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SUMMARY

Verticillium wilt (VW) is a fungal disease that causes severe yield
losses in alfalfa. The most effective method to control the disease
is through the development and use of resistant varieties. The
identification of marker loci linked to VW resistance can facilitate
breeding for disease-resistant alfalfa. In the present investiga-
tion, we applied an integrated framework of genome-wide asso-
ciation with genotyping-by-sequencing (GBS) to identify VW
resistance loci in a panel of elite alfalfa breeding lines. Phenotyp-
ing was performed by manual inoculation of the pathogen to
healthy seedlings, and scoring for disease resistance was carried
out according to the standard test of the North America Alfalfa
Improvement Conference (NAAIC). Marker—trait association by
linkage disequilibrium identified 10 single nucleotide polymor-
phism (SNP) markers significantly associated with VW resistance.
Alignment of the SNP marker sequences to the M. truncatula
genome revealed multiple quantitative trait loci (QTLs). Three,
two, one and five markers were located on chromosomes 5, 6, 7
and 8, respectively. Resistance loci found on chromosomes 7 and
8 in the present study co-localized with the QTLs reported previ-
ously. A pairwise alignment (sLasn) using the flanking sequences
of the resistance loci against the M. truncatula genome identified
potential candidate genes with putative disease resistance func-
tion. With further investigation, these markers may be imple-
mented into breeding programmes using marker-assisted
selection, ultimately leading to improved VW resistance in
alfalfa.
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INTRODUCTION

Verticillium wilt (VW) of alfalfa (Medlicago sativa L.) is a soil-borne
disease caused by the fungal pathogen Verticillium alfalfae (renor-
malized by Inderbitzin et al,, 2011). VW causes severe yield losses
in alfalfa production in the USA and Canada (Atkinson, 1981;
Gordon et al., 1989; Graham et al,, 1977; Grau et al., 1981; Gray
and Roth, 1982). Disease symptoms start with leaf tip chlorosis,
leaf desiccation and abscission; as the disease progresses,
infected plants eventually wilt and senesce prematurely (Leath
and Pennypacker, 1990). Agronomic practices, including the eradi-
cation of alternative host species, such as broadleaf weeds,
together with crop rotation, may be used to control the disease
(Leath and Pennypacker, 1990). However, as a result of other
biotic and abiotic dispersal mechanisms, including insects,
manure, wind and water, agronomic control strategies alone may
not be sufficiently efficacious. The preferred method for control of
the disease is through the development and use of resistant vari-
eties (Leath and Pennypacker, 1990; Peaden et al., 1985).

Efforts to develop VW-resistant alfalfa cultivars have focused
on traditional breeding methods (Acharya and Huang, 2003).The
traditional approach to the selection of resistant individuals is
based on plant reaction to the disease (Delwiche, 1991). However,
the effect of environmental factors on disease expression leads to
difficulty in the accurate screening of alfalfa for resistance to VW.
The development and application of molecular markers linked to
the disease resistance gene(s) would augment such traditional
phenotype-based approaches (Gupta et al., 1999).

Plant resistance to diseases can be controlled by major, race-
specific, host—pathogen recognition genes or multiple additive
minor genes (Knepper and Day, 2010). Sources of resistance based
on multiple additive genes, often termed quantitative resistance,
may provide more durable resistance (McDonald and Linde, 2002).
In alfalfa, quantitative trait loci (QTLs) associated with resistance
to several diseases, including Stagonospora leaf spot and root rot
(Stagonospora melilot)) (Musial et al., 2007) and anthracnose (Col-
letotrichum trifoli) (Mackie et al, 2007; Yang et al,, 2008), have
been reported. Other quantitative traits, such as abiotic stress
resistance and morphological characterizations, have also been
reported (Brouwer et al,, 2000; Robins et al., 2007).
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Table 1 Levene's test, t-test and the normal distribution of Kolmogorov—Smirnov and Shapiro-Wilk tests.

Population n Mean Standard error
FGI 179 0.552 0.093
Population n Kolmogorov—Smirov Z P value

FGI 179 W=0.632 0.820

Levene's test for equality of variances t-test for equality of means

P=0.095 P=10.001
Shapiro—Wilk P value
D=10.993 0.506

FGI, Forage Genetics International; n, number of individuals.

The genetic basis of VW resistance in alfalfa has been investi-
gated. Viands (1985) compared the inheritance of VW resistance
in alfalfa plants selected from European cultivars, and found that a
major dominant gene controls resistance in cultivar ‘Maris Kabul',
whereas more complex additive effects exist in cultivar 'Vertus'.
Larsen et al. (2007) developed a real-time polymerase chain reac-
tion (PCR) procedure to quantify the amount of V. alfalfae in plant
materials, and found significant quantitative differences in the
pathogen load between VW-resistant and VW-susceptible culti-
vars. Our previous investigation applied single nucleotide polymor-
phism (SNP)-derived markers to identify multiple loci significantly
associated with VW resistance in alfalfa by bulked segregant anal-
ysis in susceptible or resistant pools constructed from 13 synthetic
populations, and by high-resolution melting in two F1 populations
consisting of 352 individuals (Zhang et al, 2014). Multiple loci at
different chromosomal positions of the associated markers sug-
gested that VW resistance is most likely under the control of multi-
ple genes in these alfalfa populations.

Recent advances in next-generation sequencing and bioinfor-
matics have led to the identification of a number of SNP markers
in alfalfa and the development of reliable assays to determine
allelic dosage in tetraploid species at higher density and through-
put than the high-resolution melting curve method (Han et al,
2011; Li and Brummer, 2012; Yang et al., 2011).

The use of an integrated framework that merges genome-wide
association (GWA) QTL mapping with genotyping-by-sequencing
(GBS) provides a statistical basis for the analysis of marker—trait
association using linkage disequilibrium. With this approach, traits
can be mapped quickly, efficiently and in a relatively inexpensive
manner in breeding populations or accessions of germplasm with
a wide range of variation. To advance our knowledge, in the pres-
ent study, we applied GWA and GBS for the identification of loci
associated with VW resistance at the genome-wide level in a
panel of elite alfalfa breeding lines.

RESULTS

Analysis of phenotypic data

As described in Experimental Procedures, a panel containing 179
breeding lines of alfalfa from three breeding programmes (subpo-
pulations) was used in this study (Table S2, see Supporting Infor-
mation). For the phenotyping of VW resistance, the foliar

symptoms of individual plants were evaluated after pathogen
inoculation in the glasshouse and scored for VW resistance. The
resistance rate was calculated for 90 plants in each line. The
P value for equality of variances (Levene's test) was more than
0.05, suggesting that no significant difference in variance was
obtained (Table 1). However, the t-test for equality was significant
(P<0.05). A normal distribution with a mean of 0.552 and a
standard error of 0.093 was observed (Shapiro-Wilk test, Fig. 1,
Table 1). Distributions of the least-square means of the VW resist-
ance rate in each of the three subpopulations are presented in
Fig. S1 (see Supporting Information).

Genotype calls and allele frequencies

As alfalfa is an autotetraploid species, each locus may have up to
five genotypes (AAAA, AAAB, AABB, ABBB and BBBB). To over-
come this complexity, we used a haplotype-based genotype call-
ing in this experiment (see Experimental Procedures). In total, 169
008 polymorphisms were identified, with a minimum of one alter-
nate count in one individual. To be assigned a valid genotype call
for a specific variant position, a variant on the basis of read depth
(minimum of 15 reads/variant) and QUAL > 20 at that position
was required. Among the called genotypes, 19 801 variants were
valid. We calculated population-level allele frequencies for all
valid calls (19 801). The minor allele frequencies (MAFs) had an

s X ~N(0.552, 0.093)
2%
2

Frequency (Number of individuals)
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Scores of Verticillium wilt Resistance

Fig. 1 Phenotypic evaluations of Verticillium wilt resistance in 179 alfalfa
breeding lines using a 1-5 scale. Resistance scores were normalized as
resistance rate = resistant plants (scored 1 or 2)/total plants (scored 1-5).
Phenotypic data from three replications were analysed using a mixed model,
and least-square means were calculated and normal distributions were
obtained for the trait. The total mean and standard error values were 0.552
and 0.093, respectively.
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Fig. 2 Distribution of minor allele frequency (MAF) of valid variant calls by
genotyping-by-sequencing.

L-shaped distribution (Fig. 2). The average MAF was 0.14; 27.6%
of all variants had MAF < 0.01 and 53.5% had MAF > 0.05. The
heterozygosity showed a bimodal distribution with two peaks
towards 0.1 and 0.5 (Fig. 3). The mean heterozygosity of the var-
iants was 0.36. We found 19.1% variants with a heterozygosity
greater than 0.5 and 4.9% variants with a heterozygosity less
than 0.1.
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Fig. 3 Distribution of heterozygosity of valid variants generated by
genotyping-by-sequencing in the Forage Genetics International populations.
Number of variants and portion of heterozygosity are shown by bars.

Validated SNP markers were analysed by aligning their flank-
ing sequences to the M. truncatula genome (Mt4.0 v1) (http://phy-
tozome.jgi.doe.gov/pz/portal.html). Of 19 801 markers, only 12
938, or 65%, could be positioned on the physical map. The
remaining 6863 markers were homologous to different contigs of
unknown chromosomal position. The distribution of the 12 938
mapped markers is presented in Fig. 4, with details in Table S1
(see Supporting Information). Among the eight chromosomes,
chromosome 5 showed the highest density and chromosome 4
had the greatest length (48 Mb) (Fig. 4). The lowest marker

o P —
+07 4e+07 5e+07

Genomic position (bins 1 Mb)

Fig. 4 Distribution of single nucleotide polymorphisms (SNPs) across eight chromosomes based on the alignment of target sequences to the reference genome of
Medicago truncatula (Mt4.0 v1). Numbers of SNPs (variants) at relative genomic positions are presented by bars with a bin size of 1 Mb.
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Fig. 5 Principal component analysis (PCA) of 179 alfalfa lines (each
represented as a data point) using the marker data generated by genotyping-
by-sequencing (GBS). The first and second principal components (PC1 and
PC2) were used to construct the scatter plot. Each data point represents a
genotype. Clusters 1, 2 and 3 contain lines from breeding programmes
Midwest (MW), Pacific Northwest (PNW) and California (CA), respectively.
Cluster 4 contains nine lines diverged from CA.
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density (983) was found on chromosome 6, with the relative
genome range of 0-24 Mb (Fig. 4 and Table S1).

Population structure

Principal component analysis revealed three major groups corre-
sponding to each of the three breeding programmes [Midwest
(MW), Pacific Northwest (PNW) and California (CA)] from which
the lines were selected (Fig. 5, clusters 1, 2 and 3, respectively).
Interestingly, nine lines from the CA subpopulation formed the
fourth minor cluster, which may reflect a low level of intercrossing
between autumn-dormant and non-dormant breeding pro-
grammes in the trait development process.

Marker-trait association

We identified 10 SNP markers significantly associated with VW
resistance in the Forage Genetics International (FGI) popula-
tions (Fig. 6 and Table 2). Of these 10 SNP markers, three
(S5_40754556, S5_40754497 and S5_40754542) were closely
linked on chromosome 5, another three (S8_15870197,
$8_15870215 and S8_15870225) were closely linked on chro-
mosome 8 and a fourth independent marker (S8_15421844)
was also detected on chromosome 8. Only one marker,
S7_708932, was identified on chromosome 7. Additional
markers were also significantly associated with VW (Table 2).

TIR-NBSLRR
f TIRNBSLRR
: NcrR

7000 8000 9000 10000 11000 12000 13000
Ch7 Chig Unknown

Fig. 6 Manhattan plot displaying the results of genome-wide association (GWA) mapping for Verticillium wilt resistance in the Forage Genetics International
populations. Each dot represents a single nucleotide polymorphism (SNP). A false discovery rate of 5% was used for significant cut-off. Significant markers above the
cut-off value of —log P= 3.5 were identified to be associated with Verticillium wilt (VW) resistance and are listed in Table 2. The chromosome position was based on
the reference genome of Medicago truncatula (Mt4.0 v1). Each chromosome is numbered and ‘Unknown’ represents the unknown chromosome. The chromosomal
positions are distinguished by colour. The abbreviations at the top of the plots are putative candidate genes linked to corresponding SNPs, and the arrows indicate
their genetic positions in the reference genome. TMP, putative transmembrane protein; PAT1, scarecrow-like transcription factor PAT1; TIR-NBS-LRR, toll interleukin-
1 receptor-nucleotide-binding site-leucine-rich repeat protein; NCR, nodule cysteine-rich (NCR) secreted peptide.
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Table 2 Most significant single nucleotide polymorphism (SNP) markers associated with Verticillium wilt resistance in the Forage Genetics International panel.

Marker 1D Reference Variants Chr P value R Candidate genes
$5_40754497 A C 5 4.47E-04 0.1 TMP
$5_40754542 C T 5 4.50E-04 0.1 TMP
$5_40754556 AC GA, AA 5 1.90E-04 0.09 TMP
contig_92284_538 TTT7C CTCTC, CTTTA, CTTTC 6* 1.34E-04 0.10 TIR-NBS-LRR
contig_67844_1658 AC GG, AG 6* 2.64E-04 0.10 NCR
S7_708932 TAGA CAGG, CAGA 7 3.35E-04 0.10 PAT1
S8_15421844 T C 8 6.15E-05 0.12 TIR-NBS-LRR
$8_15870197 C T 8 2.20E-04 0.1 LYST
$8_15870215 qn [an) 8 8.59E-05 0.14 LYST

$8 15870225 GGTTAATA AGTTCATT, AGTTCATA, AGTTAATA 8 2.05E-04 0.09 LYST

TMP, putative transmembrane protein; PAT1, Scarecrow-like transcription factor PAT1; TIR-NBS-LRR, toll interleukin-1 receptor-nucleotide-binding site-leucine-rich
repeat protein; NCR, Nodule Cysteine-Rich (NCR) secreted peptide; LYST, lysosomal trafficking regulator LYST; Chr, marker aligned to Medicago truncatula chro-
mosomes. *Marker position was reassigned based on the homologues by stast search against the M. truncatula genome sequences (Mt4.0 v01). Underlined
markers on chromosomes 5 and 8 are closely linked and mapped to the same locus per chromosome. The marker ID numbers refer to the chromosomal posi-

tions of the first SNP site of the corresponding markers.

Their chromosomal locations were unknown during the initial
alignment (Fig. 6, unknown region). However, when their
flanking sequences were queried in a pairwise alignment
(BLASTN) against the M. truncatula genome sequence (Mt4.0 v1)
(http://phytozome.jgi.doe.gov/pz/portal.html), we found that
both contig_67844_1658 and contig_92284_538 were highly
homologous to the sequence fragments on chromosome 6 at
loci chr6:5069601-5069821 and chr6:13719998-13720218,
respectively. Therefore, we reassigned them to chromosome 6
(Table 2, marked with an asterisk).

Assignment of the loci associated with VW resistance
to known genes

To identify possible candidate genes linked to the resistance lodi,
a pairwise alignment using the stastn algorithm was performed
employing the flanking sequences of the significant markers
against the Phytozome (http:/phytozome.jgi.doe.gov/pz/portal.
html) M. truncatula genome sequences (Mt4.0 v1) and the
National Center for Biotechnology Information (NCBI) (www.ncbi.
nlm.nih.gov/) nucleotide acid databases. Two significant loci, con-
tig_67844_1658 on chromosome 6 and S8_15421844 on chromo-
some 8, were linked to two members of the toll interleukin-1
receptor (TIR)-nucleotide-binding site (NBS)-leucine-rich repeat
(LRR) gene family (Table 2, Fig. 6) (DeYoung and Innes, 2006). A
transmembrane protein (TMP) was linked to the locus with three
linked markers (S5_40754497, S5_40754497 and S5_40754542)
on chromosome 5. Marker S7_708932 was linked to the
scarecrow-like transcription factor (PAT1). Three linked markers
(S8_15870215, S8 15870225 and S8_15970197) on chromosome
8 were linked to a lysosomal trafficking regulator (LYST). Marker
contig_92284_538 was linked to nodule cysteine-rich (NCR)
secreted peptide.

DISCUSSION

Markers associated with VW resistance linked to
known disease resistance genes

Among the resistance loci identified in the present study, two
markers (contig_67844_1658 and S8_15421844) with different
locations were linked to members of the same TIR-NBS-LRR gene
family. The NBS-LRR gene family has been well documented and
can be divided into two subfamilies: TIR-NBS-LRR and non-TIR-
NBS-LRR (DeYoung and Innes, 2006; McHale et al, 2006). The
plant NBS-LRR gene family contains a large class of disease resist-
ance genes, known as R genes. The TIR-NBS-LRR genes play roles
in disease resistance in plants (Grau et al. 2006). There is evidence
to suggest that the TIR-NBS-LRR gene (RCTT1) from M. truncatula
confers resistance to anthracnose in transgenic alfalfa plants (Yang
et al., 2008). The identification of markers linked to the TIR-NBS-
LRR genes in the present study suggests their contribution to VW
resistance. Marker contig_92284_538 was linked to a nodule
cysteine-rich (NCR) secreted peptide, an antimicrobial peptide
(AMP) that is naturally synthesized in the ribosome. AMPs are the
effector molecules of innate immunity in plants and animals. Their
antimicrobial action involves the disruption of microbial mem-
branes, which ultimately leads to cell lysis and thus death of the
microbes (Tiricz et al, 2013). Three markers on chromosome 8
were linked to the lysosomal trafficking regulator, LYST. In Arabi-
dopsis, a LYST-interacting protein, LIPS, is targeted to pathogen-
responsive mitogen-activated protein kinases (MPKs) and plays a
critical role in plant basal resistance (Wang et al,, 2014).

Genetic basis of VW resistance in alfalfa

Viands (1985) suggested that complex additive effects contribute
to VW resistance in alfalfa cultivar ‘Vertus'. Miller and Christie
(1991) reported that general combining ability (GCA) significantly
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influenced the expression of resistance to VW in 'Vertus' alfalfa,
and suggested that additive genetic variance is the primary source
of VW resistance. Our previous report (Zhang et al,, 2014) identi-
fied multiple loci (i.e. quantitative resistance) associated with VW
resistance in two alfalfa mapping populations. This assumption is
supported by the present study in which multiple loci have been
shown to contribute to VW resistance in elite breeding popula-
tions of alfalfa.

QTLs for VW resistance have been reported in M. truncatula.
They include a major QTL on chromosome 7, and two minor QTLs
on chromosomes 2 and 6 (Ben et al., 2013). In our previous study,
three resistance loci associated with VW resistance were identified
on chromosome 7 and one on chromosome 2 (Zhang et al,
2014). In the present study, two were identified on chromosome 6
and one on chromosome 7, suggesting similar locations of loci for
VW resistance in M. sativa and M. truncatula. However, additional
resistance loci to VW have also been identified in M. sativa by
both our previous (Zhang et al, 2014) and present studies,
whereas these loci were not found in M. truncatula. For instance,
several VW resistance loci were identified on chromosome 8 by
both our previous (Zhang et al, 2014) and present studies,
whereas no VW resistance locus has been reported on chromo-
some 8 in M. truncatula.

Using a GBS-based GWA approach, we have identified 10 SNP
markers associated with VW resistance in a panel of alfalfa breed-
ing lines. Sequence alignment to the M. truncatula genome
revealed multiple resistance loci, several of which are linked to
known resistance genes. These putative resistance loci identified
here had similar chromosomal locations as those previously
reported in tetraploid alfalfa (Zhang et al,, 2014) and in its diploid
relative M. truncatula. We plan to validate these putative QTLs in
a broader range of alfalfa germplasm. Diagnostic markers co-
segregating with VW resistance will be developed and used for
marker-assisted selection (MAS) and genomic prediction to accel-
erate the development of new alfalfa cultivars with improved
resistance to VW.

EXPERIMENTAL PROCEDURES

Plant materials and phenotyping

Plant materials were provided by FGI. A subpopulation of elite lines was
sampled from each of three breeding programmes: MW, PNW and CA
(Table S2). A total of 179 elite breeding lines, including 75 from MW, 48
from PNW and 56 from CA, were selected and vegetatively propagated.
They were then randomly inter-mated within subpopulations and har-
vested to produce half-sib seed for progeny testing.

Ninety half-sib seedlings from each breeding line were evaluated
for resistance to VW in a glasshouse assay according to the North
America Alfalfa Improvement Conference (NAAIC) standard protocol
(Grau, 1991). Seedlings were grown for 7 weeks and then inoculated
with a homogenized mixture of six V. alfalfae isolates (‘Berg’, ‘Sevcik’,

'Freitag’, ‘Kunderts’, 'VP6', ‘VP11’) in equal concentrations. Inoculation
was performed by submerging scissors into the inoculum and clipping
stems when they had reached 3 c¢m in height. To ensure inoculation,
scissors were re-submerged after each clipping. Inoculated plants were
removed from propagation flats and transplanted into a pot containing
commercial potting soil (Pro-Mix). Plants were then placed in a
randomized complete block design with three replications and grown
under optimal conditions for 5 weeks. Plants were scored, on a scale
of 1-5, for the severity of foliar symptoms based on the standard pro-
tocol (Grau, 1991), with ‘1" being most resistant and ‘5’ being most
susceptible to VW. Only plants scored as 1" and ‘2" were considered
to be resistant, as they showed no chlorosis on terminal leaves, and
minimal chlorosis on lower leaves. Scores ‘3 and ‘4" applied to plants
with well-developed or severe systemic symptoms, whereas a score of
‘5" indicated a dead plant. A resistance rating for each line was calcu-
lated as the number of resistant plants (scored "1" or '2') divided by
the total number of plants tested. Least-square means were calculated
across the three replications (Table S2).

Phenotypic data were first analysed using Levene's and t-tests to eval-
uate the equality of variance and means. Based on the assumption of
equal variance, a test for normality was performed on the disease resist-
ance rate of the population with the Kolmogorov—Smirnov test using SPSS
software (http://www.ibm.com/software/analytics/spss/).

Genotyping-by-sequencing (GBS)

High-molecular-weight DNA was extracted from leaf tissues using the Qia-
gen DNeasy 96 Plant kit, according to the manufacturer's procedure (Qia-
gen, Valencia, CA, USA). DNA was digested by the Apeki restriction
enzyme, which recognizes a five-base-pair sequence (5-GCWGCQ).
Genomic DNA libraries were prepared for GBS by ligating the digested
DNA to unique nucleotide adapters (barcodes), followed by PCR amplifica-
tion (Elshire et al. 2011). The library was sequenced using lllumina
HiSeq2000. An initial quality check was performed using FastQC (v0.11.2,
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Process_Rad-
tags built in Stacks (Catchen et al,, 2011) was used for deconvolution and
cleaning of sequencing reads. High-quality reads were aligned to the M.
truncatula reference genome (Mt4.0 v1) (www.phytozome.org/M. trunca-
tula) using the Burrow Wheelers Alignment tool (Version 0.5.9) (Li and
Durbin, 2009) with default alignment parameters.

Sequence variant detection and genotype calling

Picard MarkDuplicates (version 1.94, http://picard.sourceforge.net/) was
used for de-duplication of the aligned data. The Genome Analysis Toolkit
(GATK, v3.1) (McKenna et al., 2010) was used for the extraction of read
depth information. In-house Perl scripts and BEDTools (v2.17.0) (Quinlan
and Hall, 2010) were applied to process read depth and coverage data.
Duplicated reads from individuals were excluded from sequence variant
calling. Variants including single and multiple nucleotide polymorphisms
(SNPs and MNPs, respectively), allelic series of tri-SNPs and tetra-SNPs,
MNPs, and indels with a variable number of nucleotides were identified
using FreeBayes (Version 0.9.15) (Garrison and Marth, 2012). To differen-
tiate genotype ‘zygosities’, allele-specific read depths of all non-
duplicated reads were analysed using FreeBayes, resulting in nulliplex
(aaaa), simplex (aaab), duplex (aabb), triplex (abbb) and quadruplex
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(bbbb) genotypes in the tetraploid individuals. This analysis allows the
calling of not only variants differing from the reference, but also variants
differing between genotypes. To ensure the quality of genotyping calls, a
likelihood estimate was calculated to determine the probability. The R-
package ‘pegas’ (http://ape-package.ird.fr/pegas.html) and custom Perl
scripts were used to calculate the heterozygosity of the variants. Raw
data were submitted to the NCBI Sequence Read Archive with reference
number SRP069098.

Principal component analysis

A principal component analysis was performed on the marker data for all
lines in the panel by SAS PROC PRINCOMP (SAS Institute, Cary, NC, USA).
A covariance matrix was obtained and used for association analysis. To
display results, principal component 2 scores were plotted against princi-
pal component 1 scores for each line (Fig. 5).

GWA analysis

Genotypic data were further filtered using a 5% cut-off value for MAF.
The filtered marker data and least-square means of the phenotypic data
were used for GWA analysis employing TASSEL (Bradbury et al, 2007)
with a mixed linear model. The marker data were used to generate a
marker similarity matrix (Kinship or K matrix) containing all accessions
using TASSEL. TASSEL calculates kinship as the proportion of alleles
shared between each pair of lines. Once this matrix is calculated, the num-
bers are rescaled so that the numbers fall between 0 and 2 (Bradbury
et al, 2007). The K and Q matrices were used to control population struc-
ture during association analysis. A false discovery rate (FDR) of 0.05 was
used as a threshold for significance association (Benjamini and Hochberg,
1995).
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Additional Supporting Information may be found in the online
version of this article at the publisher's website:

Fig. S1 Distribution of Verticillium wilt (VW) resistance among
three subpopulations: CA, California; MW, Midwest; PNW,
Pacific Northwest.

Table S1 Marker density across eight chromosomes based on
the alignment of target sequences to the reference genome of
Medicago truncatula (Mt4.0 v1). The numbers of markers with
unknown positions are also presented at the end of the table.
Table S2 Normalized Verticillium wilt (VW) resistance rate
among 179 breeding lines in three breeding programmes: CA,
California; MW, Midwest; PNW, Pacific Northwest.
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