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Summary 

l. During the two-year period of the Rockefeller Foundation grant RF960 I O #20, 
from J anuary 1997 to September 1998, the followíng major outputs were 
achieved; 

1.1 Generation of simple sequence repeat (SSR) enriched Iibraries from cassava; the 
identification of 1,220 putative di-, tri-, and tetra-nucJeotide repeats after 
screening with the appropriate oligonucleotides; Isolation of Plasmid DNA from 
>500 of the pulative SSRs in readiness for sequencing; Forward and reverse 
seguencing of > l 00 positive clones revealed simple and compound SSR with 
repeats ranging from 6-30. Primers have been designed for 60 of Ihe new SSR 
markers. 

1.2 An important output has been Ihe ability of ongoing aetivities, specifieally the 
development of a SSR-based genetíc map of cassava, lo atlract support from non
traditíonal donors. CIA T has sought support from, and has been requested to 
submit a proposal to the International Scienee program, Uppsala, Sweden, lo: 
apply SSR markers in the quantitative assessment of cassava genetic díversity in 
Afriea, and to compare it to the total avaílable in South Ameriea and recently 
identified wild progenitors, on a genome wide basis. The study, the first of its 
kind in eassava, will provide crucial information as lo the exisling genetic 
diversity of cassava in Afríea and how lo syslematically broaden it for improving 
cassava yields gi ven the irreducible uncertainties fadng small holder farming 
systems. 

1.3 Forty ESTs have been developed for cassava from >250 cDNAfAFLP 
polymorphisms identified between the parents of the FI mapping population. 
They consist of mostly house keeping genes. Six of the ESTs have been mapped 
lo the existing genetic map. ESTs generated as cDNAfAFLP fragments show a 
much higher level of polymorphism, 55%, than that found with random cDNAs, 
20%. 

lA The projecl has initiated a multilocalional QTL trial lo identify quantitative traít 
¡oei (QTL) controlling earliness, dry matter content, post-harvest deterioration 
(PHD), slarch quality/eontent, culinary quality, and important morphological traits 
using the FI mapping population. The QTL experiment, meant to run for two 
seasons, has yielded data for earliness for the fírst season; other traits will be 
measured at the end of the year. Heritability seores for earliness was 60 and 64% 
in the 2locations, and two regions of the same Iinkage group was found lo control 
>80% of genotypic variance in one location. . 

1.5 Construction of a Cassava (Manihot esculenta Crantz) Bacterial Artificial 
Chromosome (BAC) Library in collaboration with the Clemson University genome 
Center (Dr Rod Wing): Towards cloning of disease and pest resistance Genes. The 
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cassava BAC Iibrary has 55,296 dones, of average size 80kb and has a 5X 
coverage of the cassava genome. 

1.6 The cassava mapping project is providing training for an African scientist in QTL 
mapping of traits of agronomic importance and their application in ca~sava 
breeding. 

1.7 Three manuscript have been prepared, based on the outputs described in thís 
progress report; one has been accepted in a referced journal, another submitted as 
a book chapler, and a third is in preparation. Two posters, one describing Ihe 
BAC Iibrary construction, has been presented in scientific rneetings, and a third, 
reporting recent QTL mapping work, is in preparation for presentation at Plant 
Genome VI conference laking place in San Diego early 1999. 

2. While the mapping project has generated several useful outputs. Ihe biological 
nature of cassava, long growth cyclel vegetative propagation, and the Iimited 
genetic knowledge and resources available, considerably lengthens the progress 

• for developing markers for cassava breeding. A request for a two year extension, 
to complete work started in this project, is being submitted with this report to the 
Rockefeller Foundation for consideration. Principal activities enumerated in the 
proposal indudes: 

2.1 Genetic mapping of a few hundred SSR markers: towards a PCR-based map of 
cassava. 

2.3 BAC contig mapping of regíons of the cassava genome bearing disease rcsistance 
genes lo the cassava bacterial blighl (CBB), and the African cassava mosaic 
disease (ACMD). 

2.2 Repetition of lhe QTL trial, to obtain data for the second year. and verification of 
putative QTLs by extending the study to a backcross population. developed by 
crossing 5 Ft s from the mapping populatíon to their femate parent. 

2.4 Sequencing and mapping of the ESTs. 

2.5 Technology transfer of molecular marker technology for the assessment of genetic 
diversity lo African nalional programs. 
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Technical Report 

Saturation of the Genetic Map of Cassava with PCR-Based Markers 
and the Use of the Genetic Map in the Improvement of Cassava 

Project RF96010 #20 (January 1997- September 1998) 

Introduction 

With support from the Rockefeller foundation, the this project is an effort lo take results 

obtained from genetic mapping of the cassava genome and to apply them to overeoming 

eonstraints of cassava breeding. Considering the low technology status of most cassava 

breedíng programs, lhe use of RFLP markers, currently the majority on lhe molecular 

genetic map of cassava, in marker-assisted studies of genetic diversity, genetic analysis of 

complex traits and marker-assisted improvement of cassava was questioned Hy 

collaboralors in the National Agricultural Research services (NARs). RFLP markers, 

lhough highly informative, and the marker of choice for the heterozygous genome of 

cassava, are beyond the capacity of all centers in Africa and Latin America and most . 

centers in Asia, and will be a major limitation of technoJogy Iransfer. 

Recent advances in the identification and development of simple sequence repeat (SSR) 

markers, combined with the PCR-based, co-dominant nature, speed of assay, and high 

levels of allelic diversity assay, make SSRs the second generation markers of choice for 

the saturation of the cassava genetic map and for transfer of marker technology to 

collaborators in lhe NARs. The major emphasis of (he first 18months of this project was 

to bring together lhe resources, technology, and personnel required for the generation of a 

few hundred SSR markers for the cassava map. Modest financial support was received 

from the Swiss Development Cooperation (SDC) and ¡he Swedish International 

Development Agency (SIDA). A cassava breeder from ¡he National Root and Tuber 

Program in Nigeria was invited to participate in the entire process of SSR marker 

identificatíon, deveJopment and mapping. An immediate application of the SSR mafkers 

to assessing cassava genetic diversity is also discussed. 
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A useful marker for genetic analysis of complex traits are expressed sequence tags 

(ESTs). ESTs are particulary useful markers for Ihe candidate loci approach 10 mapping 

polygenic traíts, to organizing Y ACs, BACs, or other large-insert DNA clones, into 

physical maps, and for identification of DN A regulatory sequences responsible for gene 

expression. ESTs markers have been widely usro in the human, mouse and several plant 

geno me, and the EST data base division of Gene Bank contains over 1.2 million 

sequcnces. ESTs are PCR-based and their development for cassava genome rnapping is a 

component of this project. 

A principal strategy in the application of markers to crop genetic improvement is Ibe 

development of molecular tags, preferably PCR-based markers, for traits of agronomic 

interest. Their development requires scoring molecular markers, inherited in a simple 

Mendelian fashion, and the traíl in segregating populations of simple pedigrees. Linkage 

disequilibrum between ¡he markers and loei affecting the trail provides molecular tags 

that can be used to select parents with high breeding values for several complex trait.~ 

simultaneously, and to select early for traits expressed late in the crop growth cycle. One 

of the major objectives of ¡he project was the design and execution of an experimental 

trial to lag genes controlfing traits of agronorníc design in cassava. 

Another dimension of applying the map to cassava breeding is by improving Ibe 

efficiency of moving useful genes, especially disease and pest resistance genes, around 

cassava genepools. The rapid advance in cloning of plant disease resistance genes, 

together with reproducible transformaríon protocols in cassava makes genetic 

transformalion with homologous disease and pest resistance genes, a raster and more 

efficient way of moving around useful disease resistance genes amongst cassava 

genepools. Cloning genes known only by their phenotypes and position relative to 

molecular markers on a genetic map requires libraries of large DNA fragments Ibat can 

be ordered into contigs, that span the genomic region carrying the gene(s) of interes!. 

The project prioritized generation of BAC Iibraries for cassava considering that disease 

resistance genes, controlling resistance to several strains of the cassava bacterial blight 
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(CBB), have been mapped, using Ihe genetic map of cassava. Similar experiments are 

ongoing to identify genes controJling resistance to the cassava mosaie disease (CMD). 

Report 

1. Development of SSR Markers 

A DNA library from variety TMS30572, was enriehed for SSR markers using the 

following di-, tri, and tetra- nucleotides: (CT) 8. (GT) 8, (CAA) 6, (CAG) 6. (AAT) 6 • 

(ACG) 6. (GATA) 4. and (CAGA) 4 and eloned inlo pUC18 plasmid, aecording to 

Edwards et al. (1996). The library was transformed inlo DH10B competent cells and 

totalof 18,000 colonies from the enriehed library was sereened for SSR markers by 

hybridization wilh (CTho, (GTho. (CAA) 14, (CAG) 14. (AAT) 14. (ACG) 14. (GATA) 10. 

and (CAGA) 4 oligonucleotides and by anchored primer PCR (Stephenson 1'998, 

unpublished data). A second enriched library from variety CMC40 enriched for (CT) 8, 

(GT) 8. developed in eollaboration with Keith Edwards, Bristol University, UK, and 

cloned in pJV 1. to inerease the pereent enrichment. About 2,100 clones were picked 

from the library and sereened with the oligos (CT) 20, and (GT) 20 by dot blot screeni~g. 

Plasmid DNA was isolated from putative clones by the QIAprep plasmid isolation kit, 

and 1-3ul of plasmid preparation was sequenced on an ABI377 automated sequeneer, 

using the Universal and reverse M13 primers. Forward and reverse sequenee strands 

were aligned using, eilher the GCG software, or the Basic Alignment Search Tool 

(BLAST) version 2.0 site of the National Center for Biotechnology Information found at 

http://www.ncbLnlm.nih.gov/gorf/wblast2.cgi.Primer design was by !he web based 

software Primer 3.0 found at http://waldo.wi.mit.edu/cgi-bin/primer/primer3.cgi. 

A total of 120 putative clones were identified in the fírst library and sequenced. Of this, 

64 clones contained unique SSR markers; primers. 2Q..mers long, could be designed for 

60 clones from regions flanking Ihe di-or trí-nucleotide repeats. Other clones had the 

SSR too close to the end of the fragment, or had very short, <4 dí- or tri-nucleotide 

repeats. Results reveal a low efficiency of enrichment <1 % enrichment. More than 1100 

putative SSR markers were identified from the second Iibrary, corresponding to an 
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enrichment of 50%. Plasmid DNA was isolated from 550 clones and 100 ofthese clones 

have so far been sequenced, all clones eontained the corresponding di-nucleotide repea!, 

with sorne 10% having the microsatellite too close to one extreme. Primers are being 

designed tha! will yield three different PCR product sizes or bins, to facilitate 

multiplexing with the ABI377 automated sequencer (Perkin Elmer) and fluorescent 

primers. Sequencing of putative SSR clones from the second enrichment is continuing; 

the target by the end of the year is 500 sequenced clones with their eorresponding primer 

pairo Genetic mapping of the SSR markers is expected to begin al the beginning of next 

year. 

2. Application oC SSR Markers 

The irreducible uncertainlies of crop production in Sub-S ah aran Africa oecasions ari 

austere description for a major staple crop. Cassava's hardiness, low labor and resource 

requirements fits the harsh realities of most farming systems in the sub continent, 

demonstrated by ¡ls increasing importance as a slaple and food seeurity erop of the region 

(Jiggins et. al. 1996). A major concern of cassava produetion in Afriea today is steadily 

deereasing or stagnating yields due to pests, diseases, soil fertílíty, arising from shorter 

cycles of shifting cultiva~ion and cropping of marginal soils, a lack of labor and resource 

inputs, drought and other climatic factors. It has been suggested that broadening local 

germplasm with disease, pest, root quality and nutrient-use efficieney genes, while 

endeavoring to preserve most of farmer-preferred traits might be a solution to cassava 

improvement in Africa (Gullberg 1998 pers. comm.). This is a task Ihat requires 

maximizing genetic variation lo achieve adaptable combination of alleles. But cassava is 

of South American origino It is nOI known what proportion of genetic diversity of 

eassava present in South America has been transferred to Afriea .. The recent discovery 

(hat eassava has only 25% of genetic variation found in its wild progenitors (Olson el. al. 

1998 in preparation), compared to 75% in maize (Eyre-Walker el. al. 1998) has raised 

prospects tor (he broadening (he genetie base of the erop. 

A cassava molecular diversity network to evaluate genetic diversity of cassava in Africa 

bas been proposed and support sought from (he International Science Foundation in 

7 



Sweden. The Network, consists of a geneticist, molecular geneticist, population 

geneticist, plan! breeder, and germplasm scientists from CIAT, the Washington 

University, Sto Louis, USA, the Swedish Agricultural University, Uppsala, Sweden, lITA 

and National Programs in Africa. The Network intends to collect cassava varieties, GIS, 

and agronomic information from selected African coun!ries, and evaluate ¡he accessions 

with a sub-se! of SSR markers spread over the entire genome at CIAT. Ongoing ana 

conc\uded cassava genetic diversity studies of South American accessions, with SSR 

markers, will be expanded to obtain a representative estimate of diversity in the crop's 

center of diversity. Further collections of wild progenitors of cassava, recently identified 

in the Southern rim of the Amazonian region will a1so be evaluated. The study will yield 

a quantitative estimate of allelic richness of African cassava varieties versus Ihe total 

available in South America and wild progenitors of cassava. The genetic diversity study 

is expected to begin in 1999. 

3. ESTS 

Total RNA was isolated from young leaves and roots of the two genotypes of Ihe parents 

oflhe cassava mapping population TMS30572 y CM2177-2 at 4 weeks after planting. 

Messenger RNA was isolated from total RNA by Dyna beads and cDNA was synlhesized 

from the mRNA templates a~ described by Bachem el al. (1996). Using Ihe modifie'd 

AFLP method for DNA templates (Bachem et al, 1996), a preamplification PCR without 

selective bases primers and a subsequent amplification with two selective nucleotides 

primers, using all the possible 256 combinations, was done on the cDNA library. The 

PCR reaction was electrophoresed on a 5% sequencing gel. Polymorphic AFLP bands 

corresponding to TDFs differentially expressed in the parents were excised from the dried 

gels, eluted and reamplified. 

The eluted cDNA fragment was c10ned into pGEMT (Promega Inc) and transformed into 

E. Coli strain, DH5 alpha. Plasmid DNA was isolated from overnight miniprep cultures 

and TDFs were PCR labelled for use as probes in an RFLP screen of parental filters. 

Filters contained genomic DNA from the parental genotypes digested wíth five enzymes: 

EcoRJ, HíndIJI, HaeIl, AseI, Taql. TDFs found polymorphic in the parental survey were 
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hybridized to progeny filters prepared with the corresponding enzyme. Raw marker data 

was combined with previous segregation data from the framework map of cassava and 

linkage analysis was by the MAPMAKER programo New markers are added to the 

existing framework map with a LOD thresh hold score of 3.0. TDFs were also 

sequenced, regardless of if they have been mapped or not using the automated ABI 377 

sequencer in the Biotech Research Unit, CIAT. The Basic Alignment Search Tool 

(BLAST) version 2.0, of the National Center for Biotechnology Information found at 

http://www.ncbi.nlm.nih.gov/gorf/wblast2.cgiwas used to search for homology to known 

genes published sequences of Gene Bank. 

More than 500 TDF polymorphisms were obtained from the AFLP screening using 256 

2-nueleotide selective primer combinations. Al! TDFs were eluted from the gel and PCR , 
amplification preformed on a 200. A sub-set of forty eight TDFs were randomly chosen, 

and e1oned. Forty four TDFs were successful!y e10ned and selected for mapping; the 

parents of the mapping population were screened with the 44 TDFs using 5 restriction 

enzymes viz: EcoRI, HindIlI, Hae I1I, Ase 1, and Taq 1. Level ofRFLP polymorphism in 

the parents was 55, and six of the polymorphic TDFs have so far been screened in the 

progeny and mapped to the existing frame work of cassava, four to the female-derived 

map and two to the male-derived map. The others have to be confirmed in the 

hybridization with the progeny. Forty four of the TDFs were also sequenced and 

homology to known genes in revealed mostly housekeeping genes. They inelude 

Chlorophyl! binding proteins, in Lycopersicum esculentum and Brassica napus, a 

transcription factor from Nicotiana tabaccum PRL-2 genes from Arabidopsis thaliana , 

and an AFLP fragment from Dioscorea tocora. These sequences, in the process of 

submission to the EST data base of the GenBank. 

Complementary DNA derived from cDNNAFLPs show much higher RFLP 

polymorphism compared to random ful!length cDNAs found during genetic mapping of 

cassava, 55% versus 20%. The technique is therefore a powerful way to map many more 

cDNAs, using the highly informative RFLP technique, towards a transcript map of 

cassava. Preliminary QTL mapping with mapped TDFs reveals the power of mapped 
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eDNAs to uneover genes involved in eomplex trrut, a ehlorophyll binding protein mapped 

c10se to a QTL for dry matter eontent and explained 10% of phenotypie varianee. 

However, the short length of the TDFs, 200-4oobp eonsiderably reduces sensitívity of 

Southem hybridization resulting in rather weak signals. Other marker techniques, sueh as 

single nucleotide polymorphisms (SNP) might provide a way around the RFLP bottle 

neck encounlered in mapping TDFs, primers are being designed from TDFs sequences lo 

implement ¡he SNP mapping approaeh. Resu!ts tnus far have shown that it 18 possi~le to 

develop a transcript map of cassava that might simplify genelie anaJysis of agronomic 

traits of interest. More TDFs will be c1oned, sequeneed and mapped and their putative 

identlties determined 

4. Genetic Analysis oC Agronomic Traits 

The FI mapping population, from which the cassava map was developed, w'as used as the 

QTL mapping population; the FI cross has been genotyped with over 200 RFLP, SSR, 

isozyme and RAPD markers, íncluding known starch biosynthesis genes, cyanogenesis 

genes, and expressed sequence tags (ESTs). In 1997 the 150 genotypes of FI eross was 

mulliplied in preparation for the multi-loeationaJ, replicated trial. Thirty plants from eaeh 

genotype were established in the field, Apri1l997, and stakes, or planting materials 

harvested al9 months. The QTL trial was a triple partially balaneed lattiee design with 

20 plant per genotype, three replications, in two sites, CIAT, Palmira and CIA T, 

Quiliehao. The Quilíchao experimeot was planted on the 15th of J anuary 1998, while the 

CIAT plot was established on the 29th of January, both plots were irrigated prior to 

plantiog. A total of 144 genotypes were plaoted io both Jocatioos. 

To test for early geootypes, storage roots from three plants from the border row of 

genotype plots, were harvested at 7 months, or early August, and dry matter cootent of 

the roots determined. Leaf morphology was also be measured at 6 mooths. Dry matter, 

starch cootent/qualíty, post-harvest deterioratioo, culínary quality and important plan! 

morphological characteristics such as plan! height, height of first branching, stem color 

etc'harvested at maturity, will be seored at harvest io November '98. Heritability of the 

different traits will be calculated from environmental, genotypic and total variaoce 
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derived from the ANOVA of phenotypic data. Single point marker analysis, by 

regression, and Hesl wilh condilioning will be carried out on Ihe mean of phenotypic 

scores from the three replication by the QTL analysis software package Q-gene and 

PGRI. 

Storage roots was harvested from three border plants from each plo! at 7 months. Fresh 

roots from all three plants were weighed in air and water, and the specific gravity of roots 

detennined, which was later used to calculatc dry matter. Phenotype values were 

averaged over replication for each site and analyzed by single point analysis by 

regrcssíon, with markers from the female-derived map being the independent variable, 

using the Q-gene package. Table ¡ shows significant QTLs (P<O.OI) found only on 

chromosome D for weight of storage roots al 7 months for the data from (he Quilichao 

• tria!. Two regions on Chromosome D explains more !han 60% of phenotypic variance. 

Heritability estimates, calculated from the ANOVA, using SAS (SAS lnstitute) was .60% 

for Palmira, and 64% for Quilichao. Genotypic variance explained by markers from the 

two regions was approximately 60%. Inter-Iocus interaction, or epistasis, is being 

analysed to uncover other sources of genotypic variance. No significan! QTLs were 

found with the CIAT, Palmira data. The experiment will be repeated the following year 

and in controlled trials in the green house to confirrn the identified QTLs. The leaf 

morphology data is currently being analyzed. The earliness traít will be re-analyzed in 

controlled green house experíments with 40 genotypes from the extremes of the traít lo 

measure components of earliness such as, increase in girth of secondary roots, time of 

first starch accumulation, or differentiation of cambia, rate of stareh aeeumulation, etc, 

and thus ¡nerease !he power of the experiment to detect earliness genes. 

5. BAC Library Constrnction 

Megabase size DNA was isolated from the cassava variety TMS30001 and embedd!)d in 

agarose plugs as described by Zhang et al. (1995). TMS30001, developed at the 

International Institute of Tropical Agriculture (lITA), shows extreme resistance to the 

cassava mosaic disease (CMD) and resíslance to the cassava bacterial blight (CBB). 

Large genomic DNA, in one-thírd of an agarose plug, was partially digested with Hind 
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m, 1.5U for 20 min at 37"C, and DNA fragments of sizes IOO-300kb size selected by 

pulse field gel electrophoresis (CHEF MAPPER, Bio-Rad Corp). Size selected DNA was 

Iigated into (he Hind m cloning site ofpBeloBACl1 in a vector:insert ratio of 10:1, using 

14U of ligase, in a final volume of 100~1. Twenty microliters of DHIOB competent cells 

(GffiCO BRL) were transformed, with 2~1 of (he ligalion reaction, by electroporation, 

and white colonies picked for DNA insert sizing. Colonies were grown for 14hr in LB+ 

30mglml Chlorampenicol and plasmid DNA isolated by the Autogen automatic plasmid 

isolation robot (Kurabo lnc.). Plasmid DNA was digested with IOU of Not 1 to liberate 

inserts and separated on a 1 % agarose gel by pulse field gel electrophoresis. The rest of 

the ligation was transformed, plated out and picked with the Q-bot robot (Genetix PLC). 

Twenty colonies carrying recombinant plasmids were randomly picked and inserts were 
I 

sized. DNA insert sizes ranged from 40 to IlOkb, with an average of 80kb. Using the Q-

bot robot (Genetix PLC), 55296 clones were picked and transferred to 384-welI pI ates 

containing culture media suitahle for storage of bacteria colonies at -80·C. A total of 144 

p1ates were required to store the Iibrary. The BAC library was also gridded onto 3 high 

density filters, each containing 18,432 clones per filter. for rapid screening of the library. 

The cassava genome has a size of 760 mi Ilion hase paies. The cassava BAC libeary 

therefore has a 5X coverage of lhe genome and a 95% probability of finding any desired 

DNA clone. Screening the BAC Jibrary with cassava genomic DNA clones has so far 

revealed a satisfactory representation. up to 30 hits. The BAC library was constructed 

with the objective of map-based cloning of disease and pest resistance genes in cassava. 

A good commencement point of cloníng resistance genes wíll be already identified 

markers tightly linked to CBB resistance genes. Pine mapping of these genomic regions 

has a1so been initiated, lo be followed by assembling a contig of BAC clones traversing 

the region. 

The cassava BAC library has 55,296 clones. of average size 80kb available for gene 

cloning. The Iibrary is publicly available through CIAT. The nexl stage ofthis projecl 

will be lo use the BAC library to construct contigs of regions already identified in cassava 

carrying resistance genes to CBB. A USAID University/lntemational Agricultural 
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Research Centers Linkage (UNIARCL) Program proposal was submiued along with Dr 

Rod Wing of the Genomics Institute, Clemson University to clone resistance genes to the 

African cassava mosaic disease and to the white fly dísease. The proposal was approved 

and work on contig mapping will begin shortly. 

Future Work Planned 

• Completion of lhe Sequencing of pulative SSR markers, primer design and genetic 

mappíng of the SSR markers 

• Transfer of the SSR marker technology to national programs through lhe activities of 

the Cassava Molecular diversity Network. 

• Assessment of genetic diversíty of cassava in Africa versus total diversit( prsent in 

the erop' s eenter if diversity, and wild progenitors: towards a systematie approaeh of 

broadening genetie diversity for cassava improvement. 

• Completíon of the first year field evaluation, of the FI mapping population for dry 

matter, stareh contentlquality, post-harvest deterioration, culinary quality and 

important plant morphological characteristics sueh as plant height, heíght of first 

branching, stem color etc. harvested at maturity. Second year evaluatíon. 

• BAC contig mapping of regions of the eassava genome carrying diseasc resistance 

genes. 

• Genetic mapping of aH 44 sequenced ESTs and sequencing of the remaining TDFs 

identified. 

Otber Outputs of the Project 

Important spin-offs from Ihis project has becn: 

a) SSR markers develop earlier in this project are being used by collaboralors in Sweden 

for fanner-participatory breeding schemes, to identify farmer varieties and eJucidate 

selection methods practiced by fanners (Nkumbira et. al. in preparation). 
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b) The cassava molecular diversity network, intends to take SSR teehnology out of the 

laboratory and appl y it to the evaluation of genetic variation of eassava in Afríea. 

e) Disease resistanee genes, controlling resistance to all know strains of the cassava 

bacteria! blight (CBB) have been localized on the existing map of cassava. This work 

has been conducted at CIA T under a ORSTOM-CIA T collaboration. 

d) Training of an African cassava breeder, and an African Ph.D. student in new tools for 

breeding of cassava 

el Increased donor support and attention, in particular a USAID 

UniversitylInternational Agricultural Research Centers Linkage (UNIARCL) 

Program grant to CIA T and Clemson University [or gene c10ning in cassava 

f) The Cassava genome data base has been completed and will be made publicJy 

available through the USDA www site of the plant genome initiative. 
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Table 1. Markers of linkage group D of the genetic map of cassava showing significant linkage to a QTL effcct for storage root dry 
matter weight at 7 months. QTL ana!ysis used only data from the Quílichao tria!. 

, .. ... _-
F IAA . Marker RSa P SE N Ao SE 

Ai18b NaD 15.72 0.1733 0.0002 521.72 32.46 39 695.5 29.35 
[GY219 NaD 14.45 0.1598 0.0003 530.49 33.07 41 696.76 ... 27.86 
GY42 NaD 14.43 0.1632 0.0003 530.8 33.25 41 701.23 28.97 ------

'rGY167 NaD 14.37 0.1608 0.0003 536.93 31.7 44 706.36 29.55 
-~ 

rGYl80 NaD 14.24 0.1578 0.0003 532.95 32.6 42 698.5 28.23 
GY181 NaD 14.01 0.1556 

, 
0.0004 J 535.42 31.93 43 700.2 29 

'GY50 NaD 13.96 0.1569 0.0004 533.93 32.57 42 700.29 29.14 
irGOT-2 NaD 13.81 0.1521 0.0004 537.47 30.49 47 704.25 30.81 
GY125 NaD 13.8 0.1554 0.0004 536.26 32.11 43 702.24 29.55 
GY222 NaD 12.18 0.1447 0.0008 532.27 33.4 41 692.3 29.82 

¡GY179 NaD 10.51 0.1229 0.0018 539.05 34.14 40 685.76 29.16 
019 NaD 8.97 0.1068 0.0037 554.42 30.85 40 684.22 30.26 

'AD4e NaD 8.89 0.1086 0.0039 550.79 31.97 38 682.32 30.34 
:K11b INaD 7.52, 0.097 0.0077 536.29 35.21 38 669.35 32.88 
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A molecular genetic map of cassava (Manlhot esculenta Crantz) 
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Ahslracl A gcnclíc linkage lIlap <Ir caSSilva has "cel! 
cOIIslrucled wilh 132 R FLPs. JO RA PDs, 3 micro· 
salcllites, and 3 isocnzymc lIlarkcrs scgregaling rrom 
the hClcrol.ygnus remalc paren! of au jntraspcdlic 
aoss. Th\! 1"1 cross \Vas madc hctWCéH 'TMS 30.172' 
¡¡"d 'CM 2177-2', elile eassav" cnllivars ¡rom Nigcria 
mui ('OllHHbia, rcspcctivcly, The Ill<lp l:~)llsisls 01' 20 
linkagc grollps spílllning, 931,6 cM 01' an cslimalc(! 
ú()l~~) dí' the cassava gellotnl:". Average ntarkcr dCllSily is 
I per 7.9 cM, Sinl..:c lhe Illapping populalíon is :Hl 
FI crO$S bctwecn hctcrozygous parcnts~ wilh uuique 
alldes scgrcgllting fl'ol11 cithcr parcnl. a sccond mal" 
\\',IS ClHisülH.:tcd fromlhc scgrcgalion of 107 H FI~Ps. 50 
R,\P[)s. J mÍt:rosalcllilc, Hml 1 isocll7ymc markcr fro111 
Ihé male pan.~nl, Comparison uf intcrvals ill lite Ilwh.,~ 
;md female-derived IfWps. hounded by mnrkcrs helcro
lygOUS in bOlh parenl" rcvealcd signilicall!ly les s 
mciolic recomhlnutlon in tite gametes of lhe remule 
than in lhe male pan.~nL Six pairs nI' dllplicatcd lod 
\Veré dctectcd hy lo\V~copy gcun!Hi<.: <'\11(.1 d)NA sc
qucnccs uscd tlS prohcs. EIl'orls are underway lo sa\lI
Late tlle <.:assava mnp wÍlh additionalmarkcrs, (o jnin 
thl! malc- ami fctnal~-dcl'i\'ed maps, and lo cluddalc 
gCllolllC organization in cassava. 

Kcy words Cassava . Molecular markcr, 
Genelic mapping , Polyploidy 
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Introductlon 

The genclics or cassava (tdanillo! {'.'wlllnrta Cranl:!J are 
lile Icasl IIIHlcrslood uf any nI' ¡he majo!" slaplc crops 
(indudillg rice, 111'lÍzC, whcal, and putalocs) lhal kcd 
IIwnkínd. Thís discn.:punc.y ís tlue 10 tilo hclerü/ygous 
nalurc 01' lhe crop. a lack uf dassical markcrs. its long 
~rowiHg cyck uf 9 IX mOHths, lis 10\\1 secd yü.:hl pel 
pollínatlon (a maxinuun of litre.: sccds per eross), ami 
thc linlÍicd funding for rescarch on lhis importan! crop. 
('ussava is a strong)y outcrossing monocdous spl:cit's 
(mcdiatcd hy prutogyny, <lml sulfers froln il1hrcr.:ding 
dcpn.:-ssioll. making ít dimcuh 10 dcvclop appropfÍatc 
sJocks for dasskal gl:l!ctil: studics. AlIlwugh lite (fOP is 
considcrc" lo be a segmenlal allopolyploid (M agooll 
el al. 19(9) 01' un allojlolyploid (Umannah ami I/art
man 1973), nolhing is known ahou! Ihe diploid anccs
lors 01' cassava's 36 somalic chromoson1(;S, no1' lws 
a da ss ic..:a J genet ic 1l1ap "ecn dcvclt)pcd. Bit,t:hclnicai 
marker smlics have rcccnlly pWl'idcd ncw insighls illto 
Ihe cassava gCllomc, Analysis of ten isocnzymc )oci in 
cassava rcvcalcll prcdominantly disomic illherÍlum;c 
(Roca el al, 1992; Levdre 1993). Comparison of in
Iralocns and intcrloctls helerudimeric bands [mm 
isoellzymc analysis or diploid lisstlc (Icaves) Hnd a hap
loid mixture (pollen grains) madc i! possiblc!o dill'ercn
liale belwcen helcrozygosity (which is characlcrislÍC of 
cassava) and duplicatcd lod. providing cvidcncc or 
locus duplicalion in at leasl !IVO or Ihe isocllzymc loci 
Sllldicd (Lcverrc al1<l Charrier 1993). 

Nati,,!.! lo Ihe Ncw \\'01'1<.1 t¡-opics and ti memhcr of 
fHluily r::uphorbiuccac, cassava aIHI .saine 90 other spc~ 
des makc up the gCllus A411ui/wt. CassHva ss Iht! only 
widcly cllltivaled mcmber, bcing valllcd ror ils s!archy 
!uberous rools, which providcs fonu or an exporl eom
modily in ncarly all tropical cOllu!,ies of the wnrld, 
Evidence or Ihe allopolypluid origin of caSsava 
(2n 36) relies heavily 011 ils possession of two seIs 
or díssimilar nucleolar organizing regions, Oll Ihe 
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repct;l;on of chromosomc !ypcs (Mag()()11 et al. 1969: 
Umal1nah ano Hartll1an 1973), "nd on lhe basic eh ro
ll1osome llull1bcrs of other genera in the Euphor
biaeeac, wh;ch range from 6 lo 1I (l'crry 1943). No 
cvidence of tetrasomie inheritancc or of wild M""i/",! 
reJalivcs with chromosome Ilumbers (lf 2n = 18 has 
been found, which supporls Ihe allopolyploid thcory in 
cassav<t. 011 the contral'y. chromosolllc pairing in intcr~ 
specific hyor;ds bclween cassava ami lO M",,¡h,,( 
spccics. aU posscssing 2n = Jú chromosomcs, I\lwws 
comparatively normal mcios;s, wilh 18 bivalcnls al 
pn1phasc alld occa~ionat[y 2·4 unlvalents or OI1C tct
ravalcnt, suggesting a hígh pCH.:cntagc or gCllomc sim~ 
ilarily helwcell eassay" "nd ils wíld rc1alÍves (llahn et 
al. 1990; Bai et al. 1992). Normal ehromosome pairillg 
al meíosis occms in hybrids of t",fanillo! spedes lha! are 
morphologieaJly vefy different llnd belong to separalc 
primary phylogcnetíc lincagcs according lo epDNII 
s!ndíes (Fregene el al. 19')4). Thi.< cornllíned wi!h Ihe 
lack of a slrong inlcrspccies b"lIudarícs ín lhe gentls 
has led lo lhe lhcory Ihat a l'olYI,loídízatiol1 cvenl 
ocelll'red beforc species dilTcrenlia!ion (Ldevfc ¡¡lid 
Charrier 1993; Brync 19X4). 

Flow cylotnClry mc¡¡surcllleuls uf Iludear DNII in 
caSfiava have rcve"lod a diploid DNII conlel1l or 
1.67 pg per ccllnucletls (11 woleye el al. 19(4). Thís value 
corresponds lo 772 Illega-ha.se pairs iu the I"'ploki 
geI10111(~ ;tud ptil~ l'as~:lvll'S genomc sizc ni the lower 
cnd or Ihe mnge [,,1' hígher plants (Bcnnct et al. l'in). 
Tho I'elalivcly smal! size or !his genome favou!'s Ihe 
dcvcloprncl1l of a saluratcd gcnclic map ami molet'ulnr 
!ags. which may wutríhu!c!n al1 llndcrstanding nI' !he 
illhcri(ancc ur 1l1ally importan! quanlitalive trails 
dcspilC the helerozygous natllfe of cassava. 

The líleralme descríhes genelie apprnachcs to mal'
ping I'0lyploid gcnolllcs with molecular markcrs (Ríuer 
e! al. 1991; Wn et al. 1992: 111 Janabi el al. 199.'1; Da 
Silva el al. 19941. Tllcsc approaches a((cmpt !o síl11jllífy 
the dc!cnnín,,!íoll of alldísl11 hy allalyzillg a speeial 
dass or mil rkcr~ k nown al{ singlc-dosc rc~1 riel íOIl fnlg-
111enls (SDRFs) (Wu el al. 1(92). SDRI's are UNII 
markcrs that are prcscnt in (lile parcnt ami :lhscn1 in 
!he other and segrega!c ín al; I ralÍo (absellcc: prcs
ence) in lhe progcny. Thcy rcpresen! !he segrega!ion 
equívalen! of an allele al a hc!crozygolls loens in a dí
ploid oc an al!opolyploid genomc 01' a simplex allcle in 
an autopoJyploid. Línkagc analysis using SDRFs in an 
1", populalíon rcquíres lhe presenec of a numher of 
unigue segregaling polymorphisms (heterozygosíty) 
atHJ normal mciosis in cithcr 01" hoth p<lrcnts, It rcsu!l;;; 
in two separate Hnkage maps based on male and rcmaIc 
Suttrces or markers. 

Our objec!Íves \Vere lo constrHct a molecular gene tic 
linkage map or lhe cassava genomc and e1ucidate 
gCIlO111C organizatíoll using an intraspccific !vI (millOl 

"s('lIleu'o 1", eross designed lo segregalc for several 
importanl Imils. As a lirst step, seyenrl restrielion 
cnzymc-hy-gcnomk probc comhinnlíons wcrc asscsscd 

in a sel or cullival's rrom differenl cassav" growing 
regíolls (Angel el al. 199)). Rcslríclioll fmglllcnl lenglh 
polymorphism (RFLP) betwecn the most genclieal1y 
dissímíl¡¡,· pair was aroulld 40%; índicaling that intras
pecilic crosses me suitable for mapping in cassavu. 
A molecular genelic mal" or cassava has !he prom;se or 
Ilclpíng to identify molecular markcrs linked lo traíts or 
inlcrcst and to apply lhcsc in cassava improvemcnL 
Jv1arkcr-cnhanccd sclcclion aids tlle idcnlincatioll of 
rccomhillHnl individuals by pCfmiuing a more cxact 
assessmcnt of genolypcs bearing introgressed genes of 
inlerest. wíth minimum Oankíng DNII, Ihan ís possible 
!hwugh phenolypc 01' progcny leslíng :done IYoung 
1111<1 Tanks/cy 19R9). 111 ¡¡cldi!ion, markers are a powcr, 
fui tool for sludying !he genelks or complex traits. 

--- .... _----_ .. _- ----
Materials and methods 

Pl;u\l male!"ial", 

Tbe t:n<;:<;¡¡va mappíng populatioll i~ comprf<:ct! (lf l)(l Ji I pfanl~ fwm 
an iulra;¡pe-i.'Íllc l.'fnS~ hchVI,~('1l 'TP\4S :\0572" (Ihe [emule parcnl),:1II 
elite ca:4!'mva cultiva,· llcvclop·cd al Ihe llllCm;¡tional In<;liltllC flr 
Tmpical Agricultor<: (JITA). Nigwia. {tud 'CM 2177-2' (Ihe millc 
p¡lfcnl), a ~ll~·cc~sful cm'<;:avn cultiv¡lT r~ulling frNll hrccding at Ihe 
CCnll{l IntcllwclOH;ll de A~rit:'lltura Tmpkal ({'IATI in Cnlomhiil. 
The 'TM S .l0572' x 'CM 2177-2" <:wss (CM 7RS7) \Vas c!lOscn fmm 
;¡ prt'limiulI1y cvahmlllln (I[ Ihn:~ inlta<;pt'l.'ilic ('H\"~l''' 11<;inj! Rn p 
Hmll.\ndnm amphfled pt'I)'FHf'll'hlt' I)NA {RI\I'I)llIllllh'í'\ In de· 
tcrminc tite pClccnlagc or singlc-d.,sc Inarkcl <; (( ¡()!Hez el:ll. 19(5) 
Ap:trt fmm hcinp, hclcl'07:V!!OUS. duc ti' Ihe (;urlv larl!c numbcr (lf 
divt'lsc Cil'>s:a\';! HCt:~:!-i'>¡OIl'> ·in IhcIJ !wdil!nT'>. ¡he j;;JIcnlal accc, .. iml\ 
havc Ihe filllll\."ill¡1ltdvanla!!cs: 

1) 'TMS 30572" is highly lolcrant In Ihe Ahk:an cas'>~lva mosaic 
disoas," (ACMD). 
2) 'CM 2177-2" .. hows: high plw!o'>ynlhl'1ic rale'>, ll(lod co(tkilll! 
qualily. <llId !olC'rancc lo (he ea,sava mealy hug. 
1) holl1 are loferanl lo cas"¡l\'¡j hm,:!crial hlighl ¡CBU). 

Resi"lancc jo ACf\H) ¡, thnll,ghl lo Iww hccn ¡nltn!m:,',,,('d fl'!\1Il 
At. ffltl:irwii ;I1IH I¡nes ieadint! l{\ 'TMS ;tOS?:r. Whik a Suhscl pf 1)0 
¡Il'¡¡\'¡dll;d~¡ \\,!lo.¡ 1I"l'tl lo) {I{'vclo!, Ihe lit'>! ffJHHt'wmk map, a In!al of 
I~O imli\'ühwls fmm IIw <;;JIlH' no,>s is availahlL' rOl" hlghl'l 1'C,>o!nt¡'lll 
[llld <j\lallli¡;llivc irail mappitl!!, ('!(lnal pn1pal'-alipFl f'lllH ~lélH cn!
¡ings in Ihe grccnhnmll': ami lhe ficld providcd kaf t¡;;S\lt' for Hwk(:u
lar analy;;¡;; .¡mi stock" fUf the pmduc!ion of rools (or t~OC)vyl1lc 
analysis. 

DNt\ 1solal1on ami rcstríction CI17)'Ii1C .umlysís 

(lcrwmlc UNA was isolatcd from [té;;,h. ynuug ti"l'HlC ur cm:.<;:r1\'a 
lcaves ilcctlfding tn DcllapofLa d nI- (19f!:1). The to(~!l UNA obtnincd 
Wll~ (Iissolvcd E!cnny ovcrnignt ¡jI ir e ¡¡nd qUflnl111cd hy f1uorimctry 
(TKO 100 lInder). Largc rcstriclion cllzymc digcstioll."I !o prnoucc 
!,If)¡rorm Sotllhern blots wete pCfrOllncd wilh [(oRi. Et.;nRV./lat'lII. 
lliutlJH. l\!ld P."i/l aecording !O Ihe mallufucWtc(s Íl15trtlction"l 
(Amcrsham PLC). Ten micrograllls ur digcstcd cass:I\':l gcnnmic 
DNA WiI'> loadcd onlo 0.')"';'1 lIg:amsc gels :md clCCIf(~phofC;;ct.l in 
TUl: hllfTcr ((Ir 1(1 1~ h. Scparalcd DNA rmgmcllIs W("fC lnmsfcrrct! 
hy Ihe nlk'llinc mClhod of Soulhcl n hloHing In I'yhond N' nylon 
!tlcmhrancs (Amers:haln), .1:1; rCC(lllllllCntlcd hy lile manu[aclun:l, 



P.¡reulal survc)' lihers conlaio\.x! DNA of {he lWO parCnlS digcstcd 
wi¡h Ihe five .\bnvc·mcntioncd rcslrklion cnzymcs. Progcny 1iI¡¡.:rs 
con¡allung rcslndcd UNA fmm thl.! 90 F¡ planls., mdmliog DNA 
rrom bOlh pan~nl!) in tht: tirsl 2 l:'iHI.!S, wt:rc fl.!plicat~d. four to cight 
tim¿:.:i p.:r n;:~tdctim) entyllle. 

Gcnomi\: DNA. cDNA librarles, <lod Soulhélll byhri¡Jili.lliOlj 

Angd él ,ti. {1991J haY!'; dcs.t:rtbctl lb\.!" <.:un~lnl!.:lion of lIudeill 
gcuunuc libraries, tOHllillg 200 clnu!'!s, frúm ca~sava DNA lIC~lm!Uc!'!~ 
gcncraled wilh llim.llll, Xbal, EcoRI, lInó 1',/1. TW(I vlhéf [*,\tl 

géllomi<.: ¡¡braríe~ of about I,SO() dones cach wcre also cOllslrw.:lcd 
rrom L:a~sava nuclear ONA uccording to standan.! prOl..:etlures (Sam
hrnok el al, 11)~9; Vayda el al. 1991j. Thc cúpy numbcr of DNA 
~¡;(llI,,'nce~ W¡b C~J¡lllakd hy Soulhl'lll hyhrilJi,alion of total C;JSS¡I"~1 
UNA, J~lbdl~tl \'tJlh 11lH"~cratll.'ih pel m..idas~, ¡u.:conhng (o lile "E( 'L 
d¡¡.:¡,:t" 1'1'010":01 (Ir Amcf:.ham PL( ,\Vllh do. bJoh \If whofl.: p!a~!ílÍ.t 
pICparl.llioll:'. GCllomit: donc:i lh;j{ pIOJw.:cd a slwllg slgual af!cr 
IWO 115 x SSC, ti 4% SDS wm.h¡;!! al 55 e fo!' 10 lllill, I.klCdíOll1 and 
atUot',uJüignlphy \Vcr\! jullged ,¡o be Io.:pl.!tuivo.: !)cqL1Cl\t:CS ¡tlld were 
kit ¡,}¡¡! of lito.: pall.:nl.d ;'\11"1.:)'. 

!-tl¡ Ihc cDNA IIhr;ui.:;,. int<ll RNA W¡I.~ \:\Iral.:lcd frutU k;"f 
tls:-.ue usmg Ihc 1lll..:thI.lJ of Bolhwdl el al. tl9YOj; polyadcll)'¡alcd 
R~A was p\lnJied away fHlm Ihe lOtal RNA pn.:paralll)1l tI~ilig 
D)I1:\ ho.:.llh ¡)¡¡go ¡tlTl25 (Dynal ilH._'), anJ a cDNA líhr~try was 
(:olblnlCtt:d ffüm m~sjl .. ngef HNA in tllutxh! ZA P 11 VC¡;lOr, fúlluw
ing {he pnllt)col 01 ¡¡¡lo.! :iuppliers lS\r.;twgcllc). Approximatdy 17.500 
n:c0mhmanl dOJlt!lI wen: lIbwined in tillo.! primury lihrary. A fülal of 
abUUl 200 cUNA cI,ltl\;s \Vere isübled; Ibey mnged iJl ~izc betwlX'n 
0,6 aml 1.1 kb, as u¡!lcrmi!1;':u hy polymcnl:ic dmin n:a..:¡ion (pCkl 
Hlllpltfic¡llion of iu:-.cfls using T3 ami T7 pi'illlt.:rs (:>lnllagcnc}. Fol' 
bülh ¡;1)l\¡A ¡uHI genomi-: done:., Plohe:. Wl:le prep"f~tI ii.>j' Soulhcrn 
hybndlzatioH by pel{ amph¡il:iltioH u~mg lité <tppropni:ltc primcrs, 
T3 ,1I1d T7 primcrs >'tcn! lIscJ fur ¡,;DNA donc~ iB i.unbJa ZAP 11 
i.tnd gelHlIni¡,; doncs iu pBlucscrípl. ano M IJ forw,uJ ami fcversc 
rnmél~ INtW b¡gldlld H¡olabsj Cor dOlh:S. in PUC 115 A pej{ 
¡hermaj prolllc of t mjn ul '1-1 C. 34 cydc:i of JO s al 94 'C, i min .11 
SS e and 2 mín al 72 C. will! a hnal cX¡Cllsioll lim\! of 10 mlu al 
n e Ul a p;,!f¡"m Hm;,!r~ectus lIu:rmo-¡,;y..:kr, WHS uscd in insert 
a01plilk'ation. 

SOLtthern hyhl'Í1.liz;¡tiün of Pfn.~nlal surwys of thc cUNA and 
gCHomlC IihrarÍt:!\ W'IS carfk:d out usiug Ihe H'L din:.:! 1lI11_'lcic a.:itl 
hybritlil.ltínn 'Ilh.i tlcb.::¡,;!iOH kil of Am1..'r:.ham PI.(', A h¡¡t..:h uf JO 
:.!lfvcy ¡il1cr" lÚ:.:" ,,·m) wm. f;lulindy hyhritli/l,.'-d il! :-.mall pl;¡~tjc 

h .. ~;:" jh" () Cllt! wilh 10 1111 uf H 'L din.:d hyhri\!i¡<thtHl buJli;1 
,¡ud 100 100 lit! or I¡¡bdkd prohe for 16 IX 11: ¡hb was folfowctl 
by l\~0 mt:t¡¡ul1l ~Iring>.!n<.:y W¡¡s!lcs uf O.5x sse, o.-l'~'u SDS 1\lf 
In min al 55 C, thcn d¡,:millllnines\.'cllI J¡;loc{ion, and a\ltuwdlOgfa
¡¡hy rOl I ::: h_ FlhéfS W~fe tb¡;t! JU~)IC (han 10 lIm~s, TJ¡¡~ pft)Yldct! 
;1 ra~t ami rdatl\,t!ly JIléXpCIl\.ivlo.! way [" S>:féCIl largc llLllIlb.;p¡ uf 
RFLP dOIl¡;;o;; ahout 150 \'t''::I"C hant1lcd in H 5·{).1)' wed .. SOll1h1o.!1Il 
hybnctiz.tlinn úl" prog,cny hltelS, wilÍl ¡¡ greall.:f Io.!mph'I~IS OH chlrity 
oí aUlOr.tJíogram.s lO p.::rnüt unamblgUtlU$ ~coring or UFLP tlata. 
W;¡S done with .1( np}t1NTP-lubdlcd p!obc), I>urilkd PCR 
prodw..'{s of DNA IIlserls {u!:lillg Scpb;ldex O-50 >:olumns} from 
both genomic ano cONA ¡¡brarics w..:rc InbcUcd wítb á [32 P]dATP 
by ¡he random primlo.!f mctbod of Fcinbcrg and Volge<itcin (J983} 
te ,¡¡ spcdJk aClivily of abo!!! 1 li.Ox lO..:pm lInd l.!mplo)'cJ 
n:i prübes in S~;ulhern bybridiwlkn ll:>lIig Ihe Church ano Gilbcn 
(19i':4) hyhr¡¡Jizatioll buller al 65 C. PrchyoridiLl.Itio!l iUld hybridi¿lI
tlon w~n: for 4 and j¡) h, rc:.pcclivc!y. Posl-hyhridi:talion 
wa~h\.!:. w.:n: al 65 (' ",ilh 2 x sse, 0.1 "1" SDS ¡'Uf 30 mili atld 0,5 x 
SSc, 0.1% SOS lur 20mm, followed by <ltllomtliogwphy f\)f 

2 4 I.lays al (iU e w¡,h une or two intcnsifying Sl'rccus. Filh;rs 
wcrc rcptob¡;d. The prcviolll¡. probe W;tS strippcJ. otf by incuhahng 
lhe iillen; lit 0.5% SDS so!mion (ÍI)ili;.t! tempcralure jOO~C) al 65"C 
fUf 30 min, up 10 12 times wilhout any loss ol the nybridizu¡iol1 
sigllaL 
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RAPD itllalysi" 

A !tlíghlly moJiiicJ version 01' rhc protncol .!cscribed by Yu ami 
Pilllb ((992) was useJ lo úbtain HAllD dllta {Gomez el aL 1995). 
A total úf 740 lO-nucleútiJc oiígos of random scqllcncc (Op;,:fOll 
Tcchnologies, Alameda, Calif.) scrved liS primcrs fol' (he amplifica
líOIl uf pilfclltal DNA and;, subset of Ihe progcny in ordcr 10 dCI~t:t 
polYl1lOrphisllls. Amr,,¡¡íit:ut¡oll rctlclions wer~ carrícd oHI m ¡:¡ 

125-111 vülumc cOlllaining 25ng ofcassavn gcnomic DNA, IOmM 
TRIS·lIU (pll 9.0), 50 mM KCI. O.lil% 1',.i,o<1 X·lOO. 2.5 m¡\[ 
MgLlz, tU mM oC cach dN"fP íNcw England Uiolabs), 0.8 flM, 
uf primer .¡no J U Ttl!1 DNA pülymcnlsc tpcrkin Elmcr~Cchls 
('01 poratioll), 

Mi¡,:ro:-iHldlillo.! uoaly.s.is 

(';O;S¡¡Vil Illldc.tr DNA was ttigcstI:d lo complction with ECfllH ami 
XIIIII rcshll'lion cnL}'llh!S (Ncw cnglllntl Uiol.tb» ¡Iccording io lhe 
mamlf"l'wn:r's illstulCliolls; O.3~ to O.t)·kh fragm¡;ll[s werc isolatcd 
fnJm a 0.5% low-mcllmg~lloinl agarosc gel \J.:;ing Ihe phcnol chloro
lonu jludlíc¡¡lion pn>ccdltr~ ¡Sambmnk el al. 19&9). Purillcd rf~lg· 
me!!h \\-úJe donúd In lamhd,¡ ZAI' IJ (Str;¡lagcncj, ;UHJ ¡.; x lir' 
r<':ülmbulall1s dunes werc ohlallled, as tlch;rmincu J"rom Ihe IPTG. 
X-gal scfCt!uillg pl'tlCcdun:. Tilo.: ¡ibl'u'I'Y \\'¡I~ thcJ\ SI .. Tccnctl wilh 
¡OAlI5, IGTI15, (AT)15, t1TAOI~, :II1J (TC'TllU nligonucico'iúe,. 
Positivc dones WI.;fI': s.cqueuccd OH un u,ulnn1alct.! sequc[jccr íAppli¡;d 
Bio~ystéms) lISUlg T3 amJ 1'7 primcrs, Primers wcré designetl fOI" 
mil.:wsalellitcs conlaining nu less llmn len pcrre>:. or impcrfccl r~
pcuts usiug Ihe PRIMER 05 software. PCJ{ rcacliolls lo seardl rol' 
m[crosatclHle polymorphisru b.-:!wcen lhe pafeats al1d to score 
mi<.:tüS-<lldlítc ¡oci in th~ prugcny werc carrricd out in a l00~tll 

volumc (;ontaining (U· O~7 ng¡pl gcnümic DNA, 0.2 f!i\1 üf cach 
primer in 10 mM IRIS-IICI, 50 mAl KCl. 1.5 mA"J MgClz. D.OI V/o 

gdalln, 200 }.L'\I cuch üf JNTPs, <in.! 2.5 U 01' Amplj· 'fUl/ pnly
Ill.:mse (Pcrkm Elmcr-Ct:lUs). Onl! uCn;IHJri\UOll cyck was per
fnmH::d al 9-4 '(' ror 5 mio pnor lo 30 cydc!>. uf i.h:naH1nttiol1 aL 94 e 
lor 1 min, aunealing al 45"C 01' 5(; e fur I min, cxtensíoll al 12. e 
I ¡¡¡in, lIuJ a fmal cxknsion .. 1 72 e for 5 mill. PCR~ampli1ied 
produds wcrlo.! vi!l.l.li.Ilizcd lln 5% mC(¡lphof agaro:!,.; gels st.¡jnoo with 
EtBr, or l .. bclJed t.Jírcctly by incorpora!íon of aC'2PJJATP duríng 
peRo .md run 011 6% polyacrylamíde gcls. 

ISOéll/ytlh.! ,lllalysls 

Niltc iSllCIlL'y1I1é sy!!tcUls (J.c., ¡¡Ipha and b>:tu-c!:Ili.:n!!>C, <tl'íd pho:s
rll<tta~ «H':p), d¡'lphoras.t:, pcwKutas.c, glulamalc m.aloacclatt: 
lI"amamintl!>c Igllll, shikimalc t!dl)'dr~)gcn;Hc (skdh;, ;lIld m¡tll1h: 
Jchyllrogcnaslo.!) wcrc cxamined in (he pllrenb: of Ihe lilupping port!
hlllOu. Ikl¡H$lcws.t: yielt.h:d óI singh:-Josc fragmcnl s.t:grcg.ltlllg from 
¡he Illal~ gmnctc$, wh¡h.: shikimatc dd\ydrogenasc, diuphonhc, 
glulantutc ox.llou<.:Chlh.::, uno .. dd phosphatasc lml1 unit¡ue aUcles 
segn.:gu¡iu,\; rrum lbe "cm.tll! gumc(Io.!i). Protücül;¡ rol' Ihe h;t"h.!tllymlo.! 
msay Imw bc:en dc~cfÍbcd elscwherc (Ocampo el al, 1992). 

Dula analysis .mJ m;.¡p constructiol) 

MOllugcnic scgrcg'llÍon raIjos ()f prcSl!llt, ahscnt dasscs rol' C~\l'h 
nmrkCf wcr~ h~slcJ rnr goodnclis of til lo {he: I!xpccW!ion 01' I : I lu 
ideHlífy s11\glc-Josc m.ir;'':f:> by dli~sqll~In . .! ~lIml)'sis .. TWtJ .sep'lfilt.: 
lHapl,ing data ~l!ls werlo.! obtalll"'''tl from Ih<.: scgr.;ga¡¡üü {Ir slngl.:
Josc m.¡rkers in !he F t mappíng populutioll. Oue dat:.t se! W<lS 
from single-liose markers sr:gregating in (he gametes of the femal~ 
parenl, and ¡he oihcr was from single.dostl nmrkets segreg<1ring jn 
th~ gamctlo.!s of the mule parcnt. Markcrs wilh scgreguliotl ratios 
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signilicantly dífTercnt from the cxpcctcd ralio uf I : I wcrc tc:\ted ror 

lotncr possihlc ratioí> - fOuch as J: 1. which is expcctw fm tIJe 
segregotion of doublc~dosc marken. on homoco!ogotls chromo~ 
somes of un ano~ Of <1utoj:)olyplokl (Wu el aL 1992), Doubtc-dose 
markcrs represent the duplcx (doublc simplcx) condi1ion .al a hetero~ 

I 
zyt!0m; locus. In ordcr to compcns,l!c for tlle random l;:$signmcnt of 
"J" ('If "O" to allernate allcles at n IOCU$ and (() uclcd linkagc in 
rcpulsion. \Ve duplicatcd the dala m.:thiccx, ami mafket~ Qr the 
scwm! Imlf \Vere rcended by inveriing lhe SCntCS bcforc linkagc 
aMJysis. Thts rcsuitcd in n mírror inmgc of caeh linbge group, 
which Wil5 later discanfcd. 

The undufllicalcd ma¡lping dilla .o;ds colisislcd of 195 markcn; fm 
Ihe fcmale and 203 for Ihe male pntcnt Thc fc~1 fur lillkages wus 
dOlle m:inj:! tite compute!' p;1dage MAPMAKER 2.0 runnlng 011 
I.l t""m:into$.h Ccnlris 65tJ and Mnpnwkcr :ln Unix vcrsiol1 011 

ti SPARC workslatinn (Landcr el al. 1981). A LOO scorc of4.0 l.lnd 
recombination fnlction of 0.30 scrvcd as lhe threshold fUf dcchuing 
linka~c. Mar Imit" ¡in ccutiMorgalls, d'v1) \Vere dcrived uSlng Ihe 
Ku"ambi fUIlCtioll (Ko$<llIlhi 1944). Maxinwm likcfihood orden. or 
1ll:ukerl' wcrC" \'erirkd hy thc "ripplc" fUllrtiflll. <lIlt! ml\TKe('S wcre 
"n id tu hchHlg to Ihe rra1l1c\V~ilk mal' ir Ihe I.OI} vall1c, ns calculall'd 
hy Ihe "ripp1c." commalld. WíiS !? Ul Milrkcrs thnl could no{ hc 
phtl.'Cd wilh LOD ;?; 2,0 \Verc ¡¡ddcd lo Ihe mnp ili thc fIlost fikdy 
intcrval bctwccn fnuncwork markcnt 

Once linkagc gtoufls were drawll, t!ley werc checkcd fUf markcrs 
linkct! ín rcpttbitlH tiJ distingllish hClw(:cl1 ralldom ChrtHIH1StllUC 
ns~ortrncnl. ¡¡S ín :nHüpolyploid!<, <HIt! prdclcnti;11 piliril1~. liS in 
diplüids nr anopolyploids. Oniy pairs of .adjaccnl lod with OIlC 
"hart't! ¡tilde and i'UC parcnt-,<¡pcc;ilk al1c1c, fm wllieh (he 'prc~nec' 
d;\s" liad 111.11 !leen :lx'iigncd.1\ r:mdnlll, WCTl' C!!U,,¡d('ICd ndc(I\H11(' f,H 
Ihis ;.:olllplld"t,n. Pain; (lf I,lel (M whieh 'prc~ncc' was linkcd will! 
'lIbSCIlCC' of "cgrcg;!I¡n~ :tIldes \Vere cO\Hlk~d .as hcing linked in 
rcpl!lsjí'll. 

RC(('1l11,inatlon rutes i'l the gamdcs of Ihe malc lInd rema!c 
p;¡rclilS \vere ICümparcd hy a f-tesl (/' < non ur 10 m:lp inlCrV!II~ 
houndcd by mallen, fol' which hoth parcnls wcrc hetcmTnwtlS ami 
1';\11 n!lf' ;¡Ilr'k lB ~'j'mn\()I1, krmed :llldk- hri<lJ!.f''i IRillel' el lil. I 990t. 

Fs\imalion uf gcnomc s.izc 

A simple :lnd tJ¡:¡eful mcthod of cstima!Íllg gcnome length, (1, frol11 
linkagc data of org.anisms Ihal undcrgo normal mciosis hil" OcCll 
dcscribed (Hulbcrt el al, J 988). Thc mcthod cslim'ltes G hnsed on lhe 
jl1'(llmhilily Ihal a mndomly clHl¡;Cn pair ofIod willlie wi¡hin xcM {lf 
cm,'/¡ nlher lS approximalc:ly 2x/(i: whcrc Jo: i" assumcd 10 he snmí! 
comparcd lo lhe It1c~n ~cllet¡c lenglh of lile chromosoUle, (j ü: 
malhcmaticnlly dctcnll¡nctl fmm I¡nf.:a~c tlnla hy ~o!v¡lIg lhe 
cqU:.íljon: 

G ~ MX¡K 

WhCfC M lHllllhcr .. f infmmali\t(' mc10Sl's. X = Hn inlcrV;11 in eM 
a! 'iomc minimum LO!) sc(~rc, K O·.~ n\.'lnnt mnnhcr {.r r~!irs. of 
marhrs ohserve;.! Ihilí hOfllcr lile intcrv;d x nr Je:'\.<:, 

Resulls 

Library chllrllctcrÍzalion and parental survey 

About 2,700 clones, or 90% of the total from the two 
I's/I Iibraries of 1,500 clones each, were judged lo be 
low-copy sequenees based on dot blot hybridization oC 
whole recombinant plasmid with total ca,sava genomic 
DNA as probc. One hundrcd low-copy dones (50%) 
were ohlaincd Cmm 200 genoll1ic clones derivcd rrom 

Table' Pcn:cntugc p()lymorphlsm (unitlUC allele) found wilh re
spcc110 male ~ml fcmalc parent with RFLP, RAPD, micro.sate1lilc, 
alld hweu1.ymc loc! 

RFLI' 

E('Of{1 
Eí'oRV 
t1ll<'1l1 
l1im.1B1 
l'.\f1 
To\(\1 HI"LP 
RAPO 
MicroslIlcll¡fc 
Isocllzylnc 

% polymorphism 
dctected 

FCnlnle Mnle 

10.0 ¡ 2.0 
7.2 7.7 
5.2 4.0 
~.9 1.1 
5.7 6.1 

)7 4í1.H 
40.0 3H.O 
no 58.0 
50 12.5 

Average numher or 
frag:ments deteclcd 
by probc 

Femalc Male 

1.5 1.5 
1.5 1.5 
U U 
1.4 1.4 
1.2 1.2 
1.4 1.4 

.~.~~-

C"ur librades gcneratcd wilh non-melhylalion-sensitivc 
en7.ymcs (llindlll, XI",I, 8"111111, "ud Eco R Ii. Aboul 
9()() low-eopy SC'I"cnces rrom two 1'811 libnrrics. 100 
gcnomic clones fmm the COUf smulle!' librari«. and 75 
cDNA clones have so fur ocen scrcened COI' delce!íng 
pol)'",orl'hi,,,, hclIVcen the rarenl',oC the mappillg 
populatinn with Ove rc~lrit'liotl Clll.ymc:;;, lú'()I~ 1, 
IOmRV, /1/1,,111, llindlll, a 11<1 l's(l. OC the low-col'Y 
gcnomíc dOllcs 41 .~. and 37% dcteeted unique seg
regnlÍllg allcles i .. lhe game[es of Ihc male alld kmalc 
pflrcnts, rcspcctivcly. wilh al tcast Hne rcsfriction en-
7ymc. or the cDNA clones. 20% amI 26% revcaled 
similar markcrs in ¡ .. wme1cs ()f lile maje alld remate 
palcnts. n:spcctivcly, with al Icas:t HIle I l!strictioll en
zylllC. Thc perce"tage oC RAPO markers with" uniqlle 
allclc in the male and fenwlc parenls has been dcscribed 
clsewherc (Gomez el aL 1995). Twclve microsa[ellile 
Inei, rallging in Icngth rmm 12 to 21 di- or (ri-nudeo
tidc ropeals \Vere sereened rol' thoir abilily to detce! 
polyll1orl'hisll1s bc(wcen the parenls; 10 microsalclliics 
01' 83%, wcrc hC1Cr07.ygous in lhe fcmalc parcnl Hlld 7, 
01' 5X%t, in {he maje parcnt Ninc isncn¡;ymc lod 
dclccled fOUf unique alleJes scgregating in lhe rcmale 
(lOughly 50%) bul only onc (13%) in those or Ihe male 
parenl. Perecnt,,!!c polymorphism oC RAPD mnrkcrs. 
wilh "nique allcles. in the I1mle amI rcmale parents. and 
pCl'ecnlage polymorphism of similar R FLI' markcl's. 
fnr (he samc cross. ShOWCll no síp.nificant diffcrcncc. 
Tahlc I givcs a brcakdown oC polYl11orphism [ound in 
1>olh p"rcnls COI' the 1075 clones screcncLl. (irealer 
levels oC polynmrphisl11 wcrc Cound with ¡;:wR I "",1 
mndlll; l/fiel" \Vas lhe Icasl sucecssCul (Table 1). 

Scgrcgation analysis 

Thrce hllndred and sevenly-lwo genomie and eDNA 
clones \Vere ,cored in [he F, mapping po!,ulalion, yicld
ing segrcgaliol1 data Cor 158 single-dose R FLP.s rol' lhe 
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Fig. I $nnlhcl'u hybridlzallún :;húwing $~gfégation o~ hcICrol.yg~)Ul> 
un¡que <tildes fmm both parents (<llIdie bndges). F fcmaJc pan:nt, 
Al Ilude parenl 

remal~ alld 145 rol' lhe malc. Five addilional poly
lll!lrj1hie I(FLP mark,,,", "cgrcg"rlcd in IIlc nWllping 
pOj1ulalioll wilh a ralio 01' .l: I (3 lúml Ihe IClllalc "ud 
2 [10m lhe malc; lile," weré u<H im:llI,lcd !!llhe hnkagc 
allalysrs). I;igllléell markcrs, polymorphic iu lhe par
culs, wilh mOfe Ihan olle rc'lriclÍou fragmcnl, ,hd nol 
segregat" in Ihe h mapping porulatioll (10 fmm the 
/Cmalc ami 8 rr<lm Ihe male). Another 95 nf the poly
morphic markcrs were eilher psel1do F2 markcrs, 
monomorphic between Ihe parents bul helerozygous 
and segregating in lhe F'¡ populalÍoll (12 markcrs, ex
cllIded rrom linkage analysis), or were dill\cult lo seme 
after SOlrlhern hybridizalíon and are beíng rcanalysed. 
Abolll a 'luarter 01' rhe polymorphic RAI'D markers 
segrcgating as singlc~do.se l11urkcrs wcre choscn for 
linkage analy,is baseJ on several factors, inclmling 
consislcncy elf handing pallern after IWO nI' lince ream
plilicaliolls, claríly 01' gels, ami number of amplilicd 
fragmcnls. with rcwer fragmenls bcing more acceplablc. 
,\11 mi<:rusatcllite ami isúzyme markers polymnrphrc 
in !he maJe 01' remalc parenl segn;galcd as singlc
dose nlirrkcrs and werc scnred in 1 he 1', mnpring 

ro p lila 1Í<>Il. .' 
Thiny gcnolllic dones t.klech:d H ulltllut.! scgr~gatmg 

fragmcllt in each parenl aiH.I ti l'OIllI1Wn alldc 111 holh 
pan:nls ami \Veré mapped In similar posílio~1S m.) Ihe 
malclfemale derived linkage grnup. Such allche bndges 
(Ri!t~r el al. I ~l} 1) are crucial for idcntífying the analog
ons linkage gronps in Ihe mak- allíl I'emale-derivcd 
mars, as Ihcy deleel Ihe same locns on both parenl,rl 
chromosomes, excepl whcll they represenl duphcatcd 
sequences. Figure l shows an examrle 01' segregaBon nI' 
a marker helerozygous ín bolh parents wlll! a shar~d 
allcle, 01' alldic bridge, uscd 10 rceollcilc línkagc gmurs 
drawn on Ihe independellt segregalíon 01' markcrs in 
maje ano fcmalc gamclcs. 

Sl!qiiI.!IlCC dllpliL'atinn in lile eassava gcnol11c 

We as,c>sed tlle nUllIbcr 01' fragments delect.:d by 1075 
single- ami hlW-COPY DNA sequenccs wilh lhe two 
must polyrnorphic. reslriclíon elllymes, EcoRI and 
WmllI I (Fig. 2). 'fhe majoríly of .equences delecled 
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':jg,2 Nmnber ur DNA low-copy :iéquem.:cs tI!!lcctiug 1,2,3,4, anJ 
5 fmgnlcnts- wÍlh EcpRI tlad nimJlII rcslr1clion euz)'mes 

only one or rwo fragmenrs, which IVas lo be expected 
rOl' uní'lllC locí ín Ihe homozygous or hcrerozygous 
stare. Aboul 100 sit;gle- and low-cop)' sequences delec
led 1110re than lwo fragmenls. 'flrís was expecled rol' 
unique loei in an '1110- 01' autopolyploid with al !cast 
une nI' Ihe t\Vo Ilomologous groups havíng I\VO al!eles 
at dllplrcatcd loei 01' was due lo lhe prcsencc 01' an 
inlernal si te rol' Ihe rcstrietion enzyme used in al leas! 
one o[ the alleles al a marker loeus. Durliealion was 
conlírmed, by linkage analysís, ror six (jf lhe se'luencc; 
prescn!Íug !llore Ihan 2 alleles. Thesc markcrs dctceled 
Ilollalldic scgrcga!Íng fragmenls in lhe male or lemale 
gamelcs ami were mapped lo ¡jillerenl liuKagc grou!,s. 
Three nI' ¡hc duplícated loci had I loClls, eaeh segregal
il1g in Ihe gameles (JI' Ihe male aud Ihe rcmalc paren!, 
ami were marreu lO Iínkage gmups idcl1!ificd as 
lloual1alogolls in Ihe m:rlc- and fcmalc-deríved rrame
work maps. 'fhe duplicaleu locí, GY25a ami GY42a 
on Iinkagc group D al1d GY 101'1 011 línkagc grollp 
F, are shown on the female-derived !llap descríbeu 
below. 'fhree olher dllplicaled loei segregated il1 
Ihe gametes 01' lhe male parenl (nol shown). 'fhe resl 
01' Ihe RFLP locí h:rvillg Ihree Of more fragmcills 
collsisled of: locí haviug I mapped loclIs and 
uddilional monomorphic fragments; loei with two 
nonallelic segregating fragmellls (lInmappcd); 01' loci 
wíth 110 hClerozygolls fragmenls. Elforls continuc ro 
mal' seeol1dal'y (or prímary) locí, as shoWIl in Fíg. 3, 
IIsíng ;rudillOnal rcstriclion enzYllles. Thc additíon of 
micl'Osatellilcs 10 Ihe mal' may also aSSlsl here, as 
prcliminary evalualÍon indicates tha! lhey delecl higher 
levels of ullclie diversityfhctcl'OzygoStly Ihan gcnonllc 
nI' cDNA clones. 
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F¡~. J Southcrn hybritli7:1liün (,r done GY92 wj¡h flindlfl digcs!s 
oC pan:ntallinc and mllpping roplllation. F FCIlllitc p:nl!lIl, ft-lllllllc 
p;m::nl. Tw\) rain! fragmcnts can he obscrvcd lo be prcscnt ami 
pnlymorphic in lile maJe hut abscnl íl1 the rcm;¡lc paH:nt 

The genclic Iinkage map 

Ooe hundred and fifly-eight RFLP, 30 RAPD, 3 micro
satellitc, and 4 isoenzyme single-dosc markcrs, scg
rcgating in lhe gametcs uf the remale parent of Oll!" 

FI mapping population, were te.ted for lillkagc llsillg 
the MAPMAKER computer p;lcbgc. OIlC hundrcd 
ami thirly-two RFLP, JO RAPI), J microsatellite, ami 
3 jsocl1zymc loeí \Vere foun" to delinc 20 linkagc groups 
spanning 93 1.6 eM, with <In average markcr dellsíty of 
l markcr cvery 8 cM (Fig. 4); 26 RFLP mmkcrs antl 
I isoenzyme marker rel11ained unlinked. Lillkagc 
groups are named alphabelically unlil they can he 
corrclatcd to carJier named chromosome karyotypcs 
(Magoon et al. 19(9). The mast densely popuhlted 
linkage group (O) spanl1cd 51.2 cM, wilh 26 markcrs, 
while the leasl populatcd groop (1), al.,o the longesl 
grol1p, had R Illarkers spallllillg 80.6 cM. Thís wide 
range of marker densily indíealed díITcring degrees of 
saturation of linkagc groups Wíth markcrs. 

1 n Fig. 4, 139 (84%) aUuched to lin kage grou ps by 
horizontal bar, make up the LOD 2,0 framework mal' 
of cassava, the relnaining 29 markers ,in parenthesís) 
are placed in the mosl likcly ¡ntcrvals ocl \Vcen fmlllc
work markers (LOD ~ 2.0). The existence of 27 lI11lil1-
kcd markers .'l1ggcsled Ihal sOllle regíol1s ofthe C¡¡ssaVa 
genolnc have nol yet heelllllapped. Ilased on t he segre
gatíon dala reJlorted here, we estinmlcll the length of 
lhe eassava gcnolne lo he 1,610 cM. Wíth a tolal mal' 
Jcngth of 932 cM, this implied thal the prescllt frame
work mal' covers roughly (¡O% of tlle cassava gcnOllle. 
Regions wilh dislortcd segregal;on ratios eould nol be 
identified in the eassava genetie mal', sinee only those 
polymorphic restr'ictiol1 fragments segregating in al: l 
ratio (SORF) \Vere incJudccJ in tbe linkoge onatysis. The 
non-indusion of markcrs with distorlcd monoucnic 
ratios Illay have cxc111ded ecrtain genomic rcgions [10m 
any mar based 011 thesc crite,i". 

Comparisoll of the mal e antl female genetic maps 

One hundred and seven RFLP. 50 RAPO, I micros>.tcl
lite, und l isoenzyme single-dose markers, scgregllting 

fmm the gametes of the male parent scored in the 
FI mapping pO)lulations, dcfined 24 linkage grOllps 
(not shown) with a tolal distance of 1,220 cM. A similar 
estimate of gcnOl11C size, eondllcletl as in Hulhcrt et al. 
1I I)R~), based (ln 111"l'ping data from the maJe gametes 
sllggcslcd tl1<lt the Icngth of the eassava genome is ~. 
() I O cM. The most saJionl ti illcI'cncc ohserved bet \Neen 
t!re male- ami femalc-derivcd framework maps is the 
gre"ler genetic distanees 011 Ihe malc-dcrived map be
tween l11l11'kcrs common to both parenls (alldie 
bridges); sce (,"ig. 5. Intervals \Vere observcd lo be largor 
in the malc-dcrived mal' lhan in Ihe female-derived 
mal' in eighl instances, "nd in only t\Vo instances, did 
Ihe fcmalc-dcrived mal' display larger genetic distances 
(Iinkage groups .1 and K). A paired Hes! of lhe ten 
inlervals showed significantly (P < 0.0 1) greatcr distan
ces in {he male-derived mal', suggesting a reduced re
combination rate iu gametes of the femaJe pmenL This 
observuliou \Vas rcinforced by the grcaler oyerall 
lellgth of Ihe male-derived famework mal' and ils larger 
estimate of gellome size compared {O the remale. The 
mean iutcrval Icngth hctween mljacenl alldie brid[!cs in 
the fcmale-dcrived map was JX%. le" than in the male
dcrívcd map. Though distances betwcen mlpccnt allelie 
bridges lllay not he represtutalive of aJl parts of the 
cassava genomc, the similaríty betweenlllcans of ¡nter
val diITcrcnccs aud Ihe overal! diITcrenee in length of the 
two l11aps provided a reasonable basis for comparing 
recombination freqllency betweell the luale- and fe
mule-derivcd parents. We "fe currently \Vorking \Vith 
the computer package JOIN MAl' 2.0 (Sta m et al. 
11)93) to devcJop a consensus mal' based 011 male- and 
fcmaJc-derived framework maps. 

Chl'Olllosome pairing in eassava 

To test t he hypothcsis of prcfcrcntial pairing against 
the alternativc of 1'<.l1dol11 chromosol1le assortmcnt, \Ve 
examincd the framework mal' fOl" markels linked in the 
rCll11lsion pirase compared to those Iinketl in the C<>llpl
ing phase. Thc eXl'cctcd ratio of single-dose lllarkcfs 
linkctl in rcpulsion to markcrs Iinkcd in coupling ís l : l 
rOl' disomíe inhcritancc, while no markers are expeded 
lo he linkcd in repulsi"n for alltosol1lic inhel'Ítance(WlI 
el aL 1992). A total of 40 I~FLP mmkcrs (3()%) were 
found lo be linkcd in rcpnlsíoll. Only cases \Villl OBe 
alleJe in eommon betwccn the parents and lhe allernate 
allele Iinked in repulsioll were eonsidered in this caleu
lation (Fig. 6). Linkage gronps B and II presented al: I 
ralio of 6 markcrs linked in replllsíon lo 6 markers 
linked in cOllpling, as expected for disOJ1ly. For ,,11 other 
linkage groups there appearcd to be Some degree of 
randol11 pairing, bascd 011 the l1umber of l11arkers 
linked in Ihe repulsion phase. Linkage groups A. C, D, 
l. J, M, N, ami T have 2 l11arkers Iinkcd in the repulsion 
]lhase as against 14, 8, 26, 8, 8, 5, 6, uno 3 Illarkers 
in lhe groups, respectively. Groups E, K, and P have 
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4 markers linked in .. epul,ion as againsl 7, 6 and 
') markcrs in Ihe linkagc groups, respectively. Grou!, 
L has 6 of il, 8 mafker> linked in Ihe repulsion phase. 
No markers were found linked in repulsíon phase in 
Iinkage groups F, G, 0, Q, R, and S, which agrees with 
Ibe expecled behaviour of random assorlmenl under 
"ulopolyploidy. The sizes oC linkage groups G, 0, Q, 
and R, however. suggested thal a sizeable part o[ ¡he 
chromosomes remains 10 be mapped. 
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A B 
RFlP JOCU$ Female Male RFLP locus Female Male 

paren! parent parent parent 
-a 

GY139 GY151 
-b - - - -

-a 
GY136 GV65 

Fig. 6..\, U Examrl!<;\> of ¡he catcgory 01' mar"cr~ com,¡Jeroo in ¡den· 
tif}'lIlg linkagc in n:plllslofl. WIIÍl ünc parenl hch:rnzygom; fA) 
01" bülh p.lfCIlIS hClcHlZygüUS (U). ln bOlh cxampll!s, ulllqm.! alldes 
(u and b) rrüm Ihe rcmal.; p.lfcnt scgrcgalcd in rcpulsion in 
Ihe h progclly 

Dlscusslon 

The "a"ava genclic linkag" mal' reporled hefe SP"IlS 
931.6 cM, has 20 línbge grollpS, and is cslimaled lO 
covcr 60% of Ihe cassava gcnomc. If a polyploid origill 
ror Ihe cassava genome is assumed, Ihe cxpccled Hum
ber of linkagc groups in cassava wOllld dcpend on 
chromosome assortmen!. Eighleen gfOllps are expeclc" 
wht:rc. preferential p<liring Is exclusive, up 10 36 whcrc 
there 1$ mosrl}' random pairing. and a numbcr betwcen 
Ig ami 36 where there is a mixture 01' prefcrcntial ami 
ranoom pairing. Thirly pereenl 01' nU H FLP markcrs 
on thc cassava gcnelic mar wefe found lo be linkcd in 
Ihe repulsion phase. This ligure is less Ihan !he 50% 
expecled ror ¡¡nkage 01' single-dose markers in allo-
1'0lYI'Ioids <JI' diph'¡ds (Wu el al. 1992). On the olher 
h:lIld, il dilkrs markcdly rmm the eompkle absenee 01' 
linkages in lhe repulsioll phase expceled ror alllüpoly
ploid,. The linding Ihat fe\wr than 50 'Y;, ,,1' Ihe markers 
were linked inlhc re!,ulsioll phase ami of cntire gfOul" 
nol presentiog markcrs Iinkc,1 io repulsion im!,lies that 
a signillcant <.IlllnUIlt 01' randnm pairing occurs in t.:<lS

sava. The karyology ni' Ihe I K h:lploid chro!llosol11CS 01' 
caSSHVU reveals six idcntJcul pairs and three dilTerenl 
pairs or homologous chromosomcs (Magoon el al. 
1969). Assuming random assortment bClwcen homo
eotogou~ chromosomcs 01' th\! síx pairs of idcntical 
~hrümosomc.s. a rcouclioll 01' ú6.7'Yo would be expeclcd 
01' aU markers linked in rcpulsion (16.7% as againsl 
50%). The rerocntage of markcrs Iinkcu in the re¡ml
slon phase in lhe gc .. meiic map of cassava rcporlcd ht:rc~ 

Fig, 5 (kn.:lll; map~ nf l)tnglc-dosl,! markcrs ;¡..:gn:galing ¡ti Ih..: [e
mule ami nwlc g¡UlIC!C:;. Thé iu!crv.lh. showu ¡w.; tho${: bound .. >J by 
markcrs hClCfüt.rgÜII~ in both parl!nb, ami úisl<lUCC~ are as cal· 
culatctl by MAPMAKUfl; "p¡¡irwisc" cnm.ul¡J. Alphubclicnl names 
nf Iinkagc groups are uccorJing 10 Ihe fcmalc mar 
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30·;'., is significantly higher ¡han this. It is nO! ckar 
al this stage ir Ihe highcr nllmber or marker, found 
in repulsion Ihan expected fram the karyology of 
cassava (Magoon et al. 1969) SUppOrlS the predomi
mlflcc.of disot.nic ínhcritu.ncc ,~s snggested by pairing 
beltaVI~ur(Blll 1992) and mhefltancc ofisoellzyme loci 
(Hussam et al. 1987; Roca et al. 1992; Lefcvre and 
eharricr 1993). 

More confoullding is lhe faet that only 6 duplicalcd 
loc! werc delected with the segregation or single-dose 
llwrkers den ved f10m 36 cONA, and over 200 genomic 
sequenccs. In wd1-knowl1 allopolyploids slIch as maize, 
whcal, and colton, block, or duplicalcd loei have heen 
clcarly idenliflcd by R FLP mapping (Helentjaris et al. 
1985; Devos et al. 1993; Reinisch el al. 1994). Our 
resnHs, 111 cOlllmst, have revcalcd only a few ranuomly 
dlslnhntcd duphcaled loeí, less Ihan S'V. of the lolal 
nnmhcr (lf markcrs, a l1umbcr corrcsponding ronghly 
to Ihal rcporlcd 111 many <hp!oids (Causse el al. 1994; 
Tankslcy et al. 19\15). Tlterc is no doubllhallhc ca,sava 
gCl1ümc conlains duplicalcd rcgions, bul ii remains tn 
be dctcrmined whel her the duplicalcd loci represenl 
veslIges 01 an anClent allopo!yploid or ral1dom genolllic 
duphcallon events in a dip!oid or diploidízed genome. 
We are currently placmg more cDNA markers on the 
caSSáva map ,in ¡.w a~lcmpl to rt;st)lve lile cnigmu 01' 
gcnulIlc duphcatiOn 111 cassava, a putalive allopoly
plOld. cDNA sequences are kllowlI lo he rclalively 
more conserved lhan genomic clones (Helellljaris et al. 
1988), ami are expected to be very valuable additions to 
¡he cassava mar, 

The clusterings of markcrs on so me groups. {,OIl1-

pared to othcrs. scpurated by íntervals larger ¡han 
15 cM, suggesls thal recombinalíon is not occurring 
ullIformly across 1he caSSHva genomc. Nonrandomness 
nf rccombina!ioll frcqllency has becll reported for sey
eral other crops (Bollicrbalc el al. 1985; ('allss" el al. 
191)4: Lagercfilntz and Lydiatc 1995). 

Allclic hrídges (markers that are heterozygons in the 
gamelcs uf h,.!h Ihe male and rema le paren!s ami sltare 
a Cüllllllllll allcle) have becn usdnl in rccOIwiling Ihe 
separare maps drawn un scgrcgution frorn galncles of 
Ihe male lllld female parents. Srecilically, Ihese markers 
help compare n\tcs of recombinution in lhe gamcles of 
the male and remale parenls, a task or biological inler
I.!st ano possible practical use. Gcnctic distancl.!s be
twcl.!n pUlrs uf anulogúus markcrs Wl.!n: round lo be 
largcr in the malc-d~r¡vcd map than in (he fcmalc in 
cight Oll! of ten inlervals bordered by a!lehe bridges, 
sugg~stmg a reduceu recombination in gameles seg~ 
rcgatlllg from lhe fcmalc parcnl. Earlicr rcpurts in 
Dm.wp/lilll (lIakcr el aL 1976), humans (lIow<len et al. 
1989), and loma loes (de Vincente amI Tanksley 1991) 
fOllnd a signiflcant gcnon¡e-widc rcductlon in I'ccombi
l1all011 in gamctcs segrcgatillg 1'1'0111 the maje paren!. 
Enhauced maJe recombiuatíon frequcncics wcre, how~ 
ever, fOllnd to he associalcd with terminal chromo
somal regiol1s in I3ra,sica, while enhanced female 
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recombíl1alions wcrc adjaccnl lO pUlalíve cenlro111erc 
posítíOI1S (Lagercranlz and Lydialc IY94). \Ve cannot 
determine at Ihis poínt whether the reduced rales of 
rccombination observed in the gamctes of the remale 
parenl of thís cmss are dlle lo its genclícally dívcrsc 
ancestry ('TMS 30572' is llnderstood to cOlllaill il1tm
gressed genes fmm wild Mallilwl specíes). ()I' 10 polen
tial gctlctic scx diITcrcnccs in c.assava, Jt is kllOWl1. 

however, thal increased recombínalions, slleh as those 
round in thc maJe parent, can serve as a tool lo minim
ize Iinkuge drag during backcrossing sehemes (Yolln!! 
ami Tunksley 1989). 

Tu our knowlcdgc. the cassava gcnclic map ís lhe 
fírsl of ils kind lo be conslrllclcd fm Ihe fall1ily Euphor
biaccae. lt could pro ve uscful for comparativc mappíng 
in other econol1lically important genera of the family. 
sueh as lIevea (rubber). or the markers conld be arplicd 
lO minor related species. for which molecular cloníng 
ll1ay nol bejustified. Furthcrmore. the map providcs an 
important 1001 rol' cassava improvclllcnt, basecl on Ihc 
associali"n of 1l10lcculnr markers with usdul genes. 
Cassava is a sta pie througholll Ihe Impics, and impor
lant agronomic and culinary trait as wdl as ;ulaptalioll 
lO pests Hud diseases vary iu cassava culitvars fmm onc 
eeological zone to anothcr. Although íulm- ami even 
intcrspcdes crosscs are casy 10 makc in CUSSHva, lhe 
inlrogression uf l!'aíls rrom une cassava gcncpool lo 
¡¡nother is complicatcd by dillicnllies in undcrstunding 
the inherítancc of complcx Imils in highly hclcrozygous 
gcnclic backgrounds. The mal' can serve as a 1001 
rol' enicicntly Iransferring lrails belween genc pools. 
Fllturc pcrspcctivcs ror Ihe gCllctic nmp or cassnva 
incllldcs the audition of more molecular markers. pre
fembly microsaleUite marker, auu eDNA clones. aud 
joining the male/female-derived maps. Microsalcllile 
markers showed a highcr level of polymorphism lhan 
any othcr marker in lhe inlraspccific eross uscu in 
gencraling the cassava gcnctic mar. while cDNAs wíll 
be mosl lIseful in dcfining Ihe gCllomc sI l'ucturc. 

Acknowlcd/.l:cmcnlS Wc wnnM likc lo lh'lIlk Dr. C. Iglcsi;¡" f{)r 
gCl1craling Ihc mapping population. Maria Mcrccdc~ Maya alal 
Malt "Mateo" Sayrc rOl' cxcel1cnt tcdll1ical,'nlrrorL ('(:~ar ()campo 
fot lhe isocnl:j'ltle 'l1lalysi". aud Nallwn f~u,,,cll rOl' ctl¡lin~. Tlwllk" 
~dso In Dr. S, Bebe ror helpflll cnmlllcnl~, lhi'\ work WiI" SI1PP{HICd 

hy gralli Rr ()lOflll No, 2 of lhe Rodcfdlcr h;tmdalhlll's hiokch· 
no!ogy progr,unmc. M F was sup¡mrtcd hy a post-doc fcllowshíp. 
<lIso rrom {he Rnckcrcllcr fOtllldatiol1l1THI HO by C'OU'IP"'¡ClAS 
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MlcrosatellUes In Ci5$1lV1I (Monillot uculttlta Cranb): dlu~ovet'y. Inherltance and 
yuiability 

Ip, Chavarriaga.Aguint, lMM. Maya, uM,W, Ilcnierbale, lS. Krt'sovicll. 'M.A. Fregene, jj, Tohme ;nj 
I 'G, KQChert 

O) Autlmr ror r;orrupondance 

(1) p, Cl1llvarriaga· G Kochert: 2502 P1:mt seienccs. Ikpartmenl oí Ilotany. Unive:nity ofGeorgill. Athens 
GA 30605, USA 

(2) M,M. Maya M,W, BOt)itt!Mk; ('.Jl~va Propam. CIAT, AA 6113, CAli, Colombia 

(3) S. K.terovkh: USDA-ARS, Plan' Genetic ReS!)un:e~ CooseIVanon Unit, Univmhy;)f G!orgia, Griffin, 
GA, 30221.1797, USA 

(4) MA FR':gene • 1. Tohme: Bime~hnol(!gy Research Unit., CIAT, AA {l713. Cali, Colombia 

(oS) Pre~nt oddru5: Merideth &niel'1¡¡lIc. Inlemallano! Potato Cenler (CIP), Apartado 1558, Lima 12. Penl 
Ab~'rQ(;t 
fourteen mierosali:tltites contllining GA-repeau were isolared a'ld characterized in Cas5an (Mrmilím tscult'nta 
Cranl:t, EuphorbiaceQe). Micrnsalelllte berctt'lt'.Y8OlliIY (h} wu estimattd in 43 ~5jOflS V$iPI (~ 
r.beJed primen aPd in mote !han 500 aceessmns: mg flOOleso::.k:t-ba...al gCMtypin¡. Hetennypfty 
v~ rnnged rrem 0.00 lO 0.88 lIJIld lbe numw of afieles. detected varied !roro 1 (n 15. The n::prnducibility 
oí aIiclt $¡úng was alllf) ~ using fhtort'lscenc(!¡·ba<;ed genotyping. 11le lf\It'ftgt'l ¡1'Ifel.gel .,ize difh:ttnce 
was 1.03 nl3deotides.. Cbj ~ t6!s. (Xl) were p!1formed lO analyse se¡ne,ation diston1on llOd li:nk:age 
hetween afieles St;gtt'g;rting from eith(r or baÚl partrtU in un f! ~ng POPU!;lÜon. MO$t microS1tel1ite 
loci !1ieFl!:lttd in tbe e.pectcd 1:1, 1:2:1 or I :{:I:l nali(l. Unli:.age wa~ delected belwlten 1000i !;et:~:lling 
[mm either p¡¡.rent, aOO segregatioo distortion [roro the Inruc parent was detcded for 10(:1,'1:\ GA-13L 
Approximately 80% of micro~el1ita dete<ttd one cr tW<l alldes pet accells.lón. ~ggesting a low degltt of 
microstlteUite loci duplk:ulOfl, 1m Ufl(:xpeettd findJng f(H' " fnltative allopolyploid, highly hetcmzygou.'I 

spcd~. !he high h valaes of mo~1 microuttllitt:s, thei, amplification in othe! Mamh,o! ta:ta 3IId lheir 
suitabiHty for higl:Hhroughput, fluores.cence·bas.ed genQtyptng, mmr.e micro$Mdlitts !.he marter (lf (;hQi¡;:e 
lO( g«mpl~m characterization and salurauoo oí !he CillSStl\'ll map. 

KeyworM: .;:as¡¡ava. microsatelliles, nuore=ncc~baud geMiyping. heterozygl}$ily.lioka¡e. 
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(nlrodut:tion, 
Casuva (Manihnr /'t('1I1tlfla Cf:ttlU, Euphnrbiacellle) is a root trap tnat originated in the new world trQpics. 
Although th~ (f~act pbce of ca~$:ava domesticadon tS still a tnaa.er of debate (Roa et al. 1997; Scha31 I'lt al 
IQ95: Fregene~1 "l. 1994: Beruam 1993), ¡t was taken from South Americ:a (100 s¡xead Ihwughotll me OId 
WurW tropics by POtluguese S:ailCf~ in tite 16th c.entury (Roger~ 1963) Since thl'ln, CASD\'a has groduaJly 
b«ome an economícaJly importara erop in d(vdoping c:ountnes. In Afrkll. the slJ!~hlt' ro<)ts of cass.,..,¡;¡ 
oonSl"¡1U1.C l'I stl'Iple fl.Xld. In Thailand. rnd~,¡ll ami Oraril, C<l~~:aV!t is un important el!port eommodity (CIAT 
1993: FAO 1992), 1mL¡y cn.mV3 rnnks rOOM among fue majar rourees or carbohydl':lle$ ip the tropics, 
\\ befe it ¡So m lroporimt fuod for over .500 millioo peopk. 

PNA·b~<It'U mokclllnr mlltktrs such:lS RAPOs. nudear RFLP~ 3M microNale1liles were u<;ed 10 dev<lop tbe 
casSl'lva moketlllll {!/'l'Itlic m:ap (Fregt:11C el al. 1991). Simil3tly, RAPOs. AFLPs aud rONA, cpONA;ni 
cONA RFU's h:.we beert used lo as¡¡¡es;; lite genetic variability uf ¡;m:a11 sctS of CllS.~va gennpbsm :md tu 
e"lf1lbt¡~ relilflonships belween c<ls;¡ava ami'g .vild relatives {Bertfam 1993; Beechillg et :al. J 993: Marmey 
ct al 1994; Frc¡:ene el al. 1994: Sch:a;!1 el át 199:5; Roa et al. 199:1). A~ .. ing die gcnebC 'fariabilitv ot 
Inr~er germJ1lIlSID (!olle<tlot\.q. wch as !he clIS.'mva rore cclkction thM coo!mM Ovef 6i)) KceMl\(»UI 
el al. 19(4), \'iOuld ~uin: higbly polymorphic markers as well as high-tbroughput geMtyping 
(Zicgle et;U, 1992,. Such systems ha~ been used for plaut gennplasm CImrad:W7;WOfl (Mit¡;h 
191}1) and f(¡r large-scnle grruxyping ofhUlnafls (Gbosb et al. 1997; fMreview se<: Hall et al. 1991 
t:a'lC oi ca5Sav~, germplMtn cburdcMl.ation wHl comribu¡e to lhe establishment (lf relalK'H'!l\hips 
acces<:.ions vf lhe ctJltivalro genepool And. cOI1sequently, fAciJit3te !he develepment of caW"'1l cultivars to 
saI!sfy mmel sWldJids and (O rcspood 10 divme biotic Md abiotic challengt:s. One Iype or molecular 
mJrkcr IImt m"y be sllitab~ for c:a~sava germpla<an dUfllclenzalion is rn¡~alellites. 

Micros:alellih'!~ nre Jlhort ~tTetchcs; of mndemly repealed, 1-5 nueleotidCJló ¡¡equen~. su>;h vs (GA) •. Tht.:y 1lI't: 
uh¡qu¡(o\J~ly pre~el'lt in eok:tl'yotic ¡;ermme;<; and are higMy polymorphic (f~\ltz 1989-; lk(kmlll'l nnd Saller 
199{). Weber 199fl) Con~tvJtiol'l úfthe micrmmtclli¡e Oanldng :.c'llle!lt(<¡ 3110\11<; Ihe rk:'I(igning nf prfmcrs 
(or PCR arnplinc~llon, MicfOsmelliles. like RFLP~, ate (."Orl~idt:n:d c;odomimll1! rrtilrker:;. Ituwtvtr, 
ilHertroAS or ba,w ,~ub~titutlOn~ in priming sile~ may cOn'o'en lhcm 10 dominant nwr~rs, Thcir high 
polymorphi~m makes micto~atdlites ~uilable m~et.~ for populalion senetic~, devt'lIQP~nt of liobge 
rnap~ and phylogenetic qu;Jies (Droun and Tanblcy 1996; Zllao and Kochert 1993; SnShni Maroof el nI. 
J(94), They have beel'l u~ful for germpbsm char.lCteri~l1ÜOtl of grapes, soybe:an, Ora5llicn and whel1t 
(ffloma'! e1 ,,1. 1994; Rongwen et.al. 1995; Kresovjch el aL 1995: Rooer el al. 19%). The objec(¡ve of Ihi~ 
work \Vos 10 clone (;nss:wOl microsnteilites suitable rcr mappin¡ and ror charocleri1.atio!1 of Ihe genelic 
v:u'illbifity of ¡be (:a"\S3V3 core ~!lllectiQn. Foorteen ca.~'\a"'a miCfQsatellite 10ci Ct'Inlaining GA·re~1S l1It 

descnbed. ajon¡: wilb heterozygosity eSlimate5. mocle or inherjtunce ;tOO Unkage analyMis of 11 lod <lid 
rde\'!tnt :t~pect~ of micrnsaJellite allde 'Sizjng using f1llO\U1.!'ence·b.ased, semi·autú:mllred genotyping 
sy\1ems, 

Mattrials llind mt'thods, 
Pf(1f/( nutftrioI rtnd DNIt ~.xtmction. 
A seg.tt:gátÍng l.:u;,¡ava FI population of 83 indivklual~ (ctOSS CM7B57), prodt.K:ed by cfOSslng ThtS3itSn 
ami CM2171-2l.:ulliv:m:. WIl-'I: r«eív<!d ír: vitm, ur as DNA ¡amples, fmm OAT (enH, Colombia). /Jt vilm 
ItImrinl was lramferred to the ~Mu1\e aftet a subcultttne perlad of sb: wtcJ.t1t Lenf lisslle wa., colleded 
for DNA eluru:;rion from ¡he population mentioned aoove Jt!d from 522 :acceJlsjon.~ of tbe cn~'lGYtI cae 
coll('ttion gmwfl in the fleld al ctA T. For poS$pQf1 data of 1111 ACCessíons «msu!t StNGER da\:.ibase :u ¡he 
weh sj~ hrppdlrtóC l,cg¡3I'.orgl~Jllm. 

Genomic DNA WlK isolaled from fully-eJ\panded yOlmg leavea of greenbouse·grown ptanl:!! by a 
modifiC3lion ofthe Kodlt'rt et:d. {f99l} procedun:. Basktdly, t't-$ g of íresh timre ~ powdemi 111 liquid 
f1itroSCn ami the DNAelltnlcled by adding 5 ml oí lY$i$ buffer, avoidiug the ImialJl)ll or a :a mide nuclear 

prepamtlon. AH DNA solution.~ wm:; lJeated wilh I f!l <tf 10 f!glml RNAse for 1 hout al 31OC" DNA 
utraclion~ for fidd-grown phum W~te can1ed Ollt <ll:cording lo Oellaporta et al. (1933), wltb !he 
modificutlOM repor~d by González el al. i! 99$) 

Micrn.wlfellift dOI!lI't¡: 111m Jtquf'nrill!l, 

Appro:w.imntdy lOO ¡Jg of UNA frmn ca.~<¡nva llcces¡;.íon Meol22 wa.~ clou"Ie-<J¡ge'l~d wilh EfORI and Xfwl, 
accol'dínc: 10 inslructions providcd by !he: m.1n\I{~('tuter (Ntw EI'l~land Bioln.M). "ll1e restricled DNA 'Nas run 

3 

O!1 0 . .5% low melting point "g:lrose gcls llntil good sep31'ation of r:rngments between Q.3 and 0.8 kb was 
ochieved. DNA fragmenl! within t!lis size ronge we:e isolated /"rum tbe gd, purifltd using a pbeooi
cMorofol'nl pro«dure (Sambrook et al. 1989), aIld dooed into- the vect(l'l' l 7..AP 11 (Stntagene). The total 

f1umber (lf recombinanl dones obtaim::d wu S:\ loS, as: asse$llCd wlth ¡he iPTG X-Gal ~ing proc:edtn.'e. 

Plaque lirls (104 phageslplil!e) were gfeened wilh (GA)t5' (01)15_ (AT)15, (TI AG)g. (TCT)lo. {OTAG" 
and (GAGG)7 C1P)-end-labekd symhetic oltgoouc!eotides. Hybridi:utionts- wete cordudr.d ovcrnígbt al 42· 

SOoC in 6XSSC, 0.5% SDS, I mM EDTA pH 8,0, 0.1% ¡x¡wd:nxt mi!k ttOd 10 mM JMTlObasícidilm;;ic 

p1fó'lssium phosphate. One 10 Ihree filler wa~hes were pcrfrurned tlt 42-5G"C (or 15 mfne3ch in 6XSSC .m 
ú.l % SDS. ro.~¡tive dones were sequenced after at least ene more l'Ound of sttttning. DNA ~quendllg wa<; 
pcTfurn"ll'ld on an auromaled ~ucncer (Pcrkin E1mer/Applied Oios)'slems m()(kl J7JA) usin, TJ andIOf TI 
pntnefllL 

Prima Dtsign _ PCR a:mdiliofJ.f {/fuJ 41t('tr(!pltort.ff:t. 
Pnme-rs were des\gned for rnh;rosalelllte$~oot;ul1lng at leaort 10 perf(ct Of 'tmperfect repeat~, \J~¡ng PRIMER 
versitm 0.5 softwatl: (Wbitebea:t Institutc rOl OiQmediea! Re$t;rut;h) :lndlor by \I¡~uaJ inspection of !he 
seque~. NotU'aÓioactive f'CR rcactions (100 jJ.l) contaioed 0,1-0.611& gcnomic UNA. 02 I-IM of eocb 
primer in 10 mM TRIS-Ha, 50 mM KCI, 1.5 mM MgC1Z, (j,01 % gellllio, 200 mM of each dNTP rnt 
05-2.5 Unil~ of Amplil:ItJ nNA polymern'l.e (Perkin ElmerICeltlS), Micl'mIlltellites wm: amplifted wilh a 
Perkín-Elmer (Cetu.'Ü 480 Of JI PTC-IOO Hot BQMet (MJ-Re~h} therntal tytltt. An ¡nüial denaturntioo 
cycle was done at 940(: for 2 min, kl!oWl'ld by 3{l cyeles of nmplHic:ation by denaturing a.t 940C for 1 mio, 

annealing "t 56 1)( 4SoC fOl' 1 min AmI eXleflston IH 110C rOf 2 min. lhe fin:¡l ~I(P W:1S :t SIfl~1e c~tension 

cyde 3! 720C for ;5 mino NllflrnrnOl.1C¡ive PeR JYUdUcI$ wet'e run on 5% melapbor agarosc: gds rollowing 
recomJnCnd:tli(ms: from {he $\Jppliu (fMC BicproduCls)" 

R:tdln:Ktive VeR reactiom (H) f!1) fcllowtd Ihe prolocol deoIt:ril:ni above with 0"1-0,2 J.lt:: of genMnic 
DNAlretlclion ;md (t:p}-end·L:ibeled primet'!\. PCR ptóducUi \Vttt run on 6% pol)«ryl:urude ~cing ge!~ 
fnr a minimllm of three hwr~ al 8OW. Since 311 m¡crosalellite~ j'iOlatcd conllí1nro dinuckol!de GA..ft'Pt':tt5. 
(~ce re;,ull~). micrmtnle!1i¡e :tilde ~lin8 Wl'!5 \t~UJfly c$ti¡múed l.Y.ts;:d Cl'llhe ~uence-dcu:nn¡nM ~i1t l)f ¡he 
originn1 done fmm rn,<l$.1lI;l ~ccc$sion Mco!21. :md a~sum¡ag 3 twn lmo;e.¡mir díffetmce between lhe roO$t 
inlen.o.e Innd aru! ~tulter bands. 

St!m¡·alllofllul~d gt-nQt)',JÍng luíl'tg jfuore$uYlt prrm/'r.;, 
rnlTKr!llubc:led whh nUOl'W:enl dyes wtft commerdal1y s-ynlht'siu:d by Perkin El=JAppikd Bjosy¡;¡em~ 
or RClIEiarch (iclNtlíc~ (roster City, CA; HllfltsviHe, AL). 10 t':onfinn the accurnc:y of semi.aulomakd ,,!k:k 
~izing, four primer ~ets (OA-2l, OA·126, OA-134. OA-136) wtre floorc~endy labc:icd 10 perform 
quadrir!~:w. PCR amplmcatiol'l~. Dala from len índependel'll gel n1f1$ \ven! coUected from PeR, .amplified 
produ~!s ofc!l$$llYa ilcce:wioo MCo122. The r;'Inge, mean and Sland:ttddeviatiOfl 01 intet·gcl aJ!ele sizcs ~ 
dc:tem'lillCd fUf IWch locus. Atlele sizes W1:f'e then c:ompam:l to those obtaifled by -'ietjuet1cing lile origm::Il 
microsatellitc: clol'lf:$ (rom !he same a~cession. 

Mu!tipleJ\ rcR lImpliAcation'l were carried out ifl 25 ~I Yolumr~ cootaining 25 ng f)f large! ONA. !'i pmol 
ofcachprimer, IX Pedeln Elmer PCR buffer H. 1.5 mM MgCI2. 0.25 mM dNTPs and 0.:5 U AmpIiTaq
Go'd polymeral\e (Perlón Emer), Ttmperoturt cyeling was done on a GeneAmp PCR SyMem 9600 (PerlOn 
Elmer) tising I $ r.tmp limes. TIte ampHfication profile for 31\ PCR rtnctions using IllJore~ently labeled 
primer.! cr;!I15l$Uid of one palymetnSe :actiyatiofl cyc1e al 940C for 10 min: ooe DNA den3tUnltion cyde 31 
950<: for 4 min; l5 .HnpUfication cyc1es :al 950C for 1 m;n, 5SoC ror 2 min an<I noc f(lr 2 min; and a 

final dongAlion cycle:rt 720C for 10 mÍl't 

Afft't PCR amphfleation, U ¡.tI uf PCR protluCl was mixt.:d with 0.5 ~ll \JeneScan 500 mtemal lane 
staOOard labeled wilh TAMRA (Perldn FJmerlAppn~d Sfosyslt:ms) :md 2.0 111 of ~~ form3mide, The 
mixlllrt W<\.~ itICllbatetl lit 9SoC rUf .~ Iilitl, M!d 1~2 J.ll W~ loatkd on 64 den:aturing (1 M tlre.1) 
;t('ryl:¡mi&e:N'4~r}'lam¡de {19: l} sel~ (12 cm well-Io-~M:!), The 5Jmples were $(pnr.tled by clt:clr~om;i;l; In 
IX TDI~:l1 29 W rO! a minimmn of 3 h on:1O :lrn01nati~ DNA <;eqvent.;t:r {rt;rkin ElmcrfArr~jcd I!ic\';)'~I~m( 
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modtl31.V • ....,ilb G!ne$can 672 Mlftw<lle Yetsion UJ}. Frngmem iizcs ~ ;:1'!lculated u.'l:ing lhe "local 
Soulhtm" aTgorilhm (Elder and Scullttm 1987). 

Jf~uro{\'8()tiry. 
To estimule informaliveneS$ oflhe 14 rnicroaalellite5 ín cassava. heterol.yg.osity (h) values were C3tcubtcd 
from Ringle ~I mM of PCR·amplified prO(\UCIS rrom ac:cessions orthe <;Q¡ss.ava rore collectiQfl, lf CtPknd· 
labekd primer!; were u:'.Cd to PCR·ampli(y microsatelliles, 48 accessions were :m:lI)1led for fl detenninalion. 
With fllJ(>!'C$,-'\:ntly·Iab<!led primen;, 521 t.lCces~úIls Wt::re analyttd tu e..<;llmtl1e h (~«, Table J). 

ikleroly,gosity \Ya..~ calcula/ro accordin¡; lo Ihe formtll:1: h :o 1-1)1'/)2 (Nei 1978: :\re llloo Rongwen el 3t. 
1995 ror 3pplicalion). whcf"t h n:~IlCfl~ tb<: proh:!bilily ,h:1l two aUde .• (mm tite Slme [oeu~ wouW be: 

ditkrent jr ,h~ al randoro in !he populJli<'m (U lInd GflIur 1991). and (Pil ¡ji; the fteqm:tH:y of lhe ¡th allele 

at a locus. ft glves :m irn:!H:atmn oC the polymorphism nf a ml1fker in a gi\"t:n population. 

Si!gl'~g(ltÍffll aM finkflKt' .:ma1rsú. 
eh¡ $tll.lllt'e tesIS {a",o.Ol, wt¡h n·l dcgl'ee1 of freetlom. when: n ::: numbee nI phenotypk d3Sses} \\'ae 

peñ()f"1'f'jCd lo lI~«:rtam lhc ~¡gnif1cance of sct:to!~ation di$tortínn and linkage (lf eleven microsateilite loci. 
The teSIS were ~rf~ tlsing 83 F} índividuals of the C3SSava tnIlpping JXl¡Nhmol\. For se~gation 
tlnalysi~, two kinds of segregatíon rados Wt::Rl upected; bac!ccross-Hkt- 01 F2-!ike rntin, In 1m: f(l!lller, 
mkrosaltllite alleles segreg~te from cnly one or thc parent'l in ~ 1: I r:\tio. while in me la!1er bo¡h paren~ 
m: heter{lzygous for ¡he micro:'!alclrite aOO !\egreg:uion te.~ult~ in a 1 ;2: 1 <x 1: 1: 1; I ralio. Linhge ¡}naIY~¡lI
W3$ pcrformed using the ,gamete $(g.Kgatíon ftltio,; fcw pairs uf mKrosalellite II)(;¡ for each pilrtnt, in the case 
ofblld:ross--like upectv.l rau¡}lI-, and Cor both part"ntS ir¡ the Cl"l~ 01' F2-like expected rnúo$. 

Re'iult<¡ and Dist:unhm. 
Mir:M.tflf~liiu dutfflCltffQlIUN\ attd l'l'i~r (Msi?1I 
!\ ole-lractlOO:tfeQ C3!t~V¡¡ UNA líbmry w.,!:. ~ wjth se. .. en dirr~rcnl oligoouckOli<k ptabe~ te dcttct 
mlcrm.arellíle,.<;. Sixty po~¡lj,.e done' .... 'C11: puriftcd and scqueoccd to eonfirm lhe upected 
!w<) doocs h;yJ lb( nrec!cd repeaf~, whlle ¡be I'\".Rt ronl;uned unexpcclt:d or no repenM. 'rhé 
f11kru~;lldlile.~ dclected (mlt~ined GA.repen¡s. whkh wm vwiabk in !englh Md cl'lmpoliil¡tJA, wme 
up to 19 pericel n:real~ Microfultel1¡res cont.linlng GA-l'tpeat~ Me rom1'ft01t in man)' plnf\t.., ¡13gen:r.:ma et 
al, 1993; Wang ellll. 1994; Depei€e~ el al. 1995; Ternuchi 1994}, whkh mny be ¡he c:ue for cn:t<;ava a.'i 

W1:1l. Tite ¡~ol~t¡on of olher (ype~ of mic:ro.'i.iltellile~ m.,y tequire lhe $Creening or librarie.~ writ;bcd fcw 
~pe-cllic ft'pcaK 

Primen we!e de.~i:¡::nerl fQf 22 miCf:QSaleUilcs, IIJlheUgh (01)' !hose primen lIuc¡;;el\.~(ully amplífying the 
CApe'dM ~ are tC'porttd in Tllble l. Al! pnmus were u:'!l!d to ilrnplify t:"~lIva ONA at an anne<t.l¡ng 
lt'mpentlu1\'! of 56OC. 1Jflle~s otbefWise indiC!ll:ed. 

.'Ú,"UI outoma!ed 8~tff'1f)Pf1lF. 
The Tl:'sults obtained rOl" ¡nt,*~l lllde $i:tC comparisons are ~zcd in T,¡¡bJe 2 Only 
~IU differellCcs are rcported ~¡nce!hey M"e u:W,¡¡lly highet!han íntfll~ge! "ile diCferencell ;¡cron!¡ng ro 
et al. (1991) and Smiln (1995). M,(cheU el ar (lfJ97) repon duu lhe M3úmum inter-gel alkk; siu: 
dlffertnct ~hould "1)( eX('e\'!d 0.5 nueleotides. $incc allei(i'!l ClUl be dusified iru:om:ctly if sitts are rouOOed off 
to the neilt integu, This ptoblem í\ ~ whcn DNA fragment si;:e5 vruy by ORe nuclt:Qlm, due to 
1"1",,1 size diffe~n(;es fJf 10 terminal uansfer activi:ty oC lo., DNA polymernse. n.e lilerature repons ¡nter~&d 
siu difference., or 0.7 10 1 J nt ($Ce Mitchell el al. 1997 ::md refen:.nm therdn), wltich are similar 10 !he 
r3fi¡;t:s repor~ here, OA21~ 1,61 nt, except for ene allcle of locus GA-21, where RlICcessille de¡el'tl'\inatiOM 
vrui~d al' lO 2.17 ht. Thisdiscrepancy m3y be-due to terminal Intnsfer aclivily or Taq DNA polyffiC'ra!lC, :ni 
gel Df e~b'(Ipñ()(l:!ijs deEecttoo COnditiOM that make srzing o( a1leJes le~s ~ci.o¡e un J73A r.equencm 
{Ghosh e! ¡tI. 1m), Dele60n and ¡n.~crtjon evenlS th;¡t OCC\lf in tne done once Ihe doning vector is 
il'llrodue«l ¡mo Eal/i lor replkaw.m may airo exp1¡tin lMge ~¡1.e differences belwttn the seqaCflced clone Rl 
lhc PCR-amplified pnx:luet (Freulld et al. 1989. In; Mitdtdl et nl 1(97) ninudenlide repem~ tire difficu!t 
10 ~c dnc lo ovul;\flping ril1de!. However, the «'le ~( ex!ernal (l(.Ijll¡~tmenl :md hinnio!,! nlgorilhms, like 
Ino"C lel"Jned hy GhoV! el 31 ! 19')1). may be w.;etl ro fenuce in:lccurnde!\ in allc!t ~¡ljng. 

Cas~;lva gennpla~m chanct;:ri1Jlllml IS orlen limilcd ny ttt.k1~e:I cMstrains. l1H1~, UtlC!jU1YOC311dcntifl<;uion 
or e3(;h ncce'MOfl I~ tu:e:nlllll 1(') ;)voiJ dUf!I¡c~tc ~amplt!:., wnlch If'lCrt.'1-.e.~ &.r:rmpl~.~m m~mk:o!ll'K'(: <;OS1'1. 
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The .>et ofmicrosatdlitest1escribed here. eombined wlth appropriate IlIlcle <;iling alg(lrilhms and muhiplel. 
¡;eJTri-automated genotypíng system~, r:oold be used to char:'icltrin:: ellSSllV~ acce;~~üúns from lbe core 
collection Of (rom nther rolleetions. This wr.;uld expWik: ¡he p«>eess af sekclÍn& ~pre$t'ntati~ SCES o( 

gmnplasm fO( conservaban, eha.racteriz.¡¡tron Of bl'«:ding. 

Helun;ngo.1it)" 
To ~rennill(: how userol mkro$lltdlltes "'fflold be lO{" fin~ntin~ Ol' charackriU:Oon oC (':KQVa 

germplasm;md ror mappmg purpo~s, helero'Zyso5i1y (h) e$limales wac ro.-d: using ("P}end·labded' or 
f1uore~cemly-labeled primeu, TIIe number of a!1ele¡ detectro r01' mkrrn;aleflíte loo ~ged from 1 to 15 (toe 
e1l3mple rn Figure 1), rtnd h vnried from 0,00 to n,gg (TOO1=. J). An ellample 01 low h vwue \\<'a\ 

microsatellite tiA· 123, for which onl)l one nuore"<."ently labreled PC'R product of eQ\1:11 ~¡1.e W:1S Mlectt'd in 3 
Oul of )9 acce~«on!l n!ulptd, Ihe otller 36 accessions did Ml shúw doetectabJe PCR promlCl~ (<bta nol 
showl\), prool1bly due 10 mulations in priming si leS. However, more rh3n 75% or the micro~a!:elljtel\ 
analYied had h valucs abolle {) 5, whkh m::l.ke~ them usef"lI rnarken; fl'f ¡;¡¡s.~ava gennpla.~m chnrll\:ter1.13t.iOl'l 
and mappin,g ;\ 1audy of ¡he genetic d¡ven;ity oC cultiv:ued and wild MmJih(1l germplasm u~ing 
micrIDllltdHtu ÜA-12,GA.21 ::ard GAGG-5. revukd betw«n 8·18 alldes fOf e3Ch Jocus (Roa 1991). NoNI 
(1997) delectetl 18 alkles rO! locus GA-12 aJonoe, Itln mote ¡han the cight reported he~, probllbly duoe 10 lhe 
inclus;tnn oE ¡;e~ Mcrt!lwt tl!,;.1. Ne~less, the nurnher of alldes oh<.ervtd in 1M Rn.:t', sludy is 
comparable wilh !.be;mes reported beze and suggcst miaosátellite priming lile consavalton .1mong. ca\~,'-W:il 

and !l., wild relatlve5. 

As..e~~ment of mi!:rosatellilé:- hetero;:ygosilY W3S done us!ng .~U'Jnll 01 I~ 'iet'l o( u~1Iltva gel'tl'\pi~m. 
tltaugh Ihe nambex of allelu Wll!l n:lturnlly h¡ttller in larger 53mple sets- (rabie 3). A 27~ lnot'l'!¡:e io 
number of alleles \!f::l.S ob~fVe:d ror mkrosaldli!e GA.134 wOen the numht:r o( ~,icns st:rt:ef'ICd UIl1t1:!f.td 
from 38 10 mort !han .mo. indh'idual!\. lIowever, Tttble 3 show't thlll Ir val1J(! far mkros:l!eUUel vA-21, 
GA·126 ~od GA·I34 rem"ined around 0.6, 0,8 ::I.nd O 5 te~pecti\'tJy, reg::lrlflc~s of ~nfJlple ~ite, Thi~ indic:t1cd 
1h.11 !hc ~m,,1I cnre ~ub~~mples f;¡irly reprellt'med !he vxtnahility e:{i~ling in lhe lart:t:r con: colleC1ioo. 

The $e( or Clt'\QV;¡ miCt('¡<;;;¡tdtite~ !'ef1Orttd Flete Ihu~ have helero1:y~ity vlllue~ tha! ma)' h< u~ful rOl' 
~erlf!p1n~m dmmden:w!ioo of cuhiv3ied C:I~<¡rlVIl rmd il~ wih.l rd3t«! ;o;pccie'l. lf¡¡, wllI IIl14JI'itlhtt'llly 
contnmlte io!he umkt~I,1rtt.1¡n& oC genetit: rel;ílión.llhij)$ llmon¡: CM!(,W;¡ acces'!Ii .. l'I1i. "'lid r:l.lrl N hl)tlt 

Micmsatrilitt .ft'gn':IlUM mu1lin1;aKe fllktlrSlS 
Chí·¡;qUlltt; ~S!$ wtte ¡xñonned on ~gtt:gat¡Q:O: U!H.m o( 11 m¡cr~tdlite loó Ihat <oCgtt:galed ¡n the 
m:rpping popu!3tion from tite femak. tbe mate or bom pa«:nts. Three mK:rosatellite.s, CA-U. GA-57:n.:1 
GA-I23 \W:rt nOl polymorphic in the p3fetlt$. yet rhe frnmer two werc polymorpluc in ~her ca.'<.Sol\'3 
:lccessions (data not shown). The reslJhs or the O'fi-square lests are Sllmmarizod In Tahle 4. Al! 
m¡cro~alellite loci, exctpt GA-131. fit expecled 1:1, 1 :2: 1 01 1: 1; l' I disomic ow:gregation tafios (01 onr:: oc 
twu loci, a t'loding previously reportcd far isoz)lme and RFLP loó (Roca ¡o;t aL 1992; Sarria el al. 199); 
Ufevre .md Charrier 1993; Frege.m~ et 01. 1997) :tnd oC stgniflCance tO ctlS!\.aVA breed¡ng ptograms . 
Micro!l.ak\l1ite GA-131 did nm fit an expet:led 1: 1; 1:1 ratio, and exhibiled 010: e.lce~~ of altdes dcrivd from 
'Ihe femnle paren! (Ll.bh: 4), altMugh it h:t..~ ~n mapped lo linbge group G of the male- 300 (emll1e·dcrived 
CWl!i:ilMl maps (fregenc et al. 1997; Tahk: 5) 

The ct'll'iava gBlttic linbge ma¡:t:S reponed by FftCtl'lé el al. (1991) wae devtloped balitó en <¡.(gttgatiOIt of 
uOIque aUdes m tbe garnete..<; o(both parenlS, whi(:h «!slJlted in Orle Ilnkage map fot eacll paren!. A tolal af 
the mkrosatt:lIite loo, GA-I;l', GA-126. GA~127, GA·131 mi GAGQ..5 wac assigned ro al lea.~t ~ 
linbge grnupf in holh maps (Fre~ el al. 1991, rabie S). Here we testetl (or hnkll(:t ~("J\ p:l1r« 01 al! 
M:'grt'ga!mg mit'm:<.atcllite loc! uQng Chi'lióQuure l(",sts pcrformed on ¡he sesregalWn ntlios of gametes rrom 
!xxh pruel'l!s (rabie 5). A:;; ftportedbyFregeneela!.(1991), linkage betwc.enGA~126 3nd GA·t21 W!lS airo 
dctectN: here. althouglt the o~rved Chi-'lqtltlre value (1 t 33) w~ digb11y mwer ¡han lhe niticll value 
(1 rJ4). ')11r::St: IwO loci have been 3s.~i!lncd 10 group K o( lhe fcmale-derivcd ca.~3 tI:1ap ::Il appro~imatdy 
30cM Cmm each olller. In our study. no linkage \VaS Jetecta! for 3ny other pnir uf mkr"~;.\tdlhe loe¡ in tbe 
(emn.!e rrlrenl Ilowe\'er, In Ihe m\lle patenl, micNY\:ltt'llite GA-131 ;\Pf!'1':ll"td lO he linked tOo ove (I1~r locí, 
indudin¡:t CiA·I:! :md Gi\-127. with o~rved Chi-...,\la~ valm:~ l:lrgcr ¡han thc crilic~1 \'l"lluc Ve!. lhesc 
Ihre,e 1lI1(.1r1"irlldIiIC hiel h;lve hcen mnrreó 1() ~hf(:t: t.hfrtrr::nllmbge gl(lUp~ of !h~ 1T1.11e'"tknvcd C':I~~a\"il 'Tmf1 
(T"hk 5). \\'c ~1"<;¡lIncd Ih~t lhc "'.:!ire!!.lllion t!¡~l¡)(II(1n flo.;crve<l fm !hi, Illicf\1~~!dlile MI Iht" m;lk~I,.'ri\'("d 
~amele~ 11M)' cxplain lhe t.li~crrp~nty ~Iwccn (lur re~'Ull~ and tho.¡e ofFregt:nt: el 31. (1f.J97) 

6 



Mappint micwsatt:lJilts in CiL~~"'vtI helped to identif)' CQmmot'l lioUge grotlps in (he f(male- :1.00 mak
dcrived mnps (-1)1' microsatelli~ GA-12, GA-127 and GA-131 (f()ble 5; Fregene el al. 1991). Microsattllite 
GA-t2 revealed heterozygos¡ty in ooth ¡fdfVlt$, ahlrou&h í! has been mapped (rom lile male pm't:nt out)' 
(RigKgation data W3.S nol available for ¡he fert13le 1Xlf'etl1). f¡tllilIg inlo a Iinkage gtt)up tbnt has no( been 
n!iX.lnciled with me fematc-derlved map. SucceS5 in mapping microsatellites like GA-12. with uníque alldes 
segregMing from borh p;)rent~, wQtlld :U:Cf)mpH~h Ihe rec.ognilion oJ commOl'l Ilnk3ge groups (rom among 
thcse bawJ en ftmalt;· QI' male-derived segTtg3~on data 

DUl1Hcurtd loti 
l3arring priming $lle mu!alion~, PCR ampbftt.ation (lÍ highly polymotphi<: microsMellites should detect all 

• andes (rom duplicmed k¡(:i i" highly heterozygous. true autt>- or allQtelrllploid spedcs. However. in !he case 
Qf cas.~3V'.t 73% (lJIl4) uf mlcrosaldlites ~ onl)' OI1e or two alld~ in most accessiollS. arl 
segregalion a. ... aJysis of 11 rnicroutellites showc:d <mly one locu5 or two hnked lod (Table 4). 
Microuú::Uite GATI61 w~s,m excep1ion detectlng up to five lIHeles per genotype (Figure 1), Ihough 
$tgfepri(lI'l'l'!ruysi~ uncov~ ~o linkfd rod. These resul\1 were une.tpccttd considuing lbat C3ssava i$ lIn 

OU~l'!t:, very Í\t:ltfOtygous erap oí ~$umable allotetraploid origin (M.goon et al. 1969; Umannah iJ1d 
Hartman J9iJ}. Although tlM k:nuw1edge 01'1 the cvolution 01 miaosatdlite lod In phmt geMmCS }s 
limilcd, tRese findings: may ~uggest a low degmo:: ot rnicrosatellite lod duplkation in ca~:¡JYa. whitCh agrteS 
wilh ¡he low number af duplk;lIted RFLP loci (Ieu man 5%) fooM by Fnegene el al, (1997). Dup4Jcated 
mkrOJ>lIteltite aM RFLP ¡oc¡ are pre~enl in the cnssava gtnome. thol'gh me¡f origin JS talldorn Ccnomic 
dllplicatlonS or palypWdimion events rtmairu uokoown, 

Aknowledgmtnts This ttsea«:h was supported by funds from Ihe USAIO nnd lhe RockefeJ1to:r 
rl)Undatiol'l, (('Ir which the .ilUthon are moSl gralefut We _ gratdul for e:tctllenl tedmical 3~~st.ance 
ptOvidtd by the hile Cbrislopher A. Jemet 3Jld by Or. Shnron E. M¡lchell, both fmm USDA.ARS, Phv'lt 
~f1etíc Remurtts Conserv:uiol'l Unit of lhe Un¡~rs¡ty o( G«ltgia. Griffin, OA. We .:1.1$0 lhank Pt:rl::in 
ElmerfApplied Bio$}'stems, fOf providing I!~ly~lllbdkd primers.. 
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Tabl. 1. 
Forwan:l and revet'SIe primer seqUtntt~ (or 14 cassava 
microsatellitt~ (@)AnJIClI.i¡ngtemptratureal4SOC. 

Mieroutel!ite !'lame S' lO- J' prifTIf:f ¡;equenees 

~-!í TMNTt:A'fCG'!CGG(.~'G 

CA-12 

GA-13 

GA-U; 

GA~2:t 

GA~57 

tlA,-121 

QA-121\ 

iGA-127 

CA-1Jl 

Q,-1.H 

GA-13(i 

Q~140 

• CiA.-Ul 

OC'TGATACCACAGAACACNJ 

CA=~ 
CCA""'~ 

=~ 
CTA1"l"'.!CACCGIC' lC\XCG 

GTACA'!C:Al.'CACCAACGGCC 
~ 

00C'l'W\""'~ 
CM=~ 

m;AGMlCA~ 
"""""",,~'IU 

CM~W:C 

~ 

AG'J:'GG,AAAT~Th-roATG 

ccC/lTAA1"r4JI:rOCCAGGT1' 

~A<iC'!'A'l'OGA'M'ACiA.'fC'T 

GT=~ 

~ 
C'ICMCt'~ 

ACAA'lU'n.t:CAA~ 
ACCA'l'tXlA1'~ 

e<m<lAt~ 
~.I!t.~ 

~ 
~~ 

~lC¡ lCl1JC1GCA 
'rGA~jI,G.\ 
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T.bl. 2. 
Sizing o{íour fll,lotes,cently-Iabeled miern:sn!ellfle loci 3mplified in a quadriplex PCR reactioo froro ca~ 
cultivar MCol22 M!d ron on 12 cm 4ennturing gels using a 373A ONA seqoencet (Perkin ElrnetlAppJied 
Bio~~lems), Sitiog is rclalÍ\'e t(l me GerteScan 500 interna! st¡¡rtdard ffAMRA} using lhe "10I::1l.1 Soolh«n" 
algorithm, ¡mer.geI alkle me dil1'ercnce$ UJe ~umnwiled for ten ¡~t gel nlrlS, @ ~l.ICnee nf 
ori¡:inal done (rom accc~~¡on Mcot22. (nt) nuc:kó!hle.~. 

l.ecus 

GA,21 
:dle~ 111 

• allele ,,~ 
alk!e O 

GA·¡:26 
allele In 
al1~le 111 
ttllele 11) 

GA-1J4 
all~le ti 
dlele f2 

GA·lj6 
aUde NI 
allde n 
allde 13 

Srte r:m~ {m) 

1()/I.2J·j-()1.19 
114.02·11.'.41) 
119.6HZI,.I12 

IS:U8-183.25 
18&.13-188:.16 
189.18-l9051 

3nUl·lu8S6 
317,65-318,89 

111.111-151.9:5 
115.42_155.84 
159.12·159.68 

iiliei-:gd Sile-- M~aJI size S~ru;lard ~ Sin 1ft nI of ¡he 
diff~rentt' (111) (RI) devialinn (nt} __ "~!!:!lllClI<!ed dor;e 

Ui> 

'" 2.11 

097 

0.14 
1.24 

0.11 
iJAl 
0.16 

MellJl ;: 1J1l61 

IQ1.19 
114.98 
IlfU9 

182.68 
188.49 
190.16 

;0&.22 
318.52 

151.69 
ISS.66 
159..50 

().4Ifil 
0,4764 
0,6329 

(1:-3001 
0.209'4 
fU461 

D.B"3 
O.394f\ 

0,2296 
O, I 535 
11.199-4 

Mean .. 0.3267 

"' 

'82 

JI! 

'" 

Table }. Hcterm:ygoSlty estímates (oc 14 t:aSMV3 micrrn;al:elliles using (llP}eod-labeled ruxVor 
fluoresccntly labded primen rOl" the detectíon o( PCR llmplíficalioo products. A maxímum ní twO aUdes 
pe! &C<."ession 'kM the general obstrvaUtm, e)!;cepi for loo GA-161 and 01\-127, ror whkh up 10 five aneles 
pct á«:essWn IIIC~ dttt;cted. No null aUdes \V\tn: eonsidcm:t fot h eslim;::ltions, whkh trnly 1'I;'l1l',tlt in 

un~re5timatiou of h, (a) Micros:ttcllítes amplífied in qundripIcx reactiom. (-) 39 ¡:u:~!S¡on1 ~ bul 
only th~ ihowed a PCR producl {see text}, (@) Ancles detet:ted U$ing nU(lrescently labcled primet'~. all 
Ctther.l u.~il'l: (np}-labeled primen. 
Mh;fO~:uell¡te , uf X-twiO/\,'l SCOfed for * of aUele$ deto::etC'd 51ft Range (nt) HettrMy!O!ity (h) , 

Q,\.-12 " 
, 131-157 0_ 54 

~-13 42 , 137-139 0.01 
c)'-16 U , 99-129 0,63 
@,.-21 " • 10(-126 0.61 
GA-Zl& '" .. 101~12]' 0.65 
~-5; " .. 153-183 0.57 
GA-123 " 19 17' 0,00 
Q\-t26 l4 • 178-214 U, 
<iA~126& '" '" 178-220 0,79 
Q\~127 l4 10 203-22-9- 0:14 
CA-1U " " 7~-1l9 0,8' 
GIl.-134 " .. 309-2-37 0.4.6 

.:;;;\.-134& '" 
,,. 30EHl3 0.55 

CA-U6t. m ,. aS-Hit 0.61 
QA-140 " 

, lS4~lU 0.76 
G;\-lU " " 64-140 0.85 """'., " " 109"127 0.46 
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Table 4, 
Goodness-of-fit X1 ,esl of expected lUid omerved dioomic scgreg¡¡:tion ratios for 11 mkrosatellile loci in the 
Fl cassava mappmg population CMi857. Segregaliota malysis wu done_using {upplafxkd pnnltr1 "d 
sequencing gds, (*). or by rurming nonradlOOCuve PCR p«lducu on Sq, Meúlphor Aga;rose gels s-tained with 
Ethidium Bmmide (.). TIte nul1 hypMbesis that there wen: oot $Ignif¡cw dí~ between obr.etved aY! 
eXI'c::clod $t¡;tegruioo raliO!! was tested at a "" 0,01 and n-I degrr:es oC Iludom, whett n '" number of 
phenotypic dasses {ir "=2. 3 Ot 4, ¡he critical l'egions an: '" 6.63, 9.21 Uf t 1.34 n:~pect¡vdy), (@}GA.J21 
and GA-134 had two linked loci in cllch ~nt but enly OI1e locus ¡~ $hown hete, HA-I), GA~51 lUld GA-
123 did nol <.egreg<lte in dIe m:l'pping population. {++} Segreg~ing. ~kly-amplified allele from ma~ 
paRlnl fot locus GA-161a. 

MjCfouH~Uile 

C'.AGG-5· 

GA~12· 

G1\.-Hj*' 

aA-2I· 

GA"126+ 

r"'-127·~ 

c:A- H1-. 

GA_134i 

--------------------------~ Parental ,t1'tOtype$ GenOlypie elll5m: TOIal indivitfu¡jj Calo;;ulaled x2 
TMS3OS72 (kit) expected (ttll!t/ IIJId swred and si!nifiC:tl'lte 
W9 CMll11-Z obIerved rlltio, ;rt. = OJ.ll 

1 : 1 
:13, 43 

1 1 1; 1 
20: 30, 1?, 1( 

1 , 1 
:21, 4], 19 

1 1 
1(: (3 

1 T 
35, 3S 

'1 1 t ¡ , 1 
17, 20: 17: 14 

1 1 1 : 1 
l2:S 11:11 

, , 
41: ::¡a 

" 

8J 

" 

TI 

" 

" 

" 

" 

LOe: .., 

6.49 

'" 

O,lO 

'" 

1.05 
lIS 

0,00 

'" 

1_06 

'" 

18.55 
SiQniticant 

0_11 
NS 
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Table 4, (continued) 

Miuoutellilt f'artlltal ~(I!rpe.\ GCllotypic dasses: Total indlvidulb Cakulll!ed x2 
TMS30S12 ¡!di) e.tpeclf'4 (lop} t.nd seored and ,¡¡nific;ance 
~d CM2177-2 ob~d ~ll)$ IIlo_0JH 

Go\~B6' 
79 0.62 

1 T .., 
J!SI 43 

GA~UO' 

" 0,71 
1 , 2 \ 1 "" 21, 39, 14i 

GA~i61Oil* ,. 4,0:1. 
u '" 1 : 1 

JI: 'IJ 

GA-161b' ,. ).21 
1 , 1 NS 
14: 401 2S 
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Tabla 5. 
CiQodne:n-of-fit Xl te.~t tu enimate &he signifieance of linka~ between p.tics of tnÍ«(l$illlelltte loei tnat stgttgate frero th, 
female (top tllbk). the mate (middle table), OT both parents (10wtl' tablc). Critica! value.s: rOf X10.ol with 2,'; (jr S degl'("e~ o 
rreedom arl'l9,2t. 11.34 Mld IS.OS fespeaivdy, 601d numbet$ indiclll1e valuesloo clase 1:(1, arlárgef than \he (nrical vahler 
Alli.o shown are (he linkage grOtlpS to whieh loo have been assigr;ed (soon::e: FregeDe -el al, (1997).: Ibis report). (00) no 
determined yel __ _ 
M¡Grotaltllh~ GA· 12 
GNJG~5 1.14. 
w...12 
CA-126 
GA-127 
01\-131 
Gh-l:lJi; 
MicrosatlÍ,lüle GA·21 
GA-12 4 ,:;la. 
(ih-21 
GA,-127 
G}\.-131 
GJd14 
GA-161a 
GA~l61b 

0,\·116 
1.62 
O.3S 

-- GA-127 

7.623 
O.fjl~ 

0.794 

GA-111 
4,.' 
2.06 
n.n 

GA·131 
u.u 
11.74 
U.U 

Hllkllre lICUe 

no 
nd 

GA-IJI 
2.57 
0,66 
4.20 
0.57 

GA~fj' 
'.9S 
0-.25 
0,70 
U.!t 

GA·l.)6 
:1 .94 
0.81 
0.$0 
),02 
1. 79 

00'\-16). 
8,94 
5.79 ,.'" 
13.U 
2.86 

GA~f6fb 

6.61 

"'" 5.56 
U. 
.. ,el 
7.13 
'GA."iTIb 
6.51 
':i .S!! 
5.95 
n.32 
S.84 
U.Os, 
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Inheritance of random amplified polymorphic 
DNA markers in cassava (Manihot esculenfa 
Crantz) 

Rocio Gomez, Fernando Angel, Merideth W. Bonierbale, 
Fernando Rodrlguez, Joseph Tohmel' and William M. Roca 

Abstrad: The informativeness and inneritance of randomly amplified poiymorphic DNA (RAPD) markers were 
investignted in an intras¡>ecific FI progeny derived from two heterozygous parents. The analysis confirmed the 
urility of RAPD markers for comparing candldate parents for the development of a molecular genetic map. and 
providcd numerous markers for linkage analysis in a crup whh a very limited history of cla3sical or molecular 
generic studies. Six PQtenrial parental lines (thernselves PI hybrid clones) showed between 1.82 and 0.62 
segreg3ting bands per primer in tbree hybrid famiHes, Forty-three percent (309) of 722 primen; produced 
polymorphic produc!$ in the mma :nformative of these thrce crosSés. revenling 328 sing¡e~d()se (SD) markers 
segreg3.ring 1: 1 ror presence/nbsence in a progeny of 90 individuals. A second c1ass of informative markers were 
'those presenl in both parents bu! segregating in the progeny. Fifty~$even or 67% of !he monomorphic but 
segregatíng markers ~xhibited the 3: 1 ratio cxpecred for SD dominant markers in a cross be,ween heterozygQtes. 
Unkage groups were constructed rrom the segregation uf SD RAPD markers originating in the remale 
(T~S 30572) and the mal e (CM2177·2j parenL 

I 

Key word.s: RAPDs, molecular markers. genetíc segfegation. Manillo" sjngle~dQse markers. 

Résume : Le ,aractere ínformatíf et I'hérédit6 de marqueu" d' ADN polymorphe amplifié au hasard (RAPD) Onl 

¿té étudiés chez la progéniture PI issue d'un croisement intraspédfique impliquant deux parents hétérozygOtes. 
r:analy')c a confirmé I'utilité des: mllrqueurs RAPD en \'ue de la comparaison de parents potentiels en vue de 
l'élabor;¡t¡Qo d'une carie génétique. Dc plus. de nombreu:t marqueurs ont été obtenu$ pOllr des fins d'nnalyse de 
liat$on genétique chez ecHe e!ipecc qui a fait ¡'objet de tres peu d'études en génétíque classique et molécutaire. 
S¡x jign¿es p.1fentales potentielles (eUes·rnemt:s des ,Iooes hybrides F1} en! monteé entre 1.82 et 0.62 barl(!Cs en 
",¿greg:Hion par amOfce chez (roís familles hybr¡dc~" Quarante~tro¡s poue cent (309) de 722 amorces ont am?lifié 
des ,roduits polymorphes t.'hez le plus informatíf des trois \;fUiSéments. Ces amorces ont perrnis de révéJer 
328 marqueurs présents en simple dase. c'est-a-dire qui motUtaient une ségrégatioo !:1 (absence/presence) chez 
une progéniwfl!' comprenunt 90 iodividus. Une sccande classe de marqueurs informatirs étaient présents chez les 
deu~ parents mais étaient en ségrégation chez la progéniture, Cinquante-scpt. soit 67%. des marqueurs monomorphes 
ell sé~régl1t¡on morHraient le rapport 3: 1 attendu de rnarqueurs dominants a simple dose suite au croisemem de 
deux hétérozygotes, Des línkats ont pu étre établis a partir de la ségrégation des marqueurs RAPD a simple dose 
présents chez les paren" femelle (TMS 30572) el male (CM2177·2), 

Mots dés : RAPD~ marqueurs moléculaires, ségrégation génétjque. ManiJwr. marqueurs a simple dose. 

fTraduít par la Rédactíon] 

Cassava . • \1allihot esculema Crantz is an important species 
in tropícal agriculture, In !he trapíe., regions where ir is cul· 
t¡vated~ cassava is the fourth most importanl source of 
ealaries. after ríee, maízc, and sagareane. It is c,timoted mal 
aboat 70 million people obtain more than 500 ealodes 
(1 Cal. = 4.1855 kJ) a day from eassava, partieularly in 
Afriea (Cock 1985). Cansidered as a diploid species of 
allopolyploid orígin (Umanah and Hanma" 1973), cassava 
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is geneticaUy tne leasl understood among the majar staple 
erops lhat feed mankind, Only a handful of morphologieal 
mutants (Hershey and Ocampo 1989) and several isozyme 
markers have been develaped for cassava genetics. Analysis 
of 10 ísozyme loci has reeenlly revealed predominantly 
disomic ínherimnee (Sama el al. 1993; Lefevre .nd Chamer 
1993). In the cours. uf developing a molecular genelic 
map of cassava using DNA markers, we have investigatcd 
the utílilY uf random amplified~polymorphic DNAs or 
RAPDs (Williams el al. 1990), RAPO markers have been 
used !o constru.! genetic maps (Tulsierarn el al. 1992: 
AI·Jan.bi el al. 1993; Rowland and Levi 1994), to deteet 
genetie variation within plant species (WilIiams el al. 
1990), to evaluate levels of gene flow between species 
(Arnold et al. 1991), .nd to obtain markers linked to resiso 
tance genes (Martin el al. 1991; Michelmore el al. 1991). 



I 

I 
With RAPD markers. polymorphism. are usually detected 

I 
according to me presence or absence uf amplificJ fragments. 
Wu et al. (1992) described u specific elass of molecular 
markers. ealled single-dose (SO) markers. that are present 
in one (heterozygous) parent. absent in (he other. and seg-
regate): 1 in the progeny. SD markers have been used to 
develop genetic maps af potato (Bonierbale et al. 1988). 
sugarcane (Al-Janabi et:Ú. 1993), and EucaiYpms (Grattllpaglia 
and Sederoff 1994) based 00 segregmion from heterozy
gous parents. A single primer usual1y ampJifies multiple 
fr3gmcnts, and each polyrnorphic fragme:lt cat! be treated 
as n separme SD marker if ir segregates 1: i fOf presencel 
absence in the progeny. S¡nce SD m<!rkers may segregate 
sirnultaneousfy and independently from each heterozygous 
parcnt. thc tWD sOllrces of sq;regarion are coosidcred :-ep· 
arutdy in linkage analysl.':s. RAPDs present in the het~ 
erozygous sW,te in both parents are olso informatíve, with 
[he expecled presence/absence ratÍo of 3: I in the vrogeny. 

Three dífferem intraspecific crosses. CM7857 
(TMS 30572 x eM217?-l), CM8382 (TM5 30572 x 
C:V13299-4), and CM8224 (THAI-J x CM3372-41, were 
examined as candidates for generic rnappíng. Total genomic 
ONA was extracted from greenhouse- or field-grown leaf 
rissue 01' the parents and 90. 20. and 20 F¡ individuals. 
respectiveiy. using the method described by Oellaport. 
et aL (1983). RA PD primers IVere screened for revealing 
polymorphisms ilod segregadon, using the parents and a 
subset of 15 progeny. before the whole F¡ population was 
analyzed. Targe! DN A sequences were amplified by PCR 
on polyvinylchloride mlcrotest plates (Faleon) placed in 
a 96-well MJ Research ?rograrnmable Thonnal Controller 
(PTC- JOO). A single dl.':clnudeoüde {Operon Technologics 
lnc .. Alameda, Calif.). contaiuing 60·-10% O-C. served 
as a rílndQm primer for em:h icactícn. Each f2.5-¡.tL ampH
ricatlQo rcactlort contaiJícd 25 ng of plant genom1c DNA, 
10 mM Tris-Hel (pH 9.0). 50 mM KCI, 0.01% Triton 
X-IDO. 2.5 mM MgCI,. 0.2 mM of eneh dNTP (New 
England Biolabs), 0.8 p.M of primer. aud 1 U of Taq ONA 
poiyrnera<¡e (Perkin Elmer), The mixture W3S overlayed 
with mineral oil. With a gename size of 1.43 pg 
(e. Martinez, unpublished data: Arurnuganathan alld Earle 
1991). haploid genome contento the arnOunt of genomic 
DNA usod in an RAPD reaction corresponded to 
11000 haploid genorne equivalenls. Amplificatian was 
performed as dcs.:ríhed by Yu afid Pauls (1992) with sligh! 
modil,cations (94"C for 5 mio. foll:.wed by 34 cydes at 
94"C for 5 s. 36°C for 30 s. n"c for 1 min. and ending 
Wifh 5 min at 72DC). Se'len hundred and twenty-two primers 
of arbitrary sequences were screened. Tbe PCR products 
were assayed by electrophoresis in 1.4% agarose ge[s ron 
with TBE buffer (89 mM Tris-borare plus 2 mM EDTA. 
pH 8.3). Markers were scored directly on the ethidium 
bromide stained gel under uv light and confirmed using 
black and white Polaroid film. Segregating bands were 
classífied acconJing to their origin in the pisríllate oc sta
minute parent~ or both. xJ. tests were conducted to assess the 
gooclnes., of tit of segregation in Ihe progeny to the expected 
1:1 or 3:1 ratios, and separare data sets were deveJoped 
for the 1:1 segregation of SO rnarkers from eaeh parent. 
Nomenelature for individual RAPO markers describes the 
primer and relative RAPD marker size from largest to 
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Fig. 1. Genetic inherítance and segregatioll of a Q,7-kb 
RAPO markcr in the F ¡ popuJation. RAPD marker ís present 
in the female parent (P), absent in (he male parent (M). and 
~egregates 1: 1 in rhe progeny, Ríght lane contains lambda 
DNA digestcd with Pul. 

kb 

2.2 
1.2 
0.8 

smallest, Le .. K16a. K16b_ etc. To determine the linkage 
relntionships among. RAPD markers we ran M'APMAKER 
(Lander el al. 1987) usinQ a minimum LOO $eare of 5.00 
and a maximum O vaiue (recombination fractíon) of 0.25. 
The pro portio n of markers in coupJíng versus repulsíon 
phase was eompared as discussed in Wu et al. (1992). Thb 
wns DI..'!1ieved by copying rhe markers and inverting the 
scores for eaeh of the polymorphisms (ealled recoding in 
,the MAPMAKER version 2,0 manual). and then running 
"APMAKER ag.ín (LOO = 5.0. e = 0.25, two-point an.lysis) 
iooking ror linkagcs betwecn the nrst markers and the 
newly creuted secolld set of markers. Mnrkers in repulsion 
phuse should appear on the same linkage grc.up when this 
is done. hut each linkage group is prcsentf'd twíce and 
mirrar ¡muges ha ve lo be JLs.:ardeu. Cenrimorgan (cM) 
valuC$ '..vete t.:alculated using the Kosambi functíon 
(Kosambi 1944). 

Sixty~sb. random primers were used to amplify genomic 
DNA from lhe parents "nd 15 in!lividu.ls o! eaeh uf the 
three candidate crosses. The proportion of primers that 
rcvealed polymorphisms \Vas highest in CM7857 (Gamez 
et al. 1995). The lotal numbers 01' amplifietl .nd segrcgating 
bands observed with 66 primers in thc progenies of the 
three sexual crosscs are 

Amplified bnnds: Segregating bnnds: 

per prime: per primer 
Cross total (median) toral {median) ---_ .. 

CM7857 405 6.1 120 1.82 
CM8382 389 5.9 68 1.03 
CM8224 355 5.4 41 0.62 

A X2 for independence of segregation and famíly indi
ea!ed a significant difference among families (p < 0.005) 
in the presence of segregating bands. As CM7857 presented 
more segregating bands over aH, as well &S more segregating 
bands per primer, it \Vas considered Ihe beSt candidate of the 



Notes 1041 

Fig. 2. Examples of linkage groups of RAPDs: segregating in the female (A) and 
male {B). S¡ngle-dose RAPD markers segregare 1:1 in PI progeny and are ordered 
within groups with a confidence of LOD >2.5. Ree. frac., recombination frnction; 
Dist.. distance. 

A 
Rec. Dio!. Marker Rae. Dist. 
Frac. cM JO Name Frac. cM 

(2.4 %) 2.4- (31 ) AD4. 

(3.4 %) 3.4 ...--: (46) AIl8b 
(13.1 %) 13.4 -

(5.1 %) 5.1 .../"" (117) 019 

(6.2 %) 6.2 ~ (97) KUb 

(2.2 %) 2.2- (63) E15 
(11.3 %) 11.5 -

(5.6 %) 5.6 --
(49) AMI6 

(5.8 'Yo) 5.8 - (79) H5 

(7.5 %) 
(112) N3 (11.8 'Yo) 12.0-

7.5-
(133) 09_ 

(11.2 'Yo) 11.4 -

(5.4 %) 5.4--

(7.4 'Yo) 7.5--

(7.6 'Yo) 7.6 -

(hree fOf genetic mapping. Funhermore, [his cross is 
expected to present segregatíon for a nurnber of agro
nomicalJy important tr¡¡its that could e\'emual1y be asso
dated witb DNA polyrnurphisms. Funner studit:s were 
carried out using CM7857. A total of 722 PCR primers 
of arbitrary sequences. 10 nucleotides in length. were used 
smgly in PCR .ssays to sereen for DNA polymorphisms 
among 90 progeny of the F, popul.tíon. Primer screening 
was efficiently carried out using both parents and a sample 
of 15 F, individual,. With !bis format. parental origin of me 
markers, as well as their allelic state (homozygous or het
erozygous), was directly ¡nferred from the presenee of the 
fragment in ene parent. (he absence in the Olher. and seg~ 
regation (presence/absence) in the Fl progeny sample. An 
RAPD marker was counled only ir the phenolypic ciasses 
were consistent and clearly dístinguishable. In ínstances. 
where more lhan two phenolypic e1asses were evidenc, d by 
band inlensilY dífferences. the band was eOUnled only if 
one of the c1asses was a virtual absence of the marker, 
and the intensity variants were sumrned in a single 
'''presence'' dass. 

Of the 722 arbilrary primers screened ín CM7857, 127 
(18%) did nOI yield any amplified product, 254 (35%) did 
not deteol polymorphism or segregadon. 309 (43%) revealed 
al least one polymorphism, and 32 (4%) revealed 
mOllophormic bands (present in both parents) tIlat segregated 
ín ,he prog.ny. The 309 primen; showing al least one poly
morphism generated a total of 554 segregating RAPD 
markers. Of these markers. 328 fit a 1:1 ratio (p > 0.05). 
111e markers segregating 1:1 were generated by 246 primers, 
yielding an average oC 1.33 RAPD markers per primer, 
similar to lhe number found in peach (Chaparro et al. 
1994) and lower lhan reports of 1.93 in Picea ah!es Karst. 

.---. 

B 
Market 
ID Name 

(192) rF15b 

(264) rV20b 

(202) rH1Bb 

(40) AM10 

(54) G4 

(76) Klle 

(21) AC5 

(104) A13b 

(BineUi and Bueei 1994), 1.8 in Srylosanthes. (Kazan et al. 
1993), and 1.88 in sugareane (AI·Janabí et al. 1993). 
Amplified fragment size ranged from 3.2 ¡O 0.1 kítohases 
(Fig. 1). Segregation of the 328 SD markers was .corod 
in 90 F, individual s of CM7857. Tile number of SD mark· 
ers inherited from eaeh parenl was 186 from TMS 30572 
(pistillate) and 142 from CM2177-2 (staminare). Eighteen 
polymorphic markers segregaled as double dose (DD) 
markers, 10 from TMS 30572 .nd 8 from CM2177-2. Only 
85 markers were present in bOlh parent' and segregaled 
in the progeny. Of ¡hese markers, 57 fir a 3: I ralÍo, as 
expected for SD markers, .nd 12 segregateu as DD mark
ers. Tile number of observed and expected SD markers to 
mulriple dose markers was 0.59, whícn firs the expecla
tion for disomk inheritance. This observation supports 
earlíer repon. made by Lefevre and Charrier (1993) based 
on isozyme .naly.es of F¡ popularions from intra- .ud 
inter-specific crosse'. Under tIle described eonditions, indi
vidual RAPD phenotypes were highly reproducible for an 
individual among DNA replicates. Samples )acking DNA 
giving umplification products, wnicn have been reponed 
in sorne cases (Torres et al. 1993), were nor present in OUT 

experiments. Furthermore, we never observed a fragrnent 
in !be F, !bat was not observed in at least one of its parental 
clones. In summary, 385 SD RAPD markers were eonsid
ered in this sludy, 328 polymoprhic in rhe parent. and 57 
present in both parents. Furthermore. 30 markers fit the 
expectation for DD markers. Twenty-five pe",ent of RAPD 
markers showed dislorted segregation. Distorted segregalion 
may be the resuh of linkages between markers and the 
genes operating in prezygotic and postzygotic phases of 
reproduction (Zamir _nd Tadmor 1986). Altbough we did 
not examine the reason(s) for such segregation ratios, omer 
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reasons may in elude preferentíal chromosome elimination 
(Tanksley 1984), preferential fertíHz.tion, .nd selective 
elímil1alÍon of particular zygotes (Koening .nd Gcpts 1989). 

The molecular nature of RAPD markers and their 
Mendelían inhoritance make them valuable tools for genetic 
analyses in cassava. Two linkage groups. based on segre
gatiofl of these markers in the fe maJe and maJe, are shown 
in Fig, 2. The groups were constructed using the MAPMAKER 

program wíth a. LOD seore of 5.0 and a recombínatíon 
fraction 010.25. Tho ¡¡rsl liakage gmup drawn for TMS 30512 
(pistiIJate parent) is 38.2 cM in lengrh and is eomposed 
af 9 markets wilh a maximum map distance of 7.5 cM. 
No markers in repulsion are present in lhis linkage group. 
The sampl. linkage group of CM2l77· 2 (staminate parenO 
ís composed of 8 markers, five of lhem línked in coupling 
and three in repulsian (rF15b. rV20b, and rH 18b), indical· 
ing that they rcpresent dominant markers fmm homologous 
chromosomes. For allopolyploids. the proportian of linkages 
thal can be deteoled in the coupling phase is expected !O be 
the same as ,hat in the repulsion pha,e (Wu et al. 1992). 
Thirty·eighr pereent of SD RAPD markers were found (o be 
linked in repulsion phase (results not shown). In an inte
grated linkage map of cassava constructed fmm RFLPs. 
microsatellites. ísozymes. and RAPD markerS, 3Q% of 
markers were found tú be linked in repulsion. suggesüng 
preferenlíal pairing among some chromosomes and mndom 
pairiog among others (M. Fregene, F. Angel, R. Gomez. 
F. Rodríguez, P. Chavarriaga. M.W. Bouierbale. 1. Tohme. 
and W.~L Rü<:a, in preparation). 

The RAPDs described her. represent ,he largest col· 
lcerion oí genetic markers that nave becn subjec[ed to seg~ 
regation anaJysis in cassava to dnte. Data frotTI thesl! mark
ces will be pooled with data from RFLPs. using doned 
cDNA, geoomic DNA probes; microsatelli1es; .nd isozymes 
to create a smurated molecular linkage rnap of cassavu. 
which in theory, snould have a minimum of bias for codw 

ing and noucodíng chromosomal regioos. RAPD markers are 
less infonnative than codominant markers. such as RFLPs 
or microsatellites; nevertheless, we feel lhat RAPDs are 
potent molecular markers not only foc lhe construction of 
linkage maps. but al so for assessing the validity of con· 
troUed erosses. The mapping population used in this study 
revealed a wide range of variability for resist.nce to bac· 
teriosis (CSB), root perishabílity, and physiologieaJ pararn· 
eters of photosynthesís. The cnssava map can serve to 
icienlify important loei eomrolling these trails by their 
cosegregation wírh mapped molecular markers. and the 
resuhing genetic informaüon can be applied to toe improv
íng of selection schemes. In surnmary, in this work we 
have established a methodolo¡¡y of RAPD analysis for cas· 
sa"'a and huye demonstrated the use of these markers for 
genetíc analyses on no intraspecific cross. 
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reasons may include preferciHíill chrornosome elImination 
(Tanksley 1984). preferential fertilizadon, and selective 
eliminarÍon of particular zygotes (Koening and Gepts 1989). 

The molecular nature of RAPO markers and Iheir 
Mendelian inheritance make them vnluable too18 foc genetic 
analyses in cassava. Two Hnkage groups, based on segre
gmion of these markers in the femule and maje. are shown 
in Fig, 2. The groups were constructed using the MAPMAKER 
program with a LOD score of 5.0 and a recombinarion 
fraclion of 0.25. The ¡¡rsl linkage group dmwn for TMS 30572 
(pistillate pare ni) is 38.2 cM in length and is composed 
of 9 markers with a maximum map distance of 7.5 cM. 
No markers in repulsion are present in lhis linkage group. 
The sample Iinkage group of CM2117-2 (slaminate parenl) 
is composed oC 8 markers, five of rhem linked in coupling 
and rhree in repuision (rFI5b. rV20b, and rHISo), indicat
ing [har they rcpresent domínant markers fmm homologous 
chromosomes. Far allopolypIoids. ,he proponion of linkages 
that can be detected in the coupling phase is expccted to be 
{he same 3$ that in the repulsion phase (Wu el al. 1992). 
Thjny~eight percent of SD RAPD markers were fnund tú be 
linked in repulsion phase (results not shown}. In an inte
grated linkage map of cassa va constructed [rom RFLPs. 
microsatellites. isozymes, and RAPD markers, 30% of 
markers were found to be línked in repuJsion. suggesting 
preferenrial pajring among some chromosomes and random 
patring among others (NI. Fregene, F. Angel. R. Gomez, 
F. Rodriguez, P. Chavurriaga. M.W. BonierbaJe. J. Tohme, 
and W.:'1. Roca, in preparation). 

The RAPDs de~crÍbcd here represent the largest col~ 
lection of ge:il!tic markers th:u nave been subjected to seg~ 
f(!g:ltion .analvsis ín cassava to date. Data fmm thesc mark
el; wlll be ~oúled wilh data fwm RFLP" using doned 
cDNA, genorrlic DNA probcs; microsatellites; and isozymes 
ro create a suturated molecular línkage map of cassava, 
which in theory, should have a minimum of bias for cod
lng ar.d noncoding chrornQsomal regions. RAPD markers are 
less infofm3tjve rhan codominant markers, such as RFLPs 
or mkrosate1Htes; nevertheless. we feel that RAPDs are 
potent nH'lecular markers not only for lhe construction of 
linkage maps, but al so for assessing the vaHdity of coo
trolled crosse,. The mapping popularion used in rhis sludy 
revealed.a wíde range of variability for resístance to bac
teriosis (CBB), roor períshability, ami physiological param-

.. eters of photosynthesís. The cassava map can serve ta 
'Uy important loci controlling these traits by their 

.:o:gation with mapped molecular markers, and the 
genetic information can be appiied 10 the improv-
eerien schemes. In surnmary. in thís work we 

~
IiShed a methodology of RAPO anaIysis for cas
have demonst~atcd the ,u.se of these markers for 

etic analyses on an mtraspcClflC cross. 
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Annex 1 

Proposed Two Year Extension of the Projeet: 

Saturation of the Genetie Map of Cassava with PCR-Based Markers 
and the Use of the Genetie Map in the Improvement of Cassava 

Projeet Goal: 

The two year extension intends 10 consolidate ongoing work on the development of SSR 

and EST markers, genetic analysis of agronomic traits, and the application of large DNA 

inser! size libraries to gene c10ning of disease resistance genes, towards enhancing the 

undisputed position of cassava as a food security crop and engine of economic 

development in Sub-S ah aran Africa. 

Project Objectives: 

l. Second year multiJocationaI trial, with the PI genetic map population, lo evaluate 

tentative quantitative trail loei (QTL) controlling earliness, dry matter content, post

harvest deterioration (PHD), starch quality/content, culinary quality, and other 

important morphologieal traies, idenlified in the firsl year. Marker fidelity studi.es 

with a BCI cross developed froID the FI map popuJation. Marker-assisted population 

development, by seleclion of parents with greatest breeding values for tbe aboye 

traits. 

2. Genetic mapping of a few hundred SSR markers, already in the process of 

development, on to the molecular genetic map of cassava. 

3. Genetic mapping of al! sequenced ESTs and sequencing of the remaining transcript 

derived fragments (TDF) identified. 

4. Fine mapping and BAC eontig mapping of regions of the eassava genome carrying 

disease resistance genes. 

5. Transfer of SSR marker technology to nalional programs, through the activities of the 

Cassava Molecular diversity Network, for Ihe evalualion and strucluring of cassava 

genetic diversity in Sub-Saharan Africa compared lo the total available in cassava and 

wild progenitors. 



Introduction 

The first two years of this project has yielded important outputs, deseribed in the attached 

progress report, a two year extension is required to bríng lhe activities begun in 1996 lo a 

conclusion. Furthermore one of the principal objectives of the extension, specifically 

development and genetic mapping of SSR markers, is key to the success of a proposed 

study to assess genetíc diversity of cassava in Africa with molecular markers. a study 

which is expected to generate information, critical, and complementary lo olher efforts 

towards a systematic improvement oí the erop in Afriea. 

Project Justification: 

The irreducible uneertainties of cassava farming systems in Sub-Saharan Afriea, due to 
, 

labor and agricultural input scarcities, pests, diseases, soil fertility problems, arising from 

shorter cycles of shifting cultivation and eropping of marginal soils, drought and other 

climatie factors has meant tha! production is highly vulnerable. In Afriea more than 80% 

of cassava is produced in poverty hot-spot areas, where as mueh as 70% of the rural 

population Uves under absolute poverty and practiee low resource input agriculture 

(Fresco I993). It has been suggested that broadening local germplasm with disease, pest, 

root quality and nutrient-use efficiency genes, while endeavoring to preserve most of 

farmer-preferred traits might be a more realistic paradigm of cassava improvement for the 

regio n (Gullberg 1998 pers. comm.). This is a task that requires introducing specific 

traits, while maintaining existing ones, in an efficient manner, and maximizing genetic 

variation to achieve combination of favorable alleJes for widely varying agro-ecological 

and production niches 

A molecular marker-assisted approach is requíred to upgrade populations, with specific 

genes, while maintaining genes controlling desired traits at a high frequency, in a cost

effective and efficient manner (Tanksley el. al. 1989). During the two year extension of 

these project, ongoing experiments to map quantitative traít locí (QTL) controJling traits 

of agronomic interest in the FI map population will be concluded and extended to a BeI 

cross derived from il to examine genetic background effects. Markers linked lo idenlified 
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QTLs will employed to chose parents with greatest breeding values for traíts analyzed 

simultaneously. 

Should marker-aided selection of parents be found to be more efficíent compared to 

phenotypic seJection, a uníque opportunity for doing recurrent selection, the most 

powerfuI breeding method for cassava, in cycles of one year becomes feasible. Cassava ís 

vegetatívely propagated, current methods of recurrent selection requires: one year to 

establish seedlíngs and oblain clones, another year to multiply clones for replicated multi

locational trials, two years for multi-Iocational tríals and a last year for making crosses lo 

complete the cycJe. Markers linked to QTLs known lo contribute mosl to the traits, cuts 

out the need for clonal evaluation in multi-Iocational tríals, making a one year cycle 

feasible. Compared lo the currenl 6 years required for one cycle, one year of marker

assisted recurrent selection is immense savings in time and resources, and abig baost to 

cassava breeding. 

Several ESTs, which represent genes, will be added lo the map. Together with genes of 

known function already on the map, including cJoned starch genes, (Munyinkwa et á!., 
1994), cyanogenic biosynthesis genes (Anderson et al. unpublished data, 1998), and a 

few mapped ESTs, these highly informative markers are expected to increase the 

probability of tagging QTLs controlling traits of agronomic importance. 

Cassava is of South American origin, and it is not known what proportion of genetic 

diversity of eassava present in South America and wild progenitors has been transferred 

to Afríea. What is required is a genome-wide quantitative assessment of genetic 

divsersity of cassava in Africa versus tha! in Soulh America. Molecular markers have 

been recognized as unbiased lools in the characterízalion of genetic diversity (Kresovich 

el al. 1995; Roder et al. 1995; Saghai Maroof el al 1994). The molecular markers of 

preferenee in cassava are simple sequence repeats (SSR) due to their genome-wide 

availability, ease of use, and co-dominant nature. SSR markers have been used in 

genetic diversity and Iinkage studies in cassava {Chavarriaga el al. 1998a: 1998b; 

Mkumbira et al. 1998, in preparation; Muller-Dos Santos et al. 1998, in preparation; 
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Fregene et al. 1997). One of the principal objeetives of Ihis projeet is lo saturate the 

genome of cassava with SSR markers, which will be available [or studies of genetie 

diversity of eassava in Afriea. 

Disease and pes! epidemies are a major souree of produetion instability in major eassava 

growing regions, with the attendant loss of valuable germplasm. They are eombated, 

mostly, by resistanee breeding in eassava, but eassava's long growth eycle, outcrossing 

and vegetatively propagated nature considerably slows down resistance breeding, and 

restríets the powerful option of introgression by marker-assisted baekerossing. The rapid 

advanee in c10ning of plant disease resistanee genes, together with reproducible 

transformation protocols in cassava makes genetic transformation with homologous' 

dísease and pest resístance genes, a [aster and more efficient way of moving around 

useful disease resistance genes amongst cassava genepaols. 

Cloning genes known only by tbeir phenotypes and pasition relative to molecular 

markers on a genetic map requires Iibraries of large DNA fragments tbat can be ordered 

into eontigs, that span the genomie regíon earrying the gene(s) of interest. The eassava 

mapping projeet has identified regions of the genome earrying resistanee genes lo the 

eassava baeterial blight (CBB) (Jorge et al., in preparation), and similar studies are 

underway for the African eassava mosaic disease (ACMD), and the white fly disea~e. A 

BAC library has been generated for eassava from a CBB, and ACMD resistant variety 

(Fregene el. al. 1998). An objective of this two year extension is the fine mapping and 

BAC contig mapping of idenlified regions bearing resistance gene. 

Project Description: 

QTL Mapping of Agronomic traits 

The FI mapping populalion, from which tbe eassava map was developed, i8 also Ihe QTL 

mapping population; the Fl cross has been genotyped with over 200 markers, incJuding 

known starch biosynthesis genes, cyanogenesis genes, and expressed sequence tags. The 

field experiment for (he second year will be the same as the first year evaluation, a triple 

partially balanced lattice design witb 20 plant per genotypefplot per replication, with 
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three replications, in two siles, CIAT, Palmira and CIAT, Quilichao. Adjusled means for 

the traíts will be used for the QTL analysis by single regression using the Q-gene and 

PGRI package. Heritability of the different traits will be calculated from environmental, 

genotypic and total variance derived from the ANOV A of results. Inter-allelic 

interactions, or epista.~is, will be estimated by a two-way ANOV A. Earliness 

measurements will be taken at 7 months on three plants per plot, and also in controlled 

green house experiments for components of earlines such as, initiation of dry malter 

accumulation, rate of dry malter accumulation and completion of bulking as described in 

the original proposa!. 

Marker inherítance andfidelity studies 

Comportmen! and inheritance of markers linked to tentative QTLs associated with post

harvest deterioration, earliness, starch content and disease resistance would ¡¡ext be 

examined in a dífferent genetic backgounds to propose a model inherítance of key QTLs 

involved in genetic control of the agronomíc traits. An ideal population for marker 

fídelíty studíes is a BCl half-sib populalion developed from crossing five individuals of 

the FI mapping popuJation lo the femaJe paren! in a recíprocal fashion. 

Development of improved populations 

Once the principal QTLs, stable over environments, years, and genetic background s have 

been identified, they will be employed ín marker assisted development of populations that 

contain hígher levels of starch, post-harvesl deterioration, earliness, CBB dísease 

resistance, through selection of parents, wíth grealest breeding value for the listed traits. 

The strategy includes choosing the best indí viduals of the F ¡ cross, for aH the traits 

combined, aq parents of a breeding population, using the computer software, PGRI (Liu, 

1998), which incorporates breeding and marker data. Results from marker-aided 

seJection will be compared to phenotypíc selection. Marker-assisted selection of parents 

will also be extended to other elite breeding lines and particuJarly outstanding land races, 

for different agro-ecologies, based on results obtained with ¡he F¡ cross. 
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Genetic Mapping of SSR and EST markers 

More than J 200 putative SSR markers have been identified from two librarles enriched 

for SSR markers (Fregene et al. unpublished data). They are being sequenced, and 

primer pairs are being designed to yield three groups, corresponding to 100-150bp, 150-

2oobp, and 200-250 bp PCR product sizes, to facilitate multiplexing of the primer pairs. 

SSR markers found to be polymorphic between the parents of Ihe cassava map population 

will be scored in tbe 150 progeny by florescent primer multiplexing, 2-3 primer pairs, on 

an ABI377 automated sequencer located at the Biotechnology Research Unit (ClA T). 

Data will be automaticaJly coIlated and linkage analysis will be by MAPMAKER 3.0 

(Lander et. al. 1987). More than 250 transcript derived fragments (TDFs) have been 

found to be polymorphic between the parents of the map cross. They were obtained by 

applying the AFLP techniqucs to cDNA libaries obtained from the two parents, ando 

represent potential ESTs. About 40 TDFs have been sequenced and are ready for primer 

designo The rest will be sequenced and primer pairs also generated. Mapping of the TDFs 

will be by the single strand conformation polymorphisms (SSCP) as described by 

Slaybaugh et. al. (1997). 

Fíne Mapping and Contíg Mapping o/ disease resistance genes 

Constructing a contig of BAC clones across a region, bearing resistance genes, requires 

an identification and fine mapping of such regions. Genetic mapping of resistance to Ihe 

cassava bacterial blight (CBB) has already idenlified regions of the genome carrying 

resistance genes to 5 strains of the pathogen. Gene tagging of ACMD and white fly 

resistance genes has also been initiated and is expected to yield resulls shortly. The most 

efficient way of fine mapping in cassava is by employíng a variant of the bulk segregant 

analysis and AFLP markers. The method takes advantage of the unique ability pf the 

AFLP technique to sample many loci spread all over the genome using large number of 

primer combinations, and the ability of finding additionallinked markers in any region by 

screeníng bulks of genotypic c1asses of markers adjoining that region. A backcross 

populatíon (BCl), generated by crossíng 5 of the F¡s from the mapping population lo 

TMS30572, the resistant parent, for ACMD and CBB, is available, in addition to the F 1 

mapping population, for genetic mapping and fine mappíng. The half-sib BCI 
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population has a tolal of 270 genotypes and is already being genotyped for molecular 

markers from the frame-work map of cassava in preparation foc gene tagging. 

Technology transfer of markers fa African NARs 

Transfer of marker technology, as il relales to cassava breeding, is a key component of 

Ihis project. 11 will be conducled Ihrough long lerm, Ph.D. fellowships, and short lerm 

Irainings, visits of collaborators from NARs lo CIAT. An African Ph.D. student, Mr 

Emmanuel Okogbenin joined the mapping leam al CIAT recently, wilh support from Ihe 

Rockefeller foundation. Mr Okogbenin is a young breeder and is working on the QTL 

mapping. A series of short term visilS, by collaboralors from NARs in Afriea, has been 

planned under Ihe auspices of the proposed cassava molecular diversity network, to be 

based at CIAT. Training on the use of SSR markers in eassava germplasm evaluation 

and use will be the principal aetivity of the short term visils. The intematiOli1al nature of 

cassava germplasm and its usage makes eomplementary eollaborative efforts 

indispensable lo achieving a useful characterization of genetic diversily of cassava. The 

proposed nelwork aims to assess genetíe variation of eassava in Afríea eompared lo the 

lolal available variation in eassava and wild progenitors from Soulh Ameriea, and lo 

determine underlying ge!)etic factors of successful cultivars and how to complement Ihem 

with favorable alleles from other cultivars and wild progenitors. The Network will ?arry 

out surveys in sub-Sabaran Afriea, wíth National program collaboratocs, inilially in 

Uganda and Nigeria, slarting 1999, lO collec! cassava varieties grown by farmers, 

anthropological and agro-eeologícal information. DNA will be isolated from these 

samples and brought over to the CIAT for genotyping with genome-wide SSR markers. 

Expected Outputs: 

• Identification of QTLs and genes controlling earliness, dry matler content, post

harvest deterioration (PHD), starch quality/content, eulinary qualily, and other 

important morphologicaI tralls. 

o Tools for the development of cassava populations with enhanced keeping qualily, 

starch eontentlquality, earliness, and CBB disease resistanee. 

o Saturation of the genetic map of cassava with a few hundred SSR and EST markers. 
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• Iso)ation of candidate BAC clones bearing disease and pest resistance genes. 

• Capacity building of African Nationa! Program scientist. 

Capacity of Executing Institution 

CIAT's Biotechnology Research Unít: 

Facilities and traíned personnel for PCR-based marker development, QTL anaIysis and 

availabilíty of an existíng genetic map of cassava CIAT also has expertíse, and 

resources in databases fm sloring and analysing molecular marker data. 

Time Frame: 

1999 

• 

• 

Mappíng of SSR, and EST markers in the p¡ mapping populations. I 

Second year phenolypic evaluation of QTL mapping populations in Iwo different 

Crosses between best FI individual s for population deveJopment. 

Rapid propagalion of BC I QTL mappíng populatíons. 

Trainíng visit by Ugandan and Nígerian national scientist(s), under the auspices of 

!he proposed cassava molecular díversity network. 

2000 

• 

• 

Mappíng of available PCR-based markers in the F¡ mapping populations (contd). 

Phenotypíc evaluatíon of BC 1 QTL mapping populations in three different sites 

for !he second year. 

Establishment of populations from F¡ full sib crosS. 

QTL analysis. 

Training visit by Zairean and Tanzanian national scientisl(s), under the auspices 

of (he proposed cassava molecular diversity network. 
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Budget (US dollars) 

CENTRO INTERNACIONAL DE AGRICULTURA TROPICAL - CIA T 

Project: Saturation ofthe Genetic Map ofCassava with PCR-Based Markers and!he Use ofthe 

Genetic Map in tbe Improvement of Cassava 

PROPOSED BUDGET TO THE ROCKEFELLER FOUNDATION FOR Two YEARS EXTENSION 
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Indirect costs (6%) 

TOTAL 
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