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Abstract

Biomarkers are applied as early warning indicators of organisms’ exposure to pollutants. The aim of this study was to utilise
a multi-biomarker approach in the freshwater shrimp Caridina nilotica (Decapoda: Atyidae) as indicators of persistent pol-
lutant exposure. A suite of biomarkers was selected to cover oxidative stress and damage, and energetics of the organisms.
Five sites, representing an agricultural and pesticide application gradient, were sampled during two flow related hydro-
periods in rivers of the Phongolo floodplain, north-eastern South Africa. Cytochrome P450 (CYP) activity was significantly
higher in shrimp at sites directly adjacent to regions of increased human activity. Increased oxidative responses, i.e. catalase
(CAT; p<0.01) and protein carbonyl (PC, p <0.01) were also found at these sites. The energetics biomarker did not show
any influence of increased contaminant exposure. We demonstrated that the biomarkers of exposure (CYP) and effect (CAT,
PC) were suitable to detect effects of stressors, probably persistent pollutants.
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The Phongolo River and associated floodplain is one of
southern Africa’s largest floodplain systems and the area’s
sub-tropical climate supports high biodiversity. Located in
Maputaland, KwaZulu-Natal province of South Africa, the
most northern section of the system within the country is
situated in a conservation area, the Ndumo Game Reserve
(NGR). In 1991 the area was proclaimed a Ramsar accred-
ited wetland of international importance (Malherbe 2018).
This area is an endemic malaria area and malaria vector
control is achieved using, amongst other pesticides, dichlo-
rodiphenyltrichloroethane (DDT, Smit et al. 2016). Although
the area is protected, conservation authorities cannot control
water quality as this originates upstream of the protected
areas’ borders. The catchment upstream of NGR is sub-
jected to large-scale commercial and small-scale subsistence
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agriculture. The extensive irrigation along the Phongolo
River and application of malaria vector control has resulted
in high levels of organochlorine pesticide (OCP) exposure
of aquatic (Wepener et al. 2012) and terrestrial (Thompson
et al. 2017) organisms in the area.

In a recent study upstream of and in the NGR, Wolmarans
et al. (2018) demonstrated a clear relationship between OCP
exposure in the African clawed toad (Xenopus laevis) and
biochemical responses. Biomarkers are used as “early warn-
ing” signs indicating potential risks to organisms following
exposure to toxicants. Toxicants impact aquatic systems in
a hierarchical manner, affecting individual organisms at the
subcellular and cellular level before progressing to altera-
tions in populations or ecosystem structures (van der Oost
et al. 2003). Biomarkers of exposure can provide insight into
the specific type of pollutant that an organism is exposed
to, e.g. Cytochrome P450 induction in response to organic
pollutant exposure (Han et al. 2017). Biomarkers of effect
indicate some form of biochemical/physiological alterations
in the form of anti-oxidant (Hong et al. 2018) or energetic
(Goodchild et al. 2019) responses. For this study a standard
suite of biomarkers was selected to cover a broad range of
responses such as Phase I and II biotransformation pathways,
oxidative stress and changes in energy reserves due to oxida-
tive damage.
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The freshwater shrimp Caridina nilotica is an important
component of food webs in tropical African freshwater sys-
tems by providing food for predators and cycling organic
matter (Mensah et al. 2012). Over the years it has been
shown that there is persistent organic pollutant (POP) con-
tamination of the Phongolo River. Most of these chemicals
have been banned but are still detected due to their long half-
life, including hexachlorobenzenes (HCBs), hexachlorocy-
clohexanes (HCHs) and chlordanes, while DDT is still being
used for ongoing malaria vector control (Wepener et al.
2012; Smit et al. 2016; Wolmarans et al. 2018; Volschenk
et al. 2019). The aim of this study was to evaluate whether
biomarker responses in C. nilotica reflect the known POP
exposure as shown by the recent surveys. We test the hypoth-
eses that (i) biomarker responses in C. nilotica will reflect
the higher organic pollutant exposure outside of the NGR
conservation area and that (ii) there are increased responses
to greater persistent pollutant exposure during the high flow
sampling period due to a combination of increased pesticide
use through agricultural activities, malaria vector control
and run-off from the catchment.

Materials and Methods

Surveys were conducted at five sites during high flow (April
2014, HF) and low flow (October 2014, LF) hydrological
conditions. Organisms were only found at three out of the
five sites during the HF survey. Site 1 is situated along the
Usuthu River, site 2 along the Ngwavuma River, a tributary
of the Phongolo River, and three sites are situated along the
Phongolo River (Sites 3, 4 and 5, Fig. 1). Sites were selected
to represent a gradient of human habitation and agricultural
activities as reported by Smit et al. (2016). Sites 3 and 4 are
situated upstream of the NGR (site 5) at the Jozini Town and
Ndumo rural area respectively. Sites 1 and 5 in the NGR rep-
resent lower-impacted sites, which have also been proposed
as a potential refuge for aquatic biota (Smit et al. 2016).

Organisms were collected by agitating peripheral veg-
etation with a 1 mm mesh size net. Whole organisms were
placed in cryovials, inundated with Henriksson’s stabilising
buffer and flash frozen/stored in liquid nitrogen. Samples
were kept at —80°C until analysis when they were thawed,
weighed (+0.01 mg) and placed into the appropriate homog-
enizing buffer (at the designated ratio, w/v) related to the
protocols described below. Samples were pooled due to their
small size, with approximately three cephalothorax sections
used for hepatopancreas based biomarkers and two abdo-
men samples used for energetic biomarkers. Final replicate
numbers are indicated in Table 1.

Acetylcholinesterase activity (AChE, Ellman et al. 1961)
and metallothionein content (MT, Viarengo et al. 1997) were
analysed as biomarkers of exposure. Phase I and Phase II
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Fig. 1 Map of the lower Phongolo area indicating the location of sites
and corresponding site numbers. Insets illustrate the location of South
Africa (a) and the KwaZulu-Natal province (b)

Table 1 Number of replicates per site, hydro-period and tissue type
used

Site 1 Site 2 Site 3 Site 4 Site 5
Hepatopancreas
HF 7 7 NF 4 NF
LF 5 5 5 6 7
Muscle
HF 10 9 NF 8 NF
LF 17 8 8 10 16

HF high flow, LF low flow, NF organisms not found during the sur-
vey

metabolism of xenobiotics were analysed through the deter-
mination of cytochrome P450 (CYP, DetectX P450 demeth-
ylating fluorescent activity kit, Arbor Assays, KO11-F1) and
reduced glutathione (GSH, Cohn and Lyle 1966) activity.
Insight into the anti-oxidant responses of the organisms was
generated using superoxide dismutase (SOD, Del Maestro
and McDonald 1985), catalase (CAT, Cohen et al. 1970)
activity, protein carbonyl (PC, Floor and Wetzel 1998) and
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malondialdehyde (MDA, Ohkawa et al. 1979) content as
indicators of oxidative stress. All aforementioned biomark-
ers were determined in hepatopancreas tissue while cellular
energy allocation (CEA, De Coen and Janssen 2003) was
determined in muscle tissue. The CEA is a calculation-based
biomarker, using quantified components of energy stores and
energy consumption. The components used in the calcula-
tion are protein (Bradford 1976), lipids (Bligh and Dyer
1959) and carbohydrates (Roche, GOD-PAP 1448668), and
energy consumption (De Coen and Janssen 2003). Cellular
energy allocation was calculated as CEA =Ea — Ec where Ea
(energy allocation) is the sum of protein, lipids and carbohy-
drates, and Ec is energy consumption. The Ea components
were converted into energy equivalents by using enthalpy of
combustion of 24 J/g, 39.5 J/g and 17.5 J/g for protein, lipids
and carbohydrates respectively. The Ec was calculated using
the theoretical stoichiometric relationship that for every 2
umol of formazan formed, 1 pmol O, was used by the elec-
tron transport system in the mitochondria.

All colorimetric and fluorometric analyses were carried
out using an ELx 800 and an FLx 800 universal microplate
reader, respectively (Biotek Instruments Corp). Biomarker
activities are expressed per milligram protein, to allow for
standardisation. Protein content for each biomarker (except
CEA) was determined using the protein-dye binding method
(Bradford 1976), with bovine serum albumin as a standard.
All biomarker measurements were done in triplicate.

A log,, transformation was applied after biomarker
data failed Shapiro-Wilk and Levene’s tests for parametric
assumptions. The data then met parametric assumptions
and a two-way ANOVA with Sidak’s multiple compari-
son test (site and hydrological period as independent vari-
ables) was applied and statistical significance was regarded
as p<0.05. All statistical analyses were done using SPSS
version 21 (IBM Software Group). Discriminant function
analysis (DFA) was used to investigate the differences
among dependent variables (sites) on the basis of the inde-
pendent variables (biomarkers) and indicates how much the
independent variables have contributed to group separation
(Quinn and Keough 2002). The DFA discriminates sites on
a bi-plot and indicates which variable is the strongest driver
for discrimination on each axis. Box-and-whisker plots were
produced in GraphPad Prism version 5 and maps were made
using QGIS version 3.8.

Results and Discussion

It is standard to apply a suite of biomarkers to provide an
integrated reflection of biological exposure and effects of
aquatic organisms to xenobiotics (Wepener 2008). Lipo-
philic pollutants such as OCPs induce defence mechanisms
in organisms, such as CYP, that results in the formation of

polar compounds to ease excretion (Han et al. 2017). There
was a significant interaction between spatial and temporal
CYP activities (F=5.74; p=0.008). The significant increase
in CYP activity in shrimp from sites 2, 3 and 4 (low flow)
are possibly indicative of stimulation of Phase I biotrans-
formation in response to higher organic pollutant exposure
than at the sites with lower direct human influence, i.e. sites
1 and 5 (Fig. 2a). The exposure of C. nilotica to DDTs and
HCHs is highly likely since these persistent compounds
were measured in five fish species from different trophic
levels such as the predatory Tigerfish (Hydrocynus vittatus)
and herbivorous Mozambique Tilapia (Oreochromis mos-
sambicus), collected during the same hydro-period from the
lower Phongolo River system (Volschenk et al. 2019). The
induction is also significant during the high flow period,
which coincides with the summer months when OCPs are
applied both for agricultural pest and malaria vector control.
The clear separation on the DFA biplot (63% of variation
explained by function 1) between biomarkers of exposure in
shrimp inside the NGR and at sites associated with increased
human activities outside the reserve is driven primarily by
CYP activity (Fig. 3a). Similarly, there were significant spa-
tial and temporal interactions for GSH (F =3.35; p=0.048)
and MTs (F=38.66; p=0.001). The reduced response from
high to low flow was also noted, at site 1, in GSH activity
(Fig. 2b) which is regarded as a biomarker involved in Phase
II biotransformation through conjugation (Gunderson et al.
2018). Considered a good biomarker of metal exposure, MTs
are involved with the homeostasis, and removal, of metals in
organisms’ tissues (Kemp et al. 2017). It is therefore likely
that the MT induction (Fig. 2c) observed in samples from
sites 1 and 5 during low flow survey was in response to
the higher metal exposure at these sites. Significantly lower
levels of MT expression at sites 2 and 4 during the low flow
survey may be attributed organic pollutants inhibiting the
synthesis of MT (Gerpe et al. 2000). The temporal differ-
ences in MT activities are reflected on Function 2 (30%
of the variation explained) of the DFA bi-plot (Fig. 3a).
There were no significant spatial and temporal interactions
(F=1.21; p =0.31) in AChE activity found in C. nilotica
from the study area (Fig. 2d) possibly indicating the low use
and subsequent exposure to organophosphate and carbamate
pesticides. Similar results were also found by (Wolmarans
et al. 2018) for Miiller’s clawed frog (Xenopus muelleri) that
were sampled from the same sites.

According to Hong et al. (2018) the exposure of crusta-
ceans to organic pollutants results in a disturbance of reac-
tive oxygen species (ROS) elimination due to a decrease in
the efficiency of the antioxidant defence mechanisms. Both
CAT (F =9.36; p<0.0001) and SOD (F =8.03; p =0.0004)
displayed significant spatial and temporal interactions. The
antioxidant defence consists of a cascade of enzymatic reac-
tions in which SOD and CAT are major enzymes in the first
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Fig.2 Box-and-whisker plots representing median and 5-95 percen-
tile range of all biomarker measurements in Caridina nilotica. Grey
fill indicates high flow and no fill indicates low flow hydro-periods.
Spatially significant differences indicated with common letter super-
scripts while temporally significant differences indicated with com-
mon symbol superscripts (p <0.05). Sites that are significantly dif-

line of defence by converting superoxide anion radicals to
hydrogen peroxide and molecular oxygen, and hydrogen
peroxide to water and molecular oxygen, respectively. The
activity of SOD (Fig. 2e) was particularly elevated at site 2
(high flow) and site 4 (low flow). Catalase levels (Fig. 2f)
were more variable during the low flow survey, the levels of
both antioxidants were lowest within the NGR at sites 1 and
5. This is reflected on Function 2 (8% of the total variation
explained) of the DFA ordination for biomarkers of effect
(Fig. 3b). Similar increases in SOD and CAT activity were
reported by Touaylia et al. (2018) and Hong et al. (2018)
in freshwater crustaceans following exposure to glyphosate

@ Springer

ferent spatially and temporally are indicated with an asterisk (*). a
cytochrome P450; b reduced glutathione; ¢ metallothionein content;
d acetylcholinesterase activity; e superoxide dismutase; f catalase
activity; g protein carbonyl content; h malondialdehyde content; i cel-
lular energy allocation; j energy consumption; k energy allocation; 1
protein; m lipids; n carbohydrates

and pyrethroid pesticides. Increased levels of MDA and PCs
(both also displaying significant—p < 0.005—spatial and
temporal interactions) are used as indicators of oxidative cel-
lular damage to lipids and proteins respectively (Hong et al.
2018). Even though there were increases in the levels of
SOD and CAT, there was still an increase in cellular damage
with particularly high PC levels at the sites outside the NGR
(sites 2, 3 and 4) during both surveys (Fig. 2g). Site 2 and 5
showed the only significant difference for MDA (Fig. 2h).
Changes in energy acquisition and allocation may pro-
vide an indication of energetic homeostasis disruption due to
exposure to multiple stressors (Goodchild et al. 2019). Only
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Fig.3 Discriminant function analysis, a biomarkers of exposure
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energy consumption (Ec) and carbohydrate energy contribu-
tion in C. nilotica did not have any significant spatial and
temporal interactions. Cellular energy allocation (Fig. 2i)
is calculated using energy consumption (Ec, Fig. 2j) and
energy allocation (Ea, Fig. 2k) allowing for a more ecologi-
cally relevant interpretation (De Coen and Janssen 2003).
There were no clear influences of environmental toxicant
exposure on the CEA and its components as was the case
for the biomarkers of oxidative stress. The protein content
(Fig. 21) and therefore the Ea and CEA of samples from site
4 during the high flow were significantly higher (p <0.05)
than any of the other sites. The significant contribution of
protein energy content at site 4 may be related to increased
nutrient input into the Phongolo River from the human activ-
ities in Ndumo rural area. Smolders et al. (2004) found simi-
lar increases in CEA of bivalves downstream of a municipal
wastewater treatment plant. They attributed this increase to
eutrophic conditions brought about by the nutrient release
into the receiving stream. Cellular energy allocation showed
limited responses to possible environmental stressors expo-
sure in C. nilotica. These findings are similar to those found
by Ferreira et al. (2015) following exposure of terrestrial iso-
pods to an organophosphate pesticide. They attributed this to
the limited response of the energy consumption parameter at
the different sites to influence the CEA. Spatial differences
in the Ea components may be the result of age, sex or physi-
ological requirements such as breeding and moulting cycles
within the separate systems, causing different reserves to
be prioritised. Crustaceans undergo moulting cycles, before
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bohydrates). High flow indicated by solid symbols while low flow is
indicated by symbols filled with grey. Group centroids marked with
an X. The first two canonical discriminant functions are shown

which they starve themselves and utilise energy reserves
while in a starvation period. The first to be mobilised, is the
lipid reserves, hence storage of lipids for times of starvation
is a crucial biological process for all crustaceans (Sanchez-
Paz et al. 2006).

The biomarker responses from the conservation area
(NGR) indicate relatively lower responses indicating pos-
sibly lower persistent organic pollutant exposure during the
LF winter months when there is no vector control and lower
agrochemical use. This corroborates biodiversity studies that
indicate that the NGR acts as a refuge for birds, amphibians
and fish on the Phongolo floodplain (Smit et al. 2016). This
study further supports findings by Volschenk et al. (2019)
that aquatic organisms in the lower Phongolo River are
exposed to diffuse sources of contaminant exposure. The
suite of biomarker responses in the freshwater shrimp, C.
nilotica, reflected both the spatial and temporal responses to
potential environmental contamination of persistent organic
pollutant exposure in the absence of chemical residue data.
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