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Chlorella pyrenoidosa mitigated
the negative effect of
cylindrospermopsin-producing
and non-cylindrospermopsin-
producing Raphidiopsis raciborskKii
on Daphnia magna as a dietary
supplement

Lamei Lei, Shuyan Lai, Wei Liu, Yaokai Li, Huiping Zhang and
Yali Tang*

Department of Ecology, Jinan University, Guangzhou, China

Feeding effects are crucial for evaluating the capacity of zooplankton to regulate
phytoplankton populations within freshwater ecosystems. To examine the impact
of the bloom-forming cyanobacteria Raphidiopsis raciborskii, which occurs in
tropical and subtropical freshwaters, on the growth of zooplankton Daphnia in
relation to toxins, filament length and fatty acid content, we fed D. magna with R.
raciborskii only (cylindrospermopsin (CYN)-producing and non-CYN-producing,
as the negative controls), Chlorella pyrenoidosa only (as the positive control) and
a mixed diet containing R. raciborskii (CYN-producing and non-CYN-producing)
and C. pyrenoidosa. Consequently, our findings revealed that the toxic effect of
CYN-producing R. raciborskii strains on Daphnia was mitigated by the coexistence
of C. pyrenoidosa containing stearidonic acid (SDA, C18:4 »3) in mixed diets. This
was evident in the elevated survival rate compared that from diets containing
only R. raciborskii and a significantly higher reproduction and population intrinsic
increase rate compared to diets consisting of only R. raciborskii or C. pyrenoidos.
Additionally, a strong positive correlation was observed between arachidonic
acid (ARA, 20:4»6) and the population intrinsic increase rate of Daphnia; notably,
R. raciborskii strains were found to be rich in the ®6 polyunsaturated fatty acid
ARA. These outcomes reinforce the crucial role of polyunsaturated fatty acids in
predicting the population increase of crustacean zooplankton, which has long
been neglected. Furthermore, our results underscore the potential effectiveness
of zooplankton, particularly in temperate lakes, in controlling CYN-producing R.
raciborskii populations.
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Introduction

The outbreak of cyanobacterial blooms, a symptom of
eutrophication in water bodies, disrupts the balance of aquatic
ecosystems. Certain harmful cyanobacteria have the ability to produce
hepatotoxins or neurotoxins, as well as other unknown toxic
compounds, which have a serious negative impact on the safety of
aquatic organisms and human health (Dittmann and Wiegand, 2006;
Buratti et al., 2017). Raphidiopsis raciborskii (previously known as
Cylindrospermopsis raciborskii), recognized as one of the most
successful bloom-forming cyanobacteria in freshwater, has been
described as a tropical species. However, its recent expansion into
temperate regions has made it a cosmopolitan species in freshwater
systems around the world (Antunes et al., 2015; Wu et al., 2022).
Notably, R. raciborskii can produce diverse cyanotoxins, including
cynlindrospermopsin (CYN) and saxitoxin. Exposure to CYN may
result in severe cytotoxicity, genotoxicity, and reproductive toxicity,
posing a serious risk to the health of both humans and animals
(Buratti et al., 2017).

Zooplankton, encompassing a vital group of primary consumers,
play an important role as effective grazers of phytoplankton;
nevertheless, they are assumed to be negatively affected by
cyanobacterial metabolites (toxicity hypothesis) (Codd, 2000; Ger
etal, 2014; Lyu et al., 2016a,b). Initially, this toxicity only referred to
microcystins, and currently, the focus has shifted toward other
cyanotoxins (Wilson et al., 2006; Schwarzenberger, 2022). Among
these, CYN is the most commonly reported compound produced by
R. raciborskii (Rzymski and Poniedzialek, 2014). Feeding zooplankton
with a CYN-producing R. raciborskii led to higher mortality and lower
growth in D. magna juveniles compared to feeding them a non-CYN-
producing strain (Nogueira et al,, 2004, 2006). Intriguingly, a
CYN-producing strain did not exhibit lethal toxicity toward three
Daphnia species (Hawkins and Lampert, 1989). Due to limited
studies, the effects of CYN-producing R. raciborskii on Daphnia
remain elusive (Schwarzenberger, 2022). Toxic effects seem to
be strain specific, and different Daphnia species display different
sensitivities to cyanotoxin exposure (Wilson et al., 2006; Ferrao-Filho
et al., 2008; Costa et al., 2013). Additionally, it is noteworthy that
zooplankton possess the ability to gradually develop desensitization
to toxins through a series of adaptive mechanisms when coexisting
with cyanobacteria (Kirk and Gilbert, 1992; Ka et al., 2012; Lyu et al.,
2016a), minimizing adverse effects arising from toxin exposure.

The reduced feeding activity of Daphnia when fed R. raciborskii
has been attributed to potential mechanical interference caused by
long filaments impeding the feeding apparatus of grazers (Gliwicz and
Lampert, 1990; DeMott et al., 2001; Bednarska et al., 2014), hence
leading to negative effects on the growth and reproduction of Daphnia.
However, Rangel et al. (2016) argued that toxicity may override
morphology regarding the effects of toxic R. raciborskii on
zooplankton. Some laboratory experiments even demonstrated that
the filament length of R. raciborskii did not have a distinct influence
on the clearance rates of D. magna (Panosso and Liirling, 2010).
D. galeata actually benefits from the presence of filaments in the food
suspension (Abrusan, 2004). Furthermore, by synthesizing data from
66 published laboratory studies, representing 597 experimental
comparisons, Wilson et al. (2006) revealed that filamentous
cyanobacteria were indeed found to be notably better food sources for
grazers than single-celled cyanobacteria across all the studies. Thus,
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feeding inhibition by filaments may not hold the same level of
significance as previously described.

Apart from filament length or toxins, the poor food quality
offered by cyanobacteria may also exert adverse effects on the growth
and reproduction of zooplankton. iTRAQ-Based proteomic profiling
indicated that when exposing to microcystin-producing and
microcystin-free Microcystis aeruginosa, Daphnia showed 94 and 117
differentially expressed proteins respectively, all of which correspond
to changes in metabolism necessary to adjust the body growth rate
of Daphnia (Lyu et al., 2016b). Food quality, including various
essential elements and biochemicals, may constrain consumer
performance by specifically affecting physiological processes and
thus disrupt energy flow in aquatic food webs (Becker and Boersma,
2005; Ruiz et al., 2021). The essential biochemicals cyanobacteria lack
but are vital for consumers include polyunsaturated fatty acids
(PUFAs), especially eicosapentaenoic acid (EPA, C20: 503, Gulati
and DeMott, 1997), or alternative resources, such as an effective EPA
enhancing fatty acid, namely, stearidonic acid (SDA, C18:4 w3,
Lenihan-Geels et al., 2013; Abonyi et al., 2023). These PUFAs play a
crucial role in maintaining membrane structure and function and
serve as precursors for bioactive compounds in both vertebrates and
invertebrates, and their de novo synthesis is very scarce (Kainz et al.,
2009; Twining et al., 2021). In addition, these @3 fatty acids have been
reported to attenuate the toxic effects of various oxidative stresses in
mammals (Haimeur et al., 2012; Sakai et al., 2017). The deficiency of
EPA in diets restricts the growth of zooplankton (Miiller-Navarra,
1995a; Brett et al., 2009; Tang et al., 2019), impacting the performance
of crustacean grazers within aquatic ecosystems according to lake
investigations and experimental studies (Miiller-Navarra et al., 2000;
Tang et al., 2023). More importantly, the lack of dietary supply of
both EPA and SDA can dramatically affect the reproduction of
Daphnia due to the high investment of EPA in eggs (Wacker and
Martin-Creuzburg, 2007; Kainz et al, 2009). Consequently,
cyanobacteria can hardly support the somatic growth and
reproduction of zooplankton even in the absence of toxins (Lampert,
1987). To date, no research has revealed the fatty acid profile of
R. raciborskii. However, we assume that R. raciborskii strains, being
cyanobacteria, also lack EPA or SDA.

Despite the shortage of EPA or SDA, R. raciborskii strains could
provide essential nutritional components necessary for zooplankton.
These components encompass carbohydrates, proteins, and common
saturated and unsaturated fatty acids. It is noted that feeding Daphnia
with R. raciborskii cells only is rarely seen in nature. Concurrently,
other phytoplankton species of considerable nutritional value coexist
with R. raciborskii, even during Raphidiopsis blooms (Soares et al.,
2009; Chislock et al., 2014; Frau et al., 2018). Given the relatively low
EPA need in zooplankton (Miiller-Navarra et al., 2000; Becker and
Boersma, 2005; Tang et al., 2019). Wenzel et al. (2021) proposed that
food sources, such as bacteria, which may not fully meet grazers’
dietary needs, could still confer nutritional benefits if other
complementary food components are available in sufficient quantities
to compensate for any biochemical deficiencies. Interestingly, even
lower-quality food such as vascular plants can be utilized by
zooplankton when simultaneously provided with algal food (Taipale
etal, 2016; Tang et al., 2021). Considering the role of w3 fatty acids in
detoxication, we hypothesized that the performance of zooplankton
feeding R. raciborskii would be dramatically improved by the
concurrent feeding of good-quality algae. Reis et al. (2023) reported
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that the fitness of these small-bodied cladocerans feeding on
R. raciborskii was improved when the supply of nutritious food
increased from 10 to 50% in proportion. In natural lakes, the
co-occurrence of R. raciborskii bloom and filter-feeding zooplankton
is commonly seen as previously reported (Bouvy et al., 2001; Leonard
and Paerl, 2005; Soares et al., 2009; Gao et al., 2022).

To test our hypothesis, we conducted a feeding experiment to
compare the dietary effect of R. raciborskii only (CYN- and non-CYN-
producing strains), Chlorella pyrenoidosa only and a mixed diet of
R. raciborskii and C. pyrenoidosa on the growth, reproduction and
population dynamics of Daphnia magna. Additionally, we analyzed
the fatty acid profile of these different dietary algal strains to uncover
the role of specific fatty acids in influencing the growth and
reproduction of Daphnia. Our findings revealed that the mixed diet
led to a higher survival rate of Daphnia compared to the R. raciborskii
only diet and an even higher population intrinsic growth rate
compared to the C. pyrenoidos only diet. The presence of
C. pyrenoidosa appears to diminish the toxic effect of CYN-producing
R. raciborskii strains. In addition, the strongly positive relationship
between w6 PUFA and the population intrinsic increase rate of
Daphnia, as well as the rich content of ®6 PUFA ARA in R. raciborskii,
indicates that R. raciborskii might be beneficial for the population
increase of Daphnia as a nutritional supplement. Elevated zooplankton
populations to phytoplankton ratios normally indicate a more robust
capacity for phytoplankton control (Sondergaard et al., 2008; Jeppesen
etal,, 2012). Thus, our results point toward the potential for employing
a top-down biomanipulation approach to control R. raciborskii
blooms, particularly in temperate areas.

Materials and methods
Experimental algae and animals

The green algae Chlorella pyrenoidosa was obtained from the
Institute of Hydrobiology, Jinan University. Two CYN-producing
strains (R. raciborskii CS506 and QDH?7) and one non-CYN-
producing strain (R. raciborskii N8) were used in the experiments.
R. raciborskii CS506 was obtained from the Australian National Algae
Culture Collection (ANACC) and can produce CYN and deoxy-CYN
(Willis et al., 2015). Strain QDH7 mainly produced deoxy-CYN,
which was identified by LC-MS/MS analysis (Lu et al.,, 2020).
R. raciborskii N8 is a nontoxic strain due to the absence of the CYN
biosynthesis gene cluster in its whole genome (Chen et al., 2022). All
four strains were grown on BG11 medium at 28°C at a light intensity
of 60 pmolm™s7" in a 12:12h light/dark cycle. Under these conditions,
C. pyrenoidosa grew as single-cell populations with an average
diameter of 4.1 pm. Filaments of R. raciborskii N8, QDH7 and CS506
had average lengths of 387 um, 902 pm and 1,214 pm, respectively
(Table 1).

TABLE 1 General characteristics of the algal strains used in the study.

10.3389/fmicb.2023.1292277

The cladoceran D. magna was maintained at 20°C and fed with
the green algae C. pyrenoidosa in 1-L glass jars. Water from Liuxihe
Reservoir in Guangzhu city was used to prepare all media after
sequential filtration through a 1.2 and 0.45-pm filter. The filtrate was
stored statically at 25°C for 2 days before use. Neonates (<24 h old)
were randomly chosen from parthenogenetically reproducing females
for the life history experiments.

Feeding experiments

Daphnia magna was fed three different kinds of diets:
C. pyrenoidosa only, 1:1 mixtures of C. pyrenoidosa with either
R. raciborskii N8, QDH7 or CS506, and R. raciborskii (N8, QDH7 or
CS506) only. All diets had a fixed total food concentration of 2mg C
L™". The food carbon concentrations were determined using OD
(optical extinction) values according to the regression curve we built
for OD and carbon concentration for different algae at 682 nm.

Before the life history experiments, neonates (<24h old)
originating from the same broods were collected from beakers and
starved for 4h to empty their guts. Thirty neonates were randomly
selected for each treatment. Each neonate was transferred into 50 mL
of food suspension and incubated under the same conditions as the
stock D. magna cultures. Each selected neonate was transferred daily
to clean beakers with freshly prepared food suspensions. Any observed
offspring were removed immediately after their presence was
recorded. The experiments lasted for 15 days.

The body lengths of zooplankton were measured using a stereo
binocular microscope, and the biomass was calculated based on the
body length measurement. Somatic growth rates at the juvenile stage
(g) were determined by assessing the increase in biomass from Day 1
(M,) to Day 7 (M) within the experimental period (#=6 d) using the
Equation g=(In M; - In M,)/t. In addition, the survival rate and the
daily number of offspring produced were also recorded.

The intrinsic rates of increase r (d™') in the population of D. magna
were calculated using Euler’s formula as follows:

n
1= Ze_rx x L X my
x=0

where x is the age or time interval (day), I, is the proportion of
individuals surviving to age x, and m, represents the number of
offspring produced per surviving female at age x.

Fatty acid analysis and CYN measurement

The fatty acids within the cells of C. pyrenoidosa and three
R. raciborskii strains were extracted and esterified according to the
method outlined by Wiltshire et al. (2000). Quantitative analysis was

Species Toxin type Mean filament length (pm)
R. raciborskii N8 China Nontoxic 387

QDH7 China Deoxy-CYN (19.8 ugmg™" dry weight) 903

CS506 Australia CYN, deoxy-CYN (14.4 pgmg™" dry weight) 1,214
C. pyrenoidosa CP China Nontoxic 4.1
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carried out using a gas chromatography-mass spectrometer (GC-MS)
with a specific temperature configuration. The cultures of the four
strains were collected by centrifugation and then subjected to freeze-
drying. Approximately 20 mg of dry biomass was utilized to extract
total lipids three times with dichloromethane/methanol (2:1, v/v), and
the pooled cell-free extracts were evaporated to dryness. Subsequently,
the extracted samples were transesterified with 3 mol L™ methanolic
HCI (60°C, 15min). Fatty acids were analyzed with a Finnigan
TRACE GC-MS equipped with a flame ionization detector and a
DB-23 column (60 m x 0.32 mm). The fatty acid methyl esters (FAME)
were quantified by comparison with standard Supelco 37 Component
FAME mix or an internal standard (C12:0 methyl esters).

Total CYN concentrations in R. raciborskii QDH7 and CS506 cells
were measured before the feeding experiments. Prior to CYN
measurement, R. raciborskii cells were lysed by ultrasonic treatment,
and insoluble cell debris was removed by centrifugation. The
supernatant was then analyzed with a Cylindrospermopsin Plate Kit
(Beacon Analytical Systems Inc., USA) in accordance with the
manufacturer’s specifications.

Data analysis

To assess and compare the fatty acid (FA) content across different
diet treatments, a one-way analysis of variance (ANOVA) was
employed. Significant differences among treatments were then
evaluated using the least significant difference (LSD) multiple
comparison test. One-way ANOVA followed by the LSD test was also
performed to identify differences in the growth and reproduction of
D. magna between different diets. Regression analyses were
performed to determine the relationship between population intrinsic
increase rates and PUFA content in diets. An SPSS 22.0 statistical
package was used for all statistical analyses. Before the statistical
analysis, data were checked using a normal probability plot of the
residuals and Levene’s test of homogeneity of variances for compliance

10.3389/fmicb.2023.1292277

of ANOVA assumptions and logarithmic transformation, if
necessary. Detailed information on the statistics is presented in the
Supplementary Table S1.

Results
Fatty acid composition

The green algae C. pyrenoidosa was characterized by high amounts
of C16:0 and C18:0 saturated fatty acids, very small amounts of
monounsaturated fatty acids and considerable amounts of PUFAs,
mainly including C18:206 (linoleic acid, LA), C18:3w3 (linolenic acid,
ALA) and C18:4w3 (stearidonic acid, SDA) (Supplementary Table S1).
All R. raciborskii strains lacked SDA but exhibited significantly higher
levels of C20:406 (arachidonic acid, ARA) than C. pyrenoidosa
(Figure 1). Detailed information on the fatty acid profile of the algae
is presented in the Supplementary Table S2.

Dietary treatment effects on the
performance of Daphnia individuals

In the case of pure R. raciborskii dietary treatments, all D. magna
exposed to 100% QDH7 and 100% CS506 strains experienced toxicity,
resulting in mortality within 9 days. When C. pyrenoidosa was added
to the diets with two toxic R. raciborskii strains, the survival rate was
greatly elevated to above 60% (Figure 2A).

Compared with the diet comprising only C. pyrenoidosa, the
growth rates of D. magna fed only R. raciborskii were significantly
lower (Figure 2B). D. magna exhibited better growth when fed pure
diets of non-CYN-producing N8 compared to the CYN-producing
strains (QDH7 and CS506). In terms of inhibiting D. magna growth,
no significant difference was observed between the aforementioned
two toxic strains. Interestingly, R. raciborskii supplemented with

PUFA concentrations (ug/mg C)

LA ALA

FIGURE 1

®3- and w6-FA

The main PUFA concentrations (ng/mg C) of C. pyrenoidosa (CP) and three strains of R. raciborskii (N8, QDH7 and CS506). Error bars indicate 1SD. The
"*" above the bars are significantly different from CP, as revealed by the independent-samples t test (*p <0.05; **p < 0.01).

m CP
m N8

® QDH7
B CS506

LNA SDA ARA
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Individual performance of D. magna fed with pure diets of C. pyrenoidosa, three strains of R. raciborskii and 1:1 mixed diets with C. pyrenoidosa and R.
raciborskii strains including survival rate (A) somatic growth rate at juvenile (B) and net reproduction rate if reproduced after juvenile (C). Different
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FIGURE 2
letters indicate significant differences (p < 0.05) using the LSD multiple comparison test.
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Sole C.raciborskii diets

CP+N8 CP+QDH7  CP+CS506

1:1 mixed diets with C.pyrenoidosa

CP+N8

CP+QDH7 CP+CS506

1:1 mixed diets with C,pyrenoidosa

C. pyrenoidosa enhanced the growth of D. magna. Daphnia fed mixed
diets displayed significantly better growth than those exclusively fed
R. raciborskii, similar to the positive control group that was fed
C. pyrenoidosa.

In the pure R. raciborskii dietary treatments, all D. magna exposed
to 100% QDH?7 and 100% CS506 strains did not reproduce. The
D. magna on the pure diets of the non-CYN-producing N8 strain was
able to reproduce successfully but showed the lowest net reproduction
value. When all Daphnia were fed mixed diets, they exhibited robust
net reproduction rates comparable to the positive control group
(Figure 2C). The maximum net reproduction (net value) was observed
in the 50% QDH7 treatment.

Intrinsic population increase rate of
Daphnia and its relation with dietary PUFA

supply

The intrinsic rate of population increase of Daphnia feeding
mixed diets was found to be significantly higher than that of the
positive control group feeding C. pyrenoidosa (Figure 3A). Among all
the mixed dietary treatments, the maximal population intrinsic
increase rate (mean value) was found in the 50% QDH?7 treatment,
and the lowest was found in the 50% N8 treatment. Since D. magna
exposed to 100% QDH7 and 100% CS506 strains showed no
reproduction, their population intrinsic increase rate could not
be calculated. Regression analyses revealed a very strong correlation
between the ARA content in diets and the population intrinsic

Frontiers in Microbiology

increase rates of Daphnia in all dietary treatments containing SDA
(Figure 3B).

Discussion

By setting up feeding experiments to compare the dietary impact
of different food sources on the growth and reproduction of Daphnia,
we found that the highest intrinsic population growth rate was
observed in Daphnia fed a mixed diet, followed by those on a diet of
C. pyrenoidosa, then non-CYN-producing R. raciborskii, and finally,
the lowest growth rate was seen in Daphnia fed with CYN-producing
R. raciborskii. Thus, a mitigation of the negative effect of
CYN-producing and non-CYN-producing R. raciborskii on D. magna
by C. pyrenoidosa as diet supplements was observed, inconsistent with
our hypothesis.

In our study, the ability to produce CYN had a notable impact on
the growth of Daphnia. Among the treatments involving a sole diet,
Daphnia fed on two toxic strains exhibited significantly reduced
growth and reproduction rates compared to those fed on nontoxic
strain N8 or C. pyrenoidosa, consistent with the observation made by
Nogueira et al. (2004, 2006), underscoring the detrimental effect of
CYN toxins. Strikingly, the negative effects of the toxins produced by
both toxic R. raciborskii strains on Daphnia were mitigated when
C. pyrenoidosa was concurrently provided as part of their diets,
particularly in terms of the intrinsic population increase rate.

Based on the fatty acid profiles of dietary algae, we further
proposed that the differences in Daphnia performance across various
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FIGURE 3
The intrinsic rate of population increase of D. magna fed with pure diets of C. pyrenoidosa, three strains of R. raciborskii and 1:1 mixed diets with C.
pyrenoidosa and R. raciborskii strains if they reproduced (A) and its relation with dietary supply of arachidonic acid (ARA, 20:4 w6) within stearidonic
acid (SDA, 18:4 w3)-containing diets (B). Different letters indicate significant differences (p < 0.05) using the LSD multiple comparison test.

dietary treatments can be attributed to variations in the fatty acid
contents. One particularly crucial fatty acid, EPA, has been shown
to limit Daphnia growth and reproduction both in laboratory
settings and in natural environments, and it also plays a predictive
role in carbon transfer between primary producers and consumers
(Miiller-Navarra, 1995b; Miiller-Navarra et al., 2000). Both SDA and
ALA can be converted to EPA by consumers (Kainz et al., 2009). Due
to the low conversion rate of ALA to EPA, researchers have noted
that supplying SDA may increase EPA levels more effectively than
ALA supplementation by bypassing a rate-limiting step (Lenihan-
Geels et al,, 2013; Abonyi et al., 2023). The R. raciborskii strains lack
both the crucial @3 PUFA EPA and the alternative EPA precursor

Frontiers in Microbiology

SDA. This deficiency in essential fatty acids contributes to the poor
food quality of R. raciborskii and significantly limited the population
increase of Daphnia in our study. Even when fed its non-CNY-
producing strain, Daphnia showed considerably lower growth and
reproduction rates than those fed C. pyrenoidosa. It was evident that
food containing SDA (including mixed diets and C. pyrenoidosa only
diet) significantly supported growth and reproduction when
compared to food lacking SDA (such as different strains of
R. raciborskii as only diets).

More importantly, it is worth noting that oxidative stress,
induced by the rapid increase in the production of reactive oxygen
species (ROS), represents a pivotal mechanism underlying CYN
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toxicity (Poniedzialek et al., 2015). EPA has been documented to
attenuate oxidative stress-induced DNA damage and elevate
glutathione peroxidase activity in mammals (Haimeur et al., 2012;
Sakai et al., 2017). Moreover, increased levels of glutathione
peroxidase have been demonstrated to participate in the
detoxication of cyanotoxins, including CYN, in Daphnia (Nogueira
et al,, 2004; Lindsay et al., 2006; Schwarzenberger, 2022). Hence, it
is plausible that the SDA derived from the supplemented
C. pyrenoidosa enhanced the EPA content in zooplankton,
eventually mitigating the adverse effects of toxic R. raciborskii
strains on Daphnia magna. The mitigation of more dietary
chlorophyte addition on the performance of Daphnia fed toxic
R. raciborskii strains could also be demonstrated by data from Reis
et al. (2023) for growth and reproduction, as well as Panosso and
Lirling (2010) for feeding rate, supporting our view.

Unlike Microcystis (Ahlgren et al., 1992), R. raciborskii strains in
our study were rich in @6 PUFA ARA. Although most ecologists pay
more attention to ®3 PUFA (Twining et al, 2021), inadequate
availability of @6 PUFA ARA can also constrain the fitness of Daphnia
(Ili¢ et al., 2019), especially when EPA or EPA-enhancing fatty acid
SDA is already present in their diet. ARA serves as a precursor for
tissue hormones such as prostaglandin and related eicosanoids, which
play critical roles in mediating reproduction (Heckmann et al., 2008;
Stanley and Kim, 2019). Previously, a ®3/w6 ratio ranging from 2.6 to
4.0 was reported for wild filtering cladoceran species (Persson and
Vrede, 2006). In our study, the observed positive effects of adding
R. raciborskii on reproduction and population increase might
be attributed to nutritional supplements of @6 PUFA. This speculation
could be further demonstrated by the positive correlation between
ARA content in the food and the intrinsic population increase rate of
Daphnia when fed diets containing SDA. Other nutritional
components, for example, proteins, may also work here, but we did
not determine all the nutritional profiles and focused on essential
fatty acids.

The observed beneficial effects of our CYN-producing and
non-CYN-producing R. raciborskii strain in addition to
C. pyrenoidosa as diets on the population increase of D. magna,
however, were different from what Reis et al. (2023) observed. They
reported that R. raciborskii constrains the fitness of Daphnia when
this strain was added to chlorophyte as diets, by using different
R. raciborskii strains (saxitoxin-producing strain), different Daphnia
species (D. laveis and D. gessneri) and different chloryphyte species
(Monoraphidium capricornutum and Ankistrodesmus stiptatus). A
possible explanation is that algae may exhibit strain differences in
their fatty acid profiles (Dunstan et al., 1993). And the fatty acid
profile would eventually affected the growth of Daphnia if their
needs for essential fatty acids were not met (Gulati and Demott,
1997). In addition, different Daphnia species, or even clones, may
respond differently to different diets according to their different
sensitivities to different or the same toxins (Ferrao-Filho et al., 2008;
Costa et al, 2013) and nutritional requirements (Ferrao-Filho
etal., 2019).

The poor manageability of filamentous R. raciborskii previously
caused a reduction in both the growth rate and fecundity of Daphnia
(Bednarska et al., 2014). In our feeding experiments, we observed
that the trichomes of strain CS506 were three times longer than
those of the N8 strain. Surprisingly, the length of R. raciborskii
filaments did not appear to have a pronounced impact on Daphnia
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fitness in our study. This finding aligns with the work of Panosso and
Lirling (2010), who demonstrated that longer R. raciborskii
filaments may not necessarily cause stronger feeding inhibition than
shorter ones for large-bodied D. magna (2-3 mm) within the range
they tested. Increasing feeding inhibition in larger body-sized
animals exposed to filamentous cyanobacteria were reported
(Demott et al., 2001), but the conclusion was not generally-accepted
for cladocerans due to their species-specific or clone-specific
sensitivities when exposed to cyanobacteria (Bednarska et al., 2014).
Relatively high feeding rates of R. raciborskii were also reported in
daphnids of different body sizes, e.g., 1.1 mm D. longispina and
1.4mm D. pulicaria, 1.6 mm D. laevis and 2.5mm D. similis (Ferrao-
Filho et al., 2017; Sikora and Dawidowicz, 2017; Ferrao-Filho et al.,
2020), despite feeding inhibition being previously observed in
0.6-1.3mm D. galeata, 1.2 mm D. cucullata, 1.9 mm D. hyalina, and
2.3mm D. pulicaria (Schoenberg and Carlson, 1984; Gliwicz and
Lampert, 1990). Notably, the D. magna clone used in our study
might be less sensitive to clogging, as previously described (Soares
et al., 2009).

Daphnia magna is a typical filter-feeding water flea and has long
been used as a model for food quality and aquatic ecotoxicity studies.
Most aquatic filter-feeders including cladocerans and rotifers, shared
necessary requirements for polyunsaturated fatty acids such as SDA,
EPA and ARA etc. (Schilicke et al.,, 2019; Thomas et al., 2022). Thus,
our results lend further support to the idea that crustacean
zooplankton may have the potential to control CYN-producing
R. raciborskii populations in temperate lakes, as previously proposed
(Gao et al., 2022), but with a particular emphasis on the nutritional
perspective. Compared to temperate lakes, weak top-down effects
were recorded due to the presence of fish species that spawn multiple
times per year, resulting in an abundance of young-of-the-year fish all
year around that prey on the large-bodied zooplankton in tropical and
subtropical lakes (Liu et al., 2018; He et al., 2022), decreasing the
control of large-bodied zooplankton on large-bodied zooplankton.
Ferrdo-Filho et al. (2020) showed the control of small-bodied
zooplankton by saxitoxin-producing R. raciborskii in a mesocosm
study; however, they suggested that high nutrient recycling other than
the grazing effect by fish might weaken zooplankton’s control on
cyanobacteria in trophic areas. Taken together, these findings may
partially explain why R. raciborskii is more prevalent in tropical and
subtropical areas than in temperate areas.

Conclusion

In summary, Chlorella pyrenoidosa relieved the negative effect of
cylindrospermopsin-producing and non-cylindrospermopsin-
producing Raphidiopsis raciborskii on D. magna in our study. The
findings underscore the potential effectiveness of zooplankton,
particularly in temperate lakes, in controlling CYN-producing

R. raciborskii populations.
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