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Abstract

The algae- rotifer food chain plays a pivotal role in freshwater dynamics, as well as assessing
toxicity in aquatic environments. We investigated the changes in algal cell density, photosynthetic
pigments, superoxide dismutase (SOD) activity, and Cu?" bioaccumulation after exposing Scenedesmus
obliquus to 3.75, 7.5, 15, 30, and 60 pg/L Cu*" for 72 h. We also studied the effects of Cu*-exposed
algae on the life table demographic parameters of Brachionus calyciflorus after 48 and 96 h of feeding.
The results found that, when compared with the control, 3.75 pug/L Cu?" significantly increased algal cell
density after 48 h, while 60 pg/L Cu?* significantly reduced algal cell density after 24 h. Increases in
exposure time resulted in the chlorophyll-a, chlorophyll-b, and carotenoids showing an initial decrease
and then increasing trend when compared to the control. Low concentrations of Cu** tended to induce
increased SOD activity in algal cells, while high concentrations inhibited SOD activity. With increasing
Cu* concentration and time, the Cu®* bioaccumulation in algal cells increased proportionally. The
highest bioaccumulation value was 1205 pg/g in 60 pg/L Cu®*" treatment after 72 h of exposure, 376.28%
higher than pre-exposure level. Algae in the 3.75 pg/L Cu?* treatment group significantly inhibited the
population growth of B. calyciflorus, algae in the 60 pg/ Cu?" group had the strongest inhibitory effect
on the population growth of rotifers, and algae in the 30 pg/L Cu?* group significantly increased the
offspring mictic rate. The rotifer population produced adaptive responses to Cu**-exposed algae stress
after 96 h of feeding, unlike after 48 h.
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Introduction

Algae are the primary producers in an aquatic
ecosystem and the material basis on which other
organisms depend. They play a critical role in the
aquatic food chain. Among aquatic organisms algae
are the first hand indicators when pollutants enter a
water body [1]. Contaminated algae inevitably affect
zooplankton and fish through bioaccumulation via the
food chain, and then eventually affect human health
[2]. Heavy metals have many documented impacts on
algae, including stunting algal growth and metabolism,
inhibiting photosynthesis, reducing photosynthetic
pigments, causing cell aberrations, and changing the
community structure in natural water bodies [3-5].
Scenedemus obliquus is a common planktonic alga,
which is sensitive to pollutants, ecasily obtainable,
and reproduces quickly. Scientists use S. obliquus
to investigate the effects of chemicals on the algae
population level over a short time period [6-7].

As basal consumers, rotifers convert a significant
fraction of their food into biomass and also play a
significant role in maintaining the stability of the
community structure and function of water ecosystems
[8]. As such, rotifers too are affected by heavy metal
pollutants. Due to their rapid reproduction, short
generation time, ease of maintenance, and sensitivity
to toxicants, the monogonont rotifer Brachionus
calyciflorus have also been included as a standard
freshwater bioassay species and widely used in
environmental toxicity monitoring of pollutants [9].
The effects of common heavy metals on the life
table demography of rotifer have been studied using
B. calyciflorus, and excellent indicators such as net
reproduction rate, generation time, and population
growth rate were obtained for evaluating the chronic
toxicity of heavy metals on the rotifers [10-11].

Cu” is a trace element necessary for physiological
activities, but has adverse effects on organisms
such as algae and rotifers when present in excess.
Previous studies focused on the direct exposure of
rotifers to test solutions containing Cu?". Zhao et al.
[12] showed that the 24, 48, and 96 h-LC50 of Cu*
exposure to B. calyciflorus was 60.06, 23.72, and
15.07 ug/L, respectively. B. koreanus exposure to Cu**
significantly up-regulated the expressions of heat shock
protein family genes [13]. Salinity, pH, and organic
matter content can significantly affect the acute and
chronic toxic effects of Cu?* on B. plicatilis [14].
However, the population dynamics of rotifers after
ingesting Cu?*-exposed algae have not been well
documented.

Our study aims to replicate a typical algae-rotifer
food chain in an aquatic ecosystem with the green
alga S. obliquus and monogonont rotifer B. calyciflorus
as the test species. These species were included as
standard freshwater bioassay species, designated
by the American Society for Testing and Materials
(ASTM). First, we analyzed the changes in growth

and physiological indexes of Cu®"-exposed algae, and
the bioaccumulation of Cu?" in the algae to determine
the risk to S. obliquus. Furthermore, the effects of
Cu*-exposed algae on the life table demography of
B. calyciflorus were evaluated to provide a better
understanding of the toxicity and eco-toxicological
evaluations of Cu?* on aquatic ecosystems.

Materials and Methods
Test Organisms

The single-cell green alga S. obliquus was obtained
from Wuhan Institute of Hydrobiology’s algae seed
bank (Chinese Academy of Sciences). It was grown
in a semi-continuous culture using HB-4 medium and
renewed daily at 20%. The culture conditions were as
follows: the culture vessel was a 500 mL Erlenmeyer
flask, the culture volume was 400 mL, temperature
was 26£1°C, the light cycle was L:D = 14:10, and the
light intensity was approximately 3000 lux. Algae
at the exponential growth stage were centrifuged
and re-suspended in the hard synthetic freshwater
(96 mg NaHCO,, 60 mg CaSO,, 60 mg MgSO,, and
4 mg KCl in 1 L deionized water). Cell densities of
S. obliquus suspensions were counted directly using
a hemocytometer, and adjusted to the desired densities
using the hard synthetic freshwater. The components of
the HB-4 medium and the hard synthetic freshwater are
described in detail elsewhere [15].

B. calyciflorus individuals were initially isolated
from Lake Jinghu (31°33'N, 118°37'E), located
in the center of Wuhu city, China. Individuals
parthenogenetically reproduced from one strain were
continuously cultured in the hard synthetic freshwater
for more than one year. Stock rotifer cultures were kept
at 25+1°C under natural light and fed with the single-
cell green alga S. obliquus. The diet was controlled at a
density of approximately 1.0 x 10° cells/mL.

Chemicals

The Cu?*" concentration was calculated based on
the Cu** content in CuSO,'5H,O (Sinopharm Group,
analytical grade), and the stock solutions of 1000 pg/L
were prepared by dissolving the appropriate amount of
CuSO,5H,O into deionized water. The nominal test
concentrations, including 0 (the blank control), 3.75,
7.5, 15, 30, and 60 pg/L, were obtained by adding
appropriate aliquots of the stock solution to the HB-4
media.

Toxicity Test on S. obliquus Exposed
to Cu**

S. obliquus were inoculated into HB-4 media
solution containing the aforementioned six Cu?*
concentrations to ensure that the initial algae density
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was 1.0 x 10° cells/mL. The culture conditions were
the same as in the pre-culture. Each treatment was
conducted in three replicates to confirm reproducibility.

Changes in Algal Cell Densities Induced
by Cu?*

Algae cell density was counted every 24 h using the
microscopic field counting method. After thoroughly
shaking, the sample of 0.1 mL algae solution was
removed and covered evenly in a hemocytometer, where
seven fields of view were photographed and counted
under the microscope. To reduce counting errors, each
algae culture bottle was sampled twice, then averaged
to report the algal cell density of the bottle. All three
bottles were counted for each treatment as replicates.

Changes in Photosynthetic Pigments Induced
by Cu?*

The algae photosynthetic pigments were measured
in each treatment every 24 h. Whatman GF/C (1.2 pm
pore size) was used to suction filter 200 mL of algae
solution, which was homogenized with 80% acetone.
The homogenate was extracted with acetone in the dark
at 4 °C for 24 h. After centrifugation, a 15 mL sample
of the supernatant was collected, and the absorbance
values at 663, 645, and 470 nm were measured
with a spectrophotometer. The contents (pg/mL) of
chlorophyll-a (C)), chlorophyll-b (C,), and carotenoid
(C) were calculated according to the following
equations [16]:

C,= 12.210D663 - 2.810D645,
C,=20.130D645 - 5.030D663,
C, = (10000D470 - 3.27C - 104C,) / 229,

..where OD663, OD645, and OD470 represent the
optical density of the solution at 663, 645, and 470 nm
using a spectrophotometer, respectively.

Changes in Superoxide Dismutase Activity
Induced by Cu**

The algal cells’ superoxide dismutase (SOD) activity
was measured in each treatment every 24 h. The sample
of 200 mL of algae solution was centrifuged at 5000
rpm for 7 min, and the algae cells were collected after
removing the supernatant. The collected cells were
added to 3 mL of pre-chilled 0.05 mol/L phosphate-
buffered saline (PBS, pH = 7.8), then crushed with
120 w ultrasonic wave for 5 s intervals under ice bath
conditions for 60 cycles. The crushed solution was
centrifuged at 8500 rpm for 15 min at 4°C, and the
supernatant was the SOD test solution. SOD activity was
measured using the photo-reduction reaction method of
nitro blue tetrazolium chloride (NBT) described by Li
et al. [16] with slight modifications.

Changes of Cu>* Bioaccumulation in Algal Cells

Cu?* accumulation in algal cells in each treatment
group was measured every 24 h. In each treatment,
one-third of the concentrated algae solution was dried
and weighed, 3 mL of nitric acid was added, then was
left for 24 h. Next, 0.3 mL of perchloric acid was added
before being heated on an electric heating plate at
90°C until the solution was colorless and transparent.
The excess nitric acid and perchloric acid evaporated,
and the volume of the solution was adjusted to 5 mL
with 5% nitric acid. The Cu®" content in the solution
was determined using a flame atomic absorption
spectrophotometer.

Life Table Experiments on B. calyciflorus
Fed with Cu**-exposed Algae

The pre-cultured rotifers were fed with the S.
obliquus collected from the six Cu?" concentration
treatments at a density of 1.0 x 10° cells/mL. The
culture conditions were the same as those in the pre-
culture. After 48 and 96 h of feeding, the ten neonates
(less than 2 h) were randomly selected from each
treatment group. The samples were placed in 6 mL
glass cups containing 5 mL of the test solution with
1.0 x 10° cells/mL of Cu*-exposed algae. The number of
neonates produced via parthenogenesis and the number
of original test individuals still alive were recorded
every 8 h. Then the neonates were transferred to
other glasses and further cultured under the same
conditions until the females were identified by carrying
the first egg. Every 24 h, the original surviving
rotifers were transferred into freshly prepared test
solution containing the hard synthetic freshwater and
Cu?-exposed algae. The life-table experiments were
repeated three times as replicates for each treatment and
conducted in darkness at 25+1°C until each individual
of every cohort died.

Based on the collected data, age-specific
survivorship (/) and age-specific fecundity (m ) were
constructed for each replicate using conventional life-
table techniques [17]. X was defined as the age interval
to calculate the population demographic parameters.
Net reproductive rate (R), generation time (7), life
expectancy at hatching (e)), and intrinsic rate of
population increase (r ) were calculated according
to Sha et al. [18]. The offspring mictic rate (MR) was
calculated for each treatment as the proportion of mictic
females to all F, offspring.

Data Statistical Analysis

SPSS Statistics 16.0 (SPSS, Inc.) and Excel (version
2019) were used to analyze the data. Normality of
distribution and homogeneity of variance were first
evaluated by Shapiro-Wilk test and Levene statistic
with non-significant differences (P>0.05), respectively.
Differences between the treatments and the
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Table 1. Effects of different concentrations of Cu?* and exposure time on the natural logarithm of Scenedesmus obliquus densities.

Cu*" concentration (pug/L) 24 h 48 h 72 h
0 14.6+0.039° 14.7+0.026° 15.1+0.002%
3.75 14.6+0.092° 15.0+0.008° 15.1£0.101¢
7.5 14.6+0.063° 14.8+0.093¢ 15.1+0.015%¢
15 14.6+0.086° 14.8+0.074° 15.040.047%¢
30 14.6+0.050° 14.8+0.052* 14.940.099%
60 14.3+0.087* 14.7+£0.029* 14.9+0.061*

Multiple comparison of SNK-q: The same letter indicates that there are no significant differences between two groups in the same

column.

controls were analyzed using a one-way analysis
of variance (ANOVA), and the interactions of Cu?*
concentration X exposure time interactions were
investigated by two-way ANOVA, with the significance
set to P<0.05. For each parameter, differences between
means were evaluated for significance using Duncan’s
multiple range test. A paired-sample T-test analyzed the
feeding time data (48 and 96 h).

Results and Discussion
Effects of Cu®* on the Growth of S. obliquus

Previous research has shown that Cu?* had the
most apparent inhibitory effect on the growth of S.
obliquus, when compared with common essential metal
ions such as Zn?*" and Mn?*" [19]. The 96 h median
effect concentration (EC50) of Cu** on the growth of
S. obliqguus was 51 pg/L, and the inhibitory effect of
Cu?" on the growth of S. obliqguus was more significant
than that of Chlorella pyrenoidosa and Closterium
lunula [20]. In our study, when compared to the control,
3.75 pg/L Cu?* significantly promoted the growth of
S. obliquus after 48 h of exposure (P<0.05). 60 pg/L
Cu?, however, significantly inhibited the growth of
S. obliquus after 24 h of exposure (P<0.05) (Table I).
There are many sulfur-containing groups on the cell

wall of S. obliguus, and Cu?" has a powerful affinity
for sulfur-containing groups, which may explain why S.
obliquus growth is highly sensitive to Cu?*[21].
Generally, there are two aspects attributing to
the effect that Cu?>" has on the biochemical processes
of algae. Cu?" is an essential element of life that
directly participates in the biochemical processes
(e.g., respiration and photosynthesis) in algae cells.
Nevertheless, Cu?* can affect certain enzyme activities
in algae cells, thus affecting algal nutrient absorption
[22]. Previous studies have found that 1 and 10 pg/L
Cu?" significantly promoted the growth of Microcystis
aeruginosa, while 0.01 and 100 pg/L Cu?" severely
inhibited growth and the synthesis of algal toxin
[23]. We determined that 3.75 pg/L Cu?" significantly
promoted the growth of S. obliquus after 48 h (P<0.05)
and 60 pg/L Cu?' significantly inhibited its growth after
24 and 72 h (P<0.05) (Table 1). These results show a
dose-response characteristic of low concentration
growth promotion and high concentration inhibition
of algae growth. This suggests that a small amount of
Cu?" is necessary for the algae metabolism process as
chlorophyll cannot form in the absence of Cu?*'. An
appropriate amount of Cu?* can accelerate the formation
of chlorophyll, thereby accelerating the intensity of
photosynthesis and the accumulation of carbohydrates.
A large amount of Cu?', however, changes the S.
obliquus protoplasmic membrane permeability. This

Table 2. Regression curves of the natural logarithm of Scenedesmus obliquus densities along with time at different concentrations of

Cu?.
Cu?* concentrations (pug/L) Regression functions Significance test
0 Y=-0.078X>+0.604X+13.960 R?>=0.942 P=0.000
3.75 Y=-0.120X?+0.763X+13.921 R?>=0.957 P=0.000
7.5 Y=-0.106X?+0.685X+13.947 R?=10.941 P=0.000
15 Y=0.123X>+0.711X+13.949 R?=0.925 P=0.000
30 Y=-0.126X>+0.097X+13.937 R?*=10.936 P=0.000
60 Y=-0.049X>+0.488X+13.894 R2=0.924 P=0.000

Y is the natural logarithm of Scenedesmus obliquus density (In N), X is the culture time (h).
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Table 3. Effects of exposure time, Cu?" concentration and their interaction on the natural logarithm of Scenedesmus obliquus densities.

Sources of variances SS DF MS F value P value
Exposure time (A) 12.339 3 4.113 384.374 0.000
Cu?" concentration (B) 0.26 5 0.052 4.853 0.001
Interaction of AXB 0.291 15 0.019 1.814 0.060
Error 0.514 48 0.011

has noticeable toxic effects on the algae, such as poor
growth, photosynthesis inhibition, and even death of the
algae [4].

There is a good regression relationship between the
natural logarithmic value of algal density and exposure
time in different treatments, indicating that low
concentrations of Cu*" may have toxic effects on algae,
increasing with exposure time (Table 2). A two-way
ANOVA determined that both exposure time and Cu?**
concentration had significant effects on the logarithmic
value of algal density (P<0.01), but the interaction
between exposure time and Cu?* concentration did not
(Table 3). Previous research found that the inhibitory
effect of Pb* on the growth of S. obliguus mainly
occurs late in the culture period, while Cr** and Cr®
show toxicity throughout the culture period [24].
These findings further show that Cu®* at a certain
concentration can promote the growth of algae, but over
time Cu®*" bioaccumulation increases causing a toxic
effect on algae. This complex relationship is evident
through the complex results.

Effect of Cu?* on Photosynthetic Pigments
and SOD Activity of S. obliquus

A previous study found that the chlorophyll-a,
chlorophyll-b, and carotenoids in Dunaliella salina
cells decreased significantly with the increase of
Cu?" concentration [25]. However, we found that
the effects of Cu* on photosynthetic pigments of S.
obliquus differed (Fig. 1). After 24 h, the chlorophyll
a, chlorophyll b, and carotenoids in each treatment
were all lower than in the control. After 48 h, the
chlorophyll-a in the five treatments were all higher
than that of the control, especially in the 3.75 pg/L.
After 48 h, the chlorophyll-b in 3.75, 7.5, and 60 pg/L
were lower than that of control, but higher in 15 and
30 pg/L. After 48 h, the carotenoids in all five
treatments were approximately the same as the
control. After 72 h, the highest values of chlorophyll-a,
chlorophyll-b, and carotenoids were 2.95, 1.20, and
1.68 pg/mL in the 7.5, 30, and 30 pg/L treatments,
respectively (Fig. 1). Photosynthetic pigment plays a
vital role in the growth of algae and reflects the strength
of algae photosynthesis. The reduction of photosynthetic
pigments is one of the crucial characteristics of algae
suffering from metal exposure [26]. Here, longer
exposure time resulted in photosynthetic pigments in

each treatment group first decreasing then increasing,
when compared to the control. This was especially seen
in the change of chlorophyll-a in the low concentration
group, suggesting that recovery of algae photosynthesis
and adaptation of algae growth to toxicity of Cu?
occurred, which agreed with the results obtained by
Kondzior and Butarewicz [27].

Yang et al. [24] found that Pb*, Cr**, and Cr®*
increased the O, content in S. obliquus cells and
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Fig. 2 Effects of Cu?' concentration and exposure time on the SOD activity in Scenedesmus obliquus.
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enhanced the lipid peroxidation of algal cell membranes,
adversely affecting the algal cells. SOD can eliminate
O, through disproportionation and is important for
biological protection. Its activity could be significantly
induced by most toxicants [28]. We found that under
longer exposure times, SOD activities in the control,
15, and 30 pg/L treatments increased then decreased,
similar to the reaction of photosynthetic pigments. The
reverse occurred in 3.75, 7.5, and 60 pg/L. SOD activity
generally increased at low concentrations of Cu** and
was inhibited at high concentrations, indicating that
SOD can play a significant role in low-level oxidative
stress rather than high-level [29].

Bioaccumulation of Cu*" in S. obliquus

Several studies have revealed that a variety of algae
(e.g., S. quadriodum, Chlorella, and M. aeruginosa)
can bioaccumulate metals at high amounts [30-31]. In
our study, the Cu®" in the algae before exposure was
253 pg/g. The Cu* bioaccumulation in the control
decreased after exposure, and the lowest value was
115 pg/g after 48 h, 54.54% lower than pre-exposure
level. In the 3.75-60 pg/L, however, greater Cu?*
bioaccumulation occurred in the algal cells. The
bioaccumulation increased in approximate proportion
with the increase of Cu?* concentration and exposure
time. The highest value was 1205 pg/g in 60 pg/L after
72 h, 376.28% higher than pre-exposure level (Fig. 3).
The results exhibited that Cu?', even at a lower level,
is bioaccumulated by S. obliquus and can reach a
higher level. This phenomenon may have toxic effects
on zooplankton, such as rotifers. Therefore, the toxic
effects of heavy metals at low concentrations cannot be
ignored, especially in algae-rich waters.

Effects of Cu**-exposed Algae on Life
Table Demography of Rotifer

The life table parameters of B. calyciflorus were
significantly affected by single and mixed metals [32].
Zhao et al. [12] found that the survival, reproductive,
net reproduction, and population growth rates of B.
calyciflorus significantly decreased after exposure to
60 pg/L Cu?, while the mictic rate significantly
increased. Scientists believe that the population growth
of B. calyciflorus is significantly affected by food
quality, such as the type and density of algae [33].

Our results show that algae collected in different
Cu?" concentrations significantly affected the life table
parameters of B. calyciflorus (P<0.05). After 48 h of
feeding, algae in 3.75, 7.5, 15, and 60 pg/L significantly
reduced rotifer life expectancy, net reproduction
rate, population growth rate, and average life span
(P<0.05). Algae in 7.5 ng/L experienced significantly
reduced generation time (P<0.05) and those in 30 pg/L
experienced a significantly increased offspring micitc
rate (P<0.05) (Table 4). After 96 h of feeding, algae in
375 pg/L had significantly reduced net reproduction
and population growth rates (P<0.05) in the rotifers.
Algae in 7.5 pg/L showed significantly reduced life
expectancy, net reproduction rate, generation time,
and population growth rate (P<0.05). Algae in 15 pg/L
had a significantly reduced population growth rate
and increased offspring mictic rate (P<0.05). Algae
in 30 pg/L showed a significantly increased offspring
mictic rate (P<0.05). Finally, algae in 60 ng/L exhibited
significantly reduced life expectancy, net reproduction
rate, and population growth rate (P<0.05) (Table 4).

Furthermore, there were significant differences
in rotifer life table parameters between 48 and
96 h of feeding for algae collected with the same Cu?**
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Fig. 3 Effects of Cu** concentration and exposure time on the Cu** bioaccumulation in Scenedesmus obliquus.

concentration. The life expectancy, net reproduction
rate, and average lifespan after 96 h were significantly
higher than those of 48 h in 7.5 pg/L (P<0.05). The
generation time of 96 h was significantly higher
than that of 48 h in 3.75, 7.5, and 15 pg/L (P<0.05).
Additionally, the offspring mictic rate of 96 h was
significantly higher than that of 48 h in 3.75 and
30 pg/L (P<0.05) (Table 4). These results indicate that
the feeding time has a significant effect on the rotifer
life table parameters. With a longer feeding time, the
life table parameters increased in most treatments,

suggesting that the inhibitory effect of Cu?'-rich
algae on rotifer population growth decreased after
96 h. This may be due to the fact that during the longer
feeding times, rotifers gradually adapted to Cu?'-
exposed algae. Their defense mechanism may have
been activated to protect the organism. Particularly, the
increased offspring mictic rate reveals that the rotifer
had transformed from asexual reproduction to sexual
reproduction and prepared to produce dormant eggs to
survive the unfavorable environment; this is a general
rotifer response to many of environmental stresses [34].

Table 4. Effects of different Cu** concentration and feeding time on life table parameters of Brachionus calyciflorus.

Cu?" (ug/L) e, (h) R, (ind.) T (h) r (d") Life (h) MR (%)
Fed for 48 h
0 116.0+£9.4° 6.8+1.0° 81.8+4.7° 0.64+0.03° 104.0+£9.4° 0.01+0.01°
3.75 86.4+5.4° 2.7+0.2° 63.3£0.6 0.39+0.03° 74.4+5.4° 0.00+0.00°
7.5 77.6+2.4® 2.6+0.3° 57.8£2.4° 0.4140.03° 65.6+2.4° 0.02+0.01*®
15 90.4+2.1° 3.3+0.4° 67.0+4.1® 0.46+0.05° 78.4+2.1° 0.02+0.01%
30 112.8+9.8¢ 5.5+0.9° 81.4+6.7° 0.55+0.02% 100.8+9.8° 0.08+0.04°
60 66.4+5.1° 1.9+0.8° 67.0+1.1%® 0.15+0.12¢ 54.4+5.1¢ 0.03+0.03
Fed for 96 h
0 116.8+9.4 6.8+1.0° 81.844.8° 0.64+0.03° 104.0£9.4b¢ 0.01+0.01°
3.75 97.8+11.7° 2.9+0.3° 82.3+5.4% 0.31£0.01° 85.8+11.7* 0.04+0.01°
7.5 126.0+0.0° 4.3+0.0° 103.2+0.0° 0.35+0.00° 114.0+0.0° 0.00+0.00°
15 124.0+9.6" 4.5+0.9% 97.9+4 3% 0.38+0.05° 112.0£9.6® 0.1040.03°
30 119.6+1.4% 5.9+0.9 84.6+2.8® 0.53+0.03¢ 107.6+1.4% 0.46+0.02¢
60 90.0£11.5¢ 2.8+0.9° 82.0+£13.7° 0.27+0.07° 78.0£11.5¢ 0.02+0.25%

The different letters signify significant difference between two concentrations of pollutant with the same feeding time (SNK).
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In previous studies evaluating the effects of heavy
metals on the chronic toxicity of rotifers, they are
usually directly exposed to test solutions containing
algae and metals. To avoid the concentration change
caused by bioaccumulation of metals in algae, the test
solution needs to be replaced periodically (usually 12 or
24 h) with fresh solution [35]. The long-term exposure of
algae to water that contains metals can cause adsorption
and bioaccumulation of said metals. This can lead to
rotifers ingesting algae that has bioaccumulated more
metal than is in the water, resulting in more serious
toxic effects. Our previous research showed that, when
exposed to the algae solution containing 10 pg/L Cu*,
the life table parameters and the mictic rate of rotifers
did not significantly differ from the control [32].
Here, however, the algae in the lowest concentration
(375 pg/L  Cu?*) significantly reduced the net
reproduction rate and population growth rate of rotifers,
indicating that the toxicity of Cu*-riched algae to
rotifers exceeds that of Cu*'-containing test solutions.
Although the concentration of Cu** in most bodies
of water is quilt low, usually maintaining ng/L- pg/L
grade [36], its toxic effects on rotifers through the food
chain is a concern in light of these results. Further
research is needed to examine whether similar impacts
might occur in rotifers exposed to other metals at lower
concentration that are currently thought to be safe.

Conclusions

Traditional eco-toxicological rotifer studies have
estimated the toxic effects of metals on rotifers via
direct exposure. However, researchers have neglected
the ways in which rotifers are impacted by metals
accumulated in algae, a common food source. The
model food chain selected in this study consisted of
S. obliquus, the primary producer, and B. calyciflorus,
the primary consumer. We identified effects of Cu?*
on the cell densities and physiological indexes (e.g.,
photosynthetic pigment and SOD activity growth of
S. obliquus). We also investigated the bioaccumulation
of Cu* in algal cells and its impacts on life table
demography of B. calyciflorus. Our results demonstrate
that Cu®" exposure had different impacts on the growth
of S. obliquus, depending on the concentration of
Cu?, and Cu?"-exposed alga had toxic effects on the
population growth of the rotifers. The toxicity of Cu**
bioaccumulation can be expected to provide primary
data for the ecological risk assessment of Cu®"in natural
water.
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