Theor Appl Genet (2004) 109:305-316
DOI 10.1007/s00122-003-1578-4

ORIGINAL PAPER

M. Frisch + M. Quint - T. Liibberstedt -
A. E. Melchinger

Duplicate marker loci can result in incorrect locus orders

on linkage maps

Received: 10 November 2003 / Accepted: 12 December 2003 / Published online: 14 February 2004

© Springer-Verlag 2004

Abstract Genetic linkage maps, constructed from multi-
locus recombination data, are the basis for many appli-
cations of molecular markers. For the successful em-
ployment of a linkage map, it is essential that the linear
order of loci on a chromosome is correct. The objectives
of this theoretical study were to (1) investigate the oc-
currence of incorrect locus orders caused by duplicate
marker loci, (2) develop a statistical test for the detection
of duplicate markers, and (3) discuss the implications for
practical applications of linkage maps. We derived con-
ditions, under which incorrect locus orders do or do not
occur with duplicate marker loci for the general case of n
markers on a chromosome in a BC; mapping population.
We further illustrated these conditions numerically for the
special case of four markers. On the basis of the extent of
segregation distortion, an exact test for the presence of
duplicate marker loci was suggested and its power was
investigated numerically. Incorrect locus orders caused by
duplicate marker loci can (1) negatively affect the as-
signment of target genes to chromosome regions in a
map-based cloning experiment, (2) hinder indirect selec-
tion for a favorable allele at a quantitative trait locus, and
(3) decrease the efficiency of reducing the length of the
chromosome segment attached to a target gene in marker-
assisted backcrossing.
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Introduction

Genetic linkage maps are constructed from observed re-
combination frequencies between loci in experimental or
natural populations with known pedigrees. They are an
essential tool for practical applications such as marker-
assisted selection, marker-assisted backcrossing, and
map-based cloning of target genes. For these applications
a correct linear order of loci within linkage groups is
essential. Errors in locus order can seriously hamper the
ability to map, isolate, or select for simple Mendelian and
complex traits.

Duplications of chromosome regions occur frequently
and seem to be an important mechanism of genome evo-
lution (Ohno 1970). More than one third of a typical eu-
karyotic genome consists of duplicated genes and gene
families. Such gene families can arise from polyploidiza-
tion events such as those presumed to have preceded the
origin of many plant species (Wendel 2000).

The portion of genes in the different model organisms
concerning their presence as singletons or duplicate mem-
bers of gene families is very variable. Tandem gene
duplications appear to be ubiquitous in plant genomes
(Acarkan et al. 2000; Tarchini et al. 2000). The complete
genome sequence of Arabidopsis has revealed that an
estimated 17% of the 25,000 genes is arranged in tan-
demly repeated segments (The Arabidopsis Genome Ini-
tiative 2000). For the monocot model organism rice, this
portion of locally duplicated genes accounts for an esti-
mated 22% of the approximately 30,000 genes available
from the draft sequence (Goff et al. 2002). For both
species, it has been recognized that 60% of the genome is
contained within large duplicated segments (Blanc et al.
2000; Goff et al. 2002), with almost half of the Ara-
bidopsis genes within the duplicated segments being
conserved.

If a duplicate chromosome region contains a DNA
sequence, which can be used as a molecular marker, the
marker alleles at the two duplicate marker loci cannot be
distinguished. Equal fragment length results in an equal
banding pattern, and consequently, the alleles of duplicate
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markers are scored in a mapping population as the alleles
of one single marker. The recombination frequency be-
tween this non-existing ‘ghost marker’ and non-dupli-
cated markers are different from those between the non-
duplicated markers and the duplicate marker loci actually
underlying the ghost marker. Since the locus order of
linkage groups is determined on the basis of recombina-
tion frequencies between loci, incorrect recombination
values for a linkage group can result in an incorrect locus
order for the chromosome.

We encountered this phenomenon in a study with re-
sistance gene analogues (RGAs, Quint et al. 2003). More
generally, it can also be found for marker systems based
on polymorphisms in short sequence stretches such as
amplified fragment length polymorphism (AFLP) mark-
ers. Vuylsteke et al. (1999) conducted comprehensive
AFLP mapping in two maize populations. From more
than 1,000 markers mapped in the individual populations,
353 AFLP markers were in common, i.e., a given AFLP
primer combination resulted in polymorphic AFLP frag-
ments of identical size in both populations. 327 of these
353 AFLP markers (>92%) were considered as co-linear
between both populations. However, the remaining 26
common AFLP markers (7.4%) mapped to different chro-
mosomes in both populations. Thirteen of the respective
AFLP fragments were sequenced. For three of these
bands, sequences were (almost) identical, whereas for the
other 10 bands sequence identity was restricted to re-
striction sites and selective nucleotides employed in the
AFLP assay.

The term ghost marker was coined in analogy to the
ghost QTL phenomenon (Martinez and Curnow 1992).
The effect of such ghost markers on the construction of
linkage maps and the consequences for marker-assisted
selection as well as map-based cloning of target genes has
not yet been investigated.

The objectives of our study were to (1) derive the re-
combination frequency between a marker and a ghost
marker, (2) derive conditions under which duplicate
markers result in an incorrect locus order of the respective
linkage group, (3) investigate under which conditions the
correct locus order is found, even if there are duplicate
markers in the linkage group, (4) develop a test for de-
tection of duplicate markers, and (5) discuss the conse-
quences of duplicate markers for applications of linkage
maps such as map-based cloning, marker-assisted selec-
tion and marker-assisted backcrossing.

Theory
Definitions

Assuming (1) a diploid species and (2) two duplicate marker loci
carrying alleles which cannot be distinguished by the laboratory
method used for the molecular marker analysis, the four alleles at
the two duplicate markers are scored as the alleles of only one
marker, which we call a ‘ghost marker’. Segregation ratios, re-
combination frequencies with other loci, and the map position of a

ghost marker are in general not identical with the corresponding
parameters for the underlying duplicate markers.

Non-duplicate markers, of which the alleles can be distin-
guished by the laboratory method used for the molecular marker
analysis, are referred to as ‘distinguishable markers’. The term
marker is used in the sense of distinguishable marker, when there is
no further specification as a ghost marker or a duplicate marker.

An incorrect locus order is defined as an order which cannot be
obtained by omitting loci from the correct locus order of all loci on
the chromosome. In this study, we focus on incorrect locus orders
for which a ghost marker maps to a chromosome interval, in which
none of the underlying duplicate markers is located.

Notation

Consider a chromosome with n distinguishable marker loci at po-
sitions kj,..,k,. The positions are measured in map distance from the
beginning of the chromosome, and

ky < kypy forue {1,...,n—1}.

In addition we define the telomere map positions as ko and k,,,;.

We consider two duplicate markers, located at positions i;<i5.
The indices of the map positions k,, which are located next to the
duplicate markers and have a smaller map position than these, are
denoted with x and y, respectively:

x=max (ulu € {0,...,n} k, <i)
y=max (ulu € {0,...,n} k, < i)

The map position of the ghost marker, resulting from linkage
analysis involving the two duplicate loci i; and i,, is denoted by i.
The index of the map position k, located next to the ghost marker
and having a smaller map position than it is denoted with z:

z=max (ulu € {0,...,n}, k, <i)

Without loss of generality we assume z<n-z.
In this notation, a correct locus order is characterized by

z=xorz=y,
whereas an incorrect locus order is characterized by
z#xand 7 # y.

Assumptions and basic results

For our derivations, we assume no interference in crossover for-
mation (Stam 1979). Under this assumption, crossover formation in
adjacent marker intervals is stochastically independent, and the
recombination frequency p between two loci is related to the re-
spective map distance d by Haldane’s (1919) mapping function

p=(1-e)/2.

Linkage between two loci is measured by the linkage value
(Schnell 1961)

A=1-2p=e¢2, (1)

Linkage values between distinguishable markers at positions &,
and k, are denoted with 4,,, those between a distinguishable
marker at position k, and the duplicate markers with 1,,;; and 1, ,
respectively, and linkage between a distinguishable marker at po-
sition k, and the ghost marker with 2,, ;. For sake of convenience in
the subsequent derivations, in which linkage values are summed
over marker intervals, we define the linkage between the telomere
and the first locus next to the telomere to be zero:

20.1 =0 ifx>0 2,41 =0 ify<n
/,LO,il =0 ifx=0 /’Li2,n+1 =0 lfy =n
ﬂ.()‘,' =0 if z=0 li,rH»l =0 if Z=n



Fig. 1 Genotypes of a BC,
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First backross

population with respect to two

duplicate markers i,,i, and a .
marker k,. For each multi-locus ’.1 1 0 0 0
genotype, its frequency f and 2 1 0 x [0 0
the bands scored for ghost ku 1 0 0 0
marker i and marker k, are
given (assuming codominant
inheritance). The genotypes .
which show recombination be- BC; genotypes and genotype fequencies f
tween the ghost marker i and
marker k, are listed as are the i 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0
genotypes which were scored as ia 0 0l]|o 0|1 0|1 0|0 0]]|o 0 0|1 0
heterozygous with respect to the Ku 0 oll1 ollo oll1 ollo 0 ollo oll1 0
ghost marker i
if = Yooo f =001 f =00 f="m f =100 f=v0 f=mw0 = 7111
Bands scored
%
-1- —_ J— N PR JE— J—
- 0 - — — — — — — — —
ku
- 1 -— — — — —
- 0 - — — — — — — — —
Recombination between ghost marker ¢ and marker k,?
No Yes Yes No Yes No Yes No
Heterozygosity at ghost marker i?
No No Yes Yes Yes Yes Yes Yes

Using the stochastic independence of crossover formation in
adjacent marker intervals delimited by the loci at positions
k,<k,<k,, it can be shown that

lu,w - luylv,w (2)
and, because A<I,
lu,w < lMAV- (3)

Another property used in the subsequent derivations is
lu‘v = lv‘w

)

Linkage between a marker and a ghost marker

In this section we use the results of Schnell (1961) and therefore
adopt his notation. A haplotype is denoted by a sequence of digits,
where each digit corresponds to the origin of the allele at a certain
locus. In this sequence, the digits O and 1 are used to denote that an
allele is of maternal or paternal origin, respectively. The probability
that an individual transmits a certain gamete to its progenies is
denoted by p, which is indexed with a sequence of digits describing
its haplotype.

We consider three linked loci at positions iy,i»,k, on a chro-
mosome, where the loci at positions i; and i, are duplicate marker
loci. We further assume a BC; mapping population git x 33 of
indefinite population size and codominant markers. Since the al-
leles at i; and i, cannot be distinguished, the BC; genotypes
oL, o100, b8 with respect to iy,ix.k, are scored as recombinant
individuals with respect to the ghost marker at position i and the
marker at position k,, (Fig. 1).

Applying Eq. 4 of Schnell (1961) yields the recombination
frequency between the ghost marker at position i and the marker at
position k, as

Piu="Yo01 T Yo10 + Y100 + Y110
=(1+ Ait2 — Aty — Az
+1 = Aitig + ditu — Aizu
+1 = ditio — Aty + Az
+1 4 Aitig — Aty — Aizu)/8
=1/2=1/4%14 — 1/42i24
:(pil.u + pi2,u>/2
and consequently (Eq. 1)
Aiw = (Aitu + Aiz) /2- (6)

Note that Eq. 5 is valid for any linear order of the loci iy,i5,k, on
the chromosome, irrespective of the applied mapping function and
additional loci on the chromosome (Schnell 1961).

(5)

The SAR criterion

In the following, we use the ‘sum of adjacent recombination fre-
quencies’ (SAR) criterion for locus ordering on multi-locus linkage
maps and therefore briefly describe its properties. When applying
the SAR criterion, the ordering of a multi-locus linkage map is done
in two steps. First, the pairwise recombination frequencies between
all loci of the linkage group are calculated. Second, the locus order
is searched, which minimizes the sum of recombination frequencies
p between adjacent loci on the linkage map. According to Eq. 1 this
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Fig. 2 Two examples for in-

correct locus orders resulting

from duplicate marker loci i,

and i,. For descriptions of the
variable names see text

Example 1

True linkage map:

Example 2

True linkage map:

iz i1 kq ko 1o
] | ] | |

n=2,r=1y=2

ALit =09, dy s =0.063 M
Ait2 = 0.7, dj1 2 = 0.178 M
A2i0 = 0.5, da o = 0.346 M

Resulting incorrect locus order:

7 k1
| |

| [ | T T
n=2,r=0,y=2
i, = 0.7, diy,1 = 0.178 M
A2 =05,d12 =0346 M
A2,i2 = 0.7, dgjo = 0.178 M

Resulting incorrect locus order:

kg k’l { k2
| | | |

| |
2*=0

Mg =0.608, d;y =0.249 M
A2 =0.630, dy o = 0231 M

is mathematically equivalent to maximizing the sum of linkage
values 1 between adjacent loci, briefly referred to as sum of adja-
cent linkage values. This procedure is based on the proposition that
only the correct locus order maximizes the sum of adjacent linkage
values on a chromosome. We prove this proposition in the appendix
to show that the SAR criterion is a valid method for constructing
multi-locus linkage maps.

Because the SAR criterion is only minimized for the correct
locus order, the locus order determined on the basis of the SAR
criterion must be the same as the one found by any other valid
method. Consequently, the results subsequently derived by using
the SAR criterion also apply to any other valid locus ordering
method.

Incorrect locus orders

The sum of adjacent linkage values for a locus order described by
n,x,y, and z is

L(n,x,y,z)= Z lu.,u+1 +lz‘i +Z-i‘z+1 + Z lu,qul

O=u<z Z<u<n
= § A1 — Azl + }Lz_,i + li‘z+1 . (7)
O=u<n

Comparing the sum L for two alternative values 7z’ and 7z’ and
omitting equal terms yields

L(n,x,y,2)>  L(n,x,y,2")
S Ayt g F A A Ay A gy (8)

All incorrect locus orders for a combination n,x,y can be de-
scribed by their value of z*€J={0,...,n}\{x,y}. Mapping results in
an incorrect locus order characterized by z*<J if and only if

L(n,x,y,2") > L(n,x,y,x) and )
L(n,x,y,2") > L(n,x,y,y) and
L(n,x,y,2") > max(L(n, x,y,z)).

Proposition (Case 1)

In a BC, population of infinite size, locus ordering according to the
SAR criterion results in an incorrect locus order of type

I <x<yorx<z <yorx<y<Zz

| | | |
ZF=1
A = 0.525, dy; = 0.322 M
Nio = 0525, d;» = 0.322 M

with z*e€J if and only if

Az it i1+ Aepert > A+ Aierr + A g (12)
and

A i+ Ao+ Ayyr1 > Ayi + Aigrr + Az g

(13)

and Eq. 11 is true.

Proof (Case 1)

From Eq. 8 it follows that
L(n,x,y,7")> L(n,x,y,x)

S Azt Az + A1 >+ Aixr + A 2

and

L(n,x,y,y)

& A iz + Ay > Ay dipar + A ey

L(n,x,y,z")>

which completes the proof.

Examples for Case 1

Two scenarios resulting in incorrect locus orders of type z*<x and
x<z*<y for n=2 are shown in Fig. 2.

Proposition (Case 2)

In a BC, population of infinite size, locus ordering according to the
SAR criterion results always in the correct locus order

*

7 =x=y

if the two duplicate marker loci are located in the same marker
interval, i.e., x=y.

Proof (Case 2)

We assume without loss of generality z*<x and obtain a contra-
diction. Because of Eq. 2
lz*j :lz*,z*Jrllz*Jrl,i < )Lz*,z*+1

lzﬂz*#»l :z’z*+],xlx,i = foﬁi



and because
Avarl = Axitdei < Aitartl < Aizatl
we have
Aexit < (At + Ai2as1) /2 = Aixr1.-
In consequence
Az it Aigepr + Aeart < Age e + A + i
or equivalently (using Eq. 8)
L(n,x,x,7") < L(n,x,x,x),

which completes the proof.

Proposition (Case 3)

In a BC, population of infinite size, locus ordering according to the
SAR criterion does not result in an incorrect locus order of type

7 <xorz* >y
if all markers are equally spaced with linkage value ¢
}lu,u+l =cC (14)

for ue{l,...,n—1} and O<c<I.

Proof (Case 3)

We assume without loss of generality z*<x and obtain a contra-
diction. Because of Eq. 2 we have

Ax—tit = A1 p et < Aeoix < Ail et

A2 = Aot 1dar 1,2 < Aiatl

from which follows (Eq. 6)

A1 < Aixt1- (15)
Moreover, for any z<x,
A1 = Ag—1z+1 2110 < Agtl e (16)

From Eqgs. 15 and 16 follows (using Eqgs. 4 and 14)
Aoty T Aig + Aeprt < Aemix + Axi + Ainr and
Aot iz + ezt < Aemiz + Az + Aizg
or equivalently (using Eq. 8)
L(n,x,y,x — 1) < L(n,x,y,x) and
L(n,x,y,z—1) < L(n,x,y,z2)
from which follows
L(n,x,y,7") < L(n,x,y,x)

which completes the proof.

Proposition (Case 4)

In a BC, population of infinite size, locus ordering according to the
SAR criterion results in a correct locus order
=xorz =y

if all markers are equally spaced with linkage value ¢ (Eq. 14) and
the duplicate marker loci are located in the center between their
flanking markers

Aeit = Aot = Ayp = Anye1 = V.

(17)
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Proof (Case 4)

For z*<x and y<z* the proof corresponds to the proof for Case 3.
Because of Eq. 7

L(n:x:Y7 Z) - L(”vx»y>z + 1) =Ai — lz+2,i

=hei = Aottt ity — Aoy (18)
and for any x<z<(y+x)/2
Aoi > Agir (19)
because (Eqs. 6, 17 and 14)
Azt + Azi2 > Aeyrit + Azsr 2
ity etz F Aeydyin > Aitxi 1At 201+ Azrty + Ay
& TS Y !
& g s el et
& >
& 7—x<y—2
& < (y+x)/2.

For symmetry reasons, we have for x+1+6<(x—y)/2
L(n,x,y,x+ 1+6) = L(n,x,y,y — 8), (20)
and as a special case
L(n,x,y,x+ 1) = L(n,x,y,y). (21)

From Egs. 18, 19 and 20 it follows that for x<z<(y+x)/2
L(n,x,y,z) = L(n,x,y,z+ 1). (22)

We now assume without loss of generality x+1<z*<(y+x)/2 and
obtain a contradiction, because from Eqgs. 21 and 22 it follows that

L(n7'x7y7y) :L(n7'x’y7'x+ 1) 2IJ(’17'X’-7)77Z*)7

which completes the proof.

A test for detection of duplicate markers

Duplicate markers result in an excess of heterozygotes at the ghost
locus in a BC; mapping population. Therefore, a statistical test of
the null hypothesis that the frequency p of heterozygotes at the
locus under consideration is 1/2 can help to identify them. While
approximate y> tests for segregation distortion are common (Weir
1996), we propose to use an exact test based on the binomial dis-
tribution because of its superior statistical properties.

Given the null hypothesis Hy:p=1/2 is true, the probability of
obtaining more than m heterozygotes in a population of size s can
be obtained from the probability function of the binomial distri-
bution as

Po(M > m) =1 72"1: (]S()I/T.

k=0

We use the observed number m, of heterozygotes in a pop-
ulation of size s as a test statistic, and determine the correspond-
ing critical value m* for testing H, for a given Type I error o
by solving Py(M>m*)<a. The null hypothesis is rejected if
my>nrr,

The Type II error 3 of the test depends (1) on the recombination
frequency p;; ;» between the duplicate loci, which determines the
expected frequency of heterozygotes and (2) the size s of the
mapping population. For two duplicate markers i; and i,, the
genotypes %, %, and % are scored as heterozygous with respect to
the ghost marker i (Fig. 1). Hence, the frequency of heterozygotes
at the ghost marker can be determined in analogy to Eq. 5 from y,
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Fig. 3 Occurrence of incorrect 1.0 1.0
locus orders for the true locus
order ky,iy,ky,i5. The lines are
obtained by using 0.8 0.8
21.1=0.60,0.80,0.90,0.99 in
Egs. 23 and 24 and solving for
A2 2. The shaded areas indicate 0.6 A1 = 0.60 0.6 Ari1 = 0.80
parameter combinations of 1, ;1, N o
Ai12, and 2, ;> for which incor- K: ’<:
rect locus orders do occur 0.4 0.4

0.2 0.2

0.0 ] T T Y T 0.0 ]

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
)\2@2 )\2,12

1.0 1.0

0.8 0.8

0.6 0.6

~ 04 =~ 04
0.2 0.2
)\11.;,1 =0.90 )\11;1 =0.99
0.0 | T T 1 00 T | | |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

A2.io

Yo1, and pq; as p=(14+p;; ;2)/2. Consequently, under the alternative
hypothesis

L+ piin
2 )
the probability of obtaining m heterozygotes is

s\ (1+pan\" (1=pan\""
PA’p(M:m):<m)( 2:,1 21 i

and the power 1- of the test can be obtained from

HA,/J p=

B=>_ Pap(M=k).
k=0

Numerical results

Occurrence of incorrect locus orders

In the previous section, we derived for the general case of
n markers the conditions under which incorrect locus
orders occur if there are duplicate marker loci on a
chromosome. Here, we illustrate the typical properties of
situations for which incorrect locus orders occur with
numerical examples for the four locus case.

The locus order ky,iy,i»,k, is characterized by n=2 and
x=y. As shown in the theory section (Case 2), no incorrect
locus order can occur for this situation.

Az o

The locus order ky,i1,k,,i is characterized by n=2, x=1,
y=2. For these parameters the locus orders ky,i,k, (z%=x=1)
and ky,k,,i (z¥=y=2) are correct. Simple combinatorical
considerations show that the only incorrect locus order
is i,ky,ky (z%=x—1=0). Applying Eqgs. 12 and 13 yields
the conditions under which this incorrect locus order oc-
curs:

M ithitg > (/lil.,z + /12,1'2)/2 and (23)
At + Aridii 2222 > Aitg + Ao (24)

Setting 1, ;1=0.60,0.80,0.90,0.99 and solving both in-
equalities for A;; > results in the graphs in Fig. 3, showing
combinations of linkage values 1, ;1, 4;1 2, 12,2 for which
incorrect locus orders do occur. A prerequisite for an
incorrect map order is that A;; , is greater than A, ;,. The
set of parameter combinations, for which mapping results
in an incorrect locus order, increases with increasing
linkage between k; and i;: For 1, ;<0.5 only correct map
orders are found, as can be seen from Eq. 23 using simple
arithmetics. In contrast, for very tight linkage (1, ;,,=0.99)
incorrect map orders occur for a broad range of parameter
settings, including 0.8>2; ;> ;. Summarizing, incorrect
map orders occur if (1) k; and i, are tightly linked and (2)
linkage between i; and k, is greater than linkage between
ky and i, (Fig. 3).

The locus order iy,ky,k,,i, is characterized by n=2, x=0,
and y=2. For these parameters, correct locus orders are
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Fig. 4 Occurence of incorrect 1.0 — 1.0
locus orders for the true locus
order iy,ky,k,i>. The lines are
obtained by using 1, ,=0.1,0.5 0.8 0.8
in Egs. 25 and 26 and solving
for 2, . The shaded areas in-
dicate parameter combinations 0.6 0.6 —
of lil,ls 11’2, and 12,1‘2 for which o &
incorrect locus orders do occur o i ,5

0.4+ 0.4+

0.2 —fm—— 0.2 -

j\
0.0 T T T T | 0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
it i1l
Fig. 5 Power 1-f of the exact 1.00 g 1.00
test for segregation distortion in S =50 100 200 500 1000
a BC; population for Type I
errors o=0.05 and 0.001, de-
pending on population size s 075 0.75 7
and linkage 2, ;» between two
duplicate marker loci \
Q“« 0.50 QIL 0.50—H s=250 100 200 500 1000
0.25 0.25
a=0.001
0.00 0.00 T T T T
0.0 0.0 0.2 04 0.6 0.8 1.0

i,ki,ky (z%=x=0) and ky,k,,i (z¥=y=2). The only incorrect
locus order is ky,i,k, (z*=x+1=1). Applying Eqgs. 12 and
13 yields the conditions under which this incorrect locus
order occurs:

(/11'1,111,2 + li272)/2 > 12 and (25)
(Mg + 212402) /2 > A (26)

Setting 4,,=0.1,0.5 and solving both inequalities for
Az.» results in the graphs in Fig. 4, showing combinations
of linkage values 2;; 1, A1 5, 45,5, for which incorrect locus
orders do occur. For loose linkage between k; and k,
(A1,=0.1), the set of parameter combinations resulting in
incorrect locus orders is quite large, a prerequisite is that
neither A;; | nor A, ;> is smaller than 0.2. With increasing
linkage of k; and k,, the set of parameter combinations
decreases, for which incorrect locus orders do occur.
However, even for very tight linkage, incorrect map or-
ders do occur, if the linkage values 4;; ; and A, ;, are large
and have approximately the same value. Summarizing,
incorrect locus orders occur for loose linkage of k; and k»,
when linkage between i; and k; as well as between k, and
i» is almost equal and each value is at least twice as large
as linkage between k; and k, (Fig. 4).

Aiti2

Power of detecting duplicate loci

Testing for segregation distortion is important to detect
duplicate marker loci and, hence, avoid inappropriate
application of incorrect linkage maps. Here, we investi-
gate the power of the exact test for segregation distortion
in a BC,; population, depending on the size of the map-
ping population and the linkage value between the du-
plicate marker loci.

For a Type I error a=0.05 of incorrectly assuming the
presence of a ghost marker, using a mapping population of
size s=50, the power of detecting a ghost marker is greater
than 0.9 only if the linkage between the duplicate loci is
greater than 0.2 (which corresponds to a map distance of
approximately 50 cM) (Fig. 5). Mapping populations with
size s=500 or even 1,000 are required to detect with a high
probability ghost loci, resulting from duplicate markers
with linkage values between 0.8 and 1.0 (corresponding to
map distances of about 10 and 0 cM).

For a smaller Type I error 0=0.001, the minimum
population size required to detect duplicate loci with a
high probability is s=100, if the linkage value is lower
than 0.2 (Fig. 5). For linkage values greater 0.8, popula-
tions larger than s=1,000 individuals are required.
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Discussion

Genetic model

For our derivations we used the assumption of no inter-
ference (Stam 1979) underlying Haldane’s (1919) map-
ping function. This is a simplified mathematical model
and there exist more sophisticated models of crossover
formation in meiosis, which fit experimental data better
(McPeek and Speed 1995). Briefly, the assumption of
no interference has (1) the advantage of mathematical
simplicity, yielding equations which can be easily eval-
uated and (2) the results can be applied without know-
ing the exact amount of interference in the chromosome
region under consideration. For a more detailed discus-
sion concerning the use of the assumption of no inter-
ference see Frisch and Melchinger (2001). Note that
Eq. 6, defining linkage between a ghost locus and a
distinguishable marker, holds true for arbitrary mapping
functions. How-ever, the results for locus ordering may
be affected when applying a mapping function different
from Haldane’s.

The definition of an incorrect locus order in the theory
section considers a locus order as correct if the ghost
marker maps to one of the two intervals in which the dupli-
cate markers are located. This is appropriate for two situ-
ations: (1) The marker itself is part of the gene (e.g., RGA
or EST markers), and the target gene is duplicated, or (2)
the marker is tightly linked to a target gene and the com-
plete region containing marker and target gene is dupli-
cated.

In contrast, if only the marker is duplicated, but not the
target gene, and only one of the two duplicate marker loci
is tightly linked with the target gene, then this definition
of incorrect locus orders is not appropriate. In such a case,
linkage analysis does not identify the ghost marker as
being tightly linked to the target gene, because recombi-
nation between the ghost marker and a target is the mean
recombination frequency between the target and the two
duplicate loci (Eq. 5). This situation may also negatively
affect construction of linkage maps, but is not the subject
of the present study.

Ghost QTL and ghost markers

Ghost QTL and ghost markers share the properties that (1)
biometrical analysis maps a locus to an incorrect position
on the linkage map, and (2) this is caused by the fact that
not a single locus but two indistinguishable loci are un-
derlying the observed differences between individuals.

However, there are also fundamental differences be-
tween the two phenomena:

1. Ghost markers occur in the initial construction of a
linkage map, whereas ghost QTL are detected in QTL
analysis conducted after having a linkage map avail-
able.

2. Ghost markers can map outside the interval of the
duplicated markers, whereas ghost QTL are located
between the underlying QTL.

3. Ghost markers result from duplicated DNA sequences,
whereas ghost QTL may occur from two loci having
entirely different DNA sequences but affecting the
same phenotypic trait.

Summarizing, the ghost marker phenomenon has sim-
ilarities to the ghost QTL phenomenon, but from the
differences mentioned above, the implications for prac-
tical applications are different.

Segregation distortion caused by zygotic selection

If segregation distortion is detected at a marker locus, this
may not only be due to duplicate markers, but also due to
various other reasons, one of which is zygotic section. In
this case, an excess of heterozygotes follows from a re-
duced fitness of homozygotes. To distinguish both situa-
tions, the following considerations can be made: For du-
plicate markers, segregation distortion occurs only at the
ghost locus. In contrast, for zygotic selection, segregation
distortion occurs not only at the locus which is affected by
selection, but also at closely linked loci.

This is illustrated by a numerical example: Consider a
2 M chromosome, carrying 21 equally spaced markers
and a BC; mapping population consisting of s=100 indi-
viduals. If two duplicate marker loci are located at map
positions 0.87 and 1.13 (4;; 2=0.6), then the test for seg-
regation distortion (a=0.05) detects segregation distortion
with a probability 1-~0.7 at map position 1.0 (Fig. 6).
At all other loci, segregation distortion is only detected
with the probability of the Type I error a=0.05. If there is
zygotic selection at the locus at position 1.0 such that
from the homozygotes only 50% survive, then with a
comparable probability of about 0.7, segregation distor-
tion is detected by the test at map position 1.0. However,
in this case linked markers adjacent to the locus at map
position 1.0 also display segregation distortion with a
high probability (Fig. 6).

Consequently, if segregation distortion is detected only
at one locus, chances are high that duplicate markers are
the reason, whereas if segregation distortion is detected at
several closely linked loci, this can be taken as an indi-
cator for zygotic selection.

Effects of sampling and locus ordering method

The proofs in our theoretical investigation assume an
indefinite population size resulting in exact linkage values
A. However, in a mapping study, linkage is estimated
from a finite sample of a population, and a considerable
estimation error may occur depending on the sample size.
Therefore, we used a simulation study to investigate
whether the theoretically expected results for indefinite
populations, known linkage values, and the SAR criterion
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Fig. 6 Probability of detecting 1.00 1.00
segregation distortion (a=0.05) - -
at loci equally distributed on a fo\l":’tus
2 M chromosome with a BC; . B} ccton
population of size s=100. Left 0.75 7 0.75 7
diagram Duplicate loci at map
positions 0.87 and 1.13 = =
(A:i1.2=0.6). Right diagram Zy- Z 050 2 050
gotic selection with a survival E: 3
rate of homozygotes of 0.5 :.E é
0.25 — 0.25 — ‘
ooo-LJIITTITIY [TrTeteeeeeLs 0.0 ]IT”H I!”TT]
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Map position

are obtained when applying different mapping programs
to finite populations.

The simulation program Plabsim (Frisch et al. 2000)
was used to generate the datasets and the mapping pro-
grams GMendel (Liu and Knapp 1990; Holloway and
Knapp 1993), Mapmaker (Lander et al. 1987), and Join-
map (Stam 1993) were applied for linkage analysis. The
GMendel software performs locus ordering with the SAR
criterion, while Joinmap uses a modification of the SAR
criterion and Mapmaker applies a maximum likelihood
approach.

We investigated a chromosome with (ky,ijk,, i)=
(0.0,0.1,0.3,1.0) and generated with Plabsim 100 BC;
populations (% X %) X % for each population size
$=50,100,250,100, and 5,000. The populations were eval-
uated for the genotype at loci k; and k,. The genotypes

00 0o and g with respect to loci i; and i, were scored as

§ with respect to the ghost marker i, §3 was scored as J.

The resulting datasets were analyzed with GMendel.
For a population size of s=50, the incorrect locus order
i,ki,ky was found in 23% (Table 1). With increasing
population size, the percentage of incorrect maps in-
creased and reached 93% for s=5,000. In consequence, for
small populations the estimation error of the recombina-
tion frequencies resulted in frequent findings of a correct
locus order or no linkage at all. However, for large pop-
ulations the incorrect locus order was observed in most
cases, as expected from theory.

One population of size n=5,000 was analyzed with
GMendel, Joinmap, and Mapmaker. All three programs
yielded the incorrect locus order i,k;,k,. The programs

Table 1 Locus orders resulting from applying GMendel to simu-
lated BC; datasets of size s =50, 100, 250, 1,000 and 5,000. The
underlying linkage map was ( ki, iy, ks, i,)=(0,0.1,0.3,1.0)

Estimated Population size s
locus order
50 100 250 1,000 5,000
[%]
No linkage 55 6 0 0 0
ky, ko, i 17 38 38 38 7
ky, i, ko 5 7 3 0 0
i, k;, ks 23 49 59 62 93

Map position

GMendel and Mapmaker estimated the map distances
(Eli,l,gil_rz) = (0.372, 0.297), which were close to those
expected from Eq. 6 (Ziiﬁl,gil_rz) = (0.370, 0.300). How-
ever, Joinmap estimated (21,4,1,21172) = (0.289, 0.508),
which is surprising because according to theory, the oc-
currence of duplicate markers should not influence the
map distance d; , between distinguishable markers k; and
k,. Consequently, the incorrect locus order was observed
irrespective of the locus ordering method implemented in
these programs, as expected from theoretical considera-
tions.

Type of the mapping population

Throughout our study we focused on BC; mapping pop-
ulations, because determining the fractions of recombi-
nant gametes and heterozygotes is simple in BC; (Fig. 1).
However, all results obtained for locus ordering using the
SAR criterion depend only on the known recombination
frequencies between loci. How and from which type of
population they are obtained is irrelevant for the deriva-
tions. For a different type of mapping population, e.g., an
F, population, the procedure of obtaining recombination
frequencies between loci differs, but the locus ordering
procedure based on the SAR criterion does not. Therefore,
the presented results are valid for any type of mapping
population in which heterozygous individuals occur.

In recombinant inbred lines or doubled haploids, both
homologues of a chromosome are identical copies and,
therefore, all loci are homozygous. However, two dupli-
cate marker loci may carry two different alleles and
therefore will be scored as heterozygous with respect to
the ghost marker. In consequence, markers which are
scored as heterozygous in these two types of mapping
populations may be ghost markers.

Implications for applying linkage maps
The incorrect map position of a ghost marker affects the

application of linkage maps, for which not only tight
linkage of a target gene and adjacent markers is required,
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but the correct location of the target gene with respect to
flanking markers is important. Examples are map-based
cloning, marker-assisted backcrossing, and marker-as-
sisted selection.

In map-based cloning, the chromosome region where a
gene is located, is first determined with a low-density
linkage map. Then, the region of the target gene is ana-
lyzed with a marker density higher than 1 marker per cM,
in order to fine-map the gene and to locate a marker
interval, to be used for genomic library screening.

In the fine mapping step, no problems from incorrect
locus orders are expected. First, incorrect locus orders do
not occur for equal marker spacing (Proposition 4); second,
numerical evaluation of Eqs. 12 to 13 shows that for
marker distances smaller than 1 ¢cM the correct locus order
is always found. However, in the first stage with low den-
sity linkage maps, duplicate markers can result in mapping
the target gene into an incorrect chromosome region, such
that none of the high-resolution markers investigated in the
second step are tightly linked to the target gene.

For marker-assisted selection, a QTL is mapped to a
chromosome interval, and subsequently, the markers
flanking the chromosome interval are used for indirect
selection for the presence of the favorable allele at the
QTL. Estimated locations of the QTL are usually not
precise point estimates, but the QTL is assumed to be
located in a so-called support interval, which often covers
large chromosome segments of up to 90 cM (Visscher et
al. 1996).

If a chromosome region is duplicated, and contains a
marker and a QTL, then tight linkage between the marker
and the QTL is detected, irrespective of the duplication.
Because of the large marker distances required to select
for a QTL in a support interval, both the marker and QTL
may map into an incorrect flanking marker interval. Se-
lection for the markers incorrectly assumed to be flanking
the target region may not be an indirect selection for the
chromosome region which carries the QTL. This can
greatly reduce the efficiency of marker-assisted selection.

In marker-assisted backcrossing for introgression of a
target gene from a donor parent into the genetic back-
ground of a recipient parent, markers can be used for two
purposes: (1) to select for the presence of a tightly linked
target gene (foreground selection) and (2) to select against
the genetic background of the recipient parent (back-
ground selection) (Tanksley et al. 1989). Marker-assisted
backcrossing is routinely applied, e.g., in maize breeding
to introgress transgenes in inbred lines used for produc-
tion of commercial hybrids.

For foreground selection, the linkage between marker
and target gene needs to be very tight. If a chromosome
region is duplicated, and contains the target gene and a
tightly linked marker, no negative effects of the dupli-
cation with respect to foreground selection are expected.

In marker-assisted background selection, a primary goal
is to reduce the length of the donor chromosome segment
around the target gene (Stam and Zeven 1981; Young and
Tanksley 1989; Frisch et al. 1999). This is achieved by
selecting for the allele of the recipient at markers flanking

the target gene. In backcross programs, population size is
usually restricted by the reproduction coefficient of the
species and practical constraints. In order to observe re-
combination between the target gene and the flanking
markers with a high probability in a finite population,
linkage between the marker and target gene should not be
extremely tight (Frisch et al. 1999). This implies the use of
more distant marker brackets for background selection,
which can result in incorrect locus orders.

In consequence, if the target gene maps into an in-
correct chromosome interval, selection for markers in-
correctly assumed to flank the target gene does not reduce
the donor chromosome segment attached to the target
gene. This can greatly reduce the efficiency of fast re-
covery of the recurrent parent genome.

Conclusions and further research needs

Pointing out the extent of duplicated sequences as well as
the evolutionary formation of large gene families by du-
plication events in eukaryotic genomes, the ghost marker
phenomenon was presumably overlooked so far. The
existence of ghost markers in linkage maps is very likely,
and many of them remain undetected because of very
close linkage of the underlying duplicate loci and the
insufficient size of mapping populations. Furthermore, the
ghost marker phenomenon has the potential to provide
new explanations for distorted segregation at numerous
loci in existing and emerging linkage maps.

The application of duplicated sequences as molecular
markers is not restricted to gene-derived markers like
ESTs or RGAs. Single bands of several other molecular
marker types like AFLPs and SSRs are also known to
frequently represent multiple sequences resulting in the
same complications for the construction of linkage maps.
Because correct linkage maps are essential for important
applications in genetics and breeding, many interesting
questions concerning this subject warrant further re-
search: What are the consequences, if only the marker but
not the target gene is duplicated? How do duplicate
markers affect map distances between observable markers
in multipoint estimation of recombination frequencies?
Can the presented approach be extended to more so-
phisticated crossover formation models? How does the
mode of inheritance (codominance vs. dominance) affect
the ghost marker phenomenon? Furthermore, besides the
implications of ghost markers on map-based cloning,
MAS, and MAB, it is also necessary to investigate their
influence on known discrepancies between genetic and
physical maps regarding locus order and contig assembly.

Appendix

To show that the SAR criterion is suitable for locus or-
dering we consider a chromosome consisting of n loci at
positions ki,....k,, and prove by mathematical induction:



Proposition (SAR)

The SAR for the correct locus order is smaller than the
SAR for any other order of the n loci on the chromosome.

Induction basis

From Eq. 1 it follows that the locus order with a minimum
SAR has a maximum sum of adjacent linkage values. For
a subset of three loci at positions k, <k,<k,; with
uy,ir,uzE{1,...,n} the correct locus order has the greatest
sum of adjacent linkage values because

L(ku1, ko, kiz) > L(kio, kut, kus)
< Atz T A2us > Azan + Au s
& M3 > Al w2 22,03
and

L(kut, k2, ki3) > Lkuo, ki3, k)
S Autwe T A3 > s + Azl
< A2 > At w2 2,03

Induction hypothesis

Consider a subset of 3<m<n loci at map positions
k<-<k,, with wu,.u,e{1,.,n} and denote U=
{uy,...,u,,}. We assume that for the subset of m loci, the
correct locus order has the largest sum of adjacent linkage
values.

Induction step

Consider an m+1 th locus at map position k, (ve{l1,...,n}
and vrlap/ €U). We further define

w = max (s|s € U, ks < ky)

The correct locus order for the m+1 loci has the sum of
adjacent linkage values
Z )vu,uH’

>

ﬂe‘/’k-ﬂ<‘¢%ﬂ#+1 +’1W7V+’1v,w+l + UEU ,Ww<u

whereas an incorrect locus order has the sum of adjacent
linkage values

L= Y

HEU u<w—e

>

HEU w—e< L

l,u,/H—l + lw—s,v + 2~v,w—£+1

s

where w — ¢ € % and without loss of generality O<e.
Omitting equal terms in L and L* yields

L"<L
<:>’/ﬂwa.s,v + lv,wﬂerl + lw,w+1 < /’was,wfs+1 + )Lw,v + /’Lv,w+1,
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which can be shown to be true using the induction as-
sumption and Eq. 3:

)vwfs,v = lwﬁe,wfeJrllwﬁeqtl,v < lwfs,wferl
;Lv.,wferl = ;waerl,wlw,v < 2fw,v
lw,w—&-l = lw.v/’Lv,w—&-l < )Lv,w+1.

Hence, if the SAR criterion is valid for m loci, it is also
valid for m+1 loci. The induction basis shows that the
SAR criterion is valid for m=3, which completes the
proof.

Note that the SAR criterion is used e.g., in software
GMendel (Liu and Knapp 1990, Holloway and Knapp
1993), which is widely used by plant geneticists. How-
ever, to our knowledge a proof of its optimum properties
has not yet been published. Moreover, the above proof is
constructive in that it describes an algorithm which finds
the correct locus order for n loci with n*/2—4 compari-
sions. To our knowledge, available mapping software
applies either a search of the entire parameter space,
which requires n!/2 comparisons to find the correct lo-
cus order, or it applies numerical optimization methods,
which may converge only to local maxima of the SAR
instead of the global maximum.
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