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Utilization of DNA markers in citrus breeding programs. 
Abstract - Introduction. Various aspects o f reproductive biology incl ucl ing sexual 
incompatibili ties, nu cellar emb1yony, juvenility, and the narrow gene tic base of com
mercially important species hinclers citrus breecling programs. However, once hybricls 
have been macle, the greatest impecliment is the Jack of efficient , accurate , and 
cost-effective screening and selection proceclures fo r most traits targetecl by citrus breecl
ers fo r genetic manipulation and improvement. DNA marker technology provicles tools 
to overcome the challenge of multi-trait selection in breecling programs in the short 
term , and , in the long term, it holcls promise to enable clevelopment of new scion cul
tivars with specific improvements fo r key traits . Marker-assisted selection. Marke r
assistecl selection (MAS) is a tool that enables plant breeclers to select fo r a number of 
tra its simultaneously among very young p lants . Marker clevelopment takes aclvantage of 
polymerase chain reaction technology, which is a methocl to amplify and visualize spe
cific DNA sequences as fragments on gels. Impacts that MAS can have on citrus breecl
ing are pro jectecl in the pa per. Map-based cloning of genes. A sophisticatecl extension 
of DNA marker technology ca llecl map-basecl cloning, in combination with methocls of 
citrus genetic engineering, cloes promise in the near future to cleliver some rather spec
tacular benefits fo r the improvement of cultivar groups , as oranges, grapefruit , and 
lemons which are not amena ble to hybricliza tion as a cultivar-improvement strategy. For 
example, efforts to clone the citrus tristeza virus-resistance gene are clescribecl , to illus
trate the kincl of genetic improvements that will be possible sho rtly. (© Elsevier, Paris) 
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Utilisation des marqueurs de I' ADN pour l'amélioration des agrumes. 
Résumé - Introduction. Divers aspects de la bio logie de la reprod uction dont les sys
tèmes d 'incompatibilité , l'embryonnie nucellaire , la juvénilité et l'étro itesse de la base 
génétique des espèces commercialement importan tes gênent l'amé lio ration des 
agrumes. Cependant , une fo is les hybrides créés , l'obstacle majeur est le manque de 
procédures de criblage efficaces, précises e t rentables pour les caractères inté ressant le 
sélectionne ur. La technologie des marqueurs DNA fo urnit des outils qui permettent à 
court terme de surmonter la difficulté d 'une sélection mul ticaractère lors de programme 
de sélection , et qui font espérer à long te rme un éventuel développement de nouvea ux 
cultivars greffons possédant des amélio rations spécifiques pour des caractères clés. 
La sélection assistée par marqueurs. La sélection assistée par marqueurs (MAS) est 
un out il qui permet aux sélectionneurs d 'effectuer un tri parmi de très jeunes plants à 
partir de la prise en compte simultanée de nombreux caractères . Le développement de 
marqueurs s'appuie sur la technique des PCR qui pe rmet d 'amplifier et de visualiser des 
séquences d'ADN spécifique en fragments sur des gels . Les impacts qu e peut avoir la 
MAS sur la sélection des agrumes sont évalués clans ce document. Clonage de gènes 
sur cartographie. Une extension sophistiquée de la technique des marqueurs ADN, 
appelée clonage de gènes sur cartographie (MBC), combinée avec des méthodes d 'in
génie rie en génétique des agrumes , p romet de donner prochainement des résultats 
assez spectaculaires pour l'amélio rat ion de groupes de cultivars, te ls qu 'orangers, 
pomélos et citronniers peu propices à l'hybrida tion en tant que stra tégie d 'amélioration 
de cultiva r. Les tentative de clonage du gène de rés istance au CTV (citrus tr isteza virus) 
sont exposées afin d 'illustre r les amélio rat ions géné tiques envisageables à court terme . 
(© Elsevier, Paris) 
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1. introduction 

Histori call y, citrus culti va r improve
ments have relied on the identification of 
chance seedlings o r bud spo rt mutations 
that possessed some characteristic tra it 
which made them superio r to previo usly 
existing cultivars . There are va rio us bio
logical fa ctors that have limited progress 
towa rd improved cultivars, by excluding 
some po tenti all y va lu able pare nts fro m 
the breeding pool (such as ste rility or 
sexual incompatibility), o r by limiting the 
numbers of hybrids that can be recovered 
fro m controlled crosses (e .g ., nucellar 
e mbryony) . Furthermo re, some of the 
most econo mica lly important citrus fruit 
(o range , grapefruit , and le mon) a re not 
true species and cannot be improvecl by 
making c rosses; a il culti vars in these 
groups have origina tecl as spontaneo us 
mutations, in bucllines or in nucellar seecl
lings [l]. Sexual hybricli za tio n has been 
somewhat useful in the clevelo pment of 
new mandarin and roots tock culti va rs, 
but even within these groups it shoulcl be 
no tecl that most cultiva rs usecl toclay are 
not the result of systematic breecling pro
grams . The fac to rs that have limitecl the 
success in breecling new rootstocks and 
mandarin cultivars have been the lack of 
information on the inheritance of impor
tant traits, and more significantly, the lack 
o f simple, effective, and cost-e ffi cient 
screening and se lectio n p roceclures to 
icl entify hybricls improvecl for multipl e 
traits . DNA marke r techno logy provicles 
tools to overcome the challenge of multi
trait selection in breecl ing programs in the 
short term, and , in the long term, it holcls 
p ro mise to e nabl e cl eve lo pment of new 
scion cultivars with specific improvements 
for key traits. 

2. marker-assisted selection 

Ma rker-assistecl selection (MAS) [2] is a 
tool that enables plant breeclers to iclen
tify inclividuals from breecling families that 
possess genes fo r spec ific useful tra its . 
The po te nti al power of MAS sho ulcl 
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become obvio us by consicle ration of the 
foll owing exa mple for citrus rootstock 
improvement. Breeclers have macle Citrus 
x Poncirus crosses for rootstock improve
me nt to capture the resistance to citrus 
tristeza virus (CTV), citrus nematode 
(CN), and Phytophthora. If 1 000 such 
hybricls were proclucecl and the frequency 
o f hybricls with acl equa te resistance to 
CTV = 0.5 , and to CN and Phytophthora= 
0.1 each , then onJy five incliviclual hybricls 
sho ulcl possess aclequate resistance to all 
three pathogens (1 000 x 0.5 x 0.1 x 0.1 
= 5) . If these 1 000 hybricls were to be 
screenecl for resistance to each pathogen, 
it coule! take three full-time researchers as 
lo ng as 5 yea rs to fincl the fi ve best 
hybricls; with DNA markers proven to be 
linke cl to genes for res istance to these 
pathogens, the screening and se lectio n 
process sho ulcl take only one researcher 
6 mo nths or less to achieve the same 
result. 

Ma rker cl evelo pment takes aclvantage 
of polymerase chain reaction (PCR) tech
nology, which is a methocl to amplify and 
visualize specific DNA sequences as frag
ments o n gels . The first s te p in marker 
clevelo pment is to eva luate breecling fami
li es fo r res istance/ susceptibility to the 
pathogen o f inte rest, using existing 
methocls of inoculation and testing. Once 
indivicluaJs in the famil y have been char
acterizecl , DNA is extractecl from several 
of the most resistant and most susceptible 
hybricls and poolecl together. These pools 
are subjectecl to PCR, and a panel of pri
me rs (which clete rmine the nature of the 
bancling patte rns o n gels) is screenecl to 
fine! those that procluce major fragments 
associatecl uniquely with resistance . Next, 
the assoc iation of these markers to each 
o the r and to the gene(s) o f inte rest a re 
tested in several famili es . The markers 
most tightly-linke cl to the gene(s) can be 
usecl then on a routine basis for screening 
and selection in breecling programs. 

Thus fa r in citrus , markers have been 
iclentifiecl and are being usecl to select for 
the CTV resistance gene from Poncirus [3] 
and for a majo r gene conferring res ist
ance to CN . Other markers are be ing pur
suecl for rootstock-relevant traits inclucling 



tolerance of salinity and freezing tempera
tures, Phytophthora resistance, and nucel
lar emb1yony. As these new markers are 
developed, MAS will become a very 
powerful tool that can enable breeders to 
select for a number of traits simulta
neously among ve ry young plants . This 
greatly enhanced selection effi ciency 
means that breeders will be able to select 
from much larger families then ever pos
sible before, in Jess time, and using much 
Jess resources. Only prescreened , e lite 
individual hybrids w ill need to be planted 
for adva nced tests and fie ld eva luatio n. 
The end result w ill be new cultivars that 
possess multitrait improvements for the 
benefit of p roducers and consumers of 
citrus fruit. 

3. map-based cloning of genes 

It is clear that MAS methods will have 
benefit for cultivar improvement p ro
grams focused on rootstocks and manda
rins, ba th of which can be approached by 
controlled crosses . As indicated above 
though, oranges, grapefruit , and lemons 
are not ame nable to hybridiza tion as a 
cultivar-improvement strategy, and there
fore MAS has no immedia te benefits to 
provide . A sophisticated extension o f 
DNA marker techno logy ca lled map
based cloning (MBC) [ 4] does promise to 
deliver some rather spectacular be nefits 
for the improvement of these cultiva r 
groups in the near future, in combination 
with methods of citrus genetic engineer
ing. 

The principles of MBC are being 
applied to isolate and clone the gene for 
CTV resistance (des ignated Ctv) from 
Poncirus trifoliata , for subsequent trans
formation of CTV-susceptible citrus culti
va rs . Altho ugh this gene can and has 
been moved from Poncirus to Citrus by 
making crosses, it is not practical to deve
lop scion cultivars in this manner because 
many other genes with adverse effects on 
fruit quality are likewise transmitted . 
Based on the genetic map of the Ctv 
regio n, the most close ly linked markers 
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that bo rder the gene Ctv will be used to 
find large pieces of DNA fro m res istant 
plants that contain this target gene . These 
large pieces are made by partially diges
ting the total DNA and cloning the result
ing fragments in bacte ria, to produce a 
libra1y that contains all of the pieces and 
thus, all of the genetic information from a 
resistant plant. Such a BAC (bacterial arti
ficial chromosome) libra,y [5] will consist 
of 15-20 000 inclividual bacte rial colonies . 
To date, we have identifi ed appropriate 
markers and have nea rl y completed 
constructio n of the library. Once frag
ments containing the gene have been iso
lated, they can be transferred into suscept
ible cultivars by transformation methods 
and tested for their effectiveness in CTV 
res istance . Ma p-based clo ning is a ve ry 
costly and technica lly demanding chal
lenge . However, this effort should be jus
tified by the potentially great benefit that 
w ill result by the protectio n of citrus 
scion (and rootstock) cultivars against this 
wide spread and damaging citrus virus. 
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Utilizacién de los marcadores del DNA para mejorar los agrios. 
Resumen - Introducciôn. Varios aspectos de la biologia de la reproducciôn entre ellos 
los sistemas de incompatibilidad, la embrionia nucelar, la juvenilidad y la estrechez de la 
base genética de las especies comercialmente importantes estorban el mejoramiento de los 
agrios. Sin embargo, una vez creados los hîbridos, el obstaculo rnayor es la falta de procedi
mientos de cribado eficaces, precisos y rentables para los caracteres que interesan al geneti
cista. La tecnologîa de los marcadores DNA proporciona herramientas que permiten a corto 
plazo superar la dificultad de una selecciôn de varios caracteres en programa de selecciôn, y 
que hacen esperar a largo plazo un posible desarrollo de los nuevos cul tivares injertados 
que poseen mejoramientos especîficos para caracteres claves. La selecciôn asistida por 
marcadores. La selecciôn asistida por marcadores (MAS) es una herramienta que permite a 
los geneticistas realizar una selecc iôn entre muy jôvenes plantas a partir de la toma en 
cuenta simultanea de numerosos caracteres . El desarrollo de marcadores se apoya en la téc
nica de los PCR que permite amplificar y visualizar secuencias de DNA especîfica en frag
mentos sobre geles. Los impactos que puede tener la MAS en la selecciôn de los agrios se 
evalûan en este documento. Clonaje de genes en cartografia. Una extension sofisticada 
de la técnica de los marcadores DNA, llamada Clonaje de genes sobre cartografîa (MBC), 
combinada con métodos de ingenierîa en genética de los agrios, promete dar prôximamente 
resultados bastante espectaculares para el mejoramiento de grupos de cultivares, tales como 
los naranjos, pomelos y limoneros poco propicios a la hibridaciôn como estrategia de mejo
ramiento de cultivar. Se expone la tentativa de Clonaje del gen de resistencia al CTV (Citrus 
Tristeza Virus) para ilustrar los mejoramientos genéticos programados a corto plazo. 
(© Elsevier, Paris) 
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