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Introduction

The study of sequence variation is commonly divided into two levels, the 
intraspecific, or population genetic, level and the interspecific, or phyloge-
netic, level. This divide reflects profound biological and methodological 
differences. Population genetics uses frequencies of different sequence vari-
ants to infer the recent history of a specific gene (locus) or species. While 
selection is perceived to act on genes, demography affects all genes equally.  
Hence, to infer the demographical history of a species, more than one gene 
needs to be studied. This is true even if a locus is a priori known to be neu-
tral as will be explained below. The interspecific level studies divergence 
between genes. This is commonly used to infer the phylogenetic relationship 
of a group of species but can also be used to detect differences in how selec-
tion has acted on different branches of a phylogenetic tree. An important 
distinction between the two levels is the different time scales as population 
genetics answers questions about recent history while the analysis of inter-
specific differences generally analyses far more ancient patterns. Another 
major difference is the importance of stochasticity. While stochastic varia-
tion is at the heart of population genetic models, it plays a much more lim-
ited role in phylogenetic studies. 

Here we study the evolution of a group of genes thought to be under dy-
namic selection, due to their involvement in natural variation of flowering 
time, in a species with a complex demographic history. The study of these 
genes is further complicated by the possibility of mutual redundancy as they 
are closely related to each other. We focus on the population genetic level 
but combine this with study of interspecific variation when needed. More 
specifically, we study the three genes COa, COb, COL1 in Brassica nigra.
The thesis consists of four papers. The first paper deals with a methodologi-
cal problem when analysing population genetics data. The second paper 
deals with the demography of the study organism. This study can be per-
ceived as a background paper necessary for the analysis of data in subse-
quent papers but it also generated some interesting data in itself. The third 
paper tries to gain insight into the general evolution of COa, COb and COL1
in B. nigra while the fourth offers a more detailed and extensive study of 
COb and aims to find out whether COb is a pseudogene or not.  
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The Wright-Fisher model 
Population genetics, the study of within species sequence variation, provides 
information on recent history by comparing the observed pattern of variation 
to that expected under null models. One of the main challenges of population 
genetics is to detect areas of the genome that have been affected by natural 
selection. Unfortunately, this has turned out to be extremely elusive as de-
mography often can produce very similar patterns of nucleotide variation. 
The main null model of population genetics is called the standard neutral 
model or the Wright-Fisher model. The Wright-Fisher model assumes a con-
stant, panmictic haploid population with no selection or subpopulation struc-
ture and discrete generations. Reproduction, or what amounts to the same, 
the creation of a next generation from a present one, is assumed to occur 
according to a “balls in urns” scheme. The birth of an individual from a cer-
tain parent corresponds to the sampling of a certain ball (parent) from one 
urn (the present generation) with N balls (population size). A copy of this 
ball (the offspring) is then put into a new urn (the next generation) and the 
whole process is repeated until there are N balls in the new urn. An impor-
tant point here is that we assume sampling with replacement, so that the par-
ent ball is put back in the original urn and can thus be sampled more than 
once. This necessarily implies that some balls may never get sampled as the 
sampling of balls is done the same number of times as the number of balls in 
the urn. This further implies that if there were N balls with N different col-
ours in the original urn, there will be, with a high probability, less than N
colours in the new urn. As a matter of fact, the probability that a particular 
ball is not picked approaches 0.37 (e-1) in a large population. If the colours 
represent different alleles this is equal to saying that genetic variation is lost, 
a phenomenon called “genetic drift” and due to the fact that, just by chance, 
some parents will not reproduce. It is easily realised that if this process is 
repeated an infinite (read “many”) number of times, there will be only one 
type of allele (colour) left. After how long time this fixation is expected to 
occur depends on N, the population size, where one expects time to fixation 
to be longer in a large population than in a small one. However, mutations 
constantly create new variation and an equilibrium distribution will be 
reached between the inflow of new material by mutations and loss of varia-
tion by genetic drift. This is, in essence, the main tenet of the neutral theory 
of molecular evolution (Kimura 1983). For instance, if one knows that muta-
tions are very rare in a certain gene and population size is very large, one 
does not expect to find that all alleles of this gene in the population are dif-
ferent. The expected pattern of allele frequencies is captured by the Ewens 
sampling formula which is derived assuming the Wright-Fisher model and 
that all mutations create an allele not already present in the population (the 
infinite allele model) (Ewens 1979). Observed data can be compared to that 
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expected under Ewens sampling formula in order to test the assumptions of 
the Wright-Fisher model. 

Some of the assumptions of the Wright-Fisher model may seem unrealis-
tic or even unpractical (how many interesting haploid organisms are there?), 
but the Wright-Fisher model is robust in the sense that even models with 
apparently severe violations of the assumptions cannot be distinguished from 
the Wright-Fisher model on grounds of generated data. In fact, the robust-
ness of a null model is a necessary property for its usefulness.  

The coalescent process 
The practical utility of the Wright-Fisher null model was vastly improved 
when population geneticists in the 1980’s realized that the genealogy of a 
sample of n alleles from an ideal Wright-Fisher population is very well de-
scribed by a rather simple Markov chain known as the n-coalescent, or more 
simply, the coalescent (Kingman 1982). More precisely, if time is measured 
in units of N generations, the coalescent is the limit process of the genealogi-
cal process in a Wright-Fisher model (backwards in time) as N goes to infin-
ity but the sample size, n, is kept constant. The coalescent process describes 
how lineages coalesce and eventually trace back to a common ancestor, 
which they necessarily will if there is genetic drift. To illustrate this consider 
the urn model again. If two balls are picked at random from the last urn, 
there will be a small but larger than zero probability, p, that they are copies 
from the same ball in the next to last urn. That they are not has probability 1-
p but then the two parent balls have again probability p of being copies of 
the same ball yet another urn back in time. Thus the probability that two 
such lineages never coalesce is (1-p) to the infinite power and this is equal to 
zero.

The coalescent process is a purely mathematical object. Briefly, it is a 
pure death process whereby particles collide and become one. The time at 
which there are k particles left is exponentially distributed with parameter 
k(k-1)/2. This can be illustrated by a tree as in figure 1.Thus, if we start with
n particles, the expected time with n particles left is 2/(n(n-1)) and to go 
from n-1 particles to n-2 is expected to take 2/((n-1)(n-2)) and so on until 
there is only one particle left. Essentially, the coalescent process is used to 
model the genealogy of a sample of size n by picking the time until the first 
coalescent event from an exponential distribution with parameter n(n-1)/2,
choosing two lineages at random to coalesce, draw a new time from an ex-
ponential distribution with parameter (n-1)(n-2)/2 until the next coalescent 
event and so on. Two properties of the standard coalescent should be pointed 
out here: first, because the coalescent assumes that n is much smaller than N,
never more than two lineages coalesce in the same generation. Second, the 
time during which there are two lineages left is drawn from an exponential 
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distribution with parameter 1. The first point is a good approximation to 
reality because the probability that two randomly chosen haploid individuals 
in a population have the same parent is a function of 1/N but coalescent 
events that involve more than two individuals are functions of 1/N2 and
hence are negligible compared to the probability of the former. This is were 
the “k(k-1)/2” factor comes from as this is the number of ways to chose 2
objects out of k objects and consequently, when there are k lineages left the 
coalescent rate is k(k-1)/2 times faster than when there are only two lineages. 
The second point is interesting because the expected time to go from two 
lineages to one is equal to 1. Since the expected time to go from n lineages to 
one is the expected time to go from n to n-1 lineages plus the expected time 
to go from n-1 to n-2 lineages and so forth, the expected time for the whole 
sample to find a common ancestor, the time to the most recent common an-
cestor (tmrca), is equal to 2(1-1/n) which is always smaller than 2. Thus the 
last step when there are only 2 lineages left is expected to last more than half 
of the time until the whole sample finds a common ancestor. 

Figure 1. A tree representation of an outcome from the coalescent process with five 
particles where Tj represents the time with j particles. 
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The aspect of the coalescent with the deepest consequences on its use for 
evolutionary inferences is undoubtedly its large variance. The exponential 
distribution with parameter k(k-1)/2 has variance 4/k2(k-1)2 and consequently 
the time with two lineages left has variance 1. Because of this, the last step is 
both expected to be the longest and have the largest variance. This implies 
that any estimate based on just one outcome of the coalescent process, or 
equivalently one gene, necessarily has a large variance (see Nordborg 2001 
for a thorough review of the coalescent). 

Intraspecific tests of neutrality 
The mutation process counteracts the loss of variation due to random genetic 
drift and is juxtaposed upon the coalescent process. More specifically, muta-
tions are put on the branches in a coalescent tree according to a Poisson 
process. If no mutation has occurred in the tree, all sequences in the sample 
will be identical. 

In the Wright-Fisher model, a sequence will mutate from one generation 
to the next with a certain probability (the urn analogy would be something 
like once a parent ball is chosen to be copied, the copy will also change col-
our with a certain probability). If we go backwards in time, this will be as 
though the parent has mutated relative to its offspring. Furthermore, it is 
usually assumed that every mutation occurs at a new site in the sequence that 
has not already mutated (the infinite sites model). Assume that the popula-
tion size is N and the probability to mutate from one generation to the next is 

. If N is large, we can use the coalescent process to model the backward 
genealogical process of a sample. The probability that a mutation occurred 
on a branch of length x in a coalescent tree is thus Nx (the number of genera-
tions) times . The expected number of mutations in a sample can then be 
calculated by multiplying the expected total branch length by N . Since the 
expected total branch length of a coalescent tree representing an outcome in 
a coalescent process starting with n particles is
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For real data where usually neither population size nor mutation rate is 
known, this means that if we assume that the standard coalescent model 
holds, we can at least estimate 2N  by dividing the total number of muta-
tions in a sample by 

1

1

1
nk k

.

This result was initially due to Watterson (1975) and its coalescent deriva-
tion illustrates one of the major advantages of the coalescent process: its 
analytical tractability. It is instructive in this respect to compare the simplic-
ity of the proof outlined above to Watterson’s original derivation (Watterson 
1975). 2N , designated as , often turns up in calculations such as these and, 
under the standard coalescent, it is in fact impossible to estimate  independ-
ently of N. For instance the average number of mutations between two se-
quences in a sample is exactly equal to  (Tajima 1983) and the number of 
mutations that only occur once in a sample, singletons, is equal to (n-1)/n
times . These various estimates of  are equal under the standard coalescent 
but are not affected in the same way by departures from its basic assump-
tions. One can take advantage of this last property to construct test statistics 
to detect departures from the standard coalescent model. 

If the value of such a test statistic is very unlikely under the null model, 
the null model is rejected. However, the distribution of these statistics is still 
unknown and one has to rely on computer simulations to estimate the sig-
nificance level. This is where another advantage of the coalescent process 
enters: by going backwards in time one needs only to keep track of the ge-
nealogical lines that exist in the sample today, making computer simulations 
much faster than for the forward Wright-Fisher model. Since only mutations 
that occur after (forwards in time) the most recent common ancestor affect 
variation in the sample it suffices to simulate back to the point where a 
common ancestor of the whole sample is found. 

Tajima’s D, developed by Tajima in 1989, was the first intraspecific neu-
trality statistic and compares the expected value of  estimated by the total 
number of mutations, w, with that estimated by the average number of muta-
tions between two random sequences in the sample, (Tajima 1989). Fu 
and Li later developed several similar statistics. One of their statistics, Fu 
and Li’s F (sometimes referred to as Fu and Li’s D*), compares the esti-
mate from the number of singletons, , and w. It is defined as: 

f
F W
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where f is an estimate of the standard deviation of w -  (Fu and Li 1993, 
see Simonsen et al. 1995 for a review of these and similar statistics).  To 
illustrate how violations of the assumptions of the null model affect F, con-
sider a growing population. Starting with the population size today, N0, the 
population size decreases backwards in time such that Ni<Ni-1< … N0 . Since 
the probability of picking the same parent depends on the size of the parental 
population, the coalescent rate increases as we go further back in time. To 
retrieve the coalescent process we used the time scale 1/N but in this case we 
would have to use another time scale that accommodates the fact that the 
coalescent rate increases in time (backwards). The correct time scale transla-
tion in this case would, for a certain time x in the coalescent process time 
scale, be that number of generations such that the sum of the inverse of the 
population sizes sums up to x:

xNt
t

i
i

0
/1:min

(e.g. Kaj and Krone 2003). (If we were to use a constant time scale such that 
t=xC where C is a constant, the standard coalescent process would not be 
retrieved and the genealogical tree would be star shaped. In the most ex-
treme case this means that all lineages coalesce simultaneously, see figure 2 
for an illustration.) However, the mutation rate does not depend on the size 
of the population and the relative rate at which mutations occur decreases 
backwards in time compared to the coalescent rate. Hence more mutations 
occur on external branches (the branches that connect to the end nodes in the 
sample) relative to the total number of mutations than expected under the 
null model implying that the estimate of  is likely to be larger than w and F 
is expected to be negative. As an example of a situation when F is expected 
to be positive, consider the case where the population is divided into two 
subpopulations. If migration is very rare between the subpopulations, all 
individuals from the same subpopulation are expected to find a common 
ancestor before any migration event occurs. Consequently, if a sample con-
sists of individuals from both subpopulations, the time at which only two 
lineages are left, one for each subpopulation, is longer than expected under 
the null model. Thus, a larger proportion of the total number of mutations 
than expected under the null model is expected to occur on these last two 
branches. In this case  is likely to be smaller than w and F will be positive. 
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Figure 2. A star shaped genealogy, an extremely unlikely outcome of the coalescent 
process. 

The coalescent approximation is robust 
These statistics were originally devised to detect selection. When one type of 
allele increases much faster in frequency than expected under neutrality, 
both Fu and Li’s F and Tajima’s D will be negative whereas a positive value 
will be expected when there is background selection (selection that removes 
new alleles) or balancing selection (selection to maintain variation). Unfor-
tunately, it turns out that it is extremely difficult to tell apart demographical 
factors and selection from these statistics. Another weakness, which is a 
consequence of the large variance of the coalescent process, is their low 
power to reject the null model. Alternatively this can be turned around as 
this is intrinsically related to the robustness of the coalescent process. In fact, 
if the correct time scale of a population model to retrieve the coalescent 
process is linear, meaning that the translation function is linear, the model 
will generate the same pattern of variation as the null model. For instance, a 
diploid model of population size N can be thought of as a haploid model 
with population size 2N, the total number of genes, and N subpopulations 
where each subpopulation represents a diploid individual. If we assume no 
inbreeding, these haploid individuals migrate every generation which, when 
letting 2N go to infinity to make the coalescent process approximation, is 
infinitely fast in coalescent time and the pairing of alleles into diploid indi-
viduals has no effect (recombination is not considered here) (Nordborg 
2001). In other words, we can just as well use the haploid model with popu-
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lation size 2N instead of the diploid model with size N. Assuming partial 
inbreeding we will still retrieve the coalescent if time is scaled in units of 
2N/(1+F) where F is the inbreeding coefficient (Nordborg and Donnelly, 
1997). Similar convergence results based on separation of time scales 
(Möhle 1998) were obtained for structured populations (e.g. Wakeley and 
Aliacar, 2001).

The effective size concept 
This brings us to another issue that dates back long before the coalescent 
process was discovered. If we have a model of a population and we don’t 
know much about its properties, is it possible to translate it into the Wright-
Fisher model and use results derived for this model? The effective population 
size, Ne, concept was invented to address that issue. For instance, let us say 
that we know that the probability of two random haploid individuals being 
offspring from the same parent has a certain probability, p. This probability 
is equal to 1/N in a haploid Wright-Fisher model with population size N. We 
can then define Ne for our new model to be 1/p and say that our model corre-
sponds to a Wright-Fisher model with size Ne with respect to inbreeding. 
However, it is not necessarily so that we can study all aspects of our model 
by substituting it for a Wright-Fisher model with size Ne. To accommodate 
this, different effective size concepts have been defined depending on the 
aspect one wished to study (Ewens 2004). 

Recombination
Recombination is a process whereby two sequences combine and exchange 
contiguous parts creating two new sequences. Although not entirely true, 
recombination is mainly reserved for nuclear autosomal genes in diploid 
organisms. For instance, there is essentially no recombination in chloroplasts 
or animal mitochondria. Recombination breaks up the genealogical correla-
tion between different parts of a sequence. Consequently, as there is no re-
combination in chloroplasts a single outcome of the coalescent process de-
scribes the relationship between all genes in the chloroplast. Since the coa-
lescent process has a large variance, any estimate of for instance demogra-
phy using chloroplast markers is necessarily unreliable unless the departures 
from the standard calescent led to a severe decrease in variability among 
genes (Wakeley, 2003). This is not true for autosomal genes for which the 
number of coalescent trees increases (stochastically) with the recombination 
rate. When one wants to estimate demographic factors this has the advantage 
that one can get rid of the inherent variability of the coalescent process by 
using sequence data from different parts of the genome as those have essen-
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tially independent histories. Furthermore, it means that one can compare a 
specific gene to the average in the genome to detect selection as demography 
affects the whole genome equally but selection acts on specific genes. A 
concept closely related to recombination is linkage disequilibrium (LD) that 
measures the correlation between nucleotide variants at different sites in a 
sequence. For instance, if there were no recombination, variation along a 
chromosome would be perfectly correlated. To illustrate this suppose there is 
a polymorphism at a site consisting of some alleles having a T and the others 
a G and another site (on the same chromosome) with a C and a T, then it is 
impossible to have both variants at the second site among all alleles that 
carry the T at the first site and among all the alleles that carry the G a the 
first site. The reason why this is impossible is because, assuming the poly-
morphism at the first site is the older one and that the C at the second site is 
the ancestral nucleotide, when the T mutation first occurred it did so on a 
specific allele that had either a T or a G at the first site. Assuming that it 
occurred on an allele with a T at the first site, then since more than one mu-
tation event at the same site is highly unlikely (and not allowed under the 
infinite site model), for the T mutation to appear on an allele with a C at the 
first site, there has to be at least one recombination event between the two 
sites. Hence, if there is no recombination the T at the second site is perfectly 
correlated with the T at the first site. However, it is important to note that 
correlations between polymorphisms can also be due to other factors than 
lack of recombination such as population structure or even selection to pre-
serve the correlation. 

Detecting a selective sweep by haplotype structure 
A recent selective sweep will generate an excess of LD around the site that is 
selected. This is a consequence of the short tmrca of this part of the genome 
and consequently recombination has had shorter time to break up correla-
tions between polymorphisms than in other parts of the genome. For the 
same reason, there is a lack of variation around the selected site. Because 
both mutation rate and recombination vary along the genome, finding an 
excess of LD and lack of variation is not sufficient to infer a selective sweep. 
However, a selective sweep also generates a star shaped genealogy and this 
is detected by negative values of Tajima’s D and Fu and Li’s F (see above). 
A similar statistic, Fay and Wu’s H, compares the estimate of  from the 
number of derived mutations and , and is particularly sensitive to selective 
sweeps (Fay and Wu 2000). Under the infinite sites model the derived state 
in a polymorphism is always well defined as this is the new state and the 
other variant is the ancestral state (notice that an outgroup is needed to dis-
tinguish the ancestral and derived states). To be more precise, a selective 
sweep is expected to generate lack of variation directly adjacent to the site 
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that has been selected while the effect on LD and on the statistics is expected 
to occur close by but not directly adjacent to the selected site. A program 
was recently developed that uses a composite maximum likelihood approach 
to find if and where a selective sweep has acted (Kim and Stephan 2002). 
This approach suffers from the same problem as the statistics based on com-
paring different estimates of , namely that it has difficulty in telling demog-
raphy and selection apart. To accommodate this, a recent implementation of 
the program computes a “goodness of fit” value used to compare a selective 
sweep scenario to a demographic scenario (Jensen et al. 2005). 

The Gene
At this stage the gene as an entity should be presented. A gene can be subdi-
vided into different regions according to their function. The coding region is 
the part of the gene that is translated into an amino acid sequence. It is not 
always a continuous stretch of DNA sequence but is often divided into exons
and introns, only the exons being translated. There is usually also a regula-
tory region before the beginning of the first exon. Whether a stretch of DNA 
is part of the coding region or not is considered to be crucial for its evolution 
as selection has been considered to act mainly on proteins (amino acid se-
quences). If there is strong selection to conserve the protein a gene is coding 
for, only a few variants of the DNA sequence of the coding region are going 
to be kept segregating. However, the nucleotides in the coding region are 
translated into amino acids in groups of three such that a particular triplet of 
nucleotides codes for a specific amino acid. Since there are more ways to 
group the four different nucleotides into triplets than there are amino acids, 
some triplets code for the same amino acid. Consequently, if a nucleotide is 
changed but the triplet it is part of still codes for the same amino acid, it has 
no effect on the protein level. These types of changes of the coding region 
are called synonymous changes while nucleotide changes that also alter the 
amino acid sequence are called nonsynonymous changes or replacements. 

Using this, we can classify nucleotide polymorphisms as either noncod-
ing, synonymous or nonsynonymous.  Another frequent type of mutations 
are deletions or insertions of nucleotides, also called indels. If an indel is not 
a multiple of three and it occurs in the coding region, it will affect the trans-
lation of DNA into protein as it will change the grouping of nucleotides into 
triplets. There is still no consensus view on how to analyse indel variation 
and it is commonly discarded. This is, however, changing rapidly with the 
realization that indels can, at least in some species, affect a much larger 
number of base pairs than point mutations (Britten et al. 2003). 
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The McDonald-Kreitman test 
The McDonald-Kreitman test compares the ratio of number of synonymous 
and nonsynonymous polymorphisms to the ratio of fixed nonsynonymous 
and synonymous changes between species in the coding region of a gene 
(McDonald and Kreitman 1991). These two ratios should be the same if 
polymorphism and divergence are driven only by mutation and genetic drift. 
For instance, if there are too many fixed nonsynonymous changes this can be 
interpreted as directional selection to change the protein since the split of the 
species. A major advantage of this test compared to the intraspecific tests 
mentioned above is that many factors cancel out. Demography cancels out 
because nonsynonymous and synonymous sites are interspersed among each 
other along the gene and therefore equally affected by demography. The test 
also does not rely on the frequency spectrum of the polymorphisms. How-
ever, the test requires that polymorphisms can be divided into different cate-
gories and extension to noncoding DNA is therefore not straightforward. 
Also, the test does not distinguish past and present selection and the time-
scale to which it applies is not as clearly defined as for tests based on the 
allele frequency spectrum such as Tajima’s D. 

Interspecific methods 
If a gene is highly conserved so that basically any change of the protein is 
strongly selected against, the ratio of nonsynonymous to synonymous 
changes, the dN/dS ratio, should be very close to zero. Briefly, the dN/dS 
ratio is a measure of the selective constraint. For instance, if there is no con-
straint on the amino acid sequence that a gene codes for, this is reflected in a 
dN/dS value close to one. This is mainly to be expected in non-functional 
genes, commonly known as pseudogenes. The only conceivable scenario that 
will produce a dN/dS (significantly) higher than one is if there is directional 
selection to change the amino acid sequence. By comparing estimated dN/dS 
ratios on different branches of a phylogenetic tree one can detect if, where 
and when there has been selection. A dN/dS ratio significantly higher than 
one is the most reliable sign of selection available today. This method is, 
however, searching for selection on a different time scale than the aforemen-
tioned methods. For instance, a recent selective sweep will not be detected. 
Furthermore, it only applies to coding regions. 

Duplications
Genes can be duplicated by several mechanisms, one of which is a change in 
ploidy level followed by diploidisation and unequal crossing over is another. 
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The former duplicates all genes in a genome while the latter results in the 
duplication of a single region of the genome not necessarily a whole gene. It 
has been suggested that most new genes originate through duplication 
(Ohno, 1970). This seems almost like a truism as a random stretch of DNA 
has a very low probability to develop all the structures needed for a sequence 
to function as a gene within the regulatory machinery of a cell. Ohno’s 
original idea was that while one copy preserved the original function, the 
other, not being subjected to selection, was free to evolve a new function. 
Early theoretical studies showed that most duplicated genes should become 
non-functional pseudogenes as deleterious mutations will quickly accumu-
late (Haldane, 1933; Fisher, 1935). Yet, genomic studies showed that func-
tional duplicated genes are very common (e.g. Lynch and Conery 2000). 
How then, could two copies be maintained in the face of deleterious muta-
tions? Most theories that try to explain the preservation of duplicated copies 
involve some amount of symmetry breaking. For instance, the so-called 
DDC model (Duplication, Degeneration and Complementation) proposes 
that duplicates are preserved through subfunctionalisation whereby different 
subfunctions of the original gene are partitioned between the two copies (e.g. 
Hughes 1994; Force et al. 1999). Thus both copies are essential to perform 
the original function. The DDC model has recently gained support, for in-
stance in yeast (van Hoof 2005), and subfunctionalisation may, more gener-
ally, be an important factor, especially in developmental genes (Zhang 2003, 
Averof 2002 and references therein). Other factors that can explain the reten-
tion of duplicates include concerted evolution (Arnheim 1983), acting 
mostly through gene conversion (Innan 2003) or selection for increased ex-
pression (Schranz et al. 2002).  In addition, it has been argued that paralo-
gous genes encoding multidomain proteins may be retained to mask the ef-
fects of dominant negative mutations (Gibson and Spring 1998). 

The study organism 
The flowering plant thale cress, Arabidopsis thaliana, is today the main plant 
model. Its genome has been entirely sequenced and is available on the Inter-
net. Hence, there is a wealth of genomic data in this species, and thanks to 
the high level of sequence conservation and colinearity between Arabidopsis
and its relatives, those data can readily be used in other Brassicaceae species. 
Our study organism the black mustard, Brassica nigra (2n=16), is an out-
crossing annual, closely related to Arabidopsis thaliana. Together with other 
Brassica species, it likely descends from a hexaploid ancestor followed by 
diploidisation and extensive rearrangements, making its genome essentially a 
triplicated A. thaliana genome (Lagercrantz 1998, Parkin et al. 2005). 
Hence, for every gene found in A. thaliana, there are potentially three copies 
in B. nigra. However, deletions of individual genes have been shown to be 
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relatively frequent after whole genome duplications (Bancroft 2001; Dvorak 
and Akhunov 2005). 

The study genes 
CONSTANS (CO) is an important gene in the flowering time pathway of A. 
thaliana and has been shown to promote early flowering in response to long 
day length (Samach et al. 2000). It is a member of the CONSTANS LIKE 
gene family that is characterized by two conserved regions, a zinc finger at 
the beginning and a CCT domain at the end of the coding region. It has been 
shown, at least in plants, to evolve exceptionally fast (Lagercrantz and 
Axelsson 2000). Two genes considered in this thesis, COa and COb, are two 
of the hypothesized initial three copies of CO in B. nigra. The coding region 
of COa and COb consists of two exons separated by an intron, as do the 
coding region of CO in A. thaliana. The third gene, COL1, is the result of a 
single gene duplication, most likely involving CO, in the ancestor to Arabi-
dopsis and Brassica. While COL1 in A. thaliana has the same coding region 
structure as CO, COL1 in B. nigra lacks the intron and consequently has a 
single exon. Furthermore, only one of the initial COL1 copies in B.nigra has
been found.  While COL1 and COa are separated by a 3.5 kb (3500 base 
pairs) long intergenic region on the same chromosome (figure 3), COb is
located on another chromosome. A previous study suggested that genetic 
variation at the chromosomal region harboring COL1 and COa might be 
important for natural variation of flowering time (Lagercrantz et al. 1996). 
The study also suggested that variation in the genomic region where COb is
situated also plays a role, but in this case a minor one. In the COL1-COa 
region, two specific regions were hypothesized to be likely candidates: a 
polymorphic indel site within the coding region of COL1 or the intergenic 
region between COL1 and COa. In fact, a correlation between time of flow-
ering and variation at the polymorphic indel site was found in a later study 
(Kruskopf-Österberg et al. 2002) but subsequent studies have yielded more 
ambiguous results (F. Krouchi et al. unpublished).  

Figure 3. The structure and relative position of COL1 and COa.
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Paper I 
As mentioned above, a problem with the effective population size concept is 
that it is not necessarily so that we can capture all aspects of a model by sub-
stituting it by a Wright-Fisher model with size Ne. We felt that this is an 
unsatisfactory situation and that one should state that a model has a certain 
effective size only when there exists a number Ne such that a Wright-Fisher 
model with size Ne behaves exactly as the model in all important aspects. 
Otherwise, no effective population should exist. It was natural then to define 
the coalescent effective population size to exist when the correct time scale 
of a model in order to retrieve the coalescent approximation is linear. Thus, 
if the coalescent process is a good approximation to a model by interpreting 
a time unit in the coalescent process as C time units in the model, the coales-
cent effective population size is said to exist and equal to C. We investigate 
when the coalescent effective population size does not exist for two simple 
demographic models. In the first model the population size fluctuates be-
tween two sizes, N1 < N2, with a certain probability per generation, q, to
change population size. We find that when N2q<10 and N1q>0.1, the coales-
cent effective population size does not exist. In the second model, two 
equally sized subpopulations exchange migrants with a per generation prob-
ability m. Likewise, if m, multiplied by the total population size, is smaller 
than 10, the coalescent effective population size does not exist. Therefore, 
migration cannot be disregarded when the probability to migrate is approxi-
mately equal to the inverse of the population size and population size fluc-
tuations have to be considered when the probability to change is not too dif-
ferent from the inverse of either population size or in between these.  In 
other words, the rate of the demographical process (migration or population 
size fluctuation) is on the same time scale as the rate of the coalescent proc-
ess when they are within an order of magnitude from each other. 

Paper II 
In this article the variation of chloroplast PCR-RFLP, two chloroplast mi-
crosatellite loci and eleven nuclear microsatellite loci are used to assess the 
phylogeographic structure of the black mustard using eighteen populations in 
Europe and Ethiopia. We found a nearly non-overlapping distribution of 
chlorotypes between the north European and the Mediterranean populations 
while the nuclear markers suggest strong genetic structure among the popu-
lations but no grouping at higher levels. We hypothesise that this reflects the 
spread of early agriculture as B. nigra is thought to have spread as a weed in 
seed stocks of major crops such as wheat and barley. Archaeological finds 
from human settlements suggest that agriculture initially spread to the Bal-
kans via Turkey and then to the rest of Europe through two main separate 
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routes (Cavalli-Sforza et al. 1994; Thorpe 1999; Zohari and Hopf 2000). The 
first route headed south (~6400 BC) along the Mediterranean towards Italy 
eventually reaching Spain. The second route started (~5600 BC) from the 
middle Danube, then along the Rhine and other rivers going north through 
the Germans and Polish plains and later on toward the North Sea (Cavalli-
Sforza et al. 1994). To verify this using a genetic approach is, however, not 
without problems because chloroplast DNA cannot be retrieved from charred 
seeds (Banerjee and Brown 2002). Furthermore, due to extensive trading and 
intensive breeding, no meaningful population structure can be detected in 
modern wheat populations. Weeds and minor crops, which have most likely 
followed the same routes as the main crops, but whose distribution has not 
been affected by humans to the same extent, may therefore provide an attrac-
tive alternative when retracing the spread of agriculture through Europe. 

Paper III
Here we combine population genetic and phylogenetic analyses to get a 
broad picture of the evolution of COa, COb and COL1 in B. nigra. Since the 
second article suggested a high degree of population structure we expected 
Tajima’s D and similar statistics to be generally positive. On the contrary, 
these statistics were negative. As the same trend is evident in all three genes, 
this indicates that population size expansion or/and bottlenecks played a 
major role in shaping nucleotide polymorphism and that population structure 
played a comparatively minor role. Tajima’s D increases from the start to the 
end of COL1 while the opposite is true for COa. Since COa is located 3.5 kb 
downstream of COL1, this suggests that, for instance, balancing selection 
may be acting in the intergenic region. This would be in line with an earlier 
study that suggested that the natural genetic variation for flowering time may 
be located in this region and will be the focus of a forthcoming paper (F. 
Krouchi et al. unpublished). We compared the fixed ratio of nonsynonymous 
to synonymous changes between B. nigra and A. thaliana to the ratio of po-
lymorphic nonsynonymous and synonymous mutations in the three genes 
(the McDonald-Kreitman test). Only the test involving COL1 was signifi-
cant, due to a lack of polymorphic nonsynonymous mutations or an excess of 
fixed nonsynonymous changes. To delineate the cause we constructed a phy-
logeny of CO and COL1 in B. nigra, A. thaliana and B. napus and estimated 
the dN/dS ratio on the different branches. Using this data as a guideline, we 
conclude that the most likely scenario for the evolution of COL1 is a combi-
nation of increased constraint in B. nigra and decreased constraint in A. 
thaliana. We end the paper with the suggestion that genes in the CON-
STANS-LIKE family might constantly undergo frequent turnover as to 
which genetic pathways they are part of. This could explain the apparently 
dynamic evolution of these genes. Some authors have suggested that this 
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may be a common situation for many genes (Zuckerkandl 2001, Hughes 
2005). If they are correct, the duplicated nature of many of the genes in the 
CONSTANS-LIKE family suggests that it may indeed play a part in the 
evolution of this gene family. As many genes are involved in different path-
ways, a duplication allows the copies to specialize in a certain pathway and 
it should be relatively easy, due to their similarity, to exchange two dupli-
cated genes compared to a random pair of genes. 

Paper IV 
The paradox concerning COb is that while eighty percent of the alleles ex-
hibit apparently disabling mutations such as stop codons, frame shift indels 
and the wrong intron-splicing signal, suggesting that COb is a pseudogene, 
other signals, such as the low dN/dS ratio, suggest that it is not. Furthermore, 
COb is still transcribed but the flowering time of A. thaliana co mutant 
plants transformed with COb alleles with and without apparent disabling 
mutations is similar. Of the three possible alternatives i) all alleles are func-
tional, ii) some alleles are functional, and iii) COb is a pseudogene; we argue 
that the former two are unlikely and concentrated on the third alternative. 
Concerning the first alternative, it is possible to imagine that the transcribed 
product interferes with, for instance, the COa product. Although this phe-
nomenon has been shown in other studies (e.g. Hirotsune et al. 2003), the 
variability of the inferred expressed product strongly suggests something 
else. Under the second alternative, the alleles without obvious disabling mu-
tations would be a natural candidate to be the functional class. These two 
classes, the functional and the non-functional could be maintained by balanc-
ing selection or very weak selection for functionality. In the first case, a 
positive value of Tajima’s D would be expected but, in contrast, these statis-
tics were clearly negative. If there was weak selection for functionality, a 
dN/dS value similar to that of the functional COa is not expected. Further-
more, the transformation experiment showed no difference in effect on flow-
ering time between the two classes.  

This leaves us with alternative iii), that all alleles are non-functional. We 
hypothesized that, if COb is indeed a pseudogene, the tmrca of the site where 
the null mutation occurred has to be shorter than the average tmrca of the 
coding region in order to account for the low ratio of nonsynonymous to 
synonymous polymorphisms. If this were the case, most of the polymor-
phisms in the coding region would have occurred when COb was still a func-
tional gene while the disabling mutations could have occurred when COb
had become a pseudogene. Using a program that searches for signals of a 
selective sweep, essentially a local star shaped genealogy, we found three 
potential regions with a more star shaped genealogy than the average. In two 
of these three regions we found fixed differences compared to other CON-
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STANS-LIKE genes that would likely render COb nonfunctional. Although 
we could reject the standard null model, we could not find evidence in favor 
of a selective sweep compared to demographic factors. The fact that we 
could reject the null model suggests a larger variation in tmrca than expected 
and thus our data is at least consistent with the assumption that COb is a 
pseudogene.

But could demographic alone really lead to the dismissal of COb? As the 
mutation that rendered COb non-functional by assumption occurred in a 
functional gene, “normal” background selection, of approximately the same 
strength as for COa, should have removed it. However, a bottleneck (a se-
vere reduction of the population size for a brief period of time) could ac-
count for both this and the large variance in tmrca along the gene. A bottle-
neck increases the probability of the fixation of a deleterious mutation be-
cause genetic drift is inversely related to population size while selection is 
not a function of population size. Consequently, the efficiency at which dele-
terious mutations are removed by selection is severely limited in a bottleneck 
(Otto and Whitlock 1997). In fact, bottlenecks have been invoked before in 
for instance Buchnera to explain the transition of genes from a functional to 
a non-functional status (Wernegreen and Moran 1999).  

We also discuss the implications of the presence at high frequency of two 
long deletions affecting the conserved zinc finger region and CCT region, 
respectively. One suggestion is that these have been selected for in order to 
actively remove the interference of a nonfunctional product with the func-
tional product of COa. The main argument for this is the apparently non-
uniform distribution of disabling mutations in the coding region combined 
with the fact that COb is still expressed. On the other hand, if their presence 
is a result of the absence of constraint it may indicate that the deletion rate in 
Brassicaceae is very high. In either case, it suggests that if a pseudogene is 
found, it is likely to be very young and consequently still marked by selec-
tive constraint. This may explain the rather contradictory situation com-
monly found in pseudogenes (Balakirev and Ayala, 2003). 
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Conclusion

Genetic variation of three genes possibly involved in the regulation of flow-
ering time in B. nigra was analysed using population genetic tools. Compari-
sons at the interspecific level were also used in order to disentangle the re-
sults at the intraspecific level. The interpretation of the results was compli-
cated by the intricate demography of B. nigra and the fact that the genes are 
recent duplicates. We found that not all aspects of the data could be ac-
counted for by demography or redundancy effects, but that selection most 
likely played a part in the evolution of these genes. However, we did invoke 
demography to explain some major results such as the pseudogene status of 
COb. In order to tell apart demographics from selection future studies would 
need to consider additional loci, and possibly include more populations. 
More transformations of COb alleles in A. thaliana co mutants would also be 
advantageous as we could not establish if there was an effect on flowering 
time or not, only that there was no difference between an allele with obvious 
disabling mutations and one without. Note however that if there is an effect 
of COb on flowering time, the effect is probably independent of disabling 
mutations, which would, indeed, be interesting but at the same time very 
difficult to explain.  A natural extension of paper III and IV would be a more 
detailed study of the evolution of CO in other Brassica species (including 
Raphanobrassica). For instance, the presence and functional status of COb 
and possibly COc, the third copy that resulted from hexaploidisation of most 
Brassicaceae species, could provide important insights into the evolution of 
pseudogenes and duplicated genes. Additionally, our suggestion that the 
genes in the CONSTANS-LIKE family undergo frequent turnover as to 
which regulatory networks they are part of needs further study. This would 
require a larger scale study including more distantly related species. Finally, 
our first venture into theoretical population genetics (Paper I) left natural 
selection aside. The impact of background selection on the coalescent ap-
proximation is currently being studied with the aim to find out under which 
set of parameters an effective population size does not exist (Sjödin et al., in
preparation).
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Summary in Swedish 

Effekten av selektion och demografi på DNA-variation i 
svartsenap (Brassica nigra)
Genom att studera inomartsvariation av DNA försöker populationsgenetiken 
härleda en gens historia. Om den t.ex. har påverkats av selektion och demo-
grafiska faktorer såsom populationstillväxt och subpopulationsstruktur. Att 
särskilja selektion från demografi har visats sig vara betydligt svårare än 
förväntat då dessa två faktorer kan alstra samma variationsmönster. En viktig 
skillnad är dock att selektion verkar på enskilda områden i ett genom (arvs-
massan) medan demografi påverkar hela genomet. Man anväder sig även av 
fylogenetiska metoder för att upptäcka selektion. Detta är en mer robust me-
tod men besvarar inte samma frågor då man bara kan upptäcka selektion som 
verkat över lång tid. I den här avhandlingen har vi försökt kombinera dessa 
två arbetssätt för att försöka säga något om demografi och selektion på tre 
gener, COa, COb och COL1, i svartsenap (Brassica nigra). Dessa gener tros 
vara inblandade i det genetiska nätverk som reglerar när svartsenap ska 
övergå från tillväxtfas till blomningsfas. 

Första artikeln behandlar däremot ett tekniskt problem inom populations-
genetiken. Närmare bestämt när man inte kan, och inte skall, bortse från 
(avvikande) demografiska faktorer när man analyserar variation i DNA-
sekvenser.

I ett försök att uppskatta demografin av svartsenap studerade vi det gene-
rella mönster som finns i genomet i artikel II. Vi använde oss av neutrala 
genetiska markörer, både i kloroplast och nukleärt DNA, för att studera ett 
antal framförallt europeiska populationer. Vi fann ett anmärkningsvärt möns-
ter i kloroplastmarkörerna som vi tror avspeglar det tidiga jordbrukets spri-
ding i Europa.  

I den tredje artikeln utreder vi den allmänna evolutionen av COa, COb
och COL1 i svartsenap. Dels mha populationsgenetik men även genom att 
jämföra med motsvarande gener i närbesläktade arter, i första hand backtrav 
(Arabidopsis thaliana). Vi kommer fram till att framförallt COL1 håller på 
att utveckla olika funktioner i svartsenap och backtrav. Dessutom tror vi att 
COb har förlorat sin funktion. 
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COa och COb är kopior av varandra och anses ha uppkommit pga en ge-
nomduplikation i den gemensamma anfadern till alla Brassica arter. I back-
trav finns således bara en kopia. I backtrav är däremot denna gen, CONS-
TANS (CO), mycket väl studerad och man förstår ganska ingående hur den är 
inblandad i övergången från tillväxtfas till blomningsfas. Att COa och COb
är kopior av varandra var också ett incitament för att studera evolutionen av 
dessa gener då duplikationer anses vara centralt för utvecklingen av nya 
gener. Den klassiska modellen för hur detta går till är att efter en genduplice-
ring, som resulterar i att två likadana kopior finns i genomet, så räcker det 
med att en kopia bibehåller den ursprungliga funktionen medan den andra 
kopian är fri att utveckla en ny funktion. Detta stämmer emellertid dåligt 
överens med det data som producerats de senaste femton åren. Man har hittat 
betydligt större andel fungerande duplicerade gener än förväntat då den klas-
siska modellen förutspår att överflödiga gener snabbt förstörs av mutationer 
och blir ickefunktionella. 

Vi undersöker fallet COb i den fjärde artikeln. Vi finner att det mesta pe-
kar på att COb funnits kvar som fungerande gen tills alldeles nyligen då en 
skadlig mutation förstört funktionen. Vi skyller på demografiska faktorer, 
troligen en inte alltför avlägsen period av starkt reducerad populationsstor-
lek, då selektion inte är lika effektiv i små populationer. 
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