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29  Phormidium lacuna is a filamentous cyanobacterium that was isolated from marine rockpools.
30 This article describes the isolation of filaments from natural sources, DNA extraction, genome
31 sequencing, natural transformation, expression of sfGFP, cryoconservation, and motility
32  methods.
33
34  ABSTRACT:
35 Cyanobacteria are the focus of basic research and biotechnological projects in which solar energy
36 is utilized for biomass production. Phormidium lacuna is a newly isolated filamentous
37  cyanobacterium. This paper describes how new filamentous cyanobacteria can be isolated from
38 marine rockpools. It also describes how DNA can be extracted from filaments and how the
39 genomes can be sequenced. Although transformation is established for many single-celled
40  species, it is less frequently reported for filamentous cyanobacteria. A simplified method for the
41  natural transformation of P. lacuna is described here. P. lacuna is the only member of the order
42  Oscillatoriales for which natural transformation is established. This paper also shows how natural
43  transformation is used to express superfolder green fluorescent protein (sfGFP). An endogenous
44  cpcB promoter induced approximately 5 times stronger expression than cpc560, A2813, or psbA2
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promoters from Synechocystis sp. PCC6803. Further, a method for the cryopreservation of P.
lacuna and Synechocystis sp. CPP 6803 was established, and methods for assessing motility in a
liguid medium and on agar and plastic surfaces are described.

INTRODUCTION:

Cyanobacteria are prokaryotic organisms that utilize photosynthesis as an energy sourcel?.
Research is increasingly focused on cyanobacterial species. Several cyanobacteria can be
transformed with DNA3. Genes can be knocked out or overexpressed in these species. However,
transformation is restricted to a few species*'?, and it can be difficult to establish transformation
in strains from culture collections or the wild®. Strains of the filamentous species Phormidium
lacuna (Figure 1) were isolated from marine rockpools, in which environmental conditions, such
as salt concentrations or temperature, fluctuate over time. These filamentous cyanobacteria can
be used as model organisms for the order Oscillatoriales'? to which they belong.

During trials testing gene transfer by electroporation!®'# for the use of P. lacuna for molecular
studies and biotechnological projects, it was found that P. lacuna can be transformed by natural
transformation®®. In this process, DNA is taken up naturally by some cells. Compared to other
methods of transformation'®!’, natural transformation has the advantage of not requiring
additional tools that could complicate the procedure. For example, electroporation requires
proper cuvettes, intact wires, and selection of the proper voltage. P. lacuna is presently the only
Oscillatoriales member susceptible to natural transformation. Because the original protocol is
based on electroporation protocols, it still included several washing steps that might be
unnecessary. Different approaches were tested to simplify the protocol, leading to the
transformation protocol presented here.

The genome sequence is essential for further molecular studies based on gene knockout or
overexpression. Although genome sequences can be obtained with next-generation sequencing
machines within short periods, the extraction of DNA can be difficult and depends on the species.
With P. lacuna, several protocols were tested. A modified cetyl trimethyl ammonium bromide
(CTAB)-based method was then established, resulting in acceptable purity of DNA and DNA yields
of each purification cycle for continued work in the laboratory. The genome of five strains could
be sequenced with this protocol. The next logical transformation step was to establish protein
expression in P. lacuna.

The sfGFP used as a marker protein in this protocol can be detected with any fluorescence
microscope. All promoters that were tested could be used for P. lacuna sfGFP expression. The
increasing number of strains arising from transformation has resulted in the need for a method
for storing the cultures. Such methods are established for Escherichia coli and many other
bacteria’®. In standard protocols, glycerol cultures are prepared, transferred in liquid nitrogen,
and stored at -80 °C. This method requires only a few steps and is highly reliable for those species
for which it is established. The standard protocol was not feasible for P. lacuna because living
cells could not be recovered in all cases. Glycerol had to be removed after thawing the cells, and
the cells survived after two washes in all trials. Simple methods are presented for the analysis of
motility of P. lacuna, which can be combined with knockout mutagenesis to investigate type IV
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pili or the role of photoreceptors. These assays are different from those of single-celled
cyanobacteria'®?! and can also be useful for other Oscillatoria.

PROTOCOL:
1. Isolation from the natural environment

NOTE: Green algae, diatoms, filamentous cyanobacteria, and other microalgae can be isolated.
The protocol can be used for any microalga species from rockpools growing under laboratory
conditions. Filamentous cyanobacteria that belong to Oscillatoriales can be easily recognized by
their movement and filamentous shape. The species can be identified in a semipure state by
genome sequencing or 16S rRNA sequencing.

1.1. Transfer liquid seawater samples from marine rockpools (i.e., cavities in the rocky coast) into
50 mL flasks. For each flask, note the exact place or coordinates of the natural source. If possible,
filter the content through 50 uL nets to reduce the amounts of zooplankton. Store the samples
at 4 °C until they can be subcultured.

1.2. Transfer 1 mL cultures to 10 cm Petri dishes containing 3% bacto-agar in f/2 medium?%23 (see
the Table of Materials). Prepare up to 20 plates. Cultivate under white light of 50 umol m2 s,

NOTE: Higher light intensity may be used for cultivation. Intensity up to 400 umol m?2 s can be
used for P. lacuna, although other species might be more light-sensitive.

1.3. After one week, transfer the desired cells to fresh agar plates using sterile forceps. Isolate
the cells under a binocular microscope under sterile conditions. Store the old agar plate at 4 °C
until cells appear and grow on the new agar plate.

1.4. Repeat this transfer step every week to eliminate contamination. Use the naked eye for
detecting heavy contamination and a microscope with 400x magnification for additional checks
for contamination.

1.5. If a sample seems free of contamination, test for bacterial or fungal contamination on agar
plates. Transfer a fraction of the culture with an inoculation loop to an LB%* agar plate (10 cm
diameter), keep the plate at room temperature, and check for the growth of contaminants over
1-3 days.

1.6. If a sterile filamentous cyanobacterial species is obtained, use it for further culture work.
Cultivate P. lacuna in liquid or on bacto-agar plates. Use 250 mL flasks with 50 mL of f/2 medium
or f/2* medium for liquid culture.

2. DNA extraction

NOTE: This method is adopted from 2° 26
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2.1. Prepare two flasks with 50 mL of f/2 medium. Inoculate each with ~1 mL of P. lacuna
filaments from other growing cultures. Keep the cultures for 7 days or longer under agitation
(horizontal rotation) at 50 rpm under white light (50 pmol m2s?) at 25 °C.

2.2. Treat the culture with ultrasound (see the Table of Materials) for 2 min with full energy.
Measure OD at 750 nm; check to ensure it is ~0.5. Continue to grow the cultures if the OD is too
low.

2.3. Collect the filaments by 5,000 x g, 20 min centrifugation. Remove the supernatant. Transfer
the filaments with residual liquid to the chamber of a French Press?’. Set the pressure of the
French Press to 20,000 psi and extract the cells.

NOTE: The French Press will lyse all the cells and release the DNA; strong shear forces will produce
1,500 bp DNA fragments.

2.4. Centrifuge the sample for 10 min at 10,000 x g and remove the supernatant.

2.5. Add 400 pL of lysis buffer (4 M urea, 0.1 M Tris/Cl, pH 7.4) and 50 pL of proteinase K (10
mg/mL) to the pellet. Heat the sample to 55 °C for 60 min with shaking at 550 rpm.

2.6. Add 1 mL of DNA extraction buffer (3% CTAB, 1.4 M NaCl, 10 mM EDTA, 0.1 M Tris/Cl, 1%
Sarkosyl, 0.1 M DTT, pH 8) and incubate for 60 min at 55 °C and 550 rpm. Transfer the solutions
to centrifugation tubes, and add two volumes of chloroform/isoamylalcohol (24/1).

2.7. After shaking, centrifuge the sample for 5 min at 9,000 x g. Transfer the upper, aqueous
phase into reaction vials and add 1 mL of ice-cold ethanol and 50 pL of 3 M sodium acetate.

2.8. Vortex the sample and place it at -20 °C for 1 h or longer.

2.9. Centrifuge for 5 min at 10,000 x g (4 °C) and discard the supernatant. Wash the pellet with
70% ethanol.

2.10. Centrifuge the sample again. Remove the supernatant and dry the pellet overnight. Dissolve
the DNA in nuclease-free water. Measure the DNA spectrum to check whether the OD 260
nm/OD 280 nm is between 1.6 and 1.9.

2.11. Analyze the size of the DNA on an agarose electrophoresis gel®.

2.12. Sequence the genomic DNA by next-generation sequencing for 300 cycles, with a paired-
end setting and read length of 150 bases (see the Tables of Materials).

2.13. Perform the assembly with the appropriate computer program; see the example given in
the Table of Materials.
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2.14. Submit the draft genome to the RAST server for annotation.
NOTE: Upload DNA sequences to obtain complete annotation within a few minutes.
3. Natural transformation and GFP expression

NOTE: Transformation is based on a plasmid vector propagated in E. coli; pGEM-T or pUC19 may
be used as backbone vectors. Cloning techniques are established in many laboratories; see also
standard protocols?® and the articles on transformation vectors for P. lacuna*>?°. Examples for
vectors for sfGFP expression are described in the representative results section. Details of four
yet unpublished vectors are provided in Supplemental File 1.

3.1. Perform all steps using sterile material under sterile laboratory conditions (clean bench,
sterile glassware).

3.2. Inoculate 2 x 50 mL of f/2 liquid medium in two 250 mL flasks with 2 x 1 mL of P. lacuna
filaments from a running culture. Cultivate in white light (50 pmol m? s?) under agitation
(horizontal rotation, 50 rpm) for ~5 days at 25 °C.

3.3. Prepare ~200 pg of the transformation vector DNA using a midi prep kit (see the Table of
Materials) according to the manufacturer’s instructions.

3.4. Homogenize 100 mL of P. lacuna cell suspension (see the Table of Materials) at 10,000 rpm
for 3 min. Measure OD at 750 nm (desired value = 0.35).

3.5. Centrifuge the cell suspension for 15 min at 6,000 x g. Remove the supernatant, and suspend
the pellet in 800 pL (total volume including residual liquid and filaments) of the remaining liquid
and additional f/2* medium.

3.6. Take eight f/2* bacto-agar plates (10 cm diameter) containing 120 pg/mL kanamycin. Pipette
10 pg of DNA into the middle of each agar plate. Immediately pipette 100 pL of cell suspension
into the middle of each agar plate (on top of the DNA).

3.7. Keep the agar plate without a lid on the clean bench to allow the excess liquid to evaporate.
Close the plate and cultivate it in white light at 25 °C for 2 days.

3.8. Distribute the filaments of each agar plate with an inoculation loop onto several fresh f/2*
bacto-agar plates containing 120 pug/mL kanamycin. Cultivate the plates in white light at 25 °C
and check the cultures regularly under a microscope.

3.9. Identify living, transformed filaments after 7-28 days under the microscope. Look for
healthy, green filaments (Figure 2) that are different from other filaments must be visible. If these
green filaments can be identified, continue with the next step; otherwise, keep the plate for
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another 7 days.

3.10. Use forceps to transfer these identified living filaments into 50 mL of liquid f/2* medium
with 250 pg/mL kanamycin. Cultivate in white light at 25 °C on a shaker (horizontal rotation, 50
rom). Observe growth for up to four weeks.

3.11. Transfer the filaments back to agar medium containing 250 pug/mL kanamycin and wait for
the filaments to grow. After several days, transfer single filaments to a fresh agar plate with a
higher concentration of kanamycin, e.g., 500 pug/mL. Keep the original plate.

3.12. Ensure that the filaments are propagated in a high concentration of kanamycin in liquid
culture or on agar. Increase the kanamycin concentration again to speed up segregation.

NOTE: Transformed P. lacuna grows in up to 10,000 pg/mL kanamycin. Other species might not
tolerate such high concentrations.

3.13. If resistant cells are grown and distributed broadly over a plate, test the integration of the
insert into the genome of P. lacuna by performing PCR with outer and inner primers.

3.13.1. Use inner primers (e.g., those designed for cloning) to amplify the insert.

3.13.2. Ensure that the outer primers are 5' and 3' of the proposed insertion site on the genome
of P. lacuna but outside the insertion.

3.13.3. Use the genome sequence outside the homologous ranges as a template for the design
of these primers. Perform the PCR with the resistant line and the wild type.

NOTE: Inner primers indicate that the insert is present; outer primers show that the insert is
inserted at the correct locus.

3.14. Place ~10 mg of the filaments directly in the PCR tubes and perform PCR according to
standard protocols?*. If no product is obtained, vary the annealing temperature and wash the
filaments with water.

NOTE: Many different polymerases can be used in PCR. Standard polymerases, such as Taq
polymerase, have a higher error rate than error-checking polymerases, which are more
expensive. This analytical PCR does not require any error-checking polymerase. However, error-
checking polymerase should be tested if no PCR product is obtained with a standard polymerase.

3.15. Analyze the PCR products of the resistant line on agarose electrophoresis?*.
3.15.1. Compare band positions with marker and compare the wild type and transformant. With

inner and outer primers, look for a larger band for the transformant than the wild type (due to
the insertion of the resistance cassette) or two bands for the transformant: one with the size of
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the wild-type band and a larger one. As the latter case indicates incomplete segregation, continue
cultivation with high kanamycin concentrations.

NOTE: For more details on PCR and electrophoresis, see!>?4 or other standard literature.

3.16. For GFP expression: observe single filaments with a fluorescence microscope (see the Table
of Materials) at a magnification of the objective set at 40x or 63x. Capture a brightfield
transmission image and a fluorescence image. Use the following settings for GFP: 470 nm
bandpass for excitation, 525 nm bandpass for emission, and a 495 nm beam splitter, initial
exposure time of 500 ms.

3.17. Adjust the exposure time for clear fluorescence signals, avoiding saturating intensities. Try
to use the same setting for all samples.

3.18. As the wild-type filaments will also display fluorescence, capture images with the same
settings as above for this background fluorescence.

NOTE: The strain expressing GFP must have a higher signal; otherwise, it is not expressing GFP.

3.19. Based on exposure times and the pixel intensities of the fluorescence images, calculate and
compare the GFP content of the different filaments.

4, Cryoconservation

NOTE: P. lacuna and the single-celled cyanobacterium Synechocystis sp. PCC 6803 are used. The
present method works better for P. lacuna.

4.1. Cultivate P. lacuna or Synechocystis sp PCC 6803 for at least 10 days in 10 mL of f/2* or BG-
11 medium, respectively, under white light (50 umol m2 s?) at 25 °C under agitation (horizontal
rotations, 50 rpm).

4.2. Homogenize the P. lacuna culture (see the Table of Materials) at 10,000 rpm for 3 min or
with an ultrasound device (see the Table of Materials) for 2 min at full energy. Determine OD
750 nm of either culture to check whether the value is between 1 and 7.

4.3. Collect the cells by centrifugation at 6,000 x g for 15 min. Remove the supernatant.
4.4, Suspend the cell pellet in 800 pL of f/2* or BG-11 medium (final volume) and transfer to a 2
mL cryovial. Add 800 pL of a 50% glycerol solution to the cell suspension. Close the vial and mix

by repeated inverting.

4.5, Transfer the cryovial to liquid nitrogen and store it in a cryobox in a -80 °C freezer. Note the
position of the box within the freezer and the coordinates of the sample within the box.
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4.6. For recovery of the cells, take out the cryovial and thaw the contents at room temperature.
Transfer the contents to a 2 mL reaction tube.

4.7. Wash the sample twice. For the 1%t wash, centrifuge at 6,000 x g for 5 min. Remove the
supernatant, and resuspend the pellet in 2 mL of f/2* or BG-11 medium. For the 2" wash,
recentrifuge at 6,000 x g for 5 min, remove the supernatant, and suspend the pellet in 2 mL of
f/2* or BG-11 medium.

4.8. To check the integrity of these cells that are ready for cultivation, transfer the pellet to 9 mL
of medium and cultivate them in white light (50 pmol m s?) under agitation (55 rpm). Compare
the OD 750 nm of the culture on the first day and after 1 week.

5. Motility of Phormidium lacuna
NOTE: Three different assays will be described. The same culture is used in all cases.

5.1. Cultivate P. lacuna in f/2 medium under horizontal agitation (50 rpm) in white light (50 pmol
m2 s1) for ~5 days until the estimated OD 750 nm is 0.35. Store the sample at 4 °C until use.

5.2. Homogenize the filaments (see the Table of Materials) at 10,000 rpm for 3 min or with
ultrasound (see the Table of Materials) for 1 min at maximum power and cycle of 1. Measure OD
750 nm. If above 0.35, dilute the fraction with f/2 medium. Use this solution in motility assays in
steps 5.3, 5.4, and 5.5.

5.3. Assay for movement in liquid medium

5.3.1. For direct observation of motility, transfer 8 mL of medium containing P. lacuna (from step
5.2) into a 6 cm Petri dish. Wait a few minutes until the sample reaches room temperature. Cover
the Petri dish with cellophane foil.

5.3.2. Place a microscope slide on the x—y table of a standard microscope with a camera. Switch
on the microscope light. Ideally, always use the same electrical and optical settings for the
lighting. Move a 4x or 10x objective into the path of the light.

5.3.3. Place the Petri dish on top of the slide. Adjust single filaments or filament bundles by x, y,
and z movements of the table.

NOTE: Due to the three-dimensional arrangement, only a part of the relevant section can be in
focus. The cellophane foil allows adjusting the focus without restriction.

5.3.4. Observe movements of single filaments or bundles. Ensure that the objective lens does not
touch the liquid. Record the movements of filaments with a standard microscope camera (see
Supplemental Video S1).
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5.4. Assay for movement on the surface

5.4.1. For the observation of filament motility on agar surfaces, prepare 6 cm Petri dishes with
f/2 bacto-agar. Ensure that the agar is high enough for the objective lens to get close to the agar
surface. Alternatively, prepare a ~¥3 mm thick agar layer and record the filaments through the
agar (keep the plate upside down or use an inverted microscope).

5.4.2. Pipette 0.5 mL of a solution containing P. lacuna (from step 5.2) on the bacto-agar surface
of a 6 cm Petri dish. Allow the liquid to enter the surface. Close the Petri dish and observe the
movement of the filaments on the surface using a 4x or 10x objective.

5.4.3. Ensure that the same electrical and optical settings of the microscope are used throughout
the recording and in subsequent recordings.

5.4.4. Capture time-lapse recordings using an ocular camera and minicomputer system. Ensure
that the time interval between subsequent images is 5 s—1 min. Program the Linux script of the
minicomputer to control the time-lapse recording. See Supplemental File 2 for an example script
and Supplemental Video S2 as an example.

5.5. Assay for phototaxis

5.5.1. For phototaxis experiments, prepare light-emitting diode (LED) holders (here, with a 3D
printer) in which the selected 5 mm LEDs are mounted to irradiate an area of 20 mm? from below
to above (Figure 3). If required, use many LED holders in parallel, connecting each LED electrically
through a resistor and potentiometer to an adjustable power supply. Measure and adjust the LED
intensities, depending on the experiment. Ensure that the whole setting is in a dark room or a
closed dark container.

5.5.2. Place 8 mL of the medium containing P. lacuna (from step 5.2) into a 6 cm Petri dish. Adjust
the light intensity of the LED. Close the Petri dish with the lid and place it on an LED holder so
that the LED is in the center of the Petri dish.

5.5.3. After the desired duration (typically 2 days), capture an image of the Petri dish with a
smartphone camera aimed directly at the position of the light treatment.

5.5.3.1. Use a white LED panel for irradiation of the specimen. Use the manual settings of the
camera; avoid reflections of light; always adjust to get the same distance between the camera
lens and the specimen. Ensure that the exposure settings give an image suitable for later analyses
using Imagel.

5.5.4. Quantify the diameter of the central circle of filaments using ImagelJ software.

5.5.4.1. Open Image)J, click on File | Open, select the desired file, and click Enter.
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5.5.4.2. Select the Straight button (with a straight line). Press the left mouse button to draw a
line from one end of the Petri dish to the opposite end. Ensure that the line passes through the
center of the circle of filaments.

5.5.4.3. Press Ctrl-K on the keyboard or click Analyze | Plot Profile in the ImageJ) menu. Look for
an x-y window with pixel intensities plotted versus distance—a 1D profile of the Petri dish. Ensure
that the lowest pixel intensity is slightly above 0 and the highest value below 255.

5.5.4.4. Estimate an average value for the pixel intensity outside the circle and another average
value for the pixel intensity in the circle. At the y- position between these values, estimate the x-
values of both sides of the circle by pointing with the mouse on these positions. Note both values
and calculate the difference.

5.5.4.5. Obtain the highest x-value by pointing the mouse at the y-axis on the right. Note that this
value e represents the diameter of the Petri dish. If this diameter is 5 cm, calculate the diameter
of the central filament circle as d/e x 5 cm.

REPRESENTATIVE RESULTS:

Following the above-mentioned methods, 5 different strains of P. lacuna were isolated from
rockpools and sequenced (Figure 1 and Table 1). All cultures were sterile after ~1 year of
subculturing except P. lacuna HE10JO. This strain is still contaminated with Marivirga atlantica,
a marine bacterium. During subsequent Helgoland excursions, other filamentous cyanobacteria
were isolated from rock pools, which are different from P. lacuna and need to be characterized.

Several DNA extraction and purification methods were tested for P. lacuna. The best results were
obtained with an optimized CTAB method as described above. DNA yields were 310 + 50 pg/mL,
OD 260 nm/OD 280 nm was 1.7 + 0.03, and OD 260 nm/OD 230 nm was 0.78 + 0.04 (n = 17).
Genome sequencing showed that the DNA of all strains was slightly different, as expected (Table
1). Core protein sequences showed a maximum difference of 0.04% (Table 2). Although all draft
genomes were incomplete, one can assume that >98% of the genome of HE10J03° was
sequenced. This estimation is based on the number of incomplete open reading frames. Partial
protein sequences could be easily identified after RAST annotation of HE10DO and HE10JO. In
HE10JO, 60 proteins out of ~4,500 had a missing N- or C-terminal sequence.

Interestingly, strains of the same species were isolated from two islands, Helgoland and Giglio.
The linear distance between both islands is 1,400 km. There must be a link between both places,
e.g., by ships via the sea or, more likely, by migratory birds. Many bird species can be found on
both islands, and many of them are migratory birds. The diversity within P. lacuna strains of one
island was greater than between the closest Helgoland and Giglio strains (Table 2). This indicates
an intense exchange between both places.

The natural transformation was tested with HE10DO as the major strain and with HE10JO. The
present protocol is more straightforward than the protocol described earlier'? because of the
reduced number of washing steps and fewer transfer steps after transformation. This new
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method is continuously used in the laboratory; ~15 successful transformations were achieved.

The KanR resistance cassette was usually integrated into the homologous site defined by the
adjacent regions, as shown by PCR using inner and outer primers. Like most cyanobacteria, P.
lacuna is polyploid. It can have more than 100 chromosomes per cell*?. A PCR test with outer
primers ~1 week after the transformation typically has 2 bands on the electrophoresis gel, one
with the size of the wild-type band and one slower migrating band that indicates the insertion of
the resistance cassette (Figure 4). The double band indicates that only a subfraction of the
chromosomes contains the insertion. After 4 weeks of selection on kanamycin, segregation is
usually complete, and only one large PCR band appears on gels. However, in the case of the
transformation with pMH1 (see below), segregation was complete after more than 3 months.

The vectors pAK1, pAK2, pAK3, and pMH1 were constructed for tests on sfGFP expression. In
pAK1, pAK2, and pAK3, the sfGFP gene is under the control of the cpc560, A2813, and psbA2
promoters, respectively. These promoters are from Synechocystis sp. PCC 6803 or Synechococcus
sp. PCC 70023, For the construction of these vectors, the sfGFP promoter and terminator
sequences were taken from vectors used for the transformation of Synechococcus sp. PCC 700231,
The relevant sequences were integrated into the homologous chwA (sc_7_37) site of pFN1 (or
pFN_7 37 _KanR¥). The pMH1 expression vector was constructed by DNA synthesis using P.
lacuna sequences as templates (Supplemental File 3, Supplemental File 4, Supplemental File 5,
Supplemental File 6, and Supplemental File 7). The cpcB—cpcA (phycocyanin 8 and phycocyanin
a) sequences of P. lacuna are serially arranged. A 100 bp intergenic region separates both coding
regions. The synthetic sequence contained this endogenous cpcB—cpcA sequence and the cpcB
promoter. The sfGFP and KanR cassette is placed just 3' of the cpcB stop codon (5' of cpcA). The
entire synthetic sequence with cpcB promoter, cpcB, sfGFP, KanR, cpcA (5' to 3') is cloned into
pUC19. A map is shown in Figure 5. More details on the cloning of pAK1, pAK2, and pAK3 and the
complete sequence of pMH1 are given in Supplemental File 1.

All 4 transformants (with pAK1, pAK2, pAK3, and pMH1) expressed GFP; all fluorescence levels
were above the background fluorescence of wild-type filaments (Figure 6). The pMH1
transformants with incomplete segregation revealed a GFP signal that was very variable between
the filaments. The fluorescence signal was evenly distributed when segregation was complete
(Figure 6E). The microscope signals of pAK1, pAK2, and pAK3 transformants were similar but ~5x
weaker than that of pMH1 (Figure 6E).

The established cryoconservation method is based on a method that was established for E. coli.
When 2 washing steps were performed for glycerol removal after thawing, 15 out of 15 P. lacuna
samples survived (Table 3). This protocol could also be used for Synechocystis PCC 6803, but only
with 2 washing steps and not with 1 (Table 3).

Another feature of Oscillatoriales filaments is their motility: P. lacuna filaments move
continuously on surfaces (Figure 7) and in a liquid medium (Figure 8). Both kinds of motion can
be studied easily in Petri dishes without or with agar medium. Time-lapse recording is required
because movement on agar is slow. Filaments move towards the light cone if a light beam comes
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from below (Figure 3). The effects of light intensity, wavelength, and time can be easily studied
with a simple setup. The photoreceptors of this effect are not yet clear. Possible candidates can
be addressed with knockout mutants. The mechanism underlying how the filaments find the light
is also unclear. For this question, an infrared system is required to record the filaments during
their movement from darkness to light.

FIGURE AND TABLE LEGENDS:

Figure 1: Strains of Phormidium lacuna collected from Helgoland and Giglio. Filaments are
propagated for 11 days on f/2 agar in 6 cm Petri dishes. (A) strain GIO8AQ; (B) strain GI08IO; (C)
strain GI09CO; (D) strain HE10DO; (E) strain HE10JO; (F) strain HE15M2G1.

Figure 2: Phormidium lacuna filaments 5 weeks after transformation. The sfGFP expression
vector pMH1 was used; selection occurred on f/2* medium with 120 ug/mL kanamycin. The
greenish filaments are resistant and alive; other filaments have died. Scale bar = 100 um.

Figure 3: Phototaxis experiment. Left: LED holder with 4 red LEDs, connected to an adjustable
power supply. On top of each LED, there is a 6 cm Petri dish with 8 mL of a Phormidium lacuna
culture. Right: Petri dish with P. lacuna after 2 days on the red LED (15 pmol m2 s'). Abbreviation:
LED = light-emitting diode.

Figure 4: Integration and segregation of insert after transformation of Phormidium lacuna with
pAK1. PCR with outer primers. The expected sizes of the product without and with insert are
2371 and 5016 bp, respectively. Left lane: marker, lanes 1, 2, 3, 4: PCR products of filaments 7
days, 11 days, 14 days, and 17 days after the isolation of a resistant filament (4 weeks after
transformation), respectively. Lane 5: PCR product of wild-type (from a different gel). In the 7 day
sample, the insert is present in a small fraction of the chromosomes. This fraction increases until
17 days, where no wild-type band is visible, i.e., segregation is complete.

Figure 5: Vector for sfGFP expression under the control of endogenous cpcB promoter. Orange:
Phormidium lacuna homologous sequence, violet/blue: pUC-19 vector backbone, green: insert
with sfGFP and KanR. Abbreviations: sfGFP = superfolder green fluorescent protein; KanR =
kanamycin resistance.

Figure 6: Expression of sfGFP in Phormidum lacuna. Fluorescence images of P. lacuna wild-type
filaments (A) and after transformation with pAK1 (B), pAK2 (C), pAK3 (D), and pMH1 (E). In pMH1,
the sfGFP gene is placed 3' of the phycocyanin B gene and therefore driven by the endogenous
cpcf8 promoter; in the other cases, sfGFP is driven by cpc560, A2813, or psbA2s promoters from
Synechocystis PCC 6803, respectively. The fluorescence settings are specific for GFP; all images
were recorded with the same integration time and optical settings.

Figure 7: Merged image of Phormidium lacuna on agar surface at 4x magnification. The first
image is presented in red, the second (taken 1 min later) in green. Note also the traces on the
agar. Scale bar =100 um.
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Figure 8: Merged image of Phormidium lacuna in liquid medium. The time interval between
both images was 10 s. The first image is printed in red; the second is printed in green. Comparing
both colors shows the movement within 10 s. Scale bar = 100 pum.

Table 1: Phormidium lacuna strains.

Table 2. Amino acid differences between strains in sequences of 20 core proteins with 10,876
amino acids.

Table 3: Cryoconservation trials with Synechocystis PCC 6803 and Phormidium lacuna HE10DO
cyanobacteria. The first number shows the number of cultures that survived after
freezing/thawing; the second number shows the total trials.

Supplemental Video S1: Movement of Phormidium lacuna filaments in liquid solution, without
time-lapse.

Supplemental Video S2: Movement of Phormidium lacuna filaments on agar surface, with time-
lapse.

Supplemental File 1: Cloning of vectors for transformation of Phormidium lacuna. List of
transformation vectors; list of primers for cloning; sequence of pMH1 in gb format.

Supplemental File 2: Shell scripts (sh) for Raspberry Pi minicomputer.
Supplemental File 3: DNA sequence of HE152G1.

Supplemental File 4: DNA sequence of GIOSAO.

Supplemental File 5: DNA sequence of GI09CO.

Supplemental File 6: DNA sequence of HE10DO.

Supplemental File 7: DNA sequence of HE10JO.

DISCUSSION:

Although many strains of cyanobacteria are available from culture collections3%3¢, there is still a
demand for new cyanobacteria from the wild because these species are adapted to specific
properties. P. lacuna was collected from rockpools and is adapted to variations of salt
concentrations and temperature®. Strains of this species were found during excursions in 2008,
2009, and 2010. With the procedure described here, 5 strains of P. lacuna were isolated, and 4
of these strains were sterile. The strain P. lacuna HE10JO is permanently contaminated with the
bacterium Marivirga atlantica, a marine bacterium identified by rRNA and genome sequencing.
This bacterium could not be separated from the cyanobacterium in spite of the application of
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mechanical separation, growth at different temperatures, treatments with antibiotics, or
chemical treatments. Despite the contamination, P. lacuna HE10JO can be cultivated similar to
the other strains. In later excursions, other members of Oscillatoriales were found, which are yet
not analyzed in detail. P. lacuna was not found again. It is not clear why P. lacuna was isolated in
subsequent years and two different places but not found later. Its abundance is certainly
dependent on nonpredictable conditions. Temperature, salt concentrations, and inorganic or
organic nutrients are highly variable in rockpools. Therefore, the species composition could
fluctuate over time in an unpredictable manner.

Natural transformation is established for different cyanobacteria, mostly single-celled species.
The filamentous P. lacuna is the only species of the order Oscillatoriales for which natural
transformation has been established. The transformation was almost always successful with the
present protocol. In general, the numbers of resistant filaments after a transformation trial vary
considerably, and sometimes transformation fails, resulting in the loss of valuable time. It is
therefore advisable to perform several transformation projects in parallel. The time for complete
segregation, usually 4 weeks after isolation of the resistant strain, can also vary. Because there is
no guarantee for complete segregation after growth on kanamycin, it is crucial to perform the
PCR tests using outer and inner primers.

Every vector must contain 2 x 500—1,000 bp homologous sequences, e.g., amplified from the host
by PCR and interrupted by a resistance cassette (e.g., the kanamycin cassette KanR used
here)37:38, For expression, a promoter, coding sequence (e.g., for sfGFP3°), terminator, and
resistance cassette must be cloned between the homologous sequences. The cloning strategies
are species-specific and depend on the aim of the experiment.

This transformation method could be possible with other Oscillatoriales strains or other
cyanobacteria as well: natural transformation is based on type IV pili, which are present in almost
every other cyanobacterial genome>!>4%, Therefore, the present method could stimulate new
trials with other species. Because type IV pili are also relevant for motility, it is important to check
for conditions under which cyanobacteria are motile.

Gene insertion is based on homologous recombination and results in a disruption of the
homologous sites. Therefore, transformation is often used for gene knockout. The expression of
the inserted gene will be induced if an active promoter and a coding sequence are integrated into
the homologous site. In P. lacuna, promoter activity was dependent on the species. The cpc560,
A2813, and psbA2 promoters of Synechocystis PCC sp 6803 or Synechococcus sp. PCC 7002 3! and
the cpcB promoter of P. lacuna could drive sfGFP expression. Of these constructs, the
endogenous cpcB promoter induced the strongest expression, although the sfGFP gene is located
3' of the phycocyanin B gene. This indicates a more general use of endogenous promoters in
cyanobacterial expression.

The combination of gene knockout and motion studies will shed light on molecular mechanisms
of motility and phototaxis. LED light sources can provide light for phototaxis experiments. Almost
any wavelength is available, and light intensity can be modulated by an adjustable power supply
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and potentiometers. LED holders can be built by 3D printers to easily realize combinations of
different LEDs.
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Table 1

Table 1

strain HE10JO HE10DO GIO8AO GI09CO HE15M2G1
Contigs 104 174 218 102 154
total bp 4,819,017 4,788,491 4,778,775 3,669,922 4,598,395
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Table 2

Table 2.

Gi09CO HE10DO HE10JO HE15M2G1
Gi0O8AO 42 40 0 42
Gi09CO 2 42 0
HE10DO 40 2
HE10JO 42

Click here to access/download;Table;table 2 (3).xIsx %


https://www.editorialmanager.com/jove/download.aspx?id=1415780&guid=14885ee0-7598-471b-a49a-cdd5c9b38a86&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1415780&guid=14885ee0-7598-471b-a49a-cdd5c9b38a86&scheme=1
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Table 3.

Cell density OD 750 nm 1 1 3 3 5 5 7 7
Washes 1 2 1 2 1 2 1 2
Synechocystis PCC 6803 2/5 5/5 1/4 4/4 0/4 4/4 0/4 3/4

Phormidium lacuna HE10DO 4/4 4/4 4/4 4/4 3/4 4/4 3/3 3/3
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Rebuttal letter

We have followed all comments that we found in the manuscript. The new version still contains these
comments and my reply. There are now 7 separate files (besides tables and figures). One with the
scripts of the minicomputer, one with cloning details, and 5 with sequences of the strains.

Is there some advice how to make videos?

With many regards

Tilman Lamparter
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Supplemental file 1

Natural Transformation, Protein Expression, and Cryoconservation of the Filamentous Cyanobacterium
Phormidium lacuna

Cloning of vectors for transformation of P. lacuna

For pAK1, pAK2 and pAK3, the inserts of pBK47, pBK54, and pBK55 were amplified by PCR,
respectively, and the PCR products were cloned into pFN1. Plasmids and primers are given in the
tables below. Cloning and PCR were performed according to standard procedures®. The sequence of
pMH1 was generated by DNA synthesis and cloned into pUC19.

List of transformation vectors

Vector Purpose Size [bp] References
PFN1 P. lacuna knock out of chwA, KanR resistance 6,400 2

sfGFP expression in Synechococcus sp. PCC 7002,
pBK47 cpc560 promoter 6,301 3
DBK54 sfGFP expression in Synechococcus sp. PCC 7002, 6,244 3

A2813 promoter
DBKS55 sfGFP expression in Synechococcus sp. PCC 7002, 5,049 3

psbA2s promoter
PAK1 sfGFP expression in P. lacuna, cpc560 promoter 7.697 this work
PAK2 sfGFP expression in P. lacuna, A2813 promoter 7.640 this work
PAK3 sfGFP expression in P. lacuna , psbhA2s promoter 7.345 this work
PMH1 sfGFP expression in P. lacuna 6,078 this work



https://www.editorialmanager.com/jove/download.aspx?id=1416473&guid=24bba9cb-d646-4cf7-b1df-226c7a941d85&scheme=1
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List of primers used for cloning of pAK1, pAK2, and pAK3 and for detection of integrated DNA in P.
lacuna: Primer names contain “fwd” forward primers and “rev” for reverse primers. Restriction sites
are indicated by the name of the restriction enzyme, followed by “site”. The last column shows the
vectors for which the primers were designed. Vector that are used as template are given in

parentheses.

. (template)
primer purpose sequence and target
AK1fwd cloning, amplification of psbA2s / | ATGCGTGCTAGCCAGGTAAAC | (pBK55),

SfGFP, Nhel site pAK3
AK21fwd cloninng, amplification of A2813 / | ATGCGTGCTAGCCCGATTTAAG | (pBK54),
SfGFP, Nhel site pAK2
AK5fwd cloning, amplification of cpc560/ | ATGCGTGCTAGCACCTGTAGA (pBK47),
SfGFP , Nhel site pAK1
AK6rev cloning, amplification of psbAZs, GTGGTGTTAATTAAGTATGCTCTTCTG | (pBK47,
A2813, CPC560 and sfGFP, Pacl CTCCTGCAG pBK54,
site pBK55)
pAK1
pAK2
pAK3
AK3fwd cloning, amplification of pFN1 GTGGTGTTAATTAAGGCTGACA | (pFN1)
(without KanR) for integration TAGAGTTTGCCTCG pAK1
DNA into chwA homologous sites, pAK2
Pacl site pAK3
AK4rev cloning, amplification of pFN1 GTGGTGGCTAGCGCCTCGCAAA | pAK1
(without KanR) for integration CTTTGCTTTGC pAK2
DNA into chwA homologous sites, pAK3
Nhel site
AK9fwd detection, outer PCR chwA ATCGACATCCCAATCCTCTGC pAK1
pAK2
pAK3
AK10rev detection, outer PCR chwA CCTCGCACTCGTTTGGC pAK1
pAK2
pAK3
F25fwd detection, inner PCR chwA GGTCTAGGTGAGGCAATCC pAK1
pAK2
pAK3
F28rev detection, inner PCR chwA ACCTGATTTGTTTATATCTGAC | pAK1
GC pAK2
pAK3
MH1fwd detection,, outer PCR cpcB-cpcA GTTCGTCCATCATGGCTCAG pMH1
MH2rev detection, outer PCR cpcB-cpcA gGACGGAATCGACATAGGAGT pMH1
MH3fwd detection, inner PCR cpcB-cpcA gGAGAATCACTCAGGTGAAGA pMH1
MH4rev detection, inner PCR cpcB-cpcA CGTAGTCGAGGTAGGAGTTGG | pMH1




29 fud detection, KanR gcl':ATGACCATGATTACGAATTC any
F30 rev detection, KanR AAGCCGTTTCTGTAATGAAGG any
cpc560_pBKA4

7_fwd detection cpc560 (and sfGFP) GCTGTGGTTCCCTAGGC any
(A23)

GFP_pBK47_ | detection (cpc560) and

rev (A24) GEP CAAGAAGGACCATGTGGTC any

Sambrook, J., Russell, D. W. Molecular Cloning. A Laboratory Manual. 3rd edition., Cold
Spring Harbor Laboratory Press (2001).

Nies, F., Mielke, M., Pochert, J., Lamparter, T. Natural transformation of the filamentous
cyanobacterium Phormidium lacuna. PLoS One. 15 (6), 0234440 (2020).

Kachel, B., Mack, M. Engineering of Synechococcus sp. strain PCC 7002 for the
photoautotrophic production of light-sensitive riboflavin (vitamin B2). Metabolic Engineering.
62, 275-286 (2020).




Sequence of pMHL1 in gb format

LOCUS Exported 6078 bp DNA circular SYN 14-DEC-2021
DEFINITION Standard E. coli vector with a multiple cloning site (MCS)
DNA

cloning. The MCS is reversed in pUC18.

ACCESSION

VERSION

KEYWORDS pucl9 cpcB sfGFP

SOURCE synthetic DNA construct

ORGANISM synthetic DNA construct

REFERENCE 1 (bases 1 to 6078)

AUTHORS

TITLE Direct Submission

JOURNAL Exported Tuesday, Dec 14, 2021 from SnapGene Viewer 5.3.0
https://www.snapgene.com

COMMENT See also GenBank accession L09137.

FEATURES Location/Qualifiers

source 1..6078

/organism="synthetic DNA construct"

/mol type="other DNA"

promoter 96..200

/gene="bla"

/label=AmpR promoter

CDS 201..1061

/codon_start=1

/gene="bla"

/product="beta-lactamase"

/label=AmpR

/note="confers resistance to ampicillin, carbenicillin, and
related antibiotics"
/translation="MSIQHFRVALIPFFAAFCLPVFAHPETLVKVKDAEDQLGARVGYI
ELDLNSGKILESFRPEERFPMMSTFKVLLCGAVLSRIDAGQEQLGRRIHYSQNDLVEYS
PVTEKHLTDGMTVRELCSAAITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRW
EPELNEAIPNDERDTTMPVAMATTLRKLLTGELLTLASRQQLIDWMEADKVAGPLLRSA
LPAGWFIADKSGAGERGSRGITIAALGPDGKPSRIVVIYTTGSQATMDERNRQIAETIGAS
LIKHW"

rep origin 1232..1820

/direction=RIGHT

/label=ori

/note="high-copy-number ColE1l/pMB1l/pBR322/pUC origin of
replication"

promoter 2144..2174

/label=lac promoter

/note="promoter for the E. coli lac operon"

protein bind 2182..2198

/label=lac operator

/bound moiety="lac repressor encoded by lacI"

/note="The lac repressor binds to the lac operator
toinhibit transcription in E. coli. This inhibition can be
relieved by adding lactose or
isopropyl-beta-D-thiogalactopyranoside (IPTG)."

primer bind 2206..2222

/label=M13 rev

/note="common sequencing primer, one of multiple similar
variants"

misc feature 2265..2598

/label=cpcB-Promoter

misc feature 2599..3117

/label=cpcB

misc feature 3118..3130

for



/label=Shine-Dalgarno-Sequenz
misc feature 3131..3847
/label=sfGFP
primer bind 3154..3173
/label=GFP Primer

misc feature 3848..5063
/label=KanR
primer bind complement (4818..4838)
/label=F30
3'UTR 5064..5165
/label=Terminator

misc feature 5166..5654
/label=cpcA
primer bind complement (5684..5700)
/label=M13 fwd

/note="common sequencing primer,

vari

ants"

ORIGIN
1 gacgaaaggg cctcgtgata cgcctatttt tataggttaa tgtcatgata ataatggttt
61 cttagacgtc aggtggcact tttcggggaa atgtgcgcgg aacccctatt tgtttatttt

121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581

tctaaataca
aatattgaaa
ttgcggcatt
ctgaagatca
tccttgagag
tatgtggcgce
actattctca
gcatgacagt
acttacttct
gggatcatgt
acgagcgtga
gcgaactact
ttgcaggacc
gagccggtga
cccgtatcegt
agatcgctga
catatatact
tcctttttga
cagaccccgt
gctgcttgca
taccaactct
ttctagtgta
tcgctctgcet
ggttggactc
cgtgcacaca
agctatgaga
gcagggtcgg
atagtcctgt
gggggcggag
gctggccttt
ttaccgceccectt
cagtgagcga
cgattcatta
acgcaattaa
cggctcgtat
accatgatta
ggcgatcgcc
ctcatccagc
taaatttatc
tctctcatct
accgtctagg
taagtaggag

ttcaaatatg
aaggaagagt
ttgccttect
gttgggtgca
ttttcgcecccce
ggtattatcc
gaatgacttg
aagagaatta
gacaacgatc
aactcgcctt
caccacgatg
tactctagcect
acttctgcgce
gcgtgggtct
agttatctac
gataggtgcc
ttagattgat
taatctcatg
agaaaagatc
aacaaaaaaa
ttttccgaag
gccgtagtta
aatcctgtta
aagacgatag
gcccagcttg
aagcgccacg
aacaggagag
cgggtttcgce
cctatggaaa
tgctcacatg
tgagtgagct
ggaagcggaa
atgcagctgg
tgtgagttag
gttgtgtgga
cgccaagctt
gcctcgcagg
cgcttaaaat
ggaagggcat
aagacaagaa
agccaaaccg
attaattcat

tatccgctca
atgagtattc
gtttttgctc
cgagtgggtt
gaagaacgtt
cgtattgacg
gttgagtact
tgcagtgctg
ggaggaccga
gatcgttggg
cctgtagcaa
tcccggcecaac
tcggccectte
cgcggtatca
acgacgggga
tcactgatta
ttaaaacttc
accaaaatcc
aaaggatctt
ccaccgctac
gtaactggct
ggccaccact
ccagtggctg
ttaccggata
gagcgaacga
cttcccgaag
cgcacgaggg
cacctctgac
aacgccagca
ttctttcctg
gataccgctc
gagcgcccaa
cacgacaggt
ctcactcatt
attgtgagcg
gcatgcctgc
tcagaccgag
ctttacaaaa
gagcaattcg
ctttctcagt
ttaaaatatc
gttcgacgca

tgagacaata
aacatttccg
acccagaaac
acatcgaact
ttccaatgat
ccgggcaaga
caccagtcac
ccataaccat
aggagctaac
aaccggagct
tggcaacaac
aattaataga
cggctggctg
ttgcagcact
gtcaggcaac
agcattggta
atttttaatt
cttaacgtga
cttgagatcc
cagcggtggt
tcagcagagc
tcaagaactc
ctgccagtgg
aggcgcagcg
cctacaccga
ggagaaaggc
agcttccagg
ttgagcgtcg
acgcggcctt
cgttatcccc
gccgcagccg
tacgcaaacc
ttcccgactg
aggcacccca
gataacaatt
aggtcgactc
aatcactcag
cgtaactcac
acggaagttg
tttgtcggcet
tcgtttgaac
ttcactaaag

one of multiple similar

accctgataa
tgtcgccecctt
gctggtgaaa
ggatctcaac
gagcactttt
gcaactcggt
agaaaagcat
gagtgataac
cgcttttttg
gaatgaagcc
gttgcgcaaa
ctggatggag
gtttattgct
ggggccagat
tatggatgaa
actgtcagac
taaaaggatc
gttttcgttc
tttttttctg
ttgtttgccg
gcagatacca
tgtagcaccg
cgataagtcg
gtcgggctga
actgagatac
ggacaggtat
gggaaacgcc
atttttgtga
tttacggttc
tgattctgtg
aacgaccgag
gcctcteccce
gaaagcgggce
ggctttacac
tcacacagga
tagaggctcg
gtgaagagtc
aaatgctctg
agtttcagcg
gtcgggttct
tagaccagcc
tcgtctctca

atgcttcaat
attccctttt
gtaaaagatg
agcggtaaga
aaagttctgc
cgccgcatac
cttacggatg
actgcggcca
cacaacatgg
ataccaaacg
ctattaactg
gcggataaag
gataaatctg
ggtaagccct
cgaaatagac
caagtttact
taggtgaaga
cactgagcgt
cgcgtaatct
gatcaagagc
aatactgttc
cctacatacc
tgtcttaccg
acggggggtt
ctacagcgtg
ccggtaagcg
tggtatcttt
tgctcgtcag
ctggcctttt
gataaccgta
cgcagcgagt
gcgcgttggce
agtgagcgca
tttatgcttc
aacagctatg
ttggcatgga
agaagtttgt
tggcagtgta
attttcgcgce
cgcccaggcet
catctcaagt
agctgacgct



2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
//

cgtggcgagt
aacaagcgca
gcagctcgcg
accagccgcc
tacgccatct
gaaacctacg
aaagaagcgg
agcctgatgt
agattaattc
attagatggt
tacaaacgga
gccaacactt
tatgaaacgg
tatatctttc
tacccttgtt
cggacacaaa
aaagaatgga
actagcagac
caaccattac
catggtcctt
caaataatag
tgtgagcgga
atccgtcgac
acattgcaca
gtaatacaag
taaattccaa
aatcaggtgc
aacatggcaa
tgacggaatt
ggttactcac
attcaggtga
ctgtttgtaa
gaatgaataa
ttgaacaagt
ctcatggtga
ttgatgttgg
gcctcggtga
atcctgatat
tggttaattg
ttgaataaat
agaccgttcc
ataccccata
caacaatgaa
tgagcagcac
aagctgctcg
tttacaacaa
aaggtaaagc
tcgtggctgg
accgtacctt
accatggtct
acgctctaag
aacgtcgtga
ctttcgccag
gcagcctgaa
tttcacaccg
agccccgaca
ccgcttacag
catcaccgaa

acctctctgce
tggactcggt
ctctgttcgce
gcatggctgc
tctctggcga
tggctctggg
ctctgcaaat
ctgaaatcgg
atgagcaaag
gatgttaatg
aagcttaccc
gtcactactc
catgactttt
aaagatgacg
aatcgtatcg
cttgagtaca
atcaaagcta
cattatcaac
ctgtcgacac
cttgagtttg
gcaccccagg
taacaatttc

ctgcaggggg
agataaaaat

gggtgttatg
catggatgct
gacaatctat
aggtagcgtt
tatgcctctt
cactgcgatc
aaatattgtt
ttgtcctttt
cggtttggtt
ctggaaagaa
tttctcactt
acgagtcgga
gttttctcct
gaataaattg
gttgtaacac
cgaacttttg
gtggcaaagc
tcgattccaa
aaccccgtta
cgaaatccaa
ccaactgacc
gttcccctac
caaatgcgcg
tggaactggt
tgagctgtct
ctccggcgac
ctagatcgcc
ctgggaaaac
ctggcgtaat
tggcgaatgg
catatggtgc
cccgccaaca
acaagctgtg
acgcgcga

ctcccagcectce
taaccgcatc
tgagcagccc
ttgcttgcgt
tgctagcgtc
aacccccggt
cgcaggcgat
cacctacttc
gagaagaact
ggcacaaatt
ttaaatttat
tcacttatgg
tcaagagtgc
ggacttacaa
agttaaaagg
actttaactc
acttcaaaat
aaaatactcc
aatctgtcct
taactgctgc
ctttacactt
acacaggaaa
gggggggaaa
atatcatcat
agccatattc
gatttatatg
cgattgtatg
gccaatgatg
ccgaccatca
cccgggaaaa
gatgcgctgg
aacagcgatc
gatgcgagtg
atgcataagc
gataacctta
atcgcagacc
tcattacaga
cagtttcatt
tggcagagca
ctgagttgaa
aaattcgcac
ctttcaaaat
accgaagccg
accgcgtttg
gacaaagctc
accacccaaa
cgtgacatcg
cctatggacg
cccagctggt
tctgctgttg
tttctggtac
cctggcgtta
agcgaagagg
cgcctgatgce
actctcagta
cccgctgacg
accgtctccg

gatgcactgc
accagcaacg
caactgatca
gacatggaaa
ctcgacgatc
gcttccgttg
ccttctggaa
gatcgcgctg
tttcactgga
ttctgtccgt
ttgcactact
tgttcaatgc
catgcccgaa
gacgcgtgct
tattgatttt
acacaatgta
tcgccacaac
aattggcgat
ttcgaaagat
tgggattaca
tatgcttccg
cagctatgac
gccacgttgt
gaacaataaa
aacgggaaac
ggtataaatg
ggaagcccga
ttacagatga
agcattttat
cagcattcca
cagtgttcct
gcgtatttcg
attttgatga
ttttgccatt
tttttgacga
gataccagga
aacggctttt
tgatgctcga
ttacgctgac
ggatcagatc
cccttgcagt
taatttgaaa
tcgccgcecagce
gtcgtttccg
agtctctcgt
tgcagggacc
gttactatct
agtacctcgt
acgttgaagc
aagccaactc
cgagctcgaa
cccaacttaa
cccgcaccga
ggtattttct
caatctgctc
cgccctgacg
ggagctgcat

aacaaatggt
cgtccaccat
ctcccggtgg
tcatccttcg
gctgcttgaa
ccgtcggegt
tcaccccecgg
ccgctgetgt
gttgtcccaa
ggagagggtyg
ggaaaactac
ttttccegtt
ggttatgtac
gaagtcaagt
aaagaagatg
tacatcacgg
gttgaagatg
ggccctgtcecc
cccaacgaaa
catggcatgg
gctcgtatgt
catgattacg
gtctcaaaat
actgtctgct
gtcttgctcg
ggctcgcgat
tgcgccagag
gatggtcaga
ccgtactcct
ggtattagaa
gcgccggttg
tctcgctcag
cgagcgtaat
ctcaccggat
ggggaaatta
tcttgccatc
tcaaaaatat
tgagtttttc
ttgacgggac
acgcatcttc
ctggtcatca
ctgtaacaca
tgattctcaa
tcaggctaac
ggatggcgct
gaactacgct
ccgcatggtce
tgccggtatc
tctgaaatac
ctacctcgac
ttcactggcc
tcgccttgceca
tcgcceccttece
ccttacgcat
tgatgccgceca
ggcttgtctg
gtgtcagagg

tgcagacagc
cgttgccaac
aaacgcgtac
ttatgtcacc
cggtctacgt
tcaaaaaatg
agattgcagc
tgcgtaaagg
ttcttgttga
aaggtgatgc
ctgttccatg
atccggatca
aggaacgcac
ttgaaggtga
gaaacattct
cagacaaaca
gatccgttca
ttttaccaga
agcgtgacca
atgagctcta
tgtgtggaat
aattccccgg
ctctgatgtt
tacataaaca
aggccgcgat
aatgtcgggce
ttgtttctga
ctaaactggc
gatgatgcat
gaatatcctg
cattcgattc
gcgcaatcac
ggctggcctg
tcagtcgtca
ataggttgta
ctatggaact
ggtattgata
taatcagaat
ggcggctttyg
ccgacaacgc
gacgtcatcg
ggagattatt
ggtcgtttcc
gccagcctgce
gctcaagcgg
tcgaccgccg
acctactgcc
gacgaaatca
atcaaagcca
tacgcgatta
gtcgttttac
gcacatcccc
caacagttgc
ctgtgcggta
tagttaagcc
ctcccggceat
ttttcaccgt
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Supplemental file 2
Shell scripts (sh) for Raspberry Pi minicomputer

Microscope camera (see the Table of Materials) is coupled to USB port of minicomputer.

#program focus.sh

#!/bin/sh

NOW=0

NOW=S(date +%d%m%y%H%M)
while true; do

BEFORE=SNOW

NOW=$(date +%d%m%y%H%M)
webcam -F 10 -S 10 im1.jpg

fbi im1.jpg

done

#Hused to focus the filaments. Button must be pressed for new image.

#program 1minute.sh

#!/bin/sh

NOW=0

NOW=S(date +%d%m%y%H%M)
while true; do

BEFORE=SNOW

NOW=$(date +%d%m%y%H%M)
If [“SNOW” gt “SBEFORE” ]

then

fswebcam -F 30 -F 40 anyname_SNOW.jpg
fi

done

#If the time increases by 1 min, a photograph is taken and stored as a file.
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