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Joann Mudge and Andrew D. Farmer

Abstract

While the alfalfa community originally relied
on Medicago truncatula (especially the refer-
ence assembly, A17) for genomic resources,
recent changes in sequencing and scaffolding
technologies and algorithms have enabled the
sequencing and assembly of five different
alfalfa accessions, to date. These assemblies
include two diploid assemblies, CADL and
PI464715, as well as three tetraploid assem-
blies, NECS-141, Zhongmu No. 1, and
XinJiangDaYe. Technological changes within
the approximately half a decade over which
these assemblies were produced, have allowed
for increasingly contiguous assemblies and
improved scaffolding resulting in chromo-
some level assemblies that allow for the
detection of large-scale structural rearrange-
ments. They have also made possible the
assembly of all four subgenomes of the
tetraploid in the XinJiangDaYe assembly.
While subgenome haplotypes were very sim-
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ilar and sometimes indistinguishable, never-
theless, structural differences between haplo-
types were uncovered. These included local
differential gene content between subgenome
haplotypes as well as larger structural variants
such as inversions. Compared to the M.
truncatula assembly and annotation, the
approximately 75% increase in genome size
in alfalfa is mainly due to the expansion of
repeats. The availability of five different
annotated alfalfa genome assemblies, includ-
ing those of both diploid and tetraploid
accessions, will be a significant asset to the
alfalfa community.

6.1 Introduction

6.1.1 The Alfalfa Genome

Plants have very dynamic genomes making plant
genome assembly especially challenging. Flexi-
bility and instability in plant genomes is reflected
in genome size expansion and contraction and
higher rates of polyploidy, heterozygosity,
repeats, and pseudogenes compared to eukaryotic
organisms from other kingdoms (Schatz et al.
2012; Jiao and Schneeberger 2017).

The alfalfa genome is no exception. Obvious
sources of alfalfa genome complexity include
autopolyploidy and high rates of heterozygosity.
Both heterozygosity and polyploidy can lead to
diverging haplotypes that complicate assembly.
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The obligate outcrossing reproductive mecha-
nism of alfalfa ensures that heterozygosity rates
remain high and polypoidy provides further
opportunities for haplotype diversity. While the
Medicago sativa complex includes both diploid
and tetraploid forms, cultivated alfalfa is tetra-
ploid. Most cultivars belong to the sativa sub-
species or the varia subspecies, which represents
introgressions of the falcata subspecies into the
sativa subspecies. However, a few cultivars,
especially those harboring cold tolerance, are
from the subspecies falcata (Veronesi et al.
2010).

The autotetraploid genome of cultivated
alfalfa allows for up to four different subgenome
haplotypes, with the number of distinguishable
haplotypes at a locus varying across the genome.
In contrast to allopolyploids, whose subgenomes
originate from different progenitor species’ gen-
omes that are typically relatively divergent,
autopolyploids have chromosomes doubled from
genomes within the same species and may allow
recombination among the homoeologues. Tetra-
ploidy also results in a large genome size
requiring an increased sequencing volume to
achieve the same genome coverage. While alfalfa
has a base (haploid) chromosome number of 8
and a base genome size of ~ 800 Mb, cultivated
and some wild alfalfa species have 32 chromo-
somes and ~3.2 Gb in its tetraploid genome
(Blondon et al. 1994).

Original genomic analyses used the con-
generic Medicago truncatula as a model (Yang
et al. 2008; Young et al. 2011). M. truncatula has
a smaller genome size (~450 Mb). In addition,
this diploid plant has a high rate of selfing
(Barker et al. 1990; Cook 1999) resulting in a
low heterozygosity rate that makes assembly
easier and lowers coverage requirements. Recent
advances in sequencing and scaffolding tech-

nologies have lowered cost and increased
throughput. These advances, along with
improved assembly algorithms, and have

recently made directly sequencing and assem-
bling plant genomes, including polyploid gen-
omes, more feasible (Mishra et al. 2017,
Kyriakidou et al. 2018; Jung et al. 2019; Michael
and VanBuren 2020).
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6.1.2 Changing Technologies

Long-read sequencing technologies, including
Pacific Biosciences Single Molecule Real-time or
SMRT sequencing (PacBio) and Oxford Nano-
pore sequencing (ONT), have vastly improved
our ability to generate reference-quality plant
genomes, with relative ease and low cost com-
pared to Sanger sequencing. These technologies
produce higher quality assemblies compared to
short-read or short and long-read hybrid assem-
blies (Eid et al. 2009; Deamer et al. 2016; Jiao
and Schneeberger 2017). Plant assemblies gen-
erated based on long-read sequences first began
to appear in 2015, with M. truncatula having
some of the earliest PacBio-based plant assem-
blies (Berlin et al. 2015; VanBuren et al. 2015;
Moll et al. 2017). PacBio-based plant assemblies
showed much improved continuity, fewer gaps,
and captured more of the genome compared to
assemblies based on short reads (VanBuren et al.
2015; Moll et al. 2017; Jiao and Schneeberger
2017). But these assemblies still struggled to
span long, closely related repeats or efficiently
navigate differing levels of haplotype divergence.
This is in part due to the fact that sequence error
rates were higher than the divergence levels that
needed to be discriminated in order to resolve
these types of elements. The use of correction
strategies based on consensus among reads taken
from different molecules made it difficult to dis-
criminate between closely related repeats or
haplotypes, as they would often be lumped
together during correction, forming a single
chimeric consensus sequence.

But the recent transition from PacBio CLR
(continuous long read) to HiFi (high fidelity)
reads (Wenger et al. 2019), in which high accu-
racy consensus (>99%) is achieved by utilizing
correction based on multiple sequencing passes
on the same template molecule, has improved our
ability to discriminate between closely related
repeats or slightly diverged haplotypes. PacBio
HiFi reads, because of their accuracy, require
reduced consensus read coverage for assembly.
Reduced coverage combined with increased
throughput on the Sequel II, mean that higher
quality plant assemblies can be obtained for a
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lower cost with reduced computational require-
ments and time compared to the original PacBio-
based assemblies. In addition, the high read
accuracy makes it possible to distinguish alter-
nate haplotypes and similar but not identical
repeat sequences, increasing continuity and
improving our ability to phase haplotypes.

Oxford Nanopore Technology (ONT) is
another long read technology. Since first con-
ceptualized in the late 1980s, ONT has made
recent advances in both length and accuracy
(Deamer et al. 2016). In just a few short years,
ONT-based assemblies have gone from bacteria
(Deschamps et al. 2016) to higher organisms,
including plants (Michael et al. 2018; Belser
et al. 2018; Deschamps et al. 2018). A recent
study on the comparison of PacBio HiFi and
ONT in rice (Lang et al. 2020) indicated that
while PacBio’s high read accuracy enabled
higher accuracy at the nucleotide level, including
fewer artificial SNPs and small indels in the
assembly, the longer ONT read length (up to
2 Mb) enabled higher assembly continuity and
better spanning of repetitive genomic sections
and resolution of gene family copy number.
While both technologies were able to assemble
some rice chromosomes in a single contig, ONT
technology captured more chromosome length
contigs (10 compared to 3 with PacBio HiFi) and
7 of these appeared to be gapless assemblies
extending into telomeres on either end. The two
technologies appear to complement each other
with PacBio delivering high continuity and
accuracy and ONT delivering even higher con-
tinuity tempered by a small reduction in
accuracy.

Whichever long-read technology is used for
plant genome assembly, additional scaffolding
technologies are often applied to improve conti-
guity of the assembly. Recently, new technolo-
gies have replaced more expensive and
cumbersome methods of scaffolding such as
physical and genetic maps. Long-range, whole
genome scaffolding technologies, including
optical mapping and chromatin conformation
technologies provide high-throughput and rela-
tively inexpensive methods to scaffold contigs
together, improving contiguity, often to the

pseudo-chromosome level (Burton et al. 2013;
O’Bleness et al. 2014; Steinberg et al. 2014;
Mostovoy et al. 2016; Statikova et al. 2016).

In less than a decade, technology improve-
ments have allowed the alfalfa community to
move from reliance on M. truncatula genome
assemblies to sequencing the alfalfa genome
directly. To date, the community has generated
five publicly available alfalfa genome assem-
blies. The sequencing and assembling of these
genomes have been pursued at different times
across a rapidly changing technological back-
ground, providing an interesting view into not
only how changes in technology and strategies
affect genome assemblies, but also elucidating
structural challenges inherent in the alfalfa
genome.

6.2 Genome Assemblies

6.2.1 Diploid Assemblies

6.2.1.1 Cultivated Alfalfa at the Diploid
Level

The first genome assembly was generated from a
plant from the Cultivated Alfalfa at the Diploid
Level (CADL) population. This population is a
stable diploid alfalfa population that is able to
reproduce by seed (Bingham and McCoy 1979).
It took advantage of diploid cultivated alfalfa
germplasm generated by the 4x — 2x cross
method (Bingham 1969). Though fertility of the
diploid lines was low, crossing them as females
to diploid M. sativa subspecies falcata lines
improved fertility of the F,, allowing back-
crossing to the 2x diploids. This resulted in a
stable diploid, fertile population whose germ-
plasm is estimated to be derived from at least
98% cultivated germplasm. A single, clonally
propagated plant was chosen from the CADL
population for genome sequencing and assembly
to avoid any interplant variability.

Using a diploid plant for sequencing and
assembly reduced the amount of sequence data
needed and the complexity of the assembly,
which should lead to a high-quality assembly
while requiring fewer computational resources.



90

The eventual goal was to use this assembly as a
scaffold for assembling a tetraploid genome.
Whole-genome PacBio continuous long read
(CLR) sequencing was begun in early 2015 with
a preliminary version of the assembly publicly
released in mid-2016. Just over 100X subread
coverage (based on an 800 Mb genome size) or
just over 50X coverage per haplotype was gen-
erated. Subreads, sequencing reads resulting
from each of the multiple sequencing passes of a
DNA fragment, had a mean length of 8.0 kb and
an N50 length of 13.1 kb (Table 6.1).

Several assembly iterations were tried, though
computational constraints made it difficult to test
assembly strategies extensively. The current
assembly version (version 1.0) was generated as
follows. DAligner (Myers 2014) was used to
align reads. Using these alignments, Falcon
(Chin et al. 2016) was used to assemble the reads.
The resulting assembly was polished using Quiver
(https://github.com/PacificBiosciences/Genomic
Consensus). The polished assembly was scaf-
folded with long-distance maps generated from
chromatin conformation Dovetail libraries using
the HiRise algorithm (Putnam et al. 2016). A final
polish with Quiver completed the assembly.

The resulting assembly was fragmented
(5,753 pieces) but, nevertheless, contained most
of the genespace (96.7%) based on capture of
single-copy eukaryotic orthologous genes with
Benchmarking Universal Single-Copy Orthologs
(BUSCO) (Siméo et al. 2015) (Tables 6.1 and
6.2), which is a surrogate for overall gene

J. Mudge and A. D. Farmer

capture. Even with the fragmentation, much of
the assembly was in megabase-sized pieces with
a contig N50 of 1.27 Mb (half of the assembly is
in pieces of 1.27 Mb or larger). While still far
short of expected chromosome sizes, this is,
nevertheless, an important improvement over the
short-read plant genome assemblies that had
previously dominated.

The total assembly size of 1,200 Mb is
approximately 50% larger than the expected
800 Mb base genome size. This is due to the
assembly of multiple haplotypes in some, but not
all regions of the genome. In comparing haplo-
types that were divergent enough to assemble
separately, it became clear that different haplo-
types of this diploid genome were often missing
genes from the syntenic haplotype (Fig. 6.1a).
Therefore, the full gene complement was not
present in a single haplotype. This might be an
artifact of creating a diploid from -cultivated
autotetraploid germplasm. Upon plant whole-
genome duplication that results in an autopoly-
ploid, differential gene loss between haplotypes
can occur (Doyle et al. 2008; Hufton and Pano-
poulou 2009). The assembly of multiple haplo-
types in about half of the genome is confirmed by
the BUSCO results, with 57.4% of the typical
single-copy orthologs duplicated (Table 6.2 and
Fig. 6.2). The CADL assembly shows good
coverage of the M. truncatula genome (Fig. 6.3).
Regions of the assembly showing one or two
haplotypes assembled are visible as double ver-
sus single diagonals (Fig. 6.4).

Table 6.1 Sequence read and assembly statistics for the five alfalfa genome assemblies

Accession Ploidy  Sequencing Read

technology N50
(kb)

CADL 2x PacBio 13.1

PI464715 2x Oxford 279
Nanopore

NECS-141 4x PacBio 17.4

Zhongmu 4x PacBio 12.2

No. 1

XinJiangDaYe  4x PacBio HiFi 12.6

Scaffolding Scaffold Contig Scaffold
technology length N50 N50 (Mb)
(Mb) (Mb)

Dovetail 1,251 1.27 1.27
Hi-C 793 3.86 102.49
BioNano 2,698 0.22 2.21
BioNano 817 3.92 102.29
and Hi-C

Hi-C 3158 0.46 84.27
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Table 6.2 Gene statistics for the five alfalfa genome assemblies

Accession Ploidy Assembly Protein BUSCO database Complete Complete
of ploidy* coding BUSCO and
source genes Genes (%)  duplicated
(thousands) BUSCO
Genes (%)
CADL 2x 2x 111 eudicotyledons_odb10 96.7 57.4
P1464715 2x Ix 47 embryophyta_odb10 97.7 8.7
NECS-141 4x 4x 103 eudicotyledons_odb10 95.7 75.8
Zhongmu 4x Ix 50 embryophyta_odb9 93.3 55
No. 1
XinJiangDaYe | 4x 4x 165 unavailable 972 90.1
“Upper estimate as some haplotypes were collapsed in assemblies at more than 1X
a)
M. truncatula masonmrmawa > 4p 4pPpD ¢ 4 ’(’D DADPHAD - PP)
CADL o 2.6 s sz POy OO 4APHAEP P>
CADL . CADL HUDZ v0 96 scalohalD 42145671542 4 ’ ’ ':’ 1: ’ ' } < p ‘ < ) ’ [’
b)
g medsa XiniangDaYe gnm1 chrl 1 55410789 56615962
©
0O medsaXinkangDaYe gnm1 chri 2 56738371-58303663
Qo
% medsa XiniangDaYe gnm1 chr1 3 52990770-54190933
=
£ medsaXinJiangDaYe gnm1 chri 4.60030718-81817211
>

M. truncatul@ mea o 32831248 33522875

Fig. 6.1 Comparison of alfalfa genomic regions to
syntenic Medicago truncatula regions. Triangles represent
genes with orientation indicated by the direction of the
pointed side. Genes are colored by gene family. The
boxed regions show synteny breaking down through the

6.2.1.2 Pi464715

In 2020, another diploid alfalfa genome assembly
was published (Li et al. 2020). This germplasm
with plant introduction (PI) 464715, belongs to
Medicago sativa subsp. caerulea and is thought
to be the diploid progenitor of the autotetraploid
alfalfa (Small and Jomphe 1989). This wild
diploid provides an important contrast to CADL,
a diploid derived from a tetraploid.

PI464715 was sequenced and assembled
using ONT reads, currently the only alfalfa
genome assembly based on ONT technology.
ONT reads were corrected with Illumina
sequences. With ~ 145X read coverage of the

differential loss of genes between haplotypes in alfalfa
assembly. a M. truncatula (top) chromosome 7 compared
to CADL’s two syntenic haplotypes. b M. truncatula
(bottom) chromosome 1 compared to XinJiangDaYe’s
four syntenic haplotypes

800 Mb haploid genome size, the sequencing
coverage is higher than that in CADL (just over
100X) and read lengths are longer. The mean
read length of 19.7 kb and N50 read length of
27.9 kb are both more than twice those seen in
the CADL data (Table 6.1). PI464715 sequence
was corrected, assembled, and polished with
NextDenovo with additional rounds of correction
with Illumina and ONT reads. This resulted in an
assembly of 1.35 Gb in length, with part of the
genome likely assembled into two haplotypes, as
in CADL. Indeed BUSCO duplication rates and
alignments to M. truncatula for this intermediate
assembly support this conclusion (Figs. 6.2 and
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XinJiangDaYe .

NECS-141

Zhongmu No. 1
PI1464715 intermediate
CADL

Mt5.0

0 -

Fig. 6.2 A modified BUSCO analysis was run on each
of the five alfalfa genomes and M. truncatula that enabled
counting of duplication number for each captured
BUSCO. To facilitate haplotype analyses, the version of
the PI464715 assembly before haplotypes were collapsed

6.5). Finally, duplicate haplotypes were removed
using purge_haplotigs, which collapsed the
assembly to 793.2 Mb in length, consistent with
the haploid genome size (Table 6.1). The
resulting assembly had a contig N50 of 3.86 Mb,
approximately 3-fold that of CADL (Table 6.1).
Long-range scaffolding of the assembly was
accomplished with Hi-C data using LACHESIS.
The final assembly consisted of 355 contigs
scaffolded into 8 pseudo-chromosomes that cover
98.5% of the assembly and captured 97.7% of
BUSCO gene orthologs (Table 6.2).

The final assembly covered the M. truncatula
genome well (Fig. 6.6). Assembly contiguity is
high enough that it is easy to see the chromo-
some 4/8 translocation, known to have occurred
in the A17 accession of M. truncatula, as well as
several small inversions (Figs. 6.6 and 6.7). The
presence of only one haplotype in the final
assembly is supported by the lack of double
diagonals when compared to M. truncatula
(Figs. 6.6 and 6.7) as well as by the low number
of duplicate BUSCO genes (8.7%) (Table 6.2). It
is interesting to note that the initial assembly
length (1.35 Gb) before haplotypes were col-
lapsed and scaffolding was run was very close in
size to that of CADL (1.25 Gb), indicating that a
similar proportion of the genome had diverged

1000
1500 -
2000 -

=]
=1
w

and before scaffolding was used, which the authors kindly
made available, rather than the final version of the
assembly. The analysis was run with BUSCO 3.1.0 in
genome mode using the eudicotyledons_odb10 database

enough to assemble haplotypes independently
despite a difference in sequencing technology
and assembly strategy.

6.2.2 Tetraploid Assemblies

6.2.2.1 NECS-141

The first tetraploid alfalfa genome to be sequenced
was that of NECS-141, a semi-dormant breeding
line developed in Iowa (Khu et al. 2010). While
originally meant to be a hybrid PacBio and Illu-
mina assembly, because of the complications of
the genome such as the repeat and ploidy structure,
additional PacBio data was obtained as costs of the
technology came down and accuracy, read length,
and assembly algorithms improved.

The PacBio CLR sequencing reads were
obtained in 2014 and 2015, around the time that
fully PacBio plant genome assemblies were first
being contemplated. It was sequenced around the
same time as CADL with slightly higher coverage
overall (~ 115X per haplotype vs~ 100X in
CADL) but lower coverage per haplotype (~29X
vs ~50X for CADL). It is not surprising that it,
too, is fragmented, with lack of continuity exac-
erbated by the increase in ploidy compared to
CADL. However, scaffolding with BioNano
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Fig. 6.3 Dotplot comparing the CADL assembly which allows up to 5% sequence divergence. Dotplots

(y-axis) to the eight Medicago truncatula v. 5.0 chromo-
somes (x axis). Nucleotide level alignments were gen-
erated with minimap2 (Li 2018) using the asm20 preset,

optical maps merged it into fewer pieces, though it
still contained approximately twice the number of
pieces as CADL, but with a scaffold N50 that

were generated using dotplotly with a minimum query
length of 50 kb and a minimum alignment length of 10 kb
(https://github.com/tpoorten/dotPlotly)

exceeded that of CADL. More specifically, Bio-
Nano scaffolding was able to collapse the
approximately 67 k contigs (N50 = 221 kb) into


https://github.com/tpoorten/dotPlotly

94

J. Mudge and A. D. Farmer

Query
i

Fig. 6.4 Dotplot comparing CADL (y-axis) to Medicago
truncatula v. 5.0 chromosome 1 (x-axis) showing capture
of differing numbers of haplotypes across the genome,

just under 10k scaffolds (NS0 = 2.2 Mb),
increasing the N50 by 10-fold (Table 6.1). Hi-C
was also obtained but pieces were small enough
that the Hi-C assembly was not able to separate out

T
MirunA17Chr1

Target

likely due to differing levels of haplotype divergence.
Dotplots were generated as described in Fig. 6.3

the haplotypes nor resolve local ordering so it was
left out of the final assembly (Unpublished). The
assembly covers the M. truncatula genome well,
indicating that it is largely complete (Fig. 6.8).
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Fig. 6.5 Dotplot comparing a preliminary version of the
PI1464715 assembly before haplotypes were collapsed and
before scaffolding (y-axis) to Medicago truncatula v. 5.0
chromosome 1 (x-axis). This shows capture of differing

T
MtrunA17Chr1

Target

numbers of haplotypes across the genome, likely due to
differing levels of haplotype divergence. Dotplots were
generated as described in Fig. 6.3
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Fig. 6.6 Dotplot comparing the final PI464715 assembly (y-axis) to the eight Medicago truncatula v. 5.0
chromosomes (x-axis). Dotplots were generated as described in Fig. 6.3

BUSCO results on the percentage of core
eukaryotic orthologs captured reveal some
interesting insights (Table 6.2 and Fig. 6.2). As
with the diploid genome assemblies, NECS-141
captured the vast majority of BUSCO genes

(95.7%) despite its fragmentation. Approxi-
mately 76% of these genes were duplicated in the
assembly, likely indicating that about three-
quarters of the genome had multiple haplotypes
assembled. Unlike the diploid genomes, these
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Query

MtrunA17Chr

Target

Fig. 6.7 Inversion shown in PI464715 final assembly chromosome 1 (y-axis) compared to Medicago truncatula
chromosome 1 (x-axis). Dotplots were generated as described in Fig. 6.3

duplicated genes not only included those with
two assembled haplotypes but also included
slightly more genes with 3 assembled haplo-
types, though 4 or more assembled haplotypes
were rare (Fig. 6.2). In addition, duplicate or

even triplicate haplotypes are visible when
aligning to M. truncatula (Fig. 6.9). The assem-
bly of multiple haplotypes in some but not
genomic regions is further supported by the
assembly length (2.70 Gb including 2.35 Gb of
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Fig. 6.8 Dotplot comparing the NECS-141 assembly (y-axis) to the eight Medicago truncatula v. 5.0 chromosomes
(x-axis). Dotplots were generated as described in Fig. 6.3

non-gap sequence), representing approximately assembly (Table 6.1). It appears, therefore, that
84% and 73% of the expected 3.2 Gb genome haplotypes were collapsed to a single version in
covered and captured, respectively, by the roughly one-quarter of the genome.
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Fig. 6.9 Dotplot comparing NECS-141 (y-axis) to Med-
icago truncatula v. 5.0 chromosome 1 (x-axis) showing
capture of differing numbers of haplotypes across the

Target

genome, likely due to differing levels of haplotype
divergence. Dotplots were generated as described in

Fig. 6.3
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6.2.2.2 Zhongmu No. 1

A pseduo-chromosome level assembly of the
tetraploid cultivar Zhongmu No. 1 was recently
published (Shen et al. 2020). Zhongmu No. 1 is a
subspecies sativa cultivar from Northern China
that is salt tolerant (Shi et al. 2017). The conti-
nuity at the pseudo-chromosome level is made
possible by a combination of PacBio sequencing
and BioNano and Hi-C scaffolding.

This assembly is based on PacBio long reads
with subread lengths comparable to that of
CADL (N50 = 12.1 kb vs 13.1 kb for CADL)
(Table 6.1). With approximately 300X coverage
(based on the haploid genomic content of
800 Mb) or 75X coverage per haplotype (based
on a 3.2 Gb genome size), there was about 3X
higher coverage than in CADL. In addition,
Ilumina data was used to improve assembly
accuracy. Finally, BioNano and Hi-C were used
to scaffold the assembly.

PacBio data was corrected using Canu (Koren
et al. 2017). Corrected PacBio reads were assem-
bled using MECAT (Xiao et al. 2017) and scaf-
folded with BioNano data. Repeat resolution of the
resulting contigs was done with HERA (Du and
Liang 2019). Haplotypes were collapsed using
Redundans (Pryszcz and Gabaldén 2016) and
Purge Haplotigs (Roach et al. 2018). Then Hi-C
scaffolding was applied, resulting in a final
assembly containing 8 pseudo-chromosomes
816 Mb in length with a contig N50 of 3.9 Mb
(Table 6.1). Further refinements to remove low-
quality (<Q30) regions and three rounds of gen-
ome polishing were done with samtools (Li et al.
2009) and pilon (Walker et al. 2014), respectively.
The authors note that this assembly does not match
particular subgenomes, but, rather, is a mixture of
the subgenomes. Note that this is also likely the
case for all the assemblies described here. Though
slightly lower than the other assemblies, the
Zhongmu No. 1 assembly captured the majority of
genes as estimated by BUSCO (93.3%), with most
genes captured as single copy (Table 6.2 and
Fig. 6.2), reflecting the deredundification
step. Dotplots show good coverage of M. trun-
catula and structural variation including the chro-
mosome 4/8 translocation and inversions
compared to M. truncatula (Figs. 6.10 and 6.11).

J. Mudge and A. D. Farmer

6.2.2.3 XinJiangDaYe

Finally, an “allele-aware” tetraploid genome
assembly has been published (Chen et al. 2020),
using PacBio Circular Consensus Sequencing
(CCS) technology and Hi-C scaffolding, that was
able to assemble all 32 chromosomes represent-
ing the four different haplotypes of each of the 8
base chromosomes. The sequenced accession is
XinJiangDaYe, a large-leaved alfalfa cultivar
from Xinjiang Provence of northwest China that
has good regeneration properties (Zhang et al.
2010; Shi et al. 2017).

Approximately 88X coverage of the haploid
complement (800 Mb genome size) or 22X
coverage of each haplotype (3.2 Gb genome
size) was generated. The PacBio CCS reads were
assembled using Canu, yielding an assembly of
3.15 Gb in length with a 459 kb contig N50
(Table 6.1). While this is a relatively fragmented
assembly, it is expected that keeping all the
haplotypes will yield a lower N50 than that if
haplotypes are collapsed, keeping the longest
version of each. Furthermore, the high similarity
between related haplotypes likely makes it diffi-
cult to extend through regions of identity that are
longer than the reads. Continuity was improved
through scaffolding with Hi-C data using HiC-
Pro (Servant et al. 2015) for alignment, removal
of cross-allelic connections through manual
scripting, and the use of ALLHiC (Zhang et al.
2019) for the Hi-C scaffolding. JuiceBox was
used for manual fine-tuning (Durand et al. 2016).
A second round of ALLHiC and
JuiceBox yielded an assembly length of 2.7 Gb
(Table 6.1). Ordering was confirmed with a
genetic map. In addition, 200 longest Oxford
Nanopore reads (95-263 kb) were mapped to the
assembly for confirmation (89% mapped to a
single region with at least 80% query coverage).

The assembly length (2.738 Gb) is slightly
short of the expected ~3.2 Gb full genome size
and only 40 Mb larger than that of NECS-141
(Table 6.1). XinJiangDaYe’s assembly length is
approximately 86% of the expected genome size
and matches up well with estimates of captured
core eukaryotic conserved orthologs (BUSCO) in
each haplotype (88.50, 88.30, 87.50, and 87.20%),
with 97.2% captured in at least one haplotype
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Fig. 6.10 Dotplot comparing the Zhongmu No. 1 assembly (y-axis) to the eight Medicago truncatula v. 5.0
chromosomes (x-axis). Dotplots were generated as described in Fig. 6.3

(Table 6.2). The majority of duplicated BUSCO
genes were captured three times, though some
were captured once or twice, and a small number
were captured 4 or more times (Fig. 6.2). While
the differential gene capture seen between

haplotypes may reflect actual differential gene
content as seen in CADL, the authors found that
the number of genes is similar between haplotypes,
retained synteny is high, and evolutionary pres-
sures on genes are similar between haplotypes.
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Query

MtrunA17Chr1

Target

Fig. 6.11 Inversion shown in Zhongmu No. 1 chromosome 1 (y-axis) compared to Medicago truncatula chromosome
1 (x-axis). Dotplots were generated as described in Fig. 6.3

Indeed, the percentage of duplicated BUSCO genes in each haplotype. Nevertheless, it is clear
genes in the genome is just over 90%, indicating that some differential gene loss occurs between the
that most genes are in multiple haplotypes. Fur- XinJiangDaYe haplotypes (Fig. 6.1b).

thermore, the percentage of the genome that At least some of the uncaptured portion of the
remains uncaptured is sufficient to explain missing genome is likely reflected in haplotypes that were
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collapsed due to strong similarity across chro-
mosome distances that exceed PacBio subread
lengths. There was approximately double cover-
age on 3.2% of the genome, reflecting possible
collapse of haplotypes, though collapse of
repeats or tandem duplications within a haplo-
type could also account for some of the double
coverage regions. Nevertheless, there is good
evidence that, overall, haplotypes were highly
similar. Sequence divergence wasn’t always
sufficient to distinguish haplotypes and the con-
sensus genetic map that was used couldn’t dis-
tinguish the subgenomes, leading to some
possible phasing errors. Nevertheless, it is inter-
esting that, in addition to structural variation
identified between XinJiangDaYe and M. trun-
catula (Fig. 6.12), some structural differences
between subgenomes were uncovered. For
instance, Hi—C data supports the two inversions
that occur in only one of the chromosome 1
haplotypes (Fig. 6.13).

6.3 Annotation

6.3.1 Genes

Gene counts vary between the assemblies but
there are some interesting patterns (Table 6.2).
PI464715, Zhongmu No. 1, and XinJiangDaYe
all have between 47 and 50 k genes per 800 Mb
haploid genome complement. CADL, on the
other hand, has considerably higher at ~71 k
genes per haploid genome complement. About %4
of these are redundant at >98% identity, indi-
cating they might be from alternate haplotypes.
Surprisingly, CADL has more protein-coding
gene annotations than NECS-141 despite being
less than half as long. This not only reflects the
high gene count in CADL but also a low gene
count in NECS-141 (~30 k genes per haploid
genome complement). Differences in annotation
pipelines likely account for the differing gene
counts. For example, the CADL annotation was
the only one that used the SPADA pipeline
(Zhou et al. 2013), adding about 8,000 small
peptides to the annotation.
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BUSCO was originally generated for assess-
ing completeness of genome assembly and
annotation (Simdo et al. 2015). While it only
assays “near-universal single-copy” genes,
BUSCO analyses are a reasonable surrogate for
overall gene capture. All five genome assemblies
had complete gene capture of more than 93% of
genes, ranging from 93.3% in Zhongmu No. 1 to
97.7% in PI464715 (Table 6.2). This indicates
that, at least in the gene space, all of these
assemblies are nearly complete. The capture of
duplicate copies of the BUSCO genes mirrors
well estimates of duplication based on extra
genome length beyond the 800 Mb base genome
size and through alignments to M. truncatula
(Table 6.2, Figs. 6.3, 6.4, 6.5, 6.6, 6.7, 6.8, 6.9,
6.10, 6.11, 6.12 and 6.13). The diploid PI464715
and the tetraploid Zhongmu No. 1 have both
been compressed into a haploid genome com-
plement. CADL and NECS-141, along with the
intermediate PI464715 assembly version, have
retained diverged duplicate haplotypes while
collapsing highly similar or identical ones, and
XinJiangDaYe has separately assembled all four
subgenomes.

A customized BUSCO analysis that identifies
copy number of captured genes reflects differing
levels of haplotype capture in different assem-
blies (Fig. 6.2). The Medicago truncatula (A17)
and Zhongmu No. 1 assemblies capture mostly
single copy BUSCO genes reflecting the haploid
assembly strategy. Based on the small percentage
of duplicated genes in the final PI464715 gen-
ome (Table 6.2), the final PI464715 genome
would have looked similar had it been included
in this figure. The diploid assemblies, CADL and
the intermediate assembly of PI464715, which
both captured some haplotype variation, show
similar profiles with the largest fraction of
BUSCO genes captured with two copies but with
a significant fraction collapsed into a single
haplotype. The two uncollapsed tetraploid
assemblies, NECS-141 and XinJiangDaYe, show
BUSCO gene counts that vary. The biggest
fraction has a count of three, with that fraction
being larger in XinJiangDaYe where a concerted

effort to capture all four haplotypes was
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Fig. 6.12 Dotplot comparing the XinJiangDaYe assembly (y-axis) to the eight Medicago truncatula v. 5.0
chromosomes (x-axis). Dotplots were generated as described in Fig. 6.3
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Fig. 6.13 Inversion shown in four XinJiangDaYe chromosome 1 subgenomes (y-axis) compared to Medicago

truncatula chromosome 1 (x-axis). Dotplots were generated as described in Fig. 6.3



106

employed. Surprisingly, only a small fraction of
BUSCO genes with a count of 4 were captured in
the assembly, though more were captured in
XinJiangDaYe than in NECS-141.

6.3.2 Repeats

The alfalfa haploid genome size (~ 800 Mb) is
much larger than that of Medicago truncatula
(~450 Mb). The difference between the two
genomes appears to be due mainly to repeat
expansion rather than genome duplication.
Approximately 55% of the assembled genome
consists of transposable elements (TEs), which
more than doubles the number of Mb of TEs in
the M. truncatula genome and provides signifi-
cant challenges to assembly (Chen et al. 2020; Li
et al. 2020).

The long terminal repeat (LTR) class of TEs is
the most expanded, nearly quintupling in total
length from approximately 65 Mb in M. trun-
catula to 315 Mb in the Zhongmu No. 1 alfalfa
genome (Shen et al. 2020) and more than dou-
bling the percentage in the genome from 13.37%
in M. truncatula to 27.36% in XinJiangDaYe
(Chen et al. 2020). This expansion was fueled by
LTR bursts that occurred much more heavily in
alfalfa than in M. truncatula after the two species
split (Shen et al. 2020; Chen et al. 2020). Within
the LTRs, the Ty3/Gypsy element superfamily is
the biggest contributor to the increased alfalfa
genome size compared to M. truncatula,
accounting for nearly a third of the increase
(Chen et al. 2020). While repetitive sequence is
clearly the major contributor to genome expan-
sion in alfalfa compared to M. truncatula, non-
repetitive sequence contributes to about one-
quarter of the expansion over M. truncatula
(Chen et al. 2020). Further evidence that large-
scale duplications do not appear to have con-
tributed significantly to genome expansion in
alfalfa is confirmed by comparisons of the alfalfa
genomes to M. truncatula (Figs. 6.3, 6.4, 6.5,
6.6, 6.7, 6.8, 6.9, 6.10, 6.11, 6.12 and 6.13).
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6.3.3 Variation

Alfalfa is an outcrossing species, and so
heterozygosity is expected to be high. Genome
sequencing data confirms this. In the diploid
PI464715, the average heterozygosity rate esti-
mate is ~ 1.9%, or nearly 2 heterozygous nt per
100 nt (Li et al. 2020). The heterozygosity rate
estimate is nearly double (3.7%) in the tetraploid
XinjiangDaye, reflecting the increased variation
present in the tetraploid genome with four hap-
lotypes rather than two (Chen et al. 2020).
Tetraploid alfalfa is an autotetraploid with
tetrasomic inheritance (Stanford 1951), allowing
for recombination between haplotypes that keeps
them highly similar. Nevertheless, structural
differences between haplotypes can be clearly
seen in these genome assemblies. These struc-
tural differences include differential gene content
between haplotypes as shown in the diploid
CADL, which was derived from a tetraploid, as
well as in the tetraploid XinJiangDaYe
(Fig. 6.1). In addition, the XinJiangDaYe
assembly, because it has assembled all four
subgenomes with high continuity, shows the
presence of larger differential structural variation,
including inversions that might affect local
recombination (Figs. 6.12 and 6.13).

6.4 Conclusion

Within the last five years, five alfalfa assemblies
have been generated, allowing alfalfa researchers
to work directly within the alfalfa genome rather
than relying on M. truncatula genomic resources.
The five genome assemblies discussed in this
chapter utilize a changing spectrum of sequenc-
ing and scaffolding technologies that lead to
improved assembly continuity and an increased
ability to distinguish between repeats and sub-
genome haplotypes. This ability to distinguish
nearly identical sequences is critical in alfalfa
genome assembly because transposable repeats
alone comprise more than half of the alfalfa
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genome. Furthermore, haplotypes present in the
different subgenomes are highly similar, as evi-
denced by insufficient sequence divergence to
distinguish some haplotypes in the CADL,
NECS-141, and XinJiangDaYe assemblies, even
with genetic map support, as well as in prelimi-
nary versions of the PI464715 assembly. Nev-
ertheless, these assemblies uncover local
haplotype differences in gene content as well as
larger structural rearrangements that distinguish
some of the subgenomes. The increase in repeat
content compared to M. truncatula, as well as
heterozygosity and ploidy challenges, are now
more easily navigable with improved, highly
accurate PacBio HiFi long reads or even longer,
moderately accurate ONT reads, as well as rapid,
inexpensive whole-genome scaffolding tech-
nologies such as BioNano and chromatin con-
formation technologies. Given these
technological breakthroughs, we fully expect to
see additional alfalfa genome assemblies released
in upcoming years as alfalfa researchers
sequence additional alfalfa germplasm that has
important scientific or breeding applications.

6.5 Assembly Availability

CADL is available under a Ft. Lauderdale usage
agreement at https://legumeinfo.org/data/index/
public/Medicago_sativa/CADL_HM342.gnm1.
rVNY/. NECS-141 is available under MTA from
the Noble Research Institute in Ardmore, Okla-
homa. All other assemblies are available as
described in their manuscripts (Shen et al. 2020;
Chen et al. 2020; Li et al. 2020).
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