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Abstract Flax (Linum usitatissimum L1.) is the
earliest oil and fibre crop, but little is known about
its domestication process. Attempt was made here to
assess genetic relationships of 63 Linum accessions
representing seven typical groups of cultivated flax
and its wild progenitor, pale flax (Linum bienne
Mill.), by using 49 informative expressed sequence
tag-derived simple sequence repeat (EST-SSR)
primer pairs. The seven groups were pale flax from
Turkey, pale flax from other countries, and five
groups of cultivated flax (landrace, fibre, oil, winter,
and dehiscent). From these 63 samples, 366 poly-
morphic bands were detected, which likely repre-
sented 79 loci. These polymorphic bands had
frequencies that ranged from 0.016 to 0.984 and
averaged 0.284. Group-specific EST-SSR variation
(F'st values) ranged from 0.339 to 0.373 and averaged
0.349 and pairwise group EST-SSR variation ranged
from 0.067 to 0.507. A neighbor-joining clustering of
these seven groups revealed that dehiscent flax
clustered most closely to its wild progenitor, pale
flax, followed by oil flax and fibre flax. Winter flax
clustered most closely to oil flax and less to pale flax.
These clustering patterns were essentially the same
when individual samples were analyzed via neighbor-
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joining. These findings strongly suggest that capsular
dehiscence was among the first flax traits modified by
human after initial domestication, reflecting the
importance that reducing capsular dehiscence likely
played in early flax domestication.
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Introduction

The last two decades have seen an increase in genetic
studies of crop domestication, thanks to the develop-
ment of many informative molecular markers (Zeder
et al. 2006; Purugganan and Fuller 2009). Significant
efforts have been made to determine the genetic basis
of plant traits associated with domestication such as
plant branching and seed shattering in model crop
species (Doebley et al. 2006; Li et al. 2006; Burke
et al. 2007). Considerable research has also been
conducted to identify wild progenitors of domesti-
cated crops (Fu et al. 2002; Matsuoka 2005) and
investigate domestication events (Heun et al. 1997,
Matsuoka et al. 2002; Morrell and Clegg 2007).
However, less effort has been made to trace domes-
ticate dispersals and infer temporal domestication
sequences (Sweeney et al. 2007; Konishi et al. 2008).
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Consequently, genetic evidence is still largely lacking
for understanding the domestication processes of
many agricultural crops (Allaby 2010).

Flax (Linum usitatissimum L.) is one of the
founding crops in the Near Eastern agriculture, was
a principal source of oil and fibre from prehistoric
times until the early twentieth century, and still
remains a crop of considerable economic importance
(Muir and Westcott 2003). It was domesticated for
both oil and fibre use more than 8,000 years ago in
the Near East, as revealed by many archaeological
finds (Helbaek 1959; van Zeist and Bakker-Heeres
1975). Its wild progenitor is pale flax (Linum bienne
Mill.), as confirmed with morphological, cytological
and molecular characterizations (Tammes 1928; Gill
1966, 1987; Diederichsen and Hammer 1995; Fu
et al. 2002; Allaby et al. 2005). Recent molecular
evidence suggests that cultivated flax is probably
descended from a single domestication of pale flax,
apparently for its oil, rather than fibre, use (Allaby
et al. 2005). However, the rest of the early history of
flax domestication remains unclear (Zohary and Hopf
2000; Allaby et al. 2005).

The archaeological finds of pale flax came
first from Tell Abu Hureyra in northern Syria
(11,200-10,500 years ago) (Hillman 1975) and
occurred throughout the Near East by the 8th
millennium BC (Zohary and Hopf 2000). The first
occurrence of cultivated forms of flax with an
increase in seed size is evidenced in archaeological
records from Tell Ramad in Syria 9,000 years ago
(van Zeist and Bakker-Heeres 1975). Flax then
spread from the Near East to Europe and the Nile
Valley. The flax varieties that spread into the Danube
valley were winter oil varieties. However, summer
fibre varieties developed in eastern Europe also
spread into central Europe and replaced the original
varieties (Helbaek 1959; Diederichsen and Hammer
1995). It is uncertain whether fibre flax from eastern
Europe resulted from a domestication event indepen-
dent to that of fibre flax in the Near East, but all
modern fibre varieties in use today are thought to
have originated from eastern Europe (Helbaek 1959).

Earlier genetic studies of flax domestication have
identified its wild progenitor (Tammes 1928; Gill
1987; Fu et al. 2002; Fu and Allaby 2010) and inferred
the domestication event and purpose (Allaby et al.
2005; Uysal et al. 2010). These studies, although
useful, are largely limited in scope due to the lack of
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informative molecular markers and insufficient sam-
pling of pale flax. The recent development of flax
expressed sequence tag-derived simple sequence
repeat (EST-SSR) markers (Cloutier et al. 2009; Fu
and Peterson 2010) and recent collections of Turkish
pale flax germplasm (Uysal et al. 2010) made further
genetic inferences of flax domestication processes
possible. For example, assessments of genetic rela-
tionships among various groups of cultivated flax with
unique domestication traits may shed some insight
into the path of flax domestication, as domestication
processes influenced flax traits and specific flax trait
groups may carry genetic signatures of such domes-
tication processes over time.

Pale flax is a winter annual or perennial plant with
narrow leaves and dehiscent capsules, and usually
displays large variation in the vegetative plant parts
and variable growth habit (Diederichsen and Hammer
1995; Uysal et al. 2011). In contrast, cultivated flax has
variable seed dormancy, grows fast with large varia-
tion in the generative plant parts, and has early
flowering, almost indehiscent capsules and large seeds.
Interestingly, some of these domestication syndromes
(Hammer 1984) have been used to group cultivated
flax such as dehiscent cultivated flax with spontane-
ously opening capsules and winter flax with a vernal-
ization requirement (Elladi 1940; Dillman 1953;
Kulpa and Danert 1962; Diederichsen and Fu 2006).
These intraspecific classifications should not only
facilitate flax germplasm management and utilization,
but also enhance genetic studies of flax domestication
history.

The objective of this study was to assess the
genetic relationships of 63 Linum accessions repre-
senting seven typical groups of cultivated flax and its
wild progenitor pale flax, by using 49 informative
EST-SSR primer pairs. The seven groups are pale
flax from Turkey, pale flax from other countries, and
five groups of cultivated flax (landrace, fibre, oil,
winter, and dehiscent). The last four groups represent
cultivated flax with domestication-related traits and
may carry genetic signatures of related domestication
processes.

Materials and methods

Sixty-three Linum accessions (Table 1) were selected
for this study and they represent three closely related
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Table 1 List of 63 Linum accessions representing three Linum species and five groups of cultivated flax, along with some
descriptions and the country of origin

CN* Species/group®  Description® Origin® Label®° CN Species/group  Description Origin  Label
113603 Lb Samsun TUR Btl 98935  Lu-f Motley fibre BLR Uf3
113606 Lb Samsun TUR Bt2 18991  Lu-f Nike POL uf4
113610 Lb Denizli TUR Bt3 101086 Lu-f Ariadna HUN  Uf5
113618 Lb Mugla TUR Bt4 98946  Lu-f Talmune fibre NLD uUf6
113621 Lb Mugla TUR Bt5 101017 Lu-f Baladi CHN  Uf7
113626 Lb Samsun TUR Bt6 19003  Lu-o AC McDuff CAN  Uol
113629 Lb Kastamonu TUR Bt7 98965  Lu-o New River USA Uo2
113633 Lb Zonguldak TUR Bt8 97888 Lu-o Tomagoan IRN Uo3
113636 Lb Bilecik TUR Bt9 98256  Lu-o Arreveti IND Uo4
113639 Lb Canakkale TUR Bt10 98263  Lu-o Chaurra Olajlen  HUN  Uo5
113642 Lb Trabzon TUR Btl1 100832 Lu-o Barbarigo CZE Uob
Tmpl19716 Lb Rhodes airport GRC Bgl 100917  Lu-o Raluga ROM Uo7
Tmpl19717 Lb Island of Koss GRC Bg2 97436  Lu-o Giza EGY  Uo8
Tmp19719 Lb Island of Evia GRC Bg4 96848  Lu-w TUR  Uwl
Tmp19718 Lb Island of Evia GRC Bg3 96902  Lu-w TUR  Uw2
107293 Lb UN(1) Bml 100828 Lu-w TUR  Uw3
107257 Lb UN(2) Bm2 100829 Lu-w TUR  Uw4
19021 Lb FRA Bm3 97756  Lu-w ARG  UwS5
107258 Lb UN(2) Bm4 96960  Lu-w SYR Uwo
19022 Lb DEU Bm5 97015  Lu-w AUS Uw7
19023 Lb USA Bm6 98178  Lu-w AFG  Uw8
19028 Ld Zingaro ITA D1 97102  Lu-w PAK  Uw9
100911 Lu-n Cremone ITA Unl 98509  Lu-w ISR Uwl10
100895 Lu-n Karbin ETH Un2 97473  Lu-d RUS Ud1
101070 Lu-n Landrace RUS Un3 98833  Lu-d RUS Ud2
19009 Lu-n Mestnyi CHN Un4 100837 Lu-d TUR Ud3
101021 Lu-n Mestnyi AFG Un5 100852  Lu-d PRT Ud4
100890 Lu-n Svapo FRA Un6 100910 Lu-d PRT uds
100896 Lu-n Giza EGY Un7 97769  Lu-d PRT udo6
100909 Lu-n Palestina ISR Un8 97605  Lu-d RUS ud7
101120 Lu-f Liana POL Ufl 97606  Lu-d ESP Ud8
101160 Lu-f Wiko AZE uf2

# CN Canadian National accession number at Plant Gene Resources of Canada (PGRC), Saskatoon, Canada. Tmp temporary number
for accessions that were acquired, but not yet added to the PGRC germplasm collection

Y Lb Linum bienne, Ld Linum decumbens, Lu Linum usitatissimum. Five letters (n, f, o, w, d) after Lu represents five groups of
cultivated flax (landrace, fibre, oil, winter, dehiscent), respectively

¢ Description of an accession includes the record for varietal or local name, location, and feature

4 QOrigin of country, following ISO 3166-1 alpha-3 country code. UN unknown origin, but the seed source is shown with a number in

parentheses: 1, All-Russian Flax Research Institute, VNIIL, Torzhok, Russia, and 2, Jardin Botanique de la Ville et de I’ Universite de
Caen, France

¢ Accession label includes the first letter for species (B = L. bienne; D = L. decumbens, and U = L. usitatissimum), the second
letter (if any) for the country of L. bienne accessions (¢t Turkey, g Greece, m multiple countries) and for the group of cultivated flax
(n landrace, f fibre, o oil, w winter, d dehiscent), and the number distinguishing among accessions
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Linum species (L. usitatissimum, L. bienne, and Linum
decumbens Desf.) and five major groups of cultivated
flax (landrace, fibre, oil, winter and dehiscent). The
landrace group represents a collection of local oil and/
or fibre varieties from different countries. The acces-
sion selection process also took into account the
country of origin to widen genetic diversity for this
study. About 10 seeds of the selected accessions were
obtained from the world flax collection at Plant Gene
Resources of Canada and planted in greenhouse at the
Saskatoon Research Centre, Agriculture and Agri-
Food Canada. Young leaves were individually col-
lected, freeze-dried (in a Labconco Freeze Dry
System for 1-3 days), and stored at —20°C. A
freeze-dried leaf sample of one individual plant from
each accession was selected, and its genomic DNA
was extracted with the DNEasy Plant Mini kit
(Qiagen, Mississauga, ON, Canada). Extracted DNA
was quantified with a Thermo Scientific NanoDrop
8000 spectrometer (Fisher Scientific Canada, Toronto,
Ontario, Canada) by following the instrument’s
standard protocols for double-stranded DNA and then
was diluted to 25 ng uL ™" for EST-SSR analysis.

Based on the characterization effort previously
made in Linum species (Fu and Peterson 2010), 49 of
the most informative EST-SSR primer pairs developed
by Cloutier et al. (2009) were selected and applied to
screen 63 samples. The PCR conditions were 94°C for
3 min, followed by 30 cycles of 94°C for 10 s, 50°C for
20 s, 72°C for 1 min, and a final elongation step of
72°C for 5 min on either a DYAD or PTC-200
thermocycler (Bio Rad, Mississauga, ON, Canada).
Each reaction consisted of 1X Standard Buffer with
1.5 mM MgCl, (New England BioLabs, Pickering,
ON, Canada), 0.2 mM dNTP (Promega/Fisher Scien-
tific, Nepean, ON, Canada), 5 pmol each forward and
reverse primer, 0.5 U of Tag polymerase (New
England Biolabs, Pickering, ON, Canada) and 25 ng
of genomic DNA in a final volume of 25 pL.
Amplification products were separated with the Mega
Gel system (CBS Scientific, Del Mar, CA, USA) on a
non-denaturing, 5% 19:1 polyacrylamide gel (Wang
et al. 2003) for up to 2.5 h at 300 V. Fragments
were stained with 0.5 pg L™ ethidium bromide in
the running buffer, and recorded on a digital gel-
documentation system.

To generate a dataset of EST-SSR allele counts for
each sample, DNA fragments amplified by EST-SSR
primer pairs were identified based on their sizes in
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base pairs measured with a 50 bp DNA ladder (New
England BioLabs, Pickering, ON, Canada) and com-
pared with fragment sizes reported in the literature
(Cloutier et al. 2009; Fu and Peterson 2010). Multiple
loci per primer pair were inferred as likely multiple
loci, based on the number of bands observed for
individual cultivated flax samples and the band
pattern(s) across the 63 samples. Multiple alleles at
a locus may exist at the species level, but only two
bands per locus are expected for a diploid sample like
those of cultivated flax. The DNA fragments were
manually scored as 1 for presence or 0 for absence.
Levels of polymorphism were analyzed with respect
to primer and locus by counting the number of
polymorphic bands and generating summary statistics
on band frequencies. Shannon entropy was calculated
following Russell et al. (1993) to estimate the
diversity content per locus, as this estimate does not
require strict genetic assumptions. Essentially, the
entropy-based diversity content provides a measure of
the effective number of alleles per marker locus
(Reyes-Valdes and Williams 2005). These analyses
were performed by using a SAS program written in
SAS IML (SAS Institute Inc. 2004).

Genetic relationships of the 63 individual samples
were inferred by using PAUP* (Swofford 2002) with a
neighbor-joining method and a radiation tree was
displayed by using MEGA 4.01 (Tamura et al. 2007).
An analysis of molecular variance (AMOVA) was also
performed using Arlequin version 3.01 (Excoffier et al.
2005) to assess genetic variation among various groups
of Linum accessions. Four models of genetic structur-
ing were considered: pale vs cultivated flax, two
originating groups of pale flax, five groups of culti-
vated flax, and seven groups of pale and cultivated flax.
The significance of variance components and inter-
group genetic distances for each model was tested with
10,010 random permutations. The last model also
generated genetic distances as the proportional EST-
SSR variations among seven groups of Linum acces-
sions. Based on these groupwise genetic distances, a
neighbor-joining clustering of the seven groups was
also made with NTSYS-pc 2.3 (Rohlf 1997).

Results

Screening 49 EST-SSR primer pairs detected a total
of 366 polymorphic bands across the 63 samples
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(Table 2). Based on reported fragment sizes and band
patterns, 79 likely loci were inferred. Nine primer
pairs each amplified a pattern of three likely loci; 12
primer pairs each detected two likely loci; and the
remaining primer pairs each generated a single locus
(Table 2). The number of bands detected per locus
ranged from one to 29 (for the locus Lul51a) with an
average of 4.6 bands per locus. Band frequencies
across the 63 samples ranged from 0.016 to 0.984 and
averaged 0.283. There were 84 bands that occurred in
three or fewer samples (i.e., with a frequency 0.048
or smaller). An assessment of diversity content per
locus revealed 13 loci with a Shannon entropy > 1.5
and 5 loci with a Shannon entropy > 2 (Table 2). A
linear regression analysis revealed that these diversity
contents were significantly (P < 0.0001) associated
with the numbers of bands detected for these loci. As
these loci were not mapped, the exact genome
coverage of these markers remains unknown, but
they should sample many of the transcribed chromo-
somal segments of flax genome.

Patterns of genetic structure within and among these
flax accessions were assessed with four genetic-
structure models (Table 3). Overall, 28.2% of the total
EST-SSR variation could be attributed to difference
between samples of pale and cultivated flax and 71.8%
occurred within samples of each species. More vari-
ation was observed within cultivated flax than within
pale flax. Considerable variation (16.6%) was noted
between pale flax samples from Turkey and those from
other countries, and slightly more variation was
observed within the Turkish than within other coun-
tries’ pale flax samples. For cultivated flax, 28.5% of
the total variation resided among five cultivated flax
groups. The oil flax samples displayed the most within-
group variation, followed by the winter, landrace,
fibre, and dehiscent flax, respectively.

Considering seven groups of pale and cultivated
flax together, 34.8% of the total variation differen-
tiated the seven groups, and 65.2% was found within
groups (Table 3). The groups of oil flax and pale flax
from other countries displayed slightly more within-
group variation than did the other groups (Table 4).
Assessments of pairwise group variation measured
with the proportional EST-SSR variation (Table 4)
showed that dehiscent flax samples were the most
distant from Turkish pale flax samples (0.507),
followed by fibre (0.445, winter (0.384), landrace
(0.372), and oil flax samples (0.369).

Neighbor-joining clustering of these seven groups
based on proportional EST-SSR variation revealed
that dehiscent flax samples clustered most closely to
pale flax samples, followed by oil flax (and/or winter
flax) and fibre flax (and/or landrace flax) samples
(Fig. 1). This clustering pattern remained unchanged
either when the landrace and winter flax samples were
excluded or when pale flax accessions from Turkey
and other countries were formed as a single group.
Neighbor-joining analysis of the 63 individual sam-
ples revealed the same pattern for the seven groups of
pale and cultivated flax (Fig. 2). For example, dehis-
cent flax samples still clustered most closely to pale
flax samples, followed by fibre flax group mixed with
landrace flax. Winter flax samples clustered most
closely to oil flax samples and were less like its wild
progenitor. Only one winter flax sample was clustered
with the fibre flax group. Four of the eight landrace
samples were clustered with the fibre flax samples.
One fibre flax sample (Uf7) was clustered with oil flax
group and (Fig. 2). The four Greek pale flax samples
grouped together, but the Turkish pale flax samples
were more divergent. The other closely related wild
Linum species, L. decumbens, separated clearly from
both pale and cultivated flax (Fig. 2).

Discussion

This EST-SSR analysis demonstrated that dehiscent
flax most closely resembled its wild progenitor, pale
flax, followed by oil flax and fibre flax. It also showed
that winter flax closely resembled oil flax and was
less like pale flax. These results were consistent with
clustering pattern obtained with ISSR markers, indi-
cating that Turkish pale flax clustered most closely to
dehiscent flax (Uysal et al. 2010). These findings
together provide the first genetic evidence that
capsular dehiscence was among the flax traits mod-
ified after initial human selection and indicate that
reducing capsular dehiscence was an important step
in early flax domestication.

The importance of reducing capsular dehiscence
and minimizing vernalization requirement in early
domestication of many founding crops, although with
little empirical support available, has been well
recognized (Hammer 1984; Zohary and Hopf 2000;
Zeder et al. 2006; Li et al. 2006), as their wild
progenitors usually are winter annual or perennial
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Table 2 Description of 79 molecular markers detected by 49 EST-SSR primer pairs in 63 Linum accessions

Locus® Total number Size range Entropy-based Locus Total number Size range Entropy-based
of alleles (bp) diversity content of alleles (bp) diversity content

Lu025 6 190-222 1.187 Lu373b 5 362-445 1.472
Lu052 3 205-210 0.236 Lu440a 7 160-203 1.186
Lu056a 4 190-204 0.852 Lu440b 2 222-238 0.132
Lu056b 3 218-238 1.100 Lu440c 6 258-320 1.684
Lu056¢c 2 260-275 0.569 Lu442a 3 220-250 0.559
Lu058a 4 177-200 0.834 Lu442b 4 260-298 0.326
Lu058b 6 218-255 1.170 Lu442c 7 307-350 1.161
LuO61a 3 198-202 0.613 Lu445 7 205-223 1.482
Lu061b 2 208-225 0.499 Lu462 8 210-296 2.180
LuO6lc 2 247-279 0.715 Lu511 4 244-254 0.777
Lu091a 2 625-675 0.082 Lu557 2 80-210 0414
Lu091b 2 850-900 0.132 Lu558a 4 237-258 0.588
Lullda 5 204-228 0.508 Lu558b 5 305-330 1.642
Lull4b 2 270-300 0.132 Lu566 3 195-200 1.089
Lul23a 3 247-252 0.871 Lu628 5 450-550 1.588
Lul23b 3 270-280 1.073 Lu652a 2 245-260 0.288
Lul23c 2 475-650 0.383 Lu652b 5 275-318 0.976
Lul25 13 172-244 2.884 Lu652¢ 1 340-340 0.067
Lul38 8 180-875 1.594 Lu657 8 210-310 1.243
Lul5la 29 233-340 5.279 Lu675a 2 203-208 0.685
Lul51b 1 800-800 0.069 Lu675b 3 225-235 1.076
Lul79 1 182-182 0.032 Lu682 4 176-192 1.064
Lu225a 4 179-202 0.980 Lu684 5 225-257 1.450
Lu225b 3 226-242 0.202 Lu685 4 360-410 1.352
Lu225¢ 7 273-292 1.902 Lu70la 2 316-322 0.518
Lu235a 3 240-260 0.533 Lu701b 3 410-450 0.849
Lu235b 4 275-300 1.390 Lu729 2 200-203 0.389
Lu235¢ 2 318-330 0.480 Lu738 5 212-272 1.266
Lu257 3 226-230 1.015 Lu787a 4 186-198 1.086
Lu260 4 220-260 0.878 Lu787b 4 210-230 1.095
Lu265 5 206-240 1.060 Lu787¢ 4 238-253 0.900
Lu291 6 152-200 1.509 Lu805 8 260-950 1.912
Lu316 6 200-250 1.225 Lu821 5 258-270 1.456
Lu339a 7 143-182 1.176 Lu833 5 260-305 1.445
Lu339b 9 205-272 1.728 Lu836 3 175-188 0.714
Lu356 2 265-495 0.085 Lu840a 5 230-258 1.364
Lu361 3 190-203 0.844 Lu840b 12 260410 2.586
Lu370a 5 225-265 1.393 Lu851a 4 250-270 0.957
Lu370b 5 300-335 1.610 Lu851b 9 330-450 2.562
Lu373a 1 132-132 0.274

? The locus labels follow those of Cloutier et al. (2009) for primer pairs with small letters (a, b, ¢) added to the primer pair for locus

identification
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Table 3 Results of the analysis of molecular variance (AMOVA) for 62 accessions of pale and cultivated flax based on four models

of genetic structuring

Model/source of variation df

Variance components % variation®

Pale vs cultivated flax

Between species 1
Within species 60
Turkish vs other country pale flax

Among countries 1
Within countries 19
Five groups of cultivated flax

Among groups 4
Within groups 36
Seven groups of accessions*

Among groups 6
Within groups 55

9.5 28.2
242 71.8
5.1 16.6
255 83.4
6.9 28.5
17.3 71.5
10.4 34.8
19.5 65.2

# Significance was tested with the probability that the among-group variance component was larger than zero, as computed from
10,010 random permutations. All the variance components were statistically significant at the P < 0.0001 level

*Seven groups represent two groups of pale flax from Turkey and other countries and five groups of cultivated flax

Table 4 Proportional EST-SSR variation (Fst) within and among seven groups of pale and cultivated flax

Flax group No of samples ~ Within group Fst  Pairwise group Fst
Lb-t Lb-o Lu-n Lu-f Lu-o Lu-w
Pale from Turkey (Lb-t) 11 0.342
Pale from other countries (Lb-0) 10 0.339 0.144
Cultivated Landrace (Lu-n) 8 0.341 0.372 0.331
Cultivated fibre (Lu-f) 7 0.357 0.445 0397  0.067
Cultivated oil (Lu-o0) 8 0.340 0.369 0.346  0.135 0.217
Cultivated winter (Lu-w) 10 0.349 0.384  0.379 0.187 0274  0.083
Cultivated dehiscence (Lu-d) 8 0.373 0.507  0.493 0.401 0.488 0.418 0.448

plant with dehiscent capsules and modern cultivars
largely have indehiscent capsules and little vernaliza-
tion requirement. However, the importance of mini-
mizing flax vernalization requirement in early flax
domestication does not seem to be as clear-cut as for
capsular dehiscence. First, winter flax is genetically so
distant from pale flax while dehiscent flax (a summer
annual) is much less so (Figs. 1 and 2). Second, winter
flax is genetically intermingled with oil flax while
dehiscent flax formed its own cluster (Fig. 2). Based
on these findings, it is difficult to establish the case for
early flax domestication with winter hardiness.

It is possible that capsular dehiscence in flax has a
simple genetic control like those in other crops do
(e.g., Bailey et al. 1997; Li et al. 2006; Kaga et al.
2008), mass selection for capsular indehiscence was

successful at the time of initial flax domestication,
and further selection was not required at later stages
of domestication for other genetically complex traits
such as oil or fibre. Thus, the unique genetic
background of dehiscent flax was able to be main-
tained. It was also unlikely that dehiscent flax was a
result of more recent hybridization between highly
selected flax and pale flax, as large EST-SSR
variation was observed among dehiscent flax acces-
sions (Table 4). In contrast, winter hardiness is a
complex trait controlled by many genes across many
chromosomes (e.g., Pan et al. 1994; Kahraman et al.
2004), and may have been long selected along with
oil improvement in diverse environment remote from
the locus of domestication. This seems to accord well
with the adaptation of cultivated flax to cold
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{ Pale-Turkey
Pale-Others

Dehiscent-flax

Landrace-flax
Fiber-flax
Oil-flax
Winter-flax

T T T T 1

0.00 0.08 0.15 0.23 0.31
The proportional EST-SSR variation

Fig. 1 Genetic relationships of seven groups of pale and
cultivated flax accessions based on genetic distances (as the
proportional EST-SSR variation) obtained from the analysis of
molecular variance for 366 polymorphic EST-SSR bands. The
seven groups are pale flax from Turkey, pale flax from other
countries, and five groups of cultivated flax (landrace, fibre, oil,
winter, and dehiscent)

environments in northern Europe when oil flax spread
into the Danube valley (Helbaek 1959). Thus, most
winter flax samples assayed were genetically inter-
mingled with oil flax accessions and divergent from
pale flax. It also is possible that the winter flax
accessions assayed here may not adequately sample
the gene pool of flax germplasm with vernalization
requirement, as the use of winter flax for fibre use
was also reported (Hegi 1925), and bias may exist in
inferences of its departure from pale flax and its
genetic similarity with oil flax.

The finding of fibre flax clustered more closely to
pale flax (Fig. 2) implies that most of the fibre flax still
maintained its unique genetic background, more
similar than the oil flax to the pale flax. However,
this finding seems to contradict with the early
argument that flax was first domesticated for oil use
(Allaby et al. 2005). Also, the assayed flax landrace
samples do not appear to generate any new informa-
tion for understanding flax domestication processes.
This may reflect the nature of the landrace group with
mixed members from other four forms of cultivated
flax. Moreover, the inferred clusters may reflect
roughly the genome similarities, not the precise
inferences of evolutionary relationship, between cul-
tivated and pale flax, as the assayed SSR alleles of
same size may not always be identical by descent
between two species.

In spite of these limitations, the inferred genetic
relationships among various groups of pale and
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Fig. 2 Clustering of 63 Linum accessions representing three
species and five groups of cultivated flax obtained from the
neighbor-joining analysis of 366 polymorphic SSR bands. Each
accession is labeled as in Table 1 with the first letter for species
(B = L. bienne; D = L. decumbens, and U = L. usitatissi-
mum), the second letter (if any) for the country of L. bienne
accessions (¢ Turkey, g Greece, m multiple countries) and for
the group of cultivated flax (n landrace, f fibre, o oil, w winter,
d dehiscent), and the numbering for multiple accessions of the
same group. The distance scale reflects the proportion of EST-
SSR variation

cultivated flax are significant for understanding flax
domestication. They may reflect the path of flax
domestication over the past 9,000 years (Helbaek
1959) from domesticating pale flax to reduced capsular
dehiscence, increased fibre length and seed size for oil
content, along with improved winter hardiness, and
eventually to modern cultivars. Of course, the exact
events and sequence of these modifications remain to
be determined. Next-generation DNA sequence stud-
ies (Nordborg and Weigel 2008), together with phy-
logenetic analyses including appropriate outgroups to
establish polarity of characters, should help to clarify
relationships between pale flax and the various forms
of cultivated flax. In addition, specific domestication-
associated trait groups in flax may carry abundant
genetic signatures of past domestication events
(Allaby 2010), which should spur future research.
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