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     Population genetic analyses of crop gene pools can provide 
insight into the origin and subsequent evolution of crop plants 
and can also result in the identifi cation of novel sources of ge-
netic variation for the continued improvement of crop plants. 
Because of the importance of the Fertile Crescent region in the 
early origins of agriculture ca. 10   000 yr ago ( Zohary and Hopf, 
2000 ), numerous such studies have focused on species that 
were domesticated in this region. For example, crops such as 
barley ( Hordeum vulgare  L.;  Badr et al., 2000 ), Emmer wheat 
( Triticum dicoccum  Sch ü bl.;  Ozkan et al., 2002 ), Einkorn 
wheat ( Triticum monococcum  L.;  Heun et al., 1997 ), garden 
pea ( Pisum sativum  L.;  Palmer et al., 1985 ), chickpea ( Cicer 
arietinum  L.;  Abbo et al., 2003 ), and fl ax ( Linum usitatissimum  
L.;  Zohary and Hopf, 2000 ) were all domesticated in this re-
gion, as were several animal species ( Pedrosa et al., 2005 ; 
 Driscoll et al., 2007 ;  Naderi et al., 2008 ). The oilseed crop saf-
fl ower ( Carthamus tinctorius  L., Asteraceae) is also believed to 
have been domesticated in the Fertile Crescent, albeit more re-
cently than most other crops from this region ( Knowles and 
Ashri, 1995 ). 

 Saffl ower is a thistle-like, herbaceous crop that thrives in hot, 
dry climates. Because it is phenotypically differentiated from 
its progenitor species, grown over a much larger land area, and 
has a long history of cultivation, saffl ower has been described 

as a  “ strongly domesticated ”  species ( Dempewolf et al., 2008 ). 
Currently grown as an oilseed crop (saffl ower oil is very low in 
saturated fatty acids;  Knowles 1958 ), saffl ower has also been 
proposed as a platform for the production of plant-made phar-
maceuticals ( Lacey et al., 1998 ). It was, however, likely fi rst 
domesticated for its fl owers, which have traditionally served as 
a source of dye (carthamine) for various cultural uses. Floral 
extracts have also been used as a food additive (in place of saf-
fron) and have been valued for their various medicinal prop-
erties ( Weiss, 1971 ). The earliest  Carthamus  seed remains, 
which are thought to be the remnants of early saffl ower cultiva-
tion, are from northern Syria (dating to ca. 2500 yr BC;  van 
Zeist and Walterbolk-van Rooijen, 1992 ), making it consider-
ably younger than most other Fertile Crescent domesticates. 
Additional saffl ower seeds have been found in the ca. 1325 BC 
tomb of Tutankhamen in Egypt, and saffl ower garlands have 
also been found adorning Egyptian mummies dating to ca. 1600 
BC ( Zohary and Hopf, 2000  and references therein). 

 A recent DNA sequence-based analysis of  Carthamus  sect. 
 Carthamus  has revealed that the progenitor species of saffl ower 
is most likely  C. palaestinus  Eig, a self-compatible species na-
tive to the region spanning southern Israel to western Iraq 
( Chapman and Burke, 2007 ). Moreover, another species that 
was previously implicated in the origin of saffl ower,  C. oxya-
canthus  Bieb. ( Ashri and Knowles, 1960 ), was found to be 
more distantly related than originally thought ( Chapman and 
Burke, 2007 ). These three species have been shown to be genet-
ically distinct from one another based on variation at a series of 
simple-sequence repeat (SSR) markers ( Chapman et al., 2009 ), 
but relatively little is known about differentiation within the 
saffl ower gene pool. 

 Early researchers proposed the existence of a number of cen-
ters of similarity within the saffl ower gene pool. Accessions 
within each of the proposed centers are known to be quite simi-
lar to one another with respect to certain attributes such as 
height, branching, head size, and fl ower color, whereas differences 
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providing us with novel evolutionary insights, these data also 
allowed us to identify lineages that are likely to harbor un-
tapped diversity. 

 MATERIALS AND METHODS 

 Seed sources and DNA extraction  —    Seeds from 76 accessions (popula-
tions) of  Carthamus tinctorius , one of  C. palaestinus , and two of  C. oxyacan-
thus  were obtained from the USDA Agricultural Research Service Germplasm 
Resources Information Network (ARS-GRIN; http://www.ars-grin.gov/). 
Seventy of the saffl ower accessions represented  Ashri ’ s (1975)  10 putative 
centers of similarity (populations were coded as per  Table 1B ), with four to 
eight accessions from each (Appendix 1). These 70 accessions are referred to 
throughout the manuscript as native saffl ower accessions because they are not 
thought to represent secondary introductions. The remaining six, on the other 
hand, were North American accessions that were not included in the primary 
analyses because they represent secondary introductions that occurred in the 
last ca. 100 yr ( Knowles, 1958 ). Because just one  C. palaestinus  accession 
was available, three additional DNA extractions from  C. palaestinus  herbar-
ium samples ( Chapman and Burke, 2007 ) were also included in the analyses 
outlined below. 

 Seeds from all accessions were clipped to break dormancy and germinated 
on damp fi lter paper. Seedlings were then transferred to soil and allowed to 
grow for 2 – 3 wk prior to DNA extraction. Extractions were performed on 
young leaf tissue using the standard CTAB procedure ( Doyle and Doyle, 1990 ); 
however, dichloromethane was used instead of chloroform/isoamyl alcohol. 
DNA was extracted from three to fi ve individuals of each saffl ower accession, 
12  C. palaestinus  individuals from the USDA accession, and six individuals 
from each of the  C. oxyacanthus  accessions. 

 Nuclear markers  —    Twenty-four expressed sequence tag (EST)-SSR primer 
pairs (Appendix 2) developed by  Chapman et al. (2009)  were used to amplify 
DNA from all sampled individuals. Forward primers had a universal  “ tail ”  ap-
pended to their 5  ′   end such that inclusion of a third (fl uorescently labeled) 
primer in the reaction produced a fl uorescently labeled PCR product ( Schuelke, 
2000 ). Each PCR contained 10 ng of template DNA, 30 mM tricine (pH 8.4)-
KOH, 50 mM KCl, 2 mM MgCl 2 , 100   μ  M each dNTP, 0.02   μ  M forward primer 
(with a 5  ′  -CACGACGTTGTAAAACGAC-3  ′   tail), 0.1   μ  M reverse primer, 
0.1   μ  M fl uorescently labeled primer (5  ′  -CACGACGTTGTAAAACGAC-3  ′   la-
beled with HEX or FAM), and one unit of  Taq  DNA polymerase. Cycling con-
ditions followed a  “ touchdown ”  protocol as follows: initial denaturation at 
95  °  C for 3 min; 10 cycles of 30 s at 94  °  C, 30 s at 65  °  C (annealing temperature 
was reduced by one degree per cycle), and 45 s at 72  °  C; 30 cycles of 30 s at 94  °  C, 
30 s at 55  °  C, and 45 s at 72  °  C; and a fi nal extension time of 20 min at 72  °  C. 

 Amplicons from three to six primer pairs were combined based on nonover-
lapping fragment sizes and/or different fl uorescent labels (HEX or FAM) and 
diluted 1   :   15 in water. Then 3   μ  L of this mixture was added to 7   μ  L of forma-
mide containing 0.2   μ  L the ROX-labeled MapMarker1000 ladder (BioVentures, 
Murfreesboro, Tennessee, USA) and resolved on an ABI 3730xl DNA sequencer/
genotyper (Applied Biosystems, Foster City, California, USA). Alleles were 
called using GeneMarker ver. 1.51 (SoftGenetics, State College, Pennsylvania, 
USA), and patterns of population genetic variation were analyzed as follows. 

 The program GDA ( Lewis and Zaykin, 2001 ) was used to calculate the fol-
lowing statistics:  A  (number of alleles per locus) and  H  e  (expected heterozygos-
ity [i.e., gene diversity]). This same program was also used after the Bayesian 
cluster analysis (see below) to calculate the  A  and  H  e  on a per-cluster basis. One 
thousand randomized between-population distance matrices were then com-
puted in the program MSA ( Dieringer and Schl ö tterer, 2003 ) using Nei ’ s ge-
netic distance ( Nei et al., 1983 ), and these matrices were used to construct a 
bootstrapped neighbor-joining (NJ) tree with the program PHYLIP ( Felsen-
stein, 2004 ; programs CONSENSE and NEIGHBOR). 

 Principal coordinate analysis (PCO) was carried out using the program 
GenAlEx ( Peakall and Smouse, 2002 ) to transform the multidimensional genetic 
distances between populations into a two-dimensional representation that ex-
plains as much of the observed variance as possible. Because GenAlEx cannot 
handle raw genotypic data derived from more than ~125 individuals, the be-
tween-population distance matrix was fi rst computed in MSA (above). For this 
analysis, each of the native saffl ower accessions was treated as a population, as 
were the three herbarium samples of  C. palaestinus . Note that  C. oxyacanthus  
was not included in this analysis because the divergent nature of this species 
signifi cantly reduced the ability to distinguish clusters within saffl ower. 

are evident between the centers.  Knowles (1969)  initially iden-
tifi ed seven such centers ( Table 1A ) : (1) the Far East, (2) India –
 Pakistan, (3) the Middle East, (4) Egypt, (5) Sudan, (6) Ethiopia, 
and (7) Europe. In contrast,  Ashri (1975)  used additional mor-
phological descriptors to split the Middle East center into three 
centers (Iran – Afghanistan, Near East, and Turkey), and he 
added Kenya as a separate center ( Table 1B ). The morphologi-
cal differentiation among the proposed centers of similarity 
suggests that genetic discontinuities might likewise exist be-
tween centers. Unfortunately, the extent to which accessions 
within centers are genetically more similar to one another than 
accessions from different centers remains unclear. 

 To date, analyses of the partitioning of genetic variation 
across the saffl ower gene pool have been limited to surveys 
based on random (and largely dominant) nuclear markers (i.e., 
RAPDs, ISSRs, and AFLPs). Genetic structuring is evident be-
tween accessions ( Sehgal and Raina, 2005 ), though  Amini et al. 
(2008)  argued that genetic and morphological similarity are 
only weakly correlated.  Johnson et al. (2007)  included acces-
sions from all of  Knowles ’  (1969)  seven centers in an analysis 
of AFLP variation, but they did not investigate the correspon-
dence between these morphologically defi ned groups and un-
derlying patterns of genetic differentiation. Rather, accessions 
from Sudan, Egypt, and Kenya were grouped as East Africa, 
and accessions from Egypt, Syria, Turkey, and other European 
countries were grouped as Mediterranean. Nonetheless, three of 
the nine groupings obtained using a Bayesian clustering pro-
gram contained a predominant population group that corre-
sponded to Knowles ’  Far East, Middle East, and European 
centers ( Johnson et al., 2007 ), suggesting that at least some of 
the proposed centers are biologically real. 

 Here, we describe a survey of genetic diversity across a 
broad collection of  Carthamus  accessions, including a diverse, 
globally representative array of saffl ower lineages as well as 
accessions of both  C. palaestinus  and  C. oxyacanthus . All 
sampled individuals were genotyped with a suite of codomi-
nant, gene-based nuclear markers along with a pair of chloro-
plast DNA (cpDNA) markers. As such, the resulting data 
provided us with a detailed understanding of the partitioning 
of genetic variation across the saffl ower gene pool with respect 
to the geographic origin of the cultivars and allowed us to test 
the hypothesis that the proposed centers of similarity do, in 
fact, correspond to genetically distinctive subunits. Beyond 

  Table  1. Summaries of the two previous classifi cations of the saffl ower 
gene pool based on morphological variation (A and B) and a 
comparison with the results of this study based on inferred genetic 
similarity (C). For ease of cross-referencing elsewhere in this paper, 
accessions were assigned a two-letter prefi x corresponding to their 
geographic region of origin following  Ashri ’ s (1975)  hypothesized 10 
centers of similarity (B). 

A)  Knowles (1969) B)  Ashri (1975) C) This study

Near East (NE) Near East
Middle East Iran/Afghanistan (IA) Iran  &  Afghanistan, 

TurkeyTurkey (Tu)
Egypt Egypt (Eg) Egypt, Ethiopia, (Sudan)
Ethiopia Ethiopia (Et)
Sudan Sudan (Su)
Far East Far East (FE) Far East, India/Pakistan, 

(Sudan)India/Pakistan India/Pakistan (IP)
Europe Europe (Eu) Europe

Kenya (Ke)
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 RESULTS 

 Nuclear SSR variation   —      Across species, the 24 EST-SSR 
loci amplifi ed between 3 and 15 alleles per locus (mean 7.5), 
and expected heterozygosity ranged from 0.10 to 0.84 (mean 
0.44). Considering just the native saffl ower accessions, these 
numbers fell to between 2 and 14 alleles per locus (mean 5.9), 
and expected heterozygosity ranged from 0.03 to 0.84 (mean 
0.39). The NJ analysis ( Fig. 1A )  revealed that  C. oxyacanthus  
is genetically distinct from  C. palaestinus  and the native saf-
fl ower accessions (100% bootstrap support). The two  C. pa-
laestinus  populations were found at the base of the saffl ower 
clade, with one of them falling within a small, unsupported 
clade comprised of two saffl ower accessions from Sudan and 
one from Kenya. The positioning of  C. palaestinus  relative to 
saffl ower is thus consistent with a progenitor-derivative species 
relationship. An anomalous Turkish accession of saffl ower 
(Tu273) was found along the branch separating  C. oxyacanthus  
from  C. palaestinus /saffl ower. Bootstrap support (BS) was low 
for the majority of branches within saffl ower; however, a nota-
ble exception is a clade with 93% BS comprising all four Ethi-
opian accessions ( Fig. 1A ). 

 Although the PCO plot exhibits overlap between accessions 
from different geographic regions ( Fig. 1B ), some geographic 
structuring is apparent. For the most part, this structuring is 
similar to that revealed by the NJ analysis. For example, acces-
sions from Iran – Afghanistan and Turkey are closely allied in 
both the PCO1 vs. PCO2 ( Fig. 1B ) and PCO1 vs. PCO3 (data 
not shown) plots, as are Egypt and Ethiopia. The majority of 
accessions from the Near East, India – Pakistan, and Europe also 
form fairly tight clusters in the PCO1 vs. PCO2 plot, but with 
some outlier populations. In contrast, the accessions from Ke-
nya and Sudan are less tightly clustered. 

 The STRUCTURE analysis revealed that the most likely 
number of clusters (when  C. oxyacanthus  was excluded; see 
above) was fi ve. In each of these fi ve clusters, accessions from 
one or two of the 10 presumptive centers of similarity ( Table 1 ) 
predominated ( Fig. 2 ).  Cluster 1 contained the majority of Near 
East accessions. The two  C. palaestinus  populations (i.e., the 
USDA accession as well as the three herbarium specimens, 
which were grouped together) also had the highest percentage 
membership in this cluster. Cluster 2 contained six of seven 
Turkish accessions (the seventh did not cluster with the re-
mainder in the NJ tree or PCO analysis, either) and all acces-
sions from Iran – Afghanistan. Cluster 3 contained seven of the 
eight Egyptian accessions and all four Ethiopian accessions. 
Cluster 4 primarily consisted of accessions from Europe, 
whereas cluster 5 was primarily composed of accessions from 
India – Pakistan and the Far East. Accessions from Sudan and 
Kenya were split between clusters 3 and 5. While accessions 
with mixed ancestry could result either from the occurrence of 
individuals with mixed ancestry or from the averaging together 
of  “ pure ”  individuals that show an affi nity for different clus-
ters, we found that the former scenario predominated, In other 
words, individuals within accessions were genetically quite 
similar to one another. 

 The Bayesian clustering program STRUCTURE ( Pritchard et al., 2000 ) was 
then used to identify distinct genetic subgroups within the data set, independent 
of any prior information concerning the geographic origin of the accessions. 
The most likely value of  K  (i.e., the estimated number of clusters) was deter-
mined following  Evanno et al. (2005) . After preliminary analyses revealed that 
the inclusion of  C. oxyacanthus  within the data set always resulted in the most 
likely number of clusters being two ( C. oxyacanthus  vs.  C. palaestinus  and the 
native saffl ower accessions), thereby obscuring any possible substructuring 
within saffl ower, this species was removed. Five runs (50   000 replicates after a 
10   000 replicate burn-in) for each value of  K  between two and 12 were per-
formed. Once the most likely value of  K  was determined, the proportion of 
membership in each of the  K  clusters was averaged across runs. 

 The STRUCTURE analysis was then repeated to investigate the origin of 
the North American saffl ower accessions. Given the results of the initial 
STRUCTURE analysis (see below), this follow up analysis was performed with 
 K  = 5 clusters. The original data set was culled to include only those native 
saffl ower accessions that showed  > 50% membership in a single cluster, and the 
six North American accessions were added. Individuals assigned to each of the 
fi ve clusters were then treated as  “ learning samples ”  with the USEPOPINFO 
feature turned on. Individuals from the North American accessions were treated 
as unknowns, and STRUCTURE was used to infer their ancestry. This analysis 
was otherwise performed as described above, and the results were found to be 
consistent across runs. 

 cpDNA sequence variation   —     Ten primer pairs were used to amplify inter-
genic and intronic regions of the chloroplast genome from eight individuals of 
diverse origin (one each from Knowles ’  seven centers; accessions Eu895, Tu624, 
NE285, Et473, IP889, FE342, Eg613, plus one  C. palaestinus  individual). The 
 trnC-trnD  region was amplifi ed in three parts using primers  trn C- pet N2R, 
 pet N1- psb M2R, and  psb M2- trn D ( Lee and Wen, 2004 ), the  atpB-rbcL  spacer 
was amplifi ed using primers  atp B-1 and  rbc L-1 ( Chiang et al., 1998 ), the  trnK-
rps16  spacer was amplifi ed using primers  trn K5  ′  r ( Johnson and Soltis, 1995 ) and 
 rps 16-4547mod ( Kress et al., 2005 ), the  trnY-rpoB ,  trnL-rpl32 , and  ndhC-trnV  
spacers were amplifi ed using primers in ( Timme et al., 2007 ), the  trnL  gene/ trnL-F  
spacer was amplifi ed using primers C and F ( Taberlet et al., 1991 ), and the  trnS-
psbC  spacer was amplifi ed using primers of  Demesure et al. (1995 ). The last of 
these regions was previously shown to be polymorphic in saffl ower by  Sehgal 
et al. (2008) . Some of the remainder were selected because of previous reports 
of high interspecifi c variation ( Kress et al., 2005 ;  Timme et al., 2007 ). 

 PCR conditions were the same as for the nuclear SSRs except that the fi nal 
annealing temperature was increased to 60  °  C for the  trnL  gene/ trnL-F  spacer 
and the  trnS-psbC  spacer. In addition, three internal sequencing primers were 
designed for the  trnS-psbC  spacer (trnS2, 5  ′  -ATTCCTTTTTCAAATCCT-
GCTG-3  ′  ; psbC2, 5  ′  -CTTTTAGGACCTGAGACGCTTG-3  ′  ; and trnS3, 
5  ′  -TGGGTCCGTAAAACTCACTAGG-3  ′  ). PCR products were also obtained 
for fi ve of the 10 primer pairs using the herbarium DNA ( trn C- petN2R ,  petN1 -
 psbM2R ,  trnK - rps16 ,  trnL - rpl32 , and  trnL / trnL-F ). Finally, given the results of 
 Sehgal et al. (2008 ; see above), the  trnS-psbC  spacer was also sequenced in six 
individuals of  C. oxyacanthus . PCR purifi cation and sequencing followed pre-
viously published protocols ( Chapman and Burke, 2007 ), and all sequences 
were deposited in the NCBI GenBank database (accession numbers 
GU990407 – GU990520). 

 Sequence alignments were constructed in the program Genedoc ( Nicholas 
and Nicholas Jr, 1997 ), and polymorphisms were identifi ed by eye. Two of the 
regions that contained polymorphisms corresponding to restriction site differ-
ences (i.e.,  petN1 - psbM2R  and  trnL - rpl32 ) were then used for PCR-RFLP 
analysis on one individual from each of the 76 saffl ower accessions, all 12  C. 
palaestinus  individuals, and the 12  C. oxyacanthus  individuals. For these 
analyses, the PCR primers and conditions were the same as those described 
above. Five microliters of the resulting PCR was then mixed with 5   μ  L cock-
tail containing 2 units of the appropriate restriction enzyme ( Table 2 ),  1   μ  L 
enzyme buffer, 0.1   μ  L bovine serum albumin (if applicable) and ddH 2 O. Re-
actions were incubated at 37  °  C for 3 h, followed by enzyme inactivation at 
80  °  C for 15 min. RFLPs were then resolved on 1.5% agarose gels stained with 
ethidium bromide. 

  Table  2. Polymorphisms and restriction enzymes used to distinguish the three cpDNA haplotypes. 

Region Haplotype A Haplotype B Haplotype C Restriction enzyme

 petN1-psbM2R aatAaattgatt aatCaattgatt aatAaattgatt  Mfe I (CAATTG)
 trnL-rpl32 catCttagaag catTttagaag catTttagaag  Dde I (CTNAG)
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total of ~9.1 kb of sequence collected from eight individuals. 
Five of these regions (totaling 3.8 kb) were also sequenced from 
the three herbarium accessions of  C. palaestinus . These vari-
ants resolved into three haplotypes within the sequenced indi-
viduals, with the Tu624 and IP889 individuals having haplotype 
A, one  C. palaestinus  individual (herbarium extraction pal98) 
having haplotype C and the remaining eight individuals (fi ve 
saffl ower plus three  C. palaestinus ) having haplotype B. De-
spite a report of a ca. 60-bp indel in the  trnS-psbC  spacer of one 
 C. tinctorius  and one  C. oxyacanthus  individual ( Sehgal et al., 
2008 ), only one single nucleotide polymorphism (SNP) was re-
solved in this region even after an additional six  C. oxyacanthus  
individuals were sequenced. 

 Two of the polymorphisms that could distinguish the three 
haplotypes ( Table 2 ) were selected for RFLP investigation on a 
single individual from each of the sampled native saffl ower ac-
cessions, plus all  C. palaestinus  and  C. oxyacanthus  individuals. 

 An analysis of the native saffl ower accessions on a per-clus-
ter basis (and excluding those accessions without  > 50% mem-
bership in any one cluster) revealed that expected heterozygosity 
was highest in the Near East cluster (cluster 1; 0.348) and low-
est in Europe (cluster 4; 0.265) and India – Pakistan (cluster 5; 
0.287). The reanalysis of these data using STRUCTURE (and 
including the six North American saffl ower accessions) re-
vealed that the North American accessions belong to clusters 
2, 3, or 4 (one accession from the USA belongs to cluster 2, 
one accession from Mexico belongs to cluster 3, two acces-
sions from the USA and one from Canada belong to cluster 4, 
and the fi nal Canadian accession is split between clusters 3 and 
4; Appendix 1). 

 Chloroplast DNA variation   —      Ten polymorphic cpDNA sites 
(nine single nucleotide polymorphisms [SNPs] and one length 
variation in the poly A region;  Table 3 )  were identifi ed from a 

 Fig. 1.   Relationships between  Carthamus  accessions. (A) Neighbor-joining tree of the 70 native saffl ower accessions, two  C. palaestinus  accessions, 
and two  C. oxyacanthus  accessions. Bootstrap percentages greater than 75% are indicated. (B) Principal coordinate analysis (PCO) of the 70 native saf-
fl ower accessions plus two accessions of  C. palaestinus  based on genotypic information from 24 nuclear SSR loci. The geographic origin of each species 
is indicated by symbols.   
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 Fig. 2.   Results of STRUCTURE analysis. Populations are ordered (top to bottom) according to (1) cluster with greatest proportion of membership and 
(2) percentage of membership to that cluster. The names of populations with  > 50% membership to the same cluster are shaded. Population names are 
prefi xed to identify their place of origin (see  Table 1 ). Chloroplast haplotypes are depicted next to the population name.   
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 In saffl ower, DNA sequence variation has been used to 
identify the progenitor species ( C. palaestinus ;  Chapman and 
Burke, 2007 ), and random nuclear markers have been used to 
distinguish between cultivars (e.g.,  Sehgal and Raina, 2005 ; 
 Johnson et al., 2007 ;  Amini et al., 2008 ). Until now, however, 
there has been no detailed population genetic analysis of the 
saffl ower gene pool, and the centers of similarity hypothesis 
of  Knowles (1969)  and  Ashri (1975)  has remained untested at 
the molecular level. Based on the data presented herein, the 
saffl ower gene pool appears to be composed of fi ve somewhat 
distinct centers of genetic similarity.  Table 1  highlights the 
similarities and differences between the  Knowles (1969)  and 
 Ashri (1975)  classifi cations (see the introduction for details) 
and the results of this study ( Figs. 1, 2 ). 

  Ashri (1975)  proposed that  Knowles ’  (1969)  grouping of all 
Middle Eastern accessions of saffl ower was incorrect due to 
morphological differences between the Near East, Iran – 
Afghanistan, and Turkish accessions. Based on our data, how-
ever, the Iran/Afghanistan and Turkish accessions indeed 
appear to be genetically quite similar ( Fig. 2 ; cluster 2), with the 
Near East accessions being distinct (cluster 1). Accession 
NE759 is the only Iraqi accession, and the fact that it groups 
with Iran/Afghanistan ( Fig. 2 ) suggests that this group might 
extend farther west than previously believed, with the Near East 
cluster occurring west of Iraq. In addition, both  Knowles (1969)  
and  Ashri (1975)  separated the Far East accessions from the 
India and Pakistan accessions, though they are similar enough 
to be grouped together based on our genetic data (cluster 5). 
The two India/Pakistan accessions that do not cluster with the 
balance of lines from that region are both from Bangladesh and 
thus might represent a secondary introduction, perhaps via 
trade, as opposed to lines native to Bangladesh. 

 Our STRUCTURE results placed the Egyptian and Ethio-
pian accessions (along with some from Sudan) into one group 
(cluster 3;  Fig. 2 ), though the NJ tree separates these groups of 
accessions ( Fig. 1A ).  Knowles (1969)  noted that traditional 
Sudanese types were found in northern Sudan and southern 
Egypt, an area that was fl ooded by the construction of the As-
wan High Dam in the 1960s. People from that region were 
displaced and are thought to have taken seeds of their crops 
north with them ( Knowles, 1969 ). It is thus possible that a 
merging of the Sudanese and Egyptian types has occurred. In 
addition, American varieties were being fi eld-tested in Egypt 
in the 1960s ( Knowles, 1969 ) and were likely widely distrib-
uted during subsequent years, perhaps diluting the native 
Egyptian and former-Sudanese accessions. Regardless of the 
cause, our STRUCTURE results suggest that the saffl ower 
lines from Northeast Africa comprise a single, more-or-less 
distinct gene pool. 

 It is worth noting here that similar patterns have been seen in 
other crop plants. For example, an analysis of genetic structure 
of soybean in its native range ( Li et al., 2008 ) revealed qualita-
tively similar results to those found in the present investigation. 
More specifi cally, Bayesian clustering revealed that (1) genetic 
clusters of accessions did not always correspond well to mor-
phological groups of accessions and that (2) only a subset of 
these genetic clusters corresponded well with geographic ori-
gin. Both of these discordances are, to a greater or less extent, 
apparent within the saffl ower data set. Similarly, as noted 
above, morphological differentiation is not a good predictor of 
genetic differentiation in common bean ( Diaz and Blair, 2006 ; 
 Blair et al., 2007 ) and in fl ax, another oilseed crop that was 
domesticated in the Fertile Crescent ( Allaby et al., 2005 ), the 

Haplotypes are mapped onto the STRUCTURE results ( Fig. 2 ). 
The three herbarium DNAs each had a different cpDNA haplo-
type. Haplotypes A and C were also found in  C. oxyacanthus  
(nine and three individuals, respectively). Haplotype B was 
present in all individuals of the USDA accession of  C. palaes-
tinus . Twenty-three native saffl ower accessions contained hap-
lotype A, and 47 contained haplotype B ( Fig. 2 ). 

 Comparing the cpDNA haplotypes with the STRUCTURE 
results reveals that clusters 1, 2, and 5 contain accessions with 
both haplotypes. Cluster 3 contains only accessions with haplo-
type B, and all but one accession from cluster 4 exhibit haplo-
type B. The results for the North American accessions were all 
consistent with these fi ndings. 

 DISCUSSION 

 An understanding of the partitioning of genetic variation 
within crop gene pools can provide insight into the evolution of 
crop lineages and can also reveal untapped sources of genetic 
variation that could fuel future improvement efforts ( Tanksley 
and McCouch, 1997 ;  Yamasaki et al., 2005 ). Historically, re-
searchers have relied on patterns of morphological variation to 
make inferences about crop origins as well as relationships 
among lineages within a given crop. More recently, these issues 
have been investigated at the genetic level. In some cases, the 
morphological and genetic data are in agreement, but in other 
cases, they are not. For example, the early view (based on mor-
phology) was that maize had been domesticated on more than 
one occasion (reviewed in  Matsuoka, 2005 ). Genetic analyses 
have, however, subsequently revealed that maize is the product 
of a single domestication ( Matsuoka et al., 2002 ). Further, in 
common bean, which has long been known to have been do-
mesticated twice ( Becerra Velasquez and Gepts, 1994 ), mor-
phological analyses suggested the presence of seven distinct 
races. In contrast, genetic analyses have revealed the presence 
of just four ( Diaz and Blair, 2006 ;  Blair et al., 2007 ). 

  Table  3. Summary of aligned sequence length, number of polymorphisms 
and sequences of the three haplotypes for 10 cpDNA regions 
sequenced in a panel of seven saffl ower and one to four  C. palaestinus  
individuals. 

Region
Sequence 

 length
No. of 

polymorphisms

Haplotype

A B C

Monomorphic loci
    atpB-rbcL 831 0
    trnK-rps16   a  811 0
    trnY-rpoB 1049 0
Polymorphic loci
    trnC-petN2R   a 584 1 A 9 A 10 A 10 
    petN1-psbM2R   a 691 1 A C A
 psbM2-trnD 736 2 T, G A, T ?  b 
 trnL-rpl32   a 883 3 G, G, C A, A, T A, A, T
 ndhC-trnV 1202 1 C A ?  b 
 trnL/trnL-F  spacer  a 826 1 T C T
 trnS-psbC 1513 1 G A ?  b 
Total 9126 10

 a  This cpDNA region was sequenced from the  C. palaestinus  herbarium 
DNA extractions.

 b  Haplotype C was found in a single herbarium individual of  C. 
palaestinus  from which PCR products could not be obtained for all cpDNA 
regions.
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continued improvement of saffl ower in North America. Most 
notably, the Near East accessions, which comprise the most ge-
netically diverse subgroup that we identifi ed, appear to be rela-
tively distinct from the North American accessions included in 
our survey. 
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Accession Species Country of origin Center of origin PI number

IA597  C. tinctorius Afghan. Iran/Afghan. 304597
IA709  C. tinctorius Iran Iran/Afghan. 250709
IA984  C. tinctorius Iran Iran/Afghan. 405984
Ke295  C. tinctorius Kenya Kenya 209295
Ke296  C. tinctorius Kenya Kenya 209296
Ke297  C. tinctorius Kenya Kenya 209297
Ke300  C. tinctorius Kenya Kenya 209300
NE000  C. tinctorius Israel Near East 292000
NE268  C. tinctorius Jordan Near East 251268
NE281  C. tinctorius Israel Near East 209281
NE285  C. tinctorius Jordan Near East 251285
NE291  C. tinctorius Jordan Near East 251291
NE759  C. tinctorius Iraq Near East 253759
NE895  C. tinctorius Syria Near East 253895
NE896  C. tinctorius Syria Near East 253896
Su070  C. tinctorius Sudan Sudan 271070
Su529  C. tinctorius Sudan Sudan 305529
Su531  C. tinctorius Sudan Sudan 305531
Su534  C. tinctorius Sudan Sudan 305534
Su547  C. tinctorius Sudan Sudan 237547
Su548  C. tinctorius Sudan Sudan 237548
Su549  C. tinctorius Sudan Sudan 237549
Tu053  C. tinctorius Turkey Turkey 301053
Tu055  C. tinctorius Turkey Turkey 301055
Tu089  C. tinctorius Turkey Turkey 340089
Tu273  C. tinctorius Turkey Turkey 170273
Tu390  C. tinctorius Turkey Turkey 167390
Tu624  C. tinctorius Turkey Turkey 407624
Tu984  C. tinctorius Turkey Turkey 251984
Uz536  C. tinctorius Uzbekist.  305536
MEX111  C. tinctorius Mexico NA 537111
USA163  C. tinctorius USA NA 560163
USA418  C. tinctorius USA NA 572418
USA435  C. tinctorius USA NA 572435
CAN391  C. tinctorius Canada NA 592391
CAN207  C. tinctorius Canada NA 603207
pal1  C. palaestinus Israel NA 235663
ox2  C. oxyacanthus Pakistan NA 426428
ox753  C. oxyacanthus Pakistan NA 426488

   Appendix  1.  List of  Carthamus  accessions from the USDA Agricultural Research Service Germplasm Resources Information Network used in this 
investigation.  

Accession Species Country of origin Center of origin PI number

Eg0606  C. tinctorius Egypt Egypt 250606
Eg081  C. tinctorius Egypt Egypt 250081
Eg533  C. tinctorius Egypt Egypt 250533
Eg537  C. tinctorius Egypt Egypt 250537
Eg602  C. tinctorius Egypt Egypt 306602
Eg611  C. tinctorius Egypt Egypt 250611
Eg613  C. tinctorius Egypt Egypt 306613
Eg6606  C. tinctorius Egypt Egypt 306606
Et433  C. tinctorius Ethiopia Ethiopia 262433
Et473  C. tinctorius Ethiopia Ethiopia 193473
Et582  C. tinctorius Ethiopia Ethiopia 257582
Et930  C. tinctorius Ethiopia Ethiopia 343930
Eu042  C. tinctorius Morocco Europe 239042
Eu287  C. tinctorius Romania Europe 209287
Eu459  C. tinctorius Portugal Europe 613459
Eu465  C. tinctorius Spain Europe 613465
Eu527  C. tinctorius France Europe 253527
Eu677  C. tinctorius Algeria Europe 208677
Eu895  C. tinctorius Morocco Europe 195895
Eu980  C. tinctorius Italy Europe 576980
FE041  C. tinctorius China Far East 544041
FE342  C. tinctorius Japan Far East 279342
FE343  C. tinctorius Japan Far East 279343
FE345  C. tinctorius Japan Far East 279345
FE630  C. tinctorius China Far East 514630
FE787  C. tinctorius China Far East 568787
FE831  C. tinctorius China Far East 568831
FE992  C. tinctorius N. Korea Far East 576992
IP051  C. tinctorius India India/Pakist. 279051
IP202  C. tinctorius Pakistan India/Pakist. 250202
IP408  C. tinctorius Pakistan India/Pakist. 304408
IP470  C. tinctorius Bangla. India/Pakist. 401470
IP480  C. tinctorius Bangla. India/Pakist. 401480
IP581  C. tinctorius India India/Pakist. 401581
IP889  C. tinctorius India India/Pakist. 199889
IP994  C. tinctorius Pakistan India/Pakist. 259994
IA015  C. tinctorius Iran Iran/Afghan. 406015
IA283  C. tinctorius Afghan. Iran/Afghan. 220283
IA398  C. tinctorius Iran Iran/Afghan. 251398
IA595  C. tinctorius Afghan. Iran/Afghan. 304595

  Notes:  Afganist. = Afganistan, Bangla. = Bangladesh, Pakist. = Pakistan, Uzbekist. = Uzbekistan 
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   Appendix  2.  Microsatellite loci, primer sequences, and levels of polymorphism analyzed across 70 native saffl ower accessions.  

Locus FWD primer REV primer No. of alleles  H  e 

CT1.238 TCCACCTTCGGTACACCTTC CGAGCTCTGTTGCTGAAATG 2 0.460712
CT1.406 TTCCTTCCATGGCTACAACAC AAGAAGCGGCGGATAATAGG 3 0.160125
CT1.2042 TCTTCAACCACCACCAATTC AAACCACAGCGAAGATCACC 5 0.299302
CT1.2160 AACCACCGATTCATCGTCTC AAACACCACAGCTTCCGTTC 4 0.316798
CT1.2276 GTGGCTGGTTTGATTGATTG TGCAGTTGTTTGGATTCACAG 5 0.357291
CT1.3012 CCCCTTCCTCTTCTTCAACC GCGTAGCGACTGCCTTAATC 7 0.475829
CT1.3321 AATTCCATCACGGTTTCTGC CCCATCCCTCTTCCTCTCTG 5 0.598188
CT1.3436 GGCTCAACTCGACTCATCATC TTTCCTTCCTGCAACCTCTG 14 0.572186
CT1.3659 GCTGCGTTACCTCACTCCTC ATTGAGCAGCAATCCTCTGC 7 0.743255
CT1.4463 CTCGATGCCATTTCTAACCAC TCCTCCTGATCTCCACCATC 7 0.641982
CT1.5358 TGGCAGATTTGAAGGGAAAG CACTGGAGGAGAAGGAGCAC 2 0.10853
CT1.7092 CAGAGGCTTCCATCGATCAG GATCGTCCCAAATCATGACC 6 0.25856
EL384102 ACCACCGATGACTCACCTTC GCTCATCTTCTTCGGACAGC 7 0.259389
EL390720 CCATCATCTCCTCCTCCATC CCCACTTCAAACTTTTAGCACA 7 0.768849
EL393877 AACCCTCTCTCTACTCCCTAACG TGTGAACCCTCATCCATCTG 5 0.113033
EL394865 AACAATGGAGGAGGATGACG TTGTGAATTGCCAGACCTTG 2 0.029901
EL398063 ACGGAGTTCACAGGTGGTG TGTCGGCAGGTACGAGTATG 5 0.317728
EL399497 CCGATTCGAGATCCTGTTTC CCATTACCGATCGTTGTTTC 14 0.838093
EL401029 TCACCTTCTTCCTTACTTCTTTCC TCGACACGCAAACAAATCTC 5 0.125429
EL404104 CAATTTCTCACACACTTTCAACC ATGATTTCCTTTGGCAGCAG 6 0.696529
EL404597 TTCGAGTTGTGCCCTAAACC GTTGCTCCTCCTTTGATTGC 6 0.672239
EL407741 TTCAGCCCTCTTCCAATCAG CAAATTTCAGACTTTAGCATCACC 8 0.267747
EL410363 TGCTGCTTCTGCTTCAGTTTC AAGATTCCATGGTGGTGGAG 4 0.347982
EL410627 TGGCAATACAACATGCACAC TGGCTTTAACGACCTCAACC 5 0.110359


