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I. Introduction 
A.  Plant stress ecology and plant defense strategies 

Plants are sessile autotrophic organisms. These two characteristics define and constrain 

their role in ecosystems. Because they are autotrophs, plants are able to use an abiotic 

source of energy, i.e. light, to produce complex organic compounds. Being sessile means 

that their physiological functioning is fully dependent on their immediate environment. Their 

survival is conditional on optimal temperature, humidity, light intensity and availability of 

nutrients around them, and they cannot move when conditions are not optimal. In this regard, 

Ingestad, T. (1971) describes key aspects of plant resource requirements. (1) All necessary 

mineral nutrients are present in the plant in optimal proportions. (2) The nitrogen sources 

NH4
+ and NO3

- are present in the nutrient solution (at the root surface) in an optimal ratio. 

(3) Total concentration in the solution is optimal.  

However, bioavailability of nutrients is relevant. If the resources are not present in the way 

the plant can make use of them, it is as if that resource did not exist, since the plant cannot 

assimilate it. The alkalinity or acidity of substrate is determinant for the general bioavailability 

of nutrients. (Rhodes, D., & Nadolksa-Orczk, A. 2001). There is also abiotic stress caused 

by population competition (McNickle, G. G., & Dybzinski, R. 2013). 

Nutrient requirements are dynamic. They vary between species, between individuals from 

the same species, and even within the same individual during its lifecycle (Gourley, C. J. P., 

et al., 1994). Any deviation from these optimal conditions at a given time can generate 

stress. Thus, the term plant stress is used when there is a substantial and detrimental effect 

on the physiological functions of the plant. Practically speaking, the term “stress” can be 

used to describe a situation outside of plant tolerance capability that results in tissue 

damage, an alteration of plant metabolism, and eventually a negative effect on plant fitness 

(Rhodes, D., & Nadolska‐Orczyk, A. 2001).  

Biotic interactions add a level of complexity to these abiotic resource requirements. Many 

plants require interactions with animals, often insects, for fertilization and seed dispersal. 

Biological stressors can create plant stress, mostly by damaging plant tissues for their own 

nutrition. Sources of biotic stress can be herbivores (mammals, reptiles, insects, and 

nematodes), sap feeders (insects), or pathogens (bacteria, viruses, and fungi). 

On this battlefield, plants are not unprotected and have developed efficient strategies to fight 

against the attacks. In particular, the plant defenses against insect herbivores consist of two 

strategies, direct and indirect plant defense (Hammerschmidt, R., & Schultz, J. C. 1996). 

Direct plant defense is a set of features that directly result in a negative impact on the 

attacker´s fitness (Mithöfer, A., & Boland, W. 2012). Plants can feature a set of 

morphological modification as physical barriers and/or produce chemical compounds called 

secondary or specialized metabolites, whose function is to repel, deter, and/or be toxic to 

herbivores (Belete, T. 2018; Mithöfer, A. et al., 2009). Direct plant defense can also be either 

constitutive or induced. Zandt, P. A. V. (2007) summarizes constitutive plant defenses as 

always present, and because they are maintained even in undamaged plants, they are 

thought to be costlier than induced defenses (Agrawal, A. A., & Karban, R. 1999, Karban, 

R., & Baldwin, I. T. 1997).  
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The best examples of morphological constitutive plant defense are physical barriers e.g. 

thorns, hooks, and trichrome and modified leaves, among other elements (Liu, H. et al., 

2017). Chemical compounds serving as constitutive defense are called phytoanticipins. 

Such stored compounds are often present in the form of inactive glycosylates in the plant 

tissue and are activated by β-glucosidase during herbivory. This triggers the release of 

several defensive aglycones. Examples of phytoanticipins are glucosinolates and 

benzoxazinoids (Belete, T. 2018; Mithöfer, A., & Boland, W. 2012).  

In comparison, inducible plant defenses consist mainly of a set of biochemical reactions and 

compounds that plants produce and release only upon attack. This classification also 

encompasses the production of secondary metabolites, the phytoalexins. These chemical 

compounds are generally designed to fight microbes and insects. They are quickly produced 

in the area under attack. Examples of such compounds are (iso)flavonoids, terpenoids, 

alkaloids, etc. (Belete, T. 2018).  

Another important element of inducible plant defense are pathogenesis related proteins (PR 

proteins). These proteins are usually absent or found only in very low concentrations, but 

they are produced in greater quantity upon attack. They can be found in cell walls and in 

organelle lining. Their induction is mediated mainly by the phytohormones salicylic acid (SA), 

ethylene (Et), and jasmonic acid (JA) and peptide signals such as systemin (Prasannath, K. 

2017). Similarly, protease inhibitors (PIs) affect insect herbivores by impairing digestion. As 

a consequence, insects cannot assimilate nutrients from the ingested plant tissue (Mithöfer, 

A., & Boland, W. 2012). 

Inducible defense mechanisms can also be physical. A good example is the hardening of 

plant coatings induced by herbivory, which results in tougher and therefore less palatable 

plant tissue (Hochuli, D. F. 1996). Similarly, the accumulation of non-organic elements such 

as calcium oxalates, silica crystals, etc. acts in the same way, causing a significant reduction 

in larval growth and an increase in herbivorous larvae mortality. Their main function is to act 

as an abrasive agent and they might interfere with nutrient absorption in chewing insects 

(Ye, M. et al., 2013; Massey, F. P. et al., 2007; Korth, K. L. et al., 2006; McNaughton, S. J., 

& Tarrants, J. L. 1983).  

In comparison, indirect plant defense also aims at negatively affecting the attacker´s fitness 

through the involvement of a third trophic level: the attacker´s natural enemies (Kessler, A., 

& Balwin, I. T. 2001; Arimura, G. I. et al., 2009). As with direct plant defense, it can be 

constitutive or induced. Induced indirect plant defense consists in recruiting predators or 

parasitoids of insects upon herbivory. It usually involves the production of volatile organic 

compounds (VOCs). For example, cotton (Sobhy, I. S. et al., 2015), corn (D’Alessandro, M. 

et al., 2009), and wild tobacco (Kessler, A., & Baldwin, I. T. 2002) plants produce VOCs to 

attract parasitoid wasps. Wasps lay their eggs on the herbivore body. When they hatch, 

wasp larvae feed on the herbivore that carried them (De Moraes, C. M. et al., 1998). 

Plants can also attract generalist predators such as ants by producing a food reward. Such 

a reward often consists in extrafloral nectar (EFN), a sugary solution secreted by specialized 

glands located outside of flowers. The production of EFN can be induced by herbivory, 

attract opportunistic or constitutive ants, and result in ants attacking herbivores and 

patrolling the plant even in the absence of herbivory (Heil, M. 2008). 

 



6 
 

B.  Molecular regulators of stress tolerance strategy. 

At least five physiological stages are required for generating a tolerance response to stress. 

In general, these are: stress perception, signal transduction, gene expression, protein 

biosynthesis, and biochemical responses. These physiological stages are complex, and 

each involves a molecular machinery with intricate steps in between (Hrmova, M., & 

Hussain, S. S. 2021; Singh, K., & Chandra, A. 2021). Among the group of molecules having 

a signal transduction function are the so-called plant hormones or phytohormones (Meraj, 

T. A. et al., 2020). Plants use phytohormones as the axis of metabolic logistics. Hence, plant 

stress responses have their origins from physiological imbalance and are mediated by 

phytohormones. Thus far, cytokinins, auxins, gibberellins, brassinosteroids, abscisic acid, 

jasmonates, salicylic acid, ethylene, polyamines and strigolactones are phytohormones that 

have been identified.  

Plant hormones are involved in many physiological processes as command molecules and 

transduction signals. They are complementary and work in combination, activate as well as 

deactivate plant defense strategies. Therefore, phytohormones play a leading role in 

mediating stress tolerance. In the case of abiotic stress like drought, salinity, cold and heat, 

heavy metals, and osmotic stress, JA, SA, ABA, and Et are involved (Zhao, B. et al., 2021; 

Zhao, P. et al., 2017). Within this group of hormones, ABA particularly stands out since it 

also regulates plant development processes such as seed development, dormancy, 

germination, and stomatal movement (Fujita, M. et al., 2006). Furthermore, under biotic 

stress circumstances, the same four hormones (JA, SA, ABA, and Et) are involved and have 

been conferred regulatory properties for resistance (Zhao, B. et al., 2021).  

Resistance to herbivorous attack is coordinated primarily by two modes of actions, one lead 

by the JA-Et complex and the other led by the SA-ABA complex.  Within the SA-ABA group, 

SA exerts a positive action on ABA (Zhao, B. et al., 2021), but not vice versa (Audenaert, K. 

et al., 2002). In contrast, ABA does not have a positive influence on JA´s mode of action 

(Anderson, J. P. et al., 2004). Both SA and JA are antagonistic (Zhao, B. et al., 2021). 

Therefore, it has been established that ABA by itself does not confer resistance to 

herbivorous attack (Fujita, M. et al., 2006; Mauch-Mani, B., & Mauch, F. 2005). 

Now, in biotic and abiotic stress situations, ABA has a negative effect on JA (Anderson, J. 

P. et al., 2004). Therefore, it is reasonable to assume that ABA is affected as a consequence 

of the activation of the SA-ABA complex, and it has been established that ABA dominates 

the abiotic response of the plant. 
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C.  Plant carnivory syndrome, Nepenthes × ventrata. 

Under non-nutrient-limited conditions and from the plant’s perspective, the plant-insect 

interaction has two scenarios, one positive and one negative. From the beneficial aspect, 

an insect’s ecological functions include seed dispersal, pollination, and indirect plant 

defense. These are examples of ecological services that insects can provide to the plant. 

From the same plant perspective, the negative aspect of this interaction is the insect’s 

ecological function as consumer, attacking the plant in the form of herbivory.  

It is inevitable that plants suffer from abiotic stress. A good example of this is the limit of 

nutrients in the substrate. World geography is not homogeneous, and this heterogeneity has 

a direct impact on the life forms of organisms, as well as on their adaptation, survival, and 

evolution processes. Places with little availability of nutrients are distributed throughout the 

planet, but plants have been able to colonize a diversity of inhospitable environments.  

The nutrient-limitation topic is most often discussed in association with environments that 

harbor low amounts of biomass, low diversity of organisms, or adverse environments. Most 

iconic adverse environments associated with these circumstances are wetlands, deserts, 

a) 

b) 

c) 

Figure 1. Open three-compartment model for hypothetical nutrient circulation in ecosystems, expressed in 

proportions; Nutrient amount stored in a compartment represented by circles sizes; quantity of nutrient flow 

in arrows widths; inside circles biomass represented by B, litter represented by L, soil represented by S; 

general mineral cycle mode in a), biomass nutrients fallout as tissue die, litter nutrients are release as litter 

decomposes, soil nutrients are absorbed by plants; Nutrient cycling exemplifications in forest ecosystem in b) 

and in desert ecosystem c). Adapted from Gersmehl, P. J. (1976). 
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tundra, and glaciers. However, these assumptions are not necessarily the rule and do not 

apply to tropical rainforests. 

We often associate the high rate of biomass production and the exuberance of species as 

indicators of forest’s soil nutrient richness. However, in the case of forests, nutrient richness 

is not stored in their substrates. Tropical forest’s soils are among the poorest in nutrients. 

This is due to the fact that nutrient deposits in tropical forests are widely distributed in the 

complex ecosystem’s network and its food chain, while the nutrients in deserts are, to a 

large extent, stored in the substrate. This condition can be appreciated with the diagram 

created by Gersmehl (Figure 1) in which he shows the inter-relationships between nutrients 

storage and its flows in ecosystems. 

There is also the limitation of nutrients due to soil pH. Each nutrient has a different pH-

dependent availability (Roques, S. et al., 2013). However, there are certain general trends. 

Nitrogen, phosphorus, potassium, sulfur, calcium, and magnesium have an availability range 

that goes from very slightly acidic to slightly alkaline (6.5-8.0). On the other hand, nutrients 

such as iron, manganese, boron, copper, and zinc are available in major proportion from the 

soil at acidic pH (5.0-6.5). Molybdenum is somehow an exception, having a wide availability 

range, from slightly acid (6.5) to strongly alkaline conditions (10.0) in the soil. Nitrogen, 

phosphorous, and potassium are best known as NPK, the primary nutrients for plant 

fertilization and the essential and limiting nutrients for plant development (Van 

Duivenbooden, N., et al., 1995). Specifically, these nutrients are very important due to the 

key role they play in the production of macromolecules, plant structure, and storage energy, 

among other functions (Ray, K. et al., 2019). 

When there is no nutritional limitation that prevents plant development, plants have the 

capacity to cope with the ups and downs of biotic and other abiotic stress. In the best case 

scenario, plants can grow, develop, and reproduce. Even under herbivore attack, plants in 

no-nutrient-limitation situations have the plasticity to invest in and develop complex and 

costly defense strategies, without fitness being compromised.  

As mentioned above, plants have successfully colonized diverse environments and adapted 

to the limiting factors offered by each habitat. A good example of this resilience and ability 

to adapt to nutrient-poor environments is observed in the carnivory syndrome in the plant 

kingdom. The carnivory syndrome arises as a strategy to respond to a limited nutrient supply 

given plants’ default need of nutrients for multiple physiological and structural functions. For 

example, Dionaea, Drosera, Utricularia, and Nepenthes all share this feature that makes 

them unique in the plant kingdom. 

Their uniqueness in the plant kingdom does not exempt them from being attacked by 

biological stressors, however. In other words, carnivorous plants must also simultaneously 

resist biological attack. It is still not known how carnivorous plants are able to resist attack, 

such as herbivory, by biological aggressors. This will be addressed later in this thesis. 

Carnivorous plants are distributed around the globe except for Antarctica. However, there is 

a higher probability of finding them in certain regions on the planet. Taking the number of 

species per 10,000 km2 as a parameter of measurement, Barthlott, W. et al., (2004) maps 

the distribution of carnivorous plants on the globe (Figure 2). As can be seen from this map, 

tropical regions have a quite high probability to harbor carnivorous plant species. Within 
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these regions, the area that shows the highest diversity of carnivorous species is Southeast 

Asia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Carnivory in the plant kingdom occurs when there is an exception to the rule in the food 

chain, a reverse energy flow, where the producer has the ability to feed off the consumer. 

This particular feature, this exception to the rule in the plant kingdom, is the research 

centerpiece of this investigative work. 

The conventional idea is that all plant species take their nutrients in through the roots and 

their energy in through the leaves. But for every rule there are exceptions. The carnivorous 

syndrome in the plant kingdom is one of many strategies addressing the need for nutrient 

assimilation in poor-nutrient substrates (Adamec, L. 1997).  

According to Juniper, B. E. et al., (1989), there are many prominent ecological features of 

carnivorous plants. (1) Carnivorous plants have a weak root system, for example most 

Drosera, Dionaea, Pinguicula, Cephalotus, and most Nepenthes species. (2) They are 

perennial plants with variability in habits, life forms, and longevity, often forming huge clonal 

colonies by stolons or rhizomes. (3) They are generally tolerant of low-nutrient 

environments. (4) Carnivory confers an advantage in a poor-nutrient habitat, with insect-

scavenging properties at least temporarily offering an advantage. (5) They are generally 

intolerant of low-light conditions (most Drosera species), but there are also examples that 

do not follow this rule. (6) They are tolerant of temporary or permanent water logging. Unlike 

many other plants, also, carnivorous plants do not have a mycorrhizal association with their 

roots (MacDougal, D. T. 1899; Peyronel, B. 1932). 

Currently, the following families are the most iconic for representing carnivorous or, to be 

more exact, insectivorous plants: Droseraceae, Nepenthaceae, Drosophyllaceae, 

Cephalotaceae, Sarraceniaceae, Roridulaceae, Lentibulariaceae, and Byblidaceae. 

Figure 2. Distribution of carnivorous plants in the world according to Barthlott, W. et al., (2004) 
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However, the discovery of new species of plants that meet the characteristics of the 

carnivorous syndrome continues (Lin, Q. et al., 2021; Shaw, P. J., & Shackleton, K. 2011). 

As more carnivorous species are discovered, progress has also been made in the 

understanding of these species’ intrinsic processes, including physiological, ecological, their 

trophic chains, mechanisms of attraction and capture of prey, and phylogeny. This 

knowledge has facilitated the delineation of the carnivory concept, particularly in plant 

species that do not exhibit an intrinsic nutrient allocation strategy but share some similarities 

with carnivorous plants. 

The original concept of plant carnivory proposed by Givnish, T. J. et al., (1984) has 

undergone some adaptations over years due to deeper insights into the syndrome´s 

characteristics. The most recent concept has been proposed by Ellison, A. M., & Adamec, 

L. (2018). It brings together the carnivorous plants’ characteristics in greater detail. 

According to this concept, a carnivorous plant must meet these five elements to classify it 

as such: (1) capturing or trapping prey in specialized, usually attractive, traps; (2) killing the 

captured prey; (3) digesting the prey; (4) absorbing the metabolites (nutrients) from the killed 

and digested prey; (5) and use of these metabolites for its own fitness. 

Carnivorous plants can be classified into two large groups based on their insect capture 

strategy: those using active, moving traps based on electric signaling, and those using 

passive traps without any movements. Dionaea and Drosera are the typical species 

examples that belong to the first group. In contrast, Nepenthes, Cephalotus, and Sarracenia 

are the most distinctive examples in the second group. 

The pitfall trap, or pitcher, of the Nepenthes is a metamorphosed leaf. The conventional leaf 

lamina, or blade, is turned into a pitcher for catching prey, the petiole into a tendril to climb, 

and the conventional leaf base into a basal leaf-derived leaf blade to ensure photosynthesis 

(Fleischmann, A. et al., 2018; Owen J, T. P., & Lennon, K. A. 1999). The insects fall into the 

pitcher due to the slippery surface of the trap opening causing them to drown. Inside the 

pitcher digestive enzymes are produced (Thorogood, C. J. et al., 2018; Juniper, B. E. et al., 

1989) (Figure 3). 

The pitcher can be divided into three zones: (1) the opening in the upper part, called 

“peristome”, which is involved in the prey capture mechanism. (2) A slippery zone in the mid-

inner part of the pitcher, covered by a wax that makes it almost impossible for the insect to 

escape by climbing out once inside the pitcher. (3) The lowermost part, known as the 

glandular zone, whose inner walls are covered by bifunctional glands that secrete hydrolytic 

enzymes into a digestive fluid and at the same time take up the nutrients created by prey 

degradation (Mithöfer, A. 2011) (Figure 3). 

The most prominent proteins secreted by the plant into the digestive pitcher fluid are aspartic 

proteases and other hydrolytic enzymes, as well as proteins with antimicrobial function such 

as and pathogenesis-related protein-1 (PR1) (Buch, F. et al., 2014; Rottloff, S. et al., 2009). 

The last example belongs to the classification of pathogenesis-related (PR) proteins acting 

as plant defense against microbial pathogen attack (in non-carnivorous plants) (van Loon et 

al., 2006).  
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All studies carried out in this work employed Nepenthes × ventrata as carnivorous plant 

model-organism. N. × ventrata is a natural hybrid whose origin is the Philippines. It is a cross 

between Nepenthes alata and Nepenthes ventricosa. These species belong to the 

Caryophyllales and are members of the Nepenthaceae family representing vines and herbs. 

a) 

b) 

Figure 3: Illustration of the model organism under study. Photography of the carnivorous climbing 

vine Nepenthes × ventrata, a); Anatomical diagram of the organ with prey capture function, pitcher, 

b). Pitcher consists of the following zones: first, the opening called peristome and a lid; second, is 

a waxy zone and a third region with digestive function, it hosts the bifunctional glands. Pitcher is 

connected to the leaf by means of the tendril. Illustrations adapted from: Dávila-Lara, A. et al., 

(2021a) and Riedel, M. et al., (2003). 
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According to Flora Malesiana (Cheek, M., & Jebb, M. 2001) most of the about 180 

Nepenthes species are often found in forest habitats such as disturbed secondary, 

kerangas, and healthy forests, as well as in swamps. They are usually in open mossy, 

stunted, ridge-top forest as climbers or epiphytes between 1500-2500 m altitude. However, 

some species can be found in both lowland and mountain habitats. 

Most Nepenthes plants in their initial stage consist of a short erect stem with short internodes 

at its base and a rosette as initial stage. During development, the seedling becomes a bush, 

producing short stems of 2 m high. In this case, unlike its juvenile stage, the internodes are 

longer, becoming climbing vines, which are supported by coiling leaf tendrils (Cheek, M., & 

Jebb, M. 2001). 

Nepenthes have been able to survive, develop, and specialize in certain environments 

depending on nutrient sources, a prominent feature of these species. They have colonized 

nutrient-deficient habitats throughout their biogeographic area. The area of geographical 

distribution of Nepenthes is quite variable in space and time (van der Ent, A.  et al., 2015; 

Clarke, C., & Moran, J. A. 2016). Possibly, the selective pressure on the morphological traits 

of Nepenthes are due to (relatively) rapid evolutionary processes and, in addition, to the 

combined circumstances of variations in local and regional climates (Ellison, A. M., & 

Adamec, L. (2018). 
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II. Aims of the study. 
 

The pitcher plant Nepenthes × ventrata has evolved the carnivorous syndrome to solve the 

nutritional needs that it lacks in the soil. Through this syndrome the plant developed a 

specialized pitfall-trap to catch prey, the so-called pitcher.  

In contrast to most of the studies of these plants, the content of this thesis neither focus on 

the breakdown process of the prey nor on the assimilation process of the nutrients derived 

from the prey. Instead, carnivory syndrome is studied not as such, but as a cause of the 

modifications in the interactions between plant-insect in the face of biotic and abiotic stress. 

Therefore, the following aims are proposed: 

- To evidence the presume of defense strategies in Nepenthes × ventrata.  

- To demonstrate the nature of defense capability of N. × ventrata. 

- To define the composition of EFN in N. × ventrata. 

- To investigate the function of EFN production in N. × ventrata.  
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Manuscript 5 (unpublished data) 
 

“Two distinct extrafloral nectars in Nepenthes × ventrata” 

Introduction 
Nepenthes × ventrata lives on nutrient-poor soils. As other carnivorous plants, it can survive 

despite the lack of nutrients by capturing insect preys: thanks to its traps called “pitchers”, it 

can catch and kill its prey, digest them, and acquire their nutrients. Pitchers are passive 

capture mechanisms: prey are captured without the intervention of electrical signals (active 

capture mechanisms, of Drosera and Dionaea traps, for example, require electrical signaling 

to activate complex capture apparatus). Other examples of carnivorous plants with passive 

capture traps are the pitchers of Sarracenia, Darlingtonia, Cephalotus and Heliamphora and 

the sticky leaves of Genlisea. In N. × ventrata, pitchers contain a liquid with digestive 

enzymes such as chitinases, proteases and other hydrolases (Fukushima, K. et al., 2017). 

Exploring insects fall when walking on the pitcher’s slippery peristome, or mouth they drown, 

and get digested (Bauer, U. et al., 2008). 

The mechanisms of prey capture, digestion, and assimilation have been extensively studied 

(Mithöfer, A., 2011). Prey specificity has also been documented in several Nepenthes 

species: in N. rafflesiana, pitchers from the upper part of the vine capture mostly winged 

insects, while pitchers from the lower strata of the vine capture more non-winged insects 

such as ants (Di Giusto, B. et al., 2010). N. ampullaria captures besides insect prey also leaf 

litter; N. albomarginata mainly catches termites (Mithöfer, A. 2022). However, specific prey-

attraction mechanisms in Nepenthes have received little attention.  

Nepenthes species produce a sugary solution on branches and peristomes (Figure 1). This 

type of solution is called extrafloral nectar (EFN) and plays a crucial role in attracting ants in 

ant-plants, for example. In these cases, EFN attracts bodyguard ants to vulnerable organs 

under attack and/or detracts foraging ants from other resources such as pollen (Rico-Gray, 

V., & Oliveira, P. S. 2008). 

The present study aims at testing two non-exclusive hypotheses regarding the attractant 

role of EFN in Nepenthes: 

- EFN might attract prey to pitchers; 

- EFN might attract ant bodyguards to protect leaves against herbivores. 

Given that N. × ventrata resources are extremely constrained by its environment, the 

composition of EFN must be optimized to balance insect attraction with energy investment 

and nutrient waste. Therefore, examining the composition of N. × ventrata EFN can provide 

clues about its ecological role. If the main role of EFN is to attract ant bodyguards, its 

composition should be similar to the composition of EFN in ant plants, i.e. rich in sugars and 

other nutrients such as amino acids. If the main role of EFN is to attract prey, it should be 

rich in sugars but poor in nutrients, to avoid the waste of feeding amino acids to insects only 

to reabsorb them later from their digested tissues. 

We conducted a targeted metabolite analysis in N. × ventrata EFN, from branches and from 

pitchers separately, to characterize their composition. Using LC/GC-MS, we found that the 
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main components of N. × ventrata EFN are three sugars: glucose, fructose and sucrose. We 

also detected the presence of amino acids, although their concentration was a lot higher in 

branch EFN than in pitcher EFN. Thirdly, we found evidence for phytohormones in EFN, 

indicating that EFN production might be related to stress. Finally, we conducted the same 

analyses in several other plant species exhibiting a spectrum of facultative-obligate 

interactions with ants. The comparison of the composition of N. × ventrata EFN to other EFN 

with well-described ecological roles provided evidence that N. × ventrata EFN serves to 

attract bodyguards to branches and prey to pitchers. 

 

 

Figure 1. Illustration indicating two types of nectar from different sites of production within Nepenthes × 

ventrata. Enlarged areas of a) branch and b) pitcher’s peristome with nectar droplets on the surface of the 

producing tissue that denotes its origin. Copyright © of drawing held by Ronny Zimpel. 

a) 

b) 
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Results 
 

Biochemical characterization of Nepenthes × ventrata extrafloral nectars and 

tissues. 

Aiming at nutritional profiling of the nectars, amino acids, and vitamins were measured. 

Recently described compounds with protective properties for Nepenthes were also sought. 

In addition, phytohomones, molecules that are commonly associated with herbivory-induced 

responses, were also measured. In total, we analyzed 35 metabolites and 48 samples (12 

samples of branch EFN, 12 samples of peristome EFN, 12 samples of branch tissue, and 

12 samples of pitcher tissue). These 35 metabolites were organized into three functional 

categories: 

- Nutrition-related metabolites: B-vitamins (B1, B2, B3, and B5) and amino acids (Thr, Trp, 

His, Tyr, Leu, Phe, Val, Ile, Met, Ala, Pro, Ser, Lys, Asn, Arg, and Gln). 

- Stress-regulation-related metabolites or phytohormones (SA, JA, ABA, JA-Ile, cis-OPDA, 

OH-JA, OH-JA-Ile, and COOH-JA-Ile) 

- Defense-related metabolites: anthocyanins (cyanidin-3-O-galactoside, cyanidin-3-O-

glucoside, and cyanidin-3-O-glucuronide), plumbagin and γ-aminobutyrate (GABA).  
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Intra-category variability was much lower than inter-category variability (Figure 2). EFN 

samples were more similar to each other than they were to tissue samples, and EFN 

samples from branches were more similar to each other than to EFN samples from 

peristomes. 

To look into more detail of the composition of each sample category, we built a clustered 

heat map (Figure 3). 

Figure 2: Hierarchical clustering dendrogram of 12 peristome EFN, 12 branch 
EFN, 12 peristome tissues, and 12 branch tissues of Nepenthes × ventrata 
based on 35 metabolites. The dendrogram was built using Spearman metric 
distance and Ward linkage. Dendrogram end’s branches indicate independent 
biological samples. Sample collection was randomly performed over one year. 
Four robust groupings are observed according to the sample nature. 
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Branch EFN was rich in amino acids. In fact, branch EFN showed the highest concentration 

in 16 amino acids, even higher than branch and peristome tissues. Given that EFN is very 

unlikely to be a prime location for metabolic activity, we can hypothesize that these amino 

acids are destined for consumption by ant bodyguards. This can be confirmed by the quasi-

absence of metabolites conferring protection to plant tissues, such as plumbagin. 

Figure 3: Clustered heat map for 35 metabolites analyzed in tissues and 
EFNs in Nepenthes × ventrata (Pearson distance and Ward clustering 
algorithm, generated using MetaboAnalyst). The color scale represents the 
scaled abundance of each metabolite, red hues indicate relative high 
abundance, blue hues indicate relative low abundance. 
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In contrast, peristome EFN is very poor in amino acids and most other metabolites. This 

means that peristome EFN has a very poor nutritional value, especially compared to branch 

EFN. 

Branch tissues showed the highest concentration in metabolites associated with direct 

defense. Similarly, peristome tissues were also very rich in defense-related metabolites. The 

arsenal differed between the two types of tissues, branch tissues are rich in plumbagin, 

whereas peristome tissues are rich in anthocyanins. However, GABA concentration was the 

highest in Branch EFN (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biochemical comparison of Nepenthes × ventrata EFNs with other species: amino 

acids 

We compared the biochemical composition of N. × ventrata EFN to other EFN with a well-

described ecological role. We sampled EFN from two plant species engaged in an obligate 

and specific mutualistic relationship with ants (Vachellia chiapensis and V. colinsii) and from 

two plant species engaged in obligate non-specific mutualistic relationships with ants 

(Tococa guianensis and T. quadrialata) (Mesquita-Neto, J. N. et al., 2020; Michelangeli, F. 

A. 2010; González-Teuber, M., & Heil, M., 2009a). We also included EFN samples from two 

plant species engaged in facultative interactions with ants (Vachellia farnesiana and 

Leucaena leucocephala). In all samples, we measured the concentration of 18 amino acids: 

His, Ile, Leu, Lys, Met, Phe, Thr, Trp, Val, Arg, Gln, Pro, Tyr, Ala, Asp, Asn, Glu, and Ser. 

The rest of the species analyzed were chosen as all of them are EFN producing and for their 

availability in the greenhouse.  

Figure 4: Violin plots of the quantification of GABA in tissues and EFN of Nepenthes × ventrata. Boxplots 

show the 25% percentile, the median and the 75% percentile; whiskers show the minimum and maximum 

values. Values are given in ng/g. P-values and asterisks indicate statistical significance of pairwise 

comparisons using Dunn test. 

EFN_Peri 

EFN_Bran 

Tissue_Peri 

Tissue_Bran 
0.024* 

0.005* 

0.000* 

0.001* 

0.000* 
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Three main clusters emerged from the analysis. The first clusters comprised almost all 

samples from plants engaged in obligate interaction with ants, some from plants involved in 

facultative interactions with ants, and from N. × ventrata branch samples. The second cluster 

comprised mostly samples from plants involved in facultative interactions with ants, and no 

Figure 5: Hierarchical clustering dendrogram of 67 EFN samples from 14 species 
based on amino acid content. N. × ventrata samples include EFN from branches 
and peristomes. The dendrogram was built using Spearman metric distance and 
Ward linkage. Nepenthes nectar samples (12 from branch and 12 from peristome) 
are reanalyzed from the previous dendrogram.  
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N. × ventrata samples. The third cluster has two subclusters, one with only N. × ventrata 

samples from branches and A. saman samples, the other with all N. × ventrata samples 

from peristomes, one N. × ventrata sample from a branch, and a few other species. These 

results show, first, that N. × ventrata branches and peristome EFNs fall in different ecological 

categories, and second, that N. × ventrata branch EFN is not closer to the EFN from obligate 

ant associates than to facultative ant associates. 

We explored the differences and similarities between EFNs a bit further with a Principal 

Component Analysis (PCA; Figure 6). Branch and peristome N. × ventrata EFNs were well 

differentiated along the first principal component, which accounts for 15.5% of the variability. 

Confirming the results of the previous analysis, there was a clear overlap between N. × 

ventrata branch EFN and other plant species, whereas N. × ventrata peristome EFN 

samples were almost isolated along with samples from I. asarifolia. Interestingly, N. × 

ventrata branch samples showed a wide distribution along the second principal component, 

which accounts for 11.2% of the variability, with some samples being isolated from the rest. 

Figure 6: Principal component analysis using MetaboAnalyst. Data produced from 14 plant species (67 EFN 
samples), generated based on the content in 18 amino acids. Nepenthes × ventrata samples include EFN from 
branches and from peristomes. Chart without labels on the left, with labels on the right. 
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We next looked at the amino acids with the highest contribution to the first principal 

component (Asp, Lys, Val, and Glu) (Figure 7). 

Three of these amino acids (Asp, Lys, and Val) showed a very low (nearly null) concentration 

in N. × ventrata peristome EFN, while Glu concentration was among the lowest. Conversely, 

Asp, Lys and Glu concentration were among the highest in N. × ventrata branch EFN. 

 

Asp Lys 

Val Glu 

Figure 7: Quantification of the four amino acids with the highest contribution to the first 
principal component of the PCA. The purple column represents samples of N. × ventrata 
branch EFN; the orange column represents samples of N. × ventrata peristome EFN. Y-axis 
scale is in ng/g. 
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Biochemical comparison of Nepenthes × ventrata EFNs with other species: sugars 

We also compared the sugar composition of N. × ventrata EFNs to other EFNs of the same 

other plant species. In all samples, we measured the concentration of three sugars: fructose, 

glucose, and sucrose. We built a dendrogram based on a hierarchical clustering analysis 

(Figure 8). 

  

Figure 8: Hierarchical clustering dendrogram of 67 EFN samples from 14 species 
based on sugar content. N. × ventrata samples include EFN from branches and 
peristomes. The dendrogram was built using Spearman metric distance and Ward 
linkage and generated using MetaboAnalyst. 



95 
 

Two main clusters emerged from the analysis. The first clusters comprised all samples from 

the two Vachellia species engaged in obligate interaction with ants, some from plants 

involved in facultative interactions with ants, and no N. × ventrata. The second cluster 

comprised all samples from the two Tococa species engaged in obligate interaction with 

ants, some from plants involved in facultative interactions with ants, and all samples of N. × 

ventrata, regardless of whether they come from branches or peristomes. 

These results show that, when it comes to sugars, there is no clear pattern differentiating 

plants involved in obligate relationships with ants from plants involved in facultative 

relationships with ants. There is also no clear difference between N. × ventrata branch EFN 

and N. × ventrata peristome EFN. 

 

 

In order to understand the distribution of the ecological roles of the different species 

according to the three sugars that constitute the EFN, a ternary plot was carried out to 

decipher the grouping patterns of the species.  

Nepenthes EFN are grouped at the opposite side from species having obligate symbiotic 

relationship. Still, they form a distinct and separate group from the facultative species. No 

species has only a single sugar type. Obligate species (V. chiapensis and V. collinsii) have 

no sucrose. Nepenthes is one of the species with the lowest glucose in its EFN (Figure 9). 

 

 

 

Figure 9: Ternary plot of 67 EFN samples from 14 species based on sugar content (fructose glucose and 

sucrose). N. × ventrata samples include EFN from branches and peristomes. Color map of point density 

computed with kernel density method produced on PAST. Green squares, branch from N. × ventrata; 

black filled dots, peristome from N. × ventrata; orange and blue filled dots, obligate symbiotic relationship 

species; gray filled dots, rhombus, triangles and squares, facultative symbiotic relationship species. 
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Discussion 
 

Our characterization of N. × ventrata EFN provides unique and crucial insights into their 

ecological role. Since the literature lacks a general description of EFN composition in 

carnivorous plants of the genus Nepenthes, the first step was to identify and quantify 

metabolites present and measurable in N. × ventrata EFN. This step allows for the 

classification of EFN types, and their comparison with EFN of other plant species. Through 

this comparison with EFN, whose functions are already described in non-carnivorous plants, 

we can gain insights into the ecological role that the two types of N. × ventrata EFN can 

play. It is important to interpret our results in the context of nutrient scarcity, in order to 

understand the implications of the plant’s investing in potentially costly bait. On one hand, 

N. × ventrata peristome EFN might help the plant attracting more prey and therefore 

acquiring more resources. On the other hand, producing EFN probably comes at a cost, that 

might be detrimental to the plant fitness if prey are too rare. Our results show that the plant 

allocation of resources to direct defense, maybe indirect defense, and attraction strategies 

is optimized. 

Only N. × ventrata tissues contained anthocyanins and plumbagin; such direct defense 

metabolites were absent from N. × ventrata EFN. This is not surprising since EFN is 

produced specifically for insect consumption. However, surprisingly, branch EFN showed a 

very high concentration in GABA (Figure 3). The concentration was six-fold higher in branch 

EFN than in branch tissues. In contrast, in addition to lacking defense metabolites, peristome 

EFN lacks GABA entirely, suggesting that the accumulation of GABA in branch EFN 

specifically might be important for N. × ventrata. Furthermore, GABA is an amino acid, 

meaning that its synthesis and excretion must be costly for the plant.  

There is strong evidence for GABA as an important part of the direct plant defense arsenal, 

for example in Phaseolus vulgaris, Solanum lycopersicon, Arabidopsis thaliana, and Glycine 

max, to mention just a few (Wang, G. et al., 2019; Copley, T. R. et al., 2017; O'Leary B. M. 

et al., 2016; MacGregor, K. B. et al., 2003; McLean, M. et al., 2003). Both local and systemic 

accumulation of GABA has been observed in plants exposed to tissue damage generated 

by larvae, and the fitness of insects fed on GABA is significantly decreased (Scholz, S. S. 

et al., 2017; Scholz, S. S. et al., 2015). Why would N. × ventrata produce an insecticide 

compound in such high concentration in a resource destined to be consumed by insects? A 

conceivable answer is that GABA is not used here as an insecticide, but it might play a role 

in the protection of the plant by ants. Bees fed on GABA-supplemented diets showed a 

heightened level of locomotion (Felicioli, A. et al., 2018). If this effect is also true in other 

hymenopterans, GABA might cause ants to be more active on the plant and therefore 

increase the chance that they would find the pitcher and be caught. Therefore, the role of 

GABA in branch EFN might be more related to prey capture than to direct plant defense. In 

addition, as previously described, the higher plumbagin concentration in leaf compared with 

pitcher tissue (Davila-Lara, A. et al., 2021a,b) could also drive the insect prey towards the 

pitcher. 

Of the stress-related phytohormones measured, JA was mainly present in peristome tissue 

and moderate levels JA-Ile were present in branch tissue. Surprising was the finding of 

phytohormones in Nepenthes EFN. JA-Ile showed up mainly in the branch nectar, while the 

rest of the hormones were more abundant in the peristome nectar (Figure 2). The presence 
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of extracellular phytohormones has already been reported. Yilamujiang, A. et al., (2016) 

described that Nepenthes’ pitcher fluid contains JA-Ile. However, the presence of 

phytohormones in EFN has never been described. Jasmonates are involved in plant 

adaptation to stress: JA-Ile activates plant’s physiological defense mechanisms (Vadassery, 

J. et al., 2014; Staswick, P. E., & Tiryaki, I. 2004). A variety of stressors can induce a 

jasmonate-mediated physiological response: herbivory, some microbial infections, physical 

damage, extreme temperatures, drought, hypersalinity, or even heavy metal stresses can 

trigger the release of JA-Ile (Zander, M., 2021; Marquis, V. et al., 2020; Howe, G. A. et al., 

2018; Li, Q. et al., 2017). JA-Ile binds to the co-receptor complex formed by coronatine 

insensitive 1 (COI1) protein, SCF E3 ubiquitin ligase, and jasmonate zinc-finger 

inflorescence meristem (JAZ). This generates a ubiquitination and subsequent degradation 

of JAZ. The absence of JAZ protein (repressor degradation) results in the activation of 

transcription factors that modulate plants’ response gene expression (Takeuchi, J. et al., 

2021; Raza, A. et al., 2021; Ali, M., & Baek, K. H., 2020; Wasternack, C., & Song, S., 2017; 

Wasternack, C., & Hause, B., 2013). Since phytohormones perform their mechanism of 

action in the cell nucleus, finding non-negligible amounts of genetic regulators outside the 

cell is intriguing. 

Unlike branch tissues, peristome tissues had higher concentrations of the jasmonate 
metabolites cis-OPDA, JA (biosynthetic precursors of the bioactive JA-Ile), as well as 
COOH-JA-Ile, and OH-JA-Ile (inactivation products). This pattern could be explained by the 
optimal defense theory, given that branches already possess defense mechanisms that are 
absent from peristomes. The optimal defense theory predicts that plant defenses should be 
concentrated in the most valuable and vulnerable parts of a plant (Rhoades, D. F., 1979; 
McKey, D., 1974). Given that N. × ventrata branches are protected by constitutive chemical 
defenses (e.g. plumbagin) and most probably by patrolling ants that are collecting EFN, they 
have little need for costly inducible defenses. Conversely, pitchers show only anthocyanins 
and there is no evidence that ants patrol there. Thus, pitchers might have a higher need for 
JA-Ile-related inducible defenses. 

The presence of jasmonates in EFN is more surprising. However, EFN production in lima 

bean (Phaseolus lunatus) has been shown to be selectively induced by JA-Ile (Radhika, V. 

et al., 2010). The ability for N. × ventrata to produce EFN only when necessary (i.e. under 

herbivory stress and when there are ants in the vicinity to attract) would be crucial to prevent 

waste in resources and energy (Bixenmann, R. J. et al., 2011). The potential cascade 

relationship between herbivore stress, jasmonate production, induction of EFN secretion, 

and attraction of ant bodyguards, remains to be studied in N. × ventrata. High concentrations 

of salicylic acid (±868 ng/g) were also found in peristome EFN. SA regulates many plant 

physiological processes and is involved in adaptive responses to abiotic stress such as 

responses to salinity, osmosis, drought, and heat Khan, M. I. R. et al., 2015; Nazar, R. et 

al., 2015; Khan, M. I. R., & Khan, N. A. 2013; Hayat, Q. et al., 2010). In addition, SA is 

involved in plant basal defense and resistance against pathogens (Liu, H. et al., 2016; Lu, 

M. et al., 2016). It is still unclear how any of these physiological mechanisms relate to SA 

presence in peristome EFN. 

Our results show that N. × ventrata EFN also have a different nutrient composition 

depending on the producing organ. Branch EFN is rich in all amino acids and vitamins B2 

and B3. Conversely, peristome EFN showed almost no amino acid and was only rich in 

vitamin B3. Sugar composition was similar between the two types of EFN. This major 
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difference in nutritional value of EFNs hints at different ecological roles. To attract ant 

bodyguards, ant-plants produce EFN packed with nutrients such as amino acids (Heil, M., 

2011; 2008). Branch EFN seems to match this description of bodyguard-attracting nectar in 

ant-plants. Moreover, insects cannot synthesize the B2-vitamin, which is also present in high 

concentration in N. × ventrata branch EFN. This crucial vitamin that acts as a coenzyme in 

various enzymatic reactions can only be acquired by insects through their diet (or supplied 

by symbiotic microorganisms in some specific cases; Douglas, A. E., 2017). In contrast, the 

nutritional value of peristome EFN is very low, consisting almost exclusively of sugars. It is 

tempting to speculate that its function is only to keep insects on the pitcher and to guide 

them to the pitcher mouth, which will increase the probability of prey capture. An investment 

of costly nutrients such as nitrogen-containing amino acids would be useless. There is no 

reason for N. × ventrata to provide costly nutrients to insects, that will be immediately killed 

and digested. Similar EFN is also found in plants involved in facultative unspecific 

interactions with ants such as I. asarifolia. Antagonistic interactions with ants were described 

in another Ipomoea species: in I. carnea, patrolling ants destroy flowers and prevent 

pollination (Martins, J. et al., 2019). It’s possible that the role of EFN in I. carnea is not to 

attract ants to the plant but to detract them from flowers. Therefore, the plant does not really 

provide a service to the ants and the EFN is nutrient poor. So far, it is not possible to rule 

out that Nepenthes uses ants as a protective agent against herbivores. Still, the fact that 

branch EFN is very nutritious is a good reason to ensure a continuous supply of ants on the 

plant. Probably some ants are distracted away from the branches and are captured as prey 

in the pitcher. Therefore, catching a few ants once in a while is sufficient to maintain the 

nutritional need of the plant.  

Another scenario is conceivable as well. The EFN on branches may be involved in the 

attraction of protective ants in a situation similar to that known from ant-plants. In this case, 

a protection-predation strategy is accomplished that is not dissimilar to the push-pull 

cropping system of agricultural pest management, in which rows of cereals are interspersed 

between rows of repellent crops (push), while rows of attractant crops are planted at the 

periphery of the plantation (pull) Eigenbrode, S. D. et al., 2016). In N. × ventrata, the “push” 

agents are the combination of direct and indirect defense arsenals (plumbagin, predatory 

ants attracted by branch EFN), while the “pull” agents are the peristome EFN and the 

pitchers. This framework offers an attractive explanation for the lack of evidence for 

herbivore damage in Nepenthes species in natural conditions. However, there is no 

convincing evidence for the recruitment of bodyguard ants in Nepenthes except for N. 

bicalcarata, which lives together with protective ant of the species Camponotus schmitzi 

(Merbach, M. A. et al, 2007). 
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Conclusion 
 

In Nepenthes, EFN is a mediator of the predatory carnivorous lifestyle: in the end attracted 

and fed insects are consumed by the plant. Our results show for the first time that the same 

individual plant can produce two types of EFN with different chemical compositions, each 

optimized for a unique ecological function. This unexpected differentiation between two 

types of EFN is the result of the evolution of the carnivory syndrome in plants growing on 

nutrient-poor soils. It presents the double advantage of both attracting putative insect prey 

and guiding them to the traps where they are captured to be killed and digested. The 

presence of compounds that push insects away from leaves towards the pitcher trap 

supports this strategy. Again, as seen in other examples such as the adaptation of 

jasmonate signaling and the employment of defensive proteins, here carnivorous plants use 

existing features of plants involved in defensive strategies and coopt them for their particular 

needs. Here, Nepenthes reveal a subtle strategy to capture their insect prey, a highway to 

hell. 

 

Materials and methods 
 

Plant material 

The carnivorous plant Nepenthes × ventrata (Hort. ex Fleming) is a natural hybrid of N. alata 

(Blanco) and N. ventricosa (Blanco). Plants were bought from the company (Gartenbau, 

Carow, Nürtingen, Germany) and were kept at the Max Planck Institute for Chemical Ecology 

for 20 years. Growing conditions were maintained as close as possible to natural conditions: 

21-23°C during the day and 19-21°C during the night with a relative humidity varying from 

50 to 60% and a photoperiod of 16 hours light and eight hours darkness. 

Phaseolus lunatus (L.) were grown in the same conditions. Albizia saman (Jacq.) and 

Ricinus communis (L) plants were also grown under the same temperature and relative 

humidity conditions as mentioned before, but with a different photoperiod: 14 hours light and 

10 hours darkness. Azadirachta indica (A.Juss.), Ficus religiosa (L.), Ipomea asarifolia 

(Desr.), Leucaena leucocephala (Lam.), Morinda citrifolia (L), Tococa guianensis (Aubl.), 

Tococa quadrialata (Naudin), Vachellia chiapensis (Saff.), Vachellia collinsii (Saff.), 

Vachellia farnesiana (L.) plants were also grown at a 22-24°C day temperature and 16-18°C 

night temperature, with a 65-70% relative humidity. 

 

EFN and tissue collection 

We collected EFN and harvested tissues from 12 N. × ventrata individuals, from branches 

and peristomes separately. We also collected EFN samples from the following plant species 

(number of individuals between brackets): A. indica (one), A. saman (two), F. religiosa 

(three), I. asrifolia (five), L. leucocephala (three), M. citrifolia (three), P. lunatus (eight), R. 

communis (seven), T. guianensis (three), T. quadrialata (four), V. chiapensis (one), V. 

collinsii (one), V. farnesiana (three). 
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EFN collection was done with spatulas. Much care was taken to avoid contamination by 

scratching tissue. Samples were store in Eppendorf tubes. Due to the minute volume of EFN 

produced by each plant, it took an entire year to collect EFN volumes large enough to be 

analyzed. Samples were kept at -20°C until used for analyses. Plants already producing 

EFN were chosen for tissue sampling (24 independent biological replicates). Subsequently, 

tissue was washed with ddH2O until nectar was removed. Then, both tissue (branches and 

peristomes) were sampled and stored in 50-mL polypropylene tubes and immediately frozen 

in liquid nitrogen. Tissues were finely ground in liquid nitrogen using mortar and pestle. 100 

mg of tissue was stored in screw-cap Eppendorf tubes and stored at -80° until processing.   

 

Extractions 

We measured the concentration of phytohormones, amino acids, B-vitamins, plumbagin and 

anthocyanins from a single extract per N. × ventrata sample. Sugar quantification was 

conducted on a subsample extract. Similarly, amino acid and sugar concentrations were 

measured in two separate EFN samples in every other plant species. The extraction, 

detection and quantification of phytohormones, amino acids, B-vitamins, plumbagin and 

anthocyanins were performed as described in Dávila-Lara, A. et al., (2021a,b), Heyer, M. et 

al., (2018), Khaksari, M. et al., (2018), Crocoll, C. et al., (2016), and Vadassery, J. et al., 

(2012). 

Approximately 100 mg of N. × ventrata branch or peristome tissues were finely-ground in 

liquid nitrogen using mortar and pestle and weighed in 2 mL tubes. We added 1.0 mL 

extraction buffer to each tube: ddH2O:MeOH (50:50 v/v) containing standards for 

phytohormones and B-vitamins. Samples were then sonicated for 15 min in an ice-cold 

water bath (3 rounds of 5 min sonication with 3 min rest in between). They were then agitated 

for 30 min at 4°C using a Rotor Mixer RM-Multi-1 (STAR-LAB GmbH, Hamburg, Germany) 

with the following settings: orbital at 100 rpm for 15 s, reciprocal at 75° for 16s, and vibro at 

3° for 5 s. Finally, samples were centrifuged at 16,000 g at 4°C for 30 min. Clear 

supernatants were collected and used for further analysis. The following phytohormone 

standards were used: 60 ng of D6-abscisic acid (Toronto Research Chemicals, Toronto, 

Canada), 60 ng of D6-jasmonic acid (HPC Standards GmbH, Cunnersdorf, Germany), 60 ng 

of D4-salicylic acid (Santa Cruz Biotechnology, Santa Cruz, U.S.A), and 12 ng of D6-jasmonic 

acid isoleucine conjugate (HPC Standards GmbH, Cunnersdorf, Germany). For B-vitamin 

analyses 100 ng of each of the following internal standards were used: D3-thiamine, 13C,15N2-

riboflavin, D4-nicotinic acid, and 13C3,15N-pantothenic acid (all Toronto Research Chemicals, 

Toronto, Canada). Similar extractions were conducted in EFN samples to quantify sugars, 

at a ratio of 1 mg of EFN/10 µL extraction buffer, and without internal standards. 

 

Phytohormone and plumbagin quantification 

LC-MS/MS quantification of phytohormones and plumbagin were carried out as described 

in Heyer, M. et al., (2018); Vadassery, J. et al., (2012) on an Agilent 1260 series HPLC 

system (Agilent Technologies, Böblingen, Germany) coupled to a tandem mass 

spectrometer QTRAP 6500 (AB SCIEX, Darmstadt, Germany). Chromatographic separation 

was achieved on a Zorbax Eclipse XDB-C18 column (50 x 4.6 mm, 1.8 µm, Agilent 
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Technologies). Here, ddH2O containing 0.05% formic acid and acetonitrile as mobile phases 

A and B, respectively, was used. The elution profile was: 0-0.5 min, 10% B; 0.5-4.0 min, 10-

90% B; 4.0-4.02 min, 90-100% B; 4.02-4.5 min, 100% B and 4.51-7.0, min 10% B. Flow rate 

was kept at 1.1 mL min-1 and the column temperature was maintained at 25 °C. The mass 

spectrometer (QTRAP 6500 (AB SCIEX, Darmstadt, Germany)) was equipped with Turbo 

spray ion source operated in negative ionization mode. The ion spray voltage was 

maintained at -4,500 eV. The turbo gas temperature was set at 650 °C. Nebulizing gas was 

set at 60 psi, curtain gas at 40 psi, heating gas at 60 psi, and collision gas set to “medium”. 

The mass spectrometer was operated in multiple reaction monitoring (MRM) mode. 

For plumbagin, an MRM was added to the method: Q1: m/z 187, Q3: m/z 159, DP: -20, CE: 

-18. Retention time: 4.3 min. RF relative to D6-jasmonic acid: 164.0. Since we observed that 

both the D6-labeled JA and D6-labeled JA-Ile standards (HPC Standards GmbH, 

Cunnersdorf, Germany) contained 40% of the corresponding D5-labeled compounds, the 

sum of the peak areas of D5- and D6-compound was used for quantification. 

 

B-vitamin analysis: 

Water soluble B-vitamins quantification was done by LC-MS/MS. Thiamine (B1); riboflavine 

(B2); niacine (B3); and pantothenic acid (B5) were quantified using the method described 

by Khaksari, M. et al., (2018). With the exception of the elution profile, the method and 

instrumentation was the same as used for phytohormone quantification. The elution profile 

was: 0–3.0 min, 0% B; 3.0–6.0 min, 0–80% B; 6.0–6.01 min, 80–100% B; 6.01–7.0 min, 

100% B and 7.1–10.0, min 0% B. Flow rate was kept at 1.1 mL/min-1 and column 

temperature was maintained at 25°C. The mass spectrometer (QTRAP 6500 (AB SCIEX, 

Darmstadt, Germany)) was equipped with a Turbo spray ion source operated in positive 

ionization mode. The ion spray voltage was maintained at 5,500 eV. The turbo gas 

temperature was set at 620°C. Nebulizing gas was set at 60 psi, curtain gas at 40 psi, 

heating gas at 60 psi, and collision gas was set to “medium”. The mass spectrometer was 

operated in multiple reaction monitoring (MRM) mode with the following parameters and 

responses factors: niacin: Q1: m/z 124, Q3: m/z 80, DP: 20, CE: 25, Retention time: 1.2 min, 

RF: 1.0; pantothenic acid: Q1: m/z 220, Q3: m/z 90, DP: 20, CE: 19, Retention time: 5.1 min, 

RF: 1.0; thiamin: Q1: m/z 265, Q3: m/z 122, DP: 20, CE: 17, Retention time: 0.43 min, RF: 

1.0; riboflavin: Q1: m/z 377, Q3: m/z 243, DP: 20, CE: 31, Retention time: 5.45 min, RF: 1.0. 

 

Amino acid analysis:  

For tissue samples, an aliquot of the liquid extraction was diluted to a 1:10 ratio (v:v) in 

ddH2O containing U-[13C, 15N] labeled algal AA (Isotec, Miamisburg, US) at a concentration 

of 10 µg mL-1 as internal standards. For EFN samples, 15-70 mg of sample were dissolved 

in ddH2O and brought to a 1 mg:10 µl concentration. We mixed 10 µl of the obtained EFN 

solution with 90 µl of ddH2O containing internal standards mix U-[13C, 15N] labeled algal 

amino acids. For amino acids quantification in the diluted extracts LC-MS/MS according to 

(Crocoll, C. et al., 2016) with a QTRAP6500 mass spectrometer (AB Sciex, Darmstadt, 

Germany) coupled to the LC system was used. The analysis involved the coupling of the 

reversed-phase LC by electrospray ionization (ESI) in positive ionization mode to the 
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tandem mass spectrometer operated in MRM mode. Individual amino acids were quantified 

in respect to the U-13C, 15N-labeled amino acid internal standard, except for Trp and Asn. 

Trp was quantified using 13C, 15N-Phe applying a response factor of 0.42, and Asn was 

quantified using 13C, 15N-Asp applying a response factor of 1.0. 

 

Anthocyanin analysis 

Anthocyanins were analyzed following the method described by Dávila‐Lara, A. et al., 

(2021b) using a reversed-phase HPLC with UV detection using an Agilent 1100 system 

(Agilent Technologies, Waldbronn, Germany), Nucleodur Sphinx RP columns (250 x 4.6 

mm; µm; Macherey-Nagel, Düren, Germany). The injection volume was 50 µL, the flow rate 

was 1.0 mL min-1, solvent A was 0.5% (v/v) trifluoroacetic acid, and solvent B was 

acetonitrile. The photodiode array detector was used in the 250-650 nm range. Samples 

were analyzed with the following chromatographic gradient: start 5% B, linear gradient from 

5% B to 25% B in 20 min followed by a washing cycle. Peaks at 18.1 min and at 18.5 min in 

the HPLC-UV/Vis chromatograms were identified by match of retention time with commercial 

standards as cyanidin-3-O-galactoside (Extrasynthese, Genay, France) and as cyanidin-3-

O-glucoside (TransMIT GmbH, Gieβen, Germany), respectively. Quantification was 

achieved by detection at 520 nm using a calibration curve generated from authentic 

cyanidin-3-O-glucoside.  

 

Sugar analysis 

For each EFN sample, an EFN stock solution diluted in ddH2O at a 1 mg ml-1 concentration 

was prepared. 100 µl of stock solution was dried and derivatized using 20 µl pyridine (Sigma-

Aldrich, Munich, Germany) and 20 µl MSTFA (Macherey-Nagel, Düren, Germany) for 30 

min at 60°C. 10 µl of the solution 1:100 was diluted in dichloromethane and 1 µl was injected. 

Measurements were carried out using a Thermo-Scientific Trace 1310 ISQ Lt GC-MS 

system equipped with a Zebron™ ZB -5 column (30 m x 0.25 mm x 0.25 µm, plus a 10 m 

guardian end from Phenomenex, Aschaffenburg, Germany). The following instrument 

settings were used: injector temperature at 230°C, helium as carrier gas, 1.5 ml min-1 flow 

rate, and split ratio at 1:10. The initial temperature was 120°C, for 2 min, heating up 10°C 

min-1 up to 280°C. Measurements were done in positive mode at 70 eV. Ion source 

temperature was set at 280°C and MS transfer line temperature at 250°C. For identification, 

fructose, glucose and sucrose standards were used and treated same way as samples.  

 

Statistical analysis, including principle component analysis, heatmap, 

dendrograms, and ternary plot: 

Statistical analyses were performed using MetaboAnalyst 5.0 

(https://www.metaboanalyst.ca) a free online platform from Xia Lab at McGill University, 

Canada. Measures were normalized by converting concentrations into ng g-1 magnitudes 

based on the MW of each metabolite. Data were not scaled. The biochemical comparison 

between the tissues and EFN from N. × ventrata branches and peristomes was done by 

building a hierarchical clustering dendrogram using Spearman metric distance and Ward 
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linkage. The comparison was furthered using an unsupervised hierarchical clustering 

heatmap based on Pearson distances and the Ward clustering algorithm (Ishak, N. A. et al., 

2021; Yuan, M. et al., 2012). In order to obtain general information on the variation of the 

data, principal component analysis (PCA) was used to assess the targeted metabolites data. 

The advantage of using PCA is that it seeks explanations for a maximum of variation in a 

multivariate data set without the need for a priori information on the sample group. Thus, it 

is an unsupervised dimension reduction method (Want, E., & Masson, P., 2011). The 

biochemical comparison of N. × ventrata EFN to the EFN of other species was also done 

using hierarchical clustering dendrograms with Spearman metric distance and Ward linkage. 

The comparison was furthered using principal component analyses. The ternary plot 

comparing the sugar content among all EFN samples was computed with a kernel density 

method. Ternary plot as well as the bar plots for GABA concentrations were generated in 

the freeware data analyzer PAST 4.03 (PAleontological STatistics) (Hammer, Ø. et al, 

2001). The multiple comparison of the concentration of GABA between tissues and EFN 

were done using Kruskal-Wallis test followed by Dunn test for pairwise comparisons. These 

analyses were conducted in R v 4.1.1 (R Core Team, 2021). 
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IV. Discussion 

 

The work presented in this thesis addressed and analyzed three major points: 

- Metabolome changes in Nepenthes × ventrata tissues after insect prey digestion. 

- The direct defense strategy against herbivory in N. × ventrata: isolation and 

identification of toxic compounds. 

- The role of extrafloral nectar in N. × ventrata: attraction and capture of prey as 

consequence of the plant´s indirect defense strategy. 

Although plant carnivory is rare, this phenomenon has been well studied. In contrast, the 

study of herbivory on carnivorous plants is very limited. It’s likely that Nepenthes experiences 

herbivory, but this phenomenon has not been reported or described in detail, except for N. 

bicalcarata and the attack of a weevil (Alcidodes spec.) (Merbach, M. A. et al., 2007). 

In order to better understand herbivory in N. × ventrata, the first step in my approach was to 

evaluate any putative toxicity of N. × ventrata leaves. We showed that larvae of the 

generalist herbivore Spodoptera littoralis fed on a diet containing N. × ventrata tissues grew 

less than larvae from the control group (Rahman-Soad, A. et al., 2021). I found that the 

compound responsible for this effect was plumbagin, a member of the naphthoquinone 

family. Our earlier metabolomic study had already provided hints of the presence of 

plumbagin in N. × ventrata (Dávila-Lara, A. et al., 2020), and we confirmed this by comparing 

tissue extracts and standard spectral data by 1H-NMR spectroscopy (Rahman-Soad, A. et 

al., 2021). To further our understanding, an experimental herbivory set up was created with 

controlled conditions in which herbivores could feed on N. × ventrata. Odorless PET foil 

(Toppits’ Bratschlauch, Germany) was used to enclose S. littoralis larvae in the entire leaf 

of Nepenthes. As a control condition, the same setup was created but providing artificial diet 

as the only food source for larvae. The experiment was done under greenhouse conditions 

and lasted for five days (Dávila-Lara, A. et al., 2021a). Given that plumbagin is constitutively 

present in Nepenthes tissues, this demonstrates that plumbagin serves as a phytoanticipin 

involved in plant defense against herbivores. Strikingly, larvae feeding on leaves gained 

almost no weight but did not die; thus maybe the Nepenthes leaf diet is kind of “slim diet 

food”.  

N. × ventrata constitutively stores this chemical compound at a concentration of ± 250 µg g-

1 fresh weight in leaves, but its accumulation can be further induced by herbivory (Dávila-

Lara, A. et al., 2021a). After 24h herbivore attack, N. × ventrata can accumulate up to ± 755 

µg g-1 fresh weight of plumbagin in leaves. This high concentration can remains constant 

over at least five days of constant herbivory. The concentration necessary for 50% growth 

inhibition (weight gain) for those larvae is 226.5 µg g-1 in artificial diet (Rahman-Soad, A. et 

al., 2021). However, larvae can still survive up to 900 µg g-1 concentration of plumbagin in 

their diet. Kubo, I., et al. (1983) also demonstrated that plumbagin impacts insect ecdysis. 

The concentration of plumbagin was higher in leaves than in pitcher tissues (Dávila-Lara, A. 

et al., 2022; Rahman-Soad, A. et al., 2021; Dávila-Lara, A. et al., 2020). This explains why 

larvae feeding on leaf tissue were growing less than those fed on pitcher’s tissue. Moreover, 

in a choice assay, regardless of the exposure time, S. littoralis larvae also showed a 

preference for feeding on N. × ventrata pitchers compared to leaves (Rahman-Soad, A. et 
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al., 2021; Dávila-Lara, A. et al., 2021a). Taken together, these results suggest that 

herbivores can detect the presence of plumbagin before tasting the leaves. Indeed, there is 

robust evidence that plumbagin is a slightly volatile compound (Rahman-Soad, A. et al., 

2021). The constitutive presence of plumbagin in high concentration probably results in 

herbivores being repelled from leaves. Moreover, the rising concentration of plumbagin in 

case of attack increases the deterrent effect and intoxicates the herbivore. This 

phenomenon probably creates a “push” effect that detracts insects from leaves and redirects 

their attention toward other more palatable parts of the plants, in this case, the pitchers. 

Another finding that confirms the high defensive capacity of Nepenthes is the de novo 

induction of trypsin protease inhibitor (TI) accumulation observed in herbivory experiments 

in Nepenthes (Dávila-Lara, A. et al., 2021a). Protease-inhibitors (PIs), or antiproteases, are 

molecules that inhibit protease functions by breaking down the digestive target protein 

(Avilés‐Gaxiola, S. et al., 2018; Rawlings, N. D. et al., 2004). Trypsin inhibitors are part of 

the direct plant arsenal against herbivory: they reduce the biological activity of trypsin found 

in the digestive tract of animals and therefore prevent them from digesting the plants as food 

(Engelking, L. R. 2015; Rawlings, N. D., & Barrett, A. J. 1994). Interestingly, in N. × ventrata 

PI enzymatic activity was increased by different topically applied phytohormones, in contrast 

to plumbagin (Dávila-Lara, A. et al., 2021a). 

Contrary to what we saw with plumbagin, I found a higher concentration of anthocyanins in 

pitcher tissues than in branch tissue (Dávila-Lara, A. et al., 2022 Manuscript 5 

(unpublished data); Dávila-Lara, A. et al., 2021b). The presence of anthocyanins has been 

reported in other carnivorous plants such as Dionaea muscipula (cyanidin-3-glucoside) (Di 

Gregorio, G. J., & Dipalma, J. R. (1966) and (delphinidin-3-O-glucoside; cyanidin-3-O-

glucoside; cyanidin aglycone) (Henarejos-Escudero, P. et al., 2018), but never before in 

Nepenthes species. In non-carnivorous plants, anthocyanins have been shown to play 

important roles in protecting leaf tissues against a range of biotic and abiotic stressors, 

including herbivores and pathogens (Liu, Y. et al., 2018; Gould, K. S. 2004). 

Visual factors such as the variability in the size of dark speckles on the plant, movement 

caused by wind, and the spot arrangement can simulate the presence of active ants and 

deter other insects. Interestingly, Lev-Yadun, S., & Inbar, M. (2002) suggest that dark 

speckles observed on the stem and petioles of Xanthium trumarium (Asteraceae) and 

Arisrum vulgare (Araceae) might mimic ant swarms. A similar effect can be suggested for 

anthocyanins for N. × ventrata’s pitchers. Linear peristome patterning may further contribute 

to the illusion of swarms of ants in motion. Anthocyanins (cyanidin-3-O-galactoside: 

C21H21O11
+; cyanidin-3-O-glucoside: C21H21O11

+; cyanidin-3-O-glucuronide: C21H19O12
+) are 

cheap to produce for the plant, since they don’t contain nitrogen. Ant mimicry could be a 

cost-effective way to benefit from the repellent effect of ants without having to produce costly 

rewards for ant bodyguards (Lev-Yadun, S., & Gould, K. S. 2008; Lev-Yadun, S., & Inbar, 

M. 2002). Note that ants themselves are probably not affected by ant morphological mimicry 

in plants, since they explore their environment primarily through smell and touch instead of 

vision. Conversely, it’s also possible that anthocyanins are involved in insect attraction in N. 

× ventrata rather than in protection from herbivores. Gilbert, K. J. et al. (2018) showed in a 

field study that the redder pitchers, the higher the degree of herbivory. However, this 

hypothesis has been discarded in other carnivorous plants, whose traps also contain 

anthocyanins, such as Sarracenia leucophylla (Rodenas, Y. J. 2012), Pinguicula planifolia 
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(Annis, J. 2016), and Drosera rotundifolia (Foot, G. et al., 2014). More research is needed 

to elucidate the role of anthocyanins in N. × ventrata pitchers and in carnivorous plants in 

general. 

The role of anthocyanins as a toxin in direct defense in Nepenthes has not yet been 

demonstrated such that its role may be only related to direct defense against herbivores, 

although it might to have the function of attracting certain types of insects. Research into the 

combined potentiating, synergistic and antagonistic effects of plumbagin, anthocyanins, 

GABA, and protease inhibitors are needed in order to provide further insight into the modes 

and mechanisms of biochemical compounds. Further, toxicological experiments should be 

done with Nepenthes’ natural herbivore enemies.  

Questions arise from the data presented here related to the volatile feature of plumbagin. 

What is the volatile function of plumbagin? Will it be an attractant or repellent for ants? Will 

it serve as a means of plant-plant communication to transmit a warning message to other 

neighboring plants about herbivore attack? 

As with many other plants N. × ventrata is capable of producing extrafloral nectar (EFN) 

(González-Teuber, M., & Heil, M., 2009b). Nevertheless, data reported in this work showed 

there are two types of EFN in this species, one with high nutritional value and produced in 

the branches of the plant, and the other with lower nutritional qualities and produced on the 

peristome. The role of EFN in non-carnivorous plants is focused on directly attracting ants. 

It is highly plausible that EFN in Nepenthes has this same function. Compounds that 

contribute to the nutritional value of EFN, serve as an exchange currency in a partnership 

between non-carnivorous plants and ants. It is a fee for the bodyguard-service role provided 

by ants, who attack herbivores that try to consume the plant (Heil, M., 2015; 2011; 2008). 

However, some questions arise, including: why do Nepenthes plant invest valuable 

resources in developing both direct and indirect defense strategies? which ecological 

functions are involved in the production of the two different types of nectars in the same 

individual? 

Nepenthes is in constant need of capturing prey. Therefore, it is not efficient for the plant to 

instantly kill its aggressor at a distant site and waste potential prey. For this reason, it is 

reasonable to think that Nepenthes may be implementing “push-pull” strategy as a derivation 

of direct defense, attracting prey while guiding them in stepping-stone fashion to their 

capture. This “pull” effect is achieved in two steps. First, ants are attracted to branches by 

high-nutrient EFN, ant scouts actively recruiting other workers after finding a nutritious and 

accessible food resource in branch EFN. Local ant colonies might even rely on repeated 

exploitation of this resource. Then, volatile plumbagin would exert the “push” force pushing 

ants away from leaves, either to stay on branches or to climb on pitchers. The second “pull” 

force, occurs once ants are on the pitcher, EFN from the peristome guides exploring ants 

towards the pitcher mouth, where, due to the pitcher’s efficiency, the ants become a 

captured prey. As consequence, the plant may be taking advantage of the ants as an indirect 

defense resource, but at the same time, using them as a prey resource.  

Regarding attraction of prey, a proteome analysis of EFN has not been performed, but 

information on this would provide valuable data on the investment that Nepenthes puts into 

resources to defend the nectar or simply how nutritious the nectar is. It would also be 

important to analyze which type of the two EFN produced by Nepenthes might have a 
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greater attracting effect on ants. In this area, fieldwork needs to be done to identify natural 

enemies and natural symbionts. It will also be necessary to assess whether ants have a 

preference of choice for EFN produced by Nepenthes over a sugar solution.  

Experiments on the ant’s ability to attack Spodoptera littoralis larvae can be studied in 

laboratory conditions, observing the ants’ behavior in the presence of larvae. Then results 

should be compared in greenhouse conditions, exposing a plant to herbivory by S. littoralis 

larvae and then analyzing the ants’ ability to attack the larvae. Another way to analyze would 

be to expose a Nepenthes plant with a colony of ants, and then analyze the response 

capacity of the ants to the introduction of an herbivore in that microenvironment. Will the ant 

be able to deter or kill the larvae, or will they rather drive the larvae towards the opening of 

the pitcher? Ideally all experimentation should be validated under natural conditions. This 

mean, not only in situ, but also using the plant’s natural herbivores as well as the ants living 

in the same ecosystem where Nepenthes occur.   

This brings us to other major problem, Nepenthes’ natural enemies are unknown, nor is the 

feeding habit of this plant known at the species level. Further comparative toxicological 

studies with herbivorous species that are natural enemies of the plant are needed in order 

to understand the thresholds levels of tolerance.  

Last but not least, Nepenthes, in natural conditions faces abiotic stress (nutrient limitation), 

biotic stress (herbivory), and at the same time a prey digestion and nutrient absorption. 

Which will be prioritized by the plant if has to face all three situations? To defend itself from 

attack or to nourish itself? A differential relationship with insects is expected to happen, since 

the interaction is at different levels of complexity. Therefore, it is most likely to find that the 

plant developed a certain strategy to modulate/moderate the different types of biological 

interaction (herbivores, prey, pollinators, other trophic levels).  
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V. Conclusions 
 

1. During this thesis, we learned that Nepenthes × ventrata has a complex defense 

arsenal including constitutive and inducible defenses against herbivores. 

 

2. This arsenal is influenced by the carnivory habits of the plant, since organs involved 

in prey capture have a different set of defenses compared to the rest of the plant. 

 

 

3. Plant defense may play a role in carnivory, for example plumbagin (and chemical 

compounds in general) potentially providing a “push” away from leaves and towards 

pitchers. 

 

4. Further, Nepenthes produces extrafloral nectar (EFN) as do non-carnivorous plants.  

 

 

5. These two different Nepenthes EFN have different chemical components and 

different sites of production.  

 

6. The plant’s existing features are implemented to meet both plant’s defense and prey 

capture.  
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VI. Outlook 
The carnivore syndrome in the plant kingdom is a phenomenon that continues to intrigue 

many generations of scientist. The understanding of this phenomenon is not fully elucidated. 

Considerable progress has recently been made in understanding the chemical and 

biochemical components of these plant.  

While the enzymatic composition of the Nepenthes’ digestive cocktail has been studied in 

detail, there was previously no knowledge of the metabolic compounds induced during the 

digestive process. Data presented here provides precedent for a new field of research on 

the ecology of Nepenthes. Many ecological questions remain unanswered, however, such 

as: What happens belowground? What is the contribution of the root to the plants’ nutrition, 

with and without captured prey? Are there signals moving between pitchers and roots? Are 

there pathogens? Why does the plant lack a symbiotic relationship with nitrogen-fixing 

microorganisms in its root system? Why instead established de novo a syndrome that incurs 

such a high resource investment? Above ground, the tactic of mimicking ant swarms on the 

plant by means of anthocyanin concentration as a deterrent mechanism for herbivores 

should be also studied. One way can be recording the degree of damage caused by 

herbivory in areas of the pitcher with high amounts of anthocyanins. Another possibility 

would be to compare the degree of herbivory in red pitchers using different backgrounds 

aiming to analyze whether color contrast plays a role in attracting or deterring herbivory.  

Study on the metabolome shows that Nepenthes has a great diversity of compounds, but 

no doubt many other metabolites are yet to be discovered and described for Nepenthes. 

One major limitation for this is the reference library for compounds. Nevertheless, other 

stress conditions in the plant may trigger the accumulation of completely new metabolites 

that have not yet drawn the attention of the scientific community. Other screenings should 

be put under scrutiny on different stressors, with the aim of discovering metabolites 

produced in a variety of circumstances. Knowledge gained from these studies has great 

potential for applications, not only for a better understanding of ecological strategies, but 

also for more environmental friendly applications that can be used, for example, as an 

inspiration for integrated pest management. Nepenthes has a great potential as 

bioprospecting resource and further experiments should be conducted under a variety of 

stressful conditions. In terms of applied sciences, implementation of plumbagin as a pest 

control product is one of the potential applications that can be used in the agricultural 

industry. In order to achieve a commercial use of plumbagin, first requires further study; for 

instance, concentrations and toxicity levels in the rest of the tropic chain need to be 

analyzed. How and where does plumbagin accumulates in the different trophic strata, what 

are the detoxification processes, what is the duration of toxicity: these are among other 

factors that need further elucidation. Due to plumbagin’s toxic properties, there is also great 

potential for its use as an antibiotic and chemotherapeutic. Antimicrobial resistance is 

currently a global public health issue, and new chemical compounds are needed for study. 

Regarding basic science questions, plumbagin’s toxic mode of action is not yet known. 

Probably the observed impact on the insect is due to the fact that plumbagin acts on the 

microbiota of the larvae and, as a consequence, the larva experiences underdevelopment. 

Studies on the effect of plumbagin in the absence of insect microbiota should be tested. 
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VII. Summary 
Although they are sessile organisms, plants have colonized a wide variety of environments 

over time. Such a distribution is feasible only due to their high adaptability to the limiting 

factors of their habitat. Carnivory in the plant kingdom is an adaptation to nutrient limitation 

in the substrate. The “pitcher plant” Nepenthens is a carnivorous genus native to South-East 

Asia. Previous research on carnivory syndrome in Nepenthes focuses largely on the 

characterization of the biomolecular components involved in the digestion process of caught 

prey inside the pitcher, a specialized organ. Their unique features do not protect the plants 

from attacks of biotic stressors. Nevertheless, the defense mechanisms of these plants are 

hardly known. I use the hybrid Nepenthes × ventrata as model organism to study the plant’s 

response capacity to biotic stressors. 

Leaves of Nepenthes contain a high concentration of the compound plumbagin (5-hydroxy-

2-methyl-1,4-naphthoquinone), which can be classified as a phytoanticipin. When plants are 

attacked for 24 hours by larvae of the generalist herbivore Spodoptera littoralis, an increase 

of the plumbagin concentration is induced. This process is accompanied by de novo 

production of other substances as trypsin (proteases) inhibitors. 

Insect-wise, it is shown that the larvae prefer to eat the pitcher tissue over the leaf tissue of 

Nepenthes. Using LC-MS and NMR analysis, it was demonstrated that pitcher tissue has a 

lower plumbagin concentration compared to leaves. In fact, larvae fed on artificial food 

containing leaf tissue displayed a lower weight than larvae consuming artificial food 

containing a comparable amount of pitcher tissue. It was also found that larvae achieve 50% 

growth inhibition (EC50) if they consume 226.5 µg g-1 plumbagin supplied in artificial food, as 

well as a significant higher mortality rate of larvae when plumbagin exceed 750 µg g-1 in 

artificial food.  

The detection of plumbagin is also a confirmation of results obtained from the first analysis 

of the metabolome in this species. In this screening study, it is affirmed that leaves and 

pitchers of Nepenthes × ventrata have different metabolic profiles and a high tissue-specific 

chemical diversity. In addition, when digestion in the pitcher is induced in N. × ventrata, only 

polar compounds from the pitcher were significantly different. Further, it was possible to 

identify anthocyanins, which provide red coloration, in Nepenthes. For the first time it is 

shown that the genus Nepenthes, although belonging to the Caryophyllales, produces 

anthocyanins instead of betalains. The majority of anthocyanins is produced in the opening 

of the pitcher, the so-called peristome, while leaves and branches produce lower amounts. 

Nepenthes × ventrata, like many non-carnivorous plants, produce a sugary solution, 

extrafloral nectar (EFN). In non-carnivorous plants, EFN often has a rewarding function for 

ecological service provided by ants as indirect defense. Here, I report a comprehensive 

analysis of EFNs: I show that Nepenthes produces two very different types of EFN on the 

same plant, nutrient poor at the pitcher peristome and nutrient rich on the branches. From 

these discoveries, it is possible to argue about the possibility of a “push-pull strategy” 

implemented by Nepenthes. Where the push effect may be represented by the plant’s direct 

defense strategies (plumbagin, anthocyanins, protease inhibitors), while the pull effect is 

exerted by the EFN produced on the tendrils and later on at the peristome. 
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VII. Zusammenfassung 
Obwohl sie sessile Organismen sind, haben Pflanzen im Laufe der Zeit eine große Vielfalt 

verschiedener Milieus besiedelt. Eine solche Verbreitung ist nur dank ihrer hohen 

Anpassungsfähigkeit an die begrenzenden Faktoren des Habitats möglich. Karnivorie im 

Pflanzenreich ist eine Anpassung an Nährstoffmangel im Substrat. Die “Kannenpflanze” 

Nepentes ist eine Gattung karnivorer Pflanzen, die aus Südostasien stammt. Die bisherige 

Forschung über Karnivorie bei Nepenthes fokussiert sich größtenteils auf die Beschreibung 

der biomolekularen Bestandteile, die am Verdauungsprozess der Beute in der sogenannten 

Kanne, einem darauf spezialisierten Organ, beteiligt sind. Ihre einzigartigen Eigenschaften 

schützen die Pflanzen nicht vor Angriffen biotischer Stressoren. Dennoch sind die 

Verteidigungsmechanismen dieser Pflanzen kaum bekannt. Als Modellorganismus zur 

Untersuchung des Reaktionsvermögens der Pflanzen auf biotische Stressoren verwende 

ich die Hybride Nepenthes × ventrata. 

Blätter von Nepenthes enthalten eine hohe Konzentration der Verbindung Plumbagin (5-
Hydroxy-2-methyl-1,4-naphthochinon), die als Phytoantizipin eingestuft werden kann. Wenn 
Pflanzen 24 Stunden lang von Larven des generalistischen Herbivoren Spodoptera littoralis 
angegriffen werden, wird eine Steigerung des Plumbagingehalts hervorgerufen. Diesen 
Prozess begleitet die De-novo-Bildung anderer Stoffe wie Trypsin-(Proteasen-)Inhibitoren. 

Bei den Insekten sieht man, dass die Larven das Kannengewebe gegenüber dem Blatt-
gewebe der Nepenthes bevorzugt fressen. Unter Verwendung von LC/MS- und NMR-
Analysen zeigt sich, dass das Kannengewebe im Vergleich zu den Blättern eine niedrigere 
Plumbaginkonzentration aufweist. Tatsächlich entwickeln Larven, die mit blattgewebe-
haltigem künstlichen Futter ernährt werden, ein niedrigeres Gewicht als Larven, deren Futter 
eine vergleichbare Menge Kannengewebe enthält. Es zeigt sich auch, dass die Larven 50% 
Wachstumshemmung (EC50) erreichen, wenn sie 226,5 µg g-1 Plumbagin über die künstliche 
Nahrung konsumieren, sowie eine signifikant höhere Sterberate der Larven, wenn das 
Plumbagin 750 µg g-1 in der Nahrung überschreitet. 

Das Auffinden von Plumbagin ist auch eine Bestätigung der Ergebnisse aus der ersten 
Metabolomanalyse dieser Spezies. In dieser Screening-Studie wird bestätigt, dass Blätter 
und Kannen von Nepenthes × ventrata unterschiedliche Stoffwechselprofile und eine hohe 
gewebespezifische chemische Diversität aufweisen. Darüber hinaus unterscheiden sich nur 
die polaren Verbindungen der Kannen signifikant, wenn die Verdauung in den Kannen von 
N. × ventrata einsetzt. Außerdem ist es möglich Anthocyane zu identifizieren, die für eine 
rötliche Färbung bei Nepenthes sorgen. Erstmals zeigt sich, dass die Gattung Nepenthes 
trotz ihrer Zugehörigkeiten zu den Nelkenartigen (Caryophyllales) Anthocyane statt 
Betalainen produziert. Die meisten Anthocyane werden in der Kannenöffnung, dem 
sogenannten Peristom, gebildet, während Blätter und Stiele geringere Mengen produzieren. 

Wie auch viele nichtkarnivore Pflanzen produziert Nepenthes × ventrata extrafloralen Nektar 
(EFN), eine zuckerhaltige Lösung. Bei nichtkarnivoren Pflanzen hat EFN häufig eine 
Belohnungsfunktion für ökologische Dienste, die als indirekte Verteidung von Ameisen 
erbracht werden. Hier stelle ich eine umfassende Analyse von extrafloralen Nektaren vor: 
Ich zeige, dass zwei stark abweichende Arten von EFN von einer Pflanze produziert werden 
– nährstoffarm an den Kannen und nährstoffreich an den Ranken. Von dieser Entdeckung 
ausgehend lässt sich über die Möglichkeit einer Push-Pull-Strategie diskutieren, die 
Nepenthes umsetzt. Dabei könnte der Push-Effekt von den direkten Abwehrstrategien der 
Pflanze (Plumbagin, Anthocyane, Protease-Inhibitoren) dargestellt werden, während der 
Pull-Effekt vom EFN auf den Blättern und weiter auf dem Peristom ausgeht. 
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 Dávila-Lara, A., Affenzeller, M., Tribsch, A., Díaz, V., & Comes, H. P. (2017). AFLP diversity and 

spatial structure of Calycophyllum candidissimum (Rubiaceae), a dominant tree species of 
Nicaragua’s critically endangered seasonally dry forest. Heredity, 119, 275-286. 

https://www.nature.com/articles/hdy201745.  
 
   _________________________________________________________________________________ 
 
Oral presentations: 
 

 Herbivory on a carnivorous plant (Nepenthes × ventrata). Presented at the Institute Symposium, Max 
Planck Institute for Chemical Ecology. Jena, Germany. November, 4th – 5th 2020. 

 Nepenthes × ventrata extrafloral nectar chemistry is tailored for prey attraction. Presented at the 19th 

International Max Planck Research School (IMPRS) Symposium. Jena, Germany. June, 30th – July 
1st 2020. 

 Spatial genetic structure of natural populations of Calyophyllum candididdimum (Vahl.) DC. 
(Rubiaceae) in Nicaragua by AFLPs. Presented at the Regional Botany Congress. San Salvador, El 
Salvador. October, 28th – 30th 2015. 

 
Poster Presentations: 
 

 Herbivory on a carnivorous plant: A phytoanticipin mediates defense. Presented at the 20 th 

International Max Planck Research School (IMPRS) Symposium, Max Planck Institute for Chemical 
Ecology. Jena, Germany. November, 4th – 5th 2021. 

 Perception, signaling, and defense regulation in plant-insec interaction. Presented at the Scientific 
Advisory Board Meeting, Max Planck Institute for Chemical Ecology. Jena, Germany. June, 14 th – 
16th 2021. 

 Challenging the ecological role of Nepenthes × ventrata extrafloral nectar. Presented at the Institute 
Symposium, Max Planck Institute for Chemical Ecology. Jena, Germany.  September, 23th – 24th 
2019. 

 Chemical characterization of Nepenthes × ventrata extrafloral nectar. Presented at the 18th 
International Max Planck Research School (IMPRS) Symposium. Dornburg, Germany.  March, 13th – 
14th 2019. 

 Molecular approaches to understand carnivory syndrome in Nepenthes. Presented at the 17th 
International Max Planck Research School (IMPRS) Symposium. Dornburg, Germany.  March, 13th – 
14th 2018. 

 Detection of blindness for colors in students of biology, UNAN-León. XXIX University Day of Scientific 
Development (JUDC). National Autonomous University of Nicaragua-León (UNAN-León). León, 
Nicaragua. November, 15th 2011. 
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Awards 
and 

Scholarships 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Advanced 
training and 
workshops 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Communications 
Skills 

 
 
 
 

 
 
 
 
 
 
 
 

 Diversity of macroscopic algae in Juan Venado Island and Peña El Tigre in Las Peñitas. XXVIII 

University Day of Scientific Development (JUDC). National Autonomous University of Nicaragua-León 
(UNAN-León). León, Nicaragua. Novembre, 4th 2010. 

 
   _________________________________________________________________________________ 

 
 “Outstanding achievement and dedication in the study of the career of Biology, obtaining the highest 

score in the Faculty of Science and Technology in 2012 UNAN-León.” 
 

 German Academic Exchange Service (DAAD) fellowship. Research Grant – Doctoral Programmes in 
Germany, 2016/17. Four years founding scholarship. 2016- September 2020. Followed by financing 
through the Max Planck Institute for Chemical Ecology, Jena, Germany. 

 
   __________________________________________________________________________________ 
 
Selection of courses attended: 
 

 Mini lecture series on “Chemical ecology of plant-herbivore coevolution”. Online. May 17th – 21st 2021. 
 From science to data science. Webinar. IMPRS-CE/BGC. August 21st 2020. 
 Research data management. Online seminar. MPI-CE. May 19th 2020. 
 IMPRS-IC/BGC: Communication. MPI for Biogeochemistry. Jena, Germany. January 29th -  30th 2020. 
 Plant Transformation Workshop. MPI-CE. Jena, Germany. November 14th – 15th 2019. 
 Introduction to Ecometabolomics for Ecologists. IDiv. Leipzig, Germany. August 12th – 16th 2019. 
 How to plan your science career. MPI for Biogeochemistry. Jena, Germany. May 13th 2019. 
 Plant morphometry. MPI-CE. Jena, Germany. January 15th – 18th 2019. 
 How to finish you PhD. MPI-CE. October 22nd 2018. 
 Grant Proposal Writing. MPI-CE/Biogeochemistry. Jena, Germany. September 27th – 28th 2018. 

 de.NBI/de.STAIR Training Course: A primer for RNA-Seq processing, interpreting and visualization: 
Leibniz Institute on Aging (FLI) & Faculty of Biosciences, Friedrich Schiller Univesity Jena. Jena, 
Germany. June 27th – 29th 2018. 

 NMR spectroscopy. MPI-CE. Jena, Germany. June 13th – 15th 2018. 
 Introduction in basic statistic and R. MPI-CE. Jena, Germany. April 11th – May 5th 2018. 
 Academic writing: How to create good texts. MPI-CE. Jena, Germany. March 20th – 21st 2018. 
 Instroductory R Course. MPI-CE. Jena, Germany. November 21st – 22nd 2017. 
 Leadership skills. MPI-CE/Biogeochemistry. Jena, Germany. November 14th – 15th 2017. 
 Presentation – Talks & Posters. MPI-CE. Jena, Germany. October 23rd – 24th 2017. 
 The Basics of Light and Fluorescence Microscopy. MPI-CE. Jena, Germany. August 21st – 24th 2017. 

 Black Forest Summer School 2017 on next generation sequencing and phylogenetics: 
Leistungszentrum Herzogenhorn. July 24th – 27th 2017. 

 Good Scientific Practice in the Doctoral Training Phase: Max Planck Institute for Chemical Ecology 
(MPI-CE). Jena, Germany. May 4th 2017. 

 
   __________________________________________________________________________________ 
 
Selection of public relations activities: 
 

 Candidate parenting. Supervision at the IMPRS Recruitment. August 25th – 26th 2020. 
 Article presented at Medienarbeit PLUS/CE Biannual MPI-CE newsletter. May 1st 2020. 

 Presentation at the 7 Lange Nacht der Wissenschaften. Wie wohnst du? Die Anpassung von Ameisen 
an extreme Lebensräume. Jena, Germany. November 22nd 2019. 

 Medienarbeit Wissenschaftsmagazin der Max-Planck-Gesellschaft: Max Planck Forschung. Das 
Wissenschaftsmagazin der Max-Planck-Gesellschaft. February 2019. 

 Presentation at the 6 Lange Nacht der Wissenschaften. Fleischfressende Pflanzen – Fakten un 
Mythen. Jena, Germany. November 24th 2017. 

 
Interpreter and translator in the following events: 
 

 “Good practices of management in aquaculture” course with emphasis on food security and national 
and international legislation: León, November 28th-29th 2011. 

 Course on “Comparative Immunology of invertebrates and lower vertebrates (fish and amphibians)”. 
Department of Biology - DAAD German Academic Exchange Service: León, May 9th-June 17th, 2011. 

   __________________________________________________________________________________ 
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Language 
Skills 

 
 
 

 
 

Computer 
Skills 

 
 

 
 
 

Professional 
References 

 
English  

 Successfully completed all the levels in English as a foreign language.  
German: 

 “Deutsch für Ausländer”, Level B1.1: S.P.E.A.K German Course. Marburg, Germany 2016. 

   __________________________________________________________________________________ 
 
Word, Power Point, Excel, Access, Structure, GenAlEx, Arlequin, SplitTREE, AFLPdat, PAST, DivaGis, QGis, 
Bruker DataAnalyst, SIRIUS, CSI:FingerID, MetaboAnalyst, Origin, Adobe Photoshop, Adobe Illustrator, 
Inkscape.  
 
   __________________________________________________________________________________ 

 
 PD. Dr. Axel Mithöfer. PhD. Group leader, Research Group Plant Defense Physiology.  Associate 

professor at the Friedrich-Schiller University Jena. Max Planck Institute for Chemical Ecology. 
Hans-Knöll-Straβe 8. 07745 Jena, Germany. Tel.: +49 (0) 3641 57-1263.amithoefer@ice.mpg.de 

 Dr. Andreas Tribsch, Assoc.Prof. Head of the Working Group Ecology, Biodiversity and Evolution 
of Plants. Head of the Herbarium, University of Salzburg. Hellbrunnerstr. 34, A-5020 Salzburg, 

Austria. Tel.: +43 (0) 662 / 8044-5504. andreas.tribsch@plus.ac.at 
 Univ.-Prof. Dr. Hans-Peter Comes. Working Group Leader, Deputy Head of Botanical Garden, 

University of Salzburg. Hellbrunnerstr. 34, A-5020 Salzburg, Austria. Tel.: +43 (0) 662 / 8044-5505. 

Fax: +43 (0) 662 / 8044-142. Hans-Peter.Comes@plus.ac.at  
 
 
 
 
 
 
 
 
 

  

__________________________               _____________________ 
                               Signature                                                     Date 
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