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Abstract:

The evolutionary questions lying behind metal hyperaccumulation in plants is still an
unsettled topic. It is assumed that different metal tolerance mechanisms are dependent on
particular environmental variables. In this study we used Drosophila melanogasteand
S.cerevisiaao test the suitability of those model organisms for further research, dealing
with the evolvability of hyperaccumulation as tolerance mechanism in presence of grazers.
We managed this by using possible metal hyperaccumulating strains and tested different
cadmium concentrations that effect yeast growth, but we showed that this will not protect
yeast from predation. YILO35c was able to deal much better with higher concentrations
heavy metal but it is still not clear if hyperaccumulation is responsible for that behavior. By
observation we saw that 1% instar larvae do avoid metal treated yeast but after quantifying
the remaining yeast we concluded that this has a negative effect on yeast. Drosophildarvae
were dispersing the yeast much more into new habitats than this would outweigh
consumption so that still much more of metal untreated yeast was able to grow. Other
grazing species or fully developed flies should be used to minimize this dispersing effect. Also

the property to hyperaccumulate heavy metal has to be confirmed in later experiments.

Front page: Picture of two water-agar plates containing two different yeast strains each, one without heavy
metal treatment and the other with added heavy metal( Picture 2, page X). Pictures were taken after 24 hours
(left) and 48 hours (right) of grazing of 1* instar larvae.
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Introduction:

Heavy metals are a loosely defined subset of elements which exhibit metallic properties.
Chemically, a metal is defined as an element which conducts electricity, has a metallic luster,
is malleable and ductile, form cations and has basic oxides [1]. A distinct definition of the
term “heavy metal” does not really exist, as discussed by Duffus [2]. To classify metals in
biological and environmental studies, terms such as “metal”, “metalloid”, “semimetal”,
“lightmetal” or also “heavy metal” are used. Furthermore there are a many different
definitions for a heavy metal, based on atomic number, atomic weight or density. In almost
all ecosystems and habitats they play an important role. On the one hand there are heavy
metals that are essential micronutrients, for example manganese, iron, nickel, copper and
zinc and are needed for normal development. At the same moment, high concentration of
these metals can be toxic. On the other hand you find mercury, lead or cadmium which are
not needed for normal growth but instead interfere with important biological processes
because of their chemical similarity. Cadmium for example is interacting in different ways
with the calcium and vitamin D metabolism and may lead to severe bone diseases. Besides
this it also interacts with the zinc metabolism [3]. Common ways in which heavy metals
interact with biological functions are binding to proteins and enzymes involved in cell cycle
progression, apoptosis or differentiation by disturbing their function or inhibiting them [4-6].
Induced oxidative stress by specific inhibited enzymes or by depletion of the pool of
antioxidants leads to protein oxidation, lipid peroxidation and DNA damage [7]. Other
reasons for toxicity might be mRNA mistranslation, protein misfolding and influences in
membrane fluidity [8]. In general it can be said that the toxicity of a metal depends on its
physicochemical properties and ligand preferences and still detailed pathways inducing

those toxic consequences for living organisms and human being remains to be clarified.

High concentrations of heavy metals exert a high selective pressure on organisms living in
distinct environments and can be found everywhere nowadays. Especially in human
influenced environments but also in many natural habitats. For example next to mines,

urban settlements, heavy manufacturing but also in agrarian-oriented regions (Figure 1).
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Figure 1 — Proliferation of many different metal compounds in our environment due the industrialization process of the
modern world (embryology.med.unsw.edu.au — Abnormal development)

In an evolutionary time view, a lot of species arose that are able to deal with those
“contaminations” by developing different tolerance mechanisms. Although these
mechanisms depend on the species and specific circumstances of environmental factors it is
known that some cells are able to reduce the internal uptake of metal ions or that they can
increase export mechanisms through activated efflux pumps on the plasma membrane [9].
Compartmentalization and transport into the vacuole in plants, where heavy metals can be
accumulated and hyperaccumulated was shown especially for zinc and cadmium in earlier
studies [10]. A method for detoxification and tolerance mechanism includes intracellular
chelation in the cytosol by phytochelatins and metallothioneins [11, 12]. In most cases
several different mechanisms and pathways were developed and combined to deal with an

excess of metals the species is exposed to.

Especially in plant research, hyperaccumulation is gaining more and more interest as special
form of tolerance which could be used in phytoremediation and phytomining processes [13,
14]. It was shown that hyperaccumulating plants use a combined mechanism of enhanced
metal uptake, increased xylem loading for detoxification of the root and higher transport
efficiency to the shoot for detoxification by chelation or compartmentalization [10, 15] as

mentioned earlier. More than 400 different species were found that are able to




hyperaccumulate heavy metals. They mainly occur in metal-rich soils, are climate
independent and belong to a wide range of unrelated families. The Brassicacea&mily has a
lot of members, especially the Alyssumand Thlaspigenera which were the subject of several
research projects dealing with uptake, storage and transport mechanisms for zinc, nickel and
cadmium [16-18]. Within the Thlaspigenus, hyperaccumulation is confined to the Noccaea
section [15] and Assuncdo et al. (2003a) showed that Noccaea caerulescengas able to
accumulate 3% of its total dry weight in zinc. This species was also able to accumulate

smaller amounts of nickel and cadmium [19].

The question remaining behind this is how these hyperaccumulators evolved and which
selective factors contributed to that. Increased metal tolerance, drought tolerance,
allelopathy and protection against herbivores and pathogens are examples of existing
hypotheses and the latter is the most popular one [20-24]. This hypothesis tries to explain
the phenomenon that plants are able to hyperaccumulate metals in their shoot as a complex
defense mechanism against predators and diseases. Also the mentioned elemental
allelopathy as a mechanism to hinder competitors was investigated [25] but no evidence was
found for the fact that plants might shed their metal-rich leaves in order to contaminate the
surrounding soil. Also with respect to an increased interest in such plants for phytomining
and phytoremediation purposes [13, 14, 26, 27], accumulation or hyperaccumulation of
metals is required and it might be contrasting for the plant to absorb heavy metals from the

soil to contaminate it again by shedding their leaves.

To gain insight into the evolutionary process leading to various heavy metal tolerance
mechanisms the model organism Saccharomyces cerevisjatso known as budding yeast, is
used in this project. It shares a many similarities with plants and animals and a several tools
for its usage in molecular and cellular biology laboratories were developed. This species has
a very short generation time and can be cultured in large populations. These facts made it
feasible for usage in extensive evolutionary studies and for that purposes S cerevisiagot an
increasing interest in the last decade [28, 29]. In order to address fundamental evolutionary
guestions or to characterize a response to a particular selection pressure, this organism was
cultured under controlled conditions over a long period to be able to make statements
about the evolutionary path it took [30-32]. A lot of research is already done in the field of
biosorption of heavy metals in yeast and was reviewed by Wang & Chen (2006)[33].
Different mechanisms and pathways for in- and efflux into the cytosol or the vacuole,
especially for cadmium were revealed and genes and proteins involved were identified [34-

38]. “How Saccharomyces cerevisiagpes with toxic metals and metalloids” [8] was the




topic of a review article, dealing with different molecular mechanisms that contribute to
metal toxicity, detoxification and tolerance acquisition. Still, the answer to the question of

how those metal tolerances evolved, remain unclear.

Project aim:

We aimed to test the assumption that metal hyperaccumulation protects organisms from
grazing using the model organisms Saccharomyces cerevisiaed Drosophila melanogaster
For that purpose we conducted several experiments to show if 1* instar larvae can
distinguish between different food sources depending on the fact if they were treated with
heavy metal or not. Two possible hyperaccumulating strains, based on research from Paumi
et al. [39] were chosen. It was shown that both of them had a deletion in a kinase which
negatively regulates the function of the yeast vacuolar membrane protein Ycflp and thereby
increases their function for active cadmium transport into the vacuole. In this work, flies are
used as grazing species and as hyperaccumulation will protect single colonies from
consumption it is expected that 1% instar larvae from Drosophila melanogastewill prefer
non-hyperaccumulating yeast strains in the presence of cadmium in their environment

depending on concentration and structure.




Materials and Methods:

Yeast strains, media and culture conditions

*B4741-W20 e MATa hish1 leuh0 e all strains were
met15n0 uran0::kanM X6 kindly provided

* B4741-W24  MATa his11 leuh0 by Prof. Ryszard
met1510 ura0::NatNT2 Korona,

« B4741-YILO35¢* * MATa his311 leuh0 IO

met1510 urad0 Environmental

Sciences

kal::kanMX ’
* B4741-YJL165c* -Jl\1ACA'? hi a 1] 2 0 Jagiellonian
ahisl leun University,

met1l,n0 uraRno

nhal5::kanMX6 Krakow, Poland

Table 1 — Yeast strains used in this study. Strains marked with an asterisk were chosen because of potential
hyperaccumulating Cd based on earlier research[39].

Yeast strains used in this study are listed in Table 1. 0.5x YPD is used as standard media and
was prepared by dissolving 25g YPD Broth (Difco) in 1000ml distilled water and adjusting the
pH to 6.0, using 5M HCl. The sterilization process was performed for 15min at 120°C to
prevent caramelization of the used dextrose. For some experiments, different amounts of
CdCl, were added prior- or post inoculation to the liquid medium or were added to the solid
medium. 100mM CdCl,-solution was prepared by dissolving 1.833g (M.M=183.32gmo|'1) in
100ml sterile water and autoclaved afterwards. For selection and determining the relative
amounts of colonies grown, the antibiotics nourseothricine and geniticine G-418 were added
to the medium (containing 2% (w/v) micro-agar) in a final concentration of 100ugml!™ and
200pgml?, respectively. Unless specified otherwise, yeast was cultured in 10ml liquid

medium at 30°C and 250rpm for one or more days.

OD-measurements were performed in 96-wells micro titer plates with used volumes of

200ul. Read outs were done by a Perkin Elmer Victor3 plate reader at 600nm.




Rearing of Drosophila

Fruit-flies (D. melanogastgrwere reared at 25°C on a 12 h: 12 h L:D photoperiod and kept in
small populations of approximately 100 flies on 2x media, containing 7% (w/v) dry yeast,
10% (w/v) sugar and 2% (w/v) agar. Medium was sterilized at 120°C for 15min and 0.3% (v/v)
propionic acid and 3% (v/v) methyl 4-hydroxybenzoate (Nipagine) was added afterwards to
prevent fungal growth and contamination. For egg sterilization and dechorionation, a variant
protocol from that described by Trienens et al., 2010[40], was developed (Appendix 1) and
therefore a 10X EWS (embryo-wash-solution)[41] was prepared containing 7% (w/v) NaCl
and 0.5% (v/v) Triton X-100 and sterilized for 20min at 120°C.

a) Preference of 1stinstar larvae for a distinct yeast-strain depending on CdCl>

concentration added to pre-cultured yeast

. strain with CdCl

strain
without
metal

larvae added to the
center of the plate

Figure 2 - Testing the preference of 1st instar larvae for a distinct yeast strain dependent on heavy metal concentration
(50ul per spot in all combinations of different CdCI2 concentrations].

In this setup, yeast strains W24 (nat) and W20 (gen) were used to test if 1% instar larvae
from D. melanogasteprefer a distinct yeast strain depending on the concentration of CdCl,.
24 hour pre-grown yeast was used and CdCl, was added to both strains to obtain final
concentrations of 3uM, 30uM and 300uM. Both strains were spotted in 50ul amounts on
water-agar plates (2% (w/v) micro-agar), always one strain with heavy metal and the other
one without, in combinations of 0-3uM, 0-30uM and 0-300uM according to the pattern in
Figure 2. This was done threefold to put 10 and 30 1% instar larvae on the center of a plate
afterwards. One batch of water-plates was taken as control where no larvae were added.
Grazing was allowed for 24 hours and the remaining yeast was washed off the plates using
1000ul 0.5x YPD, which allowed for quantification by preparing a dilution series. Different

dilutions were plated on both G-418 containing medium and nourseothricine containing




medium to determine the relative amounts of colonies. Following two days incubation at

30°C, the number of colonies on each plate was counted.

This experiment was repeated once with 10 times the amount of yeast used before, applied
in 10 spots of 50ul. The CdCl,-concentrations was simultaneously raised in a ten-fold
increased range (40uM, 400uM and 4000uM) based on earlier research [42] to find out the

optimal setup for reducing the amount of yeast up to round about 90%.

b) Different spatial structure allow for nearby recognition of different yeast

for larvae

@ strain with CdCl2

strain without metal

50ul per spot

Figure 3 - 2nd setup consists of 6 spots a 50ul per yeast strain and a pattern which allows a deliberate option for 1st
instar larvae to chose

Both strains (W24 (nat) & W20 (gen)) were pre-grown under standard conditions for 24h and
CdCl, was added afterwards to reach concentrations of 40uM, 400uM and 4000uM. Again
they were spotted in triplicate in amounts of 50ul on water-agar plates. In this experiment,
combinations of both yeast strains without heavy metal, and one with and the other without
were performed. In the latter case a combination of 0-40uM, 0-400uM and 0-4000uM was
obtained. One times ten and one times twenty 1% instar larvae were put in the center of the
plates (Figure 3) and grazing was allowed for 24h. Also a control batch of water-plates with
no larvae added was evaluated. Grazing was followed by observation of larvae under a
microscope after 1, 3 and 22 hours. Afterwards the remaining yeast was washed off and

treated further as was done in the first experiments.




c) Effect of different CdCl>-concentrations on yeast growth

All four yeast strains (W24 (nat), W24 (gen), YILO35c (gen) and YJL165c (gen)) were pre-
grown in the presence of 2uM, 4uM, 10uM, 20uM, 40uM, 80uM 160uM, 320uM, 640uM
and 1280uM CdCl, under standard conditions for several days. Growth was followed by
measuring the ODgqo after one, two and three days to see how each strain deals with the

different CdCl,-concentrations added.

Based on these observations, the most confident looking hyperaccumulator YILO35c (gen)
was used, together with W24 (nat) to look how growth of these two strains is affected by
different concentrations CdCl, and whether this depends on the assay used. Both strains
were pre-grown in the presence of CdCl, up to 10uM (OuM, 2uM, 5uM and 10uM) under
standard conditions for several days. ODgoo Was measured after one, two, three and four
days. Both strains were simultaneously plated on solid medium in 50ul amounts and
incubated at 30°C for four days. Colonies were counted on day two and day four to
determine the relationship between measured ODgqg in liquid medium and grown colonies

on solid medium.

d) Predation of W24 and YILO35c pre-grown in presence of different CdCl>

concentrations

From our observations in previous tests where YILO35c was dealing much better with higher
concentrations CdCl, we concluded that this strain might hyperaccumulate cadmium. Based
on this, several experiments were conducted where both strains were pre-grown without
heavy metal and in presence of 2uM, 5uM and 10uM CdCl, for 3 days in 50ml at 30°C and
250rpm. The ODgop was measured with the intention to adjust the amount of yeast cells to
equal amounts in all samples. This was accomplished by centrifugation at 3000rpm for 5min,
subsequent discarding of the supernatant and washing the samples with distinct amounts of
sterile water (Table 5). Afterwards, yeast suspensions were spotted on water-agar plates
according to the pattern and procedure used earlier (Figure 3). One extension was made by
introducing a treatment where both strains were mixed with CdCl,. Ten and twenty 1% instar
larvae were added (one batch water-plates without larvae as control) and grazing was
started. After observation and making pictures after 24h of grazing, the decision was made
to continue grazing for another 24h. Yeast were washed off the plates and treated further as

in earlier experiments.




e) Yeast pre-grown on heavy metal containing solid medium

For yeast to accumulate heavy metals from the environment, the metals must be available in
the medium to be absorbed successfully. Growth tests were performed with one day pre-
grown yeast (W24 and YILO35c) under standard conditions. 50ul of each strain was plated on
solid medium containing different CdCl,-concentrations up to 160uM and incubated for two
days at 30°C to check the ability to grow under these circumstances. We also wanted to see,
how much yeast is needed under these conditions to reach a sufficient reduction for the
grazing process by D. melanogasterFinally a setup with two different combinations was
carried out where both strains (W24 and YILO35c) were pre-grown under standard
conditions for 24 hours. Afterwards they were 1.000x and 10.000x diluted and plated out on
solid medium containing either OuM or 10uM CdCl;. In one instance the yeast strains were
spotted on the plates according to the pattern used in earlier experiments (Figure 3) but
with the extension that they plated once in the ratio of 50:50 in a 10 dilution and once in a
ratio of 10:90 (50pl 10 diluted W24 and 50pl 10 diluted YILO35c). In the second
combination, 10 dilutions of both strains were used. 25ul W24 and 25ul YILO35c were
combined to reach a 50:50 ratio and 5ul YILO35c were mixed with 45ul W24 to obtain a ratio
of 10:90. Both of them were plated on solid medium. After two days incubation at 30°C,
grazing was started by adding 10 and 20 1% instar larvae for 24h. The remaining yeast was

washed off from plates and treated further as in earlier experiments.

Results:

a) Preference of 1stinstar larvae for a distinct yeast-strain depending on CdCl>

concentration added to pre-cultured yeast

In this first setup it was the aim to check the predation behavior of D. melanogastet® instar
larvae. We want to see if they have a preference for a distinct yeast strain depending on
variable CdCl, concentrations. Without predation, 1*10° up to 7*10° colonies were able to
grow after heavy metal treatment and a threshold line was set at 1*10° colonies to indicate
the minimum observed yeast population size (Figure 4). Based on the counted colonies after
predation we realized that the applied amount of yeast was not sufficient to allow grazing
over period of 24h. Roughly 99% was grazed away. The threshold lines in the upper and
lower chart of Figure 5 indicate that 10 times more colonies were consumed by 10 larvae

and even 100 times more colonies from 30 larvae.




0 larvae
8.00E+06 -

7.00E+06 -
6.00E+06 -
5.00E+06 -
4.00E+06 -
3.00E+06 -
2.00E+06 -
1.00E+06 -

0.00E+00 T T T
3uM  3uM 30uM 30uM 300puM 300uM
(nat+) (gen+) (nat+) (gen+) (nat+) (gen+)
yeast strains in distinct c¢(CdCl.)

H#gen
B # nat

yeast population size

Figure 4 — Growth of different yeast strains with different amounts CdCl, added. The red line indicates a defined
threshold of minimum growth observed without induced predation.

10 larvae
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o
O 1.00E+01 -
1.00E+00
3uM 30uM 30uM 300uM 300uM
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yeast strains in distinct c¢(CdCl.)

Figure 5 — Remaining yeast population size after 24h grazing of 10 larvae (upper chart) and 30 larvae (lower chart). The
red threshold line indicates the minimum yeast population size without predation treatment.
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From this test we concluded that we need to use more yeast to allow grazing over 24 hours.
Secondly we had to try higher heavy metal concentrations, because it does not look like that
the concentrations used led to a decrease in grazing behavior. With a look at the amount of
colonies from W20 (gen) with 300uM CdCl, (Figure 4), we can see that this strain deals much

poorer with this high heavy metal concentration than W24 (nat).

With a 10 times higher amount of yeast and increased concentrations of CdCl,;, we found
that the amount of larvae added in this case was not sufficient to reach an adequate
reduction. 10 larvae reached a reduction of approximately 27% whereas 20 larvae
accomplished only 21%. This result is surprising, as we expected that 20 larvae will eat more
yeast than 10 larvae. At high concentrations of heavy metal, both strains show a highly

decreased growth (data not shown).

b) Different spatial structure allow for nearby recognition of different yeast

for larvae

Observed larvae on plates
100% -
90% -
80% -
70% -
60% -
50% -

M larvae on non-metal spots

%

M larvae on metal-spots
40% -

30% -
20% -
10% -
0%

40 400 4000
c [CdCI2] in pM

Figure 6 — averaged percentages of observed larvae on different spots over three time points

The percentages (averaged over time) of observed larvae depending on different CdCl,
concentrations during grazing were calculated (Figure 6). We see an increased preference of
larvae for yeast spots without heavy metal when the CdCl,-concentration was raised as
expected. The averaged distribution of larvae over time when no metal was applied was

found to be 43:57 in favor for the W24 (nat) strain. Here we expected the ratio to be equal
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distributed over both strains. A one sample chi-square test gives x2=4.71 which exceeds the
critical value for 0.05 probability level so that we can reject the hypothesis that grazing was

equal distributed and indeed a significant preference for W24 (nat) for exists.

Observed grazing on W20 (gen)

10 - B W20 (gen) & W24 (nat) without metal

B W20 - metal & W24 + metal

= W20 + metal & W24 - metal

fraction of observed larvae
(o)}
1

40 400 4000
c [CdCl2] in pM

Figure 7 - Fraction of observed grazing on W20 (gen) averaged over 3 time points. Blue bars showing the fraction of
grown yeast when both strains stay untreated. The red bars show a high preference of larvae for W20 (gen) when it was
not treated with CdCl, and the green bars show a decreased preference of larvae for this strain when treated with metal.

An example of observed grazing behavior of 1% instar larvae on W20 (gen) showed the same
trend (Figure 7). 1* instar larvae prefer metal untreated yeast spots above metal treated

ones and especially at high concentrations CdCl, almost all larvae avoid metal treated spots.

oo Yeast population size without grazing

90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -
0% -

H # W20 (gen)
W # W24 (nat)

% W20 and W24

gen -; gen -;gen +; gen -; gen -;gen +; gen -; gen -;gen +;
nat- nat+ nat- nat- nat+ nat- nat- nat+ nat-

different treatments for 40uM, 400pM and 4000uM from left to right resp.

Figure 8 — Yeast population size as control without grazing process. A plus indicates the metal treated yeast spots.
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Yeast population size after 24h grazing

100% -
90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -
0% -

B # W24 (gen)
B # W24 (nat)

% W20 and W24

gen -; gen -;gen +; gen -; gen -;gen +; gen -; gen -;gen +;
nat- nat+ nat- nat- nat+ nat- nat- nat+ nat-

different treatments for 40uM, 400uM and 4000uM from left to right resp.

Figure 9 — Yeast population size after 24h grazing. A plus indicates the metal treated yeast spots.

After grazing a total reduction of 72% was reached. We can see that the metal treated yeast
population decreases after grazing (Figure 8 and 9). From the observations of larvae during
the predation process, less colonies of metal untreated yeast were expected and also less

colonies of W24 (nat), because we saw that much more of them were consumed.

c) Effect of different CdCl>-concentrations on yeast growth

Our OD-measurements revealed that none of the strains was able to grow in liquid medium
with CdCl, concentrations of 20uM and higher, while W24 (nat) and YILO35c (gen) show
considerable growth up to 10uM after two and three days.

To ensure that the measured ODgy accurately reflects the number of cells, daily
measurements were performed and the grown yeast populations were counted after 2 and

4 days of incubation.
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Figure 10 - Over time measurement of ODgq, for W24

The ODgoy measurement for W24 (nat) showed that only the sample without heavy metal

treatment was able to grow after one day. After two days we could measure growth in 2uM

CdCl,, and after three days growth in 5uM and 10uM CdCl, could be observed (Figure 10).

The counted colonies after two days of incubation reflect this expected trend (Figure 11).

Round about 500 colonies without heavy metal treatment after two days incubation and

highly elevated growth inhibition with increase in cadmium concentration. Considerable

higher is the amount of counted colonies after four days of incubation, especially for 5uM

and 10uM CdCl,.

# counted colonies

Counted colonies W24 after 2 and 4 days

=

w24
// / e W24-2uM Cd

7
—— W24-10uM Cd

A

1 2 3 4 5
days of growth

Figure 11

- # colonies on solid medium after two and four days of incubation
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OD-measurement over time for YILO35c
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Figure 12 - Over time measurement of ODg, for YILO35c

With a look at the measured ODgqo for YILO35c, we see that we were already able to measure
a distinct turbidity for all samples after one day. Even in the presence of high concentrations
CdCl; slow growth already occurred. After two days we observed an increase in ODgqg in all

samples whereas after three and more days the ODggo remains on the same level (Figure 12).

00Counted colonies of YILO35c after 2 and 4 days

600 /
500

%]
(]
_§ 300 - s Y| L-24M Cdl
[J]
2 s Y |L-5uM Cd
3 200
S Y| L-10pM Cd

100

0 m
1 2 3 4 5
days of growth

Figure 13 - # colonies on solid medium after two and four days of incubation

This behavior is also reflected in the yeast population size after two and four days of
incubation (Figure 13). We observed moderate growth, varying from 200 up to 700 colonies
but almost no difference was observed between two and four days of incubations. At 10uM

CdCl,, YILO35c grew not very well at all.
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d) Predation of W24 and YIL0O35c pre-grown in presence of different CdCl>

concentrations

oum 2uM 5uM 10uM
W24 0,086 0,048 0,041 0,026
ml added MQ 6,88 3,84 3,28 2,08
YILO35¢ 0,081 0,052 0,044 0,025
ml added MQ 6,48 4,16 3,52 2,00

Table 2 — OD measurement of 3 days pre-grown cultures in presence of different CdCl, concentrations

The OD measurements and the added amounts of sterile water after centrifugation are
listed in table two. Pictures from all plates were taken after 24h and 48h of grazing (Picture
1). As can be seen from the upper row of picture 1, 20 larvae were unable to eat a sufficient
amount of yeast in 24h. On the first sample (left, upper row, Picture 1), most larvae are
distributed over non-metal yeast spots as we expected from previous experiments (see page
11). 24hours later the plates looked totally grazed and the larvae became almost 4 times as

big as one day before. No clear distributions over distinct spots were visible anymore.

Picture 1 — Photos taken after 24h (upper row) and 48h (bottom row) of grazing. On the left, samples with 2uM W24 and
OpM YILO35c; on the right, samples with 5uM YIL0O35c and OpM W24. Metal-treated yeast spots are circled in red.
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After further treatment and quantification of the remaining population size we found less
remaining YILO35c, especially at concentration of 5uM and 10uM cadmium. This difference is

much bigger when compared to heavy metal treated W24 (Figure 14).

Yeast population size without grazing

m#YILO35¢c (gen)
H# W24 (nat)

% W24and YILO35c

gen-; gen-; gen+; gen+; gen-; gen+; gen+; gen-; gen+; gen+;
nat - nat+ nat- nat+ nat+ nat- nat+ nat+ nat- nat+
2uM cd 5uM Cd 10pM cd

Yeast population size after 48h grazing (20 larvae)

100% -

80% -
70% -
50% - W # YIL035¢ (zen)
B # W24 (nat)

30% -
20% -
10% -

ratio W24,/YIL035¢c

gen-; gen-; gen+; gen+; gen-; gen+; gen+, gen-; gen+; gen+;
nat - nat+ nat- nat+ nat+ nat- nat+ nat+ nat- nat+

2puM cd 5uM Cd 10pM cd

Figure 14 — Yeast population size without and after 48h grazing. A plus indicates he metal treated yeast spots

e) Yeast pre-grown on heavy metal containing solid medium

From all performed tests where a distinct heavy metal concentration was added to the solid
medium, no satisfying results are obtained. In total a reduction of only 0.1-1.0% (data not
shown) could be reached which is not close to a sufficient reduction to make clear

statements about this case.
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Discussion

(i) First, we find out that our used grazing species Drosophila melanogasteis able to
consume sufficient amounts of yeast (Figure 4 and 5) and 1% instar larvae are able to
distinguish between differences in applied yeast depending on the concentration CdCl,
(Figure 6,7 and Picture 1).

(ii) A comparison between measured turbidity after growth in liquid medium in presence of
cadmium chloride and growth behavior on solid medium afterwards (without additional
cadmium chloride) was evaluated and revealed that the mutant yeast strain YILO35c
deals much better with higher concentrations cadmium chloride. Still the reference
strain (W24) seems to adapt over time to the environment so that it has to be clarified if
this mutation indeed leads to hyperaccumulation.

(iii) Finally we showed that grazing led to a reduction in the number of colonies of the
metal-treated yeast strain relative to the non-treated strain (Figure 8, 9 and 14).

From earlier research [43] we already knew that D. melanogastelis able to consume yeast

and is sensitive to heavy metals [44]. Here we showed that it is possible to induce the right

selection pressure on yeast by using this predation species. By creating a pattern of metal-
treated and metal-untreated yeast spots (Figure 3), 1° instar larvae could choose and were
able to distinguish between different food sources (Figure 6). Based on observations, larvae

tend to avoid metal-treated yeast spots with increasing CdCl,-concentration (Figure 6,

Picture 1). But also in the control where both strains stayed untreated, we saw a significant

()(2:4.71, df=1) preference of larvae for the strain W24, which has exactly the same

background as W20 except for the antibiotic resistance gene. After quantification of the

remaining yeast we repeatedly found that metal-treated yeast produced smaller colonies
than non-metal treated yeast, although the metal was added after growth of yeast under
standard conditions in a) and b). It is already known that nutrient stress can induce
developmental switches in S.cerevisiag45], which could explain the differences in colony
size. The key environmental signals leading to a smaller phenotype and if heavy metals play

arole in it remains still poorly understood.

For statement (ii) we took the differences in growth behavior, dependent on the
concentration CdCl, into account. With the onset of our project aim, the potential
hyperaccumulator YILO35c, together with W24 was used to compare our measurement
techniques (OD vs growth on 0.5x YPD) for consistency. The strain W24 showed less

tolerance of higher concentrations cadmium but starts to adapt after a couple of days. With
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increasing heavy metal concentration we observed slower growth (Figure 10). Quantification
after two and four days incubation resulted in an increased yeast population after four days.
W24, which was pre-grown in presence of 5uM and 10uM CdCl, showed almost twice as
much colonies after four days incubation (Figure 11). Our measurements for YILO35c showed
that this strain indeed can deal much better with higher concentrations of cadmium. This
strain showed not obvious increase after 2 days in liquid environment (with heavy metal)
and between the comparison of subsequently plated samples of those pre-grown cultures
after two and four days of incubation on solid medium. Whether this stems from
hyperaccumulating cadmium in the vacuole is not established clearly and has to be revealed

using atomic absorption spectroscopy.

With all observations in mind and to test if YILO35c is less attractive for 1% instar larvae
because it might hyperaccumulate cadmium we tried to provide the same amount of yeast,
pre-grown in the presence of different concentrations cadmium up to 10uM, as nutrition for
the larvae by adjusting pre-grown volumes and washing away the growth medium. Already
in part b) we observed that (iii) grazing let to a reduction in the number of colonies of the
metal-treated yeast strain relative to the non-treated strain (Figure 8 and 9). The same result
was obtained from experiment d). So larvae do avoid yeast containing heavy metal,
independent from the fact if cadmium was added after growth to the liquid medium or was
added prior to growth to the liquid medium (experiment b) and d)), but this has a negative
effect on the yeast. It seems that the interaction of yeast and flies is in fact a mutualism.
Yeast is dispersed by the larvae to new habitats which outweighs consumption. In d), grazing
was conducted over 48h and almost everything was grazed away. The preferences of 1%
instar larvae for non-metal yeast strains based on previous observations (Picture 1) has
maybe no effect anymore in this special case. The larvae ran out of food sources and had to
go for the remaining spots so that they could not choose anymore. We saw that after
guantification much less metal treated YILO35c remains (Figure 14). Compared to W24, we
saw that this strains deals not so good with higher concentrations cadmium (experiment c))

but still much more remained after grazing.

In nature, accumulation and hyperaccumulation occur through absorption of heavy metals
from their environment due to influx pumps into the cytosol and further storage processes.
Yeast pre-grown in liquid culture and incubated on solid medium with and without heavy
metal concentrations showed that YILO35c is able to grow better on solid medium containing
cadmium then W24, as expected. We could not obtain a suitable combination of distinct

guantities yeast, pre-grown on heavy metal containing solid medium to allow successful
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uptake and hyperaccumulation, and an adequate amount of 1% instar larvae to reach a

comprehensive reduction (data not shown).

Conclusion:

At the moment, no clear statements can be made about whether hyperaccumulation
protects yeast from predation. Our results show that 1% instar larvae are able to distinguish
between different food sources but whether this depends on the amount of cadmium in the
environment or due to uptake mechanisms into the cell is still not clear. A mutualism
between flies and yeast could explain our findings. Still, statistical analysis has to be done to
reveal significant factors leading to a distinct predation pattern of larvae. Also it is not clear
yet if strain YILO35c is really hyperaccumulating cadmium which can be examined by atomic
absorption spectroscopy. Other predators can be tested for their suitability in this kind of
experiments. Also we showed that they are able to consume a lot of yeast, they disperse
them very quickly into new habitats so that this outweighs consumption. By referring to the
project aim, it has to be concluded that it seems that, if hyperaccumulation indeed occurred,
predators prefer those strains rather than avoid them, which reverses our hypothesis.

Further research under other circumstances has to be done to reveal if this is really the case.
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Appendix 1

Egg-laying, sterilization and dechorionation protocol D. melanogaster

Promote egg laying on 2x drosophila media (7% (w/v) dry yeast, 10% (w/v) sugar and 2%
(w/v) agar, sterilize it at 120°C for 15min and add 2.5ml propionic acid/0.5L [0.5% (v/v)])
by putting a small viscous amount of yeast in the middle

Allow egg laying for approx. 4-6hours (depending on the amount of eggs needed)

Scrub down drosophila eggs with a few milliliter 1x EWS and a fine paintbrush and
collect them in an 50ml conical tube

(1X EWS (Embryo wash solution), containing 0.7% (w/v) NaCl and 0.05% (v/v) Triton
X-100)
Washing eggs 2-3 times with ~30ml| 1XEWS to remove the remaining yeast until the

solution getting clear (pour the remaining wash solution carefully)
Add approximately 10ml of a 50% bleach solution (50% “Glorix”-bleach + 50% 1xEWS)
and let them stay for 5min

(eggs will not move in solution, do not shake or vortex them)
add 20-30ml 1EWS to the tube and wait until eggs settled down

pour off the bleach solution and wash several times (4-5 times with full volume of the
tube) with 1X EWS (try to pour off most of the remaining liquid to remove remaining
bleach)

add 1-2ml 1XEWS after the last washing step

by using a 1000ul pipette, dip the tip in the mass of eggs and try to suck in as much as
possible eggs with 100ul and spread them on a plate containing 2x drosphila medium

with 3% (v/v) methyl 4-hydroxybenzoate (Nipagine) and 0.3% (v/v) propionic acid

For several purposes, dechorionation should be followed by observation under a dissecting

microscope. 1xXEWS as washing solution prevents embryo clumping after dechorionation

better than 1% or 0.5% PBS.
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