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Resumo

Os solutos compativeis (CS) sdo compostos de baixo peso molecular que sao acumulados
intracelularmente para manter a homeostasia celular em condicées de crescimento
desfavoraveis, como alta salinidade ou temperatura. Os CS formam um invélucro de hidratacao
em torno de macromoléculas-chave, como as proteinas, permitindo a sua estabilizacao e
evitando a desnaturacao e a perda de funcdo. Estas propriedades protetoras conferem aos CS,
como a glicina betaina (GB), um elevado valor comercial com aplicacdes em formulagoes para
alimentacao animal, cosmética e farmacéutica. Atualmente, os métodos de producdo de GB
dividem-se entre a sintese quimica, que requer produtos quimicos perigosos e com uma elevada
pegada de carbono, e a sua extracdo a partir de sugar beets (Beta vulgaris), que € mais
ecoldgico e seguro, mas tem um fraco rendimento. Assim, a producao de GB requer uma
melhoria da eficiéncia que esta a ser abordada através da engenharia de microrganismos para
produzir este soluto. As cianobactérias, sendo microbios fotoautotroficos, sao procuradas para
este fim, dada a sua rapida taxa de crescimento e elevada produtividade (em comparacdao com
plantas), e requisitos nutricionais simples em comparacdo com as bactérias heterotroficas,
utilizando luz, dioxido de carbono e agua como fontes de energia, carbono e eletrdes,
respetivamente. Entre as cianobactérias, uma das principais candidatas é Synechocystis sp. PCC
6803 (Syn6803), devido a sua facilidade de engenharia genética, as ferramentas moleculares
disponiveis e aos modelos metabodlicos a escala do genoma para efetuar simulagées. Em
trabalhos anteriores, foi introduzido nesta cianobactéria um mddulo sintético para a producao
de GB (Ahbet), permitindo a sintese deste CS e melhorando o seu crescimento em condicdes de
salinidade. Estes dados também sugerem que o carbono é redirecionado do reservatorio de
glicogénio para a producao de CS e substancias poliméricas extracelulares (EPS). Neste projeto,
foi caracterizado o duplo mutante Syn6803 AggpSAslr0977, deficiente no CS nativo
glucosilglicerol e putativamente deficiente na producao de EPS, com e sem o mddulo Ahbet. O
crescimento destes mutantes foi semelhante na auséncia ou presenca de 3% NaCl, o que sugere
que a introducao do médulo Ahbet ndao imp0s uma sobrecarga metabdlica. Além disso, foi
observada uma diminuicao do glicogénio e um aumento dos polissacarideos capsulares (CPS) em
condicdes de salinidade. A avaliacdo da producao de CS nos mutantes AggpSAslr0977 e
AggpSAslr0977 Ahbet mostra que este Gltimo é incapaz de produzir GB, possivelmente devido a
mutacdes no mddulo Ahbet. No entanto, os resultados obtidos até agora revelaram que a
delecado do gene slr0977 nao resulta no comprometimento da producao de EPS nas condicoes
testadas, em contraste com trabalhos anteriores realizados na auséncia de sal e sob maior
intensidade de luz. Por conseguinte, é necessario compreender as alteracées que ocorrem no
chassis Syn6803 utilizado para a producdao de GB, através da aplicacao de abordagens
transcriptomicas, proteomicas e metabolomicas. Este conhecimento representara um passo em
frente para a engenharia racional de Syn6803, permitindo a identificacao de potenciais alvos
para otimizar a producao de GB.



nage was intentionally left blank

5

e ——

Th

Vi



Abstract

Compatible solutes (CS) are low-weight molecular compounds that are accumulated
intracellularly to maintain cell homeostasis in unfavourable growth conditions like high salinity
or temperature. CS form a hydration shell around key macromolecules such as proteins,
enabling stabilization and preventing denaturation and loss of function. These protective
properties grant CS, such as glycine betaine (GB), high commercial value with applications in
feed, cosmetic and pharmaceutical formulations. Currently, GB production methods are split
into chemical synthesis, requiring hazardous chemicals and with a high carbon footprint, and
extraction from sugar beets (Beta vulgaris) that is greener and safer but has poor yields. Thus,
GB production requires efficiency improvement that is being addressed by engineering
microorganisms to produce this solute. Cyanobacteria, as photoautotrophic microbes, are
sought for this purpose given their fast growth rate and high productivity (compared with
plants), and simple nutritional requirements in comparison with heterotrophic bacteria, using
light, carbon dioxide, and water as sources of energy, carbon, and electrons respectively.
Among cyanobacteria, a leading candidate is Synechocystis sp. PCC 6803 (Syn6803) due to its
amenability to genetic engineering, available molecular tools and genome scale metabolic
models to perform simulations. In previous work, a synthetic device for the production of GB
(Ahbet) was introduced into this cyanobacterium, enabling the synthesis of this CS and
improving growth under salinity conditions. These data also suggest that carbon is redirected
from the glycogen sink to the production of CS and extracellular polymeric substances (EPS). In
this project, the Syn6803 double mutant AggpSAslr0977, deficient in the native CS
glucosylglycerol and putatively impaired in EPS production, with and without the Ahbet device
was characterized. The growth of these mutants was similar in absence or presence of 3% NacCl,
suggesting that the introduction of the Ahbet device did not impose a metabolic burden. In
addition, a decrease of glycogen and an increase of capsular polysaccharides (CPS) was
observed under salinity conditions. The evaluation of CS production in the AggpSAs(r0977 and
AggpSAslr0977 Ahbet mutants shows that the latter does not produce GB, likely due to
mutations in the Ahbet device. Nevertheless, the results obtained so far revealed that the
deletion of the slr0977 gene does not result in the impairment of EPS production under the
conditions tested, in contrast to previous work carried out in the absence of salt and under
higher light intensity. Therefore, there is a need to understand the changes that occur in
Syn6803 chassis used for GB production, by applying transcriptomic, proteomic, and
metabolomic approaches. This knowledge will represent a step-forward for the rational
engineering of Syn6803 by enabling the identification of potential targets to optimize
production of GB.
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Introduction

1.1 - Cyanobacteria: small organisms with great potential

Cyanobacteria, also known as blue-green algae, are prokaryotic organisms with an
autotrophic metabolism and ability to perform oxygenic photosynthesis. Through this process,
they convert solar energy, carbon dioxide, and water into complex organic carbon compounds
and reducing power under the form of NAD(P)H, while releasing O, as a by-product (Garcia-
Pichel et al., 2020; Hall and Rao, 1999). Ever since their genesis, 3.5 billion years (Gyr) ago,
these organisms have been influencing and shaping the evolution of most other lifeforms on
Earth (Knoll, 1980; Olson, 2006; Rosing and Frei, 2004). The prime example of the enormous
impact they have had can be found in the Proterozoic era, a period ranging from 2.5 to 0.54
Gyr ago aptly named “the age of blue-green algae” (Figure 1). During the Great Oxidation
Event (GOE, 2.32-2.5 Gyr ago), the increasing oxygen content in the atmosphere caused by the
proliferation of cyanobacteria originated a mass extinction event with a drop in global biomass
over 80% (Hodgskiss et al., 2019; Ostrander et al., 2019; Planavsky et al., 2014). Afterwards,
in the Neoproterozoic Oxidation Event (NOE, 0.8-0.6 Gyr ago), the stabilization of these oxygen
levels allowed the appearance of complex lifeforms such as animals, and the diversification of
marine planktonic algae that helped develop the food webs necessary to support them (Brocks
et al., 2017; Lyons et al., 2014; Sanchez-Baracaldo, 2015; Sanchez-Baracaldo & Cardona, 2020;
Scott et al., 2008). In the present day, cyanobacteria remain in a very prestigious position in
the tree of life, as the foundation of many of the planet’s food chains, producers of oxygen,
and agents of nitrogen fixation (Knoll, 2008).

log[p,, (atm)]

1
4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
Age (Gyr ago)

Figure 1. Evolution of Earth’s atmospheric oxygen content through time. The major events of oxygen
production, the Great Oxidation Event (GOE) and Neoproterozoic Oxidation Event (NOE), are highlighted
(dashed lines). Right axis, atmospheric partial pressure of O, (po,) relative to the present atmospheric

level (PAL); left axis, log po,; Gyr - billon years. Modified from Lyons et al. (2014).



2 Introduction

Cyanobacteria are sought after for both research and industrial purposes. For the latter,
heterotrophic microorganisms are mostly used, requiring the supply of carbon sources and thus
limiting the sustainability of the production processes. In comparison, cyanobacteria require
CO,, water, and light to grow, as well as inorganic nutrients and a source of nitrogen in the
case of the non-diazotrophic strains (Markou et al., 2014). These simple nutritional
requirements make cyanobacteria much more cost-effective (Jodlbauer et al., 2021),
especially as emergent technologies reduce the cost of artificial lighting, traditionally a major
setback to process up-scaling (Chen et al., 2011; Johnson et al., 2018). Moreover, the faster
growth rate and higher production ability of cyanobacteria over plants, the amenability to
genetic engineering of several strains, and the possibility to use alternative water sources such
as seawater for cultivation, combine to make them extremely appealing chassis for added value
compound production (Machado et al., 2012; Nozzi et al., 2013; Rodionova et al., 2017). The
products synthesized by cyanobacteria are very diverse, ranging from bioplastics to compounds
with health benefits that display antiviral, antibacterial, antifungal, and even anticancer
activity (Abed et al., 2009). Among all the organisms that encompass the extremely diverse
group that is cyanobacteria, Synechocystis sp. PCC 6803 (hereafter Syn6803) has gained
relevance as a cell-factory, due to the early sequencing and annotation of its genome (Kaneko
et al., 1996) that generated a vast amount of data, along with the development of genome-
scale metabolic models (Fu, 2009; Montagud et al., 2011). Customized synthetic biology tools
have also been developed for this organism, such as synthetic promoters, ribosome binding
sites (RBS), and other regulatory elements like riboswitches, expanding the available portfolio
and insulating the device from the native regulatory network (Ferreira et al., 2018; Huang and
Lindblad, 2013; Nagy et al., 2021; Ohbayashi et al., 2016; for a review see Pacheco et al.,
2021). Al together, these advancements allow a more rational approach to increase the
production of desirable compounds using Syn6803 as chassis.

1.2 - Compatible solutes: properties, structure, and synthesis

To be able to grow under salinity conditions, cyanobacteria require specific adaptation
mechanisms. Exposure to salt generates an osmotic pressure that forces water out of the cell
and causes a high influx of ions, which leads to a decrease in turgor pressure and cell volume
as well as to the denaturation of macromolecules and complex structures (such as proteins and
membranes), and inevitably causing cell death (Ladas and Papageorgiou, 2000) (Figure 2A).
The “salt-out” strategy (Figure 2B) is one of the mechanisms that enables cells to maintain
the osmotic balance by actively pumping Na* and Cl" out of the cell and by, simultaneously,
synthesizing a particular set of substances known as compatible solutes (CS). CS are
characterized by very high solubility, absence of net charge, and inability to directly interact
with macromolecules (Galinski, 1995; Klahn and Hagemann, 2011). Instead, these solutes
interact with water generating a hydration shell around the macromolecules, which has a
thermodynamic stabilizing effect that counteracts denaturation (Galinski, 1995; Jadhav et al.,
2018). Moreover, these solutes can be accumulated intracellularly at molar concentrations that
balance osmotic pressure and prevent the loss of turgor (Galinski, 1995; Klahn and Hagemann,
2011). By protecting key players in cell metabolism, CS are not only associated with resistance
to salt stress, but also to extreme temperature shifts, desiccation, oxidative and chaotropic
stress (Cray et al., 2015; de Lima Alves et al., 2015; Galinski, 1995). The breadth of their
functions is rivalled only by their applications in various fields: in molecular biology, protecting



enzymes and DNA; applied in cosmetics as sunscreen and antioxidants; in pharmaceuticals as
excipients and active compounds alike; and also used in food/feed industries as stabilizers
(Shivanand and Mugeraya, 2011).
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Figure 2. Schematic representation of the effects of salt stress in cyanobacteria (A), and of the “salt-
out” response as a mechanism to cope with salinity (B). CS - compatible solute. Figures from Klahn and
Hagemann (2011) modified using biorender.com.

Only a few molecules have the properties necessary to function as CS, belonging to specific
groups such as sugars, polyols, heterosides, amino acids and their derivatives. In addition, not
all CS provide the same level of protection towards osmotic stress. The sugars, sucrose and
trehalose, are associated with freshwater strains that have a low salt tolerance (NaCl
concentration up to 3% or 0.51 M, also considered seawater-like conditions). Glucosylglycerol
and glucosylglycerate, both heterosides, are characteristic of marine strains found in
environments with up to 10.5% NaCl (1.8 M). The most effective CS are the amino acid
derivatives, glycine betaine and glutamate betaine, mostly present in halophile strains that
grow in hypersaline environments (with salt saturated concentrations ~-17.5%/3 M NaCl)
(Hagemann, 2011, 2013; Kirsch et al., 2019; Klahn and Hagemann, 2011) (Figure 3).
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Figure 3. Structure of different compatible solutes commonly found in cyanobacteria and correlation with
their habitat. Figures from Hagemann (2011) and Klahn and Hagemann (2011) modified using
biorender.com.

Although Syn6803 was isolated from freshwater, it is a moderately halotolerant organism
that produces sucrose (Suc) and glucosylglycerol (GG) as its main CS (Reed and Stewart, 1985).
The syntheses of these solutes require a two-step reaction catalysed by two enzymes. For Suc,
the enzyme sucrose-phosphate synthase (Sps) acts on UDP-glucose and fructose-6-phosphate to
synthesize sucrose-6-phosphate; followed by sucrose-phosphate phosphatase (Spp) which
converts it into the final compound (Figure 4A). Similarly, the synthesis of glucosylglycerol
begins with the conversion of ADP-glucose and glycerol-3-phosphate into glucosylglycerol-6-
phosphate by glucosylglycerol-phosphate synthase (GgpS); and culminates in the
dephosphorylation of this product by glucosylglycerol-phosphate phosphatase (GgpP) to
generate GG (Klahn and Hagemann, 2011) (Figure 4B). In both cases, the first enzymatic step
is regulated and is responsible for the production of the CS in a salt-dependent manner. As the
intracellular ion concentration increases, sps and ggpS are derepressed and, subsequently, the
translated protein is activated (Kirsch et al., 2019). While the mechanism behind this activation
is still unclear, it is likely based on the salt-dependent phosphorylation of Sps and GgpS
(Hagemann and Erdmann, 1994; Hagemann et al., 1993).

SR ED I E DA CO N €D

Fru-6- P7—Y8uc -6~ PTSUC G-3- PﬁGG 6-P jGG
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Figure 4. Biosynthetic pathways for the production of sucrose (Suc) (A) and glucosylglycerol (GG) (B).
UDP - uridine diphosphate; UDP-Glu - UDP-glucose; Fru-6-P - fructose-6-phosphate; Suc-6-P - sucrose—6-
phosphate; P; - inorganic phosphorous; Sps - sucrose-phosphate synthase; Spp - sucrose-phosphate
phosphatase; ADP - adenosine diphosphate; ADP-Glu - ADP-glucose; G-3-P - glycerol-3-phosphate; GG-6-
P - glucosylglycerol-6-phosphate; GgpS - glucosylglycerol-phosphate synthase; GgpP - glucosylglycerol-
phosphate phosphatase.



1.3 - Glycine betaine as a compatible solute of industrial
interest

Among the CS mentioned above, glycine betaine (GB) is particularly attractive for
commercial purposes given its applications in: feed supplementation (Aquilina et al., 2013);
cryoprotection (Cleland et al., 2004); the optimization of PCRs (Weissensteiner and Lanchbury,
1996); cosmetics (Estrin et al., 1997); and in pharmaceutical formulations. Currently, GB is
used to treat homocystinuria (European Medicines Agency, 2016) with additional potential uses
in liver disease (Day and Kempson, 2016) as well as clotting and haemorrhagic conditions
(Messadek, 2002). Traditionally, GB has been obtained by extraction from sugar beets (Beta
vulgaris), but this process results in low yields, becoming therefore expensive (Heikkila et al.,
1981). Alternatively, GB can be produced by chemical synthesis in a cheaper fashion but it
requires the use of strong acids and bases, and consumes a lot of energy for heating and cooling
(Kegang, 1997), thus generating a large carbon footprint (DuPont, 2015). As such, greener and
more effective processes for GB synthesis are required, with its biological production by
microorganisms coming to the forefront as a viable option given its sustainability (Sheldon and
Woodley, 2018). Several microbes have been identified as producers of GB, including
phototrophic and methanogenic bacteria (Galinski, 1995), but also chemoheterotrophs. Among
these producers, both halophiles and non-halophiles can be found (Imhoff and Rodriguez-
Valera, 1984; Ollivier et al., 1994; Oren, 1990), including Escherichia coli, an ubiquitously used
organism for industrial synthesis processes (Landfald and Strem, 1986).

The biosynthesis of GB can occur via two distinct pathways. The most commonly found
metabolic route is the one shared by the chemoheterotrophs, involving a two-step oxidation of
choline by choline dehydrogenase (CHDH) and betaine-aldehyde dehydrogenase (BADH), with
glycine betaine-aldehyde as the intermediate (Landfald and Strem, 1986) (Figure 5A).
However, this requires the presence of choline in the growth medium, as these organisms rely
on its uptake for the production of GB (Hagemann, 2011). The other pathway is restricted to
phototrophic organisms such as plants and cyanobacteria (Hagemann, 2011), and allows the de
novo synthesis of GB through three successive methylation steps of glycine using S-
adenosylmethionine (SAM) as a donor of methyl groups. The methylations are catalysed by two
distinct enzymes: glycine sarcosine N-methyltransferase (GSMT), which is responsible for the
first two methylations; and dimethylglycine N-methyltransferase (DMT), which converts
dimethylglycine into GB (Nyyssola et al., 2000; Waditee et al., 2003) (Figure 5B). This tri-
methylation pathway would be preferred in an industrial setting, as it does not require the
supply of choline, lowering costs and improving economic feasibility.
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Figure 5. Biosynthetic pathways of glycine betaine (GB), via the oxidation of choline (A) or the tri-
methylation of glycine (B). CHDH - choline dehydrogenase; BADH - betaine-aldehyde dehydrogenase;
NAD(P) - nicotinamide adenine dinucleotide (phosphate); NAD(P)H - reduced nicotinamide adenine
dinucleotide (phosphate); GSMT - glycine sarcosine N-methyltransferase; DMT - dimethylglycine N-
methyltransferase; SAM - S-adenosylmethionine; SAH - S-adenosylhomocysteine.

1.4 - Optimization of Syn6803 as a chassis for glycine betaine
production

The application of Syn6803 as an industrial-scale producer of GB requires the
implementation of the biosynthetic pathway, as it is not one of this cyanobacterium’s native
CS. For the proof-of-concept, Ferreira et al. (2022) selected the tri-methylation pathway
described for Aphanotece halophytica and, based on the available information, designed a
synthetic device envisaging GB production in Syn6803-based chassis, designated Ahbet. This
device contained not only the coding sequences (CDS) - gsmt and dmt - for the
methyltransferases involved in the synthesis of GB, but also included the CDS for the S-
adenosylmethionine synthase - metX. The latter was included to prevent the shortage of the
SAM cofactor, which could potentially hinder GB production. The Ahbet device was introduced
into CS-deficient strains of Syn6803, generated by single or double deletion of the ggp$ and
sps genes (encoding the enzymes responsible for the first step of CS synthesis). Subsequently,
CS quantification showed that the implementation of the Ahbet device enables Syn6803 to
produce GB, achieving a maximum production of 1.89 pmol GB/mg protein in the
glucosylglycerol deficient chassis (AggpS Ahbet). Furthermore, it also allowed the survival of
this strain under 5% NaCl, an otherwise lethal salt concentration for the AggpS background.
In addition, carbohydrate quantification demonstrated that, in salt conditions, the pool of
glycogen decreases while the amount of CS and extracellular polymeric substances (EPS)
increase, namely, capsular polysaccharides (CPS). In cyanobacteria such as Syn6803, EPS are
complex polysaccharides with several roles, including preventing dehydration and making
them key players in the salt stress response (Jittawuttipoka et al., 2013; Pereira et al., 2009).
Put together, these results allowed to devise a strategy for optimizing the production of GB
by removing competing carbon sinks (such as glycogen and EPS), and diverting resources to
the synthesis of the heterologous CS (Ferreira et al., 2022). As mentioned above, one of the
competing carbon sinks are EPS. On other bacteria, the synthesis of EPS relies on three



distinct pathways: the Wzy-, the ABC transporter-, or the Synthase-dependent (Whitfield et
al., 2020). In Syn6803, genes related to all three are present, but not the complete set that
defines one pathway (Pereira et al., 2015). Studies focusing on key proteins related to these
pathways have shown that a deficiency in the KpsM (Slr0977) protein, a transmembrane
domain of the ABC transporter involved in EPS export, results in a significant decrease in EPS
production, with a 20% and 50% drop on CPS and released polysaccharides (RPS), respectively
(Santos et al., 2021a). In Syn6803, the kpsM gene has three putative homologues: s(r0977,
slr2107, and sll0574. The simultaneous inhibition of the transcription of these homologues by
CRISPRi suggested that, in Syn6803, Slr0977 is the main KpsM homologue involved in RPS
export (in standard laboratory conditions) (Santos et al., 2021a; Santos et al., 2021b).
Considering that the As(r0977 mutant has impaired EPS production (Santos et al., 2021a),
previously suggested to be a competing pathway for the production of CS in Syn6803 under
salinity conditions (Ferreira et al., 2022); the use of this mutant could result in the
optimization of GB production in this cyanobacterium. Furthermore, the combination of the
deletion of the slr0977 and ggpS genes is also envisaged as a chassis that could further
increase the production of GB.

1.5 - Aims

This project aimed at the optimization of the production of the heterologous compatible
solute (CS) glycine-betaine (GB) using a cyanobacterial (Syn6803)-based chassis. Building upon
previous work, the synthesis of the extracellular polymeric substances (EPS) - previously
identified as a potential competing pathway (Ferreira et al., 2022) - was targeted to redirect
metabolic fluxes towards the production of GB. For this purpose, Syn6803 mutants expected
to have impaired EPS production were investigated as chassis for GB production, namely
Aslr0977 and the double mutant AggpSAslr0977. The characterization of these mutants
harbouring the device for GB production included:

i) assessment of growth fitness under salinity conditions,

ii) quantification of carbohydrates (capsular and released polysaccharides, glycogen and
polyhydroxybutyrate);

iii) evaluation of CS production (glycine betaine and the native CS, glucosylglycerol and
sucrose);

iv) the initial work for a transcriptome analysis that will allow to gain insights on the key
players in Syn6803 GB-production and unveiling targets for future optimizations.



Materials and methods

2.1 - Reagents and enzymes

The media components and other reagents were obtained from Fisher Scientific (USA),
Merck (Germany), or Sigma Aldrich (USA). All DNA-modifying enzymes and polymerases were
purchased from ThermoFisher Scientific (USA) and Promega (USA).

2.2 - Organisms and culture conditions

The Syn6803 wild-type and mutants used in this work were maintained in Erlenmeyer
flasks batch cultures with BG11 medium (Stanier et al., 1971), supplemented with antibiotics
when appropriate (Table 1). The cultures were incubated at 30 °C with orbital shaking (150
rpm) under a 12 h light/12 h dark regimen. In all experiments, the light intensity was 25
pE/m?/s, and the Cosine-corrected irradiance was measured using a Dual Solar/Electric
Quantum Meter (Spectrum Technologies, Inc., United States).

Table 1. List of strains used in this work

Strain Description Antibiotic Source/Reference
. Pasteur Culture
Unicellular, non- ]
. . . Collection, France
Synechocystis sp. motile Synechocystis .
(Kanesaki et al.,
PCC 6803 (Syn6803) sp. PCC 6803
. 2012; Trautmann et
substrain GT-Kazusa
al., 2012)
Syn6803 mutant
with a kanamycin
Syn6803 Aslr0977 resistance cassette Km 400 pg/mL Santos et al. (2021a)
replacing the
slr0977 locus
Syn6803 Aslr0977
Syn6803 Aslr0977 ) Km 400 pg/mL Host group
Ahbet mutant harbouring Cm 10 pg/mL unpublished work
the Ahbet device He P
Syn6803 mutant
Syn6803 AggpS with the S locus Ferreira et al.
4 ssP 33P . Cm 10 pg/mL
Ahbet deleted, harbouring (2022)
the Ahbet device




Syn6803 Aggp$S
mutant with a
Syn6803 k i Host
yn ' anamycin Km 400 pg/mL. os. group
AggpSAslr0977 resistance cassette unpublished work
replacing the
slr0977 locus
Syn6803
Syn6803
AggpSAslr0977 Km 400 pg/mL Host group
AggpSAslr0977 . .
Ahbet mutant harbouring Cm 10 pg/mL unpublished work
the Ahbet device

2.3 - Growth experiments

Pre-cultures of Syn6803 mutants were inoculated in BG11 medium (supplemented with
200-250 pg/mL Km and/or 5 pg/mL Cm, when appropriate), and maintained in the conditions
described above. The cultures were grown to an OD73y = 2 and, subsequently diluted in BG11
medium (without antibiotic) to a final OD;3 = 0.5. This culture was distributed into 100 mL
Erlenmeyer flasks (50 mL per flask) without NaCl or containing 3, 5, or 7% (wt/vol) NaCl (0.51,
0.86, and 1.2 M NaCl, respectively), previously sterilized by autoclaving. These cultures were
maintained in the same conditions as the pre-cultures and growth was monitored for 16 days
by measuring OD;3,. All experiments included four biological replicates with technical
duplicates.

2.4 - Chlorophyll a measurement

The chlorophyll a (chl a) content was determined as described by Meeks and Castenholz
(1971). Briefly, 1 mL of culture was centrifuged for 2 min at 14,000 xg, and the pellet
resuspended in an equal volume of 90% (vol/vol) methanol. Samples were left overnight (O/N)
in the dark at 4 °C, after which, were vortexed and centrifuged for 2 min at 14,000 xg. The
supernatants’ OD at 663 nm was then measured and chl a concentration calculated using a
molar extinction coefficient of 12.7 mL/pg/cm. Measurements were performed for four
biological replicates with technical duplicates.

2.5 - Total carbohydrate content, released and capsular
polysaccharides measurements

Total carbohydrate content (CHT), released polysaccharides (RPS) and capsular
polysaccharides (CPS) were determined as previously described (Mota et al., 2013). Ten
millilitres of culture samples were dialyzed (12-14 kDa molecular weight cut-off; CelluSepT4,
Orange Scientific, Belgium) against, at least, 10 volumes of distilled water or 3% (wt/vol)
NaCl solution (identical to the growth medium) for a minimum period of 24 h. One millilitre
of the collected sample was used to spectrophotometrically quantify CHT by the phenol-
sulphuric acid method (Dubois et al., 1956). Briefly, 1 mL of 5% (vol/vol) phenol and 5 mL of
concentrated sulphuric acid were added to the sample, mixed by inverting, and allowed to
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react for 10 min before being incubated in a water bath at RT for 15 min. The solution’s OD
at 488 nm was measured and carbohydrate concentration determined from a glucose standard
curve equation (Supplementary Figure 1). To determine the RPS, 5 mL of the dialyzed sample
were centrifuged at 3,220 xg for 10 min at RT, and 1 mL of the cell-free supernatant was used
for quantification using the same method described for the CHT. For CPS quantification, five
millilitres of dialyzed cultures were centrifuged at 3,220 xg for 10 min at RT, after which the
cell pellet was resuspended in distilled water and boiled in a mineral oil bath at 96 °C for 15
min. The samples were centrifuged as described previously, and 1 mL of the cell-free
supernatant was used for CPS quantification by the phenol-sulphuric acid method. CHT, RPS,
and CPS were normalized by chl a content. All experiments included four biological replicates
with technical triplicates.

2.6 - Glycogen extraction and quantification

Glycogen extraction was performed as described in Ernst et al. (1984). The cell samples
were collected 1 h after the transition between the dark and the light phase, 10 mL of the
cultures were centrifuged for 10 min at 3,220 xg, and the cell pellets stored at -80 °C until
further use. The cells were thawed, resuspended in 100 pL of distilled water and transferred
to a 2 mL screw-cap tube. Four hundred microlitres of 30% (wt/vol) KOH were added and the
mixture was incubated at 100 °C for 90 min, then quickly cooled on ice. Six hundred
microlitres of ice-cold absolute ethanol were added and the mixture was incubated on ice for
2 h, and subsequently centrifuged for 5 min at 16,000 xg, 4 °C. The supernatant was
discarded, and the isolated glycogen was washed 6 times with 500 pL of ice-cold absolute
ethanol, separating the pellet by centrifugation as previously described. After the washing
steps, the pellet was dried at 60 °C for 5-10 mins, then resuspended in 1 mL of distilled water
and transferred to a 15 mL Falcon. The sample was diluted by adding 5 mL of distilled water,
and used for glycogen quantification by the phenol-sulphuric acid method (Dubois et al.,
1956), as described above. The results from the quantification were normalized by chl a
content. Experiments included four biological replicates with technical triplicates.

2.7 - PHB extraction and quantification

PHB extraction was performed as described previously (Thiel et al., 2017) with
adaptations. Ten millilitres of cell culture were centrifuged at 3,220 xg for 10 min, with the
cell pellets being stored at -80 °C until further use. For PHB quantification, the alkaline lysis
of the polymer to D-3-hydroxybutyric acid was performed by resuspending the pellets in 400
ML of 0.5 M NaOH. The suspension was then heated at 85 °C with shaking at 300 rpm for 1 h,
after which the pH was adjusted to 8.0 by adding ~100 pL of 1 M HCL. Then, 150 pL of lysate
were used for PHB quantification performed with the D-3-Hydroxybutyric Acid Assay Kit
(Megazyme, USA). The assay was set up in 96-well plates including technical triplicates for
each sample, and the absorbance at 492 nm was measured using a microplate reader
(CLARIOstar®, Germany). The PHB concentration was determined using a D-3-hydroxybutyric
acid standard curve equation (Supplementary Figure 2), and normalized by chl a content.
Experiments included at least two biological replicates with technical triplicates.
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2.8 - Compatible solutes quantification

Cultures of Syn6803 mutants Aslr0977 and AggpSAslr0977 with and without the Ahbet
device were grown in BG11 or BG11 supplemented with 3% (wt/vol) NaCl, at an initial ODs3
= 0.5, as described in section 2.3 - . The quantification of the native and heterologous CS
(sucrose, glutamate, glucosylglycerol, and glycine betaine), was performed using 500 mL of
culture (grown in ten 100 mL Erlenmeyer flasks,50 mL of culture per flask. Three or four days
after inoculation (OD;3 ~1.0), the cells were harvested by centrifugation at 3,220 xg for 10
min at RT. Cells were washed using 100 mL of ice-cold distilled water or 3% (wt/vol) NaCl
solution (identical to the growth medium). Centrifugation was repeated and the cell pellets
were resuspended in 50 mL of the respective washing solutions. From this suspension, a 0.5
mL aliquot was collected and centrifuged for 2 min at 14,000 xg; later on, the cell pellet was
used for protein quantification. The remaining cell suspension was centrifuged at 3,220 xg, 4
°C, and the pellet stored at -20 °C. Ethanol-chloroform extraction of the CS was performed
as described in Ferreira et al. (2022). Briefly, cell pellets were suspended in 25 mL of 80%
(vol/vol) ethanol and subsequently transferred to a 100 mL round flask containing a magnetic
stir bar. The flask was connected to a coil condenser (circulating cold water), and heated at
100 °C with stirring for 10 min. The suspension was transferred to a 50 mL tube and
centrifuged at 3,220 xg for 10 min, RT. The supernatant was stored and the pellet
resuspended in 20 mL of 80% (vol/vol) ethanol for a new extraction process, and the
supernatants from both extraction processes were pooled. The remainder protocol was
performed as described in Santos et al. (2006). The ethanol from the supernatants was
removed by rotary evaporation using a Buchi R300 rotary evaporator (Buchi, Switzerland)
using the following settings: water bath at 40 °C, condenser at 4 °C and 120 mbar of pressure.
The remaining mixture was transferred to a glass centrifuge tube and half a volume of
chloroform was added and mixed by vortexing. The emulsion was then centrifuged at 3,220
xg for 15 min at RT, and the upper, aqueous phase was transferred to a 50 mL Falcon. To the
remaining chloroform phase, half a volume of dH,0 was added, and the extraction process
repeated. The resulting supernatants were then pooled and frozen at -80 °C, and
subsequently lyophilized. Detection, identification, and quantification of CS was performed
by proton NMR (this step was performed by Dr. Pedro Lamosa at CERMAX, ITQB, Universidade
Nova de Lisboa). For this effect, freeze-dried extracts were dissolved in 1 mL of D,0 and a
known amount of sodium formate was added to serve as an internal concentration standard.
Spectra were acquired at 25 °C on a Bruker Avance Il 800 spectrometer (Bruker,
Rheinstetten, Germany) working at a proton operating frequency of 800.33 MHz, equipped
with a 5 mm, three channel, inverse detection cryoprobe TCl-z H&F/C/N with pulse-field
gradients. A 3 s soft pulse was applied before the excitation pulse, to pre-saturate the water
signal. Spectra were acquired under fully relaxed conditions (flip angle 60°; repetition delay
of 60 s) so that the area of the NMR signals was proportional to the amount of the different
protons in the sample. Integration of the signals was performed using the tools available in
the TopSpin software (Bruker, Rheinstetten, Germany) version 3.6.2.

The concentration of CS was expressed as pmol per mg of protein. For protein
quantification, the cells were resuspended in TE buffer (10 mM Tris, 1mM EDTA pH 8.0), and
disrupted by vortexing for 2 min. The suspension was centrifuged at 12,000 xg for 10 min, and
protein quantification was performed using the Bio-Rad Protein Assay (Bio-Rad, USA) following
the manufacturer’s instructions. Protein concentration was calculated from a bovine serum
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albumin (BSA) standard curve equation (Supplementary Figure 3). Experiments included two
biological replicates.

2.9 - PCR

The presence or absence of the Ahbet device in the Aslr0977 and Aslr0977 Ahbet strains
was assessed by PCR using primers targeting the gsmt ORF (Table 2) of the Ahbet device.
Each reaction mixture contained: 0.5 U of GoTaq® G2 Flexi DNA Polymerase (Promega, USA),
1x Green GoTaq Flexi buffer, 200 pM of each dNTP, 1.5 mM MgCl,, 0.25 pM of each gsmt
primer (Table 2), and 4 pL of cell extract (used for protein quantification, see previous
section). The PCR profile was: initial denaturation of 5 min at 95 °C; followed by 25 cycles of
20 s at 95 °C (denaturation), 20 s at 56 “C (annealing), and 20 s at 72 °C (extension); and a
final extension at 72 °C for 5 min. For the amplification of the Ahbet device sequence, the
reaction mixtures contained: 0.4 U of Phusion™ High-Fidelity DNA Polymerase (ThermoFisher
Scientific ,USA), 1x Phusion™ HF buffer, 200 uM of each dNTP, 0.25 uM of each PS primer
(Table 2), and 8 pL of cell extract (used for protein quantification, see previous section). The
PCR profile was: initial denaturation of 30 s at 98 °C; followed by 30 cycles of 10 s at 98 °C
(denaturation), 20 s at 67 °C (annealing), and 1 min 45 s at 72 °C (extension); and a final
extension at 72 °C for 10 min. The PCR reactions were run on 1% (wt/vol) agarose gel
electrophoresis performed by standard protocols using TAE buffer(Sambrook and Russell,
2006).

2.10 - RNA extraction

Cell sampling was performed by centrifuging 100 mL of Syn6803 culture at OD;3, = 1 (or
equivalent volume), for 10 min at 3,220 xg. Cell pellets were treated with RNAprotect
Bacteria Reagent (Qiagen, Germany) according to instructions and stored at -80 °C. Total
RNA was extracted using the TRIzol® Reagent (Ambion, USA) in combination with the
PureLink™ RNA Mini Kit (Invitrogen, USA), including the On-column PureLink® DNase
Treatment. Briefly, the cells were disrupted in 1 mL TRIzol® Reagent containing 0.2 g of 0.2
mm-diameter glass beads (acid washed, Sigma, USA) using FastPrep®-24 (MP Biomedicals,
USA), with 2 cycles of 1 min at 4.0 m/s and 1 min incubation on ice in between. For the
remaining extraction protocol, all steps were performed according to the PureLink™ RNA Mini
Kit instructions except DNase treatment, in which a 90 min incubation period at 25 °C was
used. After elution, the RNA samples (30 pL) were stored at -80 °C until further use. RNA
concentration and purity (the ratios Azs/Azg0 and Ayeo/ Az3p) Were measured using NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific, USA). The RNA quality and integrity
was checked using the RNA 6000 Pico Kit (Agilent technologies, USA). The absence of genomic
DNA contamination was checked by PCR, in reaction mixtures containing: 0.5 U of GoTaq® G2
Flexi DNA Polymerase (Promega, USA), 1x Green GoTaq Flexi buffer, 200 pM of each dNTP,
1.5 mM MgCl,, 0.25 pM of each rnpB primer (Table 2), and 200 ng of total RNA. The PCR
profile was: initial denaturation of 5 min at 95 °C; followed by 25 cycles of 20 s at 95 °C
(denaturation), 20 s at 56 °C (annealing), and 20 s at 72 °C (extension); and a final extension
at 72 °C for 5 min. The PCR reactions were run on 1% (wt/vol) agarose gel electrophoresis
performed by standard protocols using TAE buffer(Sambrook and Russell, 2006).
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Table 2. List of oligonucleotides used in this work

13

) Primer .
Primer Tm Amplicon
sequence i . Purpose Reference
name o (°Q) size (bp)
(5’—3’)
DB CGTTAGGAT A Cof
P AGTGCCACAG ssessment of | pito et al.
56 136 genomic DNA
CGCTCTTAC . (2012)
rnpBR1 contamination
CGCACCTTTG
TGCTAAGCGG
SD_GSMT_F firmation of
- ~ | GTACTAGATGC Confirmation o Ferreira et
CCTTCGTCOA 56 350 presence of the al. (2022)
SD_GSMT_R Ahbet device )
AGATCAAATCG
AGGGCGGC Amplification .
PS1 Silva-
GGATTTGTCC of the Ahbet
GCGGCAACC 60 3500 devi Rocha et
evice
PS2 al. (2013)
GAGCGTTC sequence

2.11 - Statistical analysis

The statistical analysis was performed by means of one-way analyses of variance (ANOVAs)
followed by Tukey’s multiple comparisons test, or by the t-test, using GraphPad Prism v9.5.0
(GraphPad Software Inc., USA).
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Results

In previous work done by the host group, the heterologous production of glycine betaine
(GB) was achieved in several Syn6803-based chassis deficient in the production of native
compatible solutes (CS), with a AggpS Ahbet mutant displaying the highest GB production and
improved growth under 3% (wt/vol) NaCl (Ferreira et al., 2022). Alongside this, Ferreira et
al. (2022) identified two key carbon sinks that compete for resources with the synthesis of
CS: glycogen, a carbon storage polymer; and the extracellular polymeric substances (EPS),
which have several protective roles including resistance to salt stress. Therefore, targeting
these pathways could redirect metabolic fluxes toward the production of GB. Considering
this, a Syn6803 mutant reported to have impaired EPS production - Aslr0977 - (Santos et al.,
2021a), was used as chassis. The introduction of the Ahbet device into Aslr0977 did not lead
to an improvement of growth in the absence or presence of salt. The analysis of the
carbohydrate profiles of Aslr0977 and Aslr0977 Ahbet also revealed that, in contrast to what
was expected, the impairment in EPS production was abolished under the conditions tested.
Nevertheless, the production of GB was 3 pmol/mg protein (unpublished work by the host
group), that represents a 59% increase compared with the obtained using the AggpS Ahbet.
Here, in an attempt to further improve the production of GB, the use of a Syn6803 double
mutant that combines the gene deletions that led to highest GB production -AggpSAs(r0977 -
as chassis for GB production was investigated.

3.1 - Effect of NaCl on the growth of AggpSAs(r0977 strains

The AggpSAslr0977 and AggpSAslr0977 Ahbet strains were cultivated in standard BG11
medium or in BG11 supplemented with 3, 5, and 7% (wt/vol) NaCl (corresponding to 0.51,
0.86, and 1.2 M, respectively), and the growth was monitored over a period of 16 days by
measuring the ODs3p and chl a content (Figure 6). In the absence of salt, both AggpSAslr0977
and AggpSAslr0977 Ahbet showed growth similar to the wild-type (Figure 6A). Challenging
cells with 3% NaCl did not have a significant impact in the behaviour of both strains (Figure
6B & 6A), with the chl a content showing an identical trend to the ODs3,. Further increasing
the NaCl concentration to 5% caused a growth arrest that was accompanied by a severe
decline in chl a content, as by day 16 this pigment showed a decrease of -44% for the
AggpSAslr0977 and AggpSAslr0977 Ahbet mutants (Figure 6C). At 7% NaCl, the higher salinity
tested, none of the strains were able to grow, leading to the total loss of chl a at day 14
(Figure 6D).
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In summary, the implementation of the Ahbet device into AggpSAslr0977 did not have any
discernible effect on growth compared with the AggpSAs(r0977 background, under the
conditions tested.

A 0% NaCl B 3% NaCl
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g g
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Figure 6. Growth curves of Syn6803 wild-type (WT) and AggpSAslr0977 mutant with and without the Ahbet
device. Cultures were grown in BG11 (A) or BG11 supplemented with 3% (B), 5% (C), or 7% NaCl (D) at
30°C with shaking at 150 rpm under a 12 h (25 pE/m?/s) light/12 h dark cycle. Growth was monitored by
measuring optical density at 730 nm (ODz30), and chlorophyll a (chl a) (full and dotted lines, respectively).
Error bars correspond to standard deviations from four biological replicates with technical duplicates.
Statistical analysis was performed using the t-test. Data for the wild-type (WT) correspond to one
biological replicate that was included merely for comparison purposes.

3.2 - Effect of NaCl on the carbohydrate content of
AggpSAslr0977 strains

The total carbohydrate (CHT) content of AggpSAslr0977 and AggpSAslr0977 Ahbet strains
grown in standard BG11 medium or in BG11 supplemented with 3% (wt/vol) NaCl was
measured (Figure 7A). The CHT showed no variation with salinity in the AggpSAslr0977
mutant, whereas for the AggpSAs(r0977 Ahbet an 8% increase (p < 0.0373) was observed when
cells were grown under 3% NaCl (Figure 7A). To clarify the carbon distribution under salinity
conditions, the pools of extracellular polymeric substances, CPS (capsular polymeric
substances) and RPS (released polymeric substances), as well as the reserve polymers
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glycogen and polyhydroxybutyrate (PHB) were analysed. The CPS content of both strains
increased by two-fold under 3% NaCl (Figure 7B), while no change was observed in RPS
(Figure 7C). In terms of carbon storage polymers, the amount of glycogen on both strains
decreased by two-fold in the presence of salt (Figure 7D), whereas PHB was not detected
under the conditions tested. The latter was detected in the WT strain both under the
conditions used in this study and the conditions used by Santos et al. (2021a) (data not shown).

Figure 7. Effect of NaCl on CHT - total carbohydrates (A), CPS - capsular polysaccharides (B), RPS -
released polysaccharides (C), and glycogen (D) produced by Syn6803 AggpSAs(r0977 mutant with and
without the Ahbet device. Cultures were grown in BG11 or BG11 supplemented with 3% NaCl at 30°C with
shaking at 150 rpm under a 12 h (25 pE/m?/s) light/12 h dark cycle. Results were expressed as milligrams
per milligram of chlorophyll a (chl a), and obtained from four biological replicates with technical
triplicates. Statistical analysis was performed using one-way ANOVA. Statistically significant differences
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3.3 - Quantification of compatible solutes in AggpSAs(r0977
strains

In addition to carbohydrates, the CS content (namely glutamate, sucrose, glucosylglycerol
and glycine betaine) was quantified in AggpSAs(r0977 and AggpSAs(r0977 Ahbet strains grown
in BG11 (0% NaCl) or BG11 supplemented with 3% NaCl (Figure 8). In both strains, the absence
of glucosylglycerol production was confirmed whereas glutamate and sucrose accumulated in
a salinity dependent manner, with the latter only being detected in presence of NaCl as
expected. The sucrose contents found in the AggpSAs(r0977 (8.72 umol/mg protein,
preliminary results) and AggpSAs(r0977 Ahbet (12.79 pmol/mg protein) were higher than what
was reported for AggpS Ahbet (4.57 pmol/mg protein) (Ferreira et al., 2022). Surprisingly,
the AggpSAslr0977 Ahbet mutant was unable to produce GB.

A AggpSAsIr0977 B AggpSAsir0977 Ahbet
15.0- 15.0+
< 12.5- £ 12.5- ‘I‘
° °
& 10.0- 5 10.0
o : o
E 7.5 E 7.5
° °
5 5.0 5 5.0
n 2.5 0 2.5
o X X Iv_‘-l X X H X 3} X X m X X X
0.0 0.0
| J L J | J L J
0% NacCl 3% NaCl 0% NacCl 3% NaCl

[ Sucrose @ Glucosylglycerol [EI Glutamate B Glycine betaine X - Not detected

Figure 8. Effect of NaCl on the synthesis of the compatible solutes sucrose, glucosylglycerol, glutamate
and glycine betaine by AggpSAs(r0977 Ahbet (A) and AggpSAsir0977 Ahbet (B). Cultures were grown in
BG11 or BG11 supplemented with 3% NaCl at 30°C with shaking at 150 rpm under a 12 h (25 pE/m?2/s)
light/12 h dark cycle. Quantification of the compatible solutes was performed by proton NMR (in
collaboration with Dr. Pedro Lamosa, CERMAX, ITQB, Universidade Nova de Lisboa). Results were
expressed as micromoles of CS per milligram of protein, and obtained from at least two biological
replicates. Statistical analysis was performed where applicable using the t-test.

Subsequently, it was investigated whether the absence of GB production in the
AggpSAslr0977 Ahbet was due to absence of the device. For this purpose, a PCR targeting the
gsmt gene present in the Ahbet device was performed using as template the cell extracts
obtained from an aliquot of the same biomass used for CS quantification (Figure 9). The
presence of an amplicon on the PCR reactions performed, using the AggpSAsir0977 Ahbet
samples, confirms the presence of the synthetic device and ruled out the possibility of the
absence of GB production due to loss of the Ahbet device.
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18 Results
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Figure 9. Agarose gel showing the polymerase chain reactions (PCR) using the cell crude extracts as
template and the gsmt primers targeting the Ahbet cluster. The presence of an amplicon confirms the
presence of the Ahbet device in the AggpSAslr0977 Ahbet samples. Reactions were performed using the
primers SD_GSMT_F and SD_GSMT_R (Table 2). C+ - positive control using the pSEVA 351 plasmid
harbouring the Ahbet device. MWM - molecular weight marker GeneRuler DNA Ladder Mix (Thermo
Scientific™).

Given this result, the AggpSAslr0977 Ahbet samples were used for the amplification of the
full sequence of the Ahbet device (3500 bp) by PCR. Currently, the Ahbet amplicon is being
sequenced to verify the existence of mutations in the Ahbet device that could possibly
prevent its functionality and therefore justify the absence of GB production in the

AggpSAslr0977 Ahbet strain.

3.4 - Extraction of RNA for the transcription analysis by
RNAseq

Previously, the characterization of Syn6803 GB-producing strains AggpS Ahbet and
Aslr0977 Ahbet revealed key differences between them. The AggpS Ahbet showed improved
growth in comparison with the WT and Aggp$ under 0% and 3% NaCl (Ferreira et al., 2022). In
contrast, the Aslr0977 Ahbet did not display any growth improvement, but the production of
GB was significantly increased when compared with AggpS Ahbet (unpublished work), that
was previously described as the best GB producer (Ferreira et al., 2022). As such, these strains
were selected for a transcriptome analysis by RNAseq, to gain insights into the biological
mechanisms underlying the “improved growth” and the “improved production” phenotypes.
For this purpose, samples for RNA extraction were collected from Syn6803 WT, Aslr0977,
Aslr0977 Ahbet, and AggpS Ahbet cultures grown in standard BG11 medium or in BG11
supplemented with 3 and 5% (wt/vol) NaCl. After sample processing, the RNA purity was
assessed by the determination of the A/ Ay and A,/ Ay3p ratios, which showed values within
the expected ranges (2.07-2.14 and 2.3-2.7, respectively; Supplementary Table 1). These
results indicate that the levels of protein or organic compounds that co-purified with the RNA
are not significant. Subsequently, the absence of RNA contamination with genomic DNA was
confirmed by PCR, with no amplification of DNA in any of the samples (Figure 10). The final
RNA quality control performed was the evaluation of the sample integrity (Supplementary
Table 1). With the exception of samples WT 0% NaCl and As{r0977 0% and 5% NacCl, all other
RNAs showed an RNA integrity number (RIN) above 6.0, which is required for the
transcriptome analysis. For the samples with RINs below 6, new samples have already been
collected and RNA will be extracted.
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Aslr0977 AggpS
Aslr0977 Ahbet WT Ahbet
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Figure 10. Agarose gel showing the polymerase chain reactions (PCR) using the RNA samples as template
and the rnpB primers. The absence of amplification confirms that there is no contamination of the RNA
with genomic DNA. Reactions were performed using the primers rnpBF1 and rnpBR1 (Pinto et al., 2012).
C+ - positive control using wild-type (WT) genomic DNA; MWM - molecular weight marker GeneRuler DNA
Ladder Mix (Thermo Scientific™).
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Discussion

Glycine betaine (GB) is an extremely valuable compound from a commercial standpoint,
however, its production methods leave much to be desired. The use of cyanobacteria,
specifically Syn6803, as a photoautotrophic chassis for the heterologous production of GB is
appealing given its sustainability. Syn6803 mutants AggpS (deficient in the production of the
native solute glucosylglycerol) and As(r0977 (putatively impaired in the production of
extracellular polymeric substances - EPS) yielded the highest GB production in this
cyanobacterium, with the latter surpassing the former by 59% (Ferreira et al., 2022;
unpublished work). In an attempt to improve production further, the double mutant
AggpSAslr0977 was generated (unpublished work), and characterized here.

The introduction of the Ahbet device into the AggpSAslr0977 background did not
compromise its growth under the salinities tested, suggesting that there is no metabolic
burden associated with the production of GB. This finding is in line with the reported by
Ferreira et al. (2022), as simulations performed using the iSyn811 metabolic model showed
that the synthesis of GB would have a lesser impact on cell growth than the native compatible
solutes (CS). At a 3% salt concentration, AggpSAslr0977 Ahbet exhibits similar growth as the
Aslr0977 Ahbet strain, suggesting that, under this salinity, the phenotype of the Aslr0977
mutant prevails in the double mutant. However, when increasing the salt concentration to 5%
NaCl, the AggpSAsir0977 Ahbet exhibits a growth arrest similar to the observed for AggpS
Ahbet (Ferreira et al., 2022). This implies that GG is required for growth at 5% NaCl; or
alternatively, the amount of GB synthesized is not sufficient to support growth at this salinity.

Previous work has demonstrated that there is a trade-off between the synthesis of various
CS and other carbon sinks, either in the form of reserve polymers such as glycogen and PHB,
or the production of EPS (Baran et al., 2017; Du et al., 2013; Ferreira et al., 2022; Kirsch et
al., 2017). To study this interplay in the AggpSAs(r0977 and AggpSAslr0977 Ahbet strains, the
carbohydrate pools were analysed. In terms of total carbohydrates, a small increment (8%, p
< 0.05) was detected in the AggpSAslr0977 Ahbet strain grown under 3% NaCl; however, it is
difficult to determine its biological relevance. In contrast, a significant increase in capsular
polysaccharides (CPS) was detected, further demonstrating that these polysaccharides play a
protective role under salinity conditions (Ferreira et al., 2022; Jittawuttipoka et al., 2013;
Pereira et al., 2009). This seems to assume particular importance in mutants deficient in the
production of glucosylglycerol (GG) grown under 3% NaCl, such as AggpS and AggpSAs(r0977
with or without the Ahbet, for which the CPS increase by more than two-fold (Ferreira et al.,
2022; unpublished work). The released polysaccharides (RPS) remain unchanged when cells
are exposed to salt, thus implying a smaller contribution to the salt stress response (compared
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with CPS). These results obtained for the EPS (CPS and RPS) stress out that the deletion of
slr0977, which was reported to be a key player in EPS export in the absence of salt (Santos
et al., 2021a), does not result in the impairment of EPS under salinity conditions, pointing
towards the existence of alternative producing pathways or redundancy of existing ones. In
fact, the analysis of Syn6803’s transcriptome grown under 4% NaCl showed the upregulation
of the kpsM homologue slr2107, and also of slr0896 and slr0488 (Klahn et al., 2021). The
latter two are wzx homologues, encoding the protein responsible for EPS export in the Wzy-
dependent pathway (Pereira et al., 2015; Whitfield et al., 2020). In addition to EPS, the pools
of the reserve polymers were also analysed, with glycogen showing a decrease in presence of
salt, which is in agreement with previous reports (Ferreira et al., 2022; unpublished work).
This observation gives strength to the assumption that, under salinity conditions, glycogen is
degraded to redirect resources for cell protection through the synthesis of EPS and CS
(Ferreira et al., 2022) (Figure 11).
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Figure 11. Schematic representation of the putative redirection of resources under salinity conditions in
glucosylglycerol (GG) deficient Syn6803 strains, such as AggpS and AggpSAs(r0977 with and without the
Ahbet device. CPS - capsular polysaccharides; RPS - released polysaccharides. Created using
biorender.com.

Previously, the levels of polyhydroxybutyrate (PHB), another carbon storage polymer,
were shown to be increased in a Syn6803 Aslr0977 mutant grown in the absence of salt (Santos
et al., 2021a). Therefore, the quantification of PHB in AggpSAs(r0977 and AggpSAslr0977
Ahbet was pursued to verify whether resources are also deviated from the synthesis of this
polymer to the production of CS. In the conditions tested here, PHB could not be detected in
the absence or presence of salt, showing that it is not accumulated in these mutants. This
suggests that the contribution of PHB to the resources that are directed to cell protection
and homeostasis under salinity conditions is null or very limited.
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Final remarks and future work

Glycine betaine (GB) is an industrially relevant compound, with many possible
applications. The use of biological strategies for synthesizing GB at a large scale will allow its
sustainable production, which current production methods fail to address (DuPont, 2015). In
this work, the characterization of the double mutant AggpSAs(r0977 and its validation as a
Syn6803-based chassis for GB production were pursued. Analysis of the AggpSAs(r0977 and
AggpSAslr0977 Ahbet mutants’ behaviour under different salinity conditions reveal that the
Ahbet device is not detrimental to growth. In addition, a salt concentration of 3% has no
significant impact on growth, which enables the possibility to use seawater instead of potable
water for Syn6803 cultivation. The carbohydrate content of both mutants was also quantified,
showing a trade-off between CPS and glycogen in salinity conditions. The sharp increase of
CPS reveals that these strains rely on these polysaccharides to resist salt stress, and also that
the s(r0977 homologue is not necessary for their production in salinity conditions. The
quantification of the compatible solutes in AggpSAs(r0977 strains shows that AggpSAs(r0977
Ahbet does not produce GB, and the reasons for this need to be clarified. Nevertheless, the
results obtained so far show that essential knowledge on the metabolism of Syn6803 under
salinity conditions is still lacking. To enable rational engineering for GB production, it is
essential not only to understand the transcriptomic and proteomic landscape of the cell but
also to clarify the resources that are redirected when cells are exposed to salt, for example,
using RNAseq, proteomic, and metabolomic approaches, respectively. This would reveal the
molecular basis for the differences seen in the phenotypes of Syn6803 GB producing strains,
namely the AggpS Ahbet and the Aslr0977 Ahbet mutants, as well as help to refine existing
metabolic models for Syn6803 (Montagud et al., 2011). With this tool and the knowledge
accumulated, generating a GB-producing chassis that could rival E. coli in terms of
productivity is well within the realm of possibility.
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Annexes

Glucose calibration curve
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Supplementary Figure 1. Calibration curve for glucose concentration versus absorbance.

D-3-hydroxybutyric acid calibration curve
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Supplementary Figure 2. Calibration curve for D-3-hydroxybutyric acid mass versus absorbance.

BSA calibration curve
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Supplementary Figure 3. Calibration curve for bovine serum albumin (BSA) mass versus absorbance.



30 Annexes

Supplementary Table 1. Quantification of RNA concentration and parameters used to assess RNA purity
(260/280 and 260/230), and integrity (RIN - RNA integrity number).

[RNA]

Sample (ng/uL) | 2607280 | 260/230 | RIN
Aslr0977 0% NaCl | 1574.07 |  2.12 2.55 | 6.7
Aslr0977 3% NaCl | 1172.92 | 2.12 2.56 | 6.2
Aslr0977 Ahbet 0% NaCl | 1858.93 |  2.09 251 | 5.8
Aslr0977 Ahbet 3% NaCl | 1038.84 |  2.11 234 |74
Aslr0977 Ahbet 5% NaCl | 1039.58 | 2.1 2.46 | 3.7
WT 0% NaCl 1751.79 | 2.09 259 | 4

WT 3% NaCl 1654.65 | 2.11 254 |72

WT 5% NaCl 1456.2 | 2.14 2.56 | 6.4
AggpS Ahbet 0% NaCl | 1859.52 | 2.1 258 |75
AggpS Ahbet 3% NaCl | 2144.96 | 2.07 258 | 7

AggpS Ahbet 5% NaCl | 1652.72 |  2.11 2.56 | 6.7
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