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Abstract 
Wheat is a major crop and source of food in the world. Breeding has increased the yield 
of wheat, but at same time the micronutrient and protein content has decreased. This is a 
genetic study of modern breeding history with the aim to explain this reduction. Using 
aged DNA I have screened a collection of 64 wheat varieties that were grown in an 
Experimental Field in Stockholm 1865, as well as 23 viable Swedish landraces. These 
varieties have not been improved by modern breeding. The presence of the high grain 
protein content allele of the gene NAM-B1 was determined. NAM-B1, originally found in 
wild emmer, has a functional allele that gives increased nutrient and protein content. It 
has previously only been found in emmer wheat and one Austrian landrace of hexaploid 
wheat, but not in modern bread wheat varieties. As DNA integrity control I used the 
microsatellite marker WMS261, linked to the semi-dwarfing gene Rht8, where allelic 
variation indicates straw-length. The height reducing allele of Rht8 present in many 
modern varieties was not found in any varieties genotyped. The functional NAM-B1 allele 
was found in three hexaploid wheat varieties from 1865 and in four hexaploid viable 
landraces, confirmed by sequencing of three individuals of each variety. These results 
contrast earlier findings that suggested that the functional NAM-B1 allele was lost with 
the domestication of bread wheat. Instead, this allele was present in several wheats grown 
up until the 19th century. Since the functional allele is believed to reduce the grain size in 
some environmental conditions, it is likely that modern breeding has selected for bigger 
grain size and thus disfavored the functional allele.  
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Introduction 

Background 
Domestication of wheat is believed to have taken place around 10 000-12 000 years ago 
somewhere in the Fertile Crescent in the Near East, but even before that humans 
collected seeds from wild wheat stands. The use of wheat later spread, and around 7000 
years ago domesticated einkorn was widely used in Central Europe (reviewed by 
Salamini et al. 2002). Today wheat is an important crop and source of food in the world. 
The total harvest of wheat in the world 2007 is estimated to around 607 000 000 ton 
(FAO, 2009). The same year Sweden produced 2 087 800 ton autumn wheat and 167 900 
ton spring wheat (Statistics Sweden, 2008). Large efforts to enhance wheat varieties have 
been made over the years and have even resulted in a Nobel Peace Prize (Norman 
Borlaug, 1970) (the Nobel Foundation 2009). Baking properties and micronutrient 
content are two quality aspects that are important for wheat. High yield is also very 
attractive to achieve and breeding for yield has been very successful. Unfortunately, the 
nutrient content in wheat has been decreasing rather than increasing during the last 
century.  
 
Yield and nutrient content of wheat 
In Sweden, modern wheat breeding started in the middle of the 1880’s (Åkerman, 1951). 
Before that cultivars that were adapted to their local environments, landraces, were used. 
The Swedish wheat landraces were approved of because of their winter-hardiness and 
good baking properties, the later resulting from high protein content and good gluten 
quality. Their disadvantage was their tall thin stems that were prone to lodging, thus 
lowering the yields. In addition, they were susceptible to Cercosporella herpotrichoides, 
a fungus that damages the base of the stem causing lodging, as well as Puccinia 
striiformis, causing yellow rust, and several other diseases (Åkerman, 1948). In the 
1880’s breeding programs were established in order to create superior varieties with 
specific traits. Important for the new breeding was the English Squarehead wheat. This 
variety gave a high yield but was sensitive to low temperatures and the quality was 
poorer. For example, it became clear that the baking properties of the new wheat varieties 
were not as good as the landraces’. At this time, the breeding programs for autumn wheat 
were mostly aiming to combine the high yield of Squarehead wheat with the better 
quality of the landraces. In the mills the nationally produced autumn wheat was mixed 
with imported wheat of better quality. In the 1920’s Sweden’s own production increased 
and there was a growing need to improve the quality of the Swedish wheat. One way of 
doing this was to make sure that new varieties at least did not have lower quality than 
previous ones (Åkerman, 1951). 
 
The green revolution during the 1960’s and 70’s was a big step for the wheat breeding 
worldwide. The new varieties had shorter straws and could take heavier fertilization so 
the yields increased further (reviewed by Hedden, 2002). However, the nutrient content 
in the grains did not increase along with the yield. An analysis of wheat tested in England 
1845-2005 showed that the nutrient content in wheat has been approximately the same 
1845 to mid 1960s, but decreased drastically with the short-straw varieties in the 1960’s 
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(Fan et al. 2008). At the same time, the mineral concentration in the soil was constant. A 
similar decrease in nutrient content has been seen in hard red winter wheat varieties 
released in different years in USA. Garvin et al. (2006) found negative correlations for 
micronutrient content and both year of release and yield of the varieties for some 
micronutrients and localities. These varieties were all tested in recent time, so any 
changes in agricultural practices or climatic effects on the mineral content can be 
excluded. Instead, this indicates that the differences in nutrient quality between older and 
newer varieties are genetic. 
 
Aim of the study 
The purpose of this study was to identify genetic changes that might have been the cause 
of the reduced in nutrient content, and the starting point was two genes with known 
effects. NO APICAL MERISTEM-B1, NAM-B1, affects nutrient content in the seed (Uauy 
et al. 2006a). Its functional allele increases nutrient content and has been found in several 
emmer wheat varieties, the ancestors of the wheat that is cultivated today. It has also been 
found in one landrace, but not in any modern bread wheat variety. Reducing height 8, 
Rht8, is a gene that affects the height of the straw (Korzun et al. 1998). It is has played a 
role for some of the high-yielding short-straw varieties after the green revolution. I 
genotyped and analyzed these two genes from preserved, viable, Swedish landrace 
varieties, as well as unviable seeds from a unique collection of worldwide wheat varieties 
from 1865. The goal was to find out which alleles were common before the modern 
breeding era with heavy selection for yield rather than nutrient content. The hypothesis 
was that the functional NAM-B1 allele giving higher nutrient content has been disfavored 
in preference for the alleles giving higher yield. The semi-dwarf Rht8 allele should be 
comparatively rare in the old material. This study might also be a piece in the puzzle of 
data explaining the evolution of wheat subspecies. 

The seed collection  
The Experimental Field 1865 
In 1859, Carl Juhlin-Dannfelt became the curator of the Experimental Field of the Royal 
Swedish Academy of Agriculture (today called KSLA). The year after he went on a study 
trip to England to visit several research establishments, Rothamsted being the foremost. 
1860-1864 was a time of modernization of the Experimental Field, and an area with ~120 
smaller plots for test growings was set up (Lange 2000). In the years 1860-1861 test 
growings in small scale with several kinds of grain were conducted on the Experimental 
Field. A durum wheat cultivar, ‘S:t Helena’, and Triticum Polonicum are mentioned 
(KSLAT 1862b). They also did larger tests of one autumn wheat (club wheat) and four 
spring wheat (Livornohvete, Igelhvete, Galiziskt hvete and Schlesiskt hvete) varieties 
(KSLAT 1862a). The year 1862 was the year of a world exposition in London, attended 
by the Academy. P. von Möller (1862c) writes, among other subjects, about cereals in the 
exposition. Samples of cereals exhibited by Britain-Australia, Canada, Hungary, Russia 
and Italy were being brought to the Experimental Field to be multiplied. ‘Fife’ wheat 
from Canada is mentioned as a particularly good variety, with early maturity and good 
quality and yield (KSLAT 1862c). 
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The year 1862 no test growings were conducted as the plot area was being set up, but 91 
varieties of autumn wheat were sown, most of them from the London exhibition. Samples 
of the harvest from some of those varieties were also displayed during the formal 
function of the Academy on the 30th of September 1863 (KSLAT 1864a). The same year 
Sweden attended the international exhibition in Hamburg (KSLAT 1863a). Swedish 
exhibitors displayed their seeds in glass vials produced specifically for this purpose in 
Reymyre glasswork. Full seed collections were also being exchanged between Sweden 
and North America, and seed samples were traded for agricultural products between 
Sweden and Hungary, Baden and Austria. During 1863, 93 varieties of wheat were tested 
(presumably ~91 of them autumn varieties sown the previous year), most of them from 
the world exhibition in London. Only half the amount of the seeds that were brought from 
exhibition was sown out of safety precautions, so not many conclusions could be drawn 
from this material (KSLAT 1865a, Juhlin-Dannfelt and Müller 1865a). However, 
preliminary results were published and have been used in my study. In 1864 five spring 
wheat varieties were tested (Juhlin-Dannfelt and Müller 1865b) and 91 varieties in 1865 
(KSLAT 1866b). The harvest of wheat was unsatisfactory 1865, due to bad weather 
conditions and major infestations of a disease. The experiments showed a difference in 
resistance to the disease – in spite completely similar conditions the varieties had 
different susceptibility (KSLAT 1866a, b). 
 
KSLA 
The Royal Swedish Academy of Agriculture and Forestry (KSLA) donated a seed 
collection to the Swedish Museum of Cultural History in 1963. It has been stored by the 
museum since then and only recently gained more attention due to its great potential as a 
source of genetic information (Leino et al. 2009). 
 
Leino et al. (2009) characterized the seed collection. It is made up by several sub-
collections from test cultivations and various collection missions and exhibitions around 
the world from 1862-1918. It contains 3393 accessions and is dominated by cereals, but it 
also contains seeds of for example vegetables, fodder crops, medicinal plants and weeds.  
 
The seeds have been screened for DNA-quality, and the possibility of using molecular 
markers (SSRs) has been investigated in pea (Pisum sativum) and barley (Hordeum 
vulgare) with promising results (Leino et al. 2009). An advantage with the collection is 
its thorough documentation. Many of the accessions have known origin and for others a 
feasible origin determination is possible. The seeds are stored in glass containers and are 
labeled with harvest year, cultivar name and growth location. In this study I used wheat 
varieties tested by The Royal Swedish Academy of Agriculture (today KSLA) on their 
Experimental Field in Stockholm 1865. The experiments on the field were documented, 
which is yet another important source of information. Archive research was performed to 
find background information on the historical seed samples used in this study. 
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Wheat taxonomy 
There are many types of wheat (Table 1.) and several co-existing taxonomies (Wheat 
Genetic and Genomic Resources Center, 2009); in this paper I will use the classification 
of van Slageren (1994). The groups of wheat are separated by their chromosome number; 
the most common are tetraploid wheat (2n=28), mainly used for pasta, and hexaploid 
wheat (2n=42), used mostly for bread. These groups have origins in two and three 
genomes respectively, fused together in hybridization events between existing species 
and wild relatives, but the exact course of events has not yet been agreed upon (reviewed 
by Salamini et al. 2002).  
 
Wheat in the diploid group (2n=2x=14) has the A genome, and contains Triticum 
monococcum subsp. monococcum and its wild progenitor, T. monococcum subsp. 
aegilopoides. T. urartu is another wild growing species in this group, and is the origin of 
the A genome in the tetraploid and hexaploid wheat group. 
 
Tetraploid wheat has 2 sets (A and B) of chromosomes (2n=4x=28). Within this group 
are pasta wheat with high protein content, T. turgidum subsp. durum, and T. turgidum 
subsp. turgidum. Polish wheat, T. turgidum subsp. polonicum and emmer wheat, 
T. turgidum subsp. dicoccum, can also be found in this group. Wild emmer wheat, 
T. turgidum subsp. dicoccoides, is the ancestor of all mentioned wheat varieties in this 
group (Salamini et al. 2002).  
 
Hexaploid wheat has 3 sets (A, B and D) of chromosomes (2n=6x=42). The wild species 
Aegilops tauschii is believed to have contributed to the D chromosome set in these 
varieties. Within hexaploid wheats are the widely used bread wheat T. aestivum subsp. 
aestivum and club wheat, T. aestivum subsp. compactum. Spelt wheat, T. aestivum subsp. 
spelta, has glumes that remain attached to the seeds during harvest: they are non-free-
threshing, or hulled. Other hexaploid subspecies are free-threshing.  
 
Table 1. The Van Slageren (1994) wheat taxonomy used throughout this paper, genome, common name 
and characteristics of the species/subspecies (Zohary and Hopf 2000, Salamini et al. 2002, Wheat Genetic 
and Genomic Resources Center 2009). Au =A genome originating in T. urartu, Am=A genome originating 
in T. monococcum subsp. aegilopoides. FT=free-threshing, NFT=non free-threshing  

Genome Scientific name  Common name 
 
 

Spike 
trait Characteristics 

Au T. urartu wild T.urartu NFT Ancestor of the A genome of 
tetra- and hexaploid wheat. 

Am T. monococcum subsp. aegilopoides wild einkorn NFT  
Am T. monococcum subsp. monococcum cultivated einkorn NFT  
AuB T. turgidum subsp. dicoccoides wild emmer  NFT  
AuB T. turgidum subsp. dicoccum cultivated emmer NFT Cultivated in small scale and in 

Ethiopia.  
AuB T. turgidum subsp. durum durum/pasta wheat FT Used for making pasta. 
AuB T. turgidum subsp. polonicum polish wheat FT  
AuB T. turgidum subsp. turgidum rivet wheat FT  
AuBD T. aestivum subsp. aestivum bread wheat FT Used for baking bread. 
AuBD T. aestivum subsp. compactum club wheat FT  
AuBD T. aestivum subsp. spelta spelt wheat NFT  
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NAM-B1 
The possibility of crossing wild relatives or old cultivars with modern cultivars to pick up 
attractive, “lost” traits has been long acknowledged and is still successful. By developing 
durum wheat lines (2n=4x=28) carrying each of the chromosomes of the ancestral wheat 
emmer (2n=4x=28), chromosome 6B was identified as a potential source of high grain 
protein content (Cantrell and Joppa 1991) and good pasta making qualities (Joppa et al. 
1991). A quantitative trait locus (QTL) on chromosome arm 6BS that explained 66 % of 
the variation in GPC was later found (Joppa et al.1997). Its effect has been confirmed in 
other genetic backgrounds: an adapted durum cultivar where it explained up to 72 % of 
the variation in GPC and gave an average protein increase of 15g kg-1 (Chee et al. 2001) 
and three mapping populations of hexaploid wheat where it explained 23-35% of the 
variation in GPC (Mesfin et al. 1999). It was found to be a simple Mendelian locus, Gpc-
B1 (Chee et al. 2001, Olmos et al. 2003, Uauy et al. 2006a). The GPC increase conferred 
by the locus does not seem to have a negative correlation with yield (Cantrell and Joppa 
1991, Elias et al. 1996, Kade et al. 2005) even though the results are not unambiguous 
across all environments (Chee et al. 2001). Sequencing of the wild emmer locus (Uauy et 
al. 2006a) revealed a gene (DQ869673) coding for a NAC domain protein. NAC-domain 
proteins constitute a big family of plant proteins known to be transcriptional regulators 
(Ooka et al. 2003). They regulate numerous morphological and developmental processes, 
such as flower development in Petunia (Souer et al. 1996), and leaf senescence in 
Arabidopsis (Guo and Gan 2006). Gpc-B1 resembled a sub-clade of Arabidopsis proteins 
denoted NAM (NO APICAL MERISTEM) and was therefore re-named as NAM-B1 
(Uauy et al, 2006a). The low GPC allele of nam-b1 (DQ869674) found in domesticated 
durum varieties has a 1 bp insertion causing a frame-shift. The predicted resulting protein 
is not similar to any known protein (Uauy et al. 2006a). In this report the allele 
originating from emmer will be called the functional allele or wild-type. 
 
Uauy et al. (2006a) found the wild type NAM-B1 allele in all wild emmer (T. turgidum 
subsp. diccocoides) accessions they analyzed, and in most domesticated emmer 
(T. turgidum subsp. dicoccum) accessions. However, two accessions contained the +1 bp 
insertion. The examined durum (T. turgidum subsp. durum) accessions all contained the 
1-bp insertion, leading to the conclusion that the mutated allele had been fixed during the 
domestication of durum wheat. The hexaploid wheat (T. aestivum subsp. aestivum) either 
contained the same 1 bp mutation as the durum, or, as in most cases, no allele at all 
seemed to be present, indicating a large deletion. The only exception was one hexaploid 
landrace variety from Austria, T. aestivum ssp. compactum, which also had the functional 
allele. Uauy et al. (2006a) suggest that is the result of recent hybridization with emmer 
wheat.  
 
The physiological explanation to the GPC increase has also been studied. Uauy et al. 
(2006a) showed, by using RNAi, that NAM affects leaf senescence. Tetraploid and 
hexaploid wheat contains several NAM homologs. Uauy et al. (2006a) used RNAi that 
blocked the expression of NAM genes in a hexaploid variety (without the functional 
allele), and the result was plants that displayed a three-week delayed senescence and a 
lower nutrient content: a decrease in GPC of 30%, in zinc 36% and in iron 38%. In 
addition, the levels of residual N, Zn and Fe in the flag leaves were higher in the 
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transgenic plants. They suggest that a mechanism for the NAM mediated GPC increase 
could be a more efficient nutrient remobilization from the leaf to the grain. This fits with 
the observation by Kade et al. (2005) that a line carrying the gene from emmer wheat had 
higher amounts of soluble proteins in the flag leaf at anthesis than a similar line without 
the emmer allele. Whether NAM-B1 affects the grain size, and thus total grain protein, 
seems to vary and be dependent on cultivar (genotype) and environment (Uauy et al. 
2006 b).  

Rht8 
The green revolution in 1960’s and 1970’s with higher yield of grain was due to changed 
cultivation practices and new varieties of wheat and rice. The new varieties with shorter, 
sturdier straws could take larger amounts of fertilizers which reduced problems with 
lodging and increased the yield. The explanation was mutations in these cultivars leading 
to insensitivity to the plant hormone gibberellin (reviewed by Hedden 2003). Peng et al. 
(1999) reported that the mutant alleles of the loci Reduced height-1, (Rht-B1 or Rht-D1) 
leading to dwarfism in wheat, as well as the maize gene dwarf-8 (d8), are orthologues of 
the Arabidopsis Gibberellin Insensitive (GAI) gene. The Rht-B1 and Rht-D1 reduce the 
seedling establishment and coleoptile length in some environmental conditions. There is, 
however, another semi-dwarfism gene called Rht8 that has not been found to have these 
negative effects (Ellis et al. 2004) on seedling vigour. Rht8 is a height reducing gene 
situated on chromosome 2D and its effect on height in hexaploid bread wheat varieties 
has been examined by Korzun et al. (1998). Rht8 has not been sequenced but it is 
associated with the WMS261 microsatellite marker. The marker can be used for 
genotyping, but it should be noted that there is a risk of recombination between the 
marker and the gene which can break the correlation of the marker with the phenotype. 
Korzun et al. (1998) found that the WMS261 165 bp allele increases height with 3 cm in 
comparison to the 174 bp allele. The 192 bp allele, diagnostic for the semi-dwarf 
phenotype, is associated with a reduction in 7-8 cm compared to the 174 bp allele. 
However, several other alleles of this locus exist apart from these three (Liu et al. 2005). 
 
Worland et al. (1998) analyzed the presence of the allele in varieties of different origin. 
The 192 bp allele Rht8 is present in many southern and central European bread wheat 
varieties. The semi-dwarf CIMMYT varieties on the other hand carry the 165 bp allele. In 
the varieties from UK, Germany and France the 174 bp is most common, this was 
suggested to be due to its linkage with the photoperiod sensitive ppd1 allele that might be 
beneficial for northern varieties. But not all varieties are homozygous for this marker. 
Schmidt et al. (2004) examined Australian cultivars and found that most were 
homozygous for the Rht8 locus, but 25 % of them were heterozygous with two or more of 
the most common alleles of 164, 174 and 192 bp fragments.  
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Materials and methods 

Plant material 
In this study I used historic Triticum seeds from the KSLA seed collection, maintained at 
the Swedish Museum of Cultural History, that had been grown in the Experimental Field 
1865 (Supplemental data 1). A tablespoon of seeds was taken from each collect and was 
stored in sealed airtight bags. An additional 20-30 grams of seeds were taken for nutrient 
content analysis of eleven accessions. Some of the historic varieties have been painted by 
Henriette Sjöberg (Lange 2005) 1872-1897 and are shown in Supplemental data 2. Fresh 
viable seeds of wheat landraces were received from the Nordic Genetic Resource Center, 
Sweden. These were cultivated on one field in Gränna, Sweden, in the summer 2008. 
Some growth data was taken, and the varieties were documented with photo 
(Supplemental Data 3). Three wheat varieties genotyped by Uauy et al. (2006a) were 
used as controls, and were received from the Germplasm Research facility of the Small 
Grains Collection, US. ‘Chinese spring’ was used as a control for the 1 bp insertion 
allele, ‘Anza’ for the deletion and ‘PI350731’, an Austrian landrace, for the functional 
allele. Fresh seeds were sown on filter paper in petri dishes on a window sill in Uppsala, 
Sweden, 19 January 2009. The seedlings were watered with tap water and the shoots 
harvested when they had reached a size of a few centimeters and a fresh weight of 30-80 
mg.  

DNA-extraction 
Historic seeds 
DNA-extractions of historic seeds were carried out at Linköping University. DNA was 
extracted from one seed of each variety, in some cases repeated with two additional seeds 
to verify the results. The seeds were rinsed with distilled water and DNA was extracted 
using the FastDNA® SPIN Kit and the FastPrep® Instrument (Qbiogene, Inc., CA, US) 
according to the manufacturers’ instructions. An extra ceramic bead was used in each 
supplied tube. The FastPrep® Instrument was run for 3x60sec, with a speed of 6M/S, 
followed by 20 min incubation at room temperature.  
 
Viable seeds 
DNA-extractions of viable seeds were performed at Uppsala University. DNA was 
extracted from the shoots using DNeasy® Plant Mini Kit (Qiagen) according to the 
manufacturers’ instruction. Plastic pestles wiped with bleach (Chlorine) attached to an 
electric screwdriver (KC9039KH, Black and Decker ®, USA) were used to grind the 
tissue in 1.5 ml eppendorf tubes. 40 μl 10mg/ml RNAse A (RNase A, DNase and 
protease free, Fermentas, Burlington, Canada) was used in some of the extractions, with 
no apparent effect on the outcome of the extraction. The DNA was eluted in 2x100 μl 
elution buffer. 
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DNA-analysis 
PCR 
The DNA was analyzed with PCR at Uppsala University. The PCR reactions were carried 
out on a DNA Engine Peltier Thermal Cycler BIORAD and MJ Research PTC-200 
Peltier thermal Cycler. Each reaction of 20 μl consisted of 2 μl 10xThermoPol Reaction 
Buffer (New England BioLabs Inc., USA), 0.2 μl dNTPs (25mM), 2 μl forward primer 
(1μM), 2 μl reverse primer (1μM), 0.1 μl Taq DNA Polymerase (5000 U/ml) (New 
England BioLabs Inc.), 12.7 or 10.7 μl Biograde (Sigma) or autoclaved deionized H2O 
and 1 or 3 μl DNA-template. In the case of NAM-B1 1 μl DNA-template was used with 
the fluorescently labeled forward primer Nam-B1.f2 
(FAM*GGCTGATGCTGATGGTGATA) and the reverse primer Nam-B1.r2 
(CTCTGGTGGGATCATCTGGT) or Nam-B1.r3 (GAGTTAGGTGCCCACCACAG). 
The PCR program used was an initial denaturation at 94°C for 3 min, 45 cycles of 
denaturation at 94°C for 20 sec, annealing at 59°C for 1 min 20 sec and extension at 72°C 
for 30 sec and a final extension step of 72°C for 10 min.  
 
A semi-nested PCR was carried out for Rht8, using the marker WMS261. The primer 
pairs used were Rht8f (TGTAAAACCACGGCCAGTCTCCCTGTACGC) and Rht8r 
(CTCGCGCTACTAGCCATTG), followed by a round with the fluorescently HEX 
labeled forward primer M13f together with Rht8r. The PCR program was the same with 
the exception of the annealing temperature of 55 °C and that the number of cycles was 
30. 1 μl DNA-template was used in the first round, and 3 μl PCR product from the first 
round was used as a template in the second. For some PCR reactions the Rht8f primer 
marked with the fluorescent label HEX was used in combination with Rht8r, with 35-45 
cycles and 55°C.  
 
Samples that did not show any fragments in the first PCR reaction were amplified two 
additional times, the last time with a lower annealing temperature (55 °C for Nam-B1 
primer pairs and 51 °C for Rht8) to allow for annealing also in mutated primer sites.  
Some of the PCR-reactions were repeated at Linköping University using 0.2 µl 
DreamTaqTM DNA polymerase (Fermentas) in each reaction. 
 
Gel electrophoresis 
5 μl of each PCR product was run in gel electrophoresis in 1%-1.5% agarose gels with 
Ethidium Bromide for 35-45 min in 100V. 1-1.5 μl DNA ladder, 0.1 μg/μl (GeneRuler™ 
Low Range DNA Ladder, ready-to-use, Fermentas) was used as a size marker. The bands 
were visualized with UV light in a 2UV Transilluminator (BioDoc-It™ imaging system, 
UVP, USA).  
 
MegaBACE 
PCR products were analysed further using capillary gel electrophoresis and confocal laser 
scanning in a MegaBACE 1000 to determine exact length of fragments. A 350 bp ROX 
labeled internal size marker was included in the sample solution. The results were 
analyzed using MegaBACE Fragment Profiler version 1.2 (Copyright © Amersham 
Biosciences 2003). PCR with Nam-B1 primers in the control varieties rendered fragments 
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of the lengths 136 bp for the functional allele (PI350731), 137 bp for the +1 bp allele 
(Chinese spring) or no fragment for the deletion (Anza) in the case of Nam-B1.r2 primers 
and 163, 164 bp and no fragment respectively in the case of the Nam-B1.r3 primer. In the 
cases where Nam-B1.r3 was used, 27 bp was subtracted from the total size to allow 
comparisons between samples. In the PCR-reactions where the M13 tail was used, for 
WMS261, 18 bp was subtracted from the total size.  
 
DNA-sequencing 
In varieties that yielded fragments using Nam-B1-primers the PCR was repeated with a 
non-fluorescently labeled forward primer Nam-B1.f2 and Nam-B1.r3 to allow for 
sequencing. This was done for three individuals of each variety. The samples were 
treated with EXO-SAP solution to remove primer-dimers. For each 15 μl PCR product a 
mix of 0.015 μl Exonuclease I (20U/μl) (New England BioLabs Inc.), 0.15 μl Shrimp 
Alkaline Phosphatase (1U/μl) (New England BioLabs Inc.) and 5.835 μl deionized 
autoclaved H2O was added. The samples were incubated at 37°C for 30 min followed by 
95°C for 5 min. Sequencing of the fragments was performed by MacroGen (Korea) using 
primers Nam-B1.f2 and Nam-B1.r2.The sequences were manually inspected and aligned 
using CodonCode Aligner v. 2.0.0 beta 6 (Copyright © 2002-2007 CodonCode 
Corporation). 

Nutrient content analysis 
Nutrient analysis was performed by Eurofins Food & Agro (Kristianstad, Sweden) on 
20-30 g seeds of selected varieties from the historical collection and 10 g seeds of the 
landraces. The content of N, P, K, Ca, Mg, Na, Mn, Cu, Zn, B, Fe, Al and S in dry matter 
was measured in the seeds.  

Historical data 
Information about the varieties was gathered from several sources. The most important 
was the report of the activities on the field during the years 1862-1863 (Juhlin-Dannfelt 
and Müller 1865a). Historical names were matched with names recorded in the collection 
(Supplemental data 1). KSLAs journal and other documents (KSLAT) contained 
information about the activities on the Experimental Field, about the varieties and their 
origin.  
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Results 
I genotyped 64 historic accessions and 23 viable landrace accessions of wheat for the two 
genes NAM-B1 and Rht8. The result was that 63 out of 64 historic accessions and 21 out 
of 23 viable landraces produced fragments in the PCR-reactions (Figure 1, Table 2). In 
these cases DNA-fragment size was analyzed using MegaBACE to determine the alleles 
of NAM-B1 and WMS261, linked to Rht8. A summary of these results are presented in 
Table 2. Some varieties carried the functional allele of NAM-B1. In these cases DNA was 
extracted from two additional individuals of each variety and the PCR-fragments were 
sequenced. This precaution was taken as landraces can be very heterogeneous. The 
amplification of Rht8 in PCR-reactions was used as an integrity control, to be able to 
distinguish a deletion of NAM-B1 from poor quality DNA. Rht8 produced fragments in 
most accessions, indicating that the absence of NAM-B1 fragments actually reflects a 
deletion of NAM-B1. A few inconsistencies were however found in fragment size 
determined using MegaBACE. A selection of varieties was analyzed for nutrient content 
(Supplemental data 4) to find the possibly detectable effect of the functional allele. 
 
 
 
 
 

 
 
Figure 1. Agarose gel (1.5% agarose, 100V, 35 min) of PCR-products from reactions with primers 
Nam-B1.f2FAM and Nam-B1.r3 as well as Rht8fHEX and Rht8r, used as DNA integrity control. Four 
historic wheat varieties are shown, NM1080, NM1081, NM1082 and NM1120, with size marker to the left 
(GeneRuler™ Low Range DNA Ladder, ready-to-use, Fermentas). The length (bp) of the products 
according to MegaBACE analysis is indicated in the top. 

Size              NM1080             NM1081             NM1082               NM 1120 
marker          Nam Rht            Nam  Rht            Nam  Rht               Nam  Rht      
                     164  166             164   176              -      166               164   175 

700 bp 

 
500 bp 

400 bp 
 
300 bp 
 
200 bp 
150 bp 
100 bp 
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Table 2. Varieties screened in this study and the allele sizes (in base pairs) of NAM-B1 and Rht8. Varieties 
with accession numbers starting with NM are from the historical collection, and varieties starting with 
NGB from the Nordic Genetic Resource Center, Sweden. Names in the Collection information column are 
the names and scientific names stated in the collections. Full names and scientific names indicated in the 
historical information can be found in Supplemental data 1. The scientific names are abbreviated, 
ae=aestivum, co=compactum, di=dicoccum, du=durum, sp=spelta, T.=Triticum, tu=turgidum.  
[] indicates that one sample had two fragments. 
 * indicates that the samples had different fragment sizes in different analyzes.  
**The accession NGB4798 was found to be free-threshing which is not compatible with it being spelt 
wheat as indicated in the collection. Therefore the species name is not included in the table. 
 
Acc.nr Collection information NAM-B1 Rht8 
NM1080 48 Hococtswoodvete Sk. Exp.fält 1865 T. ae 137 166 

NM1081 43 West Cando-vete Sk. Exp. Fält. 1865 T. ae 137 176 

NM1082 77 Fife-vete kanadiskt Sk. Exp. Fält 1865 T. ae  166 

NM1083 72 Clow höglandsvete Sk. Exp. Fältet 1896 T. ae  175 

NM1084 19 Stevensvete fr S Australien Sk. Exp. Fältet 1865 T. ae  166 

NM1085 75 Hunters-vete Sk. Exp. Fält 1865 T. ae 137 176 

NM1086 68 Tapakana-vete Sk. Exp. Fält 1865 T. ae  165 

NM1087 49 Richmonds Jätte-vete Sk. Exp. Fält 1865 T. ae 137 166 

NM1088 55 Mangodd-vete Sk. Exp. Fält 1865 T. ae 136 [166, 177] 

NM1089 28 Grando duroc vete italienskt Sk Exp. Fält 1865 T. ae 137 166 

NM1090 46 Lammas-vete, rött Sk. Exp. Fält 1865 T. ae  175 

NM1091 54 Chiddam-vete Sk. Exp. Fält 1865 T. ae  175 

NM1092 39 Tetticoat Cando-vete Sk. Exp. Fält. 1865 T. ae  177 

NM1093 61 Hundred fold-vete Sk. Exp. Fält 1865 T. ae 137 165 

NM1094 79 Victoria-vete Sk. Exp. Fält. 1865 T. ae 137 176 

NM1095 45 Drewetts-vete Sk. Exp. Fält 1865 T. ae 137 176 

NM1096 50 Toskanskt-vete Sk Exp. Fält 1865 T. ae  177 

NM1097 73 Hopetown-vete, tyskt Sk. Exp. Fält 1865 T. ae  177 

NM1098 20 S Austrae Exp. Fältet 1865 T. ae  176 

NM1099 80 Långborstigt vete Sk. Exp. Fält 1865 T. ae  166 

NM1100 36 Vete, rött fr Tscherningen Sk. Exp. Fältet 1865 T. ae 137 165 

NM1101 52 Sommarvete Sk. Exp. Fält 1865 T. ae  176 

NM1102 26 Vete fr Australien Sk Exp. Fältet 1865 T. ae  167 
NM1103 62 Mumie-vete, tyskt Sk. Exp.fält 1865 T. ae   [166, 176] 

NM1104 58 Ringelblumen-vete Sk. Exp. Fält 1865 T. ae  183 

NM1105 42 Vete fr St Helena Sk. Exp. Fält 1865 T. ae 137 177 

NM1106 59 Essex-vete rött Sk. Exp. Fält 1865 T. ae  176 

NM1108 40 Vete kandiskt Sk. Exp. Fält 1865 T. ae  183 

NM1109 22 Dauton-vete Sk. Exp. Fält 1865 T. ae  [169, 182] 

NM1110 70 Vete belgiskt Sk. Exp. Fält 1865 T. ae 137 176 

NM1111 34 Vete - ungerskt Sk. Exp. Fältet 1865 T. ae  177 
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Acc.nr Collection information Nam-B1 Rht8 
NM1112 74 Schwanen-vete; vitt Sk. Exp. Fält 1865 T. ae 137 166 

NM1113 66 Igel-vete Sk. Exp. Fält 1865 T. ae  177 

NM1115 81 Vete galiziskt Sk. Exp. Fält 1865 T. ae 136 176 

NM1116 Cleys Jätte-vete Sk. Exp.fält 1865 T. ae  166 

NM1118 65 Sexradigt-vete Sk. Exp. Fält 1865 T. ae    

NM1120 56 Stål-vete svenskt Sk. Exp. Fält 1865 T. ae 137 175 

NM1121 27 Vete italienskt Sk. Exp. Fält. 1865 T. ae 137 166 

NM1122 64 Nottinghamvete Sk. Exp. Fält 1865 T. ae 137 176 

NM1123 33 Ungerskt Exp. Fältet 1865 T. ae  [175, 177] 

NM1125 74 Chevalier-vete Sk. Exp. Fältet 1865 T. ae 137 175 

NM1126 32 Vete ungerskt Sk. Exp. Fält 1865 T. ae  177 

NM1129 37 Vete fr Sandowinca Wolhynien Sk. Exp. Fält 1865 T. ae 137 176 

NM1135 60 Essex-vete vitt Sk. Exp. Fält 1865 T. ae  [165, 166] 

NM1136 47 probsteier vete Sk. Exp. Fält 1865 T. ae 137 176 

NM1139 29 Grando tenow vete italienskt Sk. Exp. Fält 1865 T. ae  [166, 177] 

NM1140 69 Lammas-vete Sk. Exp.fält 1865 T. ae 137 165 

NM1141 23 Fenton-vete Sk. Exp. Fält 1865 T. ae 137 175 

NM1178 38 Bluestern Cando-vete Sk. Exp. Fält 1865 T. ae 137 174 

NM1179 67 Talavera-vete Sk. Exp. Fält 1865 T. ae 137 177 

NM1180 24 Red Craffed Pearl-vete Sk. Exp-fält 1865 T. ae 137 166 

NM1181 21 Vete fr S Australien Sk. Exp. Fältet 1865 T. ae  166 

NM1182 31 Vete italienskt Sk. Exp.fält 1865 T. ae  177 

NM1186 53 Svenskt- vete Sk Exp. Fält 1865 T. ae 137 177 

NM1187 44 Hopetown-vete Sk. Exp.fält 1865 T. ae 137 177 

NM1189 57 Hicklings prolific-vete Sk. Exp. Fält 1865 T. ae  176 

NM1800 No 84 Spelt Hvit vinter Exp.fält 1865 T. sp 136 174 

NM1802 No 82 Spelt vinter Exp.fält 1865 T. sp  175 

NM1803 No 86 Spelt Hvit tjockaxig Exp.fält 1865 T. sp 137 177 

NM1804 No 89 Spelt Svart vinter Exp.fält 1865 T. sp    

NM1805 No 88 röd winter Odl vid Experimentalfältet 1865 T. sp  176 

NM1807 No 55 Spelt Schegels vinter Exp.fält 1865 T. sp 137   

NM1808 No 87 Spelt röd winter Einkorn Exp.fält 1865 T. sp  177 

NM1811 No 83 Spelt hvit vinter Emma Exp.fält 1865 T. sp 136 174 

NGB13445 ANGERMANLAND, winter T. ae ae 137 176 

NGB4494 BORSTVETE FRÅN GOTLAND, winter T. ae ae 137 176 

NGB9708 DALA, spring T. ae ae  165 

NGB6410 DALARNA, spring T. ae ae 136 176 

NGB8199 GAMMEL SVENSK LANDHVEDE, winter T. ae ae 137* 176 

NGB6409 HALLAND T. ae ae 136 175 

NGB9057 HALLANDSHVEDE T. ae ae  177 

NGB6673 LANTVETE FRÅN DALARNA T. ae ae 136 [175, 176] 

NGB4496 LANTVETE FRÅN GOTLAND T. ae ae 137 177 
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Acc.nr Collection information Nam-B1 Rht8 
NGB6692 LANTVETE FRÅN UPPSALA T. ae ae  177 

NGB14286 S-5 T. ae ae  194 

NGB8198 WARMLAND LANTVETE T. ae ae 137 177 

NGB13441 VASTERGOTLAND T. ae ae 136 166 

NGB4787 KUBB. BLÄT T. ae co    

NGB9067 KUBB, GLATSTAKKET T. ae co  176 

NGB9029 KUBB, LUDET T. ae co 137 176 

NGB9066 KUBB, LUDSTAKKET T. ae co 137 176 

NGB7209 KVL 8053 T. ae co 137   

NGB8917 KVL 8054 T. ae co  174 

NGB4798 SPELT FRA ØLAND ** 136 177 

NGB7047 SV 1960/866-96 T. ae sp 137 175 

NGB8190 EMMER T. tu di    

NGB4499 EMMERVETE FRÅN GOTLAND T. tu di 136 176 

 Chinese Spring T. ae ae 137 195, 175* 

 Kosack T. ae ae  175,177* 

 PI350731 T. ae ae 136 175 

  ANZA T. ae ae  166 

 
 

 

 

Figure 2. Picture showing the difference of 1 bp between the functional wild-type allele in the top graph 
(NM1115) and the +1bp insertion allele (NM1120) when using MegaBACE. The red peak is the size marker 
and the blue peak is the DNA-fragment of NAM-B1. 
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DNA-analysis 
NAM-B1 
PCR products (Figure 1) amplified from the historic varieties and viable landraces were 
sized (Figure 2) and compared to controls for allelic determination (Table 2). The alleles 
will hereafter be referred to as wild-type, +1bp and deletion, regardless of which primer 
pair was used. Sequencing of the PCR-fragments (Figure 3) confirmed that control 
varieties had the same sequence as published by Uauy et al. (2006a) (PI350731 carried 
the wild-type sequence identical to DQ869673 and Chinese spring the +1bp insertion 
identical to DQ869674). All individuals in varieties carrying the wild-type allele were 
found identical in sequence to each other and to control, PI350731. For some individuals, 
only the reverse or forward sequence could be used due to bad quality. Only sequences 
where the position of the insertion was of good quality were used. This reduced the 
number of individuals with known sequence to two in accession NM1800.  
 
 
 
 
 
 
 
 

Figure 3. Sequences, from the top: +1bp insertion allele in the control variety Chinese spring, thereafter 
wild-type allele in the control variety PI350731, the historic variety NM1115 and the viable landrace 
variety NGB6409. The position where Chinese spring has a + 1bp insertion is marked with a vertical line 
across all pictures and a black square in control PI350731. 
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Four of the historic cultivars, NM1115, NM1088, NM1800 and NM1811 carried the 
wild-type NAM-B1 allele, confirmed by MegaBACE and sequencing (Table 3). Thirty-
two varieties showed amplification of Rht8 but not NAM-B1, indicating that NAM-B1 was 
deleted in these varieties. One variety, NM1118, did not permit amplification of either 
NAM-B1 or Rht8 which might indicate poor DNA-quality so no results can be drawn 
from this accession. The remaining twenty-seven varieties all had the +1bp allele 
according to MegaBACE results. This was confirmed by sequencing of the two varieties 
NM1178 and NM1120.  
 
Six of the viable landraces, NGB6410, NGB6409, NGB13441, NGB4798, NGB6673, 
NGB4499 and NGB6673 carried the wild-type allele according to MegaBACE and 
sequencing. Six cultivars, NGB9708, NGB9057, NGB6692, NGB14286, NGB 9067 and 
NGB8917, permitted RCR-amplification of Rht8, but not NAM-B1, indicating a deletion 
of the gene. Two cultivars, NGB4787 and NGB8190 showed no amplification of either 
NAM-B1 or Rht8. The remaining nine cultivars all had the fragments size indicative of 
the +1 bp fragment.  
 
 
Table 3. Alleles of Nam-B1 PCR-products in all genotyped varieties. Most have been analyzed by 
determination of fragment length in MegaBACE, but accession numbers in bold have been confirmed by 
sequencing. 
Historic varieties  
Wild-type NM 1115, NM1800, NM1811, NM1088 
+1 bp NM1080, NM1081, NM1085, NM1087, NM1089, NM1093, NM1094, 

NM1095, NM1100, NM1105, NM1110, NM1112, NM1120, NM1121, 
NM1122, NM1125, NM1129, NM1136, NM1140, NM1141, NM1178, 
NM1179, NM1180, NM1186, NM1187, NM1803, NM1807 

deletion NM1082, NM1083, NM1084, NM1086, NM1090, NM1091, NM1092, 
NM1096, NM1097, NM1098, NM1099, NM1101, NM1102, NM1103, 
NM1104, NM1106, NM1108, NM1109, NM1111, NM1113, NM1116, 
NM1123, NM1126, NM1135, NM1139, NM1181, NM1182, NM1189, 
NM1802, NM1804, NM1805, NM1808 

neither Nam-B1 or 
Rht8 NM1118 
Viable landraces  
Wild-type NGB6410, NGB6409, NGB13441, NGB4798, NGB4499, NGB6673 

+1 bp 
NGB13445, NGB4494, NGB8199, NGB4496, NGB8198, NGB9029, 
NGB9066, NGB7209, NGB7047 

deletion NGB9708, NGB9057, NGB6692, NGB14286, NGB 9067, NGB8917 
neither Nam-B1 or 
Rht8 NGB4787, NGB8190 
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Rht8 
The allele sizes presented in this report are all corresponding to the sizes of earlier 
published lengths (i.e. Korzun et al. 1998). Three of the historic and three of the viable 
varieties, NM1118, NM1804, NM1807, NGB7209, NGB4787 and NGB8190, did not 
permit amplification of Rht8 using my PCR conditions. In the other varieties, alleles of 
varying lengths were found: 165 bp, 166 bp, 169 bp, 174 bp, 175 bp, 176 bp, 177 bp, 182 
bp, 183 bp and 194 bp (Table 2). No accession seemed to carry the semi-dwarf allele of 
192 bp, except for possibly NGB14286, where PCR resulted in a 194 bp fragment. This is 
consistent with Swedish landraces having tall stems and being prone to lodging, since the 
192 bp allele gives a reduced height phenotype. 

Nutrient content 
Nutrient analysis was carried out on 11 historic varieties, 12 viable landraces and one 
modern variety (Figure 4 and 5, Supplemental data 4). No statistical analysis was carried 
out due to the many factors affecting nutrient content. The varieties belonged to different 
species, some were spring type and some autumn type wheat, and there was no 
replication, giving a risk of high environmental variation. Furthermore, a smaller amount 
of seeds were taken from the viable landraces which can make the grinding less efficient 
resulting in uneven samples. But it seems like there is a tendency for varieties carrying 
the functional allele have to a high nitrogen content. Among the landraces, there are high 
levels of both zinc and iron in the varieties carrying the functional allele. The modern 
variety has in general low levels of the nutrients tested.  

 
 
Figure 4. Diagram showing the content (% dry weight) of nitrogen (N) in several historic varieties (red), 
landraces (blue) and a modern variety (green). Presence of the functional allele is indicated with darker 
colour of the bars. 
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Figure 5. Diagram showing the content (mg/kg dry weight) of zinc (Zn) and iron (Fe) in several historic 
varieties (red), landraces (blue) and a modern variety (green). Presence of the functional allele is indicated 
with darker colour of the bars.  

Discussion 

NAM-B1 and decreasing protein and nutrient content 
I found the functional NAM-B1 allele in four old varieties and six landraces. In modern 
cultivars, however, the functional allele appears absent (Distelfeld et al., 2006; Uauy et 
al., 2006a). It is possible that there is a correlation between the decrease in protein and 
nutrient content in wheat observed during the 20th century and the absence of a functional 
NAM-B1 allele, not the least because it is a known major locus for grain protein content. 
But it is also possible that several other genes have a similar effect. Looking at the whole 
picture one can find studies that have shown correlations between age of varieties and 
nutrient content that speak for that there is at least some genetic effect of the decrease. 
Garvin et al. (2006) analyzed micronutrient content in 14 US hard red winter wheat 
varieties with different dates of release and found correlations with both yield and year of 
release. They hypothesize that the genetic changes causing increased yield has led to 
reduced amounts of Fe, Zn and Se in the varieties. A study of Fan et al. (2008) has a lot 
in common with my study. They analyzed a set of seeds and soil samples collected in the 
Broadbalk Wheat Experiment, an experimental field in Rothamsted, from 1845-2005. 
Interestingly, the curator of the Experimental Field in Stockholm did a study trip to this 
establishment, and probably picked up a lot of ideas for his own research. The result of 
Fan et al. (2008) was that the concentrations of Zn, Fe, Cu and Mg in the grains were 
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stable between 1845 and 1967, but decreased significantly after the introduction of short-
straw varieties in 1968. The trends of P, Mn, S and Ca were similar to those of Zn, Cu 
and Mg. The levels of different mineral in the soil, on the other hand, either remained on 
the same level or increased during the period. Due to the fact that a short-straw variety, 
Brimstone, and a long-straw variety, Squarehead’s master, were grown side by side 
during a few years it is possible to make direct comparisons between these. The 
concentrations of Zn, Cu, Fe and Mg were 18-29 % lower in Brimstone, which can be 
compared to the general difference between all long-straw varieties 1845-1967 and short-
straw varieties1968-2005, the later with 19-28 % less of the same micronutrients. Fan et 
al. (2008) explain the decreasing mineral concentration in the seeds with increased yield. 
However, the results do not exclusively contradict a similar explanation as the one of 
Garvin et al. (2006). 
 
Distelfeld et al. (2007) tested recombinant chromosome substitution lines carrying either 
the durum wheat or the wild emmer wheat allele of NAM-B1. This allows better 
comparison concerning the effect of the locus since the genetic backgrounds are similar. 
Lines with the functional NAM-B1allele of wild emmer wheat were found to have earlier 
senescence in the grain filling period, as well as higher concentrations of Zn (12%), Fe 
(18%), Mn (29%) and protein (38%).There was no evidence of genotype by environment 
interaction. Distelfeld et al. (2007) suggest an effect of NAM-B1 other than the early 
senescence theory hypothesized by Uauy et al. (2006a): it might encode genes(s) that 
affect nutrient mobilization (for example transporters, chelators or transcription factors). 
They found no correlation of GPC with yield, as opposed to Chee et al. (2001). Distelfeld 
et al. (2007) suggest that the difference lies in the environment – in Mediterranean 
climate with drought and heat in the end of the season there should be no effect of Gpc-
B1 on grain size, while milder climates allows extended starch accumulation and then 
earlier senescence may cause decreased grain size. This is also used as an explanation for 
the absence of the functional allele in hexaploid wheat, since bigger grain size is an 
important part of domestication (see the following section) (Dubcovsky and Dvorak, 
2007). This hypothesis could also account for part of the dilution effect often discussed in 
the context of nutrient content, if a functional NAM-B1 allele results in small grain size 
and higher nutrient content in many environments, and a non-functional allele results in 
larger grain size but less nutrients. In my study, I found the functional allele in several old 
varieties, Swedish and European. It might be that the functional NAM-B1 allele was more 
abundant in hexaploid wheat before the modern breeding, but in our climate it resulted in 
smaller grain size. That led to selection for bigger grains and a non-functional allele when 
the modern breeding started.  

NAM-B1 and hexaploid wheat evolution 
The evolution of the different hexaploid wheat subspecies is not completely solved. 
Salamini et al. (2002) reviewed several hypotheses about the origins of the free-threshing 
trait, an important trait in domestication. At least four different evolutionary routes have 
been suggested. 1. One possibility is that hexaploid free-threshing varieties arose from 
free-threshing cultivated tetraploid wheat, and introgression of emmer formed the 
hexaploid non-free threshing spelt varieties (Figure 6, dotted line). There is some 
molecular evidence supporting this (Liu and Tsunewaki 1991). 2. Another possibility is 
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that the hexaploid spelt varieties arose from cultivated emmer and there were two 
hybridization events with Ae. tauschii (Figure 6, solid line). 3. It could also be that 
hexaploid spelt arose from cultivated emmer, and the free-threshing hexaploid varieties 
arose from the spelt (Figure 6, dashed line). However, both archaeobotanical evidence 
and the genetics of the free-threshing trait speak against the last model. 4. Dvorak et al. 
(2006) found genetic evidence indicating that domesticated emmer was one parent of the 
hexaploid wheat, but that there was introgression from wild emmer (Figure 6, dashed and 
dotted line).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NAM-B1 has also been used to explain wheat evolution. In some environments the faster 
senescence conferred by the functional allele also lead to smaller seeds. Since larger 
grains, just as the free-threshing trait, is an important trait in the domestication of wheat, 
Dubcovsky and Dvorak (2007) argues that this could explain the fixation of non-
functional NAM-B1alleles in both pasta and bread wheat. 
 
Uauy et al. (2006) found the functional allele in one variety, an Austrian landrace club 
wheat (PI350731, used as a control in this study). This variety is denoted a bread wheat 
(T. aestivum subsp. aestivum) by the National Small Grains Collection. Uauy et al. 
(2006) also screened 34 varieties of bread wheat, most of them with a deletion and a few 
with a +1bp insertion. In total, I found the functional allele in five bread wheat accessions 

Figure 6. The evolution of hexaploid wheat from tetraploid, wild emmer. Four models are presented: 1. 
dotted red line 2. solid purple line 3. dashed green line 4. dashed and dotted blue line. A indicates 
hybridization with Ae. tauschii, thin lines indicate introgression. 

Cultivated emmer, tetraploid 
T. turgidum subsp. dicoccum 

Hexaploid spelt wheat 
T. aestivum subsp. spelta 
 

Free-threshing tetraploid wheat 
 T. turgidum subsp. durum  
T. turgidum subsp. turgidum 

A

A 

A

Free-threshing hexaploid wheat 
T. aestivum subsp. aestivum 

Wild emmer, tetraploid 
T. turgidum subsp. dicoccoides 
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(NGB6410, NGB6409, NGB6673, NGB13441 and NM1088), two spelt wheat accessions 
(NM1800 and NM1811) and two accessions where the species identity is uncertain 
(NGB4798 and NM1115), but that are also likely to be hexaploid wheat. According to 
my results, the functional allele is far more abundant in hexaploid wheat varieties than 
indicated by Uauy et al. (2006).  
 
Uauy et al. (2006a) did not find the functional allele in any durum wheat varieties; all 
carried the +1 bp mutation. They suggest that the +1bp insertion was fixed during durum 
domestication. The few durum wheat varieties included in my study had either the +1 bp 
insertion or the deletion, consistent with the results of Uauy et al. (2006a). This absence 
of NAM-B1 in tetraploid wheat indicates that the functional allele could not have come 
from the cultivated tetraploid wheat varieties to the cultivated hexaploid wheat varieties 
(unless the functional allele is present in a variety that has not been analyzed). Instead, 
there must be another explanation for the presence of the functional NAM-B1 allele in 
hexaploid wheat. Assuming that free-threshing, hexaploid wheat arose from free-
threshing tetraploid wheat there are two alternatives. 1. Either there are two origins of 
hexaploid wheat, one resulting in hulled spelt and one in free-threshing varieties. In that 
case the functional allele could have spread through gene flow from spelt to free-
threshing hexaploid wheat. 2. If instead spelt arose from introgression of emmer into 
free-threshing varieties, the functional allele must also have spread to the free-threshing 
varieties through gene-flow. In my study, assuming that spelt is the ancestor of free-
threshing hexaploid wheat gives a more straight-forward explanation to the allele 
frequencies since all alleles are present in domesticated emmer, spelt and free-threshing 
hexaploid wheat, but not in tetraploid free-threshing varieties. My results also fit to the 
model suggested by Dvorak et al. (2006) that cultivated emmer is the ancestor of 
hexaploid wheat. Screening of additional primitive durum wheats would clarify which 
evolutionary routes that are most likely. 

Geographical distribution of NAM-B1 alleles 
The +1 bp allele and the deletion are found in the historic accessions from many parts of 
the world (Figure 7A). Four varieties with the wild-type allele were found in the 
collection, but unfortunately the geographic distribution is uncertain. It is however likely, 
that the two spelt wheats have European origin. NM1115 is from a region called Galicia 
(Galizien). A wheat variety from Polish Galicia is mentioned in the historical material so 
NM1115 is probably from an area around the border between Poland and Ukraine, and 
not from Spanish Galicia.  
 
Most of the viable landraces have a more certain origin and can be traced more specific 
within regions of Sweden, Öland/Gotland, Dalarna and West Sweden (Figure 7B). 
Wheats from these regions were historically acknowledged for excellent baking ability 
(Åkerman, 1948). Whether this is due to high protein content conferred by the functional 
NAM-B1 alleles is of course speculative but not unlikely. 
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Nutrient content in historic varieties and landraces 
Even though only a few, unreplicated samples were tested for nutrient content it was 
interesting that there seems to be at least some tendency for it to be higher in plants with 
the functional allele. Since there are many factors determining nutrient content no general 
conclusions can be drawn, however. Some of the analyzed varieties are spring varieties 
and some are autumn varieties, and they belong to different subspecies. Differences in 
mineral and protein content can also be due to genetic background and environmental 
factors, especially in the old varieties where the growing conditions are unknown. 
Usually field experiments are reproduced in both several fields and several years. 

Figure 7. Approximate geographic 
distribution of the NAM-B1 alleles 
found in the historic varieties (A) and 
the viable Swedish landraces (B). The 
functional wild-type allele is marked 
as a green dot, the +1 bp mutation 
with a yellow dot, and the deletion 
with a red dot. Only varieties with 
rather certain origin are included in 
the figure. Map from Google Maps 
(2009). 

A 

B 
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However, in the case of the historic varieties reproduction is not possible, but the fact that 
the seeds are only from one location and only one year’s harvest reduces environmental 
impacts. Even so, the varieties were harvested at different grades of maturity, and that 
could also affect the nutrient content. For example NM1120, a variety with the +1 bp 
allele, had a generally low mineral content and also had the lowest grade of maturation by 
the time of harvest. I have also found out that there were problems with disease, but not 
what varieties that were affected by it.  

Rht8 
Although the main purpose of amplifying the WMS261 marker (linked to Rht8) was to 
serve as DNA integrity control some interesting observations were made. The dwarfing 
gene Rht8 (linked to the 192 bp allele of WMS261) is believed to have come from Korea 
to Japan in the sixteenth century. It was used the first time in European breeding 
programs in the beginning of the twentieth century, when it was introduced from Japan to 
Italy with the Japanese variety Akakomugi. After that, it was used in several crossings 
and spread to the rest of the world (Borojevic and Borojevic 2005). I did not find the 
semi-dwarf allele of 192 bp in the selection of varieties that I genotyped. The historic 
varieties I screened are from 1865 and the landraces have an old origin as well, so it is 
reasonable that the dwarfing gene is not present in the material I have looked at since 
none of the varieties have (known) Japanese or Korean origin. It is also consistent with 
the phenotype of Swedish landraces. The introduction of the reducing height allele of 
Rht8 in the beginning of the 20th century was therefore really an introduction; this allele 
was not already present in the germplasm.  
 
Most of the alleles of WMS261 are of similar lengths as the known alleles of 165 and 174 
bp. The 174 bp allele is believed to be linked with the gene ppd1, which should be 
beneficial for northern varieties (Worland et al. 1998). The 174 bp allele is found in a few 
historical and viable accessions in my study, for example a Canadian variety (NM1178). 
Unfortunately the origin is unknown for most of them. The 165 bp allele is present in 
many CIMMYT varieties, and I found it in a few varieties in my screening. However,  
many varieties carried alleles differing from 165 bp and 174 bp with only a few base 
pairs. It is possible that the actual size of these fragments is 165 and 174 bp. Some 
varieties are heterozygous for the WMS261 allele in this locus, which has also been 
found earlier (Schmidt et al. 2004).  
 
A few varieties that according to the collection information should be tetraploid, 
produced PCR fragments of Rht8. Since Rht8 is situated on chromosome 2D, it should 
not be present in the tetraploid varieties with the AABB genome. An explanation to this 
could be that the primers have amplified homologues on other chromosomes or that the 
information in the collection is not correct.  

Historical data and DNA 
Many of the varieties grown in 1865 seem to originate from seeds that were taken to 
Sweden from the world exhibition 1862. They were sown for a few years to increase the 
amount of seeds and make the tests more reliable. Unfortunately the test growing data 
from 1865 has not yet been traced. However, I do know that many wheat varieties were 
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tested that year from the collection and reports (KSLAT 1866b). The seeds are marked to 
be from 1865 but the fact that seeds from 1863 once were displayed for the Academy 
might indicate that the seeds in my collection are actually from that year. The fact that 
one of the samples (NM1811) smelled strongly of a solvent indicates that the samples 
have not been treated identical. It is not possible to know the cause of this particular 
difference, and I also have to assume that other, less noticeable incidents might have 
happened to the samples during its 160 years of exhibition and storing.  
 
Aged DNA means risks of mutations and fragmentation, which makes PCR and DNA-
sequencing less reliable. However, sequencing showed consistent results in three 
individuals in varieties with the functional allele, showing that DNA in these accessions 
can be used for molecular analyses of this kind. 

Concluding remarks 
This study has identified the presence of NAM-B1 in old varieties, but still not very many 
modern varieties have been screened. Therefore, it would be interesting to see if any 
modern variety carries the functional allele, and if they have a high nutrient content. It 
would also be nice to look at older varieties to see when the functional allele started to 
disappear, and if it indeed had a correlation with the introduction of the short-straw 
varieties in the 1960’s.  
 
The importance of seed banks is much discussed today. With a changing climate we will 
need new varieties of our crops and for that we need genetic variation available. This 
study analyzes a collection of around 60 seeds that were collected almost 145 years ago. 
They are not viable, but they still contain genetic information. In comparison to gene 
bank material that have been grown to ensure the germination rate, and have risks of 
contamination every time they are, these seeds have the same DNA as they had when 
they were put aside for display 160 years ago. We have continued the research that was 
started in the nineteenth century with molecular methods to analyze a part of the modern 
breeding history. We have also gained knowledge thanks to gene banks that keep old 
varieties in a viable form. The genetic information we get from these viable varieties 
today can be used to improve the varieties of tomorrow.  
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Supplemental data 

Supplemental data 1. Collection names and historical names. 
Varieties screened in this study. Varieties with accession numbers starting with NM are 
from the historical collection, and varieties starting with NGB from the Nordic Genetic 
Resource Center, Sweden. Names in the Collection information column are the names 
and scientific names stated in the collections. Names in the Information from historical 
data are from test records from 1863 (Juhlin-Dannfelt and Müller 1865a), and the 
scientific names are the ones stated in the records, i.e. not the taxonomy of Van Slageren 
(1994).  
ae=aestivum, ar=aristatum, cs= compositum, di=dicoccon, du=durum, mo=monococcon, 
mu=muticum, sp=spelta, T.=Triticum, tu=turgidum, vu=vulgare. 
? Indicates uncertainty about if the varieties are actually corresponding. 
Acc.nr Collection information Information from historical data 
NM1080 T. ae 48 Hococtswoodvete Sk. Exp.fält 1865 Haatswood? T. vu mu 

NM1081 T. ae 43 West Cando-vete Sk. Exp. Fält. 1865 Från Canada West T. vu mu 

NM1082 T. ae 77 Fife-vete kanadiskt Sk. Exp. Fält 1865 Fife från Canada T. vu mu 

NM1083 T. ae 72 Clow höglandsvete Sk. Exp. Fältet 1896 Cloves Högland T. vu mu 

NM1084 T. ae 19 Stevensvete fr S Australien Sk. Exp. Fältet 1865 Från Södra Australien odladt af Stevens T. vu mu 

NM1085 T. ae 75 Hunters-vete Sk. Exp. Fält 1865 Hunters Winter ? T. vu mu 

NM1086 T. ae 68 Tapakana-vete Sk. Exp. Fält 1865 Tapahanock T. vu mu 

NM1087 T. ae 49 Richmonds Jätte-vete Sk. Exp. Fält 1865 Richmond's Jätte T. vu mu 

NM1088 T. ae 55 Mangodd-vete Sk. Exp. Fält 1865 Mangold T. vu mu 

NM1089 T. ae 28 Grando duroc vete italienskt Sk Exp. Fält 1865 Från Italien Grano duro T. vu du 

NM1090 T. ae 46 Lammas-vete, rött Sk. Exp. Fält 1865 Red Lammas T. vu mu 

NM1091 T. ae 54 Chiddam-vete Sk. Exp. Fält 1865 Chiddam T. vu mu 

NM1092 T. ae 39 Tetticoat Cando-vete Sk. Exp. Fält. 1865 Från Canada Petticoat T. vu mu 

NM1093 T. ae 61 Hundred fold-vete Sk. Exp. Fält 1865 Hundredfold T. vu mu 

NM1094 T. ae 79 Victoria-vete Sk. Exp. Fält. 1865 Victoria  T. vu ar 

NM1095 T. ae 45 Drewetts-vete Sk. Exp. Fält 1865 Drewett's T. vu ar 

NM1096 T. ae 50 Toskanskt-vete Sk Exp. Fält 1865 Toskanskt T. vu mu 

NM1097 T. ae 73 Hopetown-vete, tyskt Sk. Exp. Fält 1865 Hopetoun från Tyskland T. vu mu 

NM1098 T. ae 20 S Austrae Exp. Fältet 1865    

NM1099 T. ae 80 Långborstigt vete Sk. Exp. Fält 1865 Långborstigt T. vu ar 

NM1100 T. ae 36 Vete, rött fr Tscherningen Sk. Exp. Fältet 1865 Rödt från Tschernigow T. vu ar 

NM1101 T. ae 52 Sommarvete Sk. Exp. Fält 1865    

NM1102 T. ae 26 Vete fr Australien Sk Exp. Fältet 1865    

NM1103 T. ae 62 Mumie-vete, tyskt Sk. Exp.fält 1865 Mumie från Tyskland T. tu cs 

NM1104 T. ae 58 Ringelblumen-vete Sk. Exp. Fält 1865 Engl. Ringelblumen T. vu mu 
NM1105 T. ae 42 Vete fr St Helena Sk. Exp. Fält 1865 St. Helena  T. tu 

NM1106 T. ae 59 Essex-vete rött Sk. Exp. Fält 1865 Röd Essex T. vu mu 

NM1108 T. ae 40 Vete kandiskt Sk. Exp. Fält 1865    

NM1109 T. ae 22 Dauton-vete Sk. Exp. Fält 1865 Dounton's T. vu mu 
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Acc.nr Collection information Information from historical data 
NM1110 T. ae 70 Vete belgiskt Sk. Exp. Fält 1865 Hvitt Belgiskt? T. vu mu 

NM1111 T. ae 34 Vete - ungerskt Sk. Exp. Fältet 1865    

NM1112 T. ae 74 Schwanen-vete; vitt Sk. Exp. Fält 1865 Hvitt Schwanen T. sp 

NM1113 T. ae 66 Igel-vete Sk. Exp. Fält 1865 Igel T. vu mu 

NM1115 T. ae 81 Vete galiziskt Sk. Exp. Fält 1865 Från Galizien T. vu ar 

NM1116 T. ae Cleys Jätte-vete Sk. Exp.fält 1865 Eley's Jätte T. vu ar 

NM1118 T. ae 65 Sexradigt-vete Sk. Exp. Fält 1865 Sexradig T. vu mu 

NM1120 T. ae 56 Stål-vete svenskt Sk. Exp. Fält 1865 Svenskt s.k. stålhvete T. vu mu 

NM1121 T. ae 27 Vete italienskt Sk. Exp. Fält. 1865    

NM1122 T. ae 64 Nottinghamvete Sk. Exp. Fält 1865 Nottingham  T. vu mu 

NM1123 T. ae 33 Ungerskt Exp. Fältet 1865    

NM1125 T. ae 74 Chevalier-vete Sk. Exp. Fältet 1865 Treradigt Chevalier T. vu mu 

NM1126 T. ae 32 Vete ungerskt Sk. Exp. Fält 1865    

NM1129 T. ae 37 Vete fr Sandowinca Wolhynien Sk. Exp. Fält 1865 Sandomirka från Wolhynien T. vu mu 

NM1135 T. ae 60 Essex-vete vitt Sk. Exp. Fält 1865 Hvitt Essex T. vu mu 

NM1136 T. ae 47 probsteier vete Sk. Exp. Fält 1865 Probsteier T. vu mu 

NM1139 T. ae 29 Grando tenow vete italienskt Sk. Exp. Fält 1865 Från Italien Grano tenoro T. vu du 

NM1140 T. ae 69 Lammas-vete Sk. Exp.fält 1865 Lammas T. vu mu 

NM1141 T. ae 23 Fenton-vete Sk. Exp. Fält 1865 Fenton T. vu mu 

NM1178 T. ae 38 Bluestern Cando-vete Sk. Exp. Fält 1865 Från Canada Bluestem T. vu mu 

NM1179 T. ae 67 Talavera-vete Sk. Exp. Fält 1865 Talavera från Tyskland T. vu mu 

NM1180 T. ae 24 Red Craffed Pearl-vete Sk. Exp-fält 1865 Red-chaffed-Pearl T. vu mu 

NM1181 T. ae 21 Vete fr S Australien Sk. Exp. Fältet 1865    

NM1182 T. ae 31 Vete italienskt Sk. Exp.fält 1865    

NM1186 T. ae 53 Svenskt- vete Sk Exp. Fält 1865 Svenskt s.k. sammetshvete? T. vu mu  

NM1187 T. ae 44 Hopetown-vete Sk. Exp.fält 1865 Hopetoun T. vu mu 

NM1189 T. ae 57 Hicklings prolific-vete Sk. Exp. Fält 1865 Hecklings Prolific T. vu mu 

NM1800 T. sp No 84 Spelt Hvit vinter Exp.fält 1865 Hvit Winter T. sp 

NM1802 T. sp No 82 Spelt vinter Exp.fält 1865    

NM1803 T. sp No 86 Spelt Hvit tjockaxig Exp.fält 1865 Hvit tjockaxig T. sp 

NM1804 T. sp No 89 Spelt Svart vinter Exp.fält 1865 Svart Winter Emmer? T. di 

NM1805 T. sp No 88 röd winter Odl vid Experimentalfältet 1865 Röd Winter T. sp 

NM1807 T. sp No 55 Spelt Schegels vinter Exp.fält 1865 Schlegel's Winter T. sp 

NM1808 T. sp No 87 Spelt röd winter Einkorn Exp.fält 1865 Röd Winter Einkorn T. mo 

NM1811 T. sp No 83 Spelt hvit vinter Emma Exp.fält 1865     

 



   

34 
 

Supplemental data 2. Paintings of historic varieties 
Paintings of a selection of varieties. These paintings show wheat varieties harvested 
between 1872-1897 on the Experimental Field in Stockholm, or in Ultuna nearby 
Uppsala. The pictures were made by Henriette Sjöberg and were intended for a book that 
was never printed, “Sveriges kulturväxter” (Lange, 2005). Variety 1-10 were probably 
tested on the Experimental Field 1863 (the corresponding names from test data 1863 are 
indicated in italics, along with accession names when applicable), variety 11 and 12 are 
shown as examples of a spelt and an emmer variety. 
 
 
 
 
 

 
 1. Red Chaff  

Från Canada Red Chaff 
2. Helena  
St. Helena, NM1105

3. Hopetoun 
Hopetoun, NM1187 

4. Chiddam 
Chiddam, NM1091 
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5. Fenton 
Fenton, NM1141 

6. Hicklings prolific 
Hecklings prolific, NM1189 

7. Essex, vitt 
Hvitt essex, NM1135 

8. Spaldings prolific 
Spalding prolific 

9. Igel 
Igel, NM1113 

10. Svanvete 
Hvitt Schwanen, NM1112 
 

11. Vinterspelt 12. Roter Sommer-
Emmer 
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Supplemental data 3. Photographs of viable landraces* 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
NGB13445 Ångermanland 
 

 
NGB4494 Borstvete 
från Gotland  

 
NGB8199 Gammel 
svensk landhvete 

 
NGB9057 Hallandshvede  

 
NGB9708 Dala. Spring 

 
NGB6410 Dalarna. 
Spring. 

 
NGB6409 Halland. 
Spring. 

 
NGB6673 Lantvete från 
Dalarna. Spring.  

NGB4496 Lantvete 
från Gotland 
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NGB6692 Lantvete från 
Uppsala 

 NGB14286 S-5 NGB8198 Warmland 
lantvete 

 
NGB13441  
Vastergotland. Spring. 

 
NGB4787 Kubb, blät NGB9067 Kubb, 

glatstakket 

 
NGB9029 Kubb, ludet 

 
NGB9066 Kubb, 
ludstakket 

NGB7209 Kubbvete 
KVL8053. Spring. 
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NGB8917 Kubbvete 
KVL8054. Spring. 

 
NGB4798 Spelt fra 
Øland 

 
NGB7047 SV 
1960/866-96 

 
NGB8190 Emmer 

 
NGB4499 Emmervete 
från Gotland. Spring. 

 
Kosack  

* Landraces harvested and photographed in 2008. Varieties denoted with “Spring” are 
spring wheats, the remaining varieties are autumn wheats. Kosack is a modern variety. 
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Supplemental data 4. Nutrient content in a selection of varieties 
The unit is % dry matter for N, P, K, Ca, Mg, Na and S, and mg/kg dry matter for Mn, 
Cu, Zn, B, Fe and Al. The precision (~95 % confidence interval) of the measurements is 
indicated. Varieties with accession numbers starting with NM are historic varieties, and 
varieties with accession numbers starting with NGB are from the Nordic Genetic 
Resource Center. * indicates that the variety carries the functional allele according to the 
genotype analysis. 
 

   N   P   K   Ca  Mg   Na   Mn   Cu  Zn   B  Fe  Al   S  Accession 
number  ±5%  ±15%  ±15%  ±15%  ±15% ±15%  ±15% ±20% ±20% ±15%  ±15%  ±20% ±15%
NM1120  2.8  0.3  0.4  0.07  0.11 <0.015 42 6.5  50 <2  48  9.1 0.2
NM 1178  2.2  0.28  0.41  0.05  0.09 <0.015 24 5.8  29 <2  30  8.2 0.18
NM 1100  2.8  0.4  0.47  0.06  0.13 0.02 37 8  52 <2  60  34 0.2
NM 1803  2.5  0.47  0.51  0.03  0.14 <0.015 18 5.5  43 <2  58  19 0.17
NM 1807  2.5  0.45  0.51  <0.02  0.14 <0.015 31 5.6  54 <2  57  23 0.18
NM1805  2.4  0.44  0.49  0.02  0.13 <0.015 42 6.1  47 <2  61  15 0.17
NM 1800*  2.7  0.49  0.53  0.03  0.15 0.02 18 5.3  46 <2  50  18 0.19
NM1094  2.6  0.48  0.53  0.05  0.15 <0.015 21 5.9  43 <2  53  22 0.17
NM1099  2.9  0.54  0.55  0.08  0.17 <0.015 29 7.4  57 <2  72  27 0.18
NM1082  2.6  0.5  0.57  0.05  0.15 <0.015 20 5.9  43 <2  62  27 0.17
NM 1115*  2.9  0.41  0.45  0.05  0.13 <0.015 31 6.4  47 <2  55  25 0.18
NGB4798*  2.1  0.36  0.55  0.09  0.11 <0.015 56 5  30 <2  60  46 0.15
NGB7047  2.3  0.36  0.43  0.03  0.1 <0.015 33 4.6  27 <2  41  23 0.14
NGB4499*  2.6  0.48  0.54  0.04  0.14 <0.015 61 6.1  40 <2  38  22 0.19
NGB8190  2.1  0.37  0.49  0.03  0.12 <0.015 33 5.4  30 <2  31  16 0.13
NGB6673*  2.6  0.44  0.44  0.04  0.13 <0.015 55 6.3  41 <2  44  12 0.18
NGB6410*  3.1  0.46  0.42  0.03  0.14 <0.015 62 8  75 <2  59  13 0.21
NGB6409*  2.9  0.43  0.42  0.03  0.13 <0.015 60 7  47 <2  44  18 0.2
NGB13441*  2.6  0.4  0.38  0.02  0.11 <0.015 50 6.3  32 <2  24  9.3 0.18
NGB9708  2.8  0.38  0.41  0.02  0.1 <0.015 52 5.4  51 <2  34  10 0.18
NGB9057  1.9  0.3  0.38  0.03  0.09 <0.015 37 3.7  21 <2  24  <8 0.12
NGB13445  2.2  0.33  0.37  0.03  0.1 <0.015 59 4.4  28 <2  27  13 0.14
NGB7209  3.1  0.39  0.46  0.04  0.11 <0.015 52 5.3  45 <2  35  8.9 0.18
Kosack  2.1  0.34  0.45  0.03  0.09 <0.015 50 4.4  25 <2  24  <8 0.13

 


