Oxidative stress biomarkers in Oreochromis niloticus as early
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diffuse sources of pollutants in a subtropical river
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ABSTRACT
This study investigated the use of an exotic fish species Oreochromis niloticus as a bio-indicator organism in active
biomonitoring of Yellow Jacket and Mazowe rivers, Zimbabwe, receiving acid mine drainage from Iron Duke Mine. The
Yellow Jacket River flows through Iron Duke Pyrite Mine while the Mazowe River passes through the Mazowe factory
and estate shop that receives runoff from intensive agricultural activities. Active biomonitoring (ABM) exposures were
conducted for 6 weeks in effluent-contaminated sections of the rivers during high flow, from February to March 2013. A set of
biomarkers of exposure and effect (glutathione S-transferase, catalase and metallothioneins) were selected and their responses
determined in O. niloticus liver, gills and muscle. We hypothesized that the increase in activities of GST, CAT and MT in
exposed fish, in comparison to control fish, can be used to assess river water quality using O. niloticus. Biomarker expression
was measured after 4 and 6 weeks and compared against control fish kept under laboratory conditions without contaminants.
Concentrations of zinc, cadmium, chromium, nickel, lead, copper, manganese, arsenic and iron were measured in flowing
water, riverbed sediments and muscle tissue of actively biomonitored O. niloticus. Key water quality parameters, including
dissolved oxygen and conductivity, clearly showed a pollution gradient from Iron Duke Mine. Expression of CAT and GST
was highest in the liver, compared to gills and muscles, after 4 and 6 weeks of exposure, and their expression was lower
(p <0.05) in control fish. The expression of the enzymes was not significantly difterent after 6 weeks compared to 4 weeks.
Increased enzyme expressions at Site 1, which is upstream from Iron Duke Mine, were comparable to enzyme expressions at
Sites 3, 4, 5 and 6, which correlated with increased zinc concentrations in the exposed fish muscle tissue. The general order
of metal concentrations was sediments > water > fish, except for zinc, which had the highest bioconcentration factors. Using
the GST, CAT and MT we concluded that Mazowe and Yellow Jacket rivers are contaminated and that these oxidative stress
biomarkers can successfully be used in assessing pollution from point sources such as acid mine drainage, as well as diffuse

sources of pollutants such as commercial agriculture.
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INTRODUCTION

Acid mine drainage can degrade water quality (Nyamadzawo,
2007; Ravengai et al., 2005) and poses a threat to native
aquatic life (William and Smith, 2000) through elevated
acidity and the accumulation of metals through increased
mobility and bioavailability of these metals.

Biomarkers are topical in ecotoxicology because they
provide functional measures of receptor species and
exposure to environmental stressors that can be better
related to adverse effects of human activities (Adams et al.,
2001). They can provide a functional measure of organism
response when exposed to single and complex mixtures of
chemical stressors that are bioavailable in the environment.
Biomarkers can provide early warning of potential higher-
level effects that may not be obtainable through chemical
analyses or other methods of investigation. The most
compelling reason for using biomarkers is that they can give
information on biological effects of pollutants rather than a
mere quantification of their environmental levels (Wepener
etal., 2005). Enzyme activities which include oxidative
stress biomarkers and sub-cellular components are the most
commonly used biomarkers. These have been shown to be

*  To whom all correspondence should be addressed.
e-mail: zviregei@gmail.com or zjiri@buse.ac.zw
Received 20 September 2016; accepted in revised form 10 April 2018

http://dx.doi.org/10.4314/wsa.v44i2.17

Available on website http://www.wrc.org.za

ISSN 1816-7950 (Online) = Water SA Vol. 42 No. 2 April 2018
Published under a Creative Commons Attribution Licence

sensitive indicators demonstrating the penetration of a toxic
substance into the organism and its distribution among
tissues (Slatinska et al., 2008). Oxidative stress biomarkers are
known biomarkers of metal exposure and effect. Glutathione
S-transferase activity in fish, especially in areas polluted

by metals, pesticides and other industrial contaminants,
appears to be the most sensitive and widely used catalytic
probe to observe and monitor pollution of aquatic ecosystems
(Gadagbui and James, 2000).

The monitoring of aquatic systems to slow down
biodiversity loss is in line with both the UN Convention on
Biological Diversity (CBD) of 2002 and Goal Number 7 of
the Millennium Development Goals (MDG), i.e. halving the
proportion of people without access to safe drinking water
by 2015 (Muisa et al., 2010). Iron Duke Mine (IDM) is one
of the most studied mines causing acid mine drainage and
affecting surface water in Zimbabwe. Studies, however, have
concentrated on the chemical characterization of pollutants
(William and Smith, 2000; Nyamadzawo, 2007; Ravengai et
al., 2005; Chizvondo, 2007; Magadza and Masendu, 1986) and
only a few have looked at the effects of acid mine drainage
on benthic macroinvertebrates. However, there is no study
that has employed active biomonitoring in the Mazowe
and Yellow Jacket Rivers, which are important tributaries
of the Zambezi River. Although a combination of active
and passive biomonitoring is a potentially excellent tool
to manage ambient water quality, this approach is not yet
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widely used for research purposes in Zimbabwean freshwater
systems. Zimbabwe, as a signatory to the SADC Protocol on
Shared Watercourses, is mandated to reduce and control the
environmental degradation of the Zambezi River (SADC,
2000). The purpose of this study was to determine the level of
water quality impairment by measuring a set of biomarkers
in Oreochromis niloticus in parallel with metal contaminants
in water and sediments to obtain comprehensive information
regarding the environmental status of the investigated area.
The set of biomarkers of exposure and effect (glutathione
S-transferase, catalase and metallothioneins) were selected
and their responses determined in O. niloticus liver, gills and
muscle. We hypothesized that GST, CAT and MT can be used
as biomarkers to assess river water quality using O. niloticus.

MATERIALS AND METHODS

Field sampling was approved by the Zimbabwe National Water
Authority and ethical approval for this study was provided by
the University of Johannesburg where the laboratory analyses
were carried out (Faculty Of Science Ethics Committee
Number 02/2013(3)). The study area is located 17° 28’ S and
31° 15" E, about 50 km north of Harare on the highveld of
Zimbabwe. The area receives an average rainfall of 800 to

1 000 mm/a, which normally falls between the months of
November and April. The study area experiences dry cold
winters from May to July with average temperatures of 15°C

and the summer season runs from November to April with
average daily temperatures of 30°C. The Yellow Jacket and
Mazoe Rivers run through the Iron Mask Mountain Range,
which stretches from the Iron Cap Mine area in the South

to the Shamva area in the North-East, forming an actuate
structure (Ravengai et al., 2005). The Yellow Jacket River cuts
through the Iron Mask Range at Iron Duke Mine and flows
north into the larger Mazowe River, which flows along the
western edge of the range (Ravengai et al., 2005). The study
area is covered by Miombo woodland with dominant tree
species that include Brachystegia spiciformis, Brachystegia
bohemii and Julbernadia globiflora, with some scattered
within the woodland. Iron Duke Mine is one of the most
studied mines causing AMD and affecting surface water in
Zimbabwe, with identified sources being the underground
tailings, waste rock dump, the processing plant and the
evaporation ponds. The study was conducted during the rainy
season as runoff and seepage from the evaporation ponds was
observed to increase during this season. A set of biomarkers
of exposure and effect (glutathione S-transferase, catalase
and metallothioneins) were selected and their responses
determined in O. niloticus liver, gills and muscle. Oxidative
stress biomarkers were used in this study as they are known
biomarkers of metal exposure and effect. We hypothesized
that GST, CAT and MT can be used as biomarkers to assess
river water quality using O. niloticus.
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Figure 1

Map showing the study area within Glendale and the location of 6 sampling sites on the Yellow Jacket and Mazoe rivers,
as well as Henderson Research Station
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Study design

The study was carried out during the high flow (wet rainy
season) from February to March 2013. A total of 6 sites were
selected: 3 sites along the Yellow Jacket River, 2 sites along

the Mazoe River and 1 site after the confluence of the two
rivers (Fig. 1). The sites were chosen according to accessibility
and have been used in previous studies (Tazvivinga et al.,
2012). The Nile Tilapia (Oreochromis niloticus), was used as

the bioindicator organism because it is hardy, survives under
extreme environmental conditions, grows more rapidly and to a
larger size than any of the indigenous Zimbabwean tilapias and
has become the main commercial fish in Zimbabwe (Mhlanga
et al., 2006). Disease-free fish were obtained from Henderson
Research Station Fisheries Section. Fish of the same age and
average standard lengths of 6 + 1.3 cm and average weight of 80
+ 1.2 g were used. Fish were deployed in non-toxic polythene
cages that were placed on the riverbed at selected sites along
the two rivers and at a reference site above the Iron Duke Mine.
Ten fish per cage were deployed in duplicate at selected sites for
6 weeks. Fish were sacrificed on site by severing the spinal cord
and dissecting the gill, liver and muscle tissue.

Water sampling

Physicochemical parameters were measured in situ during
deployment and sampling for biomarkers. Temperature (°C)
and conductivity (uS/cm) were measured in situ, using a YSI-30
Salinity-Conductivity-Temperature meter. A Fisher Sientific
Acumen AP 60 portable pH meter was used for measuring pH.
Water samples were collected in 500 mL plastic bottles that
had been washed with a phosphate-free detergent, rinsed in
distilled water and left to stand overnight in 2% hydrochloric
acid and rinsed again in distilled water. 50 mL of each water
sample was filtered through a 0.45 pm Whatman membrane
filter and acidified to pH below 2 by adding 1.5 mL Suprapur
NHO3 (65%), to prevent metals from adsorbing to the
containers. Filtering was done to remove suspended organic
and inorganic solids that could react with dissolved ions and
alter the chemistry of the water. The methods are described in
detail in an earlier study (Tazvivinga et al., 2012).

Sediment sampling

Sediment samples were collected from each site using an
acid-washed polyethene corer to a depth of 3 cm. At each
sampling site, 3 samples were collected within a distance of

15 m upstream and downstream from a central point in the
emergent zone (Mlambo, 2010). The sediments were stored

in sterilised polyethene bags and taken to the laboratory in
sealed containers containing ice packs and stored at —40°C.
Acid digestion to extract the metals from sediments was done
by adding 9 mL hydrochloric acid (30%) and 3 mL nitric acid
(65%) to 0.2 g of oven-dried sample and digesting at 200°C for
20 min in a Milestone microwave digestion system. The samples
were kept at 200°C for an additional 20 min and left to cool for
10 min thereafter. The contents of the digestion vessels were
decanted into 50 mL polypropylene volumetric flasks and made
to volume using distilled water (MilliQ) (Gerber et al., 2015).

Fish sampling

Muscle tissue samples from Oreochromis niloticus exposed
during active biomonitoring were oven-dried at 65°C for
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96 h and used for metal analysis to determine metal bio-
concentration in the fish. Acid digestion to extract metals
from O. niloticus muscle tissue was done by adding 10 mL

of Suprapur NHO, (65%) and 1 mL of H,O, to 0.5 g of oven-
dried sample and digesting at 200°C for 25 min in a Milestone
microwave digestion system. The samples were kept at 200°C
for an additional 15 min and left to cool for 10 min thereafter.
The contents of the digestion vessels were decanted into 50 mL
polypropylene volumetric flasks and made to volume using
distilled water (MilliQ).

Biomarker assays

O. niloticus were given 2 weeks to acclimatise before sampling
for biomarker assays on the 4" and 6" week after deployment.
Pooled fish samples from the two cages were used. The

fish were sacrificed on site by severing the spinal cord and
dissected for the liver, gills and muscle tissues. The samples
were stored in Hendrickson stabilizing buffer at -80°C

until biomarker analysis at the University of Johannesburg
Ecotoxicology Laboratory. Catalase activity was determined
following the method of Cohen et al. (1970). GST activity
was determined by the method of Habig et al. (1974) using
1-chloro-2,4-dinitrobenzene (CDNB) as substrate. MT was
determined following the method of Viariengo et al. (1997).
The enzyme activities were measured as specific activities
expressed in units of activity per mg of protein. The Bradford
method (Bradford, 1976) was used to determine protein
concentration in the samples and involves the binding of
Coomassie Brilliant Blue G250 to protein.

Metal determination

The following metals in water, sediments and fish were
determined on the ICP-OES (Spectro Arcos FSH12): Fe, Cr,
Mn, Co, Ni, Cu, Zn, Cd, Pb and Al. Those metals that were
below detection on the ICP-OES, as well as As, were analysed
on the ICP-MS (X-series IT). Concentrations were expressed

as pg/g of fish tissue/sediment and pg/L water. To correct for
interference from high levels of dissolved solids in the different
matrices, indium was used as an internal standard. Quality
control of metal measurements was verified by including
process blanks and certified reference material (CRMs) for
sediments, namely SL-1 (IAEA). The CRM was digested and
analysed in triplicate. The percentage recoveries of the certified
values were acceptable and ranged between 80 and 110%

TABLE 1
Total metal (ug/kg) extracted from SL-1(IAEA) certified
reference material and the percentage recovery of the
experimental procedure
Element Experimental Certified values Recovery (%)
values
Cd 0.23 +0.01 0.26 + 0.01 90.80
Cu 31+3.10 30 +£6.00 101.60
Cr 114 +7.20 104 +9.00 108.00
Fe 67.10 £ 2.58 67.40 £ 1.63 99.24
Mn 3.45+ 130 3.41 + 160.00 104.40
Pb 35.89 +1.85 37.70 £ 7.40 95.00
Zn 230.10 + 10.50 223 +10.00 101.80
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(Table 1). 50 mL of each water sample was acidified by adding
1.5 mL nitric acid before metal analysis.

The bioconcentration factor (BCF) was calculated after
metal concentrations were determined for water, sediment
and fish muscle tissue. The BCF was defined in this study
as the concentration of a metal in a fish tissue in relation to
the concentration of that metal in the water and sediment
surrounding that tissue. The BCF in this study was calculated
using the Giesy and Wiener (1979) formula:

Bioconcentration = Concentration of metals
Concentration of metal

Fish tissue (ppb)

Environment (ppb)

BCF values greater than 1 000 were considered high and
those below 250 low, while those between these extremes
were considered as moderate (Nhiwatiwa et al., 2011). The
BCF is a number that represents how much of a metal is
in a tissue relative to how much of that metal is found in
the aquatic environment; it is neither bioaccumulation nor
biomagnification. Bioconcentration is important because
metal ions usually occur in low concentrations in the aquatic
environment and subtle physiological effects go unnoticed until
gross chronic reactions become apparent (Wepener et al., 2001).
However, this approach might lead to underestimation of BCFs
for some elements due to high concentrations in other organs,
such as for instance liver and kidney (Cd) or bones (Pb).

Statistical analysis

The data were analysed using Statistical Package for Social
Scientists (SPSS) version 16.0. Statistically significant differences
between sites and the reference site were determined by analysis

of variance (ANOVA) for water physicochemical parameters to
ascertain the differences from site to site. A t-test was performed for
enzyme activity data to show differences between tissues as well as
sites and exposure period. Significance differences (p < 0.05) were
reanalysed by the Least Significant Difference (LSD) method to
determine which of the sites were significantly different from the
control. All parameters were expressed as mean + standard error.
Paired sample t-test and Kruskall-Wallis ANOVA were used to

test for differences in the biomarker responses between sites and
exposures and metal concentrations in water. Spearman correlation
tests were used to investigate the relationship between biomarker
levels and metal concentrations in O. niloticus muscle tissue and

sediments because sediments constitute the main reservoir for
metals in aquatic environments (Villares et al., 2005).

RESULTS
Physicochemical parameters

The water in the Yellow Jacket River at Sites 2 and 3 appeared
yellowish-brown due to a mixture of ochre and sediment, while
the water at Site 1 appeared clear. The water in Mazoe River at
Sites 5 and 6 appeared brownish-green due to sediment and
algae. The physiochemical parameters measured did not vary
significantly throughout the sampling period. Physicochemical
parameters that were measured in situ at the 6 sampling sites
and the control are given in Table 1. Sites 2 and 3 generally
showed high water temperature and electrical conductivity but
low pH and dissolved oxygen.

The mean temperature of the water at Site 1 was comparable
to the control and was significantly lower (p < 0.05) than the
mean water temperature at Sites 2, 3,4, 5 and 6. The mean pH
of the water at the control site was not significantly different
(p > 0.05) from that at Site 1 although it was significantly higher
(p < 0.05) than at Sites 2, 3 and 4. The electrical conductivity of
the water at Sites 1, 4, 5, 6 and control was significantly lower
(p < 0.05) than at Sites 2 and 3. The average amount of dissolved
oxygen was lowest (p < 0.05) at Site 3 (3.98) followed by Site 2
(4.52), and highest (p < 0.05) in the control (dissolved oxygen
value of 7.20 mg/L).

TABLE 2
Water physicochemical parameters measured in situ at the
6 sites and the control during the
6-week sampling period

Site Temperature pH Conductivity | Dissolved oxygen

(°C) (nS/em) (mg/L)
1 22.90* 7.70° 310.50* 5.00°
2 26.10° 5.00° 696.60° 4.50b
3 25.30 5.50¢ 677.10¢ 3.90°
4 24.90¢ 6.90¢ 346.30° 4.80%*
5 25.105 7.60* 366.90* 4.70¢
6 24.90¢ 7.60* 406.80° 4.90¢
Control | 22.50° 7.60° 309.50° 7.20¢

Columns with different letters are significantly different (p < 0.05)

TABLE 3
Average concentrations of selected metals in water at sampling sites (ug/L)
Sampling sites
Metals
1 : ; ; ; o[ Comatvar
Cd 0.05a 3.65¢ 0.52° 0.02° 0.02° 0.08* 0.01
Co 1.13b 177.50¢ 126.60°¢ 7.39¢ 0.78* 0.59* 0.02
Cu 2.44ab 29.85¢ 7.70¢ 2.06® 1.74* 1.80° 0.20
Fe 489.20b 15960.60¢ 2373.00¢ 102.60° 23.40° 59.30* 0.76
Mn 45.70ab 1147.40¢ 1082.80¢ 63.40° 3.77* 1.86° 0.07
Ni 2.66a 158.40¢ 105.60¢ 7.36" 2.63* 1.39° 0.19
Pb 0.04 2.15° 1.02° 0.02 0.49° 3.43¢ 0.13
As 12.66¢ 7.59° 5.25° 2.75* 2.34° 2.27° 0.10
Zn 26.50a 390.00°¢ 144.70¢ 22.80° 51.80° 22.40° 0.10
Nitrates (mg/L) 0.50 2.50* 2.70* 11.00° 12.00° 14.00" 0.40
Phosphates (mg/L) 0.10 0.25* 0.20* 2.10° 3.90¢ 4.00¢ 0.10
Rows with different letters are significantly different (p < 0.05)
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The mean concentrations of selected metals in water and
sediment at the sampling sites are shown in Tables 2 and 3,
respectively.

Enzyme activities

GST activity was not significantly different between the liver,
gills and muscle at all sites including the controls. GST activity
in all three tissues was lowest in control fish (p <0.05), after
both 4- and 6-week exposure periods. Activity between the two
exposure durations was not significantly different. There were
no results at Site 2 below IDM after 4 weeks and 6 weeks and at
Site 3 after 6 weeks due to fish mortality for all the measured
biomarkers. The low levels of oxygen, low pH and high metal
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concentrations resulted in the lowest water quality and led to
fish mortalities at sites closest to IDM.

Catalase activity was highest in the liver (p < 0.05) compared
to the gills and muscle at all the sites after 4 weeks as well as after
6 weeks. It was also significantly higher in the gills (p < 0.05) than
in the muscle. Catalase activity in all three tissues was lowest in
the control fish (p < 0.05) after both exposure durations.

Pellet formation only took place in the liver and gill
samples; hence MT was quantified in these tissues only. MT
concentration was highest in the liver at Site 3 after 4 weeks and
lowest in the control. There were no significant differences in
the MT concentration in the liver and gills for both exposure
durations (Fig. 4).
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Figure 2
Glutathione S-transferase (GST) activity in the liver, gill and muscle at the 6 sites and control after 4 weeks (1) and 6 weeks (2). Error bars represent
standard error of the mean.
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Figure 3

Catalase activity in the liver, gills and muscle after 4 weeks (Time 1) and 6 weeks (Time 2). Error bars represent standard error of mean (m + SE).
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Figure 4
MT concentration in the liver and gills after 4 weeks (1) and 6 weeks (2). Error bars represent standard error of mean (m + SE)
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Metals TABLE 5

Average concentrations of selected metals in O. niloticus
The concentrations of cobalt, cadmium, copper, iron, nickel, muscle tissue at sampling sites (ug/g) after 6 weeks (- below
zinc and lead in flowing water were significantly higher detection limit).
(p < 0.05) at Sites 2 and 3 while arsenic was highest at Sampling sites
Site 1, decreasing downstream. The concentration of nitrates Metals ] 2 s p
and phosphates were significantly higher (p < 0.05) at Sites
4,5 and 6 compared to the rest of the sites. The order of the Cd 0.04 0.01 - -
concentrations of the metals was Fe > Mn > Zn > Cu > Ni > As Co 116 1.53 1.27 1.19
for Sites 1, 2, 3 and 4.

The concentrations of cobalt, iron, copper and zinc in Cu 12.14 13.83 12.45 13.04
sediments were significantly higher (p < 0.05) at Sites 2, 3, 4 and Fe 211.24 243.30 180.80 150.04
5 compared to Site 1, while Site 1 was comparable to Site 6 for Mn 2.64 1.64 1.48 1.43
arsenic and cobalt. Site 1 had the highest concentration of lead Ni 749 59 ) 190
while Sites 4 and 5 had the highest concentration of manganese. ! : > : .

The order of the concentrations of metals in the sediments were Pb 0.45 0.34 0.37 0.38
Fe > As >Pb > Mn > Zn > Cu > Co. As 4.00 3.84 413 3.64

The order of concentration of metals in O. niloticus was
Zn > Fe > Cu > Ni > As > Mn for all the sites. Cadmium was Zn 491.80 520.70 519.70 428.50
below detectable limit for O niloticus exposed at Sites 5 and 6
(Table 5).

TABLE 4
Average concentrations of selected metals in sediment at sampling sites (ng/g)
Metals Sampling sites
1 2 3 4 5 6

Cd 0.17 0.20 0.29 0.24 0.17 0.45
Co 10.30 12.40 22.60 34.20 30.70 12.10
Cu 14.60 29.10 51.80 34.90 30.90 44.90
Fe 34 839.60 251507.10 57 000.50 61 515.90 133 862.40 63 179.50
Mn 102.00 80.20 75.30 191.70 217.60 39.60
Ni 22.50 23.90 78.70 59.10 50.30 51.00
Pb 197.40 178.00 38.80 20.70 26.30 40.40
As 112.10 3804.00 264.60 121.00 76.20 115.70
Zn 21.80 47.10 44.40 58.20 115.70 52.50

http://dx.doi.org/10.4314/wsa.v44i2.17

Available on website http://www.wrc.org.za

ISSN 1816-7950 (Online) = Water SA Vol. 44 No. 2 April 2018
Published under a Creative Commons Attribution Licence

323




TABLE 6
Bioconcentration factors comparing selected metals in water and sediment with O. niloticus muscle tissue at sampling sites after
6 weeks (- below detection limit).
Sampling sites
Metals 1 4 5 6 1 4 5 6
Water Sediment
Cd 0.80 - 0.24 0.04 - 0.5 - -
Co 1.03 2.02 0.11 0.04 0.04 0.21 1.63 2.02
Cu 4.98 6.69 0.83 0.40 0.40 6.71 7.16 6.69
Fe 0.43 2.53 0.006 0.004 0.001 2.37 7.73 2.53
Mn 0.06 0.77 0.03 0.009 0.007 0.03 0.40 0.77
Ni 2.82 1.37 0.33 0.13 0.04 1.03 0.69 1.37
Pb 10.23 0.11 0.002 0.02 0.01 17.00 0.76 0.11
As 0.32 1.60 0.04 0.03 0.05 1.40 1.82 1.60
Zn 18.56 19.13 22.60 8.90 4.49 22.84 10.03 19.13
Bioconcentration factors were in the low category for all the
metals measured for both water and sediment. The highest BCF 2 S4LF20
. S1LF2
was observed for zinc (Table 6). ]
A strong positive correlation between Ni and Fe with MT
at Sites 1 and 4 was observed. The PCA biplot (Fig. 5) describes
91.26% of the variation in the data where 70.16 % is displayed
on the first axis and 21.10% is displayed on the second axis.
DISCUSSION
The observed increased GST activity in the liver of O. niloticus SBLF2
at all sites compared to the reference shows its value as a SoLF2
biomarker of exposure. This is in agreement with other
studies (Van de Oost et al., 2003; Farombi et al., 2007) where
GST expression in fish liver as a biomarker of exposure to
xenobiotics has been discussed. Increased GST activity has 1.0

been demonstrated in liver tissue following exposure of the
African Sharptooth Catfish (C. gariepinus) to a mixture of

17 0-ethynylestradiol and benzopyrene (Perez-Lopez et al.,
2002). GST activity has also been studied in freshly isolated
hepatocytes of the Rainbow Trout (Oncorhynchus mykiss), in
which elevated levels of the pi GST isoform were demonstrated
(Perez-Lopez et al., 2002). The elevated GST activity suggests
the presence of pollutants that induce oxidative stress in

O. niloticus in Mazoe and Yellow Jacket Rivers. Muposhi

etal. (2015) observed that GST biosynthesis in O. niloticus

can be stimulated by a diverse range of xenobiotics in the
aquatic environment. In a similar study, tilapia from polluted
sites showed increased GST activity relative to tilapia from
unpolluted sites (Mauserrat et al., 2007). Enhanced GST
activity was also observed in cichlid fishes from polluted waters
(Filho et al., 2001) and GST activity of fish caught from the
polluted Bolgoda Dam was significantly higher than that of
control fish (Panthiratne et al., 2008).

The high GST activity at Sites 5 and 6, which are not
directly influenced by Iron Duke Mine, after both 4 and 6
weeks, could be a result of pollution of these sites by diffuse
contaminants like agrochemicals from the surrounding
farming community and illegal gold mining activities. A
combination of agrochemicals such as fertilizers, herbicides
and metals are known to modulate antioxidant defence
systems, which can cause oxidative stress in aquatic
organisms by reactive oxygen species (ROS) production
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Figure 5
PCA biplot for the Yellow Jacket and Mazowe Rivers indicating
differences in the biomarkers and selected metals at sampling sites

(Conners, 2002). Enhanced GST activity was observed in
Canna panctalus exposed to the herbicide atrazine (Nwani
etal., 2010). Siwela et al., (2009) also reported increased GST
activity in C. gariepinus and O. mossambicus collected from
the polluted Umguza Dam compared to organisms collected
from the relatively pristine Wright Dam. During exposures
to sublethal levels of organophosphate fertilizers, GST
concentrations were substantially elevated in fish (Karakoc
et al,, 2007), most likely as a result of increased oxidative
stress. The findings of this study support the observations

of Gadagbui and James (2000) that GST activity in fish,
especially in areas polluted by metals, pesticides and other
industrial contaminants, appears to be the most sensitive
and most widely used catalytic probe to observe and monitor
pollution of aquatic ecosystems. It is also worth noting that
the results of this study contradict other studies of GST
activity as a biomarker in fish. During exposure to lethal
levels of organophosphate pesticides, GST concentrations
were found to be severely depleted in all organs of Cyprinidae
fish living in Seyhan Lake, Turkey (Gul et al., 2004), and in
Starlet (Aspensies ruthenus L.) from the Danude River, Serbia
(Stanic et al., 2005). This was attributed to ATP depletion,
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synthetic enzyme destruction and the conversion of severely
injured cells from a reduced to an oxidized state (Gul et al.,
2004). Furthermore, Filho et al. (2001) observed that GST
results should be interpreted with caution since the activity
of the enzyme can be influenced by natural factors that

can confound the results. Major differences in sensitivity

to environmental contaminants have been shown to exist
between species (Lacroix and Hontela, 2004).

The low levels of oxygen, low pH and high metal concentra-
tions resulted in the lowest water quality and led to fish mortal-
ities at sites closest to IDM. Impacts of low DO levels include an
effect on the survival of fish by increasing their susceptibility
to diseases and retardation of growth. It also causes impaired
swimming ability, alteration in feeding and migration and,
when extreme, leads to rapid death (Bobmanuel et al., 2006). A
combination of low pH and the high concentration of dissolved
metals as well as the synergistic effects of associated changes
in other physicochemical parameters of the water could have
caused the fish mortality. A study of the distribution of fish
in Pennsylvania streams affected by AMD found fish to be
severely impacted at pH 4.5-5.5. These researchers also found
complete loss of fish in 90% of stream waters of pH 4.5. Low pH
can be directly toxic and fatal to fish by causing damage to fish
gills, while dissolved metals mobilized by these acidic condi-
tions are extremely toxic (Ravengai et al., 2005; Mapanda et al.,
2007). In a similar study, Mlambo (2003) could not get results
for enzymes of oxidative stress at some sites because of fish
mortality. The significantly higher cadmium concentrations
at Sites 2 and 3 can also explain fish mortality at these sites.
Species more sensitive to cadmium may be more susceptible to
adrenal impairment and exhaustion of cortisol secretion con-
tributing to compromised survival capacity in chronic metal-
contaminated environments (Lacroix and Hontella, 2004).

The observed higher CAT activity in the liver, followed
by the gills, is in agreement with Velkova et al. (2008), who
observed that CAT activity varies greatly in tissues and is
highest in the liver and kidney and lowest in connective tissue.
This is probably because the liver is genetically programmed to
be the metabolic regulator, is highly oxidative tissue and may
concentrate xenobiotics. Tilapia from polluted sites showed a
significantly higher CAT activity than tilapia from unpolluted
sites (Behl, 2006). Increased CAT activity is usually observed
in the face of environmental xenobiotics since it is part of the
SOD-CAT system, which is the first line of defence against
oxidative stress (Farombi et al., 2007).

Increased acidity observed at Sites 2 and 3 resulted in
the bioavailability of some metals, which caused toxic effects
overwhelming the antioxidant defences (Farombi et al., 2007).
Once acid mine drainage is created, metals are released into
the surrounding environment and become readily available
to aquatic organisms. When fish are exposed to metals and H*
ions through their gills, impaired respiration may result from
chronic and acute toxicity. Low pH alters gill membranes or
changes gill mucus resulting in death due to hypoxia (Conners,
2002). The observed elevated levels of Fe, As, Pb, Mn and Cu in
the water and sediments (Table 2 and 3) at Sites 2 and 3, which
are directly influenced by Iron Duke Mine, supports the claim
that acid mine drainage poses a threat to native aquatic life
(William and Smith, 2000) through elevated acidity and the
accumulation of metals. Site 1 which has been regarded as the
reference site in previous studies, below the Manyuchi Dam,
which acts as a sink for pollutants, showed increased enzyme
activity. There are no known anthropogenic impacts described
in the literature for this site. The elevated metals and, in turn,
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increased biomarker activity may be a result of the influence of
the underlying geology of the banded ironstones of the Great
Dyke, which the river cuts through. This is in agreement with
Javed and Usmani (2014), who found that where no human
impacts are present, the elevated levels of metals are probably
caused by natural geological weathering.

Catalase is known to provide the first line of defence against
ROS. Some pollutants like copper and iron are well-known
for their ability to redox cycle via interacting with hydrogen
peroxide and catalysing Haber-Weiss and Fenton-like reactions
that produce highly toxic hydroxyl radicals (Karakoc et al.,
2007). Velkova et al. (2008) observed that cadmium may also
cause cytotoxicity by reacting with H,O, to produce hydroxyl
radicals. Elevated levels of CAT were observed in Mytilus
galloprovincialis exposed to polluted water from the Adriani
Sea (Bochetti and Rigoli, 2006) and in Canna panctatus
exposed to pesticides (Nwani et al., 2010). Catalase activity was
also shown to be elevated in mussels exposed to the insecticide
cypermethrine (Kenan et al., 2010), and in freshwater snails
Lymnaea natalensis exposed to polluted dam water (Siwela et
al., 2010).

Cd constitutes a major environmental health problem
because it increases oxidative stress, mainly causing renal
injury, which leads to renal dysfunction, and it has been
demonstrated to be the major inducer of MTs in molluscs
(Géret et al., 2002) and O. niloticus exposed to different
concentrations of metals (Alti and Canli, 2008). The
increased expression of MTs at Sites 1, 4, 5 and 6 after 4 weeks
corresponds with elevated levels of the measured metals in
water and sediments, and accumulation in fish at these sites.
Metallothionein levels were shown to increase in the liver only
of cadmium-exposed O. niloticus, indicating that the liver is a
suitable tissue to determine response of MTs to metal exposure
in environmental monitoring studies (Atli and Canli, 2008).

Significant relationships between antioxidant activity and
lead, copper, cadmium and zinc were observed in O. niloticus
from Pote River (Muposhi et al., 2015). In this study, zinc was
observed to have the highest bioconcentration factor at Sites
1, 4 and 5, corresponding with accumulated levels in fish, and
could be the main metal responsible for increased antioxidant
activity (Fig. 5). Increased concentration of zinc in fish is in
agreement with Crafford and Avenant-Oldewage (2011), who
observed elevated zinc levels in the skin of catfish from the
Vaal River system. Zinc is an essential element present in
numerous enzymes and plays a role in binding carbon dioxide
and water in teleost fish forming carbonic acid (Crafford and
Avenant-Oldewage, 2011). Its toxic action in Tilapia sparrmanii
exposed to a copper, iron and zinc mixture was observed to be
primarily limited to the liver (Wepener et al., 2001), which is
in agreement with increased antioxidant activity in the liver
observed in this study.

CONCLUSIONS

The timing of the sampling period appears to have no
significant relationship with the activities of the oxidative stress
biomarkers observed in this study. The increased activities of
GST, CAT and MT in the Yellow Jacket and Mazoe Rivers led
us to conclude that O. niloticus can be used successfully as a
bio-indicator. These oxidative stress biomarkers were shown

to be useful in assessing pollution from point sources such as
acid mine drainage and diffuse sources such as commercial
agriculture. The biomarker responses indicate that there

is a physiological attempt by O. niloticus to deal with and
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mitigate the negative impacts the pollutants may induce by
stimulating antioxidant protective mechanisms. The state of
the water quality of the two rivers was shown to be impaired

by the increased activities of the oxidative stress biomarkers.
The high bioconcentration factors for zinc, copper and lead in
O. niloticus relative to the water suggests that there is potential
to use metal concentrations in fish muscle as indicators of metal
contamination in aquatic ecosystems.
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