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Abstract

The sequence-specific amplified polymorphism (S-SAP) method was used to genotype 198
Nordic bread wheat landraces and cultivars from the 19th to the 21st centuries. It was shown
that the Sukkula-9900-LARD retrotransposon primer was highly suitable for resolving closely
related wheat materials. Cluster analysis was generally consistent with pedigree information
and revealed a clear separation for growth habit but not for countries. A principal coordinates
analysis (PCoA) showed a separation into different time periods (before 1910, 1910-1969 and
1970-2003). These results are consistent with the breeding history and pedigree information,
indicating that little hybridization has occurred between winter and spring wheat, in contrast
to frequent exchange of germplasm between the Nordic countries. Estimates of gene diversity,
the PCoA results, and changes in band frequencies across time indicate that plant breeding has
led to substantial genetic shifts in Nordic wheat. Diversity was reduced through selections from
landraces during the early 20th century, followed by a period of relatively lower genetic diver-
sity, and a subsequent increase and net gains in diversity from the late 1960s onwards through
the use of exotic germplasm. Thus, an anticipated loss of overall genetic diversity was found to
be negligible, although allele losses have occurred at specific loci.

Keywords:

Introduction

The identification and characterization of plant breeding
material is important for the documentation and utilization
of genetic resources. Several morphological, physiological
and molecular methods have been developed for this
purpose (Liu et al, 1992). Marker systems that show
high levels of DNA polymorphism are a prerequisite
for distinguishing closely related genotypes of self-pollinating
crops such as bread wheat (Triticum aestivum L.).
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Retrotransposons are among the most prevalent class
of eukaryotic transposable elements, characterized by
their ability to transpose via an RNA intermediate,
which they convert to DNA by reverse transcription prior
to insertion (Waugh et al., 1997). Monocot retrotrans-
posons expressed sequence tags (ESTs) tend to match
across multiple genera (Vicient et al., 2001), e.g. mole-
cular markers derived from barley retrotransposons
have been shown to reveal genetic diversity in wheat
(Gribbon et al., 1999).

The long terminal repeat (LTR) retrotransposon super-
family, including the transpositionally active large retro-
transposon derivative (LARD) Sukkula elements in barley
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(Kalendar et al., 2004), is the most abundant in crop
species (Sabot et al., 2004). LTRs do not excise as part
of the retrotransposition mechanism, thus marker band
polymorphisms represent the integration of new retrotrans-
poson copies and irreversible biological events (Vicient
et al., 2001). Retrotransposon markers are therefore highly
suitable for studies of genetic diversity and have been
applied to pea (Ellis et al., 1998; Pearce et al., 2000), the
genera Aegilops and Triticum (Queen et al., 2004), tomato
and pepper (Tam et al., 2005).

Retrotransposon markers generate data that are
more consistent with geographical and morphological
criteria than amplified fragment length polymorphism
(AFLP) based markers (Ellis et al., 1998). In a compara-
tive study of genetic diversity in tomato and pepper,
the retrotransposon-based sequence-specific amplified
polymorphism (S-SAP) method (Waugh et al., 1997;
Gribbon et al., 1999) showed the highest number of
polymorphic bands and marker index, and was thus
found to be more informative than AFLP or simple
sequence repeats (SSR), although estimates of genetic
relationships were significantly correlated between data-
sets (Tam et al., 2005).

Investigations of genetic diversity in wheat using
molecular markers have demonstrated a set of different
temporal and geographical scenarios. No significant
decrease in overall genetic diversity but a qualitative
temporal shift was detected among 55 UK wheat acces-
sions from 1934 to 1995 using six AFLP and 14 SSR loci
(Donini et al., 2000). A decrease in allelic diversity after
the 1960s was demonstrated in a study of 559 French
bread wheat accessions from 1800 to 2000 using 42
SSRs (Roussel et al., 2004) and in 480 European
wheat cultivars from 1840 to 2000 using 39 SSRs (Rous-
sel et al., 2005). In contrast, allelic diversity in 75
Nordic spring wheat cultivars using 47 SSRs was
found to have increased from 1900 to 1940 and again
from the 1960s (Christiansen et al., 2002). Similarly,
genetic diversity in 91 Bulgarian accessions from 1925
to 2003, using 19 SSRs, was found to increase after
1960 (Landjeva et al., 2005). Genetic diversity among
253 CIMMYT wheat cultivars, landraces and Aegilops
tauschii Coss. accessions using 90 SSRs was found
to decrease from 1950 to 1989 and increase from
1990 to 1997 through introgression of novel material
(Reif er al., 2005).

The aim of the present study was to use S-SAP to fin-
gerprint 198 bread wheat accessions from the Nordic
countries Sweden, Norway, Finland and Denmark and
to: (1) estimate levels of genetic diversity within and
between growth habit, countries and time periods; (2)
assess the relationships among accessions; and (3) deter-
mine the number of accessions needed for an ex situ core
collection of Nordic bread wheat.
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Materials and methods
Plant materials and S-SAP reactions

The material comprised 32 landraces and 166 bread wheat
cultivars of spring or winter type from the 19th to the 21th
century and Sweden, Norway, Denmark or Finland. Seed
was donated by the Nordic Gene Bank (NGB), the John
Innes Centre (JIC) and plant breeding companies Svalof-
Weibull AB (SW), Pajbjerg Fonden and Abed Fonden
(Table 1). Information on pedigrees and year of release
was provided by Svalof-Weibull AB, the Nordic Gene
Bank or obtained from the internet at Wheat Pedigree
and Identified Alleles of Genes On Line database (http://
genbank.vurv.cz/wheat/pedigree/) (WPIAG 2007-01-10).

Genomic DNA was extracted from a bulk of 30 seeds of
each accession using a DNeasy96 Plant Kit (Qiagen,
Crawley, UK). The S-SAP method (Waugh et al., 1997,
Leigh et al., 2003) was used with the following modifi-
cations. Genomic DNA (400 ng) was incubated with 5U
Tagl (New England BioLabs, Ipswich, UK) in 5 X RL
buffer (50 mM TRIS-acetate pH 7.5, 50 mM magnesium
acetate, 250mM potassium acetate, 25mM DTT and
25ng/pl BSA) in a total volume of 40 pl per reaction at
65°C for 3h. Template DNA was prepared by adding
10 ul of a ligation mixture [S0pmol Taql (5'-ATG AGT
CCT GAA-3' plus 5-CGT TCA GGA CTC AT-3)), 5 X RL
buffer, 0.1 mM ATP, 1 U T4 DNA ligase (Invitrogen, Pais-
ley, UK)] and incubating at 37°C overnight. The samples
were then diluted with 100 wl TO.1E (10 mM TRIS—HCI
pH 8.0, 0.1 mM EDTA) and stored at — 20°C.

The Sukkula-9900-LARD retrotransposon has been
found to be highly polymorphic in wheat (Hysing, unpub-
lished results 2004). The relative activity of Sukkula
elements in barley has been estimated to be less than that
of BARE-1, while the order of copy number is similar to
that of BARE-1 (Leigh et al., 2003), which is present in
14000 full-length copies (Vicient et al., 1999) and more
than 1 X 10~ solo LTRs (Shirasu et al., 2000). The Suk-
kula-9900-LARD oligonucleotide primer (5'-GAT AGG
GTC GCA TCT TGG GCG TGA C-3') was end-labelled by
incubating 0.134 pl Sukkitla-9900-LARD (50 ng/pl stock)
with 0.1l y-[P’PIATP (3000 Ci/mmol), 0.1ul 10 X T4
buffer, 0.25 U T4 polynucleotide kinase (0.025 pD) (Invitro-
gen) in a total volume of 0.668 .l per subsequent reaction
at 37°C for 2—3h. Each selective amplification reaction
contained 0.66 wl [**Pl-labelled Sukkitla-9900-LARD, 2 pl
unlabelled Sukkula-9900-LARD adaptor primer (5-ATG
AGT CCT GAA CGA-3) (50 ng/pl stock) with one of five
different combinations of selective bases at the 3’ end
(-AAT, -TAA, -ATT, -CAT, -CAA), 1l 10 X PCR buffer, 1 .l
dNTP mix (2mM stocks, Amersham Biosciences, Little
Chalfont, UK), 3 pl digested template, 0.08 ul (0.4 U) Taq
DNA polymerase (Qiagen) and 2.26ul sterile distilled
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Table 1. Material used in sequence-specific amplification polymorphism (S-SAP) analysis of Nordic wheat landraces
and cultivars

Acc.no’ Name Pedigree* G R Year
AF Abba A 0336.19/Catamaran w D 2002
AF Abika Brigadier/A 91295.16 w D 2003
PF Alrg PF 97 227-2/Parade w D 1999
NGB-4770 Als (s) landrace from Als w D 1937
NGB-9122 Anja Kranich/Caribo w D 1980
NGB-0004 Ankar Iduna/Bore w S 1928
NGB-0006 Ankar Il Ankar/Saxo w S 1928
JIC-0113 Apu Garnet/Pika s F 1949
NGB-0007 Aring Ankar/Saxo w S 1932
NGB-0011 Aring Il (s) Aring | w S 1940
NGB-0014 Aros Aring/Ergo w S 1947
NGB-2143 As (s) Lv from Norway s N 1926
JIC-3196 Aura Ertus/Vakka w F 1976
SW Avle 22279M15/20299M12//Canon s S 1996
SW Ballad Sv85297/5v85568 w oS 2001
JIC-1208 Banco WW6518/WW6431//Ankar 1l w S 1953
NGB-11315 Bastian Bajio-66/Runar/4/Yaktana/Norin10/Brevor/3/ s N 1989
Moystad/5/Rollo/Magnif/4/Sonora/
Tezanos-Pintos-Precoz//Nainari/3/Moystad

NGB-13 659 Bjorke SvU75630/Rida w N 1997
NGB-9691 Blanka Extra Kolben [lI/Wilhelmina s S 1950
NGB-6695 Bore (s) from English wheat w S 1902
NGB-8933 Borg Abed Trifolium 14/Abed 92 w D 1967
NGB-4494 Borstvete fra Gotland Landrace w S -

NGB-2125 Borsum Landrace s N -

NGB-8946 Bradtorp pajo Landrace w D -

NGB-7456 Brons Aurore/Extra Kolben Il s S 1945
NGB-7481 Canon Sicco/2*WW-12 502//2*Sappo/3/Kadett s S 1988
SW Curry Canon s/Nemares//Kadett Mp1 s S 1994
NGB-9955 Dacke P18/17269//19151 s S 1990
NGB-9708 Dala Landrace s S -

NGB-6410 Dalarna Landrace S S -

NGB-7027 Dania Landrace w D -

NGB-6679 Diamant Kolben/Hallands (landrace) s S 1928
NGB-6681 Diamant Il Diamant/Extra Kolben II s S 1938
NGB-7469 Drabant Cltr 12 633/Ring "6 s S 1972
SW Dragon Sicco/1250%/3/Sappo?/5/Kadett s S 1988
NGB-8957 Enger Landrace w N -

NGB-0008 Ergo Ankar l/arl w S 1934
NGB-0012 Eroica WW 5133/Aring w S 1943
NGB-0015 Eroica Il (s) Eroica | w S 1951
NGB-0017 Ertus Eroica/Virtus w S 1953
NGB-6677 Extra Kolben Kolben/unnamed line s S 1919
NGB-8923 Extra Kolben Il (s) Extra Kolben s S 1926
NGB-6694 Extra Squarehead (SWE) (s) Leutenritzer Squarehead w S 1900
NGB-2434 Folke Holme/Walde w S 1981
NGB-2126 Fram | J-03/Mo-07 s N 1936
NGB-2127 Fram Il J-03/Mo-07 s N 1938
NGB-6680 Fylgia | Aurore/Extra Kolben s S 1933
NGB-6685 Fylgia Il Extra Kolben [I/Aurore S S 1952
AF Galicia n/a w D 2000
NGB-8199 Gammel svensk landhvete Landrace w S -

SW Gnejs KosackMB/3*Kraka/4/Kurier w S 2001
NGB-6716 Gyllen Il Kron/Bore Il w S 1938
NGB-0121 Haarajarvi MEO102; Apu Landrace s F -

NGB-6409 Halland Landrace s S -

NGB-9057 Hallandshvete Landrace s S -

NGB-6773 Hankkijan Ilves Hja B 356/Vakka w F 1984
SW Harnesk WD-linje/Konsul w S 2001
NGB-8968 Haukiala Pirola Landrace w F -
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Table 1. Continued

S.-C. Hysing et al.

Acc.no’ Name Pedigree* G R Year
NGB-4080 Hildur Sv 60 504/Starke w S 1976
NGB-2435 Holger WW 2259-68/WW 2250-68 w S 1981
NGB-0023 Holme Starke//Odin/Banco w S 1972
NGB-13 345 Hopea Canadian Ruskea/Marquis s F 1936
NGB-0042 Horsmanaho ME201 Timantti Landrace s F -
SW Hugin Dragon (sib)/Nemares s S 1996
NGB-5153 Hunsballe R (s) Jubile w D 1955
NGB-8973 Ideal Trifolium 14/spontaneous cross w D 1929
NGB-0001 Iduna (s) Squarehead w S 1911
JIC-7535 llves Hja B 356/Vakka w F 1987
NGB-0003 Jarl Iduna/line from Sammetsvete w S 1925
from Uppland
NGB-0131 Jarvenkyld ME0302 Sep A Landrace s F -
NGB-0040 Jokikylda MEO505;Apu Landrace s F -
NGB-0348 Jyva (s) Vakka w F 1965
SW Kadett Kolibri/WW 439-66/Pompe-M s S 1981
NGB-11316 Kalle Kavkaz/3/Yorkstar/Trond/Mo-67-38/4/ w N 1990
Odin/3/Vakka/Fram 11/Sigyn
NGB-7457 Karn WW 8244/\WW 8388 S S 1946
NGB-7458 Karn 1l (s) Karn 3 S 1947
JIC-0114 Kimmo-JIC (s) Russian wheat S F 1949
NGB-13 347 Kimmo-NGB (s) Population of Pisarev, Russian wheat s F 1941
JIC-0800 Kiuru Aurore/Sopu s F 1951
NGB-6676 Kolben (s) landrace with wide variation or s S 1892
Heines Kolben
NGB-8194 Konge Il (s) Konge (= Ideal/spontaneous cross) w D 1939
NGB-7482 Kosack Mironovskaja 808/Starke M//Holme M w S 1984
NGB-2128 Kr Finset, Eikesdal Landrace s N -
NGB-9123 Kraka Kranich/Caribo w D 1980
NGB-6708 Kron Sol 1l/Pansar w S 1925
NGB-6388 Lading Skeeghvede Landrace w D -
NGB-4406 Laitiala APO103 Landrace s F -
NGB-2129 Landvarkveite Landrace s N -
NGB-2130 Lanor Norrona/Lade S N 1970
NGB-6673 Lantvete fran Dalarna Landrace s S -
NGB-4496 Lantvete fran Gotland Landrace w S -
NGB-6674 Lantvete fran Halland Landrace s S -
NGB-6691 Lantvete fran Halland Landrace w S -
NGB-6692 Lantvete fran Uppsala Landrace w S -
NGB-0122 Larinsaari MEO101; Apu Landrace s F -
NGB-13 041 Lavett-NGB WW118466/Kadett//Dragon s S 1992
SW Lavett-SW WW118466/Kadett//Dragon S S 1992
JIC-7542 Linna TA A 2701/Virtus w F 1965
JIC-8372 Luja Svenno//Hopea/Tammi S F 1981
NGB-11709 Manu Ruso/Runar 3 F 1993
JIC-1159 Mendel Standard/Trifolium 14 w S 1926
SW MjoIner TL340/Starke//W25458 w S 1996
NGB-0043 Monola ME1301 Landrace S F -
JIC-0766 Meﬁystad (Mo 042-40)/Karn Il S N 1971
NGB-9118 Nana Ibis/Stella w D 1975
JIC-7545 Nisu (s) Vakka w F 1966
JIC-1319 Nora Fram 1l/Sopu S N 1973
NGB-0021 Norre Eroica/Virtus w S 1962
NGB-2133 Norrgna Fram-1l/Sopu S N 1958
NGB-6723 Odin Gluten/Ergo w S 1949
NGB-6727 Olve Eroica I/K 01 281 (mother line to Hansa) w S 1959
NGB-8922 Ostby Landrace s D -
NGB-6707 Pansar Il (s) Pansar | w S 1923
NGB-6722 Parl 11 Sv 0912/Svea w S 1946
NGB-7464 Pompe Ring/Svenno s S 1967
NGB-6688 Prins Diamant llI/Karn [I 3 S 1962
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Acc.no’ Name Pedigree* G R Year
NGB-6682 Progress Sv A 23-8/Extra Kolben II s S 1942
NGB-6698 Pudel (s) Shiriff wheat from England w S 1910
NGB-7466 Rang Ring N5/Els S S 1968
NGB-2134 Reno Els/T-110-21-41;Tammi/Karn-11/Els S N 1975
NGB-6699 Renodlat Sammetsvete Selection through purification of w S 1910
wheat from Ulltuna, Uppland
SW Revelj Kanzler M15M28 w S 2000
NGB-11317 Rida MO-0944-15/Redcoat//Trond w N 1976
NGB-7462 Ring Kain/Pondus S S 1957
NGB-6684 Rival Diamant/Extra Kolben I S S 1952
NGB-6724 Robur Skandia II/Sv 36-175 w S 1949
NGB-2135 Rollo Karn-ll/Norrgna s N 1963
NGB-6678 Rubin Kolben/Dala (landrace) s S 1921
NGB-14118 Rudolf Rubin WW 25 449/Folke w S 1921
NGB-2136 Runar Els/Rollo s N 1972
JIC-7551 Ruso Reward/Pika s F 1967
NGB-7472 Saffran WW 38-68/WW 11-68 S S 1978
NGB-6687 Safir Sv 1015/A 24-585 s S 1955
NGB-7467 Sappo WW 177-62/WW 176-62 S S 1971
NGB-0120 Sarkalahti MEO101 Landrace s F -
SW Satu Snabbe/Drabant//15 962 s S 1990
PF Saxild Britta//Pepital/Gawain w D
NGB-0005 Saxo (s) deviating plants of Tystofte Smaahvede Il w S 1929
NGB-0473 Sigyn Il Heid/Labors-Elite-05 w N 1972
NGB-6383 Skandia Kron/SV-0860-D w S 1935
NGB-6717 Skandia Il (s) Skandia w S 1939
NGB-2138 Skirne Gelchsheimer/Sarimner S N 1937
NGB-7483 Sleipner WW 20 102/CB 149//Maris Huntsman///Bilbo w S 1988
NGB-7183 Sma Il Tystofte (s) Tystofte Smaahvede w D 1915
NGB-7465 Snabbe Svenno/WW 7039 (= Kain/Kimmo) s S 1968
NGB-2139 Snogg | 0843/As s N 1939
NGB-6700 Sol (s) Landrace from Skane, Sweden w S 1911
NGB-6701 Sol 1l Sol I/Extra Squarehead Il w S 1916
NGB-6715 Sol IV Kron/Sol 1l w S 1937
NGB-13 346 Sopu Canadian Marquis/Ruskea s F 1935
NGB-9956 Sport Citr 5484/PompeBM///Trippel A3//WW s S 1991
17269 NM/WW 19151
AF Stakado AD 7020/A0 7021 w D 1994
NGB-6709 Stal Sol ll/Pansar w S 1927
NGB-8197 Stand Tystofte (s) Squarehead w D 1907
NGB-0018 Starke WW 11556/WW 11376 w S 1959
NGB-0022 Starke 11 (s) Starke | w S 1968
NGB-13479 Stava Helge-M7D1/Helge-M7D2//WW-31 254 w S 1995
NGB-7184 Storaks Abed n/a w D 1967
NGB-4783 Storvik sjundea Landrace w F -
NGB-7476 Sunnan Pompe 2r 19/Sappo//Drabant S S 1983
NGB-6725 Svale Skandia Il/Eroica | w S 1955
NGB-6704 Svea | Pudel/Sammetsvete (landrace) w S 1924
NGB-7461 Svenno WW 8244/ \WW 8388 S S 1953
NGB-0355 Tahti Karn-1/)0-0172 s F 1972
NGB-2141 Tautra n/a s N 1983
NGB-0020 Thor WW 11376/WW 11379 w S 1961
NGB-6702 Thule 11 Pudel/Sammetsvete (landrace) w S 1917
NGB-6714 Thule 11 Thule 11/Sv 0762 w S 1936
NGB-0130 Timantti Paavo Landrace s F -
NGB-7471 Timmo WW-152-65/Sappo s S 1979
NGB-7479 Tjalve WW-20999/Benno;T-9111/449-73//15 432; s S 1990
Reno/WW-16 679//WW-15 432;
(DER)Benno
NGB-9952 Tjelvar Sture3D1/4/StureM3b2M5M7 w S 1984
NGB-0359 Touko Timantti/Hopea s F 1950
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Acc.no’ Name Pedigree* G R Year
NGB-9016 Trifolium 14 (s)Wilhelmina w D 1925
NGB-7463 Troll Ring//Pondus/Kérn s S 1967
NGB-0019 Trond Virtus/WW 9344 w S 1960
NGB-9953 Tryggve Riley/Holme//18 614/3/Helge w S 1990
NGB-2142 Trym Huron/Fylgia-| S N 1948
NGB-9017 Tystofte Stakket (s) Squarehead w D 1967
NGB-0351 Ulla Tammi/TA-C-4431 s F 1975
JIC-0858 Vakka n/a w F 1959
SW Vals Can.M12 M14 M18 B9 B10/ s S 2001
Can.M14 M15 B9

JIC-0526 Varma Svea/Lv-Orimattila,S.E.Finland w F 1933
NGB-9020 Varma Tammisto Landrace w F -

NGB-6675 Varparl (s) Emma s S 1920
NGB-9109 Viking Starke I/WW 14433 w D 1962
SW Vinjett Tjalve M14/Tjalve M15//Canon S S 1998
AF Vip A 0336.19/Yacht w D 2001
NGB-6729 Virgo Demeter/Virtus//Odin w S 1968
SwW Virke n/a w S 1999
NGB-0013 Virtus Ergo/Svea Il w S 1945
NGB-10867 Vitus Kleiber//Transec-7/2*Capa-2 s D 1981
NGB-0024 Walde Ergo/Svea Il w S 1945
NGB-7473 Walter Starke I/'WW 14433 s S 1972
NGB-8198 Warmland lantvete Landrace w S -

AF Wasmo Britta/Nova w D 1999
NGB-7474 William WW-13-69/WW-41-69 S S 1979
SW Zebra Ralle/Dragon s S 2001

R, region of origin: D, Denmark; F, Finland; N, Norway; S, Sweden. G, growth habit: s, spring; w, winter. Year of release or

approval.

* Accessions from: AF, Abed Fonden; NGB, Nordic Gene Bank; JIC, John Innes Centre; PF, Pajbjerg Fonden; SW, Svalof-Wei-

bull AB.

* /Primary cross, //secondary cross, raised number preceding number of backcrosses, (s) selection; n/a not available.

water. The touchdown polymerase chain reaction (PCR)
protocol of Vos and co-workers (1995) was followed.

The PCR products were mixed with an equal volume of
loading buffer (94% de-ionized formamide, 10 mM EDTA,
0.5mg/ml bromophenol-blue, 0.5mg/ml xylene cyanol
FF) and denatured at 95°C for 5 min. Amplification products
were resolved by loading an aliquot of 4 pl from each
sample onto 6% denaturing polyacrylamide gels (Sequa
Gel 6, National Diagnostics (UK) Ltd-AGTC Bioproducts,
Hessle, UK) and electrophoresed on Bio-Rad vertical
gel apparatus for 2h at 80 W constant power (Bio-Rad,
Hemel Hempstead, UK). Gels were transferred to Whatman
chromatography 3 mm paper (Fischer), dried and exposed
to Kodak XO-Mat Imaging film for 3 d at room temperature.
DNA fingerprints were evaluated and scored manually.

Statistical analyses

Each S-SAP band was treated as an independent locus with
two alleles, presence or (1) or absence (0) of a band. Gene
variation was quantified through 1 — p? — g2, where p is
the frequency of band-presence and ¢ is the frequency
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of band-absence. This measure has been referred to as
gene diversity (Weir, 1996), expected beterozygosity H
(Nei, 1973), or polymorpbic index content PIC (Ghislain
etal., 1999). The latter term is commonly used for compari-
sons of primers or markers, and it is customary to calculate
the sum in the case of a multiplex marker, e.g. when several
loci are scored for the same primer pair. It should be men-
tioned that originally PIC was defined as the probability
to deduct which allele an offspring had received from a
specific parent if the genotypes of both parents and the
offspring are known (Botstein et al., 1980). In the following
we will use the term ‘gene diversity’, and the symbol
H when applied to categories of accessions and PIC
when applied to primer extensions.

The first application of this measure was to evaluate
the informativeness and genetic diversity of each S-SAP
primer extension. The sum of PIC values for all bands
generated by the same primer extension constituted the
S-SAP primer extension index. Gene diversity (H) was
then calculated for the entire material, and for categories
based on growth habit (spring/winter), country of origin
(Sweden, Norway, Denmark, Finland) and time period of
release (decade).
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Genetic differentiation among categories was calculated
using Wright's fixation index (Fsp). The significance
values for differentiation among categories were obtained
through a bootstrap randomization procedure using 10 000
simulations in the SAS statistical package (Statistical
Analyses System, Version 9.1.3, SAS Institute, Cary, North
Carolina, USA). The relationships between categories and
accessions were then visualized by using principal coordi-
nates analysis (PCoA) based on Eigen vector values of the
primary matrix (Flury, 1984). In addition, pairwise com-
parisons were calculated among all accessions using the
Jaccard index (Weising ef al., 2005). The resulting matrix
was employed in a cluster analysis performed with the
NTSYS-pc statistical package (Rohlf, 1998) and using the
unweighted pair/group method with arithmetic averages
(UPGMA) (Sneath and Sokal, 1973).

Suggestions for an ex situ core collection were gene-
rated by a program written in Dev-Pascal 1.9.2 based
on the maximum genetic diversity algorithm (Marita
et al., 2000). The initial accession was chosen randomly.
A mean index (D) describing the proportion of loci inclu-
ding both presence (1) and absence (0) of the alleles was
calculated for core collections based on 10, 15, 20, 30, 50
and 100 accessions (20 replications each).

Results
S-SAP amplification

A binary matrix based on 142 polymorphic S-SAP bands
was generated by scoring the presence (1) and absence
(0) of bands. Values obtained for the S-SAP primer
extension indices were PICpas = 9.3, PICsar = 8.6,
PICorr = 6.2, PICcaa = 5.6 and PICc,r = 3.5, indicating
that the TAA extension yielded the highest number of
polymorphic bands.

Gene diversity within categories

Comparisons of the amount of gene diversity () within
categories (Table 2) revealed higher average gene diver-
sity for the spring growth habit than winter habit in
Sweden, and for the entire material in Sweden, in con-
trast to Norway, Denmark and Finland. Winter wheat is
more common than spring wheat in Denmark and
the majority of the Danish accessions were of winter
habit. The results for Norway and Finland could not be
explained except for the lower number of winter acces-
sions compared to that in Sweden. Gene diversity parti-
tioned between countries showed a decrease in H from
Sweden > Denmark > Norway = Finland, and with
the highest figure (0.234) for the entire material. It is
possible that the gene diversity estimates could have
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Table 2. Number of accessions, S-SAP bands and gene
diversity (H) for different categories in Sweden, Norway,
Denmark and Finland partitioned by habit (w = winter,
s = spring) and time period (1 = before 1910, 2 = 1910-
1969, 3 = 1970-2003)

Country Habit Time H* No. of accessions
Sweden w 0.173 65
1 0.187 8
2 0.140 42
3 0.175 15
s 0.212 50
1 0.189 7
2 0.152 22
3 0.160 21
Total w+s 0.226 115
1 0.207 15
2 0.193 64
3 0.217 36
Norway w 0.165 5
1 - 1
2 - -
3 0.144 4
s 0.153 19
1 0.125 3
2 0.114 9
3 0.159 7
Total w+s 0.186 24
1 0.142 4
2 0.114 9
3 0.206 11
Denmark w 0.182 25
1 0.129 4
2 0.100 10
3 0.208 11
s 0.137 2
1 - 1
2 - -
3 - 1
Total w+s 0.195 27
1 0.170 5
2 0.096 10
3 0.218 12
Finland w 0.148 11
1 0.100 3
2 0.113 5
3 0.103 3
s 0.143 21
1 0.104 9
2 0.103 7
3 0.136 5
Total w+s 0.185 32
1 0.143 12
2 0.169 12
3 0.191 8
All w 0.192 106
1 0.139 16
2 0.118 57
3 0.158 33
S 0.214 92
1 0.139 20
2 0.123 38
3 0.152 34
Total w+s 0.234 198
1 0.204 36
2 0.201 95
3 0.252 67

* Differences in allele frequencies between categories result
in a higher H for total than the individual categories.
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been biased by the disproportionate number of acces-
sions in each category; however, the results indicate a
slight difference in H between countries.

Gene diversity in winter and spring wheat (Table 2)
appears to have declined from the turn of the 19th century
until the late 1960s and subsequently increased to the origi-
nallevel and above. The net gain in gene diversity was 12%
in winter wheat, 8% in spring wheat and 19% in total
(Table 2). The changes in gene diversity were also apparent
as changes in band frequencies over time, where some
bands were lost and others gained (Fig. 1). In all, eight
S-SAP bands present in the landraces and cultivars before
1910 were not found in the modern material released
during 1989 to 2003; conversely, 11 bands not found
among the landraces were present in the modern material.
These results seem to reflect the impact of plant breeding
on gene diversity where pure line selections in the early
1900s led to a decrease in diversity, similar to a bottleneck,
while the incorporation of exotic material beginning in the
1950s has contributed to an increase in diversity.

Gene diversity between categories

Comparisons of the amount of genetic differentiation (Fsy)
between categories (Table 3) showed that the values were
significantly higher for growth habit than for countries
(P = 0.012). The means were adjusted according to the
number of accessions in each population (Norway had
only five winter wheat accessions and Denmark two
spring wheat accessions). The genetic differentiation
was highest between growth habits in Finland, followed
by Norway, Sweden and Denmark, indicating a greater
separation between spring and winter germplasm in

S.-C. Hysing et al.

Finland than in other Nordic countries. Comparisons of
Fsr between time periods in Sweden were higher for
spring than winter wheat. In all, the differentiation
between time period categories was lower than differen-
tiation due to growth habit or country.

Genetic relationships among categories
and accessions

The principal coordinates analysis (PCoA) showed a clear
separation between growth habits but not countries
(Fig. 2). The first component explained only 11% of the
variation and the second component 8% of the variation.
Such a low explanatory power indicates that there has
been a high turnover within the material. Observation
of the PCoA diagram suggests that changes in the
wheat germplasm can be grouped into three different
time periods (before 1910, 1910-1969 and 1970-2003)
for both winter and spring wheat (Fig. 2). The time
periods seem to reflect a genetic shift from a horizontal
distribution of genetic variation during the first time
period, to a narrowing and clustering during the
second period, and a subsequent horizontal and vertical
broadening during the third period. These results are
in agreement with the UPGMA dendrogram and the
breeding history of wheat in the Nordic countries.

The dendrogram from the UPGMA cluster analysis
(Fig. 3) also clearly showed an association between
genetic relatedness and growth habit with few exceptions,
namely the spring accessions ‘Hallandshvete’, ‘Brons’,
‘Safir’, ‘Lavett’-NGB and ‘Lavett’-SW that were located
among the winter accessions. There was no clear clustering

Band number/
Time period

AAT-12
AAT-13
AAT-14
AAT-17
AAT-21
AAT-26
AAT-28

Before 1910
1910-1929
1930-1949
1950—-1969
1970-1989
1990-2003

Band frequency

0

<0.05
>0.05-0.20
>0.20-0.40
>0.40-0.60
>0.60-0.80
>0.80-1.0

CAA-2

-4
-9

CAA-22
A
ATT-23
CAT-2
CAT-5
TAA-8
TAA-9
TAA-19
TAA-23
TAA-24

CAA-13
A

Fig. 1. Examples of changes in band frequencies of S-SAP marker extensions (AAT, CAA, ATT, CAT and TAA) across time

(all countries) in Nordic wheat.
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Table 3. Pairwise comparison of genetic differentiation
(Fst, averaged over pairs of population categories)*

Category Fst
Between countries

Within winter (w) 0.103
Within spring (s) 0.149
Within w without Norway 0.090
Within s without Denmark 0.138
Within w + s Sweden and Finland 0.113
Within w + s All countries 0.124
Between growth habit

Within Sweden 0.159
Within Norway 0.164
Within Denmark 0.082
Within Finland 0.220
Within Sweden and Finland 0.172
Within all countries 0.159
Between time period (per two decades)

Within Sweden 0.148
Within Sweden w 0.176
Within Sweden s 0.309
Within all countries w + s 0.087

*Figures were also calculated without Norway or Denmark
as Norway had only five winter wheat accessions and
Denmark two spring wheat accessions.

of accessions based on geographic origin and the results
therefore likely reflect a frequent exchange of germplasm
between the Nordic countries. A separate cluster consisted
of the four winter cultivars ‘Sleipner’, ‘Tjelvar’, ‘Galicia’ and
‘Abika’, carrying the T1BL.1RS wheat—rye chromosome
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translocation. The presence of the translocation was veri-
fied by C-banding (Hysing, unpublished results 2005).
One or several of 17 rare bands (present in less than 5%
of the population) were observed in 27% of the material.
Two bands were present only in the four cultivars that
possess the T1BL.1RS translocation, and presumably corre-
lated with the 1RS chromosome segment. The cultivars
‘Abika’, ‘Diamant II' and landrace NGB-4496 possessed
one unique band each.

The dendrogram was largely in agreement with
available pedigree information (Table 1). Fingerprints
generated by combinations of primer extensions could
distinguish all accessions except two clusters of Finnish
landraces (Horsmanaho, Tiimantii-Paavo and Jirvenkyli,
Jokikyld and Larinsaari). Presumably these accessions are
very closely related or even genetically identical. This is
in contrast to the two pairs of accessions from different
germplasm collections: ‘Lavett-NGB and ‘Lavett-SW,
and ‘Kimmo’-NGB and ‘Kimmo’-JIC that could be sepa-
rated in spite of being supposedly the same cultivar.
The accessions ‘Kimmo’-NGB and ‘Kimmo’-JIC clustered
closer with other cultivars than with one another, and it
could be questioned if these are indeed the same cultivar.

Selection of samples for ex situ core collection

Potential core collections comprising 10—100 accessions
(5-50%) were sampled from the material using the
maximum diversity algorithm. The results showed that

410
T

o Winter before 1910
m Winter 1910-1969
4 Winter 1970-2003
o Spring before 1910
o Spring 1910-1969
a Spring 1970-2001

Second component (8%)

40
=12

First component (11%)

Fig. 2. PCoA of Nordic bread wheat showing the separation by growth habit and three time periods. Temporal groups are
indicated by (1) solid line = before 1910, (2) dashed line = 1910-1969, (3) dotted line = 1970-2003.
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I
0.52 0.64 0.76

T T 1 L — IV
0.88 1.00

Jaccard coefficient

Fig. 3. UPGMA dendrogram based on S-SAP markers in Nordic bread wheat. | = winter wheat and spring wheat acc.

‘Hallandshvete’, ‘Brons’, ‘Safir’, ‘Lavett’-NGB, ‘Lavett’-SW; I

= spring wheat; Il = T1BL.1RS cvs ‘Sleipner’, ‘Tjelvar’,

‘Galicia’, ‘Abika’; IV = acc. NGB-4496 Landrace from Gotland.

the mean index (I) describing the proportion of loci with
both presence and absence of the allele, increased
with increasing number of accessions in the collection.
Based on the maximum diversity algorithm, a core collec-
tion comprising 15 accessions had an index of about 0.9.
Thus 90% of the loci showed both presence and absence
of alleles while 10% of the loci showed either presence or
absence (Fig. 4).

Discussion

The present study utilized polymorphisms from the
Sukkula-9900-LARD  retrotransposon to study genetic
diversity and relationships in wheat. Retrotransposon
integration sites are stably inherited, and therefore inte-
gration sites shared between accessions are likely to have
been present in their common ancestor(s). S-SAP based
polymorphism may be the result of transpositional activity
of retroelements, a restriction site polymorphism, or both
(Soleimani et al., 2005).

This S-SAP-based in 198
Nordic bread wheat accessions revealed several findings

retrotransposon  study
regarding the genetic relationships and diversity. The poly-
morphism patterns generated by the Sukkula-9900-LARD
retrotransposon primer and four primer extensions
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allowed the discrimination of 97% of the accessions, show-
ing that the primer was highly suitable for resolving closely
related accessions. The five accessions that could not be
separated based on the S-SAP polymorphisms may be
identical. Soleimani et al. (2005) detected intra-cultivar
retrotransposon genetic heterogeneity (biotypes) in 84%
of modern Canadian barley cultivars, and concluded that
selection in inbreeding crops results in a heterogeneous
population of homozygous plants. An analysis of banding

0.98 q
0.97
0.96
0.95
0.94 4
0.93
0.92 4
0.91 A
0.90

0.89 T T T T T ]
0 20 40 60 80 100 120

N accessions

Index

Fig. 4. Proportion of loci with both presence and absence of
alleles in core collections of Nordic wheat based on N
accessions.
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patterns in families showed that the source of variation was
likely due to residual variation from the parents and retro-
transposon activity. In the present study, bulked samples
from 30 seeds per accession were used to capture the
intra-cultivar diversity. However, the UPGMA dendrogram
(Fig. 3) showed that seven landrace accessions could not be
separated, while duplicate accessions were placed in
different clusters. Missing or incomplete passport data,
and imprecise characterization have been identified as
limiting factors in the use of landrace and cultivar ex situ
collections (Dreisigacker et al., 2005). In this respect, the
retrotransposon S-SAP method could provide useful infor-
mation for the description, optimization and use of acces-
sions in seed-bank collections. However, as wheat is
particularly suitable for seed storage, the conservation of
accessions in perpetuity is currently more cost-effective
than DNA fingerprinting and thus the identification and
removal of suspected duplicates should not be a priority
(Dreisigacker et al., 2005).

During the evolution, domestication and breeding of
wheat, genetic variation created by mutation has been
reduced by genetic drift and selection, natural and that
of early farmers, which eventually resulted in landraces
adapted to specific conditions of their habitats (Reif
et al., 2005). It has been postulated that modern wheat
cultivars, bred with a limited number of landraces in
their pedigree, contain less genetic diversity than land-
races (Frankel, 1970). Reduction in diversity caused by
intensive selection could be counterbalanced by intro-
gression of novel germplasm. An allelic reduction and
genetic shift was detected by SSR markers in Canadian
hard red spring wheat germplasm from 1845 to 2004
and partially related to different breeding efforts for
stem rust resistance (Fu et al., 2005), for example. Reif
et al. (2005) found a significant decrease in relative SSR
gene diversity from Ae. tauschii accessions to landraces
and modern wheat cultivars. The decrease in genetic
diversity from 1950 to the late 1970s was ascribed to
the ‘Early Green Revolution” where breeding was charac-
terized by the production of high-yielding semi-dwarf
wheats that were based on a limited number of parents.
There was also an increase in diversity after the late
1970s, explained by a change in breeding strategy
aimed at increasing genetic diversity through the use of
landraces, spring and winter wheat from different
regions, and wild relatives of wheat.

In the present study, estimates of gene diversity, the
PCoA results, and changes in band frequencies across
time, together indicate that plant breeding has led to sub-
stantial genetic shifts in Nordic wheat. Genetic variation
was reduced during the early 20th century, followed by
a period of relatively lower genetic diversity, and a sub-
sequent increase and net gain in diversity from the
late 1960s onwards. These results are supported by the
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history of wheat breeding in the region. Plant breeding
was initiated during the late 19th century in the Nordic
countries and practised through mass and pure line selec-
tion in landraces. This was followed by pedigree selec-
tion until around the 1950s to 1960s, when breeding
objectives and choice of germplasm changed to include
exotic material. In Sweden around 1915, landraces were
substituted by cultivars produced through pedigree selec-
tion that combined high-yielding Squarehead wheat with
good winter hardiness from Swedish landraces. This
breeding work was expanded to include quality aspects
and continued until the 1950s, when there was an
increased focus on, for example, resistance breeding
against cereal rust diseases and powdery mildew,
the use of distant relatives of wheat and mutation breed-
ing (Lundin, 1997; Olsson, 1997; Svensson, 1997). The
decrease in gene diversity in Norway (Table 2) coincides
with the period 1945 to 1965 when wheat production
decreased because the old varieties were unsuitable for
combine harvesting. The gene diversity increased after
1970, which is consistent with the initiation of a breed-
ing programme in 1959 emphasizing resistance to
sprouting, shattering, lodging and various diseases in
combination with earliness and high yield and the intro-
duction of semi-dwarf wheats during the late 1960s
(Donner and Mesdag, 2000). In a study of SSR genetic
diversity in 75 Nordic spring wheat cultivars, Christiansen
et al. (2002) found a general distinction between acces-
sions from different countries and time periods. There
was an increase in genetic diversity from 1900 to 1940
followed by a period of genetic loss from 1940 to 1960,
and a subsequent increase from 1960 onwards. Our
results are in agreement with those of other marker-
based studies of diversity changes in wheat, where a
general loss of genetic diversity has been found to be
negligible, but narrowing has been observed during
some periods of time and significant allele loss has
occurred at specific loci (Donini et al., 2000; Christiansen
et al., 2002; Koebner et al., 2003; Roussel et al., 2004,
2005; Landjeva et al., 2005).

To facilitate the conservation, evaluation, management
and efficient utilization of plant genetic collections, Fran-
kel (1984) put forward the concept of the ‘core collection’
with a limited size, maximized genetic diversity and a
minimum of repetitions. Opinions regarding the relative
sizes of the total and core collections differ. Brown and
co-workers (1987) recommended that the number of
accessions in the core collection should account for
5—-10% of the accessions and at least 70% of the genetic
variation in the base collection, while van Hintum et al.
(2000) suggested 10-20% of accessions to represent
70-90% of the genetic diversity in the base collection,
depending on the objective of the core collection. Hao
et al. (2006) found that sampling 13% of a wheat base
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collection was sufficient for retaining 98.5% of the SSR
alleles. In the present study, it was found that a core
collection comprising only 15 accessions selected by a
maximum diversity algorithm program (Marita et al.,
2000) would have both presence and absence of alleles
at 90% of the loci, but all alleles would not be
represented at the remaining 10% of the loci.

Different retrotransposons in wheat and barley have
been shown to have different transpositional activity
(Gribbon et al., 1999; Shirasu et al., 2000; Leigh et al.,
2003; Queen et al., 2004). The overall resolution of the
genetic structure revealed by the Sukkila-9900-LARD
retrotransposon could be improved further by analysing
the population with a variety of retrotransposons that
show differing transposition histories or a combination of
different molecular markers. Association studies using the
combination of molecular marker data and phenotypic
data could yield potentially useful information on alleles
at loci of interest (Dreisigacker ef al., 2005). S-SAP markers
based on BARE-1/Wis-2-1A barley retrotransposons were
found to be broadly distributed among all wheat chromo-
somes and on a wheat restriction fragment length poly-
morphism (RFLP) linkage map (Queen et al., 2004)
although a tendency for S-SAP markers to cluster has
been observed for several retrotransposon primers, inclu-
ding Sukkula (Rodriguez et al., 2006). The S-SAP markers
used in this study were not mapped and therefore no con-
clusions can be made regarding their genomic location and
possible linkage to agronomically significant traits. How-
ever, the results of the PCoA and UPGMA dendrogram
showed that at least some of these markers could poten-
tially be linked to agronomic traits, e.g. growth habit and
the presence of the rye chromosome segment 1RS. To
maximize the utility of gene bank germplasm for breeding
purposes, it is essential to characterize the material for agro-
nomically important traits and resistance to abiotic and
biotic stresses.

Wheat breeding aims to improve cultivars through
crossings and selections of the genetic diversity available
in the gene pools of wheat and ultimately the production
of new useful allele combinations. In conclusion, the
results of the present study show that the retrotransposon
Sukkila-9900-LARD is highly suitable for S-SAP diversity
studies in wheat; and that the extent and nature of
genetic variation in Nordic bread wheat is heavily
affected by plant breeding strategies, which may have
implications for future wheat breeding and for the
conservation of wheat genetic resources.
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