
Introduction

Gummosis is one of the most important diseases

affecting citrus production in Brazil. The disease

is caused by several Phytophthora species. It has

a worldwide distribution and is responsible for

10 to 30% of losses in citrus culture around

the world (Timmer et al. 2000). High temperatures

combined with high soil and air humidity provide

favorable conditions for the infection and devel-

opment of the disease (Fawcett 1923; Matheron

and Matejka 1992; Timmer et al. 2000).

The historical evolution of rootstocks used in

the Brazilian citrus industry is directly associated

with the occurrence of diseases, such as

gummosis, citrus tristeza virus (CTV), blight

(Moreira 1942; Beretta et al. 1989), and more re-

cently also citrus sudden death (Gimenes-

Fernandes and Bassanezi 2001; Müller et al.

2001).
Gummosis was first reported in Brazil at

the beginning of the 20 th century (Averna-Saccá
1917). The species P. parasitica (= P. nicotianae)
predominates in the majority of nurseries and or-
chards in Brazil. The main strategies to control
gummosis are: use of healthy nursery plants,
avoiding contaminated areas with excess mois-
ture, avoiding injury in plants, increasing organic
content of the soil, and chemical control with sys-
temic products. However, the use of resistant
cultivars is the most economic and efficient
method of gummosis control (Feichtenberger
2001).

J Appl Genet 47(1), 2006, pp. 23–28

Identification of QTLs associated with citrus resistance

to Phytophthora gummosis

Amauri Siviero1,2, Mariângela Cristofani1, Edson L. Furtado3, Antonio A.F. Garcia4,

Alexandre S.G. Coelho4, Marcos A. Machado1

1Centro APTA Citros Sylvio Moreira – Instituto Agronômico (IAC), Cordeirópolis, S�o Paulo, Brasil
2Embrapa Acre, Rodovia, Rio Branco-Acre, Brasil
3Faculdade de Ci�ncias Agronômicas, Universidade Estadual Paulista (UNESP), Botucatu, S�o Paulo, Brasil
4Escola Superior de Agricultura Luiz de Queiróz, Universidade de S�o Paulo (USP), Piracicaba, S�o Paulo, Brasil

Abstract. Citrus gummosis, caused by Phytophthora spp., is an important citrus disease in Brazil. Almost all

citrus rootstock varieties are susceptible to it to some degree, whereas resistance is present in Poncirus trifoliata,

a closely related species. The objective of this study was to detect QTLs linked to citrus Phytophthora gummosis

resistance. Eighty individuals of the F1 progeny, obtained by controlled crosses between Sunki mandarin Citrus

sunki (susceptible) and Poncirus trifoliata cv. Rubidoux (resistant), were evaluated. Resistance to Phytophthora

parasitica was evaluated by inoculating stems of young plants with a disc of fungal mycelia and measuring lesion

lengths a month later. Two QTLs linked to gummosis resistance were detected in linkage groups 1 and 5 of

the P. trifoliata map, and one QTL in linkage group 2 of the C. sunki map. The phenotypic variation explained

by individual QTLs was 14% for C. sunki and ranged from 16 to 24% for P. trifoliata. The low character

heritability (h2 = 18.7%) and the detection of more than one QTL associated with citrus Phytophthora gummosis

resistance showed that inheritance of the resistance is quantitative.

Key words: citrus disease, genetic mapping, gummosis, inheritance, Phytophthora, QTL, resistance.

Received: August 16, 2005. Accepted: November 8, 2005.

Correspondence: M. Cristofani, Centro APTA Citros Sylvio Moreira – Instituto Agronômico (IAC), CP04, CEP13469-970,

Cordeirópolis, S�o Paulo, Brasil, e-mail: mariangela@centrodecitricultura.br



More than 85% of the rootstocks used in Brazil

are derived from Rangpur lime (Citrus limonia

Osbeck), which is moderately resistant to

gummosis and highly susceptible to other dis-

eases, such as citrus sudden death and blight. By

contrast, Poncirus trifoliata has been shown to be

resistant to CTV, Phytophthora gummosis and cit-

rus nematode, and is therefore regarded as an impor-

tant rootstock for citrus (Ling et al. 2000). Sunki

mandarin (Citrus sunki Hort. ex. Tan.) has been

shown to be highly tolerant to CTV, but it is suscep-

tible to Phytophthora gummosis (Pompeu Jr. 1991).
Most citrus breeding research has intended to

select varieties that are resistant to diseases. Few
genetic studies using a controlled progeny have
been performed to understand the inheritance re-
garding resistance to important diseases of citrus,
such as Phytophthora gummosis. Hutchison
(1985) reported that the study of the mode of in-
heritance of disease resistance and other important
traits in citrus are hindered by factors like large
plant size, long juvenility periods, self- and
cross-incompatibility, inbreeding depression,
and apomixis. In the case of gummosis resistance,
the inheritance is complex and quantitative in na-
ture.

The use of molecular markers has improved
the efficiency of classic methods of plant breeding
aimed at disease resistance. The genetic mapping
of QTLs and the identification of molecular mark-
ers associated with QTLs for disease resistance
have been conducted in Citrus spp. and related
genera (Gmitter et al. 1996; Deng et al. 1997;
Cristofani et al. 1999; Ling et al. 2000). The detec-
tion of major QTLs on genetic linkage maps based
on molecular markers would offer a fine view of
the genetic architecture of quantitative characters
and provide a potential tool for effective breeding
through marker-assisted selection (Yoshimaru
et al. 1998).

Genetic linkage maps of P. trifoliata cv.
Rubidoux and C. sunki were constructed previ-
ously by using RAPD molecular markers
(Cristofani et al. 1999), exploiting the pseudo-
testcross mapping strategy. Two separate data sets
were generated, one for each parent. A prelimi-
nary linkage analysis was carried out with
a phase-unknown backcross model at LOD > 4.0
and max � = 0.30. Seventy-eight primers showed
pseudo-testcross mating, where the marker was
present in one parent, absent in the other and seg-
regating in the progeny. Linkage analysis revealed
that 125 of these RAPD loci fell into 18 linkage
groups (10 groups with 63 RAPD markers for
C. sunki and 8 groups with 62 RAPD markers
for P. trifoliata). The total length of the maps was

732.32 cM for C. sunki and 866.88 cM for P. tri-
foliata, with the distance between markers ranging
from 0 to 43.8 cM.

In the present paper, we report our investiga-

tion of linkages between these molecular markers

and QTLs associated with citrus Phytophthora

gummosis resistance.

Materials and methods

Plant materials

The 80 offspring used in a previous work, in which

linkage maps of P. trifoliata cv. Rubidoux and

C. sunki were constructed (Cristofani et al. 1999),

were used in this experiment. Ten buds of each hy-

brid and the parental genotypes were grafted onto

Rangpur lime (C. limonia Osbeck). When these

grafts were six-month-old and had stems measur-

ing approximately 5–7 mm in diameter, they were

inoculated with Phytophthora. The experiment

was conducted in a greenhouse in a fully random-

ized design.

Resistance tests

The F1 hybrids were artificially inoculated with

the disc method used by Fawcett (1923) and de-

scribed in detail by Rosseti (1947). A 3-mm disc

(cork bore) of fungal mycelia, taken from

a 7-day-old culture grown on carrot agar medium,

was inserted into a hole (� 3 mm) bored into

a branch of the tree. After inserting the agar disc

into the branch, the bark was used to seal it in

place. The isolate of P. parasitica (LRS 23/97)

used in this study originated from Casa Branca –

S�o Paulo state.

After inoculation, the plants were grown for 30

days at an average temperature of 25°C and 90%

(± 0.5%) relative humidity and planted in 2.0-L

plastic bags with commercial substrate, with

the addition of a pelletized fertilizer. The plants

were watered thrice a week. Disease progress was

evaluated through measurement of the lesion

lengths (mm) for all the replicates of hybrids and

parental plants.

Statistical analysis, quantitative trait loci

(QTLs) detection and mapping

QTLs were mapped basing on the mean values

by using the composite interval mapping method

(CIM) proposed by Zeng (1993, 1994) in
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the QTLCartographer 1.15 version software

(Basten et al. 2001). CIM, an extension of interval

mapping (Lander and Botsten 1989), tests the hy-

pothesis that an interval flanked by two adjacent

markers contains a QTL affecting the trait, while

statistically accounting for the effects of addi-

tional segregating QTLs outside the tested interval

using multiple regression. The LOD score test sta-

tistic used is – log L0/L1, where L0/L1 = ratio of

the likelihood under the null hypothesis (there is

no QTL in the interval) and the alternative hypoth-

esis (there is a QTL in the interval).

We used Model 6 of the Zmapqtl module of

QTLCartographer, scanning intervals of 1 cM be-

tween markers and putative QTLs with a window

size of 10 cM. The number of marker cofactors for

the background control was set by forward-backward

stepwise regression. A genome-wide critical thresh-

old value for the experiment-wise Type I error rate

(� = 0.05) was set for the trait by permuting means

randomly among genotypes 1000 times and using

the empirical permutation false-positive rate

(Churchill and Doerge 1994). The position, ge-

netic effects and percentage of phenotypic varia-

tion of the QTLs were estimated at the significant

LOD peak in the region under consideration.

The phenotypic variance explained by a single

QTL was estimated by the square of the partial

correlation coefficient (r2). Estimates of the r2

value and the additive effect of a QTL were also

estimated by the Zmapqtl module.

ANOVA was used to estimate the heritability

(h2) with the formula h2 = �g
2/(�g

2 + �e
2/n) where

�g
2 = genetic variance, �e

2 = environmental vari-

ance, and n = number of replications (Falconer

1989).

Results and discussion

Analysis of variance revealed significant differ-

ences in lesion lengths among the hybrids (data

not shown). The distribution frequency of the

mean values was continuous among the individu-

als. The majority of the 80 hybrids had average le-

sion lengths between 10 and 15 mm. The parents

represented the extreme points in lesion lengths,

with 18.10 mm for C. sunki, and 5.30 mm for

P. trifoliata. The lesion length values for the F1 in-

dividuals ranged from 7.8 to 15.2 mm (Figure 1).

The means’ distribution frequency histogram im-

plied that the Phytophthora resistance trait in citrus

plants is probably conferred by multiple genes (Fig-

ure 1).

The heritability of resistance for gummosis

was h2 = 18.7%. This low level of heritability indi-

cates that the gummosis resistance is quantita-

tively inherited.

In the present study, linkage maps of C. sunki

and P. trifoliata were used to locate QTLs related to

Phytophthora gummosis resistance. The linkage

maps used were previously built basing on the segre-

gation of RAPD markers in a pseudo-testcross con-

figuration of 80 individuals (Cristofani et al. 1999).

The number of markers per chromosome

averaged 7.75 for the P. trifoliata map and 7 for
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Figure 1. Frequency distribution of mean lesion length of gummosis caused by P. parasitica (= P. nicotianae) in hybrids

Citrus sunki × Poncirus trifoliata cv. Rubidoux and parental plants. Arrows indicate the extreme points with lesion

length of 5.30 mm for P. trifoliata and 18.10 mm for C. sunki.



the C. sunki map. The size of linkage groups

ranged from 3.20 cM to 246.67 cM for P. trifoliata

and 10.30 cM to 174.18 cM for C. sunki. These

results represent what occurs in nature, because

cytological studies conducted by Guerra (1993)

demonstrated that the size of the chromosomes in

citrus species is variable. That author divided

the chromosomes of citrus species into three size

classes (large, medium and small), because

chromosome I, for example, is approximately

3 times larger than chromosome IX.
In maps used in the present work, the average

distances between markers were 14.45 cM for
P. trifoliata and 11.68 cM for C. sunki. Approxi-
mately 75% of the intervals were smaller than
15 cM, confirming a suitable coverage of the pres-
ent maps for QTL analyses.

When CIM (an extension of interval mapping)

was used with QTL Cartographer, two QTLs

linked to gummosis resistance were detected in

linkage groups 1 and 5 of the P. trifoliata map,

and one QTL in linkage group 2 of C. sunki.

The QTLs detected with the assistance of the QTL

Cartographer software can be visualized in Fig-

ures 2 and 3. On the ordinate axis, the scale of

LOD values are arranged for each linkage group

analyzed. On the abscissa axis, the scale shows

the markers for the linkage groups and the dis-

tances in centimorgans (cM). The undulating line

indicates results of the analysis performed using

CIM. The horizontal line indicates the limit of sig-

nificance for QTL detection. The regions above

this limit are considered to be QTLs.
The mapping identified a QTL in linkage

group 1 of P. trifoliata, localized between the mo-
lecular markers E16_519 and E20_510
(LOD = 2.9). This QTL had a positive additive ef-
fect, increasing resistance to gummosis. In this
same linkage group (G1), the citrus tristeza virus
resistance gene (Ctv) was previously mapped
(Cristofani et al. 1999).

Another QTL was identified in P. trifoliata in

linkage group 5, between the molecular markers

Z_680 and U05_740 (LOD = 2.9). This QTL had

a negative additive effect, decreasing resistance to

gummosis. The negative additive effect was also

observed for the QTL mapped in C. sunki in link-

age group 2, linked to marker N06_1590 (LOD =

2.5). As in the true testcross, no intralocus interac-

tions, such as dominance, can be estimated in the

pseudo-testcross (Grattapaglia et al. 1995).

The QTLs detected in linkage groups 1 and 5

of P. trifoliata cv. Rubidoux, designated Ppr-Pt1

and Ppr-Pt2 (Ppr = Phytophthora resistance), ac-

counted for 24 and 16% of the total phenotypic

variation for gummosis resistance, respectively.

The QTL Ppr-Cs detected in linkage group 2

of C. sunki explained 14% of the total phenotypic

variation for resistance to the pathogen.

Table 1 summarizes information regarding

the QTLs identified, i.e., the values of estimated

phenotypic variation caused by the QTLs, as rep-
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Figure 2. Linkage groups of the P. trifoliata cv. Rubidoux map, showing two QTLs located at 228 cM in Group 1

(LOD = 2.9) and at 86 cM in Group 5 (LOD = 2.9). A = additive effect.



resented by r2 values for each QTL on each map

(P. trifoliata cv. Rubidoux and C. sunki).

The presence of QTLs associated with charac-

teristics like gummosis and CTV resistance in

the same linkage group of Poncirus trifoliata indi-

cated that this region is of great interest for the se-

lection of genotypes with multiple resistance to

diseases, and supports the idea that resistance

genes are clustered. Ling et al. (2000) reported that

a SCAR marker SCAD081100, closely linked to

the Ctv resistance gene (Deng et al. 1997), mapped

10.8 cM away from a nematode (T. semipenetrans)

resistance gene region in the backcross family.

The genetic basis for some disease resistance in

citrus is characterized by a simple and oligogenic

inheritance in the case CTV (Gmitter et al. 1996;

Mestre et al. 1997; Cristofani et al. 1999),

and T. semipenetrans (Ling et al. 2000) in P. tri-

foliata. In our study, we established that resistance

to gummosis was quantitatively inherited with

at least 3 significant QTLs in linkage groups

and heritability of 18.7% for resistance. The exact

number of loci involved in the expression of this

quantitative characteristic is still unknown. Never-

theless, the search for more QTLs affecting this

trait will continue with the use of a map saturated

specially with codominant markers and a larger

family size.
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