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Preface
The idea to write my thesis about Callitriche cophocarpa and arsenic comes from my company
placement, which I conducted in Poland. Here I did research on the capability of this plant to
accumulate toxic arsenic. I did this research together with my internship coach Joanna
Augustynowicz. During this research I learned a lot about biochemistry and the application of plants
as phytoremediators, two subjects that were relatively new to me. Thanks to the knowledge I required
in Poland I developed an interest in these subjects. My main focus has been on plant ecology and
sociology for a long time, I would say this is where my passion lies. The interesting aspect of
phytoremediation for me is that it concerns itself with the usage of (wild) plants to improve the
environment. This is useful for both humans and all other life on earth. I hope that these
environmentally friendly techniques can be used in the future and I hope that I can help acquiring the
knowledge needed to make this possible.
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Summary
Water pollution by arsenic (As) is a problem in many areas of the world for both ecology and humans.
To remove arsenic from surface water an environmental-friendly method called phytoremediation
could be used. This method includes the usage of plants to accumulate toxins from any environmental
soil, so these plants can be harvested thus removing the toxins. In this research Callitriche
cophocarpa, a Northern European aquatic plant was studied on its capabilities as a phytoremediator
for arsenic. The resistance of the plant to the toxicity of arsenic and its capability to accumulate the
element were researched during the company placement assignment from Mikay Breet (author of this
thesis), together with Joanna Augustynowicz. The information of this research was used to answer two
sub questions in this research. The final sub question was answered with information acquired during a
literature study. According to the study it can be concluded that Callitriche cophocarpa is able to
accumulate arsenic effectively in waters polluted up to at least 0,75 mg/l. It also seems that this
concentration of arsenic does not seriously affect the plants health. The plant is theoretically suited for
practical use as a phytoremediator in areas with a temperate climate. An effective way to apply the
plant would be to include it in a constructed wetland system, since this is a method that is already
being used to remove toxins from surface water. If the plant is used in practice and eventually
harvested, it is important that they are not burned, since arsenic can become gaseous and cause air
pollution. Instead the plants should be burned or composted. The waste can then be stored away as
hazardous material. The natural distribution area of Callitriche cophocarpa does not correspond with
those areas in the world were arsenic pollution in surface water forms a problem. This means that if
the plant is to be applied for phytoremediation of arsenic it has to be introduced. This is discouraged
since it might form its own problems if the species becomes invasive. However, there are many
different species in the Callitriche genus present all over the world. Several of these species have been
researched on their capability to accumulate arsenic and all of them were able to accumulate the
element very effectively. It is possible that more plants in this genus have this trait, meaning that local
plants could possibly be used in affected areas.
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1. Introduction
The pollution of surface water by heavy metals has become a major concern worldwide, it poses a
threat to nature and humans alike. The pollution of water with heavy metals is often caused by
anthropogenic activities such as industrial and wastewater and sewage dumping (Zhao et al., 2018).
One of the elements that causes problems worldwide is arsenic. Although it is not classified as a heavy
metal, it does show many similar properties as will be further explained in the following paragraphs.
Arsenic
Arsenic (As) is a metalloid with highly toxic properties for many organisms including humans (Domy,
2001). Acute arsenic poisoning can cause various symptoms including: nausea, vomiting, abdominal
pain, diarrhoea, bloody urine, anuria, convulsions and come. The lethal dose for inorganic arsenic is
estimated to be around 1-3 mg/kg of body weight (Hughes, 2002). The long term effects of arsenic, for
example when drinking water is contaminated with the metalloid, are completely different from acute
poisoning. A large variety of cancers can be caused by the long term exposure to arsenic including:
skin, uterus, lung, liver, bladder and kidney cancer (Smith et al., 1992; Yoshida, Yamauchi, & Sun,
2004). Furthermore, the cancerous effects the exposure can cause non-cancerous diseases such as:
hypertension, vascular diseases, respiratory diseases, neurological effects and diabetes mellitus. The
World Health Organisation (WHO) has put the maximum concentration of arsenic for safe drinking
water at 10 µg/l (Kapaj, Peterson, Liber, & Bhattacharya, 2006). However the skin is very sensitive to
arsenic and is known to already show lesions when the drinking water contains 5 to 10 µg/l (Yoshida
et al., 2004). Not all forms of As are equally toxic, in general the inorganic forms are more toxic than
organic forms. There are four different oxidation states in which arsenic can occur: arsenate (V),
arsenite (III), arsenic (0) and arsine (-III). These speciations can exist in both organic and inorganic
forms, but in natural waters it is mostly found as inorganic arsenic in the oxidation states V or III.
As(III) is more toxic than As(V) (Sharma & Sohn, 2009). Despite its toxicity arsenic can be found all
around the globe in all soils and other environmental media. The concentration in water is in most
areas below the threshold of 10 µg/l (Domy, 2001; Matschullat, 2000). Still, there are many regions
where this threshold is exceeded in ground waters including multiple states in the USA, Canada,
Argentina, Mexico, Chile, Taiwan, China, Japan, Thailand, Ghana, Hungary Bengal, India and
Bangladesh (Kapaj et al., 2006). A map of arsenic pollution in aquifers, mines and geothermic waters
is shown in figure 1.

Figure 1: arsenic pollution in aquifers, geothermic waters and mining influence around the world (Smedley, 1993)
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The main reason for these high concentrations is erosion and leaching from geological formations, yet
the mobilisation of arsenic can be initiated when large populations receive their drinking water from
groundwater, for example in India and Bangladesh. This is caused by the appearance of
microorganisms, organic compounds and other physiochemical factors. Moreover, human activities
such as mining, burning of fossil fuels and pesticide application can enhance the concentration of
arsenic in the environment (Kapaj et al., 2006; Sharma & Sohn, 2009). All these factors can lead to the
contamination of water used for drinking and agricultural purposes (Loon, Vanloon, & Duffy, 2010).
There are already many different ways to remove arsenic from contaminated water. These techniques
are either chemical or physical and include: coagulation and flocculation, adsorption, ion exchange,
precipitation, membrane filtration and oxidation. These methods usually need to be performed in a
facility and if this is not the case they require the adding of chemicals to the water thus possibly
causing secondary contamination (Choong, Chuah, Robiah, Gregory Koay, & Azni, 2007). A possible
method to remove arsenic from contaminated water in an environmental-friendly way and without the
usage of a facility could be phytoremediation. This is the usage of plants to remove or degrade
contaminants from any environmental substrate, including water (Marin et al., 2000).
To be more specific a certain form of phytoremediation, phytoextraction, could be of interest for the
removal of arsenic. Phytoextraction is the uptake of pollutants from water and soil by the roots, to be
translocated to the upper parts. This means that the upper parts of the plants can be harvested to
remove the pollutants from the environment (Ali, Khan, & Sajad, 2013). However not all plants are
equally effective in the uptake and translocation of pollutants.

Callitriche cophocarpa
Callitriche cophocarpa (figure 2) is a potential candidate for the phytoremediation of arsenic
contaminated waters. This aquatic plant is a member of the Plantaginaceae family (van der Meijden,
2005) and has a natural distribution area reaching from central Europe and Scandinavia to the Ural
mountains in Russia. Callitriche cophocarpa is not picky when it comes down to habitat preference, it
occurs commonly in many different types of water bodies such as: lowland ditches, slow-flowing
reaches of rivers, backwaters, oxbows, field ponds, lag fens and raised bogs. It can tolerate pH levels
from 6 to 9 and is recorded to grow on altitudes as low as sea level and as high as 1370 meters (IUCN,
2009).
Apart from its ability to grow in many
different habitats Callitriche cophocarpa has
already been found to accumulate a number
of heavy metals. Especially for chromium
the plant shows extraordinary capabilities.
Callitriche cophocarpa was found to
hyperaccumulate both Cr(III) and Cr(VI) to
an extreme degree (28.385 mg/kg dry weight
for Cr(III) and 7.315 mg/kg dry weight for
Cr(VI) on average) by Augustynowicz,
Kyzioł-Komosińska, Smoleń, & Waloszek
(2013). In a later study the plant was tested
on the following heavy metals: cadmium,
thallium, zinc and lead. In this study water
Figure 2: Callitriche cophocarpa (Tosetto, n.d.)
directly collected from a river polluted with
these heavy metals was used to test the plants. The plants accumulated all heavy metals up to hundreds
of times the concentration of the river water and were even able to bring the concentrations of Cd, Zn
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and Pb to acceptable concentrations within 10 days (Augustynowicz, Tokarz, Baran, & Płachno,
2014).

Research question and sub questions
The wide habitat range and bioaccumulation properties make Callitriche cophocarpa a potential
candidate for the phytoremediation of arsenic polluted waters. The knowledge on this subject is
however very limited and this is why this study will be focussed on obtaining the knowledge required
to determine if Callitriche cophocarpa can be used as a phytoremediator for arsenic. The following
research question is setup to lead the research progress: Can Callitriche cophocarpa be effectively
used as a phytoremediator in arsenic polluted waters?
The first and most important sub question is if Callitriche cophocarpa is able to accumulate arsenic at
all, and if so how effectively it can do this. For this it is also important to assess the effects of different
degrees of arsenic pollution on the plants. This can be interpreted as direct damaging effects as well as
stress reactions from the plant. Lastly in this study, it will be researched how the usage of Callitriche
cophocarpa as a phytoremediator could be executed in practice. This includes the most important
aspects such as how the plants are acquired and introduced to new areas, how they are harvested and
what has to be done with the plants after harvesting. All sub questions are listed below:
Is Callitriche cophocarpa able to (hyper) accumulate arsenic and if so to what degree?
What is the effect of arsenic pollution on Callitriche cophocarpa?
Where and how could the removal of arsenic by Callitriche cophocarpa be applied?
The first two sub questions will be answered by using the information acquired during a research on
the effect of arsenic on C. cophocarpa and vice versa (Physiological response of Callitriche
cophocarpa to elevated levels of arsenic species), which was conducted as a company placement
assignment by Mikay Breet (author of this thesis) and Joanna Augustynowicz (internship coach). This
research was done as a preliminary research for a larger study which will be conducted in the future.
The last sub question will be answered by conducting a literature study. The methods for this study
will be explained in the next chapter (2). The results from this study are shown in chapter three and are
later discussed in chapter four. The last chapter (5) contains the conclusions and recommendations.
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2. Methods
The first two sub questions of this research were answered by using the results of the research:
Physiological response of Callitriche cophocarpa to elevated levels of arsenic species. The aim of this
research was to assess the effect of toxic arsenic on Callitriche cophocarpa and its capability of
accumulating the element. The material and methods of the experiments used in the study is included in
appendix 1 and a short summary of all experiments will be given in this chapter. The last research
question was answered by conducting a literature study, the method used for this study is also explained
in this chapter.

Summary material and methods: Physiological response of Callitriche cophocarpa to elevated
levels of arsenic species
The plants and water used for this experiment were manually collected from a natural population in the
Dłubnia river near the town Laski Dworskie, Poland. After the collection of the plants they were directly
transported to the laboratory to be prepared for the experiments. At the same location 10 litres of water
was collected from the river. This water was pumped through a Millipore pad of 0,2 µm to remove any
bacteria. With this water three replicates of ten different solutions with arsenic and a control group were
made in flasks. Solutions were made with both As(III) and As(V) with the following concentrations: 5
µM (0,375 mg/l), 10 µM (0,75 mg/l), 50 µM (3,75 mg/l), 100 µM (7,5 mg/l) and 500 µM (37,5 mg/l).
Approximately 5,8 gram of healthy Callitriche cophocarpa shoots were placed in each flask. All
samples were placed in a phytotron chamber (BiOSELL) for one week with 16 hours of light (at an
intensity of 80 µmol of light quants/m2s) and 8 hours of darkness, with 23 °C during the day and 18 °C
during the night. After this week all plants were washed and the replicates of each group were put
together, so from this point there were 11 samples in total. Some parts were directly used for
experiments. The rest of the biomass was dried using tissue paper and then placed in liquid nitrogen to
be frozen. After this the samples were freeze-dried using a lyophilizer chamber (Alpha 1-4 Martin Christ
Gefriertrocknungsan-lagen GmbH lyophyliser, Germany).
Fresh/dry weight ratio
Directly after washing a small piece of biomass from each sample was dried with tissue paper and then
weighed. After collecting this data each sample was placed in an oven at 105 °C for 24 hours. Then all
samples were weighed again so the results could be compared.
Ion leakage
This experiment too was conducted directly after washing. Five leaves in three replicates were cut off
from shoots in every sample (resulting in 15 leaves per sample). These leaves were cut in halve using a
scalpel and places in demineralized water. The leaves of every replicate were placed in their own closed
tube with ten millilitres of ultrapure demineralized water (Milipore). The samples were kept in darkness
at room temperature for 24 hours and the electrical conductivity was measured. Then all samples were
frozen and de-frozen to be measured on electrical conductivity again. The difference between
conductivity was compared to measure ion leakage.
Morphology
The morphology of the plants was analysed by using photographs and a binocular. The assessment itself
was done by the researchers, by describing the status of the plants, as it could not be expressed in
numbers.
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Bioaccumulation factor
The bioaccumulation factor was measured by comparing the concentration of arsenic in the biomass of
the plants to the concentration of arsenic in the solutions. The concentration of arsenic in the biomass
was measured by Dr. Agnieszka Baran from the Department of Agricultural and Environmental
Chemistry (University of Agriculture Krakow). The freeze-dried samples were digested using a mixture
of H2O2 and HNO3 (6:1; v/v) in the closed system of a microwave oven. After this an inductivelycoupled plasma emission spectrometer was applied, this spectrometer was calibrated by using the ICP
(Inductively Coupled Plasma) standard for arsenic.
Photosynthetic pigment analysis
To measure the amounts of chlorophyll a, chlorophyll b and carotenoids, freeze-dried biomass (10mg),
in triplicates of every sample, was homogenised and placed in Eppendorf tubes with 80% (v/v) acetone
with a small amount of CaCO3. The samples were centrifuged for 5 minutes at 5400 g and 4 °C. The
supernatant was collected and acetone was added for a second time and centrifuged for 15 minutes at
the same parameters. The supernatant was collected again and all samples were filled up to 4 ml with
acetone. The absorbance of these samples (the supernatant) was analysed by using a UV-Vis
spectrometer at 470, 646 and 663 nm. The pigment content could then be calculated by using a specific
equation each pigment.
Phenolic compounds
Three replicates of 20 mg of freeze-dried material from every sample were homogenized in 80% of
methanol. Then the samples were centrifuged at 5400 g at 4 °C for 15 minutes. The supernatant was
diluted to the volume of 5 ml. The samples were thoroughly vortexed after adding 200 µl 10% (v/v) of
Folin-Ciocalteau reagent. 0,8 ml of 0,7 M Na2CO3 was added to each sample and then incubated for two
hours at room temperature. The absorbance of the samples was measured using a UV-Vis spectrometer
at 765 nm.

Literature study
The third sub question was answered by conducting a literature study. This was executed in two phases:
information gathering and information processing.

Information gathering
To determine the usability of Callitriche cophocarpa as a phytoremediator for toxic arsenic many
different factors had to be taken into account. For this reason the last sub question was divided in six
different paragraphs. In the first paragraph the natural distribution and habitat preference of the plant is
compared to the presence of arsenic in surface water worldwide. The second paragraph gives a
description of the plants ecology and its invasive properties. Then, in the third paragraph, the availability
and requirements to obtain Callitriche cophocarpa is assessed. The fourth paragraph assesses how the
plants can be implemented in practice. The aspects of harvest are discussed in the fifth paragraph. Lastly
it is determined how the waste from the whole process should be treated.
Most of the information for this study was collected on the internet. The main websites used for this
purpose were scholar.google.com and sciencedirect.com. The goal was to use scientific articles, reports
and digital books. If the information availability was insignificant also websites were used as sources
occasionally. Besides the usage of the internet also books were used. These books were mainly used for
basic information about plants, the genus Callitriche, or the species Callitriche cophocarpa itself
(ecology, morphology, etc.).
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Scientific articles, reports and books were selected on the following prerequisites:
1. At least two sources have to support the same conclusion. Researches done to a specific location
or situation may be used as well.
2. Sources from after the year 2000 are preferred, older sources will only be used if the information
in newer sources is lacking.
The most important search terms that were used during the study are listed in the table below (table 1).
Table 1: Search terms

Primary search terms
Callitriche
cophocarpa,
Callitriche,
cultivation,
bioremediation,
phytoremediation,
hyperaccumulator, arsenic, pollution, water pollution, heavy metal pollution, arsenic pollution in
surface water, area of arsenic pollution in surface water, phytomining, invasive species, plant
introduction, hazardous material, processing of toxic arsenic, transportation of plants/arsenic
During the information gathering all useful sources were saved in a source matrix. This source matrix
contains the title, reference and link to the source. It also contains a short description of the information
that can be found in the source, mostly as key words or short sentences.

Information processing
During this phase the relevant gathered information was selected. This information was then combined
and summarized to create a clear overview and properly answer the sub question.
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3. Results
3.1 Is Callitriche cophocarpa able to (hyper)
accumulate arsenic and if so to what degree?
Since Callitriche cophocarpa cannot be classified as a hyper accumulator for toxic arsenic, although it
is able to accumulate the element up to very high concentrations, according to “Physiological response
of Callitriche cophocarpa to elevated levels of arsenic species”. For a plant to be classified as a
hyperaccumulator for arsenic it has to be able to concentrate the element up to at least 1000 milligrams
per kilogram of dry weight (Ali et al., 2013).
The plants were able to reach this threshold only in the following solution: 3,75 mg/l of As(V). The
average concentration of arsenic in these plants was 1001 mg/kg of dry weight, so it only just reached
the threshold of 1000 mg/kg. The rest of the plants accumulated high amounts of arsenic in the
following concentrations: 0,75 mg/l of As(III) (165 mg/kg), 3,75 mg/l of As(III) (426 mg/kg), 0,375
mg/l of As(V) (137 mg/kg), 0,75 mg/l of As(V) (457 mg/kg), 7,5 mg/l of As(V) ( 485 mg/kg).
The concentration of arsenic in the plants does not have much value on its own. It is important to
compare the concentration of arsenic in the solution to the concertation in the plants to see how active
the plants have been in their uptake. This is easily calculated by dividing the concentration of arsenic
in the plants by the concentration in the solution, this value is referred to as the bioconcentration
factor. For example the plants in the solutions with 7,5 and 37,5 mg/l contained a high concentration
of arsenic, 256 and 387 mg/kg respectively. Yet the bioconcentration factor of these plants was very
low when compared to the other plants, 34 and 10 respectively, but his can be explained by the fact
that these plants were either dead or dying, so they did not have the capability or time to accumulate
arsenic. In the solutions where the plants remained healthy, bioconcentration factors between 144 and
609 were reached. The highest bioconcentration factor in the As(III) solutions was 220, in the solution
with 0,75 mg/l. In the solutions with As(V) high bioconcentration factors were reached in the
following solutions: 0,375 mg/l, 0,75 mg/l, 3,75 mg/l, with 366, 609 and 267 respectively. This means
that the uptake of arsenic for both As(III) and As(V) was most effective with a concentration of 0,75
mg/l in the surroundings. The concentration in the biomass and the bioconcentration factor for all
samples are shown in figure 3 and 4.
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As concentration in mg/kg of drie weight
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Figure 3: concentration of arsenic in dry biomass in each sample (mg/kg). This value shows the amount of arsenic that the
plants contained after the incubation week, this value does not reveal anything about the method of uptake, the arsenic could
have been taken up actively by the plants or it could have entered the plant tissue by diffusion.

Bioconcentration factor

700,0
600,0
500,0
400,0
300,0
200,0
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Figure 4: the bioconcentration factor for all samples is shown in this figure. This is the concentration of arsenic present in
the plants compared to the concentration in the solution. The higher the bioconcentration factor the more arsenic has been
taken up by the plants. It can be assumed that the high concentrations indicate active uptake from the plants. The low
concentrations (As(III) 7,5 mg/l, As(III) 37,5 mg/l and As(V) 37,5 mg/l) were present in the plants that were dead or dying.
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3.2 What is the effect of arsenic pollution on Callitriche
cophocarpa?
The capability of Callitriche cophocarpa to deal with toxic As (As(III) and As(V)) has been
researched in the study: Physiological response of Callitriche cophocarpa to elevated levels of arsenic
species. The following factors were studied to measure the physiological response of the plant:
Morphology, dry-fresh weight ratio, ion leakage, photosynthetic pigments and phenolic compounds.
The results from the ion leakage experiment were too random and statistically irrelevant to be used, so
these results will not be assessed.
The morphological status was assessed as “good” when the plants still had the ability to live and grow.
In the solutions with As(III) the plants had a good morphological status up until a concentration of
0,75 mg/l. In the concentrations from 3,75 to 37,5 mg/l the plants had been damaged to such a degree
that it can be assumed they were either dead or dying. The plants seemed to be more resistant to
As(V). In the solutions with this form the plants had a good morphological status up until a
concentration of 7,5 mg/l. The only higher concentration that was researched was 37,5 mg/l and this
seemed to be fatal to the plants.
During the rest of the experiments only the plants incubated in the following concentrations were used:
control (incubated in unpolluted river water), control river (retrieved directly from the river) As(III)
0,375 mg/l, As(III) 0,75 mg/l, As(V) 0,375 mg/l, As(V) 0,75 mg/l, As(V) 3,75 mg/l, As(V) 7,5 mg/l.
The dry-fresh weight ratio can be translated as an indication of the plant’s health. This is because
when plant cells are damaged they lose water. So it can be assumed that a higher dry-fresh weight
(higher percentage of dry weight) ratio indicates decreased health for the plants. The plants in the
solutions with As(III) showed a very strong correlation between increase of dry weight percentage and
increase of As concentration. This means that the plant cells lost more water with a higher
concentration of As(III). The plants in the As(V) solutions did not show any relevant changes with the
increase of arsenic, as can be seen in figure 5.

Precentage of dry weight
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As(III) As(III) 7,5 As(III)
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mg/l
37,5
mg/l
mg/l

As(V)
0,375
mg/l

As(V)
0,75
mg/l

As(V) As(V) 7,5 As(V)
3,75
mg/l
37,5
mg/l
mg/l

Figure 5: the dry/fresh weight ratio is indicated with a percentage of dry weight. This means the higher the value, the lower
the amount of water in the plant cells. A loss of water indicates cell membrane damage and thus decreased health. I can be
seen that in the As(III) group the more arsenic is present in the solution the more water the plants have lost. In the As(V)
group the values are not significantly different.
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mg of chlorophyll a in 100 g of fresh
weight

An increase of photosynthetic pigments could either indicate a stress reaction or increased health of
the plants. All photosynthetic pigments showed similar results, the results for chlorophyll ɑ can be
seen in figure 6. The lowest levels of photosynthetic pigments were found in the control groups (plants
incubated with non-polluted water). In the concentration of 0,375 mg/l As(III) this value was only
slightly higher. The highest value of photosynthetic pigments was found in the concentration of 0,75
mg/l As(III). In the As(V) solutions the plants had comparable concentrations of photosynthetic
pigments, slightly lower than the plants in the 0,75 mg/l As(III) solution. These results suggest that As
induces an increase of photosynthetic pigment production in the plants.
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mg/l

As(V) 7,5
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Figure 6: the concentrations of chlorophyll ɑ are shown in this figure as a representative of the photosynthetic compounds
that were measured. It is notable that the control groups and plants in low concentrations of arsenic have lower values of
photosynthetic compounds that the plants in higher concentration. The reason for this is not completely clear, it is possible
that the plants produce more photosynthetic compounds when under stress, but it may also indicate increased health.

The level of phenolic compounds was measured as an indication of stress in the plants. Phenolic
compounds are secondary metabolites that plants produce when under various forms of abiotic stress,
such as: excess of light, occurring of reactive oxygen species/free radicals and the presence of
poisoning elements (Taiz & Zeiger, 2006). The concentration of phenolic compounds overall found in
the plants was higher than the average value of phenolic compounds in Callitriche cophocarpa
according to this research: Augustynowicz, Długosz-Grochowska, et al., (2014). The plants with the
highest concentration were those that were directly retrieved from the river and those incubated in the
solution with 0,375 mg/l of As(V) (figure 7). The lowest values were found in the incubated control
group and 0,375 mg/l As(III) group. The rest of the plants had comparable values with no statistically
relevant differences.
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mg of phenolics in 100 g of fresh weight
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Figure 7: the concentration of phenolic compounds (produced when under stress) is shown in mg/100g of fresh weight. The
differences between the groups are not statistically relevant over all. However, it is notable that the highest concentration
was found in the control river group, suggesting that these plants underwent the most stress. The lowest values were found in
the incubated control group and the plants in the lowest concentration of As(III). It would seem that arsenic does cause some
stress for the plants, but not more than the amount of stress the plants receive from being in its natural habitat.
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3.3 Where and how could the removal of arsenic by
Callitriche cophocarpa be applied?
3.3.1 Distribution and causes of arsenic in surface water
It is well known that many regions around the world have aquifers with naturally occurring high
amounts of arsenic (>10 µg/l). These regions include places in: the USA, Argentina, Taiwan, China,
Hungary, Vietnam, Chile, Bangladesh and India (Jameel A. Baig et al., 2017; Kapaj et al., 2006;
Smedley, 1993; Yousif, Zaid, & Ibrahim, 2016). The map shown in the introduction (figure 1) gives a
clear overview of these areas and it is shown again in figure 8. Although arsenic in groundwater can
never be removed by the usage of plants, the arsenic from the aquifers in these regions can be
translocated to surface water by various effects. The mining of ores that contain arsenic-bearing
minerals and geothermic activity can cause this effect (Brown, Valett, & Schreiber, 2007; Welch &
Stollenwerk, 2003). Many areas affected by these phenomena are shown in Figure 8 as dots. Several
areas with high values of arsenic in surface water were found by Smedley & Kinniburgh (2002) before
the year 2000. Table 2 shows an overview of areas where arsenic pollution (concentrations higher than
10 µg/l, exceeding the WHO standard for save drinking water) in surface water has occurred since
1990. Locations found by Smedley & Kinniburgh (2002) in researches from 1990 to 1999 are shown
in the first part of the table. The second part of the table shows cases of arsenic pollution after the year
2000, these cases are further explained in the next paragraphs.

Figure 8: arsenic pollution in aquifers, geothermic waters and mining influence around the world (Smedley, 1993)

Pakistan
Jameel Ahmed Baig et al. (2010) collected samples in multiple rivers, canals and lakes in the Khaipur
district, Pakistan in 2007 and 2008 to be analysed on arsenic concentration. The lakes in the area
contained concentrations of arsenic higher than 10 µg/l. There may be different reasons for this,
including: high evaporation and low rainfall (resulting in higher salt concentrations in general), the
usage of pesticides and the use of untreated wastewater sewage sludge as fertilizer by the agricultural
sector
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Bangladesh
During 2012 and 2013 (Ayers et al., 2017) collected samples from rice paddies, fresh and saltwater
ponds tidal channels and rainwater collectors on an embanked island in the tidal plain of Southwest
Bangladesh. The aim of this research was to identify the cause of arsenic contamination and
salinization. Arsenic levels of >10 µg/l were found in 78% of salt water ponds used for shrimp
aquaculture, in 21% of rice paddies, 71% of tidal channels in May, 11% of tidal channels in October
and in 43% of fresh water ponds. It is likely that the arsenic contamination is caused by upstream
irrigation with groundwater and by leaching from sediments. An earlier study by Islam, Salminen, &
Lahermo (2000) sampled surface water at different places in the arsenic affected area in Bangladesh.
High amounts of arsenic were found in surface water in Rajarampur (up to 176 µg/l) and the Shamta
area (up to 25 µg/l). Agricultural practices are probably the cause of these high levels. Arsenic
contaminated groundwater is used for irrigation in this area, furthermore this chemical fertilizers and
pesticides are used on the agricultural fields (Islam et al., 2000).
Nigeria
Very high concentrations of arsenic were found in the Niger river in Nigeria by (Ezeabasili, Anike,
Okoro, & U-Dominic (2014) in the research period of 2004-2008. In the upper part of the Niger
arsenic levels reached 200,1 µg/l and the central drainage surface water of the river reached 1588,3
µg/l. This high degree of arsenic pollution is caused by anthropogenic activities such as: industrial,
refuse and oil dumps.
France
The Isle river in Southwest France drains the second most productive gold mining area in France.
High values of arsenic were found in the upperpart of the Isle in samples collected in 2005. The
concentrations ranged from 7,3 to 35 µg/l. Besides mining, it is possible that leaching from sediments
is also contributing to the arsenic pollution in this region (Grosbois, Schäfer, Bril, Blanc, & Bossy,
2009).
India
Majumder, Bairagya, Basu, Gupta, & Sarkar (2013) did research to ponds that are used for jute retting
in the Nadia district, India. The soil in this region is contaminated with arsenic and by growing jute, an
non-edible crop, the amount of arsenic in the soil is reduced, because of the uptake of the plants. This
process can be seen as phytoremediation, however the jute retting in this area results in the
contamination of these ponds with arsenic. In the year 2009 values in these ponds varied between 40
to 250 µg/l. In the year of 2010 this value was lower, due to increased rainfall, with 20 to 190 µg/l of
arsenic.
Table 2: this table displays all areas in the world were arsenic pollution in surface water has been reported in literature. In
the first column the area itself is given, these the concentrations that were measured in the water is shown in the second
column, the thirds column gives a short description of the cause of pollution and lastly the paper from which this information
was retrieved is given in the fourth column.

Area and type of
water
Polluted rivers in
France
River water in
Northern Chile

Concentration of
arsenic(µg/l)
4,5-45

Cause

Reference

Pollution

400-450

Rio Tercero River,
Argentina

7-114

Influence by high
arsenic containing
groundwater
Unknown

(Smedley &
Kinniburgh, 2002)
(Smedley &
Kinniburgh, 2002)
(Smedley &
Kinniburgh, 2002)
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Waikato river, New
Zealand
Madison and Missouri
Rivers, USA
Ron Phibun, Thailand

28-36

Geothermic activity

10-370

Geothermic activity

4,8-583

Mining influence

Rivers Ashanti, Ghana

<2-7900

Mining influence

Rivers British
Columbia, Canada
Lake water in
Northwest Territories,
Canada
Lakewater in Ontario,
Canada
Loire estuary, France

<0,2-556

Mining influence

64-530

Mining influence

35-100

Mining influence

Up to 16

Canals rivers and
lakes in the Khaipur
district, Pakistan

3-18,3

Tidal delta plan,
Southwest Bangladesh

2-59

Surface water,
Bangladesh
Niger river, Nigeria

5-176

Mining and industry
influence
Pesticide and untreated
sewage
use(agriculture), high
evaporation
Usage of groundwater
for irrigation, leaching
from sediment
Agricultural practices

Upper Isle river,
France
Ponds in Nadia, India

7,3-35

200,1-1588,3

20-250

Dumpings (Industrial,
refuse, oil and fuel)
Mining, sediment
leaching
Jute retting

(Smedley &
Kinniburgh, 2002)
(Smedley &
Kinniburgh, 2002)
(Smedley &
Kinniburgh, 2002)
(Smedley &
Kinniburgh, 2002)
(Smedley &
Kinniburgh, 2002)
(Smedley &
Kinniburgh, 2002)
(Smedley &
Kinniburgh, 2002)
(Smedley &
Kinniburgh, 2002)
(Jameel Ahmed Baig
et al., 2010)

(Ayers et al., 2017)

(Islam et al., 2000)
(Ezeabasili et al.,
2014)
(Grosbois et al.,
2009)
(Majumder et al.,
2013)

The examples of surface water arsenic pollution given in this chapter do not cover all cases around the
world. Only those cases that have been studied can be included and it is impossible to determine how
much of the real global pollution is missing. Furthermore, it is noteworthy to say that many of the
researches were conducted several years ago. The composition of surface water, in contrast to
groundwater, changes quickly, meaning that if an activity in a region is added or removed, the
situation can be completely different one year later. This is why it is important to consider those
regions which contain polluted groundwater, since these regions have the highest risk of
contamination of surface water when humans begin using the groundwater for purposes such as
irrigation or drinking water. Arsenic pollution caused by geothermic activity can be expected to persist
on the long term.
The fact that it is possible that the situation of arsenic pollution in the mentioned areas has changed,
due to the short residence time of surface water, works both ways. If one of the human activities that
can cause arsenic pollution is established in a region, it can be polluted with arsenic quickly. The most
important factors for arsenic pollution in surface water are: mining activities, geothermic activities,
industrial waste discharges, usage of chemical fertilizers and pesticides, usage of groundwater for
irrigation and sediment leaching (Ayers et al., 2017; Jameel A. Baig et al., 2017; Ezeabasili et al.,
2014; Grosbois et al., 2009; Kapaj et al., 2006; Smedley & Kinniburgh, 2002)
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3.3.2 Callitriche cophocarpa
When the countries with a naturally occurring population of Callitriche cophocarpa are compared to
the countries where arsenic pollution is recorded to be present in surface water (figure 9), it is obvious
that there is little overlap. This makes the possible use of this specific plant in its native area very
limited. However, the habitat preferences of the plant are very wide, as shown in table 3, making it
theoretically possible to use it in many different parts of the world. Introducing an organism in an area
where it is not native can have negative effects of its own, this is why it is important to assess the
invasive capacity of the plant.

Figure 9: this figure gives an indication of the countries were arsenic pollution occurs and the countries were Callitriche
cophocarpa is naturally occurring. The red countries are those were literature has reported arsenic pollution in surface water
and the orange and blue countries are those where arsenic is known to be present in aquafers and geothermic activity,
respectively. The green colour indicated the countries were Callitriche cophocarpa is currently extant.
Table 3: habitat preference Callitriche cophocarpa (IUCN, 2009)

Water types
Temperature
pH range
Height

lowland ditches, slow-flowing reaches of rivers, backwaters,
oxbows and field ponds to the lagg fen of raised bogs
Temperate, growth continues during winter
6-9
0-1370 meters

Invasive properties
A species can classified as invasive if it is introduced to an area where it is not native by human
activity and thereafter has damaging effects on economy and/or ecology. For example by
outcompeting native species for nutrition (IUCN, n.d.). Callitriche cophocarpa roots in the bottom of
a water body and grows more or less vertically to the surface. When the surface is reached by a shoot
it forms rosettes of many densely packed leaves on the water surface, as can be seen in figure 10
(Weeda, Westra, Westra, & Westra, 1988).
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Figure 10: leave rosettes of Callitriche cophocarpa at the water surface (Dijkstra & Prancl, 2012)

When the circumstances are suitable Callitriche cophocarpa can form a dense vegetation, as portraited
in figure 11 and 12. The competitive strength of Callitriche plants with respect to other plants is
limited. However, The advantage that Callitriche cophocarpa has over other water plants is that it
germs in autumn and growths throughout winter, this way it is earlier than most of its competitors.
Moreover, it has a strong resilience to changes in water level and is able to resist a relatively strong
current (IUCN, 2009; Weeda et al., 1988).

Figure 11: dense population of Callitriche cophocarpa in the Dłubnia river in Laski Dworskie 1
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Figure 12: dense population of Callitriche cophocarpa in the Dłubnia river in Laski Dworskie 2

Callitriche cophocarpa is a monoecious plant, meaning it has both female and male flowers on the
same plant. Both the male and female part flower above the water surface and once fertilisation has
taken place the female flowers form four small seeds in capsules of approximately one millimetre in
length. When the seeds are ripe the seed capsules pop open and the seeds are dispersed (Weeda et al.,
1988).
These properties make Callitriche cophocarpa a potential invasive species. It could compete for light,
space and nutrients with other species. It would also be extremely difficult to control the population
since the seeds are very small and each plant has both male and female parts.

3.3.3 Acquirement of Callitriche cophocarpa
Callitriche cophocarpa is not present in the annexes of the Council Directive 92/43/EEC on the
conservation of natural habitats and of wild fauna and flora, set up by the European Union. This means
the species is not protected on a European scale (European Commission, 2007). It is important to note
that although the species is classified in the Least Concern category by the IUCN, it is also indicated
that the population is declining. The threats to this species are invasive species and other problematic
species, genes and disease as well as pollution by the agricultural and forestry sector (IUCN, 2009).
The plant has already been extinct in the Netherlands, where it was a native plant up until 1930 (van
der Meijden, 2005; Weeda et al., 1988). If necessary the plants could be kept in artificial ponds
(IUCN, 2009).
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3.3.4 Application
The capabilities of many different aquatic plants to accumulate heavy metals and metalloids such as:
Zn, Cu, Cd, Cr, Ni, Pb and As have been studied in countless different researches (Jasrotia, Kansal, &
Mehra, 2017; Lu, Huang, Deng, & Zheng, 2018; Török, Gulyás, Szalai, Kocsy, & Majdik, 2015;
Wani, Ganai, Shah, & Uqab, 2017). Still, large scale implementation to remove toxic arsenic from
surface water has not been reported yet (M.A. & H., 2011). Removal of heavy metal pollution in
wastewater with the use of constructed wetlands on the other hand has been successfully implemented
in many different cases (Ali et al., 2013; Khan, Ahmad, Shah, Rehman, & Khaliq, 2009; Qasaimeh,
AlSharie, & Masoud, 2015; Rai, 2008). Wetlands are defined as the transitional areas with presence of
surface or near surface water, at least periodically. Examples of wet lands are: marshes, bogs, fens,
swamps, wet meadows and floodplains. Hydrologically wetlands typically contain slow flowing
shallow surface water or saturated substrates (Edwards, 2000). Constructed wetlands are such areas
created by humans (Qasaimeh et al., 2015).
Callitriche cophocarpa is not suited for deep water or fast flowing rivers, although probably it is a
suitable plant for wetland conditions since it thrives in shallow water and is capable of enduring
temporary drought (see paragraph 3.3.2.). In areas with arsenic pollution, but no suitable place for
Callitriche cophocarpa, for example industrial areas, it can be considered to build constructed
wetlands. This will not only solve the problem with arsenic, it will also: improve the water quality in
general (removing of other pollutants), create a habitat for flora and fauna, create a recreational area
and enhance the landscape (Edwards, 2000; Khan et al., 2009).
If there already is a natural wetland present, or a wetland has been constructed, Callitriche cophocarpa
can be introduced by simply dumping a number of individuals into the water. When conditions are
suitable, the plants should be able to grow and multiply on their own.

3.3.5 Harvest
When wetlands are used to remove heavy metals it is very important that the plants are removed
before they die and begin decomposing, because in this stage the plants will start releasing the
pollutants back into the water (Rai, 2008). Callitriche cophocarpa is an annual plant, it grows
throughout the winter (Dijkstra, 2012). This means there is no clear period in which the plants start
decomposing in large numbers. It can be assumed that the most productive period (and also the period
in which it would accumulate most arsenic) would be during the summer, but this has not been
researched yet. The flowering period of this plant is between spring and the beginning of autumn
(April-September in a temperate Northern hemisphere climate) and the seeds germ during autumn
(Dijkstra, 2012; Weeda et al., 1988). These properties would make the beginning of autumn the best
period for harvest, which is the end of September and the beginning of October in a temperate climate
in the Northern hemisphere. This way the plants have had the maximum amount time to accumulate
arsenic, produce seeds and the germination of the new population in autumn is not disrupted. It might
be possible to carry out more harvests during the flowering season, if enough shoots are left to restore
the population, so the process of arsenic removal can be accelerated. The efficiency of Callitriche
cophocarpa to accumulate arsenic, however, has not been researched yet.

3.3.6 Processing
A very important part of phytoremediation is the processing of used plants. When this is not done
properly the plants may become a source of contamination themselves (M.A. & H., 2011). A common
way of dealing with plants that have been used for phytoremediation is to burn them and then dispose
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of them as hazardous material in special dumps (Ali et al., 2013; De Oliveira Freitas & Prasad, 2003).
When the plants hold high amounts of arsenic this would be dangerous, since the arsenic will pollute
the air when burnt. This will bring the arsenic back into the environment and possibly cause direct
poisoning of human populations (Liu et al., 2002; M.A. & H., 2011; Maud & Rumsby, 2008). This
means that to reduce the weight of the plants they will first have to be dried or composted, this can be
done by simply using the sun and time. If the climate allows it, the plants can be dried within days by
placing them spread out on a hard surface. Composting will take longer, but it can be performed in a
wet climate. It is important that the substrate is non-permeable and that water is not allowed to escape
by another way than evaporation.
The remaining material can then be stored as hazardous waste. It is also a possibility to put the arsenic
to use. Of course, the arsenic could be used for pesticides in the agricultural sector, although this
would not solve the problem since the arsenic is just returned to the environment. It then becomes a
possible poison for humans and ecology again (Khoei, Joogh, Darvishi, & Rezaei, 2019; Li et al.,
2016).
In medicine arsenic can be used for the treatment of acute promyelocytic leukaemia. This treatment
includes the use of retinoic acid and arsenic trioxide (ATRA-CHT). It can be used to replace the
standard treatment method which makes use of retinoic acid and chemotherapy (ATRA-ATO)
(Burnett et al., 2015; Platzbecker et al., 2017). Platzbecker et al. (2017) found that treatment with
ATRA-ATO had a lower mortality rate and lower relapse risk compared to treatment with ATRACHT.
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4. Discussion
The research: Physiological response of Callitriche cophocarpa to elevated levels of arsenic species,
which was used to answer the first two sub-questions was a preliminary research. This means that the
scale of the research was limited. With three replicates per solution and one execution of each
experiment, the statistical significance if the data is not very high.
For the literature research, mostly scientific reports and some books were used so it can be assumed
that this information is reliable. However, the information on the subject was limited and therefore
sometimes old sources (before 2000) were used. In some cases the information from older sources can
be outdated because the situation has changed over the years. Some findings stay the same, no matter
how much time passes, but some information relies on research at specific locations at a specific time.
For example, it is not possible to find out were exactly in the world arsenic pollution in surface water
is present at this moment, since it is not always monitored everywhere.
Callitriche cophocarpa is able to tolerate As(V) up to a very high level of at least 7500 µg/l. Its ability
to tolerate the more toxic As(III) is lower, but still high, with at least 750 µg/l. At a level of 3750 µg/l
of As(III) it becomes fatal for the plant, so the maximum value of tolerable As(III) must be somewhere
between 750 and 3750 µg/l.
Although the plant is able to tolerate As(V) up to 7500 µg/l, its ability to accumulate the element in
this kind of pollution stagnates. At 750 µg/l accumulative properties are maxed out, with a
bioaccumulation factor of 609. At 3750 µg/l the bioconcentration factor is still high, with a
concentration 276 times that of the solution, but at 7500 µg/l the bioconcentration factor is down to 65.
This means Callitriche cophocarpa is most effective at accumulating As(V) at a concentration of 750
µg/l. For As(III) the highest bioconcentration factor was also found at 750 µg/l, with 220 times the
concentration of the solution. The exact maxima are probably on a different level, but to determine this
more research is necessary.
With the information available it can only be concluded that Callitriche cophocarpa can be effectively
used to accumulate toxic arsenic in surface water polluted with levels at least up to 750 µg/l, many
times higher than the standard set by the WHO for save drinking water of 10 µg/l (Kapaj et al., 2006).
In practice however, there will always be a combination of As(III) and As(V) present in the water, so
it can be assumed that the plant can be used in higher concentrations of arsenic pollution.
If Callitriche cophocarpa is to be used in practice it could be acquired directly from the wild or it
could be bred in artificial ponds. The plants cannot grow in deep waters or waters with a very fast
current. They can be applied in habitats such as: small streams, creeks, bogs, marshes and lakes
(IUCN, 2009). This makes the plants very suitable for constructed wetlands. If there is a source of
arsenic in an area, such as a factory, wetlands could be constructed on dump sites and Callitriche
cophocarpa could be added to deal with the arsenic pollution (Qasaimeh et al., 2015). It is expected
that most uptake of arsenic will occur during summer. Ideally the plants should be harvested at the
beginning of autumn, by then the production of seeds has stopped (Dijkstra, 2012; Weeda et al., 1988).
All plants can be harvested in this stage and shortly after the seeds will start germinating to produce
the next generation.
It is important that the harvested plant are not burned, since this will cause air pollution, instead they
should be dried or composted in a controlled environment (Maud & Rumsby, 2008). The remains of
the plants can then be stored away as hazardous material. The arsenic in the plants could possibly be
used as a medicine for acute promyelocytic leukaemia in the form of arsenic trioxide (Burnett et al.,
2015; Platzbecker et al., 2017).
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The reported cases of arsenic pollution generally do not exceed 750 µg/l, except for a case in Ghana
where values of 7900 µg/l were reached and a case in Nigeria where the pollution got as high as 1588
µg/l (Ezeabasili et al., 2014; Smedley & Kinniburgh, 2002). All cases of arsenic pollution in surface
water were found outside of the natural range of Callitriche cophocarpa, meaning that if the plant is to
be used in these areas environmental conditions might not be suited. If the environmental conditions
are suited it would still mean the plant has to be introduced, possibly creating the threat of an invasive
species. Introducing the species to an area where it is not native is therefore discouraged.
This problem can possibly be solved due to the fact that Callitriche is a cosmopolitan genus. There are
about 70 different species that can be found around the globe (Weeda et al., 1988). A number of these
species have already been studied on accumulation properties for arsenic. Robinson et al. (2006) did
research on the ability of several aquatic macrophytes and algae to hyperaccumulate arsenic in New
Zealand. Two species of the Callitriche genus, C. stagnalis and C. petriei, were found to
hyperaccumulate arsenic and C. stagnalis was even the most effective accumulator of all 28 aquatic
plant and algae species that were examined. Another research to accumulation of arsenic in aquatic
macrophytes was conducted in Portugal by Favas, Pratas, & Prasad (2012). Callitriche lusitanica was
found to be a hyperaccumulator for arsenic, with the highest accumulation of all 71 studied species.
Callitriche brutia and Callitriche stagnalis accumulated high amounts of arsenic ending up as the
second and fourth most effective plants respectively.
These results suggest that the accumulation properties of arsenic and perhaps other metalloids and
heavy metals, may be a common trait for the plants in the Callitriche genus.
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5. Conclusion & recommendations
Arsenic pollution is a problem for humans and ecology in many areas of the world and
phytoremediation (extraction of toxins by plants) might be an environmentally friendly way to remove
the metalloid from surface water. This research was aimed on assessing the capability of the aquatic
plant Callitriche cophocarpa to be used as a phytoremediator for toxic arsenic.
According to this research Callitriche cophocarpa seems to be suited for the removal of arsenic from
polluted waters. It can accumulate arsenic effectively in waters with concentrations of at least 750 µg/l
(highly arsenic polluted waters). Up to this concentration arsenic does not have significant effects on
the plants health or stress level. It is also suitable for application in constructed wetlands, a system that
is already being used for the clean-up of surface water pollution in many areas. Once the plants are
harvested they are to be dried or composted and the remains stored away as hazardous material. The
arsenic itself could possibly be used for the treatment of acute promyelocytic leukaemia.
The plants can be used in a temperate climate, however, the natural distribution area of Callitriche
cophocarpa does not correspond with the areas in the world affected by arsenic in surface water. The
use of Callitriche cophocarpa outside its natural range is discouraged, since this can bring problems
on its own, because the plant can become an invasive species. Current data on species of the
Callitriche genus, suggests that the accumulative properties for arsenic may be present in all, or at
least several members of this genus. Species of this genus are present in all parts of the world,
meaning that native species could potentially be used in areas with arsenic pollution.
The usage of plants from the Callitriche genus to remove toxic arsenic will be a long term solution. It
can be expected that this method is not suitable for the short term since the plants need time to grow
and multiply to form a significant population. Once a significant population has been established and
circumstances are suitable, the system is self-sustainable and could theoretically be used infinitely as
long as the plants are removed regularly.
During this study it was found that there are many aspects of this subject still unavailable in literature.
Many aspects of the accumulative properties of the plants in the Callitriche genus remain unknown. If
the plants are to be used in practice it is important that the efficiency of accumulation and growth is
researched, so the harvest of the plants can be optimized. Practical aspects such as harvesting methods
are yet to be studied, for example it is not known if the plants will release significant amounts of
arsenic when they are damaged during harvest.
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Appendix
Appendix I
Material & Methods: Physiological response of Callitriche cophocarpa to
elevated levels of arsenic species
Collection of materials
The plants and water used for this experiment will be manually collected from a naturally occurring
population in the Dłubnia river in Laski Dworskie, Poland. 10 litres of water will be collected and
transported to the lab for filtration. The water is then pumped through a Millipore pad of 0,2 µm to
remove any bacteria. The filtrated water is then stored in 4 °C until usage. After the collection of the
plants they are directly transported to the facility to be prepared for the experiment.
Preparation of samples
Before the plants are collected the stock solutions of As(III) and As(V) are prepared. For As(III) 0,65 g
of the salt NaAsO2 is dissolved in 50 ml of demineralized water, resulting in 0,1 M of NaAsO 2. 0,78 g
in 25 ml of Na2HAsO4 7H2O is used to create the stock solution for 0,1 M of As(V). These solutions
will then be kept at 4 °C, in darkness, until the arrival of the plants. When the plants are collected three
replicates of five different concentrations of As(III) and As(V) will be created, resulting in 33 samples
(if the control samples are included) of 250 ml solutions. The different concentrations for both As
species are: 5 µM (0,375 mg/l), 10 µM (0,75 mg/l), 50 µM (3,75 mg/l), 100 µM (7,5 mg/l) and 500 µM
(37,5 mg/l) in filtrated river water. These solutions will be prepared in flasks and then the pH will be
measured using CPC-501 pH /conductivity meter (Elemetron). The healthy parts of the plants are then
selected and washed with tap water and then three times thoroughly with demineralized water. Usable
parts (green shoots) of the plants are selected to be weighed for approximately 5,8 grams for each
sample. All samples are then placed in a phytotron chamber (BiOSELL) for one week with 16 hours of
light (at an intensity of 80 µmol of light quants/m2s) and 8 hours of darkness, with 23 °C during the day
and 18 °C during the night.
After this week the plants of the replicates are combined and washed using demi water and a sieve. A
small part of the plants are directly used for experiments, this will be clarified in later paragraphs. The
rest of the biomass will be freeze-dried to be used later in the other experiments, this process is further
explained in the paragraph freeze-drying.
Wet/dry weight ratio
A small piece of biomass for each concentration will be weighed after washing using demineralized
water after being dried with tissue paper. Then each sample will be placed in an oven to be dried at 105
°C for 24 hours. After this every sample is weighed again using the same scale.
Ion leakage
From every concentration five leaves are cut off in three replicates and then cut in half using a scalpel
after washing. The leaves are then placed in demineralized water so the cells that are destroyed during
the cutting can lose their ions. Then the leaves of every replicate are placed in their own closed tube
with 10 ml of ultra-pure demineralized water (Milipore). The samples are then kept in the dark at room
temperature for 24 hours. After this the electrical conductivity was measured with the CPC-501 pH
/conductivity meter (Elemetron), to measure the amount of ions leaked from the cells as a result of
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membrane damage. After the measuring the samples are frozen to destroy all membranes so the total
amount of ions can be measured for comparison. After freezing the electrical conductivity will be
measured at the same way as the first measurement.
Morphology
The morphology of the plants was imaged using a camera (Canon EOS 700D) and binocular (Hund
Wetzlar SM33). After washing a small piece of each concentration will be placed in a Petri dish. Then
the young shoots are selected to be photographed through the binocular. They can then be analysed on
morphology. This will happen by judgement of the researchers, it is mainly a way to get an impression
of the state of the plants after treatment with As, but it cannot be expressed in numbers.
Freeze-drying
The larger part of the plant biomass will be dried using tissue paper and then wrapped in aluminium foil
and placed in a zipper bag after the washing. All samples will be placed in liquid nitrogen to freeze
instantly and kept at -20 °C. Then the samples will be freeze-dried according to a protocol,
(Augustynowicz, Wróbel, et al., 2014), using a lyophilizer chamber (Alpha 1-4 Martin Christ
Gefriertrocknungsan-lagen GmbH lyophyliser, Germany). The samples will be kept in the chamber for
72 hours at 1,03 mbar and -20 °C. After freeze-drying the temperature inside the chamber will be
gradually increased to room temperature so the plants can be removed. Then all freeze-dried samples
were kept at -20 °C and will be used for the rest of the experiments.
Analysis of bioaccumulation factor
In order to calculate the bioaccumulation factor, the content of As accumulated by the shoots will be
measured. The measurement of As content will be outsourced to Dr. Agnieszka Baran from the
Department of Agricultural and Environmental Chemistry. The freeze-dried samples will be digested
using a mixture of H2O2 and HNO3 (6:1; v/v) (suprapure, MERCK) in the closed system of a microwave
oven (Multiwave 3000, AntonPaar). Then inductively-coupled plasma optical emission spectrometer
(ICP-OES, Optima 7300 DV, Perkin Elmer) will be applied. The spectrometer will be calibrated using
ICP standard for As.
Photosynthetic pigment analysis
For the measurement of chlorophyll a and b and carotenoids the method described by A. Świderski
(1998) with some modifications will be applied. Approximately 10 mg of freeze-dried shoots are
homogenized for every concentration in triplicates in Eppendorf tubes with 80% (v/v) acetone (POCh,
Poland). A small amount of CaCO3 will be added before homogenisation to neutralize the organic acids.
The samples are then centrifuged for 5 minutes at 5400 g and 4 °C and then the supernatant is collected.
The plant tissue will be extracted using acetone for a second time in the same manner as described above.
After this the samples will be centrifuged for 15 minutes at 5400 g and 4 °C. Then the supernatant will
be collected again and all samples will be filled up to 4 ml with 80% (v/v) of acetone. The absorbance
of these samples is then measured (UV-Vis spectrometer, U-2900, HITACHI, Japan) at 470, 646 and
663 nm. The pigment contents will be calculated using the equations presented by Wellburn(1994).
These equations are shown in figure 13.
Cchla = 12,21 * A663 – 2,81 * A646
Cchlb = 20,13 * A646 – 5,03 * A663
Concentration carotenoids = 1000 * A470 – 3,27 * Cchla – 104 * Cchlb / 198

Figure 13: Equations to calculate concentrations of photosynthetic pigments. With Cchla =
concentration of chlorophyll a [mg/l], Cchlb = concentration of chlorophyll b [mg/l], Concentration
of carotenoids [mg/l] and Axxx =absorbance measured at particular wavelengths: 470, 646, 663 nm
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Phenolic compound analysis
To extract the phenolic compounds a partially similar method will be used as for the photosynthetic
pigment analysis. The protocol described in Ainsworth & Gillespie (2007) will be used for this
experiment. For every concentration three replicates of 20 mg of freeze-dried material will be
homogenized in 80% methanol (v/v) and then centrifuged for 15 min at 5400 g, at 4°C (Rotina 380-R,
Hettich Zentrifugen, Germany). The supernatants will then be diluted to the total volume of 5 ml in the
above solvent. Then 200 µl 10% (v/v) of Folin-Ciocalteau reagent is added to each sample and each
sample is thoroughly vortexed. To every sample 0,8 ml of 0,7 M Na 2CO3 is added and then incubated
at room temperature for 2 hours. The absorbance of the samples is then measured (UV-Vis
spectrometer, U-2900, HITACHI, Japan) at 765 nm.
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