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Abstract Simple sequence repeats (SSRs), also known as
microsatellites, are highly variable DNA sequences that
can be used as markers for the genetic analysis of plants.
Three approaches were followed for the development of
PCR primers for the amplification of DNA fragments con-
taining SSRs from sorghum [Sorghum bicolor (1.)
Moench]: a search for sorghum SSRs in public DNA data-
bases; the use of SSR-specific primers developed in the
Poaceae species maize (Zea mays 1.) and seashore pas-
palum grass (Paspalum vaginatum Swartz); and the screen-
ing of sorghum genomic libraries by hybridization with
SSR oligonucleotides. A total of 49 sorghum SSR-specific
PCR primer pairs (two designed from GenBank SSR-con-
taining sequences and 47 from the sequences of genomic
clones) were screened on a panel of 17 sorghum and one
maize accession. Ten primer pairs from paspalum and 90
from maize were also screened for polymorphism in sor-
ghum. Length polymorphisms among amplification prod-
ucts were detected with 15 of these primer pairs, yielding
diversity values ranging from 0.2 to 0.8 with an average
diversity of 0.56. These primer pairs are now available for
use as markers in crop improvement and conservation ef-
forts.
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Introduction

The use of molecular markers has become widely accepted
as a valuable tool for plant-breeding programs as well as
for evolutionary and conservation studies. Simple se-
quence repeats (SSRs), also known as microsatellites, are
a relatively new class of molecular markers based on tan-
dem repeats of short (2-6 bp) DNA sequences (Litt and
Lutty 1989). These repeats are highly polymorphic, even
among closely related cultivars, due to mutations causing
variation in the number of repeating units. Variations in
tandem repeat length accumulate in populations more rap-
idly than the point mutations and larger insertion/deletion
events responsible for most restriction fragment length
polymorphisms. Different alleles can be detected at a lo-
cus by the polymerase chain reaction (PCR), using con-
served DNA sequences flanking the SSR as primers.

SSRs offer a potentially attractive combination of fea-
tures that are useful as molecular markers. First, SSRs have
been reported to be highly polymorphic and thus highly in-
formative in plants, providing many different alleles for
each marker screened, even among closely related individ-
uals (Akkaya et al. 1992; Saghai- Maroof et al. 1994). Sec-
ond, SSRs can be analyzed by a rapid, technically simple,
and inexpensive PCR-based assay that requires only small
quantities of DNA. Third, SSRs are co-dominant and sim-
ple Mendelian segregation has been observed. Finally,
SSRs are both abundant and uniformly dispersed in both
human (Weber 1990) and plant genomes (Lagercrantz et
al. 1993; Wang et al. 1994, Akkaya et al. 1995). The pri-
mary disadvantage of SSRs as molecular markers is the
cost and research effort required to clone and sequence
SSR-containing DNA fragments from the plant species of
interest.

The goal of the present project was to identify highly
polymorphic SSRs in sorghum [Sorghum bicolor (L.)



Moench] and to create PCR primer pairs that could be used
to determine genotypes of large numbers of germplasm ac-
cessions. Molecular characterization could help curators
to identify redundancies and gaps in sorghum collections.
These data would also allow the clustering of accessions
by a neutral genotypic measure, which could facilitate the
creation of core subsets from large collections and would
be highly valuable to breeders and other users of the col-
lection.

To develop sorghum SSR markers, a strategy of con-
structing genomic libraries, screening by hybridization
with SSR probes, and sequencing positively hybridizing
clones was followed (Condit and Hubbell 1991; Thomas
and Scott 1993; Lavi et al. 1994). Because library screen-
ing and sequencing are laborious and costly, two additional
methods to identify SSRs were investigated. First, a search
was conducted for SSRs in public sequence databases. Sec-
ond, as suggested by recent work using maize (Zea mays
L.) RFLP probes in sorghum (Hulbert et al. 1990; Whitkus
etal. 1992; Pereira et al. 1994), primer pairs designed from
sequence information in maize and seashore paspalum
(Paspalum vaginatum Sw.) were tested for the ability to
amplify SSRsin sorghum. Several investigators have dem-
onstrated the amplification of SSRs across genera of mam-
mals (Moore et al. 1991; Ammer et al. 1992; Kondo et al.
1993) and plants (Kresovich et al. 1995) using conserved
primers. This three-pronged approach of database search,
inter-species homology, and the screening of genomic li-
braries could be applied to the development of SSR mark-
ers for any plant species. Based on the results of our ef-
forts to develop SSR markers for sorghum, an analysis of
the relative merits of these three approaches is provided.

Materials and methods
Plant material

Seventeen sorghum lines and maize breeding line B73 were used in
this study as the primary screening array to measure the diversity of
sorghum SSR markers. The sorghum lines included temperately and
tropically adapted material representing B lines (male sterility main-
tainers): Martin, B97E, B68181, BSD106, BTx8618; and R lines
(male fertility restorers): 38 M, 58 M, RTx430, RTAM428, GC103,
GC104; as well as converted accessions originally from Africa and
India: SC326 (IS 3758), SC414 (IS 2508), SC574 (IS 8337), SC599
(IS 17459), SC689 (IS 2729), SCO71 (Stephens et al. 1967). All are
photoperiod-insensitive genotypes. A second array of four geneti-
cally dissimilar sorghum lines, B35 (Scheuring and Miller, 1978),
Tx7000 (Karper 1949), CK60 (Karper 1953), and P1229828 (Perei-
ra et al. 1994), were screened with the sorghum SSR markers to de-
termine if additional polymorphisms could be found in a more di-
verse spectrum of sorghum germplasm.

Database screening of sorghum sequences for SSRs

A search was performed using the FINDPATTERNS program in the
GCG package (Wisconsin Sequence Analysis Package, Version 7.3,
Genetics Computer Group, Madison, Wis. 1994) on all sorghum se-
quences included in GenBank and EMBL updated until 7/27/94
[GenBank release 83.0 (6/94), GenNew (to 7/25/94), and EMBL
(modified) release 38.0 (3.94)] for all possible di-, tri-, and tetra-nu-
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cleotide repeats with six or more repeat units. Primer pairs were de-
rived from these sequences using the DesignerPCR™ program (Re-
search Genetics) and synthesized on an Applied Biosystems Inc. 392
nucleic-acids synthesizer.

DNA extraction

Plants were grown from seed for 3—4 days in the dark, then etiolat-
ed hypocotyls were harvested and lyophilized. Dry tissue was ground
into a fine powder, using a mortar and pestle and liquid nitrogen.
DNA was extracted using the CTAB method of Saghai-Maroof et al.
(1984), then further purified by an RNase digestion followed by ex-
traction with phenol/chloroform/iso-amyl alcohol (25:24:1) and eth-
anol precipitation.

Library construction and screening

A size-selected sorghum genomic library was constructed in the vec-
tor LambdaZap II™ (Stratagene). Genomic DNA from cultivar
RTx430 was digested with EcoRI. Fragments sized 200-600 bp were
isolated from low-melting agarose (Sea Plaque™, FMC) with the
Prep-A-Gene™ kit (Bio-Rad) and ligated into the EcoRI site of
LambdaZap II™, followed by packaging with the Gigapack Gold™
packaging extract and transfection of XL1-Blue cells (Stratagene).
Each ligation/packaging reaction produced approximately 150000
recombinant clones.

The phage library was screened by plaque hybridization with a
mixture of radiolabeled (GA); and (CA),, (GAA),, (ATT),, and
(ATTT)s oligonucleotides. Probes were prepared by random hexam-
er labeling with 3?P-dATP (Feinberg and Vogelstein 1983) using the
Random Primers DNA Labeling Kit (GIBCO/BRL). For screening,
phage clones (2000 plaques/150-mm plate) were lifted onto nylon
filters (Magna Lift™, MSI Inc.), denatured, and fixed by baking at
80°C for 1 h. Filters were hybridized in 6XSSPE, 1% SDS at 55°C;
washed twice in 2xSSPE, 0.1% SDS at 55°C; washed once in
I1XSSPE, 0.1% SDS at 55°C, then autoradiographed.

Positive clones identified by the plaque hybridization assay were
converted to pBluescript™ plasmids by in vivo excision (Stratagene
protocol). A set of four plasmid clones derived from each positive-
ly hybridizing plaque were then screened by colony hybridization,
using the same probe mixture as in the plaque hybridization, to con-
firm the presence of SSRs. Plasmids with SSR-containing inserts
were sequenced on the Applied Biosystems Inc. 373 automated se-
quencer using the dye terminator cycle sequencing kit (Perkin El-
mer).

PCR analysis

Sorghum and seashore paspalum PCR primer pairs were designed
from sequence flanking SSRs using the Designer PCR  program (Re-
search Genetics) and synthesized on an Applied Biosystems Inc. 392
nucleic-acids synthesizer. Pairs of primers (length 15-30 bp) were
designed with the annealing temperature (T ) limited to 55-65°C,
the T, variance limited to 3°C, and the product length in the range
of 85-400 bp. Maize SSR-specific PCR primer pairs (from SSR se-
quences identified in GenBank) were designed using the program
Primer 0.5 (provided by S. Lincoln, M. Daly and E. Lander, Cam-
bridge, Mass.). Seashore paspalum SSR-specific PCR primer pairs
were provided by Z. Liu, USDA-ARS, Griffin, Ga. (Liu et al. 1995).
All PCR reactions were performed on a Perkin Elmer 9600 thet-
mocycler in 25-ul volumes containing 50 ng of sorghum genomic
DNA, 10 pmol (50 ng) of each primer, 2 mM MgCl,, 40 uM each
dNTP, 1x PCR buffer [SO0 mM KCl, 10 mM Tris-HCI pH (8.0),
10 mM NaCl, 0.01 mM EDTA, 0.5 mM DTT, 0.1% Triton X-100],
and 0.5 units of AmpliTag™ DNA polymerase (Perkin Elmer).
Each pair of primers was initially screened for amplification of
a specific product from sorghum genomic DNA, using a 65-55°C
“touchdown” PCR technique (Mellersh and Sampson 1993). The an-
nealing temperature for the initial 18 cycles was decreased by one
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degree every two cycles from 65°C to 56°C, followed by 20 cycles
at 55°C [94°C-4 min initial denaturation; 94°C-30 s, 65-56°C-30 s,
72°C-1 min, for 2 cycles at each temperature; then 94°C-15 s, 55°C-
30 s, 72°C-1 min for 20 cycles; and 72°C-10 min final extension].
DNA fragments produced by these amplifications were separated by
electrophoresis in 3% Metaphor™ (FMC BioProducts) agarose gels
and stained with ethidium bromide.

In order to obtain more precise estimates of fragment sizes and
to identify small size differences between fragments, polymorphic
PCR products were electrophoresed on 8% non-denaturing polyacry-
lamide gels stained with ethidium bromide. A simplified PCR pro-
tocol with the number of cycles reduced to 25 and a constant 55°C
annealing temperature [5 min-95°C initial denaturation, (95°C-30s,
55°C-45 s, 72°C-60 s) for 25 cycles, and a 72°C-10 min final exten-
sion] was used for amplifications that were separated on acrylamide.

All fragment sizes were estimated based on linear interpolation
from the GIBCO/BRL 1-kb size marker. The level of polymorphism
of each marker was estimated with a diversity index D [D=1-2p? in
which p, is the frequency of the i* SSR allele (Saghai Maroof et
al.1994)].

Results
Database search

The database search resulted in two positive matches, cor-
responding to locus SBKAFGKI1 (accession # X16104), a
kafirin gene, and locus SVHRGPG (accession # X56010),
a hydroxyproline-rich glycoprotein gene. As reported in
the database, SBKAFGKI1 contains an (AAC), repeat and
SVHRGPG contains a (CGC),. Both database entries had
sufficient flanking sequences to allow primer design. The
primer pair flanking the SBKAFGK1 SSR locus amplified
a fragment that exhibited length polymorphisms across a
test array of 17 sorghum lines. Primers for SVHRGPG am-
plified a fragment that was monomorphic in the test array.

Use of maize primers to amplify sorghum SSRs

Twenty three primer pairs generated from SSRs found in
maize GenBank sequences were screened on sorghum lines
(Table 1) using touchdown PCR (65~55°C). These amplifi-
cations yielded a variety of results: (1) no products, (2)
multiple products ranging from 20 to >1000 bp [similar to
the pattern of bands produced from single primer RAPD
(random amplified polymorphic DNA) amplifications], (3)
a discrete monomorphic band, or (4) a discrete polymor-
phic band. Only one primer pair (ZM-ADH2N) produced
discrete, reproducible bands that were polymorphic in the
test array of 17 sorghum lines (Figs. 1,2). Southern blots
of these fragments, using an SSR oligonucleotide as a
probe, verified that the polymorphic products produced by
primer pair ADH2N and from some of the monomorphic
primer pairs contained SSRs (data not shown).

In parallel work, an additional set of 67 maize SSR-spe-
cific primer pairs derived from GenBank sequences was
tested on a panel of four genetically dissimilar sorghum
lines (B35, Tx7000, CK60, and PI1229828). All had been
previously determined to be polymorphic in maize (M.L.
Senior, unpublished data). Forty-three of the amplifica-

tions yielded a product from sorghum similar in size to that
in maize; 12 amplifications showed polymorphism among
the four sorghum lines.

Use of seashore paspalum primers to amplify sorghum
SSRs

A total of ten primer pairs, previously identified as poly-
morphic in seashore paspalum (Liu et al.1995), were
screened on a panel of 17 sorghum lines. None of these
primer pairs yielded discrete products in sorghum similar
in size to those observed in seashore paspalum. Multiple
band patterns (similar to the products from RAPD reac-
tions) were produced and no clear polymorphisms were de-
tected among lines.

Library screening

Approximately 120000 lambda clones were screened by
plaque hybridization using a combination of (GA),,
(CA) p, (GAA)4, (ATT),, and (ATTT)s oligonucleotides as
radiolabeled probes. Only 3-5 positives per filter (approx-
imately 2000 plaques/filter) were found in the initial
screening, an efficiency of approximately 0.2%. A second
screening of these positive clones by hybridization to ex-
cisedinserts (in pBluescript plasmids)eliminated approx-
imately 70% as false positives. The remaining clones were
sequenced. Approximately 30% of sequenced clones were
suitable for the design of primer pairs flanking an SSR.
Clones were rejected as unusable due to insufficient flank-
ing sequence, repeats that contained too few tandem cop-
ies (<14 bp), or severely imperfect repeats. A total of 146
clones were isolated and sequenced from the sorghum ge-
nomic library, yet only 47 of these sequences were suitable
for the synthesis of primer pairs flanking SSRs.

Similarities between the sequences of sorghum SSR
clones isolated from the library and entries in the GenBank
database were determined by the BLAST Jlocal similarity
search program (Altschul et al. 1990). Only regions flank-
ing the SSR were used for BLAST searching to avoid spu-
rious homology with other SSRs. Surprisingly, none of the
database entries homologous to these flanking regions con-
tained SSRs themselves. The most significant similarities
were found with sorghum, maize, and rice nuclear genes,
¢DNAs and chloroplast sequences. However, several
highly significant homologies to human and other se-
quences were detected (Table 2). In all cases where the ho-
mology between SSR-containing sorghum clones and
known genes was strong enough to permit an alignment,
the SSRs were found to be located outside of coding re-
gions.

Fifteen of the forty seven primer pairs (32%) amplified
putative polymorphic loci in the test array of 17 sorghum
lines; 21 pairs (45%) were monomorphic; and 11 pairs
(23%) produced either no amplification product or multi-
ple bands. All monomorphic and polymorphic PCR prod-
ucts were found to have similar sizes to that predicted from



Table 1 Sorghum DNA amplified with maize SSR-specific primers®
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Primer ID# Primer sequenceb Product size Maize size Notes

MZE-BZIP F:ACTGTTCCACCAAACCAAGC 175 150 Monomorphic
R:TCCTCCTACTCCACCTGGTG

ZM-GPC1 F:CCTCTACTCGCCAGTCGC None 148
R:TTTGGTCAGATTTGAGCACG

ZM-ADH2N F: TGCGAAGAAAGCAGTAGCAAA 200 149 Polymorphic
R:TGGAGGTAGAAGACGCACG

MZE-TPI1 F:CCCCTTGTCTTTCTTCCTCC None 115
R:CGATTAGATTGGGGTGCG

MZE-TRACTB F.CGAAAGTCGATCGAGAGACC None 120-130

(CT) R:TTTATTTACCGGCTTTCTGGG

MZE-TRACTB F:ACATGAGCTGACGACGAGC None 150

(ACGT) R:ATTTCATTGTCTGTTCGGCC

MZE-PPDKA2 F:TAATTTAAACACCACACCACCG 500, 100-200 Polymorphic and
R:ACACACGCCAAAGAAAAACC 200-300 Monomorphic bands

ZM-GLB10 F:AGGAACCCGGAATCGTTC None 142
R:CAACGCGATCGATGTGAG

ZM-GPAI F:CTACCACCGTGCCACTCC 500 108 Monomorphic
R:GCTAGAGTGCAAGCCAAACC

MZE-ZEINP F:GGATGATGGACGTGCAGTC None 150
R:CTGGTACTGGTAGAGTCCACCC

MZE-GSTIAL F:CCCTCTCCCTTTCCCTTTC None 100-200
R:GAAACAAAACCCATCGCG

MZE-WXBA F:TGTGGAAGTGGAGCCCAG None 130150
R:TGCTAGCTGCTGCTGGTG

MZE-PPR F:CCTGTTCGACATGGACTGG None 120130
R:AGCCGTCAGAACGAGTCG

MZE-CAT3GN F:-TCGCCAGGAACAAGAGAAAT None 100

(AT) R:ATTCTCCCGCATAGATGTGC

MZE-CAT3GN F:CATGAAGGCAAACATGTGATG None 110-120

(ATT) (nc020) R:TCGATACACATCCATCTTCAGG

MZE-CAT3GN F:AGCGACTTTGACGTTTCGAT 250 100 Monomorphic

(ATTT) R:CGCGCAGTTCTTTCTTGTGA ’

MZE-MTMSODC F:TACGCACCTACGAGAGTCGA None 170-180
R:CGAAGTCGTAGGAGAGGTCG

MZE-PLBH F:AGGAGGATCTCATCGTCCG 200 150 Monomorphic
R:CATTATCTGTTCGGCCCG

MZE-TNENSPM F:GGATGATTTTTTCATAGGCTCG None 140
R:CCGTCACCAATTGCTAACCT

ZM-2TKZNA F:TCTTTATAATCAACCCGCACTC None 130
R:TATATGCCCGTGCATTGCTA

ZM-MAYSPG F:CCTGTTCGACATGGACTGG 250 175 Monomorphic
R:AGCCGTCAGAACGAGTCG

ZM-GST3 F:-TTACTCCTATCCACTGCGGC None 130-150
R:GTCGAGGCCCTTCTCGTT

ZM-ZC2ZE1 F:GACCTTGGTTGTTGGCTCAT 450 200 Monomorphic
R:CCCTTTCGATCCAGACGTAA

ZM-ZEIN27 F:-TGTTGGCTCCATATTCACACA 550 80~100 Monomorphic

R:TATATGCCCGTGCATTGCTA

% All PCR amplifications were conducted using 65-55°C “touchdown” cycle conditions (Mellersh and Sampson1993).

® From Senjor and Huen 1993; Senior et al. 1995, and unpublished data from M. L. Senior

the sequence of the original cloned genomic fragment (Ta-
ble 3). For each of the polymorphic primers, 2—6 different
fragment sizes were detected in amplifications from the ar-
ray of 17 sorghum lines. When these same 47 primer pairs
were screened on a set of four genetically dissimilar sor-
ghum lines (which were used previously as parents to gen-
erate highly heterozygous F, mapping populations), poly-

morphisms were found with an additional six of the previ-
ously monomorphic primer pairs.

Six primer pairs that initially produced no product were
re-designed based on additional flanking sequences. Two
of these re-designed primers produced monomorphic prod-
ucts and two produced multiple bands, but no additional
polymorphic SSRs were identified.
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Fig.1 Photograph of EtBr-stained polyacrylamide gel of polymor-
phic PCR products from 17 sorghum lines (lanes: I=RTx430,
2=58 M, 3=BTx8618, 4=Martin, 5=38 M, 6=B68181, 7=SC414,
8=B97E, 9=SC326, [0=RTAM428, [I1=SC599, 12=GC104,
13=BSD106, 14=GC103, 15=SC689, 16=SC574, 17=SC971) and
maize line B73 (lane 18) amplified with SSR-specific sorghum prim-
er pair Sb5-085. First and last lanes (labeled M) contain the 1-kb size
marker from GIBCO/BRL

Fig. 2 Photograph of EtBr stained polyacrylamide gel of polymor-
phic PCR products from 17 sorghum lines (lanes: 1=SC971,
2=8C574, 3=SC689, 4=GC103, 5=BSD106, 6=GC104, 7=SC599,
8=RTAM428, 9=SC326, I10=B97E, [I=SC414, [2=B6818],
13=38 M, 14=Martin 15=BTx8618, [6=58 M, [/7=RTx430) and
maize line B73 (lane 18) amplified with SSR-specific primer pair
ZM-ADH2N that was derived from a maize GenBank accession. The
lane labeled M (between lanes 6 and 7) contains the 1 kb size mark-
er from GIBCO/BRL

Table 2 BLAST® similarity re-  Clope Similar database entry Significance =~ Comments
sults for SSR clones of similarity
(P value)
Sb1-13 Maize chloroplast P=1.9e-32 Non-coding region
Sb5-214 Sorghum opaque-2 gene P=7.0e-31 In Ist intron does not include SSR
SB4-034  Rice cDNA S4208 1A P=1.3e-10
Arabidopsis cDNA 163D2T7 P=1.6e-4
Sb1-001 Arabidopsis cDNA VCVCEQ6 P=33e-10
$b5-236 C. lacryma-jobi opaque-2 gene  P=13e-7
Sorghum pepC gene P=0.003
Sb5-30 Human cDNA 83898 P=1.1e-6 Similar to human fatty acid binding
protein
Sb4-032 Human EST 21ES0035 P=1.1e-4
Sb6-306 C. coturnix clusterin gene P=28e-4
Sb6-101 Human cDNA 70854 P=9.6e-3 Similar to human 60S ribosomal

protein L37A

@ Basic local alignment search tool (Altschul et al. 1990)

other Poaceae species; and screening genomic libraries by
hybridization and sequencing of clones. Generalizations
based on these comparisons between the three methods are
subject to the constraints of small sample size, particularly

Discussion

Analysis of the three methods

The efficacy of three methods of obtaining SSR markers
in sorghum was investigated: searching databases; PCR
amplifications with SSR-specific primers designed for

with respect to database searching, but these findings pro-
vide a practical example of three approaches to SSR marker
development.



Table 3 Sorghum SSR primers. P=Polymorphic, M=Monomorphic
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SSRID Primers Top. Repeat Product Size* Type of #of Divergity
product frags. index

SBKAFGK1 F:GCTTTCGGCGAGCATCTTACAA 60  (AAC), 280-320 p 3 0.48
R:GCGGTTGGATTCGCCATG

SVHRGPG  F:CAAGCCGCCCACCTCAACT 61 (CGG)y 150 M 1
R:ATCGATCACCTTCTGCAACACAAA

ZMADH2N F:.TGCGAAGAAGCAGTAGCAAA 60  (AG), 110-120 P 3 0.56
R:TGGAGGTAGAAGACGCACG

Sbi-1 F:'TCCTGTTTGACAAGCGCTTATA 60  (AG), 260-300 P 3 0.47
R:AAACATCATACGAGCTCATCAATG

Sbi-10 F:GTGCCGCTTTGCTCGCA 65 (AG)y 350-400 P 4 0.51
R:TGCTATGTTGTTTGCTTCTCCCTTCTC

Sbl-11 F:CGCAAGGAGAACGCAGAATCC 60  (AG), 275 M 1
R:TGATGCCGTCCAACCCTGAG

Sb1-12 F:AGACCAATCCAGCAATGAGTCC 58 (AG)y 200 M 1
R:AAAATGTTAGGGAGGAGAGGTTGAC

Sb1-11 F:GCCTGTATTGGGCTTAGTCT 57  (AG). 270 M 1
R:CCGCAGCAGCAGAAT

Sb4-7 F:ATTGCTGGAATGGTCAGTC 57  (AG);s 247 M 1
R:TGCCCCAAATGTAGGAC

Sb4-15 F:GCTGCTAAGCCGTGCTGA 57 (AG), 120-130 p 4 0.62
R:TTATTTGGGTGAAGTAGAGGTGAACA

Sb4-22 F:TGAGCCGAAAACCGTGAG 59  (ACGAC)y/ 270-300 P 5 0.66
R:CCCAAAACCAAGAGGGAAGG (AG)g

Sb4-32 F:CTCGGCGGTTAGCACAGTCAC 59 (AG)s 160-180 P 6 0.70
R:GCCCATAGACAGACAGCAAAGCC

Sb4-51 F:ATCCCCTACCAAATGTATCCTAAATC 59 (AG);, 350 1
R:GGGCGACCAAAGGTGTATG

Sb-4-72 F:-TGCCACCACTCTGGAAAAGGCTA 60  (AG), 190 1
R:CTGAGGACTGCCCCAAATGTAGG

Sb4-121 F:GAAAAATCTCCGTCAATCCCAAAATAA 60  (AQ);, 200-225 p 6 045
R:CGCTGAACAACGAAAGGAATAAGTG

Sb4-141 F:GCAGCAGGAATACACACACGAGG 60 (CAG), 375 M 1
R:TACCGCACTACACTACACGAAATCATCT imperfect

Sb5-30 F:CGATAACTCTCTTTCCGATTTT 57  (AAG),// 170 M 1
R:CTCACCTCGTCATTCTTTTCT (AGG)q

Sb5-85 F:AGACGCTTTTCTCTCTCTCTCTCTCTCTCT 60 (AG), 200-225 P 4 0.80
R:TAGCCCTGCCGCATACTGAATG

Sb5-206 F:ATTCATCATCCTCATCCTCGTAGAA 57 (AC)s/ 115-130 P 3 0.21
R:AAAAACCAACCCGACCCACTC (AG)y0

Sb5-208 F2:CTTTGATGCGAAGGCAGT 59 (AG)y 292 M 1
R2:ACTTTTTCCTTTGTCTTCCCCT

Sb5-210 F:-TCAAGGAAAACCGTTCAA 57  (AG) 241 M 1
R:ACCTCCACTCTATCTCTCTCAAT

Sb5-214 F:CGCCGCACCCGTCTA 59 (AG), 174-300 P 2 0.22
R:CGGAGGGGGAACACG

Sb5-226 F:-TCCAGAGGTAGTGGTTTGATAA 55 (AG), 120 M 1
R:AAGACACACGATTACACGAAGAGT

Sb5-236 F:GCCAAGAGAAACACAAACAA 57  (AG),, 165-185 P 3 0.68
R:AGCAATGTATTTAGGCAACACA

Sb5-256 F2:AATTTGCTTTTTGGTCCGTTT 58  (AG)g 169 M 1
R2:TAGCGAAAGACAGTACTAGAGGTCA

Sb5-258 F:TAATCACCTTTGAATCTCCATCTC 58  (AG)y 180 M 1
R:GGGTGGCCACCGAAGAGT

Sb6-34 F:AACAGCAGTAATGCCACAC 60  (ACHCG);s 190 M 1
R:TGACTTGGTAGAGAACTTGTCTTC

Sb6-36 F:GCATAATGACGGCGTGCTC 60  (AG) 155190 P 5 0.73
R:CTTCCAAGTGAAAGAAACCATCA

Sb6-42 F:TTTTCCTCTTTCAGATAACCGTA 57  (AG)s 180 M 1
R:CCCACCAAGGGCATC

Sb6-48 F:AATTCGATCAACTACTTTTTACCA 56 (AG)s 136 1

R:TGCGTTGGGCTCTGC
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Table 3 Continued

SSRID Primers Top:. Repeat Product Size* Type of  # of Diversity
product frags. index®

Sb6-57 F:ACAGGGCTTTAGGGAAATCG 60  (AG); 285-305 P 4 0.46
R:CCATCACCGTCGGCATCT

Sb6-84 F.CGCTCTCGGGATGAATGA 58 (AG)4 170-190 P 5 0.69
R:TAACGGACCACTAACAAATGATT

Sb6-306 F:CACGTCGAAATTAACCCTCACTAAA 56 (TGGA)4 (253) M 1
R:GGAGCGAGCAAGCCTACTG

Sb6-313 F-TTCTTCAGTTCGCACAGCATAA 54 (AC), 128 M 1
R:ACCTGCAGTGCACTTGACTATTG

Sb6-325 F:AGCGCAGGAGCGCGAA 56 (AAG),, 110-140 P 2 0.60
R:TCATCCGCTACTACCGTCAGAAA

Sb6-327 F.TCTCTACAACCAAATTAATAGGTGGGTC 56 (CTT)q 154 M l
R:TCCTTGGACAATACCCCTTACAC

Sb6-342 F.TGCTTGTGAGAGTGCCTCCCT 56 (AC)ys 250-320 P 3 0.31
R:GTGAACCTGCTGCTTTAGTCGATG

Sb6-350 F:TCAGGCAACGGATAACTCATACT 56 (AC); 290 M 1
R:TCCTGCTCCGGCAGTCGAA imperfect

“ Fragment sizes were estimated based on linear interpoloation from the GIBCO/BRL. 1-kB size markers run in the first and last lanes of

two replicate 8% polyacrylamide gels

® Diversity indices were calculated with the formula 1-Y,p?, in which p; is the frequency of the i SSR allele (Saghai Maroof et al 1994)

Database screening was the least costly in terms of time
and resources and has been used as an entry point for the
development of SSR markers in several plant species in-
cluding soybean (Glycine max L.) (Akkaya et al. 1992),
maize (Senior and Heun 1993), Arabidopsis thaliana (Bell
and Ecker 1994), and barley (Hordeum vulgare 1..) (Sa-
ghai-Maroof et al. 1994). However, sorghum is a relatively
poorly characterized species, with only 45 entries avail-
able in GenBank (release 87.0, 1995); thus it was not sur-
prising that a search yielded only two SSRs. Since one of
these two loci was found to be polymorphic, the use of less-
stringent search criteria (including repeats of fewer than
16 bp and imperfect repeats) and additional search strings
(penta-, and hexa-meric repeat motifs) might be worth-
while in other searches for SSRs in the database.

Investigators working on other species should have suc-
cess with database searches in direct proportion to the
amount of sequence information that they can access. Only
in a few cases, such as Arabidopsis (15010 entries), rice
(Oryza sativa 1..) (8 582 entries) and maize (1751 entries),
is there sufficient sequence information currently available
to generate a set of SSR markers suitable for characteriz-
ing genetic diversity. We estimate that 30-50 markers with
diversity index values >0.5 should be adequate to provide
unique genotypes for all accessions in moderately large
germ plasm collections. Database searching alone is un-
likely to yield sufficient SSR markers in any plant species
for mapping or breeding applications (>500 markers).
However, cDNA and other sequencing projects are rapidly
contributing additional sequence information to public
databases for certain species, thus allowing more SSR loci
to be found by database searches.

Estimates of the number of SSR markers required for
characterizing germ plasm collections or for providing cul-

tivar identification are based on the combined discrimina-
tion power provided by multiple markers. This discrimi-
nation ability is dependent on the assumption that alleles
of one marker are not linked to alleles of other markers
across any significant sub-fractions of a collection (link-
age disequilibrium). Provided that no linkage disequilib-
rium occurs, then the discrimination power of the assay in-
creases exponentially with each additional marker. For ex-
ample, if each marker has a diversity of 0.5 (which corre-
sponds to a 50% chance of discriminating two unrelated
plants), then the total discrimination power can be calcu-
lated with the formula X=[1/(1-D)]", where X is the num-
ber of unique genotypes that can be generated (equivalent
to discrimination power), D is the average diversity of the
markers, and n is the number of marker loci assayed. There-
fore, a single marker will provide (1/0.5)!=2 genotypes,
ten markers give (2)'°=1024 genotypes, and 20 markers
will yield (2)*°>1 million genotypes, which should provide
more than enough discrimination power to categorize all
of the accessions in any germplasm collection. Since SSRs
frequently have diversity values greater than 0.5, fewer
than 20 markers should be required for an informative gen-
otyping of a collection (only 12 markers with a diversity
value of 0.7 can generate over 1 million different geno-
types).

The value of SSR-specific primer pairs developed in
one species to assay polymorphism in another species (het-
erologous primer pairs) is difficult to predict, but our re-
sults are discouraging. The screening of 67 maize and ten
seashore paspalum primer pairs on sorghum lines indicated
that only 2-3% were suitable for use as markers in sor-
ghum. Also, each primer required individual attention in
order to optimize amplification conditions and to verify
that polymorphic products contained SSR sequences.



Different results may be found with other combinations
of species. The usefulness of primers across species may
be a function of relationship between the species; however,
the establishment of broadly applicable standards for
measuring such relationships in different taxa is difficult.
Several investigators have shown that SSR-specific primer
pairs developed for soybean, rice, grape (Vitis vinifera L.),
Brassica spp., and barley can be used among closely re-
lated species (Akkaya et al. 1992; Lagercrantz et al. 1993;
Thomas and Scott 1993; Zhao and Kochert 1993; Saghai
Maroof et al. 1994; Kresovich et al. 1995), but the appli-
cation of these markers across plant genera remains a
largely unexplored area. Zhao and Kochert (1993) reported
amplification of an SSR-containing product in both maize
and bamboo (Bamboosa vulgaris Schreber), using a rice
PCR primer pair. However, in this experiment, the rice
primer pair was developed from an SSR present inside a
family of interspersed, highly repeated elements, which
were found to be widely conserved among monocot spe-
cies. Several experiments have shown that primers flank-
ing SSR loci can be used across related genera of mam-
mals, including cetaceans (Schlotterer et al. 1991), rodents
(Kondo et al. 1993), and primates (Moore et al. 1991).

At this point, the data indicate that if primers are not
available from closely related species, then screening a
large number of primers may be necessary in order to find
a set that can be used as reliable polymorphic markers in
a species of interest. If heterologous primer pairs are read-
ily available from collaborators working on other species,
then a large-scale screening may be cost effective. If prim-
ers must be designed and synthesized based on sequence
information from other species, then this will probably not
be an efficient approach.

Despite the effort required, library screening was used
in this study as the primary method for developing the SSR
markers required for sorghum germplasm analysis. In or-
der to improve the efficiency of the library screening pro-
cess, a lambda phage library was cloned in the vector
LambdaZap II. The phage library allowed the screening of
approximately 2000 clones per 150-mm Petri dish, by di-
rect plaque hybridization. Hybridizations were conducted
with a mixture of radiolabeled oligonucleotides comple-
mentary to the most common di-, tri-, and tetra-meric re-
peat motifs, in order to identify the maximum number of
SSR-containing clones in a single screening.

Library screening is inherently an inefficient process.
In the initial screening, approximately 0.2% of library
clones hybridized to the mixed SSR probe. A second round
of screening was performed on plasmids excised from pos-
itively hybridizing plaques, thus greatly reducing the ef-
fort wasted by sequencing false positives. Approximately
70% of the sequenced clones were not used for the design
and synthesis of primers due to insufficient flanking se-
quence, clones that contained too few tandem repeats
(<14 bp), or severely imperfect repeats. Finally, 65% of
primer pairs did not produce polymorphic products from
an array of 17 sorghum lines.

Some primer pairs that were monomorphic in the array
of 17 cultivars did detect polymorphisms in the set of four
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genetically dissimilar sorghum lines. In addition, the non-
denaturing polyacrylamide gels that were used to identify
PCR product size polymorphisms are not capable of resolv-
ing differences of one or two base pairs. Work is in progress
in our laboratory to characterize the variation in SSR-spe-
cific PCR product sizes from a range of sorghum germplasm,
using the much more precise technology of semi-automated
fluorescent detection in sequencing gels. Primers that were
scored as monomorphic in the test array may provide use-
ful polymorphisms in other sorghum germplasm.

Diversity index values were calculated for each poly-
morphic SSR (Table 3). These values can be used as a rel-
ative measure of the utility of each SSR as a tool in cate-
gorizing sorghum germplasm and for a general evaluation
of the informativeness of SSRs in comparison with other
types of molecular markers. However, these diversity val-
ues are a direct result of our choice of lines used in the test
array, and will not accurately reflect the levels of marker
variability across all sorghum germplasm.

The vltimate goal for this sorghum SSR marker-devel-
opment project is to produce sets of primers that can be
used together to assay 4~8 polymorphic loci with a single
reaction and a single lane of an electrophoresis gel. This
“single-tube multiplex” PCR approach would greatly re-
duce the cost, improve the speed, and allow the large-scale
application of molecular-marker analysis. However, the
development of such a high-throughput multiplex system
requires rigorously standardized assay conditions. All
primer pairs must anneal at the same temperature. None of
the primer sequences in a reaction should have substantial
homology with each other or with any of the fragments
produced by the amplifications. Primer pairs producing in-
consistent or difficult-to-score products and loci that have
low levels of polymorphism should not be used. Ideally,
all of the SSR markers used to characterize plant genotypes
should be unlinked. With these constraints, a much larger
number of SSRs must be identified, sequenced, and eval-
uated than the final number required to characterize sor-
ghum germplasm.
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