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Abstract

Nannochloropsis is widely used in aquaculture as a feed source. However, large-scale cultivation of Nannochloropsis 
usually fails due to rotifer contamination. In order to identify an effective technique for reducing rotifer contamination, 
the effect of Brachionus plicatilis contamination on photosynthetic characteristics in Nannochloropsis oculata and the 
efficacy of the celangulin (CA):toosendanin (TSN) (1:9) combination for rotifer extermination were investigated using 
chlorophyll a fluorescence transient. B. plicatilis could directly devour microalgal cells and sharply reduced N. oculata 
density to very low levels. B. plicatilis also inhibited activities of PSII reaction centers, both acceptor and donor side, 
thereby damaging the photosynthetic performance of surviving N. oculata cells. However, the CA:TSN (1:9) combination 
could completely eliminate B. plicatilis, thereby preventing rotifers from devouring microalgae cells and protecting the 
photosynthetic performance of the surviving algal cells against rotifers damage. Therefore, the binary combination of 
CA:TSN (1:9), is considered to be a good candidate of botanical pesticide for controlling rotifer contamination.
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Introduction

Microalgae are potentially suitable biomass feedstock for 
human health food (e.g., proteins, pharmaceuticals), animal 
feed, and the production of bioenergy, as their efficiency of 
light utilization is high, and they have fast growth rates and 
the ability to accumulate a high quantity of lipids (Day et al. 
2012, Rawat et al. 2013, Huang et al. 2014a,b). Moreover, 
the cultivation of microalgae can remove nitrogen and 
phosphorous compounds from wastewater, and can be used 
for CO2 capture from industrial flue gases (Li et al. 2008). 
Sustained, large-scale biomass production, is a prerequisite 
for making these potential applications of microalgae 
possible.

Biological contamination, as a major hindrance to mass 
cultivation, impedes industrial-scale cultivation of micro-
algae (Xu et al. 2019). During large-scale cultivation, 

microalgae are susceptible to zooplankton contaminations, 
such as rotifers, ciliates, and cladocerans (Huang et al. 
2014a, Acosta et al. 2015). Rotifer contamination is 
especially serious threat to the large-scale microalgal bio-
mass production. Rotifers are able to survive in extreme 
environments and reproduce rapidly. Rotifers can devour 
microalgal cells and sharply reduce algal biomass to very 
low levels in just a few days (Huang et al. 2014a,b). 
Consequently, large-scale cultivation of microalgae usually 
fails due to rotifer contamination.

Several methods have been investigated, with limited 
success, for rotifer contamination control during microalgal 
cultivation. Chemical control is considered to be a feasible 
method for rotifer extermination (Huang et al. 2014a). It 
seems that ammonium bicarbonate is the most effective 
agent for exterminating rotifers. The ammonium toxicity 
is related to nonionized ammonia, which can exterminate 
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most of the rotifers (Méndez and Uribe 2012). However, 
growth inhibition of microalgae caused by ammonia also 
occurs (Yuan et al. 2011). Other reagents, such as hexane 
and toluene, were also shown to be toxic to rotifers 
(Ferrando and Andreu-Moliner 1992, Gama Flores et al. 
1999, Sarma et al. 2001, Marcial and Hagiwara 2007). 
However, they have a broad-spectrum impact that can injure 
microalgae and other aquatic organisms and potentially 
threaten human health (Jeyaratnam 1990, Hanazato 2001, 
Huang et al. 2014a). Botanical pesticides are good choice 
for controlling rotifer contamination because they are 
effective, safe, and environment-friendly (Champagne et al. 
1992, Huang et al. 2014a). Our previous study showed 
that celangulin (CA) and toosendanin (TSN) derived from 
Celastrus angulatus and Melia azedarach, respectively, 
decreased rotifer density and fecundity, although had 
no toxic effects on microalgal cell growth of Chlorella 
culture (Huang et al. 2014a). Furthermore, the botanical 
pesticide of CA:TSN combination, at a 1:9 ratio, showed 
an excellent potential and was economically feasible for 
rotifer extermination in microalgal cultures (Huang et al. 
2014b). However, the efficacy of the CA:TSN (1:9) combi-
nation needs further investigation. 

Nannochloropsis is widely used in aquaculture as a 
feed source and has been proposed as an alternative source 
of fish oil due to its high content of polyunsaturated fatty 
acids, especially eicosapentaenoic acid (Shi et al. 2008). 
However, large-scale cultivation of Nannochloropsis 
usually fails due to Brachionus plicatilis contamination. 
In the present study, the effect of rotifer (B. plicatilis) 
contamination on photosynthetic characteristics in Nanno-
chloropsis oculata and the efficacy of the CA:TSN (1:9) 
combination for rotifer extermination were probed using 
chlorophyll a fluorescence transient.

Materials and methods

Nannochloropsis oculata and rotifers: The alga Nanno-
chloropsis oculata and rotifer Brachionus plicatilis were 
obtained from the Institute of Oceanology, Chinese 
Academy of Sciences, Qingdao, China. The rotifers were 
continuously cultured in the laboratory at 26 ± 1°C in 
filtered seawater (salinity of 32‰, pH 8.0). Rotifers 
were fed daily on N. oculata, which were cultured in L1 
medium (Guillard and Hargraves 1993) at an average light 
intensity of 80 μmol(photon) m–2 s–1 under a 14/10-h light/
dark photoperiod using fluorescent lamps.

The botanical pesticides celangulin (CA, Xi'an Fengzu 
Biotechnology Co. Ltd., China) and toosendanin (TSN, 
Xi'an Fengzu Biotechnology Co. Ltd., China) were prepared 
as stock solutions in distilled water at concentrations of 
10 mg L–1 and 0.5 mg L–1, respectively. The synergistic 
combination of CA/TSN at the 1:9 ratio (1 mg L–1) was 
obtained by mixing the stock solutions of CA and TSN 
and distilled water at a volume ratio of 45:98:357 (Huang 
et al. 2014b). 

Test protocol: N. oculata at the exponential growth stage 
was cultured in L1 medium at 26 ± 1°C. Light intensity 

of 80 μmol(photon) m–2 s–1 was provided by fluorescent 
lights with a 14/10-h light/dark photoperiod. Rotifers were 
added to the algal culture to reach an initial density of 
five individuals per mL. After 5 h, the botanical pesticide, 
CA:TSN (1:9) combination (0.006 mg L–1), was added  
to series of flasks containing the algae or algae plus 
rotifer cultures. A rotifer-free algal culture was used  
as the control. Each test group included eight replicates. 
All the parameters were determined in the laboratory daily 
at 10:00 h.

Measurement of densities of microalgae and rotifers: 
Microalgal density was measured by cell counting 
using a hemocytometer and inverted optical microscope 
(37XB, Shanghai Optical Instrument, China). The rotifer 
density was estimated using a zooplankton counter under 
a dissection microscope (JSZ5B, Yongxin, China). The 
morphology of the rotifer was observed and photographed 
using a light microscope (Ci-POL, Nikon, Japan).

Chl a fluorescence (OJIP) transients of N. oculata 
cells during the incubation were measured with a Handy 
PEA fluorometer combined with a liquid-phase adapter 
(Hansatech, UK). All measurements were performed with 
cells dark-adapted for 10 min at room temperature. 

JIP-test: OJIP transients were analyzed with the JIP-test 
(Strasser et al. 2000, Appenroth et al. 2001, Oukarroum  
et al. 2009, Yusuf et al. 2010, Zhang et al. 2011). The 
amount of active PSII reaction centers (RCs) per excited 
cross section (RC/CS0), maximal amplitude of fluorescence 
in the I–P phase (MAIP), relative variable fluorescence at 
J-step (VJ), and at K-step (WK) were calculated to reflect 
the state of photosynthetic electron transport chains. The 
specific energy fluxes (per RC) for absorption (ABS/RC), 
trapping (TR0/RC), and electron transport (ET0/RC) were 
calculated to reflect the efficiency of active PSII RCs. The 
quantum yield of electron transport (φE0) and the efficiency 
of the reduction of end electron acceptors at the PSI 
acceptor side (δR0) were calculated to reflect the efficiency 
of photosynthetic electron transport.

Statistical analysis: SPSS 17.0 was used for statistical 
analyses. The variation of each parameter was tested by 
the one-way analysis of variance (ANOVA) procedure. 
Least significant difference (LSD) was used to analyze 
differences between treatments and control. Differences 
were considered significant at a probability level of p<0.05.

Results

Algal cell density and rotifer density: The cell density of 
N. oculata increased from the initial 24.5 × 106 cells mL–1 
to 61.0 × 106 cells mL–1 under normal conditions (control 
group) during a 5-d incubation period (Fig. 1A). When  
exposed to rotifers (B. plicatilis), the cell density of  
N. oculata declined sharply after 2 d of incubation (Fig. 1A).  
The algal cell density decreased to 4.8 × 106 cells L–1 after 
exposure to rotifers for 5 d. However, the cell density of 
the N. oculata cultures containing both rotifers and the 
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botanical pesticide binary combinations of CA:TSN (1:9) 
increased to 58.1 × 106 cells mL–1 within 5 d (Fig. 1A), 
and no significant differences were found compared to N. 
oculata cultures without rotifers (control group, p>0.05).

Population density of B. plicatilis in N. oculata 
cultures increased sharply after 2 d of incubation (Fig. 
1B). During a 5-d incubation period, the density of rotifers 
increased from the initial five individuals per mL to 92 
individuals per mL in N. oculata cultures. The growth of 
B. plicatilis could be completely inhibited by the CA:TSN 
(1:9) combination. All the rotifers in the N. oculata culture 
died after exposure to the CA:TSN (1:9) combination for 
3 d (Fig. 1B). Morphological results (Fig. 1C–E) showed 
that the B. plicatilis shrank considerably when exposed to 
the CA:TSN (1:9) combination for 1 d (Fig. 1D), and then 
were fractured after 2 d (Fig. 1E). These results showed 
that B. plicatilis was quite susceptible to the CA:TSN (1:9) 
combination.

Chl a fluorescence transient combined with the JIP-test: 
The N. oculata cells showed a typical OJIP Chl fluores-
cence transient (the O-, J-, I- and P-steps are marked in 
the plot) in the control group (Fig. 2A). The fluorescence 
intensity increased significantly after 1 d of incubation, and 
then stayed at a relatively stable level. The fluorescence 
intensity of N. oculata cultures began decreasing after 
exposure to B. plicatilis for 2 d (Fig. 2B). However, 
during the incubation, the variation of Chl a fluorescence 
transient (OJIP transient) in N. oculata cultures containing 
both rotifers and the CA:TSN (1:9) combination did not 
exhibit any significant differences compared to the control 
group (Fig. 2C).

Photosynthetic parameters derived from the JIP-test 
analysis of Chl a fluorescence transients were analysed 
in order to clarify the detailed changes of photosynthetic 
behaviors in N. oculata cultures with or without rotifers, 
and in the absence or presence of botanical pesticides 
(Figs. 3–5). According to the JIP-test, the amount of 
active PSII RC per excited cross section (RC/CS0) in the  
N. oculata control group increased slightly during the  

Fig. 1. (A) The effect of Brachionus plicatilis on the cell den-
sity of Nannochloropsis oculata in the absence or presence of 
the binary combinations of CA:TSN (1:9). (B) Changes in 
population density of the B. plicatilis in N. oculata cultures 
in the absence or presence of the CA:TSN (1:9) combination. 
(C–E) Morphological appearance of B. plicatilis: (C) the rotifers 
in the absence of CA:TSN (1:9) combination; the rotifers after 
exposure to CA:TSN (1:9) combination for 24 h (D) or 48 h (E). 
Means ± SD of five replicates are presented.

Fig. 2. The effect of Brachionus plicatilis on the chlorophyll a 
fluorescence transient (OJIP transient) of Nannochloropsis 
oculata in the absence or presence of the binary combinations 
of CA:TSN (1:9). (A) algae (control); (B) algae + rotifer;  
(C) algae + rotifer + CA/TSN. Each transient represents the 
average of eight replicates.
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initial 2 d of incubation, and then did not change (Fig. 3A). 
When exposed to B. plicatilis, the RC/CS0 of N. oculata 
cultures decreased sharply after 2 d of incubation. 
Compared to the control group, the RC/CS0 in the rotifer 
group decreased by 97.8% after 5 d of incubation.  
The relative variable fluorescence at J-step (VJ) in the  
N. oculata control group increased slightly during the 
first day of incubation, and then did not change over time  
(Fig. 3B). When exposed to B. plicatilis, VJ in N. oculata 
cultures increased after 4 d of incubation. Compared with 
the control group, VJ in the rotifer group increased by 43.1% 
after 5 d of incubation. The relative variable fluorescence 
at the K-step (WK) in the N. oculata control group did not 
change during the incubation (Fig. 3C). When exposed 
to B. plicatilis, WK in N. oculata cultures increased after 
3 d of incubation. During the incubation, the maximal 
amplitude of fluorescence in the I–P phase (MAIP) first 
decreased, and then increased in the N. oculata control 
group (Fig. 3D). When exposed to B. plicatilis, the MAIP 
in N. oculata cultures was not affected during the whole 
experimental period compared with the control group. 
Meanwhile, during the incubation, the RC/CS0, VJ, WK, 
and MAIP in N. oculata cultures containing both rotifers 
and the CA:TSN (1:9) combination were not significantly 
different compared to the control group (Fig. 3).

The light absorption flux per active reaction center 
(ABS/RC) and the trapping flux of excitation energy per 
active reaction center (TR0/RC) in the N. oculata control 
group did not change during the entire experimental 
period (Fig. 4A,B). When exposed to B. plicatilis, ABS/RC 
and TR0/RC in N. oculata cultures increased after 3 d of 
incubation. Compared with the control group, ABS/RC 
and TR0/RC in the rotifer group increased by 117.2 and 

44.0%, respectively, after 5 d of incubation. The electron 
transport flux per active reaction center (ET0/RC) in the 
N. oculata control group decreased slightly during the 
first day of incubation, and then did not change over time 
(Fig. 4C). Regarding exposure to B. plicatilis, the ET0/RC 
in N. oculata cultures decreased after 4 d of incubation. 
Compared with the control group, the ET0/RC in the 
rotifer group decreased by 19.4% after 5 d of incubation. 
During the incubation, the ABS/RC, TR0/RC, and ET0/RC 
in N. oculata cultures containing both rotifers and the 
CA:TSN (1:9) combination were not significantly different 
compared to the control group (Fig. 4).

The quantum yield for electron transport (φE0) in the 
N. oculata control group decreased slightly during the  
first day of incubation, and then did not change over 
time (Fig. 5A). When exposed to B. plicatilis, the φE0 in  
N. oculata cultures decreased after 3 d of incubation.  
The efficiency of the reduction of end electron acceptors 
at the PSI acceptor side (δR0) decreased first, and then 
increased in the N. oculata control group (Fig. 5B). When 
exposed to B. plicatilis, the δR0 in N. oculata cultures 
was not affected during the entire experimental period 
compared to control group. During the incubation, the 
φE0 and δR0 in N. oculata cultures containing both rotifers 
and the CA:TSN (1:9) combination were not significantly 
different compared to the control group (Fig. 5).

Discussion

Large-scale cultivation of microalgae is susceptible to 
rotifer consumption (Huang et al. 2014a, Acosta et al. 
2015). The cell density of N. oculata decreased sharply 
in the rotifer group (Fig. 1A) when the population density 

Fig. 3. The effect of Brachionus plicatilis on the amount of active PSII reaction centers per excited cross section, RC/CS0 (A), relative 
variable fluorescence at J-step, VJ (B) and at K-step, WK (C), maximal amplitude of fluorescence in the I–P phase, MAIP (D) in 
Nannochloropsis oculata, in the absence or presence of the binary combinations of CA:TSN (1:9). Means ± SD of eight replicates are 
presented.
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of B. plicatilis increased sharply after 2 d of incubation  
(Fig. 1B). The finding suggests that B. plicatilis can 
devour and damage N. oculata cells, and sharply reduce a 
microalgal biomass to very low levels in just a few days.

The growth of microalgae mainly depends on the day- 
time photosynthetic production and biomass loss (Torzillo 
et al. 1991). Photosynthesis is one of the most stress-
sensitive physiological processes in plants (Berry and 
Björkman 1980). In order to further analyze the effects of 
B. plicatilis contamination on the growth of N. oculata, 
in vivo OJIP transient was used as an indicator of photo-
synthetic performance (Strasser et al. 2000, 2004; Yusuf 
et al. 2010). Compared to the N. oculata control group 
(Fig. 2A), the OJIP fluorescence intensity in the rotifer 
group decreased gradually after 2 d of incubation (Fig. 2B), 
which suggests that B. plicatilis contamination could 
decrease the photosynthetic performance of the surviving 
algal cells. 

Specifically, the RC/CS0 of the N. oculata cultures 
decreased sharply after 2 d of incubation when exposed 
to B. plicatilis compared to the control group (Fig. 3A). 
The finding suggests that rotifer contamination led to 
the inactivation of PSII reaction centers, and decreased 
the number of active PSII reaction centers. The RC/CS0 
represents the quantity of active PSII reaction centers in 
the measured excited cross section (Strasser et al. 2004) 
of liquid-phase samples (microalgae). Thus, the RC/CS0 
values of N. oculata cultures (Fig. 3A) were strongly 
influenced by the change in the algal cell density (Fig. 1A). 
According to the JIP-test, the increase in VJ represents the 
momentary maximum accumulations of QA

−, resulting in 
the overreduction of PSII acceptor side (Zhang et al. 2011, 
Zhang and Liu 2016). The enhanced K-step indicates 
increased damage to the PSII donor side (Yusuf et al. 
2010, Zhang et al. 2017). The MAIP reflects the pool size 
of end electron acceptors (Yusuf et al. 2010, Zhang and Liu 
2016, Zhang et al. 2017). In the present study, B. plicatilis 
contamination in N. oculata cultures led to overreduction 
of the PSII acceptor side after 4 d of incubation (Fig. 3B), 
damaged the donor side of PSII after 3 d of incubation 
(Fig. 3C), but did not affect the pool size of end electron 
acceptors during the entire experimental period (Fig. 3D). 
All the results suggest that B. plicatilis contamination 
first decreased the activity of PSII reaction centers, and 
then damaged the donor side of PSII, finally causing an 
overreduction of PSII acceptor side in N. oculata during 
the incubation.

Compared with controls, the ABS/RC and TR0/RC 

Fig. 4. The effect of Brachionus plicatilis on the specific energy 
fluxes for absorption, trapping, and electron transport per active 
reaction center (RC) in Nannochloropsis oculata in the absence 
or presence of the binary combinations of CA:TSN (1:9).  
The light absorption flux per active reaction center, ABS/RC (A), 
the trapping flux of excitation energy per active reaction center, 
TR0/RC (B), and the electron transport flux per active reaction 
center, ET0/RC (C). Means ± SD of eight replicates are presented.

Fig. 5. The effect of Brachionus plicatilis on the quantum yield 
for electron transport, φE0 (A) and the efficiency for reduction 
of end electron acceptors at the PSI acceptor side, δR0 (B) in 
Nannochloropsis oculata, in the absence or presence of the 
binary combinations of CA:TSN (1:9). Means ± SD of eight 
replicates are presented.
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increased (Fig. 4A,B), but the ET0/RC decreased (Fig. 4C) 
when cultures were exposed to B. plicatilis, which indicates 
that the balance between photosynthetic light absorption 
and energy utilization was disturbed (Zhang et al. 2011, 
2017) by the inhibition of activities of reaction centers 
and PSII donor side after 3 d of incubation (Fig. 3A,C) 
due to rotifer contamination in N. oculata cultures. The 
fact that the quantum yield for electron transport (φE0) in  
N. oculata cultures decreased when exposed to B. plicatilis 
for 3 d (Fig. 5A) also supports the above suggestion. The 
imbalance between photosynthetic light absorption and 
energy utilization inevitably leads to the overexcitation of 
the PSII reaction centers (Vass 2011, Zhang et al. 2011). 
Under photoinhibitory conditions, overexcitation of PSII 
reaction centers due to rotifer contamination would inevi-
tably enhance the generation of reactive oxygen species 
(Zhang et al. 2011) that further damaged the algal cells.

Rotifers have been shown to release undefined chemical 
secretions into water during their lifetime, which affects 
the growth of microalgae (Yang et al. 2005, Huang et al. 
2014a). Therefore, regarding the algae + rotifer group in 
the present study, we concluded that B. plicatilis can inhibit 
the growth of N. oculata in the following ways: (1) by 
directly devouring algal cells; (2) by releasing undefined 
chemical secretions that damage the photosynthetic 
performance of surviving N. oculata cells. Once a culture 
was contaminated, B. plicatilis rapidly reduced the algal 
concentration and cleared the entire culture within just a 
few days.

The binary combinations of CA:TSN (1:9) have been 
considered to be a good potential botanical pesticide for 
controlling rotifers in microalgal cultures (Huang et al. 
2014b). All the B. plicatilis in culture died when exposed 
to the CA:TSN (1:9) combination (Fig. 1B), suggesting 
that the CA:TSN (1:9) combination can eliminate B. plica- 
tilis in N. oculata cultures. Meanwhile, the CA:TSN 
(1:9) combination did not affect the growth of N. oculata  
(Fig. 1A).

The RC/CS0, VJ, and WK in N. oculata cultures exposed 
to both rotifers and the CA:TSN (1:9) combination were 
not significantly different compared to the control group 
(Fig. 3), indicating that the CA:TSN (1:9) combination 
can protect the PSII reaction centers, acceptor side, 
and donor side of surviving algal cells against rotifer 
damage. Similarly, in N. oculata cultures, the CA:TSN 
(1:9) combination prevented the establishment of an 
imbalance between photosynthetic light absorption and 
energy utilization, thereby protecting PSII reaction centers 
of surviving algal cells from overexcitation (Figs. 4, 5) 
during the entire experimental period. 

It has been suggested that toosendanin could directly 
inhibit the digestive enzymes of rotifer (Huang et al. 
2017). We concluded that CA:TSN (1:9) combination 
also restricted digestive enzymes and thus decreased 
the population density of rotifers (Fig. 1). Therefore, 
the CA:TSN (1:9) combination can prevent B. plicatilis 
from devouring N. oculata cells and can protect the 
photosynthetic performance of the surviving N. oculata 
cells against B. plicatilis contamination.

Conclusion: Rotifer B. plicatilis could directly devour 
N. oculata cells and sharply reduce an algal density to 
very low levels. B. plicatilis also inhibited the activities 
of PSII reaction centers, acceptor side and donor side 
in surviving N. oculata cells, and led to the imbalance 
between photosynthetic light absorption and energy 
utilization. However, the CA:TSN (1:9) combination could 
eliminate B. plicatilis, thereby preventing B. plicatilis 
from devouring N. oculata cells and protecting photo-
synthetic performance of the surviving N. oculata cells 
against rotifers damage. Meanwhile, the CA:TSN (1:9) 
combination did not affect the growth of N. oculata. 
Therefore, the botanical pesticide, the binary combination 
of CA:TSN (1:9), is a good candidate of botanical pesticide 
for controlling rotifer contamination.

References

Acosta F., Zamor R.M., Najar F.Z. et al.: Dynamics of an 
experimental microbial invasion. – P. Natl. Acad. Sci.  
USA 112: 11594-11599, 2015.

Appenroth K.J., Stöckel J., Srivastava A., Strasser R.J.: Multi-
ple effects of chromate on the photosynthetic apparatus of 
Spirodela polyrhiza as probed by OJIP chlorophyll a fluo-
rescence measurements. – Environ. Pollut. 115: 49-64, 2001.

Berry J.A., Björkman O.: Photosynthetic response and adaptation 
to temperature in higher plants. – Ann. Rev. Plant Physio. 31: 
491-543, 1980.

Champagne D.E., Koul O., Isman M.B. et al.: Biological activity 
of limonoids from the Rutales. – Phytochemistry 31: 377-394, 
1992.

Day J.G., Slocombe S.P., Stanley M.S.: Overcoming biological 
constraints to enable the exploitation of microalgae for 
biofuels. – Bioresource Technol. 109: 245-251, 2012.

Ferrando M.D., Andreu-Moliner E.: Acute toxicity of toluene, 
hexane, xylene, and benzene to the rotifers Brachionus 
calyciflorus and Brachionus plicatilis. – B. Environ. Contam. 
Tox. 49: 266-271, 1992.

Gama Flores J.L., Sarma S.S.S., Fernández Araiza M.A.: 
Combined effects of density and methyl parathion concen-
tration on the population growth of Brachionus calyciflorus 
(Rotifera). – B. Environ. Contam. Tox. 62: 769-775, 1999.

Guillard R.R.L., Hargraves P.E.: Stichochrysis immobilis is a 
diatom, not a chrysophyte. – Phycologia 32: 234-236, 1993.

Hanazato T.: Pesticide effects on freshwater zooplankton:  
An ecological perspective. – Environ. Pollut. 112: 1-10, 2001.

Huang Y., Li L., Liu J.G., Lin W.: Botanical pesticides as potential 
rotifer-control agents in microalgal mass culture. – Algal  
Res. 4: 62-69, 2014a.

Huang Y., Liu J.G., Li L. et al.: Efficacy of binary combinations 
of botanical pesticides for rotifer elimination in microalgal 
cultivation. – Bioresource Technol. 154: 67-73, 2014b.

Huang Y., Liu J.G., Pang T., Li L.: Growth inhibitory and 
antifeedant effects of sublethal concentrations of toosendanin 
on the rotifer Brachionus plicatilis. – Biomass Bioenerg. 99: 
31-37, 2017.

Jeyaratnam J.: Acute pesticide poisoning: a major global health 
problem. – World Health Stat. Q. 43: 139-144, 1990.

Li Y., Horsman M., Wu N. et al.: Biofuels from microalgae. – 
Biotechnol. Progr. 24: 815-820, 2008.

Marcial H.S., Hagiwara A.: Effect of diazinon on life stages and 
resting egg hatchability of rotifer Brachionus plicatilis. – 
Hydrobiologia 593: 219-225, 2007.



347

BOTANICAL PESTICIDE FOR ROTIFER ELIMINATION IN MICROALGAL CULTIVATION

Méndez C., Uribe E.: Control of Branchionus sp. and Amoeba sp. 
in cultures of Arthrospira sp. – Lat. Am. J. Aquat. Res. 40: 
553-561, 2012.

Oukarroum A., Schansker G., Strasser R.J.: Drought stress effects 
on photosystem I content and photosystem II thermotolerance 
analyzed using Chl a fluorescence kinetics in barley varieties 
differing in their drought tolerance. – Physiol. Plantarum 137: 
188-199, 2009.

Rawat I., Kumar R.R., Mutanda T., Bux F.: Biodiesel from 
microalgae: A critical evaluation from laboratory to large 
scale production. – Appl. Energ. 103: 444-467, 2013.

Sarma S.S.S., Nandini S., Gama Flores J.L.: Effect of methyl 
parathion on the population growth of the rotifer Brachionus 
patulus (O. F. Müller) under different algal food (Chlorella 
vulgaris) densities. – Ecotox. Environ. Safe. 48: 190-195, 
2001.

Shi J., Pan K.H., Yu J.Z., Zhu B.H.: Analysis of expressed 
sequence TAGs from the marine microalga Nannochloropsis 
oculata (Eustigmatophyceae). – J. Phycol. 44: 99-102, 2008.

Strasser R.J., Srivatava A., Tsimilli-Michael M.: The fluorescence 
transient as a tool to characterize and screen photosynthetic 
samples. – In: Yunus M., Pathre U., Mohanty P. (ed.): Probing 
Photosynthesis: Mechanism, Regulation and Adaptation.  
Pp. 445-483. Taylor and Francis, London 2000.

Strasser R.J., Tsimilli-Michael M., Srivastava A.: Analysis of the 
chlorophyll a fluorescence transient. – In: Papageorgiou G.C., 
Govindjee (ed.): Chlorophyll a Fluorescence: A Signature of 
Photosynthesis. Advances in Photosynthesis and Respiration. 
Pp. 321-362. Springer, Dordrecht 2004.

Torzillo G., Sacchi A., Materassi R., Richmond A.: Effect of 
temperature on yield and night biomass loss in Spirulina 
platensis grown outdoors in tubular photobioreactors. –  
J. Appl. Phycol. 3: 103-109, 1991.

Vass I.: Role of charge recombination processes in photodamage 
and photoprotection of the photosystem II complex. – Physiol. 
Plantarum 142: 6-16, 2011.

Xu R., Zhang L.T., Liu J.G.: The natural triterpenoid toosendanin 
as a potential control agent of the ciliate Stylonychia mytilus 
in microalgal cultures. – J. Appl. Phycol. 31: 41-48, 2019.

Yang Z., Kong F., Shi X., Yang J.: [Effects of Branchionus 
calyciflorus culture media filtrate on Microcystis aeruginosa, 
Scenedesmus obliquus and Chlorella vulgaris colony forma-
tion and growth.] – Chin. J. Appl. Ecol. 16: 1138-1141, 2005. 
[In Chinese]

Yuan X., Kumar A., Sahu A.K., Ergas S.J.: Impact of ammonia 
concentration on Spirulina platensis growth in an airlift photo-
bioreactor. – Bioresource Technol. 102: 3234-3239, 2011.

Yusuf M.A., Kumar D., Rajwanshi R. et al.: Overexpression 
of γ-tocopherol methyl transferase gene in transgenic 
Brassica juncea plants alleviates abiotic stress: Physiological 
and chlorophyll a fluorescence measurements. – BBA-
Bioenergetics 1797: 1428-1438, 2010.

Zhang L.T., Liu J.G.: Effects of heat stress on photosynthetic 
electron transport in a marine cyanobacterium Arthrospira  
sp. – J. Appl. Phycol. 28: 757-763, 2016.

Zhang L.T., Su F., Zhang C.H. et al.: Changes of photosynthetic 
behaviors and photoprotection during cell transformation and 
astaxanthin accumulation in Haematococcus pluvialis grown 
outdoors in tubular photobioreactors. – Int. J. Mol. Sci. 18: 
33, 2017.

Zhang L.T., Zhang Z.S., Gao H.Y. et al.: Mitochondrial alternative 
oxidase pathway protects plants against photoinhibition by 
alleviating inhibition of the repair of photodamaged PSII 
through preventing formation of reactive oxygen species in 
Rumex K-1 leaves. – Physiol. Plantarum 143: 396-407, 2011.

© The authors. This is an open access article distributed under the terms of the Creative Commons BY-NC-ND Licence.


