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Arsenic is a common pollutant in many water reservoirs around the world and is the cause of human
mortality in many countries. The microcrustacean Daphnia can be cultured easily and is sensitive to many
toxic substances including As. This bioindicator is the basis of the Daphniatox instrument which uses
computerized image analysis of swimming organisms in real time. Fourteen endpoints are evaluated
including motility, swimming velocity, orientation with respect to light or gravity as well as several cell
size and form parameters. Using automatic track analysis of a large number of organisms warrants
high statistical significance. In a vertical swimming flask Daphnia shows pronounced gravitaxis moving
upward and downward while in a horizontal flask the organisms swim in random directions. Exposure
for up to 72 h to 0 — 10 mg/L NaAsO, (corresponding to 0 — 77.5 uM As) according to the standard NBR
12713 protocol showed an EC,; value of 5.97 mg/L for motility after an exposure time of 7 h and 4.82
mg/L after 26 h. Comparably, the EC,; value for velocity was 5.32 mg/L after an exposure time of 7 h and
after 26 h it was 3.05 mg/L. As expected, the length of the organisms did not change over the exposure
time because of their rigid exoskeleton, but the circularity which corresponds to the area divided by the
perimeter squared decreased which is interpreted to be due to a release of water. The results indicate that
this method provides a reliable, fast and inexpensive test for arsenic toxicity in drinking water from wells
and reservoirs.
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140 million people are using arsenic-polluted water in Asia.
In India the majority of the water for human consumption is
retrieved from more than 18 million small wells which have
been dug over the past 30 years to avoid surface waters which
are often contaminated by bacteria and other pollutants. The
World Health Organization (WHO) has set the upper limit for
As in drinking water at 10 pg/L, but since the concentrations

Introduction

Less than 1 % of the water on Earth is accessible for
human consumption since most of the freshwater is bound in
glaciers and snow [1]. In addition, the need for fresh water for
human consumption, agriculture and industry has increased
dramatically over the recent past and further increasing demand

is predicted in the face of the growing human population [2,3].
In parallel to the dwindling resources the remaining fresh water
is polluted by toxic substances from domestic, agricultural and
industrial wastes [4,5], which accumulate in groundwater,
freshwater reservoirs and natural aquatic ecosystems such as
lakes and rivers [6].

The World Health Organization (WHO) estimates that about
780 million people, mostly in developing countries, fail to have
access to clean fresh water [7] and 2.2 billion do not have safe
sanitation [8]. In Pakistan and India high concentrations of
heavy metals are found in the rivers [9]. Furthermore, inorganic
toxicants and organic pollutants accumulate in sediments and
thus pose long-term risks for human health and the biota [10].

Arsenic pollution of potable water has become a major
problem around the world. Daigle [11] reports that no less than

are much higher in these wells, India has increased the level to
50 pg/L [12]; even though many wells exceed this limit by far.

The problem is due to the rapid increase in the human
population. The big streams originating in the Himalayas have
eroded the pyrite rocks, leached out As which is contained
at high concentrations and deposited this toxic mineral in
sediments in India, Bangladesh, China, Pakistan and Nepal.
After reaction with oxygen and heavy metals such as iron,
As forms granules which are concentrated in the sediments.
Pumping fresh water from the wells at moderate levels does
not affect the sediments, but the rapidly increasing demand
for fresh water results in changes of underwater streams
from clean rocks to arsenic-containing sediments. Developed
countries have the possibility to filter out As from the water,
e.g. by the conventional aluminum-based water treatment, as
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in the Southwest US, while developing countries do not have
this option because of the high costs involved in this cleaning
process [13].

Arsenic can be taken up with the drinking water or by
consuming vegetables which have accumulated the toxin from
polluted irrigation water. It causes serious chronic diseases
in animals and humans [14]). Skin scarring is one of the first
indications [15]. When accumulating over time in the body it
causes brain damage, heart disease and cancer [16,17].

Monitoring and quality assessment of freshwater reservoirs
are of high priority because of the increasing demand by a
growing population. However, chemical analyses are time
consuming, expensive and usually limited to a few classes of
chemicals while the number of potentially toxic chemicals
counts in the thousands [18]. In addition, chemicals may operate
synergistically with other substances or other environmental
stress factors, which is not determined in routine chemical
analyses [19]. Upper limits for toxins vary between countries
and may be altered over time and may not reflect the effective
threat for the biota or human consumers of freshwater [20].

As an alternative, the presence of pollutants can be
determined by using bioassays which involve organisms as
bioindicators. One of the earliest examples was the use of
fish which were deployed in potentially polluted water; when
they died or showed abnormal swimming behavior this was
interpreted as an indication of the presence of lethal or sublethal
concentrations of toxic substances in the water [21]. Later on,
many other organisms have been utilized in bioassays including
bacteria, microorganisms, lower and higher plants as well as
invertebrates and vertebrates [22-25]. Different endpoints can
be used as indicators for toxicity including mortality, motility
and behavior, growth and reproduction as well as physiological
parameters such as photosynthesis, protein biosynthsis and
genetic alteration of aquatic organisms [26].

By definition bioassays do not provide information on
the chemical nature of the pollutant; they rather signal the
presence of a toxin which may pose a threat for human health
or ecosystem integrity [27]. The toxicity of an individual
substance can be characterized quantitatively by determining
the EC_ value, which by definition is the toxin concentration
which causes a 50 % inhibition of the studied response [28];
but in principle any other value could be used instead.

Many commercially available bioassays have been
developed during the recent past such as the Microtox test
which measures the intensity of the bioluminescence emitted
by genetically modified bacteria of the genus Vibrio which
decreases in the presence of toxins [29]. Lemnatox determines
the growth and pigmentation of the aquatic angiosperm
Lemna [30] and the recently developed Ulvatox determines
the release of zoospores from the marginal cells of the marine
chlorophyte Ulva pertusa which is delayed under the influence
of e.g. municipal or industrial wastewater monitored during
a 96-h period [31,32]. Another approach is based on the real
time image analysis of motile photosynthetic microorganisms
monitoring motility, orientation with respect to light or gravity
as well as cell shape [33,34].

Disadvantages of some of the commercial bioassays are
low sensitivity or long times required for the analysis. Several
species of the microcrustacean Daphnia have been found to be
very sensitive toward many toxic substances in the water [35].
Daphnia is a genus of small Cladoceran crustaceans, 0.5 — 5
mm in length, commonly known as water fleas. They dwell in
freshwater bodies such as streams, ponds and lakes where they
serve as food for secondary consumers such as amphibia and
fish [36], but some species of Daphnia and related genera are
adapted to brackish or marine waters [37]. The microcrustaceans
respond to many organic and inorganic pollutants [38], such
as carbamate, pyrethroids and organophosphorous pesticides
[39]. Daphnia is accepted as a suitable organism to monitor
freshwater, wastewater and sludge toxicity [40] and the
biotest is certified by many national and international agencies
including the German standard methods (DIN 38412 L-30) and
the OECD test 202 [41]. A recently developed automatic bioassay
using these organisms is based on the real-time analysis
of swimming Daphnia and monitors 14 different endpoints
including motility, orientation and form factors [42].

Materials and Methods
Organisms and culture

Cultivation of D. magna was carried out following the
standard procedure described in ISO-6342 (ISO-6342, 2012)
About 50 animals were kept in 5-L glass containers holding 2 L
of culture medium (M4 medium) at pH 7 at 23°C under a light/
dark cycle of 12:12 h [43]. The offspring was removed every
three or four days and the medium exchanged. After 4 weeks
new cultures were started with neonatal organisms. Feeding
was performed automatically twice daily using a timer-
controlled peristaltic pump. During each feeding 3.5 ml of an
algal suspension with the unicellular green alga Raphidocelis
subcapitata (previously Selenastrum capricornutum) at 3.6 x 107
cells/mL was dispensed into each culture vessel as described in
the ISO-8692 procedure (ISO-8692, 2012)

Bioassay for monitoring arsenic toxicity

The recently developed Daphniatox is based on the analysis
of the tracks of swimming organisms under the influence of
toxic substances in their environment. The Daphnia were placed
in cell culture flasks which were positioned either horizontally
or vertically in front of a light table which provided a uniform
irradiation. Thus, dark organisms were seen in front of a bright
background by a monochromatic USB 3.0 camera (Point Grey,
Blackfly BFLY-U3-13S2M-CS) with 1.3 mega pixel resolution
(1288 x 964) equipped with a macro zoom objective (Computar
2.8-12 mm, 1:1.3 IR 1/3”)

The tracking software is based on the Fiji software derived
from the open source ImageJ [44]. This program can process
only recorded video (.avi) sequences; but a software plugin
has been developed, which allows direct input of the online
video into the imaging software (Phase, Liibeck, Germany) The
Daphniatox analysis software is written in the Macro Language
of Image]. Additional features have been implemented to start
the live video and to calibrate the system in real physical units
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for dimensions and velocities (pixels per mm) In addition,
ranges for the size and velocity of objects can be defined to
avoid tracking debris or sedimenting organisms. A maximal
time frame and an upper limit for the number of tracked
objects can be defined for each experiment.

A stack of a previously defined number of frames is recorded
from the live video stream and the images are preprocessed
by background subtraction, contrast enhancement and
binarization [45-47], which results in clear-cut images
with bright organisms in front of a dark background or vice
versa. Objects are identified in the first recorded frame and
then followed through the stack. From these vectors velocity,
swimming direction, percentage of motile objects, orientation
with respect to light or gravity as well as their length, area
and form parameters (such as circularity) are determined
[48]. This procedure is repeated with the next stack of frames
until the predetermined time or maximal number of tracks
is reached. Figure 1 shows the tracks of Daphnia swimming
in a horizontally oriented flask. During the tracking analysis
the relevant data are shown on screen together with the life
image to make sure that no artefacts are recorded. Finally all
results are recorded together with an angular histogram of the
movement directions, swimming paths and area details.

The swimming direction of each organism is determined
as the angular deviation o from the 0° direction (direction of
impinging light or gravity vector)

getn1¥2=N

X2—X%

where x,, X,, y, and y, are the beginning and end coordinates

of each track, respectively [49].

The precision of orientation of the whole population can
be characterized by a statistical measure (r-value), which runs
between 0 (when the organisms move in random directions)
and 1 (when all cells move in the same direction) [50].

o \/(ZSin a)? + (Zcos a)?
n

Since this value does not indicate the direction in which the

Figure 1: Paths of swimming Daphnia in a horizontal chamber during 290 ms exposed
to 5 mg/L NaAsQ, for 1 h. The tracks in red are excluded from further analysis since
they do not cover at least nine frames in the stack of video images.

organisms move, the mean movement angle of the population
is calculated as 6 [50].

0= arctan(w)
zcos

The swimming speed is determined from the (meandering)
total swimming path length divided by the time needed for
this. In addition, the linear speed is calculated by dividing the
distance from the beginning of each vector to its end divided
by the time needed. The percentage of motile organisms is
calculated for all objects which fall within the defined size
range and velocity range.

The area of each object (within the size limits) is determined
and the mean value calculated. The length of the outer boundary
(perimeter), the circularity, roundness, solidity and aspect
ratio (ratio of the major and minor axes of a particle’s fitted
ellipse) are calculated [27]. In addition, the Feret’s diameter is
determined which indicates the largest dimension of an object
[44].

Experimental procedure and statistical analysis

About 50 neonate Daphnia were transferred into cell
culture flasks (Aldrich) holding 80 ml of filtered pond water.
Organisms were incubated with increasing concentrations of
NaAsO, (0 — 10 mg/L) 1 mg/L of this salt corresponds to 7.75
pM as. Each flask was analyzed three times by the tracking
software. Preliminary experiments have been carried out using
As (V) (NaSAsOA); however, in this bioassay the toxicity was
lower than for As (III) Therefore the tests were performed
using As (III) All experiments were repeated three times. For
all parameters mean values and standard deviations (Anova,
Student t) are determined. EC, curves were calculated using
Sigmaplot (ver. 12.5)

Results

In a vertical flask Daphnia shows vertical migrations which
are controlled by gravity [51]; periods of upward movement
alternate with those of downward swimming (Figure 2a). The
swimming directions of the tracks are binned in 60 sectors.
The histogram is based on 84 tracks; 51 % of the organisms
were motile. The mean swimming velocity was 0.025 + 0.013
mm/s and the direct velocity (calculated from the distance
between beginning and end of each track was 0.020 + 0.009
mmy/s, from which a mean directedness can be calculated as
a ratio between the two velocities as 0.834 + 0.167. 65.48 %
of the organisms swam upward. Since the histogram shows a
bidirectional distribution, 6 and r-value are not defined. The
mean area of the Daphnia neonates was 0.224 * 0.138 mm?,
the mean perimeter 2.766 + 1.112 mm and the mean organism
length was 0.816 + 0.306 mm. The form of the organisms is
described by the mean aspect ratio (1.910 + 0.540), the mean
roundness (0.536 + 0.151), the mean circularity (0.36 + 0.127)
and the mean solidity (0.737 + 0.133)

In a vertically oriented flask non-motile organisms
sediment to the bottom and drop out of the field of view.
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In order to determine the percentage of motile Daphnia, the
flask was placed horizontally on a light field with the camera
pointing downward. In the absence of gravitactic orientation
the Daphnia show random movements which results in an
r-value of 0.02 (Figure 2b) Non-motile or dead organisms
sediment to the bottom of the flask but are seen by the camera,
and therefore the percentage of motile cells can be calculated
correctly.

Short-term (acute) tests were performed according to the
standard NBR 12713 protocol (ABNT, 2003; EPA, 2002). Neonates
of D. magna, 24 h old, were placed in NaAsO, solutions (0 — 10
mg/L (which corresponds to 0 — 77.5 uM as) for a period of up
to 72 h [52]. Control measurements and analyses with different
arsenic concentrations were performed in sequence recording a
result file for each measurement. Immediately after incubation
most organisms were motile at all concentrations of arsenic
(Figure 3) However, when tracked after 24 h many organisms
incubated at 5 and 10 mg/L were found immotile. Likewise
the swimming velocity decreased with increasing incubation
times (Figure 4). The effect-concentration curve for motility
measured after an exposure time of 7 h showed an EC_, value of
5.97 mg/L; the concentration at which no effect was observed
(NOEC) was found at 1 mg/L and the lethal dose (LD) was 10
mg/L (Figure 5). When measured after 26 h the EC_ value was
£4.82 mg/L and the lethal dose (LD) was recorded at 5.3 mg/L.
Similar values were found for the direct velocity (Figure 6):
After an exposure time of 7 h the EC,, value was recorded at 5.32
mg/L; after 26 h it was 3.05 mg/L. The linear velocity indicates
the distance between the beginning and end of a track divided
by the time required for this. In contrast, the actual swimming
velocity is based on the actually covered path length. From
these two values a ratio can be calculated as direct velocity
divided by the actual velocity. This ratio was about 0.86 for all
As concentrations and did not change over the exposure time
(data not shown) indicating that the swimming pattern was
not affected by the presence of arsenic.

The mean length of the neonate Daphnia was 0.63 mm and
did not change significantly with the As concentration and

270° 90° 270° 90°

N

180° 180°

Figure 2: Angular histograms of tracks of D. magna swimming in a vertical (a) and a

horizontal (b) chamber binned in 60 sectors. The length of each wedge indicates the
percentage of organisms moving in the corresponding direction.
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Figure 3: Mean percentage of motile Daphnia in dependence of exposure time and
concentration of NaAsO,.
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Figure 4: Mean swimming velocity of motile Daphnia in dependence of exposure time
and concentration of NaAsO2.
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Figure 5: Effect-concentration curve of the motility (percentage of motile organisms

of D. magna after incubation in NaAsO, for 7 h (red symbols and red line) and 26 h
(blue symbols and blue line).

exposure time (data not shown) In contrast, the form varied
which can be described by the circularity, roundness or solidity.

. . area
circularity = 4z

perimeter?

area
roundness =

7 x major axis>

solidity = — 2129
convexarea

The circularity decreased over time and with higher As

concentrations, indicating that the perimeter of the organisms
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became longer, since the area was nearly constant (Figure 7).
Corresponding values were found for roundness and solidity.

Discussion

Arsenic poisoning is a global cause of human mortality.
It affects many organs such as the heart, respiratory organs,
stomach and intestine, liver, nerves and kidneys [53]. In
addition, it is genotoxic since it inhibits DNA repair and DNA
methylation [54]. It has also been found to be carcinogenic
for the skin and inner organs due to the formation of reactive
oxygen species [55]. Biochemically it blocks the citric acid cycle
by uncoupling the mitochondrial respiratory chain as well as
the B-oxidation pathway, resulting in a lack of ATP synthesis.
It causes amino acids degradation and perturbations in creatine
levels [56]. These are probably the main mechanisms for the
decreasing motility and velocity in Daphnia. During the exposure
time the percentage of motile organisms decreased as expected
when exposed to increasing concentrations of arsenic because
of the reduced ATP synthesis. It is interesting to note that at
all concentrations motility is affected more than velocity after
extended exposure times which means that a large number of
organisms stop swimming while in the remaining swimming
organisms the velocity is less significantly affected (cf. Figures 3
and 4) The toxin concentrations in these short-term exposures
are well above the thresholds defined for drinking water. It is
assumed that long-term incubations of Daphnia with as will
result in much lower EC, values. This hypothesis is confirmed
by the EC,, curves (Figures 5 and 6) showing less inhibition
after 7 h exposure than after 26 h for both motility and velocity.
Long-term monitoring of As toxicity is in progress to quantify
this notion. Over time motility also decreased in the controls
and organisms exposed to low As concentrations since they
were not provided with food. The same reasons hold for the
decreasing velocity. Since the Daphnia were not fed during
the experimental procedure no growth in length was visible.
Since the organisms have a rigid exoskeleton changes in their
form were not expected. However, increasing exposure times
at increasing As concentrations indicated changes in solidity,
circularity and roundness. These can only be due to the uptake
or release of water from the organisms changing the outer

Velocity [um/s]

//

NaAsO, [mg/L]

Figure 6: Effect-concentration curve of the mean swimming velocity of D. magna

after incubation in NaAsO, for 7 h (red symbols and red line) and 26 h (blue symbols
and blue line).
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Figure 7: Circularity of motile Daphnia in dependence of exposure time and

concentration of NaAsO,.

silhouette. These suble changes in the form parameters of
the organisms can only be detected by computer-aided image
analysis and not by a human observer indicating another
advantage of the new bioassay instrument increasing the
number of observable endpoints. This is also only possible
due to the large number of trackings increasing statistical
significance. The organisms show gravitactic orientation [57].
While they swim in random directions in a horizontal flask,
in a vertical flask half of the population swims upwards and
the other half downward while considerably less Daphnia swim
sideways. This result is also only possible due to the high
number of tracks being analyzed. Human observers often have
a personal bias which may be in contrast to the real behavior.

Modern bioassays need to provide a number of features such
as short analysis time, high sensitivity, accuracy and reliability.
It is preferable to use bacteria, algae, plants or invertebrates
as bioindicators in order to avoid ethical considerations.
Daphniatox allows to analyze a sample in about 2 min,
tracking up to 100 organisms in real time using computerized
image analysis [42]. Analysis by a human is both subjective
and error prone which is avoided by the automatic tracking
software. High statistical significance and precision of analysis
are warranted by the high number of evaluated tracks which
is achieved by parallel analysis of multiple organisms. The
system is user friendly and does not need intensive personal
training. Investment costs are small and running costs of the
instrument are minimal. Keeping a culture of Daphnia and their
food is simple and does not require extensive lab facilities [58].
The instrument measures 14 different parameters which can
be used as endpoints. The Ecotox system which analyzes the
motility, orientation and form parameters of the unicellular
green flagellate Euglena gracilis evaluates a similar number of
endpoints [59].

Daphnia is known as a very sensitive bioindicator organism
and has been found to be more sensitive than other bioindicator
organisms employed in different bioassays including algae
(growth), fish (mortality) and bacteria (bioluminescence) [60].
Daphnia is an accepted bioindicator; the biomonitoring protocol
is standardized and established in many countries [61]. EC,,
values for motility and velocity have been found to be less than
2 mg/L when exposed for 2 h to potassium dichromate and
even less after an exposure time of 24 h. After oral application

Citation: Hader D-P, Erzinger GS (2017) Arsenic Pollution Measured with an online Monitoring System using Daphnia. Open J Environ Biol 2(1): 027-034.



™ Peertechz Publications Pvt. Ltd.

of potassium dichromate to rats the EC_, value is 25 mg/kg and
14 mg/kg for rabbits after transdermal application [62,63].
The organism is also very sensitive to arsenic as shown in this
report. In humans the lethal dose is 1.4 mg/kg body weight;
death occurs within a few hours or days by renal or heart
failure. In contrast, metallic As has a low toxicity because
of its poor solubility; the LD, is 763 mg/kg in rats after oral
application [64].

By definition bioassays are not capable of identifying the
chemical nature of a toxic substance but indicate a biohazard
when a critical level of toxicity is exceeded. Therefore, when
a potential threat for ecosystem safety or human health is
indicated by the bioassay, chemical analysis needs to identify
the pollutant in order to remedy the water reservoir. One
strong feature of bioassays is that they monitor the potential
toxicity of combined pollutants which may operate additively or
synergistically. In addition, the toxicity of polluting substances
may be increased by solar radiation or other environmental
factors [65]. In addition to short-term analysis of single toxins
such as As in wells and drinking reservoirs, a wide variety
of pollutants such as heavy metals, herbicides, pesticides,
fertilizers, detergents, wastewaters and many other organic
and inorganic pollutants [59,66], can be monitored. The
bioassay can also be employed for long-term (chronic) toxicity
and can be used as an early warning system for potential
pollution in groundwater, municipal and industrial wastewater
and determining the efficacy of water treatment plants [59,67].

Conclusion

The bioassay Daphniatox is based on a standardized
biomonitoring protocol established in many countries [61]. The
microcrustacean Daphnia is a sensitive bioindicator for many
pollutants such as heavy metals, municipal and industrial
effluents, pesticides and fertilizers as well as cyanobacterial
toxins [68-73]. In the new bioassay up to 14 different endpoints
are tested including motility, swimming velocity, orientation
with respect to light or gravity as well as several size and form
parameters. Computer-controlled image analysis increases
statistical significance by analyzing large numbers of tracks.
The precision of video analysis allows to detect fine details
and subtle differences in the size and form parameters which
increases the number of observable endpoints.

In a vertical swimming flask the organisms show gravitaxis
swimming preferentially upward and downward. Using this
fully automatic, computerized instrument the toxicity of
arsenic was tested for up to 72 h. Work is in progress to conduct
these tests in long-term exposure for weeks and during several
reproductive cycles which is expected to show toxicity at much
lower As concentrations.

Increasing As concentrations and exposure times reduced
both motility (percentage of motile organisms) and swimming
velocity. The EC,, value for motility was found to be 5.97
mg/L (which corresponds to 46.3 nM As) The EC,, value for
swimming velocity was 4.82 mg/L corresponding to 37.4 pM
as, respectively. In addition, the form of the organisms changed
and became more rounded which is interpreted as a result of

water uptake since the length of the organisms did not change
due to their rigid exoskeleton.

The instrument is a low-cost option to determine toxicity
of various water pollutants. This feature makes it applicable for
monitoring water toxicity in developing nations which do not
have the means of using expensive analytical instrumentation.
It has the advantage of automatic and on-line monitoring and
can be used as an early warning system for the occurrence of
biologically hazardous toxins.
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