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Abstract Removing redundant germplasm from collec-
tions is one of the options for genebanks to increase the
efficiency of their genetic resource management. Molec-
ular characterisation of germplasm is thereby becoming
more and more important to verify suspected duplica-
tion. AFLPs were used to characterise 29 flax accessions
of material derived from research activities (hereafter
termed “‘breeder’s line”). Based on similar accession
names, the breeder’s lines could be classified into three
series (‘M 25, ‘RuU’ and ‘Rm’) that were expected to
contain redundancies. In addition, 12 reference cultivars
were analysed. A total number of 144 polymorphic
bands (59.8%) were scored among the 164 individuals
investigated. In general, relatively high levels of intra-
accession variation were found, even for the cultivars ex-
amined. This finding was not in line with the low out-
crossing rates reported for flax. A cluster analysis
grouped the ‘Ru’ and ‘Rm’ series together, indicating
their close genetic relationship. An analysis of molecular
variance (AMOVA) showed a significant group effect
(fibrefail flax) only for ‘M 25, explaining 34% of the
variation observed within this series. For the cultivars
40.5% of the variation was distributed among accessions
within groups and al pairwise comparisons were signifi-
cantly different, except for one case. Both for the series
of breeder’s lines and the cultivars the magjor part of the
variation was distributed among individuals within ac-
cessions. This component constituted 80.7% and 83.6%
of the total variation for the ‘Ru’” and ‘Rm’ series, re-
spectively. Pairwise comparisons of accessions were per-
formed by AMOVA in order to identify redundant germ-
plasm. Stepwise bulking of accessions until all remain-
ing accessions were significantly different showed that
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the 29 accessions of breeder’s lines could be reduced to
14. Only a small negative effect of this bulking approach
on the among-population component of variance was ob-
served, showing a reduction of 2.6%. Results are dis-
cussed in relation to improving the efficiency of collec-
tion management.
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Introduction

Characterisation of the germplasm is one of the main
aspects of genetic resource management (Bretting and
Widrlechner 1995; Brown and Kresovich 1996; Clark
et al. 1997). Assessment of the genetic relationships
among ex situ conserved accessions allows genebanks to
identify gaps and redundant germplasm in their collec-
tions, and to establish core collections (e.g. Hodgkin
et al. 1995). Unwanted duplications within collections
are a burden to genebanks because these do not contrib-
ute to the genetic diversity present within the collection,
but do require capacity for storage and maintenance. In-
creasing collection size and decreasing financial resourc-
es have stimulated genebanks to identify and remove
redundant germplasm in order to increase efficiency
(Hintum and Visser 1995; Hintum et al. 1996).

Passport data may be used to identify probable dupli-
cates (Hintum and Knipffer 1995). For instance, pass-
port data may show that accessions are conserved under
identical or similar names, that samples have been col-
lected at identical or nearby localities, or that pedigree
data indicate a common genetic background. Obviously,
additional information is needed to verify suspected re-
dundancy in the above-mentioned cases. Such informa-
tion can be obtained by morphological characterisation,
but morphological variation is often found to be restrict-
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ed and can be strongly influenced by the environment.
Therefore, studies directed to the identification of redun-
dant germplasm often combine morphological analyses
with molecular characterisation (Waycott and Fort 1994;
Virk et al. 1995; Oliveira et a. 1997; Zeven et al. 1998)
or are carried out exclusively with molecular markers
(Phippen et al. 1997; Cerveraet al. 1998).

Absolute certainty that two samples are genetically
identical can only be obtained by comparison of their
complete genomes. However, samples do not necessarily
have to be completely identical in order to be considered
redundant. For example, two samples collected from the
same outcrossing population will have avery small prob-
ability to be completely identical, yet they will share a
similar genetic background. Therefore, we can consider
redundancy by quantifying the genetic diversity between
samples based on the screening of germplasm for alarge
number of polymorphic markers. Statistical tools, such
as an analysis of molecular variance (AMOVA), may
then be used to evaluate whether samples display suffi-
cient genetic variation in order to consider them distinct
(Excoffier et al. 1992).

To characterise germplasm at the DNA level, a vari-
ety of molecular techniques is currently available
(Whitkus et al. 1994; Karp et a. 1996, 1997; Parker
et al. 1998). Compared to aternative genetic marker sys-
tems, AFLPs are generally considered relatively power-
ful in germplasm analysis because of the high number of
markers that can be generated per analysis (Powell et al.
1996; Milbourne et al. 1997; Russell et a. 1997). In the
present study, AFLPs have been used to identify redun-
dant germplasm in the flax collection of The Centre for
Genetic Resources, The Netherlands (CGN).

In the past, CGN has included in this collection a sub-
stantial amount of material derived from research activi-
ties (material hereafter denoted as ‘' breeder’s ling”). Un-
fortunately, this materia is rather poorly documented.
However, crop type (fibre or oil flax) and an accession
code are available in nearly al cases. A large part of
these accessions appeared to have very similar names,
suggesting that they may have originated from the same
breeding programme and hence may share a common ge-
netic background. Redundant germplasm might therefore
be present among these accessions. Because this material
is also rarely requested for utilisation, the present study
was undertaken to investigate possibilities for the ratio-
nalisation of the collection through the use of AFLP anal-
ysis. Variance components within and among accessions
were estimated from the molecular data and were used as
criteria to constitute groups of genetically similar acces-
sions. The results are discussed in relation to the value of
this approach for the rationalisation of collections.

Material and methods
Germplasm studied

The flax (Linum usitatissimum) collection of the Centre for Gene-
tic Resources, The Netherlands (CGN), currently comprises about
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1000 accessions. Part of this collection consists of a considerable
number of accessions that have been classified as breeder’s lines
and for which only very limited passport data are available. Indi-
vidual accessions can be distinguished based on a number, but can
be clustered into different groups based on an identical group code
(eg. ‘M 25-341", ‘M 25-343', ‘M 25-355', etc.; ‘526 Hi'—541
Hi"). Within the flax collection, 41 of such groups exist, consisting
of 317 accessions and comprising around 30% of the entire collec-
tion. Out of the 41 groups, 26 have in common that they are denot-
ed by a two-letter code (e.g. Ai, Cg, Hi, Rm, Sp, etc.) with all ac-
cessions having a unique preceding number. This suggested that
redundancies might be encountered, not only within groups, but
even between groups. Furthermore, screening of the flax database
revealed that for all 26 groups an existing cultivar could be found
of which the name could be related to the two-letter code (e.g. Ai:
Aino, Rh: Rhodesia, Sv: Svetoc).

For the present study, 29 accessions from three different series
of breeder’s lines (‘M 25, ‘Ru’ and ‘Rm’) were selected. These
series each comprised accessions characterised as either fibre flax
or oil flax. In addition, 12 cultivars were included as references
(see Table 1). The cultivars ‘Rusland I’, ‘Rudland II’, ‘Rem-
brandt’, ‘139 Rumanien’, ‘Russian Althanson’, ‘Roma’, ‘Italia
Roma’ and ‘Roman Winter’ were selected because of the possible
relationship with the ‘Ru’ and ‘Rm’ series based on their acces-
sion name and the group code of these two series of breeder’s
lines. For the other four selected cultivars there was no reason to
expect any relationship with the ‘M 25', ‘Ru’ and ‘Rm’ series. All
accessions used in the present study have been regenerated at least
once in the past. During regeneration, the oil and fibre type of the
accessions are routinely checked. Four plants per accession were
analysed with AFLPs. In addition, two replicate samples from a
single individual were included in the analyses to estimate the fre-
quency of artefact bands.

Extraction of DNA

From each of the 41 accessions, seedlings were raised in a green-
house from 20 sown seeds. After 13 days 50-100 mg of leaf tissue
were obtained from four individuals per accession. Tissue samples
were collected in 2-ml Eppendorf tubes and immediately frozen in
liquid nitrogen. All samples were stored at —80°C upon return to
the laboratory.

Samples were vacuum-dried overnight after which five glass
pearls were added to each Eppendorf tube and tissue samples were
ground mechanically into a fine powder. Subsequently, total ge-
nomic DNA was isolated using the microprep protocol of Fulton
et al. (1995). Extracted DNA was re-suspended in 50-100 pl of
10 mM Tris/0.1 mM EDTA (pH 8.0), depending on the size of the
pellet, and stored at 4°C. Two microliters of each sample were
loaded onto an 0.8% agarose gel to estimate DNA concentrations,
using 20, 40, 60, 80 and 100 ng of phage lambda DNA as refer-
ences.

AFLP procedures

The AFLP protocol basically followed the procedures described
by Vos et a. (1995). Briefly, five units of EcoRI and five units of
Msel were used to digest 300 ng of total genomic DNA to comple-
tion. AFLP adapters for both restriction enzymes were then ligated
to the restriction fragments. Selection of the EcoRI-EcoRI and
EcoRI-Msel fragments through the use of biotinylated EcoRI
adapter and magnetic beads was omitted. Subsequently, template
DNA was pre-amplified using primer combinations based on the
sequence of the adapters but 3'-extended with one selective nucle-
otide (EcoRI+A/Msel+C). For each of the samples part of the
PCR product was loaded onto a 2% agarose gel to check for
successful amplification. Pre-amplification was followed by a
second amplification reaction, using primer pairs further extended
with one selective nucleotide at the 3' end. All samples were ana-
lysed for two selective primer pairs, EcoRI+AC/Msel+CC and
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EcoRI+AG/Msel+CC, which in a previous study had been identi-
fied as appropriate primer combinations for AFLP analysesin flax
(Van Treuren, unpublished data). Prior to selective amplification,
the EcoRI primer was radiolabelled with 33P. PCR products were
separated on 6% denaturing polyacrylamide gels (Biozym, Sequa-
gel-6), followed by exposure to Kodak XOMAT AR film for sev-
era days. In al amplifications, Goldstar Tag DNA polymerase
was used for PCR and all reactions were performed on a single
block of a Perkin EImer 9600 thermo cycler. The following touch-
down thermal profile was used in al amplifications: one cycle of
30sat 94°C, 30 sat 65°C and 60 s at 72°C; 12 cyclesin which the
initial annealing temperature of 65°C was lowered by 0.7°C each
cycle; 23 cycles in which the annealing temperature was held con-
stant at 56°C. Additional details about the AFLP protocol fol-
lowed can be found in Arens et al. (1998).

Data analysis

Autoradiograms (approximate size range of the fragments: 50—
500 bp) were scored manually and observed band positions were
considered to represent different loci. Each observed locus was as-
sumed to potentially have two alelic states (band presence or ab-
sence) and variations in band presence were recorded as polymor-
phisms. Band-sharing data were used to calculate genetic similari-
ties between samples based on the simple matching coefficient
(Soka and Michener 1958). The similarity values were used to
graphically represent genetic relationships between samples by
principal co-ordinate plots (PCO). Similarity values and PCOs
were generated by the Genstat 5 software package (release 4.1).
Genetic relationships between accessions were calculated using
Nei's unbiased estimate of standard genetic distance and were rep-
resented by a dendrogram using the UPGMA clustering algorithm
(Nei 1987; Weir 1990). These calculations were carried out using
the software package TFPGA (Miller 1997).

An analysis of molecular variance (AMOVA) on genetic dis-
tances based on the simple matching coefficient between all pairs
of samples was used to compute molecular variance components
at different hierarchical levels, i.e. within accessions, among ac-
cessions within groups and among groups of accessions. Variance
components were tested for significance by a non-parametric re-
sampling approach using 10000 permuted distance matrices
(Excoffier et a. 1992). The AMOVA approach was aso used in
bulking procedures. Firstly, a distance matrix with the correspond-
ing significance values was generated between pairs of accessions.
In these comparisons a conservative significance level of 0.1 was
used to identify genetically different accessions. Secondly, if not
significantly different, the pair with the smallest genetic distance
was bulked into one group. Thirdly, a new AMOVA was per-
formed, after which the first two steps were repeated until all ma-
trix elements were significantly different from each other. Analys-
es of molecular variance were carried out using version 1.55 of the
software package WINAMOVA (see Excoffier et al. 1992). Mono-
morphic loci were included in all data analyses.

Results
Intra-accession variation

For the entire analysis, a total number of 241 bands was
generated with the two AFLP primer combinations. Out
of these bands, 97 (40.2%) were found to be monomor-
phic, whereas 144 (59.8%) were polymorphic. Polymor-
phic bands were distributed equally over the two primer
pairs, which generated 57.6% and 62.1% polymorphic
bands per primer set, respectively. For both primer com-
binations, the AFLP profiles of the replicate DNA sam-
ples were completely identical, indicating a low proba-

bility of artefact polymorphisms. Contrary to expectation
based on the selfing nature reported for flax, substantial
levels of intra-accession variation were observed, includ-
ing the reference cultivars. In both accessions ‘75 Ru’
and ‘Moose Sel’ 60 polymorphic bands were found,
which means that these entries each contain 41.7% of the
total number of polymorphisms detected. Mean similari-
ty values within accessions ranged from 0.86 to 1.00
(Table 1). Genetic homogeneity was observed only for
breeder’s line ‘M 25-221' and cultivar ‘Rembrandt.” In
general, lower similarity values were found in the ail
flax accessions. On average, mean similarity was 0.905
for oil flax and 0.932 for fibre flax.

Comparison of banding profiles between adjacent
rows of fragments suggested codominant inheritance in
three cases. These were identified based on the absence
of "double null scores” and a marked reduction in inten-
sity of both bands in case both fragments were present.
Mean observed heterozygosity in the total sample was
4.1% at these three loci. Heterozygosity at these posi-
tionswas in nearly all cases accompanied by less intense
fragments at other positions. Assuming that these frag-
ments also indicated heterozygosity, up to 13 heterozy-
gous loci per individual (in the accessions ‘M 25-343'
and ‘Moose Sel’) could be scored. Again, these results
were not expected based on the predominant self-fertil-
isation of the species.

Inter-accession variation

A nested AMOVA showed a significant effect of crop
type (fibre/oil flax) only for the ‘M 25" series. For this
series 34% of the variation detected could be ascribed to
the difference between fibre and oil flax (Table 2). Sur-
prisingly, the effect of crop type was found to be absent
in the cultivars, explaining only 3% of the variation de-
tected. No fixations for different alleles were observed
when comparing fibre flax and oil flax. However, one
fragment was found to be present in all individuals be-
longing to the fibre crop type, whereas in oil flax the
fragment occurred in a frequency of 65.9%. Based on the
estimated frequency of the fragment in the total sample,
the probability of fixation in either fibre or oil flax due to
chance alone was calculated to be 4.3x10-7, suggesting a
relationship between this fragment and crop type. For the
‘M 25, ‘Ru’ and ‘Rm’ series, as well as for the group of
cultivars, significant differences were observed among
accessions within groups. For the series of breeder's
lines this component of variance ranged from 13.3%
(‘Rm’) to 19.5% (‘Ru’), whereas it was found to be high-
est in cultivars (40.5%). However, differences among in-
dividuals within accessions accounted for the major part
of the variation in all four groups. For the ‘Ru’ and * Rm’
series this component of variance explained 80.7%
and 83.6%, respectively, of the total variation detected
(Table 2).

An UPGMA cluster analysis partitioned the samples
into separate groups of fibre and oil flax only for the



Table1l Germplasm of flax in-
vestigated in the present study.
Accessions that have not yet
been registered with a definite
CGN accession number are de-
noted by their receipt number
(Recnr.). In the last column the
mean intra-accession similarity
between the samples based on
the AFLP datais presented
(n=4, SD=standard deviation)

Table 2 Results of a nested AMOVA based on the AFLP data.
Analyses were performed separately for the three series of breed-
er'slines (‘M 25, ‘Ru’ and ‘Rm’) and the cultivars and were car-
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Accession name Accession Crop Country of Mean
number type origin similarity (SD)

M 25-64 CGN19481 Fibre USA 0.99 (0.01)
M 25-221 CGN19482 Fibre USA 1.00 (0.00)
M 25-245 CGN19483 Fibre USA 0.90 (0.02)
M 25-330 Recnr. 964680 Qil USA 0.90 (0.02)
M 25-341 Recnr. 964681 Oil USA 0.93(0.02)
M 25-343 Recnr. 964682 Oil USA 0.89 (0.02)
M 25-355 Recnr. 964683 Qil USA 0.88 (0.02)
M 25-362 Recnr. 964684 Oil USA 0.96 (0.02)
M 25-410 CGN19484 Fibre USA 0.92 (0.03)
75 Ru Recnr. 964875 Qil Unknown 0.86 (0.02)
76 Ru CGN20424 Fibre Unknown 0.92 (0.04)
341 Ru CGN19509 Fibre Unknown 0.90 (0.05)
342 Ru CGN20524 Fibre Unknown 0.92 (0.02)
343 Ru CGN19510 Fibre Unknown 0.91 (0.04)
345Ru Recnr. 964880 Qil Unknown 0.93 (0.03)
349 Ru Recnr. 964881 Qil Unknown 0.93 (0.03)
350 Ru CGN20431 Fibre Unknown 0.93 (0.04)
351 Ru Recnr. 964882 Qil Unknown 0.92 (0.02)
352 Ru Recnr. 964883 Qil Unknown 0.89 (0.02)
346 Rm CGN20411 Fibre Unknown 0.87 (0.03)
347 Rm Recnr. 964867 Qil Unknown 0.90 (0.05)
348 Rm Recnr. 964868 Qil Unknown 0.93 (0.02)
386 Rm Recnr. 964872 Qil Unknown 0.91 (0.02)
387 Rm CGN20416 Fibre Unknown 0.90 (0.02)
442 Rm CGN20417 Fibre Unknown 0.91 (0.03)
443 Rm CGN20418 Fibre Unknown 0.91 (0.02)
444 Rm Recnr. 964873 Qil Unknown 0.92 (0.02)
469 Rm CGN20419 Fibre Unknown 0.91 (0.02)
471 Rm Recnr. 964874 Qil Unknown 0.89 (0.02)
Rusland | CGN20432 Fibre USSR 0.93 (0.02)
Rusland 1 Recnr. 964377 Fibre USSR 0.95 (0.03)
Rembrandt Recnr. 964013 Fibre The Netherlands 1.00 (0.00)
139 Rumanien CGN19512 Fibre Romania 0.99 (0.00)
Russian Althanson CGN20358 Fibre unknown 0.95 (0.03)
Roma CGN19471 Fibre Italy 0.94 (0.02)
Italia Roma Recnr. 964621 Qil Argentina 0.91 (0.05)
Roman Winter Recnr. 964742 Qil The Netherlands 0.91 (0.02)
Moose Sel Recnr. 964935 Qil Australia 0.86 (0.03)
Svetoc Recnr. 964754 Qil USSR 0.90 (0.04)
Dakota Recnr. 964568 Oil USA 0.91 (0.06)
India Type 55 Recnr. 964618 Qil India 0.89 (0.02)

ried out at three hierarchical levels: among the two groups of crop

type, among accessions within groups and within accessions. P-
values were derived from permutation tests and denote the proba-
bility of observing larger variance components at random

Variance component M 25 Ru Rm Cultivars
Among groups (fibre-oil) 2.07 (34.0%) —0.01 (-0.2%) 0.16 (3.1%) 0.18 (3.0%)
P<0.001 P=0.469 P=0.117 P=0.143
Among accessions within groups 0.92 (15.1%) 0.98 (19.5%) 0.70 (13.3%) 2.39 (40.5%)
P<0.001 P<0.001 P<0.001 P<0.001
Within accessions 3.10 (50.9%) 4.03 (80.7%) 4.39 (83.6%) 3.34 (56.5%)
P<0.001 P<0.001 P<0.001 P<0.001

‘M 25’ series, again indicating that in general crop type
is not amain discriminant between the accessions inves-
tigated (Fig. 1). The group of oil flax samples of the ‘M
25’ series was found to be more closely related to the il
flax accession ‘Moose Sel’ than to the group of fibre
flax samples of the ‘M 25 series (Fig. 1d), probably re-

lated to the fact that in this series the effect of crop type code.

was found to be the most pronounced. The ‘Ru’ and
‘Rm’ series grouped into a single separate cluster, indi-
cating their close genetic relationship. The cultivar that
appeared least distantly related to this cluster of breed-
er's lines was ‘Roma’, which might suggest a relation-
ship between the name of this cultivar and the ‘Rm’



Genetic distance

0.10 0.05 0.00
A) M 25 series —: M 25-245 (F)
M 25-410 (F)

M 2564 (F)

—|: M 25-221 (F)
— M 25-330 (0]
E M 25-343 (0]
M 25-341 (0]

M 25-355 (0]
M 25-362 [0)

. . Geneticldistancc . )
0.10 ' 0.05 ' 0.00
346 Rm (F)
C) Rm series 442 Rm (F)
348 Rm (0)
443 Rm (F)
469 Rm (F)
387 Rm (F)
471 Rm [0)
347 Rm [0)

386 Rm (0)
| 444 Rm [0)

Fig. 1A-D UPGMA cluster analysis based on Nei’s unbiased esti-
mate of standard genetic distances within the three series of breed-
er'slines (A—C) and within the group of cultivars (D). In graph D
individual samples from respectively the series ‘Ru’, the series
‘Rm’, the group of ‘M 25 oil’ and ‘M 25 fibre’ were lumped to-
gether and included for comparison. At the end of the branches the
accession names are presented and the crop type is given between
brackets (F=fibre, O=oil)

Rationalisation

Within the combined set of 29 accessions of breeder’'s
lines, pairwise comparison of accessions by AMOVA re-
veded significant differences for all combinations con-
sisting of an ‘M 25’ accession and an accession belong-
ing to one of the two other series. These results indicated
that the ‘M 25’ series is unrelated to the ‘Ru’ and ‘Rmy’
series. Moreover, ‘M 25 accessions of different crop
type were always found to be significantly different,
which was consistent with the results described in the
previous section. Samples for which the among-acces-
sion component of variance was not found to be signifi-
cantly larger than the within-accession component were
stepwise bulked until all pairwise combinations of the
matrix were significantly different from each other. Fol-
lowing this approach for the entire set of breeder’s lines,
accession ‘M 25-245' could be bulked with ‘M 25410,
and accession ‘M 25-341" with ‘M 25-343" and ‘M 25—
355." Furthermore, the analysis resulted in five bulked

B
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groups consisting of accessions from the two other
series; (1) ‘75 Ru’, ‘349 Ru’, ‘442 Rm', ‘443 Rm’,
‘469 Rm' and ‘471 Rm’, (2) ‘76 Ru’, ‘343 Ru’ and
‘387 Rm’, (3) ‘341 Ru’ and ‘342 Ru’, (4) ‘346 Rm’,
‘348 Rm’, ‘350 Ru’ and ‘351 Ru’, (5) ‘347 Rm’' and
‘352 Ru.” Based on the results of AMOVA, only acces-
sions‘M 25-64, ‘M 25-221', ‘M 25-330", ‘M 25-362’,
‘345 Ru’, ‘386 Rm’ and ‘444 Rm’ were maintained as
separate entries. Thus, the entire set of 29 accessions of
breeder’s lines could be reduced to 14. Pairwise compar-
ison of the reference accessions revealed significant dif-
ferences between al cultivars, except for the combina-
tion ‘Dakota /*Moose Sel” (P=0.182).

As an illustration of the effects of the bulking proce-
dures, a PCO plot of al individual samples of the ‘M 25’
series is presented in Fig. 2. The two principal axes
shown in this two-dimensional plot explained 36.5% of
the total variation. As might be expected when heteroge-
neous accessions are combined, the within-accession
component of variance increased after bulking (Table 3).
However, since only geneticaly similar samples were
bulked, the increase was relatively small. As a direct
consequence the among-accession component of vari-
ance was affected by bulking only to a small extent,
showing a reduction of 2.6%. Thus, based on the materi-
a investigated in the present study a substantial reduc-
tion in the number of accessions can be realised in the
flax collection of CGN, while at the same time maintain-
ing similar levels of genetic variance.
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Fig. 2 Principal co-ordinate
(PCO) plot of theindividual
flax samples of the M 25 series.
The percentage variation ex-
plained by the axisis given
between bracketsin the axis
legend. AMOVA was used to . o M 25-84 [F]
identify significantly different R ® M 25-221 [F]
(groups of) accessions (encirc- g A M 25-245 [F]
led in the plot) e © @ * M 25-330 [O]
w 0 o M 25-341 [0}
x 4 M 25-343 [O]
o o M 25-355 [0]
O x M 25-362 [O]
[a u M 25-410 [F]
-0.25
-0.25 0 0.25
PCO axis 1 (28.0%)
Table 3 Molecular variance : : :
components before bulking for Germplasm Variance component Before bulking After bulking
the three separate series of : _
breeder’s lines. The effect of M 25 series ) n=9
bulking on the variance among Among accessions 2.07 (40.0%)
and within accessions is pre- Within accessions 3.10 (600%)
sented for the combined set of , _
breeder’slines. The number of ~ Ru series n=10
accessions before bulking and Among accessions 0.97 (19.4%)
the number of elements after Within accessions 4.03 (80.6%)
bulking is denoted by n
Rm series n=10
Among accessions 0.79 (15.2%)
Within accessions 4.39 (84.8%)
M 25/Ru/Rm n=29 n=14
combined Among accessions 1.32 (26.4%) 1.21 (23.8%)
Within accessions 3.68 (73.6%) 3.87 (76.2%)

Discussion

Knowledge about the distribution of genetic variation
within and among populations plays a crucia role in
conservation. For natural locations, these data can assist
to determine where and how to sample populationsin or-
der to optimise the diversity captured for ex situ storage.
For already existing collections, data on genetic structure
may help to improve the composition of collections by
identifying gaps within collections, removing redundant
germplasm and establishing core collections. |dedly, the
genetic diversity within a collection is distributed mainly
between accessions, rather than within accessions. In the
latter case, collection composition may be improved by
combining accessions into bulked groups while ensuring
minimum loss of the among-accession variation. This
approach follows the rationale that in the absence of sig-
nificant genetic differentiation between populations,
samples can be considered as drawn from the same pop-
ulation, and hence can be combined. In the present study,

this strategy was evauated through analysis of acces
sions of a flax collection by estimating genetic variance
components from AFLP data.

Various marker systems have been used for the identi-
fication of redundant germplasm, including isozymes
(Hintum and Visser 1995; Hintum et al. 1996; Oliveira et
a. 1997), RAPDs (Waycott and Fort 1994; Virk et al.
1995; Phippen et al. 1997; Zeven et al. 1998) and AFLPs
(Cerveraet al. 1998). AFLPs offer the advantage that the
number of bands generated can be manipulated by modi-
fying the number of selective nucleotides in PCR (Vos
et al. 1995). This allows adjustment of the AFLP proto-
col to the genome size of the species involved. The ge-
nome of flax isrelatively small, consisting of an estimat-
ed number of 280 Mbp per haploid genome (Cullis
1990). Therefore, only four selective nucleotides were
used in PCR in the present study, generating a total num-
ber of 241 scorable bands by using only two primer com-
binations. This AFLP protocol provided an efficient
strategy for germplasm analysis in flax since 144 of
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these bands were found to be polymorphic, revealing
sufficient resolving power in the present study. Com-
pletely identical genotypes were observed only within,
and not between, accessions.

Apart from two cases, the flax accessions investigat-
ed appeared all but homogeneous. In addition, the
AFLP profiles of some individuals seemed to indicate
heterozygosity. For the ‘M 25, ‘Ru’ and ‘Rm’ series
this may be due to limited genetic purification follow-
ing a cross between distinct parental lines or following
a selection from a heterogeneous source. Mean ob-
served heterozygosity for the three loci presumed co-
dominant was estimated at 4.1%, which is in line with
the value of 3.8% reported for predominantly selfing,
dicotyledonous plant species on the basis of allozymes
(Nevo et al. 1984). However, the reference cultivars
were also found to be quite heterogeneous and to con-
tain heterozygotes. Moreover, in case of observed het-
erozygosity at the loci presumed codominant, heterozy-
gosity seemed to apply to multiple fragments. These re-
sults were not in line with predominant self-fertilisa-
tion, but rather suggest outcrossing between divergent
populations. The rate of outcrossing in flax has been
estimated at less than 3%, although values of 5-6%
have been reported (Robinson 1937; Dillman 1938).
However, since substantially higher values may be ob-
served due to variation in flower morphology, safety
measures to avoid outcrossing have been recommended
by plant breeders (Williams 1988). Such precautions
are not practised by genebanks during the regeneration
of flax accessions. Therefore, the heterogeneity ob-
served within the flax accessions studied may have pos-
sibly resulted from outcrossing during regeneration.
This suggestion is supported by a high level of varia-
tion in flower colour observed within accessions during
arecent field regeneration of 160 accessions in 1999. If
genetic contamination is indeed common during the re-
generation of flax, this could account for the lack of ob-
served differentiation between fibre and oil flax culti-
vars. Because gene flow has a strong homogenising ef-
fect on populations, already contaminated accessions
are potential candidates for bulking. This also means
that the regeneration protocols of flax may need re-con-
sideration in order to maintain the genetic integrity of
accessions.

To determine whether observed differences between
accessions were statistically significant, an analysis of
molecular variance (AMOVA) was used. This proce-
dure uses a non-parametric re-sampling approach to es-
timate the probability that the genetic distances of ran-
domly generated groups exceed those of the observed
data (Excoffier et al. 1992). Using this method, genetic
differences between two homogeneous accessions will
aways be statistically significant, regardless of the
number of polymorphisms, and closely related but
homogeneous accessions will aways be considered
distinct. This is illustrated in Fig. 2 by the accessions
‘M 25-64" and ‘M 25221’ that despite their proximity
or even encasement by accessions ‘M 25-245 and

‘M 25-410" remain as separate accessions. This is in
line with the principle followed in cultivar registration,
where varieties differing in just one characteristic are
considered distinct provided that they are uniform and
stable (UPOV 1991). Since AMOVA evaluates genetic
differences between accessions in relation to variation
within accessions, a reliable estimate of the latter com-
ponent needs to be obtained. Because a high level of
homogeneity was anticipated based on the high rate of
self-fertilisation presumed, only four individuals per
accession were analysed in the present study. However,
the substantial levels of intra-accession variation en-
countered for the majority of samples suggests that
sample sizes need to be increased in future analyses of
flax.

To avoid unjustified bulking based on the results of
AMOVA, aconservative level of significance of 0.1 was
used to decide whether two accessions were to be con-
sidered different or not. Nevertheless, variance compo-
nents will ater during each cycle when accessions are
stepwise bulked. Eventually, this might result in bulked
groups including accessions that in pairwise comparison
differ significantly. However, this effect appeared to be
restricted in the present study since it was only observed
for the combination ‘M 25-341'/*M 25-355" (P=0.081).
Therefore, the conservative approach of bulking applied
in the present study resulted in a reduction of only 2.6%
of the initial among-accession component of variance. In
case a larger reduction in the among-accession variance
is accepted, a higher degree of rationalisation may be
achieved by lowering the significance level in AMOVA
to 0.05.

Within the series of breeder’'s lines, redundancies
were to be expected based on the similarity of their ac-
cession names. However, redundancies were also identi-
fied between the ‘Ru’ and ‘Rm’ series. Moreover, these
series clustered together into one single separate group
indicating their close genetic relationship (Fig. 1d). The
numbers that are part of the name of the accessions be-
longing to the two series, but also those from other series
with comparable group codes (e.g. Ha, Hi, Pg, etc.), ap-
peared to be unique. This suggests a common back-
ground of these groups and offers opportunities for sub-
stantial rationalisation. Potential rationalisation may ap-
ply not only to CGN's flax collection but also to other
flax collections and other crops as genebanks often have
included material from breeding programmes in their
collections.

Implications for collection management

The results of the present study show how molecular da-
ta can assist genebank curators to identify redundant
germplasm in order to increase efficiency in collection
management. Obviously, accessions that are found iden-
tical or similar based on molecular genetic data may dif-
fer in just one important character. In practise, curators
will therefore not decide for rationalisation only on the



basis of molecular data as long as additional information
is available. However, in the absence of adequate pass-
port and/or evaluation data, and when accessions are in-
volved that are rarely requested by end-users, marker da-
ta can provide curators with the only available decision
criterion. Rationalisation of a collection may be accom-
plished, e.g., by actually removing unwanted redundan-
cies from the collection or by bulking genetically similar
accessions. Removing accessions has the advantage that
the genetic integrity of the remaining accessions is
not violated, but also has the obvious disadvantage of
the risk of losing unidentified but important diversity.
Bulking has the advantage that in principle al the origi-
nal material remains present in the collection and avail-
able for utilisation. However, bulking may increase the
intra-accession diversity and hence may increase the
threat of selection and drift if the usual genebank regen-
eration protocols are followed.

It was suggested that the three series of breeder’'s
lines investigated could be reduced from 29 to 14 acces-
sions. Assuming that these results can be extrapolated to
the entire subset of possible redundancies, the total num-
ber of 317 accessions could be reduced to 153. Since the
costs to maintain a flax accession at CGN are approxi-
mately €250 per generation, about €41,000 could be
saved per generation following rationalisation. It is esti-
mated that AFLP fingerprinting of four individuals from
each of the 317 accessions using two primer pairs will
cost approximately €35,000. Thus, the savings achieved
through rationalisation of the collection will cover the
expenses of the necessary molecular analyses within one
generation.
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