TITLE: 
Effective Lysis of Cyanobacterial and Green Algal Single Cells for Whole Genome Amplification in Microfluidics

AUTHORS:
Yuguang Liu1, Dirk Schulze-Makuch2, Jean-Pierre de Vera3, Charles Cockell4, Thomas Leya5, Mickael Baqu&#233;3, Marina Walther-Antonio1,6

1Department of Surgery, Division of Surgical Research, Mayo Clinic, Rochester, MN, USA 
2Astrobiology Group, Center of Astronomy and Astrophysics, Technical University, Berlin, Germany
3German Aerospace Center (DLR), Institute of Planetary Research, Management and Infrastructure, Astrobiological Laboratories, Berlin, Germany
4School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
5Fraunhofer Institute for Cell Therapy and Immunology, Branch Bioanalytics and Bioprocesses (IZI-BB), Extremophile Research &amp; Biobank CCCryo, Potsdam, Germany
6Department of Obstetrics and Gynecology, Mayo Clinic, Rochester, MN, USA

CORRESPONDING AUTHOR: 
Marina Walther-Antonio 	(WaltherAntonio.Marina@mayo.edu)

Email Addresses of Co-authors:
Yuguang Liu 			(liu.yuguang@mayo.edu)
Dirk Schulze-Makuch		(schulze-makuch@tu-berlin.de)
Jean-Pierre de Vera 		(jean-pierre.devera@dlr.de)
Charles Cockell 		(c.s.cockell@ed.ac.uk)
Thomas Leya 			(Thomas.Leya@izi-bb.fraunhofer.de)
Mickael Baqu&#233; 		(Mickael.Baque@dlr.de)

KEYWORDS: 
Plant cell, bacterial, microbial, multiple displacement amplification, cell lysis, single cell 

SHORT ABSTRACT: 
Here we present a protocol to lyse cyanobacteria and green algae single cells that allows for subsequent single-cell whole genome amplification in a microfluidic platform with a 100% success rate.

LONG ABSTRACT: 
Single-cell sequencing is becoming popular for analyzing the genome of a single cell within a heterogenous cell population. It often relies on microfluidic tools to perform single cell isolation and nanoscale chemical reactions to lyse the cell and amplify its genome. However, single-cell sequencing has mainly been applied to human cells and certain bacterial species that are easy to lyse. It is still rare to use single-cell sequencing in environmental studies, as many species of vital environmental significance such as cyanobacterial and green algal species have complex and rigid cell wall structures. To extend single-cell sequencing to these hard-to-lyse species, it is essential to develop an effective lysis method compatible with microfluidic tools and amplification chemistry. Here, we present a lysis method proven effective for cyanobacterial and green algal species for subsequent microfluidic-based single-cell whole genome sequencing (SC-WGA). The protocol combines thermal and chemical lysis mechanisms and has achieved &gt;25 ng DNA for 100% of the single cells after on-chip amplification. Nostoc was chosen as a cyanobacterial model for the protocol development. The optimized protocol was directly applied to Gloeocapsa, another cyanobacterial species, and Sphaerocystis, a eukaryotic green alga, without modifications and achieved a 100% success rate.

INTRODUCTION: 
Single-cell whole genome sequencing (SC-WGS) has been popular for studying the genetic heterogeneity of complex cell communities on a cellular level1-3. Generally, SC-WGS requires single-cell isolation, lysis, and amplifying the femtograms to picograms of genomic DNA to generate enough DNA for standard library preparation (&gt;25 ng)4-5. Microfluidics is an ideal tool for SC-WGA, as it handles nanoscale of fluid precisely6-12, permitting single cell isolation into microchambers for lysis and genome amplification13-14. Multiple displacement amplification (MDA)15 has been a common chemistry technique in microfluidic-based SC-WGA. It uses φ29 DNA polymerase and random primers to produce copies of template DNA with relatively high fidelity and low error rates, and it is easy to implement in most microfluidic systems16-18. 

So far, SC-WGS has been mostly performed on human cells, as they can be simply lysed and processed following most SC-WGA kit instructions. Bacterial SC-WGA is more challenging due to rigid and multi-layered cell walls19 and 1000x less the amount of starting DNA20. Even so, efforts have been directed to bacterial SC-WGA, as these microorganisms21 are being increasingly recognized as critical factors in human microbiome22-23. However, SC-WGS is still rare in species significant to environmental studies including cyanobacteria24-25 and green algae26-27 due to complex and thick cell structures that are often enveloped in extracellular matrix and thus hard to lyse.

Standard methods for mechanically disrupting rigid species such as bead-beating, sonication, and lyophilization are not compatible with microfluidic tools28. Chemical lysis is better suited for SC-WGA in microfluidics; however, common chemical lysis agents such as sodium dodecyl sulfate and sarkosyl have substantial deleterious effect on polymerase activities in MDA chemistry29. Other effective chemicals including phenol and spermine are toxic and need to be used in a fume hood; thus, they are not generally applicable in microfluidics19. Freeze-thawing followed by alkaline treatment is efficient for cyanobacteria lysis for SC-WGA in well plates30, but it requires placing the plates in a -80 &#176;C freezer for 1 h and thus is not implementable in microfluidic systems with various control units. 

A common alternative is to pre-lyse a cyanobacterial or green algal cell population in-tube using ionic surfactants followed by wash steps before injecting the cell suspension into microfluidic chips29, 31. However, this approach is not applicable for cells in low abundance and will likely release DNA from the bulk cell into the extracellular milieu, leading to contamination in the SC-WGA step. Multi-round amplification is another common option when cells cannot be sufficiently lysed, but it often leads to increased bias in the sequencing data. 

To enable SC-WGA for cyanobacterial and green algal cells without the aforementioned concerns, present here is a method effective for the lysis of single cyanobacterial and green algal cells for subsequent MDA-based SC-WGA in microfluidic devices, which generates &gt;25 ng of genomic DNA per cell. This approach is based on three major cell lysis methods including thermal30,32,33, enzymatic34,35, and chemical lysis36,37,38. In this work, the species Nostoc was used as a model because of substantial lysis difficulties encountered in earlier studies as a cyanobacterial species19,39. Its cell wall primarily consists of an external layer of exopolysaccharide and polymerized proteins, outer membrane, thick peptidoglycan layer, and inner cytoplasmic membrane40. Our lysis method was designed to systematically degrade these cells from their outermost to innermost layers without suppressing MDA chemistry. This protocol was tested on another cyanobacterial species, Gloeocapsa, and green algal species (Chlorophyta) Sphaerocystis, whose cell wall is often composed of microfibrillar polysaccharides and enveloped in polysaccharides41,42. Despite the existence of various novel high-throughput microfluidic-based single cell isolation technologies such as droplet-based fluorescent-activated cell sorting13 and in-gel single cell trapping in virtual microfludics43, laser tweezers were chosen for single cell trapping and transport due to its higher precision and single-cell confidence, which is especially important for isolating target cells in samples with complex components. 100% success was achieved for all three species following the optimized protocol without further efforts. We believe that this effective lysis method may enable SC-WGA of cyanobacterial and green algal cells in microfluidics for a wide range of single cell genomic studies in environmental research. 

PROTOCOL: 

1.	Preparation of desiccated cell species (Nostoc, Gloeocapsa, Sphaerocystis)

1.1)	Add 300 &#181;L of sample diluent [0.08% poloxamer 407 in phosphate-buffered saline (PBS)] to 2 mL tubes that contain desiccated samples of Nostoc, Gloeocapsa, and Sphaerocystis, respectively, to re-suspend the cells. 

NOTE: The desiccated samples can be identified visually in the tube as particles before re-suspension and are aggregated to the bottom of the tube after addition of the sample diluent.

1.2)	Agitate the cells clusters of Nostoc in the tube with a micro-pestling tool for 10 s.

1.3)	Repeat step 1.2 until the Nostoc is fully suspended and the suspension looks cloudy without visible large particles.

1.4)	Agitate the cells clusters of Gloeocapsa in the tube with a micro-pestling tool for 20 s.

1.5)	Repeat step 1.4 until the Gloeocapsa is fully suspended and the suspension looks cloudy without visible large particles.

1.6)	Place the tube that contains Sphaerocystis in a water bath sonicator for 1 min. 

1.7)	Repeat step 1.6 until the Sphaerocystis is fully suspended and the suspension looks cloudy without large particles.

2.	Lysis buffer preparation

2.1)	Add 1 &#181;L of 10 mM ethylenediaminetetraacetic acid (EDTA, pH 8.0), 1 &#181;L of 40 KU/&#181;L lysozyme, and 40 &#181;L of 1 M dithiothreitol (DTT) to 158 &#181;L of nuclease-free water in a 0.5 mL tube. 

2.2)	Mix by briefly vortexing and make 10 aliquots of 20 &#181;L in 0.2 mL PCR tubes, then store in a -20 &#176;C refrigerator. 

3.	Set-up of microfluidic device for single cell experiment

3.1)	Take a microfluidic device microfabricated using polydimethylsiloxane (PDMS) according to the procedure described in our previous work21. Place it in a Petri dish and transfer it to a UV hood for 45 min for sterilization. 

NOTE: The device consists of a flow channel layer on the top and control channel layer on the bottom separated by a thin PDMS membrane. The samples are introduced into the device and reactions are performed in the flow channels, and the control channels are used for exerting positive pressure to form microvalves. Each device has 10 parallel reaction lines for experimental reactions and two reaction lines for negative controls (Figure 1A).

3.2)	Inject 0.4 mL of de-ionized water into the tube of the pneumatic control system using a 1 mL syringe. Set the pressure of pneumatic control system to 25 psi by turning the knob on the first regulator of the pneumatic control unit that connects to a house gas outlet. 

3.3)	Quickly close and open the valve that connects to the tube in the pneumatic control system via the microfluidic graphic user interface (GUI) to remove all the air at the end of the tube. 

3.4)	Connect the end of the tube via a bent cannula to the corresponding control channel inlet port on the microfluidic device. Close the microvalves via a microfluidic GUI for the de-ionized water to exert positive pressure on the microfluidic valve membranes (Figure 1B). 

3.5)	Repeat steps 3.2 and 3.3 with another tube in the pneumatic control system until all the relevant tubes are connected to the microfluidic device. 

3.6)	Wait 10-15 min until the control channels in the microfluidic device are filled with de-ionized water. Place the microfluidic chip under the microscope and observe the control channels using a 10x objective to ensure that there are no air plugs in the control channels.

3.7)	Inject 0.4 mL of chip diluent (0.04% poloxamer 407 in PBS) into a connected tube set using a 1 mL syringe. Connect the tube set to a microfluidic manifold that connects to a port on the pneumatic control unit. 

3.8)	Set the pressure of the pneumatic control system to 2–5 psi by turning the knob on the second regulator of the pneumatic control unit. Insert a bent cannula at the end of the tube. 

3.9)	Quickly close and open the valve that connects to the tube in the pneumatic control system via the microfluidic GUI to remove all the air at the end of the tube. Insert the tube into the reagent port on the microfluidic device via the bent cannula. 

3.10)	Insert a short tube via a bent cannula at the sample inlet and outlet ports respectively on the microfluidic device. Open the reagent gate, sample inlet gate, and sample outlet gate by clicking on corresponding buttons in the microfluidic GUI. 

3.11)	Introduce the chip diluent into the sample channel through the reagent inlet port by pressurizing the tubing at 2–5 psi via the second regulator in the pneumatic control system, until fluid exits the short tubes at the sample inlet and outlet ports. 

3.12)	Close all gates via microfluidic GUI and wait 30 min prior to experiments to prevent the cells from sticking to the PDMS channel surface during the cell sorting.

NOTE: The protocol can be paused here.

4.	Cell sorting in microfluidic device using laser tweezers

4.1)	Pipette 10 &#181;L of the cell suspension of Nostoc, Gloeocapsa, or Sphaerocystis made in steps 1.3, 1.5, or 1.6, respectively, using a gel-loading pipette tip. Insert the pipette tip into a new tube and inject the cell suspension followed by inserting a bent cannula. 

NOTE: The cell suspension should look cloudy with no large clusters in the tube. 

4.2)	Disconnect the short tube from the sample inlet port. Insert the tube with cell suspension into the sample channel port via the bent cannula. 

4.3)	Open the gates of sample inlet and outlet via the microfluidic GUI and pressurizing the tubing at 2–5 psi via the second regulator of the pneumatic control system. Check under a 60x objective to ensure that there are visually identifiable target cells in the sample channel. 

NOTE: Nostoc, Gloeocapsa, or Sphaerocystis can be distinguished visually from common contaminations such as Escherichia coli based on size and morphology. 

4.4)	Center the microfluidic device on the microscope stage and tighten the screws on the clamps to ensure proper contact between the bottom coverslip of the microfluidic device and the objective.

4.5)	Place a laser warning sign on the outside of the door and close the door. Put on laser protection goggles. Turn on the laser tweezers system power supply and software, and close all the interlocks required to ensure safety during laser operation. 

4.6)	Turn on the laser beam and shutter through the software. Adjust the power bar in the software to trap and move the cells around to ensure laser trapping functionality. Start with low power and increase the power if necessary. 

4.7)	Trap a target cell by turning on the laser beam and shutter through the laser tweezer software. Move it to the entrance of a closed cell isolation chamber using the motorized microscopic stage controller according to the real-time microscopic view displayed via the laser tweezer software (Figure 1C).

4.8)	Open the gate of the chamber via a microfluidic GUI and move the cell inside of the chamber as described in step 4.7. 

4.9)	Move any visually identifiable contaminating cells from the chamber. Turn off the shutter of the laser beam to release the cell, then close the gate of the chamber via microfluidic GUI.

4.10)	Repeat steps 4.7–4.9 to isolate more single cells into separate chambers.

4.11)	After the cell sorting is completed, turn off the laser beam and shutter, close the software window, and shut down the laser power supply. 

CAUTION: Laser protection goggles must be worn at all times during laser operating. Make sure that all interlocks are closed before turning on the laser beam.

5.	SC-WGA in microfluidic device

5.1)	Disconnect the tubes from the sample channel inlet and outlet ports and insert a new set of short tubes into these ports via bent cannula. Change the microscope objective to 10x and prepare for cell lysis and genome amplification. The overview of the process is illustrated in Figure 3. 

5.2)	Remove the microfluidic device from the microscope stage and place it on a cold block that has been stored in -20 &#176;C for 1 min, remove the device from the cold block, and place it onto a 65 &#176;C hot plate for 1 min. Repeat the cold-heat cycle 3x.

5.3)	Open the reagent gate, then sample the inlet and outlet gates via the microfluidic GUI, pressurizing the reagent tubing at 2–5 psi via the pneumatic control system to flush out redundant cells in the channels using chip diluent for 3 min. 

5.4)	Close all gates via the microfluidic GUI and disconnect the tubes from the sample channel inlet and outlet ports, then insert a new set of tubes.

5.5)	Take a 20 &#181;L aliquot of customized lysis buffer and thaw on ice. Add 3.5 &#181;L of 10% polysorbate 20 to the lysis buffer. Mix by briefly vortexing and spin down on a microcentrifuge. 

5.6)	Disconnect the tube from the reagent port. Pipette 20 &#181;L of customized lysis buffer using a gel-loading pipette tip. 

5.7)	Insert the pipette tip into a new tube and inject the buffer, then insert a bent cannula into the tube. Connect the tube to the microfluidic manifold that connects to a port on the pneumatic control unit.

5.8)	Insert the tube with customized lysis buffer into the reagent port on the microfluidic device via a bent cannula. Open the reagent gate via the microfluidic GUI while pressurizing the tube at 2–5 psi via the pneumatic control unit. 

5.9)	Open the sample inlet and outlet gates briefly to flush the channel and close these gates. Check under the microscope to ensure all air bubbles are removed.

5.10)	Open the cell isolation gate and lysis chamber 1 gate via the microfluidic GUI until the lysis buffer fills the lysis chamber 1. Close all gates via the GUI and move the microfluidic chip to a hot plate set at 37 &#176;C and keep the chip on the hot plate for 2 h. 

5.11)	Use tape to stick the bottom of the device to the surface of the hot plate to maximize contact between the device and hot plate. Prepare for the introduction of reagents into the microfluidic device for reactions. The overview of the process is illustrated in Figure 1D.

5.12)	Take a 20 &#181;L aliquot of D2 lysis buffer (alkaline lysis buffer) from the -20 &#176;C block and thaw on ice. Add 3.5 &#181;L of 50% polysorbate 20 to the D2 lysis buffer. Mix by briefly vortexing and spin down on a microcentrifuge. 

5.13)	Pipette 20 &#181;L of D2 lysis buffer using a gel-loading pipette tip. Insert the pipette tip into a new tube and inject the buffer followed by inserting a bent cannula into the tube. 

5.14)	Remove the microfluidic chip from the hot plate to the microscope stage. Disconnect the tube from the reagent port. 

5.15)	Insert the tube with D2 lysis buffer into the reagent port on the microfluidic device via a bent cannula. Connect the tube set to a microfluidic manifold that connects to a port on the pneumatic control unit.

5.16)	Open the reagent gate via microfluidic GUI and pressurizing the tube at 2-5 psi via pneumatic control unit. Open the sample inlet and outlet gates briefly to flush the channel and close these gates. Check under the microscope to ensure all air bubbles are removed.

5.17)	Open the cell isolation gate, lysis chamber 1 gate, and lysis chamber 2 gate until the D2 lysis buffer fills lysis chamber 2 as observed under the microscope. Close all gates and place the microfluidic chip to a hot plate set at 37 &#176;C and keep the chip on the hot plate for 2 h. 

5.18)	Use tape to stick the bottom of the device to the surface of the hot plate to maximize contact between the device and hot plate.

5.19)	Take a 20 &#181;L aliquot of neutralization buffer from the -20 &#176;C block and thaw at room temperature (RT). Briefly vortex and spin down on a microcentrifuge. 

5.20)	Pipette 20 &#181;L of neutralization buffer using a gel-loading pipette tip. Insert the pipette tip into a new tube and inject the buffer followed by inserting a bent cannula into the tube. 

5.21)	Remove the microfluidic chip from the hot plate to the microscope stage. Disconnect the tube from the reagent port.

5.22)	 Insert the tube with neutralization buffer into the reagent port on the microfluidic device via a bent cannula. Connect the tube to the microfluidic manifold that connects to a port on the pneumatic control unit.

5.23)	Open the reagent gate while pressurizing the tube at 2–5 psi. Open the sample inlet and outlet gates briefly to flush the channel, then close the gates. Check under the microscope to ensure all air bubbles are removed.

5.24)	Open the cell isolation gate, lysis chamber 1 gate, and lysis chamber 2 gate, then stop the buffer gate until neutralization buffer fills the stop buffer chamber as observed under the microscope. Close all gates and incubate the chip at RT for 10 min on the microscope stage.

5.25)	Take a 2 &#181;L aliquot of DNA polymerase, 29 &#181;L aliquot of reaction buffer, and 9 &#181;L aliquot of nuclease-free water from the -20 &#176;C block, then thaw on ice. Add 29 &#181;L of reaction buffer to 9 &#181;L of nuclease-free water, briefly vortex, and spin down on a microcentrifuge. 

5.26)	Add 2 &#181;L of DNA polymerase to the mixture, briefly vortex and spin down on a microcentrifuge. Add 10 &#181;L of 25% glycerol into the mixture, briefly vortex, and spin down on a microcentrifuge and keep on ice.

5.27)	 Pipette 20 &#181;L of the prepared DNA polymerase using a gel-loading pipette tip. Insert the pipette tip into a new tube and inject the buffer followed by inserting a bent cannula into the tube. 

5.28)	Remove the microfluidic chip from the hot plate to the microscope stage. Disconnect the tube from the reagent port. Insert the tube with prepared DNA polymerase into the reagent port on the microfluidic device via a bent cannula. 

5.29)	Connect the tube to the microfluidic manifold that connects to a port on the pneumatic control unit. Open the reagent gate via the microfluidic GUI while pressurizing the tube at 2–5 psi via the second regulator in the pneumatic control unit. 

5.30)	Open the sample inlet and outlet gates briefly to flush the channel and close the gates. Check under the microscope to ensure all air bubbles are removed.

5.31)	Open the cell isolation gate, lysis chamber 1 gate, lysis chamber 2 gate, stopping buffer gate, and reaction chamber gate until reaction buffer mixture fills the reaction chamber as observed under the microscope. Close all gates and move the microfluidic chip to a hot plate set at 32 &#176;C for 16 h. 

5.32)	Use tape to stick the bottom of the device to the surface of the hot plate to maximize contact between the device and hot plate.

6.	Collecting on-chip SC-WGA products

6.1)	Incubate the microfluidic device on a hot plate set at 65 &#176;C for 3 min to terminate the reaction. Add 10 &#181;L of polysorbate 20 to a 1.5 mL tube of nuclease-free water. 

6.2)	Use a 1 mL sterile syringe to aspirate 0.5 mL of nuclease-free water from the 1.5 mL tube and inject it into a new tube set. Connect the tube set to the microfluidic manifold that connects to a port on the pneumatic control unit.

6.3)	Remove the microfluidic chip from the hot plate to the microscope stage. Disconnect the tube from the reagent port. 

6.4)	Insert the tube with nuclease-free water into the reagent port on the microfluidic chip via the cannula. Open the reagent gate while pressurizing the tube at 2–5 psi via the second regulator pneumatic control system. 

6.5)	Open the sample inlet and outlet gates to flush the channel for 3 min and close the gates. Check under the microscope to ensure all air bubbles are removed.

6.6)	Insert 20 &#181;L gel-loading pipette tips into all product outlet ports on the microfluidic device. Open all gates except the sample inlet and outlet gates so that the nuclease-free water flushes the amplified product out of the chip and into the pipette tips. 

6.7)	Take out the pipette tips and transfer the fluid with a pipette to 0.2 mL PCR tubes. Perform a DNA quantification assay to measure the amount of DNA in each sample amplified from a single cell. 

6.8)	Store the samples in -20 &#176;C for long-term storage until sequencing. 

REPRESENTATIVE RESULTS: 
The protocol was developed in our optofluidic platform at the Mayo Clinic21. This platform consists of a microscope, optical tweezers, and microfluidic chip that support the serial addition of reagents (Figure 1A–D). Figure 2 illustrates the cell wall structures of the cyanobacterial and green algal species tested using the protocol. Figure 3 shows the overall workflow of the lysis and SC-WGA in microfluidic devices. 

Figure 4A shows the effects of different temperature ranges and cycles of heat-shock treatment on the lysis for subsequent SC-WGA of Nostoc. Figure 4B shows the combined effect of heat-shock treatment, lysozyme, and DTT on the lysis and WGA of Nostoc. Optimal results (100% lysis and amplification rates, &gt;25 ng DNA) were achieved using 200 U/&#181;L lysozyme and 200 mM DTT at 37 &#176;C for 2 h, followed by D2 lysis buffer at 37 &#176;C for 1 h. 

Figure 5 shows results from validating the optimized protocol using Gloeocapsa and Sphaerocystis, which are two hard-to-lyse species. Figure 5A shows images of these three species under microscope. Figure 5B shows 100% success rates (100% lysis and amplification rates, &gt;25 ng DNA) achieved for both species without the need for additional protocol modifications. Figure 5C shows that the DNA amplified from Nostoc, Gloeocapsa, and Sphaerocystis using the protocol was not degraded based on electrophoresis results. 

Figure 1: Optofluidic SC-WGA platform. (A) The platform consists of a high-resolution microscope, laser tweezing system, and PDMS-based microfluidic device with 10 parallel reaction lines and two negative control reaction lines. (B) The microfluidic device consists of flow channels in the top layer and control channels in the bottom layer, separated by a thin PDMS membrane. Pressuring control channels into flow channels at the junction forms closed microchambers. (C) Time-elapsed images of the trapping and moving of a single Nostoc cell into a microchamber. The inset shows the location of the cell in the channel. (D) An illustration of on-chip SC-WGA procedure, which involves the sequential opening of valves for single cell isolation and the addition of lysozyme, DTT mixture, D2 lysis buffer, neutralization buffer, and master mix. This figure is reprinted with permission21.

Figure 2: Illustration of cell wall structures of cyanobacterial and green algal species. 

Figure 3: General workflow of single cell isolation, lysis, and on-chip genome amplification. The green box highlights the optimized lysis protocol. 

Figure 4: Optimization of heat-shock, lysozyme, and DTT effects on Nostoc lysis for SC-WGA. (A) The temperature and cycle effects on Nostoc lysis for SC-WGA. After heat-shock, 200 U/&#181;L lysozyme with 0.5 mM EDTA was added and incubated at 37 &#176;C for 2 h. The D2 alkaline lysis buffer was then added and incubated at 65 &#176;C for 2 h. (B) The DTT effect on Nostoc lysis for SC-WGA. After heat-shock, a mixture of 0.5 mM EDTA, 200 U/&#181;L lysozyme, and DTT of various concentrations was added and incubated at 37 &#176;C for 2 h, followed by addition of D2 alkaline lysis buffer (n = 10 single cells per condition; error bars represent standard deviation). This figure is reprinted with permission21.

Figure 5: Protocol validation results. (A) Microscopic images of Nostoc, Sphaerocystis, and Gloeocaps. The black boxes indicate additional cells from another capture to representatively illustrate cells in the suspension. (B) Use of the optimized lysis protocol on Sphaerocystis and Gloeocapsa for lysis and SC-WGA (n = 10 single cells per species per condition; error bars represent standard deviation). Each set of experiments was repeated 3x. The sterile PBS as a negative control did lead to measurable DNA after amplification (not shown). (C) The Tapestation results of amplified DNA from single Nostoc, Gloeocapsa, and Sphaerocystis cells. The DNA was not degraded. Three single cells from each species are shown. This figure is reprinted with permission21.
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DISCUSSION: 
During the process of single cell isolation in a microfluidic device using laser tweezers, it is essential to ensure that no undesired cells are in the cell isolation chambers prior to adding lysis buffers. Undesired cells should be moved out of the chamber to minimize contaminating DNA caused by these cells. Earlier studies have shown that lasers with wavelength between 1250 nm and 1550 nm with 100 mW power can increase the temperature and rupture the cell membrane44. However, other evidence has shown that a 1064 nm laser with 50 mW power can exert marginal cell viability effects14,45,46. Thus, we do not predict that the laser tweezing in this work significantly contributed to the cell lysis efficacy.

Performing heat-shock at different temperatures resulted in different SC-WGA rates and yields for the species Nostoc. For typical bacterial species, less aggressive heat-shock (e.g., narrower temperate ranges and decreased cycles) can be used to disrupt cell walls. However, in species having thicker and more complex cell wall structures such as cyanobacteria and green algae (or other cells with equally complex structures), a larger temperature range is necessary to facilitate cell lysis. Temperatures of -20 &#176;C and 65 &#176;C achieved the optimal results without compromising DNA quality for these species.

Lysozyme and DTT played a crucial role in disrupting the cell wall of bacterial species. Lysozyme is known for attacking the peptidoglycan layers, and the DTT degrades the extracellular polysaccharide matrix29,35,47. Generally, the results show that single cell lysis and amplification efficiency increase with the concentration of both agents. This protocol tested as much as 200 U/&#181;L lysozyme combined with 200 mM DTT, which achieved optimal SC-WGA results when incubated at 37 &#176;C for 2 h. 

This protocol succeeded in performing lysis of the chosen cyanobacterial and green algal species including Nostoc, Gloeocapsa, and Sphaerocystis. All three species reached 100% SC-WGA success rates and produced an average of 66.5 ng, 73.0 ng, and 42.8 ng of DNA, respectively. Apart from the sufficient lysis, ploidy of the tested organisms may also lead to a relatively high yield of DNA amplification from a single cell. Others have found that cyanobacterial species are typically polyploid, and genome copy numbers are in the range of 40 to 20048. Certain types of green algae are proven to be polyploid49, but there are no signs that the species tested in this study are polyploid. Besides, unlike typical lab-cultured bacterial species previously tested21, an average of 7.8 ng, 18.1 ng, and 8.7 ng of DNA was measured after amplifying the extracellular milieu of these species. However, no detectable DNA was found in the sterile PBS after amplification. 

In addition, the DNA amplified from single cyanobacterial and green algal cells displayed a reasonable quality based on the Tapestation results and was easily distinguished from the extracellular milieu. First of all, unlike lab-cultured pure species, environmental samples generally are more complex in nature and can contain contaminating species or undesired DNA. In addition, it is also likely that DNA amplified in the extracellular milieu was initially from the extracellular DNA in the cell suspension. The initial extracellular DNA was most likely released from the cells during mechanical dissociation of the clustered cells into single cell suspensions prior to introduction into the microfluidic device. Possible ways to distinguish between exogenous and cell DNA released into the fluid include performance of qPCR or sequencing of the sample. 

Although the process of cell dissociation may lead to undesired extracellular DNA in the cell suspension, it is important to sufficiently disrupt the cell clusters prior to microfluidic experimentation. Cell clusters that remain in the fluid can often clog the microscale channels and thus lead to experimental failures. Different mechanical cell dissociation approaches were used to break these clustered species into suspensions that contained a reasonable number of single cells for microfluidic processing. For Nostoc, pestling in a 2 mL tube was generally sufficient to obtain enough single cells, while Gloeocapsa and Sphaerocystis required prolonged pestling followed by mild sonication. For these species, the dissociation process was visually observed through the 2 mL tube, in which the visually discernable clusters were disappearing and buffer turned cloudy, which was further verified under a microscope. 

This protocol serves as a guideline for the lysis of single cyanobacterial or green algal cells and other hard-to-lyse species for subsequent SC-WGA in microfluidic devices. For species whose cell wall structures closely resemble the species tested in this work, the protocol can be adopted without further modifications. Due to the vast diversity of cells species, especially bacterial and plant cell species that are usually challenging to lyse, modification of the protocol may be required to achieve successful SC-WGA. However, as chemicals are chosen to sequentially attack the cyanobacteria, green algae, and bacterial cell wall in general, it is likely that only the parameters such as incubation time and temperature need to be adjusted, without the need to finding alternative chemicals compatible with MDA chemistry in microfluidics. Beyond SC-WGA, recent efforts have been focused on developing microfluidic technologies for library construction for sequencing50-52. The ability to effectively lyse single cells from rigid species and sufficiently amplify the genome for standard library construction will allow for the integration of multi-step processes such as single cell isolation, genome amplification, and library preparation into a single device. 
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