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[Abstract] The protocol separates bacteria from atmospheric particles, obtaining with greater precision
their abundance in the atmospheric deposition. This procedure is similar to the one used to separate
bacteria in streambed sediments. The detachment procedure consists of a chemical treatment with
sodium pyrophosphate and Tween 20 and a physical treatment with agitation and ultrasonic bath to
disperse the bacteria in the liquid sample. We recover the total (free and attached) bacteria by
generating a density gradient with Nycodenz by centrifugation. The techniques prior to this procedure
do not include the microorganisms that are attached to the aerosol particles and, therefore,
considerably underestimate the total load and deposition of airborne microorganisms.
Keywords: Airborne bacteria, Bioaerosol, Microbial dispersal, Cloud condensation nuclei, Ice
condensation nuclei

[Background] The study of airborne microorganisms (bioaerosol) is relevant to understand their
long-range dispersal and to assess their meteorological consequences (Kellogg and Griffin 2006;
Creamean et al., 2013). Airborne microorganisms, aerosolized from soil or sea surface, can be
transported large distances by the global atmospheric circulation expanding their distribution ranges
(Aller et al., 2005; Hervàs et al., 2009; Yamaguchi et al., 2012). They are removed from the atmosphere
by wet (rain/snow) and dry deposition (sedimentation), affecting the microbial abundance, composition,
and distribution in recipient ecosystems (Peter et al., 2014; Reche et al., 2018). In addition, bacteria in
the atmosphere can act as condensation nuclei of clouds and ice affecting meteorological and climatic
conditions (Fröhlich-Nowoisky et al., 2016). Viruses and bacteria usually are air-dispersed attached to
soil-dust or to marine organic aggregates, not as free cells or particles (Yamaguchi et al., 2012; Reche
et al., 2018). This protocol allows detaching bacteria and viruses from atmospheric particles to quantify
them more accurately using flow cytometry (Reche et al., 2018). This protocol can be relevant in the
fields of microbial ecology, aerobiology, and atmospheric sciences. This procedure was inspired in
another similar by Amalfitano and Fazi (2008) to detach benthic bacteria from stream sediments.
The detachment procedure consists of two steps: first, a chemical treatment by adding sodium
pyrophosphate and Tween 20 to break the links to particles and aggregates; and a second physical
treatment by shaking and incubation in an ultrasonic bath to disperse the bacteria into the liquid phase.
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To recover all the bacteria, we generate a density gradient with Nycodenz by centrifugation obtaining
four layers (from top to bottom: supernatant, microbial layer, Nycodenz and pellet). We retrieve
completely the layer with microorganisms that were suspended in sterilized Milli-Q water up to the
original volume, fixed and stored at -80 °C until the flow cytometry analysis.

Materials and Reagents
1. Sterile universal pipette tips (Scharlab, S.L., catalog numbers: 000P0210-1 [0.5 μl-10 μl];
00PC5200-1 [10-100 μl]; 000P1000-1 [100-1,000 μl])
2. 1.5 ml microcentrifuge tubes (Labbox Labware S.L., catalog number: PCRP-015-500)
3. Flow cytometry tubes (Sarstedt, catalog number: 55.1579)
4. Syringe 0.2 μm-filter (Sartorius, MinisartR, catalog number: 16534-k)
5. Syringe and needle (ICOplus3, Novico, catalog number: 164624.8)
6. Simport Cryovial (SimportTM Scientific, catalog number: T310-5A)
7. Bemis Parafilm M (Bemis, catalog number: PM996)
8. Polycarbonate membrane filter
9. Sodium pyrophosphate tetrabasic (Na4P2O7) (Sigma-Aldrich, catalog number: P8010)
10. Tween 20, Polyoxyethylenesorbitan monolaurate (C26H50O10) (Sigma-Aldrich, catalog number:
P1379)
11. Nycodenz 60% (w/v) (C19H26I3N3O9) (NycoPrepTM Universal, Axis-Shield, catalog number:
31000.01)
12. Milli-Q water
13. Paraformaldehyde and glutaraldehyde
a. Paraformaldehyde (Sigma-Aldrich, catalog number: P6148-500G)
b. Glutaraldehyde 25% (Scharlau, catalog number: GL01701000)
c.

Phosphate-buffered saline tablets (Sigma-Aldrich, catalog number: P4417)

14. Sheath fluid (BD FACSFlow, catalog number:342003)
15. SYBR Green I (Sigma-Aldrich, catalog number: S9430)
16. Dimethyl sulfoxide (DMSO) (C2H5OS) (Sigma-Aldrich, catalog number: 472301)
17. Latex 1 μm-beads (Polysciences, catalog number: 18860-1)
18. Phosphate-buffered saline (PBS) solution
19. Sodium pyrophosphate tetrabasic stock solution (see Recipes)
20. Paraformaldehyde and glutaraldehyde solution (see Recipes)
21. SYBR Green I solution (see Recipes)

Equipment
1. Eppendorf Pipettes (0.5-10 μl, 10-100 μl, 100-1,000 μl)
2. Glass beaker
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3. WiseStir Hotplate stirrer (MSH-20A)
4. Vortex mixer for detachment procedure (Velp scientifica, catalog number: F202A0173)
5. Ultrasonic cleaner for detachment procedure (P. Selecta, Ultrasons)
6. Refrigerated centrifuge (Eppendorf Microcentrifuge, model: 5415R)
7. Light source (lamp)
8. Ultrasonic cleaner for flow cytometry (Bransonic, model: 200)
9. Vortex mixer for flow cytometry (VWR International)
10. Flow cytometer (Becton, Dickinson and Company, BC Biosciences, BD FACSCaliburTM)
11. Freezer -80 °C (Thermo ScientificTM, HerafreezeTM, model: SAT 901120200, catalog number:
HFU686BA)

Software

1. BD

CellQuestTM

Pro

Software

(Becton

Dickinson

and

Company,

https://www.bd.com/en-uk/products/molecular-diagnostics/cytometric-analysis-products)

Procedure

This procedure detaches bacteria and viruses from aerosol (dust and organic aggregates) particles
for flow-cytometry counting (Reche et al., 2018). It is similar to the procedure used for benthic
bacteria attached to streambed sediments by Amalfitano and Fazi (2008). After this detachment
procedure, bacteria are unattached, dispersed in sterile MilliQ-water and they, then, can be easily
counted by flow cytometry representing the total of bacteria associated to atmospheric particles.
The atmospheric samples come from dry and wet collectors. We take 3 ml-samples into
5 ml-criovials, fix them with paraformaldehyde and glutaraldehyde (10% + 0.05% final
concentration) in the field, freeze them in liquid nitrogen, and keep them at -80 °C until analysis.
Dry deposition is recovered from the collector using sterile Milli-Q water. More details on dry and
wet collectors can be found in Reche et al. (2018).
Here, we mainly expose the steps for the bacterial counting (Gasol and Del Giorgio, 2000), but
the previous steps on the retrieve of the microbial layer are also common for viruses.

A. Bacteria detachment procedure
1. Take 718 μl of atmospheric deposition samples in 1.5 ml-microcentrifuge tubes. This aliquot
contains both free and attached to particles bacteria.
2. Add 56.4 μl of the working solution (see Recipes) of the chelating agent sodium pyrophosphate
(ca. 0.1% final concentration), and 7.5 μl of the detergent Tween 20 (0.5% final concentration)
to reduce the adhesion of bacteria to the mineral and organic particles of the aerosol (Figure
1A).
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Figure 1. Scheme of the different steps for the detachment procedure. A. Chemical
treatment using the sodium pyrophosphate as chelator and Tween 20 as detergent. B. Physical
treatment shaking the samples and ultrasonic bath. C-D. Purification of the microbial layer
using Nycodenz to generate a density gradient of four layers. E-F. Select the microbial layer
and suspend it in sterilized Milli-Q water up to the initial sample volume in a cryovial.

3. Shake the samples for 30 min at ~720 rpm in a vortex (Figure 1B), and place them in an
ultrasonic bath for 1 min to disperse the attached bacteria into the liquid phase. It is important
not to place the samples in the ultrasonic bath for more than 1 min to prevent cellular damages
during the detachment procedure.
4. Place carefully approx. 718 μl of Nycodenz beneath of treated sample using a needle long
enough to reach the bottom of a 1.5 ml-microcentrifuge tube (Figure 1C). The syringe with the
Nycodenz should not disturb the content of the microcentrifuge tube or has air bubbles. This is
important to form properly the density gradient.
5. Centrifuge the microcentrifuge tubes at 14,000 x g for 90 min at 4 °C (Figure 1D) in a density
gradient using Nycodenz as medium to separate four density layers (top-down): supernatant,
microbial layer, Nycodenz and pellet (Figure 1E). The pellet is not always visible. The
observation of the pellet depends on particle loading in the atmospheric deposition and it is
mainly observed when atmospheric deposition contains Saharan dust.
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Figure 2. Backlight picture of a microcentrifuge tube after microcentrifugation (after the
Step 5). After the Step 5, the microcentrifuge is with four layers (top-down): supernatant,
microbial layer, Nycodenz and dust pellet.

6. Identify the microbial layer with a backlight (Figure 2, Video 1) and carefully aspire completely
this layer using a tip with the pipette (Figure 1E, Video 2).
7. Place the microbial layer (200 μl) into cryovial tubes and suspend it in 518 μl of sterilized Milli-Q
water to reach the initial volume (718 μl) (Figure 1F). Then, fix the sample again with
paraformaldehyde and glutaraldehyde (final concentration 1% + 0.05%) and store it at -80 °C
until the flow cytometry analysis.

Video 1. Backlight video moving the microcentrifuge tube to clearly identify the
contrasted, milky structure of the microbial layer
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Video 2. Backlight video to show the procedure to retrieve the microbial layer

B. Bacterial counting by flow cytometry
1. Once the cytometer is clean, calibrate the flow of the cytometer each working day. First, weigh
a tube containing Milli-Q water, this value is the initial weight (Winitial) in mg (= μl), then run this
Milli-Q water sample for 10 min at low flow in the cytometer, and re-weigh the tube again, this
value is the final weight (Wfinal) in mg (= μl). Second, estimate the working flow using the next
equation. This working flow usually ranges from 33.6 μl min-1 to 42.2 μl min-1.

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (μl 𝑚𝑚𝑚𝑚𝑚𝑚−1 ) =

𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (μl) − 𝑊𝑊𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (μl)
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (min)

2. Set the flow cytometer with excitation at 448 nm, the fluorescence Side Scatter (SSC) and
Forward Scatter (FSC) parameters in logarithmic scale, the threshold on green fluorescence
(FL1-H) and then run a Milli-Q water sample. Keep the events at very low level (no green
fluorescence must be detected).
3. Defrost the samples and prepare 500 μl-aliquots by triplicate in flow cytometer tubes, add 5 μl
of SYBR Green I (1:1,000) to stain the bacteria, vortex the cytometer tubes and incubate them
in the dark for 10 min at 25 °C, add 10 μl of the suspension of fluorescent latex beads
(concentration 1 x 105) as an internal reference, and then, run the samples at low flow rate.
First, run a Milli-Q water sample as negative control and, then, the experimental samples until
around 10000 events were acquired. Events have to range between 200 and 800 per second to
avoid coincidence. The samples have to be diluted when events are higher than 800 per
second.
4. Save the data for further processing with the software BD CellQuest Pro.

Data analysis

Data analysis of cytograms is performed using BD CellQuest Pro software. Bacterial cells are
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identified using their signature in bivariate plots (green fluorescence FL1-H vs. side light scattered
SSC), and the preselected gates that discriminate bacterial position and size. The success of the
detachment procedure is routinely controlled. The same samples are counted without the
detachment procedure (Figures 3A and 3C) and after this procedure (Figures 3B and 3D). Samples
submitted to the detachment procedure represent total (free and atmospheric particle-attached)
bacteria.

Figure 3. Comparison between cytograms of the same sample without the detachment
treatment and after undergoing this treatment. A-B. Cytograms of a wet deposition sample
under a meteorological scenario of Atlantic influence without the detachment procedure (A) and
after being submitted to the detachment procedure (B). C-D. Cytograms of a wet deposition
sample under a meteorological scenario of Saharan dust intrusion without the detachment
procedure (C) and after being submitted to the detachment procedure (D). The x-axis
corresponds to side light scatter (SSC) and y-axis corresponds to green fluorescence (FL1-H).
The R2 rectangle is the selected area for the bacterial counting. Events outside this area are
impurities.

Notes

1. Nycodenz has to be stored at or below 20 °C and protected of the light.
2. Latex beads have to be stored at -20 °C and the bead suspension has to be incubated in an
Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC.
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ultrasonic bath for 10 min before the counting with the flow cytometer.

Recipes

1. Sodium pyrophosphate tetrabasic
Preparation of stock solution (1 M):
a. Weigh 26.59 g of sodium pyrophosphate tetrabasic and dilute it in 100 ml sterile Milli-Q
water
b. Prepare the working solution (0.1 M) taking a 10 ml of the stock solution and dilute it in
100 ml of sterile Milli-Q water
2. Paraformaldehyde and glutaraldehyde solution (final concentration 1% + 0.05%)
a. Add 100 g of paraformaldehyde (Sigma, P6148) to 880 ml of Milli-Q water in a glass beaker
and cover it with Parafilm
b. Dissolve the paraformaldehyde using a magnetic stirrer on a heating plate at 90 °C for a
period of 24 h to 72 h under a fume hood. The water must be close to the boiling point
c.

Add 100 ml of phosphate-buffered saline (PBS) solution. This solution is previously
prepared by dissolving a tablet of PBS (Sigma, P4417) in 200 ml Milli-Q water.

d. Add 20 ml of the glutaraldehyde solution 25%
e. Filter through a polycarbonate membrane filter (25 mm diameter 0.2 μm), take aliquots of
5-20 ml in cryovials and store them at -80 °C (long term storage) or at -20 °C (working
solution)
3. SYBR Green I solution (1:1,000)
Dilute SYBR Green I with DMSO to 1:1,000 and store at -20 °C protected of the light
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