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Summary

1.

1.1

1.2

1.3

1.4

1.5

During the two-year period of the Rockefeller Foundation grant RF96010 #20,
from January 1997 to September 1998, the following major outputs were
achieved;

Generation of simple sequence repeat (SSR) enriched libraries from cassava; the
identification of 1,220 putative di-, tri-, and tetra-nucleotide repeats after
screening with the appropriate oligonucleotides; Isolation of Plasmid DNA from
>300 of the putative SSRs in readiness for sequencing; Forward and reverse
sequencing of >100 positive clones revealed simple and compound SSR with
repeats ranging from 6-30. Primers have been designed for 60 of the new SSR
markers.

An important output has been the ability of ongoing activities, specifically the
development of a SSR-based genetic map of cassava, to attract support from non-
traditional donors. CIAT has sought support from, and has been requested to
submit a proposal 1o the International Science program, Uppsala, Sweden, to:
apply SSR markers in the quantitative assessment of cassava genetic diversity in
Africa, and to compare it to the total available in South America and recently
identified wild progenitors, on a genome wide basis. The study, the first of ifs
kind in cassava, will provide crucial information as to the existing genetic
diversity of cassava in Africa and how to systematically broaden it for improving
cassava yields given the irreducible uncertainties facing small holder farming
systems, -

Forty ESTs have been developed for cassava from >250 cDNA/AFLP
polymorphisms identified between the parents of the F1 mapping population.
They consist of mostly house keeping genes. Six of the ESTs have been mapped
to the existing genetic map. ESTs generated as cDNA/AFLP fragments show a
much higher level of polymorphism, 55%, than that found with random cDNAs,
20%.

The projeet has initiated a multilocational QTL trial to identify quantitative trait
loci (QTL) controlling earliness, dry matter content, post-harvest deterioration
{PHD), starch quality/content, culinary quality, and important morphological traits
using the F1 mapping population. The QTL experiment, meant to run for two
seasons, has yielded data for earliness for the first season; other traits will be
measured at the end of the year, Heritability scores for earliness was 60 and 64%
in the 2 locations, and two regions of the same linkage group was found to control
>80% of genotypic variance in one location. '

Construction of a Cassava (Manihot esculenta Crantz) Bacterial Artificial
Chromosome (BAC) Library in coltlaboration with the Clemson University genome
Center (Dr Rod Wing): Towards cloning of disease and pest resistance Genes. The



cassava BAC library has 55,296 clones, 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 cassava
breeding.

1.7 Three manuscript have been prepared, based on the outputs described in this
progress report; one has been accepted in a refereed journal, another submitted as
a book chapter, and a third is in preparation. Two posters, one describing the
BAC library construction, has been presented in scientific meetings, and a third,
reporting recent QTL mapping work, is in preparation for presentation at Plant
Genome VI conference taking place in San Diego ecarly 1999.

2. While the mapping project has generated several useful outputs, the biclogical
nature of cassava, long growth cycle/ vegetative propagation, and the limited
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 includes:

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

-

2.3 BAC contig mapping of regions of the cassava genome bearing disease resistance
genes to the cassava bacterial blight (CBB), and the African cassava mosaic
disease (ACMD).

2.2 Repetition of the 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 F1s from the mapping population to their female parent,

24  Sequencing and mapping of the ESTs,

2.5  Technology transfer of molecular marker technology for the assessment of genetic
diversity to African national programs,



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 o take results
obtained from genetic mapping of the cassava genome and to apply them to overcoming
constraints of cassava breeding. Considering the low technology status of most cassava
breeding programs, the use of RFLP markers, cutrently the majority on the 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 by
collaborators in the National Agricultural Research services (NARs). RFLP markers,
though 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 technology transfer.

Recent advances in the identification and development of simple sequence repeat (8SR)-
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 the NARs, The major emphasis of the first 18months of this project was
to bring together the 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 the Swedish International
Development Agency (SIDA). A cassava breeder from the National Root and Tuber
Program in Nigeria was invited to participate in the entire process of SSR marker
identification, development and mapping. An immediate application of the SSR markers

to assessing cassava genetic diversity is also discussed.



A useful marker for genetic analysis of complex traits are expressed sequence tags
(ESTs). ESTs are particulary useful markers for the candidate loci approach to mapping
polygenic traits, to organizing YACs, BACs, or other large-insert DNA clones, into
physical maps, and for identification of DNA regulatory sequences responsible for gene
expression. ESTs markers have been widely used in the human, mouse and several plant
genome, and the EST data base division of Gene Bank contains over 1.2 million
sequences. ESTs are PCR-based and their development for cassava genome mapping is a

component of this project.

A principal strategy in the application of markers to crop genetic improvement is the
development of molecular tags, preferably PCR-based markers, for traits of agmnor;mic
interest. Their development requires scoring molecular markers, inherited in a simple
Mendelian fashion, and the trait in segregating populations of simple pedigrees. Linkage
disequilibrumn between the markers and loci affecting the trait provides molecular tags
that can be used to select parents with high breeding values for several complex traits
simultaneously, and to select early for traits expressed late in the crop growth cycle. One
of the major objectives of the project was the design and execution of an experimental

trial to tag genes controlling traits of agronomic design in cassava.

Another dimension of applying the map to cassava breeding is by improving the
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 transformation protocols in cassava makes genetic
transformation with homologous disease and pest resistance genes, a faster 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 that can
be ordered into contigs, that span the genomic region carrying the gene(s) of interest.
The project prioritized generation of BAC libraries for cassava considering that disease

resistance genes, controlling resistance to several strains of the cassava bacterial blight



(CBB), have been mapped, using the genetic map of cassava. Similar experiments are

ongoing to identify genes conirolling resistance to the cassava mosaic disease (CMD).

Report

1. Development of SSR Markers

A DNA library from variety TMS30572, was enriched for SSR markers using the
following di-, tri, and tetra- nucleotides: (CT) g, (GT) s, (CAA)s, (CAG)¢, (AAT)6,
(ACG) g, (GATA) 4, and (CAGA) ; and cloned into pUC18 plasmid, according to
Edwards et al. (1996). The library was transformed into DH10B competent cells and
total of 18,000 colonies from the enriched library was screened for SSR markers by
hybridization with (CT) 20, (GT) 20, (CAA) 14, (CAG) 14, (AAT) 14, (ACG) 14, (GATA) 4,
and (CAGA) 4 oligonucleotides and by anchored primer PCR (Stephenson 1998,
unpublished data). A second enriched library from variety CMCA40 enriched for (CT)s,
(GT) 3, developed in collaboration with Keith Edwards, Bristol University, UK, and
cloned in pJV1, to increase the percent enrichment. About 2,100 clones were picked
from the library and screened with the oligos (CT) 20, and (GT) 2 by dot blot screenipg,
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 sequencer,
using the Universal and reverse M13 primers. Forward and reverse sequence strands
were aligned using, either 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 nchi.nbm.nih. gov/gort/wblast2.cgi. Primer design was by the 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 first library and sequenced. Of this,
64 clones contained unique SSR markers; primers, 20-mers long, could be designed for
60 clones from regions flanking the di-or tri—nucleotide repeats. Other clones had the
S8R too close to the end of the fragment, or had very short, <4 di- or tri-nucleotide
repeats. Results reveal a low efficiency of enrichment <1% enrichment, More ihsx;‘ 1100

putative SSR markers were identified from the second library, corresponding to an



enrichment of 50%. Plasmid DNA was isolated from 550 clones and 100 of these clones
have so far been sequenced, all clones contained the corresponding di-nucleotide repeat,
with some 10% having the microsatellite too close to one extreme. Primers are being
designed that 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 SSK clones from the second enrichment is continuing;
the target by the end of the year is 500 sequenced clones with their corresponding primer
pair. Genetic mapping of the S8R markers is expected to begin at the beginning of next

year.

2. Application of SSR Markers

"The irreducible uncertainties of crop production in Sub-Saharan Africa occasions an
austere description for a major staple crop. Cassava’s hardiness, low labor and resource
reguirements fits the harsh realitics of most farming systems in the sub continent,
demonstrated by its increasing importance as a staple and food security crop of the region
(Jiggins et. al. 1996). A major concern of cassava production in Africa today is steadily
decreasing or stagnating yields due to pests, diseases, soil fertility, arising from shorter
cycles of shifting cultivation 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 efficiency 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 that requires
maximizing genetic variation to achieve adaptable combination of alleles. But cassava is
of South American origin. It is not known what proportion of genetic diversity of
cassava present in South America has been transferred to Africa. . The recent discovery
that cassava has only 25% of genetic variation found in its wild progenitors (Olson et. al.
1998 in preparation), compared to 75% in maize (Eyre-Walker et. al. 1998) has raised
prospects for the broadening the genetic base of the crop.

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

has been proposed and support sought from the International Science Foundation in



Sweden. The Network, consists of a geneticist, molecular geneticist, population
geneticist, plant breeder, and germplasm scientists from CIAT, the Washington
Untversity, St. Louis, USA, the Swedish Agricultural University, Uppsala, Sweden, IITA
and National Programs in Africa. The Network intends to collect cassava varieties, GIS,
and agronomic information from selected African countries, and evaluate the accessions
with a sub-set of SSR markers spread over the entire genome at CIAT. Ongoing and
concluded cassava genetic diversity studies of South American accessions, with S8R
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 also be evaluated. The study will yvield
a quantitative estimate of allelic richness of African cassava varicties versus the 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 the parents
of the 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 synthesized
from the mRNA templates as described by Bachem et al. (1996). Using the modified
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 cloned into pGEMT {Promega Inc) and transformed into
E.Coli strain, DHS 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 with five enzymes:

EcoR1, HindIli, Haell, Asel, Tagl. TDFs found polymorphic in the parental survey were



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 program. 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.cgi was 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-nucleotide selective primer combinations. All TDFs were eluted from the gel and PCR
amplification preformed on a 200. A sub-set of forty eight TDFs were rand;)m] y chosen,
and cloned, Forty four TDFs were successfully cloned and selected for mapping; the
parents of the mapping population were screened with the 44 TDFs using 5 restriction
enzymes viz: EcoRI, HindIIl, Hae III, Ase I, and Taq I. Level of RFLP 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 include
Chlorophyll 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 tocoro. These sequences, in the process of

submission to the EST data base of the GenBank.

Complementary DNA derived from cDNA/AFLPs show much higher RFLP
polymorphism compared to random full 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



cDNAs to uncover genes involved in complex trait, a chiorophyl binding protein mapped
close to a QTL for dry matter content and explained 10% of phenotypic variance,
However, the short length of the TDFs, 200-400bp considerably reduces sensitivity of
Southern hybridization resulting in rather weak signals. Other marker techniques, such as
single nucleotide polymorphisms (SNP) might provide a way around the RFLP bottle
neck encountered in mapping TDFs, primers are being designed from TDFs sequences to
implement the SNP mapping approach. Results thus far have shown that it is possible to
develop a transcript map of cassava that might simplify genetic analysis of agronomic
traits of interest. More TDFs will be cloned, sequenced and mapped and their putative

identities determined

4. Genetic Analysis of Agronomic Traits

The F1 mapping population, from which the cassava map was developed, was used as the
QTL mapping population; the Fy cross has been genotyped with over 200 RFLP, 55K,
isozyme and RAPD markers, including known starch biosynthesis genes, cyanogenesis
genes, and expressed sequence tags (ESTs). In 1997 the 150 genotypes of F, cross was
multiplied in preparation for the multi-locational, replicated trial. Thirty plants from each
genotype were established in the field, April 1997, and stakes, or planting materials
harvested at 9 months. The QTL trial was a triple partially balanced latfice design with
20 plant per genotype, three replications, in two sites, CIAT, Palmira and CIAT,
Quilichao. The Quilichao experiment was planted on the 15" of J anuary 1998, while the
CIAT plot was established on the 29™ of January, both plots were irrigated prior to
planting. A total of 144 genotypes were planted in both locations.

To test for early genotypes, storage roots from three plants from the border row of
genotype plots, were harvested at 7 months, or early August, and dry matter content of
the roots determined. Leaf morphology was also be measured at 6 months. Dry matter,
starch content/quality, post-harvest deterioration, culinary quality and important plant
morphological characteristics such as plant height, height of first branching, stem color
etc.harvested at maturity, will be scored at harvest in November *98. Heritability of the

different traits will be calculated from environmental, genotypic and total variance

10



derived from the ANOVA of phenotypic data. Single point marker analysis, by
regression, and t-test with conditioning will be carried out on the mean of phenotypic
scores from the three replication by the QTL analysis software package Q-gene and
PGRIL

Storage roots was harvested from three border plants from each plot at 7 months. Fresh
roots from all three plants were weighed in air and water, and the specific gravity of roots
determined, which was later used to calculate dry matter. Phenotype values were
averaged over replication for each site and analyzed by single point analysis by
regression, with markers from the female-derived map being the independent variable,
using the Q-gene package. Table 1 shows significant QTLs (P<0.01) found only on
chromosome D for weight of storage roots at 7 months for the data from the Quilichao
trial. Two regions on Chromosome D explains more than 60% of phcnetypfc variance.
Heritability estimates, calculated from the ANOVA, using SAS (SAS Institute) was 60%
for Palmira, and 64% for Quilichao. Genotypic variance explained by markers from the
two regions was approximately 60%. Inter-locus interaction, or epistasis, is being
analysed to uncover other sources of genotypic variance. No significant 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 confirm the identified QTLs. The leaf
morphology data is currently being analyzed. The earliness trait will be re-analyzed in
controlled green house experiments with 40 genotypes from the extremes of the trait to
measure components of earliness such as, increase in girth of secondary roots, time of
first starch accumulation, or differentiation of cambia, rate of starch accumulation, etc,

and thus increase the power of the experiment 1o detect earliness genes.

5. BAC Library Construction

Megabase size DNA was isolated from the cassava variety TMS30001 and embedded in
agarose plugs as described by Zhang et af. (1995). TMS30001, developed at the
International Institute of Tropical Agriculture (ITTA), shows extreme resistarice to the
cassava mosaic disease (CMD) and resistance to the cassava bacterial blight (CBB).

Large genomic DNA, in one-third of an agarose plug, was partially digested with Hind

11



111, 1.5U for 20 min at 37°C, and DNA fragments of sizes 100-300kb size selected by
pulse field gel electrophoresis (CHEF MAPPER, Bio-Rad Corp). Size selected DNA was
ligated into the Hind III cloning site of pBeloBACI11 in a vector:insert ratio of 10:1, using
14U of ligase, in a final volume of 100pl. Twenty microliters of DHIOB competent cells
(GIBCO BRI) were transformed, with 2l of the ligation reaction, by electroporation,
and white colonies picked for DNA insert sizing. Colonies were grown for 14hr in LB+
30mg/ml Chlorampenicol and plasmid DNA isolated by the Autogen automatic plasmid
isolation robot (Kurabo Inc.). Plasmid DNA was digested with 10U of Not I 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
sized, DNA insert sizes ranged from 40 to 110kb, with an average of 80kb. } Using the (J-
bot robot (Genetix PLC), 55296 clones were picked and transferred to 384-well plates
containing culture media suitable for storage of bacteria colonies at -80°C. A total of 144
plates were required to store the library. 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 miltion base pairs. The cassava BAC library
therefore has 4 5X coverage of the genome and a 95% probability of finding any desired
DNA clone. Screening the BAC library 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 cloning resistance genes will be already identified
markers tightly linked to CBB resistance genes. Fine mapping of these genomic regions
has also been initiated, to 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 library is publicly available through CIAT. The next stage of this project
will be to use the BAC library to construct contigs of regions already identified in cassava

carrying resistance genes to CBB. A USAID University/International Agriculturat
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Research Centers Linkage (UNIARCL) Program proposal was submitted 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 disease. The proposal was approved

and work on contig mapping will begin shortly,
Future Work Planned

*  Completion of the Sequencing of putative SSR markers, primer design and genetic
mapping of the SSR markers

®  Transfer of the SSR marker technology to national programs through the activities of
the Cassava Molecular diversity Network.

= Assessment of genetic diversity of cassava in Africa versus total diversit?’ prsent in
the crop’s center if diversity, and wild progenitors: towards a systematic approach of
broadening genetic diversity for cassava improvement.

* Completion of the first year field evaluation, of the F1 mapping population for dry
matter, starch content/quality, post-harvest deterioration, culinary quality and
important plant morphological characteristics such as plant height, height of first
branching, stem color etc. harvested at maturity. Second year evaluation.

*  BAC contig mapping of regions of the cassava genome carrying disease resistance
genes.

®  Genetic mapping of all 44 sequenced ESTs and sequencing of the remaining TDFs

identified.
Other Outputs of the Project

Important spin-offs from this project has been:
a) SSR markers develop earlier in this project are being used by collaborators in Sweden
for farmer-participatory breeding schemes, to identify farmer varieties and elucidate

selection methods practiced by farmers (Nkumbira et. al. in preparation).
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b)

The cassava molecular diversity network, intends to take SSR technology out of the
laboratory and apply it to the evaluation of genetic variation of cassava in Africa.
Disease resistance genes, controlling resistance to all know strains of the cassava
bacterial blight (CBB} have been localized on the existing map of cassava. This work
has been conducted at CIAT under a ORSTOM-CIAT collaboration.
Training of an African cassava breeder, and an African Ph.D. student in new tools for
breeding of cassava

Increased donor support and attention, in particular a USAID
University/International Agricultural Research Centers Linkage (UNIARCL)
Program grant to CIAT and Clemson University for gene cloning in cassava
The Cassava genome data base has been completed and will be made publicly

available through the USDA www site of the plant genome initiative.

Publications from the Project

Thro AM.T., Roca W, and Fregene M. (1997). Genetic Biotechnologies and cassava-

based development of marginal rural areas. In: Dennis E.S., Hohn B., Hohn Th,
Meins F., Schell 1., Verma D.P.S. (eds). Plant Gene Research Series. Springer
Verlag, Berlin.

Chavarriaga-Aguirre P., Bonierbale M., Fregene M., Kresovich S., Tohme J., and

Kochert G. (1998). Microsatellites in cassava (Manihot esculenta Crantz)

characterization, inheritance and variability. Theor Appl Genet (in press).

M. Foregone, F. Angel,R. Gomez, F. Rodriguez, M. Suarez, ], Gutierrez, P.

Chavarriaga, M. Bonierbale, W. Roca, V, Jorge, V. Verdier, and J. Tohme, 1998

Molecular Genetic Mapping in cassava. Red Bio, Havana Cuba June 1998

Fregene M. A, Gallego G., Lopez J., Wing R, Roca W, Tohme J. 1998, Construction of

a Cassava (Manihot esculenta Crantz) Bacterial Artificial Chromosome (BAC)
Library: Towards Cloning of Disease and Pest Resistance Genes. Red Bio,
Havana Cuba June 1998,

Suarez M. , Bernal A., Gutierrez J., Tohme J., Fregene M. 1998. Development of

expressed sequence tags for genetic mapping in cassava, (In preparation),

14



Fregene, M.A., Okogbenin , E., Dugue M., Tohme, I., and Roca, W.M. (1999). Mapping
of root quality traits and earlines in cassava (Manihot Esculenta Crantz). Poster

for presentation at Plant Genome V, January 17-21 1999, San Diego Califomnia,

References

Bachem CWB, Van der Hoeven R.S., de Bruijn 8. M., Vreugdenhill D., Zabeau M., and
Visser R. G. F. 1996. Visualization of differential gene expression using a novel
method of RNA fingerprinitng based on AFLP: Analysis of gene expression
during potato tuber development. The Plant Journal 11996) 9(5), 745-753.

Edwards KJ, Barker JHA, Daly A, Jones C., and Karp A 1996. Microsatellite libraries
enriched for several microsatellite sequences in plants. Biotechnigues vol 20, No.
5:758-760 ‘

Eyre-WalkerA., Gaut R. L., Hilton H., Feldman D., and Gaut B. 1998. Investigation of
the bottlenecks leading to the domestication of maize,

Tiggins 1., Reinjntjes C., Lightfoot C. 1996, Mobilizing Science and Technology to get
Agriculture moving in Africa: A response to Borlaug and Dorswell. Development
Policy Review March 01 1996, v14, nl, 89, _

Olson K., Allem C., Schaal B. 1998 Phylogeography of Manihot esculenta based on a
single-copy nuclear gene: Implications for the origins of cassava (in preparation).

Zhang H., Zhao X., Ding X, Paterson A., Wing R. 1995. Preparation of megabase-size
DNA from plant nuclei. The Plant Journal 7(1): 175-184,

15



Table 1. Markers of linkage group D of the genetic map of cassava showing significant linkage to a QTL effect for storage root dry

matter weight at 7 months. QTL analysis used only data from the Quilichao trial.

I

Marker Chrom RSQ P AA SE A 8E

Ajl8b NgD 15,72 0.1733 0.0002 521.72 32.46 39 695.5 90.35
G219 NgD 14.45 0.1598 0,0003 530,49 33.07 41 £96.76 27.86
GY42 NgD 14,43 0.1632 0.0003 530.8 33.25 41 701.23 28.97
IGY167 NgD 14.37 0.1408 £.0003 536.93 31.7 a4 706.36 2955
1GY180 NaD 14.24 0.1578 ¢.0003 532.95 326 42 698.5 28.23
GY18] Ngi» 14.01 0.1556 0.0004 535.42 31.93 43 7002 29
‘GYS0 NgD 13,96 0,156% 0.0004 §33.93 32.57 42 700.29 29.14
GOL-2 NgD 13,81 01521 0.0004 537.47 30.49 47 70425 30.8]

GY125 NgD 13.8 0.1554 0.0004 536.26 32.11 43 702.24 29.55
GY222 NgD 12.18 0.1447 0.0008 532.27 33.4 41 692.3 29.82
EY179 NaD 10.51 0,1229 0.0018 539.05 34.14 40 685.76 29.16
019 NaD 8.97 0.1048 0.0037 554 42 30.85 40 484,22 30,26
_ADde NgD 3.89 0.1086 0.003¢ 550.79 31.97 38 682.32 30.34
Kllp NgD 7.52 0.097 0.0077 536.29 35.21 38 669.35 32.88
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Abstract A genctic linkuge map of cassava has been
comsbrucied with 132 RFLPs, 30 HAPDs, 3 micro-
satellites, aud 3 isoenzyme markers segregating from
the heterosypous emale parent of an intraspecilic
cross, The 19 eross was made between "PMES 30572
and UM 2177-2, elite cassuva cultivars from Nigeria
wwd Colombia, respectively, The map consists of 20
Hokage groups spaaning 9316 cM or an estinnded
GO% of the cassiva genoeme, Averge nmacker density is
I per 79 ¢M. Since the mapping population is an
Fy cross between heterozypous parenis, with vuique
ieles segregating from aither purent, 4 second mup
was constructed from the segregation of 107 REFLPs, 50
RAPL, | microsatelliie, and | isoenzyme marker from
the mafe purent, Comparison of intervals i the male-
and female-derived maps, bounded by markery hetero-
gygous in boih parents, revealed significantly less
meiofic recombination in e pametes of the {emale
than in the made parent. Six pairs of duplicated 1oci
were detecied by low-copy genomic and ¢l INA se-
guences used us probes. Blorts are underway 1o sulu-
rate the cassavit map with addittonad markers, to join
the male- and female-derived maps, and to clucidate
genome organizalion in cassava.

Key words Cassava + Molecular minkers -
Genetic mapping < Polyploidy

Introduction

The genetics of cassava (Manthor eserdesta Crimtz) are
the least understood of any of the major stuaple crops
{including rice, mulee, whemt, and potatocs) that feed
munkitml This discrepincy is due (o the helerosygous
pature of the crop, a lack of classieal mackers, its long
prowing cycie of 9 18 monthy, its fow seed vield per
pollination {a maximum of three seeds per crossh and
the limised funding lor research on this important crop.
Cassava is o strongly ouferossing monoccious species
fuediated by protogyny} and suilers rom inhreeding
depression, makmg it diffienlt to develop approprionde
stocks for classical geoctic stadies. Although the crop s
considered to be a segmental allopolyploid (Magoon
ct al. 1969} or an allopolyploid (Umannah and -
man 1973), nothing is known about the diploid ances-
tors of cassava’s 36 somaiic chromosomes, nor has
o chassical genctic map been developed, Biochemical
marker sudies have recently provided new insights into
the cassava genome. Analysis of on socnzyme loct in
cissava revealed predominantly disomic inherilance
{Roca ¢t all 1992; Levelre 1993, Comparison of in-
trlocus and  interlocus  heterodimeric bands from
isocnzyme analysis ol diploid Gssve (leaves) and a hap-
loid mixture {pollen grains) made it possible to differen-
liste between heterozygosity {(which is characteristic of
cassava) and duplicated loci, providing evidence of
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jocus duplication in at least two of the isoenzyme loci
studtied {Lavefre and Charrier 1993),

Miutive to the New World tropics and o member of
family Buphorbiaceae, cassavi and some 90 other spe-
cier make up the genus Manilor, Cassava is the only
widely cultivated member, being valued lor its starchy
tuberous roots, which provides food or an export com-
modity in nearly all tropical countries of the world,
Evidence of the allopolyploid origin of cassava
(2n = 36) relies heavily on iis possession of two sels
of dissimilar nocleolar organizing regions, on ihe
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repetition of chromosome types (Magoon ¢t al. 1969;
Upnannah and Hartman 1973}, and on the basic chro-
mosome numbers of other gencra in the Euphor-
biaceae, which range from 6 to 11 {Perry 1943). No
evidence of tetrasomic inheritance or of wild Manihot
relattves with chromosome numbers of 2n = 18 has
been found, which supports the altopolyploid theory in
cassavit. On the contrary, chromosome pairing in infer-
speeific hybrids belween cassava and 10 Mwiihor
speeics, abl possessing 26 = 36 chromosomes, shows
comparatively normal meiosis, with 18 bivalonts at
prophase and occasionally 2 -4 univalents or one tet-
ravalent, suggesting a high percentage of gonome sim-
ilarity between cassava and its wild relatives (1ianhn ot
al, 1990; Bai et al. 1992} Nonmal chromosome pairing
al meiosis occurs in hybrids of Manihot species that are
morphologieally very differeni and belong to separate
primary phylogeoetic lincages according to ¢pDNA
studics (Fregene ef al. 1994), This combined with the
fack of a strong interspecics boundarics in the genus
has fed to the theory that o polyploidization evesnt
occurred before species differentiation (Lefevre aud
Charrier 1993; Brynce 1984y,

Flow cylometry measurcments of noclear DNA in
gassava have sevealed a diploid DNA comtent of
.67 pg per cell nuclens (Awoleye cf al, 1984). This value
corresponds to 772 mega-base pairs o the haploid
gename and puis cassivi’s genome sive af lic lower
emd ol the range for higher plants (Bennel et al. 19923
The selatively small size of this genome favours Lhe
development of a saturated genetic map and malecular
tags, which may conteibute to an understanding of the
inheritance of many important quaniiative  (rails
despite the helerozygous nalure of cassava,

The literature deseribes genctic approaches to map-
ping polyplotd genomes with woleeutar markers{Ritter
et al 19091 Wa et al. 1992; Al Janahi et ol 1993 Da
Sitva et al. 1994). These approaches aticmpt to simplily
the determination of allelism by analyzing a special
class of markers knowwn as single-dose resteiction frag-
ments {(SDREF=) (W of ol 19920 SDRIFs are DNA
sarkers that are present o one parent and absent in
the other and segregate in a §:1 ratio (abscnce: pres-
ence} in the progeny. They represent the segregation
equivalent of an allele at a heterozygous locus n o di-
ploid or an allopolyploid genome or a simplex sllcle in
an autopolyploid. Linkage analysis using SDRFs in an
Fy population reguires the presence of a number of
unigue segregating polymorphisms  {heterozyposily)
and normal meiosis in cither or both parents. M resuolls
in two scparate linkage maps based on male and female
sources of markers.

Our objectives were to construct a molecular genetic
linkage map of the cassava genome and clucidate
genome organization using an intraspecific Manihos
escilenta 7y cross designed 1o segregaie for scveral
important {raits. As a first siep, several restriction
enzyme-by-genomic probe combinalions were assessed

in a set of culivars from dilferent cassava growing
regions (Angel et al. 1993). Restriction fragment length
polymorphism (RFLP} between the most genctically
dissimilar pair was arcund 40%, indicating that intras-
pecific crosses afe suilable for mapping in cassava
A molecular genclic map of cassava has the promise of
helping to identify molecular markers linked 1o traits of
mierest and to apply these m cassava improvement,
Marker-enhanced sclection aids the wWlentification of
recombinant individuals by permiiting a more exact
assessment of genotypes bearing introgressed genes of
interest, with minimum flanking DNA, than is possibis
through phenotype or progeny testing alone {Young
and Tanksley 1989} In addition, markers are a power-
ful tool for studying the genetics of complex traits.

Materials and methods
Plant nudcriais

The casssrve prepping poprintion is comprised of 9 F, planis from
s jdraspesiiv cross between “PMES 30872 (the fomale parent). ap
clite cassava cultivar developed a1 the Tniornational bastinuie of
Fropical Agriculture (1ITAYL Nigorie, and “CM 217722 (ihe nude
pareal) a suceessfid cassava eultivir resulting feorn breeding at the
Contro Intooaecional de Agricaltura Trophent (CTATY in Colombia,
Fhe "IMS 30572 ' CM 2177-2 cross (CM TR wag chiosen from
g prelimiasry cvaloation of three intraspecific orosses neing BFF P
aned gancen mnphficd polymorplie DNA (RAPE) ;akes 1 de-
termine the porcentape of single-dose markers (Gomes et sl 1995)
Apart From being heterozygous, due to the fawdy large number of
diverse casiva neoessions i thehl pedigrees, the prrestal accessions
fusve the following advantaees:

£y "IMS 30572 is highly tolerant o the Alrican cassava mosate
disense (AUMID,

2 UM U712 shows high photesyathetic rates, good cookmg
quality, asd folesnee to the cisava mealy bug,

1) boih arec tolerant 10 cassava baciori! blight (CREY

Resistanee to ACMIY s thought to have been btropressed Do
AL glazienii inko lines leading (o "TME 20572 While o subscl of 30
Butividoals was used e dovelop (he isst Framwwirk map, o total of
150 individoaks from the same gross is avadlable for higher resolution
and quantiative fradl paapping, Closal propapation feem steps cut-
tings in the greenhionse and the ficld provided Teaf tissue for proleeu-
lar analysis aod stocks for the production of roots for soenzyime
analysis.

DINA isolation aml restriction enzyme snalysis

Genomie 13MA was isolnled Trom fresh, yonnp tissue of cassava
leaves according (o Dellaporta et sl {1983) The total DNA obtained
was dissolved gently overnight a1 47 C and guantified by Buorimetry
{TRO 100 Holer). Large restriction enzyme digestions to produce
antform Southern blots were performed with EvoRE FroRY. HaelH,
Hipd L, and sl aceording to the manpufagtizer’s instructions
fAmoersham PLCYL Tew micrograms of digested cassava genomic
DIMA was fonded onte 08% agarase gels and clectrophoresed in
TBE buffer for 618 T Scparated DNA fragmenis were transferred
hy the alkafine method of Southers blotting 1o Hybond N7 aylon
ihembrines (Amersham), as reconmended by the manufacture,




Parental survey filters contained DINA of the two paseats digested
with the five abowe-mentioned restriction enzymes. Progeny liliers
contaumng restncted DNA from the %80 ) ploats, mcluding DNA
from both pacents in the iest 2 Janes, were replicaled, four 0 aight
thines per reslyictiot enzyme.

Cienomic DNA, cDNA libraries, and Southern hybridizution

Angel ot ol {1993 have desoribed the comsiruction of nuclear
senoimie lbntrics, totaliag 200 clones, frong cassava DNA segueiices
gencrnled with HimdlH, Xbal, EcoRY und Pyl Two other Pul
genoraie libraress of about 1,300 clomses euch were alse coastructesd
from cassava nuclear DNA uccording to stundard procedures (Sam-
brovk ¢l al 1989, Vayds et al 19911 The copy number of DNA
sajunees wils estimaled by Southers hybridiconion of Lotal cussava
DNA, Jubelied woth Hlorseridish poiosidase, aceording to the "ECL
dieet” protocod of Amershion PLO, walidot blols of whobs plasisid
preparations, Gesomiv clones (hat prodoced o strong signal afier
pwo 0.3 BNC, 003% 58S washes it 33 C for 10 min, detectiog, und
amoradiography were judged fo be roputitivg sequeiices and were
felt ot ol the purental susvey.

Paw the cDINA Bhrarics, totid RNA was esdracied froem Jual
st using the wethod of Bothwel el al (19905 polysdenyluted
RNA was purdicd away fom ihe wial RNA preparistion usiig
Diyna beads olige (125 Dynud inck and o ¢INA libvary was
constructed from messeager BRNA o lunbde ZAT 1 vector, Tollow.
ing the protocet of the suppliers {Stragene). Approximately 17,500
recombiman closes were ubiainesd in the primary librnry, A totd of
abugl M CEINA clooey were isolsted; they maped in size betwaxn
16 aid 1.3 kb, as determined by polymeriase chain reaction (PCRY
amplication o imarls using T3 and T7 primuers {Stratagenet For
hatl cIINA and genomdc clones, probes wie prepased for Souihem
fybradization by POCR amphbicatios using Ui appropriste primers,
T3 und F7 primers were used for cDINA clones in lanbda ZAP 11
sl genostie clones in pBlueseript, and Mi3 forwand and severse
primers (New Eegland iolabs) for clones in PUC 18 A PCR
thermad profile of i at 24 €, 34 cycles of 305 a1 84°C, Foun
35, aml 2min at 72 C, with a final exiension e of 10min a
73 C w g Perkm Fmer-Celus thesmo-oycler, was used in insert
amplification.

Southern hybridization of pgeontid surveys of the ¢<DINA and
gonnnne Hbrarzes was carried onl wsing the E0L direct nacleie acid
leybridization and detoction kit of Amcrstsun PLC A butels of 30
survey filers (0 x demd wan roudinely bybridieod g smuall phistie
Py (6 x 6ot} with 10 ml of BECL Wirect hybridizaion bulke
and G 200 ng of labelled probe for 16 18§ this wis folfuwed
by two medint sivmgency washes of 0.5x S5, G4d% SDS for
Hisin at 33 £, then chiemiluminescent detection, sl avtaradiopru-
phy for 1 2N Fikeers were ssad oore Uisa 28 temes, This provided
s fsl and relabively oexpensive way ko sereen lirge numbers of
RELP clones; swhout [HD were hanabled in g S-day week. Soutbern
hybrdization of progeny htters, with & greater cwphasis on clarity
of awsradiograms jo permit mambiguoss scoring of RELP dats,
wits done with af **PRINTP-labelled  piobes, Puriied PCR
prodicis of DA mseits iwing Sephadex G-30 columns} from
both genomic und ePYNA Hbraries were Tabellod with a[ 72PJdATP
by the rumdom primer method of Feinberg and Volgesten (1983}
10 # specific activity of about | 80x [Uopm and employed
s probes in Southern bybridization wang the Church aod Gitbent
{1984) hybridizution buffer a1 65 C. Prehybridization aad hybridiza-
et were for 4 and 18 h, respectively.  Post-hybrilieation
washes wore at 63 £ with 2 88C, 0,13 5D fur Hmdo amd 8.5 %
$5C, (L1% 808 tor 2, followed by autoradiography for
2 4 duys a4l ~ 80 C with vae or two lensdyiog screens. Filters
were reprobed. The previows probe was stripped off by incebuling
the fillers 1 0.5% SIS sohition tnitial temperature 100°C) at 65°C
for 33 min, up to 12 tmes without any loss of the hybidization
signal,
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RAPD analysis

A shghtly modidied version of the protocol deseribed by Yu and
Pauls {1992} was used 10 obiain RAPD data (Gomerz et ql 1993
A totul of 740 10-nucleotide oligos of random sequence {Operon
Technologics, Alnmeda, Calil) served as primers for the amplifica-
tion of purentid DNA and a subset of 1he progeny in order 1o deteat
polymorphisms. Amplification resctions were carried out 1 a
125l volute pontammg 25 ng of cassava genomic DNA, 10 mM
TRIS-HC (pH 9.0y, S0maf KO, 001% Triton X-100, 25 mdf
MgCly, 9.2 mM of cach dNTPE (Now Englhwnd Biclabs), 0.8 pa/,
of primer and F U Fay DNA polymerase (Perkin Elmer-Cotus
Coiporition).

Microssteltile analysis

Cuasseva nuclear DNA was digested to completion with EcoR{ und
Xhwi restiction enzymes {New England Biolabs) sccording o the
manalaciurer’s instructions; 0.3 10 0.8-kb frugments were isolated
from & 4.3% low-melting-poinl agarose gel using the phenol ebloro-
loren putiication procedure (Sambrook of ol 1989 Punlied frug-
wwnky weie cloned w fambda ZA0 1 Steatagene), and §x 19
recontbunnts dones were obtnnied, as dotermined from the PTG,
Xegal screening procedure. The library win then sereencd with
{GANS, [UTHS, (ATHS, (TTAGE, wnd (FOTHO oligonucieotides.
Positive clomes wore sequeaced on an automated sequeacer {Applicd
Biosysterss) vswg T3 and T7 pramers. Primers were desigaed for
microsatelides containing 1o less than ten perfect or mmperfest se-
peats vaing the PRIMER 6.3 software. POR reactions to search for
piicrositelliic polymorphism between the parents and to score
ridvrosaieliie loci i the progesy were currvied out a1l
volumie contoing 0.8 0.7 ag/pl genomic DINA, 0.2 p3f of cach
prinmer in 10 mAf TRIS-HCL 36wmM KCL L5 md M1, 801%
gebitin, 200 EA euch of INTPs, und 25 8 of Ampli-Tug poly-
mesase (Perkim Glmer-Cetus). One denaturnuon cycle was per-
formed at 94°C for 3 min proy to 30 vyeles of deaatusation ar 94 €
for 1w, annsaling a0 45°C or 56 C for | min, extension w 72 C
Faun, sund o final exteasion at 72 O for 5 min. PCR-amplilied
products were visualiaed os 3% metaphor sgarose gels stained with
EiBr, or lubelled directly by incorporation of a[ V*PJJATP during
PCR, and run on 6% polyacrybumide gels.

Lsocnzyme analyss

M isocnzyibe systems (., alphs amd beta-estersse, acid phos-
plitase {acp) diaphorase, peroxidase, plulamaie oxsleacelite
transandnase (got), shikimaie dehydrogenase {shdb) and makie
debydrogenase} were cxamned in the purents of the reupping popu-
lation. Beti-esierase yielded o single-dose {ragmeat segrepatiog from
the mak gametes, while shikimate dehydrogenase, dinphorase,
glutamate oxafoacette, and acld phosphatase had wnigque alleles
segregating from the fennde gameies. Protoeots for The sostzyn
useny havve been deseribed elsewhere |Ooumnpo et ol 1992),

Dala unalysis and map constraction

Monogesic segregation riies of present, absent classes for vuch
aurrker were Wsled for goodnesy of fil 1o the expectation of 111 Lo
ihentify single-dose marhers by chi-square analysis. Tweo separate
mapping dats sets were obtumed from the segregation of sigle-
dose markers in the F, mapping population, One duta set was
from single-dose markers sepregating in the gametes of the femake
parvent, snd the other was from single-dose narkers segreguling in
the gametvs of the male parent. Markers with segregation ralios
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significantly different from the expocted raiio of §: 1 were tested lor
ather possible ratios — such as 3:1, which is expected Tor the
segeegation of double-dose markers on homoecologous chromo-
somes of an allo- oy autcpolyploid {Wu ot al. 1992L Double-dose
markers represent the duplex [double simples) comdition at a helero-
zygous locus. {n order to compensate for the random assignment of

l 17 or "07 1o alternate alleles at s focus and (o detect linkage
repulsion, we duplicated the data matbrices, and markers of Lhe
seeomd hall were secoded by inverting the seores hefore linkage
anadysis. This resuited in o mivror fwage of cach linkage group,

- which was lator discarded,

Fhe unduplicated mapping data scls consisted of 195 markers for
the female and 203 for the male purcnt, The test for linkages was
dope using the computer package MAPMAKER 2.0 running on
a Macintosh Ceptris 630 and Masmaker 340 Unix version on
a SPARC workstation (Lawder ot ab 1987 A LOD score of 48 and
recombination fraction of 0.380 scrved as the threshold lor declaring
linkage. Map units fin centiMorgans, ¢M) were derived using the
Kuswmnbi fupetion (Kosambi 1944) Maximem likelihood orders of
pusrkers were verified by the “ripple”™ fimction, and matkers were
sitid 1o belong to the Brmework map il the LOD value, as calasinied
by the “ripple” command, was > 20, Markers that could not be
placed with LOD 2 2.0 were added 1o the eap in the most hikely
interval bebween framework markers.

Omce linkage groups were drawh, they were cheeked fore markers
Finked i repulston o dishinguisls between rundom chromossome
assoriment, as in avtopolypleids, and preferential pairing, ag i
diploids or allopolyploids. Only puirs of adjaeent foci with one
shiteedd aiticle and one parent-specific allele, for which the “presence’
cligs had nof been assigned at edom, were considered adegunie Tor
(his comparison, Pairs of Ioci for which "presesce’ was linked with
‘absence” of seprepating alleles were countad as being linked in
repision,

Recombination rates in the gametes of the male and fomale
parents were compared by a -tost 4P < 001 of 10 map infervals
hounded by markers for which both parents were hetororygous ind
had one adleke in common, fermed alicie bridpes (Rifior of 4l 19903

Estimation of genome size -

A simple and useflul methesd of estimating genome length, G, from
finkoge data of erganisms that undergo normad metosis has been
descrrbed {Halbert ot al. 1988). The methad estimates G based on the
probability thud a randomly chosen pair of foei will lic within xeM of
gach other 18 approximately 237G shore x i assuncd 16 be smal
compared to the mean gepetic lenpth of the chromosome. G s
mathematicdly  detersiined  from Hokoge dida by solving the
cuaion:

G = MX/K

Wheee M = number of informative mcioses, X = an inlersal oM
at some mipinm LOD score, K o= actual menbor of pairs of
werkers ohaerved that border the derval 3 or Jess,

Results
Library characterization and parental survey

About 2,700 clones, or 90% of the total from the two
Pstl libraries of 1,500 clones each, were judged to be
low-copy sequences based on dot biot hybridization of
whole recombinant plasmid with total cassava genomic
DNA as probe, One hundred low-capy clones (30%)
were oblained from 200 genomic clones derived from

Tabe 1 Pereentage polymorphism {saigue alele) foond with re
spect 1o male and female parent with RFLP, RAPD. nsicrosatelfite,
and fsoemeyme boci

R¥LP % polymorphism Average number of

detected fragments detected

by probe

Femnle Male Female Male
FEeoll 6L0 §2.40 15 LE
EeogRY 1.2 2.1 1.5 1.5
Haelll 52 40 i3 £
Hind#il 89 R 14 1.4
Prael b ot i.2 i.2
Total R1LP 37 4R 14 i4
RADPD 400 IR0 - -
Microsatclife 810 8.0 - -
fsncnzyine 54 £2.5 -

four libraries gencrated with non-methylation-sensitive
enzymes {(Hfindli, Xbal, BamBll, and EcoRID. Abom
200 low-copy sequences from two Psil fibraries, 100
genomic clones from the four smaller Tibrarics, and 75
cDINA cloncs have go far been sercened Tor detecting
polymorphism hetween the parents ol the mapping
populationn with  five restriction  cnzymes, EeoRL
woRY, Haelll, Hindil, and Psel. Of the low-copy
genomic clones 41% and 37% detected vnique seg-
regating alieles in the gametes of the male and fomale
parents, respectively, with at least one restriction en-
zyme. OF the cINA dones, 20% amd 26% revcaled
similar markers in pametes of the male and fomale
parents, respectively, with at least one estriction en-
zyme. The pereentage of RAPTD markers with a unique
alicle in the male and lemale parents has been deseribed
clsewhere (Gomez et al. 1995). Twelve microsatellile
loet, ranging 1n length from 12 to 21 di- or (ri-nucleo-
tide repeais were screened for their ability to defect
polyntorphisms hetween the pavents; 10 microsatellites
or 83%, wore helerozygous in the female pareat und 7,
of 38%. in the male puarent. Nine isoenzyme o
detecied four vnique alleles segregaling im the femalce
{rouglly 50%]) but only onc (13%} in thosc of the male
parent. Percentage polymarphism of RAPD markess,
with unigue alleles, in thte male and female parents, and
percentage polymorphism of sinilar RELP markers,
for the same cross, showed no significant dilference.
Tubte 1 gives a breakdown of polvmorphism found in
both parents for the 1075 dlones sereened. Greater
levels of polymorphism were Tound with EeoRIT and
Hind), Haelll was the least successful (Table 1)

Scgregation analysis
Tlhree hundred and seventy-twe genomic and cDNA

clones were scored in the Fy mapping population, yield-
ing sepregation data for 158 single-dose REFLPs for the
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Fig. I Southern hybridizution showing segregation of helerozygow
unique afleles from both parents (allehe bridyesk F Female purent,
Al made parend

fenutle and 145 Tor the male. Five additonal poly-
morphic RELP markers segregaied n the mapping
popubation with i ratio of 324 (3 Trom the female wad
2 drom the musde; these were ot included 1 the hokage
analysish Eiglteen markers, polymorphic in the par-
ents, with more than one rostriction Iragment, did not
segregate in the ¥, mapping populutton (10 from the
fernale and 8 from the mate). Another 95 of the poly-
morphic muarkers were either pseude Fy markers,
monomorphic between the parents but heterozygous
and segregating in the Fy population {12 markers, ex-
cluded from Hnkage analysis), or were difficult (o score
after Seuthern hybridization and are being reanalysed.
About a quarter of the polymorphic RAPD markers
segregating as single-dose markers were chosen for
finkage analysis based on several fuctors, including
consistency of banding pattern alier two or three ream-
plifications, clarity of gels, and number of amphiicd
fragments, with fewer lragments being more acceptable.
Al microsatellite and isozyme markers polymorphic
in the male or femade parenl segregaied as single-
dose markers and were scored in the Ty mapping
population. '

Fhirty genomic clones detected & viigque segregating
fragament in cach pareat and a common allele in both
parents and were mapped 1o simitar positions on the
male/fessale derived Honkage group. Such allehic badges
{Ritter et al. 1991) are crucial for identilying the analog-
ous linkage groups in the male- and female-derved
maps, as they detect the same locus on both parental
chromosomes, excepl when they represent duphicated
sequences. Figure 1 shows an example of segregation of
4 marker heterozygous in boll parents with a shared
allele, or allelic bridge, used 1o reconcile linkage groups
drawn on the independent segregation of markers in
male and female gametes.

Sequence duplication i the cassava genome

We assessed the number of fragments detected by 1075
single- amd Tow-copy DNA sequiences with the two
most polymorphic restrivction enzymes, EceRl and
HindlI1 (Fig. 2. The majority of sequences detected
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Fig, 2 Number of DNA low-copy sequences detecting 1, 2,3, 4, and
3 fragmienis with EcoR1 nad HindU restriciion enzymues

only one or two fragments, which was to be expected
for wnigue loci in the homozygous or heterozygous
state. About 100 single- and Jow-copy sequences detec-
ted more than two [ragments. This was expected for
unique loct in an allo- or autopolyploid with at least
one of the two homologous groups having two alleles
at duplicated loci or was due o the presence of an
internal site for the restriction enzyme used in at least
ane of 1he alleles at a marker locus, Duplication was
confirmed, by linkage analysis, for six of the sequences
presenting more than 2 alicles, These markers detected
nonallelic segregating fragments in the male or female
gametes and were mapped o different linkage groups.
Three of the dupticated loci had ¢ ocus, cach segregat-
ing in the gametes of the male and (he female parent,
and were mapped 1o linkage groups identificd as
nonanalogous i the male- and female-derived frame-
work maps. The duplicaied loci, GY25a and GY42a
on linkage group D and GY 10la on linkage group
F, are shown on the female-derived nuip described
below. Three other duplicated Joci segregated m
the gameies ol the male parent (not shown). The rest
of the RFLT toa having three or more [ragments
consisicd of: loci having | mupped locus and
additiomad monomorphic fragments; ool with (wo
nonatelic segregating fragments (unmapped); or foci
with no heterozygous fragments. Efforts continue to
map secondary (or primary} loct, as shown in Fig. 3,
using additional restriction enzymes. The addition of
microsatellites 1o the map may also assist here, as
prefliminary evaluation indicates that they detect higher
fevels of allelic diversity/heterozygosity than genemic
or cDNA clones.
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Fig. 3 Southern hybridivation of clonc GY92 with {FindTHT digosts
of pareatal e and mapping popultion. F Femnle parmd, M mike
parent, Two faint fragments can be observed to be presont and
poiymorphic in the male hut absent in the emale paront

The genetic linkage map

One hundred and fifty-eight RFLP, 30 RAPD, 3 micro-
satellite, and 4 isoenzyme single-dose markers, scg-
regating in the gametes of the female parent of our
Fy mapping population, were tested for linkage using
the MAPMAKER computer package. One hundeed
and thirty-lwo REFLP, 30 RAPD, 3 microsaiellite, and
Yisocnzyme joci were found Lo define 20 linkage groups
spanning 931.6 cM, with an average marker density of
I marker every 8 cM (Fig. 4); 26 RELP markers and
| isoenzyme marker remained unfinked. Linkage
groups are named alphabetically until they can be
correlated to carlier named chromosome karyotypes
{Magoon ct al. 1969) The most densely populated
linkage group (D) spanned 512 ¢M, with 26 markers,
while (he feast populated group (1) alse the longest
group, had 8 markers spanning 80.6 cM. This wide
range of marker density indicated diflfering degrees of
saturation of linkage groups with markers.

In Fig 4, 139 (84%) attached to linkage groups by
horizontal bars make up the LOD 2.0 framework map
of cassava, the remaining 29 markers (in parenthesis)
are placed in the most likely infervals between frame-
work markers (LOD = 2.0). The exisience of 27 unlin-
ked markers suggested that seme regions of the cassava
genome have net yot been mapped. Based on the segre-
gation dala reported here, we estimated the length of
the cassava gepome to be 1, 610 ¢M. With a total map
fength of 932 oM, this timphicd that the present frame-
work map covers roughly 60% of the cassava penome,
Regions with distorted scgregation ratios could not be
identificd in the cassava genetic map, since only those
polymorphic restriction fragments segregatingina |: ]
ratio (SDRF)} were included in the linkage analysis. The
non-inclusion of markers with distorted monogenic
rattos may have excluded certain genomic regions from
any map based on these criteria,

Comparison of the male and female genetic maps

One hundred and seven RFLP, 50 RAPD, | microsaicl-
lite, and | isocnzyme single-dose markers, segregating

from the gametes of the male parent scored in the
Fy mapping populations, defined 24 linkage groups
fnot shownd with s lotal distance of 1, 220 cM_ A similar
estimate of genome size, conducted as in Hulbert e al.
{1988), basced on nuspping data from the made gameles
sugpested that the fength of the cassava genome is
810 M. The mosi salicnt difference observed between
the male- and lemale-derived framewaork maps is the
preater genctic distances on the male-derived map be-
tween markers common to both  parents (alelic
bridges) see Fig. 5. Intervals were observed Lo be iarger
in the male-derived map than in the female-derived
map in cight instances. and in only two instances, did
the female-derived map display larger genetic distances
{linkage proups I and K). A paired 1-{est of the ten
intcrvals showed significantly (P < 0.01) greater distan-
ces in the male-derived map, suggesting a reduced re-
combinntion rule in gameles of 1the female parent. This
observation was reinforced by the greater overall
length of the male-derived famework mapand it [arger
exlimate of genome size compared 1o the female. The
mean interval length between adjacent alichic bnidges in
the female-derived map was 38% loss than in (he male-
derived map, Theugh distances between adgacent allehie
bridges may not be represéntative of all parts of {he
cassava genome, the similarity between means of inter-
val differences and the overall difference in length of the
two maps provided a reasonable basis for comparing
recothination frequency between the male- and fe-
male-derived parents. We are currently working with
the compuler package JOIN MAP 20 (Stam el al.
1993} to develop a consensus map based on male- and
female-derived framework maps.

Chromosome pairing in cassava

To test the hypothesis ol preferential pairing against
the alternative of randony chromosome assortment, we
examined the ramework map for markers linked nn the
repulsion phase compared o those Tisked in the couple
ing phasc. The cxpected ratio of singlecdose nuprkers
linked in repulsion to markers linked in coupling is 1:1
for disomic inheritance, while ne markers are expeeted
to be tinked in repulsion for autosomic inheritance {Wa
et al 19921 A total of 40 RFLE markers (30%) woie
found to be linked 1n repulsion. Only cases with one
allele in common between the parents and the alternate
allele linked in repulsion were considered in this calcu-
lation {Fig. 6). Linkage groups Band H presented a 11
ratio of 6 markers linked in repulsion to 6 markers
linked in coupling, as expected lor disomy. For all other
linkage groups there appeared to be some degree of
random pairing, based on the number of markers
linked in the repulsion phase. Linkage groups A, C, D,
LJ MUN, and T have 2 markers hnked in the repulsion
phusc as against 14, 8, 26, 8, &, 5, 6, and 3 markers
in the groups, respectively. Groups E, K, and P have
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Fig, 4 Molecular genctic map of cassava based on segregation of
RELP (DY eDINA, Y guromicl, microsatellite (G4), isoryme
s, skith, and gy, and RAPD markers (prefix A-4F through 2,
Operon primer nomencluiscl i gametes of the femule parent
{EMSI0A7S in a ) cross fwith CM2177-2 us male purent) of 90
individids. Markers with the suflix "o” represent duplicsted Iog.
Markers edfrvent (0 Jovizaniad lines belong 1o the framowork
(LOD > 20 map; those following on the smme line cosegregale, and
vemauning markers (n piresithesis) are phaced in the most prebable
interval Map distances, shown on the foft, are indicaled in Kosambi
i units

4 markers linked in repulsion as against 7, 6 and
4 markers in the linkage groups, respectively. Group
L has 6 of its 8 markers linked in the repulsion phase.
No markers were found linked in repulsion phase in
linkage groups F, G, O, G, R, and 8, which agrees with
the expected behaviour of random assortment under
autopolyploidy. The sizes of linkage groups G, O, Q,
and R, however, suggested that a sizeable part of the
chromosomes remains to be mapped.
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RFLP locus Female Mals RFLP locus  Female Male
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Fig. 6A, B Examples of the cutegory of markers considered o idea-
tifyiug Hnkage in repulsion, with one parent beterozygous {A)
or both pasents heterozygous (Bh tn both examples, waique wlleles
tw and B from the female purent segregated e repulsion in
the By progeny

Discussion

The cassava genetic linkage map reperied here spans
9316 ¢M, hus 20 linkage groups, and s estimaled to
cover 60% of the cassava genome. I o polyploid origin
{or the cassava genome is assumed, the expected num-
ber of linkage groups in cussavit would depend on
chromosome assortment. Eighteen groups ave expected
where preferential puiring is exclusive, up o 36 where
there is mostly random pairing, and a number between
18 and 36 wherc there is & mixiure of preferential and
random pairing. Thirty percent of all RFLP markers
on the cassuva genetic mup were found to be linked in
the repulsion phase. This Hgure is less than the 30%
expected for linkage ol single-dose markess in allo-
potyploids ar diptoids (Wu et al. 1992), On the other
hand, it diflers markedly from the complete abscace of
finkages i the repulsion phase expected {or antopoly-
ploids. The finding that fewer than 30%, of the murkers
were linked i the repulsion phase and of entire groups
not presenting markers fwked i eepulsion implies that
i significant unmount of rundom paing oceurs iy cus-
sava, The karyology of the 1 laploid chromosomes of
cassava veveals six identical pairs aond three different
pairs of homologous chromosomes (Magoon et al.
1969} Asswming rapdom ussortment between homo-
eolagous chromosomes of the six pairs of wdentical
chromosomes, o eeduction of 66.7% would be expected
ol all markers linked in repulsion {(16.7% as against
50%). The percentage of markers hinked fn the repul
sion phase in the genetic map of cassava reported here,

Fig. § Genctic maps of single-dose markers segregatiog i the k-
mule wsk e ganietes. The nuervals shown are those bounded by
markers heterogygous 1o bolh pirents, and distances dre o cal
culited by MAPMAK LR’ “pairwise” conumd, Alphabetiad nanmes
of Hikage groups are aceording to the fomade map
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30%, is significantly higher than this. 1t is not clear
at this stage i the higher number of markers found
in repulsion than expected from the karyology of
cassava (Magoon et al. 1969) supports the predomi-
nance of disomic inheritance as suggested by pairing
behaviour (Bai 1992} and inheritance of iseenzyme loci
{Hussuin et al. 1987: Roca et al. 1992 Lefevee and
Charrier 1983)

More confounding is the fact that only 6 duplicated
loci were detected with the segregation of single-dose
murkers derived from 36 cDNA, and over 200 genomic
sequences. bn well-known allopolyploids such as maize,
wheal, and cotlon, blacks of duplicated foci have been
clearly identified by RFLP mapping (Helentjaris et al.
1988, Devos el al. 1993; Reinisch et al. 1994). Our
results, in contrast, have revealed only a few randomiy
distributed duplicated loci, less than 5% of the ot
number of markers, @ number corresponding roughly
o thal reported in many diploids (Causse et al 1994;
Tanksley et al. 1995). There s no doubt thut the cassava
genome contains duphicated regions, but i remains 1o
be determined whether the duplicted locr represent
vestiges of an ancient allopolyploid or random genomic
duplication events in a diploid or diploidized genome.
We are carrently placing more cDNA markers on the
cassava map in an dattempt lo resolve Lhe enigma of
genome duplication in cassava, a paative allopoly-
ploid. ¢DNA sequences are known 1o be relatively
more conserved than genomic clones {Helentiaris et al.
1988}, and are expected (o be very valuable additons to
the cassava map,

The clusterings of markers on some groups, com-
pared {0 others, separated by intervals Jrger than
15 cM, suggests that recombination is not occurring
uniformly across the cassavy genome, Nonrandomness
of recombination frequency has been reported for sey-
eral other cropy (Bonierbule et al. 1988; Causse ¢t al.
1994, Lagercrantz and Lydiate [995).

Allelic bridges {markers that are heterozygous in 1he
gametes of both the male and female parents and share
s common allefe) have been uselul in reconciling the
separite maps drawn on segregation from gametes of
the male and Jemale purents. Specifically, these markers
help compare rates of recombination inn the gametes of
the male and lfemale parents, a task of biological inter.
est and possible practical wse. Genetie distances he-
tween pairs of analogous markers were found (o be
Larger i the male-derived map than in the female in
cight out of len intervals bordered by allelic bridges,
suggesting a reduced recombination in gametes seg-
regating fiom the female parent. Emdier reporis in
Drosaphiita (Baker ot all 1976), humans (Bowden ot al.
1989, and omatoes (de Vincente and Tanksley 1991)
found a signilicant geaome-wide reduction in recombi-
nation in yametes segregating from the male parent.
Enhanced male recombination frequencies were, how-
ever, found to be associated with terminal chromo-
sonmal regions in Brassica, while enhanced female
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recombinalions were adjacent {o putative cenlromere
positions {Lagercrantz and Lydiate 1994). We canuot
determing at this point whether the reduced rates of
recombination observed in the gametes of the female
parent of this cross are due to its genetically diverse
ancestry (TMS 30572 is understood to contain intro-
gressed genes from wild Manihnf specics), or to polen-
tial genctic sex differcnces in cassava, 1 s known,
however, that increased recombinations, such as those
lound in the male parent, can serve as a tool Lo minim-
1ze linkage drag during backerossing schemes (Young
and Tanksley 1989),

To our knowledge, the cassava genctic map is the
first ol its kind to be constructed for the lamily Euphor-
biaceae. I could prove nseful for comparative mapping
in other economically important genera of the family,
such as Hevea (rubber), or the markers covld be applicd
o minor related specics, for which molecular cloning
may not be justified. Furthermore, the map provides an
imporiaat toof for cassava improvement, based on fhe
association of molecular markers with usclul genes.
Cassava is a staple throughout the tropics, and wmpor-
tand agronomic and colinary trait as well as adaptation
to pests and diseases vary in cassava culitvars from one
ccological zone to another. Although intra- and cven
inferspecies crosses arc casy 1o make in cassava, the
introgression of trails from one cassava gencpoot {o
anether is complicated by difficulties i understanding
the inlieritance of comiplex traits in highly helerozygous
genetic backgrounds. The mip can serve as a tool
for eMiciently transferring traits between genc pools.
Frture perspectives Tor the genetic map of cassava
tncludes the addition of more moleculi markers, pre-
ferably microsalellite markers and ¢DDNA clones, and
joinmng the male/female-derived maps. Microsatellite
markers showed a higher level of polymorphism than
any other marker v the intraspecific cross used in
generaling the cassava genctic map, while ¢DNAs will
be most useful in defining the genome structure,
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Abstract

Fourteen microsateltites conraining GA-repeats ware isolated and charactesized in cossava (Manihor ezculenra
Crantz, Eughorbiaceac). Microsatellite hewerorygosity (A} was estimated in 43 sceersions psing (*Pend-
tabeded primers and in mote Gian S0 hased genotyping. Heterozygosity

Bain

vahes ringed frone 5.00 to 288 and the nummofaﬁﬂm%accwd varied from 1 to 15, The reproducibility
of aflede sizing was #iso gasessed using Huvorescence-hased genotyping. The sverage intergel shre dfference
was 1.0 nucleotides. €8 squane tess (X7) were performed o analyse seprmention distortion and linkage
berween aieles segregating from sither or hoth parents in ap Fy mappisg popelation, Most microsateitite
ivet sepregated in the expeaed 1E, 12 or 1D satia. Linkage was derected between foct segregating
from wither povent, and segrepation distortion from the male parent wos demcted for focus GA-£31
Approxiesnsty RU0% of microsatellites detected ane or twe allzles per accession. sugaesting a low degree of
micrgsameilien Toci duplication, an ueexpected finding for a putative allopelyploid, highly heterozygous
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species. The high & values of most mictosatellises, theis amplification in other Manthor taxa and their
snitability for high-vheoughpat, fluoreseence-based genotyping, muke microsstellizes the marker of choivy
for germplasm characierization and saturation of the cassava map. .

Keywardhy: cashnva, microsatetlices, fluoresconce-ased genoteping, heterozygasity, linkage,




Entroduction,

Cassevn {Mamihor escutzara Crantz, Euphorbiacens) is a root crop that originated in the new world tropics.
Alisough the exact place of cassava domestication it still 2 mauer of debuie (Roa et al. 1997; Schaal o al.
1995 Fregene ot ol £994; Bertram 1993, it was taken from South America and spread throughout the Od

World fropics by Pormgnese sailorg in the 1610 century (Rogers 1963) Since then, cassava has geodusdly
becormt an eeonomically Importan? crop in developing countries. 1n Africa. the stseehy rools of cassave
senstivte o stapls food. In Thalland. Indoresia and Brazil, cossava is an important aspert commodity (CIAT
PR3 FAQ 1992), Today cassava ranks fourth among the majer sources of carbohydrates in the ropics,
where it 5 s impariant faod for over 300 million people.

BA-based malecular mivkers such 3s RAPDs, notlesr RFLPs and microsatelliles wire uied o tevelop the
aassava moleralar gonedc map (Fregone et al. 1997). Similarly, RAPDs. AFLPs and sDNA, opTNA and
cA RFLPs have been ased 1o assess the genetic variability of small sets of cosssva peemplasm and to
exzablisd redationships bebween cassava and s Aild seiotives Bertram 1993; Beeching ot . 1593, Marmey
ot af, 1999 Fregens of 2l 1994 Schaal ceal 199%; Roa =t 2l. 1997). Assessing the gonetic variohility of
larger geemplasre colbections. such as the cassava core coliection that contains over SO0 aossstons [Hewshey
ek al. 1994), would require highly palymorphic morkers as well 23 high-throughpot genotyping systems
(Ziegle ez . 1992). Such systerns bave been used for plamt germplasen characierfzation (Mirchelf o ol
1907} and fer large-scade genotyping of humans (Ghosh 2t al. 1997; for review soe Hall ot 2l 1996}, 1n the
wuse of cassavn, germplasm charucterization wil contribute to the sstablishment of ral i betweter
aceessions of the culbvated genepos! and, consequently, facilitate the develppment of rassavn cultivers o
sanisfy market stondards ard 1o respond 1o diverse biotic and abiotic challenges. One iyoe of molecoler
marker that may be suitable for cassava germplasi charcierization is microsatelites,

Microsaleliites are short siretches of tandemdy repeated, 15 nurleotides sequences, such es (GA),. They are
ubiquitonsly present in eokaryotic pgeromes and are highty polymorphic (Tautz 1989 Beckman and Soller
1990, Weber 1990) Covservation of the microsatellite Namng seqences allows the designing of primers
for PCR amplificanon. Microsaiellites, like RFLPs, are comidered eodorinant markess. {lowever,
insertions of base substitubons in priming sitcs may convert them to dominant markers. Their high
polymorphism makes microsatellites suitable mirkers for population genctics, development of Hakuge
mrps and phylogenetic swdies {Broun and Tanksiey 1996; Zhao am! Kochert 1993; Saghai Maroof et .
19943, They have been useful for germplasm characterization of grapes, soybean, Brassica and wheat
{Thomas et al. 1994; Ronpwven et al. 1995; Kresovich e1 21.1995; Roder et al. 1993), The objestive of this
work was 1o clone cassava microsateilites suitable For mapping and for charactosization of the genetic
varkability of the cassava core collection. Fourteen cassava microsatellise loci containing GA-repeats am
dosorbedt, along with hetesozygosity cstimates, mode of inberitance and linkage soatyais of 11 loci and
relevae aspects of microsatellice allele sizing using Ouoreseence-hased, semtautemsted genotyping
SYNIEMS,

Maierials and methods,

Flan: meeeriol und DNA exsroction

A segregating cassavz Fy popefation of 83 individuals {oross CMTESET), produced by cromiing TMBMISTZ
and CM2177-2 cultivars, was recsived i vifrn, or as DNA samples, from CIAT {Coli, Colombia), In vitrn
meatrrinl was i to the greenh after @ Itare period of six weeks. Loaf tissue was collented
far DA cxtraction from the population mentioned sbove and fromm 322 ancessions of the cowava cone
irilection grown in the ficld 2t CIAT. For passpoet dam of afl acosesions consult SINCER dauibase ot the
web gite hippifnoc bogiar orp/seartype htm.

Uenomic DNA was isolated from folly-exponded young Ruaves of grmenbowsc-grown plants by a
modification of the Kockert et ab {1991} procedure. Basically, 6.8 g of fresh tissue wers powdersd in Bguid
mitrogzn and the DNA extracted by adding § mi of lyds buffer, aveiding the izoiniion of 2 a crude nuclear
preparation. AR DINA solutions were peaied with 1 5l of 16 pg/mi BNAse for | bhour ot 375C. DNA
extractions for ficld-grown plants were carried out according to Dellapnna et of (19831 wuth the
mocfications ceporizd by Gonzalez et ab. {199%).

Microserellive cloning wed sequeneing,

Approximately HE g of DNA fram sy dccestion MCol22 was double-digesicd with EeoRtl and Xhol,
according to instructions provided by the manufacttrer (New England Biofabs). The resiricied DNA was

on 0.5% low melting point agarose geis untit good separation of fragments bevween 0.3 and 0.8 kb was
nchieved. DNA fragments within this size range were isolated from the gel, porified using 4 phessi-
chieroform procedarc (Sambrook ¢ ab. 1989, and cloned into the vector b ZAF 1 {Steatagene). The fotal
numbce of recombinant clonzs sbuined was 8x105, a8 amesned with the IPTG X-Gal scveeniog procedure.
Plague lifts (et phages/plate) were screened with (A5, (GThS. (AT %, (TTAGK, (TCTH, IGTAGY,
and (GAGG)7 ("Prend-labeled synthetic ofigonucieotides. Hybridizations weee conducted overmight at 42-

S0°C it 6XSSC, 0.5% SDS, t mM EDTA pH 2.8, 0.1% powdered milk and 10 mM monobasicidibasic
potassium phosphate. One to three filter washes were. performesd at 42-50°C for £S min each in 6XSSC wdd
1.1% SDS. Tositive clones were sequenced after at least one more rourd of sereening, DNA sequencing was
performed on an automated sequencer (Perkin ElmerApplied Biosysems model 373A) using T3 andfor T7
gmmr.rx,

Prioter Design . PUR conditfions and electropharesis,

Primers were designed for microsatelfites containing st least 10 perfect or hinperfect repeats, using PRIMER
version U5 software (Whitchead Instiune for Biomedical Reseorch) sodfor by visuad inspection of the
sequences. Nowradioactive PCR reactions {1080 ul) contained 0.1-0.6 jig grnomic DNA, 02 uM of cach
primer in H2 mM TRIS-HCYL, 58 mM KCL 1.5 mM Mgy, 0.01% gelatin,d 206 mM of zach dNTP ad
0.5-25 Units of Amplitaq DNA polymerase (Perkin Eimer/Cetus), Miceoxateilites were amplified with a
Pesitin-Efmer {Cetus) 480 or 2 PTC- 100 Hot Honnet (MI-Research) thermal ¢yeler. An initial denaturation
cyche was done 2t 24°C for 2 min, followed by 3 cycies of amplification by deoatering 5t 949C for § min,
annealing at 56 or 45°C for 1 min and oxiensisn ag 7100 for 2 min, The final step wis 1 single catension
cycle at 729C frr S min. Moomdicactive PCR peodunis ware run on 5% metaphor agarose gels foflowing
recemmendations from the supphizr (FMOC Bioproducs),

Radisactive PR reactions {11 321} folfowed the protacs! dosenbed above with (.1-0.2 up of geromic
DN Areaction anst (“Ph-end-labetesd pamers, POR products wers pas on 6% polyscrylumede sequencing pels
for 3 minirmum of three hours at 30W. Since ol microsatelfites isolaied contamed dinucicotide GA-repeuts
{sce results), micemsateltiee aliele sizing was visuolly extimated based ob the soquence-dotermined vire of the
onginal clons from casmes accession Meni22, and assuming 3 twe base-pair diforonct between the most
intense haned and stutter bads.

Semi-autnmented genaryping using fluorescent primers,

Primers labeled with fluorescent dyes were commercially synthesized by Perkin ElmeriApplied Biosyszms
or Research Censtics {Foster City, CA; Huntsville, ALY To ronfinm the accoracy of semi-automated ailehe
sizing, four primer sets (GA-21, QA-128, GA-134, GA-136) were Muorescently babeied o pedorm
quadriplex PCR. amplifications, Dats from ten independent gel nins were collecied from PCR amplified
products of cassava aceession MCol22, The range, thean and sandazd deviation of inter-gel aRele sizes wom
determined for each foces, Alfele sizes were then compared to those obtained by squencing the ovigeal
microsatellite clones from the same accession.

Multiplex PCR omplifications were carried out in 25 pl volumes containing 25 ng of targel DMA, 5 pimol
of each primer. 1X Perkin Elwer PCR boffee 11, 1.5 mM MpClz, 0.25 mM dNTPs ard 0.5 U} AmpliTag-

Gold polymerase (Perkin Elmer). Temporture cyeling was done on a GeneAmp PCR System S600 (Perkin
Elmer) using 1 & ramp times. The amplification profile for all PCR meactions using fluorescentfy labeled

primers cormsisted of one palymernse activation cycle at 949C for 10 min: one DNA denaturation cyche at
$5°C for 4 min; 25 amplification cycles ot 957C for | min, 550C for 2 min and 72°C for 2 min, and a
finad elongation oyele at 720C for 113 min.

After POR amplificetion, 1.5 g of PCR product was mined with 0.5 pi GeneScan 500 wtemad fane
snndaed labeled with TAMBA {Perkin FimediApplied Biosysiems) and 2.0 1l of 50% formamide. The
mixture was iscubated of 95%C for 5 min, and 1.2 pi were Ioaded on 5% denaturing (7 M area)
serylamidhisacryiamide (1917 gols (12 om welt-io-read), The samples were sepamied by eleetrepharesic in
IXCTHE 3 29 W for n edndiin of 3 h on o setomatic DNA sequencer (Perkin Elmer/Apphied Biogystems



wode! 3TIA with CeneScan 672 softwme version 1,.2.1). Fragment sizes wers colenlaed using the local
Southern” algorithm (Elder and Sauthern 1987}

Heterozygosity,

To estimate informativeness of the 14 microssellites in cassava, heterozygasity {8 valoes wete catcaloted
from simgle gel runs of PCR-amplified products from accessions of the cassava cont coHection, IF ("Frend-
{abeled primers were used to PCR-amplify microsatellites, 48 aceessions were amabyzed for & determination.
With fluorescently-labeled primers, 527 accessions were amalyzed 1o estimate A (Ses Table 3).
Heterogygosity was calculaied according o the formula: b = i—E{p,)z {MNet 19780 sen aluo Rompwen et al.
1995 For applieation). where & represenas the prohability that twe alkeles from the same [oeus would be
ditferane if chosen at randor in the population (L1 and Graur $991), and {p) is the freqoency of the th atleie
% Foeus. & gives an indication of the polymorphism of a marker in a given population.

Segrepation and linkage analysis,

Chi square tests {a=0.61, with a-1 dogrens of freedom, where 7 = number of phenotypic classes) were
performed to ascenam the significance of segregation didtortion and finkage of eleven microsaseilite fogi.
The wits were performed using 83 Fy individunls of the cassava mapping pepslaton, Por sepregotion
analysis, two kinds of segregation ratios were expected: backeross-tike- of Fa-dike ratio, In the former,
nticrasatellie alleles segregate from only one of the purents in 4 111 ratio. while in the tatter both parents
are hererazygous for the microsatellite and segregation results in a 1:2:1 or 1:1:1:1 ratio. Linkage nnalysis
wis performed using the gamete segregation ratios for pairs of microsatellite toci for each pareat, in the case
of backross-like expected rating, and for both parents in the case of Fa-iike expected ratios.

Recalts and Disvasslen,

Micrasrediite churgoierantion and primer design,

A wre-fractionzred cossava DNA Bhrary was sireened with seven dilfere oliponucleotide prabes to dotect
microsatelfites. Sixty positive clones were purified and sequenced 1o confinn the expecied repeats, Thiry.
twa chanes had fhe expected repeats, while the rest conemnest 1nespected ar a0 ropesis. The majerity of the
microetellites detecied contained G A ropeals, which were wasisblc in fenpth and composition, some having
up bo 19 perfect repeats Microamellites rontaining GA-repeats ire commen in many plants {Lagereronz &
al. 1993; Wang et al. £994; Depriges et al. 1995 Terauchi 1994}, which may be the ease for cassava as
welk, The isolation of other types of microsatellites may require the scregrdng of Libraries endched ior
speei lie repeats.

Primers were designed for 23 microsatellites, although only those peimers successhully amplifying the
rxpecied produacts we teported in Tobke 1. Al primers were wsed to amplify cassava DNA at an annealing
semperature of 36°C. unless otherwise indicated.

Senn-nutomated genotypmg.

The vesults obtaired for intorgat allels size compar are dzeck in Toble 2 Only intergel aliohe
uze differences are reported sincs dey are seaofly higher than intra-gat sive differences according o Mitcheld
v ab. {1997) and Smith (1995). Nfichell ot 3t {1997} report thay the maximum inter-gel allele size
difference should ot excend 6.5 nucleotides, since affeies can be chassified ncorrectly if sizes are roonded off
10 the next integer, This probleem is necentunied when DNA fragment sizes vary by one pucleetide, dos to
real size differences or o terminal ransfer activity of Tag DNA polymerase. The Heesoture reports intergel
size differences of 0.7 to 1.3 ni (see Mitchell et al. 1997 and ref. 4 themin}, which are similar to the
rnges reported here, (142 10 161 nt, except for one allele of locus (A2, where successive determinations
varied up 10 2.17 st This discrepancy taay be due to terminal vansfer activiey of Tag DNA polymerase, and
get or clechrophoresis detection conditions that make sizing of alieles less precise on 373A sequencers
{Ghosh et 3l 1997), Deletion and inscriion svents that ocowr in the dlone once the dloning veetor s
inwroduced imto £ cali for replication may alse explain Iarge sive differences between the sequenced clons and
the PCR-amplificd product (Freand o0 al. 1982 In: Mischel! ot ol 19497}, Dinvcltonide mepeats we difficolt
0 score duc 1o averbwping aflcles. However, the wie of extensd mjustment and binnieg algorithms, like
those seposied by {msh ot 3 (3997), may be used fo roduce Innccurscies o allele sdzing.

Cassuva permphn characterization 1s ofica imitcd by budpet constrains. Thus, wnequivecal ilensification
of each nccession o4 oxsennal By avold duplicate samples, which ncresees germplasm musicnance coss.

The set of micrasateilites. described here, combined with appropriate allele sizing algorithms and molliplex.
semi-automated penctyping systems, could be used to chamcierize cassava accessions from the oo
collection or from other coliections. This would expedite the process of selecting mpresentative seis of
germphasme for comstrvanion, tharacterizaion or breeding,

Heterazygosity.

To dewermioe how wsefol mvicrosaieliites would be for Singorgrinting or characierization of casavy
germplase and For mapping purposes, heterozygasity (F) estmates were made wsing (7Prend-labeksls o
Fryorescently-fabeled primees, The number of allefes detoctod for microsateliiee Jock ranged from ¥ to 15 {ree
example i Figure ), and 4 varied From (00 to 0.88 (Foble 33 An cxample of low A& wolur was
micrasatellite GA-123, for wiich only one Buorescently labeled PCR product of copal size was detected in 3
out of 39 accessions analyzesd, the other 36 accessions did not show detectable PCR prociucty (ot not
shown), probably dve to mutations in priming sites. Howewer, more than 75% of the microsallites
apalyzed had h values above 0 5, which makes them useful markers for cassava germplasm characmrization
and mapping A uudy of the penetic diversity of auldvated and wild Manibor germplasm using
microsaieilites GA-12, 0A-21 and GAGG-5. reveated between 8-18 alleles for sach locus (Ros 19973, Roa
1997 detecterd 18 sbeles Tor Jocus GA- 12 alone, ten more than the eight reporied here, probaddy dos 10 the
inchesion of sewen Membor taxa. Nevertheless, the ber of afleles observed i the Roax's stody iy
compatable with the opes reported here and suggedt microssieilie poming site conservation amang cassava
and its wild relatives.

Assessment of microsatellite heterozygosity was done using small or large setm of cosavn gremplaey,
thaugh e nember of slieles wos naturally higher in Turger sample sets (Table 33 A 279 o in
nember of alleles was chrerved for microsaiilite GA- 134 when the number of accessieny sereoned emaied
frem 3B to more than S04 individuals. However, Table 3 showe that & values for microsstethuwes GA-24,
GA-F26 an GA-134 remained around 0.6, 0.8 and § 5 respectively, regardiess of sample size, This indicaed
thal the small core subsamples faidy represented the variability existing in the larper core collectinn,

The st of castavn micepsatelites repored here thus have heterozyposity values that may he weeful for
germplasm clewnclesization of culivated cassava nnd Ba wild relaied specios, This walt indoubiedly
ontribute to the understanding of genetie relationships among cossava accessions, wild mxa or hoth,

Microsatellite segregannn ond linkage analesis

Chi-sguan tests were performed on segregation 1atios of 11 microsatelfite Jooi that <egrogated in e
wapping population {rom the female. the male or both parents. Three microsaiellises, GA-1) GAST nd
GA-123 were not polymorphic i the parents, yer the former two wert pelymorphic in other cassava
secessions (data wot shown), The results of the Chi-sguare tests arp sumanarized 3o Tabde 4. AR
microsatellive logi, except GA-131, fit expected 1:1, 1:2:31 or 1:1:1°1 disamic sepregation ratios for onc or
twtr loci, a finding previously reported far isozyme and RFLP loci (Roca &1 al. 1992 Sweia 21 ol 1963
tefovre and Charrier 1993, Fregene ot al. 1997) and of significance o cassava beemding programs.
Microsmeltite GA-131 did not fit an expeeted 1:1:1:1 ratio, and exhibited an cxeesn of afteles derived From

4t Fernade paront {Table 4), althongh it has beet mapped to linkage group G of the male- ond female-derived

cansava maps (Fregene et al. 1997; Tahla §)

The cassava genetic Hinkage maps reported by Fregense o1 al. ({1997} were dewtloped based on segeegation of
unitgae: alfelet in the gametes of both parents. which tesulted in one linkage mayp for cach parent. A 1otal of
five mivrosatelifie lock, GA-12, GA-128 GA-127, GA-131 and GACG-S were anvigned ro ar least theee
linkape groups in both maps (Fregeae o al. 1997, Talle 5). Here we rosted for tinkage betwcen pairs of all
segreganng micrnsatellite locl using Chissquars iosts performed on the segregution rofios of pameles from
Both parents (Table 53 As reportad by Fregene 2t ab. {1997}, linkage betweon UA-1 35 il (A 127 was also
detrcted here, although the chaseved Chi-square vakos {11.33) was sHghtly lower than the oritical value
{17.34). These two loci have baen assigned 1o group K of the fermale-derived cassava map ot appeozimately
IncM from each other. In our study. no tinkige was denected for any ather pair of micresatellite loci in the
fermale parent Hiowever, in the male parent, microsatellite GA-131 appeaened v be linked to five ather foci,
including GA-12 and GA-127. with observed Chi-sqnare values Tarper than the criticat value Yo, these
three oncrismelline foct have heen mapped 1o three different hinkage groups of the malexlerived eassava mop
{Table 83 We setamer that the soprogation disimaten shserved for this microsanedlite on (he aulcenved
gametes may cxplain the discrepaney belween onr results and thnse of Fregene ot al, 11997)



Mapping miceosateliites in cassava helped to identify common linkage groups in the female- and nwle-
derived maps for microsateliites GA-12, GA-127 2nd GA-131 (Table 5; Fregens of gl 1997). Microsatediite
GA-13 revealed hetcrozygosity i both parents, afthough i has been mapped from the male parent ouly
{egregation data was not avellable fir the femals parent), flling into o Brkage group that hag not besn
reeanciled with the female-derived map, Success in mapping microsatellites dike A+ 12, with unique alleTes
sepregnting from both porents, woold acoomplish the recogrition of common Knkage groups from amang
these based on female- or male-derived segregation data.

Duplicated foct.

Barring priming site muations, PCR amplification of highly polymorphic microsaellites should detey ol
-afleles fror duplicsted loct in highly hetesorygous, trues asio- or allatewrapioid specios. However, in the case
of cassavi, 78% (13714} of microsakllites detecied only one or two alleles in mosl pecessions, and
segemgation analysis of 11 micrsstelfiles showed only sme locus or two Hoked loci (Toble 4),
Mictosataliite (GA-161 was an sxceprion detecting up to five alleles per geaotype (Figure 13, though
segregation annbysis uncovered oes finked foct. These resuls were anexpected considering that cassava is an
OUICHESsing, wery hetcroey gous orop of presemabie allotetraploid ofigin (Magoon et al. 1959; Umanaah and
Hartman 19733, Although the knowledge oo e cvalution of microsateliile loci i plant genomes s
Jirndted, these findings may suggest a low degoee of micresatelite loci duplication in cassave. which agrees
with the tow number of duplicated RFLP focl (loss than 5%) found by Fregene 2t ak. {1997). Duplicated
microsatellite and RFLF loch art present in the cassava genome, thovgh thelr odgin us rndom genomic
duglications or palypladization events i 3
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Tahle 1.
Forwand and revarse primer sequences for 14 cassava
microsatellites, (@} Aancaling temperature a 43°C,

Microsatetlite name 5o ¥ primes seguences
proce e 24 TRATGTOATOGTOGECTTUN
(RPN ERGCACAGRATACAG
G132 CRTTCCTCTASCAGTTAAGC
LOATGATGCTC T TORIAGHS
ah-13 TTCCCTCOCTAGMTTTRTT
CTATTIGACORTUTTOG0CG.
Ghe B STRCNTCACACCARMCGEGT
AGRGOGIIGGOGRAGAGE
GA~2% GHTPCATCATCOARAARCT
CANTG T TACGOARGAMIT
Gl 57 ARCAGAGCATIEACEIAANG
PSGGAGTTAAM I GIGARTG
GA-123 TAATGCACGTOARGTGRATALC
AGCETEUTCTTCAGAGAAREE
GA-144 AGIGOAANTRAGOC N TGTGATYS
CCCATAATTGATOCCAGETT
WaA-327 CTCTAGUTRTGCATTAGATCT
FLAGCTTUCGAGTOCTGOGALA
[+ T k38 TLOCAGARRGACTTUCFITCN
CECARCTRTSCACTGUMTTT
GR-134 ACARTETUUCRAYTGIAGGA
ACCATRGATAGRICTCACCG
GA-138 CATTGAT:
AL AT GATCOTRE
{140 TICAAGRAAICCTINAGCTS
. GA-183 TOTTCTTGATCTTUTGCTGCA
TOGATTO G TO TNGA




Tabie 2.

Sizing of four fuorescently-labeled micrasarellhe loci amplified in a quadsiples PCR reaction from cassava
coltivar M{ 0122 and run on 12 cm derwguring geds using a 373A DNA sequencer (Perkin ElmedApplied
Biosystens), Sizing is relative to the GencScaa 500 intemal standard {TAMBA} using the “locs] Bouthem”
abgorithre, ntergel allele wre differences are senumarized for e independent pel mans. @ wquenes of
origing) clone (rom acoession Mool22. (af) sucleotides,

facws Sixe range iy} Inter-gel size Mean ssze Suandasd @ Hize i ng 0f the
differences {ar} {n1} deviatian {ngd sequenced clone
GA-21
atleis ¥ 106.23.4107.7¢ 1.55 19719 RS ¥4 114
. abiets #1 1H4.02.115.43 1.61 114.98 D,4T44
akicle 83 VESG5-13¢.82 2t 13679 06328
GA-126
alleln #3 {§2.78-183.25 537 182.8% 3om 182
allels #2 I88.13-188.76 083 188,49 0.29%4
Allele 33 1%9.78-190,%4 0.73 190.26 5.2467
GA-134
aflete #1 3IA7.81.308 58 0.74 30822 3.3343 318
sfeke 42 11T I8 8 1.24 1tk 52 0.3944
GA34
sleis #1 1511815108 8,97 {31.69 12196 158
alinie %2 5842, 15584 42 135.68 01535
allete ¥3 $99.02-159.68 &.54 159,40 1904
Mean = {0361 Mean = L1267

Table } Heteromyposity estimates for 14 cassava msfvrosamzllites using (“Preod-labeled andioc
fluarescently labeled primers for she detection of PCR amplification products, A maximum of two alleles
per sccession wiis the general obseevation, except for lock GA-161 and GA-127, for whick up to five alleles
pet atcession were detected. No mzH afleles were considered for k eatimations, which may ersult in
wnderetimatica of k. {a) Micvosateliites amplified in quadeipiex reaciions, (%) 39 accatsions sormenedd but
only teve showed 2 PCR product {ges texty. 18 Alleles deserted asing Ouorescently Iabeled primers, alt
athess wiing ("Prlabeled primers.

Microsaietlise % of acceasiony scoved Tor ¥ of alieles deteered  Size Range (i) Hetevozygosity thl
F

aA-12 39

& 131~1%% 0.54

GR-13 42 4 137-33% 2.97

Sh-18 L3 6 8%-1349 .63

G333 42 & 104-126 .61

SheRBK Si2 % 1687131 .65
e 23 -] 153-183 &.87

h-123 3* 18 j ) .08
Gh-1i6 34 ] 7s-214 G885
Ga-1268& G2k 124 iig-220 §.7%
GA-327 4 1] W0I-F3F 0.74

Gh-131 5 ¥4 I5-118 .28

GA-134 . L) 308337 .46

GA-1344% 512 5@ 308-338 0.55
CGA-1364 522 2] 145-163 0.67
GA-340 13 3 1%4-164 076

GA-181 38 12 44140 G.a83
GGG S i 58 10%-137 3,46

Takie 4.

Goodness-of-itt X7 1est of expected 2nd ohserved disomic segrepaton ratios far 11 microsatelfite loci in the
F| cassava mapping population CMIRS7. Segregation analysis was done using {*Pyibeled primers ad
sequensing 2¢i8 {*), or by running nenradieactive PCR products on 5% Metaphor Agarose gels stained with
Ethidium Seomide (). The nuls hypothesis that there wers not significant. differences bevween cbserved and
expeciod segregation ratios was tesed 1 o = 001 and n-1 degrees of freodom, where 8 = sumber of
phenatypic classes Gf n=2, 3 gt 4, the eritical regions ang = 6,63, 9.21 or 1134 sespectively), (@} GA-122
and GA-134 had two Haked locd in sach pareat but enly one locws is shown here, GA-13, GA-5T and GA-
123 did nol segregate in the mapping population. {+} Segregating, weakly-amplified allele from nwie
parent for locus GA-181a

Microssteltite  Pareaind genotypes Cenonypie classes: Total kdivideals (:ulcu}atgd x2
TMSHEETD tedes expocted (ot wed seorel) wad sipnificance
ead CMIITEZ hmerved ration ata=041

ango-3¥ —_ —

- — s — E 1.08
FEENY F2
13 43
an-12" — — -
. PR 83 f.4%
. - — Ne
T S N
29030 1% I4

ca-18"F - —

— — _— — 3 §.20
1 :2:1 s
21 4%: 1%
ch-z1¥ — -
. —_— i 1.05
— . — K2
1:2
A4 43
ST _ .
— - — " E.00
— — N
1:=1
3%: 33
ra-127"® — . —
— I 1 106
- — - —— Ny
1:1+4 1z
1F: o20: 17: I
Ga-1a1"e - —_—
— —_— — T* 18.5%
S — o Bignificant
1:3:21 01
22: 8 : Ak 022

aa-134% - -

. — U M 011
RN -
43: 38

o



Table 4. {continued)

Tabhle & .
Mittosatellite  Parontad genoiypes Genotypie clagses: Troal individuats Eialeniated X2 N . - . . . " : ‘
TMSEOST3 flef) expectod tlops ead stomd o viptifioance CGoadness-of-fit X7 test to estimate the significanwe of linkage between paies of miccosatclite Joci sht scgregate from dh
and ORI obterved tation Ao 008 female {top table), the make (middle table), or both parents (ower Wilkle). Crideal vadues for X2pay with 1, 3 or 5 degrees o
freedom are 9,21, $1.34 and 15.08 respectively, Bold numbers indicite values too tlose 60, or Jarger don thet ¢ritical values
Also shows are the Fnkage groups to which lod have been assigred {sonrce: Fregene ¢ al, {1957 this report). (nd) ne
cA-136" R — determingd yet
- — 79 o862 Mseroeateitity 0A-12 GA 12k GA-LEY Ca-133 GA-134 EiA-16ih Linkage proug
13 s GAGG- 5 1.74 1.82 4.45 2.57 R 6.61 '3
3% 43 GA-12 0.3% 2.0 0.66 9.87 4.8 nd
GA-126 1:.33 4.29 a.80 5.5¢ K
Ga~140" — GA-137 0.57 302 £.18 K
- Gh-13% 1.79 .81 G
- 1:2:1 7 &;ﬂ GA-138 7.73 od
2E: 28: L8 1 Miceoptailite GA-2] GA-127 [ALNE GAI34 GA-181 GA-taik Linkage graug
Ga-32 4.284 1,823 1. 54 398 .5 §.51 truramed
e R E R _— _ GA-21 0.6%2 11,74 .25 £.78 S.59 el
—_ I, 2 4,08 GA-1327 14,63 G.1a %.18 %.85 ).
hid Las b1 3 Ga-131 13.9% 13.8% 35.32 o
s 1 GA~334 %.86 5.8 ~d
31 48 Ta-iéla 4%.0% nd
G-t nd
GA-161h - R ' Microzatelfite  GA-1481 GA- 1610 lia\m&e Froup
— — - T2 3.2k G&-34 2.882 ¥.451 md
121 W SA-140 0,794 nd
14: 441 23 -

il 12
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Inheritance of random amplified polymorphic

DNA markers in cassava (Manihot esculenia
Crantz)

1639

Rocio Gomez, Fernando Angel, Meric{eth W. Bonierbale,
Fernando Rodriguez, Joseph Tohme) and William M. Roca

Abstract; The informativeness and inheritance of randomly amplified polymarphic DNA (RAPD) markers were
investigated in an fotraspecific F| progeny derived from two heterozygous parents. The analysis confirmed the
atility of RAPD markers for comparing candidale parents for the development of a molecular geretic map, and
provided numersus markers for linkage analysis in a crop with a very limited history of classical or molecular
genetic studies, Six potential parental Hines (themselves F| hybrid clones) showed between 1.82 and 0.87
segregating bands per primer in three hybrid families. Forty-three percent (309) of 722 primers produced
nolymorphic products in the most informative of these three crosses, revealing 328 single-dose (SD) markers
segregating I:1 for presence/absence in a progeny of 98 individeals. A second class of informative markers were
‘those present i both parents but segragating in the progeny. Filty.seven or 67% of the moncimorphic but
segregaling markers exhibited the 311 ratio expected for 30 dominant markers in a ¢ross between heterozygotes.
Linkage groups were constructed {rom the segregation of SD RAPD markers originating in the female

{TMS 30572) and the male (CM2177-2) parent.

Key words: RAFPDs. moleculur markers, genetic segregation, Manihot, single-dose markers.

]

Résumé : Le caractére informatif et 1'hérédité de marqueurs d' ADN polymorphe amplifié au hasard {RAFD) ont
été étudids cher la progéniture F, issue d'un croisement intraspéeifique impliquant deux parents hétérozygotes.
L analyse a confirmé "utilitd des marqueurs RAPD en voe de la comparaison de parents potenticels en vue de
I"¢laboration d une carte génétigue. Do plus, de nombreux marqueurs ont £1€ obtenus pour des fins d'analyse de
ltatson génétique chez cetle espdee qui a fait ["objet de tres peu d'dtudes en génétique classique et moléculaire.
Six ligndes parentales potentielles {elles-mémes des cloaes hyvbrides F)) ont mopiré entre 132 et .62 bandes en
ségrégation par mnorce chez trois familles hybrides. Quarante-trois pour cent {309} de 722 amorces ont amplifié
des oroduits polymorphes chez le plus informatif des trots crofsemesnts, Ces amorces ont permis de révéler

328 margueurs présents en simaple dose, ¢ est-i-dire gui moniraient une ségrégation [:1 {absence/présence) chez
nne progéniture comprenant %0 individus. Une seconde classe de margueurs informatifs éinient présents chez les
deux parenis mais €raient en ségrégation chez Ia progéniture. Cinguante-scpt, soit 67%, des marqueurs monommorphes
en séordgation montraient le rapport 311 attendu de marqueurs dominants & simple dose suvite au croisement de
deux hétérozygotes. Des linkats ont pu &t établis & partir de la ségrégation des marquenrs RAPD 2 simple dose
présents chez les parents femelle (TMS 30572) e1 mile (CM2177-2).

Mors clés : RAPD, marqueurs moléculaires, ségrégation générique, Manihor. marqueurs 3 simple doss.

{Traduit par 1a Rédaction]

Cassava, Manihot excutenta Crantz is an imponant species
in tropical agriculture. In the tropica: regions where it is cul-
tivated, cassava is the fourth most important source of
calories, after rice, maize, and sagarcane. It is estimated that
about 70 million people obtain more than 300 Calories
(1 Cal. = 4.1855 kJ) a day from cassava, particularly in
Africa (Cock 19835). Considered as a diploid species of
allopolyploid ongin {(Umanah and Hartman 1973), cassava
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is genetically the feast understood among the major staple
crops that feed mankind. Only a handful of morphological
mutants (Hershey and Ocampo 1989 and several isozyme
markers have been developed for cassava genetics. Analysis
of 1} isozyme loci has recently revealed predominantly
disomic inheritance (Sarvia =t al. 1993; Lefevre and Charrier
1993}, 1n the course of developing a molecuiar genetic
map of eassava using DNA markers, we have invastigated
the utility of random amplified. polymorphic DNAs or
RAPDs (Williams et al. 1990). RAPD markers have been
used to comstruct genetic maps {Tulsieram et al. 1992;
Al-Janabi et al. 1993; Rowland and Levi 1994), to detect
genetic variation within plant species (Wilkiams et al.
1920}, to evaluate fevels of gene flow between species
{(Armold et al, 1991), and 1 obtain markers linked to resis-
tance genes {Martin et al. 1991; Michelmore et 2l. 199]),
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With RAPD markers, polymorphisms are usually detected
according te the presence or absence of amplified fragments.
Wu et al. (1992) described a specific class of malecular
markers, calied single-dose (8D} mackers, that are present
in onc (heterozygous) parent, absent in the other, and seg-
regate i:i in the progeny. 5D markers have bean used to
develop genetic maps of potaio {Bonierbaie et al. [988),
sugarcane {AkFanabi et al, 1993}, and Encaliprus (Grattapagin
and Sederoff 1994) based on segregation from heterozy-
gous parents, A single pramer usually amplifies multiple
frugments, and each polymorphic fragment can be treated
as  separate SD marker if it segregates 11 for presence/
absence in the progeny. Since SD markers may segregate
stmultaneousty and independently from each heterozygous
parent, the two soarces of segregation are considered sep-
arately in linkage analyses. RAPDs present in the hets
erozygous stale in both parents are also informutive, with
the expecied presencefabsence ratio of 3:1 in the progeny.

Three different intraspecific crosses, TMT7857
{TMS 30572 X CM2177-2), CME382 (TMS 20572 X
CM3299-4), and CME224 (THAL ] X CM3372-4), were
examined as candidates for generic mapping. Total genomic
DNA was extracted from greenhouse- or field-grown leaf
nissue of the parents and 90. 20, and 20 F, individuals,
respectively, using the method described by Dellaporta
et al. {1983). RAPD primers were sereened for revealing
polymorphisms and segregation, using the parents and a
subset of 13 progeny, before the whole F| population was
analyzed, Target DNA sequences were amgplified by PCR
ot poiyvinylchloride mucrotest plates (Falcon} placed in
a 90-well MJ Research Programmable Thermal Controller
(FTC-100). A single decanucieotide {Operon Technologies
Inc., Alameda, Calif.), containing 60--70% G-C, served
as a random primer for esch reaction. Each 12.5-uL ampli-
ficasion reaction contained 25 ng of plant genomic DNA,
10 mM Tris—-HCI (pH 9.0} 30 mM KC1, 0.01% Triton
X-160, 2.5 mM MgCl,, 0.2 mM of each ANTP (MNew
England Biolabs), 0.8 oM of primer, and 1 U of Teq DNA
polymerase (Perkin Elmer). The mixture was overlayed
with mineral oil. Wirh a2 genome size of 1.43 pg
{C. Martinez, unpublished data: Arumuganathan and Earle
1991}, haploid genome content. the amouns of genomic
DNA used in an RAPD reaction corresponded to
17 000 haploid genome equivalents. Amplification was
performed as described by Yu and Pauls (1992} with slight
modifications {%4°C for 5 min, folltwed by 34 cycles at
84°C for 3 5. 36°C for 30 s, 72°C for | min, and ending
with § min at 72°C). Seven hundred and twenty-two primers
of arbitrary sequences were screened. The PCR products
were assayed by electrophorasis in 1 4% agarose gels run
with TBE buffer (89 mM Tris-borate plus 2 mM EDTA,
pH 8.3). Markers were scored directly on the ethidium
bromide stained gel ander uv light and confirmed using
black and white Polaroid film, Segregating bands were
classified sccording to their origin in the pistillate or sta-
minate parent, or both, ¥° tests were conducted to assess the
goodness of fit of segregation in the progeny to the expected
i1 or 3:] ratios, and sepurate data seis were developed
for the 1:1 segregation of SD markers from each parent.
Nomenclature for individual RAPD markers describes the
primer and relative RAPD marker size from largest to

Genome, Yol 39, 15698

Fig. 1. Genetic inheritance and segregation of a 0.7-kb
RAPD marker in the F, population. RAPD marker is present
in the female parent (F). absent in the male parent {M}, and
segregates b1 in the progeny. Right lane contains lambda
DNA digested with Parl.

smatlest, fe.. K16a, Kidbh, etc. To determine the linkage
reiationships among RAPD markers we ran MAPMAKER
(Lander 2t al, 1987) using a minimum LOD score of 5.00
and o maximum 9 vaiue {recombination fraciion) of (1.25.
The proportion of markers in coupling versus repulsion
phase was compared as discussed in Wu et al. (1992} This
was ochieved by copying the markers and inverting the
scoves for wach of the polymorphisms {called recoding in
1he MAPMAKER version 2.0 manual), and then running
MAPMAKER again {LOD = 5.0, & = .25, two-point analysis}
looking [or linkages between the first markers and the
newly created second set of markers. Markers in repulsion
phase should appear on the same linkage group when this
is done. but each linkage group is presented twice and
mirror images hoave o be discarded. Centintorgan (cM)
values were calculated using the Kosambi function
{Kosambi 1944}

Sixty-six random primers were used to amplify genomic
DNA {rom the pareats and 15 individuals of each of the
three candidate crosses. The proportion of primers thai
revealed polymorphisms was highest in CM7857 {Gomez
et al. 1993}, The wotal sumbers of amplified and segregating
bands observed with 66 primers in the progenies of the
three sexual crosses are

Ammnplified bands: Sepregating bands:

per primer per primer
Cross total {median} total {median)
CM78%7 403 6.1 120 1.82
CME382 389 59 o8 .03
CMB224 353 34 4] 0.62

A X for independence of segregation and family indi-
cated a significant difference among families (p < 0.005)

. In the presence of segregating bands, As CM7857 presented

more segregating bands over all, as well as more segregating
bands per primer, it was considered the best candidate of the
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Fig. 2. Examples of linkage groups of RAPDs segregating in the female (A} and
male (B). Siagle-dose RAPD markers segregats 111 in F, progeny and are ordered
within groups with a confidence of LOD »2.5, Rec. frac., recombination fraction;

Paist., distance.

A

B

Resz, Dist. Marker Aac, Bist, Markar

Frac. cM I Name Frac. oM o Nams
i 3

{24%) 2.4 ~—E \(31) AD3e (192) 15

(3.4%) 3.4 "= (46) Ait8b

(51%) 5.1~ N (117) 019 (13.1 %) 13.4 —

(g2%) s.2—]] >N Kup (264) rvaok

{22%) 2.2-"<H -~ {63) EiS

(56% 5.6—" m\.“g} AMIE {11.3 %) 11.5

(58%) 5.8~=f] ~ {79 H5
{75%) 7.5 ~mn — (2 K3 (11.8 %) 12.0
(133) 092
N {$1.2 %) 11.4
(54%) 5.4
(7.4%} 7.5

(76%) 7.8

three for genetic mapping. Furthermore, this cross is
gxpected to present segregation for 4 number of agro-
nomically important traits that could eveutually be asso-
ctated with DNA polymorphisms. Further studies were
carried out using CM7857. A total of 722 PCR primers
of arbitrary sequences, 10 nucleotides in length, were used
singly in PCR assays to screen for DNA polymorphisms
among 90 pregeny of the F, population. Primer screening
was efficiently carried out using both parents and a sample
of 15 F, individuals, With this format, parental origin of the
markers, s well as their allelic state (homozygous or het-
erozygous), was directly inferred from the presence of the
fragment in one parent. the absence in the other, and seg-
regation (presencefabsence) in the F, progeny sample. An
RAPD marker was counted only if the phenotypic classes
were consistent and clearly distinguishable. In instances,
where more than two phenotypic classes were evidenced by
band intensity differences, the band was counted only if
one of the classes was a virtual absence of the marker,
and the intensity variants were summed in a single
“preseace” class.

Of the 722 arbitrary primers screened in CM7857, 127
{18%:) did net yield any amplified product, 254 (35%) did
oot detect polymorphism or segregation, 309 {43%) revealed
ai least one polymorphism, and 32 {4%) revealed
monophormic bands {present in both parents} that segregated
in the progeny. The 309 primers showing at least one poly-
morphism generated a total of 534 segregating RAFD
markers. Of these markers, 328 fit a 1:1 ratio (p > 0.03).
The markers segregating 1:1 were generated by 246 primers,
yielding an average of 1.33 RAPD markers per primer,
similar to the number found in peach (Chaparro et al.
1994) and lower than reports of 1,93 in Picea abies Karst.

- (202) H18b

{40} AMIG

{54 G4

{78) Ktic

{21} ACS

{104} A13b

- -

(Bineli and Bucei 1994), 1.8 in Spvlosgrrhes, (Kazan et al
1993), and 1.88 in sugarcane (Al-Janabi et al. 1993)
Amplified fragment size ranged from 3.2 19 8.1 kilobases
{(Fig. 1). Segregation of the 328 SD markers was scored
in 90 F, individuals of CM7857. The number of S$D mark-
ers inherited from each parent was 186 from TMS 30572
{pistiliate) and 142 from CM2177-2 (staminate). Eighteen
polymorphic markers segregated as double dose (DB
markers, 10 from TMS 30572 and 8 from CM2177-2. Only
85 markers were present in both parants and segregated
in the progeny. Of these markers, 37 fir a 3:1 ratio, as
expected for S markers, and 12 segregated as DD mark-
ers. The number of observed and expected SD markers o
multiple dose markers was 0.59, which fits the expecta-
tign for disomic inheritance. This ohservation supports
earlier reports made by Lefevre and Charrier (1993) based
on isozyme analyses of F, populatdons from infra- and
inter-specific crosses. Under the described conditions, indi-
vidual RAPD phenotypes were highly reproducible for an
Individual among DNA replicates. Sampiles lacking DNA
giving amplification products, which have been reported
in some cases (Torres et al. 1993), were not present in our
experiments. Furthermore, we never observed 2 fragment
in the F| that was not observed in at least one of its parental
clones. In summary, 385 SD RAPD markers were consid-
ered in this study, 328 polymoprhic in the parents and 57
present in both parents. Furthermore, 30 markers fit the
expectation for DD markers. Twenty-five percent of RAPD
markers showed distorted segregation. Distorted segregation
may be the result of linkages between markers and the
genes operating in prezygotic and postzygotic phases of
reproduction (Zamir and Tadmor 1986). Although we did
not examine the reason{s} for such segregation ratios, other
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rzasons may include preferential chromosome elimination
{Tankslev 1984), preferential fertilization, and selective
elimination of particular zygotes {Koening and Gepts 1989).

The molecular nature of RAPD markers and their
Mendelian inheritance make them valuable tools for genetic
analyses in cassava. Two linkage groups, based on segre-
gation of these markers in the female and male, are shown
in Fig. 2. The groups were constructed using the MAPMAKER
program with a LOD score of 3.0 and a recombination
fraction of 0.25. The first linkage group drawn for TMS 306572
{pistillate parenty 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 this linkage group.
The sample linkage group of CM2177-2 (staminate parent)
iy composed of 8 markers, five of them linked in coupling
aud thiee in repulsion {fF15b, rV20b, and rHi8b), indicat-
ing that they represent dominant markers from homologous
chromwosomes. For allopelypleids. the proportion of hnkages
that can be detected in the coupling phase is expected (0 be
the same as that in the repulsion phase (Wu et all 1992).
Thire-eight percent of SD RAPD markers were found to be
linked in repulsion phase {resalis not shows} In an inte-
grated linkage map of cassava constructed from RFLPs,
microsatellites, isozyvmes, and RAPD markers, 30% of
markers were found o be Haked in repulsion, suggesting
preferential pairing among scme chromosomes and random
pairing among others (M. Fregene, F. Angel, R. Gomez,
F, Rodriguez, P. Chavarriaga, MW, Bounierbale, J. Tohme,
and WM. Roua, in preparation).

The RAPDs described hers represent the largest col-
lection of zenstic markers that have been subjected to seg-
regation aanlysis in cassava to date. Data from these mark-
ers will be pooled with data from RFLPs. using clened
cDNA, genomic DNA probes; microsatellies; and isozymes
to ¢rente a saturated molecular Hinkage map of cassava,
which in theory, should have a minimum of bias for cod.
ing and noacoding chromosomal regions. RAPD markers are
less informative thar codominant markers, such as RFLPs
or microsatellites; nevertheless, we feel that RAPDs are
potent mojecular markers not only for the construction of
linkage maps, but also for assessing the validity of con-
trolled crosses. The mapping population used in this study
revealed a wide range of variability for resistance to bac-
ieriosis (CBB), root perishability, and physiological param-
eters of photosynthesis. The cassava map can serve fo
identify important loci comrolling these traits by their
cosegregation with mapped molecular markers, and the
resulting genetic information can be applied to the improv-
ing of selection schemes. In summary, in this work we
have esiablished a methodology of RAPD analysis for cas-
sava and have demonstrated the usse of these markers for
genetic analyses on an infraspecific cress.
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reasons may include prefercatial chromosome elimination
{Tanksley 1984}, preferential fertilization, and selective
elimination of particular zygotes {Koening and Gepts 1989,

The motecular nature of RAPD markers and their
Mendelian inheritance make them valuable tools for genetic
analyses in cassava. Two Hnkage groups, based on segre-
gation of these markers in the female and male, are shown
in Fig, 2. The groups were constructed using the MAPMAKER
program with a LOD score of 5.0 and a recombination
fraction of 0.25. The first linkage group drawn for TMS 30572
(pistitlate parent) is 38.2 ¢M in length and is composed
of & markers with 2 maximum map distance of 7.5 cM.
No markers in repulsion are present in this linkage group.
The sample linkage group of CM2177-2 (staminate parent}
is composed of & markers, five of them linked in coupling
and three in repuision (tF15b, rV20b, and rH18b), indicat-
ing that they represent dominant markers from homologous
chromosoimes. For allopolyploids. the proportion of linkages
that can be detecizd in the coupling phase 1s expected to be
the same as that in the repulsion phase (Wu et al. 1892).
Thirty-eight percent of 3D RAPD markers were found o be
finked in repulsion phase {results not shown). In an inte-
grated linkage map of cassava constructed from RFLPs,
microsatellites, isozymes, and RAPD markers, 36% of
markers were found to be linked in repulsion, suggesting
preferential pairing amoug some chromosomes and random
pairing among others (M. Fregene, F. Angel, R. Gomez,
F. Rodriguez, P. Chavamaga, M.W. Bonierbale, }. Tohme,
and WM. Roea, in preparation).

The RAPDs described here represent the fargest col-
lection of genetic markers that have been subjected o seg-
regation analysis in cassava to date. Data from these mark-
ers with be pooled with data from RFELPs, using cloned
¢DINA, genomic DNA probes; microsatellites; and isozymes
1o create a saturated molecular lnkage map of cassava,
which in theery, should have a minimem of bias for cod-
ing ard noncoding chromosomal regions. RAPD markers are
less informative than codominant markers, such as RFLPs
or microssteliiies; nevertheless, we feel that RAPDS are
potent meiecular markers not only for the construction of
linkage maps. but also for assessing the validity of con-
trolied crosses. The mapping population vsed in this study
revealed a wide range of variability for resistance to bac-
teriosis {CBRY, root perishability, and physiological param-
eters of photosynthesis. The cassava map can serve to

+ify important loci controlling these traits by their

agation with mapped molecular markers, and the

genetic information can be applied 1o the Linprov-

ection schemes. In summary, in this work we

JMished o methodology of RAPD analysis for cas-

fave demonstrated the use of these markers for
etic analyses on an imtraspecific cross.
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Annex 1

Proposed Two Year Extension of the Project:

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

Project Goal:

The two year extension intends to consolidate ongoing work on the development of SSR
and EST markers, genetic analysis of agronomic traits, and the application of large DNA
insert size libraries to gene cloning of disease resistance genes, towards enhancing the
undisputed position of cassava as a food security crop and engine of economic

development in Sub-Saharan Africa.

Project Objectives:

1. Second year muitilocational trial, with the Fy genetic map population, to evaluate
tentative quantitative trait loci (QTL) controlling earliness, dry matter content, post-
harvest deterioration (PHD), starch quality/content, culinary quality, and other
important morphological traits, identified in the first year. Marker fidelity studies
with a BC, cross developed from the F; map population. Marker-assisted population
development, by selection of parents with greatest breeding values for the above
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 all sequenced ESTs and sequencing of the remaining transcript
derived fragments (TDF) identified.

4. Fine mapping and BAC contig mapping of regions of the cassava genome carrying
disease resistance genes.

5. Transfer of SSR marker technology to national programs, through the activities of the
Cassava Molecular diversity Network, for the evaluation and structuring of cassava
genetic diversity in Sub-Saharan Africa compared to the total available in cassava and

wild progenitors.



Introduction

The first two years of this project has yielded important outputs, described in the attached
progress report, a ftwo year extension is required to bring the activities begun in 1996 to 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 genetic diversity of cassava in Africa with molecular markers, a study
which is expected to generate information, critical, and complementary to other efforts

towards a systematic improvement of the crop in Africa,

Project Justification:

The irreducible uncertainties of cassava farming systems in Sub-Saharan Africa, due to
labor and agricultural input scarcities, pests, diseases, soil fertility problemsi arising from
shorter cycles of shifting cultivation and cropping of marginal soils, drought and other
climatic factors has meant that production is highly vulnerable. In Africa more than 80%
of cassava is produced in poverty hot-spot areas, where as much as 70% of the rural
population lives under absolute poverty and practice low resource input agriculture
{Fresco 1993). 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
region (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 alleles for widely varying agro-ecological

and production niches

A molecular marker-assisted approach is required to upgrade populations, with specific
genes, while maintaining genes controlling desired traits at a high frequency, in a cost-
effective and efficient manner (Tanksley et. al. 1989). During the two year extension of
these project, ongoing experiments to map quantitative trait loci (QTL) controlling traits
of agronomic interest in the F1 map population will be concluded and extended to a BC1

cross derived from it to examine genetic background effects. Markers linked to identified



QTLs will employed to chose parents with greatest breeding values for traits analyzed

simultaneously.

Should marker-aided selection of parents be found to be more efficient compared to
phenotypic selection, a unique opportunity for doing recurrent selection, the most
powerful breeding method for cassava, in cycles of one year becomes feasible, Cassava is
vegetatively propagated, current methods of recurrent selection requires: one year to
establish seedlings and obtain clones, another year to multiply clones for replicated multi-
locational trials, two years for multi-locational trials and a last year for making crosses fo
complete the cycle. Markers linked to QTLs known to contribute most to the traits, cuts
out the need for clonal evaluation in multi-locational trials, making a one year cycle
feasible. Compared to the current 6 years required for one cycle, one year of marker-
assisted recurrent selection is immense savings in time and resources, and abig boost to

cassava breeding.

Several ESTs, which represent genes, will be added to the map. Together with genes of
known function already on the map, including cloned starch genes, (Munyinkwa et al.,
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 cassava present in South America and wild progenitors has been transferred
to Africa. What is required is a genome-wide quantitative assessment of genetic
divsersity of cassava in Africa versus that in South America. Molecular markers have
been recognized as unbiased tools in the characterization of genetic diversity {Kresovich
et al. 1995; Roder et al. 1995; Saghai Maroof et al 1994). The molecular markers of
preference 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 linkage studies in cassava {Chavarriaga et al. 1998a; 1998b;

Mkumbira et al. 1998, in preparation; Muller-Dos Santos et al. 1998, in preparation;



Fregene et al. 1997 ). One of the principal objectives of this project is to saturate the
genome of cassava with SSR markers, which will be available for studies of genetic

diversity of cassava in Africa.

Disease and pest epidemics are a major source of production instability in major cassava
growing regions, with the attendant loss of valuable germplasm. They are combated,
mostly, by resistance breeding in cassava, but cassava’s long growth cycle, outcrossing
and vegetatively propagated nature considerably slows down resistance breeding, and
restricts the powerful option of introgression by marker-assisted backcrossing. The rapid
advance in cloning of plant disease resistance genes, together with reproducible
transformation protocols in cassava makes genetic transformation with homologous’
disease and pest resistance genes, a faster and more efficient way of moving around

useful disease resistance genes amongst cassava genepools. n

Cloning genes known only by their phenotypes and position relative to molecular
markers on a genetic map requires libraries of large DNA fragments that can be ordered
into contigs, that span the genomic region carrying the gene(s) of interest. The cassava
mapping project has identified regions of the genome carrying resistance genes to the
cassava bacterial blight (CBB) (Jorge et al., in preparation), and similar studies are
underway for the African cassava mosaic disease (ACMD), and the white fly disease. A
BAC library has been generated for cassava from a CBB, and ACMD resistant variety
(Fregene et. al. 1998). An objective of this two year extension is the fine mapping and

BAC contig mapping of identified regions bearing resistance gene.

Project Description:

Q@TL Mapping of Agronomic traits

The F1 mapping population, from which the cassava map was developed, is also the QTL
mapping population; the Fy cross has been genotyped with over 200 markers, including
known starch biosynthesis genes, cyanogenesis genes, and expressed sequence tags. The
field experiment for the second year will be the same as the first year evaluation, a triple

partially balanced lattice design with 20 plant per genotype/plot per replication, with



three replications, in two sites, CIAT, Palmira and CIAT, Quilichao. Adjusted means for
the traits 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 ANOVA of results. Inter-allelic
interactions, or epistasis, will be estimated by a two-way ANOVA. 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 matter
accumulation, rate of dry matter accumulation and completion of bulking as described in

the original proposal.

Marker inheritance and fidelity studies

Comportment and inheritance of markers linked to tentative QTLs associated with post-
harvest deterioration, earliness, starch content and disease resistance would pext be
examined in a different genetic backgounds to propose a mode! inheritance of key QTLs
involved in genetic control of the agronomic traits. An ideal population for marker
fidelity studies is a BC1 half-sib population developed from crossing five individuals of
the F; mapping population to the female parent in a reciprocal fashion.

Development of improved populations

Once the principal QTLs, stable over environments, years, and genetic backgrounds have
been identified, they will be employed in marker assisted development of populations that
contain higher levels of starch, post-harvest deterioration, earliness, CBB discase
resistance, through selection of parents, with greatest breeding value for the listed traits.
The strategy includes choosing the best individuals of the F; cross, for all the traits
combined, as parents of a breeding population, using the computer software, PGRI (Liu,
1998), which incorporates breeding and marker data. Results from marker-aided
selection will be compared to phenotypic selection. Marker-assisted selection of parents
will also be extended to other elite breeding lines and particularly outstanding land races,

for different agro-ccologies, based on results obtained with the F; cross.



Genetic Mapping of SSR and EST markers

More than 1200 putative SSR markers have been identified from two libraries 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-
200bp, and 200-250 bp PCR product sizes, to facilitate multiplexing of the primer pairs.
SSR markers found to be palymorphic between the parents of the cassava map population
will be scored in the 150 progeny by florescent primer multiplexing, 2-3 primer pairs, on
an ABI377 automated sequencer located at the Biotechnology Research Unit (CIAT).
Data will be automatically collated 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 techniques to cDNA libaries obtained from the two parents, and,
represent potential ESTs. About 40 TDFs have been sequenced and are ready for primer
design. 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
Slaybangh et. al. (1997).

Fine Mapping and Contig Mapping of 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 the
cassava bacterial blight (CBB) has already identified regions of the genome carrying
resistance genes to 5 strains of the pathogen. Gene tagging of ACMD and white {ly
resistance genes has also been initiated and is expected to yield results shortly. The most
efficient way of fine mapping in cassava is by employing a variant of the bulk segregant
analysis and AFLP markers. The method takes advantage of the unique ability of the
AFLP technique to sample many loci spread all over the genome using large number of
primer combinations, and the ability of finding additional linked markers in any region by
screening bulks of genotypic classes of markers adjoining that regicn. A backcross

population (BC1), generated by crossing 5 of the Fys from the mapping population to
TMS30572, the resistant parent, for ACMD and CBB, is available, in addition to the Fy

mapping population, for genetic mapping and fine mapping. The half-sib BCI



population has a total of 270 genotypes and is already being genotyped for molecular

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

Technology transfer of markers to African NARs

Transfer of marker technology, as it relates to cassava breeding, is a key component of
this project. It will be conducted through long term, Ph.D. fellowships, and short term
trainings, visits of collaborators from NARs to CIAT. An African Ph.D. student, Mr
Emmanuel Okogbenin joined the mapping team at CIAT recently, with support from the
Rockefeller foundation. Mr Okogbenin is a young breeder and is working on the QT1L.
mapping. A series of short term visits, by collaborators from NARs in Africa, has been
planned under the auspices of the proposed cassava molecular diversity network, to be
based at CIAT, Training on the use of SSR markers in cassava germplasm evaluation
and use will be the principal activity of the short term visits. The internatiopal nature of
cassava germplasrn and its usage makes complementary collaborative efforts
indispensable to achieving a useful characterization of genetic diversity of cassava. The
proposed network aims to assess genetic variation of cassava in Africa compared to the
total available variation in cassava and wild progenitors from South America, and to
determine underlying genetic factors of successful cultivars and how to complement them
with favorable alleles from other cultivars and wild progenitors. The Network will carry
out surveys in sub-Saharan Africa, with National program collaborators, initially in
Uganda and Nigeria, starting 1999, to collect cassava varieties grown by farmers,
anthropological and agro-ecological information. DNA will be isolated from these

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

Expected OQutputs:

* Identification of QTLs and genes controlling earliness, dry matter content, post-
harvest deterioration (PHD), starch quality/content, culinary quality, and other
important morphological traits.

* Tools for the development of cassava populations with enhanced keeping quality,
starch content/quality, carliness, and CBB disease resistance.

= Saturation of the genetic map of cassava with a few hundred SSR and EST markers.



» [solation of candidate BAC clones bearing disease and pest resistance genes.

« Capacity building of African National Program scientist.

Capacity of Executing Institution
CIAT's Biotechnology Research Unit:

Facilities and trained personnel for PCR-based marker development, QTL analysis and
availability of an existing genetic map of cassava. CIAT also has expertise, and

resources in databases for storing and analysing molecular marker data.

Time Frame:
1999

. Mapping of SSR, and EST markers in the Fy mapping populations. ,
. Second year phenotypic evaluation of QTL mapping populations in two different
. Crosses between best Fy individuals for population development.

. Rapid propagation of BC! QTL mapping populations.

. Training visit by Ugandan and Nigerian national scientist(s), under the auspices of

the proposed cassava molecular diversity network.

. Mapping of available PCR-based markers in the Fy mapping populations (contd).

. Phenotypic evaluation of BC! QTL mapping populations in three different sites
for the second year.
. Establishment of populations from F; full sib cross.

. QTL analysis.

Training visit by Zairean and Tanzanian national scientist(s}, under the auspices

of the proposed cassava molecular diversity network.



Budget (US dollars)

CENTRO INTERNACIONAL DE AGRICULTURA TROPICAL - CIAT

Project: Saturation of the Genetic Map of Cassava with PCR-Based Markers and the Use of the

Genetic Map in the Improvement of Cassava

PROPOSED BUDGET TO THE ROCKEFELLER FOUNDATION FOR TWO YEARS EXTENSION

(in U.S. dollars)

Item 1999 2000 Total
Personnel

Associate Scientist 55,000 55,000 110, 000

Technician 12,000 12,000 24, 000

Supplies and services 15,000 15,000 | 30,000

Indirect costs (6%) 5,000 5,000 10,000

TOTAL 85,000 85,000 170,000
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