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Monitoring Amphora sp. growth by flow cytometry
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A protocol on flow cytometry (FC) was developed for monitoring the growth of Amphora sp. in non-axenic and near-axenic ( < 15%
of bacteria) cultures, enabling the discrimination of aggregates and suspended bacterial cells. Autofluorescence emitted by diatoms was
gated on the FL3 red channel and bacteria stained with SYTO-BC were detected on the FL1 green channel. In the FL3 positive region,
two subpopulations were gated, one corresponding to a homogeneous high-density region, consisting mostly of single diatoms (R1), and
a subpopulation of events with up to one log decade fold of FL3 fluorescence intensity and increased relative cell size, suggesting the
presence of aggregates of two or more diatoms in the culture (R2). Percentages of single diatoms, diatoms with attached bacteria and
free-suspended bacteria were determined in each quadrant (A, B, C) at different growth phases. The aggregates of diatoms with attached-
bacterial cells increased with culture age, and the percentage of free-suspended bacteria accounted for less than 10% in this controlled
experiment. It is expected that growth monitoring by FC will allow the detection of bacterial contamination or overgrowth at early stages
of Amphora sp. cultures.
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Introduction
Amphora sp. is a benthic diatom commonly found in a
wide variety of surface coastal waters, and has been widely
tested for growth rate and nutritional value (De la Peña
2007). As they are commonly mass-cultured (De Pauw
et al. 1984) and settled onto plates as diet for grazing
juvenile abalones, these photosynthetic microorganisms
play a strategic role in seawater aquaculture, as feed and
settlement induction of advanced larval stages (Avendaño-
Herrera & Riquelme 2007, Capinpin Jr. 2007, Colen et al.
2011).

Changes during phytoplankton growth may have wide-
ranging ecological consequences (Peperzak & Brussaard
2011). In this regard, fast and reliable methods to detect
early alterations in different growth phases of cultured
diatoms are required.

Flow cytometry (FC) has been universally accepted as
a method for phytoplankton analysis (Dorsey et al. 1989,
Phinney & Cucci 1989, Veldhuis et al. 1997, Vives-Rego
et al. 2000, Franklin et al. 2005) due to the distinctive
red autofluorescence emitted by chlorophyll, and because
less sub-sampling is required to obtain good statistical
significance (Dubelaar & Jonker 2000). Furthermore, the
characterization of the functional properties of individual
cells by FC offers important information on the dynamics
of the analysed populations (Davey & Kell 1996). Studies
have shown that FC offers a way to look at cell cycle and
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cell phase of growth changes over time, and at cell sig-
nalling events (Dubelaar & Jonker 2000, Gerashchenko
et al. 2010). The strong relationship between diatoms and
bacteria has been widely studied (Bruckner et al. 2011,
D’Costa & Anil 2011), and it is well known that the
coexistence between algae and bacteria can be benefi-
cial, but also have harmful effects on growth in culture.
When using FC with non-axenic cultures, where bacte-
ria and diatoms coexist, each cluster represents a specific
population, gated in different regions and subsequently
analysed. The authors aim to address problems that arise
when non-axenic benthic diatoms are cultured, namely
distinguishing between single cells and aggregates in dif-
ferent growth phases, and the possibility of obtaining
results shifted by the fluorescence emitted by diatoms and
bacteria.

We aimed to develop a simple, rapid, reliable and
inexpensive FC protocol that can be standardized for the
quantification of diatom cells in the various stages of expo-
nential and plateau growth, as well as to discriminate
subpopulations of individual diatoms, suspended bacte-
ria and aggregates of diatoms with attached bacteria in
non-axenic cultures of Amphora. For this purpose, a non-
axenic culture of Amphora sp. was used as a model for
the early detection of bacterial contamination, enabling
the follow-up of bacteria overgrowth in aquaculture
systems.
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Materials and methods
Strain cultures and cultivation conditions
The marine diatom Amphora sp. was obtained from the
Culture Collection of Algae and Protozoa (CCAP 1001/3).
Non-axenic stock cultures were grown in f/2 + Si enriched
seawater as recommended by CCAP (Guillard’s medium
for diatoms: http://www.ccap.ac.uk/media/documents/f2_
Si.pdf) in cell culture flasks with ventilation caps (Orange
Scientific, Braine-l’Alleud, Belgium). Sterile filtered sea-
water (0.2 μm membrane, Millipore Co, Bedford, MA,
USA) was used for f/2 + Si medium preparation. Batch
cultures were incubated on an orbital shaker Type DOS-
20L (SkyLine, ELMI ltd, Latvia) at 50 rpm with a
light:dark cycle of 12:12 h, at 20°C.

Near-axenic cultures ( < 15% of diatom with attached
bacteria) were obtained following the method described
by Gerashchenko et al. (2010) with some modifications.
A final concentration of 100 U penicillin mL−1, 100 μg
streptomycin mL−1 and 200 μg neomycin mL−1 were used
and the cells were incubated under the above condi-
tions for 24 h. About 10 mL of Amphora sp. culture
were transferred from the antibiotic-treated medium to
a 75 cm3 culture flask filled with 40 mL of sterile fil-
tered f/2 + Si medium enriched with 2 mL of Luria-
Broth medium (LB: Liofilchem ® Roseto degli Abruzzi
(TE), Italy), and incubated under the same culture
conditions.

Flow cytometry
Dye and staining conditions
SYTO-BC dye (Molecular Probes, Invitrogen, Eugene,
OR, USA) is a non-fluorescent cell-permenant dye that
shows fluorescence enhancement upon binding nucleic
acids of live or dead cells. The dye is excited at 485 nm
and emits at 500 nm. The SYTO-BC stock solution was
prepared at 5 µM in pre-filtered (0.2 µm) distilled water.
Before staining, all samples were sonicated for disag-
gregation in a Sonorex ultrasonic bath (Bandelin, Berlin,
Germany) at an ultrasonic frequency of 35 kHz for 1–
3 min, to disperse large diatom aggregates, thus preventing
cell clogging in the fluid system. Bright-field microscopic
observation was performed before and after sonication,
in order to evaluate the efficiency of the disaggrega-
tion procedure and its safety for diatom integrity (Figs
S1a, S1b). Before sonication, large aggregates of diatoms
with clumps of bacteria were abundant. After sonication,
diatoms appeared mostly singly or in pairs with dispersed
bacteria, and without visible disruption of their delicate
structure.

For the FC analysis, 500 µL sonicated sample was
taken from the culture flask, stained in the dark with
5 µL of SYTO-BC for 5 min at a final concentration
of 0.5 µM.

Setting parameters and data analysis
FC acquisition was carried out using an EC800 Flow
cytometer analyser (Sony Biotechnology Inc., Champaign,
IL, USA). The forward angle light scatter (FS) detector
provided a rough measure of size. Photomultiplier tubes
(PMTs) equipped with bandpass filters (BP) – FL1, BP
525/50 nm and FL3, BP 665/30 nm – detected the green
and red fluorescence signals, respectively. Green fluores-
cence was detected in FL1 after staining with SYTO-BC,
and red autofluorescence was recorded in FL3 for the
presence of chlorophyll pigments in diatoms. All fluores-
cence emissions were collected in log mode. Events were
acquired without compensation. All gates applied for pop-
ulation discrimination were set manually based on control
samples.

For diatom enumeration, a volume of 50 μL was anal-
ysed at a flow rate of 40 μL min−1. A total number of
15,000–25,000 events were acquired for each sample, pro-
viding good statistical analysis. Every sample was run
in triplicate to assess the variability within the sample.
The experiment was repeated in three different batches for
reproducibility.

Acquisition of data was carried out with the EC800
software version 1.3.6. (Sony Biotechnology Inc., Cham-
paign, IL, USA) and data were analysed with the FC
software FCS Express 6 – RUO – version 6.05.0028 (de
Novo Software, Glendale, CA, USA).

Estimation of diatom density, growth rate and doubling
time by FC
Autofluorescence (FL3 + ) was used to detect the pres-
ence of diatoms and to exclude non-algal particles (FL3 − )
(Franqueira et al. 2000). The density of Amphora sp. was
determined at days 0, 2, 5, 7, 9, 11, 13 and 16.

A standard method was selected to validate counting
by FC. A preliminary experiment was carried out involving
two different methods (direct count with a Fuchs-Rosenthal
chamber and spectrofluorometry), which are in common
use for counting phytoplankton. Those were compared
with absolute counts obtained by FC during Amphora sp.
growth. Table S1 compares the two methods in order to
choose the best for the cross-validation of the FC method.
Despite not being the method showing the best correla-
tion with FC count, and since both values were highly
correlated, spectrofluorometry was selected as the standard
method because it was less time-consuming.

A Spectrofluorimeter (Horiba Aqualog 800, Kyoto,
Japan) and a quartz cell (QS High Precision cell, Art.
N° 140-F-10-40, Hellma Analytics, Müllheim, Germany)
were used to assess culture emissivity. The full spec-
trum of the non-axenic culture was first obtained and
highest peaks were observed at 456 nm (excitation) and
681 nm (emission). Amphora sp. autofluorescence, mea-
sured by spectrofluorometry, was converted to diatom

http://www.ccap.ac.uk/media/documents/f2_Si.pdf
http://www.ccap.ac.uk/media/documents/f2_Si.pdf


Amphora sp. growth by flow cytometry 407

density (diatoms mL−1) with interpolation of the unknown
values from the standard curve, and the Spearman correla-
tion coefficient was calculated (Table S2).

Growth rate (GR) was estimated during the exponential
phase with measurements performed at day 2 and day 7
according to the regression model equation:

Y = Y0e(Kt), (1)

where Y is the diatom density on day 7 of culture growth,
Y0 is the diatom density on day 2 of culture growth (as this
is day 0 of exponential growth), t is the time expressed
in days (d) and K is the growth rate constant, which is
expressed as day−1.

Doubling time was computed as ln (2)/K. The same
instrument settings were used for the entire duration of the
experiments to allow comparison between days.

Monitoring growth of Amphora sp. by FC
Percentage of diatom vs. bacteria present in non-axenic and
near-axenic cultures of Amphora sp. in different growth
phases (exponential and stationary phases) was assessed.
Bacteria stained with SYTO-BC were detected on FL1
with the same FC settings used for diatoms. Negative con-
trols of live, unstained diatoms were applied to determine
PMT and voltage settings. Therefore, live diatoms stained
with SYTO-BC and isolated bacteria stained with SYTO-
BC were used to clarify the contribution of nucleic acid
staining from diatoms and bacteria. An overlay histogram
plotted on FL1 showed that diatoms emitted weaker green
fluorescence than bacteria (Fig. S2). The threshold for
FL1 − /FL1 + was set at log 2, so the contribution of
SYTO-BC to live diatoms was considered negligible.

Epifluorescence microscopic observations
Epifluorescence microscopy was used as an alternative
approach to cross-validate the cytometry data, by visu-
alizing Amphora sp. cultures under particular conditions,
namely, a near-axenic, a non-axenic culture of diatoms,
and a culture of isolated bacteria. For microscopic anal-
ysis, 500 µL of sonicated sample taken from each cul-
ture flask was stained, in the dark, for 5 min with 5 µL
of SYTO-BC at a final concentration of 0.5 µM. When
necessary, the stained sample was diluted in sterilized
hypertonic NaCl solution (previously 0.2 μm filtered). Ten
microlitres of sample was then placed on a glass slide
coated with a drop of glycerol-based anti-fading mounting
reagent, Citifluor AF1 (Hatfield, PA, USA). The samples
were visualized with an epifluorescence microscope BX51
(Olympus, Shibuya-ku, Tokyo, Japan) equipped with FITC
filter (EX 470 nm – EM BP 490/520). The epifluorescence
images were taken with a DP71 digital camera (Olym-
pus, Shibuya-ku, Tokyo, Japan) with 60 × and 100 ×
magnification objectives.

Statistical analysis
Statistical inference using Wilcoxon signed rank test for
comparisons between paired groups was accomplished
with GraphPad Prism 5.03 software for Windows 64 bit,
San Diego, CA, USA. Statistical significance was deter-
mined at P < 0.05.

Results and discussion
Since the late 1970s, FC has driven scientists’ interest in
its potential application for algal studies (Paau et al. 1978).
The precise, simultaneous measurements of individual par-
ticle volume, fluorescence and light scatter properties that
can be made at rapid rates are unique features of the tech-
nique that allowed FC to be established as a useful tool for
the majority of aquatic particles (Phinney & Cucci 1989).
Another obvious advantage is the analysis of small sam-
ples containing thousands of cells in a few seconds, thereby
providing powerful statistical confidence.

Some authors have reported that FC is more accurate
than conventional microbiological methods for obtain-
ing information from heterogeneous, complex samples
(D’Costa & Anil 2011, Peniuk et al. 2016).

In this study, FC was used to assess the biological
characteristics of non-axenic and near-axenic Amphora sp.
as a fast, inexpensive and reliable tool for monitoring
growth of benthic diatoms in culture. The high precision
syringe delivery mechanism of the flow cytometer allowed
diatom density to be accurately estimated. FC was shown
to be a rapid counting technique for suspensions of benthic
diatoms in near-axenic or non-axenic cultures, allowing the
analysis of a large number of diatoms and consequently
improving statistical interpretation.

Estimation of diatom density, growth rate and doubling
time by FC
Red fluorescence was the discriminating feature for detect-
ing diatoms, estimating diatom density (diatoms mL−1) by
selecting all the events gated on FL3 + . Consequently,
no staining with SYTO-BC was required. Afterwards, a
growth curve was displayed (Fig.1). A lag phase of 2
days was followed by an exponential phase up to day 7.
Growth rate for Amphora sp. and the number of times that
the diatom population doubled per day during the expo-
nential phase were determined. An average growth rate
of 0.6221 ± 0.02 d−1 was obtained with a corresponding
doubling time of 1.41 days. A maximum diatom density of
1.09 × 106 cells mL−1 was found at day 11, after which
the culture reached the stationary phase.

Monitoring growth of Amphora sp. by FC
Benthic diatoms have the ability to form small aggregates,
so a linear scale for FS measurements was used to bet-
ter differentiate individual cells from aggregates (Fig.2).
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Fig. 1. Amphora sp. growth curve (n = 3; mean ± SD). Den-
sity of Amphora sp. (diatoms mL−1) estimated up to 16 days of
culture.

Diatoms were selected according to their FS-lin/FL3 signal
(Fig.2a) and two distinct gates (R1 and R2) were set: R1 – a
homogeneous subpopulation characterized by high density
of small red autofluorescent diatoms, and R2 – a het-
erogeneous subpopulation characterized by lower diatom
density, showing a higher relative size than in R1. On aver-
age, diatom density in gate R1 was about four-fold higher
than in R2. Although the separation of R1 and R2 was
arbitrary, the subpopulations were consistent for all sam-
ples. Hence, a colour dot-plot was displayed to improve
the visualization of the two gates: R1 was coloured red and
R2 was coloured purple (Fig.2b). An overlay histogram
of the diatom population, gated on FL3 + , confirmed the
differences between R1 and R2 with respect to relative
size (Fig.2c) and the autofluorescence signal (Fig.2d), sug-
gesting that diatoms in R1 were mostly single cells, and
R2 consisted of small aggregates of two or more diatoms.
Free-suspended bacteria were identified as blue events.

Fig. 2. Gating for characterization of Amphora sp. culture. (a) Bivariate dot-plot of the forward light scatter (FS-linear scale) and red
autofluorescence (FL3-log scale) of diatoms. Homogeneous subpopulation was gated as R1. Heterogeneous subpopulation was gated as
R2; (b) Same bivariate dot-plot converted into a coloured dot-plot. (c) Overlay of the single-parameter histogram (FS-lin) comparing the
relative size of diatom population gated in R1 and R2. (d) Overlay of the single-parameter histogram (FL3) comparing the intensity of
fluorescence (665/30 nm) emitted by diatoms gated in R1 and R2.
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Fig. 3. FC analysis of biological controls for cross-validation of FC data. A suspension of bacteria-free diatoms (a–c), a mixed suspen-
sion of diatoms with bacteria (d–f), and a suspension of diatom-free bacterial cells (g–i) were used as controls. Images represented the
epifluorescence microscopic observations of the different suspensions. Scale bar = 10 μm.

Cross-validation of data obtained by FC and gating
strategy
A combined gating strategy was applied for monitoring the
growth of Amphora sp. by FC. The first step was staining
the sample with the acid nucleic dye SYTO-BC, critical
for the separation of diatoms and bacteria. The gates R1
(red) and R2 (purple) were set on the FS-lin/FL3 plot
to gate the diatoms. Then, a bivariate dot-plot (FL1 vs.
FL3) was displayed. The next step was to set the thresh-
olds to split the dot-plot into four quadrants (A, B, C, D)
for discrimination of single positive FL1 − /FL3 + , dou-
ble positive FL1 + /FL3 + , single positive FL1 + /FL3 − ,
and double negative FL1 − /FL3 − populations, respec-
tively. To accomplish this, a suspension of bacteria-
free diatoms (Fig.3a–c), a mixed suspension of diatoms
with bacteria (Fig.3d–f) and a suspension of diatom-
free bacterial cells (Fig.3g–i) were used as biological
controls.

The gates R1 (red) and R2 (purple) were highlighted on
the bivariate dot-plot showing the presence of different sub-
populations: single diatoms free from bacteria (R1; FL1 − ;
FL3 + ), single diatoms with attached bacteria (R1; FL1 + ;
FL3 + ), small aggregates of diatoms free from bacteria
(R2; FL1 − ; FL3 + ) and small aggregates of diatoms with
attached bacteria (R2; FL1 + ; FL3 + ).

Epifluorescence microscopy was performed for cross-
validation of the FC data. Microscopic observations
showed that events gated in quadrant A were mostly single
and small aggregates of diatoms free of bacteria (Fig.3c),
while quadrant B was characterized by small clumps of
diatoms with attached green bacteria (Fig.3f). In B, each
dot represented one or more bacterial cells attached to indi-
vidual diatoms. Consequently, percentages in each quad-
rant of the dot-plot were not for single cells, whereas the
total number of events represents either single diatoms,
or diatoms attached with bacteria. Free-suspended bacteria
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Fig. 4. Stacked-bar graph representing the percentages (%) of
events gated in quadrants A, B, and C, for up to 16 days of
Amphora sp. culture.

positive for FL1 and negative for red fluorescence were
gated in quadrant C (Fig.3i). Double negative events, in
quadrant D, were considered as non-living particles (black
events) and were not counted for the event total.

Monitoring of non-axenic cultures of Amphora sp. vs.
culture age
Different percentages of events gated in each of the quad-
rants (A, B, and C) were obtained in different growth
phases of the culture (Fig.4). Lag and exponential phases
were characterized by a high percentage of diatoms
( > 60%) gated in A. The stationary phase was character-
ized by a reduction of 20% of diatoms gated in A, with a
corresponding increase in B. A slight increase in suspended
(C) bacteria was also observed in this late phase.

A more detailed analysis of the diatom/bacteria in
quadrant B showed two distinct subpopulations (R1 and
R2), which allowed the percentage of single diatoms and
small aggregates of diatoms with attached bacteria to be
estimated, respectively (Fig.5). The graph shows a sig-
nificant decrease in single diatoms (P < 0.0001) and a
corresponding increase in aggregates (P < 0.0001) in the
stationary phase.

Monitoring of non-axenic cultures vs. near-axenic
cultures by FC
Bacteria are frequently associated with benthic diatoms,
interacting in the micro-zone surrounding diatom cells,
both contributing to the build-up of phototrophic biofilms

Fig. 5. Bar graph representing the percentage (%) of events
gated in R1 and R2 in quadrant B for up to 16 days of Amphora
sp. growth (n = 3; average ± SD).

(Affan et al. 2006). Bacteria may be free-living or attached
to the diatom surface, showing tight interaction with
microalgae (Olson et al. 1983). Near-axenic cultures
( < 15% of bacteria) were compared with non-axenic cul-
tures of Amphora sp., and the percentage of events gated in
quadrants A, B and C was calculated.

Table 1 summarizes the results obtained (in percent-
ages) for A, B and C from three independent assays of
non-axenic cultures and near-axenic cultures in exponen-
tial growth. Significant differences were found between
the percentage of events in non-axenic and near-axenic
cultures in quadrants A (P = 0.005) and B (P = 0.01).
In non-axenic cultures, less than 60% diatoms were free
of bacteria (A) and nearly 40% were single or small
aggregates of diatoms with attached bacteria (B). Free-
suspended bacteria (C) accounted for less than 10% of the
diatom culture. On the other hand, in near-axenic cultures,
single diatoms gated in A, small aggregates of diatoms
and bacteria in B, and free-suspended bacteria (C) repre-
sented roughly 80%, 15% and 5% of the diatom culture,
respectively.

Conclusions
A simple, rapid, reliable and inexpensive FC protocol is
proposed for the quantification of cells that are in vari-
ous stages of exponential and stationary growth. Staining
bacteria with SYTO-BC enabled four quadrants to be
discriminated based on the combination of two bivariate
dot-plots (FS-lin/FL3) and (FL1/FL3). Exponential phase
was characterized by a high percentage of single diatoms.

Table 1. Percentage of events (%) gated in quadrants A, B, and C.

A P B P C P

Non-axenic 54.2 ± 6.7 0.005* 37.7 ± 6.1 0.01* 8.1 ± 2.1 n.s.n.s.
Near-axenic 81.2 ± 5.8 13.3 ± 5.6 5.5 ± 3.0

*Significant values (P < 0.05); n.s.: not significant.



Amphora sp. growth by flow cytometry 411

Small aggregates with attached bacteria were present in
all growth phases, but the percentage of these aggregates
increased in stationary phase. Although the study was con-
ducted in a controlled setting, monitoring the percentage of
diatoms and suspended bacteria enabled the culture condi-
tions to be controlled, with respect to bacterial overgrowth
or aggregation that might affect early stages of the culture.
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