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Abstract

There are major concerns regarding the environmental and human health risks caused by exposure to
heavy metals. Spiders are often used as a model in ecotoxicological studies to assess soil pollution. In present
study, we measured the bioaccumulation of copper (Cu) and lead (Pb) in spiders, Lycosa terrestris and Pardosa
birmanica by ICP-MS. We determined whether Cu and Pb accumulation differed in (i) different spider species,
(i1) single compared to combined exposure, and (iii) routes of exposure. Spiders were exposed to 10mM CuSOs
and 10mM PbClz solutions separately or combined (10mM+10mM) through different exposure routes i.e. spiked
soil and food for 6 weeks. Effect of metals on survival and body mass of exposed and unexposed (control) spiders
was determined. In both spider species, accumulation of metals increased with exposure time. In single metal
exposure, Cu accumulation from food was higher than soil exposure in both spiders species, whereas the opposite
was observed for Pb. In combined treatment, the uptake of both metals significantly decreased from similar
accumulation routes. L. ferrestris accumulated higher concentration of metals than P. birmanica during soil
exposure. Metal exposure via contaminated food caused higher mortality compared to soil exposure. Body mass
of both spider species was significantly decreased and negatively correlated with metal’s concentration. These
results suggest that bioaccumulation efficiency of Cu and Pb differs significantly in spiders exposed to metal’s
mixture compared to a single metal exposure, and is dependent on exposure route, type of metal and spider species.
More understanding of the effect of exposure to metal mixture and exposure routes may help to improve risk

assessment and ecological monitoring programs.
Keywords: Spiders, Environmental pollution, Metals, Bioaccumulation, Body mass change (BMC), Mortality.
Introduction

Industrial activities and agriculture practices have resulted in release of large amounts of metals into the
environment, posing risks to human and environmental health (Wongsasuluk et al. 2014, Shulman et al. 2017).
Copper (Cu) and lead (Pb) are common metals in soil ecosystems and are often found together in high
concentrations especially near industrial areas and in agricultural fields irrigated with urban and industrial
wastewaters (Igbal and Khera 2015; Ahmad et al. 2018). The intensive use of fertilizers, insecticides and
herbicides in agroecosystem also increase the level of these metals in soil (Chiroma et al. 2007). Together, Cu and
Pb are a cause of concern because of their short- and long-term harmful effects on living organisms (Komjarova

and Blust 2008; Cooper et al. 2009; Xu et al. 2011; Rouchon and Phillips 2017). Cu is a crucial element for normal
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physiological functions in organisms, but can be toxic at high concentrations and cause oxidative damage in cells
by generating free radicals (Gaetke et al. 2014; Zeeshan et al. 2016). Also, free Cu ions bind with thiol group of
membrane protein and disrupt its structure and function (Holmstrup et al. 1998; Huang et al. 2012). Pb represents
arisk for terrestrial organisms due its high toxicity and long-term retention time in the environment (Kumar et al.
1995; Peterson et al. 2017). Pb is a redox inactive metal which produce oxidative stress indirectly by binding with
sulfhydryl group of proteins and cause depletion of glutathione, alteration of Ca hemostasis, DNA damage and

Lipid peroxidation (Stohs and Bagchi, 1993)

Spiders can accumulate large amount of metals and are generally considered as macro-concentrators
(Dallinger 1993) and bioindicator of environmental pollution (Wilczek et al. 2004; Jung et al. 2007). Toxic effect
of metals on organisms relies on exposure routes (Yang et al. 2016). In spiders along with other terrestrial
invertebrates, food is considered a major route for the uptake of metals (Hopkin 1989; Zidar et al. 2009; Wilzeck
etal. 2018). However, dermal uptake via contact with soil or soil water cannot be ignored (Kammenga et al. 2000).
For instance, in earthworms being a soft-bodied organism, dermal contact is the main exposure route for metal’s
accumulation (Saxe et al. 2001; Vijver et al. 2003). In terrestrial isopods oral uptake of contaminated food or soil
is the primary route for metal’s exposure (Koster et al. 2005; Viverj et al. 2006). For Collembolan species, Cu
assimilation via soil pore water is higher compared to other route i.e., water or food (Pedersen et al. 2000). So, in
terrestrial invertebrates’ multiple exposure routes of metals identified which are species-specific and depend on
the feeding behavior of the organisms. At present, there is a lack of studies dealing with the effect of different
exposure routes on the bioaccumulation of metals in spiders. Therefore, an integrated study of metals uptake
routes and their impact on the exposed species is necessary to better understand the harmful effect of metals on

spiders.

Previous studies have reported that spiders inhabiting metal-contaminated environment allocated a large
portion of their energy in the regulation or detoxification of excessive amount of metal, which adversely impact
on their survival, growth and development (Hendrickx et al. 2003; Ramirez et al. 2011). Thus, monitoring of
different biological parameters in spiders inhabit near metal contaminated environment can enable assessment of
the potential effects of these metals on their energy budget. Spiders of family Lycosidae are abundantly found in
the agricultural fields of Punjab, Pakistan (Tahir and Butt 2008). Previous work showed that lycosids are good
models for eco-toxicological studies because they can accumulate significantly high concentration of metals into
their bodies and inhabit metal polluted areas in high densities (Chen et al. 2011, Bednarek et al. 2016). Also,
metals, such as Cu and Pb have high background values in the agricultural soil of Pakistan due to crop irrigation
with untreated industrial or municipal waste water and intensive use of fertilizer and pesticides (Jamal et al. 2013;
Ahmad et al. 2018). Organisms inhabit these areas such as ground spiders may accumulate these metals directly

via soil or indirectly through diet, which ultimately affect their biological functions.

Previous studies on spiders have examined the toxic effect of metals, such as Pb and Cu singly, through
either metal-contaminated food or water (Jung et al. 2005; Babczynska et al. 2011b; Wilczek et al. 2018). The
exposure to multiple metals may induce synergistic, antagonistic or additive toxicological effects which may be
different from single metal exposure (Flouty and Khalaf2015; Wijayawardena et al. 2018). However, very limited
information is available on the toxic effects of metal mixture in spiders under laboratory conditions (Jung et al.

2005). In other invertebrates such as in terrestrial isopod Porcellio scaber, high accumulation of Zn was inversely
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related to the concentration of Cd (Zidar et al. 2009). For glochidia (bivalve), the effect of Cu and Pb mixture was
time-dependent and was additive at 24 hours of exposure, but after 48 hours interaction became synergistic
(Kovats et al. 2010). Therefore, assessment of the combined effect of metals via different exposure routes is

necessary in order to further use of lycosids in eco-toxicological studies of environmental pollution.

In this study, the effect of exposure of two spider species of family Lycosidae, Lycosa terrestris and
Pardosa birmanica to Cu and Pb, separately or combined was investigated via two different exposure routes (soil
versus food) for 6 weeks. The effect of metal’s exposure on the survival and body mass change (BMC) in both
spider species was investigated in order to determine the biological consequences of metal uptake and
bioaccumulation. The main aims of the present study where (i) to identify the difference in metal bioaccumulation
capacity of spiders during single and combined exposure of Cu and Pb (ii) to explore the significance of metal
exposure routes (soil versus food) on metal accumulation rate (iii) to compare the difference in Cu and Pb
accumulation pattern between studied species (iii) to evaluate the toxic potential of Cu and Pb using mortality and
BMC as potential markers of metal stress in spiders. We anticipate, the results can be helpful in evaluating the

efficacy of spider species as bioindicator of metal pollution in the environment.
Materials and Methods
Collection and maintenance of Spiders

Female L. terrestris and P. birmanica spiders with egg sacs were collected by visual search method
from unpolluted fallow land of University of the Punjab, Lahore, Pakistan, from April to June, 2017. Spiders were
placed individually in transparent plastic containers (7.5cm L x5.5cm W x 6cm H) with a perforated lid and a
layer of moist soil (2cm thick) at the bottom of the container to maintain ventilation and humidity, respectively.
Spiders were maintained in the laboratory (temperature: 33°C, at day/ 25°C, at night, relative humidity: 60 £10%
and photoperiod 14L:10D h) and fed with Drosophila adult flies as per requirement. After hatching of egg sac,
each spiderling that left their mother’s body were transferred in a separate plastic container and reared in lab
conditions as described above. Each spiderling was fed with artificial food prepared by mixing 100ml whole milk,
100ml soya milk (non-dairy beverage) and one chicken egg yolk as described previously (Amalin et al. 2001).
Food was supplied daily through cotton balls soaked in the artificial food. The containers of spiders were cleaned
regularly in order to avoid fungal and bacterial infections. Fourth instar spiderling of both species were used for

all tests performed in this study.
Experimental groups

Seven experimental groups (n = 150 spiders/group), including six treatments (three metal treatment
conidtions x two metal uptake routes) and a control were established for each species. For each treatment, fourth-
instar spiderlings of both species were randomly selected from their laboratory-reared populations. Metal solutions
of Cu and Pb were prepared by dissolving of 250g of CuSO4.5H20 and 270g of PbCl: per liter of distilled water.
Spiders were exposed to 10mM of CuSOs and10mM of PbClz separately or in combination (i.e. 10mM CuSO4
+10mM PbCl2) using two treatment routes (i.e. food and soil) (Fig. S1). The exposure concentrations of Cu and
Pb were selected according to studies conducted by Babczynska et al. (2011b) on Agelena labyrinthica and Jung

et al. (2005) on Pardosa astrigera, respectively.
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Soil Exposure

Artificial soil was spiked with metals (Cu, Pb or their mixture), according to Organization for economic
cooperation and development (OECD) standard guide for testing of chemicals. Briefly, dried industrial sand (70%)
was mixed with kaolin clay (20%) and sphagnum peat (10% which is an organic matter), and air dried. The pH of
the soil was checked using Van Ranst et al. (1999) method and maintained at 6.0 + 0.5 by addition of calcium
carbonate (CaCQO3). The moisture content of the soil was maintained at 50% of its water holding capacity (WHC),
as described in ISO (2008) guideline. Then, CuSO4.5H20 was added in uncontaminated soil at 635mg Cu/Kg,
PbClz at 2000mg Pb/Kg and mixture of both metals at 635mg Cu/Kg and 2000mg Pb/Kg. The aqueous solution
of CuS04.5H20 or PbClz» was mixed with artificial soil to obtain the required concentration of respective metals
and maintain the moisture at 50% of water holding capacity. The spiked soil was thoroughly mixed for 15-20
minutes, 50g were weighed and placed in transparent plastic container (7.5cm L x5.5cm W x 6cm H). Control
spider group received no metal, but water was mixed at the same rate. Soil was equilibrated for 2 days before use
in the experiment and loss in water contents was frequently examined by measuring the weight of containers and
replenished by adding distilled water. Spiders were released in the containers of contaminated soil and retained
there for 6 weeks. The containers were cleaned regularly and soil was replaced weekly. Artificial food was
supplied on a daily basis during the entire duration of the experiment. At each week, 10 spiders from each
treatment were randomly selected for metals analysis and stored at -20°C. Metal concentrations from each spider

were measured separately.
Food Exposure

Spiders food was spiked with metals by mixing CuSO4.5H20 and PbClz solutions in artificial food
mixture (as described above) to obtain final metal concentrations of 635mg Cu/L and 2000mg Pb/L, and their
mixture (635mg Cu/L and 2000mg Pb/L). Cotton balls were soaked in artificial food and offered to spiders on a
small piece of wax paper in a transparent plastic container, in which uncontaminated moist artificial soil was
already present. Both spider species (in treated and control groups) received food on a daily basis and water
content of soil was replenished regularly (as mentioned above). Spiders in the control group were offered diet
without metal solutions. At each week, 10 spiders of each species were separated for metal analysis and stored at

-20°C.
Mortality and Body mass change (BMC)

The mortality rate of all examined spiders was recorded daily and percent cumulative mortality was
calculated after every week, using the formula: % Cumulative Mortality = dead /total individuals x 100, as
described previously (Mleiki et al. 2016). Spiders were considered dead when no movement was noticed with
naked eye or under binocular microscope after stimulation with camel hair brush. To assess loss in body mass,
the weight of 10 spiders from each treatment was measured on individual basis at a weekly interval using an
electronic balance (AY 120 type, Shimadzu Corporation, Japan). Body mass change (BMC) was calculated using

the formula:

BM(i) - BM(f)

BMC = BM(D)
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Where BMj) is the initial mass of spiders and BM(y is the mass of the same spider after every week, as described

previously (Bednarska et al. 2015).
Sample preparation for elemental analysis

Spiders were freeze-dried for 24 hours, weighed and digested in Sml mixture of 70% HNO3, 30% H20:2
and 3ml deionized water for an hour at ambient temperature. These samples were placed for 45 minutes in a
microwave. The solution obtained after digestion was diluted by adding 6ml distilled water (Goulle et al. 2005;
Joy et al. 2015). Metal concentrations in each spider were then measured by Inductively coupled plasma mass
spectrometry (ICP-MS, Thermo Fisher Scientific, USA). The accuracy of experimental procedure was evaluated
using bovine liver 1577¢ CRM (a certified reference material) bought from “National Institute of Standards and
Technology” (NIST), Gaithersburg, USA). The percentage recovery was 94% for Pb and 99% for Cu. Total metal
concentrations were shown as mg/kg dry matter (DM). Same procedure was used for quantification of actual

metals concentration in contaminated soil and food.
Statistical analysis

Normality of the data was checked using Kolmogorov Smirnov test. Generalized linear model (GLM, p
< 0.05) was applied to compare the metals body burden in spider species considering exposure routes and time as
factors. Linear regression analysis was used to examine the correlation between metal concentration and mortality,
and also between metal concentration and body mass change (BMC) over time in both species, separately. The
difference in metal accumulation in both species via soil and food was determined by independent ¢ test. All

statistical analysis was carried out in Minitab 18.

Results
Metal Concentrations
The actual concentrations of Cu and Pb in artificial soil and food measured by ICP-MS were > 90% of

the nominal concentrations (Table 1). Metals values are listed after subtracting from control groups.

Single Metal Exposure

The concentration of Cu and Pb was significantly increased in both spider species with the increase of
exposure time in both exposure routes (Table S1). Accumulation of Cu in L. ferrestris via food was significantly
higher as compared to via soil over 3 weeks but appeared to be similar after 6 weeks (Fig. 1A, Table S1).
Conversely, P. birmanica accumulated 2.5 times higher Cu contents from contaminated food within 6 weeks of
exposure as compare to soil (Fig. 1E). Both species accumulated significantly higher amount of Pb from soil as
compared to food (Fig.1B, F). After 6 weeks, Pb accumulation through soil was approximately four-fold higher
in L. terrestris and two-fold higher in P. birmanica than food (Fig.1B, F).
Exposure to Metal Mixture

In metals mixture experiment, the uptake of Cu from contaminated food was remarkably low in both
species after 6 weeks (t = 8.02, P = 0.00 for L.t; t = 66.92, P = 0.00 for P.b) (Fig.1 C, G). However, a modest
increase in Cu content via soil exposure was observed, which was ~ 6-7.5% in L. terrestris and 10-16 % in P.

birmanica. The uptake of Pb from spiked soil was decreased down to 40% over 6 weeks in the presence of Cu in
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both species (t = 13.60, P = 0.00 L.z; t = 12.79, P = 0.00 P.b). Conversely, Pb accumulation from spiked food
increased slightly in P. birmanica and declined in L. terrestris in combined treatment (Fig. 1D, H). Thus, food
exposure appeared to be an important route for accumulation of Cu, whereas for Pb soil exposure played a
significant role.

Species comparison

Both species, accumulated roughly comparable quantities of Cu and Pb from contaminated food after a
single metal exposure (Fig.1A, E, B, F). However, accumulation of both metals through soil was significantly
different in both species (t = 5.37, P = 0.000 for Cu; t = 4.50, P = 0.000 for Pb). Likewise, during exposure to
both metals, L. terrestris accumulated significantly higher amount of Cu and Pb during soil exposure experiment
(t=4.38, P=10.000 for Cu; t =2.96, P = 0.004 for Pb), whereas accumulation of metals through contaminated
food was almost similar in both species (Fig.1C, G, D, H).

Mortality

Percent cumulative mortality in the control groups after 6 weeks was 2.7% in L. terrestris and 6.8% in
P. birmanica. In treated groups, mortality varied from 9.7 % to 26.8 % in L. terrestris and 11.5% to 24.6 % in P.
birmanica (Fig. 2). In all experimental groups, mortality rate increased with metals exposure time (GLM, with P
= 0.00) and differed significantly from control groups (Fig. 2). The cumulative mortality was higher in spiders
exposed to metals through food as compared to soil, however the difference was not statistically significant (Fig.
2). In L. terrestris cumulative mortality was significantly different between single (Cu and Pb) and combined
metal exposure via both routes (Soil, F=9.94, P=0.012; Food, F =5.70, P=0.041). The mortality of P. birmanica
was only different between single (Cu and Pb) and combined treatments when exposed through soil (Soil, F =
6.23, P=0.034; Food, F =4.49, P=0.064). Also, a significant positive correlation between mortality and quantity
of accumulated metals (Cu or Pb) was observed in both species (P < 0.007) (Fig. S2).

Body mass Change (BMC)

Body mass change (BMC) was examined to quantify alterations in weight per week in both spiders
species treated via different exposure routes (Fig. 4). Significant difference in BMC was recorded in control and
treated spiders after 6 weeks (P <0.001 L. terrestris; P<0.001 P. birmanica). BMC of both species was gradually
decreased and exhibited unsteady fluctuations (more prominent during food exposure) up to 6 weeks when
exposed to Cu only and Pb only treatment. However, more reduction in BMC was observed in metals mixture (Cu
+ Pb) dietary exposure assay after 2 weeks in L. ferrestris and after 4 weeks of exposure in P. birmanica, even
though BMC indices were negative at 5 weeks, but spiders were able to gain some weight back at 6 weeks after
exposure (Fig. 4C, F). However, change in body mass of both species after 6 weeks was not significantly different
between single and mixture treatments (Soil, F = 1.66, P = 0.210; Food, F = 2.04, P = 0.105 for L. terrestris)
(Food, F = 0.02 P = 0.987 for P. birmanica) except in P. birmanica during soil exposure route (F = 4.87, P =
0.016). Linear regression revealed significant negative (P < 0.044) relationship of BMC with metal quantity over

6 weeks in all experimental groups (Fig. S3).
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Discussion

The use of spiders as a model for eco-toxicological studies due to their voracity, polyphagy, species diversity and
wide geographic distribution, has achieved growing attention (Walters et al. 2009, Yang et al. 2016, Wilczek
2017). The present study investigated the effect of exposure of spider species, Lycosa terrestris and Pardosa
birmanica, to Cu and Pb on their survival and body mass change (BMC). Our results showed that bioaccumulation
of Cu and Pb differed significantly in spiders exposed to combined metals compared to a single metal exposure,

and was dependent on exposure route, type of metal and spider species.
Single Metal Exposure

Spiders being macro-concentrator and polyphagous (Dallinger and Rainbow 1993), generally assimilate
high quantity of metals either from their diet or surrounding environment (Kammenga et al. 2000; Jung et al.
2005). These metals are then sequestered into different parts of their body specifically in midgut glands in
inactive form (Hopkin 1989). Comparative studies of arachnocenoses have shown that metal’s load and its storage
duration in spiders is mainly associated with feeding behavior (i.e. liquid feeder spiders suck out metals along
with their food from soft tissues of insects), hunting strategy, habitat type, metal type, exposure route, and low
rate of metabolism in metal storage organ (hepatopancreas or midgut glands) (Wilczek et al. 2008; Babczynska et
al. 2011a). In our study, bioaccumulation capacity of Cu and Pb clearly indicate that both spider species have
relatively high capacity of metals’ accumulation. In Cu-treated spiders, the Cu concentration increased up to
153.78mg/Kg in L. terrestris and 175mg/Kg in P. birmanica. This concentration is very high and has been
recorded in other spider species. For example, Babczynska et al. (2011b) revealed that Agelena labyrinthica
collected from previously contaminated sites significantly accumulated higher amount of Cu compared with
control when fed with metal contaminated diet in the laboratory. Also, bioaccumulation of Cu in Steatoda grossa
fed with metal administrated prey were more than two times higher compared with control in a four weeks period

(Wilczek et al. 2018).

The concentration of Pb in our study also increased with number of days and fell within range of 77 to
149 mg/Kg, which is much higher than that recorded in other spider species. Jung et al. (2005) observed that
Pardosa astrigera accumulated Pb up to saturation level within two weeks and sustained nearly the same
concentration over 8 weeks period without elimination despite of continuous metal exposure. Furthermore, our
Pb uptake rate was similar with that recorded in other invertebrates, such as in green garden snail, Cantareus
apertus, which accumulates 60-180 ng/g of Pb (Van Ginneken et al. 2015) and Enchytraeus crypticus with 244
mg/Kg of Pb at steady state phase (Zhang and Van Gestel 2017). This high accumulation capacity may be due to
negligible affinity of Pb towards metallothionein (Vasak 1991).

Exposure to metal mixture

In order to evaluate combined toxicity and assimilation efficiency of heavy metals, spiders were exposed
to binary mixture of Cu and Pb via different uptake routes for 6 weeks. In the presence of Pb, spider species
assimilated lesser amount of Cu from metals mixture during food exposure in comparison to single Cu treatment.
However, both spider species accumulated almost similar quantity of Cu through soil during single and combine

exposures. A significant decrease of Pb uptake rate was observed in co-treatment with Cu through soil in both

7
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spider species. These results indicate that competitive inhibition between Cu and Pb may occur as both metals
have partly similar uptake pathway i.e Cu compete with Na+ for uptake and Pb interfere at absorption sites of
both Na+ and Ca+ ion simultaneously on the cell surface (Rogers et al. 2005). Reference studies on the combined
effect of Pb and Cu uptake by spiders are not available as yet. However, analysis of the bioaccumulation of Pb in
the presences of Hg and Cd in Pardosa astrigera showed that, biouptake of Pb and Hg in combined treatment was
reduced, whereas Cd concentration continuously increased with time (Jung et al. 2005). This result has led the
authors Jung et al. (2005) to assume that both metals (Pb and Hg) and Cd might interact with each other for uptake
sites and have complex uptake pattern. Flouty and Estephane (2012) reported that in Chlamydomonas reinhardtii
(a unicellular algae), the uptake of Pb was considerably decreased after introducing high level of Cu into its body.
Likewise, joint action of Cu and Pb mixture was antagonistic on the sea urchin embryo Strongylocentyotus
intermedius (Xu et al. 2011). Komjarova and Blust (2008) reported that in Daphnia magna, accumulation of Cu
contents increased at a maximum concentration (0.25 uM) of Pb, but Cu in turn had no impact on the uptake rate
of Pb. Likewise, Pb addition did not affect Cu accumulation (and vice versa) in the isopod Asellus aquaticus after
exposure through water (Van Ginneken et al. 2015). These finding suggested that the interaction between Cu and
Pb for uptake sites can be competitive or non-competitive depending on exposure concentration of metals, their

uptake route and examined species.
Comparison between Exposure Routes

Food is considered to be a major route for uptake of metals in spiders (Jung et al. 2005). Metals can also
be taken up from contaminated water (Liu et al. 2013; Li et al 2016). Therefore, it is possible that spiders can
accumulate metals from soil water when they come in contact with water phase of the contaminated soil (Pedersen
et al. 2000). In the present study, metal’s bioaccumulation by exposure routes was comparable in both spider
species depending on the type of metal and examined spider species. During single metal exposure, spiders
accumulated the highest amount of Pb through soil, whereas Cu uptake rate was highest during food exposure.
Pedersen et al. (2000) discussed the importance of different exposure pathways on the uptake and effect of copper
in two different species of Collembola. Both species accumulated significantly high amount of Cu from spiked
soil as compared to food (yeast) and additive response was observed when Cu was given via both exposure routes.
However, isopods Porcellio Scaber accumulated equal amount of metal from food and soil, and simultaneous
assimilation via both routes appeared to be additive (Vijver et al. 2006). Similarly, accumulation rate of Cd in
shrimps Palaemon varians was more than additive when exposed simultaneously via water and food as compared
to individual uptake route (Pavlaki et al. 2018). In Japanese medaka Oryzias latipes, accumulation of Cr was
higher during dissolved Cr (VI) exposure as compared to dietary exposure (Chen et al. 2016). Thus, the finding
of present and previous studies shows that bioavailability and accumulation of metals in different species is
influenced by exposure routes. Therefore, the relative importance of different routes should be considered to

obtain complete data on metal’s contamination and their effects on the tested organisms.
Comparison between Species

In present study, metal’s body burden of L. ferrestris was relatively higher during soil exposure.
On the other hand, both species accumulated approximately comparable quantity of metals from contaminated

food. Previous investigations have shown that difference in accumulation of metals in spiders is determined by
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combined effect of various factors (i.e. exposure route, feeding activity and hunting strategy) that fluctuates
between and among species (Wilczek et al. 2008; Yang et al. 2016). For example, Wilczek et al. (2008) showed
that wolf spiders Xerolycosa nemoralis collected from metal polluted areas accumulated high concentration of
metals as compared to web building spiders Linyphia triangularis and Agelena labyrinthica from same site
probably due to the difference in their hunting strategy, diet composition and habitat type. Similarly, Simon (2016)
reported that P. oblongopunctatus (generalist predator) accumulated a higher amount of metals than the
specialized predator C. violaceus collected from same metal’s polluted areas. Collembolan species F. candida
accumulated more Cu than F. fimetaria from contaminated food as compared to soil, possibly due to difference
in their growth rate and foraging strategy (Pedersen et al. 2000). In the present study, both species are generalist
predator and accumulated significant amount of metals via both uptake routes. However, the difference in metal’s

uptake rate during soil exposure may be related to body size, behavior or activity of spider species.
Mortality and Body mass Change

In the present study, mortality rate in control group spiderlings that were kept in artificial laboratory
conditions (artificial food and soil) was varied between 0-2.6 % for L. terrestris and 0-6.8 % for P. birmanica. In
a reference study less than 10% mortality was observed after 4 weeks in Pardosa pseudoannulata spiderlings fed
with uncontaminated Drosophila melanogaster and Tendipes sp (Li et al. 2016). Similarly, Wang et al. (2019)
recorded less than 10% mortality in 4" instar spidering of Pardosa pseudoannulata which were fed with
Drosophila melanogaster reared on corn meal without any metal solution. Comparative study of Sac spiders on
natural and artificial diet by Amlin et al. (2001) revealed that survival rate of spiders was similar on either diet
but higher percentage of spiders reached their adult stage which were reared on artificial diet as compared to
natural diet (Drosophila melanogaster or citrus leafminer). So, Amlin et al. (2001) concludes that artificial diet
was good enough to be used in mass rearing of spiders under laboratory conditions. The artificial soil used as a
substrate in the present study greatly helped in maintaining the humidity requirement and hence survival of the
studies species. Furthermore, in our study the body mass of spiders which were not exposed to metals was
constantly increased with time. Based on these results we can conclude that the artificial food can be used in

laboratory experiments as an alternative to natural diet to assess toxic effect of pollutant in these spiders.

Metal’s burden up to a certain level can disrupt physiological and life history parameters in spider
(Hendrickx et al. 2003; Eraly et al. 2011). In present study, positive correlation between mortality and internal
metal concentration in spider’s species was detected in all treatment conditions. Mortality rate was also
comparable in both species. Highest mortality was found in metal’s mixture treatments during food exposure
irrespective of metal’s concentration. The possible reason of this contrasting result could be that high
concentration of metals in food can disrupt midgut gland structure, which effect the food digestion and absorption,
causing starvation and ultimately increased mortality rate. Wilczek et al. (2014) described that starvation increases
the toxicant effect and as a result enhance the apoptotic and necrotic degenerative changes in midgut gland cells
of spider Xerolycosa nemoralis relative to toxicant alone. By contrast, Jung et al. (2005) and Babczynska et al.
(2011b) found no mortality when exposed to nearly similar concentrations of Pb and Cu. Liu et al. (2013) and Li
et al. (2016) illustrated that mortality in Agelena labyrinthica and Pardosa pseudoannulata was increased on
exposure to increasing concentration of Hg and Cd, respectively in separate experiments. These finding suggest

that the high mortality rate in present study may be related to the high accumulation of metals with time.
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Body mass of both spider species decreased in correlation with the increase in metal concentration. The
lowest weight was observed in mixture treatments during food exposure in both species. This suggest that at high
metal concentrations, body mass may possibly be reduced because of increased detoxification effort or reduction
in food consumption. Ramirez et al. (2011) revealed that body mass of Argiope trifasciata was negatively
correlated with internal metal concentration and presumed that this might be due to energy consumption for metal
resistance rather than on foraging and growth. Similarly, Chen et al. (2011) showed that after exposure to sublethal
concentration of Pb and Zn, growth was significantly reduced as a function of metal resistance. Additionally, Jung
et al. (2005) reported significant reduction in growth in Pardosa astrigera spiderlings when exposed to Pb via
food. Our study revealed that mortality rate and BMC are consistent with internal metals’ concentration in spiders

species and therefore can potentially be used as markers of metal contamination ecotoxicological studies studies.
Conclusion

The Present study demonstrated that L. terrestris and Pardosa birmanica has the ability to withstand
high concentrations of metals (10mM Cu, 10mM Pb) and also have the capacity to accumulate significant amount
of both metals into their bodies. During simultaneous exposure, Cu and Pb exhibited antagonistic effect on the
uptake rate of one another depending on the exposure route. Therefore, knowledge about metal’s interaction and
their uptake routes should be taken into account during risk assessment studies in order to avoid overestimation
of the level of metals contamination. Based on bioaccumulation rate, L. terrestris accumulated high concentration
of metals from soil. Our results also demonstrated that the accumulation of metals significantly affected the
survival and body mass of spiders, which were correlated with duration of exposure and level of metal
contamination. Taken together, these findings present the both spider species as good bioindicator for Cu and Pb

contamination and possibly for other metals.
References

Ahmad K, Ashfaq A, Khan ZI, Bashir H, Sohail M, Mehmood N, Dogan Y (2018) Metal accumulation in
Raphanus sativus and Brassica rapa: an assessment of potential health risk for inhabitants in Punjab,
Pakistan. Environ Sci Pollut R 25:16676-16685

Amalin DM, Pena JE, Reiskind J, McSorley R (2001) Comparison of the survival of three species of sac spiders
on natural and artificial diets. J Arachnol 29:253-262

Babczynska A, Wilczek G, Szulinska E, Franiel I (2011a) Quantitative immunodetection of metallothioneins in
relation to metals concentration in spiders from variously polluted areas. Ecotoxicol Environ Saf
74:1498-1503

Babczynska A, Wilczek G, Wilczek P, Szulinska E, Witas I (2011b) Metallothioneins and energy budget indices
in cadmium and copper exposed spiders Agelena labyrinthica in relation to their developmental stage,
gender and origin. Comp Biochem Physiol C Toxicol Pharmacol 154:161-171

Bednarek A, Sawadro M, Babczynska A (2016) Modulation of the response to stress factors of Xerolycosa
nemoralis (Lycosidae) spiders living in contaminated environments. Ecotoxicol Environ Saf 131:1-6

Bednarska AJ, Opyd M, Zurawicz E, Laskowski R (2015) Regulation of body metal concentrations: toxicokinetics

of cadmium and zinc in crickets. Ecotoxicol Environ Saf 119:9-14

10



375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414

Chen H, Mu L, Cao J, Mu J, Klerks PL, Luo Y, Guo Z, Xie L (2016) Accumulation and effects of Cr (VI) in
Japanese medaka (Oryzias latipes) during chronic dissolved and dietary exposures. Aquat Toxicol
176:208-216

Chen XQ, Zhang ZT, Liu R, Zhang XL, Chen J, Peng Y (2011) Effects of the metals lead and zinc on the growth,
development, and reproduction of Pardosa astrigera (Araneae: Lycosidae). Bull Environ Contam
Toxicol 86:203-207

Chiroma TM, Abdulkarim BI, Kefas HM (2007) The impact of pesticide application on heavy metal (Cd, Pb and
Cu) levels in spinach. Leonardo El J Pract Technol 11:117-122

Cooper NL, Bidwell JR, Kumar A (2009) Toxicity of copper, lead, and zinc mixtures to Ceriodaphnia dubia and
Daphnia carinata. Ecotoxicol Environ Saf 72:1523-1528

Dallinger R (1993) Strategies of metal detoxification in terrestrial invertebrates. In: Dallinger R, Rainbow PS
(Eds) Ecotoxicology of Metals in Invertebrates, Lewis Publishers, London, pp 245-280

Dallinger R, Rainbow PS (1993) Ecotoxicology of metals in invertebrates. Lewis Publishers

Eraly D, Hendrickx F, Backeljau T, Bervoets L, Lens L (2011) Direct and indirect effects of metal stress on
physiology and life history variation in field populations of a lycosid spider. Ecotoxicol Environ Saf
74:1489-1497

Flouty R, Estephane G (2012) Bioaccumulation and biosorption of copper and lead by a unicellular algae
Chlamydomonas reinhardtii in single and binary metal systems: a comparative study. ] Environ Manage
111:106-114

Flouty R, Khalaf G (2015) Role of Cu and Pb on Ni bioaccumulation by Chlamydomonas reinhardtii: Validation
of the biotic ligand model in binary metal mixtures. Ecotoxicol Environ Saf 113:79-86

Gaetke LM, Chow Johnson HS, Chow CK (2014) Copper: toxicological relevance and mechanisms. Arch
Toxicol 88:1929-1938

Goulle J P, Mahieu L, Castermant J, Neveu N, Bonneau L, Laine G, Bouige D, Lacroix C (2005) Metal and
metalloid multi-elementary ICP-MS validation in whole blood, plasma, urine and hair: Forensic Sci In
153:39-44

Hendrickx F, Maelfait JP, Speelmans M, Van Straalen NM (2003) Adaptive reproductive variation along a
pollution gradient in a wolf spider. Oecol 134:189-194

Holmstrup M, Petersen BF, Larsen MM (1998) Combined effects of copper, desiccation, and frost on the viability
of earthworm cocoons. Environ Toxicol Chem 17:897-901

Hopkin SP (1989) Ecophysiology of metals in terrestrial invertebrates. Elsevier Applied Science, London

Huang D, Kong J, Seng Y (2012) Effects of the heavy metal Cu?** on growth, development, and population
dynamics of Spodoptera litura (Lepidoptera: Noctuidae). J econ entomol 105:288-294

Igbal M, Khera RA (2015) Adsorption of copper and lead in single and binary metal system onto Fumaria indica
biomass. Chem Int 1:157b-163b

ISO (2008) Soil quality—requirements and guidance for the selection and application of methods for the
assessment of bioavailability of contaminants in soil and soil materials. ISO 17402:2008. International
Organization for Standardization, Geneva

Jamal Q, Durani P, Khan K, Munir S, Hussain S, Munir K, Anees M (2013) Heavy metals accumulation and their
toxic effects: review. JBMS 1:27-36

11



415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453

Joy EJ, Broadley MR, Young SD, Black CR, Chilimba AD, Ander EL, Barlow TS, Watts MJ (2015) Soil type
influences crop mineral composition in Malawi. Sci Total Environ 505:587-595

Jung CS, Lee SB, Jung MP, Lee JH, Lee S, Lee SH (2005) Accumulated heavy metal content in wolf spider,
Pardosa astrigera (Araneae: Lycosidae), as a bioindicator of exposure. J Asia Pac Entomol 8:185-192

Jung M, Kim H, Kim ST, Lee JH (2007) Risk analysis of heavy metal contaminated habitats using a wolf spider,
Pardosa astrigera (Araneae: Lycosidae). In: C A Brebbia (Ed) Environ Health Risk IV, WIT,
Southampton pp 229-236

Kammenga J, Arts M, Doroszuk A (2000) Multi-generation effects at the population level: fitness maximisation
and optimal allocation in a nematode. In Kammenga J, Laskowski R (ed) Demography in Ecotoxicology,
John Wiley, New York, pp 164-177

Komjarova I, Blust R (2008) Multi-metal interactions between Cd, Cu, Ni, Pb and Zn in water flea Daphnia
magna, a stable isotope experiment. Aquat Toxicol 90:138-144

Koster M, Reijnders L, van Oost NR, Peijnenburg WJ (2005) Comparison of the method of diffusive gels in thin
films with conventional extraction techniques for evaluating zinc accumulation in plants and isopods.
Environ Pollut 133:103-116

Kovats N, Abdel Hameid NA, Kovacs K, Paulovits G (2010) Sensitivity of three unionid glochidia to elevated
levels of copper, zinc and lead. Knowl Manag Aquat Ecosyst 4:1-8

Kumar PN, Dushenkov V, Motto H, Raskin I (1995) Phytoextraction: the use of plants to remove heavy metals
from soils. Environ Sci Technol 29:1232-1238

Li CC, Wang Y, Li GY, Yun YL, Dai YJ, Chen J, Peng Y (2016) Transcriptome profiling analysis of wolf spider
Pardosa pseudoannulata (Araneae: Lycosidae) after cadmium exposure. Int J Mol Sci 17:2033

LiuJ, GaoJ, Yun Y, Hu Z, Peng Y (2013) Bioaccumulation of mercury and its effects on survival, development
and web-weaving in the funnel-web spider Agelena labyrinthica (Araneae: Agelenidae). Bull Environ
Contam Toxicol 90:558-562

Mleiki A, Irizar A, Zaldibar B, El Menif NT, Marigomez I (2016) Bioaccumulation and tissue distribution of Pb
and Cd and growth effects in the green garden snail, Cantareus apertus (Born, 1778), after dietary
exposure to the metals alone and in combination. Sci Total Environ 547:148-156

Pavlaki MD, Morgado RG, Soares AM, Calado R, Loureiro S (2018) Toxicokinetics of cadmium in Palaemon
varians postlarvae under waterborne and/or dietary exposure. Environ Toxicol Chem 37:1614-1622

Pedersen MB, van Gestel CA, Elmegaard N (2000) Effects of copper on reproduction of two collembolan species
exposed through soil, food, and water. Environ Toxicol Chem 19:2579-2588

Peterson EK, Wilson DT, Possidente B, McDaniel P, Morley EJ, Possidente D, Hollocher KT, Ruden DM, Hirsch
HV (2017) Accumulation, elimination, sequestration, and genetic variation of lead (Pb*") loads within
and between generations of Drosophila melanogaster. Chemosphere 181:368-375

Ramirez MG, McCallum JE, Landry JM, Vallin VA, Fukui SA, Gergus HE, Torres JD, Sy CL (2011)
Relationships between physiological characteristics and trace metal body burdens of banded garden
spiders Argiope trifasciata (Araneae, Araneidae). Ecotoxicol Environ Saf 74:1081-1088

Rogers JT, Patel M, Gilmour KM, Wood CM (2005) Mechanisms behind Pb-induced disruption of Na+ and Cl—
balance in rainbow trout (Oncorhynchus mykiss). Am J Physiol Regul Integr Comp Physiol 289:463-472

12



454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493

Rouchon AM, Phillips NE (2017) Acute toxicity of copper, lead, zinc and their mixtures on the sea urchin
Evechinus chloroticus. New Zeal ] Mar Fresh 51:333-355

Saxe JK, Impellitteri CA, Peijnenburg WJ, Allen HE (2001) Novel model describing trace metal concentrations
in the earthworm, Eisenia andrei. Environ Sci Technol. 35:4522-4529

Shulman MV, Pakhomov OY, Brygadyrenko VV (2017) Effect of lead and cadmium ions upon the pupariation
and morphological changes in Calliphora vicina (Diptera, Calliphoridae). Folia Oecol 44:28-37

Simon E, Harangi S, Feherne Baranyai E, Braun M, Fabian I, Mizser S, Nagy L, Tothmeresz B (2016) Distribution
of toxic elements between biotic and abiotic components of terrestrial ecosystem along an urbanization
gradient: Soil, leaf litter and ground beetles. Ecol Indic 60:258-264

Stohs SJ, Bagchi D (1995) Oxidative mechanisms in the toxicity of metal ions. Free radical biology and medicine
18 (2):321-336

Tahir HM, Butt A (2008) Activities of spiders in rice fields of central Punjab, Pakistan. Acta Zool Sinica 54:701-
711

Van Ginneken M, De Jonge M, Bervoets L, Blust R (2015) Uptake and toxicity of Cd, Cu and Pb mixtures in the
isopod Asellus aquaticus from waterborne exposure. Sci Total Environ 537:170-179

Vasak M (1991) Metal removal and substitution in vertebrate and invertebrate metallothioneins. In: Methods in
enzymology, Elsevier, pp 452-458

Vijver MG, Vink JP, Jager T, Van Straalen NM, Wolterbeek HT, Van Gestel CA (2006) Kinetics of Zn and Cd
accumulation in the isopod Porcellio scaber exposed to contaminated soil and/or food. Soil Biol
Biochem 38:1554-1563

Vijver MG, Vink JP, Miermans CJ, van Gestel CA (2003) Oral sealing using glue: a new method to distinguish
between intestinal and dermal uptake of metals in earthworms. Soil Biol Biochem 35:125-132

Walters DM, Mills MA, Fritz KM, Raikow DF (2009) Spider-mediated flux of PCBs from contaminated
sediments to terrestrial ecosystems and potential risks to arachnivorous birds. Environ Sci Technol
44:2849-2856

Wang J, Lv Z, Lei Z, Chen Z, Lv B, Yang H, Wang Z, Song Q (2019) Expression and functional analysis of
cytochrome P450 genes in the wolf spider Pardosa pseudoannulata under cadmium stress. Ecotoxicol
Environ Saf 172:19-25

Wijayawardena MA, Megharaj M, Naidu R, Stojanovski E (2018) Chronic and reproductive toxicity of cadmium,
zinc, and lead in binary and tertiary mixtures to the earthworm (Eisenia fetida). J Soils Sediments
18:1602-1609

Wilczek G (2017) The Use of Spiders in the Assessment of Cellular Effects of Environmental Stressors. In:
Ecotoxicology and Genotoxicology: Non-Traditional Terrestrial Models. Issues in Toxicology, Royal
Society of Chemistry, pp. 96-124

Wilczek G, Babczynska A, Augustyniak M, Migula P (2004) Relations between metals (Zn, Pb, Cd and Cu) and
glutathione-dependent detoxifying enzymes in spiders from a heavy metal pollution gradient. Environ
Pollut 132:453-461

Wilczek G, Babezynska A, Wilczek P, Dolezych B, Migula P, Mlynska H (2008) Cellular stress reactions assessed
by gender and species in spiders from areas variously polluted with heavy metals. Ecotoxicol Environ

Saf 70:127-137

13



494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

Wilczek G, Rost Roszkowska M, Wilczek P, Babczynska A, Szulinska E, Sonakowska L, Marek Swedziol M
(2014) Apoptotic and necrotic changes in the midgut glands of the wolf spider Xerolycosa nemoralis
(Lycosidae) in response to starvation and dimethoate exposure. Ecotoxicol Environ Saf 101:157-167

Wilczek G, Wisniewska K, Kozina B, Wilczek P, Rost-Roszkowska M, Stalmach M, Skowronek M, Kaszuba F
(2018) Effects of food contaminated with cadmium and copper on hemocytes of Steatoda grossa
(Araneae: Theridiidae). Ecotoxicol Environ Saf 149:267-274

Wongsasuluk P, Chotpantarat S, Siriwong W, Robson M (2014) Heavy metal contamination and human health
risk assessment in drinking water from shallow groundwater wells in an agricultural area in Ubon
Ratchathani province, Thailand. Environ Geochem Health 36:169-182

Xu X, Li Y, Wang Y, Wang Y (2011) Assessment of toxic interactions of heavy metals in multi-component
mixtures using sea urchin embryo-larval bioassay. Toxicol In Vitro 25:294-300

Yang H, Peng Y, Tian J, Wang J, Hu J, Wang Z (2016) Spiders as excellent experimental models for investigation
of heavy metal impacts on the environment: a review. Environ Earth Sci 75:1059

Zeeshan M, Murugadas A, Ghaskadbi S, Rajendran RB, Akbarsha MA (2016) ROS dependent copper toxicity in
Hydra-biochemical and molecular study Comp Biochem Physiol C Toxicol Pharmacol 185:1-12

Zhang L, Van Gestel CA (2017) Toxicokinetics and toxicodynamics of lead in the soil invertebrate Enchytraeus
crypticus. Environ Pollut 225:534-541

Zidar P, Van Gestel CA, Strus J (2009) Single and joint effects of Zn and Cd on Porcellio scaber (Crustacea,
Isopoda) exposed to artificially contaminated food. Ecotoxicol Environ Saf 72:2075-2082

14



529 Table. 1 Actual Copper (Cu) and Lead (Pb) concentrations in artificial soil and food.

Treatments Artificial Soil Artificial Food

Cu mg/Kg DM Pb mg/kg DM Cu mg/kg DM Pb mg/Kg DM

Control 1.12 +£0.002 0.353 +0.005 1.41 +0.009 4.230 + 0.542
Cu 629.85+3.23 - 628.01 £5.44 -
Pb - 1889.9 £4.84 - 19353 £3.21
Cu+Pb 628.33 £3.18 1882.5+6.15 624.34 £3.36 1954.0 £4.73
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559  Fig.1 Total body concentrations of metals in Lycosa terrestris (A-C) and Pardosa birmanica (D-F) expressed as
560 mg/Kg DM (Dry matter) upto 6 weeks treated with copper (Cu), lead (Pb) and their mixture (Cu + Pb) via different
561 exposure routes (Soil, Food).

562
563
564

565

16



566 Lycosa terrestris Pardosa birmanica
567

o, A Control 30 7
A: Cu - - - Soil E: Cu
—@- -Food
20 20 -
. a

% Cumulative Mortality

=
o
\
H@H ®
\\
o - He
=
o
\
©
g

0 1 2 3 4 5 6 0 1 3 5 6
568
30 - 30 -
B: Pb .
z F: Pb
=
520 A a 20 1 . éa
% % a {/
2 i P
g a,’. 2 g
210 - a a7/ 10 - %—f - b
7 a
8 a 7~ é— - -7 // ;
S : ¥ 3 - b . ’ﬁ’ b .
S § b .
e b b b & - b -2 b b &

0 ‘_"1’ T ‘b —h&—T—4& |; T 1 0 __"I AT AT T 1

0 1 2 3 4 5 6 0 12 3 4 5 6

569
30 - 30 -

C: Cu+Pb }a G Cut Pl .
= / %
s a / a ,
£ 20 - / } 20 1 a /-

E // a /f
> a /, ’ a %, L7
B a /L . —- T
210 A a Jx 10 - ’#,, b
3 ; - . A
X 7 b Al b -
2o b . l """""" 0 '_‘, e e e . T 1
0 '_‘ T ‘ T ‘ T ‘ T T T 1 0 1 2 3 4 5 6
0 1 2 3 4 5 6 '
570 Time (Weeks) Time (Weeks)
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572 (Cu), Lead (Pb) and their combined mixture (Cu + Pb) via different routes of exposure. Different letters(a-c)
573 indicate statistically significant difference between treatments (P < 0.05).
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Fig. 4 Body mass change (BMC) in Lycosa terrestris (A-C) and Pardosa birmanica (D-F) exposed to Copper
(Cu), lead (Pb) and their mixture (Cu + Pb) via different routes of exposure.
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