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ABSTRACT

Synechocystis gathered momentum in modelling studies and biotechnological
applications owing to multiple factors like fast growth, ability to x carbon dioxide
into valuable products, and the relative ease of genetic manipulation. Synechocystis
physiology and metabolism, and consequently, the productivity of Synechocystis-
based photobioreactors (PBRs), are heavily light modulated. Here, we set up a
turbidostat-controlled lab-scale cultivation system in order to study the in uence of
varying orange—red light intensities on Synechocystis growth characteristics and
photosynthetic activity. Synechocystis growth and photosynthetic activity were found
to raise as supplied light intensity increased up to 500 mmol photons m=%s™ and to
enter the photoinhibition state only at 800 mmol photons m2 s™%. Interestingly,
reverting the light to a non-photo-inhibiting intensity unveiled Synechocystis to be
able to promptly recover. Furthermore, our characterization displayed a clear
correlation between variations in growth rate and cell size, extending a phenomenon
previously observed in other cyanobacteria. Further, we applied a modelling
approach to simulate the effects produced by varying the incident light intensity on
its local distribution within the PBR vessel. Our model simulations suggested that the
photosynthetic activity of Synechocystis could be enhanced by nely regulating the
intensity of the light incident on the PBR in order to prevent cells from experiencing
light-induced stress and induce their exploitation of areas of different local light
intensity formed in the vessel. In the latter case, the heterogeneous distribution of the
local light intensity would allow Synechocystis for an optimized usage of light.

Subjects Biochemistry, Biotechnology, Cell Biology, Mathematical Biology, Computational Science
Keywords Modelling, Photoinhibition, Cyanobacteria, Photobioreactor, Lightening conditions

INTRODUCTION

Synechocystis sp. PCC6803 (hereafter Synechocystis) was the rst photosynthetic organism
to have its genome fully sequenced (Kaneko et al., 1996). A wealth of transcriptomic
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(Anfelt et al., 2013; Beck et al., 2014; Angermayr et al., 2016), proteomic (Fang et al., 2016)
and metabolomic (Yang, Hua & Shimizu, 2002; Yoshikawa et al., 2013) studies allowed to
investigate Synechocystis regulatory, signalling and metabolic pathways in ner details than
in any other cyanobacterium. Synechocystis has attracted much interest as model organism
in product-oriented industrial biotechnology due to the ability to effortlessly recycle
carbon dioxide (CO,) into valuable fuels and chemicals, the simplicity of its culture
conditions, the ease of genetic manipulation and its relatively fast cell growth compared to
higher plants (Janssen et al., 2003; Angermayr, Hellingwerf & Teixeira De Mattos, 2009).
Genetic engineering of cyanobacteria has demonstrated the opportunity to channel solar
energy into the formation of various commaodity products (Angermayr, Gorchs Rovira &
Hellingwerf, 2015; Zhou et al., 2016). In the last decades, Synechocystis has served in many
genetic engineering studies as biofactory for the production of a variety of products
(Yuetal.,, 2013; Singh et al., 2017), such as ethanol (Gao et al., 2012), isobutanol (Varman
et al., 2013), lactate (Angermayr, Paszota & Hellingwerf, 2012; Joseph et al., 2013) and
polyhydroxyalkanoate (Luengo et al., 2003), which can be widely utilized in biotechnology
and industrial elds.

The intensive exploitation of this microorganism for industrial uses strongly depends
on the choice of optimal growth conditions, main operational parameters including
culture density (Esteves-Ferreira et al., 2017; Straka & Rittmann, 2018), pH
(Touloupakis et al., 2016), temperature (Panda et al., 2006), mixing rate and light
environment (Touloupakis et al., 2016; Singh et al., 2009). Even though extensive
investigation showed that Synechocystis productivity is sensitive to most of the
aforementioned operational parameters (Yu et al., 2013; Burrows et al., 2009; Nanjo et al.,
2010; Chaves, Kirst & Melis, 2015), it is undoubted that productivity is tightly coupled with
the light absorption ef ciency of optical energy conversion systems. Therefore, light
management during Synechocystis cultivation in photobioreactors (PBRS) is by far the
most remarkable factor to account for in order to boost the practical exploitation of this
microorganism. Synechocystis is able to absorb energy across the visible spectrum, mainly
through three classes of pigments: bilins (Gan & Bryant, 2015), chlorophyll a (Chl a),
which is associated with Photosystem Il (PSII) and Photosystem | reaction centre cores
(Vermaas, 1996), and carotenoids (Glazer, 1977; Colyer et al., 2005). Achieving high
performance in PBRs requires high intensity light, which nonetheless can cause light
associated damages. A number of studies sought to dilute the supplied light intensity by
optimizing the light spectra distribution. These attempts were encouraged by the
integration of light emitting diodes (LEDs) within indoor PBRs (Ooms et al., 2017).
Tailoring light wavelength spectrum affords improved growth conditions stability and
reproducibility and has been shown to lead to concrete achievements in biomass
productivity and ultimately in the accumulation of useful products. For example, a perfect

t of the red light with the absorption peak of the Chl a and phycocyanobilin was observed
to lead to an increased growth in cyanobacteria during cultivation (Wyman & Fay, 1986;
Wang, Fu & Liu, 2007; Alphen, 2018). In other cases, dynamic adjustments of light
wavelength during the cultivation of Chlorella vulgaris and Haematococcus pluvialis
allowed the increase of microorganism productivity (Katsuda et al., 2004).
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It is well known that the exposure of photosynthetic organisms to strong solar
irradiation results in inhibition of the electron transfer activity of PSII, referred to as
photoinhibition responses (Powles, 1984). This phenomenon derives from an imbalance
between the photodamage brought to PSII and the repair mechanisms for such damage
(Murata et al., 2007). Despite the numerous studies conducted on this topic highlight
that the main target of photoinhibition is the D1 protein of PSII reaction centre
(Tyystjarvi, 2013), the molecular mechanisms of PSII photoinhibition are not yet
completely understood. Upon exposure of photosynthetic organisms to strong irradiation,
two mechanisms contribute to the photodamage of PSII, which are called acceptor-side
and donor-side photoinhibition. In the acceptor-side mechanism, strong illumination
causes the over-reduction of PSII, due to the double reduction of the primary quinone
acceptor (Qa) that, in such condition, can no longer serve as an electron carrier.

The recombination between the doubled reduced form of Q and the primary radical pair
P680* and Pheo™ leads to the formation of the triplet state of the P680, which can react
with molecular oxygen leading to generation of the reactive form of oxygen (ROS)
singlet oxygen (*O,) (Mulo et al., 1998; Vass et al., 1992). Due to the extremely short
lifetime of this ROS, 'O, is thought to impair mainly the proteins and lipids nearby its
production site (Triantaphylides & Havaux, 2009). Conversely, the donor-side
photoinhibition is not mediated by ROS and occurs when the reduction of the PSII is
slower than its oxidation, due to inactivation of the oxygen evolving system. This leads
to an extended lifetime of the radicals TyrZ* and P680" that act as strong oxidants
against the surrounding proteins and lipids, resulting in a damage to the PSII (Bumann &
Oesterhelt, 1995).

In this work, we investigated the effect of increasing intensities (in the range
50—1,460 mmol photons m2 s™%) of orange—red light on the autotrophic growth of
Synechocystis in a turbidostat-controlled lab scale PBR. Monitoring Synechocystis
physiological state under varying light regimes, we found that growth rate, cell size and
PSII activity were in uenced by light intensity, albeit in slightly different ways.
Synechocystis cells proved to be resilient to high light stress conditions, suffering
photoinhibition only above 800 mmol photons m™2 s™*, and showed a remarkable ability
to recover from the complete state of photoinhibition experienced at 1,460 mmol
photons m™2 s~ when reverting light to 200 mmol photons m™2 s™*. Further, we combined
the experimental analyses with system modelling and the related multi-physics analysis to
investigate the in uence of local light intensity distribution on photoinhibition of
microorganism.

MATERIALS AND METHODS

Strain and preculture conditions

For all experiments, we used wild-type Synechocystis sp. PCC 6803, a glucose-tolerant
derivative kindly provided by Devaki Bhaya (Department of Plant Biology, Carnegie
Institution for Science, Stanford, CA, USA). The cells were grown in asks in 25 ml of
BG11 medium (Stanier et al., 1971) with a modi ed protocol as described in VVan Alphen &
Hellingwerf (2015). Precultures were grown for 4 days at 30 C in a shaking incubator at
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Figure 1 Photobioreactor schematic representation. (A) Body of the at panel PBR FMT150.2/400 composed of a 390 ml transparent removable

at vessel. On top of the vessel, a stainless lid accommodates different tubes, connectors and sensors. The base of the instrument contains a control
unit with analogic and digital electronic circuits. Enlarged the details of the red and blue LEDs installed in the light panel of the reactor, the
densitometer and the uorometer. (B) Red and blue LED spectra of PBR FMT150.2/400. (C) Transmission spectrum of cyanobacterial culture
affected by light absorptions, light scattering. The lines and arrows indicate wavelength of the light sources present in the at panel reactor and the
detection range of the detector Iter. (D) 3D modelled geometry of PBR with modelled domains selection: 1-closing, 2-inoculum, 3-sparger, 4-air,
5-sampling, 6-culture, 7-stirring bar, 8-wall of vessel, 9-base of vessel. Full-size  DOI: 10.7717/peerj.5256/ g-1

120 rpm (Innova 44, New Brunswick Scienti ¢, Edison, NJ, United States) under constant
illumination of orange-red (632 nm) and blue (451 nm) light (10:1 photon ratio) at
30 mmol photons m™2s™*, measured with a LI-250 quantum sensor (LI-COR, Lincoln, NE USA).

PBR growth conditions

A Synechocystis preculture was used to seed the PBR. The culture was grown ina at panel
PBR model FMT150.2/400 Photon System Instruments (Nedbal et al., 2008) in a nal
volume of approximately 380 ml in the BG-11 medium modi ed as described above,
supplemented with 10 mM of NaHCOs.

The PBR (Fig. 1) is provided with a combined pH/temperature probe, a Clark-type
dissolved O, (dO,) probe (all probes Mattler-Toledo), and an integrated densitometer that
measures the optical density (OD) at 720 and 680 nm.

The cyanobacterial suspension was illuminated from one side with orange-red light
(636 nm) by high-power LEDs. The light regimes applied by the LED board provided
cells with the following light intensities as measured outside the PBR, opposite of and at
the centre of the light panel: 50, 200, 300, 500, 800, 950 and 1,460 mmol photons m™2s™*.
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