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Summary: Though a large number of techniques are available for the study of aquatic bacteria, the aim of this study was
to establish a technique for analysing free-living and biofilm prokaryotic cells through laboratory assays. In particular, we
wished to analyse the efficiency of ultrasound to detach and disrupt biofilm, to obtain an efficient stain treatment for quan-
tifying free-living and biofilm prokaryotes in flow cytometry (FC), and to compare epifluorescence microscopy (EFM),
scanning electron microscopy (SEM) and FC for quantifying free-living and biofilm prokaryotes#. Marine-grade plywood
substrates were immersed in natural marine water that was conditioned for 12 days. At 6 and 12 days, water aliquots and
substrates were removed to estimate free-living and biofilm prokaryote density. Ultrasound efficiently removed marine
biofilm from substrates (up to 94%) without cell damage. FC analysis (unstained) reliably quantified marine plankton
and young or mature biofilm prokaryotes compared with other staining (acridine orange, 4',6-diamidino-2-phenylindole,
propidium iodide and green fluorescent nucleic acid), EFM or SEM techniques. FC and SEM achieved similar results,
while a high variability was observed in the EFM technique. FC was faster and more precise than SEM because the count
is not dependent on the observer.

Keywords: ecology; bacteria enumeration; flow cytometry; microbial methods; microscopy.
Comparacion de técnicas para contar procariotas en muestras de biofilm y plancton marino

Resumen: A pesar de la gran cantidad de técnicas disponibles para el estudio de bacterias acudticas, el objetivo de este
estudio fue aplicar y proponer una técnica para el andlisis de células procariotas de vida libre y asociado a biofilms en ensa-
yos de laboratorio. En particular, deseamos analizar la eficiencia de de la aplicacién de ultrasonidos para separar y romper
el biofilm, obtener un tratamiento de tincién eficiente para cuantificar procariotas de vida libre y de biofilm por citometria
de flujo (CF), y comparar microscopia de epifluorescencia (MEP), microscopia electrénica de barrido (MEB) y CF para
cuantificar los procariotas de vida libre y de biofilm. Los sustratos de madera contrachapada de grado marino se sumergie-
ron en agua marina natural que se acondiciond durante 12 dias. A los 6 y 12 dias, se retiraron alicuotas de agua y sustratos
para estimar la densidad de procariotas de vida libre y asociados a los biofilms. Los ultrasonidos eliminaron de manera
eficiente el biofilm marino de los sustratos (hasta 94%) sin dafar las células. El andlisis por CF (sin marcador) cuantificé
de manera fiable las células del plancton marino y los procariotas de biofilms jévenes o maduros en comparacién con otras
técnicas de marcacion (naranja de acridina, 4°, 6-diamidino-2-fenilindol, yoduro de propidio, acido nucleico fluorescente
verde), MEP o MEB. CF y MEB lograron resultados similares, mientras que se observé una alta variabilidad en la técnica
EFM. Cuando se compara, CF es mas rapido y mas preciso que MED, ya que el recuento no depende del observador.

Palabras-clave: ecologia; enumeracion de bacteria; citometria de flujo; métodos microbianos; microscopia.
Citation/Como citar este articulo: Agostini V.O., Rodrigues L.T., Macedo A.J., Muxagata E. 2021. Comparison of
techniques for counting prokaryotes in marine planktonic and biofilm samples. Sci. Mar. 85(3): 211-220. https://doi.
org/10.3989/scimar.05117.019

Editor: M. Sala.

Received: August 20, 2020. Accepted: June 14, 2021. Published: August 24, 2021.

Copyright: © 2021 CSIC. This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International (CC BY 4.0) License.


https://doi.org/10.3989/scimar.05117.019
mailto:voagostini@gmail.com
https://orcid.org/0000-0002-8325-254X
mailto:e.muxagata@gmail.com
https://orcid.org/0000-0002-4210-5252
mailto:letterres@hotmail.com
https://orcid.org/0000-0002-9402-0306
mailto:alexandre.macedo@ufrgs.br
https://orcid.org/0000-0002-8951-4029
https://doi.org/10.3989/scimar.05117.019
https://doi.org/10.3989/scimar.05117.019

212 « V.O. Agostini

INTRODUCTION

Prokaryotes may be freely available in the water
column as part of the plankton, interacting directly
with chemical processes and playing a variety of roles
in the food chain (e.g. the microbial loop), or they may
even be attached to living (organisms) or non-living
(debris) surfaces embedded in extracellular polymer-
ic substances (EPS), forming microbial aggregates or
biofilms, usually associated with matter and energy
transport and biofouling (Kerstens et al. 2015, Bunse
and Pinhassi 2017, Agostini et al. 2017). Free-living
and biofilm prokaryotes have ecological and economic
importance, so accurate determination of their abun-
dance and biomass are important in most microbiology
applications (Alsharif and Godfrey 2002).

Several methods have been proposed as alterna-
tives for enumerating planktonic (free-living) and bi-
ofilm bacteria in natural aquatic environments and in
laboratory assays (Boulos et al. 1999). Epifluorescence
microscopy (EFM) is presently the most widely used
microscopy technique (Muthukrishnan et al. 2017,
Parthasarathy et al. 2018). The ability to accurately es-
timate bacterial abundance and standing stock biomass
in fresh and marine waters by inspecting bacterioplank-
ton cells stained with a fluorochrome has contributed to
the field of aquatic microbial ecology (Suzuki 1993).
The combined application of fluorescence staining and
confocal laser scanning microscopy is useful for count-
ing microbes in a biofilm sample, avoiding the loss
of focus that is observed in traditional EFM for thick
biofilm samples (Dang and Lovell 2002). The use of
scanning electron microscopy (SEM) in this field re-
lies on its ability to examine the dimensional topogra-
phy and distribution of specific characteristics (Fischer
et al. 2012) and reveals morphological structures of
isolated organisms. However, microscopy techniques
are time-consuming, requiring intrinsic preparation
methods that can limit their use in routine analyses
(Combs 2010, Beniac et al. 2015).

Since the 1990s, flow cytometry (FC) has been a
rapid and accurate alternative to microscopic evaluation
of free-living and biofilm bacteria in aquatic samples
(Bouvier et al. 2011, Agostini et al. 2017). However,
FC as well as some EFM techniques require pre-treat-
ments to detach the individual bacterial cells from sur-
faces without rupturing cells. In the literature, one of
the main procedures for removing bacterial biofilms
from surfaces is ultrasound treatment (sonication) (OI-
iveira et al. 2006, Xu et al. 2012, Kerstens et al. 2015).
However, this technique should be used with care, be-
cause ultrasound waves have the capacity to kill bacte-
rial cells, depending on the frequency applied (Xu et al.
2012, Kerstens et al. 2015). Furthermore, the age of the
biofilm could interfere in the composition and quantity
of EPS and cell abundance (Flemming and Wingender
2010). In this case, ultrasound and staining could show
different efficiency on young and mature biofilms.

According to Gasol and Giorgio (2000) and Am-
briz-Avifia et al. (2014), bacteria can be analysed by
FC when in suspension without fluorescent staining
and be detected by light scatter alone or also by auto-

fluorescence; however, staining would distinguish be-
tween cells and other particle-like debris (Davey and
Kell 1996, 1997).

Acridine orange (AO) (3,6-acridinediamine) and
DAPI (4’-6-diamidino-2-phenylidole, dihydrochlo-
ride) are the most widely used fluorochromes for bac-
terial staining (Zimmerman and Meyer-Reil 1974,
Hobbie et al. 1977, Porter and Feig 1980). However,
AO could also dye detritus and the EPS of biofilms and
aggregates (Harrison et al. 2006). Propidium iodide
(PD) contains a phenanthridinium ring and enhances
the fluorescence of double-stranded nucleic acids, dye-
ing cells with compromised membranes (Shapiro and
Nebe-Von-Caron 2004, Jin et al. 2005). Howeyver, the
green fluorescent nucleic acid stain SYTO9 has been
shown to mark non-compromised and compromised
membrane cells of gram-positive and gram-negative
prokaryotes. Thus, SYTO9 can enter all cells and is
used for assessing total cell counts without dying de-
tritus and EPS (Zhang et al. 2015, Berney et al. 2007,
Mohammed et al. 2013). PI and SYTO9 together can
be used in pure viability bacterial assays (see Supple-
mentary Material Table S1).

Though a large number of techniques are avail-
able for studying natural aquatic planktonic and bio-
film-associated bacteria, there is still no consensus on
the most effective methodology for quantifying and
characterizing these organisms rapidly, efficiently and
economically, and no studies until now have present-
ed a broader comparison of quantification of marine
free-living and biofilm prokaryotes using EFM, SEM,
and FC (unstained and with different stains) from labo-
ratory assay samples. The aim of this study was to pro-
pose a protocol for analysing free-living and biofilm
prokaryotes, ensuring efficiency and speed of analysis
in laboratory assays. In particular, we aimed to analyse
the efficiency of ultrasound for detaching and disrupt-
ing biofilm without compromising cells, to obtain an
efficient stain treatment to quantify free-living and bio-
film prokaryotes in FC, and to compare EFM, SEM and
FC with different stains for quantifying free-living and
biofilm prokaryotes of marine samples through labora-
tory assays.

MATERIALS AND METHODS

Natural marine water (500 mL) at 25 ppt salini-
ty was collected from Cassino Beach, Rio Grande,
Brazil and incubated at 20°C for 12 days in a 12:12
(light:dark) photoperiod, under similar conditions to
those at the collection site, with artificial white light
(70 umol photons s'm™) in a DBO incubator (Mar-
coni® 403) in a Erlenmeyer flask (1 L). Marine-grade
plywood substrates (12 cm?) commonly used in the
naval field and considered a good surface for biofilm
development (Golladay and Sinsabaugh 1991, Sailer et
al. 2010, Agostini et al. 2016) were deposited in cul-
tures to allow biofilm growth. The culture medium was
shaken manually four times per day (every 6 hours)
(Agostini et al. 2016) and at the sixth and twelfth day
of exposure, aliquots (1 mL) of the culture medium
and/or substrates were removed for evaluation of the
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planktonic and biofilm bacteria, respectively. These
times were chosen because a preliminary laboratory
experiment showed us that they would be sufficient to
allow biofilm growth with a high number of cells. At
approximately 10 days, the biofilm is mature, the ma-
trix disrupts and cell dispersion occurs.

Aliquots with planktonic samples were immediately
placed in microtubes (2 mL, Eppendorf Gene®), while
the substrates were individually placed in 50 mL sterile
saline solution to detach the biofilm using three pulses
of 15 seconds (20 kHz) on each side of the substrate
using a Cole-Parmer® ultrasound (series 4710) (Ol-
iveira et al. 2006), with the exception of the substrates
submitted to evaluation under SEM. After detachment,
1 mL of the biological suspension was placed in a re-
action tube. The samples were fixed with 4% sterile
formaldehyde for EFM and FC analysis and with 1%
sterile glutaraldehyde for SEM analysis (Fig. 1). In this
way, we performed the assays with dead cells with a
damaged membrane caused by the use of formalde-
hyde fixative (Crawford and Barer 1951). The estima-
tion of the number of prokaryotes will be presented as
cells per mL (cells ml™) and cells per cm? (cells cm™)
for free-living and biofilm organisms, respectively.

Ultrasound biofilm detachment and bacteria cell
damage evaluation

The substrates with intact biofilm were analysed us-
ing a JEOL JSM-6060 scanning electron microscope
(SEM), representing the biofilm before the ultrasound
procedure, and subjected to biofilm detachment fol-
lowing the methodology of Oliveira et al. (2006), rep-
resenting the biofilm after the ultrasound procedure in
triplicates. After being fixed with 1% sterile glutaralde-
hyde for 12 hours, which does not cause cell membrane
damage (McKenzie 2019), the substrates were dehydrat-

evaluate the biofilm
detachment by ultrasound
(Cliveira et al. 2006) and
the intact and damaged cells
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ed with increasing concentrations of ethanol (50, 70, 80,
95 and 100%) (20 min each), dried by the addition of
one drop of 100% acetone and fixed on aluminium stubs
covered with gold (Freitas et al. 2010). To calculate the
biofilm prokaryote density before and after the ultra-
sound procedure, the prokaryotes present on the sub-
strates were counted from ten photographic images per
substrate using a 11000x magnification (97 um? of area)
and the biofilm prokaryote (BP) density (cells cm™) was
estimated by applying the following formula:

B CountM * U
PA

where Count,, = average prokaryotes count; U = unit =
1 cm?; and PA = photographic area = 0.0000097 cm?.

Bacteria cell damage (a compromised membrane)
was also evaluated after ultrasound procedures in
triplicates. The same methodology as that applied for
SEM (described above) was used; however, the mate-
rial detached from the substrates after the ultrasound
procedure was filtered on polycarbonate filters of 0.2
um (Whatman @#25mm). The material was not fixed to
avoid interference in the cell membrane, and the sub-
strates and filters were oven-dried (40°C) for 24 h and
directly analysed under SEM.

To calculate the percentage of compromised bacte-
rial membranes, the proportion of prokaryotes with in-
tact and compromised membranes (see Fig. S1) present
on the substrates and filters was determined from ten
photographic images per replicate at 10000x magnifi-
cation (107 pm? of area).

Flow cytometry

Biological material present on the samples previ-
ously fixed with 4% formaldehyde was stained with

|

palycarbonate
filters

00000 ..,

6 and 12 days
of exposure

\“‘*\

o RTDII000Y
P

TIveveneee

~ JHUEUIUUOY
svmos. {JUUYYUYUUY
UUUU?UUUUU

control (beads)

EFM

(Freitas et al. 2010)

Fig. 1. — Experimental design used to define the best flow cytometer (FC) protocol for counting and measuring planktonic and biofilm marine
prokaryotes compared with epifluorescence microscopy (EFM) and scanning electron microscopy (SEM).
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AO (Merck™) and DAPI (Sigma-Aldrich™) follow-
ing the protocol of Kepner and Pratt (1994). To stain
prokaryotes with AO or DAPI, 100 pL of an aqueous
stock solution of AO (1 g L™!) or DAPI (0.01 g L)
was added per mL of sample (attaining a final con-
centration of 100 pg mL"! for AO and 1 ug ml™' for
DAPI), and the resulting solution was incubated for 15
minutes at room temperature in the dark (Porter and
Feig 1980).

PI (20 mM solution in DMSO) and green fluo-
rescent nucleic acid (SYTO9) (3.34 mM solution in
DMSO - Molecular Probes™) were added in the ratio
of 1.5 uL of dye for 998.5 uL of biological suspension.
The samples were incubated at room temperature in
the dark for 15 minutes (Shapiro and Nebe-Von-Caron
2004, Ophus 2014) (see Table S2).

Free-living (cells mL™) and biofilm (cells cm™)
prokaryotic density was estimated using a calibrated
flow cytometer (BD FACS Verse™) equipped with one
air-cooled blue laser at 488 nm from ten replicates
using the BD FACSuite™ software for analysis. The
flow cytometer was calibrated by performing sever-
al pilot experiments using various samples. Samples
were run at rates below 1000 events per second and a
time-acquisition of 60 seconds per sample was used as
a fixed acquisition time. The prokaryote population of
the FC plot was presented on a logarithmic scale.

The flow cytometer’s performance was calibrated
with Control Cytometer Setup and Tracking. To detect
the multiple marine microbial diversity (populations
with different characteristics such as complexity, size
and structure), no gate was used in the forward scatter
(FSC) vs side scatter (SSC) parameters, so all events
were considered during the FC analysis. This proce-
dure was conducted to avoid the miscounting of any
bacteria present on the sample. The threshold level
was set at 10000 on the FSC parameter and at 200 for
the following parameters: SSC, FL-1 (FITC) and PE
(FL-3).

The SYTO9 dye was used in the FL-1 channel
(527/32 nm). The PI, AO and DAPI staining were de-
tected at red fluorescence in the FL-3 channel (586/42
nm). An unstained sample was used as a negative back-
ground and only the events with higher fluorescence
intensity than the unstained ones were considered pos-
itive for the SYTO9, DAPI, AO and PI analysis.

Epifluorescence microscopy

The biological suspension present on water sam-
ples and plywood substrates was filtered on polycar-
bonate filters of 0.2 um (Whatman @25mm) darkened
(for 20 min) with Irgalan Black, stained with AO (1%),
and viewed under EFM with phase contrast (Zeiss
Axioplan) at 1000x magnification (fitted with an Hg
50-W lamp, a BP 450 to 490 nm excitation filter, and
an LP 515 nm emission filter).

To estimate the free-living (cells mL™") and biofilm
(cells cm™) prokaryote density, all prokaryotes pres-
ent in a grid of 100 pm? (1000x magnification) were
counted (2122 cells in total) from ten replicates (five
grids per replicate), applying the following formulas:

Free-living prokaryotes

CountM = FA

FLP = — G VF

where Count,, = average prokaryotes count; FA = filter

area = 3.46 cm?; GA = grid area = 0.00001 cm?; and VF
= volume filtered = 1 mL.

Biofilm prokaryotes

_ CountM * FA * DV
GA * VF * SA

BP

Where Count,, = average prokaryotes count; FA = filter
area = 3.46 cm?; GA = grid area = 0.00001 cm?; VF =
volume filtered = 1 mL; DV = dilution volume = 50

mL; and SA = substrate area = 25 cm?
Scanning electron microscopy

The planktonic prokaryote samples followed the
same filtration procedure as that detailed above on poly-
carbonate filters, while for biofilm prokaryotes, the ply-
wood substrates were directly analysed under SEM. The
SEM sample procedures followed Freitas et al. (2010).

To estimate free-living (cells mL™") and biofilm (cells
cm™?) prokaryote density, respectively, in polycarbonate
filters and plywood substrates, all prokaryotes present in
an area of 97 pm? (11000x magnification) were counted
(552 cells in total) from ten replicates (five areas per rep-
licate), applying the following formulas:

Free-living prokaryotes

CountM * FA
FLP = =5 VF

where Count,, = average prokaryotes count; FA = filter
area = 3.46 cm?; PA = photo area = 0.0000097 cm?; and
VF = Volume filtered = 1 mL.

Biofilm prokaryotes
CountM * U
" PA
where Count,, = average prokaryotes count; U = unit =

1 cm?; PA = photo area = 0.0000097 cm?.
Statistical analysis

General linear model (GLM) analysis was applied
to Poisson data distribution with a “log” link function
to evaluate differences in prokaryote density before
and after the ultrasound procedure and between the
FC, EFM and SEM methodologies for each exposure
time. A one-way ANOVA was used to detect significant
differences between treatments for data with a normal
distribution. To compare prokaryote stain percentages
among different stain-treatments using the free soft-
ware R 3.4.1 (2017), post-hoc Tukey tests followed the
analyses (p>0.05 means no statistical difference).
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Fig. 2. — A: GLM results showing differences in biofilm prokaryote density (cells cm) before and after the ultrasound procedure at 6 and 12

days of exposure. The vertical lines denote confidence intervals (95%) (standard error*1.96). B: Scanning electron microscopy pictures show

differences in the prokaryote density on marine-grade plywood surface at 6 and 12 days of exposure before and after the ultrasound procedure.

Lowercase letters indicate similarities (p>0.05) or statistical differences (p<0.05) in prokaryote cell quantification between stains, and capital
letters indicate statistical similarities (p>0.05) or differences (p<0.05) in detritus quantification between stains.

RESULTS

The ultrasound procedure removed 94% and 93%
of biofilm bacterial density the from plywood sub-
strates at 6 (p<0.001) and 12 days (p<0.001) of age,
respectively (Fig. 2A). Before the ultrasound proce-
dure, the biofilm bacterial density on the substrate
was 5.1x10° and 5.6x10° cells cm™ at 6 and 12 days,
respectively. After the ultrasound procedure, it was
0.2x10%cells cm™ and 0.3x10° cells cm™ at 6 and 12
days, respectively. The SEM images also show the
biofilm community before and after the ultrasound
procedure at different biofilm ages (Fig. 2B). The
cell integrity after the ultrasound procedure was re-
tained after 6 and 12 days of exposure (p=0.828).
The percentage of compromised cell membrane was
similar (p=0.608) between 6 (2.7%) and 12 (2.8%)
days of exposure and before (2.6%) and after (2.8%)
the ultrasound procedure (p=0.692).

The bacterial count by FC using different stains
was determined by comparisons between prokar-
yote cell bars in a single community and time, as
well as by comparisons of each stain treatment be-
tween free-living and biofilm communities at 6 and
12 days. It was observed that for free-living bacte-
ria at 6 (F(4’45):O.041; p=0.997) (see Fig. S2A) or 12
days of exposure (F,, =0.009; p=1.000) (see Fig.
S2B), the treatments showed no significant differ-
ences. However, for the biofilm-associated bacteria,
a higher number of non-stained particles was found
in the PI (6.63%) than in the unstained (0.00%), AO
(1.02%) and SYTO9 (0.26%) treatments at 6 days
(F(4’45)=5.675; p<0.009) (see Fig. S2C); and a higher
number of non-stained particles was found in the PI

treatment (10.64%) than in the unstained (0.00%),
AO (1.04%), DAPI (1.02%) and SYTO9 (0.56%)
treatments at 12 days (F 4’45)=4.798; p<0.02) (see
Figs S2D, S3). We used the percentage of stained
and non-stained cells to reveal the efficiency of the
different stains, but we also provided the bacterial
cell count in the electronic supplementary material
(see prokaryotes cell count values in Table S3).

Similar average percentages of non-stained par-
ticles were observed between free-living and bio-
film samples (~2.40%) and between 6 and 12 days
(~2.40%). However, when we evaluated just the
SYTO9 treatment, we observed that the planktonic
samples (1.88%) showed more non-stained particles
than the biofilm samples (0.41%) (F(1’36)=65.662;
p<0.001) and the number of these particles increased
from 6 (0.80%) to 12 days (1.49%) of experiment
(see Fig. S2C, D) (F(1‘36):14.330; p<0.001).

When the FC (unstained) and microscopy (EFM
and SEM) techniques for estimating bacterial den-
sity were compared, similar results were obtained
for free-living (p=0.094 at 6 days of exposure) (see
Fig. 3A) and biofilm-associated bacteria (p=0.058 at
6 and p=0.051 at 12 days of age) (Fig. 3C, D). How-
ever, at 12 days of exposure, free-living prokaryote
density in EFM was higher than in FC (p<0.001),
although similar to SEM (p=0.316) (Fig. 3B). Sta-
tistically, EFM only showed higher average bacterial
density free-living cells at 12 days than FC and SEM.
In the other observations, no statistically significant
differences were observed between EFM and FC and
SEM due to high variability in the EFM results (Fig.
3; see photos in Fig. S4).
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Fig. 3. — GLM results showing differences in free-living (cells ml™) and biofilm (cells cm™) prokaryote density between flow cytometer (FC-

unstained), epifluorescence microscopy (EFM-AO stain) and scanning electron microscopy (SEM). A, free-living prokaryotes at 6 days; B,

free-living prokaryotes at 12 days; C, biofilm prokaryotes at 6 days; D, biofilm prokaryotes at 12 days. Lowercase letters indicate statistical
similarities (p>0.05) or differences (p<0.05).

DISCUSSION

The efficiency of the ultrasound procedure for detach-
ing prokaryote cells from steel, glass, ceramic and plastic
surfaces has been reported (Xu et al. 2012, Sgier et al.
2016), but not from plywood, which shows a more het-
erogeneous surface. Moreover, cell damage has not been
evaluated. The results obtained may be associated with
the ultrasound frequency applied (20 kHz), which was
within the frequency range (18-55 kHz) suggested by
other researchers (Oulahal et al. 2004, Oliveira et al. 2006,
Sgier et al. 2016), ensuring effective removal of young (6
days) and mature (12 days) biofilm from surfaces, EPS
disruption and prokaryote cell integrity when the samples
are fixed with glutaraldehyde. Thus, the ultrasound proce-
dure is excellent for removing marine biofilm prokaryotes
from hard substrates.

In this study, we followed different protocols for the
SEM and FC-EFM analysis. For SEM, the fixative ap-

plied was glutaraldehyde 1%, while for FC and EFM
it was formaldehyde 4%. This use of different fixatives
resulted in different cell membrane integrity. According
to Crawford and Barer (1951) and McKenzie (2019), for-
maldehyde causes cell damage while glutaraldehyde does
not, justifying the use of PI stain for FC and the evaluation
of cell integrity with SEM photos.

Similar biofilm bacterial density was observed be-
tween 6 and 12 days of exposure (see Fig. 1), which could
be a result of the biofilm dispersion that occurs in mature
biofilms after they have reached the support capacity of
the system (Flemming and Wingender 2010). Hence, dif-
ferent exposure times could result in similar bacterial den-
sities, a pattern which has also been observed in free-liv-
ing cells (Agostini et al. 2016, Kim and Lee 2016).

After detachment and disruption of the marine biofilm,
the biological suspension can be tested by FC to evaluate
specific characteristics such as number of bacteria, com-
plexity, size and viability at the cellular level (Shapiro
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and Nebe-Von-Caron 2004, Bouvier et al. 2011). In this
study, the efficiency of different stains was also tested.
The unstained treatment showed the best cost-benefit for
estimating bacterial densities on biofilm (cells cm?) and
free-living (cells mL") bacterial suspensions for all expo-
sures/ages when compared with the results obtained with
the SYTOO9, PI, DAPI, AO stains when the samples are
obtained from laboratory assays. Unstained samples can
be applied in FC analysis without compromising the study
(Gant et al. 1993, Walberg et al. 1996, Ambriz-Avifia et
al. 2014), because non-prokaryote particles (eukaryotes +
detritus) were always a small proportion (<3 %) of the
planktonic and biofilm samples, as observed in other stud-
ies (Agostini et al. 2018a,b, Lopes et al. 2018).

While DAPI only stains living organisms, AO stains
organisms and non-living particles such as EPS and detri-
tus (Kepner and Pratt 1994, Harrison et al. 2006). Colloids
may also be stained by these agents and be autofluores-
cent (Porter and Feig 1980, Harrison et al. 2006); hence,
the abundance estimates were similar to those without
staining. This finding is consistent with those of Suzuki
(1993) and Posch et al. (2001), who observed 70% and
90% lower bacterial numbers, respectively, on staining
with DAPI compared with staining with AO by EFM.
These results could be associated with AO’s overestima-
tion of detritus count.

Statistical differences were observed in the biofilm
community between the PI stain and the other treatments.
PI cannot traverse intact cell membranes, so only cells
with compromised membranes can be counted (Shapiro
and Nebe-Von-Caron 2004, Jin et al. 2005). This relation-
ship was significant only for the biofilm samples, a finding
which could be associated with EPS presence (Flemming
and Wingender 2010), allowing more cells to remain with
intact membranes even after the fixation process (death).
For this reason, PI has been commonly used to label dead
cells (Jin et al. 2005, Falcioni et al. 2008, Franklin et al.
2011), although fast-growing cells can also show ruptured
membranes, allowing PI marking (Shi et al. 2007).

SYTO9 is an excellent stain to apply in studies con-
cerning bacterial community and can be applied with
other stains to differentiate bacterial populations (Berney
et al. 2007, Mohammed et al. 2013, Zhang et al. 2015).
Analyses of unstained samples by FC is less expen-
sive (on consumables) than that of samples treated with
SYTO9 (2.00 USD per sample in this study) and statisti-
cally showed the same results.

Comparison of marine prokaryote densities between
FC (unstained), EFM and SEM in the current work
showed that FC can also be applied to estimate marine
free-living and biofilm prokaryotes. FC can also be ap-
plied to estimate natural marine free-living (Gasol and
Giorgio 2000) and biofilm prokaryotes (Amalfitano and
Fazi 2008), as observed for bacterioplankton from lakes
(Felip et al. 2007). FC has also been successfully applied
to estimate total free-living bacteria in drinking water (Yu
et al. 2015) and in marine biofilm density on microplas-
tics (Sgier et al. 2016). Jochem (2001) evaluated the total
density of marine planktonic heterotrophic bacteria by
EFM and FC and observed equivalent estimates between
the two methodologies. Total bacterioplankton density es-
timates by FC were compared with counts by direct ob-
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servation using EFM, showing that the results of the FC
could be considered reliable (Monfort and Baleux 1992).
Unlike the aforementioned studies, the data of the present
study provide a broader comparison of quantification of
marine free-living and biofilm prokaryotes by EFM SEM,
and FC (with different stains and unstained).

Though there were no significant differences between
the three methodologies (see Fig. 3), we observed differ-
ent mean densities of prokaryotes between treatments,
with EFM having a higher density than SEM and FC for
all samples analysed. These results may vary with the ob-
server performing the counting, which may lead to higher
counting error in low magnification (1000x) than in SEM
and FC, leading to overestimation of the number of bacte-
ria. Epifluorescence microscope techniques are time-con-
suming and require considerable effort to obtain precise
and accurate results (Cos et al. 2010, Bouvier et al. 2011).
For the planktonic community, FC also showed a lower
prokaryote number than SEM, indicating an underestima-
tion, as observed by Felip et al. (2007), who related these
results to the presence of small cells (<0.06 pm3).

In the present study, based on the differences in mi-
croscopy magnification between EFM and SEM, different
cell numbers were counted per replicate, and a four-fold
increase in prokaryotes was observed by EFM analysis;
however, the lower magnification (1000x) used in EFM
than in SEM (11000x) could lead to an overestimation.
Garren and Azam (2010) observed that SEM bacterial
abundance estimations can be ten times lower than fluo-
rescence-based techniques, but these authors considered
that the SEM method underestimated prokaryote densi-
ties, contrasting with the results of the present work. SEM
can be an alternative to fluorescence techniques, such as
EFM, because it has the advantage of acquiring images
at higher resolution, distinguishing between detritus and
prokaryote and eukaryote cells (Garren and Azam 2010).
However, sample preparation is costly and more time is
required to analyse the samples and images.

FC, which requires less sample processing, thus ap-
pears to be a more efficient technique for obtaining rap-
id and accurate estimations of bacterioplankton densities
than EFM, which requires a greater extent of sample pro-
cessing (Troussellier et al. 1999). According to Jochem
(2001), Gasol and Giorgio (2000) and Kerstens et al.
(2015), FC is a rapid, accurate and promising technique
for environmental free-living and biofilm prokaryote
quantification, providing new information about the struc-
ture and functioning of prokaryotic communities. Howev-
er, the use of FC requires single-cell suspensions (Nebe-
von-Caron et al. 1999, 2000, Kerstens et al. 2015), which
can be obtained after the ultrasound procedure proposed
by Oliveira et al. (2006) and were tested in the present
study. Microscopy analyses lack precision because the
number of cells examined is lower compared than that ob-
tained by FC (Gasol and Giorgio 2000).

In this study, ultrasound treatment ensured removal of
more than 93% of the young and mature marine biofilm
from the plywood substrates. Moreover, it disrupted the
EPS without compromising the cells. High variability was
observed in the EFM technique, so no conclusive results
could be achieved from the EFM analysis. FC and SEM
achieved similar results, FC but is faster, more precise and
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cheaper (sample preparation) than SEM. Unstained sam-
ples showed similar results to those of stained samples.
In particular, the FC detection of unstained samples was
likely biased by the lack of suspended particulate matter
(debris) in the laboratory samples. This application for nat-
ural samples should be investigated with different biofilm
growing settings. In other words, though FC detection of
unstained samples showed comparable results to those of
stained samples and to the SEM technique, it must be em-
phasized that the use of FC with unstained samples is a
valid method as long as the samples have low amounts of
debris; otherwise, it would be necessary to stain the sam-
ples for a reliable cell count.
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SUPPLEMENTARY MATERIAL

The following supplementary material is available
through the online version of this article and at the fol-
lowing link: http://scimar.icm.csic.es/scimar/supplm/
sm05117esm.pdf
Table S1. — Stain potential to dye compromised and non-com-

promised cell membranes, and detritus.

Table S2. — Fluorescence characteristics of the stains used to
count and measure marine free-living and biofilm prokar-
yotes by flow cytometer (Tsuboi et al. 2000, Riccardi and
Nicoletti 2006, Pharmingen BD 2020).

Table S3. — Free-living (ind mL™") and biofilm (ind cm™) prokar-
yote densities estimated by flow cytometer (unstained, AO,
DAPI, PI and SYTO9) at 6 and 12 days of exposure.

Fig. S1. — Differences between bacteria/archaea intact and com-
promised cell membranes. Photo from scanning electron mi-
croscope (10000x) showing marine prokaryote biofilm on
plywood substrate.

Fig. S2. — One-way ANOVA results showing differences in
prokaryotes cells recorded by the flow cytometer with stains
compared with detritus/non-stained particles at 6 and 12
days of exposure. A, free-living prokaryotes at 6 days; B,
free-living prokaryotes at 12 days; C, biofilm prokaryotes
at 6 days; D, biofilm prokaryotes at 12 days. Vertical lines
denote confidence intervals (95%) (standard error*1.96).

Lowercase letters indicate statistical similarities (p>0.05) or
differences (p<0.05).

Fig. S3. — A, instrument configuration details of the filters and
mirrors used on the BD FACSVerse™. B, histograms show
the fluorescence profiles at the FL-3 channel (PE). The
curves correspond to the cells unstained and stained with
propidium iodide (PI) or acridine orange (AQO). C, histo-
grams show the fluorescence profiles at the FL-1 channel
(FITC). The curves correspond to the cells unstained and
stained with green fluorescent nucleic acid (SYTO9) or
4’-6-diamidino-2-phenylidole, dihydrochloride (DAPI). In
both cases, the unstained cells were considered as back-
ground and the percentage of those above the background
was considered as positive. The fluorochromes were added
and analysed separately in each tube, excluding exclude the
possibility of interference between them. D, FSC vs SSC
dot plot of the bacteria population showing all the events
that were considered in the analysis. The FSC vs SSC plot
of the stained cells (AO, PI, DAPI, SYTQ9) shows that these
parameters were similar to those of the unstained sample.

Fig. S4. — Marine free-living and biofilm prokaryote populations
at 6 and 12 days of exposure estimated by different meth-
odologies: using a flow cytometer (FC) (BD FacsVerse™),
where lighter colours are related to higher density cells, for-
ward light scatter for size estimates (FSC-A), light side scat-
ter for complexity estimates (SSC-A). A, using an epifluo-
rescence microscope (EFM) stained with acridine orange; B,
using a scanning electronic microscope (SEM) (C).
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Table S1. — Stain potential to dye compromised and non-compromised cell membranes, and detritus.

Dye Non-compromised Compromised Detritus/debris Reference
membrane membrane

Unstained . . . Davey and Kell 1997

AO . . . Harrison et al. 2006

DAPI : : Neu et al. 2002

SYTO9 : : Zhang et al. 2015

PI . Jin et al. 2005

Table S2. — Fluorescence characteristics of the stains used to count and measure marine free-living and biofilm prokaryotes by flow cytometer
(Tsuboi et al. 2000, Riccardi and Nicoletti 2006, Pharmingen BD 2020).

Dye Excitation Emission Laser line Colour
DAPI 360 nm 460 nm 305-407 nm blue
PI 530 nm 620 nm 488 nm red
AO 420-460 nm 630-650 nm 473-532 nm yellow
SYTO9 485 nm 498 nm 488 nm green

Table S3. — Free-living (ind mL™") and biofilm (ind cm) prokaryote densities estimated by flow cytometer (unstained, AO, DAPI, PI and
SYTOY) at 6 and 12 days of exposure.

Treatment Replicate Biofilm cells cm™ Free-living cells mL™!
6 days 12 days 6 days 12 days

Unstained R1 2.17E+06 4.53E+06 5.71E+05 3.86E+06
Unstained R2 2.00E+06 4.57E+06 4.77E+05 3.37E+05
Unstained R3 2.05E+06 4.45E+06 1.52E+06 2.31E+05
Unstained R4 2.00E+06 4.01E+06 4.90E+05 1.20E+06
Unstained RS 1.99E+06 4.47E+06 3.47E+06 2.46E+05
Unstained R6 2.01E+06 4.62E+06 4.85E+05 2.23E+05
Unstained R7 1.99E+06 4.36E+06 5.00E+05 1.25E+06
Unstained R8 1.95E+06 4.55E+06 5.49E+05 3.25E+05
Unstained R9 2.00E+06 4.55E+06 2.52E+06 3.37E+05
Unstained R10 2.03E+06 4.69E+06 5.02E+05 3.12E+05
AO R1 2.12E+06 4.49E+06 5.61E+05 3.77E+06
AO R2 1.97E+06 4.50E+06 4.69E+05 3.27E+05
AO R3 2.02E+06 4.28E+06 1.50E+06 2.29E+05
AO R4 1.99E+06 3.98E+06 4.84E+05 1.19E+06
AO RS 1.96E+06 4.45E+06 3.41E+06 2.43E+05
AO R6 2.01E+06 4.56E+06 4.78E+05 2.22E+05
AO R7 1.98E+06 4.35E+06 4.95E+05 1.24E+06
AO R8 1.93E+06 4.52E+06 5.41E+05 3.22E+05
AO R9 1.99E+06 4.52E+06 2.49E+06 3.34E+05
AO RI10 2.02E+06 4.67E+06 4.94E+05 3.07E+05
DAPI R1 2.17E+06 4 45E+06 5.26E+05 3.57E+06
DAPI R2 2.00E+06 4.54E+06 4.32E+05 3.19E+05
DAPI R3 2.04E+06 4.40E+06 1.43E+06 2.23E+05
DAPI R4 1.98E+06 3.99E+06 4.51E+05 1.17E+06
DAPI RS 1.96E+06 4.43E+06 3.14E+06 2.38E+05
DAPI R6 1.97E+06 4.54E+06 4.36E+05 2.14E+05
DAPI R7 1.91E+06 4.34E+06 4.50E+05 1.22E+06
DAPI RS 1.83E+06 4.53E+06 5.09E+05 3.17E+05
DAPI R9 1.87E+06 4.51E+06 2.35E+06 3.19E+05
DAPI RI10 1.84E+06 4.61E+06 4.69E+05 3.00E+05
PI R1 2.04E+06 4.52E+06 5.07E+05 3.56E+06
PI R2 1.85E+06 4.53E+06 4.15E+05 2.95E+05
PI R3 1.93E+06 4.36E+06 1.37E+06 2.10E+05
PI R4 1.81E+06 3.80E+06 4.31E+05 1.17E+06
PI R5 1.89E+06 3.99E+06 2.99E+06 2.29E+05
PI R6 1.89E+06 4.08E+06 4.18E+05 2.13E+05
PI R7 1.86E+06 3.57E+06 4.34E+05 1.15E+06
PI R8 1.81E+06 3.55E+06 4.91E+05 3.17E+05
PI R9 1.84E+06 2.98E+06 2.28E+06 3.04E+05
PI R10 1.92E+06 4.64E+06 4.54E+05 2.64E+05
SYTO 9 R1 2.16E+06 4.52E+06 5.00E+05 3.50E+06
SYTO 9 R2 2.00E+06 4.54E+06 4.05E+05 2.88E+05
SYTO 9 R3 2.05E+06 4.44E+06 1.36E+06 2.01E+05
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Treatment

Replicate

Biofilm cells cm™

Free-living cells mL™!

6 days 12 days 6 days 12 days
SYTO 9 R4 1.99E+06 4.00E+06 4.27E+05 1.14E+06
SYTO 9 RS 1.98E+06 4.42E+06 2.97E+06 2.22E+05
SYTO 9 R6 2.01E+06 4.57E+06 4.04E+05 2.08E+05
SYTO 9 R7 1.98E+06 4.32E+06 4.31E+05 1.13E+06
SYTO 9 RS 1.94E+06 4.52E+06 4.87E+05 3.08E+05
SYTO 9 R9 2.00E+06 4.53E+06 2.25E+06 2.99E+05
SYTO 9 R10 1.92E+06 4.68E+06 4.47E+05 2.60E+05

Fig. S1. — Differences between bacteria/archaea intact and compromised cell membranes. Photo from scanning electron microscope (10000%)
showing marine prokaryote biofilm on plywood substrate.
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Fig. S2. — One-way ANOVA results showing differences in prokaryotes cells recorded by the flow cytometer with stains compared with

detritus/non-stained particles at 6 and 12 days of exposure. A, free-living prokaryotes at 6 days; B, free-living prokaryotes at 12 days; C,

biofilm prokaryotes at 6 days; D, biofilm prokaryotes at 12 days. Vertical lines denote confidence intervals (95%) (standard error*1.96).
Lowercase letters indicate statistical similarities (p>0.05) or differences (p<0.05).
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Fig. S3. — A, instrument configuration details of the filters and mirrors used on the BD FACSVerse™. B, histograms show the fluorescence
profiles at the FL-3 channel (PE). The curves correspond to the cells unstained and stained with propidium iodide (PI) or acridine orange
(AO). C, histograms show the fluorescence profiles at the FL-1 channel (FITC). The curves correspond to the cells unstained and stained
with green fluorescent nucleic acid (SYTO9) or 4’-6-diamidino-2-phenylidole, dihydrochloride (DAPI). In both cases, the unstained cells
were considered as background and the percentage of those above the background was considered as positive. The fluorochromes were added
and analysed separately in each tube, excluding exclude the possibility of interference between them. D, FSC vs SSC dot plot of the bacteria
population showing all the events that were considered in the analysis. The FSC vs SSC plot of the stained cells (AO, PI, DAPI, SYTO9)
shows that these parameters were similar to those of the unstained sample.
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Fig. S4. — Marine free-living and biofilm prokaryote populations at 6 and 12 days of exposure estimated by different methodologies: using

a flow cytometer (FC) (BD FacsVerse™), where lighter colours are related to higher density cells, forward light scatter for size estimates

(FSC-A), light side scatter for complexity estimates (SSC-A). A, using an epifluorescence microscope (EFM) stained with acridine orange; B,
using a scanning electronic microscope (SEM) (C).
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