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Abstract:  

The darkbarbel catfish (Peltoebagrus vachelli) is a small bodied benthic fish that 

inhabits the Yangtze River in China and is commercially valued as food.  The objectives of 

this project were to develop the first set of microsatellite primers specific to P. vachelli 

and use them to examine the levels of genetic variability and population structure of 

three populations collected at three sites (Yibin, Luzhou, and Song Ji) along an 

unfragmented stretch of the upper Yangtze River.  Microsatellite primers were designed 

from an enriched library of genomic DNA and a total of eight primer pairs were 

optimized to produce reliable polymorphic PCR amplicons on a LI-COR 4200 IR2 platform.  

A high level of variability was detected amongst the isolated loci with the number of 

alleles per locus ranging from 14 – 29 and mean observed and expected heterozygosity 

values of 0.84 and 0.90 respectively across the entire sample set.  Overall levels of 

genetic diversity were high within the three populations with mean observed and 

expected heterozygosities ranging from 0.823 – 0.869 and 0.864 – 0.921 respectively.  

Little evidence of genetic structure was detected (global FST = 0.0065, p < 0.05) within 

the sampled region and pairwise tests of differentiation were not significant (all FST p > 

0.05).   These results imply historically large populations of P. vachelli in the upper 

portion of the Yangtze River that, in the absence of artificial barriers, are part of a single 

panmictic unit.  As plans have been put forth for construction of hydroelectric 

installations within the sampled region, this study provides a baseline estimate of the 

levels of genetic variation present in P. vachelli within the remaining undammed stretch 

of the Upper Yangtze River which will serve as a foundation for future analyses on the 
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effects of river fragmentation within this region.  Additionally the isolation and 

characterization of the microsatellites will provide useful molecular markers for a variety 

of other applications in this and closely related species such as parentage analysis, 

determination of stocks, and maintenance of genetic variation in stocking practices.   
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Chapter 1: Introduction: 

River Fragmentation 

River fragmentation through the construction of hydroelectric installations may 

cause severe impacts on local biological diversity and ecosystems in the surrounding area 

(Pringle et al., 2000).   As such, dam development is increasingly viewed as the largest 

anthropogenic threat to aquatic species diversity in many rivers globally (Fan et al., 

2006).  In particular dams affect fish by blocking their migratory routes, fragmenting 

populations, disturbing their spawning grounds, and changing the hydrological conditions 

to which they are adapted (Pringle et al., 2000; Wu et al., 2003; Fu et al., 2003; Chen et 

al., 2009).  For these reasons dams can produce many changes in fish community 

structure including: a decrease in the number of species, especially flood dependent and 

migratory ones; an increase in exotic species; decreases in population sizes; and the 

elimination of rare species (Pringle et al., 2000; Chen et al., 2009).  

Genetic Consequences of River Fragmentation  

Until recently, few studies had investigated the genetic changes in fish 

populations associated with the construction of dams (Eg. Neeras and Spruell, 2001; 

Heggenes and Roed, 2006; Deiner et al., 2007; Reid et al., 2008a). However, it is now 

recognized that river fragmentation through the construction of dams  and other artificial 

barriers to flow including weirs and sluice gates can generate changes in the levels and 

distribution of genetic diversity within and among fish populations (Eg.  Meldgaard et al., 

2003; Laroche and Durand, 2004; Beneteau et al., 2009).  These barriers to fish 
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movement can lead to decreased genetic diversity in isolated populations, increased 

differentiation among populations, altered patterns of gene flow, and upstream to 

downstream gradients in genetic variation (Yamamoto et al., 2004; Dehais et al., 2010; 

Yamazaki et al., 2011).  Moreover, the effects of river fragmentation have been shown to 

affect different species to varying degrees, depending on factors including the 

permeability of barriers, life history traits and the natural distribution of the species of 

interest, as well as the structure of the aquatic landscape (Pringle et al., 2000; Haponski 

et al., 2007; Skalski et al., 2008; Reid et al., 2008a). 

Biodiversity in the Yangtze River 

 As the third largest river in the world at over 6300 km in length, the Yangtze River 

is home to rich biodiversity (Fu et al., 2003; Chen et al., 2009).  The changing geological 

and climatic conditions associated with the uplift of the Tibetan plateau during the 

Pleistocene led to a wide assortment of ecological environments throughout the river 

basin which has resulted in a vast collection of species with varying life-history 

characteristics (Chen et al., 2009; Duan et al., 2009).  With more than 350 fish species, of 

which 177 are endemic, this river is the most species rich in the palearctic region (Fu et 

al., 2003; Park et al., 2003).  Concerns about the maintenance of this valuable biological 

resource have arisen as fish in the Yangtze are depleted through a combination of factors 

including habitat fragmentation, overfishing, water quality deterioration and invasion of 

exotic species (Chen et al., 2009).  Of these, construction of hydrological installations is 

considered to pose the greatest risk. Hence there is a need for scientific studies that 

provide information on the fish resources in the Yangtze River to form and implement 
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effective management strategies for the protection and utilization of fishery stocks (Fu et 

al., 2003; Chen et al., 2009) 

High Levels of Biodiversity in the Upper Yangtze River  

 Within the Yangtze basin, the richest levels of fish biodiversity are found in the 

upper reaches (Fu et al., 2003).  In the main stem alone, there are 162 species including 

44 that are endemic and at serious risk of extinction with continued dam development 

(Park et al., 2003).  This has led some authors to propose that conservation initiatives, 

especially for fish in the upper reaches of the Yangtze basin, should be considered an 

immediate priority (Fu et al., 2003; Fan et al., 2006). 

Dam Development in the Yangtze Basin 

 The Yangtze River Basin is currently the most threatened aquatic environment in 

the world in terms of development pressure in the form of hydroelectric dams, with 

more than 40 large dams either planned or under construction (WWF, 2004).   The 

construction of hydroelectric impoundments in the main stem of the Yangtze River began 

with the construction of the Gezhouba Dam in 1981 (Fan et al., 2006).  This was followed 

with the construction of the Three Gorges Dam, the largest hydroelectric project in the 

world with a potential for producing 2.65 Billion Kw hours of electricity per year, and 

which began producing power in 2003 (Xiao et al., 2006).  This dam modified the flow of 

the Yangtze which had historically been a fast flowing river in this section and created a 

reservoir that stretches for more than 600 km upriver to the municipality of Chongqing 

(Fu et al., 2003).  The greatest potential for hydropower along the Yangtze River is in the 
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upper reaches and the majority of dams that are now planned or under construction are 

being developed within this portion of the river (Yonghui et al., 2006).  Development 

began within this region in 2003 with the construction of the Xiluodu Dam which was 

soon followed by the Xiangjiaba Dam completed in 2008 (Yonghui et al., 2006; Zhang et 

al., 2011).  Several other dams are now either planned or under construction which will 

lead to dramatic changes to the hydrologic conditions and pose serious risk to the 

continued survival of many of the rare and culturally important species within the region 

(Yonghui et al., 2006; Zhang et al., 2011).    

Consequences of Dam Construction along the Yangtze River 

Since the commencement of hydroelectric development along the Yangtze River, 

significant changes to fish community structure have already been noted including a 

decline in the number of species, particularly migratory ones, a decrease in the size and 

age of fish, and an increase in the number of exotic species (Chen et al., 2009; Fu et al., 

2003).  In 2000, a national level aquatic nature reserve was established in the upper 

Yangtze region to protect rare and endemic species that covers a stretch of the main 

stem from Leibo to Hejiang (Chongqing) and in 2005 it was expanded to include some of 

the major tributaries (Fan et al., 2006).  This reserve was developed to mitigate the 

impacts of dam construction.  However, despite the initial objectives of this reserve, 

there continues to be development in the form of hydroelectric installations within the 

boundaries of the reserve (Zhang et al., 2011; Figure 1).  As Fu et al. (2003) noted, there 

is a need for more stringent conservation practices especially for the fish in the upper 

Yangtze region.
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Figure 1: Map of the upper Yangtze River system where: XLD represents Xiluodu; XJB Xiajiaba; PCZ the Pianchuangzi; SP, Shipeng; ZYX, 
Zhuyangxi; XNH, Xiaonanhai; HC, Hechuan; LXH, Longxie; PS, Pengshui; DXK, Daxikou; TGD, Three Gorges Dam; GZB, Gezhouba Dam.  
The life history information refers to Dabry’s sturgeon (Acipenser dabryanus).  (Figure taken from Zhang et al., 2011)  
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Case Study: The Chinese Sturgeon 

Some of the more serious effects on fish from the construction of dams along the 

Yangtze River have been recorded in large migratory species as there are no fish passage 

facilities incorporated in most of the dams in China.  Three species in particular, the 

Chinese paddlefish (Psephurus gladius), the Yangtze or Dabry’s  sturgeon (Acipenser 

dabryanus) and the Chinese sturgeon (A. sinensis) have suffered serious population 

declines and are currently listed as critically endangered on the IUCN Red List (IUCN 

2010).  For example, the Chinese sturgeon, is an anadromous species that formerly 

migrated a distance of approximately 3000 km from the East China Sea to their breeding 

ground in the upper Yangtze River.  These fish have been restricted to the lower section 

of the river since the construction of the Gezhouba Dam in 1981 which blocked their 

migration route (Xie, 2003).  A new, smaller, spawning ground has been established 

below the dam, however there has been a significant reduction in population size (Qiao 

et al., 2006; Yang et al., 2006a).  Despite an active breeding program, the spawning stock 

has been diminishing and the age structure and sex ratios have changed, resulting in 

more older individuals and a higher female to male sex ratio with poor gemmate quality 

amongst the remaining males (Hui et al., 2006).  Molecular analyses have found there is 

still a great deal of genetic diversity among the remaining sturgeon yet the question 

remains as to the effect that changing water conditions through additional dam 

construction along the river will pose to the survival of this species (Zhang et al., 2003; 

Xie, 2003). 
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Population Structure in the Yangtze River 

Few studies have focused on the natural genetic population structure found at 

the local scale within river watersheds (eg. Laroche et al., 1999; Carvalho-Costa et al., 

2008; Carlsson and Nilsson, 2000; Perdices et al., 2003).  One exception to this focused 

on the four major carp species in the Yangtze River; Silver Carp (Hypophthalmichthys 

molitrix), grass carp (Ctenopharyngodon piceus), bighead carp (Aristichthys nobilis), and 

black carp (Mylopharyngodin piceus) (Lu et al., 1997).   All are native to East Asia and 

together are the major source of freshwater fish production in China and rank amongst 

the top in the world (Lu et al., 1997).  Prior to the construction of the Three Gorges Dam, 

a study was carried out to investigate the natural population structure and levels of 

genetic diversity of these fish (Lu et al., 1997).  High genetic variability was found among 

the silver, bighead, and black carp from different nurseries using mitochondrial DNA 

indicating that they belonged to different genetic stocks but the there was little variation 

amongst the sampled grass carp populations which the authors suggested may be linked 

to past demographic differences among the species (Lu et al., 1997).  These findings 

indicate that at least some fish inhabiting the Yangtze basin cannot be managed as a 

single unit and support the notion that further research focussing on the natural 

distribution patterns of a variety of species are needed if effective conservation and 

management strategies are to alleviate the pressures of anthropogenic activities such as 

the construction of hydroelectric dams on fish biodiversity in the Yangtze (Lu et al., 1997; 

Chen et al., 2009). 
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Genetic Impacts of Fragmentation along the Yangtze 

There are few studies in the English literature focussing on the genetic effects of 

fragmentation of local fish population structure within the Yangtze basin, and those that 

do exist, have focussed on economically important species (Wang et al., 2006; Zhang and 

Tan, 2010;  Yang et al., 2011).  In the largemouth bronze gudgeon (Coreius guichenoti), a 

benthic potadromodous fish that migrates to the upper Yangtze  to lay eggs, molecular 

analyses have found little population structure along the unfragmented stretch of the 

main stem of the Yangtze River, but populations blocked by hydroelectric projects on 

tributaries and below the Gezhouba Dam show significant differentiation (Zhang and 

Tan, 2010).  In another study, the distribution of genetic variance among populations of 

the longsnout catfish (Leiocassis longirostris), a benthic semi-migratory species, was 

examined and little evidence of structure associated with river fragmentation was 

detected using both mitochondrial and nuclear DNA (Yang et al., 2011).  This conflicted 

with previous work which had reported low levels of genetic variation within this species 

and significant genetic distance among populations along different stretches of the river 

(Wang et al., 2006).  This highlights the need for more research examining the impacts of 

dam construction along the Yangtze River and the importance of studying a variety of 

species with varying life history characteristics.   

Molecular Tools Applicable to Fisheries Biology  

 During the past few decades a variety of molecular tools have been developed to 

investigate genetic variation within and among individuals and populations that can 
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answer a variety of questions in fish biology.  Genetically based fisheries studies began in 

the 1950’s using blood type variants and soon after allozyme analyses were introduced 

to determine stock composition, mainly in commercially important salmonid species 

(Ward and Grewe, 1994).  Since then a plethora of new genetic marker systems have 

been employed including: Amplified Fragment Length Polymorphisms (AFLPs), Random 

Fragment Length Polymorphisms (RFLP’s), Randomly Amplified Polymorphic DNA 

(RAPD’s), mitochondrial DNA, Microsatellites, Single Nucleotide Polymorphisms (SNP’s), 

and Quantitative Trait Loci (QTLs).  Polymerase Chain Reaction (PCR) approaches have 

made it easy to gather large amounts of information from small and historic samples (Lui 

and Cordes, 2004). These markers are now used in a wide variety of applications in 

fisheries research and management including the determination of phylogenetic 

relationships among species and taxa, genetic mapping, forensic identification, and 

quantifying levels of variation (Wirgin and Waldman, 1994; Lui and Cordes, 2004; Withler 

et al., 2004). 

Microsatellites 

 Due to their relative ease of use and high resolution in detecting variation among 

individuals, populations, and closely related taxa, microsatellites have become the 

marker of choice in many population studies (eg. Estoup et al., 1998; Seeb et al., 2007; 

Aspi et al., 2008; Kruckenhauser et al., 2008).  They are co-dominant, inherited in a 

Mendelian fashion, typically highly polymorphic, ubiquitous throughout the genome, and 

are generally thought of as selectively neutral markers (Lui and Cordes, 2004; Chistiakov 

et al., 2006).  Microsatellites consist of repeated units of DNA, with repeats usually 2 to 6 
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base pairs (bp) in length, and various alleles are determined by differences in the number 

of repeats (Lui and Cordes, 2004).  As they are mainly found in non-coding regions of 

nuclear DNA and display high levels of polymorphism, microsatellites are now widely 

used to answer many questions in fisheries biology including: parentage analysis 

(Bernatchez and Duchesne, 2000; Venturelli et al., 2010), quantifying levels of variation 

in brood stocks (eg. Li et al., 2004; Withler et al., 2007), delineating population structure 

(eg. Spruell et al., 1999; Salgueiro et al., 2003; Wilson et al., 2004; Whiteley et al., 

2006b), assignment of individuals to putative populations (Primmer et al., 2000), species 

and stock identification (Withler et al., 2004), detecting fisheries induced evolution 

(Hutchinson et al., 2003), and detecting genetic signatures of recent environmental 

fragmentation (Zhang et al., 2006; Reid et al., 2008a and b).   

Catfish Evolutionary History 

 Catfish are members of the Ostariophysi which is the second most diverse 

superorder within the Teleostei (Saitoh et al., 2003).  Included in the Ostariophysi are five 

orders: the Gonorynchiformes (milkfish), Cypriniformes (minnows, carps, and loaches), 

Characiformes (tetras), Siluriformes (catfish), and the Gymnotiformes (electric eels).  

Within the Ostariophysi, the Gonorynchiformes have traditionally been thought of as the 

sister group to the remaining four orders, collectively termed the Otophysi (Saitoh et al., 

2003).  This group of fish has historically been considered monophyletic however recent 

molecular analyses of complete mitochondrial DNA sequences have revealed that the 

gonorynchiformes are more closely related to the clupeiforms, thereby calling into 

question the monophyly of the Ostariophysians (Saitoh et al., 2003; Peng et al., 2006a).  
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 Several studies have investigated the origin and evolutionary history of the 

Otophysan fishes.   Of the non-marine vertebrates, they are thought to be one of the 

most informative groups of animals in determining historical continental relationships as 

they are mainly restricted to freshwater environments and are not transported by other 

means such as wind or birds (Briggs, 2005).  The prevailing view is that the otophysians 

have a Pangean origin and only certain lineages expanded in time to become established 

on the various continents (Saitoh et al., 2003).  As such, it is thought that the otophysians 

originated in South America as this is home to the Gymnotiformes, the most apomorphic 

of the Characiformes and Siluriformes, and two of the most ancestratral siluriform clades 

(Briggs 2005, Sullivan et al., 2006). 

The otophysian fish are characterized by having a Weberian apparatus which is an 

articulated series of transformed anterior vertebrae that extends from the middle ear to 

the swim bladder (Saitoh et al., 2003).  This specialized bony connection permits acute 

auditory perception which provides a selective advantage and has contributed to the 

evolutionary success of the otophysian orders (Briggs, 2005).   

Siluriformes  

Catfish form an incredibly diverse group of fish with 3093 species recognized 

(Ferraris, 2007) and another estimated 1750 species yet to be discovered and described 

(Sabaj et al., 2004).  They are distributed among 477 genera and 36 families and have a 

global distribution, with fossil catfish discovered even in Antarctica (Diogo, 2005; 

Ferraris, 2007).  The majority of catfish inhabit freshwater environments although there 
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are some that are found in brackish and marine environments (Ferraris, 2007).  In recent 

years, catfish have become the subject of large scale projects such as the All Catfish 

Species Inventory (ACSI), a global initiative devoted to discovering, naming and 

classifying catfish species as well as determining the higher level phylogenetic 

relationships within this group (Sabaj et al., 2004; Sullivan et al., 2006). 

Catfish Phylogeny 

It has been found that Siluriformes form a robustly monophyletic group (Saitoh et 

al., 2003; Peng et al., 2006a; Sullivan et al., 2006; Wang et al., 2011a).  Within the 

Siluriformes, the prevailing view, based on morphological data (Mo, 1991) and molecular 

analysis using the complete sequence of the mitochondrial cytochrome b gene was that 

Diplomystidae represented  the most basal of the catfish groups (Hardman, 2005).  

However, recent molecular analysis using rag 1 and rag 2 sequences found the South 

American Locricarioidei to be the sistergroup to the remaining catfishes which were 

separated into Diplomystidae and Siluroidei (Sullivan et al., 2006).  Within the Siluroidei, 

results of these analyses indicate that there was rapid speciation from a common 

ancestor followed predominantly by intracontinental diversification (Sulivan et al., 2006). 

The Family Bagridae 

Bagrid catfish are traditionally recognized as a primitive group of catfish that are 

widely distributed in Africa and Asia in both fresh and brackish water (Mo, 1991; Ku et 

al., 2007).  In a recent checklist of catfishes it was reported that the family Bagridae 

comprises 23 genera and 183 species including 11 fossil species (Ferraris, 2007).  Within 
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the Yangtze River, the family Bagridae is one of the most diverse families accounting for 

5.8% of the total number of species including 3.9% of those that are endemic (Fu et al., 

2003).   

As currently defined, the family Bagridae is not monophyletic (Mo, 1991; Harman, 

2005).  Based on morphological data Mo (1991) proposed that the group be divided into 

two subfamilies, namely Ritinae and Bagrinae (Mo, 1991); this split has recently been 

supported by molecular analyses that have found the bagirds to be monophyletic with 

the exclusion of Rita (Hardman, 2005; Sullivan et al., 2006).  Subsequently, molecular 

analyses using mitochondrial cytochrome b sequences have found that the bagrids in 

East Asia and specifically those in China form a monophyletic group (Hardman, 2005; 

Peng et al., 2006a).  A molecular clock calibration using cytochrome b sequence data for 

East Asian bagrids suggests that although bagrids have a fossil record dating back to the 

Eocene (Ng, 2003), the majority of the extant species in East Asia resulted from rapid 

speciation within the past 10 million years (Ku et al., 2007).   

Genera of the Family Bagridae 

Within the Bagridae, there appears to be polyphyleticism of genera however the 

species assigned to these genera form a robustly monophyletic group with relatively low 

genetic divergence (Hardman, 2005; Ku et al., 2007).  Ku et al. (2007) investigated the 

intrafamilial relationships of East Asian bagrid catfish using morphological data combined 

with sequence data from mitochondrial cytochrome b fragments and proposed that the 

structure of the maxillary barbels and the presence or absence of serrations on the 
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anterior edge of the pectoral spines seem to be appropriate indicators of the 

phylogenetic relationships within this group.  Thus it has been proposed that the genera 

of the family Bagridae are in need of revision, and that synonymising the genera 

Pelteobagrus with Pseudobagrus and including some Leicassis species would more 

accurately reflect the evolutionary relationships in this group (Hardman, 2005; Ku et al., 

2007). 

The study species: Pelteobagrus vachelli   

The darkbarbel catfish (Pelteobagrus vachelli) is a small, benthic, omnivorous fish 

distributed in China, Vietnam, and Korea (Ferraris, 2007; Fishbase) (Figure 2).  Within 

China, it is found in the majority of watersheds and throughout the entire length of the 

Yangtze with the exception of the head-water basin (Fu et al., 2003; Zeng et al., 2010).  

Adult P. vachelli are known to feed at dawn and dusk (Gan et al., 2007) and tend to eat 

insect larvae, molluscs,  and occasionally small shrimp and fish as well as vascular plant 

debris (Wang et al., 2011b).  Physiological studies of P. vachelli have shown that they 

have a high aerobic capacity, and that they are robust and tolerant to a variety of 

environmental conditions including temperatures that are well below their optimal range 

(Peng et al., 2007; Zhu et al., 2010).  Unusual characteristics of this fish include their 

venomous pectoral spine and high lipid content, ranging from 8.72 to 14.3 % of their 

body weight and 30.5 to 43.7 % dry mass (Wang and Xie, 2003; Fu et al., 2009).   

Pelteobagrus vachelli in the lower part of the Yangtze River are known to spawn 

once annually from April to July and those in the upper reaches from May to July (Wang
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Figure 2: Photo of an individual Pelteobagrus vachelli fish collected during the sampling procedure (Photo courtesy of Dr. B. Murray) 
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et al., 2011b; Duan and Sun, 1999b).  They breed in areas with submerged vegetation in 

the main stem of the Yangtze River and its tributaries (Wang et al., 2004; Wang et al., 

2011b).  The age of sexual maturity is 2 years and the age of P. vachelli in the 

reproductive population ranges from 2-7 years in males and 2-4 in females, with the 

dominant age group 2-3 years old (Duan and Sun, 1999b; Yang, 2006).  In this species, 

males grow faster than females and significant differences between the sexes can be 

seen after two years of age (Duan and Sun, 1999a). 

P. vachelli is an economically important species and together with P. fulvidraco, 

accounts for more than 10 % of the catch in the Banan region of the upper Yangtze (Duan 

et al., 2002).  Due to their high market price and prominence as a food fish, P. vachelli 

has become a popular aquaculture species and has been stocked in inland China (Ma et 

al., 2003; Zheng et al., 2010).  Successful artificial reproduction and breeding of P. 

vachelli was achieved in the late 1990’s (Zeng et al., 2010) and since then there have 

been several studies focussing on the diet and rearing of these fish in order to increase 

yields (eg. Wang et al., 2001; Xiao et al., 2002; Long et al., 2005; Wang et al., 2005; Wang 

et al., 2007; Gan et al., 2008).  However, this fish is currently being over exploited in the 

wild; although it has been increasing in the percent catch (Chen et al., 2009), total 

numbers have been declining throughout the past decade (Zeng et al., 2010). 

Population Structure of Pelteobagrus vachelli 

One previous study has investigated the genetic structure of P. vachelli and P. 

fulvidraco in the Yangtze River using PCR-RFLP analysis of the mitochondrial ND5/6 and 
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D-loop fragments (Wang et al., 2004).  Three populations were examined along the 

length of the river with one population sampled in the upstream portion and the 

remaining two from the below the Gezhouba Dam in the middle and lower sections of 

the Yangtze River (Wang et al., 2004).  There were higher levels of genetic diversity in P. 

vachelli compared to P. fulvidraco and no haplotypes were shared among the upstream 

and mid-downstream populations in either species (Wang et al., 2004).  This suggests 

that the Three Gorges region formed a natural barrier to gene flow in the Yangtze River.  

However, a lower degree of differentiation among the upstream and mid-downstream 

populations was detected in P. vachelli compared to P. fulvidraco, and the authors 

suggest that this difference may be due to differences in spawning behaviour or a limited 

population size of P. vachelli in the Yangtze River (Wang et al., 2004). 

Effects of Dam Construction on Pelteobagrus vachelli 

            There is uncertainty as to the effects that future construction of hydroelectric 

installations without fish passage facilities will have on the genetic diversity of 

populations of P. vachelli in the Upper Yangtze Basin.  There is a possibility that the 

division of the river may lead to isolated populations with reduced genetic diversity or 

alternatively, under the changing environmental conditions associated with reservoir 

formation, this species may proliferate and population sizes expand.  A species similar to 

P. vachelli in terms of ecology, found in North America and Asia and likewise tolerant to a 

broad range of environmental conditions, is Brown bullhead (Ameirus nebulosus) (Scott 

and Crossman, 1973).  Molecular analyses of this species using nuclear and allozyme data 
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have found lower levels of genetic diversity in populations from historically degraded 

sites compared to more pristine locations (Silbiger et al., 2001).  This would suggest then 

that the levels of genetic diversity in P. vachelli along the upper stretch of the Yangtze 

may be at risk due to both the effects of population isolation and the changing aquatic 

conditions associated with dam construction. 

Purpose of this Study 

 Scientific studies, particularly those that investigate genetic diversity and 

population structure of culturally and economically important fish species are needed to 

inform comprehensive management and protection strategies of fishery resources and 

biodiversity in the upper Yangtze Basin (Chen et al., 2009). Furthermore, it has been 

shown that common species are capable of providing valuable information that can be 

combined with knowledge of species of more concern to guide management and 

conservation directives (Whiteley et al., 2006a).  This project provides a case study of the 

levels of genetic diversity and population structure of a non-migratory benthic species 

along the remaining undammed stretch of the upper Yangtze River.  This study provides 

a baseline for future temporal analyses as dams are constructed within this area.   

The specific objectives of this experiment were to: 1) develop a set of 

microsatellite loci specific to P. vachelli, and 2) employ these genetic markers to 

investigate the levels of genetic variance within and among three populations along the 

upper Yangtze River.  The isolation and optimization of a set of microsatellites loci will be 

valuable in aquaculture applications for this species , for parentage analysis or 
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maintenance of genetic variation of brood stocks.  Additionally, the knowledge gained 

about the genetic structure of this species will not only add to the understanding of the 

natural distribution of this species but may also provide information useful in 

determining future management and conservation strategies for this species and others 

in the upper Yangtze region.  
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Chapter 2 - Materials and Methods: 

The Study Area: The Yangtze River 

At over 6300 km in length, the Yangtze River is the third longest river in the world 

and the longest river in China (Fu et al., 2003).  The waters of the Yangtze river originate 

in the Tibetan plateau at an elevation of 5000 m and the river follows a sinuous path 

through southeast China until it reaches the East China Sea at Shanghai (Fu et al., 2003; 

Peng et al., 2006b; Figure 3).  The drainage area of the Yangtze basin is 1 800 000 km2, 

one fifth the area of China, (Chen et al., 2008) and the river has a mean discharge of 

28200 m3/s (Chen et al., 2001).  There are more than 3000 tributaries and 4000 lakes 

contained in the drainage basin which intertwine to form a complex network of aquatic 

habitats (Fu et al., 2003).   

The Upper Yangtze 

The Yangtze basin is typically divided in to the upper, middle and the lower 

reaches, mainly based on geomophological differences (Fu et al., 2003).   The Upper 

Yangtze, also known as the Jinsha River, is the Western most section of the Yangtze 

River.  It is 2360 km in length and flows from the Eastern Tibetan plateau to the city of 

Yichang in the province of Hubei (Yonghui et al., 2006; Heiner et al., 2011).  This section 

of the river flows through a mountainous terrain with a fall in elevation of 3,280 m and 

drains an area of over 1 million km2 (Yonghui et al., 2006).  
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Figure 3: Map of the sampling sites along the upper Yangtze River, China, between the cities of Yibin and Chongqing.  The sampling 

sites are marked 1 = Yibin, 2 = Luzhou, and 3 = Song Ji.
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Sample Collection 

Samples were collected in December 2008 from three sampling locations along an 

unfragmented stretch of the Upper Yangtze River, China (Figure 3, Table 1).  Fish were 

purchased in early morning from local fishermen when they returned to shore from their 

daily catch.  Species identity was confirmed, fork length measured and samples of the 

adipose and tail fins were collected and stored in a dimethyl sulphoxide (DMSO) salt 

solution (20 % DMSO, 0.25 M EDTA, and NaCl to saturation) (Seutin et al., 1991).  GPS 

readings were taken at each sampling location which were in an approximate range of 2 

km from the catch site (Table 1). 

Microsatellite Library Development 

The protocol for the microsatellite library construction and screening was 

compiled by Zhengxin Sun using Karen Samis’ lab notes, Glen and Schable’s protocol 

(2005), Hamilton et al.’s protocol (1999), Elmer et al. (2006), and the Roche DIG 

Application Manual for Filter Hybridization.  The resulting protocol for the development 

and isolation of microsatellite loci for P. vachelli was as follows. 

Isolation of Genomic DNA 

Total genomic DNA (gDNA) taken from one fish sample was extracted following 

the protocol for the DNeasy Blood and Tissue Kit (Qiagen , Valencia, USA; cat # 69506).  

Approximately 20 mg of tissue was washed twice with 500 μl of Phosphate Buffered 

Saline (PBS) to remove any DMSO prior to extraction.  The quality of the genomic DNA  
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Table 1: Sampling sites, GPS coordinates, the number of individual Pelteobagrus vachelli 
sampled, and the range of fork length (FL) in cm from the three locations along the 
Upper Yangtze River, China. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Population Site GPS Coordinates Number of fish FL (cm) 

1 Yibin 28.77708      104.62469 20 7.2 – 11.1 
2 Luzhou 28.88262      105.45469 20 8.0 – 16.0 
3 Song Ji 29.06060      105.93778 21 8.1 – 13.4 
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was assessed visually by electrophoresing 2 μl gDNA combined with 0.5 μl of 6 x 

bromophenol blue loading dye on a 1 % agarose gel in 1 x TAE (Tris-Acetate-EDTA) pre-

stained with ethidium bromide and then placing the gel on a UV transilluminator.  gDNA 

was quantified using a Biochrom Ultrospec 2100 Pro (Biochrom Ltd., Cambridge, UK; cat 

# 802112-21).  

Restriction Enzyme Digestion of Genomic DNA  

Genomic DNA was then digested with various restriction enzymes to find a 

combination that produced fragments of 200 – 1000 base pairs (bp), with an average size 

of approximately 500 bp.  Both single and double digestions were carried out in search of 

this combination.  Conditions for the single digests were: 300 ng of gDNA, 3 μl of 10 x 

Fermentas Buffer Tango, 2 U of restriction enzymes (Alu I, Bsu RI, or Rsa I respectively) 

(Fermentas) and H2O to a final volume of 30 μl.  The double digestions consisted of 300 

ηg of gDNA, 3 μl of 10 x Fermenteas Buffer Tango, 2 U of each restriction enzyme in 

combinations of Alu I/Bsu RI, Alu I/Rsa I, Alu I/SSP I, Bsu RI/Rsa I, Bsu I/SSP I, or Rsa I/ SSP 

I, and H2O to make a total reaction volume of 30 μl.  All reactions were incubated 

overnight at 37 ˚C.   

To visualize the fragment lengths of the restriction digests, 3 μl of 6 x 

bromophenol blue loading dye were added to 15 μl of the reaction volume and 18 μl 

were run on 2 % agarose gel in 1 x TAE pre-stained with ethidium bromide and then 

placed on a UV transilluminator.  The enzyme that best produced fragments between 

200 and 1000 bp was Bsu RI and it was selected for further use in the development of the 
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microsatellite library.  The digestion was repeated to produce a larger quantity of 

product by mixing 5 μg of gDNA, 12 μl of 10 x Fermentas Buffer Tango, 20 U of Bsu RI and 

66 μl H2O for a total reaction volume of 120 μl and incubating overnight at 37 ˚C.  

The gDNA fragments were dephosphorylated to prevent fragments from ligating 

together by adding 0.5 μl of undiluted Calf Intestine Alkaline Phosphotase (CIAP) (1 U/μl) 

(Invitrogen, Carlsbad, USA; cat # 18009-027) to the 120 μl solution and incubating at 50 

˚C for 30 minutes.  Following this, a second 0.5 μl of undiluted CIAP was added and the 

solution incubated for another 30 minutes at 50 ˚C.  5 μl of this solution was removed to 

use as a non-purified dephosphorylated control in future gel electrophoresis. 

The DNA was then purified following the protocol for the PureLinkTM Quick Gel 

Extraction Kit (Invitrogen, cat # K2100-12).  To ensure that the DNA had been successfully 

recovered, 5 μl of enzyme digested and dephosphorylated DNA and 5 μl of digested, 

dephosphorylated, and purified DNA were each mixed with 1 μl of 6 x bromophenol blue 

loading dye and run on 1 % agarose gel pre-stained with ethidium bromide in 1 x TAE.  

The gel was subsequently visualized using a UV transilluminator.   

Preparation of Double Stranded SNX Linkers 

To make the double stranded SNX linkers, 50 μl of 100 μM SNX-F (sequence 5’-

CTAAGGCCTTGC-3’) and 50 μl of 100 μM SNX-R (sequence 5’-pAGCAAGGCCTTAGAAAA-

3’) (Invitrogen) were incubated at 94 ˚C for 2 minutes, 65 ˚C for 10 minutes, then at room 

temperature for one hour.  The double stranded SNX linker (50 μM dsSNX) was stored at 

-20 ˚C 
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Ligation of DNA Fragments to SNX Linkers and Verification  

 The double stranded SNX linkers were added to the digested gDNA fragments by 

mixing 66 μl gDNA, 3 μl dsSNX linker (50 μM), 8 μl 10 x ligase buffer, 1 μl Xmn I (20 U/ μl), 

2 μl T4 ligase (5 U/μl) and H2O to make a final volume of 80 μl.  This solution was then 

incubated overnight at 16 ̊ C.  To ensure that this reaction was successful, 3 separate PCR 

reactions were carried out by mixing 1.5 μl 10 x KCL Buffer, 0.2 μl 10 mM dNTP mix, 1 μl 

10 μM SNX-F, 10 μl H2O, 0.1 μl Taq DNA polymerase (5 U/μl) (Qiagen; cat # 201203), and 

1 μl of either the ligation product, the dephosphorylated and purified gDNA fragments, 

or water (as a control) respectively.  Thermocycling conditions were as follows: 95 ˚C for 

2 minutes, 30 x (95 ̊ C for 20 seconds, 60 ˚C for 20 seconds, and 72 ˚C for 90 seconds), 

and 72 ˚C for 5 minutes.  Four μl of each of these 3 reactions were then mixed with 1 μl 

of 6 x bromophenol blue loading dye and electrophoresed on 1 % agarose gel in 1 x TBE 

(Tris-Borate-EDTA).  The gel was then stained with ethidium bromide and placed on a UV 

transilluminator for visualization of the PCR products.  The successful ligation of the 

dsSNX linkers to the gDNA fragments was confirmed as this was the only reaction to 

produce PCR products and resulted in a smear from approximately 200 - 1000 bp.   

Enrichment of the Microsatellite gDNA-Linker with Biotin-oligos 

The digested DNA ligated to the SNX linkers was then hybridized with 

dinucleotide repeat biotin-oligos by mixing 50 µl 2 X Hybridization buffer (12 X SSC, 0.2% 

SDS), 2 µl 10 µM 3’-biotin-(AC)13, 2 µl 10 µM 3’-biotin-(AG)13, 46 µl DNA –linker and then 

placing the solution in a thermocycler under the conditions: 95 °C for 10 minutes, 70 °C 
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for 1 hour, 65 °C for 1 hour, 60 °C for 1 hour, 55 °C for 1 hour, 50 °C for 1 hour and then 

held overnight at 10 °C.   

Dynabeads were prepared by placing 80 µl of Dynabeads® M-280 Streptavidin (10 

mg/ml) (Invitrogen, cat# 112-05D) into a 1.5 ml microcentrifuge tube and then capturing 

the beads with a Magnetic Particle Collecting unit (MPC) and removing the supernatant.  

Beads were then washed with 250 µl of TE and vortexed.  Beads were then recaptured 

using the MPC and the supernatant discarded.  This step was repeated with a second 250 

µl TE and then twice with 250 µl 1 x Hybridization buffer (6 x SSC, 0.1 % SDS).  When 

using the MPC, beads were left for a minimum of 1 minute before removing the 

supernatant in order to minimize loss of beads.   Beads were then resuspended in 100 µl 

1 x Hybridization buffer.   

  To collect the microsatellite enriched DNA, the biotin-oligo and DNA–SNX linker 

hybridization reaction mixture was then added to the resuspended Dynabeads and 

incubated on a rotor at slow speed for 1 hour at room temperature.  The magnetic beads 

were captured using the MPC and the supernatant removed and stored at -20 °C.  The 

beads were then washed twice with 400 µl 2 x SSC, 0.1 % SDS at room temperature.  

They were left to incubate for five minutes at room temperature during each wash then 

the supernatant was removed using the MPC to secure the beads, as in all subsequent 

washes, and the supernatant stored at -20 °C.  The beads were then washed twice with 

400 µl of 1 x SSC, 0.1 % SDS at 45 °C.  Beads in solution were incubated for 5 minutes and 

the supernatant removed and stored at -20 °C.  Then the beads were washed with 400 µl 

of 1 x SSC, 0.1 % SDS preheated to 55 °C and left to sit at room temperature for 5 
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minutes.  The supernatant was removed and stored at -20 °C.  The beads were 

resuspended in 200 µl of TLE (10 mM Tris, pH 8.0, 0.1 mM EDTA) and incubated at 95 °C 

for 5 minutes.  They were then promptly put on the magnet and left to sit for 1 minute.  

The supernatant was transferred to a fresh tube, 22 µl of 3 M Sodium Acetate was added 

and the solution mixed by tapping.  444 µl of 100% Ethanol was then added and the 

solution inverted to mix and placed at -20 °C for 1 hour.  The DNA was then centrifuged 

at 14000 g for 15 minutes and the supernatant removed.  The DNA was then washed 

with cold 70 % Ethanol and then spun for 5 minutes at 14000 g in the centrifuge.  The 

supernatant was aspirated and the DNA was air dried in a fume hood for 30 minutes.  

The DNA pellet was then resuspended in 25 µl of TLE.   

PCR to Test the Results of the Enrichment 

To confirm the enrichment was successful, a PCR was done with four different 

reactions by combining: 2.5 µl of 10 x PCR buffer, 1 µl of 50 ηM MgCl2, 0.375 µl of 10 mM 

dNTP mix, 1.3 µl of 10 µM SNX-F, 2.5 µl of 100 X BSA (10 mg/ml), 15.125 µl H2O, 0.2 µl of 

Taq DNA polymerase (5 U/µl), and 2 µl of either the SNX ligation mixture, the enriched 

gDNA-linker, the dephospholyrated and purified DNA, or H2O as a control.  

Thermocycling conditions were as follows: 95 °C for 2 minutes, 30 x (95 °C for 20 

seconds, 60 °C for 20 seconds, 72 °C for 90 seconds), 72 °C for 30 minutes and then held 

at 4°C.  4 µl were then taken from each reaction mixture and mixed with 1 µl 6 x 

bromophenol blue loading dye and run on 1% agarose gel in 1 x TBE and post stained 

with ethidium bromide.  The gel was then visualized using a UV transilluminator to 

ensure the enrichment was successful.    
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Dot Blot of the Enriched Microsatellite gDNA-Linker 

 Oligonucleotide probes {(AC)13 and (AG)13} were labelled with digoxigenin (DIG) 

using the DIG Oligonucleotide  3’ – End Labelling Kit, 2nd generation (Roche, Indianapolis, 

USA; cat # 03353575910) and subsequently quantified through dot blot analysis 

following the procedure outlined in the DIG Application Manual for Filter Hybridization 

(Roche).   Additional materials used included a nylon membrane (Roche; cat # 

11699083001), the DIG Wash and Block Buffer set (Roche; cat # 11 585 762 001) and a 

SpectrolinkerTM XL-1000 UV Crosslinker (Spectronics Corp.).   

To ensure that the olginucleotide enrichment was successful, dot blot 

hybridizations were set up to compare the relative intensities.  Four different DNA 

samples were used including:  the gDNA fragments, the gDNA-linker ligation mix, PCR 

product of the ligation mix, and the PCR product of the enriched microsatellite gDNA-

linker.  1:2, 1:5, 1:10 dilutions of the two PCR products were made using 1 µl of the 

original solutions.  1.5 µl of formamide (Roche; cat # 11814320001) was then added to all 

six of these samples, including the dilutions, and 1.5 µl of H2O was used as a control.  

These mixtures were then heated at 95 °C for 5 minutes in a thermocycler and then put 

on ice.  A pencil was used to draw grids on a nylon membrane and 3 µl of denatured DNA 

and the control were placed in the grids and air dried.  DNA was then fixed to the 

membrane using a Spectrolinker XL-1000 UV Crosslinker. 

The membrane was pre-hybridized with 10 ml of pre-heated DIG Easy Hyb 

(Roche; cat # 11 603 558 001) at 50 °C for 30 minutes in a hybridization bottle in a 
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ProBlotTM L6 hybridization oven (Labnet International, Inc.).  The probe/hybridization 

solution was made by diluting 10 ρmol of DIG-labeled oligo probe in 10 ml pre-heated 

DIG Easy Hyb.  The prehybridization solution was removed and the probe/hybridization 

solution was immediately added to the membrane and incubated at 50 °C for 1 - 6 hours 

in the hybridization oven.  The probe/hybridization solution was then removed and the 

membrane washed twice with 15 ml 2 x SSC, 0.1 % SDS for 5 minutes each time in a 

rotisserie oven at room temperature.  The membrane was then washed twice with 15 ml 

1 x SSC, 0.1 % SDS, each time placing in the hybridization oven at 50 °C for 15 minutes.  

This was followed by a wash with 20 ml of Washing buffer [0.1 M maleic acid, 0.15 M 

NaCl, pH 7.5, 0.3 % (v/v) Tween-20] at room temperature, shaking it in an orbital shaker 

for 2 minutes.  The Washing buffer was then removed and the membrane was incubated 

for 30 minutes in 10 ml freshly diluted 1 x Blocking solution.  The Blocking solution was 

then discarded and the membrane placed in a fresh container.  The anti-DIG-AP antibody 

was diluted in 10 ml of Blocking solution and then the membrane was incubated in this 

antibody solution for 30 minutes at room temperature.  The antibody solution was then 

removed and the membrane washed twice with 10 ml of Washing buffer at room 

temperature for 15 minutes each time, discarding the Washing buffer at the end of each 

wash.  10 ml of Detection buffer [0.1 M Tris-HCL, 0.1 M NaCl, pH 9.5] was added to the 

membrane and it was incubated for 5 minutes at room temperature.  The membrane 

was then removed and placed on a transparency DNA side up.  Several drops of CDP-Star 

(Sigma, Saint Louis, USA; cat # C 0712) were applied to the membrane until the 

membrane was completely covered.  A second transparency was placed on top, making 
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sure that there were no air bubbles, and the membrane was allowed to sit for 5 minutes 

at room temperature.  Excess liquid was squeezed out from between the transparencies 

and they were placed inside a cassette and exposed to X-ray film for 5 minutes in a dark 

room and then the film developed.  The darkest band appeared where the PCR product 

of the enriched microsatellite gDNA-linker sample was placed indicating that the 

enrichment was successful.   

Ligation of Enriched Microsatellite gDNA-Linker to TOPO TA Vector  

The enriched microsatellite gDNA-linker was then ligated to pCR2.1®-TOPO® TA 

vectors following the protocol for the TOPO® TA Cloning Kit (Invirogen, cat # K4500-01).  

4 µl of the PCR product from the enriched microsatellite gDNA-linker was mixed with 1 µl 

of Salt Solution and 1 µl of TOPO® TA vector to obtain a final volume of 6 µl.  The solution 

was then incubated at room temperature for 30 minutes and then placed on ice for 30 

minutes.   

To do the transformation, S.O.C. medium was warmed to room temperature and 

two 15 cm diameter LB agar plates containing 60 mg/L of ampicillin and 24 mg/L X-GAL  

were incubated at 37 °C until needed.  One vial of One Shot® TOP 10 chemically 

competent cells was thawed on ice and then 2 µl of the ligation mix was added to the 

competent cells and the cells gently mixed by tapping.  Cells were then incubated on ice 

for 30 minutes followed by a heat shock at 42 °C for 30 seconds without shaking.  The 

tube was then immediately transferred to ice and 250 µl of the room temperature S.O.C. 

medium was added to the tube.  Cells were then shaken horizontally at 37 °C for 1 hour 
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at 200 rpm.  Two 15 cm diameter plates were then plated with 80 µl each of the cell 

solution.  Plates were left bottom up at 37 °C overnight. 

Identification of Positive Colonies by Hybridization with Probes 

Four 15 cm diameter LB/Amp agar plates with grids on the bottom were made 

and clearly labelled.  Sterile pipette tips were used to pick single white colonies from the 

agar plates and then place smears on duplicate plates in the same grid location.  These 

plates were then incubated at 37 °C overnight.  

The colonies then needed to be lifted and prepared to bind the DNA to 

membranes.  One of each of the duplicate plates was cooled for approximately 30 

minutes at 4 °C.  Two nylon membranes (Roche, cat# 11699083001) were labeled on the 

back (reverse side) with pencil and then carefully placed on the agar plates to avoid air 

bubbles and left to sit for 5 minutes.  A sterile syringe was used to place asymmetric 

markings on the membranes and plates in order to mark the orientation of the 

membrane to the plate.  2 ml of Denaturation Solution (0.5 M NaOH, 1.5 M NaCl) was 

placed on either end of the transparency.  The membranes were then carefully removed 

from the plates and the bottoms dried on a sheet of Whatman 3MM paper.  The 

membranes were then placed on the Denaturation Solution on the transparency and left 

to sit for 15 minutes.  The membranes were then dried again on a new sheet of 

Whatman 3MM paper and then placed on a new transparency each in 2 ml of 

Neutralization Solution (1.5 M NaCl, 1.0 M Tris-HCL, pH 7.4) and left to sit for 15 minutes.  

When the neutralization process was complete, the nylon membranes were removed 
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and placed on a new sheet of Whatman 3MM paper to dry and then placed on a new 

transparency each in 2 ml of 2 x SSC solution.  The membranes were left to sit for 15 

minutes and then air dried briefly before cross-linking the DNA with a Spectrolinker XL-

1000 UV Crosslinker. 

To remove the cell debris, the membranes were wet with ddH2O and placed in 

hybridization bottles.  Fifteen ml of digestion buffer (1 x TE with 0.5 % SDS) and 75 µl of 

Proteinase K (10 mg/ml) were added to each bottle and they were placed in the 

hybridization oven at 50 °C for 1 hour.  The digestion solution was then removed and 10 

ml of DIG Easy-Hyb preheated to 50 °C was added to each bottle.  The membranes were 

then put in the rotisserie for 1 hour at 50 °C.  The pre-hybridization solution was then 

removed and 10 ml of probe/hybridization solution pre-heated to 50 °C was added and 

the bottles placed in the hybridization oven overnight at 50 °C.   

The probe/hybridization solution was removed and the membranes were then 

washed three times with 15 ml of 2 x SSC with 0.1 % SDS, each time placing the bottle in 

the hybridization oven at room temperature for 15 minutes.  The membranes were then 

washed twice with 1 x SSC with 0.1 % SDS preheated to 50 °C by placing them in the 

hybridization oven at 50 °C for 15 minutes each time.  This was followed by a wash with 

20 ml of 1 x Washing buffer for 5 minutes in the hybridization oven at room temperature 

in order to remove the SSC.  The Washing buffer was then removed and the membranes 

were blocked by adding 15 ml of freshly made 1 x Blocking solution to each bottle and 

placing them in the hybridization oven at room temperature for 45 minutes.  The 

Blocking solution was then removed and 15 ml of Antibody solution (1:10000 Anti-DIG-
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AP antibody (Roche; cat # 1093274) in 1 x Block solution) were added to each bottle and 

the membranes incubated for 30 minutes in the hybridization oven at room 

temperature.  The antibody solution was then removed.   

Membranes were then washed three times with 15 ml of 1 x Washing buffer for 

10 minutes each time by placing them in the hybridization oven at room temperature.  

To equilibrate the membranes, they were then washed twice with 15 ml of 1 x Detection 

buffer (0.1 M Tris-HCL, 0.1 M NaCl, pH 9.5) for 5 minutes in the hybridization oven at 

room temperature, disposing of the solution after each wash.   

Membranes were then removed from the hybridization bottles, dried on 

Whatman 3MM paper, and then placed on a transparency DNA side up.  The membranes 

were then each covered with 2 ml of CDP-Star and left to sit for 5 minutes.  A second 

transparency was then placed overtop, excess liquid squeezed out, and the orientation 

marked by placing a glow in the dark sticker on the top of the transparency.  The whole 

assembly was then exposed to X-ray film for 5 minutes in a dark room.   Positive colonies 

were identified as those producing a dark band on the X-ray paper.   

Growth of Positive Colonies 

Positive colonies were removed from the replicate plates corresponding to those 

identified on the X-ray film using sterile toothpicks and were cultured overnight in 7 ml 

LB Broth containing ampicillin (60 mg/L) at 37 °C on a rocking bed.  1.5 ml of each 

bacterial culture was transferred to a 2 ml cryovial tube, mixed with 100 µl of glycerol, 

and then snap frozen in liquid nitrogen for storage as permanent cultures at -80 °C.  
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Plasmid Isolation and Sequencing of Inserts 

DNA was isolated from 96 of the positive cultures following the protocol for the 

PurelinkTM Quick Plasmid Miniprep Kit (Invitrogen, cat# K2100-11) and the concentration 

of DNA was quantified using a Biochrom Ultrospec 2100 Pro.  Samples were then diluted 

with ddH2O to a concentration of 50 ηg/µl and sent to Plateforme de Séquencage et de 

Génotypage des Génomes for sequencing (Québec, Canada).   

Primer Design 

Sequences were visualized using Microsoft Excel and primers were designed using 

Primer 3 (Rozen and Skaletsky, 2000).  The following changes to the Primer 3 parameters 

were made: product size range 100-300; primer size max 22; primer GC % = 55; GC clamp 

= 1).  A first set of ten primer pairs was ordered from Invitrogen (Invitrogen) and a 

second set of nine primer pairs was ordered from Eurofins MWG Operon (Huntsville, 

USA).    

Primer Optimization  

gDNA samples were extracted from six individual fish according to the protocol 

for the PurelinkTM Genomic DNA Mini Kit (Invitrogen; cat # K1820-02).  Approximately 20 

mg of tissue was washed twice with 500 µl of phosphate buffered saline (PBS) to remove 

any DMSO prior to extraction.  DNA was quantified using a Biochrom Ultrospec 2100 Pro.  

Quality was ensured by running 15 µl of each sample combined with 3 µl of 6 x 

bromophenol blue loading dye on 1% agarose gel pre-stained with ethidium bromide and 

then placing the gel on a UV transilluminator.   
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Primers were diluted to 100 µM with TE Buffer and then to 10 µM with sterile 

water.  PCR reactions were then conducted to test if primers produced products by 

combining:  1 µl of gDNA, 1 µl of 10 x QIAGEN PCR buffer, 0.1 µl of dNTP’s [10 mM], 0.1 

µl [10 mM] forward primer, 0.1 µl [10 mM] reverse primer, 0.05 µl Taq DNA polymerase 

(5 U/µl), and 7.65 µl sterile water for a total reaction volume of 10 µl.  Conditions for the 

PCR included a range of annealing temperature (Tm) from 55-63 °C for the first set of ten 

primers and from 52.7 to 63.2 °C for the second set of nine primers.  Thermocyling 

parameters were set as follows: 94 °C for 3 minutes followed by 35 cycles of (94 °C for 15 

seconds, Tm for 30 seconds, 72 °C for 30 seconds) and a final extension of 72 °C for 7 

minutes and then held at 4 °C.  10 µl of OG loading dye were then added to each 10 µl 

reaction volume and 10 µl were electrophoresed on 2 % agarose gel in 1 x TBE and then 

post stained with ethidium bromide.  Gels were placed on a UV transilluminator and 

examined for the presence and quality of product.  Primers that produced viable PCR 

amplicons were selected for further testing and the optimal annealing temperature for 

these loci were selected as the Tm that produced the clearest and brightest bands. 

 The primers that produced PCR amplicons were then further tested on the LI-COR 

4200 IR2 platform (LI-COR 4200 Global IR2 SystemTM, LI-COR Inc., Lincoln, USA) to identify 

those that produced polymorphic products.   Forward primers were synthesized with the 

LI-COR M13 universal sequence (Sequence 5’-CACGACGTTGTAAAACGAC-3’) at the 5’ end 

of the locus-specific microsatellite primer sequences to be used with the fluorescent 

M13 Forward (M13F) universal primer (LI-COR Inc., M13F-700IRD; cat# 4200-20).  PCR 

reactions were carried out by combining 1 µl of gDNA, 1 µl of 10 x QIAGEN PCR buffer, 
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0.1 µl of dNTP’s [10 mM], 0.1 µl of [10 mM] forward primer, 0.1 µl of [10 mM] reverse 

primer, 0.05 µl of M13F [1 ρmol/µl], 0.05 µl of Taq DNA polymerase (5 U/µl), and 7.6 µl 

of sterile H2O for a total reaction volume of 10 µl.  Thermocycling conditions were 

identical to those used during the first stage of primer optimization with the annealing 

temperature as determined through the optimization process (Table 2).   

Multiplex PCR Optimization 

 In order to increase the efficiency of PCR reactions and reduce amplification 

error, selected loci were combined into multiplex PCR reactions capable of amplifying 

two loci at once.  All multiplex reactions were optimized using the LI-COR 4200 IR2 

platform.  PCR reactions were optimized using the QIAGEN Multiplex PCR Kit (cat # 

206143) by combining: 1µl of gDNA, 5µl of 2 x QIAGEN Multiplex PCR Master MixTM, 1µl 

of 10 x Primer cocktail (containing 1.7 µM of each forward and reverse primer per unique 

locus), 1µl of M13F-IRD700 primer, and 2 µl of sterile H2O for a total reaction volume of 

10µl.  Thermocycling conditions for all multiplex reactions were as follows:  95 °C for 15 

minutes, 35 x (94 °C for 1 minute, 55 °C for 1.5 minutes, 72 °C for 1.5 minutes) and a final 

extension of 72 °C for 15 minutes and then held at 4 °C.    

Genomic DNA Isolation of the Sample Set 

 Genomic DNA of the sample set was extracted using the PurelinkTM Genomic DNA 

Mini Kit (Invitrogen; cat # K1820-02) according the manufacturer’s protocol.  Quality was 

ensured through electrophoresing 10 µl of genomic DNA combined with 2 µl of 6 x 

bromophenol blue loading dye in 1% agarose gel in 1 x TAE pre-stained with ethidium 
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bromide and then placing the gel on a UV transilluminator.   Samples were quantified 

using a Biochrom Ultrospec 2100 Pro. 

PCR Amplification of Loci 

 PCR reactions were then carried out using gDNA from the entire sample set 

according to the optimization conditions, either as single loci or combined in multiplexes 

(Table 2) according to the reaction protocols outlined above and run on the LI-COR 4200 

IR2 platform.  Template DNA ranged in concentration from approximately 5 to 30 ng/µl.  

The software program Gene ImagIRTM Version 4.05 (Scanalytics Inc.) was used to analyze 

the resulting electrophoretograms and PCR amplicons were sized using commercially 

available 50 - 350 bp sizing standards (LI-COR cat # 829-06157 and 829-05343).   

Amplification Error Estimation 

 To estimate genotyping error, two methods were employed.  For the first, two 

different researchers, using two different primer cocktails, amplified a subset of samples 

using the same gDNA.  The second method consisted of the same researcher amplifying a 

subsample of gDNA using two separate primer cocktails .  In both cases, the same 

researcher scored and compared the resulting genotypes.  To ensure that the relative 

sizes were consistent among electrophoretograms, either subsets of the samples were 

run a second time/in replicate on single gel loads or for some loci, the entire sample set 

was run a second time in an order corresponding to the initial size determination. 
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Table 2:  Microsatellite loci isolated in this experiment with the locus specific forward and reverse primer sequences, the optimized 

annealing temperature (Tm), whether or not it was amplified as part of a multiplex, and the expected allele size.  MgCl2 concentration 

was 1.5 mM in all cases.     

Locus Motif Forward Primer  Reverse Primer Tm e Multiplex Expected Size 

Pvi 004 (AC)21 CGAGCTCGAACTAAACTACACC ATGTGTGCTTCTGTCTGTGC 58°C Yes/No 151 

Pvi 026 (AC)26 ATGAAATTGCGTCCAAAAGG GCTTCCATCGCTGAAGAAAC 58°C No 245 

Pvi 038 (AC)24 ACACAGCTGTAGCACCATGC TTCTGGAGCAAATGAAACACAC 55°C No 183 

Pvi 045 (GT)27 GCATCTGCAGGTGAAATGTG GTGAGAGCCTGGAAACTTGC 58°C No 215 

Pvi 052 (TG)29 CATGGCTGGAGGAAACACAC GAGTTGGACACATGGAGCTG 55°C Yes/No 238 

Pvi 055 (TG)23 ACTGTGGTATGCGCTGTCTG ACGATGACAGCCTGGGTTAC 58°C Yes  

Pvi 066 (AC)26 ACATATCCAAGCGGTTGAGG AGCAGTTTTTCCCCCAAATG 58°C Yes  

Pvi 114 (TG)33 CTGGAAATGTGGGGAAGATG TGCATCACTGGCTGGTTTAG 63°C No 206 

For the loci marked yes/no, a multiplex reaction was used in 2009 and not in 2011 
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Data Analysis 

 Genotypes were examined for the possibility of genotyping errors due to large 

allele dropout, stuttering, and the presence of null alleles using the program Micro-

Checker version 2.2.3, with the number of randomizations set to 10 000 (Van Oosterhout 

et al., 2004).   

Standard genetic diversity indices including the allele frequencies, the number of 

alleles per locus (A), the observed (HO) and expected (HE) heterozygosities (Nei, 1987), 

and the polymorphic information content (PIC) were computed using the Microsoft Excel 

add-in utility Microsatellite Toolkit (Park, 2001).  Allelic richness, which is the mean 

number of alleles per locus standardized to the smallest sample size (n = 20), was 

calculated with the program Fstat version 2.9.3.2 (Goudet, 2002).   

Linkage disequilibrium between pairs of loci across the entire sample set was 

tested using Genepop version 4.1.1 (Rousset, 2008).  Tests for significant associations 

between pairs of loci within populations were calculated using a likelihood ratio test of 

linkage disequilibrium for genotypic data, gametic phase unknown (Slatkin and Excoffier, 

1996).  These tests were computed using Arlequin version 3.5.1.3 (Excoffier et al., 2005) 

with 16 000 permutations and the expectation-maximum set to 3 (Guo and Thompson, 

1992).     

Exact tests for deviations from Hardy-Weinberg equilibrium (HWE) for each locus 

within populations were computed using Arlequin version 3.5.1.3.  The probability of 

significant departure from HWE was calculated using a Markov chain procedure with 1 x 
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106 steps and 100 000 dememorization steps (Guo and Thompson, 1992).  Estimates of 

heterozygote deficiency or excess were performed using exact tests (Guo and Thompson, 

1992; Goudet et al., 1996) implemented in Genepop version 4.1.1 using the default 

settings.  To minimize the risk of Type I errors occurring with multiple tests, the 

significance level for p-values (p < 0.05) was adjusted through sequential Bonferroni 

corrections for all simultaneous statistical inference techniques (Rice, 1989).   

Due to indications of significant deviation from HWE in each of the three 

populations and a relatively high level of linkage disequilibrium associated with locus Pvi 

114, this locus was excluded from further analyses exploring the population structure 

among the three sampling locations. 

Analysis of molecular variance (AMOVA) (Excoffier et al., 1992) to partition 

genetic diversity within and among populations was carried out using Arlequin version 

3.5.1.3 (10 000 permutations).  Pairwise FST values (Weir and Cockerham 1984; Excoffier 

et al., 1992) between population pairs and the corresponding p-values were also 

computed using Arlequin version 3.5.1.3 with the number of permutations set to 10 000.  

FST was used as opposed to RST because simulations have shown that FST is more 

conservative when population sizes are small and relatively few microsatellite markers 

are used (Gaggiotti et al., 1999) and is more effective in detecting isolation-by-distance 

(Estoup et al., 1998). 

To further investigate the presence of genetic structure among the three 

populations, an exact test of differentiation based on sample genotype frequencies 
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(Raymond and Rousset, 1995; Goudet et al., 1996) was conducted using Arlequin version 

3.5.1.3 with a Markov chain length of 1 000 000 and the number of dememorization 

steps set to 100 000 and tests of genic differentiation were conducted using Genepop 

version 4.1.1.   

 To visualize the relationship in genetic distance among individuals and 

populations, principle co-ordinates analysis of pair-wise individual genetic distances 

based on differences in number of alleles (covariance matrix with data standardization) 

(Nei, 1987) was done using GenAlEx (Peakall and Smouse, 2006) and the first three 

principle co-ordinates plotted in two dimensions using Microsoft Excel and three 

dimensions using SigmaPlot version 11.2.0.   
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Chapter 3– Results: 

Microsatellite Library Construction and Optimization 

 The microsatellite library development resulted in 237 (of 312) colonies 

containing oligonucleotide enriched DNA fragments which were cultured and stored at -

80 ˚C as permanent cultures.  Plasmid DNA was isolated from 96 of the positive colonies 

and sequences were obtained for the inserted fragments.  These sequences were used to 

design 19 primer pairs specific to the flanking regions of the oligonucleotide repeats, all 

of which corresponded to dinucleotide repeats between 24 and 66 base pairs in length.  

Of the 19 designed primer sets, PCR amplicons from 11 loci were visualized on agarose 

gels.  Of these, eight amplified polymorphic loci and were optimized to produce reliable 

products on the LI-COR 4200 IR2 platform (Table 2), while the remaining three primer 

sets amplified monomorphic loci. 

Genotyping Error Estimates 

 Genotyping analysis using duplicate locus specific primer cocktail mixes produced 

identical genotypes in all samples that amplified in both instances for all loci.  Among all 

of the electrophoretograms, two instances of a different genotype at one locus for 

particular samples were observed; however as multiple runs of the same samples were 

done in various orders on the gels, the correct genotype was evident and the differences 

were found to be due to human error.   
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Microsatellite Genotyping 

 All 8 optimized loci were amplified and genotyped across the 61 samples 

collected from 3 populations along the upper Yangtze River (Tables 1 and 2). 

Assessment of Genotyping Technical Errors 

 Analyses of the data using Micro-Checker provided no indication of large allele 

dropout or error due to stuttering.  However, the presence of null alleles for two of the 

loci, each within separate populations (Pvi 052 within the Songji population and Pvi 114 

within the Luzhou population) was suggested by the presence of homozygote excess 

ranging across most of the allele size classes.  Additionally, more than 50% of the alleles 

for locus Pvi 114 in the Yibin population were of the same size (178 bp) and thus binomial 

analysis (Weir, 1996) was not possible. 

Genetic Variability of the Optimized Alleles 

 There was a high level of genetic variability across the entire sample set with a 

total of 171 alleles amongst the 8 loci.  The number of alleles per locus across the three 

populations ranged from 14 to 29 with an average of 21.4 alleles per locus (Table 3).  

Observed and expected heterozygosities per locus ranged from 0.66 – 0.93 and 0.84 – 

0.95 with averages of 0.84 and 0.90 respectively (Table 3).  The PIC values were high for 

each locus with a range of 0.819 – 0.936 when the data from the 61 samples were 

considered together (Table 3), indicating that the optimized primers are detecting large 

amounts of variation within and amongst the sampled populations.   
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Table 3:  Summary statistics per locus and averages across loci including the number of 

alleles, standardized allelic richness (AR), range in allele size (in base pairs), expected 

heterozygosity (He), observed heterozygosity (Ho), and the polymorphic information 

content of each locus (PIC) and the averages across loci for the 61 samples included in 

the analyses. 

Locus # of Alleles Range He Ho PIC 

Pvi 004 25 162-240 0.918 0.902 0.905 
Pvi 026 21 235-283 0.935 0.885 0.923 
Pvi 038 29 181-247 0.947 0.934 0.936 
Pvi 045 14 212-254 0.852 0.885 0.829 
Pvi 052 23 232-282 0.926 0.803 0.913 
Pvi 055 15 101-129 0.850 0.754 0.824 
Pvi 066 23 322-370 0.937 0.902 0.925 
Pvi 114 21 178-258 0.836 0.656 0.819 
Average 21.4 - 0.900 0.840 - 
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Tests of Linkage Disequilibrium across Populations 

 Tests of disequilibrium between locus pairs for the entire sample set indicated 

two locus combinations were in linkage disequilibrium at an alpha level of 0.05.  These 

were loci Pvi 038 and Pvi 114 (p = 0.04583) and Pvi 052 and Pvi 114 (p = 0.03512).  After 

adjustment of the significance level through sequential Bonferroni correction, neither of 

these associations was significant at the table wide alpha level (k = 28).   

Private Alleles 

 Among the three sampled populations, private alleles were detected for each 

locus (Table 4).  Over all populations, the number of private alleles found per locus 

ranged from 19 % – 43 % of those detected among all individuals (Table 4).  Unique 

alleles were detected in each of the populations, with 30.4 % of the total number of 

alleles observed being private to individual sampling sites  and no allele was characteristic 

of a particular population (Table 4, Appendix 1).  

Genetic Variation within Populations 

 Within each of the three populations, levels of genetic variation were high.  The 

number of alleles per locus within the populations ranged from 10 – 20, 10 – 21, and 10 – 

19 with averages of 15.5, 16.0, and 13.6 in the Song Ji, Luzhou, and Yibin sampling sites 

respectively (Table 5).  As the same number of individuals was sampled in each of the 

populations, with the exception of Song Ji which had one additional individual, the allelic  
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Table 4:  Number of private alleles (P), total number of alleles (A) and the percentage (%) 

of the total identified for each locus within the Song Ji, Luzhou, and Yibin populations and 

over all populations. 

Locus Song Ji Luzhou  Yibin Over all 
populations 

 P A % P A % P A % P A % 
Pvi 004 4 17 23.5 1 17 5.88 4 17 23.5 9 25 36 
Pvi 026 2 15 13.3 4 17 23.5 0 12 0 6 21 28.6 
Pvi 038 2 20 10 4 21 19.0 3 19 15.8 9 29 31.0 
Pvi 045 2 10 20 2 10 20 2 10 20 6 14 42.9 
Pvi 052 5 18 27.8 1 15 6.67 3 13 23.1 9 23 39.1 
Pvi 055 0 10 0 1 14 7.14 1 11 9.09 2 15 13.3 
Pvi 066 3 18 16.7 3 19 15.79 1 15 6.67 7 23 30.4 
Pvi 114 
Total 

2 
20 

16 
124 

12.5 
16.1 

2 
18 

15 
128 

13.3 
14.1 

0 
14 

12 
109 

0 
12.8 

4 
52 

21 
171 

19.0 
30.4 
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Table 5: Genetic diversity at eight microsatellite loci for three populations along the 

upper Yangtze River, China, including the total number of alleles (A), allelic richness (AR) 

standardized to 20 individuals per population, expected heterozygosity (HE), observed 

heterozygosity (HO), and the p-value associated with the exact test for deviation from 

Hardy-Weinberg equilibrium. 

Locus A AR HE HO P - value 

 Population 1 = Yibin (n = 20) 
Pvi 004 17 17 0.906 0.900 0.344 
Pvi 026 12 12 0.913* 0.800 0.035 
Pvi 038 19 19 0.927 0.950 0.347 
Pvi 045 10 10 0.858 0.850 0.623 
Pvi 052 13 13 0.913 0.900 0.650 
Pvi 055 11 11 0.794 0.650 0.086 
Pvi 066 15 15 0.913 0.900 0.175 
Pvi 114 12 12 0.691* 0.550 0.033 
Mean 13.6 13.6 0.864 0.813  
 Population 2 = Luzhou (n = 20) 
Pvi 004 17 17 0.935* 0.900 0.025 
Pvi 026 17 17 0.947 0.950 0.143 
Pvi 038 21 21 0.949 0.950 0.883 
Pvi 045 10 10 0.874 0.900 0.164 
Pvi 052 15 15 0.906 0.850 0.647 
Pvi 055 14 14 0.905 0.850 0.167 
Pvi 066 19 19 0.959 0.900 0.175 
Pvi 114 15 15 0.892** 0.650 0.001 
Mean 16.0 16.0 0.921 0.869  
 Population 3 = Song Ji (n = 21) 
Pvi 004 17 16.6 0.923 0.905 0.475 
Pvi 026 15 14.8 0.916 0.905 0.862 
Pvi 038 20 19.5 0.943 0.905 0.359 
Pvi 045 10 9.90 0.812 0.905 0.661 
Pvi 052 18 17.7 0.934** 0.667 0.001 
Pvi 055 10 9.81 0.830* 0.762 0.039 
Pvi 066 18 17.6 0.940 0.905 0.244 
Pvi 114 16 15.6 0.868* 0.762 0.029 
Mean 15.5 15.2 0.896 0.839  

* indicates locus population combinations that deviate from HWE at p < 0.05 

** indicates those that deviate at the table-wide alpha (k = 24 or 8) after sequential 

Bonferroni correction (Rice, 1989) 
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richness for each locus and averaged across loci was identical to the number of alleles 

within the Luzhou and Yibin populations (Table 5).  For the Song Ji population, the allelic 

richness per locus was 15.2, slightly lower than the average number of alleles (Table 5).     

 Expected heterozygosity for each locus within the three populations was high, 

ranging from 0.794 – 0.949 with the exception of one locus, Pvi 114 in the Yibin 

population, which had an expected heterozygosity of 0.691 (Table 5).  Within each of the 

three populations, locus Pvi 038 had the highest expected heterozygosity ranging from 

0.927 – 0.943 and the highest number of alleles per locus (Table 5).  Mean expected 

heterozygosity for each population was similarly high, ranging from 0.864 in the Yibin 

population to 0.921 in the Luzhou population (Table 5).  Mean observed heterozygosity 

(HO) within each of the populations was lower than the expected heterozygosity (HE) and 

ranged from 0.813 – 0.869 (Table 5).  Within each of the populations the range in 

observed heterozygosity was greater than that of the expected heterozygosity (Table 5).  

The smallest range in observed heterozygosity was from 0.762 – 0.905 in the Song Ji 

population and the largest range was from 0.550 – 0.950 in the Yibin population (Table 

5).  Within the Yibin and Luzhou populations, locus Pvi 114 had the lowest observed 

heterozygosity and in the Song Ji population Pvi 052 had the lowest (Table 5).   

Deviations from Hardy-Weinberg equilibrium within Populations 

 Exact tests for deviations from Hardy-Weinberg equilibrium (HWE) for each locus 

within the three populations identified 7 of the 24 population-locus combinations that 

did not conform to Hardy-Weinberg expectation at the p < 0.05 significance level (Table 
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5).  Of these, 3 were in the Song Ji population and 2 were in each of the Luzhou and Yibin 

populations (Table 5).  For the most part, there was no consistency amongst loci within 

populations with the exception of Pvi 114 which was found to significantly deviate from 

HWE in all three populations at the p < 0.05 significance level.  After applying the 

sequential Bonferroni correction for simultaneous statistical inference, only 2 

population-locus combinations were significant for departure from HWE at the table 

wide alpha level (k = 8) (Table 5).  There was no indication of heterozygosity excess and 

exact tests of heterozygosity deficiency indicated that only one locus -population 

combination showed significant deviation from Hardy-Weinberg equilibrium once the 

sequential Bonferroni correction was taken into account (Pvi 052 in the Songji 

population, p < 0.0001). 

Linkage Disequilibrium between Pairs of Loci within Populations 

 Likelihood ratio tests of linkage disequilibrium between pairs of loci within 

populations detected 16 significant associations out of a total of 84 possible 

combinations at the 0.05 significance level.  No strong associations between particular 

pairs of loci were detected however, locus Pvi 114 was included in 8 of the 16 tests that 

were significant for linkage disequilibrium across the three populations.  After applying 

the sequential Bonferroni correction for multiple tests (k = 28) only one pair of loci (Pvi 

055 and Pvi 114) in the Yibin population showed significant linkage disequilibrium.   
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Population Structure 

AMOVA results indicated weak but statistically significant population structure 

among the three sites (Global FST = 0.00648, 95% CI 0.00137 – 0.01110, p = 0.04703).  The 

majority of the variation, 99.35 %, was attributed to within population differences in 

alleles and only 0.65 % of the variation was explained by differences among the 

populations (Table 6).  This weak population structure was also confirmed through tests 

of genic differentiation based on allele frequencies for each population pair.  Of the three 

population pairs tested, only the Song Ji and Yibin populations were significantly 

differentiated (p = 0.030654) however this value was no longer significant once the 

sequential Bonferroni correction was taken into account (k = 3).  Similarly, exact tests of 

population differentiation found no indication of differentiation between any of the 

population pairs.  Additionally, pairwise FST values between each of the population pairs 

ranged from 0.00353 – 0.00856, none of which were statistically significant (all p > 0.05) 

(Table 7).  

For the principal co-ordinates analysis the first three axes explained 59.18 % of 

the variance in the data, with the first axis explaining 25.77 %, the second axes explaining 

17.39 % and the third explaining 16.02 %.  Scatter plots of the individual samples 

grouped according to their sampled population plotted against the co-ordinate axes 

provide a visual representation of the lack of structure among the three sites (Figure 2).  

A three dimensional scatter plot of the samples against the first three principal co-

ordinates axes further illustrates the lack of genetic structure among the sampled 

populations in the upper Yangtze River (Appendix 2).   
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Table 6: AMOVA analysis averaged across loci.  Global FST = 0.00648 over all loci (distance 

matrix calculated from the number of different alleles), 95% C.I. (0.00137 – 0.01110), P 

(rand > obs value) = 0.04703. 

Source of Variation Sum of Squares Variance components % Variation 

Among populations 8.013 0.02066 0.64812 
Within populations 376.839 3.16672 99.35188 

Total 384.852 3.18737  
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Table 7:  Pairwise FST values among the three populations (above the diagonal) with the 

corresponding p-values (below the diagonal).   

Population Song Ji  Luzhou  Yibin  

Song Ji   - 0.00722 0.00856 

Luzhou  0.07475 - 0.00353 
Yibin  0.06504 0.25780 - 
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a) 

 

b) 

 

c) 

 

Figure 4: Two dimensional plots of the samples from the Song Ji, Luzhou, and Yibin 

populations on a) principle coordinate axes 1 and 2; b) axes 2 and 3; c) axes 1 and 3. 
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Chapter 4– Discussion: 

This study was successful in the isolation and characterization of eight 

microsatellite loci representing the first set of primers for the specific analysis of P. 

vachelli.  Additionally it is the first to investigate the levels of genetic variability and 

population differentiation for this species within a localized area.  The sampling sites 

used provide a baseline estimate of the levels of genetic variation and population 

structure along an unfragmented stretch of the upper Yangtze River, providing a 

foundation for future analyses of the effects of fragmentation on genetic variation in this 

species as development of hydroelectric installations occurs.   

Microsatellite Variability 

The microsatellite loci isolated and optimized in this study revealed a high level of 

genetic variation within P. vachelli.  The level of variation detected amongst the sampled 

populations is much higher than that generally found in other freshwater species and 

more similar to that reported in marine fish (DeWoody and Avise, 2000; Ward et al., 

1994).  In their review, of the available literature to that date, DeWoody and Avise (2000) 

reported that variation at microsatellite loci was related to the ecology and life history 

strategies of fish with levels of genetic variation generally highest in marine species, 

intermediate in anadromous populations, and lowest in freshwater fish.  However, more 

recent studies have found a range in measures of genetic diversity in freshwater species 

with both the number of alleles per locus and average levels of expected heterozygosity 

much higher than the average values of 7.1 and 0.58 reported at the time (DeWoody and 
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Avise, 2000) (Appendices 3 and 4).  Compared to other riverine species, all eight loci 

characterized in this study could be considered highly variable with a range of 14 – 29 

alleles per locus (Table 3, Appendix 3).  Likewise, the observed and expected 

heterozygosities calculated within the three populations of P. vachelli in the upper 

Yangtze River (mean HO = 0.84 and mean HE = 0.90) are much higher than those found in 

other taxa with varying migratory patterns (Appendix 4).    The levels of genetic diversity 

detected in this study exceed those reported in most studies of freshwater or 

anadromous fish and likely reflect the particular loci isolated, the lifehistory traits of P. 

vachelli, and historically large population sizes in the upper Yangtze River. 

Comparisons with Other Bagrid Species  

 Both the number of alleles per locus and levels of heterozygosity reported here 

are much higher than in most other closely related bagrid species.  For example, in the 

Southeast Asian river catfish (Mystus memurus), between 2 and 11 alleles per locus were 

detected among 20 microsatellite loci and the observed and expected heterozygosities 

ranged from 0.4418 – 0.5730 and 0.4350 – 0.5410 respectively in six populations 

sampled in Malaysia (Usmani et al., 2008).  Similarly lower levels of genetic diversity have 

been reported in yellow catfish (Horabagridae brachysoma and H. nigricollaris) where 

the number of alleles ranged from 1 – 8 amongst five loci and observed heterozygosity 

was 0.463 and 0.443 in one sample of each of the two species from India (Abdul Muneer 

et al., 2011).    In the Yangtze River, studies of the longsnout catfish (Leiocassis 

longirostris) have also reported relatively low levels of genetic diversity within and 

among the populations using mitochondrial DNA but not using microsatellite markers 
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(Wang et al., 2006; Yang et al., 2011).  In one study, levels of genetic variability were 

similar to those reported here, with between 6 and 29 alleles found at 20 microsatellite 

loci and values of observed and expected heterozygosity ranging from 0.8205 – 0.8697 

and 0.7757 – 0.8300 respectively (Yang et al., 2011).     

High Levels of Genetic Diversity 

The high level of allelic diversity and the above average levels of heterozygosity 

detected imply large population sizes of P. vachelli in the upper region of the Yangtze 

River (Nei, 1987; Knaepkens et al., 2004).    This is supported by the fact that although 

individual darkbarbel catfish are small (approximately 10 – 30 g) they make up a large 

proportion of the fishing yield by weight within the sampled region of the upper Yangtze 

River (Duan et al., 2002).  The large population size and high levels of variation within P. 

vachelli are in the range of those reported in marine species (DeWoody and Avise, 2000; 

Tzeng et al., 2009) and have most likely been influenced by the geological history of the 

Yangtze River.  The Yangtze River is the longest river in China and with its vast length and 

historical lack of physical barriers, is capable of housing large populations of freshwater 

species with high levels of gene flow.  Unlike the majority of freshwater environments in 

the northern hemisphere where the majority of ichthyological research has been 

conducted, the Yangtze River was largely unaffected by glaciation during the Quaternary 

(Yang et al., 2011; Lui, 2003).  The stable history of this region combined with the size of 

the habitat has thus allowed for a relatively long evolutionary period for the populations 

of P. vachelli to expand and accumulate mutations at microsatellite loci.      
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Alternatively the high genetic variability may indicate a previously large 

population size that is currently undergoing a population bottleneck as a result of 

increasing fishing pressure during the past two decades (Chen et al., 2009; Zeng et al., 

2010).  Recent population bottlenecks are usually evident by an increased level of 

heterozygosity and a loss of rare alleles such that the number of alleles decreases faster 

than the range in allele size (Garza and Williamson, 2001).  This was seen in the 

distribution of allele frequencies (Appendix 1); however tests for deviations from HWE 

found no significant excess in heterozygosity.  Thus this study does not indicate recent 

population declines (Cornuet and Luikart, 1996).  However, some studies have found that 

the genetic signature of a reduction in population size can take several generations to 

become evident (Whiteley et al., 2006b; Yang et al., 2011) and accordingly these results 

should be interpreted with caution.  On the other hand, previously larger population 

sizes could have kept allele frequencies at mutation-drift equilibrium and prevented the 

genetic changes associated with reductions in population size (Tzeng et al., 2009).   

Other factors that may be influencing the high levels of genetic variation detected 

in this study are the ecology and reproductive strategy of P. vachelli.  Amongst 

freshwater species, the highest levels of variability have been identified in habitat 

generalists (Heithaus and Laushman, 1997; Reid et al., 2008a) and non-migratory fish 

lacking parental care (Lassala and Renesto, 2007).   As stated above, P. vachelli have a 

wide niche range throughout the Yangtze River and are capable of enduring a variety of 

environmental conditions.  These fish also have high lifetime reproductive efforts as they 

spawn multiple times throughout their lifespan and high relative fecundity levels have 
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been reported with females capable of laying 1100 – 19675 eggs per year (Duan and Sun, 

1999b; Yang, 2006).  In the absence of physical barriers, the combination of their broad 

ecological tolerance and high recruitment rates would allow for large populations with 

continuous distributions and provide the mechanism for accumulating mutations leading 

to higher levels of variability at microsatellite loci in this species. 

Population Structure 

 Analyses of population structure among the sampling sites found little indication 

of population differentiation along the unfragmented stretch of the upper Yangtze River.  

Results of the AMOVA analysis did support a weak but statistically significant structure 

among the populations (global FST = 0.0065, p < 0.05), however nearly all (99.35 %) of the 

variation was attributed to within population differences in allele frequencies and only a 

slight portion was due to differences among the populations (Table 6).  This proportion 

of within population variation is higher than what is generally reported in other riverine 

species with varying migratory patterns (eg. 85.00 % of variation within populations in 

the anadromous  eulachon (Thaleichthys pacificus), McLean and Taylor, 2001; 98.43 % in 

the non-migratory Northern sheatfish (Silurus soldatovi), Quan et al., 2006; 94.24 % in 

the potadromodous mud carp (Cirrhina molitorella), Zhao et al., 2011) including the 

closely related semi-migratory longsnout catfish (L. longirostris) in the Yangtze River 

where 97.26 % of the variance was detected within populations and just 2.74 % was 

among regions (Yang et al., 2011).   This high level of intra-population variance and low 

level of divergence among populations most likely reflects the high variability of the loci 

and large population sizes with gene flow among them in the absence of barriers.   
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 Exact tests for population differentiation found no significant structure among 

the three populations.  This was evidenced in the three dimensional plot of the samples 

along the first three principal coordinate axes where samples from all three locations 

formed a single cluster (Appendix 2).  In addition, pairwise FST values were low, ranging 

from 0.0035 – 0.0086, and not significant (Table 7) providing further support that P. 

vachelli inhabiting the sampled stretch of the upper Yangtze River are part of a single 

large population with free gene flow.  These low FST values are similar to those reported 

amongst populations of marine species (eg. FST = 0.007 in Blue mackerel (Scomber 

australasicus) from the East and South China Seas, Tzeng et al., 2009; FST = 0.0066 – 

0.0081 in the Korean rockfish (Sebastes schlegeli) around the coast of Korea,  An et al., 

2012) and in the migratory sutchi catfish (Pangasianodon hypophthalmus) in the lower 

Mekong River in Cambodia (FST range 0.0001 - 0.0065, So et al., 2006).   Comparable 

values have also been found amongst populations of migratory benthic redhorse species 

(Moxostoma ssp.) and Greenside darters (Etheostoma blennioides) in rivers in North 

America which are both unfragmented and recently dammed yet permeable to fish 

movement (FST values ranging 0.004 - 0.016 in the Muskegon river and 0.005 - 0.032 in 

the divided Trent and Grand Rivers in redhorse, Reid et al., 2008a and b; FST ranging 

0.001 - 0.079 in the unfragmented Sydenham and Ausable rivers and 0.001 - 0.024 in the 

fragmented Grand and Thames rivers in Greenside darters, Beneteau et al., 2009).  Thus 

caution should be taken in interpreting these results as indicative of a homogeneous 

population of P. vachelli with on-going gene flow within the sampled region of the upper 
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Yangtze River as some low levels of differentiation may be present amongst the 

populations.  

Models of Gene Flow 

While none of the pairwise FST values were significant, it is noteworthy that the 

level of genetic differentiation between the putative populations related to the 

geographic distances among the sampling sites.  This implies the possibility of a slight 

effect of isolation-by-distance on gene flow amongst the populations.  Previous studies 

of population structure in fish with a continuous distribution within river basins have 

reported patterns of gene flow that follow a stepping-stone model in one dimension 

where dispersal occurs between adjacent populations that are linearly arranged along a 

river resulting in a positive correlation between calculations of FST and geographic 

distance (Hernandez-Martich and Smith, 1997; Estoup et al., 1998; Carlsson and Nilsson, 

2000).  Although a strong relationship between geographic distance and pairwise 

measures of differentiation was not observed in this study, values were highest among 

the Yibin and Song Ji populations, the two that are the furthest apart.  Under the 

stepping stone model of gene flow, the lack of a strictly increasing monotonic 

relationship between genetic and geographic distances implies that the populations of P. 

vachelli along the upper stretch of the Yangtze River are not in regional equilibrium with 

respect to gene flow and genetic drift (Hutchison and Templeton, 1999).  However, the 

small number of populations used in this study and the relatively large geographic 

distance (considering the likely dispersal capabilities of this fish) between the sampling 
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locations makes it difficult to determine which of these factors has a greater effect on 

the observed population structure. 

Other possible models of gene flow may better reflect the patterns of genetic 

variance observed among the populations of P. vachelli in the upper Yangtze River.  Tero 

et al. (2003) presented five models of migration and gene flow applicable to populations 

that are linearly arranged such as the populations of P. vachelli examined in this study.  

Of the models presented there, the distribution of genetic variance detected in this study 

suggests that the gene flow among the P. vachelli populations in this region may be 

conforming to the classical metapopulation model.  This model allows for free gene flow 

throughout the entire range of linearly distributed populations and would lead to a lack 

of population structure among the sampled sites  (Tero et al., 2003).  The absence of 

significant genetic differentiation among any of the pairwise comparisons observed here 

supports the notion that the P. vachelli currently inhabiting this stretch of the Yangtze 

River form a single panmictic population and do not represent separate management 

units (Moritz, 1994; Palsboll et al., 2006). 

High Variability and Lack of Population Differentiation  

It is possible that the high variability of the microsatellite loci relative to the 

sample size used in this study may have affected the level of discernible structure among 

the populations in the sampled stretch of the upper Yangtze River.  Although FST has 

been recommended for use in examining genetic differentiation in fish populations when 

there is a high number of alleles per locus (O’Connell and Wright, 1997), a negative 
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relationship between microsatellite locus variability and the power of microsatellite data 

to detect weak population structure has been reported in other fish species (O’Reilly et 

al., 2004).  Thus, although FST is capable of detecting weak population structure in 

populations with high levels of gene flow and relatively large population sizes, it is 

possible that the specific loci isolated in this study are too variable to provide resolution 

of underlying differentiation among the sampled populations.  However, measures of 

genetic distance such as FST are less sensitive the relative variability of loci and 

population size when compared to other methods for inferring population structure such 

as assignment tests (Manel et al., 2005).  Moreover, within some fish species a large 

range in the number of alleles per locus has been observed (eg. Salgueiro et al., 2003; 

Seeb et al., 2007; see Appendix 3) therefore the high variability of the loci characterized 

in this study may simply be an artifact of sampling bias.  More loci would need to be 

optimized to explore this possibility.   

Another factor which may be obscuring the detection of population structure is 

size homoplasy amongst the various alleles.  Size homoplasy refers to two alleles that are 

identical in state (size of electromorph) but not by (evolutionary) decent.  Although this 

phenomenon is generally not problematic in evaluating population genetic structure, 

simulation studies have indicated that with high mutation rates and large population 

sizes, microsatellite size homoplasy may interfere with the resolution of weak population 

differentiation (Estoup et al., 2002).  Additionally, some experiments have found that 

depending on the locus, the levels of detectable size homoplasy is not negligible (Adams 

et al., 2004).  As the mutation model of microsatellite evolution is still unclear (Weber 
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and Wong, 1993) and the high variability detected amongst the loci indicates that the 

population of P. vachelli within the sampled region may be large, it is possible that 

convergent mutations may be interfering in the detection of any low levels of structure 

amongst the populations.  Moreover, if the levels of mutation are high relative to the 

amount of migration, calculations of genetic differentiation may not be accurate (Balloux 

and Lugon-Moulin, 2002).  Consequently, it may be necessary to isolate additional loci 

with lower variability and to include a population that is further geographically separated 

from those analyzed in this study to verify the lack of population structure among the 

populations in this stretch of the river.    

The presence of some differentiation among the sampling sites is consistent with 

the large number of private alleles that were detected in each of the populations .  

Alternatively, the presence of a high percentage of unique alleles could have arisen 

through population expansion or sustained large population sizes (Triantafyllidis et al., 

2002) and might be an artifact of the high variability of the microsatellite loci used 

combined with the low sample size.  For studies of population structure using 

microsatellite loci, samples sizes of 50 or greater are recommended (O’Reilley et al., 

2004) to ensure accuracy in characterizing the distribution of variance and minimizing 

sampling error (Liu and Cordes, 2004).  Therefore future research on the effects of 

fragmentation on the distribution of genetic variance in P. vachelli within the upper 

Yangtze River should consist of larger sample sizes and explore the possibility of 

alternative markers or loci to guarantee sufficient statistical power.   
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Also noteworthy, is that such high levels of variation and lack of population 

structure were detected specifically in the upper section of the Yangtze River.  Other 

studies of non-migratory fish with continuous distributions in river basins have generally 

found lower levels of diversity and higher differentiation in the upstream sections of 

rivers relative to downstream regions (Hernandez-Martich and Smith, 1997; Yang et al., 

2011).  This contrast in the levels of genetic diversity and partitioning of genetic variation 

in the upper section of the river in comparison to other studies reinforces the notion that 

there have been historically large populations of P. vachelli within this stretch of the 

upper Yangtze River and that free gene flow occurs throughout the studied region.  A 

greater understanding of the dispersal capabilities and spawning behaviour of this 

species is critical for making comprehensive determinations of the population structure 

of this species.  As of yet, little information on the vagility and natural distribution of this 

species has been published and not much is  known regarding the spawning habits of P. 

vachelli (Wang et al., 2004).  As some closely related bagrids in the Yangtze river are 

known to be semi-migratory (L. Longirostris, Yang et al., 2011) or to have male parental 

care in terms of nest guarding (P. fulvidraco, Jiang et al., 2008) further knowledge of the 

natural history of P. vachelli is necessary to interpret the ecological significance of the 

results presented here.   

Limitations of this Study 

As fish were purchased from local fisherman, there is some uncertainty as to the 

exact location that the samples were caught.  If fish within sampling sites were caught in 

separate locations, this could create substructure within the populations and result in 
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deviations from HWE through the Wahlund effect (Carvalho-Costa et al., 2008).  

However, deviations from HWE were not consistent across loci therefore the observed 

deviations are most likely not a result of populations subdivision, admixture, inbreeding, 

or assortative mating as these would affect the entire genome.  Only one locus-

population combination showed a deficit in heterozygosity (Pvi 052 in the Song Ji 

population) for which there was also indication of the presence of a null allele which has 

been shown to lead to heterozygote deficiency (Brookfield, 1996; Triantafyllidis et al., 

2002).  Therefore it is most likely the presence null alleles and the relatively small sample 

size in comparison to the variability of the microsatellite loci that led to the observed 

deviations from HWE.  

Final Considerations  

To maintain the current high levels of genetic variation detected in the 

populations of darkbarbel catfish along the upper Yangtze River, conservation efforts 

should be put in place to maintain large population sizes.  Future management initiatives 

should consider the impact of both the high levels of exploitation through fishing as well 

as the consequences that the construction of hydroelectric installations lacking fish 

passageways could pose to the continued existence of large and genetically variable 

populations of this species.  Additionally, if breeding programs and intentional 

translocation of individual fish are going to be continued practices in maintaining wild 

stocks of this species, efforts should be made to determine both the natural distribution 

of genetic variation among populations at larger spatial scales within the region and to 

monitor the genetic composition of domestic strains used in stocking practices. 
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Appendix 1: 

a) 

 

b) 
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e)

f) 

g)

h)
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Frequency of allele sizes for each locus within each of the populations where Population 5 

represents Song Ji, population 6 represents Luzhou, and population 7 represents Yibin: a) Pvi 004, 

b) Pvi 026, c) Pvi 038, d) Pvi 045, e) Pvi 052, f) Pvi 055, g) Pvi 066, h) Pvi 114. 
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Appendix 2: 

 

 

3 Dimensional scatter plot of the 61 P. vachelli samples along the first three axes of the 

principal components analysis where ● represents the individuals from Songji, ○ Luzhou, 

and    Yibin.   
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Appendix 3: Number of microsatellite loci studied and ranges in number of alleles per locus of various species in riverine and marine 
environments 
Taxa Common name Species # of Loci       Range in # of alleles  Reference 
Marine Blue mackerel Scomber australasicus 7 19 - 45 Tzeng et al., 2009 
 Chub makerel Scomber japonicus 7 25 - 44 Tzeng et al., 2009 
 Korean rockfish Sebastes schlegeli 8 3 - 33 An et al., 2012 
      

Anadromous Chinook salmon Oncorhynchus tshawytscha 13 9 - 74 Seeb et al., 2007 
 Eulachon Thaleichthys pacificus 5 3 – 10 McLean and Taylor, 2001 

 Marble trout Salmo marmoratus 14 1 - 12 Fumagalli et al., 2002 
 White-spotted char Salvelinus leucomaenis 5 2 - 24 Yamamoto et al., 2004 
 European grayling Thymallus thymallus 8 4 - 10 Meldgaard et al., 2003 
 Steelhead Oncorhynchus mykiss 24 3 – 49 Clemento et al., 2008 

      
Potadromodous Curimbata-pioa Prochilodus costatus 6 2 – 16 Carva lho-Costa et al., 2008 
 Saramugo Anaecypris hispanica 5 1 – 38 Sa lgueiro et al., 2003 

 Bul l trout Salvelinus confluentus 7 1 – 4 Spruell et al., 1999 
 Bul l trout Salvelinus confluentus 7 2 – 17 Costello et al., 2003 

 Mud carp  Cirrhina molitorella 11 4 – 18 Zhao et al., 2011 
 Common carp Cyprinus carpio L. 4 10 – 23 Thai  et al., 2007 
 Chub Squalius cephalus 5 8 – 14 Dehais et al., 2010 
 Black redhorse Moxostoma duquesnei 8 12 – 33 Reid et al., 2008b 
 Mountain whitefish Prosopium williamsoni 6 7 – 61 Whiteley et al., 2006a  
 Bul l trout Salvelinus confluentus 8 2 – 8 Neraas and Spruell, 2001 

 Brown trout Salmo trutta 9 2 – 27 Heggenes and Roed, 2006 
 Greenside darter Etheostoma blennioides 9 7 – 70 Beneteau et al., 2009 

 Creek chub Semotilus atromaculatus 19 1 – 14 Ska lski et al., 2008 

 Largemouth bronze     
gudgeon 

Coreius guichenoti 11 5 – 19 Zhang and Tan, 2010 

      
Non-migratory Brown trout Salmo trutta 5 2 – 5 Carlsson et al., 1999 
 Northern Sheatfish Silurus soldatovi 24 3 – 23 Quan et al., 2006 
 Mangrove Molly Poeci lia orri 3 3 – 15 Vazquez-Dominguez et al., 2009 

 Mosquito fish Gambusia yucatana 3 6 – 18 Vazquez-Dominguez et al., 2009 
 Yel low catfish Horabagrus nigricollaris 5 1 – 8 Abdul  Muneer et al., 2011 

 Yel low catfish Horabagrus brachysoma 5 1 – 8 Abdul  Muneer et al., 2011 
 Aris totle catfish Silurus aristotelis 8 18 – 24 Triantafyllidis et al., 2002 
 Longsnout catfish Leiocassis longirostris 20 6 – 29 Yang et al., 2011 
 Southeast Asian  river catfish Mystus  nemurus 20 2 – 11 Usmani et al., 2003 

http://www.fishbase.org/ComNames/CommonNameSummary.php?autoctr=135349


87 
 
 

 

 

Appendix 4: Summary table of observed and expected heterozygosity per population in fish species with varying migratory patterns   

Taxa Common name Species HO HE # of loci Reference 
Marine Korean rockfish Sebastes schlegeli 0.737 – 0.806 0.794-0.821 8 An et al., 2012 
       

Anadromous Eulachon Thaleichthys pacificus mean 0.28 mean 0.29 5 McLean and Taylor, 2001 
 Marble trout Salmo marmoratus 0.046 – 0.233 0.039 – 0.219 14 Fumagalli et al., 2002 

 White-spotted char Salvelinus leucomaenis 0.29 – 0.69 0.35 – 0.71 5 Yamamoto et al., 2004 
 Steelhead Oncorhynchus mykiss 0.573 – 0.712 0.597 – 0.723 24 Clemento et al., 2008 

       
Potadromodous Curimbata-pioa Prochilodus costatus 0.420 – 0.480 0.650 – 0.660 6 Carva lho-Costa et al., 2008 
 Greenside darter Etheostoma lennioides 0.56 -0.74 0.62 – 0.74 9 Beneteau et al., 2009 
 Saramugo Anaecypris hispanica 0.44 - 0.79 0.59 - 0.78 5 Sa lgueiro et al., 2003  
 Bul l trout Salvelinus confluentus ----- 0.330 – 0.426 7 Spruell et al., 1999 

 Bul l trout Salvelinus confluentus 0.00-0.78 0.05-0.37 7 Costello et al., 2003 
 Sutchi  catfish Pangasianodon hypophthalmus mean 0.734 mean 0.757 7 So et al., 2006 

 Mud carp  Cirrhina molitorella 0.5105 – 0.6182 0.7081 – 0.7727 11 Zhao et al., 2011 

 River redhorse Moxostoma carinatum 0.61 – 0.80 ----- 11 Reid et al., 2008a  

 Shorthead redhorse Moxostoma macrolepidotum 0.68 – 0.82 ----- 11 Reid et al., 2008a  
 Black redhorse Moxostoma duquesnei 0.59 – 0.67 0.71 – 0.75 8 Reid et al., 2008b 

 Brown trout Salmo trutta 0.57 – 0.65 0.58 – 0.66 9 Heggenes and Roed, 2006 
 Creek chub Semotilus atromaculatus 0.424 – 0.566 0.417 – 0.572 19 Ska lski et al., 2008 
 Common carp Cyprinus carpio L. 0.40 - 0.82 0.53  - 0.83 4 Thai  et al., 2007 

 Mountain whitefish Prosopium williamsoni ----- 0.000 – 0.538 6 Whiteley et al.,  2006a 
 Largemouth bronze 

gudgeon 

Coreius guichenoti 0.8182 – 0.8700 0.8047 - 0.8339 11 Zhang and Tan, 2010 

       
Non-migratory Northern sheatfish Silurus soldatovi mean 0.435 mean 0.758 24 Quan et al., 2006 
 Rhone s treber Zingel asper 0.68 – 0.92 0.69 – 0.86 5 Laroche and Durand, 2004 

 Mangrove Molly Poecilia orri 0.000 – 0.222 0.000 – 0.814 3 Vazquez-Dominguez et al., 2009 
 Mosquito fish Gambusia yucatana 0.159 – 0.600 0.422 – 0.800 3 Vazquez-Dominguez et al., 2009 

 Aris totle catfish Silurus aristotelis 0.532 – 0.703 0.562 – 0.734 8 Triantafyllidis et al., 2002 

 Longsnout catfish Leiocassis longirostris 0.8205 – 0.8697 0.7757 – 0.8300 20 Yang et al., 2011 
 Southeast Asian river 

catfi sh 

Mystus nemurus 0.4418 – 0.5730 0.4350 – 0.5410 20 Usmani et al., 2003 

 

http://www.fishbase.org/ComNames/CommonNameSummary.php?autoctr=135349

