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A first-generation map of the turkey genome

David E. Harry, David Zaitlin, Paul J. Marini, and Kent M. Reed

Abstract: A primary linkage map of the domestic turkey (Meleagris gallopavo) was developed by segregation analysis
of genetic markers within a backcross family. This reference family includes 84 offspring from one F, sire mated to
two dams. Genomic DNA was digested using one of five restriction enzymes, and restriction fragment length
polymorphisms were detected on Southern blots using probes prepared from 135 random clones isolated from a whole-
embryo cDNA library. DNA sequence was subsequently determined for 114 of these cDNA clones. Sequence compari-
sons were done using BLAST searches of the GenBank database, and redundant sequences were eliminated. High simi-
larity was found between 23% of the turkey sequences and mRNA sequences reported for the chicken. The current
map, based on expressed genes, includes 138 loci, encompassing 113 loci arranged into 22 linkage groups and an addi-
tional 25 loci that remain unlinked. The average distance between linked markers is 6 ¢cM and the longest linkage
group (17 loci) measures 131 cM. The total map distance contained within linkage groups is 651 cM. The present map
provides an important framework for future genome mapping in the turkey.

Key words: genetic map, Meleagris gallopavo, expressed sequence tag, RFLP.

Résumé : Une carte génétique primaire pour le dindon (Meleagris gallopavo) a été produite en analysant la ségréga-
tion de marqueurs génétiques au sein d’une population issue d’un rétrocroisement. Cette famille de référence compte
84 individus issus d’un male croisé a deux femelles. L’ADN génomique a été digéré a I’aide de 1’une de cinq enzymes
de restriction et les polymorphismes de longueur des fragments de restriction (RFLP) ont été détectés par hybridation
Southern a 1’aide de 135 clones aléatoires provenant d’une banque d’ADNc préparée a partir d’embryons entiers. La
séquence de 114 de ces clones a été déterminée par la suite. Des comparaisons de séquences ont été réalisées a méme
la banque de données Genbank avec le logiciel BLAST et les séquences redondantes ont été éliminées. Une forte simi-

larité a été notée entre 23 % des clones du dindon et des séquences d’ARNm décrites chez le poulet. La présente
carte, fondée sur des génes exprimés, comprend 138 locus dont 113 forment 22 groupes de liaison et 25 demeurent
non-associés. La distance moyenne entre les marqueurs est de 6 cM et le groupe de liaison le plus long (17 locus) to-
talise 131 cM. La distance génétique totale est de 651 cM. Cette carte fournit une ébauche importante pour de futurs

travaux de cartographie génétique chez le dindon.
Mots clés :

[Traduit par la Rédaction]

Introduction

A long-term goal for gene mapping of domestic animals is
to identify sequences affecting traits of economic impor-
tance, such as efficient production, increased reproduction,
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and disease resistance. In recent years, the genomes of many
agriculturally important species have been mapped, primar-
ily using anonymous genetic markers like microsatellites.
However, there is increasing emphasis on the mapping of
expressed genes. In mammals, comprehensive genetic maps
have been generated for cattle (Barendse et al. 1997; Kappes
et al. 1997) and pig (Rohrer et al. 1994, 1996). For chicken,
three medium-resolution genetic maps (Compton, Bumstead
and Palyga 1992; East Lansing, Levin et al. 1994;
Crittenden et al. 1993; and Wageningen, Groenen et al.
1998) have recently been joined into a single second-
generation map (Groenen et al. 2000). Because of the tur-
key’s close evolutionary relationship to the chicken, compar-
ative and other “post-genomics” studies involving the turkey
have significant potential.

Genomics-based research on production traits and disease
susceptibility has been indicated as a high priority for the
poultry industry, and the chicken has been identified as a
high-priority species for genome sequencing. In contrast, the
turkey is one of only a few major agricultural animal species
without a comprehensive genetic map. A number of
microsatellite markers are being developed for the turkey,
and many of these are publicly available (Huang et al. 1999;
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Reed et al. 2000a, 2002; K.M. Reed, unpublished data;
Dranchak et al. 2003). Here we present a primary linkage
map of the domestic turkey (Meleagris gallopavo), devel-
oped by segregation analysis within a backcross family, us-
ing genetic markers based on expressed genes.

Materials and methods

Reference family

The family used for linkage mapping was derived from a
single F, sire (an intercross between two commercial lines,
A and B) backcrossed to two dams from line B. Two to five
millilitres of whole blood was collected from the grandpar-
ents and parents, and 1 mL of whole blood was collected
from euthanized poults on the day of hatching. A total of 84
offspring were included in the analysis, 44 poults from one
dam and 40 from the other.

c¢DNA preparation and cloning

RNA was isolated from a 24-day-old turkey embryo using
a commercially available kit (Stratagene, La Jolla, Calif.)
and a cDNA library was constructed by directional cloning into
the Lambda ZAP vector (pBluescript SK (-), Stratagene). The
amplified library was plated at low density (~200 pfu per
100-mm plate). Individual clones were picked from well-
isolated plaques and stored in SM (sodium—magnesium)
buffer at 4°C.

Restriction fragment length polymorphism (RFLP)
analysis

Total genomic DNA was prepared from whole blood
(Medrano et al. 1990) that had been stored frozen at —70°C.
DNA samples representing grandparents, parents, and prog-
eny were digested with one of five restriction enzymes
(EcoRl, Hinfl, Mspl, Rsal, or Taql), electrophoresed on 1%
w/v agarose gels (1 pg per lane), and blotted onto charged
nylon membranes (GeneScreen Plus, NEN/PerkinElmer Life
Sciences, Boston, Mass.). Inserts from random cDNA clones
were amplified using universal primers and were subse-
quently radiolabelled ([*?P]dCTP) using a Prime-It II kit
(Stratagene), following the manufacturer’s recommenda-
tions. Blotted membranes were prehybridized for 1 h at
65°C in 1% SDS, 0.5% BSA, 0.2% Carnation™ nonfat dry
milk in 1x SSPE (1x: 0.18 M NaCl, 10 mM NaPO,, and
1 mM EDTA (pH 7.7)). Hybridizations were carried out
overnight at 65°C in 8% sodium dextran sulfate, 0.1% SDS,
0.1% Carnation non-fat dry milk, 0.1% BSA, 50 pg yeast
RNA/mL, 50 pg sodium heparin/mL, 1 mM Na,P,0,, and
50 pg herring sperm DNA/mL in 2% SSPE. Membranes were
subsequently subjected to four 1-h washes (65°C) in 0.2%
SSPE containing 0.2% SDS. Washed membranes were cov-
ered with plastic wrap, sandwiched between two intensifying
screens, and exposed to X-ray film for 1-4 days at —70°C.
Following autoradiography, residual probe DNA were re-
moved by rinsing used membranes in 0.2% SSPE with 0.2%
SDS for 3—5 min at 95°C. Stripped membranes were covered
with plastic wrap while still damp and stored for re-use at
-20°C.

915

Linkage analysis

Marker genotypes were scored manually from autoradio-
graphs. Genotypic data were initially analyzed using
JoinMap version 1.4 (Stam 1993) and subsequently analyzed
using JoinMap version 2.0 (Stam and Van Ooijen 1995), fol-
lowing input parameters suggested by Jermstad et al. (1998).
Pairwise recombination estimates were made for all markers
separately for the offspring of each dam (module JMREC),
using LOD and recombination (rec) thresholds of 0.01 and
0.499, respectively. Preliminary linkage assessments were
made on pooled data using module JMPWG for a range of
LOD scores from 2.5 to 5.0 in increments of 0.5. Map dis-
tances were assigned for loci within each group, using mod-
ule JIMMAP with the following parameters: LOD threshold
0.1; rec threshold 0.49; jump threshold 3; triplet threshold 7,
ripple value 3, and Kosambi’s mapping function.

DNA sequencing

The cDNA clones were subjected to PCR to amplify the
inserts for DNA sequencing. Each 25-uL reaction contained
as template 1 pL of eluted phage, 1.5 mM MgCl,, 2.5 pmol
each primer (T3 and T7 flanking primers), 100 uM dNTP,
and 0.35 U Tag DNA polymerase (Qiagen, Valencia, Calif.).
Amplifications were performed in a Techne thermal cycler
under the following reaction conditions: 15 min at 94°C; 30
cycles of 30 s at 94°C, 30 s at 56°C, 30 s at 72°C; and a fi-
nal extension of 5 min at 72°C. PCR products were resolved
on 1% w/v agarose gel. Sequencing templates were prepared
from the amplified DNA using a QIAquick PCR purification
kit (Qiagen) and analyzed on an automated DNA sequencer
(ABI 373, Applied Biosystems, Foster City, Calif.) with
vector-specific primers. DNA sequences were manually ed-
ited and checked for redundancy with Sequencher (Gene
Codes Corp., Ann Arbor, Mich.). Nonredundant sequences
were compared with GenBank entries by BLAST searches
(BLASTn and tBLASTx, National Center for Biotechnology
Information, Bethesda, Md.), using sequences deposited as
of August 31, 2002.

Results

Initial screening for RFLP polymorphisms was done using
DNA samples from several prospective pure-line grandpar-
ents and contemporary F, parents, including the individuals
ultimately used to produce the backcross progeny of this re-
port. Promising combinations of restriction enzymes and
probes were subsequently used to produce autoradiographs
from Southern blots containing DNA from offspring. Many
probes revealed three or more alleles, suggesting reasonably
high levels of DNA polymorphisms within “pure-lines” of
turkeys. Several of the more highly polymorphic probes
were used to examine the level of RFLP variation in samples
from other lines. For example, one probe (Nte0728) revealed
six alleles among 16 individuals drawn from four commer-
cial lines (Fig. 1).

While examining autoradiographs, we noticed that some
probes revealed sex-specific RFLP patterns. For example,
Nte0786 revealed two distinct restriction fragments among
females, whereas males have only one (Fig. 2). Linkage of
the segregating fragment to the W chromosome (Fig. 3) was
inferred, since in birds, females are the heterogametic sex
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Fig. 1. Restriction fragment length variation within and between
four commercial lines of turkey, as detected with the cDNA
clone Nte0728. DNA samples were digested with Rsal. Shown
are four males from each of four pure lines, W—Z. Approximate
size (kb) is indicated for several restriction fragments.
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(ZW). The restriction patterns for Z-linked loci (Fig. 3) are
more difficult to discern: males can be either heterozygous
or homozygous for any polymorphic locus (as for autosomal
loci), but females are hemizygous for either allele, and thus
heterozygous females are absent. Based on this rationale,
markers were tentatively assigned as autosomal, Z linked, or
W linked. Subsequent probability assessments (Yang Da,
University of Minnesota, personal communication), con-
firmed these assignments.

Linkage analyses were conducted using JoinMap versions
1.4 (Stam 1993) and 2.0. Our first map (not shown) was
constructed using JoinMap version 1.4 (Stam 1993), but this
version could accommodate only two alleles among off-
spring segregating either as backcross or F, mating configu-
rations. JoinMap version 2.0 (Stam and Van Ooijen 1995)
accommodates multiple alleles and therefore takes advantage
of additional information. The analyses presented here are
based on JoinMap version 2.0. Overall, the results of these
two analyses were generally similar except that JoinMap
version 2.0 added several new loci to existing linkage
groups, and other linkage groups coalesced.

The current expressed sequence tag (EST)-RFLP linkage
map (Fig. 3) contains 113 loci arranged in 22 linkage
groups, with another 25 loci remaining unlinked. Antici-
pating that linkage groups will eventually be assigned to
specific chromosomes, we have provided interim names to
the linkage groups described herein, designating them alpha-
betically as A, B, etc., in order of descending size. An ex-
ception was made for linkage groups corresponding to sex
chromosomes, designating these as Z and W. The longest
linkage group (A, Fig. 3) encompasses 131 ¢cM containing
17 loci. Two linkage groups (C and D, Fig. 3) are depicted
as separate subgroups. In these cases, the loci were assigned
to their respective linkage groups with a LOD score of 3.5 or
greater, but JoinMap could not unambiguously order the loci
within each group. Upon closer inspection, we observed that
troublesome loci were represented by fewer informative
meioses; they were either segregating as F,s (in which het-
erozygous offspring are excluded) or they were homozygous
in the F, sire and were segregating in only one of the two
dams. Hence, the subgroups depict our best overall estimate
of map distances and order among the various loci in these
linkage groups. In total, the 113 linked loci span a combined
distance of 651 cM, separated by an average distance of
6 cM.

Genome Vol. 46, 2003

Fig. 2. Sex-specific marker segregation within members of a
mapping family detected with the cDNA clone Nte0786. DNA
samples were digested with Taugl. Shown are 23 offspring
flanked on either side by a molecular weight (MW) ladder. The
parents are shown to the right of the second MW ladder, with
the dam to the left and the sire to the right. Because the restric-
tion pattern for all females includes two fragments (1.2 and

1.0 kb), whereas males have only one fragment (1.2 kb), the seg-
regating fragment (1.0 kb) is inferred to be W linked.
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Long after the Southern blots had been produced and the
genotypic data scored, PCR was used to amplify inserts
from stored cDNA clones used to create the map. PCR prod-
ucts were purified on Qiagen PCR clean-up columns and the
resulting DNA templates sequenced on automated DNA se-
quencers at the Advanced Genetic Analysis Center, Univer-
sity of Minnesota, using the T3 vector-specific primer.

Of the 135 clones attempted, 114 yielded useable se-
quence data, averaging 505 bases per clone (Table 1). Al-
though all clones were sequenced from the 5' end of the
directionally cloned cDNA inserts, sequence reads were typ-
ically long enough to include the entire insert. Searches of
GenBank (blastn and tblastx) identified 26 (23%) cDNAs as
highly similar to sequences from chicken, 58 (51%) as simi-
lar to sequences from other species, and 30 (26%) with no
significant similarity to GenBank entries. Sequences from
nine clones (8%) were found to be redundant. Autoradio-
graphs used to detect RFLPs of redundant probes were reex-
amined and the redundancies confirmed. Additional
redundancies were inferred by examining autoradiographs of
closely linked markers. Genotypic data from redundant
markers were removed and the linkage relationships recalcu-
lated.

Relationships between turkey and chicken genes and chro-
mosome assignments were inferred by one of two methods.
First, for each locus with DNA sequence data, the best
match to a position in the human genome sequence was de-
termined by BLAST. From the resulting human chromosome
position (HSA in Table 1), the best corresponding position
in the chicken genome was determined from the comparative
map of Groenen et al. (2000). Alternatively the assignments
to chicken chromosomes were made by comparing the list of
genes identified in our cDNA clones to genes included in the
ArkDB chicken database (www.thearkdb.org). Hypothesized
chromosomal assignments are included for the sequenced
loci in Table 1.

Discussion

This map of expressed genes illustrates an expanding ef-
fort at the University of Minnesota to create a comprehen-
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sive linkage map of the turkey genome. This research will
use marker loci previously developed for turkey and other
avian species (chicken and quail, Reed et al. 20005) and also
includes development of new microsatellite loci. The long-
term objective of this project is to develop a linkage map to
support QTL mapping and comparative genomics, and much
work remains to be done.

The current map consists of 22 linkage groups with an ad-
ditional 25 unlinked loci. Linkage groups encompass 651
cM, and if we ascribe 20 ¢cM to each unlinked marker, total
coverage is approximately 1150 ¢cM. In comparison to the
length of the comprehensive chicken map (3800 cM,
Groenen et al. 2000), the current turkey map represents cov-
erage of approximately 14-30%.

The 22 linkage groups of the current map should evolve
substantially as new markers are added. Genomes of the tur-
key (2n = 80) and the chicken (2n = 78), include a small
number of macrochromosomes, many microchromosomes,
and the Z-W sex chromosomes. In the chicken, chromo-
somes 1, 2 and Z are metacentric, whereas the turkey has
only two large metacentric chromosomes believed to corre-
spond to chromosomes 1 and Z (Schmid et al. 2000). These
authors also point out that the Z chromosome is the fifth-
largest chromosome in chicken, whereas it is the fourth-
largest chromosome in turkey. A major karyotypic difference
between these two species is that turkey chromosomes 3 and
6 are believed to represent a centric fission of chicken chro-
mosome 2 (Schmid et al. 2000). The degree to which
syntenic groups are conserved between these related species
should become more apparent as marker density on the tur-
key map is increased.

For the most part, comparisons between turkey and
chicken chromosomes are indirect, being inferred from the
chicken—human comparative map (Groenen et al. 2000) fol-
lowing comparisons with human sequences using BLAST.
Despite the shortcomings of this approach, certain turkey
linkage groups (or portions thereof) can be tentatively as-
signed as corresponding to specific chicken chromosomes.
For example, the terminal region of linkage group B (from
Nte0486 at 69.2 ¢cM) likely corresponds to Gga 5.

As described above, the turkey linkage group Z almost
certainly corresponds to the Z chromosome. This assignment
is further supported by DNA sequence and genetic linkage.
Based on sequence similarity, Nte0454a (at 17 ¢cM on group
Z, Fig. 3) corresponds to human AD-012 on chromosome 9
(9p12). This portion of HSA 9 appears orthologous with a
portion of the Z chromosome of chickens (Groenen et al.
2000; Schmid et al. 2000). In addition, AD-012 appears
linked to MSUO0067 near one end of the chicken Z chromo-
some (Lawson and Ellegren, personal communication).

With only about 30 genes located on the chicken Z chro-
mosome (Schmid et al. 2000), it is worthwhile pointing out
one other Z-linked gene identified in turkey. The sequence
of Nte0307 is nearly identical to a cDNA sequence encoding
a purpurin precursor in chicken (Berman et al. 1987). The
first 360 bases of Nte0307 corresponds to the last 120
codons of the chicken sequence, a region containing only six
synonymous nucleotide substitutions. To our knowledge, the
purpurin gene has not been mapped in chicken, but these
data suggest that it is also likely to be located on Gga Z.
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Among species, comparisons of chromosomal organiza-
tion based on gene sequences alone can be problematic, es-
pecially when dealing with gene families. For example, the
sequences of two turkey clones (Nte0289 and Nte0260) cor-
respond to the ubiquitin I (UBI) gene of the chicken. The se-
quences are partially overlapping, containing the extreme 3'
end of the coding region, and differ at 10 positions in the
132-bp region of overlap. Separate RFLP loci were scored
for these two clones, and linkage analysis placed these in
separate linkage groups (I and J). Ubiquitin is a multigene
family in humans and our data suggest a similar situation in
the turkey.

Another problematic example is illustrated by Nte0622.
Mapping to linkage group A (Table 1), the sequence of
Nte0622 is similar to an 18S ribosomal RNA gene. In
chicken, the 18S ribosomal gene maps to a
microchromosome, Gga 16 (Bloom and Bacon 1985). Given
our random selection of markers, it is unlikely that linkage
group A, our largest turkey linkage group, corresponds to a
microchromsome. The resolution of ambiguities such as
these will be greatly facilitated by the future sequencing of
the chicken genome and by expanded mapping of the turkey.

Because the map presented in this study was developed
using RFLPs, a method requiring significant quantities of
genomic DNA, only limited amounts of DNA remain from
the original mapping families. Future mapping efforts at the
University of Minnesota, emphasizing microsatellite mark-
ers, will focus on new F, reference families developed from
commercial lines at Nicholas Turkey Breeding Farms. Nev-
ertheless, efforts are being made to incorporate polymorphic
markers common to both mapping populations. As the next
generation map is developed, it should be possible to build a
consensus map that encompasses genes mapped in the pres-
ent study. By including expressed genes from the turkey, se-
quence comparisons to the growing database of chicken
ESTs will greatly facilitate comparisons between these avian
relatives.
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