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Ambrosia trifida (giant ragweed) is an invasive plant that can cause serious damage to natural ecosystems and
severe respiratory allergies. However, the genomic basis of invasive adaptation and pollen allergens in Ambrosia
species remain largely unknown. Here, we present a 1.66 Gb chromosome-scale reference genome for giant
ragweed and identified multiple types of genome duplications, which are responsible for its rapid environmental
adaptation and pollen development. The largest copies number and species-specific expansions of resistance-
related gene families compared to Heliantheae alliance might contribute to resist stresses, pathogens and rapid
adaptation. To extend the knowledge of evolutionary process of allergic pollen proteins, we predicted 26 and 168
potential pollen allergen candidates for giant ragweed and other Asteraceae plant species by combining machine
learning and identity screening. Interestingly, we observed a specific tandemly repeated array for potential
allergenic pectate lyases among Ambrosia species. Rapid evolutionary rates on putative pectate lyase allergens
may imply a crucial role of nonsynonymous mutations on amino acid residues for plant biological function and
allergenicity. Altogether, this study provides insight into the molecular ecological adaptation and putative pollen
allergens prediction that will be helpful in promoting invasion genomic research and evolution of putative pollen
allergy in giant ragweed.

pollen is known to be likely to cause type I allergic reactions in late
summer and autumn and pose major health problems [7]. Currently, the

1. Introduction

Ambrosia trifida, also known as giant ragweed from the family
Asteraceae, is an invasive herbaceous plant that originated from North
America [1]. Giant ragweed has spread as an invasive plant in central
and eastern Europe as well as many countries in Asia, together with its
relative, short ragweed (Ambrosia artemisiifolia) [2,3]. Ragweed is one of
the most economically destructive weed because it interferes with the
growth of various crops and forage grasses [4,5]. In China, the species
richness and seed bank density in local communities decreased signifi-
cantly over a period of eight years following the invasion of giant
ragweed, causing serious damage to natural ecosystems [6]. Ragweed
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sensitization rate to short ragweed pollen is between 15 % and 26 % of
the general population in the USA [8]. Allergy to giant ragweed pollen is
also a potential health problem in China, with nearly 12.5 % and 55 % of
patients testing positive for skin prick tests of giant ragweed pollen ex-
tracts [9,10].

Invasive species often have strong environmental adaptations, which
may be conducive to diverse distribution around the world [11].
Exploring the mechanisms of adapting traits of invasive species is
essential for understanding the biological invasion mechanism [12]. In
recent years, the highly quality genomes of invasive plants had become a
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vital tool to study the ecological adaptation. For example, the genome of
invasive plant Mikania micrantha (Asteraceae) revealed molecular
mechanisms of rapid adaptation and growth for the expansion genes of
jasmonic acid (JA) biosynthesis and photosynthesis [13]. The genomic
basis of the short ragweed genome and population suggests that selec-
tion signatures of defence genes and a lower prevalence of disease-
causing plant pathogens occur in invasive European populations [14].
Giant ragweed owns many biological characteristics for successful in-
vasion, including tall and robust plants, resistance to abiotic stress, and
few diseases [15]. It was reported that the expansion of disease-resistant
(NBS-LRR) genes might explain the defence mechanisms for rapid
adaptation in Pistia stratiotes, which is an aquatic invasive plant [16].
The expanded cytochrome P450 genes contributed to the adaptation of
zoysia grasses to saline environments [17]. The receptor-like protein
kinase (RLK) family was reported to actively function in various physi-
ological processes, such as plant defence to pathogens, resistance to
abiotic stresses and plant growth [18,19]. However, it is not clear
whether the ecological adaptation mechanism of giant ragweed is
related to the molecular characteristics of disease and stress resistance.
Meanwhile, ragweed pollen allergens have been studied for more than
half a century, and new allergens are still being identified [20]. The
sensitization of ragweed pollen has continued increasing due to global
warming, and the prevalence for clinical symptoms is severe due to the
lower threshold than other pollens [21,22]. Therefore, it is urgent to
comprehensively identify Ambrosia pollen allergens. There are currently
11 short ragweed pollen allergens (Amb a 1, Amb a 3-a 12) belonging to
eight protein families included in the International Union of Immuno-
logical Societies (IUIS) allergen database (www.allergen.org). Among
these, Amb a 1 and Amb a 11 are major allergens with IgE sensitization
rates of 66 %-95 % [23-25], while the others are considered minor al-
lergens with IgE sensitization rates of 10 %-50 % [26-29]. Only 4 al-
lergens (Amb t 5, Amb t 8, Amb t 11, and Amb t 13) from giant ragweed
pollen have been identified [30,31], suggesting that undefined aller-
genic components remain to be explored. The development of plant
genomics provides a powerful resource for predicting pollen allergens. A
variety of pollen allergens have been identified by transcriptome or
proteome data, such as short ragweed, lily (Lilium spp.), Sorghum hale-
pense, Lolium perenne and feverfew (Parthenium hysterophorus). Genome-
wide allergenicity prediction in silico shows high efficiency in dis-
tinguishing between allergens and nonallergens [32,33], such as in
Brachypodium distachyon, Arabidopsis and rice [34,35]. However, the
lack of genomic resources for giant ragweed hindered the prediction on
pollen allergen.

Here, we construct a reference genome of giant ragweed with HiFi
reads and perform genome-wide analysis about (i) analyzed the resis-
tance genes (NBS-LRR) probably associated with ecological adaptation,
(ii) predict putative pollen allergenic genes and investigate their bio-
logical functions and evolutionary origin among Asteraceae species. This
genomic and evolutionary analysis of giant ragweed will be helpful to
understand the rapid adaptation for invaded habitats and medical pre-
vention of pollen allergens in the future.

2. Materials and methods
2.1. Plant materials and sequencing

Genomic DNA was extracted using the Hi-DNAsecure Plant Kit
(Tiangen DP350) from giant ragweed fresh leaves, which was provided
by Professor Qu Bo of Shenyang Agricultural University. The purity DNA
was fragmented into 350-bp insert size and sequenced on MGI’s
DNBSEQ-T7 platforms (MGI in China). The Circular Consensus Sequence
(CCS) was sequenced with the genomic DNA fragmented into 10-15 kb.
The young and small leaves were immersed in formaldehyde solution,
and the cross-linked DNA was extracted and digested to construct Hi-C
sequencing library, which was sequenced on Illumina NovaSeq 6000
PE150 (Illumina in USA). Total RNA was extracted and purified from
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five tissues (root, stem, leaf, flower and pollen) by the RNA extraction kit
(Huayueyang, ZH120, China) and the Truseq RNA Sample Prep Kit
(illumina), followed to be sequenced on Illumina NovaSeq 6000 PE150.
The full-length transcript sequencing of these mixed five tissues were
sequenced on PacBio Sequel II Iso-Seq (PacBio in USA).

2.2. Genome assembly and annotation

The genome size of giant ragweed was determined by k-mer fre-
quency analysis (GCE, v 1.02) [36], using 150-bp Illumina paired-end
reads. The de novo assembly were performed using CCS reads, com-
bined with Hi-C reads using hifiasm (v 0.16.1-r375) [37], with param-
eter “-1 3 -s 0.10”. Busco (v 5.2.2) [38] with embryophyta lineage
(version 10) was used to estimate the two haplotype. The cluster, order
and orient of draft contigs of haplotypel onto chromosomes using Hi-C
reads by the ALLHIC (v 0.8.11) pipeline with default parameter [39].

The repeated sequences of the giant ragweed genome were identified
by the repbase database and a de novo repeat library. We downloaded
the Repbase database from http://www.girinst.org/repbase/ and con-
structed the de novo repeat library by RepeatModeler (v 2.0.1) using the
assembled giant ragweed genome (haplotypel). Then using Repeat-
Masker (v 4.1.2) [40] to identify the repetitive elements (TE) in inte-
grated database.

The protein-coding genes of giant ragweed genome with the TE soft-
masked were predicted by Augustus (v 3.3.3) [41], which including the
transcription and homology evidence hint files. The Busco assessment of
giant ragweed genome completeness was used for the Augustus training
parameters. The transcription hints files were generated by the full-
length transcript reads and the RNA Illumina reads which aligned to
the genome using Gmap [42] and hisat (v 2.2.1) [43], respectively.
Moreover, the gene structures by RNA Illumina reads were assembled by
stringtie (v 2.1.6) with default parameter [44]. The published protein
sequence of sunflower and M. micrantha were used to produce homology
hints files, which aligned to giant ragweed the genome by Exonerate (v
2.2.0) with default parameter [45]. The completeness of the resulting
gene set was evaluated using Busco with embryophyta lineage (version
10). The NCBI-NR, eggNOG, KEGG, and UniProt databases were used for
functional annotation by diamond (v 0.9.14) [46] with e-value cutoff of
le—5. The Interproscan [47] was used for protein domain annotation
and GO (Gene Ontology) terms extraction.

2.3. Evolution analysis

OrthoFinder (v 2.5.2) [48] was used to built the orthologues and
recent paralogues for 7 Asteraceae species and 2 other plants, including
giant ragweed, short ragweed, artichoke (Cynara cardunculus), lettuce
(Lactuca sativa), M. micrantha, sweet wormwood (Artemisia annua) and
sunflower (Helianthus annuus) with grape (Vitis vinifera) and coffee
(Coffea canephora) as outgroup. Using RaxML (v 8.2.12) [49], we con-
structed the species tree by the orthogroups with a single-copy ortholog
for each mentioned species. The differentiation time was referred to the
TimeTree (www.timetree.org), with the calibration constraint,
95-106 Mya, between coffee and Asteraceae [50]. The gene family
expansion and contraction was performed by the CAFE (v 5) software
[51] with P-value of 0.05.

To study the evolution of the giant ragweed genome, we analyzed the
genome wide duplications. Intraspecific and interspecies protein align-
ment files by Orthofinder (v 2.5.2) [48] were used as input to Mcscanx
[52] to identify intraspecific and interspecific collinear genome frag-
ments. The ParaAT and KaKs_Calculator (v 2.0) [53] were used to
calculate the synonymous substitutions per synonymous site (Ks) [54].

2.4. Analysis of resistance-related gene family in giant ragweed

The NBS-LRR, G-LecRLKs and P450 genes of giant ragweed, sun-
flower, short ragweed, M. micrantha and Arabidopsis were obtained
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from the annotated genes by InterProScan version 5.62 according to
Pfam. The domains (Cytochrome P450: PF00067, FunFam: G-type lectin
S-receptor-like serine/threonine-protein kinase) retrieved from Pfam
(http://pfam.xfam.org). According to different forms of N-terminal do-
mains, NBS-LRR gene family was divided into Toll/interleukin-1 re-
ceptor (TIR)-NBS-LRR (TNL), coiled-coil (CC)-NBS-LRR (CNL), and
powdery mildew 8 (RPW8)-NBS-LRR (RNL) three types [55]. However,
lack the complete N-terminal of NBS-LRR genes also had the ability to
resist pathogens. To identify the NBS-LRR genes, different protein
domain (NB-ARC: PF00931; LRR: IPR032675; TIR: IPR000157; CC:
IPR0O38005; RPWS8: PTHR36766) were retrieved from Pfam
(http://pfam.xfam.org). The generation of NBS-LRR, G-LecRLKs and
P450 genes from WGD events and tandem duplication were determined
using MCScanX in giant ragweed, respectively. MAFFT (v 7.505) [53]
was used to multi-protein sequence alignments of NBS-LRR from giant
ragweed, sunflower and Arabidopsis, and then we used IQ-TREE (v
2.2.0.3) [52] to construct the gene tree of NBS-LRR gene family. Finally,
the tree Figures were plotted and beautified by FigureTree (v 1.4.4)
http://tree.bio.ed.ac.uk/software/Figuretree/.

2.5. Analysis of potential pollen allergens in giant ragweed

The known Asterales pollen allergens was obtained from two
allergen database, the World Health Organization/IUIS Allergen
Nomenclature official database (http://www.allergen.org/) and Aller-
gome database (http://www.allergome.org/) [56]. To accurately pre-
dict pollen allergens, we first collected 73 confirmed pollen allergens in
Asterales species from the Allergome database and the WHO/IUIS
Allergen Nomenclature official database. Next, we selected those pro-
teins among giant ragweed, and 7 other Compositae plants (short
ragweed, sunflower, M. micrantha, sweet wormwood, chrysanthemum,
lettuce and artichoke) according to both machine learning (ML)-based
methods by AlgPred 2.0 software [57] for assigning the protein as po-
tential allergenic type and high identity with database (similarity >70
%) to restrict to validated potential allergenic family. We further used a
relaxed cut-off (Blastp, E-value<1 x e 2°) to identify all paralogues of
potential allergenic proteins representing the whole family genes in
those species.

The expression level of pollen allergens and the allergen family genes
was evaluated by TPM (transcript per million) correlated among reads
counts using HTseq (v 2.0) [58]. We used R package to draw the
expression heatmap, with the colour representing TPM.

IQ-TREE (v 2.2.0.3) [59] was used to construct the gene tree of gene
family, with multi-protein sequence alignments by MAFFT (v 7.505)
[60], and the tree Figures were plotted by FigureTree (v 1.4.4) http://
tree.bio.ed.ac.uk/software/Figuretree/. The protein spatial structures
for genes of pectate lyase and cysteine protease were predicted by
Alphafold (v 2.1.0) [61], and the 3D structures of these proteins were
shown by the PYMOL (https://pymol.org/2/).,

2.6. Proteomics analysis of giant ragweed pollen with (data-independent
acquisition) DIA mass spectrometry

The mature pollens of giant ragweed were collected, frozen with
liquid nitrogen and lysed with SDT lysis buffer (4 % SDS, 100 mM DTT,
10 mM TEAB), followed ultrasonication on ice. After reacting at 95 °C,
the lysate was centrifuged. And the supernatant was reduced with DTT
and subsequently the samples were left to soak for 1 h at room tem-
perature in the dark. Then samples were completely mixed with 4 times
volume of precooled acetone and incubated at —20 °C for at least 2 h.
Samples were then centrifuged at 4 °C and the precipitation was
collected. After washing with 1 mL cold acetone, the pellet was dissolved
by dissolution buffer.

The prepared pollen protein was injected into the EASY-nLC TM
1200 UHPLC system (Thermo Fisher in USA) coupled with an Orbitrap Q
Exactive TM series mass spectrometer (Thermo Fisher in USA) operating
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in the data-independent acquisition (DIA) mode.

Peptide Spectrum Matches (PSMs) with a credibility of >99 % was
identified PSMs. The identified protein contains at least 1 unique pep-
tide. The identified PSMs. The DIA data was imported, and ion-pair
chromatographic peaks were extracted according to Target List.
Matching the ion and calculating peak area to achieve the qualitative
and quantitative of peptides.

3. Results
3.1. Chromosome-level genome assembly from HiFi reads

Based on FISH karyotype analysis, we determined the ploidy and
chromosome number of giant ragweed (2n = 24) (Fig. S1). We then
generated 54.6 Gb (34 x) PacBio HiFi reads with the average length of
18.0 Kb (Fig. S2) and 354.7 Gb (250x) Hi-C reads (Table S1) and
assembled the two haplotypes with a total size of 1.66 and 1.63 Gb and
N50 sizes of 5.25 and 5.47 Mb (Table S2, Table 1) by hifiasm [37]. Based
on the k-mer frequency analysis using Illumina short reads, the esti-
mated genome size of giant ragweed is 1.61 Gb (Fig. S3), almost the
same size as the assembly sequence. We found that the sequence identity
between haplotype2 and haplotypel was 99 % (Table S3). Moreover,
229 Mb sequences in haplotype 1 did not exist in haplotype 2, indicating
that more genomic information may be contained in haplotype 1. Thus,
we chose haplotype 1 as the reference genome for subsequent analysis.
The contiguity of the assembly was further improved using Hi-C,
resulting in 99 % of contigs in haplotype 1 being anchored and ori-
ented into the 12 chromosome-level linage groups (Fig. 1a; Fig. S4), with
N50 sizes of 138.4 Mb (Table 1). Transposable elements (TEs) account
for approximately 71.3 % of the giant ragweed genome (1.18 Gb)
(Table S4), and 42.9 % of these TEs were long terminal repeat (LTR)
elements (507 Mb), while 34.9 % could not be included in any known
cluster (Table S5). Gypsy and Copia present similar percentages in the
LTR-RT family, accounting for 55.1 % and 44.8 % of all LTR elements,
respectively. The expansion of Copia elements is much younger than that
of Gypsy elements (2.1 Mya vs. 3.3 Mya, p = 1.3 x 1078 per bp per year)
(Fig. 1b), unlike related species in sunflower and M. micrantha, yet
consistent with potato [23], maize [62] and wheat [63], likely sug-
gesting their chromosomal distribution in chromosomes of euchromatic
and heterochromatic regions. We additionally compared our assembly
with a previously published genomes of short ragweed based on Illu-
mina and Pacbio reads, another invasive weed belonging to Ambrosia
[64]. Interestingly, we obtained an approximately 550 Mb larger
genome size in giant ragweed, according to the difference of total
interspersed repeats sequence between them (Table S6).

In total, 48,745 protein-coding genes of giant ragweed were pre-
dicted by Augustus [41] with supporting evidence for transcription and
homology, accounting for 3.5 % (58.1 Mb) of the genome. Moreover,
97.3 % of core genes were identified as complete in the embryophyta
reference gene set by BUSCO [38], exceeding the quality of short
ragweed, M. micrantha and sunflower (Fig. 1c). We further annotated

Table 1
Statistics of the giant ragweed genome and gene prediction.
Number Size

Assembly feature
Estimated genome size 1.61 Gb
Assembled genome 846 1.66 Gb
N50 contigs 5.25 Mb
Linkage group 12 1.66 Gb
N50 linkage group 138 Mb
Average linkage group 138 Mb
GC content 37.2%
Genome annotation
Tandem repeat 97,163 33.85 Mb
Total repetitive sequence 2,357,653 1.18 Gb
Gene models 48,745 58.07 Mb
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Fig. 1. Landscape of the giant ragweed genome. (a) Distribution of the genomic and expression data. (a) GC content distribution; (b-c) the Copia and Gypsy family of
LTR-RTs distribution; (d) distribution of protein-coding genes; (e—f) expression genes of flowers and roots. (b) The insertion time distribution of LTR elements in the
genome of giant ragweed. Mya indicates million years ago. (c) Assessing genome annotation completeness with single-copy orthologues.

42,969 (88 %) protein-coding genes by functional databases, including
NCBI-NR, UniProt, KEGG, eggNOG and InterPro (Table S7).

3.2. Evolution analysis of giant ragweed

The comparative genomic investigation was performed with giant
ragweed, short ragweed, sunflower (Helianthus annuus), M. micrantha ,
lettuce (Lactuca sativa), sweet wormwood (Artemisia annua) and arti-
choke (Cynara cardunculus), selecting coffee (Coffea canephora) and
grape (Vitis vinifera) as outgroups. We constructed the phylogenetic tree
with 1539 single-copy orthologues of these species and inferred that the
giant ragweed diverged from coffee ~100 million years ago (Mya), from
artichoke ~60 Mya, from sunflower ~20 Mya, and from short ragweed
~6 Mya (Fig. 2a).

To obtain palaeohistory of the Asterids, the interspecies syntenic
genes were identified between giant ragweed and sunflower and the
intraspecies syntenic genes within the giant ragweed, artichoke and
sunflower by McscanX [52] and the Ks values were calculated between
the gene pairs in the syntenic fragments. We inferred that giant ragweed
and sunflower share WGT-y (approximately 122-164 Mya) in di-
cotyledons, WGT-1 (approximately 35-46 Mya) shared with Asterids II,
and WGD-2 (approximately 21-32 Mya) shared with sunflower
(Fig. 2b), based on the Ks peak values distribution.

Genome duplication was considered to be an important factor in
gene functional diversity and adaptation to environmental changes. The
duplicated WGT-1 and WGD-2 genes in giant ragweed were significantly
enriched in transmembrane transport, transcription factor activity,
protein dimerization activity, and metal and calcium ion binding (Fig. 2c
and Fig. S5), which are essential for maintaining genome size and

extensive environmental adaptability. Next, we identified 4108
expanded gene families in giant ragweed by CAFE (Fig. S6) [51].
Expanding gene families can help improve the ecological adaptability of
invasive plants. GO term enrichment analyses demonstrated that many
genes were involved in signal transduction, recognition of pollen,
defence response, cysteine-type peptidase activity, protein serine/thre-
onine kinase activity, photosynthesis, and response to auxin, reflecting
potential molecular mechanisms of rapid adaptation to the changing
environment. (Fig. 2d).

3.3. The expansion of resistance-related gene families contributed to
environmental adaptation

The resistance-related gene families were found to significantly
regulate defence, stress, and innate immune responses. We noticed that
some resistance-related gene families expanded, such as NBS-LRR, P450
and G-LecRLKs (G-type lectin S-receptor-like serine/threonine-protein
kinase). Compared with related species and Arabidopsis, the number
of NBS-LRR, P450 and G-LecRLKs gene families in giant ragweed is the
highest, and even twice as many as that in Arabidopsis (Fig. 3a). Based
on intraspecific syntenic analysis, we found a distinct character of gene
duplications in NBS-LRR, P450 and G-LecRLKs gene families, in which
these gene families have undergone higher extent of tandem duplication
than WGD. In giant ragweed, there are 46.6 %, 59.4 %, and 41.2 % of
genes are produced by tandem duplication events in in NBS-LRR, G-
LecRLKs and P450 gene families respectively, while the percentages are
only 6.3 %, 27.1 %, and 26.2 % by WGD (Fig. 3b), suggesting tandem
duplications as an important source for newly origin of these resistance-
related gene families in giant ragweed.
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Fig. 2. Genome evolution of giant ragweed. (a) Phylogenetic tree of the Asterids, including giant ragweed, short ragweed, M. micrantha, sunflower, lettuce, arti-
choke, sweet wormwood, coffee and grape. Giant ragweed is highlighted with red stars. (b) Synonymous substitution rate (Ks) density distributions of syntenic
orthologues from giant ragweed, sunflower and artichoke. WGT-1, WGD-2 and speciation (giant ragweed, sunflower) events are marked on the corresponding peaks.
(c) Gene Ontology (GO) classification of the functional enrichment of WGD-2 duplicated genes in giant ragweed. The functions of biological process, cellular
component and molecular function are marked by yellow, green and blue, respectively. (d) The top 25 functionally enriched expanded genes in giant ragweed by

Gene Ontology.

NBS-LRR genes are largest known class of R genes, so we took the
NBS-LRR gene family as an example to further explore the evolution and
expression pattern of resistance genes. We constructed the phylogenetic
tree from giant ragweed, sunflower and Arabidopsis based on the 395
homologous NBS-LRR genes, including TIR-NBS-LRR (TNL) genes, CC-
NBS-LRR (CNL) genes, RPW8-NBS-LRR (RNL) genes (Fig. 3c). CNL,
TNL and RNL are clearly divided into three major branches, where eight
groups could be further selected (I-VIII) (Fig. 3c). The NBS-LRR genes
generated by tandem duplications in giant ragweed are widely clustered
distributed in all groups except for group IV that is specific to Arabi-
dopsis (Fig. 3c). In previous studies, tandem duplications have been
identified as the main causes of NBS-LRR genes expansion in Solanaceae,
Orchids and Brassicaceae [65-67]. However, abundant species-specific
tandem duplication in all types of NBS-LRR genes in giant ragweed is
still rare.

Additionally, NBS-LRR genes were highly expressed in roots,

followed by leaves and stem, and were relatively low expressed in
flowers and pollen (Fig. 3d), similar to the root specific expression
pattern in Arabidopsis and cabbage [68,69], indicating that the ex-
pressions of these genes have an active ability of plants to resist path-
ogens. It is also consistent with the fact that pathogens and pests mainly
invaded the roots and leaves of plants. Totally, the expanded of tan-
demly repeated NBS-LRR, P450 and G-LecRLKs gene families in giant
ragweed could contribute to the resistance of variable pathogens and
stresses, resulting quick adaptation and widespread distribution.

3.4. Prediction and phylogenetic analysis of potential pollen allergen
candidates in giant ragweed

Totally, we predicted 26 and 168 putative pollen allergens as well as
168 and 1418 family genes in giant ragweed and other species in 8 other
Compositae plants (giant ragweed, short ragweed, sunflower,
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@ P450 G-LecRLKs NBS-LRR
Shortragweed 448 36 182
Giantragweed 522 254 365
Sunflower 520 123 358
M. micrantha 440 201 266

Arabidopsis 249 35 143
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giant ragweed.

M. micrantha, sweet wormwood, chrysanthemum, lettuce and artichoke)
(Fig. 4a). The results exhibit comprehensive effect by predicting all
validated allergen proteins except Amb a 3 in short ragweed and predict
15 undefined potential allergen proteins in giant ragweed which have
high identity to the validated allergens of short ragweed especially in
pectate lyase family. The 26 putative pollen allergens in giant ragweed
included pectate lyases (6), 1 Papain-like cysteine protease (1), enolase
(3), putative galactose oxidase (2), Plant defensin (3), profilin (5), pol-
calcin (3), Group 5 ragweed allergen (1) and superoxide dismutase (2),
and these protein sequences are presented in the Supplemental table.
According to multiple sequence alignments, the major potential allergen
candidates of pectate lyase, papain-like cysteine protease and enolase
were found to have many conserved amino acid sites in Ambrosia and
related species sunflower and M. micrantha (Figs. S7-9).

We classified the putative allergenic families into the conservative
type, pervasive allergenic character in most species, and the specific
type, allergenic character only in related species, which could provide a
valuable resource to predict the origin of allergens. We classified the
potential enolase, profilin, polcalcins (EF hand family) and superoxide
dismutase as conserved types, as evidenced by both the allergenic
character in our pipeline and pervasive allergens in Asteraceae species
(Fig. 4a). For example, enolase is an important glycolytic metal-
loenzyme and is 41-68 % allergenic in ragweed (Fig. 4a) [20]. We
predict 3 potential allergenic enolase proteins in giant ragweed that
share 94 % identity with the predicted potential allergenic enolase
proteins in sunflower (Table S8) and 90 % identity with the verified
enolase allergen in the rubber tree (Hevea brasiliensis, Hev b 9) [70]. The
putative allergen families with specific types include pectate lyase,
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IgE sensitization
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Fig. 4. Taxonomic distribution and expression model of putative pollen allergen homologues. (a) The putative pollen allergens and pollen allergen families (the
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papain-like cysteine protease, galactose oxidase, plant defensin protein,
and Group 5 ragweed allergen (Fig. 4a). Papain-like cysteine protease
(Amb t 11) [31] and Group 5 ragweed allergen (Amb t 5) [30] are
validated allergenic proteins in giant ragweed.

In order to understand the biological functions of these putative
pollen allergen families from giant ragweed, we performed Gene
Ontology analysis and observed that these genes are involved in
cysteine-type peptidase activity, proteolysis, stress responses and
metabolic and cellular activities (Fig. S10), which is consistent with
their ubiquitous expression in different tissues (Fig. 4b). However, we
observed a different expression pattern between potential allergen
candidates and paralogues in corresponding families (Fig. 4b).

International Journal of Biological Macromolecules 259 (2024) 129232

According to tissue specification analysis, 90 % of potential allergenic
genes exhibited high expression specifically in pollen, in contrast to 50
% of paralogues, indicating functional restriction might in pollen
involving cell wall metabolism and organization (Fig. 4b).

We performed the proteomic analysis of the giant ragweed pollen to
confirm the actual existence of the predicted potential allergen candi-
dates in pollen. In the pollen proteome of giant ragweed, we totally
annotated 8068 proteins, most of which are involved in carbohydrate
and energy metabolism, transport and catabolism and protein folding,
sorting and degradation (Fig. S11), which was consistent with the Pop-
ulus tomentosa and rice pollen proteome [71,72]. Notably, 22 of the 26
putative pollen allergens were expressed in the pollen proteome, and 6
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potential pectate lyase allergens had generally high expression levels
(Fig. 4c¢), possibly indicating that these candidates might be the major
allergens in giant ragweed.

Whole-genome duplications and tandem duplications can include
the evolution of novel or modified gene functions [52]. To investigate
the effects of gene duplication on the origin of potential pollen allergens
in giant ragweed, we identified the duplicated genes (including tandem
repeats and block repeats) within putative pollen allergens and their
putative allergenic families. Significantly elevated proportions of
duplicated genes were observed in both potential allergenic genes and
family genes compared with the background (Fig. 4d). Tandem repeats
had an elevated proportion of potential allergens (approximately 50 %)
compared with the whole genome level (approximately 32 %), indi-
cating that tandem repeats could have a more activating role in new
allergen emergence (Fig. 4d). We also calculated the rates of non-
synonymous amino acid substitutions (Ka) relative to synonymous (Ks)
amino acid substitutions between homologues between giant ragweed
and sunflower. The mean Ka/Ks values in both potential allergens and
family genes were below 1, indicating strong purifying selection
(Fig. S12) [74]. However, the potential allergens have slightly higher
Ka/Ks values of approximately 0.28 compared with the others, sug-
gesting that putative pollen allergens may have more nonsynonymous
amino acid substitution accumulation to acquire allergies (Fig. S12).

3.5. Rapid evolution of potential pectate lyases pollen allergens

Allergenic pectate lyases have been identified in the pollen of mul-
tiple plants, including Asteraceae, Cupressaceae and Juniperus species. To
estimate the origin of potential ragweed allergens, we constructed a
phylogenetic tree containing all potential pectate lyases among 5
Asterids species (giant ragweed, short ragweed, M. micrantha, sunflower
and sweet wormwood) as well as allergens in Cupressaceae species. As
shown in the phylogenetic tree (Fig. 5a), all Asterids potential allergens
are in clade I, and Cupressaceae allergens are in clade VII, indicating
their independent origin. There are 5 potential giant ragweed pectate
lyase allergens with remarkable homologous relationships to validated
allergens in short ragweed (Amb a 1.01-1.05) (Table S9). These 5 po-
tential allergens organized in tandem arrays at chrl between 74.5 and
75.0 Mb, and Genel3538 is located at chrl 75.8 Mb, downstream of
pectate lyase allergen tandem array (Fig. S13). Synteny analysis clearly
demonstrated that the potential allergens of giant ragweed, short
ragweed, sunflower and M. micrantha are localized in tandemly repeated
arrays (Fig. 5b). This observation suggested that these potential proteins
have the common ancestral genomic block, and the potential allergens
in giant ragweed and proven allergens in short ragweed were signifi-
cantly expanded compared with two other species (Fig. 5b). The
increased number of potential allergens of pectate lyase in ragweed
could explain the severe allergy than other Asteraceae species. Notably,
the other 2 potential allergens in tandem array, Genel3031 in giant
ragweed and M8C21 018031 in short ragweed, are inferred as novel
allergen candidates, absent in the current allergen database, supported
by high identity to known allergen and close genome location in the
putative and verified pectate lyase allergen tandem array (Table S9).

To assay whether selection pressure has shaped the potential pectate
lyase allele family, we estimated Ka/Ks values on branches using PAML
for clade I genes (Fig. 5d). Positive selection is identified in the branch of
all potential allergens in giant ragweed and verified allergens in short
ragweed (Ka/Ks =4.98), which is the only branch with a rapid evolution
signal. Pectate lyases as the pectin-degrading enzymes expressed during
pollen germination, which are used to degrade pollen wall and pollen
tube emergence. Consistently, all 6 potential allergens had exclusive and
high expression in pollen distinct from universal tissue expression pat-
terns in other predicted pectate lyases (Fig. S14). We hypothesized that
the rapid evolution of ragweed potential pectate lyase allergens is crit-
ical in pollen development and that mutated amino acids could occur in
the epitopes to facilitate sensitization by coincidence.

International Journal of Biological Macromolecules 259 (2024) 129232

To further predict the binding sites in potential pectate lyase aller-
gens, we built a 3D structure of those proteins and predicted the B-cell
epitopes by the IEDB (Immune Epitope Database, https://www.iedb.
org/). We identified 8 B-cell epitopes with strong affinity to IgE, of
which one epitope was confirmed in the Amb a 1 protein (Table S10)
[75]. This provides good clues for the identification of potential pollen
allergens in giant ragweed in the future.

4. Discussion

In this work, we present a chromosome-scale genome assembly for
giant ragweed compared with short ragweed in Ambrosia, which was
generated by short-read data. Although giant ragweed has more TEs
than short ragweed, the assembly quality was not affected because the
HiFi reads was long and accurate to distinguish TE sequences. Further
analysis revealed that the genome size (1.11 Gb vs. 1.66 Gb) is mainly
due to transposable elements, which occupy 725Mb (65.2 %) and
1182Mb (71.3 %) of the short ragweed and giant ragweed genomes,
respectively. This agree with previous studies that transposable ele-
ments are likely to be responsible for the variation in genome size in
Asteraceae plants [9]. Plants have multiple resistance-related genes that
help them adapt to the environment by resisting abiotic stresses and
pathogens. The resistance-related genes NBS-LRR, P450 and G-LecRLKs,
were found to be related to many tolerance responses and pathogens
[17,18]. We identified 365 NBS-LRR genes, 254 G-LecRLKs genes and
522 P450 genes in giant ragweed, respectively. Similar numbers in
Heliantheae alliance, and are generally higher than in Arabidopsis, except
for short ragweed, which may be due to the fact that the small genome
and low assembly integrity of short ragweed.

Tandem and segmental gene duplication are mainly contributed to
the expansion of NBS-LRR, P450 and G-LecRLKs genes in many plants.
For example, the relative proportions of NBS-LRRs in Malus x domestica
(apple), Pyrus bretschneideri (pear), Prunus persica (peach) and Prunus
mume (mei) were similar, but the lower proportion of NBS-LRR genes in
strawberry were identified, which might be related to its lack of genome-
wide duplications [76]. It was reported that the P450 family-specific
evolution in the Brassica lineage can be attributed to both WGD and
TD, and WGD was recognized as the major mechanism for the recent
evolution of the P450 gene family [77]. Similar to other plants, NBS-
LRR, P450 and G-LecRLKs genes in giant ragweed were also produced
by tandem duplications and genome-wide duplications, but the tandem
duplications are the dominant form. Species-specific duplication is
thought to be a major factor in the expansion of gene families, which
could improve the adaptation and thus increased invasiveness. The
species-specific tandem duplication was found in all three subfamilies
TNL, CNL and RNL in giant ragweed. This phenomenon has also been
observed in other invasive weeds, such as Nymphoides indica and Pistia
stratiotes [16,78]. The expansion of NBS-LRR genes in invasive plants
might strengthen the ability to ecological adaptation.

Ragweed pollen allergens are one of the thorniest questions in al-
lergy research [7]. Moreover, although many pollen allergens have been
identified in short ragweed, little is known about giant ragweed, and the
taxonomic distribution patterns and evolution of these allergens are
even less well understood. It was reported that short and giant ragweed
are not allergenically equivalent, as the specific immunotherapy in short
ragweed is not effective in many sensitized patients to giant ragweed
[79]. Therefore, it is necessary to discover the pollen allergens of giant
ragweed for specific immunotherapy. With the development of
sequencing technology, omics technology has been applied to the
identification of pollen allergens. Whole-genome analysis based on the
allergen database can more comprehensively identify allergen genes,
and this method has also been successfully applied to Lolium perenne
[80], Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa) and Brachy-
podium distachyon [34,35]. In the prediction of pollen allergens of giant
ragweed, we have improved upon the above approach in that the pre-
dicted pollen allergenic genes obtained from the Asterales pollen
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allergenic database were further filtered through AlgPred 2.0 software
[81] based on a machine learning (ML)-based method with training from
10,451 experimentally validated immunoglobulin E (IgE) epitopes from
the IEDB database. Thus, this modified method improves the accuracy of
pollen allergen prediction in giant ragweed. In total, we totally predicted
26 putative pollen allergens in giant ragweed, including 4 pollen aller-
gens (Amb t 5, Amb t 8, Amb t 11 and Amb t 13) that have been
experimentally confirmed, and the remaining putative pollen allergens
require further verification. A high proportion of tandem repeat genes in
putative pollen allergens has been found in Arabidopsis, rice, and Bra-
chyderma [34,35], as well as in giant ragweed. Nearly half of putative
pollen allergens in giant ragweed were tandem repeats, suggesting the
origin of potential pollen allergen emergence as a result of tandem gene
duplication events. For example, the rice pollen allergen Ory s 1 (beta-
expansion) was produced by tandem duplication events [34]. We also
found that the putative pectate lyase allergens are localized in tandemly
repeated arrays in giant ragweed, short ragweed, sunflower and
M. micrantha, but the count of these genes in both giant and short
ragweed was significantly expanded compared with sunflower and
M. micrantha, which could explain why the ability of hypersensitivity
induction in ragweed pollen was higher than that in the other two
plants. However, whether the potential pectate lyase allergen duplicates
exert dosage effects on allergenicity needs to be determined empirically.
And the sensitization of potential pectate lyase allergens needs to be
further validated in human serum and clinical trials.

Positive selection usually results in reduced genetic polymorphisms
at selected sites and accumulation of favourable phenotypes. We
observed rapid evolutionary rates specific to the potential pectate lyase
allergens in giant ragweed and known pectate lyase allergens in short
ragweed, indicating an ancestral process of obtaining allergenicity.

5. Conclusion

In conclusion, we present a 1.66 Gb chromosome-scale reference
genome for giant ragweed and identified multiple types of genome du-
plications, which are responsible for its rapid environmental adaptation
and pollen development. Species-specific tandem duplication was likely
to contribute to the expansion of resistance-related gene families (NBS-
LRR, P450 and G-LecRLKs) in giant ragweed, which might improve the
ability to adapt quickly to new environments, increasing its invasive-
ness. In giant ragweed, significant elevated proportions of duplication
gene were observed in potential allergenic gene, indicating that tandem
repeat could have more activate role in newly allergen emergence. The
potential allergens also had slightly higher Ka/Ks values with the others,
suggesting might more nonsynonymous amino acid substitutions accu-
mulation to acquire allergy. In addition, we firstly predicted potential
pectate lyases allergens in giant ragweed, and observed a specific tan-
demly repeated array for them both in giant and short ragweed. Alto-
gether, this study provides insight into the genomic basis of invasive
adaptation and evolution characterization of potential pollen allergens
that will be helpful to ecological control and offer good clues for the
identification of potential pollen allergens in giant ragweed.
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