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Linkage of an Alternaria Disease Resistance Gene in 
Mandarin Hybrids with RAPD Fragments 
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ABSTRACT. The inheritance of resistance to a host-specific isolate (Shinn) of Alternaria alternata (Fr.:Fr.) Keissl. from ̒ Min-
neola  ̓tangelo (a cross between Citrus paradisi Macf. ̒ Duncan  ̓and C. reticulata Blanco ̒ Dancyʼ) was shown to be controlled 
by a single recessive allele, aaM1, within the citrus genome. A backcross between resistant ʻClementine  ̓mandarin (C. 
reticulata) and susceptible LB#8-10 (a hybrid of ʻClementine  ̓mandarin and ʻMinneola  ̓tangelo) resulted in 61 resistant 
(R) and 58 susceptible (S) plants (χ2 = 0.0756, P ≥ 0.05), but the reciprocal cross deviated from the expected 1R:1S ratio (87 
R and 36 S plants, (χ2 = 21.1463, P ≥ 0.05). A dominant allele, AaM1, of this resistance gene was found in a loose coupling 
phase linkage with two RAPD markers, P12850 (15.3 cM) and AL31250 (36.7 cM), after JOINMAP computer analysis.
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Alternaria alternata causes brown spot disease on susceptible 
citrus cultivars in Florida, Australia, South Africa, South America, 
Spain, Israel, and Turkey (Timmer et al., 2003). Since it was first 
recorded in a few scattered ̒ Dancy  ̓mandarin (C. reticulata) groves 
in Polk and Highland counties in Florida in 1974, the disease has 
been causing serious economical losses in fruit yield on ̒ Minneola  ̓
tangelo trees (Whiteside, 1976), ʻDancy  ̓ mandarin, ʻOrlando  ̓
tangelo (C. paradisi × C. reticulata), ʻMurcott  ̓tangor [probably 
a C. sinensis (L.) Osbeck × C. reticulata hybrid], and ʻSunburst  ̓
tangerine (C. reticulata). The total ̒ Minneola  ̓tangelo orchard area 
decreased 3% in Florida from 1318 ha in 1996 to 1275 in 1998 
(U.S. Dept. of Agriculture, 1998). Some of this decrease can be 
attributed to brown spot damage. Alternaria Nees species produces 
host specific toxins (HSTs) of which two major groups exist in citrus, 
A. citri Ellis & N. Pierce tangerine (ACT)-toxins (Gardner et al., 
1986) and A. citri rough lemon (C. jambhiri Lush) (ACR)-toxins 
(Kono et al., 1985). The target site of the ACT-toxins is the plasma 
membrane, and ACR-toxin-1 is the mitochondrion (Kohmoto et al., 
1993). Alternaria black rot of fruit and mancha foliar on ̒ Mexican  ̓
lime [C. aurantifolia (Cristm.) Swing.] are two other alternaria 
diseases that damage citrus (Timmer et al., 2003).

Although use of disease-free trees and less vigorous rootstocks, 
well-timed irrigation, avoidance of excessive fertilization, and 
frequent light hedging are appropriate cultural practices for con-
trol, a reliable and continuous solution to this disease problem has 
not been found. Citrus cultivars vary genetically in their degree 
of brown spot disease resistance. ʻClementine  ̓mandarin is very 
resistant to alternaria brown spot (Kohmoto et al., 1991), and thus, 
ʻClementine  ̓was used in breeding alternaria resistant cultivars 
(Schutte, 1993). Susceptibility appears to be a dominant trait that 
is transferred from ʻDancy  ̓mandarin to its progeny (Kohmoto et 

al., 1991). For assessing susceptibility, in vivo (attached, intact) or 
in vitro (detached, cut) assay techniques can be used for disease 
resistance screening experiments with infectious spores or toxins 
of organisms (Canihos et al., 1998; Gardner et al., 1986; Kohmoto 
et al., 1991).

Many known citrus plant traits are inherited as dominant genes. 
For example, in Poncirus trifoliata (L.) Raf. tolerance to cold (Weber 
et al., 2003), salinity (Tozlu et al., 1999), and resistance to citrus 
tristeza virus (Deng et al., 1997; Fang and Roose, 1999; Fang et 
al., 1998; Gmitter et al., 1996), and citrus nematode (Tylenchulus 
semipenetrans Cobb.) (Gmitter et al., 1992; Hutchison, 1985; 
Ling et al., 2000) appear to be controlled by dominant alleles. 
Nevertheless, alternaria resistance is presumed to be controlled by 
a single recessive allele (Kohmoto et al., 1991) in citrus. Molecular 
DNA markers have been applied in citrus to find linkage with cor-
responding genes. Localized linkage maps were constructed for 
the citrus tristeza virus resistance gene, Ctv, from P. trifoliata with 
RFLP (Fang et al., 1998; Mestre et al., 1997), RAPD (Fang et al., 
1998; Gmitter et al., 1996; Mestre et al., 1997), and SCAR (Deng 
et al., 1997) marker systems. A novel gene, Ctv2, conferring CTV 
resistance in pummelo [Citrus maxima (Burman) Merr.] was found 
(Fang and Roose, 1999). Ling et al. (2000) found RAPD and RGC 
(resistance gene candidate) markers linked to a citrus nematode 
resistance gene region (designated Tyr 1) in a Citrus–Poncirus 
backcross population.

The objectives of this study were to evaluate different citrus 
hybrid families for their resistance to alternaria brown spot disease 
by detached and attached leaf assays, to ascertain the inheritance 
of disease resistance, and to develop RAPD markers associated 
with gene(s) for resistance to alternaria.

Materials and Methods

PLANTS. From July to Sept. 1995, some of the mandarin-type 
hybrid families available from the University of Floridaʼs Citrus 
Research and Education Center (CREC) citrus breeding programs 
were evaluated with detached leaf assay for their resistance to 
alternaria. The parents used in these crosses were as follows: ̒ Cle-
mentineʼ; ̒ Minneola  ̓and ̒ Orlando  ̓(both derived from ̒ Duncan  ̓
× ʻDancyʼ); ʻLeeʼ, ʻRobinsonʼ, ʻNovaʼ, and ʻFairchild  ̓(all four 
ʻClementine  ̓× ʻOrlandoʼ); ʻFortune  ̓(ʻClementine  ̓× ʻDancyʼ); 
ʻMurcott  ̓ (most probably a mandarin-sweet orange hybrid of 
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unknown parentage); ʻOrtanique  ̓(a natural hybrid of unknown 
parentage); LB#8-10 (ʻClementine  ̓× ʻMinneolaʼ), and LB#3-1 
(ʻClementine  ̓× ̒ Murcottʼ); and ̒ Nakon  ̓and ̒ Thong Dee  ̓pum-
melo (Table 1). According to information obtained from the 1995 
tests, new crosses were made to evaluate alternaria resistance in 
citrus hybrids in 1996. Detailed tests were conducted with recip-
rocal crosses of ̒ Clementine  ̓with LB#8-10, as well as LB#8-10 
with Minneolaʼ, ʻLee  ̓with ʻNovaʼ, and LB#8-10 selfed (Table 
2). For these, a seedy clonal selection of ̒ Clementineʼ, and ̒ Leeʼ, 
ʻNovaʼ, and ʻOrlando  ̓[located in the Citrus Arboretum of the 
Florida Dept. of Agriculture and Consumer Services (FDACS), 
Division of Plant Industry (DPI), Winter Haven, Fla.], and LB#8-
10 (maintained at CREC) were used as parents in reciprocal 
crosses to obtain the hybrids for detailed investigation along with 
the other crosses. LB#8-10 was obtained from a cross between 
ʻClementine  ̓and ʻMinneola  ̓made by A.P. Pieringer in the mid 
1970s. It produces only one true hybrid embryo per seed.

CONIDIA PRODUCTION, PLANT INOCULATIONS, AND LEAF AS-
SAYS. Production of inoculum and inoculation techniques were 
modified from Canihos et al. (1998) and Whiteside (1976). The 
Shinn isolate of Alternaria alternata was obtained from a leaf 
lesion from a ʻMinneola  ̓tangelo grove near Polk City, Fla., on 
25 Apr. 1995 by L.W. Timmer. Monoconidial cultures were ob-
tained and maintained either on sterilized Whatman filter papers 
(Whatman Intl., Kent, U.K.) at –20 °C or on silica gel desiccant 
(Fisher Scientific, Fair Lawn, N.J.) at 4 °C. Cultures were grown 
on potato dextrose agar (PDA; Difco Laboratories, Detroit) for 
3 to 5 d at 27 °C. The surface of the plates was scraped with a 
scalpel to remove aerial mycelia and the colony was cut into ap-
proximately 2-mm-square pieces. Small pieces were transferred 
to each Petri plate of a sporulation medium consisting of 30 g 
CaCO3, 20 g sucrose, and 20 g agar per liter of distilled water. 
Two milliliters of sterile, distilled water were added to each plate. 
The plates were sealed with Parafilm, and incubated for 3 to 5 
d at 27 °C. Conidia were collected by adding ≈10 mL of sterile, 
distilled water to each plate and gently scraping the surface of the 
colonies with a small paint brush, then filtering the suspension 
through two layers of cheesecloth to remove mycelial fragments. 
Conidia were washed two times in sterile, distilled water into 50-
mL polycarbonate centrifuge tubes with round bottoms (Nalge 
Nunc International, Rochester, N.Y.) by centrifugation at 600 gn 
for 10 min to remove additional mycelia and any toxin carried 
over from the culture plates. The pellet in the bottom of the tubes 
was re-suspended in 40 mL of double distilled water and gently 
vibrated for few seconds. The conidia suspension was adjusted 
to 104 conidia/mL using a hemacytometer, glycerol was added 
to the tubes (20% of the total volume), and the suspension was 
stored at 4 °C until used.

Young leaves from hybrids and propagated parent plants grown 
in the greenhouse were used for conidia inoculation experiments. 
When the seedlings produced new leaflets, the single, tender, 
leaf (1–2 cm long) closest to the shoot tip was collected from 
each plant and brought to the laboratory. Leaves were placed on 
their adaxial sides on metal screens within 300 × 230 × 100-mm 
rectangular containers with tight fitting lids (crispers) (T295C; 
Tri-State Molded Plastic, Dixon, Ky.). Leaves were misted with the 
conidia suspension on their abaxial sides using a chromatography 
sprayer (Crown Spra-Tool; North America Professional Products, 
Woodstock, Ill.). In some instances, droplets of conidial suspen-
sion were placed on the abaxial surface of the leaves by using a 
pipetter (Rainin Instrument Co., Woburn, Mass.). Double distilled 
water was sprayed or dropped onto control leaves. Distilled water 

was added to the crispers maintained in the laboratory during the 
incubation period to maintain high relative humidity. Lesions on 
susceptible leaves were observed three days after inoculation. 
The parent plants were included in each inoculation experiment. 
Plants were scored susceptible if any symptoms were observed. 
Leaves from symptom free plants were inoculated a second time 
to verify their resistance to the disease. For the attached leaf 
assay, hybrids grown and maintained in 96-cavity white plastic 
trays were cut-back, leaving two to three nodes above the soil 
level to synchronize new flush. The seedlings were placed in a 
growth chamber (Percival Scientific, Perry, Iowa) and kept at 
27 °C, 100% relative humidity, in the dark. Conidia suspensions 
were sprayed as described above. Three days after inoculation, 
plantlets were scored susceptible or resistant depending on the 
presence or absence of symptoms, respectively. Chi-square values 
were calculated for both assays.

GENOMIC DNA ISOLATION AND BULK PREPARATION. The DNA 
extraction method was modified for total DNA extraction from any 
age of leaves (Deng et al., 1996; Ling et al., 2000; Porebski et al., 
1997): Leaves were ground in 18 × 150-mm glass test tubes with 
2 mL lysis buffer [1% cetyltrimethylammonium bromide (CTAB), 
5% polyvinyl pyrrolidone (PVP), 1.4 M NaCl, 20 mM EDTA, 10 
mM Tris-HCl (pH 8.0), and 350 mM 2-mercaptoethanol] using a 
BioHomogenizer M133/1281-0 (ESGE, Mettlen, Switzerland) for 
a few seconds. Samples were transferred into sterile 2.0-mL Eppen-
dorf tubes that were centrifuged at 1200 gn for 5 min at 4 °C. The 
supernatant (700 µL) was transferred to sterile 1.5-mL Eppendorf 
tubes. Equal volumes (700 µL) of 25 phenol : 24 chloroform : 1 
iso-amyl-alcohol (by volume) were added to the tubes and the su-
pernatant collected after centrifugation at 1200 gn for 5 min at 4 °C. 
A second 25 phenol : 24 chloroform : 1 iso-amyl-alcohol extraction 
was performed and the supernatant (500 µL) transferred to sterile 
1.5-µL Eppendorf tubes. Equal volumes (500 µL) of chloroform 
were added to the samples and the tubes were centrifuged 1200 
gn for 5 min at 4 °C. The supernatant (400 µL) was transferred to 
sterile 1.5-mL eppendorf tubes, 2.5 volumes (1000 µL) of 95% 
ethanol was added and the DNA precipitated at 4 °C overnight. 
The DNA was recovered by centrifugation at 4000 gn for 15 min. 
The DNA samples were rinsed with 70% ethanol, dried at room 
temperature, and re-suspended in 100 µL 1 M TE buffer (10 mM 
Tris-HCl pH 8.0, 1 mM EDTA). RNase (Sigma-Aldrich Co., St. 
Louis) was added (1 µL of 500 ng·mL–1), and the samples were 
incubated at 37 °C at least 1 h in an incubator (model 133000; 
Boekel Scientific, Feasterville, Pa.). DNA concentrations were 
determined by analyzing 5-µL samples compared with standard 
uncut lambda DNA on a 1% agarose high EEO gel. DNA samples 
were adjusted to 50 ng/100 µL with 1 M TE buffer.

Total DNA from five resistant and five susceptible hybrids from 
the ̒ Clementine  ̓× LB#8-10 backcross were bulked (Michelmore et 
al., 1991) and designated R and S, respectively. Twenty microliters 
of equilibrated DNA solutions from each hybrid were mixed in a 
500-µL Eppendorf tube to construct each bulk, to be used for primer 
screening to identify posiible RAPD polymorphisms.

RAPD-PCR SCREENING. RAPD fragments were amplified by 
using 492 single, random 10-mer oligonucleotide primers from 
the kits of A-H, O-X, AA-AN series (Operon Technologies, Al-
ameda, Calif.), and DNA bulks as template. Each 15 µL of PCR 
reaction mixture contained 2 mM MgCl2 Ficoll dye, 200 µM 10× 
dNTP mix (Idaho Technology, Salt Lake City, Utah), 0.8 µM 10-
mer primer, 1 unit Taq polymerase enzyme (Promega, Madison, 
Wis.), 50 ng·µL–1 genomic DNA, and dd sterile H20 (Welsh and 
McClelland 1990; Williams et al., 1990). The PCR was performed 
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in a PTC-100 Programmable Thermal Controller (MJ Research, 
Watertown, Mass.). The PCR amplification program used was: 
94 °C for 2 min, then 94 °C for 1 min, 35 °C for 1 min, 72 °C 
for 2 min, for 43 cycles.

The amplification products were separated on 1% high EEO 
agarose gels (Fisher Scientific Co., Pittsburgh, Pa.) prepared with 
1× TAE (0.04 M Tris-acetate, 0.001 M EDTA) and poured onto a  
horizontal gel tray (model H4; Life Technologies, Gaithersburg, 
Md.). For staining, ethidium bromide was added to the agarose 
gel before the run and the gels were destained after the run. Am-
plified RAPD fragments were detected under an ultraviolet light 
transilluminator (UVP, San Gabriel, Calif.) and photographed 
using the IS-500 gel documentation system (Alpha Innotech 
Corp., San Leandro, Calif.). The score of “1” for each present 
fragment, and the score of “0” for each absent fragment, were 
assigned. The blank lanes were designated with “-“.

In the first test, resistant (R) and susceptible (S) bulks from 
only the ̒ Clementine  ̓× LB#8-10 cross were screened side-by-side 
with 492 RAPD primers. A second screening of 63 primers for the 
ʻClementine  ̓× LB#8-10 backcross, including their parents, was 
repeated. A third PCR screening, of bulk samples, parents, and 
their corresponding hybrids was run. After the third screening, all 
readable polymorphic fragments were scored, and used in the chi-
square analysis to verify if the fit was acceptable. MAPMAKER 
(Lincoln et al., 1993) and JOINMAP (Stam and van Ooijen, 1995) 
computer programs were used to determine the linkage among 
the markers. The Kosambi mapping function with minimum 3.0 
LOD score, and 0.35 linkage ratio, was used.

Results

In 1995, all of the hybrids obtained from ʻMinneola  ̓tangelo 
crosses with ̒ Clementine  ̓mandarin, and with ̒ Nakon  ̓and ̒ Thong 
Dee  ̓pummelo, showed a positive reaction to the alternaria when 
they were inoculated with the Shinn isolate (Table 1). Hybrids 
between ʻLee  ̓and ʻNovaʼgave an F2 type Mendelian segregation 
ratio of 1 resistant to 3 susceptible progeny. The same segregation 

ratio was observed for the ʻLee  ̓ and ʻFairchild  ̓ hybrids. Most 
of the ʻOrlando  ̓ hybrids and the hybrids from ʻRobinson  ̓ and 
ʻFairchild  ̓were susceptible. Disease symptoms in the ʻOrlando  ̓
crosses developed late, and lesions were of fainter color than those 
from ̒ Minneola  ̓crosses. Regardless of the seed parent, all progeny 
derived from ʻMinneola  ̓(SS) as susceptible pollen parent were 
susceptible. Crosses using ʻOrlando  ̓ (SS) as pollen parent also 
produced only susceptible offspring. The few resistant progeny 
from the ʻOrlando  ̓ cross may be from open pollination. Since 
LB#8-4 × ̒ Orlando  ̓and LB#8-9 × ̒ Orlando  ̓crosses did not fit the 
expected 0:1 ratio, the existence of another allele or locus besides 
aaM1 could be suggested (Table 1).

In 1996, both detached and attached leaf assays gave the same 
results for resistance/susceptibility in any particular individual (data 
not shown). Detailed tests were conducted with reciprocal crosses 
of ʼClementine  ̓with LB#8-10, as well as LB#8-10 with ʻMin-
neolaʼ, ̒ Lee  ̓with ̒ Novaʼ, and LB#8-10 selfed (Table 2). Sixty-one 
plants showed no symptoms and were scored as resistant, while 58 
showed symptoms and were scored as susceptible (χ2 = 0.08, P ≥ 
0.05), in agreement with the expected 1:1 ratio in the ̒ Clementine  ̓
× LB#8-10 backcross. The segregation of disease resistance (87 
resistant : 36 susceptible) within the LB#8-10 with ʻClementine  ̓
backcross population was different from the reciprocal cross. The 
chi-square value, χ2 = 21.15, for 1:1 segregation was highly sig-
nificant at the P ≥ 0.05 level. The ʻLee  ̓× ʻNova  ̓cross revealed 
42 resistant and 128 susceptible progeny fitting the 1:3 expected 
ratio (χ2 = 0.0). All 183 hybrids from the LB#8-10 × ʻMinneola  ̓
cross were susceptible, as predicted. Although selfing progeny of 
LB#8-10 did not yield enough sexual hybrids, disease resistance 
evaluation showed five resistant and six susceptible individuals. 
Alternaria disease resistance was concluded to be a recessive single 
gene trait based on the results.

RAPD fragments were treated as dominant markers in PCR 
analyses. Because some primers produced both faint and strong 
fragments, a second round of screening was thought necessary 
for eliminating the fragments that were amplified by mismatch-
ing. Only nine primers gave clear and scorable polymorphisms 

between paired bulk samples. In 
a third round of screening, the 
ʻClementine  ̓ × LB#8-10 cross 
produced 11 markers from seven 
primers. Both MAPMAKER/
EXP v3.0b (data not shown) and 
JOINMAP v2.0 (Table 3) gave 
very similar results. A total of six 
markers linked in three linkage 
groups from five primers were 
found to be associated with al-
ternaria resistance in 89 hybrids 
of the ʻClementine  ̓ × LB#8-10 
backcross. The chi-square test 
showed that AL31250 and P12850 
segregated in a 3:1 ratio (66:23 
and 61:28, χ2 = 0.03 and 1.98, 
respectively, P ≥ 0.05). AN6650, 
V31500, S9800, and AL31600 showed 
1:1 segregation (χ2 = 1.90, 2.91, 
1.36, and 1.36, respectively, P ≥ 
0.05). Two markers, AL31250 and 
P12850, and the putative dominant 
gene locus, named AaM1, were 
linked to susceptibility, covering 

Table 1. Tests for Alternaria alternata (Shinn isolate) resistance of citrus hybrids in 1995.
 χ²
Crosses Model Rz S 0:1 1:1 1:3
ʻClementine  ̓× ʻMinneola  ̓ ss × SS 0 9 0.00 --- ---
 ʻNakon  ̓× ʻMinneola  ̓ ss × SS 0 34 0.00 --- ---
ʻThong Dee  ̓× ʻMinneola  ̓ ss × SS 0 32 0.00 --- ---
ʻFortune  ̓× ʻOrlando  ̓ Ss × SS 0 12 0.00 --- ---
ʻNakon  ̓× LB#8-9y ss × Ss 11 16 --- 0.93 3.57
LB#8-8 × US119 Ss × ss 9 10 --- 0.05 5.07*

ʻClementine  ̓× ʻMurcott  ̓ ss × Ss 1 3 --- --- 0.00
LB#3-1x × LB#8-15 Ss × Ss 4 19 --- 9.78* 0.71
ʻLee  ̓× ʻFairchild  ̓ Ss × Ss 4 18 --- 8.91* 0.55
ʻLee  ̓× ʻNova  ̓ Ss × Ss 9 28 --- 9.76* 0.01
LB#8-4 × Ortanique Ss × ss 13 20 --- 1.48 3.65*

LB#8-8 × USDA15-60 Ss × ss 6 4 --- 0.40 1.20
LB#8-4 × ʻOrlando  ̓ Ss × SS 1 13w --- 10.29* 2.38
LB#8-9 × ʻOrlando  ̓ Ss × SS 5 59w --- 45.56* 10.08*

ʻRobinson  ̓× ʻFairchild  ̓ Ss × Ss 2 23w --- 17.64* 3.85*

ʻNakon  ̓× ʻPage  ̓ ss × Ss 50 22w --- 10.89* 1.19
zR = resistant, S = susceptible.
yAll LB#8-10 selections were from ʻClementine  ̓× ʻMinneola  ̓cross.
×All LB#3-1 selections were from ʻClementine  ̓× ʻMurcott  ̓cross.
wAberrant crosses.
*Significant at P ≥ 0.05.



4 J. AMER. SOC. HORT. SCI. 130(2):xxx–xxx. 2005. 

a 36.7 cM region. If RAPDs are 
dominant, a 3:1 ratio is expected, 
but both parents are heterozygous 
for the RAPD allele, i.e., Ss × Ss 
(Table 3). No interference between 
the markers was presumed. Al-
though these two RAPD markers 
were linked to the AaM1 locus, the 
genetic distances were large. In the 
second linkage group, the genetic 
distance between markers AN6650 
and V31500 was 5.7 cM. In the third 
linkage group, the markers S9800 
and AL31600 were 6.7 cM apart. 
The other markers, S91000, D12600, 
E16550, P12650, and AN6900 were 
not linked.

Discussion

According to the results from 
testing segregating families, one 
recessive gene for resistance to 
brown spot disease was proposed, 
based on the inheritance ratios 
of hybrids from ʻClementine  ̓
(ss), and backcross families, and 
confirmed by the other families. 
The chi-square test with the 
ʻClementine  ̓(ss) × LB#8-10 (Ss) 
backcross population supported 
the hypothesis that resistance to the Shinn isolate was controlled 
by a single recessive allele inherited from ʻClementine  ̓manda-
rin. One possible explanation for the distorted segregation in the 
reciprocal backcross could be that different cytoplasmic genes 
might play a role depending on the direction of the cross. Paternal 
mitochondrial effects have been previously proposed within citrus 
(Moreira et al., 1998). However, distorted segregation ratios have 
been observed in Citrus–Poncirus backcrosses (Cai et al., 1994; 
Durham et al., 1992; Weber et al., 2003). The distorted backcross 
segregation ratios do not contradict the evidence from several 
other crosses supporting the hypothesis that alternaria resistance 
is controlled by single recessive allele. Recessive alleles control-
ling plant disease resistance are rare among plants, but have been 
documented in pear and apple for resistance to other Alternaria 
species (Kozaki, 1976; Saito and Takeda, 1984).

In alternaria resistance tests performed, it was found that 
there were identical resistance ratings regardless of inoculation 
methods used (attached vs. detached; hand-sprayer vs. application 
of droplets by pipetter, data not shown). These results were in 
agreement with previous studies for evaluation of cultivar sus-
ceptibility (Kohmoto et al., 1979; Pegg, 1966; Solel and Kimchi, 
1997). The conidia suspension spray method under sufficient 
humidity, at the earliest possible growing stage of the seedling 
progeny, will speed the selection efficiency. It allows for early 
discard of susceptible individuals and utilization of resources only 
for the evaluation of resistant hybrids. The resistance response 
of mandarin cultivars should be tested further with different A. 
alternata isolates (Solel and Kimchi, 1997), to be used in sexual 
hybridizations for transferring alternaria resistance gene(s) from 
the resistant cultivars to newly improved commercial cultivars 
(Schutte, 1993).

If it is absence of the dominant allele that confers A. alter-
nata resistance, this dominant allele, AaM1, from LB#8-10 (Ss) 
through ʻMinneola  ̓(SS) conferring brown spot susceptibility is 
in a coupling phase with AL31250 and P12850 RAPD-PCR markers. 
In other words, the disease resistance conferred by the reces-
sive allele for alternaria resistance from ʻClementine  ̓(ss) is in 
repulsion with AL31250 and P12850 markers. Why AL31250 and 
P12850 did segregate in a 3:1 ratio (66:23 and 61:28, χ2 = 0.03 
and 1.98, respectively, P ≥ 0.05), and AN6650, V31500, S9800, and 
AL31600 showed 1:1 segregation (χ2 =1.90, 2.91, 1.36, and 1.36, 
respectively, P ≥ 0.05) remains in question. If both parents are 
heterozygous for these markers, all markers must fit in ss × Ss 
ratio, suggesting that ̒ Clementine  ̓is ss, and LB#8-10 is Ss (Table 
3). Selection against AL31250 or P12850 markers theoretically should 
increase the efficiency of resistance breeding, by increasing the 
frequency of homozygous recessive individuals in the population 
(Kelly, 1995); however, the screening by application of conidial 
suspensions is less costly and labor intensive. In addition, since 
the RAPD markers are located at a substantial distance (>10 cM) 
from the putative resistance locus, the likelihood of errors through 
MAS argues further against its use. Markers associated with the 
resistance allele would be very useful to identify heterozygous 
susceptible individuals, which are more valuable as breeding 
parents for resistance as well; unfortunately no markers were 
found to be linked to the aaM1 allele.

The difficulty of finding RAPD markers closely linked to 
brown spot resistance region, even after screening so many prim-
ers, could be due to the difficulty for finding polymorphisms in 
the more narrow Citrus × Citrus background, compared with the 
result in the Citrus × Poncirus background.

Table 2. Tests for Alternaria alternata (Shinn isolate) resistance of citrus hybrids in 1996.
 χ²
Crosses Model Rz S 0:1 1:1 1:3 (3:1)
ʻClementine  ̓× LB8-10 ss × Ss 61 58 --- 0.08 ---
LB#8-10 × ʻClementine  ̓ Ss × ss 87 36 --- 21.15* 1.20
ʻLee  ̓× ʻNova  ̓ Ss × Ss 42 128 --- 43.51* 0.01
LB#8-10 × ʻMinneola  ̓ Ss × SS 0 183 0.00 --- ---
LB#8-10 selfed Ss × Ss 5 6 --- 0.09 ---
zR = resistant, S = susceptible.
*Significant at P ≥ 0.05.

Table 3. JOINMAP v2.0 analysis of ʻClementine  ̓ × LB#8-10 hybrids for Alternaria alternata Shinn 
resistance.

 No. of gel fragments χ²
Groups Markers 1z 0 – 1:1 3:1 cM
1 AL31250 66 23 0 20.78* 0.03
 P12850 61 28 0 12.24* 1.98 21.4
 AaM1(allele) 44 43 2y 0.01 27.68* 15.3
2 AN6650 51 38 0 1.90 14.87*

 V31500 52 36 1 2.91 11.88* 5.7
3 S9800 39 50 0 1.36 16.81*

 AL31600 39 50 0 1.36 16.81* 6.7
Unlinked AN6900 54 35 0 4.06* 9.75* ---
 D12600  57 32 0 7.02* 5.69* ---
 E16550  70 18 1 30.73* 0.97 ---
 P12650 60 29 0 10.80* 2.73 ---
 S91000 41 48 0 0.55 21.07* ---
zGel fragments 1 = present, 0 = absent, --- = missing data when R = 0, S = 1.
yTwo hybrids died during the course of experiments.
*Significant at P ≥ 0.05.
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