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Abstract Inheritance studies have indicated that resistance
to the root-knot nematode (Meloidogyne javanica) in car-
rot inbred line ‘Brasilia-1252’ is controlled by the action of
one or two (duplicated) dominant gene(s) located at a sin-
gle genomic region (designated the Mj-1 locus). A system-
atic search for randomly amplified polymorphic DNA
(RAPD) markers linked to Mj-1 was carried out using
bulked segregant analysis (BSA). Altogether 1000 ten-mer
primers were screened with 69.1% displaying scorable
amplicons. A total of approximately 2400 RAPD bands
were examined. Four reproducible markers (OP-C2;4q,
OP-Q65q, OP-U12,,, and OP-AL15g,,) were identified,
in coupling-phase linkage, flanking the Mj-1 region. The
genetic distances between RAPD markers and the Mj-1 lo-
cus, estimated using an F, progeny of 412 individuals from
‘Brasilia1252' x ‘B6274’, ranged from 0.8t0 5.7 cM . The
two closest flanking markers (OP-Q6g,, and OP-AL154,)
encompassed a region of 2.7 cM . The frequency of these
RAPD loci was evaluated in 121 accessions of a broad-
based carrot germplasm collection. Only five entries (all
resistant to M. javanica and genetically related to ‘Brasilia
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1252") exhibited the simultaneous presence of al four
markers. An advanced line derived from the same cross,
susceptible to M. javanica but relatively resistant to anoth-
er root-knot nematode species (M. incognita), did not share
three of the closest markers. These results suggest that at
least some genes controlling resistance to M. incognita
and M. javanica in ‘Brasilia 1252’ reside at distinct loci.
The low number of markers suggests a reduced amount of
genetic divergence between the parental lines at the region
surrounding the target locus. Nevertheless, the low rate of
recombination indicated these markers could be useful
landmarks for positional cloning of the resistance gene(s).
These RAPD markers could aso be used to incresse the
Mj-1 frequency during recurrent selection cycles and in
backcrossing programs to minimize ‘linkage drag’ in elite
lines employed for the development of resistant F,; hybrids.

Key words Bulked segregant analysis - Carrot - Daucus
carota - Disease resistance - Meloidogyne javanica -
Root-knot nematode

Introduction

The root-knot nematode Meloidogyne javanica (Treub.)
Chitwood is one of the most important soil-borne patho-
gens affecting carrot (Daucus carota L.) production in
tropical and subtropical regions of the world (Peterson
and Simon 1986; Stein and Nothnagel 1995). M. java-
nica infection often causes substantial economic losses
due to tap-root galling (Huang and Charchar 1982).
Nematode damage at infection sites may induce second-
ary development resulting in forked or ramified roots
(Huang 1986). Sources of near-immunity resistance
have been reported in carrot (Huang et al. 1986; Simon
et a. 1997). The open-pollinated cultivar ‘Brasilia® and
inbred lines derived from this population are the most
promising sources of resistance to M. javanica identi-
fied so far (Charchar et al. 1982; Charchar and Vieira
1995; Simon et al. 1997). Inheritance studies indicated
that resistance to M. javanica in the inbred line ‘Brasi-
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lia-1252’ is conditioned by the action of one (or two du-
plicated, linked) dominant factor(s). This genomic re-
gion has been tentatively designated as the Mj-1 locus
(Simon et al. 1999).

A positional (map-based) approach is one of the cur-
rently available strategies for isolation of the M. javanica
resistance gene(s) in carrot. One of the prerequisites for
positional gene cloning is to saturate, with a large collec-
tion of genetic markers, the target genomic region con-
trolling the trait of interest (Paran and Michelmore
1993). Bulked segregant analysis (BSA) in combination
with randomly amplified polymorphic DNA (RAPD)
(Williams et a. 1990) offers one of the simplest methods
for generating genetic markers in regions near to a par-
ticular locus within complex genomes (Michelmore et al.
1991). In addition, the screening for linked markers can
be performed in as early as the F, generation of con-
trolled crosses with no need for the development of near-
isogenic lines (Paterson 1996). The use of F, progeny in
map construction is important for the genetic analysis of
a biennial and outcrossing species such as carrot, where
inbreeding depression precludes the efficient develop-
ment of recombinant inbred lines. Furthermore, with
BSA, alarger number of primers can be screened in rela-
tively short periods of time (Michelmore et al. 1991).
Analytical procedures employing RAPD-BSA have been
used as a routine to identify molecular markers linked to
alarge number of disease resistance loci in several crops
(Michelmore 1995; Mohan et a. 1997). In the present
work, we report an extensive search for RAPD markers
linked to the M. javanica resistance locus and the devel-
opment of the first genetic linkage map encompassing
this genomic region in carrot.

Materials and methods

Mapping population and nematode resistance evaluation

The segregating population employed in the present study was de-
rived from a cross between the M. javanica resistant inbred line
‘Brasilia-1252' as female parent and the susceptible inbred line
‘B6274' as male parent. A single F; plant was self-pollinated to
produce 442 F, individuals that were evaluated for a M. javanica
reaction under greenhouse conditions at University of California,
Riverside, California (Simon et al. 1999). Resistance screening was
carried out using individual carrot seedlings cultivated in pots con-
taining sterilized sand. Each plant was infected with a suspension
of 30 000 eggs, which were pipetted onto soil depressions around
the rosette of the plants 30 days after germination. Sixty days after
inoculation, taproots were harvested, the root system was carefully
washed free of soil and a root gall rating was assigned where:
0 =no gals; 1 = 1-25%; 2 = 26-50%); 3 = 51-75%; 4 = 76-100%
of fibrous roots galled. A strong positive correlation was observed
between nematode multiplication levels on root tissues and root
galing (Simon et a. 1999). Plants were considered as resistant in
the 01 range and as susceptible in the range 2—4. After evaluation,
all F, taproots were vernalized (4°C for 40 days) and were then
planted in a greenhouse at Madison-Wisconsin. All DNA samples
were extracted from lyophilized |eaves collected from the F, plants
originated from vernalized roots. In general, the high nematode in-
fection observed in some F, roots did not preclude sample collec-
tion. Therefore, 412 leaf samples out 442 F, plants were collected
and used for the construction of the linkage map.

DNA extraction and DNA pools

DNA was extracted as described by Saghai-Maroof et al. (1984)
but with minor modifications (Boiteux et al. 1999). Pulverized
samples (approximately 0. 14 g of lyophilized leaves in liquid
nitrogen) were dispersed in 15 ml of preheated (65°C) extraction
buffer [500 mM Tris pH = 9.0, 1.4 M NaCl, 2% (w/v) CTAB,
0.2% beta-mercaptoethanol, 20 mM ethylenediamine tetraacetic
acid — EDTA]. Tubes containing the buffer + leaf tissue mixture
were vigorously shaken for a few seconds and incubated at 65°C
for 60 min with occasional mixing by gentle rotation. Fifteen
microliters of chloroform + isoamyl alcohol (24:1 v/v) were added
and the solution was mixed by inversion to form an emulsion
that was centrifuged at 11 240 g for 10 min at 4°C. The agueous
phase was removed, and 2/3 vol of ice-cooled isopropanol was
added and mixed by gentle inversion. Preparations were centri-
fuged at 11 240 g forl0 min. The pellet was rinsed with 76%
ethanol + 10 mM ammonium acetate, allowed to air-dry for up to
15 min and then resuspended in Tris-EDTA (TE) pH = 8.0 buffer.
Individual DNA samples were obtained initially from a group of
five resistant (R) and a group of five susceptible (S) plants with
F,:F; true-breeding families. In addition, only F, plants with a
score = 0 were included in the R bulk and only susceptible F,
plants with a score of 3 or 4 were included in the S bulk. DNA
pools were prepared by mixing equal amounts of total DNA
(20 ng/W!) of selected plants within each phenotypic group.

Polymerase chain reaction and RAPD analysis

One thousand 10-mer primers (kits A to Z and AA to AX from
Operon Technologies, Alameda, California, USA) were evaluated
in two replications using as template DNA samples from both par-
ents as well as R and S bulks. The first round of evaluation em-
ployed Tag DNA polymerase (Promega, Madison, Wisconsin,
USA). Primers with at least one amplification product (whether
polymorphic or not) were tested again with AmpliTaq DNA poly-
merase (Perkin Elmer, Branchburg, New Jersey, USA). The DNA
amplification reaction was done with 23 pl of master mix reaction
+ 2 pl of DNA template. The master mix consisted of 11.32 pl of
milliQ water, 2.5 yl of 10 x DNA polymerase buffer, 2.3 u of
MgCl, (25 mM), 5.7 pl of deoxynucleotide triphosphates (0.5 mM
of each), 1 pl of primer (5 mM), and 0.18 pl (5 units/pl) of thermo-
stable DNA polymerase (Boiteux et al. 1999). PCR was carried
out with Perkin Elmer Cetus 9600 or 9700 thermocyclers. The re-
action mixture (containing the template DNA) was heated at 94°C
for 2 min and then subjected to 40 cycles consisting of 30 s at
94°C, 1 min at 36°C, 1.5 min at 72°C, and afinal step at 68°C for
10 min. The reaction products were subjected to electrophoresis
on 250 ml of agarose (1.0-1.4%) gel supplemented with 2.5 ul of
ethidium bromide (5 mg/ml). Electrophoresis was carried out for
4-5ha 80V in 1 x TAE buffer (40 mM Tris-acetate pH 7.7,
20 mM sodium acetate, 1 mM EDTA). All amplicons (whether
polymporphic or not) with a size equal to or under 2.5 kb were
scored using a qualitative scale where: 1 = strong, 2 = medium and
3 = wesak intensity of the amplified product. Markers were named
by using an apha-numerical designation. For example, marker
OP-C2,,, denotes a marker (amplicon) obtained with the primer
Operon C2 with a molecular size of approximately 1700 bp.

Mapping the Mj-1 locus

PCR reactions with putative polymorphisms between bulks were
replicated 2—3 times to check the reproducibility of the amplifica-
tion profiles. Primers were then evaluated using the parental lines
and a random sample of 22 (11 R and 11 S) F, individuals. Prim-
erswith stable (i.e., reproducible) polymorphic amplicons with ev-
idence of linkage to the Mj-1 locus were then investigated in more
extensive studies with DNA samples of the 412 plants derived
from vernalized F, roots. Markers with unstable performance were
dropped from the analysis. The final marker order and map dis-



tances of the polymorphic amplicons in the F, population were ob-
tained using MAPMAKER version 3.0 for IBM-PC (Lander et al.
1987; Lincoln et al. 1992). Linkage groups were first assigned
based upon two-point analysis via ‘group’ command. The most-
likely order of the markers was obtained using exhaustive multi-
point analysis via ‘compare’ command and the final maximum
likelihood map distances were obtained with ‘map’ command.
Final mapping distances were determined using a logarithm of
odds (LOD) threshold of 4.0. Recombination frequencies were
transformed to Kosambi distances (Kosambi 1944).

Frequency of the RAPD markers linked to Mj-1 locus
in agermplasm collection

A diverse carrot collection of 121 genetic materials was evaluated
(in two replications) for the presence/absence of the polymorphic
RAPD markers identified in linkage with Mj-1 (see Table 1). This
germplasm was representative of the major market classes ‘Imp-
erator’, ‘Danvers’, ‘Chantenay’ and ‘Nantes' used for fresh mar-
ket, processing, and the ‘baby-carrot’ industry in USA, South
America, and Europe. For this assay, fresh leaves from field-
grown plants collected at Pamyra (Wisconsin) were used as
source of DNA. This analysis also included four F; lines derived
from the cross ‘BR-1252" x ‘B6274'. Two of these lines were ho-
mozygous resistant and two were homozygous susceptible in re-
sponse to M. javanica. One of the M. javanica resistant lines was
also resistant to Meloidogyne incognita (636—12), while the other
was more susceptible to M. incognita (636-11). One of the M. ja-
vanica susceptible lines was more resistant to M. incognita
(638-1), while the other line (638-2) was susceptible to both nem-
atode species. Leaves were stored at —20°C until use. DNA extrac-
tion, PCR conditions, and eletrophoretic conditions were identical
to those described by Boiteux et al. (1999).

Results and discussion

Sixty two primers, corresponding to atotal of 63 bands,
displayed amplification profiles with putative polymor-
phisms between R and S bulks in at least one of the BSA
replications. More extensive analyses of these primers
were performed with the parental lines and 22 F, indi-
viduals (11 R and 11 S). However, most of these candi-
date markers were found to be either pseudo-polymor-
phisms (observed only during BSA with pooled DNA as
a template) or difficult to score reliably due to the pres-
ence of faint or inconsistent amplicons. Only four prim-
ers displayed amplicons with consistent evidence of link-
age to the Mj-1 locus: OP-C2;q, (5 -GTGAGGCGTC-
3'), OP-Q65y, (5-GACCGCCTTG-3'), OP-U12,, (5'-
TCACCAGCCA-3'), and OP-AL154y, (5-AGGGGAC-
ACC-3'). The primer OP-C2 displayed an additional
amplicon (named OP-C2,,,) with apparent linkage to
the Mj-1 locus. However, OP-C2,,, was a very faint
band, which prohibited a reliable scoring of this ampl-
icon. Likewise, the primers OP-16, OP-18 and OP-Y 10
generated markers with evidence of linkage to Mj-1
(viz., OP-164p, OP-185y,, and OP-Y 10,44,). However, the
instability of these RAPD markers precluded their reli-
able placement on alinkage map. Therefore, the final ge-
netic map included only four RAPD markers. A typical
amplicon profile using this set of four primers is dis-
played in Fig. 1. The linkage of these RAPD markers
was confirmed with an F, population of 412 individuals.

Fig. 1A—D Agarose (1.4%)-gel electrophoresis of RAPD prod-
ucts (amplicons stained with ethidium bromide) where lanes 1 and
6 = 100-bp size marker, 2 = M. javanica resistant parent ‘Brasilia
1252', 3 = susceptible parent ‘6274', 4 = DNA bulk of five sus-
ceptible F, individuals and 5 = DNA bulk of five resistant F, indi-
viduals. Panel (A) amplicon profile obtained with primer OP-C2

(5-GTGAGGCGTC-3'); panel (B) primer OP-Q6 (5-GA-
CCGCCTTG-3'); panel (C) primer OP-AL/(5'-AGGGGACACC-
3'); panel (D) primer OP-U12 (5'-TCACCAGCCA-3'). Arrows
indicate polymorphic amplicons observed in RAPD-BSA and F,
analyses. Size marker is 100-bp ladder. The band with an asterisk
is the 800-bp size marker

Fig. 2 The RAPD linkage map Distance Marker
of the Mj-1 (M. javanica resis- (cM)
tance) locusin carrot. The map -
popul ation was composed by —- OPU12y,
412 F, individuals from a cross
between ‘Brasilia=1252" (resis- 27
tant parent) x ‘B6274’ (suscep-
tible parent). The genetic dis-
tancein cM (Kosambi func- 11 T OPC2iz0
tion) between pairs of markers “ 1l oraLis
is shown at the left and the %0
RAPD marker designationis 1.9
shown on the right HERVE]

0.8

1~ OPQ6syg
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Table 1 Phenotypic score of a carrot germplasm collection evaluated for presence (+) or absence (A) of four polymorphic amplicons de-
tected in linkage with the Mj-1 locus (controlling resistance to M. javanica ) in the mapping carrot population ‘Brasilia—1252" x ‘B6274’

Carrot accession Seed origin Root typea RAPD markers
OP-C24700 OP-Q654 OP-U12,, OP-AL 155y,

BR-1252 USDA C-N + + + +
6274B USDA C-N A A A A
BR-1091 USDA C-N + + + +
Brasilia EMBRAPA C-N + + + +
636-12 (Ri-Rj)P USDA C-N + + + +
638-1 (Ri-Sj) USDA C-N A A + A
636-11 (Si-Rj) USDA C-N + + + +
638-2 (Si-Sj) USDA C-N A A + A
493B USDA C-N A A A +
Kuroda USDA C-N + + A +
Savory USDA C-N A A A +
Flakee USDA C-N + A A +
Amsterdam Forcing USDA C-N + A A +
First Class Asgrow C-N + A A +
Premium Asgrow C-N A A A +
Idaho Bejo C-N + A A +
CX(C94668 Chriseed C-N A A A +
Sunrise Crookham C-N + A A +
XPH97W96 Crookham C-N A A A +
975719 Daehnfeldt C-N A A A +
975720 Daehnfeldt C-N A A A +
975785 Daehnfeldt C-N A A A +
975794 Daehnfeldt C-N A + A +
Gold Pride Harris Moran C-N + A A +
HMX 5315 Harris Moran C-N + A A +
Six-Pak Harris Moran C-N + A A +
Six-Pakl| Harris Moran C-N + A A +
Six Pence Harris Moran C-N A A A +
Alenka IV-Lithuania C-N + A A +
Khaeskovskaya IV-Lithuania C-N A A A +
RCR2566 Novartis C-N A A A +
RCR2567 Novartis C-N A A A +
Temptation Petoseed C-N + A A +
Pacific Gold Sakata C-N A A A +
XCR-7239 Sakata C-N + A A +
XCR-7240 Sakata C-N A A A +
SSC 19098 Shamrock C-N A A A +
SSC 19115 Shamrock C-N A A A +
Apache Sunseeds C-N + A A +
Choctaw Sunseeds C-N + A A +
Tripleplay 58 Sunseeds C-N + A A +
6334 USDA C-N A A A +
738-2 USDA C-N + A A +
716-12 USDA C-N A A A +
CXCo4747 Chriseed C-N A A A +
Monique Crookham C-N A A A +
NR.01110 LIH-Lithuania C-N + A A +
NR.01163 LIH-Lithuania C-N + A A +
NR.01443 A LIH-Lithuania C-N + A A +
Merida Nunhems C-N + A A +
Parano Nunhems C-N + A A +
Starca Nunhems C-N + A A +
RCR 1851-A Novartis C-N + A A +
KXPC-042 Polonica C-N + A A +
XCR-7374 Sakata C-N A + A +
XCR-7412 Sakata C-N A + A +
SSC 19119 Shamrock C-N + A + +
SPMO1 Sperling C-N + A A +
Bolero Vilmorin C-N + A A +
Concerto Vilmorin C-N + A A +
Maestro Vilmorin C-N + A A +
Presto Vilmorin C-N A A A +
Tempo Vilmorin C-N + A A +
Caro-Pride Asgrow C-P + A A +
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Carrot accession Seed origin Root type2 RAPD markers
OP-C24700 OP-Q654 OP-U12,4, OP-AL 15,

XPH18004 Asgrow C-P A A NE¢ +
XPH95W94 Crookham C-P A A A +
XPH97W99 Crookham C-P A A A +
955504 Daehnfeldt C-P A A A +
965656 Daehnfeldt C-P A A A +
965669 Daehnfeldt C-P A A A +
RCR 2566 Novartis C-P A A A +
DAU 156 Nunhems C-P A A A +
DAU 157 Nunhems C-P + A A +
DAU 158 Nunhems C-P + A A +
Crispy Petoseed C-P + A A +
Enterprise Petoseed C-P + A A +
Vita-Treat Petoseed C-P + A A +
Grower’s Choice Polonica C-P A A A +
KXPC-054 Polonica C-P A A A +
KXPC-055 Polonica C-P A A A +
KXPC-080 Polonica C-P A A A +
REX-190 Sakata C-P A A A +
XCR-7240 Sakata C-P + A A +
XCR-7248 Sakata C-P NE A A +
Primecut 59 Sunseeds C-P + A A +
Tripleplay 58 Sunseeds C-P + A A +
SRC 3284 Sunseeds C-P + A A +
Nantaise Pl 193504 C-N + A A +
London Torg Pl 205998 C-N + A A +
Amager #23 PI 225866 C-N + A A +
Amesterdam #378 Pl 225867 C-N + A + A
Chantenay Red Core Pl 225868 C-N + A + +
Nantes #20 PI 225870 C-N A A + +
Touchon # 26 Pl 225872 C-N + A A +
Cape Market PI 232073 C-N + A A +
Oxheart Pl 234621 C-N + A A +
Nantesa Pl 249535 C-N + A + +
St. Valerio Pl 261614 C-N + A A NE
Nantejska USDA C-N + A + +
Heritage Asgrow Pr + A A +
XPHI97W28 Crookham Pr A A A +
Svelia LIH-Lithuania Pr + A A +
RCR1851-A Novartis Pr + A A +
Enterprise Peto Pr + A A +
Kamila Plantico Pr A A A +
Napa Seedway Pr A A A NE
Nevis Seedway Pr + A A +
Neal Seedway Pr + A A +
W276A x WAY273C UW-Madison Pr A A A +
W279A x W276B UW-Madison Pr A A A +
W276A x W280B UW-Madison Pr A A A +
XPH3910 Asgrow Pr + A A +
XPH18085 Asgrow Pr + A A +
SDC 1443 Campbell Pr + A A +
SDC 1682 Campbell Pr + A A +
SDC 1742 Campbell Pr + A A NE
Goliath Petoseed Pr + A A +
Carson Seedway Pr + A A +
(8532 x 5238) x 186C USDA Pr A A A +
(9304 x 2254) x 186C USDA Pr + A A NE
Danvers 126 NK Pr A A + NE

a Root type: C-N = Cello-Nantes, C-P = cut and peel; Pr = pro- to M. incognita and M. javanica, respectively. The designations
cessing-type Si and § = susceptible to M. incognita and M. javanica, respec-
b ‘638-1', ‘638-2', ‘636-11', and ‘636-12' are F; lines derived tively

from ‘BR-1252 x ‘B6274'. The designations Ri and Rj = resistant ¢ NE = not evaluated
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The linkage relationships of these markers and their ge-
netic distances to the Mj-1 locus are shown in Fig. 2.
Their genetic distance to Mj-1 ranged from 0.8 to
5.7 cM. These dominant markers were found in a cou-
pling configuration and flanking the locus (Fig. 2). The-
oreticaly, it would be possible to detect markers also in
repulsion-phase linkage with these DNA bulks since
both were composed of F,:F; individuals with genotypes
completely classified for the target locus. Some ampl-
icons were indeed found associated with the susceptible
bulk but did not provide evidence for repulsion-phase
linkage.

The closest amplicon was OP-Q65, located 0.8 cM
from the Mj-1 locus. This amplicon is most likely the
best candidate for marker-assisted selection because of
its distance from the Mj-1 locus and its band intensity
(rating 1 to 2). Additionally, scoring is efficient since
it has a very distinct electrophoretic pattern without
comigrating bands (Fig. 1, panel B). The other non-
polymorphic, slow-migrating amplicons in the profile
of the OP-Q6 primer can be used as an internal control
to verify whether or not the RAPD reaction was proper-
ly performed. It is interesting to note that only nine of
the carrot entries had amplicons similar to OP-Q65, in
their genomes (Table 1). The marker OP-U12,,, was
also relatively easy to score. It is the fastest migrating
band (intensity score = 2) whose amplicon profile is not
complex (Fig. 1, panel D). However, OP-U12., is the
most distant marker scored (5.7 cM away from the lo-
cus).

Not all markers were as easy to score. OP-AL 15,
for example, has a comigrating band at about 550 bp
(Fig. 1, panel C). This characteristic, along with its weak
intensity (score = 2 to 3), will limit the genetic use of
this marker. Moreover, the presence of bands similar to
OP-AL 15, in a large number of accessions will limit
its usefulness in marker-assisted selection. Likewise, a
large number of accessions had similar OP-C2,,4, pro-
files, which were also difficult to score. Plants without
this marker may have one or two (fainter) bands with
similar electrophoretic mobility (Fig. 1, panel A). It has
not been determined if one of these bands is an alternate
OP-C2;;o, alele. If PCR is conducted under less-
stringent conditions (e.g., primer annealing temperatures
below34°C) a brighter band with similar electrophoretic
behavior can be observed.

An overall effect of the type of DNA polymerase on
the number of amplicons was not systematically evalu-
ated in our experiments. However, our results indicated
that AmpliTag DNA polymerase was able to produce
more readily scorable amplicons than displayed by Taq
DNA polymerase. It isimportant to note that no remark-
able differences were observed between enzymes when
only amplicons with strong to medium intensity were
taken into account. This observation reinforces the no-
tion that one of the mgjor factors associated with the re-
producibility of a given RAPD marker is its amplifica-
tion intensity (Skroch and Nienhuis 1995). The ability
to generate more-complex amplicon profiles (even con-

sisting of weak band intensities) may, however, be use-
ful especialy in high-resolution local mapping. In our
case, two of the polymorphic amplicons (OP-AL 155,
and OP-U12,,) linked to the Mj-1 locus were scored as
being of medium-to-weak intensity (Fig. 1, panels C and
D). Even though some of these markers may not be use-
ful directly as stable RAPD markers their sequence in-
formation can still be used to produce more stable mark-
ers. RAPDs with low band intensity can be isolated
from the gel, sequence characterized, and converted into
a more-stable class of markers. In this context, the de-
velopment of SCAR primers from these RAPD markers
is one applicable strategy to improve both stability and
specificity (Paran and Michelmore 1993). A similar ap-
proach applies with the putative markers OP-C2,,, and
OP-16,4,, OP-185y, and OP-Y 10,4, for which areliable
placement on the map (as RAPD markers) was not pos-
sible.

As discussed by Michelmore et al. (1991), the success
of the RAPD-BSA approach for the identification of mo-
lecular markers will depend on the amount of genetic di-
vergence between the parental lines at the target locus. In
our survey, we were able to detect only four reliable
amplicons in the vicinity of the Mj-1 region. These re-
sults suggest that this locus is a novel mutation and/or it
resides in an evolutionary constrained region of the car-
rot genome. Nevertheless, the relative tight linkage of
these markers to the Mj-1 locus (Fig. 2) indicates that
they might have merit for marker-assisted selection
(MAS) for increasing resistance-associated alleles in
populations derived from ‘Brasilia 1252'. They can also
be used to accelerate recovery in backcrossing programs
of the recurrent genotype, while minimizing the ‘linkage
drag’ associated with the source of resistance. In fact, the
resistant cultivar (‘Brasilia’) has some undesirable char-
acteristics including precocious bolting, green shoulder,
and low-to-intermediate root carotene content (Padua et
al. 1984; Giordano 1991). The linkage relationships of
these undesirable traits with Mj-1 locus have still to be
determined.

The usefulness of these markers to assist the transfer
of resistance into different genetic backgrounds was esti-
mated by analyzing a large number of carrot accessions
(Table 1). The results demonstrated that, with few excep-
tions, this collection of markers (as a group) is readily
applicable for linkage analysis and marker-assisted se-
lection (MAS) in ‘Brasilia 1252'—derived germplasm
(Table 1). In fact, only five accessions (all derived from
‘Brasilia 1252' and resistant to M. javanica) had the si-
multaneous presence of all markers in their genomes
(Table 1). Therefore, one (or more) of these RAPD
markers may be valuable in MAS for the incorporation
of resistance into currently available elite carrot germ-
plasm. It is interesting to note that OP-AL 155, and OP-
C2,7¢0 Occurred in 114 out of 118 and 71 out of 120 en-
tries, respectively, while OP-Q65y, and OP-U12,,, oc-
curred only in 9 out of 121 and 14 out of 120 entries, re-
spectively. It seems unlikely that the high incidence of
the first two markers is due to recombination around the



Mj-1 locus, especialy in view of the low incidence of
the more-distant marker (OP-U12,,,). Another plausible
explanation is that OP-AL 15, and OP-C2,,, are dupli-
cated elsewhere in the carrot genome and the susceptible
parent used for mapping (‘B6274") happens to lack both
of these RAPD amplicons. The development of SCAR
markers for these RAPD loci, in conjunction with amore
extensive carrot mapping using distinct genetic back-
grounds, could clarify the genetic nature of this observa-
tion. Although few of the entries listed in Table 1 have
been evaluated for M. javanica resistance, its occurrence
is very rare (Roberts et a., unpublished). Therefore, it
would be important to determine whether the entries
bearing RAPD amplicons associated with the Mj-1 locus
are, in fact, resistant.

The original ‘Brasilia’ population is also source of re-
sistance against another important root-knot nematode,
M. incognita (Charchar and Vieira 1994). Our analysis
using F5 lines derived from a similar genetic background
(and segregating for the reaction against both nema-
todes) provided insights regarding the organization of
the root-knot nematode resistance genes in this cultivar.
The F5 lines *638-1" (moderately resistant to M. incogni-
ta but susceptible to M. javanica) and ‘638-2" (suscepti-
ble to both pathogens) did not share three of the Mj-1
the other hand, the lines ‘636-11" (susceptible to M. in-
cognita and resistant to M. javanica) and ‘636-12' (re-
sistant to both pathogens) displayed all the polymorphic
RAPD markers. Therefore, al four lines had in common
only the most-distant marker (OPU12,,). These prelimi-
nary results suggest that genes controlling resistance to
M. incognita and M. javanica reside at distinct loci,
which may be located relatively close together in the
same linkage group as indicated by the overlapping of
OPU12,.

The high number of scorable amplicons (approxi-
mately 2400) obtained with RAPD-BSA in our assay can
be employed for subsequent general linkage mapping
work to generate new landmarks throughout the carrot
genome. The population employed in the present study is
well-suited for this purpose since both parental lines also
display a large amount of phenotypic diversity for
severa traits of agronomic interest (Padua et al. 1984;
Giordano 1991). In addition, the present study was able
to identify a large number of primers with poor or no
amplification (309 out 1000). This database can be used
in future RAPD mapping work as a guideline to select
particular sub-sets of genetically more informative prim-
ers thus increasing the genome scanning efficiency in
this carrot population.

The isolation of the first two genes conferring resis-
tance to plant parasitic nematodes was achieved by us-
ing a positional cloning approach (Cai et al. 1997;
Milligan et al. 1998). However, a maor requirement
before initiating any map-based cloning project is the
identification of a large collection of markers spanning
the target locus. This ‘chromosome landing’ approach
has been successfully employed for disease resistance
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gene isolation in near-saturated genomic regions in
Arabidopsis thaliana and tomato (Young and Phillips
1994; Tanksley et al. 1995). Development of dense mo-
lecular maps employing isozyme, RAPD, RFLP, and
AFLP markers are under construction using diverse
carrot populations (Westphal and Wricke 1991; Schulz
et a. 1994; Vivek and Simon 1999). These maps in-
clude the genetic location of important loci controlling
root quality and other phenotypic traits of interest for
carrot breeding and genetics (Vivek and Simon 1999).
The work reported here is, however, the first systematic
attempt to map a locus conditioning disease resistance
in carrot.

Acknowledgements The authors are grateful to Drs. J. Staub and
T. C. Osborn (University of Wisconsin-Madison) for their critical
review of the manuscript. Thanks are also due to Carlos A.F.
Santos (CPTSA-EMBRAPA) for his assistance in the linkage
analysis, to Patrick Cullen and Jeremy Richards for their assis-
tance with the primer screening work, and to Dr. Douglas Senalik
for his help with the figures.

References

Boiteux LS, Fonseca MEN, Simon PW (1999) Effects of plant tis-
sue and DNA purification methods on randomly amplified
polymorphic DNA-based genetic fingerprinting analysis in
carrot. JAm Soc Hort Sci 124: 3238

Cai D., Kleine M, Kifle S, Harloff H-J, Sandal NN, Marcker KA,
Klein-Lankhorst RM, Salentijn EMJ, Lange W, Stiekema WJ,
Wyss U, Grundler FMW, Jung C (1997) Positional cloning of
a gene for nematode resistance in sugar beet. Science 275:
832-834

Charchar JM, Vieira JV (1994) Selec@o de cenoura com resisten-
cia a nematoides de galhas (Meloidogyne spp.) Hort Bras 12:
144-148

Charchar JM, Vieira JV, Huang CS (1982) Ciclos de selecéo de
cenoura para resisténcia a Meloidoginose In: Proc of Congr
Bras Olericultura, Soc Olericultura do Brasil, Vitoria, Espirito
Santo, Brazil, pp 216

Giordano, L de B (1991) Cultivares de hortalicas desenvolvidas
pela pesquisa nacional. In: Proc 21st Congr Bras Olericultura,
Belo Horizonte, Minas Gerais, Brazil, pp 119-156.

Huang CS, Charchar JM (1982) Preplanting inoculum densities of
root-knot nematode related to carrot yield in greenhouse. Plant
Dis 66: 1064—1066

Huang SP (1986) Penetration, development, reproduction and sex
ratio of Meloidogyne javanica in three carrot cultivars. J
Nematol 18: 408-412

Huang SP, Della Vecchia PT, Ferreira PE (1986) Varietal response
and estimates of heritability of resistance to Meloidogyne ja-
vanica in carrots. J Nematol 18: 496-501

Kosambi DD (1944) The estimation of map distance from recom-
bination values. Ann Eugen 12: 172-175

Lander ES, Green P, Abrahamson J, Barlow A, Daly MJ, Lincoln
SE, Newburg L (1987) MAPMAKER: an interactive computer
package for constructing primary genetic linkage maps of ex-
perimental and natural populations. Genomics 1: 174-181

Lincoln SE, Daly M, Lander ES (1992) Constructing genetic maps
with MAPMAKER/EXP 3.0. Whitehouse Institute Technical
Report 3rd edn

Michelmore RW (1995) Molecular approaches to manipulation of
disease resistance genes. Annu Rev Phytopathol 15: 393427

Michelmore RW, Paran |, Kesseli RV (1991) Identification of
markers linked to disease resistance genes by bulked segregant
analysis: arapid method to detect markers in specific genomic
regions by using segregating populations. Proc Natl Acad Sci
USA 88: 9828-9832



446

Milligan SB, Bodeau J, Yaghoobi J, Kaloshian |, Zabel P,
Williamson VM (1998) The root knot nematode resistance
gene Mi from tomato is a member of the leucine zipper, nucle-
otide binding, leucine-rich repeat family of plant genes. Plant
Cell 10:1307-1319

Mohan M, Nair S, Bhagwat A, Krishna TG, Yano M, Bhatia CR,
Sasaki T (1997) Genome mapping, molecular markers and
marker-assisted selection in crop plants. Mol Breed 3: 87-103

Padua JG, Pinto cM F, Casali VWD (1984) Cultivares de cenoura.
Inf Agropecuério, Belo Horizonte, Minas Gerais, Brazil. 10:
1518

Paran |, Michelmore RW (1993) Development of reliable PCR-
based markers linked to downy mildew resistance genesin let-
tuce. Theor Appl Genet 85: 985-993

Paterson AH (1996) Genome mapping in plants. Academic Press,
R.G. Landes Company, Austin, Texas, USA

Peterson CE, Simon PW (1986) Carrot Breeding. In: Basset MJ
(ed) Breeding vegetable crops. AVI Publishing Company,
Westport, Connecticut, USA, pp 321-356

Saghai-Maroof MA, Soliman KM, Jorgensen RA, Allard RW
(1984) Ribosomal DNA spacer-length polymorphisms in bar-
ley: Mendelian inheritance, chromosomal location, and popu-
lation dynamics. Proc Natl Acad Sci USA 81: 8014-8018

Schulz B, Westphal L, Wricke G (1994) Linkage groups of iso-
zymes, RFLP and RAPD markers in carrot (Daucus carota L.
sativus ). Euphytica 74: 67—76

Simon PW, Roberts PA, Boiteux LS (1997) Germplasm sources,
inheritance, and marker assisted selection for southern and
northern nematodes in carrot. J Appl Genet 38(A): 57-59

Simon PW, Matthews WC, Roberts PA (1999) Evidence for
simply inherited dominant resistance to Meloidogyne javanica
in carrot. Theor Appl Genet (in press)

Skroch PW, Nienhuis J (1995) Impact on scoring error and repro-
ducibility of RAPD data on RAPD-based estimates of genetic
distance. Theor Appl Genet 91: 1086-1091

Stein M, Nothnagel Th (1995) Some remarks on carrot breeding
(Daucus carota sativus Hoffm.). Plant Breed 114: 1-11

Tanksley SD, Ganal MW, Martin GB (1995) Chromosome land-
ing: a paradigm for map-based gene cloning in plants with
large genomes. Trends Genet 11: 63—68

Vivek BS, Simon PW (1999) Linkage relationships among mole-
cular markers and storage root traits of carrot (Daucus carota
L. spp. sativus). Theor Appl Genet 99:58-64

Westphal L, Wricke G (1991) Genetic and linkage analysis of iso-
zyme loci in Daucus carota L. Euphytica 56: 259-267

Williams JGK, Kubelik AR, Livak JA, Rafalski JA, Tingey SV
(1990) DNA polymorphisms amplified by arbitrary primers
are useful as genetic markers. Nucleic Acids Res 18:
65316535

Young ND, Phillips RL (1994) Cloning plant genes known only
by phenotype. Plant Cell 6: 1193—1195



