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Abstract Agro-biodiversity is currently experienc-
ing severe genetic erosion due to mankind’s unsus-
tainable activities. Because of initiatives following the
goal of the conservation of biological diversity, so far
seven million crop accessions are being conserved ex
situ in gene banks worldwide. Many of these acces-
sions are landraces being rich in gene diversity,
silently awaiting their proper characterisation. This is
a very critical part of any long-term strategy to
enhance the productivity and resilience of crops and
agricultural systems and—most importantly—to
ensure the preservation of our cultural and biological
heritage. In this study of an ex situ germplasm
evaluation we analysed 27 flax (Linum usitatissimum
L.) accessions originating in the Alpine region,
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provided by five local gene banks/providers. Based
on genomic microsatellite markers (gSSRs), a varying
extent of accession-specific gene diversity (expected
heterozygosity, Hg) was revealed ranging from 0.05 to
0.51. Admixture of individuals between accessions
was uncovered, pointing towards past processes
related to gene bank management activities (e.g.
intentional selection, unintentional cross-pollination
during regeneration) or towards the evolution of the
landrace itself (e.g. same regional origin, traditional
naming), highlighting the co-existence of cultural and
biological diversity. Such an genetic analysis of
accessions stored ex situ not only produces valuable
agronomic and breeding data, but also is useful for the
clarification of past processes leading to duplicates
within and between collections or mislabelling, con-
tributing to the potential for rationalisation of collec-
tions, which in turn can help ensure that the limited
resources available for regeneration are used most
efficiently and effectively.

Keywords Germplasm - Characterisation - Case

study - Genetic diversity - Flax -
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Introduction

Biodiversity is currently experiencing severe genetic
erosion due to mankind’s unsustainable activities.
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This exponential loss of diversity through the world
has led to initiatives to conserve biological diversity
incorporating both ex situ and in situ techniques.
Particular the former, the conservation of components
of biological diversity outside—ex situ—their natural
habitats, is an important strategy for crops, their
landraces and wild relatives (also called plant genetic
resources for food and agriculture, PGRFA), since
very often original habitats are under threat. Currently,
approximately 7.4 million germplasm accessions are
being conserved in ex situ collections worldwide
(FAO 2011). Among the most popular sites is the
Svalbard Global Seed Vault securing predominantly
duplicate samples from gene banks around the world,
illuminating the present agro-biodiversity that exists
on earth. However, until a collection has been
characterised and its properties become known to
germplasm managers and ultimately to breeders, it has
little practical use. And so far, only a fraction of the
stored accessions is properly described and is ulti-
mately introduced into breeding programs. Thus, in
order to unlock the still hidden wealth of diversity that
exists in gene banks, the evaluation of germplasm
collections via the application of state-of-the-art
genomic, phenomic and molecular technologies is a
first but very critical step.

Traditionally, the genetic diversity of germplasm
collections were described based on morphological
traits and were further screened particularly for those
traits of interest to users (agro-morphological traits).
Since the 1990s, molecular genetic tools exist to
characterise a set of accessions, or even an entire
germplasm collection (Mondini et al. 2009), currently
ranging from genotyping based on genetic markers via
sequencing of reduced representation libraries (RRLs)
such as RAD-seq (Hohenlohe et al. 2012), MRE-seq
(Wischnitzki et al. 2016) or even RNA-seq (De Wit
et al. 2012) up to sequencing and assembly of whole
genomes (Cao et al. 2011). Although these next-
generation sequencing (NGS) technologies have
vastly reduced their cost and have been increasingly
applied in several studies (Kilian and Graner 2012),
the former approach—genetic marker based genotyp-
ing—is still a widely used method of elucidating the
distribution of genetic variability within and among
populations. In this respect, microsatellite (SSR)
markers have become the marker system of choice
for population genetics in many plant species due to
their high reproducibility, and multiallelic and
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codominant nature at a single locus (Agarwal et al.
2008; Guichoux et al. 2011; Zalapa et al. 2012).
Although SSRs are getting increasingly replaced by
SNPs (Single Nucleotide Polymorphisms) for rather
high-throughput applications in linkage mapping and
broad-scale population differentiation (Kumar et al.
2012,2015), they are still considered as affordable and
useful markers for resolving fine-scale population
structuring (DeFaveri et al. 2013; Hodel et al. 2016)
which is necessary to get a first glimpse into the
genetic makeup of a given germplasm.

For the present study we chose flax (Linum
usitatissimum L.) as model species, a well-known
predominantly self-pollinated crop of annual growth
habit with a chromosome number of n = 15 and a
genome size of ~370 Mb (Ragupathy et al. 2011).
The domestication of flax as one of the eight ‘founder
crops’ dates back to 7000 BC in the Neolithic Near
East initially for oil, and later, around 2000 BC, for the
fibre lineages (Fu et al. 2012). In the Alpine region,
flax was evidently used since the Neolithic Age
(around 3000 BC) as a source of fibre; and already
back then, different flax varieties seemed to be
cultivated (Herbig and Maier 2011). But flax is not
only a historically important crop species; it remains a
versatile and worldwide expanding crop until today.
Following a global trend, the demand for linseed and
linseed oil is increasing again in the last years in the
Alpine region as can be seen in the Austrian produc-
tion of 811 tons in 2008 rising up to 1734 tons in 2016
(STATISTIK AUSTRIA 2017), presumably due to its
constantly growing image as regional super food.
Although this positive trend, only one variety is still
registered in Austria, the ‘Otztaler Lein’, whereby in
the overall European Union 176 flax/linseed varieties
are recognised (European Commission 2016).

The very early distribution of flax cultivation
resulted in a wide range of flax landraces created
jointly by the (local) environment and by the (local)
people, indicating that cultural diversity goes hand in
hand with biological diversity (Gorenflo et al. 2012).
Part of this diversity, namely over 46,000 flax
accessions comprising both, landraces and breeding
lines, is stored in gene banks all over the world
(Diederichsen 2007). Out of these, currently 59
accessions are secured in Austrian gene banks,
whereby 16 accessions have their origin in Austria
itself (National Inventory 2017); all of them awaiting
their proper characterisation and further usage.
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Especially breeding programmes would benefit from
the integration of characterised landraces and cultivars
featured with desired traits such as higher seed yield,
enhanced oil production and quality, disease resis-
tance, and resilience against drought and heat. Despite
of quite some attempts of flax germplasm character-
isation (e.g. Fu et al. 2002; Smykal et al. 2011; Soto-
Cerda et al. 2014; Nag et al. 2015; Choudhary et al.
2017) we are still at the very beginning of this
endeavour, which is a very critical part of any long-
term strategy to enhance the productivity, sustainabil-
ity and resilience of crop varieties and agricultural
systems, and ultimately to secure agro-biodiversity.

By analysing 23 accessions of Austrian and four
accessions of Swiss origin using genomic microsatellite
(gSSR) markers (Cloutier et al. 2012), our aim was (1)
to characterise the general genetic structure of the local
Alpine flax germplasm, (2) to identify accessions with
high genetic diversity, and (3) to identify individual
diversity patterns of each gene bank. Such an analysis
of accessions stored ex situ based on molecular tools
produces valuable data of genetic diversity within and
between accessions, which sets the baseline for the
search for desired traits being hidden in accessions of
high diversity. Furthermore, such a study is also useful
for the identification of duplicates within and between
collections, contributing to the potential for rationali-
sation of collections, which in turn can help ensure that
the limited resources available for regeneration are used
most efficiently and effectively.

Materials and methods
Plant material and DNA extraction

Seeds of 22 Linum usitatissimum L. accessions with
their origin in Austria were retrieved via the National
Inventory (2015) from the gene bank of the Austrian
Agency for Health and Food Safety (AGES), the
Tyrolian gene bank, and the gene bank of the Arche
Noah association. Another Austrian accession was
provided by the private farm Gut Neuhof. Furthermore,
four Swiss accessions were provided by the gene bank
Agroscope Changins. In total, summing up to 27 fibre
and oil flax accessions (Table 1). Seeds were germi-
nated in a petri dish and the aerial parts of the seedlings
were harvested and kept frozen until further processing.
Per accession, 16 seedlings were harvested with the
exceptions BVAL-903452 (Barbara) and the harvest of

2013 from Gut Neuhof, where only nine and ten
seedlings, respectively, could be obtained due to low
germination success.

The extraction of genomic DNA was performed
following the protocol described in van der Beek et al.
(1992) with minor modifications for high-throughput
handling using robotics. The extracted genomic DNA
is deposited at the Repository Centre at the AIT
Austrian Institute of Technology and is available upon
request (Stierschneider et al. 2016).

SSR marker testing

Using a polymorphism information content (PIC)
value over 0.75 as selection criterion, the following
20 genomic microsatellite markers (gSSRs) were
chosen from literature (Cloutier et al. 2012) with the
position on the according linkage group—if available
(Cloutier et al. 2012)—in brackets: Lu2105 (LGS)
Lu2157 (LG10), Lu2161 (LG3), Lu2183 (LGl),
Lu2194 (LG3), Lu2292 (LGS5), Lu2457 (LG2),
Lu2509 (LGS5), Lu2578 (LGS8), Lu2589 (LGl),
Lu2633 (LG3), Lu2778 (LG12), Lu2810 (LG7),
Lu2825 (LG7), Lu2832 (LG7), Lu2853 (LGl),
Lu2950 (N/A), Lu3097 (LG9), Lu3157 (LG8),
Lu3180 (LG7). For each marker, an initial test-PCR
was performed on four chosen samples in a total
volume of 25 pl consisting of 5 pl of 5x HOT FIREPol
Blend Master Mix (Solis BioDyne), 0.5 pul of 5 uM
primer forward, 0.5 pl of 5 pM primer reverse, 1 pl
DNA (undiluted), and ddH,O. The conditions of the
PCR amplification were as follows: 95 °C (15 min),
followed by 30 cycles including 92 °C (60 s),
52-56 °C (60 s), 72 °C (60 s), ending in 72 °C
(10 min) with a final halt at 10 °C. The PCR products
were electrophoresed on 1.5% agarose gel. The
following 11 markers which produced a clear single
band were chosen for further analysis: Lu2105,
Lu2157, Lu2509, Lu2589, Lu2633, Lu2810, Lu2825,
Lu2853, Lu3097, Lu3157, and Lu3180.

SSR marker application and fragment analysis

The chosen 11 SSR markers were applied on the total
sample set whereby the primer constellation in the PCR
mix was changed to 0.4 pl of 5 pM primer forward,
0.8 pl of 5 uM primer reverse, and by adding 1 pl of
4 uM FAM-labelled M 13 primer (Schuelke 2000).

@ Springer



Euphytica (2017) 213:120

120 Page 4 of 16

(LgodaT 30
UOISS00®

I9)S1S)
ANYM 9Y0LNV 010C  100¢ ZUSII_vqO LV uono9[es  9deIpueT] WILISS] 9¢0d1
(10109110D)
wioy| 90LNV L00T 0661 LV aIqly  umouyup) ¢ U] 8C0d'T
(10199710D)
wiox 9Y0LNV 600C 0661 LV umowyupy ¥ U] L2091
(10199110D)
wioy IY0LNV 800C 0661 LV [0 umouyun) wyoy 97041
Aym J[nednu
Apred ‘onjg oriNdd -wmiepe “reA - 9y0LNV 010C  ve6l [CND LV 2Iql{  oouvIpueT U IS[BIZI) Y1091
9r1Ndd 90LNV cl0c 1661 LV umouyupy  8L/OCOINIT 90041
aury
ong 610NNH sneIsay - [00LNV 9661  CI10C LV [0  Suipearg eleqred CSPE06-TVAL
aury
anig 610NNH sneisay - [00LNV Y661  CI0C LV [0  Surpsarg elpueg [SYE€06-TVAL
our| pros
ang 610NNH sneIsay  [00LNV 9661 10T LV [0  Sumpearg ueLreSuny 0Sve06- " TVAL
aur|

ANMYM Spassouu] snesay - [00LNV Le6l  ¢loT LV o1qry  Surpeorg BIneg 6v7€06- TVAL

aury

19J0IA 920710d sneisay - [00LNV 600C  900¢ LV o1qL{  Surpeorg AN 9Tre06-IVAL

aul|
ang YI0d'IN sneIsay - [00LNV 600C  200¢ LV o1ql{  Sulpoalg eyulfegq Y9€€06-TVAL
aury

WIO0IA sump, vy °f snesay - [00LNV 600C  100C LV [0  Suipearg I050IDOIN 0S€C06TVAL

(zsTene
“IVA4 J0
UOT1)29[3s)

AMYM 6v1 “INd sneIsay  [00LNV 600C L861 neS3nT eLep LV alql{  oduIpue] UropIeseq €606 TVAL
anig 6v1 “INd sneisay - [00LNV 600C L861 nes3nT eLeN LV [0 9dmlpueT] Ui CSCE06TIVAL
ang €1¢ “INd 100LNV 600C  €00C LV QorIpueT] 61ST106-TVAL

uIguo

Inojoo I9paa1q jyueq uopnonpoidor Jjo qre)s Qureu oqunu

B[[010D) JIouo Lo Auan joeax Anug uonedo] Anuno)d [oyaIqi  [esrdojorg UOISSIIOY UOISSIIIY

SUOISSO00E JO ISIT T d[qelL

pringer

as



120

Page 5 of 16

Euphytica (2017) 213:120

surguey)) 2doosoI3y (JO0HHD ‘UONBIOOSSE YBON QUYIIY :94(0LNV ‘JUSWUIAOD) [BUOISOY UBI[OIA],
Y} JO OYJO Yueq uaS UBA[OIL], :GOOLNYV (S90In0sY oneuan) jued 1dq :£10Jes pooq pue yjesH Ioj LoueSy uemsny SHOV JO0LNV ‘PUBMOZIMS HD ‘emsny IV

aury BIjRSSN]
sSpeIsey - 001NV 110C LV aiqr]  Surpaarg X I9[8121Q) SO0¥T8-NNIA
Ipraayss
ydoystry)
speIsey - CO00LNv C¢I0c uasneyun) LV QlqLy  edelpueT] uasneyu) 800TTS-NNIYI
prejuadue] prejuadue]
sSpeIsAy - S00LNV 10T 19q uyeg LV [lqL]  {deipueT] uyeT AHQ LOOTTS-NNIYI
speIsey - 001NV 110C uasneyuy LV 2lqL]  {deipueT] ussneyuif) 900TT8-NNIAI
AyMm
Apred ‘onig sSpeIsey - 001NV 10T #1210 LV QIqL{  9delpue U I”[RIZIQ 700TT8-NNIYI
JoynaN ure
JoynoN nH non €10¢ LV REIZQ IO JoynaN
(€£909HD) ulog UId[1ese]
anjg 1881-Ald T100dHD €10c  v10C uagurung HD LlqL]  {deipueT] I9SSTOM 70001
(#S6S BI03I
anig D +0TSNY ¥ wngesuo[e rea  [Q0HHD €10c  CI0T HD deIpue] €00N1
(seLs BJOAI9 °}
on[g D #0TSNY wnipawIul “TeA  [00HHD €10c  TI0T HD delpueT] 200N1
(LYLL BJOaI9 °§
anig - $07SNY wnipauwdiul “IeA  [00FHD 600C C10T HD deIpue] 10001
(9¢0d71 Jo
UOISSAI0E
I9)S1S)
anjg I0LNV 010C 100C ZUd1[19q0 LV uonod9es  ddeIpue] POqQIB]A LEOAT
urguo
Ino[od Iopaaiq Jyueq uononpoidar Jjo I sureu Ioquinu
B[[0I0D) /louo Lo Quan) joreax Anug uonedo| Anuno)d [oseiqry [edrSojorg UOISS00Y UOISS00Y

penunuod | Jqel,

pringer

As



120 Page 6 of 16

Euphytica (2017) 213:120

The resulting PCR products were quality checked
on a 1.5% agarose gel and were diluted and mixed with
Hi-Di Formamide and GeneScan 350 ROX dye Size
Standard according to the manufacturers protocols
(Life Technologies). The size of the fragments was
resolved based on capillary electrophoresis using the
ABI 3110 XL Genetic Analyzer. Allele calling was
performed using GeneMapper® Software 5 (Applied
Biosystems). Non-amplified loci were scored as
missing data. The few occurring polyploid loci were
scored as well as missing data.

Genetic data analysis

Each marker was evaluated for the number of alleles
(Na), the observed heterozygosity (Hp), and the
expected heterozygosity [Hg; gene diversity (D)]
based on the entire dataset. To avoid allele frequencies
bias due to sibship (Anderson and Dunham 2008),
clonality within the dataset was determined in silico by
measuring the number of 100% multilocus matches by
GenAlEx. Repeated matching multilocus genotypes
were removed from the dataset for subsequent popu-
lation genetic and structure analysis. Population
structure of the reduced dataset was examined using
the Bayesian model-based approach implemented in
Structure 2.3.4 (Pritchard et al. 2000). The number of
clusters (K) evaluated ranged from 1 to 30. The
analysis was performed using five replicate runs per K
value, a burn-in period length of 10,000, and a run
length of 50,000. The admixture model (AD) was used
to determine the correlated cluster, because some

accessions were derived from breeding programs and
shared pedigrees. The information about the assign-
ment of each individual to the accession was provided
via the locprior setting. Two different approaches were
used to detect the most likely K value: the first is based
on the rate of change of InP(D) for each K between 1
and 30 (Pritchard et al. 2000) and the second, proposed
by Evanno et al. (2005), is based on the second order
rate of change of the likelihood function with respect
to K (AK) calculated by the R package pophelper
(Francis 2016). To determine the associations between
the accessions, statistical parameters [Hg, Ho, fixation
index (F)] were calculated and an analysis of molec-
ular variance (AMOVA) using 1000 permutations was
performed. All calculations were done using Arlequin
3.5 (Excoffier et al. 2005; Excoffier and Lischer 2010)
and/or GenAlEx 6.502 (Peakall and Smouse 2012).
Based on pairwise genetic distance matrices and
pairwise population matrix of Nei unbiased genetic
distance values calculated in GenAIEX, trees based on
the Neighbor-Joining (NJ) method (Saitou and Nei
1987) using MEGA 6 (Tamura et al. 2013) were
created to visualize genetic diversity and the evolu-
tionary history among individuals and accessions.

Results and discussion

Heterozygosity on the locus level

Heterozygosity and polymorphism were calculated for
each locus separately (Table 2). Considering the entire

Table 2 Heterozygosity and polymorphism per locus based on the entire dataset calculated using GenAlEx without population

grouping
Lu2105 Lu2157 Lu2509 Lu2589 Lu2633 Lu2810 Lu2825 Lu2853 Lu3097 Lu3157 Lu3180 Mean

LG LG8 LGI10 LG5 LGl LG3 LG7 LG7 LG1 LG9 LG8 LG7

N 409 419 415 385 414 73 94 403 79 411 377 316.27
N 17 7 8 16 14 4 2 9 4 15 15 10.09
Ng 5.46 3.86 2.28 7.18 5.22 3.95 4.94 4.05 2.38 1.99 1.61 3.90
Ho 0.06 0.06 0.03 0.76 0.07 0.25 0.03 0.10 0.05 0.94 0.04 0.22
Hg 0.82 0.74 0.56 0.86 0.81 0.75 0.80 0.75 0.58 0.50 0.38 0.69
F 0.93 0.92 0.95 0.12 091 0.66 0.96 0.87 091 —0.88 0.90 0.17
PIC* 0.77 0.78 0.79 0.85 0.84 0.81 0.84 0.77 0.78 0.84 0.80 0.81

Linkage group (LG), number of individuals (N), different alleles per locus (N4), number of effective alleles per locus (Ng), expected
(Hg) and observed heterozygosity (Hp), and fixation index (F). Except for N and N, the values for each locus are depicted as mean

values over all populations

# Polymorphism information content (PIC) values taken from Cloutier et al. (2012)

@ Springer
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dataset of 419 individuals, a total of 111 alleles were
detected at 11 SSR loci, whereby per locus, the
number of alleles ranged from two (at locus Lu2825)
to 17 (at Lu2105) with an average of 10.09 alleles per
locus. This value exceeds the range reported in
previous studies (2.72-5.32) (cf. Soto-Cerda et al.
2013) and might be due to the initial selection of loci
with high values for the polymorphism information
content (PIC). The expected heterozygosity (Hg)
values were in the range of 0.38-0.86 with a mean
value of 0.69, whereby the observed heterozygosity
(Ho) values varied between 0.03 and 0.94 with a rather
low mean value of 0.22. At seven loci, the Hg values
were above (0.7. Taken from Cloutier et al. (2012), the
PIC value for each locus varied between 0.77 and 0.85
with an average of 0.81. Loci with high Hg and PIC
values are considered as highly polymorphic and are
therefore a good indicator for consistent and accurate
population studies, also, when small sample numbers
are analysed (Hale et al. 2012).

Genetic structure of the germplasm

When using certain software tools such as the program
Structure (Evanno et al. 2005) to infer the presence of
population structure in a given sample set, it has been
discussed, that sibship, consanguinity or clonality
influence allele frequencies and lead to false family-
induced structures (Anderson and Dunham 2008;
Goldberg and Waits 2010; Peterman et al. 2016).
Therefore, a reduced dataset without repeated match-
ing multilocus genotypes was generated resulting in
241 individuals out of initially 419. Despite DNA was
extracted originally from 16 individuals per accession
(except for BVAL-903452 and Gut Neuhof, where
only nine and ten seedlings germinated, respectively),
after the removal of repeated matching multilocus
genotypes, on average 8.89 individuals remained per
accession. However, according to Hale et al. (2012), a
good sample size for SSR-based population genetic
studies would be 25-30 individuals per population.
Although the definition of who and what a population
is can be controversial (Krieger 2012), in genetics, per
definitionem, a population reflects a group of organ-
isms within which breeding occurs. Based on that fact,
although or better because of artificial management
and isolation, each accession is treated as a single
population in all subsequent analyses. However, with
these low sample sizes per accession, an effect on the

accuracy of allele frequency estimation and thus also
on the thereupon calculated population genetic values
cannot be ruled out.

Germplasm structure was analysed using the
reduced dataset (n = 241) by applying the model-
based approach in the Structure software (Pritchard
et al. 2000; Anderson and Dunham 2008). According
to Evanno et al. (2005) based on AK, the germplasm
was partitioned into three clusters (Supplementary
Fig. S1). Despite these model-based estimations of
population structure, a certain bias e.g. due to
unbalanced sample sizes (Kalinowski 2011) but
especially the biological meaning must be taken into
consideration when choosing the optimal value for K.
Since the herein analysed accessions had their origin
in Austria and Switzerland, we assumed a rather
narrow genetic ancestry and thus, partitioned the
dataset into the calculated three clusters. Cluster 1
(dark blue) was present in 3 gene banks (AGES,
Arche Noah, and Agroscope) encompassing seven
accessions, cluster 2 (light blue) appeared in all gene
banks encompassing 20 accessions, and cluster 3
(red) was present in four gene banks (AGES, Arche
Noah, Agroscope, Gut Neuhof) encompassing seven
accessions (Fig. 1). In other words, the gene banks of
AGES, Arche Noah and Agroscope were charac-
terised by all three clusters, whereby in the latter
gene bank only one individual of the accession
LUO01 was assigned to cluster 3 (red, Fig. 1). The
Tyrolean gene bank is the only one in which all
accessions, even all individuals, were characterised
by one cluster (cluster 2, light blue, Fig. 1), indicat-
ing a uniform genetic background. Over the entire
germplasm, within most of the accessions genetic
uniformity could be observed (Fig. 1), however,
seven accessions were composed of individuals with
different ancestry patterns (see Table 3), highlighting
the diversity within these accessions. Finally, some
individuals of the accessions BVAL-903252 (n = 5)
and BVAL-903253 (n = 3) showed admixture from
the three clusters, and can thus not be assigned
accordingly to one cluster.

Germplasm structure analysis revealed already
accessions with presumably higher diversity (e.g.
BVAL-903252 or LUOO1, see Table 3) and illustrated
the fact, that all accessions over all gene banks shared
a similar genetic background highlighting their close
relationship most likely due to their similar origin in
the Alpine region.

@ Springer
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Fig. 1 Genetic structure of the germplasm grouped in gene banks (n = 5) sorted by cluster (upper plot),

and grouped into the

respective accessions (n = 27, lower plot) under the assumption of K = 3

Genetic diversity of the overall germplasm

Diversity parameters were calculated based on the
reduced dataset (n = 241). Per accession, the calcu-
lated mean values for the expected heterozygosity
(Hg, or gene diversity, D) varied from 0.05 to 0.51
(grand mean = 0.24), and the Hq (observed heterozy-
gosity) values were below the Hg ranging from 0.09 to
0.27 (grand mean = 0.16). An overview of heterozy-
gosity and polymorphism for each accession is given
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in Table 3. This is in line with previous studies, where
a generally narrow genetic base of flax germplasm
accessions was described (Fu et al. 2002; Smykal et al.
2011; Soto-Cerda et al. 2012). In natural populations
low Hg values can occur due to genetic isolation,
historical population bottlenecks, founder effects and
inbreeding. However, in breeding lines and also
landraces, which is the case for most of the accessions
stored in gene banks, the effect of direct selection in
the domestication and breeding process is discussed to
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Table 3 Heterozygosity and polymorphism per accession on the reduced dataset without repeated matching multilocus genotypes

calculated using GenAlEx

Accession N Num Na Ng Ho Hg F Cluster (K = 3)
BVAL-901519 16 11.36 2.55 2.00 0.19 0.41 0.56 C2
BVAL-903252 14 9.73 3.73 2.48 0.19 0.51 0.62 C1%, C2% C3
BVAL-903253 11 7.64 2.55 1.69 0.20 0.39 0.57 C2,C3
BVAL-903350 12 8.45 1.27 1.12 0.18 0.20 0.11 C3
BVAL-903364 4 291 1.09 0.98 0.23 0.14 —0.52 C2
BVAL-903426 11 7.45 1.18 1.00 0.13 0.16 0.41 C2
BVAL-903449 3 2.18 0.91 0.91 0.12 0.09 —0.33 C2
BVAL-903450 3 2.18 1.00 0.96 0.09 0.13 0.33 Cl
BVAL-903451 6 3.73 1.00 0.92 0.14 0.11 —0.11 C2
BVAL-903452 4 345 1.00 0.96 0.14 0.12 —0.11 C3

LEO006 15 9.91 2.55 1.86 0.09 0.38 0.81 Cl1, C2
LEO14 15 14.27 2.55 1.87 0.18 0.38 0.54 Cl

LEO26 12 11.27 1.73 1.33 0.09 0.21 0.64 Cl

LE027 2 1.91 1.09 1.09 0.09 0.05 —1.00 C2

LE028 11 10.73 2.27 1.74 0.19 0.39 0.45 Cl, C2
LEO036 4 3.82 1.18 1.15 0.14 0.08 —0.67 C2

LEO037 13 10.18 2.55 1.62 0.27 0.33 0.17 C3

LU001 16 6.82 1.82 1.36 0.12 0.27 0.61 Cl1, C2, C3
LU002 10 4.09 1.18 1.01 0.19 0.15 —0.11 Cl1, C2*
LU003 6 10.27 3.55 2.20 0.21 0.47 0.55 C2

LU004 4 2.82 1.00 0.91 0.14 0.09 —0.51 C2

Neuhof 8 5.82 2.36 1.61 0.19 0.39 0.52 C2,C3
RINN-822004 8 5.64 1.91 1.31 0.19 0.24 0.40 C2
RINN-822006 8 5.82 2.00 1.46 0.23 0.34 0.38 C2
RINN-822007 4 291 1.18 1.03 0.11 0.16 0.38 Cc2
RINN-822008 8 5.55 1.00 0.93 0.14 0.11 —0.17 C2
RINN-824005 12 7.45 1.55 0.92 0.13 0.19 0.32 C2

Mean values 8.89 6.61 1.77 1.35 0.16 0.24 0.35

An assignment of the accessions to clusters is based on K = 3

Number of individuals per accession of the reduced dataset (N). Mean numbers over all loci of individuals (Ny), of different alleles
per locus (Ny), of number of effective alleles per locus (Ng), of expected (Hg), of observed heterozygosity (Hp), and of the fixation

index (F)

# Indication of admixture from three clusters

be the main cause for low heterozygosities (Gepts
2003; Flint-Garcia 2013). Which can be directly
transferred to flax, since its domestication as one of
the eight ‘founder crops’ happened more than
8000 years ago in the Neolithic Near East; initially
for oil, and later, around 3000 years ago, for the fibre
lineages (Fu et al. 2012). Despite their difference in
domestication time, their apparent difference in
nucleotide diversity of 24 resequenced genomic
regions (fibre flax showed a lower diversity than oil

flax; Fu et al. 2012), and their difference in gene
diversity at gSSR loci (fibre flax: 0.30, oil flax: 0.36;
Choudhary et al. 2017), when comparing these two
lineages in our dataset, gene diversity did not differ
with a mean value of 0.61 for the accessions assigned
to the fibre lineage and 0.62 for the oil lineage
accessions (Table 4). This indicates that in both
lineages, at least for the herein analysed flax
germplasm of the Alpine region, a rather high level
of genetic variation at the analysed loci has been
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Table 4 Heterozygosity and polymorphism of the oil versus fibre lineages based on the reduced dataset without repeated matching
multilocus genotypes calculated using GenAlEx

Flax lineage N Nm Na Ng Ho Hg

Fibre 99 75.36 6.45 3.13 0.25 0.61
Qil 52 38.82 6.00 3.62 0.20 0.62
Unassigned 90 64.18 7.45 4.48 0.26 0.71
Mean values 80.33 59.45 6.64 3.74 0.24 0.65

Number of individuals per lineage of the reduced dataset (N). Mean numbers over all loci of individuals (Ny), of different alleles per
locus (N,), of number of effective alleles per locus (Ng), of expected (Hg), of observed heterozygosity (Hp), and of the fixation index (F)

Table 5 Analysis of molecular variance using the reduced dataset without repeated matching multilocus genotypes calculated by

Arlequin

Source of variation d.f. Sum of squares Variance % total P

Without grouping
Among accessions 26 487.01 1.008 53.06 <0.0001
Within accessions 455 405.86 0.892 46.94 <0.0001
Total 481 892.87 1.900

With grouping (n = 5)
Among groups 4 115.86 0.104 541 0.0088
Among accessions 22 371.15 0.928 48.24 <0.0001
Within accessions 455 405.86 0.892 46.35 <0.0001
Total 481 892.87 1.924

d.f.: degrees of freedom; P: probability of having a more extreme variance component than the observed values by chance alone

preserved over time. In contrast to managed popula-
tions of flax, genetic diversity of the proposed
progenitor species of cultivated flax, pale flax (Linum
bienne Mill.), is described to be on a higher level
(Soto-Cerda et al. 2014), supporting the universality of
loss of diversity in cultivated crops relative to their
wild ancestors (Tanksley and McCouch 1997). Our
results further support the central dogma [although
probably only a hypothesis given the discrepancies
between various studies described in Fu (2015)] that
wild relatives but also landraces show higher genetic
diversity than breeding lines of a given crop species:
the landraces (comprising 14 accessions) were char-
acterised with a mean value for gene diversity (Hg) of
0.28 and the breeding lines (eight accessions) with
0.14.

Genetic diversity on the level of accessions

From all 27 accessions, the most diverse accessions
with Hg values equal or greater than the value for the

@ Springer

positive standard deviation (mean Hg 0.24 + standard
deviation 0.13 = 0.38) were three accessions from the
AGES gene bank (BVAL-903253, BVAL-901519,
and BVAL-903252), three from the Arche Noah gene
bank (LE006, LEO14, and LE(028), one from Agro-
scope (LUOO1) and the single one from Gut Neuhof.
The least diverse accessions with values equal or
lower than the value for the negative standard
deviation (Hg < 0.11) were BVAL-903449 (AGES),
LE027 and LE036 (Arche Noah), and LU004
(Agroscope).

An AMOVA analysis based on the reduced dataset
without grouping the accessions according to their
gene bank association was done using the software
Arlequin to evaluate the diversity components within
and among the distinct accessions. The majority of the
variance occurring among the accessions accounted
for 53.06% of the total variation, whereby 46.94% of
the variation was attributed to differences within the
accessions (Table 5), which is in line with previous
studies, where a higher among than within population
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Table 6 Heterozygosity and polymorphism per gene bank on the reduced dataset without repeated matching multilocus genotypes

calculated using GenAlEx

Gene bank/provider N Nm Na N Ho Hg F Cluster (K = 3)
AGES 85 59.09 6.91 342 0.17 0.56 0.71 C1-3

Arche Noah 72 62.09 6.45 3.48 0.18 0.65 0.69 C1-3
Agroscope 36 24.00 4.73 2.72 0.17 0.51 0.68 C1-3

Gut Neuhof 8 5.82 2.36 1.61 0.19 0.39 0.52 C2,C3
Tyrolian gene bank 40 27.36 291 1.70 0.19 0.40 0.57 C2

Mean values 48.20 35.67 4.67 2.59 0.18 0.50 0.64

An assignment of the clusters to the gene bank is based on the assumption of K = 3

Number of individuals per gene bank of the reduced dataset (N). Mean numbers over all loci of individuals (Nyy), of different alleles
per locus (Ny), of number of effective alleles per locus (Ng), of expected (Hg), of observed heterozygosity (Hp), and of the fixation

index (F)

differentiation was detected, e.g. 62 versus 38% in
Habibollahi et al. (2015).

The evaluation of gene diversity present in a
germplasm is of special interest, since accessions
harbouring high genetic diversity can be identified
which may serve as a valuable resource to support
plant breeders with genetic material to extend genetic
variability, as a basis to create new crop varieties.
These assessments not only provide guidance for
better germplasm utilization for genetic improvement,
but also facilitate efforts in germplasm conservation.

Migration rate and gene flow

The relative measure of migration between the
accessions (Nm) was 0.13, measured as the mean
value of per locus values of Nm over all populations by
GenAlEx, which falls in the range of previously
described gene flow values of self-pollinated plant
species (Govindaraju 1989). Flax is described to be a
predominantly self-pollinating species, but gene flow
due to cross-pollination in the range of 1-5% has been
described to occur when plants are grown in close
proximity (Jhala et al. 2011). Therefore, an isolation
distance of <0.8 km has been proposed for flax by
Mader and Hopwood (2013) in the context of organic
seed production. However, gene flow is also described
to occur to a certain extent in germplasm collections
(de Vicente 2005). Because of seeds are frequently
regenerated to keep their viability and to replenish
seed stocks of ex situ collections, gene flow may occur
as the result of cross-pollination, as well as through
physical mixing of seed lots. Therefore, in order to
ensure the safeguard of the genetic integrity and the

genetic diversity of a given germplasm collection,
knowledge of pollination strategies, a proper regener-
ation process, as well as careful gene bank manage-
ment and care are of utmost importance!

Genetic setup within individual gene banks

After grouping the accessions according to their
provider/gene bank (n = 5, cf. Table 1), the degree
of genetic diversity (Hg, D) within a specific gene
bank ranged from 0.39 for Gut Neuhof up to 0.65 for
the Arche Noah gene bank, with a grand mean over all
gene banks of 0.50 (Table 6). It is not surprising, that
Gut Neuhof is characterised by a limited genetic
diversity since only one accession (with eight indi-
viduals in the reduced dataset) was analysed. On the
other hand, in the gene banks of Arche Noah and
AGES high diversity was present, with seven acces-
sions (72 individuals) and ten accessions (85 individ-
uals) analysed, respectively. According to the
AMOVA, only 5.41% of the total variation was
attributed to differences among the five gene banks.
The highest proportion of variation was seen among
the accessions with 48.24%, followed by the variation
within the accessions with 46.35% (Table 5), support-
ing the results of the structure analysis.

In order to resolve the relationships among the
individuals within a gene bank, NJ trees based on
genetic distance values of the unreduced datasets were
generated. This visualisation provides a deeper insight
into the extent of genetic diversity of the accessions as
well as putative admixture events between accessions.
Focusing on the analysed ten accessions from the
AGES gene bank (Supplementary Fig. S2, left),
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Fig. 2 The Neighbor-Joining method was used to infer the
evolutionary history of the accessions based on the pairwise
population matrix of Nei unbiased genetic distance values of the
unreduced dataset. The optimal tree with the sum of branch
length = 6.47590332 is shown. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary

accessions with higher diversity (distinct branching
pattern, e.g. BVAL-901519) were clearly distinguish-
able from those with lower diversity (collapsed
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BVAL-903350
LEO37

distances used to infer the phylogenetic tree. The branch of those
accessions where all individuals were assigned to one of the
three clusters is marked in the respective colour [dark blue
(cluster 1), light blue (cluster 2) and red (cluster 3)], branches of
admixed accessions are kept uncoloured

branches, e.g. BVAL-903449). In addition, prominent
admixture of the accession BVAL-903252 with
BVAL-903350 and with some individuals of BVAL-



Euphytica (2017) 213:120

Page 13 of 16 120

903253 was revealed. The accession BVAL-903350
(McGregor) originated from a flax line traded in
Austria, thus, it is striking that such a severe admixture
with a landrace was recognisable. A possible expla-
nation could be the very unlikely but still possible
physical mixture of seeds or cross-pollination during
the regeneration process. On the other hand, that
BVAL-903252 admixed with BVAL-903253 can be
explained by the fact, that the latter accession was
selected from the first one during the regeneration
process by the gene bank manager. Furthermore, one
individual of BVAL-903426 appeared within BVAL-
901519, which could be also due to any anthropogenic
influence.

Similarly, high genetic diversity of accessions of
the Arche Noah gene bank (Supplementary Fig. S2,
right) was reflected by a deeper branching pattern (e.g.
LE006, LE037) in comparison to accessions with low
diversity (e.g. LE027). Here as well, admixture
between two accessions, LE026 and LE028, could
be visually identified. Interestingly, those accessions
are stemming from the same donor/sustainer, who,
presumably, regenerated the material on the same
field. Moreover, one individual of LEO37 appeared
between LEO14 and LE026, which could be due to the
fact, that those three accessions were regenerated by
the gene bank manager on the same field without any
isolation distance.

Within the Tyrolean gene bank, the only breeding
line (RINN-824005) appeared to be the most diverse
accession in comparison to the locally collected
landraces (Supplementary Fig. S3, left). That the two
accessions RINN-822006 and RINN-822008 were
originally collected in the same location (Umhausen,
Tyrol), and are thus closely related, can be seen by
their proximity in the NIJ tree. Admixture of
individuals of RINN-822007 and RINN-822006 into
the accession RINN-822004 could be explained by
the fact, that all these accessions were originally
collected as landraces in the same valley, the Otztal
in Tyrol, and are thus sharing a similar genetic
background.

Finally, based on the NJ tree, the same conclusions
regarding the extent of genetic diversity can be drawn
for the four accessions of the Agroscope gene bank
(Supplementary Fig. S3, right). Here as well, admix-
ture of one individual of LUQO3 into LU002, and two
individuals of LUOO1 between LU002 and LU003
were detected.

Duplication, mislabelling, misidentification—or
the legacy of cultural diversity?

In order to be able to detect accession duplicates and
possible mislabelling or misidentification across gene
banks, a NJ tree based on pairwise population matrix
of Nei unbiased genetic distance values of the
unreduced dataset was generated (Fig. 2). In general,
the structure of the tree very well reflected the three
detected genetic clusters (cf. Fig. 1). A further corre-
lation of the tree structure to the two lineages (fibre,
oil) or to the five gene banks was however not
detected. Furthermore, with the available information
about the accessions, no duplication within and among
gene banks was identified. However, on the basis of
the present three accessions of the landrace called
‘Otztaler Lein’ (LEO14, RINN-822004, and the
accession from Gut Neuhof) one would expect that
those accessions appear next to each other in the NJ
tree due to their expected genetic similarity. But the
contrary was the case, leading to the discussion of the
‘correctness’ of characterisation, identification, tradi-
tional naming and further usage, regeneration and care
of landraces, which was partly addressed already by
Berg (2009). Traditionally, landraces are charac-
terised based on their morphology and are often
named after a distinct location. As is the case for the
landrace ‘Otztaler Lein’, which has its origin in the
Otztal valley (Tyrol, Austria); being in cultivation
since centuries, currently classified as rare agricultural
crop according the Austrian agro-environmental pro-
gram OPUL (2015), and sustained as such. The
obvious genetic-based differences between the three
accessions of the landrace ‘Otztaler Lein’ are puzzling
and could probably be explained by the following
possible scenarios: either the original accession was
separated very early in time and the resulting parts
have been evolved differently (possibly in different
locations) since then, or that different landraces were
named the same due to morphological similarity,
which also appeared to happen for rice varieties
(Sathya 2014), or because of the seed trading
behaviour of local farmers in the past, where a mixture
of varieties was the norm (Vogl-Lukasser et al. 2007)
which could have resulted in different genetic back-
grounds of the same landrace. All scenarios point
towards the fact, that culture and tradition had a great
influence in the creation, naming, maintenance and
further development of landraces. It is already a fact
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for quite some time that cultural diversity goes hand in
hand with biological diversity (Maffi 2005; Galluzzi
et al. 2010; Gorenflo et al. 2012). Especially landraces
represent a subset of agro-biodiversity that has been
created jointly by the (local) environment and by the
(local) people, showing a tight linkage of the biolog-
ical and cultural heritage. Thus, as Negri (2005)
reflected alreadys, it is of utmost importance to ‘acquire
a greater awareness of the importance of the agro-
biodiversity, reinforce the links between rural com-
munities, their environment and plant genetic
resources, foster pride among young farmers with
regards to their natural and cultural heritage’ in order
to be able to preserve agricultural genetic resources.

Conclusions

The results of this study highlight the importance of
germplasm evaluation based on molecular markers.
The analysis of the genetic structure and diversity of
27 flax accessions originating in the Alpine region
kept at local gene banks and one local sustainer
revealed a varying extent of gene diversity (Hg)
between 0.05 and 0.51. Our results are further
supporting the central dogma that landraces show
higher genetic diversity than breeding lines, with mean
values for gene diversity of 0.28 (landraces) versus
0.14 (breeding lines). Despite the herein and else-
where detected narrow genetic base of flax germ-
plasm, especially those accessions characterised by a
higher gene diversity may still have the potential to
serve as a valuable resource supporting plant breeders
to extend the genetic variability of modern flax lines.
Furthermore, our findings suggest that much of the
diversity that survived through the stages of domes-
tication has been retained ex situ in gene banks and is
well represented in the local Alpine flax collection.
But these assessments not only provide guidance
for better germplasm utilization for genetic improve-
ment, but also facilitate efforts in germplasm conser-
vation. Certain admixture was detected within and
between accessions which could be partly explained
by intentional gene bank management activities (e.g.
selection based on morphological characteristics), but
partly were due to the concerted action of several
unintentional causes such as cross-pollination during
regeneration processes where no isolation distance
was considered or due to any anthropogenic influence
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in the past, highlighting a deep interrelationship
between biological and cultural diversity.

Therefore, in order to ensure the safeguard of the
static genetic integrity and the genetic diversity of a
given ex situ germplasm collection, knowledge of past
culture-based activities, but also pollination strategies,
a proper regeneration process, as well as careful gene
bank management, supported by the knowledge of its
genetic diversity and integrity are of utmost impor-
tance in order to combat ongoing genetic erosion of
existing agro-biodiversity.
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