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Abstract The adverse influences of insufficient food

and toxins on Daphnia carinata’s body growth,

reproduction and tolerance were investigated in the

laboratory. Different concentrations of Scendesmus

obliquus and a mixture of S. obliquus and microcystin

(MC)-containing Microcystis aeruginosa PCC7820

were used to feed D. carinata. Glutathione S-transfer-

ase (GST) activity towards five chemical compounds

(substrates) was measured and used as an indicator of

their tolerance. Body growth rate and clutch size of

D. carinata decreased with declined concentration

or decreased proportion of S. obliquus in the diet.

GST activity decreased with ageing in D. carinata.

However, GST activity to several chemical com-

pounds increased when food quantity or food quality

decreased. Adult D. carinata had a lower GST activity

towards p-nitrophenenzyl chloride (PNBC) than juve-

niles and exhibited a sharp decline (P \ 0.001) in GST

activity towards PNBC as the animals aged. It is

suggested that the age-specific decrease in GST activity

is a possible mechanism for the high morality of adult

D. carinata in the summer of eutrophic lakes.

Keywords Scendesmus obliquus �
Microcystin (MC)-containing Microcystis �
Tolerance � Morality � p-Nitrophenenzyl

chloride (PNBC)

Introduction

Size- or age-dependent mortality rates of cladocerans

are important not only in relation to predation, but

also in relation to food conditions (Vijverberg 1976;

Hovenkamp 1989; Trabeau et al. 2004). In eutrophic

lakes, the occurrence of relatively less green algae

and blooms of Cyanobacteria would result in unfa-

vourable food conditions that invariably result in a

high mortality in Daphnia (Hülsmann and Weiler

2000). Juvenile daphnids are known to be particularly

vulnerable to a decrease in food conditions (Hovenk-

amp 1989), whereas mortality of adult daphnids in

the life-table experiments is negligible (Hovenkamp

1990). Adult mortality is known to increase due to

interactions between age-specific and starvation-

induced mortality (De Bernardi 1974; Hovenkamp

1989; Boersma et al. 1996). Age-specific mortality in

Daphnia as suggested by Hülsmann (2003) was either

based on a fortnightly sampling interval and lack of

demographic data. Hülsmann and Weiler (2000)

reported that adult daphnids not only have a higher

mortality than juveniles, but also induce the decline

of the Daphnia population.
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In eutrophic lakes and reservoirs with cyanobac-

terial blooms, Cyanobacteria produce toxins such as

microcystin (MC) and exert toxic effects on many

animals. Summer-blooms of toxic Cyanobacteria

contribute to poor food conditions to daphnids

(Ferrão-Filho and Azevedo 2003). MC seems to be

an effective factor for tolerance against toxins of

Daphnia because it works even if the biomass of the

MC-containing Microcystis is only a small fraction of

the whole algal community (Ferrão-Filho et al. 2000).

In several previous studies, glutathione S-transfer-

ase (GST) was called an indicator of tolerance against

toxins in many animals (Habig et al. 1974; Sagara

and Sugita 2001; Sen and Semiz 2007). Microcystin

concentrations in animal tissue decreased because of

its high GST activity, therefore, its high capacity to

biotransform MCs (Pflugmacher et al. 1998, 2005).

Previous studies reported increase in GST activity in

many animals exposed to microcystins for a short

time (Wiegand et al. 1999; Best et al. 2002; Pinho

et al. 2003), suggesting their substantial roles in the

toxicity reduction of some toxins, as indicated by

increase of LD50s and decline of mortality in various

insects (Hayaoka and Dauterman 1982; Vontas et al.

2001). Chen et al. (2005) reported that GST activity

(to CDNB) of Daphnia magna decreased when it was

exposed to microcystins for several weeks. The

decline in GST activity (to CDNB) of D. magna

seems to contradict the mechanism of detoxification

(Pflugmacher et al. 1998; Chen et al. 2005). An

investigation into changes in GST activity to different

chemical compounds in D. carinata would explain

the contradiction. Otherwise, identification of a

relationship between GST activity and different

chemical substrates is needed to provide a prelimin-

ary indication of a direct protective role of GST

among organisms exposed to different toxic levels of

MCs (Leblanc and Cochrane 1985; Sagara and Sugita

2001). The GST activity levels towards 1-chloro-2, 4-

nitrobenzene (CDNB) were comparable in Daphnia

magna and Ceriodaphnia reticulata for estimating

their tolerance against toxins (Leblanc and Cochrane

1985; Chen et al. 2005). Seven GST isoenzymes were

isolated from Daphnia magna (Leblanc et al. 1988;

Baldwin and Leblanc 1996), which exhibited nearly

twofold higher activity with ethacrynic acid (EA)

than in Ceriodaphnia (Leblanc and Cochrane 1985).

The decrease in nutrient-sufficient algae (such as

S. obliquus) and the increase in nutrient-poor food

algae (such as M. aeruginosa) often occur when

Daphnia populations declines in eutrophic lakes and

reservoirs (Ferrão-Filho and Azevedo 2003). In our

studies, such food conditions were designed to

culture Daphnia carinata collected from a eutrophic

lake, and daphnids were divided into adults and

juveniles. We measured GST activity of the animals

exposed to different chemical compounds to evaluate

their tolerance to adverse effects from insufficient

food and toxins and addressed the following two

questions: (1) do adult daphnids have a lower GST

activity than juveniles? and (2) what are the effects of

food quantity and quality on individual life history

parameters such as body growth, reproduction, and

tolerance to adverse effects from insufficient food and

toxins?

Methods

Study site

Lake Chaohu is located in Anhui Province in the

southeastern China, is among the five largest fresh-

water lakes in China. It is a subtropical lake with a

surface area of 760 km2, a mean depth of 3.06 m, and

a mean water retention time of 136 days. During the

past decades, the lake has witnessed a steady increase

in eutrophication, as evident from a regular occur-

rence of cyanobacterial surface blooms (mainly

composed of Microcystis spp. and Anabaena sp.)

during the warmer periods of each year (Deng 2004).

The toxicity of Microsystis aeruginosa in Chaohu

was confirmed for the first time by Carmichael et al.

(1988). During the spring clear water phase (from

February to May) in lake Chaohu, the density of

Chlorophyta was about 2.2 9 104 cells/ml and the

density of Cyanobacteria ranged from 7.4 9 103

cells/ml to 2.6 9 104 cells/ml (Zhao et al. 2002), the

D. carinata density in Chaohu was varied between

1.2 and 42.5 ind/L (Deng 2004). There was a

significantly positive correlation between the density

of small-bodied cladocerans (such as Bosmina and

Ceriodaphnia cornuta) and the biomass of Microcys-

tis and Anabaena, while large-bodied cladocerans

(including D. pulex, D. hyaline and D. carinata)

declined or even disappeared during cyanobacterial

blooms. There was a significant negative relationship

between the densities of large-bodied cladocerans and
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colonial Cyanobacteria. It was also experimentally

confirmed that Microcystis inhibited the growth and

reproduction of D. pulex and D. carinata (Deng

2004).

Daphnia and algae

Daphnia carinata was collected from Lake Chaohu,

and one of the clones was cultured for more than a

year in the laboratory prior to the experiments and fed

with Scenedesmus obliquus once every two days.

Aerated tap water was used as medium. Eight

experimental aquaria (68 9 52 cm each) were used,

and 100-L medium was added to each aquarium. All

experiments were carried out at 25 ± 1�C and

maintained at about 30 lmol photons m-2 s-1 of

14:10 h light/dark cycle. Microcystis aeruginosa

PCC7820 was cultured in the medium BG11, and

S. obliquus was cultured in the medium HB-6. The

concentration of algae was counted in the laboratory

using a compound microscope (at a magnification of

1009).

The microcystins from M. aeruginosa PCC7820

were extracted and analysed using high-performance

liquid chromatography (HPLC) following Zheng

et al. (2004). The per unit biovolume of microcy-

stin-LR was 1.34 9 10-10 lg/lm3.

Substrates and determination of GST activity

Sixty individuals of D. carinata (20–800 lg soluble

protein fractions) were homogenized in 0.1 M

sodium phosphate buffer, pH 7.0 and centrifuged

for 10 min at 5,000 g, and then the supernatant was

centrifuged for 10 min at 10,000 g. Absorbance at

different wavelengths was determined with a spec-

trometer (Habig and Jakoby 1981).

The six chemical compounds used in our exper-

iments for GST activity analysis were 1-chloro-2,4-

nitrobenzene (CDNB), 1,2-dichloro-4-nitrobenzene

(DCNB) (No activity), p-Nitrophenethyl bromide

(PNBB), p-Nitrophenenzyl chloride (PNBC), trans-

4-Phenyl-3-buten-2-one (Trans), and ethacrynic acid

(EA) (Habig and Jakoby 1981). GST activities were

assayed spectrophotometrically by measuring the

rate of glutathione-chemical compound conjugate

formation (Habdous et al. 2002). Assays with CDNB

were performed at a concentration of 1.0 mM and a

glutathione concentration of 1.0 mM. Assays with

PNBB were performed at a concentration of 0.1 mM

and a glutathione concentration of 5.0 mM. Assays

with PNBC were performed at a concentration of

1.0 mM and a glutathione concentration of 5.0 mM.

Assays with EA were performed at a concentration of

0.2 mM and a glutathione concentration of 0.25 mM.

Assays with Trans were performed at a concentration

of 0.05 mM and a glutathione concentration of

0.25 mM. All assays were conducted at pH of 6.5.

Protein concentrations in the homogenates were

determined according to Bradford (1976) with bovine

serum albumin as a standard. GST-specific activity

was quantified as nano moles of the compound

conjugated per milligram of soluble protein (nmoles/

min/mg) at 25�C.

The body length (L) of 6- and 8-day-old D. carinata

carrying eggs was measured, and the biomass of

D. carinata was derived from L to W (–weight)

regression equations of Huang (1999) and the mean

daily growth rate (GWR) and decrease rate of GST

activity (GDR) were calculated as:

GWR ¼ Wf �Wi

� ��
Dt lg/dayð Þ

GDR ¼ Gf � Gi

� ��
Dt nmoles/min/mg/dayð Þ

where GWR is the mean daily growth rate (gw, lg/day),

Wf and Wi are the final and initial weight, respectively.

GDR is the decrease rate of GST activity, Gf and Gi are

the final and initial GST activity, respectively. Dt is time

for the culture.

Experiments using different food quantities

The neonates of D. carinata (\24-h old) were used in

our experiments at S. obliquus densities ranging from 8

to 10 ind/l. The food was refreshed every 2 days,

keeping the concentrations of S. obliquus as: 1000,

2000, 4000, 8000, and 20,000 cells/ml (1000 cells/

ml = 9.74 9 105 lm3/mL, equivalent to *0.05 mg C

L-1; 20,000 cells/ml, equivalent to*1 mg C L-1). The

number of eggs in the brood chamber was counted in

sixty D. carinata every two days; for each adult female,

the length from top of the head to the end of the

carapace was measured under a dissecting microscope.

Thirty daphnids in duplicate ranging in size from

0.7 mm to 1.8 mm were stored at -80�C before

analysis of GST activity. The individuals tested were

chosen at random from the conditioned population in

cultures. Eight-day growth experiments then were run
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using the same food combinations and concentrations,

and the body growth rates were measured at two-day

intervals.

Experiments using different food quality

This experiment was designed similarly to the food

quantity experiments; however, the foods were mix-

tures of M. aeruginosa PCC7820 and S. obliquus. The

mixtures included 0, 20, 40, and 60% M. aeruginosa

with a total algal concentration of 20,000 cells/ml in

each treatment. Body length and eggs per brood were

quantified as above, and the GST activity was

analysed at 2-d intervals. The influences of food

and interactions on D. carinata were assessed with a

repeated-measures ANOVA.

Results

Effects of food quantity and food quality on body

growth rate

Body growth rate of D. carinata was clearly affected

by the decrease in S. obliquus concentration and the

presence of Microcystis in the diet (Fig. 1). The

quantity and quality of food had a significant effect

on body growth rate. When the concentration of

S. obliquus increased, the body growth rate increased

most rapidly (F = 60.80, P \ 0.001), body growth

rate decreased with increasing proportions of

M. aeruginosa PCC7820 in the diet (F = 108.11,

P \ 0.001). These results suggest that MC-contain-

ing M. aeruginosa PCC7820 had a negative effect on

the body growth of D. carinata.

Effects of food quantity and quality on clutch size

Clutch size that was measured as an estimate of

reproductive capacity in D. carinata (Fig. 2) differed

in concentrations of S. obliquus (F = 1425.58, P \
0.001), and the clutch size decreased significantly when

food quality decreased (F = 226.86, P \ 0.001). The

average clutch size ranged from 0.20 to 9.50 eggs per

adult female in S. obliquus concentrations varying from

1000 to 20,000 cells/ml. Thus, even though increased

S. obliquus concentration had positive effects on

reproductive capacity, the reproductive capacity of

D. carinata decreased with increasing proportions of

M. aeruginosa in the diet (Fig. 2).

Effects of food quantity and quality on GST

activity

A repeated-measure ANOVA over all food concen-

trations, from 1000 cells/ml to 20,000 cells/ml

S. obliquus concentration, indicated different age

effects on the GST activity towards CDNB, PNBB,

PNBC, EA, and Trans. The GST activity towards the

five compounds decreased as the D. carinata’s age

increased when D. carinata was fed with 20000 cells/

ml (F = 18.57, P \ 0.001), 8000 (F = 35.85, P \
0.001), 4000 cells/ml (F = 46.23, P \ 0.001), and

2000 cells/ml (F = 90.00, P \ 0.001) of S. obliquus

concentrations. Only in the 1000 cells/ml S. obliquus

treatment, did the GST activity towards these com-

pounds except PNBC not decrease as the animal’s age

increased (F = 1.69, P [ 0.05; Fig. 3).

Repeated-measure ANOVA on GST activity for

CDNB, PNBB, PNBC, EA, and Trans in 0% to 60%

proportions of Microcystis treatments indicated a

µ

a bFig. 1 The body growth

rate of Daphnia carinata in

different concentrations of

Scenedesmus obliquus (a)

and different proportions of

MC-containing Microcystis
aeruginosa PCC7820 in the

diet (b). Vertical bars show

standard deviations

(n = 60)
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significant age effect on the GST activity. The GST

activity towards five chemical substrates decreased

significantly as D. carinata’s age increased during the

absence of Microcystis in the diet (F = 18.57,

P \ 0.001). GST activity in case of exposure to the

five compounds significantly decreased (Age [ day

4) when D. carinata was fed 20% Microcystis (F =

25.69, P \ 0.001), 40% Microcystis (F = 50.26, P \

0.001) and 60% Microcystis (F = 50.26, P \ 0.001)

as D. carinata’s age increased (Fig. 4).

Comparison in adult and juvenile daphnids

of GST activities for PNBC and CDNB

The age had an insignificant effect on the activity

of GST for CDNB in D. carinata fed different

a bFig. 2 The clutch size of

Daphnia carinata in

different concentrations of

Scenedesmus obliquus (a)

and different proportions of

MC-containing Microcystis
aeruginosa PCC7820 in the

diet (b). Vertical bars show

standard deviations

2 104 cells/ml S 8 103 cells/ml S 4 103 cells/ml S

2 103 cells/ml S 1 103cells/ml S

Fig. 3 Glutathione S-transferase (GST) activity in Daphnia
carinata towards five substrates in different concentrations of

Scenedesmus obliquus (cells/ml S). Vertical bars show

standard deviations. Substrates were CDNB 1-chloro-

2,4-nitrobenzene, DCNB 1,2-dichloro-4-nitrobenzene, PNBB
p-Nitrophenethyl bromide, PNBC p-Nitrophenenzyl chloride,

Trans trans-4-Phenyl-3-buten-2-one, and EA ethacrynic acid
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concentrations of S. obliquus (F = 5.39, P [ 0.05).

Daphnids (day 0) were recognized as an indicator of

juveniles, and daphnids (day 8) were recognized as an

indicator of adults. GST activity in case of the

juveniles exposed to CDNB (day 0, 579.30 ± 24.46

nmoles/min/mg) was much higher than in adults

(day 8, 230.18 ± 15.47 nmoles/min/mg) in 20,000

cells/ml S. obliquus treatment. However, in treat-

ment involving 1000 cells/ml, juveniles (day 0,

579.30 ± 24.46 nmoles/min/mg) were not higher

than adults (day 8, 915.58 ± 14.71 nmoles/min/

mg). The age of D. carinata exhibited a significant

effect on the activity of GST towards CDNB in

different proportions of M. aeruginosa treatment

(F = 88.05, P \ 0.001). The activity of GST towards

CDNB in adult daphnids was lower than in juveniles

in 40% Microcystis treatment (T-test, t = 4.84,

P \ 0.05). For example, the GST activity in case of

CDNB of the adults (466.45 ± 54.84 nmoles/min/

mg) in 60% M, aeruginosa treatment was higher than

for adults (230.18 ± 15.47 nmoles/min/mg) in 0%

M. aeruginosa treatment, but much lower than GST

activity (579.30 ± 24.46 nmoles/min/mg) for juve-

niles exposed to CDNB (Fig. 5).

The GST activity in case of exposure to PNBC

decreased markedly as age increased; it was regard-

less of different food concentrations (F = 39.49,

P \ 0.001) or food quality (F = 33.55, P \ 0.001).

The activity of GST in PNBC-exposed adult daphnids

(day 8) was significantly lower than those in the

juveniles (day 0) exposed to this compound. The GST

activity of D. carinata on days 0 and 8 for the ages

differed: the GST activity of adult daphnids exposed

to PNBC (day 8) was significantly lower than that in

juveniles (day 0) when fed with different concentra-

tions of S. obliquus (t = 17.181, P \ 0.001); GST

activity of the PNBC-exposed juveniles (1048.47 ±

185.35 nmoles/min/mg) was nearly 3 times higher

than that of the adults (367.98. ± 111.52 nmoles/min/

mg). Lower GST activity in the adults exposed to

PNBC than in the juveniles also occurred in

D. carinata in the animal fed M. aeruginosa (t =

9.186, P \ 0.001), such as GST activity for juveniles

(day 0) exposed to PNBC was 1048.47 ± 185.35

nmoles/min/mg, whereas in the adults (day 8), it was

about 277.59 ± 15.39 nmoles/min/mg in 60% Micro-

cystis treatment. The low GST activity towards PNBC

may be related to a lower specific tolerance for

0% M 20% M

40% M 60% M 

Fig. 4 Glutathione S-transferase (GST) activity towards five

substrates of Daphnia carinata in different proportions of MC-

containing Microcystis aeruginosa PCC7820 (%M) in the diets

(20,000 cells/ml). Vertical bars show standard deviations.

Substrate abbreviations as in Fig. 3
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adverse effects from insufficient food and toxins of

D. carinata (Fig. 6).

Growth rate decrease and changes in clutch size

of daphnids exposed PNBC

A decrease in growth rate and changes of clutch size

in animals exposed to PNBC are shown in Tables 1

and 2, respectively. In animals exposed to PNBC, both

the mean daily growth rate (GWR, from 14.76 ±

0.56 lg/day to 50.99 ± 13.25 lg/day) and the clutch

size (from 4.18 ± 2.77 eggs per female to 7.29 ±

2.01 eggs per female) increased, and GST activity

(GDR, from 370.85 ± 36.43 nmoles/min/mg/day to

87.76 ± 19.12 nmoles/min/mg/day) decreased with

an increased age of D. carinata. Different concentra-

tions of S. obliquus as well as mixture of S. obliquus

and MC-containing M. aeruginosa PCC7820 were

used as food to feed D. carinata.

Discussion

In the present study, the mean number of eggs per

female in the low S. obliquus concentration was

significantly less than that in the high S. obliquus

concentration (the effects of food quantity). More-

over, with an increasing proportion of the toxic alga

in the diet, body growth rate and reproduction of

D. carinata decreased (the effects of food quality).

The low body growth and reproduction resulted in a

low recruitment of D. carinata population and partly

resulted in the decline D. carinata population

(Benndorf et al. 2001). Both food quantity and

a b

Fig. 5 Glutathione S-transferase (GST) activity towards

1-chloro-2,4-nitrobenzene (CDNB) of Daphnia carinata in

different concentrations of Scenedesmus obliquus (a) and in

different proportions of Microcystis aeruginosa PCC7820 in

total cell concentrations of 20,000 cells/ml (b). Vertical bars
show standard deviation

a b

Fig. 6 Glutathione S-transferase (GST) activity towards

p-Nitrophenenzyl chloride (PNBC) of Daphnia carinata in

different concentrations of Scenedesmus obliquus (a) and with

different proportions of Microcystis aeruginosa PCC7820 in

total cell concentrations of 20,000 cells/ml (b). Vertical bars
show standard deviations
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quality have important effects on Daphnia popula-

tions (Lampert 1986; Sommer et al. 1986; Lürling

2003). Food quality for Daphnia is frequently poor in

eutrophic lakes with cyanobacterial blooms (Trabeau

et al. 2004). A drastic decline of differently sized

Daphnia species was observed soon after food

conditions became poor (Gliwicz et al. 1981). Other

studies also indicate that decreases of food quantity

and quality could result in a slow body growth rate

and low fecundity in daphnids leading to a decline of

Daphnia population (Vijverberg 1976; Lampert

1981; Lynch 1989; Lürling 2003), which is in

agreement with our results.

Further, our experiments show that adult D. cari-

nata often have a lower GST activity than juveniles as

suggested by Chen et al. (2005) in D. magna. GST

activity in adult D. carinata exposed to PNBC,

regardless of changes in food quantity and quality,

seems to remain lower than in juveniles, suggesting

that adult daphnids have a lower age-specific toler-

ance. It seems to be more so if adults are exposed to

insufficient food and toxins for longer durations. In

previous studies, the timing between enhanced mor-

tality in Daphnia populations due to senescence on one

hand and predation on the other hand are both higher in

adult daphnids (Vijverberg 1976; Hovenkamp 1990;

Hülsmann and Weiler 2000). Especially, daphnids

[1.2 mm have occasionally a higher mortality in

some populations (Hülsmann and Weiler 2000). In the

present study, demographic GST activity of D. cari-

nata in a generational data reveal that the adult (day 8,

[1.2 mm) D. carinata always have a lower GST

activity for the PNBC-exposed animals. Hülsmann

and Weiler (2000) suggest that the decline of Daphnia

populations in lakes is attributable to relatively higher

mortality of the adults, while such higher mortality

seems not to be caused by changing temperature, food

conditions, or predation by vertebrates or inverte-

brates. In previous studies, high mortality of animal

possibly was attributed to the low GST activity in

animal (Hayaoka and Dauterman 1982; Vontas et al.

2001). We observed that GST activity of D. carinata

for the PNBC-exposed animals depends on the

animal’s age, ı́.e. a high adult mortality that then can

trigger the initiation of the midsummer decline of

D. carinata population in the field.

We examined the effects of food conditions on the

life history of daphnids to test how the life history

parameters change in response to interaction of a set

of food factors. Daphnids usually have a slow growth

rate and a low reproductive capacity as a defence

mechanism if food conditions deteriorate (Threlkeld

1979; Lampert 1986; Lynch 1989; DeMott 1999;

Reinikainen et al. 1999; Repka et al. 1999). The

induction of GST activity on exposure to CDNB,

PNNB, EA, and Trans in D. carinata is considered to

be an effective defence mechanism (Wiegand et al.

1999; Best et al. 2002; Pinho et al. 2003; Gustafsson

Table 1 Mean daily growth rate (GWR), decrease rate of GST activity (GDR) towards PNBC and clutch size in Daphnia carinata
over different concentrations of Scenedesmus obliquus in different physiological age

Age (day) Mean daily growth rate (lg/day) Decrease rate of GST activity towards

PNBC (nmoles/min/mg/day)

Clutch size (eggs

per female)

2 14.76 ± 0.56 370.85 ± 36.43 –

4 15.82 ± 4.25 203.66 ± 32.14 –

6 34.64 ± 6.48 111.12 ± 14.39 4.18 ± 2.77

8 50.39 ± 11.94 99.85 ± 10.54 4.89 ± 3.48

Table 2 Mean daily growth rate (GWR), decrease rate of GST activity (GDR) towards PNBC and clutch size in Daphnia carinata
over different proportions of MC-containing Microsystis aeruginosa PCC7820 in different physiological age

Age (day) Mean daily growth rate (lg/day) Decrease rate of GST activity towards

PNBC (nmoles/min/mg/day)

Clutch size (eggs

per female)

2 15.18 ± 0.33 193.40 ± 43.04 –

4 18.36 ± 3.54 180.69 ± 17.53 –

6 33.22 ± 9.18 87.76 ± 19.12 5.52 ± 1.65

8 50.99 ± 13.25 96.26 ± 6.53 7.29 ± 2.01
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and Hansson 2004; Pflugmacher et al. 2005), espe-

cially in treatment involving low food quantity (such

as 1000 cells/ml S. obliquus concentration in the

present study); GST towards several substrates in

adults is much higher than juveniles. From the work

of Vijverberg (1976), it seems that if daphnids are fed

enough edible food, large numbers of small offspring

are produced and these offspring have a lower

tolerance to adverse effects of insufficient food and

toxins. In contrast, Walls et al. (1997) demonstrate

that in poor food conditions, large and highly tolerant

offspring are produced. We find that low concentra-

tion of green algae has little effects on tolerance to

adverse effects of insufficient food and toxins in

D. carinata. Low food conditions appear to mainly

result in severe food limitation, leading to both low

body growth and reproduction and therefore to a low

recruitment of Daphnia population.

A large amount of variation observed in zooplank-

ton species is attributed as a response to differences

in algal resources (Lampert 1981; Fulton and Paerl

1987b). Body growth, reproduction, and age-specific

tolerance (GST activity towards a special substrate as

a marker) always differ if energy strategies are

compared in different cladoceran species (Fulton and

Paerl 1987b). Small-bodied zooplankton, such as

Ceriodaphnia and Bosmina, always exhibit more

flexible responses to changing food conditions and

stronger resistance to toxic Cyanobacteria, which

cause great mortality in large-bodied zooplankton

species such as D. carinata (Guo and Xie 2006).

These small-bodied zooplankters may have high GST

activity in animals exposed to PNBC, so that

Daphnia spp. are replaced as dominant taxa when

food conditions deteriorate in eutrophic lakes

(DeMott and Kerfoot 1982; Ferrão-Filho and Azev-

edo 2003). This needs to be clarified in our future

studies.

We designed our experimental conditions such

that they are comparable with those prevailing in a

eutrophic lake Chaohu during the spring clear water

phase: food density of 20,000 algal cells/ml, and the

mean D. carinata density of about 8–10 ind/l in

Chaohu (Deng 2004). We note that a probable

explanation for the decline or disappearance of

large-bodied cladocerans (D. carinata) during cyano-

bacterial blooms is a decrease in tolerance to adverse

effects from insufficient food and toxins in this

animal. In the present study, CDNB EA and other

substances were treated as basic substrates towards

GST, though these compounds are not present in

Lake Chaohu. Leblanc and Cochrane (1985) first

found GST activity towards different substrates was

biochemically separated into different protein frac-

tions suggesting the existence of different distinct

isozymes. Our results suggested at least five distinct

isozymes existed in D. carinata, and GST activity

towards PNBC really was first detected. Glutathione

S-transferase activity towards PNBC is uninducible;

the age-specific GST activity towards PNBC exhib-

ited a lower tolerance in adult daphnids. All of our

experiments were conducted in a large tank with 100-

l medium. We did not consider some factors in our

experiments, such as competition for food between

zooplankton taxa (Fulton and Paerl 1987a), and the

possible effects of filamentous and colony-forming

Cyanobacteria (Lampert 1981; Ferrão-Filho and

Azevedo 2003). The measurement of GST activity

seems to provide a good indication of the level of

tolerance in cladocerans, and it is likely that quan-

titative changes of GST activity include more phys-

iological information than most field investigators

can provide (LeBlanc et al. 1988; Baldwin and

Leblanc 1996).
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Walls M, Laurēn-Määttä CL, Ketola M, Ohra-Aho P, Reini-

kainen MS, Repka S (1997) Phenotypic plasticity of

Daphnia life history traits the roles of predation, food

level and toxic Cyanobacteria. Freshw Biol 38:353–364

Wiegand C, Pflugmacher S, Oberemm A, Meems N, Beattie

KA, Steinberg CEW, Codd GA (1999) Uptake and effects

of microcystin-LR on detoxication enzymes of early life

stages of the zebra fish (Danio rerio). Environ Toxicol

14:89–95

Zhao Y, Wang ZQ, Yang ZP, Xie CP, Fan Q, Wang Y (2002)

Investigation on water pollution by algae at locations of

water collection in Chaohu. J Environ Heal 19(4):

316–318

Zheng L, Xie P, Li YL, Yang H, Wang SB, Guo NC (2004)

Variation of intracellular and extracellular microcystins in

a shallow, hypereutrophic subtropical Chinese lake with

dense cyanobacterial blooms. Bull Environ Contam Tox-

icol 73:698–706

Aquat Ecol (2011) 45:63–73 73

123


	A study on the effects of food quantity and quality on glutathione S-transferase (GST) activity and growth rate parameters of Daphnia carinata varying in age
	Abstract
	Introduction
	Methods
	Study site
	Daphnia and algae
	Substrates and determination of GST activity
	Experiments using different food quantities
	Experiments using different food quality

	Results
	Effects of food quantity and food quality on body growth rate
	Effects of food quantity and quality on clutch size
	Effects of food quantity and quality on GST activity
	Comparison in adult and juvenile daphnids of GST activities for PNBC and CDNB
	Growth rate decrease and changes in clutch size of daphnids exposed PNBC

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


