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Abstract  DNA-basedmolecular-marker techniques have 
been proven powerful in genetic diversity estimations. 
Among them, RFLP was the first and is still the most com- 
monly used in the estimation of genetic diversity of eukar- 
yotic species. The recently developed PCR-based multi- 
ple-loci marker techniques, which include RAPD, AFLP, 
Microsatellite-AFLP and inter-SSR PCR, are playing in- 
creasingly important roles in this type of research. Despite 
the wide application of these techniques, no direct com- 
parison of these methods in the estimation of genetic di- 
versity has been carried out. Here we report a direct com- 
parison of DNA-based RFLP with various PCR-based 
techniques regarding their informativeness and applicabil- 
ity for genetic diversity analysis. Among ten pea genotypes 
studied, all the PCR-based methods were much more in- 
formative than cDNA-RFLR Genetic diversity trees were 
derived from each marker technique, and compared using 
Mantel's test. By this criterion, all trees derived from the 
various molecular marker techniques, except for the tree 
derived from inter-S SR PCR, were significantly correlated, 
suggesting that these PCR-based techniques could replace 
RFLP in the estimation of genetic diversity. On the basis of 
this result, AFLP analysis was applied to assess the genetic 
diversity of a sample of accessions representing the vari- 
ous species and subspecies within the genus Pisum. 
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Introduction 

Characterization and quantification of genetic diversity 
has long been a major goal in evolutionary biology and 
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plant breeding. DNA-based polymorphisms have allowed 
direct comparisons of the variation in nucleotide se- 
quences, and have proved to be a powerful tool in various 
types of genetic analysis (Brown 1992; Monckton and 
Jeffreys 1993). 

The first, and the most common, DNA polymorphic 
marker method used for genetic mapping and the estima- 
tion of genetic diversity in eukaryotic species is restriction 
fragment length polymorphism (RFLP) analysis (Botstein 
et al. 1980; Beckman and Soller 1986; Tanksley et al. 
1989). The RFLP approach relies on the cleavage of ge- 
nomic DNA by restriction enzymes; length polymorphism 
between a given pair of sites is then detected by hybridiza- 
tion to a labelled DNA probe. Species relationships and 
taxonomic studies on the basis of single-copy RFLP mark- 
ers have been reported for several crop species (Havey and 
Muehlbauer 1989; Miller and Tanksley 990; Kesseli et al. 
1991; Moser and Lee 1994). Although these single-copy 
RFLP marker analyses are valuable for assessing the ge- 
netic variation, the major disadvantage is that they are sin- 
gle-locus-specific and detect polymorphism directly re- 
lated to the DNA sequence used as probe; in addition, 
RFLP analysis is time consuming and expensive. 

The discovery of minisatellites (Jeffreys et al. 1985) 
created multilocus RFLPs by using the minisatellite core 
sequences as probes. Because of their powerful utility in 
genetic identification, this technique was designated 
'genomic fingerprinting', and was soon extended to some 
other repetitive DNAs. In general, these markers are clas- 
sified into three groups: (1) M13 repeat probes (Rogstad et 
al. 1988), (2) simple repetitive sequences (Tzuri etal. 1991), 
and (3) minisatellite DNAs (Dallas 1988). Due to their re- 
petitive nature, all of these kinds of markers generate com- 
plex banding patterns after Southern hybridization and all 
of them have been successfully employed for revealing ge- 
netic variation in plant nuclear genomes (Rogstad et al. 
1988; Nybom 1990; Amos and Pemberton 1992; Beyer- 
mann et al. 1992; Zhou and Gustafson 1995) and for phy- 
logenetic studies (Gebhardt et al. 1989; Jung et al. 1993). 

Various PCR-based polymorphic marker techniques 
have been used successfully in the genomic fingerprinting 
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of plant genomes (Welsh and McCtelland 1990; Kesseli 
et al. 1994; Rus-Kortekaas et al. 1994) and in genetic di- 
versity studies (Tinker et al. 1993; N'goran et al. 1994). 
Among them, RAPD analysis is fast and these markers are 
easily generated by PCR (Welsh and McClelland 1990; 
Williams et al. 1990). This method is based on the amplifi- 
cation of genomic DNA fragments with a single short 
primer of arbitrary nucleotide sequence. The amplified 
fragments are separated by electrophoresis and used to re- 
veal polymorphisms. The inter-SSR PCR (Zietkiewicz et 
al. 1994) is another newly developed method which relies 
on one primer for PCR. The primer used in this method is 
a simple sequence repeat (SSR). This kind of repeat con- 
sists of tandemly repeated short-sequence motifs which are 
widely dispersed among all eukaryotic genomes. AFLP is 
another recently developed multilocus polymorphic 
marker technique. The procedure to generate AFLPs is 
called Selected Restriction Fragment Amplification 
(SRFA) and is applied to a portion of the genomic DNA 
digest using PCR (Zabeau and Vos 1993; Vos et al. 1995). 
A method which combines the AFLP technique with sim- 
ple sequence repeats is also available (microsatellite- 
AFLP); here one of the two AFLP amplification primers 
is replaced by a compound simple sequence repeat in the 
PCR, so the polymorphisms detected are presumed to be 
contributed by the simple sequence repeats (Vogel 1995). 
The AFLP multilocus polymorphic marker technique has 
been used in a phylogeny study of Lens spp. (Sharma et al. 
1996); microsatellite-AFLP would also be a good candi- 
date for genetic diversity studies. 

The advantages of these PCR-based methods over 
RFLP and the related genomic fingerprinting techniques 
are: they can be undertaken from minute amounts of tem- 
plate DNA, coupled with the speed with which results can 
be obtained and the large number of loci detected. These 
methods are much more sensitive than RFLP-based anal- 
ysis, which makes it possible to detect low-frequency poly- 
morphism (Brown 1992). A major advantage of PCR- 
based methods is that they can easily be applied to a large 
number of samples, and can be automated. 

Although there are several reports of the use of PCR- 
based multilocus markers in assessing genetic variation 
and some comparisons between the RFLP and RAPD tech- 
niques (Dos Santos et al 1994; N'goran et al. 1994; Rus- 
Kortekaas et al. 1994), there is no direct comparison of all 
of these methods with typical RFLP-based markers, or a 
comparison of the PCR-based marker techniques with each 
other. In this article we report the comparison of the RFLP 
and PCR-based methods in assessing genetic diversity in 
pea, both with respect to their power to detect polymor- 
phisms and the frequencies of polymorphism they identify. 
We have derived genetic diversity trees from the data of 
each of these methods and applied Mantel's (1987) test to 
compare the similarities between the genotypes found us- 
ing different marker systems. The difference in the fre- 
quency of polymorphisms obtained and their nature, is dis- 
cussed. A general conclusion concerning the applicability 
of these methods in assessing genetic diversity is pre- 
sented. 

Materials and methods 

Plant material 

All pea lines are designated by their accession number and were ob- 
tained from the John Innes Germ-plasm collection. The lines used 
for comparative purposes have previously been used for the gener- 
ation of linkage maps in this laboratory (Ellis et al. 1992). Of these 
lines, four are cultivars or selections from cultivars (JI399 cv Cen- 
nia all sweet type carrying rb, JI430 cv Greenshaft and JI540 cv Dark 
Skinned Perfection, both vining peas, JI813 carries yp from cv Vin- 
co); four are genetic stocks (JI15 is a multiply marked stock, JI61 is 
a cytogenetic marker stock, and JI1194 and JI1201 are a near-iso- 
genic pair for the markers af, tl and st, developed by G.A. Marx in 
Cornell, in a background thought to be similar to JI540), JI 126 is de- 
rived from a cross between two cultivated types (by H. Lamprecht) 
and JI281 is a primitive cultivated form. Plants were grown in a glass- 
house, in pots, containing John Innes potting compost No. 1 supple- 
mented with 30% grit. 

Nucleic acid manipulation 

Conditions for DNA preparation, restriction-enzyme digestion, gel 
electrophoresis for RFLP, Southern transfer, hybridization and auto- 
radiography have been presented by Ellis et al. (1992) and Ellis 
(1994). 

RAPD 

Ten-base oligonucleotide primers (A-F) were obtained from Oper- 
on Technologies, Alameda, California. DNA amplification reactions 
contained 10 mM Tris-HC1 pH 9.0, 50 mM KC1, 1.5 mM MgC12, 
0.1% (w/v) Gelatin, 0.1% Triton (v/v) X-100, 20 mM of each dNTR 
20 ng (0.2-0.3 raM) primer, 10 ng genomic DNA, and 0.6 U Taq 
polymerase (Promega). DNA amplifications were performed in a 
Perkin-Elmer Cetus DNA thermal cycler 480 using the following 
conditions: 95~ for 3 min, followed by 40 cycles at 94~ for 45 s, 
37~ for 1 min, 72~ for 2 min, utilizing the fastest-available tem- 
perature transition. These cycles were followed by an additional 
10 min at 72~ Amplification products were separated by electro- 
phoresis in 2% agarose gels in lxTAE (0.04 M Tris-acetate, 0.01 M 
EDTA pH 7.9) which were stained with ethidium bromide and 
viewed under UV light and photographed using a polaroid camera. 

Inter-SSR PCR 

The simple sequence primers used in this experiment were (GACA)5, 
(GATA)5 and (GAAA)5. The genomic DNAs were digested withAluI 
(BMG). The digested genomic DNAs were used as PCR templates 
employing the same machine and components as above, except that 
3.5 mM MgC12 was used. PCRs were performed with the following 
programme: 95~ for 3 rain, 30 cycles of 94~ for 45 s, 32~ for 
2 min, 72~ for 2 min; with a final cycle at 72~ for 5 rain. The am- 
plification products were separated and viewed as above. 

AFLP 

Restriction of genomic DNA and ligation of adapters 

Genomic DNA (2.5 ~g) was digested with 25 U PstI (Pharmacia) 
and 12.5 U of MseI (NEB) within a Restriction Ligation (RL) buf- 
fer (10 mM Tris acetate pH 7.5, 10 mM Mg acetate, 50 mM K ace- 
tate, 5 mM DTT) in a total volume of 50 ~tl at 37~ for 2 h. Then 
5 pMoles of 5'-biotinylated PstI adapter, 50 pM MseI adapter (se- 
quences shown in Table 1), 1.2 mM ATP, and 5 U T4 DNA Ligase 
(Gibco BRL), all in a total volume of 10 ~1, was added to the diges- 
tion mixture and incubated at 37~ for 3 h. 
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Table 1 Adapter and primer sequences used in the AFLP and mi- 
crosatellite-AFLP experiments 

PstI 
adapter 

Pst 
primers 

5 ' - C T C G T A G A C T G C G T A C A T G C A - 3 '  
3 ' - C A T C T G A C G C A T G T - 5 '  

A 5 ' - G A C T G C G T A C A T G C A G C C - 3 '  
B 5 ' - G A C T G C G T A C A T G C A G G C - 3 '  
C 5 ' - G A C T G C G T A C A T G C A G G G - 3 '  

MseI 
adapter 

Mse 
primer 

5 ' - G A C G A T G A G T C C T G A G - 3 '  
3 ' - T A C T C A G G A C T C A T - 5 '  

2 5 ' - G A T G A G T C C T G A G T A A C A C - 3 '  
3 5' - GATGAGTCCTGAGTAATGC - 3' 
5 5' - GATGAGTCCTGAGTAATAT - 3' 
9 5 ' -  GATGAGTCCTGAGTAAGCT - 3' 

Micro- 
satellite 
primers 

1 5 ' - G T G T G T G T G T G T C T G T C T - 3 '  
2 5 ' - G A G A G A G A G A G T G T G T G T G T - 3 '  
3 5 ' - G A A A G A A A G A A A G A C A G A C A - 3 '  
4 5 ' - T C T C T G T G T G T G T G T G T G - 3 '  

ing 1 /aM of Fluorescein-l l-dUTP (FluoroGreen, Amersham Life 
Science) and 100 ~tM of each dNTP. The PCR-amplified products 
were run out on 5% Longranger (Flowgen) acrylamide using an 
Automated Laser Fluorescent ALF electrophoresis unit (Pharmacia 
Biotech). Data was analysed using Fragment Manager Software 
(Pharmacia Biotech). 

Microsatellite AFLP 

This method was based on AFLR and introduced by Vogel (1995). 
The procedures of restriction of genomic DNA and ligation of adap- 
tors, selection of biotinylated DNA-fragments and the gel analysis, 
were as for AFLR 

In the SRFA-reaction a pre-amplification was applied, with par- 
tial selection, to the template DNA using primer PstA and the MseI 
adapter, upper-strand sequence, (see Table 1) without selective bas- 
es; the selective restriction fragment amplifications were performed 
with 1 ~1 of a ten-fold dilution of the pre-amplification product, a 
microsatellite primer replacing the Mse primer and the PstA primer 
in the final 10 ~al reaction mixture. The PCRs were performed with 
same conditions as for SRFA. The four microsatellite primers are 
listed in Table 1. 

Selection of biotinylated DNA-fragments 

Fragments ligated with the biotinylated PstI adaptors were separat- 
ed from non-biotinylated fragments by binding to streptavidin-coat- 
ed magnetic beads (Dynal). Then 10 ~tl of beads were washed once 
in 100 ~tl STEX (100 mM NaC1, 10 mM Tris-HC1, 1 mM EDTA, 
0.1% Triton X-100, pH 8.0) and re-suspended in 140 jal STEX. The 
beads were subsequently added to the DNA mixture to give a final 
volume of 200 lal, then incubated for 30 min at room temperature 
with gentle agitation to ensure proper binding of the biotinylated 
DNA. The beads were collected with a magnet, and the supernatant 
was removed, washed with 200 ~tl STEX once and transferred to a 
fresh tube. The beads were washed a further three times with 200 ~1 
STEX and finally re-suspended in 200 ~1 T0.1E (10 mM Tris, 
0.1 mM EDTA, pH 8.0), and transferred to a fresh tube. The result- 
ing template DNA was stored at 4~ 

SRFA-reaction 

The primers for PCR in the SRFA reaction are complementary to the 
adapter sequences but extend into the ligated fragments by two ad- 
ditional selective bases at the PstI site and by three at the MseI site. 
The three pairs of primer combinations used in this experiment are 
PstA/Mse3, PstA/Mse5 and PstA/Mseg, with the sequences shown 
in Table 1. 

The PCR mixture was composed of 15 ng of Pst primer (~3p la- 
belled in a kinase reaction), 15 ng Mse primer, 0.2 mM of each dNTR 
1 unit of Amplitaq (Perkin-Elmer) or equivalent, 1 ~tl of template 
DNA, to a total volume of 10 lal in PCR buffer (50 mM KC1, 10 mM 
Tris-HC1 pH 8.4, 1.5 mM MgC12, 0.1 mg/ml Gelatin). The PCR was 
performed in a PTC-100 Programmable Thermal Controller (MJ Re- 
search, Inc.) with temperature cycling as follows: denature at 94~ 
for 30 s, anneal at 65~ for 30 s, extend at 72~ for 60 s, one cycle; 
the annealing temperature was then owered 1 ~ over the next nine 
cycles to 56~ with no change of other conditions; the annealing 
temperature remained at 56~ for a further 24 cycles. 

Gel analysis 

Gels were as for standard DNA sequencing, but with the exception 
that 4.5% acrylamide was used. 

AFLP for genetic diversity analysis in the genus Pisum 

The AFLPs for the genetic diversity analysis were set up as described 
above except that the SRFA reactions were fluorescently labelled us- 

Data analysis 

The presence or absence of each specific band was scored for each 
genotype and for every method used in this study. The cDNA-RFLP 
data were also scored according to the hybridisation pattern, where- 
by each pattern was assigned a unique code number [i.e. the pattern 
was designated 1 for those lines where the hybridisation pattern was 
indistinguishable from that of the lowest line number, or 2 for those 
indistinguishable from that of the line with the second largest line 
number (when this was not scored as 1), and so on]. The neighbour- 
joining method (Saitou and Nei 1987) was used to carry out a clus- 
ter analysis of Pisum accessions. The relationships between the re- 
suits of the different marker methods were analysed using Mantel's 
test for correlation between matrices (Mantel 1967; Manly 1985). 
Pairwise distances between accessions were calculated as the pro- 
portion of markers which differed. A correlation coefficient between 
the elements of the matrices was calculated for each pair of matric- 
es. The significance of this correlation was then tested according to 
Mantel (1967). This test is a randomization procedure that compares 
the correlation between two matrices with the correlation between 
one of these and randomizations of the other; 100 randomizations 
were carried out for each pairwise comparison. The randomized cor- 
relation coefficients were assumed to be normally distributed and 
confidence intervals were calculated to assess the significance of the 
correlation between the matrices derived by the different DNA mark- 
er techniques. Calculations were carried out using the Genstat 5 pack- 
age (Numerical Algorithms Group, Oxford). 

Results 

L e v e l s  o f  p o l y m o r p h i s m s  

T h e  l e v e l  o f  p o l y m o r p h i s m  d e t e c t e d  wi th  d i f f e ren t  mark -  

ers was  a s sessed  (Table  2). The  va r i a t i on  de t ec t ed  by  
c D N A  p robes  was  i n c r e a s e d  by  p r e - s e l e c t i n g  the p robes  
that  w o u l d  p r o d u c e  p o l y m o r p h i s m .  A p p r o x i m a t e l y  2/3 rds 
o f  the r a n d o m l y - c h o s e n  c D N A  p robes  de t ec t ed  at leas t  one  
d i f f e r ence  b e t w e e n  these  pea  l ines  af ter  d iges t i on  o f  the  
g e n o m i c  D N A  wi th  EcoRI. B a s e d  on the  o b s e r v a t i o n  that  
m o s t  o f  the c D N A  probes  p r o d u c e  s i m p l e  f i nge rp r in t  pat-  
terns,  and in o rde r  to ob ta in  m i n i m a l  bias,  f i ve  c D N A  mark -  
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Table 2 The polymorphic level of PCR-based and cDNA-RFLP 
markers. The table shows the number and proportions of informa- 
tive markers from the various procedures. The AFLP primer combi- 
nations designated A3, A5 and A9 refer to the combination of the 
Pst primer A with Mse primers 3, 5 and 9 respectively (see Table 1). 
The microsatellite primers MS 1 to MS4 are as designated in Table 1, 
and these were used in conjunction with the Pst primer A. The RAPD 

primers A to F were from Operon, and the inter-SSR PCR primers 
designated A, T or C corresponded to the sequences (GAAA) 5, 
(GATA) 5 and (GACA) 5 respectively. The cDNA probes were select- 
ed as informative probes, approximately 2/3rds of the cDNA probes 
detected at least one difference in the set of ten lines used in this 
analysis after screening for differences with a single restriction en- 
zyme (EcoRI) 

Markers: AFLP Microsatellite-AFLP RAPD Inter-SSR PCR cDNA 
RFLP 

Primers or primer A3 A5 A9 MS1 MS2 MS3 MS4 A C D E F A T C 49 
combinations probes 

Total band number 39 45 22 17 24 27 16 12 12 13 15 9 24 16 14 167 

Polymorphic band number 19 22 5 9 14 20 13 8 8 8 11 7 14 9 10 
46 56 42 33 167 

47.8 68.7 68.9 6.1 / 

15.3 14 8.4 11 3.34 
Polymorphic percentage 

Polymorphic bands 
per primer or probe 

ers which showed complicated band patterns were not se- 
lected for further analysis in this study. Even with selec- 
tion, the c D N A  probes still showed the lowest level o fpo ly -  
morphism among the methods compared.  All of  the PCR- 
based methods showed high levels of  polymorphism. All 
RAPD primers detected variation among these pea geno- 
types, except for primer B which detected several mono-  
morphic bands. There were some bands which were diffi- 
cult to score, because they were either faint or close to other 
bands, and these were ignored. Some of  the bands gener- 
ated by inter-SSR PCR also could not be scored. The three 
microsatellite primers chosen for this study were based on 
the observation that they are highly conserved in most  plant 
genomes.  In the AFLP analysis, the three AFLP primer 
pairs were chosen randomly. Due to the expected product  
size these fragments were separated in polyacrylamide 
gels, the bands were easier to score than RAPDs and inter- 
SSR PCRs, except for the very faint ones. In the Microsat-  
el l i te-AFLP analysis, pre-amplification of  the template 
DNA with a Ps tA  and MseI adapter upper strand (see 
Table 1) was applied; without such pre-amplification the 
SRFA products were not reproducible. 

The genetic diversities assessed 

The genetic diversity trees produced from each method are 
shown in Fig. 1. Except  for AFLP, all methods could dis- 
tinguish all ten pea genotypes;  AFLP markers could only 
distinguish eight of  the ten genotypes.  The two genotypes 
(JI 1194 and JI 1201) which AFLP markers could not dis- 
tinguish are near-isogenic lines developed by Marx (1987). 
The variation observed between these two lines with the 
other methods was higher than expected, especially for 
RAPD analysis. The frequency distribution of  band occur- 
rence per accession for each method is given in Fig. 2. 

The c D N A  data were scored by two different methods 
which agree well. The tree derived from inter-SSR PCR is 

JI15 JI540 JI126 
.~%~ ~ JI540 7JI126 

J[813 JI61 ~ JI15 
jJil194 ~ "~____~ JIl194 

/...~'~'-~--~"~ ~JI1201 JI399 /~ \ "JI1201 
J161f / ~JI430 / ~ JI430 

JI399 / JI813 
JI281 

JI281 
(a- cDNA) (b- cDNA) 

JI813 JI126 Jil194 ...... 
JI61 "fm ILUL JllS X / JI1201 o , \  ~--.-.JI430 - - -_.y/J>~4 

JI540 ~ J I 6 1  ~ L I ~ 4 ~  J 1J12813 

\ L JI281 Jl281 
(c- AFLP) (d- Ms-AFLP) 

JI1201/JI540 J11194 ,JI1201 
Jll194 ----~ JI399 JI430 \ I / J I 1 5  

JL61JIl"~ ~--JI430 Jr540 
JI15 ~ JI399 " ~ ] " ~  JI813 

/ \  
JI813 JI2'81 

JI281 
(e- RAPD) (f - integrated) 

JI813 JI430 

JI540 7 Ji126 

JI15 - - ~  

J16t 4 JI281 
JI399 ~'~'J[1194 

JI1201 
(g - inter-SSR PCR) 

Fig. l a - f  Genetic diversity trees generated using the neighbour- 
joining method. (a) cDNA RFLP (the data scored as band patterns), 
(b) cDNA RFLP (the data scored as band presence or absence), (e) 
AFLR (d) microsatellite-AFLP, (e) RAPD, (f) the integration cDNA, 
AFLP, microsatellite-AFLP and RAPD data, (g) inter-SSR PCR 
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0.3 

0.2 

0.1 

GAXA 
N = 33 

o ~  
1 2 3 4 5 6 7 8 9 

x, Number of occurrences 

0.4 

0.3 

AFLP 
N = 46 

0 ] l l l m d  0.2 
d. 

0.1 

0 

0.4 ~ cDNA-RFLPN= 165 

0.3 

0.2 

0.1 

1 2 3 4 5 6 7 8 9 
x, Number 

Fig. 2 Frequency distributions of band occurrence. These values 
are given as proportions (p). N is the total number of bands for each 
method, x is the number of accessions in which the band occurred 
(as monomorphic bands are excluded p varies from 1 to 9). GAXA: 
the inter-SSR PCR method; AFLP: AFLP analysis; Ms-AFLP: the 
microsatellite-AFLP method; cDNA RFLP: cDNA RFLP analysis 
with data scored as band presence or absence; RAPD: RAPD analy- 
sis 

different from the others as follows: (1) in all methods ex- 
cept inter-SSR PCR the genotypes appear in a "star phy- 
logeny", (2) JI 281 is clearly the most divergent as assessed 
by all methods except inter-SSR PCR. Mantel's-test results 
for the correlations between the distance matrices obtained 
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Ms-AFLP 
N=  56 

RAPD 
N = 41 

1 2 3 4 5 6 7 8 9 
of occurrences 

by different methods are shown in Fig. 3. Correlation co- 
efficients which fell outside the 95% confidence intervals 
showed positive correlation and those within the 95% con- 
fidence region showed no significant correlation. Addi- 
tionally, no significant negative correlation was detected 
in this study. Mantel's test shows that the genetic diversity 
tree detected by (GAXA)5 inter-SSR PCRs is not signifi- 
cantly correlated with the ones detected by other methods, 
whereas all of the others are significantly positively cor- 
related. In other words, the differences between accessions 
determined from the inter-SSR PCR technique were not in 
agreement with those from the other marker techniques. 
All the data, except for the inter-SSR PCR analysis, were 
combined to construct an integrated genetic diversity tree 
which is shown in Fig. lf. 
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cDNA-RFLP / RAPD 

cDNA-RFLP / AFLP 

cDNA-RFLP / MS-AFLP 

RAPD / AFLP 

RAPD / MS-AFLP 

AFLP / MS-AFLP 

SSR-PCR / cDNA-RFLP 

SSR-PCR / RAPD 

SSR-PCR / AFLP 

SSR-PCR / MS-AFLP < 

i I 

-1.0 -0.5 

*3 D 

r i i i 

o.o o,5 1 .o 

Fig. 3 Mantel's test results for the significance of the correlation 
coefficients for pairs of molecular marker methods, r correlation co- 
efficient, * observed value of r for the pair of methods, �9 mean of r 
for randomized data, <1D upper and lower 95% confidence interval 
for randomized correlation coefficients 

J1225 (abyssinicum) 

Jt 64 (elatius) 

d1261 (elatius) 

J145 
(t ranscaucasicum) 

J[ 156 
(sativum - S u d ~  

d11794 (humile) 

(sativum-Ethiopia) 

d1260 (iomardi) 

( sativum - Pakistan) 

J 1 1 0 2 /  / J1241 
(humile) 

(sativum-Afghanistan) 
J]109 

(sativum-Afghanistan) 

d1399 (sativum cv Cennia) 

J11006 (P. tulvum) 

\ d11796 (P. fulvum) 
J11010 (P. fulvum) 

J1224 (P. fulvum) 

Fig. 4 Genetic diversity tree of accessions from throughout the ge- 
nus Pisum 

Genetic diversity in the genus Pisum assessed by AFLP 

A genetic diversity tree from a selection of various species 
and subspecies within the genus Pisum was obtained from 
AFLR The three primer combinations employed in this 
study were an arbitrary choice (PstA/Mse3, PstB/Mse5 and 

PstC/Mse2). The primer sequences shown in Table 1 re- 
vealed 132 informative bands; the pattern of similarity and 
difference obtained among these lines generated the neigh- 
bour joining tree shown in Fig. 4. 

Discussion 

The levels of polymorphism 

In this study, we compared the cDNA-RFLP method and 
PCR-based methods as molecular markers in genetic di- 
versity assessment in pea. One of the goals of the study 
was to investigate the differences in the levels of polymor- 
phism detected by these methods and to evaluate the po- 
tential of the PCR-based methods to replace RFLP in ge- 
netic assessment. The polymorphism levels from different 
methods indicated that the cDNA-RFLP is the least infor- 
mative of the methods, even though the value was enlarged 
by pre-selection for informative clones. Most of the cDNA 
probes detected single- or low-copy loci markers. This is 
one of the major reasons to compare cDNA-RFLP with the 
PCR-based methods. The PCR-based methods gave simi- 
lar high levels of polymorphism, except for the RAPD 
primer B which was monomorphic. The RAPD analysis of 
pea gave an exceptionally high level of polymorphism 
compared to other species; in some species, pre-selection 
of the RAPD primers is necessary to maximize informa- 
tiveness (Kesseli et al. 1994; Rus-Kortekaas et al. 1994). 
It was also observed that the primers D, E or F could dis- 
tinguish the ten pea genotypes. This suggests that there is 
generally a high level of diversity in pea. Williams et al. 
(1990) showed that RAPD markers cover the entire ge- 
home, revealing coding or noncoding regions, repeated or 
single-copy sequences. It has been suggested that repeated 
sequences may be preferentially amplified by the RAPD 
technique (Arnau et al. 1994; N'goran et al. 1994). The 
number of repeated sequences is known to be correlated 
with the size of the genome (Vedel and Delseny 1987; Lap- 
itan 1992). As the pea genome size is 4-5 pg and contains 
abundant repeated sequences (Murray and Thompson 
1982), one could expect a relatively high content of re- 
peated sequence to be amplified. With the AFLP analysis, 
the extra selective bases in the AFLP primers were chosen 
randomly, so the fragments amplified by this method were 
assumed to be a nearly random subset of the restriction 
fragments. However, long tandem arrays of repeat se- 
quences will probably be under-represented in these re- 
striction fragments. 

With the microsatellite-AFLP technique, because the 
microsatellite sequences were included in the amplified 
fragments, the polymorphism level was expected to be 
higher than for AFLR The results shown in this study agree 
with this hypothesis. In the microsatellite AFLP method, 
because of replication slippage during the PCR, the micro- 
satellite bands are expected to be accompanied by faint 
bands (Perry et al. 1994). Some of the bands from this study 



do not behave in this way, suggesting that some of the frag- 
ments amplified from the simple sequence primers were 
not microsatellites, and consequently the polymorphism 
observed in these cases was not due to microsatellite, but 
rather to conventional, AFLP. The design of the compound 
microsatellite primer could be a major factor affecting the 
nature of the sequences amplified from the PCR, for ex- 
ample as a consequence of the length or sequence of the 
5' or 3' portion and the relationship of the two components. 
The primer design is intended to control the annealing site, 
allowing detection of microsatellite length polymorphism 
(Vogel 1995). 

With the inter-SSR PCR, the polymorphism level was 
similar to the other PCR-based methods. Because the prim- 
ers used in the study were similar, the polymorphism de- 
tected reflects the variation of one simple sequence fam- 
ily and the associated sequences. The polymorphisms de- 
tected by inter-SSR PCR are from the sequences between 
the two simple sequence primer sites and are not necessar- 
ily simple sequence length polymorphisms. Like RAPDs, 
the source of polymorphisms may include deletion of a 
priming site, insertion or deletion that changes the DNA 
fragment size, insertion that renders priming sites too dis- 
tant to support amplification, or an alteration to the restric- 
tion site used in the pre-digestion. The nature of the am- 
plified fragments therefore depends on both the simple se- 
quence primers used and on genome structure. 

Comparison of various markers in genetic diversity 

Molecular markers represent a sample of a plant genome, 
yet they are used to infer relationships of the entire genome 
among a set of lines or populations. The distribution of the 
loci detected by individual methods will affect the preci- 
sion of the resulting estimates of genetic distance (Nei 
1987; Leberg 1992). For a general comparison of genetic 
diversity, it is ideal that the loci detected are randomly dis- 
persed and sample the whole genome. The comparison of 
distributions of the different individual markers needs to 
be based on the genetic map, but this is very time consum- 
ing. An alternative approach may be to estimate the rela- 
tionships of the genetic diversity derived from several 
marker techniques. Furthermore, in order to investigate the 
potential of using PCR-based methods to replace the RFLP 
method, a comparison of the relationships of these diver- 
sity data is also necessary. The genetic diversity trees as- 
sessed by the different methods were statistically compared 
using Mantel's test. The results showed that, except for the 
inter-SSR PCR, the trees from other molecular marker 
techniques are significantly correlated, indicating that the 
trees from these PCR-based methods agree with that from 
cDNA-RFLR Furthermore, this result suggests that these 
PCR-based methods may be used as alternatives to replace 
RFLP in genetic diversity assessment. 

Presumably the different behaviour of the inter-SSR 
PCR reflects some feature of this class of sequences in the 
pea genome. The simple sequence primers used in this 
study belong to the same family, so the fragments ampli- 
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fied from these primers were associated with one family 
of repetitive DNA sequences. Consequently, the relation- 
ships inferred from this technique mainly reflect the diver- 
sity of this family and its associated DNA sequences in the 
pea genotypes assessed in this study. The organization of 
this family of simple sequences in the pea genome has been 
studied in detail (manuscript in preparation); the relevant 
point being that these kinds of repetitive sequences are 
clustered together and associated with other specific repet- 
itive sequences. Similar observations have been reported 
for other species (Epplen 1988; Condit and Hubbell 1991; 
Schmidt et al. 1993; Poulsen et al. 1994; Arens et al. 1995; 
Hamann et al. 1995). According to Delsney et al. (1988) 
repetitive sequences do not undergo the same evolution- 
ary processes as the rest of the genome. Repetitive se- 
quences could evolve more rapidly than single-copy se- 
quences by amplification and transposition. The different 
genetic diversity tree derived from thismethod was not a 
surprise, as we knew that simple sequences and other as- 
sociated complex repetitive sequences were involved in 
this amplification, and the organization of this family of 
sequences in pea genome is complex. Although the evolu- 
tionary processes affecting this simple sequence family re- 
main to be explored, this method provides a potential way 
for analysing the genetic diversity of a specific repeated 
sequence family in relation to that of the genome as a 
whole. Further analyses are needed, exploring other fam- 
ilies of simple sequence repeats, to determine whether the 
relationships detected by this class of sequences is repre- 
sentative of the evolution of the genome as a whole. If other 
dispersed simple sequence repeats, or a large number of 
primers, had been used, they may have generated results 
in agreement with the other methods. 

The number of markers needed 

An additional factor affecting the genetic diversity as- 
sessed by different marker techniques is the number of 
markers or probes used in an analysis (Messmer et al. 1991; 
Smith et al. 1992). Generally, precision improves as more 
probes or marker loci are detected in the analysis (Moser 
and Lee 1994; Tivang et al. 1994). For the marker tech- 
niques employed in this study, different numbers of mark- 
ers were involved. The significant correlations among the 
techniques obtained from Mantel's test provided indirect 
evidence to confirm the significance of the trees. Mantel's 
test is not a confirmation of the individual pairwise dis- 
tances between accessions but between the organisation of 
the trees; re-testing sub-populations of our data sets con- 
firmed that the numbers of bands we compared were suf- 
ficient to test for correlations between the methods used. 
In order to obtain a more precise estimate of genetic rela- 
tionship among the ten pea genotypes, the significantly 
correlated data were pooled to obtain an integrated genetic 
diversity tree (Fig. lf) which was considered to represent 
the most accurate estimate of genetic relatedness obtained 
by this study. 
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The scoring methods 

The scoring methods employed for different data may also 
affect the comparison of results. The cDNA data were first 
scored by the individual band patterns detected by each 
probe, which considered every probe as a single marker. 
In fact, this scoring method partially under-estimates the 
effects of the probes which detected multiple loci. For this 
reason, the cDNA markers were also scored from the same 
data according to the presence or absence of an individual 
band. From the data scored by this method, another genetic 
diversity tree was derived. The correlation of these two was 
analyzed using Mantel's test; the two methods are signifi- 
cantly correlated within an r value of about 0.95, p -7 x 10 -9. 
This indicates that the scoring methods did not much af- 
fect the results, perhaps because most of the cDNA probes 
detected a single locus with two alleles; and in this spe- 
cific case the two methods are indistinguishable. 

that they have comparable accuracy. They are generally 
much simpler to apply and more sensitive than the tradi- 
tional morphological and biochemical methods or the 
RFLP-based fingerprinting techniques because they are 
more polymorphic; yet are generally correlated with RFLP 
analysis. The inter-SSR PCR method was not well corre- 
lated with the other techniques and this may mean that the 
method is more appropriate for microevolutionary studies. 
A maj or advantage of these PCR-based methods is that they 
can be automated, and so have great potential in large-scale 
population genetics and plant breeding. 
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The genetic diversity in genus Pisum 

It is clear from this work that AFLP analysis is consistent 
with other molecular methods for the assessment of ge- 
netic relatedness. The validity of this method in relation to 
accepted taxonomy (Blixt 1972; Ben-Ze'ev and Zohary 
1973) has been investigated by the characterization of a 
sample of accessions representing the various species and 
subspecies within the genus Pisum. 

This neighbour joining tree (Fig. 4) shows that the ac- 
cessions from throughout the genus appear to radiate from 
a common centre. Pisumfulvum formed a single, although 
diverse, group but it is not markedly exceptional. P. sat- 
ivum ssp. abyssinicum appears to form a more discrete 
group clustering with subspecies elatius and at least one 
accession of ssp. humile. The remainder of the accessions 
form a loose assemblage and the pattern of branching at 
the centre of the tree is probably not very reliable as the 
distances between these nodes are short. The pattern of re- 
latedness shown in Fig. 4 suggests that genetic diversity is 
relatively evenly distributed within the genus and that there 
is no exceptionally marked differentiation between these 
species and subspecies, an observation which is consistent 
with the classical taxonomy of the genus (Blixt 1972; Ben- 
Ze'ev and Zohary 1973). 

General conclusions 

The results of this study within the genus Pisum, and the 
comparison between the methods employed, demonstrated 
that, with the exception ofinter-SSR PCR, the various PCR- 
based DNA molecular markers are suitable to address the 
questions of relevance to pea systematics and breeding. This 
finding is expected to be generally applicable to other plant 
species, although inter-SSR PCR may be valuable when the 
level of diversity is much lower than in Pisum. We have 
shown that PCR-based methods can be good candidates to 
replace RFLP markers in genetic diversity estimations and 
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