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Abstract Genetic linkage maps were constructed for bluegill sunfish, Lepomis macro-
chirus, using AFLP in a F1 inter-population hybrid family based on a double-pseudo

testcross strategy. Sixty-four primer combinations produced 4,010 loci, of which 222

maternal loci and 216 paternal loci segregated at a 1:1 Mendelian ratio, respectively. The

female and male framework maps consisted of 176 and 177 markers ordered into 31 and 33

genetic linkage groups, spanning 1628.2 and 1525.3 cM, with an average marker spacing

of 10.71 and 10.59 cM, respectively. Genome coverage was estimated to be 69.5 and

69.3% for the female and male framework maps, respectively. On the maternal genetic

linkage map, the maximum length and marker number of the linkage groups were

122.9 cM and 14, respectively. For the paternal map, the maximum length and marker

number of the linkage groups were 345.3 cM and 19, respectively, which were much

greater than those on the maternal genetic linkage map. The other genetic linkage map

parameters of the paternal genetic linkage map were similar to those in the maternal

genetic linkage map. For both the female and male maps, the number of linkage groups

was greater than the haploid chromosome number of bluegill (2n = 48), indicating some

linkage groups may distribute on the same chromosome. This genetic linkage mapping is

the first step toward to the QTL mapping of traits important to cultured breeding in

bluegill.
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Introduction

The bluegill sunfish, Lepomis macrochirus, is a freshwater fish species native to North

America and distributed widely in rivers, ponds and lakes. This species has already been

introduced into other countries, such as Japan and Korea (Kouichi et al. 2006). Bluegill

sunfish have increasingly become an economically important fish because of both the

perspective of their developing use in aquaculture and their recreational value in North

America. In some states like Ohio and Michigan, bluegill has been listed as one of the

top three culture species of fish because of their desirable characteristics for production

and the demand for them in the marketplace (Lewis and Heidinger 1978; McLarney

1987; Ehlinger 1989). However, reports of slow and variable growth from commercial

producers of bluegill have heightened the need for enhancing growth and reducing grow-

out time. The prolific nature and precocious maturation of the bluegill have long been

recognized as the cause of over-crowding and stunting in culture situations. One recent

study showed that bluegill males grow twice as fast as females (Hayward and Wang

2006). Consequently, much interest has been generated concerning the development of

monosex male populations and fast-growing strains through selective breeding. As part

of the effort to enhance aquaculture production of bluegill, the Ohio State University has

undertaken an O’GIFT (Ohio Genetic Improvement of Farmed-fish Traits) program to

improve aquaculture production traits for bluegill sunfish and other species through

selective breeding.

Genetic linkage maps have become important tools in many areas related to genetic

research and have been constructed for several aquaculture species (Kocher et al. 1998;

Young et al. 1998; Lundin et al. 1999; Sakamoto et al. 2000; Agresti et al. 2000; Wald-

bieser et al. 2001; Liu et al. 2003; Sun and Liang 2004; Zimmerman et al. 2005).

Furthermore, genetic maps and related research could be applied to MAS (marker-assisted

selection) and genetic improvement programs in the future.

AFLP (amplified fragment length polymorphism) can produce a large number of

polymorphic markers without any prior information of DNA sequences for the organism

(Vos et al. 1995). Initial genetic linkage maps have been successfully constructed for

several fish species mainly relying on AFLP markers (Coimbra et al. 2003; Poompuang

and Na-Nakorn 2004; Agresti et al. 2000; Felip et al. 2005).

Genetic linkage mapping could provide the basis for detection of important com-

mercial traits, such as growth and other quantitative trait loci (QTL), and determination

of the sex determination mechanism for a bluegill breeding program. Based on a fine

genetic linkage map, we expect to apply QTL mapping to detect the distribution of

interested QTL that are associated with growth. Although several SSR (simple sequence

repeat) loci in bluegill are available (Neff et al. 1999; Neff 2001), it is not feasible to

construct an elementary saturated genetic linkage map using these limited SSR loci. To

date, no preliminary genetic linkage map of DNA markers has been constructed in

bluegill sunfish.

In this study, a single-pair parent family of bluegill was employed in the genetic linkage

mapping of AFLP markers using a pseudo-testcross strategy (Grattapaglia and Sederoff

1994). Based on the differences existing between paternal and maternal genetic linkage

maps, we discussed the possible sex chromosome type and sex determination mechanism

of bluegill sunfish.
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Materials and methods

Mapping population

An inter-population hybrid family was used in this study as the mapping population. The

female parent was selected from a group of fish that was derived from a wild population in

northern Ohio in 2004. The male parent was selected from a population caught from a lake

in southern Ohio in 2003. This pair of parents were fin-clipped and placed into an isolated

1 m3 round tank with artificial nests for spawning in October 2006 to produce the mapping

population. One hundred F1 juvenile progeny (2–3 cm in length) from this family were

randomly sampled after depriving feeding for 6 h and stored at -20�C for DNA extraction.

DNA samples from 90 juveniles and 2 parents were involved in the linkage analysis.

Genomic DNA preparation

DNA used in genetic linkage mapping was extracted from whole juveniles and the fin clips

of their parents. For each specimen, tissue was digested in 100 mM Tris–HCl (pH 8.0),

50 mM EDTA (pH 8.0), with a final concentration of 0.05% SDS and 300 lg/ml pro-

teinase K. After protein digestion, ammonium acetate was added to achieve a final con-

centration of 1.75 M. The solution was well shaken and put on ice for 5 min, then

centrifuged for 6 min at 12,000 r/min at 10�C. Clear supernatant fluid was carefully

transferred to another centrifuge tube, and the same volumes of isopropyl alcohol and 5 ll

POLYACRYL CARRIER (Molecular Research Center, Inc) were added and mixed well.

The DNA solution was centrifuged at 12,000 r/min at 4�C for 30 min to precipitate DNA.

Isolated DNA was rinsed twice using 70% alcohol, dried and resuspended with ddH2O.

AFLP procedure, band score and nomenclature

The AFLP procedure closely followed the methods of Vos et al. (1995) with a slight

modification. Genomic DNA (200–250 ng) was first digested with EcoR I and Mse I in a

double enzyme digestion buffer system (Promega) before ligating restriction site-specific

adapters. Adapter-specific primers (Table 1) with a single selective base were used in pre-

amplification, the product of which was diluted 20-fold with 0.1 TE (Tris–HCl, pH 8.0,

EDTA, pH 8.0). Selective PCR was conducted using primers with two additional selective

bases each (Table 1). Amplified fragments were separated using 5% denatured (7.0 M

urea) acrylamide gel with DNA ladder (Promega G2101) and visualized using silver

staining.

The AFLP markers for bluegill were labeled with species name, selective primer

combinations and the size of the bands. The first two letters were the abbreviation of the

scientific name of bluegill (for example, ‘‘lm’’ represents Lepomis macrochirus), followed

by the primer combination (Table 2), and the size of the bands preceded with a hyphen. For

instance, lm35-156 means the AFLP marker of bluegill was produced from selective

combination 35 (E3-ACA and M5-CTA, Table 2) with a 156 bp size.

Generally, the AFLP are accepted as the dominant markers, and therefore, the poly-

morphism among bluegill resulted from the presence/absence of the restriction enzyme-

specific recognized locus or the polymorphism in the flanking sequence. In a few cases,

however, if the polymorphism existed between two restriction enzyme-recognized loci, and

this part of the DNA fragment could be amplified, then the co-dominant segregating pattern
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could be observed from the AFLP-PCR products. In this case, maternal and paternal

contributions were ‘‘absent’’ and ‘‘present’’ in two band positions, respectively, and the

progenies shared only one of these two bands from the parents. Thus, the two bands

detected in one of parents were recorded as alleles of one locus instead of two independent

dominant loci. This type of co-dominant marker was suffixed with a letter ‘‘C’’ behind the

band size.

Table 1 The adapters, common
primers and selective primers
applied in this study

Primer Primer sequence (from 50 to 30 direction)

EcoR I adapter1 CTC GTA GAC TGC GTA CC

EcoR I adapter2 AAT TGG TAC GCA GTC

Mse I adapter1 GAC GAT GAG TCC TGA G

Mse I adapter2 TAC TCA GGA CTC AT

Mse I common primer GAT GAG TCC TGA GTA AC

EcoR I common primer GAC TGC GTA CCA ATT CA

E1 GAC TGC GTA CCA ATT CAAC

E2 GAC TGC GTA CCA ATT CAAG

E3 GAC TGC GTA CCA ATT CACA

E4 GAC TGC GTA CCA ATT CACT

E5 GAC TGC GTA CCA ATT CAGA

E6 GAC TGC GTA CCA ATT CAGC

E7 GAC TGC GTA CCA ATT CATC

E8 GAC TGC GTA CCA ATT CATG

M1 GAT GAG TCC TGA GTA ACAT

M2 GAT GAG TCC TGA GTA ACAA

M3 GAT GAG TCC TGA GTA ACCA

M4 GAT GAG TCC TGA GTA ACCT

M5 GAT GAG TCC TGA GTA ACTA

M6 GAT GAG TCC TGA GTA ACTT

M7 GAT GAG TCC TGA GTA ACGA

M8 GAT GAG TCC TGA GTA ACGC

Table 2 AFLP primer combinations used in the linkage group analysis, and number of segregating loci
produced by each primer combination

E1-AAC E2-AAG E3-ACA E4-ACT E5-AGA E6-AGC E7-ATC E8-ATG Total

M1-CAT 2 7 4 8 2 15 9 11 58

M2-CAA 6 7 9 14 4 13 9 7 69

M3-CCA 4 9 11 7 9 8 4 7 59

M4-CCT 7 10 4 9 8 8 6 5 57

M5-CTA 6 4 6 9 10 9 9 5 58

M6-CTT 8 8 7 13 15 5 10 10 76

M7-CGA 2 3 2 3 4 5 5 3 27

M8-CGC 4 1 5 7 6 3 4 4 34

438
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Linkage analysis

The 64 primer combinations used in linkage analysis are listed in Table 2. Mapping data

were obtained by visual scoring. Only the clear bands that were present in either the

maternal or the paternal groups and segregated in the progeny were scored. A Chi-square

test was performed to identify distorted deviation from a 1:1 Mendelian ratio at P \ 0.01

level. After discarding the distorted deviation loci, maternal and paternal data sets were

used to construct their linkage groups, respectively. Linkage groups were analyzed using

MAPMAKER/EXP3.0 (Whitehead Institute, ftp://ftp-genome.wi.mit.edu/distribution/

software/mapmaker3), and linkage group drawings were performed with Mapdraw soft-

ware (Liu and Meng 2003). An LOD score of 4.0 and a maximum distance of 50 cM were

set as the linkage group threshold for grouping markers at the initial analysis, and the

groups with less than eight markers were analyzed using multipoint mapping function with

the following successive commands: COMPARE, ORDER and MAP. The groups with

more than eight markers were first subjected to the SUGGEST SUBSET command to

select the most informative markers, and then the COMPARE, TRY and MAP commands

were used successively. Incorporation of unlinked markers that did not map into previous

groups was attempted using the TRY command under less stringent conditions

(LOD = 3.0 and a maximum distance of 50.0). All the marker orders were verified by the

RIPPLE command.

Estimation of genome size

The genome size and map coverage were estimated based on the mapped markers. Two

approaches were used to assess the estimated genome size (Ge) of bluegill. Ge1, the

estimated genome length, was calculated by adding 2s to the length of each linkage group

to account for chromosome ends, where s is the average spacing between markers

(Fishman et al. 2001). Ge2, an estimated genome length, was calculated by multiplying the

length of each linkage group by (m ? 1)/(m - 1), where m is the number of framework

markers in each group (Chakravarti et al. 1991). The average of the two estimates was used

as the estimated genome length (Ge) for the bluegill. Observed genome lengths (Goa) were

calculated as the total length considering all markers. The observed genome coverage was

determined by Goa/Ge.

Results

Segregating analysis

Those bands that were present in one parent and absent in the other parent, and segregating

in the progeny, were scored for linkage analysis. Goodness-of-fit of observed-to-expected

allelic ratios was analyzed using Chi-square test, and markers that did not significantly

depart from Mendelian ratios at a = 0.01 level were used in the linkage analysis. Markers

that segregated according to a 1:1 segregation pattern were involved in the genetic linkage

mapping of maternity and paternity maps. Sixty-four AFLP primer combinations produced

4,010 AFLP loci. In total, 438 loci (10.92%) showed 1:1 segregation ratio. The numbers of

segregating loci for each primer pair ranged from 1 to 15 (Table 2). Of them, nine

co-dominant loci (four were from maternity and five were from paternity), 222 maternal

loci and 216 paternal loci segregated at 1:1 ratio (Table 2). After sequential Bonferroni
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correction, only 6 (2.7%) and 4 loci (1.9%) deviated significantly from 1:1 ratio in

maternal and paternal data sets, respectively (Table 3).

Genetic linkage maps

The genetic linkage maps were constructed for female and male, respectively. The female

genetic linkage map consisted of 192 markers including 4 co-dominant markers. A total of

176 markers were assigned to 31 linkage groups (more than three markers), which covered

1628.2 cM in length with an average interval of 10.71 cM. The length of the linkage

groups ranged from 10.5 to 122.9 cM, and the number of markers per group varied from 3

to 14 (Table 3). The remaining 16 markers were grouped as 8 doublets.

For the paternal map, 177 linked markers including 3 co-dominant markers were dis-

tributed onto 33 linkage groups, which covered 1525.3 cM in length with an average

interval of 10.59 cM (Table 3; Fig. 2). The maximum length and maximum marker

number of male linkage groups were 345.3 cM and 19, respectively.

The AFLP markers were not evenly distributed in the genetic linkage maps. By visual

observation, two clusters phenomena were found on two linkage groups (LG8 and LG11,

Fig. 1) of the female map; however, the number of marker clusters on the male map was

slightly more than those of the female map. Three clusters were observed on three linkage

groups (LG11, LG28 and LG29, Fig. 2). Additionally, no visual correlation between the

size of the linkage group and the number of AFLP markers on the linkage groups was

observed.

The genome lengths estimated by the two methods were similar, being 2393.6 and

2292.3 cM in female, while 2193.2 and 2208.9 cM in male. The expected genome sizes for

the female and male were 2343.0 and 2201.1 cM, respectively. Based on the expected

Table 3 Summary of segregat-
ing markers and linkage groups
of bluegill sunfish (Lepomis
macrochirus)

Maternal Paternal

Total number of markers scored 222 216

Distorted segregation loci 6 4

Marker number in linkage analysis 216 212

Number of markers mapped (including doublets) 192 191

Unlinked marker number 24 21

Linkage groups 31 33

Number of doublets 8 7

Average markers number per linkage group 5.9 5.4

Minimum length of linkage group (cM) 10.5 2.3

Maximum length of linkage group (cM) 122.9 345.3

Minimum markers number per group 3 3

Maximum markers number per group 14 19

Average marker interval (cM) 10.71 10.59

Observed genome length (Goa) (cM) 1628.2 1525.3

Estimated genome length 1 (Ge1) (cM) 2393.6 2193.2

Estimated genome length 2 (Ge2) (cM) 2292.3 2208.2

Estimated genome length (Ge) (cM) 2343.0 2201.1

Genome coverage (%) 69.5 69.3
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genome lengths, the genome coverage of the female and male framework genetic linkage

maps were 69.5 and 69.3%, respectively.

Discussion

This study resulted in the first maternal and paternal genetic linkage maps of AFLP

markers in bluegill sunfish based on a pseudo-testcross strategy. This strategy originated

from eucalyptus (Eucalyptus grandis) genetic mapping of RAPD markers (Grattapaglia

and Sederoff 1994) and has been used in genetic mapping of many aquatic animals

(Li et al. 2003; Perez et al. 2004; Yue et al. 2004; Wang et al. 2006). In the present study, a

double-pseudo testcross strategy was used in the genetic linkage mapping of paternity and

maternity of bluegill. The efficiency of this strategy depends on the genetic heterogeneity

between two parents. It was more suitable to construct genetic linkage mapping between

allied-inter-species or different populations with obvious genetic variety, because the more
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Fig. 1 Female linkage groups of AFLP markers of bluegill sunfish (Lepomis macrochirus). Suffixes with C
behind the band size indicate co-dominant markers. The marker names are shown to the right of linkage
groups, and the percentage of refraction ratio (%, in parenthesis) and marker spaces (cM) are shown to the
left of the linkage groups. Linkage groups were arranged according to its length (cM) and named as LG with
a suffix taxis number at the bottom of linkage groups, the number in the parentheses was the linked markers
number in this LG
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heterozygous the parents were, the more chance the segregating loci in progeny would be

detected. The parent fish in this mapping family were from distinct geographical popu-

lations, which might partly increase the segregating loci number involved in the genetic

linkage mapping. Dominant anonymous markers, such as AFLP and RAPD, cannot dis-

criminate dominant homozygosity and heterozygosity just according to the ‘‘band’’ in the

electrophoresis pattern. However, this type of shortage could be avoided in the linkage

mapping approach that is based on a pseudo-testcross strategy, since only a 1:1 ratio

segregant loci could be recorded in the linkage mapping, and the ‘‘band’’ in the electro-

phoresis pattern of progeny would only correspond to heterozygosity and not to dominant

homozygosity.

Because of its ability to identify a large number of polymorphic bands without any prior

knowledge of DNA sequences in the organism, the AFLP technique is generally accepted

as a very powerful and efficient tool in the preliminary genetic linkage mapping in aquatic

animals (Liu et al. 2003; Li et al. 2003, 2005; Perez et al. 2004). Compared with the other
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Fig. 2 Male linkage groups of AFLP markers of bluegill sunfish (Lepomis macrochirus). The suffixes with
C behind band the size indicate co-dominant markers. The marker names are shown to the right of the
linkage groups. The percentages of refraction ratio (%, in parenthesis) and marker spaces (cM) are shown to
the left of the linkage groups. Linkage groups were arranged according to its length (cM) and named as LG
with a suffix taxis number at the bottom of linkage groups, the number in the parentheses was the linked
markers number in this LG
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markers, such as SSRs and RAPDs, the assay efficiency index of AFLP is about tenfold

higher (Pejic et al. 1998), so it has the potential to create high-resolution maps around

target loci, which could facilitate gene detection and isolation (Li et al. 2003). Although the

AFLP markers are not easy to transfer among different populations and families, which

would without doubt limit the further development and application of the maps, AFLP

fragments correspond to unique positions in the genome. Therefore, these loci could be

expected to be used as landmarks in future genetic and physical mapping with appropriate

isolation and sequencing.

Of all the 438 segregating loci scored, only 10 (2.28%) loci showed distorted segre-

gation at the P \ 0.01 level. Generally, including the progeny population size, the seg-

regation distortion could be caused by many factors, such as genetic drive, ultra-selfish

DNA elements, sex chromosome drive and lethal effects caused by recessive homozygote

in the juvenile period. For example, in the Pacific oyster (Crassostrea gigas), selection

acted early in the life cycle against homozygotes for recessive deleterious mutations, which

increased distortion of segregation ratio in the following genetic linkage mapping process

(Lyttle 1991; Hubert and Hedgecock 2004). Distorted segregation may affect the organ-

ism’s fitness directly or indirectly. To eliminate the potential effects caused by segregating

distortion in older progeny, we selected juveniles for the linkage analysis of bluegill.

Hubert and Hedgecock (2004) applied a similar strategy to reduce the segregating dis-

torters in Pacific oyster (Crossostrea gigas) linkage analysis using SSR markers.

The numbers of linkage groups were 31 and 33 for the female and male maps (not

including the doublets), respectively, which are higher than the haploid chromosome

number of bluegill (n = 24, Roberts 1964). For a complete genetic linkage map, the

number of male or female linkage groups is supposed to be equal to the haploid chro-

mosome number. It is obvious that some linkage groups belong to the same chromosome in

this study. Two genetic linkage maps of channel catfish (Ictalurus punctatus) using AFLP

and SSR markers also showed this difference existing between chromosome number and

linkage group number (Liu et al. 2003; Waldbieser et al. 2001). To fill the gap existing

among some linkage groups, more markers, either dominant such as AFLP or co-dominant

such as SSR, need to be added, which could ultimately make the number of linkage groups

correspond to the chromosome number. Because of the cluster phenomena of AFLP

markers in linkage analysis and from the aspect of improving genetic linkage mapping

efficiency, it would be wiser to add some co-dominant markers to fill the gaps existing

among some linkage groups.

It is well known that AFLP markers in linkage analysis tend to cluster together, and the

level of clustering increases with the marker number (Liu et al. 2003). Two female linkage

groups and three male linkage groups presented slight clusters in the maternal and paternal

genetic linkage maps of bluegill, respectively, while the other markers in the other linkage

groups showed an even distribution. The tendency of AFLP markers to cluster in one

region of a linkage group may be attributed to the following: some regions on the genomic

DNA owned abundant restriction enzyme digestion loci and displayed a high exchange

fraction during meiosis. Interestingly, highly clustered AFLP markers were found around

the centromere region (Alonso-Blanco et al. 1998), suggesting some relationship between

cluster region on linkage groups and the chromosome region. The relationship of the

linkage groups and the chromosomes of bluegill sunfish has not been reported prior to this

study; thus, our results may indicate that many of the clustered AFLP markers could be at a

position close to centromeres as well as at the end of chromosomes. In the genetic linkage

maps of other species, including rainbow trout (Young et al. 1998), and tilapia (Agresti

et al. 2000), the AFLP markers in linkage groups also showed clustering. Nevertheless,
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clustered AFLP markers can inhibit the effective use of genetic linkage mapping. Adding

some other type of markers, such as SSR, could make the marker distribution more even.

In the present study, a preliminary genetic linkage map was constructed in L. macro-
chirus, a species that was relatively lacking in genetic information, using the AFLP

technique. However, it is still necessary to construct a moderately or highly saturated

genetic linkage map for the successive QTL mapping and marker-assisted selections.

Concerning the universal use of genetic linkage maps, co-dominant markers, including

SSR, SCARs (sequence-characterized amplified regions), and SNP (single nucleotide

polymorphisms) should be placed on this map to improve its applicability as a tool in a

genetic, selective breeding program. In addition, there is a need of confirming the corre-

spondence relationship between linkage groups and chromosomes for the QTL mapping

and physical map construction in the future.
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