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ABSTRACT

The Nostocales and Chroococcales cyanobacteria can produce potent cyanotoxins 
and survive in deep zones of aquatic ecosystems by the formation of morphologically 
distinguishable resistance structures and temporarily latent colonies in sediments. The 
purpose of this study was to determine the presence and density of Nostocales and 
Chroococcales with toxic potential in the water-sediment interface. During four sam-
plings in three locations of the drinking water reservoir Riogrande II, some physical 
and chemical variables and chlorophyll a concentration of different spectral groups 
were measured, density of cyanobacteria was established by conventional microscopy, 
and mcyD and mcyE genes were detected by PCR. The environmental factors cor-
related with the abundance of cyanobacteria in the water-sediment interface were pH, 
total phosphorus, and iron. The highest chlorophyll concentration was provided by 
Chlorophyceae, while chlorophyll from the cyanobacteria spectral group fluctuated 
between 0.07 and 3.6 mg/L in field samples. About 86 % of the total cells number 
corresponded to the Microcystis complex while the Nostocales represented just 3.35 
%. It was possible to find evidence for cyanobacteria with toxic potential in the three 
sampling points through the detection of the mcyD and mcyE genes. The presence of 
these cyanobacteria is possibly related to their life cycle and the resuspension processes 
caused by the way river water enters the reservoir. Additionally, this is the first evi-
dence that demonstrates the importance of the water-sediment interface as a reservoir 
of cyanobacteria with toxic potential, since they can recolonize the water column in 
ecosystems that supply drinking water.

Palabras clave: embalse Riogrande II, cianobacterias Nostocales y Chroococcales, gen mcy.
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RESUMEN

Las cianobacterias Nostocales y Chroococcales pueden producir diferentes cianotoxinas 
y sobrevivir en zonas profundas de los ecosistemas acuáticos mediante la formación de 
estructuras de resistencia morfológicamente distinguibles y de colonias temporalmente 
latentes en los sedimentos. El propósito de este estudio fue determinar la densidad y 
presencia de cianobacterias Chroococcales y Nostocales con potencial tóxico en la 
interfase agua-sedimento. Durante cuatro muestreos en tres locaciones del embalse 
de agua potable Riogrande II, se evaluaron algunas variables físicas y químicas, se 
midió la concentración de clorofila a de diferentes grupos espectrales, se estableció la 
densidad de cianobacterias por microscopía convencional y los genes mcyD y mcyE 
fueron detectados por PCR. Las variables ambientales que se correlacionaron 
con la abundancia de cianobacterias en la interfase agua-sedimento fueron pH, 
fósforo total y hierro. La alta concentración de clorofila fue aportada por clo-
rofíceas, mientras que la clorofila del grupo espectral cianobacteria fluctuó de 
0.07 a 3.6 mg/L en las muestras de campo. Cerca del 86 % del total de células 
encontradas pertenecieron al complejo Microcystis, mientras que las Nostocales 
representaron sólo el 3.35 %. Fue posible evidenciar cianobacterias con poten-
cial tóxico en los tres puntos de muestreo mediante la detección de los genes 
mcyD y mcyE. Es posible que la presencia de cianobacterias esté relacionada 
con su ciclo de vida y con procesos de resuspensión, debido a la forma en que 
el agua ingresa a los tributarios del embalse. Ésta es la primera evidencia sobre 
la importancia de la interfase agua-sedimento como reservorio de cianobacterias 
con potencial tóxico que pueden llegar a recolonizar la columna de agua en 
embalses destinados al suministro de agua potable.

INTRODUCTION

Reservoirs supplied by tributaries from urban 
areas with a high degree of anthropic intervention 
usually experience eutrophication due to the in-
creased load of nitrogen and phophorous (Boopathi 
and Ki 2014, Bonilla et al. 2015, Chaffin et al. 2018) 
which lead to massive growth of algae, and often the 
predominance of cyanobacteria (Latour et al. 2004, 
Latour and Giraudet 2004, Teixeira 2009, Ye et al. 
2011, Quiblier et al. 2013). Furthermore, climate 
change, high temperature and light intensities are 
key factors that promote cyanobacteria proliferation 
(Elliott 2012, Boopathi and Ki 2014, Aguilera et al. 
2018, Mesquita et al. 2019). These oxygenic photo-
autotrophic microorganisms belong to the Bacteria 
nomain and are widely distributed, as solitary cells or 
form colonies (Ladakis et al. 2006, Metcalf and Codd 
2009, Teixeira 2009), such us planktonic organisms, 
epiphytic or benthic biofilms in aquatic environments 
(Quiblier et al. 2013, Aguilera and Echenique 2017).

Cyanobacteria of the order Nostocales (Anabaena, 
Aphanizomenon, Dolichospermum, Cylindrosper-
mopsis, Sphaerospermopsis) develop resistance 
structures called akinetes, which morphologically 
and physiologically correspond to differentiated cells 

originating from vegetative cells (Head et al. 1999, 
Karlsson-Elfgren and Brunberg 2004, Aguilera et 
al. 2017, Gangi et al. 2020), giving them the ability 
to survive under unfavorable conditions for long 
periods, like the sediment environment (Everson et 
al. 2011).

Cyanobacteria of the Chroococcales order, such 
as the genera Microcystis, dominate the taxocenosis 
of the phytoplankton in several eutrophic aquatic eco-
systems (Brunberg and Blomqvist 2002, Misson and 
Latour 2012). Although they do not form resistance 
structures as Nostocales, they can survive as inactive 
colonies in surface sediments as part of their cycle 
life (Head et al. 1999, Ståhl-Delbanco et al. 2003, 
Latour et al. 2004, Cirés et al. 2013), keeping some 
cellular activity, the colonial and cellular structure 
and its microcystin content (Tsujimura et al. 2000, 
Misson and Latour 2012).

Studies from aquatic environments of the temper-
ate zones show evidence for a benthic phase of the 
life cycle of some cyanobacteria taxa (Reynolds et al. 
1981, Boström et al. 1989, Misson and Latour 2012) 
and the factors which promote their proliferation have 
been identified (Brunberg and Blomqvist 2002, Cao et 
al. 2016). The cyanobacteria studies of Lürling et al. 
(2013) and Mesquita et al. (2019), under laboratory 
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conditions, show that increasing temperature was 
determining for the presence of cyanobacteria by 
affecting the mixing regime leading to stratification. 
However, in deepest tropical environments the role 
of the water-sediment interface and the dynamic of 
these micro-organisms is unknown so far, particularly 
the reinvasion of the water column.

Cyanobacteria with the ability of cyanotoxin 
segregation such as dermatoxins, hepatotoxins and 
neurotoxins constitute a health risk for humans and 
animals by attacking the skin, the digestive system 
and the nervous system (Boopathy and Ki 2014). In 
1985 Bula-Meyer published the first report of human 
and domestic animal intoxication events because 
of water consumption containing cyanotoxins in 
Colombia. Subsequently, Mancera and Vidal (1994) 
reported massive mortality of fish because of a 
cyanobacteria bloom. Since 2007 reports from cya-
notoxin contamination of the Riogrande II reservoir, 
the principal drinking water resource of one of the 
most densely populated departments of Colombia, 
exist. There, the presence of cyanobacterial strains 
of the order Nostocales (Dolichospermum cf. Planc-
tonicum, Sphaerospermopsis cf. Torque-reginae) and 
Chroococcales (Microcystis cf. Wesenbergii, Micro-
cystis cf. Aeruginosa) are found in the photic zone 
of the reservoir (Correa 2008, Herrera et al. 2015, 
Palacio et al. 2015).

The potential toxicity and effects of cyanotoxins 
from the cyanobacteria in this reservoir are still un-
known. So far, the view of investigations in Colombia 
was exclusively on the photic zone of the reservoir 
as part of a cyanobacteria monitoring program using 
indirect biological indicators such as chlorophyll a, 
biovolume and physical and chemical parameters. 
Therefore, the aim of this research was to determine 
the toxic potential of cyanobacteria from the water-
sediment interface of Riogrande II, through the de-
tection of the mcyD and mcyE genes. This toxicity 
genes detection technique was recently developed 
for the identification of toxic cyanobacteria strains 
by the amplification of the mcy genes (Bonilla et al. 
2015). It is a highly specific method that allows the 
determination even in very low cell density (Sipari 
et al. 2010, Chorus 2012).

MATERIALS AND METHODS

Study area
The Riogrande II reservoir is located between 75º 

32’ 30’’-75º 26’ 10’’ W and 6º 33’ 50’’-6º 28’ 07’’ N, 
2200 masl in the central Andes in northeastern 
Colombia at a distance of 55 km from Medellín 
City (Palacio et al. 2015) (Fig. 1). It has a capacity 
of 253 000 000 m3, a maximum depth of 47.2 m in 
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normal operating conditions and floods an area of 
approximately 1100 ha. It has a “T” shape, with its 
major axis oriented in the west-east direction and 
it is formed by the damming of the waters of the 
Grande and Chico rivers and Las Ánimas stream. 
The reservoir is employed to supply drinking water 
for 1.4 million inhabitants of the metropolitan area 
of Medellín (40 % of the total population) and is 
used for hydroelectric generation (Palacio et al. 
2015). The soils are rich in volcanic minerals and 
contain a multitude of organic matter. In the rivers’ 
basins, there are tomato and potato crops, dairy 
ranching and swine breeding, and the riverbeds are 
receptors of agrochemical residues and wastewa-
ter discharges from urban centers (Palacio-Baena 
2015).

Sampling
Samples were taken during four campaigns: 

December 2014 (T1), and March (T2), April (T3) 
and May (T4) 2015, in three sampling sites: Chico 
river entry (1), Las Ánimas entry (2) and Grande 
river entry (3) as can be observed in figure 1. 
Temperature, concentration of total chlorophyll a 
and chlorophyll of the different spectral groups in 
the water-sediment interface were measured using 
a Fluoro Probebbe-Moldaenke fluorometer (with 
MODC factor correction integrated for dissolved 
organic substances and a resolution of 0.01 µg 
chl-a/L). This equipment allows in situ differentia-
tion of four spectral groups of algae (Chlorophyta, 
Cyanobacteria, Bacillariophyta/Dinophyta and 
Cryptophyta), based on the different patterns of 
fluorescence emission after excitation at five wave-
lengths (525, 570, 610, 590, and 470 nm), deter-
mined by the composition of their antenna pigments 
(Beutler et al. 2002, Gregor and Maršálek 2004). 
pH and electrical conductivity were measured in 
situ as well as by means of a CTD SBE-25 profiler 
(Sea-BirdElectronics).

For the determination of total phosphorus (PT), 
orthophosphates (PO4

3–), organic nitrogen (NO), 
nitrites (NO2

–), nitrates (NO3
–), ammonium (NH4

+), 
and iron (Fe), as well as for the determination of 
cell density and molecular analyses, samples were 
directly taken through an UWITEC corer equipped 
with clear acrylic tubes, and then stored in amber 
jars. For iron quantification, samples were fixed 
with HNO3, while phosphorus and organic nitrogen 
determination were fixed with H2SO4. Samples for 
the detection of cyanobacteria toxic potential were 
stored in sterile glass containers and kept at 4 ºC 
until processing.

Chemical variables quantification
Chemical variables were analyzed according to 

the APHA-AWWA-WEF (2012) and the American 
Society for Testing and Materials (ASTM). Total 
phosphorus and orthophosphates quantifications were 
made by a colorimetric method using ascorbic-acid 
(SM-4500-P-B-E, SM-4500-P-E) and iron by atomic 
absorption (SM-3111-B). Total organic nitrogen 
was detected by ionic chromatography according 
to ASTM: D5176-9; total organic nitrogen, NO2

–, 
NO3

–, and NH4
+ were detected by ionic chromatog-

raphy according to ASTM D5176- 9, SM 4110 B, 
SM 4500-NO2

-B.

Cyanobacteria density
Cyanobacteria samples from the interface were 

fixed with 1 % Lugol solution and sedimented accord-
ing to Utermöhl (1958), then placed in a Sedgewick-
Rafter counting chamber. The counting was made 
in an inverted microscope Leica DM IL with 400X 
magnification, using the method of random fields 
with a total of 60 fields per sample. Cyanobacteria 
were identified following the taxonomic key of 
Komárek and Anagnostidis (2008) (Chroococcales) 
and Komárek (2013) (Nostocales). For calculating 
the cell density of the cyanobacteria, the following 
equation was used:

cells/mL = n*f 1
sch 	 (1)

where n is the number of counted cells, s the surface 
of the microscope field in mm2, c the number of 
counted fields, h the hight of the camera in mm, and 
f 1 the conversion factor (103 mm3/1 mL).

Detection of potentially toxic cyanobacteria 
Fifty milliliters of water-sediment interface samples 

were vacuum filtered through a 0.45 µm nitrocellulose 
filter. The filters were placed in 2 mL cryogenic vials 
and stored in a nitrogen tank at –180 ºC until process-
ing. The extraction of genomic DNA of cyanobacteria 
was performed according to the method described in 
the PowerWater Mobio kit (DNA Isolation).

For the amplification of the promoter sequence of 
microcystin in the gene mcyD (Chroococcales), prim-
ers F: 5’-TACGGGAGTAACTTTCGGCTCA-3’ 
and R: 5’-ACAAGCATCTAACATAGCGGGA-3’ 
were used according to Fortin et al. (2010) and for 
the detection of the mcyE gene (Nostocales), primer 
sequences F: 5’-CTAGAGTAGTCACTCACGTC-3’ 
and R: 5’-GGTTCTTGATAGTTA

GATTGAGC-3’ were used as previously de-
scribed by Sipari et al. (2010).
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The PCR was carried to a final volume of 30 
µL, which contained 15 µL of a 2X Master Mix 
(Thermo Fisher), 3 µL of each primer F and R at a 
concentration of 5 mM, 6 µL of PCR water DNAs 
and RNAs free and 3 µL of genomic DNA. The 
conventional PCR conditions were as follows: an 
initial denaturation step of 95 ºC for 3 min followed 
by 40 cycles of 95 ºC for 30 s, 56 ºC for 30 s for 
the mcyD gene and 53 ºC for the 30 s mcyE gene, 
and 72 ºC for 60 s, followed by a final extension 
step at 72 ºC for 10 min and then held at 4 ºC. 
The amplification was carried out in a MultiGene 
thermal cycler (Optimax Labnet International). 
The PCR products were separated in a horizontal 
electrophoresis camera (Labnet) on 3 % agarose 
gels, to 55 volts for 70 min, using a generuler 
DNA ladder size of 25-700 pb (ThermoFisher) 
and observed by a UV transilluminator Spectroline 
TD-2110E after staining with GelRed nucleic acid 
gel stain (Biotium) solution for 20 min.

Statistical analysis
Descriptive analysis and non-parametric tests 

were applied since assumptions of normality and 
homoscedasticity were not met. Data analysis was 
performed using the R software Version 1.2.5033 
(Racine 2012, R Core Team, 2013) using the pack-
age version 1.13.4 (Galili 2015) and vegan version 
2.5- 6 (Oksanen et al. 2015). The hierarchical 
clustering was performed based on the Euclidean 
distance as a measure of similarity, while the canoni-
cal correspondence analysis (CCA) was performed 
with the correlations among the physical and chemi-
cal factors, nutrients, and the concentration of the 
four spectral groups of chlorophyll a (green algae, 
cyanobacteria, diatoms, and cryptophyta). In addi-
tion, a Spearman ordinal correlation was carried out 
in order to determine the association between the 
physical and chemical variables and the density of 
Nostocales and Chroococcales cyanobacteria. For 
the statistical analysis, the software Statgraphics 
Centurion XVI was used.

RESULTS

Physical and chemical parameters of the reservoir
Table I shows the depth during the four sampling 

campaigns, where sampling point 1 had a greater 
depth (Chico river entry) than sampling points 2 (Las 
Ánimas entry) and 3 (Grande river entry). pH varied 
between 7.0 and 9.5 and was significantly different 
between sampling sites (P = 0.025). Temperature 
varied between 15.8 and 18.0 ºC but insignifi-
cantly between sampling sites. Conductivity varied  
between 39.9 and 78.7 µS/cm and was significantly 
different between sampling sites (P = 0.048). We 
detected all nitrogen forms (NO2–, NO3– and NO) 
but in concentrations lower than 1.36 mg/L, except 
for ammoniacal nitrogen, which was 2.33 mg/L at 
the Chico river entry during March (T1). It was not 
possible to obtain nitrogen data during time 1, due 
to a failure in the ion chromatography equipment, 
so statistical analyses were made with the average 
value of the other sampling times for each factor. TP 
did not exceed 1.0 mg/L in any of the three sampling 
sites and the highest average (0.41 mg/L) was found 
at the Chico river entry. While the concentration of 
orthophosphates (PO4

3–) did not exceed 0.2 mg/L, 
Fe varied between 5.63 and 0.81 mg/L (Table II).

Chlorophyll a measurement
The results of the chlorophyll a measurements of 

the different spectral groups from the water-sediment 
interface showed the presence of cyanobacteria at the 
three sampling sites during all the sampling times 
(Fig. 2). When Chlorophyta were dominant the other 
spectral groups (Cyanobacteria, Bacillariophyta/
Dinophyta and Cryptophyta) remained in low pro-
portions. However, when Cyanobacteria dominated 
only Crytophyta were present (Fig. 2).

The highest percentages of Cyanobacteria chloro-
phyll a were found at sampling points 1 (Chico river) 
and 3 (Grande river) during the April (T3) sampling, 
with 69.4 and 98.5 %, respectively. Hierarchical 
cluster analysis of the sampling sites during the four 

TABLE I. CHARACTERISTICS OF THE RIOGRANDE II RESERVOIR DURING THE SAMPLING.

Date T1 T2 T3 T4

Sampling time 1 2 3 1 2 3 1 2 3 1 2 3

Sampling depth (m) 30 6.5 7.8 23 8 21 26 20 16 20 16 9
Level of the reservoir (%) 92.89 49.93 57.35 47.97
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sampling times (Fig. 3 A) showed a weak grouping 
between sites related to different chlorophyll a of 
the spectral groups; therefore, all the sampling sites 
were similar across the drinking water reservoir. The 
canonical correspondence analysis (CCA) showed 
that the concentration of cyanobacteria chlorophyll 
a was related to pH, TP, Fe and PO4

3–. (Fig. 3 B).
Temperature, PO4

3–, TP, Fe and NH4
+ were the 

determining environmental variables in the model. 
Bacillariophyta/Dinophyta chlorophyll a was af-
fected by temperature, conductivity, NO2

– and NO3
–, 

while Cryptophyta chlorophyll a was affected by 
NH4

+, conductivity, NO2
– and NO3

–. The model 

explained the 92.2 % variance of the data and the 
CCA1 explained the 74.4 % variance. Regarding 
cyanotoxin assessment, we focused on Nostocales 
and Chroococcales because of their potential for 
producing microcystins.

The variance analysis results did not show signifi-
cant spatial differences according to the concentra-
tions of total chlorophyll a and chlorophyll a of the 
blue spectral group in the water-sediment interface. In 
general, the concentration of total chlorophyll a in the 
water-sediment interface was lower than 12.4 µg/L 
and the highest concentrations were presented in the 
sampling site 3 (Grande river).

Microscopic analyses
Microcystis aeruginosa, M. protocystis and Ra-

diocystis sp. were reported as a “Microcystis com-
plex” due to: (a) they have similar morphometric 
characteristics that could not be differentiated when 
single cells were found in the microscope field, (b) 
samples contained a great amount of organic matter 
and the outline of numerous colonies was degraded 
which is an essential characteristic for the correct 
identification of cyanobacteria, and (c) these cya-
nobacteria share similar ecological characteristics 
(Xiao et al. 2018). While the “Microcystis complex” 
represented 86 % of the total density of cyanobacteria 
found in the water-sediment interface, Microcystis 
wesenbergii just reached 9 % and Sphaerocavum sp. 
1.62 % (Fig. 4).

Likewise, Nostocales represented just 3.35 % of 
the total cyanobacteria found. In the water-sediment 

TABLE II.	 SPEARMAN’S RANK CORRELATION COEFFICIENT BETWEEN PHYSICAL AND CHEMICAL VARIABLES, 
AND THE DENSITY OF CYANOBACTERIA IN SAMPLING SITES 1 (CHICO RIVER), 2 (LAS ÁNIMAS), 3 
(GRANDE RIVER).

Sampling time December (T1) March (T2) April (T3) May (T4) Chroococcales Nostocales

Sampling sites 1 2 3 1 2 3 1 2 3 1 2 3 P-value

TP (mg/L) 0.88 0.18 0.18 0.43 0.06 0.10 0.21 0.49 0.16 0.14 0.23 0.08 0.92 0.76
PO4

3–
 (mg/L) 0.11 0.01 0.04 0.07 0.02 0.02 0.05 0.10 0.02 0.09 0.19 0.06 0.25 0.69

Fe (mg/L) 5.63 2.91 2.16 5.02 0.81 1.71 3.00 4.53 2.18 1.78 3.61 1.04 0.92 0.90
NO2

− (mg/L) n.d. n.d. n.d. 0.02 0.03 0.03 0.32 0.01 0.02 0.02 0.01 0.02 0.39 0.31
NO3

- (mg/L) n.d. n.d. n.d. 0.05 0.27 0.96 0.80 0.12 1.36 0.21 0.14 0.21 0.37 0.26
NH4

+ (mg/L) n.d. n.d. n.d. 2.33 0.36 0.26 0.66 1.10 0.40 0.04 0.01 0.04 0.60 0.32
Organic N (mg/L) n.d. n.d. n.d. 0.32 0.28 0.39 0.31 1.17 0.33 0.34 0.25 0.26 0.45 0.40
Ph (Ph units) 7.93 7.37 9.56 7.02 7.23 8.03 7.50 7.30 8.41 7.54 7.18 7.65 0.70 0.37
T (ºC) 15.8 17.1 16.8 16.2 18.0 16.4 16.1 16.2 16.4 17.0 16.4 17.6 0.96 0.46
Conductivity (µS/cm) 39.9 59.7 56.1 60.7 78.7 45.7 75.8 64.7 52.8 77.1 59.7 56.7 0.50 0.88

n.d.: not determined.
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interface, Microcystis varied between 3540 and 40 
000 cells/mL and Dolichospermum between 680 y 
2721 cells/mL (Fig. 4). Also, in the water-sediment 
interface samples, we observed Oscillatoria spp., 
Phormidium spp. and Pseudanabaena mucicola 
(Oscillatoriales cynobacteria) attached to the Micro-
cystis mucilage. Among the green algae, Staurastrum 
was found in all samples and several diatoms were 
abundant, as expected.

According to the Spearman analysis, densities of 
Nostocales and Chroococcales across the reservoir 
stations were not significantly different and they were 
not correlated with physical and chemical variables 
with 95 % of reliability.

McyD and mcyE analyses
The mcyD gene was detected in 58 % of the sam-

ples from all sites: Grande river entry in December 

Fig. 3.	 Spectral groups at the sediment-water interface analyzed by means of (a) hierarchical clustering based on the Euclidean 
distance as a measure of similarity in the sampling points (Chico river entry, Las Animas entry and Grande river entry) 
during four sampling times and (b) canonical correspondence analysis (CCA) among the physical and chemical factors, 
nutrients, and the concentration of the four spectral groups of chlorophyll a.
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2014; Las Ánimas entry in March 2015; all sampling 
sites in April 2015, and May 2015 in the Chico and 
Grande rivers entries. The mcyE gene was detected 
in 8 % of the samples from the Las Ánimas entry in 
April 2015 (Table III). 

DISCUSSION

The samplings were carried out in the transition 
from the wet to the dry season, so it was observed 
that the level of the reservoir (Table I) was higher 
in December. During the wet season, the water that 
enters into the reservoir is colder, so the plume of 
the Grande river travels to the bottom displacing the 
warmer waters to the top of the catchment. When 
the flow of the tributaries is low (dry season), the 
water is slightly warmer and the Grande river travels 
intrusively to the catchment below the surface mixing 
layer, and enters into the arm of the Chico river, so 
its residence time in the bottom is longer.

Riogrande II is a permanently stratified system 
with moderate temperature gradients through the 
water column, with ranges between 16 and 22 ºC. 
According to Palacio et al. (2015), at the beginning 
of the wet season the Chico river plume moves near 
the bottom as a result of lower water temperature 
(16 ± 1 ºC), leading to a slight temperature reduc-
tion at the water-sediment interface. However, some 
values have been recorded ranging from 25 ºC in 
the photic zone (Palacio-Baena 2015) to 15.8 ºC 
in the water-sediment interface, as it is observed in 
Table III. Rosso and Giannuzzi (2017) indicate that 
water temperature above 20 ºC is one of the most 
favorable conditions for cyanobacteria development.

Conductivity values in the Chico river entry 
could be related to its water residence time, which 
induces the mineralization of substances. The con-
centration of the different forms of nitrogen in the 
water-sediment interface could be related to a greater 
accumulation of organic matter in the sediment (Pa-
lacio et al. 2015).

Some biotic and abiotic factors at the water-
sediment interface are known to influence the nutri-
ent flows (Gautreau et al. 2020). In the Riogrande II 
reservoir, the runoff during the rainy season, climatic 
conditions, erosion and land uses in the basin’s tribu-
taries, favor the temporal dynamics of the nutrient 
loading that enters through the tributaries, which 
have been related with the proliferation of algae in 
the reservoir. During an earlier monitoring period 
between June 2010 and April 2011, the concentration 
of total phosphorus in the bottom of the reservoir 

varied between 0.02 and 0.85 mg/L (Palacio-Baena 
2015), similar to the values found in this investiga-
tion. Furthermore, the high concentration of total 
phosphorus of 3349 mg/kg dry weight in the sedi-
ment layer (Gallo-Sánchez 2014) in the Chico river 
entry can be attributed to agricultural activities in its 
basin. The lowest concentration of total phosphorus 
(0.06 mg/L) was found in the water-sediment in-
terface at the Las Ánimas entry. Nevertheless, the 
high PT accumulation in the sediment represents a 
permanent pool that can be activated and released to 
the water column during the wet season. During the 
study period, it was determined that the reservoir is 
hypereutrophic according to the Cunha et al. (2013) 
index, and the anoxic conditions previously reported 
by Palacio-Baena (2015) at the sampled sites favor 
oxide-reduction in the water-sediment interface, 
therefore it is likely that phosphorus and iron are 
released from this matrix.

In the water-sediment interface of the three sam-
pling sites, green algae and cryptophytes provided 
the highest contribution of chlorophyll a (Fig. 2); 
however, chlorophyll a of the blue spectral group 
was found in all the sampling points during the 
four sampling times. Earlier studies show that the 
presence of eukaryotic phytoplankton in the reser-
voir is mediated by the biomass of cyanobacteria 
in temporal dimension, in addition to wet and dry 
seasons variations (López-Muñoz 2015). Cyanobac-
teria has an advantage because they can dominate 
or even displace other groups of phytoplankton due 
to their special features as accessory pigments and 

TABLE III.	 DETECTION OF THE mcyD AND mcyeE 
GENES IN CYANOBACTERIA BY PCR.

Time
 

Sampling
sites

PCR result

mcyD % mcyE %

T1
1 –

8
–

02 – –
3 + –

T2
1 –

8
–

02 + –
3 – –

T3
1 +

25
–

82 + +
3 + –

T4
1 +

17
–

02 – –
3 + –
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their ecological plasticity that allows them to use 
the low availability of light. In addition, because 
of their ability to fix N2 within heterocytes (het-
erocytous) as it is the case with Nostocales cyano-
bacteria (Cunha et al. 2013, Aguilera et al. 2017). 
In the current study, Nostocales and Chroococcales 
in the water-sediment interface were morphologi-
cally similar to those reported in the photic zone 
(Palacio et al. 2015) of the reservoir. In contrast, 
Head et al. (1999) and Latour et al. (2007) did not 
find morphological differences between the benthic 
and pelagic colonies related to the sedimentation of 
the planktonic species.

Cyanobacteria of the water-sediment interface 
could be an important recolonization input of 
potential toxic cyanobaceria to the water col-
umn in the reservoir. However, the role of these 
cyanobacteria for the reinvasion of the water 
column may depend on various environmental 
factors that affect their germination as well (Paerl 
1988). For example, temperature could be an 
important factor. Some authors have mentioned 
that optimal growth temperatures of blooming 
cyanobacteria are higher than 15 ºC (Jakuw-
bowsca and Szeląg-Wasielewska 2015, Miller et 
al. 2017). Rosso and Giannuzzi (2017) indicate 
that M. aeruginosa can also develop blooms 
with a temperature below 20 ºC. As reported in 
Table III, during the time of this study tempera-
ture varied from 15 to 17.6 ºC, indicating optimal 
temperatures for the presence of Nostocales and 
Chroococcales at the water-sediment interface.

The tributary flow is another factor that can 
promote cyanobacteria blooms, since increased 
water flow during rainy periods can lead to sedi-
ment resuspension, combined with the transport of 
accumulated nutrients in the sediment into the water 
column (Palacio-Betancur 2014). These nutrients 
could increase the existing phytoplankton biomass 
or modify the community structure to greater com-
petitiveness among some bloom forming species like 
cyanobcteria (Wells et al. 2015).

Iron is an important element in cyanotoxins syn-
thesis. Low concentrations of this metal have been 
related to the increased production of microcystins 
and cell growth of cyanobacteria (Neilan et al. 2013, 
Lukac and Aegerter 1993). Martín et al. (2002) 
highlight the expression of microcystin regulation 
through the enzyme FUR, which is activated by iron. 
In consequence, low iron concentrations favor cya-
notoxin expression due to the inhibition of the regu-
latory enzyme (FUR) of the mcy operon expression 
(Sevilla et al. 2008). Bolaños-Benítez (2012) found 

total values of iron in the sediment between 1.8 and 
27.5 mg/L, determining a higher concentration in the 
Chico river entry. However, there is not available data 
regarding the sediment-water interface. According to 
Gallo-Sánchez (2014), conditions in the superficial 
sediments, especially at the entrance of the Chico 
river, favor the retention and release of iron. It has 
also been shown that M. aeruginosa colonies are able 
to support limitations of iron facilitating metabolic 
processes (Xiao et al. 2018). In this research we found 
that iron influenced the presence of cyanobacteria in 
the Riogrande II reservoir (Fig. 3b). Accordingly, 
sample point 1 had the highest iron concentration and 
Palacio-Betancur (2014) indicated that Chico river 
tributary is a “hot spot” for cyanobacteria presence 
due to the nutrients from the basin and the charac-
teristics of the sediment.

The presence of Nostocales and Chroococcales 
cyanobacteria with toxic potential in the water-
sediment interface of the Riogrande II reservoir is 
probably related to the species’ life cycle character-
istics or the drag effect of the tributaries entering the 
reservoir, especially when currents move near the 
bottom and resuspend the sediments.

In this regard, akinetes allow Nostocales to sur-
vive in the sediments for long periods of time, and 
once the environmental conditions are favorable 
(such as a proper temperature, little vertical mixing 
and turbidity), they can germinate, form gas vesicles 
and migrate to the water column (Everson et al. 2011, 
Mowe et al. 2014). Environmental conditions play 
an important role in the life cycle of some Nostocal 
species, because lower temperatures (10-15 ºC), 
darkness, and low oxygen levels (1-2 mg/L) favor 
the viability of the cells located near the surface of 
the sediment (Karlsson-Elfgren and Brunberg 2004, 
Everson et al. 2011). Also, the regulation of their 
buoyancy develops gradually and independently 
of cell turgor and light conditions (Walsby 1991). 
While some Nostocales such as Anabaena can mi-
grate up to a 50-m depth, nitrogen-fixing species such 
as Microcystis are able to move up to 140 m through 
the water column (Reynolds 1972).

With respect to the Chroococcales order, a higher 
density of Chroococcales cyanobacteria found in 
the three sampling points (figure 4). According to 
Boström et al. (1989), some Chroococcales such as 
Microcystis aeruginosa can survive in vegetative 
form for long periods in surface sediments. This 
behavior has been associated with the presence of 
mucilage in their colonies (Bauza and Giannuzzi 
2011). Microcystis is one of the best-studied genera: 
in temperate zones it has a benthic phase during its 
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life cycle and has the ability to form blooms and 
to produce microcystins in freshwater ecosystems, 
affecting the water quality management (Cirés et 
al. 2013); it is also one of the most reported in tropi-
cal environments, America not being the exception 
(Mowe et al. 2014, Aguilera et al. 2018). The study 
in the Riogrande II reservoir confirmed that cyano-
bacteria can survive in a 23-m depth.

Latour et al. (2004, 2007) and Misson and Latour 
(2012) reported that in deep lakes Microcystis are also 
capable of surviving without the annual return to a 
planktonic stage and retain the ability to grow later. 
It has also been found that cells that migrate and re-
invade the water column can belong to new colonies 
arising within the mucilage from the parent colony, 
after a short phase of cell division. The maintenance 
of cellular integrity requires energy, which is why the 
colony decreases its enzymatic activity in the sedi-
ment (Latour et al. 2007). The cellular environment, 
mediated by the amount of organic matter and low 
oxygen concentrations (< 2 mg/L), could promote 
alternatives of oxygenic photosynthesis as a basis for 
the growth of the cells. Also, it has been shown that 
cells of Microcystis from the water-sediment inter-
face were viable during significant periods of time 
when glycogen stores were depleted. As the colony 
ages, the peripheral cells dye; however, cells remain 
in good physiological conditions in the center with 
a structure comparable to the planktonic colonies, 
which allows them to grow and preserve intracellular 
toxins (Reynolds et al. 1981).

Due to the bimodal Colombian climate, during 
long periods of dry weather the reservoir level drops, 
thereby the cyanobacteria remain as resistant forms 
in the sediment. According to Paerl et al. (2011) most 
species that produce blooms can survive environmen-
tal stress for long periods in deep zones. It has also 
been shown that the distribution of Microcystis in 
sediments is influenced by factors such as the nature 
of the substrate, the depth of the hydraulic system, the 
dynamics and the morphometry of the system (Latour 
and Giraudet 2004, Latour et al. 2004, 2007), and the 
transport and sedimentation of cells and physiological 
characteristics that allow them to adapt to this kind 
of environments. In addition, when stratification is 
longer and the depth is greater in the systems, large 
mucilaginous colonies as M. aeruginosa can be found 
(Aguilera et al. 2017) corresponding with the results 
of this research (Palacio-Baena 2015).

According to the above, the plumes of the tribu-
taries entering the Riogrande II reservoir, could be 
generating the processes of sediments resuspension, 
which could have an impact on the recruitment of 

cyanobacteria to the water-sediment interface. Ac-
cording to Palacio et al. (2015) during the rivers low 
flow and reduced levels of the reservoir, colonial 
forms (particularly Microcystis) dominated in the 
photic zone. These results are consistent with those 
found in this study, where the highest densities of 
cyanobacteria were observed when the reservoir level 
was lower than 60 % (Fig. 4).

The recruitment of Microcystis to the water col-
umn from the benthic zone is also given by processes 
of resuspension (Verspagen et al. 2004). According 
to Ståhl-Delbanco et al. (2003), Rinta-Kanto et al. 
(2009) and Misson and Latour (2012), the recruitment 
of Microcystis from the sediment is also regulated 
by active and passive processes of buoyancy that 
depend on the sediment mixture. The resuspension 
of colonies resulting from the dragging of deep water 
masses as a result of the filling of the reservoir from 
the bottom could be important in the recruitment of 
Microcystis. In this way, benthic colonies could be 
an inoculum for the development of possible blooms 
of this species, as pointed out by Rinta-Kanto et al. 
(2009). Between 2006 and 2007, a cyanobacterial 
bloom formed by Microcystis aeruginosa, M. wesen-
bergii, M. protocystis, Radiocystis sp., and Anabaena 
sp. was evidenced mainly in site 1 of the Riogrande 
II reservoir, with orthophosphate values greater than 
0.1 mg/L (Palacio-Betancur 2014). Nutrients such as 
phosphorous and nitrogen can influence the formation 
colonies of Microcystis spp. (Xiao et al. 2018). Ac-
cording to this, the recruitment or presence of cyano-
bacteria would not only be mediated by resuspension 
processes but also by the time of water residence on 
the site. Furthermore, resuspension processes could 
not only release cyanobacteria from the sediment, 
but also nutrients such phosphorus that may become 
available to cyanobacteria in the water column.

Although the percentage of cells containing genes 
that produce toxins may vary in time and space (Bev-
ersdorf et al. 2015), the mcyD gene was detected 
in Chroococcales present in all sampling points 
(Table III), which is associated with the highest den-
sity of “Microcystis complex” reported. Although the 
mcyE gene was only detected at one sampling point, 
it was possible to find Nostocales cyanobacteria, 
especially during sampling time T3 (Fig 4). In the 
same study period, Arboleda-Baena (2016) reported 
that Dolichospermum fluctuated between 284 and 
7000 cells/mL and Microcystis between 827 and 4000 
cells/mL in the water column, which indicates that the 
highest densities of cyanobacteria were found at the 
water-sediment interface. The detection of mcy genes 
in the water-sediment interface samples demonstrate 
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the presence of cyanobacteria with toxic potential 
in a drinking water reservoir (Table III). However, 
the detection of these genes would not necessarily 
indicate the production of microcystins; therefore, it 
would be relevant to measure cyanotoxins directly in 
the samples obtained from the water-sediment inter-
face or alternatively to measure the RNA expression 
of these genes in the cyanobacteria.

Consequently, this study is the first report that 
establishes a benthic phase in the life cycle of Mi-
crocystis in tropical environments, which could be 
influenced by factors not yet identified in the reser-
voir. So, it is important to consider more sampling 
points and new sampling methods at the reservoir 
water-sediment interface to better understand the life 
cycles, interactions and processes that influence cya-
nobacteria in stratified systems, according to Wells 
et al. (2015). Finally, this research is also the first 
evidence of cyanobacteria with toxic potential in the 
water-sediment interface of a stratified and relatively 
deep tropical system, pointing out potential risks of 
cyanotoxins production and possible reinvasion to 
the water column of a system used for drinking water.

CONCLUSIONS

The measurements of the investigated spectral 
groups in the water-sediment interface were equally 
distributed at the three sampling sites and times. The 
greatest contribution to total chlorophyll a in the 
samples was due to chlorophytes and cryptophytes.

Within the total number of cyanobacteria, Nos-
tocales represented 3.35 % and the “Microcystis 
complex” corresponded to 86 %. Through the 
amplification of genes involved in the synthesis of 
microcystins, the mcyD gene was evident in all the 
sampling points and the mcyE gene was only found 
at Las Ánimas entry in April 2015. The presence of 
cyanobacteria could negatively affect the drinking 
water quality and constitutes a human health risk. 
This emphasizes the need for a permanent monitoring 
of cyanobacteria in the water-sediment interface of 
drinking water reservoirs including cyanotoxin analy-
sis in situ and the evaluation of genes encoding other 
toxins, with the purpose of implementing guideline 
values and risk management frameworks in Mexico.
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