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Abstract 28 
 29 
Carnivorous plant leaves, such as those of the spoon-leaved sundew Drosera 30 
spatulata, secrete mucilage which hosts microorganisms potentially aiding in 31 
prey digestion. We characterised the mucilage microbial communities and 32 
identified the acidophilic fungus Acrodontium crateriforme as the ecologically 33 
dominant species. The fungus grows and sporulates on sundew glands as its 34 
preferred acidic environment. We show that the A. crateriforme has a reduced 35 
genome similar to that of other symbiotic fungi. Based on the transcriptomes 36 
when encountering prey insects, we revealed a high degree of genes co-option 37 
in each species during fungus-plant coexistence and digestion. Expression 38 
patterns of the holobiont during digestion further revealed synergistic effects in 39 
several gene families including fungal aspartic and sedolisin peptidases, 40 
facilitating the digestion of sundew’s prey, as well as transporters and dose-41 
dependent responses in plant genes involved in jasmonate signalling pathway. 42 
This study establishes that botanical carnivory is defined by multidimensional 43 
adaptations correlated with interspecies interactions.  44 
 45 
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Botanical carnivory has evolved independently at least 11 times in the plant 66 

kingdom, each showcasing distinct unique molecular adaptations to attract, 67 

capture and digest insects1. Many carnivorous plants constitute iconic research 68 

models since the era of Charles Darwin2 to understand the evolutionary and 69 

molecular basis of their predatory abilities, which are frequently confined within 70 

a highly modified leaf organ. These specialised leaves secrete digestive 71 

exudates that contain a diverse array of microorganisms. Although the 72 

significance of microbiota in vertebrate digestion is widely established3, the 73 

symbiotic interplay between carnivorous plants and their associated microbiota 74 

is emerging in research4, and the underlying molecular responses to which 75 

microorganisms facilitate or enhance plant carnivory remain to be elucidated. 76 

 77 

Plant-microbe interactions are highly dynamic and can impact plant fitness 78 

through many mechanisms5. Previous studies using metabarcoding suggested 79 

that the digestive mucilage encapsulated by the modified leaves, known as 80 

traps, is colonised by diverse communities of microorganisms (Extended Data 81 

Table 1). In bladderwort, corkscrew and pitcher plants, there were no dominant 82 

species present within the traps, but they can be broadly grouped into major 83 

bacterial phyla6-11. Bacterial diversity and biomass were found to improve prey 84 

decomposition rates in the pitcher plant Darlingtonia californica by increasing 85 

host leaves’ nitrogen uptake efficiency11. Meta-transcriptomic profiling of 86 

Genlisea species revealing non-host transcripts were dominated by metazoan 87 

hydrolases, suggesting a role in phosphate supplementation12. In addition, the 88 

composition of the microbiota appears to be highly time-dependent and 89 

influenced by factors such as host11, surrounding environment13, prey-90 

associated bacteria13 and enhanced species dispersal capabilities7, 91 

highlighting the complex interplay of factors that shape these microbial 92 

communities. 93 

 94 

Species of Drosera, known as sundews and part of the second largest 95 

carnivorous family after Lentibulariaceae14, have 'flypaper' leaves with tentacle-96 

like trichomes15 that secrete mucilage to trap prey, with D. spatulata leaves 97 

enveloping the prey during digestion. After successful capture, the tentacles 98 
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rapidly envelop the prey, which is then degraded and mineralised by the 99 

secreted digestive enzymes. This complex behaviour is stimulus specific, i.e., 100 

not activated by water droplets16, and is mediated by regulation of the 101 

jasmonate (JA) signalling pathway which was pre-established in non-102 

carnivorous plants16. Recent sequencing and comparative genomics of 103 

carnivorous plants has revealed expansion and clade-specific gene families 104 

involved in carnivory. Members of these genes have been co-opted17 by 105 

acquiring new roles from ancestral processes ranging from defence, such as 106 

JA metabolism and signalling, to different stages of the capturing cycles 107 

including peptidases and hydrolases for prey digestion18. The extent to which 108 

these genes still retain their ancestral functions remains to be elucidated. 109 

Another outstanding question is whether the outcome of the inter-species 110 

interactions also drives genomic and transcriptomic adaptations to the 111 

microbes in the holobiont19.  112 

 113 

To investigate the potential inter-species interactions, we focus on Drosera 114 

spatulata20 (Fig. 1a), a sundew native to tropical regions including Taiwan. The 115 

fascinating mechanism of trap movement in sundews, associated with prey 116 

digestion, has long attracted scientific curiosity due to its complex operational 117 

intricacies21, but importantly, act as a tractable response to diverse stimuli22 in 118 

both natural and laboratory settings. This species, with its sequenced genome18 119 

and documented microbial presence on its phyllosphere — where surface yeast 120 

has been shown to promote growth23 — collectively present a model microbial 121 

ecosystem to experimentally interrogate the underlying molecular details. We 122 

sought to characterise the mucilage microbial community and assess their 123 

impact on digestion. By exploring these aspects, our research aims to shed 124 

light on the intricate symbiotic interactions between carnivorous plants and their 125 

resident microbes. 126 

 127 
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Results 133 

 140 

Fungal communities in Drosera mucilage were different to surrounding 141 

environment 142 

 143 

To better understand the microbial diversity and composition of the 144 

mucilage found on the sundew Drosera spatulata, we employed sterilised filter 145 

papers to collect mucilage from sundews (Fig. 1b) and surrounding plants 146 

typically found on cliff habitats of Northern Taiwan (Supplementary Fig. 1). A 147 

total of 92 samples were subjected to 16S and ITS amplicon metabarcoding 148 

(Supplementary Table 1). Each sample had average of 546 and 445 bacterial 149 

and fungal operational taxonomic units (OTUs), respectively. The bacterial 150 

species evenness was comparable between the sundew mucilage and leaf 151 

surfaces of surrounding plants (Fig. 1c, Wilcoxon rank sum test, P=0.81). In 152 

contrast, the fungal communities in mucilage had a significantly reduced 153 

species evenness (Fig. 1c). Beta diversity of microbial communities estimated 154 

using the Bray-Curtis index indicated no discernible differences in bacterial 155 

communities between leaf surfaces (Fig. 1d, PERMANOVA, Leaf surface: 156 

R2=0.12, P=0.06). 42.9% of OTUs corresponding to 53.8-99.9% relative 157 

abundance of mucilage microbiome were also found in the adjacent samples 158 

(Supplementary Table 2), implying that the mucilage bacterial community 159 

resembled that of the surrounding environments. However, the mucilage fungal 160 

community was significant different compared to surrounding samples (Fig. 1e, 161 

PERMANOVA, Leaf surface: R2=0.30, P=0.001). These results suggest the 162 

presence of a dominant fungal species in the D. spatulata mucilage. 163 

 164 

 165 

 166 

 167 

.CC-BY-NC 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 November 8, 2023. ; https://doi.org/10.1101/2023.11.07.566145doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.07.566145
http://creativecommons.org/licenses/by-nc/4.0/


 168 
Fig. 1. Microbial Communities of Drosera spatulata mucilage and 169 
surrounding environment. a. Drosera spatulata and b. close up of stalk 170 
glands with secreted mucilage. c. Bacterial and fungal species evenness in 171 
sundew mucilage versus neighbouring plant leaf surfaces. Asterisk denote 172 
significant difference from Wilcoxon rank sum test (*** indicate P<0.001). Beta 173 
diversity (Bray-Curtis index) of d. bacterial and e. fungal communities. Eclipses 174 
were drawn at 95% confidence level within samples of same source and site. 175 
 176 
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 178 
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 180 
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 183 
Ecological dominance of A. crateriforme in D. spatulata mucilage 184 

 185 

We examined the relative abundances of the top five major bacterial and 186 

fungal taxa among leaf surfaces and revealed a single dominant fungal 187 

operational taxonomic unit (OTU) in the mucilage samples averaging 46.6% 188 

relative abundance (Fig. 2a). Reanalysis of beta diversity excluding this OTU 189 

have rendered the fungal communities with no significant differences between 190 

leaf hosts (Supplementary Fig. 2; PERMANOVA, R2=0.1197, P=0.06 191 

suggesting that this OTU was the main biotic factor affecting the fungal 192 

community structures. 193 

 194 

The taxonomic placement of the dominant fungal OTU belonged to the 195 

genus Acrodontium. By re-analysing the available information from 196 

Globalfungi24 database, it was revealed 1.2% of 57,184 samples harboured 197 

Acrodontium from forests (77.3%), followed by grasslands (12.2%), with the 198 

majority of relative abundances being less than 1% (Supplementary Fig. 3 199 

and Supplementary Table 3). Acrodontium appeared to be preferentially 200 

located in more acidic samples (Supplementary Fig. 4), which is considered 201 

an ancestral trait as it is phylogenetically closely related to a group of fungi that 202 

can thrive at low pH25. To investigate the extent of Acrodontium dominance in 203 

D. spatulata, additional sequencing of mucilage samples spanning ~45 km of 204 

Northern Taiwan revealed its remarkable dominance in all samples with an 205 

average relative abundance of 30.8% (Fig. 2b). Continuous sampling of 206 

mucilage across two sites for nine months revealed that Acrodontium 207 

maintained its status as the most dominant fungus species despite a reduced 208 

15.7% relative abundance during July and August (Fig. 2c). This further 209 

validates the ecologically dominance of Acrodontium in the mucilage of D. 210 

spatulata irrespective of spatial and temporal factors.  211 

 212 

 213 
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 217 

 218 

Fig. 2. Ecologically dominance of Acrodontium OTU in D. spatulata 219 

mucilage. a. Relative abundances of the top ten dominant bacterial [marked 220 

as (b)] or fungal [marked as (f)] taxa among leaf surfaces, showcasing the 221 

Acrodontium OTU as the dominant species in the mucilage. b. Relative 222 

abundance of Acrodontium in 52 additional sundew mucilage samples across 223 

Northern Taiwan. Red colour in pie chart denotes relative abundance of 224 

Acrodontium OTU c. Temporal variation of Acrodontium and the next four major 225 

OTUs’ relative abundance in mucilage over nine months between 2018-2019 226 

at two sites. 227 
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To investigate the roles of fungi to the carnivorous plant host, we isolated 235 

the two most dominant OTUs from fresh mucilage of D. spatulata and identified 236 

them as Acrodontium crateriforme and Phoma herbarum of the families 237 

Teratosphaeriaceae and Didymellaceae, respectively (Supplementary Fig. 5 238 

and 6). The latter is a plant pathogen causing leaf spot in various crops26, while 239 

A. crateriforme is cosmopolitan in nature found in soil27, plant material28,29, 240 

compost30, air31 and rock surfaces32. Interestingly, A. crateriforme was isolated 241 

in the digestive fluid of the Indian pitcher plant Nepenthes khasiana33 and 242 

preferred nitrogen-rich substrates34. We reanalysed 14 published fungal 243 

metabarcoding datasets of carnivorous plants, and detected its presence in 244 

purple pitcher plant Sarracenia purpurea35. Despite having a lower relative 245 

abundance of 0.2-1.4% (Extended Data Table 1), there was a general 246 

presence of A. crateriforme in carnivorous plants.  247 

 248 

Like D. spatulata, A. crateriforme is well suited to grow under laboratory 249 

conditions, and can be cultivated using PDA and MS media. A. crateriforme 250 

grows optimally at pH 4–5 mirroring the acidity of D. spatulata mucilage36-38 251 

(Supplementary Fig. 7), suggesting its acidophilic nature. In contrast, Ph. 252 

herbarum preferred a more neutral pH. The optimal culture temperature for A. 253 

crateriforme is 25°C (Supplementary Fig. 8), aligning with D. spatulata’s 254 

growth range (7‒32°C) and the average monthly temperature of 22.0°C at the 255 

sampling sites (Supplementary Fig. 9). The summer temperature peaks (29–256 

35°C) at the sites may, combined with biotic factors such as optimal growth of 257 

Ph. herbarum at this higher temperature range (Supplementary Fig. 8), 258 

explain the reduced abundance of A. crateriforme at higher temperature (Fig. 259 

2c). 260 

 261 

 262 

Plant-fungus coexistence increases digestive performance of sundews 263 

Examining the stalk glands of D. spatulata growing in a sterilised 264 

environment using a scanning electron microscope (SEM) revealed clear 265 

surfaces (Fig. 3a and Extended Data Fig. 1a-c). Inoculating the sundew with 266 

A. crateriforme revealed hyphae that grew over the glands (Fig. 3b and 267 
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Extended Data Fig. 1d-f), while conidiophores and detached conidia were 268 

observed in glands collected from the wild (Fig. 3c). This observation 269 

demonstrates that A. crateriforme colonises and reproduces on the sundew 270 

stalk glands39, and the mucilage harbours free hyphae or conidiophores. The 271 

cultivation of A. crateriforme is positively correlated with the amount of 272 

Polyrhachis dives ant powder added to the medium, suggesting that the fungus 273 

can utilise insects as a growth supplement (Supplementary Fig. 10).  274 

 275 

To establish the potential contribution of A. crateriforme to the sundew host, 276 

A. crateriforme was first inoculated onto the D. spatulata leaves and there were 277 

no significant differences in the plant morphology and net weight after one 278 

month (Fig. 3d and Supplementary Fig. 11). Conversely, inoculating Ph. 279 

herbarum with the same concentration resulted in plant wilt (Fig. 3d), 280 

suggesting stable plant-fungus coexistence between A. crateriforme and D. 281 

spatulata. When supplementing leaves with ant powder, the times when the 282 

stalk glands fully covered the prey and when they returned to their original 283 

position were recorded. The period between these two points of time indicates 284 

the reopening of the trap and completion of digestion. The inoculated samples’ 285 

trap re-opening was 26.4% earlier than in non-inoculated samples (averaging 286 

106.2 versus 78.1 hours; Fig. 3e), demonstrating the fungus’s direct 287 

involvement in sundew digestion. The addition of protease inhibitor significantly 288 

lengthened the reopening time in both treatments, corroborating previous 289 

findings that the peptidases were primarily involved during the digestion 290 

process40-42. Application of biotinylated bovine serum albumin on the collected 291 

mucilage showed a declining trend during digestion and was significantly 292 

reduced after 24 hours from the A. crateriforme inoculated-samples (inoculated 293 

sample: 36.9 % vs without: 44.0%, P=0.03, Wilcoxon rank sum exact test, Fig. 294 

3f and Supplementary Fig. 12), emphasising that more proteins were being 295 

digested during this time with the presence of A. crateriforme. Together, the 296 

results suggest that A. crateriforme is part of the sundew holobiont and 297 

enhanced the digestion process. 298 

 299 

 300 
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 301 
Fig. 3. The A. crateriforme-Drosera spatulata holobiont. Scanning electron 302 
microscope (SEM) image of sundew stalk glands under a. sterilised conditions, 303 
b. inoculated with A. crateriforme, and c. natural habitat. Different arrow colour 304 
denote conidiophores from which conidia were already detached (red), a 305 
conidium attached to the tip of a conidiophore (blue), and detached conidia 306 
(white). d. Effects on D. spatulata post-inoculation with A. crateriforme and Ph. 307 
herbarum. A photo showing wilt of D. spatulata as a result of Ph. herbarum. e. 308 
Re-opening time of sundew traps supplementing with ant powder in different 309 
treatments. f. Application of biotin-labelled BSA during sundew digestion. 310 
Asterisk denote P values from Wilcoxon-rank sum test (* P<0.05, ** P<0.01, *** 311 
P<0.001). + and – denote presence and absence of treatment, respectively.  312 
 313 
 314 
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Genome of A. crateriforme as an extremophilic fungus 315 
 316 

We sequenced and assembled the A. crateriforme genome using 10.5Gb 317 
of Oxford Nanopore long reads and polished the consensus sequences with 318 
Illumina reads. The final assembly resulted in 14 contigs, with 13 containing 319 
TTAGGG copies at both ends corresponding to gapless chromosomes 320 
(Supplementary Table 4). The assembly size of 23.1 Mb represented the first 321 
genome from the genus Acrodontium. We predicted 8,030 gene models using 322 
MAKER pipeline43 aided by RNAseq as hints. Of these, 97.3% of the predicted 323 
gene models were found to be orthologous to at least one of the 25 324 
representative species in the order Capnodiales (Supplementary Table 5), 325 
suggesting a conserved core genome with potential unique adaptations. A 326 
species phylogeny was constructed by coalescencing 9,757 orthogroup trees, 327 
which placed A. crateriforme within a group of extremophilic species (Fig. 4a) 328 
including well-known acidophiles such as Acidomyces richnondensis and 329 
Hortaea acidophila44.  330 
 331 

We functionally annotated the A. crateriforme proteome to identify genes 332 
and gene families associated to its ecology and metabolism (Fig. 4b). PCA of 333 
protein family domain numbers from each species first differentiated the 334 
extremophiles Friedmanniomyces simplex and Hortaea werneckii from others 335 
with their partial45 or whole46 duplicated genome (Supplementary Fig. 13a). A. 336 
crateriforme was positioned between its extremophile relatives and outgroup 337 
plant pathogens (Supplementary Fig. 13b), suggesting that gene family 338 
dynamics were influenced by adaptation to an acidic environment as well as 339 
plant association. Although A. crateriforme contained relatively fewer gene 340 
models, it was not a reflection of assembly quality, with 98.9% completeness 341 
based on BUSCO47,48 (Supplementary Table 5) and encodes a similar number 342 
of CAZymes, peptidases, transporters and BGCs to its sister species (Fig. 4b). 343 
Amongst the extremophiles, inference of gene family dynamics indicated a 344 
relatively high number of losses in A. crateriforme compared to the human 345 
dermatophyte Piedraia hortae (Fig. 4a). A. crateriforme have lost members of 346 
glycoside hydrolase 6, 11, 28, and 43 which degrade plant cell wall and their 347 
losses have been implicated as signatures of symbiotic fungi49 such as 348 
ectomycorrhizal fungi50 (Supplementary Fig. 14 and Supplementary Table 349 
6). Further specialisations of A. crateriforme include a higher number of 350 
polyketide synthase clusters within this group of species (Fig. 4b) Most of the 351 
identified BGCs in A. crateriforme were unique and not shared with other 352 
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representative species, implying its distinct profile of secondary metabolites, 353 
particularly the polyketides (Supplementary Fig. 15). Interestingly, A. 354 
crateriforme encodes two Neprosin domain-containing genes (Supplementary 355 
Fig. 16), which were absent in all representative species and rare in fungi (149 356 
versus 8,118 in Viridiplantae; InterPro, last assessed October 2023). Neprosin 357 
was first discovered in Raffles' pitcher plant Nepenthes rafflesiana as a novel 358 
peptidase capable of digesting proteins at low concentrations without substrate 359 
size restriction51, hinting at its potential involvement in prey digestion. 360 
 361 

The role of genomic rearrangements, especially in subtelomeric regions, 362 
in fungal evolution has been well-documented, particularly in pathogenic 363 
species 52,53. We sought to characterise the mode of genome evolution in this 364 
group of extremophilic fungi, and identified on average 4,747 pairwise single 365 
copy orthologs between A. crateriforme and sister extremophiles. Clustering of 366 
these orthologs with corresponding A. crateriforme chromosomes identified 367 
only one one-to-one linkage group of chromosome 13 (Fig. 4c), suggesting 368 
frequent chromosomal fusions and fissions since their last common ancestor. 369 
Gene order within linkage groups has been lost (Supplementary Fig. 17), 370 
suggesting extensive intra-chromosomal rearrangements, which appear to be 371 
a hallmark of genome evolution in the Capnodiales54. Such high genomic 372 
plasticity often led to the high turnover of gene family dynamics or emergence 373 
of biosynthetic gene clusters (BGCs) capable of producing novel secondary 374 
metabolites55. In the case of A. crateriforme, BGCs were enriched at 375 
subtelomeres (12/26 in subtelomeres with Observed to Expected ratio of 4.7; 376 
Supplementary Fig. 18). We identified a case of one polyketide cluster located 377 
on the end of chromosome six, which is shared with the plant pathogens 378 
Elsinoe ampelina and Parastagonospora nodorum (Fig. 4d), presumably as a 379 
result of A. crateriforme constantly encountering a plant-associated 380 
environment. 381 
 382 
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 383 

Fig. 4 Genomic features of A. crateriforme 384 
a. Phylogenetic placement of A. crateriforme among extremophilic fungi 385 
denoted in blue branches, highlighting its association with known acidophiles. 386 
All nodes have a 100% bootstrap support. Number next to A. crateriforme 387 
denote number of lost OGs inferred by DOLLOP. b. Genome description and 388 
functional annotations of the A. crateriforme proteome. c. Chromosomal 389 
rearrangements amongst extremophiles through clustering of single copy 390 
ortholog pairs. Colour designate A. crateriforme d. Synteny between a 391 
subtelomeric polyketide cluster on A. crateriforme chromosome six and plant 392 
pathogens E. ampelina and P. nodorum. A. crateriforme genes and orthologs 393 
were coloured sequentially. 394 
 395 
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Digestion-related genes were co-opted and retained ancestral expression 396 
trends from plant-microbial coexistence  397 

 398 
To dissect how sundew and A. crateriforme respond to each other or 399 

encountering insect at the transcriptome level, we first generated gene 400 
expression data from both species cultured under minimal nutrient conditions. 401 
This baseline data was then compared to two scenarios: application to ant 402 
powder indicative of digestion and fungal inoculation onto sundew leaves 403 
denoting coexistence (Supplementary Fig. 19). Remarkably, 61.3–63.9% of 404 
differentially expressed genes (DEGs) identified during the digestion phase for 405 
each species were co-expressed in the coexistence phase (Fig. 5a), 406 
suggesting an intrinsic regulatory synergy between the two processes. Gene 407 
ontology (GO) analysis revealed that more than half of the GO term enrichment 408 
of the up-regulated genes overlapped between the two conditions in D. 409 
spatulata, with the most significant terms including secondary metabolic 410 
process, response to chemical and other organism (Supplementary Fig. 20 411 
and Supplementary Table 7). This suggests that the majority of plant genes 412 
that were involved in defence mechanisms56,57 have been co-opted in the 413 
digestion process but still retained their ancestral functions. An example include 414 
members of plant chitinase (GH18 and GH19) (Supplementary Fig. 21), which 415 
have roles in digestion and original functions in defence against 416 
phytopathogen58,59. However, this degree of overlap was not observed in A. 417 
crateriforme (Supplementary Table 8), reflecting independent specialisations 418 
between the two species. The coexistence phase yielded more DEGs 419 
compared to the digestion phase (Fig. 5a), consistent with that the former 420 
process being ancestral60. Interestingly, despite showing increased expression 421 
in both digestion and coexistence phases, the D. spatulata ammonium 422 
transporters which are central to NH4+ uptake during digestion61 exhibited a 423 
higher expression in the latter (Supplementary Fig. 22). The A. crateriforme 424 
ammonium transporters as well as nitrate reductase also exhibited the same 425 
expression trends (Supplementary Fig. 22), suggesting active ammonium 426 
exchange and utilisation already taking place within the plant-fungus holobiont. 427 
 428 
 429 
 430 
 431 
 432 
 433 
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Transcriptome dynamic of holobiont digestion in nature 434 
 435 

In nature, the digestion of insects took place in the mucilage of D. spatulata, 436 
with arthropod remains adhering to the stalk glands, where A. crateriforme was 437 
observed growing over the insect surface (Extended Data Fig. 2). To elucidate 438 
the mechanisms of carnivorous holobiont digestion in nature, we further 439 
characterised the holobiont transcriptome when supplemented with ant powder 440 
(Supplementary Fig. 19). We identified 3,554 and 3,662 DEGs in A. 441 
crateriforme and D. spatulata, respectively, with the majority of these genes 442 
exhibiting the same expression trend in at least one of the digestion or 443 
coexistence phases (Fig. 5b). These observations led us to propose a scenario 444 
in which the DEGs were concerned with one or both processes. In addition, we 445 
defined a new gene-option category in which the genes were only significantly 446 
differentially expressed when stimuli from both the interacting partner and the 447 
exogenous nutrient were present (Fig. 5c). More than half of upregulated DEGs 448 
in both species were designated having multiple or gene-opted, suggesting co-449 
evolution and optimisation of the plant holobiont transcriptome as a result of 450 
constantly encountering each other and insect prey19. The D. spatulata DEGs 451 
had a higher proportion of multi-function and additive DEGs than the fungus, 452 
consistent with the optimisation of the genes repurposed to involve digestion18 453 
while the majority still retained the ancestral function of species interaction.  454 
 455 

Within A. crateriforme, the highest number of DEGs were categorised as 456 
involved in coexistence, suggesting its primary role in species interaction. 457 
Nevertheless, 21.1% of fungal DEGs were multi-functional. An example of this 458 
is the aforementioned BGC on chromosome six (Fig. 4d), which showed a 459 
consistent upregulation across all three phases (Fig. 5d) highlighting the need 460 
to effectively respond to multiple stimuli in natural environments. Interestingly, 461 
GO term enrichment of condition-specific genes revealed an opposite trend of 462 
up- and down-regulation of genes involved in the fungal and plant cell cycle, 463 
respectively (Supplementary Table 9), suggesting divergent responses in both 464 
species when faced with similar environment.  465 
 466 
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  467 

Fig 5. Transcriptome of the D. spatulata-A. crateriforme holobiont during 468 
digestion. a. Overlap of DEGs during digestion and coexistence for both 469 
species. b. Transcriptome profiling of the plant-fungus holobiont during 470 
digestion. DEGs were compared whether the same trends were observed in 471 
either digestion or coexistence process. c. Schematic representation of the role 472 
of the DEGs involved in the holobiont digestion. d. Upregulation of a BGC on 473 
chromosome six in A. crateriforme. e. Expression of representative fungal 474 
peptidases in a co-expression module (module 2 in Supplementary Figure 23) 475 
showing synergistic effects when both plant and insect prey are present. 476 
Asterisks indicate significantly upregulated expression determined by DEseq2 477 
(adjusted P<0.05) between holobiont digestion and either digestion or 478 
coexistence phase. 479 
 480 
 481 
 482 

.CC-BY-NC 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 November 8, 2023. ; https://doi.org/10.1101/2023.11.07.566145doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.07.566145
http://creativecommons.org/licenses/by-nc/4.0/


Synergistic expression in fungal peptidases and transporters 483 
 484 

Insect digestion in carnivorous plants is a well-coordinated process, first 485 
by synthesis and secretion of digestive enzymes to break down nutrients, 486 
followed by assimilation of nutrients with specialised transporters61,62. To 487 
investigate the putative roles of digestion in these gene families, additional 488 
transcriptome sequencing was performed in D. spatulata towards the end of 489 
digestion process (Methods). The regulation of peptidases during the different 490 
phases was determined using weighted correlation network analysis (WGCNA) 491 
63, which identified five and nine co-expression modules in A. crateriforme and 492 
D. spatulata, respectively (Supplementary Fig. 23 and 24). The most 493 
dominant secreted peptidases in D. spatulata belonged to the cysteine 494 
(MEROPS64: C1) and aspartic families (MEROPS: A1). Droserasin, which has 495 
been implicated in digestion22,40, was contained in two co-expression modules 496 
(Supplementary Fig. 24). The two modules differed in that one module include 497 
genes that were constitutively up-regulated across conditions, whereas the 498 
other module contained genes that were only up-regulated during digestion by 499 
its own. In contrast, most of the highly expressed peptidases in A. crateriforme 500 
belonged to a co-expression module harbouring two copies of aspartic 501 
peptidase (AC_00151800 and AC_00417900), the entire sedolisin65 family 502 
(14/14 copies; MEROPS: S53) associated with increasing acidity and plant-503 
associated lifestyle66, and a fungal copy with the aforementioned Neprosin 504 
domain (Supplementary Fig. 23). These genes demonstrated a synergistic 505 
effect in expression in prey digestion during co-existence, for instance the 506 
aspartic peptidases emerged as the dominant and third dominant entities 507 
across the entire transcriptome, with their expression levels increasing up to 508 
sixfold compared to either condition (Fig. 5e). The same trend was also 509 
observed in potassium, amino acid, oligopeptide and sugar transporters 510 
(Supplementary Fig. 25). Taken together, the results indicated A. 511 
crateriforme’s potential role in facilitating and benefiting from digestion in 512 
response to the combined signal of host and nutrient.  513 
 514 
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 515 
Figure 6: Interactions within the D. spatulata-A. crateriforme holobiont. a. 516 
Accumulation of Jasmonoyl-L-isoleucine (JA-Ile) levels in D. spatulata following 517 
various treatments. (Wilcoxon rank sum test; * P<0.05. ** P<0.01, *** P<0.001) 518 
b. Expression of genes involved in the JA signalling pathway during different 519 
phases. Asterisk denote genes that exhibited highest expression in the 520 
digestion phase. c. Holobiont response with each other and during digestion. A 521 
schematic diagram of D. spatulata stalk gland and A. crateriforme conidiophore 522 
with a summary of gene expression changes identified in this study are shown. 523 
Genes that are co-expressed in different phases are shown multiple times.  524 
 525 
 526 
Dosage dependent response of genes involved in Jasmonate (JA) 527 
signalling pathway 528 
 529 
How carnivorous plant respond specifically either to symbiotic microbe or prey 530 
can be challenging, as the phytohormones are accumulated to elicit pathogen 531 
resistance in plants which induce genes that were also involved in digestion to 532 

.CC-BY-NC 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 November 8, 2023. ; https://doi.org/10.1101/2023.11.07.566145doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.07.566145
http://creativecommons.org/licenses/by-nc/4.0/


prey stimuli22,56. We quantified the changes in D. spatulata phytohormone level 533 
after treatment with insect or different fungi. The application of both ant powder 534 
and microbes on the leaves have significantly increased the amount of 535 
Jasmonoyl-L-isoleucine (JA-Ile), a bioactive molecule of JA, after two hours 536 
(Fig. 6a) representing early response. In contrast, differences in salicylic acid 537 
and abscisic acid between control and treatments were not observed 538 
(Supplementary Fig. 26). The presence of A. crateriforme has increased JA-539 
lle at the level between ant prey and the plant pathogen Ph. herbarum, 540 
suggesting a dose-dependent effect of JA in response to different biotic stimuli. 541 
We found that genes involved in JA signalling pathways were co-expressed in 542 
both coexistence and digestion phases (Fig. 6b), with the latter exhibiting 543 
heightened expressions as a late response towards the end of digestion 544 
process.  545 
 546 
 547 
Discussion 548 

In this study, we elucidate a definitive symbiotic interaction between the 549 
carnivorous sundew Drosera spatulata and the acidophilic fungus A. 550 
crateriforme (Fig. 6c), providing insights that reshape views of plant versus 551 
prey in botanical carnivory since Darwin's foundational work2. We show that the 552 
digestion time of insects by sundews was reduced by almost a quarter in the 553 
presence of the fungus, and that such cooperation is likely rooted in the 554 
common adaptative challenges that both carnivorous plants and extremophilic 555 
fungi face in harsh environments with minimal nutrients. This dynamic plant-556 
fungus interplay reveals a multi-dimensional adaptation that goes beyond the 557 
conventional understanding of botanical carnivory.  558 
 559 

The ecological dominance of A. crateriforme in sundews represents a rare 560 
case of intimate plant-fungus coexistence besides plant parasitism, as foliar 561 
microbiota are strongly influenced by both abiotic and biotic factors including 562 
leaf area, niche variability and the available resources13. The restrictive nature 563 
of D. spatulata mucilage's acidity could potentially constrain its microbial 564 
interaction spectrum, a phenomenon echoed by observations of selective 565 
microbial compositions in adverse environments67. As an acidophilic species, 566 
resisting this biotic selection may be a first step in establishing the relationship. 567 
The dominance of a fungus in the Drosera microbiome that was not observed 568 
in other carnivorous plants may be correlated with constant drought stress by 569 
air-exposure of the stalked glands in contrast to the greater extent liquid 570 
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medium contained in the traps of other carnivorous plants. Once colonising the 571 
leaf glands, A. crateriforme underwent a series of genomic changes to cope 572 
with the symbiotic life style and may increase the number of preys captured by 573 
reducing digestion time, implying that the coexistence is cooperative and may 574 
be mutualistic, as the level of prey capture is positively associated with plant 575 
fitness68 and may be more relevant as carnivorous plants are considered sit-576 
and-wait predators. Considering that nutrient uptake efficiency in carnivorous 577 
plants is usually low, for example nitrogen uptake was less than half (29–42%)69, 578 
it is quite likely that A. crateriforme is able to utilise the unspent prey nutrients 579 
together with other microbial members. As fungi act as mediators between host 580 
and ecosystems70, it remains to be seen whether A. crateriforme will exhibit a 581 
context-dependent trophic level during its life cycle in D. spatulata and other 582 
carnivorous plant33. Inter-species interactions will be an important component 583 
in future cost-benefit models to explain how carnivorous plants survive the 584 
harsh habitat71. 585 
 586 

Although it is generally accepted that plant carnivory genes are evolved 587 
from defence mechanisms, the availability of symbiotic A. crateriforme and 588 
single or dual-species transcriptomic landscape during the digestion phase 589 
enabled us to delineate the relative contribution of fungus and plant as well as 590 
the role of each gene. The extent of co-opted genes appeared more 591 
pronounced in D. spatulata, many of which maintained their expression trends 592 
in both digestion and coexistence phases. This suggests that D. spatulata 593 
employs the same set of genes to mediate defence in response to biotic stimuli 594 
from microorganisms and prioritises over digestion in the presence of prey 595 
which may be regulated by JA pathways. From a microbe’s perspective, the 596 
proteome of A. crateriforme also shows gene co-option as well as synergistic 597 
expression suggesting that the fungus has co-evolved with the sundew host to 598 
actively facilitate both processes in the shared environment19. For example, 599 
fungal sedolisins have been associated with increasing acidity and a plant-600 
associated lifestyle66. The collective peptidases of both species can be utilised 601 
to degrade large proteins/peptides on acidic mucilage to generate nutrients in 602 
decomposing insect prey, potentially increasing overall digested nutrient levels.  603 
 604 

In summary, our results provide direct evidence that microorganisms are 605 
integral to prey digestion in carnivorous plants (Fig. 6c). Our work supports the 606 
idea that plant-microbial interactions have been selected during evolution to 607 
increase the overall fitness of holobiont19. Drosera-Acrodontium is an amenable 608 
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laboratory system, since both can be grown separately and together in the 609 
laboratory. We hypothesise just like plant carnivory has been independently 610 
evolved with convergence in different plant groups, plant-microbial interactions 611 
capable of facilitating the process digestion are likely to emerge in different 612 
carnivorous plants. Microbial ecosystems in other carnivorous plants can be 613 
highly complex that contain predators of microorganisms amongst inquilines72, 614 
and we provide an initial framework for detangling these relationships. 615 
 616 

Methods and materials 617 

 618 

More detailed information on the materials and methods used in this study are 619 

provided in Supplementary Information. 620 

 621 

Genomic DNA extraction and metabarcoding of environmental samples 622 

Details of sampling are provided in the Supplementary Information. Total 623 

genomic DNA was extracted from filter papers using modified 624 

cetyltrimethylammonium bromide (CTAB) DNA extraction protocol. For cell lysis, 625 

5ml CTAB buffer (0.1 M Tris, 0.7 M NaCl, 10 mM EDTA, 1% CTAB, 1% beta-626 

mercaptoethanol) was added into 15 ml tube containing sample. After 627 

incubation at 65°C for 30 min, an equal volume of chloroform was added. The 628 

mixture was centrifuged at 10,000 rpm for 10 minutes and the supernatant was 629 

mixed with an equal volume of isopropanol. After centrifugation at 10,000 rpm 630 

for 30 minutes at 4°C, the supernatant was discarded and the pellet was 631 

washed twice with 70% and 90% ethanol. DNA was eluted with 50 µl elution 632 

buffer (Qiagen). 633 

Internal transcribed spacer (ITS) and 16S rRNA amplicons were generated 634 

using barcode primer pairs ITS3ngs(mix)/ITS473 and V3/V474, respectively. 635 

Amplicon levels were standardised using the SequalPrep Normalization Plate 636 

96 Kit (Invitrogen Corporation, Carlsbad, CA, USA, Cat. #A10510-01). 637 

Concentration of pooled and standardised amplicons was performed using 638 

Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA, Cat. 639 

#A63881). All amplicon libraries were sequenced with Illumina MiSeq PE300 640 

using 2 x 300 bp paired-end chemistry performed by the NGS High Throughput 641 

Genomics Core at the Biodiversity Research Center, Academia Sinica, Taiwan. 642 
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 643 

Construction of OTU table from amplicon reads 644 

 Samples were demultiplexed using sabre with one nucleotide mismatch 645 

(v1.0; https://github.com/najoshi/sabre) with their respective barcodes. Adaptor 646 

and primer sequences were trimmed using USEARCH75 (v10). Sequence reads 647 

were processed according to the UPARSE76 pipeline. Forward and reverse 648 

reads were merged and filtered using USEARCH. Operational taxonomic units 649 

(OTUs) were clustered at 97% sequence identity with a minimum of 8 reads per 650 

cluster to denoise the data and remove singletons. The OTU table was 651 

generated using the usearch_global option and analysed with the phyloseq77 652 

package (v1.28.0) detailed in Supplementary Information. SINTAX78 653 

algorithm was used to classify the OTU sequence taxonomy against the RDP79 654 

training set (v16) and the UNITE80 database (v7.1). 655 

 656 

Morphology observation of D. spatulata stalk gland 657 

The stalk glands of D. spatulata were photographed using an Olympus 658 

microscope (Olympus CX31) and digital camera (Nikon D7000). Staining was 659 

performed using cotton blue reagent as described81. Scanning electron 660 

microscopy (SEM) of the D. spatulata stalks were prepared as follows. Leaves 661 

tissues were fixed at 4 degrees for 1 hour with P4G5 solution (4% 662 

paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer). After 663 

three washes with 0.1 M phosphate buffer, secondary fixation was performed 664 

in a 1% solution of osmium tetroxide for 2 hours at room temperature. The fixed 665 

samples were passed through a series of dehydration step in 30, 50, 70, 80, 666 

90, 95, 100, 100 and 100% alcohol before drying in a critical point dryer (Hitachi 667 

model HCP-2). The dried samples were then coated with a layer of gold using 668 

a sputter coater (Cressing-ton model 108). SEM observations of Drosera 669 

leaves grown under different conditions (laboratory condition, inoculated with A. 670 

crateriforme and from wild) were performed on a JSM-7401F scanning electron 671 

microscope (JEOL) at the Institute of the Plant and Microbial Biology, Academia 672 

Sinica, Taiwan.  673 

 674 

 675 
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Inoculation experiment 676 

We used D. spatulata plants derived from tissue culture in vermiculite with 677 

ddH2O as our control samples. We inoculated A. crateriforme and Ph. herbarum 678 

on D. spatulata leaves and incubated the plants at 25 degrees for 30 days. 679 

Photographs of D. spatulata in different treatments including control plants were 680 

taken daily and the area of leaf displaying symptoms of infection was quantified 681 

every two days using ImageJ82. Whole D. spatulata plants were dried with 682 

tissue paper and weighted on the first and 30th day of the experiment. 683 

 684 

Feeding experiment of D. spatulata  685 

10-5 g of sterilised ant powder was added on a single leaf of an individual 686 

D. spatulata plant with or without A. crateriforme inoculated. The capture time 687 

(from the time ant substrate was added until the tentacles fully covered the prey) 688 

and digestion time (from the time tentacles fully covered the prey until the trap 689 

reopened) of five replicates were recorded. The same set of experiments were 690 

repeated with additional application of Protease Inhibitor Cocktail (#P9599, 691 

Sigma). To compare the effect of protein digestion in mucilage from D. spatulata 692 

with and without Acrodontium, mucilage from 30 plants in each treatment were 693 

collected prior to the experiment. We mixed mucilage with BSA labelled with 694 

HSP-biotin at both 25 degrees for 16 hours and 24 hours. Western blot was 695 

made (Supplementary Information) and the amount of protein digestion was 696 

quantified using ImageJ82. 697 

 698 
Comparative genomics and phylogenomics 699 

The assembly and annotation of A. crateriforme are detailed in the 700 
Supplementary Info. A total on 32 genomes from representative fungi and 701 
plants were downloaded from JGI and NCBI databases (Supplementary Table 702 
5). For each gene, only the longest isoforms were selected for subsequent 703 
analysis. Orthogroups (OGs) were identified using Orthofinder83 (ver. 2.5.5). 704 
For each orthogroup, an alignment of the amino acid sequences each gene 705 
was produced using mafft84 (version 7.741). A maximum likelihood orthogroup 706 
tree was made from the alignment using IQtree85 (version 2.2.2.6). A species 707 
phylogeny was constructed from all orthogroup trees with ASTRAL-III86 (ver. 708 
5.7.1). OG gains and losses at each node of the species phylogeny were 709 
inferred using DOLLOP87 (ver. 3.69.650).  710 
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 711 
Transcriptome analysis 712 

Total RNA of were extracted from D. spatulata and underwent 713 
transcriptome sequencing (Supplementary Info). RNA-Seq raw reads were 714 
trimmed using fastp88 (v0.23.2) to remove the adaptor and low-quality 715 
sequences. The trimmed reads were mapped to the corresponding genome 716 
using STAR89 (v 2.7.10b) and assigned to gene count using featureCounts90 (v 717 
2.0.3,). Notably, the reads from coexistence treatment, with or without ant 718 
powder, were mapped to both A. crateriforme and D. spatulata genome18. To 719 
prevent the false positive of gene expressions, sequences mapped to both 720 
genomes and had low mapping qualities were excluded from further analyses. 721 
The samples of D. spatulata exposed to ant powder which obtained in two 722 
different time points were grouped as digestion sample. The differentially 723 
expressed genes (DEGs) of different conditions comparing to control, were 724 
inferred by DESeq291 (v1.38.3; padj < 0.05 & |log2FD| > 1). The gene ontology 725 
enrichment of comparisons was identified using topGO92 (v2.50.0). We also 726 
performed weighted gene co-expression network analysis (WGCNA) to further 727 
categorise the expression patterns of peptidases respectively in A. crateriforme 728 
and D. spatulata. Due to the present of peptidase without any expressions 729 
across conditions in D. spatulata, we removed the 30% lowest-expressed 730 
genes in each transcriptome using the sum of samples. The descriptions and 731 
annotations of every DEG in A. crateriforme and D. spatulata are available in 732 
Supplementary Table 10 and 11, respectively. 733 
 734 
Phytohormone analysis 735 
    We loaded different treatments (1g/L of BSA, chitin, BSA+chitin, and ants, 736 
106 spores/ml of A. crateriforme, and 105 spores/ml of A. crateriforme) to D. 737 
spatulata leaves for 2 hours. Then, leaves were cut and washed in de-ionized 738 
water to remove residue. Then, leaves were rapidly frozen using liquid nitrogen. 739 
The time from cutting to freezing consistently remained under 30 seconds. The 740 
prepared samples were then ready for the metabolite extraction. 741 
 742 

The metabolite extraction used 1 mL CHCl3:MeOH (2:1) as extraction 743 
solvent with Dihydrojasmonic acid (H2JA) (7.5 ng for 0.3 g leaf tissue) adding 744 
as internal standards. Equal volumes of the supernatant were stored at −80 °C. 745 
Samples were reconstituted in 50 µL of 20 % aqueous methanol each. The 746 
samples were analysed by the Vanquish UHPLC system coupled with a Dual-747 
Pressure Ion Trap Mass Spectrometer (Velos Pro, Thermo Fisher Scientific). 748 
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Jasmonoyl-L-isoleucine (JA-Ile) and its standard H2JA were separated by an 749 
HSS T3 column (Waters ACQUITY HSS T3 100Å, 1.8 µm, 100 × 2.1 mm) at 750 
40°C using the mobile buffer consisted of 2% ACN/0.1% FA (Buffer A) with an 751 
eluting buffer of 100% ACN/0.1% FA (Buffer B) with a 11 min gradient of 0.5-752 
30% Buffer B at 0-6 min, 30-50% B at 6-7 min, 50-99.5% B at 7-7.5 min, 99.5- 753 
0.1% B at 9.5-10 min and then equilibrated by 0.1% B at 10-11 min. The 754 
selected m/z 322.20 to 130.09 for JA-Ile and 211.13 to 59.01 for H2JA93. 755 
 756 
Data Availability 757 
All sequences generated from this study were deposited on NCBI under 758 
BioProject PRJNA1034788 and accession numbers of individual samples can 759 
be found in Supplementary Table 1 and 12. 760 
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