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The genus Acacia is a large group of woody legumes containing an enormous amount of morphological diversity in leaf shape. This 
diversity is at least in part the result of an innovation in leaf development where many Acacia species are capable of developing leaves 
of both bifacial and unifacial morphologies. While not unique in the plant kingdom, unifaciality is most commonly associated with mono
cots, and its developmental genetic mechanisms have yet to be explored beyond this group. In this study, we identify an accession of 
Acacia crassicarpa with high regeneration rates and isolate a clone for genome sequencing. We generate a chromosome-level assembly 
of this readily transformable clone, and using comparative analyses, confirm a whole-genome duplication unique to Caesalpinoid le
gumes. This resource will be important for future work examining genome evolution in legumes and the unique developmental genetic 
mechanisms underlying unifacial morphogenesis in Acacia.
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Introduction
The genus Acacia is an immense group of woody legumes from 
Australia and South East Asia that arose nearly ∼23 MYA and di
versified into over 1,000 species (Renner et al. 2020; McLay et al. 
2022). Many of these species are of economic, cultural, and agri
cultural importance, and several are noxious invasives in other re
gions of the world (Miller et al. 2011). One of the defining features 
of the genus is the morphology of their adult leaves. All Acacia spe
cies begin vegetative development producing bifacial compound 
leaves that are horizontally positioned relative to the meristem 
and have dorsal–ventral (or abaxial and adaxial) polarity 
(Gardner et al. 2008). In the vast majority of species, the shoot tran
sitions to producing simple leaves with unifacial morphology (i.e. 
all leaf surfaces are of identical morphology; Fig. 1a). In some spe
cies, the leaves are radially symmetric, but in most, the leaf blade 
has been flattened to produce a photosynthetic organ homologous 
to a bifacial leaf blade (Boke 1940; Kaplan 1980).

The evolution of unifacial development in Acacia has resulted 
in an astounding array of leaf morphologies (Fig. 1c). Leaves range 
extensively in size and shape, from the small triangular phyllodes 
of Acacia cultriformis to the long narrowly elliptic phyllodes of 
A. macradenia (Fig. 1c). A great amount of this variation is asso
ciated with adaptation to some of the most extreme climatic var
iations in Australia, and a number of hypotheses have been put 
forward for the functional significance of the unifacial phyllode 
(Pasquet-Kok et al. 2010; Renner et al. 2021). In at least some 
of these species, it is likely that the vertical orientation of the 

unifacial blade plays a role in thermoregulation and light incep
tion (Liu et al. 2003) similar to what has been reported for another 
major Australian genus of trees, the Eucalyptus (King 1997).

Despite the fact that unifacial leaves are often superficially 
quite similar to bifacial leaves, the mechanisms for their devel
opment remain a mystery. In bifacial leaves, blade growth oc
curs in the medio-lateral direction as a consequence of adaxial 
and abaxial polarity. When genes that specify ad- or abaxial po
larity are lost, the leaf becomes radially symmetric, losing the 
production of a flattened lamina (e.g. Waites and Hudson 1995; 
Kerstetter et al. 2001). However, in some unifacial monocots, 
and almost all Acacia species, growth of the leaf blade occurs 
predominately in the ad-abaxial plane, suggesting the evolution 
of novel mechanisms for expansion independent of ad-abaxial 
polarity (Yamaguchi et al. 2010; Nakayama et al. 2022; 
Golenberg et al. 2023). To adequately investigate these physiolo
gically important developmental phenomena, improvements in 
genetic and genomic resources are needed in these nonmodel 
systems.

In an effort to establish Acacia as a model for the study of vari
ation in leaf development and developmental timing, we have 
cloned a line of A. crassicarpa, one of the few Acacia species where 
genetic transformation is readily available. Using this highly 
amenable clone, Acra3RX (Fig. 1b), we generate a haploid assem
bly to the chromosomal level and present evidence that at least 
some Caesalpinioid legumes have undergone a whole-genome 
duplication (WGD) event independent of other Papilionoid 
legumes.
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Materials and methods
Plant material
For the genome assembly of A. crassicarpa, leaf tissue from a single 
individual of accession 19724 from the Australian Tree Seed 
Center was used. This individual, Acra3RX, was clonally propa
gated in sterile culture and clones were also grown in the green
house for generating large amounts of tissue for HMW DNA 
extraction.

For RNA-seq, seeds were germinated by clipping the seed coat 
and placed in a petri dish with a moist paper towel at room tem
perature for 3–4 days. The seeds were transferred to 2″×2″ pots 
containing Fafard-2 and grown in a growth chamber maintained 
at 25°C, with 16 h light/8 h dark, and 190–220 μmol m−2 s−1 using 
white fluorescent lights. Apices, including leaf primordia up to 
3 mm and associated stipules for 2 developmental stages, were 
sampled. The first sample included nodes 1–3, where leaves are 
only pinnate or bipinnately compound. The second sample in
cluded nodes only after each individual plant had switched to pro
ducing phyllodes (on average node 6). The samples were pooled 
and total RNA was extracted using the Spectrum Plant Total 
RNA Kit (Sigma). Additionally, a second RNA sample was se
quenced from whole ramets grown in culture.

In vitro culture
Ten, single and multiparent seed accessions (Acra1–Acra11) were 
screened for their ability to propagate and regenerate in culture 
(Supplementary Table 1). To do this, individual plants were cloned 
for each accession and propagated by shoot culture in magenta 
boxes. Specifically, to start sterile cultures of single plants, seed 
coats were clipped and then boiled for 30 s, followed by 3 washes 
with sterile water. Seeds were grown in magenta boxes on germin
ation media consisting of ½ MS basal media, 1% sucrose, 1.3 mM 
MES, 0.7% agar, and a pH of 5.8. Plants surviving sterilization 
and free of contamination were further propagated on rooting 
media as previously outlined (Yang et al. 2006). After the establish
ment of 3–6 ramets per individual plant, phyllode leaf primordia 
were sampled for regeneration tests. Briefly, leaf primordia ran
ging from 1 to 4 cm were excised from shoots, placed on a sterile 
paper towel, and cut transversely into 1 cm pieces. The resulting 
explants were cultured for 45 days on regeneration media as pre
viously described (Yang et al. 2006), except with the addition of 
0.75 mg/L meta-topolin and 0.125 mg/L of trans-zeatin. For each 
accession, 7–9 individual plants were individually evaluated for 
their ability to regenerate with a minimum of 5 explants per 
cloned plant. For an analysis of root regeneration, ramets were 
scored as either “good rooting” if primary roots developed lateral 
roots, “poor rooting” if only primary roots were present, or “no 
root” if ramets formed no roots. Data were collected at 2 months 
with 14–18 ramets evaluated per accession. Shoot height was 
also measured at this time. Figures for in vitro analyses were gen
erated using R, v3.6.3 (R Core Team 2020).

Estimation of genome size and ploidy
Genomic DNA was extracted from leaves of an in vitro grown 
clone of Acra3RX using the Qiagen Plant DNeasy Kit (Redwood 
City, CA, USA). A TruSeq library was prepared and sequenced by 
Admera Health (South Plainfield, NJ, USA) following the manufac
turer's protocol (Illumina, San Diego, CA, USA). Genome size was 
estimated using a kmer-based method as implemented in 
GenomeScope2 (Ranallo-Benavidez et al. 2020). Raw reads from 
an Illumina library (ACRA3RX_WGS2; Supplementary Table 2) 
were used with KMC for kmer counting (Kokot et al. 2017). These 

reads were also used with a smudgeplot to confirm the ploidy of 
Acra3RX (Ranallo-Benavidez et al. 2020).

PacBio library and sequencing
HMW DNA was extracted from young leaf primordia and shoot 
apices of an adult clone of Acra3RX using an in-house CTAB proto
col at Cantata Bio (Scotts Valley, CA, USA). DNA samples were 
quantified using a Qubit 2.0 Fluorometer (Life Technologies, 
Carlsbad, CA, USA). The PacBio SMRTbell library (∼20 kb) 
for PacBio Sequel was constructed using SMRTbell Express 
Template Prep Kit 2.0 (PacBio, Menlo Park, CA, USA) and the 
manufacturer-recommended protocol. The library was bound to 
polymerase using Sequel II Binding Kit 2.0 (PacBio) and loaded 
onto PacBio Sequel II. Sequencing was performed on PacBio 
Sequel II 8M SMRT cells.

Dovetail Omni-C library preparation  
and sequencing
A Dovetail Omni-C library was prepared by Cantata Bio following 
the manufacturer’s protocol. In brief, chromatin was fixed in place 
with formaldehyde in the nucleus. Fixed chromatin was digested 
with DNase I and then extracted chromatin ends were repaired 
and ligated to a biotinylated bridge adapter followed by proximity 
ligation of adapter-containing ends. After proximity ligation, cross
links were reversed and the DNA purified. The purified DNA was 
treated to remove biotin that was not internal to ligated fragments. 
Sequencing libraries were generated using NEBNext Ultra enzymes 
and Illumina-compatible adapters. Biotin-containing fragments 
were isolated using streptavidin beads before PCR enrichment of 
each library. Raw reads (ACRA3RX_OmniC1; Supplementary 
Table 2) were processed using the ArimaGenomics mapping pipe
line (https://github.com/ArimaGenomics/mapping_pipeline).

mRNA-seq of whole plant and mixed apices
RNA from whole, rooted in vitro-grown clones of Acra3RX was ex
tracted using the Sigma Spectrum Plant Total RNA Kit and on- 
column DNase digestion treatment method (St. Louis, MO, USA). 
The NEBNext Ultra II Directional RNA Library Prep Kit was used 
to construct a Poly A library according to the manufacturer's 
protocol (New England Biolabs, Ipswich, MA, USA). The library 
was sequenced with PE150 format by Admera Health.

RNA from shoot apices with leaf primordia <3 mm was ex
tracted using the Sigma Spectrum Plant Total RNA Kit and on- 
column DNase digestion (St. Louis, MO, USA). Each extraction con
sisted of a pool of 5–10 apices from plants grown from the seed ac
cession 19724 from the Australian Tree Seed Centre. For each 
extraction, apices were either from nodes 2 to 3, with leaf primor
dia having juvenile morphology, or from nodes >7, having adult 
morphology. RNA concentration was measured using a Qubit 
Fluorometer (Life Technologies), and a single pool of RNA was cre
ated using equal amounts of 4 juvenile extractions and 4 adult ex
tractions. The NEBNext Ultra II Directional RNA Library Prep Kit 
was used to construct a Poly A library according to the manufac
turer's protocol (New England Biolabs). The library was sequenced 
with PE150 format by Admera Health.

Genome assembly
PacBio HiFi reads were assembled using hifiasm and Omni-C reads 
to generate haplotype-resolved assemblies (Cheng et al. 2021, 
2022). Each haplotype was then used for scaffolding using 
SALSA with the same Omni-C reads (Ghurye et al. 2017, 2019). 
The larger of the 2 hifiasm assemblies (1,151 contigs) was used 
as the primary assembly, unless otherwise noted.
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Gene prediction and annotation
De novo identification and classification of repeats was done using 
RepeatModeler v.2.0.1 (Flynn et al. 2020). RepeatMasker v.4.0.7 
(Smit et al. 2013) was used with the A. crassicarpa repeat library 
to soft-mask the genome using the following parameters: -nolow 
-norna -xsmall.

BRAKER3 was used to annotate genes on the soft-masked gen
ome (Hoff et al. 2016, 2019; Brůna et al. 2021; Gabriel et al. 2023). 
First, fastp was used for trimming and quality filtering RNA-seq 
reads (Chen et al. 2018). Hisat2 v2.2.1 (Kim et al. 2019) was used 
to map the RNA-seq libraries and the resulting mapping files 
were supplied to the BRAKER pipeline along with UniProt proteins 
from the Viridiplantae dataset (The UniProt Consortium 2021). 
This pipeline uses StringTie (Pertea et al. 2015) to assemble the 
RNA-seq reads followed by rounds of GeneMark and AUGUSTUS 
training and gene prediction (Stanke and Waack 2003). Gene 
sets were combined with TSEBRA (Gabriel et al. 2021).

Genome assessment and comparative genomics
Assessment of genome completeness was conducted with BUSCO 
v5 using the Embryophyta odb10 dataset (Manni et al. 2021). 
Alignment of DNA-seq reads was done with bowtie2 v2.4.4 using 
the following options: –end-to-end –sensitive (Langmead and 
Salzberg 2012). Alignment of RNA-seq reads was done with 
Hisat2 v2.2.1 (Kim et al. 2019). Feature counting of RNA-seq reads 
was done using htseq-count (Anders et al. 2015).

Alignment of the hard-masked A. crassicarpa genome with the 
A. melanoxylon (Jones et al. 2021, 2023) and A. pycnantha (McLay 
et al. 2022) genomes was done using MashMap (Jain et al. 2018) 
and the following parameters: -f none –pi 98. Micro and macrosyn
teny analyses were done using the MCscan pipeline (Tang et al. 
2008). In particular, comparisons with Medicago truncatula were 
done using Mt4.0v1 (Tang et al. 2014), Lj1.0v1 was used for compar
isons with Lotus japonicus (Li et al. 2020), ISU-01 v2.1 was used for 
Glycine max (https://phytozome-next.jgi.doe.gov/info/GmaxWm 
82ISU_01_v2_1), and MpudA1P6v1 was used for Mimosa pudica 
(Libourel et al. 2023). Details of this analysis can be found at the 
DRYAD submission associated with this paper.

Results and discussion
Isolation of an amenable A. crassicarpa line
The massive amount of within-generation (Fig. 1a) and between- 
species (Fig. 1c) variation in unifacial leaf morphology makes the 
genus Acacia one of the most tantalizing groups for the study of 
this alternative form of leaf development. To date, stable trans
formation of Acacia has been reported only in A. mangium (Xie 
and Hong 2002) and A. crassicarpa (Yang et al. 2008). In both of 
these systems, explant material is usually derived from seedlings 
or surface-sterilized adult phyllodes. Given the extensive genetic 
diversity in these woody outcrossing species, we decided to screen 
a set of 10 single and multiparent seed accessions for their ability 
to propagate and regenerate in culture (Supplementary Table 1). 
Across all accessions (Acra1–Acra11), shoots were capable of 
forming de novo roots in culture, with the best accessions, 
Acra5, Acra9, and Acra10 forming at least a primary root at 2 
months across all ramets tested (Supplementary Fig. 1a). 
However, rooting performance showed a low correlation with 
the ability of phyllode explants to regenerate by 45 days, with 
Acra5, Acra9, and Acra10 regenerating at rates of 3%, 0%, and 
7%, respectively (Supplementary Fig. 1b). The highest shoot regen
erating accession was Acra3 at a rate of 67% (Supplementary Fig. 

1b), which was an 11% improvement over the previously reported 
rate for A. crassicarpa at 2 months of culture (Yang et al. 2006). 
While Acra3 tended to have one of the lower growth rates 
(Supplementary Fig. 1c), its rooting performance was comparable 
to other accessions, forming at least a primary root on 94% of ra
mets (Supplementary Fig. 1a). From this accession, we cloned a 
single seedling, Acra3RX, which has shown great promise for rapid 
transformation protocols (Fig. 1b) and was used for genome se
quencing and assembly.

Genome sequencing and assembly of Acra3RX
To sequence the genome of Acra3RX, we generated 2.58M PacBio 
HiFi reads with a median length of 12,069 bp (Supplementary 
Table 2). Given the previous estimate of 745 Mb for the size of 
the A. crassicarpa genome (Gallagher et al. 2011), this represents 
42× coverage. We additionally generated 83.5M Dovetail 
OmniC chromosome conformation capture sequencing reads 
(Supplementary Table 2). Together, these data were used to gen
erate haplotype-resolved assemblies. The primary haplotype as
sembly consisted of 1,151 contigs totalling 792 Mb, and an NG50 
and LG50 of 17.7 Mb and 15 contigs, respectively. The second 
haplotype assembly consisted of 660 contigs totalling 782 Mb, 
and NG50 and LG50 of 26.5 and 10 contigs, respectively. Using 
the OmniC reads, we scaffolded the primary assembly, which re
sulted in a final assembly of 1,106 scaffolds and an NG50 and 
LG50 of 56 Mb and 6 scaffolds, respectively (Table 1). In total, 
there were 15 scaffolds larger than 10 Mb in the final assembly, 
approximating the haploid chromosome number for Acacia 
(n = 13). Additionally, after scaffolding, the second haplotype as
sembly had 13 scaffolds larger than 10 Mb, which constituted 
98% of the predicted genome size.

As a measure of genome completeness, 94% of reads from an 
Illumina library (Supplementary Table 2) mapped to the 24 scaf
folds that were longer than 1 Mb, and 99% mapped to the total 
1,106 scaffolds. A kmer based estimate of genome size using this 
same library found the Acra3RX genome to be 647 Mb, and con
firmed its status as a diploid (Supplementary Fig. 2). Given the 
fact that previous studies reported underestimates of genome 
size by kmer methods, in this study, we used an expected genome 
size of 745 Mb (Gallagher et al. 2011).

Comparison with other Mimosoid genomes
Until recently, most of the available genomes for Mimosoid spe
cies were constructed using short-read libraries [e.g. Faidherbia al
bida, (Chang et al. 2019); M. pudica, (Griesmann et al. 2018); Vachellia 
collinsii, (Leichty and Poethig 2019)]. However, there is now a grow
ing number of long-read assemblies that have far exceeded the as
sembly metrics of these earlier assemblies [e.g. Prosopis alba, 
University of Georgia NCBI direct submission; M. pudica (Libourel 
et al. 2023); A. pycnantha, (McLay et al. 2022)]. Of these, only the 
M. pudica genome (MpudA1P6v1) approaches a chromosome-level 
assembly (Table 1) with 45 scaffolds over 10 Mb in size for this 
tetraploid species (n = 26). The genome of A. melanoxylon, which 
is of comparable size and is phylogenetically close to A. crassicarpa 
(Miller et al. 2011), is also near-chromosomal, with 20 scaffolds lar
ger than 10 Mb (Table 1). Comparatively, our assembly of A. cras
sicarpa is similar to, or exceeds, these assemblies, with 15 scaffolds 
>10 Mb.

A comparison of the A. crassicarpa assembly with A. melanoxylon 
demonstrates the high contiguity of the assembly. In general, many 
A. melanoxylon contigs align to single A. crassicarpa scaffolds, and there 
are only a few examples where an A. crassicarpa scaffold does 
not span multiple A. melanoxylon contigs (Supplementary Fig. 3b). 

Chromosome-level genome of the transformable northern wattle | 3
D

ow
nloaded from

 https://academ
ic.oup.com

/g3journal/article/14/3/jkad284/7473315 by San D
iego State U

niversity Library user on 19 April 2024

https://phytozome-next.jgi.doe.gov/info/GmaxWm82ISU_01_v2_1
https://phytozome-next.jgi.doe.gov/info/GmaxWm82ISU_01_v2_1
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkad284#supplementary-data


Fig. 1. Leaf morphological diversity in the genus Acacia. a) An example of the age-dependent transition from bifacial to unifacial leaf development in 
Acacia podalyriifolia. b) In vitro-grown ramets of clonal A. crassicarpa line, Acra3RX (left), and version transformed with a construct expressing the RUBY 
marker system (right; He et al. 2020). c) Examples of adult leaf diversity. Acacia glaucoptera, A. teragonophylla, A. aphylla, and Asclepias verticillata images are 
of whole shoots and not of single leaves. Scale bars have a length of 1 cm.

Table 1. A comparison of the A. crassicarpa assembly with other recent Mimosoid genomes.

Species A. 
crassicarpaa

A. pycnantha 
McLay et al. 

(2022)

A. melanoxylon 
Jones et al.  

(2023; 2021)

A. acuminata 
(NCBI 

ASM1902265v1)

F. albidac 

Chang et al. 
(2019)

M. pudica 
Libourel et al. 

(2023)

Chromosome number (n) 13 13 13 13 13 26
Predicted genome size (Mb) 745 850 780 907 661 900
Assembly size (Mb) 751 814 749 880 640 797
Number of scaffolds 62 1272 188 633 9058 74
Scaffolds > 0.1 M 62 629 166 520 1113 74
Scaffolds > 1 M 24 226 125 287 141 60
Scaffolds > 10 M 15 8 20 3 0 45
Number of predicted 

protein-coding genes
29,488 47,624 NA NA 28,979 73,541

Busco (embryophyta)b C:99.4% 
S:94.1% 
D:5.3%

C:99.0% 
S:86.4% 
D:12.6%

C:99.3% 
S:91.1% 
D:8.2%

C:99.2% 
S:87.7%, 
D:11.5%

C:99.4% 
S:97.3% 
D:2.1%

C:99.3% 
S:3.8% 

D:95.5%

a The assembly with scaffolds larger than 1 Mb was used for annotating protein-coding genes, and scaffolds larger than 100 kb were used for other summary 
statistics in this table. 

b Percent of embryophyta gene models that are complete (C), and a portion that exists as single copy (S) or duplicates (D) in the assembly. 
c Assembly was filtered for scaffolds larger than 1 kb.
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These observations are even more clear when compared with 
the recently assembled A. pycnantha genome where all 
A. crassicarpa scaffolds span more than one A. pycnantha 
scaffold. The chromosome scale of the assembly was further 
demonstrated by a comparison of A. crassicarpa with the 
newly assembled M. pudica genome. Alignment of these genomes re
vealed that A. crassicarpa scaffolds are entire chromosomes, while 
chromosome arms remain unlinked in the current M. pudica 
assembly (Supplementary Fig. 4). In general, these genome-wide 
comparisons demonstrate a high degree of consistent genomic 
content, with very little evidence for large-scale duplication events 

(either real or artifactual) in the assemblies (Supplementary Figs. 
3a, 3b, and 4).

The completeness of the A. crassicarpa genome was measured 
by the presence of embryophyta single-copy orthologs, with 
99.4% present as complete gene copies, of which 94.1% were pre
sent as single copies and 5.3% as duplicates (Table 1). These values 
were nearly identical across all of the available Mimosoid gen
omes, although the A. pycnantha, A. melanoxylon, and A. acuminata 
genomes had duplication rates ranging from 8.2% to 12.6% com
pared with 5.3% in A. crassicarpa and 2.1% in F. albida (as a tetra
ploid M. pudica had a predictably high level of 95.5%; Table 1). 

Fig. 2. A comparison of the A. crassicarpa genome with a M. truncatula. a) Predicted syntenic depth between a Caesalpinoid (Cae) and a Papilionoid (Pap) 
genome under the 2 leading hypothesis for WGD within legumes. Either the WGD event previously confirmed for Papilionoid species was shared with 
Caesalpinoid species (left tree) or the event was independent and a second event unique to the Caesalpinoid lineage happened after subfamily divergence 
(right tree). The former scenario results in a 1:1 ratio between orthologous blocks, while the latter would produce a 2:2 ratio (i.e. 2 orthologous blocks per 
gene). b) A comparison of the A. crassicarpa genome with M. truncatula. The cumulative number of gene orthologs is plotted on the y- and x-axes as a 
function of position along the M. truncatula chromosomes (horizontal axes) and A. crassicarpa scaffolds (vertical axes). c) Syntenic depth for orthologous 
genomic blocks from either the A. crassicarpa or the M. truncatula genome (i.e. the number of orthologous blocks for a gene from the comparison species).
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These latter 2 species also had a similar number of predicted 
protein-coding genes, with A. crassicarpa having 29,488 and F. albi
da having 28,979, compared with 47,624 in A. pycnantha. It will be 
interesting to see how these gene counts change with improve
ments on each genome. However, we do not anticipate significant 
improvements for A. crassicarpa, given that 95% of the reads from 
our RNA-seq of Acra3RX mapped to the 24 largest scaffolds in the 
A. crassicarpa genome, of which 90% mapped to annotated protein 
genes. This suggests that the current scaffolds contain most of the 
expressed genomes.

Evidence for a Caesalpinioideae WGD event
Genome duplication events are known to have played a major role 
in the evolution of legumes (Young et al. 2011). However, it re
mains unclear whether the WGD event detected in the subfamily 
Papilionoideae was shared or independent of a WGD event de
tected in Caesalpinioideae (which contains Mimosoid legumes; 
Cannon et al. 2015; Koenen et al. 2021; Zhao et al. 2021; McLay 
et al. 2022). Most recently, using synonymous site analysis in 
one-to-one orthologs, McLay et al. (2022) found evidence for inde
pendent Papilionoid and Caesalpinioid WGD events. If this were 
true, then it would be expected that when the A. crassicarpa gen
ome is compared with a Papilionoid species such as M. truncatula, 
synthenic blocks would show a 2:2 ratio (i.e. there would be 2 syn
tenic M. truncatula blocks for each orthologous A. crassicarpa gene, 
and vice versa; Tang et al. 2011). Conversely, if the WGD is shared 
between the 2 subfamilies, then syntenic blocks would be ex
pected to have a 1:1 pattern (Fig. 2a).

Alignment of A. crassicarpa to M. truncatula revealed that 2 inde
pendent WGD events appear to have occurred (i.e. one in each 
subfamily; Fig. 2). In A. crassicarpa, there are 3 sets of scaffolds 
(scaffold 3 and 4, 6 and 7, 9 and 10) that show highly correlated 
alignment patterns to the M. truncatula genome. Scaffold 1 and 
13, and 2 and 5, also show a high degree of concordance, suggest
ing their shared evolutionary origin (Fig. 2b). Importantly, a com
parison of M. truncatula and A. crassicarpa shows a 2:2 pattern, with 
2 orthologous syntenic blocks per orthologous gene in 40% and 
32% of the M. truncatula and A. crassicarpa genomes, respectively 
(Fig. 2c). Comparisons with other Papilionoid species, L. japonicus 
and G. max, were consistent with the observations from M. trunca
tula, further supporting that WGD events occurred independently 
in Caesalpinioid and Papilionoid legumes (Supplementary 
Table 3). Additionally, comparisons within subfamilies consist
ently show 1:1 syntenic depths between species (or 1:2, in the 
case of G. max and M. pudica), which is expected if WGD events 
are shared between these species (Supplementary Table 3).

An analysis of the putative chromosomal duplications within 
Acacia revealed a high degree of conservation. For example, 
an analysis of scaffolds 9 and 10, which contain duplicate copies 
of the single-copy gene first identified in M. truncatula, 
PALMATE-LIKE PENTAFOLIATA1 (PALM1), reveals high levels of 
macro-scale (Supplementary Fig. 5a) and micro-scale synteny 
(Supplementary Fig. 5b and c). This synteny is highly conserved 
within Acacia, but seems to largely be lost between the putative 
homologous regions of chromosomes 5 and 8 in M. truncatula 
(where chromosome 5 shows high syntenic conservation, but 
chromosome 8 shows a fractionated pattern for the same region, 
Fig. 2b). Given the large adaptive radiations associated with the 
genus Acacia, and many lineages within the Caesalpinioid sub
family (Azani et al. 2017), it will be interesting to see how these du
plication events have been conserved or lost in association with 
novel adaptations such as the unifacial leaves of Acacia.

Data availability
The genome assembly and raw RNA and DNA-seq data have been 
submitted to Genbank under the bioproject: PRJNA975180. A 
breakdown of the associated SRA accessions can be found in 
Supplementary Table 2. Genome annotations and additional as
sembly data can be found on DRYAD (https://doi.org/10.5061/ 
dryad.573n5tbdr).

Supplemental material available at G3 online.
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