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ABSTRACT 

The threatened scaleless carp, Gymnocypris przewalskii, is endemic to saline Lake 

Qinghai. This study used genetic techniques to examine the phylogeography of scaleless carp, 

specifically to look for the presence of a distinct stock structure. Significant differences in 

mitochondrial DNA variation were found between scaleless carp, its ancestor, Gymnocypris 

eckloni, and its subspecies, G. p. ganzihonensis. Amplified Fragment Length Polymorphism 

analysis found significant differences between most fish sampled in tributaries, indicating that 

spawning groups should be treated as Management Units for conservation purposes. 

Analysis of Major Histocompatibility Complex (Mhc) variation in scaleless carp 

identified two locus groups, and found that these genes are highly polymorphic, and in terms of 

function and selection, behave in a similar fashion as in other teleosts. Additional information is 

needed if Mhc is to be fully characterized and used to further assess the genetic differences 

between G. p. przewalskii, G. eckloni, and G. p. ganzihonensis. 
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1 GENERAL INTRODUCTION 

1.1 LAKE QINGHAI AND THE QINGHAI-TIBET PLATEAU 

The Qinghai-Tibet Plateau (Figure 1.1), located in western China and described as the 

"Roof of Asia", is an immense fault block formed by tectonic movements in the Tertiary, when 

the Indian and Eurasian plates converged (Walker et al., 1996). The subsequent uplift of the 

Himalayan, Karakorum, and Kunlun mountains blocked the path of monsoons from the south, 

which led to increasing aridity in the region. After the formation of the plateau, drainage lines to 

the Indian Ocean were blocked, forming numerous lakes - over 1600 small lakes, which may be 

ephemeral depending on precipitation and proximity to rivers, and 10 large lakes, together 

covering an area over 40,000 km2 (Walker and Yang, 1999). Those that were located in terminal 

basins became progressively more saline; hence, the region contains approximately 350 saltwater 

lakes, which range in salinity from slightly brackish to crystallising brines. 

KAZAX 

•MPW 
3 

T i o s t  ^Shanghai 

Figure 1.1: Relief map of China and the Qinghai-Tibet Plateau. Lake Qinghai is indicated by an 
arrow (cf. http://www.map-of-china.org/china-relief-map.gif). 
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Lake Qinghai is located within the Chaidmu Basin of the plateau (along the eastern 

edge, making it 'the gateway to the plateau') at an altitude of 3200 m. The ancestral lake was 

formed approximately 500,000 years ago as a result of the downfaulting of the Tibetan Plateau 

(Bian et al., 2000). This lake was glacier-fed and originally drained into the Yellow River; 

however, its connection was severed approximately 130,000 to 150,000 years ago after an uplift 

of the plateau (termed the Gonghe Movement). This turned the entire Lake Qinghai drainage 

inward, forming the endorheic basin that comprises the lake today (Zheng, 1997; Li and Fang, 

1998). Since the lake is located in a dry, desert area, its net inflow is low and its evaporation is 

high. The lake has regressed to about one-third of its original size, becoming saline in the 

process. It is currently the largest saline lake in China (surface area 4600 km2) with a high pH 

(9.4) and a salinity of 13.13 g/L (Wood et al., 2007). Several freshwater rivers drain into the 

lake, the largest of which is the Buha River, which, when combined with the Shaliu and Haerga 

Rivers, contributes about 80% of the total annual inflow (Walker and Yang, 1999). Smaller 

drainages include the Heima and Quanji rivers, and formerly the Ganzi River, which is no longer 

directly linked with the lake (see Sections 1.2 and 2.2). The lake also contains seasonal water 

bird sanctuaries, Bird Island and Egg Island, which support over 100,000 bar-headed geese, 

black-headed gulls, and cormorants in a breading area of 67,000 m2. Incidentally, of the five 

total islands located on Lake Qinghai, three, including Bird and Egg Islands, became peninsulas 

in the 1970s as a result of falling lake levels and siltation from rivers (Walker et al., 1996). 

1.2 SCALELESS CARP AND OTHER FISH SPECIES OF THE TIBETAN PLATEAU 

The Qinghai-Tibetan Plateau supports a total of 112 native and 17 introduced fish 

species. The native species are believed to be the relicts of mass extinction events that occurred 

in the Quartenary, during the uplift of the Himalayan Mountains (Walker and Yang, 1999). 

2 
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Although Lake Qinghai is the largest in China, due to its extreme environment (low temperature, 

high pH, saline, low oxygen), it has few resident fish species, the most abundant of which is the 

naked, or scaleless carp, Gymnocypris przewalskii (Cyprinidae: Schizothoracinae). The 

Schizothoracine subfamily, which includes all naked carp or "snow trout", is an evolutionary 

offshoot of the Cyprinidae, probably arising from a surviving Barbinae (Walker and Yang, 

1999). It occurs throughout central and southern Asia (Banarescu and Coad, 1991), although 

more than 80% of species are located in China. The subfamily includes 11 genera in three 

phylogenetic groups (Wu, 1984). Gymnocypris is a member of the third, specialized group, 

which tends to occur mainly at higher altitudes. While all fish from the subfamily share common 

traits, including slow growth and general lack of scales (some have small columns of scales 

around the anus), only G. przewalskii has been studied in any detail, possibly because it is the 

species with the most commercial value in the region. 

The scaleless carp commercial fishery began in 1950s, with the total catches peaking in 

1960 (a record catch of more than 28,000 tonnes). Catches then declined rapidly, as did the 

average length and weight of fish, following the typical pattern of newly exploited fisheries 

(Walker and Yang, 1999). A total of 200,000 t was produced by the Lake Qinghai fishery, from 

1958 until 1991, when a moratorium was put in place. The fish are very slow growing (a result 

of the cold climate), taking approximately 7 years to reach sexual maturity and a marketable 

weight of 300 g; therefore, stocks have not recovered from overexploitation (Walker et al., 

1996). Poaching of the species continues today and the commercial fishery may be reopened in 

the future. 

A 1987 census showed that the region contained 90,500 people, most who work in 

agriculture (Walker et al., 1996). Although fisheries have been established in western China for 

3 
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more than 40 years, they contribute a very small portion of total agricultural production, partially 

due to slow markets and poor economic conditions. In the Lake Qinghai area in particular, the 

local people tend to eat mostly mutton and beef, and Tibetans are generally reluctant to eat fish 

for religious reasons. However, a rapidly expanding population in the Lake Qinghai area (and in 

other areas of the Tibetan Plateau), especially of the Han people from other areas of China, have 

encouraged the expansion of capture fisheries (Walker et al., 1996; Walker and Yang, 1999). 

Other species of the Gymnocypris genera are fished commercially, including G. eckloni, 

from the Yellow River and Gyaring and Ngoring Lakes to the south of Lake Qinghai, and G. 

waddelli, located in Yamdrok Lake in Tibet (Table 1.1). Although their catches are much 

smaller when compared to historical catches of G. przewalskii, catches may also increase due to 

a growing human population. Other Gymnocypris species of the Qinghai-Tibetan Plateau are 

included in Table 1.1. 

Table 1.1: Gymnocypris species of the Qinghai-Tibet Plateau 

Species Location Salinity (g/L) PH 

G. chui Lake Langchu 0.941 8.6 

G. dobula Lake Peigucco 1.921 9.5 

G. eckloni Yellow River, Lakes 
Gyaring and Ngoring 

Freshwater 

G. namensis Lake Nam Co 1.715 9.3 

G. potanii Mekong and Yangtze 
Rivers 

Freshwater 

G. przewalskii Lake Qinghai 13.13 9.3 

G. waddellii Lake Yamdrok 1.781 9.3 

*Information in this table was taken from a variety of sources: Walker et al. (1996), 
www.fishbase.org, and Yuan (1990). 
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Based on morphological and electrophoretic characters, a subspecies of the scaleless 

carp, Gymnocypris przewalskii ganzihonenesis, has been identified in the Ganzi River, which at 

one time was connected to Lake Qinghai. It is believed that the connection to the lake was 

severed, isolating fish populations residing within the river and leading to the evolution of a 

possible subspecies (Walker and Yang, 1999). However, the status of the Ganzi River fish 

population is unknown as there have been no reports of them being examined since they were 

first described (Zhu and Wu, 1975). 

1.3 UNUSUAL PHYSIOLOGY OF SCALELESS CARP 

Water levels in Lake Qinghai have fallen approximately 12 m in the last hundred years, 

due to a combination of decreased rainfall, increased evaporation, and the diversion of water in 

tributaries for agriculture. This has resulted in elevated salinity levels, as well as the formation 

of two additional lakes (Erhai and Gahai) along the eastern edge (Walker and Yang, 1999). 

Remarkably, scaleless carp are currently able to tolerate the high salinity by allowing most 

plasma ions to equilibrate with the lake water, thereby reducing the energy demands required for 

ion regulation (Wood et al., 2007). This ability to thrive in saline waters has made scaleless carp 

a candidate for aquaculture expansion in other salt lakes of the plateau, which have few or no 

fish species (Walker et al., 1996). However, the increasing salinity of Lake Qinghai may soon 

have detrimental physiological effects on resident fish populations. Studies have indicated that 

the waters of Lake Qinghai are very near the salinity threshold for scaleless carp, as even small 

increases in salinity (4 ppt) resulted in osmoregulatory disturbances that resulted in death or 

severe loss of equilibrium (Brauner et al., 2008). 

Unlike other cyprinids, scaleless carp undergo an annual spawning migration between 

March and July from the saline lake to adjoining freshwater rivers (Wang et al., 2003). The 
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transfer between the lake water and river water poses additional physiological challenges to the 

fish in terms of nitrogenous waste excretion and ion balance. However, once again, the scaleless 

carp uniquely adapt to this migration by increasing plasma Na+ and CI" ions and lowering K+ ions 

(Wang et al., 2003). Most euryhaline teleosts lower Na+ and CI" when transferred to freshwater 

from brackish water due to salt loss via passive diffusion (Perry and Laurent, 1989; Postlethwaite 

and McDonald, 1995). It is thought the higher levels of plasma ions allow the fish to meet the 

energetic demands of up-river migration (Wang et al., 2003). The scaleless carp are also well 

adapted to the chronically reduced oxygen levels of the lake (6 mg O2/I), and are uniquely 

tolerant of long-term low oxygen conditions (more so than its hypoxia-tolerant relative, the 

crucian carp) (Matey et al., 2008). 

1.4 GENERAL RESEARCH OBJECTIVES 

In addition to the physiological challenges of increasing salinity within the lake, the 

installation of impassable weirs and dams on rivers and increased siltation have resulted in a vast 

loss of spawning habitat. In response to management and conservation concerns for fish 

populations, an international collaborative project between Canada (Queen's University, 

University of Northern British Columbia, University of British Columbia, and McMaster 

University) and China (Zhejiang University) was initiated to study the evolution, ecology, and 

physiological adaptations of the scaleless carp and related species to the environments of the 

Tibetan Plateau. The results of the physiological studies have been reported elsewhere (Wood et 

al., 2007; Matey et al., 2008) and further publications are pending. This thesis analyzes genetic 

variation in order to examine the phylogeography and systematics of scaleless carp. Specifically, 

this study will look for the presence of a distinct stock structure of G. p. przewlaskii within the 

lake, and will also examine the relationships between the Lake Qinghai species, its subspecies, 
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G. p. ganzihonensis, and its ancestral species, G. eckloni. The identification of different stocks 

within Lake Qinghai is extremely important for the conservation and management of scaleless 

carp populations both within the lake and in each river. Some tributaries, and associated 

spawning habitat, may be lost due to falling lake levels, agricultural divergence, and damming. 

If a tributary is lost, an entire distinct population may become extinct, posing a threat to the 

genetic variation of the entire Lake Qinghai species. If distinct stocks are not present, the loss of 

spawning habitat will still be detrimental to the species; however, usable habitat may be 

recreated at a later date. The Ganzi River, now isolated from the lake, has been heavily impacted 

by anthropogenic disturbances, and information on this isolated fish population is critical to 

initiation of conservation actions. Phylogeographic relationships within the Lake Qinghai 

system will be determined by examining the sequence variation in the control region of mtDNA, 

in combination with Amplified Fragment Length Polymorphisms (AFLPs) (Chapter 2). 

A secondary goal of this project is to examine sequence variation in the Major 

Histocompatibility Complex {Mhc) in order to determine if it can be developed as a genetic 

marker system for the management of scaleless carp stocks (Chapter 3). 

1.5 THE USE OF GENETIC MARKERS IN FISH CONSERVATION 

The ability to differentiate distinct populations is central to management of fish stocks 

(Carvalho and Hauser, 1994). Stocks are often identified using tagging methods, such as coded 

wire tags, which depend on the recovery of the tags from dead fish. As lethal methods are not 

usually recommended for imperilled fish populations, such as the scaleless carp, genetic analysis 

may be preferred. The ideal genetic technologies for stock analysis are those based on biological 

variation in characters that differ substantially among stocks, show little temporal or annual 

variation within stocks, and can be screened in a rapid, nonlethal, and cost effective manner 
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(Beacham et al., 2001). The choice of appropriate genetic method will depend on the level of 

accuracy and precision of the stock composition estimates required for management, the ease of 

obtaining those estimates, and the cost of the analysis. Allozymes can provide regional estimates 

of stock composition if there is a regional population strucuture; however, a finer scale technique 

may be more effective when trying to discriminate populations beyond the regional scale. 

Protein electrophoresis has been used in coho salmon, but there is a limited amount of variation 

present at protein electrophoretic loci (Wehrhahn and Powell, 1987; Bartley et al., 1994). 

Microsatellite loci are excellent markers in stock structure and genetic population studies 

because they are abundant within the genome, highly polymorphic, and, since they are non-

coding, selectively neutral. The use of microsatellites is a good choice for generating estimates 

of gene flow, effective population size, and phylogenetic relationships (Beacham et al., 2001). 

However, start up times and costs are large, especially in organisms for which there is very little 

prior genetic information, like Gymnocypris. While the research for this thesis was in progress, 

microsatellites were developed for scaleless carp (Zhang et al., 2009), although the size and 

scope of this study is much larger than the study performed using microsatellites. 

This study uses the control region of mitochondrial DNA and Amplified Fragment 

Length Polymorphisms (AFLPs). The mtDNA control region is generally selectively neutral 

(non-coding) and provides information on non-selective processes, such as mutation and drift. 

Mitochondrial DNA is frequently used in population genetic structure studies (Brunner et al., 

1998; Stepien and Faber, 1998; Taylor et al., 2001; Gharrett et al., 2005) and to assess 

subspecies (Tabata and Taniguchi, 2000; April and Turgeon, 2006). Additionally, there are an 

increasing number of fish studies that combine mitochondrial variation with nuclear markers, 
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such as AFLPs (Young et al., 2001; Seehausen et al., 2003; Ishikawa et al., 2004; Mock and 

Miller, 2005). 

AFLPs, developed by Vos and colleagues (1995), combine restriction digestion with 

two levels of PCR amplification to generate multiple loci across the entire nuclear genome, 

rather than only examining one gene or region. AFLP analysis is especially well suited to 

studies of organisms with very little prior genetic information, as in G. przewalskii, because non­

specific primers are used. AFLPs have fewer artifacts and errors than other non-specific 

techniques such as RAPDs (Mueller and Wolfenbarger, 1999) and are capable of identifying 

relationships at the species or population level, providing the resolving power to detect the early 

divergence of lineages (Sullivan et al., 2004). Therefore, AFLPs are a suitable tool for 

examining the stock structure within Lake Qinghai, as well as genetic variation of G. przewalskii 

ganzihonensis in the Ganzi River and G. eckloni in the Yellow River (Mickett et al., 2003; 

Whitehead et al., 2003; Elderkin et al., 2004; Bensch and Akesson, 2005). AFLP analysis has 

previously been performed on Gymnocypris przewalskii; however, the goal of that study was to 

assess the genetic diversity of the fish rather than to detect significant differences between 

spawning groups {e.g. no inferential statistics were performed) (Chen et al., 2005). 

This thesis will also study genes of the Major Histocompatibility Complex {Mhc) 

(Chapter 3), which is a multi-gene family that acts as the interface between the immune system 

and infectious diseases (Bernatchez and Landry, 2003). There are two major classes of Mhc 

molecules that code for proteins involved in antigen presentation (Staines et al., 1993; 

Bernatchez and Landry, 2003; Rakus et al., 2003). Class I molecules are expressed on all 

nucleated cells and bind endogenously produced foreign peptides (usually viral) in the host cell's 

cytoplasm. The bound peptides are then presented on the cell surface to be recognized by 
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cytotoxic T cells, initiating further immune response. Class II molecules are expressed only on 

specific cells of the immune system (e.g. B cells, macrophages, etc.), and recognize and bind 

exogenous foreign peptides (e.g. as in a bacterial infection) to be presented to helper T cells. 

Mhc genes have several assets that make them highly useful as molecular markers for 

scaleless carp populations. First, the molecular processes of the Mhc have been extensively 

studied, and there is ample information about the structure and function of the genes in a variety 

of teleosts, including close relatives of Gymnocypris (Dixon et al., 1996). Second, although the 

general architecture of Mhc families is relatively conserved across species, the number of loci 

varies substantially. In addition, within a species, the Mhc is highly polymorphic, such that it is 

very unlikely for two unrelated individuals to have identical Mhc make-ups (Bernatchez and 

Landry, 2003). High levels of polymorphism result in the presence of numerous alleles and 

haplotypes within a population. 

The ability of Mhc proteins to bind foreign peptides is partly determined by 

polymorphism in the amino acid residues of the Peptide Binding Region (PBR), which is thought 

to be maintained by balancing selection (i.e. heterozygote advantage and low frequency 

dependent selection) (Klein, 1987; Dixon et al., 1996). However, recent speciation events or 

lineage divergence may result in greater selective pressure, which is most intense at the peptide 

binding region. As Mhc offers high polymorphism and evolves trans-specifically (shared allelic 

lineages across species), it is an ideal marker to assess phylogenetic relationships in closely 

related species and species that have evolved rapidly (Malaga-Trillo et al., 1998). 

Although the adaptive nature of Mhc genes would generally preclude their use in studies 

that require the assumption of selective neutrality, Mhc allele frequencies have the potential to 
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enhance stock specificity and provide quantitative information on adaptive variation in 

populations (Beacham et al., 2004). A recent study reported that one Mhc locus with 15 

identified alleles was more effective for stock identification than 13 microsatellites (Beacham et 

al., 2004). The high levels of variability in Mhc genes also allow the differentiation of 

populations where other genetic markers show little or no variation (Cohen et al., 2006). For the 

future management of scaleless carp (especially if policy changes allow the fishery to be 

officially re-opened), the development of a genetic database may allow the identification of 

mixed stock samples. 

1.6 DEFINING UNITS FOR CONSERVATION 

When discussing conservation practises for a threatened species or population, one must 

first be able to distinguish the taxa or "units" to be conserved. First, there is the species, which 

would seem to be relatively easy to identify; however, a study by Hey (2001) listed two dozen 

different "concepts" that have been proposed to describe what is a species. In fact, there is likely 

no greater debate in the field of biology. To list and debate these different concepts is beyond 

the scope of this thesis, but the most popular (and the most relevant to this thesis) are the 

Biological Species Concept (Dobzhansky, 1951; Mayr, 1963), where a species is a group of 

interbreeding natural populations that is reproductively isolated from other groups (Mayr and 

Ashlock, 1991), and the Phylogenetic Species Concept (Cracraft, 1983), where a species is a 

monophyletic group composed of the smallest diagnosable cluster of individuals within which 

there is a parental pattern of ancestry and descent. 

Further complicating matters is the inclusion of intraspecific taxa or "subspecies". 

Taxonomically speaking, a subspecies is simply the taxa below the species level and is often 

defined by variations in morphological traits (Haig et al., 2006). However, much like species 
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concepts, definitions of subspecies are a source of considerable debate among biologists. A 2006 

review by Haig and colleagues found no universally accepted definition of a subspecies. Mayr 

(1963) defined a subspecies as geographically isolated from other members of its species, while 

many others consider subspecies to be incipient species, on the evolutionary path to complete 

divergence (Frankham et al., 2002). While a subspecies can exist under the Biological Species 

Concept, it cannot under the Phylogenetic Species Concept, since species are defined as the 

smallest monophyletic unit, and groupings below the species level would not be considered 

taxonomically relevant. 

The Evolutionary Significant Unit (ESU) is one or a set of conspecific populations with 

a distinct, long-term evolutionary history mostly separate from other such units (Ryder, 1986; 

Avise, 2000). The term was initially proposed to provide a rational basis for prioritizing taxa for 

conservation purposes with an emphasis on preserving historical population structure (Moritz, 

1994). Again, there are differences of opinions as to how one recognizes an ESU since standard 

definitions have evolved over time. An ESU was first defined as population units that "represent 

significant adaptive variation based on concordance between sets of data derived by different 

techniques" (Ryder, 1986). ESUs were later defined as "reproductively separate from other 

populations" with unique adaptations, thus contributing substantially to the overall genetic 

diversity of a species (Waples, 1991). Moritz (1994) proposed a more quantitative approach by 

defining an ESU as a distinct group that exhibits reciprocal monophyly at mtDNA alleles and 

shows significant divergence of allele frequencies at nuclear genes (though it does not qualify 

how many nuclear genes or define what is considered "significant divergence"). 

In many cases, populations may exhibit statistically significant differences in allele 

frequencies, without exhibiting reciprocal monophyly at mtDNA alleles. Under Moritz's (1994) 
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definition, such populations would not be considered ESUs; however, they would still warrant 

special consideration for conservation purposes. Hence, the term "Management Unit" (MU) was 

proposed (Moritz, 1994). While an ESU is concerned with historical population structure and 

warrants long term management and protection, a MU (sometimes used interchangeably with the 

term 'stock') represents current population structure, warranting monitoring and short-term 

management (Moritz, 1994). 

However, reciprocal monophyly at mtDNA alleles, which is required under Moritz's 

definition of an ESU, is unlikely to be found in species or populations characterized by high 

levels of gene flow, or those that have experienced a relatively recent speciation event (Crandall 

et al., 2000). Defining such groups merely as MUs is insufficient; therefore, in this study, 

scaleless carp populations will also be examined using an alternative method - the principles of 

ecological and genetic exchangeability (Crandall et al., 2000). Crandall and colleagues stressed 

that both genetic and ecological data, both recent and historic in nature, should be used in 

defining population distinctiveness. Ecological exchangeability refers to the ability of 

individuals to be moved between populations and share the same niche, which arises from shared 

fundamental adaptations such as life history traits, morphology, ecological requirements, and 

demographic characteristics, whereas, genetic exchangeability refers to high levels of gene flow 

between populations. Unique alleles, low gene flow estimates, and phylogenetic divergence 

concordant with geographic barriers would all indicate a lack of genetic exchangeability between 

populations (Crandall et al., 2000). The ESU definition can be considered very 'black or white' 

(ESU or not) and tends to focus mostly on identifying genetic isolation and preserving historical 

legacy, while the principles of exchangeability aim to preserve adaptive diversity by recognizing 

species as consisting of continually evolving populations with varying levels of gene flow. 
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1.7 ORGANIZATION OF THESIS 

This thesis has been prepared in "sandwich" format. Chapter 2 represents a manuscript1 

which has been submitted for publication to the Journal of Fish Biology, where it is currently 

under review. Chapter 3 has been written in the same manner, although there are no plans to 

submit it for publication in its current format as it is only a preliminary study and would require 

more data prior to submission. A brief General Discussion follows Chapter 3. All references 

have been compiled into a single section located after the General Discussion. 

Three appendices are also included - Appendix 1 includes a mtDNA parsimony 

network figure which was originally drafted to illustrate the mtDNA phylogeny; however, as it 

could not be easily viewed in a journal format, it was not included in the manuscript submitted 

for publication. Appendix 2 details the AFLP methodology, included since Chapter 2 contains 

only a brief description of the methods used (as it was submitted for publication), and the AFLP 

method is highly dependent on consistent technique and quality reagents. Appendix 3 includes 

the Mhc sequence alignments reported in Chapter 3. 

1 Author list: O'Bryan, Dana M.; Zhenyu Xie; Yuxiang Wang; Jizeng Du; Colin J. Brauner; Jeffrey G. Richards; 
Chris M. Wood; Xeuqun Chen; Brent W. Murray 
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2 PHYLOGEOGRAPHY AND CONSERVATION GENETICS OF LAKE QINGHAI 
SCALELESS CARP (GYMNOCYPRIS PRZEWALSKII) 

2.1 ABSTRACT 

Lake Qinghai is a high pH, high elevation, saline (9-11 ppt) lake located on the Qinghai-

Tibetan Plateau. The threatened endemic fish, Gymnocypris przewalskiiprzewalskii, has adapted 

ecologically and physiologically to the extreme environment of the lake. This species is unique 

among stenohaline cyprinids in that it migrates from the saline lake to adjoining freshwater rivers 

to spawn. A subspecies, G. przewalskii ganzihonensis, resides in the Ganzi River, a 

geomorphologically distinct tributary that lacks connection to the lake. The objective of this 

study was to examine the spatial genetic relationships within the Lake Qinghai system, 

determining whether genetic evidence supports the current taxonomy of G. p. przewalskii and G. 

p. ganzihonensis and whether G. p. przewalskii are returning to their natal rivers to spawn. 

Comparison of mitochondrial (control region) variation (42 haplotypes in 203 fish) of G. 

przewalskii with an ancestral species, Gymnocypris eckloni (10 haplotypes in 23 fish) indicated 

no haplotype sharing, but incomplete lineage sorting. Consistent with subspecies status, an 

AMOVA indicated that the Ganzi River population is significantly different from all other river 

populations (FST = 0.1671 ,P<0 .0001). No genetic structure was found among the other rivers 

in the Lake Qinghai watershed. However, an AMOVA of AFLP loci revealed significant genetic 

differences between most spawning populations (FST = 0.0721, p <0.0001). Both mitochondrial 

and AFLP data found significant differences among G. p. przewalskii, G. p. ganzihonensis, and 

G. eckloni (FST values of 0.1959 and 0.1431, respectively, p < 0.0001). Consistent with the 

incomplete lineage sorting, STRUCTURE analysis of AFLP loci showed evidence of five 

clusters. One cluster was shared among all sample locations, one was unique to G. p. 

ganzihonensis and G. eckloni, and the others were mostly found in G. p. przewalskii. Genetic 
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evidence therefore supported the current taxonomy, including the subspecies status of the Ganzi 

river fish, and was consistent with natal homing of most Lake Qinghai populations. These 

findings have significant implications for the conservation and management of this unique and 

threatened species. We conclude that G. p. przewalskii should be treated as a single population 

for conservation purposes. However, exchangeability of the populations should not be used to 

promote homogenization of fish spawning in the different rivers. As some degree of genetic 

divergence was detected in this study, we recommend that the spawning groups be treated as 

separate management units. 
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2.2 INTRODUCTION 

Lake Qinghai is a saltwater lake (9-11 ppt) located within the Chaidamu Basin of the 

Qinghai-Tibetan Plateau of western China at an elevation of 3200 m. The lake initially formed 

during the late Pliocene to mid Pleistocene (about 500,000 years before present) as a result of the 

downfaulting of the Tibetan Plateau (Bian et al., 2000). Although the ancestral lake originally 

drained into the Yellow River, the connection was severed approximately 130,000 to 150,000 

years ago after an uplift of the plateau (termed the Gonghe Movement). This turned the drainage 

inward, forming the endorheic basin that comprises the lake today (Zheng, 1997; Li and Fang, 

1998). 

Although it is the largest lake in China (surface area 4600 km2), few fish species reside in 

Lake Qinghai, in part due to extreme conditions (high pH, high saline) (Zhu and Wu, 1975; 

Zheng, 1997). The most economically important of the fish species is the endemic naked or 

scaleless carp, Gymnocypris przewalskii przewalskii (Kessler) (Cyprinidae: Schizothoracinae). 

Scaleless carp were fished commercially from the 1950s until the 1990s, when a moratorium was 

put in place. As the fish are very slow growing, taking approximately 7 years to reach sexual 

maturity and 10 years to reach a marketable weight of 500 g, stocks have not recovered from 

overexploitation (Walker et al., 1996). G. przewalskii is listed as "Grade B" on a list of species 

of concern by the China Biodiversity Conservation Action Plan (Zhan, 1994; Yu and Chen, 

1998). A small government fishery continues to operate and there have been reports of ongoing 

poaching. 

Scaleless carp are unique among cyprinids in that they undergo an annual migration from 

the saline lake to adjoining freshwater rivers to spawn, after which, they return to the lake 

(Walker et al., 1996). The transition from saline water to freshwater and back to saline water 
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presents significant physiological challenges to the fish, to which they are acclimated in a unique 

manner. Direct transfer of river fish to lake water caused significant physiological changes while 

allowing Na+, CI", and K+ plasma concentrations to equilibrate with the saline lake water (within 

12 hours of transfer from river water). Mg2+ plasma levels increased considerably after transfer, 

though levels were still kept approximately 3 times lower than the lake water, and plasma 

ammonia levels rose five-fold. It is believed that the overall changes to blood plasma 

concentrations allow the fish to take a 'metabolic holiday' while residing in the lake as the 

energy required for ionoregulation and osmoregulation were reduced (Wood et al., 2007). 

In addition to the difficulty in recovering from previous overexploitation of stocks, 

scaleless carp have been presented with two additional challenges. First, freshwater tributaries 

have been dammed or diverted for agricultural purposes. In combination with decreased rainfall, 

this has resulted in the lake becoming progressively shallower. Water levels have fallen at a rate 

of approximately 10-12 cm per year over the last 50 years, resulting in increasing salinity levels 

(Walker and Yang, 1999). Salinity increases have occurred since 1978, and current data indicates 

that this increase is accelerating (Wang et al., 2003; Yang et al., 2005; Wood et al., 2007). 

Although scaleless carp are currently able to physiologically tolerate the salinity of the lake, 

experiments have shown that a slight increase in salinity levels (4 ppt) would be toxic (Brauner 

et al., 2008). Second, the damming and diversion of rivers has resulted in a significant loss of 

spawning habitat. Irrigation weirs were constructed on the Shaliu and Haerga Rivers in the 

1950s, restricting access to spawning locations upstream (Walker and Yang, 1999). The Quanji 

River was later dammed approximately three kilometres from the mouth of the lake, and a fish 

ladder was not installed until 2006. 
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Based on morphological characters, a subspecies of the scaleless carp, Gymnocypris 

przewalskii ganzihonenesis, has been identified in the Ganzi River (Zhu and Wu, 1975). While 

ancient Chinese historical records indicate that the Ganzi River may have once flowed directly 

into Lake Qinghai, a 1964 survey found that it lacked direct connection to the lake, likely due the 

shrinking of the lake shoreline and low flows in the lower reaches of the river (Zhu and Wu, 

1975). The current situation, which is heavily impacted by irrigation, is similar to the conditions 

in 1964. The lower and middle reaches consist of marshes with very low flows, and large dunes 

block direct surface connection to the lake. As the current status of the population is unknown, 

an important goal of the present study was to determine the genetic relationship between G. p. 

przewalskii, G. p. ganzihonensis and the closely related Yellow River species, Gymnocypris 

eckloni Herzenstein. The Ganzi River has been heavily impacted by anthropogenic disturbances 

{e.g. diversion of water for agriculture) and information on this isolated fish population is critical 

to initiation of conservation actions. 

Several different genetic markers have been employed in the study of fish conservation. 

This study used the control region of mitochondrial DNA in combination with Amplified 

Fragment Length Polymorphisms (AFLPs). There are an increasing number of fish studies that 

combine mitochondrial variation with nuclear markers, such as AFLPs (Young et al., 2001; 

Seehausen et al., 2003; Ishikawa et al., 2004; Mock and Miller, 2005). The mtDNA control 

region is generally selectively neutral (non-coding) and provides information on non-selective 

processes, such as mutation and drift. Mitochondrial DNA is frequently used in population 

genetic structure studies (Brunner et al., 1998; Stepien and Faber, 1998; Taylor et al., 2001; 

Gharrett et al., 2005) and to assess subspecies (Tabata and Taniguchi, 2000; April and Turgeon, 

2006). AFLPs, developed by Vos and colleagues (1995), allow analysis of multiple loci across 
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the entire nuclear genome. These markers are capable of identifying relationships at the species 

or population level, providing the resolving power to detect the early divergence of lineages 

(Sullivan et al., 2004). AFLPs are, therefore, especially well suited to studies of organisms with 

very little prior genetic information, as in G. przewalskii. 

The main objective of this study was to assess the spatial genetic structure of G. 

przewalskii within the Lake Qinghai system. Samples were collected from each of the major 

rivers that drain into Lake Qinghai and from the Ganzi River. Samples of G. eckloni, the most 

closely related species, were collected from the Yellow River. This sampling design allowed 

genetic evidence for the existence of a Ganzi river subspecies to be placed into the context of 

genetic divergence from the closest outgroup to the Lake Qinghai fish. It also assessed the 

degree of structure found among fish caught in the rivers draining into the lake. Identification of 

stock structure within the lake would indicate that the scaleless carp preferentially spawn in the 

same rivers in which they were born (natal homing). The ability to identify different stocks 

within Lake Qinghai is also extremely important for the conservation and management of 

scaleless carp populations both within the lake and in each river. Some tributaries, and 

associated spawning habitat, may be lost due to falling lake levels, agricultural divergence, and 

damming. Findings from this study will have significant implications for the conservation and 

management of this unique and threatened species. 

2.3 METHODS 

2.3.1 Field Sampling 

Lake Qinghai was visited in June, 2002, 2004, and 2005 during the scaleless carp 

spawning run (Figure 2.1). Fish samples were collected under permits issued by local and 
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national authorities and in accordance with national animal care regulations. An animal care and 

use approval was obtained of this research from Queen's University, Ontario, Canada. Adult 

fish were collected from most rivers using a throw net; however, juvenile fish were collected 

from the Ganzi River as adult fish were not observed. Caudal fin clips [preserved in a DMSO 

salt solution (Seutin et al., 1991)] were mostly taken from live fish, which were then released, 

although a small number of fish were lethally sampled. Samples were taken from one location 

each in the Heima, Quanji, Shaliu, Haerga, and Ganzi Rivers, and from two locations in the Buha 

River (the largest tributary). Sample numbers and map coordinates are shown in Figure 2.1. G. 

eckloni were collected by a local fisherman from the upper reaches of the Yellow River near the 

town of Madoi in June 2004 (n = 23 and 38 for mtDNA and AFLP analyses respectively). 
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Figure 2.1: Map of the Lake Qinghai watershed showing sampling locations of G. p. przewalskii 
and G. p. ganzihonesis. For each location the latitude and longitude and the sample size used for 
the mtDNA and AFLP analyses, respectively, are shown. 

2.3.2 Laboratory Work 

DNA was extracted from tissue samples using a standard phenol/chloroform method 

followed by ethanol precipitation and resuspension in a standard Tris-EDTA solution (Sambrook 

and Russell, 2001). 

2.3.2.1 mtDNA Analysis 

Approximately 50 ng of genomic DNA was added to 24 p.L of PCR master mix 

containing IX PCR buffer (Invitrogen, Carlsbad, CA), 250 fiM of each dNTP, 2mM MgC^, 0.2 

joM of each primer (ProLl and CRH1; Table 2.1), and 1 unit of Taq (Invitrogen). The 
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amplification program was 94°C for 4 minutes, 47°C for 1 minute, and 72°C for 2 minutes, 

followed by 39 cycles of 94°C for 30 seconds, 47°C for 30 seconds, and 72°C for 90 seconds, and 

ending with 72° for 8 minutes. Amplifications were carried out on DYAD or PTC-100 thermal 

cyclers (MJ Research, Inc., Waltham, MA). The resulting DNA was purified using the Wizard® 

PCR Preps DNA Purification System (Promega, Madison, WI). DNA sequencing was 

performed using the DTCS Quick Start Kit (Beckman Coulter, Inc., Fullerton, CA) using 1.6 |iM 

SProl or SHI primers (Table 2.1). Sequence fragments were separated on the CEQ 8000 Genetic 

Analysis System (Beckman Coulter) with method LFR-1. 
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Table 2.1: Oligonucleotides used in mitochondrial and AFLP analyses. 

mtDNA Oligonucleotides 

ProLl 5' CCTAGCTCCCAAAGCCAGA 3' 

CRH1 5' TGTTGGCTGATACGTTCTTGG 3' 

SProLl 5' TTCTGAACTAAACTATTCTCTGG 3' 

SHI 5' CCATTTACTGAGCGTAGGG 3' 

AFLP Oligonucleotides 

Adapters 

£coRI-adapter-fwd 5' CTCGTAGACTGCGTACC 3' 

ZscoRI-adapter-rev 5' A ATT GGT AC GC AGTCT AC 3' 

Mvel-adapter-fwd 5' GACGATGAGTCCTGAG 3' 

Msel-adapter-rev 5' TACTCAGGACTCAT 3' 

Pre-selective Primers 

£coRI-A 5' GACTGCGTACCAATTCA 3' 

Mse I-C 5' GATGAGTCCTGAGTAAC 3' 

Selective Primers 

E-AAG 5' GACTGCGTACCAATTCAAG 3' 

E-ACG 5' GACTGCGTACCAATTCACG 3' 

M-CAA 5' GATGAGTCCTGAGTAACAA 3' 

M-CAC 5' GATGAGTCCTGAGTAACAC 3' 

M-CAG 5' GATGAGTCCTGAGTAACAG 3' 

2.3.2.2 mtDNA Data Analysis 

Sequence chromatograms were viewed and edited in Sequencher 4.2 (Gene Codes, Ann 

Arbor, MI). To confirm variation, haplotypes were sequenced in both directions (with both 

SProLl and SHI primers) and, in many cases, multiple individuals (see Figure 2.2). Sequences 
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reported here have been deposited in the Genbank database under accession numbers EU150135-

EU150186. 

Sequences were aligned with ClustalW implemented in MEGA 3.1 (Kumar et al., 

2004). An Analysis of Molecular Variance (AMOVA) was performed in Arlequin 3.11 (DNA 

data type; genotypic data set to 0; 1000 permutations) (Excoffier et al., 2005). Three hierarchical 

analyses were conducted by first grouping the data in accordance with the currently accepted 

taxonomy and then sequentially removing the G. eckloni and G. p. ganzihonensis groups. 

Population statistics, including haplotype diversity, nucleotide diversity, and estimates of 6 (0 = 

2Nfju, where N/= female effective population size and = mutation rate) were also calculated in 

Arlequin. Phylogenetic relationships among the haplotypes were studied using neighbor-joining 

(Kumar et al., 2004), parsimony networks (Clement et al., 2000) and maximum likelihood 

methods (Guindon and Gascuel, 2003). jModeltest 0.1.1 (Posada, 2008) was used to find the 

best-fit model of nucleotide substitution and to calculate a maximum likelihood model-averaged 

phylogeny. 

2.3.2.3 Amplified Fragment Length Polymorphism (AFLP) Analysis 

The AFLP protocol was based on Vos et al. (1995) and Hawkins el al. (2005) with 

modifications (Hayashi et al, 2005). A list of locations and numbers of samples used is included 

in Figure 2.1. All adapter and primer sequences are listed in Table 2.1 

Two hundred nanograms of high quality genomic DNA was digested (3 hours at 37°C) 

with 10 units each of MseI and EcoKl, IX EcoKl Restriction Buffer, and 2 (ig of Bovine Serum 

Albumin (BSA) (New England Biolabs, Ipswich, MA) in a 20 \iL reaction. A 20 |uL ligation 

master mix containing IX T4 Ligase Buffer (New England Biolabs), 3 units (NE Units) of T4 
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DNA Ligase, and 1.5 |iL each of 50 |jM adapters {MseI and EcoRl) was added to the restriction 

digest and incubated at 16°C for at least 16 hours. 

Preselective amplifications were performed by combining 5 pL of diluted digestion-

ligation product (1:5 in nuclease-free water) with 20 (iL of a preselective master mix containing 

IX PCR Buffer, 1.5mM MgC^, 200 |iM of each dNTP, 0.8^M each of the EcoRl-A and Mse I-C 

preselective primers, and 1.25 units of Taq polymerase (Invitrogen). The amplification program 

was 72°C for 2 minutes, followed by 20 cycles of 94°C for 30 seconds, 56°C for 1 minute, and 

72°C for 1 minute, and ending with 60°C for 30 minutes. 

Selective amplification was subsequently performed by combining 5 of diluted 

preamplification product (1:10 in nuclease-free water) with 15 |iL of a selective master mix 

containing IX PCR Buffer, 1.5mM MgC^, 200 (XM of each dNTP, 0.4 JJM each of the EcoRl 

and Mse\ selective primers, and 1 unit of Platinum Taq (Invitrogen). Amplifications were 

carried out with an initial activation of 94°C for 30 seconds, followed by 12 cycles of 94°C for 30 

seconds, 65°C (decreased by 0.7°C per cycle) for 30 seconds, and 72°C for 1 minute. The 

preceding cycles were followed by 32 cycles of 94°C for 30 seconds, 56°C for 30 seconds, and 

72°C for 1 minute, ending with a final extension of 72°C for 10 minutes. The selective primer 

combinations used in this study were E-ACG/M-CAA, E-ACG/M-CAG, and E-AAG/M-CAC. 

Repeatability was checked by randomly choosing samples to run in triplicate prior to 

the digestion-ligation procedure (one sample in forty was run in triplicate). Repeatability was 

further assured by running each digestion-ligation product in duplicate through the pre­

amplification and selective amplification procedures. 
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2.3.2.4 AFLP Data Analysis 

AFLP fragments were sized using the CEQ8000 Genetic Analysis system (Beckman 

Coulter), and viewed in the Fragment Analysis Module (600 bp size standard; quartic model; PA 

ver.l dye mobility calibration). Only reliable loci, which had strong intensities, were clear and 

crisp, and greater than 80 base pairs in size were included in the analysis. Any fragments which 

were observed in blank samples were removed from analysis, although their presence does not 

necessarily indicate contamination, but likely results from primer-dimers and interactions 

between adapters (Bensch and Akesson, 2005). To further increase confidence in the data set, 

each sample's replicate was scored, and if a fragment did not occur in both replicates, it was also 

removed from the analysis, although this rarely occurred (fewer than 5% of runs contained a 

fragment that was removed). Fragments were binned using the AFLP analysis feature within the 

Fragment Analysis module (1 nucleotide bin width2 and the Y threshold set to 0). Similar 

fragment sizes were assumed to represent homology. The data were represented as a binary 

matrix (1 indicates the presence of the fragment while 0 indicates its absence). 

AFLP data were examined on an individual level using STRUCTURE 2.2 adapted to 

dominant markers (Falush et al., 2007). Correlated allele frequencies and admixed population 

origins were assumed. Burn-in and run lengths were set to 10000. The number of inferred 

groups (k) ranged from 2 to 8, and each possible k value was run 20 times. The "best" value of k 

was objectively determined using the method of Evanno et al. (2005). Hierarchical AMOVA 

and pairwise FST comparisons were carried out using Arlequin 3.11 (RFLP data type; genotypic 

data and gametic phase set to 0; recessive data set to 1; 1000 permutations; assumed group 

structure based on current taxonomy) (Excoffier et al., 2005). Principle Coordinate Analysis of 

2 Short width was set in order to maintain complete control over the binning of fragments 

27 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



pairwise sample location genetic distance (Nei, 1972) was carried out in GenAlEx 6 (Peakall and 

Smouse, 2006). Percent polymorphism was calculated in Tools for Population Genetic Analysis 

1.3 (Miller, 1997). 

As adult fish were not observed in the Ganzi River at the time of sampling, only 

juvenile fish were collected. To test for the possible effects of sampling siblings (and thereby 

skewing the results), the average pairwise genetic distance (Nei, 1972) for AFLP data was 

compared for individuals with shared mtDNA haplotypes (which are more likely to be siblings) 

versus those that do not share mtDNA haplotypes. If siblings were sampled (and therefore the 

entire Ganzi river dataset would be biased), the expectation is that the average genetic distance 

will be less for individuals that share haplotypes compared to those that do not. 

2.4 RESULTS 

2.4.1 mtDNA Analysis 

Sequences reported in a preliminary analysis [Genbank accession numbers AY850398 

and AY850397 (Xie et al., 2006)] were combined with sequences from this study, resulting in 

the identification of 42 distinct scaleless carp haplotypes (Figure 2.2). Ten G. eckloni haplotypes 

were also identified, none of which were shared with G. przewalskii. From a 701 bp alignment 

of 52 haplotypes, jMODELTEST was used to find the best-fit model of nucleotide evolution 

(Posada, 2008). The best-fit model was used to estimate a maximum likelihood tree (Figure 2.2) 

and a rank weighting of models to estimate a model-averaged maximum likelihood tree. The 

model-averaged method (Posada, 2008) investigates the sensitivity of the tree topology to the 

model used. Our results indicate that the tree is relatively insensitive to the model used. All 

nodes were supported by model-averaged weights of 1.0, indicating the same topology was 
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found in all the top weighted best-fit models. 
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Figure 2.2: Maximum likelihood tree of G. przewalskii and G. eckloni mitochondrial DNA 
haplotypes identified by sequencing the control region. The best fit model of nucleotide 
substitutions identified using the Bayesian Information Criterion (BIC) implemented in 
jModeltest 0.1.1 (Posada, 2008), HKY with unequal base frequencies and a proportion of 
invariable sites, was used by program PHYML (Guindon and Gascuel, 2003) to estimate the 
above phylogeny and calculate bootstrap values. Bootstrap values greater than 50% are shown. 
A model-averaged phylogeny (Posada, 2008) using relative model weights based on either the 
BIC or Akaike Information Criterion is identical in topology to the tree shown with all nodes 
having a model support of 1.0. 'H' indicates G. przewalskii and 'E' (with asterisks) indicates G. 
eckloni haplotypes. Haplotypes found in the Ganzi River are indicated by 'g' superscript. The 
sample size of each haplotype is shown in brackets. For the G. przewalskii haplotypes the 
sample size in each sample location is shown in order of Heima, Buhal2, Buhal3, Quanji, 
Shaliu, Haerga and Ganzi, respectively. Underlined haplotypes are found in samples that are 
members of an AFLP cluster found in the Yellow and Ganzi rivers (see Figure 2.3). 
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The maximum likelihood tree of the G. przewalskii and G. eckloni haplotypes showed 

incomplete lineage sorting (i.e., the G. eckloni haplotypes do not form a monophyletic group). 

Incomplete lineage sorting was also noted when a parsimony network (Figure Al.l) and 

neighbor joining trees (not shown) were constructed. The topology of the maximum likelihood 

tree was very similar to the parsimony network in that many haplotypes differed by a single 

nucleotide change and polytomies were common. Basal haplotypes (inferred ancestral 

haplotypes from which the others branches radiate) are shown at nodes with no branch length. 

There are three major clusters and one singleton of G. eckloni haplotypes that occur among 

clusters of G. przewalskii haplotypes. There do not appear to be any clear geographical 

relationships among the G. przewalskii haplotypes. Of the 42 scaleless carp haplotypes, 19 were 

unique to only one population (Table 2.2). Of the 8 haplotypes detected in the Ganzi River fish, 

four (50%) were unique to that river, even though the sample size was smaller than from the 

other rivers that had between 22% to 6% unique haplotypes. The four Ganzi haplotypes that 

were shared with the other populations generally represented frequently occurring haplotypes in 

the lake (Figure 2.2). 

Table 2.2: Number of mtDNA haplotypes and number of unique haplotypes (percent in 
brackets) found within G. przewalskii sampling locations. 

Heima Buha 12 Buha 13 Quanji Shaliu Haerga Ganzi 

Haplotype number 16 20 12 17 18 17 8 

Unique haplotypes 3(19) 3(15) 1(8) 3(18) 4(22) 1(6) 4(50) 

AMOVA results indicated significant differences among G. p. przewalskii, G. p. 

ganzihonensis, and G. eckloni (FST = 0.1959, FCT = 0.2083) when populations were grouped 

according to the current taxonomy (Table 2.3). Significant differences (p < .0001) were also 
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noted when comparing G. p. ganzihonensis to the lake fish (results not shown: FST = 0.1671, FCT 

= 0.1781). Removal of G. p. ganzihonesis to examine only differences among sample locations 

within the current lake drainage revealed no evidence for genetic structure (i.e., FST not 

significantly different from 0). These relationships are further illustrated by pairwise 

comparisons of FST (among sample locations) values where G. p. ganzihonensis and G. eckloni 

were found to be significantly different from all G. p. przewalskii samples (pairwise FST from 

0.1003 to 0.1923) (Table 2.4). Pairwise comparisons between the G. p. przewalskii samples 

from the other rivers, however, did not exhibit significant differences (i.e., pairwise FST values 

ranged from -0.02436 to 0.0063; all p values > 0.25). 

Table 2.3: Results of hierarchical AMOVA for both mtDNA and AFLP markers with 
populations (n=8) grouped according to the currently accepted taxonomy (3 groups: G. p. 
przewalskii (6), G. p. ganzihonensis (1), G. eckloni (1)). F statistics were generated in Arlequin 
3.11 (Excoffier et al. 2005). Degrees of freedom (df), Sum of Squares (SS), Variance 
components (Var), Percent variance (% Var) and the p-values (p) of % Var are shown. FCT is the 
variance among groups. FST with group structure is the fraction of total variance found among 
populations within groups plus the variance among groups. Fst= 0.1959, p < .0001 for mtDNA 
and 0.1431, p < .0001 for AFLP markers. 

mtDNA AFLP 

df SS Var % Var p* Df SS Var % Var P* 

Among Groups 2 51.00 0.648 20.84 .0000 
(.0420) 

2 79.62 0.480 7.76 .0273 
(.0420) 

Among Pop 
within Groups 

5 6.62 0.039 -1.25 .9658 
(.0000) 

5 96.23 0.405 6.55 .0000 
(.0000) 

Within Pop 218 544.83 2.499 80.41 .0000 
(.0000) 

257 1361.8 5.217 85.69 .0000 
(.0000) 

*Given the specified group structure, there is a high probability of recreating the tested 
structure; therefore, p values where the random values are greater than the observed values are 
reported, with p values of random values equal to the observed in brackets. 
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Table 2.4: Pairwise FST values for G. przewalskii and G. eckloni sampling locations from 
mtDNA haplotypes (above the diagonal) and AFLP genotypes (below the diagonal). Only 
significant values are shown (all p < 0.0001, except those marked with an asterisk where p < 
0.05) and non-significant values are indicated with a "NS". 

Fleima Buha 12 Buha 13 Quanji Shaliu Flaerga Ganzi Yellow 

Heima - NS NS NS NS NS 0.1251* 0.1640 

Buha 12 0.1532 - NS NS NS NS 0.1565 0.1696 

Buha13 0.1165 0.1356 - NS NS NS 0.1003* 0.1302 

Quanji 0.0367 0.0970 0.0435 - NS NS 0.1923 0.1874 

Shaliu 0.0303 0.1504 0.0547 NS - NS 0.1524 0.1756 

Haerga 0.0656 0.1341 0.0588 0.0157* 0.0284 - 0.1691 0.1771 

Ganzi 0.1654 0.1571 0.2484 0.1343 0.1884 0.1564 - 0.1801 

Yellow 0.1150 0.1674 0.1940 0.1089 0.1199 0.1025 0.0956 _ 

Population statistics were calculated with samples grouped based on the current 

taxonomy (Table 2.5). 6 values ranged from 3.94 to 14.30 and gave estimates of female 

effective population sizes ranging from 19,700 to 71,500. 
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Table 2.5: Population statistics generated using mtDNA (h = haplotype diversity, n = nucleotide 
diversity, 0(k) = Theta estimated from the expected number of alleles (k) and sample size (n) 
(Ewen, 1972), 0(Hom) = Theta estimated based on the expected homozygosity (Horn) (Zouros, 
1979; Chakroborty and Weiss, 1991), 0(s) = Theta estimated from the number of segregating sites 
(s) and sample size (n) (Watterson, 1975), 0(h) = Theta estimated from the mean number of 
pairwise differences (Tajima, 1983), Nf= range of female effective population sizes calculated 
using previous estimates of 0). 

Species h ± SD 7i ± SD e(k) 95% CI 9(Hom) ± SD 0(s) ± SD 0(„) ± SD Nf 

G. p. przewalskii 0.9340 ± 0.0060 ± 14.30, 9.73- 12.65 ± 6.22 ± 4.21 ± 71,500-
0.0081 0.0031 20.69 1.80 1.68 2.32 21,050 

G. p. ganzihonensis 0.8842 ± 0.0084 ± 4.44, 1.84- 6.43 ± 2.50 3.94 ± 5.86 ± 32,150-
0.0361 0.0046 10.38 1.65 3.26 19,700 

G. eckloni 0.8538 ± 0.0147 ± 6.18,2.75- 4.79 ± 2.40 10.57 ± 10.26 ± 52,850-
0.0571 0.0077 13.62 3.78 5.42 23,950 

2.4.2 AFLP Analysis 

A total of 41 polymorphic loci were included in this analysis, with an average 

polymorphism across both species of 77.3%. All 41 loci were polymorphic in the G. eckloni 

samples while 39 were polymorphic within the G przewalskii samples. The Ganzi River sample 

location exhibited the smallest level of polymorphism (Table 2.6). 
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Table 2.6: Percent polymorphism of AFLP fragments in Gymnocypris samples from each 
sampling location. 

Sampling Location % Polymorphic Loci 

Heima 66.0 

Buha12 62.3 

Buha 13 58.5 

Quanji 64.2 

Shaliu 62.3 

Haerga 71.7 

Ganzi 56.6 

Yellow 67.9 

STRUCTURE analysis indicated that the greatest rate of change in likelihood occurs 

between k=3 and k=4. Applying the method of Evanno and colleagues (2000), an optimal k 

value of 5 was found. The results of the STRUCTURE analysis are best illustrated by 

comparing the results of k=3 and k=5 (Figure 2.3). No direct association of sampling locations 

with inferred groups was observed. G. p. ganzihonensis and G. eckloni individuals were 

primarily contained within two shared clusters, one mostly unique to these locations (green), and 

one shared with all G. p. przewalskii sample locations (blue). In contrast, the six G. p. 

przewalskii sample locations each had a number of individuals belonging to a third cluster at k=3 

(red). Increasing k values to 4 or 5 split this third cluster into additional groups (red, yellow and 

pink) while primarily maintaining the integrity of the first two. At k=5, two G. eckloni samples 

were included into the red and pink clusters commonly found in the G. p. przewalskii sample 

locations. Stock structure among G. p. przewalskii sample locations may also be illustrated by 

the frequency differences of cluster membership at each location. For example the percentage of 

the yellow cluster, unique to G. p. przewalskii samples, varies from 2-43% among these 

locations, with the greatest percentage being found in the two Buha river sites (24 and 43%). 
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Heima Buha12 Buha13 Ganzi Quanji Shaliu Haerga Yellow 

Heima Buha12 Buha13 Ganzi Quanji Shaliu Haerga Yellow 

Figure 2.3: Genetic structure estimated from AFLP markers for k = 3 (A) and k=5 (B) using 
STRUCTURE 2.2 (Falush et al., 2007). Gymnocypris individuals are grouped by sampling 
location; Heima, Buha 12, Buha 13, Quanji, Shaliu and Haerga for G. p. przewalskii; Ganzi for 
G. p. ganzihonesis; and Yellow for G. eckloni. Sample order is the same at both k=3 and k=5. 
Cluster membership was determined using the largest coloured bar for each individual. 

One cluster (green) was unique to the G. eckloni and G. p. ganzihonesis samples at k=5. 

The members of this cluster were compared to the results of the mtDNA analysis. Underlined 

haplotypes (Figure 2.2) were found in individuals with AFLP genotypes that belong to this 

cluster. No correlation between mtDNA and AFLP genotypes was noted. In the three G. p. 

ganzihonesis samples belonging to this cluster, two had common, but divergent, Gp. przewalskii 
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mtDNA haplotypes while one was unique to the Ganzi. Similarly, G eckloni mtDNA haplotypes 

in this cluster were found in each of the four G. eckloni mtDNA lineages. 

Similar to the mtDNA results, AMOVA of the AFLP data showed significant 

differences (p < 0.05) among all groups (Table 2.3: Fst = 0.1431, Fct = 0.0776) and between G. 

p. przewalskii and G. p. ganzihonensis (Results not shown: Fst = 0.1681, Fct = 0.1031) when 

grouped according to the current taxonomy. In contrast, significant differences among sample 

locations within G. p. przewalskii were also found (Fst = 0.0721, p < .0001). Pairwise 

comparisons of Fst values between all sampling locations found all but the Quanji and Shaliu 

samples to be significantly different from each other (Table 2.4). Pairwise Fst values for the 

Ganzi River fish were generally higher (0.1343 to 0.2484) when compared to the values found 

between G. p. przewalskii sampling locations. 

To further explore the differences among sample locations, a Principle Coordinates 

Analysis of pairwise genetic distances was conducted (Figure 2.4). Most of the Lake Qinghai 

locations were found to group in the same quadrant, while the Buha sample locations were more 

distant and in a separate quadrant. The G. p. ganzihonensis, Ganzi, and G. eckloni, Yellow, 

sample locations were also each in separate quadrants and distant from all other locations. 
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Figure 2.4: Principle Coordinates Analysis of pairwise genetic distance matrix (Nei's Genetic 
Distance) among sampling locations using GenAlEx 6 (Peakall and Smouse, 2006). The first 
two coordinates explain 87.61% of the variation. Gymnocypris sampling locationa are Heima, 
Buha 12, Buha 13, Quanji, Shaliu and Haerga for G. p. przewalskii; Ganzi for G. p. 
ganzihonesis; and Yellow for G. eckloni. 

2.4.3 Test for the effects of sampling juveniles in the Ganzi River 

When sampling small populations of juveniles, collecting sibling groups is a possibility. 

If siblings were sampled in this case, it is expected that the average genetic distance (calculated 

using AFLP data, not shown) would be less for individuals that shared mtDNA haplotypes 

compared to those that did not. However, the average pairwise genetic distance (calculated using 

AFLP data) for individuals that shared mtDNA haplotypes (0.011) was not significantly different 

from the average genetic distance for individuals that did not share mtDNA haplotypes (0.012) (t 

= -1.131, p = 0.301), indicating that sibling groups were not likely sampled in the Ganzi River. 

2.5 DISCUSSION 

The results of both the mtDNA and AFLP analysis indicated a population structure that is 

consistent with the current taxonomy. Among sample locations collected within the existing 

Lake Qinghai watershed, only the AFLP data indicated the existence of genetic structure. 

Crandall and colleagues (2000) stressed that both genetic and ecological data (both recent and 
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historic in nature) should be used in defining Evolutionary Significant Units (ESUs). ESUs 

should lack both ecological and genetic exchangeability. Lack of ecological exchangeability 

refers to different selective pressures and adaptations between populations. These might include 

differences in life history traits, habitats, predators and/or morphology. Lack of genetic 

exchangeability refers to lack of recent gene flow between populations and the observation of 

genetic differences consistent with geographic divisions. 

2.5.1 Relationship between G. eckloni and G. przewalskii 

G. przewalskii and G. eckloni do not share any mtDNA control region haplotypes; 

however, there is incomplete lineage sorting of the haplotypes (Figure 2.2), a result that was also 

found in previous comparisons of the two species using mitochondrial sequences (Zhao et ai, 

2009; Zhao et al., 2007; Zhao et al., 2005). Using the high and low values for the G. p. 

przewalskii female effective population size (Table 2.6) and a generation time of 7 years (Walker 

et al., 1996), the estimated time for all haplotypes to coalesce was 41, 097 to 139, 595 

generations, or 287, 686 to 977, 166 years3. The estimated molecular divergence time reported 

using cytochrome b sequences between the fish of Lake Qinghai and the Yellow River also 

coincided with the estimated time of separation of the two water bodies during the Gonghe 

movement (Qi et al., 2007). Given that the lowest estimate for all haplotypes in Lake Qinghai or 

the Yellow River to coalesce was approximately 287,686 years and that the minimum estimated 

time for separation of the two water bodies is 130,000 years, incomplete lineage sorting in Lake 

Qinghai is not unexpected. Indeed, this would be consistent with a relatively recent speciation 

3 Using the formula E(T) = 2Nf - — G , where E(T) = estimated time for the coalescence of all haplotypes, 
n 

Nf= female effective population size, r t  = number of haplotypes, and G = generation time. Adapted from Hedrick 
(2005). 
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event occurring sometime during the separation of the Yellow River and Lake Qinghai (Zhao et 

al., 2007; Zhao et al., 2005; Qi et al., 2006). 

The results of the STRUCTURE analysis of AFLP genotypes were also consistent with a 

recent ancestry of the species. As demographic exchange is not possible, the AMOVA results 

also show a divergence of the nuclear genotypes of the species. Lineage sorting, however, is not 

complete as noted by the high rate of sharing of polymorphic AFLP markers (39 of 41). Given 

the larger effective population size for nuclear genes versus mtDNA, lineage sorting of 

polymorphic AFLP markers is not expected. The sharing of clusters and markers is more than 

likely a result of a recent common ancestry. Further, the G. eckloni samples were caught in the 

main stream of the Yellow river. The existence of multiple spawning runs within this (and 

possibly other - see below) sampling location would also further increase the complexity of the 

structure results. 

According to the definition of Moritz (1994), the lack of reciprocal monophyly at 

mtDNA markers would prevent the distinction of G. eckloni and G. przewalskii as separate ESUs 

(or species). This precludes the recognition of ESUs until completion of lineage sorting. 

Alternatively, Crandall and colleagues (2000) advocate a conservation management strategy that 

examines genetic and ecological data across two timescales - recent and historic. The 

examination of genetic or ecological exchangeability on a historic timescale can be problematic; 

however, the use of two different molecular markers may allow the partitioning of recent and 

historical phenomena. In this study, mitochondrial DNA may be more indicative of historical 

relationships, whereas AFLPs, due to the large number of loci examined, may be able to detect 

more recent population divergence (Egger et al., 2007). G. eckloni and G. przewalskii were 

found to be significantly different at both mtDNA and AFLP markers. The two species are also 
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morphologically distinct and occupy different habitats (i.e., G. eckloni permanently reside in the 

freshwater Yellow River drainage), an indicator of recent ecological non-exchangeability. 

Therefore, using the principles of genetic and ecological exchangeability (Crandall et al., 2000), 

G. eckloni and G. przewalskii should be considered different ESUs, consistent with the current 

taxonomy. 

2.5.2 Ganzi River Subspecies 

Both the control region and AFLP markers indicated that the Ganzi River fish are 

significantly different from all G. p. przewalskii populations, consistent with the current 

subspecies status. AMOVAs of both the control region and AFLP data (Table 2.3 and 2.4) found 

the Ganzi fish to be significantly different from all sampling locations of G. p. przewalskii. As 

the average genetic distance (calculated with AFLP data) of individuals that shared mtDNA 

haplotypes was not significantly different from those that did not share haplotypes, it is unlikely 

that the results in this study were due to the sampling of sibling groups. Consistent with the 

results of the species level comparison and previous findings (Zhao et al., 2005), the Ganzi 

population was not found to be monophyletic when the control region was analyzed. However, 

fewer haplotypes were shared with G. p. przewalskii than the degree of haplotype sharing found 

among G. p. przewalskii sampling locations (Table 2.5). Additionally, STRUCTURE analysis 

revealed the presence of AFLP genotypes within the Ganzi that were more similar to Yellow 

River fish than to the G. p. przewalskii (Figure 2.3). The AFLP data were consistent with the 

expectations of ongoing lineage sorting at nuclear genes. Further, there was no evidence to 

support recent genetic exchange, either natural or anthropogenic, with the Yellow river species. 

No Yellow river mtDNA haplotypes were found in the Ganzi. In fact, two of three fish that 

shared AFLP genotypes contained common lake mtDNA haplotypes. 
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We present two possible hypotheses as to the origin of G. p. ganzihonensis. First, the 

subspecies may have evolved after a population of G. p. przewalskii was isolated in the Ganzi 

River when its lake connection was severed. Second, it is possible that the subspecies was 

always a distinct riverine population that evolved separately from the lake fish. A 1964 survey 

found that the Ganzi River lacked a direct surface water connection with Lake Qinghai (Zhu and 

Wu, 1975). Currently, the lower reaches of the river experience low flows and drain into a 

marshy area. During heavier flows, the marsh could periodically overflow into the adjacent 

Haerga River, but this would not allow a direct connection with the lake. It has been proposed 

that as the lake water levels fell, fish became trapped in the Ganzi River and were forced to adapt 

to the new environment (Zhu and Wu, 1975). The morphology of the Ganzi River is quite unlike 

the other rivers in that it originates from a hot spring and contains marshes in the middle and 

lower reaches. G. p. ganzihonensis have fewer gill rakers than G. p. przewalskii, a condition 

thought to have been an adaptation to a different food source in the Ganzi River (Zhu and Wu, 

1975). 

Although the lake has been regressing for several thousand years, it is not known at what 

time the direct connection with the Ganzi River was severed (Walker et al., 1996). Some reports 

suggest that the lake has receded approximately 100 km since the late Pleistocene and historical 

data indicated that the lake has fallen approximately 12 meters from the late 1800s to the 1990s, 

with the regression being more rapid in the last 30 years (cf. Walker et al., 1996). Intriguingly, 

historical records from the Tang Dynasty (608-904 AD) suggest that higher lake levels at the 

time may have flooded the current lower marsh area possibly allowing a direct connection with 

the Ganzi River (Zhu and Wu, 1975). If the connection was severed as the lake receded within 
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the last thousand years, then the morphological changes noted for this subspecies must have 

occurred quickly, as speculated by Zhu and Wu (1975). 

Alternatively, it is possible that the fish did not evolve after being isolated from the lake 

in recent times, but were always a distinct riverine population with no genetic exchange with the 

lake fish. In addition to containing gravel areas necessary for spawning, the Ganzi River 

contains suitable overwintering habitats in the form of deep pools in the marshy areas (Zhu and 

Wu, 1975); therefore, it is possible that the fish were able to overwinter in the river without ever 

having to return to the lake. Polymorphisms that existed in the founding population may have 

been lost due to selection, bottlenecks, or founder effects, resulting in fewer shared haplotypes 

with the lake fish (Figure 2.2). The relatively high frequency of unique mtDNA haplotypes in 

the Ganzi, the clustering of some AFLP genotypes with G. eckloni genotypes, and the lack of 

lake-specific genotypes (Figure 2.3) supports an older over a more recent ancestry. However, 

the presence of lake mtDNA haplotypes within the Ganzi suggest the split from the lake occurred 

some time after the separation of the Qinghai drainage from the Yellow river drainage. 

Applying the criteria of Crandall and colleagues (2000), the two subspecies are likely 

genetically non-exchangeable, both historically and recently, as significant genetic divergence 

was detected using both mitochondrial and AFLP markers. The ecological exchangeability 

between the two subspecies is, however, difficult to assess. Even though the Ganzi River fish 

occupy a very distinct habitat relative to fish from the other rivers, it is currently unknown if they 

are able to tolerate the salinity of the lake. Therefore, there is a need for studies similar to that of 

Wood and colleagues (2007) to determine the physiological effects of moving G. p. 

ganzihonensis from river to lake water. If the Ganzi River fish are unable to acclimate to the 

salinity of the lake (an indicator of recent ecological non-exchangeability), then, according to 
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Crandall's criteria, G. p. przewalskii and G. p. ganzihonensis should be considered as distinct 

ESU's. If, however, the Ganzi fish are able to reside in the lake and no other evidence exists 

which suggests a lack of ecological exchangeability, then G. p. przewalskii and G. p. 

ganzihonensis should be treated as a single ESU. However, in this case, for the purposes of 

management and conservation, we would recommend that they be treated as separate 

Management Units (MUs) (Moritz, 1994). 

2.5.3 Lake Qinghai Stock Structure 

AMOVA and STRUCTURE results of the AFLP data indicated the presence of a stock 

structure in Lake Qinghai (Table 2.3 and 2.4, Figure 2.3). Population structuring in the lake was 

also suggested in separate studies using isozymes (although no statistical analysis was 

performed) (Meng et al., 2007). Significant differences were also found between fish sampled in 

the Buha and Shaliu Rivers using microsatellites (Zhang et al., 2009). Population structuring 

was not detected using mitochondrial analysis, a result that is similar to other studies that 

combine mtDNA and AFLP data (Giannasi et al., 2001; Sullivan et al., 2004; Egger et al., 2007). 

It is thought that while mtDNA can detect "larger scale", historical relationships (such as the 

divergence between G. p. przewalskii and G. p. ganzihonensis where it is unlikely that gene flow 

exists), AFLPs are better at detecting finer scale relationships, such as the population structure 

within the lake (where gene flow between populations may still exist due to straying) (Egger et 

al., 2007). The formation of distinct populations in anadromous species is primarily due to natal 

homing (Stewart et al., 2003). Although AFLP analysis indicated that most scaleless carp 

populations of Lake Qinghai are genetically distinct, the degree of straying or dispersal present 

among the populations, and the effects of straying on genetic divergence are unknown. It is also 

unknown if the populations are diverging towards an equilibrium state where the genetically 
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isolating effects of natal homing are balanced by the homogenizing effects of a low level of 

migration (straying), or if they are currently at an equilibrium state. Fish species with a strong 

propensity for natal homing still rely on the mechanisms of dispersal to colonize new habitat or 

to avoid potentially adverse local conditions (Pascual et al., 1995; Milner et al., 2000; Stewart et 

al., 2003). Conditions in the Lake Qinghai watershed can be quite severe and large die-offs in 

spawning runs have been noted due to the rapid changes in water levels that have trapped fish in 

drying stream beds (Murray, B.W., Pers. Comm.). A possible propensity for straying was also 

noted by the observation of fish swimming up an ephemeral stream that appeared after a heavy 

rainfall in June, 2004, but was dry two days later (it is unknown if these individuals were 

sexually mature at the time). Sexually immature fish have also been observed in the Heima 

River (Wood et al., 2007), although the reason for their presence is unclear. 

Despite the detection of a stock structure within the lake, samples collected from the 

Quanji and Shaliu Rivers were not found to be significantly different from each other. There 

may be a significant amount of gene flow between fish in these two tributaries (i.e., more 

straying than natal homing). Unstable habitats and anthropogenic disturbances (i.e. decreased 

flows due to the installation of weirs and dams) may promote higher levels of straying (Quinn 

and Dittman, 1990). Both rivers have had recent (since the 1960s) weir and water diversion 

projects that have impeded access to upstream spawning habitat and have affected water flow at 

downstream spawning sites. It is also possible that fish from one river may have been extirpated 

but repopulated by fish from the other river. Again, the isozyme study conducted by Meng and 

colleagues (2007) suggests that these two populations (from the Quanji and Shaliu Rivers) 

clustered together. 
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It is particularly interesting that the fish sampled from two different locations on the Buha 

River (approximately 50 km from each other) were found to be significantly different, possibly 

indicating the presence of distinct spawning populations within the river. The evolutionary 

benefits of natal homing, namely increasing the chances of locating mates or habitats suitable for 

early life history survival, may result in selective forces that develop within river subpopulations 

(Garant et al., 2000). The Buha River is the largest tributary of Lake Qinghai (Figure 2.1), 

contributing approximately half of the total inflow (Walker et al., 1996). It has not been affected 

by weirs as in the other tributaries, possibly allowing for the continued existence of distinct 

within-river stocks. Since there have been reports of juveniles overwintering in the upper 

reaches of the Buha River (Walker and Yang, 1999), it is also possible that a resident population 

exists in the upper reaches of the Buha. Since very little is known about the life history of the 

scaleless carp (e.g., how long they reside in the river as juveniles before travelling to the lake), 

however, this theory is speculative and would need to be confirmed with further studies. The 

detection of subpopulations within the Buha River also has implications for the management of 

scaleless carp. It may be possible that similar within-river structuring exists in other spawning 

tributaries, but went undetected as only one location was sampled in each of these rivers. 

The lack of mitochondrial divergence between the different sampling locations indicates 

genetic exchangeability on a historical level, whereas significant divergence at AFLP markers 

may indicate recent genetic non-exchangeability or natal homing with low levels of straying 

among populations. Ecological exchangeability refers to the ability of individuals to occupy the 

same niche, due to shared life history traits and morphology. It seems likely that the fish of Lake 

Qinghai would be ecologically exchangeable, although further studies are required for this to be 

accurately determined. Applying the criteria of Crandall and colleagues (2000), G. p. 
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przewalskii should be treated as a single ESU for conservation purposes. However, 

exchangeability of the populations should not be used to promote homogenization of fish 

spawning in the different rivers (Crandall et al., 2000). As some degree of genetic divergence 

was detected in this study, we recommend that the spawning groups be treated as separate MUs. 

It is clear from this research that much more information is needed if scaleless carp 

stocks are to be managed properly. Although the genetic data in this study indicate a significant 

level of homing, the degree of straying is unknown as are the exact spawning locations. 

Unfortunately, the lack of clustering of genetic groups with species or populations precludes the 

use of STRUCTURE type approaches with the AFLP marker systems to detect migrants. Future 

studies should therefore include tagging, so that the fish may be accurately tracked to their 

spawning locations. Straying rates can then be determined by combining tagging data with 

genetic analysis so that this unique and possibly threatened population can be protected and 

managed. 
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3 PRELIMINARY ANALYSIS OF MAJOR HISTOCOMPATIBILITY COMPLEX 
CLASS IIB SEQUENCE VARIATION IN SCALELESS CARP (GYMNOCYPRIS 
PRZEWALSKII) OF LAKE QINGHAI, CHINA 

3.1 ABSTRACT 

The scaleless carp, Gymnocypris przewalskii przewalskii, is a threatened fish species 

endemic to Lake Qinghai, a high pH, high elevation saline lake located on the Qinghai-Tibetan 

Plateau of western China. Previous studies indicate that G. p. przewalskii, its most recent 

ancestor, G. eckloni, and its subspecies, G. przewalskii ganzihonensis, are genetically distinct at 

mtDNA alleles and possibly represent separate Evolutionary Significant Units (ESUs), though 

additional studies are needed for confirmation. Furthermore, AFLP analysis found significant 

differences between fish sampled in most tributaries, indicating that the spawning groups should 

be treated as distinct Management Units (MUs). Genes of the Major Histocompatibility 

Complex (Mhc) are highly polymorphic and under strong positive selection; therefore, sequence 

variation at these genes may be used to help further investigate the genetic relationships. In this 

study, two different locus groups were identified (Gypr-DABl and Gypr-DAB3), which were 

similar in the coding region, but highly variable in the first intron. Phylogenetic analyses of 

exonic and intronic sequences from the Gypr-DABl locus showed that the scaleless carp 

sequences are more related to each other than to the Barbus or common carp sequences, while 

exonic sequences from the DAB3 locus do not indicate species-specific clustering, though 

relationships were not well resolved due to low bootstrap support. Derived amino acid 

alignments revealed that many of the residues important for mammalian Mhc function are 

conserved in scaleless carp. Wu-Kabat variability plots showed that the most variable amino 

acid positions correspond with regions that are known to interact with peptides. Furthermore, 

tests of selection indicated that positive or diversifying selection (dN > dS) is occurring in the 
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peptide binding regions of the scaleless carp sequences (Gypr-DABl: Z=2.348, p=0.010; Gypr-

DAB3: Z=2.411, p=0.009), but not in the non-peptide binding regions (Gypr-DABl: Z=0.311, 

p=1.00; Gypr-DAB3: Z=-0.536, p=1.00), as seen in the expressed Mhc genes of many other taxa. 

Although much information was acquired from this study, more is needed to fully characterize 

Mhc in scaleless carp. 
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3.2 INTRODUCTION 

Scaleless carp (Gymnocypris przewalskii) is a threatened fish species4 endemic to Lake 

Qinghai, a saltwater lake located within the Tibetan Plateau in the Qinghai province of western 

China at an elevation of 3200 m. Although it is the largest lake in China (surface area 4600 

km2), few fish species reside in Lake Qinghai, in part due to extreme conditions (high pH, saline) 

(Zheng, 1997). G. przewalskii were heavily impacted by overfishing between the 1950s and 

1990s, and stocks were not able to recover as the fish are very slow growing, taking 7 years to 

reach sexual maturity (Walker et al., 1996). 

Scaleless carp stocks have also been impacted by dams and agricultural diversions on 

freshwater tributaries, resulting in a significant loss of spawning habitat. In addition, water 

levels have fallen at a rate of approximately 10-12 cm per year over the last 50 years, which has 

increased salinity levels in the lake (Walker and Yang, 1999). Salinity increases have occurred 

since 1978, and current data indicates that this increase is accelerating (Wang et al., 2003; Yang 

et al, 2005; Wood et al., 2007). Although scaleless carp are currently able to physiologically 

tolerate the conditions of the lake (Wood et al., 2007), experiments have shown that an increase 

in salinity levels may be lethal (Brauner, C.J., unpublished data). 

A comparison of D loop mtDNA sequences between G. przewalskii and its ancestral 

species, Gymnocypris eckloni, found no sharing of haplotypes but incomplete lineage sorting, 

indicating a close evolutionary relationship between the two species. In addition, analysis of 

sequence variation of the control region of the mitochondrial genome also found that a 

subspecies (G. przewaslkii ganzihonensis), located within the Ganzi River, a tributary that lacks 

4 currently listed as "Grade B" on a list of priority species by the China Biodiversity Conservation Action Plan 
(Zhan, 1994). 
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direct surface connection to the lake, is genetically distinct from the lake fish, and may represent 

a separate Evolutionary Significant Unit (ESU), although additional studies are needed for 

confirmation. Furthermore, Amplified Fragment Length Polymorphism (AFLP) analysis of 

scaleless carp populations has determined that fish sampled in most tributaries are genetically 

distinct and may be at the early stages of lineage divergence. Fish from different tributaries 

should be treated as separate Management Units for conservation purposes (Chapter 2). As such, 

a further loss of spawning habitat may impact the genetic diversity of the entire species; however 

more information is needed if scaleless carp populations are to be managed properly. 

Genes of the Major Histocompatibility Complex (Mhc) have been shown to be highly 

polymorphic and under strong positive selection; therefore, isolation of these genes in scaleless 

carp may assist in exploring the role of selective pressures in shaping the stock structure of the 

lake (General Introduction). Isolation of these genes may also further assess the genetic 

differences between G. przewalskii, G. p. ganzihonensis, and G. eckloni. However, genetic 

variation at Mhc loci in scaleless carp and related species and subspecies has not yet been 

described. Therefore, this study has three objectives: 1) to investigate Mhc Class IIB sequence 

variation in scaleless carp, 2) to determine the phylogenetic relationship of Mhc sequences 

obtained in this study in comparison with closely related teleosts, and 3) to examine the 

functional significance of Mhc genes in scaleless carp. These objectives were achieved by first 

examining one sample in detail, followed by a screening of sequence variants in several samples. 

Information from this examination may allow Mhc genes to be used as part of a genetic marker 

system in order to identify discrete populations or stocks of fish within Lake Qinghai. 
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3.3 METHODS 

3.3.1 Sample Collection 

Fish were collected from Lake Qinghai (2002), as well as from the Heima (2004), Buha 

(2004), and Ganzi Rivers (2005) (Chapter 2). A range of tissue samples, including head kidney, 

white muscle, liver, and gills, were taken from lethally sampled fish collected in the Buha River 

and preserved in RNAlater® (Qiagen, Valencia, CA). Samples were kept in a chilled cooler or 

refrigerator while in the field (no more than 3 weeks) and then transferred to a -30°C freezer until 

RNA extraction could be performed. 

3.3.2 cDNA 

Not only is it more time and cost effective to type Mhc loci from genomic DNA (rather 

than cDNA), it is also the preferred method when the amount of lethal sampling should be 

minimized (for instance, when examining a threatened fish species). However, the amplification 

of only genomic DNA does not allow one to determine whether functional genes or pseudogenes 

were isolated. Therefore, expressed Mhc genes were also isolated in this study. 

Total RNA was extracted from fifteen head kidney samples5 using the RNeasy® Mini Kit 

(Qiagen). Prior to RNA extraction, tissues were homogenized using the QiaShredder (Qiagen). 

The optional on-column DNase digestion with the RNase-free DNase Set (Qiagen) was also 

performed to reduce DNA contamination in RNA samples. RNA quality and quantity were 

determined using spectrophotometry with a quartz cuvette per manufacturer's recommendations. 

First strand cDNA synthesis was carried out using the Thermoscript™ RT-PCR (reverse 

transcriptase PCR) System (Invitrogen, Carlsbad, CA). This system is a two step process, the 

5 Twelve samples originated from fish collected from the Buha River in 2004. The three remaining samples 
originated from lake fish collected in 2002. 
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first of which uses an Oligo (dt)2o primer, followed by amplification with gene specific primers. 

Primers used to investigate the Mhc Class IIB genes in the common carp and other cyprinid 

species were initially used to target expressed Mhc genes in scaleless carp samples. Forward 

primers targeted the end of the first exon, while the reverse primer targeted the end of the second 

exon, which codes for the variable peptide binding region (Figure 3.1). The following 8 primer 

combinations were initially used in this study: OL93-139, OL93-HO; OL93-139, OL94-23; 

ExlDAB4, OL94-23; OL92-139, OL93-23; ExlDAB4, DAB04s; ExlDAB4, DAB06s; DXA-

fw, DXA-rev; and OL93-139/CycaDABex2-rev (Table 3.1). Their abilities to amplify Mhc 

genes in scaleless carp were tested on cDNA samples. 

CP 
LP 

i»eta-2 
domain domain 

Intrort 1 Irttron 2 tatrort 3 Intron 4 
Exon 1 Exon 2 Exon 3 Exon 4 Exon S 

Figure 3.1: Schematic drawing outlining the basic structure of Mhc Class IIB genes in C. carpio 
[from (Rakus et al., 2003)]. LP - leader peptide, CP - connecting peptide, TM - transmembrane 
region, CT - cytoplasmic domain, 3'UT - 3' untranslated region. 
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Table 3.1: Mhc primer sequences. 

Primer Name Primer Sequence Reference 

OL93-139 5'-CTGATGCTGTCTGCTTTCACTGGAGCA-3' (van Erp et al., 1996) 

OL93-140 5'-CTGTTTTATCACGGATCGCTGACTG-3' (van Erp et al., 1996) 

OL94-23 5 '-GATTT G AGC ATT AT GTTT GC A-3' (van Erp et al., 1996) 

ExlDAB4 5-ATGCTGTCTGCATTTACTGGAACAG-3' (van Erp et al., 1996) 

OL92-139 5 '-CTGATGCTGTCTGCTTTCACTGGAGGAG-3' (Dixon et al., 1996) 

OL93-23 5' -C GATTTG AGC ATT AT GTTT GC AG-3' (Dixon et al., 1996) 

DAB04s 5'-CTCTGCTGCAGTTCTGCC-3' (van Erp et al., 1996) 

DAB06s 5 '-T GT C C ACT GAAGTTTTC AGA-3' (van Erp et al., 1996) 

DXA-fw 5'-GCTCAAGCTGAGCACAGGG-3' (van Erp et al., 1996) 

DXA-rev 5'-CTCTTCTGGAGAGTTGTATGC-3' (van Erp et al., 1996) 

CycaDABex2- 5'-GAGTCAGCGATCCGTGATAAAACA G-3' (Rodrigues etal., 1995) 
rev 

All cDNA samples were tested with each of the 8 primer pairs at each of three annealing 

temperatures (48°C, 52°C or 55°C). One (iL of cDNA was added to 24 pL of master mix 

containing the following: IX PCR Buffer (Invitrogen, Calsbad, CA), 200 fiM of each dNTP, 2 

mM of MgCh, 0.2 jxM of each primer, and 1 unit of Platinum TAQ DNA polymerase 

(Invitrogen). Amplifications were carried out on a DYAD or PTC-100 thermal cycler (MJ 

Research, Inc., Waltham, MA). The thermal cycle was 96°C for 2 min, 48°C, 52°C or 55°C for 1 

minute, and 72°C for 2 minutes, followed by 39 cycles of 94°C for 30 seconds, 48°C, 52°C, or 

55°C for 30 seconds, and 72°C for 1 minute and 30 seconds. The final extension phase was 72°C 

for 6 minutes and 30 seconds. 
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3.3.3 Genom ic DNA 

Genomic DNA was extracted from caudal fin clip samples using a standard 

phenol/chloroform method as in Chapter 2. Genomic DNA was isolated to determine whether 

functional genes can be detected in genomic DNA. In particular, a comparison of genomic and 

cDNA sequences was performed to ensure that the genomic loci under investigation are 

expressed. This was done by analyzing both cDNA and genomic DNA from two individuals. 

One fiL of genomic DNA (50 ng/ju.L) was added to 24 fiL of master mix containing IX 

PCR Buffer (Invitrogen), 200 |iM of each dNTP, 2 mM of MgCl2, 0.2 fiM of each primer, and 1 

unit of Platinum Taq DNA polymerase (Invitrogen). Amplifications were carried out as 

described in the previous paragraph. 

3.3.4 Cloning and Plasmid DNA Extraction 

PCR products were visualized using agarose gel electrophoresis. Successfully amplified 

PCR products of the appropriate size (Dixon et al., 1996; van Erp et al., 1996) were excised from 

the gel and purified using the QIAquick Spin Kit (Qiagen). The concentration of the purified 

PCR product was measured by running the product on an agarose gel with a mass standard. 

The purified PCR product was ligated into a cloning vector using the pGEM®-T Easy 

Vector System (Promega, Madison, WI). Cloning vectors were inserted into JM109 High 

Efficiency Competent cells (Promega) using a heat shock treatment. Cultures were incubated in 

SOC Medium (Invitrogen) for 1.5 hours at 37°C with shaking (approximately 150 rpm). 

One hundred p.L of each transformation culture were spread over duplicate LB/ampicillin 

(100 |ig/mL)/IPTG(100 mM)/X-Gal (50 mg/mL) plates using sterile techniques. The plates were 

incubated overnight at 37°C. Successful transformations were indicated by the presence of white 
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colonies as successful cloning of an insert disrupts the coding sequence of P-galactosidase. 

Positive colonies were picked off the plate using sterile techniques and inoculated into 3 mL of 

LB broth with ampicillin (50 jig/ml). Cultures were incubated overnight at 37°C with shaking 

(approximately 200 rpm). 

Plasmid vector DNA was purified using the QIAprep Spin Miniprep Kit (Qiagen). Since 

the pGEM-T Easy Vector contains EcoK\ restriction sites that flank the cloning site, a simple 

digest with this enzyme was used to identify false positives (white colonies that do not contain an 

insert). Five pL of plasmid DNA were added to 15 juL of a master mix containing 5 units of 

£coRI and IX React 3 Bufffer. Solutions were incubated for approximately 3 hours at 37°C. 

Restriction digests were separated via agarose gel electrophoresis. 

3.3.5 Sequence Analysis 

Plasmid DNA samples that contained an insert were sequenced on the CEQ 8000 Genetic 

Analysis System (Beckman Coulter, Inc., Fullerton, CA). Approximately 20 ng of purified DNA 

were combined with 4 |j.L of DTCS Quick Start Master Mix, 2 (iL of T7 (5-

TAATACGACTCACTATAGGG-3') or SP6 (5' -ATTTAGGTGAC ACT AT AG-3') primers, and 

enough nuclease-free water to bring the total volume to 10 \iL. Sequencing reactions were 

carried out via 30 cycles of 96°C for 20 seconds, 50°C for 20 seconds, and 96°C for 4 minutes. 

Sequence fragments were separated using method LFR-1 (denatured: 90°C for 120s; injected: 

2.0kV for 15s; and separated: 4.2kV for 85min in a 50°C capillary). Since sequencing a plasmid 

may be difficult due to supercoiling (Thompson et al., 2008), samples were linearized by 

digesting with Seal prior to sequencing. 
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Sequence chromatograms were viewed, edited (i.e., plasmid and primer sequences 

removed), and aligned as described in Chapter 2. Scaleless carp sequences were compared to 

other cyprinid sequences obtained using the BLAST feature of GenBank (Table 3.2). Maximum 

likelihood phylogenetic trees were constructed using the methodology from Chapter 2. To best 

show the phylogenetic relationships between samples and in comparison to related species, the 

exons and introns from each of the two loci were examined separately. Wu-Kabat variability 

plots (Wu and Kabat, 1970) were constructed using the derived amino acid sequences generated 

in MEGA. The numbers of nonsynonymous (dN) and synonymous (dS) substitutions and Z tests 

of selection were also computed in MEGA. 

Table 3.2: A listing of Mhc sequences from closely related species of scaleless carp, used for 
phylogenetic comparison. Mhc locus names are named according to the first two letters of both 
the genera and species of origin ('Bain' - Barbus intermedins, 'Babo' - Barbus bocagei; 'Cyca' 
- Cyprinus carpio). 

Mhc Sequence Name Accession Number 

Bain-DABl X93677 

Bain-DABl-06 X93682 

Babo-DABl X93896 

Cyca-DABl Z47731 

Cyca-DAB2 Z47732 

Bain-DAB3 X93895 

Babo-DAB3 X93897 

Cyca-DAB3 Z47733 

Cyca-DAB4 Z95435 
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3.4 RESULTS 

3.4.1 Primer Results 

Three out of eight primer pairs were successful in amplifying products from the 

scaleless carp samples - OL93-139/OL94-23 (55°C annealing temperature), exlDAB4/OL94-23 

(52°C), and OL92-139/OL94-23 (55°C). All products amplified using cDNA yielded product 

sizes of approximately 280 bp, while genomic DNA samples mostly yielded products 

approximately 500 bp in size, although some were approximately 900 bp. These larger 

fragments did not appear to correlate with any one primer pair. Fragments of other sizes were 

also produced in many samples. A few of these fragments were sequenced, but found to be non­

specific. 

3.4.2 Sequence Variation 

One cDNA sample (14-2) was examined in detail, and fifteen clones from this sample 

were sequenced (Table 3.3). For the remaining samples, both cDNA and genomic, up to seven 

clones were sequenced (samples sequenced at one or two clones are indicated by italics in Table 

3.3). A large number of samples in this study were examined in collaboration with a fourth year 

undergraduate applied genetics laboratory course (Biology 425). 
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Table 3.3: Gymnocypris przewlaskii Mhc sequences arranged by sample and locus. Numbers indicate the number of samples that 
contain that particular locus, g = genomic derived clone, c = cDNA derived clone, xb/c/d/e = 1 bp variant noted from a single clone (to 
be confirmed). xd variant is located in the intron. Sample numbers in italics were sequenced once or twice. 

Sample Gypr-DABl Gypr-DAB3 
01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 01 02 03 04 

14-2 2c 13c 

15-6 2glc 

10-44 3g lg Ig 

12-52 4g 

12-53 lg 2g 

QH1-1 2c lc lc 

QHl-2 lbc 6c 

QHl-3 2glc 

12-42 lg 

12-43 lg 

13-2 2g 

14-1 ldg 

14-5 lg 

15-8 lg 

Ul-1 lc 

Ul-2 lcc 

Ul-3 lc 

Ul-4 lc 

Ul-5 lec 

Ul-6 lc 

Ul-7 lg 
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3.4.3 cDNA 

A total of 10 cDNA sequences were obtained from 11 different samples, although several 

samples contained single base pair variations (Table 3.3). Resulting sequences were 226 bp, 

which was the expected size of the amplified section of the second exon of Mhc genes in 

common carp and Barbus spp (Dixon et al, 1996). Multiple sequences were observed in 

individuals for whom more than one clone was analyzed (Table 3.3). Clones with single 

nucleotide differences (noted in Table 3.3) were not considered new sequences. These may 

represent real genetic variation or they may represent PCR artifacts; therefore, samples 

possessing these single base pair variants should be sequenced using additional clones to confirm 

variation. 

3.4.4 Genomic 

Twelve genomic sequences, approximately 440 bp in length, the expected size of the 

DABM2 locus (intron 1 and exon 2) in common carp and Barbus spp (Dixon et al., 1996), were 

obtained from 11 samples. One 965 bp sequence also resulted from sequencing a larger PCR 

fragment. This is the expected product size of a second Mhc locus, corresponding to Cyca-

DAB3-01 and Cyca-DAB4-01 in the common carp (van Erp et al., 1996). 

Ten genomic sequences were unique to a single sample. Three sequences (Gypr-DABl-

01, DAB 1-02, and DAB3-02) had matching exonic sequences to the previously identified cDNA 

sequences. Matching DAB1-01 and DAB1-02 exonic sequences were found in samples (15-6 and 

QHl-3) where both cDNA and genomic DNA were analyzed, DAB 1-02 was also found in two 

other genomic samples. 
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A sequence alignment confirmed that the 440 bp genomic PCR product corresponded to 

Mhc loci DAB1 and 2 in Cyprinus carpio and DAB1 in Barbus spp (Figure A3.1). The length of 

the intron is 215, similar to C. carpio (van Erp et al., 1996), although the length of the intron 

varies in different individuals due to the presence of multiple short indels (6-7 bp). One out of 

three genomic sequences obtained from individual 10-44 contained a large insertion (Gypr-

DABl-16g). 

Sequence alignment also confirmed that the 965 bp sequence and several cDNA samples 

correspond to the DAB3 locus in cyprinid species (742 bp intron 1 and 223 bp exon 2) (Figure 

A3.2). 

DAB1 and DAB2 in C. carpio were originally thought to be different alleles, but 

subsequent studies indicated that they do not segregate from each other (van Erp et al., 1996). 

Hence, it was determined that they represent a pair of closely linked genes. Similarly, another 

pair of linked genes, Cyca-DAB3 and Cyca-DAB4, were found to segregate from the DAB1 and 

DAB2 genes (van Erp et al., 1996). The two groups were similar in the coding regions, but 

vastly different in the length of their introns. Later studies involving Barbus spp. also found two 

locus groups named DAB1 and DAB3 (rather than DAB1 and 2, and DAB3 and 4). These two 

groups were presumed to be two distinct loci, which may or may not contain several different 

genes (Dixon et al., 1996). For the purposes of this study, all scaleless carp sequences were 

named following the same nomenclature rules as in previous studies, with the first locus group 

named Gypr-DABl and the second group, Gypr-DAB3. 
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3.4.5 Phylogenetic Analysis 

A phylogenetic comparison of DAB1 exon 2 sequences (obtained from cDNA samples as 

well as the exon 2 portion of genomic samples) with C. carpio and Barbus spp. shows species-

specific clustering with high bootstrap values (Figure 3.2). There are four groups of samples that 

cluster together with bootstrap values greater than 50%; however the relationships between the 

majority of scaleless carp sequences are not well supported by high bootstrap values. It is 

interesting to note that, of the three sequences originating from sample G10-44, two (Gypr-

DAB1-14 and DAB1-15) are in the same group, while the third (Gypr-DABl-16) is separated into 

a different group. This may indicate that sequences 14 and 15 represent different alleles of the 

same gene. 
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Figure 3.2: Maximum likelihood tree constructed using exon 2 sequences of Mhc-DABl locus 
group in G. przewalskii (Gypr), C. carpio (Cyca), and Barbus spp. (Bain and Baboi). The best fit 
model of nucleotide substitutions identified using the Bayesian Information Criterion (BIC) 
implemented in jModeltest 0.1.1 (Posada, 2008), JC69 with unequal base frequencies, was used 
by program PHYML (Guindon and Gascuel, 2003) to estimate the above phylogeny and 
calculate bootstrap values. A model-averaged phylogeny (Posada, 2008) using relative model 
weights based on either the BIC or Akaike Information Criterion is identical in topology to the 
tree shown with most nodes having a model support of 1.0. Bootstrap values over 50% are 
shown. 
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Unlike the DAB1 locus, exonic sequences from the DAB3 locus do not cluster together in 

a species-specific manner (Figure 3.3). Gypr-DAB3-01 is interspersed between sequences from 

the comparative species, and DAB3-02 appears to be more related to the B. intermedins 

sequences than to the other scaleless carp sequences. As most bootstrap values are below 50%, it 

is difficult to precisely determine whether or not there are clusters or groups of samples that 

could indicate different alleles of the same gene. However, given that sequences 1 and 2 appear 

quite distant from sequences 3 and 4, it seems likely that there may be more than one cluster. 

Gypr-DAB3-03 

- Gypr-DAB3-04(c) 

Gypr-DAB3-01 (c) 

Cyca-DAB4 

Cyca-DAB3 
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Babo-DAB3 

Gypr-DAB3-02 

Bain-DAB3 

I 1 
0.02 

Figure 3.3: Maximum likelihood tree constructed using exon 2 sequences of Mhc-DAB3 locus 
group in G. przewalskii (Gypr), C. carpio (Cyca), and Barbus spp. (Bain and Babo). The best fit 
model of nucleotide substitutions identified using the Bayesian Information Criterion (BIC) 
implemented in jModeltest 0.1.1 (Posada, 2008), JC69 with unequal base frequencies, was used 
by program PHYML (Guindon and Gascuel, 2003) to estimate the above phylogeny and 
calculate bootstrap values. A model-averaged phylogeny (Posada, 2008) using relative model 
weights based on either the BIC or Akaike Information Criterion is identical in topology to the 
tree shown with all nodes having a model support of 1.0. Bootstrap values over 50% are shown. 

DAB1 intronic sequences reveal the clustering of all common carp and all Barbus species, 

while the relationships among the scaleless carp sequences are generally not well supported by 
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high bootstrap values (Figure 3.4). However, as in exon 2, two sequences from sample 10-44 

cluster together, while the third is located on a different branch, again, possibly indicating 

different alleles. Sequences 1 and 2 could also represent a third group, as they cluster together 

away from the other sequences with a bootstrap value greater than 50%. Sequences from sample 

12-53 (Gypr-DABl-05g and 06g) appear to be divergent, which was not seen when examining 

the exonic sequences. A phylogenetic analysis of DAB3 intronic sequences has been included 

for consistency, although only one complete sequence from G. przewalskii was available (Figure 

3.5). 
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Figure 3.4: Maximum likelihood tree constructed using intron 1 sequences of Mhc-DABl locus 
group in G. przewalskii (Gypr), C. carpio (Cyca), and Barbus spp. (Bain and Babo). The best fit 
model of nucleotide substitutions identified using the Bayesian Information Criterion (BIC) 
implemented in jModeltest 0.1.1 (Posada, 2008), HKY with unequal base frequencies, was used 
by program PHYML (Guindon and Gascuel, 2003) to estimate the above phylogeny and 
calculate bootstrap values. A model-averaged phylogeny (Posada, 2008) using relative model 
weights based on either the BIC or Akaike Information Criterion is identical in topology to the 
tree shown with most nodes having a model support of 1.0. Bootstrap values over 50% are 
shown. 

68 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



32 Babo-DAB3 

Bain-DAB3 

Gypr-DAB3-02(g) 

Cyca-DAB3 

Cyca-DAB4 100 

0.05 

Figure 3.5: Maximum likelihood tree constructed using intron 1 sequences of Mhc-DABl locus 
group in G. przewalskii (Gypr), C. carpio (Cyca), and Barbus spp. (Bain and Babo). The best fit 
model of nucleotide substitutions identified using the Bayesian Information Criterion (BIC) 
implemented in jModeltest 0.1.1 (Posada, 2008), K80 with unequal base frequencies, was used 
by program PHYML (Guindon and Gascuel, 2003) to estimate the above phylogeny and 
calculate bootstrap values. A model-averaged phylogeny (Posada, 2008) using relative model 
weights based on either the BIC or Akaike Information Criterion is identical in topology to the 
tree shown with all nodes having a model support of 1.0. Bootstrap values over 50% are shown. 

3.4.6 Expression of Mhc genes 

Both genomic and cDNA sequences were isolated from only two individuals (15-6 and 

QHl-3 in DAB1). The exonic sequences from each sequence pair were identical, indicating that 

these two genomic sequences are expressed in these individuals. 

Alignment of the derived amino acid sequences from exon 2 in both the Gypr-DABl and 

Gypr-DAB3 loci again confirmed that the sequences obtained correspond to Cyca-DAB, Bain-

DAB, and Babo-DAB genes (Figure 3.6). As in Dixon et al. (1996), many of the scaleless carp 

amino acid residues important for mammalian Mhc functioning are conserved. The cysteine at 

positions 9, important for the formation of disulphide bridges that stabilize the peptide binding 

groove; glycines at positions 40 and 49 (important to proteins' secondary structure); and arginine 

or lycine residues at position 67 are conserved. There is also an N-linked glycosylation site at 

positions 36 to 38, which is conserved in cyprinid and salmonid species, although not in 
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mammals (Dixon et al., 1996). Four Gypr-DAB1 amino acid sequences also contain an 

additional putative N-linked glycosylation site at positions 58 to 60, also found in some Barbus 

sequences. 

Gypr-DABl-11 (g) YYHSTWSRCIHSSRDLSDMVYIDNYIFNKDVDIQFNSTVGEYVGYTEHGVYNAQLWNNDTNLLQQERADVER 
Gypr- DAB1-16(g) . .N R AK .T I FV VV. .L .KS . S . S P.R. Q. .T 
Gypr-DABl-14(g) T F r F Y K P. . . .M. Q. .T 

Gypr-DABl-15(g) T F T F Y K P. . . .M. Q. .T 
Gypr-DABl-08(g) . Y R G T YV AY .K. . F. .N 

. .TJYV NR FV. F T, P. R. E. . . 
R T T M YV AY .A. . IG. E. . . 

Gypr-DABl-06(g) . S FRR. FVA.S.. Y A .T. E. . T 
Gypr- DAB1-13(g) T F T F Y . . .A R P. . . M Q- -T 
Gypr-DABl-02d(g) 
Gypr-DABl-03(c) 
Gypr-DAB1-04(c) . S Y T T T FV F . .F. T, K P. . . Q- -T 
Gypr-DABl-12(c) T F T F Y H R P. . . .M. QA.T 
Gypr-DABl-01(g/c) . .N R TR T . .Q ...MVV. . . F. T, .H. P.R. .V. QAGT 

Gyp r-DAB1-02(g) .  . s  Y T T T FV F . . F. T. R P. . . Q. .T 
Gypr-DABl-09(c) 
Gypr-DABl-10(c) . . Y F T Y , A . .R R P.R. .M. Q- -T 
Gypr-DABl-Olb(c) . .Y R TR T . -Q ...MVV. .V. QAGT 

Gypr-DABl-Olc(c) . .N R TK .T C.Q ...MVV . . F. T, .H. P.R. .V. QAGT 

Bain-DABl-06 
Bain-DABl . F V TN F.G. . F. .VA.W.. F. . . . F. .L .H. ES. K P.R. .T. Q. .T 
BaJbo-DABl . F M F.N . . . F . YW. P .H. .RF . FF. R..TL... 
Cyca-DAB1 W TR F Y AT, ERF K P.I. Q. . . 

Cyca-DAB2 R R MR F , FV H . . F. AT, .H. E . R .TG. Q.DS 

Gypr-DAB3-02(c) ..SYQM.E VY TS YR .LLS.S. -QA .L. Y. . . F. S AQ .KY ENF KNPAIM . LK N . D. 
Gypr-DAB3-03(c) ..TY.M.E VY TS Y. FLES.S. .EV .LL. . .S. .KF. AE .KF ENF K QAFI . .K A. DT 
Gypr-DAB3-03e(c) ..TY.M.E VY TS Y. FLES.S. .EV .LL. . .S. .KF. AE .KF ENFSK QAFI . .K A. DT 
Gypr-DAB3-04(c) . .EY.SYD VY TS Y. FLALFS. . .V . V. .S. .KF. .E .KY EN. K QAII . LK N.D. 
Gypr-DAB3-01(c) ..EYIEFE VY TS Y. FLTS.S. V V Y .KF. F, LKY ENF K QAFM -QK A. DT 
Gypr-DAB3-02f(g) ..SYQM.E VY TS YR .LLS.S. -QA .L. Y. . . F. S AQ .KY ENF KNPAIM .LK N.D. 

Bain-DAB3 . .EEWMPE VY A. YR .LVS.F. .EAMHA. Y. .KF. GV .KD EY. .NQDYM GLKG.... 
Bajbo-DAB3 . . SYGMPE VY TS Y. .LVS.S. V . KF. -0 .KF ENF KNPAIM .LKGE.D. 

Cyca-DAB3 ..EYMTFD VY AS Y. .LLS.S. .QGL.A. .s. . KF. .K MKD EY. .NPAE. .R. E.DT 
Cyca-DAB4 . .EY.MYE VY TS Y. .LVSLS. .QV . V. C. .SAMKC. .E .KY ENF K PSV. DLKTS.DT 

Figure 3.6: Derived amino acid alignment of exon 2 from DAB1 and DAB3 locus groups in G. 
przewalskii and comparative species. Variable sites in clones for which there is only one 
sequence will need to be confirmed. "G" represents samples of genomic origin. "C" represents 
samples of cDNA origin. 

The most variable amino acid positions, as shown in the Wu-Kabat variability plots 

(Figures 3.7 and 3.8) correspond with the regions of human Mhc proteins known to interact with 

peptides (Brown et al., 1993; Dixon et al., 1996), although this trend is seen more clearly in the 

Gypr-DABl loci (Figure 3.7) versus the Gypr-DAB3 loci (Figure 3.8). 
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Figure 3.7: Wu-Kabat variability plot (Wu and Kabat, 1970) of derived amino acid sequences of 
Mhc Class IIB (DAB1) in Gymnocypris przewalskii (black bars indicate amino acids known to 
interact with peptides in human Mhc Class II beta molecules) (from Brown et al., 1993; Dixon et 
al., 1996). 
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Figure 3.8: Wu-Kabat variability plot (Wu and Kabat, 1970) of derived amino acid sequences of 
Mhc Class IIB (DAB3) in Gymnocypris przewalskii (black bars indicate amino acids known to 
interact with peptides in human Mhc Class II beta molecules) (from Brown et al., 1993; Dixon et 
al1996). 

3.4.7 Test of Selection 

In order to determine whether selective pressures acting on a Mhc gene coincide with its 

function, it is necessary to compare codons of the peptide binding region to codons of non-

peptide binding regions. The codons that corresponded to the 17 amino acid residues identified 

by black boxes in the Wu-Kabat plots (Figures 3.7 and 3.8) were designated the peptide binding 

codons (Dixon et al., 1996). 
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The peptide binding regions in both the Gypr-DABl and Gypr-DAB3 loci have higher 

rates of nonsynonymous substitutions than synonymous substitutions (Tables 3.4 and 3.5). Z 

tests indicated that positive selection (dN>dS) is occurring in the peptide binding regions of both 

loci (Z=2.348, p=0.010 and Z=2.411, p=0.009, respectively), but not in the codons of non-

peptide binding regions (Z=0.311, p=1.00 and Z=-0.536, p=1.00, respectively). 

Table 3.4: The average number of synonymous substitutions per synonymous site (dS) and 
nonsynonymous substitutions per nonsynonymous site (dN) in peptide binding codons (PBR) 
and non-peptide binding codons (non-PBR) in Gymnocypris pzewalskii DAB 1 exon 2 sequences. 

Nonsynonymous substitutions 
per nonsynonymous site (dN) 

Synonymous substitutions per 
synonymous site (dS) 

PBR 0.180±0.034 0.068±0.054 

Non-PBR 0.050±0.015 0.059±0.028 

Table 3.5: The average number of synonymous substitutions per synonymous site (dS) and 
nonsynonymous substitutions per nonsynonymous site (dN) in peptide binding codons (PBR) 
and non-peptide binding codons (non-PBR) in Gymnocypris przewalskii DAB3 exon 2 
sequences. 

Nonsynonymous substitutions 
per nonsynonymous site (dN) 

Synonymous substitutions per 
synonymous site (dS) 

PBR 0.291±0.061 0.130±0.055 

Non-PBR 0.075±0.016 0.093±0.034 

3.5 DISCUSSION 

3.5.1 Results Summary 

In this study, two different approaches were taken to characterize Mhc variation in 

scaleless carp: examining one sample in detail, followed by a screening of several different 

samples to identify variant sequences. First, the cDNA of one individual was examined in detail 
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(15 clones), resulting in two sequences. These sequences are from the same locus (DAB1) and 

appear to be closely related (Figure 3.4). Second, a smaller number of clones (up to 7) from 

several different samples were sequenced. As a result, two different locus groups were identified 

(Gypr-DABl and Gypr-DAB3), based on sequence alignment and previous knowledge of Mhc 

Class II beta genes in common carp and Barbus spp. (Dixon et al., 1996; Kruiswijk et al., 2004). 

While the two locus groups are similar in the coding region, the intron 1 regions are variable in 

both length and nucleotide composition, as seen in common carp and Barbus spp. (Dixon et al., 

1996; van Erp et al., 1996). The DAB1 locus group in the scaleless carp may contain more than 

one locus, as indicated by the clustering of sequences (Figures 3.2 and 3.4). For instance, two 

out of three sequences from a single sample (10-44) were grouped together in both the exon 2 

and intron 1 phylogenies, while the third, which contains an indel in the intron, was located on a 

separate branch. 

Mhc genes in scaleless carp are highly variable, and, in terms of function and selection, 

behave in a similar fashion as in other teleosts. DAB1 was the most frequently expressed locus 

detected in this study, as it appeared in the majority of samples. Gypr-DAB3, however, seemed 

to appear quite randomly (not primer specific), the reason for which is unknown; however it 

should be noted that all but one of the DAB3 sequences were isolated from cDNA (head kidney), 

with only one originating from genomic DNA (fin clip). Expression of one locus over the other 

may be tissue specific (Rodrigues et al., 1998b), timing specific (in terms of development or life 

stage) (Rodrigues et al., 1998b), or even temperature dependant (Rodrigues et al., 1998a). 

Although a range of different tissues was initially collected from lethally sampled fish, nucleic 

acids in this study were only isolated from head kidney (generally one of the richest sources of 
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cDNA) or fin clips. Future works could therefore include isolating DNA from these other tissues 

to determine whether there is any pattern in the expression of DAB1 or DAB3 loci. 

3.5.2 Phylogenetic Analysis 

Phylogenetic analyses of exonic and intronic sequences from the Gypr-DABl locus 

showed that the scaleless carp sequences are more closely related to each other than to the 

Barbus or common carp sequences, while exonic sequences from the DAB3 locus do not indicate 

species-specific clustering; however relationships within the scaleless carp are not well resolved. 

Trans-species polymorphism (when clustering of sequences is not species-specific) is commonly 

found in Mhc genes (both DAB1 and 3 loci) of other teleost groups (Dixon et al., 1996; 

Kruiswijk et al., 2005). A lack of trans-species polymorphism may result from shared allelic 

lineages being lost in bottlenecks, as seen in salmonid Mhc genes (Miller and Withler, 1996; 

Miller et al., 1997). Cytochrome b data indicates that the subfamily Schizothoracine, of which 

Gymnocypris is a member, may have arisen from other cyprinids approximately 10 mya (He et 

al., 2004). This is within the time frame observed for the maintenance of polymorphisms via 

balancing selection in primates (Klein, 1987; Nei and Hughes, 1991). However, the absence of 

trans-species polymorphism in scaleless carp DAB1 sequences may indicate that much of its Mhc 

diversity has arisen since its divergence with its comparison species (common carp and Barbus 

spp.). Genetic evidence indicates that the Schizothoracine fishes may have undergone a 

bottleneck after their divergence from other members of the Cyprinidae due to geological 

changes during the formation of the Tibetan Plateau (He et al., 2004). 

3.5.3 Functional Significance 

The amplification of genomic DNA does not allow for the discrimination of functional 

genes from pseudogenes. As such, Wu-Kabat variability plots were constructed from derived 
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amino acid sequences (Figures 3.7 and 3.8). Polymorphisms in functional genes should be 

concentrated in the peptide binding region, while sequence variation in pseudogenes would occur 

randomly (Hughes and Nei, 1989). Consistent with the amplification of expressed genes, the 

Wu-Kabat variability plots show that the most polymorphism occurs in residues that code for the 

peptide binding region in mammals, and corresponds well with the amplification of Mhc genes in 

Barbus spp. and the common carp (Dixon et al., 1996). Furthermore, tests of selection indicated 

that positive or diversifying selection (dN > dS) is occurring in the peptide binding regions of the 

scaleless carp sequences, as seen in the expressed Mhc genes of many other taxa (Dixon et al., 

1996; Bernatchez and Landry, 2003). 

As it is easier and more cost effective to type Mhc loci using genomic DNA rather than 

cDNA, future studies should involve a more thorough comparison of genomic and cDNA 

sequences to ensure that the genomic loci under investigation are expressed. This can be done 

by analyzing both cDNA and genomic DNA from the same individual, which was done on two 

samples in this study. This analysis confirmed that pseudogenes were not amplified, although 

more individuals should be screened in this fashion in order to confirm this result. 

3.5.4 Information needed to fully characterize the Mhc in scaleless carp 

As multiple sequences were found in the two individuals that were examined in detail 

(possibly representing different alleles), detailed sequencing analysis needs to be performed on 

many more clones. Many characterization studies utilize Rapid Amplification of cDNA Ends, or 

RACE-PCR, to obtain full-length transcripts of Mhc genes (Godwin et al., 1997; Yu et al., 

2009). This procedure was attempted many times using the primers listed in this study; however 

it only resulted in non-specific product, or intriguingly, pyruvate dehydrogenase (D. O'Bryan, 

unpublished data). 
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Since Mhc in scaleless carp was found to be highly variable, and multiple sequences 

were detected in individuals for whom more than one clone was sequenced, a screening of many 

more samples should be performed. Further, multiple sequences isolated in this study differed 

by only one or two nucleotides. Additional clones from these individuals should be sequenced to 

confirm variation and possibly identify additional alleles. The identification of additional alleles 

could aid in the population genetics study in Lake Qinghai as it may be possible that certain 

alleles or loci coincide with fish sampled from different spawning sites (Beacham et al., 2004). 
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4 GENERAL DISCUSSION 

4.1 SPECIES, SUBSPECIES, AND ESUs 

Although there are many species concepts, two were considered to be most relevant to 

this study-the Biological Species Concept and the Phylogenetic Species Concept (General 

Introduction). Gymnocypris przewalskii and Gymnocypris eckloni would not be considered 

separate species under the latter concept due to the lack of reciprocal monophyly; however, there 

is no physical chance, geographically speaking, that gene flow could ever occur between the two 

species, which would allow them to be defined as separate species under the Biological Species 

Concept. 

Computer modelling has indicated that when two daughter populations separate from an 

ancestral gene pool, the phylogenetic relationships move chronologically through stages of 

polyphyly, paraphyly, and finally reciprocal monophyly (Neigel and Avise, 1986) (Figure 4.1). 

Using the assumptions of neutrality, the probabilities of daughter populations being polyphyletic, 

paraphyletic, or reciprocally monophyletic at a given time (measured in generations) are a 

function of the female effective population size. Under this model, reciprocal monophyly is 

most likely to occur when the number of generations is greater than four times the female 

effective population size (Avise, 2000). Using the high and low values of female effective 

population size for G. p. przewalskii (from Table 2.6: 71, 500 to 21, 050), reciprocal monophyly 

has a high probability to occur after 84, 200 to 286, 000 generations have elapsed, or 589, 400 to 

2, 002, 000 years. Prior to this time, polyphyletic or paraphyletic daughter populations are more 

probable. Lake Qinghai was formed 130, 000 to 150, 000 years ago, equivalent to approximately 

18, 000 to 21, 000 generations. Therefore, as stated in Chapter 2, it is not unexpected that G. p. 
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przewalskii and G. eckloni are currently paraphyletic at mtDNA alleles. Further, this lack of 

reciprocal monophyly at mtDNA alleles would also prevent the two species from even being 

considered separate ESUs under Moritz's (1994) definition. However, they occupy completely 

different habitats (saline Lake Qinghai vs. freshwater Yellow River) and are morphologically 

distinct. Indeed, the two most certainly should be considered both separate species and distinct 

ESUs. 

1.00 

•£t. 

<0 O.SQ 
ja-

paraphyly 
CL 

generations since founding 

Figure 4.1: Probability curves for reciprocal monophyly, polyphyly, and paraphyly for two 
daughter populations following separation from an ancestral gene pool (after Neigl and Avise, 
1986). Figure comes from Avise, 2000. 

mtDNA and AFLP data are consistent with a subspecific classification of G. p. 

ganzihonensis, as AMOVAs using both markers indicated significant differences between the 

Ganzi fish and the Lake Qinghai fish (Chapter 2). However, additional studies are needed to 

determine if the subspecies should be considered a distinct ESU for conservation purposes. 

Generally speaking, the lack of reciprocal monophyly at mtDNA alleles would preclude the 

classification as a distinct ESU; however, this should not be expected for the reasons explained 
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above, and given the lack of reciprocal monophyly when comparing G. p. przewalskii to its most 

recent ancestor, G. eckloni. 

Additionally, the AFLP and mtDNA evidence (high frequency of unique mtDNA 

haplotypes, clustering of some AFLP genotypes with G. eckloni) seem to indicate that the Ganzi 

River subspecies might have arisen not directly from the lake species after the Ganzi River was 

separated, but from its own evolutionary path, and would therefore represent "an important 

evolutionary legacy of a species" (Waples, 1991). Currently, the Ganzi River drains into a 

freshwater marsh that is no longer connected to the lake. It can, therefore, be speculated that the 

Ganzi River fish perhaps used to reside only within the river and marsh (which contains deep 

pools suitable for overwintering) and never actually utilized the lake. Interestingly, a recent 

study has found that a group of G. eckloni that reside in Lake Sunmcuo (which also used to be 

part of the Yellow River drainage) is genetically more similar (incomplete lineage sorting, but 

also a few shared haplotypes) to its sympatric subspecies, G. e. scoliostomus, than to G. eckloni 

of the Yellow River (Zhao et al., 2009). The two subspecies are thought to have evolved in 

sympatry due to adaptations to different food sources. 

Given the lack of reciprocal monophyly and the relatively recent ancestry of G. 

przewalskii, the principles of genetic and ecological exchangeability seem a better fit for 

determining ESU classifications in this case (Crandall et al., 2000). AFLP and mtDNA data 

indicate a lack of genetic exchangeability; however, determining ecological exchangeability 

requires additional information. For instance, can the Ganzi River fish physiologically tolerate 

the saline waters of Lake Qinghai (Chapter 2)1 As most cyprinids are generally considered 

stenohaline (de Boeck et al., 2000; Luz et al., 2008), it seems likely that they would. However, 

lethal sampling and subsequent tissue collection, often used in physiological studies (see Wood 
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et al., 2007), are not recommended. Therefore, any future physiological studies should be of 

minimal disruption to the fish, perhaps using blood collection only. Waples (1991) defined an 

ESU as being "substantially reproductively isolated" (without actually quantifying what is 

considered "substantial"). For fish populations, this may be timing or location of spawning. The 

subspecies was caught in only a single location within the river (which was quite difficult to 

locate); however, the range that the subspecies occurs within the river should be determined, and 

since the river itself has been so extensively altered due to irrigation and other anthropogenic 

factors, it should be mapped properly. The range could be determined simply by visual 

observation, or by other techniques such as the use of static nets and traps or electrofishing, 

which could determine the presence or absence of fish in a particular reach of the river (Lucas 

and Baras, 2000). Mark-recapture studies could also be conducted, which can estimate 

population size, mortality, and even growth rate, in addition to providing valuable information 

about the patterns of movement between the sites where fish were marked and then later 

recaptured. However, whether the Ganzi River fish can be considered an ESU or not, given its 

threatened status, the heavy anthropogenic impacts to the Ganzi River, and the general lack of 

information about this fish, G. p. ganzihonensis should at least be considered distinct 

Management Units (MUs), which requires monitoring and applying short-term management 

strategies (as recommended by Moritz, 1994). 

AFLP data also indicate the presence of distinct stocks or MUs within Lake Qinghai 

(Chapter 2), although the detection of within-river structuring indicates that additional studies are 

needed, such as determining the timing and locations of spawning and calculating straying rates. 

Do they spawn annually, biannually, or go even longer between spawning events? Where are the 

important spawning areas, especially on the Buha River? Telemetry studies (for instance with 
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PIT tags) would be especially valuable in providing information about the migration patterns and 

range of the fish (Lucas and Baras, 2000). Tagging of juveniles in their natal rivers would also 

allow the determination of straying versus natal homing rates (Candy and Beacham, 2000). 

4.2 USING MHC VARIATION TO DEVELOP A GENOTYPING SYSTEM 

The ultimate goal of the Mhc portion of this thesis was to develop an additional 

genotyping tool that can be used to examine the spatial genetic relationships of the scaleless carp 

of Lake Qinghai. The results reported in Chapter 3 represent a first step in this analysis. Future 

studies will require the development of a primer pair that will target a single locus, which is 

necessary for Mhc genes to be fully utilized as markers to study scaleless carp populations. The 

common carp primers used in this study resulted in the amplification of more than one locus in 

certain individuals, in addition to non-specific product in most individuals. Additional work (not 

reported in this thesis) utilizing species-specific primers developed using scaleless carp exon 2 

sequences described in Chapter 3 were not successful in amplifying a single locus, likely due to 

high level of sequence variation in this region (D. O'Bryan, unpublished data). Similarly, 

multiple attempts to sequence the full-length Mhc transcripts via RACE (Rapid Amplification of 

cDNA Ends) PCR mostly resulted in the amplification of non-specific product (D. O'Bryan, 

unpublished data). 

Based on the results of this study, the DAB3 locus group is not a good candidate for 

genotyping due to its prohibitive size, especially since only partial sequences of the first intron 

can be obtained from a single clone (two sequencing reactions, one in each direction, are 

necessary to get a full length sequence). However, sequence analysis of the first intron of the 

DAB1 locus group revealed a series of short indels, which may be useful in discriminating Mhc 

genotypes. Future work could involve a more complete examination of the intronic region of 
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both locus groups, possibly designing primers that flank the intron in order to overcome 

sequence read length limitations (typically a maximum of 700 bp can be sequenced). 

A study by an undergraduate student examined the utility of SSCP (Single Stranded 

Conformational Polymorphism) in identifying Mhc genotypes, specifically by attempting to 

amplify the exon 2 or the intron 1/exon 2 region of the DAB1 locus group with additional 

species-specific primers (deRuiter, 2007). The intronl/exon 2 product was successfully 

amplified without multiple locus groups (i.e., DAB3 sequences) or non-specific products. SSCP 

results indicated substantial variation among samples, although the size of the product is larger 

than normally recommended for SSCP analysis and size variants were not easily distinguished. 

Optimization of the SSCP protocol, or an alternative method for screening (such as fragment 

analysis), may improve the resolution and allow the discrimination of size variants in scaleless 

carp samples. It may also be necessary to target sequence variation within intron 1 (excluding 

exon 2), or to design primers that span the intron 1-exon 2 boundary, before Mhc genes can be 

utilized as a polymorphic marker system. Additionally, segregation studies may also be required 

in order to accurately identify alleles and loci (Malaga-Trillo et al., 1998; Murray et al., 2000a; 

Murray et al, 2000b), though such studies require genetically well-defined homozygous strains, 

produced via inbreeding by gynogenetic or androgenetic reproduction (van Erp et al, 1996). 

Studies should also be performed to determine whether variation at Mhc loci and alleles are able 

to positively identify significant differences between scaleless carp spawning populations (Miller 

and Withler, 1997; Miller et al., 2001). 

Studies of Mhc sequences, macromutations (i.e., indels), and allele frequencies can be 

used to study vertebrate phylogeny (Klein et al., 1997); therefore, future works could involve the 

study of phylogeny and phylogeography of the 'snow carp' of the Tibetan Plateau. However, 
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Mhc alleles are known to persist in populations for very long times, and may even survive a 

speciation event, known as 'trans-species' evolution or polymorphism (Figueroa et al., 2000). 

The use of Mhc in phylogenetic studies has therefore been criticized, as balancing selection and 

'trans-species' evolution may cause discordance among gene trees and species trees (Edwards et 

al., 2000). However, in combination with a neutral marker, like mtDNA which has been used in 

phylogenetic studies of cyprinids (Liu and Chen, 2003) and has been successfully sequenced in 

scaleless carp and related species (Chapter 2; Qi et al., 2007; Zhao et al., 2005), Mhc could be a 

powerful and effective tool, not only to construct a phylogeny of the snow carp, but to also 

examine the evolution of Mhc genes and explore the role of selective pressures in maintaining 

variation. A phylogeny of the east African haplochromine fishes has been constructed using 

mtDNA and Mhc genes (and also SINEs, or Short Interspersed Nuclear Elements, another 

neutral marker), with mtDNA used to determine common ancestry among fishes and Mhc used 

to explore the selective processes at work in historical fish populations (Sato et al., 2003). 

4.3 CONCLUSION 

Scaleless carp are important for subsistence and economic development in a region that 

has a rapidly expanding human population. The long term survival and productivity of a 

harvested species rely not only on the conservation of numbers, but on the conservation of its 

genetic diversity, including its population structure (Nelson and Soule, 1987), so that MUs can 

be defined and the fishery managed accordingly. So far, the MUs have been determined by 

sampling fish during the spawning run. However, it may be possible that fish from different 

spawning populations co-mingle within the lake. If the lake fishery is to be reopened, the 

productivity and proportion of each spawning population should be determined (Flannery et al., 

2007). This can be accomplished using a genotyping tool that can identify each stock within the 
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lake. Multiple marker systems are often used to identify stocks in fish populations (Beacham et 

al., 2004; Beacham et al., 2005) and can offer a greater amount of precision in estimating 

population origins in mixed stock fisheries (Scribner et al., 1998). Most studies used a 

combination of Mhc variation and microsatellites. However, in this case, there is the potential to 

develop a combination genotyping system using AFLPs and Mhc variation, even though AFLPs 

were initially used in this study to detect differences between fish samples from different 

spawning locations. 

Traditionally, AFLPs have most commonly been used in plant, fungal, and bacterial 

studies and have generally been underused in animal studies, with microsatellites being the "gold 

standard" for detecting population level differences. While each microsatellite can have several 

alleles per locus, AFLPs have only two options per locus, present or absent. Therefore, each 

microsatellite locus has more power than a single AFLP locus. However, since a large number 

of AFLP loci can be screened in a single assay, AFLPs become a much more powerful tool. 

Recent studies indicate that AFLPs are at least as effective as microsatellites in the detection of 

differences between or among populations, with AFLPs being slightly better at detection of 

individual level differences and in assigning individuals to populations within admixed systems 

(Garoia et al., 2007; Sonstebo et al., 2007). Although population differences were detected 

between most spawning locations of scaleless carp, it may be necessary to use additional AFLP 

primer combinations (three primer combinations were subjectively chosen based on cost and 

time limitations) - six seems to be the "norm" for many studies (Sonstebo et al., 2007). When 

combined with Mhc genes, which will provide qualitative information on the adaptive variation 

present among stocks, AFLPs look to be very promising in developing an effective genotyping 

system to attempt to conserve this unique and threatened species 
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APPENDIX 1 - mtDNA PARSIMONY NETWORK 

Figure Al.l: Parsimony network of G. przewalskii and G. eckloni mtDNA control region 
haplotypes. Grey shading indicates haplotypes found in the Ganzi River (* indicates haplotypes 
unique to the Ganzi River found in more than one individual), black shading indicates G. eckloni 
haplotypes, numbers in brackets indicate the number of times each haplotype is found in 
sequenced individuals, circles indicate mutational changes between haplotypes. Haplotypes 
thatdiffer by more than 7 mutational changes are not connected to the network. 
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APPENDIX 2 - DETAILED AFLP METHODOLOGY 

Genomic DNA extractions 

Fin clips were first rinsed of residual salts from the DMSO solution with Milli-Q water. 

Excess water was removed by blotting with a Kim Wipe. Fin clips were then ground into a paste 

in a porcelain mortar and pestle (cleaned first with hot soapy water, rinsed with distilled water 

followed by 70% ethanol). 500 jiL of Queen's Lysis Buffer was added directly to the mortar and 

pestle. The tissue/buffer solution was decanted into a 1.5 mL microcentrifuge tube. Proteinase 

K (5 |xL of 20 mg/mL) was added, followed by brief vortexing and incubating the samples at 

50°C for one hour, after which a second spike (5 fxL) of 20 mg/mL Proteinase K was added. To 

facilitate additional protein degradation, the solutions were incubated at 37°C overnight on a 

nutator. 

Standard phenol/chloroform isolations were used for DNA extraction. After briefly 

spinning down the tissue lysis solutions, 600 (iL of a phenol/chloroform/isoamyl alcohol solution 

(25:24:1) were added. The tubes were gently mixed by gentle inversion for at least three to four 

minutes. Tubes were centrifuged at 13,000 rpm for four minutes. The top organic phase was 

carefully removed without disturbing the interface layer. 500 (xL of the 

phenol/chloroform/isoamyl alcohol solution were added to each tube, followed by gentle mixing 

and spinning (as described previously). The top phase was again removed, after which 450 |aL 

of chloroform were added, followed by gentle mixing, centrifuging and removal of the top layer. 

Two volumes of cold 95% ethanol and a one tenth volume of 3M sodium acetate were 

added to the solutions to precipitate the DNA. After gentle mixing, tubes were centrifuged at 

13,000 rpm for thirty minutes to pellet the DNA. The ethanol was carefully drawn off, leaving 
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behind the DNA pellet. The pellet was rinsed twice with 500 (iL of cold 70% ethanol. Each 

rinse was followed by a 4 minute centrifugation at 13,000 rpm. After the final rinse, the residual 

ethanol was drawn off and the pellet was allowed to dry. The DNA pellet was re-suspended in 

100 \iL of TE buffer (1M, pH 8.0) and frozen at -30°C. 

DNA quality and quantity 

The quality and quantity of the DNA was checked using two methods - agarose gel 

electrophoresis and spectrophotometry. In the first method, 8 |iL of DNA combined with 2 (aL 

of bromophenol blue gel loading dye was loaded onto a 0.7% agarose gel stained with ethidium 

bromide. The gel was run at 100 volts for approximately one hour. Hae III (Invitrogen) was 

used as a size and mass standard. High quality DNA was represented by a high molecular 

weight band versus the "smear" that results from sheared, low quality DNA. DNA quantity was 

also estimated by comparing the band intensities of the DNA samples to the intensities of the 

fragments in the mass standard. In the second method, 2 of DNA were loaded onto the 

NanoDrop spectrophotometer. The A260/A280 ratio (approximately 1.8) and the graphics profile 

(clear and clean) were used to determine the presence of good quality DNA. Quantity was 

automatically calculated using the A260 value. As long as the NanoDrop quantity approximately 

matched the concentration estimated from the gel, the NanoDrop concentration was used to 

calculate DNA working stocks of 50 ng/uL. 

AFLP Methods 

The AFLP protocol was based on Vos (1995) and Hawkins et al. (2005) with 

modifications as recommended by Hayashi and colleagues (2005). See Table 2.1 for all adapter 

and primer sequences. 
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Polymorphism Screening 

Sixteen selective primer combinations were chosen based on the primer trials of 

Garbalena (2005) who performed an AFLP study on common carp (Cyprinus carpio). Five 

genomic DNA samples each from the Heima, Buha, Shaliu, Yellow, and Ganzi Rivers were 

randomly chosen and taken through the entire AFLP method below. The best three primer 

combinations were chosen for the remainder of the samples based on observed levels of 

polymorphism (Table A2.1). 

Table A2.1: Selective primer test matrix (X indicates primer combination used, X (in bold) 
indicates a primer combination used in data collection). 

E-AAG E-ACT E-AGC E-ACG 

M-CAA X X X 

M-CTG X X X 

M-CAC X X 

M-CTT X X X 

M-CAA X 

M-CAT X 

M-CAG X X X 

The following primer combinations were used and labelled with the appropriate 

Beckman dyes (from Integrated DNATechnologies): D2-E-ACG/M-CAA, E-ACG/D3-M-CAG, 

and E-AAG/D4-M-CAC. 

Digestion 

Two hundred ng of genomic DNA were digested with 10 units each of Msel and EcoRl, 

IX EcoRl Restriction Buffer, and 2 (ig of Bovine Serum Albumim (BSA) (New England 
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Biolabs). The solutions were incubated at 37°C on a PTC-100 Thermal Cycler for 3 hours, 

followed by 20 minutes at 65°C to inactivate the enzymes. 

Ligation 

Adapters for each restriction enzyme (50 juM final concentration) were prepared by 

mixing equal parts of forward and reverse adapters (100 |^M) and heating at 95°C for 5 minutes, 

followed by slow cooling in a Styrofoam box at room temperature. The following master mix 

(20 |iL) was added to each digestion: 3 units (NE Units) of T4 DNA Ligase, IX T4 Ligase 

Buffer (New England Biolabs), and 1.5 jiL each of 50 (iM adapters (Msel and EcoRl). Solutions 

were incubated at 16°C overnight (for at least 16 hours) in a PTC-100 Thermal Cycler, followed 

by 10 minutes at 65°C to inactivate the T4 ligase. Ligation solutions were diluted 1:5 with 

nuclease-free water. 

Pre-amplification 

Five |^L of the diluted digestion-ligation product was added to 20 |jL of the following 

master mix: IX PCR Buffer, 1.5mM MgC12, 200 [iM of each dNTP, 0.8uM each of the EcoRl-

A and MseI-C preamplification primers, and 1.25 units of Taq polymerase (Invitrogen). Samples 

were run on a Dyad Thermal Cycler with the following conditions: 72°C for 2 minutes followed 

by 20 cycles of 95°C for 30 seconds, 56°C for 1 minute, and 72°C for 1 minute; 60°C for 30 

minutes, and held at 4°C. The pre-amplification product was diluted 1:10 in nuclease-free water 

(IDT). 
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Selective amplification 

Five p.L of the diluted pre-amplification product was added to 15 |jL of the following 

master mix: IX PCR Buffer, 1.5mM MgC12, 200 |iM of each dNTP, 0.4 |iM each of the EcoRl 

and Msel selective primers (see Table), and 1 unit of Platinum Taq (Invitrogen). Samples were 

run on a Dyad thermal cycler with the following conditions: an initial activation of 94°C for 30 

seconds, followed by 12 cycles of 94°C for 30 seconds, 65°C (decreased by 0.7°C per cycle) for 

30 seconds, and 72°C for 1 minute. The preceding 13 cycles were followed by 32 cycles of 94°C 

for 30 seconds, 56°C for 30 seconds, and 72°C for 1 minute. The program was finished with a 

final extension phase of 72°C for 10 minutes followed by holding at 4°C. Amplification products 

were stored at -30°C until loaded on the Beckman CEQ8000. 

Quality Assurance/Quality Control 

Prior to digestion, all genomic DNA samples were checked for quality and quantity using 

gel electrophoresis (0.7% agarose gel) and spectrophotometry (Nanodrop). Only high quality 

DNA was used as evidenced by a high molecular weight band on the agarose gel rather that a 

"smear" of low quality sheared DNA. 

Generally AFLPs are considered to be a non-specific technique; therefore, it was 

extremely important to ensure that all reagents are free of contaminants. Only fresh reagents 

dedicated for AFLP use were utilized. All primers, adapters, and solutions were reconstituted 

and diluted using sterile nuclease-free water (IDT). All steps of the process were performed in a 

sterile PCR hood, using dedicated pipettors and freshly autoclaved barrier tips and tubes. 

Genomic DNA samples were processed in "batches" of 43. To reduce bias, samples from 

one river were always run in the same batch as samples from at least one other river. A 
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digestion-ligation blank (nuclease-free water added to the digestion master mix) was processed 

with each batch to check for contamination in any of the reagents. This blank was carried 

through each AFLP step. Repeatability of the entire AFLP methodology was checked by 

randomly choosing one sample to run in triplicate in the digestion-ligation procedure. 

Repeatability was further assured by running each digestion-ligation product (including the blank 

and the samples run in triplicate) in duplicate through the pre-amplification and selective 

amplification procedures. 

Fragment Sizing 

AFLP fragments were sized using the Beckman CEQ8000. Each of the three selective 

amplification products were combined (0.5 ^L D2, 1 (0.L D3, and 0.5 ^iL D4) and added to 37.5 

HL Sample Loading Solution (deionized formamide) and 0.5 (jL 600 bp size standard. Samples 

were run using the Frag-2 separation method. 

Fragments were viewed in the CEQ8000 Fragment Analysis Module. Fragment sizes 

were generated using a 600 bp size standard, model set to quartic, and the dye mobility 

calibration set to PA ver.l. 

Each sample's replicate was scored. If a fragment did not occur in each replicate, it was 

removed from the analysis. Sample pairs with several fragments which were not in agreement 

were re-analyzed. A reliable locus list was generated by examining all sample duplicates and 

determining which fragments were repeatable and which were not. Reliable fragments had 

strong intensities, were clear and crisp, and were greater than 80 bp in size. If a fragment was 

not considered reliable or was consistently unrepeatable, it was dropped from analysis. Any 
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fragments which were observed in blank samples were also removed from analysis. This 

approach was done to ensure a conservative, but very reliable data set. 

Fragments were binned in the AFLP analysis module of the Beckman Coulter software 

using the following parameters: bin of 1, no Y threshold was set, since all samples were 

manually scored anyways, fully populated bins excluded. A binary matrix was generated and 

exported as an Excel spreadsheet. 
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Figure A3.1: Gymnocypris and comparative species DABl locus group sequence alignment. Variable sites in clones for which there 
is only one sequence will need to be confirmed (refer to Table 3.3). "G" represents sample of genomic origin. "C" represents sample 
of cDNA origin. 
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Figure A3.2: Gymnocypris and comparative species DAB 3 locus group sequence alignment. Variable sites in clones for which there 
is only one sequence will need to be confirmed (refer to Table 3.3). "G" represents samples of genomic origin. "C" represents 
samples of cDNA origin. 
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