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General Introduction



General Introduction

Birds, in particular poultry and ducks, are a source of many zoonotic diseases, such as those caused
by corona and influenza viruses'>. These viruses are a threat not only to these birds themselves but
also to poultry farming and human health, as forms that can infect humans are known to have evol-
ved"?. It is believed that migratory birds, and water birds in particular, play an important role in
the global spread of Avian Influenza (AI)®. However, it is still debated how large this role precisely
is and whether other modes of spread may be more important**. Migratory birds with separate
breeding and wintering grounds are interesting model species for studying disease transmission.

The mallard

The mallard (Anas platyrhynchos) is a member of the order of the Anseriformes (ducks, geese and
swans)*®, and is generally bound to open waters and wetland habitats. Mallards are omnivorous,
and their diet consists not only of small invertebrates, which they collect with their bill by “da-
bbling” under water with their tail up (the characteristic feeding behaviour of the sub-family
dabbling ducks, the Anatini’), but also tadpoles, small fish, or all sorts of plant material. In the
family of ducks (Anatidae) the mallard is the largest bird with a weight of around 1 kg and a body
size of 50 cm in both females and males®. Mallards display sexual dimorphism: males have bright
plumage to display to females during Courtship9, females are dull-brown camouflaged to facilitate
secretive life-style, especially during breeding season.

The mallard is the most numerous and well-known waterfowl (Anseriformes) species with
a Holarctic distribution. For instance, in Europe it is absent only in January from upland areas
and those areas affected by prolonged freezing'®. Most mallards are migratory without clear geo-
graphic directionality, and spring and fall flights can exceed thousands of kilometres''. Northern
breeding birds are mostly migratory, wintering much further south, while birds breeding in
temperate regions (most of Western Europe) are resident or merely dispersive'”. Additionally, the
level of “abmigration” (the switching of flyways) is thought to be very high in ducks species'®
and thus a dense network-like connectivity between populations may exist.

The large-scale migration systems of temperate waterfowl have been extensively studied us-
ing ringing, telemetry, morphometrics, radar tracking and isotope analysis'*. Migration routes
are clearly defined'” for most waterfowl species and usually follow north-south directions, with
populations travelling between northerly breeding areas and more southerly non-breeding areas.
Many species follow similar routes and decades of studies on bird migration have led to the delin-
eation of major waterfowl “flyways”!'?!*'/. In North-America especially, flyways are managerial
units created by agreements between adjoining states and provinces, and thus are bounded by
management requirements. In a population ecological sense true migratory pathways are much
fuzzier. Populations and individuals within species may occupy different flyways, and many mi-
grants are flexible in migration routing'®, even though these migration routes have been in place
for relatively long periods of time'**°. Mallards seem to display an extreme flexibility in their
migration behaviour, when compared to the related species in their bird order, and it is unclear
if biological reality would support their placement into a global waterfowl flyway system. Migra-
tion in mallards is heavily studied but delineations of populations have been more tentative than

in other waterfowl]!>1%!7,
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The foraging habitat of the mallard in shallow waters brings it into contact with a wide variety
of pathogens and it may act as a reservoir and disperser for many of them. The mallard is consid-
ered the primary natural reservoir of avian influenza due to its wide range and large population
sizes’!. Moreover, together with the black-headed gull (Larus ridibundus) it was identified as the
species bearing the highest risk to transmit Al to farm-birds due to frequent contact with poul-
try'®. Post-breeding pre-migratory staging areas are thought to be important locations for viral

acquisition®?.

Avian Influenza

The Influenza viruses are a genus within the Orthomyxoviridae. They have a segmented negative
sense single-stranded RNA-genome [ (-)ssRNA]. Forms of the Influenza A virus can infect a wide
range of host species including among others birds, pigs, horses, seals, whales and humans. There
are eight RNA segments. Viral subtypes are classified using two of the encoded genes: the hemag-
glutinin (HA) gene and the neuraminidase (NA) gene. These genes code for surface proteins that
play a key role in host recognition and initial infection®®. Sixteen HA-types** and nine NA-types
are recognised, giving rise to 144 (= 9 X 16) possible subtypes.These are described as, e.g., H5N1
(type 5 of HA, and type 1 of NA).The classification used to rely on immunoassays using standard
procedures®**’. Nowadays it is also possible to sequence the genes of a virus using retrograde
transcriptase PCR (RT-PCR) with a set of universal primers for all genes and all subtypes*® and
compare the obtained cDNA sequence with databases such as GenBank?’.

Humans can be infected with all three species of Influenza viruses: A, B and C. Influenza A
viruses are those referred to as Avian Influenza. In humans, the HA proteins H1-3 and NA types 1
and 2 of Influenza A viruses usually cause seasonal Influenza, but Influenza B and, less frequently,
Influenza C viruses also circulate in humans®’. However, human pandemics for which the medical
histories have been reconstructed were all caused by Influenza A viruses®'*%.

It has been proposed that wild birds in general, and especially migratory waterfowl, are not
only the reservoir, but also the vectors for the spread of Avian Influenza over large distances’.
Highly pathogenic types of Al are thought to be easily spread through the flyways of waterfowl,
because of these birds show no clinical signs of infection but transmit a form highly patho-

genic to poultry or humans**-3¢

, although this is not generally true for every highly pathogenic
strain®’~*?. However, the evidence for this possible route of transport in cases of highly pathogenic
strains is equivocal*”**. Alternatively, highly pathogenic strains might evolve from low pathogenic

ones directly in poultry farms where the selective regime is different from the wild**.

The molecular ecological approach

The scientific discipline of ‘molecular ecology’ is characterised by the use of a certain type of data:
information about the genetic constitution of an organism. Of course, in molecular ecological
studies a whole range of biological data may be collected, as diverse as behavioural observations**,
physiological parameters*® or abiotic conditions, such as geographical coordinates*’, landscape
features*® or physical parameters*’ — but the commonality between all such studies is that genetic

information is employed to answer ecological questions in a broad sense. Since information
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about the whole genome of an organism, or from a sample of several individuals, is difficult to
obtain, molecular ecologists seek to use representative sets of genetic markers, either targeted at
specific regions in the genome® or selected to represent the history of a population or species
as neutrally as possible (i.e., not impacted by natural selection®'). Analyses of genetic markers
predate molecular techniques such as DNA sequencing®” or polymerase chain reaction (PCR*?)
which are routinely used nowadays in laboratories throughout the world. Genetic markers can
actually already be typed from phenotypic traits, such as colour variation®*, and used for genetic
studies if they behave in a Mendelian fashion®*. However, in the late 19" and first half of the 20™
century the discovery of the macromolecule DNA by Friedrich Miescher in 1869, documented
in a series of reports reviewed by Dahm®, resolution of its chemical®” and structural®® character-
istics, and finally the recognition of its role as the agent of inheritance’”*® sounded the bell for
the development of molecular DNA markers. Since the first studies, which were carried out on
polymorphisms in the products of genes, the proteins®, an arsenal of direct measures of variation
in DNA has been developed®”.

Mallards have been investigated using molecular ecological tools, but rarely on a continental or
global scale. The sole example of a continent-wide mitochondrial DNA (mtDNA) study shows
that ecological estimates of extensive dispersal among mallard populations are confirmed by
genetic data. This recent phylogeographic study showed little genetic structure within Russia,
with only 0.18% of the total mtDNA variation between western and eastern Russia®®. However,
except for western Russia this study did not include European populations. In contrast to popu-
lations from western Russia and Asia many European populations are resident, which is expected
to increase the degree of population genetic structuring because movements of individuals are
more limited (reduced gene flow). Indeed, it has been concluded in ecological studies that the
existence of differences in population structure between (western) Burope and Asia is plausible'?,
Itis not clear what the possible implications of this pattern would be for the spread of a pathogen
such Al between western Russia and Europe.

The possibility of spread of Al by the mallard can be studied by population genetic analyses
of the host species, and this thesis focuses on patterns in the mallard. A molecular ecological tool
to investigate allele frequencies could be the use of single nucleotide polymorphisms (SNPs).
SNPs are comprised of nucleotide positions in the genome of an organism where there is a stable
polymorphism within a population. It is formed by two alleles, one of which has a frequency of
at least 1%°*. The use of SNPs in molecular ecology has been strongly proposed by several authors
(for instance Morin et al.®®) because of their superior features compared to microsatellites, such as
known and predictable mutation behaviour, high abundance throughout the whole genome, and
the ease of comparing or combining data from different laboratories.

Outline of the thesis

The overall aim of this thesis is to study the mallard Anas platyrhynchos, which is possibly the most
important vector for Avian Influenza'®*®, by genetic tools, with respect to its movement ecology,
geographic structuring, and evolution. In Chapter 2 I conduct a study with mtDNA sequences
to generate a first draft of a world-wide picture of population genetic structure in the mallard.
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Further, I am able to model the post-glacial demographic history as well as to infer current
population sizes of the mallard. With my mtDNA sequences I confirm a previous mtDNA study®?
that shows hardly any genetic structure within continental land masses. Hence, I developed an
additional nuclear genetic marker set which I describe in Chapter 3. There, I present a generally
applicable improved analysis pipeline to develop genome-wide SNP sets for non-model orga-
nisms In mallards, this resource of >100,000 SNPs is carefully evaluated and a sub-set of 384
SNPs for large-scale genotyping is devised. I genotyped nearly 1,000 ducks, mainly mallards but
also other duck species, with this mallard SNP set. In Chapter 4 I deal with the refinement of the
findings from Chapter 2, concerning global genetic population structure. In Chapter 5 I report
on a study of the evolutionary genetic history of speciation and hybridisation in the duck genus
Angs, to draw further conclusions about the mallard’s population sizes as well as to offer new hy-
potheses concerning the mallard’s and other waterfowl species’ ability to live co-adapted to Avian
Influenza. Mallards’ and other Anas-ducks’ whole continental to global distribution brings them
together in sympatry. I show that a combination of sympatric distribution, conflicting genetically
determined and learned mate recognition mechanisms, and genomic compatibility between spe-
cies helps to explain the long-standing puzzle of waterfowl hybridisation and introgression of
genes from one duck species into another. I propose that this fact can be part of the explanation
as to why ducks are so adaptable and successful, as well as why they show extraordinary abilities
to withstand Al infections, or its consequences for health status. From my findings of extensive
omni-directional gene flow I conclude that surveillance programs cannot be optimised by target-
ing specific migration routes, but rather that broad sampling is needed. To address infrastructural
challenges emerging from this claim, I offer pilot studies on the feasibility of FTA cards®’ for solv-
ing biosafety, transportation and analysis issues in Chapters 6 and 7. Finally, the synthesis chapter
(Chapter 8) reviews the results of all previous chapters and creates links among them to describe
the world’s mallard population in its various facets, from phylogeography to migration biology,
from population genomics to evolution.

10
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Chapter 2

Abstract
BACKGROUND

Main waterfowl migration systems are well understood through ringing activities. However, in
mallards (Anas platyrhynchos) ringing studies suggest deviations from general migratory trends and
traditions in waterfowl. Furthermore, surprisingly little is known about the population genetic
structure of mallards, and studying it may yield insight into the spread of diseases such as Avian
Influenza, and in management and conservation of wetlands. The study of evolution of genetic di-
versity and subsequent partitioning thereof during the last glaciation adds to ongoing discussions
on the general evolution of waterfowl populations and flyway evolution. Hypothesised mallard
flyways are tested explicitly by analysing mitochondrial mallard DNA from the whole northern
hemisphere.

RESULTS

Phylogenetic analyses confirm two mitochondrial mallard clades (female proportion of the popu-
lation). Genetic differentiation within Eurasia and North-America is low, on a continental scale,
but large differences occur between these two land masses (Fg, = 0.51). Half the genetic variance
lies within sampling locations, and a negligible portion between currently recognised waterfowl
flyways, within Eurasia and North-America. Analysis of molecualr variance (AMOVA) at continent
scale, incorporating sampling localities as smallest units, also shows the absence of population
structure on the flyway level. Finally, demographic modelling by coalescence simulation proposes
a split between Eurasia and North-America 43,000 to 74,000 years ago and strong population
growth (~100fold) since then and little migration (not statistically different from zero).

CONCLUSIONS

Based on this first complete assessment of the mallard’s world-wide population genetic structure
we confirm that no more than two mtDNA clades exist. Clade A is characteristic for Eurasia, and
clade B for North-America although some representatives of clade A are also found in North-
America. We explain this pattern by evaluating competing hypotheses and conclude that a com-
plex mix of historical, recent and anthropogenic factors shaped the current mallard populations.
We refute population classification based on flyways proposed by ornithologists and managers,
because they seem to have little biological meaning. Our results have implications for wetland
management and conservation, with special regard to the release of farmed mallards for hunting,
as well as for the possible transmission of Avian Influenza by mallards due to migration.

Background

The large-scale migration systems of temperate waterfowl (Anseriformes:Anatidae) have been ex-
tensively studied using ringing, telemetry, morphometrics, radar tracking and isotope analysis'*.
In general, migration routes are clearly defined'?. Most have north-south bearings, with popula-
tions travelling between northerly breeding areas and more southerly non-breeding areas. Many
species follow similar routes and decades of studies on bird migration have led to the delineation
of major waterfowl ‘flyways’'>!®!7. Especially in North-America, flyways are managerial units

12



Evolution and connectivity in the world-wide migration system of the mallard

created by agreements between adjoining states and provinces, and thus are bounded by manage-
ment requirements. The boundaries of true migratory pathways (in a population ecological sense)
are much fuzzier. Populations and individuals within species may occupy different flyways, and
many migrants are flexible in migration routing'®, even though these migration routes have been
in place for relatively long periods of time!?2°, Especially in ducks, ‘irregularities’ in migration
routes have been described, such as individuals switching migratory trajectories, termed ‘abmi-
gration’®® or ‘flyway permeability’®’.

The mallard (Anas platyrhynchos) is the most numerous Holarctic waterfowl species and distrib-
uted widely over the whole Northern Hemisphere. Northerly breeding birds are mostly migratory,
wintering much further south, while birds breeding in temperate regions, especially in parts of
Western Europe, can be resident'?. Migratory mallard populations often do not exhibit clearly
defined routes, even when breeding and non-breeding destinations are thousands of kilometres
distant®®. Mallards play a significant role in the management and conservation of wetland habi-
tats’’, are a very common bird in recreational wetland parks as well as the major game species in
wetland systems. Hunting mallards is facilitated in many countries by supplementary restocking
wild populations with farmed mallards’!, possibly with large-scale consequences for the popula-
tion genetic structure, genetic integrity and fitness of the wild populations’?.

Due to its wide range and large population sizes, the mallard is considered the primary natu-
ral reservoir of avian influenza (AI)*'. It has been identified (along with the black-headed gull
Larus ridibundus) as the species posing the highest risk to transmit AT to farm-birds'’. Mallards may
(among other bird species) contribute to the spread of Al from Eurasia (Old World; OW) into
North-America (New World; NW). Some studies propose trans-hemispheric movements of dab-
bling ducks between these land masses’® and that these facilitate Al transmission’*’® (but see *7¢).
The mallard is thus a prime candidate for spreading Al in the wild®, and perhaps to humans, and
it is important to learn more about its ecology, movements and dispersion®?*. Recently it became
easier to sample Al from wild birds and ecology and virology should be integrated into each other
further’”"78,

Analyses of mitochondrial DNA (mtDNA) show just two genetic clades: clade A, mainly found

in Asia, and clade B, found in North-America®*’°

, indicating widespread mixing within but not
between the Old and New World. However, to date no genetic studies have been carried out for
the complete native range of mallard, as data from Europe and eastern North America were miss-
ing A range-wide survey of genetic diversity and connectivity between proposed mallard flyways
could thus be useful to finally generalise findings of small-scale population genetic and phylo-
geographic studies. Such a study would also add substance to an increasing body of literature on
migration systems, ﬂyways concepts, and genetic population structure in other waterfowl.

In this study, we attempt to close existing gaps in the knowledge of the genetic structure of
female mallards by providing large numbers of mtDNA sequences from previously unsampled
regions throughout the whole native distribution of the mallard. Due to the mallard’s high mo-
bility and examples of flyway permeability in closely related duck species, we hypothesise weak
barriers to dispersal between Asia and Europe. Thus, in Europe we expect to find clade A haplo-
types, as in Asia, and Europe and Asia to form a joint Eurasian ‘Old World" meta-population, with

13
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possibly extensive east-west gene flow. Additionally, we present many more samples from central
and eastern Canada, which lacked in the most recent analysis®?, to complete an mtDNA sequence
data set comprising samples from the whole Holarctic. A combination of population genetic

k898! enables us in

analyses and coalescent simulations in an isolation-with-migration framewor
this to measure genetic diversity and geographic partitioning thereof, as well as population his-
tories and migration rates between Old World and New World mallards, and to test the currently
12,16,17)

hypothesised flyways of mallards (see Table 2.1 and refs

Results

MTDNA CONTROL REGION SEQUENCING

Our data set is comprised of mtDNA sequences from 346 mallard ducks around the world con-
sisting of 195 newly sampled mallards and 151 sequences from previous studies®*** (for details
on the sequences and localities see Table 2.1 and methods section). 155 different haplotypes were
found in this data set, of which 101 were already contained in the data set of Kulikova et al.**#2,
and 54 were novel. Of the 622 aligned nucleotide positions 93 (15%) were variable, 73 (11%)
sites were parsimony informative and four sites showed gaps. The additional file “haplotypelist.
xls” lists the haplotype names with corresponding sample IDs. Of the 155 haplotypes, 108 hap-
lotypes were only represented by a single individual, 44 haplotypes by 2-7 individuals, one
haplotype by 16 individuals (Hap 56), one haplotype by 20 individuals (Hap 57), and the most
frequent haplotype (Hap A7) was represented by 71 individuals (Figure 2.1).This A7 haplotype
is found in both Old and New World, in almost all localities. All new sequences obtained in this
study are deposited in GenBank®® with accession numbers JN029963-JN030157.

Haplotype frequency distribution
70 4
60 —
50
40

30

20

10 —

0 -

FIGURE 2.1: Frequency distribution of mtDNA control region haplotypes.

Haplotypes are sorted on the x-axis descending by their frequency in the full control region data
set. Haplotype A07, for instance, has the highest count (71 times), followed by haplotype 57 (20
times). See additional file “haplotypelist.xls” for details.

InTable 2.1 we further list nucleotide diversity (n) and haplotype diversity (dH). Nucleotide
diversity is similar in all Old World flyways (n between 0.003 and 0.005, and 0.008 in Eastern
Asia) but consistently higher in the New World (1 > 0.013). Samples from the Aleutians have

14



Evolution and connectivity in the world-wide migration system of the mallard

TABLE 2.1: Sampling localities and genetic diversity.

land mass") region ﬂywayz) 7 (£ SD) dH (£ SD) locality N lat. long.
ow Europe North-West EU 0.00344 0.696 GBAB 21 57.433 -2.393
(0.00038) (0.05) NLFR 23 53.035 5.574
NOBE 22 60.355 5.345
Central EU 0.00470 0.929 ATHO 18 48.607 16.905
(0.00034) (0.018) DEWU 24 50.036 11.972
EETA® 22 58.345 27.154
RUKR 10 60.999 38.556
East EU 0.00536 1.000 RUAS 3 46.217 47.767

(0.00182) (0.272)

Asia Central Asia 0.00438 0.833 KzZAO 3 44.893 75122
(0.00112) (0.127) RUOM" 6 55.845 71.853
East Asia 0.00835 0.987 MNDA 1 47.000 119.367
(0.00093) (0.005) RUKK" 4 50.388 136.996
RUMA 1 59.631 149.115
RUPR 82 45.007 132.432
NW Alaska Pacific NA 0.01323 0.985 USFI 13 64.825 -147.584
(0.00151) (0.015) UsIz 6 55.358 -162.728
usiu 1 58.364 -134.572
USKB 2 60.545 -151.148
USKI 4 57.491 -153.495
USSF 1 61.216 -149.884
Usyd 1 61.367 -163.717
USYR 1 65.821 -149.733
(anada Central NA 0.01364 0.971 CARM 20 50.628 -101.159
(0.00175) (0.021) CASL 3 49.666 -112.704
USPI 1 72.677 -99.469
Atlantic NA 0.01430 0.934 CACO 3 45.579 -64.345
(0.00224) (0.061) AT 2 42.321 -82.385
CALM 9 43.962 -80.400
N/A Aleutians N/A 0.00870 0.824 USAD 2 51.762 -176.622
(0.00243) (0.084) USAI 8 52.905 172.906
ussl 7 52.723 174.112
Greenland N/A 0.00042 0.177 GLNU 22 64.190 -51.708

(0.00027) (0.106)
Y land masses are defined as Old World (OW, which is Eurasia) and New World (NW, which is the North-American con-

tinent). The Aleutian Islands and Greenland are not assigned to either of these land masses
? flyway definitions based on references 2-4
T is nucleotide diversity, with standard deviation (£ SD), dH is haplotype diversity, N gives the sample size of each locality,
geographical latitude and longitude are abbreviated lat. and long.
“coordinates are averages of several near-by places, where ducks have been sampled and combined into one sampling

locality. Full details for each individual can be found in the supplementary file “samples.xls”.
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FIGURE 2.2: Unrooted network illustrating the phylogenetic relationships of the mtDNA haplotypes.

Haplotype names correspond to the ones in additional file “haplotypelist.xls” and colours to regions as indicated in Table 2.1. Circle sizes
scale to indicate the number of individuals harbouring each haplotype. Small black dots indicate unsampled intermediate haplotypes. Note
that distances between circles are not proportional to the genetic distance but are arranged for better visibility.
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the ones in Figure 2.2. A: Tree ignoring branch lengths. B: Branch lengths scaled to evolutionary
distances (sum of branch lengths = 2.65).
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intermediate nucleotide diversity somewhere between Old and New World (n = 0.009). The
Greenland samples are very low in both nucleotide diversity (m = 0.0004) and haplotype diver-
sity (dH = 0.2), whereas haplotype diversity is high (dH > 0.8) in all other flyways except in the
North-West Europe flyway (dH = 0.7).

Testing neutrality based on the frequency spectrum of the haplotypes (Figure 2. 1) with
Tajima’s D** and Fu’s FS* revealed negative test statistics for both measures when samples were
partitioned into Eurasia (D =-2.03, p = 0.001; FS = -25.52, p < 0.001) vs. North-America (D =
-0.68, p = 0.272; FS = -24.63, p < 0.001), but Tajima’s D was not significant for North-America.
Splitting Eurasia into Europe (D = -1.85,p = 0.007; FS=-26.41, p < 0.001) and Asia (D =-1.93,
p = 0.006; FS = -25.38, p < 0.001) leads to statistics significantly smaller than zero for both

continents.

TWO DISTINCT MALLARD CLADES

An unrooted haplotype network (Figure 2.2) shows the presence of two distinct clades. These
clades correspond well to a classification of sampling locations into Old World (clade A haplo-
types, mainly Eurasia) and New World (clade B haplotypes, mainly North-America). Within these
clades, a great variety of haplotypes was sampled with relatively few missing intermediate ones,
represented by small black dots in Figure 2.2. Clade A and clade B are separated by about ten
substitutions. Phylogenetic inference by building a Neighbour-Joining®® tree supported the split
between clade A and clade B haplotypes with 97% of the bootstrap replicates (Figure 2.3).

TABLE 2.2: Pairwise F values for all flyways.

1 2 3 4 5 6 7 8 9 10
1) Pacific NA - * * * * * *
2) Central NA -0.01 - * * * * * *
3) Atlantic NA 0.19 0.15 - * * * *
4) North-West EU 0.65 0.63 0.33 - * * * *
5) Central EU 0.62 0.60 0.28 0.08 - * *
6) East EU 0.44 0.39 0.03 0.05 -0.09 - *
7) Central Asia 0.50 0.47 0.16 0.08 0.00 -0.07 - *
8) East Asia 0.52 0.49 0.16 0.06 0.01 -0.12 -0.01 - *
9) Greenland 0.64 0.64 0.4 0.36 0.30 0.71 0.54 0.18 - *
10) Aleutians 0.43 0.40 0.10 0.17 0.09 -0.06 0.05 0.05 0.37 -

Above the diagonal we indicate statistical significance (after Bonferroni correction), below the diagonal Fg; values are
shown. Those printed bold-face are statically significant.

“note that the east European flyway is only represented by three samples, and hence the presented values are very crude!
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FIGURE 2.4: Heat map visualising pairwise F, relationships between the mallard flyways.
Darker shades of blue indicate higher values of F;. The matrix corresponds to the numerical va-
lues given in Table 2.2.

LOW GENETIC DIFFERENTIATION WITHIN EURASIA
AND NORTH-AMERICA, BUT LARGE DIFFERENCES BETWEEN THEM
Genetic differentiation between Eurasia and North-America (Aleutians and Greenland excluded,
see methods section) and between all individual flyways (flyways definitions are in Table 2.1) was
assessed by Wright's F-statistics®. The F; value between the two land masses was 0.51. Pairwise
Fq. values on the flyway-level are given in Table 2.2 and visualised in Figure 2.4. Not all flyways
were significantly differentiated from each other. In case of the Eastern Europe flyway sample
size was too low (N=3) to make any meaningful statement about the amount of differentiation.
None of the intra-North-American flyways was significantly differentiated from the others on
that continent. The same was found between the two Asian flyways. In Europe, however, with the
exception of the Eastern European flyway which suffered from low sample size, we observed sig-
nificant structure, albeit low in magnitude (North-West vs. Central Europe: Fg;. = 0.08). Notably,
the Aleutian sample was most differentiated from the North-American Pacific and Central flyways
but to a lesser extent from the Eurasian ones (in some cases not even significantly; Table 2.2).
Finally, the Greenland sampling location displayed relatively high and significant differentiation
with each of the other flyways.

An analysis of molecular variance (AMOVA) revealed little genetic variation within the vari-
ous Eurasian or North-American flyways compared to the amount of variation between these two
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land masses. 50.2% of the genetic variation lies between North-America and Eurasia, and 46.6%
within the sampled localities. Only 3.2% of the genetic variation was partitioned between flyways
within the continents (Table 2.3). Performing an AMOVA in which localities are not pooled into
flyways does not lead to qualitative differences of this outcome (Table 2.3; values in brackets).

TABLE 2.3: AMOVA analysis of flyway genetic variance in the land masses Eurasia and North America.

d.f. SS VC % var
Between land masses 1 (1) 288.03 (288.03)  2.67 (2.66) 5020  (49.94)
Between flyways (localities) within land masses 6 (26) 50.71 (168.71) 0.17 (0.43) 3.22 (8.1
Within flyways 299 (279)  740.26 (622.74) 248 (2.23) 46.57  (41.96)
Total 306 1079 532 100

Values in brackets were obtained when treating sampling localities directly as groups (i.e., not pooled into flyways). All
variances are statistically significant (p<0.05).

Abbreviations: d.f.: degrees of freedom, SS: sum of squares, VC: variance components, % var: percentage of variation.

When we assigned localities to flyways within continents, per-continent AMOVA showed that
genetic variation was to a large extent partitioned within localities: 85% in North-America, 76.8%
in Europe, 98.7% in Asia and if combined into one land mass: 87.7% in Eurasia. In none of these
analyses there was a significant amount of genetic variation between flyways (p>0.2). In Europe,
there was a significant (p < 0.001) genetic variance component of 22.9% between the localities
within the flyways, in the other continents this was not statistically significant.

DEMOGRAPHIC HISTORY AND GENE FLOW

The runs of the coalescent simulation program IMa2 converged quickly in an optimal parameter
space. Effective sample sizes for all parameters exceeded 300,000 and each newly sampled gene-
alogy was independent from the previous one (autocorrelations in all parameters were 0.05 and
less). Pairwise correlations of parameters were between -0.1 and +0.1, except between q0 and
ql (the estimates of population size for Old World (OW) and New World (NW)) where it was
-0.19.

All parameter estimates had relatively sharp unimodal posterior density distributions (Figure
2.5), except the migration rates which were poorly estimated, with wide ranges covering three
orders of magnitude (Mg sy a0d Moy gyt 5. 1%107 = 4.7x10° and 5.1x107° — 1.8x10°¢, see
Figure 2.5).Table 2.4 summarises the results in demographic units. Although 95% highest poste-
rior densities (HPD95) for population sizes of OW and NW samples overlapped IMa2 calculated
that there was a 66 % probability that the effective population size of the NW mallards (1.3 — 4.2
million) is larger than the OW population (1.5 — 2.9 million). Further, even though the HPD95
ranges of the migration rates peaked almost at zero, there was a 76% probability that the migra-
tion rate from OW into NW is higher than the other way around in the few cases in which it may

occur.
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FIGURE 2.5: Density plots of the posterior probability distribution for each of the six estimated demographic
parameters.

Separate estimates for the effective population size (theta; 8) are given for Old World (OW), New
World (NW) and the ancestral population, as well as the splitting time (t). Migration rates from
OW into NW (abbreviated as ‘mqy,_,\ ) and the opposite direction are also given. Note that all
estimates are scaled to mutation rate and not in demographic units; migration rates are displayed
in the direction of individual movements (i.e., not in the coalescent notation as presented in the
raw output of the IMa2 program).
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Discussion

CONCLUSIVE ASSERTION:

THERE ARE TWO DISTINCT MALLARD CLADES

Since Avise et al. first studied genetic structure in mallards in 199077 it is hypothesised that no
more than two mitochondrially distinct clades exist among them. Our phylogenetic analyses con-
firm this hypothesis for mallard samples collected and analysed from the numerically largest and
geographically most complete set of mallard mtDNA sequences to date. In addition to previously
analysed North-American and Asian samples®?, we added substantial numbers of European and
Central and Eastern North-American mallard samples and thus completed a data set spanning the
whole Northern Hemisphere. Through large-scale sampling of mallards from all over their distri-
bution range we can now conclusively state that no more than two main clades exist in mallard,

also not in the previously unsampled European populations.

TABLE 2.4: Demographic parameters as estimated under an isolation with migration model.

parameter scaled to mutation rate in demographic units

mode HPD95L HPD95H mode HPD95L HPD95H
Oow 247.6 181.2 345.2 2,073,285 1,517,283 2,890,541
Onw 270.0 154.8 499.6 2,260,852 1,296,222 4,183,414
O ncestral 164 6.8 35.6 137,326 56,940 298,098
t 1.7 1.3 22 55,366 42,002 74,993

-9 -6

Mow—snw 0.00017 0 0.1586 5.1x10 0 47x10
My 0.00017 0 0.06069 5.1%107 0 1.8x10°

For calculation of demographic units a generation time of one year was used. The mutation rate per locus per year was
set to 2.9856x10°. See main text for further explanations. The demographic units are: population size (8 in effective
individuals, splitting time (t) in years, migration rates (Nm) in effective individuals per year. Estimates of the peak of the
posterior parameter distributions (mode) are presented along with low and high bounds of the 95% highest posterior

densities (HPD95SL/H).

GENE POOL DIFFERENTIATION AND DIVERSITY

Mallards are highly mobile and some studies suggest that natal philopatry (i.e., philopatry in the
sense of ref ®7) is less pronounced - even in female mallards - than it is in other waterfowl spe-
cies' "% (but see®*"). We found strong support for the hypothesis of ‘flyway permeability’ ¢’
in mallards. The analyses of Fy between intra-continental flyways strongly promote the conclu-
sion of female inter-flyway mixing. Neither within North-America nor in Asia did we detect dif-
ferentiation between the subcontinental flyways. We note that for some comparisons the sample
size was on the low side. However, if this was causal to not finding significant differentiation
between flyways within a continent, we would also not have found significant differentiation
between those flyways with lower sample sizes with flyways on different continents. Hence, we
believe our finding of a lack of differentiation is valid. Yet, there is population structure in Europe
based on Fg; analysis (see below).
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Confirmative evidence for the pattern of genetic population structuring found above stems
from our analysis of molecular variance (AMOVA) which applies F-statics to hierarchical popula-
tion models. Almost no genetic variation in our world-wide data set is explained between flyways
within continents. On this global scale, about half the variation lies between North-America and
Eurasia, and the other half within the flyways. When analysing genetic variance per continent,
in North-America and Asia the largest proportion of variance resides on the level of sampling
localities but not within or between flyways. However, notably, in Europe there is an unexpected
significant variance component between localities within flyways, pointing at more genetic struc-
ture than in the other continents.

In general, these findings confirm the absence of strong female philopatry in mallards. The
population structure is not shaped by female mallards returning to the place where they were
born, and hence lifetime dispersal seems high. In that sense, currently recognised waterfowl fly-
ways do not depict well the movements and dispersal of mallards — a pattern similar to other duck
species®®?%%% — although it cannot be generalized for all ducks’*?*. However, our findings show
that indeed the European mallard population seems to be structured — in contrast to their conspe-
cifics in other parts of the world — and may have some weak philopatric tendencies. Alternatively,
geographic, micro-climatic and urbanisation structuring in Europe may be different in Europe
when compared to Asia and North-America, shaping mallard population structures in different
ways. A further possibility to explain European mallard population structure may be extensive
release of farmed mallards for hunting purposes in many countries in Europe. These originally
wild mallards are bred in captivity for many generations, and even though looking quite similar
to their wild relatives they can differ subtly in morphology’". Such differences have been proven
to leak into wild populations by interbreeding with escaped farmed mallards®®. Obviously, this
introgression of genetic material of farmed animals has consequences for the genetic identity
of wild populations, especially when translocation and release at distant localities takes place®’.
Genetic introgression has been demonstrated for mallards in Italy already®®. Such manipulation of
local population structure may well explain our finding of increased genetic structure in Europe.

DEMOGRAPHIC HISTORY

Mallards from the Old World are different from those in the New World, which is attributable to
the differences in the distribution of clade A (Eurasia) and clade B (North-America) haplotypes.
In Europe and the largest part of Asia we only found clade A haplotypes with the exception of a
handful clade B haplotypes in the far east of Asia (Figures 2.2, 2.3). Nevertheless, in a phylogene-
tic assessment in the original study in which these sequences were determined, they were shown
to be characteristic for introgressed eastern spot-billed ducks and likely do not indicate original
North-American mallard clade B individuals®*** (removing these three curious sequences from
the demographic modelling analysis did not alter the results, though; data not shown). On the
other hand, in North-America, where clade B dominates, also clade A haplotypes are relatively
common, which is reflected in higher nucleotide and haplotype diversities. This suggests two
factors shaping the current genetic structure in mallards. From the deep split into clade A and B
haplotypes we infer that Old World and New World have become separate with no or little gene
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flow since then. Further, if genetic exchange occurs — as indicated by clade A haplotypes occurring
both in Old and New World — it seems directional with larger rates from Old World into New
World. However, this directionality is not statistically robust because in the IM analysis migration
rates were only estimated poorly. The split between mallards from Old World and New World was
estimated to have occurred between 43,000 and 74,000 years ago. This dating coincides with
the drop in sea level during the last glacial period about 110,000 — 10,000 years ago. During
this time the Beringia land bridge fell dry and extensive exchange of floras and faunas became
possible. When the glaciers melted again, this Beringia land bridge connection got cut off and
Eurasian and North-American faunas and floras became separated more strictly. But also during
the glacial maximum the continental ice sheet developed in North-America separated northern
from southern regions of this continent™. The estimated population size at that time (0, .....)
was about 30 times smaller than it is today (the sum of 6, and 6,). Such high growth rates
in waterfowl populations since the last glaciation has already been demonstrated in several other
studies, often proven to be exponential®®*’*#81° and connected to population size bottlenecks.
This could explain the excess of rare haplotypes (Figure 2.1) as demonstrated especially by ne-
gative Tajima’s D and Fu's FS in Eurasia, but also in North-America where, however, D was not
significantly different from zero. The present-day situation is a deep split into an Old World and
New World population, with migration rate estimates statistically not significantly different from
zero, indicating that the rise of sea levels after the last glacial maximum results in a potent barrier
to female gene flow between OW and NW. Numerically, the peak of the density distribution of
migration rates suggests 0.04 — 0.05 effective migrants per year in each direction. However, the
posterior density plots of the migration rates (Figure 2.5) are not bell-shaped as they should be.
This indicates that IMa2 did not find enough information in the data to reliably estimate migra-
tion rates. If prior ranges are too wide, software like IMa2 may estimate parameters to be zero,
but in our analysis the range of the prior distribution (0 — 0.34) was not much wider than the
range of the estimated posterior distribution (HPD95) for migration of Old World mallards to the
New World (0 —0.16) (Table 2.4). Re-running the IMa2 analysis with a narrower prior (0 —0.2)
did not resolve the issue (data not shown). We believe this is due to a combination of very large
extant population sizes as a result of strong population growth and divergence. Based on HPD95
migration rates could be as low as zero, or as high as 23 (NW OW) or 80 (OW NW) effective
individuals. The failure of IMa2 to quantify migration rates may be related to this issue. Irrespec-
tive of this, the sharing of identical haplotypes indicates the possibility that migrants do travel
between the land masses and establish genetic traces in the receiving population. The nucleotide
diversity of the Aleutian samples, being intermediate between that of Eurasia and North-America,
is a good indicator for this. Even though migration rates as such were poorly estimated with our
data, the shapes of the migration rate curves and the implemented probability test in IMa2 point
at directionality of migration from Old World into New World.

GENETIC EXCHANGE BETWEEN OLD WORLD AND NEW WORLD

Based on the sharing of haplotypes between Old and New World mallards and the results of the
demographic modelling, we propose that some genetic exchange of mtDNA between the two

24



Evolution and connectivity in the world-wide migration system of the mallard

land masses possibly occurs. IMa2’s estimated migration rates, being not statistically different
from zero, may be biased downwards due to a lack of statistical power for the migration rate pa-
rameters, or model violation of migration/drift equilibrium, but indicate directionality. Genetic
differentiation between Old and New World was high (F¢; = 0.51) indicating limited gene flow
at most. We propose that the route of this migration is mainly, if not completely, via the Aleutian
Islands. On these islands individuals with clade A and B haplotypes intermix and form a haplotype
cline®, and genetic diversity (r) is intermediate between Eurasia and North-America. Fg; values
between the Aleutians and the flyways indicate a closer relationship between the Aleutians and
Old World populations than with the New World. This may be explained by the Westerly winds
(more regularly blowing from the west into the east), governing the Ferrel cell of the global
climatic circulation system. The Aleutian Islands are all well within the Ferrel cell that reaches up
to higher than 60° north'°"'°?, and characteristic winds are especially strong during the time in
which mallards migratem. A note of caution is warranted here, because smaller scale terrestrial
weather conditions can be more important than the large atmospheric systems. Even if weak
when compared to the strength of flight abilities this effect can have a profound impact on the

regular “drifting off” of migrating birds in general'*® 104,

and waterfowl specifically
The alternative route, from Europe via the Atlantic Ocean, along Iceland and Greenland, could
be deemed less likely on basis of this “drifting by wind” proposition. Mallards travelling to

103 However, the mal-

North-America by the Atlantic route would face headwinds more regularly
lards sampled from Greenland all bear clade A haplotypes implying a Eurasian origin. Addition-
ally, genetic differentiation between mallards from the Atlantic part of Canada and European
mallards is only half of what we measured between central or western Canada and Europe. Once
arrived in Greenland it would not be hard to imagine crossing the last few hundred kilometres
to Canada. Unfortunately, we were not able to analyse more samples from Greenland, especially
from different localities. Interpretations based on the current Greenland data can only be tenta-
tive. Just two different haplotypes were found there and the sampling location was a pond near
the city of Nuuk, likely inhabited by closely related mallard families. Little is known about the

origin and movements of Greenland mallards'>'%®

, and hardly anything (except from data in this
study) about their genetics (for a preliminary report, see'®). More studies into this population
are certainly needed to draw firm conclusions. Sampling of mallards from Iceland and the Faroe
Islands would make it possible to perform detailed analyses of a potential Atlantic route of genetic
exchange of mallard populations.

Note, however, that all results presented in this paper are based on the analysis of mtDNA
which is a maternally inherited marker. Patterns discerned from our data are thus only valid for
the female part of the population. Males are sometimes suggested to also possess a homing in-
stinct'” but in contrast to females this is generally believed to be much less pronounced'®®. Tt will

thus be important to study nuclear markers in mallard®®!'%%-!12

on large geographical scales which
depict the genetic structure of both sexes (Kraus et al., manuscript in preparation). Some sex-bias
in migration is not unusual''? but can be extreme if males are much more dispersive than females,

as demonstrated in a famous example of the white shark Carcharodon carcharias''*.
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POST-GLACIAL COLONIZATION

Clade A is characteristic for Eurasia, and clade B for North-America, although many individuals
in North-America belong to clade A. Kulikova et al.®® proposed two phylogeographic hypotheses
to explain such a haplotype distribution, termed “Asian invasion” and “incomplete lineage sor-
ting” (initially suggested by Avise et al.””). In an Asian invasion scenario the occurrence of clade
B haplotypes in mallards is explained by Asian mallards moving into a previously mallard-free
North-America, followed by acquiring B-haplotypes by introgressive hybridisation with closely
related indigenous duck species (such as the black duck A. rubripes'®) resulting in frequently ob-
served mtDNA paraphyly®®>!'¢. The incomplete lineage sorting hypothesis rests on the proposed
occurrence of a polymorphic ancestral gene pool (at least with respect to mtDNA clades) which
is facilitated further by large populations''”!'®. These two hypotheses offer different predictions
about the expected distribution of clade A and clade B haplotypes in North-America: As a result of
an Asian invasion one would expect to find a gradual decline of clade A haplotypes from western
to eastern North-America if we assume that all immigration from Eurasia took place via the Ale-
utian Islands and continues so. We cannot confirm this scenario; clade A haplotypes today occur
in the whole of North-America. This, however, can also be the result of large dispersal abilities of
mallards in North-America, which can diminish genetic clines relative quickly. Hence, an Asian
invasion cannot be clearly rejected, either. Kulikova et al.®* imagine this further to be due the im-
pact of mallard farming, resulting in anthropogenic translocation also of clade A mallards. This
explanation resembles one of the possibilities we propose to explain genetic structure in Europe.

As an alteration of the Asian invasion scenario we offer additional thoughts based on the ex-
tent of the most recent continental glaciation in North-America.The opening of the Beringia land
bridge on the one hand enabled exchange of fauna and flora between East Asia and Alaska because
these regions were to a large extent ice-free. Coincident with the emergence of this connection,
though, the considerable North-America ice sheet built up south of Alaska, what is today south-
ern Canada. An Asian invasion thus took place probably only in the very north of North-America.
The clade B haplotype may have become fixed south of that ice sheet due to the population bottle-
necks. After the retreat of the glaciers clade B mallards from the south got into secondary contact
with northern clade A mallards. It would thus be interesting to sample mallards from central and
southern North-America with this hypothesis in mind. To account for and further study mtDNA
paraphyly in duck species such a study would have to include samples especially from Black
Ducks’®!''*, and if possible from other Anas species harbouring clade B haplotypes, too*''°.

Avise et al.’s incomplete lineage sorting hypothesis’® would naturally account for a more even
distribution of clades and is consistent with the idea that a dichromatic (and mitochondrially
polymorphic) mallard population gave rise to its monochromatic sister species by peripatric
isolation'"”. But as Kulikova et al.®* point out it seems unlikely that only the clade B haplotype
gets fixed in all sister species but not the “original” mallard. We thus concur with Kulikova et al.®*
in concluding that a complicated mix of historical, recent and anthropogenic factors shaped the
current world-wide mallard population structure. The results we can add from analysing >100
additional European mallards and the outcome of our demographic modelling study substantiate
this claim.
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Conclusions

Many aspects of the biology of ducks are known when it concerns ecological and management
parameters (see ref 7% and references therein for a recent overview), and also their phylogenetic
placement has frequently been assessed, e.g. refs *°. Surprisingly, only few studies have contributed
to discern population genetic patterns for ducks, especially mallards. The information collected in
this study is essentially representing the first complete assessment of the world-wide mallard po-
pulation genetic structure in this duck. With more than 300 samples from the whole distribution
range of the mallard we do not find intermediate haplotypes between clade A and B, or additional

1.%% that a com-

discernable clades. Our data and analyses corroborate the conclusion of Kulikova et a
plicated mix of historical, recent and anthropogenic factors shaped the current world-wide mallard
population structure. Further, we offer an additional hypothesis on how the current haplotype
distribution emerged: a partial Asian invasion that took place only in northern North-America,
which was ice-free at the last glacial maximum, followed by secondary contact with the southerly
mallard population in North-America in which clade B haplotypes could have been fixed. A study
to address this hypothesis would need to additionally analyse mallard samples from several well-
spaced localities throughput central and southern North-America, as well to pay attention to Anas
species closely related to mallards, often bearing clade B haplotypes themselves®''®.

Mallards form an enormously large population. In the northern hemisphere, the population
is structured deeply into two major clades, but within these landmasses the populations are very
homogenous (and perhaps panmictic) in which the concept of flyway do not contribute to a
further understanding of mallard population genetic structure. Homogeneity over thousands of
kilometres facilitates the spread of diseases such as Avian Influenza. Between the two landmasses
there may be a little gene flow, apparently in west - east direction across the Bering Strait. The
genetic distinction between the OW and the NW is not eroded away by this gene flow, and appar-
ently arose during the last Glacial Maximum.

Our analysis does not undermine the notion that waterfowl can very well be managed on the
basis of a flyway concept: the North American success story of waterfowl population increases
over the last century underpins that success. In that sense, flyways ought to be viewed as ‘prob-
lemsheds’ in the sense of the Ecosystem Approach of the Convention on Biological Diversity and
not so much as biological realities.

Methods

SAMPLE COLLECTION

Blood from 195 mallards was collected on FTA cards®’, in most cases by hunters. Exceptions are
the localities from Greenland and Norway. There, mallards were trapped, blood drops on FTA
cards were sampled from the wing or foot vein, and mallards were released again (animal hand-
ling approved by the animal ethical committee of Wageningen University — DEC, the Greenland
Home Rule and the Norwegian Food Safety Authority — Forsdksdyrutvalget). Details on sampling
localities and samples can be found in Table 2.1 and the supplementary file “samples.xls”. A
cautionary note is needed for the Greenland samples. The trapping of these animals most likely
resulted in the catching of a few ducks with several of their chicks which often entered the trap
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as a group. This may have affected some measures of population genetic parameter (see results
and discussion).

For phylogenetic analyses samples were assigned to continents to visualise their geographic
region of origin. Greenland and the Aleutian Islands were not assigned to a specific continent, and
Alaska and Canada were treated as separate regions within North-America. For population genetic
analyses, sampling localities were pooled into biological populations based on hypothesised mal-
lard flyways in Europe'?, Asia'®, and North-America'’ (Table 2.1), allowing us to test our data
against these human-made classifications. Samples from Greenland and the Aleutian Islands were
classified as separate populations for their intermediate status.

DNA ISOLATION AND SEQUENCING

DNA was extracted from FTA cards using the Gentra Systems ‘Puregene DNA purification Kit’ (Qi-
agen, Valencia, California). The manufacturer’s instructions were followed with slight modifica-
tions for handling the FTA cards: up to a quarter of the encircled area of the FTA cards (depending
on how much blood was preserved) was cut into small pieces of approximately 2 mm? and di-
gested with 60 ug Proteinase K (Sigma-Aldrich, St. Louis, Missouri) in 600 pl Cell Lysis Solution
(Gentra Systems) at 55°C over night. Subsequently, proteins were precipitated with 200 ul Protein
Precipitation Solution (Gentra Systems) and spun down together with the FTA card material. DNA
in the supernatant was precipitated with isopropanol and washed with 70% ethanol. Quantity
and purity of the DNA were measured using a Nanodrop ND1000.

PCR amplification targeted the 5’end of the mtDNA control region which is homologous to
positions 79-773 in the chicken (Gallus gallus) mitochondrial genome'?’. In some duck species
the presence of ‘numts’ (nuclear copies of mtDNA) was proposed in this region'?! but previous
examination of mallard sequences did not reveal evidence for this®*. Reactions were performed
in 12 pl containing 30 ng genomic DNA as template, 3 ul STE buffer, 5.5 ul Abgene Mastermix
(ThermoScientific) and 0.25 pl of each primer (10mM): L78'*" (forward) and H774'?* (reverse).
PCR amplification was done in a BioMetra Thermocycler (Biometra, Gottingen, Germany) under
the following cycling conditions: 7 minutes initial denaturation at 94 °C, followed by 45 cycles
of 20 seconds at 94 °C, 20 seconds at 49 °C and 1 minute at 72 °C, completed by 7 minutes final
elongation at 72 °C. Quality and quantity of the PCR product was determined by gel electropho-
resis and the product was purified by vacuum filtration on a Millipore Multiscreen PCR plate.
Forward and reverse DNA strands were cycle-sequenced using the ABI Big Dye Terminator Cycle
Sequencing Kit 3.1 under the following cycling conditions: 1 minute initial denaturation at 96 °C
followed by 25 cycles of 10 seconds at 96 °C, 5 seconds at 49 °C, and final elongation of 4 min-
utes at 60 °C. The sequencing reaction products were precipitated by sodium acetate and ethanol
to purify the product, followed by capillary sequencing on an ABI 3730 DNA Analyzer. The for-
ward sequences were verified with the sequence of the reverse strand in MEGA4'*}; some manual
corrections where needed. If the forward sequence was absent, or only partially resolved, the
reverse strand was used and aligned with the other sequences for verification. Additionally, 151
published sequences from studies of Kulikova et al.**#* were downloaded from GenBank?® (acces-
sion numbers: AY506868-AY506870; AY506873-AY506901; AY506904-AY506908; AY506910-
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AY506917; AY506919-AY506944; AY506974-AY506984; AY928831-AY928899). Altogether,
these sequences were aligned in MEGA4'*® using the ClustalW algorithm'** under default settings.

Names of haplotypes defined in the studies by Kulikova et al.®*#*

were preserved.
PHYLOGENETIC ANALYSES

A phylogenetic tree of the haplotype sequences was constructed in MEGA4'*, using the Neigh-
bour-Joining algorithm®® with 500 bootstrap replicates. Evolutionary distances were computed
under the Tajima Nei model'**. All positions containing alignment gaps and missing data were
eliminated from the dataset for tree construction (complete deletion option). Further, a phylo-
genetic network was constructed in TCS'?® (version 1.21) by statistical parsimony, here, treating
alignment gaps as fifth state.

POPULATION GENETIC ANALYSES

The basic population genetic parameters nucleotide diversity (w) and haplotype diversity (dH)
for each flyway was calculated with DnaSP'?’. Tajima’s D and Fu’s FS®* were calculated in Arle-
quin 3.5.1.2'%%, and Fu’s FS values were evaluated for statistical significance by 16,000 simulated
samples in order to guarantee a less than 1% difference with the exact probability in 99% of
the cases'”’. Population differentiation was assessed by Wright’s F-statistics®, and partitioning of
genetic variance among and within groups was investigated by analyses of molecular variance
(AMOVA'3%-132)  Calculations were also performed in Arlequin 3.5.1.2'*® from pairwise nucleoti-
de differences, and statistical significance tested by 16,000 permutations.

DEMOGRAPHIC MODELLING
To make inferences about the extent of migration between Old World (OW) and New World
(NW) we modelled the demographic history of mallards by coalescent simulations under an

“Isolation with Migration” (IM) model®"#!

, as implemented in the program IMa2 (Linux versi-
on 10.13.10). OW and NW samples were treated as belonging to distinct populations based on
their sampling locality. Greenland and Aleutian samples were excluded because of their possible
intermediate status. Upper bounds for parameter priors were estimated during consecutive preli-
minary runs of the program, based on initial estimates of theta as advised in the manual of IMa2.
The final values used for population size, migration rate and splitting time were: -q 800, -m 0.34,

-t 23.448. We ran 60 Markov chains in parallel under a geometric heating scheme (option -hfg),
with the hottest chain being B = 0.5 and the coldest chain B = 0.975. Estimated parameters in
IMa2 are scaled to the mutation rate. To convert them into demographic units we used a mutation
rate of 4.8 X 10® (confidence interval 3.1-6.9 X 10°®) substitutions per site per year initially pu-
blished for a wood duck’. This rate also produced sensible results in a study of two other ducks

133,134

of the genus Anas and needs to be multiplied by the number of nucleotides in the sequence
alignment (here, 622) to obtain the substitutions per locus per year to be used for IM analysis.
From the two sequence mutation models available in IMa2 we chose HKY'** which is the ap-
plicable model for mtDNA control region sequences'*®. Several run time settings with different

heating schemes and durations were explored, all yielding essentially the same outcome. The final
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simulation, for which we report the results here, was run for a burn-in period of 360,000 steps
(they reached convergence already after a few 10,000 steps), and afterwards 26,000 genealogies
were sampled every 100 steps from a total 2,600,000 steps.
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Abstract

BACKGROUND

Next generation sequencing technologies allow to obtain at low cost the genomic sequence in-
formation that currently lacks for most economically and ecologically important organisms. For
the mallard duck genomic data is limited. The mallard is, besides a species of large agricultural
and societal importance, also the focal species when it comes to long distance dispersal of Avi-
an Influenza. For large scale identification of SNPs we performed Illumina sequencing of wild
mallard DNA and compared our data with ongoing genome and EST sequencing of domesticated
conspecifics. This is the first study of its kind for waterfowl.

RESULTS

More than one billion base pairs of sequence information were generated resulting in a 16X co-
verage of a reduced representation library of the mallard genome. Sequence reads were aligned
to a draft domesticated duck reference genome and allowed for the detection of over 122,000
SNPs within our mallard sequence dataset. In addition, almost 62,000 nucleotide positions on
the domesticated duck reference showed a different nucleotide compared to wild mallard. Appro-
ximately 20,000 SNPs identified within our data were shared with SNPs identified in the sequen-
ced domestic duck or in EST sequencing projects. The shared SNPs were considered to be highly
reliable and were used to benchmark non-shared SNPs for quality. Genotyping of a representative
sample of 364 SNPs resulted in a SNP conversion rate of 99.7%. The correlation of the minor
allele count and observed minor allele frequency in the SNP discovery pool was 0.72.

CONCLUSION

We identified almost 150,000 SNPs in wild mallards that will likely yield good results in genoty-
ping. Of these, ~101,000 SNPs were detected within our wild mallard sequences and ~49,000
were detected between wild and domesticated duck data. In the ~101,000 SNPs we found a
subset of ~20,000 SNPs shared between wild mallards and the sequenced domesticated duck
suggesting a low genetic divergence. Comparison of quality metrics between the total SNP set
(122,000 + 62,000 = 184,000 SNPs) and the validated subset shows similar characteristics for
both sets. This indicates that we have detected a large amount (~150,000) of accurately inferred
mallard SNPs, which will benefit bird evolutionary studies, ecological studies (e.g. disentangling
migratory connectivity) and industrial breeding programs.

Background

The mallard (Anas platyrhynchos) is the world’s most abundant and well-studied waterfowl species.
Besides being an important game and agricultural species, it is also a flagship species in wetland
conservation and restoration. Waterfowl (Anseriformes: Anatidae) and especially ducks are focal or-
ganisms in long distance dispersal of Avian Influenza in the wild®®'*’-'* and the mallard has been
identified as the most likely species to transport this virus'®!'*°.

As a general pattern, mallards breeding in temperate areas migrate from northern breeding

141

grounds to more southerly wintering areas avoiding freezing conditions at breeding sites'*'. How-
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ever, there are also non-migratory populations in Europe and elsewhere. Although some geographi-
cal patterns can be discerned from ringing recoveries on national levels, there is in Europe no clear
delineation of flyways, and only little knowledge about the overall population structure from a
genetic perspective'?. This is exactly the situation for which Wink'# proposed the use of SNPs to
study bird migration in a population genetic framework. Since the number of SNPs necessary to
detect low levels of differentiation is expected to be high (>80) for highly mobile organisms'**'*3,
we aimed at a high throughput discovery of SNPs in the mallard. Large scale discovery of SNPs in
the genome of the wild mallard might also provide a useful set of markers in the descendant, closely
related domesticated duck (Anas platyrhynchos domestica). Being the third most consumed species on

1** the domestic duck provides a valuable subject for detailed genomic

the poultry market globally
studies. Nevertheless, genomic information about the domestic duck is limited to a few studies
providing only low resolution linkage and physical maps'%'**. Therefore our study also set out to
facilitate duck breeding objectives by providing sufficient markers for improving the duck linkage
map and allowing QTL mapping using SNPs.

A general limitation in developing a SNP-set in non-model organisms has been the unavailability
of extensive genomic sequence information from multiple individuals that represent a sufficient
portion of the genetic variability of the population or species under study. However, the Illumina

146-148

sequencing technology coupled with the approach of generating a reduced representation

library (RRL)'** has proven an efficient approach in solving this problem in the turkey (Meleagris gal-
152 s 153,154 155

pig
sequencing of RRLs has been effective in the identification of considerable numbers of SNPs.

lopavo) '*® and great tit (Parus major)"*'. Also in rainbow trout and cattle'®® next generation

Here, we describe the discovery of more than 180,000 novel SNPs in the genome of the mallard,
which currently lacks a published sequenced genome. Lacking this reference genome we initially
aimed for paired-end sequencing on an Illumina Genome Analyzer of an RRL of fragments in the
size range of 110-130 base pairs (bp) and with a read length of 76 bp.This would create an overlap
between the forward and reverse DNA sequence reads of continuous sequences, permitting the
reads to be merged. This in turn helps in providing sufficient flanking sequence (i.e., DNA sequence
on either side) of'a SNP which is a requirement for genotyping and is hard to retrieve in the absence
of a reference genome. However, at the time when our study had started, genome sequencing of the
domestic duck genome and de novo assembly was in progress and almost completed by the Beijing
Genome Institute (BGI). This allowed for SNP discovery by next generation sequencing of an RRL
of pooled wild mallard samples and mapping locations of almost 13 million of the resulting reads
to a draft mallard reference sequence. Identified SNPs were compared with those observed within
the reference genome sequence of domestic duck (Huang et al., in prep.) and EST sequencing (ex-
pressed sequence tags; Alain Vignal, unpublished data) resulting in more than 20,000 shared high
quality SNPs. A set of putative SNPs can contain large numbers of incorrectly inferred SNPs (i.e., false
positives) and thus we also aimed to estimate the quality of our set. Quality, here, is a measure of
the reliability of the SNP set. This includes not only the percentage of false SNP inferences but also
evaluation of the way in which these SNPs will be usable for many purposes; i.e., if they cover a large
spectrum of minor allele frequencies, or if these were reliably inferred by our analyses (correlation
between true allele frequencies and estimated allele counts, see below).
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Results

COMPLEXITY REDUCTION

We targeted for a sequencing depth of about 40 times at limited sequencing cost by sequencing
a fraction, representing 5% of the mallard genome (reduced representation library (RRL) ap-
proach). Restriction enzymes were screened for suitability for RRL construction, with the goal of
a 20-fold complexity reduction of the mallard genome within the targeted size range of 110-130
bp. Restriction enzyme analyses showed that these requirements are met by combining two RRLs,
one created by enzymatic digestion with Alul and one by digestion with Hhal, representing 4%
and 1% of the mallard genome, respectively.

An insilico digest of the chicken genome, which is very similar'*®!'*’, predicts similar genome
fractions of the RRLs of 4.1% for Alul, but only 0.2% for Hhal (data not shown). We prepared
two pooled DNA samples of nine wild mallard individuals from three locations across Europe. To
prepare the RRLs, we digested these samples with Alul or Hhal and isolated fragments in the 110-
130 bp size range from a preparative polyacrylamide gel. The genomic libraries were combined
in the sequencing sample preparation procedure. Due to a lack of a reference genome we aimed
for paired-end sequencing on an Illumina GAII of the combined RRLs and a sequence read length
of 76 bases. This created an overlap between the forward and reverse reads of a pair which allows
merging of the reads. Merging the reads helps in providing sufficient flanking sequence of a SNP.
This sequence is necessary for genotyping and is hard to retrieve in the absence of a reference ge-
nome. Merged paired reads, possibly supplemented with single reads, are subsequently clustered
for SNP discovery.

TABLE 3.1: Summary of DNA sequence filtering results.

raw (76 bp) 162N.q12 0152 % paired-end % single %
reads 34818352 16611852 47.7 10793170 65.0 5818682 35.0
bases 2547361732 1029934824 40.4 669176540 65.0 360758284 35.0

Paired and single sequence reads remaining after filtering raw reads.
'Raw sequences were filtered for length 62. Only reads without base-call errors (N or .) were considered. Singly represen-
ted reads are required to have a per base-call quality of 12. Sequences more than four times overrepresented, based on

the raw RRL coverage (38X, see methods) were discarded.

ILLUMINA SEQUENCING AND SNP DETECTION

We generated 34.8 million 76 bp reads using three sequencing lanes on an Illumina GAII of
which two lanes were run in paired-end mode. The raw data files from the sequencing instrument
are deposited in the NCBI short read archive under accession number SRA024498. It was shown

1°8 threshold of 12 ensures sufficient quality reads for SNP detection

that a phred quality score
purposes'**!*? Because the average base call quality score over all sequence reads dropped below
12 after read position 62, reads were trimmed to 62 bp. After trimming, we performed additional
quality score based filtering (see methods) and finally we retained 16.6 million reads (47% of
the raw data) of 62 bp length corresponding to a total of 1.03 billion bp of sequence information

(Table 3.1). Of these reads 35% were single and 65% were paired reads. By creating RRLs 5% (69

34



Genome wide SNP discovery, analysis and evaluation in mallard

Mb) of the mallard genome was represented (estimated size 1.38 billion bp, based on several en-
tries in the Eukaryotic genome size databases'®?). From this we calculated that the raw sequencing
data cover the sequence target 38 times (38X) whereas the quality filtered data provide a 16X
target coverage. Using MAQ'®! 12,823,563 of the reads could be mapped onto the mallard refe-
rence genome (Huang et al., in prep.). A total of 632,163 putative SNPs were identified by MAQ'®!
of which 122,413 candidate SNPs passed our applied SNP identification quality thresholds (see
methods). This set of SNPs is further referred to as duck-RRL (d-RRL) and available in the dbSNP

database under accession numbers ss263068950 - ss263191362.
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FIGURE 3.1: Minor allele frequency distributions.

In boxplot A MAC distributions of d-RRL (SNPs identified in this study) and d-Shared (SNPs that
d-RRL shares with d-EST or d-WGS (also see Venn diagram Figure 3.2D)) are compared. Histo-
grams (B and C) show MAC distributions of d-RRL and d-Shared at a bin width of 0.05.

SNP USABILITY

More than 98.8% of the SNPs were flanked by at least 40 bp on either side and met the require-
ments for probe design constraints for all genotyping platforms whereas all SNPs met the flanking
sequence requirements for an iSelect (Illumina) genotyping assay. For the 2,565 SNPs that sho-
wed more than two alleles, we only considered the most frequently observed minor allele because
tri- or tetra-allelic SNPs are very rare®* and it is likely that most other minor alleles represented
sequencing errors instead of true sequence variants. Analysis of the estimated allele counts of the
SNPs in our dataset (Figures 3.1A and 3.1B) showed that we obtained a majority of SNPs with a
high minor allele count (MAC, used here as a predictor of the minor allele frequency (MAF) of
the real population data).

SNP QUALITY ASSESSMENT

Sequencing errors are more abundant in the tails of next generation sequencing reads and are
thought to cause an excess of false SNP predictions. An increase in the number of SNPs towards the
end of the reads is expected if sequencing errors are the cause of a substantial number of predicted
SNPs in the dataset. To validate our sequence filtering and SNP detection constraints we plotted the
distribution of the SNPs over the 62 positions in the sequence reads (Figure 3.2A). Positions one,
two and 62 all show an underrepresentation of SNPs whereas positions three, four and five show an
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overrepresentation. SNPs are equally distributed over read positions 6 to 25 and at 26 the number
of SNPs per nucleotide position drops but after this remains more or less stable until position 62.

Because of the length of the RRL fragments (~110-130bp), there is an overlap between paired
forward and reverse reads (62 nucleotides each) from position 48 onwards. This overlap results in a
higher sequence depth and a tiny increase in the number of SNPs being detected at these nucleotide
positions (Figure 3.2A).

d-RRL
SNP distribution and Transition/Transversion ratio over 62 bp reads SNP distribution and Transition/Transversion ratio over 62 bp reads

SNP frequency x 1000
SNP frequency x 1000

Read position (bp) Read position (bp)

SNP distribution and Transition/Transversion ratio over 62 bp reads SNPs shared between independent SNP sets

1 [ ¥ dEST

y
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d-RRL

SNP frequency x 1000

Read position (bp)

FIGURE 3.2: SNP distributions within datasets and between datasets.

Diagrams A-C show the distribution of SNP predictions over the nucleotide position in the sequen-
ce reads for d-RRL, d-Shared and d-Between. Each filled dot represents the cumulative number
of occurrences that the read position was involved in a SNP inference. Open dots represent the
average TS:TV ratio of SNPs indentified in that read position. Diagram D shows how many SNPs
are shared between independent SNP sets d-EST (SNPs identified by EST sequencing of domesti-
cated duck (Vignal, unpublished data)), d-WGS (SNPs identified in the whole genome assembly
of domesticated duck (Huang et al., in prep.)) and d-RRL (SNPs identified in RRL sequencing of
wild mallard (this study)).
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We estimated the possible errors in SNP calling due to sequencing errors by looking at transi-
tion (TS) - C/T pyrimidine to pyrimidine or A/G purine to purine changes - versus transversion
(TV) ratios, which are all the four other possible pairs of changes. Random mutations or sequence
differences due to errors should give a TS:TV ratio of 1:2. In reality, a bias due to a higher rate of
C— T mutations due to the deamination of methylcytosines in CpG dinucleotides induce a much
higher TS rate'®*'%*. For instance in chicken, the TS:TV ratio is 2.2:1, based on the analysis of more
than 3 million SNPs in the dbSNP database'®®. Our results show that the number of A/G substitu-
tions almost equalled the number of C/T substitutions in the transitions class. Also the substitutions
within the transversions class occurred in comparable frequencies (Table 3.2). The TS:TV ratio for
d-RRL was 2.3:1 which is very similar to the 2.2:1 ratio found in chicken.

Sequencing errors were also evaluated per read position by plotting the TS:TV ratio observed
over the 62 positions in the sequence reads (Figure 3.2). We observed steady expected TS:TV ratios
for positions 7-61 whereas TS:TV ratios for positions 1-6 were lower and the TS:TV ratios for posi-
tion 62 was higher than expected.

TABLE 3.2: Transition/ transversion ratios in SNP subsets.

Transitions Transversions Total Ts:Tv!
subset R Y M W S K
d-RRL 42313 42602 9658 9051 9114 9675 122,413 23
d-Shared 7300 7442 1396 1227 1334 1484 20,184 2.7
d-Between 20156 21333 5464 5165 4804 4830 61,752 2.0

'=The transitions total divided by the transversions total for a data subset.

The two transitions and four transversions are abbreviated by their nucleotide ambiguity codes R,Y and M, W, S, K.

SNP BENCHMARKING

The de novo assembly of the domestic duck genome by the Beijing Genome Institute (BGI), cove-
ring both chromosomes of a single individual, resulted in the identification of 2,826,871 puta-
tive SNPs (further referred to as d-WGS; Huang et dl., in prep.). Domestic duck EST sequencing
identified a total of 6,456 SNPs (further referred to as d-EST) in protein coding regions of the
genome (Alain Vignal, unpublished data).

To benchmark d-RRL we compared it with these two external and independent datasets and
identified SNPs that are shared with either d-WGS or d-EST. We observed 20,180 SNPs (16.5%)
in common between d-RRL and SNPs in the d-WGS dataset. Furthermore d-RRL had four SNPs in
common with d-EST whereas d-WGS shared 244 SNPs with d-EST (Figure 3.2D). Only a single
SNP was shared between all three datasets. The subset of SNPs (n=20,184) that d-RRL shared with
either of the two other SNP resources is further referred to as d-Shared. We analysed d-Shared
by calculating the MACs and the TS:TV ratios (Figure 3.1C and Table 3.2). Furthermore, we plot-
ted the TS:TV ratio per read position and the distribution of the SNPs over the 62 nucleotides of
the sequence reads in the same way as was done for d-RRL. In d-Shared we observed a similar
distribution of MACs compared to d-RRL (Figure 3.1C).The distribution of the SNPs in d-Shared
detected on read positions 7-62 is similar to that observed for d-RRL; however, d-Shared shows
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a higher variation in the amount of SNPs between the read positions (Figure 3.2B). Also, TS:TV
ratios at these read positions were similar with slightly more variation per read position in d-
Shared.
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FIGURE 3.3: Distribution of mallard SNPs uniquely mapped on the chicken genome.

In blue are 4272 mallard SNPs with a unique mapping position to the chicken genome (see text
for mapping algorithms). 384 mapped SNPs that were selected for genotyping are in red. On the
X-axis, the chicken genome in 400 kb intervals, and on the Y-axis, the frequency (0-15) of map-
ped mallard SNPs for a specific chicken genome interval is given.

Although reduced, also d-Shared showed a peak of the SNP distribution on read positions
three to six, as we observed in d-RRL. However, TS: TV ratios for these positions were at the ex-
pected level of >2.3 indicating that most SNPs in these read positions likely resulted from true
nucleotide polymorphisms. Finally, compared to d-RRL, the d-Shared subset of SNPs showed a
higher average TS:TV ratio of 2.7 and indicated a relative increase of (C/T) over (A/G) transitions
(Table 3.2).

DOMESTICATED VERSUS WILD MALLARD

Besides the identification of SNPs in wild mallards we also searched for nucleotide positions in
the genome that show differences between the wild mallard population and the domesticated
duck reference. We investigated nucleotides that where monomorphic within the wild mallard
RRL consensus sequence data set but that differ from the corresponding non-polymorphic posi-
tion in the domesticated duck reference. We identified 61,752 such SNPs (further referred to as
d-Between) and assessed the quality of this set of SNPs by plotting the TS:TV ratio per nucleotide
position and plotting the distribution of the SNPs over the 62 nucleotide positions in the sequen-
ce reads (Figure 3.2C).The distribution of SNPs predicted in the first six read positions showed
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a high peak whereas from position six to 62 the number of SNPs per read position was more or
less constant, only slightly increasing towards the end. The TS:TV ratios were as expected except
on the first six read positions and the end, where it was lower than expected. Compared to d-RRL
and d-Shared the overall TS:TV ratio of d-Between was lower, 2:1, and showed a relative increase
of (C/T) over (A/G) transitions (Table 3.2).

THE DISTRIBUTION OF SNPS OVER THE GENOME

Knowing genomic positions of SNPs as genetic markers is important. Many population genetic
and genetic mapping applications rely on unlinked markers. Thus, for future use in generating
a mallard linkage map and performing QTL studies in domestic and wild mallard it is essential
that the SNPs are widely distributed over the genome. The domestic duck genome assembly that
we used as a genome reference consists of thousands of scaffolds and contigs which are not assi-
gned to chromosomes. Estimating the distribution of SNPs across this duck genome is therefore
not possible using this sequenced reference. Consequently, the closest related available genome
sequence (Gallus gallus, chicken; divergence time 80-90 million years ago, see discussion section)
was used for estimating the physical distribution of the identified SNPs. Common and high qua-
lity mallard SNPs (d-Shared) were aligned to the chicken genome and the distribution of this
SNP-set was plotted over the chicken chromosomes (Figure 3.3). A total of 4,272 SNPs could be
mapped to unique locations evenly distributed over the chicken genome.

A MAF B

Heterozygosity
S T T T
1 w
1 =
=+
S
©
e 4
]
o | ]
< H
o o
g
o
- =
o
=] —_— e — Y
o S
Disctj:ver\.r T Disccj:very T
pansl Population pansl Population

FIGURE 3.4: Genotyping minor allele frequency and heterozygosity distributions.

Validation of the d-Shared subset involved genotyping of 384 selected SNPs on 765 ducks inclu-
ding the nine mallards that made up the SNP discovery panel. Minor allele frequency (MAF) and
heterozygosity of SNPs were calculated for the discovery panel, as well as for the whole set of
genotyped ducks.
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SNP VALIDATION BY GENOTYPING

The d-Shared subset of SNPs was validated by genotyping an animal panel consisting of 765
mallards using 384 predicted SNPs distributed uniformly over the chicken genome (Figure 3.3).
A total of 364 (95%) SNPs gave reliable genotypes in the assay, and 363 (99.7%) of these were
indeed proven to be polymorphic. The average minor allele frequency (MAF) was 0.32 in the
animals that made up the discovery panel and 0.31 in the whole animal panel (Figure 3.4).The
average heterozygosity was 0.39 in the discovery panel and 0.34 in the whole animal panel. The
allele frequencies of polymorphic genotyped SNPs in the discovery pool showed a correlation of
0.72 with those derived from the sequence data in the discovery pool of nine animals.

Discussion

This SNP study is the first large sequence variant discovery performed in mallards, as well as
in any of the waterfowl. The availability of a large number of detected SNPs provides sufficient
markers to study mallard population structure and migration in a population genetic framework.
This large number of accurately inferred SNPs will also facilitate improved linkage maps of the

mallard genome!'?”'*

and provide a sufficiently dense marker map to allow high resolution QTL
studies in the domestic duck, further facilitating duck breeding. Furthermore, such high density
linkage maps are essential for chromosomal assignment of the sequence scaffolds of the sequen-

ced reference genome.

SNP DETECTION WITHIN A POOL OF WILD EUROPEAN MALLARDS

Initially, our study was designed to detect SNPs within a pool of wild European mallards by
single-end and paired-end sequencing of a small fragment RRL. We targeted for genome libraries
of sufficiently small fragments for paired reads to overlap. This allows the reads to be merged
resulting in the complete sequence of the majority of the fragments in the RRL. Merged paired
reads subsequently would serve as a reference genome. However, with the recent availability of
a next generation sequenced domestic duck genome assembly, a reference based mapping ap-
proach became feasible, enabling a more efficient SNP identification approach. Our study shows
that the overlap in generally lower-quality ends of paired-end sequence reads is beneficial in
reference based SNP detection. An observed drop in the number of predicted SNPs after position
25 (Figure 3.2A) is explained by a drop in phred scores of the raw sequence data at exactly that
position (data not shown). Subsequent filtering for quality scores eliminates more putative SNPs
after read position 25. However, accounting for this inherent quality issue in the raw data, we
observed that the number of SNPs being predicted per read position shows a tiny increase in the

overlapping ends of our mate pairs whereas earlier studies'*%'*"!*3

reported decreasing numbers
of predicted SNPs per nucleotide position towards the end of sequence reads. The deamination
of methylcytosines results in a thymine base. This reaction is especially frequent in CpG dinucle-
otides motifs, causing a much higher mutation rate from C to T than any other mutation type. As
a consequence, TS:TV rations are much higher than expected, as for instance in chicken where
it is 2.2:1 instead of the 1:2 ratio expected if mutations were random. A similar 1:2 for TS:TV

ratio would be found in sequences if base differences were due to sequencing errors rather than
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true polymorphism (same as above). The TS:TV ratio of SNPs we predicted in the overlapping
ends of our sequences remains in the expected range (Figure 3.2A) suggesting that these SNPs
reflect true nucleotide polymorphisms. A local decrease in TS: TV ratio would be observed if SNPs
in read positions (51-61 in d-RRL and 52-60 in d-Between) were caused by randomly introdu-
ced polymorphisms (e.g., sequencing errors). Thus we expect that the predicted SNPs represent
true nucleotide polymorphisms. The increased number of SNPs at the overlapping ends can be
explained by local higher sequence coverage, caused by sequence overlap of paired reads, resul-
ting in a higher representation of DNA sequence variants. A higher coverage allows for multiple
observations of the variant in low quality sequences, allowing it to pass MAQ’s quality thresholds
to call it a true SNP'®!. As a result, even more of the rare sequence variants in these overlaps will
meet the minor allele occurrence constraint in our SNP detection method. An indication that the
additionally identified SNPs at the read ends involve rare sequence variants is the lower represen-
tation of these SNPs in d-Shared.

ASCERTAINMENT BIAS DUE TO LIMITED SEQUENCE DEPTH

Besides limited sequencing depth also sequence quality is a limiting factor for inferring SNPs.
This is illustrated by the overall trend in the number of predicted SNPs per read position in d-RRL
and d-Shared (Figure 3.2A and 2B), which mirror the decreasing trend of average base call score
per nucleotide position inherently present in Illumina sequencing (as also observed in our data
set, data not shown). A similar trend is not observed in d-Between because here the SNPs are
predicted from differences between the reference and the discovery panel of wild mallards. Read
depth is less limiting in d-Between because it is only used to provide one unambiguous (con-
sensus) base, deviating from the reference, of sufficient quality whereas in d-RRL the read-depth
has to provide sufficient base calls for both the major allele and the minor allele to be considered
a SNP.

Besides the unequal distribution of identified SNPs over the read positions also the under-
representation of SNPs with a MAC <0.2 is an indicator of a coverage limitation. Due to the
limited coverage, only SNPs that are present in multiple individuals in the discovery panel have a
reasonable probability to meet the minor allele representation constraint set by our SNP detection
method. More common alleles will pass the representation constraint more frequently than rare
alleles resulting in an overrepresentation of common alleles and an underrepresentation of rare
alleles.

SNP SET QUALITY ASSESSMENT BY COMPARISON

We identified a large number of putative SNPs in the sequenced mallard discovery panel by
sampling ~5% of the mallard genome. Extrapolating the total number (d-RRL + d-Between) of
identified SNPs would result in a SNP every ~375bp. The actual number of true SNPs in the sets
d-RRL and d-Between is expected to be lower considering the overrepresentation of predicted
SNPs in the read positions one to six together with low TS:TV ratios in these read positions. Also
the comparison of d-RRL with d-WGS, in which common true variants remained and false SNPs
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were discarded, show that SNPs predicted in read positions one to six should be used cautiously.
The distribution of d-Shared does not show overrepresentation of SNPs on position one to six.
Furthermore, expected TS:TV ratios in d-Shared were observed for positions three to six and
expectedly lower TS:TV ratios in position one and two due to the RRL enzyme restriction motif.
Therefore we think that a considerable fraction of SNPs in read positions one to six in d-RRL and
d-Between are false positives. Because standard sequencing error rates of the Illumina GAII are
low (<0.5 %) in the first 20 bases of a read'®” we expect that the first six bases in our sequence
dataset were affected by non-standard, systematic, sequencing errors. These are most likely resul-
ting from a combination of inadequate separation of sequencing clusters due to the restriction tag
in the RRL and an overloaded sequencing flow cell (Kees-Jan Fran¢oijs, personal communication).
This hypothesis is supported by the fact that quality scores were considered by the SNP inferring

algorithm'®!

and that two observations of the minor allele were required for a putative SNP ma-
king it unlikely that these numbers of false positives are due to standard sequencing errors. Low
TS:TV ratios for SNPs at read position 61 and 62 in d-Between suggest that the SNPs from these
positions should also be omitted. Subtracting SNPs from positions one to six (and position 61
and 62 in d-Between) results in 101,095 SNPs in d-RRL and 48,592 SNPs in d-Between that will

likely yield good success rates in genotyping.

SHARED SNPS

We showed that d-RRL shares one sixth of the SNPs with d-WGS and an almost negligible number
of SNPs with d-EST. ESTs only represent a few percent of the genome, of which only a fraction
was sampled by the RRL. Due to this limited shared genome fraction and because SNPs in protein
coding regions are rarer than in non-coding regions, a large overlap in SNPs between these sour-
ces was not expected. Between d-WGS and d-EST we observed a 2.6 times larger overlap, which
can be explained by a more or less complete overlap in sampled genome fraction and a better
representation of rare alleles in d-WGS. The relatively large overlap between d-WGS and d-RRL
indicates a low genetic divergence between wild mallard and domestic duck. A relatively large
fraction of shared SNPs between two independent studies also suggests a low false discovery rate.
As stated earlier, the SNPs identified in this study will be used to study mallard population struc-
ture and movements in a population genetic framework'*. Because the required number of gene-
tic markers for such an analysis is small compared to the total amount of markers we generated'**,
we selected SNPs from d-Shared that show an equal distribution over the chicken genome. This
requirement greatly reduces the number of available markers since only a small fraction could be
mapped (Figure 3.4) due to the relatively large evolutionary divergence time between chicken
and ducks (80-90 million years ago, http://www.timetree.org) '*®. Genotyping of this SNP subset
confirmed the expectation that SNPs that are shared between independent SNP detection studies
yield a SNP set of high quality.

Conclusions
When performing SNP identification studies using next generation sequence technologies, it is
important to know what limitations in sensitivity and specificity can be expected, particularly at
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low sequence coverage. We show that sensitivity decreases with decreasing base calling quality
towards the ends of sequence reads which can be compensated for by increasing the sequence
coverage in the ends. SNP distribution and TS: TV ratio over read positions are helpful metrics for
the assessment of systematic errors in the sequencing dataset in particular when statistics can be
compared to a high quality subset of the data. We showed that the fairly large subset of predicted
SNPs that is shared between independent SNP detection studies in wild and domestic duck is
likely to represent true SNPs, and suggests a low divergence between these forms.

We present for the first time a solid and scalable genotyping environment applicable to
mallards and its domestic form. Not only do we provide over 100,000 most reliable SNP markers
that can be used in duck breeding and molecular genetics, we also evaluate a sub-set of 384 SNPs
for use in ecological genetics. The power of this set combined with relatively low genotyping
costs through down-scaling of the marker set will allow long needed studies into the molecular
ecology of mallards with regard to various relevant topics, including the study of genetic varia-
tion and genetic structure, resolution of unresolved ambiguities of mallard migration systems or
inference of both small and large scale movement patterns.

Methods

SAMPLE COLLECTION AND PREPARATION

Mallard DNA samples were prepared from ethanol preserved whole blood collected from nine in-
dividuals from three locations across Europe: two females and a male each from Coto de Dofana
(Spain), Northern Netherlands and Ottenby (Sweden). Each of these individuals was either di-
rectly caught from the wild, or was a first generation descendant from local wild mallard parents.
Ducks were sampled under the approval of the animal ethical committee of Wageningen Universi-
ty; the Spanish Ministry of Environment and Consejeria de Medio Ambiente of Junta de Andalucia;
the KNAW (Royal Dutch Academy of Sciences) Animal Experiment Commission; and the Swedish
Board of Agriculture and its Research Animal Ethics Committee. DNA extraction was performed
using the Gentra Systems Puregene DNA purification Kit according to the manufacturer’s instruc-
tions. Briefly, ~200pl blood was digested with 9 pg Proteinase K (Sigma) in Cell Lysis Solution
(Gentra Systems) at 55°C over night. Proteins were subsequently precipitated with Protein Preci-
pitation Solution (Gentra Systems) and spun down. DNA from the supernatant was precipitated
with isopropanol and washed twice with 70% ethanol. DNA quantity and purity were measured
using the Nanodrop ND1000. Possible degradation was inspected on an agarose gel and only
high quality DNA samples were used to prepare the DNA pool. Equal amounts of DNA from
the nine mallards were combined into two pools of 25 ug each. Aliquots of 5 ug for each pool
were digested with either Alul or Hhal (10 units per reaction, Pharmacia). The digested pools in
O'range loading dye (Fermentas) were size-fractionated on precast 10% polyacrylamide in 1xTBE
with the Criterion™ Cell (BioRad). The gel was run 190 minutes at 100 volt and stained for 30
minutes in ethidium bromide solution. After staining, the target fragment size range between
110-130bp was sliced out of the gel. The gel slice was sheared by nesting a 0.5ml Eppendorf
tube (with a hole in the bottom formed with a needle) containing the gel slice inside a 2ml Ep-
pendorf tube, and centrifuged at 14000 rpm for 2 minutes. The sheared gel pieces were covered
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with 300ul DNA recovery buffer (8mM Tris pH 8.0, 0.08 mM EDTA, 1.25M ammonium acetate),
vortexed, and eluted at 4°C overnight, followed by 15 minutes incubation at 65°C.The slurry was
divided over two Montage DNA gel extraction devices (Millipore) and centrifuged at 5000g for
10 minutes to purify the eluted gel. DNA was precipitated by adding 1/10 volume 3M sodium
acetate pH 5.2, 1 volume isopropanol and 1/500 volume glycogen, washed with ethanol and
resuspended in DNA hydration solution (Gentra Systems).The genomic libraries were combined
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and prepared using the Illumina Sample Preparation kit'®” and sequenced for 76 cycles with the

Mlumina GAIL, Illumina Inc., USA, with a paired end module attached.

SNP DETECTION

Prior to analysis we applied quality filters to the raw reads. Due to the use of restriction enzymes
Alul and Hhdl for creating the genomic libraries we expect that the sequence reads start with a ‘C’.
Therefore, reads not starting with ‘C’ were discarded as unreliable or contamination. All reads of
the sequencing dataset were trimmed from the position where the average quality score dropped
below 12. Reads containing a base that was called with a quality lower than 12 were discarded
unless an identical copy of the read occurred in the dataset, since it is unlikely that two fragments
of such a long sequence of nucleotides are identical by chance. We removed reads that - based on
the theoretical raw sequencing coverage of the RRL (38X) - were more than four times overrepre-
sented to limit the number of sequences from repetitive regions in the dataset. This is to prevent
the prediction of SNPs within multi-copy genes or other repetitive regions'**!*!.

As reference we used a domestic duck genome sequenced by next generation technology by

the Beijing Genome Institute (Huang et dl. in prep.). MAQ'®!

was employed to map the quality
filtered reads to the domestic duck genome with default parameters. Putative SNPs were tagged
if the reads involved were mapped unambiguously to the reference. We filtered the MAQ'®' SNP
output according to several rules: minimal map quality per read: 10; minimal map quality of the
best mapping read on a SNP position: 10; maximum read depth at the SNP position: four times
the actual coverage after quality filtering; minimum consensus quality: 10 (ref '**). We required

that the minor allele at a polymorphic position in the reference was observed at least two times.

EST-MAPPING

We mapped d-EST SNPs on the genome reference to identify their genomic locations whereas
SNPs in d-RRL and d-WGS were predicted on an identical genome reference coordinate system.
Mallard SNPs (with on average 116bp of flanking sequence) being predicted in EST sequences by
the group of AlainVignal (INRA France, unpublished data) were mapped to the reference genome
using GMAP'”?. Results were filtered for SNPs that aligned with 96% sequence identity.

COMPARATIVE MAPPING

To examine the distribution of SNPs over the genome, we comparatively mapped our predicted
SNPs (including 100bp flanking sequence at each side) to the repeat masked chicken genome
(assembly WASHUC?). Mapping was performed using BLAT'”! with parameters -oneOff =1 -mi-
nldentity =70.
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SNP VALIDATION BY GENOTYPING

SNPs were validated by genotyping an animal panel using the Illumina GoldenGate® Genotyping
assay on an Illumina® BeadXpress with VeraCode™ technology. Selection criteria for the SNPs
were based on the Illumina design score (above 0.8) and the assayed 384 SNPs should distribute
evenly along the chicken genome to minimise the extent of linkage between neighbouring SNPs.
Oligo-nucleotides were designed, synthesised, and assembled into oligo pooled assays (OPA) by
Mlumina Inc. The Illumina OPA file can be found as Additional file 1 “GS0011809-OPA.opa”.The
384 SNPs were genotyped in 765 animals which included domesticated ducks from a French (7
individuals) and a Chinese (189 individuals) genetic mapping population, non-Anas platyrhynchos
duck species specimens (36 individuals), ~500 wild mallards from Europe, North America and
Asia and the nine mallards that made up the SNP discovery panel. Genotyping results were analy-
sed in Genome Studio (Illumina). Using the cor-function in R'”* the Pearson correlation between
allele frequency estimated by sequencing and genotyping was calculated over 361 SNP loci that
were polymorphic in the discovery panel genotyping by randomly selecting the major or minor
allele.
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Abstract

Technical advances in statistical phylogeography methods rely on genome-wide marker systems
to undertake population genomic analyses, making single nucleotide polymorphism (SNP) mar-
ker panels a potentially powerful technique. Knowledge about population structure of duck spe-
cies, especially mallards, has become a research priority due to outbreaks of Avian Influenza in
recent years. Understanding population connectivity is important to deduce large-scale move-
ment patterns. Traditional descriptive studies (e.g., ringing) have failed to detect clearly delineated
mallard populations. We employed SNP markers comprising hundreds of loci in combination
with population genetics and phylogeographic approaches to conduct a population genomic test
of panmixia in mallard. Basic population genetic and phylogenetic methods suggest the absence
of population structure on continental scales. Nor could individual-based structuring algorithms
discern geographical structuring. Model-based coalescent analyses were employed to test models
of population structuring and pointed to strong connectivity among the world’s mallard popu-
lation. These diverse approaches, utilising a large and genome-wide genetic marker set, support
each other in their basic conclusion: a lack of clear population structuring but high connectivity,
compatible with panmixia. This finding shows that zoonotic diseases such as Avian Influenza
could in theory be spread between distant areas solely by the movements of wild ducks.

Introduction
One of the applications of molecular ecology is the study of geographic genetic structure of spe-
cies and populations: Phylogeography'’®. Newly developed methods in statistical phylogeography

174-179

(e.g., refs , and references therein) based on the (structured) coalescent'®*'8? have good abi-

lity to explicitly model demographic quantities such as effective population sizes and migration

rates. Model-based approaches towards the structured coalescent'’®!"’

are currently among the
most prominent methods to infer phylogeographic and demographic scenarios on a population
level. Coalescent approaches are based on a likelihood function that incorporates many parame-
ters, and accuracy increases with increasing density of the genetic markers, and, therefore, benefit
relatively more from adding more genetic loci than from adding more individuals '#3'8+,

Since the early 1990s some of the most widely-used markers in population genetics have been
mitochondrial DNA (mtDNA) and microsatellites. Although they have provided exciting new in-
sights, they have some shortcomings: mtDNA comprises only a single, maternally inherited locus
(i.e., a specific place in the genome), while microsatellites show high levels of homoplasy and
uniform mutation models do not apply®*'®*'%. In contrast to these markers, mutations observed
as single nucleotide polymorphisms (SNPs) are abundant and widespread in genomes and evolve
in a manner that is well described by simple mutation models'®*. A SNP normally pertains to two
alleles with a minimum minor allele frequency of 1%°*; three- and four-allelic SNPs do occur as
well, though relatively rarely. The use of SNPs in molecular ecology is advocated because of their
superior features as compared to, for instance, microsatellites®. Bi-allelic SNPs have relatively
low statistical power per locus, but this can easily be compensated by genotyping a much larger

number of loci®®!*2,
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The term ‘population genomics’, defined by the use of hundreds or thousands of independent
genetic markers across all regions of the genome, was coined a decade ago'®'®. SNP sets con-
taining more than 100 markers have been used in human'*’ and other model organism studies
for some time, but research on non-model species has suffered from a lack of genomic resources.
Few studies using SNPs have been carried out until recently, mostly genotyping far less than 100
independent (i.e., physically unlinked) loci, e.g., refs '8%!?2. A recent boom in sequencing tech-
nology'?*!'?* has enabled the development of larger resources of thousands of SNPs!!0:150.151.195,
Consequently, molecular ecological and conservation studies have begun using genotyping assay

panels consisting of hundreds of SNPs*®!?¢-1%8

and related technologies to generate data sets that
enable population genomic analyses'”’.

The migration systems of waterfowl have been extensively studied by ringing, telemetry,
morphometrics, radar tracking and isotope analysis'?. (e.g., ref *°°). In general, migration routes
are longitudinal, with northern breeding and southern wintering areas. Within both North Ame-
rica and Eurasia, generally distinct flyways have been described!*!'®!”. Especially in duck species,
irregularities in migration routes have been described, such as individuals switching migratory
routes, termed ‘abmigration’®® or ‘flyway permeability”®.

The mallard (Anas platyrhynchos; Anseriformes: Anatidae) is the most numerous waterfowl spe-
cies with a Holarctic distribution. However, extensive analyses have not been sufficient to detect
any population structure in this species. Most mallards are migratory without clear geographic di-
rectionality, though both spring and fall flights can exceed many thousands of kilometres **. Nort-
hern breeding birds are mostly migratory, wintering much further south, while birds breeding
in temperate regions, especially in parts of Western Europe, can be resident '2. On a continental
scale, their genetic population structure is known to consist of clade A mitochondrial (mtDNA)
haplotypes, mainly found in Eurasia, and clade B haplotypes, found in North-America **? (also
see Chapter 2). No analogous large scale data on nuclear genetic markers exist. Within continents,
however, no genetic structuring can be detected (Chapter 2), which matches the results obtained
using traditional (ringing etc.) procedures. These results have led to the suggestion that, at least
on the continental scale, mallards constitute a single large panmictic population. Panmixia is
defined by complete random mating, and is a rare phenomenon on a large geographical scale in
higher terrestrial organisms?®'. In practical terms panmixia is indicated by the absence of genetic
structure, usually explicitly studied in a geographical context.

In this study we employ a SNP marker set comprising hundreds of loci to conduct a populati-
on genomic test of panmixia in mallards. Diverse approaches were followed to scrutinise aspects
of proposed mallard migration models. Coalescent analyses, Bayesian frameworks and model
selection procedures were employed.

Methods
SAMPLING
Mallard blood from 801 individuals from 45 localities throughout all of the mallard’s native
range on three continents was collected on FTA cards®’; by hunters in most cases, during their
regular hunting activities. Exceptions are localities from the Faroe Islands, France, Greenland, Iran,
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Norway, Portugal, Sweden and USA (Alaska).There, mallards were caught in traps, blood drops on
FTA cards were sampled from the wing or foot vein, and mallards were released again (sampling
approved by the animal ethical committee of Wageningen University — DEC, and the respective
local organisations in the course of ongoing trapping and sampling schemes). Sampling localities
are abbreviated by a four letter code in this paper: Letters one and two represent the ISO code of
the country?®* (e.g., DE’ for Germany), and letters three and four abbreviate the sampled locality
(e.g., for DEWU in Germany, ‘WU’ stands for “Wunsiedel”). More details on sampling localities
and samples can be found in Table 1 and the supplementary file “samples-details.xls”.

We pooled sampling localities by hand into population units for some analyses on basis of deli-
neated mallard specific flyways in Burope'?, Asia'®, and North-America'’ (Table 4.1). These hy-
pothesised flyways were thus tested against the genetic data, as was previously attempted in a
mallard mtDNA study (Chapter 2). Together, the two localities from Greenland were classified as
a separate population/flyway unit for they are thought to constitute a separate population'?.

DNA isolation, SNP genotyping and descriptive statistics

We isolated DNA and genotyped SNPs using Illumina’s GoldenGate Genotyping assay on the Illu-
mina BeadXpress as explained plreviously110 (also see Chapter 5). For each mallard, we screened
SNP genotypes across 384 SNPs (accession numbers ss263068950 to 55263069333 in dbSNP'¢¢),
Raw data was analysed in GenomeStudio (Illumina Inc.) and genotypes of 363 SNPs could be sco-
red polymorphic among all sampled mallards in this study. The SNP set contained SNPs on all of
the major chromosomes of the mallard as inferred from their mapping positions in the chicken
genome''? and did not show significant departures from neutrality or linkage disequilibrium
(Chapter 5).

PHYLOGENETIC ANALYSIS
With many independent nuclear genetic markers, each representing a different locus in the ge-
nome, we expected the data not to conform to a tree-like configuration since each locus can have

203

a separate phylogenetic history due to recombination®””. A program to take this into account is

Neighbor-Net’**, which we used as implemented in SplitsTree***2%¢

, version 4. An earlier paper
successfully adopted this method for use with genome-wide SNP data and we used the settings
described there!”®. For each individual the genotype at each SNP was collapsed into a single base
character and concatenated to a sequence of 363 nucleotides. Heterozygote genotypes were re-

presented by IUPAC nucleotide ambiguity codes, and missing data denoted ‘N’.

POPULATION ASSIGNMENTS

One of the most widely used programs to determine the number of genetic clusters and as-
sign individuals to them is STRUCTURE*". It maximises Hardy-Weinberg and linkage equilibria
of the genotypes within groups that it determines based on the data. STRUCTURE might deter-
mine spurious genetic clusters if closely related individuals are contained in the sample due to a
possible disruption of Hardy-Weinberg or linkage equilibria within otherwise good panmictic
genetic clusters. To avoid this we first identified closely related individuals in our data set. Sepa-
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rately for each sampling locality, and only using genotype data from these individuals localities,
we assessed pair-wise relatedness (r) with Coancestry?®®, version 1.As estimator for r we chose the
dyadic maximum-likelihood estimator of Milligan**® because it produced the best correlations
with known r values in a simulation study with bi-allelic SNPs in a similarly sized SNP set (un-
published data). 95% confidence intervals (CIs) were calculated by 1,000 bootstraps. If the lower
bound of the 95% CI was >0.2 we excluded one of the two individuals of the tested pair from the
STRUCTURE analysis. In that way we excluded individuals that are candidates for a half-sib rela-
tionship (theoretical r = 0.25). We ran STRUCTURE version 2.3.3 in 10 replicates for all values of
K (the number of genetic clusters) from 1 to 20 (twice the number of flyways in our population
model), for 1 million steps of which the first 200,000 were discarded as burn-in. We determined
the most likely number of genetic clusters (value of K) following the Evanno method?!’. Bvanno
et al.’s method is based on an ad-hoc statistic termed ‘AK” derived from the first and second order
rates of change of the log likelihood (L'(K) and L”(K)) of the tested model between successive
values of K, where L(K) is short for In[Pr(X|K)], the logarithm of the posterior probability of the
data (X) given a certain K. It also takes into account statistical uncertainty by incorporating the
standard deviation over replicated runs, and thus allows to objectively infer K.

Recently, a method for detecting the number of genetic clusters and assignment of individu-
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als was developed: Discriminant Analysis of Principal Components (DAPC?''; adegenet*'* package
version 1.2.8 in R'7%). This method does not suffer from equilibrium assumptions like, for in-
stance, STRUCTURE. Hence, no closely related individuals need to be excluded from this analysis.
Using the function find.clusters we determined the most likely number of genetic clusters in the
data, using all available principal components (PCs).To calculate the probability of assignment of
individuals to each of these clusters using DAPC we determined the optimal number of principal
components. As advised in the manual, to avoid unstable assignments of individuals to clusters,
we retained only 242 PCs (sample size divided by three), but all discriminant functions (DFs)
in a preliminary DAPC run. The results were then re-iterated by the optim.a.score function with 25
simulations to determine the optimal number of PCs, and a final DAPC was subsequently carried

out with the optimal number of PCs.

MIGRATION MODELING
We used the coalescent-based program MIGRATE-N'82213 to estimate population parameters of
our hypothesised flyways. MIGRATE-N calculates the marginal likelihoods for each model*!*2!?,
These can be used to evaluate multiple models when based on the same data. To compare com-
peting models in an information theoretic framework we calculated Bayes factors (BFs) which
are ratios of the marginal likelihoods between two models'’’. Information from all loci was
combined into a global estimate by Bezier approximation of the thermodynamic scores. The pro-
bability of a certain model is then retrieved by dividing the exponentiated (on the base of ¢) log
likelihoods by the sum of all exponentiated log likelihoods?*.

The models that we tested in the current study were defined to serve two purposes: i) testing
to which extent the mallard populations are panmictic, and ii) testing to which extent there are
restrictions in directionality of possible gene flow. We pooled sampling localities into hypothesi-
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sed populations (i.e., hypothesised flyways) as explained in the section Sampling (see above). Model
group 1 (models 1A-1C) represents models in which each flyway is regarded as the population
unit, and 1A is denoted the ‘full migration model’ (i.e., all pair-wise connections of gene flow are
estimated). In model 1B, only geographically neighbouring flyways may exhibit gene flow, and
in model 1C this is only possible in an eastwards direction due to a hypothesised influence of the
Westerly winds on bird flight'°>'% (also see Chapter 2). Model 2 is the panmictic model defined
by complete absence of global population structure: all sampled individuals belong to the same
population. In model group 3 a panmictic Eurasian, North-American, and Greenland population
are defined. Hence, model 3A is the full migration model, 3B forces migration only with the
Westerlies, and 3C does not allow migration to and from Greenland, by which Greenland isolates
Eurasia from North-America via the Atlantic route. This means there is no migration from North-
America into Eurasia, but only the other way around, as possibly dictated by the Westerlies. Model
group 4 depicts situations in which Greenland mallards are either part of a North-American
population (models 4A1 and A2) or a Eurasian one (4B1 and B2). The difference between those
two possibilities (A1/A2 and B1/B2) lies in the fact that models 4A1 and 4B1 are full migration
models (migration may occur in both directions), and models 4A2 and 4B2 only allow gene flow
from Eurasia into North-America, but not the other way around (due to a possible influence of
the Westerlies). Finally, we also set up a model 5, which comprises population assignments as
inferred by DAPC (see above) and all gene flow directions were permitted. A schematic of popu-
lations and partitioning of data is shown in Figure 4.1.

eastwards

Greenland IBJIUGO EISV

,' \\ FIGURE 4.1: Hypothesised population structu-

ring scheme, with flyways as basal units.
_____ As viewed from above the North Pole, dashed

lines join several neighbouring flyways into
SpJBMlSGM ‘land masses’. For abbreviations see Table 4.1.
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TABLE 4.1: Sampling locdlities (also see main text for explanation and additional file “sample-details.xls”
for more info and abbreviations).
Sample sizes (N), pooling strategy of localities into hypothesized flyways and genetic marker

performance.
Flyway N mono. Loci" Locality N mono. Loci" Lat’ Iong*
NA-Pacific 2 14 USMF 2 14 64.9 ~148.9
NA-Central 2 17 CARM 20 18 50.628 -101.159
CASL 2 — 4958 -112.05"
NA-Atlantic 16 13 CACO 4 — 4558 ~63.845"
CAEK 4 — 44.736 ~75.969
CAIC 1 — 42.324 -82314
CALM 7 — 43.962 -804
Greenland 29 20 GLIS 9 — 67.1 -50
GLNU 20 75 64.19 -51.708
EU-NW 209 1 FIOU 19 10 65.057° 25.197°
FOTO % 8 62.02 -6.78
GBAB 20 6 57.433 -2393
GBFE 11 20 55.901 -3.061
GBNM 20 8 517120 -1433°
ISHV 4 — 63.748 -20.239
NLFR 32 5 53.035 5.574
NOBE 32 10 60.35° 533"
NOSS 16 8 58.856° 7332
SEAP 11 % 56.2 16.4
SEOB 20 13 56.2 16.4
EU-WM 360 1 ATHO 25 9 48615 24.625
DEWU 27 4 50.042° 11.78"
EETA 2 18 58.324" 27178
FRAL 10 27 48.789 8.019
FRMV 32 7 4355 4733
LTVE 17 8 55.342 21192
PTDJ 32 8 40.664 -8.732
RUIV 27 8 56.47° 037
RULE 31 14 59.65 28.35
RUNO 8 — 58.167 31.517
RUTV 19 15 57.81° 36.528"
RUVL 29 9 55.884" 39.218"
RUVO 31 4 59.498" 37.511°
RUYA 25 16 56.319° 39.041°
SILJ 19 8 46.17 14.69
UADU 3 — 51.565 26,573
VALY 3 — 49.825" 3573
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(Table 4.1 continued)

Flyway N mono. Loci" Locality N mono. Loci" Lat’ Iong*
EU-BS/EM 2 13 CYLA 5 — 34.883 33.622
GREV 16 18 40.86 25.89
Asia-SW 15 14 IRUK 15 14 36 51
Asia-Central 51 9 PKHA 17 — 34.001 72.934
RUOM 12 M 55.961" 73311
RUTO 3 13 56.526 83.349"
Asia-East i) 28 CNLI 5 — 28.563 115.943
RUKH 7 — 52.937" 138.941"

#genetic marker performance (localities with less than 10 sampled individuals not counted): amount of SNP loci that were
monomorphic in all sampled individuals of the flyway/locality (e.g., only one allele appeared in the pool of individuals
genotypes).

lat/long are decimal GPS co-ordinates of the sampling localities.

“some coordinates are averages of several near-by places, where ducks have been sampled and combined into one sam-

pling locality.

For the MIGRATE-N analysis of each model we used Bayesian inference in version 3.2.14.The
data type was specified as single nucleotide polymorphism. Starting values for Theta and M were
calculated from Wright’s F¢; as implemented in MIGRATE-N. The input data was defined as finite
sites nucleotide data, and we calculated the transition/transversion ratio (2.76) as well as nucleo-
tide frequencies (A: 0.445355, C: 0.104690, G: 0.416658,T: 0.033297) from the data and sup-
plied them to MIGRATE-N as constants. Mutation rates were set to be constant among all loci.The
prior for Theta was uniform between 0 and 0.1, and for M between 0 and 15,000. These settings
were determined in several preliminary runs and performed best. Along the Markov chain the
slice sampler option was used. After a burn-in of 2,000,000 steps we sampled 25,000 states from
a single Markov chain, one every 20 steps. Four chains were run in parallel, with heating terms
‘1’ (the main chain from which parameters were sampled), ‘1.5’, ‘3", “10000". The estimated
mutation scaled migration parameter M was translated into the effective number of immigrants
per generation (Nm) by multiplying with Theta and dividing by four (the SNPs are diploid and
biparentally inherited): Nm =Theta_i xM, _,/4.

Results

GENOTYPING AND BASIC STATISTICS

Virtually all genotyped SNPs are polymorphic within the flyways from which we obtained good
sample sizes (North-West Europe, EU-NW, and Western-Mediterranean Europe, EU-WM). Even
on those flyways with smaller sample sizes, however, only a few loci are monomorphic (a ma-
ximum of 28 in the east Asian flyway; Asia-East). As expected, this applied also within sampling
localities: with larger sample sizes fewer loci remain monomorphic within a locality. Localities
with less than ten sampled individuals were excluded as too small to be meaningful. Typically,
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the number of monomorphic SNPs is low. Only in GLNU and RUOM did we find relatively high

numbers. Table 4.1 lists all details in the columns ‘mono. loci’.

NA_Pacific —
NA_Central
NA_Atlantic

Greenland

EU_NW
EU_WM
EU_BS.EM
Asia_SW
Asia_Central

Asia_East —

Matrix of pairwise Fgt

1

NA_Pacific -
NA_Central |

Greenland

NA_Atlantic |

FIGURE 4.2: F_ values between flyways.

TABLE 4.2: Pairwise F values for all flyways.

EU_NW
EU_WM —

Asia_SW —

EU_BS.EM

Asia_East

Asia_Central —|

Above the diagonal the statistical significance (p < 0.05) after Bonferroni correction is indicated,
below the diagonal F¢; values are shown, with statically significant values printed bold-face for

clarity.
1 2 3 4 5 6 7 8 9 10

1) US-Pacific - * * * * *
2) US-Central 0.006 - * * * *
3) US-Atlantic 0.011 0.008 - *

4) Greenland 0.086 0.091 0.080 - * * * * * *
5) EU-NW 0.011 0.012 0.008 0.076 - * * * * *
6) EU-WM 0.008 0.009 0.007 0.073 0.003 -

7) EU-BS/EM 0.013 0.012 0.005 0.085 0.009 0.005 -

8) Asia-SW 0.043 0.046 0.026 0.112 0.031 0.025 0.024 -

9) Asia-Central 0.001 0.012 0.009 0.082 0.006 0.004 0.007 0.027 -

10) Asia-East 0.029 0.028 0.016 0.097 0.019 0.017 0.015 0.030 0.016 -
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Genetic differentiation on the continental scale is very low. Fg; between Eurasian and North-
American samples is only 0.006, but significant (p < 0.001), whereas F¢; between Greenland and
these former two geographical units is an order of magnitude greater (Fi; = 0.073 with Eurasia,
Fg. = 0.079 with North-America; both statistically significant, p < 0.001). Also on a flyway level
the Greenland population stands out as being most differentiated among all flyways with signifi-
cant Fg; values around 0.1 with all other flyways. Most other flyway comparisons do not display
significant differentiation, and those that do (mainly involving Asian flyways) are much lower in
magnitude, as visualised in Figure 4.2.Table 4.2 gives details on values and statistical significance.
Within land masses, only EU-NW is significantly differentiated from other flyways. Differentiati-
on between all other flyways within Eurasia or North-America is insignificant.

FIGURE 4.3: Phylogenetic network generated in SplitsTree.

Node labels are omitted for clarity. No genetic groups can be
oo1 detected (c.f. Figure 2 in Willing et al.'*® for an example of clear
grouping).

PHYLOGENETIC NETWORK

If populations were differentiated from each other, the neighbor-net algorithm would display
reticulate relationships more densely within less differentiated groups, and less densely in more
differentiated groups. For example, using SNP data comparable in dimension to our data set, the
neighbor-net method demonstrated clear genetic structuring among natural guppy populati-
ons'®®. In contrast, the network obtained from our data does not indicate any population genetic
structure. The network resembles a bush rather than an unrooted tree (cf. Figure 2 of Willing et
al.'?®), with complex reticulations remaining unresolved up towards the tips (Figure 4.3). No
grouping can be distinguished. The sole irregularities that can be tentatively read from the result
of this analysis are two discernable spikes: i) one at the bottom in Figure 4.3, and ii) a smaller
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one in the top right corner. Both groups represent individuals from various geographic regions
that do not resemble any recognisable pattern, e.g., Russia, Portugal, Ukraine, Norway, Alaska,
Estonia, Iran or Canada for i), and the Faroe Islands, Russia, Slovenia, Iran or Great Britain for ii)
(data not shown).
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FIGURE 4.4: Posterior likelihood [L(K)] values from several STRUCTURE runs with different K.

Top left panel shows L(K) means from 10 independent runs (error bars are SD). AK (bottom right
panel) is based on the first and second order rates of change L' (K) and L”(K), based on the Evanno
method?'’. The highest level hierarchical structure in the data suggest two genetic clusters (see
bottom right panel). For details see Methods section.

POPULATION GENETIC CLUSTERING

As the ‘traditional’ means?'%?!”

of determining genetic clusters we employed STRUCTURE. We ex-
cluded 135 individuals from pairs under suspicion of close familial relatedness from the STRUC-
TURE analysis. We analysed models in which the number of genetic clusters was 1 to 20. AK,
the statistic to detect the most likely value of K, clearly peaks at K=2. Hence, the best supported
model according to the Evanno method”'? is a model with two genetic clusters (Figure 4.4).
Unfortunately, the Evanno method does not allow evaluating a model of full panmixia in which

Kis 1 for inherent technical reasons of the AK statistic. The posterior probability of assignment of
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individuals to the two inferred clusters was intermediate for the great majority of the individu-
als. No individual in the whole data set could be assigned to one of the two clusters with more
than 86% posterior probability. Moreover, the bulk of individuals (521 out of 666) was assigned
to their genetic cluster with 60% or less posterior probability. When K=3 (as inferred by DAPC,
see below), the situation is essentially the same but individuals from Greenland form a separate
cluster. The highest values for L(K) were observed for K=9 and K=10 (not significantly different
from each other, p=0.5, t-test). In both these runs (and all other values of K) the Greenland indi-
viduals always form the only cluster in which individuals are not admixed by more or less equal
proportions from all other clusters.

Value of BIC
versus number of clusters

FIGURE 4.5: Inference of the number of genetic
clusters by DAPC.
The Bayesian information criterion (BIC) as cal-

3300
|

culated during the find.clusters function of the
DAPC package infers a most likely number of

BIC
3250
|

clusters when it is minimised. The lowest BIC
values are found with three and four clusters.
When two numbers of cluster have equal BICs,
the smaller one (here, number of clusters = 3) is

3200
|

usually the correct one.

0 10 20 30 40

Number of clusters

In DAPC, a number of three clusters had highest support from the data (Figure 4.5). For de-
termining the posterior assignment probability of each individual to belong to one of these clu-
sters 44 PCs were used, as determined being optimal according to the optim.a.score function of the
DAPC package. Figure 4.6 shows a plot of the first two PCs calculated from the data. Clusters One
and Two are relatively close to each other and cluster Three is more distant. Cluster Three is entirely
composed of Greenland individuals. There is only a single Greenland individual (GLIS002) that is
not assigned with high posterior probability to the Greenland cluster. It is assigned with a proba-
bility of almost 1 to cluster One. Most other individuals were assigned to their genetic cluster with
high probabilities. Only 29 individuals had assignment probabilities of <0.9 to their respective
cluster. The assignment to specific clusters is in part determined by geography. Of the 69 indi-
viduals assigned to cluster One (the smaller cluster of the continental clusters One and Two) with
probability >0.5, 53 (76%) are from the flyway EU-NW and 13 (18.8%) from EU-WM (Table
4.3).The remaining three individuals are the one from Greenland (GLIS002, mentioned earlier)
and two individuals from IRUK in the Asia-SW flyway. In total, a quarter (25.4 %) of the EU-NW
flyway is assigned to cluster One, of which half the number of individuals stem from NLFR (26,
that is, 81.3% of the total sample of 32 individuals). The remaining EU-NW samples in cluster
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TABLE 4.3: Assignment of 69 mallards to cluster One, as determined by DAPC with > 0.5
posterior probability.

Flyway ' count fraction of ﬂyway2 Locality ! count fraction of Iocality2
EU-NW (209) 53 254 % FOTO (24) 6 25.0%
GBAB (20) 2 10.0 %

GBFE (11) 3 27.3%

GBNM (20) 8 40.0 %

NLFR (32) 26 81.3%

NOSS (16) 7 43.8%

SEOB (20) 1 5.0%

EU-WM (360) 13 3.6% DEWU (27) 5 18.5%
LTVE (17) 1 5.9%

FRMV (32) 2 6.2%

RUIV (27) 2 74%

RUVO (31) 1 3.2%

SILJ (19) 2 10.5 %

Greenland (29) 1 3.4% GLIS (9) 1 11.1%
Asia-SW (15) 2 133% IRUK (15) 2 133 %

'sample sizes for these flyways/localities are presented in brackets (cf. Table 4.1)

percentages represent fraction of the total sample size for the respective flyways/localities

TABLE 4.4: Details of model selection procedure in MIGRATE-N.
Models are ranked by their marginal likelihoods as obtained by Bezier approximation.

Differences between each alternative model and model with highest rank (1A) are in column

delta. Exponentiated model differences (column %) are not presented with full precision be-

cause the values are so small that they are essentially zero (e.g., 2.2 X 102 for the second best

model, 1B).

model marginal likelihood delta elelta probability”
1A -205825.02 0 1 1
1B -211028.08 -5203.06 0 0
1C -211568.54 -5743.52 0 0
5 -231609.00 -25783.98 0 0
3A -232656.77 -26831.75 0 0
3B -232745.53 -26920.51 0 0
4A2 -233959.12 -28134.10 0 0
4A1 -234534.44 -28709.42 0 0
4B2 -236911.44 -31086.42 0 0
4B1 -237231.09 -31406.07 0 0
2 -242982.20 -37157.18 0 0
3C -245189.81 -39364.79 0 0

delta

“model probability calculated by dividing ¢ by the sum of all e,
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TABLE 4.5: Migration matrix for model 1A.
Immigration rates from “column” into “row” are given as effective numbers of immigrants (Nm) per generation as the mode of their

0.44(0.31-0.56)
0.32(0.17-0.47)
0.48 (0.32-0.62)
0.48 (0.33-0.63)
0.70 (0.00-1.39)
0.61(0.00-1.81)
0.40 (0.26-0.53)
0.33(0.21-0.44)
0.39(0.15-0.62)

Asia-East

0.69 (0.58-0.81)
0.67 (0.54-0.80)
0.83(0.70-0.96)
0.80 (0.63-0.98)
1.45(0.70-2.21)
1.69 (0.39-2.98)
0.70 (0.55-0.85)
0.68 (0.55-0.81)
0.70 (0.58-0.81)

Asia-Central

0.30(0.18-0.42)
0.45(0.30-0.59)
0.53 (0.42-0.65)
0.44 (0.24-0.63)
0.78 (0.05-1.49)
0.81(0.00-2.00)
0.42(0.28-0.57)
0.38(0.13-0.61)
0.49 (0.38-0.60)

Asia-SW

0.38(0.26-0.50)
0.54 (0.41-0.67)
0.53 (0.41-0.65)
0.56 (0.40-0.71)
0.89 (0.14-1.63)
0.98(0.00-2.17)
0.49 (0.36-0.62)
0.45 (0.21-0.68)
0.47 (0.36-0.59)

EU-BS/EM

3.14(2.92-3.30)
3.14(2.96-3.32)
2.92(2.79-3.05)
3.71(3.54-3.89)
13.8(13.0-14.6)
3.25(3.08-3.41)
3.15(3.01-3.28)
5.83(5.54-6.11)
2.72(2.55-2.88)

EU-WM

5.67-8.26)
1.82-2.22)
1.34-1.76)
2.84-3.36)
1.69-1.96)

1.60 (1.44-1.75)
1.97 (1.83-2.11)
1.71(1.39-1.86)

2.32(2.11-2.53)

EU-NW
6.97
2.03
1.63
3.10
1.84

0.18-1.69)
0.00-2.33)
0.48-0.74)
0.53-0.84)
0.30-0.77)
0.57-0.80)

Greenland
0.59 (0.44-0.73)
0.62 (0.49-0.75)
0.52(0.39-0.77)
0.94
1.16
0.61
0.70
0.54
0.69

0.00-2.09)
0.34-0.62)
0.29-0.60)
0.19-0.65)
0.50-0.71)

0.06-1.52)

0.41(0.27-0.55)
0.80
0.91
0.48
0.42
0.42
0.61

0.42 (0.27-0.56)
0.37/(0.20-0.55)

NA-Atlantic

0.34-0.67)
0.14-1.63)
0.00-2.03)
0.36-0.62)
0.40-0.63)

0.44(0.31-0.57)
0.38

0.50 (0.26-0.75)

0.59 (0.44-0.74)

NA-Central
0.49
0.51
0.89
0.84
0.49
0.51

0.35-0.61)
0.45-0.71)

0.52(0.28-0.75)
0.58 (0.47-0.69)

NA-Pacific
0.41
0.45
0.54
0.85
1.03
0.48
0.58

NA-Pacific
NA-Central
NA-Atlantic
Greenland
EU-NW
EU-WM
EU-BS.EM
Asia-SW
Asia-Central
Asia-East

posterior density function, and their low and high 95% posterior density bounds in brackets.

One are from Great Britain, the Faroe Islands, or
Scandinavia, but from these localities still more
than half of the individuals are assigned to the
main cluster Two. Individuals from outside Euro-
pe contribute to cluster One only in a negligible
fashion (Table 4.3), while cluster Two is the main
cluster with 659 individuals from all flyways but
Greenland.

To verify, that the presence of Greenland indi-
viduals did not mask more subtle genetic struc-
ture in the remainder of the data, we repeated
DAPC with Greenland excluded. This essentially
lead to the same clustering as when Greenland
was included in the data set (data not shown).

MIGRATION MODEL SELECTION
The evaluation of all tested models clearly ranks
model 1A highest, i.e., each flyway constitutes
a population and all of these flyways exchange
migrants with every other one. The Bayes Factor
of the second best model (1B, flyways are popu-
lations, but gene flow between neighbours only)
is practically zero (2.2 % 1072%¢?) and that of the
other alternative models even smaller (for details
see Table 4.4). Hence, model 1A has a probabili-
ty of essentially 1 in comparison to the alternati-
ve models tested here and we summarise results
for this model only (populations = flyways with
migration between all possible pairs of flyways).
The long burn-in period we used in MI-
GRATE-N resulted in good convergence and nar-
row posterior density peaks for migration para-
meters (Table 4.5). Estimates of Theta were less
accurate. 95% posterior densities span an order
of magnitude in all flyways except EU-NW, EU-
WM and Asia-Central (those flyways with largest
sample sizes, N=209, 360 and 51 respectively).
In the flyway with the smallest sample size,
Asia-Fast (N=12), it even spans three orders of
magnitude (see supplementary file “mallard-
flyways-model-1A.pdf™). However, mode and
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mean of all estimates of Theta are near identical and the density distribution symmetrical. For
calculating Nm (Table 4.5, Figure 4.7) we thus use the modes of the Theta distributions. Migra-
tion rates among flyways are mostly even among pair-wise comparisons. Only emigration from
EU-NW and EU-WM to all other flyways is higher, as well as immigration into these two flyways
from Asia-Central.

FIGURE 4.6: Principal component scatter plot.
Samples are assigned to their genetic clu-
ster by DAPC analysis. The bar graph inset
displays the variance explained by the two
discriminant eigenvalues used for plotting.

— 67% inertia ellipses are drawn for each clu-
T ’ P . o

= ster, representing the variance of both princi-
pal components. Cluster Three is composed of

Eigenvalues

samples from Greenland, cluster Two of some
samples from the flyways EU-NW and EU-
WM, and cluster One contains samples from

all flyways.

Discussion
ABSENCE OF POPULATION STRUCTURE
In this paper we employed basic population genetic techniques, individual-based genetic cluste-

ring algorithms and coalescent-based demographic modelling with subsequent model selection
based on a data set of hundreds of SNP makers across the entire genome of the mallard duck.
Samples from throughout the native range of the mallard were analysed in order to test the
hypothesis of panmixia, which has been proposed previously®® (also see Chapter 2), on several
geographic scales in the mallard. F-statistics indicated hardly any genetic structure within conti-
nents, although the North Western European flyway seems to be an exception. F; between North-
America and Eurasia is significant but so low in magnitude (Fg; = 0.006) that considerable gene
flow needs to be assumed. Otherwise, only Greenland seems genetically differentiated from the
remaining mallard population. From F-statistics, however, it is difficult to deduce gene flow pat-
terns because calculating Nm from Fg; can only be done in a strict island model, which is usually
too simplistic?'®!°. To answer the question, whether the global mallard population is an example
of a large-scale panmictic population, we thus applied other techniques to solve this issue.

We used a phylogenetic network method that, in principle, has the advantage of being able to
retrieve more information from, for example, DNA sequence data. In our study SplitsTree*?>:2%¢
was unable to resolve the complex reticulate structure of the world-wide mallard population

structure.
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Immigration from column into row [Nm]

NA_Pacific | - 14
NA_Central = 12

NA_Atlantic - B
10

Greenland —| =
EU_NW - - 8
EU_WM - - 6

EU_BS.EM - L
- 4

Asia_SW - =
Asia_Central — - r2
Asia_East — - Lo

EU_NW —
EU_WM —
Asia_SW —

Asia_East —

NA_Pacific
NA_Central —
NA_Atlantic -
Greenland —
EU_BS.EM —
Asia_Central —

FIGURE 4.7: Migration matrix between all flyways.
Values are given as effective migrants per generation, and immigration is given from column into

Trow.

A model selection procedure to infer the number of genetic clusters by using STRUCTURE*"
resulted in the best support for the model in which the number of genetic clusters was set
to two. However, detailed examination of the posterior assignment probabilities indicates that
STRUCTURE was not able to assign the individuals into these clusters with high probabilities. This
pattern was also observed for models conditioned on the existence of larger numbers of genetic
clusters. Hence, this method failed to detect significant substructuring of the global mallard gene
pool, except that it consistently places individuals from Greenland as a separate group. This sup-
ports a panmictic model in mallards, with the exception of Greenland which seems significantly
isolated. This is in line with the assumption that Greenland mallards only disperse within Green-
land and may even constitute a subspecies A. p. conboschas'?.

Another method, DAPC*'!, suggested subtle population structure. Similar to the STRUCTURE
and Fg -analysis it showed that the Greenland mallards are most differentiated from the rest of the
mallards from the northern hemisphere. Furthermore, DAPC implies that some individuals from
populations in northern Europe form a genetic cluster different from the main global population.

61



Chapter 4

This finding confirms that some European mallards are genetically different from the remaining
population (also see Chapter 2), due to, for instance, either resident lifestyle '* or the impact of
releases of farmed mallards for hunting purposes’"’?. However, the inferred cluster One hold just
a subset of European mallards. The majority of mallards are assigned to cluster Two, irrespective of
their geographical origin (except for the Greenland mallards).

In contrast to the former analyses, the model selection approach with MIGRATE-N formally
rejects global (model 2) and continental (model groups 3 and 4) panmixia in favour of the full
flyway model (model 1).This is surprising since besides our own findings from phylogenetic and
population genetic analyses, and individual-based clustering, also previous mtDNA studies®’ (also
see Chapter 2) indicate panmixia at least on the continental scale. However, MIGRATE-N favours
a model in which all flyways are connected in a full pair-wise fashion. The amount of effective
migrants appears relatively low, being estimated at around 0.5-1 in most cases. Only emigration
from the North Western Europe and Western Mediterranean Europe flyways was higher, as well as
migration between these two(Figure 4.7, Table 4.5).

IS THE GLOBAL MALLARD POPULATION PANMICTIC?

The seemingly low migration rates inferred by MIGRATE-N seem to contradict panmixia. On the
other hand there is migration not only between neighbouring but also between non-neighbou-
ring flyways, e.g., between flyways on different continents, in fairly equal magnitudes. Geogra-
phical proximity has no relation to genetic proximity. Moreover, mallards from location x travel
to location y with the same frequency as they travel to location z: the distance to y or z just does
not matter. This uniformity of migration between distant flyways is an indication of more exten-
sive gene pool connectivity than would be inferred from the numerical migration estimates at
first sight. Important to note is that the SNP set used in this study was developed from European

individuals only''®. This will have introduced an ascertainment bias®**2%:2?!

, possibly inflating
estimates of differentiation between European samples and other regions. Although MIGRATE-N
does correct for some ascertainment bias in the frequency spectrum of polymorphic nucleotide
sites when the data type is set to ‘SNP’ (following”*’, see MIGRATE-N manual), as we have done
in all analyses, it cannot correct for the geographical component of ascertainment bias. Neverthe-
less, within all regions that were not part of the ascertainment process relative differences should
be reflected accurately. Still, the genetic diversity per flyway, i.e., effective population size, will
be under-estimated under such an ascertainment bias?*?. In that case the numbers of migrants
between flyways from which the SNPs were not ascertained initially, are deflated because they are
calculated as the product of effective population size and migration rate. After all, selecting a full
flyway model over reduced flyway models in which migration would only be possible between
neighbours indicates strong gene pool connectivity. This is not quite the same as panmixia becau-
se mating is not random (still locally biased), but gene flow between all locations is easily high
enough to swamp all structuring that might emerge. The formal rejection of panmixia is likely
due to ascertainment bias. The results of MIGRATE-N are thus compatible with a highly intercon-
nected population structure on the global geographic scale.

Few previous studies have investigated the large-scale mallard migration system with molecu-
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lar tools. A study on allozymes indicates that flyway structure resembles true population structure
in North-America’?’. In contrast, two studies on mtDNA do not support currently delineated
mallard flyways in Asia®® or globally (Chapter 2). Even though results of the migration model
analysis formally reject panmixia, individual-based genetic clustering does not resolve these fly-
ways, nor delineates alternative migration routes. However, the diverse approaches followed in
this study support each other in their basic conclusions: We consider the mallard population in
its indigenous range, the Northern Hemisphere, essentially panmictic.

Panmixia within population units is one of the most important assumptions for basic po-
pulation genetic analyses. A population can be defined in terms of being a panmictic unit and
many algorithms to infer population units either use this measure directly, or via test statistics
that assume panmixia themselves’*”?**, Detecting panmixia on continental or global scales is a
challenge. Geographic structure is omnipresent in nature and forms the basis of the field of phy-

173

logeography'’°. Almost always larger-scale panmixia is rejected as the Null model against which
data is tested. A few examples where this is not the case are known from microorganisms?**®, but
in higher organisms the literature is equivocal. For instance, in some marine species panmixia
was proposed. Analysis of nuclear genetic markers of white shark pointed towards panmixia''*
but was questioned later**®. Eel populations also were candidates*?”**®. But in these examples
panmixia seems to be achieved by natal philopatry and aggregated mating in more restricted re-
gions. Like marine species also birds usually have good dispersal abilities. Yet, panmixia is hardly

201,229

ever observed (e.g. refs and citations therein). To our knowledge this is the first study to

report a pattern similar to panmixia for a globally distributed terrestrial vertebrate.

IMPLICATIONS FOR CONSERVATION AND MANAGEMENT
Mallards are abundant across the whole world, in some places — outside their native range — even
considered an invasive pest species threatening the genetic integrity of indigenous ducks through
introgressive hybridisation**°. According to the IUCN list**! the mallard is a species of least con-
cern. However, recently strong population declines have been reported locally***. Ducks are im-
portant components of wetlands, and mallards are an abundant species in this community’®. The
preservation of wetlands for ecosystem services relies on the functionality of this community. Our
finding that mallard populations are highly genetically connected implies that local declines in
mallard numbers and genetic diversity can be buffered by the global population, but some alte-
rations of local conditions (e.g., introduction of farmed mallards, massive hunting) might have
cascading effects as well.

In our analysis the estimated effective number of immigrants into mallard flyways is around
0.5—1 individuals per generation. This measure is most likely under-estimated because of as-
certainment bias. The number of migrants between the flyways from which the SNP set was
ascertained (European flyways) was considerably higher, estimated to be ~7 into EU-WM and
~14 into EU-NW. Already 5-10 migrants per generation may be sufficient to prevent genetic diffe-
rentiation***. If the unbiased number of migrants would be similarly high between other flyways,
too, those mallard populations would not be independent of each other anymore. Such high
migration rates, although not quantifiable here due to ascertainment bias, are indicated by our
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analysis of population structure with individual based clustering techniques. There, population
boundaries could not be delineated.

Management of wetland areas does not only have profound importance from a nature conser-
vation point-of-view. In the last few years the spread of zoonotic diseases such as Avian Influenza,
via wild birds, has gained considerable attention®. Aquatic birds are the natural reservoirs of this
zoonotic virus®®, which is transmitted via the faecal-oral route, especially among birds that live
and feed on water. Avian Influenza viruses have been shown to remain infectious in open water
for several days, depending on environmental circumstances”***3¢. Our current study suggests
that dispersion of Al in the wild could occur very rapidly even between distant flyways. Therefore,
management and research on wetlands is necessary to increase our ability to anticipate routes of
Avian Influenza outbreaks in humans*’.

POPULATION GENOMICS AND COALESCENCE MODELLING

In the current study we demonstrate the power of using a genome-wide SNP set. Over the past
decade, advances in theoretical population genetics with special regard to fusing species level
and population level phylogenetic and phylogeographic methods have been pursued with acce-
lerated speed'”’. New genetic markers and genotyping technologies have enabled researchers to
obtain genetic data at unprecedented throughput®”. In our migration modelling we were able to
infer migration rates with relatively narrow confidence intervals by using a genome-wide gene-
tic marker set. However, using SNP data currently leaves the researcher with a possibly difficult
challenge: ascertainment bias. The issue of ascertainment bias has long been recognised?*-237.238
and methods of bias correction been developed***2*!. Unfortunately, these correction methods
are in their infancy and applicable mainly to correct summary statistics. Working with individual-
based methods likely requires adjustment within the respective programs, as is attempted by
MIGRATE-N.

Ever-falling prices for genome scale studies'’* enable new projects that generate whole genome
sequences of many individuals***. Datasets of this size can readily be created even for non-model
organisms at moderate costs. Many thousands of nuclear sequences, not impaired by ascertain-
ment bias because no pre-selection of polymorphic sites takes place, are then available to be
evaluated with methods as those presented in this paper. An obstacle to using such a wealth of
information will be computational demand. The analyses performed in this study, especially those
with MIGRATE-N, took several months of CPU time and were only tractable through parallellisa-
tion of computational load. Future whole genomic data sets will be orders of magnitudes more
complex. New approaches to optimise algorithms are crucial for bringing together the full power
of molecular and theoretical population genomics. For instance, Approximate Bayesian Compu-
tation*** is one new technology that is a candidate to overcome computational hurdles. Further,
new algorithms are specifically designed to analyse whole genomic data'8*2#*2**  Researches
should neither be deterred by the loads of data that molecular population genomics offers, nor by
technical obstacles in analysis. These will be overcome soon and allow the unprecedented analysis
of models of biological complexity.
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The study of speciation and maintenance of species barriers is at the core of evolutionary biology.
During speciation the genome of one population becomes separated from others of the same spe-
cies, which may lead to genomic incompatibility over time**®. This separation is complete when
no fertile offspring is produced from inter-population matings, which forms the basis of the
biological species concept. Birds, in particular ducks, are recognised as a good group of higher
vertebrates for speciation studies?*. Fertile hybrids between many duck species occur relatively

frequently in nature, yet, duck species remain distinct**®

. Here we show that the degree of shared
single nucleotide polymorphisms (SNPs) between duck species is an order of magnitude higher
than that found previously between any pair of species with comparable evolutionary distances.
Evidently, hybridisation leads to sustained exchange of genetic material between duck species on
an evolutionary time scale without disintegrating species boundaries. Even though behavioural,
genetic and ecological factors uphold species boundaries in ducks, there are opposing forces
allowing for viable interspecific hybrids, with long-term evolutionary impact. Based on the su-

perspecies concept’*

we here introduce the term “supra-population” to explain the persistence
of SNPs identical by descent within the studied ducks despite their histories as distinct species
dating back millions of years®. By reviewing evidence from speciation theory, palacogeography
and palaeontology we propose a fundamentally new model of duck speciation to accommodate
our genetic findings. Application of the analyses presented in this paper may also shed light on
longstanding unresolved general speciation and hybridisation patterns in higher organisms, e.g.
in other bird groups with unusually high hybridisation rates**’. Parallels to horizontal gene trans-
fer in bacteria challenge our ideas why ducks have been such an evolutionary successful group
of animals.

Biology has seen the proposition of several species concepts. Very influential is the biological

species concept?*’

, often extended by the morphological species concept in cases where natural
matings do not occur due to, e.g., geographical isolation: individuals are assigned to the same spe-
cies if they produce fertile offspring in nature. Species boundaries are strengthened by accumula-
tion of genomic incompatibilities preventing formation of zygotes, so called Dobzhansky-Muller
incompatibilities’****!2. Once evolved, post-zygotic isolation is irreversible, in contrast to pre-
zygotic barriers such as mate recognition. There is much evidence that post-zygotic barriers evol-

ve slowly in birds**2*3

, potentially contributing to the high rates of hybridisation observed in
this group** and explaining why genetic distances can be low in spite of large morphological
differences®**. For example, ducks (family Anatidae) show much hybridisation in the wild, with
viable and fertile offspring”*’~**°. In spite of this, duck species remain morphologically distinct.
Males especially display species-specific plumage, ornamentation, and courtship behaviour (Fi-
gure 5.1).

We screened 364 single nucleotide polymorphisms (SNPs; developed for mallard''?) in the
genomes of six duck species, five of genus Anas and one of Aythya, the latter mainly for outgroup
comparison: mallard (Anas platyrhynchos, N=197), northern pintail (Anas acuta, N=7), common teal
(Anas crecca, N=9), Eurasian wigeon (Anas penelope, N=14), gadwall (Anas strepera, N=10) and tufted
duck (Aythya fuligula, N=17).The SNPs were evaluated for minor allele frequency (MAF) spectrum,
Hardy-Weinberg equilibrium and linkage disequilibrium in mallards from nine localities on three
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FIGURE 5.1: The studied duck species.

Male and female of each of the studied duck species: a) Anas platyrhynchos, b) Anas acuta, c) Anas crecca,
d) Anas penelope, €) Anas strepera, f) Aythya fuligula. Except for ¢) the more colourful male is in the front.
Drawings are from the artwork stocks of the WWT, Slimbridge, UK, and used with permission.

continents (Supplementary Text, section 1.1). The great majority of SNPs does not significantly
deviate from neutrality and are unlinked. Genotyping was successful in the non-mallard duck
species with only 14-24% missing genotypes (mallard: 4%). Of 364 mallard SNPs, 86 (24%)
were polymorphic in Anas acuta, 102 (28%) in Anas crecca, 60 (16%) in Anas penelope, 41 (11%) in
Anas strepera, and 11 (3%) in Aythya fuligula. The frequencies in Anas species are high compared with
those reported in other species comparisons. Bovines (cattle, bison and yak), for instance, have
a relatively recent, Pleistocene radiation 2.5 million years ago (Mya), yet SNP sharing does not
exceed 5%%°®. In sheep, also with putative Pleistocene speciation, it is estimated at only 2%>°¢. The
same low levels of SNP sharing also occur in invertebrate and plant species. Drosophila pseudoobscura
and D. miranda show 2.9% SNP sharing”*’ (divergence time 3.7 Mya'®®) while the pairs Arabidopsis
halleri/ A. lyrata petraea and A. lyrata lyrata/A. 1. petraea share 4.7% and 1.6%, respectively**® (divergence
times <5 Mya). Given the divergence time of mallard from, e.g., Anas acuta and Anas crecca of at
least 6.4 Mya® (Figure 5.2) they share up to an order of magnitude more SNPs than has been
reported before.

Generally, the rate of SNP sharing in closely related species, as reported thus far, appears to
be in the order of a few percent, at maximum. Random genetic drift usually purges polymorphis-
ms as a function of time (generations), effective population size (N,) and initial MAF, allowing an
approximation of the time to fixation of allele frequencies under genetically neutral conditions**.
For mallard we estimate the mean persistence time (i.e., how long the polymorphisms segregate)
for alleles with the highest possible MAF to be 5.3 million years, assuming a generation time of
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one year and N, being constant at the present-day number. In the other duck species studied here
it ranges between 0.8 and 2 million years. Rare alleles, e.g. MAF<0.1, are lost more quickly (Table
5.1). The probability distribution for this loss has a long tail towards longer persistence times,
with 5% of the shared polymorphisms with a MAF=0.5 expected to be retained after a calculated
threshold of 3.8N, generations*®’. For mallard this would equate to 7.2 million years (divergence
from Anas crecca/Anas acuta 6.4 Mya®). Thus, mallards could have retained some of their ancestral
shared polymorphisms. However, Anas acuta and Anas crecca currently have much smaller N, and are
unlikely to have retained more than 5% of their ancestral polymorphisms for periods longer than
2 and 2.6 million years (on the basis of 3.8N_ generations), if these species were reproductively
fully isolated. Even with three times higher N, or generation time, the number of shared SNPs
between the studied duck species is higher than expected (see Supplementary Text, section 2.3).

Ay. fuligula

An. platyrhynchos

An. crecca

An. acuta

An. penelope

1 An. strepera

FIGURE 5.2: Phylogram of the studied duck species.

Branch lengths are scaled to Mya (scale bar is 1 Mya). Aythya fuligula is added as outgroup (branch
length shortened at the split of the genus). Redrawn from ref © and Javier Gonzales (pers. comm.).
An. codes for the genus Anas, and Ay. for Aythya.

What can then explain the high level of shared polymorphisms? We argue that these (and
other closely related) duck species are part of a superspecies complex**’ — here defined as a group
of distinct species that frequently hybridise with fertile offspring (Supplementary Text, section
3.3). There is longstanding anecdotal and experimental evidence for high hybridisation rates in
ducks**”** but molecular proof has been limited thus far. Two studies using mitochondrial DNA
in the Anas rubripes/mallard’® and Anas zonorhyncha/mallard®” complexes confirm hybridisation bet-
ween these species. These findings were corroborated by studies investigating one or two nuclear
markers'°®'33. Our study, using shared polymorphisms at hundreds of independent loci across
the entire genome is a more powerful means of analysing gene pool connectivity between closely
related species and its results are consistent with a high level of genetic transfer between species
via hybrid production and backcrossing. Such a superspecies complex, for instance mallard with
Anas acuta and Anas crecca, would have a joint census population size of 31 million individuals and
hence an N, of 3.1 million (see methods for assumptions), although sub-division of this possible

69



Chapter 5

superspecies due to assortative mating makes this an over-estimate. However, an N, of 3.1 mil-
lion results in a mean persistence time of almost 9 million years (for initial MAF=0.5). With an
estimated most recent common ancestor at 6.4 Mya, these species could have on average retained
even SNPs of lower MAF=0.2. We refer to this analysis as ‘persistence time analysis’ (Supplemen-
tary Text, section 4).

TABLE 5.1: Population sizes N_and N, and mean persistence times in generations of the most balanced (p =
0.5; maximum frequency) and a rare (p = 0.1) SNP in each duck species.

Census size N Effective size N, Persistence time

p=0.5 p=0.1

Anas platyrhynchos 19,000,000 1,900,000 5,267,919 2,470,631
Anas acuta 5,400,000 540,000 1,497,198 702,179
Anas crecca 6,900,000 690,000 1,913,086 897,229
Anas penelope 3,300,000 330,000 914,954 429,110
Anas strepera 3,800,000 380,000 1,053,584 702,179
Aythya fuligula 2,900,000 290,000 804,051 377,096

A ratio of 0.1 for N./N, was assumed (see methods for more info).

Nevertheless, the ducks studied here have not only remained morphologically distinct, their
genetic cluster species designation®? is strongly supported by principal component analysis of
SNP genotypes: we find clear genetic differentiation between mallard and the other duck species,
as well as between the non-mallard species (Figure 5.3). We therefore propose that duck species
in the genus Anas form a “supra-population”: individuals of a sympatric superspecies complex
of genetically-connected hybridising species, in which species barriers are maintained by pre-
zygotic barriers. Genomic incompatibilities usually lead to irreversible post-zygotic isolation of
populations, but other, reversible, barriers can also be strong drivers of speciation. Visual cues

254261 while sexual

have been identified as drivers of speciation in sexually dimorphic bird species
imprinting alone can explain assortative mating in modeling studies*®*.

A theory for speciation in ducks must be able to explain the observed pattern of genetic and
morphological differentiation in spite of the high degree of shared polymorphisms. Paleogeogra-
phic and paleoclimatic evidence suggest that ecological conditions have been favourable for a duck
radiation 6-12 Mya.This late Miocene period was warm and humid*®?, but in transition towards a
colder climate. Precipitation remained relatively high’®*, making wetlands abundant and turning
large inland salt water bodies brackish or even freshwater (e.g., Lake Pannon in Eurasia’®®). Glo-
bally, during this transition towards a colder, wet climate tropical forests were largely replaced by

open grasslands?®®

, @ habitat well suited for ducks. Fossil studies suggest that morphological chan-
267 to which the first mallard-like fossil is

dated (5 Mya)**®. This is approximately at the suggested lower bound of divergence times of some

ge in duck species has been limited since the Pliocene
Anas species®. We propose an Anas-like duck split into multiple sister morphs sympatrically and

simultaneously at that time, subsequently diverging by assortative mating. Our results indicate
that the resulting species still exchange portions of their genomes. We argue that since branching
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FIGURE 5.3: PCA andlysis of genotypes of all mallard and non-mallard individuals.

A joint calculation of PCA axes including all ducks analysed in this study is shown. Additionally,
a hybrid between Anas acuta and Anas platyrhynchos was included (ANACPLA).The percent variation
explained by PCA axes 1 and 2 is given in brackets. A legend that explains the colour coding is
presented in the bottom left part of the graph. An. codes for the genus Anas, and Ay. for Aythya.

off of the Anas clade at least 6 Mya these mostly sympatric species remain separate by isolating
mechanisms other than genetic incompatibilities, mostly by assortative mating.

Theoretical studies suggest that sexual imprinting can drive speciation even in sympatry**’.
Moreover, experimental manipulations clearly demonstrate that mallards can be imprinted on
nearly any species of waterfowl but when raised in isolation they recognise conspecifics as ma-
tes?’®. This suggests that imprinting is important but incomplete in ducks; genetic factors also
contribute to mate recognition. The presence of assortative mating and recognition mechanisms
are prerequisites for sympatric speciation in the mallard superspecies complex.

The amount of shared polymorphism between the studied duck species cannot be explained
by large population size only. We suggest extraordinary hybridisation rates as drivers of ongoing
gene pool mixing. Gene flow continues and will allow the transfer of genetic material among
duck species. Besides conservation implications (Supplementary Text, section 4), this creates large
evolutionary potential, comparable to bacteria, which are able to exchange genes among different
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species by horizontal gene transfer. SNP-based analysis at hundreds of independent loci across
the entire genome can aid the re-examination of long-standing puzzling patterns of speciation
and hybridisation in several bird groups, such as other waterfowl, galliforms, hummingbirds and
woodpeckers®*’, as well as in many other organisms where species pairs exhibit unusually high
levels of hybridisation. It is entirely conceivable that ducks’ special mode of evolution make them
as adaptable and successful as they are.

Methods

SAMPLES

Mallard individuals from nine localities representing Eurasian and North American populations
were sampled and their blood stored on FTA cards®’ at room temperature until DNA isolation.
Numbers of samples with abbreviation codes in brackets: Eurasian samples were from Austria
(25, ATHO), Estonia (22, EETA), Portugal (32, PTDJ), and three Russian localities: Yaroslavl (25,
RUYA), Omsk (12, RUOM) and Tomsk (32, RUTO). North America was represented by Ontario
(7, CALM), Manitoba (20, CARM) and Alaska (22, USMF). We are thankful to the following per-
sons and institutions for providing these samples: Ernst Niedermayer, Hans Jérg Damm (Stiftung
First Liechtenstein, Austria), David Rodrigues (Escola Superior Agraria de Coimbra, Portugal),
Brandt Meixell, Danielle Mondloch, Jonathan Runstadler (University of Alaska Fairbanks, USA),
V.N. Stepanov, O. Tutenkov, V.I. Zalogin, Sergey Gashkov, Sergey Fokin (State Informational-Analy-
tical Centre of Game Animal and Environment of Hunting Department of Russia), Urmas Voro,
David Lamble, Garry Grigg, Aaron Everingham. Details are available in Supplementary_File_5.xls
and further explanation is found in Supplementary Text, section 1.1. Samples from other duck
species were obtained world wide from various sources (hunting bags, live-trapped, zoos) and
localities. Most often blood on FTA cards was used, sometimes other tissues stored in ethanol,
and also previously isolated DNA from collections. The cross species testing was applied to ducks
of the following Anas and Aythya species (numbers of samples and abbreviation code in brackets):
Anas acuta (7; ANAC), Anas crecca (9; ANCR), Anas penelope (14; ANPE), Anas strepera (10; ANST), Aythya
fuligula (17; AYFU) and one F, hybrid between Anas acuta and Anas platyrhynchos (ANACPLA). Rolik
Grzegorz (Zoo Opole, Poland), Magnus Hellstom (Ottenby Bird Observatory, Sweden), Michael
Wink, Javier Gonzales (University of Heidelberg, Germany), Dirk Ullrich (Alpenzoo Innsbruck,
Austria), Kamil ihdk (Zoo Dvur Kralove, Czech Republic), Marina Euler (Tierpark Lange Erlen,
Switzerland), Sascha Knauf (Opel Zoo, Germany), Yang Liu (University of Bern, Switzerland),
Mathieu Boos (CNRS Strasbourg, France), Crystal Matthews (Virginia Aquarium, USA), Timm
Spretke (Zoologischer Garten Halle, Germany) and Valery Buzun provided these samples. Details
are available in Supplementary_File_6.xls.

DNA ISOLATION

DNA extraction was done using the Gentra Systems Puregene DNA purification Kit according to
the manufacturer’s instructions, with modifications when handling of FTA cards. Appropriate
amounts of tissue or blood on FTA cards were digested with 9 ug Proteinase K (Sigma) in Cell Ly-
sis Solution (Gentra Systems) at 65°C over night, or longer in case of some tissues. Proteins were
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subsequently precipitated with Protein Precipitation Solution (Gentra Systems) and spun down
together with the FTA card material. DNA from the supernatant was precipitated with isopropa-
nol and washed twice with 70% ethanol. DNA quantity and purity were measured using the Na-
nodrop ND1000. Samples with 260/280nm absorption ratios less than 1.8 were purified again.

SNP GENOTYPING

We used Illumina’s GoldenGate Genotyping assay, on the Illumina BeadXpress. The SNP set con-
sisted of 384 SNPs from Kraus et al.''* (“mallard 384 SNP set”). SNPs are numbered according
to their dbSNP accession numbers from ss263068950 (SNP 0) to ss263069333 (SNP 383). Raw
genotyping results were analysed in GenomeStudio (Illumina), and SNP clusters adjusted by hand.
The respective OPA (oligo pooled assay) and cluster files can be found online with this paper
(files GS0011809-OPA.opa and mallard_cluster_file. EGT).

SNP SET EVALUATION
We assessed technical and biological properties of the SNP set in mallards:

I) Minor Allele Frequencies and Heterozygosity

For each of the nine localities we counted the occurrences of each of the two alleles. The count
of the allele occurring less frequently (minor allele) was divided by the total number of alleles,
giving the population wide frequency of minor alleles per locus (minor allele frequency, MAF).
Additionally, we counted heterozygote individuals as fraction of all individuals (observed hete-
rozygosity, H,, ).

II) Hardy-Weinberg Equilibrium
Each locus was tested for deviation from Hardy-Weinberg equilibrium in each locality with
the software Arlequin 3.5.1.2'*® using the analog to Fisher’s exact test for arbitrary table size'?’

(1,000,000 Markov chain steps, 100,000 dememorisation steps).

I1T) Linkage Disequilibrium
Per locality, pairs of SNP loci were tested for presence of linkage disequilibrium (LD) in Arlequin.

a1 2 to infer haplotypes from

The implemented likelihood-ratio test”’' employs the EM algorithm
unphased genotypic data to test for statistical significance of LD. Repeated use of a SNP in multiple
statistical tests requires a correction of the significance level o. In our 364 SNP data set each SNP

is involved in 66066 pairwise tests, significance levels for LD are thus Bonferroni corrected.

IV) Physical SNP Locations Inferred from Chicken Genome

We searched the mallard SNP positions on the chicken genome (from Kraus et al.''®) in Ensem-
ble?”* (accessed 5.7.2010) for chicken gene information using bioconductor*’* with biomaRt in
R'72, We recorded if a SNP was situated in a gene, or even intron.
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CROSS-SPECIES COMPARISONS

Genotypes from non-mallard species were assessed for their MAF and H_,_ as described for the
mallard samples. We expected technical genotyping success to decrease with increasing evoluti-
onary distance due to possible variation in the flanking regions of the SNPs. Thus we compared
the amounts of missing data (no genotype called at the SNP loci) of each species with that of the
mallard (all nine mallard localities pooled) using the prop.test function in R'”? which applies a
x* test. We used Yates” continuity correction’’® because counts of missing data were most often
<10.

PERSISTENCE TIMES OF SNPS

The equation for mean persistence time t(p) is a combination of the time to loss and to fixati-
on?’®*7 Tt can be written as -4Ne[(1-p) In(1-p) + p In(p)] where p denotes the initial MAF and
N, the effective population size**®. Estimates of current census population sizes (N_) of the in-

vestigated duck species were taken from the BirdLife species fact sheets?’®

. Only upper estimates
were used when a range was given. A ratio of 0.1 for N_to N, was used””*?®° (for further details

see Supplementary Text, section 2.3).

MULTIVARIATE GENETIC CLUSTERING OF GENOTYPES

We tested for genetic similarity of individuals using principal component analysis (PCA) on their
genotypes with the program smartpca from the Bigenstrat package®®! with default settings, but
outlier removal switched off. The analysis was repeated for every new subset of the data.
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1  Supplementary Methods

In this section we describe methodology not detailed in the main paper or in the online methods
section. We elaborate on specific details and explain the reasoning behind certain assumptions.

1.1 SAMPLES

We analysed 212 mallard samples obtained from nine localities representing Eurasian and North
American populations (see main text for information). Preliminary multivariate clustering of
single nucleotide polymorphism (SNP) genotypes (see online methods section) positioned 15
of these individuals far outside the mallard species cluster, sometimes well within the clusters of
other duck species (Supplementary_File_1.pdf). We discarded these 15 individuals as mislabelled
because they showed obvious deviation from their putative genotypic species cluster. We analysed
67 samples of five other duck species obtained from various sources (from hunting bags, live-
trapped, zoos) and localities all over the world. Using the same procedure as with the mallard set,
we identified nine of these samples as apparently mislabelled. These samples were excluded from
all subsequent analyses (Supplementary_File_2.pdf).

1.2 PERSISTENCE TIMES OF SNPS

To calculate the persistence time t(p) of a SNP, an estimate of the effective population size (N,)
from the census population size (N_) is required (see main text). The ratio between N, and N,
for species of dabbling ducks has to our knowledge not been studied, but this ratio is probably
rather low as most census estimates are based on winter counts made several months before the
breeding season starts and most mortality may occur before breeding. Further, dabbling ducks
are generally r-selected and their population sizes fluctuate greatly by swift responses to benign

and detrimental conditions, respectively?®?283 259

, with N, being dominated by the smallest values
Estimated N_:N_ ratios from white-winged wood ducks range between 0.052 (genetic measure-
ments) and 0.094 (demographic measurements)**°. Thus, we use a ratio of 0.1 as a conservative
estimate (on the high side) for the ratio of N, to N_.

The onset of the current Ice Age about 2.5 million years ago (Mya) brought multiple cycles
of glaciation, often lasting more than 100,000 years. This must have dramatically affected duck
habitat distribution for thousands of generations. Large-scale range shifts, changes in migratory
pathways, and local bottlenecks in population size are thus very likely to have occurred repeatedly
during this time, all of which acted to reduce the long term effective population sizes by fragmen-

tation of populations”®*, even if the total number of ducks happened to remain stable.

1.3 GENETIC ADMIXTURE ANALYSIS

A Bayesian genetic clustering algorithm as implemented in the software STRUCTURE*” (version
2.3.3) was used to test for genetic admixture, i.e., the incorporation of genes from one discrete
population into another. Two datasets were analysed: i) all mallards and other duck species (the
same individuals as analysed by PCA, see Figure 5.3 in main text); ii) the non-mallard species (cf.
Figure 5.51) plus the putative hybrid between mallard and Anas acuta. A value of K=6 simulated
clusters (as many clusters as species) was chosen in the analysis of all ducks (i), and consequent-
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ly K=5 when mallard was excluded (ii). Default settings were used with the admixture model
of STRUCTRE, run for 300,000 steps (the first 100,000 discarded as burn-in). Additionally, we
compared the results of the STRUCTURE analysis with those of the program InStruct*®*. The
same datasets and settings were used, including the default settings, with the same values for K.
Mode 1 — “infer population structure only with admixture” — in InStruct was chosen because it is
most comparable to the program STRUCTURE as explained in its manual. The dataset containing
only non-mallards (K=5) was also run for the same amount of iteration steps. The larger dataset,
mallards and non-mallards combined (K=6), was run substantially longer because the Markov
chain converged very slowly (2,000,000 steps, of which 1,000,000 were discarded as burn-in).

2  Supplementary Results
2.1 TECHNICAL AND BIOLOGICAL PROPERTIES

OF THE “384 MALLARD SNP SET”
2.1.1  Descriptive Statistics
In Kraus et al.''? the general properties of allele frequencies and heterozygosity have already been
presented for a large set of mixed wild and domestic mallards. Of the 384 SNPs in that set 20
failed technically. Here, we studied the detailed patterns of minor allele frequencies (MAF) and
observed heterozygosity (H,,,) of the remaining 364 SNPs in each of the nine localities, and
among all these specimens pooled. In our total mallard data set, only one locus was monomor-
phic (SNP 5). Within the respective localities, we found between 9 loci (ATHO) and 47 loci
(CALM) to be monomorphic. Table 5.51 gives values for individual localities.

TABLE 5.S1: Minor allele frequency (MAF) and observed heterozygosity (H, ) in nine wild mallard popu-
lations.

ATHO EETA PTDJ CALM CARM USMF RUOM RUTO RUYA total
Monom. 9 18 8 47 18 14 4 13 16 1
MAF
<0.2 129 131 122 135 129 136 146 128 125 120
<0.2[%] 35.44 35.99 33.52 37.09 35.44 37.36 40.11 35.16 3434 3297
Hobs
<0.2 69 77 68 n 64 80 96 75 61
<0.2[%] 18.96 21.15 18.68 19.51 17.58 21.98 2637 20.6 16.76
>0.8 0 0 0 13 0 0 9 0 0
>0.8 [%] 0 0 0 3,57 0 0 2,41 0 0

For locality codes see methods section of the main text. The numbers represent counts of SNP loci out of 364 wild mallard

SNPs, or percentages were indicated. “monom.” is “monomorphic”.

During development of the “384 mallard SNP” set it became apparent that it was biased
towards higher MAFs''?. This ascertainment bias is expected and very hard to prevent in natural
populations'®*. However, when investigating the SNP loci for MAF, we found that when all locali-
ties were pooled, 120 of our 364 loci (33%) had low MAFs (<0.2; taken as an arbitrary threshold
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FIGURE 5.S1: PCA andlysis of genotypes of all non-mallard individuals.

The program smartpca from the Eigenstrat package was used to calculate multivariate eigenvec-
tors of the mallard genotypes. The first two eigenvectors for each individual are plotted and colour
coded by species: An. acuta (Anas acuta, ANAC), An. crecca (Anas crecca, ANCR), An. penelope (Anas penelope,
ANPE), An. strepera (Anas strepera, ANST), Ay. fuligula (Aythya fuligula, AYFU).

between intermediate and low MAF). The SNPs with low MAF were seen in the Portugal sample
(PTDJ; 122 loci, 34%), while most were present in the sample from Omsk (RUOM; 146 loci,
40%). Details about each locality can be found inTable 5.51. Histograms of the MAFs are available
in Figure 5.52.

Patterns of H, can be indicative of several shortcomings in usability of SNP loci, such as
— among many possibilities — false positive SNPs due to nucleotide variation in orthologous se-
quences in repetitive regions on the same chromosome or selection against heterozygotes. The

former would be indicated by comparably high H_,, the latter by low H . We set arbitrary

obs?
thresholds for high and low H_,_ to 0.2 and 0.8 respectively. High H , values were present only
in the Ontario sample (CALM; 13 loci, 4%) and Omsk (RUOM; 9 loci, 2%). Several localities had
low H_, values, ranging between 61 loci (17%) atYaroslavl (RUYA) and 96 loci (26%) in Omsk

(RUOM). Full details are given in Figure 5.S3 and Table 5.51.
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FIGURE 5.S2: Minor allele frequencies of SNPs of mallards from nine locations
(see text for locality abbreviations).
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FIGURE 5.S4: Minor allele frequencies of SNPs in mallards (nine study localities pooled)

and the other five study species.

Abbreviations as in Figure 5.S1.The mallard histogram serves as a comparison.
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2.1.2  Hardy-Weinberg Equilibrium

One of the important assumptions of the Hardy-Weinberg equilibrium (HWE) is that a popula-
tion is panmictic. We tested for deviations from HWE for each locality individually to account for
possible substructure in our data, indicating a violation of this condition. We found significant
(p<0.05) deviation from HWE at some loci in all localities, numbering between 3 (Ontario;
CALM) and 21 (Estonia; EETA) loci, about the level expected by chance (364 x 0.05 = 18).Very
few SNPs deviated significantly from HWE at more than half of the localities. SNPs 35, 129 and
306 were significantly out of HWE at four localities (with p-values just above 0.05; or monomor-
phic at other localities). SNPs 103, 235 and 280 were out of HWE in six localities, and SNP 83 in
seven localities. Overall, the great majority of SNPs fulfilled HWE conditions.

2.1.3  Linkage Disequilibrium

We examined all of the possible 66,066 pairs of SNPs for linkage disequilibrium (LD). We arbitra-
rily set the criterions that if a SNP locus was in LD in at least five localities with any other of the
SNPs in the test, it was concluded to be in global LD. This does not preclude the possibility that
certain ecological or demographic conditions at some localities may lead to LD, but this would be
locality specific and not a general property of the SNP locus itself in the species.

We found that all of our SNPs were in Linkage Equilibrium (LE) in at least five localities, and
87.7% were in LE in all of the nine localities, after Bonferroni correction of the p-values. Six
SNP pairs involving 11 SNPs were in LD at three localities (SNP pairs 25/118, 42/330, 64/322,
124/127,124/333 and 286/293). Based on the mapping positions of our mallard SNPs in the
chicken genome (data of Kraus et al.''?), and assuming no major re-arrangements, we find that
only one (the SNP pair 124/127 on chromosome 3) of the six SNP pairs has its putative linkage
partner on the same chromosome. The loci of SNPs 124 and 127 are about 8.6 million bp apart
from each other, which practically precludes physical linkage. Further lowering the threshold for
global LD to LD in at least two localities gives 430 candidate pairs. Given the possible 66,066 pairs
in the 364 SNPs this is still a tiny fraction of 0.65%. Further, based on a query using Ensemble’’?,
we also know that none of the 384 SNP loci lie in a gene.

2.2 CROSS-SPECIES APPLICATION

MAFs of the SNPs in species other than mallard were mainly biased towards lower values, but in
almost all species we also found high MAFs (>0.3) in substantial numbers (Figure 5.54). A simi-
lar picture emerges for observed heterozygosity (Figure 5.S5), where each duck species had SNP
loci representing a wide range of heterozygosity values. Expected heterozygosities based on HWE
proportions were not calculated because the samples were from different parts of the world, vio-
lating the important random mating assumption. Many candidate loci for SNPs showed low MAFs,
and some of those may have been caused by genotyping errors. In order to avoid false positives,
we conservatively accepted in non-mallard species only those SNPs with MAF > 0.1. We found
86 such SNPs in Anas acuta, 102 in Anas crecca, 60 in Anas penelope, 41 in Anas strepera, and 11 in Aythya
fuligula. Figure 5.56 summarises the sharing pattern of the four Anas species with the mallard.
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A comparison of missing data between mallard and the other species shows that few loci have
significantly elevated levels of missing data: Anas acuta 19 loci (5.2%); Anas crecca 23 loci (6.3%);
Anas penelope 28 loci (7.7%); Anas strepera 26 loci (7.1%). In Aythya fuligula, however, we found more
than twice as many loci with elevated levels of missing data: 61 (16.8%). Overall, the extent of
the increase of missing data varied substantially, from 1.8 fold (SNP 235 in Anas crecca, Anas penelope,
Ans strepera and Aythya fuligula) to 98.5 fold (SNP 9 in Anas acuta, Anas penelope, Anas strepera and Aythya
fuligula).

2.3 ALTERNATIVE SCENARIOS
FOR PARAMETERS IN SNP PERSISTENCE TIMES

We made some assumptions to calculate SNP persistence times (see above and the main paper).
We set generation time to one year, because all studied species can breed after their first winter.
Further, we set N, to 10% of the current estimated maximal world wide census population size
(see above). Moreover this may be an under estimate if today’s duck populations are much smaller
than they used to be in the distant past (e.g., due to human hunting and habitat destruction). We
recapitulate from the main text that the probability distribution for fixation of a SNP has a long
tail towards longer persistence times, and 5% of the shared polymorphisms of highest initial MAF
of 0.5 are expected to be retained after 3.8N, generations’®. In a scenario where generation time
is three years instead of one year, or where N, is three times larger than our assumed values, the
persistence times of this 5% fraction of SNPs with MAF=0.5 for Anas acuta and Anas crecca (6.2 and
7.9 million years) just exceeds their divergence time from mallard (6.4 Mya®). On the other hand,

An. crecca An. penelope

An. acuta An. strepera

FIGURE 5.S6: Venn diagram of shared SNPs with mallard by the four other Anas species.

A core of 18 SNPs was polymorphic in all four Anas species. The closer phylogenetic relationship
of Anas acuta and Angs crecca to mallard is reflected in their polymorphism sharing pattern. Abbre-
viations as in Figure 5.51.
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under these scenarios Anas penelope and Anas strepera would not have retained more than 5% of SNPs
with MAF=0.5 after 3.8 and 4.3 million years, respectively, at a divergence time from mallard of
minimally 8 Mya®. In conclusion, it seems the number of shared SNPs between the studied duck
species exceeds what is likely under the neutral theory even when conservatively high estimates
of N, (from the upper bounds of the official counts) and conservatively low divergence times
(mean times minus standard deviation of the values presented in Gonzalez et dl.®) are assumed.

2.4 GENOTYPIC DIFFERENTIATION

BETWEEN MALLARD AND OTHER DUCK SPECIES
We plotted the results of a series of principal component analyses (PCAs) for several combinations
of individual mallards and other species genotypes. All plots are based on the first and second PCA
axes. Other axes were investigated visually but did not provide further insight (data not shown).
No clear genetic clusters among mallards were discernable in this analysis when analysed separa-
tely (Figure 5.57). Geography had no influence on genetic similarity. A few individuals seem to lie
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FIGURE 5.S7: PCA analysis of genotypes of all mallard individuals.
This plot was created analogous to Figure 5.51.The first two eigenvectors for each individual are
plotted and colour coded by locality (for abbreviations see main text).
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a bit outside the main cluster, but note that the scaling of differences between mallard individuals
in this PCA is different from the scaling in analyses involving other duck species (cf. Supplemen-
tary_File_1.pdf and Figure 5.3 from main paper). The non-mallard species form distinct clusters
if analysed together (Figure 5.51): Anas penelope and Anas strepera form one cluster and are hard to
distinguish. Anas acuta and Anas crecca each form their own specific clusters. Aythya fuligula clearly lies
outside these clusters. When mallard individuals and non-mallard individuals are analysed jointly
in this way (Figure 5.3 from main paper), mallards are clearly distinct from the other species. A
putative hybrid between Anas acuta and Anas platyrhynchos is placed exactly in between its assumed
parental species, thereby confirming its supposed hybrid status.

2.5 GENETIC ADMIXTURE

The genetic clustering software STRUCTURE is able to estimate the degree of genomic admixture
of individuals, i.e., how large a fraction of the genome of each individual stems from which
genetic cluster. When all six duck species were analysed jointly, all non-mallard individuals were
assigned to the same cluster (Supplementary_File_3.pdf). Anas acuta individuals in particular sho-
wed partial mallard genome admixture, and many mallard individuals displayed some admixture
from non-mallards, most notably, e.g., CARM009, RUTO017 or USMF017. Undetermined genetic
sources contribute to the genomes of many analysed mallards (see all non-purple and non-light
blue bars in Supplementary_File_3.pdf). Within the mallard samples, several undetermined clu-
sters were created by STRUCTURE (see blue, red, green and orange bars in Supplementary_File_3.
pdf). As is obvious in the PCA analysis, the mallard-Anas acuta hybrid displays a genome mix close
to 50% mallard, 50% non-mallard.

With mallards excluded, STRUCTURE assigned Anas penelope, Anas strepera and Aythya fuligula indi-
viduals to their species clusters, although one Anas strepera individual (ANST001) was almost fully
assigned to Anas penelope. Anas acuta and Anas crecca were lumped into one cluster, and the hybrid
was correctly assigned to that cluster by only 50% of its genome (Supplementary_File_4.pdf).
Excluding the hybrid from analysis did not alter the assignment of these two species to the same
cluster (data not shown). Mixed ancestry of several individuals was found in a similar manner to
that found when analysed with the mallard data. Besides the cases within Anas acuta and Anas crecca,
ANPE013, ANST008 and ANST010 were proposed to contain genomic portions of other genetic
clusters.

The same data sets were analysed with comparable settings in the software InStruct. This soft-
ware does not assume HWE in the inferred populations, and yields qualitatively similar results as
the STRUCTURE analysis, however (data not shown).

3  Supplementary Discussion

3.1 THE “384 MALLARD SNP SET” IS BIOLOGICALLY MEANINGFUL

The evaluation of the genotyping results from 197 mallards from three continents shows that the
SNP set performs very well in this species. Even though minor allele frequencies (MAFs) were
biased towards higher values, the “384 mallard SNP set” includes a good amount of lower MAF
loci. In all studied localities about one third of the SNP loci were of MAF <0.2. Observed hetero-
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zygosities (H,, ) were hardly ever very high. If there is a bias at all, the values are on the lower side.
Comparing observed heterozygosities with those expected under HWE yielded low numbers of
loci that significantly deviated. Further, only a handful of loci deviated from HWE in more than
half of the localities under study. This may indicate that the forces acting in each of the different
localities create a different set of markers to deviate from HWE in the respective localities. This
can also be due to a lack of statistical power in the other localities, but out of the nine localities
only three had a sample size of less than 20 individuals. Hence, this is less likely to account for
the overall pattern. We also detected significant LD between only very few pairs of loci. This is
not unexpected because based on their homologous positions in the chicken genome (cf. Kraus
et al.'"'?) each SNP should be physically far enough apart from its neighbours for recombination
to break any incipient linkage very quickly. In conclusion, the SNPs in the “mallard 384 SNP set”
are behaving neutrally and mostly unlinked.

3.2 MALLARD SNPS IN OTHER DUCK SPECIES

Significant increases of loci displaying missing data were between five and ten percent, except for
the more distantly related Aythya fuligula where it was still less than a 20% increase. Additionally,
many of these increases were rather moderate in their extent. This shows that despite long diver-
gence times the flanking sequences are sufficiently conserved to allow the genotyping assay to
perform well. This is an expected result since the “mallard 384 SNP set” was designed from SNPs
that had a bias towards conserved flanking sequences. All SNPs with their flanking sequences can
be mapped to the genome of the chicken, which is in a different order (Galliformes) than ducks.
However, technical success and conserved flanking sequences do not yet constitute a good SNP set.
The number of monomorphic (or nearly so, see above) SNP loci in each of the non-mallard duck
species was substantial. With increasing phylogenetic distance (see below) fewer loci retained
their polymorphisms.

3.3 DUCK SPECIATION: SUPERSPECIES AND THE SUPRA-POPULATION
Further elaboration of the species concepts used by us is necessary at this point. Species concepts
have been dealt with in their own right, being listed and compared in most undergraduate evolu-

286 in which all

tionary textbooks. Traditionally, a widespread one is the biological species concept
individuals are deemed to belong to the same species if they produce viable and fertile offspring
in nature, i.e., they share a common gene pool. To account for inherent difficulties to test this
concept in practise, especially in populations that are geographically isolated and never encounter
each other, biologists tend to supplement it by elements of the morphospecies concept. With
the advance of molecular genetic data over the past decades many researchers define species by
genetic characteristics rather than morphological ones because they provide a means of actually
measuring recent or ongoing genetic connections between species. Since hybridisation leading to
fertile offspring is rather common in ducks, even under natural conditions, we tested the species
membership of our study objects with the genotypic cluster definition of Mallet**® (Figure 5.S1
and Figure 5.3 from main text). Indeed, our PCAs showed clear genetic differentiation between
mallard and other species. This indicates that despite tentatively high levels of hybridisation duck
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species remain morphologically, ecologically and reproductively distinct. We also found genetic
differentiation between the non-mallard species, although less pronounced. This is due to the
fact that in the other species there were fewer informative SNPs. For instance, with about 100
polymorphic SNPs Anas acuta and Anas crecca formed non-overlapping clusters. The clusters of Anas
penelope and Anas strepera were overlapping, probably because only around 50 polymorphic SNPs in
these two species did not have enough power to delineate them as species, although for the out-
group Aythya fuligula only 11 polymorphic SNPs were enough to separate it in ducks of a different
genus. Here, the larger evolutionary distance to Anas spp. plays a significant role.

The STRUCTURE?? analysis identifies several cases where genetic admixture from other spe-
cies seems supported by their genotypes. This may be direct evidence of partial genome sharing
between species. When mallards and non-mallard species were analysed together, it was not pos-
sible to delineate species clusters. Nor was it possible to assign all mallards to the same genetic
cluster, as indicated by some individuals forming their own distinct clusters. The STRUCTURE
analysis is only suggestive because it relies on maximising HWE within clusters. Since we in-
clude mallards from several locations into the analysis, and the non-mallard species samples are
composed of individuals from very different places, we cannot expect all individuals within one
species to be in HWE. However, our parallel approach to do the same analysis with the program
InStruct, which does not work with HWE, yields qualitatively similar results and thus strengthens
our interpretation.

The species status of the currently recognised dabbling duck species is in line with morpho-
logical, ecological and reproductive observations. Additionally, we add genetic evidence from PCA
clustering of genotypes to corroborate this taxonomic treatment. However, we also show that
gene pools are likely connected between several of these species.

To solve the latter issue, we propose that the dabbling duck species studied here (and likely
many others) should be regarded as a superspecies complex. The superspecies concept was put
forward by Mayr in 19317, as a translation of Artenkreis, based on the work of Rensch?®. Initially,
it was used to assign species status to allopatric “races” which were too distinct to be lumped into
the same species’® ! (superspecies sensu stricto) . Later, the definition was widened by Kiriakoff***
and Mayr and Short*”* to be no longer exclusive to allopatric populations. For the mallard com-
plex it has previously been proposed by Scherer®. Alternatives to the term superspecies (sensu

Ve i , e.g., i i R u i upra-
lato) have been presented for sympatric cases, e.g., semispecies’”*, megasubspecies’®> or supra

species?’®

. We dismiss the term ‘semispecies’ for our system for it semantically implies a negative
flavour. We deem ‘megasubspecies’ a technically possible but confusing term. It indicates a group
of taxa in transition to reaching species status. In our duck system, though, we believe that equi-
librium has been reached already. Further, the prefix ‘mega’ designates ‘quantity’ instead of ‘level’
and should be avoided in nomenclatural discussions**®. Lastly, the term ‘supra-species’ has indeed
been proposed before the International Code of Zoological Nomenclature?*® but not received official status
or frequent usage yet. Thus we choose to use the term superspecies (sensu lato) to embrace the
sympatric distribution of duck species. This usage of the term is not uncommon in the literature.
After all, that discussion is a semantic one. We do not attempt to scrutinise nomenclatural classi-

fication schemes, nor do we propose to change current nomenclature. The term superspecies is
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”2% thus to be preferred

clearly “an evolutionary taxonomy category but not nomenclatural rank
when studying biological systems rather than nomenclature.

The most important biological consequences of a shared gene pool among several species for
the persistence times of SNPs is the enlarged population size. Even though all these duck species
live in sympatry, such a combined population is highly structured by assortative mating. While
geographical substructure would be indicated by the term “meta-population”, the situation in
ducks leads us to define a new term that is not loaded with geographical connotation. Thus, we
think it is necessary to coin the term “supra-population”. A supra-population is the group of indi-
viduals which are part of the same superspecies complex if it exists in sympatry and hybridisation

occurs in nature.

4  Conclusions

Paleogeographic and paleoclimatic evidence over the last few million years strongly suggests that
ecological conditions have been favourable for a duck speciation model in which an ancestral
duck species radiated extremely successfully. The fossil record of ducks is still very poor*’ but
the few studies on the subject suggest that morphological change in respective duck species has

267.298 after a larger waterfowl species turn-over

been very limited over the last few million years
15-23 million years ago*®®. The first fossil that resembles a mallard is thought to be from the late
Pliocene, about five million years ago®®®. This is close to the suggested lower bound of divergence
times of some Ans species in the latest phylogeny of Anatidae®. An Anas-like duck must have split
into multiple sister morphs within a short time and diverged by assortative mating, but still share
large portions of their nuclear gene pools. The degree of SNP variation present in this ancestral
Anas duck can well have been very similar to that observed today. Increased effective population
size due to a supra-population within the superspecies around the mallard can preserve polymor-
phisms for many million years.

At present, extensive hybridisation still occurs. The genetic compatibility of different duck
species, combined with mixed effects of genetically determined and imprinted mate choice leads
to speciation reversals**® despite genotypically and morphologically defined species boundaries.
Present-day mallards may even drive some of their close relatives to extinction by hybridisation'"®.
This is a major concern in many parts of the world, especially where mallards are not indige-
nous**’. Many duck species of the genus Anas are hard to fit into the biological species concept
under these circumstances. Their evolution has rather led to a superspecies complex with discer-
nable lineages.

We also propose that the discussed analytical framework “persistence time analysis” is useful to stu-
dy the evolutionary history of sister species pairs in general. Increased N, due to supra-population
formation within a superspecies complex can preserve polymorphisms much longer than would

be anticipated on basis of the demography of each individual species.
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Additional files

upon request from robert.kraus@senckenberg.de

Supplementary_File_1.pdf

A vector graph of a PCA analysis of genotypes of all mallard and non-mallard individuals. First and
second axes are plotted against each other (explained variation in brackets). Grey dots represent
individuals designated as mallard (Anas platyrhynchos) at sampling. Other colours indicate other
duck species. A tentative hybrid between Anas acuta and Anas platyrhynchos is in red colour. Labels
next to the dots represent individual study IDs. This file is scalable in order to retrieve details if
needed. (Adobe Acrobat, 42 KB)

Supplementary_File_ 2.pdf
PCA analysis of genotypes of all non-mallard individuals. Details as in Supplementary_File_1, but
without mallards. (Adobe Acrobat, 13 KB)

Supplementary_File_3.pdf

Bar graph of the genetic admixture analysis of individual ducks: all mallards and other duck
species (see Supplementary Text, section 2.5). Each bar represents one individual and colours
indicate membership to a certain cluster as identified with STRUCTURE without using prior
information. Individual IDs are explained in the text and Supplementary_File_5.xls and Supple-
mentary_File_6.xls. On the y-axis the percentage of membership to a certain cluster is given. For
instance, individual ATHOO0O01 (individual 1 from the mallard locality in Austria) is almost 100%
assigned to the light blue cluster, while individual CARMO009 (from a Canadian locality) is mainly
assigned to the light blue, but also with about 15% to the purple cluster (an effect of genetic
admixture between these two otherwise discrete clusters). This file is scalable in order to retrieve
details if needed. (Adobe Acrobat, 24 XB)

Supplementary_File_4.pdf
Bar graph of the genetic admixture analysis of individuals: mallards excluded. See Supplemen-
tary_File_3.pdf for details. (Adobe Acrobat, 17 KB)

Supplementary_File 5.xls

A list of all mallard samples analysed in this study, accompanied by information on specific ID,
collection date, country of origin, names of collectors, sampling locations, and further additional
info. (MS Excel spreadsheet, 46 KB)

Supplementary_File_6.xls

A list of all other duck species samples analysed in this study, with details similar those given for
mallards in Supplementary_File_5.xls. (MS Excel spreadsheet, 21 KB)
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GS0011809-OPA.opa
‘Oligo pooled assay (OPA)’ summary file containing all necessary information for genotyping the
presented SNPs on an Illumina BeadXpress system. (plain ASCII text, 230 KB)

mallard_cluster_file. EGT
‘Cluster file’ for use with GenomeStudio software. These configuration settings are used by the
SNP genotyping software to convert raw signal into genotypes. (plain ASCII text, 170 KB)
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Avian Influenza surveillance: on the usability of
FTA® cards to solve biosafety and transport issues
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Article published:Wildfowl. 2009. Special Issue 2:215-223
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Abstract

Many zoonotic diseases have birds as their natural hosts. Waterfowl! are the natural hosts of avian
influenza viruses (AIVs) and most avian influenza infections of wild birds appear mild, with
infected inviduals displaying no or few symptoms. It is clear that the epidemiology of avian in-
fluenza cannot be fully understood without taking the ecology of its hosts into account. However,
large scale studies and surveillance are still hampered by issues about preservation, transport and
storage of AlIVs, including bio-safety regulations and maintaining samples. This complicates the
possibilities of the many small projects across the world if they are not done within the frame-
work of one of the few big projects. Here, evidence is provided of the potential for using What-
man FTA" cards as a new preservation method to solve the above mentioned issues. Its efficiency
is comparable to that of a standard method in virology, and saves time and money. In both large
scale AIV sampling and small scale independent projects this method might be the means by
which the field of the AIV ecology will be lifted beyond the constraints of difficult and expensive
sampling, storage and laboratory facilities.

Introduction

Many zoonotic diseases have birds as their natural hosts**!*°2, For example, waterfowl are the
natural hosts of avian influenza viruses (AIVs*®) and there are a few reports of virulent epizootics
in populations of wild birds and other wild animals®. ATVs are known to infect other hosts such
as poultry, domestic livestock and humans'? and may cause significant economic losses***. High-
ly virulent variants of AIVs have been recorded in many non-native hosts. The role of ducks and
other wildfowl in the origin and spread of low and high pathogenic strains of avian influenza is
debated™*.

Influenza viruses are a “genus” within the Orthomyxoviridae family of viruses. They have a
segmented negative sense single-stranded RNA-genome. The influenza A virus can infect a wide
variety of host species including birds, pigs, horses, seals, minks, whales and humans. The AIV
genome consists of eight RNA segments. Viral subtypes are classified according to two of the
encoded genes: the hemagglutinin (HA) gene and the neuraminidase (NA) gene’®. These genes
code for surface proteins that play a key role in host recognition and initial infection. Sixteen HA
and nine NA “subtypes” are recognised, amounting to 144 (= 9 X 16) possible subtype combi-
nations®*. These are described as, for instance, H5N1 (subtype ‘5’ of HA, and subtype ‘1’ of NA).
Until recently, the classification used to rely on immunoassays using standard procedures**’.
Nowadays it is also possible to determine the nucleotide sequence of the virus genome using
reverse transcriptase polymerase chain reaction (RT-PCR) with a set of universal primers for all
genes and all subtypes”®. The cDNA (complementary DNA) sequence obtained by this process can
be identified with databases like GenBank?*"*,

Due to their tendency to feed in shallow waters and to congregate in large numbers, dabbling
ducks are considered as one of the main vectors in avian influenza dispersal23 . Moreover, some

ducks may show no clinical signs when infected with AIVs®*®®

, though recent studies report subtle
influences of infection on the migration and feeding behaviour of swans*® and mallard®”’. The-

refore, as main vectors that survive most avian influenza infections, wild duck and many other
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wildfowl would be a prime target for managers to monitor the potential spread of strains of
highly pathogenic AIVs.

The importance of the ecological aspects of host biology, such as migration, and its conse-
quences for the dispersal of AIV have led to the fusion of virology and ecology into many highly
interesting projects (cf. refs 7+7¢308312) 'Gi]], the ecological research to aid the understanding
of the host-pathogen system “AIV and wild birds” has not been utilised to its full potential.
The field of research is hampered by the fact that working with AIV may require biosafety
precautions. Standard sampling and storage during avian influenza surveillance is bound to
the availability of nearby deep freezers and transport of samples is subjected to strict regula-
tions. Analysis can only take place in specialised laboratories. These facts make avian influenza
research almost impossible if not conducted within the infrastructure of one of the few big
collaborative projects. Hence, important contributions from the many smaller ecological pro-
jects may be missed**3!3.

Here, a possible solution for this problem is examined: a method to sample, store and analyse
potential AIV containing samples. This method does not require immediate deep freezing. The
issue of preserving RNA viruses for later analysis®'* has been addressed several times already in
similar fields®'*3?*. The so-called FTA cards® (Whatman®) are used to preserve ATV RNA on a dry
storage basis. The chemicals in the FTA (Flinders Technology Associates) card render pathogens

2% and transport can be arranged safely with only few further biosafety

inactive upon contact
measures to be taken. FTA cards would therefore also be suitable for working with highly patho-
genic strains of AIV. Proof of the potential of this principle is given in this short communication.
The basis of this method is the isolation of the RNA followed by a one-step RT-PCR. The esta-
blishment of these protocols will be possible in any molecular laboratory, without the need for
further biosafety measures. Samples can be mailed by normal postal services. Both sampling and
analysis will be available to any molecular ecologist, thereby facilitating further scientific progress.
This holds new possibilities for innovative studies in the fields of, for instance, molecular ecology,

host-pathogen interactions or ecological immunology.

Methods

Wild mallards were caught in a duck trap at Ottenby Bird Observatory, Sweden (56°12'N 16°24’E),
and cloacal samples were taken for AIV detection. Detailed information about trapping, sampling
techniques and methodology are described by***. Of these, one avian influenza isolate subtype
H5N?2 from 2004 was tested for the usability of Whatman FTA® cards. A volume of 125 ul of
the allantoic fluid of an infected embryonated chicken egg (equalling 48 HA units as measured
by standard titration) were applied to an FTA card®*®. The dried sample on the FTA card was
shipped at ambient temperatures for five days. Three 2 mm punches from this FTA card were
incubated with RNA rapid extraction solution (Ambion) for 20 min at room temperature. RNA
isolation was carried out with the MagMAX Viral RNA Isolation Kit (Ambion) according to the
manufacturer’s protocols. In short, RNA is captured by paramagnetic beads and washed in several
steps to assure maximal purity, since biological samples from bird faeces would likely contain
different PCR inhibitors.
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The RNA was eluted into 50 pl elution buffer as provided by the kit. Three 2 mm punches
from an untreated FTA card were carried along as negative extraction control; that is, to determine
any contamination of the laboratory’s tools or devices with AIV material. For RT-PCR detection we
used the one-step Access RI-PCR System (Promega) —i.e., where reverse transcription into cDNA
and PCR amplification is carried out in one tube — following a protocol adjusted from Fouchier
et al.**”. Stock solutions of 0.5 ul with 100 mM of the primers M52C and M253R** were used
in reactions containing 10 ul AMV/Tfl 5x buffer, 1 ul dNTPs, 7 mM MgSO,, 5U AMV reverse
transcriptase and Tfl Polymerase each. A volume of 5 ul of isolated template RNA was added
and the reaction volume adjusted to 50 pl with nuclease-free water. To exclude the possibility of
AIV contamination and carry over in the RT-PCR kit chemicals, a negative control an additional
sample with nuclease-free water as template was included. To test if the RT-PCR reaction works as
expected, a positive control reaction is provided by the kit with its own primers.

RT-PCR commenced with an initial reverse transcription of 45 min at 45°C, followed by 2
min initial denaturation at 94°C and 40 cycles of: 94°C for 1 min, 45°C for 1 min, and 68°C
for 2 min. An additional 7 min elongation at 68°C concluded the amplification. Amplicons (the
amplified targeted fragments of the PCR reaction) were visualised on agarose gel stained with
ethidium bromide and purified from it using the Millipore Montage DNA Gel Extraction Kit
(Range 100-10,000 bp, Millipore Montage) as described in the kit manual. Cycle sequencing
of the amplified Matrix gene fragment was carried out with ABI Big Dye 3.1 chemistry in 10 ul
reactions containing 10—-20 ng gel-purified template cDNA, 1.75 pl 5x dilution buffer, 0.5 ul Big
Dye V3.1 premix, 1 pl forward primer (M52C, 10 mM), and ddH,O. Cycling conditions were 1
min initial denaturation, followed by 25 cycles of: 10 s at 96°C, 5 s at 45°C and 4 min at 60°C.
Samples were analysed on an ABI 3730 capillary sequencer. Wherever possible, preparation of
reactions and handling of reagents was carried out under a fume hood and using RNAse-free
barrier pipette tips. Care was taken to ensure that pre-PCR steps were carried out in a different
room to the one in which the PCR and gel steps (post-PCR) were carried out, to avoid aerosol
contamination of the laboratory.

In Wallensten et al.>?®, 125 ul of the same isolate was used for direct RNA extraction and for
determining avian influenza subtypes, using standard protocols. Extraction was carried out using
the MagAttract Virus Minikit (Qiagen) on an M48 extraction robot (Qiagen). Virus detection was
performed by RRT-PCR (real-time reverse transcription polymerase chain reaction) for the pre-

328

sence of the matrix gene’*®, and the test proved to be positive®**.

Results

RT-PCR was successful for the positive sample extraction as well as for the positive RT-PCR kit
control (Fig. 6.1), and amplicons were of the expected size (244 bp). Both negative extraction
and negative RT-PCR control displayed no band on agarose gel, indicating that there were no con-
tamination issues during the working procedures. A slight shadow below 100 bp in size indicates
the possibility that primer dimer — an artefact of PCR wherein primers act as their own templates
to make a small PCR product and appear faintly on an electrophoresis gel — might have been
formed. The occurrence of multiple bands in the positive reaction control is described by the
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user manual of the RT-PRC kit and is a normal sign of good amplification. The sequencing of the
amplicon yielded a 95 bp good quality ¢cDNA sequence (TCT TTA GCC ATT CCA TGA GAG CCT
CGA GAT CTGTGTTTTTCC CTG CAA AGA CAT CTT CAA GTCTCT GCG CGATCT CGG CTTTGA
GGG GGC CTG AC).The chromatogram of the sequencer covered the whole fragment, however. A
BLAST search against the National Centre for Biotechnology Information (NCBI) nucleotide data-
base (blastn, Zhang et al. 2000; http://blast.ncbi.nlm.nih.gov/Blast.cgi) identified this fragment
as being an AIV matrix gene fragment with 100% sequence identity and with 100% sequence
coverage on comparison with several AIV isolates.

100 bp marker

AIV sample

Neg. extract control

Pos. RT-PCR control

Neg. RT-PCR control

FIGURE 6.1: Agarose gel with RT-PCR products of the avian influenza virus (AIV) sample along with
negative extraction control, and a positive and negative RT-PCR control (see main text).
The AIV matrix gene (244 bp) amplicon appears between the 200-300 bp markers as expected.

Discussion

The study provides evidence that a new technology of viral RNA detection can be used to pro-
cess samples containing AIV. The detection was successful without maintaining a cold chain for
preserving the samples or involving unduly complicated biosafety measures regulations, and was
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comparable to a standard and fully validated RRT-PCR**®. In our RT-PCR experiment the slight
shadow below 100 bp in size could indicate primer dimer. This might be due to the one-step
nature of the RT-PCR protocol, where polymerase and primer are present in the reaction mix at
lower temperatures already for some time during reverse transcription. This possible issue is easily
solved by purification from agarose gel by excising only the relevant amplicon for subsequent se-
quencing. Sequencing of the 244 bp amplicon yielded 95 bp of high quality cDNA sequence. The
chromatogram of the remaining fragment was too weak for analysis in this trial. Since only one
test run has been conducted so far there is potential to develop this work further. The amplified
fragment is also larger than one previously reported where alternative preservation methods were
used (< 200 bp in ethanol*”).

Since it has recently been shown that RNA fragments of > 700 bp in size can be amplified
successfully in other systems®?* we assume that storage of avian influenza samples on FTA cards
have the potential to be superior to the ethanol fixation method if primers for larger fragments
are used. Some studies tested the sensitivity (e.g., RNA quantity) required for detection. They
reported the detection of a positive signal only after many-fold dilutions*®'® or for only 0.1 fg of
RNA template?*°
on FTA cards is stable even after six months of storage under ambient conditions®**’. Whether

, and after storage at ambient temperatures for > 2 weeks. Others claim that RNA

these methods are applicable under fieldwork conditions remains to be tested. In natural samples
like faeces or oral/cloacal swabs there is also the chance that AIV is present in lower concentra-
tions than tested here. This poses the risk of not detecting an avian influenza infection when there
actually is one (i.e., a false negative). In particular the effects of storage time and temperature, as
well as sensitivity at lower concentrations and contamination through faecal material, would need
attention in such a systematic test. Recent studies have however shown that PCR is more sensitive
than traditional methods, even when AIVs are only present as unviable particles®*'. This also ma-
kes detection possible when infection is almost cleared by immune response. To this point, cloacal
samples were not tested directly in the present study but it seems that the use of FTA cards in large
scale ATV sampling may be the means by which the field of AIV ecology can be lifted beyond the
constraints of difficult sampling, storage and laboratory facilities.
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Abstract

Avian Influenza Viruses (AIVs) infect many mammals, including humans?®*2. These AIVs are di-
verse in their natural hosts, harboring almost all possible viral subtypes**. Human pandemics of

flu originally stem from AIVs**?

. Many fatal human cases during the HSN1 outbreaks in recent
years were reported. Lately, a new AIV related strain swept through the human population, cau-
sing the ‘swine flu epidemic’**. Although human trading and transportation activity seems to be
responsible for the spread of highly pathogenic strains*?, dispersal can also partly be attributed to
wild birds**'3°. However, the actual reservoir of all AIV strains is wild birds.

In reaction to this and in face of severe commercial losses in the poultry industry, large sur-
veillance programs have been implemented globally to collect information on the ecology of AIVs,
and to install early warning systems to detect certain highly pathogenic strains®*****3%7_ Traditi-
onal virological methods require viruses to be intact and cultivated before analysis. This necessi-
tates strict cold chains with deep freezers and heavy biosafety procedures to be in place during
transport. Long-term surveillance is therefore usually restricted to a few field stations close to well
equipped laboratories. Remote areas cannot be sampled unless logistically cumbersome proce-

d3%7:31* and the use of alternative sto-

dures are implemented. These problems have been recognise
rage and transport strategies investigated (alcohols or guanidine)?*!*3¥33 Recently, Kraus et al.”’
introduced a method to collect, store and transport AIV samples, based on a special filter paper.

FTA cards®’ preserve RNA on a dry storage basis** 324

and render pathogens inactive upon contact
This study showed that FTA cards can be used to detect AIV RNA in reverse-transcription PCR and
that the resulting cDNA could be sequenced and virus genes and determined.

In the study of Kraus et al.”” a laboratory isolate of ATV was used, and samples were handled
individually. In the extension presented here, faecal samples from wild birds from the duck trap at
the Ottenby Bird Observatory (SE Sweden) were tested directly to illustrate the usefulness of the
methods under field conditions. Catching of ducks and sample collection by cloacal swabs is de-
monstrated. The current protocol includes up-scaling of the work flow from single tube handling
to a 96-well design. Although less sensitive than the traditional methods, the method of FTA cards
provides an excellent supplement to large surveillance schemes. It allows collection and analysis
of samples from anywhere in the world, without the need to maintaining a cool chain or safety
regulations with respect to shipping of hazardous reagents, such as alcohol or guanidine.

Protocol
I. DUCK TRAPPING AND CLOACAL SWABBING
1. Trap dabbling ducks of the genus Anas (or other birds) in a cage by attracting them with
lure ducks or food, and put them into individual cardboard boxes. Transportation time in
the box should be kept to a minimum, for instance, by installing a field station within a
short distance to the trap. Logistic circumstances may vary in each study. The advice and
approval of the relevant animal ethics committee needs to be sought for each new set-up.
Alternatively, also hunter shot birds can be sampled.
2. Take the duck out of the box by holding its wings tight to its body. Sample a fresh drop-
ping, which will be present in most of the cases, directly from the bottom of the box. Pick
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them up with a sterile swab and apply the fluid to a Whatman FTA card. If not, perform
cloacal swabbing.

Turn the duck on its back. This permits access to the cloaca and facilitates sampling. The
cloaca is a protruding structure situated below the abdomen, close to the base of the tail.
An experienced person could hold and sample the bird at the same time, or else a second
person can assist.

Carefully insert the sterile plastic rayon swab (Copan, Italy) approximately 1 cm and make
a gentle swirl of the cloaca. Roll the swab with the fluids from the cloaca over the surface
of a Whatman FTA card. After sampling has been performed immediate release of the ani-
mal is desirable.

Dry the FTA cards at room temperature for at least 1 hour, then store each sample individu-
ally in paper bags (e.g. envelopes). Storage is possible at room temperature, possibly with
silica beads in humid climates. The sending and receiving institutions’ biosafety officers
can permit to send FTA cards by regular mail, since the pathogens become inactive upon
contact with the FTA card surface.

II.VIRAL RNA ISOLATION

1.

Extract the FTA card material including faeces/cloacal fluid. Punch three discs with a Har-
ris 2 mm puncher and place all of those into a well of an RNase free 96well plate. Between
each new sample, clean the puncher carefully with alcohol and a Kim precision wipe
(Kimtech). Always use positive and negative controls. A positive control can consist of
a laboratory strain freshly applied to an FTA card, or a natural sample which is know to
yield a positive result. As negative control, punch out discs from an empty FTA card. Addi-
tionally, leave another well free for a PCR control later in your experiment (with water as
template).

Add 70ul RNA rapid extraction solution (Ambion) and heat-seal the plate (AbGene Ther-
mo-Sealer). Incubate 5 minutes on a plate shaker at room temperature with the deter-
mined speed that does not cause spill-over (this depends on the used plate shaker model;
test in advance).

Carry viral RNA isolation according to the manufacturer’s protocols with the MagMAX-96
viral RNA isolation kit (Ambion). In brief: Add 130ul prepared lysis/binding solution
(from the kit) to each well. Transfer 50ul extracted FTA card material to each well. Shake
plate for 1 minute.

Add 20pl prepared bead mix (from the kit) to each sample and mix by pipetting up and
down. Shake on determined speed for 5 minutes. RNA molecules will bind to the magne-
tic beads.

Move the plate to a magnetic 96-well stand to capture the beads. Depending on the model of
magnetic stand used, this can take more than 5 minutes. When the solution has turned com-
pletely clear, remove and discard the supernatant. Then remove the plate from the magnetic
stand.

Wash the beads twice with wash solution 1 and twice with wash solution 2 (from the
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III.

kit). For each of the 4 wash steps add 150ul prepared wash solution to each sample, shake
for 1 minute on determined speed, move the plate to the magnetic stand, capture beads
for about 5 minutes (or until the solution is completely clear), remove and discard the
supernatant. Then remove the plate from the magnetic stand, add the next wash solution,
and carry out the washing steps as previously. After the last washing step, remove as much
wash solution as possible and air dry the beads at room temperature in the plate shaker for
2 minutes.

Add 50pl of elution buffer (from the kit) to release RNA from the beads and shake for 4
minutes on the plate shaker. Capture beads as previously described. The supernatant now
contains the isolated RNA which is ready for downstream applications.

RT-PCR OF THE AIV MATRIX GENE

Carry out reverse transcription PCR (RT-PCR) with the One-Step Access RT-PCR system (Promega)

in 25 pl reactions (adjusted from Kraus et al.”” and Fouchier et al.**"):

Nuclease free water 1.5ul
AMV/THS buffer 5.0ul
dNTPs 0.5ul
primer M52C** (10 uM) 2.5ul
primer M253R3** (10 uM) 2.5ul
MgSO4 (25 mM) 7.0ul
AMYV reverse transcriptase (5u/pl)  0.5ul
Tl polymerase (5u/ul) 0.5ul
RNA sample 5.0ul

PCR conditions in a Biometra T1 thermocycler are: initial reverse transcription of 45 minutes at

45°C, followed by 2 minutes initial denaturation at 94°C and 40 cycles of: 94°C for 1 minute,

56°C for 1 minute, and 68°C for 2 minutes. An additional 7 minutes elongation at 68°C concludes

the amplification.

IV.SCREENING FOR AI-POSITIVE SAMPLES AND
PURIFICATION OF TARGETED FRAGMENTS FROM GEL

1.

2.

3.

Load 2pl of the PCR product mixed with 2ul 5x loading dye (BioRad) and 6ul water on a
1% agarose gel (Roche) stained with 1% ethidium bromide (2.5pl per 100 ml gel) for a
pre-screening.

Run the gel for 1 hour at 120V, along with a DNA size standard (BioRad EZ load 100 bp
ladder), visualise with a gel documentation system. See an example in Figure 7.1.

Select samples with amplified fragments in the expected size range (between 200 bp
and 300 bp (target fragment is 244 bp). Load the whole PCR reaction volume (of which
~23ul are left) of these candidates with 6ul 5x loading dye on a 2% ethidium bromide
stained agarose gel and run for 2 hours.
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Place the gel on a UV-transilluminator (Bioblock Scientific) and inspected visually. See an
example in Figure 7.2. Excise bands of the correct size from gel with a scalpel and placed
into individual 1.5 ml reaction tubes. Purify fragments from gel, for instance with the
Zymoclean Gel DNA Recovery Kit (Zymo Research).

| h
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FIGURE 7.1. Gel picture of a preliminary screening of the PCR products.

2 pl PCR product of positive control, serial dilutions of the positive control, two negative controls

and 84 cloacal samples were loaded. 48 samples are shown in the top gel panel, and 48 samples in
the bottom panel. Red arrows indicate gel lanes used for 100 bp DNA size standard. For illustrati-

on, red circles show bands in the expected size range. Blue circles indicate an unspecific amplicon

(top left) or a primer dimer artefact below 100 bp in size (bottom right).

V. SEQUENCING AND IDENTIFICATION OF PCR PRODUCTS

1.

2.

Carry out Sanger sequencing of the target fragments, for instance on an ABI 3730 capilla-
ry sequencer with ABI Big Dye 3.1 chemistry (Applied Biosystems). Prepare sequencing
reactions in 10ul volumes containing 10-20 ng gel-purified template ¢cDNA, 1.75ul 5x
dilution buffer, 0.5ul Big Dye V3.1 premix, 1 ul forward primer (M52C20, 10 mM), and
ddH2O0. Cycling conditions are: 1 min initial denaturation, followed by 25 cycles of: 10 s
at 96°C, 5 s at 45°C and 4 min at 60°C. Purify and prepare the sequencing reaction accor-
ding to your internal protocols.

Identify resulting cDNA sequences against nucleotide databases such as GenBank®%, e.g.
by web based tools such as BLAST at the National Centre for Biotechnology Information
(NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi).
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FIGURE 7.2. Selection of samples with fragments in the correct size range.

Samples with bands between 200 bp and 300 bp (target fragment 244 bp) were chosen. The
green arrow indicates the positive control, the two red arrows indicate samples which were con-
firmed to be AIV positive by comparing their cDNA sequences to the NCBI nucleotide database.

Representative Results
Mallards (Anas platyrhynchos) were sampled at Ottenby Bird Observatory in December 2007. From
each mallard a sample on FTA card was taken as described in this protocol. After shipping, the FTA
cards were kept in a freezer at -20°C for two years. The same FTA card sample of the laboratory
isolate tested in Kraus et al.”” was included as positive control, as well as nine tenfold serial dilu-
tions of it. Two negative controls were i) extraction from an empty FTA card, to test if there was
carry-over from the puncher, and ii) RT-PCR reaction in which nuclease free water was used as
template, to test if contamination occurred during, or in preparation of the PCR reaction.

84 samples were analysed. A gel picture of the PCR products from these 84 samples can be
found in Figure 7.1. From natural samples a multitude of unspecific bands can be observed due
to the presence of various microbial contaminations in the faeces. However, the target fragment
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of the primer pair is 244 bp long The whole PCR-reaction volume of a subset of the samples
which produced fragments in approximately the correct size range (between 200 bp and 300 bp)
was loaded on gel (Figure 7.1). An illustration of which of the bands were cut from the gel can
be found in Supplementary Figure 7.1. In addition to the positive control, two of these samples
(69899 and 69912) were positive by the new protocol. A BLAST search against the NCBI nucle-
otide database revealed their identity as Al matrix gene (Figure 7.3), while all the other bands
resembled bacterial sequences most closely, or did not yield a readable sequence at all.

<, BLAST
<
Home  RecentResults = Saved Strategies = Help

» NCBU BLAST/ blastn suite/ Formatting Results - KFUBPKDB01S
Edit and Resubmit  Save Search Strategies ~ »Formatting options ~ »Download

Nucleotide Sequence (144 letters)

Query ID  Icl|40459 Database Name nr
Description None Description All GenBank+EMBL+DDBI+PDB sequences (but no EST, STS,
Molecule type nudleic acid GSS,environmental samples or phase 0, 1 or 2 HTGS sequences)
Query Length 144 Program BLASTN 2.2.24+ bCitation

Other reports: &Search Summary [Taxonomy reports] [Distance tree of results]
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Legend for links to other resources: [ UniGene [3 6E0 [E Gene B structure [ Map Viewsr Bl PusChem BinAssay

producing
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FIGURE 7.3. Screen capture of a representative BLAST search at NCBI.
One of the cDNA sequences obtained from the excised fragments was queried against the nucleo-
tide database at the NCBI website. The sample is correctly identified as Al Matrix gene fragment.

Discussion

The protocol described here provides a supplementary method to screen faecal or similar samples
for the presence of AIV. It was especially designed to make sample collection quick and easy. This
makes it possible for less trained persons, such as hunters or wildlife managers, to contribute to Al
surveillance. No cool chains need to be applied, although freezing the samples is recommended
where possible. A few days of room temperature, for instance during transport to the laboratory,
were not a problem for RNA molecules on FTA cards, as long as the cards remained dry. Other
non-cooled storage systems that are currently evaluated by the research community, such as alco-

338

hol**' or guanidine®*®, require special shipping arrangements because of their hazardous nature.

In contrast, the FTA card method does not require shipping of hazardous materials. However,
another interesting storage medium in this respect is RNAlater™ that is not hazardous, either®*’.
Sample analysis can be carried out in any standard molecular laboratory. No special equipment

other than for usual PCR reactions and capillary sequencing was needed. All steps could be carried
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out without a biosafety level because already at sample collection the potential pathogenic agents
were inactivated by the antibacterial and antiviral activity of the FTA card.

Cross-contamination and subsequent false positive samples were not observed in our trials
with wild bird samples. However, when working with RNA and PCR it is always advisable to pay
special attention to clean working places and separate rooms for pre- and post-PCR steps. Working
in a fume hood decreases the risk of aerosol contamination in the laboratory. Pipetting needs to
be carried out with filter tips.

SUPPLEMENTARY FIGURE 7.S1. Bands of selected samples excised from gel.
This picture was taken from the gel depicted in Figure 7.1 after candidate bands between 200 bp

and 300 bp were cut out.

From a previous study on samples taken simultaneously from the same ducks we know that
six of the 84 samples were positive by the traditional RealTime RT-PCR method?*?® and the Ct
values from RealTime RT-PCR are known. The two positive samples detected by our method stem
from ducks which had Ct values <30 (indicating a high concentration of viral RNA). The other
four samples which were positive with the traditional protocol had Ct values >30 (less concen-
trated) and could not be detected by our protocol.
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Only samples with relatively high virus titers were positive in our assay and it is likely that
sensitivity of the method was the source of failure to detect all positive samples. Further, the
sample size in the current study was very low and the method can be completely developed and
assessed if more controlled and rigorous experiments are carried out. However, if these samples
would have been collected from a remote area, traditional analysis would not have been possible
at all. Additionally, these first results stem from pilot experiments which need further optimisa-
tion. A period of two years storage in a regular -20°C freezer after sample collection probably
also affected the quality of the viral RNA. This possible RNA degradation is an important issue
when dealing with room temperature storage of inactivated viruses. Samples stored in alternative
liquids as mentioned above suffer from significant degradation which impacts analysis of longer
stretches of the viral genome338. Although not tested in our study, FTA cards have proven to be
well suited to preserve intact RNA molecules in other RNA systems that are very similar to Avian

Influenza viruses®'®323.
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The Genetic Tool Box for Ducks

Ducks play a significant role in science and are recognised study objects for research on evoluti-

on**, speciation®*' and hybridisation*®, sexual selection’, immunology''*3*>3*3

342,344

, especially with

respect to Avian Influenza , and genomics'*’***. Further, after chicken and turkey, duck meat

and eggs are the third most important food on the world’s poultry market'**

. However, after some
initial studies on their molecular ecology and conservation genetics’®*222%:346-3% ljt(le attention
has been allocated to molecular studies during the last decade. A phylogenetic study has been car-
ried out recently®, refining earlier such studies in waterfowl****. In North-America just a few mo-
lecular ecological or evolutionary genetic studies have employed relatively recent methods, such
as demographic modelling and the joint analysis of nuclear and mitochondrial DNA (mtDNA)
sequence data®®?*100:116.133.13% Gimjlar studies were carried out in Asia®#23*!352 Multi-locus me-
thods based on microsatellites, for instance, were mainly focused on smaller spatial scales”®**3.

In my thesis I specifically expand much-needed mtDNA sequences of mallards of geographi-
cally diverse origin, by more than doubling the number of control region sequences from the
mitochondrial genome (Chapter 2). With the sequence data produced during this thesis I was for
the first time able to analyse the population genetic structure of the mallard throughout its entire
native range. These new sequences cover Europe and also large parts of North-America, from
which mtDNA sequences were previously rarely sampled. Further, I present the first genetic data
from Greenland mallards, which were thought to be an isolated mallard population, maybe even
constituting a subspecies'” (I do not attempt to argue about a subspecies status but in Chapter 4
I confirm the Greenland mallards to be isolated). This backbone of sequence information is pu-
blicly available through GenBank?’. Future studies can also benefit from my experience that the
primer sequences for PCR reactions can be used in any mallard population without the need for
redesign. Adding further individuals to increase local sample sizes or including regions that are
currently not sampled for mtDNA sequences should be straightforward based on the methods
presented and evaluated in Chapter 2.

Mitochondria are cell organelles situated outside the nucleus. As such, they are usually only
passed to offspring by the mother because the egg cell harbours all the cytoplasm. Although rare

354,355

instances of paternal mtDNA transmission have been observed in invertebrates and vertebra-

tes356'357

mtDNA is generally assumed to be a genetic marker that reflects the maternal lineage ex-
clusively because the ratio of maternal and paternal mitochondria in the zygote is heavily skewed
towards the maternal lineage, and hence the paternal mitochondria are usually diluted out**®. As
there are other issues, too, with inferences based on mtDNA (e.g, it is only a single locus; it has
comparatively low effective population sizes; the assumption of selective neutrality is not neces-
sarily valid; and other issues reviewed in**"), I set out to develop more nuclear genotyping resour-
ces. In previous molecular ecological or evolutionary studies of duck species, one or just a small
number of nuclear sequences were sequenced to overcome the limitations of mtDNA!00:133:13%,
This is tedious to scale up and offers little improvement in terms of coverage of a representative
genomic history over multiple loci. A moderate increase of genome coverage is possible by ge-
notyping microsatellite DNA. Some microsatellites have been described for mallards initially for

360,361

molecular ecological purposes , and more recently this set has been extended for performing
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genomic linkage mapping of Chinese domestic duck breeds in order to facilitate food production
for human consumption®****2. However, as described more extensively in the General Introduc-
tion and in the introduction to Chapter 4, microsatellites suffer from a number of shortcomings
(see ref '8¢ for a good overview).

Recent advances in DNA sequencing technology, the so-called ‘next generation sequencing

194

technologies’'”*, made it possible to obtain nuclear sequences from the whole genome of multi-

ple individuals. Technologies to reduce the complexity, i.e., the amount of information produced

149,155 "t0 an affordable and manageable subset,

150,151

during a next generation sequencing experiment
greatly advanced the access of non-model organism studies to such genome-wide analyses
As one of the early studies employing next generation sequencing to non-model organisms, I se-
quenced ~5% of the mallard duck genome from a diverse pool of European mallards in Chapter 3.
I further became a member of the Duck Genome Consortium (China Agricultural University and
Beijing Genomics Institute), and used the duck genome draft sequence (Huang et al., unpublis-
hed data) to detect SNPs within the European mallard samples. More than 100,000 SNPs, highly
likely to represent true segregating polymorphisms in wild mallards, were found in just ~5% of
the duck genome. A set of 384 of these SNPs were subjected to extensive evaluation in Chapters 3
and 5.The advantage of this SNP set over existing microsatellites is not only in its statistical power,
which is believed to be in the order of 100 microsatellites, varying with the specific application of
interest®>'*2. It moreover provides common grounds for future projects to join their genotyping
results with those obtained in my study. SNPs, in contrast to microsatellites, can be consistently
genotyped across several subsequent studies in the same laboratory, across different laboratories,
and also across different genotyping technologies. I envisage that future studies employing mo-
lecular markers for any type of mallard project perform genotyping with the SNP set presented
in this thesis and incorporate the genotypes that I generated into their own studies. This will ulti-
mately unleash the potential of multiple cooperating research groups independent of time, space
and genotyping technology used.

Mallards and the spread of Avian Influenza

Recently, seasonal migration of birds has come into the focus of the public due to outbreaks of
Avian Influenza (AT)*’. Dense network structures®*®* are thought to enhance the spread of diseases,
especially those in multi-host systems®®*. Tt is clear that one needs to understand population
structuring, and hence biological host networks, as such aspects of a host’s ecology are key to
understanding the spread of diseases such as AI’.

Avian Influenza viruses (AIVs) are transmitted via the faecal-oral route, especially among birds
that live and feed on water. AIVs have been shown to remain infectious in open water for several
days, depending on environmental circumstances***2*¢. Therefore, if water birds congregate into
single or multispecies flocks on water bodies, there is always potential for the spreading of Al
When using genetic methods to infer population structure it is obviously not possible to detect
the mere meeting of ducks on a lake, however, the patterns of mating will be recognisable. While
meeting is not necessarily mating, the opposite is definitely true: mating implies meeting. There-
fore, if T detect strong genetic connectivity due to matings between populations I can also strongly
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argue for a possible route of Al through this path. Detecting real time migrants by genetic cluste-
ring and subsequent assignment tests tells the tale. Moreover, the genetic traces left by mating can
be studied backwards in time, helping to understand changes in this network over time.

Gene Pool Connectivity

The study of the genetic connectivity of populations has a long tradition in molecular ecolo-
gy'”*. These patterns have important bearings on, for instance, conservation and management.
The amount of gene flow between an endangered population and a larger source population may
determine the strength of the genetic effect of a possible bottleneck, and hence the risk of loss of
genetic diversity, or even the detrimental impact of inbreeding in small populations. Nature con-
servation efforts world-wide benefit from including a genetic agenda in order to retrieve more
detailed answers to key questions, and spend time and money wisely.

An important outcome of the study of genetic connectivity between populations is that resear-
chers will have direct evidence of movement of individuals between populations, which usually
means between geographic regions. Inferring gene flow means inferring migration of individuals
between gene pools (at least in mobile animals; in sessile organisms such as corals or plants, only
zygotes or seeds are passively dispersed by ocean or wind currents and hence adult individuals
do not migrate). With migration I refer to the movement of individuals between populations, in
contrast to the phenomenon of seasonal migration, in which the population as a whole moves
between regions.

Building on my molecular toolbox (see above) I conducted two studies to investigate gene
pool connectivity among the world’s mallard populations. For the mallard, clear geographical
boundaries between populations have been difficult to delineate based, for instance, on bird ring-
ing activities'?, and the largest study about genetic population structure published independent of
this thesis suggested very little differentiation among mallards dispersed across many thousands
of kilometres in Siberia®®. Based on these observations I hypothesised that for mtDNA I would
expect large scale panmixia within which little structure is present. Indeed, I found mallards
within landmasses to be almost unstructured in their mtDNA (Chapter 2). However, between
Eurasia and North-America I observed considerable genetic distance. This indicates that oceans
form effective barriers to movements, at least for the female portion of the mallard population.
However, when investigating the pattern for both sexes based on the SNP set developed in Chapter
3, it became apparent that males probably do cross the oceans often enough to obscure emerging
population structure due to the lower mobility of females (Chapter 4). Dispersal of genes in a
mallard population network is therefore expected to occur very fast. Close contact, as is necessary
for mating and dispersing one’s genes, results in structures that greatly facilitate the spread of Al
in a small-world networks*®*.

Interestingly, in both studies I observed signs of subtle genetic structure within Europe. The
peculiar signal in the data for mtDNA (Chapter 2) was a strong unevenness of the haplotype
frequency spectrum as identified by Tajima’s D¥ and Fu’s FS** (most pronounced in Burope, alt-
hough present on other continents as well). This signal either points towards natural selection
against deleterious mutations, or towards recent population growth. I also found evidence that
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some mallards in Europe form a separate genetic cluster from the rest of the world (Chapter 4).
These two results from two independent genetic marker sets distinguish sub-populations of Eu-
ropean mallards from other populations of the species worldwide. A scenario of extensive popu-
lation growth is unrealistic, as I would not expect such exceptional growth in Europe alone. Data
from demographic modelling of the coalescent process of mtDNA in Chapter 2 indicates large
population growth for both Eurasia and North-America, not only for Europe. Natural selection
and subsequent local adaptation might be more likely to contribute to the pattern found in Eu-
rope. There, especially, resident populations of mallards exist, staying in a region throughout the
year'”. This is facilitated by comparatively mild winters and a dense human population, leaving
sufficient food in its surroundings. Adaptation to a resident life style may have lead to the obser-
ved genetic patterns. A way to study this hypothesis would be to specifically sample and genotype
a mallard population that is known to be resident and a population that is known to be migratory
in an area where these intermix during winter. Large samples per population (>50 individuals),
larger than taken in this thesis, would allow genetic differentiation between these populations to
be evaluated.

Another possibility to explain the observed distortion of the mtDNA frequency spectrum of
the mtDNA sequences as well as the detected population structure in SNP genotypes in Europe
might be the extensive release of farmed mallards for hunting purposes (probably not all relea-
sed mallards are always shot). During the breeding process severe changes in allele frequencies
would act on the farm population due to genetic drift in small populations coupled with artificial
selection for farming conditions. For instance, it was found that just 30 years of mallard farming
have changed bill morphology substantially®®. It would be interesting to genotype mallards from
such farms to potentially identify a source of the genetic alteration in the European mallards. Ad-
ditionally, museum specimens that were collected before mallard farming for hunting purposes
became wide-spread in Europe, would be a valuable source of ‘uncontaminated’ mallard DNA.

Duck Evolution and Reduced Susceptibility to Avian Influenza
Influenza viruses have caused severe pandemics in humans, with records dating back to the 18™
century366. However, it seems that currently recognised strains of AIVs that cause disease in hu-
mans all date back to mutational alterations of AIV subtypes (‘Spanish Flu’, 1918), followed by
early reassortment events between indigenous avian-adapted Influenza viruses with human-adap-
ted Influenza A viruses (epidemics in 1957 and 1968)*!3¢7. Besides the potentially deadly events
of AT outbreaks in the human population, AIVs are a part of the ecosystem for at least centuries.
Waterfowl, the major natural reservoir of a vast diversity of subtypes of AIVs, and AIVs themselves
are co-adapted. Antigenic drift in AIVs, i.e., mutational processes leading to new antigenic sub-
types, is in equilibrium with the immune system of their hosts**. Outbreaks of highly pathogenic
Al in poultry, for instance, can be seen as the outcome of natural selection on the virus for high
virulence, adapting to conditions in dense networks such as commercial poultry farms*.

44,368

The long evolutionary association of water birds and AIVs is manifested in the diversity

of AIV subtypes continuously circulating in these birds®*'!. Ducks in particular harbour the most

369

diverse pool of AIVs**”, although there are differences of subtype frequencies between waterfowl
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and shore birds/gulls*’®, as some subtypes occur in gulls much more frequently. Studies on
mallard antibodies show that some parts of the innate immune system of this waterfowl species
is less efficient during Al infection, when compared to other animals, which might facilitate con-
tinuous shedding of the virus for several days or weeks**}, during which mallards remain largely
physically unaffected®****”!, even when challenged with viral strains highly pathogenic in poultry
or humans**¢ (but see *’~** for examples of strains that are fatal for mallards, too).

In addition to their unusual innate immune response to AIVs, also the mallard’s demography
is special. According to the BirdLife species fact sheets, the world-wide mallard population is

estimated to be 19 million individuals?’®

. According to the rule of thump found by Frankham?”®
the effective genetic population size is about 10% of the census size, hence 1.9 million mallards
would be estimated to be the genetically effective population currently inhabiting the world
(ignoring the issue of subdivided populations?®** because I find that mallards largely form a global
population; Chapter 4). The large census size of living mallards will facilitate the spreading of
AIVs due to high host densities. However, more important on evolutionary time scales, at which
the host-pathogen arms race takes place, is the ability of large populations to maintain genetic
variation. The larger the effective population size is, the slower will be loss of neutral genetic va-
riation due to stochastic processes, i.e., genetic drift. However, the loss of non-neutral variation,

for instance, due to purifying selection, is also slowed down by large population sizes*’*

. Hence,
slightly deleterious mutations, such as those benefiting AIVs instead of the mallard, remain in the
population and facilitate the survival of the virus. From demographic modelling in Chapter 2 I
know that the rule-of-thumb estimate of roughly 2 million effective mallards is conservative, as
my calculated value is between 2.8 and 7.1 million (Old World and New World estimate com-
bined, see Chapter 2).This is a high number, and to my knowledge exceptional among terrestrial
birds and mammals. Some mouse species which would be candidates for very high populations
sizes, reach up to a few hundred thousand effective individuals®’®. Some groups of small pas-
serine birds, such as sparrow species or the red-billed quelea®”*, which is the most numerous
bird in the world®”®, have census population sizes in the hundred millions, or even >1 billion.
However, to my knowledge, the effective population size has not been studied in these species,
and could be much lower due to geographical genetic substructure. At least for the quelea, high
37¢ though.

Another important aspect is the finding of inter-species gene pool connectivity among da-

connectivity has been shown on a somewhat smaller scale

bbling ducks (Chapter 5). In this thesis I propose that extensive ongoing hybridisation between
several duck species contributes to a further increased effective population size. This potentially
retains even more ‘pre-adaptations’ in the joint gene pool of a ‘supra-population’ of mallards and
allies. Ducks are therefore well-equipped for the host-pathogen arms race with a virus. High po-
tential on the side of the virus for co-adaptation seems to lead to the relatively stable relationship

between ducks and the many subtypes of ATVs®’”.

Molecular Ecology and Virology
Molecular ecology is a booming discipline. It benefits from accelerating technological advances in

molecular genetics (e.g., advances in molecular markers and sequencing technology®>'?#378:37%)
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theoretical population genetics (e.g., the coalescent*®®) and, recently, bioinformatics®*'*#? and the
associated hardware of computers®***#*. Molecular ecologists are integrated into a large variety of
ecological research agendas, however, the paucity and maintenance costs of high-level biosafety
laboratories is a hurdle for independent molecular ecology research labs to take part in the study
of the molecular ecology of zoonotic diseases, such as Avian Influenza. As a consequence, the
research on the ecology of Avian Influenza is largely dominated and monopolised by virological
laboratories. This is not a problem per se. Extensive collaborations of virologists and molecular
ecologists have lead to fruitful results (for instance, see 3°6:307:323377.38%) However, the complete
dependence of smaller molecular ecology laboratories on a few well-equipped virology groups is
sub-optimal in a scientific context. Although collaborative efforts often lead to great achievements
it is paramount for scientists to maintain independence.

One way of maintaining scientific independence is to be able to collect samples without being
affiliated to one of the very few large surveillance programs that usually get installed per continent.
The development of techniques to sample, store and process faecal samples suspect of being Al-
positive samples in Chapters 6 and 7 is a first step towards more independence. Ultimately, these
techniques have the potential to motivate smaller molecular ecological laboratories to invest their
creativity and imagination into projects that involve sampling of animals for AI. Additionally, also
traditional multi-national surveillance programs can benefit from methods that help leveraging
sampling under arduous conditions. As I have shown in the example of the mallard in Chapters 2
and 4 bird populations can be highly connected. When monitoring only specific corridors, aut-
horities may miss an approaching infection wave in the wild, if environmental conditions favour
another route. Current surveillance methods depend on the installation of well-equipped field
stations, the maintenance of cold chains, and the implementation of biosafety measures during
transport. The use of FTA cards or similar methods (reviewed in Chapter 7), also in more traditi-
onal projects, can aid in filling gaps in regions where advanced Al sampling infrastructure is not
yet built up, or cannot be installed at all.

Outlook

Understanding the ecology of the mallard, probably the most important host species of Avian
Influenza (AI) in the wild'®®, is paramount for understanding the ecology of Al Since AIVs have
caused or contributed to several global pandemics in humans during the past century, causing
millions of deaths®!, the study of Al is perceived as very important by the public. Further, since the
natural reservoir of Al encompasses so many bird species it is difficult to start ecological research
on all these multiple hosts. Hence, a lot more effort is allocated to the study of the single disease
AT than to the multiple host system of water birds, especially ducks.

This thesis provides powerful modern genetic tools for the study of mallard molecular ecolo-
gy (Chapter 3), and provides first insights into the global population structure of this waterfowl
species (Chapters 2 and 4), hence facilitating the research of a host of AT on the appropriate scale:
the world. I believe that the work presented here can be seen as an exemplary project in this re-
spect. Further efforts to study global scale population structure with respect to AIV dispersal are
essential, and some first steps are currently being undertaken. Such a research program, aiming
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at Aythya species (diving ducks), is carried out at the University of Bern, Switzerland. This, as
yet, unpublished data also aims to characterise global population structure. A further project on
mallards, using the SNP markers described in my thesis (Chapter 3), is starting in Kristianstad,
Sweden, setting out to study the aspects of the European mallard population with respect to
mallard farming, which I highlight in my thesis (Chapters 2 and 4).The use of the same SNP set
in these two projects will aid the joint analysis of genotype data collected here and that collected
in the new project.

Hopefully, there will be many more studies on various water bird species on a global scale,
using genetic makers that are sufficiently powerful for global projects, and representative for the
whole genome. I have proven that developing such marker systems is possible for any non-model
species and allows for data sharing. In Chapter 5 I show that the study of other duck species is
not only important because they are also a part of the Al reservoir, but because their gene pools
are directly linked to each other. Thereby, I offer a hypothesis why ducks and other waterfowl are
such a successful group of animals. Extensive ongoing inter-specific hybridisation between many

27 could be seen as a mechanism

species within waterfowl, producing viable and fertile hybrids
similar to horizontal gene transfer in bacteria. On the one hand, a greatly increased genetically
linked population can maintain more polymorphisms, thereby allowing a more complex and
finer tuned co-evolution of Al and the birds. On the other hand, favourable adaptations to living
with viral infections can spread from one species to another.

Aside from the various scientifically relevant and novel findings in the presented chapters,
touching upon diverse facets such as genetic markers (Chapters 2 and 3), population genomics
(Chapter 4), evolutionary genetics (Chapter 5) and sample collection technology (Chapters 6 and
7), my thesis will help answer key questions of societal relevance about Al research, such as which
hosts potentially contribute most to the spread of this disease, and through which channels this
spread occurs. As I conclude in my thesis, the mallard is perfectly suited to not only constitute
the major natural reservoir of Avian Influenza, but also to spread the virus efficiently and quickly
through a highly interconnected network. It is important to organise future surveillance into
many small sampling stations, since an Influenza outbreak can spread anywhere due to the high
connectivity of the mallard populations.
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Summary

Summary

Birds, in particular poultry and ducks, are a source of many infectious diseases, such as those
caused by influenza viruses. These viruses are a threat not only to the birds themselves but also to
poultry farming and human health, as forms that can infect humans are known to have evolved. It
is believed that migratory birds in general play an important role in the global spread of avian in-
fluenza (AI). However, it is still debated how large this role precisely is and whether other modes
of spread may be more important. The mallard (Anas platyrhynchos) is the world’s most abundant
and well-studied waterfowl species. Besides being an important game and agricultural species, it
is also a flagship species in wetland conservation and restoration. Waterfowl (Anseriformes: Ana-
tidae) and especially ducks currently are the focal bird group in long distance dispersal of Avian
Influenza in the wild, and the mallard has been identified as the most likely species to transport
this virus.

In my thesis I report aspects of the biology of this important host species of AI by molecular
ecological means. As molecular marker system I established a genome-wide set of more than
100,000 SNPs of which I developed a subset of 384 SNPs into an assay to genotype about 1,000
ducks. This subset was employed to study the evolutionary history and speciation processes in the
Angs genus. Further investigations into the world-wide mallard population structure on a species
level were based not only on this set of 384 SNPs but also on mitochondrial DNA sequences. Last
but not last, I investigated an option of Al sampling and detection from duck faeces by technology
that is safe from a biohazard perspective, and solves transportation issues related to cold chains.

The main results of my thesis include the development of a generally applicable improved
analysis pipeline to develop genome-wide SNP sets for non-model organisms. Further, my results
show that, from a migration system perspective, mallard flyways/populations can hardly be deli-
neated from a biological point of view. Detailed phylogenetic, population genetic and coalescent
analyses of a data set of samples spanning the whole northern hemisphere leads me to conclude
that the only firm population boundaries that I can draw are between Eurasia and North America,
within which panmixia is almost achieved. Mallards’ and other Anas-ducks’ whole continental to
global distribution brings them together in sympatry. I can show that a combination of sympatric
distribution, conflicting genetically determined and learned mate recognition mechanisms, and
genomic compatibility between species helps to explain the long-standing puzzle of waterfowl
hybridisation and introgression of genes from one duck species into another. Besides obvious
management implications I propose that this fact can be part of the explanation why ducks are
so well adaptable and successful, as well as why they show extraordinary abilities to withstand Al
infections, or its consequences for health status.
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Samenvatting

Samenvatting

Vogels, met name pluimvee en eenden, zijn een bron van vele infectieziekten, zoals de ziekten
die veroorzaakt worden door influenzavirussen. Deze virussen vormen niet alleen een bedreiging
voor de vogels zelf, maar ook voor de pluimvee-industrie en publicke gezondheid, aangezien het
bekend is dat er varianten zijn geévolueerd die mensen kunnen infecteren. Trekvogels worden in
het algemeen verondersteld een belangrijke rol te vervullen bij de verspreiding van vogelgriep
(VG). Echter, hoe groot die rol precies is en of andere manieren van verspreiding belangrijker
zouden kunnen zijn, is onderwerp van discussie. De wilde eend (Anas platyrhynchos) is de meest
voorkomende en de best bestudeerde watervogel ter wereld. Afgezien van het belang van deze
soort in de jacht en de landbouw, is het ook een indicatorsoort voor de bescherming en het her-
stel van wetlands. Watervogels (Anseriformes: Anatidae) en vooral eenden zijn op dit moment de
belangrijkste focale groep voor de lange-afstandsverspreiding van vogelgriep in het wild, en de
wilde eend is geidentificeerd als de meest waarschijnlijke soort voor transport van dit virus.

In mijn proefschrift beschrijf ik aspecten van de biologie van deze belangrijke gastheersoort
van VG met behulp van moleculair ecologische methoden. Als moleculair merkersysteem heb
ik een genoom-brede set van meer dan 100,000 SNPs vastgesteld, waarvan ik een subset van
384 SNPs heb ontwikkeld tot een assay voor het genotyperen van ongeveer 1,000 eenden. Deze
subset is gebruikt om de evolutionaire geschiedenis en het soortvormingsproces van het genus
Anas te bestuderen. Verder onderzoek naar de wereldwijde populatiestructuur van de wilde eend
op soortniveau, waren niet alleen gebaseerd op deze 384 SNP set, maar ook op mitochondriale
DNA sequenties. Ten slotte heb ik de optie onderzocht om het bemonsteren en detecteren van VG
in feces van eenden uit te voeren met behulp van een technologie die veilig is vanuit biohazard
oogpunt, en die transportproblemen oplost met betrekking tot koude ketens.

De hoofdresultaten van mijn proefschrift omvatten de ontwikkeling van een algemeen toepas-
bare en verbeterde pipeline voor de ontwikkeling van genoom-brede SNP sets voor niet-model
organismen. Verder geven mijn resultaten aan dat, vanuit het perspectief van een migratie-systeem,
de vliegroutes/populaties van wilde eenden in feite amper onderscheiden kunnen worden vanuit
een biologisch oogpunt. De gedetailleerde fylogenetische, populatiegenetische en coalescent-
analyses van een dataset van monsters die het volledige noordelijk halfrond omvatten, leiden mij
tot de conclusie dat the enige steekhoudende populatiegrenzen die ik kan trekken zich bevinden
tussen Eurazié en Noord-Amerika, waarbinnen bijna panmixia wordt bereikt. De continentale tot
wereldwijde verspreiding van de wilde eend en andere Anas-eenden brengt deze samen in sympa-
trie. Ik kan aantonen dat een combinatie van sympatrische distributie, conflicterende genetische
bepaalde en aangeleerde partner-herkenningsmechanismen, en genomische compatibiliteit tus-
sen soorten, helpt bij het begrijpen van de lang standhoudende puzzel van watervogelhybridisatie
en introgressie van genen van de ene eendensoort naar de ander. Naast de voor de hand liggende
implicaties voor beheer, stel ik voor dat dit feit onderdeel kan zijn van de verklaring waarom
eenden zo goed aangepast en succesvol zijn, alsook waarom zij de buitengewone eigenschappen
vertonen om VG infecties, dan wel de gevolgen voor hun staat van gezondheid, te weerstaan.
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