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Abstract [199 words] 31 

• Seed dispersal by wasps (vespicochory) is documented in five angiosperm 32 

families, with phylogenies suggesting that most vespicochorous lineages 33 

evolved from ant-dispersed (myrmecochorous) ancestors. While recent work 34 

has identified cues attracting wasp dispersers, the molecular basis remains 35 

unclear.  36 

• To shed light on the molecular basis of vespicochory, we generated 37 

chromosome-level genomes for the wasp-dispersed Stemona tuberosa, and its 38 

close ant-dispersed relative S. mairei. Combining comparative genomic, 39 

transcriptomic, lipidomic, and functional analyses, we ask (i) how chemical 40 

elaiosome differentiation occurs during seed development, and (ii) how key 41 

mutualism-associated genes evolved in Stemona. 42 

• We show that elaiosomes up-regulate stearoyl-ACP Δ9 desaturases (SAD) and 43 

accumulate oleic acid and 1,2-diolein, which serve both as food rewards and 44 

as precursors for CER1/3-mediated biosynthesis of (Z)-9-tricosene, the key 45 

wasp attractant. By contrast, high expression of FatB and DGAT1 in seeds is 46 

associated with medium-chain fatty acids (MCFAs) production. Comparative 47 

genomics indicates conservation of these genes across Stemona, with S. 48 

tuberosa-specific FatB expansion and SAD/CER1/3 repertoire divergence. 49 

• Our work supports a model for elaiosome-seed fatty-acid differentiation 50 

linking recruitment and nourishment in vespicochory. Given that oleic acid 51 

and 1,2-diolein are also key cues in myrmecochory, this shared biochemical 52 

basis may help explain how vespicochory evolves from ant-dispersed 53 

ancestors. 54 

Key words: Stemona, vespicochory, myrmecochory, seed dispersal, oleic acid, 55 

stearoyl-ACP Δ9 desaturases, medium-chain fatty acids, Stemonaceae 56 
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Introduction 67 

Seed dispersal is a critical process to community structure and stability, and 68 

ultimately biodiversity maintenance (Janzen, 1970; Howe and Smallwood, 1982; 69 

Willson and Traveset, 2000). Most seed plants are dispersed by animals, involving 70 

diverse strategies to attract, reward, or attach to animal dispersers (Tiffney, 2004; 71 

Jordano et al., 2007; Schupp et al., 2010; Farwig and Berens, 2012), but seed 72 

dispersed by invertebrates has received comparatively less attention, with the 73 

exception of seed dispersal by ants (myrmecochory). Seed dispersal by invertebrates 74 

includes rare endozoochorous dispersers by such as giant flightless grasshoppers 75 

(wetas, Duthie et al., 2006), cockroaches (Uehara & Sugiura, 2017), camel crickets 76 

(Suetsugu, 2018) and red slugs (Türke et al., 2012). Other invertebrate seed dispersal 77 

involves non-rewarding seeds carried by dung beetles (Midgley et al., 2015), or seeds 78 

with elaiosome rewards dispersed by flies (Yu et al., 2025) or wasps (Chen et al., 79 

2018a). 80 

Dispersal by ants, flies and wasps rely on lipid-rich seed appendages called 81 

elaiosomes that serves to recruit and reward the dispersers (Mark & Olesen, 1996; 82 

Lengyel et al., 2010; Chen et al., 2018a; Yu et al., 2025). Elaiosomes have evolved 83 

independently in ~11,000 plant species from over 80 angiosperm families (Edwards et 84 

al., 2006; Lengyel et al., 2010). Ants and wasps are attracted by the elaiosome-85 

produced signal molecules and quickly remove the seeds (Karnish, 2024; Chen et al., 86 

2018). These cues are lipids, especially oleic acid and diglyceride 1,2-diolein (a 87 

diacylglycerol with oleic acid at positions 1 and 2) are key signalling compounds to 88 

trigger corpse-carrying behaviour (Skidmore & Heithaus, 1988; Brew et al., 1989; 89 

Fischer et al., 2008; Pfeiffer et al., 2010; Boieiroa et al., 2012). These compounds are 90 

byproducts of ant decomposition and are part of the conserved necrophoric pathway 91 

through which ants identify and remove dead nestmates to prevent disease spread. In 92 

addition to recruiting ants, the high oleic acid content in elaiosomes may provide 93 

nutrients particularly important for these seed dispersers as rewards (Lanza et al., 94 

1992; Hughes et al., 1994; Fischer et al., 2008). Wasp-addressed elaiosomes are 95 

typically larger and use distinct compounds for recruitment, notably lipid-derived 96 
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cuticular hydrocarbons such as (Z)-9-tricosene in Stemona tuberosa (Stemonaceae, 97 

Pandanales, Monocotyledons, 2n = 14) (Chen et al., 2018) and short-carbon-chain 98 

volatiles mimicking herbivore damage as in Aquilaria sinensis (Thymelaeaceae) (Qin 99 

et al., 2022). 100 

Beyond attraction compounds, little is known on the molecular mechanism 101 

underlying vespicochory. Using phylogenies, chromosome-level genome sequencing 102 

for wasp and ant-dispersed Stemona species, transcriptomic, lipidomic, and functional 103 

analyses we ask the following questions: (i) how chemical elaiosome differentiation 104 

occurs during seed development, and (ii) how the underlying genetic toolkit has 105 

evolved in Stemona. We identify key genes involved in the lipid differentiation of the 106 

elaiosome from the seed, and show how their differential expression leads to the 107 

accumulation of attracting and rewarding compounds for insect dispersers. 108 

Comparative genomics reveals a shared genetic toolkit for wasp and ant dispersal, 109 

showing that only a small step is required to shift from myrmecochory to 110 

vespicochory.  111 

 112 

Materials and Methods 113 

Genome sequencing and assembly 114 

Stemona tuberosa was collected from cultivated plants at Kunming Botanical 115 

Garden, Kunming Institute of Botany, Yunnan Province, China. S. mairei was 116 

collected from wild plants in Daju County, Yunnan Province, China. Young and 117 

healthy leaves of both species were collected and immediately flash-frozen in liquid 118 

nitrogen. Genome size was estimated by flow cytometry (Doležel et al., 2007) on 119 

fresh leaf tissue from the same individuals. Subsequently, high-coverage resequencing 120 

was performed for both species, to estimate genome size. For S. tuberosa, genomic 121 

DNA was isolated using a Qiagen DNA purification kit (Qiagen, Darmstadt, 122 

Germany), quality assessed via NanoDrop (Thermo Fisher Scientific, Wilmington, 123 

DE, USA) and concentration with a Qubit fluorometer (Thermo Fisher Scientific). 124 

DNA libraries were constructed following the manufacturer’s protocol (Illumina), and 125 

sequenced on an Illumina HiSeq 4000 platform with 150 bp paired-end. For S. mairei, 126 
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total genomic DNA was isolated using the DNA Marker D15000; MD110-02 127 

(Tiangen, Beijing, China) and quality-checked as above. Libraries were prepared 128 

using the OnePot Pro DNA Library Prep Kit V4 (Yeasen Biotechnology, Shanghai, 129 

China), and sequenced was on a DNBSEQ-T7 platform with 150 bp paired-end reads. 130 

Raw reads were quality-filtered with fastp (Chen et al., 2018b), and genome size and 131 

complexity were estimated by counting k-mers (k = 19) using KMC v.3.2.2 (Kokot et 132 

al., 2017) and fitting the resulting spectra with Genomescope v.2.0 (Ranallo-133 

Benavidez et al., 2020), assuming diploidy for both species (Fig. S1).  134 

  135 

Long read sequencing was performed for both species, and its integrity was 136 

assessed by pulsed-field capillary electrophoresis (Agilent Technologies, Santa Clara, 137 

CA, USA). Approximately 8 µg of DNA was sheared using a Megaruptor 3 system 138 

(Diagenode SA., Seraing, Belgium), and the fragments were concentrated with 139 

AMPure PB beads (Pacific Biosciences, Menlo Park, CA, USA). A SMRTbell 140 

sequencing library with ~15–20 kb inserts was constructed from the high-quality 141 

DNA and sequenced on the PacBio Sequel II platform in Circular Consensus 142 

Sequencing (CCS) mode. HiFi reads were generated from the raw subreads using the 143 

CCS workflow (v.6.3.0) under default parameters (Wenger et al., 2019).  144 

To generate a chromosome-scale assembly of both species, we carried out Hi-C 145 

sequencing. Young and healthy leaves were cross-linked with formaldehyde at room 146 

temperature and genomic DNA isolated from the nuclei was digested with HindIII 147 

restriction enzyme. Fragments with sticky ends were then end-repaired and marked 148 

with biotinylated nucleotides, and then adjacent blunt ends were ligated to form a 149 

circular molecule. Subsequently, these circular molecules were purified and sheared 150 

to 300-500 bp, and sequenced on an Illumina HiSeq 4000 platform. For chromosome-151 

scale genome scaffolding, raw Hi-C data were processed into a contact matrix using 152 

Juicer v.1.6 (Durand et al., 2016) and contigs were then scaffolded with 3D-DNA 153 

v.180114 (Dudchenko et al., 2017), and manually curated in Juicebox v1.9.8 (Durand 154 

et al., 2016; Fig. S2). Chromosome-scale assemblies were polished with TGS-155 

GapCloser v.1.2.1 (Xu et al., 2020) and NextPolish2 (Hu et al., 2024). 156 
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 157 

Genome annotation and comparative genomics 158 

The detailed methodology for this section is reported in the Online Supplementary 159 

Methods. In short, repetitive elements were annotated de novo using EDTA v2.2.2 160 

(Ou et al., 2019) and softmasked with RepeatMasker v4.18 (Smith et al., 2013). 161 

Protein-coding genes were annotated by integrating ab initio predictions (SNAP, Korf, 162 

2004; AUGUSTUS v3.5.0, Stanke et al., 2006), RNA-seq transcript assemblies 163 

(Trinity v2.15.2, Grabherr et al., 2011; HISAT2 v2.2.1 and StringTie v2.1.4, Pertea et 164 

al., 2016; PASA v2.5.3, Haas et al., 2008), and homologous protein evidence using 165 

MAKER2 v3.01.03 (Holt & Yandell, 2011) and EVidenceModeler v2.1.0 (Haas et al., 166 

2008); full details are in Supplementary Methods. Macrosynteny was assessed with 167 

MCScan (JCVI; Tang et al., 2024) and visualised with circos v0.69-10 (Krzywinski et 168 

al., 2009). A phylogenomic dataset for Pandanales was assembled from annotated 169 

genomes and published transcriptomes (Tables S1-S2) following the pipeline of Yang 170 

& Smith (2014), with gene trees inferred using IQ-TREE v3.0.1 (Wong et al., 2025), a 171 

species tree estimated with ASTRAL-IV v1.23.4.6 (Zhang et al., 2025), and 172 

divergence times inferred with mcmctree in PAML v4.10.9 (Yang & Rannala, 2006) 173 

using secondary calibrations from Ramirez-Barahona et al. (2020) (Supplementary 174 

Methods). Gene family evolution was modelled with CAFE5 v1.1 (Mendes et al., 175 

2020). Diversifying selection on candidate fatty acid synthesis genes was tested using 176 

ABSREL and MEME in HyPhy v2.5.72 (Smith et al., 2015; Murrell et al., 2012), 177 

with foreground branches subtending the MRCA of Stemona and Croomia, Stemona, 178 

and S. tuberosa (Supplementary Methods).  179 

Transcriptome sequencing and analyses 180 

Transcriptome data from tubers, roots, stems, leaves, flowers, and fruits of Stemona 181 

tuberosa and S. mairei were sampled for genome annotation. To dissect the molecular 182 

basis underlying the distinct composition of fatty acid between elaiosomes and seed in 183 

S. tuberosa, we collected the seeds and corresponding elaiosomes at four developing 184 

stages (E1-E4 and S1-S4, see Fig. S3), as single samples.  185 
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Total RNA was extracted and purified for each sample using TRIzol (Invitrogen), 186 

following the manufacturer’s protocols. The high-quality RNA was sheared into 500 187 

bp fragments and reversely transcribed into cDNA. The cDNAs were then end-188 

repaired and ligated with the Illumina sequencing adapter and sequenced on the 189 

Illumina HiSeq 4000 platform with paired-end 150 bp. After quality filtering with 190 

fastp (Chen et al., 2018b), clean reads were mapped to the S. tuberosa genome using 191 

HISAT2 (Kim et al., 2019). Expression levels from uniquely aligning reads were 192 

quantified as FPKM using StringTie (Pertea et al., 2016). 193 

 194 

Fatty acid profiles in seed and its corresponding elaiosome 195 

Total lipids were extracted from developing elaiosomes (E2 and E4) and seeds (S2 196 

and S4) (Fig. S4) and fatty acid composition determined by Gas Chromatography-197 

Mass Spectrometer (GC-MS). For each sample, tissue was ground and transferred into 198 

10 mL glass tubes containing hexane/isopropanol (3:2, v/v) for total lipid extraction. 199 

Fatty acid methyl esters (FAMEs) were prepared by adding 2 mL methanol containing 200 

5% H2SO4 (v/v) and then heating at 85 ℃ for 90 min. FAMEs were dissolved in 1 mL 201 

of hexane and analysed on Agilent 7890 gas chromatograph/5975 mass selective 202 

detector equipped with a 30 m DB-5MS capillary column. Helium was used as the 203 

carrier gas at a constant flow rate of 1 mL/min. The oven conditions included an 204 

initial temperature of 40℃ and an initial time of 1 min, 10 ℃/min to 130 ℃, 8 205 

℃/min to 250℃ for a 10 min bakeout. The inlet temperature was kept constant at 250 206 

℃, and the MS transfer line was set at 290 ℃. Spectra were acquired by scanning m/z 207 

50-600 in the electron impact (EI) mode for routine analysis. To measure lipid 208 

compositions (e.g. DAG, TAG) in elaiosome, we performed UPLC-QTOF/MS-based 209 

lipidomic analysis, following (Zhang et al., 2022).  210 

 211 

Construction of yeast BY4741 mutant strain Δole1 212 

To characterize the function of S. tuberosa SAD genes, we constructed the yeast 213 

BY4741 (Saccharomyces cerevisiae) mutant strain Δole1 (MATa ole1Δ::HIS3 leu2Δ0 214 

met15Δ0 ura3Δ0) by homologous recombination (Fig. S5). Two homologous regions 215 
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of yeast OLE3 gene were cloned from genomic DNA of yeast strain BY4741 with 216 

specific primers, and an insertion fragment, the HIS3 expression cassette (1364bp), 217 

was amplified from the plasmid pFA6a-His3MX6. The three DNA fragments were 218 

fused into one fragment by overlap extension PCR. The fused DNA fragment was 219 

purified and transformed into yeast strain BY4741 using the protocol of Gietz & 220 

Schiestl (2007). The BY4741 Δole1 could not grow without oleic acid 221 

supplementation, and thus Δole1 strain was grown on the synthetic complete selection 222 

medium (-His) with 0.2% oleic acid. All the Δole1 strain were further validated by 223 

PCR with diagnostic primers (Table S3). 224 

 225 

Functional characterization of S. tuberosa SAD 226 

Total RNA was extracted from developing seeds and elaiosomes using Trizol 227 

(GENEray, SHH, CHN). First-strand cDNA was synthesized using TransScript All-228 

in-One First-Strand cDNA Synthesis kit (TransGen, BJ, CHN). The full-length CDS 229 

of two SADs (Sttub03G0473000.1 and Sttub07G0192400.1) was amplified from the 230 

cDNA library using Phanta Max Super-Fidelity DNA polymerase (Vazyme, Nanjing, 231 

China). The PCR products were cloned into pEASY-Blunt cloning Vector (TransGen, 232 

Beijing, China) and verified by Sanger sequencing. After that, the CDS sequence was 233 

constructed into the yeast expression vector pYES2.0 using ClonExpress Entry One 234 

Step Cloning Kit (Vazyme, Nanjing, China).  235 

   Next, the pYES2.0 constructs were transformed into BY4741 Δole1 using Frozen-236 

EZ Yeast Transformation II Kit (Zymo, USA). Transformants carrying SAD 237 

(Δole1+StFAB2 and Δole1+StSAD6) were first selected on SD-Ura plates 238 

supplemented with 0.02% oleic acid, and the transformants carrying empty plasmid 239 

were used as the negative control (Δole1+empty) (Figs. S4-S5). Positive clones were 240 

subsequently grown into liquid SD-Ura medium supplemented with 0.02% sodium 241 

oleate for 24 h. Cells were then transferred into the liquid SD-Ura medium 242 

supplemented with sodium oleate (0.02%) and 2% galactose to induce transgene 243 

expression. After 48 hours, yeast cells were collected for lipid extraction and fatty 244 

acid analysis. To assess the effect of oleic acid on MCFAs production, we also 245 
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collected the Δole1 cells grown on synthetic complete medium lacking SD-His with 246 

0.2% oleic acids (Δole1+ oleic acid). 247 

Yeast cells in stationary phase were collected and lysed in 4 M HCl. After 248 

boiling for 10 min, total lipids were extracted with 500 µL hexane/isopropanol (3:2, 249 

v/v) and dissolved in 500 µL chloroform. Lipids were then transmethylated with 2 mL 250 

of methanol containing 5% H2SO4 (v/v) at 85 ℃ for 90 min. Finally, FAMEs were 251 

analysed by GC-MS as described above. All primers are listed in Table S3. 252 

 253 

Functional characterization of S. tuberosa FatB 254 

The full-length CDS of four FatB genes (Sttub01G0002300.1, Sttub07G0241600.1, 255 

Sttub02G0230000.1 and Sttub02G0229900.1) was amplified, cloned into pEASY-256 

Blunt cloning Vector (TransGen, Beijing, China) and verified by Sanger sequencing, 257 

then subcloned into the yeast expression vector P425 using ClonExpress Entry One 258 

Step Cloning Kit (Vazyme, Nanjing, China). P425 constructs were transformed into S. 259 

cerevisiae strain INVSc1 (MATa his3Δ1 leu2 trp1-289 ura3-52). Transformants were 260 

selected on SD lacking Leu at 30 ℃, and positive clones grown in liquid SD-Leu at 261 

28 ℃, shaking at 230 rpm. Cells were harvested for lipid analysis as described above. 262 

The same FatB gene (Sttub02G0230000.1) was additionally transformed into 263 

Arabidopsis thaliana. Briefly, the full-length CDS of FatB was cloned to binary 264 

vector pCambia1300 with hygromycin selection gene in plant. Arabidopsis ecotype 265 

Col-0 was transformed with Agrobacterium-containing FatB vector by the floral dip 266 

method (Clough & Bent, 1999). Transgenic seedlings of T1 lines were transferred to 267 

soil, and T3 seeds were used for fatty acid analysis. 268 

 269 

Substrate preference analysis of S. tuberosa DGATs  270 

The full-length CDS of all S. tuberosa DGAT genes was cloned and transformed 271 

individually into Saccharomyces cerevisiae TAG-deficient strain H1246 (MATα are1-272 

Δ::HIS3 are2-Δ::LEU2 dga1-Δ::KanMX4 Iro1-Δ::TRP1 ADE2 ura3), for functional 273 

complementation using a Yeast Transformation Kit (Coolaber, Beijing). All primers 274 
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are listed in Table S3. Transformants were selected on SD medium lacking Ura (SD/–275 

Ura) before being grown in liquid SD/–Ura medium (glucose was replaced with 276 

galactose) at 30 ℃ with shaking at 200 rpm for 36 h. Cells were harvested by 277 

centrifugation for lipid analysis by thin-layer chromatography (TLC). Total lipids 278 

(TLs) from yeast were extracted and separated by TLC as described previously (Yang 279 

et al., 2024). Wild-type INVSc1 and H1246 complemented with the yeast DGA1 gene 280 

served as controls. 281 

To determine the substrate preference of these DGATs, octanoic acid (C8:0), 282 

decanoic acid (C10:0), and lauric acid (C12:0) were added to yeast cultures at a 283 

concentration of 30 µM. H1246 cells were induced with galactose for 4 days at 30 ℃, 284 

and then harvested for TAGs isolation by TLC and fatty acid analysis by GC-MS. 285 

 286 

qRT-PCR analysis 287 

To validate the expression pattern of candidate genes we selected (see Table S4), we 288 

used quantitative RT-PCR (qRT-PCR) in different tissues of S. tuberosa. Young 289 

leaves, developing elaiosomes (E1-E4) and seeds (S1-S4) were collected and 290 

immediately flash-frozen in liquid nitrogen. Total RNA was extracted, purified and 291 

reversely transcribed into cDNAs as described above. qRT-PCR was performed on a 292 

Bio-Rad CFX96 system (CA, USA) using SYBR Green Master Mix (TaKaRa). S. 293 

tuberosa ACTIN2 (Sttub01G0312800.1) gene was used as an internal reference for 294 

normalization. The primers used in this study are listed in Table S3. 295 

 296 

Results 297 

Chromosome-scale assemblies of Stemona mairei and Stemona tuberosa 298 

In Stemona, vespicochory has evolved from myrmecochory at least three times 299 

independently, mirroring the general pattern across vespicochorous lineages, with the 300 

exception of Thymelaeaceae (Fig. 1a-b). To investigate the molecular basis of 301 

vespicochory, we sequenced the vespicochorous S. tuberosa and its myrmecochorous 302 

close relative S. mairei. Flow cytometry estimated the genome size of Stemona 303 
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tuberosa at 0.82 Gb and that of S. mairei at 1.27 Gb; k-mer analysis yielded estimates 304 

of 899.8 Mb (from 92.5 Gb of short-read data) and 951.7 Mb (from 123.4 Gb), 305 

respectively (Fig. S1). A total of 86.7 Gb of HiFi reads and 141.2 Gb of Hi-C reads 306 

were generated for S. tuberosa, and 31.7 Gb of HiFi reads and 120.5 Gb of Hi-C reads 307 

for S. mairei. 308 

The genome assembly of S. tuberosa totalled 885.2 Mb with a contig N50 of 84.7 309 

Mb; Hi-C scaffolding anchored 769.4 Mb (86.9%) onto seven pseudochromosomes 310 

(Fig. 1c; Fig. S2a). The S. mairei assembly totalled 1003.2 Mb (contig N50 of 23.8 311 

Mb), with 937.9 Mb (91.1%) anchored onto seven pseudochromosomes (Fig. 1c; Fig. 312 

S2b). BUSCO evaluation yielded completeness scores of 98.4% (1588/1614) for S. 313 

tuberosa and 98.3% (1585/1614) for S. mairei.  314 

Sequence annotation revealed that 66.57% and 74.92% of the genomes consisted of 315 

repetitive elements (Table S5), most of which are long terminal repeats (LTR) making 316 

up 46.63% and 59.38%, respectively (Table S5). Integrated ab initio, homology-based 317 

and RNA-seq-aided prediction identified 26,453 protein-coding genes in S. tuberosa 318 

and 30,875 in S. mairei (Table S6), with annotation BUSCO completeness of 98.1% 319 

and 97.8%, respectively (Table S7) and ~77.41% and ~89.37% protein-coding genes 320 

(23,390 and 27,595) were functionally annotated (Table S8).  321 

The two genomes differed by a series of structural rearrangements, including 322 

several translocations, nested inversions, and a major inversion of chromosome 2 323 

(Fig. 1c). CAFE5 analysis inferred 381 gene families underwent expansion and 399 324 

underwent contraction in S. tuberosa genome, compared with 642 expanding and 269 325 

contracting in S. mairei, with the branch subtending the two species sharing a further 326 

691 inferred expansions and 448 inferred contractions (Fig. 1d and Tables S9-S10).  327 

 328 

Fatty acid compositions in elaiosomes and seeds of S. tuberosa 329 

Because lipid and their derivatives provide compounds that recruit and reward 330 

hymenopteran dispersers (Skidmore et al., 1988; Chen et al., 2018a), we first 331 

characterized the fatty acids compositions in early and mature elaiosomes (E2 and E4) 332 

and seeds (S2 and S4) of S. tuberosa (see Fig. S3). Elaiosomes were mainly 333 
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composed of oleic acid (C18:1), making up ~70% of total fatty acids, followed by 334 

palmitic acid (C16:0) and linoleic acid (C18:2) (Fig. 2b). By contrast, seeds 335 

accumulated a large proportion of medium-chain fatty acids (MCFAs) including 336 

capric acid (C10:0, ~70% of total lipids), lauric acid (C12:0, ~17%), and minor 337 

amounts of long-chain fatty acids (e.g., C16:0, C18:1 and C18:2, total ~9.2%) (Fig. 338 

2b).  339 

To quantify all lipid molecules (e.g. DAG) in mature elaiosomes (E4), we 340 

performed UPLC-QTOF/MS-based lipidomic analysis (Materials and Methods). 341 

Triacylglycerols (TAG) were the most abundant lipid class, followed by 342 

phosphatidylglycerol (PG) and phosphatidylserine (PS), with only small amounts of 343 

diacylglycerols (DAG) (Fig. 2c). As expected, oleic acid was the most abundant FFA, 344 

~35%, followed by C18:2 (~27%) and C16:0 (~16%) (Fig. 2d). Among DAGs, DAG 345 

(C16:0-C18:1) and 1,2-diolein (DAG[C18:1-C18:1]) were the major components, 346 

accounting for 31% and 21% of total DAGs, respectively (Fig. 2d). Thus, elaiosomes 347 

and seeds differ greatly in fatty acid composition, with lipid cues such as oleic acid 348 

and 1,2-diolein accumulating preferentially in elaiosomes. 349 

 350 

Expression patterns of lipid-related genes in seeds and elaiosomes of S. tuberosa 351 

To dissect the molecular basis of the distinct fatty acid profiles of elaiosomes and 352 

seeds, we identified genes involved in fatty acid synthesis, glycerolipid assembly and 353 

oil body formation in S. tuberosa genome (Fig. 3a and Table S4). Transcriptome 354 

profiling across four stages of developing seeds (S1-S4) and corresponding elaiosome 355 

development (E1-E4) (Fig. S3) showed that 45 lipid-related genes were expressed in 356 

at least one tissue (FPKM ≥ 2) (Table S4). Most lipid-related genes exhibited high 357 

expression level in elaiosomes relative to seeds (Fig. 3b). Notably, genes involved in 358 

long-chain fatty acid biosynthesis, especially one SAD paralogue, were highly 359 

expressed in developing elaiosomes, while genes involved in medium-chain fatty acid 360 

synthesis (one FatB and two KASI) were specifically expressed in seeds, consistent 361 

with the contrasting fatty acid profiles of elaiosomes and seeds (Fig. 3b). We 362 

validated the expression pattern of key genes including SAD, FatB and KASI via RT-363 
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qPCR (Fig. 3c). 364 

 365 

Functional analysis of S. tuberosa stearoyl-ACP Δ9 desaturases 366 

Given the importance of oleic acid (C18:1) and its derivatives (e.g. 1,2-diolein) in 367 

insect-mediated seed dispersal (Skidmore & Heithaus, 1988; Brew et al., 1989; Lanza 368 

et al., 1992; Hughes et al., 1994; Pfeiffer et al., 2010; Boieiroa et al., 2012), we 369 

identified eight genes encoding stearoyl-ACPΔ9 desaturases (SADs) in the S. tuberosa 370 

genome (Table S4). Only two (Sttub03G0473000.1 and Sttub07G0192400.1) were 371 

expressed in all tested tissues (Fig. 3c and Table S4). They shared high sequence 372 

identity with Arabidopsis SSI2/FAB2 (At2g43710, 68% amino acid sequence 373 

identity) and SAD6 (At1g43800, 66% identity), respectively, and were named 374 

StFAB2 and StSAD6. StFAB2 was highly expressed in developing elaiosomes (E1-375 

E4), 5- to 7-fold higher than in developing seeds (S1-S4), whereas StSAD6 was 376 

specifically expressed in developing seeds (Fig. 3b-c). 377 

To characterize the potential function of StFAB2 and StSAD6, we expressed each in 378 

the yeast BY4741 Δole1 mutant, which is unable to synthesize unsaturated fatty acids 379 

and cannot survive without exogenous C18:1 (Fig. S4-S5, see Materials and 380 

Methods). The Δole1 mutant showed a marked decrease in C16:1 (from 42.71% to 381 

0.62%) and C18:1 (from 22.5% to 6.2%) relative to wild type (Fig. 4a-b). We 382 

heterologously overexpressed StFAB2 and StSAD6 in this background using an empty 383 

vector as negative control. Overexpression of StFAB2 led to a 5-fold and 2.5-fold 384 

increase in C16:1 and C18:1, respectively (Fig. 4a-b), while StSAD6 enhanced C16:1 385 

and C18:1 by 1.9-fold and 1.6-fold (Fig. 4a-b). The content of C16:0 and C18:0 was 386 

slightly but not significantly reduced in both transformants. These results show that 387 

both enzymes can produce C16:1 and C18:1, with the greater accumulation in StFAB2 388 

transformants reflecting differences in intrinsic catalytic activity, protein abundance, 389 

or both. In elaiosomes, high StFAB2 expression likely drives the accumulation of 390 

oleic acid, which can then be channelled into 1,2-diolein via the GPAT, LPAT, PAP 391 

and PDCT enzymes that are also highly expressed in this tissue (Fig. 3b). 392 

 393 
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Molecular basis for the accumulation of MCFAs in S. tuberosa seed  394 

Oleic acid and derivatives (e.g. 1,2-diolein and hydrocarbons) are the key functional 395 

compounds in elaiosomes, but MCFAs are frequently found in seeds dispersed by 396 

insects (Lanza et al., 1992; Hughes et al., 1994; Fischer et al., 2008; Chen et al., 397 

2016), suggesting a resource trade-off between elaiosomes and seeds. However, the 398 

molecular mechanisms underlying this resource allocation remain elusive. 399 

Intriguingly, we observed a marked increase in medium-chain fatty acids in the Δole1 400 

mutant, including C10:0, C12:0 and C14:0 (17.5-fold, 3.7-fold and 3.8-fold relative to 401 

wild type) (Fig. 4b-c). Conversely, when Δole1 was grown on agar plates with 402 

exogenous oleic acid, MCFA levels were negligible (Fig. 4b-c). This indicated a 403 

compensatory mechanism between oleic acid and MCFAs in yeast, likely reflecting 404 

the use of shorter-chain fatty acids to maintain membrane fluidity in the absence of 405 

unsaturated fatty acids. In S. tuberosa seeds, the dedicated FatB thioesterase 406 

machinery described below may reinforce this metabolic relationship, actively 407 

channelling flux toward MCFAs. 408 

One FatB (Sttub02G0230000.1) was specifically and highly expressed in seeds 409 

(Fig. 3). Plant FatB thioesterases are known to play a critical role in MCFA 410 

production (Kalinger et al., 2020). We overexpressed all four StFatB genes in the 411 

yeast strain INVSc1, which does not produce capric acid (C10:0) (Fig. 5a). Only 412 

StFatB (Sttub02G0230000.1) produced C10:0 in yeast and significantly enhanced 413 

C12:0 and C14:0 levels (Fig. 5a). Heterologous expression of the same StFatB in 414 

Arabidopsis also led to significant enrichment of MCFAs in transgenic seeds (Fig. 415 

5b). These results indicate that StFatB is sufficient to drive MCFA synthesis. 416 

However, MCFA levels achieved in transgenic yeast and Arabidopsis seeds were 417 

substantially lower than those in S. tuberosa seeds, suggesting that efficient 418 

incorporation of MCFAs into triacylglycerol (TAG) requires additional enzymes. 419 

Diacylglycerol acyltransferases (DGAT) are known to play a critical role in the 420 

accumulation of unusual fatty acids in TAG (Turchetto-Zolet et al., 2016). We 421 

identified three DGAT genes: two DGAT1 paralogues, StDGAT1A 422 
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(Sttub01G0030900.1) and StDGAT1B (Sttub07G0289900.1), and StDGAT2 423 

(Sttub06G0143500.1). StDGAT1A showed high expression in developing seeds 424 

relative to elaiosomes, while StDGAT1B showed low expression in all tested tissues 425 

(Fig. 3b). StDGAT2 also showed higher expression in developing seeds than 426 

elaiosomes (Fig. 3b). We confirmed TAG biosynthesis by heterologous expression in 427 

the TAG-deficient yeast strain H1246 (see Materials and Methods). TLC analysis 428 

showed that transformants overexpressing StDGAT1A/B and StDGAT2 restored TAG 429 

biosynthesis (Fig. 5c). To determine the substrate preference of these DGATs, we 430 

performed yeast feeding assays. Feeding exogenous C8:0, C10:0 and C12:0 to 431 

transformants expressing StDGAT1A/B and StDGAT2 revealed distinctive substrate 432 

preferences (Fig. 5d). StDGAT1A showed substrate specificity toward MCFAs and 433 

C18:1, while StDGAT1B preferred C12:0, C14:0 and C16:0 (Fig. 5d). StDGAT2 434 

showed no activity on MCFAs but was active on C18:1 (Fig. 5d). None of the three 435 

DGATs showed activity on C8:0 (Fig. 5d). Overall, seed-specific StFatB has a major 436 

contribution to MCFA production in S. tuberosa seeds, with MCFAs preferentially 437 

incorporated into TAG via StDGAT1 paralogues. 438 

 439 

Hydrocarbons biosynthesis in S. tuberosa elaiosomes 440 

Fatty acid-derived hydrocarbons (alkanes and alkenes) in elaiosomes of S. tuberosa 441 

differ significantly from those in leaves, and are critical for wasp-mediated seed 442 

dispersal (Chen et al., 2018a). (Z)-9-tricosene (C23:1Δ9), a pheromone component 443 

produced by various insects (Carlson et al., 1971), is considered the primary attractant 444 

for wasps (Chen et al., 2018a), suggesting that S. tuberosa employs chemical mimicry 445 

to elicit dispersal behaviour. Plant hydrocarbons are typically synthesized through 446 

elongation of fatty acyl-CoA (e.g. C16:0, C16:1, C18:0 and C18:1) into very-long-447 

chain fatty acyl-CoA, which are then reduced to aldehydes and decarbonylated to 448 

yield alkanes or alkenes with one fewer carbon (Kang & Nielsen, 2017; Fig. 6a). (Z)-449 

9-tricosene is accordingly derived from C18:1Δ9-CoA (Fig. 6a), and the large 450 

amounts of free C18:1 in elaiosomes (Fig. 2d) provide an abundant precursor. CER1 451 
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and CER3 (ECERIFERUM), encoding fatty acyl decarbonylase and reductase, 452 

respectively, are core components of hydrocarbon biosynthesis in Arabidopsis (Aarts 453 

et al., 1995; Bourdenx et al., 2011; Bernard et al., 2012). We identified single-copy 454 

genes encoding CER1 (Sttub01G0253000.1) and CER3 (Sttub06G0047800.1) in S. 455 

tuberosa. Both exhibited highly coordinated, elaiosome-specific expression 456 

(Pearson’s R = 0.99; Fig. 6b), although their role in hydrocarbon biosynthesis remains 457 

to be functionally validated.  458 

 459 

Diversifying selection on fatty acid synthesis genes during the evolution of 460 

myrmecochory 461 

To test whether the transition from myrmecochory to vespicochory involved 462 

changes in lipid-related gene copy number, we inferred phylogenies for the main 463 

lipid-related genes expressed in S. tuberosa elaiosomes and seeds. Several gene 464 

families showed lineage-specific expansion in Stemona, including KAS I (carbon 465 

chain elongation, C4 to C16), FatB (release of medium-chain acyl groups, C8-C14), 466 

GPAT (rate-limiting step in de novo glycerolipid synthesis) and oleosin (lipid droplet 467 

packaging) (Figs. 3, S6). Gene trees indicated that most expansions occurred along 468 

the branch subtending Stemona, yielding paralogues shared by S. tuberosa and S. 469 

mairei, while a smaller number of species-specific duplications and losses produced 470 

copy number differences, notably in KAS I, PDCT1, CER1 and CER3 (Fig. S6). 471 

We then employed codon models to search for evidence of diversifying 472 

selection on fatty acid synthesis genes during the transition to myrmecochory and 473 

vespicochory. We fitted ABSREL models to test for episodic diversifying selection 474 

along three sets of branches: those ancestral to Croomia + Stemona; those subtending 475 

Stemona; and those leading to S. tuberosa. Filtering out positive results originating 476 

from alignment errors, we recovered robust signals for episodic diversifying selection 477 

along the branch ancestral to Croomia and Stemona in KASII and SAD6 (Fig. 7). In 478 

KASII, this branch occurs following an inferred gene duplication in Stemonaceae 479 

(Fig. 7a; Fig. S6); notably, the resulting S. mairei copy is partially truncated, a result 480 
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not obviously due to annotation error. MEME analysis revealed evidence for 481 

diversifying selection at five individual sites (Fig. 7b). One was adjacent to a position 482 

with an inferred cysteine to glycine substitution, annotated in the active site for beta-483 

ketoacyl synthase activity based on KASC1_HORVU (Fig. 7b). In SAD6, the signal 484 

occurs along a branch subtending Stemonaceae orthologues, although it is the 485 

daughter of a branch that conflicts with the species tree, albeit with low support (Fig. 486 

7c; Fig. S6). MEME identified only a single site, containing an inferred lysine to 487 

arginine substitution, homologous to a position seven amino acids distant from a Fe 488 

cation-coordinating histidine in AtSAD6 (Fig. 7d). 489 

 490 

Discussion 491 

Molecular basis of elaiosome lipid cues in Stemona tuberosa 492 

Over 11,000 plant species have evolved elaiosomes as a reward to ants that disperse 493 

seeds (Lengyel et al., 2010). Lipid composition analyses of elaiosomes from different 494 

plant groups have highlighted the importance of oleic acid and 1,2-diolein in insect-495 

mediated seed dispersal, suggesting strong convergent evolution (Lanza et al., 1992; 496 

Hughes et al., 1994; Fischer et al., 2008). The lipid composition of elaiosomes was 497 

thought to resemble that of insect prey rather than seeds, particularly 1,2-diolein, 498 

which is an important component of insect haemolymph (Hughes et al., 1994). 499 

However, the molecular basis underlying these lipid cues have remained unclear. 500 

 Stemona tuberosa develops unusually large elaiosomes that serve as rewards 501 

offered to wasps (vespicochory) to disperse seeds (Chen et al., 2018a). Combining 502 

genomic, transcriptomic, lipidomic and functional analyses, we showed that high 503 

expression of one SAD paralogue (stearoyl-ACP Δ9 desaturase) in S. tuberosa 504 

elaiosomes drives the production of oleic acid (C18:1), which is channelled into 1,2-505 

diolein through the glycerolipid assembly pathway, consistent with the high 506 

expression of GPAT, LPAT and PAP in elaiosomes (Fig. 3b). Genes encoding DGAT 507 

and oleosin were expressed at low levels during elaiosome development but were 508 

predominantly expressed in developing seeds (Fig. 3b and Table S4), implying that 509 
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oleic acid and 1,2-diolein are not efficiently incorporated into triacylglycerol (TAG) 510 

or packaged into lipid droplets. This is consistent with the large amounts of free oleic 511 

acid and 1,2-diolein detected in S. tuberosa elaiosomes (Fig. 2d). These free lipid 512 

molecules are likely critical for attracting wasps and promoting seed dispersal. In 513 

addition, the abundant TAGs and free polyunsaturated fatty acids (e.g. C18:2, C18:3) 514 

detected in elaiosomes may serve as energy and nutrients rewarding seed dispersers 515 

(Hughes et al., 1994). Given the convergent evolution of lipid cues across elaiosome-516 

bearing plants (Fischer et al., 2008; Pfeiffer et al., 2010; Boieiroa et al., 2012), our 517 

results provide a framework for investigating whether similar biosynthetic pathways 518 

underlie elaiosome lipid cues in other lineages (Fig. 8).  519 

 520 

Hydrocarbon biosynthesis and chemical mimicry  521 

Beyond these conserved lipid cues, fatty acid-derived hydrocarbons specifically 522 

synthesized in the mature S. tuberosa elaiosome attract hornets and promote seed 523 

dispersal efficiency (Chen et al., 2018a). Among these, (Z)-9-tricosene, the principal 524 

wasp attractant in S. tuberosa (Chen et al., 2018a), is also a major pheromone 525 

component of various female insects (Carlson et al., 1971). A parallel is found in 526 

sexually deceptive orchids, where organ-specific expression of SAD genes mediates 527 

the production of pollinator sex pheromones (Schlüter et al., 2011; Sedeek et al., 528 

2016). In S. tuberosa, the high elaiosome-specific expression of one SAD gene 529 

produces abundant free oleic acid, providing the precursor for (Z)-9-tricosene 530 

biosynthesis. We also identified two elaiosome-specific genes, CER1 and CER3, 531 

which are core components of the hydrocarbon biosynthesis pathway (Aarts et al., 532 

1995; Bourdenx et al., 2011; Bernard et al., 2012) and may be key in the biosynthesis 533 

of (Z)-9-tricosene. Notably, in Aquilaria sinensis (Thymelaeaceae), the only lineage 534 

where vespicochory evolved de novo rather than from myrmecochorous ancestors, 535 

short-carbon-chain (C5-C9) volatiles serve as the main attractants, and their rapid 536 

diffusion is thought to facilitate dispersal of short-lived seeds (Qin et al., 2022). 537 

Together, these findings indicate that fatty acid metabolism provides a versatile 538 
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biochemical platform for insect-mediated seed dispersal, with SAD-derived oleic acid 539 

serving both as a conserved lipid cue and as a precursor for lineage-specific 540 

recruitment compounds. 541 

 542 

Resource trade-off and medium-chain fatty acid accumulation in seeds  543 

The evolution of elaiosomes to enhance seed dispersal likely entails a resource trade-544 

off between seeds and elaiosomes, since resources invested in lipid-rich elaiosomes 545 

could alternatively be allocated to seeds. Seeds and elaiosomes from different plant 546 

species differ significantly in chemical composition, particularly fatty acid profiles 547 

(Lanza et al., 1992; Hughes et al., 1994; Fischer et al., 2008), and this difference is 548 

especially pronounced in S. tuberosa, which develops large elaiosomes and shows 549 

striking differences in fatty acid composition between seeds and elaiosomes (Fig. 2). 550 

We found that genes encoding acyl-ACP thioesterase B (FatB) have expanded 551 

significantly in the S. tuberosa genome. FatB enzymes are considered major 552 

determinants of fatty acid carbon chain length, with substrate preference for C8:0-553 

C18:0 (Jones et al., 1995), and specialized FatB variants with substrate specificity for 554 

MCFAs have been identified in several plant species (Voelker et al., 1992; Dehesh et 555 

al., 1996; Jing et al., 2011). We identified a seed-specific FatB whose overexpression 556 

in yeast and Arabidopsis seeds increased MCFA accumulation (Fig. 5a-b). Notably, 557 

although SAD genes were expressed in developing S. tuberosa seeds and had the 558 

capacity to produce oleic acid (Fig. 4a-b), only trace amounts of oleic acid were 559 

detected in seeds (Fig. 2b). We speculate that the high, seed-specific expression of 560 

FatB releases acyl chains at medium chain lengths, reducing the pool of C18:0-ACP 561 

substrate available for desaturation to oleic acid (Fig. 8). Furthermore, StDGAT1A 562 

and StDGAT1B exhibited substrate preference for MCFAs, suggesting that DGAT1 563 

substrate specificity evolved in concert with FatB-mediated MCFA production in S. 564 

tuberosa seeds, paralleling the coordinated evolution of acyltransferase specificity and 565 

unusual fatty acid accumulation reported in other plants (Burgal et al., 2008; Horn et 566 

al., 2016). 567 
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 568 

Comparative genomics points to a shared genetic basis for myrmecochory and 569 

vespicochory  570 

To determine whether the functional changes we identified are specific to 571 

vespicochory or reflect a more general role in insect-mediated seed dispersal, we 572 

turned to comparative analysis with Stemona mairei, an ant-dispersed species that also 573 

produces elaiosomes. Many of the lineage-specific gene family expansions in fatty 574 

acid synthesis genes are shared between the two species, and significant signals of 575 

episodic diversifying selection were limited to branches subtending Stemona and 576 

Croomia, a related genus of ant-dispersed, elaiosome-bearing species (Fig. 1b). 577 

Although comparative evidence for specific sequence-level functional changes is 578 

limited, this pattern suggests that such changes may have occurred during the 579 

transition to myrmecochory rather than during the later specialization to vespicochory 580 

in S. tuberosa. One of two elaiosome-specific CER genes detected in S. tuberosa have 581 

duplicated independently in S. mairei, suggesting that their role in mediating wasp 582 

attraction may be more complex than a simple gain of function, or governed primarily 583 

by expression differences. Further comparative expression analysis and functional 584 

characterization across the two species will be necessary to resolve this. Stemona 585 

represents a promising system because of repeated transitions between myrmecochory 586 

and vespicochory, which could provide additional power to detect convergent signals 587 

in broader comparisons across the genus. 588 

 Our two new Stemona genomes reveal the molecular architecture underlying 589 

fatty acid differentiation between elaiosomes and seeds, and provide the first genomic 590 

framework linking lipid biosynthesis to insect-mediated seed dispersal. Because oleic 591 

acid and 1,2-diolein are key cues in both myrmecochory and vespicochory, the shared 592 

biochemical basis documented here may help explain how vespicochory repeatedly 593 

evolves from ant-dispersed ancestors. More broadly, these findings pave the way to 594 

comparative studies across elaiosome-bearing lineages and to investigations of the 595 

small genetic and regulatory changes that tip the balance from ant to wasp dispersal. 596 
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chain fatty acids; MRCA: most recent common ancestor; NCBI: The National Center 612 

for Biotechnology Information; PAP: Polyphosphate:AMP phosphotransferase; 613 

PDAT: phospholipid:diacylglycerol acyltransferase; PDCT: phosphatidylcholine 614 

diacylglycerol cholinephosphotransferase; qRT-PCR: quantitative real-time reverse-615 

transcription polymerase chain reaction; SAD: stearoyl-ACP Δ9 desaturases. 616 
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Figure legends and tables 902 

 903 

 904 

Figure 1. Evolution and comparative genomics of myrmecochory and vespicochory 905 

in Stemona. (a) the distribution of angiosperm families with reported myrmecochory 906 

(grey) and vespicochory (yellow). With the exception of Thymeleaceae, all 907 

vespicochory appears to arise from myrmecochorous ancestors. Tree from Ramirez-908 

Barahona et al. (2020), reduced to family-level sampling. (b) evolution of 909 

vespicochory in Stemona. Dated phylogeny from Chen et al. (2021) showing the 910 

distribution of ant-dispersed (grey) and wasp dispersed (yellow) species in Stemona. 911 

Vespicochory has evolved at least three times from myrmecochorous ancestors. The 912 

two species studied in this work are highlighted by boxes. (c) Circos plot comparing 913 

chromosome-scale genome assemblies of Stemona mairei and Stemona tuberosa. i) 914 

GC content per 100 Kb ii) repeat count per 100 Kb iii) gene count per 100 Kb. 915 

Ribbons show major syntenic blocks between the two genomes. (d) phylogenomic 916 

analysis of Pandanales and selected monocots, rooted on Amborella trichopoda. 917 

Phylogeny with divergence times, grey bars give the 95% Highest Posterior Density 918 

(HPD) of the node age. Red (blue) counts give inferred gene family expansions 919 

(contractions). S. tuberosa and S. mairei are highlighted. 920 

 921 

Fig. 2. Wasp-mediated seed dispersal in S. tuberosa and lipids composition in 922 

elaiosome and seed. (A) S. tuberosa elaiosome being attacked by an individual of 923 

Vespa velutina. (B) Fatty acid composition extracted from all lipid molecules 924 

including free fatty acids in two developing elaiosomes (E2 and E4) and 925 

corresponding seeds (S2 and S4). (C) Lipid molecules including free fatty acids in 926 

mature elaiosome (E4) based on lipidomic analysis. Error bars showed the standard 927 

error across the three biological replicates. (D) the content percentage of different 928 

FFAs and DAG molecules in mature elaiosome (E4). Lipid molecules abbreviations 929 

are as follows: DAG, diacylglycerols; FFA, free fatty acids; LPC, lyso-930 

phosphatidylcholines; LPE, lyso-phosphatidylethanolamines; LPG, Lyso-931 

.CC-BY 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 20, 2026. ; https://doi.org/10.64898/2026.02.19.706862doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.19.706862
http://creativecommons.org/licenses/by/4.0/


 

phosphatidylglycerol; MGDG, monogalactosyldiacylglycerol; PC, 932 

phosphatidylcholines; PE, phosphatidylethanolamines; PG, Phosphatidylglycerol; PI, 933 

phosphatidylinositol; PS, phosphatidylserine; TAG, triacylglycerols. 934 

 935 

Fig. 3. Genes involved into the biosynthesis of fatty acids and triacylglycerol (TAG) 936 

in S. tuberosa. (A) The biosynthetic pathway of fatty acids in plastid and 937 

triacylglycerols assembly in endoplasmic reticulum. The genes shaded in green show 938 

the expanded gene families in S. tuberosa genome. (B) Heatmap showing the 939 

expression profiles of lipid-related genes in S. tuberosa elaiosome and seed. The 940 

asterisks show the key lipid-genes for expression analysis. (C) Quantitative reverse 941 

transcription–polymerase chain reaction validation of gene expression we selected. 942 

Error bars showed the standard error across the three biological replicates, and the 943 

expression levels of gene in leaf sample (L) were normalized to 1. 944 

 945 

Fig. 4. Functional characterization of S. tuberosa genes encoding SAD in yeast. (A) 946 

Long-chain fatty acid composition in wild-type yeast BY4741, OLE1 mutant (Δole1), 947 

Δole1 mutant with supplemented oleic acid, Δole1 with over-expressed StFAB2 or 948 

StSAD6. The fatty acid composition was identified by Gas Chromatography-Mass 949 

Spectrometry (GC-MS). Error bars showed the standard error across the five 950 

biological replicates. (B) GC-MS peaks showing the identified fatty acids in 951 

corresponding yeast described in Figure 4A. (C) Medium-chain fatty acids (MCFAs) 952 

analysed in the corresponding yeast mentioned in Figure 3A. 953 

 954 

Fig. 5. Functional characterization of S. tuberosa genes encoding FatB and DGATs. 955 

(A) GC-MS peaks showing the medium-chain fatty acids in wild-type yeast INVSc1 956 

and yeast with over-expressed StFatB. (B) Relative proportions of C10:0, C12:0 and 957 

C14:0 in seeds of A. thaliana wild-type (Col-0) and four T3 homozygous transgenic 958 

lines expressing the StFatB gene under control of the 35S promoter. Error bars 959 
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indicate ±SE (n = 3). (C) Overexpression of StDGAT1A/B and StDGAT2 restores TAG 960 

biosynthesis in TAG-deficient yeast mutant strain H1246 as visualized in TLC. 961 

Triacylglycerol (TAG), diacylglycerol (DAG) and free fatty acid (FFA) were 962 

separated in TLC plate and visualized by iodine staining. H1246 transformed with the 963 

empty pYES2 vector was used as negative control and wild type yeast INVSc1 served 964 

as a positive control. (D) FA composition of TAG product isolated from H1246 yeast 965 

cells expressing StDGAT1A/B and StDGAT2. Wild type yeast INVSc1 was used as 966 

control. Error bars indicate ±SE (n = 3). Asterisks (**) indicate the p-value less than 967 

0.01 (student t-test). 968 

 969 

Fig. 6. Putative biosynthetic pathway for (Z)-9-tricosene, the key compound that 970 

recruits wasp dispersers, and key genes in S. tuberosa. (A) Proposed biosynthetic 971 

pathway and major reaction of (Z)-9-tricosene (C23:1Δ9 alkene). (B) Validation of 972 

expression pattern of S. tuberosa CER1 and CER3 via quantitative reverse 973 

transcription–polymerase chain reaction. Error bars show the standard error across the 974 

three biological replicates, and the expression levels of gene in the leaf sample (L) 975 

were normalized to 1. 976 

 977 

Figure 7. Diversifying selection in fatty acid synthesis genes. Results from ABSREL 978 

tests for episodic diversifying selection. Red branches show tested foreground 979 

branches that were significant at the 5% level. Diamonds at nodes indicate inferred 980 

gene duplications based on species overlap. Aligned sequences show results for 981 

MEME tests for site-level diversifying selection along the inferred branch. Positions 982 

are relative to StKASII-1 and StSAD6. P-values show the results from the MEME test 983 

for diversifying selection. (a, b) KASII. Black arrow shows the position of an active 984 

site residue in Hordeum vulgare KASCI. (d, e) SAD6. Black arrow shows the position 985 

of a Fe cofactor coordinating histidine in the active site of Arabidopsis thaliana 986 

SAD6. 987 

 988 
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Fig. 8. Proposed model explaining the differentiate fatty acid species in S. tuberosa 989 

elaiosome (grey) and seed (brown). The high expression of one of SAD genes results 990 

in the accumulation of oleic acids (C18:1) and its derivatives (e.g. 1,2-dioleins and 991 

(Z)-9-tricosene) in elaiosomes, promoting seed dispersal. On the contrary, gene 992 

expansion and seed-specific expression of FatB result in large amounts of MCFAs 993 

and low level of oleic acids in seeds. Red and blue fonts represent genes that are 994 

expressed at a high versus low level, respectively. Thick black arrows indicate the 995 

major reaction of fatty acids biosynthesis.  996 
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 1020 

Supporting Information  1021 

Additional Supporting Information may be found online in the Supporting 1022 

Information section at the end of the article. 1023 

Figure S1. GenomeScope 2.0 k-mer frequency profiles for (A) Stemona tuberosa and 1024 

(B) S. mairei, based on Illumina short-read data with k = 19 and ploidy = 2. The x-1025 

axis shows k-mer coverage depth and the y-axis shows coverage x frequency. The 1026 

observed k-mer spectrum (blue), fitted model (black), unique sequence component 1027 

(yellow), and error component (orange) are shown; dashed vertical lines mark the 1028 

heterozygous and homozygous k-mer coverage peaks. Estimated genome sizes were 1029 

899.8 Mb for S. tuberosa (heterozygosity 0.401%, error rate 0.013%, duplication rate 1030 

1.18) and 951.7 Mb for S. mairei (heterozygosity 1.73%, error rate 0.126%, 1031 

duplication rate 4.26). The more prominent heterozygous peak and higher duplication 1032 

rate in S. mairei are consistent with its larger genome and greater repeat content. 1033 

 1034 

Figure S2. Hi-C map (High-throughput chromosome conformation capture) of the 1035 

Stemona tuberosa (a) and S. mairei (b) genomes showing strong interactive signal 1036 

within intra-chromosome and at diagonal regions. The color bar indicates the 1037 

interactive signal. 1038 

 1039 

Figure S3. The shape, size and colors of seed (S1-S4) and elaiosome (E1-E4) during 1040 

fruit development and ripening at different stages. Bar, 1 cm. 1041 

 1042 

Figure S4. Live/dead spot assay of yeast BY4741 mutant strain Δole1 (MATa 1043 

ole1Δ::HIS3 leu2Δ0 met15Δ0 ura3Δ0) on synthetic complete selection medium (-His) 1044 

with (right panel) or without (left panel) oleic acid supplement. 1045 

 1046 

Figure S5. Construction and molecular identification of OLE1 mutant (Δole1) in 1047 

yeast strain BY4741. (A). Schematic representation of OLE1 genomic DNA from 1048 
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ATG to TAA. The black line in the blue box shows the region that will be disrupted. 1049 

(B). Schematic representation of OLE1 deletion cassette. The left and right arm (light 1050 

blue box) are homologous regions of OLE1 genomic DNA as shown in A. The light 1051 

green box represents the HIS3 expression cassette. Specific primers used for 1052 

construction of OLE1 deletion cassette and molecular identification for yeast strain 1053 

BY474141 and Δole1 are indicated by the arrows. (C). Polymerase chain reaction 1054 

(PCR)-based identification of Δole1 mutant line with specific primers. 1055 

 1056 

Figure S6. Gene trees of fatty acid synthesis gene families. a-l) gene trees of each 1057 

major family discussed in text. Diamonds at nodes indicate inferred gene duplications 1058 

based on species overlaps. Scale bars give the expected number of nucleotide 1059 

substitutions per site. Branch labels are support values from the SH-aLRT/Ultrafast 1060 

Bootstrap. 1061 

 1062 

Supplementary tables 1063 

 1064 

Table S1. Public RNA seq datasets used for annotation in this study. 1065 

Table S2. Genomes and transcriptomes used in this study.     1066 

Table S3. Primer information used in this study. 1067 

Table S4. Expression of genes involved into fatty acids synthesis, glycerolipid 1068 

assembly and oil body formation in Stemona tuberosa. E1-E4 are elaiosome stages 1069 

and S1-S4 are seed stages. Values are FPKM.           1070 

Table S5. Repeat annotation. 1071 

Table S6. Sequencing coverage, assembly and annotation summary. 1072 

Table S7. BUSCO assessment. 1073 

Table S8. Functional annotation. 1074 

Table S9. Gene family expansions and contractions inferred in S. tuberosa. 1075 
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Table S10. Gene family expansions and contractions inferred in the S. tuberosa-S. 1076 

mairei branch.    1077 

 1078 
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