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Abstract

Cyanobacteria are photosynthetic prokaryotes of high ecological and bio-
technological relevance that have been cultivated in laboratories around the
world for more than 70 years. Prolonged laboratory culturing has led to mul-
tiple microevolutionary events and the appearance of a large number of
‘domesticated’ substrains among model cyanobacteria. Despite its wide-
spread occurrence, strain domestication is still largely ignored. In this work
we describe Synechococcus elongatus PCC 7942-KU, a novel domesti-
cated substrain of the model cyanobacterium S. elongatus PCC 7942,
which presents a fast-sedimenting phenotype. Under higher ionic strengths
the sedimentation rate increased leading to complete sedimentation in just
12 h. Through whole genome sequencing and gene deletion, we demon-
strated that the Group 3 alternative sigma factor F plays a key role in cell
sedimentation. Further analysis showed that significant changes in cell sur-
face structures and a three-fold increase in released polysaccharides lead
to the appearance of a fast-sedimenting phenotype. This work sheds light
on the determinants of the planktonic to benthic transitions and provides
genetic targets to generate fast-sedimenting strains that could unlock cost-
effective cyanobacterial harvesting at scale.

world for more than 70 years (Bryant, 2014). The contin-
uous culturing, passaging, and mutation of cyanobacter-

Every axenic laboratory culture ultimately derives from a
‘wild’ environmental ancestor. The transition from the
environment to the laboratory typically implies moving
from a highly fluctuating, competitive environment to a
single species, static culture. The adaptation of environ-
mental isolates to their laboratory habitat is termed
domestication (Eydallin et al., 2014). Virtually all modern
model organisms have undergone decades of domesti-
cation and cyanobacteria, globally important photo-
trophic prokaryotes, are not an exception. Due to the
interest in their ecology, physiology, and, more recently,
biotechnological applications, cyanobacterial model
strains have been maintained in laboratories around the

ial strains has led to domestication and the concomitant
appearance of multiple substrains. The extent of which
was first highlighted in the widely used Synechocystis
sp. PCC 6803 (hereafter Synechocystis) (Trautmann
et al.,, 2012). Synechocystis was originally isolated in
1968 and soon after diverged into two lineages, PCC
6803 and ATCC 27184 (lkeuchi & Tabata, 2001). From
the latter, glucose-tolerant substrains emerged
(Williams, 1988) and rapidly became popular hosts due
to the availability of a sequenced genome (Kaneko
et al., 1996) and their ease of cultivation (e.g., growth on
glucose, lack of motility and aggregation). On the other
hand, strains of the PCC 6803 lineage have played a
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key role in unravelling the mechanisms behind motility,
phototaxis, and protein secretion (Bhaya et al., 1999;
Russo et al., 2022; Schuergers et al., 2016).

A similar pattern of laboratory domestication is now
emerging for another well-studied freshwater cyanobacte-
rium, Synechococcus elongatus (hereafter S. elongatus)
(Adomako et al., 2022). S. elongatus PCC 7942 has been
used extensively as a model for the prokaryotic circadian
clock (Cohen & Golden, 2015). Recently, it has also been
used to study natural competence (Schirmacher
et al., 2020; Taton et al., 2020) and developed as a bio-
technological chassis (Santos-Merino et al., 2019). The
origin of S. elongatus can be tracked back to early isola-
tions in Waller Creek, Texas and later in San Francisco,
California (Golden, 2019; Stanier et al., 1971). Several
S. elongatus strains were isolated and deposited in the
Pasteur Culture Collection, however only PCC 6301
(alias UTEX 625) and PCC 7942 were widely adopted. In
2015, a fast-growing strain of S. elongatus, UTEX 2973,
was isolated from a frozen archive of UTEX 625 (Yu
et al., 2015). While the exact origin of UTEX 2973
remains a mystery, it is likely that the specific growth con-
ditions used in this laboratory (e.g., high light and high
CO,) might have favoured the appearance of a fast-
growing substrain. Another addition to the S. elongatus
group of substrains was UTEX 3055, an environmental
isolate from Waller Creek whose genome shares a
98.5% identity with that of PCC 7942 (Yang et al., 2018).

Further evidence for laboratory domestication arises
from the distinct phenotypes presented by the
S. elongatus substrains. For example, the laboratory
strains PCC 6301, PCC 7942, and UTEX 2973 share a
genome identity of 99.99%. However, when compared to
PCC 7942, both PCC 6301 and UTEX 2973 lack natural
competence, and the ability to take up and incorporate
foreign DNA (Schirmacher et al., 2020; Taton
et al., 2020). It has been suggested that this is due to the
presence of single nucleotide polymorphisms (SNPs) in
critical subunits of the type IVa pili system (T4aPS) (Li
et al., 2018). UTEX 2973 also exhibits a fast-growing and
high-light tolerant phenotype (Ungerer, Lin, et al., 2018;
Ungerer, Wendt, et al., 2018). A more dramatic pheno-
typical difference can be seen in the environmental iso-
late UTEX 3055. In laboratory conditions, UTEX 3055
forms biofilms and is capable of phototactic motility with
a unique bidirectional photoreceptor (Yang et al., 2018).
PCC 7942 is not phototactic, however, the genes encod-
ing for this photoreceptor, and other components of the
phototaxis pathway, are present in its genome. In addi-
tion, PCC 7942 does not form biofilms, however, muta-
tions in key T4aPS components (e.g., PilB1) lead to a
strong biofilm-forming phenotype (Schatz et al., 2013).
Therefore, it has been suggested that phototactic motility
and biofilm formation are intrinsic properties of
S. elongatus and were lost during laboratory domestica-
tion (Adomako et al., 2022). Interestingly, genotype-
to-phenotype analyses of domesticated Synechocystis

and S. elongatus strains indicate similar loss-of-function
patterns. These include extensively modified cell sur-
faces (e.g., loss of pili and changes in polysaccharide
composition) and loss of environmentally relevant behav-
iours such as motility, phototaxis, and biofilm formation.
Despite ample evidence of substrain individuality, Syne-
chocystis and S. elongatus substrains are widely used
and strain domestication has received little attention.

In this study we describe a new S. elongatus sub-
strain, PCC 7942-KU (hereafter 7942-KU), that shows a
fast-sedimenting phenotype. We demonstrate that fast
sedimentation occurs due to changes in cell surface
composition mediated, in part, by a mutation in the
Group 3 sigma factor, SigF. Our findings present a
unique opportunity to investigate the mechanisms that
underly the switch from a planktonic to a benthic state.
In addition, fast sedimentation also enables efficient and
low-cost harvesting for cyanobacterial bioproduction.

EXPERIMENTAL PROCEDURES
Strains and growth conditions

In this study two strains of S. elongatus were used:
S. elongatus PCC 7942 (obtained from the Pasteur Cul-
ture Collection of Cyanobacteria), here referred to as
7942-WT, and S. elongatus PCC 7942-KU (named after
its place of origin, Kgbenhavns Universitet and kindly
donated by Yumiko Sakuragi). 7942-KU has been
deposited in the DSMZ strain collection under accession
no. DSM 115314. Cultures were maintained on BG-11
medium (Stanier et al., 1971) supplemented with 10 mM
2-tris(hydroxymethyl)-methyl-2-amino  1-ethanesulfonic
acid (TES) buffer (pH 8.0) and 1.5% (w/v) Kobe | agar at
30°C with continuous illumination of approximately
25 umol photons m~" s~ . To prevent genetic drift, cul-
tures were taken out of their respective cryo archives at
least every 3 weeks. Liquid cultures were grown either
in BG-11 TES medium or P4-TES CPH medium (Russo
et al.,, 2019), a modified version of phosphate-replete
medium (Lippi et al., 2018). Experiments in liquid culture
were performed either in 100 mL flasks, T-25 cell culture
flasks, 48-well flat-bottom microplates, or a CellDEG
high-density system (HDC 6.10 starter kit; CellDEG).
The CellDEG system was set up as previously
described (Cao et al., 2022). All liquid cultures were illu-
minated by Lumilux cool white L 15 W/840 fluorescent
lamps (Osram), with continuous illumination of approxi-
mately 50 ymol photons m2s~', and shaken at
150 rpm (flasks, microplates) or 280 rpm (CellDEG) on a
Unimax 1010 orbital shaker (Heidolph Instruments). For
cultivation of the 7942-WT mutants, agar plates were
supplemented with 25 pg mL~" kanamycin (7942-WT
ApilB1, 7942-KU + sigF) or 5pgmL~"' gentamycin
(7942-WT AsigF, 7942-WT ApilT1). Antibiotics were not
added to liquid cultures to avoid distorting effects.
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Sedimentation and biofilm assays

For biofilm quantification, cultures were grown in BG-11
TES medium for 3 days in glass tubes at 30°C with
constant illumination and bubbled with 3% CO,-
supplemented air. The cultures were then diluted to an
OD750 nm = 0.5 in 20 mL and grown in the same condi-
tions for a further 5 days. Ferric ammonium citrate and
citric acid were added fresh at every culture transfer
and the tip of the Pasteur pipette supplying aeration
was placed 1-2 cm above the bottom of the tube. Bio-
film quantification followed previously established pro-
tocols (Sendersky et al., 2017) with the exception that
chlorophyll extraction and estimation was adapted from
Ritchie (2008). Briefly, 1 mL of culture was centrifuged
at 10,000 xg for 5 min. The supernatant was dis-
carded, and the pellet was resuspended in 1 mL of
90% methanol. Samples were then incubated for
10 min in the dark and centrifuged at 10,000 xg for
5 min. The supernatant was measured at 665 nm and
chlorophyll concentrations were estimated with the
equation Chl a (pg mL™") = Ages nm x 12.9447. For the
sedimentation analysis in 100 mL flasks, cultures were
grown for 5 days at 30°C under shaking and constant
illumination. The cultures were then diluted to an OD,5q
am = 1in 25 mL of the respective medium, transferred
to 100 mL flasks, and kept at room temperature, with-
out agitation, under constant illumination, for approxi-
mately 14 days. For sedimentation analysis in 30 mL
universal tubes and 48-well microplates, cultures were
inoculated at an OD759 nm = 0.4 and grown for 3 days
at 30°C in the CellDEG system under shaking and con-
stant illumination. For the assay in universal tubes, cul-
tures were then diluted to an OD750 = 1.5 in 15 mL of
the respective medium and kept at room temperature,
without agitation, under constant illumination, for 24—
48 h. For the microplate assay, cultures were diluted to
an OD759 nm = 1.0 in 200 pL of the respective medium
and monitored with multipoint absorbance measure-
ments (13 coordinates, OD75¢ nm) Over 20 min on a
Varioskan Flash microplate reader (Thermo Fisher Sci-
entific). Microplates were kept in the reader at room
temperature, without agitation or illumination during the
assay. In the experiments where the addition of
MgSQO4, Na,SO,4, NaCl, or cAMP was tested, these
components were added 2 h before the sedimentation
analysis. The relative absorbance represents the ratio
between the maximum value among the 13 coordinates
at T,, and the mean of all 13 coordinates at Ty (relative
absorbance = max T,/mean Ty).

Resequencing of S. elongatus PCC
7942-KU

For sequencing 7942-KU, genomic DNA was extracted
with the Quick-DNA Fungal/Bacterial Miniprep Kit

EHISIE" ey | 1o
(Zymo Research Europe) following the manufacturer’s
recommendations with the following modifications. Cell
lysis was conducted with Genomic Lysis Buffer in ZR
BashingBead Lysis Tubes with a Vortex-Genie 2 (Sci-
entific Industries) on setting 7 for 20 min. The sample
was then centrifuged at 10,000 xg for 2 min and the
supernatant was column purified. Elution was per-
formed in 100 pL of DNA Elution Buffer. To remove
RNA from the sample, the eluate was brought to a final
volume of 200 pL with DNA Elution Buffer and 10 pL of
a 10 mg mL~" solution of RNase A. The sample was
gently mixed and incubated at 37°C for 60 min. A final
clean-up was then conducted using the same column
purification protocol. Genomic DNA was eluted in 50 pL
of DNA Elution Buffer and yields were measured on a
Qubit fluorometer (Invitrogen). lllumina 2 x 150 bp
paired-end library preparation and sequencing was per-
formed by Eurofins Genomics using their INVIEW
Resequencing service for bacterial genomes and
mapped against the 7942-WT genome (GenBank
accession no. NC_007604). All SNPs identified in
protein-coding regions were confirmed by PCR and
Sanger sequencing using the primers listed in
Table S1.

Generation of S. elongatus PCC 7942
mutants

Constructs for the generation of mutants were assem-
bled by Gibson assembly (Gibson et al., 2009) using
NEBuilder Hifi DNA Assembly Master Mix (New
England Biolabs). To generate a plasmid for the knock-
out of Synpcc7942_1510 (SigF), four DNA fragments
were generated by PCR for plasmid assembly: a vector
backbone of pBR322 without the tetracycline resis-
tance cassette, 1000 bp genomic regions up- and
downstream of Synpcc7942_1510 for homologous
recombination and a gentamycin resistance cassette.
The generated plasmid was named pJZ170. The plas-
mid for the knockout of Synpcc7942_2070 (PilT1) was
generated using the same strategy with a 1000 bp
region upstream and a 1025 bp region downstream of
Synpcc7942_2070. The generated plasmid was termed
pDAR27. A plasmid for knocking out
Synpcc7942_2071 (PilB1) was generated using a vec-
tor backbone fragment generated from pCAT.015
(Vasudevan et al., 2019) (qgift from Alistair McCormick,
Addgene plasmid # 119558) digested with Xbal and
three fragments amplified by PCR: a Kanamycin resis-
tance cassette and 1500 bp genomic regions up- and
downstream of Synpcc7942_2071 for homologous
recombination. This plasmid was named pMMO02. For
the complementation of sigF in 7942-KU, the gene
sequence of 7942-WT sigF (Synpcc7942_1510) was
fused with an HA-epitope encoding sequence, and a
J23100 promoter was used to control gene expression.
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The sequence was flanked by genomic regions for inte-
gration into neutral site 1 on the genome (plasmid
pJZ169). The correct assembly of constructs was con-
firmed by Sanger sequencing. The generated con-
structs were transformed into 7942-WT (pJZ170,
pMMO02, and pDAR27) or 7942-KU (pJZ169) using nat-
ural competence. Transformants were streaked on
increasing concentrations of antibiotics (up to
10 pgmL~" gentamycin or 50 pgmL~"' kanamycin)
until full segregation was confirmed by colony PCR.
Fully segregated mutant strains were named 7942-WT
AsigF (transformed with pJdZ170), 7942-WT ApilT1
(transformed with pDAR27), 7942-WT ApilB1 (trans-
formed with pMMO02) and 7942-KU + sigF (transformed
with pJZ169). All primers used for generation of con-
structs and colony PCR are listed inTable S2.

Microbial adhesion to hydrocarbons assay

The microbial adhesion to hydrocarbons (MATH) assay
was performed following the original publication
(Rosenberg et al., 1980) with some modifications.
Exponentially growing cyanobacterial cells were har-
vested and washed twice in phosphate buffer
(22.2gL"" K,HPO,, 7.2 gL' KH,PO,), pH 7.1. Fol-
lowing this, cells were resuspended to, approximately,
an OD759 nm = 0.35 in 1.6 mL of phosphate buffer with
2 M ammonium sulphate in glass vials. The addition of
ammonium sulphate enhances hydrophobic interac-
tions and, thus, the sensitivity of the assay
(Rosenberg, 1984). To the 1.6 mL cyanobacterial sus-
pension, 400 pL of p-xylene was added, the mixture
was vortexed at maximum speed for 2 min and then
allowed to rest for 15 min. A total of 800 pL were har-
vested from the aqueous phase and the OD75q n,m Was
measured. The MATH score is calculated using the
equation (1 — ODy;a/ODjnitial) x 100.

Determination of total carbohydrate
content, CPS and RPS

Sample preparation for the quantification of total car-
bohydrates, capsular polysaccharides (CPS), and
released polysaccharides (RPS) was done according
to Mota et al. (2013) and Flores et al. (2019). Briefly,
10 mL of culture were transferred to Readylyzer
10 dialysis membranes (molecular weight cut-off 12—
14 kDa, Serva) and dialyzed against 10 volumes of
water for 24 h with continuous stirring. From the dia-
lyzed samples, 5 mL were used to determine total
carbohydrates, and 5mL were centrifuged at
4000 xg for 15 min. The supernatant of the latter was
used for RPS determination. The resulting pellet was
resuspended in 5 mL of water, incubated at 95°C for
15 min, and centrifuged at 4000 xg for 15 min. The

supernatant was then used for CPS determination.
Total carbohydrate content, CPS, and RPS was
determined using the phenol-sulfuric acid assay
described in DuBois et al. (1956).

RESULTS

7942-KU exhibits a strong sedimentation
phenotype in high-density medium

7942-KU was revived from an S. elongatus cryo
archive at the University of Copenhagen. Although the
complete strain history is unknown, 7942-KU has its ori-
gins in S. elongatus PCC 7942-AMCO06. This strain is
routinely used in the laboratory of Susan Golden
(UC San Diego) and was donated to a European cya-
nobacterial research group before 2012. Given it had
spent more than a decade being cultivated and trans-
ferred among European laboratories, we hypothesized
that it could have undergone laboratory domestication.
Therefore, we purchased S. elongatus PCC 7942 from
the Pasteur Culture Collection (hereafter 7942-WT) and
initiated a phenotypic comparison between both strains.
It was immediately evident that 7942-KU exhibited a
sedimenting phenotype when cultivated in the high-
density medium P4 (Figure 1A). To further investigate
this phenomenon, both strains were cultivated in BG-11
and P4 media and the sedimentation rates were investi-
gated over 24 h (Figure 1B). In BG-11 medium,
7942-WT did not sediment and only minor sedimenta-
tion was observed in 7942-KU. In P4 medium, 3 h are
sufficient for a large part of the 7942-KU culture to sedi-
ment. Full sedimentation was achieved after 12 h with
little difference observed between 12 and 24 h.
7942-WT also exhibited a faster sedimentation rate
when grown in P4 medium, however, the culture never
completely sedimented during the experiment. After
24 h of static incubation, the sedimented cultures could
be completely resuspended by vortexing (Figure S1).

In 7942-WT, it has been reported that mutations in
key type IVa pili (T4aP) components (i.e., mutations
that eliminate pili formation) lead to a strong biofilm-
forming phenotype (Nagar et al, 2017; Schatz
et al., 2013). Therefore, to distinguish the sedimenta-
tion phenotype from the biofilm-forming phenotype, bio-
film formation was quantified in 7942-WT, 7942-KU,
and a 7942-WT ApilB1 (Synpcc7942_2070) mutant.
PilB1 is the T4aP retraction ATPase, and its inactiva-
tion abrogates pili formation and activates a biofilm-
forming phenotype (Nagar et al, 2017; Schatz
et al,, 2013). In 7942-WT and 7942-KU most of the
chlorophyll remained in suspension (99.48% £ 0.12%
and 90.83% +2.21%, respectively) (Figure 1C,
Figure S2). However, 7942-WT ApilB1 strongly
adhered to the culture vessel and only 37% + 3.40% of
chlorophyll remained in suspension (Figures 1C, S2).
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FIGURE 1 Sedimentation and biofilm formation of 7942 strains.(A) 20 mL culture of 7942-WT and 7942-KU after a 2-week incubation in
round bottom flasks under static conditions. Pictures represent a top view of the flask. (B) 24-h sedimentation assay (15 mL) in universal
containers (30 mL) incubated under static conditions. (C) Biofilm determination in 7942-WT, 7942-KU, and 7942-WT ApilB1 after a 5-day

incubation in BG-11 medium. n = 3, error bars: standard deviation.

TABLE 1 7942-KU and 7942-AMCO06 SNPs in protein-coding regions of the genome.

7942-WT locus Locus description

Synpcc7942_0095 Transcriptional regulator RpaA
Synpcc7942_0918 Long-chain acyl-CoA synthetase Aas
Synpcc7942_0918 Long-chain acyl-CoA synthetase Aas
Synpcc7942_1295 Acyltransferase

Synpcc7942_1510 Group 3 RNA polymerase sigma factor SigF
Synpcc7942_2070 Type |Va pilus retraction ATPase PilT1
Synpcc7942_2373 L-alanine-DL-glutamate epimerase
Synpcc7942_2597 Adenylate cyclase

Overall, our findings support that 7942-KU has a fast
sedimenting, but not biofilm-forming phenotype.

Unique mutations shed light on the history
of S. elongatus PCC 7942-KU

Having observed that 7942-KU sediments significantly
faster than 7942-WT, we aimed to determine the

7942-KU SNPs 7942-AMC06 SNPs (Adomako et al., 2022)

Q121R Q121R
L295P L295P
T625I T625I
del TCATGCC S305I
S239P -
C73Y -
G264D G264V
R89L -

genetic differences that underlie this phenotype.
7942-KU was resequenced and, in comparison to the
WT sequence (GenBank accession no. NC_007604), it
has 8 SNPs in protein-coding regions (Table 1) and
95 SNPs in intergenic regions (Data S2). Of these
95, four were found within 500 bp upstream of regions
coding for proteins Synpcc7942_0919, Synpcc7942_
1296, Synpcc7942_ 1475, and Synpcc7942_2372. In
addition, the 7942-KU genome was compared to the
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FIGURE 2 Development and testing of a high-throughput sedimentation assay. (A) Sedimentation of 7942-KU in a 48-well microplate after a
20 min static incubation. Four replicates of each sample are visible in the figure. (B) Microplate quantification of 7942-WT and 7942-KU
sedimentation after cultivation in BG-11 and P4 media. n = 4, error bars: standard deviation.

recently published genome of S. elongatus PCC
7942-AMCO6 (a strain routinely used in the laboratory
of Susan Golden, UC San Diego) (Adomako
et al., 2022). Out of the eight SNPs in protein-coding
regions initially identified in 7942-KU, three also exist in
7942-AMCO06, and another two are present in the same
genes but encode different protein sequence variations
(Table 1).

The three 7942-KU genes with unique SNPs are
sigF (Synpcc7942_1510), pilT1 (Synpcc7942_2070),
and an adenylate cyclase (Synpcc7942_2597). Given
that a sedimentation phenotype has not been reported
for 7942-AMCOQ6, the following analysis focused on
these three genes with unique mutations.

A novel microplate assay facilitates high-
throughput quantitative analysis of
sedimentation

The 24-h sedimentation assay in universal tubes
(Figure 1B) is not quantitative and does not easily allow
for multiple testing. Therefore, before proceeding with
further analysis of the sedimentation phenotype, a mini-
aturized microplate-based sedimentation assay was
developed. This assay relies on the observation that, in
48-well microplates, cells rapidly sedimented to the
center of the well during static incubation (Figure 2A). A
multipoint reading of the well absorbance then allowed
for an estimation of the relative amount of biomass that
has accumulated in a narrow area in the center of the
well at each time point. This enabled the use of absor-
bance as a quantitative proxy for sedimentation. As a
proof of concept, 7942-WT and 7942-KU were grown in
BG-11 and P4 and multipoint absorbances were mea-
sured over a period of 20 min (Figure 2B). The acceler-
ated sedimentation of 7942-KU was already visible at

5 min and continuously increased over the course of
the measurement. Meanwhile, the sedimentation of the
remaining strains was negligible throughout the whole
period. The data from the microplate assay agreed with
what was previously observed in the 24-h assay and
offered a way to rapidly, and quantitatively, measure
strain sedimentation.

Alterations in SigF and cell surface
structures underpin fast sedimentation

Using the microplate-based sedimentation assay, we
then proceeded to determine the individual effect of the
three unique SNPs found in protein-coding regions
(Synpcc7942_2070, Synpcc7942_2597, and
Synpcc7942_1510). Synpcc7942_2070 encodes the
T4aP retraction ATPase PilT1. Inactivation of PilT1 in
Synechocystis leads to the display of an excessive
amount of pili on the cell surface and an increase in cell
aggregation (Bhaya et al., 2000; Conradi et al., 2019).
To test whether hyperpiliation could contribute to the
fast sedimentation phenotype, we constructed a PilT1
deletion mutant. No significant difference was observed
in sedimentation between 7942-WT ApilT1 and
7942-WT (Figure S3). The 7942-KU mutation present
in the adenylate cyclase Synpcc7942_2597 affects the
conserved arginine at position 89 which completely
abolishes enzyme activity (Keppetipola et al., 2007). It
has been shown that phenotypes derived from the lack
of intracellular cAMP can be complemented by the
addition of exogenous cAMP (Bhaya et al.,, 2006;
Terauchi & Ohmori, 1999). Therefore, to determine if
Synpcc7942_2597 could be responsible for the
7942-KU phenotype, cultures were grown in P4
medium, and the sedimentation assay was performed
in the presence and absence of cAMP. No significant
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7942-WT AsigF sedimentation after cultivation in P4 medium. n = 4, error bars: standard deviation. (B) Microplate quantification of 7942-WT,
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deviation. (C) Microplate quantification of 7942-KU and 7942-KU + sigF sedimentation after cultivation in P4 medium. n = 4, error bars: standard

deviation.

difference in sedimentation was observed (Figure S4).
Having ruled out the effect of cAMP and hyperpiliation
on the sedimentation phenotype, we proceeded to
investigate the role of sigF (Synpcc7942_1510) in the
fast sedimentation phenotype.

Synpcc7942_1510 encodes the Group 3 RNA poly-
merase sigma factor SigF. The S239P mutation elimi-
nates one of the conserved amino acids required for
DNA binding and recognition of the —35 promoter ele-
ment (Bhaya et al., 1999). Therefore, a 7942-WT SigF
knockout mutant was generated and the sedimentation
rate of the 7942-WT AsigF mutant was measured
(Figure 3A). The AsigF mutant sedimented significantly
faster than its WT counterpart, albeit still slower than
7942-KU. We then proceeded to complement 7942-KU
with the 7942-WT sigF gene variant and observed a
partial complementation. In lower ionic strengths
(i.e., 100 mM NaCl), cells sedimented at a similar rate
to 7942-WT (Figure 3B). However, when grown in
higher ionic strengths (i.e., P4 medium), the sedimenta-
tion rate of the complemented 7942-KU + sigF was

similar to 7942-KU (Figure 3C). These results con-
firmed that SigF plays a key role in the fast sedimenta-
tion phenotype, however, it did not clarify the
mechanism behind the fast sedimentation. In Synecho-
cystis, SigF inactivation increases extracellular poly-
meric substances (EPS) and leads to changes in the
cell surface composition which include the inactivation
of T4aP (Bhaya et al., 1999; Flores et al., 2019). There-
fore, to determine if the fast sedimentation phenotype
of 7942-KU and 7942-WT AsigF was a result of alter-
ations in polysaccharide release or cell surface compo-
sition, we took three approaches: measurement of the
cell hydrophobicity, determination of EPS, and sedi-
mentation analysis of an unpiliated mutant.

First, a MATH assay (Rosenberg, 1984; Rosenberg
et al., 1980) was performed with 7942-WT, 7942-KU,
and 7942-WT AsigF. This assay uses the level of bac-
terial adherence to an organic phase (typically an
alkane) as a measure of the hydrophobicity of the cell
surface. Typically, a less hydrophobic cell surface, or a
cell surface that has lost hydrophobic structures such



1962 | ENVIRONMENTAL Applied ZEDLERET AL.
—LMICROBIOLOGY Mictobiclogy
(A) p=0.0011 (B)
[mmmmmmm———— 1
1 )
! p=0.1255 - 7942-WT
[ 1
i 1 H _ -©- 7942-WT ApilB1
509 p<0.0001 ! 8 e
Pihcaaa , | " = 7942-KU
40 : : £ 16-
o I | ! 8
8304 lele ! i 2
: | ;i 2 144
i 20+ 2
= ate 5 124
10 o
T _—e———eo——o o
0 T T T 1.0 T T 1
0 10 15 20
f»’\$ 3 (L)p) véé( time (min)
\ > | I
PSHNE N
o
S
(C) (D) (E)
p=0.0779 p=09214
------------ : [mm—————————
=0.0738 '
pF=_ _0._9_9_1I1 ------------ 1 p=0.0014
i i =0.3448 T
p=0oole ! pl ...... : p=0.0019
10 i ! 254  p=04799 ! 204 77O '
s | v = & | seeeee ) |
L = 1 ! &
o © S G
8z 61 o S 154 ' >
5 9 £ TI' € 1.01
£ 44 £ 1.0+ I g
§E o 2 05 B
g E o 9 054
= 2 % 0.5+ &
e
0 1 1 1 0.0 1 1 T 0.0 1 1 1
&
W (Y oo P oo &V
20 A PGS AN 20 A
W W g
/\q /\Q /\Q)

FIGURE 4 Cell surface hydrophobicity and EPS content of 7942-WT, 7942-KU, and 7942-WT AsigF and sedimentation analysis of
7942-WT ApilB1. (A) Surface hydrophobicity scores for 7942-WT, 7942-KU, and 7942-WT AsigF. The microbial adhesion to hydrocarbons
(MATH) assay was performed with cells cultivated in P4 medium. n = 4, error bars: standard deviation. P-values were determined using a one-
way ANOVA followed by a Tukey’s multiple comparison test. (B) Microplate quantification of 7942-WT, 7942-KU, and 7942-WT ApilB1
sedimentation after cultivation in P4 medium. n = 4, error bars: standard deviation. (C)—(E) Determination of EPS in 7942-WT, 7942-KU, and
7942-WT AsigF. Amount of total carbohydrate (C), capsular (D), and released (E) polysaccharides is shown. Cells were cultivated in P4 medium.
n = 3, error bars: standard deviation. P-values were determined using a one-way ANOVA followed by a Tukey’s multiple comparison test.

CPS = capsular polysaccharides, RPS = released polysaccharides.

as flagella or pili, will result in a lower MATH score. We
observed that both 7942-KU and 7942-WT AsigF had
significantly less hydrophobic cell surfaces than
7942-WT (Figure 4A). Next, to determine if the lack of
T4aP was a potential factor in the fast sedimentation
phenotype, the sedimentation rate of the unpiliated
7942-WT ApilB1 strain was measured. The results
show that the strain sediments significantly faster than
its WT counterpart and at virtually an identical rate to
7942-WT AsigF (Figure 4B). Finally, we proceeded to
quantify EPS in the three strains (Figure 4C-E). The
results showed that there was no significant difference
in total carbohydrates (Figure 4C) or CPS (Figure 4D).

However, interestingly, 7942-KU exhibited a 3-fold
increase in RPS (Figure 4E). To confirm whether RPS
were contributing to fast sedimentation we compared
the sedimentation rates of 7942-KU before and after
washing the cells with fresh medium. After washing, the
sedimentation rate of 7942-KU was significantly lower
than that of the original culture (Figure S5). Taken
together, the data suggest a contribution of extracellular
polysaccharides to the fast sedimentation phenotype.
Taken together, these results suggest that differences
in the cyanobacterial cell surface and amount of RPS
account for the differential sedimentation observed
between strains.
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FIGURE 5 Microplate quantification of 7942-KU sedimentation after cultivation in BG-11 medium and addition of different salts. (A) 7942-KU
sedimentation after addition of 12.5 mM of NaCl, Na,SO, and MgSO;,. (B) 7942-KU sedimentation after addition of 50, 16.7, and 12.5 mM of
NaCl, Na,SO,4 and MgSOQy,, respectively. n = 4, error bars: standard deviation.

Sedimentation is triggered by an increase
in ionic strength of the medium

For biotechnological applications, it is important to
determine the factors that induced accelerated sedi-
mentation in P4 medium. Therefore, we started by com-
paring the components in BG-11 and P4 media
(Table S3). One difference that stood out was that the
concentration of MgSQ, is almost seven times higher in
P4 than in BG-11. MgSQy is a popular flocculant in sev-
eral industries and it has previously been used for floc-
culation of algal cultures at high pH (Vandamme
et al., 2012). To test the effect of MgSO, on sedimenta-
tion rates, 7942-KU was transferred to BG-11 medium
with varying concentrations of the salt (0.3, 2, 4, and
8 mM) and then incubated in static conditions for 24 h
(Figure S6). Sedimentation accelerated with increasing
MgSO, concentrations with the fastest sedimentation
being observed at 8 mM. This confirmed that MgSQO,
was influencing the sedimentation of the cultures, but
the question remained whether this was due to a spe-
cific effect of the magnesium or sulphate ions or due to
an increase in salt concentration. To answer this ques-
tion, The microplate assay was then used to compare
the effect of MgSQ,4, Na,SO,4, and NaCl supplementa-
tion on sedimentation rates.

For these experiments, 7942-WT and 7942-KU were
grown in BG-11 medium to an exponential growth phase,
then different salts were added to the cultures, and sedi-
mentation was measured after 2 h. When the salts were
added in the same concentration (12.5 mM), MgSO, and
Na,SO, induced sedimentation, however, there was no sig-
nificant difference between the addition of NaCl and the
control (Figure 5A). Considering the ionic strengths,

12.5 mM solutions of MgSQ,4, Na,SO,4 and NaCl have ionic
strengths of 50, 37.5, and 12.5 mM, respectively. Therefore,
we tested adding the different salts in different concentra-
tions to achieve the same ionic strength of 50 mM across all
salts tested (Figure 5B). In this case, we observed sedimen-
tation in all three salt treatments with no significant differ-
ence between them. In conclusion, the data support the
hypothesis that an increase in ionic strength accelerates
sedimentation. Going forward, this can be exploited as a
strategy to improve biomass recovery at scale.

DISCUSSION

In this study, we describe 7942-KU, a novel
S. elongatus substrain that, through the process of lab-
oratory domestication, has acquired a fast-sedimenting
phenotype. We further demonstrate that the acceler-
ated sedimentation is mediated by interactions between
higher ionic strengths, released polysaccharides, and
altered cell surface characteristics. Laboratory domesti-
cation is typically an undesired outcome of serial cultur-
ing. However, here we show that a detailed
characterization of domesticated cyanobacterial strains
can provide insights into key cellular processes and
open new perspectives for the biotechnological applica-
tion of cyanobacteria.

Fast sedimenting strains are valuable for
algal biotechnology

During microalgal production, harvesting can account
for up to 30% of the total costs (Barros et al., 2015).
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Therefore, there is a keen interest in developing low-
cost harvesting processes. Harvesting typically con-
sists of a two-step process where cultures are concen-
trated by flocculation/sedimentation prior to employing
higher-cost physical cell separation techniques such as
centrifugation or filtration. Many methods for large-scale
cell concentration have been proposed, however, they
typically involve the addition of a flocculating agent or
the application of an electric field (Barros et al., 2015).
In the case of 7942-KU, full sedimentation can be
achieved quickly (< 12 h) without the addition of floccu-
lating agents (Figure 1), thus allowing for easy product
harvesting and recycling of the culture medium. In
recent years, there have been several efforts to
develop cyanobacterial strains with accelerated sedi-
mentation rates. Strategies have generally focused on
engineering cell size or, more commonly, cell surface/
extracellular properties. An example of the former is a
study that achieved accelerated sedimentation (48—
72 h) by modifying the levels of Min system proteins in
7942-WT to obtain cells of near-millimetre lengths
(Jordan et al., 2017). Regarding the manipulation of the
cell surface, several approaches have resulted in fast-
sedimenting cyanobacterial strains. These include inac-
tivation of O-antigen synthesis  (Simkovsky
et al., 2012), manipulation of the amount/composition
of EPS (Flores et al., 2019; Jittawuttipoka et al., 2013;
Li et al., 2021), T4aP modification (Allen et al., 2019;
Conradi et al., 2019; Nagar et al., 2017) and the secre-
tion of a hydrophobic product (e.g., limonene) (Long
et al., 2022). Our data suggest that the best approach
to improving biomass recovery will be multi-layered,
potentially combining engineering of cell size, cell sur-
face, and EPS with a medium optimized to induce fast
sedimentation.

The cyanobacterial cell surface plays a
significant role in the transition from a
planktonic to a benthic state

The properties of the cyanobacterial cell surface have
repeatedly been associated with regulating repulsion or
attraction of cells. The mechanisms vary but typically
include changes in cell surface structures (e.g., pili and
S-layer), EPS, vesiculation, and the composition of the
extracellular matrix (Allen et al, 2019; Conradi
et al., 2019; Flores et al., 2019; Kera et al., 2020;
Schatz et al., 2013). In agreement with this, our findings
suggest the 7942-KU fast sedimentation phenotype is
caused by a combination of altered cell surface and an
increase in RPS. Cell surface modifications can
increase the exposure of the cell to environmental fluc-
tuations, thus leading to the observed fast sedimenta-
tion under higher ionic strengths. In the MATH assay,
7942-KU and 7942-WT AsigF showed significantly
lower cell surface hydrophobicities (Figure 4A). In

heterotrophic bacteria, a lower MATH score has been
associated with higher sedimentation rates due to the
loss or alteration of a diversity of surface structures
such as lipopolysaccharides, flagella, the S-layer, or
T4aP (Lahesaare et al, 2016; Martinez-Garcia
et al., 2020; van der Mei et al., 2003). Given that
7942-WT AsigF and the unpiliated 7942-WT ApilB1
also show accelerated sedimentation, we can hypothe-
size that a large part of the fast sedimentation in
7942-KU can be traced back to deregulation of SigF
and alterations of cell surface composition. This is also
consistent with the findings in Synechocystis, where
the deletion of SigF dramatically changes the cyano-
bacterial extracellular milieu and also leads to fast sedi-
mentation (Bhaya et al., 1999; Flores et al., 2019).

However, the inactivation of SigF did not completely
account for the level of sedimentation observed in
7942-KU. Several studies have shown that modulating
the amount and composition of EPS can drastically
impact the repulsive forces between cells and their
environment and lead to sedimentation (Allen
et al., 2019; Conradi et al., 2019; Li et al., 2021).
Accordingly, our data showed that 7942-KU releases
approximately three-fold more polysaccharides in com-
parison to both 7942-WT and 7942-WT AsigF. There-
fore, our data support the conclusion that RPS play a
role in the 7942-KU fast sedimentation phenotype in
addition to the cell surface alterations originating from
disruption of SigF. SNPs in regions coding for proteins
involved in exopolysaccharide synthesis or release
were, however, not identified in the 7942—KU genome.
Therefore, further investigation is required.

CONCLUDING REMARKS

Laboratory domestication is a global phenomenon and
virtually all model organisms have undergone this pro-
cess. However, the impact of domestication on
research outcomes is still underestimated. Going for-
ward, it is important that genomic differences among
substrains be considered during experimental planning.
In addition, a detailed investigation of domesticated
substrains can help to elucidate how cyanobacteria
adapt to a changing environment.
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