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Abstract

A contiguous assembly of the inbred ‘EL10" sugar beet (Beta vulgaris ssp. vulgaris) genome was constructed using PacBio long-read sequencing,
BioNano optical mapping, Hi-C scaffolding, and lllumina short-read error correction. The EL10.1 assembly was 540 Mb, of which 96.2% was con-
tained in nine chromosome-sized pseudomolecules with lengths from 52 to 65 Mb, and 31 contigs with a median size of 282 kb that remained
unassembled. Gene annotation incorporating RNA-seq data and curated sequences via the MAKER annotation pipeline generated 24,255 gene
models. Results indicated that the EL10.1 genome assembly is a contiguous genome assembly highly congruent with the published sugar beet
reference genome. Gross duplicate gene analyses of EL10.1 revealed little large-scale intra-genome duplication. Reduced gene copy number
for well-annotated gene families relative to other core eudicots was observed, especially for transcription factors. Variation in genome size in B.
vulgaris was investigated by flow cytometry among 50 individuals producing estimates from 633 to 875 Mb/1C. Read-depth mapping with short-
read whole-genome sequences from other sugar beet germplasm suggested that relatively few regions of the sugar beet genome appeared
associated with high-copy number variation.
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1. Introduction the Industrial Revolution in Europe. Sugar beet was selected
from lower sucrose fodder beets (6-8% sucrose fresh weight)
in the late 1700s, with the first true sugar beet commercial
varieties available by 1860.% Since then, improvements in su-
crose content and processing quality have been continuous,
resulting in an industry average in the USA and Europe ap-
proaching 19% sucrose fresh weight (~75% dry weight).
Public sector sugar beet breeding today focuses generally on

Humans have used beet or chard (Beta vulgaris spp. vulgaris
L.) as early as the late Mesolithic, initially as a leafy pot herb
and for medicinal uses.! It was not until the Middle Ages that
the enlarged taproot became used as a vegetable. The origin
of the enlarged taproot is not clear, but by the 18th century
beets were widely used as fodder and fuelled the prelude to
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crop protection traits.>* The EL10.1 genome summarized
here was recently interrogated for resistance gene signatures’
and crop-type attributes.® An alternate annotated assembly,
EL10.2, is also available.

Beta vulgaris is a basal eudicot in the family Amaranthaceae
(Caryophyllales).” Wild forms are native to European and
Mediterranean coastlines and collectively classified as subspe-
cies maritima."*® There are no known barriers to cross-fertil-
ization among beet crop and wild types, and the genomes of
crop wild relatives are beginning to be described in detail.!
Most B. vulgaris types, and all characterized maritima types,
are diploid. Chromosomes are morphologically similar at mi-
totic metaphase, and highly repetitive DNA sequences com-
prise ~60% or more of the beet genome.'!? Each chromosome
shows different patterns of repeat-sequence distribution'>!#
supporting the notion that sugar beet genomes are true dip-
loids.'>! An ancient genome triplication appears to be shared
with the basal asterid and rosid eudicot clades.'® A uniform
linkage group nomenclature was derived from Schondelmaier
and Jung’s'” linkage group assignments and made more port-
able with SSR markers.'$ Extensive marker technologies re-
main proprietary within the commercial sugar beet breeding
sector who supply hybrid seed to growers worldwide.

We seek to fill knowledge gaps in understanding of sugar
beet traits by completing a genome framework for beet and
incorporating crop genetic trait information into the frame-
work, focussing on crop quality and preservation traits.
Creating highly contiguous genome assemblies is challenging
in plants due to the generally high-repetitive nature of large
portions of their genomes. Genome annotation is perhaps
more challenging as expressed gene functions are generally
predicted from relatively few physiologically verified protein
functions derived from unrelated plant taxa on the basis of
nucleotide and amino acid sequence similarity. Improved ap-
proaches are becoming available and more commonly used
to develop high-quality assemblies and annotations for plant
species previously considered too complex or costly.’ The
EL10 genome assemblies described here include long-read
length technologies to span longer low-complexity repeat re-
gions, optical mapping to create larger scaffolds from long-
read contig assemblies, and Hi-C to link together scaffolds
across the genome into chromosome-sized scaffolds. Highly
contiguous assemblies exhibit the full organization of heredi-
tary material and minimize the uncertainty of position and
distribution of genetic markers to allow closer focus on any
region of the genome.

Scaffolds of the EL10 assemblies show high concordance
with genetic maps and the RefBeet genome sequence,'? which
is an excellent but fragmented genome sequence assembled
using first- and second-generation sequencing technologies.
The EL10.1 genome has been used to anchor other assemblies
including those used for beet curly top virus resistance identi-
fication.?® The current work, presented here, provides a more
comprehensive picture of genome size variability of sugar beet,
and global changes in repeat-sequence depth and coverage be-
tween sugar beet inbreds and breeding populations. Further,
gene number in beet appears to be diminished relative to other
eudicots, at least for gene classifiers that are shared among
representative angiosperm genomes. Contiguous genome
assemblies will allow routine inter-cultivar comparisons be-
tween accessions that vary for important traits, and help de-
duce causal from associated genomic features influencing a
trait of interest or general performance.
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2. Materials and methods

2.1. Plant material

USDA-ARS germplasm release EL10 (PI 689015) was de-
rived by single seed descent from C869 (PI 628755) by
self-pollinating over six generations. C869 is a biennial
sugar beet conditioned by the self-fertile (§5/) allele and is
segregating for nuclear male sterility (Aa), with resistance
to several diseases.?! The initial selfing occurred from one
self-fertile C869 CMS plant (EL-A013483) in 2002. Seed
was field grown at the Bean and Beet Farm (Saginaw, MI)
in 2005, roots were harvested, potted into fibre pots (5 L,
Stock # ITMLFNP08090RBRD040TW, BFG Supply, Burton,
OH), vernalized for 16 weeks, and grown in the greenhouse
until flowering. Flowers were inspected for visible pollen,
and when present, a #16 white grocery bag (Duro Bag,
Novolex, Hartsville, SC) was placed over the bolting stem
to effect self-pollination. Seed harvested from a single plant
(EL-A018880) was considered the S1 generation, and subse-
quent generations were derived by single seed descent using
field grown mother roots and selfing with the same methods.
The S2 generation (EL-A022144) was obtained in 2007, and
the S3 (EL-A025943) in 2010. Nine individuals of this popu-
lation were genotyped with 69 SESVanderhave proprietary
SNP markers evenly spaced across the beet linkage map, and
a single homozygous individual (#17) of this population was
sequenced for a preliminary assembly (named C869_UK??).
A sibling of this line (EL-A026195) with good field perform-
ance in the 2011 Michigan field (Saginaw Valley Research
and Extension Center, SVREC, Richville, MI) was selfed in
the same manner to yield the S4, while S5 (EL-A13-03870)
and S6 generations were produced solely under greenhouse
conditions in 2013 and 20135, respectively. Sixteen S6 indi-
viduals were genotyped with 24 SSR markers,'® and 6 indi-
viduals (EL-A15-01096, EL-A15-01098, EL-A15-01099,
EL-A15-01101, EL-A15-01102, and EL-A15-01103) were
chosen as sequencing candidates based on marker homozy-
gosity and similar growth habit and appearance, and pooled
for long-read sequencing. One of these (EL-A15-01101)
provided the sole tissue source for Illumina sequencing and
nuclear DNA content estimation, and seed was named and
released as EL10. Seed of EL10 was increased and deposited
in the National Plant Germplasm System repository as a gen-
etic stock (PI 6890135).

Additional taxa were used, depending on the availability of
materials, for the assessment of genome size, cytometric esti-
mates. Material included progeny of EL-A15-01101 whose
genome was assembled here, advanced progeny of table beet
W357B (a self-fertile parental line graciously provide by Dr.
Irwin Goldman) which were inbred by single seed descent for
five generations (accession EL-A1400766), an East Lansing
open-pollinated self-sterile sugar beet breeding population
(termed ‘5B’), and an open-pollinated USDA-ARS release
used for a disease nursery check entry (F1042, PI 674103).

2.2. Genome sequencing, assembly, and finishing

High-molecular-weight DNA for PacBio sequencing isolated
nuclei using the HMW preparation protocols suitable for
BAC library construction by Amplicon Express (Pullman,
WA). PacBio RSII sequencing was performed at the Los
Alamos National Laboratory (Los Alamos, NM), in 86 single-
molecule, real-time cells using P6-C4 chemistry. PacBio reads
greater than 6 kb were assembled with the Falcon Assembler
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(version 0.2.2), resulting in 938 primary contigs (SBJ_80X
assembly, Supplementary Table S1). Optical mapping was
performed using the BioNano Irys sequential hybrid protocol
with enzymes BssSI and BspQI (SBJ_80X_BN assembly,
Supplementary Table S1). For the EL10.1 assembly, scaf-
folding was accomplished using Proximity Guided Assembly
and Hi-C reads by Phase Genomics (Seattle, WA). Resulting
scaffolds were polished and gap-filled using PBJelly, Arrow,
and Pilon, following Bickhart et al.?* Briefly, PBJelly from
PBSuite v15.8.24 was run using the Protocol.xml (https://
gembox.cbcb.umd.edu/shared/Protocol.xml)  with  default
parameters and minimum gap size set to 3 as: Jelly.py setup
Protocol.xml --minGap=3, Jelly.py mapping Protocol.xml,
Jelly.py support Protocol.xml, Jelly.py extraction Protocol.
xml, Jelly.py assembly Protocol.xml, and finally Jelly.py
output Protocol.xml. Pilon v1.13 was run using --fix local
bases and the pipeline at https://github.com/skoren/PilonGrid.
Arrow v2.0.0 was run using the pipeline available at https://
github.com/skoren/ArrowGrid. Pilon v1.21 was run using
--fix indels using the pipeline at https:/github.com/skoren/
PilonGrid.

To generate the EL10.2 assembly, the SBJ_80X_BN as-
sembly was further scaffolded using 462 million DoveTail
Genomics Hi-C read pairs (Chicago and Dovetail Hi-C tech-
nologies) using the HiRise algorithm as described?* (Putman
et al., 2015). The resulting scaffold-level assembly was
subsequently polished with POLCA,* utilizing high depth
[llumina paired-end reads (Table 1). Assembly metrics for
RefBeet 1.2, EL10.1, and EL10.2 were assessed using the
stats.sh tool from the BBTools software package (https://jgi.
doe.gov/data-and-tools/software-tools/bbtools/) using the
default parameters.

2.3. Whole-genome alignment

Whole-genome alignment of the EL10.1 assembly (as refer-
ence) and the RefBeet 1.2 assembly (as query) was conducted
using modules from MUMmer v.4.0.0beta2. Initial alignments
were created with the nucmer module, with options --mum
--minmatch 30 (uses only anchor matches that are unique
in both the reference and the query, and sets the minimum

Table 1. Sequence inputs and metrics used in construction of EL10.1

length of a single exact match to 30 bp). The resulting delta
alignment was filtered using the delta-filter module with op-
tions -1 -i 70 -1 5000 (to use only 1-to-1 alignments, with
a minimum 70% sequence identity, and minimum alignment
length of 5,000 bp). Summary reports were created using
dnadiff, and plots were created from the filtered delta file
using mummerplot with options --png --fat -r (with output
image as png, and using layout sequences using fattest align-
ment only).

2.4. Annotation

The EL10.1 assembly was annotated using the MAKER
pipeline.?® A custom repeat library for EL10 was created
and used for repeat masking.?” Protein and transcript evi-
dence were used to aid gene model prediction. Protein evi-
dence was obtained from the following species or databases:
Arabidopsis thaliana proteins from Araportl11,®® Solanum
lycopersicum proteins from IPTG 2.4,%° Populus trichocarpa
proteins from Phytozome genome v3.0,%° and curated plant
proteins from UniProt release 2017_03.3' Transcript evi-
dence was derived from 25 RNA-seq read sets (BioProject
PRJNA450098, Illumina 2500, 150 bp paired-end) using
StringTie v1.3.3b% and TransDecoder v5.0.1 (Haas and
Papanicolaou et al., manuscript in prep., http://transdecoder.
github.io).

Gene prediction programmes AUGUSTUS? and SNAP3*
were trained using the transcript sequences generated by
StringTie (above), and both AUGUSTUS and SNAP were
used to predicted gene models within the MAKER pipeline.?
When AUGUSTUS and SNAP predicted genes at the same
locus, MAKER chose the gene model that was the most con-
cordant with the transcript and protein evidence, and that
model was retained at that locus. HMMER v 3.1% was used
to determine the presence of Pfam-A protein domains in the
initial predicted protein sequences. Gene models supported
either by protein or transcript evidence or by the presence of
a Pfam domain were collected as high-quality gene models
for the final genome annotation. Both transcript and protein
sequences were searched against the SwissProt and UniRef
databases using BLAST.>* HMMER v3.1% identified PfamA

Technology Library Coverage®
PacBio passed reads
PacBio long reads RS II, P6-C4 chemistry 6,540,795 79.3
Mean length = 9,096 nt (std. dev. = 6,528)
>40 kb initial mapping and pre-assembly 5,176 0.38
BioNano passed labels
Optical physical map BioNano Genomics BssSI-BspPQ1 Hybrid Scaffold 121 Gb 161.3
BspPQ1 (7.6 labels/100 kb) 40 Gb
BssSI (10 labels/100 kb) 81 Gb
Illumina passed reads
Paired-end short HiSeq 2500, TruSeq Libraries, 125 bp PE 447,211,041 149.0
reads ) o Phase Genomics Hi-C library, HiSeq 2500, TruSeq Libraries (EL10.1) 355,892,798 118.6
Cross-linked in vivo
Dovetail Genomics Hi-C library, HiSeq 10X, TruSeq Libraries (EL10.2) 927,545,984 183.3

“Using genome size of 758 Mb.
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domains within predicted protein sequences. Signal peptide
and transmembrane domains were predicted using SignalP
v4.1% and TMHMM v2.0,% respectively. Searches and pre-
dicted results were parsed and combined in the final func-
tional annotation.

The online sequence functional classification and an-
notation tool Mercator4 ver. 2.0¥ were supplied with
the EL10.1 MAKER predicted protein fasta file using de-
fault settings. Four gene models were excluded from ana-
lysis due to their short length (<5 amino acids) (e.g.
EL10Ac2g04429.1, EL10Ac8g20093.1, EL10Ac1g00658.1,
and EL10Ac7g16947.1). Comparisons were made with
Mercator4-supplied representatives of the Tracheophyta
(i.e. Oryza sativa, Brachypodium distachyon, A. thaliana, S.
lycopersicum, and Manihot esculenta). The EL10.2 assembly
was later annotated by JGI (annotation version EL10.2_2)
and is available on Phytozome.

2.5. LTR annotation

De novo identification of intact long terminal repeats (LTR)
retrotransposons were performed using LTR_Retriever v1.6
with default parameters.*” The insertion time of each in-
tact LTR-RT is estimated by LTR_retriever based on T =
K/2u where K is the divergence between an LTR pair and u
is the mutation rate of 1.3 x 10 per bp per year. Whole-
genome LTR sequence annotations were achieved using the
non-redundant LTR library generated by LTR_Retriever and
RepeatMasker v4.0.0 (www.repeatmasker.org).

2.6. LTR Assembly Index estimation

The assembly continuity of repeat space was assessed using
the LTR Assembly Index (LAI) deployed in the LTR _retriever
package (v1.6).*° LAI was calculated based on either 3 Mb
sliding windows or the whole assembly using raw_LAI =
(Intact LTR-RT length x 100)/Total LTR-RT length. For the
sliding window estimation, a step of 300 kb was used (-step
300000 -window 3000000). The estimation of LAI was ad-
justed using the mean identity of LTR sequences in the genome
based on all-versus-all BLAST.

2.7. Tandem repeats

Tandem Repeats Finder Program Version 4.09 was used to
characterized tandemly duplicated sequences. using the de-
fault Alignment Parameters (e.g. match = 2, mismatch = 7,
indels = 7, PM = 80, PI = 10, minimum alignment score = 50,
maximum period size = 500).*!

2.8. Self-synteny

CoGe SynMap*?* was used, inputting B. vulgaris (VEL10.1.0,
id37197) and EL10.1 MAKER annotation gff files. Coding
sequences were compared using LAST* and DAGChainer*
(with input settings maximum distance between two matches
= 20 genes, minimum number of aligned genes = 5). Kn/Ks
ratios® were calculated using default parameters on CoGe
(genomevolution.org/wiki/index.php/SynMap).

2.9. Genome size variation

Four B. vulgaris populations were evaluated for nuclear DNA
content as described.* Briefly, young and healthy true leaf
tissues from greenhouse grown seedlings were placed in be-
tween moist paper towels in zip-lock bags and shipped to
the Flow Cytometry Lab at Benaroya Research Institute at
Virginia Mason (Seattle, WA) for next day delivery. 50 mg

EL10 sugar beet genome

of leaf tissue from each sample was finely chopped using a
razor edge to release intact nuclei for flow cytometric ana-
lysis. Chicken erythrocyte nuclei (2.50 pg/2C) were used as
an internal standard. A value of 978 Mb per pg was used for
genome size conversion.*’ Statistical analyses were performed
with JMP Pro version 14 (SAS, Cary, NC).

2.10. Read count mapping

Reads from five Illumina paired-end sequencing datasets
were trimmed and subsampled to produce sets of 25 Gb for
normalized mapping to the EL10.1 assembly. These were the
single sequenced EL10 plant, a single plant two generations
less inbred than EL10 (i.e. C869_UK), a pool of 25 indi-
vidual from the parental population from which EL10 was
derived (C869_25), the doubled haploid from which RefBeet
was generated (KWS2320), and a single plant of a Japanese
O-type breeding line (NK-388mm-O) (each accessible at
NCBI BioProject PRJNAS563463). Four samples of K\WS2320
genomic reads (SRR869628, SRR869631, SRR869632, and
SRR869633) were obtained from the NCBI SRA and pooled
prior to filtering. FASTQ reads from the 5 mapping sam-
ples were filtered for a minimum FASTQ quality of 6 and
minimum length of 80 bp after trimming. The reads that
passed the filter were randomly subsampled to obtain 25 Gb
of reads per sample. Each pool of 25 Gb was independently
mapped to the EL10 assembly using BBMap v. 36.67.* Read
mapping was done with default parameters and kmer length
= 13 with the addition of ‘local=t’ to allow soft-clipping the
ends of alignments and ‘ambiguous=random’ to randomly as-
sign reads with multiple best matches among all best sites,
to facilitate mapping of repetitive sequences evenly across
the genome. For plotting read depth, 5 kb bins were created
across each chromosome and the read coverage per base pair
was calculated for each bin. The ‘basecov’ and ‘covstats’ out-
puts of BBMap were used to determine read depths and their
standard deviations.

2.11. Multispecies synteny

The analysis of synteny was accomplished by plotting col-
linear blocks relative to beet chromosomes. Collinear blocks
were defined using the program MCScanX using default re-
commendations.* Protein sets for A. thaliana, V. vinifera,
Spinacea oleraceae, and A. hypocondriacus were downloaded
from phytozome (https:/phytozome.jgi.-doe.gov/pz/portal.
html) with their corresponding gff files. Quinoa data were
downloaded from chenopodiumdb (www.cbrc.kaust.edu.sa/
chenopodiumdb/) and the B. vulgaris proteins and gff files
were developed for this report.

2.12. Accession numbers

Sequence data from this article can be found in the EMBL/
GenBank data libraries. The EL10 sugar beet whole-
genome project has been deposited in NCBI under the ac-
cession PCNB00000000. EL10.1 is version PCNB01000000.
Associated NCBI database pointers are BioSample
SAMNO07736104, BioProject PRJNA413079; Assembly
GCA_002917755.1,and WGS Project PCNBO1. All raw reads
used in EL10 genome assemblies are deposited in the short-
read archive (SRA): Illumina reads SRR6305245; PacBio
Reads SRR6301225; and Hi-C Library reads SRR10011257
(Phase Genomics) and SRR12507442 and SRR12507443
(Dovetail Genomics). BioNano Maps are located at
SAMNO08939661 (BspQ1) and SAMNO08939667 (BssS1).
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Table 2. Assembly metrics for sugar beet genome versions

Assembly Assembly input  # Assembly Contig N/ # Assembly Scaffold N/ %N % assembly Pseudochromosome
name and method Contigs size (contigs) LS50 Scaffolds size L50 (Scaffold assembly) in scaffolds assembly size (n =9
(# (scaffolds) (# >50 kb scaffolds)
fragments/ fragments/
length) length (Mb)
RefBeet  RefBeet 1.212 61,805 517,837,822 3,863/39.1 40,508 566,571,340 72/2.013  8.60 91.94 NA
1.2 kb
EL10.1 PacBio + 363 540,479,261 64/2.701 40 540,537,112 5/57.939 0.01 100 520,115,771
BioNano + Phase Mb Mb
Hi-C + polishing
EL10.2 PacBio + 3,098 534,762,237 119/1.287 18 568,751,015 5/61.987 5.99 100 564,173,179
BioNano + Mb Mb
DoveTail Hi-C +
polishing

Read mapping accessions are deposited under BioProject
PRJNAS563463, and BioSamples SAMN12674955 (C869_
UK), SAMN12674956 (C869 25), and SAMN12674957
(NK-388mm-O). The EL10.1 genome assemblies and anno-
tations can be viewed and downloaded via the CoGe Genome
Browser available at genomevolution.org/coge/, both EL10.1
(Genome ID = 54615) and Phytozome (phytozome-next.jgi.
doe.gov/info/Bvulgaris_EL10_1_0). The EL10.2 assembly
and JGI annotation (EL10.2_2) is available on Phytozome
under genome ID 782 (https:/phytozome-next.jgi.doe.gov/
info/Bvulgarisssp_vulgaris_ EL10_2_2).

Genome browsing and file resources including transcript
assemblies are available at http:/sugarbeets.msu.edu and
beetbase.scinet.usda.gov. Transcript assemblies were con-
structed from root development and leaf RNA-seq reads de-
rived from C869 (the EL10 progenitor) from 3 to 10 weeks
post-emergence’® [3-week-old root (SRR10039097), 4-week-
old root (SRR10039086), 5-week-old root (SRR10039081),
6-week-old  root  (SRR10039080), 7-week-old root
(SRR10039079), 10-week-old root (SRR10039098), and ma-
ture leaf (SRR100379335)]. Also included were RNA-seq sets
of 96-h germinated seedlings from other germplasm germin-
ated under aqueous stress conditions,’’ including 150 mM
NaCl, 0.3% hydrogen peroxide, and biologically extreme
temperatures (10 and 41°C) (SRR10039075, SRR10039076,
SRR10039077,SRR10039078,SRR10039082,SRR10039083,
SRR10039084,SRR10039085,SRR10039087,SRR10039088,
SRR10039089,SRR10039090,SRR10039091,SRR10039092,
SRR10039093, SRR10039094, SRR10039095, and
SRR10039096). The transcript assemblies are located at http:/
sugarbeets.msu.edu/data.html.

3. Results

A five-generation inbred genome of the sugar beet ‘C869 (PI
628755) was released as a genetic stock ‘EL10” (PT 6890135).
C869 is the common seed parent for East Lansing recom-
binant inbred populations previously described.’? To purify
sufficient high-molecular-weight DNA, five plants from one
inbred family showing no gross phenotypic differences and
no polymorphism among 24 selected unlinked SSR markers!®
were chosen for nuclei isolation, long-read sequencing, and
assembly. The resulting assembly, using only one of the five
plants, was scaffolded via opto-physical mapping, and the
two assemblies described here share this common backbone.

Two different chromatin conformation-sequencing tech-
nologies were used to construct two independent assemblies
(EL10.1 vs. EL10.2), with the goal of evaluating the effect
of the two technologies and Hi-C library sequencing depth
on contiguity. Holistically, the two Hi-C technologies and
scaffolding pipelines greatly reduced the number of scaffolds
to the haploid chromosome number in beet (7 = 9), with as-
sembly EL10.2 slightly improved in contiguity over assembly
EL10.1 (Table 2). In-depth analyses, including annotation,
repeat content, genetic map co-linearity focussed on the
EL10.1 assembly below due to EL10.1’s substantially better
contig-level statistics and percent ambiguous bases, with only
slightly worse scaffold-level statistics. As EL10.1 has been
used in at least two publications,*® it is therefore important
to document both genomes. Insights described below pertain
to EL10.1 unless otherwise noted.

3.1. Sequencing and assembly

High-molecular-weight DNA was isolated from intact gel-
embedded nuclei of true leaves from young seedlings and
pooled from the five inbred plants for long-read sequencing
using standard protocols for BAC library construction
(Amplicon Express, Pullman, WA). Eighty-six PacBio SMRT
cells yielded 79.3-fold coverage (58,655 Mb) of the circa
750 Mb B. wvulgaris genome size (see below). The Falcon
Assembler (version 0.2.2) was used to assemble long reads
(Table 1), initialized with reads exceeding 40 kb in length.
The Falcon assembly resulted in 938 primary contigs, 70.9%
with a length greater than 100,000 nucleotides and a total
length of 562.76 Mb. G + C content was similar between
EL10.1 and RefBeet contigs (35.8% vs. 36.1%, respectively).

Scaffolding the Falcon assembly with a BioNano two-
enzyme (BspQI and BssSI) sequential hybrid optical (phys-
ical) map resulted in substantial improvement. The BspQI
optical map was generated from 141,462 molecules with an
average length of 285 kb and labelled to an average density of
11.8 sites kb™!, and the BssSI optical map was generated from
270,071 molecules, also with an average length of 285 kb, la-
belled to a density of 7.7 sites kb~'. Optical maps were aligned
to PacBio Falcon contigs and the resulting BspQI and BssSI
map lengths were 628 and 590 Mb with N50 contig sizes of
1.99 and 1.21 Mb, respectively. After merging PacBio, BspQlI,
and BssSI contigs, the final hybrid genome map consisted of
86 scaffolds with a total length of 566.8 Mb, and an N50 of
12.5 Mb (SBJ_80X_BN, Supplementary Table S1).
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Long range scaffolding was carried out using Proximity
Guided Assembly with 118x coverage of Phase Genomics
Hi-C reads. The Phase Genomics Hi-C reads were used to
scaffold the SB]_80X_BN PacBio/BioNano using self-pollin-
ated progeny of the individual that was optically mapped. The
resulting Hi-C assembly was subsequently polished and gap-
filled using a combination of approaches (PBJelly, Arrow, and
Pilon; following Bickhart et al.?®). The resulting 540.5 Mb
assembly consisted of 9 chromosome-sized scaffolds, num-
bered via Butterfass chromosome nomenclature,® and 31
unscaffolded contigs. These comprise the genome assembly
version EL10.1. The 9 chromosome-sized scaffolds (desig-
nated Chromosomes below) were relatively similar in size
(mean = 57.8 Mb, std. dev. = 3.9 Mb) (Table 2). Unanchored-
contigs (7 = 31) represented 3.9% of the final EL10.1.

With the goal of generating the most contiguous sugar beet
genome possible from EL10 background, a second assembly
(EL10.2) was created using an alternative Hi-C library tech-
nology from DoveTail Genomics with higher sequencing
coverage (183x). The SBJ_80X_BN PacBio-BioNano as-
sembly was scaffolded with these DoveTail Genomics Hi-C
reads using the Dovetail Genomics HiRise assembly pipeline.
Chromosomes were numbered according to the nomencla-
ture by.'”” The EL10.2 pseudo-chromosomes (9 largest scaf-
folds) encompass 564 Mb, just shy of the total assembly size
of the 40,508 RefBeet 1.2 scaffolds (566 Mb). The EL10.2
assembly appeared to resolve the major assembly associated
inversions on Chromosomes 7 and 9 in EL10.1 (see below),
as well as placed the unlinked 31 scaffolds into the larger
whole-genome chromosome context (Supplementary Fig. S1),
many of which appeared to be placed within the context of
Chromosome 5 in EL10.2.

3.2. Assessment

No complete chloroplast or mitochondrial genomes were in-
corporated into the EL10.1 assembly, although fragments of
both plastid genomes were detected in the EL10.1 assembly.
The position of RefBeet 1.2 scaffolds were determined for
EL10.1 Chromosomes (Fig. 1). Contigs >5 kb in length were
largely co-linear between the two assemblies. Two small
inverted-orientation contigs were evident on Chromosome 7,
as were small inverted (e.g. Chromosome 6) and misplaced
segments (e.g. Chromosomes 3 and 7). RefBeet 1.2 was an-
chored with genetic markers,'? and 345 of these with 100%
match identity across 75 nt or greater were placed in con-
cordant order on the EL10.1 assembly. In addition, 3,279
proprietary SNP markers from the SESVanderhave (Tienen,
Belgium) molecular marker genetic map were placed to the
EL10.1 assembly. Most marker orders were highly con-
cordant. However, a third of the mapped markers were in-
verted on Chromosome 9, and a complex rearrangement
involving 40% of markers was evident on Chromosome
7 (mapped inversions; Supplementary Table S2). Genetic
markers also added nine scaffolds to five chromosomes
(mapped integrations; Supplementary Table S3). Genetic
markers used to orient the cytogenetic map'* also aligned
with the EL10.1 assembly. Chromosomes 1 and 3 were cyto-
genetically congruent with their North-South orientation,
and the rest were reversed relative to the orientations given
in that publication. Scaffold 5 was located to the South end
of cytogenetic Chromosome 5 (Supplementary Table S4),
consistent with SESVanderhave marker data (Supplementary
Table S3).

EL10 sugar beet genome

3.3. Annotation

The EL10.1 assembly contained the entire first linkage group
described in beet,** the R—Y-B linkage group on Chromosome
2. Each of these genes has been recently cloned (R, for the
red alkaloid betalain synthesis by a novel cytochrome P450,%
Y, a Myb transcription factor required for production of red
colour,* and B for the bolting gene which determines annual
or biennial life habit.’”*% Both the direction and the distance
agree with published genetic map intervals, and the EL10.1
assembly indicates that the bolting gene is physically located
proximal towards the centromere and the colour genes are
more distal (Supplementary Table S5).

Results from the MAKER annotation pipeline?® conserva-
tively predicted 24,255 protein-coding gene models, numeric-
ally 88.5% of the 27,421 predicted in RefBeet.!? To annotate
the MAKER-derived gene models with predicted function
descriptions, three sources of evidence were used, in the pri-
ority: (i) UniProt, (ii) Pfam-A, and (iii) Uniref90. If no hom-
ologous proteins were found in these three highly curated
sets, protein-coding gene models were assigned to the func-
tional class of ‘hypothetical’ proteins. Gene model complete-
ness was checked using BUSCO v4.06 (Supplementary Table
$6).° A higher proportion of missing BUSCOs was seen in
EL10.2.2 than either EL10.1 or RefBeet 1.1. Overall, protein-
coding gene predictions covered a relatively small proportion
of the assembled EL10.1 genome (39,161,207 nt; 7.2%). GC
content of predicted coding genes was marginally higher than
that of the whole genome (41.1% vs. 35.8%, respectively).
Predicted proteins were named using the underlined charac-
ters in the key: EL10 / annotation version A / chromosome
or scaffold number / genomic in origin / a sequential number
/ and appended with .1 to signify that only one isoform was
considered at this level of analysis (e.g. EL10Ac7g16740.1).
Of the 24,255 genes identified in EL10.1, only 86 were
not able to be assigned to the EL10.2 genome using LIFT
(Supplementary Table S7).

A chr2 2l theia— o
// -
= =
ﬁ " = ’/'}
Te} = o
A B
! .
o - 5
s Chr 5 o Chr 6 ,'
= B
3 = =
w - o
o~ 5 =
s e G
- - ~
©
a’ //
% Chr 8 4 Chro -
o //" -
= =
- 5
i

EL10.1 Chromosomes

Figure 1. Chromosome alignment of the EL10.1 assembly (x-axis) versus
RefBeet 1.2 assembly (y-axis) by EL10.1 Chromosome. Alignments less
than 5 kb in length were removed before plotting. Alignment blocks with
positive upwards slope indicate matching orientation between the two
assemblies. Unassembled RefBeet regions are indicated by gaps.
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The number of MAKER annotations ascribed across
Chromosomes of EL10.1 was relatively consistent (mean =
2,559, std. dev. = 173.8), but highly variable between scaf-
folds (mean = 44.0, std. dev. = 47.6) (excluding Scaffolds 23,
29, 30, and 31 for which no gene models were predicted)
(Supplementary Table S8). A total of 3,940 gene models
had no functional annotation among curated compara-
tive databases (and thus were designated hypothetical), and
were evenly distributed among chromosomes but not scaf-
folds (Supplementary Table S8). Approximately 55% of gene
models were considered unique or single copy based on as-
signment of curated-database proteins (Supplementary Table
$8), more than 45% of predicted genes could be members of
gene families.

Self-synteny of MAKER gene models with the EL10.1
genome sequence was explored using the CoGe SynMap
platform.* Few internal syntenies were detected. Mean
copy number of the 2,327 discovered tandem gene models
was 2.82 (std. dev. = 1.96), and 65.8% of these tandem
duplications were two copies. For syntenic regions with at
least 5 matches in a span of 20 gene models (encompassing
1,858 genes in 268 synteny blocks), average Kn/Ks values
were all less than 1, suggesting stabilizing selection for
genes in these blocks. For individual gene pairs, five gene
pairs had Kn/Ks values >1 (suggesting diversifying selec-
tion) but only two of these pairs had interpretable anno-
tations. EL10Ac6g14284.1 and EL10Ac9g20883.1 were
predicted as Clathrin heavy chain 2 genes (i.e. vesicle traf-
ficking) and EL10Ac1g01568.1 and EL10Ac5g12109.1
were predicted SET Domain Protein genes (i.e. chromatin
structure modulation).

A comparative gene annotation perspective was gained
using the MapMan4 ontology of plant proteomes.’* EL10.1
MAKER gene models were placed in 99.6% of 4,145
ontologies assigned to one of 28 ‘bins’ (infrequently allowing
for assignment to more than one bin), organized in a hier-
archal, conceptual, plant-specific context (e.g. Photosynthesis,
Cell cycle, Hormones, etc.). Where possible, each bin re-
solves to a gene from a high-quality genome assembly in the
Mercator4 web implementation of MapMan4. Specific com-
parisons for each of the 4,127 EL10.1 occupied terminal,
termed ‘leaf’, bins were made with five other angiosperms
(e.g. A. thaliana, O. sativa, B. distachyon, S. lycopersicum,
and M. esculenta). Most EL10.1 predicted proteins in the
found set were placed in one (or more) MapMan4 leaf bins
(Supplementary Table S9). Since the MapMan4 ontology is
hierarchal, the number of genes in each leaf bin was aver-
aged for all five angiosperms, and compared with EL10.1
(Supplementary Table S9).

Enrichment analysis can shed light on biological processes
that may have assumed greater or lesser importance in the
evolutionary success of a lineage. Given the general reduced
gene copy number in EL10.1, genes whose copy number
equalled or exceeded the mean of five angiosperms (grape,
Arabidopsis, spinach, amaranth, and quinoa) were tentatively
considered as enriched, and those that were substantially
lower than the overall mean of EL10.1 were considered as
reduced. EL10.1 appeared particularly depauperate in at least
two top-level ontologies: Cellular respiration (Bincode 2)
and Phytohormones (Bincode 11) (Supplementary Table S9).
Equal or over-represented ontologies included DNA Damage
Response (Bincode 14) and Coenzyme metabolism (Bincode
7) (Supplementary Table S9).

Proteome content of the five averaged angiosperms rela-
tive to EL10.1 was gauged for missing members, which could
suggest regions in EL10.1 that were not assembled, genes that
were not annotated, or perhaps reflect biological divergence
or biochemical alternatives that beet followed during its evo-
lution. Not detected in EL10.1 were 154 genes that were
present in at least one copy in each of the five angiosperms.
Missing annotations were assignable across all 28 top-level
bins, with the exception of Bincode 8 (Polyamine metab-
olism) (Supplementary Table S10). Among the five taxa being
used, mean copy number was low (1.6 genes per leaf bin),
and failure to assemble or annotate low-copy number genes
in EL10.1 was possible. However, in 12 cases, each of the five
other plants had small gene families (mean copy number =
3.7 genes per family) but no EL10.1 homologue was anno-
tated. It seems less probable that all members of these gene
families would have been missed during assembly and anno-
tation, thus their functions in beet may have been dispensable,
their genes sufficiently diverged, or their functions assumed
by other non-homologous genes.

Under-represented genes in ‘Cell wall’ (Bincode 21) included
those involved with hemicellulose, lignin, cutin, and suberin me-
tabolism, as might be expected from selection for a mechanically
sliced root crop for sucrose extraction (e.g. less knife wear during
processing, which is a trait that has not necessarily been under
conscious selection) (Supplementary Table S11). Phytohormone
representation was low across all second-level categories, espe-
cially salicylic acid (Bincode 11.8). External stimuli response
(Bincode 26) was rich in drought response but poor in bi-
otic stress response genes. Multi-process regulation (e.g. inte-
gration of development with response-to-environment) was
over-represented by the TOR (Target of Rapamycin) signaling
pathway (Bincode 27.2) and under-represented in the SnRK1
metabolic regulator system (Bincode 27.3). RNA biosynthesis
(Bincode 15) was generally over-represented, however Bincode
15.8 (transcriptional repression) was greatly under-represented.
Overall, 138 leaf bins were similar or over-represented and 447
were under-represented in EL10.1.

Transcription  factor genes (Bincode 15.7) were
under-represented overall in the EL10.1 annotation. On
average, there were ~10 fewer genes in EL10.1 transcription
factor classes than the average of five other angiosperms.
Transcription factor classes with a >50 gene deficiency
between the angiosperm average and EL10.1 included
MADS box, NAC, MYB, and bHLH transcription fac-
tors (Supplementary Table S12). Most of the transcription
factor classes showing larger deficiency in copy number were
members of large common gene families. Few transcription
factor classes were equally or over-represented, and most of
these were from gene families characterized by lower copy
number (Supplementary Table $12). However, the FAR1 (in
Arabidopsis, transposon-derived transcription factors associ-
ated with far red-light response) transcription factor class was
abundant in EL10.1, and highly variable in the group of five
other angiosperms (Supplementary Table S12). It is likely that
each of these differences in transcription factor copy number
has potential to impact plant phenotype, development, and/or
response to the environment.

3.4. Genome size

Discrepancies between reported genome sizes (714-758 Mb#*;
derived from estimates for one plant each of table and sugar
beet, respectively) and assembled genome sizes of sugar beet
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(~540.5-566.6 Mb, Table 2) may be explained by failure to
assemble repetitive sequence arrays completely. To better as-
sess genome size as a gauge of the completeness of assemblies
in B. vulgaris, an additional 50 independent cytometrically
determined nuclear DNA content estimates were obtained
from four unrelated germplasm accessions: two traditional
out-crossing progenies and two from progeny of deeply in-
bred accessions of EL10 and an inbred table beet derived from
germplasm “W357B’. Nuclear DNA content estimates of these
materials ranged from 633 to 875 Mb, as estimated from at
least four biological replicates from each accession (at least
20 from inbreds) with four technical replicates performed
per biological replicate (Supplementary Table S13). Overall,
genome size between crop types was not statistically different
(sugar beet, 7 = 120, mean = 729.0 Mb/1C, std. dev. = 51.2;
table beet, 7 = 80, mean = 742.3, std. dev. = 52.8; P = 0.079).
Average genome size differences of each sugar beet acces-
sion were significantly different from one another (P < 0.001,
means and dispersion values are presented in Supplementary
Table S13), and only the difference between sugar beet ‘5B
sugar breeding population’ and Inbred Table beet was not
significantly different than the other two sugar beet ac-
cessions. Inbreds showed a statistically significant smaller
average genome size (Supplementary Table S13: inbreds,
mean = 728.5 Mb/1C, out crossed, mean = 764.9 Mb/1C, P =
0.0002), and at least 2-fold higher variation than out-crossers
(Supplementary Table S13). The average cytometrically deter-
mined genome size of all tested accessions was 734.3 Mb (std.
dev. = 50.3 Mb).

3.5. Repetitive element content estimation

Plant genomes are characterized by high-repetitive sequence
content, found either as tandem arrays or as multiple copies
distributed throughout the genome.®® More than 180,000
named repetitive elements (identified by RepeatMasker) were
placed on the EL10.1 assembly (Supplementary Table S14).
DNA class transposable elements were the most frequent
(58.1%), in contrast with RefBeet,> and LTR elements the
next most frequent class (36.0%) of annotated transposable
elements (Supplementary Table S14). Numbers and types of
LTR elements were estimated similarly using RepeatMasker
and LTR_Retriever.** However, distribution of the filtered
high-confidence intact LTR_Retriever-predicted Gypsy and
Copia elements (Supplementary Table S14) showed Copia
elements generally were more frequently found the ends of
Chromosomes and Gypsy elements biased towards centro-
meric regions (Fig. 2).

Repeats associated with centromeric histone variants have
been characterized in beets,’! and these consist of the Gypsy
element Beetle7 as well the pBV class of major satellites
(Supplementary Table S14). High-similarity Beetle7 sequences
(90% identity over 1,000 nt or better) were located on all
chromosomes and eight of the scaffolds. The 35S and 35S ribo-
somal RNA genes are also tandemly arrayed in beets.'* The
35S arrays in EL10.1 were localized to Chromosome 2, as ex-
pected, and also to Scaffolds 7 and 19. The 35S array localized
to Chromosome 4, also as expected, and to Scaffold 11. Only
one canonical plant telomere array (TTTAGGG), greater than
three tandem copies was found in the EL10.1 assembly, near
the end of Scaffold 5. However, terminal repeat arrays defined
by the major satellite class pAV®? were found near the ends of
most chromosomes, except at one end each of Chromosomes

EL10 sugar beet genome

1, 5, 7, and 9 (Supplementary Table S14). pAV arrays were
seen on each of these except Chromosome 1, where the South
terminus appeared absent. Evidence suggests Chromosome 5
South is Scaffold 5, Chromosome 9 may have a pericentric in-
version or an assembly artefact that misplaced Chromosome
9 South, and complex inversions in Chromosome 7 may have
failed to accurately assemble the North terminal repeat region
(these appeared to have been resolved in the EL10.2_2 as-
sembly). Notably, interstitial pAV arrays were evident in both
Chromosomes 5 and 7 (Supplementary Table S14D).

Tandem repeats (unit length 500 nt or less assessed with
Tandem Repeat Finder) were evenly spread across the EL10.1
assembly (Supplementary Table S15), with an average of
630.4 repeats Mb! (std. dev. = 19.3) across chromosomes,
and similar for scaffolds but with 25-fold higher variation
(mean 661.0 repeats Mb~', std. dev. = 460.8). Shorter re-
peats were more frequent, and the most frequent size class
was 21 nt (23,163 instances). Size classes of tandem repeats
may reflect the predominant repeat unit size for centromeric
sequence in a species,® and for EL10.1, the most frequent
repeat size above 100 nt was 160 nt (781 copies), followed
by 170 nt (382 copies). Relatively high numbers of repeats
(67-134 copies) in the 314-325 nt repeat unit size range were
evident, as might be consistent with a heterodimeric model of
centromere repeats.®’

Assembly continuity was assessed using the LAL* After
adjusting for the amplification time of LTR-RTs, the whole-
genome LAI of the EL10 assembly was estimated to be 13.3,
which is considered reference quality and improves upon
the RefBeet assembly (LAI = 6.7) (Supplementary Fig. S2).
Thus, the EL10.1 sugar beet genome assembly appeared to be
largely complete with respect to repetitive element landmarks
and assembled in a largely congruent fashion with respect to
genetic markers.

3.6. Read count mapping

Read-depth variation provided a means to compare acces-
sions using readily available and deeper coverage short reads.
Low variation in read depth suggests relatively even distribu-
tion of coverage across assembly coordinates, while higher
variation suggests regions of low sequence complexity that
may not have assembled in a consistent fashion, perhaps con-
tributing to differences in genome size between cytometry
and assembly estimates. Five independent Illumina-derived
read sets were read mapped to the EL10.1 genome assembly,
one from EL10 and one each from four other sugar beet
germplasms (including two EL10 relatives and two unrelated
germplasms). Overall, more than 99.6% of EL10’s cleaned
reads mapped to the EL10.1 assembly, with relatively even
coverage (e.g. ~36 reads per assembled nucleotide), but scaf-
fold coverage was slightly less and the standard deviation
was 22-fold higher. Similar results were evident in the other
four germplasms (Supplementary Table S16). There appeared
no ‘degree-of-relatedness’ discrimination between disparate
germplasm at this level of analysis, as EL10 relatives showed
as much overall difference in read-depth variation as individ-
uals drawn from unrelated populations.

High read-depth locations were localized using a con-
servative, computationally facile, and relatively crude
sequence-independent approach. High read-depth locations
were defined as a region of 5 kb with average per-base read
mapping depth above 500 in one or more of the five tested
germplasms (indexed from the lower nucleotide position of
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Figure 2. Distribution of LTR Copia and Gypsy retrotransposon elements across the EL10.1 Chromosomes.

the EL10.1 assembly). This binning approach is conservative
in the sense that most highly repetitive elements are shorter
than the 5 kb window size used, but provided a computa-
tional advantage for an initial assessment whether changes
in genome size could crudely be restricted to specific genomic
bins, or were otherwise more or less independently distrib-
uted across the genome. Along Chromosome 1, 47 bins were
flagged as differential between C869_25 (i.e. the base geno-
type for EL10 and C869_UK) and each other accession. Each
flagged bin in each of the five germplasms occurred predom-
inantly in the same places on Chromosome 1. Most of these
bins were occupied by Gypsy or Copia LTRs, however Bin
44,615,000 was occupied by chloroplast sequence (Sequence
ID: KR230391.1) and Bins 8,100,000, 22,360,000, and
22,365,000 were occupied with mitochondrial sequences
(Sequence ID: FP885845.1). It is not unusual to find plastid
sequences within plant genomes,* and plastid sequence read
depths are likely subject to external influences (e.g. plant
growth and DNA isolation methods). The large differences
in the remaining read-depth estimates at specific sites sug-
gest that copy number changed since a last common ancestor.
These sites have the potential to contribute to intra-specific
genome size variation. Further evaluation of such sites across
the genome in a more precise sequence-specific fashion (e.g.
not binned) may help deduce special features related to their
lability and whether changes in genome size at this level of
resolution have phenotypic effects.

3.7. Broader synteny

Caryophyllales members spinach (S. oleracea), grain amaranth
(Amaranthus bypochondriacus), and quinoa (Chenopodium
quinoa) have annotated genome assemblies that were used to

compare with EL10.1,7%7 respectively; note that quinoa and
amaranth are each amphidiploid). Chromosome 4 synteny
appeared maintained in chromosome-sized blocks among
Caryophyllales, as well as Vitis to a lesser extent, but not A.
thaliana, as outgroup representatives of the Rosids (Fig. 3).
Chromosome 1 synteny also appeared relatively conserved
in chromosome-sized blocks among the Caryophyllales,
with the exception of the spinach assembly version used
here, which will likely improve in the future. Elements of
Chromosomes 2, 6, and 9 were found in extended blocks in
quinoa and amaranth, but also not spinach. Extended syn-
teny for Chromosomes 5 and 8 were evident in quinoa but
were not as extended in amaranth, while extended blocks
for Chromosomes 3 and 7 were present in amaranth but not
as well maintained in quinoa. Genome evolution within the
Caryophyllales produced significant genomic variation in
chromosome number, number of syntenic regions, and size of
syntenic regions relative to beet (Table 3).

4. Discussion

A high-quality de novo assembly of the sugar beet genome
was created. The EL10.1 assembly contains most of the
‘EL10° genome organized into 9 linkage groups plus 31
extra unplaced scaffolds. Most scaffolds contain predicted
genes, and many were able to be placed in context of the
larger chromosome-sized assemblies using genetic markers.
Ends of chromosomes were captured to some degree, how-
ever additional work and sequencing experiments will be
required to finish the EL10 genome assembly to exacting
standards. The EL10.2 assembly appears to resolve at least
the major assembly/scaffolding-induced inversions evident
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Figure 3. Visualization of syntenic blocks among Caryophyllales genomes relative to B. vulgaris EL10.1 Chromosomes compared with two

representative Rosid species, colour coded by EL10.1 Chromosome.

Table 3. Proportion and metrics of synteny (co-linear blocks of MAKER beet gene predictions) shared among five species

Species C. quinoa A. bypocondriacus S. oleracea V. vinefera A. thaliana
Common name Quinoa Amaranth Spinach Grape Arabidopsis
Chromosome number 2n=4x =36 2n=4x=32 2n=2x=12 2n=2x=38 2n=2x=10
Number of synteny blocks 854 599 410 547 734
Number of genes in blocks 25,832 14,519 8,437 10,711 9,228

Mean number of genes per block 30.2 24.2 20.6 19.6 12.6

Std. dev. 51.4 31.2 27.6 22.4 8.7

Range 5-490 5-245 6-261 6-223 6-74

in Chromosomes 7 and 9. Genome assembly is fraught with
uncertainty. In most cases, there is no a priori information
to gauge the completeness and correctness of an assembly,
particularly when genetic map(s) are not available for the
background being sequenced. In this case, the fortuitous
availability of a published sugar beet assembly'? allows for
comparisons, however EL10 provides an independent per-
spective on the organization of an inbred beet genome com-
pared with that of a doubled haploid. The major difference
between the two studies is that the sequencing technologies
have improved to provide longer range scaffolding resulting
in a substantially improved contiguity of sugar beet genome

assembly. Such improvements also presumably better reflect
copy number variations and gene content.

Long reads alone are currently insufficient for a high-quality
assembly of a plant genome of moderate to large genome size.
Beet might be considered a moderately sized plant genome.
The addition of an opto-physical map to long reads alone
provided a ~10-fold reduction in the number of contigs, as
well as set an upper bound for the size of the sequenced EL10
genome assembly (628 Mb). However, this also was insuf-
ficient to achieve chromosome-level assembly. Further add-
ition of Hi-C data, where intact nuclei are cross-linked in
vivo and where the native genome organization is presumably
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preserved, provided the means to map chromosome-level as-
sociations. The sequential application of at least four inde-
pendent technologies (i.e. short- and long-read sequencing,
physical/optical maps, Hi-C chromatin conformation capture,
and genetic maps) helped to overcome many limitations span-
ning low-complexity regions of a genome over previous tech-
nologies in creating contiguous de novo genome assemblies
of moderate to large plant genomes. Future applications of
higher-quality long-read data types (e.g. PacBio HiFi) coupled
with endonuclease-free chromatin conformation capture (e.g.
DoveTail Omni-C) should provide additional improvements
to genome completeness (maximizing actual genome size) and
chromosome-level contiguity and accuracy, as has been re-
cently seen in other plant genomes.®

A reduction in gene copy number in beet (relative to anno-
tated protein genes generated for comparative purposes, e.g.
MapMan4) was observed. No clear evidence of gene copy
number amplification was observed among the EL10.1 pre-
dicted protein set for most of the gene families. Clear reduc-
tions in gene copy number were detected across multiple gene
classes and for transcription factors in particular, also ob-
served by'? and more recently.®” Exceptions to the transcrip-
tion factor reduction observed in EL10.1 included the FAR1
class of transcription factors, which may be anciently derived
from Mutator-like transposons and co-opted in Arabidopsis
for red-light perception and signaling.””’! The role for this
class of sequences remains unknown in beets, and copy
number variation was high for FAR1 between the five other
angiosperms considered. The lower overall gene copy number
in beets may be suggestive of a basal gene copy number in
dicots where beet numbers (or Caryophyllids in general) ap-
proximate a baseline condition, while other dicots may have
increased copy numbers and diversified gene families.

Genome size estimates of the cultivated beets examined
here were quite variable, ranging from 633.0 to 875.5 Mb per
haploid genome. Genome size estimates of 21 wild B. vulgaris
spp. maritima genotypes from Portugal ranged from 660.1 to
753.1 Mb,”? thus variability in genome size is known to occur
in the species. The range of estimates was 2.6 times higher
in the cultivated beets relative to the wild types. This was
also observed relative to the breeding system of the cultigens,
where the range in genome size among the out-crossers was
2.7 times lower than that of the inbreds (e.g. Supplementary
Table S13). Variation in read-depth coverage may be useful
for tracking genome size changes.”® Areas of high variation
are intriguing from a chromosome biology and evolution per-
spective, as well as their potential effect on phenotype and on
the origin of novel variation. Many plant genomes are large
because of their highly repetitive nature, and many classes of
repetitive elements are known to vary across kingdoms, often
with little in common other than size, the fact they are re-
petitive, and characteristic footprints (target site duplications,
terminal repeats, etc.).?’ Speciation seems to favour whole-
scale sequence replacement of repeat elements while retaining
their size, however inter-specific amplified repeats seem to be
present at low copy number in related genomes.”* Exactly
how, and in particular when and what effects the efficiency,
distribution, and specificity of divergent repeat amplification,
is not as easy to investigate. Additional sugar beet genomes
sequenced and assembled using high-quality long reads tech-
nologies should provide new insights on the repetitive regions
of the sugar beet genome that were previously inaccessible
with older technologies.

1

Beet is naturally a wind-pollinated out-crosser, which
means that genetic diversity is partitioned within popula-
tions rather than between populations. Inbreeding depression
is high, and inbred beets are not necessarily representative
of the genomic landscape of hybrids. Each of the germplasm
examined here, with the exception of C869_25, was highly
inbred, using one of three different breeding methods. Both
C869_UK and EL10 were derived from C869_25 through
single seed descent, for three and five generations, respect-
ively. RefBeet (aka KWS2320) was derived as a doubled
haploid, and NK-388mm-O is a seed parent for hybrids in-
bred through conventional sib-mating.”>”® The method used
to generate the inbred seems not to relate to generation of
read-depth differences. However, each germplasm had a set
of read enrichment events specific to their own lineage, and
others that were shared among two, three, or all germplasms.
For instance, NK-388mm-O was enriched in depth at EL10.1
Chromosome 1 positions 53,310,000 to 53,325,000 Mb,
KWS2320 was depauperate at positions 40,540,000 to
44,615,000, and C869_25 over-represented from 22,735,000
to 22,7750,000. Responsible sequences underlying these re-
gions have not yet been investigated, except where wide
differences in chloroplast content and mitochondria were
particularly rich in NK-388mm-O. While these read-depth
differences may be artefacts of assembly, it is equally likely
that they are by-products of artificially induced inbreds. In
other highly heterozygous organisms like grape, large vari-
ation in genome composition (structure, size, and genes) have
been found in sequenced hybrids compared with the original
sequenced doubled haploid grape PN40024.7-7

Exploration of synteny between species is accessible from
a contiguous well-annotated genome sequence. For EL10.1,
annotations were conservatively estimated from well curated
plant gene resources, which likely improved confidence in as-
sessing similarity between well-known plant genes. Following
the syntenic organization of such genes across phylogenetic
groups showed that closely related species retained higher
levels of synteny than more distantly related species, as ex-
pected. Also expected, was that recombination and schism
of synteny blocks increased with increasing phylogenetic
distance. Perhaps unexpected was differential synteny conser-
vation by individual chromosomes. However, relatively few
plant genomes are available that are highly contiguous, and
this caveat limits interpreting results.

5. Conclusion

Here, we present a contiguous, hybrid genome assembly of
a sugar beet line, EL10.1, consisting of 540 Mb, of which
96.2% was contained in nine chromosomes. Compared with
the previous genome assembly (RefBeet 1.2), our hybrid ap-
proach improved chromosome resolution and coverage of
highly repetitive regions. A total of 24,255 proteins were
predicted using MAKER, covering an estimated 7% of the
EL10.1 genome. Compared with sequenced core angio-
sperms, the sugar beet genome had a reduction in gene
number for certain gene families and groups including tran-
scription factors. Genome size variation was also explored
for this species using flow cytometry, with an estimated size
range of 633-875 Mb depending on the use-type and pedi-
gree. The genomic data presented here will enable further
molecular studies of sugar beet and other Caryophyllales
members.
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