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ABSTRACT

Alfalfa (Medicago sativa) is one of the most important forage crops in the world; however, its molecular ge-

netics and breeding research are hindered due to the lack of a high-quality reference genome. Here, we

report a de novo assembled 816-Mb high-quality, chromosome-level haploid genome sequence for

‘Zhongmu No.1’ alfalfa, a heterozygous autotetraploid. The contig N50 is 3.92 Mb, and 49 165 genes are an-

notated in the genome. The alfalfa genome is estimated to have diverged fromM. truncatula approximately

8 million years ago. Genomic population analysis of 162 alfalfa accessions revealed high genetic diversity,

weak population structure, and extensive gene flow from wild to cultivated alfalfa. Genome-wide associa-

tion studies identified many candidate genes associated with important agronomic traits. Furthermore, we

showed that MsFTa2, a Flowering Locus T homolog, whose expression is upregulated in salt-resistant

germplasms, may be associated with fall dormancy and salt resistance. Taken together, these genomic re-

sources will facilitate alfalfa genetic research and agronomic improvement.
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INTRODUCTION

Alfalfa (Medicago sativa), known as the ‘‘Queen of Forage,’’ is an

essential perennial legume that provides inexpensive, nutritious,

and highly digestible forage; the crude protein content of alfalfa

hay can exceed 20% (Russelle, 2014; Butler, 1995; Elfaki and

Abdelatti, 2018). Alfalfa is self-incompatible and can be crossed

with different subspecies; its rich genetic diversity permits it to

be widely grown under various environmental conditions

(Michaud et al., 1988). Therefore, alfalfa is not only a high-quality

feed for livestock, but also an important crop for environmental

protection (Radovi�c et al., 2009). As the primary animal feed for

dairy cows, beef cattle, and other farm animals, alfalfa is an

important basis for the prosperity of the dairy industry. The liquid
1250 Molecular Plant 13, 1250–1261, September 7 2020 ª The Author
milk consumption per capita in the United States (66 kg) was

seven times more than that in China in 2019 (https://www.clal.it/

en/?section=tabs_consumi_procapite), and the alfalfa industry

therefore presents an important limitation to the development of

the dairy industry in China. Because it has access to

symbiotically fixed N2, alfalfa requires reduced nitrogen fertilizer

inputs, thereby producing economic and ecological benefits.

Despite these advantages, drawbacks associated with alfalfa

include bloating among ruminant animals, susceptibility to root

disease, and sensitivity to soil pH. To improve global food
2020.
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supplies and food security, it is necessary to facilitate the

development of the alfalfa industry through breeding efforts.

The M. sativa complex is composed of perennial, outcrossing,

morphologically differentiated, but often interfertile taxa

(Havananda, 2010). The M. sativa complex includes diploid and

autotetraploid subspecies. For instance, M. sativa ssp.

caerulea is a diploid subspecies that has been identified as the

ancestor of tetraploid cultivated alfalfa (Yu et al., 2017). By

comparison, cultivated alfalfa (M. sativa ssp. sativa, 2n = 43 =

32) is a true autotetraploid that shows quadrivalents during

meiosis and tetrasomic inheritance (Cao et al., 2004). These

subspecies hybrids display heterosis for many quantitative

traits (Bhandari et al., 2007; Li et al., 2009a, 2009b).

For years, alfalfa breeding efforts were hampered by a lack of in-

formation about its genome structure and the genetic basis of

important traits (Annicchiarico et al., 2016). The study of alfalfa

genomics is slowed down by its complexity in comparison with

that of other related species, such as Lotus japonicas (Sato

et al., 2008), Glycine max (Schmutz et al., 2010), and Medicago

truncatula (Pecrix et al., 2018). Although quantitative trait

loci and association mapping studies have been performed

with simple sequence repeat (SSR) and single-nucleotide

polymorphism (SNP) markers (Yu et al., 2016; Jia et al., 2017;

Hawkins and Yu, 2018), few genes have been characterized

(Barros et al., 2019), and the impacts of improved cultivars

have been limited. Therefore, resolving the structure of the

alfalfa genome is important for supporting alfalfa genetic and

genomic research and for accelerating genomic selection

breeding efforts (Hawkins and Yu, 2018). The main difficulty lies

in the acquisition of long contigs from autopolyploid or highly

heterozygous plants, such as sugarcane and strawberry,

because it is difficult to simultaneously work with long repeats

and heterozygosity (Zhang et al., 2018; Edger et al., 2019).

Here,wepresent ahigh-quality, chromosome-level haploidgenome

assembly forM.sativassp.sativacv.ZhongmuNo.1,awidelygrown

cultivar in Northern China. This assembly consists of eight pseudo-

chromosomes.Wealsosequenced137global corecultivatedalfalfa

germplasms and 25 ssp. caerulea accessions using short reads to

characterize populationmigration history and genetic exchange be-

tween subpopulations. We identified dozens of regions associated

with important agronomic traits using genome-wide association

studies (GWAS). We found that the florigen geneMsFTa2 is associ-

ated with fall dormancy, cold resistance, salt resistance, and

unifoliate internode length. It is also putatively associated with alfal-

fa’s environmental adaptability and widespread geographic distri-

bution. Together, these resources provide a foundation for acceler-

ating the genetic improvement of alfalfa, thereby improving global

food security for a growing world population.
RESULTS

Genome Sequencing and Assembly

We sequenced the genome of the cultivated alfalfa accession

ZhongmuNo. 1 using the IlluminaplatformandPacificBiosciences

(PacBio) single-molecule real-time (SMRT) sequencing to generate

approximately 528 Gb short reads and 245 Gb long reads, respec-

tively (Supplemental Tables 1 and 2).We also used the optical map
Molecula
from Bionano Genomics (Lam et al., 2012) and high-throughput

chromatin conformation capture (Hi-C) (Dekker, 2006) to

generate 522 Gb Bionano and 299 Gb Hi-C data, respectively.

K-mer analysis of the short reads showed that the alfalfa genome

is highly heterozygous (Supplemental Figure 1). The estimated

haploid genome size (�800 Mb) was confirmed by our 3.0–3.3

Gb 2C flow cytometry measurement (F Blondon et al., 1994;

Fyad-Lameche et al., 2015) (Supplemental Figure 2). We used

Canu (Koren et al., 2017) and MECAT (Xiao et al., 2017) to

assemble the PacBio long reads into preliminary contigs, which

were further improved to obtain extended contigs using HERA

(Du and Liang, 2019) with Bionano data (Supplemental Table 3).

The assembled sequences were filtered using Purge Haplotigs

(Roach et al., 2018) and Redundans (Pryszcz and Gabaldón,

2016) to obtain a non-redundant genome of 816 Mb, which was

close to the estimated haploid genome size. The contigs were

then clustered into eight pseudo-chromosomes with the Hi-C

heatmap (Supplemental Figure 3, Supplemental Tables 4 and 5).

The haploid genome had a contig N50 (the minimum contig

length needed to cover 50% of the genome) of 3.92 Mb

(Supplemental Table 6). The non-redundancy of the genome was

confirmed with the Hi-C data (Supplemental Figure 4).

We identified 1344 (93.3%) of the 1440 conserved genes in the

genome assembly with BUSCO (Waterhouse et al., 2018)

(Supplemental Table 7). The annotation of long terminal repeats

(LTRs) revealed an LTR Assembly Index (LAI) (Ou et al., 2018)

score of 22.30 that met the gold standard for high-quality

reference genome. Furthermore, we found that 95.35% of the

Illumina short reads mapped to the Zhongmu No. 1 genome.

Taken together, these results suggest that the Zhongmu No.

1 genome is a high-quality assembly.

Genome Annotation

By combining ab initio prediction and transcript and protein evi-

dence (Supplemental Tables 8 and 9), we annotated 49 165

high-confidence genes (Figure 1, Supplemental Tables 10 and

11). We annotated 76% of the genes with functional

assignments (Supplemental Table 12), and approximately

92.3% of the genes were supported by Iso-Seq isoforms or the

RNA sequencing (RNA-seq) data (Supplemental Table 10). As

expected, gene density was higher on the arms than in the

middle of the chromosomes (centromere regions) (Figure 1).

We used ab initio and evidence-based approaches to annotate re-

petitive sequences, which accounted for 57% of the genome.

Similar distributions of repetitive sequences were found on all

chromosomes,with a higher density in themiddle of each chromo-

some than in the distal regions (Figure 1). The most abundant

transposable elements (TEs) were LTR retrotransposons (�42%),

which consisted mainly of Copia elements (�12%) and Gypsy

elements (�18%) (Supplemental Table 13).

Comparative Genomic and Evolutionary Analysis

Comparative analysis of the Zhongmu No. 1 genome and the

M. truncatula genome (Pecrix et al., 2018) showed that they

were highly collinear, confirming the accuracy of our assembly

(Figure 2A). There was a large translocation (�20 Mb) between

chromosomes 4 and 8 and an inversion in chromosome 1

(Figure 2A and 2B). These structural variations were confirmed
r Plant 13, 1250–1261, September 7 2020 ª The Author 2020. 1251
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Figure 1. Distribution of Genomic Features
within the Alfalfa Zhongmu No. 1 Genome.
(A–C) Circular representation of the GC content

(A), gene density (B), and LTR density (C) of

genome regions (100 kb for each window).

(D) Collinear gene blocks in the Zhongmu No.

1 genome.
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by Zhongmu No. 1 Hi-C data (Supplemental Figure 4) and are

supported by previous reports (Li et al., 2014; Pecrix et al., 2018).

We used 290 single-copy genes to build a phylogenetic tree for

10 species, including M. sativa and M. truncatula, and it showed

that alfalfa is most closely related to M. truncatula. The diver-

gence between M. sativa and M. truncatula was estimated to

have occurred 8 million years ago (Mya) (Figure 2C).

Furthermore, we used Ks values for 17 371 high-confidence

(1:1 ratio only) M. sativa and M. truncatula collinear gene pairs

to estimate that these species diverged from their most recent

common ancestor approximately 6.4 Mya (Figure 2D).

The ZhongmuNo. 1 genome ismuch larger than theM. truncatula

genome. However, the collinear depth withM. truncatula shows a

1:1 pattern (Figure 1, Supplemental Figure 5), and Zhongmu No.

1 has not experienced obvious recent whole-genome duplication

events, such as those observed in G. max (Supplemental

Figure 6). The length of LTR-TEs in the Zhongmu No. 1 genome

(�315 Mb) is much larger than that in M. truncatula (�65 Mb). In

addition, LTR bursts occurred in Zhongmu No. 1 recently (0–0.5

Mya) after the divergence of the two species (Supplemental

Figure 7). The amplification of LTR-TEs caused by LTR bursts is

the major contributing factor to the alfalfa genome expansion.

Population Genomic Analysis

To understand the genetic diversity of the alfalfa population, we

sequenced 137 alfalfa global core germplasms (Basigalup

et al., 1995) and 25 ssp. caerulea accessions provided by the
1252 Molecular Plant 13, 1250–1261, September 7 2020 ª The Author 2020.
U.S. National Plant Germplasm System of

the United States Department of

Agriculture Agricultural Research Service

(https://www.ars-grin.gov/npgs/index.

html). The core germplasms represent a rich

source ofmore than 50 desirable agronomic

traits (Supplemental Data 1) and were

acquired from specimens distributed over

six continents (Figure 3A).

Because alfalfa includes both diploid sub-

species and tetraploid subspecies, for

simplicity we treated all accessions as dip-

loids for the population analysis. Please

note that this simplification will create limita-

tions for some analyses (see Discussion for

details). We combined various methods to

analyze the sequenced populations

(Supplemental Figure 8). We used the

Zhongmu No. 1 genome as a reference to

identify 963 654 biallelic SNP markers in

coding sequence (CDS) regions whose
missing rate is less than 5%. . We first performed population

structure inference on the 162 alfalfa accessions with

ADMIXTURE software, which divided the population into three

groups. Group 1 was dominated by ssp. caerulea; group 2

contained two unknown diploid samples and some admixed

tetraploid samples; and group 3 mainly contained tetraploid

alfalfa. Group 3 could be further divided into three subgroups

that were highly correlated with subspecies geographic

distribution (Figure 3B and 3C). Principal component analysis

(PCA) produced similar groups (Figure 3D–3F). However, the

variation explained by the top three principal components of

both analyses was fairly low (less than 10%), indicating a weak

population structure and complex genetic composition in the

alfalfa population.

Population split and migration analysis performed with TreeMix

further implied highly weighted gene flows to the tetraploid al-

falfa population from distant populations represented by the

diploid outgroup, as well as unknown ancestors of tetraploid al-

falfa and ssp. caerulea (Supplemental Figure 9, Supplemental

Note 1). This may also explain the origin of significant

heterozygous variation and weak population structure within

tetraploid alfalfa.

Based on the average values of nucleotide polymorphism (p)

and SNP differences, the genetic diversity of the group 3 popu-

lation (tetraploid alfalfa) was higher than that of the group 1 pop-

ulation (ssp. caerulea) (Supplemental Table 14). The population

differentiation analysis (FST) showed that the differentiation
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Figure 2. Alignment of M. sativa Zhongmu No. 1 Chromosomes with M. truncatula Chromosomes and Evolutionary Analysis.
(A) M. sativa chromosomes aligned to M. truncatula chromosomes. The dots indicate gene pairs.

(B) The "Zhongmu No.1" genome aligned to theM. truncatula genome. Green bars indicateM. truncatula chromosomes, and blue bars indicateM. sativa

chromosomes. Dotted boxes depict the inversion on Chr1. Dotted circles indicate the translocation between Chr4 and Chr8.

(C) Phylogenetic tree of several plants. Branch length represents the estimated nucleotide substitutions per site. Scale bar corresponds to 0.2 sub-

stitutions per site. WGD, WGT, PWGD, and G-LS data are reproduced from the literature (Kreplak et al., 2019).

(D) Distribution of pairwise Ks for syntenic genes between M. sativa (Ms) and M. truncatula (Mt).
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degree between the three tetraploid alfalfa subpopulations was

high (Supplemental Table 15). Tajima’s D results showed that

selective sweep signals were rarely detected in the tetraploid

alfalfa population (Supplemental Table 16). These results

confirm that the current tetraploid alfalfa population maintains

high genetic diversity and may not experience purifying

selection.

North and South American alfalfa cultivars were clustered

into separate groups (Figure 3A–3C), in agreement with the

migration and cultivation history of alfalfa, which was
Molecula
brought to South America in the 16th century and was

later cultivated in North America (Tysdal et al., 1942;

Hanson et al., 1988) (Figure 3A). Combining historical

records with our results, we suggest that cultivated alfalfa

may have originated from one ancestral population in

Europe. North American and South American populations

were brought by two groups of colonists from Europe.

Furthermore, its gene pool was continuously enriched by

genetic components absorbed from other subspecies as a

result of dispersion and adaptation to different

environments (Supplemental Figure 9).
r Plant 13, 1250–1261, September 7 2020 ª The Author 2020. 1253
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Figure 3. Geographical Distribution and Population Genetic Structure of 162 M. sativa Accessions.
(A) The geographical distribution of M. sativa on the basis of ADMIXTURE groups. Arrow indicates that a European colonist took alfalfa to America.

(B) ADMIXTURE plot of 162 M. sativa accessions shows three subpopulations (k = 3).

(C) ADMIXTURE plot of group 3 accessions from (B) shows the three subpopulations (k = 3) of group 3.

(D) Principal components (PCs) of the variation among all 162M. sativa accessions with PC1 (3.8%) and PC2 (3.4%). (E)Principal components (PCs) of the

variation among all 162 M. sativa accessions with PC1 (3.8%) and PC3 (2.3%).

(F) PCs of variation among group 3 accessions. PC1, 3.4%; PC2, 2.1%.
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GWAS of Important Agronomic Traits

To identify candidate genes associated with key agronomic traits,

we performed GWAS on the 137 global core germplasms using

whole-genome SNP data and phenotypic data of the U.S. National

Plant Germplasm System (Supplemental Data 1). Using 2 463 637

biallelic SNPs based on the Zhongmu No. 1 genome, we identified

more than 100 candidate regions associated with more than 30

agronomic traits, including disease resistance, insect resistance,
1254 Molecular Plant 13, 1250–1261, September 7 2020 ª The Author
growth, morphology, productivity, and stress response

(Supplemental Figure 10, Supplemental Data 3). These results

identified valuable genomic markers and candidate genes that

can be used in future breeding and basic research efforts.

We found a particularly interesting association locus at 73.4 Mb

on chromosome 7 that was associated with four traits: fall

dormancy, cold resistance, salt germination, and unifoliate
2020.
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Figure 4. FTa2 GWAS-Based Association
with Four Phenotypes and Expression Anal-
ysis.
(A–D) Manhattan plot for the genome-wide as-

sociation analysis of salt germination (A), frost

damage (B), fall dormancy (C), and unifoliate

internode length (D). The –log10 (P) values for the

association tests (two-tailed) are shown on the y

axis, and the chromosomes are ordered on the x

axis.

(E) The SNP genotype is associated with the salt

germination phenotype. Half maximal inhibitory

concentration is the sodium chloride concentra-

tion that inhibits the germination of 50% of the

viable seeds.

(F) The SNP genotype is associated with the frost

damage phenotype. The number 1 indicates the

least frost damage and 9 describes the greatest

frost damage.

(G) The SNP genotype is associated with the fall

dormancy phenotype. Numbers indicate fall

dormancy, with larger numbers indicating slower

growth in autumn and winter.

(H) The SNP genotype is associated with the

unifoliate internode length phenotype. This

phenotype is the distance between the cotyle-

donary node and the unifoliate leaf node

measured inmillimeters. Significant differences of

(E–H), indicated by letters, were determined by

one-way ANOVA, a = 0.05.

(I) The bar plot shows relative FTa2 expression in

different M. sativa accessions with or without

100 mM NaCl treatment. C56, C85, C124, and

C107 accessions have a salt-sensitive genotype.

C47, C130, C25, and C83 have a salt-tolerant

genotype. Error bar, SD; significant differences,

indicated by letters, were determined by two-way

ANOVA, a = 0.05.
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internode length (Figure 4A–4D). Stanton-Geddes et al. (2013)

reported that this region was also associated with the flowering

date of M. truncatula. The genotypes of three different

candidate SNPs were highly positively correlated (rho = 0.85–

0.98) with these four phenotypes, indicating a potential

common causal mutation for all four phenotypes (Figure 4E–

4H). This hypothesis is consistent with previous reports that fall

dormancy is positively correlated with salt tolerance and

unifoliate internode length (Liu et al., 2015, 2019a, 2019b). We

found that the three SNPs were located in a gene cluster

composed of three phosphatidylethanolamine binding protein

(PEBP) genes (Figure 4A–4D) that are homologs of the

Arabidopsis thaliana florigen gene Flowering Locus T (FT),

which promotes the transition from vegetative growth to

flowering (Kardailsky et al., 1999; Tamaki et al., 2007). A

syntenic region in M. truncatula also contains three PEBP

genes named FTa1, FTa2, and FTc (Supplemental Figure 11).

Therefore, we named the three alfalfa PEBPs MsFTa1, MsFTa2,
Molecular Plant 13, 1250–1261,
and MsFTc on the basis of sequence

similarity (Supplemental Figure 12).

An FT homolog has been reported to

be associated with tree dormancy

(Cooke et al., 2012). Another FT homolog
is induced by salt treatment, and the overexpression of this

gene improved N. tabacum salt tolerance (Li et al., 2015). To

test for salt-induced changes in MsFT expression, we randomly

selected four salt-tolerant cultivars and four salt-sensitive culti-

vars for qPCR analysis. Compared with salt-sensitive accessions

(C56, C85, C124, and C107) with major allele SNPs, salt-tolerant

accessions (C47, C130, C25, and C83) that were heterozygous

for the SNPs of interest had relatively high FTa2 expression that

was further induced by salt treatment (Figure 4I). FTa1 and FTc

expression patterns were not correlated with the salt sensitivity

phenotypes of these specimens (Supplemental Figure 13). We

found that the sequences and copy numbers of each FT gene

did not differ among these accessions (Supplemental

Figures 14 and 15), suggesting that differential FT expression

was not caused by sequence or copy-number variation. The

results of GWAS localization and expression pattern analysis

suggest that FTa2 expression differences may affect alfalfa fall

dormancy and salt tolerance.
September 7 2020 ª The Author 2020. 1255
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The major genotypes of these three SNPs of interest were found

mainly in cultivars distributed in higher-latitude areas with low fall

and winter temperatures, whereas minor genotypes were found

mainly in cultivars from lower-latitude regionswith higher temper-

atures and higher soil salinity (Supplemental Figure 16). These

observations are consistent with the logic that fall dormancy is

important for reducing alfalfa frost damage and high salt

tolerance facilitates adaptation to lower-latitude regions. Thus,

FTa2 may contribute to the environmental adaptability of alfalfa.

DISCUSSION

We have assembled a high-quality haploid genome

for autotetraploid alfalfa, the most important forage crop in the

world. In the past, homozygous inbred lineswere usually selected

for genome assembly to reduce the influence of heterozygous se-

quences. Because it is very difficult to obtain homozygous lines

for self-incompatible plants, we selected the major heterozygous

cultivar in China, Zhongmu No. 1, as the material for de novo

sequencing.

A highly continuous and complete set of reference genomes is an

essential basis for a wide range of population genetics studies

and experimental research. By combining current state-of-the-

art technologies (including PacBio long read sequencing, Bio-

nano mapping, Hi-C sequencing, and high-quality genome as-

semblers), we generated a representative haploid reference

genome for alfalfa. The continuity and integrity of the assembled

Zhongmu No. 1 genome showed its high quality: it had a contig

N50 of 3.92 Mb, a BUSCO estimate of 93.3%, and an LAI score

estimate of 22.30. The combined sequence length of all 8 chro-

mosomes was 794.3 Mb, close to its estimated genome size of

�800 Mb. Because of the heterozygosity and outcrossing of al-

falfa, there is undoubtedly some chimerism in the Zhongmu No.

1 reference genome. It is notable that the reference genome is

not a real set of subgenomes in vivo and cannot be used to study

the subgenome. However, its collinearity with the M. truncatula

genome is good. Different alfalfa individuals each have their

own recombination history, such that each individual is a

chimera. Taking the chimera sequence as the reference will not

affect the linkage relationship of genetic markers. On the premise

that we cannot obtain an ideal complete non-chimeric genome at

present, integrity and continuity are the most important factors

that affect the quality and usability of the reference genome.

We used the Zhongmu No. 1 genome as the reference genome

for population structure and GWAS analysis of 162 accessions

as an example.

An interesting, unique aspect of alfalfa is its multiple diploid and

tetraploid subspecies. The tetraploid subspecies represented

by Zhongmu No. 1 are thought to have descended from ssp.

caerulea. Our population genomic analysis indicated that

frequent introgression of genes from diploid populations reduced

the population structure and increased the genetic diversity of

cultivated alfalfa. We also found that alfalfa’s genetic diversity

was higher than that of its probable wild diploid ancestor ssp.

caerulea. This result may have arisen because we did not

sequence a sufficient number of representative ssp. caerulea ac-

cessions. Another possibility is that other subspecies, such as the

distant ssp. falcata, have also contributed to alfalfa’s genetic

diversity.
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For the population analysis, we treated SNPs using a simplified

approach in which SNPs were called in a diploid manner and

only biallelic SNPs were retained, an approach used previously

in sugarcane (Zhang et al., 2018). In this method, the potential

real states of autotetraploid heterozygous sites (such as CGGG,

CCGG, or CCCG) were simplified to sites with two states (CG),

and homozygous sites were not affected. This method

therefore ignored the diversity of different real heterozygous

sites (allelic dosage), and some analyses related to genetic

diversity, such as the NJ analysis and nucleotide diversity,

would have been affected. The NJ analysis is related to the

diversity between individuals and may be greatly affected by

ignoring allelic dosage, thereby producing inaccurate

conclusions. To avoid misleading interpretations, the results of

NJ analysis are not presented here. By contrast, GWAS is

based primarily on the presence or absence of different genetic

marker alleles in individuals, without regard to allelic dosage.

Thus, the analyses presented here can overcome some

challenges associated with autotetraploidy and can provide an

example for future studies.

In this study, we report a highly continuous, chromosome-level

reference genome of autotetraploid Zhongmu No. 1 alfalfa, as

well as a population analysis of 162 worldwide alfalfa germ-

plasms. These results provide insights into the genome evolution

and the weak population structure of alfalfa. GWAS analysis iden-

tified a number of target regions that putatively control important

agronomic traits.MsFTa2, which may be associated with several

critical traits related to alfalfa’s worldwide distribution, is an

example of the value that target gene identification can bring to

future functional studies and molecular breeding. These new

genomic resources will promote the study of alfalfa genome evo-

lution, perennation mechanisms, and other traits, thereby facili-

tating the breeding of improved forages to benefit human society.
METHODS

Plant Materials

The variety Zhongmu No. 1 (Chinese alfalfa) from the Institute of Animal

Sciences of the Chinese Academy of Agricultural Sciences was chosen

for the sequencing and assembly of the alfalfa reference genome.

Zhongmu No. 1 was obtained by hybridizing several kinds of alfalfa. The

accession is classified asM. sativa spp. sativa. ZhongmuNo. 1 is a hetero-

zygote with outcrossing that is largely self-incompatible, and it can there-

fore only be reproduced asexually (such as through cuttage). After germi-

nation, seeds were transferred to mixed soil (soil:vermiculite = 2:5) with

MS medium (Murashige and Skoog, 1962). After growing for one month,

one individual plant was selected for DNA extraction from leaves for

SMRT PacBio, 10X genomics, and NGS sequencing. The selected plant

was propagated asexually, and its progeny were grown to obtain more

young leaf material for a Bionano optical map and Hi-C sequencing. The

cutting seedling was transplanted onto mixed soil with MS medium.

Three weeks after cuttage, young emerging leaves were harvested. For

RNA sampling, RNA was extracted from the following greenhouse-

grown samples (Supplemental Table 7): stems without branches, stems

with branches, leaf buds (three duplicates), flowers, flower buds, lateral

roots, taproots, capsules, tillering area, young leaves (three duplicates),

climax leaves (three duplicates), and young leaves after clipping. These

samples were obtained from the same plant materials described in the

PacBio protocol. RNA was also isolated from seeds, 21 dpi (days post

infection) nodules, and 28 dpi nodules, which were planted on 13 3 13-

cm dishes with MS medium. All of these fresh tissues were harvested,
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immediately frozen in liquid nitrogen, and then stored at �80�C until

extraction.

For the soil treatments, plants were grown on dishes in well-watered con-

ditions in a growth chamber at 24�C and 16 h daily light. After the plants

had grown for 7 d, we inoculated them with Sm1021 to obtain nodules.

For resequencing samples, 137 species of M. sativa spp. sativa were

collected from the United States Department of Agriculture Agricultural

Research Service. These accessions were planted in soil for 2 weeks,

and then young leaves were used for DNA extraction and sequencing.

DNA and RNA Isolation

Preparation of Genomic DNA for NGS Sequencing, 10X Genomics,

and PacBio Sequencing

DNA was extracted from the young leaves of Zhongmu No. 1 with the

modified cetyltrimethylammonium bromide (CTAB) method (Doyle,

1987). DNA samples were sent to BGI-Shenzhen (Shenzhen, China) and

Wuhan Institute of Biotechnology (Wuhan, HuBei, China) for library con-

struction and sequencing on the Illumina HiSeq 2000 platform (Illumina,

San Diego, CA) and the PacBio Sequel platform (Pacific Biosciences,

Menlo Park, CA).

Preparation for Hi-C

The Hi-C library was prepared and sequenced by ANOROAD-Beijing. In

brief, chromatin in the nucleus of young alfalfa seedlings was fixed with

formaldehyde and extracted. Fixed chromatin was digested with MboI,

and sticky endswere filled in with biotinylated nucleotides and ligated. Pu-

rified DNA was treated to remove biotin.

Preparation for Bionano Optical Map

For Bionano mapping, young leaves of Zhongmu No. 1 were collected

from the greenhouse, and high-molecular-weight (HMW) DNA was ex-

tracted following the Bionano IrysPrep High Polysaccharides Plant Tissue

DNA Isolation User Guide (Bionano document no. 30128).

RNA Isolation for Transcriptome Sequencing

Samples were harvested into liquid nitrogen, then stored at �80�C until

extraction. We used a high-throughput tissue grinder to grind the tissues.

TRIzol (Invitrogen) and CHCl3 were added to extract the RNA. RNA was

washed with 75% ethanol and then dissolved in 30 ml RNase free water.

The RNA samples were sent to BGI-Shenzhen for both RNA-seq and Pac-

Bio Iso-Seq.

Preparation for the Resequencing of Alfalfa Germplasms

Young leaves of each core germplasm were collected for genome

sequencing. Genomic DNA was extracted using the CTAB method.

DNA samples were sent to BGI-Shenzhen and Wuhan Institute of

Biotechnology for library construction and sequencing on the BGISEQ-

500 platform (BGI, Shenzhen, China).

Genome Sequencing

NGS Short Read Sequencing

The NGS data were sequenced by BGI using a BGISEQ-500. A total of

1 mg genomic DNA was randomly fragmented by ultrasound (Covaris).

The fragmented genomic DNA was recycled with an average size of

200–400 bp using an Agencourt AMPure XP Medium kit. Fragments

were end-repaired and then 30 adenylated. Adaptors were ligated to the

ends of the 30 adenylated fragments, and fragments with adaptors were

amplified by PCR. The double-stranded PCR products were heat-dena-

tured and circularized by the splint oligo sequence. The single-stranded

circular DNA molecules (ssCir DNA) were formatted as the final library.

Quality-checked libraries were sequenced by BGISEQ-500. Each ssCir

DNA molecule formed a DNA nanoball (DNB) that contained more than

300 copies through rolling-cycle replication. The DNBs were loaded into

the patterned nanoarray using the high-density DNA nanochip technol-

ogy. Finally, paired-end 100 or 150 bp reads were obtained by combina-

torial probe-anchor synthesis. For a survey to estimate the genome, a total

of 150.52 Gb clean data was generated. A total of 528.62 Gb clean data

was generated to refine the assembled genome, and a total of 7.7 Tb clean

data was generated for resequencing (Supplemental Data 2).
Molecula
PacBio Sequencing

To enable an assembly of the complex alfalfa reference genome, we ex-

tracted DNA from the shoot tissue of alfalfa propagated by cuttage for

PacBio sequencing. A total of 35 SMRT cells were run on the PacBio

Sequel system by BGI. These cells generated 245.62 Gb of long

read data with an N50 of 12 165 kb (Supplemental Table 2).

Bionano Optical Maps

Extracted HMW DNA molecules were fluorescently stained using Nick,

Label, Repair, and Stain (NLRS) enzymatic reactions following the Bio-

nano Prep Labeling - NLRS Protocol (Bionano document no. 30024). In

brief, single-strand breaks were introduced into DNA molecules with the

nicking enzyme Nb.BssSI (New England Biolabs) to generate sequence

motif-specific patterns. Nicked sites were labeled with fluorescent nucle-

otides and repaired. Molecule backbones were also fluorescently stained

with YOYO-1 to visualize their full lengths. NLRS reaction products were

then run on the Bionano Saphyr system (BGI), in which the DNAmolecules

were automatically stretched and imaged within nanochannel arrays. Dis-

tances between fluorescently labeled nicking sites formed patterns that

were used for alignment and assembly with Bionano Auto Detect software

(version 2.1.4).

Hi-C Library Preparation and Sequencing

The Hi-C sequencing libraries were constructed by 10–12 cycles of PCR.

Biotin-containing fragments were enriched using streptavidin C1 mag-

netic beads before the PCR amplification of the library. The library was

sequenced on an Illumina HiSeq X platform (Illumina). The sequencing in-

teracting pattern was obtained using an Illumina HiSeq instrument with 2

3 150-bp reads.

RNA-Seq

For RNA-seq, stranded RNA-seq libraries were constructed for each sam-

ple and sequenced on the BGISEQ-500 platform (BGI). For PacBio Iso-

Seq, equal amounts of RNA from different tissues were pooled and then

sequenced on the PacBio Sequel platform.
Genome Assembly

Genome Size Estimation

K-mer analysis was used to estimate the size and heterozygosity of the

genome following the method described in Liu et al. (2013). We also

used flow cytometry to estimate genome size. Following Dolezel et al.

(2007), we used G. max and Zea mays as internal references

(Supplemental Figure 3A–3D). As a control, the PI peak positions of

Zhongmu No. 1, G. max, and Z. mays were estimated with flow

cytometry (BD FACSCalibur). The samples were then mixed to make a

nucleic solution to estimate the relative genome size of Zhongmu No. 1

(Supplemental Figure 3E and 3F).

Genome Assembly

The PacBio data were corrected with Canu (version 1.8 with useGrid =

true; minThreads = 4; genomeSize = 1600m; minOverlapLength = 700;

minReadLength = 1000; and other parameters set to default values).

Next, we used MECAT to assemble the Canu-corrected reads with ge-

nomeSize = 1.6g; ErrorRate = 0.04; maxMemory = 500; maxThreads =

40; useGrid = 0; and Overlapper = mecat2asmpw. We used HERA (Du

and Liang, 2019) to extend and connect the contigs and to fill in gaps in

the Bionano hybrid scaffolds (Supplemental Figure 3). The self-

alignment of the whole-genome contig sequences was performed using

default the parameters of BWA-MEM, and the genome sequences were

filtered with Redundans (with -t 10, –identity 0.55, –overlap 0.80,

––noscaffolding, and –nogapclosing) and Purge Haplotigs (with default

parameters). The overlap between sequences was merged using the re-

sults of BWA-MEM self-alignment, and the removed overlapping se-

quences were stored in a set of heterozygous sequences. Hi-C

sequencing data were used to cluster the remaining genome sequences,

resulting in the final 8 pseudo-chromosomes with a total length of 816 Mb

and a contig N50 size of 3.9 Mb.

Refining the Genome

The NGS data were mapped to the genome using BWA-MEM (version

0.7.17) (Li and Durbin, 2009), and the results were filtered with Q30 by
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SAMtools (version 1.8) (Li et al., 2009a, 2009b). Finally, the genome was

corrected using Pilon (version 1.22) (Walker et al., 2014) based on the

filtered alignments. Three rounds of genome correction were performed

by Pilon.

Quality Control of the Assembly

We aligned the NGS data to the final pseudo-chromosomes with BWA-

MEM. BUSCO (version 3, embryophyta_odb9 dataset) was used to eval-

uate the genome integrity.
Genome Annotation

Annotation of Repeat DNA Sequences

A combination of ab initio and homology-based methods was used to

annotate repeats in the alfalfa genome. First, we constructed an ab initio

repeat library using LTR_FINDER (version 1.05) (Xu and Wang, 2007)

and RepeatModeler (version 1.0.1, see URLs) with default parameters.

The predicted repeat library was aligned with the PGSB repeater

database (see URLs) to separate repeats into distinct repeat families.

Next, a repeat of the database from scratch and Repbase (version

20.11, see URLs) were input to RepeatMasker (version 4.0.7, see URLs)

for alfalfa genomic execution based on a homologous repeat search. In

addition, RepeatProteinMask was used with the wu-blastx search engine

to identify any repeatability-related proteins that had been missed in the

previous step. Finally, overlapping repeat sequences that belonged to

the same repeat sequence were combined according to their compati-

bility in the genome. For overlapping duplicates that belonged to different

repeat classes, the overlapping areas were divided in the middle. In addi-

tion, we used TandemRepeats Finder (Benson, 1999) to annotate tandem

repeats.

Prediction and Functional Annotation of Protein-Coding Genes

The RNA-seq data were aligned to the M. sativa genome using HISAT2

(version 2.1.0) (Kim et al., 2015) with default parameters, and transcripts

were assembled using StringTie (version 1.3.5) (Pertea et al., 2016) with

default parameters to obtain the transcript gff file. The genome was

annotated to obtain reliable genes using the SwissProt (2019) protein

database and MAKER gene annotation software. These genes were

then used to train Augustus (version 3.2.3) (Keller et al., 2011) and

SNAP (version 2006-07-28) (Korf, 2004) models. The transcripts of the

RNA-seq data and the isoform sequences produced by PacBio

sequencing were used as EST evidence, and the protein sequences

of Oryza sativa, Arabidopsis thaliana, Cicer arietinum, G. max,

Medicago truncatula, and SwissProt were used as protein evidence.

Using the models trained by SNAP and Augustus, the second round of

gene annotation was performed. The protein sequences of the obtained

genes were annotated using InterProScan 5.0 (Jones et al., 2014).

Based on the results of functional annotation and alignment with the

TESeeker database (Kennedy et al., 2011), TE-related genes were

filtered out.

Next, reliability classification of the genes was performed: the CDSs of the

remaining genes were compared with the isoforms, and genes with iden-

tity >0.9 and coverage >0.75 were defined as high-confidence genes. The

GC content, gene density, and LTR density were visualized using Circos

(version 0.69-5) (Krzywinski et al., 2009) as shown in Figure 1. The GC

content in a 500-kb window was scanned sequentially along the

genome; the minimum value shown in the Circos plot is 0.3, and the

maximum value is 0.4. The gene density in a 500-kb window was also

scanned sequentially along the genome; the minimum value shown in

the Circos plot is 0, and the maximum value is 35.
Genome Collinearity Analysis

The collinearity analysis of alfalfa andM. truncatula genes was performed

using MCscan (see URLs) with the following command: python -m

jcvi.compara.catalog ortholog –no_strip_names –nostdpf –cscore=.75.

The result was filtered and integrated with the command: python -m

jcvi.compara.synteny mcscan bed_file anchor_file –iter = 1.
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Evolutionary Analysis

Based on the results of the collinearity analysis above, the synonymous

substitutions per synonymous site (Ks) of the genes were calculated.

The peak value was extracted using the Ks distribution map, and the dif-

ferentiation time was estimated as Divergence time = Ks/13 3 1000

(Mya) (Gaut et al., 1996).

Population Analysis

Genome Ploidy Estimation

Following Dolezel et al. (2007), we used Zhongmu No. 1 as a reference to

estimate the PI peak position of the alfalfa samples, then estimated their

ploidy for subsequent analysis.

Population Genome Resequencing and Detection of Nucleotide

Variants

The whole-genome sequencing data of 137 alfalfa and 25 ssp. caerulea

samples were mapped to the Zhongmu No. 1 genome with BWA (version

0.7.17) using the mem function. SAMtools (version 1.8) was used to filter

the unmapped reads and sort the mapped reads. Additional filtration was

performed with an in-house Perl script, and reads with mapping quality

greater than 10 and the best alignment score higher than the second-

best one were retained for further analysis. Nucleotide variants were

then obtained using the Unified Genotyper tool of the Genome Analysis

Toolkit (GATK) (version 3.4-46) (McKenna et al., 2010) with the following

parameters: -stand_call_conf 50.0, -stand_emit_conf 10.0, -dcov 1000,

-A Coverage, and -A AlleleBalance. The raw variants were filtered using

the GATK VariantFiltration tool. The criteria used to filter the raw

variants were QUAL <50.0, MQ0 R 4 && ((MQ0/(1.0*DP)) > 0.1, DP < 5,

QD < 1.5, and clusterWindowSize = 10. After filtration, we obtained

116 851 522 SNPs and InDels, including 11 827 328 biallelic SNPs. All

nucleotide variants were annotated for their potential impacts on coding

genes using snpEff (version 3.3) (Cingolani et al., 2012).

Population Structure and Phylogenetic Analysis

From the obtained nucleotide variants, 986 141 SNP sites with two allelic

types that fell within annotated CDS regions and were missing in less than

5% of the population were used for the population structure analysis of

163 M. sativa samples. Population structure was inferred using ADMIX-

TURE (version 1.23) (Alexander et al., 2009) with K from 2 to 5, each

with 200 bootstraps. PCAs were performed using the smartpca function

in EIGENSOFT (version 5.0.2) (Patterson et al., 2006). Pairwise

differences for all samples were also calculated on these SNPs with an

in-house Perl script. The genotypes of the SNPs were transformed into

multi-consensus fasta format, and neighbor-joining trees were con-

structed with the R package ‘‘ape.’’ Heterozygous genotypes were trans-

formed into four forms for neighbor-joining tree construction: missing,ma-

jor allele, minor allele, and random allele. The same SNP dataset was

transformed into a population allele frequency table based on the sample

grouping result of ADMIXTURE when K = 3, and population split and

mixture analyses were performed with TreeMix (version 1.13) (Pickrell

and Pritchard, 2012). A subset of 322 859 SNPs with a minor allele

frequency over 0.05 in 127 relatively clear tetraploid alfalfa samples

were used for population structure inference and PCA as described

above.

Nucleotide Diversity and Fixation Analysis

For each population separated according to the population structure anal-

ysis, nucleotide diversities (p) were calculated using VCFtools (version

0.1.15) (Danecek et al., 2011) with a 100-kb sliding window and a 100-

kb step length. Fixation indices between each population were also

calculated using VCFtools with a 100-kb sliding window and a 100-kb

step length.

GWAS Analysis

From the total set of nucleotide variants, 2 896 472 biallelic SNPs with a

missing rate of less than 0.25 and a minor allele frequency greater than

0.05 were selected for GWAS analysis using EMMAX (version

20120210) (Kang et al., 2010). To determine the genome-wide significance

thresholds, permutation tests were performed 200 times for each trait, and
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the 10% lowest tail from the 200 recorded minimal P values (false discov-

ery rate < 10%) was taken as the threshold. The results of EMMAX were

visualized as Manhattan and Q-Q plots with the R package "qqman"

(Turner, 2014) and in-house R scripts based on the package "ggplot2"

(Wickham, 2016). We then selected genes near the peak SNPs

according to the Manhattan plot (Supplementary Figure 10) for each

trait and BLASTed them against A. thaliana to obtain gene names listed

in Data S3. Spearman’s rank correlation coefficient (rho) was calculated

among the SNPs.

Salt Treatment and Gene Expression Analysis

To examine the expression patterns of the FTs, M. sativa accessions were

cultured on MS medium with or without 100 mM NaCl in petri dishes under

16 h light (200 mmol m�2 s �1)/8 h dark conditions and 70% relative humidity

for one week. First, the copy numbers of the FTs and housekeeping genes

were determined by qPCR as described previously (D’Haene et al., 2010).

The relative expression of the FTs was measured by qRT–PCR using a

CFX-96 Real-Time System (Bio-Rad) and theSYBRPremix Ex Taq (TaKaRa,

RR420A). RNA was extracted with the TRIzol reagent (Ambion, 15596018),

and cDNA was obtained by reverse transcription using the M-MLV reverse

transcriptase (Promega, M1701). The relative expression of the target genes

was normalized to that of Actin, EF1a, and EIF4A. The primers used were

FTa1-cnv-F: TTCCTCTCCGAGTGACCTATG; FTa1-cnv-R: ATCGTTTCC

ACCAACACTCA; FTa2-cnv-F: CTTGCTGTTGGGCGTGTA; FTa2-cnv-R:

GGGAAGGTTTAAGCTCACGA; FTc-cnv-F: TTCATCGATTTGTGATTGCAT;

FTc-cnv-R: GCTCTCTTTGGCAGTTGAAA; Actin-cnv-F: CCATTGAGCAC

GGTATTGTC; Actin-cnv-R: ATTGGCCTTTGGGTTAAGTG; EF1a-cnv-F:

TGCCTTGTGGAAATTTGAGA; EF1a-cnv-R: AGCCTGGGAGGTTCCAGTA;

EIF4A-cnv-F: GCTCTGGCTCTTCTCGAGTT; EIF4A-cnv-R: TTCAGGTTGG

GTAGGCAAAT; FTa1-qpcr-F: ATGGCCGGTAGCAGTAGGAATC; FTa1-

qpcr-R: AAAGTGGGGTTACTTGGGCT; FTa2-qpcr-F: TGACTGATATTCC

AGCAACTAATG; FTa2-qpcr-R: CGGTGATCCAAGATCGTAAAA; FTc-qpcr-

F: CGGATATTCCAGCAACAACAA; FTc-qpcr-R: CATCTCCTTCCACCGC

AAC; Actin4A-RT-F: CCAAAGGCCAACAGAGAAAA; Actin4A-RT-R: ACGA

CCAGCAAGATCCAAAC; EF1a-RT-F: GCACGCTCTTCTTGCCTTTA; EF1a-

RT-R: GTCACCTTCAAATCCGGAGA; EIF4A-RT-F: TTTAGCTCCGGAAG

GTTCAC; EIF4A-RT-R: TGCTGAATCACATCGAGACC.

URLs

RepeatModeler, http://repeatmasker.org/RepeatModeler/; PGSB repeater

database, http://pgsb.helmholtz-muenchen.de/plant/recat/; Repbase http://

www.girinst.org/repbase; RepeatMasker, http://www.repeatmasker.org;

MCscan, https://github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version).
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