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ABSTRACT 

This study used amplified fragment length polymorphism (AFLP) to detect changes of genetic 

variation in threespine stickleback exposed to industrial pollution from pulp- and paper mills 

along the southern east coast of Sweden. A general loss of allelic diversity was associated 

with exposure (table 3, linear model, F1,4=7.2 [P=0.055]) and exposed populations also 

displayed a similar pattern of response (fig 5) despite geographic distance, indicating that 

evolution toward pollution resistant ecotypes of threespine stickleback is occurring in the 

Baltic Sea. The result suggests that pollution can be regarded as an agent of directional 

selection, causing a decrease of evolutionary potential of exposed species in the Baltic Sea.  

 

INTRODUCTION 

The population genetic structure of a species is defined by Belfiore & Anderson as “the 

pattern by which populations are subdivided into local breeding groups” (1). This pattern is 

created by gene flow, mutation, random drift and natural selection – the evolutionary forces 

that can alter genotype frequencies in a group or population (2). Since it’s impossible to 

actually observe every single choice of mate and the subsequent mixing of genes in a natural 

experiment we are left with making inferences based on genetic similarities. It is generally 

assumed that the genetic variation within and between groups is a good way of measuring 

their relatedness (3). While gene flow will lead to a higher degree of similarity between 

populations caused by the exchange of alleles, the other evolutionary mechanisms will drive 

groups apart (4). This means that population genetic structure could be seen as a historical 

record of evolutionary events and other occurrences that affects populations indirectly such as 

glaciations, continental drift and other types of large-scale disturbances, but also more recent 

anthropogenic changes such as commercial fishing, agricultural practices and industrial 

pollution. One example of this development is the resistance to insecticides, a trait who has 
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been found in exposed populations of more than 500 species of insects and mites over the last 

50 years (5).  

One large source of pollution is the pulp- and paper mill industry, which has a 

long history in Sweden. Since the beginning of the 20th century industrial exploitation of hard- 

and softwood for the making of pulp has been a major contributor to the Swedish economy, 

which likely has had an impact on the environment. Today around 50 plants produce more 

than 12 million tonnes of pulp annually (6). Most mills are situated along the east coast, 

adjacent to the Baltic Sea. This alone is a good reason to investigate how liquid waste from 

these mills might affect the population genetic structure of species living in recipient areas. 

To investigate the degree of genetic variation within and between populations in polluted 

areas is a way to assess at an early stage how anthropogenic activities might interact with the 

evolutionary process. 

There are a number of methods available to detect patterns of genetic variation. 

One relatively cost- and time efficient method is the analysis based on amplified fragment 

length polymorphism [AFLP] (7). AFLP requires no prior knowledge about the organism to 

be analysed and can easily generate large numbers of polymorphic markers, of whom a 

majority are most likely not targets for selection since the markers are randomly distributed 

throughout the entire genome (8, 9). This makes AFLP a method sensitive enough to uncover 

the genetic changes that could be expected in a short-term perspective.  

The general idea behind AFLP is to cut whole genomic DNA at known sites 

with standard restriction enzymes like EcoR1 and Tru1. Additional base pairs are then added 

with known terminal bases. By combining different sets of primers, a reasonable number of 

readable fragments will then be generated. Each fragment is considered to represent one locus 

(10). This technique provides viable screening for insertions, deletions and frame-shift 

mutations (11). For details on AFLP, see Methods on page 3-6 and referred articles. 

The aim of this study is to investigate how threespine stickleback responds to 

pollution from pulp and paper mill effluents in terms of genetic variation at the population 

level. Threespine stickleback is an ecologically versatile species, a fact demonstrated by its 

wide distribution in both marine and freshwater habitats across the northern hemisphere (12). 

It is therefore an appropriate organism to study when looking for genetic adaptation to 

pollution since it carries both the necessary variation and the ability to persist in harsh 

environments that might not be tolerated by other less robust species (13, 14). It should be 
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possible for some stickleback individuals to dominate in a local gene pool if they carry alleles 

that give higher fitness in a specific environment (15). In such case, intra-specific competition 

will decrease and genetic variation would be lost due to directional selection. The selection 

would also make different populations more uniform if they are responding to similar 

environmental change.  

It has previously been shown that chemical agents reduce the level of allelic 

diversity in marine environments (16). This could affect the ecological trajectory and long-

term survival of such a population (17). Individuals with lower reproduction capacity due to a 

trade off between detoxification and physiological constraints would create a so-called 

bottleneck, something that could throw the remaining individuals of the population into an 

extinction vortex (18). In this scenario the exposed populations would show less variation and 

display evolution toward a common pollution resistant ecotype (19, 20).  

It is important to realise that loss of variation in itself is not a direct threat to a 

population. If resistance bears little or no cost it might take a long time for random drift or 

anthropogenic activities to interfere with the level of reproduction and numbers of such 

populations. Never the less it remains an important task to investigate the effect of pollution, 

even if it appears to have no effect in nature at all, because less genetic variation makes 

populations more vulnerable to environmental change. This is why evolutionary potential is 

important in biology (21).  

 

METHOD 

A total of 244 individuals were collected from three paper mill recipients and adjacent 

reference sites (tab 1 and fig 2) along the southern parts of the Swedish east coast during 2003 

by Emma Lind and Mats Grahn.  

Table 1. General information about sample sites for threespine stickleback including GPS data. Sampling by 

Mats Grahn and Emma Lind.  

Sample name  Name of location  GPS location coordinates 

REC1 (MKL)  Kladdenabben recipient Södra Cell Mörrum  56°06'13.92" N 14°42'42.56" E 

REF1 (MHÄ)  Hällevik referens Södra Cell Mörrum  56°00'46.55" N 14°42'12.22" E 

REC2 (MNT)  Tosteberga recipient Nymölla Bruk  56°01'08.80" N 14°27'48.67" E 

REF2 (MLÖ)  Landön referens Nymölla Bruk  55°58'17.75"N 14°24'44.52" E 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REC3 (MÖD)  Ödängla recipient  Södra Cell Mönsterås  57°02'45.38" N 16°34'28.81" E 

REF3 (MVÖ)  Väderön referens Södra Cell Mönsterås  56°56'36.83" N 16°28'16.84" E 

 

Figure 2. Geographical location of sampling sites for threespine stickleback. Samples were taken from pulp- 

and paper mill recipients and adjacent reference sites (table 1). All sampling was done in coastal waters using 

rod, cage and nets.   

Fishing net, rod with lure and cages were used to catch samples. A small clip 

from the tail fin was removed from each individual and put in micro tubes with EtOH for 

storage in freezer. 

Table 2. Geographic distances, in kilometres, between sample sites for Bcltic threespine stickleback.  

 
REC3 
(MÖD 

REF3 
(MVÖ) 

REC1 
(MKL) 

REF1 
(MHÄ) 

REF2 
(MLÖ) 

REC2 
(MNT) 

REC3 (MÖD)  ‐  18  194  196  212  209 
REF3 (MVÖ)  18  ‐  182  184  200  198 
REC1 (MKL)  194  182  ‐  18  34  32 
REF1 (MHÄ)  196  184  18  ‐  19  17 
REF2 (MLÖ)  212  200  34  19  ‐  6.5 
REC2 (MNT)  209  198  32  17  6.5  ‐ 

 

1:35,000,000 

Recipient 2 Tosteberga 
Nymölla Bruk (MNT) with 
reference Landön (MLÖ). 

Recipient 3. 
Ödängla Södra 
Cell Mönsterås 
(MÖD) with 
reference 
Väderön (MVÖ). 

Recipient 1 
Kladdenabben Södra 
Cell Mörrum (MKL) 
with reference 
Hällevik (MHÄ). 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Genomic DNA was extracted from the tail fin as described by Laird et al (22). 

25 mg of fin was incubated for 4 hours in 56°C with 100µl lysis buffer and 1.8µl Proteinase K 

18.9 mg/ml from Fermentas Gmbh, Helsingborg. DNA was extracted from the supernatant 

with 99,5% EtOH and 20µl NaAc 3M. The pellet was washed with 70% EtOH and 

dehydrated over night. DNA was then mixed with 50µl 1XTE buffer and diluted to 50 ng/µl 

and stored at 4°C.  

AFLP markers were generated according to Vos et al (23) with minor 

modifications as described by Bensch et al (24). 250 ng genomic DNA was incubated for 1 

hour at 37°C with 2.5 U EcoR1 (5’-G↓AATC-3’) and 2.5 U Tru1 (5’-T↓TAA-3’), 1µg BSA, 

2 µl 10XTA buffer and ddH2O to a total volume of 20µl. After digestion a 5µl ligation mix 

was added and incubation continued for another 3 hours. The ligation mix contained 2,5 µM 

E-adaptor (5’-CTCGTAGACTGCGTACC-3’, 3’-CATCTGACGCATGGTTAA-5’) and 

25µM M-adaptor, corresponding to fragments cut by Tru1 (5’-GACGATGAGTCCTGAG-3’, 

3’-TACTCAGGACTCAT-5’), 0.5U T4 ligase, 0.5µl 10X ligation buffer and ddH2O to a total 

volume of 5.0 µl. After ligation the DNA was diluted ten times and stored at –20°C. For pre-

amplification 0.6 µM of E-primer (5’-GACTGCGTACCAATTCN-3’) and 0.6 µM M-primer 

(5’-GATGAGTCCTGAGTAAN-3’) was with one additional base at the terminal end. Primes 

were mixed with 2.5mM MgCl2, 2µl 10 X PCR-buffer, 0.25 mM dNTPs, 0.4U Taq 

polymerase, 10 µl DNA-template (diluted, digested and ligated) and ddH2O to a total volume 

of 20 µl. PCR products were diluted 10 times in ddH2O and stored at –20°C. Selective 

amplification was performed with two different primer combinations, each with three 

additional bases at the 3’-ends. Selective PCR was performed in a total of 10µl containing 2.5 

µl template (diluted PCR product) 0.25 µM E-primer labelled in the 5’-end with HEX dye 

(5’-GACTGCGTACCAATTCNNN-3’), 0.25 µM M-primer (5’GATGAGTCCTGAGTAA-

NNN-3’) 2.5mM MgCl2, 1µl 10 X PCR-buffer, 0.2 mM dNTPs and 0.4U Taq polymerase. 

Samples were loaded on a 96-well PCR plate, which was then sealed with and sent to Uppsala 

Genome Centre for genotyping. 

Genemapper version 4.0 from Applied Biosystems was used to generate a 

genotype data matrix. For the first primer combination fragments ranging from 150 to 500 bp 

was separated with standard normalisation and peak detection. From the second primer 

combination all fragments between 170-500 bp was included. Non-readable or erroneous 

samples were omitted from the final matrix. A printout of the matrix was scored manually for 
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unique loci and distribution within groups. To calculate fixation index (Fst) and expected 

heterozygosity levels AFLP-SURV ver 1.0 by Xavier Vekemans was used (Lynch & Milligan 

method). To visualise the difference in genetic structure between populations software from R 

Development Core Team was used together with package vegan to perform a constrained 

principle coordinate analysis [CoPCoA](25). This analysis is searching for the plane in a 

multidimensional space where groups are structured according to maximal difference. One 

other CoPCoA was performed in R to sort the data according to sample type (exposed or non-

exposed) in search of genetic differences between recipient and reference samples.  

To test if populations displayed isolation by distance a mantel test was done 

with embedded software at http://ibdws.sdsu.edu/~ibdws/.  

 

RESULTS 

The two primer combinations yielded 170 segregating fragments in 182 sampled individuals, 

since 62 samples gave non-readable results. 50 of these 170 fragments were missing in all 

three recipient samples, which is 29% of all recorded alleles (table 3). The recipient samples 

carried 17 alleles not found in reference sites – one third of all loci exclusive to one 

population to be found. The number of unique alleles was higher in all reference populations 

compared with adjacent recipient sites (table 3). Despite the fact that only six populations was 

analyzed there was a clear tendency showing that exposed populations had lower genetic 

variation (linear model, F1,4=7.2 [P=0.055].   

Table 3. Number of samples, unique loci and genetic variation within population per site. Neis H was computed 

with AFLP-SURV 1.0 (Lynch & Milligan method) and number of loci was scored manually from a print of the 

data matrix.  

 
Samples 
(n) 

Unique 
alleles 

Neis H  
(SE) 

REC 1 (MKL)  28  3  0.066±0.010 
REF 1 (MHÄ)  29  8  0.081±0.009 
REC 2 (MNT)  38  13  0.070±0.009 
REF 2 (MLÖ)  26  21  0.117±0.012 
REC 3 (MÖD)  33  1  0.054±0.009 
REF 3 (MVÖ)  28  4  0.088±0.011 

 



  7 

 

 

Figure 3. Genetic variation within group (Neis H) in exposed and reference populations of Baltic threespine 

stickleback. Red bars represent exposed populations. There is a clear tendency toward lower variation in all 

exposed sites when compared with reference (linear model, F1,4=7.2 [P=0.055].  

The global Fst value for all six populations was 0.105±0.478  

(Lynch & Milligan method), while pair-wise Fst was varying but still supported independence 

[table 4 (p<0.05)]. No pattern of isolation by distance was found (p=0.35). 

Table 4. Genetic differentiation (with standard errors) between pulp- and paper mill recipient- and reference 

sample sites in threespine stickleback populations on the southern Swedish east coast. All p-values are < 0.05. 

Global Fst over all loci = 0.105±0.478 p<0.005. 

  REC 1 (MKL)  REF 1 (MHÄ)  REC 2 (MNT)  REF 2 (MLÖ)  REC 3 (MÖD)  REF 3 (MVÖ) 
REC 1 
(MKL) 

–  0.022±0.099  0.037±0.028  0.194±0.298  0.040±0.099  0.031±0.136 

REF 1 
(MHÄ) 

0.022±0.099  –  0.020±0.071  0.040±0.099  0.040±0.099  0.021±0.041 

REC 2 
(MNT) 

0.037±0.028  0.020±0.071  –  0.173±0.196  0.030±0.116  0.062±0.106 

REF 2 
(MLÖ) 

0.194±0.298  0.175±0.144  0.173±0.196  –  0.195±0.268  0.163±0.114 

REC 3 
(MÖD) 

0.040±0.099  0.0177±0.192  0.030±0.116  0.195±0.268  –  0.059±0.217 

REF 3 
(MVÖ) 

0.031±0.136  0.021±0.041  0.062±0.106  0.163±0.114  0.059±0.217  – 

 

Rec 1.             Ref 1.            Rec 2.           Ref 2.            Rec 3.            Ref 3.  

n=28 

n=33 

n=26 

n=38 

n=29 

n=28 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The constrained principle coordinate analysis (CoPCoA) revealed six 

populations with separated means (fig 4), which is supported by the Fst values in table 4.  

  

Figure 4. CoPCoA of all six populations of Baltic threespine stickleback. Means are shown with redcross 

mark. 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The analysis under direct model showed two separate groups, who followed 

sample type (fig 5) with the recipient populations more crowded in comparison with reference 

populations.  

       

Figure 5. CoPCoA analysis of exposed and nonexposed populations of Baltic threespine stickleback under 

direct model. Recipient samples (red shaded) are more crowded.  

 

o= recipient  

+= reference 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DISCUSSION 

A loss of allelic diversity in all three recipient populations was revealed using AFLP-markers 

(table 3), this was expected and follows previous results (26). In addition to this, signs of 

beginning divergence between recipient and reference samples was discovered with a cap 

scale analysis using two primer combinations (fig 5), this indicates that sample type is a 

relevant factor when analysing the present populations. One possible interpretation of the 

differentiation pattern in figure 5 is that the exposed populations are evolving in a similar 

direction, suggesting that they display a common genetic response to pollution despite their 

geographic distance (table 2). If correct, this result supports the view that liquid waste from 

pulp- and paper mills can act as a differentiating agent in stickleback populations over a 

relatively short time seen from an evolutionary perspective. The conforming pattern of 

genetic response (fig 5) combined with a loss of genetic variation (fig 3, table 3) follows 

research in other marine species exposed to pollution (27, 28).  

The shifting levels of genetic variation between populations (table 4) can be 

explained both by geographical and ecological factors, but also shows that pollution can 

disrupt the otherwise anticipated pattern of isolation by distance.  

The loss of variation combined with a beginning differentiation is an indication 

that selection is driving exposed populations apart from non-exposed. It is a difficult task to 

predict how this might affect populations in the future, but a loss in variation implies a loss of 

evolutionary potential, which means that exposed populations are more vulnerable to future 

changes (29). If tolerance is developed and maintained in stickleback populations this might 

affect other levels of biological organisation, for example as a bottom-up effect where 

predation could lead to increased levels of toxic substances, something that could change 

community structure and ecosystem functioning (30, 31).  

Another possible interpretation of the results is that decreased levels of 

pollutants (through improved industrial processes) is making it possible for sticklebacks to 

return to areas who previously suffered extirpation or extinction. This would explain the 

lower levels of variation (fig 3, table 3) as a founder effect, but if exposed populations are re-

colonising they would be exposed to random drift (passing through a bottle-neck), a scenario 

where the result would be the opposite than from figure 5, i.e. the exposed population would 

be more spread when compared with reference. A further elaboration of this scenario also 
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requires research of pollution levels as well as historical records of how affected areas and 

populations have been monitored in the past. 

 

Further research 

The addition of sample sites and primer combinations to increase the number of markers 

would help to clarify and strengthen the pattern of genetic divergence between exposed and 

non-exposed populations. It could also be helpful to look at the population genetic structure in 

Baltic perch, pike or other species likely subjected to microevolution due to pollution in the 

same manner as the stickleback in this study. Historical records of pollution levels and fish 

stocks in recipient areas could help establish if re-colonisation is occurring or not. Isolation 

and sequencing of loci unique to exposed sticklebacks could help to identify possible genes 

involved in traits related to tolerance. 
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