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The present status of research on microsatellites, also
called simple sequence repeats (SSRs) or short tandem
repeats (STRs) in higher plants has been reviewed.
Results on the occurrence, distribution and the level
of polymorphism of different microsatellites examined
or searched from DNA sequence databases for different
plant materials have been tabulated and briefly
described. Information on number of loci for each SSR
and the number of alleles at each locus, wherever
available, has also been included. Methods used for
developing microsatellite markers have been briefly
discussed. Achievements made and the future pos-
sibilities for the use of microsatellites in areas like
selection and diagnostics in segregating populations,
genome selection during gene introgression (in back-
Cross programmes), genome mapping, gene tagging,
cultivar jdentification, germplasm characterization,
estimation of genetic relatedness, etc. have also been
reviewed and critically discussed. The addition of
microsatellite markers to the repertoire of other avail-
able molecular markers should prove very useful in a
variety of research areas involving plant systems.

MICROSATELLITES are tandem repeats of DNA sequences
of only a few base pairs (I-6bp) in length, the most
abundant being the dinucleotide repeats. The term
microsatellite was introduced by Litt and Luty' to char-
acterize the simple sequence stretches amplified by
polymerase chain reaction (PCR). These are also known
as short tandem repeats (STRs)’ or simple sequence
repeats (SSRs)’ and differ from minisatellites (often
called VNTRs", which are repeated sequences having
repeat units ranging from 11 to 60 bp in length. The
minisatellites were first reported by Jeffreys et al’,
though their utility through PCR was suggested later®.
The microsatellites are randomly and more evenly dis-
persed in the genome’ than minisatellites, which are
generally confined to telomeres. A dinucleotide like
(CA), occurs in human genome, as many as 50,000
times, with n ranging from 10 to 60 (ref. 8). The tri-
and tetra-nucleotide repeats are also common in human
genome,

The DNA sequences flunking SSRs are known to be
conserved in the same manner as those flanking mini-
satellites (VNTRs). These conserved sequences have
been used for designing suitable primers for amplification
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of the SSR loci using PCR. Any such primer or a pair
of primers, when used to amplify a particular SSR locus
in a number of genotypes, will reveal SSR polymorphism,
in the form of differences in length of the amplified
product, each length representing an allele at that locus.
The length differences are attributed to the variation in
the number of repeat units at a particular SSR locus,
possibly caused by slippage during replication’. The
initial experiments with microsatellites revealed their
following attributes: (i) these markers are codominant,
like most RFLPs, (ii) many alleles exist 1n a population
and the level of heterozygosity is extremely high, and
(ii1) the markers are inherited in Mendelian fashion and
thus can be used for linkage analysis, The microsatellites
or SSRs are being used and will certainly have increased
use in future in our efforts to map genomes, to quantify
genetic diversity and to characterize accessions in plant

germplasm collections'’,

Occurrence and distribution

Microsatellites are an important class of DNA markers
because of their abundance and length hypervariability.
They occur frequently and randomly in all eukaryotic
DNAs examined'"™" and represent a vast source of
highly informative markers”*'"'#!%13 Microsatellites have
been found and used for genetic analysis in many a
mammalian species'®" and to a lesser extent in other
eukaryotes, e.g. insects®?*!, birds", fish*, mouse™, cattle®
and plants'*'>»*' The data-base search revealed that
the relative abundance of different microsatellite motifs
in plants and animals differs considerably*®*’. For ex-
ample, (CA), repeat is one of the most frequently
occurring microsatellites (several tens of thousands of
copies) in human and many mammals'®'*"®, but is com-
paratively less frequent in plants™. In contrast, (AT),
microsatellites are the most abundant dinucleotide repeals
in plants. Further, greater abundance of (GA), repeats
than (CA) repeats appears to be a consistent feature
of plant genomes®®*, Trinucleotides and tetranucleotide
repeats are also found in plant genomes, the most
frequent of them being (AAG), and (AAT), (refs
26.28.29.43 44). Search was also made in GenBank™
by Sarkar er «l.¥’ for purine/pyrimidine repeats grealer
than 13 units in length, Their calculations suggested
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that for every 100kb of DNA, on an average there
were 2-3 such SSR loci in primates and 1.8 loci in
yeast. Condit and Hubbell™ screened DNA libraries of
five tropical tree species and Zea mays for the presence
of (AC), and (AG),, which together ranged from 5 x 10’
to 3x10° blocks per genome among the six species
examined. Search was also made by Cregan®® for di-,
tri- and tetrameric repeats and on an average a frequency
of 0.224 microsatellites per 100 kb of DNA was found
(Table 1) in ten plant species including yeast. The
potential of microsatellite sequences as genetic markers
in hexaploid wheat (Triticum aestivum) with respect to
their abundance, variation, chromosomal location and
usefulness Iin related species was investigated by Roder
et al.®. The total number of (GA) blocks was estimated
to be 3.6 x10* and the number of (GT), blocks was
estimated to be 2.3 x10* per haploid wheat genome.
Plaschke et al*' utilized 23 wheat microsatellite markers
for the detection of genetic diversity among 40 wheat
cultivars/lines and found that these 23 microsatellites,
represented by a total of 142 alleles, were located on
15 different chromosomes. The number of alleles at one
locus ranged from 3 to 16 with an average of 6.2
alleles, while the average dinucleotide repeat number
ranged from 13 to 41. It was shown that the distribution
of SSR loci over the different chromosomes and
chromosome arms was random and that the highest
proportion of microsatellites occurred on the B genome*'.
Table 2 gives information on the distribution of
microsatellites in some of the plant materials. Distribution
of (GGC)_ microsatellite in a wide variety of eukaryotic
genomes was also reported by Zhao and Kochert', This
microsatellite is more abundant in monocots (rice, maize,
bamboo, wild grasses) than in dicots (peanuts, alfalta).

Recently, Rubinsztein et al.*’, on the basis of a study
of allele length distributions for 42 microsatellites 1n
humans and their related primate species, reported a

-

highly significant trend for the loci to be longer in
humans than in other primates suggesting that micro-
satellites can evolve directionally and at different rates
in closely related species.

Terminology

Weber’ categorized microsatellite arrays mainly as ‘per-
fect repeats’ (without interruptions), ‘imperfect repeats’
(interrupted by non-repeat bases) and ‘compound repeats’
(two or more repeat runs present adjacent to each other)
(Table 3). Smith and Devey’’ also observed in Pinus
radiata, simple sequence repeats pertaining to these
three categories and those having other constitutions
like perfect+ compound (perfect), and compound (per-
fect) + impertect.

Level of polymorphism

Variation in the number of tandemly repeated core
sequence of nucleotides at a SSR locus among different
genotypes provides the basis for polymorphism that can
be used in plant genetic studies®*. Recent reports
indicate that SSR loci for a number of core repeat units
are highly polymorphic between species, and more im-
portantly, between individuals within species and popula-
tions***°. There is also a good linear relationship between
the number of alleles detected at a locus and the length
of the microsatellite array. Thus the larger the repeat
number in a microsatellite, the larger is the number of
alleles detected™. Microsatellites are abundant and highly
polymorphic in plant species including Trnticeae such
as wheat* and barley®. In wheat, microsatellites are
relatively long containing up to 40 nucleotide repeats®.

In humans also, informativeness of microsatellites tend
to increase with the increase in number of repeats, so

Table 1. The frequencies and average distances between all possible dimeric, trimeric and tetrameric simple sequence repeat

DNA sequences in plant species determined from a search of GenBank™ (from Cregan

)

W

Dimeric repeats™®

Trimeric repeats** Tetrameric repeats™**

Kilobases

searched Distance between Distance between Distance between
Plant species (kbp) No. repeats (kbp) No. repeats (kbp) No. repeats (kbp)
Saccharomyces cervisiae 2288 40 57 29 79 2 1144
Nicotiana tabacum 118 4 29 0 — 0 —
Glycine max 212 6 35 1 212 4 53
Lycopersicon esculentum 135 2 68 0 — 1 135
Triticum aestivum 151 i 151 43 4 0 —
Medicago sativd 30 0 — 1 30 0 —
Pisum sativum 129 3 43 3 43 2 64
Zea mays 368 3 123 4 91 6 61
Arabidopsis thuliana 247 4 62 1 247 0 —

2 68 2 68 6 23

Oryza sativa 137

i o

*Dimeric repeats such as (AT) with n>9.
**Trimeric repeats such as (ATT), with n>7.
***Tetrameric repeats such as (AGAT), with n> 4.

T
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Table 2. Occurrence and polymorphism of microsatellites in plants

No. of No. of alleles
genotypes No. of at one or
Crop and species examined Repeat unit foct more ]oci Ref.
Soybean 43 (AT)_ 2 14 26
(Glycine max;, G. soja)
(ATT), 7
(CA/GT)_ 3
(AT), — 1
| (ATT), — |
Glycine max 10 (AT), 1 8 29
07 (TAT), 1 7
Glycine max; 12-61  (AT), 3 23 85*
Glycine soja (CN),, 1 4
(AT)(AAT), 1 4
(TA),, i 7
(TAT),, l 7
Glycine max — 1 23 86
96 (AT), 3 21-26 79
(ATT), 4 11-19
Phaseolus 20 (CA), QOccurs 83
(18 species) (CAC), in all
(GATA), species
(GACA), Occurs in
13 species
Grapevine 26 Imperfect (A), ] 8 30
(Vitis sp.) Imperfect (TAA),
Perfect (GA), 1 13
(GTAT), (GT), 1 4
Perfect (AG) 1 9
Perfect (GT), l 12
Arabidopsis thaliana 6 (AT), 2 9 42%
(A), 2 9
(CA) 1 3
(AG), 6 23
(GA), 14 57
(CT), 4 19
(TO), ] 3 -
Rapeseed 8 (CA),, (CT),, (GTQ),, — — 81
(Brassica napus L.) (GACA),, (GGAT),,
(GATA),
(GA), I SSR/100kb DNA 87
(CA), 1 SSR/400 kb DNA
(GATA), 1 SSR/560 kb DNA
4 (AAG), 10 2 88
(ATG),, (GTG), 2 3
Maize 8 (CT), 4 31+
(Zea mays) (AQ), L
(GCT) l
Wild and cultivated barley 4 33, 28, 37 o*
(Hordeum vulgare)
Wheat 18 (GA), 15 4.6 41
(Triticum aestivum) (GT), (2-7)
40 23 6.2 39
(3-16)
(GA), 8 3-16 40
(GT), 4 3-6
Compound 1 3-9

memwmm
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Table 2. (Contd)

No. of No. of allcles
genotypes No. of at one or
Crop and specics examined  Repeat untt loci more loci Ref.
Rice 20 TAA(GA),A(GA), I 6 32
(Onyza sp.) A(GA), TTGC
AAC(GA), AGTAA ! I1]
CTCTAT(GT),TTT | 5
(GTN)  ,TT(GT),CGAC I 9
GGAA(GA),GGGG | 8
CGO(T) (G, TTC i 8
CT(GA), GG 1 8
GT(GA),TAG(ATC), 1 6
16 (GGC), 1 6 14*%, 15*
Onza sativa 238 CT(GA),GGT, 10 2-14 33*
GCT(GGT),,GCA
Onyza sativa and > 15 (TG),,. (GT),, (GAA),, — — 82, 89,
8 other Oryza spp. (CAC),, (GATA),, 90
(GGAT),, (GACA),
Scashore paspalum 46 (GA),, (CA} 5 14 91
(Paspalwn vaginatum) (6-16)
Wild yam 19-23  (CT),, 1 6 35
(Dioscorea tokoro) (CT),  T(CT),-
T(CT,T(CT),T(CT), ] 9
(CT), TT(CT), 1 4
(AT), 3
(GT),GAG(GA),-
TAATACAGT(AAT), 1 7
(TA),,(CA),, ] 8
Tomato 84 GATA, GACA 32 73*
(Lycopersicon esculentum X
L. pennellii—F,)
Six angiosperm tree species 6 | per 15-200 kb 25
Bur oak (CA),, (GA), 3 11-20 92
(Quercus macrocarpa)
Pinus radiata 96 (GA),,, (CA), 2 6 37

*In these studies different loct have also been mapped.

Table 3. Terminology of microsatellites

Category (Weber’) Examples (Smith and Devey’’)

Perfect (CA),,
Compound (perfect) (TA),, (CA),,
Imperfect TAAT (TAA);, AATATAATA

that the number of repeats below 12 usually showed very
low levels of polymorphism. However, the number of repeats,
below which the degree of polymorphism would dramatically
drop off may be lower in rice than in humans®,

Development of microsatellite markers

Microsatellite arrays being shorter in length than mini-
satellites are easy to clone, sequence and amplify through
PCR. New microsatellites can be cloned directly from
total genomic DNA libraries or libraries enriched for

specific microsatellites™*”. For this purpose, genomic

43

libraries with relatively small clones may also be
generated in sequencing vectors by ligating the sequenc-
ing vector with genomic DNA restricted with frequent
cutting enzymes. The library can subsequently be
screened for microsatellites by hybridization with repeti-
tive oligonucleotide probes, and the positive clones
identified on screening can then be sequenced. A more
efficient way of microsatellite enrichment of genomic
library has recently been worked out using the bead-
enrichment method®. For libraries of larger insert sizes,
either the positive clones may be subcloned first or a
pair of degenerate sequencing primers may be directly
used, which will anneal directly to the sequences In the
clone, and thus facilitate determination of the flanking
sequences’'. Alternatively, known DNA sequences
(microsatellites) may be searched from the data bases
like EMBL and GenBank™, and flanking sequences
noted (Table 4). Once the flanking sequences are known,
primers may be designed either by manual inspection
or with the help of computer programs™ ¢, While making
a choice for primer, one has to take into consideration

CURRENT SCIENCE, VOL. 70, NO. 1, 0 JANUARY 1996
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Table 4. Simple sequence repeats in gene sequences available in the database*

No. of
SSR Species genes Important gene(s)
(AT),, Antirrhinum majus | tap2 genc
Arabidopsis thaliana 4 aipCl (ATP synthase gamma subunit); chitinase; CRA (storage
protein); ats/A (rbcS)
Hordeum vulgare 1 Rubisco activase
Catharanthus roseus I cyc02 mRNA
Daucus carota l Carrot V-type H+ ATPase gene
Lilium henryi l del transposon gene
Zea mays 2 En-1 mosaic protein; ZC2 (Zein)
Pisum sativum 2 gpal (GAPDH); P4 (organ specific)
Solanum tuberosum | Patatin
Oryza sativa 2 Oryzacystatin; phyl8
Glycine max 4 Gy2 (Glycinin); Ibc (leghemoglobin gene); Gmhspl7.6-L (heat
shock protein gene); sc5/4 (gene for lipoxygenase)
Nicotiana tabacum 3 t3-ars; glycine-rich protein gene; nia-I gene for nitrate
reductase
N. plumbapginifolia I Cab-E gene 5'-flanking region
Lycopersicon esculentum 2 Td {(threonine deaminase gene); fruit ripening specific mRNA
Triticum aesttvum 1 Alpha-amylase gene
Cundida albicans I TEF-2 (clongation factor gene)
(CT),, Lemna gibba 5 tbcS genes-SSU26, SSU40A, SSU40B, SSUSA, SSUSB
Zea mays | Gpcl
Ricinus communis 1 R. communis mRNA
Spinacia oleracea i ACPI (acyl camer protein I) mRNA
(GA),, Lemnu gibba I chlorophyll a/b apoprotein gene
Solanum tuberosum ] ST-LS] (Light-inducible tissue-specific gene)
(GT),, Petunia hybrida ] CHI-Bgene (Chalcone flavanone isomerase)
(AAT), Medicago sativa ] Leghemoglobin gene
Petunia hybridu 1 | rbcS gene-SSU491
Lycopersicon esculentum I  Gene for an elongation factor
(ATT), Dolichos biflorus 1 Lectin DB5& gene
Psium sativum I P4 (organ specific)
Glycine max 1 SLPRP! (soybean proline-rich protein gene)
Spinacia oleraceua I mRNA, photosystem I subunit V
Nicotiana plumbaginifolia i ATP2-1 (mt ATP synthase gene)
(AGC), Zea mays 2 GSH glutathione S-transferase 11l mRNA; spontancous deletion
sequence from waxy (wx-B) gene
Oryza sdativa ] Cab2R
Triticum aestivum 5 Gliadin genes (1 gene, 4 c¢ds clones)
(ACC), Candida mualtosa ] Phosphoribosyl- amidoimidazole-succino carboxantide-synthetase
(complete cds)
(TTC), Mesembryanthemum 2 fur-A  (ferredoxin-NADP*  reductase);  ppel  (phosphoenol-
crystallinum pyruvate carboxylase)
Catharanthus roseus ] mRNA for strictosidine synthase
Cucurbita muxima ] Nitrate reductase mRNA
Oryza sativa ] rbeS pene
(ATG), Arabidopsis thaliana 1 aipC2 (ATP synthase gamma subunit)
(TAG), Hordewn vulgare ] 5StRNA gene
(ATC), Pisum sativum | mRNA for cytoplasimic lipoxygenase
1

Sinupis ulba
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Table 4. (Contd)

No. of
SSR Species genes Important gene(s)
(AAC), Diwanthus carvophvilus | l1-amino-cyclopropane-1- carboxylate synthase (CARAcc)
Sorghum bicolor 2 pGK1 (Kafirin DNA); pSK8 (Kafirin mRNA)
Triticum aestivum - 20 Gliadins (mainly cds clones)
T. urartu 2 Gladins (complete cds)
Candida tropicalis 2 cat gene (catalase); POX9 (peroxisomal catalase)
(AAG), Pisum sativum i leg] (legumin)
(GGT), Cucurbita maxima l Nitrate reductase mRNA
Candida tropicalis I POX2 (complete cds)
(GCT), Hordeum vulgare I mRNA for ADHI
Triticum aestivum | Alpha-Amy 12/34 gene 5'- region
(GCA), Zea mays | Spontaneous deletion sequence from waxy (wx-B) gene
Trittcum aestivim ~ 8 Gliadin genes (mainly cds clones)
(CCG), Sorghum vulgare | Hydroxyproline-rich glycoprotein gene
(GGC), Zea mays 1 Albumin b-32 mRNA
(ACAT), Lemna gibba 1 Chorophyll a/b apoprotein gene (cds)
(AATT), Pisum sativum 1 52 (organ spectfic)
Solanum tuberosum 3 Patatin genes (three clones PS3, PS27, 5B6B)
Oryza saliva l Waxy gene for glycogen synthetase
Lycopersicon esculentum | Dispersed repeat CR1 associated with Cabl gene
(TTTA), Glycine max 2 Lbcl; nodulin-35
(AAAT), Hordeum vulgare 1 Thiol protease aleurone gene
Oryza sativa 5 Glutelins (DNA and cds clones)
(GGGC), Zea mays I Chloroplast GADPH gene
(ACGG), Zea mays 1 Gpcl (GADPH subunit )
(CATT), Pisum sativum 1 Fed-1 (ferredoxin I)
(ATAC), Sorghum vulgare 1 Hydroxyproline-rich glycoprotein gene
(TATG), Glycine max 1 Gy3 (glycinin subumt G3)
(ATAG), Lemna gibba 1 Chlorophyl a/b apoprotein gene (complete c¢ds)
(GTGA), Glycine max i Teml (seed lectin gene transposable element)
(CGCT), Zea mays | Chloroplast GADPH gene (cds)

*Compiled from data supplied by Susan McCarthy, Co-ordinator, Plant Genome Data and Information Centre,

National Agricultural Library, Beltsville, USA.

firstly, the melting temperature of primer DNA (based
on GC content) permitting optimum PCR amplification
conditions and secondly, the nucleotide sequence of the
primer, that should avoid self-annealing.

After PCR amplification, products may be separated
by electrophoresis on agarose gels and visualized by
ethidium bromide staining. For better resolution and
detection of smaller differences in amplified products,
polyacrylamide gels and silver staining are preferred.
Microsatellite products can also be labelled by *’P or
S to allow their visualization by autoradiography.
Reducing the number of reaction cycles may also improve
the resolution. Denaturation gels containing formamide
and urea may be used to eliminate heteroduplex formation
or spurious conformations. Resolution may also be im-

50

proved by the fluorescent labelling of PCR primers, so
that the different alleles can be distinguished by quan-
titative differences in the relative intensities of fluores-
cence in the corresponding bands. Overlapping products
may also be sometimes obtained due to amplification
of alleles of same length at different loci through the
use of different sets of primers. These may be resolved
if different fluorescent dyes are used with different sets
of primers, so that computer analysis of the output
signal from scanning laser enables distinction between
different overlapping primer products, due to different
characteristic wavelengths of different dyes. Simultaneous
amplification of different loci by multiplex PCR has
also been facilitated by the use of different fluorescent
dyes for different primers associated with different locu.

CURRENT SCIENCE, VOL. 70, NO. 1, [0 JANUARY 1996



REVIEW ARTICLE

Applications

Marker-assisted selection in plant breeding

One of the basic requirements in any plant breeding
exercise is the ability to screen large segregating popula-
tion for a desirable trait. Since several of these desirable
traits, particularly the quantitative traits are influenced
by environment, the visual selection or selection based

on phenotypic estimations may not be effective. In other -

cases, a phenotypic trait like disease susceptibility may
not express, if suitable environment is not available,
and during pyramiding of resistance genes, selection for
additional resistance genes may not be feasible in the
presence of an already existing resistance gene. In still
other cases, the contrasting forms may not be distin-
guishable at the seeding stage, making it necessary to
grow population up to the adult stage before exercising
selection. Raising large populations up to the adult stage
for mere selection needs effort and expense, and there-
fore, a plant breeder would like to exercise selection
at the seedling stage itself, if feasible. These difficulties
can be largely overcome, if molecular marker-assisted
plant breeding is exercised.

During the last more than ten years, it has been
emphasized that DNA-based molecular markers can
actually be used to facilitate plant breeding®®, which
i1s sometimes described as ‘molecular breeding’. For this
purpose, initially restriction fragment length polymor-
phisms (RFLPs) were proposed and used for genetic
mapping in a number of crop plants. Subsequently,
several other PCR-based molecular markers including
random amplified polymorphic DNAs (RAPDs) and
microsatellites or SSRs were suggested and utilized.
Table 5 gives advantages and disadvantages of these
different molecular markers. The use of these molecular

markers is, however, determined by several factors, a
major factor being whether their use is cost effective.

Since the use of RFLPs and RAPDs in plant breeding
has been discussed in many reviews %, no attempt will
be made here to discuss their use. It has been emphasized
in recent years that RFLP markers are not particularly
suitable for plant breeding, which requires screening of
large populations, although Southern blotting has now
been automated. Instead, increasing interest in the use
of microsatellites has been witnessed (particularly the
dinucleotide repeats), in view of their ubiquitous
presence, abundance and hypervariability. Even though
the cost of Tag polymerase used in PCR amplification
of microsatellites may limit its use at present, but the
price of this enzyme is expected to fall in due course®.

For genetic diagnostic in plant breeding, even though
a complete automation may take time, some automation
has already been achieved for DNA extraction at the
rate of 5-10 pug of DNA per tissue sample per minute.
In several laboratories, gel loading, visualization and
image recording have also been automated. Documen-
tation and analysis of results can also be automated.
Computer softwares have been developed to handle data
generated from molecular marker-assisted assays on large
populations. However, no reliable and completely auto-
matic system (involving steps from DNA extraction up
to data analysis) is available so far, but should be
developed in due course of time™.

Genome selection during gene introgression in
plant breeding

The use of minisatellites has also been recommended
for facilitating gene introgression in plant breeding
programmes®. In such a breeding programme, F, hybrid
i1s backcrossed repeatedly to the recipient parent with

Table 5. Comparison of microsatellites with RFLP and RAPD markers

Characteristic RFLP

RAPD Microsatellites

Principle involved DNA blot hybridization

Type of polymorphism Single base changes; insertions;

deletions

Genomic abundance High

Level of polymorphism Medium

Inheritance Codominant

Amount of DNA required 5-10 pg

Sequence information required No

Radioactive dcetection required Yes/no

Development costs Mediuin

Stant up costs Medium/high

Detection Autoradiography; biotin
labelling
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PCR amplification of simple
sequence repeat loct

PCR amplification with random
primers

Single base substitutions; Variation in number of repeat

insertions; deletions motifs

Very high Medisim

Medium High

Dominant Codominant

10-25 ng 50-100 ng

No Yes

No No

Medium High

Low High

Ethidivm bromitde: silver Ethidium bromide; stlver
staining; fluorescence staining, fluorescence
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an ohjective to restore the genome of the reciptent
parent with introgressed trait included in it. The number
of backcrosses in this programme can be reduced through
the use of polymorphic markers scattered in the
genome’ !, For this purpose the use of highly polymor-
phic minisatellite loci consisting of variable number of
tandem repeats (VNTRs) of relatively short sequences
mentioned earlier has been recommended. The probes
into these minisatellites reveal DNA patterns which can
be used as ‘DNA fingerprints’ as done in rice®. However,
the complex hybridization patterns and preferential
localization {(telomeres) makes their use limited as
molecular markers. DNA fingerprinting using synthetic
oligonucleotides (representing di-, tri- and tetranucleotide
repeats™) can, therefore, be used for this purpose.

In view of the above, we feel that since microsatellites
can be used for ‘DNA fingerprinting’, they can also be
used for genome selection during the introgression breed-
ing programme. The genome selection is based on the
assumption that the genomes of recipient and donor
parents can be tagged with the help of DNA fingerprints.
Therefore, the efficiency of genome selection 1s propor-
tional to the faithfulness of genome tagging, if genome
tageing is used for selecting individuals in the tails of

the distributions in backcross generations.
Genome mapping

During the last more than ten years, molecular maps
based on DNA markers have been prepared in several
crops, some of them being available now 1n a fairly
saturated state, Genes for many phenotypic traits have
also been added to these maps, providing composite
maps having molecular markers as well as genes for
specific traits. In some cases, this has also led to the
establishment of close linkage between specific genes
and specific molecular markers, so that the molecular
markers can be used for diagnostics during screening
of segregating populations or diverse germplasm.
Availability of a saturated genetic map for a crop also
allows map-based cloning and subsequent isolation of
desirable genes. Since many related genomes (for ex-
ample, human and other primates; chickpea, lentil and
pea; Triticeae members) show synteny, markers
developed for one genome can be used for other related
genomes. The most commonly used markers for this
purpose are RFLPs, although in recent years RAPDs
have been added and RFLPs have been converted into
STSs (sequence tagged sites). Only very recently a
beginning has been made to use microsatellites for
genetic/physical mapping (Table 2). In wheat, recently
Devos et al.”® have shown the potential of microsatellite
sequences as a PCR-based alternative to RFLP markers.
The study on the application of two microsatellite
sequences (one in a y-gliadin pseudogene and the other

52

one in LMW-glutenin gene) in wheat storage proteins
as molecular markers revealed that these sequences are
genome specific and displayed high levels of variation.
Further, the study revealed that even within multigene
families, minor sequence variation in the microsatellite
flanking regions can be exploited to construct highly
specific primer sets, as was demonstrated with the
v-gliadin gene family®.

An evaluation of the sequence tagged site markers
for genetic analysis has been done in Cirrus and related
species®®. The study gives details of the properties of
two STMS loct that were 1solated using bead enrichment
method’”. In addition, the extent of primer sequence
conservation across the range of Citrus species and
species of other related genera was examined to determine
the utility of STMS markers for mapping through inter-
generic crosses and for comparative genome analysis.
During this study, most of the major species of Citrus
likely to be used in breeding programmes, were ex-
amined. Since the markers were present and were
polymorphic in all species, they appear to be ideal to
assist in tracing both monogenic and polygenic traits in
future. _

Various computer programs are available that calculate
recombination values and map distances which are then
used to create genetic maps. LINKAGE-1 (ref. 67) 1s
based on chi-square analysis and only allows the evalua-
tion of pairwise (two-point) analyses of recombination
values. GMENDEL® uses a log-likelihood method or
G statistics. JOINMAP® accepts data with different
expected segregation ratios and integrates data from
different populations. MAPMAKER" performs multi-
point analyses using maximum likelihood in F, and
backcross generations. In some recent studies, a high
degree of reproducibility and accuracy in allele size
determination was achieved using the GENESCAN
automated software®®’!. Recently, DRAWMAP’? has also

been developed for drawing genetic linkage maps.
The first attempt to use microsatellites for genetic
mapping was made by Zhao and Kochert'*'"” in rice,
using (GGC) microsatellite. During the last two years
several other reports of genetic mapping using microsatel-
lites have become available (Table 2). A prerequisite
for genetic mapping is the identification of microsatellite
loci, an objective that can be achieved by screening
either the available DNA sequences from the data bases,
or the genomic libraries. Both the above approaches
have actually been used for designing primers used for
microsatellite amplification, although several of these
studies were meant for a study of polymorphism at
microsatellite loci, rather than for genetic mapping. In
tomato, however, GATA-containing microsatellites were
detected with the oligonucleotide probe (GATA), by
Vosman et al.’’. These microsatellite loci were used for
mapping on the existing map having 51 RFLP markers
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Table 6. Gene tagging using microsatellites

Crop Gene tagged Ref.
Glycine max (soybean) Soybean mosaic virus resistance 34
Oryza sativa (rice) Yield (QTLs) 38

covering all chromosomes. No PCR amplification was
involved, so that no primers were designed. Only 44
plants out of the 84 plants drawn from F, population
derived from Lycopersicon esculentum (allround) x L.
pennellii (LA 716) and earlier used for the above RFLP
map, were used for mapping 32 microsatellite loci
containing GATA and GACA repeats’™.

Gene tagging

Although there ar¢ numerous examples of tagging im-
portant genes in crop plants employing RFLP and RAPD
markers, only two examples are available till date where
microsatellite markers have been used for gene tag-
ging®*** (Table 6). Efforts are under way in this direction
and many more genes will be tagged using microsatellite
markers in the near future.

To find a molecular marker linked to a particular
monogenic trait, one need not necessarily require a
saturated genetic map. One can make use of near isogenic

lines"*™ or follow the approach of bulked segregant
analysis’®"’,

Cultivar identification, estimation of genetic
relatedness and germplasm conservation

In the past, hybridization based (involving minisatellite
and SSR probes) and PCR-based (RAPDs) fingerprinting
methods™ have been used for identification of plant
cultivars as well as in areas like plant propriety rights
protection, etc. Moreover, assessment of genetic diversity
among cultivars and their wild relatives has recently
attracted increased attention in efforts to cope with the
commonly encountered reduction of diversity due to the
practice of growing monocultures. Therefore, efforts to
characterize existing germplasm and available genetic
diversity are warranted. Considering advantages available
with microsate}lite markers, these markers are certain
to find increased usage in efforts to quantify genetic
diversity and to characterize accessions in plant
germplasm collections. The usefulness of these markers
for germplasm characterization has been demonstrated
for sweet potato”, soybean™, rapeseed®, rice®™® and
phaseolus®. Primers representing a combination of two
tetranucleotides or compound microsatellites, are equally
etfective for characterization of germplasm. The polymor-
phism obtained may be used to distinguish individual

CURRENT SCIENCE, VOL. 70, NO. I, 10 JANUARY 1996

plant varieties™. Although the development and use of
SSR markers require an investment in funds and facilities,

the utility of these PCR-detectable genetic markers clearly
warrants it.
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