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Abstract: Valle de Bravo reservoir supplies drinking water to 40% of Mexico City. Here we present
data on the population growth and life-table demography of the cladoceran Daphnia pulex, cultured at
temperatures of 20 °C and 25 °C and with different concentrations of the crude extracts from blooms
of Microcystis aeruginosa, collected in January, and Woronichinia naegeliana, collected in September. We
hypothesized that Daphnia pulex would be more sensitive at the higher temperature and to toxins
from W. naegeliana as these blooms have been shown to be more toxic to rotifers. We extracted the
toxins and conducted acute toxicity tests at eight concentrations of microcystins at 20 °C. The LC50
was 26.8 ug/L and 11.5 pg/L, respectively, for Microcystis and Woronichinia samples. The chronic
toxicity tests included population growth and life-table demography studies at 5 and 10% of the LC50
concentration, at 20 °C and 25 °C. Four replicates for each of the three treatments, which consisted of
treatments with low and high cyanotoxin levels and a control without cyanotoxins, were set up. The
population growth rate ranged from 0.18 to 0.42 d~1 on the extracts from M. aeruginosa (January) and
from 0.2 to 0.31 on extracts from W. naegeliana. Daphnia, being better adapted to cooler temperatures,
was more adversely affected at 25 °C than 20 °C. The adverse effect of cyanobacterial extracts was
greater from Microcystis than Woronichinia blooms. The tolerance of Daphnia pulex to cyanotoxins
depends on the bloom-forming species and the temperature.
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1. Introduction

Several large lakes and reservoirs in Mexico have dense cyanobacterial for most of
the year. Valle de Bravo is an important reservoir in the State of Mexico which supplies
drinking water to 40% of the people in the Mexico City Metropolitan Area. Over the past
decades, this reservoir has been subject to several anthropogenic stressors including high
nutrient inputs and changes in water level and temperature patterns. These have led to
the presence of practically permanent cyanobacterial blooms, particularly of the genera
Microcystis, Dolichospermum, Woronichinia and Lyngbya [1]. Similar conditions have been
reported in another waterbody, Lake Zumpango, also in the State of Mexico, with dense
blooms of Microcystis and Planktothrix. Water temperature in Lake Zumpango too has risen
by more than one degree over the past 15 years. However, water from this lake is used
only for irrigation and aquaculture. In Valle de Bravo reservoir, microcystin concentrations
above the WHO permissible limits for potabilization (1 ug/L) have been recorded [2,3],
while, in Lake Zumpango, bioaccumulation of microcystins in the fish consumed locally
has been reported [4].

Acute and chronic toxicity tests are currently used to assess the effects of cyanotoxins
in reservoirs. Rotifer bioassays have been used to test the toxicity of pure microcystins [5]
and showed that Brachionus calyciflorus can withstand up to 200 pg/L of microcystins. In
nature, however, several different genera of cyanobacteria co-occur [1]. These produce
different cyanotoxins; for instance, Microcystis, Lyngbya, Dolichospermum and Woronichinia
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all occur together but each produces different secondary metabolites, such as microcystins,
cylindrospermopsin, anatoxins and microginins. These compounds may have synergistic
effects in nature and one method of assessing this is by testing crude extracts from a
bloom rather than purified toxins from a single species [6]. Some cyanobacteria produce
compounds that inhibit digestive proteases in animals [7].

The effect of cyanobacterial extracts have been tested on zooplankton for more than a
decade [8,9]. Several studies are available on the effects of extracts from cultured Dolichosper-
mum planctonicum, originally isolated from Valle de Bravo reservoir, and natural cyanobac-
terial blooms from freshwater and saline lakes and reservoirs on different zooplankton
species, such as Brachionus calyciflorus, Plationus patulus, Brachionus havanaensis and Cerio-
daphnia dubia [10-13]. Most ecotoxicological assays on cladocerans are conducted using
Daphnia magna. This species is, however, not found in Mexican freshwater; nevertheless,
Daphnia pulex is widely distributed in Mexican ponds and lakes. Therefore, it is important
to conduct ecotoxicological assays on D. pulex using different contaminants in order to
create a database of information about its sensitivity. A study comparing the sensitivity of
cladoceran neonates and adults including Daphnia pulex, Daphnia similis and Daphnia laevis
showed that D. pulex was the most sensitive to heavy metal and pesticide toxicity [14].

One of the adverse effects of climate change, as regards the increase in mean tem-
perature, is the presence of persistent cyanobacterial blooms. In Valle de Bravo reservoir,
cyanobacterial blooms have been persistent over the past 20 years [1,15]. The toxic effects of
cyanobacteria are evaluated using different methods. Life-table demography and popula-
tion growth studies are some of the sensitive tools used to assess the effect of environmental
variables on zooplankton [16] and thereby assess the health of the ecosystem. Several stud-
ies indicate that life history variables, especially population growth rate, are adversely
affected when a zooplankton species is subjected to temperatures outside its preferred
range and that there is a synergistic interaction of contaminants with temperature [17,18].

Considering the importance of the Valle de Bravo reservoir as a source of drinking
water, it is important to find quick and sensitive assays to test water quality, especially since
the reservoir is known to have blooms of more than ten species of cyanobacteria, including
Microcystis, Planktothrix, Lyngbya, Dolichospermum and Merismopedia, among others [1].
There is a considerable seasonality to these blooms. Microcystis aeruginosa, M. flos aquae
and M. wesenbergii dominate during hot, dry summers, while Dolichospermum dominate in
winters and Woronichinia during the rainy period. The common rotifers and cladocerans
in this reservoir are Keratella cochlearis, Polyarthra vulgaris, Trichocerca similis and Bosmina
longirostris. The zooplankton densities in this reservoir vary depending on the species
composition and the season [3,15,17].

Our objective in the present study was to analyse the population growth and life table
demography of Daphnia pulex cultured at temperatures of 20 °C and 25 °C and with different
concentrations of the crude extracts from blooms of Microcystis aeruginosa, collected in
January, and Woronichinia naegeliana, collected in September. A previous study showed that
these extracts were toxic to the rotifer Brachionus calyciflorus [12]. We hypothesized that
the sensitivity of Daphnia pulex would be greater at the higher temperature and to toxins
from W. naegeliana, as the blooms tend to be more toxic, perhaps due to the high predation
pressure they are subjected to in the summer.

2. Materials and Methods
2.1. Study Site

Valle de Bravo reservoir is located east of Toluca city in the State of Mexico, at an alti-
tude of 1780 masl (19°11/38.71” N and 100°09/02.59"/ W). It has a volume of 418.25 x 10° m3,
a surface area of 18.55 km? and a mean depth of 21.1 m [15]. It is one of the main sources of
drinking water for a large section of the population in Mexico City.
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2.2. Sample Collection

One composite sample was collected during the dry season (10th of January, 2017)
and one during the rainy season (19th of September, 2017), near the dam (Figure 1).
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Figure 1. Map of Valle de Bravo Reservoir highlighting the lake basin, rivers entering the reservoir
and the collection site (dam).

We collected water for the experiments depending on the density of the bloom: 20 L
from a dense bloom in January and 150 L from a less dense bloom in September. The
samples were concentrated and crude aqueous extract prepared in the laboratory.

2.3. Identification and Quantification of the Cyanobacteria

From the samples collected above we fixed a subsample of 100 mL in 3% formalin for
taxonomical analyses. The dominant cyanobacteria were identified following Komarek
et al. [19] and Wehr and Sheath [20] and quantified using a Sedgewick Rafter Counting
Chamber.

2.4. Preparation of the Crude Extract

We filtered the blooms collected in January and September through a mesh of 150 um
to remove small algae and diatoms and retain only large colonial cyanobacteria. The
cyanobacterial biomass was frozen and stored at —20 °C for two days, thawed at room
temperature and then sonicated for 10 min at 14 MHz. The biomass was again frozen
and the cycle repeated five times, following Pietsch et al. [9]. After that the extract was
centrifuged at 4000 rpm for 30 min to remove the debris and filtered through a 0.45 pm
Millipore filter. Finally, we stored the extract at —20 °C for later use. We determined the
concentration of microcystins in the extract using the ELISA assay by EnviroLogix™.

2.5. Cultures

The zooplankton cultures were maintained on Chlorella vulgaris and Scenedesmus acutus
grown in 2 L PET bottles, using the Bold basal medium [21], to which we added 0.5 g of
NaHCOj; every three days as a source of carbon. The cultures were maintained under
constant aeration and fluorescent illumination (4300 lux). The algae were harvested during
the exponential phase of their growth (normally eight days after inoculation), sedimented,
decanted and re-suspended in distilled water prior to use.
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Daphnia pulex was isolated from the Chimaliapan Wetland (State of Mexico) and a
clone was established. We maintained the daphniid cultures in moderately hard water
(1.98 g of NaHCO3, 1.2 g of CaSOy, 1.2 g of MgSO4 and 0.04 g of KCL in 20 L of distilled
water) [22]. The cladocerans were fed Scenedesmus acutus at a density of 0.5 x 100 cells/mL,
determined based on estimations using a haemocytometer.

2.6. Acute Toxicity Tests

To determine the median lethal concentration, we set up eight concentrations of micro-
cystins (3.82, 7.65, 11.48, 15.30, 19.13, 22.96, 26.78 and 30.61 ug/L for the January samples
and 0.85, 1.71, 2.56, 3.42, 4.27, 5.13, 5.98 and 6.84 ng/L for the September samples) in 50 mL
containers with 25 mL of the test medium. Scenedesmus acutus at 0.5 x 10° cells/mL served
as food. To each container we introduced five neonates of Daphnia pulex. We also set up
controls without any crude extract but only pure EPA medium and algal diet. For each
treatment we used four replicates; experiments were conducted in an incubator set at 20 °C
and after 24 h we counted the number of dead individuals from each test jar. The LC50
was derived from the mortality data using the probit method [23].

2.7. Chronic Toxicity Tests

Chronic toxicity tests involving population growth and life-table demography were
conducted at 5 and 10% of the LC50; these corresponded to 6.7 and 13.4 ug/L and 11.83
and 23.66 ug/L for the January and September samples, respectively. Both, the population
growth and life-table experiments were conducted in 100 mL vessels containing 50 mL of
EPA medium with C. vulgaris at 0.5 x 10° cells/mL at 20 °C and 25 °C. Four replicates
for each of the three treatments, which consisted of low and high cyanotoxin levels and a
control without cyanotoxins, were set up. Experiments were initiated with five individuals
of a mixed population of neonates, juveniles and adults of female Daphnia pulex for the
population growth study or five neonates <24-h old for the life-table demography tests.
We counted the total number of individuals for the population growth experiments daily
and transferred the living individuals to a fresh medium with appropriate food and toxin
concentrations daily until a declining trend in the population density was observed. Based
on the data collected, we calculated the population growth rate following [24]:

- (li’th — ll’lN()) (1)

t
where 7 is the daily population growth rate, N; is the number of individuals after time ¢, Ny
is the initial population density and t is the time in days.

For the life-table demography experiments, we counted and transferred the living
individuals of the original cohort to a fresh medium with chosen food and toxin concen-
trations; neonates and dead adults when encountered were counted but discarded. The
experiment was discontinued when all individuals of the original cohort died.

Based on the data, we calculated the following variables:

- age-specific survivorship (Iy) = proportion of the original cohort surviving at the start
of age x;
- age-specific reproduction (my) = offspring produced per female at age x;

- average life span:

Ty
x = TTX )

where Ty is the cumulative number of individuals from age x to the maximum age
and ny is the number of live individuals at the start of age x (days); Gross reproductive
rate:

Y mx 3)

0



Water 2021, 13, 526

50f13

Net reproductive rate:

e}
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0
Generation time: ¥l
x-lx-mx
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o ©)
Rate of population increase:
n
Z e lxmx =1 (6)
X=w

where r is the rate of population increase per day and w is the age at maturity (days).

Data on the population abundances were statistically compared using repeated mea-
sures ANOVA, two-way ANOVA and post-hoc Tukey tests.

3. Results

The phytoplankton blooms from the Valle de Bravo reservoir were dominated by
Microcystis aeruginosa in January, during the dry season, and by Woronichinia naegeliana in
September, after the rains.

The population growth of Daphnia pulex was generally higher in the presence of the
crude extract than in controls (Figure 2). Regardless of the temperature, the cladoceran
reached higher densities in the presence of the extracts from Woronochinia (total density of
180-220 ind.) than from Microcystis aeruginosa (around 150 ind.). An adverse effect for W.
naegeliana was observed only at 25 °C and at a concentration of 23.66 pg/L.

The population growth rate ranged from 0.18 to 0.42 d~! for the extracts from M.
aeruginosa (January) and from 0.2 to 0.31 d ! for extracts from W. naegeliana. Generally, the
growth rates of Daphnia were significantly greater (p < 0.05, F-test) in the presence of the
extracts than in the controls. Population growth rates of Daphnia were generally higher at
20 °C than at 25 °C. The tolerance to W. naegeliana extracts was higher at 25 °C than at 20 °C
and, with the higher concentration of the extract, the growth rates decreased significantly.

The survivorship (Figure 3) of Daphnia pulex was longer (around 40 days) at 20 °C but
was reduced to around 30 days at 25 °C. The adverse effects of the toxins on survivorship,
regardless of the season, were greater at 25 °C than at 20 °C. There was a significant
decrease in the survivorship, as compared to the controls, during tests in both seasons
(p < 0.05, Gehan Breslow Log Rank test).

The reproduction patterns (Figure 3) in Daphnia pulex revealed that the offspring
production was earlier and higher in treatments with cyanotoxins as compared with
controls at both 20 °C and 25 °C. In extracts from blooms collected in September with a
dominance of Woronichinia, the fecundity was greater than that in the controls at both the
tested temperatures. Regardless of the cyanotoxin concentration, fecundity of D. pulex was
greater at 20 °C than at 25 °C.



Water 2021, 13, 526

6 of 13

January
300 - 20°C

—e— Control r=0.22
250 - —0— 6.7 pg/L r=0.43
—v— 13.4 pg/L r=0.32

200

150

100

50

300 - 25°C

—e— Control r=0.18
250 b —0— 6.7 ug/L r=0.28
—v— 13.4 ug/L r=0.33

200

T

Population growth (ind. 50 ml'1)

150

100

50

25

300

250

200

150

100

50

300

250

200

150

100

50

T

September
20°C
—e— Control r=0.21

—o— 11.83 ug/L r=0.28
—v— 23.66 ug/L r=0.29

T

25°C
—e— Control r=0.3

—0— 11.83 pg/L r=0.32
—v— 23.66 pg/L r=0.25

Time (days)

Figure 2. Population growth of Daphnia pulex exposed to cyanobacterial extracts from blooms of Microcystis (January) and
Woronichinia (September) at 20 °C and 25 °C. Shown are the means + SE based on four replicate recordings.

The average life span and life expectancy at birth in the presence of the Microcystis-
dominant blooms were significantly lower at the 13.4 ug/L microcystin concentration as
compared to controls or the lower microcystin concentration (6.7 ug/L (p < 0.05, one-way
ANOVA) (Figure 4). Similar trends were observed in the gross and net reproductive rates,
as well as in the generation time. The population growth rates ranged between 0.20 to
0.35 d ! but were significantly higher (p < 0.05, one-way ANOVA) in the presence of low
or high concentrations of microcystins as compared to the controls (Figure 4).
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Figure 3. Survivorship and fecundity patterns of Daphnia pulex exposed to cyanobacterial extracts from blooms of Microcystis
(January) and Woronichinia (September) at 20 °C and 25 °C. Shown are mean =+ SE based on four replicate recordings.

At 25 °C, the average life span, life expectancy at birth and generation time of Daphnia
pulex exposed to the extracts from Microcystis-dominant blooms collected in January was
significantly lower (p < 0.05, one-way ANOVA) in the presence of either concentration of
microcystins, as compared to the controls. For gross and net reproductive rates, a hormetic
effect was observed where these parameters were elevated at lower concentrations of
microcystins as compared to the control (p < 0.05, one-way ANOVA). The population
growth rates ranged from 0.15 to 0.35 d~! and were significantly higher in the presence of
the microcystins than in the controls (p < 0.05, one-way ANOVA) (Figure 5).
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The extracts from Woronichinia-dominant blooms had no adverse effect on the average
life span, life expectancy at birth or the generation time at 20 °C (p > 0.05, one-way ANOVA).
On the other hand, at both the concentrations of the cyanotoxins tested, we observed a
significant positive effect on the gross and net reproductive rates, generation time and
population growth rate, as compared to the controls (p < 0.05, one-way ANOVA) (Figure 4)

At 25 °C, the average life span, life expectancy at birth and the generation time de-
creased significantly, as compared to the controls (p < 0.05, one-way ANOVA), at both
the lower and higher test concentrations of the cyanotoxins (Figure 4). The gross and net
reproductive rates, the generation time and population growth rate, however, showed a sig-
nificant increase as compared to the controls at both test concentrations of the cyanotoxins
(p < 0.05, one-way ANOVA).

4. Discussion

The effect of cyanotoxins on zooplankton has been tested using extracts from cyanobac-
terial cultures [10] and from purified cyanotoxins, mostly microcystins and cylindrosper-
mopsin [5,25]. However, during the last decade, studies have also been conducted on the
effect of extracts from natural cyanobacterial blooms [8,11,12]. Blooms in nature are often
dominated by one cyanobacterium but are rarely exclusively a single species; they often
consist of several species with one, or a few of them, being dominant. For instance, blooms
in Valle de Bravo are often dominated by Microcystis aeruginosa or M. flos-aquae but large
numbers of M. wesenbergi, Dolichospermum, Lyngbya and Woronichinia can also be found. The
species produce different cyanotoxins which may have synergistic or antagonistic effects.
Therefore, studying the effects of extracts from blooms is important because the results can
be extrapolated to nature more effectively than those based on purified cyanotoxins which
are not available in natural conditions.

Several cyanobacterial species have been cultured in controlled conditions, including
those from Microcystis, Lyngbya, Cylindrospermopsis and Dolichospermum [10,26]. However,
some species are difficult to culture in the laboratory and this is the case for Woronichinia
naegeliana [7]. We found that this species dominated the blooms in September during the
study period. A previous study [12] showed that extracts from W. naegeliana-dominated
blooms were highly toxic to the rotifer B. calyciflorus. Daphnia pulex, in our study as well as
that of Bober and Bialczyk [7], on the other hand, was not sensitive to toxins in aqueous
extracts from Woronichinia and, in fact, had higher growth rates in the presence of the
extracts than in the controls. Woronichinia is known to produce microginins (MG-FR3) but
these did not adversely affect the cladocerans [7]. Studies on the ecotoxicological effects of
W. naegeliana are important since pure laboratory cultures of this cyanobacterium do not
exist [27].

Some studies indicate that zooplankton genera such as Daphnia and Brachionus can
utilize the extracts as a source of nutrition, as has been shown by Luo et al. [28], from
laboratory cultures of cyanobacteria, and Zamora-Barrios et al. [11], using cyanobacteria
extracts from Lake Texcoco (Mexico). Field studies have also indicated that microcystins
are not always toxic to zooplankton [29,30]. These findings also highlight the importance
of studying different species, since the responses of all zooplankton to cyanotoxins are not
similar [31,32]. Data on the demography of Daphnia laevis on Microcystis from the Valle
de Bravo reservoir also showed that this daphniid showed positive growth rates on the
cyanobacterial diet [31].

Population growth and life-table demography experiments provide complementary
information with regard to the responses of zooplankton to stress. Population growth
rates were greater in controls than in the presence of extracts under all conditions except
at high concentrations of Woronichinia extracts at 25 °C. Similar trends were observed
in the demography experiments, in which the survivorship consistently decreased with
increasing concentrations of cyanotoxins, regardless of the temperature or the dominance
of Microcystis or Woronichinia. On the other hand, the gross reproductive rate was higher in
the presence of Woronichinia extracts than Microcystis extracts, as compared to the controls.
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Overall, we found that Daphnia pulex was more sensitive to secondary metabolites from
Microcystis than to those from Woronichinia. Nevertheless, these extracts were not lethal to
the strain of Daphnia used here. Wojtal-Frankiewicz et al. [33] have shown that Daphnia
capable of activating genes to produce glutathione in the presence of microcystins can
survive in spite of the toxicant since glutathione binds with microcystin and reduces its
toxicity. Thus, strains for which genes signal the production of antioxidants in the presence
of stressors may survive in the presence of toxicants.

The life-table studies also showed that Daphnia, a genus normally adapted to temperate
climates, had higher survivorship and fecundity at 20 °C than at 25 °C. With regard to
the toxicant concentration, the survivorship decreased with increasing levels at both the
tested temperatures and cyanobacteria genera. Fecundity, on the other hand, was often
higher in the presence of the aqueous extracts. Similar results have been shown in previous
studies on Daphnia exposed to extracts from Planktothrix [34]. This may be due to the fact
that cyanobacterial extracts provide nutrition to some species. Previous studies on the
effects of these extracts on the rotifer Brachionus calyciflorus showed that the Microcystis
and Woronichinia extracts are toxic. However, similar to the results observed here, several
studies have indicated that the response of different strains and taxa of zooplankton to
cyanotoxins may vary considerably [11,35].

5. Conclusions

Our study showed that the demographic response of Daphnia to cyanobacterial extracts
vary depending on the temperature and the predominant taxa in the bloom. Daphnia, being
better adapted to cooler temperatures, was more adversely affected at 25 °C than 20 °C.
The adverse effect of cyanobacterial extracts was greater for Microcystis than Woronichinia
blooms. Our previous study [12] showed the reverse to be true for the rotifer B. calyciflorus.
This corroborates the findings of previous work that showed that various species respond
differently to cyanobacterial crude extracts and highlights the importance of using a battery
of test species for assays.
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