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Cell concentrations of the potentially harmful raphidophyte Chattonella subsalsa

Biecheler were quantified in surface waters of Guanabara Bay, a heavily eutrophicated

estuarine system in tropical Brazil, from February 2014 to January 2018. Cells were

imaged and quantified in live samples by means of an automated imaging system

(FlowCam®). Bloom episodes (>0.1 × 106 cells L−1) were observed in 37 samples,

mostly in a shallow (<10m) area with extremely high nutrient and organic matter loads

(average total P = 19µM and total N = 344µM), intermediate salinity (average 24.5),

and low water transparency (average Secchi depth = 0.54m) due to continental runoff.

Blooms in this area reached up to 13.3 × 106 cells L−1. C. subsalsa cell concentration

was correlated with parameters linked to eutrophication of the bay. On a monthly

basis, C. subsalsa abundance was correlated with a period of positive Multivariated El

Niño/Southern Oscilation Index (MEI) that lasted from the beginning of 2015 to mid-2016

(known as Godzilla El Niño), indicating a potential influence of regional climate on the

occurrence of C. subsalsa. Notably, at least six fish kill episodes were reported in the

Bay during this period which, added to the toxicity of C. subsalsa strains isolated from

the bay to Artemia nauplia (48h-LC50 = 7.3 × 106 cells L−1), highlights the threat that

this HAB species poses to the environment. This is the first report of recurrent, massive

C. subsalsa blooms in Guanabara Bay. Regardless of the influence of climatic forcing in

favoring C. subsalsa development, reducing nutrient loads would be the best strategy to

mitigate blooms of this and other potentially harmful algae in Guanabara Bay.
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INTRODUCTION

Members of the genus Chattonella (Class Raphidophyceae) are
successful, cosmopolitan microalgae commonly found in the
plankton of coastal marine areas such as estuarine ecosystems.
This group of photosynthetic protists has various characteristics
(such as phenotypic plasticity, tolerance to a wide range
of temperatures, capacity for diel vertical migrations, and
mixotrophy) that allow them to thrive in eutrophicated coastal
waters despite the changeable conditions of these environments
(Paranhos and Mayr, 1993; Marshall and Hallegraeff, 1999;
Chenna et al., 2003; Band-Schmidt et al., 2004; Handy et al.,
2005; Hosoi-Tanabe et al., 2006; Imai and Yamaguchi, 2012;
Klöpper et al., 2013). Besides, some species of Chattonella form
toxic blooms with harmful effects to other marine organisms,
especially fish. These traits make species of this genus a
common target duringmonitoring studies in coastal marine areas
(Khan et al., 1995; Imai and Yamaguchi, 2012).

Chattonella spp., as other raphidophytes, are unicellular, bi-
flagellated protists, typically with gold-brown coloration due
to the production of fucoxantin (Hallegraeff and Hara, 2003;
Klöpper et al., 2013). Their morphological diversity, even among
the same species, has made the use of molecular markers almost
a requirement for its precise identification. The occurrence
of mixotrophy has been described for this genus, which may
confer a competitive advantage during nutrient shortage (Jeong
et al., 2010). Furthermore, the species Chattonella antiqua,
C. marina, C. ovata, and C. subsalsa have been described
to form harmful algal blooms (HABs), and cause massive
fish kills (Hiroishi et al., 2005; Imai et al., 2006; Imai and
Yamaguchi, 2012). The mechanism of the fish kills is not yet
fully understood. Studies have demonstrated the production
of neurotoxins (brevetoxins), hemolytic substance, and also of
reactive oxygen species (ROS) (Hallegraeff et al., 2004; Imai and
Yamaguchi, 2012). Nevertheless, it seems that suffocation by
physically clogging the gills is the ultimate cause of fish death,
with production of ROS playing an important role (Marshall
et al., 2003; Imai and Yamaguchi, 2012). Massive fish kills caused
by Chattonella spp., with associated economic losses, have been
described around the world (e.g., in Japan, India, Australia, USA)
(Hallegraeff et al., 1998; Edvardsen and Imai, 2006; Imai et al.,
2006; Lewitus et al., 2008; Imai and Yamaguchi, 2012).

Even though the genus Chattonella is found worldwide, its
growth is affected by environmental factors such as temperature,
salinity, nutrient concentrations, as well as by biotic factors
such as competition, parasitism, and grazing. Different strains
of Chattonella were shown to have different optimal temperature
and salinity growth conditions (Nakamura and Watanabe, 1983;
Nakamura et al., 1989; Marshall and Hallegraeff, 1999; Imai
and Yamaguchi, 2012), although they can be found outside
these optimal conditions in natural environments. It has been
shown that Chattonella can form cysts, and, in temperate
regions with wide seasonal variations in temperature and salinity,
encystment may be used as a survival strategy (Nakamura et al.,
1990; Edvardsen and Imai, 2006). Encystment may also allow
bloom formation during the return of favorable conditions
(Imai, 1989; Portune et al., 2009).

Guanabara Bay is a large, highly-eutrophicated bay on
the southeast coast of Brazil. It is surrounded by eleven
municipalities, including the worldwide known city of Rio de
Janeiro. Along the years, the anthropogenic impacts in this
environment have caused severe disturbances and changes in
its waters and on the habitats around the bay. One of the
most critical impacts is the increase in nutrient concentrations,
which leads to high chlorophyll levels (e.g., it has been registered
chlorophyll a concentrations as high as 483mg m−3) (Paranhos
et al., 2001). As a probable consequence of eutrophication, it has
also been observed changes in the composition of the plankton
community, with a shift toward a community dominated by
more heterotrophic/mixotrophic organisms, and an increase in
the frequency of HABs (Valentin et al., 1999; Santos et al.,
2007; Fistarol et al., 2015; Odebrecht et al., 2018). Among the
potentially harmful microalgae detected in Guanabara Bay are
members of the genus Chattonella (Villac and Tenenbaum, 2010;
Fistarol et al., 2015).

Although the occurrence of Chattonella spp. has been
previously described in Brazil (Hallegraeff and Hara, 2003;
Villac and Tenenbaum, 2010; Fistarol et al., 2015), including
its presence as a member of the planktonic community in
Guanabara Bay several decades ago (Valentin et al., 1999), there
is a lack of systematic studies on the occurrence of blooms of
these raphidophytes in the region. Due to its wide distribution
and tolerance to different environmental conditions, added to
the aforementioned records of the presence of Chattonella spp. in
Brazilian waters, it is reasonable to assume that blooms of these
raphidophytes in Guanabara Bay are more common than what
has been hitherto documented in the literature.

In this study we present the results of an intense, 4-
year monitoring program in Guanabara Bay that unveiled the
occurrence of massive blooms of the raphidophyte Chattonella
subsalsa in this environment. The taxonomic identity, tolerance
to salinity and toxic potential of C. subsalsa was assessed by
means of cultures established from cells isolated from the bay.
The environmental drivers that favor the occurrence of C.
subsalsa in Guanabara Bay are discussed.

MATERIALS AND METHODS

Sampling
Plankton samples for quantification of C. subsalsa in Guanabara
Bay were collected over a 4-year period, from January, 2014 to
January, 2018 along four sampling series (A to D) (Figure 1).
Each sampling series had a particular timespan, number
of sampling locations and sampling frequency: (i) monthly
samplings at two fixed locations (A1 and A2) from January,
2014 to December, 2015 and bimonthly samplings at the same
locations from January, 2016 to January, 2018; (ii) monthly
samplings at five fixed locations (B1 to B5) from October, 2014 to
January, 2018; (iii) monthly samplings at 6 fixed locations (C1 to
C6) fromOctober, 2016 to January, 2018; (iv) weekly samplings at
4 fixed locations (D1 to D4) from March, 2017 to January, 2018.
Samples for cell counts and chemical analyses were collected at
the water surface with a bucket or a Niskin bottle. Immediately
after sampling, aliquots of water were sieved through a 200µm
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FIGURE 1 | Map of Guanabara Bay showing the locations sampled in this study. Four sampling series (series A: green dots; series B: red dots; series C: blue dots;

series D: magenta dots) were conducted from February, 2014 to January, 2018 to monitor C. subsalsa cell concentration in surface waters of the bay. Samples

collected in series B were also analyzed for physical and chemical water parameters. Roman numbers represent zones within an eutrophication gradient from I (less

impacted) to V (more impacted). See text for details on each sampling series.

nylon mesh to remove large predators and stored cool in 2 to
5L plastic bottles until arrival to the laboratory. Samples for
inorganic nutrient, total N and P, and chlorophyll awere stored in
plastic bottles and kept on ice until being processed in the same
day in the laboratory. Opportunity samples for cell counts only
were collected off the fixed sampling locations when blooms were
detected by discoloration of the water surface.

Chattonella subsalsa Cell Counts and
Morphology
Cell counts were done on live samples by means of an automated
flow imaging microscopy system, FlowCam R© (Fluid Imaging
Technologies, Inc.), within 3 h after sampling. Samples brought
from the field were further sieved through a 100µm nylon
mesh to remove large particles, thus preventing blockage of
the capillary lines of the equipment. The FlowCam R© was fitted
with a 90µm field-of-view flow-cell and a 10X magnification
objective. Sample flow rate was set to 0.1mL min−1. Samples
were run for 20min and imaged at 20 frames per second in auto-
image mode with the threshold for acquisition set on an ESD
(equivalent spherical diameter) value of 5µm. Classification of
C. subsalsa cells was done with the VisualSpreadsheeth R© particle
analysis software provided by themanufacturer of the FowCam R©

(Fluid Imaging Technologies, Inc.) based on a library of ca. five
thousand C. subsalsa cells images selected from the Guanabara
Bay database. A visual inspection was then performed by a
human operator to correct for false positive and false negative
errors by the software. C. subsalsa cell morphology was studied
in live material following samplings in Guanabara Bay. A total
of 1,776 sharp images from the FlowCam R© displaying the cells
from the dorso-ventral view were selected for measurements of
cell length and width using the programVisualSpreadsheeth R©. In
all samples with detectable numbers ofChattonella cells they were
also observed alive in the same day of sampling using an inverted
microscope (Olympus IX70) equipped with a digital camera
(Olympus XC-50). Morphology-based taxonomic identification
was done based on the observations of live material in the
microscope following Throndsen (1997) and Tomas et al. (2002).

Physical, Chemical, and Biological Water
Parameters
Physical, chemical, and biological properties of the bay’s water
were assessed using standard oceanographic methods (Grasshoff
et al., 1983; Parsons et al., 1984). Water temperature was
measured with a YSI multiparameter sonde. Salinity was
estimated chemically from chlorinity measurements. Water
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transparency was measured with a Secchi disk. Inorganic
nutrients were analyzed as follow: ammoniacal nitrogen (the
sum of N-NH3 + N-NH+

4 , referred to as ammonia) by
indophenol; nitrite by diazotation; nitrate by reduction in a
Cd-Cu column followed by diazotation; orthophosphate by
reaction with ascorbic acid; silicate by reaction with molybdate.
Total nitrogen was analyzed by nitrate determination after
digestion with potassium persulfate, whereas total phosphorous
was analyzed as phosphate after acid digestion. All nutrient
analyses were performed in a Seal model AA3 AutoAnalyzer.
Chlorophyll a analyses were performed after vacuum filtration
(<25 cm of Hg) of water samples aliquots (minimum 250mL)
onto mixed cellulose esters membranes (Millipore HAWP
0.45µm). Chlorophyll was extracted overnight in 90% acetone
at 4◦C and analyzed in a UV-VIS Perkin Elmer Lambda 20
spectrophotometer (Perkin Elmer, USA).

Climatological Data
Air temperature, wind speed, and pluviosity were obtained from
a meteorological station located nearby sampling station B4
(Figure 1). Multivariated El Niño/Southern Oscillation (ENSO)
Index, MEI (3-month running mean values) was obtained
from the Earth System Research Laboratory database (National
Oceanic and Atmospheric Administration—NOAA, https://
www.esrl.noaa.gov/psd/data/climateindices/).MEI is determined
as the first seasonally varying principal component of six
atmospheric and oceanographic parameters (sea level air
pressure, zonal, and meridional components of the surface
wind, sea surface temperature, surface air temperature and
cloudiness) in the tropical Pacific Ocean basin using data from
the ICOADS (International Comprehensive Ocean-Atmosphere
Data Set) (Wolter and Timlin, 1993, 1998). Negative values of the
MEI represent the cold ENSO phase (La Niña) whereas positive
MEI values represent the warm ENSO phase (El Niño).

Establishment of Chattonella subsalsa
Cultures
Cultures of C. subsalsa were established from cells collected
in Guanabara Bay in 2014 on sampling stations B4 and B5.
Cells were picked with a capillary glass tube in an inverted
microscope, transferred to sterile f/2 medium (Guillard, 1975)
prepared with Guanabara Bay water with salinity adjusted to
20 and kept at 26◦C, a photon flux of 50 µmoles photons m−2

s−1 (cool white fluorescent tubes) with a 14:10 ligh:dark cycle.
After ca. 1 month, clonal cultures were established by single-
cell sorting in a MoFlo R© (Beckman-Coulter) flow cytometer
(Fistarol et al., 2018). Four cultures established by this method
were incorporated in the Culture Collection of Microorganisms
at UFRJ (CCMR) under the collection codes CCMR0024,
CCMR0025, CCMR0026, and CCMR0028. Cultures have since
been maintained at the temperature and light regime as above by
successive transfers to fresh medium on a monthly basis.

Growth Rates Estimates
C. subsalsa strains were grown in batch mode in f/2 medium
prepared with Guanabara Bay water. Temperature and light
regimes were as above. Strains were maintained in medium with

salinity 20. Prior to the tests the salinity was gradually (1 salinity
unit per day) adjusted toward salinity 10 and 30. None of the
strains sustained growth during the salinity decrease. Strains that
grew at salinity 30 were acclimated for 3 generations. Growth
rates of each strain were then measured at salinity 20 and 30
in triplicate 500-mL florence flat-bottom borosilicate glass flasks
containing 250mL of f/2 medium prepared with Guanabara
Bay water. Volumes of 5mL were harvested from each flask
every second day, fixed with a mixture of 1% paraformaldehyde,
1% glutaraldehyde, 30mM HEPES and an amount of sucrose
to match the osmotic pressure of the medium (Katano et al.,
2009), and counted in the microscope at 20X magnification
using Palmer-Maloney counting chambers. A minimum of
400 cells were counted in each sample. Specific growth rates
were calculated as the slope of a least-squares regression line
between the natural logarithm of cell concentration and time,
with time as the abscissa, during the exponential growth
phase (Guillard, 1973).

Toxicity Assays
The toxicity of two C. subsalsa strains (CCMR0024 and
CCMR0026) kept in culture were accessed by exposing Artemia
salina nauplia to live raphidophyte cells. Dried A. salina cysts
were hatched in seawater with the salinity adjusted to 20.
Artemia salina nauplia with 48 h of life after hatching were used
in the tests. C. subsalsa strains were grown in 250mL batch
cultures under the conditions described above. Dilution series
of C. subsalsa cells were prepared with cells harvested at late
exponential phase by addition of fresh f/2 medium to achieve five
concentrations ranging from 624 to 40,000 cells mL−1. Aliquots
of 10mL from each C. subsalsa cell dilution were added to
quadruplicate vials containing 20A. salina nauplia each, resulting
in five concentrations ranging from 312 to 20,000 cells mL−1. The
vials were incubated at the same conditions as the C. subsalsa

cultures used for the tests. Artemia salina nauplia were observed
after 48 h and scored as alive (motile) or dead (non-motile).

Molecular Characterization of Chattonella
subsalsa
Cultures of C. subsalsa established from single cells collected
in the bay were characterized by 18S rDNA sequencing. DNA
extraction was done on a cell pellet collected from 500 µL of
culture by CTAB and chloroform method (Rogers and Bendich,
1994). The small ribosomal subunit (SSU) was amplified by PCR
with primers 1F (5’-AACCTGGTTGATCCTGCCAGT-3’) and
1528R (5’-TGATCCTTCTGCAGGTTCACCTAC-3’) (Klöpper
et al., 2013). Amplification was performed in a Gene Amp 9,700
thermocycler in 25 µL reaction volumes containing 2.5 µL of
a 10µM solution of each primer, 1 µL of template DNA (50
ng), 12.5 µL of GoTaq R© G2 Green Master Mix, and 6.5 µL of
ddH2O. The thermal cycle consisted of an initial denaturation
step at 95◦C for 2min., followed by 30 cycles of 95◦C for
1.5min., 55◦C for 1min., 72◦C for 2min., and a final extension
at 72◦C for 7min. Aliquots of 5 µL of the PCR products were
purified with 2 µL of Exosap-ITTM for 15min. at 37◦C and then
15min. at 80◦C. Sequencing was done using dye-terminator
chemicals (BigDye R© Terminator v3.1 Cycle Sequencing Kit)
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following the manufacturer’s instructions and read in an
ABI PRISM R© 3500 Genetic Analyzer (Applied Biosystems).
Sequencing primers were 528F (5′-GCGGTAATTCCAGCTCC
AA-3′), 1055F (5′-GGTGGTGCATGGCCGTTCTT-3′), 536R
(5′-AATTACCGCGGCKGCTGGCA-3′) and 1055R (5′-
ACGGCCATGCACCACCACCCAT-3′) (Scholin et al., 1994;
Klöpper et al., 2013). The sequences obtained were analyzed
with the software Kodon v. 2.04 (Applied Maths). Their
similarity with other published sequences was obtained using
the BLASTn option in the GenBank database (https://www.ncbi.
nlm.nih.gov). A phylogenetic reconstruction was done based
on a sequence alignment conducted in Clustal (Higgins and
Sharp, 1988; Chenna et al., 2003) including four C. subsalsa
sequences obtained in this study and sequences from other
16 raphidophytes of the genera Chattonella and Heterosigma,
the latter used as an outgroup. The evolutionary model was
determined with ModelTest. The GTR+I+G was chosen and
implemented in the phylogenetic reconstruction that was done
by the Maximum-Likelihood method with 1,000 bootstrap
replications using Mega7 (Kumar et al., 2016).

Statistical Analysis
A principal component analysis (PCA) was performed based
on a correlation matrix with data from the 5 locations of the
sampling series B (B1 to B5) using C. subsalsa cell concentration,
chlorophyll a concentration, water temperature, salinity and
transparency (Secchi depth), inorganic nutrient concentrations
(orthophosphate, nitrite, nitrate, ammonia, and silicate), and
total phosphorus and nitrogen concentrations as variables.
Another PCA was conducted based on a correlation matrix
using maximum monthly C. subsalsa cell concentrations for
the whole bay, the Multivariated ENSO Index (MEI), average
monthly air temperature, accumulated monthly pluviosity,
and maximum monthly wind speed as variables. A multiple
regression analysis was performed to test the correlation between
maximummonthly C. subsalsa cell concentration over the whole
bay and the climatological variables MEI, average monthly air
temperature, accumulated monthly pluviosity, and maximum
monthly wind speed.

For the laboratory growth experiments, an analysis of
variance (ANOVA) followed by a Tukey HSD (honestly
significant difference) test was done to check for differences
among average C. subsalsa strains growth rates cultivated at
different salinities. For the toxicity tests, the concentration
of C. subsalsa cells causing 50% Artemia salina nauplia
mortality within 48 h of exposure (48 h-LC50) was estimated by
the Trimmed Spearman-Karber method with 95% confidence
intervals (Hamilton et al., 1977).

RESULTS

Physical and Chemical Characteristics of
the Environment
Water quality parameters were measured during the monthly
monitoring that took place from October 2014 to January 2018
at five fixed locations (sampling series B). Average salinity for this
period was above 30 in the stations close to the bay’s entrance and

along the bays main channel, whereas in the shallow embayment,
such as at station B4 (Figure 1), salinity was lower, averaging
25 with wide variation toward lower salinities (minimum of
14.6) (Figure 2A). Water temperature, on the other hand, was
on average higher on station B4 (average 25◦C) compared to
the other stations (Figure 2B). Transparency, measured as Secchi
disc depth, showed a strong variation across the bays axis, from
ca. 3m at the bay’s entrance to < 1m at station B4 (Figure 2C).
Silicate increased from the entrance (stations B1 and B2) toward
the inner parts of the bay, with the highest values (average
24µM) at station B4 (Figure 2D). Average nitrate concentration
was above 2µM, except in station B4 (average 0.7µM) with
maxima in excess of 9.8µM (Figure 2E). Nitrite concentrations
ranged from 1.6 to 2.2µM, increasing from the bay’s entrance
toward its inner parts (Figure 2F). Ammonia (Figure 2G) and
orthophosphate (Figure 2H) were much higher at station B4
(>200 and >10µM, respectively) that in other parts of the bay,
as also observed for organic nitrogen (Figure 2I) and organic
phosphorus (Figure 2J). Average chlorophyll a concentrations
were high across the bay, increasing from the entrance to the
inner parts, with extremely high values in excess of 500 µg L−1

at station B4 (average 110 µg L−1) (Figure 2K).

Climatology
The Multivariated El Niño Index (MEI) during the 4 years of
the monitoring in Guanabara Bay (February 2014 to January
2018) showed a strong, positive phase that lasted from the end
of 2014 to the first quarter of 2016, with the strongest positive
period (MEI above+1) during the austral spring and summer of
2015–2016 (Figure 3B). Local monthly average air temperature
(Figure 3C) ranged between 23◦C during winters to ca. 29◦C in
the summers. Averagemaximawere close to 40◦C in the summers
whereas minima were ca. 16◦C in winters. Average monthly
rainfall (Figure 3D) was higher from December to March with
peaks of 100 to 150mm with exception of the summer 2015–
2016 that showed levels up to 220mm, coinciding with the strong
positive MEI period.

Chattonella Subsalsa Blooms
The analysis of 563 samples collected within the 4 sampling series
(A to D) during the survey in Guanabara Bay from February
2014 to January 2018 showed a consistent occurrence of C.
subsalsa cells above the detection limit of our technique using
the FlowCam R© (i.e., 0.00087 × 106 cells L−1). Cell densities
in excess of 13 × 106 cell L−1 were observed during massive
blooms (Figure 2L, 3A and Table 1). A total of 37 samples had
>0.1 × 106 cell L−1 with 24 of those above 0.5 × 106 cell L−1

(Table 1). Most of these high cell density events were observed
within the zones IV and V (see map in Figure 1) that encompass
stations A2, B4, C4, to C6 in the shallow arears south and west
of the Governador Island. Station B4 alone (zone V) accounted
for 42% (10 out of 24) of all records of C. subsalsa above
0.5 × 106 cell L−1 (Table 1). The number of blooms and the
maximum concentrations of C. subsalsa decreased consistently
toward sampling stations within zones I to II, located on or
near the bay’s main channel (Figure 2L, Table 1). Fish-kills were
reported in the local media at least on six occasions from April,
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FIGURE 2 | Physical and chemical water parameters and C. subsalsa cell concentration in five locations (B1 to B5, see map in Figure 1) in Guanabara Bay sampled

on a monthly basis from October 2014 to January 2018. (A) salinity; (B) water temperature; (C) Secchi depth; (D) silicate; (E) nitrate; (F) nitrite; (G) ammonia; (H)

orthophosphate; (I) organic nitrogen; (J) organic phosphorus; (K) chlorophyll a; (L) C. subsalsa cell concentration. The box plot shows mean (thick line inside the

box), first and third quartiles (lower and upper box limits), standard deviation (whiskers) and outliers (open circles beyond the whiskers).
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FIGURE 3 | Concentration of C. subsalsa cells in Guanabara Bay and climatological parameters over a 4-year period (February, 2014 to January, 2018). (A) C.

subsalsa cell concentration detected in samples from four monitoring series (A–D, see map in Figure 1 for details), *Fish-kills in Guanabara Bay reported in the local

media; (B) Multivariate El Niño Index; (C) average (solid line), maximum (dashed line), and minimum (dotted line) monthly air temperature; (D) accumulated monthly

pluviosity.

TABLE 1 | Number of C. subsalsa blooms with >0.1 × 106 cells L−1 and >0.5 ×

106 cells L−1 in five zones of Guanabara Bay as shown in the map of Figure 1.

Sampling

zone

Number of

samplings with

>0.1 × 106 cells L−1

Number of

samplings with

>0.5 × 106 cells L−1

Highest cell

concentration

× 106 L−1

I 2 1 0.7

II 4 2 2.5

III 5 1 0.5

IV 14 10 8.0

V 12 10 13.3

All 37 24 13.3

The highest cell concentration recorded for the period in each zone is also shown.

2014 to mid-January, 2016 (Figure 3A), mostly in the inner parts
of the bay.

Chattonella Morphology and Molecular
Characterization
Live Chattonella cells from Guanabara Bay were analyzed in the
microscope and in the FlowCam R© in all samples where cells
were detectable. A set of 1,776 cells measured in the images
from the FlowCam R© were 34.9 ± 4.5µm (mean ± SD) long

TABLE 2 | Linear dimensions of C. subsalsa from Guanabara Bay based on 1,776

images of live cells obtained with the FlowCam®.

Length (µm) Width (µm)

Mean (SD) 34.9 (4.5) 20.1 (3.1)

Range 23.0–56.4 12.2–32.1

SD, standard deviation.

and 20.1 ± 3.1µm (mean ± SD) wide (Table 2). Cells appeared
pyriform, often elongated, with roundish, golden to brownish
chloroplasts densely packed filling up nearly the whole cell
(Figure 4). Cell surface often appeared lumpy with chloroplasts
protruding to form an irregular surface. Two flagella emerging
from a subapical groove were visible in the microscope. A
hyaline, tail-like protrusion at the posterior end of the cells, one
of the hallmarks of C. subsalsa Biecheler (Tomas et al., 2002), was
often observed both in the microscope and in the FlowCam R©

images (Figure 4).
Sequencing of the 18S rDNA gene from the four Chattonella

isolates produced 701 nt. long, identical sequences. The
sequences are deposited in the GenBank database (National
Center for Biotechnology Information, NCBI) under accession
numbers MK217469, MK217470, MK217471, and MK217472. A
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FIGURE 4 | Live C. subsalsa cells from plankton samples collected in Guanabara Bay. (a) Live cells imaged by the FlowCam®; (b,c) Live cells observed in an inverted

mircroscope at 40X magnification. The hyaline, tail-like protrusion at the posterior end of the cells typical of C.subsalsa can be seen (arrows). Scale: a: 10µm, b and c:

20µm.

BLASTn search showed that the sequences were 100% similar
to sequences of C. subsalsa. In a phylogenetic reconstruction
(Figure 5) with other raphidophytes, 18S rDNA sequences from
the four Guanabara Bay isolates clustered together with other C.
subsalsa sequences with 97% bootstrap support, as a sister group
to a cluster containing C. marina var. antiqua and C. minima.
The Chattonella genus cluster was separated from the other
raphytophyte genus, Heterosigma, with 99% bootstrap support.

Growth Rates of C. subsalsa Cultures
The four C. subsalsa strains isolated from Guanabara Bay grew
well when inoculated in f/2 medium with salinity 20 and 30
(Figure 6). Attempts to grow the strains in salinity 10 and in
freshwater failed. Growth rates (µ) ranged from 0.23 ± 0.06 d−1

(mean± SD) for strain CCMR0025 up to 0.81± 0.04 d−1 (mean
± SD) for strain CCMR0026, at salinity 20. Average growth rate
for all four strains was 0.50 ± 0.23 d−1 (mean ± SD) when
growing in salinity 20 and 0.54 ± 0.10 d−1 (mean ± SD) in
salinity 30. Strain CCMR0025 grew significantly faster at salinity
30, whereas strain CCMR0026 grew significantly faster at salinity
20. The other two strains grew equally fast at both salinities
(Figure 6; Table S1).

Toxicity of C. subsalsa Cultures
The C. subsalsa strains CCMR0024 and CCMR0026 were both
equally toxic to Artemia salina nauplia. The LC50-48h was 7.5 ×
106 cells L−1 (95% CI: 4.7× 106 to 11.9× 106 cells L−1) for strain
CCMR0024 and 7.3 × 106 cells L−1 (95% CI: 4.5 to 11.7 × 106×
106 cells L−1) for strain CCMR0026.

Influence of Water Parameters and
Climatology on C. subsalsa Cell
Concentrations
A total of 163 samples collected during the survey in
Guanabara Bay (sampling series B) were used in a PCA
to check the influence of local environmental variables on
the occurrence of C. subsalsa (Figures 7A,B; Table S2). The
first and second components explained 71% of the variance.

The first component was negatively correlated (factor-variable
correlation <-0.5) with C. subsalsa cell concentration (−0.53),
chlorophyll (−0.88), phosphate (−0.87), organic phosphorus
(−0.86), total phosphorus (−0.97), ammonium (−0.86), organic
nitrogen (−0.85), total nitrogen (−0.94), and silicate (−0.67),
and positively correlated (factor-variable correlation >0.5) with
salinity (0.83) and water transparency (0.66). The second
component was negatively correlated with nitrite (−0.84) and
nitrate (−0.79) concentrations and positively correlated with
water temperature (0.56). Samples collected at station B4
(shallow enclosed area of the bay) clustered together separated
from the others (main channel of the bay) (Figure 7B). A second
PCA was done to check the influence of climatological variables
on C. subsalsa cell concentrations (Figures 7C,D; Table S3).
The two first components explained 67% of the variance. In
this case, the first component was negatively correlated (factor-
variable correlation<-0.5) with average monthly air temperature
(−0.88) and maximummonthly wind speed (−0.82). The second
component was negatively correlated with maximum monthly
C. subsalsa cell concentrations (−0.56) and the MEI (−0.88)
(Figure 7C; Table S3). Accumulated monthly pluviosity, despite
being closely associated with MEI and C. subsalsa in the
diagram of the two first components (Figure 7C), was only
weakly correlated to the first (−0.38) and the second (−0.31)
components (Table S3). Samples collected in summer and spring
formed a cluster apart from samples taken in autumn and winter,
influenced by the variables average monthly air temperature and
maximumwind speed of component 1 (Figure 7D). Themultiple
regression analysis between monthly maximum C. subsalsa cell
concentrations and climatological variables showed significant
correlation only between C. subsalsa concentration and MEI
(Pearson’s r = 0.36; p= 0.007) (Table S4).

DISCUSSION

Frequency and magnitude of harmful algal blooms in aquatic
environments result from a combination of factors. Cultural
eutrophication and climate-induced changes in physical and
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FIGURE 5 | Phylogenetic reconstruction of C. subsalsa strains isolated from Guanabara Bay (red, boldface font) and other raphidophytes based on 18S rDNA

sequences. The evolutionary history was inferred by using the Maximum Likelihood method based on the Tamura-Nei model. A discrete Gamma distribution was used

to model evolutionary rate differences among sites [5 categories (+G, parameter = 0.1000)]. The tree is drawn to scale, with branch lengths measured in the number

of substitutions per site. The analysis involved 20 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 699

positions in the final dataset. Evolutionary analyses were conducted in MEGA7.

FIGURE 6 | Maximum growth rate of four C. subsalsa strains isolated from

Guanabara Bay cultivated in two salinities (20 and 30). Values are average of

triplicate cultures for each salinity. Different letters above the bars indicate

significant differences in growth rate according to an ANOVA with Tukey’s HSD

post-hoc test (p < 0.05). Whiskers: 1SD.

chemical properties of coastal ecosystems are major drivers
of a global increase of such blooming events (Burkholder
et al., 2006; Heisler et al., 2008). Raphidophytes such as the
genus Chattonella thrive in nutrient-enriched waters during

warm periods (Onitsuka et al., 2015). Their ability to perform
mixotrophy by the uptake of dissolved organic compounds as
well as particles such as bacteria make them good competitors
as eutrophication increases (Burkholder et al., 2008; Jeong
et al., 2010). Our four-year monitoring unveiled a consistent
presence of C. subsalsa in the surface waters of Guanabara Bay,
with recurrent blooming events at very high concentrations.
Although the genus Chattonella has been previously reported as
a component of the bay’s phytoplankton community (Valentin
et al., 1999; Villac and Tenenbaum, 2010; Odebrecht et al., 2018)
even in bloom conditions (Sevrin-Reyssac et al., 1979), this is the
first systematic, long-term survey that shows its regular presence
and blooming frequency in this important and heavily impacted
estuarine system.

Guanabara Bay’s poor water quality and high pollution levels,
especially due to high loads of untreated urban waste from its
drainage basin is well-known and acknowledged as one of the
main environmental issues in the highly populated metropolitan
area of Rio de Janeiro city (Paranhos et al., 1998; Fistarol
et al., 2015). High chlorophyll levels normally found in the
bay are evidence of its high primary productivity and the
occurrence of algal blooms (Fistarol et al., 2015; Oliveira et al.,
2016). During our survey of series B (five stations), chlorophyll
concentrations in excess of 100 µgL−1 were registered several
times. Remarkably, little is known of the identity of the causative
microalgae blooming in the bay’s waters. The nearby coastal
area of the Atlantic Ocean and other estuarine systems north
and southward from the Guanabara Bay entrance, notably the
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FIGURE 7 | Principal component analysis. Plots showing variables and samples plotted on the two first components axes. (A,B) PCA based on a correlation matrix of

C. subsalsa cell concentration and water physical and chemical variables of 163 samples collected in five locations in Guanabara Bay (series B). SIO3: silicate; PO4:

orthophosphate; NH4: ammonia; NO2: nitrite; NO3: nitrate; TP: total phosphorus; TN: total nitrogen. (C,D) PCA based on a correlation matrix of monthly C. subsalsa

maximum cell concentration and climatological variables from February, 2014 to January, 2018. MEI: Multivariate El Niño Index. Sampling season is indicated in the

samples coordinates plot.

Rodrigo de Freitas Lagoon, characterized by high nutrient levels
and very limited water exchange with the ocean, have recurrent
blooms of harmful species, including the fish-killer raphidophyte
Heterosigma akashiwo, with multiple records of massive fish-kills
(Branco et al., 2014; Castro et al., 2016).

The time-span, spatial coverage and high number of
samplings (>500 in total) conducted in this study was crucial
to construct a clear picture of the main areas of the bay where
C. subsalsa is more abundant, i.e., the shallow enclosed areas
west of the main channel nearby Governador Island (zones IV
and V, Figure 1, Table 1). This was also the area with the highest
levels of nutrients, as well as organic P and N, and chlorophyll a
concentrations, and the lowest water transparency, and therefore
this region is classified as hypereutrophic (Ryding and Rast,
1989; Fistarol et al., 2015). Autotrophic biomass production is
directly linked to the availability of light (Cadée and Hegeman,
1979; Joint and Pomroy, 1981; Pennock and Sharp, 1986). The
contribution of nutrients and organic matter tends to decrease
water transparency in coastal areas (Cloern, 1987; Gameiro et al.,
2011). Light is likely a limiting factor for autotrophic growth

in the shallow areas of Guanabara Bay around zone IV and
V as Secchi depth was often <1m, mainly during the rainy
season (spring and summer). During periods of light limitation,
C. subsalsa may utilize mixotrophy as this nutritional strategy
may be triggered not only by nutrients limitation, but also by
light shortage (Nygaard and Tobiesen, 1993; Jones, 1994, 2000;
Jeong et al., 2010). The PCA with C. subsalsa concentration
and water quality properties corroborates this observation as
C. subsalsa was correlated with the component that represents
eutrophication caused by freshwater discharges into the bay (low
salinity, low transparency, high P, and N organic loads, high
phosphate and ammonia). The occurrence of C. subsalsa in other
sampling areas along themain axis of the central channel (zones I,
II and III) was much lower and is probably the result of transport
of cells from the shallow areas by tidal currents that penetrate
the bay from the entrance in the south and reach up to the area
around station B5, nearby Paquetá Island, in the north portion
of the bay (Kjerfve et al., 1997). The area around station B4 is,
therefore, a source of C. subsalsa that, on occasions, might be
detected in bloom concentrations as far as the bay entrance (zone

Frontiers in Marine Science | www.frontiersin.org 10 March 2019 | Volume 6 | Article 85

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Viana et al. Chattonella subsalsa in Guanabara Bay

I). Similarly, the shallow areas north of the Governador Island
that are also nutrient-rich (Mayr et al., 1989; Kjerfve et al., 1997;
Fistarol et al., 2015) might also be suitable for C. subsalsa blooms
formation. As this area was not covered by our monitoring, this
remains as a hypothesis to be investigated in future studies.

Members of the genus Chattonella are known to be
euryahaline (Khan et al., 1995; Strom et al., 2013) which is well
in line with our observation of growth by the four C. subsalsa
strains in both salinity 20 and 30. This phenotypical plasticity
of C. subsalsa is an important trait for its success in a highly
variable environment influenced by the tide as the Guanabara
Bay (Paranhos and Mayr, 1993). The fact that C. subsalsa isolated
from the bay grew well in both conditions, albeit significant
differences in two of the four strains, indicates that salinity is
not the limiting factor for the occurrence of the species and that
low hydrodynamics and excess of nutrient and organic matter in
the enclosed areas offer a suitable niche for the species to bloom.
Moreover, the relatively high growth rates of most strains tested
in this study highlights the potential of C. subsalsa to rapidly
develop blooms when environmental conditions are suitable. An
average specific growth rate of 0.5 d−1, as measured for our
strains, equals a doubling time of 1.3 d, which is fast enough to
overcome flushing by the tides, since it takes ca. 11 days to renew
50% of the water in the bay (Kjerfve et al., 1997). Also, this half-
residence time is an average for the whole bay. Water renewal in
areas of more restricted circulation, as around station B4, is likely
to be longer.

Perhaps one of the most striking features of the C. subsalsa
concentration time-series produced here is the observation that
blooms were more frequent during the positive MEI period,
which also coincided with a slightly high rainfall period in the
bay area. Accordingly, the PCA based on climatological data
associated C. subsalsa abundance with positive MEI, whereas
local temperature and wind speed had less contribution in
explaining the blooms. Average monthly pluviosity, although
correlated with the same principal component as C. subsalsa and
MEI, indicating that these variables may change together, was
not significantly correlated to monthly maximum C. subsalsa cell
concentrations in the multiple regression analysis. Nevertheless,
the PCA performed with individual sampling locations water
parameters indicated that C. subsalsa concentration is higher
in areas of the bay with low salinity and high nutrient loads.
Thus, it was reasonable to expect some positive effect of periods
of higher pluviosity on the occurrence of blooms due to an
increase in riverine discharge that carries more nutrients into
the bay. Such effect may not have been fully captured in our
analysis due to the temporal and spatial scales of pluviosity andC.
subsalsa cell concentrations of our dataset. Also, a possible time
lag in the response of the raphidophyte growth to precipitation
might have contributed to this lack of correlation. A more
comprehensive time series analysis of pluviosity over the entire
bay’s drainage basin and C. subsalsa concentrations is necessary
to clarify such causal relationship. Periods of El Niño (the
positive phase of the ENSO phenomenon, thus positive MEI)
are marked by an increase in average precipitation and also in
the frequency and intensity of extreme rainfall events in the
south and southeastern regions of South America, including the

borderline of the tropical belt (22.79◦S) where Guanabara Bay is
located (Grimm and Tedeschi, 2009). Conditions for C. subsalsa
bloom development are strongly linked to nutrient discharged
into the bay, which is driven by factors that influence pluviosity,
e.g., regional climatic setups that are governed by cyclic, global
climatic phenomenon with rather irregular decadal frequency
such as the ENSO. The influence of climate-induced changes in
coastal ecosystems as promoter of more frequent and intense
HABs is well-acknowledged (Edwards et al., 2006; Onitsuka et al.,
2015). Extreme El Niño events are expected to occur twice
as often in a scenario of global temperature increase of 1.5◦C
(Wang, 2017), which will likely increase even more the frequency
of C. subsalsa blooms in Guanabara Bay.

The occurrence of Chattonella species in coastal waters is a
nuisance mostly due to their high fish-killing potential (Marshall
et al., 2003). C. subsalsa strains isolated from Guanabara Bay
were lethally toxic to brine shrimp nauplia at cell concentrations
of 7.4 × 106 cells L−1 which is less than the highest natural
levels found in this environment. Harmful effects of Chattonella
on fish can be elicited at cell densities as low as 0.1 x106 cells
L−1 (Imai et al., 2006). Mortality to brine shrimp, although
not a direct measure of ichthyotoxicity, demonstrates a toxic
potential by Guanabara Bay’s C. subsalsa cultures. Brine shrimp
is commonly used as test organism to screen the toxic potential
of microalgae and cyanobacteria (Lincoln et al., 2008) and also
respond to the presence of ichthyotoxic species as shown during
blooms of Prymnesium parvum in a brackish lake in Finland
(Lindholm et al., 1999). The toxic potential of our strains,
added to repeated reports of fish-kills during the period when
C. subsalsa blooms were more frequent and intense in the bay,
highlight the threat posed by this microalga to the bay’s fish
communities. Brevoortia aurea, known as Brazilian menhaden, is
the main fish species affected during mass mortalities observed in
the bay (Fistarol et al., 2015). A more robust causal relationship
between the occurrence of C. subsalsa blooms and fish-kills in
this environment awaits further investigation as the occurrence
of harmful algae during fish kills does not necessarily reflect
a cause-and-effect relationship (Lewitus et al., 2003). Water
samples might be collected too long after fish kills to assess
whether mortality is associated with phycotoxins, or a more
general effect e.g. oxygen depletion and suffocation. The scale
of sampling might also be inadequate to register the exact
conditions of the bloom at the onset or during fish-kills. Also, it
is important to notice that this hypereutrophic estuary harbors
other potential fish-killing microalga e.g., the dinoflagellate
Karlodinium venificum and the raphidophyte Heterosigma
akashiwo (Fistarol et al., 2015; Higashi et al., 2017). However,
during the four-year monitoring neither genera were found as
a major phytoplankter in our samples. Likewise, Chattonella
cell morphology detected throughout our monitoring was
consistent with C. subsalsa (Throndsen, 1997; Tomas et al.,
2002) across sampling points and over time. Moreover, our
molecular characterization corroborates the morphology of the
raphidophyte as C. subsalsa. We thus conclude that although
other raphidophytes do occur in Guanabara Bay (Higashi et al.,
2017) it seems that the dominant member of the group in this
estuary is C. subsalsa.
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A recent and exhaustive review on the occurrence of HABs
along the Brazilian coast from 2006 to 2016 (Castro et al., 2016)
did not report blooms in Guanabara Bay, despite the extremely
high chlorophyll biomass normally found in its waters (Mayr
et al., 1989; Kjerfve et al., 1997; Oliveira et al., 2016). Our
monitoring focusing on a single HAB species unveiled several
blooms over a relatively short period of time. Recurrent, massive
HAB events seem to be a neglected subject in Guanabara Bay
research programs. Potentially toxic blooms of C. subsalsa in
Guanabara Bay are nourished by a heavy load of nutrients
of riverine origin. Global climatic drivers such as the ENSO
and its influence on regional climate result in periods of
more favorable conditions for bloom formation. As seen in
other coastal areas worldwide (e.g., Imai et al., 2006) reducing
organic matter and inorganic nutrient inputs to Guanabara
Bay is paramount to mitigate C. subsalsa blooms and its
harmful effects.
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