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Abstract

Carnivorous plants feed on animal prey, mainly insects, to get additional nutrients. This car-

nivorous syndrome is widely investigated and reported. In contrast, reports on herbivores

feeding on carnivorous plants and related defenses of the plants under attack are rare.

Here, we studied the interaction of a pitcher plant, Nepenthes x ventrata, with a generalist

lepidopteran herbivore, Spodoptera littoralis, using a combination of LC/MS-based chemical

analytics, choice and feeding assays. Chemical defenses in N. x ventrata leaves were ana-

lyzed upon S. littoralis feeding. A naphthoquinone, plumbagin, was identified in Nepenthes

defense against herbivores and as the compound mainly responsible for the finding that S.

littoralis larvae gained almost no weight when feeding on Nepenthes leaves. Plumbagin is

constitutively present but further 3-fold increased upon long-term (> 1 day) feeding. More-

over, in parallel de novo induced trypsin protease inhibitor (TI) activity was identified. In con-

trast to TI activity, enhanced plumbagin levels were not phytohormone inducible, not even

by defense-related jasmonates although upon herbivory their level increased more than 50-

fold in the case of the bioactive jasmonic acid-isoleucine. We conclude that Nepenthes is

efficiently protected against insect herbivores by naphthoquinones acting as phytoantici-

pins, which is supported by additional inducible defenses. The regulation of these defenses

remains to be investigated.

Introduction

Carnivorous plants have fascinated people, not only scientists, for much more than 150 years;

the time when Charles Darwin’s pioneer studies on this topic was published in his book about

‘Insectivorous Plants’ [1]. In plants, insectivory, or in a broader sense carnivory, has evolved as

an additional way to compensate for shortages of soil nutrients such as nitrogen and phospho-

rus [2, 3]. This feature enables carnivorous plants to grow on nutrient-poor soils. The carnivo-

rous syndrome has evolved independently in angiosperms several times as a result of

convergent evolution; thus, carnivorous plants represent a polyphyletic group [4, 5]. Three
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parameters represent the prerequisites necessary to qualify a plant as carnivorous, i.e. the abil-

ity of prey attraction, prey trapping and killing, and prey digestion and nutrients absorption

[6]. These prerequisites have been achieved in carnivorous plants by the development of spe-

cialized forms, in particular of the trapping mechanisms. Among others, most prominent are

the snap-trap of Dionaea muscipula (Venus flytrap), the flypaper-traps found in the genera of

Drosera (sundew) and Pinguicula (butterwort), the sucking bladder-traps of Utricularia spp.

(bladderwort) as well as the pitfall-traps of, for example, Cephalotus follicularis and the genera

Sarracenia and Nepenthes, representing new- and old-world pitcher plants. History, systemat-

ics and ecology of carnivorous plants has recently been covered by a monograph [7]; newest

aspects of molecular evolution and physiology by a review [8].

Nepenthes (S1A Fig) is a tropical plant genus occurring mainly in Southeast Asia. Due to a

slippery surface visiting insect prey falls inside the pitcher traps and drown in a digestive fluid

[2]. The genus Nepenthes has a large chemical diversity and several secondary metabolites

were isolated for pharmaceutical, biotechnological and ethnobotanical use especially in tradi-

tional medicine [9, 10]. Many reports describe curative effects of Nepenthes extracts on various

diseases including hypertension, malaria, and oral cancer [11–16]. Among secondary metabo-

lites, carotenoids, flavonoids, sterols, triterpenes, and naphthoquinones (NQ) are described for

Nepenthes leaves [2, 17, 18]. In particular NQ are described as antimicrobial metabolites. Inter-

estingly, they are also found in the digestive pitcher fluid, e.g. droserone, 5-O-methyl droser-

one in N. khasiana [19]; plumbagin, 7-methyl-juglone in N. ventricosa [20]. Hence, it was

hypothesized that these compounds preserve prey during digestion and provide protection

against decomposing microbes [19–22]. NQ derivatives are also described for various tissues

of Nepenthes species including the pitchers [17, 20, 22, 23]. Recently, an untargeted metabolo-

mics approach was performed in N. x ventrata comparing metabolite features of leaves and

pitcher tissue before and after prey captures [24]. About 2,000 compounds (MS/MS events)

were detected in the two tissues demonstrating enormous metabolome diversity. Besides a

huge number of unknown compounds, the common constituents had an aromatic nature

[24]. The tissue metabolite specificity could significantly discriminate leaves and pitchers. This

suggests that the metabolite compositions might point to their functions and, furthermore,

may represent mechanisms that enable the plants to cope with environmental abiotic and

biotic challenges [18].

A typical biotic challenge plants have to deal with is the attack of herbivorous insects. Sur-

prisingly, only few observations and studies are published describing the attack of insects on

carnivorous pitcher plants. For instance, lepidopteran herbivory was described for some spe-

cies of the new world pitcher plant Sarracenia [25, 26]. For Nepenthes, there is only one investi-

gation showing that N. bicalcarata plants are infested by the weevil Alcidodes spec. [27]. For N.

gracilis, it has been shown that green pitchers experience more herbivory than red ones [28].

To the best of our knowledge, up to now no other studies have been published that focus on

herbivore damage in Nepenthes. Seemingly, herbivory on Nepenthes tissue is rare. The reason

behind is not known yet. However, it is unlikely that all putative herbivores are caught and

digested; more likely, Nepenthes is equipped with an efficient setting of defensive chemistry, as

known for numerous plants [29]. For example, the presence of jasmonates and the related sig-

naling pathway involved in the induction of plant defenses against herbivory is present in car-

nivorous plants such as Drosera capensis; Dionaea muscipula; Nepenthes spp. as recently

reviewed [30]. Moreover, very recently it has been shown that the Nepenthes tissue-derived

NQ plumbagin has anti-feeding and insect growth-inhibiting properties [23]. However, no in
vivo feeding experiments on intact Nepenthes plants have been done yet and whether or not

the NQ plumbagin is a key player in Nepenthes’ defense remained an open question.
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Nevertheless, also in Nepenthes chemical defense against feeding insects is most likely estab-

lished and, maybe, this defense is highly efficient.

In this study, we addressed these issues to learn how a carnivorous Nepenthes plant

responds to insect attack. We performed choice and feeding experiments employing larvae of

the generalist herbivorous moth Spodoptera littoralis and Nepenthes x ventrata as host plant to

investigate the insect’s behaviour and growth performance. Feeding-induced quantitative

changes in phytohormone and defensive plumbagin levels were analyzed in N. x ventrata leaf

blades using LC/MS. We further examined the possibility of a phytohormone dependent

induction of plumbagin accumulation and other defense-related compounds. Our data suggest

that in Nepenthes besides prey digestion the jasmonate signaling pathway is also involved in

defense induction but increase of constitutive defense is jasmonate independent.

Material and methods

Plants and insects

Nepenthes x ventrata Hort. ex Fleming plants, natural hybrids of N. alata Blanco x N. ventri-
cosa Blanco, were bought from a company (Gartenbau Carow, Nürtlingen, Germany) about

20 year ago and ever since grown in the MPI greenhouse on peat substrate at 23–25˚C, 80–

100% relative humidity, and a 16/8 h light/dark photoperiod. All plants were at least 2 years

old. Plant pots were shuffled once in every three months to ensure optimum space and equal

support for growth and to avoid any edge effect, caused by differences in micro environmental

conditions between the core and at the edge of the samples group. N. x ventrata leaves used for

the experiments had fully expanded but only contained pitcher buds to focus on the leaf chem-

istry only without having the influence of the mature pitcher chemistry.

Larvae of the insect Spodoptera littoralis Boisd. (Lepidoptera: Noctuidae) were hatched

from eggs (provided by Syngenta Crop Protection, Stein, Switzerland) and reared on artificial

diet as described [23] at 23–25˚C with a 14/10 h light/dark photoperiod. As a generalist, this

moth is frequently used in feeding experiments. It is closely related to S. litura, a species that

occurs in the same regions as Nepenthes.

Feeding and choice assays

Feeding assays. Here, second to third instar S. littoralis larvae were used. To avoid canni-

balism, all feeding assays were performed with individual larvae. Assays with artificial diet sup-

plemented with plant tissue or plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone,

C11H8O3; Fischer Scientific, Schwerte, Germany) were done as described [23]. The larvae were

kept in a controlled temperature cabinet at 25 ± 1˚C and 60–70% relative humidity. Every day

fresh diet was provided. For these feeding assays, 15 independent repeats were done.

To analyze weight gain of S. littoralis feeding on a N. x ventrata leaf, individual 3rd instar

larvae were used. The larvae were left to feed on the same leaf for five days in the greenhouse.

The whole leaf was covered with an air- and water-permeable polyethylene terephthalate

(PET) bag (Toppits, Minden, Germany) to prevent escaping of the larvae and keep them on

the particular leaf (S1B Fig). Larvae were carefully recovered and re-weighed every day. The

number of dead individuals was recorded. For control, larvae growing on artificial diet were

placed for the same time and under the same conditions near to the N. x ventrata plants.

Feeding-induced defense. For short term herbivory, leaves were infested with a single 3rd

instar S. littoralis larvae starved for 24 h before starting the experiment. The caterpillar was

placed carefully on the N. ventrata leaf with a tweezer. Lightweight cage (PET; 10 cm diameter,

1 cm height) was placed on the leaf covering both sides to prevent escaping of the larvae. For
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long-term herbivory, PET bags were used instead of cages to cover the entire leaf. All herbivory

experiments were performed in the greenhouse.

Choice assay. To measure the preference of larvae towards N. x ventrata leaf or pitcher tis-

sue, 15 larvae were confined in a square (12 x 12 cm) petri dish containing a single piece (c. 10

cm2) of leaf and pitcher tissue each in a choice situation. The bioassay was conducted for fixed

time period and the choice made by the larvae for a specific tissue was assessed after 30, 60,

and 180 min

Phytohormone treatment

For the phytohormone spraying experiment, each treatment group contained five individual

plants on a single tray. Trays were placed with sufficient distance to avoid drift of the spray to

other treatment groups. Plants were foliar-sprayed (4 mL plant-1) twice, at the beginning and

after 12 h only with one of the phytohormones jasmonic acid (JA, 500 μM), abscisic acid

(ABA, 250 μM), salicylic acid (SA, 250 μM) (all from Sigma-Aldrich, Taufkirchen, Germany)

for each treatment group. Spraying solutions were made from 50 mM (JA), and 100 mM

(ABA, SA) stock in absolute ethanol and the final volume was adjusted to 20 mL with ddH2O

for each. While spraying, already opened pitcher traps were shaded to avoid droplets entering

inside traps. For the control group under the same conditions, plants were sprayed with the

same solution without any phytohormone. Leaves were harvested 24 h after first spraying,

directly frozen in liquid nitrogen and stored at -80˚C for further analysis.

Phytohormone and plumbagin extraction and quantification

Sampled N. x ventrata leaves were finely-ground in liquid nitrogen using mortar and pestle.

Approximately 100 mg of finely ground leaf tissue was weighed in 2 mL tubes. The extraction,

detection and quantification of phytohormones were performed as previously described [31] with

modifications [32] using an LC-MS/MS system. For analysis, each sample was extracted with 1.5

mL methanol containing 60 ng D6–abscisic acid (Toronto Research Chemicals, Toronto, Can-

ada), 60 ng of D6–jasmonic acid (HPC Standards GmbH, Cunnersdorf, Germany), 60 ng D4–sali-

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

isoleucine conjugate (HPC Standards GmbH, Cunnersdorf, Germany) as an internal standard.

Phytohormone and plumbagin analyses were combined and performed by LC-MS/MS as

described [31, 32] on an Agilent 1260 series HPLC system (Agilent Technologies, Böblingen,

Gemany) with the modification that a tandem mass spectrometer QTRAP 6500 (SCIEX,

Darmstadt, Germany) was used. Briefly, chromatographic separation was achieved on a Zor-

bax Eclipse XDB-C18 column (50 x 4.6 mm, 1.8 μm, Agilent Technologies). Water containing

0.05% formic acid and acetonitrile were employed as mobile phases A and B, respectively. 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 was equipped with a 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, cur-

tain gas at 40 psi, heating gas at 60 psi, and collision gas was set to “medium”. The mass spec-

trometer was operated in multiple reactions monitoring (MRM) mode, details of the

instrument parameters and response factors for quantification can be found in S1 Table. For

plumbagin an MRM was added to the method: Q1: m/z 187, Q3: m/z 159, DP: -20, CE: -18.

Since we observed that both, the D6-labeled JA and D6-labeled JA-Ile standards (HPC Stan-

dards GmbH, Cunnersdorf, Germany) contained 40% of the corresponding D5-labeled com-

pounds, the sum of the peak areas of D5- and D6-compound was used for quantification. For
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quantification of plumbagin, the internal D6-JA standard was used applying an experimen-

tally-determined response factor of 164. The response factor was determined by analyzing a

mixture of plumbagin (insert supplier of standard here) and D6-JA at the same concentration.

In addition to using LC-MS/MS for plumbagin quantification, a second method using

HPLC-UV was also applied using the same extraction protocol. A 20 μL aliquot of the metha-

nolic extract was separated using high performance liquid chromatography (Agilent 1100

HPLC system, Agilent Technologies) on a reversed-phase C-18 column (Nucleodur Sphinx

RP, 250 x 4.6 mm, 5 μm, Macherey-Nagel, Düren, Germany) with a 0.2% formic acid in water

(A)-acetonitrile (B) gradient (0 min, 20% B; 0–14 min, 20–76% B; 14–14.1 min, 76–100% B;

14.1-16min 100% B and 16.1–20 min 20% B; flow rate 1.0 mL min-1). Detection was performed

with a photodiode array detector, and peaks were integrated at 265 nm. Quantification of

plumbagin (Fischer Scientific, Schwerte, Germany) was achieved by generating a plumbagin

standard curve in the range of 8 to 250 μg mL-1.

Protease inhibitor assay

Nepenthes x ventrata protein was extracted following the Pierce Plant Total Protein Extraction

Kit (ThermoFischer Scientific, Darmstadt, Germany) protocol with minor modifications. For

extraction, the native lysis buffer was diluted (1:1) with 50 mM Tris-HCl, pH 7.4 containing 30

mM CaCl2 and 2 mL Eppendorf tubes were used. For each sample, 50 mg freshly ground tissue

was mixed with 250 μL extraction buffer. The homogenate was shortly vortexed, and then

incubated on ice for 5 min following a centrifugation step for five min at 16,000 x g and at 4˚C.

The supernatant was recovered for further analysis, i.e. 150 μL extract was recovered and used

for protein quantification and trypsin protease inhibitory (TI) activity measurements. The TI’s

activity was assayed by determining the residual trypsin activity according to [33] using

BApNA (Nα-Benzoyl-L-arginine 4-nitroanilide hydrochloride; Sigma-Aldrich) as substrate

and bovine trypsin (Sigma-Aldrich) as the standard enzyme. The reaction mixture containing

50 μL leaf protein extract, 20 μL trypsin (1 mg mL-1 in 50 mM Tris-HCl, pH 7.4 containing 30

mM CaCl2) was incubated at 37˚C for 15 min with shaking (700 rpm). Then, 40 μL of BApNA

(10 mg mL-1 in DMSO) was added to the assay solution and the reaction mixture was incu-

bated at 37˚C for 20 min with shaking (900 rpm) followed by termination of the reaction by

adding 500 μL of 10% (v/v) glacial acetic acid. A blank for each sample was run simultaneously

to subtract the absorbance caused by the extract. In blank, acetic acid was added before

BApNA. For a positive control, only extraction buffer was added instead of sample extract to

avoid any inhibition, representing maximum trypsin activity. The absorbance was recorded at

410 nm alongside the blank with a spectrophotometer.

Statistical analyses

Statistical calculations were performed using GraphPad Prism version 9.0.0 in all cases. Details

are indicated in the particular figure legends. For growth experiments, larvae were picked ran-

domly from a large population and all experiments were conducted out under highly standard-

ized conditions to avoid investigator-included bias.

Results

Plumbagin in artificial diet and Spodoptera littoralis larva growth

Recently published data on S. littoralis larvae feeding on artificial diets that was supplemented

with different Nepenthes tissue showed that the larvae gained less weight the more tissue was

added [23]. We re-analyzed those data (fresh pitcher, 30%; fresh leaf, 30%; dried leaf, 10%,

PLOS ONE Herbivory on a carnivorous plant

PLOS ONE | https://doi.org/10.1371/journal.pone.0258235 October 22, 2021 5 / 18

https://doi.org/10.1371/journal.pone.0258235


15%) and calculated the amount of plumbagin that was supplemented with the particular tis-

sue. Two more data sets were added (dried leaf, 1%; plumbagin). Based on these data it can be

seen that the increase of plumbagin concentration in the diet negatively correlates with weight

gain of the larvae and this effect was independent of the plumbagin source (Fig 1).

Spodoptera littoralis food choice assay

Knowing that the plumbagin concentration in leaf tissue is about 5-times higher than in

pitcher tissue and larvae feeding on diet supplemented with pitcher tissue gain more weight

[23] (Fig 1), a choice assay was conducted to see if the larvae prefer to feed on leaf or pitcher

tissue. Fifteen S. littoralis larvae were placed in a petri dish with an equal piece each of N. x ven-
trata leaf and pitcher tissue. After 30, 60, and 180 min the number of larvae feeding on either

tissue was noted. As shown in Fig 2, the larvae had a clear and significant preference for the

pitcher tissue at all time points. While over the whole period only ca 20% of the larvae chose to

stay close to or on the leaf, around 50% chose the pitcher after 30 and 60 min. Only after 180

min the number dropped below 40%. Over time also the number of larvae that decided for

either tissue dropped. Strikingly, only the pitcher tissue was eaten. The ongoing feeding pro-

cess was documented to see the remained size of the tissues (S2 Fig).

Spodoptera littoralis feeding on Nepenthes x ventrata leaves

Next, we wanted to study the effects of N. x ventrata leaves on the feeding behavior of S. littora-
lis larvae when there is no alternative food. Therefore, the larvae were placed on the leaves

without the chance to escape. As control, artificial diet was offered close to the plants under

the same environmental conditions. While in the latter case larvae showed normal feeding

behavior and weight increase, the larvae that fed on the leaves did not gain weight at all, not

even after 5 d (Fig 3A). This was not due to feeding avoidance as the leaves were eaten and the

leaf area was continuously reduced over time (Fig 3B). Moreover, if the larvae were taken after

5 d and put on artificial diet, they started growing and developed as normal.

Herbivory and plumbagin accumulation

To further investigate the role of plumbagin in this process, the plumbagin levels were ana-

lyzed over time. A constitutive level of this NQ (256 ± 13.5 μg g-1 fresh weight; n = 25;

mean ± SEM) was detected in the leaves. To examine any additional effect of S. littoralis her-

bivory, both short- and long-term accumulation of plumbagin was determined. Within the

first 6 h of feeding, no significant change of plumbagin level was detected in the leaves (Fig

4A); however, after day 1 to day 5, a ca. 3-fold increase of plumbagin was determined

(755 ± 43.0 μg g-1 fresh weight; n = 50; mean ± SEM) that stayed at this level during the feeding

process (Fig 4B).

Herbivory-changed phytohormone level in Nepenthes x ventrata leaves

Because herbivore feeding typically induces an increase of certain phytohormones, in particu-

lar of jasmonates, in the infested tissues, various phytohormones were analyzed at the same

time points as we analyzed plumbagin. A significant fast and drastic increase of both JA and

JA-Ile was found after 1 h, staying high during the short term analyses (Fig 5A and 5C). In the

long-term analyses, the JA level was kept high until day 2 and dropped by half after day 3 to

day 5; nevertheless, these JA levels were still significantly higher than in the controls (Fig 5B).

In case of JA-Ile, the same level (around 60 ng g-1 fresh weight) was kept for the 5 d period of

the whole feeding experiment (Fig 5D). Degradation products of JA-Ile, the bioactive
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jasmonate, were examined as well. Again, a fast increase of their accumulation was found after

1 h for OH-JA-Ile, which stayed more or less at the same level until day 5 (S3A and S3B Fig).

For COOH-JA-Ile the situation was slightly different. Only after 3 h a significant increase was

found and a second 2-fold increase could be detected at day 2 (S3C and S3D Fig).

Besides jasmonates, the phytohormones SA and ABA were investigated. For SA a slight but

significant 2-fold increase was found in the short term analysis that further increased at day 1

(around 5-fold) and stayed at that level for the whole 5 d period (Fig 6A and 6B). In case of

ABA only after 6 h a weak tendency for higher ABA content was recognized that continuously

increased and eventually showed a clear accumulation at days 4 and 5 (Fig 6C and 6D).

Fig 1. Spodoptera littoralis larvae growth vs. different plumbagin concentrations in artificial diet. Plumbagin from

various sources (represented by different symbols) was included in the diet. In all assays 2nd instar larvae were used;

weight was determined at day 5. Regression showed statistical significance with p< 0.0001 (estimated r2 = 0.745,

F = 251.5 (DFn = 1, DFd = 86), alpha level = 0.05). The r2 value (0.745) indicates a strong relationship between larval

development and plumbagin concentrations present in the diet.

https://doi.org/10.1371/journal.pone.0258235.g001

Fig 2. Spodoptera littoralis larvae food choice assay for Nepenthes x ventrata pitcher and leaf tissue. The

proportions of larvae (15 per experiment) making choices are indicated in pie charts. Mean (± SEM), n = 12; two-way

ANOVA, Šidák’s multiple comparisons test; different letters at the end of each bar indicate significant difference

(p< 0.05).

https://doi.org/10.1371/journal.pone.0258235.g002
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Phytohormone-mediated accumulation of plumbagin

In order to find out whether or not any phytohormone may be involved in the induction of

plumbagin accumulation during long-term feeding, leaves of N. x ventrata were treated with

phytohormones and plumbagin contents were determined after 24 h. Therefore, solutions of

JA, ABA and SA in water were exogenously applied to the leaves of individual plants. No sig-

nificant difference in the endogenous level of plumbagin was observed in either treatment

compared to control or between the treatment groups after 24 h post foliar spray (Fig 7).

Herbivory- and phytohormone-induced protease-inhibitor activity

Besides plumbagin, very likely other defense component are present in Nepenthes leaves that

might affect the growth of feeding larvae. Thus, we studied the presence of protease (trypsin)

inhibitor (TI) activity as example for a wide spread defense mechanism that could also affect

the larvae feeding. The TI activity was assayed after 24 h, 48 h and 72 h of N. x ventrata leaf

infestation by S. littoralis larvae. The results showed a significant increase of TI activity in her-

bivore infested leaves in all treatment groups compared to non-infested leaves as controls at all

Fig 3. Performance of Spodoptera littoralis larvae feeding on Nepenthes x ventrata leaves. (a) Change of larvae

weight when feeding on leaves (experimental herbivory) or artificial diet (control). Larvae were weighed every day for

5 days. Mean (± SEM), n = 15; two-way ANOVA, Šidák’s multiple comparisons test; different letters indicate

significant difference (p< 0.05). Photos of larvae were taken at day 5, squares are 1 cm2. (b) N. x ventrata leaf eaten;

photos taken at days 1 to 5.

https://doi.org/10.1371/journal.pone.0258235.g003
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Fig 4. Plumbagin accumulation in Nepenthes x ventrata leaves upon Spodoptera littoralis larvae feeding. (a)

Plumbagin content after short term feeding. (b) Plumbagin content after long term feeding. Mean (± SEM), n = 10;

unpaired t-test with Welch correction; ns = not significant; ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0258235.g004

Fig 5. Jasmonates in Nepenthes x ventrata leaves upon Spodoptera littoralis larvae feeding. (a) Jasmonic acid (JA)

content after short term and (b) long term feeding. (c) Jasmonic acid-isoleucine conjugate (JA-Ile) content after short

term and (d) long term feeding. Mean (± SEM), n = 10; unpaired t-test with Welch correction; ��� p< 0.001; ��

p< 0.01.

https://doi.org/10.1371/journal.pone.0258235.g005
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time points (Fig 8A). All OD410 values from control groups showed a similar range at all times.

This, together with the positive control value suggests the absence of trypsin protease inhibi-

tory activity from protein extracts of undamaged leaves alongside excluding the possibility of

the involvement of other metabolites from leaf extract causing trypsin inhibition during the

assay. The same samples used for foliar spray experiments to look for plumbagin induction

(Fig 7) were analyzed for TI activities as well. Statistically significant differences were observed

for all phytohormone-treated samples at 24 h after foliar spray compared to the untreated con-

trol groups (Fig 8B).

Discussion

While most of the phytochemical studies done on Nepenthes and other carnivorous plants

mainly addressed carnivorous syndrome-related processes, demonstration of secondary

metabolite synthesis and accumulation as a result of herbivory is surprisingly limited. The

present study illustrates a defense response in N. x ventrata against insect herbivory that is

based on NQ, in particular on plumbagin. The presence of NQ has been described for many

carnivorous plants [34] belonging to the order Nepenthales [18], a sensu stricto sister group to

Caryophyllales [35] and including the plant families Droseraceae and Nepenthaceae. This

includes species such as Aldrovanda vesiculosa, Dionaea muscipula, Drosophyllum lusitanicum,

and Triphyophyllum peltatum as well as the genera Drosera and Nepenthes [34].

Fig 6. Salicylic acid (SA) and abscisic acid (ABA) in Nepenthes x ventrata leaves upon Spodoptera littoralis larvae

feeding. (a) SA content after short term and (b) long term feeding. (c) ABA content after short term and (d) long term

feeding. Mean (± SEM), n = 10; unpaired t-test with Welch correction; ns = not significant; ��� p< 0.001; �� p< 0.01.

https://doi.org/10.1371/journal.pone.0258235.g006
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The function of plant secondary metabolites often lays in their ecological significance in

defense against pathogens and herbivores. The observation that Nepenthes plants are rarely

infested by insect herbivores could be an example of such phenomenon knowing that NQ are

bioactive compounds with insect anti-feeding activity [23]. In that study, plumbagin was

found as a dominant secondary metabolite in the tissue of N. x ventrata and its function was

evaluated by means of the interaction with a generalist insect herbivore, S. littoralis.
Experiments with artificial diet containing plumbagin from different sources showed an

adverse effect on the growth of the S. littoralis larvae due to increasing plumbagin concentra-

tions (Fig 1). This negative effect of high plumbagin concentration on feeding larvae was sup-

ported in a choice assay where larvae could choose between N. x ventrata leaf and pitcher

Fig 7. Phytohormone-induced plumbagin accumulation in Nepenthes x ventrata leaves. Foliar spray with JA

(500 μM), ABA (250 μM), or SA (250 μM) was performed at the beginning (2 mL) and after 12 h (2 mL). Plants were

harvested after 24 h. Mean (±SEM), n = 5; one-way ANOVA followed by Tukey’s multiple comparisons test; different

letters indicate significant difference (p< 0.05); ns = not significant.

https://doi.org/10.1371/journal.pone.0258235.g007
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tissue. Here, a clear preference for pitchers was found independent on exposure time (Fig 2).

This corresponds well to the ca. 5-fold lower plumbagin content in pitcher tissue [23]. How-

ever, artificial diet sometimes comes with the limitation of being suboptimal or super optimal

[36]. Compared to most susceptible host plants, artificial diet often fosters more rapid growth

[37] thus making insects less susceptible to the tested compound or extract incorporated in

diet. This situation was eliminated by letting the larvae feed directly on N. x ventrata leaf tissue.

Moreover, in a long-term feeding assay on N. x ventrata leaves, S. littoralis larvae showed no

weight gain at all although they fed a lot (Fig 3). For other lepidopteran species such as S. litura,

Achaea janata, and Trichoplusia ni, the effect of plumbagin on feeding behavior has also been

reported [38–40]. However, the focus of those studies was on the level of feeding avoidance

rather than on larval growth and development.

Nevertheless, the finding that Nepenthes leaves contain more plumbagin than pitchers and

that the latter were preferred by S. littoralis in selection tests is somewhat reminiscent of the

so-called push-pull strategy in agriculture. In this strategy, a repellent (push) and an attractive

(pull) resource are combined to push pests away from crops and attract them elsewhere [41]. It

is conceivable that Nepenthes takes the same approach, pushing insects away from leaves

toward pitcher traps where plumbagin concentrations are lower and an attractive cue awaits

the extrafloral nectar [42].

Herbivory causes a series of different reactions in the infested plant. The feeding process

leads to the rapid induction of signals including phytohormone (mainly jasmonates) accumu-

lation and finally the activation of wound and herbivory-related defenses [29, 43]. Interest-

ingly, jasmonate signaling is also present in carnivorous plants, as demonstrated for the

regulation of the digestive process [30]; for example, in Dionaea muscipula [44–47], Drosera
capensis [48], and Nepenthes alata [49]. In addition, in Drosera capensis the accumulation of

jasmonate upon wounding and treatment with insect-derived oral secretion has been shown

[50]. The current study revealed the same jasmonates are also involved in the response of N. x
ventrata upon S. littoralis herbivory. The feeding-stimulated elevation of JA and its biologically

active form JA-Ile was rapid and significantly enhanced within the first hour of treatment

Fig 8. Trypsin protease inhibitor (TI) activities in Nepenthes x ventrata leaves. (a) TI activities determined after

Spodoptera littoralis larvae feeding (H) for 24 h, 48 h, and 72 h compared to the respective controls (PC, positive

control; C, treatment control). (b) TI activities determined after foliar spray with JA (500 μM), ABA (250 μM), or SA

(250 μM). Treatment was performed at the beginning (2 mL) and after 12 h (2 mL). Plants were harvested after 24 h.

Mean (±SEM), n = 5; unpaired t-test with Welch’s correction; asterisks represent difference between individual

treatments vs control; ns = not-significant, � p< 0.05, �� p� 0.01; ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0258235.g008
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(Fig 5). The timing of the jasmonate response is comparable with the situation in other herbi-

vore-infested plants; however, there is a clear discrepancy to the slow accumulation of jasmo-

nates upon prey capture in pitcher tissue of Nepenthes that was detectable only after 24 hours

[49]. At first glance, the different kinetics of jasmonate accumulation in defense and carnivory

suggests a completely different regulation of both processes. However, it might be that the ini-

tial signal perception and signaling process leading to jasmonate induction is equally fast but

the release of a signal (e.g. chitin) and its presentation might be much slower due to a previ-

ously necessary digestive process.

To the best of our knowledge, in almost no previous study done on Nepenthes, the role of

phytohormones has been extensively investigated outside the carnivorous syndrome context.

Only studies on the prey-induced responses in N. alata from Yilamujiang et al. [49] found

doubling of endogenous SA level after prolonged (48 h) chitin treatment compared to the orig-

inal level in the pitcher tissue. Slightly similar but again a faster situation was observed in our

current study where in short-term herbivory endogenous level of SA nearly doubled at all time

points; after 24 hours the SA level further increased and was found to be stable for the next

four days (Fig 6A and 6B). Typically, SA concentrations increase in response to pathogen

infection but not as a general wound response [51, 52]. Therefore, one possibility of increased

concentration of SA observed upon prolonged herbivory in this study could be a consequence

of increased vulnerability of leaves after herbivore damage that may create open passages for

pathogens to enter. Considering stress-related hormones such as ABA [53], this study showed

elevated endogenous ABA levels upon long term herbivory (Fig 6D); a common response

known in plants after infestation by natural enemies [54]. However, increases in ABA are not

specific to processes that are associated with induction of resistance; many other conditions

such as water stress also cause ABA accumulation but do not produce other manifestations of

induced resistance. In this investigation long-term herbivory of leaf tissue caused early senes-

cence, which consequently increases dryness of wounded leaves; this is a possible reason for

ABA accumulation over time.

A striking result was the finding that larvae feeding on N. x ventrata leaves gained almost

no weight at all (Fig 3B), in contrast to the larvae feeding on enriched diets. This suggested

that besides plumbagin an additional factor in the Nepenthes tissue might have contributed to

this effect. Thus, apart from plumbagin accumulation in N. x ventrata as a mode of defense

response against herbivores, the presence of other factors might be present, which may affect

food digestion in the larvae and cause less or no weight increase. Such a factor and known

defensive tools are protease inhibitors [29]. As demonstrated in Fig 8A, TI activities were

indeed induced upon S. littoralis feeding. Although TI of plants are among the best studied

proteins in plant biochemistry and biology, there has been no prior studies done on carnivo-

rous plants that showed accumulation of TI upon herbivory. The role of protease inhibitors in

plant defense against insects was demonstrated first when Green and Ryan [55] showed the

induction of TIs in leaves of potato in response to wounding and insect feeding. Protease

inhibitors are polypeptides and proteins that bind to proteolytic enzymes and prevent them

from catalyzing [56]. Most of these inhibitors are unique to serine class proteinases, usually

found in insects as the main food protein digestive enzymes [57]. Enzyme assays for proteinase

inhibitors from our present study showed inhibition of the serine protease trypsin in extracts

from herbivory-infested leaves, whereas non-infested leaf extracts showed no significant tryp-

sin activity inhibition. Because TI accumulation occurred upon herbivory and is absent in

unstressed leaves, it indicates that in Nepenthes TI are part of the inducible defense response.

In their natural environment, plants come across several pests and pathogens. Plant’s

defense against such a threat involves either a fast consolidation of pre-existing physical and

chemical barriers and/or the synthesis of many defensive substances through the induction of

PLOS ONE Herbivory on a carnivorous plant

PLOS ONE | https://doi.org/10.1371/journal.pone.0258235 October 22, 2021 13 / 18

https://doi.org/10.1371/journal.pone.0258235


gene expression [29, 58]. In this study, herbivore feeding on N. x ventrata leaves enhanced a

defense response in the form of plumbagin with a 2 to 3-fold increased endogenous level com-

pared to untreated leaves (Fig 4B). Conspicuously, plumbagin was induced only upon long-

term feeding and not by treatment of any phytohormones, not even jasmonates (Fig 7). In con-

trast, all phytohormones induced TI activity indicating that the spray approach was successful

(Fig 8B). On one hand, the absence of phytohormone inducibility was surprising as jasmonates

are rapidly and highly upregulated suggesting that JA-dependent defense reactions and com-

pounds are induced; obviously, in Nepenthes various inducible defensive mechanisms remain

to be detected. On the other hand, the kinetics of jasmonate or plumbagin accumulation also

does not match. It would be worth to elucidate which signals and processes are involved in

plumbagin induction upon herbivory; for example, a role for signaling compounds such as

reactive oxygen species is conceivable. Although the accumulation of plumbagin in carnivo-

rous plants has been mentioned in both in vivo and in vitro studies using polysaccharide elici-

tors [19, 59, 60], also in those cases little is known on the exact molecular mechanism

governing the elicitor-induced production and accumulation of this phenolic compound.

However, the fact that plumbagin is only slightly induced upon herbivory and all tested Nepen-
thes tissues have a constitutive level [22, 23] classifies this NQ as phytoanticipin rather than a

phytoalexin, maybe comparable with glucosinolates in Brassicaceae [61].

Conclusion

In this present study, chemical defenses upon herbivore damage in leaves of the carnivorous

plant N. x ventrata were identified: the constitutive presence of the NQ plumbagin and the

induced trypsin protease inhibitor activities. The latter very likely supports the effect of plum-

bagin on growth inhibition in S. littoralis larvae. Due to the constitutive presence of plumba-

gin, Nepenthes seems to be permanently well protected. Nevertheless, inducible defense

responses such as the TI activity can support the first line of defense represented by the phy-

toanticipins. Strikingly, only TI induction is jasmonate-mediated which raises the question of

how the synthesis and accumulation of plumbagin is regulated. From the data obtained so far,

it is difficult to infer which signaling molecule may actually be involved in the accumulation of

plumbagin in the long term. It will be furthermore interesting to examine if and what kind of

other defense responses occur in Nepenthes and how those are regulated.
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