
REVIEW / SYNTHÈSE

Inexpensive fine mapping and positional cloning in
plants using visible, mapped transgenes
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Abstract: Vast numbers of crop, fungal, and animal accessions as well as insect vectors and evolving eukaryotic patho-
gens await molecular analysis. Inexpensive methods are required to make map-based gene isolation accessible to more of
the world’s researchers. Today, positional cloning relies on genotyping and phenotyping large numbers of progeny to de-
tect chromosome recombination events that break linkage between the trait of interest and flanking molecular markers fol-
lowing meiosis. In the postgenome era, positional cloning will no longer be limited by the availability of high-density
molecular markers but rather by the skilled labour and the expense of genotyping and phenotyping 103–104 progeny to de-
tect rare recombination events in a narrow chromosome block flanking the target gene of interest. Here, we review how
linked, mapped transgenes that encode dominant, visible traits such as green fluorescent protein can be used to preselect
meiotic recombinants inexpensively, thus reducing progeny genotyping and phenotyping requirements by >95% during po-
sitional cloning. Because transgene markers such as green fluorescent protein are genotype independent, transgenes created
in one inbred line may be used to fine-map genetic variation in large numbers of genotypes.
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Résumé : Il existe un grand nombre d’accessions fongiques et animales, ainsi que d’insectes vecteurs et de pathogènes eu-
caryotes en évolution, en attente d’analyse moléculaire. Un besoin existe également pour des méthodes peu dispendieuses
pour rendre l’isolation de gène basée sur des cartes, accessible à un plus grand nombre de chercheurs du monde. Aujourd’-
hui, le clonage positionnel est basé sur le génotypage et le phénotypage d’une nombreuse progéniture pour détecter les
évènements chromosomiques qui brisent le lien entre le caractère d’intérêt et les marqueurs moléculaires correspondants,
suite à la méiose. À l’ère post-génomique, le clonage positionnel ne sera plus limité par la disponibilité de marqueurs à
haute densité, mais plutôt par l’expertise, et ceci aux dépens du génotypage et du phénotypage de 103–104 progénitures,
pour détecter les rares évènements de recombinaison, dans un bloc étroit de chromosomes reliés au gène cible d’intérêt.
Les auteurs révisent comment les transgènes liés et cartographiés, qui codent pour des caractères dominants et visibles,
comme la protéine fluorescente verte, peuvent être utilisés à peu de frais pour la pré-sélection de recombinants méiotiques,
réduisant ainsi les besoins en génotypage et phénotypage de >95 %, au cours du clonage positionnel. Parce que les mar-
queurs transgéniques, comme la protéine fluorescente verte, sont indépendants du génotype, les transgènes générés dans
une lignée consanguine, peuvent être utilisés pour produire des cartes fines de la variation génétique chez un grand nombre
de génotypes.

Mots clés : clonage positionnel, clonage basé sur une carte, carte génétique, génomique végétale, marqueurs génétiques,
TMARS/FMARS.

[Traduit par la Rédaction]

Introduction

The vast majority of the world’s genetic variation remains
to be characterized. A key breakthrough occurred 25 years
ago when the co-inheritance of parent-specific DNA poly-
morphisms with parent-specific traits as linkage blocks fol-

lowing meiosis was demonstrated (Botstein et al. 1980). As
a result of this observation, map-based gene isolation be-
came possible by employing meiotic recombination to break
co-inheritance between the trait of interest and parent-spe-
cific linked DNA markers that serve to anchor the trait to a
narrowing physical block on a parental chromosome (Pa-
terson et al. 1988). Unfortunately, >95% of F2 test-crossed
progeny do not carry a recombination event within the
5 cM interval flanking a target gene of interest. As a result,
almost all postmeiotic progeny analyzed are noninformative.
Because organisms such as plants, fungi, insects, fish,
worms, and amphibians are not limited by the numbers of
meioses per generation, researchers simply genotype and
phenotype large numbers of F2 progeny during positional
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cloning to detect only a few informative recombinants; this
requires significant labour and money (Lukowitz et al.
2000; Jander et al. 2002). Large-scale genotyping and phe-
notyping are beyond the reach of many of the world’s re-
searchers. In this review, we (i) analyze the current effort
required for positional cloning in plants, (ii) review how
mapped transgenes encoding visible traits may be used to
accelerate positional cloning, and (iii) summarize the feasi-
bility of employing existing transgene resources to acceler-
ate positional cloning in plant species today.

A review of current positional cloning efforts
in plants

How many postmeiotic progeny do plant researchers cur-
rently genotype to find rare recombination events during po-
sitional cloning? In Table 1, we summarize the mean
number of progeny that researchers genotyped during 84 po-
sitional cloning experiments in 11 plant species (S.J. Dinka
and M.N. Raizada, unpublished analysis). The mean number
of progeny genotyped varied between species, ranging from
approx. 1100 in Arabidopsis to approx. 2400 in rice and
wheat to approx. 3100 in barley. There was tremendous var-
iation in the number of progeny that were genotyped be-
tween different studies within a species. For example, in
Arabidopsis, the number of progeny genotyped ranged from
174 to 4563 plants. In some instances, including the posi-
tional cloning of the Arabidopsis CRR4 gene, researchers
had prior sequence knowledge of the gene of interest and
were able to accurately select candidate genes from a large
interval of 304 kb containing many potential candidates,
thereby reducing the number of progeny genotyped to just
243 F2 plants (Kotera et al. 2005). In contrast, low levels of
recombination in the region surrounding the gene of interest
can increase the number of progeny that need to be geno-
typed to detect rare recombination events. During the posi-
tional cloning of the VTC2 locus in Arabidopsis, Jander et
al. (2002) encountered suppressed recombination frequency
around VTC2. They genotyped 3700 plants and discussed
the wisdom of genotyping larger mapping populations than
the theoretical minimum number needed to ensure that
enough recombinants are identified. There is an element of
chance that plays a part in determining how many progeny
need to be genotyped to achieve a desired resolution (Dur-
rett et al. 2002), as recombination frequencies vary within
the genome, but this is especially true when the target locus
is located in a region of a chromosome with suppressed mei-
otic recombination, in which case, screening for interval re-
combinants is especially daunting.

Although the mean number of progeny that were geno-
typed in Arabidopsis is up to threefold lower than in larger
genomes, in sequenced genomes, it may be misleading to
conclude that the effort required to narrow the search to a
single gene is more efficient in species with small genomes.
For example, in an analysis of positional cloning studies in
Arabidopsis shown in Table 1, the mean final map resolu-
tion reported is 16 genes (in a mean resolution of 86 kb)
out of 20 studies, which may be a reflection of the high mean
genes to centiMorgans ratio in Arabidopsis (56.3 genes/cM,
calculated by dividing the genome-wide gene number by total
genome centiMorgans). In contrast, although three studies in

wheat reported genotyping approx. 2.4-fold more progeny
than the mean number in Arabidopsis, a recent positional
cloning study demonstrated that only two genes were
present within a 324-kb target interval in wheat (Yan et
al. 2003). In genomic regions that have not been se-
quenced, clearly, a low kilobase to centiMorgan ratio is
advantageous to be able to map a gene to a bacterial arti-
ficial chromosome clone, but in sequenced, well-annotated
genomes, the rate-limiting step is not kilobase distances
between breakpoints (kilobases/centiMorgan) but between
genes; hence, the critical ratio of interest is the number of
genes per centiMorgan in such situations. Both of these ra-
tios vary throughout any genome, as genes in species with
large genomes are sometimes clustered into gene-rich is-
lands (Barakat et al. 1997).

Second, differences in the number of progeny genotyped
between organisms (lower in Arabidopsis compared with
cereal genomes) may simply reflect differences in what is
considered an acceptable number of candidate genes. In
Arabidopsis, a 16-gene map resolution is acceptable be-
cause complementation is easy. In sharp contrast, in maize,
wheat, and many of the world’s most important crops,
transformation is time consuming (6 months to 1 year) and
genotype dependent. Because alleles of interest are typi-
cally not in transformable genotypes (e.g., maize inbred
A188, wheat ‘Bobwhite’), complementation would require
several generations of backcrossing to introgress a trans-
gene into the mutant background. Therefore, researchers
must achieve a better candidate gene resolution (by obtain-
ing more recombinants) in species that are difficult to trans-
form.

To achieve single-gene map resolution with 95% proba-
bility of success, we calculate that 6 � 103 to >104 F2 test-
cross progeny would need to be genotyped in rice, maize,
and Arabidopsis using crude, mean-genome indicators in an
F2 test-cross population. This is considered a conservative
estimate using the equation N = (4.744 � 100 � R)/T,
where N is the number of F2 testcross progeny required, R
is the genome mean kilobase to centiMorgan ratio, and T is
the gene block resolution desired (adapted from Durrett et
al. 2002). The actual numbers will vary throughout the ge-
nome, but the point is that the number of progeny required
to be genotyped is very large, and researchers who do not
employ other selection strategies must either genotype large
numbers, rely on chance as recently calculated by Durrett et
al. (2002), or rely on complementation, which as noted is
not feasible for many crop species. Alternatively, research-
ers must have multiple alleles of a mutant that can be se-
quenced to correlate genotype with phenotype, but this
approach becomes less feasible as the candidate gene num-
ber increases or when examining natural variation based
phenotypes. Note that the studies summarized in Table 1
are not a random sampling of positional cloning attempts
but only those that were successful. Clearly, a novel ap-
proach is needed to achieve fine gene resolution mapping
in diverse species.

In addition to genotyping, positional cloning is limited by
the need to correlate inheritance of a polymorphic phenotype
with a molecular marker (Botstein et al. 1980). In theory,
positional cloning only requires that a few progeny be phe-
notyped, those known to carry an interval recombinant; in
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practice, all progeny may need to be phenotyped. For exam-
ple, if a species is short-lived (e.g., Caenorhabditis elegans),
the trait persists only in the juvenile period (e.g., embryo),
tissue sampling is destructive, or genotyping is slow, then
102–104 progeny may need to be phenotyped prior to being
genotyped. Large-scale phenotyping is labour intensive
when the trait to be scored is biochemical, physiological, be-
havioural, or quantitative (e.g., Arondel et al. 1992; Hirel et
al. 2001). As a result, in many species, the number of prog-
eny required to be genotyped on a large-scale and the need
to associate phenotype with genotype have become the rate-
limiting steps in exploring induced or natural genetic varia-
tion, especially as molecular markers become increasingly
nonlimiting in the postgenome era.

Transgene marker assisted selection using
one flanking transgene (TMARS1)

Prior to the molecular biology revolution, genes were
mapped by employing flanking phenotypic markers to detect
meiotic recombination visually (Sturtevant 1913). Even re-
cently, positional cloning studies in Arabidopsis have re-
ported the use of conventional phenotypic markers (e.g., tt2,
light-coloured seed) to preselect progeny harbouring recom-
bination events in the region of interest (Ziegelhoffer et al.
2000). What is noteworthy is that by preselecting meiotic re-
combinants prior to molecular analysis, the number of prog-
eny genotyped in three of these types of experiments was
only 34, 59, and 268, respectively (Sherson et al. 1999; Zie-
gelhoffer et al. 2000; Lukowitz et al. 2004), an average of
120 progeny. This represents an almost 10-fold reduction in
the number of progeny genotyped compared with the studies
shown in Table 1 and a similar reduction in the size of the
average target interval containing the gene (from 86 to
52 kb). However, phenotypic markers are rare and genotype
dependent, and the research community has thus largely
used DNA markers for the past two decades (Botstein et al.
1980; Paterson et al. 1988). During this time, however, effi-
cient gene transformation protocols have been established,
and transgene reporters that encode chemical resistance, pig-
mentation, or fluorescence have been developed (e.g., green

fluorescent protein, GFP) (Shaner et al. 2004). We propose a
much wider use of mapped transgenes that encode dominant,
visible, genotype-independent reporters such as GFP to per-
mit phenotype-based preselection for rare interval recombi-
nants to dramatically reduce progeny genotyping and
phenotyping needs during positional cloning.

In Fig. 1, we illustrate two genetic strategies that use
mapped transgenes to isolate linked alleles encoding reces-
sive or dominant traits. For a recessive trait, the first step is
to map the trait to within a 5 to 10 cM interval. The second
step is to cross this allele to a transgene mapping line,
which should carry the wild-type or dominant allele and a
mapped transgene marker located at either the distal or
proximal edge of the 5 to 10 cM interval. The interval re-
gion of the transgene mapping line should contain sufficient
nucleotide polymorphisms, with respect to the parent encod-
ing the allele of interest, to employ biallelic molecular
markers to distinguish linkage blocks from the two parents
following meiosis. The third step is to testcross the F1 hy-
brid to the recessive parent. The fourth step is to select F2
progeny that express the transgene reporter (approx. 50% of
progeny) and then score for expression of the recessive trait
within this population. By design, these rare progeny will
contain the desired recombination events in the interval be-
tween the transgene and the candidate locus. The fifth step
is to genotype only these rare recombinant progeny using
biallelic molecular markers. The region of the interval that
is heterozygous for molecular markers from both parents,
but has inherited both copies of the recessive allele, can be
excluded from possessing the gene of interest. In the last
step of this strategy, a second mapped transgene is em-
ployed to identify recombination events on the opposite
side of the locus. Therefore, in this strategy, cosegregation
of the recessive trait and the transgene reporter is used to
identify interval recombinants instead of random genotyp-
ing, similar to classic interval mapping using visible genetic
markers.

For a dominant trait (Fig. 1), the strategy to detect meiotic
recombination is similar, except that after the parent con-
taining the trait of interest is crossed to the transgene map-

Table 1. Mean number of progeny sampled during positional cloning gene discovery using current random genotyping methods.

Species
No. of studies
analyzed

Mean no. of
progeny
genotyped

Range for no. of
progeny genotyped

Mean target
interval (kb)

Target interval
range (kb)

Arabidopsis thaliana 57 1082 174–4563 86 10–305
Oryza sativa 9 2402 339–3305 56 8–150
Lycopersicon esculentum 5 1153 747–1815 149 17–400
Triticum monococcum and Triticum durum 3 2428 1340–3095 300 260–324
Lotus japonicus 3 778 448–1279 113 72–150
Hordeum vulgare 2 3141 2022–4259 70 30–110
Medicago sativa 1 2576 na 160 na
Raphanus sativus 1 6907 na 22 na
Capsicum annuum 1 1600 na 100 na
Solanum tuberosum � Solanum spegazzinii 1 1046 na 200 na
Cucumis melo 1 662 na 75 na

Note: This table represents a summary of the analyses of over 130 studies, 93 of which reported both the size and the nature of the mapping population
used and the smallest physical interval containing the gene of interest as defined by recombination breakpoints The details of the analyses will be published
elsewhere. Nine studies, which used phenotypic markers to preselect informative progeny, a population of recombinant inbred lines, or a mapping population
that was smaller than 150 F2 plants, were excluded from the calculation of means. na, not applicable.
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ping line, the F1 progeny are crossed to a wild-type tester
(either parental genotype) to generate F2 progeny. Desired
recombination events in the interval between the transgene
and the candidate locus will be detected by co-inheritance
of the transgene reporter and dominant trait phenotype.

For simplicity, we refer to the strategies shown in Fig. 1
as transgene marker assisted recombinant selection using
one transgene (TMARS1). We refer to the parent containing
a mapped transgene as the TMARS line.

Figure 2 illustrates the reduction in F2 progeny genotyp-
ing requirements when employing linked transgenes as ge-
netic markers to detect recombination flanking a target
locus compared with current strategies in which recombi-
nants are detected by random genotyping. The key advant-
age of TMARS1 is that there is a reduction in genotyping
requirements by 95% using a 5-cM-linked transgene, which
is reduced by 99% with a 1-cM-linked transgene (for an F2
testcross). TMARS does not reduce the number of F2 prog-
eny that must be generated, only the number that must be
genotyped. TMARS1 is most feasible when an individual
parent is able to produce >103 progeny and is therefore
most amenable to organisms such as plants, fungi, insects,
fish, and invertebrates, which form the majority of eukar-
yotes. TMARS1 is also most amenable to species that are
relatively easy to outcross. The principal disadvantage of
TMARS1 is that 50% of F2 progeny, those that express the
transgene, must be phenotyped for the trait of interest.
Therefore, TMARS1 is most useful when the trait of interest
is simple to assay and more feasible to score than large-scale
genotyping. Although we have outlined a diploid scheme in
Fig. 1, TMARS1 is perfectly suited for use in haploid organ-
isms (e.g., fungi) or polyploid species (e.g., wheat) because
transgene reporters such as GFP are dominant.
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Fig. 1. TMARS1 methodologies to reduce progeny genotyping requirements during map-based cloning by using a single, linked transgene
marker to detect recombination events flanking a candidate map region of interest. Strategies are shown to detect recombinants flanking an
allele encoding a recessive trait and a dominant trait. A possible disadvantage of TMARS1 is that 50% of progeny at the F2 generation,
those that are positive for the transgene marker, require trait phenotyping. TM, transgene marker.
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Fig. 2. Savings in the number of F2 testcross progeny that must be
genotyped to detect meiotic recombination flanking a target reces-
sive allele by employing mapped, transgene reporters and the
TMARS1 genetic strategy. The graph demonstrates that as the dis-
tance between the target locus being fine-mapped and the transgene
is reduced, there is a linear decrease in the number of progeny that
must be genotyped to detect recombination. The graph was derived
from the simple equation percent genotype savings = frequency
(1 – R) � 100%, where R is the frequency of recombinants, which
equals the recombination frequency between the allele and the
transgene and corresponds to the homozygous recessive allele/
transgene class of TMARS1 F2 testcross progeny. It was assumed
that double crossovers would not significantly contribute to recom-
bination (the Kosambi map function) as demonstrated by Perkins
(1962) for intervals <20 cM. When calculating the map distance
between the transgene and the recessive allele of interest, because
only half of the recombinants will be scored in TMARS1 (those
containing the transgene), the apparent recombination frequency
within this class must be doubled.
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Transgene marker assisted selection using
two flanking transgenes (TMARS2)

For traits that are difficult to assay, we have proposed a
two-transgene marker strategy as shown in Fig. 3 that prese-
lects interval recombinants without the need to genotype or
phenotype large numbers of progeny. The first step is to
map a trait to within a 5 to 10 cM interval. The second step
is cross this allele to a TMARS line containing a transgene
marker (TM1). The third step is to cross the F1 hybrid to a
second TMARS line containing a different transgene re-
porter (TM2) phenotypically distinguishable from TM1
(e.g., red fluorescent protein (RFP)). The two transgene
markers should flank the candidate locus interval. The
fourth step is to employ molecular marker genotyping to
find a recombination event between TM1 and the locus of
interest in the F2 generation near the edge of the genetic in-
terval of the unknown locus. If TM1 is located 5 cM from
the locus, then only approx. 20 progeny would need to be
genotyped to find such a recombinant. Alternatively, the
progeny may be selfed or test-crossed and phenotyped to
confirm preservation of the trait of the interest and TM1. In
the next step, the chosen F2 progeny would then be crossed
to the appropriate (nontransgenic) testers, and meiotic re-
combination would be scored phenotypically between TM1
and TM2 in the F3 generation by screening for cosegrega-
tion of the two transgene phenotypes following meiosis.
Genotyping and phenotyping of these rare F3 recombinants
would then be used to detect persistence of linkage between
a molecular marker from the parent containing the allele of
interest and the trait of interest. TMARS2 preselects the rare
interval recombinant progeny, avoiding genotyping and phe-
notyping of large numbers of progeny. TMARS2 should
identify recombination events located at both the proximal
and the distal sides of the locus of interest to narrow the po-
sition of the gene of interest.

TMARS2 is most useful for species that are capable of
producing large numbers of embryos from a single parent
(male or female) in the F2 generation. Alternatively, the F2
genotype may be preserved and then used to generate F3
progeny sequentially, although care must be taken to ensure
that the desired genotype persists. Both TM1 and TM2 must
be in a genotype distinguishable from the trait-containing
parent; TM1 and TM2 may be in the same or different ge-
netic backgrounds. It is important to note that the interval
distance between transgenes does not affect the number of
progeny that must be initially tested to search for recombi-
nants but rather, the number of subsequent recombinants
that must be genotyped. However, a key advantage of
TMARS2 is that recombinants can be detected rapidly, for
example, by screening for coexpression of GFP and a sec-
ond fluorescent protein at a juvenile stage of development
(e.g., seeds, seedlings). This should permit inexpensive
high-throughput screening with considerable savings in
growth space because 95% of progeny can be discarded. In
the case of quantitative trait locus (QTL) fine-mapping, only
the rare recombinants would need to be propagated to screen
for the extent of phenotypic variation in the next generation.
Because of the many challenges involved in QTL mapping,
only time will tell whether or not TMARS2 will be an effec-
tive approach in isolating alleles underlying quantitative

traits. To conclude, TMARS2 may be used to accelerate the
positional cloning of dominant, recessive, and possibly
QTLs. TMARS1 and TMARS2 have the potential to make
map-based cloning more feasible in many species, regardless
of genome size, gene density, local frequencies of recombi-
nation, or effort required for phenotypic trait analysis. In ge-
nomes where the fear is a high kilobase to centiMorgan ratio
(i.e., large genomes), TMARS2 may permit near-saturation
of breakpoints in the target interval, allowing a researcher
to assign a target allele to a bacterial artificial chromosome
clone.

Transgene marker assisted mapping
Mapped transgenes may also be used in the initial stages

of mapping to assign a mutation to a chromosome arm. A
suite of arm-specific transgenes may be crossed to an un-
mapped mutant and then selfed or test-crossed. Linkage be-
tween a transgene marker and the locus of interest would be
assayed as F2 progeny that fail to independently segregate
the visible transgene reporter from the mutant phenotype.
We refer to this mapping strategy as transgene marker as-
sisted mapping (TMAM).

Feasibility and limitations
The current mapping resolution in published Arabidopsis

positional cloning studies is 16 genes (see the section above:
A review of current positional cloning efforts in plants).
This is an acceptable number because complementation is
straightforward and transformation is genotype independent
in Arabidopsis. Unfortunately, this is not the case in many
plant species. To achieve single-gene resolution in many
crop species, we calculated that >6000 progeny must be
genotyped in diverse angiosperms, an unacceptable number.
TMARS2, in particular, makes high-resolution mapping
more feasible across species by dramatically reducing the
genotyping requirements. TMARS2 also has the potential to
dramatically reduce phenotyping requirements that can limit
fine-mapping.

Before a researcher chooses to employ TMARS, it is crit-
ical to note the drawbacks of the strategy. First, TMARS
does not reduce the costs or markers required to initially
map a gene to 5–10 cM (unless using TMAM, see above),
nor does it reduce the need to employ high-density interval
markers to fine-map a gene once the recombinants have
been preselected. It simply reduces the costs in one step of
the process and accordingly makes fine/single-gene resolu-
tion mapping feasible in organisms in which complementa-
tion would otherwise be costly and time consuming. In
terms of time, TMARS requires two or three additional gen-
erations after a researcher has already created an F2 popula-
tion. The extra time investment required for TMARS may
not be worthwhile if candidate gene resolution is not crit-
ical; this situation occurs when complementation is not time
consuming (e.g., Arabidopsis) or there are multiple mutant
alleles. TMARS may also not be the method of choice
when the trait of interest is simple to phenotype (e.g., devel-
opmental), there is no reason to suspect a low local fre-
quency of recombination, and reagent cost or genotyping
labour is not a critical issue compared with time. However,
in species where complementation is challenging and geno-

Dinka and Raizada 183

# 2006 NRC Canada



type dependent and where there is a danger that multiple
candidate genes cannot be distinguished (e.g., lack of multi-
ple mutant alleles), then the two or three generations re-
quired for TMARS may be equal to or faster than the time
required for transformation and transgene backcrossing with
much less effort required and more confidence in the out-
come. An additional disadvantage of TMARS is that the
method requires outcrossing in contrast with current meth-
ods that accept selfing. In organisms such as maize, out-
crossing is straightforward, but in certain species,
outcrossing can be challenging. In both TMARS1 and
TMARS2, a sufficient number of crosses would need to be
performed to generate 103–104 outcross progeny; in Arabi-
dopsis, about 50 crosses should be sufficient to generate

such a population. It is important to note that an advantage
of an outcross (e.g., a testcross) is that recessive alleles are
not obscured, allowing all potentially informative break-
points to be associated with a phenotype. In situations where
phenotyping is more challenging than genotyping and would
not otherwise be necessary (e.g., in the case of an embryonic
phenotype that must be scored prior to genotyping), the
large-scale phenotyping requirements of TMARS1 make
this approach less feasible than the current genotyping
method; in this circumstance, however, TMARS2 is ideal
because it dramatically reduces both genotyping and pheno-
typing requirements and requires only one additional gener-
ation. Finally, we will not know unless there is a success
whether or not TMARS2 will accelerate the isolation of al-
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Fig. 3. TMARS2 methodologies. Strategies to dramatically reduce the need to genotype and phenotype progeny during map-based cloning
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leles underlying QTLs; tissue culture mutagenicity and the im-
portance of the inbred background genotype are two concerns.

TMARS/TMAM may already be feasible in certain spe-
cies today, as up to 105 T-DNA and transposon insertion re-
sources have been generated in the last 10 years in model
plant species and crop plants. A sample of these resources
is summarized in Table 2. The most comprehensive inser-
tion resources are available in Arabidopsis, rice, tomato,
poplar, Lotus japonicus, and the moss Physcomitrella pat-
ens. Note that TMARS/TMAM does not require the use of
fluorescent reporters but any means of visible selection in-
cluding herbicide resistance and antibiotic resistance that are
available now. For example, Chen et al. (1998) used kana-
mycin resistance in distal and proximal mapped Ds transpo-
sons in a TMARS1-like strategy to positionally clone the
AGRAVITROPIC1 (AG1) gene in Arabidopsis. A key ad-
vantage of fluorescent reporters, however, is that these re-
porters are genotype independent, and theoretically, they can
be detected at the seed stage (Stuitje et al. 2003). In fact,
during the revision of this manuscript, a mapped population
of multiple fluorescent reporters, which permits the detection
of meiotic recombination in Arabidopsis seeds, was reported
(Melamed-Bessudo et al. 2005). This is a significant step
forward in making TMARS1 and TMARS2 more feasible,
at least in Arabidopsis, by scoring for interval recombination
simply by scoring fluorescence at the seed stage.

In species where mapped transgene resources do not ex-
ist, how many transgenes will be required and is this a fea-
sible number? We calculate the number of transgenes
required assuming random integration using the equation N
= log(1 – P)/log[(X – T)/X], where N is the number of in-
dependent transgenic events required, P is the probability
of successfully achieving the transgene interval, X is the
total genome recombination in centiMorgans, and T is the
target transgene interval in centiMorgans. To achieve a
95% probability that no target locus is more than 10 cM
from a transgene (90% genotyping savings), 226, 200, and
460 stable mapped transgenes would be required in the ce-
reals Oryza sativa, Zea mays, and Triticum aestivum, re-
spectively. These are achievable numbers. The transgene
number calculation depends on the transgene density re-
quired, but this correlates with the total map distance of
the genome, not the physical genome size. Owing to trans-
gene silencing and multiple integration events, the initial
transgene number must exceed the numbers given. As
Agrobacterium provides simpler integration events than
particle bombardment, this must be the transformation
method of choice. Initial transformants must be analyzed
for at least two or three generations to check for transgene
stability and expected segregation. Thermal asymmetric in-
terlaced polymerase reaction might provide the most effi-
cient means to map the insertions. Developing a
population of 200–400 mapped insertions may require the
cooperation of multiple laboratories to benefit the entire
community, and more cooperation between laboratories in
the developed and developing world in the case of ‘‘orphan
crops’’ that are not widely studied in wealthier nations.
Will the cost and effort required to generate TMARS
resources not outweigh the benefits of brute-force genotyp-
ing? If only a few alleles will be a target for positional clon-
ing within a species, then TMARS is not a cost-effective

strategy. However, if many alleles may be of interest glob-
ally, then it is important to note that mapped transgenes in
any inbred have the potential to help fine-map alleles in
hundreds or thousands of other accessions of that species,
outweighing the initial infrastructure costs.

As noted above, transgenes suffer from gene silencing.
The TMARS strategies were designed, however, to prevent
false positives caused by reporter silencing. Transgene inte-
gration events must be confirmed to be at a single locus and
then tested to ensure that there is no associated mutant phe-
notype and that transgene expression is stable across multi-
ple generations. Because of dominant–recessive relationships
of different accessions or hybrid background effects on spe-
cific traits, it may be useful to construct TMARS/TMAM in
multiple inbreds. To move forward, libraries of randomly
spaced, stably expressing, single-locus mapped transgenes
encoding dominant, genotype-independent visible markers
are now needed. A variety of fluorescent reporters have re-
cently become available (Shaner et al. 2004) that may be
more useful in plants than GFP, the detection of which suf-
fers from chlorophyll autofluorescence. Many fluorescent re-
porters, however, should be detectable in nonfluorescent
tissue such as roots and seeds, as already noted above. It
must be noted, however, that even a single mapped trans-
gene is useful to a subset of researchers fortunate enough to
have a linked allele. The Raizada Laboratory is in the proc-
ess of constructing a public TMARS database (online in
2006) where plant researchers can share stably expressing
mapped transgene reporter resources in different plant spe-
cies as these transgenes become available worldwide.

TMARS2 may expedite the exploration of
genetic variation in plants and plant
pathogens

In addition to accelerating the positional cloning of sim-
ple, mutant alleles, TMARS, and TMAM should facilitate
the molecular exploration of natural and human-selected
genetic variation in wild and domesticated plants, accelerat-
ing the discovery of valuable alleles for agriculture and
medicine. Because transgene markers such as GFP are gen-
otype independent, TMARS resources constructed in only
one genotype have the potential to detect recombination
between any transgenic line and all other accessions.
TMARS may prove valuable in identifying complex crop
pathogenesis-causing genes and pesticide-resistance alleles
in evolving fungal, nematode, insect, and weed parasites
that affect agriculture, including Fusarium and Striga. For
example, there are >100 000 fungal species (Hawksworth
1991) awaiting molecular characterization, many with large
numbers of accessions, that are either beneficial or detri-
mental to plants. Hundreds of thousands of crop accessions
have been deposited into seedbanks, and using these acces-
sions, plant breeders have mapped significant numbers of
QTLs of agronomic importance, representing >10 000 years
of breeding selection (Tanksley and McCouch 1997). The
loci underlying these QTLs await discovery, and only em-
pirical evidence can demonstrate whether or not transgene
markers introduced into these crops will accelerate this dis-
covery.
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Table 2. Summary of available T-DNA and transposon insertion resources in plants.

Species Ecotype/cultivar
Selectable marker/
reportera No. of insertionsb

Reference(s) for re-
source Web site

Arabidopsis thaliana Col-0 KAN 145 589 Alonso et al. 2003 http://signal.salk.edu/tabout.html
Arabidopsis thaliana Ws GUS, BAR, KAN 31 560 Samson et al. 2002 http://193.51.165.9/projects/FLAGdb++/HTML/data.shtml
Arabidopsis thaliana Col-0 SUL 60 651 Rosso et al. 2003 http://www.mpiz-koeln.mpg.de/GABI-Kat/
Arabidopsis thaliana Col-0 BAR 48 434 Sessions et al. 2002 http://www.tmri.org/en/partnership/sail_collection.aspx
Arabidopsis thaliana Nossen GUS, HYG 18 551 Kuromori et al. 2004 http://rarge.gsc.riken.go.jp/dsmutant/index.pl
Arabidopsis thaliana Col-0 GUS, KAN 23 411 http://www.jic.bbsrc.ac.uk/science/cdb/exotic/index.htm
Arabidopsis thaliana Ler GUS, KAN 5 169 http://genetrap.cshl.org/
Arabidopsis thaliana Col-0 BAR, HYG 10 459 http://www.hort.wisc.edu/krysan/DS-lox/
Arabidopsis thaliana Ler GUS, KAN 878 Parinov et al. 1999 http://nasc.nott.ac.uk/ima.html
Arabidopsis thaliana Col-0 HYG 975 Mathur et al. 1998 http://www.szbk.u-szeged.hu/~arabidop/T-DNA.html#mapped
Oryza sativa Nipponbare HYG, GUS, GFP 7 480 (40 000) Sallaud et al. 2004 http://genoplante-info.infobiogen.fr/OryzaTagLine/
Oryza sativa Dongjin or

Hwayoung
GUS; GUS, GFP 24 299 (75 000) Jeon et al. 2000; Jeong

et al. 2002
http://www.postech.ac.kr/life/pfg

Oryza sativa Nipponbare or
Zhonghua
No. 11

Not reported 1 009 Chen et al. 2003 http://www.genomics.zju.edu.cn/ricetdna

Lycopersicon
esculentum

Moneymaker KAN 140 (265) Gidoni et al. 2003

Lycopersicon
esculentum

Mini-Tom KAN (10 427) Mathews et al. 2003

Populus tremula �
Populus alba

BAR or KAN (627) Busov et al. 2003

Populus tremula �
Populus alba

KAN, GUS 38 (1 344) Groover et al. 2004

Lotus japonicus GIFU B-129-S9 KAN (1 112) Schauser et al. 1998
Physcomitrella patens GUS, KAN (5 264) Nishiyama et al. 2000

aPlant selectable marker genes/reporter genes; KAN, kanamycin resistant; GUS, beta glucuronidase reporter gene; BAR, phosphinothricin resistant; SUL, sulfadiazine resistant; HYG, hygromycin resistant;
GFP, green flourescent protein reporter gene.

bNumber of mapped insertions as of 1 May 2005 as reported on the SIGnAL ‘‘T-DNA Express’’ Arabidopsis Gene Mapping Tool; available from http://signal.salk.edu/cgi-bin/tdnaexpress. Numbers in
parentheses indicate unmapped insertions.
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Conclusion
The vast majority of human-selected and natural genetic

variation in plants awaits characterization at the molecular
level. Today, the majority of the world’s laboratories cannot
afford to conduct routine fine-scale molecular mapping be-
cause of the large number of postmeiotic progeny that must
be genotyped and phenotyped to uncover rare meiotic re-
combination events that break linkage between molecular
markers and the trait of interest. Here, we have proposed
that the plant research community should consider returning
back to the era of employing mapped, visual markers to de-
tect recombination. Today, mapped transgenes that encode
visible traits such as fluorescence or herbicide resistance
may be used as genetic markers. Unlike traditional genetic
markers, transgene reporters may be randomly inserted in
large numbers throughout the genome, and they encode pro-
teins that are genotype independent. As a result, transgenes
mapped in only one inbred may be used to detect recombi-
nants in large numbers of accessions. The transformation re-
quirements of TMARS/TMAM can be met by many poor
countries for their crops or pathogen species of interest be-
cause cell culture and transformation are often used in train-
ing programs; however, TMARS would still require a
laboratory to use molecular markers and only reduces part
of the reagent cost required. Nevertheless, TMARS/TMAM
may make fine-scale interval mapping for breeding and po-
sitional cloning economically more feasible for many re-
searchers and in many species.
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