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Abstract Diversity analyses in alfalfa have mainly
evaluated genetic relationships of cultivated germplasm,
with little known about variation in diploid germplasm in
the M. sativa—falcata complex. A collection of 374 indi-
vidual genotypes derived from 120 unimproved diploid
accessions from the National Plant Germplasm System,
including M. sativa subsp. caerulea, falcata, and hemicy-
cla, were evaluated with 89 polymorphic SSR loci in order
to estimate genetic diversity, infer the genetic bases of
current morphology-based taxonomy, and determine pop-
ulation structure. Diploid alfalfa is highly variable. A
model-based clustering analysis of the genomic data
identified two clearly discrete subpopulations, corre-
sponding to the morphologically defined subspecies falcata
and caerulea, with evidence of the hybrid nature of the
subspecies hemicycla based on genome composition. Two
distinct subpopulations exist within each subsp. caerulea
and subsp. falcata. The distinction of caerulea was based
on geographical distribution. The two falcata groups were
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separated based on ecogeography. The results show that
taxonomic relationships based on morphology are reflected
in the genetic marker data with some exceptions, and that
clear distinctions among subspecies are evident at the
diploid level. This research provides a baseline from which
to systematically evaluate variability in tetraploid alfalfa
and serves as a starting point for exploring diploid alfalfa
for genetic and breeding experiments.

Introduction

Alfalfa is grown on over 32 million hectares worldwide
(Michaud et al. 1988). Cultivated alfalfa has been improved
from a complex taxonomic group known as the Medicago
sativa—falcata complex, which includes both diploid
(2n =2x =16) and tetraploid (2n = 4x = 32) taxa.
Ploidy, flower color, pod shape, and pollen shape have tra-
ditionally been used to differentiate taxa in the complex.
The diploid members of the complex include M. sativa
subsp. falcata, with yellow flowers and sickle-shaped pods,
M. sativa subsp. caerulea, with purple flowers and pods
having multiple coils, and their natural hybrid, M. sativa
subsp. hemicycla, with variegated flower color and partially
coiled pods. The tetraploid subspecies in the complex
include M. sativa subsp. sativa (the direct analogue of dip-
loid subsp. caerulea), M. sativa subsp. falcata, and the tet-
raploid hybrid M. sativa subsp. varia (Quiros and Bauchan
1988). Hybridization among taxa is possible even across
ploidy levels by unreduced gametes (McCoy and Bingham
1988). The genetic validity of current morphology-based
classification of subspecies has not been confirmed.

The exploration of genetic diversity and population
structure in alfalfa has generally focused on tetraploid
breeding populations or progenitor germplasms. Nine
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progenitor germplasms are accepted to be the major sour-
ces of contemporary US alfalfa cultivars: falcata, Ladak,
Flemish, Turkistan, Indian, African, Chilean, Peruvian, and
varia (Barnes et al. 1977). M. sativa subsp. falcata and
Peruvian are distinct from the others (Kidwell et al. 1994,
Segovia-Lerma et al. 2003). However, modern cultivars
appear to have diverged from the historical introductions
based on molecular marker analyses (Maureira et al. 2004;
Vandemark et al. 2006). Markers have been proven to be
useful to distinguish among Italian populations and eco-
types (Pupilli et al. 1996, 2000), between Italian and
Egyptian cultivars (Mengoni et al. 2000), and between
diploid falcata and caerulea (Brummer et al. 1991), but
less so among cultivars deriving from a single breeding
program (Flajoulot et al. 2005). Sequence differences have
been used to distinguish falcata and sativa or caerulea
genotypes (Havananda et al. 2010).

A comprehensive study of the molecular genetic varia-
tion present in diploid germplasm would be useful for
determining whether morphologically based taxonomic
classifications reflect patterns of genomic differentiation.
This information would be a useful baseline from which
diversity among tetraploid populations could be inter-
preted. It would also provide information on the population
structure, allelic richness, and diversity parameters of
diploid germplasm to help breeders use genetic resources
for cultivar development more effectively. Although alfalfa
has large variability at the tetraploid level, genetic analyses
of diploids are more tractable and diploid evaluations could
contribute to alfalfa improvement. Therefore, we selected a
broad range of unimproved diploid M. sativa accessions
from throughout the Northern Hemisphere in order to
elucidate the population structure of the diploid M. sativa—
falcata species complex, to test the concordance between
current morphology-based classification and differentiation
based on SSR markers, and to infer the extent of genetic
diversity that exists in diploid accessions.

Materials and methods
Sampling of wild diploid alfalfa populations

We initially screened 256 accessions from the USDA
National Plant Germplasm System using flow cytometry to
identify those that were diploid. Ploidy was determined on
a bulk of four genotypes per accession using previously
described methods (Brummer et al. 1991) on a Cytomics
FC 500 (Beckman-Coulter, Fullerton, CA) flow cytometer
at the UGA Flow Cytometry Facility and has been sub-
mitted to the USDA-NPGS. If ploidy variation was
observed in the bulked sample, each of the four genotypes
was tested independently. As a result of the flow cytometry
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analysis, we selected 384 genotypes from 122 accessions
found to be diploid; the tetraploid accessions and individ-
uals were not considered further. These accessions repre-
sent the wide geographical distribution of caerulea,
falcata, and hemicycla, including 57 caerulea (193 indi-
vidual genotypes), 4 hemicycla (9 individuals), and 61
falcata (172 individual genotypes) according to their
classification in the Germplasm Information Resource
System (GRIN) when we began this study (Table 1).
Accessions were represented by one to four individual
genotypes, with 60 accessions having four individuals, 30
accessions having three, 16 accessions having two, and 15
accessions having one. One accession was represented by
seven genotypes because we included it as both PI 641380
and W6 4794, which we later found to be the same. Seeds
were germinated and plants grown in the greenhouse at
Iowa State University and at the University of Georgia.

Because the main character used to distinguish among
the current taxa is flower color, we recorded flower color
from each of the genotypes to check agreement of flower
color with the GRIN classification. Yellow flowered
accessions were considered as falcata and purple flowered
accessions as caerulea. Accessions with variegated flowers
were listed as hemicycla. A secondary distinguishing
characteristic is pod shape, with falcata having sickle-
shaped (falcate) pods and caerulea having coiled pods. We
harvested pods from 50 caerulea, 50 falcata, and 21
hemicycla genotypes and recorded the coil number for ten
individual pods per genotype and computed a mean coiling
value. Pods were scored in 1/4 coil intervals for the number
of coils, ranging from completely straight (0 coils) to four
coils.

DNA extraction and SSR genotyping

DNA was extracted from all 384 genotypes using young
leaves from greenhouse grown plants, which were freeze-
dried and ground to a powder. Genomic DNA was
extracted following the CTAB method (Doyle and Doyle
1990).

We selected 89 SSR markers from those used in previ-
ous studies in alfalfa (Diwan et al. 2000; Julier et al. 2003;
Robins et al. 2007) that were easy to score across the
diversity in this population. The MI13 tailing method
described by Schuelke (2000) was used to label PCR
products. Each SSR marker was amplified by PCR inde-
pendently using the protocol described by Julier et al.
(2003) and Sledge et al. (2005). We pooled PCR products
of 4-6 reactions for genotyping on an automated ABI3730
sequencer at the UGA DNA Sequencing Facility. Allele
scoring was performed using GENEMARKER software
(SoftGenetics, State College, PA). Since we used diploid
accessions, we scored genotypes in a biallelic genotypic
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Table 1 List of all the accessions used in this study along with the number of individual genotypes used, country of origin, number of
chromosomes, flower color, and classification of each accession based on this study

PI number Number of Country of origin Chromosome Flower color® Pod coil Classification
genotypes used number (based on this study)
PI 179370 4 Turkey 16 P 2.7 caerulea A
PI 210367 4 Iran 16 P caerulea A
PI 212798 4 Iran 16 P 2.5 caerulea A
PI 222198 1 Afghanistan 16 Y falcata® B
PI 243225 4 Iran 16 P 2.4 caerulea A
PI 251690 1 Former Soviet Union 16 Y falcata B
PI 251830 3 Austria 16 Y 0.2 falcata A
PI 258752 2 Russia 16 Y 0.1 falcata B
PI 283640 4 Former Soviet Union 16 P 22 caerulea A
PI 299045 4 Russian Federation 16 P caerulea B
PI 299046 4 Russian Federation 16 P caerulea B
PI 307395 4 Former Soviet Union 16 P 1.3 caerulea B
PI 314267 4 Uzbekistan 16 P 24 caerulea A
PI 314275 4 Uzbekistan 16 P caerulea A
PI 315460 2 Russian Federation 16 P/vV 1.7 hemicycla®
PI 315462 1 Russian Federation 16 P 3.0 caerulea B
PI 315466 4 Russian Federation 16 P 2.3 caerulea B
PI 315480 4 Russia 16 Y 0.3 falcata B
PI 325387 2 Russia 16 Y falcata B
PI 325396 3 Russia 16 Y 0 falcata B
PI 325399 3 Russia 16 Y falcata B
PI 440500 4 Kazakhstan 16 P 2.1 caerulea A
PI 440501 4 Kazakhstan 16 P 2.2 caerulea A
PI 440502 4 Kazakhstan 16 P caerulea A
PI 440505 4 Kazakhstan 16 P caerulea A
PI 440507 4 Kazakhstan 16 P caerulea A
PI 440514 2 Kazakhstan 16 P 2.1 caerulea A
PI 464712 4 Turkey 16 P 23 caerulea A
PI 464713 4 Turkey 16 P 2.1 caerulea A
PI 464714 3 Turkey 16 P 1.9 caerulea A
PI 464715 4 Turkey 16 P 1.7 caerulea A
PI 464717 3 Turkey 16 P caerulea A
PI 464718 4 Turkey 16 P 22 caerulea A
PI 464719 4 Turkey 16 P 23 caerulea A
PI 464720 1 Turkey 16 P caerulea A
PI 464721 4 Turkey 16 P caerulea A
PI 464722 4 Turkey 16 P 22 caerulea A
PI 464723 2 Turkey 16 P 2.1 caerulea A
PI 464724 3 Turkey 16 P 2.8 caerulea A
PI 464726 3 Turkey 16 P 1.8 caerulea® A
PI 464727 2 Turkey 16 P 1.3 hemicycla®
PI 464728 3 Turkey 16 Y 1.3 hemicycla® *
PI 464729 2 Turkey 16 Y 0.2 falcata B
PI 486205 3 Russia 16 Y 0 falcata B
PI 486206 3 Russia 16 Y falcata B
PI 486207 4 Russia 16 Y 0 falcata B
PI 494662 4 Romania 16 Y 0.3 falcata A
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Table 1 continued

PI number Number of Country of origin Chromosome Flower color® Pod coil Classification
genotypes used number (based on this study)

PI 502425 1 Russia 16 P caerulea B
PI 502437 3 Russian Federation 16 P 3.1 caerulea B
PI 502438 1 Russia 16 Y falcata B
PI 502447 3 Russia 16 Y 0.3 falcata A
PI 502448 4 Russia 16 Y 0.2 falcata A
PI 502449 4 Former Soviet Union 16 Y 0.3 falcata A
PI 505871 3 Former Soviet Union 16 P 1.9 caerulea B
PI 538987 2 Russia 16 Y 0.2 falcata A
PI 577541 3 Kazakhstan 16 P caerulea B
PI 577543 4 Georgia 16 P 1.4 hemicycla®
PI 577545 1 Russian Federation 16 P caerulea B
PI 577546 4 Georgia 16 P 2.1 caerulea B
PI 577547 4 Georgia 16 P caerulea B
PI 577548 4 Russian Federation 16 P 2.4 caerulea B
PI 577549 2 Georgia 16 P caerulea A
PI 577551 4 Canada 16 P caerulea B
PI 577552 2 Canada 16 P caerulea B
PI 577555 4 Ukraine 16 Y 0 falcata B
PI 577556 4 Bulgaria 16 Y falcata B
PI 577558 3 Russia 16 Y 0 falcata A
PI 577564 2 Russia 16 Y 0 falcata A
PI 631546 3 Russia 16 Y 0 falcata B
PI 631549 2 Russia 16 Y 0.1 falcata B
PI 631556 1 Russia 16 Y falcata B
PI 631561 4 Switzerland 16 Y falcata A
PI 631566 2 Bulgaria 16 Y falcata A
PI 631568 4 Italy 16 Y 0 falcata A
PI 631571 2 Bulgaria 16 Y 0.3 falcata A
PI 631577 2 Italy 16 Y 0.2 falcata A
PI 631650 4 Bulgaria 16 Y 0.4 falcata A
PI 631652 4 Russia 16 Y falcata B
PI 631654 3 Russia 16 Y falcata B
PI 631656 3 Russia 16 Y falcata B
PI 631658 3 Russia 16 Y falcata B
PI 631660 4 Russia 16 Y falcata B
PI 631661 3 Russia 16 Y falcata B
PI 631666 4 Russia 16 Y falcata B
PI 631667 4 Russia 16 Y falcata B
PI 631668 4 Russia 16 Y falcata B
PI 631689 3 Bulgaria 16 Y 0.9 falcata A
PI 631691 2 Bulgaria 16 Y falcata A
PI 631707 1 China 16 Y falcata B
PI 631807 3 Russia 16 Y 0.2 falcata A
PI 631808 1 Russia 16 Y falcata A
PI 631809 2 Russia 16 Y falcata A
PI 631812 3 Russia 16 Y 0.1 falcata B
PI 631813 4 Russia 16 Y 0.9 falcata A
PI 631814 3 Russia 16 P 1.3 hemicycla®
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Table 1 continued

PI number Number of Country of origin Chromosome Flower color® Pod coil Classification
genotypes used number (based on this study)

PI 631816 4 Russia 16 Y falcata B

PI 631817 2 Russia 16 Y falcata B

PI 631818 3 Russia 16 Y 0.1 falcata A

PI 631829 3 Russia 16 Y 0.1 falcata B

PI 631842 1 Sweden 16 Y falcata A

PI 631921 4 Russian Federation 16 P 1.9 caerulea B

PI 631922 4 Kazakhstan 16 P 1.8 caerulea B

PI 631924 4 Armenia 16 P 2.0 caerulea A

PI 631925 4 Kazakhstan 16 P caerulea B

PI 631926 4 Russian Federation 16 P caerulea B

PI 634034 1 Russia 16 Y falcata B

PI 634106 2 Ukraine 16 Y falcata B

PI 634119 4 Kazakhstan 16 p 1.0 hemicycla®™ ¢

PI 634136 4 Kazakhstan 16 p 0.8 hemicycla® ¢

PI 634174 4 Kazakhstan 16 P 0.9 hemicycla® ¢

PI 634176 3 Kazakhstan 16 P hemicyclab

PI 641380 7 Russian Federation 16 P/V 1.6 caerulea B

PI 641543 4 Mongolia 16 Y falcata B

PI 641544 4 Mongolia 16 Y 0.0 falcata B

PI 641601 4 Kazakhstan 16 P/V 0.7 hemicycla®

PI 641603 3 Kazakhstan 16 P/V 1.0 hemicycla®

PI 641606 3 Kazakhstan 16 P 1.5 hemicycla

PI 641615 4 Kazakhstan 16 P hemicycla

PI 641619 1 Kazakhstan 16 P hemicycla

SD201 1 16 Y falcata B

% P indicates purple color, Y indicates yellow color, and V indicates variegated color

° Tnitially defined as caerulea in USDA-GRIN
¢ Initially defined as falcata in USDA-GRIN
9 Deviated from flower color pod shape expectations

format. The number of missing genotypes per marker was
less than 5%. Based on marker profiles, ten of the 384
genotypes appeared to be tetraploid. We retested them with
flow cytometry, confirmed their tetraploid status, and
removed them from subsequent data analyses. Thus, all the
results reported below are based on 374 individual diploid
genotypes derived from 120 accessions.

Data analyses

In order to infer the population structure of the entire set of
genotypes without regard to the preexisting subspecies
classification or geographical information, we used the
software program STRUCTURE (Pritchard et al. 2000).
STRUCTURE provides a model-based Bayesian approach to
infer population structure by using our entire SSR marker
dataset to identify K clusters to which the program then

assigns each individual genotype. Initially we used all 374
genotypes to deduce the optimal value of K (i.e., the
number of clusters) by evaluating K = 1-10. In our model,
admixture was allowed and the allele frequencies were
assumed to be correlated, since it is more realistic to
assume common ancestry of such closely related popula-
tions. The length of burn-in Markov Chain Monte Carlo
(MCMC) replications was set to 10,000 and data were
collected over 100,000 MCMC replications in each run,
based on previous literature suggesting that this level is
sufficient (Evanno et al. 2005). We identified the optimal
value of K using both the ad hoc procedure described
by Pritchard et al. (2000) and the method developed by
Evanno et al. (2005).

To confirm the results obtained from STRUCTURE, we
conducted two additional analyses enabling us to visualize
the distribution of individual genotypes. First, we
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conducted a principal components analysis (PCA) using
GenAlEx (Peakall and Smouse 2001) and plotted genotypic
values for the first two principal component estimates.
Second, we computed a genetic distance matrix (Saitou and
Nei 1987) and created a neighbor-joining dendrogram,
using the software program POPULATIONS version
1.2.28 (O. Langella 1999 unpublished, http://www.pge.
cnrs-gif.fr/bioinfo/populations/index.php).

We used Analysis of Molecular Variance (AMOVA) to
partition molecular genetic variance within and among
accessions and among the five populations suggested by
our STRUCTURE analysis. We used the 106 accessions which
included two or more genotypes for the AMOVA analyses
in order to be able to compute within-accession variance.
We conducted the AMOVA using the software program
GenAlEx 6.1 (Peakall and Smouse 2001). Several mea-
sures of diversity were computed across all accessions and
also within subgroups of accessions. The diversity mea-
sures included the major allele frequency and the average
number of alleles and genotypes per SSR locus, observed
heterozygosity (Hy), gene diversity (i.e., expected hetero-
zygosity, H.), and polymorphism information content
(PIC). Computations were conducted using the software
program Power Marker v3.23 (Liu 2002).

Results

Morphological analysis and correction
of misclassifications

We initially defined the subspecies to which a particular
accession belonged based on the classification in the GRIN
system. However, accessions are occasionally misidentified
in GRIN, so we clarified this assignment based on the
flower color data we recorded. Falcata are typically
defined as having yellow flowers, caerulea as having blue
or purple flowers, and hemicycla as having variegated
flowers (Lesins and Lesins 1979; Quiros and Bauchan
1988). Because one of the goals of our experiment was to
test the validity of flower color to distinguish genetically
discrete groups, we reclassified accessions (and genotypes)
according to their flower color prior to any further analysis.

Three accessions classified as falcata in GRIN
(P1464726, P1464727, P1631814) have purple flowers and
should be classified as caerulea. The Afghan accession
PI222198 was classified as caerulea in GRIN, but based on
its yellow flower color should be classified as falcata.
PI641603, which was initially classified as caerulea in
GRIN, included one individual genotype with variegated
flowers and on that basis, we defined the entire accession as
hemicycla. These taxonomic classification corrections were
used for our analysis below.
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Pod shape is another morphological trait often used to
differentiate alfalfa subspecies, with falcata accessions
typically having sickle-shaped pods with less than one coil,
caerulea pods having multiple coils, and hemicycla falling
in between (Quiros and Bauchan 1988). The mean pod
coiling values of our genotypes based on the taxonomic
classification corrected for flower color showed that falcata
had a mean of 0.2 £ 0.2 coils per pod, hemicycla
1.1 £ 0.5, and caerulea 2.0 £ 0.4, as anticipated. These
values are significantly (P < 0.05) different from one
another based on least significant difference. However, we
observed four accessions (PI464728, P1634119, P1634136,
and P1634174) that dramatically deviated from flower color
and pod shape expectations (see Table 1). For example,
PI464728 had yellow flowers but the mean coil number per
pod was 1.3, and PI641119 had purple flowers and a mean
coil number per pod of 0.8.

Population structure

The second order statistics developed by Evanno et al.
(2005) for STRUCTURE in order to assess the number of
subpopulations identified the optimal value of K =2
(Fig. 1a). This suggested that the set of genotypes was
partitioned into two clusters, which corresponded to the
genomes of the falcata and caerulea subspecies (Fig. 2a).
Because individual genotypes had varying proportions of
their genome from each cluster, we arbitrarily classified
genotypes as follows: 0-30% caerulea genome = falcata,
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K. a The second order statistics (AK) developed Evanno et al. (2005)
and b the ad hoc procedure described by Pritchard et al. (2000)
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Fig. 2 Diploid alfalfa A100
population structure based on 0.80
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clusters. ¢ Identification of
hemicycla genotypes whose B 1.00
genome composition differs
from the rest of the 0.80
subpopulation 0.60
0.40
0.20
0.00 -1
C

PI 577543

PI577548-1

31-69% caerulea genome = hemicycla, and 70-100%
caerulea genome = caerulea (Fig. 2a). We also used the
ad hoc procedure described by Pritchard et al. (2000), and
in this analysis, a clear plateau was reached when K was
five (Fig. 1b). At K = 5, two subgroups were nested within
each of the falcata and caerulea subpopulations, with the
hemicycla group as a separate cluster (Fig. 2b).

Based on K = 2 and our genome proportion classifica-
tion scale, 44 individuals were placed into the hemicycla
group. Three accessions (PI641615, PI641619, and
PI634111) initially identified in GRIN as hemicycla were
indeed hybrids based on genome composition. All three
individuals from PI641603 that we redefined as hemicycla
based on flower color indicated a nearly even mixture of
genomic backgrounds from each subspecies. Six acces-
sions from Kazakhstan (P1634119, P1634136, P1634174,
PI1634176, PI641601, and 641606) and a Russian accession
(PI315460) had purple flowers and were classified as
caerulea in GRIN, but they had a hybrid genome pattern.
The mean number of pod coils of the Kazakhstani acces-
sions was less than or equal to one, in concordance with
genomic data. The Russian accession (PI315460) had a
mean pod coiling of 1.7. These results suggest that the
dominant purple flower color is not sufficient to identify
accessions as caerulea, and we recommend that these
accessions be reclassified as hemicycla. Additionally, three
of four individual genotypes belonging to the Georgian
accession PI577543 showed a hybrid genome composition,
suggesting that this accession should also be changed from
caerulea to hemicycla.

Falcala B

PI315460-1
P1464727

PI631814-1

PI1 464728

Although many hemicycla genotypes had a similar
genome based on clustering assuming K = 5, some or all
of the individual genotypes from PI315460, PI577548,
PI464727, P1464728, and P1631814 showed an interesting
genome composition (Fig. 2c). When K = 2, these geno-
types showed mixed falcata and caerulea genomes, indi-
cating that they are really hybrids. However, when K = 5,
these genotypes did not cluster with the common “hemi-
cycla” genome (colored pink in Fig. 2b), but rather con-
sisted of hybrid patterns with different amounts of genome
composition from the four caerulea and falcata groups.
Thus, while it appears these accessions are hemicycla in
the sense of having both caerulea and falcata genomes,
each genotype has a distinct genome composition. One
individual genotype of the Russian accession PI577548
indicated a genome composition of approximately 50%
from each of the two subsp. falcata and caerulea, but the
other three genotypes of the accession had a genome of
predominantly caerulea. We suggest that this accession
remain classified as caerulea, although its genome indi-
cates some admixture.

The reassignment of accessions based on genome
composition also resolved flower color—pod shape dis-
agreements. All of the four accessions that showed dis-
agreement of flower color and pod shape data (Table 1)
were found to have appreciable genomic contributions
from both caerulea and falcata and were therefore reclas-
sified as hemicycla. Based on the comparison of genome
composition with flower color and pod shape, we found
that yellow flowers and pods with one coil or more are a
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strong indication that an accession is hemicycla. Falcata
accessions have yellow flowers and pods with fewer than
one coil. The purple flowered accessions are harder to
assign to either caerulea or hemicycla based on pod coil-
ing. In general, caerulea accessions have pods with more
than 1.5 coils. If hemicycla accessions have purple flowers,
they tend to have pods with fewer than 1.5 coils.

Based on the morphological analysis and genome
composition data, we assigned genotypes into subspecies
and subgroups (Table 1). Of the 374 genotypes, 168 were
caerulea, 162 falcata, and 44 hemicycla. Within caerulea,
group A had 99 genotypes and group B 69 genotypes.
Falcata A had 100 genotypes and falcata B had 62
genotypes.

Principal component analyses and neighbor-joining tree

We conducted a principal components analysis to further
assess the population subdivisions identified using
StrucTURE. The first principal component explained 62%
and the second principal component explained 11% of the
SSR variation among the 374 genotypes. Plotting the first
two principal components and color coding genotypes
according to the five groups identified using STRUCTURE
shows the clear separation of falcata and caerulea and the
intermediate position of the hybrid hemicycla (Fig. 3).
Moreover, falcata accessions are clearly divided into two
subgroups. Caerulea accessions form one large cluster with
evidence of a weak separation of the two subpopulations
visible based on the color coding (Fig. 3).

Finally, we constructed a neighbor-joining tree, as a
third means to visualize relationships among the diploid
genotypes. The tree showed a pattern consistent with the
two analyses above. Falcata and caerulea accessions are
clearly separated and hemicycla genotypes show a clear
hybrid pattern. The two falcata subgroups that are sug-
gested by STRUCTURE are also indicated in the tree. The

Fig. 3 Differentiation of

partitioning of caerulea is also evident, albeit less clearly
(Fig. 4). Genotypes from the same accession are often but
not exclusively in close proximity on the dendogram. In
one case, genotypes of a hemicycla accession (PI577543)
were placed into different subspecies. We observed a
cluster that was separated from southern caerulea that
includes 22 genotypes from 7 accessions collected from the
eastern end of Turkey in close proximity to each other
(Kars, Agr1 and Erzurum provinces) and they grouped with
genotypes from two Iranian accessions without accurate
provenance information. A tree with similar overall
topology was also generated using the software program
TASSEL (Bradbury et al. 2007; data not shown), even
though this program uses a simple substitution model
rather than a stepwise mutation model. In summary, with
some minor differences, the same general clustering pattern
was observed using a variety of independent methods,
providing strong support for the subspecific relationships
we propose.

Classification of genotypes

All three approaches clearly separated falcata from
caerulea along with confirmation of the hybrid nature of
hemicycla. Differentiation within each of subspecies was
also evident; falcata and caerulea were further subdivided
into two groups. In order to interpret the separation within
subspecies, we noted the habitat and geographical location
from which each accession was collected. Not all acces-
sions had accurate provenance information in GRIN, but
the available information revealed patterns of ecological
differentiation that corresponded to the genetic groupings.
The two caerulea groups largely correspond to Northern
and Southern regions of Eurasia (Fig.5). Caerulea A
corresponded of Southern caerulea whereas caerulea B
corresponded to Northern caerulea. All Russian, Georgian,
Armenian, and Former Soviet Union accessions for which
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Fig. 4 Neighbor-joining
dendrogram of 374 individual
genotypes from 120 wild
diploid accessions of M. sativa.
Falcata A (lowland

falcata) = brown; Falcata Southern
B (upland falcata) = green; Caerulea
Caerulea A (southern mixture
caerulea) = red; Caerulea B from
(northern caerulea) = light
blue; and Hemicycla = dark Eastern
blue Turkey
and Iran

4512

we do not have exact collection location information fell
into the Northern group (Fig. 5). Accessions that were
received from Canada but with an unknown original
location of collection (PIS71551 and PI571552) were also
in the northern group. The Southern group included
Turkish, Iranian, and Uzbekistani accessions, representing
the southern end of the natural distribution of caerulea.
Accessions from Kazakhstan were clustered into both
groups depending on the location of collection. The
accessions that were collected from northern Kazakhstan
(Aqtobe) grouped with the Northern cluster, whereas the
accessions collected from southern Kazakhstan (Dzumbul)
were placed in the southern group. Three Kazakh acces-
sions without exact collection location information
(P1631922, PI631925, and PIS77541) clustered with
Northern caerulea. Turkish accessions generally clustered
with the Southern group, but Turkish accession PI464726
grouped with the Northern cluster (Fig. 5).

The separation of 56 falcata accessions into two groups
based on STRUCTURE analysis was more evident compared
with the separation of caerulea, but this clear differentia-
tion was not related to any pattern of regional separation
that we could determine, unlike the case for caerulea
accessions. GRIN provided precise location of collection
information for 13 of 19 accessions in the first cluster

391439 218
B 47 295. s
-
2087 /283
265220152

200 239°%7,

(falcata A). Of these, six were collected from locations
around rivers or wetlands, two accessions were gathered
from coastal areas, two were from areas surrounded by
dense forest, and three were collected from low-elevation
areas currently inhabited by humans. We have precise
collection location information for 18 of 33 accessions in
the second cluster (falcata B). Fourteen of these were
collected from rocky mountain ranges or dry slopes. The
two Mongolian accessions (P1641543 and P1641544) were
collected from high elevations (732 and 762 m, respec-
tively) around wheat fields. The Ukrainian accession
P1634106 was collected from a small peninsula with ele-
vation of around 100 m; however, from a habitat described
as a north slope, moderately steep, and on a cliff. The
Russian accession PI631666 was collected from a moist
stream terrace.

Based on this information, we can infer that the first
group of falcata (falcata A) was collected from lowlands
and locations close to river basins or the sea coast and we
named this ecotype as the lowland ecotype. The second
group (falcata B) was collected from dry slopes of
mountain ranges and/or high elevations; therefore, we
denoted them as the highland ecotype. Sinskaya (1961)
classified former USSR falcata accessions into ecotypes
based on a combination of geography and ecology. She
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Fig. 5 Map indicating the
collection locations of the
caerulea and falcata genotypes
evaluated in this experiment
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identified a floodland ecotype, steppe ecotype, submontane
ecotype, mountain ecotype, and forest-steppe ecotype, and
these may relate in general terms to our upland and lowland
ecotypes.

All individuals from five accessions (PI577558,
PI538987, P1631568, PI577555, and P1631707) showed a
hybrid genome pattern between the two falcata groups.
Accession P1631568 was collected from a valley between a
lowland plain and the Italian Alps. The two Russian
accessions PI577558 and PI538987 were collected from the
border of a river basin and dry plains. The Ukrainian
accession PI577555 was collected from a cultivated plain
at 100 m elevation, very close to the edge of a wetland.
The Chinese accession PI631707 was collected from a
mountain base at an elevation of 1,700 m but close to the
Yining River basin in Xinjiang. All of these locations
represent potential hybrid zones.

Analysis of molecular variance

In our AMOVA analysis, 19% of the total genetic variance
was explained by the five groups, 16% was among acces-
sions and the remaining 65% resided within accessions
(Table 2). Although most of the genetic variance was
among individuals within an accession, the differentiation
of the accessions and groups was highly significant
(P = 0.001). The pairwise ®pr values (analogous to Fgr)

ranged from 0.059 (between the hemicycla and caerulea B
subgroups) to 0.294 (between caerulea A and falcata B),
and each of the pairwise ®pr values was significantly
different from zero according to tests based on 9,999 ran-
dom permutations (P < 0.0001) (Table 3).

Diversity measurements

We computed diversity statistics across all 374 individual
genotypes, within each of the three subspecies, and within
the two subgroups within subspecies. The overall number
of alleles per SSR locus across all genotypes ranged from 6
to 53 with a mean of 19.3; the mean number of genotypes
per SSR locus was 52.8 (Table 4). Although caerulea had
more genotypes than falcata (168 vs. 162), both the aver-
age number of alleles and average number of genotypes per
SSR locus were higher in falcata. No obvious differences
were evident among the subpopulations with either sub-
species when taking the different number of individuals
into account. Over all genotypes, observed heterozygosity
was 0.46, ranging from 0.12 to 0.84, and was slightly
higher in falcata than caerulea, with hemicycla interme-
diate. Gene diversity, a measurement of expected hetero-
zygosity, was higher in all cases compared with observed
heterozygosity. The PIC mean polymorphism level of loci
over all genotypes was 0.71, again with falcata higher than
caerulea, indicating more allelic diversity.

Table 2 Analysis of molecular variance (AMOVA) of 362 genotypes from 106 accessions belonging to five different groups and the percentage

of total genetic variance attributable to each source of variation

Source df SS MS Variance component Variance percentage 0] P

Among groups 4 5,468 1,367 18 19 0.185 0.0001
Among accessions 101 11,625 115 15 16 0.199 0.0001
Within accessions 254 15,810 62 62 65 0.347 0.0001
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Table 3 Pairwise ®pr values of the five groups detected based on
STRUCTURE analysis

Group Caerulea  Caerulea Hemicycla Falcata Falcata
A B A B
Caerulea  0.063%
B
Hemicycla 0.112 0.059
Falcata A 0.283 0.239 0.144
Falcata B 0.294 0.241 0.148 0.083

* All @pr values are significant at P = 0.0001

Discussion

The classification of taxa in the M. sativa—falcata complex
as species or subspecies has been controversial (Sinskaya
1961; Lesins and Lesins 1979; Ivanov 1988; and Quiros
and Bauchan 1988). Sinskaya (1961) denoted caerulea,
hemicycla, falcata, and sativa as species and considered
them along with a number of other taxa as a “circle of
species.” Sinskaya (1961) first divided taxa based on
ploidy, assuming that taxa within the same ploidy level
were more closely related. Lesins and Lesins (1979) also
classified falcata and sativa as different species of Medi-
cago; however, they relegated hemicycla and caerulea to
the subspecific level. They also noted that there exist no
hybridization obstacles between falcata and sativa despite
their obvious morphological distinctness. More recently,
all these taxa have been given subspecific status within the
M. sativa—falcata complex (Quiros and Bauchan 1988),
and this nomenclature has been adopted by the NPGS and
used in GRIN. Based on several different analyses of our
molecular marker data, we found that falcata and caerulea
were clearly distinguished at the genetic marker level, and
that hemicycla, the putative hybrid between caerulea and
falcata, had a hybrid genome pattern. The separation
between diploid falcata and caerulea was previously
observed in a narrow germplasm examination using RFLPs
(Brummer et al. 1991), as well as in a more recent exam-
ination using nuclear and organellar DNA sequences
(Havananda et al. 2010). However, another study evaluat-
ing two nuclear genes did not show clear differentiation
between the subspecies (Muller et al. 2005). Neither of
these experiments explicitly addressed the status of hemi-
cycla genotypes. In addition to the clear separation of the
three subspecies, we found that falcata and caerulea are
each further clustered into two distinct groups. The two
caerulea groups corresponded to northern and southern
locales, reflecting geographic distribution. Based on
available provenance information, we suggest that ecoge-
ography underlines the differentiation of the two falcata
clusters, which we designated as lowland (falcata A) and
upland (falcata B) ecotypes.

Table 4 Mean along with ranges (in the parenthesis) of diversity statistics based on 89 SSR loci of 374 individual genotypes of subsp. caerulea, falcata, hemicycla, and the subgroups

M. sativa subsp. falcata M. sativa subsp. hemicycla

M. sativa subsp. caerulea

Overall

Parameter

Group A Group B Overall Group A Group B

Overall

374 168 99 69 162 100 62 44

Number of individuals

13.67 (3-41) 10.85 (3-31) 10.54 (3-32) 15.20 (4-46) 12.90 (3-39) 11.06 (3-28) 9.7 (2-21)
20.76 (3-58) 18.24 (4-52) 34.63 (7-103) 25.60 (6-77) 19.46 (3-50)

28.92 (4-82)

19.3 (6-53)

Allele no.

15.4 (3-31)

52.8 (10-149)
Major allele frequency 0.39 (0.13-0.94)

Genotype no.

0.44 (0.14-0.90)
0.69 (0.19-0.92)
0.46 (0.07-0.84)
0.66 (0.19-0.91)

0.45 (0.15-0.96)
0.68 (0.08-0.93)
0.45 (0.08-0.89)
0.65 (0.08-0.93)

0.45 (0.09-0.94)
0.68 (0.12-0.95)
0.50 (0.06-0.90)
0.65 (0.12-0.94)

0.43 (0.10-0.90)
0.70 (0.20-0.94)

0.48 (0.11-0.81)

0.50 (0.13-0.91)
0.64 (0.18-0.92)
0.46 (0.09-0.83)
0.61 (0.17-0.91)

0.52 (0.13-0.98)
0.62 (0.02-0.91)
0.43 (0.02-0.83)
0.59 (0.03-0.91)

0.50 (0.14-0.93)
0.65 (0.11-0.92)
0.44 (0.07-0.80)
0.62 (0.11-0.92)

0.74 (0.29-0.94)
0.46 (0.12-0.81)
0.71 (0.28-0.94)

Gene diversity

Heterozygosity

PIC

0.67 (0.19-0.94)
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We initially used the NPGS-GRIN nomenclature for
accessions, but noted a number of misclassifications based
on flower color and ploidy of each individual genotype.
Although flower color is an informative character for
assigning individual genotypes to either caerulea or fal-
cata, it is difficult to separate either from hemicycla.
Because morphological traits are governed by a small
number of genes, they may fail to give a clear view of
hybridization events. Therefore, we conclude that in order
to accurately define a genotype’s subspecific status, geno-
mic data are needed. Since the degree of genome admixture
is continuous, we defined an arbitrary genome composition
cut-off point to classify an individual as hybrid or not. If a
genotype did not have more than 70% of its genome
derived from either falcata or caerulea, then we defined it
as hemicycla, regardless of flower color.

The individual genotypes classified as sativa or falcata
based on phenotype, but which we denoted as hemicycla
based on genome composition, derived from locations of
sympatry between caerulea and falcata. Therefore, exten-
sive gene flow between the subspecies in these regions is
expected. Two regions of sympatry we identified are
the Kars province of northeastern Turkey and Agqtobe,
Kazakhstan, where almost the entire USDA hemicycla
collection was obtained. Little differentiation between
falcata and caerulea or sativa was noted based on mito-
chondrial DNA variation (Muller et al. 2003). Although
many of the accessions Muller et al. (2003) evaluated were
tetraploid, their results suggest that gene flow between the
subspecies occurs and our results are congruent with that
explanation. Most of the accessions denoted as hemicycla
in GRIN that we evaluated are in fact tetraploid and hence
belong to M. sativa subsp. varia.

A particularly interesting result of our experiment is that
of the two types of hemicycla genomes we identified in our
STRUCTURE analysis. In addition to a clear hemicycla group
with a common genomic constitution (colored pink in
Fig. 2), we also identified a second group consisting of a
number of individuals that appear to be recent hybrids and
whose ancestries could be identified (Fig. 2c). In some
species, hybrids are differentiated from their parents by
morphological and/or ecological characteristics that enable
the hybrids to form their own distinct population and
ultimately species (Gross et al. 2003; Ma et al. 2006;
Arnold et al. 1990). In our experiment, the core hemicycla
group appears to have diverged over the time and formed a
unique population, suggesting that it is a true subspecies of
the M. sativa—falcata complex. The other hemicycla indi-
viduals have genomes that are simply mixtures of the two
subspecies. These hybrids could have occurred in the field
within sympatric populations of falcata and caerulea, or
they could have been produced in seed increases at NPGS
following collection. In any case, further investigation on
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the development and persistence of hybrids, and whether
the newly formed hybrids would evolve toward the hemi-
cycla genome or revert to one parental subspecies would be
an interesting research avenue to pursue.

Most outcrossing plant species show large amounts of
intra-population genetic variation, and cultivated alfalfa is
no exception (e.g., Flajoulot et al. 2005). Our experiment is
the first genome-wide marker evaluation of diploid alfalfa
germplasm, and we showed abundant variation within the
wild gene pool, even within accessions, despite only
assaying 2—-4 individual genotypes in most of them. Previ-
ous genetic diversity assessment studies in alfalfa have
focused mainly on tetraploid cultivated germplasm.
Although comparisons between experiments for character-
istics such as the average number of alleles per SSR marker
is fraught with many difficulties, we noted more alleles in
our 374 genotypes than in similarly sized populations of
more narrow cultivated material. For example, Flajoulot
et al. (2005) evaluated 209 tetraploid individuals (essen-
tially the same number of chromosomes as we evaluated in
our experiment) from seven cultivars and one breeding pool
using eight SSR markers and found that the number of
alleles per SSR locus ranged from 3 to 24 with a mean of
14.9, as compared with our 19.3 average (Table 4).

Although the cultivated pool has fewer alleles, it is per-
haps more surprising that the number remains so high, par-
ticularly since these materials derived from only one
breeding program representing years of selective breeding.
In any case, abundant allelic variation exists in the wild
diploid germplasm, and presumably some of it will be useful
for breeding programs, adding desirable alleles for key traits.
We are currently pursuing experiments to link this extensive
genetic diversity with agronomically important traits to
effectively incorporate diploid alleles into cultivar devel-
opment programs. Finally, identifying desirable alleles in
diploid germplasm will be considerably easier than in tet-
raploids, based on more favorable genetic segregation ratios
and more robust genetic mapping capabilities in diploids.
Therefore, the utility of diploid germplasm for mining useful
alleles is probably larger than has previously been assumed
based on classical breeding techniques.
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