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Abstract: The climate extreme is imposing several threats to Amazonian ecosystems. In 2023, an
extreme drought in the Amazon basin and the impacts were measured in the Tefé and Coari lakes,
including unprecedented river dolphin mortality and phytoplankton blooms. This study presents
the first recorded bloom of Euglena sanguinea in the Amazon, to our knowledge the first record of a
phytoplankton bloom directly associated with climate change in the region. We examined the
morphology and molecular identification of this species, and the potential environmental impact of
its toxins. The analysis involved qualitative and quantitative sampling, microscopic observation,
PCR-based molecular identification, and toxin detection. Our findings highlight the need for
improving ongoing monitoring of phytoplankton dynamics in response to climate change in the
basin, as these events can have serious consequences for both the environment and the local
populations.

Keywords: harmful algae; euglenophycin; phytoplankton; climate change; toxins

Introduction

Earth’s climate has changed dramatically in recent decades (IPCC, 2023; Falk et al., 2024).
Human-induced climate change has reduced the resilience of Amazon ecosystems much faster than
the environmental changes that have occurred naturally in the past (Albert et al, 2023).
Approximately 38% of Amazonian forests have been devastated by rising temperatures, edge effects,
logging, fires, and extreme droughts (Lapola et al., 2023). The Amazon region has also been directly
affected by an increase in extreme floods and droughts in recent years, with significant implications
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for human livelihoods and biodiversity (Marengo & Espinoza, 2016; Espinoza et al., 2021, 2024;
Fleischmann et al., 2023; Silva et al., 2023; Terassi et al., 2024), including the record-breaking 2021
flood and 2023 drought in Amazon (Espinoza et al., 2021, 2024).

These observed changes can increase the size, frequency, and duration of blooms of
photosynthetic organisms. The occurrence of harmful cyanobacterial blooms in various regions
worldwide has been associate witch rising temperatures, decreasing water levels, and excessive
nutrient enrichment in aquatic environments (Igwaran et al.,, 2024). For instance, three intense
summer heat waves showed a significant relationship with cyanobacteria proliferation in Lake Taihu
in China (Li et al., 2022). During this period, the daily concentration of chlorophyll-a increased due
to rising air temperatures, higher levels of photosynthetically active radiation, and reduced wind
speed. However, no studies conducted in the Amazon region have yet linked phytoplankton blooms
to the direct impacts of climate change.

In 2023, a basin-wide extreme drought occurred, significantly disrupting the environmental and
social dynamics in the Amazon (Espinoza et al., 2024). Hundreds of thousands of people, particularly
those in riverine communities, were isolated, resulting in a significant reduction in their access to
potable water, food, medicines, essential services and markets in nearby urban areas. In the middle
Solimdes River, specifically in the large Amazonian Tefé and Coari lakes, a mass mortality event of
river dolphins (Inia geoffrensis and Sotalia fluviatilis) occurred. Between Sep and Oct 2023, 330
individuals died in Tefé lake, and mortality extended until November in Coari lake (Marmontel et
al., 2024). Extreme heating of the waters, which reached temperatures as high as 41°C, was considered
the main cause (Marmontel et al., 2024; Fleischmann et al.,, 2024). During the same time, another
unprecedented phenomenon occurred in both lakes: a significant proliferation of reddish algae.

Algal proliferation has the potential to cause environmental damage, including eutrophication,
dissolved oxygen depletion, fish mortality, and toxin production (Dokulil & Teubner, 2011).
However, in the Amazon, algae blooms have been recorded mainly in urban environments, by
cyanobacteria in fish farming tanks, public supply reservoirs and eutrophic bodies of water close to
city (Fonseca et al., 2015; Pinheiro et al., 2023). The only existing record of potentially toxic blooms in
natural Amazonian systems involves an intense proliferation of cyanobacteria, specifically Anabaena
sp. and Microcystis sp., in the Tapajos River, a clear water body in Eastern Amazonia (Sa et al., 2010).
Although the concentrations of the microcystin-LR toxin were below the maximum limits allowed by
Brazilian legislation for drinking water, in-situ observations indicated that the blooms occupied
approximately 10 cm of the water column, which could potentially cause skin irritation for
individuals bathing in the river (Sa et al., 2010). To document any potentially toxic bloom in the
Amazon is thus very relevant for a system that undergoes multiple environmental stressors.

The reddish bloom in Tefé and Coari lakes during the extreme 2023 drought, associated with
Euglena sanguinea, is, to our knowledge, the first record a Euglena bloom in the Amazon. These
microalgae are potentially ichthyotoxic, i.e., they pose risks to fish and, as a result, to the entire aquatic
ecosystem (Zimba et al., 2010, 2017). Therefore, their blooms should be alert to aquatic ecologists and
public health and water resources managers in the region. Here, we present and discuss the
unprecedented occurrence of the E. sanguinea bloom in the Amazon waters and its potential
environmental impacts. We highlight the relevance of the finding of these potentially harmful
microalgae in natural Amazonian environments, providing new information into the impacts of
extreme climate events on the ecology of the region. In line with this, we performed morphological
and molecular identification, as well as quantification of cell density of E. sanguinea, detection of the
euglenophycin toxin, and analysis of physical and chemical characteristics of the waters in the two
large lakes identified to be affected in Amazon.

Material and Methods
Study Area

Tefé and Coari (Figure 1) are “ria” lakes (also known as blocked fluvial valleys), a particular type
of lake in the Amazoni associated with the backflooding of tributaries close to their confluences with
the Amazon River (Irion et al., 2010; Latrubesse, 2012). The lakes are formed at the downstream end
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of the Tefé and Coari rivers, where the rivers widen near their confluence with the Amazon River.
Although the lakes are black-water systems, they receive sediments from the Amazon specific times
of the year. During extreme drought conditions, resuspension of bottom sediments leads to very
turbid waters in both lakes (Figure 1). At their downstream ends, a short channel connects the lakes
to the Amazon River (known as the Solimdes River in Brazil), measuring 8 km for Tefé and
approximately 500 meters for Coari. Both are large lakes, with surface areas of 379 km? (Tefé) and 869
km? (Coari) during normal periods (Wang et al., 2023). However, during the 2023 drought, their
surface areas were reduced by 75% (Tefé) and 78% (Coari) (Fleischmann et al., 2024). The urban
centers of Tefé (population: 73,669) and Coari (population: 70,496) are located near their confluence
with the Amazon. These are the largest cities upstream from Manaus in the state of Amazonas, Brazil.

63.75 6350 63.25

Normal conditions Lake Coari

Lake
Mamia

18th Oct 2023

Lake Tefe

L

!

Tefé City

Figure 1. Satellite images from PlanetScope imagery of Tefé and Coari lakes in the Amazon, under
normal (black waters) and drought conditions (very turbid waters; images from 28 and 18t October
2023, for Tefé and Coari lakes, respectively). The location of the two lakes within the Amazon River
basin (green polygon) and in the South American continent is presented in the bottom left figure
detail.

Water Quality, Hydrology and Meteorology

We measured water levels continuously at a gauge station located at the Mamiraua Institute’s
floating station, from 234 Sep 2023 onward, where a local observer recorded the level twice a day (7
h and 17 h local time). The station is located in front of the city of Tefé. Water characteristics (water
temperature, pH, dissolved oxygen, electrical conductivity and Secchi disk) were measured daily
(around 16h local time) from Sep 28 to Nov 9, with a Hannah HI 98194 multiparameter probe at the
surface, 50% of the water column depth, and near the bottom. Additionally, water temperature data
were continuously recorded with a Hobo Pendant MX2201 logger located at the Mamiraua Institute’s
floating station, at a 30 cm depth — during the drought, the whole water column was fully mixed, and
the isotherm temperature was observed (same temperature in the whole water column) (Fleischmann
et al., 2024). We analyzed turbidity, color, total nitrogen and total phosphorus in four water surface
samples, from Oct 1 to 11, with Hanna H7011 turbidimeter, spectrophotometer Hach by wavelight
365 nm.

Phytoplankton Analysis
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We collected samples from the ‘red spot’ in Tefé lake in front of the city of Tefé, in October 2023.
In Coari lake, we collected samples from the ‘red spot’ in the center of the main lake channel in
November 2023. Qualitative samples were collected by horizontal trawling using a conical plankton
net with 20 um mesh pore size. These samples were preserved with Transeau solution at a 6:3:1 ratio
(Bicudo & Menezes, 2006).

For quantitative collections, we used a 5-liter graduated container, homogenized the sample,
removed a 10 mL aliquot and preserved it with 0.3% Lugol's solution. In the laboratory, we analyzed
the qualitative samples using successive slides under a standard optical microscope with 10x and 40x
objectives. We selected 10 cells of each shape (elongated and round/oval) from each lake and
measured the sizes of the E. sanguinea cells using a standard optical microscope equipped with a
micrometric eyepiece (10x objective). For quantitative analyses, we counted the number of cells in a
Sedgewick-Rafter chamber. The final number of cells per volume was estimated with the following
calculation:

C x 1000 mm?
AxDxF

Where, C = number of cells counted, A = field area, DE = field depth, F = number of fields
counted.

necells.ml ~! =

DNA Extraction, Amplification and Sequencing

To check for the presence of Euglena sanguinea in the bloom sample, we used the molecular
marker nSSU rDNA (nuclear Small Subunit ribosomal DNA) species-specific for Euglena sanguinea,
as described in Kulczycka et al (2018). The target region for the external primer was located between
Helix 29 and 45 in the secondary structure of nSSU rDNA (sangFO:
CTGYGGGCGCCACGCCCCCTTG and sangR0: ACGGACTTGCRGGGTTTCCCAGC) and for the
internal primers between Helix 30 and 45 (sangF1l: CGCCCCCTTGACCGAGAAATCCG, sangR1:
GCCRGGGCCCRCAGAARACGAGG).

We used three types of templates: (1) DNA isolated from a Euglena sanguinea bloom from Tefé
lake (species previously identified by microscopy); (2) DNA isolated from an environmental sample
(Pampulha reservoir, Minas Gerais State, Brazil, with presence of Euglena species, but not Euglena
sanguinea); (3) DNA isolated from a Euglena sp. culture (strain 463, CCMA UFSCar culture collection,
Brazil). Total genomic DNA from cell cultures and environmental samples was extracted and purified
with a DNA/RNA extraction Sample Flex Phot Kit (Phoneutria), according to the fabricant protocol.

The PCR amplification was performed as follows: a 25-uL reaction mixture contained 0.2 U DNA
Polymerase, 0.2 mM dNTPs, 1.5 mM MgCl2, 5 pmol of each primer, reaction buffer and DNA
template (10-20 ng). The PCR protocol consisted of two different rounds for a Nested PCR. The first
round ran with the sangF0/R0 external primers, starting with 2 min at 98 °C, followed by nine initial
cycles comprising the following steps: 30 s at 98 °C, 30 s at 62°C and 20s at 72 °C. For the second
round, with the sangF1/R1 internal primers, 1 uL of the mixture from the first round was used and
followed a similar protocol, starting with 2 min at 98 °C, followed by 39 cycles comprising steps of 15
s at 98 °C, 15 s at 60 °C (instead of 62°C), and 20 s at 72 °C. The final extension step was performed
for 5 min at 72 °C. The PCRs were performed in a C-1000 Touch Thermal Cycler (Bio-Rad). The
amplification PCR products were visualized in 1.2 % agarose gel stained with ethidium bromide,
then they were purified (PCR purifying Kit Phoneutria) and sequenced by Fiocruz (Brazil) for the
biomolecular confirmation of Euglena sanguinea species identity.

Sequence Processing and Phylogenetic Analysis

The DNA sequence from the Tefé lake bloom was compared by a BlastN search across public
databases, including the National Center for Biotechnology Information (NCBI) and the Joint
Genome Institute. From this search, sequences from four Euglena sanguinea strains and four different
species of Euglena were selected and aligned using Muscle (Edgar, 2004) alongside the Tefé lake
bloom sequence. The species Trachelomonas echinata was used as the reference outgroup to route the
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tree. The phylogenetic tree was constructed using maximum parsimony (MP) analysis, with 1000
bootstrap replications. The construction of the tree was performed using the MEGA 11 (Molecular
Evolutionary Genetics Analysis) software.

Toxin Analysis

We performed analyses of the presence of euglenophycin in the lakes” water samples. For
chemicals, methanol (MeOH >99.9%) was purchased from Tedia (Fairfield, USA) and water was
purified in a Milli-Q® system (Merck Millipore, USA) to a resistance of 18.2 MQ cm. Regarding
sample preparation, water samples were filtered using a glass filter system connected to a vacuum
pump. Glass microfiber filters from Whatman, with porosities of 2.7 and 0.7 um, were used to
facilitate filtration, especially for samples with high particulate content. The extraction of
euglenophycin from water was performed using solid-phase extraction (SPE) cartridges with a
polymeric phase (Strata-X 33 pum, 500 mg/6 mL). The cartridges were initially conditioned with 6.0
mL of MeOH, equilibrated with 6.0 mL of purified water, and then loaded with 1.0 L of the water
sample. After loading, the sample was eluted with 6.0 mL of MeOH. The extracts were dried under
a gentle flow of nitrogen gas, redissolved in 1.0 mL of MeOH, and filtered through a
polytetrafluoroethylene (PTFE) syringe filter (diameter 13 mm and pore size 0.45 um) to remove
suspended particles. The filtered extracts were then transferred to vials for chromatographic analysis.
The analysis was conducted with Liquid Chromatography/High Resolution Mass spectrometry
(LC/HRMS). Chromatographic separation was performed on an UltiMate 3000 ultra-high
performance liquid chromatograph (Thermo Scientific, Germany) using a reversed-phase column
(Shimpack XR-ODS III, 150mm length, 2.0 mm internal diameter, 2.2 um particle size) at 40 °C. The
chromatographic method employed a flow rate of 0.5 mL/min, with a mobile phase composed of
water (A) and methanol (B), both containing 0.1% formic acid. The gradient program was as follows:
0-2 min, 10% B, 2-10 min, 10-90% B, 10-13 min, 10% B, 13-15min, 10% B. The chromatograph was
coupled in line to an Orbitrap Exploris™ 240 mass spectrometer (Thermo Scientific, Germany).
Acquisitions were conducted in positive electrospray ionization mode, with a capillary voltage of
+3000 V and a temperature of 300 °C. Masses were scanned in the m/z 100-1000 range (240 K resolution
at m/z 200), with an automatic gain control (AGC) set to accumulate 3 x 10¢ jons and a maximum
injection time of 100 ms. Tandem MS analysis was performed at a resolution of 17.5K, with the AGC
set to 10° and a maximum injection time of 50 ms, using an isolation window of m/z 1.0.

Results
Euglena sanguinea Blooms in Tefé and Coari Lakes

In Tefé lake, the flood peak typically occurs in June, and the typical dry season minimum level
occurs in mid-October. After reaching water levels within normality in June, the lake levels started
to decrease sharply in September 2023, reaching a decrease of around 30 cm/day of decreasing rate.
This led to the lake rapid change from a black water system into a very turbid one (Figure 1), with a
Secchi depth of around 10 cm (Figure 2c). In late September, a major dolphin mortality event started
occurring, which culminated with the death of 209 dolphins dead in the lake over a short period of a
few weeks (Marmontel et al., 2024). For this reason, water quality measurements started being
collected at the beginning of October. Very high maximum water temperatures (up to 40.9°C in some
parts of the lake) and diel variation (up to 13.3°C) were recorded in the lake (Fleischmann et al., 2024).
At the Mamiraud Institute’s floating station, temperature as high as 38°C was measured (Figure 2a).
This extreme water temperature has been directly associated with intense incoming solar radiation,
associated with a series of clear-sky days during the drought period (Fleischmann et al., 2024). Water
levels started increasing considerably only by 16% November (Figure 2a). Dissolved oxygen
concentrations were satisfactory, between 6 and 7 mg/L during most of the time (Figure 2d), as well
as pH, between 7 and 8 (Figure 2b). The phosphorous concentration was up to 0.3 mgL' and the
maximum value of nitrogen concentration was 0.37 mgL-! (Table 1).

d0i:10.20944/preprints202411.1322.v1
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During the extreme drought in 2023, we observed a reddish bloom in both lakes (Figure 3). In
situ observations began on October 4 and continued until the lake's water levels rose significantly.
The bloom was observed for four consecutive weeks, appearing each morning at 8:00 a.m.,
disappearing during the day, and reappearing the following morning.

This red color was attributed to the predominance of the freshwater microalgae Euglena
sanguinea Ehrenberg. The E. sanguinea cells exhibited elongated and round shapes, appearing in both
green and red colors (Figure 4). In Tefé lake, the elongated cells had an average size of 85.4 + 10.6 um,
while the round cells had an average size of 38.1 + 4.98 um. In Coari lake, the elongated cells had an
average size of 64.9 + 4.3 um, and the round cells had an average size of 48.4 + 5.5 um. The density of
E. sanguinea was 64,700 cells/mL in Tefé lake and 42,000 cells/mL in Coari lake. The phytoplankton
composition in Tefé lake consisted of five classes: Chlorophyceae (3 taxa), Cyanophyceae (3 taxa),
Bacillariophyceae (4 taxa), Zygnemaphyceae (7 taxa), and Euglenophyceae (1 taxon), as shown in
Table 2.

Table 1. Physical and chemical parameters in Tefé lake.

Turbidity True color Total nitrogen =~ Total phosphorous
Sampling date (NTU) (uC) (mgL™) (mgL™)
1-Oct 89 62 0,16 0,16
5-Oct 82 29 0,02 0,14
6-Oct 112 54 0,37 0,30
13-Oct 118 41 0,14 0,14

Table 2. Phytoplankton composition in four sampling sites in Tefé lake.

CLASS TAXA Tefé Lake

P1 P2 P3 P4
CHLOROPHYCEAE Dictyosphaerium pucelum  x X
CHLOROPHYCEAE Pediastrum duplex X
CHLOROPHYCEAE Acanthosphaera zachariasii X
BACILLARIOPHYCEAE BACILLARIOPHYCEAE x x X
BACILLARIOPHYCEAE Aulacoseira sp. X X X X
BACILLARIOPHYCEAE Fragilaria sp. X
BACILLARIOPHYCEAE Gomphonema sp. X X X
CYANOPHYCEAE Anabaena sp. X X X X
CYANOPHYCEAE Chroococcus sp. X X X X
CYANOPHYCEAE Planktothrix sp. X X X
ZYGNEMAPHYCEAE Closterium sp. X
ZYGNEMAPHYCEAE Cosmarium sp. X
ZYGNEMAPHYCEAE Desmidium sp. X X X
ZYGNEMAPHYCEAE Gonatozygon sp. X
ZYGNEMAPHYCEAE Spirogyra sp. X
ZYGNEMAPHYCEAE Staurastrum sp. X X
ZYGNEMAPHYCEAE Staurodesmus sp. X X

EUGLENOPHYCEAE Euglena sanguinea X

d0i:10.20944/preprints202411.1322.v1
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Figure 2. Dynamics of water parameters in Lake Tefé during the extreme 2023 drought: (a) Water
level and temperature, (b) pH, (c) Secchi depth, and (d) Dissolved Oxygen.

Figure 3. Blooms of Euglena sanguinea in Tefé lake (a and b, credit: André Zumak) and Coari lake (c
and d, credit: Waleska Gravena).
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Figure 4. Microphotographs of Euglena sanguinea from a Tefé lake 1 sample. Magnification: 40 X.
Elongated cells of E. sanguinea (a). Oval/encysted cells of E. sanguinea (b and c).

Molecular Identification of Euglena sanguinea

Figure 5A shows an agarose gel electrophoresis of the PCR products obtained by nested PCR
using the external sangF0/R0O and internal sangF1/R1 primers. The bands on the first column "L"
correspond to the molecular 100 bp ladder. Column 1 shows a band that corresponds to the bloom
sample of Tefé lake, confirming the presence of an organism that was amplified with the species-
specific primer for Euglena sanguinea. The two next columns (2 and 3) do not show any band and
represent samples from Pampulha lake (2) and from a Euglena sp. culture (3), respectively, confirming
the absence of any E. sanguinea in these samples. The last column (4) corresponds to the negative
control.

The phylogenetic tree represented in Figure 5 (B) is based on 18S rRNA Euglena sequences
obtained from the GenBank, aligned with the sequence found in the Tefé lake bloom. The tree shows
how all the E. sanguinea strains are in separate branches from other Euglena species and confirms the
presence of E. sanguinea in the bloom sample of Tefé lake.

Toxin Detection

The LCHRMS analysis indicated the presence of euglenophycin in all water samples collected
on different days from Tefé lake. Although a standard for euglenophycin was not available, the
compound was tentatively identified based on its exact mass and fragmentation pattern (Figure 6).
The molecular ion was detected at m/z 306.2793 (mass error of 0.65 ppm), with major product ions
detected at m/z 288.2688 (mass error of 0.69 ppm), 274.2530 (mass error of 0.36 ppm), 262.2530 (mass
error of 0.38 ppm), 248.2374 (mass error of 0.40 ppm), and 246.2217 (mass error of 0.40 ppm). The
product ion at m/z 288, resulting from the neutral loss of H20 (18 u), was previously reported as a
predominant ion by Gutierrez et al. (2013) for euglenophycin extracted and purified from Euglena
sanguinea cultures. This loss was also highly favored in our analysis. The other product ions identified
were observed as minor fragments and resulted from various possible neutral losses of alcohol.
Specifically, the loss of CHsOH (32 u) from euglenophycin produces the product ion at m/z 274, the
loss of CH2CHOH (44 u) results in the ion at m/z 262, the loss of CHsCHCHOH (58 u) gives the ion
at m/z 248, and the loss of CHsCH.CH2OH (60 u) produces the ion at m/z 246.
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KY928280.1 Euglena sanguinea strain Ml 51

L JQ281806.1 Euglena sanguinea strain SAG 1224-30

JQ281805.1 Euglena sanguinea strain Henderson
L[ JQ281804.1 Euglena sanguinea strain Argentina
\i Bloom Euglena sanguinea from lake Tefé (Amazonia, Brazil)
* FJ719613.1 Euglena splendens strain CP110601
\_‘: DQ249876.1 Euglena agilis strain UW-Wawocko
' L kT304823.1 Euglena pseudostellata strain Jilnal0302071
AY626062.1 Euglena polymorpha strain ACOI 921
AY130242.2 Trachelomonas echinata strain SAG 1283-22

Figure 5. a) Agarose electrophoresis gel profile of the nSSU rDNA amplification region, using the

species-specific nSSU rDNA primers for Euglena sanguinea. L — Ladder 100pb; 1 — Bloom sample from
Tefé lake (Amazonas, Brazil); 2 — Environmental sample from Lake Pampulha (Minas Gerais, Brazil);
3 — Culture of Euglena sp.; 4 — Negative control. b): Phylogenetic tree (maximum parsimony) based on
18S rRNA Euglena sequences. The E. sanguinea sequence found in the Tefé lake bloom is represented
in bold, aligned with the other sequences obtained from GenBank. Trachelomonas echinata was selected
as the outgroup taxon. Support values are indicated at the nodes.
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Figure 6. Fragmentation proposal for euglenophycin, showing its molecular ion at m/z 306.2791 and
the product ions resulting from the neutral loss of water and alcohol.

Discussion
The Bloom in Tefé and Coari Lakes

Euglena sanguinea belongs to the Euglenophyceae group, consisting of freshwater microalgae
that can be photosynthetic and/or heterotrophic (Rosowski, 2003). Under favorable environmental
conditions, such as temperatures above 25 °C and high solar radiation, these organisms can form
blooms on the water's surface, which may appear reddish or green (Jahn, 1946). The blood-red color
results from the presence of granules called hematochromes, which protect the chlorophyll in the
cells when exposed to intense solar radiation (Gojdics, 1939; Jahn, 1946; Lee, 2008). The dispersion of
hematochromes throughout the cells causes them to turn red, making the bloom visible to the naked
eye on the water's surface (Wolowski et al., 2024).
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The concentration of nitrogen and phosphorus in Tefé lake is within the typical levels found in
blackwater lakes in the Amazon (Schmidt, 1976; Rai and Hill, 1981), not indicating eutrophication or
nutrient imbalance. Therefore, it was not considered a determining factor for the bloom. The bloom
of E. sanguinea was favored by (i) the reduction in water levels, which led to a high concentration of
suspended sediments, promoting not only photosynthetic but also heterotrophic feeding for this
species, (ii) high solar radiation, which triggered the production of hematochromes, along with
elevated temperatures exceeding 37 °C in Tefé lake, and (iii) the positive phototaxis of these
organisms, causing them to move towards light to optimize energy capture for photosynthesis
(Gerber and Héader, 1994).

These organisms commonly exhibit round or oval cysts with thick walls (Rosowski, 2003).
Vuuren and Levanets (2020) classified E. sanguinea cells into two types: large and small (elongated
and oval). According to the average cell sizes observed in this study, the E. sanguinea cells in Tefé lake
were categorized as large and elongated, while in Coari lake, the average size of the elongated cells
was classified as small. Round or oval cells in both lakes were generally classified as small. Overall,
these differences in cell size may influence their ability to compete for nutrients with other microalgae
species, with larger cells potentially having a greater capacity to produce and accumulate proteins.
Furthermore, size variations are associated with the rapid cell division that occurs under stressful
conditions, leading to the formation of various types of palimeloid stages (Hindak et al., 2000;
Wotowski et al., 2024).

In addition to the presence of E. sanguinea, we also identified other species of microalgae (Table
1). All these phytoplankton species have been previously recorded in blackwater lakes in the Amazon
(Melo et al., 2005). Under “normal” conditions, the composition of the phytoplankton community can
be influenced by environmental (e.g., temperature, pH, total nitrogen, total phosphorus, water level
variation) and biological factors (e.g., predation by zooplankton and/or ciliates; Reynolds et al., 2002).
High water level variation throughout the year, which influences the composition and diversity of
the phytoplankton community, is a well-documented phenomenon in several Amazonian lakes
(Fassoni-Andrade et al., 2021). For instance, a smaller number of taxa is typically observed during the
flood period in whitewater lakes (Moresco et al., 2017), and significant differences are found between
the species during dry and flood periods in the floodplain and blackwater lakes (Melo et al., 2005;
Raupp et al., 2009; Silva et al., 2013). While we identified euglenophycin was identified in all water
samples from Tefé and Coari lakes, no major fish mortality event was observed in these two lakes
during the blooms, and preliminary analyses (A. Hercos, pers. comm.) indicated no direct relationship
between the phytoplankton bloom and fish mortality in the lakes.

Molecular Identification of Euglena sanguinea

With the primers selected in this study it was possible to successfully validate the identification
of E. sanguinea in the environmental bloom sample of Tefé lake. The choice of an appropriate
molecular marker can be instrumental in the identification of this species, since identifying E.
sanguinea may pose a challenge, even for experts in the field (Karnkowska-Ishikawa et al., 2013). In
this study, we employed specific primers targeting the nSSU rDNA region of E. sanguinea. These
primers were specifically designed and validated in the study conducted by Kulczycka et al. (2018)
and were found to be highly effective for the precise molecular identification of E. sanguinea. Because
of the potential toxicity of this species (Zimba et al., 2010), correct identification is especially
important.

In the literature, more than 150 species have been described for the genus Euglena (Mullner et
al., 2001) and they have been grouped differently based on several criteria, mostlym morphological
(for example, Bourrelly, 1970). However, more recent studies using the SSU rDNA gene suggested
that some of these traditional classifications were not supported by molecular results (Linton et al.,
2000). Therefore, phylogenetic and molecular studies using the SSU rDNA gene may be very useful
to better establish taxonomic identifications in euglenoids (Miillner et al., 2001).

Phytoplankton Blooms in a Changing Amazon: Perspectives and Monitoring Gaps
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In a scenario where algal blooms are known to be driven by high nutrient concentrations and
suitable temperatures, several studies on river blooms suggest that, when nutrients and temperatures
are optimal, changes in the river’s hydrological regime become the primary factors driving blooms,
with cumulative and long-term effects (Cheng et al., 2019; Xia et al.,, 2019). Therefore, in a scenario
where water level variations are not yet influenced by climate change, changes in the phytoplankton
community can be considered “normal” for the region. However, in the current context, where these
variations are being strongly impacted by climate change, different types of changes may occur.
There could be positive changes, where the phytoplankton community, composed of species that are
not harmful to other food chain levels, adapts to the new conditions. Negative changes could occur,
characterized as harmful algal blooms (HABs) —proliferations of toxic aquatic microalgae that have
become a global problem due to increasing nutrient levels, global climate change, and the
introduction of invasive species, which can harm other links in the food chain (Reid et al., 2024).

Considering that algal blooms in natural freshwater environments in the Amazon are becoming
more frequent, it is necessary to adopt specific measures for such as Coari and Tefé lakes, which also
have major socioeconomic relevance for food security (e.g., for fisheries and access to food markets)
and transportation of local populations in general. One such measure is the biomonitoring of the
phytoplankton community under natural conditions, which is almost absent in large Amazon lakes.
It would be essential to understand how this environment and the phytoplankton community change
during different stages of the hydrological regime as well as in years of extreme conditions. Such a
monitoring program would allow the identification of potentially harmful species, such as those that
produce toxins. However, this knowledge alone is not sufficient to prevent or predict blooms.
Therefore, it is essential to invest in predictive models, such as remote sensing monitoring, which is
already well-established in oceanic aquatic ecosystems (Wang et al., 2024), but specifically tailored to
the white- and blackwater systems of the Amazon.

Conclusion

Here we documented the first bloom of E. sanguinea in the Amazon Basin (and in South
America), a potentially icthyotoxic phytoplankton. Euglenophycin, a toxin that can be harmful to
fish, was identified in all water samples from Tefé and Coari lakes, yet its impact on local Amazonian
fish could not be measured. No major fish mortality was observed surrounding the algae blooms, but
we highlight the need to further investigate the potential of E. sanguinea blooms on Amazon fish, given
the likelihood of such events occurring again in large Amazon lakes in the near future.

The presence of diverse species in the phytoplankton community in Tefé lake during the extreme
drought of 2023 underscores the need for biomonitoring the dynamics of these organisms,
particularly their abundance and composition in relation to water level variations. This is essential
for facilitating future comparisons during extreme events, and to shed light on potentially harmful
blooms that may threaten Amazonian human populations and aquatic ecosystems. We emphasize
the importance of recording and fostering monitoring programs for algae blooms in the Amazon, as
climate change may intensify these events. Documenting algae blooms across the region is crucial to
alert ecologists and managers to the ongoing environmental risks under climate change, and to
emphasize the need for mitigation and adaptation strategies in managing the region’s water
resources.
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