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Allium crop breeding remains severely hindered due to the lack

of high-quality reference genomes. Here we report high-quality
chromosome-level genome assemblies for three key Allium crops (Welsh
onion, garlicand onion), which are 11.17 Gb, 15.52 Gb and 15.78 Gb in size
with the highest recorded contig N50 of 507.27 Mb, 109.82 Mb and 81.66 Mb,
respectively. Beyond revealing the genome evolutionary process of Allium
species, our pathogen infection experiments and comparative metabolomic
and genomic analyses showed that genes encoding enzymes involved

in the metabolic pathway of Allium-specific flavor compounds may have
evolved from an ancient uncharacterized plant defense system widely
existing in many plant lineages but extensively boosted in alliums. Using
insitu hybridization and spatial RNA sequencing, we obtained an overview
of cell-type categorization and gene expression changes associated with
spongy mesophyll cell expansion during onion bulb formation, thus
indicating the functional roles of bulb formation genes.

Allium species (family—Amaryllidaceae, order—Asparagales), includ-  also belongs to the family Amaryllidaceae of the order Asparagales.
ing onion (Allium cepa L.), garlic (Allium sativum L.) and Welsh onion  Africanlily,an herbaceous and perennial monocotyledon endemic to
(Allium fistulosum L.), are a group of plants with tremendous value  southern Africa*’, is a popular ornamental and medicinal plant with
as crops, spices, medicinal materials and ornamentals'. Africanlily  rhizomes, linear strap-like dark green shiny leaves and blue to violet
(Agapanthus africanus), which was used as the outgroupin thisstudy, flowers clustered in an umbellate inflorescence*”.
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The use of Allium species is documented in many historical and
classictexts of the ancient world, including the ‘ShiJing, the Bible and
the Quran®. The earliest records of onions as human food are found in
Egyptian tombs dated to 3,000 BC’. Today, onions are one of the most
produced vegetables globally, with 100 million tons of dried onions
produced annually, ranking second only to tomatoes (http://www.fao.
org/faostat/en/#data/QC). The hallmark flavor and beneficial health
properties of most Allium species are attributed to sulfur-containing
compounds, such as allicin and isoallicin. These cleaved products of
S-Alk(en)ylcysteine sulfoxide precursors (for example, alliin, isoalliin,
methiin and propiin) are catalyzed by hydrolyzing enzymes, such as
alliinase and lacrimal factor synthase (LFS), when subjected to mechani-
calinjury or herbivore attack®*™'°, However, how these closely related
Allium species with diverse flavor compounds evolved remains a fun-
damental unresolved question in plant biology and horticulture. To
address this question, comparative genomic studies of Allium species
havebeen conducted. Given the low coverage of short-read sequencing,
repetitive sequences, which constitute most of the Allium genome™*2,
are likely the main reason for genome expansion™", with Gypsy-type
long terminal repeats (LTRs) being the most prevalent repetitive
sequences'® ™., Analysis of mid-phase chromosomes and karyotypes
suggests that the abundant repetitive sequencesinthe Allium genome
may be the result of hybridization and/or polyploid adaptation to dif-
ferent environmental conditions™"**?', Comparative analysis of several
genes using fluorescence in situ hybridization identified chromosomal
inversion between onion and Welsh onion*.

Despite progress, high-quality reference genomes for thisimpor-
tant group of plants are still lacking. Mapping phenotype variation to
genesisurgently needed toaccelerate Allium crop breeding given the
long generation times due to bulb vernalization and inefficient hand
pollination”. At present, however, only a few variations (for example,
bulb color) have been genetically mapped due to the lack of high-quality
reference genomes. Furthermore, the extreme size of Allium genomes
(from 7.4 Gb t0 72.9 Gb)'>*** severely hinders genomic decoding, bio-
logical research and breeding. Only two chromosome-level genome has
been reported for Allium (garlic and Welsh onion)'**, but it does not
reachthestandard required for areference genome given the relatively
low base accuracy (the consensus quality value (QV) 37.06 for Welsh
onion), low contig N50 (194 kb for garlicand 7.34 Mb for Welsh onion),
low BUSCO score (88.4% for garlicand 91.0% for Welsh onion) and short
average coding sequence (CDS) length (797 bp for garlic and 820 bp for
Welsh onion), thereby limiting scientific conclusions.

Here we presented high-quality chromosome-level genome assem-
blies of three key Allium crops (onion (2n =2x=16), garlic (2n=2x=16)
and Welsh onion (2n =2x=16)), as well as African lily 2n =4x=30) as
the outgroup****, Our results not only provide animportant resource
for further study but also offer insight into the biology and breeding
of these important crops.

Results

Chromosome-level genome assembly

We used PacBio sequencing in high fidelity (HiFi) mode with
high-throughput chromosome conformation capture (Hi-C) data to
assemble the four genomes (Fig.1a,b, Table 1, Extended DataFig.1laand
Supplementary Tables1-6). The final genome assemblies are 15.78 Gb
with a contig N50 of 81.66 Mb for onion, 15.52 Gb with a contig N50 of
109.82 Mb for garlic, 11.17 Gb with a contig N50 of 507.27 Mb for Welsh
onion and 10.48 Gb with a contig N50 of 7.32 Mb for African lily. The
genomesizes of the four assemblies were comparable to flow cytometry
estimations reported in previous studies**>** (Supplementary Table 7).
Furthermore, the contigN50 sizes of the three Allium species were not
only the highest among recently published Allium assemblies'**?¢,
but also the highest recorded for plants with large genomes”*°. The
QV of the genome assemblies of the three Allium species and African
lily (55.38-69.61) indicate very high base accuracy (Supplementary

Table 8 and Supplementary Result 1). Annotation of the assemblies
found telomeric repeats at many chromosomal ends, suggesting the
chromosome assemblies are of high quality (Supplementary Tables
9-12and Supplementary Result1). Annotation of protein-coding genes
and BUSCO? assessment showed high gene completeness and accuracy
(Table 1, Supplementary Tables 13-20 and Supplementary Result 1).

Based on genome annotation, further phylogenetic analysis and
divergence time estimation showed that the three Allium species clus-
tered together to form a monophyletic group, which diverged from
its closest outgroup (African lily) ~69.2 million years ago (Mya; Fig. 1c,
Extended Data Fig.1b-f, Supplementary Table 21and Supplementary
Result 2). Chromosome comparisons of the Allium species identified
several large-scale reciprocal inversions in Welsh onion-garlic and
onion-Welsh onion species pairs (Fig. 1a,d, Supplementary Table 22
and Supplementary Result 3). We also included the previously pub-
lished garlic genome” in chromosome comparison and found that our
garlicassembly exhibited better synteny withthe other Allium species,
thereby suggesting higher quality (Fig. 1e, Supplementary Table 22 and
Supplementary Result 3). Categorization of repetitive elements showed
LTRs were dominantin the four genomes, with Copia (8.90-52.16%) and
Gypsy (40.26-54.84%) being the two largest LTR families (Extended
Data Fig. 2a, Supplementary Tables 23 and 24 and Supplementary
Result4). Furthermore, divergence analysis of LTR showed that African
lily has a sharp concentrated Copia peak at ~-10% divergence, whereas
the Allium species show flatter divergence distribution (Extended Data
Fig.2b,d). For Gypsy, the four species show amore similar distribution
(Extended Data Fig. 2c,d and Supplementary Result 4). Gene family
expansion and gene evolutionary analysis identified many expanded
gene families and rapidly evolving or positively selected genes that
were related to defense function and alliin biosynthesis in the Allium
lineage (Extended Data Fig. 3, Supplementary Tables 25-43 and Sup-
plementary Result 5).

Allium-specific polyploidization events

Whole-genome duplications (WGDs) have an important role in the
evolution of angiosperm genomes. In the African lily genome, we
discovered numerous groups of eight homologous genomic regions
through both intragenomic (Fig. 2a) and intergenomic comparisons
(dot-plotanalyses) with Ananas comosus®, Asparagus officinalis* and
Dendrobium chrysotoxum® (Fig. 2b and Supplementary Fig.1). Based
onKsdistributioninthe African lily genome and phylogenetic analysis
of Africanlily and A. officinalis (Fig. 2c, Supplementary Figs. 2-4 and
Supplementary Result 6), we found that African lily probably experi-
enced three WGD events, with the most ancient T WGD event shared
by most monocots**°. Using the t WGD event as a time calibration
point¥, the other two WGDs were estimated to have occurred at ~70
to 75 Mya (denoted as p) and 20-22 Mya (denoted as w), respectively
(Supplementary Fig. 3). Further comparison with divergence time cor-
rected by ksrates® showed that the second WGD event p likely occurred
before the divergence of African lily and alliums, whereas the third
WGD event w likely occurred after their divergence (Supplementary
Fig.5and Supplementary Result 6).

For the three Allium species, mapping of the intraspecies
syntenic blocks found within African lily and A. officinalis to the Allium
genomes identified up to 16 orthologous syntenic blocks (Fig. 2a,b,
Supplementary Figs. 6-12 and 13a,b and Supplementary Result 6),
suggesting that the Allium species may have undergone four WGD
events (2 x2 x2x2=16),includingtwointhelineage leading toAllium,
one before the divergence between African lily and the lineage lead-
ing to Allium and one (most ancient t WGD) shared by most mono-
cots®?, Clustering based on similarity matrices among homologous
syntenic regions between Welsh onion and A. officinalis and African
lily pairs (Supplementary Figs. 13c and 14 and Supplementary Result
6) suggested that the second oldest WGD was likely the p WGD event
shared with African lily, as supported by gene tree discordance analysis
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Fig.1|Evolution of Allium and African lily genomes. a, Overview of Allium
species and African lily genomes. Track a corresponds to chromosome length.
Tracks b-f, five rings represent the density distribution of protein-coding genes,
gene expression, LTR/Copia, LTR/Gypsy and repeat sequences, respectively.
Track g corresponds to syntenic blocks between onion and other three species.
Scale bars equal to 5.5 cm for onion, 2.5 cm for garlic, 22.1 cm for Welsh onion
and17.4 cm for Africanlily. b, Interaction map of Hi-C data of four species. Each
black frame represents one chromosome. With numbered chromosomes as
coordinates, color of each dot represents log value of interaction intensity of
the corresponding bin pair of genomes, and interaction intensity increases from
white to red. Chr, chromosomes. ¢, Maximum-likelihood phylogenetic tree from
single-copy ortholog genes of ten plant species dated with fossil calibrations.
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e, Whole-genome alignment between two garlic genome assemblies. Upper
oneis anassembly from this study, and lower one with an asterisk represents
an assembly from a previous study”. A. fistulosum, Allium fistulosum; A. cepa,
Allium cepa; A. sativum, Allium sativum; A. africanus, Agapanthus africanus;

A. officinalis, Asparagus officinalis; A. shenzhenica, Apostasia shenzhenica;

E. guineensis, Elaeis guineensis; Z. marina, Zostera marina; S. lycopersicum,
Solanum lycopersicum; A. trichopoda, Amborella trichopoda.

(Supplementary Fig.15). Ksdistribution (Supplementary Figs.2and 3),
dot-plot analysis (Supplementary Fig. 6) and gene tree analysis of
syntenic regions (Supplementary Fig.16 and Supplementary Result 6)
in Welsh onion indicated that the two most recent WGD events
(aand B) occurred within ashort period (46-50 Mya; Supplementary
Fig. 3b) almost simultaneously (referred to as a/f) before divergence
of'the three Allium species.

In summary, the African lily and common ancestor of Allium
speciesfirstshared ancient and p WGD events, thenindependently expe-
rienced more recent WGD events. African lily experienced a WGD event
(w) around 20-22 Mya, whereas Allium species experienced two WGD
events (aand ) over ashort period around 46-50 Mya (Figs. 1c and 2c).

Evolution of allicin/isoallicin pathway in Allium
Although the putative biosynthetic pathway for allicin and isoallicin
was recently reported>® (Fig. 3a), the evolutionary history of this

pathway in Allium remains to be elucidated. Here we searched for
homologous genes involved in the biosynthetic pathway of allicin
and isoallicinin 89 representative plant species. We found that genes
responsible for the biosynthesis of precursors alliin/isoalliin and genes
encoding hydrolyzing enzymes were present in most plant genomes.
However, the copy numbers of the alliinase and LFS genes, which
encode key enzymes of the alliin/isoalliin cleavage reaction, under-
went tremendous Allium-specific expansion. While most plant species
contained only a few copies, the Allium plants contained as many as
60 copies of the alliinase gene and 30 copies of the LFS gene (Fig.3b and
Supplementary Table 44). Metabolomic analysis also showed that alliin
content, used as a precursor for allicin biosynthesis, was 1,000 times
lowerinthe Africanlily thaninthetissues of garlic,onionand Welsh onion
(Supplementary Table 45), as supported in previous studies show-
ing that allicin only exists in Allium*''*. Phylogenetic analysis of the
alliinase and LFS gene families showed that the alliinase and LFS genes
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Table 1| Assembly statistics of four genomes

Parameters Onion Garlic Welsh onion African lily
Contig N50 (Mb) 81.66 109.82 507.27 732

Number of contigs 2,984 8,155 605 4914

Total length of contigs (bp) 15,941,260,873 16,462,710,162 11,674,854,025 20,167,188,658*
Hi-C mounting ratio (%) 99.01 94.30 95.69 99.25

Total size of assembled chromosomes (bp)  15,782,911,972 15,523,730,015 11171,194,818 10,477,061,407
GC content (%) 33.67 35.87 35.45 42.39
Complete ratio of BUSCO (%) 96.40 92.60 96.60 94.40

Repeat content (%) 93.79 9275 92.10 94.36

Gene number 61,619 57183 50,234 87,418
Average gene length (bp) 3,552.06 5,228.54 6,11015 7154.27
Average coding sequence length (bp) 1,157.08 1190.76 1,021.84 1,282.78

The total size of all contigs from both haploid genomes.

formed15and 9 distinct groups, respectively (Fig. 3c and Extended Data
Figs.4-5), many of which were shared by the three Allium species. We
also identified species-specific groups with many gene copies, sug-
gesting these genes have experienced continuous expansion and may
be responsible for the distinct flavors of these alliums.

Our results showed that neither alliinase nor LFS genes were
found in the syntenic blocks derived from WGD events; rather, most
formed clusters on chromosomes, indicating that they arose from
local gene duplication. Furthermore, the allicin/isoallicin synthesis
pathway genes were mainly distributed on chromosome 2 in Welsh
onion and onion, and on chromosome 1in garlic (Extended Data
Fig. 6). This clustering pattern may facilitate efficient transcrip-
tional coregulation, as observed in the synthesis of other secondary
metabolites***.

We also detected positive selection and rapid evolution of several
genes in the alliin biosynthetic pathway in Allium (Fig. 3a and Supple-
mentary Table 46). Specifically, two key enzyme genes, GGT (encoding
y-glutamyl transpeptidases) and PCSI (encoding phytochelatin syn-
thase), experienced strong positive selection on the ancestral branch
of the three Allium species and contained Allium-specific changes in
their amino acid sequences (Fig. 3d).

Evolution ofimmune systemin Allium species

Generally, plants recognize pathogen infection through a two-tiered
innateimmune system composed of pattern-triggered immunity (PTI)
and effector-triggered immunity. Here transcriptome analysis revealed
that six of the seven genes involved in the alliin biosynthetic pathway
(that is, AcpGSH1 (encoding glutamate cysteine ligase), AcpGSH2
(encoding glutathione synthetase), AcpPCS1, AcpGGTI1, AcpGGT3
and AcpFMOI (encoding flavin-containing monooxygenase) were
upregulated in onion leaf blades infected with a pathogenic fungus
(Phytophthora) compared with healthy leaf blades (Extended Data
Fig.7a). The upregulated genes were significantly (P < 0.05) enriched
in the PTI-mitogen-activated protein kinase (MAPK) signaling path-
way (Extended Data Fig. 7b). Quantitative real-time reverse transcrip-
tion polymerase chain reaction showed that the expression levels of
AcpGSH1,AcpGGT3 and AcpFMOI were also upregulated in onion leaf
bladesartificially injured and exposed to the Pseudomonas syringae pv
tomato (Pst) strain DC3000 compared to healthy leaf blades (Extended
Data Fig. 7c). Previous research has reported that the plantimmune
system initiates downstream gene responses by activating signaling
pathways such as MAPK*%. Two important transcription factors acti-
vated by the MAPK pathway, WRKY22/WRKY29 and MYB, which specifi-
callyinteract with the Wbox (5’-(T)TGAC[CT]-3’) and Myb recognition
elements, turn on the transcription of many immune response genes

in plants*. In this study, by searching the Allium genomes for these
cis-regulatory elements* in the upstream sequences of genes in the
allicin/isoallicin biosynthetic pathway, we identified W box elements
upstream of three genes encoding enzymes involved inallicin/isoallicin
biosynthesis, thatis, GSHI1, GSH2 and FMOI (Supplementary Table 47).
These findingsindicate that the plantimmune system may regulate alli-
cin/isoallicinbiosynthesis through WRKY22/29 or MYB transcriptional
control. Thus, our results suggest that the alliin biosynthetic pathway
isupregulated by fungal and bacterial infections and may contribute to
downstream immune responses to general microbial infection.

Spatial pattern of secondary metabolismin onion bulbs

Onion is a biennial plant with a bulb storage organ for overwinter-
ing. These bulbs contain a variety of secondary metabolites, includ-
ing flavonoids such as flavone, flavanol and anthocyanidin. Spatial
RNA sequencing (RNA-seq) provides insights into the cellular-level
expression patterns of multiple genes in the same metabolic path-
way. Here we selected six onions at three developmental stages and
performed Spatiotemporal Enhanced REsolution Omics-sequencing
(Stereo-seq)**** on the bulb bases. Stereo-seq combined DNA nanoball
(DNB) patterned array chips, in situ RNA capture and sequencing. We
performed unsupervised clustering of the spatial expression matrix
and categorized clusters into six cell types, including spongy meso-
phyllcells, palisade cells, basal parenchyma cells, epidermal cells, leaf
vascular cellsand xylem cells based on cell morphology, spatial location
andinsitu hybridization of cell marker genes (Fig. 4a-c and Extended
DataFig. 8). Previous study has shown that, in the onionbulbs, the CHS
(encoding chalcone synthase), CH/ (encoding chalcone isomerase),
F3H (encoding flavanone 3-hydroxylase), F3’H (encoding flavonoid
3’ hydroxylase), F3'5’H (encoding flavonoid 3’5" hydroxylase) and FLS
(encoding flavonol synthase) genes are involved in flavonoid synthesis
and FLS converts dihydroflavonols to flavonols, with quercetin being
amajor flavonoid in onion* (Fig. 4d). Quercetin is reported to confer
antioxidant activity and disease-resistance in onion*®*°, Except for
F3'5’H, these genes showed differential expression among clusters
and co-expression in epidermal cells (Fig. 4e, Extended Data Fig. 9a
and Supplementary Table 48), indicating that epidermal cellsinonion
bulbs are the center of flavonoid synthesis.

We also found that the lipid transfer protein gene family (LTP) is
specifically expressed in epidermal cells based on spatial RNA-seq and
RNA in situ hybridization (Fig. 4f and Extended Data Fig. 9), consist-
ent with the expression pattern found in maize leaves by RNA in situ
hybridization and in Arabidopsis stem epidermis by RNA-seq**". The
LTP proteinsare involved in the assembly of cuticular wax*>**,a hydro-
phobic component that prevents nonstomatal water loss and provides
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Fig.2| Comparative genomic analyses. a, Synteny blocks within the African lily
genome (left) and between Welsh onion and African lily genomes (right). Dark/
light blue rectangles connect synteny blocks with syntenic depth ratios of 8:8
within the Africanlily and 8:16 between the African lily and Welsh onion. Two
colors represent two groups of syntenic blocks originating from the early revent,
showing better synteny within each group than between two groups. Light green/
purple/white boxes on left highlight pairs of synteny blocks tracing to w/p/t
event, while green/purple/white boxes on right highlight syntenic pairs tracing
to (a/B)/p/Tevent. Chromosome numbers are shown on left and below. Names of
synteny blocks are on top and left, named with three letters for species name (Aaf
for African lily and Afi for Welsh onion), followed by chromosome number before
the dot and number for block after the dot. b, Alignment of homologous genomic
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protection against harmful elements. Thus, LTP may have animportant
role in water loss prevention and pest resistance in onion bulbs.

Genesrelated to evolution and formation of tunicate bulbs

As the main edible part, bulb formation is an important biological
process in onion production. Bulb formation begins with cell volume
expansioninthe sheath of the innermost emerged leaves (usually the

fifth or sixth leaves from the outermost leaves), followed by expansion
of unemerged leaves from outside to inside**. Spongy mesophyll cells
are the dominant cell type in bulbs (Supplementary Fig.17), and their
expansionis the morphological basis underlying bulb formation®. To
clarify their molecular biological processes, we collected bins associ-
ated with spongy mesophyll cells from the spatial RNA-seq data matrix
and constructed lineage differentiation trajectories using monocle3
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Fig.3|Insights into allicin/isoallicin biosynthesis. a, Putative biosynthetic
pathway of allicin and isoallicin in Allium plants®. Purple stars indicate positive
selection and rapid evolution of genes in Welsh onion. Green stars indicate
positive selection and rapid evolution of genes in garlic. Red stars indicate
positive selection and rapid evolution of genes in Welsh onion. Orange stars
indicate positive selection of genes in ancestors of three Allium species

(see Supplementary Data 1for alignments of sequences). b, Copy number

of homologous genes involved in biosynthesis of allicin and isoallicin in 21
representative species (see Supplementary Table 44 for complete data of 89

species). Phylogenetic tree was drawn according to the Angiosperm Phylogeny
Group (APG) IV system. ¢, Characterization of alliinase gene family. All alliinase
genes were categorized into 15 groups (see Supplementary Data 2 for alignments
of sequences and version with support values on branches). d, Specific
mutations in Allium AcpPCS1and AcpGGT3. M. acuminata, Musa acuminata;
A.setaceus, Asparagus setaceus; H. citrina, Hemerocallis citrina; D. rotundata,
Dioscorea rotundata; S. giganteum, Sequoiadendron giganteum; S. moellendorffii,
Selaginella moellendorffii; P. patens, Physcomitrella patens; V. planifolia, Vanilla
planifolia; D. catenatum, Dendrobium catenatum.

(refs.56,57; Fig. 4g and Extended Data Fig. 10a-c). Pseudotime analysis
showed that accompanying the development of onion bulbs, spongy
mesophyll cells displayed a continuous cell trajectory from the inner
toouter layer and from the base to the top (Fig. 4g and Extended Data
Fig.10a-c). This suggests that cell expansion first occurs in the outer
bulb scale away from the basal stem, consistent with previous descrip-
tions of cell expansion and microtubule disruption processes®. For
eachlayer of bulb, the order of sponge mesophyll cells expansion was
from the outer edge to the inner edge, indicating that the inner edge
cells start to expand earlier and are pushed further inward by later
expansion of cells near the outer edge. Bulb formation is a process of
well-organized spatiotemporal changesin cellmorphology. To further

investigate the molecular processes underlying cell expansion trajec-
tories, we performed differential analysis of the spatial expression
matrix of the spongy mesophyll cell lineage and enrichment analysis
of the top 1,000 genes with the lowest g value against all genes (back-
ground; Supplementary Table 48). The Gene Ontology (GO) terms
significantly enriched (P < 0.05) in the genes with the most noticeable
change in expression during cell expansion were ‘microtubule-based
process, ‘structural constituent of cytoskeleton, ‘abscisic acid (ABA)
binding’and ‘ABA-activated signaling’and Kyoto Encyclopedia of Genes
and Genomes (KEGG) Orthology (KO) term ‘xyloglucan:xyloglucosyl
transferase, suggesting these processes have important roles in cell
expansion (Fig. 4h and Supplementary Fig. 18).
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Fig. 4| Spatial RNA-seq reveals spatial distribution of gene expressionin
metabolic process and onion bulb formation. a, Unsupervised clustering of
three consecutive period onion bulbs. We used a bin size of 80 capture sites to
approximate cell size. Bins are colored according to cell types coded on top-left.
Same color codeis also used in b. Left, early bulb (S); center, midterm bulb

(M); right, mature bulb (L). b,c, UMAP dimensionality reduction projection of
onion bulb cells, grouped by clusters and developmental stages, respectively.
UMAP1and UMAP2 represent two dimensions resulting from dimensionality
reduction. Separation of different clusters in b indicates robustness of cell

classification, while overlap of different developmental stages in c indicates
stable cell-type constitution across three stages. d, Flavonoid metabolismin
onion epidermal cell. e,f, Spatial expression of genes (CHS and LTP) in different
onionbulb developmental stages. g, Spongy mesophyll cell lineages visualized
inspatial coordinates. h, Significant biological process GO terms enriched in top
1,000 DEGs with lowest g value in spongy mesophyll cell lineages. The Pvalues
were calculated using the hypergeometric test (one side) and adjusted by the
Benjamini-Hochberg method. Scale bars equal to 800 pm for aand e-g.

Based on our spatial transcriptome analysis and previous studies,
bulb formation likely involves several cellular processes, including
cytoskeleton re-organization®, cell osmotic pressure regulation®® and
plant hormone interactions®. We therefore carried out evolutionary
and expression analyses of the genes of these cellular processes.

Under long-day conditions, expansion of leaf sheath cells shifts
fromlongitudinal to lateral during bulb development by cortical micro-
tubulerearrangement®. In our study, the adenosine triphosphate motor
protein-related genes including tubulin & chain gene (TUA), tubulin

B chain gene (TUB), y-tubulin complex component 4 gene (GCP4),
tubulin-folding cofactor C gene (TFCC) and fragile fiber/kinesin-like
protein KIN-4A gene (FRA) involved in microtubule rearrangement were
under positive selectionin onion®* (Fig. 5aand Supplementary Table
49). FRA regulates cortical microtubule stability®?, while TUA encodes
the tubulin & chain®. Positive selectionin these two genes in onion may
contribute to the phenotypic differences between onion and Welsh
onion bulbing; onion has asubstantial ball-like bulb with thickened leaf
sheaths, whereas Welsh onion hasasmoothleaf sheath alongits entire
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Fig. 5| Evolution of genes involved in bulb formation in Allium plants and
expression patterndivergence. a, Red genes represent positively selected
genes (PSGs). Orange genes represent rapidly evolving genes (REGs). PSGs FRA,
TFCC, TUA, TUB and GCP4 are involved in microtubule rearrangement. PSGs
ARP2/3 areinvolved in enforcing actin filament. PSGs WAK and REG MAPK3
arerelated to regulators of cell wall remodeling. Genes involved in hormone
biosynthesis and signaling pathways form complex interactions to regulate
cell expansion, including YUCCA (PSG) and ARR (REG) in auxin biosynthesis and
signal response, JARI (REG) in JA (jasmonic acid) biosynthesis, BSK (PSG) and
BRL3(REG) in BR (brassinolide) signaling, GA3 (PSG) in GA (gibberellin) signaling
response. INV (PSG) and SUSI (PSG) in sucrose metabolism can induce osmotic
expansion. The model was drawn using BioRender (https://biorender.com/).

b-i, Expression patterns of FRA and TUA during onion bulb formation based on
insitu hybridization. b’-i’, Expression signal intensities of FRA and TUA in onion
and Welsh onion leaf sheaths in b-i were selected and transformed to pseudo-
colors with ImageJ. In onion, FRA transcript was observed in epidermal cells
(greenarrow) and two or three layers of cells (orange arrows) of the second leaf
sheath, increasing to five or six layers of cells during late bulb swelling (b, d, b’
and d’). TUA transcript was observed in the inner cells of the second leaf sheath at
late bulb formation (c, e, ¢’ and €’). In Welsh onion, accumulation of FRA and TUA
transcripts was not observed in second leaf sheaths (f-i, f-i’). Scale bars equal
to 0.1 mm for b-i. Dotted lines are drawn to show the outline of the second leaf
sheath. Number in parenthesis represents the number of samples with positive
signals over atotal number of samples.

length. We further compared the spatiotemporal expression patterns
ofthese two positively selected genesin the leaf base of onion and Welsh
onionintheearlyandlate stages of bulbing using RNA in situ hybridiza-
tion. Interestingly, we found thatinthe second leaf sheath (fromouter to
inner) of onion, FRA was constantly expressedin the epidermal cellsand
the outermost two or three layers of cells during early development but
extended to the outermost five or six layers of cells in the late bulbing
stage (Fig. 5b,d,b’,d” and Supplementary Fig. 19). Furthermore, TUA
expressionwas detected intheinner cells of the second leaf sheath only
during late bulb formation (Fig. 5c,e,c’,e’ and Supplementary Fig. 19).
Neither gene was observed at either stage in the second leaf sheath of
Welsh onion (Fig. 5f-i,f’-i” and Supplementary Fig.19), although weak
expressionwas detected in the outermost leaf sheath (Fig. 5h,i,h’,i”and
Supplementary Fig. 19). However, using spatial RNA-seq, we did not
observeaclear expression pattern of the FRA and TUA genes (Extended
DataFig.10d,e), probably because they are expressed at relatively lower
levels. These results suggest that RNA insitu hybridization is animpor-
tant complement to spatial RNA-seq when studying lowly expressed
genes. In addition, the genes related to actin filament movement and
actin-related protein 2/3 complex gene (ARP2/3)** were found to be
positively selected in onion (Fig. 5a). Thus, these results indicate that
genes associated with the cytoskeleton, including microtubules and
actinfilaments, may have arole in onion bulb formation.

Furthermore, we found four genes likely involved in cell wall
remodeling (wall-associated receptor kinase gene (WAK), MAPK gene
(MAPK3)) and two sucrose metabolism genes likely involved in cellular
osmotic pressure regulation (B-fructofuranosidase gene (/NV) and
sucrose synthase 1 gene (SUSI)) were positively selected or rapidly
evolved in onion and may influence bulb expansion (Fig. 5a).

The above processes are coregulated by many plant hormones,
including auxin (IAA), gibberellin (GA), brassinolide (BR), ABA and
jasmonicacid (JA).Indeed, we found that several onion genesin the five
plant hormone pathways are under positive selection or rapid evolution
(Fig.5a) and the plant hormone signal transduction pathway genes are
also enriched in differentially expressed genes (DEGs) during paren-
chymal cellgrowthand expansion (Fig. 4h and Supplementary Fig.18).
Taken together, these findings provide evolutionary and experimental
evidence of the potential genes responsible for bulb formation.

Discussion

Our results showed that the three Allium species experienced at least
four WGD events, more than other closely related lineages such as Afri-
canlily, A. officinalis®, Apostasia Shenzhenica®® and Elaeis Guineensis®
(Figs. 1c and 2). The p WGD event occurred around 70-75 Mya,
coinciding with the Cretaceous-Paleogene (K-Pg) boundary, when
many angiosperm lineages experienced almost simultaneous poly-
ploidization events®®,

Sulfur-containing active compounds constitute a unique defense
systemin Allium species and also underlie the basis of their health ben-
efitsin therapeutic usage®”°. These compounds are stored as inert pre-
cursors (for example, alliin/isoalliin) in the cytosol, while alarge number
ofhydrolyzing enzymes suchas alliinase/LFS (accounting for 10% of total

protein in some tissues) are stored in the vacuole*”’. Upon mechanical

injury, this spatial separation is disturbed, and the alliin-alliinase sys-
tem rapidly releases a large amount of hydrolyzed active compounds,
suchasallicin/isoallicinand lachrymator>*'°, Although allicin has been
reported to only exist in Allium species**?, alliin was found in all four
speciesincluding Africanlily (Supplementary Table 45), and homologs
of genesinvolvedin thebiosynthesis of precursors and genes encoding
hydrolyzing enzymes were presentin most plant genomes. When Arabi-
dopsis thaliana is infected with Sclerotinia sclerotiorum, expression of
the FMO gene is substantially upregulated and involved in the immune
response’”. PCS1 also has an important role in the immune response of
A.thalianabylocalizing to the site of fungal attack, and mutants of this
gene are hypersusceptible to infection”*. Here based on A. thaliana
transcriptome data*’, we found that the expression levels of GSH2, PCS1,
GGT3 and FMOI were upregulated in plant immune responses (both
PTl-induced and intracellular receptor-induced responses) against Pst
DC3000, with or without the bacterial intracellular effector avrRpt2
(Extended DataFig. 7d,e). Thus, we speculate that genes related to alliin
biosynthesis and hydrolyzing enzymes constitute a conserved defense
system widely distributed across plant lineages. This defense system
appearstobestrengthenedin Allium, with dramatic sequence changes
(positive selection or rapid evolution) in several biosynthesis genes
contributing to more efficient synthesis of precursors and tandemgene
duplication leading to many genes encoding hydrolyzing enzymes.

Single-cell RNA-seq is difficult to performin plants” 7. However,
based on high-resolution Stereo-seq technology, our data provide
new insights into onion bulb development and metabolism even at
the subcellular nanoscale, with100-fold higher resolution than Visium
Spatial Gene Expression of 10x Genomics**. Our Stereo-seq results
showed that onion bulb epidermal cells co-expressed many flavonoid
synthesis genes, indicating that epidermal cells are the primary source
of onionbulb flavonoids. Inaddition, the onion epidermis showed high
expression of the LTP gene family, with LTP, LTP2 and LTP3 involved in
the formation of onion epidermal wax. These findings provide funda-
mental knowledge for further research on onion pest control and the
breeding of pest-resistant lines.

Taking the four species together, thisis an extensive genomicstudy,
withachromosome-level assembly totaling 52.96 Gb. These results pro-
videafundamental update tothegeneticresourcesand molecular mecha-
nisms of trait evolution in Allium, which will facilitate crop breeding.
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Methods

Plant materials and DNA preparation

Four species (onion, garlic, Welsh onion and African lily) were col-
lected for genome sequencing and assembly. For onion, we used a
doubled haploid line obtained from the Department of Horticulture,
University of Wisconsin, which was originally developed and selected
based ongynogenesis discussed inref. 81 from the Department of Plant
Breeding and Genetics, Cornell University. For Welsh onion, aninbred
line obtained from the Liaoning Academy of Agricultural Sciences was
used. For garlicand African lily, cultivars were obtained froma farmers’
market. Total DNA was extracted from fresh leaves using the standard
cetyltrimethylammonium bromide method®?, and the DNA quality
and quantity were measured using a NanoDrop spectrophotometer
and Qubit fluorometer, respectively.

Genome sequencing and library construction

For the four genomes, genomic DNA was sequenced using the Sequel
Il system (PacBio) in HiFi mode. SMRTbell library construction and
sequencing were performed at Berry Genomics. We prepared ~20 kb
SMRTbell libraries according to the official protocols of PacBio. After
sequencing, raw datawere analyzed with SMRT Link v7.1or v8.0 using
the circular consensus sequencing (CCS) protocol with a cutoff mini-
mum ofthree passes and estimated accuracy of 0.99. High-quality reads
were used for genome assembly.

To avoid potential plastid or mitochondrial genome contamina-
tion, we aligned HiFireads to chloroplast and mitochondrial genomes
with minimap2 (ref. 83, because neither Welsh onion nor garlic has a
published mitochondrial genome, and African lily lacks one as well,
we used mitochondrial and chloroplast genomes of onion for align-
ment). For each read, if the ratio between genome length covered by
the aligned region and read length was greater than 98%, the reads
were derived from the plastid genome and were filtered out before
genome assembly.

For k-mer estimation of genome size, DNA libraries with insert
sizes of 300-500 bp were sequenced on the MGISEQ-2000 platform
(BGlI) for onion, garlic, Welsh onion and African lily. Inaddition, we also
carried out quality control with FastQC (www.bioinformatics.babra-
ham.ac.uk/projects/fastqc) and removed poor-quality reads (reads
withnbases and QVslower than 20) and over-represented sequences.

Hi-Clibrary construction and sequencing

Hi-C libraries of the four species were prepared following previously
published methods®*. Briefly, fresh leaves were fixed and cross-linked
informaldehyde solution (1%). After cell lysis, cross-linked chromatin
was digested using the restriction enzyme Dpnll. Subsequently, the
sticky ends generated by Dpnll were filled in with biotinylated nucleo-
tides, and the intramolecular blunt ends were then ligated to allow
the formation of chimericjunctions. DNA was physically sheared into
~350 bp fragments, and the biotin-labeled fragments were purified with
streptavidin beads and used to construct the sequencinglibraries. The
libraries were sequenced onthe MGISEQ-2000 platform. As above, the
BGIsequencing data were also checked for microbial contamination,
with no contamination found.

Genome assembly and chromosome construction

PacBio HiFi reads were used to perform de novo genome assembly
for onion, garlic, Welsh onion and African lily with Hifiasm (v0.9-r289
with default parameters)®. For onion, garlic and Welsh onion, one
set of the two haploid contigs with longer length from the Hifiasm
output was used for further assembly. For African lily, due to differ-
ences between the two haploid sets of contigs and estimated genome
size, a heterozygous genome was used for subsequent assembly.
Finally, Hi-C sequencing data were used to anchor the assembled
contigs into pseudochromosome molecules. The Hi-C data were
first mapped to the polished genome assembly with Juicer (v1.6)%°.

Next, chromosome-level assembly was generated using 3D-DNA
(v180922) with default parameters®. To check the quality and further
improve chromosome-scale assembly, manual review and refinement of
the candidate assembly was performed by Juicebox (v1.6) Assembly
Tools®. For African lily, the longer of the two haploid chromosomes
was used as the haploid genome.

Assembly quality evaluation

We use three approaches to evaluate the assembly quality of the four
genomes. First, we performed BUSCO assessment of the genome
sequences and then predicted gene models using BUSCOS5 (ref. 31) with
theembryophyta_odb10 or liliopsida_odb10 data set. Second, we used
Merqury*®to assess genome completeness and consensus QV. Third, to
explore telomere sequences on the chromosomes of the four species,
we extracted 20 Mb atboth ends of each chromosome. We thenbuilt a
nucleotide database for each extracted 20 Mb sequence using the com-
mand ‘formatdb -p F -i extracted.fa’ and aligned the self-constructed
telomere sequences to each database by ‘blastall (v2.2.25) -p blastn -a
10-e10-m 8-F F-d extracted.fa-itelomere.fa-oresult.m8, respectively.
Thetelomere sequences used as the query to search the database were
constructed by concatenating 100,000 copies of the current known
telomeres (t1, CTCGGTTATGGG; t2, TTAGGG)*. The alignment results
were filtered toretain only hits withidentities >90%, alignment length
>100 bp and score=100. We also checked potential microbial contami-
nation of the assemblies to be aligned to the NCBI nucleotide database
by BLASTN and found no microbial contamination.

Prediction and functional annotation of protein-coding genes
The protein-coding genes of onion, garlic, Welsh onion and African lily
were identified using an annotation strategy that integrated de novo
prediction and homology-based and transcript-based evidence.
Augustus (v3.3.2)°°, GlimmerHMM (v3.0.4)°" and SNAP (v2.0)”> were
used tode novoidentify gene structures from the genome sequences.
For homology-based gene prediction, protein sequences from ten
published genomes, that is, A. thaliana, Oryza sativa, A. officinalis,
A. shenzhenica, Aegilops tauschii, Brachypodium distachyon,
Ensete ventricosum, Phalaenopsis equestris, Phoenix dactylifera and
Xerophyta viscosa, were used to search against the genomes using
TBLASTN® with an E value cutoff of 1 x 107 and a minimum query
coverage of 25%. GeneWise (v2.4.1)°* was used toidentify protein-coding
regions based on sequence alignments. For the transcript-based
method, the Trinity package (v2.10.0)* was used to conduct de novo
transcriptome assembly of RNA-seq data, and the PASA pipeline
(v2.4.1)° was then used to predict gene models based on transcript
alignments. Finally, evidence from the above approaches was inte-
grated to generate the consensus gene models using EvidenceModeler
(vL.1.1)"". High-confidence gene models were further filtered to remove
short gene models (less than 50 amino acids) and retain only gene
models supported by at least three homologous genes (Evalue <1x 107,
coverage >80%) or transcript evidence. The final high-confidence gene
sets were functionally annotated against the SwissProt, GO, KEGG and
InterPro databases’,

Phylogenetic tree reconstruction

Phylogenetic relationships among the selected species were inferred
by two independent methods, that is, concatenation and coalescent
approaches. For concatenation, 346 single-copy orthologous genes
from ten species (including four Amaryllidaceae species, four mono-
cots outside Amaryllidaceae, one eudicot and one basal angiosperm
Amborella) were identified by OrthoMCL?’ and extracted to conduct
protein multiple sequence alignments (MSAs) of each single-copy
gene family using the MUSCLE program’®°. The alignments were con-
verted into corresponding CDS MSAs, which were then concatenated
to generate a supergene alignment. A maximum-likelihood species
tree was reconstructed using IQ-TREE (v2.0.3, http://www.igtree.org)

Nature Genetics


http://www.nature.com/naturegenetics
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.iqtree.org

Article

https://doi.org/10.1038/s41588-023-01546-0

with the concatenated single-copy gene families. For the coalescent
method, reciprocal BLAST was applied to identify putative orthologs,
and aset of 1,456 gene families fromreciprocal best hits (RBH) among
the selected ten species were considered as orthologous genes.
Amaximume-likelihood gene tree wasinferred for each of the putative
orthologous groups using IQ-TREE (v2.0.3, http://www.iqtree.org).
Astral (v5.6.1)'°' was used to infer species trees from the gene trees.
Estimation of divergence time was carried out using the MCMCTree
moduleincorporatedinthe PAML package (v4.9¢e)'°% Divergence times
inthe TimeTree database (http:/www.timetree.org) and fossil records
were applied as time calibration points. The common ancestral node
of Amborellatrichopoda and Solanum lycopersicum was constrained to
173-199 Mya, the common ancestral node of S. [ycopersicum and Zostera
marinawas constrained to 139-156 Mya'®* and the common ancestral
node of A. officinalis and African lily was constrained to 55-71 Mya.

Whole-genome synteny

MCScanX'** was applied to recognize syntenic blocks using default
parameters. Syntenic blocks were visualized with MCScan (https://
github.com/tanghaibao/jcvi/wiki/MCscan). Chromosome-scale syn-
tenic block plots and dot plots were constructed using the Python
version of MCScan. We also performed intergenomic comparison
with three sister monocots (A. shenzhenica, Cymbidium goeringii and
E. guineensis) using MCScan with default parameters to further char-
acterize polyploidization events.

Assessment of WGD

Syntenic blocks were identified based on detected homologous gene
pairs, and synonymous substitutions per synonymous site (Ks) between
collinear genes were estimated using the Nei-Gojobori approach'®
with the WGDI pipeline (v0.4.7)'°°. We used average Ks values to repre-
sent each syntenic block. Multipeak fitting of the curve was performed
using the Gaussian approximation function (cftool).

Todetectrelics of possible polyploidization'”” in the four genomes,
wefirstidentified the syntenic blocks of homologous genes withineach
genome by performingintragenomic comparisons of the four species.
Next, we calculated Ks between homologous genes within syntenic
blocks and drew the density distribution of Ks. Each Ks distribution
peak represents one polyploidization event and the time of the event
was calibrated using Ks peaks between species and their correspond-
ing divergence times.

We obtained the collinear genes of each block using A. trichopoda
asthereference genome and constructed the collinear gene tree using
IQ-TREE2 (ref. 108). To estimate species trees based on gene trees, we
used a coalescent-based approach with Astral (v5.6.1)'. We analyzed
discordanceinthe gene tree of syntenic blocks to test the two hypoth-
eses of whether Allium and African lily share the p WGD event using
DiscoVista'”.

Using the ‘ksd’ module in wgd"’, we calculated Ks for the ortholo-
gous gene pairs between species constructed according to the RBH
protocol. The ksrates® program was used to perform ortholog Ks
adjustmentaccordingtobranchlength differences fromthe common
ancestral nodes to terminal nodes representing current species. A
phylogenetictree of six species was used (A. thaliana, (A. shenzhenica,
(Africanlily, (garlic, (onion, Welsh onion)))), with Africanlily as the focal
species for Ks adjustment.

Repeat annotation and LTR retrotransposon analysis

Repetitive sequences and transposable elements (TEs) in the genome
wereidentified usinghomology-based and de novo-based annotation.
Thehomology-based repeat library was generated froma knownrepeat
library using RepeatMasker (v.4.1.0)" and ProteinMask (v4.0.5, a pack-
age within RepeatMasker)™. Next, we used RepeatModeler (v1.0.5)",
RepeatScout™, Piler (v0.1-1)""*and LTR_FINDER (v1.07)"" to constructa
denovo repetitive-element library. We used RepeatMasker (v4.1.0)" to

identify repeats using both the de novo repeat database and Repbase.
We then combined the de novo- and homology-based predictions of
TEsaccordingtothe coordinatesinthe genome. Tandem repeats were
predicted in each genome by RepeatMasker (v4.1.0)" and Tandem
Repeats Finder (v4.07)"¢. Muscle was used to align repeat sequences,
andtheevolutionary distance betweenthe repeat consensus and copies
was calculated using the Kimura two-parameter model with the dnadist
programimplemented in PHYLIP (v3.695)".

Full-length LTR retrotransposons were identified in O. sativa,
A. officinalis and the four genomes using LTR_FINDER (v1.07)"” and
LTRharvest"® with default parameters. The full-length LTRs were
then translated into amino acids in six frames and mapped against
the Tyl_Copia (PF07727) and Ty3_Gypsy (PFO00078) domains in
the Pfam database using HMMER (v3.3.1)"° with an E value <1x107°.
The sequences mapped to the Copia and Gypsy superfamilies were
aligned using MAFFT (v7.407)"?° with default parameters. The phy-
logenetic trees of the two superfamilies were constructed using
FastTree (v2.1)"%.

Spatial RNA-seq

We collected onionbulbs at three bulbing stages: that is, early, midterm
and mature bulb. A1cm x 1cm window was cut near the base of each
longitudinal onion bulb block containing more than five layers of leaf
sheaths connected by the bulb base. After cutting, tissue blocks were
embeddedin cold Tissue-Tek OCT (Sakura, 4583) ondryice before cryo-
sectioning. Using a Leika CM1950 cryostat, bulb tissues were further cut
atathickness of ~10 pm. We ligated 25 nt random coordinate identity
(CID) barcodes, 10 nt molecular identifiers (MIDs) and 22 nt polyT to
DNBarraysfor1cm x 1 cm chip preparation. These oligos canidentify
DNB position, count expression and capture mRNA. We then mounted
the bulb tissue slice onto the chip for imaging and RNA release. RNA
released fromthe slices was locally captured and reverse-transcribed
into cDNA and amplified by PCR on DNBs of the chip. The amplified
products were collected and used as templates for the construction of
sequencing libraries using an MGI DNBSEQ-Tx sequencer. For further
details on chip and library preparation, please see ref. 44.

After sequencing, reads with MIDs containing either N bases or >2
bases with quality scores <10 were filtered out. The filtered reads were
mapped to the reference genome using Spliced Transcripts Alignment
toaReference (STAR) software (v2.7.9a)'”2. Mapped reads with mapping
quality (MAPQ) >10 were retained for expression quantification. Reads
with the same CID mapped to the same gene locus were collapsed,
allowing one mismatch. The number of MIDs in reads collapsed under
the same CID of the same gene was counted to represent the expression
level of the gene at the site coded by CID. The CID sequencesin the reads
were mapped to the chip CID code matrix, allowing one base mismatch
to identify the location of each CID on the chip. Average cell diam-
eter of the onion bulbs was ~50 um, which can be covered by 80 x 80
DNBs on the chip. Thus, the expression profile matrix was divided into
nonoverlapping bins covering an area of 80 x 80 DNBs to represent
each cell.

Finally, for each developmental stage, we obtained a spatial expres-
sion matrix of two biological replicates, named S1, S2 (early bulb), M1,
M2 (midterm bulb) and L1, L2 (mature bulb).

The analysis of spatial transcriptome data

Withthe spatial transcriptome data, bins with gene numbers below 50
were filtered out as low-quality bins. The gene expression levels of each
bin were normalized using the SCTransform functionin Seurat v4.0.4
(ref. 123). For the integration of spatial RNA-seq data, we used Har-
mony'* to correct principal component analysis (PCA) embeddings.
Toreduce datadimensions, we performed PCA on highly variable gene
matrices using the Seurat RunPCA function. Based on the top 30 PCA
dimensions, the bins were clustered into 12 clusters by FindNeighbors
and FindClusters (resolution = 0.3). Each cluster was assigned to a
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tissue-type group based on their locationin the tissueimage. Toidentify
DEGs among clusters, we used the FindAlIMarkers function with default
parameters. The expression matrix was reduced to two dimensions for
visualization using RunUMAP (reduction = ‘pca, dims =1:30).

We sselected spongy mesophyll cell bins based on cell clusters and
cell morphology from the three different bulbing stages and reran
UMAP for dimensionality deduction and development trajectory visu-
alization because of its ability to learn and maintain local and global
distances in low-dimensional space. We then reconstructed lineage
trajectories with the monocle3 (refs. 56,57), order_cellsand learn_graph
functions and chose two points located in the inner layer of S2 as the
starting points of pseudotime with coordinates (218, 50) and (200, 50).
Finally, we obtained the DEGs in pseudotime among different bulbing
stages using the graph_test monocle3 function.

Data statistical analysis

GO, KO and KEGG pathway enrichment analysis showed that the pro-
portion of the number of genes annotated to certain GO terms, KO
terms or KEGG pathway in all target genes was substantially greater
than that in all background genes'> . Enrichment significance
(P value) was calculated using the hypergeometric test (one side),
which can be calculated as:

where Nis the number of genes with GO terms, KO terms or KEGG path-
way annotation amongall genes (background genes); nis the number of
targetgenesin N; Mis the number of genes annotated for a specific GO
term, KO term or KEGG pathway among all genes (background genes);
misthe number of target genes in a particular pathway.

The calculated Pvalue will be further corrected by multiple checks
and get corrected P value (Benjamini-Hochberg method). Corrected
P value < 0.05 was taken as the threshold, and the GO terms, KO
terms or KEGG pathway satisfying the condition was defined as the
GO terms, KO terms or KEGG pathway substantially enriched in the
target genes.

GraphPad Prism (v 8.0.2) was used for plotting and statistical
analysis. Asterisks indicate statistically significant differences from
control. Statistical analyses were performed using Student’s t test. The
values are means + s.e.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The raw sequencing data of onion, garlic, Welsh onion and Africa lily
were deposited in the National Center for Biotechnology Information
Sequence Read Archive under the accession PRJNA948806 and in the
National Genomics Data Center (https://ngdc.cncb.ac.cn/?lang=en)
under the accession PRJCA016760. The assemblies of the four genomes
reported in this paper have been deposited in the National Center for
Biotechnology Information under accessions JASDDO0O00000000,
JASFAVO00000000,JASFAW000000000,JASFAX000000000 andin
the Genome Warehouse in National Genomics Data Center'**'?, Beijing
Institute of Genomics, Chinese Academy of Sciences/China National
Center for Bioinformation, under accession GWHCBHY00000000,
GWHCBHZ00000000, GWHCBIAO0O000000 and GWHCBIBOOO0O0000
thatare publicly accessible at https://ngdc.cncb.ac.cn/gwh.

Code availability
All software used in the study are publicly available on the Internet as
described in the Methods and Reporting Summary.
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are shown on each branch. For the alliinase gene family, we constructed agene
tree using standard maximum-likelihood phylogenetic analysis implemented in
IQ-TREE with default parameters and 1,000 bootstraps.

Extended Data Fig. 4 | Clustering of alliinase gene family in Allium and
outgroup species, related to Fig. 3. Phylogenetic analysis of alliinase gene
family, with alliinase genes forming 15 distinct groups (A-0O). Bootstrap values
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Extended DataFig. 5| Clustering of lachrymatory factor synthase gene
family (LFS) in Allium, related to Fig. 3. Phylogenetic analysis of LFS gene family,
with LFS genes forming eight distinct groups (A-H). Bootstrap values are shown

on eachbranch. For LFS gene family, we constructed a gene tree using standard

maximume-likelihood phylogenetic analysisimplemented in IQ-TREE with default
parameters and 1,000 bootstraps.
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Extended Data Fig. 6 | Location of genes associated with allicin/isoallicin biosynthesis on chromosomes. Localization of genes related to allicin/isoallicin
biosynthetic pathways on chromosomes of a, Welsh onion, b, garlic, and ¢, onion.
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Extended Data Fig. 7 | Gene expression changes upon pathogeninfectionin
onion. a, Relative expression levels of alliin biosynthesis genes in transcriptome
of fungal-infected blades. b, Significant KEGG pathways enriched in up-regulated
genesin response to fungal infection. Comparing gene expression profiles
between leaf blades of fungal-infected and healthy plants, we identified 1,035
up-regulated genes during infection. ¢, Relative expression levels of alliin
biosynthesis genes after artificial injury and exposure to bacterial culture by
gRT-PCR.d and e, Relative expression levels of homologous genes of alliin
biosynthesis genes in Arabidopsis thaliana. TPM: transcripts per kilobase of
exon model per million mapped reads. Transcriptome data were downloaded

from https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE142747. Four-
week-old Arabidopsis thaliana plant leaves were infiltrated with sterile water
(Mock) or different Pst strains, then harvested at 3 or 6 h after infiltration. Two
bacterial strains, P.s. pv. tomato (Pst) DC3000 (avrRpt2), which activates RPS2
(resistance to P. syringae 2)-dependent effector-triggered immunity (ETI) and
pattern-triggered immunity (PTI), and Pst DC3000 without ‘avirulent’ effector to
activate PTlonly in wild-type plants. Data presented in a, c-e are mean + standard
error of three or four independent experiments, and bars with p values were
significantly different based on t test (two-sided). The p values (unadjusted, one
side) presented in b were calculated using the hypergeometric test.
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cell cluster is denoted by dot size. b, Spatial expression patterns of cell marker
genes from in situ hybridization (left) and spatial RNA-seq (right), showing that

Extended DataFig. 8 | Cell marker genes in different clusters, related to
Fig. 4. a, Dot plot showing expression profiles of marker genesin all 14 cell

clusters. ID of cell marker genes in onion are below x-axis. Expression level for insituhybridization and stereo-seq data were highly consistent and supported
eachbin was calculated by scaled number of molecular identifiers (MIDs) for cell categorization. Scale bars equal to 1 mm for in situ hybridization, 800 um for
each marker gene. Average expression (AE) level of all bins in each cell cluster is spatial RNA-seq. Number in parenthesis represents number of samples with same

denoted by dot color. Percentage of bins expressing marker gene (PE) in each signal pattern over total number of samples.
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Extended Data Fig. 9 | Spatial expression patterns of genes related to b, Expression pattern of LTPin leaf base of onion by RNA in situ hybridization.
synthesis of flavonoid compounds and cuticular wax, related to Fig. 4e,f. Lower panels are images with reverse colors produced by Image) based onimages
a, Spatial expression patterns of genes (CHI, F3H, F3’H, FLS, LTP2,and LTP3) inupper panels. Expression patterns based on in situ hybridization confirmed
indifferent onion bulb development stages based on stereo-seq data. Co- LTPresultsinFig. 4f from large-scale Stereo-seq analysis. Scale bars equal to
expression of genes in epidermal cells was observed in all samples, showing 800 um for a,1 mm for b. Number in parenthesis represents number of samples
that flavonoid and cuticular wax biosynthesis is mainly active in epidermal cells. with same signal pattern over total number of samples.
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Extended Data Fig.10 | Spongy mesophyll cell lineages and onion bulb dimensionality reduction projection of spongy mesophyll cells grouped by
formation, related to Figs. 4g,5. a, Visualization of spongy mesophyll cell pseudotime scores and sections, respectively. General pattern of pseudotime
lineages, including six sections at three development stages. Sections from increasing from left to right can be seen in panel b, but no clear pattern can be
different stages and individuals show similar patterns of spongy mesophyll cell seenin ¢, suggesting that expansion of spongy mesophyll cell developmentis a
development: spongy mesophyll cells from inner to outer layer, and for each fundamentally short process, starting asynchronously at different development
layer from base to top and from outer to inner, represent early to late points stages asindicated in panel a. d and e, Spatial visualization of expression of
along the expansion process. Progression of numbers from small to large indicated genes related to onion bulb formation. Scale bars equal to 800 pm for
indicates pseudotime sequence, reflecting progression of spongy mesophyll a,dande.

cell expansion. Same color patternis also used in panel b. b and ¢, UMAP
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The raw sequencing data of onion, garlic, Welsh onion, and Africa lily were deposited in the National Center for Biotechnology Information Sequence Read Archive




under the accession number PRINA948806 and in the National Genomics Data Center (https://ngdc.cncb.ac.cn/?lang=en) under the accession number
PRJCA016760. The assemblies of the four genomes reported in this paper have been deposited in the National Center for Biotechnology Information under
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size is calculation. The sample sizes of the four species in our study are sufficient for de novo genome sequencing.
Data exclusions  Low quality data are excluded for genome assembly.
Replication 6 onions were used for Spatial RNA-seq. For de novo genome sequencing, the sequencing of one sample is enough for genome assembly.

Randomization  The samples of onion, garlic, Welsh onion, African lily were randomly collected according to the genus of the species we need, and the
detailed information of the sample collection was offered in the methods section.

Blinding Blinding was not applicable to this study because all of our donors were healthy plant donors.
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Antibodies

Antibodies used Anti-Digoxigenin-AP, Fab fragments antibody (Roche, Cat No #11093274910). Anti-Digoxigenin-AP, Fab fragments are primary
antibodies, which contains Fab fragments from polyclonal anti-digoxigenin antibodies, conjugated to alkaline phosphatase. Anti-
Digoxigenin-AP, Fab fragments are useful for the detection of digoxigenin-labeled compounds using in situ hybridizations. The
antibodies were purchased from MERCK.

Validation The Anti-Digoxigenin-AP, Fab fragments antibody against digoxigenin was validated to be available according to a previous report (Su,
S., Zhou, X. & Higashiyama, T. "Whole-mount RNA in situ hybridization technique in Torenia ovules." Plant Reprod 36 (2023): 139—
146), in which the Anti-Digoxigenin-AP, Fab fragments antibody is same as we used here.
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