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Abstract 

Bac kgr ound: Melaleuca quinquenervia (br oad-leav ed paperbark) is a coastal wetland tree species that serves as a foundation species in 

eastern A ustralia, Indonesia, P apua Ne w Guinea, and Ne w Caledonia. While extensi v el y culti v ated for its ornamental value, it has also 
become inv asi v e in r egions like Florida, USA. Long-li v ed tr ees face di v erse pest and pathogen pr essur es, and plant str ess r esponses 
r el y on imm une r ece ptors encoded by the n ucleotide-binding leucine-rich r e peat (NLR) gene famil y. Howev er, the compr ehensi v e 
annotation of NLR encoding genes has been challenging due to their clustering arrangement on chromosomes and highly repetitive 
domain structure; expansion of the NLR gene family is driven largely by tandem duplication. Additionally, the allelic diversity of the 
NLR gene family remains largely unexplored in outcrossing tree species, as many genomes are presented in their haploid, collapsed 

state. 

Results: We assembled a chromosome-level pseudo-phased genome for M . quinquenervia and described the allelic di v ersity of plant 
NLRs using the novel FindPlantNLRs pipeline. Analysis reveals variation in the number of NLR genes on each haplotype, distinct 
clustering patterns, and differences in the types and numbers of novel inte gr ated domains. 

Conclusions: The high-quality M. quinquenervia genome assemb l y esta b lishes a ne w frame work for functional and ev olutionar y stud- 
ies of this significant tree species. Our findings suggest that maintaining allelic di v ersity within the NLR gene family is crucial for 
ena b ling r esponses to envir onmental str ess, particularl y in long-li v ed plants. 

Ke yw ords: NLR, resistance genes, Melaleuca quinquenervia genome, FindPlantNLRs, br oad-leav ed paperbark 
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Bac kgr ound 

Melaleuca quinquenervia (Cav .) S.T . Blake [ 1 ] is a br oad-leav ed pa- 
perbark tree endemic to the wetlands of eastern Australia, Papua 
Ne w Guinea, Ne w Caledonia, and Indonesia (Fig. 1 ) [ 2 ]. Melaleuca 
quinquenervia belongs to the family Myrtaceae, a large family of 
w oody flo w ering plants consisting of ov er 144 gener a and 5,500 
species [ 3 ] with the genus Melaleuca comprising almost 300 species 
[ 2 ]. While M. quinquenervia is a k e ystone species in its nativ e r ange,
it is planted extensiv el y as an ornamental and is commercially 
important as a source of essential oils and nectar for honey [ 2 ].
The species has become highly invasive in the wetlands of Florida 
in the United States following its introduction as an ornamental 
in the early 1900s [ 4 ] and has incr eased fir e risk and caused the 
significant loss of nativ e v egetation and associated biodiversity in 

wetland areas [ 5 ]. The management of M. quinquenervia outside its 
nativ e r ange has a serious economic impact due to labor-intensiv e 
mana gement pr actices, including site monitoring, the physical re- 
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ov al of tr ees, and herbicide a pplication [ 4 ]. High-accur acy r efer-
nce genomes are important for molecular and evolutionary stud- 
es, as well as providing a tool for str ategic mana gement of na-
iv e and inv asiv e species. With no current genome resource for M.
uinquenervia , molecular r esearc h has been limited to homology-
ased studies using plants within the Myrtaceae family, including
he closely related species Melaleuca alternifolia [ 6–8 ]. 

Long-living tr ee species, suc h as M . quinquenervia , ar e exposed
o extensive biotic stresses over their lifetime [ 9 ], including a wide
ange of pests and pathogens. Plants employ various strategies 
o combat pests and pathogens . T hese include preformed phys-
cal barriers, such as leaf cuticles [ 10 , 11 ] and changes in leaf
natomy [ 12 ], and chemical barriers such as secondary metabo-
ites [ 13 , 14 ]. At a molecular le v el, plants r el y on an innate im-

une system to recognize and respond to pathogens [ 15 ]. The
lant immune system can be considered as 2 distinctly activated
ut interpla ying pathwa ys in v olving crosstalk betw een pathogen
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Figure 1: Global distribution of Melaleuca quinquenervia in its native range (Australia, Papua New Guinea, New Caledonia, and Indonesia; pink dots) and 
intr oduced r ange (blue dots). Data sourced fr om GBIF with dark er shades indicati v e of higher r ecord densities. Ma p gener ated using OpenStr eetMa p, 
licensed under the Open Data Commons Open Database License. Photos of the genome tree and detail of bark used in map background taken in the 
Ro y al Botanic Garden Sydney by S.H. Chen and P.A. Tobias. 
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nd host [ 16 ]. Research has therefore focussed on understanding
he molecular basis of host tree responses to inform management,
ith a k e y emphasis on recognition and response to invasion
atterns [ 17 ]. 

There has been substantial r esearc h focused on understand-
ng the r a pid, cascading r esponse leading to pr ogr ammed cell
eath, initiated by r esistance r eceptors of the nucleotide-binding

eucine-ric h r epeat (NLR) domain type [ 18 ]. The genes encoding
LRs are a large group of plant resistance genes and are mod-
lar in their structur e, gener all y containing 3 main domains: a
ucleotide binding (NB) domain, an N-terminal domain, and a
-terminal domain. The NB site, or NBARC (Apaf-1, R-protein,
nd CED-4), is highly conserved in plants , ha ving an important
ole in activation of the hypersensitive response (HR), which
loc ks disease pr ogr ession by stim ulating pr ogr ammed cell death
ithin and around the infected region [ 19 ]. Of the 8 motifs con-

tituting the NBARC, the P-loop motif is the most highly con-
erved, being essential for ATP hydrolysis and NLR function [ 20 ].
he NLR N-terminal domain is commonly a Toll/interleukin 1
 eceptor/r esistance pr otein (TIR) domain, a coiled–coil (CC) do-
ain, or a RESIST ANCE TO POWDER Y MILDEW 8–like coiled–

oil (RPW8/CC-R) domain [ 21 ]. Studies hav e demonstr ated an
mportant role for this domain for pathogen recognition and
ignaling [ 22 , 23 ]. Plant NLRs also contain leucine-rich repeats
LRRs), whic h ar e subject to str ong div ersifying selection and show
igh sequence diversity even within closely related genes [ 24 ].
tudies suggest the high diversity of this region is the result of co-
v olution betw een host and pathogen, with se v er al studies show-
ng specific pathogen ligand interaction at this site. 

While NLRs share common domains, they are highly diverse,
 v en within the well-studied model species Arabidopsis thaliana
 25 ]. Adding to this diversity is the addition of novel integrated
omains (IDs), which can be numerous within a NLR protein and
re located at various locations within the modular structure of
hese pr oteins [ 26 ]. Mimic king host pr oteins, e vidence suggests
hat these domains function as decoy targets for pathogen se-
reted molecules, known as effectors, allowing for host recogni-
ion and triggering immune signaling [ 27 ]. A well-documented
xample is the RRS1 NLR in A. thaliana , which carries a WRKY
omain [ 28 ]. It interacts with RPS4 to recognize effectors from
 range of pathogens, with the pair forming a complex that is
ctivated upon targeting/modification of the WRKY domain [ 28 ].
ithout this recognition, pathogen effectors were found to inhibit

ost WRKY DNA binding that plays a role in defense signaling,
ndicating a role for the ID as a decoy [ 28 ]. Other notable exam-
les include RGA5 and Pik-1 in rice, which both contain a heavy
etal–associated domain that recognizes effectors from the rice

last pathogen Magnaporthe oryzae [ 29 , 30 ]. 
NLR genes are also known to be numerous in many plant

enomes [ 31 ], r epr esenting ov er 2% of all genes in apple ( Malus do-
estica ) [ 32 ]. While initial studies computationally identified 149
utative NLR-type genes in the genome of A. thaliana [ 33 ], more
 ecentl y, a cor e set of 106 NLR orthogroups (6,080 genes) has been
stablished across 52 plant accessions lar gel y found in Europe
 25 ] showing the incredible diversity of these genes within a single
pecies. Despite the importance of this gene family in determin-
ng plant disease r esistance, onl y 481 genes fr om 31 species have
een fully or partially functionally characterized [ 34 ]. 

Overcoming the challenges associated with assembling these
ighl y pol ymor phic and r e petiti ve genes has been aided by se-
uencing technologies such as Oxford Nanopore Technologies

ONT) and PacBio HiFi [ 35 , 36 ]. By facilitating the generation of
ore contiguous genome assemblies, these technologies allow for

r eater c har acterization and e volutionary anal ysis of NLR genes.
his was highlighted in a recent analysis of an updated refer-
nce genome of barley [ 37 ], whic h r e v ealed ov er double the num-
er of NLR genes compared to previous assemblies generated
ith short reads [ 38 , 39 ]. It has also aided in the generation of a
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Table 1: Genomic sequence reads for the Melaleuca quinquenervia genome 

Sequencing platform Library 
Median insert 

size (bp) 
Mean read 
length (bp) No. of reads 

Sequence 
bases (Gb) 

PacBio Sequel II HiFi SMRTbell 16,506 17,058 1,140,849 19.46 
Illumina NextSeq 500 ∗ Phase Genomics Proximo Hi-C (Plant) — 2 × 151 770,901,164 116.4 
Oxford Nanopore 
Technologies 

Ligation (SQK-LSK110) — 26,803 2,400,431 64.68 

Total gDNA — — — 774,442,444 200.5 

∗Includes a pilot iSeq run used to quality-control the library. 
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near-complete NLRome in A. thaliana , allowing for the mapping of 
NLR genes that were previously uncharacterized [ 25 ]. 

The genomes of many diploid organisms are represented as 
collapsed consensus sequences from homologous chromosomes 
[ 40 ]. Owing to the highl y r e petiti v e natur e of plant NLRs, detailed 

genome-wide analysis of NLR allelic variation has yet to be carried 

out. Studies have revealed extensive allelic variation in NLR genes 
such as 8 brown planthopper resistance genes in Oryza sativa 
[ 40 ]. These results indicate the importance of detailed analysis of 
both c hr omosome sets to mor e accur atel y c har acterize NLRs, with 

the outcomes having implications for plant/pathogen coevolution 

and informing downstream molecular analyses. Recent develop- 
ments in sequencing and scaffolding methods [ 41 ] provide the op- 
portunity to generate phased genomes of highly heterozygous or- 
ganisms such as M. quinquenervia [ 6 , 42 ]. 

Her e we pr esent a c hr omosome-le v el and pseudo-phased 

diploid genome assembly for M. quinquenervia. We make available 
FindPlantNLRs [ 43 ], a novel pipeline to fully annotate putative 
NLR genes, taking a genome file as the starting point . We com- 
par e NLR allelic v ariance within the phased, c hr omosome-le v el 
genome assembly of M. quinquenervia to provide the first example,
to our knowledge, of NLR diversity in a diploid tree genome. Our 
data indicate that copy number, presence/absence, and integrated 

domains ar e highl y v ariable between ha plotypes . T hese findings 
r e v eal the high le v el of diversity that exists for NLRs within a sin- 
gle plant genome. With m uc h of this lost in a collapsed form, we 
demonstrate the importance of our approach to assist research 

into plant responses to environmental challenges. 

Analyses 

A high quality pseudo-phased genome assembly 

for Melaleuca quinquenervia 

We sourced leaf material from a mature M. quinquenervia tree 
growing at the Royal Botanic Garden (RBG) in Sydney, New South 

Wales, for use as the r efer ence genome. The tree was planted 

in 1880, is 140 years old and of unknown pr ov enance, and is a 
vouc her ed specimen of the RBG living collections. High molec- 
ular weight DNA was extracted for PacBio HiFi and ONT se- 
quencing. Fresh leaf samples were sent for Hi-C library prepara- 
tion and sequencing. We assembled the M. quinquenervia genome 
with HiFiasm [ 44 ] using HiFi sequencing data and integrating 
Hi-C data, with a total yield of 19.46 Gb and 116.4 Gb reads,
r espectiv el y (Table 1 ). We independently scaffolded the result- 
ing pseudo-phased outputs using the Aidan Lab pipelines [ 45–
46 ] and determined each haplotype comprising 11 chromosomes 
with 94% of sequences assigned to c hr omosomes for both hap- 
lotypes ( Supplementary Fig. S1A, B ). To independently verify the 
HiFi assemblies, we assembled and scaffolded the ONT data 
( Supplementary Fig. S1C, D ), which sho w ed a high degree of syn- 
teny to the HiFi assemblies ( Supplementary Fig. S2A, B ). Our fi- 
al assembly genomes were 269,244,392 bp and 271,680,404 bp 

or haplotypes A and B, respectively (Table 2 ). We used Chromsyn
 47 ] to investigate synteny of M. quinquenervia to 5 c hr omosome-
e v el Myrtaceae genomes, all with 2 n = 22 c hr omosomes (Fig. 2 ).
he scaffolding of haplotype A is supported by the scaffolding of
aplotype B for M. quinquenervia , despite the processes being run

ndependently. We determined some inversions against the other 
yrtaceae genome c hr omosomes that likel y r epr esent misassem-

lies in the less contiguous assemblies (Fig. 2 ). 
We c hec k ed the genome outputs using De pthsizer [ 48 ] using

iFi and ONT reads to show a genome size of a ppr oximatel y 274
b and 272 Mb for haplotypes A and B, respectively, with the ONT

ssembly giving similar figures ( Supplementary Table S1 ). We fur-
her validated the genome size using GenomeScope [ 49 ], which
r edicted a ha ploid genome size of 262 Mb ( Supplementary Fig.
3A ). We confirmed the diploid state of the genome using Smudge-
lot [ 50 ] ( Supplementary Fig. S3B ). 

To impr ov e the ov er all quality of the M. quinquenervia genomes,
e carried out se v er al r ounds of scaffolding, polishing, and gap
lling, with telomer es pr edicted by both Diploidocus [ 48 ] and
idk [ 51 ] at the end of c hr omosome scaffolds in most instances
 Supplementary Fig. S2A, B ). There are only a small number of
a ps (fe wer than 60) ( Supplementary Fig. S2A, B ). 

Base pair–le v el accur ac y w as tested against Merqury [ 52 ],
ith both haplotypes showing very high-quality and accuracy 

cor es. Additionall y, we determined very high genome complete- 
ess of both haplotypes using BUSCO [ 53 ] (Table 2 , Fig. 3 A, B,
upplementary Fig. S4A –F ). We ran GeMoMa [ 54 ] annotation on
he 2 haplotypes, and both proteomes were 99.7% complete ac-
ording to BUSCO. We assessed the re petiti ve as well as transfer
N A (tRN A) and ribosomal RN A (rRN A) elements using Repeat-
odeler [ 55 ] (Table 2 ). 

 novel pipeline to identify and classify NLRs 

e de v eloped a compr ehensiv e pipeline to annotate predicted
LR genes from an unmasked genome fasta file input (Fig. 4 ).
he rationale for an unmasked sequence is that with the repet-

tiv e natur e of the NLRs, r egions may be missed with standard
nnotations [ 56 ]. Our pipeline, named FindPlantNLRs [ 43 ], uses
 k e y a ppr oac hes. We combined loci identified using (i) NLR an-
otator software [ 57 ] with (ii) a basic local alignment search tool

tblastn) [ 58 ] using r ecentl y compiled and functionall y v alidated
LR amino acid sequences and (iii) a nucleotide iter ativ e hidden
arkov model (HMM) [ 59 ] to locate NBARC domains in genomes

 60 , 61 ]. While the pipeline was de v eloped to seek NLR genes
ithin Myrtaceae genomes, the supplied NBARC HMMs are suit- 
ble for any plant genome search due to the iterative step that
uilds a unique species-specific HMM combined with the use of
 other steps that incor por ate br oader models . T he loci identi-
ed through these methods, and including 20-kb flanking regions,
re then annotated with Braker2 software [ 62 ] using protein hints

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
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Table 2: Genome statistics for the Melaleuca quinquenervia phased r efer ence genome 

Statistic Haplotype A Haplotype B 

Total length (bp) 269,244,392 271,680,404 
No. of scaffolds 196 183 
N50 (bp) ∗ 22,766,892 22,112,861 
L50 

†
6 6 

No. of contigs 251 241 
N50 (bp) ∗ 7,525,323 5,650,000 
L50 

†
14 16 

No. of gaps 55 58 
GC (%) 40.38 40.51 
BUSCO complete (genome; n = 1,614) 99.1% (1,599) 98.8% (1,595) 
Single copy (genome) 98.0% (1,581) 97.7% (1,577) 
Duplicated (genome) 1.1% (18) 1.1% (18) 
BUSCO fragmented (genome) 0.6% (9) 0.7% (12) 
BUSCO missing (genome) 0.3% (6) 0.5% (7) 
Protein-coding genes (GeMoMa) 28,744 28,517 
mRNAs 43,219 42,866 
rRNAs 574 1,928 
tRNAs 433 422 
NBARCs (FindPlantNLRs annotation) 762 733 
NLRs 676 652 
BUSCO complete (proteome; n = 1,614) 99.7% (1,610) 99.7% (1,610) 
Single copy (proteome) 84.9% (1,371) 85.0% (1,372) 
Duplicated (proteome) 14.8% (239) 14.7% (238) 
BUSCO fragmented (proteome) 0.1% (2) 0.1% (2) 
BUSCO missing (proteome) 0.2% (2) 0.2% (2) 
Merqury QV 62.3 62.3 
Repeats 33.1% 33.9% 

∗At least half of the bases occur in a contig/scaffold of N50 bp or greater. 
†L50 is the number of contigs/scaffolds of length N50 bp or greater. 

Figure 2: Synteny between Melaleuca quinquenervia phased genome and selected c hr omosome-le v el Myrtaceae genomes ( Angophora floribunda , 
Eucalyptus grandis , Rhodamnia argentea , Psidium guajava , and Syzygium aromaticum ). Synteny blocks of collinear “Complete” BUSCO genes link scaffolds 
from adjacent assemblies: blue, same strand; red, inverse strand. Yellow triangles mark “duplicated” BUSCOs. Filled circles mark telomere predictions 
from Diploidocus (black) and tidk (blue). Assembly gaps are marked as dark red + signs. 
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r om experimentall y v alidated r esistance genes [ 34 ]. Annotated
mino acid fasta files ar e scr eened for domains using Inter pr oscan
 63 ] and the predicted coding and amino acid sequences con-
aining both NBARC and LRR domains are located back to scaf-
olds and extracted using additional scripts available on GitHub.
o identify all classes of annotated NLRs, we de v eloped a script
hat sorted and classified the “gene” types. We ran the file outputs
rom FindPlantNLRs with the NLR classification script [ 43 ]. To fur-
her identify novel predicted integrated domains in the annotated
LRs, we de v eloped a script to searc h the data based on Pfam do-
ain identities not classically associated with NLRs [ 43 ]. While

ur analyses have focused on full-length NLRs, output from the
ipeline also includes truncated NB-containing genes . T hese files
ave been made available on GigaDB for future analyses. 
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Figure 3: Genome-wide regional copy number analysis for Melaleuca quinquenervia (A) haplotype A and (B) haplotype B using HiFi read data. Copy 
number (CN) is r elativ e to a single diploid (2 n ) copy in the genome. Violin plots and means generated with ggstatsplot. Each data point represents a 
different genomic region: BUSCO, BUSCO v5 (MetaEuk) single-copy “Complete” genes; Duplicated, BUSCO v5 “duplicated” genes; NLR, resistance gene 
annotations; NB ARC, NB ARC domains; Sequences, assembly scaffolds; and Windo ws , 100-kb nono v erla pping windows acr oss the genome. Plot 
truncated at CN = 4. 
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NLR number is variable across chromosomes 

and haplotypes 

Using the FindPlantNLRs pipeline, we identified 762 putative 
NBARC-containing genes in haplotype A and 733 in haplotype 
B based on the presence of the NBARC domain ( Supplementary 
Table S2 ). As canonical NLRs r equir e both NBARC and LRR regions 
o be functional, for downstream analyses, we were interested 

n isolating full gene models (genes containing both domains).
ermed NLRs from hereon, we have divided these into genes con-
aining a TIR domain (TNL), a CC or Rx domain (CNL), and those
acking TIR or CC domains (NL). Of the 762 NBARC-containing
enes in haplotype A, we predicted 676 NLRs, of which 67 lacked

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
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F igure 4: Workflo w of the FindPlantNLRs pipeline: a tool for annotating nucleotide binding and leucine-ric h r epeat (NLR) genes . T he pipeline annotates 
pr edicted NLR genes fr om an unmasked genome fasta file input. We combine loci identified using NLR annotator software with a basic local alignment 
search tool (tblastn) using recently compiled and functionally validated NLR amino acid sequences and a nucleotide iterative hidden Markov model 
(HMM) to locate NBARC domains in genomes . T he loci identified (including 20-kb flanking regions) are then annotated with Braker2 software using 
protein hints from experimentally validated resistance genes. Annotated amino acid fasta files are screened for domains using Interproscan, and the 
predicted coding and amino acid sequences containing both NB-ARC and LRR domains are located back to scaffolds and extracted in gff3 format. 
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n N-terminal CC or TIR domain ( Supplementary Table S3 ). We
xcluded 86 predicted genes as they did not fit the definition of
ull gene models, with 68 lacking a C-terminal LRR domain and
8 lacking both N- and C-terminal domains ( Supplementary Table
2 ). Of the 733 NBARC-containing genes in haplotype B, we pre-
icted 652 full gene models, of which 71 lacked an N-terminal
C or TIR domain ( Supplementary Table S3 ). We excluded 81 pre-
icted genes as they did not fit the definition of full gene models,
ith 61 lacking a C-terminal LRR domain and 20 lacking both N-
nd C-terminal domains ( Supplementary Table S2 ). 

As NLR numbers differed between haplotypes, we sought to
urther investigate this difference at the c hr omosome le v el. The
umber of NLR genes per c hr omosome v aried by up to 31 genes
etween ha plotypes, with onl y c hr omosomes 1 and 9 containing
he same number of genes acr oss ha plotypes (Fig. 5 A). In ha plo-
ype A, c hr omosome 2 contained the highest number of NLR genes
ollo w ed b y c hr omosomes 5 and 3, while c hr omosome 5 contained
he highest number of genes follo w ed b y c hr omosomes 3 and 2 in
aplotype B (Fig. 5 A). Upon further investigation, we determined
he classes of NLRs is also consistent across chromosomes 1 and
, while on all other c hr omosomes, the number of NLRs in each
lass is variable (Fig. 5 B, C). Chromosome 1 was also the only chro-
osome to contain NLRs of 1 class (CNL) (Fig. 5 B, C). 

LR genes are arranged in clusters with hotspots
n chromosomes 

o visualize the physical clustering of NLRs on c hr omosomes, we
apped gene locations to chromosomal locations in both haplo-

ypes (Fig. 6 A, B). Employing the definition of a cluster as being
 genomic region with 3 NLRs less than 250 kb apart with fewer
han 8 other genes between each NLR, we determined variation
n the number of genes clustering per haplotype and clusters per
 hr omosome within and between haplotypes. At a gene le v el, we
etermined 89.8% of genes in haplotype A and 90.5% of genes in
aplotype B occur in clusters. A total of 51 clusters were identified

n haplotype A with an average of 4.6 clusters per chromosome
nd an av er a ge of 11.7 genes per cluster. A total of 50 clusters
ere identified in haplotype B, averaging 5 clusters per c hr omo-

ome and an av er a ge of 11.4 genes per cluster. Of the genes, 5.1%
ere determined to occur as singles in haplotype A and 5.1% as
airs, and 6.1% of genes in haplotype B were determined to occur
s singles and 3.4% as pairs. In both haplotypes, the most clus-
ers were on chromosome 5 (11 and 15 on haplotypes A and B, re-
pectiv el y) and the least (1 cluster) on c hr omosome 9 in both hap-
otypes (Fig. 6 A, B). The independently assembled and annotated
ssemblies based on ONT data verified the location of the major-
ty of NLRs ( Supplementary Fig. S5 ). 

To investigate the role of assembly quality and completeness
n NLR identification and clustering, we identified the closest
rtholog in the other haplotype for each NLR gene and plotted
hese relationships along with the positions of assembly gaps
 Supplementary Figs. S6 and S7 ). While a few NLR clusters had
ssembl y ga ps in one or other ha plotype, ther e wer e no ob vious
ases where a haplotype-specific expansion could be explained
y a ga p corr esponding to the homologous region ( Supplementary
igs. S7 and S8 ). We then determined if these clusters comprised
enes of the same class. We defined classes of clusters by clus-
ers containing only genes of 1 class along with NL -type genes;
therwise, they were considered mixed. TNL-type clusters were
he most abundant clusters in both haplotypes and most abun-
ant on c hr omosomes 3 and 5 in haplotype A and chromosome
 in haplotype B (Fig. 6 C, D). CNL-type clusters were more evenly
istributed acr oss c hr omosomes in both ha plotypes, with c hr o-
osome 2 containing the most clusters (4 in haplotype A and 5 in

aplotype B) (Fig. 6 C, D). 

ntegr a ted domains are unique between 

aplotypes 

ased on Pfam domain identities of the predicted NLR genes, we
iscov er ed 4.8% of NLRs in haplotype A contained IDs (Fig. 7 A), of
hich 44% contained more than 1 unique domain. Similarly, we
bserv ed a compar able percenta ge of 4.5% in haplotype B (Fig. 7 B),
ith 37% of the predicted genes containing multiple unique do-
ains. We also examined the number of ID-containing NLRs per

 hr omosome and noted that in haplotype A, chromosome 3 had
he highest count with 7 while c hr omosome 11 had none. In hap-
otype B, c hr omosome 3 had 6 ID-containing NLRs, and 11 also had
one (Fig. 7 C). During our investigation, we identified 48 unique

Ds across both haplotypes. Interestingly, we found 23 IDs were
xclusive to haplotype A, but only 8 were exclusive to haplotype

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
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Figure 5: Summary of the number of predicted NLR genes per chromosome in the phased Melaleuca quinquenervia genome. (A) Comparison of the 
number of putative NLR genes on each chromosome in haplotypes A and B. Putative NLRs were classified into TIR-NLR (TNL), CC-NLR and Rx-NLR 
(CNL), and NL classes on individual c hr omosomes in (B) haplotype A and (C) haplotype B. 
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B ( Supplementary Table S4 ). The remaining IDs were identified in 

both haplotypes ( Supplementary Table S4 ). 

NLRs cluster into 2 distinct clades 

The evolutionary relatedness of the 1,328 NBARC domains (462 
CNL, 726 TNL, and 140 NL) from complete NLR gene models sep- 
arated into 2 major clades: CNL (CNL, RxNL, and RNL genes com- 
bined) and TNL genes (Fig. 8 ). Fifty-nine percent of all sequences 
aligned with the TNL (784) clade and 41 percent of total sequences 
aligned with the CNL clade (544), with 98 of the 140 NL sequences 
aligned with CNL and 42 aligned with TNL clades (Fig. 8 ). Fifteen 

CNL NBARC sequences clustered within the TNL clade, but no 
TNLs clustered within the CNL clade. On closer inspection of these 
15 NBARC amino acid sequences, we determined that the integrity 
of the tree is correct due to the lack of the “W” (tryptophan) at 
the “LDD ∗W” kinase 2 subdomain ( Supplementary Fig. S9 ). This 
is canonical for CNL clade NBARC domains but not present in 

the TNL clade [ 61 ]. We inspected the annotation and classifica- 
tion from FindPlantNLRs and found coiled–coil and Rx domains 
at the amino-terminus on these 15 gene models, hence the clas- 
sification. It should be noted that all other NLR analyses in our 
study are based on the full annotated gene classification. 

Tr anscript e vidence found for predicted NLRs 

To confirm that in silico NLR predictions were actively expressed,
w e do wnloaded RN A sequencing (RN A-seq) data from a pr e vious 
M. quinquenervia study that inv estigated r esponses to the plant 
pathogen causing myrtle rust [ 65 ]. We mapped all the available 
RNA-seq data to the NLR coding sequencing for each haploid 
enome independently using Hisat2 [ 66 ]. Taking the transcripts
er million (TPM) cutoff of 50, we determined expression for 617
nd 596 NLR coding sequences from haplotypes A and B, respec-
iv el y. The most abundantly expressed predicted NLR gene is an
PW8 (PF05659) NLR homologue, TPM 50,744 and 47,856 for hap-

otypes A and B, r espectiv el y. This gene is predicted on chromo-
ome 6, NLR gene identifications, g7145.t1 and g1651.t1, respec- 
iv el y ( Supplementary Table S3 ). 

iscussion 

 high-quality diploid genome for the keystone 

etland species, Melaleuca quinquenervia 

o promote scientific investigation, we have assembled a 
elomer e-to-telomer e diploid genome for a k e ystone wetland
pecies , the broadlea ved paperbark tree , M. quinquenervia . Using
70 × HiFi cov er a ge (35 × per haplotype), combined with ∼380 × Il-

umina Hi-C cov er a ge, our assembl y scaffolded into the expected
1 Myrtaceae c hr omosomes (2 n = 22) and has a very high le v el of
USCO completeness (Table 2 ). With careful curation to remove 
caffolding errors and misassemblies, follo w ed b y polishing, w e
umbered 2 sets of parental chromosomes in accordance with the
yrtaceae r efer ence genome, an inbred clone of Eucalyptus grandis

 7 ]. We were able to show synteny between the M. quinquenervia
 hr omosomes with 5 other publicly available chromosome-level 
yrtaceae genomes (Fig. 2 ). Additionally, the genome and sub-

equent anal yses wer e independentl y v alidated with scaffolded
ssemblies using ∼234 × ONT data. Based on homology with 3
ublicl y av ailable Myrtaceae pr oteomes and with A. thaliana , we
redicted 28,744 and 28,517 protein-coding genes within the 2 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
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Figure 6: Physical clustering of predicted NLR genes in the phased Melaleuca quinquenervia genome. Physical locations of predicted NLR genes on the 
c hr omosomes of Melaleuca quinquenervia (A) haplotype A and (B) haplotype B generated using ChromoMap in RStudio. The number of clusters per 
c hr omosomes in (C) haplotype A and (D) haplotype B was analyzed and categorized based on the classes of all NLR genes. 
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 hr omosome sets . T hese numbers ar e slightl y less per ha plotype
ut comparable to the predicted 36,779 for the haploid genome of
. grandis . This is likely to be due to the earlier generation sequenc-
ng tec hnology, assembl y softwar e, and the r esult of colla psed as-
emblies for highly heterozygous plants. We annotated re petiti ve
enomic regions at ∼33% in both haplotypes, compared to 41%
nd 44% in E. grandis [ 7 ] and E. pauciflora [ 67 ], r espectiv el y, likel y
elated to the smaller genome size for M. quinquenervia . There was
 marked difference in rRNA content between the 2 haplotypes,
nd these differences are being driven by rRNA on unanc hor ed
ontigs. Our cur ated assembl y meets the high standards and met-
ics of the v ertebr ate genome pr oject objectiv es [ 68 ], pr oviding an
xceptional resource for functional molecular and evolutionary
tudies. 

 smaller than predicted genome for Melaleuca 

uinquenervia 

 2C-value of 1.94 was previously reported in the literature us-
ng flo w c ytometry on samples from a tree in a university garden
 68 ]. We ther efor e expected the genome size for eac h ha ploid as-
embly to be 949 Mb and planned our sequencing experiments ac-
ordingly. The M. quinquenervia genomes we assembled are much
maller, at ∼270 Mb, and polyploidy has not been reported in this
pecies . T he authors on the flow cytometry study reported prob-
ems processing their Myrtaceae samples, perhaps explaining the
ar ge size discr epancy in these r esults. To test that our results were
ccur ate, we c hec k ed the ploid y and ran k -mer and read depth–
ased analyses, as described in the Methods. Results indicated the
enome was 270 to 280 Mb, less than half the size of the E. grandis
enome at 640 Mb [ 7 ]. While the genome size was surprising, we
ere able to use the high sequence cov er a ge to ensur e a highl y
ccurate diploid genome. 

 he annota ted NLR complement for both 

elaleuca quinquenervia chromosome sets 

ith the high quality of our genome, w e w ere able to comprehen-
iv el y annotate the NLR-type resistance genes in both inherited
 hr omosome sets, using our novel FindPlantNLRs pipeline. Of the
,495 annotated NBARC-containing genes identified in the M . quin-
uenervia genome (Fig. 5 ), we determined that 1,328 were complete
LRs while a further 167 contained the NBARC domain but lacked
ither, or both, the C- or N-terminal domains . T he number of
BARC-containing genes in the genome is consistent with analy-

is of E. grandis , which was determined at 1,487 NBARC-containing
enes [ 61 ] despite a m uc h lar ger genome size. Although genome
ize is not dir ectl y corr elated with NLR content [ 69 ], the presen-
ation of the E. grandis genome in its collapsed form may result in
nderr epr esentation of the NLRs as allelic variants. We estimated
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Figur e 7: T he NLR gene complement in the phased Melaleuca quinquenervia genome . T he 2 sets of c hr omosomes corr esponding to (A) ha plotype A and 
(B) haplotype B were independently classified and visualized to present the domain classes using Sank e ymatic [ 64 ], including the types and counts of 
IDs with abbr e viations deriv ed fr om the Pfam database [ 43 ]. NB, nucleotide binding domain; TIR, Toll/interleukin 1 receptor; J A C, jacalin domain; 
Rx, potato CC-NB-LRR protein Rx; Coil, coil–coil domain; RPW8, RESISTANCE TO POWDERY MILDEW 8–like coiled–coil. (C) The number of 
ID-containing NLRs per haplotype and chromosome in both haplotypes. 
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125 genes in haplotype A had no ortholog in the alternate haplo- 
type, while 107 from haplotype B had no ortholog in the alternate 
haplotype ( Supplementary Figs. S6 and S7 ). To our knowledge, this 
is the first published r esearc h that has presented the allelic NLR 

complement in a phased, c hr omosome-le v el genome. As such,
analysis of orthologs between haplotypes is limited to curr entl y 
av ailable softwar e that is designed to compare species . T he soft- 
ware limitation may therefore lead to some discrepancies in or- 
tholog numbers within our analyses ( Supplementary Figs. S6 and 

S7 ). Nonetheless, our detailed analysis highlights unique allelic 
variation that will assist research into the reported different phe- 
notypic responses to pest- and pathogen-challenged species with 

the family Myrtaceae [ 65 ]. Our data might also be useful for un- 
derstanding the strong evolutionary selection pressures on these 
plant imm une r eceptors that has r esulted in the allelic variation 

we present for M. quinquenervia . Analysis of gene families such 

as NLRs may also assist in understanding how inv asiv e species 
manage to escape native-range microbes, as is the case for M.
quinquenervia in Florida, where it is exposed to a new suite of 
microbes [ 70 ]. 

Melaleuca quinquenervia NLRs are dominated by 

TNL-type resistance genes 

Consistent with the E. grandis NLR annotation is the higher pro- 
portion of TNL- to CNL-type genes supporting an expansion of the 
NL clade within the Myrtaceae [ 61 ]. This is further validated by
 ecent phylogenetic anal yses using tr anscripts fr om M. quinquen-
rvia and M. alternifolia that r e v ealed a ppr oximatel y tw o-thir ds
f NLR transcripts clustering with TNLs from E. grandis [ 71 ]. We
ound TNL to CNL ratios of ∼3:1 in haplotype A and ∼3:2 in hap-
otype B of M. quinquenervia . The ID-containing NLRs had a greater
roportion of TNLs than CNLs with IDs ( ∼2:1 and 3:1 in haplotypes
 and B, r espectiv el y). The TIR domain has been demonstr ated to
lay a k e y role in the self-association of the NLR proteins to form
igher-order resistosomes that are necessary for immune signal- 

ng [ 72 ]. Of particular interest of the TNL-type genes annotated
re those containing a C-terminal jacalin domain and no LRR do-
ain (Fig. 7 ). NLRs containing an alternative C-terminal domain

ave been identified in a range of agriculturally important plant
pecies such as wheat, rice, sorghum, and barley, as well as tree
pecies such as E. grandis , Syzygium luehmannii , and M. quinquen-
rvia [ 61 , 71 , 73 , 74 ]. Unlike con ventional NLRs , which contain a
-terminal LRR domain, the LRR is replaced by a jacalin domain

PF01419), a mannose-binding lectin. Although pr e viousl y thought
f as a decoy domain for pathogen effectors, the replacement of
he LRR domain by a jacalin domain suggests that this domain

a y pla y a role in NLR function. The expansion of the TIR class
ombined with fused IDs within TNLs, discussed later, may pro-
ide novel defense capacity against pests and pathogens. Chro- 
osomal locations for all truncated NLRs are available in GigaDB

 75 ]. 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
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F igure 8: Ev olutionary relationship of NB ARC domains fr om pr edicted NLR genes within the phased Melaleuca quinquenervia genome . T he NBARC 

domain fasta file and additional NBARC sequences, as out-gr oups, fr om functionall y v alidated plant NLRs [ 34 ], wer e aligned with Clustal Omega 
(v1.2.4) [ 120 ]. The phylogenetic tree was inferred with the alignment file using IQ-TREE (v1.6.7) [ 121 ] and visualized in iTOL (v5) [ 122 ]. Each tip 
r epr esents one putative NLR gene with branch lengths signifying rates of amino acid substitutions. Colors indicate the CNL (including RxNLs) (pink), 
TNL (blue), and NL (y ello w) clades. Scale = 0.1 amino acid substitutions per site . T he inter activ e tr ee can be vie wed at 
https:// itol.embl.de/ shared/ alyssamartino . 
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hylogenetic evolutionary analysis supports the 

LR classification results 

y combining all the NBARC amino acid domains from both hap-
otypes, we visualized the evolutionary relatedness of NLRs. While
he phylogenetic tree was based on alignment of NBARC domains
nd not full annotated genes, it demonstrated the clear diver-
ence into CNL and TNL clades (Fig. 8 ) as observed in other plant
pecies [ 33 , 61 ]. Of the NLRs lacking CC or TIR domains (NLs), 42
r e cluster ed in the TNL clade and the remaining 96 into the CNL
lade. Of interest, the expansion of the TNL clade, also observed
n E. grandis [ 61 ] with 53% TNL to 47% CNL, was comparable in M.
uinquenervia with 59% TNL to 41% CNL (Fig. 8 ). There were 15 pre-
icted CNLs that clustered within the TNL clade. On inspection of
hese amino acid sequences, we found that they had coiled–coil or
x-type domains fused to classic TNL-type NB ARC domains. Tw o
f these NLRs have homologues in the alternative haplotype lack-
ng an N-terminal domain, and one is homologous to a TNL gene.
 further 5 have no homologous partner in the alternative haplo-

ype, with the remaining 7 homologous to the NLRs with swapped
omains . T hese results suggest amino terminal domain swapping
s a possible e volutionary mec hanism, but further functional and
olecular validation is required. 

https://itol.embl.de/shared/alyssamartino
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NLR physical clusters on chromosomes in 

Melaleuca quinquenervia 

Analysis of the putative TNLs , CNLs , and NLs within the phased 

genome of M. quinquenervia r e v ealed the majority of NLRs located 

within clusters, with 86% clustering in haplotype A and 88% in 

ha plotype B. Onl y 14% and 12% fr om ha plotypes A and B, r espec- 
tiv el y, did not fall into clusters, compared to approximately a quar- 
ter of NLRs in E. grandis [ 61 ], cultivated rice ( O. sativa ) [ 76 ], and A.
thaliana [ 33 ], employing the same method for determining clus- 
ters. For M. quinquenervia , there were approximately 5 NLR genes 
for e v ery Mb of the total genome size, while in A. thaliana , E. gran- 
dis , and O. sativa , the number of NLRs per Mb r anged fr om 1.2 
to 2.3 [ 25 , 61 , 77 ]. The higher density of NLRs in the M. quinquen- 
ervia genome may explain the higher proportion of NLRs appear- 
ing in clusters. Closer inspection of NLR clusters r e v ealed that 
some of the larger clusters overlapped with genome assembly 
gaps ( Supplementary Figs. S6 and S7 ). As NLRs are highly repeti- 
tive , this ma y be the r esult of c hallenges associated with assem- 
bling highl y r e petiti v e genomic r egions . T his has been observed for 
other multicopy re petiti ve gene families such as the major histo- 
compatibility complex family [ 78 ]. Nevertheless, the majority of 
NLRs are present at a read depth consistent with correct copy 
numbers (Fig. 3 , Supplementary Figs. S4 and S5 ), indicating that 
assembly difficulties in NLR repeats has not substantially affected 

results. 
Most clusters were homogeneous, containing NLRs of the same 

class, with only 4 heterogeneous clusters in haplotype A and 2 
in haplotype B (Fig. 6 C, D). The high proportion of homogeneous 
clusters suggests the expansion of these genes into clusters is 
driven by tandem duplication [ 79 ], as a mechanism for maintain- 
ing NLR diversity [ 80 ]. Clustering may also play an important role 
in pathogen resistance. NLR pairs such as RGA4 and RGA5 [ 81 ] 
and Pik-1 and Pik-2 in cultivated rice [ 82 ] are oriented in a head- 
to-head manner and function cooper ativ el y in pathogen recogni- 
tion and response, with one acting as a sensor of the pathogen 

and the other as an executor of immune signaling. This was also 
observed for the NLR pair RPS4 and RRS1 in A. thaliana , suggesting 
a shar ed pr omoter for the cor egulation of the 2 genes [ 83 , 84 ]. In- 
ter estingl y, for eac h of these pairs, 1 partner fr om eac h contained 

an ID. On c hr omosome 3 of haplotype B of M . quinquenervia , 1 pair 
of NLRs was identified in this head-to-head manner, with 1 part- 
ner containing 1 RVT2 and 1 ga g_pr e-integrs ID. The identification 

of genes in the head-to-head manner in M. quinquenervia may in- 
dicate a functional role for these genes in disease resistance, with 

further studies needed to elucidate a potential function. 

The NLR repertoire is unique between haplotypes 

Ov er all, the patterns of individual NLR numbers , classes , clus- 
ters, and cluster types across chromosomes appear consistent be- 
tween the 2 haplotypes of M. quinquenervia (Figs. 5 and 6 ). How- 
e v er, anal ysis at the individual c hr omosome and gene le v el r e- 
v ealed div ersity in the number and classes of genes between hap- 
lotypes for all except c hr omosomes 1 and 9 (Fig. 5 ). While consis- 
tent in gene number and gene number per class, analysis of the 
IDs across chromosome 1 revealed 1 gene on haplotype B to con- 
tain 2 DUF642 domains that were not present on the correspond- 
ing gene in haplotype A. Similarly, 1 gene in haplotype A of chro- 
mosome 9 contained 1 NAD_binding_11 and 1 NAD_binding_2 do- 
mains that were not present in the corresponding gene on haplo- 
type B ( Supplementary Table S3 ). The presence/absence of NLR 

pol ymor phisms between the haplotypes of M. quinquenervia are 
likely explained by the outcrossing nature of the species. High 
e v els of genetic diversity maintained in long-liv ed, outcr ossing
oody species [ 85 ], combined with exposure to a range of pests
nd pathogens over their lifetime, may lead to changes in NLRs’ ar-
 angement ov er subsequent gener ations. Pr esence/absence pol y-
orphisms of NLRs have been observed in several plant species

uch as between inbred accessions of O. sativa and A. thaliana [ 86 ,
7 ]. T his ma y be explained by the fitness cost associated with the
aintenance of these genes [ 88 ], leading to loss of corresponding

enes in the absence of the pathogen. 
We identified a total of 53 unique IDs across both haplotypes,

ccounting for 4.4% of NLR genes in haplotype A and 6.8% in hap-
otype B. These figures are consistent with a recent review of pub-
ished NLR-ID analyses that revealed 3.5% to 14% of NLRs con-
ained IDs [ 27 ]. These fused integr ated domains a ppear to mimic
ost proteins that are targets for pathogen effectors, leading to the
riggering of defense response [ 26 ]. Some of the most commonly
ccurring integrated domains belong to families of proteins with 

ritical roles in plant defense [ 26 , 89 ] such as WRKY transcrip-
ion factors and BED zinc fingers (BEAF and DREF from Drosophila
elanogaster peptide; zf-BED). In the genome of M. quinquenervia ,
ne of the most commonly occurring IDs was the WRKY domain,
hich was identified in 5 genes across the 2 haplotypes. A notable

xample of the role of an integrated WRKY domain present in an
LR is the Arabidopsis Ralstonia solanacearum gene 1 ( RSS1-R ) [ 28 , 90 ].
acterial effectors were found to bind to the WRKY domain of the
LR protein and other WRKY-containing proteins [ 90 ], suggest-

ng a role for this domain as a decoy. Another common domain
as the zf-BED domain, which was identified in 7 genes across

he 2 haplotypes. While the function of the ID has yet to be eluci-
ated, zf-BED domains have been observed in NLR genes confer-
ing resistance to rust pathogens in barley, wheat, and rice [ 91–95 ].
he identification of these fused domains suggests a role for these
enes in pathogen recognition. 

otential implications 

ong-liv ed tr ee species m ust r espond to a wide r ange of biotic
tr esses. Our r esults pr ovide insight into the diversity of the NLR
ene family within a single-host tree species, indicating a poten-
ial mechanism for responses to invasive pathogens over a life
pan. We provide a framework for studying highly re petiti ve re-
istance genes by generating a high-quality pseudo-phased ref- 
r ence genome. With adv ances in sequencing and softwar e, we
re beginning to investigate the full repertoire of all genes, in-
luding NLRs, here starting with a re presentati ve Myrtaceae tree,
. quinquenervia . Given the diversity of NLRs from just 2 haplo-

ypes, our results indicate that association studies of outcrossing 
pecies will need to model presence/absence of NLRs, in addition
o segregating sequence variants. Future studies may expand to 
omparing population-le v el div ersity of NLRs and the diversity of
LRomes across woody plants. 

ethods 

N A extr action and sequencing 

ampling and DNA extraction 

e obtained young fr esh leav es (a ppr oximatel y 30 g) fr om a ma-
ure M. quinquenervia (Cav .) S.T . Blake tree growing at the RBG in
ydney, New South Wales (BioSample accession SAMN20854364),
or use as the r efer ence genome individual. We chose this spec-
men for the ease of ongoing access to leaf, cuttings, and seed

aterial. The tree was planted in 1880 by HRH Prince George of

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
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ales, later King George V. The tree is now 140 years old, of un-
nown pr ov enance, and is showing signs of senescence. 

For PacBio HiFi sequencing, we extracted high molecular weight
HMW) genomic DNA (gDNA) using 2 sorbitol washes [ 96 ] followed
y a CTAB/NaCl/Proteinase K protocol [ 97 ]. We purified gDNA with
 rounds of bead clean-up (AMPure Beads) and assessed resulting
DNA quality using Nanodrop2000 and Qubit 2.0 Fluorometer (ds-
NA HS assay) to obtain a minimum ratio of 0.6. 
For ONT Nanopore sequencing, we extracted HMW gDNA us-

ng a magnetic bead-based protocol described in [ 95 ]. We subse-
uently size selected the gDNA for fragments ≥40 kb using a Pip-
inHT (Sage Science). 

acBio HiFi sequencing 

e sent the final HMW gDNA sample of ∼100 μL, 451.7 ng/ μL in
0 mM TrisHCl ( ∼45 μg HMW) to the Australian Genome Research
acility Ltd, St Lucia, Queensland, for HiFi 10- to 15-kb fr a gment
DNA Pippin Prep size selection, library preparation, and PacBio
equel II sequencing (SMRT Cell 8 M). 

i-C proximity-ligation sequencing 

i-C libr ary pr epar ation and sequencing was conducted at the
amaciotti Centre for Genomics using the Phase Genomics Plant
it v3.0. A pilot run on an Illumina iSeq 100 with 2 × 150–bp
aired-end sequencing run was performed for quality control us-

ng hic_qc v1.0 (Phase Genomics, 2019) with i1 300 cycle chem-
stry. This w as follo w ed b y sequencing on the Illumina NextSeq
00 with 2 × 150–bp paired-end high output run and NextSeq High
utput 300 cycle kit v2.5 chemistry. 

NT Sequencing 

e pr epar ed a long-r ead nativ e DNA sequencing libr ary according
o ONT protocol Genomic DN A b y Ligation (SQK-LSK110). We per-
ormed sequencing on an ONT PromethION using a FLO-PRO002
9.4.1 flow cell, with 3 wash treatments and reloads to maxi-
ize output, according to the manufacturer’s Flow Cell Wash Kit

EXP-WSH004). We basecalled the fast5 reads to fastq with Guppy
asecaller ( RRID:SCR _ 023196 ) v6.1.2 (model_version_id = 2021–05-
5_dna_r9.4.1_promethion_768_922a514b), inspecting the output 
nd quality with NanoPlot [ 98 ]. 

enome size prediction 

e computed HiFi CCS read k -mer frequencies using Jellyfish
2.2.10 [ 99 ] and KMC v3.1.1 [ 100 ], with k = 19 and a maxi-
 um k -mer fr equency of 10,000 (-k19 -ci1 -cs10000). We used the
enomeScope v2.0 webserver [ 49 ] to predict genome sizes. 
We carried out additional genome size prediction using single-

opy read depth analysis by DepthSizer v1.4.0 [ 48 ]. We mapped
iFi CCS and ONT reads to each genome assembly analyzed us-

ng minimap2 v2.22 [ 101 ] and calculated BAM depth and coverage
tatistics with SAMTOOLS ( RRID:SCR _ 002105 ) v1.13 [ 102 ]. We used
ingle-copy genes identified as “Complete” by BUSCO for each
ssembl y. We gener ated genome size plots with the ggstatsplot
ac ka ge [ 103 ] in R v4.1.0. 

enome assembly and Hi-C scaffolding 

e assembled the genome with the Hifiasm ( RRID:SCR _ 021069 )
0.15.5 [ 44 ] pac ka ge using P acBio HiFi r eads and integr ating Hi-
 r eads. We independentl y scaffolded genome outputs using the
iden Lab pipelines [ 45 , 45 ] (assembly v0.1; Supplementary Fig.
3A, B ). The assignment of scaffolds to either haplotype A or B
as determined by hifiasm arbitr aril y as the parent trees were
ot available to be sequenced. The ONT data were assembled
ith Flye (v2.9) [ 104 ], polished with Hypo (v1.0.3) [ 105 ], and scaf-
olded with Hi-C data ( Supplementary Fig. S1C, D ). To scaffold
he genomes, we ran the Juicer pipeline (v1.6) [ 106 ] with de-
ault par ameters. To ensur e that all duplicate ma pped r eads
er e r emov ed, we r enamed the mer ged_sort.txt output fr om

uicer and reformatted and renamed the merged_nodups.txt to
eplicate the format of the original merged_sort.txt with the
cript “cat merged_nodups.txt | sort –parallel = 16 -k2,2d -k6,6d
 mer ged_sort.txt.” We r er an Juicer using the ne wl y cr eated
erged_sort.txt with additional parameter “-S dedup” and used

he final output with the 3D-DNA pipeline (v180922) [ 46 ] with
he following parameters: “-m haploid –build-gapped-map –sort-
utput.” After we manually curated the assemblies locally within
he Juicebox visualization software (v1.11.08 for Windows) [ 45 ], we
esubmitted the revised assembly file to the 3D-DNA postreview
ipeline with the parameters “–build-gapped-map –sort-output”
or final assembly and fasta files. 

ssembly curation, filtering, and polishing 

e tidied Hi-C scaffolds with Diploidocus ( RRID:SCR _ 021231 )
v0.18.0) [ 48 ] in dipcycle mode, using the HiFi reads for both
ong reads and high-accuracy ( k -mer) reads (assembly v0.2) with
ac h ha plotype filter ed independentl y. We assigned c hr omo-
omes with PAFScaff (v0.4.1) [ 107 ], mapping on to the E. gran-
is (GCF_000612305.1) c hr omosomes (assembl y v0.3), and visu-
ll y compar ed the 2 ha plotypes, using SynBad (v0.8.4) [ 108 ] and
epthKopy (v1.1.0) [ 48 ] as guides. We identified some scaffolding
rr ors, whic h we manuall y corr ected (assembl y v0.4) befor e a sec-
nd round of Diploidocus tidy on each haplotype (assembly v0.5).
e used DepthCharge (v0.2.0) [ 109 ] to assess for misassemblies,
ith none identified, but we failed to close any assembly gaps us-

ng LR Gapcloser ( RRID:SCR _ 016194 ) (v20180904). 
Next, we mapped the HiFi reads onto the diploid assembly with

inimap2 ( RRID:SCR _ 018550 ) (v2.22) [ 101 ] and partitioned by hap-
otype. We separ ated nonc hr omosome scaffolds into contigs and
an a third round of Diploidocus tidy on each haplotype using
he a ppr opriate subset of ha plotype-ma pped HiFi r eads (assem-
ly v0.6). 

We then polished the tidied diploid genome with HyPo (v1.0.3)
 105 ] using the HiFi r eads ma pped with Minimap2 (v2.22) [ 101 ]
or both the long-read and high-accuracy data (assembly v0.7).
inall y, we r enamed the c hr omosomes according to synten y with
he E. grandis genome [ 7 ] to produce v1.0 of the M . quinquenervia
enome. 

enome completeness, validation, and annotation 

o determine genome completeness, we used BUSCO (v5.3.1) [ 53 ]
sing the lineage dataset embry ophyta_odb10. Additionally, w e
stimated genome assembly quality (QV) using k- mer analysis of
iFi read data by Merqury ( RRID:SCR _ 022964 ) v1.0 with k = 21 [ 52 ].
We used the homology-based gene prediction program

eMoMa (v1.7.1) [ 54 ] to annotate the genome, using 4 refer-
nce genomes downloaded from NCBI: A. thaliana (TAIR10.1,
CA_000001735.2), E. grandis [ 7 ] (GCF_000612305.1), S. oleosum

GCF_900635055.1), and Rhodamnia argentea (GCF_020921035.1).
e predicted rRNA genes with Barrnap (v0.9) [ 110 ] and tRNAs
ith tRNAscan-SE (v2.05) [ 111 ], implementing Infernal (v1.1.2)

 112 ] filtering for eukaryotes using the r ecommended pr otocol to
orm the high-confidence set. To generate a custom repeat library,
e used RepeatModeler (v2.0.1) [ 55 ] following genome masking
sing Re peatMask er ( RRID:SCR _ 012954 ) (v4.1.0) [ 113 ], both with
efault parameters. We generated the annotation table using the
uildSummary.pl Re peatMask er script. 

https://scicrunch.org/resolver/RRID:SCR_023196
https://scicrunch.org/resolver/RRID:SCR_002105
https://scicrunch.org/resolver/RRID:SCR_021069
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_021231
https://scicrunch.org/resolver/RRID:SCR_016194
https://scicrunch.org/resolver/RRID:SCR_018550
https://scicrunch.org/resolver/RRID:SCR_022964
https://scicrunch.org/resolver/RRID:SCR_012954
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Synteny to other Myrtaceae 
We used Chromsyn [ 47 ] to investigate synteny of M . quin- 
quenervia to 5 c hr omosome-le v el Myrtaceae genomes available 
on NCBI: Angophora floribunda (GCA_014182895.1) [ 114 ], E. gran- 
dis [ 7 ] (GCF_016545825.1), R. argentea (GCF_020921035.1), Psid- 
ium guajava (GCA_016432845.1) [ 115 ], and Syzygium aromaticum 

(GCA_024500025.1) [ 116 ]. We ordered the species according to phy- 
logenetic relationships [ 117 ]. 

NLR analysis 

NLR annotation with FindPlantNLRs 
We de v eloped a compr ehensiv e pipeline to annotate predicted 

NLR genes from an unmasked genome fasta file input, named 

FindPlantNLRs [ 43 ]. The complete described protocol, including 
softwar e v ersion, dependencies , HMMs , and additional scripts , is 
available on GitHub [ 43 ]. 

Classification of annotated NLRs and identification of inte- 
grated domains 
To identify all classes of annotated NLRs, we de v eloped a script 
that sorted and classified the “gene” types. We ran the file out- 
puts from FindPlantNLRs with the NLR classification script [ 43 ].
To further identify novel predicted integrated domains in the an- 
notated NLRs, we de v eloped a script to search the data based 

on Pfam domain identities not classically associated with NLRs 
[ 43 ]. Resulting files were then sorted to identify the predicted 

NLR genes by classification and integrated domains per phased 

genome . T he formatted lists were then input to the web-based site 
sank e ymatic.com/build/to create flow diagrams [ 64 ]. For all anal- 
yses downstream of the FindPlantNLRs pipeline, we included only 
full NLR gene models, which were defined as those genes contain- 
ing both an NBARC domain and an LRR domain. 

NLR cluster, duplicated gene, and ortholog analysis 
Clustering analysis was based on pr e vious anal yses in E. grandis 
and A. thaliana genomes [ 61 , 118 ]. We defined a cluster as a ge- 
nomic region containing 3 or more predicted NLR genes, each of 
which had less than 250 kb from a NLR gene and with less than 8 
non- NLR genes between each NLR . 

We follo w ed the E. grandis definition of class classification of 
NLR [ 61 ]. CNL -type clusters were defined by those containing at 
least 1 gene with a CNL domain and no TNL -type domains. TNL - 
type clusters were defined as those containing at least 1 gene with 

a TNL domain and no CNL domains. NL clusters were defined by 
those containing only genes with no N-terminal domains. Mixed- 
type clusters were defined as those containing at least 2 genes 
with differing N-terminal domains or lack of an N-terminal do- 
main. We visualized the positions of individual NLR s and NLR clus- 
ters on M. quinquenervia c hr omosomes with Chr omoMa p [ 119 ] us- 
ing base pair start and end positions. 

We investigated genome-wide copy numbers using DepthKopy 
(v1.1.0) [ 48 ] for the HiFi and ONT assemblies, with analysis of the 
HiFi and ONT read data, examining the BUSCO genes, NLR anno- 
tations , NBARC regions , scaffolds , and 100-kb windows across the 
genome. 

To identify orthologs, we aligned sister c hr omosomes of M.
quinquenervia with minimap2 (2.24-r1122) [ 101 ] with -cx asm20,
and alignments were filtered with “length ≥1000 bp and identity 
≥90%.” We used GOPHER (v3.5.4) [ 120 ] to determine orthologs be- 
tween haplotypes with default settings and used BEDTools ( RRID: 
SCR _ 006646 ) intersect (v2.27.1) [ 121 ] to identify NLRs located in 

unaligned regions. Dot plots were generated with ggplot2 (v3.4.2) 
 122 ]. Syntenic gr a phs wer e gener ated with karyoploteR ( RRID:
CR _ 021824 ) (1.26.0) [ 123 ] with nucleotide aligned regions from
inima p2 (2.24-r1122) [ 101 ]. Ga ps in the assembl y wer e r ated as

ither syntenic (both sides mapped in the correct order and orien-
ation to the alternativ e ha plotype) or nonsyntenic (mismatched
est-matching scaffolds from the alternative haplotype for each 

ide of the gap) using SynBad ratings [ 108 ]. 

hylogenetic analysis of Melaleuca quinquenervia NLRs 
o inv estigate r elatedness among NLR genes, we extracted all
BARC domains from the annotated amino acid files for both

ets of scaffolds using the c hr omosome locations with bedtools
v2.29.2) [ 120 ]. We included an out-group of amino acid NBARC
omains taken from a subset of functionally validated plant NLRs
 34 ]. We reduced the out-group set to include NBARC domains
r om eudicotyledons onl y and incor por ated 6 CNL, 2 RPW8, and
 TNL-type NBARC domains ( Supplementary Table S5 ). We re-
ov ed 81 pr edicted tr anscripts annotated as t2, r etaining onl y t1

r edicted r eads, fr om the phased M. quinquenervia data and com-
ined the remaining NLR NBARC domains with the out-groups.
e aligned the combined sequences with Clustal Omega (v1.2.4) 

 124 ] and inferred the phylogenetic tree with IQ-TREE [ 125 ] using
he following parameters: -bb 1000 -st AA -m LG. We visualized
he r esulting ne wic k file with iTOL [ 126 ] and color-coded accord-
ng to NLR clade. 

To investigate the homologues of the 15 NLRs containing mis-
atched N-terminal and NB ARC domains, w e r an Pr oteinortho

 RRID:SCR _ 024177 ) (v6.0.15) [ 127 ] on the NLRs used for phylo-
enetic analysis with BLASTP run using DIAMOND ( RRID:SCR _
09457 ) (v2.1.6) [ 128 ]. 

ranscript evidence for annotated NLRs in Melaleuca quin- 
uenervia 

o test for expr ession e vidence for our annotated NLR genes,
 e do wnloaded RN A-seq data (NCBI PRJN A357284) fr om a pr e-
ious M. quinquenervia study that investigated responses to the 
lant pathogen causing myrtle rust [ 65 ]. We mapped all the avail-
ble RNA-seq data to the NLR coding sequences for each haploid
enome independently using Hisat2 (v2.1.0) [ 66 ] with the param-
ters “hisat2 -p 16 –summary-file MqA/MqB –trim5 15 –trim3 10
no-unal -p 16 -S < file.sam > .” We processed the SAM file outputs
ith samtools (v1.9) [ 102 ] for sorted and indexed BAM files and ob-

ained mapping statistics with samtools idxstats. Finally, we cal- 
ulated the TPM for all predicted NLR genes. 

vailability of Source Code and 

equirements 

roject name: FindPlantNLRs 
r oject homepa ge : 
ttps:// github.com/ ZhenyanLuo/ FindPlantNLRs [ 43 ] 
perating system(s): Platform independent 
r ogr amming langua ge: Python 

ther r equir ements: none. 
icense: GPL 3.0 
n y r estrictions to use by nonacademics: none 
RID:SCR_02475 

https://scicrunch.org/resolver/RRID:SCR_006646
https://scicrunch.org/resolver/RRID:SCR_021824
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giad102#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_024177
https://scicrunch.org/resolver/RRID:SCR_009457
https://github.com/ZhenyanLuo/FindPlantNLRs
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upplementary Data 

upplementary Figure S1. Hi-C contact ma ps fr om Juicebox for
iFi genomes Haplotype A (A) and (B) and ONT genomes Haplo-

ype A (C) and B (D). 
upplementary Figure S2. Visualisation of genome assembly and
uration steps for Melaleuca quinquenervia using ChromSyn for
A) Haplotype A or 1 and (B) Haplotype B or 2. Synten y bloc ks of
ollinear “Complete” BUSCO genes link scaffolds from adjacent
ssemblies: blue, same str and; r ed, inv erse str and. Yellow trian-
les mark “Duplicated” BUSCOs. Filled circles mark telomere pre-
ictions from Diploidocus (black) and TIDK (blue). Assembly gaps
re marked as dark red + signs. Assignment of ONT haplotypes
as independent of assignment of HiFi haplotypes. 
upplementary Figure S3. Kmer analysis with GenomeScope (A)
nd ploidy analysis with Smudgeplot (B). 
upplementary Figure S4. Genome-wide regional copy number
nalysis for Melaleuca quinquenervia HiFi genomes using ONT
ead data (A-B). Analysis of ONT genomes with HiFi read data
C-D) and ONT r ead data (E-F). Ha plotype A is pr esented in the
eft column and Haplotype B is presented in the right column.
opy number (CN) is r elativ e to a single diploid (2n) copy in the
enome. Violin plots and means generated with ggstatsplot. Each
ata point r epr esents a differ ent genomic r egion: B USCO, B USCO
5 (MetaEuk) single-copy “Complete” genes; Duplicated, BUSCO
5 “Duplicated” genes; NLR, resistance gene annotations; NBARC,
BARC domains; Sequences, assembly scaffolds; and Windows,
00 kb nonov erla pping windows acr oss the genome. Plot trun-
ated at CN = 4. 
upplementary Figure S5. Independent validation of NLR an-
otation visualised using ChromSyn using ONT genomes. Syn-
en y bloc ks of collinear “Complete” BUSCO genes link scaffolds
rom adjacent assemblies: blue, same strand; red, inverse strand.
riangles mark “Duplicated” BUSCOs and diamonds mark NLRs,
ith colour denoting DepthKopy predicted copy number (CN:
, grey; < 0.33, y ello w; < 0.75, light blue; < 1.5, blue; < 2.5, pink:
.5 + , red). Filled circles mark telomere predictions from Diploido-
us (black) and TIDK (blue). Assembly gaps are marked as dark
ed + signs. 
upplementary Figure S6. Synteny plots of NLR genes. Blue lines
 epr esent syntenic gaps identified by synbad, red lines represent
on-syntenic ga ps, gr ey shades r epr esent homologous r egions be-
ween sister c hr omosomes, br own lines link orthologs, genes are
abelled with different colours based on class. 
upplementary Figure S7. Synteny plots of NLR gene clusters
n the two haplotypes. Blue lines represent syntenic gaps identi-
ed by synbad, red lines r epr esent non-syntenic ga ps, gr ey shades
 epr esent homologous regions between sister chromosomes, blue
ines link orthologs. NLR genes are labelled with different colours
ased on class. 
upplementary Figure S8. Whole genome dot plots depicting the
lignment of homologous sister c hr omosomes. Red lines r epr e-
ent homologous regions between the compar ed c hr omosomes,
rey lines represent the location of NLRs on both chromosome. 
upplementary Figure S9. Alignment of the NBARC region of 15
BARC containing genes from Melaleuca quinquenervia aligned
ith Eucalyptus grandis NBARC regions used to resolve the class

lasifcation genes in the phylogeny. The “W” tryptophan at the
LDD ∗W’ at ∼110 aa is pr esent onl y for the CNL class genes, while
he 15 M. quinquenervia genes follow the pattern of TNL class
BARCs. 
upplementary Table S1. DepthSizer genome size estimation out-
ut. 
upplementary Table S2. Summary of numbers and classes of
BARC contianing genes within the genome of Melaleuca quin-
uenervia identified using the FindPlantNLRs pipeline. 
upplementary Table S3. Full list of NLR genes within the
elaleuca quinquenervia genome identified using the Find-

lantNLRs pipeline. 
upplementary Table S4. Complete list of integrated domains

dentified in the Melaleuca quinquenervia genome along with
heir orthologs in the alernative haplotype determined using Pro-
einOrtho. 
upplementary Table S5. The outgroup of amino acid NBARC
omains were selected from functionally validated plant NLRs

Kourelis et al. 2021). The set was reduced to include NBARC do-
ains from eudicotyledons only and incorporated six CNL, two

PW8 and se v en TNL-type NBARC domains. 

a ta Av ailability 

he resistance gene annotation tool is available at https://
ithub.com/ ZhenyanLuo/ FindPlantNLRs [ 43 ] and is registered on
io .tools ( https://bio .tools/findplantnlrs ). The genome assemblies
nd raw sequencing data are available on NCBI under the Um-
r ella BioPr oject PRJNA756045, whic h is linked to the Ha pA as-
embly and the raw data used to generate both haplotypes; the
a pB assembl y was deposited to BioProject PRJNA911843. Other
ata further supporting this work are openly available in the Gi-
aScience repository, GigaDB [ 75 ]. 

bbreviations 

p: base pair; BUSCO: Benchmarking Universal Single-Copy Or-
hologs; CC: coiled–coil; CN: coiled–coil nucleotide binding; CNL:
oiled–coil nucleotide binding leucine-rich repeat; Gb: gigabase;
MM: hidden Markov model; HR: hypersensitive response; ID: in-

egrated domain; LRR: leucine-rich repeat; Mb: megabase; NB: nu-
leotide binding; NBARC: nucleotide binding Apaf-1, R-protein,
nd CED-4; NL/NLR: nucleotide binding leucine-rich repeat; ONT:
xford Nanopore Technologies; RBG: Ro y al Botanic Gar dens; RN A-
eq: RNA sequencing; RPW8/CC-R: RESISTANCE TO POWDERY
ILDEW 8–like coiled–coil; rRNA: ribosomal RNA; RxNL: potato
C-NB-LRR protein Rx nucleotide binding leucine-rich repeat; TIR:
oll/interleukin 1 r eceptor/r esistance pr otein; TN: Toll/interleukin
 r eceptor/r esistance nucleotide binding; TNL: Toll/interleukin 1
 eceptor/r esistance nucleotide binding leucine-rich repeat; TPM:
ranscripts per million; tRNA: transfer RNA. 
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