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DFF – Diflufenican, an herbicide that inhibits carotenoid-synthesis in plants and algae 

DMAPP - Dimethylallyl diphosphate, one of two important substrates participating in the 
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pds – gene encoding for the enzyme phytoene desaturase 

PICT – Pollution Induced Community Tolerance, a concept where sensitive species and/or 

genotypes are replaced by more tolerant ones in a community as a result of chemical pollution 
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Abstract 

Herbicide pollution is a common problem in agricultural streams due to their extensive use and 

their unwanted effects on non-target species. Selanastraceae is a family of green algae that are 

particularly dominant in freshwater, making them a key component in the base of the food chain 

and an important part of the oxygen production. Therefore, it is crucial from a conservation 

point of view to accurately monitor the ecotoxicological impact of herbicides on this group of 

algae. In this work, phenotypic and genotypic differences are studied between different 

populations of Kirchneriella aperta (Chlorophyceae, Selenastraceae). Three populations of 

K.aperta are examined in this study: two populations isolated from the river Skivarpsån 

subjected to herbicide pollution over a 14-year where one has been continuously exposed to 

background levels of herbicides and the other has not. Additionally, a third population  an algal 

bank was used in this study as a “control” population. Chemical risk assessment modelling 

according to the Concentration-Addition approach showed that the main driver of toxicity in 

Skivarpsån during the last 14-years is diflufenican, an herbicide that inhibits the synthesis of 

carotenoids. Phenotypic differences between the algal populations were examined as 

differences in growth rate, cell size, photosynthetic activity (chl fluorescence parameters), 

pigment content and sensitivity to the herbicide difufenican (EC50s). Attempts were made to 

study genotypic differences as single nucleotide polymorphisms thought to be induced through 

exposure to diflufenican on the gene encoding the target protein of diflufenican, but no results 

were obtained. The results from the phenotypic parameters show that field populations show 

signs of stress compared to the laboratory population in terms of higher degrees of quantitative 

parameters (higher growth rate and photosynthetic activity) and to a lesser degree of qualitative 

parameters (lower cell diameter and pigment content). Additionally, toxicity tests show a trend 

towards higher tolerance to diflufenican in field populations compared to the laboratory 

population. Overall, the data from this project contribute to a better understanding of phenotypic 

adaptations in green algae as a response to herbicide pollution, however further study is required 

to be able to assess the effects on an ecological level. 
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1. Introduction 

1.1 General introduction 

Freshwater ecosystems are of great significance for human well-being in terms of providing 

ecosystem services, as well as for the species whom inhabit the rivers and lakes of the world 

(Darwall et al., 2018). Of all the organisms present in these environments, photosynthetic 

microorganisms play an important role: by converting light energy into biomass they constitute 

the base of the food chain and thus provide higher trophic levels with food as well as oxygen 

as a by-product from the photosynthesis (Guasch et al., 2012).  However, the ecological status 

of these systems is suffering from a decline in health as a result of exposure to multiple sources 

of stress, including chemical pollution (Dudgeon et al., 2006). Chemical pollution can come 

from many different sources, of which input from the agricultural sector is of high concern 

(Holvoet et al., 2007). Data on pesticides in Swedish streams and rivers obtained from areas 

with intense agricultural activity during a fourteen-year period shows that more than 35 

different substances are commonly found in agricultural streams, most of them being herbicides 

(Lindström et al., 2015) (figure 1). The data comes from a river called Skivarpsån located in 

the south of Sweden in an area characterized by intense agricultural practice. Since 2002 it is 

one of the locations frequently sampled as a part of the national monitoring program of 

pesticides in Sweden since 2002.  

Figure 1. Number of substances detected in grab samples taken from Skivarpsån, Sweden from 2002-

2016. The data between years 2002-2013 was collected from http://jordbruksvatten.slu.se/default.cfm. 

Additional monitoring data (2014-2016) was provided by Jenny Kreuger at SLU. 

http://jordbruksvatten.slu.se/default.cfm
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Among the many compounds detected, one of the most commonly found was diflufenican 

(DFF). This pesticide is an herbicide which inhibits the enzyme phytoene desaturase that plays 

a role in the biosynthesis of carotenoids (Miras-Moreno et al., 2018; Dang et al., 2018) and is 

often used to control weeds in the culturing of winter cereals (Ashton et al., 1992). In addition 

to being a commonly found compound, it is also one of the main drivers of toxicity according 

to mixture ecotoxicity modelling (figure 2). Diflufenican alone contributes to a minimum of 

43% and a maximum of 84% of the total risk for algae posed by the pesticide mixture estimated 

in this river since the start of the monitoring program in 2002 until 2016 (figure 2). 

 

Figure 2. Compounds with the top-five highest contribution to the risk posed to algae in Skivarpsån 2016 

according to the Concentration Addition (CA) risk assessment method. Diflufe = diflufenican, Terbut = 

terbutylazine, Terbut* = Terbutylazine-desetyl, Metaz = metazachlor, Metam = metamitron, Azoxys = 

Azoxystrobin, Prosulf = prosulfocarb, Isoprot = isoproturon, Cyanaz = cyanazine, Chlorid = chloridazon, Cyprod 
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= cyprodinil, Picoxys = picoxystrobin, Flurta = flurtamon, Esfenv = esfenvalerate, Pyroxs = pyroxsulam, 

Triflusulf = triflusulfuron methyl, Thifens = thifensulfuron methyl, Difeno = difenoconazole, Flurta = flurtamone. 

Risk contribution values are based on Toxic Units of compounds derived from their average concentration in the 

water between April-November. EC50-values used in this risk assessment was collected from the supplementary 

information provided in Gustavsson et al., 2017, available at 

https://github.com/ThomasBackhausLab/Swedish_Pesticide_Data.git 

 Despite this, the same modelling approach also suggests that the levels of herbicides are not 

high enough to pose a threat to algae according to the risk quotients set by the European Food 

Safety Authority (EFSA) at 0.1 (Gustavsson et al., 2017) (figure 3). However, given the 

complicated exposure scenario along with the long exposure period, more long-term changes 

may have occurred on levels that are not assessed when determining ”safe levels” of herbicides. 

For example, scenarios where contaminants are present in the environment during long periods 

of time, can produce communities where sensitive species and genotypes disappear and instead 

are replaced by variants that have developed increased tolerance to these compounds (Pesce et 

al., 2010). This concept, known as Pollution Induced Community Tolerance (PICT), can have 

a negative impact on an ecosystem, in terms of productivity as well as biodiversity (Gustavson 

et al., 1999; Paulsson et al., 2000). The need to monitor and assess the effects of this type of 

Figure 3. Average Toxic Units (TU) in Skivarpsån 2002-2016 based on substances detected in grab samples taken between 

april-november. 

 

https://github.com/ThomasBackhausLab/Swedish_Pesticide_Data.git
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pollution in freshwater environments is therefore of great importance in order to obtain good 

chemical- and ecological status of these systems, one of the main goals within the European 

Water Framework Directive. 

1.2. Carotenoids: Background, synthesis and their biological function 

Carotenoids are a group of pigments found in 

algae, plants and photosynthetic bacteria 

responsible for capturing light energy from the 

sun. The energy captured by these pigments 

can be used in two ways: i) it can either be 

transferred to the reaction center of the 

chloroplast and take part in the photosynthesis, 

or ii) it can be diverted from the photosynthetic 

apparatus (Sandmann et al., 2006; Polívka et 

al., 2010; Lichtenthaler et al., 2012). The first 

pathway serves as a mechanism for amplifying 

the light signals in environments with low light 

intensity and the second as a protection 

mechanism against photochemical stress 

(Frank  et al., 1991). Carotenoids are 

synthesized in the chloroplasts in an enzymatic 

pathway known as the 1-deoxy- D -xylulose 5-

phosphate/2-C-methyl-Derythritol 4-phosphate, or 

”MEP”-pathway (short for 2-C-methyl-D-

erythritol 4-phosphate). This pathway consists 

of a series of reactions where a number of 

enzymes play a role in converting 

Dimethylallyl diphosphate (DMAPP) and Isopentenyl diphosphate (IPP) into different 

carotenoid types (Lichtenthaler et al., 2012, figure 4). As stated previously, the herbicidal 

properties of diflufenican comes from its activity as an inhibitor of phytoene desaturase. This 

enzyme is part of the metabolic pathway responsible for carotenoid-synthesis, catalyzing the 

reaction where Phytoene is transformed into ζ-carotene (fig. 4, indicated with a red arrow). 

Subsequently, inhibition of this enzyme can result in a deficiency of several carotenoid 

Figure 4. Overview of the biosynthesis of carotenoids 

in algae and plants. The target site of Diflufenican 

and other compounds with similar mode of action is 

indicated with a red arrow. Figure from Lichtenthaler 

et al., 2012). 
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pigments, causing cells to bleach and be vulnerable to oxidative stress (Peréz-Peréz et al., 2012). 

Therefore, normal function of the carotenoid pathway is essential to cell health in 

photosynthetic organisms. 

1.2. Herbicide resistance in microalgae  

Several studies have been published regarding resistance to herbicides with the same mode of 

action as diflufenican in photosynthetic organisms, many of which focus on changes in the 

genetic sequence of the gene encoding for phytoene desaturase.  For example, Suarez et al., 

(2014) found resistance in the green algae Chlamydomonas reinhardtii linked to singular 

nucleotide changes in the gene pds, which encodes phytoene desaturase, after exposure to 

norflurazon, an herbicide with the same mode of action as diflufenican. Resistance to this 

compound was linked to changes in a region of the gene that is highly conserved between 

cyanobacteria, plants and algae, where a substitution mutation (T→G) at bp 476 changed the 

amino acid sequence of the protein from phenylalanine to valine at position 131. Other 

nucleotide changes linked to resistance to norflurazone in cyanobacteria (Synechocystis, 

Arginine 195) and plants (Hydrilla, Arginine 304) has been reported by Bruggeman et al., 

(2014). Linden et al., (1990) have shown that Synechococcus mutants resistant to norflurazon 

do not exhibit signs of resistance to other compounds with the same mode of action (e.g. 

diflufenican). These findings show that resistance to these types of compounds do occur under 

laboratory conditions, and although norflurazon resistance seems to be a rather well-studied 

area, not much work on diflufenican has been produced regarding the same subject. To the best 

of my knowledge, no studies have been published working with natural populations, making 

this an even more unexplored subject.  

1.3. Project background 

In September 2016, algal communities were sampled in Skivarpsån in the south of Sweden. 

From these algal communities, the green algae Kirchneriella aperta has been isolated and 

cultivated in the lab. This has been done under different conditions to establish different algal-

populations: i)  one grown in nutrient medium based on river water sampled from the field site 

(field population 1), and ii) one grown in nutrient medium based on milli-Q water (field 

population 2). The reason for this is to have one population still living in its simulated ”natural” 

environment with background levels of pesticides, and one living in a clean environment in 

order to determine if any form of recovery occurs when placed in a simulated pristine aquatic 
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environment.  In addition to these field populations, a population of K. aperta isolated from 

Lake Stechlin in Germany in 1988 was bought from an algal bank (K. aperta from SAG, strain 

number 2004, https://sagdb.uni-goettingen.de/detailedList.php?str_number=2004). This 

population (Laboratory population) has been cultured in the same medium as field population 

2 and used as a control for K. aperta since it has never been subject to herbicide exposure. 

K.aperta is a member of Selenastracea,a family of green algae containing species commonly 

found in the freshwater environment (Da Silva et al., 2017), one of which is Raphidocelis 

subcapitata, the standard algal species often used in ecotoxicity tests. This makes K.aperta a 

suitable species to study regarding similar research- topics and questions. 

1.4. Aims and hypotheses 

The aim of this study was to contribute to the knowledge of if and how microscopic green algae 

adapt to long term chemical stress by examining different populations for:  

- Growth rate  

- Cell size  

- Photosynthetic pigment content  

- Photosynthetic activity 

- Sensitivity to diflufenican 

- Single nucleotide polymorphisms in pds  

Hypotheses: 

H0: Long term exposure to herbicides has no effect at the phenotypic- or genotypic level in the 

green algae Kirchneriella aperta. 

H1: Long term exposure to herbicides has an effect at the phenotypic- or genotypic level in the 

green algae Kirchneriella aperta 

2. Materials and methods 

2.1 Phenotypic parameters 

2.1.1 Growth conditions 

Cultures of the three algae-populations were cultured in 50 mL Nunc EasYFlask Cell Culture 

flasks in 10 mL of Talaquil-growth medium (Scheidegger et al., 2011). The micro- and macro 

nutrient concentrations in the medium can be found in Appendix X. Medium for field 

population 1 was made using river water sampled from Skivarpsån at the same time as the algae 

and contains small amounts of herbicides (September 2016, table 1). The medium used for field 

population 2 and laboratory population was made with deionized water. The both types of 

media were filtered through 0.2 µm and pH was adjusted to 7.2. The bottles were stored in dark 

https://sagdb.uni-goettingen.de/detailedList.php?str_number=2004
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and cold conditions (4 ⁰C) when not used.  The cultures were kept in a thermo-constant room 

and grown using a light intensity of approximately 100 µmol photons/m2/s with a light-dark 

cycle of 16:8 hours.  The temperature was kept at a constant 22.5 (± 1) ⁰C. 

2.1.2 Growth tests 

Growth tests were performed in 50 

mL Nunc EasYFlask Cell Culture 

flasks. Algae in their exponential 

phase of the growth were sampled 

10 mL cultures were set up in three 

replicates of each population. The 

starting cell density used was 

approximately 70 000 cells/mL or 

Fluoresence Unit (FU) of 0.4. The 

growth was measured in 24-hour 

intervals by pipetting 250 µL from 

each flask to a 96-well plate. 

Fluoresence emitted by chlorophyll 

a (435 nm as the excitation wavelength and 680 nm as emission wavelength) was used as a 

proxy for algal cell density. The fluorescence was measured using a Thermo Scientific 

Varioskan Flash Multimode Reader. When cultures reached a FU above 20, the samples were 

diluted in growth medium in the wells of the microplate to eliminate false values as a result of 

too high cell density. The cultures were monitored for seven days, or until the fluorescence 

started to diminish. The growth rate was then calculated from the equation for exponential 

growth: 𝑁𝑡+1 = 𝑁𝑡 ∗ 𝑒𝑟𝑡 , solved for growth rate (r): 𝑟 =  
ln 𝑁𝑡+1−𝑙𝑛𝑁𝑡

∆𝑡
where Nt+1 is the 

fluorescence value at a certain time, Nt is the fluorescence at the previous time point and ∆t is 

the difference in time (days) between the two time points. Only values from the exponential 

part of the growth phase for the algae was used. 

2.1.3 Calibration curves 

Calibration curves to relate fluorescence units with cells per mL were produced for each algal 

population. Algae culture at the peak of the exponential phase was diluted in culture medium 

to establish samples with different FU in the range of 0.2-13. The samples were measured in 

Table 1. Herbicide content of the river water sampled from 

Skivarpsån in September 2016 used to culture field population 1 
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the same manner as for the growth tests and counted for cells per milliliter under a light 

microscope using a Bürker chamber loaded with 12 µL of each sample. All samples were 

counted twice to establish a more robust result. 

2.1.4 Size determination 

The diameter of the three algal 

populations was measured using the 

QMod Holographic- and Fluoresence 

module from Ovizio with the 

accompanying software OsOne (Zetsche 

et al., 2016). Three replicates of each 

algae population were used. Culture was 

sampled in mid-exponential phase and 40 

µL was put on a microscope slide with a 

cover glass. The cells were visualized 

through a light microscope connected to 

the QMod-module and 25 pictures were taken of each replicate. The diameter and % circularity 

of the cells was recorded calculated using the imaging software’s computation algorithm for 

cell identification set to the “Hematology”-setting (see figure 5, outlined in red). Since the 

software calculates cell diameter of a disk, a new diameter was calculated by multiplying each 

value with the % circularity of the cell.  A total of 86, 77 and 56 cells were analyzed from field 

population 1, field population 2 and the laboratory population respectively. The reason for the 

different number of cells counted from each population was due to lack of high-quality pictures 

of cells from the laboratory population due to the formation of many clusters in its culture. 

 

 

 

 

 

 

 

Figure 5. Picture of cell of K.aperta from Field pop 1. Red 

line indicates the software's cell detection algorithm from 

which cell diameter was calculated. 
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2.1.5 Pigment extraction 

Chlorophyll a, b and total amount of carotenoids were extracted and determined using the 

method developed by Arnon (1949). The wave lengths used for absorbance of the different 

pigments were adapted to better fit this study by producing an absorbance curve between 400 

and 700 nm in 5-step intervals (figure 6). Algae culture was centrifuged at 16 000 x g for five 

minutes and the supernatant was discarded. The pellet was kept on ice and resuspended in -20 

⁰C 80% acetone (Sigma-Aldrich, product number 439126).  

After addition of acetone, the samples were kept at -20 ⁰C for two hours to enable adequate 

extraction of pigments. No visual differences in pigments extracted were observed after initial 

trial tests using  2h and 24h of extraction time (data not shown). Chlorophyll a, b and total 

carotenoid content was measured as absorbance at 665, 620 and 475 nm respectively using a 

Thermo Scientific Varioskan Flash Multimode Reader. Results were quantified using the 

equations specified by Lichtenthaler (1987) (see table 2 in Appendix I). The content of the 

different pigments was calculated per cell using the fluorescence unit of the culture and the 

established calibration curves. 

Figure 6. Absorption curve of the three populations of K.aperta Field pop 1 (orange), field pop 2 (yellow) 

and Laboratory pop (green).  
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2.1.6 Photosynthetic activity 

The photosynthetic activity of the different populations was quantified using the Phytoplankton 

Analyzer PHYTO-PAM II and the accompanying software from Heinz Walz GmbH. A 

calibration curve provided by Björn Andersson was used to adjust the light intensity values of 

the instrument (figure 7).  Light curves using saturation pulses between 0 and 1530 

Photosynthetic Active Radiation (PAR) was produced to calculate the maximum electron 

transport rate (ETRmax), and the half of the light intensity where photoinhibition occurs (Ik). 

Measurements of the fast light kinetics of the three populations, including maximum quantum 

yield (MQY), effective quantum yield (EQY) and non-photochemical quenching (NPQ) were 

also taken.  

2.1.7 Tolerance tests 

Algal growth toxicity assays were performed for diflufenican over 72h to assess the sensitivity 

of each algal population to exposure of this compound. Tests were performed using 50 mL 

Nunc EasYFlask Cell Culture flasks (ThermoFischer, catalog number 169900) with a total 

volume of 10 mL of algal culture. 0.0168 g diflufenican (Cas.no 83164-33-4) was dissolved in 

3.87 mL methanol to make a stock solution of 11 mM. 13.33 µL of this was transferred to a 

second vessel and the methanol was evaporated. After evaporation, a new stock solution of 

36.666 µM was made by adding 4 mL of methanol. The range of concentrations tested was 

0.05-10 nM using eight diflufenican concentrations in two replicates along with six controls. 

Figure 7. Calibration curve of measurements from the phyto-PAM (x-axis) and an external light sensor 

(y-axis). The equation for the linear relationship between the two parameters were used to re-calculate 

the data obtained from the light curves (see Results, section 3.1.3). 
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Starting cell density of the three populations was 79 000 cells/mL (± 5800). The test ran for 72 

h after which the fluorescence at 435/680 nm (excitation/emission wavelength) of the different 

treatments was measured using a Thermo Scientific Varioskan Flash Multimode Reader. 

Measurements of the initial fluorescence of the control treatments were also taken to determine 

starting cell density. Percent inhibition in relation to controls was calculated as follows: 

%𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 1 −
𝐹𝑈𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝐹𝑈𝑎𝑣𝑔.  𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠
. Dose-response curves were produced by fitting the 

inhibition data against a non-linear least square model based on the Weibull-, Logit-, and Probit-

functions to calculate EC50 values, the concentration of diflufenican that causes a 50% 

inhibition of growth. Obtained EC50 values for each population were used as indicators of 

population sensitivity/tolerance to diflufencian exposure.  

2.2 Genotypic parameters 

2.2.1 DNA extraction 

DNA from three replicates of each population was extracted using the Plant DNAzol Reagent 

(Thermo Fischer Scientific, Cat.no 10978021) and according to the supplied protocol with 

slight modifications. Briefly, 300 mL of algae culture was centrifuged at 5000 × g for 10 

minutes at 15 ⁰C and the pellet was resuspended in 700 µL of culture medium. The concentrated 

suspension was dropped into a mortar containing liquid nitrogen and ground into a fine powder. 

The powder was transferred to a 1.5 mL eppendorf tube, suspended in 600 µL of Plant DNAzol 

Reagent containing 100 µg/ml of RNAse A and incubated at room temperature for five minutes 

on a shaker. After incubation, 600 µL of chloroform was added to the sample. Following 

another incubation step, the sample was centrifuged at 12 000 × g for ten minutes and the 

organic phase was transferred to a new 1.5 mL eppendorf tube and mixed with 1200 µL of ice 

cold 99.5% ethanol to precipitate the DNA. The sample was incubated at room temperature for 

5 minutes and then centrifuged at 7000 × g for 4 minutes. The supernatant was discarded and 

the pellet was washed in 600 µL of a mixture of Plant DNAzol reagent and 99.5% ethanol 

(1/0.75 v/v) to remove remaining residues of the extraction reagent. After five minutes of 

incubation, the sample was centrifuged again as in the previous step and the supernatant was 

discarded. The pellet was washed in 1000 µL of 75% ethanol and the sample was centrifuged 

again as described above. The supernatant was discarded and the ethanol wash step was 

repeated a second time. Lastly, the pellet was washed in 1000 µL of ice cold 99.5% ethanol and 

centrifuged one more time. The supernatant was discarded and the sample was put on a heating 
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block at 37 ⁰C to evaporate any remaining ethanol residues. When dry, the pellet was dissolved 

in 80 µL DEPC-treated water from Invitrogen. The yield (ng double stranded DNA/µL) along 

with ratios of DNA-purity (A260/A280 for protein contamination and A260/A230 for extraction-

reagent contamination) was determined using a NanoDrop 2000 spectrophotometer. DNA yield 

was also quantified fluorometrically using a Qubit 2.0 fluorometer (Invitrogen, USA). 

2.2.2 PCR-amplification 

Due to no data available on NCBI of the genetic sequence of the pds-gene in K.aperta, primers 

for amplification were designed by Oskar Johansson based on sequences of related green algae 

species: Muriella zoofingiensis, Chlamydomonas reinhardtii and Dunaliella salina. The primer 

sequence for the forward- and reverse primer sets were: New_FWD = 

5’CCATNGANGCNANGTACTTNTGNTTG3’, together with New_REV = 

5’GCNGCNTGGAANGANGANGATGGNGACTGG3’, and Ka_3_FWD = 

5’GGNGCNGGNYTNGCNGGNYTNWSNGCNGCNAARTA3’, together with Ka_3_REV = 

5’TANACNSWNARNGGNGTYTTNAYNACYTTRTAYTT 3’.  

A master-mix was prepared for each set of primers used in the PCR reaction made up of (per 

sample) 25.5 µL of DEPC-treated water, 10 µL of 5X SuperFi buffer from Invitrogen, 2 µL of 

deoxy-nucleoside tri-phosphates and 5 µL of forward- and reverse primer sets. The reagents 

were added in this order to a 1.5 mL eppendorf tube. Lastly, 0.5 µL of Invitrogen Platinum 

SuperFi DNA Polymerase was added. The volumes of the different reagents were adjusted to 

the number of DNA samples intended to be amplified plus one additional sample.  

2 µL DNA-sample was added to the wall of individual PCR-tubes and dissolved in 48 µL of 

the previously prepared master-mix. The reaction ran for 35 cycles with a denaturation 

temperature of 96 ⁰C, annealing temperature of 50 ⁰C and extension temperature of 72 ⁰C. Each 

step in the cycle ran for 30 seconds, 45 seconds and two minutes respectively.  

2.2.3 Gel electrophoresis 

The results from the PCR were quantified using gel electrophoresis. 8 µL of PCR-product was 

mixed with an equal volume of  loading buffer. 10 µL of this mixture was loaded onto a 1% 

agarose gel for the amplicons of the pds-gene. The gel electrophoresis procedure ran for 40 

minutes at 80 amperes. PCR-fragments were visualized under a UV-fluorescent camera. 
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2.2.4 Product cleaning 

The products from the different PCRs were cleaned and isolated using the Wizard SV Gel and 

PCR Clean-Up System with the supplied materials and solutions. 40 µL of PCR-product was 

mixed with 25 µL of loading buffer. 60 µL of this mixture was loaded onto a 1% agarose gel 

and run at 80 V for 40 minutes to allow for enough separations of the fragments. Fragments 

around 1000 - 2000 kBp were cut from the gel using a scalpel and put in individual 1.5 mL 

Eppendorf tubes. The gel pieces were mixed with 150 µL of Membrane Binding solution and 

incubated on a water bath at 60 ⁰C for ten minutes until the sample was completely dissolved. 

After incubation, samples were vortexed and transferred to individual SV Minicolumns placed 

inside collection tubes and centrifuged at 16 000 × g for one minute. After centrifugation, the 

liquid in the collection tube was discarded, the minicolumn placed back into the tube and 

washed with 700 µL of Membrane Wash Solution diluted 1:6 (v/v) in 95% ethanol. The samples 

were centrifuged as described above and the wash was repeated an additional time using 500 

µL of Membrane Wash Solution and a centrifugation time of five minutes. After centrifugation, 

the solution was discarded from the collection tubes and the samples were centrifuged once 

more for one minute to remove any excess reagent. Lastly, the minicolumns were transferred 

to clean 1.5 mL eppendorf tubes and washed with 30 µL DEPC-treated water. The samples 

were centrifuged for one minute at 16 000 × g and the product collected in the eppendorf tube. 

Samples were stored at 4 ⁰C until further usage. 

2.2.5 Cloning 

The purified PCR-product was transformed into competent Escherichia choli using the Zero 

Blunt TOPO PCR Cloning Kit for Sequencing and accompanying pCR 4Blunt-TOPO vector 

from Invitrogen. This step is necessary for isolation and additional purification of the 

fragment(s) of interest (Lodish et al., 2000). Four µL of each purified fragment was mixed in 

individual PCR-tubes with 1 µL of the supplied salt solution (1.2 M NaCl and 0.06 M MgCl2) 

and pCR Blunt-TOPO plasmid vector. The mixture was centrifuged briefly and incubated at 

room temperature for 30 minutes. After incubation, 2 µL of the mixture was transferred to a 1.5 

mL eppendorf tube and mixed with 50 µL of DH5α-T1R chemically competent Escherichia coli 

cells. The mixture was put on a thermo-block at 42 ⁰C for 30 seconds and then mixed with 250 

µL of S.O.B-medium at 37 ⁰C. The sample-tubes were wrapped in plastic film and put in an 

incubator at 37 ⁰C to allow for the transformed bacteria to grow. After one hour of incubation, 

volumes of 50 and 150 µL from each sample was put on two different agar-petri dishes 
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containing 5 µg/L of Kanamycin. The sample solution was worked into the agar using a plastic 

spatula and the plates were incubated at 37 ⁰C over night. After over-night incubation, two 

colonies from each plate was picked out with a pipette tip and put into individual 50 mL Falcon 

tubes containing 5 mL of LB-medium. The tubes were placed back into the incubator at 37 ⁰C 

and left to grow over-night. 

2.2.6 Extraction of fragments from clones 

DNA extractions of the transformed E.coli cells were performed using the GeneJET Plasmid 

Miniprep Kit from Thermo Scientific according to the supplied protocol, using the reagents and 

solutions provided with the kit. The cell suspensions from the over-night cultures were 

centrifuged at 5000 × g for 10 minutes and the supernatant was discarded. Pellets were 

thoroughly dissolved in 250 µL of Resuspension solution and transferred to a 2 mL eppendorf 

tube. 250 µL of Lysis solution was added to each tube and the samples were mixed by inversion 

of the tubes four to six times. After mixing, 350 µL of Neutralization solution was added to 

each sample and the content of the tubes were mixed as previously described. The samples were 

centrifuged for 5 minutes at 12 000 × g and the supernatant were transferred to a GeneJET spin 

column provided in the kit. The columns were centrifuged as previously for one minute and the 

flow-through in the collection tube was discarded. The spin column was placed back into the 

collection tube and washed with 500 µL of Wash solution (diluted 1:2.7 v/v). The flow-through 

was discarded and the wash was repeated one additional time. Any remaining ethanol residues 

were removed by centrifuging the samples for one minute at 12 000 × g. Lastly, the spin 

columns were transferred to fresh 1.5 mL eppendorf tubes and washed with 30 µL of Elution 

buffer. The samples were centrifuged for two minutes at 12 000 × g and the collected product 

was stored at 4 ⁰C. The yield was quantified using a NanoDrop 2000 spectrophotometer. 

2.2.7 Sequenceing of fragments 

Plasmid extracts were diluted to 100 ng/µL DNA and 16 µL were transferred to fresh eppendorf 

tubes. DNA samples were sequenced using Sanger DNA sequencing. (Eurofins Genomics, 

Germany). 

2.3. Statistics 

The obtained data from the phenotypic parameters was analyzed using the statistical software 

R, version 3.4.4 (The R Foundation for Statistical Computing, 2018). All data was tested for 

normal distribution using the Shapiro-Wilk test and for homogeneity of variance between 
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groups using Levene’s test. Parameters where data from the different groups did not differ 

significantly from normal distribution and the variance between the groups were equal (p > 

0.05) was further analyzed using a One-way ANalysis Of VAriance (ANOVA) coupled with a 

Tukey’s post-hoc for multiple comparisons between groups. Parameters where data differed 

from the normal distribution and/or variances where unequal among groups were analyzed 

using the Kruskal-Wallis test coupled with Dunn’s post-hoc test with p-values adjusted using 

the Holm-method. 

For the dose-response analyses the following packages were used: ggplot2, minpack.lm and 

nlstools.  

3. Results 

3.1 Phenotypic parameters 

3.1.1 Growth and cell size 

The exponential growth rate of the three populations can be seen in figure 8. Significant 

differences were observed between the laboratory population and field population 1 (p < 0.05), 

where the laboratory population had a 46% lower growth rate compared to field population 1. 

Growth rates were calculated from tests in both types of growth media, and the same pattern 

can be observed in both types (figure 8). 

As shown in figure 9, there is a discrepancy between the populations in the relationship between 

FU and cells/mL in the produced calibration curves. This pattern is consistent between all 

populations even though the linear relationship is strong in all three cases (R2 = 0.991-0.9965) 
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Figure 9. Standard curves for the three algal populations Field pop 1 (orange), Field pop 2 (yellow) and 

Laboratory pop (green). Trend line for correlation between Fluorescence Unit (FU, y-axis) and cells per ml (x-

axis) along with their linear equation for calculation of cell density based on FU are shown to the left of its 

corresponding line.  

Figure 8. Exponential growth rate of the three algal populations Field pop 1 (orange), Field pop 2 (yellow) and 

Laboratory pop (green). Error bars represent ± 1 S.D (n = 3). 
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The average cell diameter of each population as calculated from the data obtained from the 

OsOne-software can be seen in figure 10. Significant differences were found between all three 

groups, where the laboratory population had a 27% and 35% greater cell diameter compared to 

field population 1 and 2 respectively. 

3.1.2. Pigment composition 

The pigment profiles of the three populations of algae are shown in figure 11. All three groups 

are significantly different from each other with regards to content of total amount of carotenoids 

and chlorophyll-a. The laboratory population was found to have the highest content of these 

two pigment types, with a 76% higher content per cell of both carotenoids and chlorophyll-a 

compared to field population 1, and 58% and 62% for higher content for the same pigment 

types compared to field population 2. Field population 1 and the laboratory population were 

found to be different in chlorophyll-b content, whereas no differences were found between other 

possible combinations.  

Figure 10. Cell diameter of Field pop 1 (orange, n = 86), Field pop 2 (yellow, n = 77) and Laboratory pop 

(green, n = 56). Significant differences in diameter were obtained between all groups (One-way ANOVA, p < 

0.01). Error bars represent ± 1 S.D. 
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3.1.3. Photosynthetic activity 

 Light curves produced for the three populations along with the derived curve parameters 

(ETRmax, Ik) can be seen in figure 12 and 13 respectively. The curves all follow a similar pattern 

where the slope tend to level out at approximately 850 PAR. Similarly, the parameters shown 

in figure 13 show no apparent differences, apart from a slight decrease in both ETRmax and IK 

from field population 1 to the laboratory population. However, no significant differences were 

found between either of the groups (One-way ANOVA, p > 0.05). 

Figure 11. Pigment profiles of Field pop 1 (orange), Field pop 2 (yellow) and Laboratory pop (green). Significant 

differences were found between all groups concerning carotenoid content and chlorophyll-a content (one-way 

ANOVA, p <0.0001, n = 3). For chlorophyll-b, significant differences were  found between field strain 1 and 

laboratory strain (Kruskal-Wallis test, p < 0.05). Error bars represent ± 1 S.D. 
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Figure 12. Light curves produced from Phyto-PAM of electron transport rate (ETR, y-axis) against 

Photosynthetically Active Radiation (PAR, x-axis) for field pop 1 (orange), field pop 2 (yellow) and laboratory 

pop (green). 

Figure 13. Parameters derived from the light curves, including the maximum rate of electron transport 

(ETRmax) and half of the light intensity where photo-inhibition occurs (IK). No significant differences detected 

between the different groups in either of the parameters (One-way ANOVA, p > 0.05). Error bars represent ± 

1 S.D (n = 3). 
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Figure 14 show the average Maximum Quantum Yield (MQY), Effective Quantum Yield 

(EQY) and Non-Photochemical Quenching (NPQ) of the three populations. Significant 

differences were found for MQY between field population 2 and the laboratory pop,  between 

all groups for EQY and between field population 1 and the laboratory population for NPQ (p < 

0.05). For EQY, values decrease from left to right, with field population 1 having a 5% and 

20% higher efficiency compared to field population 2 and the laboratory population. The 

opposite pattern can be seen for NPQ-values, with a 20% and 25% higher degree of photo-

inhibition in field population 2 and the laboratory population compared to field population 1.     

  

Figure 14. Photosynthetic activity in terms of Maximum Quantum Yield (MQY), Effective Quantum Yield 

(EQY) and Non-Photochemical Quenching (NPQ) for field pop 1 (orange), field pop 2 (yellow) and 

laboratory pop (green). Error bars represent ± 1 S.D. (n = 3).  
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3.1.4. Dose-response tests: Diflufenican sensitivity 

The dose-response curves produced by fitting the Weibull- (blue), Logit- (light green) and 

Probit functions (red) to the inhibition data from the toxicity tests with diflufenican can be seen 

in figure 15.  

 

The three functions seem to follow a similar pattern, where they fit the data more or less equally 

well across all populations (A = field pop 1, B = field population 2, and C = laboratory 

population). In D, only the Weibull-function from each test is fitted to the data. Here, a slight 

shift to the right can be seen in the curves for field population 1 (orange) and 2 (yellow) 

compared to the laboratory population (green). The mean of the derived EC50 – values from the 

three curve fitting functions (figure 14) show the same tendency, with higher EC50-values (AVG 

(±  SD)) for populations isolated from the field (3.98 nM (± 0.09), 5.41 nM (± 0.09) and 2.82 

Figure 15. Dose-response relationship between growth and concentration of Diflufenican for Field pop 1 (A), Field 

pop 2 (B), Laboratory pop (C) and all together (D). Replicates of the control treatment are shown in green squares 

and tested concentrations in black dots. Three curve-fitting functions were used: Weibull (blue), Logit (red) and 

Probit (light green). In D, only the Weibull curve-fit is shown for the algal populations: Field pop 1 (orange), field 

pop 2 (yellow) and Laboratory pop (forest green). 
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nM (± 0.05) for field population 1, field population 2 and the laboratory population 

respectively). 

Figure 16. Average EC50 values for the three algal populations Field pop 1 (orange) Field pop 2 (yellow) and Laboratory 

pop (green) based on the average of the three curve-fitting functions. Error bars represent ± 1 S.D. 
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3.2. Genotypic parameters 

3.2.1 DNA extraction, PCR-fragments and sequencing 

The average yield of DNA from three replicates of each population can be seen in figure 17. 

There is a clear visual difference between the two different quantification methods as well as 

between field population 1, although the variation within this group is very big.  

Figure 17. Average yield of extracted DNA as measured by Nanodrop spectrophotometry and Qubit 

fluorometry of the populations field pop 1 (orange), field pop 2 (yellow) and laboratory pop (green). Error 

bars represent ± 1 S.D (n = 3). 

Table 2. The different primer combinations used in the designated master-mixes of the PCR. 
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The performed PCR using the different primer-designs in various combinations (table 2) 

yielded several bands in the region of ~1000 - 2000 kBp can be seen in figure 18. The largest 

visible band from reactions A and B were extracted from the gel for all three populations 

together with one additional band from reaction D and E for field population 2.  

The yield from the clonal extractions can be seen in figure 19. The results from the BLAST 

analysis of the sequencing data sent back from Eurofins gave similarities in the range of 98-

100% with different plasmid vectors (data not shown), many of which being the ones we used. 

Three samples showed sequence similarities with two different species of bacteria, 

Herbaspirillum sp. and Ottowia sp. the former of which being a common contaminant in 

reaction kits used for extraction of DNA and in nuclease-free water (Salter et al., 2014). All in 

all, no fragments sequenced showed similarity with K.aperta. 

Figure 18. Agarose gel used to visualize the results of the performed PCR. The largest visible band (first one 

from the top) was extracted from the reactions specified above and sent for sequencing.  



31 

 

4. Discussion 

Organisms exposed to sufficiently high levels of stress commonly enter an adaptive state at the 

physiological level to be able to cope with the novel situation. This can often result in shifts in 

an organism’s energy budget, redirecting energy from other parts to more critical processes, 

e.g. survival. (Chrousus, 1998; Barton, 2002). In this thesis, the focus has been on investigating 

if populations of green algae submitted to a certain form of stress, chemical pollution, under 

long periods of time have developed such a response in comparison to populations of non-

exposed algae. Another focus has been on trying to answer part of the underlying mechanisms 

in terms of differences in the genetic sequence via single-nucleotide polymorphisms in the pds 

gene, the target gene of diflufenican.  

4.1 Phenotypic differences 

The phenotypic differences observed between the algal populations of Kirchneriella aperta 

used in this study point to the general “stress-syndrome” described above. Differences in growth 

rate between the two field populations (figure 8) could be explained by both an induced stress 

response due to the trace amounts of herbicides (table 1) and any additional macro- or 

micronutrients in the river water used to cultivate field population 1. However, the pattern is 

Figure 19. DNA yield from the clonal extracts as measured with Nanodrop spectrophotometry from the 

different PCR-bands isolated. 



32 

consistent between the populations in tests performed using both types of medium (with and 

without trace amounts of herbicides), which gives more weight to the herbicide levels in the 

river water being responsible for the observed differences. The observed higher growth rate 

could also be a consequence of the smaller cell size and higher photosynthetic activity of field 

population 1. If an organism doesn’t grow as large and is more efficient in generating energy, 

a faster growth rate could be an expected outcome. 

The increased photosynthetic activity of field population 1 and 2 (figure 14) compared to the 

laboratory population could also be a stress response to chemical pollution. For instance, studies 

have shown that exposure to stress, both chemical (exposure to PS-II inhibitors, e.g. isoproturon 

and terbutylazine) and physical (high light intensities) can induce higher turnover rates of the 

D1-protein in the chloroplast, associated with activation of PS-II and electron transport in this 

system (Eriksson et al., 2009; Schuster et al., 1988). Although not examined in this study, a 

higher renewal rate and/or expression of this protein could lead to higher photosynthetic 

activity. 

Other signs of stress evident in field populations compared to the one coming from the 

laboratory are decreased cell size and amount of pigments per cell. As described earlier, the 

decrease of these qualitative parameters may be a response to stress, where survival through 

continuous growth is favored over other processes. Lower content of carotenoids in algae from 

the field (figure 11) is in accordance with the mode of action of diflufenican and shows that the 

field populations have not been able to cope with the pressure from long term exposure to this 

compound. Differences between the two field populations could also be a sign that the 

concentration of diflufenican (and/or mixture effects of other compounds) in the river water is 

high enough to cause an effect in field population 1. 

The tendency for increased tolerance to diflufenican due to higher EC50 values in field 

population 1 and 2 (figure 16) could potentially be a sign of an adaptation due to previous 

exposure. Furthermore, even though the dose-response curves in the toxicity tests with 

diflufenican cover the whole range of effects (0-100%) only one of the tested concentrations 

caused an intermediate effect (figure 15). To obtain more robust EC50-values, additional tests 

with a narrower range of concentrations need to be performed to validate these results. The 

preliminary results from these toxicity tests are consistent with the concept of PICT mentioned 

earlier, where the structure of a community of species previously exposed to chemical pollution 
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is shifted towards favoring species that are able to develop tolerance (Magnusson et al., 2012; 

Ohlauson & Blanck, 2014). This might be the case in Skivarpsån, where Kirchneriella aperta 

could be one of the species that have managed to cope with the chemical stress in this river, and 

as a result increased their abundance at the expense of other, more sensitive species. Although 

no analysis of the biofilm community structure and function was performed in this study, further 

studies to verify if this is the case would be of great interest.  

4.2 Genotypic differences 

As of April 2019, the genetic part of the thesis has yet to yield any results and the attempts were 

therefore terminated. The set of samples that were sent for sequencing all came back negative 

in terms of sequence data for pds: instead the gene’s sequenced were shown to have high 

similarity with the plasmid vector used to incorporate the PCR-fragments into the transformed 

E.coli cells. This error can partly be explained by the over-estimation of the yield in the 

quantification of the bacterial clones using Nanodrop-spectrophotometry compared to Qubit 

fluorometry (figure 17). The former method is based on absorbance at 260 nm, where double-

stranded DNA absorbs light. As a result, the reported yield can be skewed if other substances 

absorbing light at the same wavelength are present in the samples (nucleotides, single stranded 

nucleic acids, kit reagents etc.) The latter is instead based on fluorescence of a dye the samples 

are stained with and related to a calibration curve which makes the yield more robust and less 

non-specific. Another error might be a lack of PCR-product itself. Due to the primers being 

designed based on genetic sequences of pds from other algal species than K.aperta, coupled 

with a relatively low annealing temperature (55 ⁰C), multiple fragments were generated during 

the PCR (figure 18). As well as this being a problem for separating fragments to extract from 

each other, not all primer pairs are put to use towards amplifying the target gene. This could 

result in lower yields of the fragment of interest, which can be seen by the faint color of the 

amplified products in many of the reactions (figure 18). To get past this problem, time should 

be invested into trying different PCR-configurations (e.g. different annealing temperatures, 

amount of DNA loaded to the reaction, duration of the extension-step in the amplification-

cycle)  to optimize the yield. An additional way to move forward would be to sequence the 

entire genome of the species, and in that way be able to design pds primers that are more specific 

for the studied algae or simply compare obtained DNA in terms of point mutations or by 

comparing the  single-nucleotide polymorphism rate among the three different populations. 
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Despite many studies performed on tolerance to herbicides and other types of pesticides in green 

algae, whether at the community level, e.g. biofilms (Eriksson et al., 2015; Tlili et al., 2011) or 

at the species level (Fischer et al., 2012) there is a limited amount of information on adaptation 

to chemical stress in natural populations of algae, showing that it is a subject worthy of further 

study. Even though no results were yielded in this study in relation to underlying tolerance 

mechanisms to diflufenican, there is reason to assume some differences being present between 

the populations based on the results obtained by Suarez et al., (2014) and Bruggeman et al., 

(2014) mentioned earlier together with the higher EC50-values of the field populations obtained 

in this study. 

4.3 General remarks 

As with all studies involving field samples, there is a problem with connecting observed 

differences in certain parameters to a single specific parameter in the field, in this case chemical 

pollution. Given that there are differences in some parameters between the two field populations 

(size, content of chl-a and carotenoids, photosynthetic activity) one can be confident when 

connecting this to the herbicide levels in the river water used to grow field population 1. 

However, when comparing the field populations to the laboratory population it is hard to discern 

what differences can be connected to chemical pollution and what are artifacts in general of life 

in the field versus the laboratory. A way to get around this problem would be to use algae of 

the same species isolated from a reference site, where chemical pollution has been monitored 

and absent for a similar amount of time as in Skivarpsån. Diflufenican was shown to be the 

compound responsible for driving most of the toxicity in Skivarpsån, and as a result was the 

focus of the toxicity assays performed in this study. What could be relevant for further studies 

would be to consider using chemical mixtures of the compounds detected to better mimic the 

real exposure scenario, as well as studying effects on community structure and function to better 

understand what the long term consequences on the ecosystem are of the mixture exposure in 

Skivarpsån. 

5. Conclusion 

Clear phenotypic differences were observed between the algal populations of K.aperta used in 

this study, pointing to the general “stress-syndrome” that may be a result of previous exposure 

to chemical stress. There is also a tendency towards increased tolerance to diflufenican in the 

field populations that have been submitted to previous exposure. However, it is difficult to tie 

these changes solely to previous exposure to chemical stress rather than to other environmental 
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parameters in Skivarpsån. Further research on these populations should be conducted using 

algae of the same species from a reference site to better be able to link any differences 

specifically to previous exposure to chemical pollution. 
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Appendix I 

 

Table 1. Talaquil nutrient medium content and composition 

Talaquil nutrient medium (from Scheidegger et al., 2011) 

Compound Chemical 
formula 

Concentration (M) 

Calcium chloride dihydrate  
 

CaCl2×2 H2O 5×10-4 

Magnesium sulphate heptahydrate MgSO4×7 H2O 1.5 ×10-4 

Sodium hydrogencarbonate NaHCO3 1.2×10-3 

Dipotassium phosphate trihydrate K2HPO4×3 H2O 5×10-5 

Ammonium chloride NH4Cl 1×10-3 

Cobalt dichloride hexahydrate CoCl2×6 H2O 5×10-8 

Boric acid H3BO3 5×10-5 

Sodium Molybdate Na2MoO4×2 H2O 8×10-8 

Copper sulphate CuSO4 1.63×10-7 

Manganese Cloride MnCl2×4 H2O 1.22×10-6 

Zinc sulphate heptahydrate ZnSO4×7 H2O 1.58×10-7 

Ferric chloride hexahydrate FeCl3×6 H2O 9×10-7 

Disodium dihydrogen ethylenediaminetetraacetate Na2 EDTA 2×10-5 

4-morpholinopropanesulphonic acid MOPS, pH 7.5 1×10-2 

 

 

Table 2. Equations for calculation of pigment content (µg/mL extraction fluid from Lichtenthaler (1987). The wave 

lengths have been adjusted to better fit the species studied in this thesis (see figure 6 in Materials and Methods for 

more details). 

Pigment type Equation Unit 

Chlorophyll A 

 
  

12.25 ∗ 𝐴665 − 2.79 ∗ 𝐴620 (µg/mL extraction 

fluid) 

Chlorophyll B  21.50 ∗ 𝐴620 − 5.10 ∗ 𝐴665 (µg/mL extraction 

fluid) 

Total amount of carotenoids  1000 ∗ 𝐴475 − 1.82 ∗ 𝐶ℎ𝑙 𝑎 − 85.02 ∗ 𝐶ℎ𝑙 𝑏
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(µg/mL extraction 

fluid) 
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Appendix II 

Supplementary data and  R-scripts used to test differences between the algal populations in this 

study can be obtained at request from: 

1. Max Karlsson,  max.e.karlsson@gmail.com 

2. Natàlia Corcoll Cornet, natalia.corcoll@bioenv.gu.se 

Raw data files include: 

- Growth- and calibration curve data.xlsx 

- Cell measurement data.xlsx 

- Pigment data.xlsx 

- Phytopam data.xlsx 

- Dose-response tests – Diflufenican.xlsx 

Files related to statistical treatment of the data include: 

- Anova_Growthrate + ANOVA & Tukey PostHOC_Growth rate.R  

- Anova_Size.xlsx + ANOVA & Tukey PostHOC_Size.R 

- Anova_Pigments.xlsx + ANOVA & Tukey PostHOC_Pigments.R 

- Anova_Phytopam.xlsx + ANOVA & Tukey PostHOC_Phytopam.R 

 

 

 

 

 

 

 

 

 

 

 

 


