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The legume albumin-1 gene family, arising after nodulation, encodes linear a-
and b-chain peptides for nutrient storage and defense. Intriguingly, in one
prominent legume, Clitoria ternatea, the b-chains are replaced by domains
producing ultra-stable cyclic peptides called cyclotides. The mechanism of this
gene hijacking is until now unknown. Cyclotides require recruitment of ligase-
type asparaginyl endopeptidases (AEPs) for maturation (cyclization), necessi-
tating co-evolution of two gene families. Here we compare a chromosome-
level C. ternatea genome with grain legumes to reveal an 8 to 40-fold expan-
sion of the albumin-1 gene family, enabling the additional loci to undergo
diversification. Iterative rounds of albumin-1 duplication and diversification
create four albumin-1 enriched genomic islands encoding cyclotides, where
they are physically grouped by similar pl and net charge values. We identify an
ancestral hydrolytic AEP that exhibits neofunctionalization and multiple
duplication events to yield two ligase-type AEPs. We propose cyclotides arise
by convergence in C. ternatea where their presence enhances defense from
biotic attack, thus increasing fitness compared to lineages with linear b-chains

and ultimately driving the replacement of b-chains with cyclotides.

The legume albumin-1 gene family is significant in the evolutionary
history of nitrogen-fixing legumes, having appeared after the devel-
opment of rhizobial symbioses, serving nutrient storage and insecti-
cidal functions in seeds, and being implicated in nodule biology.
Legume albumin-1 genes are restricted to the subfamily Faboideae
within the Fabaceae, and exhibit expression typically confined to
seeds, roots, and nodules*’. Albumin-1 precursors comprise a signal
peptide, followed by a ‘b-chain’ peptide of the knottin class, a short
linker sequence, and an ‘a-chain’ peptide implicated as a nutrient sto-
rage protein (Fig. 1a)’. Multiple functions have been described for the
b-chain, including insecticidal activity (membrane disruption/depo-
larization, vacuolar ATPase inhibition), peptide signaling (soybean

leginsulin), and roles in root nodule biology (Al-nodulins)>*”". Thus,
albumin-1 genes may provide fitness advantages in the Faboideae as a
nutrient reservoir, nitrogen-rich seed protector, and nodule biology
modulator*®.

Clitoria ternatea (butterfly pea) is a basal Phaseoleae taxon in
subtribe Clitoriinae that produces >80 ultra-stable cyclic peptides
called cyclotides, and variously called Cter, cliotide, or ctr pep-
tides, which are encoded by albumin-1 genes by apparently replacing
the b-chain domain with a cyclotide domain (Fig. 1a, b)*"'%. Examination
of other Clitoria species shows no evidence of cyclotides, suggesting
they are restricted to C. ternatea, thus making albumin-1 evolution in
this plant exceptional™.

"Institute for Molecular Bioscience, The University of Queensland, Brisbane QLD 4072, Australia. ?Australian Research Council Centre of Excellence for
Innovations in Peptide and Protein Science, The University of Queensland, Brisbane QLD 4072, Australia. 3Centre for Microscopy and Microanalysis, The
University of Queensland, Brisbane QLD 4072, Australia. *School of Life and Environmental Sciences, The University of Sydney, Sydney NSW 20086, Australia.

e-mail: d.craik@imb.ug.edu.au

Nature Communications | (2024)15:6565


http://orcid.org/0000-0003-1720-1282
http://orcid.org/0000-0003-1720-1282
http://orcid.org/0000-0003-1720-1282
http://orcid.org/0000-0003-1720-1282
http://orcid.org/0000-0003-1720-1282
http://orcid.org/0000-0001-7629-8198
http://orcid.org/0000-0001-7629-8198
http://orcid.org/0000-0001-7629-8198
http://orcid.org/0000-0001-7629-8198
http://orcid.org/0000-0001-7629-8198
http://orcid.org/0000-0002-3457-5764
http://orcid.org/0000-0002-3457-5764
http://orcid.org/0000-0002-3457-5764
http://orcid.org/0000-0002-3457-5764
http://orcid.org/0000-0002-3457-5764
http://orcid.org/0000-0002-9009-7453
http://orcid.org/0000-0002-9009-7453
http://orcid.org/0000-0002-9009-7453
http://orcid.org/0000-0002-9009-7453
http://orcid.org/0000-0002-9009-7453
http://orcid.org/0000-0002-9409-5287
http://orcid.org/0000-0002-9409-5287
http://orcid.org/0000-0002-9409-5287
http://orcid.org/0000-0002-9409-5287
http://orcid.org/0000-0002-9409-5287
http://orcid.org/0000-0002-6328-398X
http://orcid.org/0000-0002-6328-398X
http://orcid.org/0000-0002-6328-398X
http://orcid.org/0000-0002-6328-398X
http://orcid.org/0000-0002-6328-398X
http://orcid.org/0000-0003-0007-6796
http://orcid.org/0000-0003-0007-6796
http://orcid.org/0000-0003-0007-6796
http://orcid.org/0000-0003-0007-6796
http://orcid.org/0000-0003-0007-6796
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50742-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50742-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50742-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50742-x&domain=pdf
mailto:d.craik@imb.uq.edu.au

Article

https://doi.org/10.1038/s41467-024-50742-x

a PA1 precursor
130aa
[ ] |
4/\@ Q@
2 2%

%, .
% C-terminus

N-terminus

PA1b

Fig. 1| Representative albumin-1 gene and b-chain/cyclotide structures, plant
material selected for genomic sequencing, and simplified phylogeny of the
Phaseoleae within the Faboideae subfamily. a Schematic representation of the
Pisum sativum albumin-1 precursor with lengths in amino acids noted on the right
of the bar diagram representation of the precursor. The PA1 precursor encodes a
signal peptide ('SP’ - yellow), the a-chain (blue), and the b-chain peptide called PAlb
(pink). Within the PA1b domain cystines (orange circles) and disulfide connectivity
(orange lines connecting cystines) are given. N- and C-termini of PA1b are noted on
both the bar diagram and the 3D representation illustrated below the bar diagram
(purple 3D structure - adapted from PDB: 1P8B). Domain lengths are proportional
to that observed in their respective sequences. b Schematic representation of the
Clitoria ternatea Cter M albumin-1 precursor with lengths in amino acids noted
on the right of the bar diagram. The Cter_M precursor encodes a signal peptide

b Cter M precursor
128aa

Cter_M

Glycine max (soybean; 3 alb-1 loci)

Phaseolus acutifolius (tepary bean; 24 alb-1 loci)

Vigna unguiculata (cowpea; 4 alb-1 loci)

Cajanus cajan (pigeon pea; 7 alb-1 loci)

Clitoria ternatea (butterfly pea; 160 alb-1 loci)

('SP’ - yellow), an a-chain (blue), and the cyclotide Cter_M (pink). Within the Cter M
domain cystines (orange circles) and disulfide connectivity (orange lines connect-
ing the cystines) are given. As depicted on both the bar diagram and 3D repre-
sentation, the N- and C-termini of Cter_ M are composed of Gly and Asn residues
respectively and go on to form the ligation point leading to cyclic Cter M (blue 3D
structure adapted from PDB: 2LAM). ¢ Example C. ternatea ‘UQO1” phenotype.

d Simplified phylogenetic tree of tribe Phaseoleae members adapted from the
Fabaceae phylogenetic study of da Silva et al. 2023 showing relationships and
divergence time estimates of last common ancestor at nodes in Mya*’. The common
name and number of non-redundant putative albumin-1 loci are given in par-
entheses. Red circle at basal-most branch represents the remainder of the
phylogeny that includes tribes Loteae (ex. Lotus), Trifolieae (ex. Medicago), and
Fabeae (Pisum).

It is unclear how the usurping of albumin-1 genes by cyclotide
domains occurred, but structural similarities between b-chain pep-
tides and cyclotides, namely the six Cys residues that form the dis-
ulfide knot and cystine spacing of the C;XXXC, and C4XCs motifs,
suggest C. ternatea cyclotides arose from b-chain peptides to
resemble cyclotides encoded in ‘dedicated’ (i.e. cyclotide specific)
genes from Rubiaceae, Solanaceae, and Violaceae plants”. A com-
parison of precursor structures from cyclotide-bearing plant families
highlights the unique structure of cyclotide-encoding albumin-1
genes from C. ternatea versus non-legume ‘dedicated’ cyclotide pre-
cursors (Supplementary Fig. 1). Key differences between cyclotides
and b-chains are that cyclotide domains before cyclization terminate
in Asn or Asp residues as these are required for cyclization, cyclotides
exhibit a highly conserved Glu (C;XEXC, Supplementary Fig. 2)
whereas b-chains do not*. Cyclotides are posited to have emerged
through convergence and biosynthetic parallelism due to their varied
precursor structures and disjointed phylogenetic distribution™™".
Cyclization between the N- and C-termini of the cyclotide domain and

certain residues in the inter-cysteine loops segregates cyclotides into
topological classes. A cis-Pro residue in loop 5 confers a backbone
twist and defines the Mobius topological group, whereas lack of the
loop 5 Pro residue and at least one Gly residue in loop 2 defines the
bracelet topological group; a third group called hybrid lacks the loop
5 Pro but contains at least one Gly residue in loop 2, thus hybrid
cyclotides share traits of both classes (Supplementary Fig. 2)™',
Cyclotides have attracted great interest because of their applications
as stable peptide scaffolds in medicine and as eco-friendly pesticides
in agriculture®%",

Biosynthesis of mature cyclotides requires the activity of an
asparaginyl endopeptidase (AEP). Members of this protease family
typically function as peptide hydrolases” but certain structural
characteristics for select AEPs in cyclotide-bearing plants confer
peptide ligase activity’®”. These ligase-type AEP features include two
‘ligase activity determinant’ (LAD1 and LAD2) motifs and the ‘marker
of ligase activity’ (MLA), allowing for functional prediction based on
sequence’?,
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Unlike typical albumin-1/b-chain expression, C. ternatea cyclo-
tides are expressed throughout the plant, displaying expression pat-
terns linked to biophysical properties, namely their isoelectric point
and net charge values™. This plant-wide distribution, combined with
the known insecticidal activity of cyclotides, implies that specific
biophysical attributes may be fine-tuned to safeguard plant organs
from biotic threats or indicate expanded roles for cyclotides®'*". C.
ternatea cyclotides are approved and marketed as active ingredients
in the insecticidal preparation Sero-X™V. In contrast, typical Medi-
cago truncatula albumin-1 genes are expressed in root tissue and
N-fixing nodules (Alb-1 nodulins)®. M. truncatula AG41 and Pisum
sativum PAID are insecticidal b-chains located in nodules and seeds
respectively, suggesting diverse roles for b-chain derivatives in dif-
ferent lineages™’. Before the current study it remained unclear if
b-chain peptides are present in C. ternatea, and what the impact of
their conversion into cyclotide domains has had on the albumin-1
gene family.

Using a chromosome-level assembly of C. ternatea, we investi-
gated the albumin-1 and AEP gene families and compared them to
grain legumes. We identified 163 loci encoding albumin-1 pre-
cursors widely distributed across the genome, concentrated in four
genomic islands, indicating a multi-fold expansion of the albumin-1
gene family in contrast to other Faboideae. Unlike the conventional
b-chains which are replaced, cyclotides display a broader range of
biophysical attributes, widespread expression in plant tissues, and
co-evolution with ligase-competent AEPs. We present an evolu-
tionary model elucidating the acquisition of cyclotide biosynthesis
in C. ternatea.

Results

Clitoria ternatea genome assembly and annotation

We selected a self-fertile Clitoria ternatea ‘Milgarra’ accession
(UQO1) previously examined by RNA-seq (Fig. 1c)'° and produced
long-read PacBio Hifi data with 15.5-times coverage of the haploid
(In=28) C. ternatea genome estimated to be 1.89 gigabase pairs
(Gbp) in size by flow cytometry (Supplementary Table 1; Supple-
mentary Data 1). Chromatin confirmation capture next-generation
(Hi-C) sequencing resulted in a 1.72 Gbp assembly in 828 molecules
and boosted coverage to ~67x (Supplementary Table 1). Pseudo-
chromosomes from contigs were built with the 3D-DNA/Juicer
pipeline for contact-map-guided refinement to improve the quality
of the resulting genome assembly (Supplementary Fig. 3)**. An
assembly consisting of eight pseudochromosomes containing 97%
of assembled bases was produced and named Ct HiC3, which
comprises 1,721,557,839 bp in 859 molecules. Benchmarking Uni-
versal Single-Copy Orthologs (BUSCO) analysis with the Fabale-
s_obd10 non-redundant gene set revealed 97.5% of the gene set is
present in Ct_HiC3 as complete orthologs (Supplementary Table 2),
indicating a high level of completeness®.

Annotation of Ct_HiC3 guided by six organ transcriptomes
resulted in 159,932 gene models (Supplementary Fig. 4)*°. Manual
curation of loci sharing homology to albumin-1 and AEP gene
models was performed to refine the error prone automated anno-
tation pipeline (see Data Availability for combined automated and
refined annotation set). (Supplementary Fig. 4). Misannotated and
overlapping albumin-1 and AEP gene models were observed in the
original annotation set and were manually curated using known
genes as guides (Supplementary Information - Method 1). For genes
encoding albumin-1 and AEP loci, we depreciated dubious over-
lapping models while retaining sensical models and adding models
discovered by TBLASTN, resulting a total of 160,040 gene models
(Supplementary Information - Method 1)?%. The curated set of
gene models was captured as a predicted transcriptome and pre-
dicted proteome for BUSCO assessment to show >90% repre-
sentation (Supplementary Table 2).

C. ternatea albumin-1 loci are expanded across the genome and
exhibit increased diversity

We discovered 163 albumin-1 loci, including three putative pseu-
dogenes with non-canonical Cys patterns that confounded char-
acterization. Notably, no albumin-1 locus could be identified as
containing a b-chain peptide in the genome, thus supporting the
lack of b-chains in C. ternatea as suggested from transcriptomic
analysis'®. We performed RNA-seq quantification of organ tran-
scriptomes mapped to a curated albumin-1/AEP gene set (Supple-
mentary Data 2) and observed negligible expression (transcripts
per million ratio (TPM) <1) for these pseudogenes. Three addi-
tional sequences encoding an otherwise canonical cyclotide
domain but missing a single Cys residue (Cter_nC series) were
observed, one previously reported (Supplementary Data 2)°. Five
loci were identified as encoding acyclotides (Cter_ac series), which
lack an AEP-ligase recognition site but otherwise resemble cyclo-
tides (Supplementary Data 2). The remaining 152 loci encode
domains predicted to form cyclic knotted gene products repre-
senting ~-93.3% of the albumin-1 loci identified in Ct_HiC3; 22
exhibited negligible expression (Supplementary Data 2).

Albumin-1 gene family comparisons, excluding pseudogene
models and using manually curated gene models in select cases,
between C. ternatea (n=160), Cajanus cajan (n=7), Glycine max
(n=3), Phaseolus acutifolius (n=19), and Vigna unguiculata (n=4)
revealed that the albumin-1 gene family in C. ternatea is larger by fac-
tors of ~23, ~53, -8, and 40x compared to C. cajan, G. max, P. acutifolius,
and V. unguiculata respectively (Fig. 1d; Supplementary Data 3)*°".
Sequences in the 152 cyclotide-encoding loci revealed 85 unique
cyclotide domains compared to the previously recorded 67
nucleotide-encoded peptides in CyBase (cybase.org.au)™. Overall, 35
cyclotide sequences were discovered in Ct_HiC3 that are absent from
previous studies and/or CyBase (Supplementary Table 3)*'°", The 85
cyclotide species increased diversity in the loops between canonical
Cys residues yet no encoded C-terminal Asp residues were observed,
demonstrating that C-terminal Asp residues observed in proteomics
data must arise exclusively from Asn deamination (Fig. 2a, b)>. Among
the unique cyclotide species, 28 are found at multiple loci, with 11
occurring twice, seven thrice or four times, and one six times. Clioti-
de_T11 and Cter_R were each observed in nine loci. The cyclotides fall
into three topological categories: bracelet (52), Mobius (10), and
hybrid (23). The isoelectric point (pl) and charge at pH 5.5, relevant to
the vacuole and secretory system, were calculated and plotted for
cyclotides and b-chains (Fig. 2c). C. ternatea cyclotides exhibit a
broader range (pl [3.67 to 10.21]; pH5.5 net charge [-1.9 to 7.6]) of
these biophysical properties compared to b-chain peptides (pl [3.02 to
7.04]; pH 5.5 net charge [-4.7 to 1.6]; Supplementary Data 2 and 3).
Notably, the pl and charge range for cyclotides is 6.54 and 9.5
respectively, versus 4.03 and 6.3 for b-chains. Thus, cyclotides have
greater familial diversity for pl and net charge than other Phaseoleae
b-chains.

We searched for the origins of the albumin-1 gene family C. ter-
natea through co-linearity analysis between G. max, P. acutifolius, and
V. unguiculata, excluding C. cajan where gene models were not avail-
able. Albumin-1 genes were found on all Ct_HiC3 pseudochromosomes
except Ct5 (Fig. 3), whereas albumin-1 genes were observed only on
Glyma.08 and Glyma.13 of G. max, Phacu.CVR.002 and Phacu.CVR.011
of P. acutifolius, and Vigunll of V. unguiculata (Supplementary Fig. 5;
Supplementary Data 2 and 3)**.. Putative syntenic loci between C.
ternatea and the examined species were only observed on Ctl and
Phacu.CVR.011, comprising 925.6 kbp and 21 albumin-1 loci on Ctl,
versus 230.7 kbp and 18 albumin-1 loci on Phacu.CVR.011. Support for
synteny was poor because the Phacu.CVR.011 interval identified
exclusively contained albumin-1 loci, thus lacking syntenic context
(Supplementary Fig. 5). The inability to identify syntenic albumin-1loci
and wide versus narrow gene family distribution between C. ternatea
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Fig. 2 | Diversity wheel graphics of canonical cyclotides with nucleotide evi-
dence and plotted biophysical properties of encoded peptides. Alignments of
cyclotide domains were used as input, positions in alignment that occur as gaps in
>90% of the input sequences were omitted, and positions in the alignment are
numbered in the center of the wheel. Small circles with single letter amino acid
codes are stacked around the wheel. Circle fill color represents residue category:
orange = Cys, blue = cationic, red = anionic, green = hydrophobic, yellow = polar
uncharged. Distance from center scales with decreasing rates of occurrence at each
position around the circle. Filled black boxes with numbers appear between cystine
residues and denote the loop number. a Diversity wheel of the 85 unique canonical
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cyclotide species encoded in the Ct_HiC3 assembly. b Diversity wheel of the 67
canonical cyclotide species present in CyBase.org.au evidenced by nucleotide
sequencing prior to this work. ¢ Scatter plot of calculated values for pl versus
charge at pH 5.5 of b-chain peptides from C. cajan, G. max, P. acutifolius, and V.
unguiculata, overlaid on the distribution of the same parameters for Ct_HiC3
cyclotides. PA1b, a functionally characterized b-chain from Lathyrus oleraceus
[Lam.] (syn. Pisum sativum, garden pea) is shown as the exemplar Trifolieae
insecticidal peptide. Each source species or peptide is given in the legend with the
representative symbol for each.

and the Phaseolinae suggests albumin-1 genes rapidly evolve between
lineages.

Four regions enriched with cyclotide encoding genes were dis-
cernible in Ct_HiC3 and termed albumin-1islands. Two suchislands are
found on Ctl, one on Ct6, and one on Ct7, with the sizes of the islands
being ~4.53, ~225.4, -31.7, and ~12.1 Mbp respectively, containing 29, 12,
48, and 28 albumin-1 loci respectively. We term these islands
Ct1 4.53Mbp, Ctl.225.4kbp, Ct6_31.7Mbp, and Ct7 12.1Mbp, which

when combined contain ~77% of the 152 loci predicted to encode
mature cyclotides (Fig. 3). The most compact albumin-1 island,
Ctl1_225.4kbp, contains loci encoding two predicted retrotransposon
sequences (gag-pol Ctlg CT149963; Ty3-gypsy protein Ctlg CT149967)
and exhibits a repeating pattern of Cter 36-Cter 49-encoding gene
pairs with Cter_36 loci displaying TPM <0.7 (Fig. 3; Supplementary
Data 2). The remaining cyclotide-encoding albumin-1 genes occur in
smaller groups on Ct2, Ct3, and Ct4 encoding four, six, and 16 loci
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Cteg_CT159997|Cter_nC3-1/ U]
Ctég_CT159998|Cter_66-1H[ 0 |
Cteg_CT159999|Cter_69-1(H)+1.1|
Ct6g_CT160000|/Cter_70-1(V)+0.1
Ct6g_CT160067|ctr_11-1/UJ-0.3]
Ct6g_CT160001|Cter_66-2(H) 0 ]
Ct6g_CT160002|Cter_55-1(H) 0 |
Ct6g_CT160003|Cter_56-1(B) 0 |

Ct6g_CT160005/Cter_M-1(W)
Ct6g_CT160006|Cter_M-2(M)
Ct6g_CT160007|Cter_M-3() S0l

Ctdg_CT159976|Cter_31-1B)1.2)
Ct4g_CT159977|Cter_18-1(B)

Ctdg_CT159978|c_T42-1®)
Ctdg_CT159979|Cter_71-1

Ct8

Ct8g_CT160055|c_T22-1[All1.7

Ct8g_CT033375|CtAEP2

Peptide Topology/
Type
®-Bracelet
®-Hybrid
®-Mbbius
[A-Acyclotide
[Ul-Unusual

Predicted pl

pl=[4.54 - 5.7]
pl=[5.71- 6.8]
pl=[6.81-7.9]
pI=[7.91-9.12

Ct6g_CT160009|Cter_68-1

Ct6g_CT160011|Cter_72-1

Ctbg_CT160012/c_T8-2(B)

Ct7g_CT160031/Alb118-1
Ct7g_CT045562|c_T11-1(B)
Ct7g_CT045566|c_T11-2(B)
Ct7g_CT160032|Cter_63-1B)+1.0|
Ct7g_CT045567|c_T11-3(B)

Ct7g_CT160033|Cter_63-2B)+1.0]
Ct7g_CT045568/c_T11-4®)+1.0)
Ct7g_CT160034/c_T11-5@)+1.0|
Ct7g_CT160035/c_T11-6(B)+1.0)
Ct7g_CT160036c_T11-7(®)+1.0|
Ct7g_CT160037|c_T11-8(®)+1.0|
Ct7g_CT045582|c_T11-9(B)+1.0|
Ct7g_CT160038|c_T16-1(H)+2.6|
Ct7g_CT160039|c_T16-2(H)}+2.6|
Ct7g_CT160040|c_T16-3(H)+2.6
Ct7g_CT160041|Cter_11-1
Ct7g_CT160042/Cter_13-1H)EZ.6]
Ct7g_CT160043|Cter_13-2(H)E7.6)
Ct7g_CT160044|ctr_22-1(H)F5.9]
Ct7g_CT160045/Cter_11-2(H)
Ct7g_CT160046/Cter_11-3(H)7.6|
Ct7g_CT160047|Cter_64-1(H)+7.6|
Ct7g_CT160048|Cter_13-
Ct7g_CT160049|ctr_24-1(H)7.6
Ct7g_CT160050/Cter_11-4(H)
Ct7g_CT160051|ctr_26-10)k
Ct7g_CT160052|Cter_26-1(V))
Ct7g_CT160053|c_T20-1(V)
Ct7g_CT160054/Cter_65-1(M}+4.0]

@

respectively, whilst Ct8 hosts a single albumin-1 encoding acyclotide
cliotide_T22 (Ct8g CT160055; Fig. 3). We observed a trend linking
physical albumin-1 location in Ct_HiC3 to biophysical properties (pl,
net charge at pH 5.5) and topology (bracelet, Mobius, or hybrid) of the
encoded cyclotides (Fig. 3; Supplementary Data 2), suggesting loca-
lized tandem duplications within the genome and encompassing sev-
eral albumin-1 loci are common.

Evolutionary signatures associate with increased cyclotide
diversity

We examined albumin-1 loci encoding mature cyclotides in the four
albumin-1 islands for non-neutral, positive, and purifying selection
signals using pairwise and overall Z-tests (dy - ds). Previous examina-
tion indicated lower conservation in cyclotide domains compared to
a-chains™. Two sequence sets were analyzed: (i) sequences encoding
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Fig. 3 | Distribution of albumin-1-like and asparaginyl endopeptidase (AEP)
genes across the eight haploid pseudochromosomes of C. ternatea. Pseudo-
chromosomes, labeled Ct1 through Ct8, are depicted as purple shaded round-
ended bars proportional to their size in megabase pairs and labeled with their size
within the bar. Horizontal black bars across pseudochromosomes are locations of
albumin-1loci with loci information in black bound shapes. Loci names are given in
non-bold font, encoded peptides are in bold and identified by peptide name,
appended with “-n’ that represents which copy of the peptide is encoded by the
relevant albumin-1 locus. Information after the peptide name is coded as depicted
in the boxed legend: yellow circles note domains encoding mature cyclotides and
give the topological category to which the cyclotide belongs (B = bracelet, H =

hybrid, and M = Mdbius), boxes containing “A” and “U” label acyclotide and unusual
domains respectively. Cter_ac and Cter_nC are the prefixes for acyclic and minus-
one Cys residue C. ternatea b-chain peptides respectively. Loci with the prefix Albll
before a numerical designation are albumin-1-like loci that do not encode a b-chain
or cyclotide-like sequence and are putative pseudogenes. Predicted pl is color-
coded as shown in adjacent rectangles with predicted charge values at pH 5.5
printed in each rectangle. Horizontal orange bars across pseudochromosomes are
AEP loci, with loci information in adjacent, orange-bound boxes. Green trapezoids
on pseudochromosomes denote locations of the four albumin-1 enriched islands
Ct1_4.53Mbp, Ct1_225.4kbp, Ct6_31.7Mbp, and Ct7_12.1Mbp.

the cyclotide domain plus three C-terminal residues (cyclotide-CTR)
and (ii) the remaining sequence downstream of the CTR containing the
a-chain (a-chain; Supplementary Information - Method 2). Overall
Z-tests for each island revealed significant non-neutral support for
cyclotide-CTR gene sets, except for Ct6_31.7Mbp, which showed no
positive selection support and significant purifying selection (Sup-
plementary Data 4). The a-chain set also exhibited significant non-
neutral and purifying selection support (Supplementary Data 4). Pair-
wise Z-tests within islands indicated non-neutrality between cyclotide-
CTRs (Supplementary Data 5) and significant positive selection (Sup-
plementary Data 6) between loci in Ct6_31.7Mbp and Ct7_12.1 Mbp
when the calculated pl was <4 or >7 for one or both sequences. This
finding suggests selective pressure influencing the expansion of the
cyclotide pl range, as depicted in Fig. 2c; however, low or no expres-
sion of some loci weakens support of this trend (Supplementary
Data 2). Additionally, sequences encoding the same cyclotide exhib-
ited significant values for purifying selection compared to nearby
loci (Supplementary Data 7). At the three loci encoding Cter_A, the
cyclotide domain of Ctig CT159945(Cter_A-3) is being maintained as
Cter_A (p = 0.0253) compared to the nearby loci Ctlg CT159935(Cter_A-
1) and Ctig CT159939(Cter_A-2). Similarly, among the Cter R encoding
domains of Ctl 4.53Mbp, Ctig CT126925(Cter R-3) is being
maintained as Cter R compared to Ctlig CT126919(Cter_R-1)
and Ctig CT126924(Cter R-2) with p=0.0135 and p=0.0067
respectively. The two Cter B loci, Ctég CTO05312(Cter B-1) and
Ct6g CT160018(Cter_B-2) in Ct6g_31.7 Mbp display purifying selection
(p=0.0337). In the a-chain sets, similar trends were observed or weakly
evident in comparison to cyclotide-CTR regions (Supplementary
Data 8-10). Together, these trends of positive selection supporting
biophysical property expansion, purifying selection to retain multiple
loci of identical cyclotides, duplication, and diversification suggest this
cyclotide-encoding albumin-1 gene family can perform varied and
perhaps emerging biological roles.

Cyclotide distribution suggests expanded albumin-1 gene
functions

Cyclotides and acyclotides occur throughout C. ternatea
organs'>". To support the biological relevance of previously
known sequences, we validate the presence of select mature
peptides in tissues throughout the plant by MALDI-MSI. We
attempted to capture the expression patterns of cyclotides using
MALDI-MSI but found that the large number of peptides of similar
mass confounded analysis for some but not all masses (Supple-
mentary Figs. 6, 7). Cyclotide distribution shows tissue-specific
patterns, including subtle differential distribution of Met-
oxidized Cter_M in shoots, and distinct tissues/cell layers of
roots and nodules (Fig. 4, Supplementary Fig. 8). Example
genome-identified cyclotides were observed in extracts of roots
using MS-MS and validate Cter_60 and Cter_47 (Supplementary
Fig. 9, Supplementary Fig. 10, Supplementary Data 11, Supple-
mentary Table 4), demonstrating that some genome-identified
sequences are detectable.

Identification of an ancestral proteolytic AEP and ligase AEP
cluster

Eleven AEP loci were identified, and gene models were refined through
alignments with reported C. ternatea AEPs to reveal a total of ten full-
length AEP loci (Supplementary Data 12). Gene symbols applied to
these Ct_HiC3 AEPs followed historical numbering when the full-length
model matched previously described fragments but used the CtAEP
prefix, thus CtAEP6 and CtAEP10 here are full-length AEPs consistent
with the fragments reported for butelase-6 and CtAEP10'%"%°,

The origin of ligase-type AEPs in the genome is relevant to the
evolution of cyclotides in C. ternatea, and we used co-linearity analysis
to identify ancestral AEPs in G. max, P. acutifolius, and V. unguiculata
syntenic to the characterized ligase butelase-1/CtAEP1'**°, A - 92.5 kbp
region on Ct3 was identified containing four CtAEP loci syntenic to
AEP-encoding loci on Glyma04, Glyma06, Phacu.CVR.009, and
Vigun09 where the syntenic homologs occur as singletons (Fig. 5a)>~".
Pairwise identity percentages between syntenic and C. ternatea AEPs
reveal that CtAEP15 exhibits greater similarity to syntenic Phaseoleae
AEPs than to other CtAEPs in the ~92.5 kbp region (Fig. 5b). Alignments
of LAD and MLA regions indicate that AEPs encoded near CtAEP15
resemble canonical ligase AEPs, specifically the hydrophobic MLA and
high identity at LAD residues, whereas CtAEP15 shares features with
the hydrolase CtAEP2 (Fig. 5¢)*%. The features present for each LAD and
MLA of each AEP in the genome are given in Supplementary Data 12. In
planta tests of AEP function were performed in Nicotiana benthamiana
employing transient co-expression with the [T20K]kB1 precursor,
derived from Oldenlandia affinis, as the substrate (Fig. 5d, €)™,
CtAEP15 displayed increased linear products compared to mock and
was similar to CtAEP2, confirming CtAEP15 as a hydrolase (Fig. 5d, e).
CtAEP1 exhibited peptide ligase activity as previously known, with
CtAEP10 activity similar to CtAEP1 demonstrating CtAEP1O is a cano-
nical ligase AEP. CtAEP13 co-expression was not distinguishable from
mock indicating CtAEP13 was non-functional, in accordance with
CtAEP13 having negligible expression and a 10aa deletion (TPM =1.95,
Fig. 5d, e, Supplementary Fig. 11, Supplementary Fig. 12, Supplemen-
tary Data 12). CtAEP10, CtAEP15, and CtAEP16 amplified by RT-PCR
matched the gene models of Ct_HiC3, supporting the conclusion that
CtAEP10 is a canonical ligase AEP. Expression levels of CtAEP1 were
higher than CtAEP10 except in roots, suggesting subfunctionalization
of these AEPs post neofunctionalization of a progenitor ligase.

Discussion

Examples of albumin-1 sequences are known from certain taxa in
tribes Cicereae, Fabeae, Trifolieae, Phaseoleae, and in the unplaced
Cladrastis clade®***. The albumin-1 gene families of cyclotide-
producing and non-producing taxa exhibit distinct evolutionary
trajectories, evident in the C. ternatea genome by multi-fold family
expansion, replacement of b-chains with cyclotides, and the
broader biophysical properties and expression patterns compared
to typical b-chains. The observation that multiple albumin-1 loci
encode the same cyclotide suggests these sequences may be recent
duplications or are conserved. Albumin-1 genes of Medicago
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Cyclic c_T1
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(Trifolieae) are mostly limited to root and seed expression yet dis-
play family expansion (n = 52) across seven of eight chromosomes,
similar to C. ternatea, suggesting genome-wide distribution is not
linked to organism-wide expression or broader biophysical prop-
erties. Unlike other Faboideae, C. ternatea albumin-1 genes encode
predominantly cyclotides and acyclotides, and not PAlb-like pep-
tides. No distinct syntenic albumin-1 relationships were identified,
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thus we are unable to determine the syntenic ancestral albumin-1
gene in relatives. Compared to the other albumin-1 islands we
describe, Ct6_31.7 Mbp contains the most diverse range of albumin-
1 loci in terms of encoded cyclotides, acyclotides, and putative
pseudogenes (Fig. 3). This observation suggests Ct6_31.7Mbp either
contains the oldest albumin-1 loci, having had the opportunity to
diversify and undergo gene birth and death, or Ct6_31.7 Mbp exists
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Fig. 4 | MALDI-MSI visualization of select cyclotides showing distinct dis-

tribution patterns in C. ternatea organs. Each panel is divided into labeled rec-
tangles bounding 10 um cross sections of (1) mature leaf, (2) shoot, (3) secondary
root, (4) primary root, (5) young nodule, and (6) senescent nodule cross section. In
all panels, scale bar in (2) is 9 mm, MS imaging is based on [M +H]" mass at 50 um
pixel size. In panels with MS data (b-h), a color scale bar indicating signal intensity
for each molecular species is given, ranging from 0-100% signal, with values >100%
corresponding to dark red and value above bar relates to the upper bound of signal
values for the indicated mass, all detected mass values were rounded to the third
decimal place. a Optical image of organ sections before application of matrix used
to acquire MS imaging data. b Distribution of 3227.452 + 0.039 Da mass consistent

with 3227.4528 Da theoretical mass of cyclic Cter_R. ¢ Distribution of

3058.205 + 0.04 Da mass consistent with 3058.2048 Da theoretical mass of cyclic
Cter M. d Distribution of 3074.211+ 0.04 Da mass consistent with 3074.1961 Da
theoretical mass of cyclic Cter_ M with oxidized methionine (Cter_M_ox).

e Distribution of 3098.392 + 0.04 Da mass consistent with 3098.3848 Da theore-
tical mass of cyclic Cter_P. f Distribution of 3068.252 + 0.04 Da mass consistent with
3068.2468 Da theoretical mass of linear Cter_70. g Distribution of

3084.328 + 0.04 Da mass consistent with 3084.3698 Da theoretical mass of cyclic
¢_T1. h Distribution of 3249.425 + 0.042 Da mass consistent with 3249.4598 Da
theoretical mass of cyclic Cter_28.

in a state of rapid change and requires further study to understand
why Ct6_31.7Mbp is the most diverse.

Despite albumin-1 differences between C. ternatea, Phaseoli-
nae, and Trifolieae, the insecticidal function of the albumin-1 gene
family is retained, exemplified in entomological assays and the
formulation of C. ternatea cyclotides into the commercial insecti-
cide Sero-X™#Y_ The archetypical insecticidal b-chain peptide,
PAlb, and a similar b-chain from M. truncatula (AG41 peptide) are
restricted to seeds and share the C4,RCs motif required for activity
against insect cells*®. In contrast, C. ternatea cyclotides are
expressed throughout the plant, lack the C4RCs motif, and are
insect- and bacterial membrane disrupting peptides®*. These
observations suggest that b-chain and their cyclotide derivatives
function in plant defense but employ different mechanisms. The
detection of albumin-1 products in root and nodule tissue is another
similarity with M. truncatula, and it is possible cyclotides or b-chain
peptides may have a role in plant-microbe interactions similar to
nodule-specific cysteine rich peptides, warranting further study in
this context (Fig. 4b, e-h, Supplementary Fig. 8)**°.

Our analysis supports the enzymes CtAEP1, CtAEP10, and
CtAEP13 as derivatives of the ancestral CtAEP15. The data support
an evolutionary model whereby duplication events followed neo-
functionalization of an ancestral duplicate into a peptide ligase.
Typical hydrolase AEPs exhibit some limited transpeptidation in
vitro and in planta resulting in peptide ligation, suggesting
recruitment of an AEP ligase occurred after the appearance of an
Asn or Asp residue in the C-terminus of an ancestral albumin-1 b-
chain’®*, This ancestral canonical ligase AEP underwent two
additional duplication events resulting in three AEPs: CtAEP1,
CtAEP10, and CtAEP13. Alignments show that CtAEP13 contains a
10aa deletion, a possible basis for its non-functionality, and
exhibits a low TPM value suggesting the locus is undergoing
pseudogenization. The most parsimonious model is that duplica-
tion of the CtAEP15 ancestor facilitated the biosynthesis of
cyclic molecules derived from b-chain peptides through AEP
neofunctionalization.

Of known cyclotide-bearing plants, C. ternatea is unique in the
replacement of an existing defense peptide domain with cyclotide
domains. The data indicates albumin-1 loci that encode cyclotides
are evolutionarily favored, being members of a comparatively
expanded and diversified gene family versus other Faboideae. We
propose an evolutionary model of genome-wide b-chain succession
to cyclotide domains via: (i) acquisition of a C-terminal Asx residue;
(ii) native weak ligase activity of hydrolytic AEPs; (iii) the enable-
ment of cyclotide biosynthesis by AEP duplication and neo-
functionalization; (iv) cyclotide-encoding albumin-1 gene
duplication and diversification to perform various roles (Supple-
mentary Fig. 4)*. This work thus provides an evolutionary expla-
nation for the origin of the ultra-stable family of plant cyclotides
and supports their functional differentiation from conventional
b-chains.

Methods

Plant material, DNA extraction, and genomic sequencing

A line isolated by single seed descent from Clitoria ternatea ‘Milgarra’
(Queensland Department of Primary Industries) was maintained in a
controlled environment with a mean temperature of 26 °C at 16 h day-
length under LED illumination (Valoya Oy, Finland; AP67 spectrum) in
potting soil. Shoots were harvested and used as input for Hi-C
sequencing using the Arima 4 library preparation and sequencing
pipeline at The John Curtin School of Medical Research—Biological
Research Facility (Australian National University, Canberra, Australia).
Additional shoots were harvested and ground extensively with a
mortar and pestle under liquid nitrogen then processed as per man-
ufacturer’s protocol of the Circulomics Nanobind Plant Nuclei Big DNA
Kit (PacBio, USA). High molecular weight DNA (10-15kbp) was
sequenced on a PacBio Sequel Il with an 8 M SMRT Cell by the Aus-
tralian Genome Research Facility (Australia).

Genome assembly and annotation to create Ct_HiC3

All reads were quality checked using FastQC software (v0.12.1
Babraham Institute, United Kingdom) and output reports used to
define parameters for trimming and filtering steps. Cutadapt (v3.5)
was used with sequential commands on PacBio Hifi raw data with
the following parameters: -g AAGCAGTGGTATCAACGCAGAGTACT;
-a AGTACTCTGCGTTGATACCACTGCTT; -u 10; -u -10 *2 For Hi-C
raw data, Trimmomatic (v0.39) was used with parameter set:
HEADCROP:20 MINLEN:30*. Trimmed and filtered data were
assembled using Hifiasm (v0.16.1) with the following parameters:
-k57 -z20 =10 -—hg-size 1800m****, The assembled contigs and
Hi-C data were used with 3D-DNA (Phasing branch 201008) and the
Juicer pipeline as outlined by Dudchenko et al. before visualization
and manual adjustment with Juicebox (v2.20.00)**. Following
manual adjustment of the refined pseudochromosomes, the
assembly was reconstituted as described in the pipeline doc-
umentation. RNA-seq data from six plant organs was used with
StringTie (v2.2.1) to create a set of transcripts, followed by Trans-
Decoder (v5.5.0) to obtain longest open reading frames and pre-
dicted proteins as per standard software protocol***’. A UniProt
proteome annotation set was obtained using BLASTP (BLAST+
v2.13.0) with parameters: uniprot_ sprot.fasta -evalue le-5
-max_target segs 1 -outfmt 6. The resulting files were pre-
pared for input into the FGENESH + + (Softberry Inc.) pipeline for
gene prediction using the Phaseolus vulgaris gene set’®. Gene
annotations were applied to the genomic assembly and visualized
in Geneious Prime (v2023.2.1, Biomatters Inc., New Zealand). See
Supplementary Information - Method 1 for manual refinement of
albumin-1 and AEP gene family loci.

Albumin-1 and asparaginyl endopeptidase family quantification,
comparisons, and co-linearity analysis

Genomes and proteomes of G. max (Wm82.a4.v1), P. acutifolius (v1.0),
and V. unguiculata (v1.1) were obtained through Phytozome
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Fig. 5| Co-linearity analysis identifies syntenic region containing hydrolase and
ligase type asparaginyl endopeptidases (AEPs) characterized by sequence and
activity in transient expression. a Ct3 region containing an AEP duplication
hotspot (Ct3 92.5 kilobase pair region between CtAEP13 and CtAEP15) syntenic to
hydrolase-type AEPs in C. ternatea (blue), G. max (green), P. acutifolius (magenta),
and V. unguiculata (black). Size of syntenic intervals for each species are given in
bound boxes below the horizontal bar. Syntenic loci within the region are given as
open arrowed boxes with orientation of transcription following arrow direction and
labeled with the gene identifier. Loci encoding AEPs are given as filled boxes and
labeled with gene symbols for C. ternatea. Unannotated open triangles represent
non-syntenic genes annotated by FGENESH + + in C. ternatea. b Matrix of pairwise
identity percent values for MUSCLE-aligned AEP zymogen without signal peptides.
¢ Protein sequence alignments for ligase activity determinants 2 and 1 (LAD2 and
LADI respectively), and the marker of ligase activity (MLA) between known
hydrolase-type AEP CtAEP2 and ligase-type AEP CtAEP1. Manhattan plots below MLA

residues are shaded in red (hydrophilic) and blue (hydrophobic) denote hydro-
phobicity patterns for the respective MLA sequence. d Relative mean amounts of
each peptide product class normalized against internal control, shaded to indicate
yellow = unprocessed, purple = linear, and green = cyclic. Bars for each CtAEP series
are composed of stacked colored bars proportionate to the relative amounts of
product type, and error bars representing SD are given for each biological replicate
(n =4, except for CtAEP2 where n = 3). e MALDI-TOF analysis of peptides produced
in N. benthamiana transient expression assays using Oak1[T20K]kB1 precursor as
substrates co-expressed with green fluorescent protein (mock), CtAEP2, CtAEP1S,
CtAEP1, CtAEP10, and CtAEP13. Representative traces are shown with masses plotted
along the x-axis of m/z. Peaks are labeled above with codes describing the molecular
species at each peak. As in d purple shaded peaks are linear products (linear minus
N-terminal Gly, and linear), green shaded peaks are cyclic products, orange shaded
peaks are internal control used to determine relative amounts, yellow shaded peaks
note linear products not processed (unprocessed) by AEP.

(phytozome-next.jgi.doe.gov, v13) for use in calculating peptide
masses and predicted biophysical properties, and for use in the
MCScanX pipeline along with the Ct_HiC3 genome and annotation set
(Supplementary Information - Method 3)*. Expression estimates were
obtained against the curated set of gene models for both albumin-1
and AEP gene families combined (Supplementary Information -

Method 4). Protein sequences from co-linear AEP loci were aligned
with MUSCLE in Geneious Prime.

MALDI-MSI and MS/MS analysis
Plant material was cultured as described above. Leaf, shoot, secondary
root, primary root, young nodule, senescent nodules were harvested
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fresh before embedding in SCEM under a hexane-dry ice mixture to
freeze samples before using the film sectioning method of Kawamoto
& Kawamoto (SECTION-LAB Co. Ltd., Japan) followed by cryo-
sectioning into 10 um sections*’. Sections were mounted on glass
slides and air-dried without rinsing to preserve peptides in the section.
Sections were scanned with a Tissue Scanner Il before spraying with
2,5-dihydroxybenzoic acid (30 mg/mL in ethanol) as the matrix. Matrix
was applied with a SunCollect Sprayer (SunChrom, Germany) set for
one layer at 10 pL/min, one layer at 20 uL/min, and eight layers at 40 uL/
min. Matrix-coated samples were recrystallized with 5% isopropanol in
a sealed petri dish at 55°C for 3 min on a hotplate. Imaging was per-
formed on a Bruker TIMS TOF Flex MALDI-2 system (Bruker, USA)
calibrated using ESI-L Tune Time (Agilent, Australia, G1969-85000) in
positive mode across m/z 1000-8000. Mass imaging data was handled
with SCiLS Lab software (v2024a 12.00.15110, Bruker, USA, v2024a)
with default settings for Bruker TIMS TOF Flex data and normalized
using the root mean squared method. Images for specific m/z values
were exported as TIFF files.

For MS/MS analysis, peptide extraction employed lyophilized
plant organs (100 mg; n =1 of each tissue type) consisting of leaves and
shoots, roots, and nodules that were ground with a mortar and pestle
separately and incubated overnight in 50% ethanol supplemented with
1% formic acid. Supernatants from each organ type were filtered
through a 25 um nylon mesh filter were lyophilized and reconstituted
in 100 nM ammonium bicarbonate pH 8.0, only root extract was taken
for cyclotide discovery. The MS/MS experiments were performed
using a Shimadzu UPLC coupled with an AB Sciex 5600 TripleTOF
High-resolution mass spectrometer using information dependent
acquisition scanning on an Agilent Zorbax C18 300-A column with
dimensions of 100 x 2.1 mm, 1.8 um. ProteinPilot (v5.0.2, AB Sciex) was
used for the identification of proteins by searching the MS/MS data
against the peptide sequences in Supplementary Data 2.

Asparaginyl endopeptidase validation and in planta assays

Coding sequences for CtAEP10, CtAEP15, and CtAEP16 were amplified
using RT-PCR employing the SuperScript Ill kit (ThermoFisher Scien-
tific, Australia) and Phusion polymerase kit (NEB, Australia). Amplicons
contained attB flanks and were cloned into pDS221 before Sanger
sequencing was performed to validate the gene models for the above
AEPs™. See Supplementary Information - Method 5 for detailed meth-
ods including primers used for cloning CtAEP sequences and in planta
assays. In brief, cloned AEPs, GFP, and cyclotide precursors were moved
into pEAQ for transient co-expression of tested AEPs and cyclotide
precursors®®, Relative abundance estimates were calculated against
spiked-in peptide control and data processed as previously described.

Statistics and reproducibility

Statistical tests involving nucleotide diversity were performed as
detailed in Supplementary Method 2 (Supplementary Information). All
tests performed on protein-coding nucleotide sequences were z-tests
for selection, with tests of neutrality being two-tailed, and tests for
positive or purifying selection being one-tailed. Statistical analysis of
relative peptide amounts from in planta expression assays (Supple-
mentary Method 5) were two-tailed Students t-tests. Reproducibility
for in planta assays was assured through repeated experiments using
different substrates to show consistent outcomes between tested
enzymes and built in controls for variation by distribution of treat-
ments across different plants and leaves and not performed in a blin-
ded fashion. No data were excluded from analyzes except for a single
replicate of CtAEP2 and noted in the source data and Fig. 5d legend.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw genomic sequence reads are deposited at the National Cen-
ter for Biological Information (NCBI) Sequence Read Archive
(SRA) under PRJNA1033355. Previously released RNA-seq data
used in this study is available through NCBI-SRA under
PRJNA286977. The Ct_HiC3 assembly is available via NCBI Gen-
ome under JAXHEBOOOOOOO0O0O. The entire set of gene models
with refined albumin-1 and AEP models is available along with
corresponding genome sequence via The University of Queens-
land eSpace Ct HiC3 [https://doi.org/10.48610/757738c].
Albumin-1 and AEP gene model information available through
NCBI-Genebank with accession numbers listed in Supplementary
Data 2 and Supplementary Data 12 respectively. MS/MS data are
available at The University of Queensland eSpace [https://doi.org/
10.48610/0f8519a]. Source data and metadata (README files) for
the source are available in the public repository [https://doi.org/
10.48610/757738c]. All data deposited are available unrestricted.
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