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Different high-throughput omics approaches, including genomics, transcriptomics, metagenomics, proteomics, and

metabolomics have been implemented to study the molecular mechanisms of botanical carnivory. Extensive omics

studies have been conducted to understand the molecular evolution of carnivory by studying the genomes and

transcriptomes of Lentibulariaceae and Droseraceae family members. The candidate genes responsible for the

development of the carnivory pitcher organ of Nepenthes species are revealed by transcriptomics studies. Another

focus of the field is molecular physiology, in which the compositions of metabolites and proteins, especially the

digestive enzymes and their dynamics in pitcher tissues and fluids, respectively, were investigated via

metabolomics and proteomics informed by transcriptomics approaches.

botanical carnivory  carnivorous plants  metabolomics  multi-omics

1. Molecular Evolution of Carnivory Syndrome

Before the genomics era, studies of carnivorous plants were limited to phylogenetic analysis and genome size

comparisons. The draft genomes of Genlisea  and Utricularia  from the Lentibulariaceae family allowed

comparative genomic analysis of different carnivorous plant species for the first time. Based on flow cytometry

analysis, these species have among the smallest angiosperm genomes, namely G. margaretae with 63 Mbp, G.

aurea with 64 Mbp compared to the floating bladderwort (U. gibba) with 88 Mbp . The distinction between these

families was due to the variable gene mutation rates, with the Utricularia clade exhibiting higher mutation. In

addition, comparative studies on the U. gibba and U. reniformis genomes showed differences in the repetitive

sequences. The U. reniformis genome has a higher repetitive sequence (56%) than U. gibba does (32%) . These

species were hypothesized to downsize genome size via reducing the repetitive DNA, shrinking of non-coding

DNA, or dispensing a proportion of non-coding sequences to undergo the diversification of angiosperms, which

could lead to speciation with two different carnivorous syndromes between Genlisea (eel trap) and Utricularia

(suction trap) from the same family in the aquatic habitats. Through pairwise sequence alignment, it was revealed

that both species have a different pattern of gene duplication. U. reniformis has higher tandem repeats and over-

representation of gene ontology (GO) terms related to hydrolase activity, tropism, and a higher number of ABC

transporters. These ABC transporters are essential to transport auxin and toxic compounds for terrestrial survival

. This phenomenon explains the way in which the species from the family Lentibulariaceae could colonize both

the terrestrial and aquatic environments. Moreover, unique expression patterns of developmental genes in the

terrestrial plant were also identified in U. reniformis, further supporting its classification as a terrestrial angiosperm

. The dynamic nature of genome with high gene family turnover rates is important for physiological adaptations 

. In addition, studies also showed that U. gibba undergoes at least three rounds of whole-genome duplication
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(WGD), causing a drastic genome size difference from other species of the same clade . Small-scale tandem

duplications in U. gibba involved genes with the GO terms related to the transporters of oligopeptide, and

dipeptide, cell wall (expansins, xyloglucan endotransglucosylases, class IV chitinases, and β-galactosidases),

senescence-associated vacuolar cysteine proteases, and wax biosynthesis could give rise to carnivory in U. gibba

.

Aside from U. gibba, a genome comparison study on the Venus flytrap (D. muscipula), A. vesiculosa, and D.

spatulata showed WGD as the origin of carnivory-associated genes. This is followed by losses of genes involved in

soil nutrition absorption as a major mechanism in the evolution of carnivory . Different changes in genomic

architectures in D. muscipula, A. vesiculosa, and D. spatulata eventually lead to different predatory mechanisms.

For instance, transposon expansion in D. muscipula contributes to 38.78% of the genome size that might

contribute to vesicle transport and mechanoelectrical signaling. A. vesiculosa diverged from D. muscipula after

another event of WGD, whereas D. spatulata underwent tandem gene duplications event that might have derived

the chemical sensing mechanism. These studies on carnivorous plant genomes provide a better understanding of

the botanical carnivory evolution in the Droseraceae family . In summary, these studies suggest that the changes

in the genomic architecture of carnivorous plants such as genome size due to gene duplication and gene deletion

events may result in the adaptive speciation of plant carnivorous morphology and physiology for survival.

Besides genome, the molecular evolution within the order of Caryophyllales has been explored through

transcriptomics with targeted sequencing. For example, the transcriptomic data of Dionaea muscipula, Drosera

capensis (Cape sundew), and Nepenthes species were analyzed to elucidate their evolutionary relationships,

which showed that the clade contains at least seven independent paleopolyploidy events that lead to the speciation

of these angiosperms within the same clade . Furthermore, it has been recently reported that the post-speciation

gene flow and introgression in c. 160 Nepenthes species are widespread throughout the rapid adaptive radiation

that is only c. 5 million years old (Mya) based on the phylogenomic analysis of 235 double digest restriction site-

associated DNA (ddRAD)-seq and 25 RNA-seq data .

On the other hand, the plastid genomes of D. rotundifolia and Nepenthes × ventrata from Caryophyllales have

been studied to gain further insights into the molecular changes associated with the transition to carnivory. The

plastome of D. rotundifolia is highly rearranged and has more repetitive sequences, while N. × ventrata plastome

has a typical structure and gene context more related to angiosperms. The differences in plastome between D.

rotundifolia and N. × ventrata could be due to the species representing different stages of evolution of plastome in

carnivorous plants, in resemblance to that of parasitic plants transitioning from autotrophy to heterotrophic lifestyle.

Such convergence may be driven by adaptation to obtain nutrients from other organisms, as in the case of

carnivorous and parasitic plants .

In Droseraceae, comparative transcriptomics has identified the origin of plant carnivory syndrome. The origin of

carnivory behavior in D. muscipula can be accounted for by at least three genes encoding FLYC1, FLYC2, and

DmOSCA, which are homologs of mesenchymal stem cell-like (MSL) and OSCA/TMEM63 mechanosensitive ion

channels . FLYC1 transcripts are determined to be localized to mechanosensory cells of the touch-sensitive
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trigger hairs that are responsible to detect mechanical stimuli. FLYC1 protein can induce chloride-permeable

stretch-activated current and trigger the following prey-capturing motion in D. muscipula. Furthermore, FLYC1

homologs (DcFLYC1.1 and DcFLYC1.2) were also determined to be expressed in D. capensis despite their

difference in trap organs. Therefore, the authors proposed that the prey recognition mechanism in carnivorous

Droseraceae arises from co-opting ancestral mechanosensitive ion channels to detect mechanical stimuli for prey

capture .

Comparative proteomic analysis of the digestive fluids from C. follicularis, D. adelae, N. alata, and S. purpurea

identified orthologous genes, such as GH19 chitinase, β-1,3-glucanase, PR-1-like protein, thaumatin-like protein,

purple acid phosphatase, and RNase T2 . Convergent amino acid substitutions were detected in GH19

chitinases, purple acid phosphatases, and RNase T2 homologs. The shared amino acid substitutions in RNase T2

between Cephalotus and the common ancestor of D. adelae, D. muscipula, and N. alata with different trapping

mechanisms suggested that the convergent began before the diversification of trapping strategy . Together,

these studies have demonstrated different omics approaches in providing insights into the molecular evolution of

botanical carnivory. Further details can refer to a recent review on this topic .

2. Evolutionary Development of Carnivory Organ

The development of pitchers has been studied through the transcriptomics approach. Analysis of the RNA-seq data

indicated that the modification of the leaf into a pitcher is related to the altered expressions of leaf polarity genes,

ASYMMETRIC LEAVES1 (AS1) and REVOLUTA (REV) as the genes were highly expressed in the tip of the leaf

that later developed into a pitcher . Furthermore, several candidate genes that might play a role in the

development of the Nepenthes pitcher such as NkAS1 and NkREV were identified, leading to the proposal that

NkAS1 inhibits lamina outgrowth and promotes the formation of the tendril, whereas higher NkREV expression is

associated with pitcher formation in N. khasiana .

Comparative transcriptomics analysis of leaves and leaf-derived pitcher traps from Nepenthes × ventrata identified

transcriptional signatures of the transition from leaf to pitcher organ, which is akin to the evolutionary origin of the

floral organ . In comparison with leaves, pitchers at all developmental stages were determined to be highly

enriched with genes associated with shoot apical meristem (SAM) specification/organization, stress/defense

response, flowering-related MADS-box transcription factors (TFs), biosynthesis of sucrose, wax/cutin,

anthocyanins, and alkaloids that are similar with flower development, apart from digestive enzymes specific to

carnivory syndrome. At the same time, the photosynthesis-related genes in pitchers were transcriptionally

downregulated . These transcriptomics studies showed the same developmental origins of carnivory and floral

organs from leaves.

In Albany pitcher plant C. follicularis, flat leaf formation is favored at a low temperature of 15 °C while pitcher

organs are predominantly formed at a higher temperature of 25 °C . This phenomenon is studied through

transcriptomics, in which RNA between the two different leaves was obtained and compared. The pitcher leaves
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showed differential expression of enriched GO terms of cell cycle and morphogenesis, whereas flat leaf

transcriptome is enriched with GO terms related to photosynthesis.

3. Molecular Composition in Predatory Organs and Digestive
Fluids

To date, the most extensive protein profiling studies of digestive fluids are reported in the Nepenthes species. The

first proteome analysis of digestive fluids with relatively low throughput was reported 14 years ago in Nepenthes

alata, which determined aspartic protease nepenthesins 1 and 2 to be the most abundant proteins apart from a few

pathogenesis-related (PR) proteins, such as β-D-xylosidase, β-1,3-glucanase, and thaumatin-like proteins that

inhibit microbial growth in pitcher fluids . Later, the proteomics study of five Nepenthes species (N. mirabilis, N.

alata, N. sanguinea, N. bicalcarata, and N. albomarginata) revealed 29 secreted proteins in pitcher fluids at

different growth stages with 20 novel proteins, including serine carboxypeptidases, α- and β-galactosidases, lipid

transfer proteins and esterases/lipases . Aside from the PR proteins, three new nepenthesins (Nep3-5) and two

novel prolyl proteases neprosin (Npr1-2) were discovered in N. × ventrata via proteomics informed by

transcriptomics (PIT) approach with N. rafflesiana transcriptome sequences . A novel aspartic protease

Nepenthesin-6 (Nep6) was later reported based on quantitative PIT with Sequential Window Acquisition of All

Theoretical Mass Spectra (SWATH-MS) using N. × ventrata transcriptome . The pitcher fluid protein depletion

experiment in N. ampullaria discovered new enzymes (xyloglucan endotransglucosylase/hydrolase proteins (XTH)

and pectin acetylesterase (PAE) with possible functions in cell wall degradation that could contribute to the

detritivorous habit of N. ampullaria .

Recently, a comparative PIT study was performed on Nepenthes ampullaria, Nepenthes rafflesiana, and their

hybrid Nepenthes × hookeriana with different morphological traits and dietary habits to identify and compare

proteins in pitcher fluids . New proteins with diverse predicted functions such as amylase, invertase, catalase,

kinases, ligases, synthases, esterases, transferases, transporters, and transcription factors. The digestive fluid

protein compositions reflect the molecular physiology of pitchers from these Nepenthes species. The comparative

analysis determined that transcripts and proteins identified in the hybrid N. × hookeriana resemble more of the

insectivorous N. rafflesiana than the omnivorous N. ampullaria, which can derive nutrients from leaf litter. A

metabolomics approach has been taken to study the effect of hybridization between the two aforementioned

Nepenthes species with a consistent conclusion based on their chemical compositions and the putative

identification of a flavonoid, astragalin as a distinctive molecular marker among the three species .

Among the different omics, metabolomic studies of carnivorous plants are relatively scarce. Previous studies

mostly focused on the isolation of useful compounds  instead of metabolic profiling. The metabolic profiling of

Sarracenia and Darlingtonia species identified unique compounds to differentiate between both genera and found

coniine, which is a toxic compound previously isolated from Sarracenia flava . A comparative metabolomics

fingerprinting of lowland N. ampullaria, N. rafflesiana, and N. northiana compared to the highlander N. minima

revealed species-specific temperature stress-induced metabolite markers and adaptive strategies as well as

shared responses among the species . Another metabolomics profiling study identified tissue-specific metabolite
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compositions the leaf blade and traps of N. × ventrata and changes upon prey digestion using MS and

cheminformatics . These studies highlight the challenges of metabolomics in putative metabolite identification

due to high diversity of compounds and low abundance with many unknown metabolites yet to be identified from

carnivorous plants.

On the other hand, 20 cDNAs of Sugars Will Eventually be Exported Transporters (SWEET) gene family were

detected through transcriptomics analysis of Nepenthes leaf and pitcher at different stages of development . The

four classes of the SWEET family (class I–IV) are differentially expressed in mature leaf, primordial pitcher,

immature unopened pitcher, and open pitcher, suggesting diverse gene functions. The expression data suggest

that class I SWEET proteins are involved in the export of hexose sugar from the leaf, class I-III SWEET proteins

involved in hexose and sucrose for pitcher growth in primordial and immature unopened pitcher stages, and lastly,

class I, III, and IV SWEET proteins involved in the opened pitcher to transport sugars from the pitcher fluid to leaf.

This study provides new insight into prey digestion in plant carnivory, in addition to other digestive enzymes such

as chitinase, protease, and glucanase that are more well-studied. Overall, these newly identified proteins and

metabolites shed light on the digestive mechanism of Nepenthes species.

In 2012, gel-based (SDS-PAGE and nLC-Q-TOF-MS/MS) and gel-free (HPLC-LTQ-Orbitrap XL MS) proteomics

with transcriptomic approaches were used to identify secreted proteins in the digestive fluid of D. muscipula .

The study identified actively synthesized proteins in the trap, comprising chitinases, glucanases, nucleases,

peroxidases, phosphatases, phospholipases, as well as proteases from the cysteine (4), aspartic (2), serine (1)

families. Furthermore, VF chitinase-I was discovered through SDS-PAGE and MS analysis of the D. muscipula

digestive fluid and expressed heterologously in Pichia pastoris showing the highest endochitinase activity at pH 5

and 50℃  . On the other hand, the digestive fluid of D. adelae was analyzed using SWATH-MS for the

identification of 26 proteins (19 novel proteins), with the majority being defense-related or pathogenesis-related

(PR) proteins . Six hydrolytic enzyme genes (Cysp1, da-I, Glu1, Hel1, Tlp1, and Chi1) were highly expressed at

the head of glandular tentacles compared to other organs. These proteins are akin to that reported in D. muscipula

and Nepenthes species. The chitinase-I was detected in both D. adelae and D. muscipula as secreted digestive

protein. Like D. muscipula, the cysteine protease is the dominant digestive protease family in digestive fluid, in

contrast to the aspartic family found in Nepenthes, C. follicularis, and D. capensis .

The high abundance of PR-related proteins in the digestive fluids of carnivorous plants from different genera

including Nepenthes, Dionaea and Drosera suggests that the carnivorous capability evolved from the plant defense

system . Another evidence that plant carnivory evolved from plant defense is jasmonate (JA) signaling that is

found in Nepenthes, Dionaea and Drosera genera. JA signaling plays important role in resistance towards biotic

and abiotic factors, wound response, and defense against pathogen and insect infection in plant species. In these

genera, the JA signaling is determined to be the signal transduction mechanism that converts prey-induced

chemical (protein and chitin) or mechanical stimuli (action potential) to trigger transcription activation and synthesis

of PR proteins, digestive enzymes, and secondary metabolites .

4. Molecular Dynamics in Carnivory Organ
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Aside from discovering novel digestive enzymes, omics approaches were also used to study the carnivory behavior

of carnivorous plants. RNA sequencing showed that N. ampullaria pitchers prioritize protein secretion rather than

the expression of genes related to photosynthesis and metabolism after the loss of endogenous proteins in the

pitcher fluids . Furthermore, the study of the protein expression in pitcher organs in the early development has

been conducted with the aid of RNA-seq and liquid chromatography-tandem mass spectrometry (LC-MS/MS)

techniques to analyze the proteome of pitcher tissues and pitcher fluids of N. × ventrata, respectively . The

analyses demonstrate N. × ventrata pitcher organs continuously replenish protein in pitcher organs, especially

proteins involved in plant carnivory evolved from a defense mechanism during early pitcher opening. Ultimately,

this study provides insights into protein regulation during early pitcher opening before prey capture. Changes in the

metabolite composition of pitcher tissues of N. × ventrata upon prey feeding have also been reported recently as

mentioned above .

Furthermore, a 72 h metabolomic response of D. capensis simulated with prey capture was carried out to

understand the plant physiology of the carnivorous plant by using ultra-high-performance liquid chromatography-

tandem mass spectrometry (UHPLC-MS/MS) . Furthermore, the identified metabolites were assigned to

metabolic pathways and cross-compared with metabolites previously reported to be involved in carnivorous plants

from different taxa. It is determined that secondary metabolites were highly expressed in comparison with unfed

controls, especially 34 compounds that are also associated with carnivory in other species. Out of the 34

compounds, 11 compounds are exclusive to the Nepenthales order. More than 20 compounds showed 10-fold

changes in concentrations, 12 of which with 30-fold changes are related to defense or attraction . The

metabolome response suggests that the role of secondary plant metabolites in plant carnivory could be overlooked

in the past and more metabolomic studies are needed to investigate their roles in plant carnivory adaptation.

5. Symbiotic Relationships between Carnivorous Plants and
Microbes

Metagenomics revealed a mutualistic relationship between carnivorous plants and the microbial community. For

example, the analysis of metatranscriptomic data obtained from U. australis and U. vulgaris trap fluids showed that

the trap environment can support microbial communities comprising bacteria, fungi, algae, and protozoa. At the

same time, Utricularia provides a micro-ecosystem as a habitat with a complex food web that supports the

establishment of the microbial community, which aids Utricularia in predation and sequestration of nutrients from

the most diverse and abundant group, algae .

It is proposed that Nepenthes pitcher plants utilize a similar symbiotic relationship with the bacterial community in

the pitcher fluid, as a metagenomics study of the pitcher fluid reveals 18 bacteria possess amylase, cellulase,

chitinase, protease, and xylanase genes in their genomes . Wet lab evidence proves that six of the bacterial

chitinases exhibit chitinase activities. Therefore, this study supports the hypothesis that the bacterial community

from Nepenthes pitcher fluid acts symbiotically with the host plant to enhance nutrient sequestration, although

Nepenthes pitcher could self-sustain prey digestion with endogenous digestive enzymes .
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Lastly, a metagenomics study on the bacterial and eukaryotic communities in C. follicularis, Nepenthes, and

Sarracenia pitchers from Australia, Southeast Asia, and North America, respectively, showed similarities in the

inquiline communities with specific bacterial taxa that are shared among all three independent lineages of these

pitcher plants . This suggests that the pitcher is the main selection factor for the microbiome, regardless of the

geographical distribution or evolutionary history of the pitcher plants.

References

1. Leushkin, E.V.; Sutormin, R.A.; Nabieva, E.R.; Penin, A.A.; Kondrashov, A.S.; Logacheva, M.D.
The miniature genome of a carnivorous plant Genlisea aurea contains a low number of genes and
short non-coding sequences. BMC Genom. 2013, 14, 476.

2. Ibarra-Laclette, E.; Lyons, E.; Hernández-Guzmán, G.; Pérez-Torres, C.A.; Carretero-Paulet, L.;
Chang, T.-H.; Lan, T.; Welch, A.J.; Juárez, M.J.A.; Simpson, J.; et al. Architecture and evolution of
a minute plant genome. Nature 2013, 498, 94–98.

3. Greilhuber, J.; Borsch, T.; Müller, K.; Worberg, A.; Porembski, S.; Barthlott, W. Smallest
angiosperm genomes found in lentibulariaceae, with chromosomes of bacterial size. Plant Biol.
(Stuttg.) 2006, 8, 770–777.

4. Silva, S.R.; Moraes, A.P.; Penha, H.A.; Juliao, M.H.M.; Domingues, D.S.; Michael, T.P.; Miranda,
V.F.O.; Varani, A.M. The terrestrial carnivorous plant Utricularia reniformis sheds light on
environmental and life-form genome plasticity. Int. J. Mol. Sci. 2019, 21, 3.

5. Hwang, J.U.; Song, W.Y.; Hong, D.; Ko, D.; Yamaoka, Y.; Jang, S.; Yim, S.; Lee, E.; Khare, D.;
Kim, K.; et al. Plant ABC transporters enable many unique aspects of a terrestrial plant’s lifestyle.
Mol. Plant 2016, 9, 338–355.

6. Ibarra-Laclette, E.; Albert, V.A.; Pérez-Torres, C.A.; Zamudio-Hernández, F.; Ortega-Estrada Mde,
J.; Herrera-Estrella, A.; Herrera-Estrella, L. Transcriptomics and molecular evolutionary rate
analysis of the bladderwort (Utricularia), a carnivorous plant with a minimal genome. BMC Plant
Biol. 2011, 11, 101.

7. Carretero-Paulet, L.; Librado, P.; Chang, T.H.; Ibarra-Laclette, E.; Herrera-Estrella, L.; Rozas, J.;
Albert, V.A. High gene family turnover rates and gene space adaptation in the compact genome of
the carnivorous plant Utricularia gibba. Mol. Biol. Evol. 2015, 32, 1284–1295.

8. Lan, T.; Renner, T.; Ibarra-Laclette, E.; Farr, K.M.; Chang, T.-H.; Cervantes-Pérez, S.A.; Zheng,
C.; Sankoff, D.; Tang, H.; Purbojati, R.W.; et al. Long-read sequencing uncovers the adaptive
topography of a carnivorous plant genome. Proc. Natl. Acad. Sci. USA 2017, 114, E4435–E4441.

9. Palfalvi, G.; Hackl, T.; Terhoeven, N.; Shibata, T.F.; Nishiyama, T.; Ankenbrand, M.; Becker, D.;
Förster, F.; Freund, M.; Iosip, A.; et al. Genomes of the Venus flytrap and close relatives unveil the

[39]



Omics Studies on Botanical Carnivory | Encyclopedia.pub

https://encyclopedia.pub/entry/43836 8/10

roots of plant carnivory. Curr. Biol. 2020, 30, 2312–2320.e2315.

10. Walker, J.F.; Yang, Y.; Moore, M.J.; Mikenas, J.; Timoneda, A.; Brockington, S.F.; Smith, S.A.
Widespread paleopolyploidy, gene tree conflict, and recalcitrant relationships among the
carnivorous Caryophyllales. Am. J. Bot. 2017, 104, 858–867.

11. Scharmann, M.; Wistuba, A.; Widmer, A. Introgression is widespread in the radiation of
carnivorous Nepenthes pitcher plants. Mol. Phylogenetics Evol. 2021, 163, 107214.

12. Gruzdev, E.V.; Kadnikov, V.V.; Beletsky, A.V.; Kochieva, E.Z.; Mardanov, A.V.; Skryabin, K.G.;
Ravin, N.V. Plastid genomes of carnivorous plants Drosera rotundifolia and Nepenthes × ventrata
reveal evolutionary patterns resembling those observed in parasitic plants. Int. J. Mol. Sci. 2019,
20, 4107.

13. Procko, C.; Murthy, S.; Keenan, W.T.; Mousavi, S.A.R.; Dabi, T.; Coombs, A.; Procko, E.; Baird, L.;
Patapoutian, A.; Chory, J. Stretch-activated ion channels identified in the touch-sensitive
structures of carnivorous Droseraceae plants. eLife 2021, 10, e64250.

14. Fukushima, K.; Fang, X.; Alvarez-Ponce, D.; Cai, H.; Carretero-Paulet, L.; Chen, C.; Chang, T.H.;
Farr, K.M.; Fujita, T.; Hiwatashi, Y.; et al. Genome of the pitcher plant Cephalotus reveals genetic
changes associated with carnivory. Nat. Ecol. Evol. 2017, 1, 59.

15. Hedrich, R.; Fukushima, K. On the origin of carnivory: Molecular physiology and evolution of
plants on an animal diet. Annu. Rev. Plant Biol. 2021, 72, 133–153.

16. Dkhar, J.; Pareek, A. ASYMMETRIC LEAVES1 and REVOLUTA are the key regulatory genes
associated with pitcher development in Nepenthes khasiana. Sci. Rep. 2019, 9, 6318.

17. Shchennikova, A.V.; Beletsky, A.V.; Filyushin, M.A.; Slugina, M.A.; Gruzdev, E.V.; Mardanov, A.V.;
Kochieva, E.Z.; Ravin, N.V. Nepenthes × ventrata transcriptome profiling reveals a similarity
between the evolutionary origins of carnivorous traps and floral organs. Front. Plant Sci. 2021, 12,
643137.

18. Hatano, N.; Hamada, T. Proteome analysis of pitcher fluid of the carnivorous plant Nepenthes
alata. J. Proteome Res. 2008, 7, 809–816.

19. Rottloff, S.; Miguel, S.; Biteau, F.; Nisse, E.; Hammann, P.; Kuhn, L.; Chicher, J.; Bazile, V.;
Gaume, L.; Mignard, B.; et al. Proteome analysis of digestive fluids in Nepenthes pitchers. Ann.
Bot. 2016, 117, 479–495.

20. Lee, L.; Zhang, Y.; Ozar, B.; Sensen, C.W.; Schriemer, D.C. Carnivorous nutrition in pitcher plants
(Nepenthes spp.) via an unusual complement of endogenous enzymes. J. Proteome. Res. 2016,
15, 3108–3117.

21. Wan Zakaria, W.N.A.; Aizat, W.M.; Goh, H.H.; Mohd Noor, N. Protein replenishment in pitcher
fluids of Nepenthes × ventrata revealed by quantitative proteomics (SWATH-MS) informed by



Omics Studies on Botanical Carnivory | Encyclopedia.pub

https://encyclopedia.pub/entry/43836 9/10

transcriptomics. J. Plant Res. 2019, 132, 681–694.

22. Ravee, R.; Baharin, A.; Cho, W.T.; Ting, T.Y.; Goh, H.H. Protease activity is maintained in
Nepenthes ampullaria digestive fluids depleted of endogenous proteins with compositional
changes. Physiol. Plant 2021, 173, 1967–1978.

23. Zulkapli, M.M.; Ab Ghani, N.S.; Ting, T.Y.; Aizat, W.M.; Goh, H.H. Transcriptomic and proteomic
Analyses of Nepenthes ampullaria and Nepenthes rafflesiana reveal parental molecular
expression in the pitchers of their hybrid, Nepenthes × hookeriana. Front. Plant Sci. 2021, 11,
625507.

24. Rosli, M.A.F.; Azizan, K.A.; Baharum, S.N.; Goh, H.H. Mass spectrometry data of metabolomics
analysis of Nepenthes pitchers. Data Brief 2017, 14, 295–297.

25. Rosli, M.A.F.; Mediani, A.; Azizan, K.A.; Baharum, S.N.; Goh, H.H. UPLC-TOF-MS/MS-Based
Metabolomics Analysis Reveals Species-Specific Metabolite Compositions in Pitchers of
Nepenthes ampullaria, Nepenthes rafflesiana, and Their Hybrid Nepenthes × hookeriana. Front.
Plant Sci. 2021, 12, 655004.

26. Miclea, I. Secondary metabolites with biomedical applications from plants of the Sarraceniaceae
family. Int. J. Mol. Sci. 2022, 23, 9877.

27. Hotti, H.; Gopalacharyulu, P.; Seppänen-Laakso, T.; Rischer, H. Metabolite profiling of the
carnivorous pitcher plants Darlingtonia and Sarracenia. PLoS ONE 2017, 12, e0171078.

28. Wong, C.; Ling, Y.S.; Wee, J.L.S.; Mujahid, A.; Müller, M. A comparative UHPLC-Q/TOF-MS-
based eco-metabolomics approach reveals temperature adaptation of four Nepenthes species.
Sci. Rep. 2020, 10, 21861.

29. Dávila-Lara, A.; Rodríguez-López, C.E.; O’Connor, S.E.; Mithöfer, A. Metabolomics analysis
reveals tissue-specific metabolite compositions in leaf blade and traps of carnivorous Nepenthes
plants. Int. J. Mol. Sci. 2020, 21, 4376.

30. Filyushin, M.A.; Kochieva, E.Z.; Shchennikova, A.V.; Beletsky, A.V.; Mardanov, A.V.; Ravin, N.V.;
Skryabin, K.G. SWEET uniporter gene family expression profile in the pitcher development in the
carnivorous plant Nepenthes sp. Russ. J. Genet. 2019, 55, 692–700.

31. Schulze, W.X.; Sanggaard, K.W.; Kreuzer, I.; Knudsen, A.D.; Bemm, F.; Thøgersen, I.B.;
Bräutigam, A.; Thomsen, L.R.; Schliesky, S.; Dyrlund, T.F.; et al. The protein composition of the
digestive fluid from the Venus flytrap sheds light on prey digestion mechanisms. Mol. Cell.
Proteom. 2012, 11, 1306–1319.

32. Paszota, P.; Escalante-Perez, M.; Thomsen, L.R.; Risør, M.W.; Dembski, A.; Sanglas, L.; Nielsen,
T.A.; Karring, H.; Thøgersen, I.B.; Hedrich, R.; et al. Secreted major Venus flytrap chitinase
enables digestion of Arthropod prey. Biochim. Et Biophys. Acta (BBA)—Proteins Proteom. 2014,
1844, 374–383.



Omics Studies on Botanical Carnivory | Encyclopedia.pub

https://encyclopedia.pub/entry/43836 10/10

33. Arai, N.; Ohno, Y.; Jumyo, S.; Hamaji, Y.; Ohyama, T. Organ-specific expression and epigenetic
traits of genes encoding digestive enzymes in the lance-leaf sundew (Drosera adelae). J. Exp.
Bot. 2021, 72, 1946–1961.

34. Pavlovič, A.; Mithöfer, A. Jasmonate signalling in carnivorous plants: Copycat of plant defence
mechanisms. J. Exp. Bot. 2019, 70, 3379–3389.

35. Goh, H.-H.; Baharin, A.; Mohd Salleh, F.I.; Ravee, R.; Wan Zakaria, W.N.A.; Mohd Noor, N.
Transcriptome-wide shift from photosynthesis and energy metabolism upon endogenous fluid
protein depletion in young Nepenthes ampullaria pitchers. Sci. Rep. 2020, 10, 6575.

36. Hatcher, C.R.; Sommer, U.; Heaney, L.M.; Millett, J. Metabolomic analysis reveals reliance on
secondary plant metabolites to facilitate carnivory in the Cape sundew, Drosera capensis. Ann.
Bot. 2021, 128, 301–314.

37. Sirová, D.; Bárta, J.; Šimek, K.; Posch, T.; Pech, J.; Stone, J.; Borovec, J.; Adamec, L.; Vrba, J.
Hunters or farmers? Microbiome characteristics help elucidate the diet composition in an aquatic
carnivorous plant. Microbiome 2018, 6, 225.

38. Chan, X.-Y.; Hong, K.-W.; Yin, W.-F.; Chan, K.-G. Microbiome and biocatalytic bacteria in monkey
cup (Nepenthes Pitcher) digestive fluid. Sci. Rep. 2016, 6, 20016.

39. Bittleston, L.S.; Benson, E.L.; Bernardin, J.R.; Pierce, N.E. Characterization and comparison of
convergence among Cephalotus follicularis pitcher plant-associated communities with those of
Nepenthes and Sarracenia found worldwide. Front. Plant Sci. 2022, 13, 887635.

Retrieved from https://encyclopedia.pub/entry/history/show/99021


