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Abstract

Sorghum bicolor (L.) Moench is a significant grass crop globally, known for its genetic diversity. High quality genome sequences are needed
to capture the diversity. We constructed high-quality, chromosome-level genome assemblies for two vital sorghum inbred lines, Tx2783 and
RTx436. Through advanced single-molecule techniques, long-read sequencing and optical maps, we improved average sequence continuity 19-
fold and 11-fold higher compared to existing Btx623 v3.0 reference genome and obtained 19 and 18 scaffolds (N50 of 25.6 and 14.4) for Tx2783
and RTx436, respectively. Our gene annotation efforts resulted in 29612 protein-coding genes for the Tx2783 genome and 29 265 protein-
coding genes for the RTx436 genome. Comparative analyses with 26 plant genomes which included 18 sorghum genomes and 8 outgroup
species identified around 31 210 protein-coding gene families, with about 13 956 specific to sorghum. Using representative models from gene
trees across the 18 sorghum genomes, a total of 72579 pan-genes were identified, with 14% core, 60% softcore and 26% shell genes. We
identified 99 genes in Tx2783 and 107 genes in RTx436 that showed functional enrichment specifically in binding and metabolic processes,
as revealed by the GO enrichment Pearson Chi-Square test. We detected 36 potential large inversions in the comparison between the BTx623
Bionano map and the BTx623 v3.1 reference sequence. Strikingly, these inversions were notably absent when comparing Tx2783 or RTx436
with the BTx623 Bionano map. These inversion were mostly in the pericentromeric region which is known to have low complexity regions and
harder to assemble and suggests the presence of potential artifacts in the public BTx623 reference assembly. Furthermore, in comparison to
Tx2783, RTx436 exhibited 324 883 additional Single Nucleotide Polymorphisms (SNPs) and 16 506 more Insertions/Deletions (INDELs) when
using BTx623 as the reference genome. We also characterized approximately 348 nucleotide-binding leucine-rich repeat (NLR) disease resistance
genes in the two genomes. These high-quality genomes serve as valuable resources for discovering agronomic traits and structural variation
studies.

Introduction . . .
genet1c resources that are umque among the major cereals

Sorghum bicolor (L.) Moench, the fifth most economically im-
portant cereal crop in the world after maize, rice, wheat and
barley (1), is known as the ‘camel of the grass family’ due to
its high heat and drought tolerance. Hence, accelerating crop
improvement in sorghum is key to ensuring global food and
energy security in the context of climate change (2). Moreover,
its small and compact genome relative to other C4 grasses
makes it an excellent model for genomic studies (3). Previ-
ous population genomic and genome-wide association stud-
ies of agroclimatic traits in sorghum provided a basis for
crop improvement through marker-assisted breeding and ge-
nomic selection (2). In addition, whole-genome sequencing
of different sorghum lines spanning a wide range of geo-
graphic origins indicated that sorghum offers underdeveloped

(3,4).

Here, we report the development of two new high-quality
chromosome-level reference assemblies of sorghum: Tx2783,
a widely utilized pollinator parent with sugarcane aphid resis-
tance,and RTx436, another widely utilized parental inbred re-
storer line with known general combinability but known to be
sugarcane aphid susceptible (5). We demonstrate the utility of
optical maps in identifying structural variations and correct-
ing complex regions in genome assembly. Potential large struc-
tural variants (SVs) and SNPINDEL variations were identified
in these two new reference genomes and other publicly avail-
able accessions.

Additionally, we performed comparative analysis which
encompassed 26 plant genomes, comprising 18 sorghum
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genomes and 8 outgroup species, to construct gene trees utiliz-
ing protein-coding genes. From these gene trees, representative
models were selected across the 18 sorghum genomes to es-
tablish a sorghum pan-gene index, delineating core, softcore,
and shell genes. Furthermore, we characterized highly evolv-
ing nucleotide-binding and leucine-rich repeat (NLR) genes
and their associated integrated domains across all sorghum
lines. These findings offer valuable insights into the genetic di-
versity of sorghum and provide potential resources for breed-
ing sorghum varieties with enhanced resistance to sugarcane
aphids.

Materials and methods

Bionano map

Ultra-high molecular weight nuclear DNA (uHMW nDNA)
was isolated using a modified version of the Bionano Plant Tis-
sue DNA Isolation Base Protocol (https://bionanogenomics.
com/wp-content/uploads/2017/01/30068-Bionano-Prep-
Plant-Tissue-DNA-Isolation-Protocol.pdf).  Approximately
0.7-2 g of healthy young leaf tissue was collected from
seedlings two weeks after germination. Leaf tissue was treated
in a 2% formaldehyde fixing solution, washed, diced, and ho-
mogenized using a Qiagen TissueRuptor probe. The resultant
homogenate was filtered iteratively through 100- and 40-pm
cell strainers, and then pelleted by centrifugation at 2500 x g
for 20 min. Free nuclei were concentrated by step gradient
centrifugation and pelleted by standard centrifugation at
2500 x g for 10 min. The nuclei pellet was embedded into a
low-melting-point agarose plug, followed by treatment with
proteinase K and RNase A. Agarose plugs were washed four
times in Bionano wash Buffer and five times in Tris—-EDTA
buffer, pH 8.0. Purified DNA was recovered by digesting
the plug with agarase followed by drop dialysis against
TE pH 8.0.

Direct label and stain (DLS) was used in combination
with a Bionano Saphyr system to generate chromosome-level
optical maps. Bionano DLS uses the DLE1 enzyme, which
labels DNA molecules by recognizing CTTAAG sites and
attaching a single fluorophore. DLS was performed using the
Bionano Direct Label and Stain Kit (https://bionanogenomics.
com/wp-content/uploads/2018/04/30206-Bionano-Prep-
Direct-Label-and-Stain-DLS-Protocol.pdf) with a few
modifications. Approximately 1 pg of sorghum uHMW
nDNA was mixed with DLE-1 Enzyme, DL-Green label and
DLE-1 Buffer, and then incubated for 2:20 h at 37°C. The
reaction was stopped by incubation for 20 min at 70°C,
followed by digestion with proteinase K for 1 h at 50°C.
Unincorporated DL-Green label was removed from the re-
action by absorption onto a nitrocellulose membrane. The
labeled, cleaned-up DNA sample was combined with Flow
Buffer, DTT, incubated overnight at 4°C, and quantified.
The DNA backbone was stained by the addition of
Bionano DNA Stain at a final concentration (0.11 pg/ul) of
final DNA. Finally, the labeled, cleaned-up, and stained
sample was loaded onto a single Bionano chip flow
cell. DNA molecules were electrophoretically separated,
stretched, imaged, and digitized using the Bionano Genomics
Saphyr System and server (https://bionanogenomics.com/wp-
content/uploads/2017/10/30143-Saphyr-System-User-Guide.
pdf).
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PacBio and 10x chromium sequencing collection

DNA was isolated from approximately 50 g of fast-frozen
young leaf tissue using a protocol described by (6). Leaf
material was ground in liquid nitrogen and incubated for
15 minutes in cold NIB buffer (10 mM Tris-HCI pH 8.0.
10 mM EDTA pH 8.0, 100 mM KCI, 500 mM sucrose, 4
mM spermidine trihydrochloride, 1 mM spermine tetrahy-
drochloride) containing 0.1% 2-mercaptoethanol. The
resultant homogenate was filtered twice through Miracloth
and mixed with 5% NIBT (NIB + 10% Triton X-100). Free
nuclei and cell debris were concentrated by centrifugation
at 2500 x g for 15 minutes and washed with NIB + 0.1%
2-mercaptoethanol followed by a second centrifugation at
2500 x g for 15 min. The pellet was embedded in LMP
agarose plugs, treated with proteinase K, melted, and di-
gested with agarase. High-speed (30000 x g) centrifugation
cycles were performed to concentrate and remove solids
and recover the DNA in the supernatant. PacBio library
preparation was performed using the Pacific Biosciences
SMRTbell Template Prep Kit 1.0 following the protocol
for >30-kb libraries (https://www.pacb.com/wp-content/
uploads/Procedure-Checklist-Preparing-HiFi-SMRTbell-
Libraries-using-SMRTbell-Template-Prep-Kit-1.0.pdf) with
some modifications.

Prior to library construction, the DNA was sheared to
approximately 50 kb using a BioRuptor (Diagenode) and
pre-sized using the >20-kb high-pass broad-range protocol
on a PippinHT (Sage Science). A second size selection for the
final library was performed using the >20-kb broad-range
PippinHT protocol, followed by a final DNA repair reaction.
The quality of DNA at different steps of the process was eval-
uated using a FEMTO Pulse automated pulsed-field analyzer
(Agilent Technologies, Wilmington, DE, USA). Quantification
was performed using the Qubit dsSDNA BR and HS reagents
Assay kits on a Qubit 3.0 system. Sequencing was performed
on a PacBio Sequel v6.0 system using 1M v3 SMRT Cells
with 3.0 chemistry and diffusion loading. In total, six SMRT
Cells were used for Tx2783 and RTx436. 10X Chromium
was performed according to standard protocols using a
non-sheared aliquot of the DNA used for PacBio library
construction. Approximately 1 ng of DNA was loaded with
10X Chromium reagents and gel beads onto a Chromium
chip  (https://support.10xgenomics.com/de-novo-assembly/
library-prep/doc/user-guide-chromium-genome-reagent-kit-
vl-chemistry). The Chromium libraries were sequenced
on an Illumina HiSeq2500 system. For Tx2783, a total
of 231083110 clusters were obtained, corresponding to
69.8 Mb or 87x genome coverage. For RTx436, a total of
229285050 clusters were obtained, corresponding to 69.3
Mb or 86 x genome coverage.

Long- and short-read sequencing

Long-read data were generated using the Pacific BioSciences
(Menlo Park, CA, USA) Sequel platform. Six SMRT cells were
sequenced for both samples with 10-hr movies and v6 chem-
istry. Raw subreads were filtered to a 3-kb minimum for both
samples, generating 75 x and 64 x coverage depth for Tx2783
and RTx436, respectively. The raw subread N50 lengths were
23.1 kb (Tx2783) and 24.7 kb (RTx436). Linked short-
read data were generated by sequencing of 10x Genomics
(Pleasanton, CA, USA) Chromium on the HiSeq 2500 plat-
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form (Illumina, San Diego, California). The coverage depths
and mean molecule lengths for the Tx2783 and RTx436
Chromium libraries were 76x/62.9 kb and 84x/98.5 kb,
respectively.

Genome assembly and polishing

Raw PacBio subreads were corrected and assembled using
Canu v1.8 (7) with the following parameters varying from
the defaults: ‘correctedErrorRate = 0.065 corMhapSensitiv-
ity = normal ovlMerDistinct = 0.99’. The resultant contigs
were filtered to a minimum contig length of 30 kb. Beyond
the sequence consensus process that Canu performs after as-
sembly, additional sequence polishing was performed by align-
ing raw PacBio subreads to the contig assembly using pbmm2
v0.12.0 and applying the Arrow algorithm from the Genomic
Consensus package (v2.3.2) to get consensus calls. Both of
these tools were obtained from pbbioconda (https://github.
com/PacificBiosciences/pbbioconda). To further increase the
consensus sequence accuracy, the long read contig assem-
bly was complemented with Chromium linked short-read
‘clouds’, which have higher unique mappability than stan-
dard Illumina paired-end libraries. Chromium datasets were
aligned to sequence contigs with Long Ranger v2.2.2.

The assembly improvement tool Pilon v1.22 (https://github.
com/broadinstitute/pilon) was used to correct individual base
errors and small indels from the consensus of Chromium data
aligned to the contigs using the parameter ‘~fix bases -minmq
30’. To decrease the compute time, a separate Pilon job was
run for each contig against Chromium alignments specific to
that contig. Contig-specific alignments were created from the
Long Ranger output BAM file using samtools v1.9 (https:/
github.com/samtools/samtools).

Genome mapping

Genome maps for Tx2783 and RTx436 were generated
on the Bionano Genomics (San Diego, California) Saphyr
platform using the Direct Label and Stain (DLS) system.
For Tx2783, DLE-1-labeled molecule data from two
flow cells (one chip) were filtered to create a data sub-
set with a molecule N50 of 682 kb and 189 x coverage.
The filtered molecule dataset for Tx2783 was assem-
bled via the Bionano Genomics Access software platform
(Solve3.2.2_08222 018) with the configuration file optArgu-
ments_nonhaplotype_noES_noCut_DLE1_saphyr.xml. The
map assembly for Tx2783 consisted of 27 genome maps with
a genome map NS0 of 36.9 Mb and a total map length of
732.1 Mb.

For RTx436, DLE-1 labeled molecule data from two flow
cells (1 chip) was filtered to create a dataset with a molecule
N50 of 441 kb and 267x coverage. The filtered molecule
dataset for RTx436 was assembled as described above, gener-
ating a map assembly of 28 genome maps with a genome map
NS50 of 37.7 Mb and a total map length of 723.6 Mb.

Hybrid scaffolding

An initial hybrid scaffolding was generated from the polished
contigs and the Bionano genome maps using the Bionano Ge-
nomics Access software (Solve3.3_10252018) and the DLE-
1 configuration file hybridScaffold_DLE1_config.xml to iden-
tify potentially problematic (smaller maps nearly identical
to larger maps, low-coverage) or non-contributing genome
maps. After this assessment, 19 genome maps from Tx2783

(min length = 8.6 Mb) and 18 genome maps for RTx436 (min
length = 8.1 Mb) were selected to generate hybrid scaffolds.

As part of the hybrid scaffolding process, chimeric mis-
assemblies in the contigs were identified and cut to resolve
conflicts relative to the genome maps. In addition to auto-
conflict resolution, manual curation was performed to resolve
overlapping contigs that were not addressed by the hybrid
scaffolding workflow. A list of contig pairs that overlap in
map space was generated from the gap file in the hybrid scaf-
fold output directory, yielding 58 (Tx2783) and 51 (RTx436)
overlapping pairs. Additional contig cuts were added to the
conflict resolution file to best resolve these issues. Embed-
ded contigs are another assembly issue not resolved by the
hybrid scaffolding workflow. A list of contig pairs in which
a smaller contig is embedded within a collapsed region of a
larger contig was also generated from the gap file in the hy-
brid scaffold output directory, yielding three (Tx2783) and
eight (RTx436) embedded contig pairs. Similarly, additional
conflict cuts were made in the larger contig to allow incorpo-
ration of the smaller contig after the hybrid scaffolding was
re-run. In the final assembly, Tx2783 had 19 hybrid scaffolds
(scaffold N50 = 36.0 Mb, total scaffold length = 696.8 Mb)
with 310 unscaffolded contigs with a total length of 27.1 Mb.
RTx436 had 18 hybrid scaffolds (scaffold N50 = 37.6 Mb,
total scaffold length = 697.2 Mb) with 325 leftover contigs
that were not scaffolded with a combined length of 25.0 Mb).

Creating pseudomolecules

With an average of 1.85 hybrid scaffolds per chromosome for
the two lines, it is straightforward to create chromosome-scale
pseudomolecules using the Sorghum bicolor v3.1 reference
genome as a guide (https:/phytozome.jgi.doe.gov/pz/portal.
html#!info?alias=Org_Sbicolor). A generalized approach was
used that rapidly maps scaffolds to a reference genome and
determines their relative position and orientation. First, each
scaffold was chunked into 100-bp fragments and then aligned
to the Sorghum bicolor v3.1 reference genome using min-
imap2 v2.10(8). Then, a custom script was used to determine
the chromosome position and orientation from the alignment
of scaffold ‘read clouds’. All scaffolds were placed with this
method. The remaining unscaffolded contigs were concate-
nated with 100-bp N-gaps and placed into Chr00.

Integrating plastid genomes into the assembly

It can be challenging to assemble plastid genomes from whole-
genome PacBio libraries and distinguish them from plastid
DNA integrated into the chromosome. An alternative ap-
proach is to insert a copy of an existing plastid genome ref-
erence sequence and remove incomplete plastid assemblies
from Chr00. A copy of the Sorghum bicolor chloroplast com-
plete genome (GenBank: NC_008602.1) and Sorghum bicolor
mitochondrion complete genome (GenBank: NC_008360.1)
were added to the assembly as ChrC and ChrM, respectively.
Only Tx2783 exhibited a SNP or small indel when the Canu-
corrected reads were aligned with minimap2 and checked for
variants with Pilon, which had a 1-bp deletion relative to the
mitochondria reference. A modified version of ChrM incor-
porating this deletion was added to the Tx2783 assembly. In-
complete plastid sequence contigs in Chr00 were identified by
BLASTN (-F f -e 1e-200 -W32). Contigs with greater than
99% identity over more than 20 kb relative to the Sorghum
bicolor plastid reference genomes were removed from the
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assembly. Manual curation of both assemblies was performed
to fill gaps and better resolve the chromosomal chloroplast
insertion on Chr09.

Annotation of the Tx2783 and RTx436 assembly

Gene annotations were performed using a strategy that com-
bined evidence-based and ab initio gene predictions (9).
Genome-guided transcript assemblies were performed using
transcriptome data from seven tissue types across the ju-
venile, vegetative, and reproductive stages of development
(Supplementary Data S1) using four different assemblers:
Trinity (v2.8.4) (10), StringTie (v1.3.5) (11), Cufflinks (v2.1.1)
(12) and PsiCLASS (v1.0.1) (13). Representative sets of tran-
scripts were identified and annotated as genes using Mikado
(v2.0rc6) (14). High-quality RNA-seq reads from each library
were mapped to Tx2783 and RTx436 genomes indexed by
STAR (v2.7.0d) (15) using a two-pass mapping approach and
default settings. The SAM output from individually mapped
RNA-seq libraries was then pooled, sorted, and indexed for
transcript assembly programs using Picard (v2.7.0) (http:
/Ibroadinstitute.github.io/picard). The transcript assemblers
were run using default options, except for Trinity, for which
the maximum intron size was set to 10000. The transcript as-
sembly fasta file from the Trinity output was converted to
GFF3 by aligning the transcripts to indexed genomes with
GMAP (v2019-03-15) (-f gff3_match_cdna) (16). Portcullis
(v1.1.2) (17) was used to generate high-quality splice junc-
tions from the merged mapped reads.

Preliminary transcripts were refined for Mikado by (i)
merging all transcripts and removing the redundant copies,
(i) processing using TransDecoder (v5.5.0) (10) (to iden-
tify open reading frames) and (iii) aligning with BLASTX
(v2.2.29+) (18) against SwissProt Viridiplantae proteins (to
identify full-length transcripts). Default options were used for
TransDecoder. For BLASTX, maximum target sequences were
set to 5 and output format to xml. Inputs for Mikado included
all transcript assemblies, Portcullis-generated splice sites, and
a plants.yaml scoring matrix. The output GFF3 file was used
to extract transcripts and proteins using the gffread utility
from the Cufflinks package.

Further structural improvements to Mikado-generated
transcripts were completed using the PASA (v2.3.3) (19)
genome annotation tool. The inputs for PASA included
209835 maize ESTs derived from GenBank, Mikado-
assembled transcripts for Tx2783 and RTx436, 37655
sorghum iso-seq transcripts from 11 developmental tissues
(20) and 31 881 sorghum full-length cDNAs from RIKEN that
were filtered for intron retention (21). PASA was run with de-
fault options; in the first step, transcript evidence was aligned
to the masked sorghum genomes using GMAP and Blat (v.36)
(22). The full-length ¢cDNA and Iso-seq transcript IDs were
passed in a text file (-f FL.acc.list) during the PASA align-
ment step. PASA updated the models, providing UTR exten-
sions, as well as novel and additional alternative isoforms.
PASA-generated models were passed through the MAKER-P
(v3.0) (23) annotation pipeline as model_gff along with all the
transcript and protein sequences to yield Annotation Edit Dis-
tance (AED) scores (24) to assess the quality of annotations.

Transposon element (TE)-related genes were filtered using
the TEsorter tool (25), which uses the REXdb (viridiplan-
tae_v3.0 + metazoa_v3) (26) database of TEs. To supple-
ment the evidence annotation, the protein sequences from
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Mikado transcripts and RNA-seq data were used for ab initio
gene model prediction with BRAKER (27). Non-overlapping
BRAKER gene models were updated with PASA, filtered for
TE-related genes, provided with AED scores using MAKER-
P, and added to the evidence set. We further filtered this
combined set with the criterion AED <0.75, and then ap-
plied phylogeny filters by aligning protein sequences to maize,
rice, Brachypodium, and Arabidopsis proteins to identify con-
served and lineage-specific genes. The genes were loaded in
Ensembl core databases and quality-checked to identify tran-
scripts with incomplete CDSs, which were programmatically
corrected and also checked for translation errors. Transcripts
with complete CDSs were tagged as protein-coding and those
with incomplete CDSs as non-coding.

The determination of protein-coding and non-coding genes
was based on two main criteria: AED score, which ranges
from O to 1, and conservation versus specificity as determined
by protein alignments using USEARCH (28). Initially, we con-
solidated evidence-based gene models that did not overlap,
creating a comprehensive set of gene models. This combined
set was then refined using an AED threshold of <0.75. Subse-
quently, phylogenetic filters were applied by aligning protein
sequences to those of Maize (29), Rice (30), Brachypodium
(31), and Arabidopsis (32) to identify genes that were con-
served across species or specific to certain lineages. Genes that
lacked hits to any of the outgroup species were categorized
as ‘specific’. The filtered and classified genes were uploaded
into Ensembl core databases and assigned corresponding
biotypes.

Lineage-specific genes, many of which were single-exon
genes (~50%), were further examined to determine if their
transcripts contained complete coding sequences (CDS), de-
fined by the presence of a start codon (ATG) and a stop
codon (TAA, TAG or TGA). Lineage-specific genes meeting
these criteria were included in the conserved gene set, while
those lacking complete CDS were classified as non-coding.
Detailed statistics on these annotation features are provided
in (Supplementary Data S2). Functional domain identifica-
tion was completed with InterProScan (v5.38-76.0) (33).
TRaCE (34) was used to assign canonical transcripts based on
domain coverage, protein length, and similarity to transcripts
assembled by Stringtie. Finally, the protein coding annotations
were imported to Ensembl core databases, verified, and vali-
dated for translation using the Ensembl API (335).

Rampage library construction, data generation and
analysis

This protocol is a modified version of a previously pub-
lished method (36). Prior to incubation with Terminator™
5’-Phosphate-Dependent Exonuclease (TEX) (Lucigen) to re-
move all residual RNAs containing 5" monophosphate, we re-
moved all ribosomal RNAs using the RiboMinus™ Plant Kit
for RNA-Seq (Thermo Fisher Scientific).

We then performed first-strand synthesis using the
SMARTer Stranded Total RNA Kit V2- Pico Input Mam-
malian (Takara). Following purification with RNAclean XP
(Beckman Coulter), 5’ cap oxidation, 5’ cap biotinylation,
RNase I digestion, and streptavidin pulldown (Cap Trapping)
were performed as described in (36).

Amplification of purified cDNAs (two rounds of PCR to at-
tach Illumina adapters and amplify the libraries) followed by
AMPure XP cleanup (Beckman Coulter) was done using the
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‘SMARTer Stranded Total RNA Kit v2’ (Takara) according to
protocol.

All samples were processed separately, quantitated on a
2100 Bioanalyzer using a HS-DNA-Chip (Agilent), and ad-
justed to a concentration of 10 nM. Libraries were then pooled
at equimolar concentration and sequenced on an Illumina
NextSeq 550 Sequencer. RAMPAGE reads were aligned to
the reference using STAR 2.7 on SciApps (37). The mapped
reads from each tissue were clustered using Paraclu (38). The
BAM alignment files from STAR were converted to BED us-
ing the bamtobed tool and grouped using the groupBy tool
from BEDTools v2.29.2 (39) to sum up reads that started
at the same position and on the same strand as the input
to Paraclu. Paraclu was run with default settings with the
minimal number of reads to form a cluster; -minValue was
set to 10. The paraclu-cut.sh script within Paraclu was used
to simplify and remove clusters with length > 200, max
density/min density <2, or that were contained within an-
other cluster. Peaks with the clusters were identified using
scripts provided in this Github repository : https://github.com/
davetang/paraclu_prep. TSS profile plots for scores over the
TSS region using an annotated 5 UTR were generated using
deeptools2 (40).

Phylogenetic gene trees

Genome cores serve as the fundamental basis for constructing
protein-based gene trees. In the fourth release of Sorghum-
Base (41) (https://www.sorghumbase.org/), we incorporated
18 sorghum genomes, including (TX2783 and RTx436),
and diverse outgroup species (Zea mays, Oryza sativa, Vi-
tis vinifera, Arabidopsis thaliana, Selaginella moellendorffii,
Populus trichocarpa, Drosophila melanogaster and Chlamy-
domonas reinhardtii). These genomes were utilized as in-
puts for generating protein-based gene trees through En-
sembl Protein Comparative phylogenetic analysis (42). The re-
sulting analyses produced 31210 protein-coding gene family
trees, constructed by considering the peptides encoded by the
canonical transcript of each of the 829431 individual genes
(870922 input proteins) from the 26 genomes. These gene
trees offer a structural framework for the phylogenomic dat-
ing of sorghum genes, enabling the identification of orthologs
and paralogs. This framework facilitates the exploration of
genetic relationships both between and within species, con-
tributing to the comprehensive characterization of the species
pan-gene set.

Pan-gene analysis

Utilizing the gene trees, representative pan-gene models were
selected from a sorted list of 18 Sorghum genomes includ-
ing (TX2783 & RTx436). The pan-gene protein was further
classified by taxonomic age which was determined by orthol-
ogy. Specifically, for each pan-gene, we selected a representa-
tive species, such as Arabidopsis thaliana for Viridiplanteae,
Oryza sativa for Poaceae, and Zea mays for Andropogoneae.
If the protein encoded by the pan-gene was orthologous to
any of these representative species in the protein coding gene
tree, it was categorized accordingly. Otherwise, it was labeled
as Sorghum specific. Additionally, the pan-genes were further
categorized as core if they were identified as orthologs in all
18 sorghum accessions, soft-core if present in any 2-17 acces-
sions, or cloud if found exclusively in one accession.

Identification of disease resistance genes-NLR and
NLR-ID

NLR, denoting Nucleotide-binding domain and Leucine-rich
repeat, signifies a vital protein class involved in plant dis-
ease resistance (43). In contrast, NLR-ID, standing for NLR-
Integrated Domain (ID), describes NLR proteins with added
integrated domains beyond the standard nucleotide-binding
site (NBS) domain and leucine-rich repeats (LRR) (44). NLR
and NLR-ID’s Integrated Domains (IDs) were characterized in
Sorghum annotations using the plant_rgenes pipeline (https://
github.com/krasileva-group/plant_rgenes) (45). NLR proteins
are identified based on the presence of Nucleotide-Binding
Adaptor Shared by APAF-1, R proteins and CED-4(NB-ARC)
domain (IPR002182) (46) while NLR-IDs are identified based
on the presence of non-NBS, non-LRR domains (e-value cut-
off 1e-3). The number of NB-ARC containing proteins was
plotted using R package ggplot2 (47). The NB-ARC domain
alignment was manually curated for the presence of NB-ARC
domain functional motifs, including Walker A, WALKER-B,
RNBS-C, GLPL and RNBS-D. The NLR phylogeny was deter-
mined using RAXML MPI (v8.2.9,-f a, -x 12 345, -p 12 345,
-#100,-m PROTCAT]JTT). The phylogeny was visualized and
re-rooted on the longest internal branch in Interactive Tree of
Life (iTOL) (48). In addition, Illumina raw reads published
study (49) were aligned to the Tx2783 reference genome using
STAR (15) with a minimum intron length set to 20 bp and a
maximum intron length set to 50 kb, with default settings for
other parameters. Quantification of genes and isoforms was
performed using cufflinks version 2.2.1 (12). A k-means clus-
tering using R Bioconductor package ‘Mfuzz’ (50) was done
to cluster dynamically expressed genes based on their expres-
sion profiles across different time points after sugarcane aphid
infestation.

Results

Chromosome-level genome assembly of two
sorghum inbred lines

To characterize genetic variation, and disease resistance genes
in the sorghum population and to provide support for modern
breeding, we selected two important sorghum inbred lines for
genome construction, Tx2783 and RTx436. Line Tx2783 (PI
656001) was originally bred for resistance to sorghum green-
bug (Schizaphis graminum) and also exhibits high sugarcane
aphid resistance (49). The other line, RTx436 (PI 561071),
is a widely adapted pollinator parent used in the develop-
ment of high-yielding hybrids. RTx436 is also commonly used
in the development of traditional food-grade sorghum hy-
brids with white grain color and tan glumes, which are suit-
able traits for many food processors. These two sorghum
lines, Tx2783 and RTx436, were sequenced using PacBio
CLR technology to coverage of 76 x (reads N50 = 23.1 kb)
and 61x (reads N50 = 24.7 kb), respectively. The assembly
effort generated contigs with N50 lengths of 25.6 Mb for
Tx2783 and 14.4 Mb for RTx436. In addition, we gener-
ated Bionano molecules for Tx2783 and RTx436 that yielded
genome maps of 721.504 and 723.680 Mb, respectively, with
N50 lengths of 36.987 and 37.781 Mb (Supplementary
Table S1).

The chromosomes of these two genomes were constructed
using hybrid scaffolds generated from Bionano genome
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Figure 1. Number of scaffolds per chromosome and BUSCO assessment. (A) Number of scaffolds per chromosome for the Tx2783 and RTx436 genome
assemblies. Each colored bar represents a scaffold. Most scaffold breaks occur at the centromeres. Chr00: Contigs unplaced into the chromosome.
ChrC: Chloroplast sequence. ChrM: mitochondria sequence. (B) BUSCO assessment of the indicated sorghum genomes.

maps. Most of the chromosomes consisted of two scaffolds
(Figure 1A, Table 1). These two genomes were of higher qual-
ity than the published sorghum reference genomes of BTx623
(51) with 19-fold and 11-fold higher average sequence conti-
nuity, respectively, and a total assembly size that is much closer
to the estimated size of the sorghum genome, ~730 Mb. In ad-
dition, the assembly of repeat space in the two genomes using
the LTR assembly index (52) was comparable to the reference
BTx623 genome (Supplementary Table S2). Gene space assess-
ment using BUSCO (53) confirmed the completeness of the
Tx2783 and RTx436 genome assemblies with scores above
96% for single-copy orthologs derived from embryophyta lin-
eage (Figure 1B).

Transposable element and gene annotation of the
Tx2783 and RTx436 genomes

Transposon elements (TEs) were annotated using Exten-
sive de-novo TE Annotator (EDTA)(54) for the Tx2783,
RTx436, and BTx623 genomes. The annotation revealed
that 68.97%, 69.34% and 69.35% of the genome sequences
were annotated as TEs in Tx2783, RTx436, and BTx623,
respectively. The majority (53.23%, 53.29% and 53.19%)
of TEs in each genome were annotated as retrotransposons.
Of those, LTR-Gypsy was the most abundant, representing
36.52%,37.20% and 37.98% of TEs in the Tx2783, RTx436,
and BTx623 genomes, respectively (Supplementary Table

S3). In addition, we also identified 10984 (79.5%), 11207
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Table 1. Genome assembly statistics for Tx2783 and RTx436

Btx623 Tx2783 RTx436

Sequencing coverage 8x 76x 61x
No. of contigs 2688 447 464
Contig N50 (Mb) 1.3 25.6 14.4
Total contig length (Mb) 675.4 711.9 706.5
No. of genome map 37 19 19
Genome map N50 (Mb) 35.1 37.0 37.8
Total genome map length (Mb) 721.3 707.8 712.6
No. of hybrid scaffold N/A2 19 18
Hybrid Scaffold N50 (Mb) N/A? 36.2 37.6
Total assembly length (Mb) 708.7 723.5 724.8

2Note: For Btx623, we have N/A for hybrid scaffold since we did not pursue
hybrid scaffold assembly.

(79.7%) and 10746 (79.2%) intact LTRs in the Tx2783,
RTx436 and BTx623 genomes, respectively.

Gene calling was performed using a hybrid approach with
evidence-based and de novo gene predictors (see Materi-
als and Methods), and then filtered based on AED score
(24) and homology to maize, Brachypodium, rice, or Ara-
bidopsis protein sequences obtained from Gramene release 62
(55). Ultimately, this approach generated a total of 29612
and 29265 protein-coding genes and 4205 and 3478 non-
coding genes in the Tx2783 and RTx436 genomes, respec-
tively (Supplementary Table S4). The average gene length in
the RTx436 annotation was 3900 bp, slightly higher than
in Tx2783 and BTx623, which had average gene lengths of
3833 and 3714 bp, respectively. This longer gene length in
RTx436 may be attributed to its genes having a longer intron
average length of 514 bp compared to the other two genomes.

Additionally, Tx2783 exhibited longer protein translations,
with an average peptide length of 327 amino acids (aa), com-
pared to 279 aa in RTx436 and 281 aa in BTx623. In ad-
dition, CDSs, peptides, and 5" and 3’ UTRs were longer in
Tx2783 than in RTx436. To assess the quality of the 5’ tran-
scriptional start sites, root and shoot tissues from Tx2783
and RTx436 were collected for RAMPAGE (RNA annota-
tion and mapping of promoters for analysis of gene expres-
sion) assays (36). This analysis identified 228 249 and 300 633
high-confidence peaks from Tx2783 and RTx436 respectively.
The narrow distribution of RAMPAGE signals (Figure 2A, B)
over annotated loci confirmed our very high specificity for true
TSSs in both root and shoot tissues from the Tx2783 and
RTx436 genomes. The high-confidence peaks overlapped in
27135 and 26 432 genes in Tx2783 and RTx436 respectively,
indicating that the two genomes were well annotated.

Comparative analysis reveals unique protein
coding genes in sorghum varieties Tx2783 and
RTx436

In SorghumBase release 4, we employed 18 sorghum genomes,
including TX2783 and RTx436, alongside diverse outgroup
species (Zea mays, Oryza sativa, Vitis vinifera, Arabidop-
sis thaliana, Selaginella Moellendorffii, Populus trichocarpa,
Drosophila melanogaster and Chlamydomonas reinhardtii),
to generate protein-based gene trees using Ensembl Pro-
tein Comparative phylogenetic analysis. This process utilized
838695 canonical proteins from 26 plant genomes, result-
ing in the construction of 31210 protein-coding gene fami-
lies, with approximately 13 956 representing sorghum-specific
gene trees. Among these, 30 gene trees were specific to Tx2783

and RTx436, comprising 99 and 107 genes, respectively
(Supplementary Data S3). Additionally, about 35% of these
specific genes in Tx2783 and 15% in RTx436 were single
exon genes, while only three genes in Tx2783 were identified
as split genes by the compara pipeline. These genes showed
functional enrichment for binding (molecular function) and
metabolic process (biological process) (Figure 3A, B).

Upon closer inspection of the Interpro functional protein
domains for the unique genes within the Tx2783 and RTx436
genomes, additional details about their molecular purpose
was revealed. Specifically, the bulk of the unique Tx2783
genes seem to be involved in transposase/TE function, but
interestingly there was also one aminotransferase-like gene
(SbiRTX2783.02G158700) that has been shown to silence TE
activity in other plant systems and is crucial for proper meris-
tem and root formation (56). As for RTx436, there are sev-
eral TOPLESS-like proteins (TRP), which are co-repressors in-
volved in many aspects of plant development; TRPs often cou-
ple transcription factors to histone deacetylases to suppress
gene expression. Additionally, there are also some Ubiquitin-
like proteases in RTx436 that are involved in regulating the
post-translational modification of proteins with ubiquitin-like
proteins, such as SUMO (Supplementary Data S$4), and that
can repress the action of conjugated protein some of which
have been shown to be involved with TPRs(57).

Diversity and distribution of pan-genes across
sorghum genomes

We analyzed gene family trees across 18 Sorghum genomes
sourced from SorghumBase, selecting representative pan-gene
models based on sorted genome lists. These models were clas-
sified by taxonomic age depending on the presence of pro-
teins from representative species. Specifically, if a gene fam-
ily contained a protein from Arabidopsis thaliana, we classi-
fied it as Viridiplantae; if it contained a protein from Oryza
sativa, we classified it as Poaceae; and if it contained a pro-
tein from Zea mays, we classified it as Andropogoneae. If
the protein encoded by the pan-gene was orthologous to
any of these representative species in the protein-coding gene
tree, it was categorized accordingly. Otherwise, it was labeled
as Sorghum specific. The classification hierarchy used was:
Viridiplantae > Poaceae > Andropogoneae > Sorghum spe-
cific. Across the 18 Sorghum genomes, a total of 72 579 pan-
genes were identified of which 34% belonged to Viridiplantae,
12% Poaceae, 4% Andropogoneae and the rest to Sorghum
lineage (Figure 4A).

In a prior study, approximately 103K pan-genes were doc-
umented in 26 maize accessions (29), while around 56K were
observed in 251 rice accessions (58). Similarly, approximately
44K pan-genes were identified across 13 sorghum accessions
(59), and roughly 37K were noted in 54 Brachypodium acces-
sions (60). A cumulative addition of genes per accession in the
pan-gene set shows that 80% (58 024 out of 72 579) of the to-
tal pan-genes are captured in the first 12 sorghum accessions
(from BTx623 to P1536008). Of the 72 579 pan-genes most
of the genes were core or softcore pan-genes (75%) and only
(25%) were categorized shell genes (Figure 4B).

We applied our pan-gene method using annotations from
26 maize (29) and 29 rice accessions (61-64) from recent pub-
lished studies. A comparison of the pan-gene set for sorghum,
maize and rice is shown in the (Supplementary Data S5). We
find similar ratios of core, softcore and cloud genes in pan-
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Figure 2. RAMPAGE signal enrichment around Transcription Start Site(TSS)s in Tx2783 (A) and RTx436 (B) in root and shoot tissues. The x-axis represent
distance from TSS of gene in Kilo base pairs and the y-axis in a RAMPAGE TSS peak figure typically represents the read count.

gene sets for Maize and Rice. Interestingly the number of core
genes in maize is almost double than in sorghum, which was
expected as maize genome has undergone one ancient whole-
genome duplication event (WGD)(635), whereas the number of
shell or accessory genes in Sorghum is almost double that in
maize but lower than in rice, indicating that the sorghum and
rice pan-genomes are more open. It should also be noted that
heterogeneity in annotation workflows, as well as the quality
of the reference assembly will also contribute to the differences
in the three different categories (66).

Disease resistance (NLR) genes in sorghum
genomes

To characterize disease resistance (NLR) genes, we first as-
sessed the distribution of NB-ARC domain in the annotated
protein sequences of monocot species (Z. mays, S. bicolor
and B. distachyon) and eudicot (A. thaliana) using the pro-
tein sequences. The results revealed that maize has far fewer
R genes than sorghum (Figure 5A) with enrichment of NLR
on chromosomes 5 and 8 with RTx430 having the most R
genes (355) and AusTRCF317961 having the fewest (246).
~6% of the NLRs showed the presence of integrated domains
that are identified based on the presence of non-NBS non-
LRR domains (Supplementary Table S5). We constructed a
maximum likelihood phylogenetic tree of 333 NLR-IDs from
18 sorghum genomes. The resulting phylogeny of NLR-ID
clades segregating among the sorghum lines suggests ongoing
co-evolution with pathogens (67). This could be the case be-
cause NLR genes play a critical role in plant defense against
pathogens, including bacteria, fungi, viruses and nematodes
(68,69). As pathogens exert selective pressure on host plants,
they drive the evolution of NLR genes to recognize and re-
spond to the evolving pathogen threats (70). The segregation
of NLR-ID clades among Sorghum lines indicates genetic vari-
ation in these defense genes, reflecting adaptations to different
pathogen pressures in different environments (71). This ongo-
ing co-evolutionary process helps sorghum populations main-
tain resistance to prevalent pathogens and adapt to changing
pathogen dynamics over time. In particular, the MIC1 NLR
clade which has been characterized as a fast evolving NLR
clade among Poaceae (51) also showed segregation among the
wild and cultivated lines (Figure 5B).

In 2013, sugarcane aphid emerged as a major insect pest
of sorghum crops in North America (72). The line Tx2783 is
highly resistant to sugarcane aphid, and thus has great poten-
tial to boost breeding targeted at aphid resistance (49). To in-
vestigate how gene expression is impacted by sugarcane aphid,
we remapped the RNA-Seq data before and after sugarcane

aphid infestation from a previous study (49) to our Tx2783
genome. We also observed diverse expression patterns for all
genes throughout the genome (Figure 6A). We then grouped
all genes into 16 clusters based on their expression levels (Fig-
ure 6B). This analysis revealed that 3944 genes were upreg-
ulated relative to control plants after 5, 10 and 15 days of
infestation. In particular, 173 NLR genes were expressed be-
fore or after sugarcane aphid infestation, and 27 NLR genes
were continuously upregulated after 5, 10 and 15 days of in-
festation. The overall expression of most NLR genes increased
after 5 and 10 days of infestation, with a slight change at 15
days (Figure 6C).

Characterization of large structure variations using
optical maps

We initially assessed large-scale structural variations between
the accessions by comparing alignments between the BTx623
Bionano map and the sorghum v3.1 reference sequence. This
comparison revealed several large inversions (Figure 7A),
which were also found in the alignment between RTx436,
Tx2783 and the v3.1 reference (Figure 7B, C) but were ab-
sent in comparisons between Tx2783 or RTx436 sequence
and the BTx623 Bionano map (Figure 7D, E) and between
Tx2783 sequence and RTx436 Bionano map (Figure 7F), sug-
gesting potential artifacts in the BTx623 reference assembly. A
total of 36 large inversions (>100 kb) were detected in the two
lines in the same area (Supplementary Table S6). The pseudo-
molecules of the reference genome BTx623 were constructed
by genetic maps (51). Several potential inversions detected in
the comparison between the BTx623 Bionano map and the
sorghum v3.1 reference sequence were located on chromo-
somes 5, 6 and 7, near the pericentromeric region as defined by
genetic maps. While inversions within pericentromeric regions
are recognized for their prevalence and significant evolution-
ary implications (73,74), our analysis suggests that these in-
versions may represent potential orientation errors in the ref-
erence genome. This observation was further supported and
confirmed by the published RTx430 genome (75), which uti-
lized whole genome shotgun (WGS) reads from RTx430 to
validate inversion breakpoints.

BTx623 was used to characterize single-nucleotide variants
(SNVs or SNPs) and INDELs in the Tx2783 and RTx436.
These variations were classified based on their location as ei-
ther intergenic or genic. In total, Tx2783 exhibited 1223 983
intergenic SNPs and 233153 genic SNPs, whereas RTx436
displayed a slightly higher number of intergenic SNPs at
1556765 and a lower count of genic SNPs at 225254. Sim-
ilarly, Tx2783 had 244 513 intergenic INDELs and 72 528
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Figure 3. (A) Gene Ontology enrichment of genes that are unique to Tx2783. (B) Gene Ontology enrichment of genes that are unique to RTx436
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genic INDELs, while RTx436 showed a slightly higher num-
ber of intergenic INDELs at 266 120 and a lower count of
genic INDELs at 67427 (Supplementary Table S7). The num-
ber of SNPs and INDELs detected was similar to that reported
in other studies involving sorghum accessions (59).

Discussion

Sorghum is a very important cereal grain, forage, and bioen-
ergy crop around the world. Understanding the genetic diver-
sity within sorghum provides a roadmap for improving this

crop. The first reference genome was released in 2009 (3) and
was updated 9 years later (51). With the development of long-
read sequencing technology, many other sorghum genomes
have become available to the public. Very recently, a sorghum
pan-genome was constructed using assembled genomes repre-
senting cultivated and wild relatives (59).

In our study, we provide two high-quality sorghum
genomes Tx2783 and RTx436 for the sorghum community
with contig N50 19-fold and 11-fold higher compared to
existing Btx623 v3.0 reference genome. In this study, Bio-
nano Genomics DLS optical maps were employed. DLS opti-
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Figure 6. Gene expression analysis after sugarcane aphid infestation. (A) Heatmap of genes expressed before and after sugarcane aphid infestation. (B)
Heatmap of NLR genes before and after sugarcane aphid infestation. (C) Clusters of genes expressed before and after sugarcane aphid infestation

cal maps are known for their considerable length, aiding in the
correction, orientation, and hybrid scaffolding of PacBio pol-
ished contigs. During the hybrid scaffolding process, chimeric
mis-assemblies within the contigs were detected and rectified
to resolve conflicts with the genome maps. Alignment of the
DLS optical maps generated in this study with the S. bicolor
reference genome revealed potential large inversions in the

Btx623 genome when compared to Tx2783 and RTx436, par-
ticularly within the pericentromeric region rich in repetitive
DNA sequences crucial for cell division. However, additional
analysis will be required for confirmation.

Despite significant improvements in genome quality facil-
itated by long-read sequencing technology, certain complex
regions, including recently tandem-duplicated sequences, may
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Figure 7. Alignments of Bionano maps between sorghum genomes. (A) BTx623 v3.1 reference sequence and BTx623 Bionano map; (B) BTx623 v3.1
reference sequence and RTx436 Bionano map; (C) BTx623 v3.1 reference sequence and Tx2783 Bionano map; (D) BTx623 Bionano map and Tx2783
sequence; (E) BTx623 Bionano map and RTx436 sequence; (F) Tx2783 sequence and RTx436 Bionano map.

require further refinement due to potential misassembly and
collapse. This underscores the importance of integrating op-
tical maps in constructing high-quality genome assemblies.
The SNP and INDEL variations in the Tx2783 and RTx436
sorghum genomes were characterized using BTx623 as the ref-
erence. The number of SNPs and INDELs detected was similar
to that reported in other studies involving sorghum accessions
(59).

Our comparative analysis using canonical proteins from 26
plant genomes resulted in 31210 protein-coding gene fami-
lies of which ~14K are sorghum specific gene trees. We were
able to construct a pan gene index using 18 reference genome
assemblies, and built a pangene index of 72579 pan-genes
sorghum genes and classified them as core, softcore or dis-
pensable and found 75% of the pan-genes were segregating
with the other accessions.

Characterization of disease resistance genes using genomic
approaches offers an opportunity to study mechanisms of host
pathogen interaction. Here we analyzed proteins for NLR
genes in Sorghum annotations and found enrichment of NLR

on chromosomes 5 and 8 with ~6% of the NLRs showing
presence of integrated domains. In sorghum, sugarcane aphid
has become an aggressive pest of sorghum, causing severe
yield losses. A high quality genome sequence of the sugarcane
aphid resistance line will serve as an important resource for
the sorghum research community to identify candidate genes
and genomic regions associated with the sugarcane aphid re-
sistance response.

Data availability

The PacBio and Bionano data of the sorghum Tx2783 and
RTx436 genomes generated in this study have been deposited
in the European Nucleotide Archive (ENA) under acces-
sion numbers ERS4546874 and ERS4546867, respectively.
10X Chromium sequencing data are available under acces-
sion ERS4804287 and ERS4804288 for Tx2783 and RTx436
respectively. Genome assemblies of Tx2783 and RTx436
are available under accession numbers GCA_903 166285
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and GCA_903 166 3235, respectively. RAMPAGE datasets are
available under accession number PRJEB42222.

Supplementary data
Supplementary Data are available at NARGAB Online.
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