy,
using artificial light allows to set several parameters, such as photon
flux, light-dark cycles, and spectral composition to address specific tasks
for specific strains.

In this regard, to better align with physiological requirements of
microalgae or cyanobacteria for optimal biomanufacturing, systematic
studies are needed to find the exact light delivery to achieve resource
utilisation efficiency and sustainability. Inevitably, concerns about how
light and the resulting photosynthesis rate affect the productivity of
target compounds need to be addressed by unveiling the kinetic features
of the ongoing bioproduction. Generally, under varying light regimes
and cycle, microorganisms dynamically adjust the allocation of energy
carriers (e.g., ATP, NADPH) and carbon precursors to balance biomass
growth and metabolite production (Jaiswal and Wangikar, 2020). High
light intensities typically increase the flux through the Cal-
vin-Benson-Bassham (CBB) cycle and downstream biosynthetic path-
ways, potentially enhancing the activity of key metabolic enzymes via
transcriptional mechanisms (e.g. RpaB, LexA) (Hanaoka et al., 2012;
Oliveira and Lindblad, 2011). Previous studies have explored these
regulatory responses under different light conditions, but the kinetic
consequences on heterologous product synthesis need to be finely
studied and analysed. Therefore, bioprocess engineering often faces
challenges, such as competition between biomass production and the
formation of the desired heterologous product, since both rely on shared
metabolic precursors. Additionally, carbon sinks introduced into wild-
type or engineered strains can cause redox imbalances, potentially
reducing overall productivity (Du et al., 2018b; Branco Dos Santos et al.,
2014). Thus, cells often activate side pathways to meet their metabolic
needs and correct this imbalance (Nogales et al., 2012). One strategy to
address this issue involves the deletion of those enzymes/pathways that
interfere with the target production. However, this approach can
compromise the cell fitness, resulting in a weaker microorganism
(Nogales et al., 2012), especially if designated for industrial application
where robustness is essential. Furthermore, integrating experimental
data with advanced bioprocess modelling can provide insights into the

Table 1
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complex interplay of factors affecting productivity. Computational tools
that simulate light diffusion, mass transfer, and growth kinetics in
photobioreactors offer valuable guidance for designing efficient and
scalable processes.

This study investigates the impact of light intensity on the heterol-
ogous production of 2-phenylethanol (2-PE) by an engineered cyano-
bacterial strain, Synechococcus elongatus PCC 7942 (2PE_aroK) (Usai
et al., 2022). 2PE_aroK mutants overexpresses five key enzymes (see
Table 1 for more details, Fig. 1) involved in the shikimate pathway, the
primary route for aromatic compound synthesis (Mir et al., 2015). Those
enzymes -DAHP synthase (aroGﬂ’r), shikimate kinase (aroK), chorismate
mutase/prephenate dehydratase (pheA™), phenylpyruvate decarbox-
ylase (kivD) and alcohol dehydrogenase A (adhA)- work together to
produce 2-PE, a high-value aromatic alcohol with applications in the
fragrance and food industries, with pleasant rose flavour (Etschmann
etal., 2002; Fang and Sung, 2021; Drezek et al., 2024). Additionally, the
increasing demand for natural and biological products are contributing
enormously to push scientific efforts towards high-value marketable
aromatic compounds, e.g. 2-PE (Dickey et al., 2024). In this panorama,
the biotechnological production should reduce costs significantly to
approximately 220 USD/kg (Martinez-Avila et al., 2018), making it a
promising alternative to the most common chemical synthesis and plant
extraction.

Here, to explore the light-dependent kinetics of 2-PE production, we
cultivated the 2PE_aroK strain in a flat-panel photobioreactor under five
light conditions (0, 100, 150, 300, and 500 pmol photons m2s
during two-stage batch cultivation. Carbon allocation between biomass
and 2-PE was quantified, elucidating the trade-offs involved in light
utilisation efficiency. In addition, we compared the optimal light con-
dition identified during batch cultivation with semi-continuous culti-
vation. Also, we implemented a 3D multiphysics mathematical model of
a flat-panel PBR (Vasile et al., 2021), including phenomena such as fluid
dynamics, growth kinetics, mass transfer, and light diffusion, to describe
the current bioprocess. Despite previous literature (Usai et al., 2022,
2024), we significantly improved 2-PE productivity in the 2PE_aroK
strain by identifying and optimising key parameters and elucidating
their interactions within the biosystem. By addressing the interplay
between light delivery, photosynthetic efficiency, and target compound
synthesis, this study provides critical insights into resource allocation in
engineered cyanobacteria. Our findings contribute to the rational design
of photosynthetic bioprocesses, offering comprehensive strategies to
optimise light utilisation and reduce energy costs in sustainable bio-
manufacturing platforms for high-value aromatic compounds.

2. Materials and methods
2.1. Cyanobacteria inoculum preparation for PBR

The entire set of experiments was conducted using the recombinant
strain of Synechococcus elongatus PCC 7942, called 2PE_aroK, which was

Genetic features of 2PE_aroK recombinant strain of S. elongatus PCC 7942. HR, homologous recombination; NS, neutral site; DAHP, 3-deoxy-7-phosphoheptulonate;

PEP, phosphoenolpyruvate; E4P, erythrose-4-phosphate.

Gene HR Protein EC number Reaction Organism Ref.
Site

aroG™* NSI Feedback-inhibition resistant DAHP synthase EC 2.5.1.54 PEP + E4P + H,0 = DAHP + Pi Escherichia coli (Ni et al., 2018;
Usai et al., 2022)

pheA™  NSI Feedback-inhibition resistant chorismate EC 5.4.99.5/EC Chorismate = Prephenate = Escherichia coli (Ni et al., 2018;
mutase/prephenate dehydratase 4.2.1.51 Phenylpyruvate + Hy0 + CO, Usai et al., 2022)

kivD NSI Phenylpyruvate decarboxylase EC 4.1.1.43 Phenylpyruvate = Phenylacetaldehyde + Lactococcus lactis (Ni et al., 2018;
CO, Usai et al., 2022)

adhA NSI Alcohol dehydrogenase A EC1.1.1.1 Phenylacetaldehyde + NAD(P)H = 2- Synechocystis PCC (Ni et al., 2018;
Phenylethanol + NAD(P)* 6803 Usai et al., 2022)
aroK NSII Shikimate kinase EC2.7.1.71 Shikimate + ATP = Shikimate-3-P + ADP S. elongatus PCC (Usai et al., 2022)

7942
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Fig. 1. Scheme of the pathway for 2-PE biosynthesis in 2PE_aroK mutant strain. All the overexpressed proteins are labelled in green. The blue box includes all the
reactions taking part of the shikimate pathway. PEP, phosphoenolpyruvate; E4P, erythrose-4-phosphate; DAHP, 3-deoxy-p-arabino-heptulosonic acid 7-phosphate.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

previously developed by our laboratory (Usai et al., 2022). Table 1 re-
ports the gene and protein features that the mutant strain carries. The
mutant cyanobacteria inoculum to seed the PBR were grown in Erlen-
meyer flasks, at 30 °C, 130 rpm and constant illumination of 30 pmol
photons m2s! (New Brunswick™ Innova® 44 Shaker). The culture
were grown in BG11 medium, following the recipe as described: 1.5 g
L~! NaNOs, 0.075 g L™} MgS04-7H,0, 0.004 g L~! FeCls-6H,0, 0.04 g
L~ K,HPO,, 0.036 g L™! CaCl,, 0.024 g L™! Na,EDTA-2H,0, 2.86 g L~}
H3BOs, 1.81 mg L™ MnCly-4H50, 0.39 mg L~} NayMoOy4-2H,0, 0.22
mg L~! ZnS04-7H,0, mg L~ CuS04-5H,0, and mg L~! Co(NO3),-6H0.
The BG11 medium was buffered with 6.05 g L' TES (2-([Tristhydrox-
ymethyl)methyl]amino)ethane-1-sulfonic acid sodium salt) to pH = 8.
The BG11 medium was supplemented with 20 pg mL ™! spectinomycin
and 10 pg mL~! kanamycin.

2.2. Experimental design in flat-panel PBR

2PE_aroK recombinant strain was studied in flat panel PBR system, i.
e. the FMT150.2/400 (Photon Systems Instruments, Drasov, Czech Re-
public) (Nedbal et al., 2008), equipped with a customised vessel of 450
mL of working volume. All the geometrical parameters were thoroughly
illustrated in Vasile et al. (2021). Cyanobacteria were grown in the BG11
medium as described above but supplemented with 10 mM of NaHCO3
as buffering system. The optical density (OD) was constantly measured
by an integrated densitometer at 720 and 680 nm. The PBR is equipped
with a probe for temperature and pH. The temperature was settled at 30
+ 1 °Cand pH = 8. A constant supply of CO, was provided by sparging
the medium with 1 % CO2 (v/v) in Nj. A gas mixer (GMS150 micro,
Photon Systems Instruments, Drasov, Czech Republic) coupled to a mass
flow controller (EL-FLOW prestige FG-201CV, Bronkhorst High-Tech
BV, AK Ruurlo, Netherland) to supply 150 mL min~! of gas mixture to
the PBR. The cyanobacteria cultures were illuminated with white light
from one side of the PBR by LEDs.

For the liquid batch experiments, all tests were conducted following
two stages: i) growth phase, the cells were gradually acclimated to the
increasing light up to the chosen one, until the culture reached OD730 =
1; and ii) production phase, triggered by adding to the mutant culture
(OD730=1) 1 mMIPTGand 0.3 g L! L-Phe, as gene expression inducer

and metabolite doper, respectively. During the second stage, charac-
terised by the induction of 2-PE synthesis pathway, the light was kept
constant at 0, 100, 150, 300 or 500 pmol photons m~ 25! and this phase
was preceded by an acclimation of 24-48 h at the target light. The OD
was daily monitored at 730 nm and converted in biomass as g of dry cell
weight per L of culture (g DW L™1), by using the conversion factor of
0.26 previously determined in our laboratory.

The PBR was run in turbidostat (semicontinuous) mode by a
controlled dilution of the growing cell population. Dilution was based on
the changes at OD75p, measured by the integrated densitometer and
calibrated to the benchtop spectrometer at OD73( to maintain the OD73q
approximately at 1 + 3 %, keeping the culture in exponential phase. The
turbidostat mode followed the same experimental set up described
above. Firstly, the biomass was accumulated in batch mode until the
cyanobacteria culture reached OD73¢ = 1, then the turbidostat mode was
activated. The cell culture was subjected to 24-48 h of turbidostat at
150 pmol photons m~2 s7%, to acclimate the cells to both light and
cultivation mode. To lunch the production phase 1 mM IPTG and 0.3 g
L' L-Phe was directly supplemented into the vessel as well as into the
BG11 medium for the controlled dilution, to avoid the washout of the
gene expression inducer and the metabolite doper. Dilution was per-
formed by a peristaltic pump automatically controlled by the software of
the photobioreactor, accordingly to the selected OD75 range.

2.3. Light transmission modelling in flat-panel PBR

The 3D multi-physics, multi-component, multi-phase, and not
isothermal model of the flat-panel PBR was developed on the COMSOL
6® platform, previously in our laboratory (Cordara et al., 2018; Vasile
et al., 2021). Briefly, the model simulates the several phenomena, i.e.
heat transfer and radiation in different media, bacterial growth kinetics,
transport of species, fluid dynamic with gas-liquid mass transfer and
particle tracing by providing the corresponding equations (Li et al.,
2014). Additionally, the design of the 3D model based on the PBR ge-
ometry accounts for the presence of the glass and probes for CO5 and pH
inside the liquid mixture (Supplementary Fig. S1) and their effect on
light transmission (Vasile et al., 2021; Tamburic et al., 2018). The light
distribution within the reactor was modelled using the Discrete
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Ordinates Method, which allows for detailed calculations of radiative
transfer across different domains of the photobioreactor at various time
intervals. This method solves the radiative transfer equation (RTE) for a
finite number of discrete directions, capturing the anisotropic scattering
and absorption of light by the cyanobacterial cells and gas bubbles
within the culture medium. Additionally, the model adapts Lambert-
Beer's law to account for the presence of bubbles and cells (Zhang et al.,
2015), and the modified Monod equation to describe the growth kinetics
of cyanobacteria, incorporating the effects of nutrient concentration and
light intensity on the maximum specific growth rate (Zhang et al., 2015;
Dechatiwongse et al., 2014). The adaptation of Lambert-Beer's law was
validated experimentally following the procedure described in previous
work (Vasile et al., 2021), by comparing measured and simulated outlet
transmitted light through the photobioreactor in both abiotic and biotic
conditions. As shown in Supplementary Fig. S5, the excellent agreement
confirms the model's accuracy in reproducing light distribution across
different biomass concentrations and photon fluxes. Parameters for the
growth model and the light transmission were fitted using experimental
data, employing a combination of the Levenberg-Marquardt method and
second least-squares analysis to ensure the model's parameters accu-
rately reflect observed growth dynamics (Cordara et al., 2018). For
fluid-dynamics and particle tracking algorithms were employed to
simulate the trajectories and light exposure of individual cyanobacterial
cells (Li et al., 2014; Luo and Al-Dahhan, 2011). Additionally, the
reactor geometry was precisely reproduced using free tetrahedral
meshing, selected to ensure the accuracy and precision of the simulation
results. All the equations employed in the model can be found in Sup-
plementary Table S1.

2.4. qRT-PCR analysis

gqRT-PCR analysis was performed as described in Usai et al. (2022).
All the primers used are reported in Supplementary Table S2. The
expression levels of the target genes (kivD, adhA, aroG", pheA™", arok)
were relatively quantified against the reference prs gene (Usai et al.,
2022; Luo et al., 2019) by the Pfaffl method (Mannino et al., 2021),
using the gene expression level at the lowest light intensity as control
condition. The analysis was conducted from the biomass harvested five
days after the induction of the gene expression.

2.5. COz consumption

To measure the dissolved CO; (dC) into the cultural medium, the PBR
was equipped with the CO; sensor InPro 5000/12/120 (Mettler Toledo,
Columbus, Ohio, United States), based on the Severinghaus principle
(Severinghaus and Bradley, 1958). Briefly, the electrode contains so-
dium bicarbonate, which reacts with the CO5. The reaction changes the
pH in the electrode, which corresponds to a change in potential differ-
ence, and this is measured. Therefore, the CO5 is then inferred by
changes in pH every minute. Furthermore, the dissolved CO5 values
were used to experimentally calculate the kLa, the volumetric mass
transfer coefficient, under abiotic PBR condition. The CO; liquid transfer
is represented by an exponential curve until a plateau, which represent
the saturation limit (dCsy;) under the settled PBR condition. Thus, the
CO, transfer rate (CTR) was determined from the measured dissolved
CO4, values (dCy), as follows (Eq. a):

Bioresource Technology Reports 31 (2025) 102216

(@

CTR = AdC / At = ln( dCo — dGy )

dcsat - dCn+1
Being aware of the CTR every minute, the kLa values were calculated

within the exponential phase of the dissolution curve and the resulting
value was the average of those calculated (Eq. b):

kLa = CTR/dC, (b)

The resulting kLa was then used for calculating the CO5 uptake by
bacteria. First the theoretical dissolved CO5 value (dCc) was calculated
as follows (Eq. c):

_ dCgye — dC,

dC. = dCea — <m> (©
Finally, the CO; uptake was calculated every minute as (Eq. d):

C uptake = dC. — dGC, (d

2.6. Analytics

2-PE and i-phenylalanine were quantified by HPLC as reported in
Usai et al. (2022, 2024). For the carbohydrate quantification as
glycogen, 1 mL of cell culture was collected before and after the in-
duction of gene expression. The cell cultures were centrifuged at 12,000
g for 10 min and processed as previously reported in Brey et al. (2020).

2.7. Carbon balance

To determine the carbon distribution, the carbon balance was
calculated considering together the two carbon sources, i.e. CO2 and L-
Phe, used to produce biomass and 2-PE. Each C source consumed and
product synthesised was converted to the corresponding moles of carbon
atoms. In the case of biomass, the carbon content of S. elongatus PCC
7942 biomass corresponds to approximately 46-48 % of its dry weight
(Mahlmann et al., 2008). Thus, the carbon balance was calculated for
both the biomass (Eq. e) and 2-PE (Eq. f):

Cmol biomass

. — *1
Chimas = (Gmol O, + Cmol L — Phe) 00 ©

Cmol 2 — PE
Copr = *100
7P ™ (Cmol CO, + Cmol L — Phe) ®

2.8. Photosynthetic pigments quantification

Phycocyanin (phy), Chlorophyll a (chla) and total carotenoids (car)
were quantified in each sample. Briefly, 1 mg of dried biomass was
weighted and resuspended in 1 mL of PBS solution and kept on ice. The
suspension was added to a tube containing 500 mg of glass beads
(0.25-0.5 mm). The lysis was performed twice in a tissue lyser (Retsch
MM 400, Haan, Germany), at 15 s~! for 5 min. The lysate was then
incubated on ice for 1 h and then centrifuged at +4 °C, 15,000g for 10
min. The supernatant was opportunely diluted and used for spectro-
photometric measurements (PerkinElmer Lambda 650 UV/Vis). The
absorbance was collected in the range from 800 nm to 500 nm. The
phycocyanin concentration was measured through the following equa-
tion (Zavrel et al., 2018):
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Phycocyanin [mg mL™"'] = ((Ae1s — Azz0) — 0.474 x (Ags2 — A7z0) ) /5.34
@

The remaining cell pellet was resuspended in 1 mL of cold methanol
(>99.9 %) and incubated at 4 °C in the darkness for 20 min. The cells
debris were centrifuged (12,000g, 10 min, 4 °C) to recover the super-
natant, which was properly diluted in methanol and then subjected to
spectrophotometer in the range of 800 nm to 400 nm. To calculate the
photosynthetic pigments concentration, the following equations were
used (Wellburn, 1994):
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m~2 s~1. This phenomenon can be due to a self-shading effect. During
the production phase (2nd stage of the bioprocess), in almost all the light
conditions tested, the biomass accumulated by 70-75 % of the total
biomass production, exception for the lowest light condition, where the
biomass accumulated by 58 % (Fig. 2B, blue bars). As expected, since
S. elongatus is a known obligate photoautotrophic organism, no bacterial
growth was observed during the production phase conducted in the dark
(Fig. 2A), with biomass levels remaining unchanged from those achieved
during the growth phase (Table 2). Additionally, qRT-PCR analysis was
performed to understand whether the light intensities or the environ-
mental conditions could affect the gene expression level. The analysis

Chlorophyll a [ug mL™'] = 12.9447(Asss — A h
phylla [ug ] (Aoes — Arzo) ®) has been conducted using the lowest light intensity as calibrator and prs
gene as reference gene as previously described (Usai et al., 2022; Luo
etal., 2019), which is known to be one of the most stably expressed gene
Total carotenoids [ug mL™"] = [1000(A470 — A72) —2.86(Chla[ug mL™'] ) ] /221 ()

The relative pigments concentrations were normalised on the basis of
the biomass used for the pigments extraction and the final results were
expressed as mg of pigment per gDW (mg g DW™1).

2.9. Statistics

Statistical analyses were developed using GraphPad Prism software
(version 10.1.2; GraphPad Software, San Diego, CA, USA). A one- or
two-way ANOVA analysis was applied. Asterisks in figures indicate
significance levels as follows: p < 0.05 (*), p < 0.002 (**), p < 0.0002
(***), and p < 0.0001 (****). Data are presented as mean =+ standard
deviation (SD), by the means of four biological replicates.

3. Results
3.1. Effect of photon fluxes on growth kinetics of 2PE_aroK mutant strain

To expand knowledge about the metabolic relationship between the
light, which acts directly on photosynthesis, and the non-native pathway
introduced for 2-PE production in the 2PE_aroK mutant strain, five
different light conditions (dark, 100, 150, 300 or 500 pmol photons m~2
s~1) were assessed. Data about cell growth, fitness, carbon consumption
and 2-PE production were collected in each condition. Most of the data
are related to the production phase (10-12 days), triggered by adding
IPTG and L-Phe, which induce the gene expression and the metabolite
doping, respectively. The production phase started when the bacterial
culture reached ODy3g = 1, corresponding to 0.26 g DW L1, and was
exposed to the desired photon flux for at least 24 h. Table 2 reports a
summary of the main experimental data obtained in this study. Unsur-
prisingly, both the highest biomass production (Fig. 2A, B) and specific
growth rate (Fig. 2C; p, d_l) were obtained at the most intense light
condition, following, however, a non-linear trend among the tested light
conditions (R% = 0.034). Actually, the growth rate at the highest photon
flux improved only by 19 % compared to that one at 100 pmol photons

in cyanobacteria. However, no worthy-of-mention results emerged in
every light exposure. Details are provided in the Supplementary Fig. S2.
Overall, all the genes were expressed in every light condition, with no
statistical significance among them.

3.2. Light distribution model for liquid batch mode in flat-panel PBR

Using in silico model previously developed by us for the flat-panel
PBR (Vasile et al., 2021; Cordara et al., 2018), we assessed the light
distribution into the cell cultures at each nominal light intensities of
100, 150, 300 and 500 pmol photons m 2 s 1. All the data in the present
section are related to the 2nd stage of the bioprocess, namely related to
the production phase of 2-PE, triggered by the gene expression induction
and metabolite doping. The experimental growth rates were firstly fitted
by the modelled trend, showing how accurately the model simulates the
bioprocess (Supplementary Fig. S3). The light transmission analysis
through the model allowed to better understand how much light of that
perceived by the bacteria was utilised by the cell culture itself. Note-
worthy, the light transmission is influenced either by the distance from
the light source, which explains the reduced photon fluxes than the
nominal ones, or the cell population density. More details are provided
in Supplementary Figs. S4 and S5. Indeed, the model calculates the
averaged amount of light that any individual cell (considered as a par-
ticle) can absorb while moving in the liquid medium in every direction
and, so, touching the PBR surface exposed to the light source. Addi-
tionally, the amount of light absorbed depends intrinsically on the ab-
sorption coefficient associated with cyanobacteria, leading to a non-
linear increment in photons utilised by the cells as the light intensity
increases (Vasile et al., 2021; Cordara et al., 2018). This coefficient is
crucial in several equations of the model (reported in Supplementary
Table S1) to simulate consistently both light transmission and distribu-
tion into the PBR while cultivating cyanobacteria (Soman and Shastri,
2015; Solimeno et al., 2015). The light absorption efficiency was
calculated as ratio between absorbed light (Ia) and perceived light (I p)

Table 2
Summary of the main results obtained from the liquid batch cultures exposed to five light conditions.
1 Final biomass (g DW Max 2-PE titer (mg Max 2-PE yield (mg g Average 2-PE productivity % L-Phe
Photon flux ) LY LY pw 1) (mgLtd™h consumed
(umol photons m2s™!)  Average SD Average SD Average SD Average SD Average SD Average SD
0 0 0 0.25 0.04 0 0 0 0 0 0 0 0
100 0.081 0.014 0.70 0.05 259.4 27.4 349.3 27.5 24.1 2.1 79.3 5.8
150 0.104 0.008 0.87 0.07 282.0 21.1 329.0 7.3 28.7 3.4 77.3 4.3
300 0.105 0.018 1.03 0.03 268.5 31.6 299.9 9.1 26.5 3.6 52.5 10.3
500 0.096 0.014 1.10 0.11 197.7 24.6 182.3 36.2 19.2 2.1 33.0 4.5
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by the cyanobacterial culture, for all the nominal light intensities tested
here. Therefore, at 100 and 150 pmol photons m 2 s~! cells used up to
the 87 %, then, this percentage dropped to 83 % and 72 % at 300 and
500 pmol photons m~2 s, respectively (Fig. 3A).

Furthermore, for each light condition photosynthetic efficiency
(Fig. 3B, C) was calculated as absorbed photons per gram of biomass
produced through photosynthesis (Schuurmans et al., 2015) (Supple-
mentary Table S1, Eq. 34). For any kind of PBR, the photosynthetic ef-
ficiency can be evaluated considering the whole PBR system, from the
incident light (Ij;) to the vessel, passing through the liquid, where the
cyanobacteria move around (I,,). Particularly, we measured the
photosynthetic efficiency experimentally and estimated through model
simulations that account for light absorption by both all the domains
considered in the model and cyanobacteria, and the light scattering due
to the gas bubbles (Supplementary Fig. S1C). The efficiency was then
derived by relating the growth rate and dry weight measurements to the
absorbed light. Therefore, the photosynthetic efficiency indicates the
pmoles of photons utilised for producing 1 g of biomass. Thus, especially
for batch cultivations, the lower the photosynthetic efficiency the higher
the light utilisation efficiency (Fig. 3B). Indeed, the photosynthetic ef-
ficiency of the system was highest in each light condition at the end of
the test, when the cell population was the densest (Fig. 3B). The greatest
change was recorded for the highest photon fluxes, where the photo-
synthetic efficiency increased quickly by 13 folds of the initial value
(2.95 pmol photon g¢ DW™!), while at the lowest light intensity it rose

only by 3 folds (Fig. 3B). An increase in the photosynthetic efficiency
means that more photons need to be provided to produce the same
amount of biomass as cell density increases (Fig. 2C). From this evalu-
ation it is evident how much the cell density affects this important
parameter in bioprocess design; indeed, the photosynthetic efficiency is
equal for all the light conditions tested after the first day of investiga-
tion, where the biomass was produced linearly to the amount of light
supplied.

To validate the model, the light transmission data, as light incident
(Iip) and light transmitted (I,,), were collected experimentally in both
abiotic and biotic conditions and used to build the model. The model
validation is reported in Supplementary Fig. S5.

3.3. 2-Phenylethanol production by 2PE_aroK mutant strain

The ability to produce 2-PE resulted to be strongly affected by the
light intensity. Fig. 4A shows the 2-PE production kinetics under four
increasing light intensities. As expected, in dark condition, 2-PE was not
produced at all (Table 2), thereby, all the data about the dark condition
were eliminated from any representation hereinafter.

The highest and lowest 2-PE concentrations were achieved at 150
and 500 pmol photons m ™2 s™!, respectively (Fig. 4A, B). Particularly, at
150 pmol photons m 2 s~1, we recorded a concentration of 282 + 21.1
mg L~! 2-PE. This result aligns well with previous data for the same
mutant strain, which reported 285 mg L™! 2-PE in shaking flasks (Usai
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et al., 2022). However, in the current study, we reached 282 mg L lin
just ten days of production time, significantly increasing volumetric
productivity to 28.7 + 3.4 mg L™! d~! (Fig. 4C). This results as the
highest 2-PE volumetric productivity reported under photoautotrophic
conditions to date. Furthermore, at the highest photon flux, i.e. 500
pmol m~2 571, the 2-PE production was calculated as 198 + 24.6 mg L™},
resulting in a 30 % decrease if compared to the highest 2-PE accumu-
lation (Fig. 4B). Consequently, the 2-PE yield resulted to be lower if
compared to the lowest photon fluxes, where the yield ranged 339-349
mg of 2-PE per gram of dry cell biomass (mg g DW™, Fig. 4D, Table 2).
Overall, the most intense light condition (500 pmol photons m 2 s™1)
seems not to guarantee the best results in terms of target compound.
Indeed, photosynthesis and 2-PE production likely uncoupled at light
intensities exceeding 300 pmol photons m~2 5!, where increasing the
photosynthesis-linked carbon flux had no positive effect on target
compound synthesis. Thus, increasing light intensity to boost photo-
synthesis led to biomass accumulation, which strongly competed with 2-
PE production (Fig. 4B, D).

3.4. Effect of photon flux on COz and r-phenylalanine uptake

1 % CO; was supplied in a mixture with N, with a gas flow rate of
150 mL min . To start the 2-PE production phase we added 1 mM IPTG
and 0.3 g L~! L-Phe into the PBR, when the bacterial reached ODy3 = 1
and the data collection stopped when the 2-PE productivity became
negligible (after about 10-12 days). Therefore, the present bioprocess
was fed with both CO5 and L-Phe, and their uptake appeared to be
strongly influenced by the photon flux. In the dark production condition,
neither CO5 nor L-Phe resulted to be consumed (data not shown), indi-
cating that light is the essential driving force of the present bio-
manufacturing process. Furthermore, the L-Phe consumption was found
to be severely altered; the higher the light intensity, the lower the L-Phe
uptake (Fig. 5A). At the highest light intensities, i.e. 300 and 500 pmol
m~ 257!, cyanobacteria consumed only 33 % and 46 % of the available L-
Phe, respectively. Conversely, nearly all the available L-Phe was taken
up at 150 (78 %) and 100 (79 %) pmol photons m~2 s~ L. The CO,
consumption was also affected, and the highest amount was recorded at
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the most intense light conditions (Fig. 5B), resulting in a CO4 fixation
rate of 3.1 mmol CL~! d~! during the production phase (Fig. 5C). On the
other hand, at the lowest light intensity, the fixation rate resulted to be
reduced by almost a half (1.6 mmol C L lal, Fig. 5C). Fig. 5D reports
the sum of the carbon atoms consumed from both CO5 and L-Phe and it is
expressed as mmol C L1, To what extent CO and L-Phe were exploited
into the present bioprocess will be discussed in the following section.

The total carbohydrate content was determined as glycogen content,
which serves as the primary storage compound for CO; fixed through
photosynthesis in cyanobacteria (De Porcellinis et al., 2017), func-
tioning as a crucial natural carbon sink. Our observations reveal that
under low light conditions, glycogen accumulated steadily over time,
constituting approximately 10 % of dry biomass. Conversely, in condi-
tions of higher light intensity, glycogen content is higher and exhibits
periodic fluctuations, although not statistically significant, reaching at
the best up to 15 % of the biomass (Supplementary Fig. S6). This is
coherent with an increased photosynthetic activity.

3.5. Carbon balance response to varying photon flux

All the carbon atoms coming from both the uptaken CO; and L-Phe
were considered together to better understand how carbon atoms were
differently distributed between biomass and 2-PE (Fig. 6A). Table 3
shows the detailed data on carbon analysis. At the highest light intensity
(500 pmol photons m~2 s71), a larger percentage of carbon atoms

(approximately 72 %) was directed towards biomass production. In
contrast, under the other three light conditions, the percentage of carbon
allocated to biomass ranged from 50 % to 54 % (Fig. 6A, green bars).
Consequently, the percentage of carbon atoms as part of 2-PE ranged
from 30 to 50 % (Fig. 6A, magenta bars). Beyond predictable relation-
ship observed between the CO, uptake and high light condition, the
most interesting results were about the L-Phe utilisation. As already
mentioned, the L-Phe uptake lowered as the photon flux increased
(Fig. 5A). Therefore, by assuming that the consumed L-Phe was fully
employed to produce 2-PE, we calculated the L-Phe contribution for 2-
PE synthesis. Theoretically, the yield between 2-PE (C8) and L-Phe
(C9) is 89 %, thus, a dramatic difference between low and high light
intensities emerged (Fig. 6B): under the two low light conditions, the
consumed L-Phe might generate up to 78 % of the synthesised 2-PE;
under the highest photon fluxes only the 43 % of 2-PE could be pro-
duced from L-Phe, and the residual 2-PE should has been synthesised
from CO,. Although higher light intensities result in a lower overall
production of 2-PE, a greater proportion of the 2-PE that is produced
comes directly from the photosynthesis, favouring CO: incorporation.
Therefore, summing up all the results 150 and 300 pmol photons m 2
s ! seemed to be the most successful production conditions. Finally, to
better understand the nature of this bioprocess and its biocatalyst (i.e.
2PE_aroK mutant) we chose a light condition among the best ones and
assayed the production of the 2-PE in semi-continuous (turbidostat)
cultivation mode, as discussed later on.
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Table 3

Summary of the carbon-related data obtained from the liquid batch cultures exposed to four different light conditions.

CO,, fixed CO,, fixation rate L-Phe consumed o o Final glycogen
(mmol CL™Y) (mmolCL'd™) (mmol CL™H) C balance (%) 2-PE/L-Phe (%) content (%DW)
-2 -1
Photon flux (pmol photons m™“s™ ") Biomass 2PE
Average SD Average SD Average SD Average SD Average SD
Average SD Average SD
100 18.2 2 1.6 0.2 14.3 1.9 50.3 3.9 49.7 4.2 78.6 31 11.2 2.7
150 24.9 5.2 2.2 0.2 15.3 4.4 50.5 5.6 44.5 4.2 78.1 12.8 10.4 0.9
300 37.7 9.6 3.4 0.5 9.9 2.3 54.2 5.2 39.3 4.9 42.6 11.5 12.2 0.9
500 36.2 6.5 3.1 0.5 6.1 1.2 72.9 1.6 30.6 6.5 42.5 8.6 13.3 1.1

3.6. Photosynthetic pigments content in 2PE_aroK mutant strain

Phycocyanin (phy), chlorophyll a (chla) and total carotenoids (car)
were quantified. Chla is the main pigment involved in photosynthesis,
particularly in light harvesting as well as in converting energy of
absorbed photons to chemical energy. Chla is universally distributed in
all the oxygenic photosynthetic organisms and in small amount in green
sulfur bacteria and anaerobic phototrophs. Other chlorophylls (e.g. b, c,
d, f) are diffused differently among cyanobacteria, microalgae, macro-
algae and higher plants (Bjorn et al., 2009). Here, the chla content
resulted constant over the time and among the light intensities (Fig. 7A),
with some slight differences but not statistically significant. Indeed, the
chla content in cyanobacteria tends to be constant unless the microor-
ganisms are subjected to very stressful conditions (e.g. light, tempera-
ture, nitrogen and phosphorous depletion (da Silva Ferreira and
Sant'Anna, 2016; Rahman et al., 2023)). That does not seem the case of
our investigation. Similarly, the content in carotenoids appeared to be
higher according with the highest light intensity exposure (Fig. 7B).
Carotenoids are well-known to be associated with stress conditions,
particularly those related to light, as part of the cells initial response
(Masojidek et al., 2013; Lopes et al., 2020). Consistently, in our inves-
tigation, the largest carotenoids content was recorded for the highest
light intensity following the gene expression induction. This data could
be due to 24 h exposure at 500 pmol photons m 2 s~ before the

production phase induction. However, even if the light was gradually
increased during the 1st stage of this bioprocess (i.e. cellular growth),
probably this exposure could cause that carotenoids rise, which relaxed
in the following days.

Currently, phycocyanin is one of the most explored natural pigments.
It is water-soluble and blue-coloured, and contributes significantly to the
natural shade of cyanobacteria, also known as blue-green algae. Here,
we quantified phy in our mutant strain of S. elongatus PCC 7942,
2PE _aroK, in non-targeted condition for pigments production. Thus, we
detected the highest amount at the lowest light intensities (Fig. 7C).
Over the time, the amount of phy evolved, especially at both the highest
light intensities, where the phy content decreased from 3 to 1.3%DW at
the end of the experiment. Also, at the lowest photon fluxes the quan-
tified phy decreased within ten days by 24 and 45 % of the initial
amount at 100 and 150 pmol photons m~2 s~1, respectively (Fig. 7C).

3.7. 2PE_aroK mutant strain characterisation in turbidostat mode

One of the most promising light conditions tested in batch mode was
selected for further analysis in turbidostat cultivation mode. The re-
combinant strain was subjected to semi-continuous cultivation as
follow: 1 % CO, (150 mL min~!in N3), 30 °C and the periodical dilution
was performed to keep the ODy3( constant to 1 (+ 3 %), by adding fresh
medium supplemented with 1 mM IPTG and 0.3 g L™! L-Phe. The photon
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flux was set at 150 pmol m~2 s~1, This cultivation mode allowed to get
knowledge about the combinatorial effect of light exposure and 2-PE
production phase induction. Fig. 8A reports the growth rate over the
time before and after the gene expression induction within ten days of
production phase at 150 pmol photons m~2 s~1. Noteworthy, the growth
rate stabilised after two days, and on average it halved with respect of
the growth rate before inducing the production stage (Fig. 8A, dotted
box). This finding suggests that inducing gene expression and metabolite
doping actually might provoke a slowdown of the cell fitness (detailed
representation is reported in Supplementary Fig. S7). The final biomass
production in this cultivation condition was found to be 0.7 g DW L™}
(Fig. 8B), which was slightly improved if compared to the biomass
accumulation in batch mode at the same light condition (Fig. 2B). On the
other hand, the 2-PE synthesis was severely reduced to 164 mg L™ at the
end of the test (Fig. 8B), decreasing by 42 % in 2-PE production abilities
of the recombinant strain. The present operative modes comparison
suggested that the batch cultivation outdid the turbidostat one,
considering 2-PE biomanufacturing.

4. Discussion

Although many strains of cyanobacteria, both recombinant or wild-
type, have been studied for the biomanufacturing of high-value com-
pounds, significant technical and scientific efforts are still required to
develop effective scalable bioprocesses. Notoriously, the physiology of
cyanobacteria and eukaryotic microalgae strongly changes when grown
in photobioreactors (PBRs) if compared to the standard and comfortable
laboratory equipment, e.g. Erlenmeyer flasks. Indeed, we can better tune
several parameters in PBR, such as light exposure, light diffusion, COy
supply, mixing, temperature and pH. Consequently, biological factors (e.
g. growth rate, biomass production, target compound productivity,
carbon uptake, etc.) could evolve differently during a scale-up process.
Thus, a systematic analysis becomes obligatory to find the engineering
rules suitable for a specific cyanobacteria-based bioproduction.
Accordingly, often the light resulted to be the limiting factor mainly
impacting on photoautotrophic bioprocesses. Here, we studied the
production ability of a metabolically engineered strain of Synechococcus
elongatus PCC 7942 to heterologously produce 2-PE in FMT150 photo-
bioreactor (PBR), when subjected to different photon fluxes. The
FMT150 PBR (Nedbal et al., 2008) is a flat panel reactor system, in
which the surface area per culture volume is maximised, so, it is the best
tool to study the effect of light irradiance to the cell physiology. The
abovementioned mutant strain, already published elsewhere, is capable
of synthesising 2-PE by overexpressing five genes (Usai et al., 2022).
Table 1 reports the genetic features of this recombinant strain, also
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known as 2PE_aroK, and the relative protein products involved in this
heterologous 2-PE pathway (Fig. 1). The 2PE _aroK has been previously
reported to produce up to 285 mg L' 2-PE in three weeks when doped
with 0.3 g L™! L-Phe in shaking flask (Usai et al., 2022) and, recently,
180 mg L' 2-PE in ten days when cultivated in a blend of dairy
wastewater (Usai et al., 2024), further supporting its industrial
relevance.

4.1. Growth kinetics under varying light intensity

Here, the 2PE_aroK mutant strain was subjected to four light in-
tensities (100, 150, 300 and 500 pmol photons m~2 s 1) and dark con-
dition in a liquid batch operational mode, constituted of two separate
stages: i) growth and light acclimation stage (until the culture reaches
ODy3¢ = 1); ii) 2-PE production stage (triggered by the addition of 1 mM
IPTG and 0.3 g L™! L-Phe as gene expression inducer and metabolite
doper, respectively). As anticipated, biomass accumulation increased
with higher light intensity (Fig. 2A and B), but this relationship was non-
linear (Fig. 2C). Indeed, the growth rate at the highest photon flux grew
only by 19 % if compared to that at the lowest light condition (Fig. 2C,
Table 2). These data suggested a mild self-shading effect (Agusti, 1991),
where the high cell density (reaching around 1 g DW L) might reduce
the light penetration into the vessel by limiting further biomass
production.

4.2. Light distribution in flat-panel PBR under 2-PE production condition

Thus, to ultimately study the light distribution into the vessel of the
PBR when cultivating the mutant strain, we used a 3D model already
developed by us (Vasile et al., 2021; Cordara et al., 2018). The COMSOL
6® model's operational conditions were designed to closely match those
tested experimentally in the flat panel PBR. These included varying light
intensities and different cultivation modes (e.g. batch and semi-
continuous) to simulate experimental setups accurately. The model
successfully replicated key experimental observations, such as the cya-
nobacterial growth rate, the transmission and absorption of light within
the domains of the reactor, and the bioprocess efficiencies (Fig. 3). Thus,
mimicking realistic experimental conditions in silico should be a stan-
dard approach to accelerate bioprocess design for specific applications.
Here, we evaluated how the light distribution is affected by the cell
concentration and growth rates. Indeed, the biosystem (comprising the
cell culture and the PBR) was able to utilise 72 % of the incident light at
the highest light intensity, compared to 87 % at the lowest photon flux
(Fig. 3A), indicating greater light absorption efficiency at lower photon
flux. An important parameter to consider is photosynthetic efficiency,
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expressed as pmoles of photons employed to produce 1 g of biomass
across four light intensities (Fig. 3B). Our simulation showed that higher
light intensities led to increased cell density but also raised the effort
required to produce additional biomass (Fig. 3), and, so, increasing costs
associated with light supply. Deepening these aspects prior to engage
bioprocess development, allows for tailored tests specific to each PBR
geometry, backed by solid data (Vasile et al., 2021; Zhang et al., 2024).

4.3. 2-PE production depends on the light intensity

In agreement with the data from the light absorption analysis, we
measured that at the three lower light conditions (100, 150 and 300
pmol photons m~2 s7!) the 2-PE concentration was the highest, i.e.
260-282 mg L~! (Fig. 4A, B). Therefore, a reduced biomass production
did not correspond to a diminished 2-PE production (Fig. 4B, C).
Notably, at 150 pmol photons m~2 s~! we achieved the highest 2-PE
productivity reported so far via photoautotrophy and metabolite
doping (Fig. 4C). A 2-PE productivity of 28.7 + 3.4 mg Llat repre-
sents a significant achievement in our study, markedly reducing the
production time of this commercially valuable molecule compared to
previously reported values (Usai et al., 2022). On the other hand, at the
highest light condition of 500 ymol photons m~2 s~1, the 2-PE concen-
tration was severely compromised, dropping by 30 % compared to the
peak production, resulting in only 198 mg L™ (Fig. 4B). This observa-
tion is even more pronounced when considering the 2-PE yield nor-
malised per g of dry biomass (Fig. 4D). At the lowest light intensities, less
biomass is needed to achieve the highest 2-PE production. Consequently,
at 100 and 150 pmol photons m~2s~%, the yields were 350 and 329 mg g
DW ™!, respectively, which represent the highest 2-PE yields reported
under photoautotrophic conditions to date (see Table 2 for more de-
tails). Therefore, this study suggests how increasing the carbon flow
through photosynthesis does not necessarily lead to the best perfor-
mance, as targeted production, while the excess of carbon atoms is
preferentially regulated via biomass accumulation. These findings are
consistent with some biochemical investigations concerning the
competition for metabolic precursors between biomass synthesis and
target production, showing that they could be mutually exclusive (Pérez
etal., 2019; Duetal., 2018a; Du et al., 2017). Furthermore, Erdrich et al.
(2014) proposed an in silico modelling study on the metabolism of the
model cyanobacterium Synechocystis sp. PCC6803. They suggested that
to prevent an imbalance between growth and desired production, the
target product should serve as a sink for reducing equivalents within the
cell. Moreover, they added that a moderate increase of ATP turnover or
energy dissipation is a promising approach to correct the stoichiometry
necessary to balance biomass and target product synthesis. Thus, here,
we theoretically exploited a functional carbon sink for photoautotrophic
production regime. Indeed, the 2PE_aroK mutant strain produces 2-PE
by alcohol dehydrogenase A using NADPH, as final step of the heterol-
ogous pathway (Fig. 1). Additionally, the aroK gene overexpression by
the 2PE_aroK mutant strain, led to overproduce the shikimate kinase, a
protein involved in the shikimate pathway and consuming ATP as co-
substrate (Fig. 1). The effectiveness of the shikimate kinase over-
expression was already reported as essential to really improve 2-PE
production in 2PE_aroK mutant (Usai et al., 2022), especially when
compared to the previously described cyanobacterial mutants for 2-PE
biomanufacturing (Ni et al., 2018). To get a comprehensive view of
our bioprocess, we considered that the carbohydrate synthesis pathway
is the most competitive, because cyanobacteria store glycogen as the
main energy reserve. Accordingly, we observed an increased glycogen
accumulation into the mutant biomass exposed to the highest photon
fluxes (Supplementary Fig. S6). In the literature, many studies have
attempted to impair or disrupt glycogen metabolism, often leading to
severely reduced cell fitness or an overflow of intermediate metabolites
(Luan et al., 2019; Cano et al., 2018). However, due to the high content
in carbohydrates, as glycogen (or starch in eukaryotic microalgae), and
proteins, the exhausted cyanobacterial/microalgal biomass might be
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used for further valorisation as feedstock or additive for yeasts or bac-
terial fermentations (Comer et al., 2020; Hays and Ducat, 2018).

4.4. Carbon uptake and allocation are influenced by light intensity

Thoroughly studying the delicate relationship between light and
carbon inputs is crucial for balancing resources in a photosynthetic
microbial factory and ensuring process sustainability. Indeed, our
analysis of carbon fate within the cell provides valuable insights into this
topic (Fig. 5, Fig. 6, Table 3). The carbon atoms taking part of the 2-PE or
biomass could come from both CO; and L-Phe (supplemented as
metabolite doper). As expected, at the highest light intensities assessed
(i.e. 300 and 500 pmol photons m~2 s’l) the amount of fixed carbon
atoms and COs, fixation rate were the highest (Fig. 5B, C). However, we
noticed that the higher the light intensity, the lower the L-Phe uptake
(Fig. 5A). L-Phe uptake in wild-type S. elongatus PCC 7942 and other
cyanobacteria strains has been previously reported (Usai et al., 2022;
Kukil et al., 2023), and, also, uptaking L-Phe is energy-demand (Labarre
et al., 1987). We already speculated (Usai et al., 2022) that the combi-
nation of some of the overexpressed proteins in 2PE_aroK mutant (kivD
and adhA protein products) might reproduce a sort of Ehrlich pathway,
usually exploited in yeast for the production of 2-PE starting from L-Phe
(Gu et al., 2020; Dai et al., 2021). Nevertheless, this speculation pro-
vides no extra explanation about the massive effect of shikimate kinase
(aroK gene) overexpression (located upstream to this putative Ehrlich
pathway) on 2-PE production. Currently, to the best of our knowledge,
there are no further indications regarding the use of L-Phe once inside
the cells. Therefore, this topic warrants additional investigation to be
effectively applied in aromatic bioproduction, which, to date, is a
flourish and valuable topic for biotechnology (Dickey et al., 2024;
Masuo, 2024).

Carbon balance analysis was conducted in this study and highlights
how the carbon atoms partition differently between biomass and target
product (i.e. 2-PE). Firstly, carbon atoms from CO, contributed more
than L-Phe in all the light conditions tested (Fig. 5D), particularly, by 56
% and 86 % of the total carbon atoms used at the lowest and highest light
intensities, respectively. More in detail, at the highest light intensity up
to 72 % of carbon atoms were employed to build biomass despite of 2-PE
(Fig. 6A). At the two lowest photon fluxes, 50 % and 45 % of carbon
atoms were directed to synthesise 2-PE (Fig. 6A). Increasing the carbon
partitioning towards the target compound so that it is >50 % is one of
the desirable goal in creating a bioprocess, necessary for qualifying such
a strain as a photosynthetic microbial factory (Ducat et al., 2012; Gao
et al., 2012; Savakis et al., 2013). No other by-product was considered
for the present carbon analysis. Indeed, cyanobacterial photoautotro-
phic metabolism releases relatively few metabolic intermediates into the
extracellular space (Pérez et al., 2019). Therefore, the present estimated
carbon balance should be quite accurate. To better understand the
extent to which consumed L-Phe contributes to 2-PE production, we
based our analysis on the theoretical yield of 2-PE (Cg) production from
L-Phe (Cyg), which is 89 %. Significantly, at the highest light intensities of
300 and 500 pmol photons m~2 51, only 42 % of 2-PE could be syn-
thesised from L-Phe under those conditions, while at the lowest photon
fluxes this percentage increased to 78 % (Fig. 6B). This evaluation as-
sumes that the total amount of metabolised L-Phe was used exclusively
for 2-PE production, without competition from biomass synthesis or
other collateral pathways. However, these findings indicate that, despite
the lower final 2-PE concentration at the highest light intensity, a larger
proportion (at least 60 %) is likely produced from CO:z rather than L-Phe.
Thus, this phenomenon inspires different observations. Traditionally,
bioprocess engineering approaches focus on target compounds, with all
the steps designed to maximise productivity, by adopting ideal condi-
tions and rich synthetic media. On the other hand, the opportunity to
exploit flue gas streams with high CO, concentration (3-85 vol.%)
(Zielinski et al., 2023) makes the CO, fixation abilities of cyanobacteria
and microalgae even more appealing (Higashide et al., 2011; Yen et al.,
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2015). Therefore, designing tailored bioprocesses for CO: capture from
flue gas would be both economically and environmentally beneficial,
even if, as demonstrated in our study, target molecule productivity may
be partially reduced.

4.5. Valorisation of residual biomass: phycocyanin recovery

While the aim of this work is the characterisation of the 2PE_aroK
recombinant strain abilities when exposed to different light conditions,
it is still important to stress the opportunities of an exhausted cyano-
bacterial biomass and the target compound is not biomass-related but
extruded into the culture broth. The cyanobacterial biomass is rich in
photosynthetic pigments, and among them, phycocyanin (phy) is one of
the most studied and it has a huge global market size, which will reach
$6.3 billion by 2028 (Fernandes et al., 2023). Over the year, the
phycocyanin has been investigated for anti-oxidation effect, anti-cancer
and anti-inflammatory activities, photo-induced cytotoxicity and the
capacity of stimulate the immune system (Pleonsil et al., 2013; Zhu
et al., 2016). Besides the clinical potential applications, phycocyanin is
largely required for food and beverages, nutraceutics and cosmetics
(Fernandes et al., 2023). Biologically, phycocyanin is a pigment-protein
complex and a major component of cyanobacterial light-harvesting
antenna, which optimises light energy gathering, where the chloro-
phyll cannot absorb. Accordingly, the quality and intensity of the light
significantly influence the light-harvesting system of cyanobacteria,
affecting mostly the accumulation of photosynthetic pigments (Hsieh-Lo
etal., 2019; Szwarc and Zielinski, 2018). When the light is low enough,
the production of phy is intensified to catch as much light as possible.
Accordingly, we quantified a higher amount of phycocyanin in biomass
grown at lowest light intensities (Fig. 7C). At the moment of the in-
duction of gene expression, the phy amount counted for 44 and 45 mg g
DW ! at 100 and 150 pmol photons m~2 ™1, respectively. Afterwards,
the phy amount decreased by 24 % and 45 % at the end of the experi-
ment (Fig. 7C, 10th day), probably indicating the beginning of the sta-
tionary phase, as shown from the growth kinetics in Fig. 2A. At the
highest light conditions, phy was lowered and at the end of the tests the
amount was reduced over by 50 % (Fig. 7C). Regarding the other main
photosynthetic pigments, i.e. the chlorophyll a (chla) and carotenoids
(car), no particular trends were detected (Fig. 7A, B). The evolution over
the time of the cellular composition about the photosynthetic pigments
can be adopted as a physiological parameter to detect potential stress
conditions, such as light excess or nutrient depletion, affecting the cul-
ture fitness. However, the present study has been conducted in excess of
nutrients and COj, in standard synthetic medium, in order to focus only
on the light effect. Indeed, the data on the pigment composition did not
indicate any light stress of the mutant biomass.

4.6. Batch and semi-continuous cultivations highlight metabolic
constraints in 2-PE production

Following the batch tests, the optimal light condition (150 pmol
photons m~2 s71) was compared to semi-continuous (particularly tur-
bidostat) cultivation mode to further elucidate the relationship between
carbon flux influenced by photosynthesis and 2-PE synthesis as inter-
dependent processes in this bioprocess. Since the culture density inside
the PBR is maintained at a constant level (+3 %), the effect of light in-
tensity on cyanobacterial physiology can be better assessed over time. In
this study, the turbidostat mode started ca. 24-48 h before the gene
expression induction and metabolite doping, in order to acclimate the
culture to both the light and the cultivation mode. As in the batch mode,
the gene expression and metabolite doping were activated by adding 1
mM IPTG and 0.3 g L™! L-Phe, respectively. The periodical dilutions to
maintain the cell density constant were performed with standard me-
dium supplemented with 1 mM IPTG and 0.3 g L ! L-Phe, not to washout
the two molecules. The effect of the gene expression conveyed as a
decrease in the growth rate of the mutant culture (Fig. 8A). The growth
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rate stabilised from the 2nd day at an average value of 0.17 + 0.02 d~!
(Fig. 8A, grey box), which is almost half of that one measured before
inducing the gene expression (Fig. 8A, dotted box). While the biomass
production was only slightly improved (Fig. 8B) compared to the batch
cultivation (Fig. 2B, Table 2), the 2-PE production was significantly
affected with a reduction by >40 % compared to the 2-PE concentration
obtained in batch mode (Fig. 8B). Consequently, the volumetric pro-
ductivities were also disturbed, counting for 16.4 mg L™ d~}, 1.75-fold
lower than that recorded in the batch study. Thus, as previously
postulated for high light conditions, increasing the metabolic rate at the
photosynthesis level further uncoupled the carbon flux into the heter-
ologous 2-PE biosynthetic pathway, dramatically affecting target pro-
duction. For these reasons, no additional higher light intensities were
considered; instead, the main objective was to identify the optimal and
least energy-consuming process conditions for bioproducing 2-PE.
Interestingly, selecting specific light spectra may help to enhance the
bioprocess. For instance, red light is widely recognized for stimulating
photosynthesis by inducing the synthesis of PSI and PSII, whereas blue
light has been found to significantly inhibit the growth rate of cyano-
bacteria (Luimstra et al., 2018). our findings indicate that red light, by
stimulating the photosynthetic apparatus, may reduce 2-PE yield, while
blue light, by modulating metabolic flow, could be leveraged as a bio-
processing strategy to enhance final bioproduction.

Additionally, the system developed in this study demonstrates
competitive potential compared to established benchmarks such as
yeasts and E. coli. In recent years, significant scientific efforts have
focused on optimizing 2-PE bioproduction. Heterotrophic systems like
Saccharomyces cerevisiae, Kluyveromyces marxianus, and E. coli have
achieved high titers of up to 4.5 and 2.5 g L™, respectively (Bernardino
et al., 2024; Noda et al., 2024), but their reliance on costly organic
substrates remains a limitation. In contrast, our platform utilizes CO2
and low light as primary inputs, offering a more sustainable and
potentially cost-effective alternative. Although many heterotrophic
systems have demonstrated promising results at the laboratory scale,
their performance and robustness at industrial scale remain to be fully
validated. Most studies have been conducted under ideal and controlled
conditions, highlighting the need for further scale-up efforts. While
current titers and productivities are lower, the potential for reduced
feedstock costs and improved scalability underpins its value in green
biomanufacturing. An insightful study (Brewster et al., 2025) recently
presents a valuable example of an integrated bioprocess for 2-PE pro-
duction and extraction successfully implemented at industrial scale,
providing important insights for yeast-based bioprocess development.

In a broader context, biotechnological production of 2-PE wants to
offer a safer and more sustainable alternative to traditional chemical
synthesis, due to milder process conditions, lower energy requirements,
and the avoidance of toxic precursors. Among emerging strategies,
photosynthesis-driven 2-PE production using engineered cyanobacteria
or algae is particularly attractive. It builds on the benefits of microbial
systems and further enhances sustainability by using CO2 and light as
primary inputs. These factors position photosynthetic platforms as a
promising next-generation alternative for climate-friendly 2-PE pro-
duction. To sum up, our work, in addition, provides useful information
on design strategies and required steps for bioprocesses based on engi-
neered photosynthetic microorganisms. From this investigation of light
influence on 2-PE biomanufacturing, the convergence of all the experi-
mental data with an in silico modelling allowed to build a precise and
resource-optimised framework for producing high-value green chem-
icals exploiting the photosynthesis ability of cyanobacteria.

5. Conclusions

This study discusses the implications of bioproducing 2-PE (2-phe-
nylethanol) using a metabolically engineered strain of Synechococcus
elongatus PCC 7942 in photobioreactor under different light exposures.
We found a non-linear relationship between photosynthesis, biomass
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formation, and production of 2-PE, revealing that the highest light in-
tensity did not correspond to maximum 2-PE production; instead, only
biomass formation improved.

Our light distribution analysis indicated that increasing photon flux
in batch cultivation compromised light utilisation efficiency, while
carbon consumption analysis highlighted an intricate carbon balance.
Notably, the best allocation of carbon atoms (45-50 %) to 2-PE occurred
at the lowest light intensities (100-150 pmol photons m~2 s 1), which,
also, led to impressively improve 2-PE productivity (29 mg L™! d™1), the
highest recorded in photoautotrophy to date.

Overall, the study demonstrates that a finely tuned bioprocess can
effectively function as a microbial factory under optimal conditions of
light supply. Importantly, dark production tests reaffirmed that light
remains the essential driving force in this biomanufacturing process.
Moreover, as the target product is secreted into the culture medium, the
spent cell biomass can be valorised through pigment extraction and
utilised as substrate or additive in other fermentation processes imple-
mented in cascade.
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