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Abstract

Global consumption of synthetic dyes is roughly 7 x 10° tons per year, of which the textile industry expends about two-thirds.
Consumption of synthetic dyes produces large volumes of wastewater discharged into aquatic ecosystems. Colored effluents
produce toxic effects in the hydrobionts, reduce light penetration, and alter the photosynthetic activity, causing oxygen depletion,
among other effects. Some dyes, such as Congo red (CR), are elaborated with benzidine, a known carcinogenic compound.
Information regarding dye toxicity in aquatic ecosystems is scarce; therefore, our study was aimed at evaluating the toxicity of
CR on a battery of bioassays: the microalga Pseudokirchneriella subcapitata, the cladocerans Daphnia magna and Ceriodaphnia
rigaudi, and the zebrafish Danio rerio. P. subcapitata was the most sensitive species to CR (ICsq, 3.11 mg L™"); in exposed
individuals, population growth was inhibited, but photosynthetic pigments and macromolecule concentrations were stimulated.
D. magna was tolerant to high dye concentrations, the determined LCs (322.9 mg L") is not an environmentally relevant value,
but for C. rigaudi, LCs, was significantly lower (62.92 mg L™"). In zebrafish embryos, exposure to CR produced yolk sac edema,
skeletal deformities, and stopped larvae hatching; lack of heart beating was the only observed lethal effect. CR affected organisms
of different trophic levels diversely. Particularly, the effects observed in microalgae confirm the vulnerability of primary pro-
ducers to dye-polluted wastewaters, because dyes produced toxic effects and interfered with photosynthesis. Different cladoceran
species displayed different acute effects; thus, species sensitivity must also be considered when toxicity of dyes is assessed.
Inhibition of fish larvae hatching is a significant effect not previously reported that warns about the toxicity of dyes in fish
population dynamics. Synthetic azo colorants should be considered as emerging pollutants because they are discharged into the
aquatic environment and are not currently included in the environmental regulation of several countries.
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Introduction

Industrial wastewater discharges cause water pollution and pose
significant environmental problems. The textile dyeing and
finishing industries contribute significantly to water pollution.
According to Kant (2012), approximately 17 to 20% of industrial
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wastes correspond to dye discharges. Effluents containing azo
dyes induce water coloration; in addition to the aesthetic effects,
dyes reduce light penetration and affect photosynthesis of phy-
toplankton and aquatic plants (Hernandez-Zamora et al. 2014),
reducing dissolved oxygen concentration and negatively affect-
ing the biota in the aquatic ecosystem (Xu et al. 2005). Another
concern is raised because many of the dyes are made from car-
cinogenic compounds, such as benzidine (Golka et al. 2004).

Benzidine production was banned in 1997 (Pielesz 1999),
but the use and manufacture of this compound continue due to
its low cost. Congo red is a benzidine-based anionic diazo dye
prepared by coupling tetrazotized benzidine with two mole-
cules of naphthionic acid (Purkait et al. 2007). This dye is
highly water soluble and has a stout affinity to cellulose fibers;
for this reason, it is used in textile, paper, rubber, and plastic
industries (Mahapatra et al. 2013).
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Removal of textile dyes from wastewater becomes of funda-
mental importance for the protection of the aquatic environment.
Physical, biological, and chemical methods like adsorption,
membrane filtration, ion exchange, coagulation-flocculation,
and advanced oxidation processes have been used for the remov-
al of dyes (Qu et al. 2015; Buthiyappan et al. 2016). However,
some degradation products could be more toxic than the colorant;
for example, benzidine is a toxic metabolite produced during the
degradation of the azo dye Direct Red 28 (Sponza and Isik 2005).

The environmental impact caused by the discharge of tex-
tile dye effluents has been scarcely studied, and information
about concentrations in the aquatic environment has been
determined only in recent years. Environment Canada and
Health Canada (2009, 2013a, 2013b) estimated, in Canadian
waters, concentrations of disazo dyes, azo solvent dyes (e.g.,
Sudan Red G), and azo disperse dyes (e.g., Disperse Yellow 7)
of 3.7, 0.40-10.8, and 0.12-102.7 ug L', respectively. In
South America, Vacchi et al. (2016) studied the occurrence
of Disperse Red 1 dye in a river in Sao Paulo State, Brazil,
reporting concentrations in a range of 50-500 ug L™'. No
other data is available for other regions of the world, although
colored waters have been documented profusely.

Some basic, acid, and direct azo dyes can be classified as
toxic or very toxic to fish, crustaceans, algae, and bacteria,
whereas reactive azo dyes are toxic only at very high concen-
trations (> 100 mg L") (Novotny et al. 2006). The evaluation
of the toxic effects of pollutants on freshwater ecosystems is
conducted through the controlled exposure of selected test
organisms, which should be preferably representative of the
main communities in aquatic ecosystems (Hernandez-Zamora
et al. 2016), including algae, cladocerans, and fish.

Green algae are the primary producers in aquatic ecosys-
tems and are also bioindicator organisms. Microalgae are used
to evaluate water quality and the toxicity of chemical pollut-
ants (Wen et al. 2011; Xu et al. 2013), including metals, her-
bicides, insecticides, and other xenobiotics (Levy et al. 2007;
Qian et al. 2008; Jena et al. 2012).

Due to their ecological relevance, cladocerans are often used
as test organisms because they are one of the main components
of the zooplankton community and act as a fundamental link
between primary producers and secondary consumers
(Martinez-Jerénimo et al. 2000). Daphnia magna and
Ceriodaphnia dubia are reference test organisms for ecotoxico-
logical studies (Blaise and Férard 2005). Specifically, D. magna
has been used to assess the toxicity of dyes and metals (Heugens
et al. 2003; Bae and Freeman 2007; Croce et al. 2017).

Zebrafish has been widely used as a vertebrate model or-
ganism for assessing the toxicity of chemicals (Selderslaghs
et al. 2012; Gu et al. 2010; Rekha et al. 2008). Zebrafish
embryos enable the identification of different endpoints and
allow elucidation of mechanisms of toxicity (Hill et al. 2005).
Zebrafish has also been used to determine the toxicity of some
dyes (Parrott et al. 2016; Rodrigues de Oliveira et al. 2016).
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Toxic effects of synthetic dyes have not been deeply stud-
ied. Frequently, more attention is focused on the unpleasant
aesthetic impact of colored waters, but the toxicity on aquatic
biota has not been fully documented. Because toxic responses
are expected to be different in the different communities in
aquatic ecosystems, the use of single species toxicity tests
would provide limited information; consequently, an array of
species representing different trophic levels undoubtedly
could provide evidence that enables a better understanding
of the negative impact of synthetic dyes in hydrobionts.

We evaluated the toxic effect of the azo dye Congo red on a
battery of bioassays, including a primary producer
(Pseudokirchneriella subcapitata), two primary consumers
(the reference species Daphnia magna and the tropical cladoc-
eran Ceriodaphnia rigaudi), and a zooplankton feeder fish
(Danio rerio). The aim was to determine the effects of CR in
different representants of aquatic biota in freshwater environ-
ments to establish the adverse effects expected when this dye
pollutes water.

Material and methods
Dye

Congo red (CR) azo dye (C3,H,,N¢O6S,Na,, also called
Direct Red 28, molecular weight 696.7 g mol ') was obtained
from Sigma-Aldrich®. For all the experiments, the dye was
prepared as a stock solution at 1000 mg L™ with deionized
water and this solution was stored protected from light at 4 °C.

Test organisms

Experiments were conducted with the chlorophycean
microalga Pseudokirchneriella subcapitata grown in batch
cultures under aseptic conditions. The strain was obtained
from the Laboratorio de Hidrobiologia Experimental of the
Escuela Nacional de Ciencias Biologicas, Instituto
Politécnico Nacional, Mexico City, Mexico.

P, subcapitata was axenically cultured in 250 mL of Bold’s
basal medium (250 mg L' NaNOs;, 25 mg L™ CaCl,*2H,0,
75 mg L™ MgSO47H,0, 75 mg L™ K,HPO,, 175 mg L™
KH,PO,, 25 mg L' NaCl, 4.98 mg L' of FeSO4*7H,0,
0.001 mL L' H,SO,, 11.42 mg L' H;BOs, 50 mg L'
EDTA, 31 mg L' KOH, 8.82 mg L' ZnSO,+7H,0,
1.44 mg L™ MnCl,*4H,0, 0.71 mg L' MoOs, 1.57 mg L™
CuS04+5H,0, 0.49 mg L™ Co(NO;)2+6H,0 (Stein 1973),
using 500-mL, flat-sided glass bottles. The incubation condi-
tions were as follows: 24 + 1 °C; 120 umol m2s ™' light inten-
sity, continuous illumination (no photoperiod), and continuous
airflow bubbling (200 mL min ).

The clonal strains of cladocerans used in experiments were
obtained from the collection of the Laboratorio de
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Hidrobiologia Experimental of the Escuela Nacional de
Ciencias Biologicas, Instituto Politécnico Nacional, Mexico
City, Mexico. Daphnia magna and Ceriodaphnia rigaudi
were cultured in ISO medium (2 mM CaCl,*2H,0, 0.5 mM
MgS0,4¢7H,0, 0.75 mM NaHCOs3, 0.07 mM KCI) (ISO
1996) diluted 5:1 with deionized water. Both cladocerans were
maintained at 25 + 1 °C in environmental chambers with a
photoperiod of 16:8 h (light/darkness).

According to USEPA (2002), cultures were fed daily with
1 x 10° cells mL ™" of P. subcapitata to maintain the organisms
in optimum condition to provide maximum reproduction.

Controlled batches of known age females of each species
were implemented for neonate production (< 24-h-old)
(USEPA 2002). Once reproduction began, adult parthenoge-
netic females were separated, and the released progeny was
carefully collected by filtering through a 125-pum sieve; neo-
nates obtained from the third brood and after that were used
for the tests (Hernandez-Zamora et al. 2015; Martinez-
Jerénimo et al. 2008).

Adult male and female zebrafish were obtained from the
fish collection of the Laboratorio de Hidrobiologia
Experimental of the Escuela Nacional de Ciencias
Biologicas, Instituto Politecnico Nacional, Mexico City,
Mexico, where they have been successfully maintained
through controlled cultivation for over 8 years. The
protocol proposed by OECD (2013) Guideline 236 was
followed to obtain fertilized eggs. Briefly, the day before
the test, adult zebrafish, males and females (ratio 2:1), were
placed in spawning tanks few hours before the onset of
darkness. Mating, spawning, and fertilization took place
within 30 min after the onset of light in the morning.
The zebrafish eggs were collected and cleaned in ISO me-
dium. All eggs were examined under a stereomicroscope,
and unfertilized eggs were discarded; live embryos were
used for the toxicity tests.

Determination of the median inhibitory concentration
(ICs0) of microalgae exposed to Congo red

The median inhibitory concentration (ICsy) was calculated
according to the OECD protocol 201 (OECD 2011) to deter-
mine the toxic effects of CR on microalgae. For this purpose,
bioassays with axenic inocula of P. subcapitata were exposed
to different concentrations of CR (4, 8, 16, 32, and 64 mg Lfl)
in OECD medium (pH 8.1); initial inoculum was 1 x 10* cells
mL ™", Cell density was determined using a Neubauer’s hemo-
cytometer. Incubation conditions for the tests were 24+ 1 °C
and continuous fluorescent light of 120 pmol m s ™", The test
period was 96 h; samples were obtained every 24 h to evaluate
cellular density in a Neubauer hemocytometer. The average
IC5q value was obtained from three independent assays, with
three replicates for each bioassay.

Sub-inhibitory toxicity test in P. subcapitata

Once ICs( was determined, P. subcapitata was grown for 96 h
in OECD medium containing the CR concentrations equiva-
lent to the IC,, IC,,, and IC5,. Test vessels were incubated at
24+ 1 °C, continuous illumination of 120 pwmol m 2s !, and
constant bubbling with an airflow of 200 mL min ™.

Experiments were performed in flat-sided glass bottles
with a total capacity of 500 mL and a test volume of
250 mL. The cell density was determined daily. After
96 h of exposure, the biomass was centrifuged at
3500 rpm for 10 min. Immediately after, the microalgae
pellet was washed three times using OECD medium to
eliminate all the dye remnants and the dye possibly
adsorbed to the cell wall, following the centrifugation pro-
cedure previously described. Lastly, the cells were resus-
pended in OECD medium and stored in darkness at 4 °C to
determine pigments and macromolecules.

Photosynthetic pigments

Photosynthetic pigments were determined as follows: (i)
samples of 500 puL were centrifuged at 14,000 rpm for
3 min at room temperature; (ii) supernatant was discarded
and the pellet was added 600 pL of dimethyl sulfoxide
(DMSO); (iii) sample was vortexed for 20 s and centri-
fuged at 14,000 rpm for 3 min; (iv) samples were kept
for 2 min under dark conditions at room temperature, and
after this centrifuged at 14,000 rpm for 3 min; (v) super-
natant was separated, and the absorbance of chlorophyll
(Chl) a, Chl b, and total carotenoids were read at 665,
649, and 470 nm respectively; and finally, (vi) the concen-
tration of photosynthetic pigments were determined accord-
ing to the equations of Wellburn (1994):

CthI’Ophyll a (Chl a) =12.19 A665_3-45 A649

CthI’Ophyll b (Chl b) =21.99 A649_5.32 A665
1000 A470—2.86 Chl,—129.2 Chli,,

221

Carotenoids =

Proteins

Soluble protein of P. subcapitata cells was extracted as fol-
lows: (i) samples of 500 puL was centrifuged at 14,000 rpm
for 3 min and the supernatant was discarded; (ii) pellet was
added 300 uL of 1 N NaOH solution and vortex for 20 s; (iii)
sample was heated on a hot plate at 90 °C for 15 min; (iv)
sample was centrifuged at 14,000 rpm for 5 min; (vi) 100 uL
of supernatant was used to determinant the amount of protein
by the Lowry method (Lowry et al. 1951). Bovine serum
albumin was used as a standard solution. Absorbance was
read at 590 nm.
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Carbohydrates

Carbohydrates were extracted as follows: (i) 500 puL of sample
was centrifuged at 14,000 rpm for 3 min and the supernatant
was discarded; (ii) pellet was added 400 pL of solution 2 N
HCI, and vortexed during 20 s; (iii) sample was heated on a
hot plate at 90 °C for 1 h; (iv) sample was cooled at room
temperature and centrifuged at 14,000 rpm for 5 min; (v)
100 puL of supernatant was used to quantify total carbohy-
drates. Glucose was used as a standard solution. The concen-
tration of carbohydrates was determined according to Dubois
et al. (1951) and the absorbance was read at 490 nm.

Lipids

Lipids were quantified as follows: (i) 500 uL of sample was
centrifuged at 14,000 rpm for 3 min and the supernatant was
discarded; (ii) pellet was added 400 pL of chloroform and
200 pL of methanol, and vortexed for 20 s; (iii) 500 uL of
deionized water was added to samples and centrifuged at
14,000 rpm for 5 min; (iv) organic phase was used to quantify
lipids. The concentration of lipids was determined according
to Zollner and Kirsch (1962), using cholesterol as a standard.
Absorbance was read at 525 nm.

Determination of the median lethal concentration
(LCso) for D. magna and C. rigaudi exposed to CR

The acute toxic effects of Congo red in cladocerans were deter-
mined at 48 h, following the procedure suggested by USEPA
(2002) and Hernandez-Zamora et al. (2016). After a range-
finding test, final assayed CR concentrations were 25, 50, 100,
200, 300, and 400 mg L', ISO medium and deionized water
(1:5) was used as dilution water; test volume was 33 mL in each
of three replicates. Ten neonates per replicate were transferred to
each test vessel. Incubation was in an environmental chamber
(24 +1 °C, 16:8 h light: darkness). No food was supplied during
the assays. The number of affected, immobilized, and dead (no
heartbeat, through observation at the sterecomicroscope) organ-
isms was recorded at 24 and 48 h. The average LCsy was ob-
tained from three independent bioassays for each cladoceran.

Zebrafish toxicity test

Two sets of CR concentrations were tested; the first one was
6.25,12.5,25, 50, 100 mg L', Because reduced toxic effects
were observed, a second range was assayed: 100, 200, 300,
400, and 500 mg L™". Congo red was dissolved in ISO medi-
um: deionized water (1:5). 3,4-Dichloroaniline (4 mg LY
was used as positive control, and ISO medium: deionized
water (1:5) was the negative control. We followed the proce-
dures described in the OECD guideline 236 (OECD 2013) and
by Busquet et al. (2014).
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The test started with 2-hpf (hours post-fertilization) embry-
o0s. One egg was distributed in each well of 24-well plates,
containing 2 mL of freshly prepared test solution (final vol-
ume per well). Test organisms were distributed as follows: (a)
20 eggs for each concentration of RC (one plate for each
concentration); (b) 20 eggs as positive control on one plate;
(c) 4 eggs as negative, internal control on each of the above-
described plates; and (d) 24 eggs as negative external control
in a different plate. The tests were incubated at 26 £ 1 °C for
144 h with a photoperiod of 16:8 h (light: darkness) in an
environmental chamber. Renewal of test solution was as de-
scribed in the OECD guideline (OECD 2013).

Endpoints of lethal and sublethal effects in early life stages
(ELS) of D. rerio

Toxic effects in ELS of zebrafish were determined according
to the criteria described in the OECD guideline 236 through
observations at 24, 48, 72, and 96 h, but extended observa-
tions were performed at 120 and 144 hpf. Lethal endpoints
were coagulation, no tail detachment, no somite formation,
and no heartbeat (this last one measured after 48 h). Table 1
shows the endpoints evaluated in the present study, according
to Rodrigues de Oliveira et al. (2016). The criteria established
in the OECD guideline 236 were followed to distinguish be-
tween normal and abnormal embryonic development param-
eters. The four endpoints that indicated acute toxicity and
consequently death of the embryos are egg coagulation, no
tail detachment, no somite formation, and no heartbeat. The
sublethal endpoints used to assess the effects of the RC on
zebrafish development included deformities in the yolk sac,
gas bladder, and skeleton, as well as a delay in larval hatching
rate.

Table 1 Toxic endpoints used to evaluate lethal and sublethal effects of
RC on zebrafish embryos*

Toxic endpoints Exposure time (h post-fertilization, hpf)

24 48 72 96 120 144

Lethal
Coagulation X X X X X X
Tail detachment X X X X X X
No somite formation X X X X X X
No heartbeat X X X X X
Sublethal
Yolk sac edema X X X X
Gas bladder defect X X X X
Skeletal deformities X X X X
Hatching rate X X X X

*Rodrigues de Oliveira et al. (2016)
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Statistical analysis

The median inhibitory concentration (ICsq) and the median lethal
concentration (LCs) with the corresponding 95% confidence
intervals were calculated via the Probit method, using RA soft-
ware (Risk Assessment, Hazard Assessment Tools, v. 1.0). To
compare differences among treatments, one-way analysis of var-
iance (ANOVA) was performed followed by Dunnett’s compar-
ison test to identify significant differences between treatments
and the control, and by Tukey’s pairwise comparison test to make
multiple comparisons among all treatments, including the control.
For all the analyses, the software Sigma Plot ver. 11.0 was used.

Results

Effect of Congo red on the microalgal population
growth

P subcapitata growth was affected by exposure to CR in all
the tested concentrations, as observed in Fig. 1a. ANOVA test
evidenced significant differences (P <0.05) for population
density values among treatments, determined at 96 h. The
Dunnett’s test demonstrated that cell densities in the five CR
concentrations were significantly lower than that observed in
the control. The average 1Cso value was 3.11 mg L' (95%
limits 1.24-5.13 mg L™").

Sub-inhibitory toxicity test

The three CR concentrations selected to assess sub-inhibitory
effects were 0.04, 0.27, and 1.15 mg L_l, equivalent to IC,
IC,, and IC3, respectively. ANOVA for 96 h cell densities
showed highly significant differences (P <0.001) (Fig. 1b).
The population growth inhibition was of 67, 69, and 80%,
respectively, for ICy, IC;q, and 1Cs,, compared to control.
According to Dunnett’s test, P. subcapitata densities were sig-
nificantly lower than that observed in the control (P <0.001).

a 6,
12410 © 0mgL"
o 4mgL?
\ #« 8mgL"
9.0x10 <+ 16 mg L
A T 32mglL’
[ © 64mg L
@ 6.0x108
©
o
3.0x105
04

Time (h)

Fig. 1 Population growth of P. subcapitata exposed during 96 h to a
different concentrations of Congo red for the determination of the ICs,
and b sub-inhibitory concentrations of Congo red. Symbols represent the
mean values for three bioassays with three replicates + standard error.

Figure 2a shows the concentration of photosynthetic pig-
ments quantified at the end of the assay (96 h). ANOVA showed
highly significant differences (P < 0.001). The chlorophyll  and
b contents in the cells exposed to 0.27 and 1.15 mg L™ were
significantly higher than the control (Dunnett’s test, P < 0.05).
Furthermore, carotenoids in cells exposed to all CR concentra-
tions were significantly higher than the control by Dunnett’s test.
The differences among treatments determined by Tukey’s post
hoc multiple comparisons test are shown in Fig. 2a; the concen-
tration of chlorophyll @ and b was significantly different at the
highest tested concentration (1.15 mg L™"). The carotenoid con-
tent per cell increased with increasing CR concentrations.

The effect of CR on the content of macromolecules (proteins,
carbohydrates, and lipids) measured at the end of the assay (96 h)
is shown in Fig. 2b. Regarding proteins, ANOVA demonstrated
highly significant differences among treatments (P <0.001).
Dunnett’s test evidenced that proteins in cells exposed to
0.04 mg L' CR concentration was significantly higher than that
measured in the control series (P < 0.05). Protein concentration
in the control and cells exposed to 0.27 and 1.15 mg L™ were
not significantly different among them (Tukey’s test, P <0.05).

The concentration of carbohydrates per cell was signifi-
cantly different among treatments (ANOVA, P < 0.05). In all
CR concentrations, the concentration of carbohydrates was
significantly higher (2, 2.4, and 2.7 times for 0.04, 0.27, and
1.15 mg L' CR, respectively) than that observed in the con-
trol (Dunnett’s test, P < 0.05).

The concentration of lipids per cell was significantly different
among treatments and control (ANOVA, P < 0.001); as observed
in Fig. 2b, lipid content was higher in all the algae exposed to CR
(Dunnett’s test, P < 0.05); the highest values were recorded with
0.27 and 1.15 mg L™' CR (Tukey test, P <0.05).

Effect of Congo red on cladocerans D. magna
and C. rigaudi

Survival percentages of D. magna decreased significantly
(P<0.05) in organism exposed to 300 and 400 mg L.

1.2x107

1.0x107 © 0mgL”
&a © 0.04 mg L
8.0x10°¢: # 0.27 mg L’
- + 115mg L’
E
3.0x108 B
2> i
3
© 2.0x108
cx
1.0x108
0
0 24 48 72 96
Time (h)

Asterisk indicates significant differences (P < 0.05) with respect to con-
trol (Dunnett’s test). Different letters indicate significant differences
(P <0.05) after Tukey’s pairwise comparisons
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Fig. 2 Biomarkers in cells of P. subcapitata exposed to sub-inhibitory
concentrations of Congo red during 96 h. a Concentration of photosyn-
thetic pigments. b Concentration of macromolecules. Bars represent the
mean values for three replicates + standard error bars. Asterisk indicates

Survival for C. rigaudi was significantly lower (P < 0.05)
in all tested CR concentrations, and decreased as CR
concentration increased (P <0.05). Regarding this end-
point, D. magna was more tolerant than C. dubia to
Congo red dye.

The 48-h LC5, (Probit analysis), determined as the average
of three independent bioassays, was 345.27 mg L' (95%
confidence limits, 290.65-382.52 mg L") for D. magna,
whereas for C. rigaudi, the value was 62.92 mg L™ (95%
confidence limits, 47.05-79.94 mg Lfl). This result confirms
the higher sensitivity of C. rigaudi compared to that of the
reference species D. magna.

Effect of Congo red on zebrafish embryos

Hatching rate of zebrafish larvac was measured at two differ-
ent ranges of CR concentrations: 0-100 mg L™ and 0—
500 mg L', In the negative controls, hatching started at
72 h, and 100% hatched larvae were observed at 96 h. With
all the CR concentrations, in both sets of experiments, no
hatching was recorded, despite that larvae looked well devel-
oped and had movements inside the egg.

Figure 3 shows the development of the 96 hpf zebrafish
embryos exposed to 6.25, 100, and 500 mg L' CR. At 96 h,
exposure to CR did not induce lethal responses (identified as
coagulation, no tail detachment, no somite formation, and no
heartbeat) or sublethal effects (yolk sac edema, gas bladder
deformities, or skeletal malformations). Nevertheless,
concentration-related accumulation of unidentified, tightly ad-
hered debris covering the chorion in the concentrations of 100
to 500 mg L' of the dye, was observed at 48 hpf.

At 144 hpf, exposure to CR produced no heartbeats in
embryos as the only lethal effect observed. Other effects, as
delayed pulse and yolk sac edema, increased significantly as
the concentration of CR augmented (P < 0.05), but a reverse
tendency was observed for the percentage of embryos with
curved tail (P <0.05), as shown in Fig. 4.
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No hatching was observed after 144 hpf of exposure to CR
concentrations. Because of this, the chorion was mechanically
disrupted to release the individuals to determine if the larvae
were alive. The chorion in all the CR treatments was hardened
and broke into irregular fragments because of its solidified
structure. In all cases, released larvae were alive but had re-
duced motility, and most of them had yolk sac edema, as
observed in Figs. 5b—c. Also, larvae exposed to 500 mg L™
of CR had the tail curved and red pigmentation in the tip of the
tail (Fig. 5c¢), indicating that part of the dye penetrated the
chorion. The debris covering the chorion could be deposition
of Congo red salts, and was apparently responsible for hard-
ening the chorion, impeding in this way the hatching of larvae;
the reduced movement observed in these individuals could
indicate that energy was unsuccessfully invested trying to
break the chorion.

Discussion

Results demonstrate that CR reduced the population growth and
produced sub-inhibitory effects in the chlorophycean
P, subcapitata at concentrations as low as 0.04 mg L™'. Lim
et al. (2010) have reported that the growth of the microalga
C. vulgaris decreases with increasing concentration of textile
wastewater containing azo dyes. Cheriaa et al. (2009) observed
that the growth and biomass production in Chlorella were
inhibited by exposure to 10 mg L' of indigo dye. Also, Chia
and Musa (2014) showed that the indigo dye adversely affects
cell density and dry weight, causing inhibition of the growth of
Scenedesmus quadricauda. Nevertheless, there are reports of
high susceptibility and high tolerance in algae exposed to dyes.
For example, Novotny et al. (2006) showed that P. subcapitata
was very sensitive to Disperse Blue 3 because this alga could
only grow in 0.5 mg L™ of dye. On the other hand, C. vulgaris
could grow without apparent damage exposed to 400 mg L™ of
Tectilon Yellow 2G (Acuner and Dilek 2004).
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Fig. 3 Development of zebrafish embryos during 96 hpf in the control group (a), and with the different concentrations of Congo red: b 625 mg L™, ¢

100 mg L', and d 500 mg L™

There have been very few attempts to explain what causes
cellular growth inhibition resulting from exposure to azo dyes.
Ogawa et al. (1989) reported the inhibitory effect of textile
dyes; they found that inhibition was caused by intercalation
of dye molecules between DNA base pairs, thus preventing
DNA transcription, interfering with the enzymatic activity and
cell replication. Ganesh et al. (1994) reported inhibition of

Fig. 4 No heartbeat, delayed 1001
pulse, curved tail, and yolk sac
edema in zebrafish larvae after
144 hpf exposure to different
concentrations of CR. Bars
represent the mean values for
three replicates + standard error
bars. Asterisk indicates
significant difference (P <0.05)
with respect to control (Dunnett’s
test). Different letters above the
bars indicate significant 204
differences (P < 0.05) for each

effect, after Tukey’s pairwise

Effects frequency (%)

biomass in a wastewater system from an active dye treatment,
but they suggested that this effect was caused by the products
of dye degradation rather than the dye itself. Other studies
have shown that growth inhibition is a common response of
freshwater microalgae to the toxic effect of textile effluents
because they reduce photosynthesis and cell division (Roy
et al. 2010). Herndndez-Zamora et al. (2014) reported that
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Fig. 5 Danio rerio larvae at
144 hpf in the control group (a),
and forced to hatch at 144 hpf
after exposure to Congo red
concentrations of b 100 mg L™
and ¢ 500 mg L™ Egg yolk
edema, curved tails, and colored
tail tip are shown

a) Control

one of the possible causes of the growth inhibition is related to
adecrease in metabolic activity, particularly with the alteration
of photosynthetic activity at the electron donor stage of pho-
tosystem II.

The sensitivity of P. subcapitata to the dye was established
through the mean inhibitory concentration (ICsq, 3.11 mg LY.
In another study, Hernandez-Zamora et al. (2016) reported an
ICso 0f 5.19 mg L™ for C. vulgaris exposed to Congo red after
96 h of incubation. Novotny et al. (2006) reported a similar
result for Selenastrum capricornutum after 96 h of exposure
to Congo red (ECsp, 4.8 + 1.0 mg L"). Other studies have
reported that the sensitivity of microalgae to dyes is very high;
for example, Vacchi et al. (2016) mentioned that Raphidocelis
subcapitata exposed to Disperse Red 1 for 72 h had an ECs, of
102 mg L'. Chia and Musa (2014) reported an ECs, of
162.52 mg L™! for Scenedesmus quadricauda exposed to indi-
go dye. Based on the results of this research and the published
information, we can assume that the sensitivity of microalgae to
azo dyes could be related mainly to their chemical structure and
concentration, although the response could also be species-
specific.

Determination of chlorophyll @, b, and carotenoid concentra-
tions could indirectly evaluate photosynthetic function. CR ex-
posure stimulated the content of photosynthetic pigments, as
observed in Fig. 2a. There are few reports on the effect of dyes
on the content of photosynthetic pigments. Hernandez-Zamora
et al. (2014) mention that the total chlorophyll (a + b) of
C. vulgaris exposed to Congo red decreased significantly com-
pared to the control, as the dye concentration increased; this
effect was opposite to the results found in the present study.
Studies with other toxicants have found that when the microalga
P. subcapitata is exposed to 18.23 umol L' of tylosin

@ Springer

b) 100 mg L-!

(antibiotic) for 4 days, the total chlorophyll and carotenoid con-
tent increased 185 and 165%, respectively, compared to the con-
trol (Guo et al. 2016). Petit et al. (2010) reported that the total
chlorophyll content in the microalga Chlamydomonas
reinhardtii increased 121% compared with the control when it
was exposed to polyamidoamine (0.76 umol L ™).

Regarding the increase in the concentration of carotenoids
(Fig. 2a), these pigments may be acting as protectors against
the chlorophyll photooxidation, as observed in the marine
microalga Dunaliella salina (Marin et al. 1998). Kebede
(1997) also reported the role of carotenoids in protecting chlo-
rophyll from photooxidation. Furthermore, Richardson et al.
(2002) reported that in microalgae under stress situations, the
carotenoid content increased. Carotenoids are antioxidant
molecules counterbalancing reactive oxygen species in cells.

The macromolecules (proteins, carbohydrates, and lipids)
were affected by the exposure to CR (Fig. 2b). Proteins are
important molecules that are mainly involved in structures,
transport, and enzymatic activity. Cells of P. subcapitata had
soluble protein reduction only with the CR concentration of
0.04 mg L', Carfagna et al. (2013) observed protein reduction
in C. vulgaris exposed to toxic metals, like lead and cadmium.

Carbohydrates and lipid concentrations (Fig. 2b) significantly
increased in P. subcapitata exposed to CR; both these molecules
are importantly involved in the biosynthesis of storage products
in microalgae (George et al. 2014). Carbohydrates are relevant
for the structure of the cell wall and represent an important form
of energy readily used; they are also intermediaries in the pho-
tosynthetic and respiratory pathways. On the other hand, lipids
are important energy storage products and are also essential for
cell and organelle membranes. If microalgae are under stress
conditions, lipid synthesis is frequently favored (George et al.
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2014; Han et al. 2011); thus, an increase in lipids could be
observed as a chemical stress response.

George et al. (2014) mentioned that under unfavorable con-
ditions, microalgal growth is arrested, photosynthetic activity
decreases, and the excess energy could be stored as carbohy-
drates and lipids, as observed in the present study (Fig. 2b).
Stress conditions, such as inadequate values of light (quality
and quantity), CO, concentration, pH, nutrient deficiency, as
well as some chemical pollutants, promote the synthesis of
carbohydrates and lipids (Cheng and He 2014; George et al.
2014; Chen et al. 2013; Sharma et al. 2012; Yu et al. 2011).

Regarding cladocerans, C. rigaudi was more sensitive than
D. magna to CR (Fig. 3). This sensitivity was confirmed with
the values of ECs; C. rigaudi was approximately 50 times
more sensitive than D. magna to CR (62.92 and 322.9 mg L™
of dye, respectively). Although we determined the LCs, at
non-environmentally relevant concentrations for D. magna,
we observed that the digestive tract of test organisms was
remarkably red colored; hence, toxic effects could be expected
at sub-chronic exposures.

On the effect of Congo red on cladocerans, Hernandez-
Zamora et al. (2015) reported that the ECs, of CR (dissolved
in Bold’s basal medium) for D. magna and C. dubia were 17.0
and 3.32 mg L', respectively. Wong et al. (2006) evaluated
the acute toxicity of CR in Moina macrocopa at 4 and 7 days,
reporting LCs, values of 0.16 and 0.07 mg L™, respectively.
The reported values in published papers are below the one
found in our study; however, test conditions were rather dif-
ferent regarding exposure time, dilution water, and cladoceran
species, factors that could help to explain these differences.

Dye toxicity to cladocerans reported by different authors
denoted higher LCs( values than those we observed. Verma
(2008) mentioned that the 48-h ECs, values for two azo dyes
in D. magna were 47 mg L' and 55 mg L™, respectively, for
Remazol Golden Yellow and Remazol Parrot Green. Meric
et al. (2005) reported in D. magna, exposed to the dye
Remazol Black B, an ECs, value of 75 mg L™'. In contrast,
lower LCsq values have also been reported; Bae and Freeman
(2007) studied the toxicity of different dyes in D. magna and
reported that Direct Blue 218 was very toxic for daphnids,
obtaining LCs, values of 1-10 mg L™". In addition, de Luna
et al. (2014) observed that the anthraquinone dye, Vat Green 3,
was highly toxic to Daphnia similis (ECs, 6.9 mg L") and
C. dubia (ECsg, 0.5 mg LY. Other studies demonstrated that
two xanthene dyes exerted different toxicities on Daphnia
pulex; the 48-h LCs, for phloxine B was 0.423 mg L', whereas
for fluorescein, it was 337 mg L' (Walthall and Stark 1999).

Few studies reported dye toxicity below 1 mg L™". Artal et al.
(2011) demonstrated that the azo dye, Disperse Red 1, caused
immobility in the copepod Nitroka sp., with an ECsq (96 h) of
0.14 mg L', Ferraz et al. (2010) determined that the dyes
Disperse Red 1 and Disperse Red 13 are highly toxic to
D. similis, with ECsq values of 127 and 18.7 ug L™, respectively.

Differences in the values reported in the literature and those
found in this study can be attributed not only to the type of dye
but also to species-specific responses, indicating that there are
species of zooplankton that are more sensitive. For this reason,
it is important to classify the toxicity of dyes correctly, taking
into account the differences in sensitivity that zooplankton
species could have. Based on the ECs values, emerging con-
taminants can be classified as harmful (ECs,, 10—
100 mg L), toxic (ECso, 1-10 mg L"), or very toxic
(ECsp, <1 mg L") (Bhaskar et al. 2015). According to this
classification, some of the most common azo dyes could be
categorized as toxic to very toxic.

All concentrations of CR precluded hatching of zebrafish
embryos during the normal exposure time (96 h) and up to
144 hpf (Fig. 4a-b), as the extended incubation time. This
effect on hatching was the consequence of the inability of
the embryos to break the chorion as also observed by Du
et al. (2012). Rodrigues de Oliveira et al. (2016) reported no
significant mortality in hatched larvae exposed to Reactive
Orange 16 at 144 hpf; however, from 96 to 120 hpf, the
Reactive Orange 16 significantly delayed or inhibited the abil-
ity of zebrafish embryos to hatch at the highest concentration
tested (100 mg L™"). This effect on hatching rate was similar to
that observed in our study with Congo red dye.

Exposure to CR did not induce lethal or sublethal effects in
the development of embryos in the tested conditions. It is
likely that, during the embryo stage, the chorion protected
the embryo during the first 5 days of exposure (Parrott et al.
2016). Apparently, the Congo red dye did not cross over the
chorion barrier but produced an accumulation of CR debris
adhered to the chorion at highest CR concentrations,
inhibiting larval hatching. Nevertheless, the embryonic devel-
opment was not affected at 96 hpf and the sole lethal effect
observed in zebrafish embryos was no heartbeat. The inclu-
sion of sublethal endpoints in toxicity tests is important, be-
cause such effects may occur in non-target organisms, and
significantly impact on population or ecosystem structure
(Lammer et al. 2009).

Exposure to CR induced sublethal effects in embryos in the
tested conditions. Such damages included yolk sac edema
(Figs. 4 and 5b—c), skeletal deformities (Figs. 4 and Sb—c), and
delayed or precluded hatching. Yolk sac provides vital nutritive
materials during larval development, playing an important role in
the early development of zebrafish; yolk sac edema is a deformity
produced by chemical stress and is an important toxicological
endpoint (Li et al. 2011). Development malformations like yolk
sac edema and curved tail were observed at 144 hpf (Fig. Sb—).

Congo red dye is not acutely toxic to zebrafish embryos
(LCso of 476.84 mg L"), but it induces swimming bladder
deflation at concentrations ranging from 28.8 to 351 mg L™
(Soni et al. 2006); hence, sublethal effects could be expected
during chronic exposure. Rodrigues de Oliveira et al. (2016)
reported that the Direct Black 38 (DB38) dye produced swim
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bladder deflation at 6.25 mg L™" after 96 hpf and that larvae
exposed to DB38 at 25 mg L' presented noninflated gas
bladder and curved tail at 120 and 144 hpf. The dye Vat
Green 3 at 100 mg L' did not cause lethal effects in zebrafish
embryos, but sublethal effects like yolk sac edema and swim
bladder deflation occurred at 120 hpf. Jang et al. (2009) ob-
served blood circulation defects, including slow heartbeat,
heart edema, blood accumulation near the heart region, and
a big yolk; these effects were evident after 72 hpf in D. rerio
embryos exposed to Malachite Green (150 mgL ™).

The toxicity of six different textile dyes (Basic Blue 159,
Remazol Red RR, Cibacron Red FN-3G, Cibacron Blue FNR,
Basic Red 46, and Reactive Blue 21) has been evaluated in
Xenopus laevis embryos. The authors observed that low con-
centrations of all of these dyes produced tail flexure as well as
yolk and head edemas (Birhanli and Ozmen 2005).

Zebrafish embryos exposed to azo dyes displayed a wide
range of effects from deformities to hatching failures.
Although in some studies the dye concentration required to
produce an effect could be not environmentally relevant, for
some other dyes, effective concentrations were very low, so
the chemical structure of the colorant is a factor that should be
considered when ecotoxicity is determined. Furthermore,
hardening of the chorion is an important observation, as an
effect that avoids larval hatching; with all the ecological con-
sequences, this phenomenon could have in natural oviparous
fish populations.

In an overall analysis of the toxic effects of CR on different
representatives of a freshwater community, we observed that
the effect-response was quite dissimilar, depending on the
ecological position (primary producer, primary consumer, sec-
ondary consumer). Besides, in the same group, two zooplank-
ters displayed significantly different sensitivities, reflecting
that it is difficult to generalize potential toxic effects even at
the same trophic level. Nevertheless, assaying toxic effects
with test organisms representative of aquatic communities is
an approach that enables defining risk scenarios in a wider
context. Effects of synthetic azo dyes on aquatic biota is a
matter of concern at present. First, because of the significant
water volumes used in the textile activity and the amounts of
dye remnants discharged without treatment, and secondly due
to the potential biological damages that can be produced to
hydrobionts. Our results alert about the potential toxic effects
expected in aquatic ecosystems.

Conclusions

The negative effects observed in P. subcapitata confirm the
vulnerability of primary producers to Congo red dye because
this synthetic colorant inhibits population growth, altering the
photosynthetic pigment concentration and the macromolecule
content.

@ Springer

CR exposure produced different acute toxic effects in two
zooplankters, indicating differences in the sensitivity of simi-
lar organisms.

Congo red hindered Danio rerio embryos of hatching after
144 hpf, and although they were alive at that time, they pre-
sented yolk sac edema and curved tail. This effect warns about
possible negative consequences of CR exposure on oviparous
fish.

The toxic effects found in primary producers, primary con-
sumers, and secondary consumers evidence the potential dam-
age that azo dyes could cause to aquatic ecosystems receiving
discharges containing Congo red dye remnants. Azo dyes
should be considered emerging pollutants because they are
frequently discharged into the aquatic environment and are
not currently included in environmental monitoring and regu-
lation programs in many countries.
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