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ABSTRACT
To increase the utility of Antirrhinum for genetic and evolutionary studies, we constructed a molecular

linkage map for an interspecific hybrid A. majus � A. molle. An F2 population (n � 92) was genotyped at
a minimum of 243 individual loci. Although distorted transmission ratios were observed at marker loci
throughout the genome, a mapping strategy based on a fixed framework of codominant markers allowed
the loci to be placed into eight robust linkage groups consistent with the haploid chromosome number
of Antirrhinum. The mapped loci included 164 protein-coding genes and a similar number of unknown
sequences mapped as AFLP, RFLP, ISTR, and ISSR markers. Inclusion of sequences from mutant loci
allowed provisional alignment of classical and molecular linkage groups. The total map length was 613
cM with an average interval of 2.5 cM, but most of the loci were aggregated into clusters reducing the
effective distance between markers. Potential causes of transmission ratio distortion and its effects on map
construction were investigated. This first molecular linkage map for Antirrhinum should facilitate further
mapping of mutations, major QTL, and other coding sequences in this model genus.

THE genus Antirrhinum (Plantaginacae or Veroni- Darwin 1868). Following the later work of Baur (1907)
and Wheldale (1907), A. majus was adopted morecacae; Olmstead et al. 2001) consists of �20 species

that are native to the western Mediterranean region widely (reviewed by Stubbe 1966), resulting in a large
collection of A. majus mutants, �400 of which surviveand mostly endemic to the Iberian Peninsula (Sutton
(Hammer et al. 1990). Genetically unstable mutations1988). The species vary considerably in morphology,
in loci required for anthocyanin pigmentation allowedsize, and habitat and include both small shrubs and
isolation of three families of mutagenic transposonsherbs. All behave genetically as diploids, share the chro-
(Bonas et al. 1984; Sommer et al. 1985; Luo et al. 1991).mosome number of 2n � 16, and form fertile hybrids
Because members of two families transpose by cut-and-when artificially cross-pollinated (Rieger 1957; Stubbe
paste mechanisms, they have been used as tags to clone1966; W.-E. Lönnig, unpublished results). The genus
genes or to generate mutations in sequences of un-also includes Antirrhinum majus, which has been domes-
known function. Over 40 genes and corresponding mu-ticated as an ornamental over two millennia and
tations have been identified in this way, including genesadopted as a genetic model. Cultivated varieties and
involved in floral meristem and organ identity (e.g.,wild progenitors of A. majus and A. siculum are able to
Coen et al. 1990; Sommer et al. 1990), asymmetry ofself-pollinate whereas all other members of the genus
flowers and lateral organs (e.g., Luo et al. 1996; Waitesshow gametophytic self-incompatibility and therefore
et al. 1998), cellular morphology (Noda et al. 1994),are largely, or entirely, outbreeding. Self-incompatibility
and pigmentation (e.g., Martin et al. 1985; Goodrichis determined by a single S locus in Antirrhinum and
et al. 1992). Where tested, the majority of classical muta-involves rejection of pollen grains carrying an S allele
tions have been caused by transposons that have subse-that is also present in the female (Gruber 1932; East
quently become stable (e.g., Sommer et al. 1990; Kunze1940; Herrmann 1973).
et al. 1997). Antirrhinum is a member of the AsteridGenetic variation within A. majus and between A. ma-
clade, which, together with the Rosids, comprise �75%jus and other Antirrhinum species was first exploited in
of extant eudicots (Soltis et al. 1999). The more widelystudies of inheritance in the mid-1800s (Godron 1863;
used model plant, Arabidopsis thaliana, is a Rosid and
therefore parallel analysis in the two species has allowed
identification of both conserved and divergent gene
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it with 32P-labeled probes. Because the A. molle parent proved tomarkers in eight linkage groups (LGs) and a total length
be heterozygous for polymorphisms at many loci, we detectedof �420 cM (Stubbe 1966). Cytologically visible dele-
RFLPs present in the mapping population by comparing the

tions that unmasked recessive mutations allowed two inbred A. majus parent with the F1 hybrid. We assumed that
linkage groups to be assigned tentatively to chromo- alleles unique to the F1 had been contributed by A. molle and

confirmed their origins by linkage analysis. The majority ofsomes distinguishable by size and by morphological fea-
RFLP markers were detected with expressed sequence tagstures (Pohlendt 1942). Linkage analyses in crosses be-
(ESTs) selected at random from a cDNA library in �-phagetween A. majus mutants and several other species,
(Sommer et al. 1990), subcloned into pUC18, and sequenced

including A. molle, revealed conservation of gene order (see http://www.antirrhinum.org for details of sequences). Re-
within a substantial part of two chromosomes (Stubbe dundancy was eliminated by hybridizing newly isolated inserts

with previous probes. Other RFLP markers (shown in the map1966), but estimates of map distances differed according
by the abbreviated gene names) represent the coding or 5�to the species used as parents (Kühl 1937; Hoffmann
regions of genes with known mutant phenotypes or their ho-1949).
mologs, which were either obtained during our research or

A molecular linkage map would allow full use of A. kindly provided by Enrico Coen, Cathy Martin, and Des Brad-
majus for comparative developmental studies and ex- ley (JIC, Norwich). In several cases, RFLP probes detected

several unlinked polymorphic bands (e.g., 16.1, 16.2, etc.),ploitation of the wide phenotypic variation within the
assumed to represent paralogous loci. We mapped transposongenus Antirrhinum for genetic analysis of adaptation
insertion sites (designated Tam) as RFLPs using Tam1, Tam8,and species evolution. The primary aim of the work
or Tam9 transposon sequences or flanking sequences as

reported here was to construct a molecular linkage map probes.
for Antirrhinum using the F2 progeny of an A. majus � We mapped 18 loci as codominant cleaved amplified poly-

morphic sequences (CAPS) and two as dominant markersA. molle hybrid. Distorted transmission ratios were de-
when primers were able to amplify only one parental allele.tected at the majority of loci. Using available mapping
We designed primers from the cDNA sequences of A. majussoftware in a strategy that minimized the effects of distor-
genes with known functions or from a collection of A. majus

tion, markers at a minimum of 243 loci were ordered ESTs representing �12,000 unique genes. Other sequences
into eight linkage groups. The markers included 164 were kindly provided by Jorge Almeida (ITQB, Lisbon) and
protein-coding genes that were found to fall into several Cathy Martin and John Doonan (JIC, Norwich). When geno-

mic sequence information was available, we designed primersgene-rich clusters with a marker density that would facili-
within exon sequences flanking one or more introns. Wheretate additional genetic exploitation of this model genus.
only cDNA sequence was available for A. majus, we predicted
the positions of introns in conserved coding regions by com-
parison to Arabidopsis genomic sequences and confirmed theMATERIALS AND METHODS identity of PCR products and the positions of introns by se-
quencing. We amplified sequences from 6 ng of templatePlant material: We produced an F2 mapping population
DNA and analyzed their digestion products in 1–4% agarose(n � 92) from a single F1 progeny of a cross between A. majus
gels.(as female) and A. molle (as male). We had derived the A.

We produced amplified fragment length polymorphismmajus parent, line 165E, by repeated self-pollination of line
(AFLP) fragments using the method of Vos et al. (1995) withJI.98, kindly provided by Rosemary Carpenter (JIC, Norwich,
the 33P-labeled EcoRI primer E31 and the MseI primers M33,United Kingdom). Line JI.98 had itself been produced by �10
M35, and M36. We separated amplification products in se-generations of self-pollination (Harrison and Carpenter
quencing gels and visualized them by autoradiography.1979; Sommer et al. 1985). We obtained the A. molle parent

We amplified inverse sequence tagged repeats (ISTRs), cor-from the IPK (Gatersleben, Germany), from an accession that
responding to Copia/Ty-like retroposons, using two 33P-labeledwas probably collected originally in Catalunia, Spain. A. molle
primer combinations as described by Duran et al. (1997). Weis entirely self-incompatible and must therefore be maintained
separated products in sequencing gels and detected them byby cross-pollination. We found the A. molle parent of the map-
autoradiography (Rohde 1996).ping population to be heterozygous at many loci and we de-

We performed intersimple sequence repeat (ISSR) analysistected more than two alleles of some loci within the original
by PCR amplification from 6 ng DNA template using a singleA. molle seed accession. This suggested that repeated sib mat-
primer [5�-(CA)8T-3�] at the annealing temperature of 50�ings had not been involved in creating the A. molle accession
(Godwin et al. 1997) and analyzed products in 1% agaroseand therefore that this mapping parent had experienced little
gels.inbreeding. We selected F2 plants at random and propagated

Data analysis and linkage mapping: All AFLPs, ISTRs, andthem vegetatively to obtain sufficient leaf tissue for DNA prepa-
ISSRs as well as some RFLP and CAPS markers that detectedration. In addition, we generated two further F2 populations
only one allele were scored for presence/absence. The geno-to examine transmission ratios in hybrids between A. majus
types of loci with codominant RFLP or CAPS alleles werelines—one by crossing 165E to Sippe 50, a further inbred line
scored as one of three states (homozygous A. molle, homozy-of A. majus, another by crossing 165E to a morphological
gous A. majus, or heterozygote). Subsequently, these data weremutant with the Sippe 50 genetic background. For each popu-
transformed into presence/absence values of two segregatinglation we genotyped 96 F2 plants for selected codominant
alleles. Characteristics of all the markers available for linkagemarkers.
mapping are listed in Table 1.Molecular analysis: We extracted genomic DNA from frozen

Deviations from Mendelian segregation ratios of 3:1 foryoung leaves as described by Doyle and Doyle (1987). To
dominant alleles and 1:2:1 for codominant loci were testeddetect restriction fragment length polymorphism (RFLP), we
using �2 values with 1 or 2 d.f., respectively. To representdigested �1.5 �g DNA with a panel of restriction enzymes
the threshold for significantly distorted transmission of alleles(BglII, EcoRI, EcoRV, HindIII, or AsnI), separated it in 1%

agarose gels, blotted it onto nylon membranes, and hybridized graphically, the deviation from the expected proportion of



701Molecular Linkage Map for Antirrhinum

one homozygote (0.25) giving a significant �2 value (	 � 0.05 these provided a total of 418 segregating markers at a
with 1 d.f.) was calculated as 
0.16. Fewer codominant loci maximum of 292 different loci (Table 1).
have allele frequencies outside these thresholds than show Extensive distortion of allele transmission ratios wassignificantly distorted transmission overall because calcula-

observed for all marker types. A total of 161 dominanttions of overall transmission ratio distortion were made using
markers (38.5%) showed significant deviations (	 �all three allelic states. The threshold values therefore can be

regarded as conservative for codominant loci. 0.05) from the expected segregation ratio of 3:1 and
Linkage analysis, estimation of recombination frequencies, about half of these (18% of markers) showed deviations

and determination of linear orders between linked loci (in- that were significant at the higher threshold of 	 �
cluding multipoint linkage analysis and the EM algorithm to

0.005.handle missing data) were performed as described by Ritter
For codominant markers a total of 76 loci (60%)et al. (1990) and Ritter and Salamini (1996). The MAPRF

showed significant deviations (	 � 0.05) from the ex-program (Ritter and Salamini 1996) was applied for the
computational methods. pected 1:2:1 segregation ratio, and the deviations of

The basic procedure consisted of first identifying the allelic more than half of these (31% of loci) were significant
configurations (coupling or repulsion) between each pair of at the higher threshold of 	 � 0.005. On average, wemarkers. Subsequently, �2 tests of linkage were performed and

found 11.8% fewer homozygotes than expected for A.recombination frequencies between alleles calculated ac-
molle alleles and 26.8% fewer for A. majus alleles andcording to their configuration. Linked markers were arranged

into linkage groups using a nearest-neighbor method and a therefore a genomewide excess of 38.6% heterozygotes.
minimum LOD score threshold of 3.0 between at least one Loci showing distorted transmission ratios mapped
pair of markers in the group. The explicit order of markers throughout the genome, and the nature of distortion
within linkage groups was determined by obtaining the order also varied with position (see below).that maximized the sum of LOD. Different strategies for con-

Construction of linkage maps: For the first round ofstructing linkage maps involving different marker types were
map construction, linkage groups were established us-applied and compared as described in results.

Genome length was calculated using method 4 of Chakra- ing individual alleles of codominant loci and dominant
varti et al. (1991). Map coverage, expressed as the proportion markers linked in coupling phase as described by Rit-
c of a genome within d cM of a marker, was calculated ac- ter et al. (1990). The markers could easily be arranged
cording to Fishman et al. (2001).

in 16 linkage groups, corresponding to the parental
chromosomes, using a LOD score threshold of 3.0. It
was evident which pairs of linkage groups were homolo-

RESULTS gous (in repulsion phase) on the basis of the informa-
tion available from the integrated codominant markers.Identification and mapping of DNA polymorphisms:
However, transmission ratio distortion prevented unam-The two most commonly used laboratory lines of A.
biguous ordering of fragments within linkage groupsmajus showed a much lower frequency of polymor-
and the statistically most likely order of markers differedphisms, detectable as RFLP or CAPS, than A. majus
among homologous linkage groups. Therefore, pro-compared to other Antirrhinum species. In a prescreen
jecting homologous linkage groups onto one linkageto select appropriate probe-enzyme combinations for
group using the method of allelic bridges (Ritter and

RFLP analysis, 70% of probes were found to detect poly-
Salamini 1996) was unlikely to be reliable.

morphisms between A. molle and A. majus for at least In a second approach, codominant and dominant
one of five restriction enzymes, whereas �20% detected markers were used together. Recombination frequen-
RFLPs within A. majus (data not shown). A similar fre- cies (RF) between each pair of markers were calculated
quency of polymorphisms was detected in CAPS analysis. using the formulas of Ritter and Salamini (1996) to
AFLPs were also about three times more common be- accommodate the different states of codominant and
tween A. majus and A. molle than within A. majus. There- dominant markers. Eight linkage groups could again
fore, to facilitate identification of polymorphic molecu- be established with this method. However, it was not
lar markers, an F2 mapping population (n � 92) was possible to assign an order of loci within these groups
generated from a single F1 progeny of the interspecific consistent with RF values for all pairwise combinations
cross A. majus � A. molle. of loci.

Codominant RFLP or CAPS alleles were detected at A third approach was therefore applied. RF values
126 loci and dominant alleles at another 38 loci. ISTR were calculated only for codominant markers with three
and three AFLP primer combinations generated 25 and allelic states. A minimum LOD score threshold of 3.0
99 dominant polymorphic fragments, respectively, and between adjacent markers allowed construction of a
an ISSR primer another four fragments. Comparisons core map consisting of 8 linkage groups. The statistically
of the alleles in the A. majus and F1 parents, confirmed most likely order of markers obtained in this way was
by testing which alleles were in coupling phase in the also more consistent with RF values for larger intervals.
F2, revealed that 80 dominant alleles were descended The orders and distances in this core map were there-
from A. molle and a similar number (86) from A. majus. fore fixed and 16 linkage groups, each composed of

alleles in coupling phase, were reconstructed from theTogether with codominant alleles of another 126 loci,
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TABLE 1TABLE 1

Markers used in map construction (Continued)

Marker TypeMarker Type

1 R* 89 R
2 R 90.1 R
3 R* 90.2 R
4 R* 93.1 R*
6.1 R* 93.2 R*
6.2 RO* 103 R*
8 R 107 R*
10 R* 113 R
11 R* 114 R
12 R 118 R
13 R* 126 R*
14.1 RA 131 RO
14.1 RO* 147 RO
14.2 RA 149 R*
14.3 RO 153 R*
14.5 RA* 154 R*
15 R 155 R
16.1 RA 157 R
16.2 RO 158 R*
16.3 RO* 159.1 RA*
18 R 159.2 RA
19 R* 159.3 RO
24 R 165 R*
25 R* 166 R*
26.1 R* 167 R
26.2 R* 168 R*30 R

177 R31 R*
178 R*32 R*
179.1 R33 R
179.2 R*34 R*
180 RA37 R*
183 R38 R*
184 R*39 R*
188.1 R40 R
188.2 R41.1 R
189 R41.2 R*
190 R*42 R*
194 RA*43 R*
195 R*45 R*
200 C46 R*
201 C*48 R
202 C*49 R
203 C52 RA*
204 C55 R*
205 C*57 R*
206 C*61 R*
207 C*63 R*
208 C*70 R
209 C74 R*
210 C*76 RA*
211 C77 R*
212 CA*78 R*
213 CA*81 R*
214 P83 R*
516.1 R87 R*
516.2 R88 RA*

(continued)(continued)



703Molecular Linkage Map for Antirrhinum

TABLE 1 eight groups. All remaining dominant markers were
then integrated in coupling phase into the 16 linkage(Continued)
groups. The final linkage map was obtained by pro-
jecting each pair of homologous linkage groups onto 1Marker Type
combined linkage group based on allelic bridges (Rit-

CDC2C (gi:1321675) C* ter and Salamini 1996).
CDC2D (gi:1321677) C

Twenty-three markers (14 ISTRs, 6 AFLPs, 1 ISSR,CENTRORADIALIS (CEN) R
and 1 codominant RFLP marker) showed ambiguousCYCD3B (gi:6448483) C
associations to mapped loci. These markers, 7 of whichCYCLOIDEA (CYC) R*
showed severe distortion, were not included.DEFH11 R

DEFH125 (gi:1816458) R In 8 cases, AFLP primer combinations revealed pairs
DEFH24 R of markers in repulsion with RFs of zero, representing
DEFH49 (gi:1239960) R potentially codominant alleles of the same locus (see Fig-
DEFH52 R ure 1). In another 19 cases, markers of the same primer
DEFH72.1 (gi:1239962) R

combination were linked in coupling with RF � 0, there-DEFH72.2 R
fore representing potentially identical loci. These mark-DEFH84.1 R
ers are represented in Figure 1 as single loci. Due toDEFH84.2 R

DEFH9.1 A* this and to the exclusion of ambiguous markers, the
DEFH9.2 RA* minimum estimate for the number of mapped loci was
DEFH9.3 RO reduced to 243.
DEFH9.4 RO* The map of eight linkage groups obtained by the
DEFICIENS (DEF) R* third approach described above is displayed in FigureDELILA (DEL) R

1 and its characteristics are summarized in Table 2. TheE31/M33 AFLP
total map length (using the Kosambi function; KosambiE31/M35 AFLP
1944) was 613 cM with individual linkage groups varyingE31/M36 AFLP

F7B1a ISTR between 33.5 and 96 cM. Each group contained between
F8B4 ISTR 15 and 42 markers with an average of 30.4 markers per
FAP2 (gi:2673869) P* linkage group. The 243 loci included 118 codominant
FARINELLI (FAR) R* and 125 dominant markers (Table 2).
FIL1 (gi:406308) R*

The total genome length was estimated to be 658.3FIL2 (gi:441265) R*
cM. Our map of 613.1 cM would therefore representFLORICAULA (FLO) R*
�93% of the total genome length. Using the methodsGLOBOSA (GLO) R*

HIRZINA (HIRZ) C described by Fishman et al. (2001), we estimated 97.5%
INCOLORATA2 (INC2) R* of the genome to be within 10 cM of a linked marker
INVAGINATA (INA) C* and 84.2% to be within 5 cM.
ISSR814 ISSR Analysis of transmission ratio distortion: Loci showing
NIVEA (NIV) R distorted transmission ratios were widespread (FigureOCTANDRA (OCT) R*

2). The direction of distortion varied within and be-OLIVE (OLI) R*
tween chromosomes. Large parts of LG1, LG3, and LG5PALLIDA (PAL) R*
showed an excess of alleles descended from A. molle,PHANTASTICA (PHAN) CA

PLENA (PLE) R accompanied mainly by a deficit of homozygotes for A.
RADIALIS (RAD) RA* majus alleles, whereas most of LG4 and LG6 showed a
SBP1 (gi:1183865) C reduced frequency of homozygotes for A. molle alleles
SQUAMOSA (SQUA) R* and an excess of A. majus alleles. Skewed transmission
TAM1 R*

of alleles in LG7 resulted from reduction in the fre-TAM8.1 RA
quency of both homozygotes relative to heterozygotes.TAM8.2 RO*
The most severe distortions were observed in the middleTAM8.3 RO*
of LG1 (lack of A. majus homozygotes), at 30 cM onTam8.4 RA

Tam8.5 RA* LG4 (absence of A. molle homozygotes), and at the lower
Tam9 RO end of LG6 (absence of A. molle homozygotes).
TAP1 (gi:16066) R* Because the F2 mapping population consists of inter-

Markers showing distorted segregation are indicated with specific hybrids, one explanation for distorted transmis-
an asterisk. Names for genes with corresponding mutations sion ratios is that they result from epistatic interaction
are shown in full. Genes with known expression patterns and between alleles derived from different parents. This is
biochemical functions are abbreviated and shown with their

expected to result in a lower frequency of plants homo-database accession numbers. R, RFLP; C, CAPS; P, PCR; O,
zygous for the A. majus allele (a) at one locus and fordominant marker from A. molle ; A, dominant marker from A.

majus. the A. molle allele (b) at a second locus. To test for such
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TABLE 2 0.04), but the direction of distortion was reversed, in-
volving an excess of Sippe 50 homozygotes relative toCharacteristics of the Antirrhinum linkage map
heterozygotes. Together with the results from LG1, this
suggested that transmission ratio distortion is not con-No. of No. of

Linkage Length codominant dominant Total no. fined to the interspecific hybrid and that it might have
group (cM) markers markers of markers different causes in different hybrid combinations.

For at least one region, the transmission ratio distor-1 82.8 24 12 36
tion appeared confined to the interspecies cross. The2 33.5 16 13 29
CYCLOIDEA (CYC) locus of LG6, for which no A. molle3 72.0 13 18 31

4 89.1 23 19 42 homozygotes were recovered from the interspecific hy-
5 82.8 7 16 23 brid, showed undistorted segregation within the A. ma-
6 95.9 12 28 40 jus hybrid (31 165E homozygotes, 41 heterozygotes, and
7 90.0 14 13 27 24 Sippe 50 homozygotes). This lack of distortion was8 67.0 9 6 15

therefore used in an attempt to compare map distances
Total 613.1 118 125 243 derived in the presence or absence of distortion. A
Mean 76.6 14.8 15.6 30.4 three-point linkage analysis was made with codominant

markers in the region of LG6 around CYC using an F2

population (n � 96) segregating 165E and Sippe 50
genetic backgrounds. Map distances calculated fromepistatic interactions, regions showing �15% a/a or

b/b homozygotes were identified (5 regions from A. this A. majus population were higher than those from
the interspecific hybrid—4.17 cM between CYC and lo-majus and 10 regions from A. molle, including 1 region

of LG7 included in both classes). A representative locus cus 76 compared to 10.6 cM in the original map and
0.7 cM (a single recombinant) between CYC and locuswith codominant markers, corresponding to the posi-

tion of maximum distortion, was selected from each 194 compared to no recombinants in the original popu-
lation. This suggests that severely distorted transmissionregion and missing, ambiguous, or anomalous geno-

types were replaced by reference to flanking markers. might have contributed to an approximately twofold
increase in estimated map distances around the CYCThe expected number of a/a b/b homozygotes for each

pairwise combination of a/a-depleted and b/b-depleted locus.
loci was calculated from the product of the individual
homozygous genotype frequencies. The frequency of

DISCUSSION
a/a b/b double homozygotes was significantly lower
than expected (	 � 0.05, using a �2 test with 1 d.f.) for Various DNA marker types (RFLP, EST, AFLP, ISTR,

and ISSR) were successfully applied to detect polymor-only one combination of unlinked loci. The region of
LG5 around marker 48 (22% of total length) was under- phisms segregating in the F2 population of an interspe-

cific hybrid, A. majus � A. molle. Although significantlyrepresented as A. majus homozygotes in plants that were
also homozygous for the A. molle region of LG8 around distorted transmission ratios were detected for the ma-

jority of loci, construction of a robust linkage map wasmarker 26.1 (21% of total length).
A second explanation for distorted transmission ratios made possible using a framework of codominant mark-

ers. This map allowed the potential causes of transmis-is that it results from inbreeding depression and that the
reduced frequency of one class of homozygote reflects sion ratio distortion to be investigated further.

Transmission ratio distortion: Transmission ratio dis-linkage to a recessive allele that reduces zygote viability
in all backgrounds. For example, the lack of plants ho- tortion is a characteristic of interspecific hybrids in gen-

eral (Zamir and Tadmor 1986; Fishman et al. 2001) andmozygous for the middle of LG1 from A. majus might
result from a recessive mutation in this region carried has been noted previously for Antirrhinum (Hoffmann

1949). Theoretically it can result from selection actingby the A. majus parent, 165E. To test this, an F2 popula-
tion (n � 92) was generated by crossing 165E to a second at different stages of the life cycle. If selection acts solely

on the haploid genotype of F1 gametophytes or gametes,inbred line of A. majus, Sippe 50, and segregation at
the GLOBOSA (GLO) locus in the middle of LG1 ana- it should affect the frequency of an allele in F2 homozy-

gotes and heterozygotes proportionately. If it acts afterlyzed with codominant CAPS markers. As in the inter-
specific cross, the proportion of plant homozygotes for pollination—due, for example, to a self-incompatibility

interaction between haploid pollen grains and diploidthe glo allele from 165E was significantly lower than
expected (	 � 0.036), consistent with the presence of maternal tissues or to selection of diploid zygotes—it is

likely to affect one of the homozygote classes dispropor-a recessive deleterious allele in this region in line 165E.
However, the CDC2C locus in the region of LG4 for tionately. In the A. majus � A. molle hybrid, one genotype

is usually affected disproportionately, suggesting thatwhich A. molle homozygotes were not recovered from the
interspecific hybrid also showed significantly distorted selection acts predominantly after pollination or fertil-

ization. This contrasts with other interspecific hybridstransmission of alleles from the A. majus hybrid (	 �
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Figure 2.—Transmission of parental alleles to the F2 mapping population. The frequency of A. majus homozygotes (solid
squares), A. molle homozygotes (diamonds), and half the frequency of heterozygotes (shaded triangles) at each locus is plotted
against its map position (as a percentage of the linkage group length). All three allelic states are plotted for loci with codominant
markers. For loci detected with dominant markers, only the homozygous recessive class is represented. Solid lines represent the
frequency (0.25) expected in the absence of transmission ratio distortion and the broken lines represent thresholds for significant
distortion of one allelic state compared to the remaining two (95% limits; see materials and methods).

in which a large component of distortion is likely to the case with the A. majus � A. molle population, particu-
lar combinations of loci homozygous for different pa-reflect selection of haploid gametes or gametophytes

(e.g., Zamir and Tadmor 1986; Kreike and Stiekma rental alleles would be underrepresented. Only one sig-
nificant association of this type was detected—between1997).

The proposed selection of genotypes after pollination loci in LG5 and LG8—and the two loci involved showed
only moderate transmission ratio distortion. The rela-or fertilization has several potential causes. One expla-

nation is that it represents a case of hybrid breakdown, tively small population size is, however, likely to have
prevented detection of other epistatic interactions.observed as reduced viability of F2 progeny (reviewed

by Johnson 2000). Because hybrid breakdown in plants A second explanation for distorted transmission ratios
is that they result from inbreeding depression and elimi-is often observed first in F2 progeny, it may involve epi-

static interactions between recessive alleles. If this were nation of F2 zygotes homozygous for deleterious reces-
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sive alleles. The population showed an overall deficit of incompatibility, might also contribute to transmission
ratio distortion elsewhere in the genome. For example,A. molle alleles, consistent with the outbreeding A. molle

carrying more recessive, deleterious mutations than the unilateral incompatibility between Lycopersicon esculen-
tum and other Lycopersicon species (members of theinbred A. majus parent was carrying, as predicted theo-

retically and observed in other species (e.g., Lande and Solanaceae, a family closely related to Plantaginaceae)
involves interactions between alleles at several loci, in-Schemske 1985; Charlesworth and Charlesworth

1987; Baudry et al. 2001). A reduced frequency of A. cluding S (Bernacchi and Tanksley 1997). Similar
interactions in the F1 of A. majus � A. molle might there-majus homozygotes was also observed for loci toward

the middle of LG1, LG3, and LG7. In the case of LG1, fore cause reduced transmission through pollen of A.
molle alleles involved in unilateral incompatibility andthe same A. majus GLO allele also showed reduced trans-

mission from a cross to a second A. majus line. These of A. majus incompatibility alleles through ovules.
Many Antirrhinum species, including A. majus and A.results are consistent with the presence of a deleterious

allele in LG1 of the A. majus mapping parent that disad- molle, overlap in their geographic ranges and flowering
times and are able to form hybrids artificially. However,vantages homozygotes relative to zygotes carrying A.

molle or different A. majus alleles. Similarly, the reduced potential hybrids have been reported only rarely in na-
ture (Webb 1971; Sutton 1988). Selection against somefrequencies of A. molle homozygotes toward the top ends

of LG4, LG6, and LG7 are consistent with the presence hybrid zygote genotypes, as proposed to cause transmis-
sion ratio distortion in this experimental mapping popu-of deleterious A. molle alleles in these regions. The rela-

tively small population size prevented more accurate lation, might have contributed to the scarcity of viable
natural hybrids.mapping of loci that could account for inbreeding de-

pression (e.g., Remington and O’Malley 2000). Construction of a linkage map: Transmission ratio
distortion theoretically can affect map construction inAn additional explanation for selection against one

genotype is that self-incompatibility acts in the F1 parent two ways: it can lead to spurious association of distorted
loci with loose linkage and it can underestimate dis-to prevent fertilization by pollen grains carrying one

parental allele. This is likely to be responsible for the tances between closely linked loci (Liu 1998). Algo-
rithms have been developed specifically to deal withseverely distorted transmission of A. molle alleles toward

the lower end of LG6, including an absence of plants the loss of information that results from distortion and
affects dominant markers in particular (e.g., Lorieuxhomozygous for A. molle alleles of the CYC and

RADIALIS (RAD) loci. The self-incompatibility (S) locus et al. 1995). Given the significant proportion of codomi-
nant markers available for the Antirrhinum population,of several Antirrhinum species is closely linked to CYC

and RAD (Baur 1919; Gruber and Kühl 1932; Brieger we tested more general software in a novel approach.
Attempts to establish LGs of dominant alleles in cou-1935). The absence of A. molle homozygotes suggests

that all F1 pollen carrying the functional S allele from pling phase, treating alleles of codominant loci individu-
ally, led to ambiguous alignments. The same was trueA. molle are unable to effect self-fertilization and that

the eliminated loci are linked to S by �1 cM. Consistent for LGs constructed with combined dominant and co-
dominant markers. The use of mixed dominant andwith this, we detected no distorted transmission of CYC

alleles in a hybrid between self-fertile A. majus lines. codominant markers also has the inherent disadvantage
of allowing contradictions and unsafe alignments dueThe regions around the S loci of other genera are char-

acterized by low recombination frequencies (Tanksley to the different degrees of accuracy in estimating recom-
bination frequencies (Ritter et al. 1990). We thereforeet al. 1992; Li et al. 2000) and therefore association of

several markers with the S locus of Antirrhinum need adopted the approach of constructing a core map based
only on codominant markers and fixing this before add-not reflect their close physical proximity.

In F2 hybrids between self-incompatible A. hispanicum ing dominant markers. This allowed use of only one
type of estimate, which is also more informative (i.e.,and self-compatible A. majus, one-half of the plants car-

rying functional S alleles from A. hispanicum were self- has a smaller standard error) than analysis of single
alleles in coupling phase (Ritter and Salamini 1996).fertile, suggesting that they had inherited a dominant

suppressor of self-incompatibility from A. majus that was Limited comparisons of linkage data from the A. ma-
jus � A. molle hybrid and a cross between A. majus linesunlinked to S (Xue et al. 1996). In contrast, we found

no F2 progeny of A. majus � A. molle that were homozy- suggest that transmission ratio distortion increased esti-
mates of map distance in the region around the CYCgous for the region around the A. molle S allele. One

explanation is that suppression is S allele specific and locus by about twofold, although suppressed recombina-
tion in the interspecific hybrid (discussed below) mightthat the A. molle S allele in our population was not

susceptible to suppression in the same way as the allele partly compensate for the effects of transmission distor-
tion. Further comparative analyses are required to quan-in the A. hispanicum hybrid.

Although self-fertile, A. majus has the ability to reject tify the potential effects of distortion around the CYC
locus and to determine its effects elsewhere in the Antir-A. molle pollen (A. Hudson and J. F. Golz, unpublished

results). This phenomenon, an example of unilateral rhinum genome. Because the map contained no interval
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between markers �20 cM, it is likely that distortion did detected as ISTRs, mapped outside gene-rich regions
and toward the ends of chromosomes, further support-not lead to spurious fusion of linkage groups during

map construction. ing a model in which genes are physically clustered in
the Antirrhinum genome.We established eight independent linkage groups in

our mapping population (i.e., markers at the end of Regardless of their origin, the clustering of protein-
coding sequences in the map facilitates its use for map-one LG did not show significant linkage to terminal

markers of any other LG). These eight LGs may corre- ping other genes (as coding sequences, mutations, or
quantitative trait loci) because genes have a high proba-spond to the eight chromosomes of the haploid Antir-

rhinum genome. Comparison of the eight linkage bility of being located close to markers in these gene-
rich regions. Use of gene-based, codominant markersgroups with the classical map (Stubbe 1966) allows pro-

visional alignment of several linkage groups on the basis will also facilitate transfer of these markers to other lines
of A. majus and to other Antirrhinum species.of the presence of common markers. LG3 contains the

PALLIDA (PAL) gene and is therefore likely to represent The total Antirrhinum map distance is lower than
that reported for many plants—e.g., a map of 185 lociStubbe’s UNI chromosome to which the pal mutation

maps. Similarly, LG6 corresponds to the DEFICIENS of the conifer, Picea abies, comprises 3584 cM (Binelli
and Bucci 1994). However, the map for Antirrhinum(DEF) chromosome, LG1 to LUV, LG5 to AUR, on the

basis of the presence of the DEF, NIVEA (NIV), and is larger than that obtained for Prunus (491 cM) and
similar to that for A. thaliana (�690 cM) with similarPHANTASTICA (PHAN) genes, respectively, and LG4

to GRAM, on the basis of the presence of both DELILA numbers of markers (Lister and Dean 1993; Truco et
al. 1998). Part of the variation in map length is likely(DEL) and CENTRORADIALIS (CEN).

Whereas the classical map places GLO close to CEN to reflect physical differences in genome size: the P.
abies genome is estimated to be �30 times larger thanon the GRAM chromosome, the molecular map places

GLO and CEN in different linkage groups. Our own that of A. majus, while Prunus and Arabidopsis are esti-
mated to be two and three times smaller, respectivelyexperiments have shown independent segregation of

cen and glo mutations in A. majus, confirming their un- (Bennett and Leitch 1995; Murray 1998; Bennett
et al. 2000). The disproportionately short length of thelinked positions in the molecular map. Similarly, DEF

and RAD on LG6 may have been erroneously located Antirrhinum map, when compared, for example, to Ara-
bidopsis, might also reflect reduced recombinationon different chromosomes of the classical map. The

positions of the few other genes that have been placed frequencies characteristic of interspecific hybrids. For
example, the map distances for Solanum tuberosum con-in both maps show good agreement: DEL, NIV, RAD,

and PHAN appear near the ends of chromosomes and structed by Kreike and Stiekma (1997) using interspe-
cies hybrids are shorter than that of Gebhardt et al.LGs while PAL, GLO, DEF, and CEN are located more

centrally. (1991) for two S. tuberosum varieties. In the case of Antir-
rhinum, recombination frequencies between pairs ofFeatures and uses of the map: The total length of the

Antirrhinum map is �610 cM, Kosambi, with an average markers in interspecific hybrids were in general found
to be lower than those in crosses between A. majus linesinterval between loci of 2.5 cM (� 610/243). The hap-

loid genome of the A. majus parent is estimated to con- (Hoffmann 1949). Reduced recombination may result
from small sequence differences between homologoussist of 3.6 � 108 bp (Bennett et al. 2000), equating to

�6 � 105 bp/cM. Markers, particularly those involving chromosomes, as observed in maize (Dooner and Mar-
tı́nez-Férez 1997). Hemizygous transposon insertionsprotein-coding sequences, showed clustering and clus-

ters occurred both internally and toward the ends of also suppress recombination (Dooner and Martı́nez-
Férez 1997). The A. majus parent of the mapping popula-LGs. Similar clustering of coding markers is observed

commonly in plant linkage maps. In the case of Antirrhi- tion was selected for high transposon activity (Harrison
and Carpenter 1979), and therefore the presence ofnum it might result from reduced recombination close

to centromeres and telomeres, as proposed for other transposons or of rearrangements generated by transpo-
sition might contribute to reduced recombination in itsspecies, including Arabidopsis (e.g., Lister and Dean

1993). It might also partly reflect physical organization hybrid progeny.
In the A. majus � A. molle map, 24 different markersof the genome, for example, the nonrandom distribu-

tion of noncoding repetitive DNA, as observed at centro- mapped to two loci. Seven protein-coding sequences,
five AFLPs, and four transposons mapped at 40 cM onmeres in six of the Antirrhinum chromosomes (Schmidt

and Kudla 1996). AFLP markers, generated from EcoRI LG2, while six genes and two transposons mapped at
61 cM on LG4. Such unusually high densities of markerssites, also occurred in clusters, often outside or between

gene-rich regions. Such clustered distribution of AFLP presumably reflect severely suppressed recombination
as the result, for example, of a chromosome inversion.markers is frequently observed in plants and proposed

to result from the ability of EcoRI to digest methylated Such inversions can be generated by transposons in A.
majus (Robbins et al. 1989).DNA associated with noncoding regions (Young et al.

1999). Similarly, the majority of retroposon sequences, Except for LG5 and LG8, all linkage groups contain



709Molecular Linkage Map for Antirrhinum

Brieger, F. G., 1935 The inheritance of self-sterility and the peloricone or more of the mapped MADS-box genes, such as
flower shape in Antirrhinum. Genetica 17: 385–408.

DEF, GLO, SQUAMOSA (SQUA), PLENA (PLE), FARI- Chakravarti, A., L. K. Lasher and J. E. Reefer, 1991 A maximum
likelihood method for estimating genome length using geneticNELLI (FAR), and probes designated by “DEFH” (for
linkage data. Genetics 128: 175–182.DEF homologs). This corresponds to the dispersion of

Charlesworth, D., and B. Charlesworth, 1987 Inbreeding de-
members of this transcription-factor gene family ob- pression and its evolutionary consequences. Annu. Rev. Ecol.

Syst. 18: 237–268.served in other species (Fischer et al. 1995). The obser-
Coen, E. S., J. M. Romero, S. Doyle, R. Eliott, G. Murphy and R.vation that a single MADS-box cDNA probe can detect

Carpenter, 1990 floricaula: a homeotic gene required for
sequences at two different genomic locations presum- flower development in Antirrhinum majus. Cell 63: 1311–1322.

Darwin, C., 1868 The Variation of Animals and Plants Under Domestica-ably reflects a high degree of sequence similarity be-
tion. John Murray, London.tween recently duplicated family members.

Davies, B., P. Motte, E. Keck, H. Saedler, H. Sommer et al., 1999
The existence of homologous genes with equivalent PLENA and FARINELLI: redundancy and regulatory interactions

between two Antirrhinum MADS-box factors controlling flowermutant phenotypes in Antirrhinum and Arabidopsis
development. EMBO J. 18: 4023–4034.allows identification of orthologous sequences and pre-

Dooner, H. K., and I. M. Martı́nez-Férez, 1997 Recombination
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einer nur in Bastardform lebensfähigen Sippe von Antirrhinum Hammer, K., S. Knüpffer and H. Knüpffer, 1990 Das Gaterslebener
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