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SUMMARY 
 

Aim. – The aim of this study is to understand the historical colonisation of the 

American continent by ruddy ducks. Because ruddy ducks can be found both in North 

and South America two alternative biogeographic hypotheses have been proposed. One 

proposes that individuals migrated from North America to South America. This 

possibility implies a colonisation from the North American lowlands to the Andean 

highlands, followed by a colonisation of the South American lowlands. Alternatively, 

individuals may have migrated from South America to North America. This possibility 

implies a colonisation from South American lowlands to Andean highlands, followed 

by a colonisation of the North American lowlands. The study of these biogeographic 

hypotheses is interesting from an evolutionary perspective not only to understand the 

distribution of ruddy ducks along the American continent, but also along an elevation 

gradient, which may have required the need to evolve adaptations to survive at high 

altitudes. 

Methods. – Using the polymerase chain reaction (PCR), I amplified five introns in 

genomic DNA in 16-32 ruddy ducks from widespread locations in North America and 

South America. Amplified introns were β Fibrinogen intron 7, N-Methyl-D-aspartate 1 

glutamate receptor intron 11, Ornithine dexcarboxilase intron 5, α Enolase, intron 8 and 

Phosphoenolpyruvate carboxikynase intron 9. I included previous data on the αA, βA, 

αD haemoglobin subunits and mitochondrial DNA control region sequences 

(McCracken & Sorenson 2005; Muñoz-Fuentes et al. 2006; K. McCracken & V. 

Muñoz-Fuentes, unpublished) that would aid in discerning the directional colonization 

of the Andes by ruddy ducks. I obtained haplotypes using PHASE 2.1. Then, I 

constructed parsimony networks for each intron using TCS 1.21.  I obtained nucleotide 

and haplotype diversity within North American samples and calculated population 

differentiation (FST) between samples from North and South America by means of 

ARLEQUIN 3.5 and DNAsp 5.0 

Results. – Haplotype diversity was high in all the introns (values higher than 0.5) in all 

populations in North America. This diversity was found to be higher in N-Methyl-D-
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aspartate 1 glutamate receptor and β Fibrinogen (0.80 and 0.89, respectively). 

Haplotype diversity was found to be higher in Ornithine dexcarboxilase and β 

Fibrinogen (0.67 and 0.54, respectively). Haplotype and nucleotide diversity was lower 

for all the introns in South America as compared to North America. Although less 

number of samples from South America than from North America was used in the 

intron analyses, this could also be observed in the mtDNA data. I did not find 

significant population differentiation between the three flyways in which North 

American samples were subdivided. On the other hand, I found significant population 

differentiation between North America and South America for three of the introns 

analysed: Phosphoenolpyruvate carboxikynase (FST=0.40; p < 0.001), N-Methyl-D-

aspartate (FST=0.27; p < 0.001) and Ornithine dexcarboxilase (FST=0.71; p < 0.001).  

Main conclusion. – Higher haplotype and nucleotide diversity values in North America 

compared to South America for both introns and mtDNA suggest that it is more likely 

that individuals migrated from North America to South America. In addition, the 

haemoglobin data also support a colonization from North America to South America. 

Additional tests, such as coalescent analyses implemented for example in the software 

IM, should be performed to support this inference and contribute further information on 

the historical migration patterns. 
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INTRODUCTION  

 

Humans have long wondered about species dispersal and how species might reach 

different parts of their geographic ranges. Evolutionary processes occurring world-wide over 

millions of years are intimately connected to historical biogeography (Morrone and Crisci 

1995). Spatial differences and geographic isolation are considered a pivotal force of 

speciation (Endler 1973). Therefore, there is a clear link between ecological processes, such 

as dispersal or habitat selection, and evolutionary or biogeography processes.  

Advances in the field of genetics have contributed enormously to our understanding of 

biogeographic patterns through the use of genetic markers. Two different types of markers, 

frequency and sequence markers have been used in order to investigate the evolutionary 

patterns of a large number of species (see Hellberg 2009 for a review) as they provide 

information on how populations are connected or isolated from each other. First, frequency 

markers are commonly used to infer recent population isolation, migration and parent-

offspring relationships and provide information about the consequences of habitat losses and 

habitat fragmentation as well as the organization of individuals in populations or the 

relationships between different groups of individuals or populations. The main frequency 

marker used up to today are microsatellites markers. The list of studies using these type of 

markers is very long, but just to cite a few they have been used to study different apects of 

genetic diversity, distribution and organization among groups or the consequences of habitat 

fragmentation in species such as the European tree frog (Hyla arborea) (Arens et al. 2000), 

the common frog (Rana temporaria) (Berlin et al. 2000), or the North Pacific humpback 

whales (Megaptera novaeangliae) (Valsecchi and Amos 1996). Second, sequence markers are 

being used to infer relationships between alleles. For this purpose, mitochondrial DNA has 

been commonly used to study phylogeographic patterns (e.g. Bowen et al. 1995; Frohlich et 

al. 1999). Also, non coding single-copies of nuclear sequences, defined as introns, has been 

used to study historical distribution of species (e.g. Von Dohlen and Teulon 2003; 

Chakrabarty 2006; Hines 2008). Conversely, loci codifying for functional proteins are likely 

to be under selection, such as, for example, haemoglobin subunits (Storz et al. 2007, 2009; 

McCracken et al. 2009a) or major histocompability (MHC) genes (Ekblom et al. 2003; 
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Meyer-Lucht and Sommer 2005; Meyer and Sommer 2009). Such genes may be used to infer 

potential adaptations to different environmental pressures. 

The ruddy duck (Oxyura jamaicensis), is a species native to the American continent 

distributed over an extensive range and a variety of habitats and in wetlands that can be found 

in the lowlands up to about 4,000-metres elevation in the Andes (Figure 1).  In North 

America, ruddy duck populations (O. j. jamaicensis) have been stable or increasing in number 

throughout their breeding range (Brua 2001). Individuals may disperse over huge distances, as 

ringing data and lack of population structure suggest (Muñoz-Fuentes et al. 2006). In North 

America, the species is migratory in the north and sedentary in the south, distributed from 

Southern Canada to Central American and the Caribbean (Brua 2001). The wetlands they 

inhabit are associated to low altitude areas (less than 2,000 m). In South America, two 

subspecies can be found, the Andean ruddy duck (O. j. ferruginea) extending all along the 

Andes, and the Colombian ruddy duck (O. j. andina) in the Northern Andes.  

 

 

 

 

 

 

 

 

Figure 1 Distribution of ruddy ducks along the American continent. 

(Adapted from McCracken and Sorenson 2005). 

 

The subspecies recognition and relationship have been determined by genetic and 

phylogenetic analyses as well as behavioural and morphological similarities (Johnsgard and 
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Carbonell 1996; Brua 2001; McCracken et al. 2000; Kear 2005; McCracken et al. 2009a) 

Interestingly, a high degree of isolation has been suggested for O. j. jamaicensis and 

O. j. ferruginea due to the absence of haplotype sharing based on mtDNA data, while the 

Colombian ruddy duck shared haplotypes with both the North American and the Andean 

ruddy ducks (McCracken and Sorenson 2005). Males of the nominate subspecies O. j. 

jamaicensis are distinguished from the other subspecies by their large white cheek patches 

and contrasting black crowns. Males of the Andean ruddy duck O.  j. ferruginea are 

distinguished by their all-black head. The males of the subspecies O.  j. andina, restricted to 

the highlands of Colombia, are similar to the other subspecies, but males show a variable 

amount of black and white on the cheeks that ranges from almost completely white (e.g., O. j. 

jamaicensis) to completely black (e.g., O. j. ferruginea). 

Two alternative biogeographic hypotheses have been proposed by McCracken and 

Sorenson (2005) to explain the distribution of ruddy ducks in North America. Ruddy ducks 

migrating South from North America might have colonized the Andes arriving first to the 

highland regions of the northern Andes, and later colonizing the lowlands of the southern 

Andes (McCracken and Sorenson 2005). This would first require the need to adapt from a low 

elevation environment where oxygen partial pressure is high (North America) to a high 

elevation environment where oxygen partial pressure can be as low as 60% of that found at 

sea level at 4,000-metre elevations (the northern Andes), and then again to a low elevation 

environments (the southern Andes). Alternatively, ruddy ducks may have colonized the 

higher elevation habitats of the northern Andes from the southern lowlands of South America, 

as hypothesized for most other waterfowl species such as dabbling ducks (Fjeldså 1985), 

colonizing the northern hemisphere at approximately the same time or later than the highlands 

of the southern hemisphere (McCracken and Sorenson 2005). It is very likely that 

physiological adaptations may have been required to move from a low elevation (North 

America) to a high elevation environment (northern Andes) and then again to the lowlands in 

South America due to the environmental constraints imposed by high altitude habitats (low 

oxygen partial pressure, higher risk of dehydration due low atmospheric humidity levels, 

increased UV radiation).  

In the present study, I attempted to understand how the historical distribution of ruddy 

ducks took place along the American continent. In order to distinguish between the two 

biogeographic hypotheses presented above, I sequenced five different introns from ruddy 
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ducks native to different elevation zones and from widespread locations throughout North 

America and South America. In addition, in order to better distinguished between these two 

hypotheses, I included data from three haemoglobin genes (αA, αD and βA) from Andean 

ruddy ducks collected at both low- and high-elevation sites in the southern and the northern 

Andes as well as in North America (K. McCracken and V. Muñoz-Fuentes, unpublished) and 

from control region mtDNA sequences (McCracken and Sorenson 2005; Muñoz-Fuentes et 

al. 2006; K. McCrackend and V. Muñoz-Fuentes, unpublished).  

In reference to globin genes, the expectation is that populations from North America 

and from the lowlands in South America are adapted to high oxygen partial pressure, while 

individuals living at high altitudinal regions have developed adaptations that enable them to 

perform well at low oxygen partial pressures. Variation at the introns and mtDNA is expected 

to be influenced by demography and not by natural selection, as explained above and 

consequently not to be primarily influenced by the altitudinal gradients at which individuals 

live.  
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MATERIAL AND METHODS 

 

Samples 

Ruddy ducks were collected from widespread locations across North America and 

South America. North American ruddy ducks were then divided into three flyways: Pacific 

(collected in California Montana and Nevada), Mississippi (collected in Illinois and 

Manitoba), and Atlantic (collected in Florida, Georgia, Maryland, New Jersey, North 

Carolina, Pennsylvania, Rhode Island and Vermont).  Andean ruddy ducks were collected in 

Argentina (lowlands), Bolivia (highlands and lowlands), Ecuador (lowlands), and Peru 

(highlands and lowlands). Lowlands were defined as regions between sea level and 2,000 

metres elevation and highlands as those above 2,000 metres (after Hornbein and Schoene 

2001). For mtDNA samples from ruddy ducks from Colombia were also available. Tissue 

included muscle, blood, feathers or brain. DNA was extracted using the Qiagen DNeasy kit 

following the manufacturer’s protocol.  

I generated data corresponding to sequences for five introns (β Fibrinogen intron 7, n= 

24 from North American and n=6 from South America; N-Methyl-D-aspartate 1 glutamate 

receptor intron 11, n= 24 from North American and n=6 from South America; 

Phosphoenolpyruvate carboxikynase intron 9, n= 25 from North American and n=6 from 

South America; α Enolase, intron 8, n= 16 from North American; Ornithine dexcarboxilase 

intron 5, n= 26 from North American and n=6 from South America). For the αA, αD and βA 

haemoglobin sequences data were available for 23 individuals from South America and one 

from North America (frozen tissue) (although more data are being generated at this precise 

moment, only data for one individual was available at the moment of analysing these data). 

For control region mtDNA sequences, data were available for 37 individuals (frozen tissue, 

n=24; museum specimens, n=13) for ruddy ducks from North America O. j. jamaicensis 

(n=69) and from the northern Andes O. j. andina (n=5). Except for one O. j. jamaicensis 

sequence, these data were previously published (McCracken and Sorenson 2005; Muñoz-

Fuentes et al. 2006). All the intron data was originally generated for this report and the 

remaining data was previously available (V. Muñoz-Fuentes and K. McCracken, 

unpublished).  
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Molecular techniques 

1. Sequencing of nuclear introns 

Five introns corresponding to five different nuclear genes in the chicken were 

amplified and sequenced (Table 1) with primers given in Table 2. These were β Fibrinogen 

intron 7, N-Methyl-D-aspartate 1 glutamate receptor intron 11, Phosphoenolpyruvate 

carboxikynase intron 9, α Enolase intron 8 and Ornithine dexcarboxilase intron 5. These loci 

were chosen because they have been used in previous studies of the same or related species 

(Muñoz-Fuentes et al. 2006, McCracken et al. 2009a; McCracken et al. 2009b) and for 

comparison purposes. Intron sequences were downloaded from GenBank in order to check 

whether the already available primers were suitable, based on alignments of chicken (Gallus 

gallus), mallard (Anas platyrhynchos) and other different duck species (Lophoneta 

specularioides, Anas cyanoptera, A. versicolor/puna, A. georgica and A. flavirostris). Using 

Se-Al 2.0a11 (Rambaut 1996) I aligned sequences and primers by eye to ensure primers were 

placed in exon sites, presumably conserved, flanking each intron and consequently decide 

whether the primer sequences were likely to be appropriate to amplify and sequence ruddy 

ducks introns. It was concluded that the available primers would be suitable. 

 

Table 1 Introns of nuclear genes sequenced in ruddy ducks. Base pairs sequenced and chromosomal location in 
the chicken genome are given for each locus. 

 

 

 

Polymerase chain reaction (PCR) was performed in 20-µL reactions containing 1 x 

Buffer (Applied Biosystems), 2.5 mM MgCl2, 0.24 mM dNTPs, 0.5 µM forward primer, 

0.5µM reverse primer, 25-100 ng of genomic DNA and 0.035 U of AmpliTaq DNA 

Polymerase (Applied Biosystems). PCR reactions were run in a ABI System 2700 (Applied 

Biosystems) PCR thermal cycler using the following conditions: initial denaturation step at 

95ºC for 6 minutes followed by 40 cycles at 95ºC for 20 seconds, annealing temperature at 

55ºC or 58ºC depending on the primers for 20 seconds (see Table 2), and extension at 72ºC 

Locus Name Base Pairs Sequenced Chicken Chromosome
Ornithine decarboxylase  Intron 5 ODC 349 3
α enolase Intron 8 ENOL 282 21
β Fibrinogen Intron 7 FBG 401 4
N-Methyl-D-aspartate 1 glutamate receptor Intron 11 GRIN 282 17
Phosphoenolpyruvate carboxikinase Intron 9 PEPCK 327 20



11 
 

for 1 minute, with a final extension step at 72ºC for 6 minutes. The PCR products were 

visualised in 2 % agarose gels in TAE buffer. Also, a Safe Imager TM Blue-Light 

transilluminator was used to visualise the bands (INVITROGEN). After dying the DNA 

fragments with gel green (VWR), a nucleic acid intercalating agent, all amplified introns 

presented one clear single band except α Enolase, for which sometimes several unspecific 

bands were observed. Therefore, the strongest band (likely corresponding to the targeted 

locus) was excised and the DNA extracted from the gel using the QIAquick gel extraction kit 

(QIAGEN), following the manufacturer´s instructions. Ornithine dexcarboxilase, β 

Fibrinogen, Phosphoenolpyruvate carboxikynase and N-Methyl-D-aspartate 1 glutamate 

receptor PCR products gave one single band and, consequently, were purified in 16-µL 

reactions containing 10-µL of PCR product, 20 U of Exonuclease I (Fermentas) and 1U 

Shrimp Alkaline Phosphatase (Fermentas). Incubation took place under the following thermal 

conditions: 37ºC for 15 minutes followed by 80ºC for 15 minutes. Alternatively, purifications 

were performed in reactions containing 10-µL PCR product, the appropriate volume of the 

suitable buffer additionally to the application of Shrimp Alkaline Phophatase (1U) and 

Exonuclease I (20U). This was incubated at 37ºC for 30 minutes followed by 80ºC for 30 

minutes.  Both protocols seemed to work equally well. The forward strand was sequenced 

with the same forward primer used for carrying out the amplifications. Once the sequences 

were sequenced (Macrogen), these were visualised and edited using SECUENCHER version 

4.7 (Gene codes corporation, Ann Arbor, MI, USA) following the IUPAC amino acid codes 

and re-aligned by eye using Se-Al Software version 2.0a11 (Rambaut 1996). 

 

Table 2 Primers used for amplifying nuclear loci, gene position, primer names (F; forward primer; R; reverse primer), 
sequences, annealing temperature are indicated for each locus.  

 

 

 

(McCracken et al. 2009a; McCracken et al. 2009b; McCracken et al. 2009c) 

 

LOCUS NAME INTRON PRIMER NAMES PRIMER SEQUENCES (5´-3 ´) Ta (ºC)

ODC1.5F F: TCGTTCAAGCCATTTCTGATGCC 58
ODC1.6R R: CCAGGRAAGCCACCACCAATRTC 58
ENO1.8F F: CGCGATGGAAAGTATGACCT 55,58
ENO1.9R R: CCAACGCTGCCAGTAAACTT 55,58
FGB-7.F F: GTTAGCATTATGAACTGCAAGTAATTG 55
BF7.3mR F: CTCAGAAGACTGGAGCTCATTTG 55

GRIN1-11.F F: CTGGTGGGGCTGTCTGTG 58
GRIN1-11a.R R: ACTTTGAASCGKCCAAATG 58

PCK1-9.F F:CAGCCATGAGATCTGAAGCA 58
PCK1.R R: TTGAGAGCTGGCTTTCATTG 58

5

8

11

Ornithine decarboxylase  

Alpha enolase 

7Beta-fibrinogen 

N-Methyl-D-aspartate 1 glutamate receptor 

Phosphoenol piruvate carboxikinase 9
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2.  Sequencing of the α A, β A and α D haemoglobin subunits 

The PCR was used to amplify αA, βA and αD haemoglobin subunits for individuals 

from North and South America. PCR was performed using Amplitaq LR DNA Polymerase 

and the thermocycling parameters were: 94 ºC for 7 minutes, followed by 40 cycles of 

denaturation at   94 ºC for 20 seconds, annealing at 60-64 ºC for 20 seconds, followed by a 

final segment at   72 ºC for 1 minutes. Both strands were purified and sequenced according to 

the procedure in McCracken et al. (2009a). 

 

3. Sequencing of mtDNA 

 

The PCR was used to amplify mtDNA control regions for individuals from North 

America and South America. PCR was carried out in 50 µl reactions containing 1X Buffer 

(Applied Biosystems), 2.5 mM MgCl2, 1mM dNTPs (0.25mM each), 0.5 µM Forward primer, 

0.5 µM Reverse primer, 25-100 ng of genomic DNA and 1U of Ampli Taq DNA polymerase 

(Apply Biosystems). PCR were performed in ABI 2700 PCR thermal cycler using the 

following conditions: initial denaturation step at 94ºC for 1 minutes followed by 35 cycles at 

94ºC for 20 seconds, annealing temperature at 55ºC for 20 seconds, and extension at 72ºC for 

1 minute, with a final extension step at 72ºC for 7 minutes. PCR products were run in 1% 

agarose gels. Both strands were purified and sequenced according to the procedure in Muñoz-

Fuentes et. al (2005). 

 

Data analyses 
 

PHASE version 2.1 was implemented in order to identify the most likely haplotypes 

for each individual in my intron data set. The number of iterations was set to 100, the thinning 

interval to 1, and the burn in to 100, which is the default included in the software (Stephens et 

al. 2001). Parsimony networks were constructed to illustrate the relationship among 

haplotypes using TCS 1.21 (Clement et al. 2000). ARLEQUIN version 3.5.1.2 was used in 

order to test for population differentiation by calculating F-statistics to calculate genetic 
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distance among haplotypes (Excoffier and Lischer 2010). In this case, the number of 

iterations was defined as 16,000 to increase the accuracy of the results. Also, ARLEQUIN 

was used to measure specific haplotype diversity (Hd) and nucleotide diversity (π) and their 

standard deviation for each population. Nucleotide diversity is the probability that two 

randomly chosen homologous nucleotides are different whereas haplotype diversity is the 

probability that two randomly chosen homologous haplotypes are different in a given 

population (Nei 1979). To measure the overall diversity in all of the introns for all samples, 

both haplotype diversity (Hd) and nucleotide diversity (π) were estimated by means of a Fu 

and Li´s test (Fu and Li 1993) using DNAsp software version 5.0 (Librado and Rozas 2009).  
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 mtDNA 
a

Hemoglobin genes
b

ENOL PEPCK ODC GRIN FBG

Geographic location

Pacific Flyway 10 - 4 6 7 7 6

California (CA) 3 - 2 2 2 2 1

Montana (MT) 1 - - 1 4 1 1

Nevada (NV) 3 - - 3 1 4 4

Misissipi Flyway 20 - 4 5 5 5 5

Ilinois (IL) 1 - 1 1 1 1 1

Manitoba (MB) 19 - 3 4 4 4 4

Atlantic Flyway 29 - 8 14 14 12 12

Florida (FL) 7 - 1 3 3 3 3

Georgia (GA) 2 - 2 2 2 2 2

Maryland (MD) 5 - 2 3 3 2 2

New Jersey (NJ) 4 - - 1 1 1 1

New Carolina (NC) 5 - 1 1 1 1 1

Pensilvania (PA) 2 - - 1 1 1 1

Rhode island (RI) 2 - 1 1 1 1 1

Vertmont (VT) 2 - 1 2 2 2 2

El Salvador (SV) 1 - - - - - -

Mexico (MX) 1 - - - - - -

Colombia(CO) 5 - - - - - -

Highlands - - - - - - -

Lowlands 5 - - - - - -

Ecuador(EC) 1 - - - - - -

Highlands - - - - - - -

Lowlands 1 - - - - - -

Peru(PE) 12 8 1 1 1 1

Highlands 10 2 - 1 1 1 1

Lowlands 2 6 - - - - -

Bolivia(BO) 17 8 1 1 1 1

Highlands 15 8 - 1 1 1 1

Lowlands 2 - - - - - -

Argentina(AG) 8 7 4 4 4 4

Highlands - - - 3 3 3 3

Lowlands 8 7 - 1 1 1 1

TOTAL 104 23 16 31 32 30 30

LOCUS

 

RESULTS 

 

Samples 

Table 3 shows the number of ruddy ducks amplified for each locus and collection site. 

Samples were chosen as to come from widespread locations across North America and South 

America.  

Table 3 Ruddy duck samples used in this study for mitochondrial DNA, haemoglobin genes and nuclear introns 
(β Fibrinogen intron 7 (FBG), N-Methyl-D-aspartate 1 glutamate receptor intron 11 (GRIN), 
Phosphoenolpyruvate carboxikynase intron 9 (PEPCK), α Enolase intron 8 (ENOL) and Ornithine 
dexcarboxilase intron 5 (ODC)). Samples are grouped by flyways in North America (Pacific, Mississippi and 
Atlantic) and by countries and altitudes (highlands and lowlands) in South America.  

 

 

 

 

 

 

 

 

 

 

 

a For the O. j. ferruginea and the O. j. andina mtDNA data, sequences for 12 individuals were 
previously published (McCracken and Sorenson 2005). b For the O. j. jamaicensis, all data were 
previously published (McCracken and Sorenson 2005; Muñoz-Fuentes et al. 2006), except for one 
sequence. 
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Individuals from North America are classified according to the four different flyways 

found in North America in which the samples were collected: Pacific flyway, Central flyway, 

Mississippi flyway and Atlantic flyway. The Central flyway is not represented by any sample 

in the data set. In the case of South America, samples are classified according to the altitude at 

which they were collected. The total number of individuals for which I obtained intron data 

for was 24 for β Fibrinogen in North America and 6 in South America. For N-Methyl-D-

aspartate carboxikynase, there was intron data for 26 individuals in North America and 6 in 

South America. For Ornithine dexcarboxilase there was intron data for25 individuals in North 

America and 6 in South America. In the case of Phosphoenolpiruvate carboxikynase there 

was intron data for 25 individuals in North America and 6 in South America. Finally, there 

was only intron data for 16 individuals in North America for α Enolase due to technical 

difficulties amplifying this intron most likely due to primer mismatching.  

 

Genetic diversity 
 

1. Introns 

The total number of individuals sequenced, the number of different haplotypes and the 

number of variable sites are illustrated in Figure 2. The total number of sequenced individuals 

ranged between 16 and 32 and the number of different haplotypes found was between 4 and 

15. It can be observed that the more number of individuals sequenced did not always correlate 

with a higher number of different haplotypes found, meaning that some of the loci sequenced 

were more polymorphic than others. In particular, β Fibrinogen had a high number of variable 

sites that accounted to 11, whereas the number of variable sites found in the other introns was 

lower, ranging from 2 to 6 (See also Appendix I). 

I then used parsimony networks to illustrate the relationships among haplotypes 

(Figures 3 throughout 8). In general, a higher number of different haplotypes were found 

among the individuals from North America. In contrast, individuals from South America tend 

to have fewer different haplotypes, shared with individuals from North America (Figs. 4-7) or 

not (Fig. 5).  
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ENOL PEPCK ODC GRIN FBG

16

31 32
30 30

4 3

8 9

15

2 2

6 6

11

n individuals No.of different haplotypes No of Variable sites
 

 

 

 

 

 

 

Figure 2 Number of total individuals sequenced for each intron, number 
of different haplotypes found per intron and total number of variables 
sites per intron found in the ruddy ducks from the American continent. 

 

The parsimony network for α Enolase (Figure 3) shows four haplotypes differing in 

only one mutation, of which two are more frequent, appearing 53.1% and 34.3% of the times, 

whereas the other two less frequent haplotypes are found in a frequency of 9.37% and 3.13%, 

respectively. No evidence of population structure was found, that is, there is no association 

between the distribution of specific haplotypes and the flyways.  

 

 

 

 

 

 

 

Figure 3 Haplotype network of ENOL in ruddy ducks. Individuals from North America are only shown 
here, as the individuals from South America were not sequenced in time to be presented in this report. 
Identical haplotypes are enclosed by the same square and each circle represents one single allele of one 
individual. Lines indicate one mutation. An empty circle corresponds to a haplotype not found (see 
other Figures). The letters inside the circle indicate collection sited (as defined in Table 3).The different 
flyways in which the individuals were collected are indicated: green, Pacific flyway; purple, Mississippi 
flyway; and blue, Atlantic flyway.  
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The parsimony network for Phosphoenolpyruvate carboxikynase intron shows three 

different haplotypes (Figure 4). The most frequent haplotype was found with a frequency of 

40% in North America, whereas the other two haplotypes appear with a 28% and 26% 

frequency. The three haplotypes were found in individuals from the three flyways and, 

therefore, as in the case of α Enolase above, no association between haplotypes and flyway or 

collection point was found, reflecting no population structure. The seven individuals from 

South America had the same haplotype, which was also found in North America. 

 

 

 

 

 

 

 

 

 
Figure 4 Haplotype network of PEPCK for ruddy ducks from North and South America. Identical haplotypes 
are enclosed by a square and each circle represents one single allele of one individual. The different flyways 
in which the individuals were collected are indicated: green, Pacific flyway; purple, Mississippi flyway; and 
blue, Atlantic flyway; light orange, lowlands in South America; dark orange, highlands in South America. 
See legend for Figure 3 above. 

 
 

The relationship between haplotypes for Ornithine dexcarboxilase performed is shown 

in Figure 5. For this intron, ten different haplotypes could be distinguished. The most 

common haplotype was found with a frequency of 58% in North America, and was shared 

only by individuals from North America. Four other haplotypes were found in North America 

with a frequency of 2%. In South America, three different haplotypes were found with 

frequencies 50%, 20% and 16.6%, respectively. The more frequent haplotype in South 

America was shared with one individual from North America collected in Nevada.  No 
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evidence of population structure was found in individuals from North America. However, 

population differentiation between North and South American individuals may occur for this 

specific intron (see Fst analyses below). 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5 Haplotype network of ODC for ruddy ducks from North and South America. See legends in Fig. 
3 and 4 above. 

 

 

The unrooted parsimony network to reconstruct the relationship between haplotypes 

for N-Methyl-D-aspartate 1 glutamate receptor is shown in Figure 6. Nine different 

haplotypes were found in total. The main common haplotype is presented 35% of the times 

for individuals in North America whereas the rest of haplotypes are less common. Moreover, 

individuals from each flyway have haplotypes distributed all over the network within North 

America. In addition, individuals from South America are grouped in one of the most likely 

haplotypes, appearing 92% of the times. As in the case of the previous introns, no population 

structure is apparent. 
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Figure 6 Haplotype network of GRIN for ruddy ducks from North and South America. Open circles 
represent that the haplotype found is fairly uncommon. See legends in Fig. 3 and 4 above. 
 

 

Figure 7 illustrates the relationships among haplotypes for β Fibrinogen. Two main 

haplotypes can be recognised in the parsimony network in which both individuals from North 

America and South America can be found. These two main haplotypes appear 21% and 19% 

of the time for North American individuals, respectively. However, these two main 

haplotypes are observed in 50% of the cases for South American individuals. The rest of 

haplotypes presented are less frequent, showing percentages lower than 21% for North 

American individuals. This intron is the most variable of the ones sequenced with 15 different 

haplotypes. The two haplotypes in South America were also found in North America. No 

evidence of population structure is found.  
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Figure 7 Haplotype network of FBG for ruddy ducks from North and South America. See legends 
in Fig. 3 and 4 above. 

 

 

The relationship among haplotypes was reconstructed using a parsimony network 

(Figure 8). This network shows 25 different haplotypes for mtDNA samples (Figure A), three 

different haplotypes for αD and βA haemoglobin subunits (Figures C and D, respectively) and 

4 haplotypes for the αA haemoglobin subunit (Figure B).  

 

 

2. MtDNA  
 

For mtDNA, one common haplotype was observed for the North American samples in 

the centre of the network (Figure 8; A). The rest of the individuals are dispersed over different 

haplotypes that radiate from this one. Except for one haplotype, individuals from South 

America and North America shared no haplotypes, indicative of population structure (see Fst 

analyses below). Individuals from Argentina shared a single haplotype.  



21 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 8 Networks for Andean and North American ruddy ducks showing haplotypes found in 
control region mtDNA (A).Identical haplotypes are enclosed by the same square and each 
circle represents one individual in the case of mtDNA. Individuals from North America and 
Colombian ruddy ducks are represented by dark grey shading circles whereas individuals from 
South America are represented by white circles and light grey circles, representing lowland (0–
2,500 m) and highland (3,000 - 4,000 m) Andean ruddy ducks, respectively.  
 
 
 

3. Globin subunits 
 

For the haemoglobin subunits (Figure 9; B, C, and D) all parsimony networks show a 

central haplotype from which the others radiate, shared by individuals from the highlands of 

Peru and Bolivia, except for one or two individuals from the lowlands of Peru. In all cases, 

one haplotype was unique to individuals from Argentina.  

No amino acid substitutions were observed in the case of αA and αD, whereas in the 

case βA one amino acid substitution Thr-69-Ser was found in all individuals from South 

America as compared to one individual from North America (sequenced in time to be 

included in data analyses), while two amino acid substitutions, Leu-14-lle and Gly-13-Ser, 

were found in all individuals from Argentina. 

 
 
 
 
 
 
 

(A) 
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Figure 9 Networks for Andean and North American ruddy ducks showing haplotypes found in the 
globin alleles that encode the αA (B), αD (C) and βA (D) subunit polypeptides (exons and introns). 
Identical haplotypes are enclosed by the same square and each circle represents one allele in the 
haemoglobin loci. Small rectangles indicate the amino acid replacements. Lines represent one mutation 
and empty circles haplotypes not found. (See Table 3 for abbreviations and Figure 8). 

 
 
 

Intron DNA haplotype diversity ranged between 0.52 and 0.96 in the different flyways 

in North America (Table 4). In general, the highest values of haplotype diversity were 

observed for β Fibrinogen and N-Methyl-D-aspartate for all the flyways. The haplotype 

diversity for β Fibrinogen is highest in the Mississippi flyway (Hd = 0.955) as compared to 

the other flyways (Pacific: Hd = 0.893; Atlantic: Hd = 0.873), whereas in the case of. N-

Methyl-D-aspartate it is highest in the Pacific flyway (Hd = 0.891) in relation to the other 

flyways (Mississippi: Hd = 0.711; Atlantic: Hd = 0.786). These high values are directly 

related to the total number of haplotypes, the total number of different haplotypes and the 

total number of variable sites (Figure 2; Appendix II). Low values of total number of 

haplotypes together with high values of variable sites mean a high haplotype diversity value 

due to the high probability of having many different combinations of different base pairs 

forming different haplotypes. Haplotype diversity values for the Ornithine decarboxylase 

intron are similar in all the flyways 0.65, 0.53 and 0.51, Pacific flyway, Mississippi flyway 

and Atlantic flyway, respectively. 

 

(D) 

(B) (C) 
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ENOL PEPCK ODC GRIN FBG
POPULATIONS

n 4 6 7 9 6
No.Hapl. 3 3 5 7 7
(π+/- SD)  0.0028  +/- 0.0026 0.0015 +/-  0.0015 0.0025 +/-  0.0021 0.0044 +/-  0.0033 0.0103 +/-  0.0062
(Hd+/- SD) 0.6786 +/-  0.1220 0.7273 +/-  0.0580 0.6593 +/-  0.1227 0.8901 +/-  0.0553 0.8939 +/-  0.0627
n 4 5 5 5 5
No.Hapl. 3 3 4 4 8
(π+/- SD) 0.0029 +/-  0.0026 0.0017 +/-  0.0017  0.0011 +/-  0.0013 0.0040 +/-  0.0031 0.0090 +/-  0.0056
(Hd+/- SD) 0.6786 +/-  0.1220 0.6444 +/-  0.1012  0.5333 +/-  0.1801 0.7111 +/-  0.1175 0.9556 +/-  0.0594
n 8 14 14 12 13
No.Hapl. 3 3 2 8 11
(π+/- SD) 0.0026 +/-  0.0022 0.0016 +/-  0.0015  0.0015 +/- 0.0014 0.0045+/-  0.0032 0.0082 +/-  0.0048
(Hd+/- SD) 0.5667 +/-  0.1090 0.6243  +/-  0.0521  0.5185 +/- 0.0257 0.7862 +/- 0.0664 0.8738 +/-  0.0419

ATLANTIC

LOCUS NAME

MISISSIPI

PACIFIC

Table 4 Genetic variability in ruddy ducks from the Pacific, the Mississippi and the Atlantic flyways in North 
America for the 5 introns sequenced in this study: β Fibrinogen intron 7 (FBG), N-Methyl-D-aspartate 1 
glutamate receptor intron 11 (GRIN), Ornithine decarboxylase intron 5 (ODC), α Enolase intron 8 (ENOL) and 
Phosphoenolpyruvate carboxikynase intron 9 (PEPCK).  
 
 

 

 

 

 

 

n, number of individuals sequenced; No. Haplo, number of different haplotypes; Hd., Haplotype diversity; π., 
nucleotide diversity; SD., standard deviation. 

 

 

Intron DNA nucleotide diversity ranged between 0.0011 and 0.0103 (Table 4). 

Nucleotide diversity follows a similar pattern to haplotype diversity, that is, it is highest for β 

Fibrinogen intron and N-Methyl-D-aspartate. Haplotype diversity values are similar for all the 

introns in all the flyways. For instance, β Fibrinogen present similar nucleotide diversity 

values in all the flyways 0.0103, 0.090 and 0.082, Pacific flyway, Mississippi flyway and 

Atlantic flyway, respectively. 

 

Table 5 shows the genetic variability in Andean and North American ruddy ducks. 

Both haplotype and nucleotide diversity were higher in North America than in South America 

in all cases, except for ODC. However, the number of individuals sequenced for South 

America was six, while individuals from North America were between 16 and 26. This was 

due to lack of time to include all the sequences generated for South American individuals in 

time for this report. For the species as a whole, total haplotype and nucleotide diversity was 

high, ranging between 0.61 0.85 and 0.0021-0.0075, respectively.  

 

Genetic Structure 
 

First, pairwise FST comparisons were performed for North American samples grouped 

(Table 6). Bonferroni correction was implemented in order to include multiple comparison 

corrections in the analyses. Results suggest non population differentiation among the flyways 
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ENOL PEPCK ODC GRIN FBG
POPULATIONS

n 16 25 26 24 24
No.Haplo. 4 3 7 10 15
(π+/- SD) 0.0026 +/-   0.0012 0.0016 +/- 0.0015 0.0017 +/-  0.0015  0.0045 +/- 0.0031 0.0089  +/-  0.005

(Hd+/- SD) 0.6090 +/-   0.0329 0.6392 +/- 0.0315 0.5616 +/-  0.0467  0.8039 +/- 0.0383   0.8918  +/-  0.0221
n - 6 6 6 6

No.Haplo. - 1 3 2 2
(π+/- SD) - 0.0 +/- 0 0.0040 +/-  0.0030 0.0011 +/-  0.0013 0.0054 +/-  0.0040

(Hd+/- SD) - 0.0 +/- 0 0.6667 +/-  0.0910 0.1667 +/-  0.1343 0.5455 +/-  0.0615
Overall π 0.0026 0.0020 0.0040 0.0043 0.0075

Overall Hd 0.61 0.58 0.72 0.76 0.85

NORTH AMERICA 

SOUTH AMERICA

ALL SAMPLES 

LOCUS NAME

in North America because FST comparisons are not significant between North American 

populations (P > 0.05). 

Table 5 Genetic variability in Andean and North American ruddy ducks for the 5 introns sequenced in this 
study: β Fibrinogen intron 7 (FBG), N-Methyl-D-aspartate 1 glutamate receptor intron 11(GRIN), 
Phosphoenolpyruvate carboxikynase intron 9 (PEPCK), α Enolase intron 8 (ENOL) and Ornithine 
dexcarboxilase intron 5 (ODC). 

 

 

 
 
n, , number of individuals sequenced; No. Haplo. number of different haplotypes; Hd, Haplotype diversity; π, 
nucleotide diversity; S.D., standard deviation. 
 

 

Second, pairwise FST comparisons were performed for samples collected in North 

America vs. samples collected in South America (Table 7). Pairwise FST comparisons were 

highly significant (P<0.001) for three out of four introns for which data was available 

(Phosphoenolpyruvate carboxikynase, Ornithine dexcarboxilase and N-Methyl-D-aspartate) 

(Table 7). No significant differences were observed between the individuals collected in 

North America and those collected in South America for β Fibrinogen intron (FST=0.025; P > 

0.05). No data were available for individuals from South America for α Enolase due to 

amplification problems for these samples. 

 
 

 

Table 6 Pairwise FST values to compare individuals collected in different flyways in North America (Mississippi 
vs. Pacific, Atlantic vs. Pacific and Atlantic vs. Mississippi). Significant values (P) were based on 16000 
permutations for FST; P* < 0.05; P***< 0.001. 

 

 

 

 

 

 

LOCUS NAME MISISSIPI VS PACIFIC ATLANTIC VS PACIFIC AT LANTIC VS MISISSIPI

ENOL 0.00 0.00 0.00

PEPCK 0.00 0.00 0.00

ODC 0.00 0.04 0.21

GRIN 0.12 0.03 0.00

FBG 0.00 0.00 0.02

FST
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FST

SOUTH AMERICA VS NORTH AMERICA
ENOL -
PEPCK     0.40***
ODC     0.71***
GRIN     0.27***
FBG 0.025

 
 
 
 
Table 7 Pairwise FST values between individuals collected in North America and individuals collected in South 
America. Significant values (P) were based on 16,000 permutations for FST.; P* < 0.05; P***< 0.001. 
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DISCUSSION 
 
 

Selection of loci 

Genetic information is stored in linear sequences of DNA and is hereditable from 

generation to generation (Ohta 1992). Genetic material is variable through time due to 

mutation and it is shaped by natural selection (Fisher 1999). In addition, as the neutral theory 

of genetic variation explains (Kimura 1985), other forces may contribute to the pattern of 

genetic variation seen in individuals and that is independent of natural selection, such as 

random sampling at reproduction, the mating system, drift and/or migration. Furthermore, it is 

assumed by the neutral theory of molecular evolution that the substitution rate of molecules is 

equal to the neutral mutation rate. Also, the mutation rate is constant over similar taxonomic 

groups (Kimura 1968).  Mutation rates are affected by the taxonomic group to which an 

individual belongs, such that different taxonomic groups present differentiation in mutation 

rates apparently due to differences in genetic mechanisms, such as DNA replication (Takahata 

1996). In addition, it has been suggested that substitution rates depend on body temperature 

and metabolic rate, being lower in individuals with high body temperature, such as birds and 

mammals (Haldane 1946). Also, nucleotide substitution rate may be affected by metabolic 

rate; if metabolic rate is high, there is an increase in the accumulation of oxygen radicals that 

damage DNA and, consequently, the nucleotide substitution rate nucleotide rate substitution 

will increase due to the reparation procedure (Takahata 1996). According to Holsinger (2010), 

neutral selection predicts that two or more alleles with diverse allele substitutions can be 

found in different natural populations of many species, considering them as polymorphic at 

one locus but not in others, hence the importance of studying different loci. This affirmation 

is directly related with the population size and selective constraints on a particular locus. In 

other words, in the presence of a high population size and low selective constraints on a 

particular locus, we may expect high levels of DNA polymorphism. In this study we chose to 

study five introns, the mtDNA control region and three globin genes. We expected introns and 

mtDNA to be neutral to selection, whereas globin genes were expected to be influenced by 

selection. 
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Introns are fragments within a gene that are not present in the final gene product, that 

is, they are not functional and they do not intervene in the protein codification process (Srb 

and Owen 1952). As a result, non coding sequences are removed from the genes during the 

splicing process at the end of the transcription.  For this reason it can be assumed that the role 

played by selection on these regions is negligible and are, therefore, affected by demography 

and genetic drift and not by selection. Thus, I focused on analyzing intron variation as it can 

provide information related to evolutionary processes not affected by selection. Additional 

analyses may include studying the pattern of resemblance in a panel of DNA intron sequences 

in order to estimate when the most recent common ancestor occurred or, in other words, to 

provide information in relation to the evolutionary history of those sequences (Hudson 1990).  

Mitochondrial DNA (mtDNA) is located in the mitochondrial organelles inside the 

cells. MtDNA control region was used in this study for several reasons. First, it is considered 

to be highly polymorphic and thus useful in population studies (Srb and Owen 1952). Second, 

the mutation rate of mtDNA is ten times higher than in the nuclear genome but is believed to 

remain constant inalterable for long periods of time (Kocher et al. 1989). Third, mtDNA is 

inherited maternally, reflecting the history of maternal lineages within a population or species. 

Therefore, mitochondrial DNA analyses have been used in a great number of studies to 

investigate the phylogenetic relationship among individuals, population variability, inbreeding 

risk, hybridization patterns, among others, and the results of these studies have been used to 

recommend conservation strategies for endangered species (Wayne and Jenks 1991; Muñoz-

Fuentes et al. 2005, 2006, 2007; Arévalo et al. 1994; Shields and Kocher 1991).  

We included also sequences of the αA, αD and βA haemoglobin subunits, which are 

believed to be affected by natural selection. Haemoglobin plays a role in the transport of 

oxygen to the tissues. Ruddy ducks are distributed along an altitudinal gradient in the Andes, 

from sea level to wetlands up to 4,000-metres elevations where the oxygen partial pressure is 

60% of what is found at sea level. Therefore, in these conditions, haemoglobin is a likely 

target for selection. An extraordinary capability is displayed by vertebrates in order to survive 

at high altitudes, developing physiological mechanisms such as increasing blood cell mass, O2 

carrying capacity and pulmonary vascular responses, among others. Thus, individuals from 

the lowlands as well as individuals from the highlands may require different adaptations in 

order to live in either habitat (Weber 2007). Individuals adapted to the lowlands might have 

difficulties to adapt to high altitudes suffering long-term fitness reductions. In contrast, 
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individuals adapted to the highlands might have difficulties to disperse to the lowlands as they 

may suffer from chronic erythrocytosis problems. In such a situation, an individual suffers an 

uncontrolled increase of erythrocytes when the pulmonary activity is not capable to absorb the 

needed amount of oxygen from the environment (Solano 1996). 

Genetic diversity and population differentiation 

The analyses of nucleotide diversity, haplotype diversity and genetic differentiation 

presented above indicated a lack of population structure in North America suggesting high 

gene flow among the individuals collected in three different flyways (Pacific, Mississippi and 

Atlantic). Highest haplotype and nucleotide diversity values were found in β Fibrinogen and -

Methyl-D-aspartate related to the high number of variable sites found in both introns. The 

more variable sites an intron has the higher the probability of base pair combinations, and so 

the total haplotype diversity is increased (Lewontin 1974). 

Genetic variation in the analysed nuclear introns was found both in individuals from 

North America and South America. Population differentiation between North America and 

South America was found to be significant in three introns out of four for which data was 

available. The data thus suggest that current migration is absent or low between North and 

South America for this species. In order to understand more about the colonization of the 

American continent by ruddy ducks, coalescent analyses, such as those implemented for 

example in IM, should be performed in order to estimate migration rates and the time for 

population differentiation. Then, this information could be coupled to climatic or geological 

events. For example, it is well known that during the Pleistocene intense climate fluctuations 

occurred all over the world; the climate became much colder and large glacial refugia 

appeared that limited the dispersal of individuals (Weir 2006). Geological events could also 

have acted as natural barriers preventing animal dispersion, such as marine incursions, 

freshwater lakes or the Amazon drainage system formation (Webb 1995; de Fátima Rossetti 

et al. 2005; Hoorn et al. 1995). Alternatively, gene flow restriction might occur due to natural 

selection processes that produced changes on organism fitness traits when environmental 

conditions are variable between different locations (Milá et al. 2009).  
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Directional colonization of the Andes 

The origin and distribution of avian species in the Andes have been studied by a 

number of authors (e.g. Vuilleumier 1986; Fjeldså 1985, 2005; Miller et al. 2008; Chesser 

2004). The most common hypothesis is that avian species originated in the lowlands from 

which they dispersed to the highlands following specialization along an altitudinal gradient 

(Fjeldså 1985). On the contrary, it has been suggested by other authors that mountainous 

regions act as the origin for species that then disperse into the adjacent lowlands (Reig 1986; 

Fjeldså and Rahbek 2006; Weir et al. 2008). Among the Andean ruddy ducks sequenced in 

this study, no amino acid replacements were found in the αA or αD globin subunits, whereas 

three amino acid substitutions were found in the βA globin chain. A substitution was derived 

in the highland populations of Andean ruddy ducks that involved the acquisition of a serine 

(Thr � Ser-β69). This amino acid replacement was also present in the lowland populations. 

In addition, two substitutions were derived in lowland birds that involved the gain of a serine 

and an isoleucine (Gly � Ser-β13 and Leu � Ile-β14). This pattern was interesting because, 

unlike the other Andean waterfowl species studied in which the derived alleles occurred only 

in the highland populations (McCracken et al. 2009a, 2009b, 2009c), in ruddy ducks the 

derived alleles occurred both in the highland and in the lowland population. One possible 

explanation for this pattern is that Ser-β69 evolved first in the highlands, potentially 

increasing O2 affinity, and later Ser-β13 and Ile-β14 evolved in the lowlands, potentially 

reversing O2 affinity (McCracken et al. 2009b).  

In addition, we see a reduction in mtDNA and intron diversity (the latter result needs 

to be confirmed by sequencing more ruddy ducks from South America) following a north to 

south gradient, also suggesting a north to south colonization of the Andes by ruddy ducks. 

These results support one of the two biogeographic hypotheses proposed in a previous study 

(McCracken and Sorenson 2005) (see Introduction). The supported scenario implies a “top-

down” colonization of the Andes from the highlands to the lowlands, suggesting that Andean 

ruddy ducks spread from North America into South America via the Andes, most likely 

adapting first to highland regions in the northern Andes, and later colonizing the lowland of 

South America, which would require the need to adapt again to high oxygen content. 
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Future prospects 

 
This study can be improved by increasing the sample size for ruddy ducks from South 

America. Due to time constraints during the project, only six individuals from South America 

were sequenced in time to be included in the analyses. On the other hand, the North American 

sample size was 25 individuals. In order to obtain a more accurate comparison among 

populations from South and North America, future studies would require matching the sample 

size number in both areas. Also, during the primer optimization process, several problems 

occur in the case of α Enolase for 40% of the samples. Therefore, further studies in ruddy 

ducks would require re-designing primers to amplify this locus. Finally, sequencing ruddy 

ducks from North America for the three haemoglobin subunits is under way and unfortunately 

only one sample was sequenced in time to be included in the analyses. This will allow better 

understand of how the species might adapt to altitude gradients. More complex analyses based 

on the coalescent using the mtDNA and the intron data combined will also shade light on 

estimates of effective population sizes, migration rates and the time to the most common 

ancestor in order to more accurately understand the process that have governed the 

colonization of the Andes by ruddy ducks. Finally, comparing with available knowledge for 

other species will increase our understanding on how biodiversity is shaped in mountain 

regions of our planet. 
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ENOL Haplotype Name 68 164
Enol1 C G
Enol2 T G
Enol3 T A
Enol4 C A

NUCLEOTIDE POSITION

PEPCK Haplotype Name 129 294
Pepck1 C C
Pepck2 T C
Pepck3 T T

NUCLEOTIDE POSITION

 

APPENDIX I 

Table 1 Locus name and nucleotide position for variable sites for α Enolase intron 5. 

 

 

 

 

 

 

Table 2 1 Locus name and nucleotide position for variable sites for N-Methyl-D-aspartate glutamate receptor 
intron 11. 

 

 

 
 
 
 
 
 

 

 

 

Table 3  Locus name and nucleotide position for variable sites for Phosphoenolpyruvate 
carboxikynase intron 9. 

 
 
 
 
 
 
 
 
 
 

GRIN Haplotype Name 29 59 173 217 239 241
Grin1 T A A G G C
Grin2 T A A A G C
Grin3 T G A G G C
Grin4 T G A A G C
Grin5 A A A A G C
Grin6 T A G G G C
Grin7 T A A A A C
Grin8 A G A A G C
Grin9 A A A A G C

NUCLEOTIDE POSITION
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ODC Haplotyep Name 18 46 120 163 281 295
Odc1 T T A T T C
Odc2 T T A T T G
Odc3 T T T T G C
Odc4 T T A T G C
Odc5 T T A C T T
Odc6 G T A C T T
Odc7 T C A T T C
Odc8 T T A T T T

NUCLEOTIDE POSITION

FBG Haplotype Name 33 117 182 184 188 212 263 284 286 309 342
Fbg1 C A A A C A G A A A C
Fbg2 C A G G C G A G G A C
Fbg3 C A A A T A A A A A C
Fbg4 T G G G C A A G G A T
Fbg5 C A G G C A A G G A C
Fbg6 C A G G C A G G G A C
Fbg7 C A G G C A A A A A C
Fbg8 C A A A C A A G G A C
Fbg9 C A G G T A A G G A C
Fbg10 T G G G C A A G G C T
Fbg11 T G G G C A A G G A C
Fbg12 T A G G C A A G G A C
Fbg13 C A G G C A G G G A C
Fbg14 T G G G C G A G G A C
Fbg15 T G G G C G A G G A T

NUCLEOTIDE POSITION

 
 

Table 4  Locus name and nucleotide position for variable sites for Ornithine dexcarboxilase 
intron 5. 

 
 
 
 
 
 
 
 

 

 

Table 5  Locus name and nucleotide position for variable sites for β Fibrinogen intron 7. 

 


