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Sugarcane, the world’s most harvested crop by tonnage, has shaped global history,

trade and geopolitics, and is currently responsible for 80% of sugar production
worldwide'. While traditional sugarcane breeding methods have effectively generated
cultivars adapted to new environments and pathogens, sugar yield improvements
have recently plateaued?. The cessation of yield gains may be due to limited genetic
diversity within breeding populations, long breeding cycles and the complexity of its
genome, the latter preventing breeders from taking advantage of the recent explosion
of whole-genome sequencing that has benefited many other crops. Thus, modern
sugarcane hybrids are the last remaining major crop without a reference-quality
genome. Here we take a major step towards advancing sugarcane biotechnology by
generating a polyploid reference genome for R570, a typical modern cultivar derived
frominterspecific hybridization between the domesticated species (Saccharum
officinarum) and the wild species (Saccharum spontaneum). In contrast to the
existing single haplotype (‘monoploid’) representation of R570, our 8.7 billion base
assembly contains acomplete representation of unique DNA sequences across the
approximately 12 chromosome copies in this polyploid genome. Using this highly
contiguous genome assembly, we filled a previously unsized gap within an R570
physical genetic map to describe the likely causal genes underlying the single-copy
Brul brownrust resistance locus. This polyploid genome assembly with fine-grain
descriptions of genome architecture and molecular targets for biotechnology will
help accelerate molecular and transgenic breeding and adaptation of sugarcane to
future environmental conditions.

Sugarcane domesticationbegan approximately 10,000 years ago with
the first ‘sweet’ cultivars (Saccharum officinarum) derived from Sac-
charum robustum®.Modern day cultivars, however, are all derived from
afew interspecific hybridizations performed by breeders a century
ago between ‘sweet’ octoploid S. officinarum and the ‘wild’ polyploid
Saccharum spontaneum. Sugarcane interspecific hybridization has
provided major breakthroughs in disease resistance and adaptation
tootherwise stressful environmental conditions. However, early gen-
eration hybrids also had much lower sugar yield, owing to the large
wild genomic contribution. To re-establish high sugar yield, breeders
backcrossed hybrids to S. officinarum®. This process was accelerated
by the unreduced (‘2n’) transmission of S. officinarum chromosomes

inthe first two generations so backcrossed (BC1) cultivars contained
11% more domesticated sequence than would be expected by typical
(n+ n) inheritance patterns.

While interspecific hybridization and backcrossing represent crucial
steps for modern sugarcane breeding, they produced cultivars with
extraordinarily complex genomes. In addition to variable progeni-
tor subgenome dosage (due to unreduced 2n’ gamete transmission),
hybrid sugarcane meiotic recombination and chromosome pairing
is variable within and among progenitor subgenomes. Chromosome
pairing is mainly bivalent (although meiotic abnormalities can occur)>”’
but with differential pairing affinity between chromosomes, leading
to a continuum of polysomic inheritance (with random association
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Fig.1| The pedigree and genome organization of R570 hybrid sugarcane.
a,Animage of field-grown R570 (approximately 4 min height). b, Estimated
recorded pedigree of the R570 ina. Standardized contributions of progenitor
genomes (red, S. spontaneum (Ss), ‘wild‘ sugarcane; blue, ‘sweet’S. officinarum
(So)) areindicated by the proportional size of the pie diagrams, relative to
expectations of n+ninheritance. Cultivar names for each cross of the pedigree

between homologues) and disomicinheritance (with systematic asso-
ciation between a pair of homologues)®™°. Recombination between
progenitor subgenomes can also generate ‘interspecific recombinant’
chromosomes that containboth ‘wild’ and ‘sweet’ ancestry. Asaresult,
chromosomes may be highly heterozygous, translocated, inherited
purely from progenitor genomes, aneuploid, interspecific recombi-
nant or entirely identical-by-descent to another chromosome. These
processes result in a diverse and complex hybrid sugarcane genome.

Theroad to arepresentative genome

The complexity of hybrid sugarcane genomes and pedigrees is exem-
plified by the development of the ‘R570’ cultivar, which was generated
by breeders on Reunion island in 1980 (ref. 11) (Fig. 1a,b). Similar to
othermodern cultivars, R570 has agenomesize (2 C) of approximately
10 billion bases (‘gigabases’ (Gb)), a ploidy of approximately 12x and
2n =114 chromosomes, several of which have recombined between
progenitor species’ genomes'?? (Fig. 1c,d); however, aneuploidy is
common and the number of copies of each chromosome varies within
and among cultivars. R570 was chosen as a model by the sugarcane
community to study modern genome architecture and durable resist-
ance to brown rust (Puccinia melanocephala), once a major disease
in the tropics and subtropics**. Despite development of numerous
R570 genetic resources (for example, cytogenetics, genetic maps,
BAC clone libraries, ‘monoploid’ assembly™) and other attempts to
assemble other cultivars''8, modern sugarcane cultivars still lack a
high-quality polyploid reference genome.

AgenomesuchasR570 poses many technical assembly and genome
representation challenges, as R570 has all the complexities of both
outbred andinbred genomes. Given variable pairing affinities among
R570 chromosomes, it could potentially be biologically appropriate to
follow the standard outbred genome representation where an assembly
is built for each meiotic homologue. However, given its backcrossed
pedigree, 2n + n chromosome transmission and double maternal/
paternal grandparent ‘POJ2878’ (Fig. 1b), we expect a majority of the
genometo beinbred, with on average 12.5% of sequences exactly dupli-
cated. Normally, identical sequences in inbred genomes are repre-
sented asasingle collapsed haplotype (for example, the CHM13 human
cellline®) or computationally duplicated in each haplotype (for exam-
ple, tetraploid potato genome®). In the case of R570, itisimpossible to
confidently place exactly duplicated sequences due to variable copy
number and complex patterns of recombination between progenitor
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areprovided insingle quotes. * indicates ‘2n’ chromosome transmissionin the
firsttwo generations, and ‘+’ denotes an F, hybrid. Although the exact pedigree
of cultivars ‘R331"and ‘C0213’ isunknown, they are estimated to be aBC2F2 and
BC2:BC1F,, respectively.IBD, identical by descent.c, Chromosome preparation
of R570 after insitu hybridization, with S. spontaneum-specific probes shown
inred.d, Karyotype diagram of R570 mirroring the coloursinb.

subgenomes. Therefore, we opted for astandard partial-inbred genome
assembly for R570, where the ‘primary’ assembly isa complete represen-
tation of unique haplotypesin R570 whereas the ‘alternate’ represents
nearly identical, additional haplotypes. While ‘alternate’ here does not
have the same meaning as compared to organisms with strict disomic
pairing, we structured the R570 genome in asimilar manner toimprove
utility for the community.

Inatypical genome, a highly contiguous assembly could be organized
(‘scaffolded’) into chromosomes solely by Hi-C or optical mapping;
however, both of these technologies require short unique sequence
anchors, which are rare in the R570 genome. Therefore scaffolding
required a custom pipeline that leveraged multiple lines of evidence,
including PacBio HiFi circular consensus sequencing, Bionano Direct
Label and Stain optical mapping, genetic linkage mapping, synteny,
single-chromosome sorted sequencing and Hi-C. We combined these
diverse resources through a custom pipeline (Extended Data Fig. 1a,
Supplementary Data, Supplementary Figs. 1-11 and Supplementary
Table 1) to construct a 5.04 Gb (12.6 Mb contig N50; average 12 con-
tigs per chromosome) primary assembly (Fig. 2a,b, Extended Data
Fig.1b and Supplementary Fig. 12) that encompasses roughly half of
the 10 Gb of sequence and 114 chromosomes (Methods) expected
from R570 flow cytometry estimation®. The 3.7 Gb of additional
sequence represented in the ‘alternate’ assembly are nearly identical
to, but not necessarily meiotic pairs of, the corresponding primary
chromosomes. For example: Chr6E_alt (20.4 Mb) is 99.34% similar
to Chr6E (50.1 Mb; Extended Data Fig. 1c), and HiFi reads cannot be
mapped uniquely to 39.7% of the alternate assembly (Supplemen-
tary Table 2). In addition to this highly similar sequence, R570 has
an expected approximately 12.5% inbreeding coefficient due to a
shared grandparent (POJ2878; Fig. 1b). Thus, we expect approxi-
mately 1.25 Gb of genome to be absent in the alternate assembly and
collapsed to a single representation in the primary. Our 8.72 Gb com-
bined primary and alternate assembly very closely aligns with this
expectation.

The high-quality (0.1% gaps; long terminal repeat (LTR) assembly
index (LAI)?: 22.82) primary assembly captures a full representa-
tion of the diversity present in R570 and will serve as the basis for
genome-enabled biotechnologyinsugarcane. Asis the case with typical
outbred diploid genomes, duplicate copies between haplotypes can
complicate or bias analyses—usually one haplotype is used as the ref-
erence for mapping. Thus, here we focus on the primary assembly for
efforts central to candidate gene discovery, such as gene expressionand
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Fig.2| The genome assembly of sugarcane cultivar R570. a, Schematic
representation of the primary genome assembly. Although R570 has
approximately 12 chromosome copies per homolog, backcrossingand2n+n
chromosome transmission have led to near-identical haplotypes that are
collapsed (represented as colour shades) in the genome assembly. b, One-to-one
ortholog genes among chromosomes 1-10 of Sorghum bicolor (v.3.1.1) and
primary chromosomes of R570.Eachregionis coloured based on progenitor

variantdetection. Tosupport these efforts, we used gene homology and
RNA sequencing (RNA-seq) transcript evidence to describe the full suite
of protein coding sequences and annotate genes in the primary R570
assembly. The primary annotation is highly complete (BUSCO = 99.8%
total, 99.3% duplicate completeness)? with 194,593 coding sequences
(and 105,138 alternative spliced transcripts). In contrast to previous
monoploid assemblies, which contained a single representation of
each ancestral chromosome, synteny-aware gene families (built with
GENESPACE?) were present in six (n =40,752) copies in the primary
genome (6.78 mean syntenic block coverage with Sorghum bicolor
(S.bicolor); Fig.2¢, Table1and Supplementary Table 3), whichreflects
half of the expected 12x ploidy and matches the expected copy number
inthe primary assembly. This within-genome variation is now available
to breeders, but was obscured with current monoploid (single-copy)
methods. Combined, the primary and alternate assemblies provide
by far the most complete genomic sequences available for cultivated
sugarcane.
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contribution withinR570. ¢, GENESPACE-generated synteny map among
(bottomto top) Sorghum bicolor (v.3.1), S. spontaneum (genotype AP85-441),
R570 primary and R570 monoploid genome assemblies. Horizontal segments
indicate chromosomes; colours (red-purple) indicate the orthologous
Sorghum bicolor chromosomes (1-10) and ‘braids’ represent syntenic blocks
between each pair of genomes. x-axis positions are scaled by gene-rank order.

The architecture of the R570 genome

Knowledge of the global genome architecture of modern sugarcane cul-
tivarsis currently derived mainly from molecular cytogenetics'>*%,
genetic mapping®% and haplotype sequence comparisons”>°, Our
chromosome-scale R570 assembly provides the first fine-grain descrip-
tionof the genome architecture of modernsugarcane cultivars, afoun-
dation to describe the patterns of genomic evolution and diversity
withinaneo-polyploid hybrid, a crucial resource for burgeoning sugar-
canemolecular breeding efforts. Perhaps the most critical element of
interspecific sugarcane breeding is the maintenance and enrichment of
S.spontaneum progenitor sequence, conferring disease resistance and
environmental adaptation®. The progenitor species of R570 are highly
diverged (approximately 1.6 million years; Supplementary Table 4 and
Supplementary Fig. 13), which enabled extraction of 27 bp species
specificrepeats used to assign progenitor blocks in the genome (Sup-
plementary Data). Consistent with previous cytogenetic estimates'>'*,



Table 1| R570 genome assembly and annotation statistics

Overall S. officinarum S. spontaneum
Primary genome size 5.04Gb (12.6Mb) 3.66Gb 1.37Gb
(contig N50)
Alternate genome size 373Gb(21Mb) 3.01Gb 0.32Gb
(contig N50)
Genome size accounting 9.32Gb
for collapsed haplotypes
Collapsed haplotypesin 2.31Gb 218Gb 0116Gb
assembly?
No. of genes (no. of 194,593 (47,986) 132,618 61,197
syntenic orthogroups) in
primary annotation®
Mean ploidy of primary ~ 6.78x 4.60x 2.16x
assembly (coverage of
syntenic blocks)®
Mean pairwise peptide 86% 83%
identity among alleles®
Genes impacted by 5,362 5,090 260

structural variants?

2HiFi unique mapping > x2 expected depth. "GENESPACE default parameters. “Calculated
among peptides from the primary annotation within syntenic orthogroups. “Calculated from
pairwise alignments, relative to ChrA among homologous chromosomes.

we found that 3.66 Gb (73%) and 1.37 Gb (27%) of the R570 primary
genome assembly (5.04 Gb) is derived from S. officinarum and S. spon-
taneum, respectively (Supplementary Tables 5and 6). Separate evolu-
tionary trajectories have also produced distinct ploidy levels and basic
chromosome numbers between progenitors (S. officinarum, 2n = 8x,
basic chromosome number x =10; S. spontaneum, 2n = 4 - 16x = typical
basic chromosome number x = 8). The basic chromosome set (x = 10) of
S.officinarumis directly syntenic to the ten chromosomes of S. bicolor,
itsmost well-studied annotated diploid relative. In contrast, the basic
chromosome et (x =8, but canvary) of S. spontaneumis aresult of six
chromosomes being rearranged into four>**'?, each of which are
observedinthe R570 primary assembly (Chr5_9A, Chr 6_9A, Chr 7_10A
and Chr 8_10A; Fig. 2b).

Despite rearrangements in S. spontaneum, most of the progenitor
chromosomes within R570 are syntenic and share sequence homology,
facilitating interspecific recombination. Indeed, cytogenetic experi-
mentsamong multiple sugarcane hybrid cultivarsindicate that homolo-
gous pairing and recombination between chromosomes from different
progenitors is likely common'>%, In the R570 primary assembly, we
observed 13 interspecific recombinant chromosomes among seven
of ten basic chromosomes (Fig. 2b). The assembly also confirmed a
cytogenetic predicted chromosome resulting from a translocation
between S. spontaneum chromosome 5 and S. officinarum chromo-
some 8 (Fig.2b) whichis so far found only in R570 and no other modern
cultivar®® Homoeologous introgressions, which can be enriched in
breeding targets, have been observed in other systems, both in tra-
ditional breeding (for example, oat®*) and synthetic polyploids (for
example, Brassica®** and wheat®). R570 recombinant chromosomes
containdiversity within progenitor genomes thatis not easily purged
through inbreeding, likely providing additive genetic variance acces-
sible to breeders in advanced-generation intercrosses.

Breeding practices such as backcrossing, 2n’ chromosome trans-
mission and small breeding population sizes, have resulted in high
DNA sequence redundancy and exact duplicates, particularly those
derived from S. officinarum. For example, the cultivar ‘POJ2878’ has
beenusedinmany breeding programs worldwide and isboth amaternal
and paternal grandparent of R570 (Fig. 1b). To catalogue the genomic
structure of copy number variation and molecular sequence variation
withinR570, we used highly accurate PacBio HiFireads (median length

17 kb), to find roughly half the genome (50.4%) is identical-by-descent
where haplotypes are collapsed among multiple copies (2-4x) (Supple-
mentary Table 7, Supplementary Fig.14 and Extended Data Fig.1d). The
remainder of the genome (49.6%) contains enough sequence variation
(heterozygosity) to enable single, unique alignments of PacBio reads
that distinguish separate haplotypes. Each of basic chromosomes of
R570 are covered by one to four S. spontaneum haplotypes (Fig. 2b)
most of which (86%) is heterozygous, single-copy sequence. In con-
trast, only 48% of the S. officinarum portion is heterozygous, while
the majority is collapsed among multiple haplotypes. Indeed, 87% of
the duplicated sequence among the primary and alternate assemblies
(39.7%; previously discussed; Supplementary Table 2) is derived from
S. officinarum. Since breeding for increased sugar content and other
traits rely on additive contributions of gene dosage, these perfectly
duplicated regions represent potential targets for copy-number aware
genotyping and molecular breeding efforts. However, exploring the
genomic contribution of the domesticated progenitor is difficult as
genotyping inbred haplotypes require restrictively large numbers of
progeny to screen (for example, triplex marker segregationin S1=143:1
(ref. 36)). The most common genetic marker used for sugarcane breed-
ing (simplex, segregation in S1=3:1(ref. 37); Supplementary Data) is
significantly biased toward the S. spontaneum regions of the genome
(45% of markers; Fisher exact test: x3.25enrichment, P< 0.0001), and is
found almost exclusively in heterozygous haplotypes (98%) (Extended
DataFig.1e). While this bias towards heterozygous regions renders the
majority of the genome invisible to traditional genetic mapping, the
R570 assembly will allow easier exploration of quantitative trait loci
(QTLs) through cataloguing of haplotype structure and progenitor
contribution within the genome.

Exploration of targets for breeding

Many crucial traits for sugarcane improvement are polymorphicin
the progenitor species and dosage dependent in hybrid breeding
programs. For example, brown rust resistance (see below) appears
to be derived from a single-copy locus within the genome, while high
sugar content requires additive contributions of gene copies from
S. officinarum. To accelerate similar breeding efforts and develop
marker assisted selection strategies, we documented copy number and
protein sequence variation between and within R570 progenitor sub-
genomes within the primary assembly and annotation (Table 1, Fig. 2¢
and Supplementary Table 3). Using progenitor block classification, we
were able to assign 68% of gene models (n=132,618) to S. officinarum
and31%to S. spontaneum (n = 61,197). Inspection of homeologs among
progenitors found 87% of gene copies derived from S. officinarum
and 95% derived from S. spontaneum contained non-synonymous
variation (Supplementary Table 8), but it isimportant to note that
many of these genes are located in regions where haplotypes are
collapsed (n=58,038; 87% S. officinarum assigned; Supplementary
Table 9), and thus some gene models are likely under-represented.
Peptide polymorphism largely mirrored the % identical homeolog
analyses, where S. officinarum homeologs had an average pairwise
identity (PID) of 86% while S. spontaneum homeologs had signifi-
cantly more variation (mean PID = 83%; Mann-Whitney U = 3.5 x 108,
P<0.0001). The investigation of genes impacted by structural vari-
ants, which may prevent recombination and subsequent generation
of desirable allelic combinations is also significantly biased towards
S. officinarum portions of the genome (n=5,090; 94% of impacted
genes; Fisher’s exact test, odds ratio: 9.03, P < 0.0001; Supplemen-
tary Table 10). A survey of unique material (genes with no orthology
in the other progenitor; n = 32,544) found x1.2 more genes derived
from S. officinarum than expected (Fisher’s exact test, odds ratio:
1.24, P<0.0001); although investigation of the largest novel gene
family contributed fromthe S. spontaneum found anine gene tandem
duplication of leucine rich repeat genes on Chr7_10A. Furthermore,
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b R570 brown rust single-copy resistance locus (BruT)

@ Brown rust resistant/susceptible R570

Target region

Fig.3|Brul candidate genelocus. a, Brownrust disease resistance in R570.
Top panel shows selfed R570 offspring with the Brul locus, while the bottom
panel shows offspring lacking Brul.b, Gap-filled haplotype assembly identifies
aTKP as candidate causal genes for Brul durable brown rust resistance.

annotation of resistance gene analogues (RGAs)*® throughout the
genome (Supplementary Table 11) showed significant enrichment
for S. spontaneum derived motifs (Fisher’s exact test, odd’s ratio 2.14,
P <0.0001), particularly on homologous regions of chromosomes 3,
6 and 7 (x4.81, x3.35 and x4.11 enrichment, respectively, P< 0.0001;
Supplementary Table 12).

Hybrid and backcrossing breeding programs oftenintroduce large
swaths of linked maladaptive alleles that reduce crop yield in early
generations. Inmodern sugarcane cultivars, interspecific hybridiza-
tion not only introduced disease resistance alleles from S. spontaneum,
but also alleles that reduced the high-sucrose (‘brix’) content in the
domesticated S. officinarum. Previous studies suggested that dis-
crete loci disproportionately explained sugar content variation®*,
but some of these experiments were performed in different genetic
backgrounds, with only the monoploid assembly or S. bicolor avail-
able for candidate gene discovery, offering a collapsed view of allelic
variation that exists in the R570 genome. Using comparative geno-
mics between S. bicolor BTx623 (short stature, early maturing, cereal
genotype) and rio (‘sweet sorghum’; tall, late maturing, high soluble
sugar content), we explored sugar transport genes underlying the
rio ‘sweet’ phenotype of high concentrations of soluble sugars within
itsstem*?, aphenotype also of interest by sugarcane breeders. Of the
candidates described inref. 42,43 S. bicolor BTx623 genes were con-
tained as single placement anchors within R570 syntenic orthogroups,
with 505 syntenic orthologs among other genomes (Sorghum ‘rio”:
R570 monoploid: S. spontaneum (genotype AP85-441): R570; syntenic
orthologs per genome =39:37:130:299; mean gene copies per homo-
logue per genome =1:1:3:7).

Percent PID amongthe S. bicolorhomologue and syntenic orthologs
found sugar transport genes are highly conserved (Sorghum ‘rio’: R570
monoploid: S. spontaneum (genotype AP85-441): R570; median PIDs per
genome =100%:91%:94%:94%) (for example, SUT4-Sobic.008G193300,
Extended Data Fig. 2a), although some R570 alleles contain frameshift
mutations that are likely to impair function (for example, SoffiXspo
nR570.05Bg071800-L744A-Sobic.002G075800-Glycoside hydrolase
ortholog, S. officinarumallele, Extended Data Fig. 2b) or possess highly
variable alleles with regions where individual homeologs can be dis-
tinguished (for example, Sobic.005G082100-cell wall pectinesterase;
Extended Data Fig. 2c). Annotation of the R570, paired with informa-
tion of gene dosage, allelic variation and progenitor contribution will
enable the sugarcane community to better comprehend germplasm
resources at their disposal, for both R570 and other hybrid cultivars.

Apart from high sugar production, adefining characteristic of mod-
ern sugarcane cultivars is biotic disease resistance. One of the most
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important diseases that affects all sugarcane growing regions around
theworldis brown rust, caused by the fungus, Puccinia melanocephala.
Once amajor pathogen of sugarcane that caused yield losses of up to
50%, breeders have successfully mitigated P. melancocephala-derived
losses by selecting for disease resistance. A major locus (Brul) that
confers durable resistance to this disease (Fig. 3a) was identified in
cultivar R570 (refs. 43,44). To uncover the causative allele under-
lying Brul, previous studies used an extensive map-based cloning
approach that screened approximately 2,400 self-pollinated R570
progeny, constraining Brul to a set of BAC sequences that spanned
approximately 209 kb (refs. 27,44) (Methods). Although the region
contained 13 gene models (Fig. 3b and Supplementary Table 13), it
also contained an unsized gap and large haplotype insertion, both of
which prevent further fine-scale mapping and exhaustive candidate
gene discovery”*. Nonetheless, the fixed insertion haplotype enabled
the design of Brul diagnostic PCR markers. These have been effec-
tively used inmodern cultivar breeding programs worldwide, demon-
strating that the single-dose Brul locus has been the major source of
effective (or ‘durable’) brown rust resistance for decades across mul-
tiple environments™.

In contrast to previous resources, our R570 genome assem-
bly spans the entirety of the Brul target region (chromosome 3D:
5944326-6253115 bp). Crucially, this includes a complete approxi-
mately 100 kb stretch of contiguous sequence across the previously
unsized gap region**. Filling this previously unsized gap and dem-
onstrating that it did not include additional candidate genes was an
essential step before investing in the analysis of all candidate genes
in the region. Manual curation of the gap-filled region confirmed the
13 gene models, whose functions were assessed, searching for genes
involved in disease resistance mechanisms, with two genes standing
out as top candidates (Methods). Curated genes 7 and 8 (gene IDs,
SoffiXsponR570.03Dg024200 and SoffiXsponR570.03Dg024300)
share homology (both classified as RLK-PELLE-DSLV kinases*),
are located within the bounds of the haplotype-specific insertion
(Fig. 3b), and are each single copy in the R570 genome. While gene 7
(SoffiXsponR570.03Dg024200) contains all 12 functional kinase subdo-
mains, gene 8 (SoffiXsponR570.03Dg024300) contains only domains
Ithrough VIlandis likely a pseudokinase. These two genes represent a
tandem kinase-pseudokinase (TKP), similar to barley stem rust (RPG1
(ref. 46)) and yellow rust resistance Yr15 (ref. 47). The current model
of molecular action for TKP resistance suggests the pseudokinase acts
asadecoy for fungal pathogen effectors*®, while the functional kinase
generates a signal cascade, innervating the plant effector-triggered
immuneresponse. Dueto their variation and novelty, TKPs (and other



variants (for example, tandem kinase-kinases and so on)) are difficult
to find using only sequence homology. Their structure has been pre-
dicted across the plant domain of life, but only five examples have been
functionally validated in monocots, all of which conferred resistance
to fungal pathogens®. Combined, these results support this tandem
kinase-pseudokinase (TKP7 and TKP8) as the causal gene for Brul brown
rust resistance and will permit future biotechnological improvement
of sugarcane for brown rust.

Conclusions

The polyploid genome assembly and annotation of sugarcane cultivar
R570is an essential stepping stone in the emerging genomic revolu-
tion for sugarcane. This work reveals the genomic effects of breeding
practices that transformed sugarcaneinto sugar/biomass production
factories, aremarkable feat by breeders considering the complexity
of the genome and the revelation that much of the ‘sweet’ domesti-
cated alleles contributed from . officinarum are identical and thus are
largely inaccessible to QTL mapping efforts. Further, the persistence
of the S. spontaneum progenitor genomic contribution, despite mul-
tiple rounds of backcrossingto S. officinarum and 2n + nchromosome
transmission, is highlighted by the enrichment of both RGA motifs and
unique gene family contributions from the wild progenitor species. The
ability to separate, resolve and investigate individual haplotypes and
chromosomes within R570 enables a much greater understanding of
the fine-grainarchitecture of this very complex genome and will lead to
substantialimprovementsinthe genetic understanding of agronomic
traits through exploration of allelic variation, copy number and gene
presence/absence variation?.

One of the mostimportant, yet complex, questions underlying agro-
nomictraitdiscoveryinsugarcaneis epistaticinteractionamongalleles.
Desirable traits such as sucrose transport and accumulation are com-
plex enoughindiploid plants, let alone in highly polyploid sugarcane
with approximately 12x copies of each chromosome. Annotation and
pan-genome synteny networks in R570, paired with new differential
expression analyses enabled by this work, will help reveal the com-
plicated regulation of transcription factors and multiple, identical
target sequences within sugarcane. Furthermore, demonstrating that
while half the genome is identical/collapsed among haplotypes, the
remaining sequence is heterozygous and is over-represented by
S.spontaneumwill helpimprove the construction and design of genetic
markers that donotrely solely onsegregation for QTL mapping. While
interspecific hybrid sugarcane represents one of the most complex
plantgenomes ever sequenced, itis likely by no-means the most com-
plex genome that kingdom Plantae can offer. The strategies outlined
here that combine multiple sequencing technologies and techniques
arebroadly applicable and can be applied to complex plant genomes
sequenced in the future. Description of the Brul disease resistance
locus and discovery of strong candidate genes corresponding to a
tandem kinase-pseudokinase will allow targeted validation experi-
ments. Its putative molecular function supports that tandem kinase
resistance mechanisms are durable and capable of protecting globally
distributed crops across many environments. This work represents
the culmination of a decades-long global collaboration by sugarcane
breeders and researchers to develop genomic resources for R570 to
better understand one of the most valuable crops in the world, the
modern sugarcane hybrid cultivar.
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Methods

Genome sequencing

Illumina libraries. lllumina libraries for this manuscript were
sequenced onacombination of Illumina X10, HiSeq and NovaSeq plat-
forms. HipMer assembly and selfed progeny (Extended Data Fig. 1a):
sequencing libraries were constructed using an Illumina TruSeq DNA
PCR-freelibrary kit using standard protocols. Libraries were sequenced
on an Illumina X10 instrument using paired ends and a read length of
150 base pairs.

Single flow-sorted chromosome libraries. Sequencing libraries
were constructed using an lllumina TruSeq DNA Nano library kit using
standard protocols. Libraries were sequenced on either the lllumina
HiSeq2500 or NovaSeq 6000 instrument using paired ends and aread
length of 150 base pairs.

Remaining Illumina libraries. Illumina Tight Insert Fragment,
400 bp-2 ug of DNA was sheared to 400 bp using the Covaris LE220
andsize selected using the Pippin (Sage Science). The fragments were
treated with end-repair, A-tailing and ligation of lllumina compatible
adaptors (IDT) using the KAPA-Illuminalibrary creation kit (KAPA Bio-
systems). The prepared libraries were quantified using KAPA Biosys-
tems’ next-generation sequencing library qPCR kit (Roche) and run
onaRocheLightCycler 480 real-time PCR instrument. The quantified
libraries were then prepared for sequencing on the Illumina HiSeq
sequencing platformusing a TruSeq Rapid paired-end cluster kit, v.2,
with the HiSeq 2500 sequencer instrument to generate a clustered
flowcell for sequencing. Sequencing of the flowcell was performed on
thelllumina HiSeq 2500 sequencer using HiSeq Rapid SBS sequencing
kits, v.2, following a 2 x 250 indexed run recipe.

PacBio libraries. Continuous long-read PacBio sequencing primer
was then annealed to the SMRTbell template library and sequenc-
ing polymerase was bound to them using a Sequel Binding kit v.2.1.
The prepared SMRTbell template libraries were then sequenced on
a Pacific Biosystem Sequel sequencer using v.3 sequencing primer,
1Mv.2 single-molecule real-time cells and v.2.1 sequencing chemis-
try with 1 x 600 sequencing video run times. PacBio HiFi sequencing
was performed using circular consensus sequencing (CCS) mode on
aPacBio Sequel Il instrument. High molecular weight DNA was either
needle-sheared or sheared using a Diagenode Megaruptor 3 instru-
ment. Libraries were constructed using SMRTbell Template Prep Kit
v.2.0 and tightly sized on a SAGE ELF instrument (1-18 kb). Sequencing
was performed using a30 hvideo time with 2 h pre-extensionand the
resulting raw data was processed using the CCS4 algorithm.

RNA-seq libraries. lllumina RNA-Seqwith poly(A) selection plate-based
RNA sample preparation was performed on the PerkinElmer Sciclone
NGSrobotic liquid handling system using Illumina’s TruSeq Stranded
mRNA HT sample prep kit using poly(A) selection of mRNA following
the protocol outlined by llluminain their user guide: https://support.
illumina.com/sequencing/sequencing kits/truseq-stranded-mrna.html,
and with the following conditions: total RNA starting material was1ug
per sample and eight cycles of PCR were used for library amplifica-
tion. The prepared libraries were quantified using KAPA Biosystems’
next-generation sequencing library qPCRkit and run onaRoche Light-
Cycler 480 real-time PCR instrument. Sequencing of the flowcell was
performed on the Illumina NovaSeq sequencer using NovaSeq XP v.1
reagentkitsand an S4 flowcell, following a2 x 150 bpindexed runrecipe.

Chromosome in situ hybridization. Chromosome mitotic metaphase
preparations and fluorescence insitu hybridization were performed as
describedinref.13. The S. spontaneumretro-transposon specific oligo
probe was designed by Arbor Biosciences using their proprietary soft-
ware based ontheretro-transposon sequences as described in ref. 50.
Probeswere either labelled with fluorochromes ATTO 488 or ATTO 550.

Single flow-sorted chromosome preparation. Stems of adult plants
were cut into single-bud segments, cleaned and soaked in 0.5% car-
bendazim solution for 24 h, placed in a plastic tray, covered with wet
perlite and incubated at 32 °Cinthe dark, until the roots were approxi-
mately 1.5 cm long. For cell-cycle synchronization and accumulation
of metaphases, the segments were washed in ddH,0, then transferred
to a plastic tray filled with 150 ml 0.1 x Hoagland solution containing
3 mmol I hydroxyureaand incubated at 25 or 32 °C for 18 hinthe dark.
Aftera2 hrecovery treatment, the roots wereimmersedin2.5 pmo I
amiprophos-methyl solution and incubated for 3 h at 25 or 32 °C.
Suspensions of intact chromosomes were prepared by mechanical ho-
mogenization of root tips fixed with 3% formaldehyde and 0.5% Triton
X-100, and stained with4’,6-Diamidino-2-phenylindole dihydrochloride
(DAPI)*~. The instrument used for flow sorting was a FACSAria Il SORP
flow cytometer (BD Biosciences) and Beckman Coulter MoFlo AstriosEQ
cellsorter (Beckman Coulter). The software used was FACSDivav.6.1.3
(BD Biosciences) and Summit v.6.2.2 (Beckman Coulter). For chromo-
some sorting, initial gating was set on dotplots DAPI-A versus FSC-A
and thefinal sorting gate was set on DAPI-A versus DAPI-W dotplots to
exclude chromosome doublets (Supplementary Fig.15). The identity
of flow-sorted fractions was determined by fluorescence microscopy
of chromosomes sorted onto microscope slides®. The analysis revealed
that chromosomes could be separated into a few size fractions and
while the sorted populations were 100% pure chromosomes, it was
not possible tosortindividual sugarcane chromosomes. To overcome
this problem and prepare samples of chromosome-specific DNA for
sequencing, single copies of chromosomes were sorted and their DNA
amplified®. This strategy for preparing sugarcane chromosomes for
flow cytometry was first described in ref. 51 and is amodification of the
protocol described in ref. 53.

Optical map construction. Ultra-high molecular weight (UHMW) DNA
wasisolated fromagarose-embedded nucleias previously describedin
ref. 54 with some modifications. Approximately 2 g of young, healthy
R570 leaves were collected and fast-frozen in a 50 ml conical tube,
ground in a mortar with liquid nitrogen and briefly incubated in Bio-
nano homogenization buffer (HB+; Bionano Plant DNA isolation Kit;
Bionano Genomics). Cell debris was filtered out by sequentially pass-
ing the homogenate through 100 pum and 40 pm cell strainers. Nuclei
in suspension were pelleted by centrifugation at 2,000g at 8 °C for
20 min, resuspended in3 mlhomogenization buffer HB+and subjected
to discontinuous density gradient centrifugation as described in the
Plant Tissue DNA Isolation Base Protocol (Revision D; Bionano Genom-
ics). The nuclei-enriched interphase layer was recovered, pelleted and
embedded in low-melting-point agarose using a 90-pl CHEFgel elec-
trophoresis plug mould (Bio-Rad). The resulting plug was incubated
twice, foratotal of12 hat 50 °C, in Bionano Lysis buffer supplemented
with 1.6 mg ml™ Puregene Proteinase K, washed four times in Bionano
Wash Buffer and five timesin TE buffer. The uHMW nDNA was recovered
by melting and digesting the plug with agarase at 43 °C, followed by
drop dialysis. In total, approximately 9 pg uHMW DNA was recovered
ataconcentration of 136 ng pl™ and used for subsequent genome map-
ping processes.

Genome mapping was performed using the Bionano Genomics Direct
Label and Stain chemistry in a Bionano Saphyr instrument, using the
method described inref. 55, with a few modifications. Approximately
800 ng of uUHMW DNA was used per reaction and a total of eight flow
cells were loaded to collect molecules with a total combined length
0f 3,499,160 Mbp. A subset 0f 1,650,737 molecules with a minimum
length of 450 kb, and N50 of 547 kb were selected for assembly. The
finaltotal combined length of thefiltered subset was1,097,878,758 bp,
with estimated effective coverage of assembly of x101.2.

Genome assembly was performed using the Bionano Genomics
Access software platform (Bionano Tools v.1.3.8041.8044; Bionano
Solve v.3.3 10252018), running the pipeline v.7981 and RefAligner
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v.7989. Two separated assemblies were performed using the optAr-
guments_nonhaplotype_noES_BG_DLE1_saphyr.xml parameters. The
initial assembly was performed without complex multi-path region
(CMPR) cuts and produced 570 maps with aN50 length of 36.444 Mbp
and total map length of 7,654.039 Mbp. One additional assembly was
performed using the CMPR cut option, which introduces map cuts at
potential duplications to reduce potential homeolog and phase switch-
ing. CMPR-cut-enabled assembly generated 1,512 maps with N50 length
0f 9.546 Mbp and total map length of 9,282.351 Mbp.

PacBio HiFi Bionano hybrid scaffolds were generated using the
Bionano Genomics Access software (Tools v.1.3) and the DLE-1 con-
figuration file hybridScaffold_DLE1_config.xml using auto-conflict
resolution. In total, the genome was captured in 122 hybrid scaffolds
(Scaffold N50 = 78.823 and maximum scaffold size of 131.769 Mbp.
The total scaffold length was 5,074 Mbp, with 4.9 Mbp of sequence
remaining un-scaffolded.

Genome assembly overview. Complete representation of all sequenc-
esin the 10 Gb genome of R570 was impossible without artificially
duplicating collapsed sequences, of which there are many. To scaf-
fold the contigs into chromosomes, we applied five complementary
techniques (Supplementary Data). First, we used the Bionano optical
map toinitially order contigs into long-range scaffolds. Second, scaf-
folds were clustered into homeologous groups based on 237 linkage
groups constructed from approximately 1.8 million simplex markers
that were assayed from 96 self-pollinated progeny. Third, additional
clustering was performed using genetic markers derived from single
flow-sorted chromosome libraries sequenced from R570 (refs.52,53).
After makinginitial joins, both simplex and single-chromosome genetic
markers were re-aligned putative chromosomes to investigate misjoins,
which were broken and corrected. Fourth, we resolved overlapping
scaffolds by checking for redundant collinear sets of Sorghum bicolor
gene models mapped against the contigs using pblat® with default
parameters. Finally, we manually evaluated chromatin linkages from
558 Gb (approximately x56) Hi-C data to manually verify joins made
between scaffolds during chromosome construction (Extended Data
Fig.1a). The highly contiguous primary assembly (5.04 Gb, 12.6 Mb con-
tig N50; 67 chromosomes) also includes optical scaffolds (‘os’; n = 20)
and unanchored scaffolds (n = 56). The primary assembly contains
0.1% gaps withan LTR assembly index® (LAI; measure of intact LTR ele-
ments) 0of 22.82, indicating the assembly is high quality and complete.
Where possible, the alternate assembly (3.73 Gb, 2.1 Mb contig N50;
comprised of nearly identical haplotypes in the primary assembly;
discussed in Supplementary Data), was physically anchored to the most
similar chromosome in the primary assembly based on best unique
alignments using minimap2 (v.2.20-r1061)*. Contigs and scaffolds that
did not have a single best unique alignment were left unanchored. It
shouldbe noted that this sequence similarity-based grouping does not
suggest that contigs on alternative scaffolds with the same name (for
example, Chr6E and Chr6E_alt) necessarily come from the same bio-
logical haplotype. Thus, we provide the alternate scaffoldsto represent
the complete population of sequencesinR570, and notas asource for
global comparisons against the primary or other reference genomes.

Collapsed haplotypes. To determine whichregions of the genome were
perfectly identical and collapsed into a single haplotype (in contrast
to the alternate assembly that contains nearly identical haplotypes,
which could be distinguished by the assembler but most often not
by unique HiFi read placements), PacBio HiFi reads were re-aligned
back to the assembly using minimap2 (ref. 57) (parameters: -M O
--secondary=no --hard-mask-level -t 30 -x asm5). Read coverage (script:
combinePAFsAndCount.R) was calculated using script: relative to the
median depth (37) per 10 kb window, ignoring repetitive regions where
the median coverage was greater than five (greater than x185 raw cov-
erage). Depth classifications (x0-4) were calculated from the median

coverage ranges (x0 (0-0.25), x1(0.25-1.4), x2 (1.4-2.3), x3 (2.3-3.5),
x4 (3.5-5.0)), based on histogram peaks. Depth classifications per
10 kb window were converted to their run-length equivalent using the
script: convertCountsToRLEs.R. To ensure accurate representation
of haplotypes, NucFreq® was used to analyse regions where haplo-
types were collapsed (x2-4 depth regions; approximately 1.2 Gb of
primary genome sequence). In summary, HiFi reads were aligned to
the combined primary and alternate assembly using pbmmz2 (v.1.1.0;
parameters: --log-level DEBUG --preset SUBREAD --min-length 5,000
--sort). Samtools® was then used to merge individual bam files (from
each HiFi sequencing run) and exclude unmapped reads and supple-
mentary alignments. (samtools view -F 2308). The NucFreq output cov-
eragebed (obed) file was converted to run-length equivalents (script:
RLEruns.R), where alternate base calls were greater than 20% of the
combined coverage. To ensure adequate coverage for analysis, regions
with outlier depth ranges beyond the 10th and 90th percentiles were
excluded. Additionally, repetitive regions of the genome (95% repeti-
tive, masked with a 24mer and 10 kb regions where greater than 90%
of bases were annotated as retrotransposons (from LAl analysis) were
also excluded using BEDtools*® subtract. Of the approximately 1.2 Gb
considered, approximately 4.8 Mb of sequence (0.4% of considered
regions; 0.1% of bases within constructed primary chromosomes)
appear to contain non-identically collapsed haplotypes, mainly driven
by high depth collapsed regions (x2-3 depth regions = 0.3% of bases;
x4 depth regions =1.5% of bases).

Genome annotation. Gene models were annotated using our PERTRAN
pipeline (described in detail inref. 60 using approximately 3.7 B pairs of
2 x150 stranded paired-end lllumina RNA-seq and 31 M PacBio Iso-Seq
CCSsreads. Inshort, PERTRAN conducts genome-guided transcriptome
shortread assembly via GSNAP (v.2013-09-30) and builds splice align-
ment graphs after alignment validation, realignment and correction.
Theresulting approximately 1.5 M putative full-length transcripts were
corrected and collapsed by genome-guided correction pipeline, which
aligns CCS reads to the genome with GMAP® with intron correction
forsmallindelsinsplicejunctionsifany and clusters alignments when
allintrons are the same or 95% overlap for single exon. Subsequently
1,763,610 transcript assemblies were constructed using PASA (v.2.0.2)%
from RNA-seq transcript assemblies above. Homology support was
provided by alignments to 17 publicly available genomes and Swiss-Prot
proteomes. Gene models were predicted by homology-based predic-
tors, FGENESH+ (v.3.1.0)%*, FGENESH_EST (similar to FGENESH+, but
using expressed sequence tags (ESTs) to compute splice siteand intron
inputinstead of protein/translated open reading frames (ORFs) and
EXONERATE (v.2.4.0)%*, PASA assembly ORFs (in-house homology con-
strained ORF finder) and from AUGUSTUS (v.3.1.0)® trained by the high
confidence PASA assembly ORFs and with intron hints fromshort read
alignments. We improved these preliminary annotations by comparing
sequences and gene quality between R570 subgenomes by aligning
high-quality gene models between subgenomes and forming gene
models fromintragenomic alignments. We compared scores between
these intragenomic homology-based models and the PASA assemblies;
higher-scoring homology supported models that were not contradicted
by transcriptome evidence were retained to replace existing partial
copy. The selected gene models were subject to Pfam analysis and
gene models with greater than 30% Pfam TE domains were removed.
We alsoremoved (1) incomplete, (2) low-homology-supported without
full transcriptome supportand (3) short single exon (less than 300 BP
CDS) without protein domain nor transcript support gene models.
Repetitive sequences were defined using de novo by RepeatModeler
(v.openl.0.11)* and known repeat sequences in RepBase.

Comparative genomics. Syntenic orthologs among the R570 primary
annotation, S. bicolor (v.3.1)%, S. spontaneum (genotype AP85-441)%,
Setaria viridis (v.2.1)°® and the R570 monoploid path'® were inferred



via GENESPACE (v.0.9.4)% pipeline using default parameters (analy-
sis script: genespaceCommands.R). In brief, GENESPACE compares
protein similarity scores into syntenic blocks using MCScanX® and
uses Orthofinder (v.2.5.4)7° to search for orthologs/paralogs within
synteny constrained blocks. Syntenic blocks were used to query pair-
wise peptide differences among progenitor alleles, determine diver-
gence among progenitor orthologs using S. bicolor syntenic anchors
and search for progenitor specific orthogroups (scripts, PID_calc.R;
GENESPACE_orthogroupParsing.R; Jupyter Notebook: r570_ortho-
groupProgenitorAnalysis_forSupp.ipynb).

Structural variants. To identify the large structural rearrangements
(inversions, translocations and inverted translocations) and local vari-
ations (insertions and deletions), each homeologous chromosome
group (B, C, D, E, F, G) was aligned to chromosome A using minimap2
(v.2.20-r1061)* with parameter setting -ax asm5 -eqx’. The resulting
alignments were used to identify structural variations with SyRI (v.1.6)”
and annotation gff3 was used to obtain genes affected by variations
between homeologous chromosomes.

Orthogroup diversity. Calculation of mean pairwise differences
among progenitor specifichomeologs was performed by first extract-
ing all pairwise combinations of progenitor assigned alleles within
orthogroups that were anchored by an S. bicolor ortholog. Among
these, 25,000 peptide pairs per progenitor were randomly selected
and pairwise aligned using R package Biostrings (v.2.70.2)"% Pairwise
identity calculation was based on matches/alignment length (PID2;
script PID_calc.R). Multiple sequence alignments among syntenic
orthogroups for sugar transport gene candidates were performed
using MAFFT (v.7.487)” and were visualized using ggmsa™ (script
MSAalignmentPlots.R). Fold scores for each peptide were calculated
using ESMfold (v.2.0.1)".

Resistance gene analogues. RGAs were annotated on scaffolds larger
than 10 megabases with NLR-Annotator (v.2)*® using default param-
eters. The 4,116 predicted RGAs (Supplementary Table 11) were assigned
to progenitors by intersecting the location of each motif with progeni-
tor assignment blocks (Supplementary Table 6).

Progenitor divergence. To determine the neutral substitution rate be-
tween S. officinarum and S. spontaneum, 45,000 random ortholog pairs
were extracted from all pairwise combinations of progenitor assigned
alleles (n=193,815) within S. bicolor anchored orthogroups. Peptide
sequence pairs were aligned using MAFFT (v.7.487)" and converted
into coding sequence (CDS) using pal2nal (v.13)’. Pairwise synonymous
mutation rates (Ks) among sequences were calculated using seqinr
(v.4.2-16)”, finding a single synonymous (ks) mutation peak at 0.012
(Supplementary Fig.13). Assuming a neutral nuclear mutation rate of
0.383 x107%t0 0.386 x 1078 (ref. 78), S. officinarum and S. spontaneum
diverged approximately 1.55-1.56 million years ago.

Bru1 genetic and physical maps. We developed a map-based clon-
ing approach adapted to the high polyploid context of sugarcane to
target the durable major rust resistance gene Brul. Haplotype-specific
chromosome walking was performed through fine genetic mapping
exploiting 2,383 individuals from self-progenies of R570 and physical
mappingexploiting two BAC libraries**”°. The high-resolution genetic
map of the targeted regionincluded flanking markers for Brul (at 0.14
and 0.28 cM), 13 co-segregating markers and the partial BAC physi-
cal map of the target haplotype included two gaps**; Fig. 3b. To com-
plete the physical map of the target Brul haplotype, we constructed a
new BAC library (using enzyme BamHI) using a mix of DNA from four
brown-rust-resistantindividuals from the R570 S1 population. The BAC
library contained 119,040 clones with an average insert size of 130 kb
and covered 3.2-fold the target haplotype and 1.6-fold the total genome.

BAC-ends and BAC subclones from the four BACs (CIR009020,
022MO06, CIR012E03 and 164H22) surrounding the two remaining
gaps (‘left’ and ‘right’) in the physical map of the Brul haplotype were
isolated and used for chromosome walking (as described inref. 44). Two
BACs (CIRB251D13 (150 kb) and CIRB286F09 (130 kb)) were identified
and sequenced to fill the right gap. Five BACs (CIRBOO9NO7 (100 kb),
CIRB114G05 (100 kb), CIRB127D08 (125 kb), CIRB210D07 (105 kb) and
CIRB236L05 (150 kb)) reduced the size of the left gap by 35 kb, but
an unsized gap remained. The R570 genome assembly spanned the
entirety of the Brul target haplotype region with one contig, closing
the left gap (99,750 bp) enabling all candidate genes in the region to
beinvestigated (Fig. 3b).

Bru1 candidate genes. The target gap-filled haplotype that repre-
sented 0.42 cM and 309 kb was manually annotated, predicting a
total of 13 genes (Fig. 3b and Supplementary Table 13). Nine of these
genes were also present on all or some of the hom(e)ologous BACs/
haplotypes in the R570 genome?. Three of the curated genes were
present only in the insertion specific to the Brul haplotype. Other
whole-genome annotated genes (SoffiXsponR570.03Dg024000;
SoffiXsponR570.03Dg024100; SoffiXsponR570.03Dg024600;
SoffiXsponR570.03Dg024700) in the region were short, mono-exonic
peptides that either contained no protein domains or appeared to be
annotated transposable elements, and thus were not supportedin the
curated candidate gene list (Supplementary Table 13). Among the 13
predicted genes, we searched genes that presented high homology
with genes already shown to be involved in resistance mechanisms.
We identify five such genes, four genes encoding serine/threonine
kinases (genes1,5,7 and 8) and one gene encoding an endoglucanase
(gene 13). Annotation of these genes was refined manually through
phylogenetic analysis that included genes with high homology from
other plants present in databases and search of conserved functional
protein domains.

Gene 13, which encodes an endoglucanase, comprised 3 exons and
two introns with a genomic size of 1.8 kb for a predicted transcript of
1.5 kb.Sequence alignment and phylogenetic analyses performed with
beta-1-4 endoglucanase and beta-1-3 endoglucanase from monocots
and dicots showed that gene 13 belongs to the beta-1-4 endoglucanase.
This gene presents high homology (greater than 60%) with beta-1-4
endoglucanase fromother plants and has the highest homology (88%
of identity, 100% coverage) with the orthologous Miscanthus gene
(CAD6248271.1). Beta-1-4 endoglucanases are involved in cell develop-
ment®® in particular on elongation of the cell wall® but have not been
reported as involved in disease resistance. This suggested that this
gene is not agood candidate for being Brul.

Gene1lis composed of eight exons and seven introns. Its genomic
size is 4.3 kb and the CDS size is 882 bp. The protein encoded by the
gene has 96.5 % identity (100% coverage) with akinase involved in cell
division controlin Sorghum (XP_002451427.1) and therefore, it did not
appear to be agood candidate.

Gene 5iscomposed of six exons and five introns. Its genomic size was
1.1kb and the predicted CDS size 534 bp. Alignment of its amino acid
sequence with Interpro conserved protein domain database showed
that only part of the protein (exons 4 to 6) has homology with subdo-
mains VIbto Xl of the serine/threonine kinases. This serine/threonine
kinase was thus not complete, lacking some of the functional subdo-
mains and appeared to be a pseudogene. Therefore, it did not appear
tobeagood candidate.

Gene 7is composed of six exons and five introns, and gene 8 has four
exons and three introns. Both present homology with receptor-like
kinases. Annotation of conserved protein domains showed that gene 7
has all the 12 subdomains of kinases and thus could encode a functional
protein, while gene 8 encompasses only part of these sub domains
(Ito VII) and could correspond to a pseudokinase. The classification
with the ITAK database (http://itak.feilab.net/cgi-bin/itak/index.cgi)
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revealed they both belong to the RLK-PELLE-DSLV family*, the same
family to which belong the barley stem rust resistance gene (RPG1
(ref.46)) and the wheat yellow rust resistance gene (Yr15 (ref.47)) shown
tobeatandemkinase-pseudokinase (TKP).Inaddition, the third intron
of gene 7has avery large size of approximately 11 kb, including alarge
TE, a particular structure shared with RPGI and Yr15 TKPs. Brul, like
RPGIand Yri5,isamong therelatively rare resistance genes that confer
durable fungal resistance. This tandem kinase-pseudokinase (TKP7
and TKP8) is therefore a solid candidate for Brul.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Additional work to support the findings of this manuscript canbe found
in the Supplementary Data section. Sequencing libraries (Illumina
DNA/RNA and PacBio continuous long read/HiFi) are publicly available
within the sequence read archive (SRA). BioProjects and individual
accession numbers are provided in Supplementary Table 14. Genome
assembly and annotation for the primary assembly is freely available
at Phytozome (https://phytozome-next.jgi.doe.gov/). This Whole
Genome Shotgun project has been deposited at DDBJ/ENA/GenBank
under the accession JAQSUUO0O0000000. The version described in
this paper is JAQSUU010000000. Publicly available genomes used
for comparative genomics can be downloaded here: Setaria viridis
(v.2.1; https://phytozome-next.jgi.doe.gov/info/Sviridis_v2_1), Sor-
ghum bicolor (v.3.1; https://phytozome-next.jgi.doe.gov/info/Sbi-
color_v3_1_1),R570 monoploid tiling path (http://sugarcane-genome.
cirad.fr) and Saccharum spontaneum (http://www.life.illinois.edu/
ming/downloads/Spontaneum_genome/). Raw data used for analysis
inthis paper are freely available on figshare (https://doi.org/10.6084/
mo.figshare.22138004). Source data are provided with this paper.

Code availability

Scriptsand datafiles used for analysisin this paper are freely available
on figshare (https://doi.org/10.6084/m9.figshare.22138004) and on
GitHub (https://github.com/a-healey/r570scripts).

50. Huang, Y. et al. Species-specific abundant retrotransposons elucidate the genomic
composition of modern sugarcane cultivars. Chromosoma 129, 45-55 (2020).

51. Metcalfe, C. J. et al. Flow cytometric characterisation of the complex polyploid genome
of Saccharum officinarum and modern sugarcane cultivars. Sci. Rep. 9, 19362 (2019).

52. Metcalfe, C. J. et al. Isolation and sequencing of a single copy of an introgressed
chromosome from a complex genome for gene and SNP identification. Theor. Appl.
Genet. 135, 1279-1292 (2022).

53. Vrana, J. et al. Flow cytometric chromosome sorting in plants: the next generation.
Methods 57, 331-337 (2012).

54. Vollger, M. R. et al. Long-read sequence and assembly of segmental duplications. Nat.
Methods 16, 88-94 (2019).

55. Hufford, M. B. et al. De novo assembly annotation and comparative analysis of 26 diverse
maize genomes. Science 373, 655-662 (2021).

56. Wang, M. & Kong, L. pblat: a multithread blat algorithm speeding up aligning sequences
to genomes. BMC Bioinformatics 20, 28 (2019).

57.  Li, H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34,
3094-3100 (2018).

58. Li, H. etal. The Sequence Alignment/Map format and SAMtools. Bioinformatics 25,
2078-2079 (2009).

59. Quinlan, A. R. BEDTools: the Swiss-army tool for genome feature analysis. Curr. Protoc.
Bioinformatics 47, 1112.1-34 (2014).

60. Lovell, J. T. et al. The genomic landscape of molecular responses to natural drought
stress in Panicum hallii. Nat. Commun. 9, 5213 (2018).

61.  Wu, T. D. & Nacu, S. Fast and SNP-tolerant detection of complex variants and splicing in
short reads. Bioinformatics 26, 873-881(2010).

62. Haas, B. J. et al. Improving the Arabidopsis genome annotation using maximal transcript
alignment assemblies. Nucleic Acids Res. 31, 5654-5666 (2003).

63. Salamov, A. A. & Solovyey, V. V. Ab initio gene finding in Drosophila genomic DNA.
Genome Res. 10, 516-522 (2000).

64. Slater, G. S. C. & Birney, E. Automated generation of heuristics for biological sequence
comparison. BMC Bioinformatics 6, 31 (2005).

65. Stanke, M. et al. AUGUSTUS: ab initio prediction of alternative transcripts. Nucleic Acids
Res. 34, W435-9 (2006).

66. Smit, A. F. A. & Hubley, R. RepeatModeler Open-1.0. http://www.repeatmasker.org/
(2010).

67. McCormick, R. F. et al. The Sorghum bicolor reference genome: improved assembly, gene
annotations, a transcriptome atlas, and signatures of genome organization. Plant J. 93,
338-354(2018).

68. Mamidi, S. et al. A genome resource for green millet Setaria viridis enables discovery of
agronomically valuable loci. Nat. Biotechnol. 38, 1203-1210 (2020).

69. Wang, Y. et al. MCScanX: a toolkit for detection and evolutionary analysis of gene synteny
and collinearity. Nucleic Acids Res. 40, e49 (2012).

70. Emms, D. M. &Kelly, S. OrthoFinder: phylogenetic orthology inference for comparative
genomics. Genome Biol. 20, 238 (2019).

71.  Goel, M., Sun, H., Jiao, W. B. & Schneeberger, K. SyRI: finding genomic rearrangements
and local sequence differences from whole-genome assemblies. Genome Biol. 20, 1-13
(2019).

72. Pages, H., Aboyoun, P., Gentleman, R. & DebRoy, S. Biostrings: string objects
representing biological sequences, and matching algorithms (2008). R package version
2.0(2015).

73. Katoh, K. & Standley, D. M. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol. Biol. Evol. 30, 772-780 (2013).

74. Zhou, L. et al. ggmsa: a visual exploration tool for multiple sequence alignment and
associated data. Brief. Bioinform. 23, bbac222 (2022).

75. Lin, Z. et al. Evolutionary-scale prediction of atomic-level protein structure with a
language model. Science 379, 1123-1130 (2023).

76. Suyama, M., Torrents, D. & Bork, P. PAL2NAL: robust conversion of protein sequence
alignments into the corresponding codon alignments. Nucleic Acids Res. 34, W609-12
(2006).

77. Charif, D. & Lobry, J. R. in Structural Approaches to Sequence Evolution: Molecules,
Networks, Populations (eds Bastolla, U., Porto, M., Roman, H. E. & Vendruscolo, M.)
207-232 (Springer Berlin Heidelberg, 2007).

78. Huang, C.-C. et al. Evolutionary rates of commonly used nuclear and organelle markers of
Arabidopsis relatives (Brassicaceae). Gene 499, 194-201(2012).

79. Asnaghi, C. et al. Application of synteny across Poaceae to determine the map location of
a sugarcane rust resistance gene. Theor. Appl. Genet. 101, 962-969 (2000).

80. Minic, Z. Physiological roles of plant glycoside hydrolases. Planta 227, 723-740 (2008).

81. Levy, |., Shani, Z. & Shoseyov, O. Modification of polysaccharides and plant cell wall
by endo-1,4-beta-glucanase and cellulose-binding domains. Biomol. Eng. 19, 17-30
(2002).

Acknowledgements The work (proposal: https://doi.org/10.46936/10.25585/60001084 and
https://doi.org/10.46936/10.25585/60001194) conducted by the USA Department of Energy
(DOE) Joint Genome Institute (https://ror.org/04xm1d337), a DOE Office of Science User
Facility and the DOE Joint BioEnergy Institute, are supported by the Office of Science of the
USA Department of Energy operated under Contract No. DE-AC02-05CH11231 with Lawrence
Berkeley National Laboratory. The work conducted at CIRAD was supported by the International
Consortium for Sugarcane Biotechnology. The work at the Institute of Experimental Botany
(IEB) was supported by the ERDF project “Plants as a Tool for Sustainable Global Development”
No. CZ.02.1.01/0.0/0.0/16_019/0000827. We thank M. Tsai of HudsonAlpha for uploading
libraries to the Short Read Archive of NCBI and D. Flowers for the ESMfold scores of sugar
transport genes.

Author contributions C.M., J.D., P.C., S.R., MW., C.H., L.B.B., JW., P.P. and J.G. performed the
DNA extraction, library preparation and sequencing. A.L.H., 0.G., JTL.,S.S., J.J, CB.P, V.L.and
J.C. performed the genome assembly and annotation. The analysis was conducted by A.L.H.,
0G., JTL., V.L,N.P,N.H,, JYH, CZ, AF,AD,RS.,JS, KA and ADH.ALH., OG.,JTL,AS.,
V.L., J.S., K.A. and A.D.H. wrote the manuscript. A.L.H., G.M., B.S., K.B.,R.J.H., J.G., J.S., K.A. and
A.D.H. contributed to the conception, project management and resource contribution.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/101038/s41586-024-07231-4.

Correspondence and requests for materials should be addressed to A. L. Healey, J. Schmutz
or A. D’'Hont.

Peer review information Nature thanks Elizabeth Cooper and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://phytozome-next.jgi.doe.gov/
https://www.ncbi.nlm.nih.gov/search/all/?term=JAQSUU000000000
https://www.ncbi.nlm.nih.gov/gquery/?term=JAQSUU010000000
https://phytozome-next.jgi.doe.gov/info/Sviridis_v2_1
https://phytozome-next.jgi.doe.gov/info/Sbicolor_v3_1_1
https://phytozome-next.jgi.doe.gov/info/Sbicolor_v3_1_1
http://sugarcane-genome.cirad.fr
http://sugarcane-genome.cirad.fr
http://www.life.illinois.edu/ming/downloads/Spontaneum_genome/
http://www.life.illinois.edu/ming/downloads/Spontaneum_genome/
https://doi.org/10.6084/m9.figshare.22138004
https://doi.org/10.6084/m9.figshare.22138004
https://doi.org/10.6084/m9.figshare.22138004
https://github.com/a-healey/r570scripts
http://www.repeatmasker.org/
https://doi.org/10.46936/10.25585/60001084
https://doi.org/10.46936/10.25585/60001194
https://ror.org/04xm1d337
https://doi.org/10.1038/s41586-024-07231-4
http://www.nature.com/reprints

A Genome assembly overvi

Genomic Resources

ew

Chromosome Construction

B Hi-C contact map

Chr3 Chré

Chri

Chr2 Chr4 Chr5 Chr7 Chr8 Chr9 Chr10 Interspecific/
H A-G

Miuirsilria A-F A-G A-G A-G A-G AE |AE| AE fused | Unanchored
o Optical map HiFi reads 19
libraries N
(38X per N \\\&:\ =
haplotype] \ -
. Simplex [ &
HipMer K s L 2
Assembly marker H|F|Asm
generatlon | assembly
Selfed __ Genetic map '
offspring linkage groups ?:r:::lor:‘da:'mg
S \ v
Single Genetic
chromosome map dusters | [Mlanual inspection
I|brar|e5 .
‘ SCl dlusters Iterative Steps
Unlque l
chromosome |
markers Chromosome Identify and
| builds break misjoins
Sorghum
gene synteny \ Tertiary joins Identify and
and gap fills break misjoins
r—HiC scaffolding <
FIrSOH ::i‘:or Chromosome
prog finalization
kmers l

C Primary-alternate sequence comparison

Chr6E Primary and Alternate Constructed Chromosome Alignment
Percent Identity

Mb
-100.0
20 Average Identity: 99.34%
-99.5 D R570 Haplotype depths
15 -99.0 Haplotype = Counted Represented Genome
. Depth Bases (Gb) Bases (Gb) Representation (%)
T 98.5
o 0X 1.47 0.74 7.9
g o 90 1X 4.63 4.63 496
s 2X 1.15 2.30 24.6
' 0.35 1.05 13
5 7.0 4X 0.15 0.60 6.6
96.5 Represented genome size 9.32Gb
o 96.0
0 10 20 30 40 50 Mb
Chr6E
E Genetic map simplex marker density
Chr8_5A | S s—" = = S— S i m— - i1 - ——— ] |- S——— — | e
Chrs_10A SRR T T EREmROT O £ 0T s
Chr8g pEEEEsET E—— Progenitor
ChraD | ., S. officinarum
Chrac | NN T 12T ARStESRE " [ 1Y S S.spontaneum
RSN ¢ TSRS TTUR T W T ARr e
ChrgB 1 1 e S | 5| -] | S S | S S S H|F| Un|que Read Mapp"’]g Depth
Chraa | - i i A e i 2 4X
0 20 40 60 80 Mb

Chromosome Position (10 Kb sliding windows- 1kb step length)

Extended DataFig.1|See next page for caption.



Article

Extended DataFig.1|R570 genome assembly overview and analysis.

A) Simplified genome assembly pipeline for sugarcane R570. The pipeline
combines multiple sequencing technologies (HiFi contigs, optical map,
genetic map, single chromosome libraries, Hi-C, Sorghum synteny), leveraging
thestrengths of each for phasing homeologous chromosomes, while using
manualinspectionanditerative steps to overcome each technology’s
weaknesses. See ‘Supplemental Data’ for a full explanation and rationale for
eachstep. B) Hi-C read heatmap for R570. Chromosomes are clustered based
onhomology, with Hi-C reads (- 56X coverage) aligned to the finalized version
ofthe assembly. C) Alignment of primary and alternate chromosomes. During
genome construction and finalization, near perfect duplicate contigs were
discovered when constructing chromosomes, whichwerebinnedintoan

alternate assembly toimprove the utility of the genome (see Supplemental Data).

When possible these contigs were ordered and oriented into chromosomes
based ontheir closest, unique alignmentin the primary assembly. For example,
Chromosome 6E and its anchored alternate were aligned using nucmer
(v4.0;-1100 --maxmatch-b400). Dots represents al-lalignment between the

two sequences thatis greater than15kilobasesinlength. Each pointis coloured
based onalignment percentidentity. D) Haplotype collapse summary for R570.
To quantify regions of haplotype collapse within the R570 genome, PacBio HiFi
reads were aligned to the assembly, using read depth to determine haplotype
copy number. OX unique coverage regions represent genomic blocks where
reads could not uniquely map between the primary and alternate assembly.
Counted bases represent genome sequences where depth could be reliably
calculated (0-4X). Represented bases account for collapsed bases in the
assembly (example1Mb of 3X coverage =3 Mbrepresented sequence). E) Simplex
marker densities in the sugarcane R570 genome. Simplex markers (80 bp)
fromthe R570 genetic map (obtained by testing 3:1segregation patternin 96
genotyped S1progeny) were searched in the R570 genome assembly, retaining
only exact, single copy match locations. Position densities were then visualized
by calculating the percent number of matched bases per 10 kb sliding window
(1kbsteplength).Linesunderneath eachchromosome correspond to progenitor
and haplotype collapse block assignments.



A SUT4 syntenic orthologs- multiple sequence alignment

I

Soluble sugar transporter
(SUT4)- Syntenic orthologs

100% —z
E]
2
2
s
S
Prog %PID CN FS
Sh08_g013070 98.6
Sobic.008G193300.1.p 95.2
SoffiXsponR570.09Ag174200.1.p So 98.6 1 96.6
SoffiXsponR570.09Ag174200.1.p So 98.6 1 96.6
SoffiXsponR570.09Cg174300.1.p So 98.6 3 96.6
SoffiXsponR570.09Dg132100.1.p So 98.2 2 96.4
SoffiXsponR570.12053300.1.p Ss 98.0 2 97.6
SoffiXsponR570.5_9Ag482500.1.p Ss 98.6 1 97.6

B SIP2 syntenic orthologs- multiple sequence alignment

s T

S Glycoside hydrolase
(SIP2) Syntenic
orthogroups

E
sz
538
g5
S
Prog  %PID CN FS
85pon.01@0030920 1P F| F| F| 96.4 80.6
8spon.01G0030920 3¢ F| [ F| | F| 96.3 93.2
Sh02_g004900 F| [ F| | F | 95.7
50bic.002G075800.1.0 F| [F| |F| 84.8
SbRI0.02G077500.1.p 99.5 84.4
SoffiXsponR570.05Ag083400.1.p E E E ss 95.9 1 85.0
SoffiXsponR570.0589071800.1.p So 85.4 - 64.3
SoffiXsponR570.05Cg073100.1.p F So 96.3 3 83.9
SoffiXsponA570.05Dg074200.1.p E & E ss 96.3 1 84.7
SoffiXsponR570.05Fg045900.1.p F | F F So 95.9 2 83.8
SoffiXsponR570.050g078200.1.p F [F| F So 96.0 1 78.7
SoffiXsponR570.5_9Ag349200.1.p F| F| |F| ss 96.2 1 84.3

C PME syntenic orthologs- multiple sequence alignment

(i o {10 SRR | I 100 1.'.7" -L ﬂ
my J11 NN I TN N
Ea II-I (XTI CHl 10 R I |
g3
S >
s 8
85
>0
£ c
3 5 I
ﬁ‘”
fo}
IL

Peptlde
consensus

Prog  %PID CN Fs

Sh05_g004450 87.7

Sho5_g004460 93.2

Sh05_g004480 88.1

Sho5_g004490 93.4
Sobic.005G082100.1.p 65.7
SbRI0.05G083100.1.p 99.5 65.2
SoffiXsponR570.10Ag087700.1.p. So 91.6 2 69.5
SoffiXsponR570.10Cg068900.1.p So 91.3 1 57.7
SoffiXsponR570.10Eg009800. 1.p 8o 88.8 1 63.8
SoffiXsponR570.100819027200.1.p 8o 91.2 1 65.8
SoffiXsponR570.10us89g081500.1.p Ss 88.6 2 65.8
SoffiXsponR570.7_10Ag085700.1.p Ss 89.1 1 64.7

Extended DataFig.2|See next page for caption.
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Extended DataFig.2|Sugaraccumulation candidate gene alignments.

A) Alignment of syntenic orthologs for SUT4 (Sobic.008G193300). B) Alignment
of syntenic orthologs for SIP2 (Sobic.002G075800). C) Alignment of syntenic
orthologs for PME (Sobic.005G082100). Top section for each panel shows the
fulllength of the alignment, while the bottom section displays azoomedinregion
(outlinedinapink dotted outline) to show specific differencesamong species
and alleles. Prog- progenitor assignment of R570 alleles. Each ortholog position
wasintersected with progenitor assignments to assign origin to each peptide.
%PID- Percent pairwise identity (number of matches/alignmentlength*100)

foreachsyntenicorthologrelative tothe S. bicolor (BTx623). Copy number
(CN)- PacBio HiFiread depths (representing collapsed identical haplotypes)
ranges wereintersected with gene position to provide anindication of additional
collapsed alleles (eg. copy number=2; onerepresented allele + one identical
collapsed allele). Fold score (FS)- syntenic orthologs (except for monoploid
annotated peptides) were folded using ESMfold and scored for quality. Score
providedisthe percent of high-quality amino acids presentin the peptide
sequence.
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Gating strategy

Roots for single chromosome sorting were harvested from R570 plants, grown in pots. Roots were treated with 0.04%
hydroxyquinoline for 3 h, fixed for 72 hin 3 : 1 methanol: acetic acid solution and stored in 75% ethanol at 4 degrees C. The
fixed roots were rinsed twice in water for 10 min each, treated in 0.25 N HCI for 10 min, rinsed for 10 min in water and
placed in digestion buffer (0,01 M citrate buffer pH 4.5, 0.075 M KC1) for 10 min. The root tips were cut and placed in an
enzyme solution (5% Onozuka R-10 cellulase, 1% Y-23 pectolyase in digestion buffer) in a microtube at 37 ° C for
approximately 3 h (the time varying with the size of the roots), Root tips were then rinsed in water and spread on a slide with
a drop of 3:1 ethanol:acetic acid.- This strategy for staining sugarcane chromosomes was first described in D'hont et al. 1996
"Characterisation of the double genome structure of modern sugarcane cultivars (Saccharum spp.) by molecular
cytogenetics"

Images were captured with a CCD camera attached to a BX53 Olympus microscope.
Olympus Cellsens software (v3.2)

Individual cells were not used, rather chromosomes that were arrested in metaphase and stained. Thus, a numerical value
for cells is not relevant.

Relative fluorescence intensity was used to separate flow karyotype peaks (I-V) and isolate single chromosomes for
sequencing.
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