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ABSTRACT

Accessions of common wheat (Triticum aesti-
vum L. subsp. aestivum) from the USDA-ARS
National Small Grains Collection (NSGC) are a
resource for wheat scientists worldwide. The
genetic diversity of the wheat core subset, rep-
resenting approximately 10% of the collection’s
42138 T. aestivum accessions, was examined
using 390 diversity arrays technology (DArT)
markers, 4941 single nucleotide polymorphisms
(SNPs), and descriptor data. The marker profiles
revealed duplicates, which were excluded to
form an informative core (iCore) of 3230 acces-
sions. The iCore population structure and diver-
sity within various subgroups were examined
with analysis of molecular variance, principal
coordinate analysis, cluster analysis, and by
ranking the contribution of individual acces-
sions to overall diversity. Accession groups
based on molecular marker data corresponded
well to their geographic origin, and population
structure was accounted for primarily by differ-
ences between Iranian landrace accessions and
the rest of the accessions. Accessions classified
as breeding lines were overrepresented among
those ranked as most diverse based on SNP
data, whereas lIranian landraces were under-
represented. Although less diverse as a group,
Iranian landrace accessions had a higher fre-
quency of resistance to bunt diseases and Rus-
sian wheat aphid compared with the iCore as a
whole. The present study provides support for
establishing core subsets based on geographic
origin of accessions and will be a basis for fur-
ther study of diversity among NSGC wheats.
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HE USDA-ARS NSGC is a resource for plant scientists

worldwide, especially plant breeders, and it currently con-
tains 58,392 accessions of wheat and wild relatives of wheat,
among which are 42138 accessions of common wheat. Since 1897,
these materials have been acquired by plant explorers and plant
scientists and most recently have been maintained as part of the
USDA’s National Plant Germplasm System. For approximately
the past 30 yr, the collection has been systematically evaluated for
various traits of interest to plant breeders and geneticists, includ-
ing agronomic characteristics such as plant height and maturity
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and resistance to important diseases and insect pests.
These data are available online through the Germplasm
Resources Information Network (GRIN).

In 1995, a core subset of the NSGC was established
following the principles outlined by Brown (1989), where
10% of the accessions were selected using stratified random
sampling by country of origin. The number of accessions
chosen from each country was proportional to the log of
the number of accessions per country. Thus, in the core
subset, a broad representation by geographic origin was
attained and countries with many accessions tended to be
underrepresented on a percentage basis and vice versa. For
example, accessions from Turkey represent 6.7% of the total
T. aestivum accessions and constitute only 1.5% of the core
subset, whereas accessions from the Philippines represent
0.02% of the total yet constitute 0.2% of the core subset.

In 1997, a group of 6484 common wheat landraces
originating from Iran were received by the NSGC through
the work of C.O. Qualset at the University of Califor-
nia, Davis. These accessions were originally collected
in 1935 from throughout Iran and maintained by scien-
tists at the University of Tehran (Dworkin, 2009). When
these wheats were brought into the collection, they were
thought to represent a significant source of new genetic
diversity and 10.5% of these materials, or 682 accessions,
were added to the core subset. The new accessions from
Iran showed a relatively high proportion of resistance to
common and dwarf bunt diseases (Bonman et al., 2006).
In adult plant field screening tests in Kenya, some of the
[ranian accessions also proved resistant to new and highly
virulent races of the wheat stem rust pathogen (Newcomb
et al.,, 2013). Salinity tolerance was present among these
accessions (Jafari-Shabestari et al., 1995), as was signifi-
cant variation in two quality traits: starch pasting proper-
ties and dough color (Bhattacharya et al., 1997, 1999).

Molecular markers can be used as a tool to evalu-
ate crop plant germplasm and have been used to better
understand the structure and diversity of germplasm col-
lections (Hao et al., 2006, 2008; Dreisigacker et al., 2005;
Dreisigacker et al., 2005; Huang et al., 2002; Cavanagh
et al., 2013). The purpose of the present study was to use
molecular markers to (i) evaluate the genetic diversity of
the T. aestivum core subset accessions with respect to geo-
graphic origin, improvement status, time period when
accessions were obtained, and plant growth habit and (i1)
rank accessions based on their contribution to genetic
diversity and then compare the most and least diverse
groups of accessions using GRIN descriptor data.

MATERIALS AND METHODS

Plant Materials and Marker Data

The NSGC T. aestivum core subset consists of 4007 accessions.
From this set, single plant selections were derived resulting
in 3836 accessions for further study. Two sets of molecular

markers were used to genotype the 3836 accessions, including
DArT markers (Akbari et al., 2006) and SNPs (Cavanagh
et al., 2013). The DNA used in the analyses was extracted
from a single seedling from each accession using a hexadecy-
ltrimethyl ammonium bromide (CTAB) protocol (Stewart
and Via, 1993). Diversity arrays technology marker data are
available online through the GRIN database. Single nucleotide
polymorphism markers used in the present study were gener-
ated by an Illumina Infinium 9K iSelect platform (Cavanagh
et al., 2013) through the Triticeae Coordinated Agricultural
Project. During the analysis of data, a few differences between
the SNP and DATT results were observed that could be traced
back to particular 96-well plates. Since these were likely sample
handling errors, 56 accessions showing these anomalies were
excluded from further study. Marker data are available at http://
wheat.pw.usda.gov/ggpages/maps/NSGCwheat/.

Marker and Genotype Filtering

Data were analyzed using JMP Genomics 6.1 (SAS Insti-
tute, 2012). A total of 699 accessions within the core subset
showed 99.5% similarity to at least one other accession based on
marker profiles. Of these, 470 were excluded and the data for
the remaining accessions were filtered to remove markers with
minor allele frequencies of 5% or less and accessions with more
than 10% missing data. These criteria resulted in 4941 SNP
markers and 3230 accessions (Supplemental Table S1). For pur-
poses of analyzing global diversity, this group of accessions was
designated the informative core (iCore) after the designation
coined by Munoz-Amatriain et al. (2014). Diverse arrays tech-
nology data for 407 markers were available for iCore and, after
filtering, 390 of these were used as a comparison data set for the
SNP results in an analysis of molecular variance (AMOVA) and
in ranking accessions for their contribution to genetic variation.

Informative Core Population Structure
The population structure within the iCore was examined by con-
ducting an AMOVA, principal coordinate analysis (PCoA), cluster
analysis, and by calculating the inflation factor (\) (Devlin and
Roeder, 1999) for the population and subsets of the population.
For the AMOVA, data from GRIN were used to classify
accessions by geographical origin, improvement status, growth
habit, and the time period when they were acquired by the
NSGC. The geographic origin groups were eastern Asia, south-
central Asia, western Asia, eastern Europe, southern Europe,
western and northern Europe, North and Central America,
South America, east and South Africa, northern Africa, Iran, and
other. Because the core subset has many accessions from Iran,
these accessions were placed into a separate geographic group
and landrace accessions from Iran were classified as a separate
improvement status group. Accessions where the origin could
not be classified into one of the geographic origin groups or
where too few accessions were present to form a separate group
for analysis were classified as other. These accessions originated
primarily from Europe, the former Soviet Union, Oceania, and
western Africa. Improvement status groups were designated as
improved (cultivar and breeding lines), landrace, landrace from
Iran, or uncertain status. Date of acquisition groups were desig-
nated so that approximately equal numbers of accessions were
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included in most of the groups as follows: 1900 to 1949 (n = 511),
1950 to 1959 (n = 474), 1960 to 1969 (n = 588), 1970 to 1979
(n = 514), 1980 to 1996 (n = 558), 1997 (n = 489), and 1998 to
2006 (n = 99). To test the genetic variation accounted for by the
various ways of grouping accessions, AMOVA was conducted
separately with SNP and DArT markers using the R package
pegas with 1000 permutation and Euclidean distance as genetic
distance (Paradis, 2010; R Development Core Team, 2013).
Accessions with other geographic origin were excluded from the
AMOVA, as were accessions of uncertain improvement status.

Principal coordinate analysis of a genetic similarity matrix
generated from the SNP data was conducted to visualize popula-
tion structure. Genetic similarity between accessions was evaluated
by genetic distance using GenAlex (Peakall and Smouse, 2006;
Peakall and Smouse, 2012), in which the number of alleles at
which two lines differ is summed across all markers. In all cases,
heterozygote genotype calls were treated as missing data.

Cluster analysis of the iCore was done using SNP data
by first generating a similarity matrix using the relationship
matrix function in JMP Genomics based on allele sharing for
each accession pair. Accessions were then grouped based on the
fast ward hierarchical clustering procedure.

The inflation factor (N) was calculated using the genomic
control method of Devlin and Roeder (Devlin and Roeder,
1999) in SNP and Variation Suite v7 (Golden Helix, 2010).
Calculations of X\ were made for the iCore, for the iCore with-
out the Iranian landraces, and for the Iranian landraces. In these
analyses, a X close to 1 indicates a lack of population structure.

Phenotypic Data

Data for various descriptors, including agronomic traits and
disease and pest resistance ratings, were obtained from the
GRIN for accessions within the iCore. The GRIN descriptor
days to anthesis (n = 2196) was the number of days from 1 Janu-
ary when 50% of the spikes are fully extended from the boot.
Days to flowering (n = 3063) was the value recorded for days
to anthesis expressed as a ratio to days to anthesis for a standard
check. Flowering data was collected based on plantings in late
November at Maricopa, AZ. The descriptor plant height (n =
2297) was the average height of plants at maturity measured
in centimeters from the ground to top of the spike, excluding
awns. The plant height ratio (n = 3061) was the value recorded
for plant height expressed as a ratio to plant height for a standard
check. Plant growth habit groups were spring, winter, or facul-
tative based on spring planting at Aberdeen, ID.

The GRIN data for disease and insect resistance were gen-
erated over the past several decades by NSGC cooperators and
details of trials can be found online (USDA-ARS, 2014). Rus-
sian wheat aphid (RWA) and leaf rust resistance were tested
on greenhouse-grown seedlings, and resistance to stripe rust,
stem rust, and bunt was evaluated on adult plants in field trials.
Data for stem rust and leaf rust were recorded on a 0-to-9 scale
with lower values meaning greater resistance. Data for stripe
rust severity were recorded on a 0-to-8 scale, and both reaction
type and severity were rated separately, with lower values being
more resistant. Bunt was rated as incidence relative to a suscep-
tible check. For analysis in the present study, accessions were
classified as either resistant or susceptible using the following

criteria: accessions with RWA (Biotype 1) severity scores of
<3 were classified as resistant; accessions with bunt incidence
of less than 5% relative to susceptible checks within each trial
were classified as resistant, combining dwarf and common bunt
resistance and considering an accession susceptible if it scored
>5% in any single trial (Bonman et al., 2006); accessions with
stem rust rating of <2 were classified as resistant. Many acces-
sions had been tested for stripe rust resistance at two locations in
Washington State and only accessions with the following com-
binations of results were classified: those with infection type
ratings of <2 in both trials were considered resistant and those
with a score of 8 in at least one trial were classified as suscep-
tible. Stripe rust severity of <5% in two trials were classified as
resistant, whereas those with scores of >20% in at least one trial
were considered susceptible. For leaf rust, ratings of <2 were
classified as resistant and those >2 were considered susceptible.

Genetic Relationships
within and Among Groupings

Polymorphism information content (PIC) values from SNP
data were used as a measure of genetic diversity within clusters,
geographic regions, growth habit categories, the various cat-
egories of improvement status, and for the various time periods
when accessions were acquired. The PIC values for each group
were calculated with the marker properties function in JMP
Genomics. Within the Iranian accessions, specific origin was
available for 476 accessions from Clusters 6, 8, and 10. With
the graphing function in JMP Genomics 6.1, these data were
used to map the locations where accessions from these clusters
originated within the country.

To examine the relationship between accessions within the
iCore grouped by improvement status, genetic matrices for each
group were generated using the population measures feature in
JMP Genomic. Rogers index was used as a measure of genetic
distance between the groups and for clustering the groups with
the fast ward hierarchical procedure.

Comparing Iranian Landraces

with Other Landrace Groups
Initial analysis of the iCore showed that the Iranian landrace
accessions appeared to be less diverse than all other landraces in
general. To better assess the relative diversity of the Iranian land-
races compared with bordering countries, PIC values were also
generated for landrace accessions originating from Afghanistan,
Armenia, Azerbaijan, Iraq, Pakistan, Turkey, and Turkmenistan.
To compare phenotypic variation among landrace accessions
from Iran with variation among landrace accessions from bor-
dering countries, data from the NSGC as a whole, rather than
only the core subset, were used. The descriptors days to flower-
ing and plant height ratio were the most complete with values
available for more than 12,000 accessions in GRIN. Accessions
were grouped by plant habit and the variances of the two descrip-
tors for landraces from Afghanistan, Iraq, Pakistan, and Turkey
were compared with variances for accessions from Iran using
the O’Brien test for unequal variances (O’Brien, 1979). Land-
races from Armenia and Azerbaijan were included and grouped
together for the analysis, since these two countries border one
another and each had relatively few accessions in the NSGC.
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Ranking Accessions for Contribution

to Genetic Diversity

Accessions were ranked for their contribution to the genetic
diversity of the iCore with the method previously used with
NSGC barley accessions by Munoz-Amatriain et al. (2014).
The R package geneticsubsetter developed by Ryan Graebner
for this purpose is available at http://barleyworld.org/breed-
ing-genetics/analysis. The program is used to sort accessions
according to their general contribution to the average PIC of
the markers. Using rankings generated from both SNP and
DATIT datasets, accessions were split into the most diverse half
(top 50%) and the least diverse half (bottom 50%) and compared
using GRIN descriptor data for (i) mean and standard deviation
in plant height and maturity date; (1) resistance to RWA, dwarf
and common bunt, stripe rust, and leaf rust; (iii) percentage of
each improvement status group; and (iv) percentage facultative,
spring, and winter types. These traits were chosen because suffi-
cient data were present in GRIN to enable analysis. The variation
in height and maturity was compared using O’Brien’s test for
unequal variances (O’Brien, 1979) and means were compared
using Welch means testing allowing for unequal standard devia-
tions (Welch, 1951). Fisher’s exact test was used to compare the
occurrence of resistances among accessions classified as either
most or least diverse based on marker results. The X test was
used to compare the occurrence of various improvement status
and growth habit categories among accessions classified as either
most or least diverse based on marker results.

RESULTS
Duplication in the NSGC Core Subset

Most of the 699 accessions showing 99.5% similarity were
in fact nearly 100% identical to at least one other acces-
sion in the core subset. These accessions generally grouped
into sets of two or three nearly identical accessions based
on the SNP data, except for accessions from Iran, which
also had groups from four to 23 identical or very nearly
identical accessions. Although accessions from Iran repre-
sented 18.3% of the core subset, they comprised 30.3% of
the accessions that were identical or nearly identical to at
least one other accession. Data from DArT analysis gener-
ally agreed with the SNP assessment of duplication.

Informative Core Population Structure

The AMOVA showed that the grouping of accessions by
origin, improvement status, acquisition date, and growth
habit did not account for much of the variation within the
iCore, and, consequently, most of the variation could be
accounted for by variation among accessions within groups
(Table 1). Geographic origin accounted for the highest pro-
portion of the remaining variation, 13.2% based on SNP
data and 9.8% based on DArT data, followed by improve-
ment status groups, date of acquisition groups, and finally
by plant growth habit groups, which accounted for only
2.5 and 3.1% of the total variation with DArT and SNP
markers, respectively. The SNP and DArT results were

Table 1. Analysis of molecular variation of 3230 common
wheat accessions grouped by geographic origin, improve-
ment status, date acquired, and habit using two different
marker datasets.

Source of Marker Variance Variation
variationt df type# components (F) (%)
Among . 10 SNP 121.32** 13.2
gﬁggap“'c DA 749" 9.8
Among 3 SNP 380.78** 10.3
merovement DAT 5.96 77
Among date 7 SNP 63.37** 6.9
acquired DAT 3.68" 48
Among habit 2 SNP 28.02** 341
DArT 1.94* 2.5

** Significant at the 0.01 probability level.

T Source of variation includes two parts: among groups and among individuals
within groups; the total variation is 100%. Only the variation among groups is listed.

+DATT, diverse arrays technology; SNP, single nucleotide polymorphism.

comparable with more variation being accounted for by the
groups using SNP results. In a previous study using mostly
modern cultivars, 7.8% of the differentiation among gen-
otypes was attributable to plant growth habit (Cavanagh
et al., 2013). When only cultivars and breeding lines from
the present study were used in the AMOVA and landrace,
landraces from Iran, and uncertain status accessions were
removed, the variation accounted for by plant growth habit
was more similar (5.8%) to that found in the previous study.
In the PCoA plot of genetic similarity among lines,
the first principal coordinate separated the majority of
Iranian landraces from the majority of other lines (Fig.
1). The cluster analysis of the iCore population (Fig. 2)
showed the groupings corresponded with the geographic
origin of the accessions, with half or more of the acces-
sions from a specific region falling within one to three
clusters (Table 2). The relationships among broader geo-
graphic groupings were also consistent. For example,
many accessions from Europe (eastern Europe, southern
Europe, western and northern Europe) grouped together
in Cluster 4. Accessions from the various Asian regions
also grouped together. Relationships were consistent with
historical connections between regions as, for example,
southern Europe accessions frequently occurring with
accessions from northern Africa and South America.
Where accessions grouped based on the marker, results
were related to when the accessions were acquired by the
NSGC (Table 3). For instance, many accessions from Clus-
ter 9, mostly coming from East Asia and south-central Asia,
were obtained during the first half of the 20th century.
Most Iranian accessions were acquired in 1997, and these
grouped into three clusters (6, 8, and 10). Plant growth
habit was also clearly delineated based on the marker data,
with winter types predominating in Clusters 4, 5, and 10.
Similarly, improvement status categories were also sepa-
rated based on the marker results, with breeding lines and
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Figure 1. Population structure of 3230 accessions of Triticum aestivum subsp. aestivum visualized by plotting principal coordinate (PCoA)
of a genetic similarity matrix generated from single nucleotide polymorphism data. Colored markers indicate the improvement status

of accessions.

cultivars (improved) most common in some clusters and
landraces being most common in others (Table 3).

The inflation factor (A = 1.91) generated from the
iCore was consistent with the hypothesis of a structured
population. Calculated using the genomic control method
of Devlin and Roeder (Devlin and Roeder, 1999), the
inflation factor is expected to approach 1 in a sample with-
out discernable population structure. The inflation factors
from stratification into groups containing Iranian landraces
or all other lines, A\ = 1.00 and 1.02 respectively, indicate
little structure within these two groups. These results sup-
port the hypothesis that much of the population structure
within the iCore was due to genetic differences between
the Iranian landraces and the remainder of the iCore.

Genetic Relationships

within and Among Groupings

Genetic diversity within various groupings as measured by
PIC values varied little except that winter types were some-
what less diverse than spring types and the Iranian accessions
were much less diverse than other groupings (Table 3). This
lower diversity within the Iranian accessions was also evi-
dent among accessions in Cluster 10 (86.2% from Iran),
where the high similarity within the cluster was illustrated

by the red color within the matrix and the dendrogram
branch compression towards the figure axis (Fig. 2).

Among accessions from Iran, 94.2% fell within Clus-
ters 6, 8, and 10 (Table 2). Cluster 6 also contained a
majority of the accessions from western Asia. In contrast,
Cluster 10 had practically no accessions from western Asia,
but did have accessions from south-central Asia. Cluster 8
had many accessions from both western Asia and south-
central Asia. When the specific geographic origin of 476
accessions from Iran were mapped by cluster group, the
geographic distribution of the three clusters within Iran
fit the broader regional geographic distribution of clus-
ters (Fig. 3). Cluster 6 accessions were more frequent in
western Iran adjacent the western Asia region, Cluster 10
accessions were more common in eastern Iran adjacent the
south-central Asia region, and Cluster 8 accessions were
found in both eastern and western Iran (Fig. 3).

The relationship among various improvement status
groups was examined by generating a measure of genetic
distance (Rogers index) and clustering the groups based on
the index values. As would be expected, improved acces-
sions consisting of breeding lines and cultivars grouped
together (Fig. 4). Landrace accessions grouped with acces-
sions of unknown origin and landraces originating from

CROP SCIENCE, VOL. 55, MAY—JUNE 2015

WWW.CROPS.ORG

1247



Figure 2. Population structure of 3230 accessions of Triticum aestivum subsp. aestivum visualized by hierarchical clustering with Ward’s
method using a genetic similarity matrix generated from single nucleotide polymorphism data. The heat plot was constructed based on
allele -sharing coefficients calculated in the relationship matrix function in JMP Genomics v.6.1. The heat plot represents a pairwise marker-
to-marker allele sharing between two accessions with red indicating the highest proportion of shared alleles and blue indicating the lowest.
Ten clusters (subpopulations) were grouped by different colors in the population. Values in each cluster represent subpopulation number.

Table 2. Number of accessions by geographic region and percentage of accessions within a region placed into various hierar-
chical clusters generated from an allele-sharing matrix from analysis of 4941 SNP markers in 3230 common wheat accessions

from the USDA-ARS National Small Grains Collection core subset.

Hierarchical clustert

Geographic region Total (n) 1 2 3 4 5 6 7 8 9 10
Eastern Asia 118 5.9 17.8 2.5 13.6 3.4 17 16.9 1.7 36.4 0.0
South-central Asia 259 4.2 3.9 2.3 8.1 0.8 3.5 5.0 18.5 41.3 12.4
Iran 514 0.4 1.4 1.0 0.0 0.0 18.9 2.7 20.6 0.4 54.7
Western Asia 280 6.8 12.5 9.3 6.1 0.7 38.6 3.2 17.5 3.6 1.8
Eastern Europe 315 12.4 7.9 0.3 62.2 1.4 2.2 0.3 1.0 1.3 1.0
Western and northern Europe 360 10.3 5.3 14 30.3 49.4 0.6 0.0 14 0.8 0.6
Southern Europe 278 34.2 19.8 8.3 26.6 5.8 4.7 0.0 0.0 0.7 0.0
Northern Africa 132 34.1 12.9 8.3 2.3 0.0 4.5 9.8 24.2 3.8 0.0
East and South Africa 199 2141 22.1 30.2 7.0 0.0 1.0 9.0 5.5 4.0 0.0
South America 317 34.1 30.3 14.5 5.4 9.1 2.5 1.9 0.3 1.6 0.3
North and Central America 294 18.0 25.5 21.1 22.8 9.2 0.7 0.7 1.0 1.0 0.0
Other* 164 22.6 7.9 7.9 18.9 2.4 3.7 3.7 274 4.3 1.2

T Sum of figures in italics represents 50% or greater of the total for the region.
*Includes accessions originating primarily from Europe (where specific country of origin is unknown), the former Soviet Union, Oceania, and western Africa.

1248 WWW.CROPS.ORG CROP SCIENCE, VOL. 55, MAY—JUNE 2015



Table 3. Number of accessions and polymorphism information content (PIC) values by date period acquired, habit, and
improvement status, and the percentage of each subcategory occurring within 10 hierarchical clusters generated from an
allele-sharing matrix from analysis of 4941 SNP markers in 3230 common wheat accessions from the USDA-ARS National

Small Grains Collection core subset.

Hierarchical cluster?

Accession

category Subcategory n PIC 1 2 3 4 5 6 7 8 9 10
Date period 1900-1949 511 0.29 23.0 6.9 8.0 16.1 101 27.9 21.6 12.8 40.2 3.7
acquired 1950-1959 474 0.29 31.5 14.6 16.3 14.5 141 6.5 25.5 4.9 9.5 4.0
1960-1969 588 0.29 18.8 24.4 21.3 24.2 39.3 8.0 9.8 7.5 1041 2.8
1970-1979 511 0.29 9.9 16.5 14.6 255 24.2 5.0 19.6 16.4 25.6 15
1980-1996 558 0.30 13.5 29.9 33.1 14.5 8.7 17.2 7.8 25.2 13.6 4.3
1997 489 0.19 0.4 1.4 0.8 0.2 0.3 35.5 13.7 31.8 1.0 83.7
1998-2006 99 0.29 2.8 6.0 5.3 5.0 3.4 0.0 2.0 1.3 0.0 0.0
Habit Spring 1845 0.30 76.0 78.0 93.5 34.9 7.0 67.2 72.5 64.6 68.3 30.4
Winter 1223 0.27 16.6 18.7 3.8 62.3 90.6 25.2 26.5 27.5 25.6 62.3
Facultative 162 0.28 7.5 3.3 2.7 2.8 2.3 7.6 1.0 79 6.0 7.4
Improvement Improved 1440 0.29 50.1 73.9 70.7 56.6 85.2 6.9 54.9 5.6 12.6 2.5
status Landrace, Iran 512 019 0.4 1.7 14 0.0 0.0 37.0 13.7 34.8 1.0 86.2
Landrace, other 856 0.28 33.9 12.7 16.4 26.7 5.0 45.8 17.6 40.7 66.3 10.4
Uncertain 422 0.29 15.6 11.8 11.8 16.6 9.7 10.3 13.7 19.0 2041 0.9

Total 3230 495 417 261 565 298 262 102 305 199 326

T Figures in italics are highest values within a hierarchical cluster by subcategory group.

40

LATITUDE

42 a4 46

a8

$2

LONGITUDE

56

62

Figure 3. Geographic origin for 476 Iranian accessions of Triticum aestivum subsp. aestivum grouped into three clusters (6, 8, and 10)
based on single nucleotide polymorphism markers. Color intensity is proportional to accession density using the contour plot function

in JMP Genomics graph builder.
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Breeding line Rogers index values:

. 0.00
Cultivar 0.03
0.05
0.08
0.10
0.13
0.15
. 0.18
Uncertain 0.20
0.23
0.25

Landrace

Iran landrace

Figure 4. Hierarchical clustering of accessions within the informa-
tive core by improvement status based on Rogers index of ge-
netic distance.

Iran grouped separately from all other categories. This
result parallels that of the overall population structure,
where Iranian materials tended to group separately from
most other NSGC accessions.

Comparing Iranian Landraces

with Other Landrace Groups

When compared with landraces originating from adjacent
countries, the PIC value for Iran (0.19, n = 512) was lower
than those for Afghanistan (0.22, n = 53), Armenia (0.23, n
= 21), Azerbaijan (0.25, n = 10), Iraq (0.22, n = 22), Syria
(0.29, n =8), Turkey (0.24, n = 42), and Turkmenistan (0.23,
n = 5). Only landraces from Pakistan (0.19, n = 35) had
a value similar to that of Iran. Similarly, when compared
using all of the phenotypic data in GRIN for days to flow-
ering and plant height ratio, the accessions from bordering
countries generally showed significantly greater variance for
these traits versus the Iranian landraces (Table 4).

Ranking Accessions for Contribution
to Genetic Diversity
Based on both SNP and DArT rankings, accessions in the
most diverse group had significantly shorter plant stature
and earlier maturity compared with those ranked as the
least diverse (Table 5). Also, the variation in these traits was
significantly greater in nearly all instances for accessions
ranked in the most diverse group. For example, the stan-
dard deviation for the descriptor days to anthesis was 41.8
for accession classified as most diverse based on SNP data,
but only 31.9 for those classified as least diverse (Table 5).
With respect to disease and insect resistance descrip-
tors, resistance to the rust diseases was significantly more
frequent among the most diverse category compared with
the least diverse category, except for stripe rust based on
DATT ranking of diversity (Table 6). The opposite result
was found for resistance to the bunt diseases and RWA,
since the least diverse group showed a higher frequency
of resistance based on both the SNP and DArT diversity
categories (Table 6).

Landraces from Iran and winter habit accessions were
underrepresented in the most genetically diverse accessions
based on both marker types, whereas breeding lines and
spring habit accessions were overrepresented (Table 6).

DISCUSSION

Crop germplasm collections, such as the NSGC, are valu-
able resources for plant breeders and other scientists working
in the area of crop improvement. Evaluation of the genetic
resources maintained in these collections is a prerequisite for
the effective use of these materials (Hawkes, 1981). Tradition-
ally, phenotypic assessments have been the basis of germplasm
evaluations, but the use of molecular markers and other new
molecular biological tools is increasing our understanding of
the natural genetic variation present in crop germplasm collec-
tions. A deeper understanding of this genetic variation should
enable more efficient management of our germplasm resources
and more effective use of them in practical breeding work.
Such understanding is particularly important for wheat, since
yield increases from 1980 to 2010 have declined to 0.8% per
year (Graybosch et al., 2014), a level where production gains
will not keep pace with demand (Reynolds et al., 2012).

In the present study, many accessions within the T
aestivum core subset were closely related or even identi-
cal based on marker profile. Passport data sometimes gave
clues as to how the duplication arose. For example, the
landraces Nulsu Misu (PI87116) and Ejuiea (PI87117) were
both collected before 1930 by the same scientist, P. Dorsett
from the USDA, in the same location in Korea. It is likely
a single Korean landrace was known by two names, and
this genotype was collected as two accessions. Another
example is PI191303, listed as the cultivar Alba from Bel-
gium and having the same marker profile as Cltr13256, a
cultivar from Netherlands also named Alba. These types of
duplication probably account for most of the cases where
two or three accessions have matching marker data.

Results from near duplication based on SNP data also
revealed relationships among accessions that were not evi-
dent based on accession origin, but were consistent based
on passport data. For example, PI266822 was released as the
cultivar Tainui in New Zealand in 1939, yet except for two
of 5644 SNP7s, it shares the identical marker profile as two
accessions from Portugal that were received by the National
Plant Germplasm System in the first halt of the 20th century.
Information recorded in GRIN indicates that Tainui was a
selection from Portugal 19, thus establishing that the marker
results parallel the information on origin of the accession.

To maintain a high degree of genetic diversity within a
manageable number and size of samples (Porceddu and Dam-
ania, 1991; Hawkes, 1981), it is important to avoid duplica-
tion of accessions. Because the marker data are based on
single plant selections from each accession, accessions show-
ing absolute identity based on the marker data warrant further
study to determine if they also appear to be identical based on
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Table 4. Comparison of phenotypic variation within Iranian landrace accessions to that of landrace accessions from countries
bordering Iran. Analysis used all available GRIN Triticum aestivum data for the descriptors days to flowering and plant height

ratio, grouped by plant habit.

Days to flowering

Plant height ratio

Relative standard

Relative standard

Habit Country of origin n Mean deviationt n Mean deviationt
Facultative Iran 539 1.51 1.00 538 1.76 1.00
Turkey 499 1.48 1.09 499 1.85 117
Afghanistan 76 1.55 1.28** 76 1.83 115
Pakistan 208 1.41 1.69** 208 1.67 1.31*
Spring Iran 2792 1.40 1.00 2792 1.76 1.00
Turkey 1505 1.44 111 1506 1.86 1.07*
Afghanistan 907 1.42 1.24** 906 1.8 113
Pakistan 542 1.30 1.41** 542 1.79 1.25**
Armenia and Azerbaijan 33 1.48 1.05 33 1.89 0.96
Iraq 73 1.25 0.93 73 1.81 1.26%*
Winter Iran 3764 1.54 1.00 3766 1.77 1.00
Turkey 381 1.53 115 381 1.84 1.11
Afghanistan 532 1.54 1.37** 533 1.86 1.24**
Pakistan 62 1.41 1.19 62 1.72 1.39**
Armenia and Azerbaijan 32 1.56 1.14 32 2.06 1.48**

* Significantly different from the standard deviation of accessions from Iran by the O’Brien test for unequal variances (P < 0.05).

** Significantly different from the standard deviation of accessions from Iran by the O’Brien test for unequal variances (P < 0.01).

 Standard deviation relative to that of accessions from Iran.

Table 5. Mean and standard deviation of four GRIN descriptors among common wheat accessions from the USDA-ARS
National Small Grains Collection core subset grouped by genetic diversity as assessed with molecular markers.

SNP diversity category DAIT diversity category

GRIN Most Least Most Least
descriptort Statistic Prob > F* diverse diverse Prob > F diverse diverse

Days to anthesis Mean 0.001 101.2 106.4 ns 1021 105.3

Standard deviation <0.0001 41.9 31.8 0.001 40.2 35.4

Days to flowering Mean <0.0001 1.3 1.5 <0.0001 1.3 1.4

Standard deviation 0.04 0.19 0.18 ns 0.2 0.2

Plant height Mean <0.0001 1121 121.5 <0.0001 114.5 118.0

Standard deviation <0.0001 20.7 18.2 0.0004 21.2 19.0

Plant height ratio Mean <0.0001 1.7 1.8 <0.0001 1.8 1.8
Standard deviation <0.0001 0.33 0.28 <0.0001 0.33 0.29

T Days to anthesis (n = 2196) was the number of days from 1 January when 50% of the spikes are fully exerted from the boot; days to flowering (n = 3063) was the value
recorded for days to anthesis expressed as a ratio to days to anthesis for a standard check; plant height (n = 3061) was the average height of plants at maturity, measured
in centimeters from the ground to top of the spike, excluding awns; plant height ratio (n = 2297) was the value recorded for plant height expressed as a ratio to plant height

for a standard check.

* Obrien’s test for unequal variances for standard deviations; Welch ANOVA test for means equal allowing for standard deviations not equal.

important phenotypic traits. Such information will be useful
for efficiently managing the collection in the future.

The various analyses in the present study support the
hypothesis that most of the population structure within the
iCore is due to differences between the Iranian landrace
accessions acquired in the late 1990s and the rest of the iCore.
This result has implications for studies using the iCore for
association analysis, where population structure can lead
to false positive associations (Viljalmsson and Nordborg,
2013). Work is currently underway to obtain phenotypic
data from the single plant selections from the NSGC wheat
core accessions used in the present study. Fortuitously, there
are a large number of Iranian landraces included within the
NSGC core, and, therefore, it may be most advantageous to
analyze for marker—trait associations within these landraces

separately from the rest of the core subset. Such an approach
would avoid potential loss of information by overcorrecting
for the effects of population structure when analyzing the
whole core subset as a single dataset.

Not only are the Iranian landrace accessions different,
they are also less diverse as a group than the other T. aes-
tivum accessions in the iCore. The Iranian landrace acces-
sions had a lower PIC value compared with other groups
of accessions (Table 3), were less diverse compared with
landraces from all adjacent countries except Pakistan, and
were more commonly found in the less diverse half of the
iCore based on the contribution to diversity ranking. Even
though 655 SNPs included in the Infinium 9K iSelect
platform were “...discovered in a diverse panel of wheat
landraces...” (Cavanagh et al., 2013), it is possible that the
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Table 6. Percentage resistance, improvement status category, and habit among common accessions from the USDA-ARS
National Small Grains Collection core subset grouped by genetic diversity as assessed with molecular markers.

SNP diversity category

DAIrT diversity category

Descriptor Most Least Most Least
category? Trait n P} diverse diverse P diverse diverse
Resistance Russian wheat aphid 2350 <0.0001 0.5 2.9 0.03 1.0 2.1
Bunt 2862 0.002 0.9 2.4 0.04 1.2 2.1
Stem rust 1274 <0.0001 25.5 8.8 <0.0001 26.4 11.6
Stripe rust severity 2326 0.0001 30.4 23.3 ns$ 27.3 26.3
Stripe rust infection type 1865 <0.0001 38.5 27.0 ns 33.7 31.3
Leaf rust 2362 <0.0001 7.7 3.2 <0.0001 7.7 3.7
Improvement Breeding line 666 <0.0001 76.4 23.6 <0.0001 66.3 33.7
status
Cultivar 774 ns 50.5 49.5 ns 461 53.9
Landrace 856 ns 48.0 52.0 ns 50.5 49.5
Landrace-Iran 512 <0.0001 1.9 88.1 <0.0001 36.5 63.5
Uncertain 422 <0.0001 57.6 42.4 ns 46.8 53.2
Habit Facultative 162 ns 45.3 54.7 <0.04 1.7 58.3
Spring 1833 <0.0001 62.8 37. <0.0001 58.5 1.5
Winter 1223 <0.0001 315 68.5 <0.0001 38.5 61.5

 Data from the Germplasm Resources Information Network and classified as follows: Russian wheat aphid seedling score for Biotype 1 greenhouse trials of 3 or less =
resistant; relative bunt incidence from field trials of less than 5% = resistant, combining dwarf and common bunt resistance and considering an accession susceptible if >5%
in any single trial; stem rust adult plant field rating of 2 or less = resistant; stripe rust adult plant rating of infection type of 2 or less in two trials = resistant, a rating of 8 in at
least one trial = susceptible; stripe rust adult plant severity rating of 5% or less in two trials = resistant, susceptible if severity of 20% or more in at least one trial; leaf rust

seedling score from greenhouse trials of 2 or less = resistant.

+ P is the probability of independence of the two variables, trait and diversity category, based on Fisher’s exact test for the descriptor category resistance and the x? test for

descriptor categories improvement status and habit.
§ ns, not significant.

genetic diversity within the Iranian landraces was under-
represented resulting in ascertainment bias in the SNP
discovery process. However, using the largest available T.
aestivum datasets in GRIN, the Iranian landraces showed
less variation in days to flowering and plant height ratio
compared with the landraces from bordering countries
(Table 4). This result supports the findings from the iCore
SNP analysis; the landrace accessions from Iran were less
diverse than other landraces within the collection. Further
work using a genotyping by sequencing approach will be
needed to determine the degree to which ascertainment
bias might possibly influence the assessment of genetic
diversity among various groups of NSGC accessions.

In spite of the fact that the Iranian landraces appeared
to be less diverse as a group, these materials contributed
genetic variation to the collection that was not well repre-
sented otherwise, as illustrated by Cluster 10 (Fig. 2), which
is made up of accessions of all growth habit types mostly
from Iran and is distinct from the rest of the iCore. Similarly,
these accessions were distinct when compared with other
improvement status groups based on other analyses includ-
ing PCoA and Rogers genetic similarity index. Although
nearly 90% of the Iranian landraces were found within the
least diverse group based on diversity ranking using SNP
data, this group had more frequent resistance to bunt disease
and RWA compared with the most diverse group. Russian
wheat aphid and bunt resistance are relatively rare in the
collection as a whole (Bonman et al., 2006; Porter et al.,
1993). If the core subset were assembled based only on the

diversity of molecular marker loci (e.g., using contribution
to diversity ranking), the frequency of these rare but agro-
nomically important alleles would have been reduced. This
result fits with the findings of Reeves et al. (2012), who
concluded that generating core collections based on neutral
marker data would not necessarily result in greater allelic
variation for important agronomic loci that have been
under selection. Thus, establishing the core subset based on
geographic origin was a reasonable approach as it captured
the rare resistances present within the Iranian landraces.

In contrast to the results with the rare resistances to
RWA and bunt, resistance to the rust diseases was signifi-
cantly more frequent among the more genetically diverse
iCore accessions. These more diverse accessions also
tended to have more spring habit accessions and breed-
ing lines. The greater rust resistance among this group is
likely related to breeding activity, and indeed rust resis-
tance was more frequent among breeding lines (data not
shown). The fact that accessions classified as breeding lines
were overrepresented among the most diverse half of the
iCore shows that plant breeding activity has enhanced the
genetic diversity of wheat within the NSGC.

In summary, the application of molecular marker
data in the present study provides a description of genetic
diversity within the NSGC core subset that was previously
impossible to obtain using only phenotypic data from
GRIN. Apparent duplication within the core subset was
more frequent than previously thought. This realization
provides new avenues for further study that could lead to
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much more efficient means of managing the collection.
Also, it is now clear that the Iranian landrace accessions
that were acquired by the NSGC in 1997, although rela-
tively less diverse as a group, contributed genetic variability
to that collection that was previously not well represented.
Finally, results from this work will provide a basis for work
beyond the core subset as advances in molecular technol-
ogy make it feasible to obtain and analyze extensive DNA
sequence information for the collection as a whole.
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