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Alfalfa (Medicago sativa L.) is a Widely 
Cultivated Forage Legume WorldwideCultivated Forage Legume Worldwide

• Autotetraploid
• 2n = 4x = 32
• Genome size: ~840 Mbp
• Perennial

R l ti f M t t l

Lanzhou University

• Relative of M. truncatula
• Outcrossing
• Cultivars are multi-parent 

th ti (h t )
Forage Improvement Division

Monfreda et al. 2008. G. Biogeo. Cycles.

Lanzhou Universitysynthetics (heterozygous)



Alfalfa - Medicago sativa Complex
Diploid M di ti M di ti M di tiDiploid

2X
Medicago sativa 
subsp. caerulea

Medicago sativa 
subsp. falcata

Medicago sativa 
subsp. hemicycla

Tetraploid
4X 

Medicago sativa 
subsp. sativa

Medicago sativa 
subsp. falcata

Medicago sativa 
subsp. varia

Warm weather                 Cold tolerant



Alfalfa (Medicago sativa) Genetics
Basic chromosome number (x) = 8

Diploid 
2n = 2x = 16

Tetraploid 
2n = 4x = 322n  2x  16

2X 4XCADL: Cultivated Alfalfa 2X 4XCADL: Cultivated Alfalfa
at the Diploid Level

Developed by Ted Bingham from cultivated tetraploids



CADL Genome Assembly Pipeline (V.1.0)

Falcon2,3

(Genome
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Daligner1

(Overlap 
assembly)Computation)

Quiver4

(Polishing
assembly)
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1. Myers G. 2014. The Daligner Overlap Library. https://github.com/thegenemyers/DALIGNER.
2. Chin C, et al. 2013. Nonhybrid, finished microbial genome assemblies from long‐read SMRT sequencing data. Nature Methods. 10:563–569.
3. Chin J. 2015. FALCON: experimental PacBio diploid assembler. https://github.com/PacificBiosciences/FALCON.
4 P Bi ® i t ll (Q i l ith ) htt // ith b /P ifi Bi i /G i C4. PacBio® variant consensus caller (Quiver algorithm). https://github.com/PacificBiosciences/GenomicConsensus.

Source: Joann Mudge, NCGR



CADL Dovetail Assembly (V.1.0)
(Falcon 0.4 + Quiver + Dovetail + Quiver)

CADL Assembly
Contigs 6,921
Max Contig 2 901 187Max Contig 2,901,187
Mean Contig 180,749
Contig N50 694,594 bp
Total Contig Length 1,250,961,487 bp
Scaffolds 5,753
Max Scaffold 6,073,685 bp
Mean Scaffold 217,463
Scaffold N50 1 271 357 bp

S J M d NCGR

Scaffold N50 1,271,357 bp
Total Scaffold Length 1,251,062,122

CADL 1.0 genome submitted to NCBI
Source: Joann Mudge, NCGR



CADL Gene Annotation Pipeline (V.1.0)

Training 
datasets
Augustus

for gene models

MAKER Pipeline
Gene prediction

Prelim. gene 
models

Evidence
Alfalfa RNA Seq

Alfalfa ESTs
M t and G m5 753 scaffolds for gene modelsmodelsM.t. and G.m. 

Proteins
5,753 scaffolds

OUTPUT
121,097 prelim 
gene models

SPADA 
8,162 small 

peptide gene 

123,753 
gene 

models

BUSCO
annotation 

quality

87,892
High 
conf.

models956 univ.
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gene 
models

Source: Xinbin Dai, Patrick Zhao
Campbell MS et al. 2014. Maker pipeline for genome annotation and curation.  Curr. Prot. Bioinformatics. 48:1‐39.



Alfalfa (Medicago sativa) Genetics
h b ( )Basic chromosome number (x) = 8

Diploid 
2n = 2x = 16

Tetraploid 
2n = 4x = 322n  2x  16

2X 4X NECS‐141: derived from 2X 4X commercial cultivars
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Assembly Strategies for Tetraploid Alfalfa Genome

Platform Assembler # of 
scaffolds

Total 
length

Maximum 
length Contig N50 Scaffold 

N50

CEGMA 
complete 
genes

Transcript 
coverage genes

Illumina

ABYSS 263,746 897Mb 29,439,826 3,304 5,021 68.95% 86.6%

SOAPdenovo2 359,556 1096Mb 79,123 4,662 6,303 81.05% 94.7%

PLATANUS 780,257 863Mb 426,269 7,302 33,927 65.73% 91.8%

PacBio

Falcon 50,072 1607Mb 762,063 62,942 62,942 87.90% 93.6%

Celera Assembler 47,839 2682Mb 3,289,947 81,910 81,910 92.74% 95.4%PacBio Celera Assembler 47,839 2682Mb 3,289,947 81,910 81,910 92.74% 95.4%

CANU 12,893 2349Mb 4,086,099 310,769 310,769 92.34% 95.4%

Assemblies by Haibao Tang and Andrew Farmer
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Multiple Approaches for Sequencing the 4X Alfalfa Genome

Tetraploid alfalfa genotype NECS-141

Hi-C
libraries

Proximo™
Scaffolding 
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NECS-141 GBS-SNP Genetic Linkage Map
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Alfalfa linkage groups

4 haplotypes per 
chromosome

N. Tayeh, unpublished

Alfalfa linkage groups



Proximity-Guided Assembly + NECS-141 Map
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Proximity-Guided Assembly + NECS-141 Map
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Alignment of the 4X Alfalfa Genome with M. truncatula (V4.0)
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N. Tayeh, manuscript in preparation
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Optical Mapping - Hybrid Scaffold Alignments 
(PacBio-Canu + Optical Mapping)

Genome maps BspQI

Canu ctg1

Genome maps BspQI

Optical mapping
Single moleculesg

2 haplotypes 3 haplotypes



Challenges with Big Datasets

SaltAcid and Aluminum Water stress PhosphorusSaltAcid and Aluminum Water stress Phosphorus

Store    Integrate   Organize



Alfalfa Breeder’s ToolboxAlfalfa Breeder s Toolbox
http://alfalfatoolbox.org/



Overview of the Alfalfa Breeder’s Toolbox (ABT)



Jbrowse: Integrated Alfalfa Datasets

Ref-seq

Gene models

SNPs

Allele freq

Gene expression

Clone X AAAA
AAAC

CCCC

A = Green C = Blue G = Yellow T = Red Gray = Monomorphic

Allele freq Cultivar Y

Global germplasm

AACC



Jbrowse: Integrated Alfalfa Datasets

Ref-seq

Gene models

SNPs

Allele freq

Clone X

Cultivar Y

AAAA
AAAC
AACC

CCCC
ACCC

A = Green C = Blue G = Yellow T = Red Gray = Monomorphic

Allele freq
Global germplasm



Genetic Differences Associated with Root Traits
Selected for Branched Roots

Base Population

3 cycles of 
field‐based 
selection

SNPs Selected for Tapped Roots

Allele freq

Gene expression

Clone X AAAA
AAAC

CCCC

A = Green C = Blue G = Yellow T = Red Gray = Monomorphic

Allele freq Cultivar Y

Global germplasm

AACC

Images: Deborah Samac, USDA



Genetic Differences Associated with Root Traits
Selected for Branched Roots 1. Genome‐wide Association Study (GWAS)

Base Population

3 cycles of 
field‐based 
selection

2. Shifts in the populations

Branched

Tapped

SNPs

Tapped

Base

3 G i f l l b di

Selected for Tapped Roots

Allele freq

Gene expression

Clone X AAAA
AAAC

CCCC

3. Genotyping assay for molecular breeding

A = Green C = Blue G = Yellow T = Red Gray = Monomorphic

Allele freq Cultivar Y

Global germplasm

AACC

Images: Deborah Samac, USDA



Shifts in Allele Frequencies Resulting from Selection

Enable identification of key genes based on genome alignments

3233‐6Branched

3233‐21

3233‐25

3234‐3Tapped

3234‐4

3234‐27

A = green C = blue G = yellow T=red



Pipeline to Integrate Acid and Al Tolerance in Alfalfa
Develop Populationsp

populationsTrait
integration

Marker-trait 
discovery

- Altet-4 (T1) × NECS-141 (S)
- NFAA (T2) × NECS-141(S)
- Altet-4 (T1) × NFAA (T2)

Select and 
intermate

Breeding Germplasm:
Altet-4 (T1)
60T180 4 (T2)intermate

RNA Seq qRT-PCR            Metabolomics        Gene Atlas          miRNAs
Gene discovery Validation Validation AGED Gene regulation

60T180-4 (T2)
NECS-141 (S)

Field evaluations

Gene discovery Validation Validation AGED               Gene regulation 

Forage Improvement Division Alfalfa cultivar Roots



Gene Models and Gene Expression Coverage

Al tolerant

Al sensitive

Al tolerant

Al itiAl sensitive



ABT: Alfalfa Gene Expression Atlas

Tissues:M. sativa subsp. sativa and subsp. falcata: leaves, roots, flowers, N‐fixing nodules, stem internodes
Abiotic stress: drought, low pH, Al toxicity



Alfalfa RNA-Seq Data in the Gene Expression Atlas (pH and Al)

1 Differential Expression (pH 4 + Al) 2 Expression profile (Roots)
a. MSAD_182412: Malate dehydrogenase Medtr8g463760

1. Differential Expression (pH 4 + Al) 2. Expression profile (Roots)
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b. MSAD_136562: Malate dehydrogenase Medtr1g043040

Altet-4 (T) NECS-141 (S)

MSAD_126098 141.0 4.0

MSAD_128584 64.7 0.7

MSAD_202097 189.3 0.2

Altet-4 NECS-141
3 hr 3 hr96 hr 96 hr

Altet 4                                                      NECS 141

_

MSAD_138637 26.1 0.7

MSAD_192821 0.1 40.6

MSAD_126887 0.7 52.8

MSAD_146048 66.4 0.7

MSAD_177108 25.5 0.2

MSAD_207780 10.6 0.2

Altet-4 NECS-141
3 hr 3 hr96 hr 96 hr

pH    7          4           7            4          7           4          7          4

*RPKM = reads per kilobase per million



Alfalfa RNA Seq Data in the Gene Expression Atlas (pH and Al)

1 Differential Expression (pH 4 + Al) 2 Expression profile (Roots: keyword search)
a. MSAD_182412: Malate dehydrogenase Medtr8g463760

1. Differential Expression (pH 4 + Al) 2. Expression profile (Roots: keyword search)
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b. MSAD_136562: Malate dehydrogenase Medtr1g043040

Altet-4 (T) NECS-141 (S)

MSAD_126098 141.0 4.0

MSAD_128584 64.7 0.7

MSAD_202097 189.3 0.2

Altet 4                                                       NECS 141
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3 hr 3 hr96 hr 96 hr

_

MSAD_138637 26.1 0.7
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3 hr 3 hr96 hr 96 hr

pH       7               4               7               4               7              4               7              4     

*RPKM = reads per kilobase per million



Integrate QTL, GWAS, SNP, Genome and Expression

T lb

Query Output

Toolbox

Query

Roots
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http://plantgrn.noble.org/AGED



Evaluation of Alfalfa Germplasm – Sensors & UAVs

Red River Farm (Burneyville, OK) Dupy Farm (Gene Autry, OK)

UAVs Phenomobile: SpiderManual



Summary: Genome and Alfalfa Breeder’s Toolbox
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Summary: Genome and Alfalfa Breeder’s Toolbox

Genome (2X and 4X)
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Thank you!
https://www.alfalfatoolbox.org/


