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Abstract 

Bac kgr ound: De novo phased (haplo)genome assemb l y using long-r ead DNA sequencing data has impr ov ed the detection and char- 
acterization of structural variants (SVs) in plant and animal genomes. Able to span across haplotypes, long reads allow phased, 
haplogenome assemb l y in highl y outbr ed organisms such as for est tr ees. Eucalyptus tr ee species and interspeci�c hybrids are the 
most widely planted hardwood trees with F1 hybrids of Eucalyptus grandis and E. ur oph ylla forming the bulk of fast-growing pulpwood 
plantations in subtr opical r egions. The extent of structural variation and its effect on interspeci�c hybridization is unknown in these 
trees. As a �rst step to war ds elucidating the extent of structural variation between the genomes of E. grandis and E. urophylla , we 
sequenced and assembled the haplogenomes contained in an F1 hybrid of the two species. 

Findings: Using Nanopore sequencing and a trio-binning approac h, w e assembled the separate haplogenomes (566.7 Mb and 544.5 
Mb) to 98.0% BUSCO completion. High-density SNP g enetic linkag e maps of both parents allowed scaffolding of 88.0% of the hap- 
logenome contigs into 11 pseudo-chromosomes (scaffold N50 of 43.8 Mb and 42.5 Mb for the E. grandis and E. ur oph ylla haplogenomes, 
r especti v el y). We identify 48,729 SVs between the two haplogenomes providing the �rst detailed insight into genome structural re- 
arrangement in these species. The two haplogenomes have similar gene content, 35,572 and 33,915 functionally annotated genes, of 
which 34.7% are contained in genome rearrangements. 

Conclusions: Knowledge of SV and haplotype di v ersity in the two species will form the basis for understanding the genetic basis of 
hybrid superiority in these trees. 

Ke yw ords: Eucalyptus , trio-binning, phased genome assemb l y, Nanopor e, structural v ariant 

Bac kgr ound 

There is considerable pressure to improve crop yields to provide 

food, �bre, shelter and renewable energy for the growing human 

population [ 1 ] in a sustainable manner. Fast-growing Eucalyptus 

tr ee species pr ovide an important r ene wable feedstoc k for bio- 

material (timber, �bre and lignocellulosics) and bioenergy produc- 

tion, r elie ving pr essur e on nativ e for ests [ 2 ]. T hese species , com- 

monl y r eferr ed to as eucal ypts, constitute the most widel y planted 

har dw ood �br e cr op globall y. The most pr oductiv e plantation ar- 

eas are planted with interspeci�c F1 hybrid clones that combine 

favour able c har acteristics of par ental species and gener all y lead 

to incr eased for est pr oductivity and pr oduct quality, and r educed 

production costs [ 2 , 3 ]. The most widely planted hybrid combina- 

tion in subtr opical r egions, E. grandis x E. urophylla , is primarily bred 

to combine the disease resistance of the tropical species E. uro- 

phylla with the fast growth of the subtropical to temperate species 

E. grandis . To further impr ov e plantation pr oductivity, wood qual- 

ity and r esilience, mor e ef�cient br eeding str ategies hav e been 

pursued in the past decade, primarily through genomic selection 

using genome-wide SNP markers [ 4 , 5 ]. 

Discriminating the maternal and paternal c hr omosome copies 

(de�ned by haplotypes or blocks of allelic variants that are in- 

herited together; [ 6 ]) allows identi�cation of haplotype and struc- 

tur al v ariants that may be associated with crop productivity and 

r esilience [ 7 , 8 ]. Ha plotype-based molecular br eeding has been 

shown to be a more accurate and effective breeding strategy [ 9 , 

10 ] compared to SNP based strategies. Haplotypes can often be in- 

ferr ed accur atel y in offspring by using the par ental genomes and 

pr e viousl y de�ned SNP tag-markers to impute haplotypes [ 11 ]. 

SNP tag-markers can then be used in molecular breeding strate- 

gies by aiding the selection of pr ogen y for pr opa gation and de- 

ployment, or identi�cation of superior parents for further breed- 

ing [ 12 ]. 

Access to multiple high-quality reference genome assemblies 

facilitates the identi�cation of haplotypes and structural variants, 

both of which underlie pan-genome variation in plants. Genome 

assembl y in highl y outbr ed or ganisms suc h as for est tr ees is of- 

ten hampered by high levels of heterozygosity and the frequent 

occurrence of non-syntenic DNA sequences in intergenic regions 

leading to mixed phase contigs. As a consequence, many of the 

av ailable r efer ence sequences of outbred plants do not accu- 

r atel y r e�ect the ha plogenomes carried by the r efer ence individu- 

als [ 13 ]. Long-read sequencing (LRS) technologies such as Oxford 

Nanopore (ONT) and Paci�c Biosciences (PacBio) can mitigate the 

challenges associated with assembling outbred plant genomes. 

Long reads can span across multiple syntenic (gene) regions 

and connect inter genic ha plotypes, allowing separ ate, phased 

assembly of haplotype and structural variant alternatives . T he 
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growing number of phased genome assemblies, especially those 

assembled with LRS data, has r e v ealed that a single �at r efer ence 

genome misses a substantial portion of the genotypic diversity in 

outbred species [ 14 ]. As such, there is a movement to w ar ds assem- 

bl y of pan-r efer ence genomes, whic h incor por ates v ariants fr om 

multiple individuals as has been reported in humans (r e vie w ed b y 

[ 14 ]) and plants (r e vie w ed b y [ 15 ]). 

Studies on pan-genomic (including haplotype and structural) 

v ariation ar e still lac king in Eucal yptus , with most information on 

genome synteny still derived from comparative genetic linkage 

mapping. These studies have suggested high collinearity between 

eucalypt species, including E. grandis and E. urophylla [ 16–19 ]. How- 

e v er, the degr ee of �ne scale synteny between E. grandis and E. 

urophylla is unknown as there is no de novo reference assembly 

available for E. urophylla , one of the most important hybrid par- 

ent partners . T he curr ent r efer ence genome, E. grandis v2.0 [ 20 ], 

was sequenced using Sanger sequencing. These technologies have 

limited capability to resolve haplotype and structural variants (re- 

view ed b y [ 21 ]). T he lack of a vailable LRS based genome assem- 

blies for E. grandis and E. urophylla have precluded studies of pan- 

genome variation in these species and their F1 hybrids. 

Combining SRS and LRS data with a parent-offspring trio- 

sequencing a ppr oac h has been demonstr ated to allow assem- 

bly of high-quality haplo-reference genomes representing the two 

parents, at a lo w er cost than generating two independent refer- 

ence quality genomes [ 22–24 ]. Similarly, trio-sequencing of an in- 

terspeci�c F1 hybrid of E. grandis and E. urophylla , paired with LRS 

tec hnologies will gener ate high-quality assemblies of the ha p- 

logenomes contained in the F1 hybrid. Such phased r efer ence 

genome assemblies will ultimately provide a basis for pursuing 

haplotype-based molecular breeding of eucalypt trees and will 

provide insights into the abundance and distribution of struc- 

tur al v ariants (SVs) of r ele v ance to hybrid genetics br eeding. T hus , 

the aim of this study was to create a starting point for de�n- 

ing pan-genome, haplotype and structural variation in E. gran- 

dis (NCBI:txid71139), E. urophylla (NCBI:txid99020) and their F1 hy- 

brids. 

Methods 

Sample background 

Leaf tissues of an E. urophylla x E. grandis F1 hybrid individual and 

its parents ( E. urophylla seed parent and E. grandis pollen parent) 

were collected and used for DNA extraction. The F1 individual 

forms part of a large nested association mapping trial and SNP 

data for the F1 full-sib family was used to generate high-density 

genetic linka ge ma ps for both par ents. Sequencing both par ents 

enables inference of the parental haplotypes inherited by the F1 

hybrid thr ough ha plotype binning for and phased genome assem- 

bly (Fig. 1 ). 

DN A isola tion 

Illumina sequencing 

Genomic DN A w as extr acted fr om 50 mg of leaf tissue for the 

E. urophylla and E. grandis parents using the NucleoSpin ® Plant II 

Kit (Mac hery-Na gel, German y). Gel electr ophor esis was performed 

using a 0.8% w/v a gar ose gel to assess DN A quality. DN A quality 

was also assessed using a NanoDrop ® ND-1000 spectrophotome- 

ter (Thermo Fisher Scienti�c) and quanti�ed using a Qubit 2.0 Flu- 

orometer (Thermo Fisher Scienti�c). Whole-genome sequencing 

of the F1 hybrid and its parents was performed on an Illumina No- 

vaSeq 6000 platform (Illumina NovaSeq 6000 Sequencing System, 

RRID:SCR _ 016387 ) by Macrogen (Macrogen Inc., Seoul, Korea). 

High molecular weight DNA extraction 

HMW genomic DNA was extr acted fr om the F1 hybrid using 1.2 g 

of �ash frozen ground leaf tissue . T he ground tissue was sus- 

pended in 25 ml Guanidine buffer (20 mM EDTA, 100 mM NaCl, 1% 

Trition ® X-100, 500 mM Guanidine-HCl and 10 mM Tris, pH 7.9), 

supplemented with 50 mg cellulase (Sigma-Aldrich) and 50 mg 

lysing enzyme (Sigma-Aldrich) incubated at 42 ◦C with gentle ag- 

itation. After 2.5 h, 10 µl RNase A (20 µg/ml) was added and the 

sample was incubated for 30 min at 37 ◦C, after which 50 mg pro- 

teinase K was added, and the mixture was incubated for another 

2 h at 50 ◦C. The mixture was then centrifuged for 20 min at 12 

000 x g and the clari�ed lysate transferred to an appropriate buffer 

QBT-equilibrated QIAGEN Genomic-tip 100/G column (Qiagen), af- 

ter which the column was washed three times with 7 ml Buffer 

QC and HMW DNA was eluted with 5 ml Buffer QF. The DN A w as 

precipitated by adding 0.7 V of isopropanol and centrifuged at 

12 000 x g for 20 min. The DNA pellet was washed twice with 70% 

ethanol and resuspended in an appropriate volume of low salt TE 

(10 mM Tris-HCL pH 8.0; 0.1 mM of EDTA). Gel electr ophor esis was 

performed using a 0.8% w/v a gar ose gel to assess DNA quality, 

and DN A quantity w as assessed using a Qubit 2.0 Fluorometer 

(Thermo Fisher Scienti�c). 

Nanopore sequencing 

HMW DNA of the F1 hybrid was pr epar ed for initial MinION 

( RRID:SCR _ 017985 ) sequencing following the manufacturer’s pro- 

tocol using the genomic sequencing kit SQK-LSK109 (Oxford 

Nanopor e Tec hnologies, Oxford, UK). Appr oximatel y 3.3 µg of 

HMW DNA was used without exogenous shearing or size selec- 

tion. HMW DNA was �rst r epair ed with NEBNext FFPE Repair 

Mix (New England Biolabs) and 3 
′ 
-adenylated with NEBNext Ul- 

tra II End Repair/dA-Tailing Module (NEB). The DN A w as then 

puri�ed with AMPure XP beads (Beckmann Coulter) and ligated 

with sequencing adapters (ONT) using NEBNext Quick T4 DNA 

Ligase (NEB). After puri�cation with AMPure XP beads (Beckman 

Coulter), the library was mixed with sequencing buffer (ONT) 

and library loading beads (ONT) and then loaded on primed 

MinION R9.4 SpotOn �ow cells (FLO-MIN106). MinION sequenc- 

ing was performed with a MinION Mk1B sequencer running 

for 48 h. 

The resulting FAST5 �les were base-called and reads with a 

QV < 7 were removed with Oxford Nanopore Technologies’ Guppy 

base-calling software v3.4.5 (Guppy basecaller, RRID:SCR _ 023196 , 

ONT) using parameters for FLO-MIN106 and SQK-LSK109 li- 

brary type . T he Guppy base-caller ma y not remo ve all the se- 

quence adapters, so to ensure all sequence adapters are re- 

mo ved P orechop v0.2.4 (P orechop, RRID:SCR _ 016967 ) was used. 

All scripts used in this study are available on GitLab. The result- 

ing ada pter-less r eads wer e combined into a single FASTQ �le for 

further use. 

PromethION ( RRID:SCR _ 017987 ) sequencing was performed by 

the Centre for Genome Innovation (University of Connecticut, 

Connecticut, USA) on a FLO-PR O002 PromethION �o w cell as 

per the PromethION sequencing protocol (ONT) using the SQK- 

LSK109 (ONT) sequencing kit after size selection using the Cir- 

culomics Short Read Eliminator XS (Circulomics Inc.). The �ow 

cell was washed and reloaded after 38 h and run for an addi- 

tional 6 h of sequencing. Base-calling was performed using the 

Guppy v3.4.5 basecaller and adapter removal was performed as 

described abo ve . 
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Figure 1: Separate assembly of E. urophylla and E. grandis haplogenomes in the F1 hybrid using a trio-binning strategy. Using whole-genome Illumina 
short-read sequencing data of the parental genomes, long-read sequencing data of the F1 hybrid offspring was separated based on unique parental 
k-mers into E. urophylla and E. grandis haplotype bins (amount of Nanopore sequencing data is indicated in gigabases (Gb) below each bin, as well as 
the estimated genome cov er a ge). Reads that contained no unique k-mers were unbinned and k e pt in a separate bin. Long reads were subsequently 
assembled independentl y, r esulting in full y assembled E. urophylla and E. grandis ha plogenomes (total assembl y size is sho wn belo w the r ele v ant 
haplogenome and size of assembly scaffolded into ele v en c hr omosomes ar e indicated in br ac kets). This �gur e is ada pted fr om [ 70 ] and tr ee ima ges ar e 
from [ 80 ]. 

Genome assembly 

Trio-binning and haplogenome assembly 

K-mer based (21-mer) genome size estimation was performed 

using llumina short-reads as input for Jelly�sh v2.2.6 (Jelly�sh, 

RRID:SCR _ 005491 ) [ 25 ] and visualised with GenomeScope v2.0 

(GenomeScope, RRID:SCR _ 017014 ) [ 26 ]. Long-reads of the F1 hy- 

brid were binned into E. urophylla and E. grandis haplotype bins 

(corresponding to the origin of the par ental short-r eads) using 

the Trio-Canu module in Canu v1.8 (Canu, RRID:SCR _ 015880 ) [ 22 ]. 

Read contaminants were identi�ed using Centrifuge v1.0.4-beta 

(Centrifuge Classi�er, RRID:SCR _ 016665 ) [ 27 ] and r emov ed fr om 

the binned reads with a custom script. Similarly, contaminant 
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r eads wer e identi�ed and r emov ed fr om short r ead data with 

Kr aken v2.0.8-beta (Kr aken, RRID:SCR _ 005484 ) [ 28 ]. The remain- 

ing r aw r eads wer e used for all assembl y and alignment 

steps. 

The binned reads corresponding to each of the parents were as- 

sembled separ atel y, along with the corr esponding par ental short 

reads, using the MaSuRCA v3.3.4 (MaSuRCA, RRID:SCR _ 010691 ) 

[ 29 ] genome assembler. MaSuRCa was chosen as initial testing 

of multiple genome assemblers (based on the BUSCO comple- 

tion score, contig N50 and total assembly size) indicated that 

the MaSuRCA genome assembler performed the best for our 

data. The quality of the resulting assemblies was assessed us- 

ing QUAST v5.0.2 (QUAST, RRID:SCR _ 001228 ) [ 30 , 31 ] and BUSCO 

v5.2.2 (BUSCO, RRID:SCR _ 015008 ) using the embryophyta_odb10 

libr ary [ 32–34 ]. To v erify the genome cov er a ge of the assemblies, 

Illumina reads from each of the parental haplotypes were mapped 

to the corresponding and alternative assembled haplogenomes 

using BW A v0.7.5a-r405 (BW A, RRID:SCR _ 010910 ) [ 35 ] and map- 

ping rate calculated using the �agstat module from Samtools v1.9 

(SAMTOOLS, RRID:SCR _ 002105 ) [ 36 ]. 

Genome scaffolding 

To impr ov e assembl y contiguity, scaffolding was performed for 

the MaSuRCa assembled E. urophylla and E. grandis haplogenomes 

using high-density SNP genetic linkage maps previously con- 

structed for each of the parents. To resolve possible chimeric 

contigs that were assembled by MaSuRCa, Polar Star (Polar Star, 

RRID:SCR _ 023009 ) was used to infer breakpoints and split con- 

tigs based on identi�cation of read-depth outliers from the binned 

long-r eads. After br eakpoints wer e inferr ed and contigs split, all 

contigs smaller than 3 kb were removed. A BLAST database was 

created for the assembled haplogenomes to identify the position 

of 1,588 E. grandis and 1,575 E. urophylla SNP probes used to con- 

struct the genetic maps. A consensus map was constructed with 

ALLMAPS (ALLMAPS, RRID:SCR _ 021171 ) [ 37 ], consisting of SNPs 

that mapped to the assembled haplogenomes, to perform genome 

scaffolding. For the consensus map construction, a weight of 

tw o w as giv en to the par ental genetic linka ge ma p corr espond- 

ing to the species haplogenome to be scaffolded, while a weight 

of one was given for the alternative parental linkage map from 

the other species. Chromosome scaffold sizes from the two hap- 

logenomes were compared to one another and to that of the E. 

grandis v2.0 genome to see whether the size difference between 

the haplogenomes and the E. grandis v2.0 reference was due to a 

potential bias in scaffolding of particular c hr omosomes. To v al- 

idate if unplaced contigs/scaffolds were from a particular chro- 

mosome, unplaced contigs/scaffolds were aligned to the E. grandis 

v2.0 genome using MiniMap2 ( RRID:SCR _ 018550 ) [ 38 ] and align- 

ments visualized with D-Genies ( RRID:SCR _ 018967 ) [ 39 ]. To com- 

plement the genome-wide assessment of contiguity and accu- 

r acy pr ovided by the B USCO scor es and scaffold N50, we used the 

LTR assembly index (LAI), to determine the proportion of intact 

LTR sequences. LAI scor es wer e gener ated with the LTR_Retrie v er 

pipeline (LTR_Retrie v er, RRID:SCR _ 017623 ) [ 40 ]. 

Genome annotation 

Custom libraries of re petiti ve elements were constructed for the E. 

urophylla and E. grandis haplogenomes with RepeatModeler v1.0.8 

(Re peatModeler, RRID:SCR _ 015027 ) [ 41 ]. Re petiti v e elements wer e 

annotated with Re peatMask er v4.0.9 (Re peatMask er, RRID:SCR _ 0 

12954 ) [ 42 ]. To eliminate the chance of missing repeat elements 

in either haplogenome, the combined species library was used as 

input for Re peatMask er. Lastly, to identify the abundance of LTR 

r etr otr ansposons, LTR r etr otr ansposon candidates were identi�ed 

with LTR_r etrie v er ( RRID:SCR _ 017623 ) [ 43 ] for both ha plogenomes 

and their distribution visualised with Circos ( RRID:SCR _ 011798 ) 

[ 44 ]. 

RNA-Seq reads from previous studies were used for structural 

genome annotation. RNA-Seq reads used for the E. grandis hap- 

logenome assembly were from the original genome assembly pa- 

per and included six different tissues from an E. grandis individual 

[ 45 , 46 ] (all data is available on EucGenIE [ 47 ]). For the E. urophylla 

ha plogenome, RNA-Seq data fr om matur e leaf and xylem tissues 

of three-year-old E. grandis x E. urophylla F1 hybrids bac kcr ossed 

with E. urophylla trees were used (Bioproject: PRJNA354497) [ 48 ]. 

RNA-Seq reads were trimmed with Trimmomatic v0.39 (Trimmo- 

matic, RRID:SCR _ 011848 ) [ 49 ] and only paired reads were used for 

further work. Trimmed RNA-Seq reads were aligned to the rel- 

e v ant ha plogenome assemblies with Hisat2 v2.1.0 (HISAT2, RR 

ID:SCR _ 015530 ) [ 50 ]. GenomeThreader v1.7.1 (GenomeThreader, 

RRID:SCR _ 023172 ) [ 51 ] was used to align predicted protein se- 

quences from the E. grandis v1.0 genome annotation to the hap- 

logenome assemblies. We used BRAKER2 v2.0.5 (BRAKER, RRID: 

SCR _ 018964 ) [ 52 ] for structural gene pr ediction. To pr edict pr o- 

tein coding regions in the genome, Braker2 �rst converts RNA- 

Seq alignments to exon support with GeneMark-ET v4.38 (Gen- 

eMark, RRID:SCR _ 011930 ) [ 53 ]. This output is combined with pro- 

tein alignments for two rounds of training with AUGUSTUS v3.2.3 

(Augustus , RRID:SCR _ 008417 ) [ 54–56 ]. T he predicted gene spaces 

wer e then �lter ed with gFACs v1.1.3 (gFACs, RRID:SCR _ 022017 ) 

[ 57 ]. Mono-exonic genes were �ltered with InterProScan v5.35- 

74.0 (InterProScan, RRID:SCR _ 005829 ) to k ee p only those with 

known protein domains. Completeness of the structural annota- 

tions were assessed with BUSCO v5.2.2. 

Functional genome annotation was performed with EnTAP 

v0.9.0 (EnTAP, RRID:SCR _ 023010 ) [ 58 ] using the following pub- 

lic databases: NCBI RefSeq complete and EMBL-EBI UniProt. This 

pipeline integrates similarity search and other annotation re- 

sources including gene famil y (eggNOG), pr otein domains (Pfam), 

gene ontology and KEGG pathway assignment. To validate pro- 

posed structural gene models, coding sequences and peptide se- 

quences wer e extr acted fr om the ha plogenome assembl y using 

the r ele v ant GFF3 annotation �le with gffead v0.12.7 (gffread, 

RRID:SCR _ 018965 ) [ 59 ] after gene synteny analyses. Genes with 

a pr ematur e stop codon were truncated to the stop codon, and 

sequences shorter than 30 amino acids were removed. 

Structur al v ariant identi�ca tion 

To c hec k for r egions that wer e not assembled in the ha plogenome 

assemblies compared to the E. grandis v2.0 r efer ence genome, the 

E. grandis and E. urophylla haplogenomes wer e eac h aligned to the 

E. grandis v2.0 r efer ence genome, with MiniMa p2 [ 38 ] and align- 

ments visualised using D-Genies [ 39 ]. Using the same method, the 

ele v en assembled E. grandis and E. urophylla c hr omosomes wer e 

aligned to each other to visually identify genomic regions with 

possible large structural variants (SVs). We identi�ed structural 

r earr angements (inv ersions, tr anslocations and duplications) and 

local variations (SNPs , InDels , copy gains/losses , highl y div er ged 

regions and tandem repeats) between E. grandis and E. urophylla , 

by aligning the haplogenome assemblies to each other using 

nucmer from the MUMmer3 toolbox (MUMmer, RRID:SCR _ 018171 ) 

[ 60 ] with alignment parameters “—maxmatch –c 100 -b 500 - 

l 50”. The resulting alignments were further �ltered for align- 

ment length ( > 100) and identity ( > 90). Identi�cation of structural 
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r earr angements and local variations was performed using the 

Synteny and Rearrangement Identi�er (SyRI) pipeline (SyRI, RRID: 

SCR _ 023008 ) [ 61 ]. The same method was also used to identify re- 

gions that differed between the E. grandis haplogenome and the 

E. grandis v2.0 r efer ence genome. As the linear visualisation of 

syntenic regions and variants from SyRI prohibits us from depict- 

ing inter-c hr omosomal e v ents, synten y and structur al v ariants of 

greater than 10 kb were visualised with Circos. 

Syntenic gene pairs were identi�ed in the E. grandis and E. 

urophylla haplogenomes using a python version of MCScan, JCVI 

v1.1.18 (jcvi, RRID:SCR _ 021641 ) [ 62 ]. Coding sequence and anno- 

tation gff3 �les were used as input data to identify the syntenic 

blocks for each pair of species with the ‘jcvi.compara.catalog or- 

tholog’ command and a c-score parameter of –cscore = 0.95. Syn- 

tenic bloc ks wer e �lter ed with ‘jcvi.compar a.synten y scr een’ with 

parameters –minspan = 30 –simple . T he pattern of synteny was de- 

tected with jcvi.compar a.synten y depth –histogr am. Smaller syn- 

tenic bloc ks wer e also �lter ed with ‘jcvi.compar a.synten y scr een’ 

with parameters –minspan = 10 –simple. Genes within inverted 

and translocated syntenic blocks that spanned ten or more gene 

pairs wer e c hec ked for gene ontology and Kyoto Encyclopedia of 

Genes and Genome (KEGG, [ 63 ]) enrichment terms using Omics- 

Box v3.0.29 (OmicsBox, RRID:SCR _ 023676 ) [ 64 ] and results were 

visualized using Tableau Professional Edition (Tableau Desktop, 

RRID:SCR _ 013994 , Tableau Software Inc., Seattle, WA, USA). This 

was repeated for genes that did not have a pairwise gene align- 

ment. 

Results 

Genome sequencing 

Illumina sequencing of an F1 hybrid individual (SAP_F1_FK118) 

and its pure-species E. grandis (SAP_GRA_FK1758) and E. uro- 

ph ylla (SAP_UR O_FK1756) par ents (Sa ppi For ests Researc h, Plan- 

ning and Nurseries, South Africa) resulted in more than 116 Gb 

of PE150 data per individual (Supplementary Table S1). Using 

GenomeScope2.0, we estimated the genome size to be 443.2 Mb, 

482.3 Mb and 477.8 Mb for the E. urophylla , E. grandis parents and 

the F1 hybrid r espectiv el y (Supplementary Figure S1). These short 

read-based estimates were substantially smaller than previous 

estimates based on �ow cytometry [ 65 ] and the reported size of 

E. grandis r efer ence genome [ 20 ]. Recentl y, [ 66 ] r eported a lo w er 

�o w c ytometry size estimate (497.7 Mb) for E. grandis supporting 

our �ndings. Le v els of heter ozygosity in the short-r ead data wer e 

2.1%, 2.6% and 3.5% for the E. grandis , E. urophylla and the F1 hy- 

brid (Supplementary Figure S1) providing ample genetic diversity 

for trio-binning of the long-reads (see below). 

A total of 75.3 Gb of Nanopore sequencing data was generated 

(read N50 ∼27 kb), of which 68.2 Gb (90.5%) passed QC (Q-value > 

7, Supplementary Table S2) and was used for trio-binning corre- 

sponding to ∼104.8X cov er a ge of the F1 hybrid genome and ∼50X 

cov er a ge per haplogenome (Fig. 1 , Supplementary Table S2). 

Genome assembly 

Phased hybrid genome assembly using trio-binning 

To separ atel y assemble the long r eads originating fr om the two 

haplogenomes in the F1 hybrid, we performed trio-binning using 

the Illumina short-read data for the parents and the long-read 

data for the F1 individual. We were able to bin 1,876,816 long 

reads (32.7 Gb) for the E. urophylla haplogenome and 1,998,860 

long reads (35.1 Gb) for the E. grandis haplogenome corresponding 

to 50.3X and 54.0X cov er a ge of the two ha plotypes, r espectiv el y 

(Fig. 1 , Supplementary Table S3). Only 6,693 reads (0.014%) could 

not be binned and were excluded from further analyses. 

Assembly of the binned reads for the E. urophylla haplogenome 

resulted in 654 contigs and a total size of 546.1 Mb, with a 

contig N50 of 4.4 Mb (Table 1 ). A BUSCO completeness score 

of 98.0% was obtained of which 94.7% were single-copy genes 

and only 3.3% w ere duplicate-cop y genes (Supplementary Fig- 

ure S2). The reads binned for the E. grandis haplogenome assem- 

bled into 793 contigs with a total size of 568.5 Mb and a con- 

tig N50 of 3.9 Mb (Table 1 ). For this assembly we obtained a 

B USCO completeness scor e of 98.2%, of whic h 93.6% wer e sin- 

gle copy genes and 4.6% were duplicate genes (Supplementary 

Figure S2). The low duplicate percentages re�ected ef�cient trio- 

binning and haplogenome assembly. In addition, the LAI score 

for E. urophylla and E. grandis was 18.1 and 20.6, r espectiv el y, 

which is similar to other r efer ence and gold le v el genome assem- 

blies [ 40 ] further validating the high quality of the haplogenome 

assemblies. 

Next, we mapped the parental Illumina reads to the corre- 

sponding haplogenome to investigate whether the smaller than 

expected ha plogenome assembl y size might be due to unassem- 

bled genomic regions. We observed mapping rates of 98.7% and 

99.1% (93.8% and 92.9% pr operl y pair ed), r espectiv el y (Supple- 

mentary Table S3), suggesting that it is unlikely that major ge- 

nomic regions are missing in the haplogenome assemblies. 

Genome scaffolding 

To curate incorrectly assembled contigs, contig breakpoints were 

inferred based on long-read depth support and used to split sus- 

picious contigs before scaffolding. The parental genetic linkage 

maps yielded a set of 3,125 ( E. urophylla haplogenome) and 3,129 

( E. grandis haplogenome) unique SNP markers to anchor con- 

tigs into pseudo-c hr omosome le v el scaffolds . T he anc horing r ate 

for both haplogenome assemblies was greater than 88.0% (Ta- 

ble 2 ) and a BUSCO completeness score of at least 95.3% was 

obtained for the anc hor ed contigs. Dot-plot visualization of the 

haplogenome alignment con�rmed high levels of collinearity be- 

tween the assembled haplogenomes (Supplementary Figure S3 

and Supplementary Figure S4). ALLMAPS was able to orientate 

299 E. urophylla and 262 E. grandis contigs with two or more mark- 

ers each, while 52 contigs for E. urophylla and 49 for E. grandis 

only had one marker and were placed without orientation (Ta- 

ble 2 ). A total of 1,067 contigs (corresponding to 63.4 Mb) of the 

E. urophylla and 1,268 contigs (67.8 Mb) of the E. grandis hap- 

logenome assembly could not be anchored (Table 2 ) of which 863 

(9.7 Mb) and 1,051 contigs (11.9 Mb) were smaller than 50 kb (Sup- 

plementary Table S4) and contained none of the mapped SNP 

markers. 

The anc hor ed assembl y had a high le v el of congruence between 

the genetic and physical maps as indicated by the Pearson’s cor- 

relation coef�cient ( ρ) being close to −1 or 1, with the weakest cor- 

relation being ρ = 0.965 (Supplementary Figure S5) for E. urophylla 

and ρ = 0.938 for E. grandis (Supplementary Figure S6). Chromo- 

some 3 and 5 differed from the E. grandis v2.0 reference genome 

by more than 20 Mb (Supplementary Figure S7). This could not be 

explained by a single missing genomic segment (Supplementary 

Figure S3). To in vestigate this , we aligned all unplaced scaffolds 

to the E. grandis v2.0 r efer ence genome but did not observ e an y 

c hr omosomal pr efer ence for unplaced scaffolds (Supplementary 

Figure S8). This suggested that the chromosomal size differences 

were not due to scaffolds not being anc hor ed to those c hr omo- 

somes (Supplementary Figure S8). 
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Table 1: Assembly and annotation statistics for the E. urophylla and E. grandis ha plogenomes compar ed to the pr e vious E. grandis r efer ence 
genome assembly v2.0 [ 20 ] 

E. grandis v2.0 E. grandis E. urophylla 

Type of sequencing Whole genome shotgun + 

BAC end Sanger (ABI) 

Illumina + ONP Illumina + ONP 

Genome cov er a ge a 6.73x 54.01x (ONP) 50.25x (ONP) 

Primary assembly: 

Number of contigs 32,724 793 654 

Total number bases in contigs 691.43 Mb 568.46 Mb 546.11 Mb 

Contig N50 length 67.25 kb 3.91 Mb 4.41 Mb 

Contig L50 2,261 38 36 

Total contigs > 50 kb 288 387 368 

Validated contigs (Polar_Star): 

Number of contigs - 1,579 1,418 

Total number bases in contigs - 566.72 Mb 544.51 Mb 

Contig N50 length - 2.42 Mb 1.93 Mb 

Contig L50 - 74 83 

Total contigs > 50 kb - 522 547 

Assembl y B USCO completeness b 98.00% 98.30% 98.00% 

Number scaffolds 4,951 1,279 1,078 

Total number of bases scaffolded c 612.60 Mb 498.98 Mb 481.16 Mb 

Scaffold N50 53.80 Mb 43.82 Mb 42.45 Mb 

Scaffold L50 5 6 6 

BUSCO completeness d 98.00% 98.30% 98.00% 

GC content 39.99% 39.46% 39.44% 

Repeat content 44.50% 49.06% 48.34% 

LAI scores - 20.55 18.06 

Number of genes 36,376 39,837 37,933 

Annotation BUSCO completeness e 99.10% ( v1.0 ), 93.8% ( v2.0 ) 94.60% 95.80% 

a Cov er a ge based on 650 Mb genome size for E. grandis and E. urophylla . 
b BUSCO completeness scores of contig level assembly. 
c Total number of bases scaffolded onto one of the ele v en c hr omosomes. 
d BUSCO completeness scores of all scaffolds (including unplaced scaffolds). 
e BUSCO completeness of gene annotation of the v1.0 [ 20 ], v2.0 [ 19 ] and haplogenome assemblies. 

Table 2: Summary statistics for par ental linka ge ma ps (gr a_allma p and ur o_allma p) and �nal consensus anc horing of the E. urophylla 
and E. grandis haplogenome contigs. A greater weight (indicated with w) was given to the linkage map of the species corresponding to 
the haplogenome being scaffolded. Scaffolds that contain no SNP markers or had ambiguous placements were counted as unplaced. 
Marker density (measured as number of markers per Mb) r epr esents the sum of unique markers in the two linkage maps 

E. urophylla gra_allmap (w = 1) uro_allmap (w = 2) Anchored Unplaced 

Linka ge Gr oups 11 11 11 n.a. 

Markers (unique) 1,577 1,573 3,125 25 

Av er a ge markers per Mb 3.5 3.5 6.5 0.4 

N50 Scaffolds 76 79 81 2 

Scaffolds 311 299 351 1,067 

Scaffolds with 1 marker 83 80 52 13 

Scaffolds with 2 markers 51 53 42 4 

Scaffolds with 3 markers 41 37 44 0 

Scaffolds with > = 4 markers 136 129 213 1 

Total bases 448,984,013 447,297,011 481,132,251 63,374,165 

P er cent of genome 82.5% 82.1% 88.4% 11.6% 

E. grandis gra_allmap (w = 2) uro_allmap (w = 1) Anchored Unplaced 

Linka ge gr oups 11 11 11 n.a. 

Markers (unique) 1,588 1,575 3,129 34 

Av er a ge markers per Mb 3.3 3.4 6.3 0.5 

N50 Scaffolds 72 72 73 1 

Scaffolds 283 263 311 1,268 

Scaffolds with 1 marker 62 60 49 21 

Scaffolds with 2 markers 46 33 26 3 

Scaffolds with 3 markers 32 32 30 1 

Scaffolds with > = 4 markers 143 138 206 1 

Total bases 477,075,775 464,179,728 498,948,047 67,775,781 

P er cent of genome 84.2% 81.9% 88.0% 12.0% 
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Figure 2: Synteny and distribution of LTR retrotransposons along the E. grandis and E. urophylla haplogenome assemblies for eleven scaffolded 
c hr omosomes. Syntenic r egions ar e sho wn betw een the E. uroph ylla and E. grandis haplogenomes in the middle, based on SyRI (see Supplementary 
Figure S9). LTR retrotransposon distribution is shown for the E. urophylla (EUR) and the E. grandis (EGR) haplogenome assemblies. From outside to 
inside, the heatmaps show the distribution of Copia (orange, ranging from 6 to 21.5%), Gypsy (blue, ranging from 1.3 to 26.5%) and unknown (green, 
r anging fr om 2.8 to 16.6%) LTR r etr otr ansposons, GC% (37.0 to 43.0%) and gene density (0 to 60.0%) with darker shades r epr esenting a higher 
percentage of retrotransposons within the bin. Chromosome number and size is indicated on the outer circle in megabases. 

Genome annotation 

To further examine whether the smaller than expected hap- 

logenome assembly size is due to a difference in repeat con- 

tent, we annotated repeat elements with RepeatMasker. A total 

of 48.3% of the E. urophylla haplogenome assembly was comprised 

of re petiti ve elements, whereas it was 49.1% for the E. grandis hap- 

logenome (Supplementary Table S5). In both cases, LTR r etr otr ans- 

posons were the most prevalent re petiti ve element, making up 

more than 21% of the assembled haplogenomes (Supplementary 

Table S5). DNA transposons comprised ∼6% of the haplogenomes. 

These results are similar to previous repeat annotations for the 

v2.0 E. grandis r efer ence assembl y [ 20 ] (Table 1 ). We used LTR re- 

trie v er to visualize the distribution of various LTR retrotranspo- 

son types (in bins of 300 kb, Fig. 2 ). LTR r etrie v er, whic h is mor e 

sensitive for detection of LTR retrotransposons than RepeatMod- 

eler, identi�ed 29.1% and 29.3% of the E. grandis and E. urophylla 

ha plogenomes r espectiv el y, as LTR r etr otr ansposons. Dir ect com- 

parison of the LTR r etr otr ansposon distribution pattern between 
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E. grandis and E. urophylla was not possible as the assembled c hr o- 

mosomes differ in size, but there was good r elativ e conserv ation 

in pattern with few notable exceptions e.g., on Chromosome 2 

(Fig. 2 ). 

Structural ( de novo ) annotation resulted in 39,849 and 37,942 

gene models for the E. grandis and E. urophylla ha plogenomes, r e- 

spectiv el y (Table 1 and Supplementary Table S6). BUSCO com- 

pleteness scores of 94.6% and 95.8% were obtained for the E. gran- 

dis and E. urophylla structural annotation models (Table 1 ). Val- 

idation of the �nal GFF3 �le r e v ealed sequences with in-frame 

stop codons within 119 and 96 E. grandis and E. urophylla predicted 

genes, r espectiv el y. Those with fe wer than 30 amino acids were re- 

moved (Supplementary Table S13). Functional annotation based 

on similarity searches or gene family assignment was possible for 

35,572 and 33,915 structural gene models of E. grandis and E. uro- 

phylla (Supplementary Table S6). 

Structur al v ariant anal ysis 
E. grandis and E. urophylla are in the same section ( Latoangulatae ) 

and subgenus Symphyomyrtus but have non-overlapping natural 

ranges with unique adaptations such as greater resistance to fun- 

gal pathogens in E. urophylla , which has a more tropical distri- 

bution. Genetic linkage mapping has suggested high collinear- 

ity of their genomes [ 18 , 19 , 67 ], but a direct �ne-scale com- 

parison of genome synteny between these species has not been 

possible. Using the SyRI whole-genome comparison tool, we re- 

vealed that a total of 256.8 Mb was syntenic between the two hap- 

logenome assemblies, while 262.2 and 374.9 Mb were identi�ed 

as r earr anged in the E. grandis and E. urophylla ha plogenomes, r e- 

spectiv el y (Figs 2–3, Supplementary Table S7, Supplementary Fig- 

ure S9). In comparison, 317.7 Mb was syntenic between the E. gran- 

dis haplogenome and the E. grandis v2.0 r efer ence genome (Supple- 

mentary Table S7, Supplementary Figure S9), but due to the differ- 

ence in ov er all assembl y size and methods used in the two studies, 

it is not possible to compare the genomic proportions . T he regions 

r earr anged between the haplogenomes included 189 inversions 

and 10,526 translocations (Fig. 3 , Supplementary Figure S9, Sup- 

plementary Table S7, Supplementary Table S9 and Supplemen- 

tary Table S10). In addition, there were 16,865 duplications in the 

E. grandis and 21,149 duplications in the E. urophylla haplogenome 

(Fig. 3 , Supplementary Figure S9 and Supplementary Table S7). To- 

gether these results suggest that despite high collinearity pr e vi- 

ousl y r eported for these species and observ ed her e for the E. gran- 

dis and E. urophylla ha plogenomes, extensiv e �ne-scale r earr ange- 

ments exist that have not been detected in previous studies. 

Next, we investigated genome sequence divergence in syntenic 

regions, designated as “local variants” by SyRI, comprising 65.3 Mb 

and 66.4 Mb in the E. grandis and E. urophylla ha plogenomes, r e- 

spectiv el y. These local variants (excluding SNPs) ranged from 1 bp 

(indels) to 3.1 Mb (highly diverged regions, HDR, Fig. 3 C). SNPs 

were the most prevalent class of local variants in terms of number, 

with 8.4 million SNPs between the E. grandis and E. urophylla hap- 

logenomes, follo w ed b y small insertions and deletions (Supple- 

mentary Table S8). In terms of the total bases affected, highly di- 

v er ged r egions and copy gain/losses made up 9.6 Mb and 38.1–40.2 

Mb of the haplogenome assemblies. Although there are a greater 

number of local v ariants compar ed to SVs, local variants made 

up 13.8% of the E. urophylla and 13.1% of the E. grandis c hr omoso- 

mal assembl y compar ed to 54.5% and 75.1% in SV. This suggests 

that although local variants are more numerous, structural vari- 

ants have a larger impact on genome architecture . T his was also 

r e v ealed in similar studies in tomato [ 8 ] and gr a pe [ 68 ]. 

We performed gene-based synten y anal ysis between the E. 

grandis and E. urophylla ha plogenomes, whic h con�rmed high 

collinearity between the haplogenomes, with 23,390 gene pairs in 

238 syntenic blocks (average 98.3 gene pairs per syntenic block 

with min = 4 gene pairs and max = 1296 gene pairs, Fig. 4 ). A 

total of 227 blocks had 10 or more homologous gene pairs and 

175 blocks had 30 or more gene pairs derived from the two hap- 

logenomes. Of the 227 bloc ks, 86 bloc ks (8,114 genes and 37.9% of 

gene synteny blocks) are rearranged between the haplogenomes 

as inversions or translocations . T he top GO enrichment terms 

for genes within these blocks belonged to regulation of tran- 

scription, anatomical structur e de v elopment, DNA binding, tr an- 

scription regulator activity and RNA binding (Supplementary Fig- 

ure S10 and Supplementary Figure S11). KEGG pathway analyses 

indicated enrichment of ribosomal pathway genes in both hap- 

logenomes . T he E. grandis haplogenome also has enrichment for 

genes involved in the Gl ycosaminogl ycan biosynthesis - chon- 

droitin sulfate / dermatan sulfate pathway (Supplementary Ta- 

ble S11). For genes that did not have a pairwise alignment (11,130 

for E. grandis and 10,077 for E urophylla ), multiple enriched GO 

terms were found (Supplementary Figure S12), but no signi�cant 

enriched KEGG pathway genes were found (Supplementary Table 

S12). 

Discussion 

We have assessed the use of a trio-binning strategy to assemble 

high-quality haplogenomes in an F1 hybrid of two important eu- 

cal ypt tr ee species as a starting point to w ar ds investigating pan- 

genome variation within and between these species . T he high 

le v el of heter ozygosity in the F1 hybrid enabled discrimination 

of almost all parental long reads and independent assembly of 

the two parental haplogenomes . T hese haploid assemblies , the 

�rst of their kind for a forest tree species, allo w ed us to circum- 

vent the problem of co-assembly of alternative haplotypes which 

has presented a challenge for the assembly of highly heterozy- 

gous tr ee genomes, especiall y in inter genic DNA wher e complex 

structur al v ariants fr om partiall y ov erla pping ha plotypes may be 

co-assembled into a mosaic sequence [ 19 , 20 ]. Furthermore, the 

high cov er a ge of long r eads (50X per ha plogenome) and the long- 

read length (N50 > 27 kb) allo w ed us to assemble across complex 

r epeat structur es leading ov er all to highl y contiguous assemblies 

(contig N50 of 2.4 Mb for E. grandis and 1.9 Mb for E. urophylla ). 

Intriguingly, we �nd that, despite having v ery high B USCO com- 

pleteness scores ( > 98.0%), the assembled haplogenomes (566.7 

Mb and 544.5 Mb) wer e substantiall y smaller than the pr e vious 

diploid r efer ence genome assembl y of 691.4 Mb [ 19 , 20 ] and the 

∼640 Mb �ow cytometry estimate [ 65 ]. High-density SNP genetic 

linka ge ma ps enabled further impr ov ement of ha plogenome as- 

sembly contiguity (scaffold N50 > 42.5 Mb). Finally, we performed 

the �rst �ne-scale structural and gene-based comparison for any 

two eucalypt genomes and show that SVs ar e mor e pr e v alent than 

detected in pr e vious studies, but follow a similar class distribution 

pattern as in other plants with inversion events the least frequent, 

follo w ed b y tr anslocation e v ents and duplications being the most 

frequent [ 61 , 69 ]. 

Trio-binning of a highly heterozygous F1 hybrid 

genome 

The trio-binning strategy [ 70 ] allo w ed successful discrimination 

of the long r eads deriv ed fr om the E. urophylla and E. grandis hap- 

logenomes. A total of 99.98% of the sequenced read bases could 
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Figure 3: Size and distribution of structural rearrangements and local variants between the E. grandis and E. urophylla haplogenomes. (A) Distribution 
of syntenic regions and structural variants between the E. grandis and E. urophylla haplogenome assemblies. Links are sho wn betw een E. uroph ylla (EUR) 
c hr omosomes in blue and and E. grandis (EGR) c hr omosomes in gr een. Onl y v ariants of gr eater than 10 kilobases as identi�ed by SyRI ar e shown. 
Darker links show change in chromosome number between EUR and EGR. (B) Total size of syntenic and rearranged regions in megabases (Mb) for the 
E. grandis and E. urophylla haplogenome (see Supplementary Table S7 and Supplementary Table S8). The size of syntenic or r earr anged r egions ar e 
indicated within the bar in Mb, while the bar colour r epr esents the r earr angement type. (C) Size distribution of r earr anged r egions (left) and local 
variants (right) between the E. grandis and E. urophylla haplogenomes. Size is indicated in base pairs on the y-axis (ranging from one to 4.91 Mb for 
r earr angements and one to 3.09 Mb for local variants), and the r earr angement type on the x-axis; INV ar e inv ersions, DUP ar e duplications, TRANS ar e 
translocations , NO TAL are regions that are not aligned, TDM are tandem repeats, CPG and CPL are copy gains/losses, HDR are highly diverged regions, 
INS are insertions and DEL are deletions. 

be assigned to one of the two haplo-bins, with only a small pro- 

portion (0.014%) of mostly shorter nanopore reads not assigned 

to bins (N50 = 1,385 bp for un-binned vs N50 ∼27.5 kb for binned 

r eads). The long-r ead data was split 51.80% vs 48.18% for E. gran- 

dis and E. urophylla , r espectiv el y (Supplementary Table S3), match- 

ing the assembly sizes, but it is not clear whether this can be 

generalized for individuals of the two species. Stringent cross- 

mapping of the parental short-read data to the two haplogenomes 

r e v ealed, as expected, lo w er ma pping r ates to the opposite 

ha plogenome (av er a ge 93.4% vs 84.9%, Supplementary Table S3) 

supporting that we hav e ef�cientl y separ ated the ha plogenome 

r eads fr om the two species . T he low le v el of B USCO duplication 

in the assembled haplogenomes (less than 4.0%; Supplementary 

Figur e S2) compar ed to 13.9% r eported for a r ecent E. pauci�ora 

assembly [ 71 ], supports that the haplotype binning was highly 

ef�cient. We further validated the size of phased blocks, as well 

as phase origin (Supplementary Note 1) and found that the hap- 

logenome assemblies had very low ha plotype switc h err or r ates 

(lo w er than 0.033%) con�rming the accuracy of haplotype separa- 

tion. Together these results suggest that the trio-binning a ppr oac h 

was highly ef�cient and accurate in the heterozygous F1 hybrid 

genome. 
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Figure 4: Gene synteny between E. grandis and E. urophylla haplogenome assemblies. (A) Chromosome-scale collinearity between E. grandis and E. 
urophylla haplogenome annotations. Lines in light grey indicate syntenic gene blocks, lines in purple indicate inverted gene blocks, blue indicated 
translocated gene block and dark grey inverted translocated gene blocks. Only blocks that span greater than 30 gene pairs are shown. (B) Dot-plot 
alignments of 23,390 gene pairs between the E. grandis and E. urophylla haplogenome annotations. (C) Bar gr a ph showing syntenic depth of E. grandis 
and E. urophylla syntenic blocks . T he majority of genes are in a 1 to 1 synteny pattern. All of the graphs were produced in MCScan JCVI v1.1.18 [ 62 ]. 

Ha plotype separ ation is known to impr ov e with higher le v els of 

heter ozygosity [ 70 , 72 ]. We observ ed high heter ozygosity for both 

pur e-species par ents (2.1% for E. grandis and 2.6% for E. urophylla ), 

and as expected, heterozygosity was substantially higher in the F1 

hybrid offspring (estimated to be 3.5%; Supplementary Figure S1). 

Suc h high heter ozygosity le v els ar e expected for outcr ossed or- 

ganisms such as eucalypts [ 73 , 74 ]. Successful haplotype separa- 

tion of an F1 hybrid of species within the same section of Myr- 

taceae ( Latoangulatae ) suggests that application of trio-binning for 

ha plotype separ ation should be successful for most other viable 

Eucalyptus F1 hybrid combinations. In addition, the high heterozy- 

gosity observed in the pure species parents suggests that haplo- 

type binning will also be successful in intr aspeci�c cr osses of Eu- 

calyptus as the trio-binning strategy has been demonstrated to be 

ef�cient at m uc h lo w er le v els of heter ozygosity (0.9% in the case 

of a F1 Brahman x Angus cattle hybrid and 1.4% for A. thaliana ; 

[ 70 ]). 

We note that the ha plogenome assembl y sizes, 546.1/481.2 Mb 

for E. urophylla and 568.5/498.9 Mb for E. grandis (total/scaffolded 

size) wer e m uc h smaller than that of the current E. grandis v2.0 ref- 

erence genome (691.4/612.6 Mb, [ 19 , 20 ]) and previous estimates 

( ∼640 Mb) based on �ow cytometry [ 65 ]. K-mer based genome 

size estimates of the par ental r eads pr edicted diploid genome 

sizes of 443.2 Mb for E. urophylla , 482.3 Mb for E. grandis and 477.8 

Mb for the F1 hybrid (Supplementary Figur e S1), whic h a gr eed 

with the scaffolded genome sizes of the two haplogenome assem- 

blies . T his a ppar ent discr epanc y w as also observed in E. pauci�ora , 

where k-mer based estimates were 408.2 Mb compared to the �nal 

594.9 Mb assembly [ 71 ]. The total assembly sizes of the two hap- 

logenomes were therefore approximately 70 - 100 Mb smaller than 

pr e vious �o w c ytometry estimates for the two species and the to- 

tal scaffolded sizes were 140 - 160 Mb smaller than expected. This 

size discrepancy may be explained by se v er al factors, whic h we 

explore below. 

First, to exclude the possibility that the smaller assembly size 

was due to a portion of sequencing reads not being assembled, 

i.e., that we failed to assemble parts of the haplogenomes, we 

aligned the parental Illumina reads to the corresponding parental 

ha plogenome assembl y. We also aligned the r aw short- and long- 

reads and the haplogenome assemblies to the E. grandis v2.0 
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r efer ence genome to make sure all v2.0 genomic regions had se- 

quencing cov er a ge (Supplementary Note 2). This r e v ealed that 

some regions had very high sequencing depth relative to the E. 

grandis v2.0 r efer ence genome (Supplementary Note 2) presum- 

ably due to highly re petiti ve sequence content in those regions. 

More than 98.7% of parental Illumina reads aligned to their cor- 

r esponding par ental ha plogenome, whic h suggests that almost 

all of the sequences in the parental genomes (that are amenable 

to Illumina sequencing) are represented in the haplogenomes 

(Supplementary Table S2), although it is possible that the regions 

with high sequencing depth r epr esent r epetitiv e r egions that ar e 

collapsed in the haplogenome assemblies. To further investigate 

this possibility, we con�rmed that the repeat content of the hap- 

logenomes was not lower than that reported in the E. grandis v2.0 

diploid r efer ence assembl y. In fact, the r epeat content for the E. 

urophylla and E. grandis haplogenomes (48.3% and 49.1%, respec- 

tiv el y, Table 1 ) was higher than that reported for the E. grandis 

v2.0 assembly (44.5%, [ 20 ]) and for the mor e r ecent E. pauci�ora 

assembly (44.8%, [ 71 ]). This suggests that the observed size dif- 

ference is most probably not due to the collapse of re petiti ve re- 

gions during haplogenome assembly. Rather, the slightly higher 

repeat content of our haplogenome assemblies probably re�ect 

our ability to better assemble across such repeats using long-read 

technology in haplo-assemblies vs short-read/Sanger sequencing 

pr e viousl y used for these highly heterozygous genomes. Previ- 

ous size estimates were probably somewhat in�ated in size due 

to the possible co-assembly of partially overlapping alternative 

ha plotypes in highl y heter ozygous r egions distributed thr ough- 

out the genome. Our analysis sho w ed that Chromosomes 3 and 

5 in the haplogenome assemblies were 20 Mb smaller than 

the corr esponding c hr omosomes in the diploid E. grandis v2.0 

assembly. 

SNP Genetic linkage maps support high 

scaffolding r a tes 
Ov er all, 88.4% and 88.0% of the haplogenome assemblies were an- 

c hor ed into 11 pseudo-c hr omosomes for E. urophylla and E. gran- 

dis . Ho w e v er, ther e ar e some limits to using ALLMAPS for genome 

scaffolding as the pr ogr am cannot identify and separate dupli- 

cated regions that are misassembled or collapsed by the genome 

assembler due to high similarity [ 37 ]. In addition, most genetic 

linka ge ma ps contain r egions suc h as centr omer es with no or v ery 

low recombination and few DNA markers for anchoring and ori- 

entation of contigs. Many of the unanc hor ed contigs may contain 

dif�cult to assemble, centromeric or other non-recombinogenic 

r egions de void of ma pped DNA markers (av er a ge 0.4 and 0.5 mark- 

ers per Mb for unanc hor ed vs 6.5 and 6.3 markers per Mb for an- 

c hor ed E. urophylla and E. grandis contigs, r espectiv el y, Table 2 ). The 

N50 of the unanc hor ed contigs was 324 kb, which was smaller 

than the av er a ge marker spacing in those regions (Supplemen- 

tary Table S4). T hus , integration of additional proximity ligation 

or optical mapping data may lead to inclusion of some of the re- 

maining unplaced contigs that had few markers to place or ori- 

ent them. Despite this limitation we were able to produce eleven 

pseudo-c hr omosome scaffolds for each of the haplogenomes ow- 

ing to the high density of SNP markers in the par ental ma ps and 

the quality of the genetic maps as evidenced by the high collinear- 

ity of markers between the genetic map and the de novo assem- 

bled contigs, as well as high collinearity between the scaffolded 

assembly and the genetic linkage maps (Pearson’s correlation of 

ρ = 0.938 to ρ = 1.00; Supplementary Figure S5 and Supplemen- 

tary Figure S6). 

Structur al v ariants betw een E. uroph ylla and E. 
grandis 
To our knowledge, this is the �rst genome-wide comparison of 

synten y and structur al r earr angements betw een E. uroph ylla and 

E. grandis . In addition, we had the adv anta ge of being able to di- 

r ectl y compar e the two ha plogenomes fr om the same F1 hybrid in- 

dividual assembled using the same method. Using SyRI we found 

that 53.4% (256.9 Mb) of the 481.2 Mb c hr omosomal assembl y of 

E. urophylla and 51.5% (256.8 Mb) of the 498.97 Mb c hr omosomal 

assembly of E. grandis was syntenic (Supplementary Table S7). We 

were able to identify 48,729 SVs between the two haplogenomes, 

with a 103.6 Mb difference between the two haplogenomes due to 

duplications (Supplementary Table S7). As seen in pr e vious stud- 

ies using SyRI for SV calling, we found that inv ersions wer e the 

smallest group of SVs in terms of number, follo w ed b y translo- 

cations, with duplications being the most abundant (189 inver- 

sions, 10,526 translocations and 38,014 duplications, Supplemen- 

tary Table S7; [ 61 , 69 ]). The unfolded site frequency spectrum of 

SVs [ 68 ] suggested that there is purifying selection against SVs, 

and that there is stronger purifying selection against inversions 

and tr anslocations compar ed to duplications as they hav e a mor e 

deleterious effect compared to duplications [ 68 ]. Stronger puri- 

fying selection a gainst inv ersions and translocations in our hap- 

logenome assemblies may ther efor e explain the lo w er frequenc y 

of these two classes of SV, ho w e v er this will need to be tested in 

futur e sequencing pr ojects including population-wide tr ac king of 

SVs. 

With additional genome sequences for E. grandis and E. uro- 

phylla , a pan-genome r efer ence assembl y could be constructed 

as was done for Arabidopsis [ 69 ] and tomato [ 8 , 75 ]. SyRI iden- 

ti�es SVs and local variants using three main steps: 1) identify 

syntenic alignments, 2) identify inverted, duplicated and translo- 

cated alignments and 3) identify “local variants”within alignment 

bloc ks. As suc h, ther e is a hier arc hy of v ariation wher e local v ari- 

ants are found within alignment blocks, be they syntenic or rear- 

r anged r egions. Ho w e v er, when looking for the functional effects 

of local and lar ger structur al v ariants, it is important to note the 

hier arc hy of genomic r earr angements, as local variants within re- 

arr anged r egions show differ ent inheritance patterns to those in 

syntenic regions. SVs can in�uence recombination as rearrange- 

ment hotspots typically have lo w er synteny and reduced recom- 

bination rates [ 69 ]. In addition, SVs can in�uence gene expres- 

sion dir ectl y or indir ectl y making their functional inter pr etation 

harder [ 61 ]. 

Smaller than expected haplogenome assembly 

size 

Sur prisingl y, despite the high completeness, we found that the 

total assembled size of each of the haplogenomes was substan- 

tially smaller than that of the E. grandis v2.0 r efer ence genome 

and pr e vious �o w c ytometry estimates. We propose that the size 

difference is not due to collapse of the repeat content of the hap- 

logenome assemblies, but rather due to possible ov er estimation 

of the E. grandis v2.0 genome assembly size as a result of inclu- 

sion of partially overlapping alternative haplotypes in highly het- 

er ozygous r egions of the diploid genome assembl y. Ho w e v er, r e- 

solving this discrepancy will require further de novo genome as- 

semblies for E. grandis , possibly including resequencing using long 

r ead tec hnology to update the genome assembl y of the r efer ence 

BRASUZ1 individual, as has been performed for some r efer ence 

genomes that were originally assembled with Sanger sequencing 

data [ 76 ]. 
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Conclusions 

We have produced phased, reference quality haplogenome as- 

semblies of an interspeci�c F1 hybrid using a trio-binning ap- 

pr oac h and performed the �rst genome-wide analysis of genome 

synteny betw een tw o k e y tree species used in har dw ood plan- 

tation forestry, E. grandis and E. urophylla . This r e v ealed a lar ge 

number of pr e viousl y undescribed genome structural variants as 

a step to w ar ds understanding genome structur al e volution in this 

iconic genus of fast-gro wing w oody perennials . T he haplogenome 

r esource data pr ovides the insights into ha plotype div ersity in F1 

hybrids and, with additional haplogenomes to be sequenced, this 

will lead to a better understanding of the genetic basis of hybrid 

compatibility and superiority. This work is a pilot study towards 

understanding the nature of pan-genome variation in Eucalyptus 

that can be used for tr ee impr ov ement. The pr oject also pr oduced 

the �rst near complete genome assembly for E. urophylla , a k e y 

tr opical eucal ypt with an inter esting island colonization history. 

Availability of source code and 

r equir ements 

� Project name: eucalyptus haplogenome synteny 
� Pr oject home pa ge: https:// gitlab.com/Anneri/ eucalyptus-h 

a plogenome-synten y 
� Operating system(s): Platform independent 
� Pr ogr amming langua ge: Bash 
� Other r equir ements: numer ous pac ka ges described in the 

Methods section 
� License: MIT 

Additional �les 

Supplementary Figure S1 : Genome size estimates for the (A) E. 

urophylla , (B) E. grandis and (C) the E. urophylla x E. gr andis F1 h ybrid 

genomes. 

Supplementary Figure S2 : Benc hmarking Univ ersal Single-Copy 

Orthologs (BUSCO) completeness scores for both haplogenome as- 

semblies as well as the curr entl y av ailable E. grandis v2.0 r efer ence 

genome. 

Supplementary Figure S3 : Alignment of placed haplogenome 

scaffolds to the E. grandis v2.0 r efer ence genome. 

Supplementary Figure S4 : Alignment between the E. grandis and 

E. urophylla scaffolded haplogenome assemblies. 

Supplementary Figure S5 : Pseudoc hr omosomes of E. urophylla 

ha plogenome, r econstructed fr om two genetic linka ge input ma ps 

– ur o.allma p and gr a.allma p, with unequal weights (2 and 1 re- 

spectiv el y). 

Supplementary Figure S6 : Pseudoc hr omosomes of E. grandis hap- 

logenome, r econstructed fr om two genetic linka ge input ma ps –

gr a.allma p and ur o.allma p, with unequal weights (2 and 1 respec- 

tiv el y). 

Supplementary Figure S7 : Scaffolded c hr omosome sizes of the 

E. grandis v2.0 and the scaffolded E. grandis and E. urophylla hap- 

logenome assemblies. 

Supplementary Figure S8 : Alignment of unplaced E. grandis and 

E. urophylla haplogenome scaffolds to the E. grandis v2.0 reference 

genome. 

Supplementary Figure S9 : Syntenic and r earr anged r egions be- 

tween the E. grandis v2.0, E. grandis and E. urophylla haplogenomes 

for all ele v en c hr omosomes. 

Supplementary Figure S10 : Enriched gene ontology (GO) terms 

for inverted and translocated gene alignment blocks of the E. gran- 

dis haplogenome. 

Supplementary Figure S11 : Enriched gene ontology (GO) terms 

for inverted and translocated gene alignment blocks of the E. uro- 

phylla haplogenome. 

Supplementary Figure S12 : Enriched gene ontology (GO) terms 

genes that did not have pairwise alignment between the E. grandis 

and E. urophylla haplogenomes. 

Supplementary Figure S13 : Hap-mer blob plot of the E. grandis 

and E. urophylla haplogenome assemblies. 

Supplementary Figure S14 : Ev aluation of ha plotype phase bloc ks. 

All hap-mer information was generated with Merqury v1.1 [ 72 ]. 

Supplementary Figure S15 : Genome cov er a ge of the E. grandis v2.0 

nuclear r efer ence and plastid genomes. 

Supplementary Figure S16 : Summary of the total size and type of 

elements found in high genome cov er a ge bins. Or ganellar intr o- 

gression was identi�ed through BLAST analysis to the E. grandis 

plastid genomes [ 77 ], while repeat elements were identi�ed with 

Re peatMask er. 

Supplementary Note 1 : Hap-mer based phasing completeness as- 

sessment. 

Supplementary Note 2 : Read and assembly alignment and vali- 

dation of high peak content 

Supplementary Table S1 : Illumina sequencing results. 

Supplementary Table S2 : Nanopor e sequencing r esults for the F1 

hybrid individual. 

Supplementary Table S3 : Summary statistics for long-read bin- 

ning using the parental short reads. 

Supplementary Table S4 : Summary statistics of placed and un- 

placed contigs after scaffolding with ALLMAPS for the E. urophylla 

and E. grandis haplogenomes respectively. 

Supplementary Table S5. Repeat element content of assembled 

haplogenomes. 

Supplementary Table S6 : Haplogenome annotation statistics. 

Supplementary Table S7 : Number and total length of syntenic 

and r earr anged r egions in the E. grandis and E. urophylla hap- 

logenomes. 

Supplementary Table S8 : Number and total length of local se- 

quence variation in syntenic and rearranged region in the E. gran- 

dis and E. urophylla haplogenomes. 

Supplementary Table S9 : Inv ersions lar ger than 50 kb between 

the E. grandis and E. urophylla haplogenomes. 

Supplementary Ta ble S10 : Translocations betw een the E. grandis 

and E. urophylla haplogenomes that are larger than 50 kb. 

Supplementary Table S11 : KEGG pathway enrichment analyses 

for genes within inverted and translocated gene alignment blocks 

between the E. grandis and E. urophylla haplogenome assemblies. 

Supplementary Table S12 : KEGG pathway enrichment analyses 

for genes that do not have a pairwise alignment between the E. 

grandis (r efer ence) and E. urophylla (test) haplogenome assemblies. 

Supplementary Table S13 : Altered position and length of genes 

with an in-frame stop codon. 

Supplementary Table S14 : Phase block statistics of the E. grandis 

and E. urophylla haplo-genome assemblies. 

Supplementary Table S15 : E. grandis and E. urophylla high cov er a ge 

bin content. 
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Da ta av ailability 

Illumina DNA sequencing data was uploaded at NCBI SRA under 

BioProject: PRJNA885070. High density genetic linkage maps are 

available on GitLab [ 78 ]. The haplogenome assemblies were up- 

loaded to the NCBI database and can be accessed with accession 

no . J A OPUP000000000 and J A OPUO000000000. All supporting data 

suc h as r epeat element libr aries , genome annotation �les , synteny 

analyses output �les etc. are available in GigaDB [ 79 ]. 
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