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Abstract

Multiplexing involves the simultaneous amplification of several loci in a single PCR reaction, and subsequent
analysis of multiple molecular markers in a single gel lane. This study focuses on the usefulness of SSR (simple
sequence repeat) multiplex-PCR, and how this method can be both highly informative and amenable to automa-
tion using a fluorescence-based, semi-automated DNA sequencing platform. We also discuss the relevance of this
approach to the issue of the multiplex ratio of SSR markers and show that it is effective as an economic proce-
dure for germplasm evaluation and evolutionary studies of plants. Various conditions of multiplex-PCR were
examined and a method is proposed for developing multiplex sets of SSR markers in common bean (Phaseolus
vulgaris L.). Seven multiplex sets, based on 30 SSR markers selected from GenBank sequences, were developed.
The method was tested using a large number of samples from three common bean landraces. Technical aspects of
the application and a description of the allelic constitution at various loci of all genotypes analysed are described.
From a sample of 264 genotypes, selected from three landraces, we detected a total of 135 alleles, equivalent to
4.3 alleles per SSR. Null alleles were observed in each of the three landraces analysed. The procedures used in
this study are applicable for the study of genetic diversity in common bean germplasm collections consisting of
a significant number of accessions, and should be transferable to similar analyses of any species.

Introduction

The genetic diversity of common bean (Phaseolus
vulgaris L.), and its related and wild species, has been
widely characterised using a range of molecular
markers (Becerra and Gepts 1994; Tohme et al. 1996;
Caicedo et al. 1999; Beebe et al. 2000). Current anal-
yses of plant molecular diversity strongly emphasise
the relevance and use of SSRs, but to date, their pres-
ence, abundance and variation in the bean genome
have been poorly characterised. This reflects firstly
the lack of significant amounts of publicly accessible
genomic sequence as compared to what is available
for other major crop species (only 341 Phaseolus and
Vigna sequences were publically available in 2002
(Yu et al. 2000; Metais et al. 2002)); and secondly,
the relatively minor status of Phaseolus spp. among

commercial crops hinders any de novo development
of SSR assays. Some effort has, however, been made
to develop and use SSR assays to improve our under-
standing of bean genetics and evolution (Schlotterer
and Tautz 1992; Yu et al. 1999, 2000).

The development and application of SSRs facili-
tates the acquisition of a large quantity of genetic in-
formation of relevance to genotype identification, and
therefore provides an opportunity to characterise ger-
mplasm collections (Mitchell et al. 1997). SSR loci
have numerous advantages for molecular genetic
analyses. Specifically these are: a high discriminatory
power, a high information content arising from their
multi-allelic nature, co-dominant transmission, a ro-
bust and reproducible assay, their relative abundance
with uniform genome coverage, the small amount of
DNA template necessary, and their easy detection via
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automated systems (Powell et al. 1996; Rafalsky and
Tingey 1993). However, there are also some disad-
vantages, mainly that each individual SSR assay gen-
erates only one datum point per genotype.

Other technical problems relate to assay cost with
respect to consumables and operator time, and to
scoring problems when alleles differ only marginally
in length from one another. Competing marker sys-
tems such as RAPDs and AFLPs, or those relying on
the detection of repetitive sequences, allow for the si-
multaneous detection of multiple loci, resulting in a
high multiplex ratio; but these generally are inherited
as dominant markers and thus deliver a lower infor-
mation content in the context of a genetic diversity
index. To increase the information per SSR assay,
multiplex-PCR approaches have been developed and
combined with fluorescence-based DNA detection
and semi-automated fragment analysis. Multiplexing
increases the information content of each PCR reac-
tion and thereby lowers the cost barriers to large scale
use of SSRs as genetic markers.

In this paper we describe the development of an
SSR-PCR approach, which combines multiplexing
(the simultaneous amplification of several loci in a
single PCR reaction) with multiloading (the pooling
of PCR products from several individual reactions
into a single gel track). The amplification of more
than one SSR locus per reaction requires the optimi-
sation of PCR conditions in order to satisfactorily
amplify all the target amplicons. The development of
an SSR multiplex also requires a priori knowledge of
the allele size range of each amplified locus, so that
primers can be rationally grouped into sets. We have
tested the consistency of results over three large, ge-
netically heterogeneous common bean populations,
and we describe their allelic constitution at the de-
tected loci. In summary, the objectives of this study
were: 1) to develop multiplex SSR-PCR in common
bean, 2) to evaluate the potential of multiplex and
multiloading PCR and fluorescent labelling and semi-
automatic detection systems for mass genotyping of
common bean germplasm, and 3) to evaluate the level
of polymorphism present in three common bean lan-
draces.

Materials and methods

Plant materials

Three common bean landraces, with local names
�Poverella�, �Marrozzo� and �Verdolino�, were col-
lected in the Basilicata region of Southern Italy, and
stored at the Centro Interdipartimentale per la Salva-
guardia delle Risorse Vegetali �P. Iannelli�, University
of Basilicata. These landraces, still grown by tradi-
tional farmers for family use as dry seeds (Masi et al.
1999), are morphologically distinct and, based on
seed morphology and phaseolin electrophoretic seed
patterns (Masi 2001; Masi et al. 1999), were identi-
fied as originating from the Andean diversification
centre. In all, 64 individuals of �Poverella�, 86 of
�Marrozzo� and 116 of �Verdolino� were analysed.
These three landraces were used to develop multi-
plex-PCR approaches and to evaluate allelic variation
at 30 SSR loci (Yu et al. 1999).

Genomic DNA isolation

Good quality DNA is necessary to guarantee repro-
ducibility of data. Common bean DNA, after conven-
tional extraction, is often contaminated with polysac-
charides, which gives a brownish colour to the
solution (probably due to the presence of oxidated
polyphenolics (Rogers and Bendich 1988)). We there-
fore tested a range of DNA extraction protocols: a)
modification of Dellaporta method (Dellaporta et al.
1983), b) the CTAB method of Saghai Maroof
(Saghai-Marrof et al. 1984), c) the Doyle and Doyle
method (Doyle and Doyle 1990), and d) the CTAB
method of Yu and Pauls (1994). Best results were ob-
tained from young leaves (first true leaf stage), using
the latter method. For PCR, DNA samples were di-
luted to a concentration of 5 ng/ul.

SSR primers

Thirty primer pairs published by Yu et al. (1999,
2000) designed from bean genomic sequence (Ta-
ble 1) were used to develop SSR multiplex sets.
Twenty of these SSR markers have been previously
mapped (Gepts 1999; Yu et al. 2000). Primers (20–30
bp) targeting the flanking regions of SSR sequences
were selected to have a melting point (Tm) > 46 °C
at a concentration of 50 mM Mg2+. Forward primers,
synthesised by MWG Biotech (Ebersberg, Germany),
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had an IRD 700 or 800 dye bound to the 5� end. The
expected amplicon size was in the range 95–305 bp.

PCR conditions

The 10× PCR buffer contained 100 mM Tris-HCl (pH
8.3 at room temperature), 500 mM KCl, 15 mM
MgCl2 and 0.01% (w/v) gelatin. Forward primers
were diluted to a stock concentration of 1.5 µmol/µl,
and mixed in a 1:1 ratio with unlabelled primer. Re-
verse primers were unlabelled. PCR amplifications
were performed in 96-well microtitre plates using a
Perkin Elmer GeneAmp PCR 9700 system. Multiplex
PCR reactions (20 ul) contained 25 ng of template,
0.15 uM of each primer, 1X PCR buffer, 200 uM
dNTPs, 1 mM of additional MgCl2 and 0.4 U of Am-
pliTaq Gold DNA polymerase (Applied Biosystems).
Three different cycling conditions (Table 2) were ini-
tially tested, and the most effective (programme B)
was then used for the analysis of diversity using mul-
tiplex-PCR. To optimise the multiplex sets, DNA
from five plants from each of three common bean
landraces was analysed.

Analysis of amplicons

The PCR products (2.5 ul) were denatured in 5 ul of
denaturing dye (0.05% pararosaline, 10 mM EDTA
and 95% formamide) at 94 °C for 3 min, and 0.6 ul
of sample was loaded on a standard 6% polyacryla-
mide sequencing gel, and run at constant power (40
W) for 2–3 h. We used a LICOR sequencing gel ap-
paratus (MWG Biotech – Ebersberg, Germany), and
Gene ImagIR™ software for fragment analysis. Frag-
ment sizing of amplicons was enabled by including a
number of tracks containing size 15 IRD-labelled
DNA fragments, covering a size range of 50–350 bp.
For each electrophoretic run it was possible to visua-
lise an image of the gel both at 700 IRD and 800 IRD.
This allowed the scoring of four or five SSRs per
sample per run.

Results

Identification of primers and optimisation of single
locus PCR

Since longer high GC content primers allow for
higher annealing temperatures, and thus yield fewer
non-specific products, primers with a 35–60% GC

content, corresponding to theoretical annealing tem-
perature of 47–50 °C, and longer than 20 bp were se-
lected from the GenBank sequences (Yu et al. 1999).
A diagram of the optimisation procedure for both re-
action and PCR conditions is presented in Figure 1.

Optimisation of a PCR is commonly carried out by
a sequential investigation of each reaction variable.
Initially, the cycling conditions proposed by Yu et al.
(1999) were adopted, but the results were unsatisfac-
tory. Thus, simplex PCR conditions were optimised
for each primer pair by first testing different cycling
conditions and then by varying (1) the amount of
DNA template, (2) the concentration of primer, and
(3) the concentration of MgCl2 (step 3). To optimise
the cycling conditions, three PCR programs (A, B and
C) with different times for annealing and extension,
and for variation in both temperature and number of
cycles were tested (Table 2).

Changes in neither the annealing time (25–60 s)
nor the extension time (25–120 s) visibly influenced
amplification efficiency. Product yield was generally
improved by raising the extension temperature from
68 °C to 72 °C, but the specificity and yield of PCR
product were significantly affected by changes in the
annealing temperature. To amplify the 30 SSR loci,
the cycling conditions of programme B gave the op-
timal results. The robustness of the assay was con-
firmed by comparing amplification profiles of identi-
cal reactions obtained both from a single thermal
cycler, and in independent machines (MWG Primus
96/384HPL, Biorad TCycler™ and Eppendorf Master-
cycler system).

Assays of each simplex SSR were scored for com-
plexity on a scale of 1 to 4, following the criteria
suggested by Stephenson et al. (1998). Nine loci gave
single band amplification products (scale 1), 14 gave
a single band with some stuttering, but were easy to
score (scale 2), five gave a single band with irregular
stuttering, which was sometimes difficult to score
(scale 3), and only two gave multiple amplification
products (scale 4). The allele size range of each SSR
marker was estimated by analysing 15 genotypes
from the three landraces.

Optimisation of multiplex PCR reaction components

For multiplexing, an important requirement is that
there is no overlap in product size between the indi-
vidual components of the multiplex. Another issue
surrounds any interaction between competing ampli-
cons when multiple primers are present in the reac-
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tion. The simplex PCR conditions therefore had to be
re-optimised by testing different 1) primer concentra-
tions, 2) dNTPs and MgCl2 concentrations and 3)
amounts of DNA template and Taq DNA polymerase.

A concentration of 0.15 uM for each primer pair
was initially used, but for some primers pairs this
proved to be non-optimal, generating an uneven am-
plification of target loci. The loci VIRPK, PVU34754
and PVPFE amplified poorly, while in contrast,
PVGEC9 and PVRBCOS amplified strongly. To ob-
tain even amplification in multiplex, we attempted
increasing the concentration of the �weak� primers
and decreasing those of the �strong� primers in the
reaction. We tested primer concentration ranges of
0.1–0.3 uM. However, this approach proved to be in-
effective, so equimolar primer concentrations of 0.15
µM were retained.

The relationship between the concentrations of
Mg2+ and dNTPs was investigated in reactions that
contained 200, 300, 400 and 500 uM of each dNTP,
combined with 1.5, 2, 2.5 and 3 mM MgCl2. From
an analysis of 16 different combinations, we con-
cluded that at 200 uM of each dNTP and 1.5 mM
MgCl2 was optimal. At DNA template quantities in
the range 25–100 ng per 20 ul reaction, there was
little variation in amplification efficiency. However,
below 25 ng, the amount of some products was de-
creased, sometimes below the level of detection.

Different concentrations of Taq DNA polymerase
(Applied Biosystem) were tested. The most efficient
enzyme concentration was in the range 0.4–2.0 U per
25 ul reaction volume. An excess of enzyme resulted
in unbalanced amplification of various loci and a
slight increase in the background, possibly because of
the high glycerol concentration present in the poly-
merase buffer solution; too little enzyme resulted in
poor amplification efficiency. A concentration of 0.4
U per 20 ul reaction volume was used in subsequent
experiments.

Optimisation of multiplex PCR

The simultaneous amplification of several loci using
mixtures of different combinations of SSR primers
usually requires a process of re-optimisation of the
parameters of the reaction. We first performed multi-
plex reactions with primers present in equi-molar
amounts. Since the simplex test showed that primer
concentration had little effect on amplification effi-
ciency, the simultaneous amplification of two target
loci in a single reaction (duplex primer combination)
was attempted by combining the 30 primer pairs in
various combinations considering: 1) the type of am-
plification profile; 2) the allele size ranges; and 3) the
type of forward primer label with an IRD 700 or 800
dye at their 5� ends.

Although the PCR parameters adopted followed
the recommendations of Henegariu et al. (1997) and
Mitchell et al. (1997), our results were discouraging
in that five of the 15 duplex primer combinations did
not produce a clear pattern, either generating non-
specific products and/or successfully amplifying only
one of the two targets (presumably an effect of com-
petition between targets). We postulate that a contrib-
utory cause of this failure relates to the elevated sen-
sitivity of fluorescence-based detection, as compared
to ethidium bromide staining in agarose gels. The
quantity of template required for the former is four
orders of magnitude less than is necessary for the lat-
ter. To avoid non-specific amplification products, due
to mispriming and/or undesirable interactions be-
tween primers, the PCR conditions adopted were set
to be stringent (lowest possible Mg2+ concentration
and the minimum number of amplification cycles).

Multiplex PCR and multi-loading set development

Multiplex sets, involving at least two primer pairs,
were constructed, based on consideration of the ex-
pected allele size range (Stephenson et al. 1998) and

Table 2. Development of PCR Cycling conditions for optimisation of M-PCR.

Program A Program B� Program C

First denaturing (including hot start) 94 °C, 5 min 94 °C, 10 min 94 °C, 8 min

Denaturing 94 °C, 25 sec 94 °C, 1 min 94 °C, 1 min

Annealing 55 °C, 25 sec 47 °C, 1 min 49 °C, 1 min

Extension 68 °C, 25 sec 72 °C, 1 min 72 °C, 2 min

40 cycles 35 cycles 45 cycles

Final extension 72 °C, 5 min 72 °C, 20 min 72 °C, 10 min

� Program B used according to the type of PCR amplification
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the type of forward primer label. Primer pairs that ei-
ther generated overlapping allele size ranges but car-
ried different labels, or were labelled identically but

whose profiles were expected to be separated by at
least 20 bp were also included within a set.

The primer combinations are detailed in Table 3,
which also lists the number of alleles identified

Figure 1. Procedure followed to optimize the efficiency of Multiplex-PCR for analysis of SSR polymorphism in common bean.
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among the germplasm screened, from each constitu-
ent primer pair within the multiplex set.

To obtain completely unambiguous multiplex
genotyping, it was important to optimise the combi-
nation of primers to be mixed. The best primer com-
binations were tested several times to ensure repro-
ducibility. Particular attention was paid to loci which
generated multiple band profiles, since this has an
impact on the quality of the overall profile.

Because of a high allele size range and/or because
of their inherent pattern complexity, two of the loci
(X80051 and m75856) were amplified separately, and
then combined in multiplex loading. Loading more
than one PCR reaction in each track was also at-
tempted for other combinations in an effort to reduce
high background signal or to eliminate overlapping of
bands. By loading in the same track the products of
two PCR reactions, each including two to three
primer pairs per single assay, the relative efficiency
of each of the 30 primer pair combinations could be
rapidly identified. When applied to the landrace col-
lection, we obtained consistent multiplex amplifica-
tion of SSRs with the 30 primer pairs for all 264gen-
otypes (an example is shown in Figure 2a and 2b).

Discussion

The importance of SSRs as genetic markers in plant
is well established and documented (Morgante and
Olivieri 1993; Akagi et al. 1996; Mitchell et al. 1997;
Milbourne et al. 1998; Doyle and Doyle 1990), but
the high cost for their development and the low num-
ber of loci per experiment that can be simultaneously
analysed limit their application for the analysis of ge-
netic diversity where a large number of individuals
must be analysed, particularly in species of restricted
commercial significance. In contrast, other molecular

markers – in particular AFLPs – allow a significant
number of loci to be scored per reaction, such that the
amount of information recovered per experiment is of
an order of a magnitude higher than is possible for
SSRs (Powell et al. 1996).

In order to reduce this differential, we increased
the efficiency of the SSR assay in bean by multiplex-

Table 3. SSR markers included in each multiplex set.

Multiplex set Total (no) SSR markers1 Total alleles (no)

IRD 700 800 IRD

1 4 X79722, X58274 X04660, M99497 9
2 4 X61293, X02980 X59469, M68913 15
3 4 X96999, X6000 J04555, U10419 27
4 4 m75856, U77935 U54703, M13968 17
5 5 X80051, X13329 K03289, U28645, J01263 36
6 4 X74919, X57022 X04001, K03288 21
7 5 X52626, U18349, X63525 M18094, U34754 15

1 SSR Genebank accession number

Figure 2. a An example of SSR polymorphism detected by 2 prim-
ers pairs labelled with 700 IRD dye (X96999 and X60000) in ac-
cessions of common bean: 15 genotypes of �Poverella�, 15 geno-
types of �Poverella�, 15 genotypes of �Marrozzo� and 15 of
�Verdolino�). b An example of SSR polymorphism detected by 2
primers pairs labelled with 800 IRD dye (U10419 and J045550) in
accessions of common bean: 15 genotypes of �Poverella�, 15 geno-
types of �Marrozzo� and 15 of �Verdolino�).
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ing and multi-loading. For this purpose, the most time
consuming step was the optimisation of the multi-
plex-PCR; but also critical was the determination of
which markers could be grouped together in any
given multiplex set. Finally, however, it proved pos-
sible to accurately and cost effectively fingerprint
each genotype at 30 SSR loci, using only five gel
tracks and 14 PCR runs. This reduced the cost of the
PCR reagents by over 50%, and the gel costs by about
85%, compared with the conventional SSR proce-
dures.

The high ability of simplex SSR to distinguish be-
tween genotypes, its robustness as an assay, and the
ease of conversion into an allele-specific marker are
all attractive features, but multiplex-PCR, coupled
with semi-automated separation systems can signifi-
cantly enhance genotyping efficiency. However, both
multiplexing and multi-loading can only be effective
if the range of electrophoretic profiles of each ampli-
con is known a priori, and if technical problems as-
sociated with non-specific amplification, band stutter-
ing and high background signal can be eliminated by
optimisation of the PCR parameters.

In this study, the multiplex method we developed
was successfully applied to the genetic characterisa-
tion of three heterogeneous common bean landraces.
The 264 genotypes were analysed with each multi-
plex set to ensure that the allele size range of multi-
plexed SSRs with the same label would not overlap.
Additional alleles were detected, but none within any
set overlapped. The maximum fractional difference
between size estimates for the same fragment was
around 20–30 bp for each set. This was in contrast
with what has been reported for human, cow, Citrus
and Brassica spp. (Kimpton et al. 1994; Glowatzki-
Mullis et al. 1995; Kijas et al. 1995; Mitchell et al.
1997) where the maximum fractional difference be-
tween sizes was estimated to be around 5.0 nucleotide
or less. Both multiplexing and multi-loading gave
consistent results with respect to the identification of
polymorphism and the definition of individual alleles.
The 30 SSR primer pairs detected 1–20 alleles (mean
of 4.3) per SSR locus. Twenty-seven loci were poly-
morphic among all three landraces: five (18.5%) were
diallelic, seven (25.9%) were tri-allelic, and 15 had a
higher number of alleles (Table 1). A particularly high
level of polymorphism was observed for the loci
PVME1G (22 alleles), PVNPV30G and PVSS15BCO
(nine alleles), PHVPVPR3A (seven alleles), and
PVRBCOS (six alleles), both between and within the

landraces, and on more than 2 alleles per locus were
found.

Null alleles were detected in all three landraces at
loci PVRBCOS, PVGLNB, PVPLB, PVU28645, PH-
VDLECB, and PHVHRGPB, and these were con-
firmed through repeated PCR amplifications in order
to exclude the possibility of failed PCR reactions
(Bell and Ecker 1994). Nulls are thought to arise as a
result of divergence in the SSR flanking sequences
(Smulders et al. 1997), since deletions or point muta-
tion(s) in the primer-annealing site would be expected
to inhibit or prevent primer binding and hence ampli-
fication. Although null alleles are rare among human
SSRs, they are relatively common in barley and in
various polyploid species, particularly wheat (Devos
et al. 1995; Donini et al. 1998).

Previous studies (Moore et al. 1991; Morgante and
Olivieri 1993; Wang et al. 1994; Gupta et al. 1996)
have shown that AT/TA and AG/CT repeats are rela-
tively the more abundant in plant, as compared to
mammalian genomes. This difference may in part be
the result of different DNA methylation patterns or
functional roles between plants and animals. In the
present study, two SSRs with di-nucleotide repeats
(AT/TA and CT/AG) were identified, and loci with
(AT)n repeats were the most frequent (47%). Among
the 30 SSRs, ten were composed of dinucleotide re-
peats, seven of trinucleotide repeats, 12 of tetranucle-
otide repeats and one a hexanucleotide repeat. Among
the SSRs, nine (90%) of the ten dinucleotide-, five
(71.9%) of the seven trinucleotide-, and five (41.6%)
of the 12 tetranucleotide-carriers detected polymor-
phism among genotypes within and between the lan-
draces. The total number of SSRs with di- and tri-
nucleotide motifs found in this survey was higher
than that with tetra- or higher nucleotide core motifs,
confirming previous surveys in plants (Akagi et al.
1996; Chin et al. 1996). Compared to mammalian and
soybean genomes (Levitt et al. 1994; Akkaya et al.
1995) the total length of repeat arrows appears to be
much shorter in common bean. This is probably be-
cause most of sequences examined originated from
within or adjacent to coding regions. In general, the
number of alleles at an SSR locus is directly corre-
lated with the number of repeats present, with longer
repeats being more polymorphic than shorter ones
(Weber 1990; Innan et al. 1997), but this is not a uni-
versal observation (Beckmann and Weber 1992;
Schlotterer 1997). In our materials, loci X80051,
X96999 and m75856 are highly polymorphic, but
they carry rather small numbers of repeats.
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Conclusions

An optimal annealing temperature is essential in any
PCR to ensure the specificity of the amplificon. Mg2+

concentration needs only to be proportional to the
amount of dNTPs, and this value can be constant for
any reaction. In multiplex PCR, adjusting primer con-
centration for each locus is also essential. The opti-
misation of parameters, as presented in this study,
provides a basic protocol to solve some of the com-
mon problems of multiplex PCR. Overall, this study
has shown that: 1) the frequency of polymorphic
SSRs in common bean genome is fairly high; 2) some
common bean SSR loci are multi-allelic; 3) multiplex
PCR enhances the efficiency of SSR markers, thus
providing a marker system that allows the extent of
heterozygosity to be assessed; 4) multiplex PCR and
fluorescence-based, semi-automated sizing technol-
ogy is an accurate and robust genotyping method; and
5) the multiplex approach has the advantage of reduc-
ing the unit cost of the assay. There is, however, a
trade-off between the investment labour to establish
this method and the time saved by the need to run
fewer gels. The methodology developed will be use-
ful to study levels and patterns of genetic diversity in
bean collections, where a large number of accessions
and genotypes needs to be fingerprinted.
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