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Summary 

 
Population genetics provides a framework for understanding genetic drift, mutation, migration 

and selection in natural populations. In the past, population geneticists concentrated on a 

handful of markers due to limitations of technology. However, with the advancement of Next 

Generation Sequencing Techniques, the field of population genomics has emerged, which 

facilitates understanding of evolutionary processes at a genomic level. Any population genetic 

measure which used to be just a point estimate can now be estimated across the genome. In 

addition to calculating genome wide averages for genetic differentiation among populations, 

we can also identify specific regions of the genome under natural selection. It has been of great 

interest to study natural selection in populations adapted to different environmental conditions 

and with the development of the technology this has become more feasible. 

Due to global climate change, species need to adapt to the changing environment and this is 

only possible if there is sufficient adaptive genetic variation at the molecular level. Adaptive 

divergence among populations has been studied across different altitudes, in different host 

forms, along latitudinal clines and between different coastal thermal regimes. This thesis is 

focused on the species Paratya australiensis which consists of 9 highly divergent mtDNA 

lineages. Lineage 4 and Lineage 6 of this species have been observed to have preference for 

upstream and downstream respectively and have been suggested to be adapted to different 

temperature regimes. In order to evaluate this, I have used a genomic approach in this thesis to 

investigate population structuring and evidence of adaptation between upstream and 

downstream populations of P. australiensis in the Mary River catchment in south east 

Queensland, Australia. My thesis has focused on a single lineage, lineage 4. Three streams 

(Broken Bridge, Booloumba and Obi Obi Creek) within the Mary River catchment were 

selected for the study, each consisting of upstream and downstream sites (6 populations). There 

were three main parts to this research: (1) testing if the population structure followed the Stream 

Hierarchy Model (SHM) and to compare to past conclusions based on conventional genetic 

markers (2) to identify putative genomic regions under selection between up and downstream 

populations and (3) to examine the distribution of lineage 4 and lineage 6 and to determine if 

they co-occur and, if so, whether they interbreed.  

In the past, it was observed that there was restricted gene flow between upstream and 

confluence populations of P. australiensis. Also, it was observed that P. australiensis in the 

Conondale Range followed the Stream Hierarchy Model (SHM), particularly in the Brisbane 

River catchment. However, those studies employed allozyme and mtDNA markers. In Chapter 
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3, I used Single Nucleotide Polymorphism (SNP) markers produced by the technique of 

Restriction Site Associated DNA Sequencing (RAD-Seq). I found a high level of genetic 

divergence between up and downstream populations of Booloumba Creek, which is similar to 

the past findings and indicates that this high level of divergence has been maintained between 

populations of this stream (Booloumba) over the years. Populations in the other two streams 

(Broken Bridge and Obi Obi Creek) did not show such high levels of divergence. Also, 

population structure did not fit with the Stream Hierarchy Model (SHM) as there was more 

genetic divergence between sites within streams than between streams in the catchment. Such 

results were possibly due to large divergence between Booloumba Creek populations. So, this 

study was more robust utilizing a large genotype data set compared to previously used markers. 

Furthermore, the new set of markers was developed for the first time and was successfully 

utilized to evaluate the present condition of population structure and genetic diversity of P. 

australiensis in the Conondale Range. The high divergence in Booloumba Creek in my study 

suggests that long term isolation and restricted geneflow in Booloumba could lead to local 

adaptation.   

Based on previous findings on the preference for up and downstream locations in lineage 4 and 

6 respectively, I tested for evidence of local adaptation in these streams and looked for parallel 

patterns of adaptation across all three streams in Chapter 4. There were 44 outliers identified 

across the 6 populations, indicating putative genomic regions under selection. Furthermore, 

there was fixation of alternate alleles for these outliers between up and downstream populations 

in one stream (Booloumba Creek). Some outlier loci were common across two streams 

indicating parallel pattern of adaptation to some degree. In addition to the neutral divergence, 

adaptive divergence was also observed among the populations based on the outliers. As the 

studied populations were selected based on altitude, it is suggested that the putative evidence 

of local adaptation could be due to environmental differences between altitudes, most probably 

temperature differences. So, there are putative genomic regions under selection in P. 

australiensis, which suggests that with climate change and changing environmental conditions 

this species may have enough adaptive genetic variation to enable some level of adaptation to 

future climate change conditions.  

Due to a past translocation event in the Brisbane River catchment, artificial sympatry was 

observed between lineage 4 and 6 of P. australiensis. Also, asymmetrical hybridization 

between the two lineages and introgression of lineage 4 genes into lineage 6 was observed in 

the translocation area. However, natural sympatry between these 2 lineages had not been 

reported, despite extensive sampling. It would be interesting to observe if the 2 lineages show 
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hybridization or not if they co-occur naturally. In this thesis, I have identified a case of 

sympatry between L4 and L6 in the Mary River catchment which is described in Chapter 5. It 

was thought that lineage 6 was absent from the Mary River catchment. However, I found 

evidence of lineage 6 in one of the sites together with lineage 4. Based on phylogenetic analysis 

using COI gene (mtDNA), there was evidence of sympatric lineages in only one site (Broken 

Bridge High site) in the Mary River catchment. Haplotypes identified in the Mary River 

catchment were different from those in the Brisbane River catchment. Analysis of nuclear 

genes in the two lineages (L4 and L6) showed that there were no lineage 6 alleles based on the 

allozyme data, but microsatellite loci were all under Hardy Weinberg Equilibrium (HWE) 

expectations, indicating random mating between the lineages. Here I observed that the 2 

lineages are interbreeding but we need further investigation to understand the nature of 

hybridization and if there is introgression or not. 

Overall the thesis has revealed that P. australienis still shows restricted gene flow and 

population divergence in some parts of the Conondale Range. Due to long term divergence, 

some populations have become locally adapted to some extent. Sympatric lineages of P. 

australiensis have been identified in the past, although sympatry between lineage 4 and 6 was 

not identified previously. So, in this thesis, I present evidence of co-occurrence of lineage 4 

and 6 for the first time in the Conondale Region. Also, the thesis provides information 

regarding interbreeding status of these 2 lineages. The thesis presents development and 

utilization of genomic data for the very first time in this species and can benefit other studies 

dealing with genomics of crustaceans. In addition, this thesis provides an in depth knowledge 

on the technology and analytical techniques for genomic data. 
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CHAPTER 1: GENERAL INTRODUCTION 

 

1.1 Genetic variation in populations 

Genetic variation within and among populations arises as a result of a number of factors, 

namely-mutation, genetic drift, gene flow/dispersal and natural selection (Slatkin, 1985). 

Mutation in the cell is the basic mechanism that causes genetic variation in populations (Hartl 

& Clark, 1997). Genetic drift changes allele frequencies in populations in a random manner. It 

is a process where change in allele frequency occurs due to chance and hence it is not 

influenced by adaptation to the environment (Slatkin, 1977).  In a small population, in the 

absence of sufficient gene flow each allele will eventually be fixed or go extinct over time due 

to genetic drift (Slatkin, 1987). Thus, there is a loss of genetic variation within a population 

when genetic drift is prevalent (Hughes et al., 2009). In contrast, genetic variation among 

populations increases as a result of genetic drift (Slatkin, 1987).  

Widespread gene flow homogenizes genetic variation among populations whereas restricted 

gene flow creates genetic divergence among populations due to genetic drift and/or natural 

selection (Slatkin, 1985; Hughes et al., 2009). Depending on the geographic distribution of the 

populations, gene flow can bring superior genes from one population to another and result in 

mixing of genes throughout a species range (Slatkin, 1987). Gene flow or dispersal is a 

powerful force in shaping population structure in the natural environment (Bohonak, 1999). 

On average, one individual or more moving between two populations is sufficient to prevent 

fixation of alternate alleles through genetic drift (Slatkin, 1987; Freeland, 2008). Effective 

population size also influences genetic variation (Page & Holmes, 2009). With small effective 

population size, allele frequency will change more quickly than with large effective population 

size (Bohonak, 1999).   

Natural selection may increase or decrease genetic variation among and within populations 

depending on the nature of the selection (Lenormand, 2002). For example, where selection is 

prevailing: one allele may have higher fitness in a habitat than the alternative allele and vice 

versa in a two-allele system. When gene flow is greater than selection, the allele with the 

highest fitness averaged over both habitats will tend to become fixed, decreasing genetic 

variation among populations (Lenormand, 2002). In contrast, when migration is weaker than 

selection each allele gets fixed in its favorable environment, thus increasing the genetic 

variation among populations (Savolainen et al., 2013). In addition, if migration and selection 

are in balance both alleles are maintained between the two populations (Slatkin, 1985).  
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Population structure is shaped by geneflow, genetic drift and/or natural selection (Waples, 

1987). Meffe and Vrijenhoek (1988) described models of genetic structuring in stream 

populations influenced by gene flow.  According to the Stream Hierarchy Model (SHM) the 

degree of geneflow and population connectivity is related to the position of the population in 

the dendritic network of the stream. So, if the populations are isolated due to long stream 

distance or restricted by a barrier there will be less connectivity compared to the populations 

which have unconstrained movement in the stream network. Populations in the same stream 

will be more similar to each other than populations in different streams and populations in the 

same subcatchment will be more similar to each other than populations in different 

subcatchments, and so on up the stream hierarchy (Hughes et al., 2009; Hughes et al., 2013). 

The Death Valley Model (DVM) applies to populations in small, isolated spring pools where 

there is no current hydrological connection among populations leading to strong among-

population variation. These populations are rarely connected by surface flows but are 

connected by underground water. Furthermore, there is no correlation between genetic and 

geographic distance in these populations (Meffe & Vrijenhoek, 1988; Hughes et al., 2013). 

Another model that explains some stream populations is Isolation by Distance (IBD) where 

nearby populations are more similar than distant populations along the stream (Wright, 1943; 

Slatkin, 1993).  Panmixia (PAN) occurs where there is high geneflow among all populations 

within the distribution, and genetic variation is similar among and within populations (Hughes 

et al., 2013). The last model is the Headwater Model (HWM), observed in species living in 

headwater streams where confluences between streams are outside preferred habitat of the 

species. Populations from opposite sides of the drainage can be more connected than the 

populations from the same river sub-catchment (Finn et al., 2007; Hughes et al., 2009).  

 

1.2 Natural Selection  

Genetic variation that occurs within and between populations but does not affect the fitness of 

the organism concerned, is referred to as being selectively neutral. Change in allele frequency 

in a population due to random factors is caused by genetic drift. Whereas, when genetic 

variation affects the fitness of an individual, it is subjected to natural selection. In a two allele 

(A, a) system, selection will occur if the three genotypes (AA, aa, Aa) do not have equal fitness 

(Vitti et al., 2013). For directional selection, at least one of the genotypes will have higher 

fitness than the others resulting in reduced diversity as the most advantageous allele is favored. 

With balancing selection an intermediate genotype (Aa) is favored (Vitti et al., 2013). For 
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example, over dominant selection favours heterozygotes which maintains the overall 

variability (Nielsen, 2005; Vitti et al., 2013). With divergent selection two or more genotypes 

are favourved in different environments, or at different times and often increases genetic 

diversity among populations. Again, if one of these diverging alleles is fixed in an environment, 

it reduces the overall diversity within the population (Vitti et al., 2013). Natural selection leaves 

signatures in the genome: a reduction in genetic diversity, increase in the proportion of rare 

alleles and an increase in the linkage disequilibrium (Casillas & Barbadilla, 2017).  When there 

is a complete selective sweep, selected alleles and those linked to them are fixed and thus 

overall diversity decreases. Hence, due to selection there is a region in the genome with low 

overall diversity and fixation of rare alleles (Sabeti et al., 2002). Linkage disequilibrium, in 

other words correlation among alleles from different loci tends to increase due to selective 

sweep. This situation develops due to the fact that adaptive alleles get fixed (Nielsen, 2005). 

 

Due to continuous environmental change around the world, species living in rapidly changing 

environments need 1) to disperse from their natural habitat or 2) cope with environmental 

change by phenotypic plasticity or 3) adapt, which is only possible if there is sufficient adaptive 

genetic variation at the molecular level. So, for long term survival in a changing environment 

adaptive or non- neutral variation is essential (Jump et al., 2009).  

 

1.2.1 Adaptive genetic variation 

In the past, studies of adaptation mostly focused on mutations causing changes in amino acid 

sequences (Hoekstra & Coyne, 2007). Hence, adaptation was observed in the coat colour of 

mice (Hoekstra et al., 2006), insecticide resistance in Drosophila (Rocheleau et al., 1993) and 

loss of pigmentation in cave fish (Protas et al., 2006). These adaptations were easily identifiable 

with the help of QTL (Quantitative Trait Locus) mapping, which uses phenotype and genotype 

data from artificial crosses to detect variation in traits (Stapley et al., 2010).   But now, it has 

been found that structural changes in the genome (insertion, deletion, duplication, inversion 

and splice variants) all can affect fitness (Stapley et al., 2010). Structural variation can represent 

a greater degree of adaptive variation (Korbel et al., 2008). Adaptive genetic variation can arise 

in these ways: 1) novel mutations that can sweep through a population if they are advantageous 

2) from pre-existing genetic variation (Barrett & Schluter, 2008) or 3) from admixture of 

divergent populations (Rieseberg et al., 2003).  
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1.2.2 Different tests for detecting selection 

Genetic signatures of selection can be inferred from the pattern of mutations and from the ratio 

of synonymous to non-synonymous substitutions (Yang & Bielawski, 2000). If there is 

purifying selection, the number of non-synonymous substitutions will be lower than 

synonymous mutations, since the non-synonymous substitutions will be purged out of the gene 

pool (McDonald & Kreitman, 1991). However, this method has mainly been developed to 

compare evolution between orthologs from different lineages rather than to identify 

polymorphism within lineages (Goldman & Yang, 1994). Linkage disequilibrium (LD) is also 

used for identifying selection. A high degree of linkage disequilibrium can be associated with 

a selective sweep, in which case there are long segments of DNA with no variation. Due to a 

selective sweep, adaptive alleles can become fixed and recombination will increase the 

variation over time (Sabeti et al., 2002). Another method is Quantitative Trait Loci (QTL) 

mapping and genome wide association studies to identify correlation between specific marker 

alleles and phenotypic traits (Wilson et al., 2002). In this approach, individuals are taken from 

a known pedigree that shows variation in a phenotypic trait and they are genotyped based on a 

large number of markers covering the whole genome. Afterwards, QTL mapping is carried out 

on the F2 generation or back crossed family. A linkage map is constructed based on the rates 

of recombination between markers in the mapping population and phenotypic traits are 

measured from the mapping population (Wilson et al., 2002).  

Loci under selection (outliers) can also be detected using simulations to determine the upper 

level of divergence under a neutrality model. This process is based on a pairwise population 

comparison. In the first step, empirical distribution of FST values (A measure of differentiation 

among populations due to genetic structure) among loci is generated using Bayesian method. 

In the second step, a distribution of simulated FST values is obtained to match the empirical 

distribution. This is done by computing FST conditional on heterozygosity in a subdivided 

population under a neutrality model. In the last step, the empirical and simulated distribution 

is compared to identify the potential outliers (Egan et al., 2008). These are loci with FST values 

significantly greater than expected under neutrality. 
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1.2.3 Approaches to identifying selection 

So far, studies on exploratory genome scans have usually been based on tracking loci under 

selection where individual adaptive traits were strictly distinguished by two contrasting 

phenotypes. However, when local adaptation arises along an environmental gradient, it creates 

an adaptive phenotypic continuity rather than discrete phenotypic optima (Storz, et al., 2007). 

The genes involved in this adaptive continuum act in a complex manner in response to natural 

selection throughout the gradient (Sgro & Blows, 2004).   

Some of the approaches for studying selection in natural populations: 

a) Candidate genes: There are several approaches for detecting natural selection. 

“Candidate priori” is an approach which uses candidate genes to identify selection (Stapley et 

al., 2010). Candidate genes are sets of genes that are likely to affect traits of interest (Allendorf 

& Luikart, 2009). Candidate priori approach tests association between environment, traits and 

known candidate gene polymorphism (Hoffmann & Willi, 2008). There are few examples of 

candidate genes and how they are used for detecting selection. The Adh (Alcohol 

dehydrogenase) gene polymorphism in Drosophila melanogaster is involved in thermal 

sensitivity. As the temperature rises, the AdhS allele frequency increases in nature and hence 

AdhS acts as a candidate gene for monitoring thermal responses (McKenzie & McKechnie, 

1983). Along a cline in eastern Australia, this AdhS allele frequency has been observed to 

increase (Umina et al., 2005). Another allozyme polymorphism includes the Gly (Glycerate 

dehydrogenase) locus which is associated with controlling moisture conditions in forest plants. 

The Gly-3 allele is more common in drier parts of forests and negatively associated with 

summer precipitation. So, Gly-3 is a candidate for monitoring adaptation to changing moisture 

levels in Pinus edulis species (Mitton & Duran, 2004).  

In model species, knowledge of these candidate genes is used to test variation in traits for 

populations from different environmental conditions. As an example, candidate genes were 

used to test thermotolerance in Drosophila melanogaster along a climatic gradient (Rako et al., 

2007). 

b) Gene expression: Another way to identify genes important in adaptation to particular 

environmental conditions is to use micro array technology on transcriptomes to identify genes 

over or under expressed in a particular environment (Hoffmann & Willi, 2008). Gene 

expression studies have been used to examine response to water stress in populations of 

Boechera holboellii (Holboell’s rockcress) from dry and moist sites and results were compared 

with Arabidopsis thaliana (Thale cress) (Knight et al., 2006). They identified transcripts that 
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were differentially expressed and different plastic responses to water stress were identified 

between the two populations indicating adaptive response to stress (Knight et al., 2006). 

Another example is in flounder fish Platichthys flesus, where differential gene expression was 

observed for transplanted populations from different salinity environments (Larsen et al., 

2007). Many of the expressed genes were expected to influence physiological traits involved 

in salinity responses.  

c) Genetic mapping: Quantitative Trait Loci (QTL) mapping also identifies adaptation in 

populations. This is an approach that links phenotype with genotype and cross lines are usually 

used (Hoffmann & Willi, 2008). As an example, in Arabidopsis thaliana 28 QTL’s have been 

identified that are related to flowering time, which is a drought escape trait for these plants and 

associated with climate change adaptation (Franks et al., 2007). Among the 28 loci, 4 loci 

showed large effect, some had epistatic effect and others showed effect only in specific 

environmental conditions. These QTL’s were then used to test selection in a field experiment 

(Korves et al., 2007). 

d) Selective Sweep: Loci under selection can also be identified from different populations 

along an environmental gradient (McKenzie & Batterham, 1998). Based on the pattern of 

divergence, selective loci can be identified using two methods: one identifies where divergence 

among populations at a specific locus exceeds the neutral expectations and the other determines 

whether or not genetic variation within populations is less than expected (McKenzie & 

Batterham, 1998). This method indicates directional selection where divergence increases 

among populations and decreases within populations (Storz, 2005). Field samples can be used 

directly using the selective sweep approach and there is no need for cross lines. As an example, 

in sunflower (Helianthus annuus) 128 EST-based microsatellite markers were examined for 

populations from desert, plains and salt marshes. 17 loci were identified to be under selection 

in populations from salt-marsh environment (Kane & Rieseberg, 2007).  

 

1.2.4 Natural selection (Adaptation) in different species 

Several population genomics studies have been conducted to identify divergence among 

populations based on detection of population divergence across multiple loci (outlier loci). 

Studies include: detecting divergence along altitudinal gradients, different host forms, coastal 

thermal regimes, global, regional and local scale comparison, latitudinal clines, parasite 

resistance-susceptible populations etc. (Chapman et al., 2013; Nielson et al., 2009; Moen et al., 
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2008; Bradbury et al., 2010; Zueva et al., 2014; Jones et al., 2013; Bonin et al., 2005; Nosil et 

al., 2008; Egan et al., 2008; Wit & Palumbi, 2013) (Table 1.1).  

A large number of polymorphic markers are used in these studies (e.g. 87, 766 SNPs-Chapman 

et al., 2013). In altitudinal adaptation studies, populations are usually chosen from high, low, 

and intermediate sites and approximately 2 % of the loci are usually detected as outliers (Bonin 

et al., 2005).  Host specific selection has been observed for insects, beetles where 2-5% loci 

(Table 1.1) were detected as outliers (Nosil et al., 2008; Egan et al., 2008). Divergent selection 

has also been detected in three different temperature and upwelling regions along the California 

coast. A considerable number of genes have been identified to be responsible for population 

divergence based on temperature variation in this region (Wit & Palumbi, 2013). In order to 

detect selection across the genome in Atlantic cod populations, a study was conducted at global, 

regional and local scales in the North Atlantic Ocean. Outliers (loci with large effect for 

selection) were only detected among populations at a local scale (Nielson et al., 2009) (Table 

1.1).  

Clines in allele frequencies at candidate loci have been observed in cases of longitudinal, 

latitudinal and altitudinal gradients (Moen et al., 2008; Bradbury et al., 2010; Jones et al., 

2013). It is very useful to apply a genome scan approach to detect outlier loci for studying 

parasite resistance or susceptibility in wild populations (Table 1.1). For example, in an Atlantic 

salmon population it was observed that genomic regions were affected by parasite driven 

selection among 12 Northern European populations (Zueva et al., 2014). 
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Table 1.1: Summary of genome scan studies using outlier loci to determine divergent selection 

  

 

 

Study Species Divergent form Data (Marker and no. 

loci) 

Study Design Main result-outliers References 

Rana temporaria 

(common frog) 

Altitudinal gradient 392 AFLP loci Compare divergence 

between twelve 

population pairs 

differing in altitude 

8-14% of loci outliers, 

roughly 2% of loci 

related to altitudinal 

adaptation 

Bonin et al., 2006 

Timema cristinae 

(Walking-stick insect) 

Adenostoma and 

Ceanothus host plant 

ecotypes 

534 AFLP loci Comparative 

divergence between 

nine population pairs on 

different hosts and 

between six population 

pairs on the same host 

8% of loci outlier in 

multiple comparison, 1-

2% loci host-related 

selection and 10% are 

neutral loci exhibit 

Isolation by adaptation 

Nosil et al., 2008 

Neochlamisus bebbinae 

(Leaf beetle) 

Willow and Mapple 

host forms 

447 AFLP loci Comparative 

divergence between 

nine population pairs on 

different hosts and 

between six population 

pairs on the same host 

15% of loci outliers in 

multiple comparison, 

5% of outliers host- 

specific selection 

Egan et al., 2008 

Haliotis rufescens (Red 

abalone) 

Population of three 

regions (Monterey Bay, 

Sonoma, North of Cape 

Mendocino) with 

distinct temperature 

21,579 SNP (using 

Transcriptome) 

Compare divergence of 

3 population, 

 39 individuals 

Monterey-n=13, 12-

14°C with mild 

upwelling, Sonoma-

n=14, 9-12°C with 

strong upwelling and 

north of Cape 

Mendocino-n=12, 8-15 

°C with year round 

upwelling 

691 SNP divergent 

between geographic 

location, Among163 

genes identified by 

BLAST, 34 genes 

contained more than 

one outlier SNP, 18 

genes showed deviation 

for the three population 

Wit and Palumbi, 2013 
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Table 1.1: Summary of genome scan studies using outlier loci to determine divergent selection (Cont.) 

 

 

Study Species Divergent form Data (Marker 

and no. loci) 

Study Design Main result-outliers References 

Senecio aethnensis 

and S. 

chrysanthemifolius 

(Wild Plants) 

High and low altitude 87, 766SNP 

(Transcriptome) 

 Comparative divergence and 

speciation from one high altitude 

population (n=10; >2000m asl) and 

one low altitude population (n=10; 

~700-800m asl.) 

Out of ~18000 gene analyzed, 

~200 gene showed higher 

interspecific differentiation 

(mean outlier FST >0.6) and 

evidence for local adaptation 

Chapman et al., 2013 

 Gadus morhua 

Atlantic cod           

3 different hierarchical level: 

Global, Regional south- north 

transect of central and north-

eastern Atlantic, Local North 

sea-Baltic sea transect) 

98 gene 

associated SNP 

(previously 

genotyped from 

EST data) 

 Comparative divergence between 17 

population from different geographical 

and regional areas of the Atlantic 

Global analysis: 8 outlier gene 

loci subject to directional 

selection in local demes; 

Regional analysis: 7 outlier loci 

was associated with more than 

one local population, Local: 4 

outlier loci showed evidence of 

adaptive evolution  

Nielsen et al., 2009 

 Gadus morhua 

(Atlantic cod)   

North-east Arctic and (North) 

Norwegian Coastal Cod 

population (South) 

724 SNP from 

17,056 EST 

sequences 

Comparative divergence between 1 

North –East Arctic cod population and 

3 Norwegian coastal cod population 

(south) 

29 SNPs were identified as 

outliers (outlier FST =0.83). 

Allele frequency of the outlier 

SNPs showed a cline from North 

to South 

Moen et al., 2008 

 Gadus morhua 

(Atlantic cod)   

East and West North Atlantic 1641 gene 

associated SNPs 

(Data from EST) 

Compare divergence between east and 

west North Atlantic populations (14 

location with 22 individuals from each 

on a latitudinal gradient from east to 

west North Atlantic) 

4.2% outliers showed signatures 

of selection and temperature 

associated clines in allele 

frequency 

Bradbury et al., 2010 

Salmo salar 

(Atlantic Salmon) 

Ectoparasite (Gyrodactylus 

salaris) resistance and 

susceptibility 

4631 SNP 

(Illumina iSelect 

SNP chip) 

12 Northern European population 

belonging to three categories: 

Anadromous Atlantic-susceptible, 

Anadromous Baltic-moderately 

resistance and Landlocked resistance 

3 genomic regions affected by 

parasite driven selection 3 

regions salinity driven 

directional selection 

Zueva et al., 2014 

Campanula 

barbata (Bearded 

Bellflower) 

Clinal population (European 

alps and Carpathians -North 

to south from 2086m to 699m 

elevation) 

114 AFLP loci 307 individuals from 114 sites across 

European alps, from north to south 

5 candidate loci associated with 

precipitation variable showed 

cline pattern indicating selection 

along a precipitation gradient 

Jones et al., 2013 
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1.3  Molecular Techniques 

Genetic drift and migration usually affect neutral loci whereas selection influences both neutral 

(those linked to non-neutral) and non-neutral loci. Neutral markers can only give partial insights 

into different genetic parameters such as genetic diversity, local adaptation, evolutionary potential 

etc. whereas non-neutral markers or adaptive markers can have practical applications, for example 

identifying genes that cause certain disease, genes related to adaptation or genes that improve crop 

yield (Kirk & Freeland, 2011).  

Effects of migration and drift are more or less equal across neutral loci but the effect of selection 

on neutral and non-neutral loci will vary considerably. So, the neutral loci show similar levels of 

divergence among populations once variable mutation rates have been accounted for, whereas 

differing levels of divergence are observed in the non- neutral loci when they are influenced by 

selection. Loci with unusual levels of differentiation are known as outlier loci and if they are in 

the coding region, they are referred to as candidate loci (Hansen et al., 2010). Outlier loci are used 

to detect genes under direct selection or genes that are linked to genes under selection (Narum & 

Hess, 2011). A genome scan approach is widely used these days to identify markers related to 

genes under natural selection (Apple et al., 2010). On the other hand, adaptive genes can also be 

inferred from clines in allele frequency of a targeted gene when there is a cline in an environmental 

gradient. It is important to note here that the targeted gene should be identified prior to this kind 

of study (O’Malley et al., 2010).  

 

1.3.1 Traditional Methods 

Among the traditional molecular techniques, examining mtDNA genes has been very popular in 

phylogenetic and phylogeographic studies. The relatively high mutation rate (10 times higher than 

nuclear DNA) in some mtDNA genes has made it very popular for investigating recent historical 

events (Brown et al., 1979).  mtDNA is haploid as it is inherited from the mother and it has a small 

effective population size which leads to high rate of genetic drift. These features have made 

mtDNA the major marker in phylogenetic studies until recently when nuclear genes have also been 

included (Shipham et al., 2015). 
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1.3.2 Genotyping by Sequencing 

It is very expensive to sequence the whole genome of an organism with a large genome and is 

especially difficult without any reference genome sequence to use as a scaffold. In this 

circumstance “Genotyping by Sequencing” (GBS) can be used which allows a targeted portion of 

the genome to be sequenced using Next generation sequencing technology (Narum et al., 2013). 

As GBS produces thousands of SNPs, it is possible to get a detailed picture of evolutionary 

processes like variation in drift, selection, mutation and recombination (Narum et al., 2013). It is 

not possible to study selection in organisms using neutral markers. However, by using GBS it is 

possible to estimate both the neutral and non-neutral processes (Hohenlohe et al., 2010).  

Mutations in coding and noncoding regions of the genome can be detected as single nucleotide 

polymorphisms (SNPs) which are abundant and widespread within the genome (Morin et al., 

2004). These SNPs occur in millions of positions in the nuclear DNA of organisms spaced every 

300-1000bp of the DNA sequence (Morin et al., 2004). They are bi-parentally inherited in nuclear 

DNA (Brumfield et al., 2003). The two principle steps in the use of SNPs is locus discovery and 

genotyping (Brumfield et al., 2003). SNP discovery identifies polymorphic sites in the genome. In 

non-model organisms, SNPs are produced through sequencing of segments of the genome (Morin 

et al., 2004). So, 75-100 independent genome segment of 500-800bp can produce >50 independent 

SNPs (Brumfield et al., 2003). 

 

1.3.3 Restriction Site Associated DNA Sequencing (RAD-seq) 

Restriction site Associated DNA-sequencing (RAD-seq) is a GBS technique where thousands of 

genetic markers can be identified across the genome using Illumina technology (Davey & Blaxter, 

2011). This technique relies on restriction enzymes to produce a reduced representation of the 

genome i.e. to sequence many copies of small fragments across the genome and it is performed on 

genomic DNA in a single sequencing step with parallel library preparation (Davey et al., 2011).  

The RAD-seq technique consists of three major steps: the digestion of the genomic DNA from 

different individuals or populations with restriction enzymes; selection or reduction of the 

restriction fragments and finally Next Generation Sequencing (NGS) of the fragments of less than 

1kb in size (Etter et al., 2011; Hohenlohe et al., 2010). For a given restriction endonuclease, RAD-

seq sequences all possible short regions surrounding the restriction site. The choice of marker is 

related to the choice of restriction enzyme, so the number of markers can be increased by choosing 
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restriction enzymes which recognize sites of different lengths i.e., 4 base, 6 base etc. (Baird et al, 

2008). The restriction fragments will be of different lengths so, they are sheared to a length suitable 

for the sequencing platform. Prior to sequencing, PCR is performed to amplify the fragment with 

the restriction site (Davey et al., 2011). RAD libraries are sequenced on the Illumina genome 

analyzer. The paired end sequencing facilitates assemblage of the paired end reads for each locus 

into long contigs with an average length of ~500 bases. If the contigs have high coverage, SNPs 

can be called across the whole fragment (Etter et al., 2011). Reads produced by RAD-seq ranges 

from 50-300 reads (Andrews et al., 2016).  

RAD-seq is superior to other technologies such as-microsatellites, RFLPs, AFLPs where markers 

are specific to the population in which they are developed and a bias is observed for alleles in the 

original population that produces difficulties for genotyping new populations (Davey et al., 2011).  

One version of RAD-seq technique is double digest RAD sequencing (ddRAD) where two 

restriction enzymes are used instead of one (Peterson et al., 2012). This approach eliminates the 

random shearing and end repair step used in the single RAD method. The ddRAD has specific size 

selection criteria. Size selection criteria means, if the recognition sites of the enzyme is either very 

close or very distant it will not be considered for sequencing. So, the library consists of only 

fragments close to the target size (Peterson et al., 2012). 

The RAD-seq technique has been applied to study various biological questions including parallel 

adaptation in three- spine- stickleback and phylogeography in pitcher plant mosquito (Baird et al., 

2008; Hohenlohe et al., 2010; Emerson et al., 2010). For non-model organisms, there is no 

reference genome available. In this circumstance, "de novo" assembly is required (Senn et al., 

2013). The number of reads depends on the sequencing platform used (1.4 million - 27.5 million 

sequences) and the markers identified are also remarkable (3,741-45,000 SNPs) which makes 

population genomic studies more feasible (Hohenlohe et al., 2010, Emerson et al., 2010).  Again, 

RAD-seq is suitable for studying population divergence within a species because we can genotype 

thousands of similar loci in closely related populations. 
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1.4 Study Species 

1.4.1 Distribution and lineages 

 
The Australian glass shrimp, Paratya autraliensis has a distribution ranging from south-eastern 

South Australia including Tasmania to south western New South Wales and extends northwards 

to the Atherton Tablelands on the eastern coast of Queensland (Bishop, 1967; Williams, 1977). 

Kemp (1917), Calman (1926) and Roux (1926) all described a single species, P. australiensis, 

among the six genera of atyid shrimps that occur in Australia. Until 1953 all specimens of Paratya 

from Australia were recorded as P. australiensis. Reik (1953) attempted to divide Australian forms 

of Paratya into several taxa, namely P. australiensis australiensis, P. australiensis arrostra, P. 

australiensis, P. atacta atacta, P. atacta adynata and P. tasmaniensis. The basis of his division 

lacked appropriate quantitative measurements and all taxa were subsequently placed back into a 

single species (Walker, 1972; Williams, 1977). Meristic, non-meristic characters and egg length, 

all indicated only one species of P. australiensis (Williams & Smith, 1979). Furthermore, 

taxonomic revision of all species of Paratya (According to Reik’s described taxa) suggested that 

there were no regionally restricted races or subspecies or any kind of cline in morphological 

features in Paratya from Tasmania to the mainland of Australia (Williams & Smith, 1979).  

However, recent studies have shown that there are 9 highly divergent COI mtDNA lineages of P. 

australieneis and that it probably represents a cryptic species complex. Further, some of these 

lineages have been found to coexist (Cook et al., 2006; Baker et al., 2004). Among the 9 highly 

divergent lineages, lineage 4, 6 and 8 are most abundant (Cook et al., 2006).  

 

1.4.2 Morphology 

P. australiensis has a long, sharp and serrated prominent rostrum extending beyond the eyes. The 

most conspicuous feature is the supraorbital spine at the base of the rostrum and above each stalked 

eye. The legs are long, thin and without any chelae. The whole body (thorax and abdomen) and 

head is covered by carapace. There is no significant physical difference between mature males and 

females. Males can be identified by the presence of appendix masculina on the second pleopod 

which is lacking in females (Williams & Smith 1979). Females can often grow larger than males 

but usually adults grow up to 35mm in length (Williams, 1977). 
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1.4.3 Breeding and larval development 

Several studies have been conducted on breeding and larval development in P. australiensis 

(Hancock & Bunn, 1997).  Breeding occurs from the end of spring to early summer when the water 

temperature is higher. Late breeding and larval development at the high-altitude sites suggests the 

importance of temperature in this species (Hancock & Bunn, 1997). Paratya is placed in a special 

evolutionary position when larval development is considered, as it has two different strategies of 

larval development, one in the upland streams (freshwater, in Conondale Range, south eastern 

Queensland) and the other in estuarine systems (e.g. Hopkins River estuary, western Victoria) 

(Walsh, 1993; Walsh & Mitchell, 1995). Eggs and early stage larvae also vary in size between 

these two environments, with larger eggs and larvae in the freshwater environment. Fecundity is 

lower in riverine populations than in estuarine populations (Walsh, 1993). In some populations, 

juveniles develop in the estuary and move up to freshwater where they develop into adults (Walsh 

& Mitchell, 1995). These variations highlight the fact that there is considerable variation in life-

history and physiology in P. australiensis. 

 

1.4.4 Population genetics of Paratya australiensis  

In order to study the movement pattern of the species, a translocation event took place in 1993 

(Hancock & Hughes, 1999) between Kilcoy (lineage 4) and Branch Creek (lineage 6), both 

tributaries of the Brisbane River. Subsequently, it was observed that P. australiensis has a strong 

pattern of restricted dispersal and two divergent mitochondrial lineages (>6%) were detected in 

sub-catchments of the Brisbane River. These lineages were estimated to have been isolated 

approximately 2.3 million years ago (Hurwood et al., 2003). Three years later, Cook et al. (2006) 

identified 9 highly divergent lineages of P. australiensis across the entire eastern Australian 

distribution. According to their findings, lineages 4 and 6 are widely distributed in south-east 

Queensland, and a number of studies have been conducted on these two lineages. Lineage 4 (L4) 

is more restricted to higher elevations in upland streams, while lineage 6 is more abundant at lower 

elevations. This altitudinal differentiation in the distribution of P. australiensis was observed in 

the northern part of the range (Cook et al., 2006).   

The translocated individuals were found to belong to two different lineages (L4 and L6) and as a 

consequence, the translocation event had created a secondary contact zone between the two 

lineages. More significantly, the translocated lineage (L4) had started to send the resident lineage 



15 

 

(L6) to extinction in high elevation parts of Branch Creek of the Brisbane River catchment (Hughes 

et al., 2003). L6 shrimps originally came from a site of ~400m asl whereas L4 was at an elevation 

of 520m asl. Movement within a subcatchment (Stoney Creek) since the translocation was limited 

and restricted to a small section of the stream (Branch Creek) (Hughes et al., 2003). Lineage 4 

originally coming from a higher altitude (520m, Kilcoy Creek) gradually moved upstream to the 

highest point in Branch Creek after breeding with the resident lineage (Fawcett et al., 2010).  

Temperature is considered as a factor for lineage 4 because it is less tolerant of high temperature 

than L 6. An experiment was conducted in the laboratory by Fawcett et al. (2010) on 80 individuals 

of pure L4 and L6 lineages in each of 3 tanks. Temperature was raised 1°C every 3 days and it was 

observed that L6 had greater tolerance to elevated temperature than L4 as they survived for longer 

periods. It was suggested however that further studies needed to be conducted to test this 

hypothesis properly as the study did not allow for acclimation.  

The two early studies suggested that hybridization between the two lineages has taken place but 

hybrid survival was low and those hybrids that survived had the translocated mitochondrial DNA 

indicating that they were the offspring of L4 mother and L6 fathers (Hughes et al., 2003; Fawcett 

et al., 2010). The translocated lineage dominated upstream locations, up to 2.5km above the 

translocation point (Fawcett et al., 2010). The hybrid zone has been examined again to observe the 

movement of the zone, especially as climate conditions have been quite different from those in 

previous 10 years which represented an extreme drought (Wilson et al., 2016). In 2011, 2012 there 

was significant rainfall and the creeks flowed for most of the hot season meaning that pool 

temperatures would have remained lower. Wilson et al. (2016) demonstrated that L6 had become 

established 519m further downstream possibly as a result of cooler temperature. 

 

1.5 Study aim and hypothesis  

Although local adaptation in relation to altitudinal variation has been documented for different 

species, there is no literature regarding adaptation to temperature variation in atyids. P. 

australiensis has been considered as a model atyid. In previous studies mtDNA data revealed that 

the two lineages of P. australiensis, lineage 4 and lineage 6, were 6% divergent, which indicates 

that the two lineages split 2-3 million years ago (Hurwood et al., 2003). The two lineages appeared 

to favour different altitudes in the Conondale range, as Lineage 4 occurred in Kilcoy Creek which 

is at a higher altitude than Branch Creek West where lineage 6 occurs. Furthermore, Fawcett et al. 
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(2010) suspected that further movement of the translocated genotype (lineage 4) downstream was 

restricted by habitat and hypothesized that there is heavy selection against them at lower altitudes, 

where it is warmer. It was observed in another study that due to two wet periods in 2010 in south-

eastern Queensland lineage 4 managed to become established even further downstream (Wilson et 

al., 2016). Given the possibilities of adaptation from previous studies, in this thesis I investigated 

evidence of adaptation between upstream and downstream populations in the Mary River 

Catchment, Conondale Range. I chose the Mary River catchment as previous studies indicated the 

presence of only a single lineage (L4) and I was interested in investigating adaptation within a 

lineage rather than between.  

It has been suggested that a paired sampling design is best where there is weak selection and paired 

sampling has higher power for detecting selection. If the same patterns are evident in multiple 

populations of the same species, it is strong evidence for selection (Fischer et al., 2011). Hence, I 

aimed to identify adaptation in pairs of populations from multiple streams in the Mary River 

catchment and to test the possibility of adaptation across three streams.  I aimed to identify parallel 

patterns of adaptation, which occur when the same outlier loci are identified across these streams. 

This would be concluded to represent strong evidence for selection on these loci. 

As adaptation studies require a large number of loci across the genome to be analyzed, Single 

Nucleotide Polymorphism (SNP) markers was used in this study. SNP markers was generated 

using the RAD-seq (Restriction-Site Associated DNA Sequencing) technique. Previous studies on 

P. australiensis included allozymes, mtDNA and microsatellite markers focusing on a few neutral 

loci only.  In this study, thousands of SNP markers were genotyped for P. australiensis.   

In Chapter 3, genetic diversity and genetic structure were examined in upstream and downstream 

populations in 3 streams. The aim was to assess genetic variation with these new markers and to 

compare results with previous results from other markers.  Specifically, I tested test the hypothesis 

that the population structure fits the Stream Hierarchy Model (SHM) and that populations from 

the same stream with the same catchment will be more similar than those from different streams. 

Furthermore, I expect genetic diversity to be lower at upstream than at downstream sites. 

As P. australiensis has a wide geographical distribution and inhabits different environmental 

conditions, it is important to study the genetic basis of adaptation in this species. In Chapter 4, I 

investigated evidence for local adaptation between upstream and downstream populations in three 

streams in the Conondale Range using SNP markers genotyped across the genome. FST outlier loci 
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detection were used for pairs of populations from each stream to indicate presence of 

selection/adaptation. In addition, a PCA based method was used for detecting selection and the 

two approaches was compared. Selection on particular loci was further suggested if the same loci 

were identified in each of the three streams. 

In Chapter 5, natural sympatry of lineage 4 and 6 of P. australiensis was evaluated. This species 

was translocated in the past and artificial sympatry of lineage 4 and 6 is known and has been 

extensively investigated in the Brisbane River catchment. In the Mary River catchment, natural 

sympatry was identified during sampling. I examine the distribution of L 4 and L6 in the Mary 

River catchment using mtDNA markers and test the hypothesis that interbreeding between them 

does not occur or is severely reduced  

Chapter 6 provides a general discussion on population structuring of up and downstream 

populations of the streams together with the adaptive conditions among the populations. The 

probability of a parallel pattern of adaptation was discussed. Again, the status of natural sympatric 

lineages and a condition of interbreeding between sympatric lineages is discussed. 
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CHAPTER 2: GENERAL METHODS 

 
Laboratory methods and data analyses relevant to more than one chapter are described here. 

Methods and analysis pertaining to specific research questions are provided in the relevant 

chapters. 

 

2.1 Experimental design 

 
In this project, a genome scan approach was taken to examine evidence of natural selection 

between upstream and downstream populations in a non- model system. Samples of lineage 4 were 

taken from high and low altitude sites of each three streams from the greater Mary River catchment 

area. Study sites were selected depending on altitude. High altitude sites were at ~550m asl and 

low altitude sites were ~100m asl. In this stream network, a pair of sites (high vs low altitude) was 

selected from each stream. In total, 3 streams including 6 populations were selected, each with a 

high and a low site. 

 FST outliers were identified between high and low populations within each stream. So, 3 –pairs of 

sites were used for the pairwise FST outlier tests. SNPs from 131 individuals from 6 populations 

were used for outlier analysis.  Outliers were detected as potentially under selection resulting from 

all populations. Furthermore, a parallel pattern of selection across all three streams was evaluated 

by comparing the results of the FST outlier test of individual streams. 

Also, a multilocus approach of detecting selection was employed including 6 populations using a 

PCA (Principal Component Analysis) based approach for detecting selection. 

 

2.2 Sampling sites 

 
Study Sites were in the Conondale Range which extends from 26˚55'S, 152˚45'E northwest to 

26˚37'S, 152˚30'E (Figure 2.1) in south- east Queensland and is 100km northwest of Brisbane. The 

Conondale Range occupies the area which separates two large river systems, the Brisbane River 

to the south and the Mary River to the north (Hughes et al., 1995). As this region is subtropical 

rainforest, it has cool dry winters and hot wet summers with a mean annual rainfall of 

approximately 1134.7 mm (Australian Bureau of Meteorology, 2015). Notophyll vine forest 

(subtropical rainforest), wet sclerophyll forest, and dry sclerophyll forest are the major vegetation 
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types in this area (Czechura, 1991). The upland area is mostly rainforest (>500m asl). Headwater 

streams are prevalent on either side of the range and the streams flow into the major river networks, 

the Brisbane and the Mary River (Hughes et al., 1995).  

In this study, three subcatchments namely Booloumba Creek (1,2), Broken Bridge Creek (3,4) and 

Obi Obi Creek (5,6) (Figure 2.1) were selected, all of which fall in the greater Mary River 

catchment Area. Sites were selected in the headwater (upstream) and in the downstream locations 

from each of these streams. There are water falls (>10m) in Booloumba Creek and in the Obi Obi 

Creek upstream area. Along with the altitudinal variation sites differed in environmental variables 

(eg. water temperature). Upstream to downstream site temperatures differ by 1-3˚C (Mosish & 

Bunn, 1997). 

Individuals from the Booloumba Creek High site are denoted as BOH, Booloumba Creek Low site 

as BOL. Individuals from Broken Bridge High site are denoted as BBH, Broken Bridge Low site 

as BBL. Obi Obi High site samples are denoted as OBH and Obi Obi Low site as OBL. 

Sites chosen were: Booloumba Creek upstream (2) BOH: 511m; 26˚41.062S, 152˚37.185E, 

downstream (1) BOL-135m; 26˚37.960S, 152˚39.124E) (Figure 2.2), Broken Bridge Creek 

(upstream (4) BBH; 528m, 26˚50.483 S, 152˚ 44.276E; downstream (3) BBL- 196m, 26˚47.59S, 

152˚42.399 E) (Figure 2.3). Obi Obi Creek upstream (6) OBH- 438m, 26˚46.254S, 152˚ 48.644E; 

downstream (5) OBL- 300m; 26˚75.92S, 152˚87.09E) (Figure 2.4).  
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Figure 2.1:  Map of the Conondale Range showing sampling sites. Blue colors in the map 

indicate high altitude sites while red-yellow indicates low altitude sites. 
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Figure 2.2. Booloumba Creek upstream site (A) and downstream site (B) 

 

 
 

 
Fig 2.3. Broken Bridge Creek upstream (C) and downstream (D) site 

 

 
 

 

          

Figure 2.4. Obi Obi Creek upstream (E) and downstream (F) site 
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2.3 Sample collection 

Paratya australiensis were collected from the 3 upstream and downstream sites from the 3 streams 

from 2014-2016. Shrimps were collected from small pools at each site using a seine net and a dip 

net. As the RAD-library preparation requires very high-quality DNA, the shrimps were preserved 

immediately in 100% ethanol to avoid any degradation. In the laboratory, the vials containing 

ethanol preserved shrimps were kept in the refrigerator. 

 

2.4 Laboratory methods 

 

  2.4.1 DNA extraction 

DNA was extracted from the abdominal tissue (25mg) from each individual. DN-easy Blood and 

Tissue kits (QIAGEN, GmbH, D-40724, Hilden, Germany) were used to extract DNA and the 

manufacturer’s method was followed.  DNA was eluted to 50µl final volume. 4µl of RNase-A 

(10mg/ml) was added to the extraction and incubated at room temperature for 10min. DNA 

concentration was quantified using a Qubit 3.0 fluorometer from Thermo Fisher Scientific 

according to the kit instructions (Figure 2.5). 

 

                               

 

Figure 2.5. DNA extractions checked on 0.8% agarose gel. All the extractions are of high quality 

(above 10,000bp fragments, >1.5ug of DNA).  
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2.4.2 Determining lineage 4 (Amplification of mitochondrial DNA and RFLP) 

In order to confirm that the samples collected from the study sites belonged to lineage 4, a 

mitochondrial marker of a fragment of approximately 800 base pairs from the protein coding gene 

cytochrome oxidase subunit I (COI) was used. The amplification of this COI gene was initially 

completed through a standard polymerase chain reaction (PCR) procedure using the primers, para 

4&6_F (sequence5’-CGAGCTGAATTAGGTCAACCAGG-3’) and Para 4&6_R (sequence 5’-

GCAACACRGCAGTTAAAAAGACTG-3’), which were specifically designed for the two 

lineages being studied by Wright, 2012. 

Amplifications were completed in 12.5µl reaction volumes containing 2.5 µl 5X Mytaq Buffer 

(Bioline), 0.25 µl of Para 4/6 Forward primer, 0.25 µl of Para 4/6 Reverse Primer, 0.03 µl Mytaq 

(5U/ml) (Bioline), 8.97 µl of ddH2O and 0.5 µl of DNA per individual. The PCR protocol used an 

initial cycle of denaturation at 94˚C for 5min and was followed by 35 cycles of 30s at 94˚C, 30s at 

50 ˚C, 30s at 72 ˚C and a last extension cycle at 72 ˚C for 7min. The success of the PCR was 

checked on 0.8% agarose gel. Gel electrophoresis was run at 80V for 40min.  

In this study, every individual sample was tested using PCR-Restriction Fragment Length 

Polymorphism (RFLP) as the aim was to include only a single lineage (L4). RFLP are widely used 

markers, which determine the amount of variation in DNA sequences as individual mutations will 

generate or remove cutting sites, resulting in DNA fragments of defined size. In this process one 

or more restriction enzymes are used which recognize 4-8bp regions and cut specific positions in 

the DNA sequences, resulting in smaller DNA fragments which are separated by gel 

electrophoresis (Freeland et al., 2011). 

The restriction enzymes used were HaeIII and TseI (New England Biolabs). The HaeIII enzyme 

cuts the COI sequence of individuals of lineage 4 into two fragments (300 and 150bp), but does 

not cut COI sequence individuals from lineage 6. On the other hand, the TseI enzyme is specific 

for the COI sequence of individuals from lineage 6. PCR product was digested using 6.3 µl ddH2O, 

1.0 µl Cut Smart Buffer, 0.2 µl HaeIII, 5 µl of PCR DNA and incubated at 75˚C for 1h. TseI 

enzyme digested product was incubated at 65 ˚C for 2h and the digestion mix is 6.3 µl ddH2O, 1.0 

µl Cut Smart Buffer, 0.2 µl TseI, 5 µl of PCR DNA. In order to check if the digestion was complete 

and lineages were properly distinguished, 0.8% Red gel (Biotium) agarose gel electrophoresis was 
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done. Figure 2.6 shows on agarose gel test with HaeIII restriction enzyme where Lineage 4 was 

cut into two fragments of 300 and 150bp and lineage 6 remained uncut with HaeIII enzyme. 

 

 

 

Figure 2.6 Tested for HaeIII to differentiate lineage 4 and 6 in Red Gel agarose gel; showing the 

electromorph bands of COI mtDNA for P. australiensis. 

 

 2.4.3 RAD-library preparation 

Double Digest Restriction Site Associated DNA Sequencing (ddRAD-Seq) was performed at the 

AGRF. Barcode lengths ranged from 4bp to 8bp in size. A total of 47 individual samples from 

Booloumba Creek were sent (24 individuals from the upstream site and 23 individuals from the 

downstream site) to Australian Genomic Research Facilities (AGRF), Melbourne, Australia in 

2015 for ddRAD (Double Digest RAD) library preparation each sample containing 1.5ug of DNA. 

Eight different restriction enzymes were tested to find the most suitable one to cut the Paratya 

australinesis genome. The enzyme combination that gave the best result for library preparation 

was PstI/HypCH4IV. Later on, 48 individuals from Broken Bridge Creek (19 individuals from 

upstream and 29 Individuals from downstream) and 47 Individuals from Obi Obi Creek (19 

Individuals from upstream and 28 individuals from downstream) were sent to AGRF, Melbourne, 

Australia in 2016 for RAD library preparation each containing 1.5ug of DNA. The same restriction 

enzyme set was used. 
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2.4.4 Illumina Sequencing 

In Illumina sequencing, a single DNA molecule is attached on the flow cell, then there is an 

automated formation of amplified clonal clusters from the single DNA molecule. After that “bridge 

amplification” takes place.  After this step sequencing is performed on forward strands and then 

reverse strands are regenerated and sequencing on reverse strand is performed (Davey et al., 2011). 

 RAD libraries prepared from the 142 individuals from Upstream and Downstream populations of 

all 3 streams were sequenced using Illumina NextSeq500 platform of the Australian Genomic 

Research Facility (AGRF). Single end sequencing was done in High output mode of 150 cycle. 

Three Illumina Sequencing lanes (1lane for the first run and 2 lanes for the second run) were used 

for this purpose. Sequences generated from Illumina sequencing were in FASTQ format which 

was used for filtering and downstream analysis. 

 

2.5 Statistical Analysis 

2.5.1 Process_radtags, Denovo_assembly and SNP discovery 

Preliminary analysis of the FASTQ reads was done with the programme STACKS v. 1.35 (Catchen 

et al., 2013a). STACKS is a software system that can be used for both species with a reference 

genome and those without a reference, which is known as “denovo”. STACKS have several 

components. The first step is to demultiplex and clean the data (Process_radtags) which includes 

removing barcodes, trimming the sequence and checking for quality of the reads. The next step is 

USTACKS or PSTACKS. USTACKS is used where there is no reference to align with and 

PSTACKS is used to align with a reference genome. In USTACKS, reads of different length are 

made into stacks and polymorphic sites are called for each individual. The next step uses 

CSTACKS which includes making a catalog out of all the loci that have been produced from all 

individuals. In SSTACKS, loci are matched against the catalogue to determine the allelic state at 

each locus for each individual. After the above steps of STACKS, processed reads can be run 

repeatedly using the same catalogue. There are several parameters which can be applied to filter 

the loci to get the most appropriate data set, and several outputs in different formats can be obtained 

from the POPULATIONS program to be used in various population genetic packages. 

The outputs of STACKS can be visualized using a web interface. This employ putting the data in 

MYSQL database. Index radtags.pl is used to index the database. Export_catalogue.pl can be used 

to export data in Excel format from the database. 
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For my study, demultiplexing was done for each barcode length individually. All sequences were 

trimmed to 140bp with an average quality score of 90%. Demultiplexing was done for upstream 

and downstream populations of Booloumba Creek (BOH and BOL populations). Then after the 

second run demultiplexing was done for Broken Bridge High (BBH), Broken Bridge Low (BBL), 

Obi Obi High (OBH) and Obi Obi Low (OBL). No mismatches were allowed in barcodes. Later 

on, Denovo assembly was run separately for each population pair and repeated with all 6 

populations included. 

The STACKS script denovo_map.pl was run to assemble the reads into stacks, build a tag 

catalogue and match individual samples to the catalogue. The High Performance Computing 

(HPC) of Griffith University named “Gowonda” (372 core computer cluster) was used for this 

purpose. For the denovo_map.pl, these assembly parameters were used: minimum number of reads 

required to a stack, minimum coverage value of -m 3; minimum number of mismatches allowed 

between loci while processing a single individual was -M 2; minimum number of mismatches 

allowed between loci when building the catalogue was -n 1. For rest of the denovo_map the default 

setting was used. 

Next, the POPULATIONS program was run on STACKS v.1.35 using the Griffith University High 

Performing Computing System (Gowonda) to output sample genotype data and SNPs into different 

common formats for population genetics programs, although some population genetics statistics 

(F-statistics) were also calculated with the POPULATIONS program.  

The POPULATIONS program runs using the processed outputs of the denovo_map. Few filtering 

parameters were used in this analysis. The first run of POPULATIONS was done without any filter 

applied. Later, for each locus, minimum percentage of population was set 50% (r=0.50), 60% 

(r=0.60), 70% (-r=0.7), (r= 0.75) and 80% (-r 0.80), a minimum depth of coverage for each 

individual was -m 10. Again, minor allele frequency of 5 % (-min_maf 0.05) was also applied to 

exclude loci with minor allele frequency of less than 5%. Furthermore, a whitelist was made with 

loci containing 2 haplotypes and then a single SNP was selected from that haplotype.  This 

produced a white list of a single SNP per locus. After several POPULATIONS runs, the most 

suitable dataset was selected for later analysis. 

Genotypes were exported in different file formats including STRUCTURE, FASTA, VCF, PLINK 

and GENEPOP format.  VCF files generated from the POPULATIONS program were converted 
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into the file formats necessary for downstream analyses using PGDspider v.2.0.5.0 (Lischer & 

Excoffier, 2012). 

Depending on the amount of missing data for each individual, some individuals were excluded 

from the data set generated by the STACKS output files. STACKS outputs were visualized in 

STACKS web interface with the assistance of MySQL database.  
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Chapter 3: Population structure of Paratya australiensis using RAD-seq data 

3.1 Introduction 

Connectivity can be of two types-structural and functional. Structural connectivity refers to the 

physical features of the landscape, whereas functional connectivity implies an organism’s response 

to the landscape (Kindlmann & Burel, 2008). Usually, physical features of the landscape are used 

to predict functional connectivity (e.g. dispersal of an organism) (Goodwin, 2003). Population 

connectivity in streams is affected by the spatial hierarchy of reaches, streams, sub-catchments and 

catchments (Meffe & Vrijenhoek, 1988). Thus, connectivity may depend on the position of the 

population in the stream headwater or tail-waters, wide or narrow extent of the stream and distance 

between populations as isolated populations will be less connected, and finally life history and 

dispersal ability of the species (Hughes et al., 2009). Based on these traits there are several models 

which describe patterns of connectivity of populations of stream dwelling species. Meffe and 

Vrijenhoek (1988) described a model named “stream hierarchy model”. As the stream distance 

increases, populations are more isolated depending on the stream hierarchical structure. Population 

connectivity and geneflow may vary depending on this dendritic network of sub-catchments within 

catchments and within major basins of hierarchical streams (Hughes et al., 2009). So, connectivity 

is highest among populations within a stream and decreases among populations between streams 

within a sub-catchment. Lowest level of connectivity is expected among populations inhabiting 

different sub-catchments (Meffe & Vrijenhoek, 1988; Hughes et al. 2009). 

The Australian glass shrimp Paratya australiensis (Kemp, 1917) (Decapoda: Atyidae) has been 

considered as a model Atyid in streams to study biology, behavior, dispersal, phylogenetics and 

evolutionary genetics (Hughes et al., 1995; Baker et al., 2004; Hurwood et al., 2003; Fawcett et 

al., 2010; Page et al., 2005; Cook et al., 2006). The species plays an important role as an 

ecologically interacting macroconsumer in streams (Moulton et al., 2012). P. australiensis inhabits 

freshwater streams in eastern Australia and has been shown to comprise a cryptic species complex, 

consisting of 9 highly divergent mtDNA lineages, some of which are widespread, while others 

have very restricted distributions (Cook et al., 2006). A wide range of genetic markers including 

allozymes, mitochondrial DNA (COI gene) and microsatellites have been used to answer questions 

regarding the species movement patterns in streams, breeding, hybridization, introgression and 
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genetic structure (Hancock & Bunn, 1997; Hancock et al., 1998; Hancock & Hughes 1999; 

Hurwood, et al., 2003; Cook et al., 2007; Fawcett et al., 2010; Wilson et al., 2016). 

Hughes et al. (1995) conducted a study in the Mary River and Brisbane River catchments to 

examine dispersal in a stream hierarchy network using allozyme markers. The study included 15 

sites in total with 3 headwater stream sites and a confluence site in each subcatchment. The 

subcatchments were Booloumba and Mary subcatchment in the Mary River catchment and Kilcoy 

and Stony subcatchments in the Brisbane River catchment area. The study reported that up-stream 

populations from Booloumba Creek and Kilcoy creek were significantly different from 

populations at the stream confluence sites, suggesting limited dispersal within the stream at least 

between these two sites (Hughes et al., 1995). However, the study was conducted with only 7 

allozyme markers and allozyme markers have been criticised for a number of reasons. First, they 

are likely to be affected by selection (Carter et al., 1989) and secondly, they only detect a small 

amount of the variation (Richardson et al., 1987). There is therefore a need for new markers to 

study the genetic connectivity of the populations.  

SNP (Single Nucleotide Polymorphism) markers have been very popular in recent years, as they 

provide greater in depth genomic information compared to other markers and hence various 

population genomic studies have been conducted using this approach (Narum et al., 2010; Bourett 

et al., 2014). NGS (Next Generation Sequencing) technology, also known as massively parallel 

sequencing, includes a genomic library preparation step which creates a reduced representation of 

the genome that is cost effective (Davey et al., 2011). The markers developed with this technique 

are more informative than other markers (eg. microsatellites, RFLP etc.) in identifying genetic 

variation across hundreds of individuals (Morozova & Marra, 2008). There are several NGS 

methods. Restriction Site Associated DNA Sequencing (RAD-Seq) allows random sequencing 

across the genome as it produces thousands of SNPs. Compared to other markers (microsatellites, 

AFLPs and RFLPs), which require prior information of the species of concern, the RAD-seq 

technique can be applied to an organism without a reference genome producing SNPs markers in 

non-model organisms very efficiently (Helyar et al., 2011; Mastretta-Yanes et al., 2015).  Hence, 

both neutral and non-neutral SNP markers are produced through RAD-seq giving the possibilities 

for studying population demography and natural selection in species. Thus, the produced SNP 

markers can be used to estimate genetic variation among populations, identification of individuals, 

population structure, effective population size and finally to detect natural selection (Senn et al., 
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2013). However, development of SNP markers in non-model species is rare. In P. australiensis 

there is no reference genome available. So, genotyping SNP markers for this species would require 

“denovo” assembly (Catchen et al., 2013a) and then application of these markers to observe 

population genetic diversity and structuring would reveal the present genetic condition of the 

populations.  

The following study focuses on six populations (upstream and downstream) from Booloumba 

Creek, Broken Bridge Creek and Obi Obi Creek, all in the Mary River catchment. The aim of the 

study was to develop SNP markers using the double digest RAD-seq technique and genotype SNP 

markers without a reference genome (denovo) for the first time in Paratya australiensis. 

Furthermore, the newly developed markers will be used to re-evaluate genetic diversity and 

population structuring of these three stream populations and to compare it with previous results, 

based on allozymes. I hypothesized that population structure would fit most closely the Stream 

Hierarchy Model (SHM) as the sampling was done from populations belonging to a stream 

network with two populations from each stream and all three streams belonging to the same river 

catchment. In other words, we would detect greater differentiation among the three streams than 

between sites within each stream. 

 

3.2 Materials and Methods 

In Chapter 2, sampling design, DNA extraction, RAD-library preparation, Illumina NextSeq500 

platform, SNP discovery and genotyping have already been described. Here I describe SNP 

validation, and specific analysis for genetic diversity, population structure and gene flow among 

populations. 

In total, 142 individuals from 6 populations were Sequenced (Illumina-NextSeq500) and 

demultiplexed using the program STACKS. As discussed previously in Chapter 2, Broken Bridge 

High (BBH) contained 19 Individuals, Broken Bridge Low (BBL) contained 29 individuals, 

Booloumba High site (BOH) contained 24 individuals, Booloumba Low site (BOL) contained 23 

individuals, Obi Obi High site (OBH) contained 19 individuals and finally Obi Obi Low (OBL) 

site contained 28 individuals. The demultiplexed reads from 142 individuals were used to run 

denovo assembly and Population programs implemented in STACKS (The parameters are 

described in chapter 2).  
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3.2.1 SNP filtering 

SNPs discovered in the de novo program of STACKS were later filtered to have loci common to 

all six populations. The POPULATIONS program implemented in STACKS was run several times 

to choose the best filtering parameters. Since the data set had 6 populations in total, SNP’s that 

were present in all 6 populations (-p) and at least 70-75% of the individuals (-r) in each population 

were retained and the rest were discarded. Loci where minor allele frequencies were less than 5% 

(-min_maf) were also discarded. A white list was used to choose those loci that had only two 

haplotypes and from these haplotypes only one SNP per locus was chosen. Furthermore, depth of 

coverage for each locus in the catalog was set to 10x for each individual. 

Output files were imported in VCF, GENEPOP, STRUCTURE and FASTA format and later on 

converted using PGDspider v.2.0.5.0 (Lischer & Excoffier 2012) for use in subsequent analysis. 

Due to the amount of missing data, a few individuals had to be deleted from the popmap and 

POPULATIONS program was run again. In the final output files, Broken Bridge High (BBH) had 

17 individuals, Broken Bridge Low (BBL) had 29 individuals, Booloumba High (BOH) had 24, 

Booloumba Low (BOL) had 15, Obi Obi High (OBH) had 18 and Obi Obi Low (OBL) had 28 

individuals. In total 131 individuals from 6 populations were used for subsequent analysis. In total 

213 loci, each containing a single SNP in 131 individuals from 6 populations were used for 

estimating genetic diversity and population structure.  

 

3.2.2 Estimation of summary statistics 

 
Summary statistics (number of individuals genotyped, number of private alleles, number of 

polymorphic sites, major allele frequency, observed heterozygosity, nucleotide diversity (pi), and 

Wright’s F statistics (FIS) were calculated for RAD data using the populations pipeline of STACKS 

v1.35 (Catchen et al., 2013a). 

Tests for conformance to Hardy-Weinberg Equilibrium (HWE) were done with Exact tests for 

each locus using default settings in ARLEQUIN v.3.5.1.2 (Excoffier & Lischer, 2010). Sequential 

Bonferroni correction was done on the P values. Also, pairwise FST estimates were calculated for 

all population pairs. Significance was assessed based on 1000 permutation. The same version of 

ARLEQUIN was used for this purpose.  
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3.2.3 Estimating population structure 

Three methods were employed here to identify population structure. Firstly, a hierarchical analysis 

was used.  The method is based on traditional F-statistics to test for genetic structure among 

populations. Second, an admixture analysis was done to identify population clusters. The third 

approach used Principal Component Analysis (PCA) to define population structure. The use of 

multiple methods to examine population structure adds strength to any conclusions inferred from 

the results.  

Analysis of Molecular Variance (AMOVA) is a hierarchical approach of identifying genetic 

variation among populations based on user-defined groupings. In relation to the Stream Hierarchy 

Model, the top level of the hierarchy was the three streams, in this study: Broken Bridge Creek, 

Booloumba and Obi Obi Creek. The next level was sites within each stream, as in this study each 

stream had one upstream and one downstream site and finally the third level was individual sites. 

Population structure is identified with this technique at each level of the hierarchy (Weir & 

Cockerham, 1984; Excoffier et al., 1992).  AMOVA was calculated based on FST, fixation index 

using ARLEQUIN v3.5.1.2 (Excoffier & Lischer, 2010). Estimates of FST were obtained for each 

locus separately and as a weighted average over the 213 SNP loci. Statistical significance of FST 

and estimates were determined by 1023 permutation of individuals among populations. In this 

arrangement three hierarchical levels of variation were tested: among streams (FCT), among sites 

within streams (FSC) and among all sites (FST). Furthermore, a Mantel test was done to test for 

Isolation by Distance (IBD) using ARLEQUIN. 

Admixture analysis was used to detect genetic structure among all populations using the R package 

LEA (Frichot & Francois, 2015). The LEA package implements the classical approach of 

admixture analysis for calculating population genetic structure (Pritchard et al., 2000). Similar to 

Bayesian clustering programs like STRUCTURE (Pritchard et al., 2000), LEA includes an R 

function to estimate individual admixture coefficients from small to very large genotypic matrices. 

The R function snmf provides least-squares estimates of ancestry proportions (Frichot et al., 2014). 

Here K is the number of ancestral populations. A cross validation method is followed in the snmf 

function which is known as the “Entropy Criterion”. The Entropy Criterion evaluates the quality 

of fit of the statistical model to the genotypic data. The Entropy Criterion can also facilitate 

choosing the number of ancestral populations that will best explain the genotypic data (Frichot et 

al., 2014). 
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For this study, as there were 6 populations, the probability of the admixture model was tested for 

clusters (K) ranging from 1-6, using 10 repetitions for each K value, 1 CPU was chosen to run the 

program and cross entropy was used to get the best number of ancestral populations.  

 Population structure analysis was also done using individual-based Principal Component Analysis 

(PCA) implemented in the R package ADEGENET (Jombart, 2008). Here 213 loci were used for 

131 individuals across the 6 populations. Later on, PCA was done using the same number of loci, 

but excluding the two Booloumba Creek populations.  

 

3.2.4 Barcoding of Booloumba Creek samples 

Due to the large divergence between the two populations from Booloumba Creek, 7 samples (3 

sample from Booloumba Creek High site (BOH) and 4 samples from Booloumba creek low site 

(BOL) were sequenced for the mitochondrial COI gene. This was in order to confirm the mtDNA 

lineage to which they belonged. 

A fragment of cytochrome c oxidase subunit I (COI) was amplified in a solution containing 5x 

Mytaq buffer, 10 µM standard LCO1490 primer (Folmer et al., 1994), 10 µM HCO2198 primers 

(Folmer et al., 1994), 5U/µl of Mytaq (Bioline) and 100ng of DNA. The PCR protocol used started 

with an initial cycle of denaturation at 94˚C for 5min and was followed by 15 cycles of 30s at 

94˚C, 30s at 45 ˚C, 30s at 72 ˚C and another 25 cycles of 30s at 94 ˚C, 30s at 50 ˚C, 30s at 72 ˚C 

and a last extension cycle at 72 ˚C for 7min. The success of the PCR was checked on a 0.8% 

agarose gel at 80V for 40min. PCR product was cleaned prior to sequencing with exoSAP 

(Promega) following Werle et al. (1994). 0.5 µl exonuclease I E. coli and 2 µl of shrimp alkaline 

phosphate (SAP) were used to incubate at 37 ˚C for 35min, then heated to 80 ˚C for 20min to 

deactivate the enzyme.  Cleaned PCR products were sequenced using Macrogen Inc. Sequencing 

Facilities (Seoul, South Korea).   

Sequences were aligned and edited using SEQUENCHER v. 4.1 (Gene Codes Corporation). Since 

the predominant lineages in Queensland are lineage 4 and 6, mtDNA sequences already published 

were used as references to align the new samples.  The reference sequences used were (Gene Bank 

Accession no- AY308108-L6, AY308128-L4C, AY308163-L4B, and AY308143-L4A, 

AY308147-L4D, AY308157-L4E, AY308124-L3, AY308126-L1, AY308146-L8, AY308151-

L2, AY308171-L7, AY308172-L5, AY308175-L9 (Cook et al., 2006). Seven individuals were 
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sequenced from the two Booloumba sites. GENEIOUS v. 9.1.2 (Kearse, et al., 2012) was used to 

construct a neighbor joining tree, using the Tamura Nei Distance Model. 

 

3.3 Results 

3.3.1 Sequencing, SNP discovery and filtration 

 
I obtained RAD data from 142 Individuals. Demultiplexing was done twice, once with Booloumba 

populations and a second time with Broken Bridge and Obi Obi Creek populations. All reads were 

checked for a quality score >Q30. 

Lowest demultiplexed reads (40,991) were observed in the Obi Obi Creek samples and highest 

reads (21,338,955) were observed in Broken Bridge samples. Retained Reads ranged from 7,438 

(Obi Obi) to 21,321,266 (Broken Bridge) (Appendix Table 3.1, 3.2 and 3.3). 

De novo assembly for 142 individuals produced 2,666,679 loci in the catalog and the depth of 

coverage ranged from 4.888x to 33.884x per individual (Appendix 3.4). This white list including 

only loci with two haplotypes generated 207,619 loci. Using these loci and selecting only a single 

SNP per locus generated 85,401 SNPs in 142 individuals.  

Individuals with very low depth of coverage (below 10x) were excluded from the popmap, which 

resulted in 11 individuals being removed bearing 131 individuals in total. POPULATIONS 

program was run on 85,401 loci, using filters described in methods. This generated 213 SNP’s in 

131 individuals. Once filtering was complete, the number of loci sequenced per individual varied 

from 4 to 213 (Appendix Table 3.5), with a mean of 109 loci per individual and a total of 213 

variable loci overall. 

 

3.3.2 Genetic diversity 

 
When only variant (only polymorphic nucleotide) position were considered, the average number 

of individuals sampled at a locus ranged from 14.6338 (BOL) to 27.1784 (BBL) (Table 3.1). Only 

the Booloumba High population (BOH) had private alleles (25 alleles). Expected heterozygosity 

was more or less similar across all populations, ranging from 0.2159 to 0.2781 with the lowest in 

OBH and the highest in BBH. Nucleotide diversity ranged from 0.2231 (OBH) to 0.2877 (BBH). 

Upstream sites had higher nucleotide diversity than low sites for Broken Bridge and Booloumba 

Creek, whereas the OBL population had higher nucleotide diversity than OBH. 
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FIS values were higher in upstream sites (BBH 0.0572, OBH 0.0743) than in downstream sites 

(BBL -0.1074, OBL -0.1324). In Broken Bridge and Obi Obi Creeks, individuals from downstream 

population had an excess of heterozygotes as indicated by the negative FIS values. Booloumba 

High and Low population had similar FIS values (Table 3.1). 

Three loci deviated from Hardy Weinberg Equilibrium (HWE) but the deviation of these loci was 

not consistent across all populations. So, they were kept in the overall analysis. In the overall 

comparison, genetic differentiation (FST =0.4461) was highly significant. The FST value between 

BOH and BOL (FST=0.44616) was much higher than BBH and BBL (FST=0.04289). OBH and 

OBL were not statistically differentiated from each other compared to the other population pairs 

(Table 3.2). 

 

3.3.3 Population structure 

Contrary to expectation of the SMH, the AMOVA showed more differentiation among sites within 

streams than between streams (Table 3.3). The FSC value (0.169) was highly significant explaining 

15.89% of the total variation, whereas the FCT value (0.064) was although still significant. The FST 

among all populations was FST=0.222 and also highly significant. (Table 3.3).  

Clustering with the R package LEA indicated that the most likely number of clusters was 4, as the 

graph reached a plateau after 4 clusters (Figure 3.1 F).  Clusters were observed for K values of 3-

6. For all K values, 4 clusters were clearly evident with BOH, BOL, OBH as individual clusters 

and the rest of the sites forming a single cluster (Figure 3.1 A, B, C, D). BBH and BBL populations 

showed admixture. When clustering analysis was repeated using only 4 populations, (excluding 

BOH and BOL populations) only two clusters were evident. OBH population formed one cluster 

(Figure 3.1 E) and the rest was all in a single cluster.  

The PCA based method of population clustering showed clear separation of BOH from all other 

sites based on Principal Component one (PC1) (Figure 3.2 A). BOL was separated from the rest 

by PC2 and, to a lesser extent by PC3 (Figure 3.2 B). The other populations all overlapped, even 

when PC1 and PC3 were plotted (Figure 3.2 C). 

Since, Booloumba Creek populations were so divergent from the other sites, PCA analysis was 

repeated without Booloumba populations. However, it still identified no clear grouping between 

the other 4 populations (Figure 3.3 A, B, C). 
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In summary, all three-methods suggested that the two Booloumba sites were the most different 

and different from each other. OBH was slightly differentiated from OBL BBH and BBL by 

STRUCTURE although this was less clear in the PCA. The highly significant FSC value in the 

AMOVA was probably largely caused by the difference between BOH and BOL and to a lesser 

extent by the difference between OBH and OBL. The Mantel test did not show any Isolation by 

Distance effect (Appendix Figure 3.1). 

 

3.3.4 Bar-coding of Booloumba Creek samples 

The two Booloumba Creek sites contained different haplotypes that differed from each other by 

only one base pair. The Neighbor Joining tree showed that samples from the two Booloumba Creek 

sites grouped in the same clade as Lineage 4C (Cook et al., 2006). The bootstrap support for this 

clade was high (94.1). Other reference lineages all grouped into different clades showing clearly 

that there was only a single lineage in Booloumba Creek and it belonged to lineage 4 (Figure 3.4).  
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 Table 3.1. Summary statistics for all 6 populations (Broken Bridge High-BBH, Broken Bridge Low-BBL, Booloumba High-BOH, 

Booloumba Low-BOL, Obi Obi High-OBH, Obi Obi Low-OBL) calculated for only polymorphic nucleotide positions (variant positions). 

Statistics are calculated per population and include the mean number of individuals genotyped per locus (N), the number of alleles that are 

unique to the group (Private), the number of polymorphic sites (Poly sites), the average frequency of the major allele (P), the mean observed 

heterozygosity (Hobs), the mean expected heterozygosity (Hexp), the mean nucleotide diversity (pi- π), and the mean inbreeding coefficient 

(FIS). 

 
 N Private Poly Sites    P Hobs  Hexp π FIS 

  Variant Positions         

BBH 15.1596 0 213 0.7891 0.2706 0.2781 0.2877 0.0572 

BBL 27.1784 0 213 0.7968 0.3253 0.2701 0.2752 -0.1074 

BOH 22.9531 25 213 0.8295 0.2100 0.2193 0.2242 0.0400 

BOL 14.6338 0 213 0.8402 0.2082 0.2164 0.2241 0.0459 

OBH 15.5070 0 213 0.8379 0.1948 0.2159 0.2231 0.0743 

OBL 26.1690 0 213 0.7970 0.3312 0.2684 0.2737 -0.1324 
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Table 3.2 Pairwise FST estimates for 6 populations of Paratya australiensis (***P value<0.001. 

BBH=Broken Bridge High, BBL-Broken Bridge Low, BOH=Booloumba High, 

BOL=Booloumba Low, OBH=Obi-Obi High, OBL=Obi Obi Low) 

 
 BBH BBL BOH BOL OBH OBL 

BBH 0      

BBL 0.04289*** 0     

BOH 0.35989*** 0.43836*** 0    

BOL 0.13869*** 0.09618*** 0.44616*** 0   

OBH 0.07480*** 0.00967 0.45632*** 0.21252*** 0  

OBL 0.04881*** -0.01681 0.44142*** 0.10639*** 0.00737 0 

 

 
    Table 3.3 AMOVA for hierarchical population structure of six populations 

                          (***P value <0.001) 

 

Source % Variation        Fixation Index 

Among streams 6.39826 FCT=0.06398*** 

Among populations within streams 

 

15.89209 FSC=0.16978*** 

Within populations 77.70965        FST=0.22290*** 
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Figure 3.1 A) For K=3, 4 clusters are observed Boolumba High=green, Booloumba Low=Blue, 

Obi Obi High=Red and the rest is admixed. B) Shows the number of clusters for 6 population for 

K=4.  4 clusters are, Boolumba High=blue, Booloumba Low=red, Obi Obi High=grey and the rest 

is admixed C)  For K=5, Boolumba High=orange, Booloumba low=blue, Obi Obi High=red and 

the rest is admixed 
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Figure 3.1 Continued. D) For K=6, Boolumba High=orange, Booloumba low=blue, Obi Obi 

High=green and the rest is admixed E) Showing clusters without Booloumba populations, for K=4, 

there are 2 clusters, along with above plots only Obi Obi High=blue came out as separate cluster 

and the rest is admixed F) showing minimal Cross-entropy and a ancestral population. The Figure 

shows a plateau after cluster 4. So, the best number of clusters for this data set is 4. 
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Figure 3.2 A) PCA of 6 populations based on PC1 and PC2 (Broken Bridge High=BBH, Broken 

Bridge Low=BBL, Boolumba High=BOH, Booloumba Low=BBL, Obi-Obi High=OBH, Obi-Obi 

Low=OBL) Boolouma High population is clearly differentiated from the rest. B) PCA of 6 

populations based on PC2 and PC3, Booloumba Low population is clearly differentiated. C) PCA 

based on PC1 and PC3, again Booloumba High population is clearly differentiated. 
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Figure 3.3 A) PCA of 4 populations (omitting Booloumba population) based on PC1 and PC2 

(Broken Bridge High=BBH, Broken Bridge Low=BBL, Obi-Obi High=OBH, Obi-Obi 

Low=OBL) B) PCA of 4 populations based on PC2 and PC3 C) PCA based on PC1 and PC3. 

There are groups of populations but no clear differentiation of any groups. 
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Figure 3.4 Neighbor Joining Tree of P. asutraliensis from Booloumba Creek along with reference 

sequences (Cook et al., 2006). Numbers refer to bootstrap values. 

 

 

 

 

 

 

B
o
o
lo

u
m

b
a L

o
w

 

B
o
o
lo

u
m

b
a H

ig
h

 



44 

 

3.4 Discussion 

The overall aim of the study was to test the hypothesis that population connectivity follows the 

stream hierarchy model, i.e. there would be more genetic differentiation among populations from 

the three different streams (Booloumba, Broken Bridge and Obi Obi creek) than between 

populations within each stream. However, it was observed that connectivity among populations 

did not follow the Stream Hierarchy Model (SHM) in my study. Although it was observed that P. 

australienis in the Conondale Range had limited dispersal (Hancock &Hughes, 1999), they were 

observed to follow the SHM in the adjacent catchment (Brisbane River) in other study (Bunn & 

Hughes, 1997). It was suggested by Hughes et al. (2013) that for Paratya australiensis, 

connectivity may fit with different models at different parts of its range due to the fact that 

connectivity in this species is affected by geography and history as well as life history of the 

species. Furthermore, Hurwood et al., (2003) mentioned that changes in stream profile can 

influence dispersal of P. australiensis in the Conondale Range and the architectural structuring of 

the stream channel influences the dispersal behavior of P. asutraliensis in upland streams in south-

east Australia (Baker et al., 2004). Both of these studies concluded that stream architecture of 

either side of the Conondale Range has created a difference in the population structuring in this 

area. The main reason that the data in my study did not fit the SHM was the large difference 

between upstream and downstream in Bouloomba Creek, in which there is a significant waterfall, 

potentially isolating populations for a considerable time. 

In comparison to the previous study (Hughes et al., 1995) where allozyme markers were used, the 

present study developed new markers (SNP) for the Australian glass shrimp using RAD-seq 

technique for the first time and used this data set. Reads developed from the double digest RAD-

seq were all very good quality with >89% bases above Q30 (Phred Quality Score). Since there is 

no available reference genome against which to align, it was not possible to estimate what 

percentage of RAD marker coverage had been achieved. Despite the difficulties of Paratya as a 

non-model species, loci with good depth of coverage (82.99% individuals with good coverage) 

were observed in the analysis and since a double digest RAD-seq was used. After de novo 

assembly, 85,401 loci were produced, which was close to the findings (89,927 loci) observed for 

Lake Victoria Cichlid fishes (Wagner et al., 2013). However, the number of loci shared across all 

individuals was quite low in my study, only 0.24% (213 SNP) of the total loci produced by de 

novo assembly. This low percentage of common loci is probably explained by large size of Paratya 
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australiensis genome. Although, the genome size is not known for Paratya australiensis, large 

genome size ranging from 10pg (Atlantic vent shrimp-Rimicaris exoculate) to 40.89pg (polar 

shrimp-Sclerocrangon ferox) has been reported for other decapods (Dufresne & Jeffery, 2011). 

The Booloumba Creek High (BOH) population had a number of private alleles, which reflects the 

isolation of the upstream population from the downstream and suggests very limited dispersal. In 

contrast to many other studies, higher genetic diversity was observed in BOH than BOL. Lower 

diversity has been reported at upstream sites for Gambusia holbroki (Congdon, 1995) and also in 

Paratya australiensis (Hughes et al., 1995). The result for Booloumba Creek is surprising because 

the potential for upstream dispersal is likely to be low as there is a >10m water fall separating the 

two sites. Furthermore, P. australiensis in the Conondale Range is restricted to freshwater and 

does not exhibit migratory behaviour (Hancock & Bunn, 1997), and individuals do not migrate to 

the estuary for larval development or adult breeding. The species is also adapted to remain in their 

specific location in the upper reaches of the stream (Hancock, 1998), with large-size larvae and 

short larval development in upstream sites, which facilities maintenance of position in the stream. 

Larval development in the Conondale Range occurs earlier in the breeding season (Hancock, 

1998), so the chance of larvae being washed away by sudden floods, or spate, is quite low. 

Despite restricted dispersal, there is also a possibility that larvae are washed downstream but do 

not survive in the warmer conditions downstream. Because larval development is influenced by 

temperature and hydrological    flow (Hancock & Bunn, 1997). The influence of temperature was 

demonstrated by Fawcett et al. (2010), who recorded difference between lineages 4 and 6 in 

tolerance to elevated temperatures.  

The FST value (0.446) between the Booloumba populations was very large, indicating restricted 

gene flow and limited dispersal between them. In contrast, Broken Bridge (FST=0.04289) and Obi 

Obi Creek (FST=0.00737) showed comparatively more geneflow, as the genetic differentiation was 

low. This phenomenon agrees with past findings which stated among the 4 sub-catchments 

Booloumba and Kilcoy showed the highest genetic differentiation and Mary (including Broken 

Bridge Creek) and Stony sub-catchments showed least genetic differentiation (Hughes et al., 

1995).  

In 1995, Hughes et al. reported a mean FST value of 0.378 for Booloumba which a remarkably 

similar figure to that is reported here. This result is rather surprising and tends to suggest that 

conclusions from early allozyme studies may be just as reliable as modern ones using thousands 

of SNP’s and costing thousands of dollars. The divergence of the two populations in Booloumba 
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Creek is thus not uncommon and could be the result of strong genetic drift in small, isolated 

populations (Barson et al., 2009). Because these two populations appear to be only very poorly 

connected by gene flow, it probably means that there is no gene flow swamping advantageous 

alleles in resident populations. Altitudinal adaptation was also reported in pairwise population 

comparisons of a common frog from different altitudes having FST values between 0.02-0.2 (Bonin 

et al., 2005).  

The strong genetic structure is supported further by AMOVA outputs, PCA and admixture 

analyses. Genetic differentiation was highly significant between sites within streams in AMOVA. 

Population structuring in this study do not fit the Stream Hierarchy Model of Meffe and Vrijenhoek 

(1988), as there is less variation (6.398%) among streams than among sites within streams 

(15.89%).  Also, PCA and admixture analysis did not align with the subcatchment boundaries, 

which contrasts the Stream Hierarchy Model (Hughes et al., 2013). Furthermore, it was suspected 

that as BOH populations are above 200m asl and there is high genetic differentiation between BOH 

and BOL it could follow IBD model (Isolation by Distance Model). However, a Mantel Test 

showed that there was no correlation between stream distance and genetic distance when all sites 

were included. The situation in Booloumba Creek could be explained by the theory of Lowe et al. 

(2006). According to Lowe et al. (2006) “isolation by slope” is sometimes responsible for 

population divergence where populations are isolated by increasing altitudinal difference. They 

also suggest that steeper gradients of the headwater section play a significant role in population 

differentiation and restricted dispersal. Cook et al. (2007) also suggested altitudinal gradient to be 

a negative factor for Paratya australiensis dispersal in the Granite Creek in Southern Australia.  

So, the high genetic structure in Booloumba Creek was confirmed from STRUCTURE, AMOVA 

and from the PCA analysis and the highly restricted geneflow and dispersal of the Booloumba 

populations have influenced the overall analysis. Such strong structure could indicate that different 

lineages occur in the two BOH and BOL populations. However, the neighbor joining tree showed 

that the individuals from up and downstream populations were from the same lineage (4). 

Highly structured populations have been identified in other stream species, for example the purple 

spotted gudgeon- Mogurnda adspersa (Hughes et al., 2012), in guppies- Poecilia reticulata 

(Barson et al., 2009) and in Caridina-Caridina zebra (Hughes et al., 1996). This has been 

suggested to result from strong genetic drift in small, isolated populations (Barson et al., 2009). 

Other examples include, flyspecked hardy heads (Craterocephalus stercusmuscarum) in north 

Queensland, where high and low altitude populations show high genetic differentiation that was 
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suggested to have resulted from different historical colonization events (McGlashan & Hughes, 

2000).  

It is likely that a long period of isolation has allowed some degree of adaptation in Booloumba 

populations. The upstream populations are likely to be adapted to the cooler environment of the 

upstream site (temperature difference of 1-2˚C from the down) while the downstream populations 

are adapted to the slightly warmer environment as was suggested by Fawcett et al. (2010), in a 

study of P. australiensis populations on the other side of the Conondale Range. 

Since there is very low dispersal between upper and lower reaches in the Booloumba Creek 

subcatchment, there is less potential for recolonization of upper reaches of Booloumba Creek if 

that population faces local extinction. On the other hand, in Broken Bridge Creek and Obi Obi 

Creek there is still dispersal, so recolonization is more likely.  
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CHAPTER 4: RAD-Seq data reveals adaptation in upstream and downstream 
populations of Paratya australiensis  

 

4.1 Introduction 

Local populations are likely to possess traits that provide advantages under local environmental 

conditions. In the absence of other forces, each of these local populations will have higher fitness 

in their local habitat compared to genotypes from other habitats. This process and pattern is known 

as local adaptation (Williams, 1966). Usually studies on local adaptation are conducted to test 

hypotheses about adaptation that is thought to be influenced by specific environmental factors e.g., 

temperature, salinity, altitude. Recently, studies have demonstrated that local adaptation can occur 

despite ongoing gene flow, but only when selection pressures are strong (Kawecki & Ebert, 2004). 

However, it is often difficult to isolate one single factor responsible for local adaptation. Hence, 

when population replicates are chosen from different altitudes in a geographical region it is a 

crucial issue because selection pressure might not be identical in all sites (Bonin et al., 2005). 

Altitudinal transects are very useful for exploring evolutionary adaptation over short spatial 

distances because environmental conditions change across transects and organisms may be adapted 

to the local environment. A number of changes are likely to occur with increasing altitude: 

temperature and atmospheric pressure decrease and solar and UV-B radiation increase (Körner, 

2007). Variation in physiological responses across small geographical distances such as altitude, 

has been suggested to be due to directional thermal selection (Storz et al., 2007) and altitudinal 

clines have been considered important models for studying adaptation because the conditions and 

selective pressures change rather dramatically over relatively short distances (Payesur, 2010). 

However, studies on divergent selection in populations in relation to altitudinal patterns are still 

scarce.  

All loci across the genome are influenced by genetic drift in the same manner but the influence of 

selection will differ ranging from zero to predominant. This variation is a continuum that starts 

from loci showing less variation than expected under neutral expectations to neutral loci to those 

under strong divergent selection. There are several approaches to detecting natural selection, one 

of which is detecting outliers. Detecting outliers involves identification of loci in which 

differentiation among sites is either above or below the level under neutral expectations. Loci 
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under balancing selection vary less than neutral expectations whereas loci under divergent 

selection are those that are above neutral expectations and vary more across the gradient (Luikart 

et al., 2003). 

With advancements in next generation sequencing technology, studies of adaptation have become 

more feasible (Narum et al, 2013). Adaptive genetic variation can be the result of either new 

mutations in the genome or standing genetic variation (Stapley et al., 2010). It is important to know 

which process is causing the adaptation but it is difficult to differentiate between them. New 

mutations are occasionally a source of selection. However old standing genetic variation can show 

fixation faster than young alleles through new mutation, if the selection has been exposed for 

longer periods (Barrett & Schluter, 2007).  

So far, most studies have identified adaptation derived from standing genetic variation (Stapley et 

al., 2010).  This process is likely to be faster as the beneficial alleles are already at a significant 

frequency. Also, if adaptive alleles are from standing genetic variation these might have been 

tested for selection in another environment within the species range. This increases the chance of 

the population adapting to a new environment. This situation can be evident in cases of parallel 

adaptation. Selection can also result from new mutations but this is likely to be less common, as 

these new alleles will be in very low frequencies when they first arise. However, if they give a 

large benefit, then they could still increase quite quickly (Barrett & Schluter, 2007). 

Genetic markers that show very high levels of genetic differentiation between populations 

belonging to different environmental niches might indicate the presence of local adaptation. 

Selection can affect individual loci or groups of loci across the genome. There can be genomic 

“islands of divergence” which display higher levels of genetic differentiation than other regions of 

the genome and hence indicates local adaptation (Nosil et al., 2009). With the help of genome wide 

association studies, the selected regions of the genome can be detected and correlated with 

morphology, behavior, physiology etc. of the population of concern. Gene flow is said to be an 

obstacle for adaptation between populations, but if selective forces are strong enough, adaptation 

can occur, even in the presence of gene flow (Savolainen et al., 2013).  

Freshwater species living in small and shallow water bodies are particularly vulnerable to rising 

temperatures as will recur with global warming. This is because most of the physiological activities 

in aquatic organisms are controlled by the aquatic habitat in which they live (Mulholland et al., 

1997). Populations with more genetic variation are likely to adapt more easily to changing climatic 

conditions as they possess more diversity on which selection can act (Aitken et al. 2008).  
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There are a number of different methods for identifying adaptation. One of the common methods 

is to identify loci showing high levels of population differentiation, e.g.  FST outlier tests, which 

detect loci that are putatively under selection. The test is based on the island model of population 

structure, where the FST values for each locus are compared with a simulated null distribution 

calculated from a neutral island model of migration. In this method, loci that deviate significantly 

from neutral expectation are putatively under selection (Excoffier et al., 2009). The advantage of 

the outlier method is that it does not require prior knowledge of the environment or phenotype 

under selection. Demography however affects this method. Pairs of populations, should be 

geographically close but selectively diverged. A paired sampling design is good where there is 

weak selection and paired sampling has a higher power for detecting selection. If selection is 

evident in multiple populations of the same species it is strong evidence for selection (Fischer et 

al., 2011). Number of individuals also influences the detection of adaptation. 6-30 individuals from 

each population are usually used in such studies (Lotterhos & Whitlock, 2015) and where few 

individuals are used from each population, the number of false positives is lower (Mita et al., 

2013). 

Paratya australiensis Kemp (Decapoda: Atyidae) plays a significant role in lotic community 

structure due to its scavenging habit (Moulton et al., 2012). Also, the species provides a source of 

food for small fishes in streams (Williams, 1977). Paratya australiensis has been recorded as 

having a wide distribution containing a number of cryptic lineages that are distributed across 

temperature and elevational gradients along the eastern Australian coast (Cook et al., 2006). Hence 

the idea that there may be differences in temperature tolerance and evidence of adaptation within 

and between lineages arose from previous studies of Paratya australiensis (Wilson et al., 2016; 

Fawcett et al., 2010). In 1993, there was a translocation event between two streams (Kilcoy Creek 

and Stoney Creek) in the Brisbane River (Hancock & Hughes, 1999). At the time, it was thought 

that all populations belonged to a single species, with restricted gene flow between some streams 

(Hughes et al., 1995).  It was later determined that the two creeks contained two different lineages 

of Paratya. Kilcoy Creek, which is at a higher elevation (~520m asl) contained lineage 4, while 

Branch Creek, which is at a lower elevation (~400m asl), contained lineage 6 (Hurwood et al., 

2003). These lineages diverged from each other approximately 2.3 million years ago (Hurwood et 

al., 2003) so the translocation event created a “secondary contact zone” between them (Wright, 

2012).  
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An early study showed that some hybridization between the lineages had occurred but that lineage 

4 had dispersed over 1.5km upstream of the translocation site and had sent lineage 6 almost extinct 

in all sites above and 2 sites below the original site (Hughes et al., 2003). A subsequent study 

showed that a further 2 years on, the situation was similar, lineage 4 still dominated (almost totally) 

upstream sites, but had not moved further downstream (Fawcett et al., 2010). It was hypothesized 

that lineage 4 is adapted to higher elevations, as they quickly colonized the upper reaches of the 

stream which is approx.1-2˚C cooler than the downstream sites. This was supported by a small 

laboratory experiment in which individuals of the 2 lineages were incubated in separate tanks and 

water temperature was increased by 1˚C every 3 days. Lineage 4 was less tolerant to increasing 

temperature than lineage 6, dying at a lower temperature than lineage 6 (Fawcett et al., 2010).  

Ten years later, following very heavy rainfall over 2 summers, lineage 4 had shifted further 

downstream which was suspected to be due to lower temperatures at downstream sites (Wilson et 

al., 2016), favoring lineage 4 over lineage 6.  

Given that temperature appears to be an important environmental factor for the distribution of 

Paratya australiensis lineages in previous studies, I chose to examine evidence within a single 

lineage, Lineage 4, for adaptation to different altitudes within the Mary River Catchment. 

As genomic data provides an estimate of neutral population structure as well as adaptive 

divergence among populations (Nielsen, 2005), genomic data will be used in this study. In Paratya 

australiensis, allozymes, (Hughes et al., 1995), mitochondrial DNA and microsatellite markers 

(Wilson et al., 2016) have been used in the past but in order to assess the genetic basis of adaptation 

in this species, genomic data is essential. The Restriction-Site-Associated DNA (RAD-Seq) 

sequencing method produces thousands of markers across the genome and is ideal for genomic 

analysis of non-model species (Davey et al., 2011).   

In this study, I investigated 3 pairs of populations: one upstream (high altitude) and one 

downstream (low altitude) in each of three streams belonging to the Mary River Catchment. I 

tested the following hypotheses: There would be a set of loci that were identified as outliers across 

all three streams and using multiple methods. These loci would represent those under divergent 

selection between the different environments.  
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Hypothetically if there is selection due to altitude (upstream and downstream) we would expect to 

see one of the scenarios described in Table 4.1. In a two-allele system one allele could be favored 

across all upstream populations for example BBH, BOH and OBH, with the alternate allele favored 

in the downstream populations for example BBL, BOL and OBL. Alternatively, one allele could 

be favored in the upstream populations while downstream populations contain both alleles (or vice 

versa), as observed for row 2 in Table 4.1. A possible third scenario is there would be no allelic 

fixation but there would be large frequency differences that were in the same direction in all three 

streams. So, if I observe any of these patterns in the outlier loci, I will conclude that there is 

evidence of adaptation. 

 

Table 4.1 Hypothetical allelic distribution based on the outliers indicating selection (Black 

circle=common allele, white circle=rare alleles and grey=heterozygotes) 

 

Locus BBH BBL BOH BOL OBH OBL 

Parallel pattern fixed difference 
      

Parallel pattern frequency difference 
      

Parallel pattern frequency difference 
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4.2 Materials and Methods 

In Chapter 2, sampling design, DNA extraction, RAD-library preparation, NextSeq500 platform, 

SNP discovery and genotyping have already been described. Here I describe specific analysis for 

identifying local adaptation (outlier detection). 

In total, 142 individuals from 6 populations were sequenced (Illumina- NextSeq500 platform) and 

demultiplexed, de novo assembly and POPULATIONS program was ran using the program 

STACKS which was described in detail in Chapter 3.  

 

4.2.1 SNP filtering 

SNP filtering parameters were described in Chapter 2 and Chapter 3. In total 213 loci, each 

containing a single SNP in 131 individuals from 6 populations were used for detecting outliers.  

In addition, SNP filtering was done for each stream separately containing 46 individuals from 

Broken Bridge Creek, 39 individuals from Booloumba Creek, and 46 individuals from Obi Obi 

Creek. 

 

4.2.2 Detecting Natural Selection  

There are several ways of detecting loci under selection. Here the FST outlier test, a Bayesian 

method and a PCA based method was used for detecting selection.  

 

 4.2.2.1 Bayesian method               

 In this project, the program BAYESCAN v. 2.1 (Foll & Gagiotti, 2008) was used to detect FST 

outliers. This program uses genetic data to identify natural selection employing differences in 

allele frequencies between populations. The basis of the program assumes an island model which 

assumes that subpopulation allele frequencies are correlated through a common migrant gene pool 

and differ in varying degrees from the gene pool. A subpopulation specific FST coefficient is 

measured to show the difference in subpopulation allele frequency and the common gene pool, 

thus creating a realistic ecological scenario (Foll, 2012).  

In the Bayesian method, two types of components can be visualized (locus-population FST 

coefficient divided in two components): one is locus specific and the other is population specific. 

When the locus specific component (α) is significantly different from zero (locus specific 
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component is required to explain diversity) it is considered as a departure from neutrality. 

Diversifying selection is considered when the alpha value is positive, whereas a negative value 

implies balancing or purifying selection.  

In BAYESCAN, posterior probabilities are calculated for the models. Model choice is based on 

“Bayes factor” in Bayesian statistics. The model considered here is M1 which is a neutral model 

(does not consider selection) and the other is M2 considering selection (Foll, 2012). 

In the BAYESCAN program, prior odds are set for the neutral model and it indicates likelihood of 

a neutral model compared to a model considering selection. Prior odds are usually set to PO=10 

(if the locus number is approx. 1000) but projects with larger numbers of loci can increase the PO 

value up to 100-1000. Outliers are detected by comparing posterior probability of two models, one 

with and the other without the influence of selection (Foll & Gaggiotti, 2008). Loci are considered 

as outliers and under selection to some degree based on the log (PO) value. In this method, False 

Discovery Rate (FDR) can be set to determine which outliers are significant outliers at the lowest 

false positive rate. Usually FDR of 0.05 is used. False Discovery Rate (FDR) is a multiple testing 

method like Bonferroni but it is much stronger. So, when outliers are detected, FDR is calculated 

on the p-values of the outliers in order to detect the outliers with the minimum false discovery rate. 

A threshold for FDR can be set when outliers are detected (Foll, 2012).  

There is an equation to calculate FDR value. FDR=⅀i(1-pi)δi/D,  

δi=1 if a locus is an outlier otherwise 0 and  

D is the total number of outliers D=⅀ δi  (Fischer et al., 2010). 

The following equation shows how Posterior odds are calculated in BAYESCAN: 

PO=P(M2|N)/P(M1|N) =BF*P(M2)/P(M1) 

Here, PO=Posterior Odds (ratio of Posterior probabilities of a model with selection   

        and without selection) 

            M1= Neutral Model  

            M2=Model under selection 

            N=dataset 

BF= P(N|M2)/P(N|M1) 

(BF=Bayes Factor, shows the preference of one model over the other) 

P(M1)/P(M2) =neutrality model 
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There is a logarithmic scale for choosing a model under selection proposed by Jeffrey (1961). 

According to the scale, PO >3 is substantial level of selection (log10PO >0.5), PO >10 is strong 

selection (log10PO >1.0), PO >32 is very strong selection (log10PO >1.5), and finally PO >100 

(log10PO >2.0) is decisive evidence for accepting a model with selection (Fischer et al., 2011). 

In this project, outlier detection was done in 6 populations from 3 streams together. Then, outliers 

were examined in each stream consisting of a pair of populations.  20 pilot runs with run length of 

50000 and an additional burn-in of 5000 was set. Prior odds were set to 10 for combined analysis 

including 6 populations.  

 

4.2.2.2 FST outlier test 

FST outlier analysis was done using the program ARLEQUIN v 3.5 (Excoffier & Lischer 2010). 

This approach is based on the concept that loci under selection will show higher or lower 

differentiation between populations than expected under neutral evolutionary conditions 

(Beaumont & Nichols, 1996). FST (Wright’s Fixation Index) conditional on heterozygosity 

between populations is simulated under a finite island model and outliers are detected as those 

occurring at either end of the distribution. This concept was used in the program FDIST. The 

outlier detection method in ARLEQUIN 3.5 (Excoffier & Lischer 2010) is based on the FDIST 

approach of Beaumont and Nichols (1996).  

In ARLEQUIN, coalescent simulation is done to create a null distribution of F-statistics and then 

a P value is calculated for each locus based on this F-statistic and observed heterozygosity 

(Excoffier et al., 2009). Observed Heterozygosity is calculated using simulated within population 

heterozygosity over 1-FST (Excoffier et al., 2009). 

However, this island model is thought to produce a large number of false positives if the 

populations are distributed in a hierarchical manner, as is likely for populations in a stream 

network. Hence, a Hierarchical Island Model was implemented in ARLEQUIN (Excoffier et al., 

2009). For (default) hierarchical analysis 20,000 simulations, 100 demes per group, 10 simulated 

groups were used. The 6 populations were grouped in 3 groups each containing a high and a 

downstream population. Loci that are on the either tail of the distribution (<1% quantile and >95% 

quantile) are considered under selection. Loci above 95% quantile are under divergent selection 

and loci below 1% quantile are under balancing selection. 
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4.2.2.3 PCA based outlier detection  

In general, where there is local adaptation there are large allelic frequency differences between 

populations at some loci. So, to detect local adaptation/selection, markers with high allelic 

variation between populations are identified.  As discussed previously when populations are in a 

hierarchical network, population differentiation is not the same between all pairs of populations 

and when statistical tests do not consider the hierarchical structure, a large number of false 

positives are produced. Besides, some FST based methods require predefined populations.  

Although in this project this was not a problem as the sampling was done on separate populations. 

The PCADAPT package in R has been developed which considers the above-mentioned problems 

and mitigates them (Duforet-Frebourg et al., 2015). 

The PCADAPT package identifies loci under selection based on Principal Component Analysis 

(PCA) method. Population structure arises when there is genetic differentiation between 

populations and PCA detects genetic structuring of populations if the populations are genetically 

differentiated. The basic theory in PCADAPT is, population structure is detected and markers that 

are extensively correlated with the population structure are identified as markers under selection. 

So, first principal component describes most variation and the markers associated with it would be 

the dominant outliers and so on (Duforet-Frebourg et al., 2015).  

The function read.pcadapt is used to read input files and a “ .pcadapt ” file is created  in the 

PCADAPT format (Luu et al., 2017). Then the number of principal components is chosen, denoted 

with K. K is usually set to more than the population number. The test statistics are based on linear 

regression between SNPs and the K principal components. The results of the regression analysis 

are put into a vector of z-scores (Luu et al., 2017). Outliers are detected based on the z-scores and 

the test statistic used for this purpose is Mahalanobis Distance. Mahalanobis distance is the 

distance between a data point and the overall mean (Luu et al., 2017).  

In principal component analysis, outliers are detected using Mahalanobis distance where data 

points which show the highest distance are outliers. For a given number of SNP’s, each of the 

markers is tested as to whether it is under selection or not. This test is based on “loadings” which 

indicates correlation between the SNP and the PCs (Duforet-Frebourg et al., 2015; Duforet-

Frebourg et al., 2014). Mahalanobis distance measures this correlation of the SNP with the PCs. 

For multiple testing, p value is calculated on the Mahalanobis distance.  
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In order to make a decision, there should be a threshold for p values, hence FDR (False Discovery 

Rate) is used. The FDR approach provides a list of outliers that have a false discovery proportion 

smaller than the threshold provided. There is another term “qvalue” which is analogous to FDR. 

So, another package named q-value (Storey & Bass, 2003) was used along with PCADAPT. So, 

all the p-values were converted to q values. 

 

4.2.3 The outliers 

Outliers observed in all three methods described above were considered for further analysis. 

Detailed analyses on the outliers were done using the ADEGENET package in R to obtain the 

genotype frequency and later presented using Excel. In order to observe deviation of any outlier 

locus from HWE (Hardy Weinberg Equilibrium) PEGAS package (Paradin, 2010) in R was used. 

Sequential Bonferroni Correction was applied on the P values. Furthermore, using the 213 loci, 

outlier analysis (FST outlier test, Bayesian and PCA based method) was performed on Booloumba 

populations only (BOH and BOL) and the outliers obtained were matched against the outliers 

obtained from the overall analysis. The analysis with only Booloumba Creek sites was done to 

observe if the outliers obtained in the overall analysis were much influenced by Booloumba Creek 

populations or not. If the outliers obtained in the overall analysis all matched with the outlier 

analysis on Booloumba Creek populations only it would indicate high influence of Booloumba 

Creek population on the overall analysis and vice versa if there is less match. 

 

4.2.4 Parallel pattern of adaptation 

In order to determine whether there were parallel patterns of adaptation between upstream and 

downstream populations across all streams.  The FST outlier test, the PCA-based outlier test and 

the Bayesian method were followed for each stream separately. Outliers detected in each stream 

population were listed in a tabular format and catalog ID of the outliers were compared to find 

common outliers across streams. 

Furthermore, PCA was done based on the outliers produced in all 3 outlier detection methods using 

44 loci (Appendix Table 4.2) (131 individuals) from all 6 populations. If there is a parallel pattern 

of adaptation across all three streams there should be one grouping of upstream populations and 

the other grouping for downstream populations based on the outliers, due to similar pattern of 

divergence (Larson, 2015). ADEGENET Package in R (Jombart, 2008) was used for this purpose.  
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An additional, PCA was done excluding all the outliers to observe the structuring of the 

populations and compare the results with the PCA including outliers. 

 

4.2.5 BLAST 

The Outliers detected in the overall 6 populations were blasted against Macrobrachium 

rosenbergii sequence database using the BLAST (Altschul et al., 1990) web interface on the NCBI 

website in an attempt to identify potential adaptive function.  

4.3 Results: 

4.3.1 Sequencing, SNP filtering and summary statistics 

Outputs of Demultiplexing, SNP’s filtering and summary statistics for all population comparison 

are presented in Chapter 3 and (Appendix Table 4.1). 

 

4.3.2 Putative genomic regions under selection (6 populations combined) 

The FST outlier test in ARLEQUIN produced 27 loci (12.67%) identified as being under selection 

at the 0.1% level of significance and 186 loci (87.32%) were neutral (Appendix Table 4.2 and 

Figure 4.1). Among these 27 loci, 12 loci were identified as being as under balancing selection 

while 15 loci were under divergent selection.  

In BAYESCAN using prior odds of 10, only 1 locus was identified as being under selection (locus 

90) and potentially under divergent selection with a posterior probability of 1 (PO). Using the 

Jeffreys’scale for Bayes factors of evidence this locus showed decisive evidence for selection at 

the minimum FDR (False Discovery Rate) of 0.05 and with a positive α value. When the FDR was 

set to 0.1, three outliers were detected, loci number 152, 153 and 90 (Appendix Table 4.2 and 

Figure 4.2), but loci 152 and 153 were under “Barely worth mentioning” according to 

Jeffreys’scale for Bayes factors of evidence. 

Using the PCA based method for detecting selection, principal components were chosen based on 

a Scree plot, which described the percentage variance explained by each PC. After Principal 

Component 4 the scree plot reached a plateau, K=4 was chosen which should include most of the 

variation.  
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Output of the Principal Component Analysis showed that BOH was separated based on PC1, BBH 

was separated based on PC3 and BOL was separated based on PC2 (Figure 4.3). The remaining 

populations did not show any groupings. There were 20 outliers identified with a False Discovery 

Rate (q value) threshold of 0.05 (Appendix Table 4.2). Among the 20 Outliers, 2 outliers (loci 41 

and 152) were correlated with PC 1 and 2 outliers (Loci 87 and 90) were correlated with PC 2. So, 

these 4 outliers were associated with the most variation. The rest of the 16 loci were correlated 

with PC 3, 4, 6, 7 and 8 indicating less variance. 

In total 44 outliers were identified from all three methods (FST outlier, Bayesian and PCA based 

method). Loci number 90 and 152 were identified as outliers in all three methods. In the FST outlier 

method, locus 90 came out with a very high FST value, in Bayesian it was in decisive selection 

(High) and in the PCA based method it was correlated with the second axis (PC2). Locus 152 came 

out under divergent selection in the FST outlier, as “Barely worth mentioning” in Bayesian and 

correlated with PC 1 in PCA based method (Appendix Table 4.2). 

Locus number 41 was identified as an outlier by both the FST outlier method and the PCA based 

method. The FST outlier method identified that it was under divergent selection and in PCA based 

method it was correlated with PC1. 
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Figure 4.1: Results from FST outlier test in ARLEQUIN from 6 populations (131) using 213 SNPs 

and a hierarchical island model implemented in ARLEQUIN. In this figure three types of loci are 

observed: loci that fall between 95% quantiles are neutral loci indicated as white circles, loci that 

fall below the 1% quantile are under balancing selection indicated by red dots down the bottom of 

the plot, and loci that fall above the 99% quantile are under divergent selection, indicated by red 

dots on the top. 
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Figure 4.2: BAYESCAN plot using 213 SNPs in 6 populations of Paratya 

australiensis. q-value which is analogous to FDR has been set to 0.1 (if q=0.1, 

log10q= -1) which is indicated with a vertical line on the figure. Loci which fall to 

the right of the line are under selection. 
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Figure 4.3: PCA of the 6 populations (213 SNP) using PCADAPT package. BOH population was 

separate based on PC1, most individuals from BBH population was separated based on PC3 and 

BOL population was separated based on PC2. 
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4.3.2.1 The outliers 

The outliers showed different patterns in different streams (Table 4.2). Overall, Booloumba Creek 

was much more variable than the other two streams. According to my initial proposal for parallel 

patterns of adaptation either: 1) one allele would be fixed in upstream populations and the alternate 

allele would be fixed in downstream populations or 2) either upstream or downstream populations 

would be consistently fixed for one allele while the other would contain both 3) a possible third 

scenario is there would be no allelic fixation but there would be large frequency differences that 

were in the same direction in all three streams. In this study, there was no clear parallel pattern 

across all streams. However, 9 outliers (15987, 29800, 32017, 61814, 99685, 96122, 85089, 73017, 

74315) showed possible evidence of selection between BOH and BOL populations. Only 1 locus 

was fixed for alternate alleles while for the other 8 loci one allele was fixed (or almost so) in one 

population and had much lower frequency in the other (Table 4.2).  

In relation to the hypothetical assumption, 17 loci (5216, 10072, 15214, 16398, 76650, 46090, 

48490, 87660, 90930, 95527, 69577, 7033, 151398, 81744, 91956, 136130, 100595) showed 

pattern of frequency difference with one of the alleles being fixed in up or downstream but the 

other site having both alleles. This frequency difference was observed in 2 streams but not across 

all 3 streams. So, there was some degree of parallel pattern. 

Locus 48490 and 100595 showed similar patterns in two creeks, Booloumba and Broken Bridge. 

For 48490, the common allele was almost fixed in downstream populations, while the rare allele 

had a higher frequency in upstream populations. For locus 100595 the rare allele was in much 

higher frequency in upstream than downstream in both streams.  

Locus 136130 showed an allele frequency difference between BBH and BBL populations. For 2 

outliers (64645, 138233) BOH and BOL were similar to one another but very different to the other 

two streams. 

Based on the genotype frequency of the 44 outliers, some loci showed significant deficiency or 

excess of heterozygotes compared to HWE expectations (Appendix Table 4.3). Among them 

1locus in BBH, 1 locus in BBL, 2 loci in BOH had less heterozygotes than expected under HWE. 

Again, 1 locus in BBH, 4 loci in BBL, 4 loci in BOH, 4 loci in OBL had more heterozygotes than 

expected under HWE. There were no loci BOL and OBH that had excess or deficit in heterozygotes 

(Appendix Table 4.3).  
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As the Booloumba creek populations showed most divergence, the outlier test was redone only on 

Booloumba Creek and the outlier loci were matched against the outliers from the overall outlier 

analysis. Results showed 9 outliers from Booloumba Creek populations matched with the overall 

analysis (Appendix Table 4.4).     
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Table 4.2 Genotype frequency of the outliers for each population (Black=common alleles, White=rare alleles and Grey=heterozygotes. “+” 

indicates presence of fewer heterozygotes than expected under HWE and “-“  indicates more heterozygotes than expected under HWE). 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Locus  BBH BBL BOH BOL OBH OBL 

5216 
      

10072 
      

15214 
      

15987 
      

16398 

      

29742 
      

29800 

      
 

32017       
46090 

      

48490 

      

56352 

 - -   - 

59090 

      

61814 

      
64645 

      
69577 

      

70333 
      

70908 

      

73017 
      

74315 

      
76650 

      
81519 

      

…
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Table 4.2 Genotype frequency of the outliers for each population (Black=common alleles, White=rare alleles and Grey=heterozygotes. “+” 

indicates presence of less heterozygotes than expected under HWE and “-“indicates more heterozygotes than expected under HWE) Continued 

Locus BBH BBL BOH BOL OBH OBL 
85089 

 +     

85397 

      
87660 

      

90930 
+  

    

91956 

  +    

95527 

      
96122 

      

99685 

       

100595 

      
103753 

      
111763 

 - -   - 

116708 

      
126020 

      
134038 

      
136084 

      
136130 

      
138233 

- - -   - 

148281 

 
 

    
149036 

 - -   - 

151398 
 

      

81744 

  +    
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Table 4.2 Genotype frequency of the outliers for each population (Black=common alleles, White=rare alleles and 

Grey=heterozygotes. “+” indicates presence of less heterozygotes than expected under HWE and “-“ indicates more 

heterozygotes than expected under HWE) Continued 

 

Locus BBH BBL BOH BOL OBH OBL 

49361 

      
36513 
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4.3.3 Parallel pattern of adaptation 

4.3.3.1 Matching outliers 

Each stream was analysed separately for evidence of outliers.  In Broken-Bridge Creek, of 1716 

loci, 14 loci were identified as possibly under divergent selection, above 95% quantile in the FST 

outlier test in ARLEQUIN (Figure 4.4). There were no loci identified as under balancing selection 

(below 1% quantile). The Bayesian method did not detect any outliers for Broken Bridge Creek 

using prior odds of 100.  In contrast, the PCA based method revealed 234 outliers (13.63%) out of 

1716 loci. Among these 234 outliers 179 (76.49%) loci were correlated with PC1 and PC2. 12 loci 

were common to both the FST outlier method and PCA based method and all these 12 loci were 

correlated with PC1 in the PCA based method. 

In Booloumba Creek, out of 704 loci, 22 were identified as possibly under divergent selection and 

there were no loci inferred to be under balancing selection with the FST outlier method in 

ARLEQUIN (Figure 4.5). Furthermore, for 16 loci alternate alleles were fixed between upstream 

and downstream (FST=1) (Appendix Table 4.5). In the PCA based method among 704 loci, 89 loci 

were outliers (12.64%) correlated with 4 Principal components. Among the 89 outliers, 35 loci 

(39.32%) were associated with PC1 and PC2. 11 loci were common to both the FST outlier and the 

PCA based methods. However, no outliers were detected using Bayesian method. 

In Obi Obi Creek out of 499 loci, 4 loci (0.8%) were identified as outliers under divergent selection 

and there were no loci under balancing selection (Figure 4.6). The Bayesian method did not detect 

any outliers between upstream and downstream populations of Obi Obi Creek. The PCA based 

method detected 60 outliers, of which only 22 (36.66%) were related to PC1 and PC2. Only 1 

outlier locus was common to both the FST outlier and the PCA based method.  

The outliers detected in each stream using the 3-different methods were matched (catalog ID) 

against each other to detect a possible parallel pattern of adaptation. There were no matches 

between all 3 streams based on the outliers detected by the FST outlier method. However, among 

the outliers detected by the PCA based method, 4 outliers matched among the streams. Loci 20301, 

77591, 80638 (catalog ID) matched between Broken Bridge and Obi Obi Creek. Locus 2808 

matched between Booloumba and Obi Obi Creek.  
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Figure 4.4:  Results from FST outlier test in ARLEQUIN from 2 populations of Broken Bridge 

Creek using 1716 SNP. In this figure three types of loci are observed. Loci that fall between 95% 

quantile are in neutral loci indicated as white circle, loci that fall below 1% quantile are under 

balancing selection indicated by red dots down the bottom of the plot and loci which falls above 

the 99% quantile are under divergent selection indicated by red dots on the top. 
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Figure 4.5:  Results from FST outlier test in ARLEQUIN from 2 populations of Booloumba Creek 

using 3129 SNPs. In this figure three types of loci are observed. Loci that fall between 95% 

quantile are neutral loci indicated as white circles, loci that fall below 1% quantile are under 

balancing selection indicated by red dots down the bottom of the plot and loci which fall above 

the 99% quantile are under divergent selection indicated by red dots at the top.  
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Figure 4.6:  Results from FST outlier test in ARLEQUIN from 2 populations of Obi Obi Creek 

using 902 SNPs. In this figure three types of loci are observed. Loci that fall between 95% quantile 

are neutral loci indicated as white circles, loci that fall below 1% quantile are under balancing 

selection indicated by red dots down the bottom of the plot and loci which fall above the 99% 

quantile are under divergent selection indicated by red dots on the top. 
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4.3.3.2 Parallel patterns based on PCA 

Possible parallel patterns of adaptation were examined based on the 44 outliers (all 6 populations) 

identified from all three methods (Figure 4.7), but there was no clear pattern of parallel adaptation. 

If there were parallel patterns, all upstream populations would group together and all downstream 

populations would group together. Only the BOH population was separated from the BOL 

indicating genetic differentiation but did not reveal any parallel pattern as the other two stream 

populations did not differentiate. Similar to the analysis in Figure 3.2 (Chapter 3) including all 

loci, PCA based on outliers also showed that Booloumba High population was very distinct from 

the rest (Figure 4.7).  

When PCA was done with only neutral loci, the results were similar between PCA including all 

loci and PCA with outliers only. In all analyses, Booloumba High populations grouped separately 

(Figure 4.8). The only difference was the variance based on outliers (PC1-49.952%) was much 

higher than the neutral (PC1-20.995%) comparison. 

 

4.3.4 BLAST 

BLAST (NCBI) of the outlier loci (44 outlier) did not show any very similar sequence match 

(megablast) with Macrobrachium rosenbergii. However, with BLASTn (somewhat similar 

sequence) with Macrobrachium rosenbergii sequence data base, locus 134038 (catalog ID) 

showed 36% match with mRNA for prophenoloxidase (Table 4.3). 
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Table 4.3: Showing BLASTn results of the 44 outliers matched against Macrobrachium 

rosenbergii sequence database 

 

Serial 

No 

Outliers Catalog ID % Query cover 

Macrobrachium 

genus 

Comment 

1 4 5216 11% Dicer-1 mRNA complete cds 

2 12 10072 16% P5-LR1-A06 microsattelite sequence 

3 18 15214 13% Clone A12 male reproductive-related protein A mRNA 

4 41 32017 11% D-loop partial sequence, mitochondrial 

5 55 46090 No match No match 

6 64 48490 13% SUGbp2-1 microsatellite sequence 

7 87 61814 12% Insulin like receptor mRNA 

8 90 64645 19% Clone SBhMVJ2_3 microsatellite sequence 

9 98 69577 23% D-loop partial sequence, mitochondrial 

10 100 70908 12% VLIG2 mRNA, complete cds 

11 110 74315 11% Vitellogenin receptor mRNA, complete cds 

12 114 76650 13% VLIG2 mRNA, complete cds 

13 119 81744 No match No match 

14 131 90930 26% Vasa-like protein (vlg) mRNA, complete cds 

15 133 91956 13% SID-1 mRNA, complete cds 

16 152 99685 20% D-loop partial sequence 

17 156 103753 26% mRNA for muscle specific serine kinase 

18 191 136084 11% mRNA for B cell lymphoma 2 

19 192 136130 22% Inhibitor mRNA complete cds 

20 204 148281 13% Dicer-2 mRNA 

21 37 29800 12% Ecdyson receptor (EcR-S2) mRNA 

22 146 96122 No match No match 

23 20 15987 16% SUGbp8-124 microsatellite sequence 

24 195 138233 13% Rab14mRNA, complete cds 

25 77 56352 13% Rab5C mRNA, complete cds 

26 45 36513 23% Complete mitochondrial genome 

27 118 81519 9% Estrogen related receptor mRNA 

28 206 149036 9% Microsatellite occ28-100 sequence 

29 161 111763 9% COI gene, partial sequence 

30 67 49361 14% Microsatellite Mro25 sequence 

31 179 126020 18% Adipokinetic hormone related peptide precursor mRNA 

32 106 73017 28% Clone SBhMVJ2 microsatellite sequence 

 

33 121 85089 9% Clone SBhMT79112_7 microsatellite sequence 

34 36 29742 17% Clone SUGbp12-3 microsatellite sequence 

35 126 87660 22% Anti-lipopolysaccharide factor 2mRNA, partial cds 

36 122 85397 9% Putative clotting protein mRNA, complete cds 

37 99 70333 11% F male reproductive-related protein mRNA, complete cds 
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Table 4.3: Showing BLASTn results of the 44 outliers matched against Macrobrachium 

rosenbergii sequence database (continued) 

 

Serial No Outliers Catalog ID % Query Cover Macrobrachium 

rosenbergii 

Comment 

38 213 151398 11% Rab32 mRNA 

39 153 100595 14% Mitochondrial complete 

genome 

40 21 16398 11% Lectin 1 (Lec 1) mRNA 

41 82 59090 No match No match 

42 169 116708 13% Clone SUGbp11-4 

microsatellite sequence 

43 144 95527 9% Transglutaminase mRNA, 

complete cds 

44 190 134038 36% mRNA for prophenoloxidase 
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Figure 4.7: PCA based on 44 outlier loci. Analysis done in 6 populations including 131 individuals. 

A) PCA based on PC1-2 B) PCA based on PC2-3 and C) PCA based on PC1-3 
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Figure 4.8: PCA based on only the neutral loci (169 loci, excluding 44 outlier loci). Analysis done 

in 6 populations including 131 individuals. A) PCA based on PC1-2, Booloumba High population 

was very distinct from the rest B) PCA based on PC2-3 did not show any clear grouping and C) 

PCA based on PC1-3, Booloumba High population was grouped separately again 
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4.4 Discussion  

 
This study was conducted in three streams in the Mary River catchment, Conondale Range, 

Brisbane. The aim was to test for genomic regions i.e. loci/groups of loci that appeared as 

“outliers” across all streams because these outliers (loci identified) could be potentially influenced 

by selection. Outliers were identified with all three methods (FST-outlier, Bayesian and PCA-

based) and were identified to be under both divergent and balancing selection. Although 44 outliers 

were identified, only 2 loci were common to all three methods (27 in FST-outlier test, 3 in Bayesian 

and 20 in PCA-based method). It was interesting to observe that outlier loci that showed high FST 

values in the FST-outlier method, were also correlated with PC1 in the PCA-based method. 

Furthermore, in the Bayesian method this outlier was under decisive selection according to 

Jeffrey’s scale (Foll, 2012). So, the evidence of similar outliers (2 loci common in all three methods 

and 3 loci common in 2 methods) indicated by Bayesian, FST outlier and PCA based method 

suggest strong evidence that these loci are involved in adaptation, possibly to different altitudes.  

Detailed analysis of the outliers showed that there was fixation of alternate alleles in up and 

downstream populations for a few loci. Also, some loci showed frequency differences which could 

be expected if selection was not strong enough to counteract other processes, such as gene flow.  

Booloumba Creek populations showed the most differences between upstream and downstream 

but distinguishing the effect of isolation (lack of gene flow) from selection is difficult. Upstream 

and downstream populations in Booloumba are very different and have probably been isolated for 

a considerable time. This conclusion is also supported by earlier allozyme studies (Hughes et al., 

1995) and my analysis of neutral alleles (Chapter 3). Therefore, if favorable alleles were present 

in either upstream or downstream, they might be able to persist more and become fixed with no 

gene flow for long periods.  On the other hand, there was little evidence of fixation of alleles in 

Broken Bridge or Obi Obi Creek populations. However, in the single stream analysis, outliers were 

identified in each stream, suggesting points in the genome that resist the homogenizing influence 

of gene flow, indicating possibilities of selection. 

Details on the outliers showed that there were few loci which had deficiency/excess of 

heterozygote genotype (than expected under HWE) in BBH, BBL, BOH and OBL populations. 

Few of these loci were common across these 4 populations. 

The percentage of outliers detected in this study was 12.67% according to the FST outlier method, 

which is high compared to the percentage of outliers expected (5-10%) suggested by Nosil et al. 
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(2009).  Some other studies also reported outliers at lower percentages within a species, for 

example 6.7% of outliers in Pacific Salmon (Larson, 2015) and 3.5-6.5% in wild guppies (Willing 

et al., 2010). However, when two species of manakins were compared a large percentage of outliers 

(25.2%) was detected (Parchman et al., 2013). Narum et al. (2010) studied redband montane and 

desert populations, and they found 7.89% loci under selection. They concluded that with outlier 

analysis it is possible to identify putative genomic regions under selection but without pre-

information about the species genome, it is difficult to determine specific loci/gene causing 

adaptation to different environmental conditions (desert/montane). Adaptation studies in natural 

populations have always taken into consideration the environmental conditions in which the 

organism reside because genetic variance is strongly related to the environment in which it is 

measured. Comparing populations from different environments indicates strong interaction 

between the expression of genetic variance and environmental difference (Ellegren & Sheldon, 

2008). As outlier loci indicate the degree of adaptive divergence among populations, the 

percentage of outliers would depend on the difference in environmental conditions of the 

concerned populations (Luikart et al., 2003). 

Despite the fact that the outliers identified in the study were putative regions under selection in up 

and down stream populations of Paratya australiensis, these are not necessarily candidate loci for 

adaptation, because there was no Paratya reference genome with which to compare the outliers.  

It is believed that outliers are certainly in the genomic regions showing very high levels of genetic 

differentiation (Nosil, et al., 2009).  However, it is quite difficult to say if outliers are candidate 

loci, because 1) candidate loci may be missed using RAD-seq technique. This is because, 

identifying candidate loci requires some conditions: presence of restriction enzyme site near the 

site of selection, on either side of restriction site 80bp region must contain polymorphic sites and 

finally the depth of coverage must be enough to be present in all individuals to indicate candidate 

loci, otherwise candidate loci are missed (Retizel et al., 2013; Keller et al., 2013) and 2) the 

identified outliers may not be candidate loci but may be linked to them. 

Outlier loci identified here were BLASTed against the Marobrachium rosenbergii sequence 

database. in GenBank but there was no match with any known functional genes. It is suspected 

that Paratya australiensis has a large genome and RAD-seq produces markers across random small 

parts over the genome, so this process might have missed true adaptive regions resulting in no 

match while BLASTn.  
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Furthermore, there are some possible factors that could have influenced the results, 1) 

environmental variations between populations were not massively different for emergence of 

outliers, as it requires very strong environmental differences between populations. However, the 

upstream and downstream populations in Booloumba Creek were considerably different based on 

altitudinal variation and the other two creeks were also different to some degree 2) RAD libraries 

were not of desirable quality for detecting true adaptive genes. This explanation seems unlikely, 

as RAD sequences produced in this study all passed the phred like quality score of >30and 3) 

Sequencing depth/coverage may not have been sufficient. This is also unlikely, as 83% of 

individuals had a good depth of coverage (average 19.4x). 

 

According to Slatkin (1985) allele frequency will tend to diverge due to genetic drift or natural 

selection among populations in the presence of limited dispersal. So, divergent selection could be 

the most possible explanation for the population divergence in Booloumba Creek. However, 

Broken Bridge and Obi Obi Creek did not show strong divergence and population structuring 

(Chapter 3 and Chapter 4-PCA), although presence of outliers in individual stream analysis gives 

some possibilities of selection taking place. Wit and Palumbi (2013) studied transcriptomes of 39 

red abalone (Heliotis rufescens) from three regions along the US west coast that differs in a number 

of environmental parameters (temperature, aragonite saturation, exposure to hypoxia and disease 

pressure). Population structuring with PCA using 21579 SNPs showed no well-defined structure 

among the three regions (Monterey Bay, Sonoma and Cape Mendocino) although 691 SNP showed 

significantly higher genetic differentiation than expected in an FST-outlier analysis (Wit & 

Palumbi, 2013). So, despite the fact that there was no clear grouping of populations from different 

environments, they concluded that there was a signature of selection (Wit & Palumbi, 2013).  

In the individual stream analysis, for Booloumba Creek, 16 loci were fixed (FST=1) for alternate 

alleles in the two populations (Appendix 4.4). The possible explanation could be that there is either 

very strong selection at these loci or there is very restricted gene flow between them or both. 

Initially, it was suspected that the two populations of Booloumba Creek belonged to two of the 

different lineages defined by Cook et al. (2006) but the Neighbor Joining tree based on the mtDNA 

COI gene showed that individuals in the two populations belonged to the same lineage, L4 

(Chapter 3).  

Of the three methods used for detecting outliers, the FST outlier test and the PCA based method 

identified more outliers than Bayesian. This discrepancy between different methods has also been 
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observed in other studies (Narum & Hess, 2011). The Bayesian method did not detect any outliers 

in the single stream analysis, whereas the FST outlier and PCA based methods detected outliers 

despite strict thresholds for false discovery.  

This study was designed to detect differences between altitudes, so the presence of outliers was to 

indicate adaptation to different altitudes. However, in order to relate the adaptive loci to water 

temperature or other environmental factors, further studies would be required. Studies on other 

organisms have shown adaptation and allele frequency difference along altitudinal gradients e.g. 

in common frog in North French Alps (Bonin et al., 2005), in small rodents in Swiss Alps (Fischer 

et al., 2011), in European trout population (Keller et al., 2011) and in Japanese conifers (Tsumura 

et al., 2012). In comparison to these studies where altitudinal differences were very large (~2000m 

asl), the current study dealt with relatively small differences in altitude ~400m asl with a difference 

in water temperature from 1-2˚C. However, temperature could be one the factors for local 

adaptation of P. australiensis in this case. Several studies indicated that environmental factors may 

limit gene flow and cause population divergence due to selection in local environments (Narum et 

al., 2008; Narum et al., 2010).  

 

4.4.1 Population grouping and adaptation 

The PCA with only neutral loci showed a similar pattern to PCA with outliers and PCA with all 

loci included. This could imply that adaptive divergence was not strong enough to influence overall 

population divergence as adaptive and neutral population divergence was similar. If the outliers 

represented loci under strong selection, genetic divergence based on neutral loci only would be 

lower. The major divergence was in Booloumba Creek, which may have affected the overall 

analysis in the present study. Furthermore, Keller et al. (2011) mentioned that between drainage, 

divergence increased based on the outlier loci. However, in my study there was no difference 

between adaptive (based on outlier loci) and neutral divergence (based on neutral loci only). If the 

adaptive divergence was stronger populations would show much divergence based on outliers and 

not so diverged based on neutral loci only.  
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4.4.2 Parallel pattern of adaptation 

The number of outliers common to the FST outlier method and the PCA based method were:12 loci 

in Broken Bridge Creek, 11 loci in Booloumba Creek and 1 locus in Obi Obi Creek. As the PCA 

was done based on the outliers only (Figure 4.7) and showed divergence of populations (especially 

Booloumba populations) I could infer that the divergence was due to some degree of adaptation 

and there was adaptive divergence in Booloumba populations. Among the outliers identified in 

each of the streams, 4 loci were identified as outliers in more than one stream (Broken Bridge and 

Obi Obi Creek; Booloumba and Obi Obi Creek), although there were no matching loci across all 

three streams. So, there is a partial parallel pattern here. According to Keller et al. (2011), the same 

loci may not behave as outliers in all drainages and this is due to the fact that the amount and type 

of adaptive genetic variation varies between drainages. However, Phillips et al. (2016) looked for 

genome wide hard selective sweep in Drosophila melanogaster. They did not find any candidate 

alleles under fixation but they identified genomic regions showing similar genetic variation across 

independent replicate populations indicating parallel pattern of selection. 

Forty-four (44) outliers identified in the overall analysis were used to test parallel patterns based 

on PCA. In parallel patterns of local adaptation, populations inhabiting the same environmental 

conditions or from contrasting situations should show similar pattern of groupings (Kawecki & 

Ebert, 2004). Based on the PCA, there was no parallel pattern as the populations did not group 

according to up and downstream environments across all streams. The only grouping was observed 

in Booloumba Creek. Matching outliers indicates some degree of parallel pattern however, this 

was not supported by the PCA result. 

Similar results in other studies include two genera or two male color types of Lake Victoria Cichlid 

using 107 SNP markers (Keller et al., 2013). Also, a parallel pattern of adaptation was studied in 

Sockeye Salmon from Wood River and Lake Iliamna in the North-western Bristol Bay, USA using 

a set of known adaptive markers for pairs of populations from different ecotypes (beach and other).  

PCoA showed that beach populations from both Wood River and Iliamna Lake grouped together 

indicating a parallel pattern of adaptation (Larson, 2015).  

4.5 Conclusion 

There are not enough studies on altitudinal adaptation in non-model species. This study was 

designed to sample shrimp populations that differed maximally in altitude. These differences 
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equate to 1-2˚C difference in temperature. So, any adaptation effect identified could be due to 

difference in temperature tolerance. However, as blasting of the outlier loci did not identify any 

matches with known genes involved in temperature tolerance, it is not possible to say whether the 

effects identified here were due to different temperatures or some other environmental factor 

correlated with altitude. 

 

 

 

 

 

 

 

 

 

 

Chapter 5: New evidence of sympatry between divergent lineages of 

the Australian glass shrimp, Paratya australiensis in South-Eastern 

Queensland 
 

 

5.1 Introduction 

 
When two or more species are superficially morphologically indistinguishable and considered as 

one single species they are known as cryptic species (Bickford et al., 2007). The cryptic species 

concept was recognized nearly 300 years ago, but with the advancement of DNA sequencing 

techniques, research on cryptic species identification has become more convenient and popular 

(Leys et al., 2016). Tropical rainforests have been considered as hotspots for cryptic species as 

they are species rich habitats with many different microhabitats. Fungi, frogs and arthropods are 

well known for having cryptic species complexes (Bickford et al., 2007). Cryptic species of 

arthropods have been important in studies of coevolution and species interactions (Bickford et al., 

2007). They show varying levels of adaptive divergence and reproductive isolation (Bickford et 

al., 2007). In many cases, cryptic species may exist in sympatry, they remain reproductively 

isolated (Cook et al., 2007). Such sympatric cryptic species are distributed widely in various 
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ecosystems (Pfenninger & Schwenk, 2007). Cryptic species may possess unique adaptions and 

evolutionary potential; hence they should be considered as separate evolutionary units when 

studying cryptic species ecology and evolution as well as developing conservation plans (Crandall 

et al., 2000).  

In allopatric speciation, gene flow is restricted by physical barriers (Schluter, 2009) but in 

sympatric speciation there is absence of any physical barrier and speciation may occur in the 

presence of gene flow (Nosil, 2008). Some sympatric lineages are reproductively isolated, 

Examples in freshwater include, Amphilophus where a new sympatric limnetic species 

(Amphilophus zaliosus) developed from the ancestral benthic Amphilophus citrinellus over 

10,000yrs (Barluenga et al., 2006). Another example, is the Gymnocypris fish species complex  in 

small glacier lakes in the Tibetan Plateau, where sympatric lineages have arisen as a result of 

disruptive adaptive divergence and the sympatric lineages are now reproductively isolated 

(Zhao et al., 2009). However, sympatric lineages often are the result of allopatric divergence, 

followed by secondary contact as a result of range expansion. 

 

If sympatric lineages are observed naturally, there are a number of possible conditions that may 

exist between them: 

 

A) There might be free mixing or interbreeding between the lineages 

If the process of hybridization occurs in nature, hybrids could reveal historical and geographical 

factors involved in the process (Allendorf et al., 2001). Hybridization can have different 

consequences in the population: through the process of reinforcement, hybridization can facilitate 

development of genetic barriers, hybridization can increase adaptability through adaptive 

introgression, it can also destroy genetic diversity by introgression of foreign alleles and it can 

facilitate formation of new species through homoploid hybrid speciation (Abott et al., 2013). 

Studying hybridization in species will help us to manage species at risk, especially in the context 

of climate change. If two lineages were interbreeding and there was symmetrical hybridization, 

the population would conform to prediction of HWE for each locus observed, as there will be free 

mating between lineages. 

 

 

 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-294X.2011.05081.x/full#b94
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B) The two lineages may not interbreed or mix at all 

If the two lineages maintain separate genepools and do not interbreed at all the population should 

deviate significantly from HWE expectations and some loci may be fixed for alternate alleles. 

There will be a deficit of heterozygotes compared to expectations (Cook et al., 2007). 

 

C) There could be historical interbreeding which may have led to mitochondrial capture. 

In this case, mtDNA would show the presence of two lineages as hybridization between the two 

lineages may have taken place historically leading to mitochondrial introgression from one lineage 

to the other (Shipham et al., 2016). However, in such situations nuclear data would not show the 

presence of two lineages, but only one. If mitochondrial capture has occurred, the population 

would appear as one single lineage based on the nuclear data but as two lineages based on the 

mtDNA due to past mitochondrial introgression. 

The glass shrimp, Paratya australiensis, is a freshwater atyid that is highly abundant in the 

subtropical rainforest streams in south-eastern Queensland, Australia. It has been reported to 

consist of a number of cryptic species. Nine highly divergent mtDNA lineages have been identified 

so far (Cook et al., 2006). Lineages 3, 5 and 7 are restricted to single rivers, lineages 1, 2 and 9 are 

restricted to geographically proximate rivers and lineages 4, 6 and 8 have been shown to be 

widespread throughout eastern Australia, occurring in both coastal streams and inland rivers 

flowing into the Murray-Darling system (Cook et al., 2006).  

These lineages of Paratya australiensis have been found together in various combinations (Cook 

et al., 2006). In some instances, where they co-exist, they have been shown to be reproductively 

isolated (Cook et al., 2007). For example, in one creek in southern Australia (Granite Creek), 

lineage 4 and 8 co-occur, but do not reproduce with each other (Cook et al., 2007). In south-eastern 

Queensland lineages 3, 4 and 8 have been recorded to co-occur in streams on the Gold-coast, 

Queensland. However, lineage 4 and 6 have never been reported to coexist naturally (Garzon, 

2009).  

In order to study the movement patterns of Paratya australiensis, a translocation event took place 

in 1993 between two creeks in the Brisbane River Catchment in south east Queensland. At the 

time, it was not known that the shrimps in the two streams belonged to different lineages. It was 

known however, that there were fixed differences at three allozyme loci- these loci then used as 

markers to observe subsequent movement up and down the stream (Hancock & Hughes, 1999). It 

was only later when mtDNA was sequenced from each of the populations, that it became evident 
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that two lineages had been mixed, later named lineage 4 and lineage 6 (Cook et al., 2007). Further, 

monitoring of the streams showed that in one stream Kilcoy Creek, the genes from the translocated 

population quickly disappeared while in the other (Branch creek) the translocated lineage took 

over, both above and below the original translocation site (Hughes et al., 2003). Further, genetic 

analysis has demonstrated that limited interbreeding has occurred between the two lineages, 

although this seems to have been more extensive soon after the translocation than it is now 

(Fawcett et al., 2010; Wilson et al., 2016). In fact, recently, lineage 4 has moved further 

downstream and appears to have displaced lineage 6 with only two sites where both occur (Wilson, 

et al., 2016). In 2007 and 2008, Garzon sampled a number of creeks to determine where lineage 4 

and 6 co-occurred naturally (Garzon, 2009). At that time, he was unable to find lineage 4 and 

lineage 6 together, despite finding a number of the other lineages co-occurring, often in transition 

zones between upstream and downstream portions of creeks. A limited number of sites on the 

Mary River were sampled by Hurwood et al. (2003). All contained lineage 4 only. 

Examination of co-occurring lineages in P. australiensis can facilitate examination of 

hybridization in nature. It was observed in previous studies in the translocation area (artificial) that 

there is asymmetrical hybridization among lineage 4 and 6 (Garzon, 2009; Wilson et al., 2016). 

F1 hybrids all had lineage 4 mtDNA, indicating that they were offspring of lineage 4 females. In 

this study, I aimed to sample additional sites in the Mary River, whose headwaters are close to 

those of the Brisbane River, in the Conondale Range. My aim was again to determine whether 

there was evidence that lineage 4 and 6 co-occurred naturally, or whether, as suggested by the 

work of Wilson et al. (2016) one tended to displace the other, possibly depending on the elevation 

of the site. Lineage 4 tends to occur at higher elevations than lineage 6 and has been shown to be 

less tolerant of high temperature (Fawcett et al., 2010). 

Here I sampled 6 additional sites in the three different tributaries of Mary River and use mtDNA 

sequencing combined with RFLP tests to determine which lineage occurs in each site. 

Furthermore, I used allozyme and microsatellite markers to observe interbreeding if more than one 

lineage occurred at any site. Given the results of the translocation experiment, I predicted that if 

the two lineages did co-occur, they would be at an intermediate altitude and that one lineage would 

be common and the other rare. Furthermore, I also tested if the lineages were interbreeding or not 

and predicted that, given they have coexisted for considerable time, they do not interbreed freely.  
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5.2 Materials and Methods 

 

5.2.1 Sampling and DNA extraction 

Six sites were sampled in the Conondale Range (26˚55'S, 152˚45'E northwest to 26˚37'S, 152˚30'E) 

North West of Brisbane. From the 6 sites, on average 100-150 samples were collected.  DNA was 

extracted from 280 individuals. 120 samples from Broken Bridge High (BBH) site, 30 samples 

from Broken Bridge Low site (BBL), 30 samples from Obi Obi High (OBH) site, 30 samples from 

Obi Obi Low site (OBL), 30 samples from Booloumba High site (BOH), 30 samples from 

Booloumba Low site (BOL) were tested for RFLP (Restriction Fragment Length Polymorphism) 

variation (Table 5.2).  Paratya australiensis was captured using a seine net. Shrimps were 

immediately preserved in 100% ethanol and later kept in the refrigerator in the laboratory. DNA 

extraction was done using a DN-easy Blood and Tissue kit (QIAGEN, GmbH, D-40724, Hilden, 

Germany) following the manufacturer’s instructions. 

 

 

 5.2.2 Restriction Fragment Length Polymorphism (RFLP) 

The solution used to amplify cytochrome c oxidase subunit I fragment contained 5x   Mytaq buffer 

(Bioline), 10 µM Para 4/6 forward primer (Wright, 2012), 10 µM para 4/6 reverse primer (Wright, 

2012), 5U/µl of Mytaq (Bioline), 100ng of DNA. The program used on the thermocycler was as 

follows: 5 min at 94 for denaturation 35 cycles of 30s at 94˚C, 30s at 50 ˚C, 30s at 72 ˚C and a last 

extension cycle at 72 ˚C for 7min. 

The restriction enzymes used by Garzon (2009) were HaeIII and TseI. HaeIII cuts the COI 

sequence of individuals of lineage 4 into two fragments (300-150bp) but does not cut COI 

sequence individuals from lineage 6. On the other hand, TseI cuts the COI sequence of individuals 

from lineage 6 into two fragments (300-150bp). 

PCR product was digested using 6.3 µl ddH2O, 1.0 µl Cut Smart Buffer, 50U/ml HaeIII/TseI 

enzyme, 5 µl of PCR DNA and incubated at 75˚C for 1h for TseI and at 65 ˚C for 2h for TseI. 

Lineages were distinguished on 0.8% agarose gel electrophoresis (Chapter 2). 270 Samples from 

the 6 sites were identified as lineage 4 and lineage 6 using PCR RFLP. Where more than one 

lineage was detected at a site, individuals were sequenced to confirm species identification. 
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5.2.3 Barcoding 

DNA extractions were used for mtDNA PCR of the (COI fragment) using standard LCO1490 and 

HCO2198 primers (Folmer et al., 1994). The PCR protocol used started with an initial cycle of 

denaturation at 94˚C for 5min and was followed by 15 cycles of 30s at 94˚C, 30s at 45 ˚C, 30s at 

72 ˚C and another 25 cycles of 30s at 94 ˚C, 30s at 50 ˚C, 30s at 72 ˚C and a last extension cycle 

at 72 ˚C for 7min. The success of the PCR was checked on a 0.8% Gel Red (Biotium) agarose gel 

at 80V for 40min. PCR product was cleaned prior to sequencing with exoSAP (Promega) following 

Werle et al. (1994). 39 individuals of the 120 individuals from the Broken Bridge High Site were 

sequenced using Macrogen Inc. sequencing Facilities (Seoul, South Korea).  PCR products were 

sequenced in the forward direction using LCO1490 primer only.   

 

5.2.4 Phylogenetic analysis 

Sequences were aligned and edited using SEQUENCHER v. 4.1(Gene Codes Corporation). 

Summary statistics of the mtDNA sequences were calculated using DNASP version 5.10.1(Rozas 

et al., 2003). Since the predominant lineages in Queensland are lineage 4 and 6, mtDNA sequences 

already published were used as references to align the new samples.  The reference sequences used 

were Gene Bank Accession no- AY308108-L6, AY308128-L4C, AY308163-L4B, and 

AY308143-L4A (Cook et al., 2006). Also, a sequence of Paratya howensis (Gene Bank Accession 

no. – AY622605; Lord Howe Island) was used as an outgroup (Page et al., 2005).  Thirty-nine (39) 

mtDNA sequences from the collected samples, 4 reference sequences and an outgroup were 

included in the phylogenetic analysis. A Phylogenetic tree was estimated using the Bayesian 

MCMC approach implemented in BEAST 2 (Drummond & Rambaut, 2007). Analysis was 

conducted based on a relaxed lognormal clock and uncorrelated substitution rates among branches. 

The default priors were used under HKY +G model of mutation and the simulation ran for 10 

million generations with sampling every 1000 generations. The output of BEAST was analyzed in 

TRACER v.1.6 (Drummond & Rambaut, 2007). Ten percent burn in was selected for the tree. ESS 

values for key parameters exceeded 5000. The tree was generated using Tree Annotator and 

FIGTREE v. 1.4.1 (Drummond & Rambaut, 2007). was used to visualize the tree.  

A haplotype network was generated with all the haplotypes indicated by DNASP, using TCS 

version 1.21 (Clement et al., 2000), as a means of visually illustrating the haplotype diversity 

within and among selected species. 
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5.2.5 Nucleotide diversity analysis 

Nucleotide diversity indices (Nei, 1987) were calculated in ARLEQUIN v.3.5.1.2 (Excoffier & 

Lischer, 2010) using the mtDNA data.   

 

5.2.6 Microsatellite procedure 

5.2.6.1 Sequencing, primer design and initial locus testing 

Sequencing, primer design and microsatellite preparation steps were completed by previous 

student (Wilson et al., 2016) but it is briefly described here. Two processes were followed to 

sequence P. australiensis and locate the potential microsatellite sites. The sequencing procedures 

were 454-pyrosequencing and ion semi-conductor. These sequencing procedures produced many 

sequences across the genome and microsatellites were identified. 

The microsatellites were filtered and the ones that met the optimum results were kept. Optimum 

factors include: the proportion of each nucleotide base, the length in base pairs of the repeated 

sequence and the total length range of the microsatellite locus (Ellegren, 2004; Queller et al., 

1993). After the microsatellite loci were selected, unique primers were designed. 454 primers were 

developed by Green et al. (2011) based on south Australian P. australiensis. Ion Torrent 

sequencing runs on an ION PGM system were done at the Queensland University of Technology 

(QUT) following manufacturer’s guidelines. Later on, the QDD Bioinformatic pipeline v 2Beta 

(Meglécz et al., 2009) was used to select the microsatellites. 

Primers for the microsatellite loci were designed using Primer 3 (Rozen & Skaletsky, 2000).  

 

5.2.6.2 Optimisation of microsatellite loci 

Optimisation of the microsatellite loci was done by Wilson et al., (2016) and only briefly described 

here. First each potential locus was amplified using lineage 4 and lineage 6 individuals from 

control sites (Brisbane River catchment area) using generic PCR conditions. Variables involved in 

the PCR process were tested until each locus amplified well. Optimisation was mainly done by 

varying the MgCl2, annealing temperature and primer concentration. Microsatellite loci chosen had 

to amplify for both lineages and contain high levels of variation between lineages. A total of 68 

primers were tested.  
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5.2.6.3 Polymerase Chain Reaction (PCR) 

Single loci were amplified using PCR. The PCR reaction mix contained 1x reaction buffer, 1.5mM 

of MgCl2, 0.1 µM of forward primer and 0.4 µM of revers primer, 0.4 µM of fluorescent tag (Real 

et al., 2009), 1% of Bovine Serum Albumin, 0.2 mM of Deoxynucleotide Triphosphates (dNTP’s), 

50U/ml of White Taq Polymerase and 100ng of DNA. Thermocycler conditions were as follows: 

94˚C for 5min (initial denaturing), 35 cycles of 94˚C for 30s (denaturing), 55˚C for 30s (annealing) 

and 72˚C for 7 min (extension) the solution was then held at 72˚C for 7 min (final extension).  

Three loci showed distinct genetic variation between the two lineages (Wilson et al., 2016) and 

these three loci: ion 09, ion44 and 454-36 were used for the present study (Table 5.1). In total 30 

individuals from Broken Bridge High site were amplified for these 3 loci. 

Fragment analysis of microsatellites were conducted on an Applied Biosystems Genetic Analyzer 

3130. Microsatellites were scored using GENEMAPPER (Applied Biosystem).  

 

Table 5.1 Microsatellite loci used to identify hybridization among sympatric lineages of P. 

australiensis (Taken from Wilson et al., 2016) 

  

Locus Primer Sequence (5’-3’) Repeat 

motif 

Annealing temp 

(˚C)  

Size range 

Ion 09 F: TTCTGCCTTGACTGCACCTT AG 55 220-240 

 R: GGTGAGCATCGTGTGGACTT    

Ion 44 F: AGCAGCAATGAGGCACTAGG AC 55 130-150 

 R: ATCCTGGGCAAAGCAACATA    

454-36 F: CCCTGAAAACCATGTGTATAACCC ACTG 58 130-180 

 R: ATCCTGGGCAAAGCAACATA    

 

5.2.7 Allozyme markers  

In addition to the mtDNA and microsatellite markers, 3 allozyme markers were also used for this 

study. The allozyme loci were AAT-1, AAT-2 (IECC no.= 2.6.1.1) and MPI (IECC no. = 5.3.1.8) 

(Hughes et al., 1995). Cellulose acetate plates (Titan III, Helena Laboratories, Beaumont, TX) 

were used for electrophoresis. AAT-1 and AAT-2 were run for 60 min in Tris glycine (pH 8.5) 

and MPI was run on Tris-citrate (pH7.0) for 50 min before staining. Stains (Richardson et al., 

1986) were mixed with 1.5% agar (approx. 2ml) and applied to the plate. Plates were left for 10 
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min to set and later on stains were washed off and scored. 36 individuals from Broken Bridge High 

site were analysed at these three loci. 

 

5.2.8 Summary statistics of microsatellite and allozyme data  

Summary statistics of the allozyme and microsatellite data were calculated using ARLEQUIN 

v3.5.1.2 (Excoffier & Lischer, 2010). HWE tests were performed for each locus to test if the 

individuals were randomly mating or not.  

 

5.2.9 Multi-locus assignment test 

In total 66 individuals (30 individuals with microsatellite markers and 36 individuals with 

allozyme markers) were included in the multi-locus assignment test. Individuals were grouped 

according to RFLP results, as belonging to either mtDNA lineage 4 or lineage 6. RFLP was done 

on all 66 individuals. In the multi-locus assignment test, individuals are assigned to the population 

with the highest likelihood of the individual’s genotype (Paetkau et al., 1995). The assignment test 

was done using the GENECLASS 2 program, where the method of Rannala and Mountain is 

implemented (Rannala & Mountain, 1997). 

 

5.3 Results  

5.3.1 RFLP and phylogenetics 

The RFLP results from all sites from 270 individuals showed that of the 6 sites, BBH (Broken 

Bridge High) site contained more than one lineage. 66.6% of the individuals were lineage 6 and 

33.3% of the individuals were lineage 4. For the remaining 5 sites, 100% of the individuals 

belonged to lineage 4 with no evidence of lineage 6 (Table 5.2). So, the study identified evidence 

of naturally occurring sympatric lineages of Paratya australiensis lineage 4 and 6 in Broken 

Bridge High site, part of the Mary River catchment area.   

As the RFLP results showed that only one site contained both lineages, samples from only that site 

were sequenced. Direct sequencing of the COI mtDNA gene yielded 696-739bp of sequence for 

39 individuals from the BBH.  Sequences were aligned with reference sequences. Nine haplotypes 

were identified. Haplotype diversity was Hd = 0.7558. 363 sites were monomorphic and 92 
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polymorphic sites were recorded. 30 sites were Parsimony informative. Reference L4C had the 

same haplotype as 7 samples from BBH. Thirteen (13) individuals from BBH were in a separate 

subclade to reference L4C. 17 individuals belonged to the same clade as Reference L6 but had a 

different haplotype (Appendix Table 5.1, Figure 5.1).  

The Maximum Likelihood tree showed two well supported clades (Figure 5.1).  Nineteen 

individuals grouped in clade A with reference Lineage 6. In the other clade, B, 20 individuals 

grouped with reference lineage 4 and formed 2 subclades, 13 individuals in one subclade and 7 in 

the other. Reference lineage 4C was grouped in the same subclade with 7 individuals. Lineage 4A 

and 4B Reference sequences (Cook et al., 2006) were in separate subclades to lineage 4C 

Reference and the studied individuals. Sub-clading (Subclade-I and II) and existence of different 

haplotypes in lineage 4 indicates the probability of a new sub-lineage (i.e subclade II, Fig 5.1) 

within lineage 4. Posterior probabilities were generally high (PP>0.5) for the branches on the trees. 

The haplotype network also showed two main clades, haplotype 1, 2 and 6 belonging to lineage-6 

and in the other clade, haplotype 3, 4, 6 and 8 belonging to lineage 4. Haplotype 9 is the haplotype 

of the outgroup and haplotype 7 is reference Lineage 4B (Appendix Table 5.1, Figure 5.2). 

Nucleotide diversity within the two major groups (clade A and clade B) was 0.003450+/- 0.002395 

(average over loci) for clade A and 0.002216+/-0.001734 for Clade B.  Gene diversity for L6 was 

0.1988 (average over 8 polymorphic sites) and for L4 was 0.505 (average over 2 polymorphic 

sites).  

 

5.3.2 Investigating interbreeding with nuclear marker 

For the 3 allozyme loci, 1 locus (AAT-2) was monomorphic and the other two (AAT-1 and MPI) 

were polymorphic. There was no allele identified as belonging to lineage 6, according to Wilson 

et al. (2016) and all 36 individuals showed alleles for lineage 4, the AAT-1 locus had 2 alleles and 

the MPI locus had 3 alleles (Appendix Table 5.2). With the microsatellite data, there were no fixed 

differences between the lineages based on the 3 loci. Every locus was polymorphic with 2 alleles 

for Ion9, 3 alleles for Ion 44 and 4 alleles for 454_36 (Appendix Table 5.2).  

The HWE test on the microsatellite and allozyme loci revealed that all loci at the Broken Bridge 

High site population conformed to Hardy Weinberg Equilibrium expectations. This result 

indicated that based on these loci individuals of this population were randomly mating (Table 5.3). 
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The number of individuals belonging to lineage 4 was less than lineage 6 based on RFLP results. 

The assignment test revealed that among the 66 individuals 0% were assigned (>90% score) to 

Lineage 4 and 2.94% to lineage 6 based on the allozyme loci. In contrast, 66.66% were correctly 

assigned (>90% score) to lineage 4 and 52.38% assigned to lineage 6 based on the microsatellite 

loci (Table 5.4). 

 

 

 
Table 5.2: Showing RFLP (with HaeI and TseI restriction enzyme) results from all 6 sampling 

sites 

 

 

 

 

 

 
Table 5.3: Showing summary statistics from HWE test based on allozyme and microsatellite data 

 

Marker Locus Obs. Het Exp. Het P-value 

Allozyme Locus 1(AAT-1) 0.57143 0.50352 0.50211 

Locus 2(MPI) 0.58333 0.55516 0.63049 

Microsatellite Locus 1 (ion 9) 0.09091 0.08879 1.00000 

Locus 2 (ion 44) 0.54545 0.66913 0.60518 

 Locus 3 (454_36) 0.50000 0.67143 0.18021 

 
 

Sites L4 L6 

frequency (%) frequency (%) 

BBH 40 33.33 80 66.66 

BBL 30 100 0 0 

OBH 30 100 0 0 

OBL 30 100 0 0 

BOH 30 100 0 0 

BOL 30 100 0 0 
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Table 5.4: Percentage of P. australiensis individuals correctly and wrongly assigned to their 

mtDNA lineages, using the Ranala &Mountain 1997 method with a 90% level of confidence 

 
Location Marker Lineage N Correctly 

assigned 

>90% 

Correctly 

assigned 

<90% 

Wrongly 

assigned 

>90% 

Wrongly 

assigned 

<90% 

Broken 

Bridge 

High 

Allozyme Lineage 4   

2 

- 50 - 50 

Lineage 6 34 2.94 85.29 2.94 

 

8.82 

Microsatellite Lineage 4  9 66.66 11.11 11.11 11.11 

Lineage 6 21 52.38 38.09 9.52 - 
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Fig. 5.1: COI mtDNA gene tree for Paratya australiensis generated using BEAST2 including 39 

samples, 4 reference sequence and one outgroup. Posteriors are indicated on branches. Tips 

represent individuals of Paratya australiensis. Red colored branches indicate reference sequence 

and outgroup. Clade A includes lineage 6 individuals and clade B includes lineage 4.  
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Figure 5.2 Haplotype Network showing relationship between haplotype. Circles indicates 

Haplotypes. Larger Circle indicates frequency greater than 10. Black dots represent hypothesized 

haplotypes that were not detected in the sample. 

 

Reference L4C and 

other individuals 

Ref L4A 

Ref L4B 
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5.4 Discussion 

The present study aimed to identify natural sympatry between lineages 4 and 6, which has not 

previously been reported. Among the 6 study sites in the Mary River catchment, only one site had 

two lineages co-occurring which is clearly evident in the phylogenetic tree. The Bayesian 

phylogeny shows two lineages in two separate clades which grouped with the reference lineage 4 

and 6 respectively. The haplotype network shows a similar phylogenetic grouping. The existence 

of sympatric lineages in this study can be fitted with Avise’s phylogeographical categories, where 

major lineages are sympatric identified by gene tree and sympatry is due to the result of admixture 

from allopatric populations (Avise, 2000).  

The sympatric lineages were identified at a higher elevation 528m asl compared to the elevation 

of Stony Creek (approx. 450m asl) which is home to the resident lineage 6 in the Brisbane River. 

It was suggested by Cook et al. (2006) that lineage 4 prefers to reside at higher elevations and 

lineage 6 at lower elevations. In the current study, lineages 4 and 6 were observed in a 1:2 ratio 

similarly to findings at the translocated site in the Brisbane River Catchment (Wilson et al., 2016). 

It has been mentioned by Leys et al. (2016) the proportion of lineages in one site could be 

influenced by environmental factors like altitude and stream type. Although lineage 6 prefers low 

altitude according to previous study (Cook et al., 2006), in my study altitude did not seem to have 

a major influence on the distribution of lineage 6. 

It was also observed that haplotypes of the studied sympatric lineages in Mary River catchment 

were different to the reference lineages occurring in Brisbane River Catchment except for one, 

reference lineage 4C which shared the haplotype with other studied individuals from the Mary 

River Catchment Area.  This indicates that there is some degree of sharing of haplotypes between 

the Brisbane and Mary River Catchment for lineage 4 but not for lineage 6. Hurwood et al. (2003) 

noticed sharing of haplotypes between Brisbane and Mary River catchment and suggested 

contemporary dispersal to be responsible for the scenario. 

It was also observed that genetic diversity was higher in lineage 4 compared to lineage 6, which is 

also evident in previous result of Cook et al. (2006) who observed that lineage 4 consists of 5 sub-

lineages and is widely distributed across eastern Australia.  

As the Broken Bridge populations did not show any deviation from HWE based on 2 allozyme 

and 3 microsatellite loci, it can be inferred that random mating is taking place between the mtDNA 

lineages (L4 and L6). Based on the allozyme data few individuals were assigned correctly (>90%), 
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also indicating no evidence of assortative mating. Based on the microsatellite loci 50-70% of 

individuals were correctly assigned (>90%) suggesting that interbreeding between the lineages 

also.  

 

My hypothesis that the two lineages would not interbreed in a natural situation was not supported 

by the nuclear data. The allozyme data suggested total absence of Lin 6 alleles, while the 

microsatellites were in HWE, suggesting random mating. Also, it was predicted that the lineages 

would co-occur at an intermediate altitude but the lineages were detected at an altitude of ~500m. 

However, the number of lineage 4 individuals identified in the present study was low and the 

interbreeding between lineages requires further investigation in this site in future years.  As it has 

been reported that lineage 4 maintains a separate gene pool with lineage 3 and 8 (Garzon, 2009). 

The reason behind the interbreeding in this case could be the difference in altitudinal temperature 

as it was observed to affect Paratya breeding time and larval release by Hancock and Bunn (1997). 

However, due to lack of sufficient evidence it was not possible to predict the nature of 

hybridization in this case.  

 In conclusion, it can be said that lineage 4 and 6 does co-occur naturally in south east Queensland 

which has only previously been known from translocations. However, studies on a broad 

geographical scale are required to establish sympatry of L4 and L6 in other places in this region. 
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Chapter 6: General Discussion 
 

In order to understand the basis of local adaptation in stream populations it is important to re-

evaluate the neutral divergence as well as natural selection.   

Genetic variation in populations can arise through neutral, random processes (genetic drift) or 

through non-neutral process (selection) which causes significant heterogeneity across the genome 

(Slatkin, 1985). It has always been of great interest for population biologists to identify genetic 

variation within and among populations (Wright, 1931). In the past, genetic variation was 

determined using only a few markers (allozymes, mtDNA, microsatellites, AFLPs) (Holsinger & 

Weir 2009) and often it was difficult to observe recent evolutionary processes due to lack of 

sufficient genetic information (Catchen et al., 2013b). Most traditional markers are unable to detect 

genomic signatures of selection and often represent biased information of genetic structure. 

Specifically, studies concerned with identifying selected loci across the genome are not possible 

with traditional neutral markers.  

So, with the introduction of Next Generation Sequencing technology, there are no barriers to the 

number of markers and it is now very feasible to observe population divergence at a genome wide 

level (Hohenlohe et al., 2012).  

 

6.1 Re-evaluating genetic structure and restricted gene flow using a genomic 

approach 
Prior to the present research, restricted gene flow was observed between upstream and downstream 

populations in a number of sub-catchments (Kilcoy, Mary, Booloumba and Stony) in the 

Conondale Range using only 7 allozyme markers (Hughes et al., 1995). The current study re-

evaluated the population structure among populations in three streams in the greater Mary River 

catchment (Booloumba, Broken Bridge and Obi Obi Creek) using a large number of SNP markers 

and tested the hypothesis that the populations are following the Stream Hierarchy Model (SHM). 

It was observed that among the three streams, BOH and BOL populations showed the highest level 

of divergence compared to the lower divergence observed in BBH-BBL and OBH-OBL 

populations (Chapter 3).  

In contrast to predictions of the SHM, there was more variation between sites within streams, than 

among streams. This was largely caused by the highly significant differences between the two 

Booloumba Creek sites. High genetic variation within streams in Boolouma Creek was also 
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reported by Bunn and Hughes (1997) who also noticed instream movement of invertebrates was 

low and suggested restricted geneflow due to physical barriers.  

Although the results (high genetic differentiation and restricted geneflow) in my study agrees with 

previous results, the current outcome is more robust, as RAD-seq data has been used in this case. 

Initially, it was suspected that the Booloumba populations might belong to a distinct cryptic 

species, but this was not supported as the neighbor joining tree did not identify any additional 

lineages.  

Populations were isolated due to altitudinal differences, especially in Booloumba Creek which led 

me to the assumption that there might be evidence of local adaptation between Booloumba 

upstream and downstream populations. This hypothesis can be supported by “isolation by slope” 

(Lowe et al., 2006) where steeper gradients in the headwaters can cause population isolation. 

Altitudinal gradients have been indicated as a negative factor for Paratya australiensis 

connectivity (lineage 4 and lineage 8) in Victoria (Cook et al., 2007) which could also be the case 

in Queensland for lineage 4.  

Booloumba populations were reported to have diverged in the past (Hughes et al., 1995) which 

was also confirmed in my study. This leads to the conclusion that due to long time divergence 

there is a possibility that some degree of local adaptation has taken place in these populations. As 

these populations were from up and downstream locations which vary in temperature (1-2 ˚C) due 

to variation in altitude, I suggest that there could be adaptation due to altitudinal difference. 

Fawcett et al. (2010) in his study suggested influence of temperature on the distribution of P. 

australiensis. 

 

6.2 Evidence of local adaptation in P. australiensis  

In relation to high genetic differentiation between upstream and downstream populations in the 

Mary River catchment and given the altitudinal divergence, I tested altitudinal adaptation among 

the populations.  

Populations may respond to climate change in different ways, one of which is local adaptation, 

through which populations can persist in different environments (Fischer et al., 2011). In Chapter 

4, I discussed local adaptation in altitudinal populations using genetic markers from across the 

genome. Outliers indicating adaptation were observed across streams and also in each individual 

stream. Outliers under divergent and balancing selection were recorded. From in depth analysis on 
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the genotype frequencies of outlier loci, I observed that in Booloumba Creek there was fixation of 

alternate alleles in up and downstream populations. This shows the probabilty that selection is 

favouring alternative alleles at upstream and downstream sites. 

Furthermore, common outliers were observed between Obi Obi Creek and both Booloumba and 

Broken Bridge Creek in the individual stream comparisons. The presence of common loci in any 

two streams indicates evidence of partial parallel pattern of adaptation (Figure 6.1). Parallel 

adaptation refers to similar patterns of adaptation pattern in multiple, independently occurring 

populations. Putative regions in the genome may also show parallel differentiation across 

independent populations (Hohenlohe et al., 2010).  

Outliers identified were BLASTed against the GenBank but the highest match was only 36% with 

Macrobrachium rosenbergii, a shrimp in the family Palaemonidae.  So, it was suggested that, as 

RAD-seq sequences across the genome, it is possible to miss portions of functional genes, 

especially in species with large genomes. It is suggested that the degree of adaptation was higher 

in Booloumba Creek compared to the other two Creeks as the divergence was higher in this creek 

compared to the other two. Although there was no defined population structuring within Broken 

Bridge or Obi Obi Creek (Chapter 3), the presence of outliers in individual stream analysis showed 

evidence of adaptation in each stream. Similar findings were observed by Wit and Palumbi (2013) 

for red abalone along the US west coast where adaptation was evident despite the fact that there 

was no grouping of the populations. 

The study design was set based on altitudinal difference, so the adaptive divergence is believed to 

be due to altitudinal adaptation which conforms with similar altitudinal adaptation studies by 

Bonin et al (2005), Keller et al. (2011) and Fischer et al. (2011). However, the altitudinal 

adaptation studies mentioned above considered ~2000m asl whereas this study was designed in 

~500m asl. So, altitudinal environment might have influenced local adaptation to some degree in 

my study, although, further investigation with environmental parameters is required to establish 

this assumption. 
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6.3 Evidence of sympatric lineages of P. australiensis in south-eastern 

Queensland 
Previous studies reported the presence of 9 divergent mtDNA lineages in P. australiensis (Cook 

et al., 2006). In addition to studying population structure and local adaptation in up and 

downstream populations in the Mary River catchment, I observed the presence of naturally 

occurring sympatry between lineage 4 and 6. One (Broken Bridge High) of the 6 sites showed the 

presence of both lineages. The presence of the two lineages was confirmed by Bayesian phylogeny 

where the two lineages grouped in two separate clades with the Reference Lineage 4 and 6 reported 

by Cook et al. (2006). The proportion of lineage 4 and 6 in the Broken Bridge High site was 1:2 

with lineage 6 being prominent which agrees with a previous study in the artificial sympatric area 

where both lineages never occurred in the same proportion (Wilson et al., 2016). Furthermore, all 

lineage 6 individuals from the present study had a different haplotype to the reference lineage 6 

and 13 individuals of lineage 4 from the study had different haplotype to the reference lineage 4C 

which indicates that there is sharing of haplotypes between Brisbane and Mary River in lineage 4 

but not in lineage 6. Also, 7 individuals shared the same haplotype with reference lineage 4C. 

In this study, there was evidence of interbreeding between lineage 4 and 6 based on  microsatellite 

loci. Based on both of these loci, the genotype frequencies were as expected for HWE and the 

percentage of correctly assigned individuals was low, supporting the conclusion that they are 

interbreeding. This finding differs from another study where 2 lineages co-occurred lineage 4 and 

8 were observed to keep separate gene pools (Cook et al., 2007). Lineage 6 is reported to prefer 

low elevation and Lineage 4 high elevation (Cook et al., 2006) but in my study the two lineages 

occurred at 528m asl with lineage 6 most common. 

As I have identified putative genomic regions under selection, it would be very interesting to 

identify adaptive genes with a Transcriptomic approach in the future. In this approach, total RNA 

is extracted from tissue samples, mRNA is sequenced and EST (Expressed Sequence Tag) 

sequences are BLASTed against the Genebank to detect mRNA functions. This procedure 

facilitates identification of functional genes and genes responsible for adaption. So, in order to 

identify specific genes involved in adaptation to altitude in P. australiensis Transcriptomic 

analysis would definitely be the next step. Furthermore, if specific adaptive genes are identified 

they can be used to study adaptation of P. australiensis in other regions in Australia.  
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6.4 Conclusion 

 
Prior to this research, P. australiensis had been studied using a handful of markers and most studies 

focused on the translocation area. However, there were suggestions for possibilities of adaptation 

to different altitudes in this species. Here, I have used RAD-seq data to observe genetic structure 

among populations which had been studied before and also identified evidence of local adaptation 

in populations from different altitudes. Furthermore, I have observed the presence of sympatric 

lineages and the status of interbreeding among the cryptic lineages in the greater Mary River 

catchment using mtDNA, allozyme and microsatellite markers. My study revealed that there still 

exists restricted dispersal among the populations in lineage 4 of this species and upstream- 

downstream populations showed putative genomic regions under selection. There was partial 

evidence of parallel patterns of adaptation among the three streams, probably altitudinal 

adaptation, which led to the conclusion that there was some degree of adaptive divergence in these 

populations. The results observed here in the current study suggest the need for further research 

regarding a thorough investigation of the genomic region under selection and interbreeding 

between naturally occurring lineage 4 and 6.  
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Figure 6.1 A schematic representation of population divergence and presence of matching 

outliers (putative loci under selection) among streams. Example of rare allele fixation in 

Booloumba population indicated with (white and black circles). 
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APPENDICES 

 
Appendix Table 3.1: Summary of Demultiplexing in Broken-Bridge Creek samples 

 

Barcode size Sample ID Total Reads Retained reads  

04bp 

04bp 

04bp 

04bp 

04bp 

04bp 

04bp 

04bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

06bp 

08bp 
 

BBH121 

BBH122 

BBH124 

BBH130 

BBH94 

BBH95 

BBH98 

BBH99 

BBH104 

BBH105 

BBH106 

BBH108 

BBH110 

BBH134 

BBH135 

BBH137 

BBH144 

BBH149 

BBH85 
 

2,204,365.00  

 1,848,543.00  

 4,177,629.00  

 12,440,130.00  

 9,238,264.00  

 14,005,548.00  

 5,493,657.00  

 5,402,965.00  

 4,067,084.00  

 3,154,528.00  

 10,604,418.00  

 5,577,190.00  

 9,923,602.00  

 5,102,347.00  

 5,521,181.00  

 21,338,955.00  

 3,324,630.00  

 11,785,034.00  

 2,548,247.00  
 

2,052,604 

1,820,315 

4,068,232 

12,398,645 

9,158,191 

13,908,944 

5,435,417 

5,291,348 

3,959,716 

3,093,236 

10,558,776 

5,525,053 

9,890,484 

5,065,051 

5,486,423 

21,321,266 

3,317,289 

11,757,205 

2,527,070 
 

 

05bp 

06bp 

06bp 

06bp 

06bp 

06bp 

06bp 

06bp 

06bp 

06bp 

07bp 

07bp 

07bp 

 

BBL215 

BBL238 

BBL250 

BBL218 

BBL239 

BBL251 

BBL152 

BBL220 

BBL244 

BBL252 

BBL160 

BBL224 

BBL245 

 

8,026,137.00  

 10,135,856.00  

 10,284,425.00  

 9,852,983.00  

 6,540,265.00  

 6,046,300.00  

 6,553,862.00  

 5,610,744.00  

 4,923,490.00  

 20,084,239.00  

 5,321,789.00  

 6,102,403.00  

 5,867,854.00  

 

7,996,047.00  

10,121,657.00  

10,264,915.00  

 9,841,786.00  

 6,524,305.00  

 6,012,350.00  

 6,542,739.00  

 5,599,491.00  

 4,907,255.00  

20,058,890.00  

 5,309,976.00  

 6,089,082.00  

 5,858,994.00  
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 Appendix Table 3.2 Summary of Demultiplexing in Booloumba Creek samples 

Barcode size Sample ID Total Reads Retained 

Reads 

 

 

06bp 

06bp 

06bp 

06bp 

06bp 

07bp 

07bp 

07bp 

07bp 

07bp 

07bp 

07bp 

07bp 

07bp 

 

BOH11 

BOH13 

BOH15 

BOH19 

BOH20 

BOH24 

BOH34 

BOH35 

BOH36 

BOH53 

BOH59 

BOH62 

BOH64 

BOH67 

 

1,593,046.00  

 2,391,679.00  

 2,111,783.00  

 2,014,048.00  

 1,193,103.00  

 2,130,264.00  

 2,019,080.00  

 2,385,680.00  

 2,362,197.00  

 2,154,592.00  

 2,206,064.00  

 2,723,577.00  

 2,473,652.00  

 2,087,180.00  

 

1,587,352.00  

2,388,492.00  

2,104,579.00  

1,998,914.00  

1,187,766.00  

2,128,273.00  

2,016,398.00  

2,380,509.00  

2,355,871.00  

2,151,607.00  

2,203,856.00  

2,720,529.00  

2,470,090.00  

2,080,053.00  

 

 

 

Table 3 .1.   

Barcode 

size 

 

07bp 

07bp 

07bp 

07bp 

07bp 

07bp 

07bp 

08bp 

08bp 

08bp 

08bp 

08bp 

08bp 

08bp 

08bp 

08bp 
 

 

 

(Continued) 

Sample ID 

 

 

BBL253 

BBL203 

BBL230 

BBL246 

BBL254 

BBL208 

BBL233 

BBL247 

BBL255 

BBL212 

BBL234 

BBL248 

BBL256 

BBL184 

BBL236 

BBL249 
 

 

 

 

Total Reads   

 

 

     4,886,032.00  

 234,680.00  

 4,373,644.00  

 4,520,708.00  

 2,449,244.00  

 5,571,459.00  

 3,732,372.00  

 5,659,629.00  

 2,140,791.00  

 4,755,306.00  

 5,122,188.00  

 6,364,402.00  

 10,690,928.00  

 10,887,995.00  

 17,884,523.00  

 3,623,380.00  
 

 

 

 

Retained 

reads 

 

4,780,870.00  

 224,170.00  

 4,368,659.00  

 4,510,869.00  

 2,436,706.00  

 5,548,628.00  

 3,718,709.00  

 5,650,002.00  

 2,137,805.00  

 4,743,021.00  

 5,107,518.00  

 6,354,651.00  

10,677,010.00  

10,807,472.00  

17,825,960.00  

 3,618,405.00  
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Table 3.2 

 

07bp 

08bp 

08bp 

08bp 

08bp 

08bp 

08bp 

08bp 

08bp 

08bp 

04bp 

04bp 

04bp 

04bp 

04bp 

04bp 

04bp 

04bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

06bp 

06bp 

06bp 

06bp 

06bp 
 

 

 

(Continued) 

 

BOH69 

BOH75 

BOH77 

BOH79 

BOH82 

BOH83 

BOH84 

BOH85 

BOH86 

BOH87 

BOL11 

BOL15 

BOL17 

BOL30 

BOL54 

BOL89 

BOL101 

BOL110 

BOL111 

BOL112 

BOL113 

BOL114 

BOL115 

BOL116 

BOL119 

BOL120 

BOL121 

BOL123 

BOL125 

BOL126 

BOL127 

BOL128 

BOL129 
 

 

  

 

 

1,972,860.00  

 2,797,642.00  

 2,102,360.00  

 2,656,505.00  

 3,252,998.00  

 3,038,248.00  

 2,355,452.00  

 2,578,632.00  

 2,606,648.00  

 2,816,920.00  

2,242,705.00  

 2,094,352.00  

 2,078,847.00  

 1,974,576.00  

 2,245,278.00  

 2,138,657.00  

 1,856,992.00  

 2,323,465.00  

 3,618,926.00  

 2,203,472.00  

 2,471,213.00  

 2,213,779.00  

 2,474,313.00  

 1,901,378.00  

 2,049,162.00  

 2,025,868.00  

 2,318,352.00  

 2,983,521.00  

 2,283,871.00  

 2,779,238.00  

 2,361,576.00  

 2,185,159.00  

 2,155,939.00  
 

 

 

 

 

1,967,840.00  

2,792,299.00  

2,100,107.00  

2,647,605.00  

3,247,810.00  

3,034,797.00  

2,352,142.00  

2,560,776.00  

2,601,776.00  

2,813,277.00  

2,123,918.00  

2,076,475.00  

2,021,549.00  

1,963,449.00  

2,232,632.00  

2,119,934.00  

1,841,931.00  

2,301,282.00  

3,545,106.00  

2,194,370.00  

2,458,256.00  

2,196,195.00  

2,462,687.00  

1,889,010.00  

2,038,256.00  

2,020,237.00  

2,312,029.00  

2,975,294.00  

2,279,073.00  

2,773,467.00  

2,352,647.00  

2,179,863.00  

2,149,264.00  
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Appendix Table 3.3 Summary of Demultiplexing in Obi-Obi Creek samples 

 

Barcode size Sample ID Total Reads Retained reads  

04bp 

04bp 

04bp 

04bp 

04bp 

04bp 

04bp 

04bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

05bp 

06bp 
 

OBH140 

OBH142 

OBH177 

OBH178 

OBH179 

OBH180 

OBH181 

OBH182 

OBH183 

OBH184 

OBH185 

OBH186 

OBH187 

OBH188 

OBH189 

OBH190 

OBH191 

OBH192 

OBH193 
 

1,122,210.00  

 466,090.00  

 40,991.00  

 11,959,117.00  

 1,454,612.00  

 13,395,093.00  

 479,421.00  

 4,884,863.00  

 2,446,686.00  

 2,403,435.00  

 6,927,815.00  

 3,932,395.00  

 3,678,706.00  

 1,570,001.00  

 2,292,533.00  

 1,419,340.00  

 2,162,721.00  

 1,507,196.00  

 2,242,723.00  
 

1,059,535.00  

 451,498.00  

 7,438.00  

 11,928,529.00  

 1,427,096.00  

 13,321,151.00  

 465,537.00  

 4,784,636.00  

 2,407,144.00  

 2,373,190.00  

 6,902,383.00  

 3,893,380.00  

 3,663,372.00  

 1,558,147.00  

 2,281,418.00  

 1,416,253.00  

 2,158,816.00  

 1,501,812.00  

 2,238,845.00  
 

 

06bp 

06bp 

06bp 

06bp 

06bp 

06bp 

06bp 

06bp 

06bp 

07bp 

07bp 

07bp 

07bp 

07bp 

07bp 

07bp 

OBL1 

OBL2 

OBL3 

OBL4 

OBL5 

OBL6 

OBL7 

OBL8 

OBL9 

OBL11 

OBL12 

OBL13 

OBL14 

OBL15 

OBL16 

OBL17 

10,284,425.00  

11,785,034.00  

 9,852,983.00  

 6,540,265.00  

 6,046,300.00  

 6,553,862.00  

 5,610,744.00  

 4,923,490.00  

20,084,239.00  

 5,321,789.00  

 6,102,403.00  

 5,867,854.00  

 4,886,032.00  

 234,680.00  

 4,373,644.00  

 4,520,708.00  

10,264,915.00  

11,757,205.00  

 9,841,786.00  

 6,524,305.00  

 6,012,350.00  

 6,542,739.00  

 5,599,491.00  

 4,907,255.00  

20,058,890.00  

 5,309,976.00  

 6,089,082.00  

 5,858,994.00  

 4,780,870.00  

 224,170.00  

 4,368,659.00  

 4,510,869.00  
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07bp 

 

Table 3.3. 

 

07bp 

07bp 

08bp 

08bp 

08bp 

08bp 

08bp 

08bp 

08bp 

08bp 

08bp 
 

OBL18 

 

(Continued) 

 

OBL19 

OBL20 

OBL21 

OBL22 

OBL23 

OBL24 

OBL25 

OBL26 

OBL27 

OBL29 

OBL30 
 

 2,449,244.00  

 

 

 

 5,571,459.00  

 3,732,372.00  

 5,659,629.00  

 2,140,791.00  

 4,755,306.00  

 5,122,188.00  

 6,364,402.00  

10,690,928.00  

10,887,995.00  

17,884,523.00  

 3,623,380.00  
 

 2,436,706.00  

 

  

 

5,548,628.00  

 3,718,709.00  

 5,650,002.00  

 2,137,805.00  

 4,743,021.00  

 5,107,518.00  

 6,354,651.00  

10,677,010.00  

10,807,472.00  

17,825,960.00  

 3,618,405.00  
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Appendix Table 3.4: Depth of coverage per individual 

Individual name  Depth of coverage   Individual name      Depth of coverage   

BBH104_AACCA:                                  15.9389x BBH105_CCACG:                                  12.3532x 

BBH106_TATAA:                                  22.2039x BBH108_GAGCG:                                16.4663x 

BBH110_ACATA:                                  24.2163x BBH121_AACT:                                     10.0808x 

BBH122_CCAG:                                     10.8866x BBH124_TTGA:                                      17.3477x 

BBH130_GGTA:                                    26.4542x BBH134_CTCAG:                                16.5912x 

BBH135_TCTGG:                                   18.1195x BBH137_CGGCA:                                  38.061x 

BBH144_GAAGA:                                 14.4545x BBH149_AATGCA:                               26.0963x 

BBH85_GGTGAGCT:                             14.6885x BBH94_ATTG:                                      18.2226x 

BBH95_CGGT:                                       29.0242x BBH98_TGCG:                                    18.8517x 

BBH99_GTAT:                                      17.8788x BBL152_GACTAA:                               18.3131x 

BBL160_AGATCCA:                            17.7536x BBL184_AACGAATT:                           24.8152x 

BBL203_GACCTCA:                            5.78843x BBL208_AGCATCA:                              17.5623x 

BBL212_AACAACGT:                          16.4379x BBL215_ACGAG:                                23.4686x 

BBL218_CCGTCA:                               23.3747x BBL220_ATGACA:                             17.5798x 

BBL224_CATAGCA:                            18.8331x BBL230_ACTCGCA:                             16.1243x 

BBL233_CCATAGA:                           14.5956x BBL234_CCACCATG:                          17.506x 

BBL236_CCAATCAG:                        23.1801x BBL238_TGCTCA:                                24.9384x 

BBL239_TTACGA:                                18.336x BBL244_TCACAG:                               17.3591x 

BBL245_TCCGACA:                             18.6609x BBL246_CTAGACA:                               16.751x 
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Appendix Table 3.4 (Continued) 

 

Individual name         Depth of coverage 

 

BBL247_TTGCCACA:                         19.1942x 

 

 

 

 

 

  

Individual name         Depth of coverage 

                  

BBL248_TTGTTGCA:                           19.0281x 

BBL249_TTGTCTGA:                           16.9186x BBL250_GTTCCA:                              23.6481x 

BBL251_CGTACA:                                19.9135x BBL252_GTCGGA:                                33.884x 

BBL253_TGGACCA:                             16.0655x BBL254_GAGTCCA:                           12.1023x 

BBL255_GGTGGCCA:                           11.7854x BBL256_GGTCGTAA:                         26.4446x 

BOH11_CGTACA.140BP:                    14.7944x BOH13_GACTAA.140BP:                    17.8908x 

BOH15_ATGACA.140BP:                    15.5559x BOH19_TCACAG.140BP:                    14.9339x 

BOH20_GTCGGA.140BP:                    11.2216x BOH24_AGATCCA.140BP:                16.1944x 

BOH34_CATAGCA.140BP:                15.5192x BOH35_TCCGACA.140BP:                   16.119x 

BOH36_TGGACCA.140BP:                16.2373x BOH53_GACCTCA.140BP:                 15.7824x 

BOH59_ACTCGCA.140BP:                 16.0592x BOH62_CTAGACA.140BP:                   18.723x 

BOH64_GAGTCCA.140BP:                16.1254x BOH67_AGCATCA.140BP:                16.4461x 

BOH69_CCATAGA.140BP:                15.7689x BOH75_TTGCCACA.140BP:                18.746x 

BOH77_GGTGGCCA.140BP:               16.509x BOH79_AACAACGT.140BP:            17.6623x 

BOH82_CCACCATG.140BP:             19.2974x BOH83_TTGTTGCA.140BP:              17.8703x 

BOH84_GGTCGTAA.140BP:             16.1213x BOH85_AACGAATT.140BP:             16.8461x 

BOH86_CCAATCAG.140BP:             16.9852x BOH87_TTGTCTGA.140BP:              17.9693x 

BOL101_TGCG.140BP:                        15.6129x BOL110_GTAT.140BP:                        16.7952x 

BOL111_AACCA.140BP:                     21.9008x BOL112_CCACG.140BP:                      17.3393x 

BOL113_TATAA.140BP:                     18.2165x BOL114_GAGCG.140BP:                     17.4495x 

BOL115_ACATA.140BP:                      17.5031x BOL116_CTCAG.140BP:                      16.4506x 

BOL119_TCTGG.140BP:                     16.1194x BOL11_AACT.140BP:                          16.6034x 

BOL120_CGGCA.140BP:                     17.0158x BOL121_GAAGA.140BP:                     17.1808x 

BOL123_ACGAG.140BP:                     19.5802x BOL125_TGCTCA.140BP:                   17.5311x 

BOL126_GTTCCA.140BP:                   19.0455x BOL127_AATGCA.140BP:                  17.7793x 

BOL128_CCGTCA.140BP:                  16.9357x BOL129_TTACGA.140BP:                     17.515x 
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BOL15_CCAG.140BP:                            16.6012x BOL17_TTGA.140BP:                            16.5212x 

BOL30_GGTA.140BP:                            16.0911x BOL54_ATTG.140BP:                            17.3628x 

BOL89_CGGT.140BP:                            16.7074x OBH140_AACT:                                     8.9282x 

OBH142_CCAG:                                     6.85909x OBH177_TTGA:                                      4.88889x 

 

Appendix Table 3.4 (Continued) 

 

Individual name                       Depth of coverage 

 

OBH178_GGTA:                                      28.4162x 

 

 

Individual name                     Depth of coverage 

 

 

OBH179_ATTG:                                  10.6144x 

OBH180_CGGT:                                     31.5532x OBH181_TGCG:                                     6.83284x 

OBH182_GTAT:                                   18.8778x OBH183_AACCA:                                   13.9159x 

OBH184_CCACG:                                   13.2075x OBH185_TATAA:                                     23.4461x 

OBH186_GAGCG:                                   17.5588x OBH187_ACATA:                                  16.3511x 

OBH188_CTCAG:                                 10.7213x OBH189_TCTGG:                                     13.1842x 

OBH190_CGGCA:                                    10.5925x OBH191_GAAGA:                                   12.6375x 

OBH192_ACGAG:                                  10.9629x OBH193_TGCTCA:                                  12.5102x 

OBL11_AGATCCA:                                17.7536x OBL12_CATAGCA:                               18.8331x 

OBL13_TCCGACA:                             18.6609x OBL14_TGGACCA:                              16.0655x 

OBL15_GACCTCA:                                5.78843x OBL16_ACTCGCA:                                 16.1243x 

OBL17_CTAGACA:                                   16.751x OBL18_GAGTCCA:                                 12.1023x 

OBL19_AGCATCA:                                17.5623x OBL1_GTTCCA:                                    23.6481x 

OBL20_CCATAGA:                             14.5956x OBL21_TTGCCACA:                           19.1942x 

OBL22_GGTGGCCA:                          11.7854x OBL23_AACAACGT:                             16.4379x 

OBL24_CCACCATG:                                17.506x OBL25_TTGTTGCA:                            19.0281x 

OBL26_GGTCGTAA:                             26.4446x OBL27_AACGAATT:                             24.8152x 

OBL29_CCAATCAG:                             23.1801x OBL2_AATGCA:                                    26.0963x 

OBL30_TTGTCTGA:                            16.9186x OBL3_CCGTCA:                                   23.3747x 

OBL4_TTACGA:                                       18.336x OBL5_CGTACA:                                   19.9135x 

OBL6_GACTAA:                                    18.3131x OBL7_ATGACA:                                      17.5798x 

OBL8_TCACAG:                                   17.3591x OBL9_GTCGGA:                                        33.884x 
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Appendix Table 3.5: Number of loci per individual 

 

Individual  Number of loci   Individual Number of loci 

BBH104_AACCA 212 BBL236_CCAATCAG 201 

BBH105_CCACG 207 BBL238_TGCTCA 210 

BBH106_TATAA 208 BBL239_TTACGA 211 

BBH110_ACATA 210 BBL244_TCACAG 211 

BBH122_CCAG 86 BBL245_TCCGACA 212 

BBH124_TTGA 58 BBL246_CTAGACA 211 

BBH130_GGTA 206 BBL247_TTGCCACA 213 

BBH134_CTCAG 213 BBL248_TTGTTGCA 213 

BBH135_TCTGG 213 BBL249_TTGTCTGA 209 

BBH137_CGGCA 183 BBL250_GTTCCA 209 

BBH144_GAAGA 211 BBL251_CGTACA 210 

BBH149_AATGCA 207 BBL252_GTCGGA 198 

BBH85_GGTGAGCT 208 BBL253_TGGACCA 213 

BBH94_ATTG 212 BBL254_GAGTCCA 198 

BBH95_CGGT 203 BBL255_GGTGGCCA 206 

BBH98_TGCG 207 BBL256_GGTCGTAA 210 

BBH99_GTAT 209 BOH11_CGTACA.140BP 197 

BBL152_GACTAA 211 BOH13_GACTAA.140BP 210 

BBL160_AGATCCA 211 BOH15_ATGACA.140BP 204 

BBL184_AACGAATT 210 BOH19_TCACAG.140BP 206 

BBL203_GACCTCA 4 BOH20_GTCGGA.140BP 183 

BBL208_AGCATCA 213 BOH24_AGATCCA.140BP 206 

BBL212_AACAACGT 213 BOH34_CATAGCA.140BP 204 

BBL215_ACGAG 213 BOH35_TCCGACA.140BP 206 

BBL218_CCGTCA 210 BOH36_TGGACCA.140BP 204 

BBL220_ATGACA 212 BOH53_GACCTCA.140BP 204 

BBL224_CATAGCA 210 BOH59_ACTCGCA.140BP 201 

BBL230_ACTCGCA 212 BOH62_CTAGACA.140BP 207 
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BBL233_CCATAGA 212 BOH64_GAGTCCA.140BP 204 

BBL234_CCACCATG 212 BOH67_AGCATCA.140BP 203 

Table 3.5 (Continued)  

 

 

BOH69_CCATAGA.140BP 

 

205 

 

BOH69_CCATAGA.140BP 

 

205 

BOH75_TTGCCACA.140BP 207 BOH75_TTGCCACA.140BP 207 

BBL236_CCAATCAG 201 BOH77_GGTGGCCA.140BP 203 

BBL238_TGCTCA 210 BOH79_AACAACGT.140BP 211 

BBL239_TTACGA 211 BOH82_CCACCATG.140BP 205 

BBL244_TCACAG 211 BOH83_TTGTTGCA.140BP 208 

BBL245_TCCGACA 212 BOH84_GGTCGTAA.140BP 205 

BBL246_CTAGACA 211 BOH85_AACGAATT.140BP 206 

BBL247_TTGCCACA 213 BOH86_CCAATCAG.140BP 207 

BBL248_TTGTTGCA 213 BOH87_TTGTCTGA.140BP 206 

BBL249_TTGTCTGA 209 BOL101_TGCG.140BP 209 

BBL250_GTTCCA 209 BOL110_GTAT.140BP 210 

BBL251_CGTACA 210 BOL111_AACCA.140BP 210 

BBL252_GTCGGA 198 BOL112_CCACG.140BP 209 

BBL253_TGGACCA 213 BOL113_TATAA.140BP 211 

BBL254_GAGTCCA 198 BOL114_GAGCG.140BP 209 

BBL255_GGTGGCCA 206 BOL119_TCTGG.140BP 210 

BBL256_GGTCGTAA 210 BOL11_AACT.140BP 207 

BOH11_CGTACA.140BP 197 BOL125_TGCTCA.140BP 212 

BOH13_GACTAA.140BP 210 BOL126_GTTCCA.140BP 212 

BOH15_ATGACA.140BP 204 BOL15_CCAG.140BP 207 

BOH19_TCACAG.140BP 206 BOL17_TTGA.140BP 208 

BOH20_GTCGGA.140BP 183 BOL30_GGTA.140BP 202 

BOH24_AGATCCA.140BP 206 BOL54_ATTG.140BP 211 

BOH34_CATAGCA.140BP 204 BOL89_CGGT.140BP 203 

BOH35_TCCGACA.140BP 206 OBH140_AACT 160 

BOH36_TGGACCA.140BP 204 OBH142_CCAG 29 

BOH53_GACCTCA.140BP 204 OBH178_GGTA 207 

BOH59_ACTCGCA.140BP 201 OBH179_ATTG 178 

Individuals                       Number of loci         Individuals                        Number of loci 
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BOH62_CTAGACA.140BP 207 OBH180_CGGT 205 

BOH64_GAGTCCA.140BP 204 OBH181_TGCG 60 

Table 3.5 (Continued) 

 

 

 

BOH67_AGCATCA.140BP 

 

203 

 

OBL27_AACGAATT  210            

OBH183_AACCA 206 OBL29_CCAATCAG 201 

OBH184_CCACG 208 OBL2_AATGCA  207 

OBH185_TATAA 211 OBL30_TTGTCTGA  209 

OBH186_GAGCG 212 OBH182_GTAT   210 

OBH187_ACATA 212 OBL3_CCGTCA   210 

OBH188_CTCAG 204 OBL4_TTACGA   211 

OBH189_TCTGG 212 OBL5_CGTACA   210 

OBH190_CGGCA 193 OBL6_GACTAA   211 

OBH191_GAAGA 209 OBL7_ATGACA    212 

OBH192_ACGAG 203 OBL8_TCACAG    211 

OBH193_TGCTCA 212 OBL9_GTCGGA    198 

OBL11_AGATCCA 211   

OBL12_CATAGCA 210   

OBL13_TCCGACA 212   

OBL14_TGGACCA 213   

OBL15_GACCTCA 4   

OBL16_ACTCGCA 212   

OBL17_CTAGACA 211   

OBL18_GAGTCCA 198   

OBL19_AGCATCA 213   

OBL1_GTTCCA 209   

OBL20_CCATAGA 212   

OBL21_TTGCCACA 213   

OBL22_GGTGGCCA 206   

OBL23_AACAACGT 213   

OBL24_CCACCATG 212   

OBL25_TTGTTGCA 213   

Individuals                       Number of loci         Individuals                        Number of loci 
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OBL26_GGTCGTAA 210   

    

 

 
 

 

 
Appendix Figure 3.1: Showing result of Mantel Test, where X axis indicates Stream distance and 

Y axis indicates genetic Distance. There are 6 populations and 3 streams. 
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Appendix Table 4.1: Loci summary after denovo and POPULATIONS run in STACKS 

 

 

 

 

 

 

 

 

 

Population 

Loci with 2 haplotypes No of loci after filtering 

BBH 179,703 3129 

BBL 

BOH 77,001 2330 

BOL 

OBH 150,037 902 

OBL 
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Appendix Table 4.2 Locus number that were identified as outliers in the three different methods (all 6 populations comparison-Locus 

common in all three methods are highlighted) 

Outlier locus 

No. 

(Arlequin) 

Obs 

Het BP 

Obs FST FST-P 

value 

1-FST 

Quantile 

BayeScan 

(outlier 

locus) 

prob Log10(PO)  q value alpha FST PCadapt 

(outlier 

locus) 

41 0.3714 0.978 2.22E-39 2.22E-39 152 0.847 0.7437 0.099 1.224 0.31902 4 

37 0.349 0.921 8.42E-19 8.42E-19 153 0.853 0.7651 0.7321 1.103 0.301 12 

146 0.3317 0.8583 1.36E-06 1.36E-06 90 1.00 1.00 0 1.833 0.40032 18 

20 0.4233 0.8383 0.000357 0.00035       41 

195 0.498 -0.0216 0.000425 0.999       55 

152 0.471 0.826 0.000441 0.00044       64 

77 0.499 -0.0208 0.000462 0.999       87 

45 0.333 0.812 0.00073 0.00073       90 

118 0.473 -0.0135 0.0018 0.998       98 

206 0.500 -0.0095 0.00192 0.998       100 

161 0.497 -0.0094 0.00208 0.9979       110 

67 0.322 0.7176 0.00233 0.00233       114 

179 0.254 0.6842 0.0024 0.00241       119 

106 0.268 0.6717 0.00303 0.00303       131 

121 0.351 0.7374 0.00390 0.00390       133 

36 0.247 0.6636 0.0042 0.00425       152 
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Appendix Table 4.2 Locus number that were identified as outliers in the three different methods (all 6 populations comparison-Locus 

common in all three methods are highlighted) continued 

 

Outlier 

locus No. 

(Arlequin) 

Obs 

Het BP 

Obs FST FST-P 

value 

1-FST 

Quantile 

BayeScan 

(outlier 

locus) 

prob Log10(PO)  q value alpha FST PCadapt 

(outlier 

locus) 

126 0.246 0.6630 0.0043 0.00434       156 

122 0.143 -0.00047 0.0057 0.994       191 

99 0.238 0.641 0.0063 0.0063       192 

213 0.237 0.639 0.0065 0.0065       204 

190 0.132 0.0003 0.0066 0.9933        

153 0.525 0.623 0.0073 0.0073        

90 0.665 0.6183 0.0080 0.9919        

21 0.148 0.0038 0.0082 0.9917        

82 0.493 0.0059 0.0093 0.9906        

169 0.235 0.0078 0.0094 0.9905        

144 0.227 0.60 0.0097 0.0097        
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Appendix Table 4.3: Showing loci number (Catalog ID) that contain excess or deficient 

heterozygotes than expected under HWE. Here “+” indicates significantly fewer 

heterozygotes than expected under HWE and “-“ indicates significantly more heterozygotes 

than expected under HWE. 

 

 

Populations 

BBH BBL BOH BOL OBH OBL 

90930(+) 56352(-) 56352(-) None None 56352(-) 

138233(-) 85089(+) 81744(+)   111763(-) 

 111763(-) 91956(+)   138233(-) 

 138233(-) 111763(-)   149036 (-) 

 149036(-) 138233(-)    

  149036(-)    
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Appendix Table 4.4: Showing matching loci of Booloumba Creek outlier analysis (FST outlier 

method and PCA based method) with Overall outlier analysis 

Outliers in overall 

analysis 

Catalog ID of outliers from the overall 

analysis 

Catalog ID of outlier loci from 

in Booloumba Creek 

4 5216  

12 10072  

18 15214  

41 32017  

55 46090  

64 48490 48490 

87 61814 61814 

90 64645  

98 69577 69577 

100 70908  

110 74315 74315 

114 76650  

119 81744  

131 90930 909030 

133 91956  

152 99685 99685 

156 103753  

191 136084 136084 

192 136130 136130 

204 148281 148281 

37 29800  

146 96122  

20 15987  

195 138233  

77 56352  

45 36513  

118 81519  

206 149036  

161 111763  

67 49361  

179 126020  

106 73017  

121 85089  

36 29742  

126 87660  

122 85397  

99 70333  
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Appendix 4.5:  16 loci that are fixed for Booloumba Creek populations as outputs from FST 

outlier test in ARLEQUIN 

Locus 

No 

    Obs.     

Het. BP 

      

Obs. 

        

FST 

            

          FST P-value 

       1-FST 

quantile  

  

37 1 1 1.00E-07 0 

55 1 1 1.00E-07 0 

170 1 1 1.00E-07 0 

187 1 1 1.00E-07 0 

284 1 1 1.00E-07 0 

326 1 1 1.00E-07 0 

342 1 1 1.00E-07 0 

388 1 1 1.00E-07 0 

402 1 1 1.00E-07 0 

432 1 1 1.00E-07 0 

458 1 1 1.00E-07 0 

518 1 1 1.00E-07 0 

571 1 1 1.00E-07 0 

602 1 1 1.00E-07 0 

615 1 1 1.00E-07 0 

636 1 1 1.00E-07 0 
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Appendix Figure 4.1 A) Figure showing number of principal components for 131 individuals 

and 213 SNP. Usually the number of PC is set to more than the population number. Up to PC 

4 there is considerable variance after which there is no additional variance explained. B) p 

values from the test statistics are plotted in Manhatton plot and the distribution of the P values 

are plotted in a Q-Q plot with a threshold of 0.05. 
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Appendix Table 5.1 Haplotypes identified among the samples.  

 

 
Haplotypes   

Hap 1 Hap 2 Hap 3 Hap 4 Hap 5 Hap 6 Hap 7 Hap 8 Hap 9 
AY308108_PAUS
_TR36_L6 

11_LCO1490 12_LCO1490  28_LCO1
490 

6_LCO1490  85_LCO1490  AY308143_PA
US_Vck2_L4A 

AY308163_PAU
S_3Mo1_L4B 

AY622605.1 
Outgroup 

Paratya 

howensis 

 20_LCO1490 13_LCO1490   BBH131_LC

O1490 

94_LCO1490     

 21_LCO1490  17_LCO1490    AY308128_PA
US_Yan4_L 4C 

 

   

 24_LCO1490  23_LCO1490    BBH104_LCO

1490     

 25_LCO1490  48_LCO1490    BBH110_LCO

1490     

 27_LCO1490  81_LCO1490    BBH114_LCO

1490     

 29_LCO1490  87_LCO1490    BBH125_LCO

1490     

 3_LCO1490  BBH105_LC

O1490    BBH99_LCO1

490    

 4_LCO1490 BBH108_LC

O1490  
      

 BBH106_LC

O1490  

BBH123_LC

O1490        

 BBH121_LC

O1490  

BBH129_LC

O1490  
      

 BBH126_LC

O1490  

BBH95_LCO

1490 
      

 BBH127_LC

O1490  
       

 BBH128_LC

O1490         

 BBH132_LC
O1490         

 BBH133_LC

O1490         

 BBH136_LC
O1490 
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Appendix Table 5.2: Genotype frequency of Broken Bridge High site individual based on 

allozyme and microsatellite marker 

 

Marker Locus Genotype  Genotype frequency 

Allozyme 

AAT1 22 6 

23 20 

33 9 

AAT2 44 36 

MPI 

23 8 

12 12 

22 12 

13 1 

11 2 

33 1 

Microsatellite 

Ion 9 233,233 19 

233,225 2 

Ion 44 

137,137 5 

137,144 2 

132,144 5 

137,132 4 

132,132 3 

144,144 2 

454_36 

145,145 4 

145,154 1 

145,171 4 

159,171 3 

171,171 3 

154,171 1 

154,154 1 
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ABSTRACT 1 

Australian glass shrimp, Paratya australiensis has been considered as a non-model atyid for 2 

studying population genetics in freshwater ecosystems. However, there are no genome wide 3 

markers and no reference genome developed for this species. In this study, the Next Generation 4 

Sequencing Technique, Restriction Site Associated DNA Sequencing (RAD-seq), was employed 5 

in order to genotype thousands of Single Nucleotide Polymorphism (SNP) markers across the 6 

genome of P. australiensis. 47 individuals from Booloumba Creek in the Mary River catchment, 7 

Conondale Range, Queensland, Australia were sequenced using a double digest RAD-seq 8 

approach. Denovo assembly produced a total of 476,055 tags in the catalog.  Due to missing data, 9 

a few individuals were filtered out and 2330 loci were genotyped from 39 individuals. Upstream 10 

genetic diversity (0.2258, average across loci) was slightly higher than downstream diversity 11 

(0.2422, average across loci). PCA and structure plots showed clear divergence between the two 12 

populations, while a Neighbor-joining tree indicated that only a single mitochondrial DNA 13 

(mtDNA) lineage was present in the stream. Due to long term isolation and very little dispersal, 14 

the populations have diverged significantly at nuclear loci, although divergence at the mtDNA COI 15 

gene has been minimal. This study facilitated evaluation of new markers in this species. 16 

 17 

Keywords: freshwater atyid, genetic structure, RAD-seq 18 

 19 

 20 

 21 

 22 



 

 

 

 

 

150 

 

 

 

 

INTRODUCTION 23 

Genetic drift can cause genetic divergence among populations. It is a random process which causes 24 

differences in allele frequencies between generations (Lande, 1988). Population isolation may 25 

occur due to lack of sufficient dispersal, which also results in genetic divergence of populations 26 

(Slatkin, 1981). According to Slatkin (1993) a modest number of migrants per generation is enough 27 

to reduce genetic differentiation and maintain geneflow. Geographic distance could also be a 28 

barrier to dispersal which should be considered when studying genetic structure and gene flow 29 

among populations. When populations are isolated for a considerable time, over small to large 30 

geographical scales, they develop allelic frequency differences due to random genetic drift and/or 31 

selection (Coyne, 1992).  32 

The Australian glass shrimp Paratya australiensis (Kemp, 1917) (Decapoda: Atyidae) has been 33 

considered as a non-model atyid in streams to study biology, behavior, dispersal, phylogenetics 34 

and evolutionary genetics (Baker et al., 2004; Cook et al, 2006). This species plays an important 35 

role as an ecologically interacting macroconsumer in streams. Paratya inhabits freshwater streams 36 

in eastern Australia and has been identified as a cryptic species complex, consisting of 9 highly 37 

divergent mtDNA lineages, some of which are widespread, while others have very restricted 38 

distributions (Cook et al., 2006). A wide range of genetic markers including allozymes, 39 

mitochondrial DNA (COI gene) and microsatellites have been used to answer questions regarding 40 

the species movement patterns in streams, breeding, hybridization, introgression and genetic 41 

structure (Hancock & Hughes, 1999; Fawcett et al., 2010; Wilson et al., 2016).  Hughes et al. 42 

(1995) conducted a study in the Mary River and Brisbane River Catchments to examine dispersal 43 
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in a stream hierarchy network using allozyme markers. The study reported that up-stream 44 

populations from Booloumba Creek in the Mary River Catchment was significantly different from 45 

the Booloumba Confluence site, suggesting limited dispersal within the stream at least between 46 

these two sites (Hughes et al., 1995). However, the study was conducted with only 7 allozyme 47 

markers and allozyme markers have been criticised for a number of reasons. First, they are likely 48 

to be affected by selection (Carter et al., 1989) and secondly, they only detect a small amount of 49 

the total variation (Richardson et al., 1987). There is therefore a need for new markers to observe 50 

the present genetic status of the populations.  51 

SNP (Single Nucleotide Polymorphism) markers have been very popular in recent years, as they 52 

provide greater in depth genomic information compared to other markers and hence various 53 

population genomic studies have been conducted using this approach (Narum et al., 2010; Bourett 54 

et al.). Next Generation Sequencing (NGS) technology also known as massively parallel 55 

sequencing creates a reduced representation of the genome which is cost effective (Mackay & 56 

Schulte-Merker, 2014). The volume of independent markers developed by this technique is more 57 

informative than other markers (eg. Microsatellite, RFLP etc.) with respect to identifying genetic 58 

variation across hundreds of individuals (Morozova & Marra, 2008). Compared to other markers 59 

(microsatellite, AFLPs and RFLPs), which require prior information of the species of concern, the 60 

RAD-seq technique can be applied to an organism without a reference genome producing SNP 61 

markers in non-model organisms very efficiently (Helyar et al., 2011; Mastretta-Yanes, 2015).  62 

Development of SNP markers in non-model species such as Paratya australiensis requires denovo 63 

assembly. 64 
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The following study focuses on two populations (upstream and downstream) from Booloumba 65 

Creek in the Mary River Catchment. The aim of the study was to develop SNP markers using the 66 

double digest RAD-seq technique and genotype SNP markers without a reference genome 67 

(denovo) for the first time in Paratya australiensis, the Australian glass shrimp. Furthermore, the 68 

newly developed markers will be used to re-evaluate genetic diversity and population structure of 69 

Booloumba Creek populations and compare it with traditional estimates of genetic variation 70 

including allozymes and mtDNA. 71 

MATERIAL AND METHODS 72 

Sample Collection and DNA extraction 73 

Booloumba Creek, situated in the Conondale Range, north-west of Brisbane, Queensland was 74 

chosen as the study site (Fig. 1). The samples were collected from upstream and downstream sites; 75 

upstream: BOH-26˚41.062’S;152˚37.185’E, downstream: BOL- 26˚37.960’S, 152˚39.124’E). 76 

Upstream individuals are denoted as “BOH” and downstream individuals are denoted as “BOL”. 77 

The two sites are approximately 50km from each other. Approximately 50 individuals were 78 

collected from each site using a dip net and preserved in 100% ethanol immediately.   79 

DNA was extracted from abdominal tissue (25mg) of each shrimp. DN-easy Blood and Tissue kits 80 

(Qiagen) were used to extract DNA following the manufacturer’s instructions. DNA was eluted to 81 

50µl final volume. DNA concentration was quantified using a Qubit 3.0 fluorometer from Thermo 82 

Fisher Scientific according to the kit instructions. 1.5ug of DNA was produced for each individual 83 

to be sent for RAD library preparation and sequencing. 84 

 85 



 

 

 

 

 

153 

 

 

 

 

RAD-library preparation and Illumina Sequencing 86 

47 samples (24 from upstream and 23 from downstream site) were sent to the Australian Genomic 87 

Research Facility (AGRF), Melbourne to produce a double digest RAD library. The enzyme 88 

combination used was PstI/HypCH4IV. Barcodes ranged from 4bp to 8bp in length. 89 

The RAD library prepared from 47 individuals of Paratya australiensis was sequenced using the 90 

Illumina NextSeq500 platform. Paired end sequencing was done in High output mode of 150 91 

cycles. One Illumina Sequencing lane was used for this purpose. 92 

SNP discovery and genotyping 93 

The Double Digest Restriction Site Associated DNA Sequencing (ddRAD-Seq) protocol and 94 

Illumina Sequencing at AGRF generated reads of different numbers depending on the barcodes 95 

used. The STACKS pipeline v.1.35 (Catchen, et al., 2013) was used to clean, cluster and make a 96 

catalogue of the reads. Process_radtags was used to demultiplex sequences from each individual. 97 

This process included examining whether barcodes and cut sites were correct, one mismatch in 98 

barcodes was allowed. All sequences were trimmed to 140bp with an average quality score of 99 

90%. 100 

The STACKs script denovo_map.pl was run to assemble the reads into stacks, build a tag catalogue 101 

and match individual samples to the catalogue. For the denovo_map.pl, the following assembly 102 

parameters were used: minimum coverage for a stack is -m 3; minimum number of mismatches 103 

allowed between loci while processing a single individual is -M 2; minimum number of 104 

mismatches allowed between loci when building the catalogue was -n 1. A white list was made by 105 
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selecting loci with only two haplotypes and from that only a single SNP position was chosen to 106 

represent each locus. 107 

Next, the populations program was run in STACKS to output sample genotype data and SNPs into 108 

different common formats (vcf) for population genetic analysis. Minimum depth of coverage was 109 

chosen to m=10. The program populations were run with a white list. Several filtering parameters 110 

were used including -r 0.75 (loci present in 75% of the population), loci with a minimum allele 111 

frequency of <5% was excluded. Genotypes were exported in different file formats including 112 

Structure, Fasta, vcf, plink and GenePop format from the population program of STACKS. A vcf 113 

file generated from Stacks was converted by PGDspider v2.0.91(Lischer & Excoffier, 2012) into 114 

an Arlequin file format.  115 

Summary statistics 116 

Summary statistics (number of individuals genotyped, number of private alleles, major allele 117 

frequency, observed heterozygosity, nucleotide diversity [pi], and Wright’s F statistics (FIS) were 118 

calculated for RAD data using the populations pipeline of Stacks 1.35. 119 

The populations were tested for Hardy-Weinberg proportions (HWE) using exact tests for each 120 

locus using default settings in Arlequin v.3.5.1.2 (Excoffier & Lischer, 2010). Fst estimates were 121 

calculated between two population samples. Significance was assessed based on 1000 122 

permutations. 123 

Population clustering 124 

The Adegenet R package (Jombart, 2008) was used for PCA (Principal Component Analysis).  125 

Admixture clustering was used to assess genetic structure among populations as implemented the 126 
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R package LEA (Frichot & Francois, 2015). The sparse nonmetric matrix factorisation (snmf) 127 

approach implemented in the R package LEA uses least-squares estimates of ancestry proportions 128 

assuming K as ancestral population (Frichot et al., 2014). A cross validation method is followed 129 

in snmf which is known as the “entropy criterion”. The entropy criterion evaluates the quality of 130 

fit of the statistical model to the genotypic data. The entropy criterion can also facilitate choosing 131 

the number of ancestral populations that will best explain the genotypic data (Frichot et al., 2014). 132 

For this study, as there were 2 populations, the probability of admixture model was tested for 133 

clusters (K) ranging from 1-6, using 10 repetitions for each K value and cross entropy was applied 134 

to get an estimate of the number of ancestral populations.  135 

Barcoding and Phylogenetic analysis 136 

In order to check the mtDNA lineages of the Booloumba Creek Individuals, 7 (3 sample from 137 

Booloumba Creek High site (BOH) and 4 samples from Booloumba creek low site (BOL)) were 138 

sequenced for a fragment of the mitochondrial COI gene.  139 

A fragment of cytochrome c oxidase subunit I (COI) was amplified using standard LCO1490 and 140 

HCO2198 primers (Folmer et al., 1994) and PCR master mix contained 5x Mytaq buffer, 10 µM 141 

standard LCO1490 primer, 10 µM HCO2198 primers, 5U/µl of Mytaq and 100ng of DNA. The 142 

PCR protocol used started with an initial cycle of denaturation at 94˚C for 5min, and was followed 143 

by 15 cycles of 30s at 94˚C, 30s at 45 ˚C, 30s at 72 ˚C and another 25 cycles of 30s at 94 ˚C, 30s 144 

at 50 ˚C, 30s at 72 ˚C and a last extension cycle at 72 ˚C for 7min. The success of the PCR was 145 

checked on a 0.8% agarose gel at 80V for 40min. PCR product was cleaned prior to sequencing 146 

with exoSAP (Promega) following Werle et al. (1994). 39 individuals of the 120 individuals from 147 
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the Broken Bridge High Site were sequenced using Macrogen Inc. sequencing Facilities (Seoul, 148 

South Korea).   149 

Sequences were aligned and edited using SEQUENCHER v. 4.1(Gene Codes Corporation). Since 150 

the predominant lineages in Queensland are lineage 4 and 6 (Cook et al., 2006), mtDNA sequences 151 

already published were used as references to align the new samples.  The reference sequences used 152 

were (Gene Bank Accession no- AY308108-L6, AY308128-L4C, AY308163-L4B, and 153 

AY308143-L4A, AY308147-L4D, AY308157-L4E, AY308124-L3, AY308126-L1, AY308146-154 

L8, AY308151-L2, AY308171-L7, AY308172-L5, AY308175-L9 (Cook et al., 2006). Seven 155 

individuals were sequenced from the two Booloumba sites. Geneious v. 9.1.2 (Kearse et al., 2012) 156 

was used to construct a neighbor joining tree with the Booloumba Creek individuals and published 157 

sequences. 158 

RESULTS 159 

Demultiplexing of Booloumba Creek populations generated reads ranging from 1,193,103 to 160 

3,618,926 per individual. After quality filtering, retained reads ranged from 1,187,766 to 3,545,106 161 

(Appendix Table 1). Denovo assembly produced 476,055 tags in the catalog. After making a 162 

whitelist selecting only those loci with two haplotypes, 77,001 loci were selected in 47 individuals. 163 

The populations generated 2330 SNP from 39 individuals. Due to the large amount of missing data 164 

from the Booloumba Creek Low site samples, 8 individuals were deleted from the popmap.  165 

On average 1984 loci were detected in each individual with a range from 1702 to 2265 loci 166 

(Appendix Table 1). When only polymorphic nucleotide positions were considered the average 167 

number of individuals sampled at a locus was 22.38 (n=24) for Booloumba High and 14.035 168 
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(n=15) for Booloumba low (Table 1).  Observed heterozygosity was higher in the upstream 169 

population (0.2210) than the downstream (0.2161) population. However, nucleotide diversity and 170 

inbreeding coefficient were higher in the downstream population. Private alleles (794) were also 171 

higher in the downstream population than the upstream population (576).  172 

There were several loci which deviated from HWE but the deviations were not common to both 173 

populations, so, the loci were not discarded from the data set. For the Booloumba Low site (BOL) 174 

population, of the 2330 loci, 1292 loci were usable with less than 5% missing data and 933 loci 175 

were polymorphic. The two populations were highly differentiated (FST = 0.406, P< 0.001).  176 

Principal component Analysis (PCA) with 2330 loci from 39 individuals clearly separated the two 177 

populations based on the first two principal components (Fig. 2). PC1 accounted for 26.53% of the 178 

variation and PC2 for 7.93%. The snmf admixture plot also showed clear differentiation between 179 

the two populations (Fig. 3A) when number of clusters was K=2 (Fig. 3B).  180 

The two sites contained different mtCOI haplotypes that differed from each other by only one base 181 

pair. The Neighbor Joining tree showed that samples from the two Booloumba Creek sites all 182 

grouped in the same clade as Lineage 4C (Cook et al., 2006). The bootstrap support for this clade 183 

was high (94.1). Other reference lineages all grouped into different clades showing clearly that 184 

only a single lineage occurs in Booloumba Creek and it belongs to lineage 4 (Fig. 4).  185 

 186 
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DISCUSSION 189 

In this study, SNP markers were genotyped using a simple pipeline for RAD-seq data for the first 190 

time in Australian glass shrimp. The STACKS program for denovo assembly in Paratya 191 

australiensis was used for identifying the SNP’s. Reads developed from the double digest RAD-192 

seq were all very good quality with >89% bases above Q30 (Phred Quality Score). Since there is 193 

no available reference genome to align against, it was not possible to estimate what percentage of 194 

RAD marker coverage should be achieved. Despite the difficulties of Paratya as a non-model 195 

species, loci with good depth of coverage (82.99% individuals with good coverage) were observed 196 

in the analysis. Denovo assembly produced 2330 SNPs that were common to both populations. 197 

This is a sufficient number of SNP markers for estimation of population genetic parameters 198 

(Emerson et al., 2010). 199 

In this study observed heterozygosity was lower in downstream than upstream sites. This contrasts 200 

with findings from many other stream species (including P. australiensis), which report lower 201 

diversity at upstream sites (Gambusia holbrooki - Congdon, 1995 and also in Paratya australiensis 202 

-Hughes et al., 1995).  It is also surprising in that the potential for upstream dispersal which could 203 

increase diversity at BOH is likely to be low as there is a >10m waterfall separating the two sites. 204 

Another possibility is that shrimps from upstream are washed down as larvae, but they do not 205 

survive due to different environmental conditions downstream, higher temperature for example 206 

(Nosil, 2005). Wilson et al. (2014) hypothesized that lineage 4, which prefers upstream (Stoney 207 

Creek), moved further downstream over the years as temperature decreased due to heavy rainfall 208 

over a two-year period.  However, the influence of temperature needs to be investigated further. 209 
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According to Bunn & Hughes (1997) instream movement of invertebrates in the Conondale range 210 

has been very limited due to the physical nature of the stream which creates barriers for dispersal 211 

and their observation was further supported by the low rate of larval drift in chironomid and 212 

simuliid larve (Kerby et al., 1995) and in Paratya australiensis (Hancock & Bunn, 1997). The 213 

situation in Booloumba Creek could be explained by the theory of Lowe et al. (2006). According 214 

to Lowe et al. (2006) “isolation by slope” is sometimes responsible for population divergence 215 

where populations are isolated by increasing altitudinal difference. They also suggest that steeper 216 

gradients of headwater sections play a more significant role in population differentiation and 217 

restricted dispersal. Cook et al. (2007) also suggested that altitudinal gradient had a negative effect 218 

on Paratya australiensis dispersal in Granite Creek in Southern Australia.  219 

Population differentiation (FST = 0.406) was very large between the two Booloumba Creek 220 

populations, indicating restricted gene flow and limited dispersal between them which agrees with 221 

past findings (Hughes et al., 1995). This result is also consistent with the high number of private 222 

alleles in the low site population indicating limited connection with the upstream population. Bunn 223 

& Hughes (1997) suggested the fact that patterns of differentiation differed among loci within a 224 

stream may be due to different selection pressure on the allozyme loci that they used. The mean 225 

FST value based on allozymes (0.378) was remarkably similar to the figure reported here using 226 

SNPs.  227 

 The strong genetic structure is supported further by PCA and admixture clustering. Such strong 228 

structure could indicate that different lineages occur in the two populations. However, the neighbor 229 

joining tree shows that the individuals from up and downstream populations are from the same 230 
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lineage (L4). So, clearly the two populations do not represent different species. Highly structured 231 

populations have been reported in other stream species, for example the purple spotted gudgeon- 232 

Mogurnda adspersa (Shipham et al., 2013), the guppy- Poecilia reticulata (Barson et al., 2009), 233 

and another atyid shrimp Caridina-Caridina zebra (Hughes et al., 1996). This has been suggested 234 

to result from strong genetic drift in small, isolated populations (Barson et al., 2009).  235 

However, the observation that these two populations appear to be only very poorly connected by 236 

gene flow is likely to mean that there have been opportunities for them to adapt to their specific 237 

environments. It is likely that a long period of isolation has allowed some degree of adaptation to 238 

the warmer downstream and cooler upstream environment as was suggested by Fawcett et al. 239 

(2010). This study dealt with a difference in water temperature from 1-2˚C. According to the theory 240 

of ecological speciation, gene flow should decrease between sites with differing ecological factors 241 

(Crispo et al, 2006). This is because due to adaptive divergence in populations from different 242 

environment, dispersing individuals tend to be maladapted, have fitness lower than residents and 243 

as a result disperser may not survive, hence reducing gene flow between adapted populations 244 

(Nosil, 2004). When populations of redband (Oncorhynchus mykiss) from two different 245 

environments were compared, the FST values ranged from -0.005 to 0.3 and demonstrated that 246 

where selection is strong, FST values can be very high (Narum et al., 2010). Willing et al. (2010) 247 

found similar levels of structure in guppy populations within each drainage (Caroni, Oropouche 248 

and Northern drainage) in Trinidad and Venezuela.  249 
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Although this study is on a small spatial scale using only two populations, there was strong genetic 250 

differentiation between them. In the future, several other upstream and downstream populations 251 

from different streams could be studied to observe the presence of adaptation in this species. 252 
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List of Figure Captions 389 

Figure 1. Map indicating Booloumba Creek (white circle) in the Mary river Catchment, 390 

Conondale range, north -east Brisbane, South-eastern Queensland. Red region indicates 391 

downstream sites and blue regions indicate upstream sites. Blue colour indicates cooler region at 392 

high altitude and yellow-red indicates warmer environment at low altitude 393 

Figure 2. Principal Component Analysis (PCA) of Booloumba High and Low populations 394 

(Paratya australiensis). BOH indicates Booloumba High Site population and BOL indicates 395 

Booloumba low site population. Variance at PC1 is 26.53% and at PC2 is 7.93%. PC1 (Principal 396 

component 1) shows most variance as observed on the scree plot above. 397 

Figure 3. A) Clustering of Booloumba high and low populations (Paratya australiensis) based on 398 

K=2. Blue colour indicates individuals from Booloumba high and Orange indicates individuals 399 

from Booloumba low populations. B) Cross-entropy vs ancestral population plot indicates the best 400 

number of cluster that fits the genotype data which showed 2 clusters were suitable for the data. 401 

Figure 4. Neighbor Joining Tree of Booloumba Creek individuals along with reference sequences. 402 

Numbers on branches refers to bootstrap values. 403 
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409 

 Table 1. Summary statistics for Booloumba Creek upstream (BOH) and downstream (BOL) site, calculated for (A) only polymorphic nucleotide 

positions (variant positions), and (B) all nucleotide positions (variant and fixed positions). Statistics are calculated per population and include the 

mean number of individuals genotyped per locus (N), the number of alleles that are unique to the group (Private), the number of polymorphic 

sites (Poly sites), the average frequency of the major allele (P), the mean observed heterozygosity (Hobs), the mean nucleotide diversity (pi- π), 

and the mean inbreeding coefficient (FIS). 

 

 N Private Poly Sites    P Hobs  Hexp π FIS 

 A    Variant Positions         

  BOH                                 22.38   576   2330  0.8295 0.2210 0.2258 0.2310 0.0398 

  BOL 14.035   794   2330  0.8216 0.2161 0.2422 0.2513 0.0999 

B    All Positions - Variant and Fixed         

  BOH 0.4596 567 2330 0.0035 0.000 0.000 0.0016 0.0003 

  BOL 0.5290 794 2330 0.0022 0.000 0.000 0.0018 0.0007 
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Appendix Table 1: Individual Id, number of demultiplexed reads, retained reads and number of 

loci present post filtering 

 

Sample 

ID 

Total reads Retained reads Filtered loci  

BOH11 

BOH13 

BOH15 

BOH19 

BOH20 

BOH24 

BOH34 

BOH35 

BOH36 

BOH53 

BOH59 

BOH62 

BOH64 

BOH67 

BOH69 

BOH75 

BOH77 

BOH79 

BOH82 

BOH83 

BOH84 

BOH85 

BOH86 

BOH87 

 

 

1,593,046.00  

 2,391,679.00  

 2,111,783.00  

 2,014,048.00  

 1,193,103.00  

 2,130,264.00  

 2,019,080.00  

 2,385,680.00  

 2,362,197.00  

 2,154,592.00  

 2,206,064.00  

 2,723,577.00  

 2,473,652.00  

 2,087,180.00  

 1,972,860.00  

 2,797,642.00  

 2,102,360.00  

 2,656,505.00  

 3,252,998.00  

 3,038,248.00  

 2,355,452.00  

 2,578,632.00  

 2,606,648.00  

 2,816,920.00  
 

1,587,352.00  

2,388,492.00  

2,104,579.00  

1,998,914.00  

1,187,766.00  

2,128,273.00  

2,016,398.00  

2,380,509.00  

2,355,871.00  

2,151,607.00  

2,203,856.00  

2,720,529.00  

2,470,090.00  

2,080,053.00  

1,967,840.00  

2,792,299.00  

2,100,107.00  

2,647,605.00  

3,247,810.00  

3,034,797.00  

2,352,142.00  

2,560,776.00  

2,601,776.00  

2,813,277.00  
 

2104 

2217 

2246 

2179 

1702 

2213 

2196 

2220 

2203 

2209 

2190 

2245 

2206 

2216 

2192 

2244 

2196 

2243 

2265 

2233 

2220 

2178 

2211 

2233 
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Appendix Table 1 (continued): Individual Id, number of demultiplexed reads, retained reads and 

number of loci present post filtering 

Sample ID Total reads Retained reads Filtered loci  

BOL11 

BOL125 

BOL17 

BOL30 

BOL54 

BOL89 

BOL101 

BOL110 

BOL111 

BOL112 

BOL113 

BOL114 

BOL119 

BOL126 

 

 
 

 

 

 

 

 

 
 

 

2,242,705.00  

2,283,871.00   

 2,078,847.00  

 1,974,576.00  

 2,245,278.00  

 2,138,657.00  

 1,856,992.00  

 2,323,465.00  

 3,618,926.00  

 2,203,472.00  

 2,471,213.00  

 2,213,779.00  

2,049,162.00 

2,779,238.00   

   

  

  

 
  

  

  

  

  
 

2,123,918.00  

2,279,073.00 

2,021,549.00  

1,963,449.00  

2,232,632.00  

2,119,934.00  

1,841,931.00  

2,301,282.00  

3,545,106.00  

2,194,370.00  

2,458,256.00  

2,196,195.00  

2,038,256.00   

2,773,467.00   

  

 
  

  

  

 

 
 

  

  
 

2184 

2194 

2157 

2153 

2186 

2181 

2177 

2212 

2247 

2183 

2220 

2206 

2254 
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