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PREDICTION OF VARIETY RELATEDNESS :-
Most Similar Variety Comparisons as. Pre-screening Tool. 

John Law1, Robert Cook and Stephen Smith2 

1 NIAB, Huntingdon Road, Cambridge, CB3 OLE, UK. 
2 Pioneer Hi-Bred International, Johnson, Iowa, 50131, USA. 

1. Introduction. 

A number of authors have considered the potential application of some molecular marker 
methods to variety identification and discrimination. In maize, Smith et al (1991), Bar-Hen et 
al (1995) and Dillmann et al (1997) have focused on comparisons of molecular methods with 
methods based on the crop morphology and pedigree. Similar studies in barley have been 
reported by Graner et al (1994) and Russell et al (1997). 

At the request of the 4th (1997) UPOV BMT meeting, the TWC undertook a study on the 
comparison of the most similar variety based on both morphological data and molecular 
methods. 

Data sets from maize, wheat and barley have been studied in detail together with pedigree 
information where available. This paper reports findings from the analysis of the maize data. 

2. The Data 

Data from 3 5 maize inbred lines have been analysed. Listed below are the types of data used, 
the number of 'characters' (ie for morphological data the number of characters, for molecular 
data the number of polymorphic bands) and the scoring method utilised:-

Type 
Morphology 
AFLP 
APPCR 
RFLP 
SSR 
Pedigree 

No. Characters 
50 
347 
258 
951 
63 

AFLP Amplified fragment length polymorphism 
RFLP Restriction fragment length polymorphism. 
SSR Simple sequence repeat 
APPCR Arbitrarily primed polymerase chain reaction 

3. Methods. 

Similaritv Scoring System 
Euclidean 
Jaccard 
Jaccard 
Jaccard 
City Block 
As supplied 

The data presented were first screened to remove a few monomorphic bands from the raw 
scored data sets. Data provided may be part of a larger set of varieties which could have 
shown polymorphisms. Such data cause computational difficulties if retained. Morphological 
characters that contained 'missing' values were also excluded at this stage. 
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Each type of data requires individual scoring algorithms to create the pair-wise variety 
similarity matrices. Data from AFLP, RFLP and APPCR analysis generate a binary data set 
which relates to the presence/absence of clearly observed bands. Several authors (e.g. Law et 
al 1997) have shown that the Jaccard method of constructing a similarity matrix performs 
satisfactorily for AFLP data and this has been used in this case. Unique banding patterns occur 
as a result of SSR analysis and these are scored using the City Block approach as there is an 
element of increased mobility in the bands but not sufficient to warrant a fully ordered 
treatment. Morphological data have been treated as 'Euclidean' for the purpose of this study. 
Pedigree similarity coefficients were used as supplied. 

For each method the most similar variety has been identified for each individual variety, with 
the observed level of similarity recorded. Such an approach seeks to quantify the agreement 
between molecular methods and then to compare with both the pedigree and morphological 
methods. A secondary approach, less prone to influences due to 'near-misses', identifies the 
most similar variety by morphological data and then determines the ranked position of that 
variety in the similarity set as expressed through molecular methods. This method can become 
cumbersome if the molecular method has multiple tied first rank for the "most similar variety" 
or if the pedigree matrix contains many identical low similarities. 

Correlations and scatter plots also aid interpretation of agreement between methods, based on 
individual variety assessments. 

4. Results 

4.1 Plots. 
An assessment of the overall level of agreement between the similarity matrices for DNA 
methods compared with similarities derived from morphological data can be seen in the pair
wise scatter plots (Fig. 1 ). The scatter plot of the morphology similarities (range 0.6 - 1.0) 
versus SSRs (range 0.5 to 0.95) shows a symmetrical cloud of data points with little 
discernible grouping or clustering of points within the overall cloud. However when similar 
plots versus RFLP and AFLP data are studied it is very noticeable that points are clumped 
with an over-population of low RFLP/AFLP values and fairly uniform scattering of points in 
the remainder of the two-dimensional space. The APPCR plot appears to have a form in 
between those of the SSRs and the RFLP/AFLP. The plot of similarities from morphology 
against the supplied pedigree similarities shows a more extreme form of the RFLP/AFLP-type 
situation. This is caused by many pair-wise similarities based on pedigree information being 
effectively zero. 

4.2 Similarity Relationships. 
Comparison of the similarity matrices was initially investigated by application of a simple 
pair-wise correlation. Such correlations when compared to morphology are moderately low at 
0.17, 0.16, 0.13, 0.19 and 0.21 for AFLP, APPCR, SSR, RFLP and pedigree respectively. 
Similar levels of association have been reported by other authors, eg Russell et al (1997). 
To confirm these findings a MANTEL permutation test was performed based on the R
Package software running on a Mac computer. The method for comparing two similarity 
matrices works by keeping one matrix fixed and permuting the observations in the second 
matrix. Test statistics compare the MANTEL statistic with all the other possible statistics 
generated from the permutations. When numbers of varieties are large an approximation is 
usually effective based on a sample of over 200 permutations. The normalised MANTEL 
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statistics confirm that the association between the morphology similarity matrix and the other 
matrices is weak, although with the large numbers of degrees of freedom both the correlation 
coefficients and MANTEL statistics achieve a degree of significance. 
Of the 50 morphological characters the vast majority are measured and fully justify the use of 
the Euclidean metric. However it was suggested that the use of the Euclidean metric could be 
influenced by the presence of a few characters which have numerically large values. Similarity 
matrices were generated from the original use of the Euclidean metric on all 50 characters; 4 7 
characters were used omitting the 3 large valued characters and the application of the Gower's 
amalgamation criteria which allows truly measured and scored variables to be combined into a 
single similarity measure. Comparisons showed differences to be minimal with any 
conclusions robust in terms of the specific character set tested and approach used. 

4.3 Most Similar by Morphology. 
The most similar variety to each of the lines of maize taken in turn can be seen in Table 1. For 
example, in the first four columns of that table, for say target variety number 24, we see that 
the most similar variety is number 17 with the largest similarity value of 0.922. There are no 
tied equal maximal similarity coefficients in this analysis but this needs to be allowed for in 
the more general application of this procedure. It can be noted that the maximal similarity 
coefficients exceed 0.9 (except for variety 4) in all cases with the majority also greater than 
0.95. 
Before establishing similar statistics for the DNA methods, it is of interest to note the ranked 
position of the morphologically most similar variety in the set of similarities from the 
molecular methods. With perfect agreement across all methods they would each rank the same 
variety as 1st. This approach allows for slight numerical variation which may affect the 
similarity ranking, making the agreement appear much worse than it really is. Continuing with 
the same target variety as before (24) , it can be seen that both AFLP and APPCR rank the 
selected variety (number 17) second, while SSR and RFLP rank it in first place. Based on 
pedigree information variety 17 is ranked most similar to the target variety. From Table 1 it 
can be seen that for varieties 2, 5, 9, 11,12, 16, 19, 24, 26, 29, 31 and 32 each of the DNA 
methods and pedigree are in good agreement with the most similar variety based on 
morphological measures. However, for a number of varieties whilst there is good agreement 
between the DNA methods, collectively the ranking is well away from that established using 
morphological data (see for example variety numbers 1, 3, 8, 13, 21, 22, 30, 33, 35). 

4.4 Most Similar by Molecular Methods. 
Results from the application of each DNA method in establishing the most similar variety can 
be seen in Table 2. Agreements across the methods can be seen (e.g. target variety 4, 6, 9, 10, 
16, 17, 20, 25, 27, 31, 33) although the results are totally different from those based on 
morphology. The absolute levels of maximal similarity for the DNA methods are also of 
interest. Target variety number 35 has a consistently low level of maximal similarity, showing 
this to be very different from all other material under test. Excluding this case, the SSRs 
maximal similarities are the highest and most consistent (range 0.74- 0.95) while the RFLP 
values are the most variable with a range between 0.37 and 0.86. Note that for SSRs the 
maximal similarity values generally exceed 0.8. 
Thus far comparisons of the similarities generated by morphological data and DNA methods 
have been made firstly on the criterion of assessing the rates of exact match for the single 
most similar variety to each target line and secondly as close matches in a ranked sense. 
Overall correlations based on pair-wise similarities have already been quoted above and are at 
best only moderate. However, for each method in turn it is possible to consider the 
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relationship between rows of the similarity matrices and to form correlations for each target 
variety. 
Consider in Table 3 firstly the summary statistics for comparisons with the morphological 
results. The maximal relationship is remarkably consistent across all DNA methods and 
pedigree, at circa 0.66, with minimum correlations all below -0.3, giving a very large range 
often exceeding 1.0. The median of the varietal correlations for SSRs is noticeably lower than 
for the other methods. For comparative purposes, results for the pedigree and SSRs are given, 
with each median relationship, in terms of the correlation coefficients, exceeding 0.77. 

4.5 Minimal Set of Most Similar Varieties. 
The practical use of 'most similar variety' in pre-screening situations is to select a small set of 
varieties in which it is highly likely that the 'true' (but unknown) most similar variety occurs. 
For this exercise target sets of varieties have been sought corresponding to the top 1 0%, top 
20% and the top 30%. The critical cut-off similarity coefficients for morphology sets, 
corresponding to the most similar coefficients in Table 1, are shown graphically in Fig 2. The 
graph is ranked in terms of the most similar variety , ie the top variety. It can be seen that, 
apart from the extremes, the critical similarity values corresponding to the 10%, 20% and 30% 
criteria are well behaved and follow closely the most similar critical values. This shows that 
generally there is an even gradient in similarities for a variety. At high values, and to a lesser 
extent the lower ends, the pattern of distribution of similarities becomes more stretched with 
the most similar often dominated by a single exceptionally high value. 
Similar plots show that the critical cut-off values for 10%, 20% and 30% for SSR are 
equidistant and parallel to the most similar value. For AFLP's there is a less well behaved 
system which appears to diverge from the most similar value with, for example, the 30% 
critical cut-off remaining at about 0.4 while the ranked 'top' variety similarity increases from 
0.4 to 0.9. 

4.6 Minimal Sets in Practice. 
The key remaining question is ... How well do molecular markers perform in terms of 
producing a limited set of varieties that can be compared with the most similar variety(ies) as 
defined by using the morphological data only? Variety sets were constructed that, for each 
molecular method and pedigree, contained the ranked most similar varieties from which the 
top 10%, 20% and 30% were retained. These sets were then compared, target variety by 
variety, against the most similar variety based on morphology. This was repeated for the 2nd 
and 3rd most similar varieties by morphology. As a check on the approach the most similar 
three varieties were compared for both AFLP and SSR molecular methods. 
The results are shown in Table 4, in which it can be seen that, for example with AFLP, the 
top 1 0% set (rounded to 4 in this case) contains the most similar variety defined by 
morphology 46% of the time. This increases to 63% as the set increases to 30% (taken as 10 
in this case). There is good agreement between the percentage 'hit rates' with AFLP and SSR 
and pedigree, although the values are only modest. Of interest is the additional information 
that at least 20% of the most similar varieties by morphology do not appear in the top 30% of 
any other method (not AFLP nor SSR nor pedigree). For the 3rd most similar variety by 
morphology the 'total miss rate' is just under 50%. This indicates that morphology is a poor 
assessor of most similar varieties. 
The 'hit rate' is impressive using the most similar variety defined by similarities derived from 
the AFLP and SSR data. The 'total miss rate' is nil for AFLP and very low for SSR. 

029, 
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While the number of varieties/lines available in this projecT '"::tS relatively low, the amount of 
morphological, molecular and pedigree information utilised :s very large. The DNA analysis 
methods show a measure of internal agreement when compared to the variety selected as the 
most similar by morphology. However, it should also be noted that for certain target varieties 
very consistent but different conclusions are drawn. The scatter plots show that the range of 
morphological similarities is relatively low (circa 0.2) compared to those for AFLP and RFLP 
data at 0.6 and pedigree data at over 0.9. 

Overall, the DNA methods appear to give better correlations between each other when 
identifying a most similar variety, and also correlate better with pedigree data, than does 
morphology. Morphology thus appears to be a poor assessor of the relationships between 
varieties and hence of truly similar varieties. The much better molecular methods, used singly 
or in combination, are able to identify a minimum set of close varieties that are highly likely 
to contain the truly 'most similar' variety. This is clearly important if molecular methods are 
to be used in the pre-screening context. 

As well as being of interest to the practice ofDUS testing per se, these results are particularly 
significant for situations which require knowledge of the relationships between varieties, eg 
assessments of minimum distance and establishing rational criteria for the definition of 
essential derivation. 
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Table 1. Maize Morphology - Identification of Most Similar Variety 

Variety Number 
of 

Target most Similar similarity tied first 
Variety to Target Coefficient rank (1) 

1 21 0.964 1 
2 11 0.960 1 
3 2 0.942 1 
4 7 0.899 1 
5 26 0.970 1 
6 1 0.954 1 
7 1 0.957 1 
8 35 0.950 1 
9 12 0.973 1 
10 27 0.966 1 
11 31 0.971 1 
12 9 0.973 1 
13 27 0.905 1 
14 20 0.961 1 
15 21 0.963 1 
16 29 0.950 1 
17 22 0.948 1 ' 

18 20 0.944 1 
19 32 0.936 1 
20 14 0.961 1 
21 1 0.964 1 
22 27 0.948 1 
23 27 0.925 1 
24 17 0.922 1 
25 28 0.913 1 
26 5 0.970 1 
27 10 0.966 1 
28 21 0.933 1 
29 10 0.955 1 
30 5 0.911 1 
31 11 0.971 1 
32 1 0.960 1 
33 23 0.916 1 
34 14 0.951 1 
35 8 0.950 1 

Ranked Position of the Most Similar Variety by Morphology 

in the set of Similarities Derived by Molecular Methods and 
Pedigree 

AFLP APPCR RFLP SSR Ped~ree 

34 28 15 18 13(=2) 
1 1 2 2 3(=2) 

28 24 27 22 27(=9) 
7 6 6 8 10(=2) 
1 1 1 2 1(=2) 

16 16 15 5 15(=21) 
4 8 7 4 3 
33 23 31 27 31(=5) 
1 1 1 1 1 

20 22 11 13 7(=2) 
3 3 1 1 1 
1 1 1 2 1 

33 34 33 34 8(=28) 
3 2 1 11 5 
10 4 6 6 7(=2) 
1 1 1 1 1 
8 10 7 10 8(=2) 
12 5 20 4 13 
1 1 1 2 1 
3 2 2 27 2 

29 21 18 15 11 
18 25 14 14 10(=4) 
9 16 8 14 6(=3) 
2 2 1 1 1 
10 7 5 20 13 
1 1 1 2 2 

11 6 8 25 7 
15 14 8 5 9 
3 2 1 4 2 

31 21 13 31 15(=3) 
1 1 1 1 3 
2 2 1 1 1 

20 21 34 34 19(=17) 
3 3 3 23 1 

23 20 19 23 16(=20) 
$Values in brackets are the number of tied ranks with equal similarity in pedigree. 
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Table 2. Maize - Identification of Most Similar Variety by Molecular Methods and 
Pedigree 

Targe 
t 

Most AFLP Most APPCR Most RFLP Most SSR Most 
Similar Similar Similar Similar Similar 

Variet AFLP Similarity APPCR Similarity RFLP Similarity SSR Similarity Pedigree 

y 
1 32 0.826 32 0.819 32 0.725 32 0.942 33 
2 11 0.885 11 0.869 31 0.717 31 0.943 31 
3 15 0.466 15 0.493 15 0.366 15 0.837 15 
4 31 0.713 31 0.679 31 0.541 31 0.887 31 
5 26 0.879 26 0.901 26 0.799 8 0.953 26 
6 13 0.709 13 0.738 13 0.552 13 0.738 13 
7 32 0.600 32 0.600 31 0.470 20 0.813 31 
8 26 0.800 26 0.846 5 0.777 5 0.953 26 
9 12 0.915 12 0.894 12 0.862 12 0.918 12 
10 29 0.625 29 0.620 29 0.561 29 0.809 29 
11 2 0.885 2 0.869 31 0.779 31 0.952 31 
12 9 0.915 9 0.894 9 0.862 8 0.926 9 
13 6 0.709 6 0.738 6 0.552 25 0.798 25 
14 33 0.681 34 0.648 20 0.603 26 0.843 34 
15 26 0.495 26 0.507 5 0.418 3 0.837 3 
16 29 0.673 29 0.701 29 0.536 29 0.884 29 
17 24 0.684 24 0.706 24 0.543 24 0.910 31 
18 12 0.59_3 12 0.645 9 0.461 9 0.773 12 
19 32 0.839 32 0.862 32 0.717 1 0.901 32 
20 34 0.758 34 0.682 34 0.673 34 0.867 34 
21 18 0.472 18 0.577 18 0.372 3 0.790 18 
22 11 0.686 31 0.709 31 0.663 31 0.870 31 
23 29 0.626 29 0.602 13 0.499 29 0.812 29 
24 31 0.709 31 0.761 17 0.543 17 0.910 31 
25 13 0.667 13 0.671 13 0.447 13 0.798 13 
26 5 0.879 5 0.901 5 0.799 8 0.944 8 
27 34 0.772 34 0.691 34 0.578 34 0.849 29 
28 10 0.578 17 0.644 17 0.537 24 0.770 10 
29 16 0.673 16 0.701 10 0.561 16 0.884 22 
30 11 0.842 2 0.862 11 0.697 11 0.934 31 
31 11 0.837 11 0.857 11 0.779 11 0.952 30 
32 19 0.839 19 0.862 1 0.725 1 0.942 1 
33 1 0.712 1 0.738 1 0.686 1 0.891 1 
34 27 0.772 27 0.691 20 0.673 20 0.867 14 
35 21 0.441 10 0.497 28 0.275 21 0.706 21 

0 ,, c':J· . 
L " 

Pedigree 

Similarity 

0.909 
0.885 
0.437 
0.500 
0.882 
0.500 
0.502 
0.882 
0.947 
0.509 
0.885 
0.947 
0.500 
0.553 
0.437 
0.500 
0.500 
0.577 
0.821 
0.524 
0.267 
0.546 
0.500 
0.500 
0.500 
0.882 
0.500 
0.509 
0.546 
0.885 
0.885 
0.908 
0.909 
0.553 
0.187 
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Table 3. Summary of Individual Variety Correlations Between Characteristic 
Similarities 

Max 
Min 
Mean 
Median 
Range 

Max 
Min 
Mean 
Median 
Range 

MORPHOLOGY versus 
AFLP APPCR 
0.68 0.64 
-0.36 -0.45 
0.23 0.24 
0.27 0.26 
1.03 1.09 

Pedigree versus 
AFLP APPCR 
0.98 0.98 

Rs versus 

SSR 
0.68 
-0.30 
0.18 
0.17 
0.98 

AFLP APPCR SSR 
Max 3 t----+-----fE 
Min 
Mean 
Median 
Range 

. RFLP Pedigree 
0.69 0.69 
-0.38 -0.34 
0.25 0.27 
0.25 0.28 
1.07 1.03 

RFLP 
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'Table 4. I j : ' ' l 
:Most Similar (1st, 2nd and 3rd) Variety by Target Method (Morphology, 
_AFLP an~ SS~) Contaiined 

1
in too xo/o bv ot~er Me~~ods. j 

1 

Target Method Morphology i !Target Method AFLP · ' !Target Method SSR i 
1st I 2nd 1 3rd i 1st i 2nd! 3rd ' I 1st i 2nd 3rd 

Morphology 10% - - - Morphology 10% 69 23 29 Morphology 10% 57 37 28 
20% - - - 20% 77 43 34 20% 69 43 40 --M• -·• -•· 
30% - - - 30% 80 60 46 30% 71 63 51 

--------+,,~--~. --~~--~.,~~~·------~~~. ~.~~ .. --~------+---~!.--~--~~ 
' ; : 

~~-----~1~0~%~-4~6~~4~9~~34~1_A_F~L~P--~~10~%~---+---+--~-~A_F_L_P ____ ~10~%~~8~9~~66~~6~9; 
20% 49 63 46 20% - - - 20% 89 74 86 
30% 63 63 51 30% - - - 30% 91 83 89 

SSR • 10% 40 51 37 SSR 10% 89 63 49 SSR 10% - - -
20% 49 54 46 20% 97 77 71 20% - - -, ___ ,,_, _____ t-:~-t--:::-+-::::-+-:~H-------t-::~*-=-i~~==-H-------+-::=-+--+----lr--~ 
30% 57 63 46 30% 100 91 77 30% - - -

'-·-----------~-....;.;;..;.;.~.;.;...~;.;....,L.....;.~-1-------~;;..;.;.+-~...;;..;.....~..,;~+-------~..;...;.;.~-"---"--f 
l i I l ~ ! 1 ; , ! 

RFI_P______ 10% 46 57 69 RFLP 10% 100 91 · 71· RFLP 10% 91 71 69 
-·--------4-,2:-:0-=;%;...-+....,5;.:7+...;;6.;,.6-I-6;;6;.-+F-=----I-,2:-:0-=;%;..+1;..;;0.;.0+-.;.9.;....1 +-:,9.,:,.7o~+-=-==----+2=:0~'*;..• ........:9:-;.1-+-~80:-+...;;7.;;....t4 

30% 49 49 57 30% 100 94 97 30% 97 86 89 

i I I ! ! I ' I : ' 
APPCR 10% 43 54 60 APPCR 10% 100 83 77 APPCR 10% 89 74 71 

20% 57 60 66 20% 100 91 94 20% 91 84 86 
30% 43 46 49 30% 100 94 97 30% 91 84 94 

f f ; ! ! i I 
Pedigree 10% 43 46 40 Pedigree 10% 97 83 87 Pedigree 10% 94 66 51 

20% 54 60 46 20% 100 94 94 20% 97 71 71 
30% 69 63 54 30% 1 00 97 97 30% 97 83 97 

. i i ll i : l i i i ! 
~ i li i i l il ! ! : 

;;"''f~~··~··;~ 
!SSR 0 9 0 ! ! ' i 

[::.=.~: __ ,_,_,,,,,,; ...... , .. ____ ,f=f=---.. 1---.. J.i----.. ---·""""""'t ___ ,,~.. ; :! ,.,,,,, _______ l __ , .... ,,_, ____ ~--t---·-·-1 
. ! ! ! ! i ! ~ 

:; • l 

I ! i 1: ! 
I l 

l I ! i-------f---+--+----1--++-------l---+--+--+--+,+: ------+-----+---+--+---! 
! 1 

: ! , , I I 
: \ ~ I 

-------~--+---+-~-+-----~~-~-+--+-++------+---+---+--~ 
:_, ___ , __ -----;,___--+-----+-+---+' +' ------'---t-1-+--_;.1+' -----'---+-+--'-. --1 

1 i! l 

0"'~'0' ...J ' 
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Figure 1 
Scatter Plot of Pairwise Simi 1~rities from AFLP, SSR_APPCR, RFLP and Pedigree v 
Morphology 
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