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Abstract 

Nepenthes, the largest family of carnivorous plants, is found with an extensive geographical 

distribution throughout the Malay Archipelago, specifically in Borneo, Philippines, and 

Sumatra. They can be found from the lowland karangas forest up to the highland montane 

forest. While certain species display temperature stress tolerance in their natural habitat, our 

current understanding on their adaptation to the climatic conditions at the phytochemical level 

is limited. In the present study, we applied an ecometabolomics approach to identify 

temperature stressed individual metabolic fingerprints of four Nepenthes species: the 

lowlanders N. ampullaria, N. rafflesiana and N. northiana, and the highlander N. minima. We 

hypothesized that distinct metabolite regulation patterns exist between the Nepenthes species 

due to their adaptation towards different geographical and altitudinal distribution. Our results 

revealed not only distinct temperature stress induced metabolite fingerprints for each 

Nepenthes species, but also shared metabolic response and adaptation strategies. We found the 

interspecific responses and adaptation of certain species reflected their natural habitat niches. 

Moreover, our study also uncovered the potential of N. ampullaria, N. rafflesiana and N. 

northiana to inhabit highland areas, and N. minima to inhabit lowland areas, thus challenging 

our current understanding about their adaption in times of changing climate. We also use the 

same approach as a novel potential identification tool for Nepenthes species. Our study 

provides the first insight Nepenthes species classification and discrimination via intraspecies 

metabolic fingerprint, with 29 biomarkers identified. Nepenthes plant have been utilized in 

traditional medicine to treat several illnesses and diseases such as stomachache, wound healing 

and rheumatism. Our volatile phytoconstituent study via gas chromatography–mass 

spectrometry (GC-MS) of the methanolic leaf extracts, has discovered several 

phytocompounds with previously recorded bioactivities. The extracts exhibited anti-bacterial 

properties against Bacillus cereus, Bacillus subtilis, Staphylococcus epidermidis and 

Pseudomonas aeruginosa. Our analyses also revealed that leaves of Nepenthes possibly assist 

the plant in hunting their prey by producing scents known to attract insects. Lastly, we have 

fortuitously discovered the mutualistic interaction between the Nepenthes and associated 

microbes and the potential of Nepenthes plant in bioremediation of the environmental 

contaminant diethylene glycol. There is much to be discovered still about this fascinating 

carnivorous plant which warrants further investigations. 
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Chapter 1 

Introduction 

Unlike mammals that can respond to threatening environmental conditions with either fight or 

flight, plants as sessile organisms are unable to flight. Therefore, they must fight to survive, 

recover, tolerate and adapt from environmental stress (Li et al. 2020; Rossoni et al. 2019; 

VanWallendael et al. 2019; Hasanuzzaman et al. 2019). Plant responses towards 

environmental stresses have been studied since decades, the acquired tolerance and 

adaptation are known to involve a number of physiological and biochemical changes such as 

alteration in membrane structure and function, global gene expression, and primary and 

secondary metabolite composition (Akula & Ravishankar 2011; Kaplan et al. 2004; An et al. 

2018; Shi et al. 2015; Gilmour et al. 2000; Levitt 1972; Shinozaki & Dennis 2003). Some 

plants possess the ability to evolve unique metabolic pathways that overcome the new 

environmental niches- an essential aspect of plant speciation (Kliebenstein & Osbourn 2012). 

Carnivorous plants, especially Nepenthes, are one of the many examples of the adaptive 

radiation- a process in which an organism diversify and specify driven by the selective 

pressure of the environmental niches. (Darwin. 1875; Juniper et al. 1989; Chase et al. 2009; 

Pavlovič et al. 2011; Fukushima et al. 2017; Ellison & Adamec 2018; Thorogood et al. 2018; 

Murphy et al. 2020).  

1.1 Nepenthes 

Nepenthes, commonly known as tropical pitcher plant and locally known as periuk kera, is 

one of the largest families of carnivorous plants under the monotypic family of Nepenthaceae. 

The genus comprises about 151 species with the numbers still increasing, and several new 

species being described each year (Maarten et al. 2016; Murphy et al. 2020). Most of the 

species are found in the Malay Archipelago, especially Borneo, Philippines, and Sumatra (see 

Figure 1.1); with geographical distribution ranging from highland montane forest (warm days 

with cool to cold, humid nights) to steamy lowland jungles (hot and humid during both days 

and nights) (Cheek & Jebb 2001; McPherson 2009; McPherson 2011).  
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Figure 1.1 Distribution map of Nepenthes sp. (taken from Carnivorous Plants in the 

Wilderness 2012). 

Unlike other carnivorous plants, Nepenthes possess a unique leaf (see Figure 1.2) that consists 

of a liquid filled tube-shaped cup (pitcher) at the end of the tendril, which functions to lure, 

trap, digest and obtain nutrient from their prey (Clarke & Wong 1997). 
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Figure 1.2 Basic structure of Nepenthes pitcher. 

There is a remarkable variation in pitcher shape, color and size observed throughout the genus 

and even within the individual species. Each species of Nepenthes produces two distinct forms 

of pitchers: the lower pitcher and the upper pitcher. The lower pitchers arise from stems closer 

to the ground and have the tendency to be short and squat with darker coloration. The upper 

pitchers arise from the climbing stems as they vine through the canopy and has lighter 

coloration. Below are examples of the lower and upper pitcher of the same plant- Nepenthes 

rafflesiana (Figure 1.3; see Slack 2000 for more examples). 
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Figure 1.3 The two distinct forms of Nepenthes rafflesiana pitchers: the lower pitcher (left) 

and the upper pitcher (right). 

1.1.1 Natural habitats 

The signature carnivory characteristic of the plant grants them adaptation towards nutrient-

poor substrates including peat swamp (i.e. N. ampullaria), sandy field (i.e. N. rafflesiana), 

limestone vegetation (i.e. N. northiana), and ultramafic vegetation (i.e. N. rajah). Besides that, 

there are species recorded growing as lithophytes on inselbergs (i.e. N. pervillei) and as 

epiphytes (ie. N. veitchii) with no soil substrates. Although not all, certain extreme habitats, 

i.e. limestone and ultramafic vegetation with the inhospitable soil substrate, have become an 

important niche habitat for certain Nepenthes species (Clarke & Moran 2016; Barthlott et al. 

2007; Seine et al. 1996). 

Nepenthes species are sub-clustered into two groups: lowlanders and highlanders. The 

lowlanders have altitudinal distributions below 1100 m above sea level (asl) and live within 

steamy lowland jungles with hot and humid conditions during both day and night. Highlanders 

have altitudinal distributions beyond 1100 m asl and live within highland montane forests with 

warm days and cool to cold, humid nights (Cheek & Jebb 2001; McPherson 2009; McPherson 

2011). Apart from these two major groups, some species tend to habitat in intermediates, 
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between 700 -1400 m asl, but only on rare occasions do species grow beyond or below their 

typical altitudinal thresholds (Clarke & Wong 1997; McPherson 2009; Clarke & Moran 2016).  

1.1.2 Species Identification and Infrageneric Classification of Nepenthes 

Nepenthes has been classified by Danser (1928) into 6 infra-generic sections, which are 

Insignes, Montanae, Nobiles, Regiae, Urceolate and Vulgatae. Cheek and Jebb (Cheek & Jebb 

2013a; Cheek & Jebb 2013b; Cheek & Jebb 2016a; Cheek & Jebb 2016b; Cheek & Jebb 2016c) 

have later published another five sections (Micramphorae, Alatae, Villosae, Tentaculatae and 

Pyrophytae), and an informal Danseri group (Cheek 2015), followed by a subsection Poculae-

ovis of the Montanae (Cheek et al. 2017). The uncertainty in the evolutionary relationships 

has, however, caused the limited wide-scale adoption of these infra-generic classification 

within the plant genus. Besides that, the confliction between molecular studies and 

taxonomical approaches in adapting this classification have also been noticed. Moreover, 

Murphy et al. (2020) have suggested to modify the infra-generic classification of genus 

Nepenthes.  

High levels of polymorphism of the Nepenthes species and population, especially in their 

pitcher characteristics, have led to controversy in the species delimitation (Clarke et al. 2018; 

Mullins 2000). New taxa descriptions have dramatically increased over the past decades, 

however, there are few which show stable morphological characteristics from the existing 

species (Clarke et al. 2018). Moreover, an increase in the numbers of segregation from the 

existing species has been observed in recent years, such as the separation of N. orbiculate from 

N. mirabilis, or N. parvula from N. tenax or N. nebularum from N. robcantleyi (Wilson & 

Venter 2016; Catalano 2018; Mansell & Suarez 2016). 

The advent of molecular technologies has offered a sound ground on which to base species 

discrimination. For instance, sanger sequencing via plastid trnK intron (Meimberg et al. 2001; 

Schwallier et al. 2016), nuclear low copy gene PTR1 (Meimberg & Heubl 2006; Schwallier et 

al. 2016), plastid non-coding marker trnL–trnF (Mullins 2000), chloroplastic trnL intron 

(Bunawan et al. 2017), chloroplast intergenic spacer between psaA and ycf3 (PY-IGS) 

(Renner & Specht  2011), chloroplast matK region (Merckx et al. 2015; Biswal et al. 2018) 

and nuclear internal transcribed spacer (ITS) region (Mullins 2000; Renner & Specht 2011; 

Alamsyah & Ito 2013; Merckx et al. 2015; Schwallier et al. 2016; Bunawan et al. 2017). The 

sanger sequencing analyses have, however, resulted in conflicting markers, incongruence 
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between nuclear and plastid phylogenies, the possibility of ITS paralogues inclusion, and 

limited resolution, causing uncertainty in their phylogenetic (Mullins 2000; Meimberg & 

Heubl 2006; Meimberg et al. 2001; Nauheimer et al. 2019; Murphy et al. 2020). One of the 

examples is that, the phylogenetic analysis of the Nepenthaceae cpDNA trnK intron showed 

that N. rafflesiana is closely related to N. ampullaria on the Type A trnK intron, while N. 

rafflesiana, N. ampullaria and N. northiana are closely related to each other on the Type B 

trnK intron by (Figure 1.4a, Meimberg et al. 2006). In recent years, high throughput 

sequencing approaches such as DNA target capture and sequencing via 353 nuclear loci 

(Murphy et al. 2020) and genome skimming on 81 plastid genes with high-copy rDNA loci 

(Nauheimer et al. 2019) have also been applied as more robust and effective methods of 

resolving the taxonomy and classification. Although phylogenetic resolution and branch 

support have improved dramatically with superior phylogenomic data, topological 

incongruence was still identified and certain taxa (especially Bornean taxa) inconsistently 

grouped, leading to calls for further studies (Figure 1.4b and c, Nauheimer et al. 2019; Murphy 

et al. 2020). Please refer to the Figure 1.4 for the phylogenetic trees. 

To date, there is so far no classification/ differentiation of Nepenthes via a metabolomic 

approach. 
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Figure 1.4 The phylogenetic trees created based on several different molecular sequencing 

approaches by (a) Meimberg et al. 2006 (b) Nauheimer et al. 2019, and (c) Murphy et al. 2020. 
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1.1.3 Ecological niches and the adaptation of Nepenthes 

In recent years, a range of studies have demonstrated Nepenthes nutrient sequestration 

strategies and shown that the diversity of prey trapping mechanisms reflected their adaptations 

towards the environment and ecosystem functioning (Bonhomme et al. 2011; Bauer et al. 2012; 

Moran et al. 2013; Gaume et al. 2016). These are manifested in the characteristics of the 

pitcher morphology and the fluid inside, such as the slippery waxy layer on the inner pitcher 

wall, wettable peristome, viscoelastic and acidity of the pitcher fluid, narrowness and conicity 

of pitchers, presence of a rim of edible trichomes, emission of volatile compounds, and pitcher 

aperture diameter (Bohn & Federle 2004; Gaume et al. 2002; Gaume & Forterre 2007; Di 

Giusto et al. 2010; Moran et al. 2012; Bauer et al. 2012; Moran et al. 2013; Gaume et al. 2016). 

Besides that, adaption to the environment is also known to cause a variation in the prey 

assemblages (Adam 1997; Chin et al. 2014) and their diet: from a purely carnivorous (most of 

the Nepenthes species) to some that are partially detritivores (N. ampullaria; Moran et al. 

2003; Pavlovič et al. 2011) and coprophagous (N. rafflesiana, N. rajah, N. lowii and N. 

macrophylla; Grafe et al. 2011; Greenwood et al. 2011; Chin et al. 2010). 

Despite the plants’ iconic ecological adaption, surprisingly no ecometabolomic study exists 

on the genus beyond nutrient sequestration strategies and prey trapping mechanism diversity.  

1.2 Past studies 

Nepenthes has been widely studied, especially on pitcher microscopy; nutrient cycling, 

transport, and sequestration; microbes and inquilines of the digestive fluid; proteomes of the 

digestive fluid; captured prey composition; the effects of anthropogenic climate change; and 

classification of associated endophytes. Earliest studies (Table 1.1) back to the year of 1968 

(Nakayama & Amagase 1968). 

  



9 

 

Table 1.1 Overview of past studies on Nepenthaceae. 

Study References 
Pitcher microscopy Owen & Lennon 1999; Thornhill et al. 2008; Moran et al. 2010; Chen et al. 

2016; Wang et al. 2020 

Nutrient cycling and transport Owenjr et al. 1999; Schulze et al. 1999; Lam et al. 2019; Capó-Bauçà et al. 

2020 

Nutrient sequestration strategy Merbach et al. 2002; Clarke et al. 2009; Chin et al. 2010; Moran et al. 2010; 

Grafe et al. 2011; Wells et al. 2011; Bauer et al. 2012; Thornham et al. 2012; 

Pavlovič 2012; Lam et al. 2017; Lam et al. 2020 

Microbe and inquiline of the digestive 

fluid 

Shivas & Brown 1989; Adlassnig et al. 2011; Chou et al. 2014; Takeuchi et 

al. 2015; Chan et al. 2016; Kanokratana et al. 2016; Sickel et al. 2016; Lam et 

al. 2017; Bittleston 2018; Lam et al. 2019; Gilbert et al. 2020a; Gilbert et al. 

2020b; Lam et al. 2020 

Proteome study of the digestive fluid An et al. 2002; Athauda et al. 2004; Takahashi et al. 2005; Stephenson & 

Hogan 2006; Hatano & Hamada 2008; Thornhill et al. 2008; Hatano & 

Hamada 2012; Buch et al. 2014; Lee et al. 2016; Rottloff et al. 2016; 

Yilamujiang et al. 2017; Saganová et al. 2018; Senevirathna et al. 2019; 

Zakaria et al. 2019 

Captured prey composition and the 

mechanism 

Moran 1996; Moran et al. 1999; Moran et al. 2001; Merbach et al. 2001; 

Merbach et al. 2002; Bohn & Federle 2004; Gaume & Forterre 2007; Di 

Giusto et al. 2008; Adlassnig et al. 2009; Bauer et al. 2009; Gaume & Di 

Giusto 2009; Raj et al. 2011; Moran et al. 2013; Bazile et al. 2015 

Anthropogenic climate change effect 

on the plant genus 

Gray et al. 2017 

Plant's endophytes Li et al. 2012; Bhore et al. 2013; Lee et al. 2014; Lii et al. 2017; Wong et al. 

2018; Naseem & Kayang 2018; Chu et al. 2019 

Mutualism was found between the plant genus and other organisms such as insects and 

small mammals. For instance, a Bornean native ant (Camponotus schmitzi) was found to 

inhabit the swollen tendrils (domatia) of N. bicalcarata, and in return, the ant protects the 

host plant from weevils (Alcidodes sp.) damage (Merbach et al. 2007). Hardwicke's woolly 

bats (Kerivoula hardwickii) are known to take roost in the aerial pitcher of N. rafflesiana, 

and in return, the bat provides foliar nitrogen via their faeces to the host plant (Grafe et al. 

2011). Two little mammals, which are summit rat (Rattus baluensis) and mountain 

treeshrew (Tupaia montana), were found to feed on sugary exudates produced by the glands 

on the lid of N. rajah and in return they provide nutritious faeces (Greenwood et al. 2011). 

Similar mutualism with mountain treeshrew (Tupaia montana) were also observed in N. 

lowii and N. macrophylla (Chin et al. 2010). 
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1.2.1 Nepenthes pitcher as treats 

Nepenthes plants are served as delicious traditional glutinous rice snacks throughout 

Malaysian Borneo, especially among indigenous Bidayuh or Kadazandusun tribes. The pitcher 

is cleaned, filled with glutinous rice and coconut milk, and then steamed to produce the sticky 

rice snack (Figure 1.5) (Schwallier et al. 2015). 

 

Figure 1.5 The delicious traditional glutinous rice snacks cooked using the pitcher of N. 
ampullaria. 

1.2.2 Role of Nepenthes in (Ancient) Medicine 

Ever since the Paleolithic age, mankind has used plants as medicine with the earliest known 

medical document dated 4,000 years ago. The practice has continued as the most affordable and 

effortlessly accessible source, especially for communities with poor access to primary health 

care systems (Hosseinzadeh et al. 2015). Nepenthes has been used by several communities to 

treat diseases and illnesses. Traditionally the fluid from the unopened pitcher of Nepenthes 

khasiana is used for diabetes and night blindness treatment by the indigenous peoples of the 

North-Eastern region of India (Rao 1981; Sudhir 2002). The same species is used to treat 

cholera (stem extracts) and cataract by indigenous people of the Nokrek Biosphere Reserve, 
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Meghalaya, India (Singh et al. 2014). Moreover, it is used in Nagaland to treat cuts and injuries 

(Ramashankar & Sharma 2015). In the Dayak Seberuang community, the people use the fluid 

from the unopened pitcher to treat cough and stomachache (Setiawan et al. 2015). The plant 

is also used by the Kalanguya tribe of Tinoc, Ifugao, Luzon, Philippines, to treat nocturnal 

polyuria (excessive urination at night) (Balangcod & Balangcod 2011). The Dayak Iban 

community from Dusun Meliau Desa Melemba Kalimantan Barat, Indonesia, uses the fluid 

from unopened pitchers to treat goitre, and the community from other region of the same 

country also use the unopened pitcher fluid as eye drop to treat eye diseases, and as medicine 

to cure cough and itchy throat (Sinaga et al. 2016). The decoction of the root of N. ampullaria 

is used by the Jakun community in Kampung Peta, Johor, Malaysia, for asthma and 

rheumatism treatment (Sabran et al. 2016). The same decoction is also used to treat malaria, 

as well as the crushed leaf is used as astringent in the country (Burkill 1966; Perry & Metzger 

1980). 

1.2.3 Phytochemical studies of Nepenthes 

Phytochemicals are plant-derived constituents that control the biological functions of plant 

cells, and protect plants from biotic and abiotic stresses (Velu et al. 2018). They are known 

to exhibit pharmacological activities with therapeutic potential such as anti-leukemic, 

antioxidant, anti-tumor, anti-viral and antimicrobial (Molyneux et al. 2007; Mendoza and 

Silva 2018; Kuspradini et al. 2018). For the genus of Nepenthes, one of the earliest 

phytochemical studies can be traced back to the year of 1980, during which 4 quinones -

together with plumbagin, droserone, and hydroxydroserone- were isolated from the roots 

part of the plant (Cannon et al. 1980). Tables 1.2 and 1.3 show an overview of metabolites 

found in Nepenthes plants, as well as the biological activities of the extracts. 
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Table 1.2 Overview of metabolites found in Nepenthes plants. 

Nepenthes species Metabolites References 

Nepenthes albomarginata the free form of β-amyrin and α-amyrin Wan et al. 1972 

the esterified form of obtusifoliol, cycloeucalenol, 

citrostadienol, cycloartenol and 24-

methylenecycloartanol 

both free and esterified forms of cholesterol, 

campesterol, stigmasterol, sitosterol, isofuctosterol 

Nepenthes sanguinea sitosterol Wan et al. 1972 

Nepenthes rafflesiana Droserone, plumbagin, Nepenthone (A, B, C, D 

and E) hydroxydroserone, 

Cannon et al. 1980 

Nepenthes thorelii isoshinanolone, octadecyl caffeate, 2- 

methylnaphthazarin, plumbagin, droserone 

Likhitwitayawuid et al. 1998 

Nepenthes rajah quercetin, Kaempferol, luteolin, cyanidin Adam et al. 2002 

Nepenthes burbidgeae quercetin, Kaempferol, ellagic acid, phenolic acid 

Nepenthes ×Alisaputrana quercetin, Kaempferol, ellagic acid, luteolin, 

cyanidin, phenolic acid 

Nepenthes muluensis quercetin, Kaempferol, ellagic acid, luteolin, 

Nepenthes tentaculata Kaempferol, ellagic acid, phenolic acid 

Nepenthes ×Sarawakiensis quercetin, Kaempferol, ellagic acid, luteolin, 

phenolic acid 

Nepenthes mirabilis quercetin, Kaempferol, ellagic acid, cyanidin, 

phenolic acid 

Adam et al. 2002 

leucocyanidin Adam & Wilcock 1995 

nepenthosides (A and B), koaburaside, leonuriside 

A, (-)-heimiol A, phenylethyl-β-D-

glucopyranoside, icariside D1 , phenethyl 

rutinoside, 4-hydroxy-2,6-dimethoxyphenyl 6’-O-

vanilloyl-β-D-glucopyranoside, syringaresinol, 

pinoresinol-4-O-β-D-glucopyranoside, lupeone 

and syringaresinol-4’-O-β-D-glucopyranoside 

Van Thanh et al. 2015a 

nepenthones (F and G), 2-methoxy-7-

methyljuglone, droserone, 3-methoxy-7-

methyljuglone, nepenthone C, cis-isoshinanolone, 

quercetin, (-)-epicatechin, quercetin 3-O-β-D-

glucuronide, plumbagin, quercitrin and 

kaempferol-3-O-α-L-rhamnoside 

Van Thanh et al. 2015b 

Nepenthes gracilis quercetin, cyanidin, phenolic acid Adam et al. 2002 

isoshinanolone, Plumbagin, shinanolone, 

epishinanolone, kaempferol, quercetin 

Aung et al. 2002 

leucocyanidin Adam & Wilcock 1995 

Nepenthes x Ghazallyiana quercetin, Kaempferol, ellagic acid, cyanidin, 

phenolic acid 

Adam et al. 2002 
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leucocyanidin Adam & Wilcock 1995 

Nepenthes ventricosa x 

maxima 

plumbagin Shin et al. 2007b 

Nepenthes khasiana droserone, 5-O-methyldroserone Eilenberg et al. 2010 

Nepenthes alata Plumbagin De et al. 2019 

Nepenthes miranda N-benzylnicotinamide, 

benzo[c][2,7]naphthyridinone, plumbagin, 11-

Decyldocosane, n-hexadecanoic acid, Erucamide, 

sitosterol, 2-Ethyl-3-methylnaphtho[2,3-

b]thiophene-4,9-dione, Stearic acid, 1,2-ethanediol 

dimethacrylate, phenylethyl alcohol and 

cyclohexane-1,3,5-triyltribenzene 

Huang et al. 2020 

Table 1.3 Overview of the biological activities of the extracts of Nepenthes plant. 

Nepenthes species Solvent Plant Parts Bioactivities References 

Nepenthes mirabilis Methanol Leaf anti-bacterial against 

Staphylococcus aureus 

Wiart et al. 2004 

Methanol Branch, Leaf anti-osteoporotic and 

antioxidant 

Van Thanh et al. 

2015b 

Methanol Branch, Leaf anti-inflammatory Thao et al. 2016 

Nepenthes ventricosa 

x maxima 

Hexane Leaf anti-fungal against 

Rhizoctonia solani, 

Sclerotinia sclerotiorum, 

Rhizopus stolonifer var. 

stolonifer, Alternaria 

alternata, Bipolaris oryzae, 

Fusarium oxysporum, 

Phytophthora capsici, 

Aspergillus niger 

Shin et al. 2007a; Shin 

et al. 2007b 

Ethyl Acetate Aerial part antiproliferative Tang et al. 2019a 

Nepenthes khasiana N/A Chitin-

Induced 

Pitcher 

Liquid 

Anti-fungal against 

Candida glabrata, Candida 

albicans CBS 562, Candida 

krusei, Candida albicans 

mas, Aspergillus niger, 

Aspergillus flavus, 

Aspergillus fumigatus 

Eilenberg et al. 2010 

Methanol Leaf antioxidant, 

hepatoprotective 

Uriah et al. 2015 

Methanol Pitcher anti-diabetic effect in rats Shil et al. 2010, Shil et 

al. 2014 
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Nepenthes bicalcarata 
 

Leaf anti-bacterial against 

Bacillus subtilis 

(ATCC6633), 

Staphylococcus aureus 

(ATCC25923) and Bacillus 

spizizenii (ATCC6633), 

anti-frungal against 

Candida albicans 

(ATCC10231) and 

Saccharomyces cerevisiae 

(ATCC2601), anti-diabetic 

effect in rats, antioxidant, 

cytotoxic against brine 

shrimp (Artermia salina) 

Ismail et al. 2015 

Nepenthes alata Dichloromethan

e 

Root anticancer activity against 

MCF- cells 

De et al. 2019 

Nepenthes thorellii x 

(ventricosa x maxima) 

Ethyl Acetate Aerial Part antitumor activity against 

breast cancer cells 

Ou-Yang et al. 2019 

Nepenthes miranda Methanol, 

Ethanol, 

Acetone 

Leaf, Stem, 

Pitcher 

antioxidant, anti-bacterial 

against Escherichia coli, 

Pseudomonas aeruginosa 

and Staphylococcus aureus, 

and cytotoxicity against 

melanoma cell 

Huang et al. 2020 

Nepenthes ventricosa 

x sibuyanensis 

Ethyl Acetate Twig, Leaf anti-proliferation against 

oral cancer cells 

Tang et al. 2019a 

Nepenthes 

adrianii x clipeata 

Ethyl Acetate Twig, Leaf anti-proliferation against 

oral cancer cells 

Tang et al. 2019b 

Nepenthes thorelii N/A N/A potential anti-plasmodial 

against Plasmodium 

falciparum 

Likhitwitayawuid et 

al. 1998 
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1.3 Abiotic stress 

Abiotic stresses result from non-living organisms and /or unfavorable stressful environmental 

conditions such as nutrient limitation, drought, flood, salinity, pesticide contamination, heavy 

metals exposure, and extreme temperatures including high and low temperature exposure 

(Negi et al. 2015; Hong et al. 2016; Liu et al. 2019; Sharma et al. 2019). Biotic stresses are 

result of damage by other living organisms such as herbivory, parasites and pathogens (Fujita 

et al. 2006; Atkinson and Urwin 2012; Hong et al. 2016). The abiotic stress is usually 

interrelated, and multiple stresses can co-occur simultaneously or individually (Kráľová et al. 

2012; Bowne et al. 2018; Lamaoui et al. 2018). Abiotic stress is known to affect the 

productivity in plants or reduce the biomass formation below optimal levels (Farooq et al. 

2011; Daryanto et al. 2016; Farooq et al. 2017). Besides that, it is also known to affect plant 

species distribution (Normand et al. 2009).  

The genus Nepenthaceae is known to be exposed abiotic stress such as nutrient limitation, 

toxic substrates, low temperature (as low as 10oC) exposure when the night temperature 

drops, high temperature (up to 38oC) exposure during dry season. Besides that, habitats 

such as grasslands are prone to seasonal burning. However, the abiotic stresses do not affect 

them as much. The highlanders can tolerate cold stress, and the lowlanders are able to tolerate 

heat stress. Besides that, re-growing from the plant rootstock after the wildfires was observed 

(Cheek & Jebb 2016; D'amato 2013; Jebb & Cheek 1997; Kaul 1982). Apart from the 

ecological niches and the adaptation of Nepenthes nutrient sequestration strategies and the 

diversity of prey trapping mechanism mentioned above (1.1.2), our current understanding on 

the adaptation or survival mechanisms acquired by the different Nepenthes species to their 

climatic conditions at the phytochemical level is, however, limited. 

1.3.1 Heat and cold Stresses 

Among the abiotic stress, heat and cold stress are the main issues around the world, especially 

during plant development and crop productivity (Thakur et al. 2010; Bita & Gerats 2013; 

Rahman 2013; Lamaoui et al. 2018; Yadav et al. 2020). Heat and cold stress are defined as the 

increase or decrease, respectively, of the temperature beyond a threshold level for a minimal 

period that leads to permanent harm to the growth and development of the plant (Balestrasse 

et al. 2010; Lamaoui et al. 2018). Heat stress has been shown to increase respiration, reduce 

photosynthesis, disrupt plant cellular structures and defensive mechanisms, and elevate stress 
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metabolite production in plants (Ding et al. 2016; Djanaguiraman et al. 2010; Wahid et al. 

2007). Low temperature stress, on the other hand, can aggravate the balance between the 

energy source and the metabolic sink, induce floral abortion, reduce enzymatic activities, and 

affect the photosynthesis rate of the plant (Pareek et al. 2017; Allen & Ort 2001; Paul & Foyer 

2001). Both stresses will cause overproduction of reactive nitrogen species (RNS) and reactive 

oxygen species (ROS), thus causing oxidative stress in plant (Samanta et al. 2011; Sharma et 

al. 2012; Airaki et al. 2012; Kuk et al. 2003). 

1.3.2 Plant defense mechanisms against heat and cold stresses 

Plants have evolved through various mechanisms to survive through the temperature stresses. 

When plant receptors are stimulated by the by stress signals, stress-responsive genes are 

activated and specialized metabolites are subsequently biosynthesized to adapt to the 

environmental stresses (Jian et al. 2020; Abdelrahman et al. 2020). The strategies are classified 

into two different adaptations, which are long-term phenological and morphological 

evolutionary adaptation, and short-term stress acclimation and avoidance mechanism 

(Choudhary et al. 2015). Both strategies involve morphological, physiological, and 

biochemical mechanisms (Xalxo et al. 2020; Alhaithloul et al. 2020; Wani & Kumar 2020; 

Wani & Herath 2018; Chen et al. 2016; Hu et al. 2016). For example, the increased 

accumulation of plant hormone jasmonic acid in Arabidopsis plants (Arabidopsis thaliana) 

have been observed to tolerate the heat stress (Balfagón et al. 2019). Besides that, the alteration 

of lipid composition and saturation level has also been observed in heat stressed and 

acclimated creeping bentgrass (Agrostis stolonifera) (Higashi & Saito 2019). Under cold stress 

exposure, the increased membrane rigidification and production of reactive oxygen species 

scavengers, configurational alteration in proteins, activation/deactivation of kinases and 

phosphatases, and transduction of signal into biochemical processes via the Ca2+ secondary 

messengers are often observed in plants (Monroy et al. 1998; Alcázar et al. 2010; Thakur & 

Nayyar 2013). Table 1.4 shows examples of the plant adaptation strategies. 

Table 1.4 Overview of plant adaptation strategies under temperature stresses exposure. 

Abiotic stress Plant adaptation strategy References 

Heat stress  Osmotic activity regulation and cellular structures protection (by 

buffering the cellular redox potential, and by maintaining cell 

membrane integrity and cell water balance) via soluble sugars, 

proline, and glycine betaine accumulation. 

 High carbohydrate availability (such as glucose and sucrose) 

Souri et al. 2020 

Sadiq et al. 2020 

Abdelrahman et al. 2020 

Khan et al. 2020 

Mishra et al. 2020 
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 Reactive oxygen species (ROS) detoxification 

 ROS scavenger production (such as ascorbate peroxidase) 

 Phytohormones regulation and signaling (such as abscisic acid, 

auxin, cytokinin, ethylene, jasmonic acid, nitric oxide, and salicylic 

acid) 

 Secondary metabolites synthesis protects the plant against oxidative 

damage 

 Phenolic compounds accumulation 

 Anthocyanin, flavonoids, and carotenoids accumulation 

 Plant-growth-promoting rhizobacteria association 

 Endophytes association 

 Heat-shock proteins induction 

 Hydrogen sulphide regulation 

 Changing leaf orientation 

 Antioxidant enzymes synthesis (such as glutathione peroxidase, 

superoxide dismutase, catalase, guaiacol peroxidase, glutathione 

reductase, peroxiredoxins, ascorbate peroxidase, 

monodehydroascorbate reductase, and dehydroascorbate reductase) 

 Alterations in the membrane lipid composition 

 Cooling via transpiration 

Yadav et al. 2020 

Chandran et al. 2020 

Liu et al. 2019 

Yu et al. 2019 

He et al. 2018 

Hamayun et al. 2018 

Abd El-Daim et al. 2014 

Bita & Gerats 2013 

Hubbard et al. 2012 

Dobra et al. 2010 

Frank et al. 2009 

Rampino et al. 2009 

Allakhverdiev et al. 2008 

Wahid 2007 

Kotak et al. 2007 

Musatenko et al. 2003 

Rivero et al. 2001 

Liu & Huang 2000 

Blum & Ebercon 1981 
 

Cold stress  Plant-growth-promoting rhizobacteria association 

 Alterations in the membrane lipid composition 

 Glycine betaine accumulation 

 Total soluble sugars accumulation 

 Proline and glutamic acid accumulation 

 Phenolic compounds accumulation 

 Flavonols and flavonoids accumulation 

 Maintaining cell membrane fluidity 

 Secondary metabolites synthesis protects the plant against oxidative 

damage 

 Endophytes association 

 Cold responsive proteins production via CBF ⁄ DREB responsive 

pathway 

 Dehydrins accumulation 

 Cell membrane stabilization 

 Protection of proteins from denaturation 

 Heat shock protein accumulation (such as HSP90, HSP70, small 

HSPs and chaperonins 60 and 20) which serves as strong 

cryoprotective effect, contributing towards the membrane 

protection, the refolding of denatured proteins and the aggregation 

prevention 

 Monosaccharides and disaccharides accumulation 

Chandran et al. 2020 

Chen & Raji 2020 

Liu et al. 2019 

Saini et al. 2019 

He et al. 2019 

Zhang et al. 2019 

Valitova et al. 2019 

Sharma et al. 2019 

Zhao et al. 2019 

Hu et al. 2017 

Pareek et al. 2017 

Miura & Tada 2014 

Zhu et al. 2013 

Kosová et al. 2012 

Turan et al. 2012 

Barka et al. 2006 

Nayyar et al. 2005 

Renaut et al. 2004 

Renaut et al. 2006 

Timperio et al. 2008 

Kim et al. 2002 

Sakamoto & Murata 2002 

Rivero et al. 2001 
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 Energy 

 Increased activities of catalase, ascorbate peroxidase and glutathione 

reductase 

 Fatty acid accumulation 

 total waxes and cutin monomer accumulation 

 Alteration of stability and fluidity of membrane by accumulating 

unsaturation of fatty acids in membrane lipids 

 Phytohormones regulation and signaling (such as cytokinin, auxin, 

gibberellins, jasmonate, nitric oxide, salicylic acid and jasmonic 

acid) 

 Ca2+ signaling 

 Putrescine synthesis 

 

 

 
 

 

1.4 Metabolomics 

Metabolites are small molecules found within a biological system which are required for 

growth, maintenance and regular cellular functions (Gargallo-Garriga et al. 2014; Sarabia et 

al. 2018; van Dam & van der Meijden 2018). Such molecules include the products and 

substrates of cellular metabolism such as sugars, lipids, peptides, organic acids, carbohydrates, 

amino acids, thiols, vitamins, and nucleic acids (Jones et al. 2013; Zhang et al. 2012). The 

metabolites are known to be highly responsive to external and internal stimuli and are key 

components in both biochemical and ecological processes. For organisms to adapt and survive 

in their natural habitats, they need to be able to alter their physiological characteristics at 

molecular level in response to the ecological stresses, including biotic and abiotic stresses. 

These physiological alterations can be studied using metabolomic techniques (Gargallo-

Garriga et al. 2014; Sarabia et al. 2018; Castro-Moretti et al. 2020; Melandri et al. 2020; Feng 

et al. 2020; Gargallo-Garriga et al. 2020; Liu et al. 2020). 

Metabolomics allow the simultaneous detection, identification, and quantitation of a wide 

range of biochemical compounds. That includes the assessment of an organism’s reproductive, 

energetic, defensive and oxidative, as well as their health statuses and dynamics, thus 

providing an instantaneous image of the metabolome (the complete set of metabolites present 

within a cell or tissue or even one organism) of a biological system (Penuelas and Sardans 

2009; Sarabia et al. 2018; Lu et al. 2020). The first paper published on metabolomics was in 

the year of 1971 (Pauling et al. 1971). Since then, the platform has been successfully applied 

to different applications including, but not confined to, studies of heart diseases drug toxicity 
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and gene function, veterinary medicine, cancer, microbiology, ecotoxicology, nutrition, and 

plant sciences (Barderas et al. 2011; Gauthier et al. 2020; Carlos et al. 2020; Jones et al. 2013). 

Metabolomics can be classified into several specific areas, including general metabolomics, 

targeted analyses, untargeted analyses, metabolite profiling, metabonomics and metabolite 

fingerprinting. The terms are often used interchangeably, the modelling and analytical 

procedures are, however, the same (Goodacre et al. 2004; Nicholson & Lindon 2008). Below 

are the classifications of metabolomic techniques. 

• General metabolomics: Comprehensive analysis of the entire metabolome under a 

provided set of conditions (Goodacre 2007) 

• Targeted metabolomics: Works on monitoring the specific metabolome of interest 

(Goodacre et al. 2004). 

• Untargeted metabolomics: Focuses on a global analysis of the detected metabolome 

interest (Alonso et al. 2015). 

• Metabonomics: Focuses on the fingerprint of biochemical perturbations measurement 

caused by toxin, drugs, and diseases (Nicholson & Lindon 2008). 

• Metabolic profiling: Quantitative analysis focuses on a specific group of metabolome 

(Dettmer et al. 2007). 

• Metabolite fingerprinting: Unbiased, analyzes and identifies global patterns of 

metabolome in response to a given condition (Dettmer et al. 2007). 

Apart from the classification mentioned above, there is a new term gaining interest in the last 

decade. It is called “eco-metabolomics” or “ecometabolomics” (Kuzina et al. 2009; Sardans 

et al. 2011; Rivas-Ubach et al. 2012; Rivas‐Ubach et al. 2013; Leiss et al. 2016; Peters et al. 

2018; Rivas-Ubach et al. 2019; Pabbathi et al. 2020). 
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1.5 Ecometabolomics 

Ecometabolomic is defined as the study of metabolic fluxes against environmental 

stoichiometry that focuses on the interactions between plants and the environment, or other 

organisms across different temporal and spatial scales (Sardans et al. 2011; Peters et al. 2018; 

Jan & Ahmad 2019). It is an emerging application with promising potential in the field of 

ecology and has been used to understand the growth and phenotypic responses of the plants, 

and their morphological adaptations towards environmental changes (Kaplan et al. 2004; Gray 

& Heath 2005; Turner et al. 2016; Paupière et al. 2017; Sarabia et al. 2018; Wu et al. 2018; 

Antunes et al. 2019; Ma et al. 2019; Coleine et al. 2020; Feng et al. 2020; Griffiths et al. 2020; 

Lu et al. 2020; Melandri et al. 2020). It has also been used to evaluate the responses of the 

plants towards other organisms such as herbivores, pathogens, competitors, symbiotic 

organisms and parasite at coarser scales of spatiotemporal complexity (Allwood et al. 2010; 

López‐Gresa et al. 2010; Balmer et al. 2013; Song et al. 2017; Ichihashi et al. 2018; Peters et 

al. 2018; van Dam et al. 2018; Galati et al. 2019; Castro-Moretti et al. 2020; Willett et al. 

2020). The techniques employed are either targeted or untargeted analysis, with latter method 

being more suitable to identify the variation in the unknown terrain of a metabolome, often 

leading to novel scientific discoveries (Peters et al. 2018; Jan & Ahmad 2019). 

1.6 Identification of cryptic species and strains via metabolomics 

Taxonomists often classify organisms based on similar biological traits and/or taxonomic 

criteria. However, there are several draw-backs to these identification tools. For instance, such 

identification methods require highly experienced researchers and misidentification is 

common (Sweeney et al. 2011). Besides that, species with extremely different ecological 

properties are found in a broad taxonomic group, and similar ecological attributes can be found 

in two distantly related species (Sevenster 1996; Wilson 1999; Mallet et al. 2007; Bickford et 

al. 2007; Bai 2014). In the modern era, new tools such as molecular techniques (via DNA 

sequencing of gene regions or full genome sequencing), have emerged to detect and 

differentiate morphologically similar species (Adams et al. 2005; Rajaniemi et al. 2005; Stuart 

et al. 2006; Bickford et al. 2007; Geml et al. 2008; Caminer & Ron 2014; Liede-Schumann et 

al. 2020). However, there are disadvantages using molecular techniques such as high costs, 

laborious, and huge amount of data required to be analyzed for full genome sequencing. 

Besides that, several gene sequences are often required to increase the accuracy of species 
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discrimination, especially in the kingdom of Plantae, which is known to be problematic to 

discriminate between species (Nolan & Cribb 2005; Cameron et al. 2006; Kress & Erickson 

2007; Martinez-Murcia et al. 2011; Hollingsworth et al. 2011; Roger et al. 2012; Ruhsam et 

al. 2015; Bronski et al. 2020; Rezasoltani et al. 2020). 

Neither taxonomic nor molecular techniques have the capability to identify differences at 

intraspecific level. For example, both approaches cannot identify between resistant and non-

resistant strains within a species, or detect ecological niche adaptation of the same species 

(Cameron et al. 2006). A metabolomic approach could be used as an identification tool and 

also provide insights into the environmental conditions of the plants. This is supported by 

Wink (2003) and the successful intra- and interspecies differentiation in plants and other 

organisms, as well as understanding their adaptive characteristics, via their metabolic 

fingerprinting (Davey et al. 2008; Huseby et al. 2012; Nagler et al. 2018; Yang et al. 2018; 

Harrison et al. 2020; Shi et al. 2020). 

1.7 Aims of the Present Study and Dissertation Outline 

The first part of the present study investigates the impact of heat and cold stress on four 

Nepenthes species representing different ecological systems and altitudinal distributions. The 

species studied represent lowlanders (N. ampullaria, N. rafflesiana and N. northiana) and 

highlanders (N. minima). Using a Mass Spectro-based non-targeted approach, the aim is to 

understand whether and how the underlying ecological adaptation of the plant species 

influences their metabolite regulation upon heat and cold exposure. 

The second aim is to evaluate the usability of metabolomics for the discrimination and 

infrageneric classification between different Nepenthes species (N. ampullaria, N. rafflesiana, 

N. northiana and N. minima).  

The third aim is to confirm the traditional uses of the Nepenthes as a medicinal plant via 

identification of metabolites with recorded medicinal properties, followed by the examination 

of their anti-bacterial activity against Gram-positive and Gram-negative bacteria. 

The objectives of the different chapters are: 

The 1st chapter provides the literature background and introduction of the topics of the present 

study. 
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The 2nd chapter summarizes the methods utilized in the present study. 

The 3rd chapter identifies stress adaption strategies applied by the 4 Nepenthes species 

(Nepenthes ampullaria, northiana, rafflesiana and minima) towards heat and cold stress 

exposure and the impact assessment of ecological niches towards the metabolic response 

(niche-specific adaptation and response), as well as the determination of universal adaptation 

and responses among the 4 Nepenthes species. 

The 4th Chapter focus on the species discrimination and infrageneric classification among the 

selected Nepenthes species via their metabolite fingerprints and identification of potential 

biomarkers for species discrimination. 

The 5th Chapter focuses on the identification of volatile phytoconstituents of N. rafflesiana 

and N. ampullaria from the methanolic leaf extracts and other of volatile metabolites with 

previously recorded medicinal properties, as well as the investigation of anti-bacterial activity 

against Gram-positive and Gram-negative bacteria. 

The last chapter summarizes the key findings and outlook for future studies.  
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Chapter 2 
 

Methodology 

The current chapter covers the general information of the four Nepenthes species, materials, 

and instruments, as well as the general methodology of the present study. Please refers to the 

Chapter 3, 4 and 5 for the detail information. 

2.1 The four Nepenthes species used in the study. 

Four Nepenthes species namely N. minima, N. ampullaria, N. northiana and N. rafflesiana 

were used in the present study. The Nepenthes species were chosen based on their different 

ecology and altitudinal distribution (please refer to section 2.1.1; 2.1.2; 2.1.3 and 2.1.4). It is 

hypothesized that distinct metabolite regulation pattern can be distinguished between the 

Nepenthes species based on their adaptation towards different geographical and altitudinal 

distribution.  

2.1.1 Nepenthes ampullaria 

Nepenthes ampullaria (Figure 2.1), under the section of Urceolatae (Danser 1928), is one of 

the unique lowland species within the plant genus, with very wide distribution that includes 

Borneo, Peninsular Malaysia, New Guinea, Singapore, Thailand and many more. Besides that, 

this species also inhabits a wide range of ecology including damp, shady forest, open 

microphyllous vegetation, secondary forests, swamp grassland and swamp forests with the 

elevations from 0 to 2100 m above sea level (asl) (Jebb & Cheek 1997; Clarke 2001; 

McPherson 2009). Moreover, it is one of the rare species that evolved as partial detritivores 

(Moran et al. 2003; Pavlovič et al. 2011), which collects and digests the fallen leaf litter in the 

pitcher. 
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Figure 2.1 The pitcher of Nepenthes ampullaria plant. 

2.1.2 Nepenthes rafflesiana 

Nepenthes rafflesiana (Figure 2.2), under the section of Insignes (Danser 1928), is a 

widespread lowland species that can be found growing in Borneo, Peninsular Malaysia 

(particularly in the state of Johor), Singapore and Sumatra (between Indrapura and Barus). 

This species can be found growing at the open area, shady forest, sandy area and offshore, 

with the elevations from 0 to 1000 m asl (Jebb & Cheek 1997; Clarke 2001; McPherson 2009). 

N. rafflesiana have been observed growing in open areas with direct exposure to sunlight 

and heat (anecdotal observations in Matang area of Kuching, Sarawak, Malaysia). It is 

known to be a coprophagous species which has been recorded to mutualize with Hardwicke's 

woolly bats (Kerivoula hardwickii hardwickii). The bat roosts in its aerial pitchers and 

provides foliar nitrogen via the faeces, in return (Grafe et al. 2011). 
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Figure 2.2 The pitcher of Nepenthes rafflesiana plant. 

2.1.3 Nepenthes northiana 

Nepenthes northiana (Figure 2.3), under the section of Insignes (Danser 1928), is endemic to 

Borneo (only at Bau district, Sarawak), and restricted to limestone vegetation - a harsh 

environment composed of calcium carbonate, alkaline pH and highly susceptible to drought  

(Cheek & Golos 2019). This lowland species can be found growing at the elevation from 0 – 

500 m asl (Jebb & Cheek 1997; Clarke 2001; McPherson 2009). 
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Figure 2.3 The pitcher of Nepenthes northiana plant. 

2.1.4 Nepenthes minima 

Nepenthes minima (Figure 2.4), a newly named species, was previously known as the 

miniature form of N. maxima (Evans 2009). The species is under the section of Regiae, and is 

restricted to the highland (sub-montane) grasslands of Central Sulawesi, with grey-yellow clay 

as substrate. The habitat is known to experience temperatures up to 38 °C, dry season with 

little or no rain for several weeks. This highland species is found growing at elevations from 

1000 – 1700m asl. It is known to be a pyrophytic species that experiences seasonal burning, 

with the re-growing from the plant rootstock observed after the wildfires (Cheek & Jebb 2016). 

While most of the highland species fail to survive under similar condition, this is one of the 

rare species that adapts well in the greenhouse under lowland condition (anecdotal 

observations). N. maxima, have been brought into cultivation during the late 1970s until early 

‘80s (Evans 2009). The plant samples used in the present study were individual seed grown 

plants, via the horticulture produced seeds obtained as the miniature form of N. maxima. 
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Figure 2.4 Miniature form of Nepenthes maxima (Nepenthes minima). 
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2.2 Sampling Sites  

Nepenthes ampullaria, N. minima, N. rafflesiana and N. northiana plant samples were 

collected at different sites across Sarawak. Table 2.1 shows Global Positioning System (GPS) 

coordinates, and Figure 2.5 shows GPS location via Google Map: 

Table 2.1 GPS coordination for the Nepenthes plant samples collected. 

Nepenthes species Global Positioning System (GPS) 

N. ampullaria 1°36'01.4"N 110°14'09.0"E 

N. rafflesiana 1°36'01.4"N 110°14'09.0"E 

N. northiana 1°23'48.8"N 110°07'51.9"E 

N. minima 1°31'56.8"N 110°21'28.2"E 

 

 

Figure 2.5 Plant collection sites indicated by red point for N. northiana, yellow point for N. 
minima and purple point for N. ampullaria and N. rafflesiana (Source: Google Map). 
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2.3 Plant Specimen and Preparation of the Extracts 

2.3.1 Preparation of Plant Extracts for Ultra-High Performance Liquid 
Chromatography-Quadrupole Time-of-Flight Mass Spectrometry (Chapter 3 
and 4) 

All plants were grown in a Pol-Eko-Aparatura climatic chamber with phytotron system (Model: 

KK 750 FIT P) in a mixture of cocopeat and perlite (at a ratio of 10 : 0.5; g/g). All the plants 

were grown under a 12 hours light and 12 hours dark photoperiod.  

The plants were exposed to: 

(a) lowland conditions (33 °C day / 28 °C night) 

(b) intermediate conditions (25 °C day / 18 °C night) 

(c) highland conditions (23 °C day / 8 °C night) 

for 7 days before being harvested. 

The targeted temperature ranges were adopted based on their natural environment temperature 

exposure (Cheek & Jebb 2016; D'amato 2013; Jebb & Cheek 1997; Kaul 1982). 

It is important to immediately freeze the plant samples to prevent post-sampling hydrolysis of 

the compounds (Sardans et al. 2011). The growing tips (Figure 2.6), the active growing part 

of the plant, were harvested and immediately frozen using liquid nitrogen, and thereafter 

freeze-dried (Labconco Freezone 6 Freeze Dryer System). The fully dried plant samples were 

then stored at -80oC for further use. 
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Figure 2.6 The red arrow indicates the growing tips of the plant harvested. 

One (±0.1) mg freeze-dried plant samples was weighed, ground, and exhaustedly extracted 

with 600 µL of solvent mixture of methanol : chloroform : ultrapure with 1% sodium chloride 

added (1:1:1 v/v/v). The mixture was vortexed for 30 minutes at room temperature, followed 

by 30 minutes centrifugation at 3000× g maintained at 4 °C. The layers were then transferred 

into a new borosilicate tube and vacuum dried using a speed concentrator. Dried extracts were 

then reconstituted using 400 µL of methanol and filtered using 0.2 μm PTFE membrane filter 

before subjected to Liquid Chromatography and Mass Spectrometry analysis. Figure 2.7 

shows the schematic flowchart of the plant extracts preparation for ultra-high performance 

liquid chromatography-quadrupole time-of-flight mass spectrometry. 
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Figure 2.7 A schematic flowchart of the plant extracts preparation for ultra-high performance 
liquid chromatography-quadrupole time-of-flight mass spectrometry. 

2.3.2 Plant Extracts Preparation for Gas Chromatography-Mass Spectrometry 
(Chapter 5) 

Nepenthes ampullaria and N. rafflesiana were freshly harvested and kept cold on ice in a 

polystyrene box during transport to Swinburne Sarawak laboratories. The plants were washed 

under running tap water and leaf samples were harvested and freeze dried. The freeze-dried 

leaf samples were extracted with methanol. The extraction was performed by preparing 500 g 

of crushed freeze-dried leaf samples in a Schott bottle with enough methanol to completely 

cover and left standing for 24 hours. The extracts were filtered through Whatmann No. 1 filter 

and concentrated using a rotary vacuum evaporator (Figures 2.8 and 2.9), then freeze dried 

into solid form. One mg of dried extracts were weighted and reconstituted using 1 mL of 

methanol, then filtered using 0.2 μm PTFE membrane filter before being subjected to Gas 

chromatography mass spectrometry analysis. Figure 2.10 shows the schematic flowchart of 

the plant extracts preparation for Gas Chromatography-Mass Spectrometry.  
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Figure 2.8 The methanolic leaf extracts of N. ampullaria in a rotary evaporator. Note the green 
color of the extracts. 
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Figure 2.9 The methanolic leaf extracts of N. rafflesiana in a rotary evaporator. Note the red 
color of the extracts. 
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Figure 2.10 A schematic flowchart of the plant extracts preparation for Gas Chromatography-
Mass Spectrometry. 
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2.4 Metabolite Fingerprinting 

Development in analytical instrumentation have improved the metabolite coverage for 

metabolomics. Nuclear Magnetic Resonance (NMR) spectroscopy, Fourier Transform- 

Infrared spectroscopy (FT-IR), and Mass Spectrometry (MS) coupled with chromatographic 

separation such as such as high/ultra-high performance liquid chromatography 

(HPLC/UHPLC), Gas Chromatography (GC), or Capillary Electrophoresis (CE), are some of 

the common analytical techniques that are useful for metabolomic studies (Sardans et al. 2011). 

Among those, Liquid Chromatography-Mass Spectrometry (LC-MS) and Gas 

Chromatography-Mass Spectrometry (GC-MS) are the most powerful techniques for 

metabolite separation and analyses covering a wide range of metabolomes (Sardans et al. 2011; 

Matich et al. 2019). 

2.4.1 Liquid Chromatography-Mass Spectrometry (LC-MS) 

LC-MS is particularly important in studying a great number of metabolic pathways because it 

analyses a very wide range of chemical species, including the thermolabile, non-volatile, polar, 

and nonpolar metabolites, with small sample size and minimal sample preparation is required. 

The technique uses the soft ionization sources- electrospray ionization (ESI) and is usually 

acquired in both positive and negative modes. Ion trap (IT), triple quadrupole (QQQ), time of 

flight (TOF), and quadrupole time-of-flight (QTOF) are some of the mass analyzer instruments 

used in the combination with several chromatographic separation techniques such as HPLC, 

UHPLC and CE. UHPLC coupled with QTOF is best known to be able to produce extremely 

high chromatographic resolution with excellent sensitivity, high mass accuracy (<5 ppm) and 

fast data acquisition. Such combination has been used extensively in metabolomics research, 

especially in metabolite profiling/fingerprinting (Gika et al. 2014; Vorkaset et al. 2015; Makita 

et al. 2016; Núñez et al. 2020; Shi et al. 2020), as well as ecometabolomics (Sardans et al. 

2011; Martinez et al. 2016; Zhang et al. 2017; Tortosa et al. 2018; Oliveira et al. 2020; Li et 

al. 2020). 
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2.5 Ultra-High Performance Liquid Chromatography-Quadrupole Time-of-Flight 

Mass Spectrometry (Chapter 3 and 4) 

The extracted samples were profiled based on a previously published method (Ling et al. 2018). 

Briefly, 10 µL of the sample was injected into Kinetex F5 (2.1 × 100 mm, 2.6 μm; Phenomenex, 

Torrance, CA, USA) for chromatographic separation via VanquishTM Horizon UHPLC system 

(Thermo Fisher Scientific, USA). During analysis, the column was maintained at 40 °C with 

the flow rate of 600 µL/min. The mobile phase was composed of 2 solvents; solvent A (H2O 

- 0.1 % HCOOH – 1 % 10 mM NH4OAc) and solvent B (acetonitrile/methanol [6:4 v/v] – 1 % 

of 0.1 % HCOOH – 1 % 10 mM NH4OAc). The gradient elution program was initiated from 

1 % to 40 % solvent B in 5 min, followed by 100 % solvent B from 5.1 to 8 min and maintained 

for 2 min. Before injecting the next sample, the initial gradient was employed to condition the 

column for 3 minutes. UHPLC system was coupled with electrospray ionization Impact II 

QToF-mass spectrometry system (Bruker Daltonic, Germany). Mass-to-charge ratio (m/z) was 

set between 50 and 1500 for data acquisition. The heated electrospray ionization (ESI) was 

deployed at 4,200 V for positive. Ion source gas temperature and flow rate was set at 300°C 

and 12 L /min respectively.  

Mass calibration solution, 10 mM sodium formate was introduced to the post-column through 

a 6-port valve diverted between 0.1 - 0.3 minutes. The acquired m/z was calibrated against the 

introduced sodium formate, and then subsequently converted into a mzXML file format. 

2.5.1 Metabolomics Data Processing via MZmine 2 

During data processing, raw data was exported as .mzXML format prior to MZmine 2 analysis 

(Pluskal et al. 2010). The software provides noise filtering, peak detection, normalization, 

alignment, and gap-filling and exported as .csv format (Table 2.2 shows the Processing steps 

and parameters of Mzmine, and Figure 2.11 shows the example of aligned and gap-filled peak 

list). Exported .csv files were introduced to multivariate analysis via MetaboAnalyst 4.0 

(Chong et al. 2019).  By using the open source metabolomic analytical tool, metabolite features 

with the missing value > 45% were removed, and the missing values were imputed using K-

nearest neighbors (Do et al. 2018). The data was then log transformed and pareto scaled. 

Metabolite features (ANOVA P < 0.01) between the Nepenthes species under 3 environmental 

conditions were further subjected to compound matching and analysis.  
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The analysis conducted in 5 biological replicates and focuses only on the polar layer as the 

non-polar layer demonstrated no significant difference. All statistical analyses were performed 

on the positive ion data sets. 

Table 2.2 Processing steps and parameters of Mzmine. 

Processing steps Criteria Parameter setting 

Raw data methods 
  

Filtering 
 

Baseline 

correction 
 

MS level 1 

Use m/z bins ✓ 

m/z bin width 1 x10-1 

Correction method Asymmetric baseline 

corrector 

Smoothing 1 x105 

Asymmetry 1 x10-3 

Peak 

detection 
 

Mass detection 
 

Mass detector Centroid 

Noise level 1 x103 

MS level 1 

Chromatogram 

builder 
 

Minimum time span (min) 1 x10-1 

Minimum height 3 x103 

m/z tolerance 0.005 m/z or 1.0 ppm 

MS level 1 

Peak list methods 
  

Peak 

detection 
 

Chromatogram 

deconvolution 
 

Algorithm Baseline cut-off 

Minimum peak height 1 x103 

Peak duration range (min) 0.10 - 0.30 

Baseline level 1 x103 

Isotopes 
 

Isotopic peaks 

grouper 
 

m/z tolerance 0.001 m/z or 5.0 ppm 

Retention time tolerance 10.0 relative % 

Maximum charge 2 

Representative isotope Lowest m/z 

Filtering 
 

Duplicate peak 

filter 
 

m/z tolerance 0.001 m/z or 1.0 ppm 

RT tolerance 0.2 absolute (min) 
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Require same 

identification 

✓ 

Normalizatio

n 
 

Linear normalizer 
 

Normalization type Total raw signal 

Peak measurement type Peak area 

Alignment 
 

RANSAC aligner 
 

m/z tolerance 0.001 m/z or 5.0 ppm 

RT tolerance 50.0 relative % 

RT tolerance after 

correction 

50.0 relative % 

RANSAC iterations 0 

Minimum number of 

points 

60% 

Threshold value 1 x10-1 

Linear model ✓ 

Require same charge state ✓ 

Filtering Peak list rows 

filter 

Minimum peaks in a row 5 

Gap filling Same RT and m/z 

range gap filler 

m/z tolerance 0.001 m/z or 1.0 ppm 
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Figure 2.11 Screenshot of Mzmine 2.29 showing the aligned and gap-filled peak list. Each 
row represents the metabolic feature and the corresponding m/z with the extracted ion 
chromatogram. The columns with colored circles represent individual samples: green color- 
detected features and yellow color- gap-filled. 

2.5.2 Metabolite Annotation and Identification 

Metabolite features, including accurate m/z, possible chemical formula, and the fragmentation 

pattern, were queried against biological databases (highest priority is given to the database 

KEGG, followed by PubChem, and other databases, such as ChEBI and ChemSpider) by the 

application of in silico fragmenter MetFrag (Ruttkies et al. 2016). The precursor mass search 

was set at 5 ppm. Higher value of precursor mass search (up to 25 ppm) was used if there was 

no candidate retrieved using 5 ppm. The fragmentation settings were Mzppm = 5, Mzabs = 

0.01, Mode = [M+H]+; [M+NA]+; [M+NH4]+; [M+K]+, and Tree depth = 2. In addition to 

the dashboard scoring, the MetFrag scoring terms such as Spectral Similarity (MoNA), Exact 

Spectral Similarity (MoNA), Statistical Scoring was activated. 

The candidate was chosen based on the following criteria:  

(a) highest score with at least 80 % matched of the major fragment ions towards the databases. 

(b) lowest relative mass deviation error when compared to the theoretical value. 

(c) lowest relative mass deviation error from the fragment ions matched. 
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To increase the accuracy of the identified metabolites, the matched compounds were cross 

checked with earlier literature on similar compound especially found in Nepenthes or in other 

plants. Pathway Tools Omics Viewer, developed by the Plant Metabolic Network (PMN) were 

used to identify the highly correlated metabolites and visualize the biosynthetic pathways 

(Caspi et al. 2011). 

2.5.3 Multivariate Statistical Analysis 

Multiple comparison of means tests and pie chart were performed using Microsoft Excel. The 

data were pre-transformed using generalized logarithm transformation method via 

MetaboAnalyst 4.0 and two-way ANOVA were performed using PAST software. Multivariate 

analyses including analysis of variance (ANOVA), principal component analysis (PCA), 

partial least squares–discriminant analysis (PLS-DA), hierarchical cluster analysis and heat 

map were performed using MetaboAnalyst 4.0 (Chong et al. 2019). Venn diagram is created 

using Venny 2.1- developed at Bioinformatics for Genomics and Proteomics (Oliveros 2007). 

Highly correlated metabolites in different biosynthetic pathways was obtained through Omics 

Viewer (Caspi et al. 2011). Figure 2.12 shows the schematic diagram summarizing the 

UHPLC-Q/TOF-MS analysis workflow. 
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Figure 2.12 Schematic diagram summarizing the UHPLC-Q/TOF-MS analysis workflow. 

2.6 Gas Chromatography-Mass Spectrometry (Chapter 5) 

GC-MS is a robust tool for the study of volatile compounds (Sardans et al. 2011). It provides 

high chromatographic resolution, permitting the separation of structurally similar compounds, 

reproducible retention times, and is easy to operate. The technique requires the analyte to be 

volatile and thermally stable, thus on some occasions, a chemical derivatization step will be 

used prior to the chromatographic separation to yield volatile and thermostable compounds. 

Nearly all GC-based metabolomic applications combine GC with MS detection using hard 

ionization sources - electron ionization (EI), which allows for in-source fragmentation and 

identification of molecular ion through extensive databases such as Wiley/NBS Mass Spectral 

Database and the NIST/EPA/NIH Mass Spectral Database (Vinaixa et al. 2016; Gross 2017). 
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GC-MS has been widely applied and presented in different fields of metabolomics research 

such as microbiology, food-, cardiovascular-, medical-, and plant science (Barderas et al. 2011; 

Koek et al. 2011; Hussain and Maqbool 2014). 

Analysis was performed using Shimadzu GC-MS (Model QP-2010, Shimadzu Co., Kyoto, 

Japan), equipped with Rtx-5MS capillary column (inner diameter of 0.25 mm, length of 30 m, 

and film thickness of 0.25 μm). The GC-MS condition was modified from the method by Song 

et al. (2015). Both injector and ion source temperature were set at 200 oC. The oven 

temperature was initially programmed at 50 °C (isothermal for 1 min), then increased to 

280 °C at 10 °C/min (isothermal for 5 min). The carrier gas helium was used at the flow rate 

of 1 mL/min and an injector volume of 1 μL, using a 10:1 split ratio. Electron impact at 70 eV 

was used as the ionization mode. Data was collected in the full scan mode (40-400 m/z).  The 

methanolic extracts (1 mg/mL) were prepared, filtered (0.20 µm syringe filter), and injected 

onto the GC-MS. The mass spectra of compounds obtained from GC-MS were tentatively 

identified based on mass spectral data from the Wiley library (7th edition). Only the candidates 

with the spectral data matched of 80% and above were selected, and the selected candidates 

were further verified via earlier literature on similar compound found in Nepenthes or in other 

plants. 

2.6.1 Anti-bacterial activity via disk diffusion assay 

Anti-bacterial activities of the samples were evaluated against eight bacteria species, including 

Gram-positive (Bacillus subtilis, Bacillus cereus, Streptococcus salivarius and 

Staphylococcus epidermidis) and Gram-negative bacteria (Salmonella typhimurium, 

Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae). The antimicrobial 

activity was studied using the disk diffusion assay by a protocol modified by Murray et al. 

(1995). The freeze-dried plant extract was re-dissolved in methanol to yield solution 

containing 50 mg of extract per mL. The sterilized discs (Whatman grade A filter paper discs 

of 6 mm diameter) were loaded with 10 μL of the extracts, with methanol as negative control. 

The loaded discs, including the negative control, were air dried and placed on the testing 

bacteria inoculated agar plate- prepared by inoculating the overnight broth bacteria cultures 

onto nutrient agar plate (20 mL of nutrient agar per petri dish) using sterile cotton swabs. The 

agar plates were incubated at 37oC for 24 hours. The inhibition zones were measured and 

recorded in millimeter. All assays were performed in 5 replicates. Figure 2.13 shows the 

schematic diagram of GCMS analysis workflow. 
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2.6.2 Statistical Analyses 

Statistical analyses including two-way analysis of variance (ANOVA) and tukey's post-hoc 

test was performed using PAST software. The multivariate analyses including hierarchical 

cluster analysis, principal component analysis (PCA) and heat map were performed using 

MetaboAnalyst 4.0 (Chong et al. 2019), with the missing values imputed using K-nearest 

neighbors (Do et al. 2018). The data was log transformed and pareto scaled. The .csv file with 

the identified metabolite features is provided in the supplementary file. Venn diagram was 

created using Venny 2.1- developed at Bioinformatics for Genomics and Proteomics (Oliveros 

2007). 

 

Figure 2.13 Schematic diagram of GCMS analysis workflow. 
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Chapter 3 
 

A comparative UHPLC-Q/TOF-MS-based 
ecometabolomics approach reveals temperature 

adaptation of four Nepenthes species 
 

Abstract 

Nepenthes, as the largest families of carnivorous plants, is found with an extensive 

geographical distribution throughout the Malay Archipelago, specifically in Borneo, 

Philippines, and Sumatra. Highland species are able to tolerate cold stress and lowland species 

heat stress. Our current understanding on the adaptation or survival mechanisms acquired by 

the different Nepenthes species to their climatic conditions at the phytochemical level is, 

however, limited. In this study, we applied an ecometabolomics approach to identify 

temperature stressed individual metabolic fingerprints of four Nepenthes species: the 

lowlanders N. ampullaria, N. rafflesiana and N. northiana, and the highlander N. minima. We 

hypothesized that distinct metabolite regulation patterns exist between the Nepenthes species 

due to their adaptation towards different geographical and altitudinal distribution. Our results 

revealed not only distinct temperature stress induced metabolite fingerprints for each 

Nepenthes species, but also shared metabolic response and adaptation strategies. The 

interspecific responses and adaptation of N. rafflesiana and N. northiana reflected their natural 

habitat niches. Moreover, our study also uncovered the potential of lowlanders, especially N. 

ampullaria and N. rafflesiana, to inhabit highland areas, and the highlander N. minima to 

inhabit lowland areas, thus providing a new way of thinking about the plant genus and future 

adaption in times of changing climate.  

3.1 Introduction 

Nepenthes (N.), the sole genus under the family Nepenthaceae, is one of the largest families 

of carnivorous plants, with an extensive geographical distribution across the Malay 

Archipelago, specifically in Borneo, Philippines, and Sumatra. To date, 151 species have been 

documented, with most species displaying high degrees of endemism and often restricted to 

single areas, i.e. N. villosa, rajah and burbidgeae which can only be found in Mount Kinabalu 
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and the neighboring Mount Tambuyukon in Borneo (Jebb & Cheek 1997; McPherson 2009; 

Murphy et al. 2020). The characteristic pitcher and their adaptation to nutrient poor soils has 

been well documented (Clarke 1997; Clarke & Moran 2016; Barthlott et al. 2007; Seine et al. 

1996).  

Nepenthes can be clustered into two groups: lowlanders (with altitudinal distributions below 

1100 m above sea level (asl) – hot and humid jungles) which can tolerate heat stress and 

highlanders (with altitudinal distributions beyond 1100 m asl such as highland montane forests 

with warm days and cool to cold, humid nights) which can tolerate cold stress (Cheek & Jebb 

2001; McPherson 2009; McPherson et al 2011). There are some exemptions such as Nepenthes 

ampullaria and N. rafflesiana, even though categorized as lowland species, both were recorded 

in highland environments but only very rarely (Jebb & Cheek 1997; Clarke & Wong 1997; 

McPherson 2009; Clarke & Moran 2016). Besides that, N. minima was the only highlander 

species able to grow well at our greenhouse under lowland conditions. Our current 

understanding on the adaptation or survival mechanisms acquired by the different Nepenthes 

species to their climatic conditions at the phytochemical level is, however, limited.  

Heat stress has been shown to increase respiration, reduce photosynthesis, disrupt plant 

cellular structures and defensive mechanisms, and elevate stress metabolites production in 

plants (Ding et al. 2016; Djanaguiraman et al. 2010; Wahid et al. 2007). Low temperature 

stress, on the other hand, can aggravate the balance between the energy source, cause cellular 

DNA damage, disrupt physiological functions of plant cell and the metabolic sink, and affect 

the photosynthesis rate of the plant (Wang et al. 2020; Liu et al. 2018; Allen & Ort 2001; Paul 

& Foyer 2001). Both stresses will cause overproduction of reactive nitrogen species (RNS) 

and reactive oxygen species (ROS), thus causing oxidative stress in plants (Samanta et al. 

2011; Sharma et al. 2012; Airaki et al. 2012; Kuk et al. 2003). 

Metabolomics can contribute significantly to our understanding of stress responses in plants 

by identifying the involved metabolites in response to endogenous and exogenous stressor 

(see for example Wei et al. 2020; Jian et al. 2020; Guy et al. 2008; Shulaev et al. 2008). 

Applying a non-targeted metabolome approach, combined with high-resolution Mass 

Spectrometry (MS) and high-resolution chromatography, we can discover true dynamics of 

biological systems in response to specific perturbations (Weckwerth 2003).  
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In the current study, we investigated the impact of heat and cold stress on four Nepenthes 

species, representing lowland (N. ampullaria, N. rafflesiana and N. northiana) and highland 

species (N. minima). Using a MS-based non-targeted approach, we aim to understand how the 

underlying ecological adaptation of the plant species influences their metabolite regulation 

upon heat and cold exposure. Do they share (a) similar response toward the provided 

environmental conditions; or (b) are different strategies been applied by each species?  

3.2 Methods 

3.2.1 Nepenthes  

Four Nepenthes species namely Nepenthes minima, Nepenthes ampullaria, Nepenthes 

northiana and Nepenthes rafflesiana were pre-adapted at lowland greenhouse for a period of 

6 months, at least, before being subjected into climatic chamber with control environment 

conditions. The Nepenthes in this study represented highland and lowland climatic conditions 

(Table 3.1; for morphological details of the plant, please refer to Jebb and Cheek (1997) and 

Adam et al. (1992)). We hypothesized that distinct metabolite regulation patterns can be 

distinguished between the Nepenthes species due to their adaptation towards different 

geographical and altitudinal distribution.  

Table 3.1 Four Nepenthes species employed in this study. 

Nepenthes (N.) 

species 

Habitat Altitudinal 

distribution 

Environmental 

niche assigned 

N. northiana Limestone hills 0 - 500 Lowlander 

N. rafflesiana Open area, shady forest, 

offshore 

0 - 1500 Lowlander 

N. ampullaria Damp, shady forest, swamp 

forest 

0 - 2000 Lowlander 

N. minima Open grassland, with grey-

yellow clay as substrate 

(highland grasslands of 

Central Sulawesi (Celebes) 

1000 - 1700  

with most localities 

lying above 1400m 

asl. 

Highlander 
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3.2.2 Plant materials and growth conditions  

All plants were grown in a Pol-Eko-Aparatura climatic chamber with phytotron system (Model: 

KK 750 FIT P) in a mixture of cocopeat and perlite (at a ratio of 10 : 0.5; g/g). All plants were 

exposed to 12 hours of light and 12 hours of darkness.  

The plants were exposed to (a) lowland (33 °C day / 28 °C night), (b) intermediate (25 °C day 

/ 18 °C night), and (c) highland conditions (23 °C day / 8 °C night) for 7 days before being 

harvested. The growing tips, the active growing part of the plants, were harvested and freeze-

dried (Labconco Freezone 6 Freeze Dryer System), and metabolites extracted. 

3.2.3 Sample preparation 

One (±0.1) mg freeze-dried plant samples was weighed, ground, and exhaustedly extracted 

with 600 µL of solvent mixture of methanol:chloroform:ultrapure water (with resistance of 

18.2 Ωcm-1 ) with 1% sodium chloride added (1:1:1 v/v/v). Mixtures were vortexed for 30 

minutes at room temperature, followed by 30 minutes centrifugation at 3000 × g maintained 

at 4°C. The lower layer was then transferred to a new borosilicate tube and vacuum dried using 

a speed concentrator. Dried extracts were then reconstituted using 400 µL of methanol and 

filtered using 0.2 μm PTFE membrane filter before being subjected to Liquid Chromatography 

and Mass Spectrometry analysis. 

3.2.4 Metabolome profiling 

The extracted samples were profiled based on previously published method (Ling et al. 2018). 

Briefly, 10 µL of the sample was injected into Kinetex F5 (2.1 × 100 mm, 2.6 μm; Phenomenex, 

Torrance, CA, USA) for chromatographic separation via VanquishTM Horizon UHPLC system 

(Thermo Fisher Scientific, USA). During analysis, the column was maintained at 40°C with 

the flow rate of 600 µL/min. The mobile phase was composed of 2 solvents; solvent A (H2O 

- 0.1 % HCOOH – 1 % 10 mM NH4OAc) and solvent B (acetonitrile/methanol [6:4 v/v] – 1 % 

of 0.1 % HCOOH – 1 % 10 mM NH4OAc). The gradient elution program was initiated from 

1% to 40% solvent B in 5 min, followed by 100% solvent B from 5.1 to 8 min and maintained 

for 2 min. Before injecting the next sample, the initial gradient was employed to condition the 

column for 3 minutes. UHPLC system was coupled with electrospray ionization Impact II 

QToF-mass spectrometry system (Bruker Daltonic, Germany). Mass-to-charge ratio (m/z) was 

set between 50 and 1500 for data acquisition. The heated electrospray ionization (ESI) was 
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deployed at 4,200 V for positive. Ion source gas temperature and flow rate was set at 300°C 

and 12 L /min respectively.  

Mass calibration solution, 10 mM sodium formate was introduced to the post-column through 

a 6-port valve diverted between 0.1 - 0.3 minutes. The acquired m/z was calibrated against the 

introduced sodium formate, and then subsequently converted into a mzXML file format. 

3.2.5 Metabolomics data processing 

Raw data was exported in .mzXML format prior to MZmine 2 analysis (Pluskal et al. 2010). 

The software provides noise filtering, peak detection, alignment, normalization, alignment, 

and gap-filling and exported data in .csv format. Exported .csv files were used for multivariate 

analyses with MetaboAnalyst 4.0 (Chong et al. 2019). Metabolite features with missing values  

> 45% were removed, and missing values imputed using K-nearest neighbors (Do et al. 2018). 

The data was log transformed and pareto scaled. Metabolite features (ANOVA P < 0.01) 

between the Nepenthes species under 3 environmental conditions further subjected to 

compound matching and analysis. The .csv file with significantly changed metabolite features 

is provided in the supplementary file. The current analysis focused on the polar layer only as 

the non-polar layer demonstrated no significant difference (data excluded). All statistical 

analyses were performed on the positive ion data sets. 

3.2.6 Metabolite Annotation and Identification 

Metabolite features, including accurate m/z, possible chemical structures, and the 

fragmentation pattern, were queried against biological databases (highest priority was given 

to the database KEGG, followed by PubChem, and other databases, such as ChEBI and 

ChemSpider) using in silico fragmenter MetFrag (Ruttkies et al. 2016). The candidate was 

chosen based on the following criteria: (a) highest score with at least 80% match of the major 

fragment ions towards the databases (b) lowest relative mass deviation error when compared 

to the theoretical value (c) lowest relative mass deviation error from the fragment ions matched. 

To increase the accuracy of the identified metabolites, we cross checked the matched 

compound with earlier literature on similar compounds especially in Nepenthes or in other 

plants. Pathway Tools Omics Viewer, developed by the Plant Metabolic Network (PMN), was 

used to identify highly correlated metabolites and to visualize the biosynthetic pathways 

(Caspi et al. 2011). 
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3.2.7 Statistical Analyses 

Multiple comparison of mean tests, two-way ANOVA and pie chart were performed using 

Microsoft Excel. The data were pre-transformed using generalized logarithm transformation 

method via MetaboAnalyst 4.0 and Post hoc analyses were performed using PAST software. 

Multivariate analyses including analysis of variance (ANOVA), principal component analysis 

(PCA), partial least squares–discriminant analysis (PLS-DA), hierarchical cluster analysis and 

heat map were performed using MetaboAnalyst 4.0 (Chong et al. 2019). Venn diagram was 

created using Venny 2.1- developed at Bioinformatics for Genomics and Proteomics 

(BioinfoGP) (Oliveros 2007). Highly correlated metabolites in different biosynthetic pathways 

was obtained through Omics Viewer (Caspi et al. 2011). 

3.3 Results 

We determined the individual metabolite fingerprints of four (4) Nepenthes species in response 

to highland, intermediate and lowland growing conditions. The applied workflow allowed the 

determination of 125 significantly altered metabolites under the experimental conditions from 

which 89 could be identified (Supplementary Table 1). The identified metabolites were 

grouped under 16 categories, with the majority of them being flavonoids, followed by organic 

acids, fatty acyls, amino acids, purine base, alkaloids, etc. (Figure 3.1). Fourteen of the 

identified metabolites were found to be involved in 32 metabolic pathways (Table 3.2). 
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Figure 3.1 Pie chart depicting percentages of the metabolite group of the 89 putatively 
identified metabolites, as well as the regulation of the metabolites of each group in response 
to the different temperature conditions. Each layer indicates a Nepenthes species, from inner 
layer to outer layer: N. minima, ampullaria, northiana, rafflesiana. NE: no effect/ particular 
pattern, LL: metabolites expressed highest at lowland condition, HL: metabolites expressed 
highest at highland condition. 
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Table 3.2 Summary of highly correlated metabolites in different biosynthetic pathways. 
Letter(s) after the pathways and metabolites indicate the involved metabolites in the same 
pathway. Enrichment analysis was carried out using the Fisher Exact statistical test. 

 

Biosynthetic pathways P-value Metabolites 

Phenylpropanoid derivatives biosynthesisa 2.56e-05 Quercetina,b,c,d,e,f,g,j,q 

Luteolina,d,g,j,n 

Syringina,j,k 

Kaempferol-3-glucosidea,b,c,d,j 

Rutina,b,c,d,e,j 

Benzoatea,j,m,p 

Coniferina,j,k,p,r 

Quercetin 3-O-

rhamnosidea,b,c,d,f,j 

L-Arginineh,i,p,s 

L-Tryptophanh,i,j,p 

Adenineh,l,p,t 

L-Isoleucineh,i 

Adenosineh,i,o,p,t 

L-Isoleucinep 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Superpathway of flavones and derivatives biosynthesisb 4.65e-04 

Flavonols biosynthesisc 7.48e-04 

Flavonoids biosynthesisd 1.18e-03 

Rutin biosynthesise 2.95e-03 

Quercetin glycoside biosynthesis (Arabidopsis)f 5.07e-03 

Flavonoid Biosynthesis (In Equisetum)g 7.72e-03 

Proteinogenic amino acids biosynthesish 2.26e-03 

Amino acids biosynthesish 6.54e-03 

Proteinogenic amino acids degradationi 8.72e-03 

Amino acids degradationi 1.07e-02 

Secondary metabolites biosynthesisj 1.29e-02 

Lignins biosynthesisk 2.31e-02 

S-methyl-5'-thioadenosine degradation iil 2.59e-02 

Benzoyl-β-d-glucopyranose biosynthesism 2.59e-02 

Benzoate degradationm 3.86e-02 

Benzoate degradation II (aerobic and anaerobic)m 3.86e-02 

Chrysoeriol biosynthesisn 3.23e-02 

Adenine and adenosine salvage VIo 3.23e-02 

Degradation/utilization/assimilationp 3.35e-02 

Methylquercetin biosynthesisq 3.86e-02 

Phenylpropanoid derivatives degradationr 4.49e-02 

Coniferin metabolismr 4.49e-02 

Putrescine biosynthesis Is 4.49e-02 

Adenine and adenosine salvage II t 8.13e-04 

Adenine and adenosine salvaget 1.72e-03 

Purine Nucleosides Salvage II (Plant)t 2.95e-03 

Cytokinins degradationt 3.43e-03 

Purine nucleotide salvaget 7.72e-03 

L-methionine salvaget 2.19e-02 

L-methionine biosynthesist 3.06e-02 

Purine nucleotide biosynthesist 4.04e-02 
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3.3.1 Individual metabolomic fingerprints of the four Nepenthes species  

The metabolomes of the four Nepenthes species, subjected to varying temperature regimes, 

displayed significant differences (P < 0.01; Supplementary Table 2). A dendrogram based on 

Pearson distances and average clustering showed very distinct grouping of N. ampullaria and 

N. minima under all three temperature conditions compared to N. northiana and N. rafflesiana 

(Figure 3.2a). Principle components 1 and 2 derived from the PLS-DA, showed the total 

variance among the species at 39.7% (Figure 3.2b). Despite grouping distinctly on its own, 

PLS-DA indicated greater temperature-related variability of N. ampullaria compared to the 

other species (Supplementary Table 3). The PLS-DA model was well-validated using a 

permutation test with p < 0.001 after 1000 permutations (Supplementary Figure 1). 

 

Figure 3.2 Metabolite profiles of the four Nepenthes species as influenced by the three 
different growing conditions. (a) Dendrogram shows the relationship among the samples using 
Pearson distances and average clustering. (b) Principal Component Analysis (PCA) score plot 
showing the spatial separation between the Nepenthes species and the provided growing 
conditions. Abbreviations: amp represents N. ampullaria, min represents N. minima, north 
represent N. northiana, and raff represents N. rafflesiana. The numbering after the species 
name represents the biological replicates. HL represent highland condition, IL represent 
intermediate condition, and LL represent lowland condition. 

(a) (b) 
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3.3.2 Universal Metabolite Response to temperature stress 

Our result showed that the metabolites were greatly affected by temperature stress under 

lowland and highland conditions. While the metabolites expressed differed significantly 

among the four species (Figure 3.3), high or lowland stress also led to a similar response in 

metabolite regulation across all our species. Adenine, berberastine baicalein (isomers included) 

and 1-naphthoic acid were, for example, were the most expressed compounds under highland 

cold stress, whereas L-tryptophan, 18-oxononadecanoic acid, olealdehyde and indole-3-

acrylic acid were the most expressed compounds under lowland heat stress (Figure 3.3; 

Supplementary Table 4). Interestingly, a flavone baicalein together with its isomers showed 

the highest accumulation at both highland and lowland conditions (Supplementary Table 4). 

Among the identified compounds, certain groups showed consistent expression among the 

Nepenthes sp. such as purine bases (highest expression at highland condition), fatty acyls, 

amino acids, and indoles (highest expression level at lowland conditions). 
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Figure 3.3 Heatmap of 89 identified metabolites from the 4 Nepenthes species based on 
Euclidean distances and Ward clustering. The concentration of metabolites is presented on a 
log scale. 
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3.3.3 Species-specific Metabolite Response to temperature stress 

Our results (Figure 3.4) also revealed unique combinations of metabolite responses towards 

heat and cold stress at interspecific level. For instance, N. ampullaria had the highest 

accumulation of alkaloid trigonelline and amino acid isoleucine under highland cold stress 

exposure while N. minima had these compounds at highest concentrations at lowland heat 

stress. N. northiana displayed high accumulation of norvaline under cold stress. Besides that, 

within the identified groups, most of the detected flavonoids had the highest expression under 

lowland conditions for N. northiana and rafflesiana, and highland condition for N. minima, 

while most of the flavonoids showed no change in response in N. ampullaria. Organic acids 

were recorded with the highest expression under highland conditions for N. minima and 

ampullaria, and lowland condition for N. northiana. 

Apart from the universal and species-specific metabolite response mentioned above, we were 

able to observe the pattern of metabolites accumulation that were consistent for a subset of the 

species. For examples, under lowland heat stress, syringin exhibited the highest accumulation 

for N. northiana and N. rafflesiana, while the highest accumulation of adenosine were shown 

in N. ampullaria, N. northiana and N. rafflesiana under highland cold stress. A complete list 

of the metabolites expressed for each species under differing temperature conditions can be 

found in the Supplementary Table 4.  
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Figure 3.4 Venn diagram based on similarly expressed metabolites (highest expression 
recorded on either highland or lowland condition of the identified metabolites) among the 4 
Nepenthes species in response to the three temperature conditions. Please refer to the 
supplementary file (Supplementary Table 4) for the metabolites detail. 

3.3.4 Biosynthetic pathways and metabolic networks  

We identified 14 metabolites that are involved in 32 metabolic pathways, including 

biosynthesis of phenylpropanoid and flavones derivatives, flavonols, flavonoids, amino acids, 

secondary metabolites and lignins, as well as coniferin metabolism (Table 3.2). A metabolic 

network was created to summarize the major heat and cold stresses adaptation strategies 

applied by the 4 Nepenthes species (Figure 3.5). 
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Figure 3.5 Adaptation strategies applied by different Nepenthes species in response to 
different environmental conditions. dot lines: strategies used under highland cold stress 
exposure; solid lines: strategies used under lowland heat stress exposure. 

3.4 Discussion 

Till today, we have no clear understanding on the adaptation or survival mechanisms 

acquired by different Nepenthes species to their climatic conditions. The distinctiveness of N. 

ampullaria and N. rafflesiana (capable of inhabiting lowland and highland altitudes), and N. 

minima (unique highlander that is able to grow at lowland conditions), as well as N. northiana 

from an extreme habitat (limestone vegetation), made them the target species for the present 

study. We aimed to shed light on their unique adaptation mechanisms by studying their 

metabolomes in response to different environmental conditions. For the purpose of this 

study, we considered temperature to be the main environmental variable between the 

highland (with temperatures down to 8 °C during the night) and lowland (up to 33 °C during 

the day) and exposed all four Nepenthes to temperatures representative of lowland, 

intermediate and highland conditions. Nepenthes are known to produce a wide range of 

metabolites but their metabolites have so far only been studied for their enzymatic 

properties and pharmacological potential (Van Thanh et al. 2015b; Saganová et al. 2018; 
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Sanusi et al. 2017). The role of metabolites as regulatory/signaling agents, or in defense 

against biotic and abiotic stresses (such as temperature changes), has been described in 

other plant species such as Arabidopsis, Triticum, and Vitis (Kaplan et al. 2004; Hassanein 

et al. 2013; Cohen et al. 2008). Our study provides the first insight into the response (at 

metabolome level) of Nepenthes plants originating from different climatic niches to 

temperature stress. 

3.4.1 Universal adaptation strategy 

Plants possess various acclimatization strategies to survive through the temperature stresses, 

which includes the accumulation of flavonoids, alterations in the membrane lipid composition 

and signaling, phytohormones regulation and signaling, increased in transpiration, ROS 

scavenger accumulation and many more (Das & Roychoudhury 2014; Takahashi et al. 2003; 

Tangmouo et al. 2009; Qi et al. 2010; Higashi & Saito 2019; Balfagón et al. 2019; Souri et 

al. 2020; Abdelrahman et al. 2020; Chen & Raji 2020). Similar strategies were also observed 

in Nepenthaceae (Figures 3.1, 3.3, 3.4 and 3.5).  

Under lowland high temperature condition, Nepenthes apply several strategies to overcome 

the heat stress such as increased phytohormone metabolism and related lateral root 

development. L-tryptophan is known to be involved in auxin indole-3-acetate synthesis 

(Mano & Nemoto 2012; Zhao 2012), while isoleucine is known to be the key amino acid 

that activates endogenous phytohormone jasmonic acid (Staswick & Tiryaki 2004). Our 

results demonstrated the importance of auxin in Nepenthes plants to tolerate heat through 

enhanced lateral root system development to reduce the water loss via transpiration, thus 

providing better cooling effect for the plant. Similar strategies were found in Arabidopsis 

thaliana, where high temperature increased water loss via transpiration and enhanced leaf 

cooling capacity (Crawford et al. 2012). Besides that, the importance of α-oxidation 

(olealdehyde) and ω-oxidation (18-oxononadecanoic acid) in response to heat stress were 

also observed in Nepenthes plants (Buchhaupt et al. 2014; Rizzo 2014). Both oxidation 

processes, which involve aldehyde dehydrogenase as the key enzyme, are known to yield an 

unsaturated fatty acid (α-oxidation) and a dicarboxylic fatty acid (ω-oxidation) in which the 

unsaturated fatty acid is responsible in maintaining the fluidity of plant cell membrane lipids 

and dicarboxylic acid is essential for the cuticle formation in the plants (Hu et al. 2018; 

Kurdyukov et al. 2006). This can be further supported by the increased expression of aldehyde 
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dehydrogenase genes in Arabidopsis plant under heat stress exposure (Zhao et al. 2017). The 

amino acid norvaline was previously recorded in cold and drought stress responses (Kaplan 

et al. 2004; Shi et al. 2015), and our results showed that it was involved in both cold and 

heat stress responses (Figure 3.3; Supplementary Table 4). 

Our results highlighted the utilization of energy metabolism by Nepenthes plants to 

overcome the stress caused by exposure to low temperature. Both adenine and adenosine, 

which were expressed at the highest level under cold conditions, are known for their 

importance for proper functioning of plant cell, nucleic acid synthesis and energy 

metabolism (Haferkamp et al. 2011; Ashihara et al. 2018). Similar effects were also 

observed in other plants. For example, increase of energy in the form of ATP from the cold 

acclimation of winter rape plants when temperatures dropped down to 5oC (Sobczyk & 

Kacperska-Palacz 1978) and winter weeds (Triticum aestivum L. cv. Frederick) when 

temperature went down to 2oC (Perras & Sarhan 1984). This phenomenon is, however, still 

poorly understood. The authors suggested possibility of the energy utilization through the 

accumulation of ATP during the initial plant acclimation, to synthesize glycoprotein or 

other protective substances of protein that could increase the cold hardiness of the plant 

membrane (Perras & Sarhan 1984). Besides plants, similar ATP increase under cold 

condition has been reported in ice worms (Mesenchytraeus solifugus) (Napolitano et al. 

2004), psychrophilic microorganisms (Napolitano & Shain 2005) and bacteria (Amato & 

Christner 2009) with strong evidence of linear relationship between intracellular ATP 

concentration and cold tolerance (Morrison & Shain 2008). 

Reactive oxygen species scavenging activity via the secondary ROS scavenging system 

flavonoids was also observed in Nepenthes plants, in defense against oxidative damage 

induced by heat and cold stresses. Flavonoids have been recorded to play different roles in 

different plants under one genus (Gharibi et al. 2016), and sometimes one flavonoid may 

have different responses in a single plant species with different origins (Goh et al. 2016). 

Our study showed distinctive flavonoid modification of the 4 Nepenthes species in response 

to the different environmental conditions provided. Among the identified flavonoids, our 

results have shown the interesting distinct biological activity of baicalein isomers in 

assisting the plant to overcome the environmental stress. This can be further supported by 

several studies (Mueller & Boehm 2011; Böhm et al. 2002; Muller et al. 2011; Xu et al. 

2012), in which different flavonoid isomers resulted in various antioxidant activities. 
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Together with its glucuronide form baicalin, both flavonoids play important roles in the 

balance between antioxidant enzyme and ROS activities in adaptive responses to  

temperature stress (Yuan et al. 2011). Limited studies are available on the role of 

proanthocyanidin in response to cold stress, however, An et al. (2018) have shown the 

importance of the R2R3-MYB transcription factor MdMYB23 in accumulation of 

proanthocyanidin accumulation under cold temperature (4oC) exposure in apple (Malus x 

domestic). Our study lends further support to the involvement of proanthocyanidin 

(Epiafzelechin 3-O-gallate-(4beta->6)-epigallocatechin 3-O-gallate) in response to cold 

stress (Supplementary Table 4). 

3.4.2 Species-specific adaptation strategies 

The metabolite regulation patterns clearly showed that responses to temperature changes 

are linked to the plant habitats. Thermal specialization in tropical plant species indicate 

further inabilities for highland Nepenthes plants to adapt to changing environments (Addo‐

Bediako et al. 2000; Ghalambor et al. 2006; Araújo et al. 2013). The pyrophytic species 

Nepenthes minima is, however, unique as it adapted well in the greenhouse under lowland 

conditions. Its habitat is known to experience high temperatures up to 38 °C and prone to 

seasonal burning, with re-growing observed from the plant rootstock after the wildfires (Cheek 

& Jebb 2016). This could be the reason for the heat tolerance (up to 33 oC) in that species. 

Our temperature metabolome study revealed the ability of this species to manipulate 

production of amino acids and phytohormones in their heat stress adaptation. We discovered 

that this highland species possesses the heat adaptation strategy similar to that of the 

lowlander N. rafflesiana, such as increased nitrogen storage, and polyamides synthesis via 

L-arginine accumulation (Okumoto et al. 2016). Nitrogen storage is known to be crucial in 

heat shock protein production which plays a vital role in surviving heat stress (Heckathorn 

et al. 1996), while polyamines and L-arginine play a major role in activating ROS-

scavenging enzymes under abiotic stress (Okumoto et al. 2016; Yu et al. 2014). 

Apart from the increased production of the phytohormone auxin, a strategy employed by 

all 4 Nepenthes species studied, N. minima upregulated the production of two other 

phytohormones: jasmonic acid and trigonelline. The importance of the endogenous 

phytohormone jasmonic acid for thermal toleration in plants have been previously recorded 

(Ruan et al. 2019; Sharma & Laxmi 2016; Du et al. 2013). The trigonelline was previously 
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recorded with various regulatory roles in relation to plant cell cycle regulation, nodulation, 

oxidative stress, as well as the growth of the plant (Ghosh et al. 2020; Garg 2016; Boivin 

et al. 1990). Interestingly, similar manipulation of the two hormones can also been observed 

in the lowlander N. ampullaria. However, instead of the lowland condition, N. ampullaria 

utilized them to adapt to highland cold stress. 

As a lowlander, N. ampullaria was found to be capable of inhabiting a wide altitude range- 

including highland environments (up to 2100m asl; Jebb & Martin 1997). That is to say, the 

species even as a lowlander, is capable of tolerating low temperatures. Besides the two 

phytohormones mentioned above, the species also utilizes norbergenin, which possesses both 

antioxidant and ROS scavenging activities, to protect themselves from the cold stress 

induced oxidative damage (Takahashi et al. 2003; Tangmouo et al. 2009). Similar 

protection strategy was also observed in N. rafflesiana, which has been recorded growing 

at 1500m asl according to Adam et al. (1992). 

While two metabolites involved in lignin biosynthesis pathways (coniferin and syringin) 

were detected in all four species, two of the lowland species (N. northiana and rafflesiana) 

displayed significantly higher accumulation of syringin under lowland conditions. N. 

northiana is commonly found on limestone hills, a harsh environment composed of calcium 

carbonate, alkaline pH and highly susceptible to drought (Cheek & Golos 2019), while N. 

rafflesiana can be found in open habitats such as degraded, dry laterite and podsols (Clarke 

& Wong 1997; Phillipps & Lamb 1988). In Matang, Kuching, Sarawak, Malaysia, N. 

rafflesiana has also been observed in open areas with direct exposure to sunlight and heat 

(anecdotal observations). Based on our data, it seems that in response/adaptation to the sun, 

heat, and drought, both N. northiana and rafflesiana developed a self-protection strategy 

by increasing lignification to inhibit water loss from plant tissues (Yoon et al. 2020). 

Similar adaptation mechanisms have been shown for Norway spruce, Ctenanthe setosa, and 

wheat (Mandre 2002; Terzi et al. 2013; Bala et al. 2016). 

3.4.3 Survival in a changing climate 

Past studies revealed the importance of ecological adaptation of Nepenthes as the key 

determining factor driving, not only the diversification of pitcher morphology and their prey 

trapping mechanisms, but also the evolution of nutrient sequestration strategies (Bauer et al. 

2012; Moran et al. 2013). In this study, we demonstrated the individual adaptation strategies 



62 

 

applied by four Nepenthes species towards high and low temperature heat stress. Some 

responses, such as the lignification, are clearly linked to the habitat niches (Figure 3.5).  

Nepenthes is known to be susceptible towards climate change. Due to the narrow endemism 

geographical distribution of certain species, especially the highlanders confined to single 

mountain summits, they are at particularly high risk of species extinction (Moran et al. 2013; 

Gray et al. 2017). Previously ecological niche modeling and maxent modeling have 

determined the climatically suitable area (habitat) for some species such as N. rafflesiana, N. 

tentaculate, N. macrophylla and N. lowii, via application of the climatic (such as rainfall and 

temperature) and edaphic (such as landform, soil association, soil parent material and soil 

suitability) variables (Gray et al. 2017; Maycock et al. 2011). The present ecometabolomic 

study has demonstrated the capability of the plant genus to adapt to environmental thermal 

stress. Thus, the future for selected species might not be so bleak and we suggest that the 

variability of their metabolomes should be put into consideration, as well. 

3.4.4 Discovery of fungal and bacterial xenobiotic metabolites, natural occurring 

cyanobacteria toxin within the plant extracts 

Apart from the metabolites described above, a fungal and bacterial xenobiotic metabolite, 

1-naphthoic acid (Supplementary Table 1), was also detected in the plant extracts. Previous 

studies have shown the Nepenthes plant are consisted of endophytes (Wong et al. 2018; 

Bhore et al. 2013; Lee et al. 2014). We also found anatoxin which is produced by 

cyanobacteria (Supplementary Table 1; Metcalf & Bruno 2016). This finding was surprising 

but other studies have indeed shown that cyanobacteria are found in the fluid of Nepenthes 

pitcher (Takeuchi et al. 2015). Our detection of the toxin in the plant tissue, shows that the 

toxin can be transferred to the plant through its pitcher. Toxins can act similar to pesticides 

and insecticides (Metcalf & Bruno 2016), hence we hypothesize that this could be part of 

the mutualism between the cyanobacteria and their host plant, by supplying natural toxin to 

protect their host plant from biotic stress. 

3.5 Conclusion and Final Remark 

Our ecometabolomic study on the impact of lowland heat stress and highland cold stress 

revealed different metabolic fingerprints and species adaptation strategies based on their 

different ecological niches. Nepenthes responses to thermal stress clearly depend on genotypic 
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parameters, as certain genotypes show unique ways of tolerating the abiotic stress. Moreover, 

our study also demonstrated universal (shared across all four species studied) responses and 

adaptation strategies towards heat and cold stress. Importantly, our study revealed the potential 

of selected lowlanders, N. ampullaria and N. rafflesiana, to inhabit highland areas, as well as 

the highlander N. minima to inhabit lowland areas. This offers hope for future adaption 

towards changing climatic conditions. Lastly, we suggest more studies on plant metabolomes 

to achieve a better understanding of the adaption of Nepenthes (and other plant) species to 

their habitats.  
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Chapter 4 
 

Species discrimination of Nepenthes via interspecific 
metabolic fingerprints 

 

Abstract 

Nepenthes is one of the largest carnivorous plant families that possess unique liquid filled 

tube-shaped cups with the main function to attract, trap, kill, and digest the prey for their 

nutrition. The high levels of polymorphism of Nepenthes species and populations, especially 

in their pitcher characteristics, have led to difficulties in the species delimitation. Advanced 

molecular technologies, such as sanger sequencing method and high throughput sequencing, 

have also been used in the species discrimination. Topological incongruence was, however, 

still identified, and especially Bornean taxa showed inconsistent grouping. In the present study, 

we applied a non-targeted metabolomics approach (using UHPLC-QTOF-MS) to evaluate 

intraspecific metabolite fingerprints of four (4) Nepenthes species: Nepenthes ampullaria, 

Nepenthes rafflesiana, Nepenthes northiana and Nepenthes minima. The aim was to use this 

approach as a novel potential identification tool for Nepenthes species. Our study provides the 

first insight classification and discrimination of Nepenthes species via intraspecies metabolic 

fingerprint. 

4.1 Introduction 

Nepenthes pitcher plant is one of the largest carnivorous plant families that possess a unique 

liquid filled tube-shaped cup (pitcher) at the end of the leaf. The pitcher has the main function 

to produce nectar for attracting their prey and to trap, kill, and digest them for their nutrition 

(Clarke 1997). The plant consists of 151 species described, and can be found across the Malay 

Archipelago, particularly in Sumatra, Philippines, Indochina, Palawan, Mindanao, Peninsular 

Malaysia and Borneo (Murphy et al. 2020).  

High levels of polymorphism of the Nepenthes species and population, especially in their 

pitcher characteristics, have led to difficulties in the species delimitation (Clarke et al. 2018; 

Mullins 2000). New taxa descriptions have greatly increased over the past decades with few 
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describing stable morphological characteristics (Clarke et al. 2018). An increase in new 

segregations from existing species has also been observed (Wilson & Venter 2016; Catalano 

2018; Mansell & Suarez 2016). The use of advanced molecular technologies, such as the 

sanger sequencing method via plastid trnK intron, nuclear low copy gene PTR1, plastid non-

coding marker trnL–trnF and others (Meimberg et al. 2001; Schwallier et al. 2016; Meimberg 

& Heubl 2006; Mullins 2000; Merckx et al. 2015; Biswal et al. 2018; Renner & Specht 2011; 

Alamsyah & Ito 2013; Merckx et al. 2015; Schwallier et al. 2016; Bunawan et al. 2017), has 

aided in Nepenthes species discrimination over the past decades, but the phylogeny still 

remains largely uncertain. This is mainly due to the incongruence between nuclear and plastid 

phylogenies, conflicting markers, the possibility of Internal transcribed spacer paralogues 

inclusion, and limited phylogenetic resolution (Mullins 2000; Meimberg & Heubl 2006; 

Meimberg et al. 2001). In the last two years, Nauheimer et al. (2019) and Murphy et al. (2020) 

have used a high throughput sequencing approach, such as DNA target capture and sequencing 

via 353 nuclear loci and genome skimming on 81 plastid genes with high-copy rDNA loci, as 

a more robust and effective method to resolve the taxonomy and classification. The new 

superior phylogenomic data have resulted in greatly improved phylogenetic resolution and 

branch support, however, topological incongruence was still observed and certain taxa 

(especially Bornean taxa) showed inconsistent grouping, highlighting the need for further 

studies (Nauheimer et al. 2019; Murphy et al. 2020).  

Metabolomics is an advanced ‘omics’ platform that contributes significantly to the field of 

plant science, especially in ecometabolomics which focuses on the interactions between plants 

and the environment, or other organisms across different temporal and spatial scales (Sardans 

et al. 2011; Peters et al. 2018; Jan & Ahmad 2019). This advanced platform allows the 

simultaneous detection, identification, and quantitation of a wide range of biochemical 

compounds. Metabolomics approach has been successfully used in the intra- and interspecies 

differentiation of plants and other organisms (Davey et al. 2008; Hoffmann et al. 2017; Huseby 

et al. 2012; Nagler et al. 2018; Yang et al. 2018; Li et al. 2020; Shi et al. 2020). Therefore, we 

hypothesize that this approach could be used as an identification tool for Nepenthes species.  

In Chapter 3, we applied a non-targeted metabolomics approach combined with Ultra High-

Resolution Liquid Chromatography and high-resolution Mass Spectrometry to study 

metabolite fingerprints of four species of Nepenthes: Nepenthes ampullaria, Nepenthes 

rafflesiana, Nepenthes northiana and Nepenthes minima. In the present study, we re-analyze 
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the raw data and aim to discriminate and classify the Nepenthes species based on their 

individual metabolic fingerprints and identify their potential interspecific biomarker. 

4.2 Methods 

4.2.1 Nepenthes  

Four Nepenthes species, namely Nepenthes minima, Nepenthes ampullaria, Nepenthes 

northiana and Nepenthes rafflesiana, from different habitat, altitudinal distribution and 

infrageneric classification were targeted in the present study.  (Table 4.1; Jebb and Cheek 

(1997) and Adam et al. (1992)). Plants are known to possess different metabolic profiles, even 

at the intraspecies level, therefore we hypothesized that distinct metabolite fingerprints can be 

distinguished between the Nepenthes species. Similar plant materials, growth conditions, 

sample preparation and metabolome profiling methods were archived as in chapter 3, and the 

raw data was differently analyzed (Tables 4.2.1 – 4.2.5).  
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Table 4.1 Four Nepenthes species employed in this study. 

Nepenthes 

(N.) species 

Habitat Altitudinal 

distribution 

(m) 

Environmental 

niche assigned 

Infrageneric 

classification 

Country distribution 

N. northiana Limestone 

hills 

0 – 500 Lowlander Insignes; 

Danser (1928) 

widespread, can be 

found growing in 

Borneo, Peninsular 

Malaysia, New 

Guinea, Singapore, 

Thailand and many 

more (Jebb & Cheek 

1997) 

N. rafflesiana Open area, 

shady forest, 

offshore 

0 - 1500 Lowlander Insignes; 

Danser (1928) 

Pyrophytae; 

Clarke et al. 

(2018) 

widespread, can be 

found growing in 

Borneo, Peninsular 

Malaysia Singapore 

and Sumatra (Jebb & 

Cheek 1997) 

N. ampullaria Damp, shady 

forest, swamp 

forest 

0 - 2000 Lowlander Urceolate; 

Danser (1928) 

and Clarke et 

al. (2018) 

 

Endemic to Borneo 

(Jebb & Cheek 1997) 

N. minima Open 

grassland, 

with grey-

yellow clay 

as substrate 

(highland 

grasslands of 

Central 

Sulawesi 

(Celebes) 

1000 – 1700  

with most 

localities 

lying above 

1400m asl. 

Highlander Regiae; Cheek 

and Jebb 

(2016) and 

Murphy et al. 

(2020) 

Endermic to Central 

Sulawesi (Cheek & 

Jebb 2016d) 
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4.2.2 Metabolomics data processing 

Raw data was exported in .mzXML format prior to MZmine 2 analysis (Pluskal et al. 2010). 

The software provides noise filtering, peak detection, alignment, normalization, alignment, 

and gap-filling and exported data in .csv format. Exported .csv files were used for multivariate 

analyses with MetaboAnalyst 4.0 (Chong et al. 2019). Metabolite features with missing values > 

80% were removed, and missing values imputed using K-nearest neighbors (Do et al. 2018). 

The data was log transformed and pareto scaled. Metabolite features (ANOVA P < 0.01) 

between the 4 Nepenthes species further underwent compound matching and analysis. The 

current analysis focused on the polar layer only as the non-polar layer demonstrated no 

significant difference (data excluded). All statistical analyses were performed on the positive 

ion data sets. 

4.2.3 Metabolite Annotation and Identification 

Metabolite features, including accurate m/z, possible chemical formula, and the fragmentation 

pattern, were queried against biological databases (highest priority was given to the database 

KEGG, followed by PubChem, and the others such as ChEBI and ChemSpider) using in silico 

fragmenter MetFrag (Ruttkies et al. 2016). The candidate was chosen based on the following 

criteria: (a) highest score with at least 80% match of the major fragment ions towards the 

databases (b) lowest relative mass deviation error when compared to the theoretical value (c) 

lowest relative mass deviation error from the fragment ions matched. To increase the accuracy 

of the identified metabolites, we cross checked the matched compound with earlier literature 

on similar compounds, especially in Nepenthes or in other plants.  

4.2.4 Screening of important metabolic biomarkers 

A biomarker, or marker compound, in contrast, is generally thought of as a constituent 

characteristic for, or specific to, a distinct species (Crockett and Khan 2003). In the present 

study, any metabolite with a threshold value of over 1 in VIP score and the top 15 metabolites 

of the mean decrease accuracy (MDA) values from Random forest (RF) analysis were targeted 

as potential biomarkers (Liu et al. 2017; Park et al. 2019). 
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4.2.5 Statistical Analysis 

Multiple comparison of mean tests and pie chart were performed using Microsoft Excel. The 

data were pre-transformed using generalized logarithm transformation method via 

MetaboAnalyst 4.0 and two-way ANOVA performed using PAST software. Multivariate 

analyses including analysis of variance (ANOVA), Principal Component Analysis (PCA), 

Partial Least Squares–Discriminant Analysis (PLS-DA), hierarchical cluster analysis, heat 

map and Random Forest analysis were performed using MetaboAnalyst 4.0 (Chong et al. 

2019). Venn diagram was created using Venny 2.1- developed at Bioinformatics for Genomics 

and Proteomics (BioinfoGP) (Oliveros 2007). 

4.3 Results 

In the present study, we determined the individual metabolite fingerprints of N. ampullaria, N. 

rafflesiana, N. northiana and N. minima and discovered 249 metabolites that differed 

significantly among 4 species (p < 0.01; Supplementary Figure 2) from which 86 could be 

identified (see Supplementary Table 5). The identified metabolites were grouped under 16 

categories, with most of them being flavonoids, followed by organic acids, alkaloids, amino 

acids, fatty acyls, indoles, etc. (Supplementary Table 5). Twenty-nine potential identified 

biomarkers under several groups, including flavonoids, alkaloids, amino acids, organic acids, 

monolignols and others, were discovered based on variable importance in projection (VIP) in 

PLS-DA analysis and mean decrease accuracy (MDA) values from Random Forest (RF) 

analysis. 

4.3.1 Individual metabolomic fingerprints of the four Nepenthes species  

The metabolomes of the four Nepenthes species displayed significant differences (P < 0.01; 

Supplementary Table 6). A dendrogram based on Pearson distances and average clustering 

showed distinct grouping of the 4 Nepenthes species, with the N. rafflesiana and N. northiana 

are more closely related than the rest of the species (Figure 4.1a). Nepenthes minima, as a 

highlander, was observed to be vastly different and more isolated in another group compared 

to the 3 lowlanders.  

Correlation matrix of the samples by deriving a Spearman’s correlation coefficient between 

each replicate sample of Nepenthes species showed the excellent grouping among the different 

Nepenthes species (Figure 4.1b). Principle components 1 and 2 derived from the PCA and 
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PLS-DA, showed the total variance among the species at 40.3% and 39.8%, respectively 

(Figure 4.1c and 4.1d). The PLS-DA has the score plot with R2Y = 0.95 and Q2= 0.93, and 

the permutation was significant (Supplementary Figures 3 and 4). The key compounds 

separating the Nepenthes species based on variable importance in projection (VIP) in PLS-DA 

analysis have been provided in Supplementary Table 6. 
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   .

 

Figure 4.1 The metabolite profiles influenced by different Nepenthes species. (a) Dendrogram 
shows the relationship among the samples using Pearson distances and Average clustering. (b) 
Correlation matrix of the samples by deriving a Spearman’s correlation coefficient between 
each replicate sample of Nepenthes species. (c) Principal Component Analysis (PCA) and (d) 
Partial Least Squares–Discriminant Analysis (PLS-DA) score plots show the spatial separation 
among the Nepenthes species. 

4.3.2 Potential species biomarkers  

Although all 4 plant species are grouped under the same genus of Nepenthes, differences in 

the abundance of each metabolite were observed (Supplementary Figure 2). For instance, 

(b) (a) 

(c) (d) 
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indole-3-acrylic acid and L-tryptophan were found more abundant in N. northiana than in the 

others, while the monolignols coniferin and alkaloids trigonelline were found more abundant 

in N. ampullaria and N. minima, respectively, than in the others. Besides that, this study also 

showed that all 4 amino acids (L-arginine, L-tryptophan, isoleucine and norvaline) were found 

highly abundant in N. minima. 

The top 15 key metabolites based on the PLS-DA separation were flavonoids, amino acids and 

organic acids (Figure 4.2a; Figure 4.3), while the top 15 key metabolites involved in the RF 

analysis were flavonoids, alkaloids, and organic acids (Figure 4.2b; Figure 4.3). Among the 

77 key metabolites (Supplementary Table 7) with VIP scores over 1 and 15 key metabolites 

from RF analysis, we were able to identify a total of 29 metabolites with mostly grouped under 

flavonoids (51.72%), followed by organic acids (17.24 %), amino acids (3.45 %), monolignols 

(3.45 %), alkaloids (6.90 %), and others (12.74 %) (Figure 4.3). 

Metabolite driving separation in the PLS-DA model with the 77 key metabolites with VIP 

scores over 1 (Supplementary Table 7) was used to cross reference with the top 15 metabolites 

involved in the classification as mean decrease accuracy (MDA) values from Random forest 

(RF) analysis (Figure 4.2b). An organic acid (3,2-hydroxypropylbenzoic acid) and a flavonoid 

(miquelianin) were highlighted metabolites in both VIP and RF analysis (Supplementary 

Table 7 and Figure 4.2b). The important metabolites, including both VIP and MDA values, 

were summarized and presented in a sunburst chart and heat map (Figures 4.3 and 4.4).  
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Figure 4.2 (a) Top 15 key metabolites involved in the separation of PLS-DA model. (b) Top 
15 key metabolites involved in the classification as MDA values based on Random Forest (RF) 
analysis.  

(a) (b) 
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Figure 4.3 Sunburst chart depicting percentages of 8 important metabolite groups of the 29 
identified biomarkers. Inner layer: Metabolite groups; Outer layer: Identified biomarkers. Note: 
unknown metabolites were excluded. 
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Figure 4.4 Heatmap of 29 identified biomarkers from the 4 Nepenthes species based on 
Euclidean distances and Ward clustering. The concentration of metabolites is represented on 
a log scale. Note: unknown metabolites were excluded. 
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4.4 Discussion 

Our untargeted metabolomic study of four Nepenthes species showed that each species 

possesses distinctive metabolic fingerprints. Plants closely related are known to exhibit 

strong similarities in metabolomic profiles, however, the abundances of each metabolite can 

vary among the species. In our study, we observe similar pattern with all 4 Nepenthes species 

producing the same metabolites but in different abundances. Besides that, the discrimination 

of the interspecies was possible through biomarker discovery. Our results further 

highlighted that the abundance of selected metabolites seemed to be correlated to the habitat 

of the plants. 

4.4.1 Infrageneric classification of Nepenthes species 

Our hierarchical cluster analysis suggests similar metabolic fingerprints for N. rafflesiana and 

N. northiana, and the separation of the highlander (N. minima) from the lowlanders (N. 

ampullaria, N. rafflesiana and N. northiana). Similar separation of the three lowland species 

was also observed in a cluster analysis of Nepenthes species based on the pitcher 

characteristics (presence/absence of waxy layer, presence/absence of viscoelastic fluid, and 

peristome width) (Clarke & Moran 2016). Besides that, we also observed the separation based 

on the species distribution. For instance, N. minima which endemic to Central Sulawesi (Cheek 

& Jebb 2016d), is separated from the rest of the species present in the Borneo (Jebb & Cheek 

1997). This could be used as one of the potential classification methods to solve the 

inconsistent grouping of the Bornean taxa observed in a recent phylogenetic study using a 

high throughput sequencing approach (Murphy et al. 2020). 

The infrageneric classification suggested by Danser (1928) placed both N. rafflesiana and N. 

northiana under section (sect.) Insignes and N. ampullaria under sect. Urceolate, and Cheek 

& Jebb (2016) placed N. minima under sect. Regiae. Although the species N. rafflesiana was 

later removed from sect. Insignes and re-placed into the sect. Pyrophytae by Clarke et al. 

(2018), our intraspecies metabolite fingerprints separation congrued with the infrageneric 

classification suggested by Danser (1928). Further analysis with more Nepenthes species is 

required for better hierarchical clustering (Cheek & Jebb 2016d; Nauheimer et al. 2019; 

Murphy et al. 2020).  
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4.4.2 Climate influence on the metabolite abundance 

While previous studies demonstrated the influence of climate on their geographical range and 

the diversity of their prey characteristic, as well as their trapping mechanisms (Clarke & Moran 

2016; Moran et al. 2013), our study highlighted that the natural climate is also one of the 

factors influencing the distinctive metabolite profiles of Nepenthes. For example, amino acids 

are known to be influenced by the altitudinal distribution with higher abundances observed in 

plants growing at higher elevation. The highlander N. minima has generally higher levels of 

amino acids compared to the three lowland species. Besides that, the highest level of indole-

3-acrylic acid and L-tryptophan, which are responsible for lateral root system development, 

was observed in N. northiana, indicating the harsh environment they live in (limestone 

vegetation) (Cheek & Golos 2019).  

4.4.3 Potential biomarkers  

Random Forest analysis and the variable importance in projection (VIP) via Partial Least 

Squares–Discriminant Analysis (PLS-DA) have been used widely in the identification of 

potential biomarkers in plants (Steinfath et al. 2010; Pujos-Guillot et al. 2013; Fu et al. 2017; 

Liu et al. 2017; Dos-Santos et al. 2013; Park et al. 2019). Our study discovered over 29 

identified metabolites under the groups of flavonoids, organic acids, amino acids, monolignols 

and alkaloids. Similar groups of metabolites were also used as biomarkers for other plant 

species, such as Hypericum perforatum, potato cultivars, citrus, etc. (Fu et al. 2017; Pujos-

Guillot et al. 2013; Steinfath et al. 2010; Park et al. 2019; Liu et al. 2017; Crockett & Khan 

2003). Besides that, two identified markers in Nepenthes, rutin and tryptophan, were also 

identified as the biomarker of Hypericum sp. (Crockett & Robson 2011) and ginseng berry 

(Park et al. 2019), respectively. Our study shows the highest abundance of flavonoid rutin in 

N. rafflesiana, while the flavonoid baicalein, which is also a biomarker found in Scutellaria 

spp. (Gao et al. 2008), was recorded with the highest abundance in N. northiana. Monolignols 

coniferin that is involved in lignin biosynthesis, showed the highest abundance in N. 

ampullaria. The previous study by Osunkoya et al. (2008) demonstrated higher lignin 

percentage in N. ampullaria compared to N. rafflesiana. Similarly, trigonelline, which 

displayed the highest abundance in the highlander N. minima, was also detected in higher 

abundance in coffee plants that grew in high altitudes compared to the ones that grew at 

low altitudes (Sridevi & Giridhar 2013; Avelino et al. 2005; Guyot et al. 1996). 
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4.4.4 The potential use of Nepenthes plant for bioremediation of environmental 

contaminant diethylene glycol 

In the present analysis, we have discovered the potential of Nepenthes plant in bioremediation 

of an environmental contaminant diethylene glycol (Table 5.1). Diethylene glycol is known to 

be toxic to living organisms, including humans (Marraffa et al. 2008; Schep et al. 2009). It is 

used as coolant, solvent and the building block in organic synthesis, and can be found in brake 

fluids (for normal vehicle) and hydraulic fluids (for heavy machinery) (Vale 2007; Marraffa 

et al. 2008). The sampling sites where the plant samples were collected were located close to 

the roadside (for N. ampullaria) and a land clearing with heavy machinery used such as 

excavator observed at the sample site (for N. rafflesiana). A previous study showed the 

successful removal of the compound by the aquatic plant Echinodorus cordifolius (L.) 

(Sriprapat et al. 2011). The identification of the diethylene glycol within the leaf extracts 

indicates the biosorption of the compound by the harvested plant samples, and this accidental 

discovery merits further studies of the plant species in phytoremediation of the toxic diethylene 

glycol. 

4.5 Conclusion and Final Remarks 

Our study discovered a total of 29 important metabolites that could be potentially used as the 

biomarkers to discriminate N. ampullaria, N. rafflesiana, N. northiana and N. minima. We 

confirm that metabolic fingerprints can be used as an identification tool for the discrimination 

of Nepenthes species. Further studies with other Nepenthes species are required to see if the 

similar approach can be used for other members of the genus as well.  
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Chapter 5 
 

Antimicrobial activity of methanolic extracts and 
GC-MS analysis of volatile constituents from 

Nepenthes ampullaria and Nepenthes rafflesiana 
 

Abstract 

Nepenthes, also known as tropical pitcher plant, has been utilized in traditional medicine to 

treat wounds, stomachache, and rheumatism. Recent studies discovered the pharmaceutical 

potential of Nepenthes ampullaria and Nepenthes rafflesiana. Their extracts have been 

shown to possess antioxidant, anti-fungal (only in N. rafflesiana) and anti-mycobacterial 

activities (only in N. ampullaria). The anti-bacterial properties of N. rafflesiana have, 

however, yet to be demonstrated and, to the best of our knowledge, only one single 

inhibition study (targeting Mycobacterium smegmatis) has been carried out with extracts 

from N. ampullaria. In the present study, we aimed to identify the volatile phytoconstituents 

of the methanolic leaf extracts of N. rafflesiana and N. ampullaria using GC-MS analysis, 

followed by investigation of their anti-bacterial activities against Gram-positive and Gram-

negative bacteria. Our results revealed species-specific compounds, and compounds shared 

between the two species. Their methanolic leaf extracts contained several compounds with 

previously recorded bioactivities and showed positive inhibition of three Gram-positive 

bacteria (Bacillus cereus, Bacillus subtilis and Staphylococcus epidermidis) and a Gram-

negative bacterium (Pseudomonas aeruginosa). While the focus of our study was on anti-

bacterial activities, our analyses also revealed that leaves of Nepenthes possibly assist the plant 

in hunting their prey by producing scents known to attract insects. Our present study has also 

supported the legitimacy of traditional applications of Nepenthes by indigenous communities. 

5.1 Introduction 

Drug resistance among bacterial pathogens is a serious threat to public health and health -

care systems worldwide, causing major economic losses and is predicted to become the 

number one cause of death with estimated 10 million deaths by the year 2050 (O’Neill 
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2014). Recent reviews highlighted the drug-resistant bacteria Acinetobacter baumannii, 

Pseudomonas aeruginosa, Enterobacteriaceae, Enterococcus faecium, Staphylococcus aureus 

and Klebsiella spp. as some of the most threatening drug-resistant bacteria (Tacconelli et al. 

2018; Mulani et al. 2019; Yu et al. 2020), with some of them ranked as the first and second 

most critical bacteria in terms of research for new antibiotics against them (Tacconelli et al. 

2018). The ethnobotanical use of plants by indigenous communities if often overlooked by the 

conventional pharmaceutical industry. However, by understanding and utilizing 

ethnobotanical knowledge, we can integrate medically potent plant species in the furtherance 

of the drug discovery process.   

Nepenthes, also known as tropical pitcher plant, is one of the most prominent carnivorous 

plants under the family of Nepenthaceae. The plant genus can be found across Madagascar, 

Northen Australia, New Caledonia and the Malay Archipelago, with the majority of species 

endemic to Borneo, Sumatra and Philippines (Murphy et al. 2020; McPherson 2009; Kurata 

et al. 2008; Jebb & Cheek 1997). The unique modification of the leaf, which serves to lure, 

trap, kill and digest their prey for their nutrition, has given rise to the name ‘pitcher plant’, 

(Clarke 1997). In the traditional culture, Nepenthes has been used treat several diseases and 

illnesses. The plant has been used by, Dayak Seberuang comunity to treat cough and 

stomachache (Setiawan et al. 2015); Jakun community to treat asthma and rheumatism 

(Sabran et al. 2016); people in Nagaland to treat cuts and injuries (Ramashankar & Sharma 

2015); indigenous people of the Nokrek Biosphere Reserve, Meghalaya, India to treat 

cholera and cataract (Singh et al. 2014); indigenous people of the North-Eastern region of 

India to treat diabetes and night blindness (Rao 1981; Sudhir 2002). Besides that, it has also 

been recorded as folk medicine to treat malaria in Malaysia and as astringent (Perry & 

Metzger 1980; Burkill 1966). 

Past studies on the Nepenthes plant have revealed the pharmaceutical potential of their 

extracts such as anti-bacterial, anti-fungal, antioxidant, anti-diabetic, anti-cancer, anti-

inflammatory and anti-proliferative agents (Tang et al. 2019a; Shil et al. 2014; De et al. 2019; 

Tang et al. 2019b; Lien 2019; Ou-Yang et al. 2019; Rosli et al. 2018; Lien 2018; Ismail et al. 

2015; Shin et al. 2007a). Several chromatography and mass spectrometry approaches, 

especially Liquid chromatography-mass spectrometry (LC-MS) and Gas chromatography-

mass spectrometry (GC-MS), have been applied to study the metabolites of Nepenthes plant. 

However, previous metabolomic studies focused on olfactory cues in attracting their 
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mutualistic mammals (Wells et al. 2011), use of scent to mediate prey attraction (Di Giusto et 

al. 2010), molecular triggers in the prey capture (Raj et al. 2011), ecometabolomics study 

(Chapter 3; Wong et al. 2020a) and interspecies fingerprints study (Chapter 4; Wong et al. 

2020b). Volatile organic compounds (VOC) are secondary metabolites produced by plants 

and have been reported to possess a wide range of bioactivities (Pandey et al. 2020; Bekinbo 

et al. 2020; Esmat et al. 2020; Gomathi et al. 2015; Kumar et al. 2012). VOC profiling in 

combination with bioactivities studies are, however, limited in Nepenthecea. To the best of 

our knowledge, only a single VOC study with potential pharmacological values has been 

carried out by Huang et al. (2020) on Nepenthes miranda in which anti-bacterial activities 

were observed; hence we hypothesized that it is possible to find more in the other Nepenthes 

species. 

In the present study, we used GC-MS as a robust tool to study the volatile compounds from 

the methanolic leaf extracts of the N. ampullaria and N. rafflesiana. Nepenthes ampullaria 

and N. rafflesiana have been evaluated for their antioxidant, anti-fungal (only in N. 

rafflesiana) and anti-mycobacterial activities (only in N. ampullaria) (Rosli et al. 2018; 

Yolanda et al. 2014; Sanusi et al. 2018). However, the anti-bacterial properties of N. 

rafflesiana have yet to be demonstrated and, to the best of our knowledge, only one single 

inhibition study (targeting Mycobacterium smegmatis) has been carried out with extracts 

from N. ampullaria. Therefore, we aim to verify the ethnobotanical use of Nepenthes as a 

medicine plant via identification of the volatile phytoconstituents with recorded medicinal 

properties, followed by further investigation of their anti-bacterial activities against Gram-

positive and Gram-negative bacteria. 

5.2 Methods 

5.2.1 Plant Specimen and Preparation of Leaf Extract 

Nepenthes plants were collected at Matang area in Kuching, Sarawak, Malaysia. The plants 

were kept on ice in a polystyrene box during transport to the laboratory. The plants were 

washed under running tap water, and leaf samples were harvested and freeze dried. The freeze-

dried leaf samples were extracted with methanol. The extraction was performed by preparing 

500 grams of crushed freeze-dried leaf samples in a 1 litre Schott bottle with enough methanol 

to completely cover it and left for 24 hours. The extracts were filtered through Whatmann No. 
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1 filter, concentrated using a rotary evaporator, and freeze dried into solid form for further 

analyses. 

5.2.2 Gas Chromatography-Mass Spectrometry (GC-MS) analysis 

Analysis was performed using Shimadzu GC-MS (Model QP-2010, Shimadzu Co., Kyoto, 

Japan), equipped with Rtx-5MS capillary column (inner diameter of 0.25 mm, length of 30 m, 

and film thickness of 0.25 μm). The GC-MS condition was modified from the method by Song 

et al. (2015). Both injector and ion source temperature were set at 200 oC. The oven 

temperature was initially programmed at 50 °C (isothermal for 1 min), then increased to 

280 °C at 10 °C/min (isothermal for 5 min). The carrier gas helium was used at the flow rate 

of 1 mL/min and an injector volume of 1 μL, using a 10:1 split ratio. Electron impact at 70 eV 

was used as the ionization mode. Data was collected in the full scan mode (40 - 400 m/z). The 

methanolic extracts (1 mg/mL) were prepared, filtered (0.20 µm syringe filter), and injected 

onto the GC-MS. The GC–MS chromatograms of N. ampullaria and N. rafflesiana are 

presented in  Supplementary Figures 5 and 6. 

5.2.3 Data pre-processing and compound identification 

The original GC–MS data were analyzed using the GCMSsolution Software and compared to 

the database of Wiley library (7th edition). To ensure the reliability of the compound 

identification, only the candidates with a spectral data match of 80% and above were selected 

(Luo et al. 2014). The identified compounds were pre-filtered, with only the compounds 

existed in at least 3 of the selected biological samples were selected. The selected candidates 

were then further verified via literature search for similar compounds in Nepenthes and other 

plants. 

5.2.4 Anti-bacterial activity via disk diffusion assay 

Anti-bacterial activity was evaluated against eight bacteria species, including Gram-positive 

(Bacillus subtilis, Bacillus cereus, Streptococcus salivarius and Staphylococcus epidermidis) 

and Gram-negative bacteria (Salmonella typhimurium, Escherichia coli, Pseudomonas 

aeruginosa, Klebsiella pneumoniae). The antimicrobial activity was studied using the disk 

diffusion assay following a modified protocol by Murray et al. (1995). The freeze-dried plant 

extract was re-dissolved in methanol to yield a solution containing 50 mg of extract per mL. 

The sterilized discs (Whatman grade A filter paper discs of 6 mm diameter) were loaded with 
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10 μL extracts, with methanol as negative control. The loaded discs, including the negative 

control, were air dried and placed on the bacteria inoculated agar plate, which were prepared 

by inoculating the overnight broth bacteria cultures onto nutrient agar plate (20 mL of nutrient 

agar per petri dish) using sterile cotton swap. The agar plates were incubated at 37 oC for 24 

hours. The inhibition zones were measured, recorded, and analyzed (minus the disk size) in 

millimeter. All assays were performed in 5 replicates. 

5.2.5 Statistical analysis 

Statistical analyses including two-way analysis of variance (ANOVA) and tukey's post-hoc 

test were performed using PAST software (Hammer et al. 2001). The multivariate analyses 

including hierarchical cluster analysis, Principal Component Analysis (PCA) and heat map 

were performed using MetaboAnalyst 4.0 (Chong et al. 2019), with the missing values 

imputed using K-nearest neighbors (Do et al. 2018). The data was log transformed and pareto 

scaled. The .csv file with the identified metabolite features is provided in the supplementary 

file. Venn diagram was created using Venny 2.1- developed at Bioinformatics for Genomics 

and Proteomics (Oliveros 2007). Figure 5 was constructed using ConceptDraw OFFICE 6 (CS 

Odessa LLC 2019). 

5.3 Results 

5.3.1 Individual metabolomic profiles of N. ampullaria and N. rafflesiana 

The GC-MS analysis of methanolic extracts of the N. ampullaria and N. rafflesiana showed 

distinct differences between the two species (P < 0.001; Supplementary Table 8). A 

dendrogram based on Pearson distances and average clustering showed highly distinct 

grouping of N. ampullaria and N. rafflesiana (Figure 5.1a). Principle components 1 and 2 

derived from the PLS-DA, showed the total variance among the species at 98.5 % (Figure 

5.1b). Our result showed that the metabolites were greatly affected by the species of the plant 

genus (Figure 5.2). 
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Figure 5.1 Metabolite profiles of the two Nepenthes species. (a) Dendrogram shows the 
relationship among the samples using Pearson distances and average clustering. (b) Principal 
Component Analysis (PCA) score plot shows the spatial separation between the Nepenthes 
species and the provided growing conditions. Please refer to the supplementary file for the 
three-dimensional figure. Abbreviations: amp represents N. ampullaria and raff represents N. 
rafflesiana. The numbering after the species name represents the biological replicates in Figure 
5.1a. 

(a) (b) 
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Figure 5.2 Heatmap of 47 identified metabolites from the 2 Nepenthes species based on 
Euclidean distances and Ward clustering. The concentration of metabolites is presented on a 
log scale. Abbreviations: amp represents N. ampullaria and raff represents N. rafflesiana. The 
numbering after the species name represents the biological replicates. 
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5.3.2 Plant metabolite analysis 

In total of 47 compounds were identified using the Wiley 7th edition mass spectra library, with 

prevailing compounds in N. ampullaria being pyrogallol (8.43%), diacetone alcohol (3.24 %), 

pentoxone (1.59%), dimethyl oxalate (1.07%), stearyl alcohol (1.03%). Compounds in N. 

rafflesiana included pyrogallol (4.16%), 1-chlorofluoroethane (3.92%), lycopersene (2.03%), 

5-hydroxymethylfurfural (2.85%) and pentoxone (1.09%) (Table 5.1). 

Among the 47 identified compounds, 10 (21.3%) were found only in N. ampullaria and 28 

(59.6%) only in N. rafflesiana. Nine compounds (19.1%) were present in both plant species, 

which are arachidyl alcohol, butyl acetate, diacetone alcohol, isomesityl oxide, mesityl oxide, 

neophytadiene, pentoxone, pyrogallol and 2,3-dihydro-3,5-dihydroxy-6-methyl-4h-pyran-4-

one (Figure 5.3; Table 5.1). 

Table 5.1 Identified compounds of the methanolic leaf extracts of N. ampullaria and N. 
rafflesiana. 

Chemical name Chemical 

formula 

Molecular 

weight 

Retention 

time (min) 

Abundance of compounds 

in each extract (%) 

±Standard error 

N. 

ampullaria 

N. 

rafflesiana 

1-chlorofluoroethane C2H4ClF 83 1.55 - 3.92 ±0.40 

Dimethylacetal C4H10O2 90.12 1.905 0.43 ±0.04 - 

Methyl propanoate C4H8O2 88.11 2.065 0.20 ±0.02 - 

2,2-dimethoxypropane C5H12O2 104 2.195 0.67 ±0.09 - 

Methyl butyrate C5H10O2 102 2.7 - 0.23 ±0.03 

Glycerin C3H8O3 92 2.775 - 0.12 ± 0.02 

Isomesityl oxide C6H10O 98 2.985 0.13 ±0.01 0.16 ±0.00 

Mesityl oxide C6H10O 98 3.51 0.48 ±0.02 0.80 ±0.09 

Butyl acetate C6H12O2 116 3.69 0.12 ±0.01 0.13 ±0.01 

4-Hydroxy-2-pentanone C5H10O 102 3.755 - 0.20 ±0.02 

Dimethyl oxalate C4H6O4 118 3.85 1.07 ±0.09 - 

Maleic anhydride C4H2O3 98 3.915 - 0.08 ±0.01 

2-furaldehyde C5H4O2 96 3.955 - 0.28 ±0.03 

Diacetone alcohol C6H12O2 116 3.995 3.24 ±0.42 0.53 ±0.14 

1-hexanol C6H14O 102 4.44 - 0.11 ±0.01 

2-butoxyethanol C6H14O2 118 4.97 - 0.20 ±0.02 

Pentoxone C7H14O2 130 5.06 1.59 ±0.23 1.09 ±0.09 
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Diethylene glycol C4H10O3 106 5.86 - 0.84 ±0.15 

Hydrosorbic acid C6H10O2 114 6.21 - 0.44 ±0.04 

Glutaconic anhydride C5H4O3 112 6.325 - 0.19 ± 0.01 

1-Phenylnonan-1-one C15H22O 218 6.415 0.04 ±0.01 - 

Ethyl diazoacetate C4H6N2O

2 

114 7.155 - 0.79 ±0.006 

2-Ethyl-1,3,2-dioxaborolan-4-one C4H7BO3 114 7.355 - 0.78 ±0.06 

Isobutylaldehyde dimethyl acetal C6H14O2 118 8.14 - 0.18 ±0.01 

2,3-Dihydro-3,5-dihydroxy-6-

methyl-4h-pyran-4-one 

C6H8O4 144 8.725 0.32 ±0.06 0.66 ±0.06 

Azulene C10H8 128 9.465 - 0.91 ±0.17 

5-hydroxymethylfurfural C6H6O3 126 9.875 - 2.85 ±0.17 

7,8-dimethylbenzocyclooctene C14H14 182 11.125 0.72 ±0.25 - 

Pyrogallol C6H6O3 126 11.78 8.43 ±1.19 4.16 ±0.49 

Hexadecane C16H34 226 12.37 0.46 ± 0.11 - 

2,4-di-tert-butylphenol C14H22O 206 13.74 - 0.31 ±0.02 

1,1-Dimethyl-2-(3-methyl-1,3-

butadienyl)cyclopropane 

C10H16 136 14.64 - 0.17 ±0.01 

Stearyl alcohol C18H38O 271 14.785 1.03 ±0.03 - 

Benzophenone C13H10O 182 15.335 - 0.16 ±0.02 

1-Pentyl-2-propylcyclopentane C13H26 182 16.78 - 0.09 ±0.01 

1-octadecene C18H36 253 17.05 - 0.78 ±0.06 

Octadecane C18H38 255 17.125 - 0.19 ±0.00 

2,6,10,15-tetramethylheptadecane C21H44 297 17.125 0.24 ±0.01 - 

3-methylenetridecane C14H28 196 17.19 - 0.17 ±0.01 

Neophytadiene C20H38 279 17.51 0.31 ±0.05 0.35 ±0.01 

Methyl palmitate C17H34O2 270 18.4 - 0.26 ±0.01 

Methyl 3-(3,5-di-tert-butyl-4-

hydroxyphenyl)propionate 

C18H28O3 292 18.485 - 0.26 ±0.01 

Palmitic acid C16H32O2 256 18.72 0.39 ±0.02 - 

Pentadecanoic acid C15H30O2 242 18.72 - 0.57 ±0.01 

Arachidyl alcohol C20H42O 299 19.1 0.61 ±0.03 0.62 ±0.07 

Pentatriacontane C35H72 493 19.165 - 0.16 ±0.00 

Lycopersene C40H66 547 24.165 - 2.03 ±0.15 
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Figure 5.3 Venn diagram based on the identified metabolites overlapping between N. 
ampullaria and N. rafflesiana. The important metabolites with previously reported 
bioactivities were highlighted above.   

5.3.3 Anti-bacterial activity of the methanolic Nepenthes extracts 

Our study showed that there are at least 8 compounds (azulene, methyl 3-(3,5-di-tert-butyl-4-

hydroxyphenyl)propionate, methyl palmitate, neophytadiene, palmitic acid, pyrogallol, 2,4-

di-tert-butylphenol and 5-hydroxymethylfurfural) that have previously been recorded with 

antioxidant, anti-inflammatory, anti-fungal, anti-cancer, and anti-microbial properties. Table 

5.2 provides an overview of compounds and their reported activities. 

To investigate the anti-bacterial properties of the plant extracts, disk diffusion assay was 

carried out with the methanolic extracts against 8 different bacteria species, including Gram 

positive (Bacillus subtilis, Bacillus cereus, Streptococcus salivarius and Staphylococcus 

epidermidis) and Gram negative bacteria (Salmonella typhimurium, Escherichia coli, 

Pseudomonas aeruginosa, Klebsiella pneumoniae). Our results showed that B. cereus, B. 
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subtilis, P. aeruginosa and S. epidermidis were inhibited. The extracts of N. ampullaria 

showed significantly higher inhibition of growth, indicating more potent antibacterial 

properties than the extracts of N. rafflesiana extract (P < 0.001; Supplementary Table 9). The 

methanolic extracts of N. ampullaria had larger inhibition zones against B. cereus (14.3 %), 

P. aeruginosa (8.3 %), S. epidermidis (9.1 %) and B. subtilis (20.0 %) than the extract of N. 

rafflesiana. However, for both species, the trend of inhibition was the same with largest to the 

smallest inhibition zones observed as follows: B. subtilis > B. cereus > P. aeruginosa > S. 

epidermidis. 

Table 5.2 Bioactivities of metabolites identified in the methanolic extracts of N. ampullaria 
and N. rafflesiana. 

Chemical name Known Functions References 

Azulene Antimicrobial effects of azulene induced by 

light, anti-inflammatory, accelerate skin 

wound healing. 

Afshar et al. (2019) 

Guarrera et al. (2001) 

Baptista et al. (2014) 

Methyl 3-(3,5-di-tert-butyl-4-

hydroxyphenyl)propionate 

Potential antioxidant Li et al. (2014) 

Methyl palmitate Anti-inflammatory, anti-fibrotic Saeed et al. (2012) 

El-Demerdash (2011) 

Othman et al. (2015) 

Neophytadiene Anti-bacterial against Pseudomonas 

aeruginosa and Escherichia coli, anti-

fungal, potential anti-inflammatory, 

antioxidant, cardioprotective, anti-pyretic, 

analgesic 

Ragasa et al. (2009) 

Bhardwaj et al. (2020) 

Raman et al. (2012) 

Palmitic acid Anti-inflammatory, anti-fungal, stimulate 

the proliferation of bone marrow, 

cytotoxicity against human colorectal 

carcinoma cells (HCT-116) 

Aparna et al. (2012) 

Jung et al. (2013) 

Chen et al. (2010) 

Ravi & Krishnan (2017) 

Pyrogallol Anti-bacterial against Chromobacterium 

violaceum, Bacillus subtilis, 

Staphylococcus aureus, Enterobacter 

aerogens, Proteus mirabilis, Raoultella 

planticola, Vibrio parahaemolyticus, 

Pseudomonas aeruginosa, Pseudomonas 

putida, Pseudomonas pyocyanea and 

Pseudomonas xerosis, anti-fungal against 

Fusarium oxysporum, Candida. Albicans, 

Aspergillus flavus and Penicillium italicum, 

promising anti-lung cancer drug particular 

for the non-small cell lung cancer 

Tinh et al. (2016) 

Kocaçalışkan et al. (2006) 

Yang et al. (2009) 

Çiçek et al. (2019) 

Inchagova et al. (2019) 

Ahn et al. (2019) 

Nicolis et al. (2008) 

Marrez et al. (2019) 

Singh & Kumar (2013) 
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(NSCLC), potential protective effect on 

primary neurons, anti-quorum sensing in 

Chromobacterium violaceum, anti-

inflammatory 

2,4-di-tert-butylphenol Potential anticancer activity, antioxidant, 

anti-fungal against Candida albicans, 

Fusarium chlamydosporum, Fusarium 

moniliforme, Fusarium culmorum, 

Fusarium graminearum, Aspergillus 

carbonarius, Umbelatopsis ramanniana, 

anti-bacterial against Staphylococcus 

aureus 

Song et al. (2018) 

Belghit et al. (2016) 

Varsha et al. (2015) 

Yoon et al. (2006) 

5-Hydroxymethylfurfural Anti-bacterial against Klebsiella sp. and 

Pseudomonas aeruginosa, antioxidant, 

anti-quorum sensing and biofilm potential 

against Chromobacterium violaceum, 

Streptococcus mutans, Streptococcus 

pyogenes, Staphylococcus epidermidis and 

Staphylococcus aureus 

Kaur et al. (2018) 

Vijayakumar & Ramanathan (2018) 

 

Table 5.3 Anti-bacterial activities of the methanolic extracts of N. ampullaria and N. 
rafflesiana. Values in the table refer to mean of biological replicates (n=5), while ± shows 
standard error (SE). Letter (s) after the SE, under the same column and same letters indicate 
significant difference at P < 0.05 according to Tukey's post-hoc test (Supplementary Table  9 
and 10).  

Testing Bacteria Nepenthes ampullaria Nepenthes rafflesiana 

Bacillius cereus 8.20 ± 0.8a 6.20 ± 0.7 a 

Pseudomonas aeruginosa 6.60 ± 0.5 5.20 ± 0.4 

Staphylococcus epidermidis 5.20 ± 0.2a,b 3.40 ± 0.6a,b 

Bacillius subtilis 9.00 ± 0.8b 6.40 ± 0.8b 

Negative control (solvent) - - 
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5.4 Discussion 

Nepenthes has been used by indigenous communities to treat several diseases and illnesses, 

such as cough, stomachache, rheumatism, cuts, injuries, etc. (Singh et al. 2014; 

Ramashankar & Sharma 2015; Rao 1981; Sudhir 2002; Perry & Metzger 1980; Burkill 1966; 

Sabran et al. 2016; Setiawan et al. 2015).  The plant’s extracts have been shown to display 

several bioactivities (Lien 2019; Ou-Yang et al. 2019; Rosli et al. 2018; Lien 2018; Ismail et 

al. 2015; Shin et al. 2007a), and contain well-known bioactive compounds such as 

napthoquinones (Van Thanh et al. 2015; Likhitwitayawuid et al. 1998) and nepenthosides 

(Van Thanh et al. 2015). There is, however, little information available on the volatile 

phytochemical composition and anti-bacterial properties of N. ampullaria and N. rafflesiana.  

5.4.1 Comparison of volatile metabolome between Nepenthes species  

Volatile organic compounds are secondary metabolites that represent adaptive characters, 

subjected to evolutionary natural selection (Wink 2003). Although the plants that are closely 

related at the genus or family level show strong similarities in the metabolomic profiles, certain 

compounds are known to be associated interspecifically (Azuma et al. 1997; French et al. 2018; 

Knudsen et al. 2006). Similar observation was also obtained from the metabolites of 

Nepenthecea. 

Comparison of the volatile metabolome profiles of N. ampullaria and N. rafflesiana revealed 

species-specific compounds (10 compounds found only in N. ampullaria and 28 compounds 

only found in N. rafflesiana), as well as compounds shared between both species (Figure 5.3). 

Nepenthes rafflesiana has been studied for the scent composition of matured open pitchers. 

Apart from hexadecane that was also found in the scent of the plant pitcher, we discovered 36 

more volatile compounds from Nepenthes rafflesiana not detected in the previous study (Di 

Giusto et al. 2010). Interestingly, furan derivatives were found in both N. rajah (furan and 2-

furanmethanol) and N. rafflesiana (Di Giusto et al. 2010) but not in N. ampullaria. The 

palmitic acid (n-hexadecanoic acid), which is a fatty acid derivative, detected in N. ampullaria 

was recently also discovered in the acetone stem extracts of N. ‘Miranda’ (Huang et al. 2020). 

Hydrocarbons (hexadecane and octadecane), ketones (4-hydroxy-2-pentanone and 2,3-

dihydro-3,5-dihydroxy-6-methyl-4h-pyran-4-one) detected in our study, were also found in 

the volatiles extracted from secretions of pitcher lids of N. rajah. It is possible that these 

compounds act as olfactory cues in attracting small mammals such as tree shrews and rats to 
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the pitcher (Wells et al. 2011). Some of the detected compounds such as azulene, 

benzophenone, butyl acetate, hexadecane, methyl propanoate, octadecane, palmitic acid, 

pentadecanoic acid, 1-octadecene and 2-butoxyethanol, are also found in flowers of unrelated 

species (Knudsen et al. 2006), and are used to attract and guide pollinators (Raguso 2001). 

Among those flower scent related compounds, hexadecane and octadecane were also found in 

the leaves of Brasszca napus (Jakobsen et al. 1994). The high occurrence of scent compounds 

in the leaves indicate that they could play a role in assisting the pitcher to luring their prey, in 

order to increase the efficiency in their prey hunting. This is further supported by nectar 

secreting glands found not only on the peristome or underside the pitcher lid, but also on the 

undersides of leaves and on tendrils (Exoticplantsplus 2014). 

5.4.2 Ethnobotanical use of the Nepenthes as medicine plant 

Our present study has supported the potential use of Nepenthes as a medicinal plant by the 

indigenous communities. Nepenthes ampullaria and N. rafflesiana have been utilized by the 

Dayak Seberuang community in West Kalimantan, Indonesia, as stomachache reliever 

(Setiawan et al. 2015). We detected neophytadiene, which was recorded with analgesic 

property. Besides that, our analysis also detected a compound (azulene) with previously 

recorded skin (wound) healing property which might explain the traditional use of Nepenthes 

plant in cuts and injuries treatment (Ramashankar & Sharma 2015). Moreover, at least 3 

anti-inflammatory compounds (pyrogallol, palmitic acid and neophytadiene) were detected 

in N. ampullaria which might support the use of this species by the Jakun community to 

treat rheumatism (Sabran et al. 2016). We believe that N. rafflesiana possesses similar anti-

inflammatory properties since the same compounds (pyrogallol, neophytadiene, azulene 

and methyl palmitate) were found in the plant extracts. 

5.4.3 Compounds of biomedical interest 

Nepenthes ampullaria and N. rafflesiana are known to possess antioxidant and anti-fungal (N. 

rafflesiana only) properties (Rosli et al. 2018; Yolanda et al. 2014) and we found the 

compounds that may contribute to the reported properties (methyl 3-(3,5-di-tert-butyl-4-

hydroxyphenyl)propionate, neophytadiene, palmitic acid, 2,4-di-tert-butylphenol and 5-

hydroxymethylfurfural; see Table 5.1). Our analysis also identified several compounds with 

reported anti-cancer, anti-inflammatory and anti-microbial activities. According to Ismail et 

al. (2015), leaf extracts of N. bicalcarata exhibited antioxidant properties, cytotoxicity, as well 
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as anti-microbial properties. Anti-microbial property has also been observed in the extracts of 

N. mirabilis and N. ‘Miranda’ (Wiart et al. 2004; Lien 2019). Our findings further support the 

occurrence of several bioactive compounds in Nepenthes species. 

5.4.4 Anti-bacterial properties of the plant extracts 

Our result showed more compounds with anti-bacterial properties in the leaf extract of N. 

rafflesiana compared to that of N. ampullaria. For instance, five compounds (azulene, 2,4-di-

tert-butylphenol, 5-hydroxymethylfurfural, pyrogallol and neophytadiene) with anti-bacterial 

properties were detected in N. rafflesiana, while only 2 (pyrogallol and neophytadiene) were 

detected in N. ampullaria. The anti-bacterial screening, however, showed higher inhibition 

properties of the leaf extract of N. ampullaria compared to N. rafflesiana. The inhibition zone 

of B. cereus, P. aeruginosa, S. epidermidis, B. subtilis by N. ampullaria methanolic extracts 

were 14.29 %, 8.33 %, 9.09 % and 20.00 %, respectively, higher than those of the extract of 

N. rafflesiana. This is likely due to the different amounts of bioactive compounds in both plant 

species. The amount of anti-bacterial compounds presented within the plant extract of N. 

ampullaria was generally higher compared to N. rafflesiana. For example, the bioactive 

compound pyrogallol that is known to inhibit a wide range of bacteria (including Bacillus, 

Pseudomonas, and Staphylococcus spp.), was found at double the amount in N. ampullaria 

(8.43% of all compounds identified) compared to N. rafflesiana (4.16%). Pyrogallol is a 

hydroxylated compound whose antimicrobial action occurs through enzymatic inhibition by 

oxidized compounds (Mason 1987).  

While we observed known anti-E. coli compounds (neophytadiene) within the plant extracts, 

we recorded no inhibitory effect on our test strain E. coli K12. Similar results have been 

observed with essential oil extracted from Alluaudia procera which also contains 

neophytadiene but showed no inhibition of E. coli (Poma et al. 2019). It could be that the 

concentration used was not enough to inhibit the growth of E. coli K12, thus it would be 

noteworthy to study the minimum inhibitory concentration of the present extracts. 

5.4.5 Nepenthes as a research area for novel drug discoveries 

The highlight of our findings is the inhibition of P. aeruginosa by the methanolic leaf extracts 

of both Nepenthes species. Carbapenem-resistant P. aeruginosa is recently ranked as the 2nd 

most critical-priority bacteria in a priority list for research of new antibiotics for antibiotic-
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resistant bacteria by the WHO (Tacconelli et al. 2018). While we did not test on the 

carbapenem-resistant strain, our observed strong anti-P. aeruginosa activity indicates that 

Nepenthes could potentially be the source to search for novel antibiotics to fight against the 

carbapenem-resistant P. aeruginosa. This is further supported by inhibition of P. aeruginosa 

by extracts from other Nepenthes species; N. bicalcarata, N. alata and N. ‘Miranda’ (Ismail et 

al. 2015; Lien 2019; Elmido et al. 2019). Nepenthes exhibits a wide antimicrobial activity as 

shown in our study and previous studies. Nepenthes bicalcarata and N. ‘Miranda’ for example 

inhibited not only the same bacteria species as the N. rafflesiana and N. ampullaria, but also 

Bacillus spizizenii (N. bicalcarata only), Escherichia coli, and Staphylococcus aureus (Lien 

2019). 

5.5 Conclusion 

Our study revealed species-specific compounds, and similar compounds shared between the 

Nepenthes species. The methanolic leaf extracts contained several compounds with previously 

recorded bioactivities and showed positive inhibition of three Gram-positive bacteria (B. 

cereus, B. subtilis and S. epidermidis) and a Gram-negative bacterium (P. aeruginosa). The 

methanolic leaf extracts of N. ampullaria displayed significantly higher antimicrobial activity 

than the extracts of N. rafflesiana. While the focus of our study was on antimicrobial activities, 

our analyses also revealed that leaves of Nepenthes possibly assist the plant in hunting their 

prey by producing scents known to attract insects. Lastly, our present study supports the 

potential traditional application of Nepenthes as medicinal plant by the indigenous 

communities for various disease and illness treatments which warrants further investigations. 
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Chapter 6 
 

Conclusion and Future Perspectives 

 

6.1 Conclusion 

The first part of the present study investigated the impacts of heat and cold stress on four 

Nepenthes species (N. ampullaria, N. rafflesiana, N. northiana and N. minima) representing 

different ecological systems and altitudinal distributions via a MS-based non-targeted 

ecometabolomic approach. We have successfully identified different metabolic fingerprints 

and species adaptation strategies based on their different ecological niches. Nepenthes 

responses to thermal stress clearly depend on genotypic parameters, as certain genotypes show 

unique ways of tolerating the abiotic stress. Our study also demonstrated some universal 

(shared across all four species studied) responses and adaptation strategies towards heat and 

cold stress. Importantly, our study revealed the potential of selected lowlanders, N. ampullaria 

and N. rafflesiana, to inhabit highland areas, as well as the highlander N. minima to inhabit 

lowland areas. This offers hope for future adaption towards changing climatic conditions. 

The second aim was to evaluate the use of metabolomics for the discrimination and 

infrageneric classification of N. ampullaria, N. rafflesiana, N. northiana and N. minima. We 

have discovered a total of 29 important metabolites that could be potentially used as the 

biomarkers to discriminate the four Nepenthes species. We confirm that metabolic fingerprints 

can be used as an identification tool for the discrimination of Nepenthes species.  

Our third aim, GC-MS analysis of the volatile constituents from N. ampullaria and N. 

rafflesiana revealed species-specific compounds, and common compounds found in both 

species. The methanolic leaf extracts of Nepenthes possess compounds with previously 

recorded bioactivities and exhibited inhibition activity against B. cereus, B. subtilis, S. 

epidermidis and P. aeruginosa. While the focus of our study was on the antimicrobial activities, 

our analyses also revealed that leaves of Nepenthes possibly assist the plant in hunting their 

prey by producing scents known to attract insects. The study further supported the potential 
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traditional application of Nepenthes as a medicinal plant by the indigenous communities for 

the disease and illness treatments which warrants further investigations. 

Lastly, we have fortuitously discovered the mutualistic of the plant-microbes interaction and 

the potential of Nepenthes plant in bioremediation of an environmental contaminant diethylene 

glycol. There is much to be discovered still about this fascinating carnivorous plant which 

warrants further investigations. 

6.2 Future Work 

The carnivorous plant is full of wonders. There are many opportunities to expand the 

knowledge in hand. Below are several lines of research arising from this work which should 

be pursued: 

 More studies on plant metabolomes such as targeted analysis, focusing on the 

important plant metabolites such as amino acids, lipid, and phytohormones, and target 

more plant species to archive better understanding of the adaption of Nepenthes species 

to their habitats. 

 The study of amino acid norvaline associated mechanism response in Nepenthes, under 

thermal stress. 

 Application of the plant metabolomes as one of the variables in the ecological niche 

modeling and maxent modeling for the determination of climatically suitable area 

(habitat) for Nepenthes species. 

 The study of the interspecific metabolic fingerprints with more Nepenthes species to 

further enhance the hierarchical cluster analysis. 

 The application of the same plant species classification and discrimination via 

intraspecies metabolic fingerprint with the other plant genus. 

 Further anti-bacterial testing against the 2nd most critical-priority bacteria in a priority 

list for research of new antibiotics for antibiotic-resistant bacteria by the WHO- The 

carbapenem-resistant Pseudomonas aeruginosa. 

 More biological assays such as antioxidant, anti-cancer, and anti-malarial can be 

conducted to further determine the potential of traditional application of Nepenthes 

plants. 
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 The study of mutualism between Nepenthes and cyanobacteria via the bacteria 

isolation, plant inoculation and plant-pathogen research. 

 Bioremediation of environmental contaminant (diethylene glycol) research of 

Nepenthes plant.  
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Appendices 
 

Supplementary Table  1 Identification of the 89 significantly altered metabolic features. 

Compound 
Groups 

No. RT 
(min) 

Adduct Mass Tentative Identification Formula Monoisotopic 
Mass 

PPM 
(error) 

Database ID 

Flavanoids 19 2.17 [M + NA]+ 471.0905 Quercetin 3-O-rhamnoside C21H20O11 448.101 0.62 C01750 

135 2.14 [M + H]+ 449.1091 Kaempferol-3-glucoside C21H20O11 448.101 1.83 C12249 

149 1.94 [M + H]+ 291.085 5-Deoxyleucocyanidin C15H14O6 290.079 -4.31 C09736 

165 1.98 [M + H]+ 617.1169 Quercetin 3-(6''-galloylglucoside) C28H24O16 616.106 5.81 CID 
44259190 

172 1.91 [M + NH4]+ 316.2121 minaprine C17H22N4O 298.1794 -3.79 CHEBI:51038 

277 2.02 [M + H]+ 443.0981 Catechin 5-O-gallate C22H18O10 442.09 1.85 CID 
15689618 

312 2.12 [M + H]+ 303.0503 Quercetin C15H10O7 302.0427 1.06 C00389 

394 2.2 [M + NA]+ 485.1431 4,2'-Dihydroxy-4',6'-dimethoxychalcone 4-glucoside C23H26O10 462.153 1.88 CID 
13870531 

406 2.21 [M + NA]+ 609.0862 Quercetin 3-(2''-galloyl-alpha-L-arabinopyranoside) C27H22O15 586.096 1.74 CID 
44259256 

425 2.16 [M + H]+ 587.1048 Quercetin 3-(2''-galloyl-alpha-L-arabinopyranoside) C27H22O15 586.096 2.51 CID 
44259256 

409 1.92 [M + NH4]+ 512.1772 Peruvianoside II C23H26O12 494.142 2.75 CID 
42608014 

464 1.76 [M + H]+ 447.0904 Baicalin C21H18O11 446.0849 -3.95 C10025 

541 12.77 [M + H]+ 271.0604 Baicalein (a) C15H10O5 270.0528 1.11 C10023 

548 2.02 [M + H]+ 271.0604 Baicalein (b) C15H10O5 270.0528 1.11 C10023 

591 1.82 [M + H]+ 271.0604 Baicalein (c) C15H10O5 270.0528 1.11 C10023 

542 12.77 [M + NA]+ 441.0802 Kaempferol 3-O-beta-D-xyloside (a) C20H18O10 418.09 2.39 C20727 

543 2.09 [M + NA]+ 441.0802 Kaempferol 3-O-beta-D-xyloside (b) C20H18O10 418.09 2.39 C20727 

550 2.01 [M + NA]+ 633.1449 Rutin C27H30O16 610.1534 3.67 C05625 

553 1.89 [M + NA]+ 649.1396 6,8-Dihydroxykaempferol 3-rutinoside C27H30O17 626.148 3.75 CID 
44260049 
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588 2.34 [M + H]+ 883.1735 Epiafzelechin 3-O-gallate-(4beta->6)-epigallocatechin 3-
O-gallate 

C44H34O20 882.164 2.55 CID 
14521010 

128 2.24 [M + NA]+ 455.0961 Afzelin C21H20O10 432.106 2.11 C16911 

473 1.98 [M + H]+ 479.0828 Miquelianin (a) C21H18O13 478.075 1.09 CHEBI:66395 

500 2 [M + NA]+ 501.0653 Miquelianin (b) C21H18O13 478.0747 2.89 CHEBI:66395 

192 2.19 [M + H]+ 287.0556 Luteolin C15H10O6 286.0477 2.17 C01514 

278 2.05 [M + H]+ 273.0763 Butin (a) C15H12O5 272.068 3.68 C09614 

281 1.82 [M + H]+ 273.0763 Butin (b) C15H12O5 272.068 3.68 C09614 

427 2.04 [M + NA]+ 501.1375 myrciacitrin I C23H26O11 478.1475 1.51 CHEBI:66417 

193 2.27 [M + H]+ 623.1018 3,5,7-trihydroxy-2-[3,4,5-trihydroxy-2-[2,3,4-trihydroxy-
6-(3,5,7-trihydroxychroman-2-
yl)phenyl]phenyl]chromen-4-one (a) 

C30H22O15 622.096 -2.38 CID 
57691813 

280 2.13 [M + H]+ 623.1018 3,5,7-trihydroxy-2-[3,4,5-trihydroxy-2-[2,3,4-trihydroxy-
6-(3,5,7-trihydroxychroman-2-
yl)phenyl]phenyl]chromen-4-one (b) 

C30H22O15 622.096 -2.38 CID 
57691813 

488 1.97 [M + NA]+ 745.1761 (2S)-2-(3,4-dihydroxyphenyl)-8-[(2S,4R)-2-(3,4-
dihydroxyphenyl)-7-hydroxy-5-[(2S,3R,4S,5S,6R)-3,4,5-
trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy-3,4-dihydro-
2H-chromen-4-yl]-5,7-dihydroxy-2,3-dihydrochromen-4-
one 

C36H34O16 722.185 2.62 CID 6325552 

Alkaloids 15 0.47 [M + H]+ 138.0549 Trigonelline C7H7NO2 137.0477 2.80 C01004 

209 2.44 [M + H]+ 253.1074 Anatoxin a(s) C7H17N4O4P 252.0987 5.63 C19998 

577 2 [M + NA]+ 375.1056 Berberastine C20H18NO5 352.118 -4.35 CHEBI:3065 

Amino acids 158 0.5 [M + H]+ 175.118 L-Arginine C6H14N4O2 174.1117 -5.74 C02385 

162 1.53 [M + H]+ 205.0977 L-Tryptophan C11H12N2O2 204.09 2.06 C00078 

228 0.47 [M + H]+ 132.1018 Isoleucine C6H13NO2 131.095 -3.66 C00407 

242 0.47 [M + H]+ 118.0835 L-Norvaline C5H11NO2 117.079 -23.74 C01826 

Fatty Acyls 155 3.63 [M + H]+ 199.1694 7-Dodecenoic acid C12H22O2 198.162 0.61 CID 5282732 

200 4.28 [M + H]+ 313.2747 18-oxononadecanoic acid C19H36O3 312.266 4.39 CID 5312917 

299 4.92 [M + H]+ 267.2693 Olealdehyde (a) C18H34O 266.261 3.72 CID17029 

300 4.67 [M + H]+ 267.2693 Olealdehyde (b) C18H34O 266.261 3.72 CID17029 

329 0.93 [M + H]+ 202.1805 11-aminoundecanoic acid C11H23NO2 201.173 1.09 CID 17083 
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360 7.93 [M + H]+ 596.6016 2-[(2-Hydroxyethyl)(octadecyl)amino]ethyl 
hexadecanoate 

C38H77NO3 595.59 7.25 CID 
71326110 

Indoles 486 0.75 [M + H]+ 188.0708 Indole-3-acrylic acid (a) C11H9NO2 187.063 2.78 CID 5375048 

494 1.53 [M + H]+ 188.0708 Indole-3-acrylic acid (b) C11H9NO2 187.063 2.78 CID 5375048 

peptides 18 2.52 [M + NA]+ 568.2972 Pro-Gln-Arg-Phe amide trifluoroacetate salt C25H39N9O5 545.307 1.80 CID 3382578 

47 2.45 [M + K]+ 257.0577 L-Alanyl-D-glutamate C8H14N2O5 218.0903 19.44 C20957 

Organic acids 285 2.04 [M + H]+ 191.0707 1-naphthoic acid C11H10O3 190.063 2.21 C15102 

547 2.03 [M + H]+ 123.0441 Benzoic acid (a) C7H6O2 122.037 -1.47 C00180 

580 1.84 [M + H]+ 123.0441 Benzoic acid (b) C7H6O2 122.037 -1.47 C00180 

545 1.35 [M + H]+ 327.0687 5-Galloylshikimic acid (a) C14H14O9 326.064 -7.91 CID 460897 

585 0.7 [M + H]+ 327.0687 5-Galloylshikimic acid (b) C14H14O9 326.064 -7.91 CID 460897 

433 2.18 [M + H]+ 285.0612 (2R,3R)-2-(2-Methoxybenzoyloxy)-3-hydroxysuccinic 
acid 

C12H12O8 284.053 3.06 CID 
70014677 

440 1.79 [M + H]+ 181.0863 3-(2-hydroxypropyl)benzoic acid C10H12O3 180.079 0.28 CID 
67568076 

97 7.76 [M + H]+ 593.4588 2-triacontanoylbenzenesulfonic acid C36H64O4S 592.453 -2.50 CID 
23652140 

inorganic acid 44 12.83 [M + H]+ 258.917 Triphosphoric Acid H5O10P3 257.91 -1.09 C00536 

Trihydroxybenz
oic acids 

462 1.78 [M + H]+ 315.0713 Norbergenin C13H14O9 314.064 0.06 CID 73192 

purine base 467 1.33 [M + H]+ 268.1045 Adenosine (a) C10H13N5O4 267.097 0.82 C00212 

586 0.7 [M + H]+ 268.1045 Adenosine (b) C10H13N5O4 267.097 0.82 C00212 

141 0.68 [M + H]+ 136.0615 adenine (a) C5H5N5 135.054 1.63 C00147 

310 1.33 [M + H]+ 136.0617 adenine (b) C5H5N5 135.054 1.63 C00147 

monolignols 309 1.76 [M + NA]+ 395.1316 Syringin C17H24O9 372.142 0.89 C01533 

372 1.78 [M + NA]+ 365.1212 Coniferin C16H22O8 342.1315 1.46 C00761 

Phenolic acid 367 2.9 [M + H]+ 280.2639 Crucigasterin E C18H33NO 279.256 2.22 CID 
46937368 

Sugars 495 1.78 [M + NA]+ 507.0752 4-O,6-O-Digalloyl-D-glucopyranose C20H20O14 484.085 2.02 CID 
101630404 

lumazine 
derivative 

100 1.51 [M + K]+ 369.0804 reduced 6-(hydroxymethyl)-8-(1-D-ribityl)lumazine C20H16O7 330.1176 -1.03 CHEBI:70986 
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2-benzofuran-
1(3H)-
one derivative 

268 3.42 [M + H]+ 205.086 3-Butylidene-7-hydroxyphthalide C12H12O3 204.0786 0.34 C09921 

Others 3 2.9 [M + H]+ 415.212 2-[4-(4-methoxyphenyl)-3-methyl-pyrazolo[3,4-
b]pyridin-1-yl]-N-(1-phenylpropyl)acetamide 

C25H26N4O2 414.206 -3.10 CID 
19506043 

20 0.42 [M + H]+ 261.0582 8-methoxy-4,5-dihydrobenzo[g]benzothiophene-2-
carboxylic acid 

C14H12O3S 260.051 -0.35 CID 
81605969 

29 0.41 [M + H]+ 203.0529 N-(3-Nitramido-4,5-dihydropyridazin-4-yl)nitramide C4H6N6O4 202.045 3.07 CID 419333 

34 8.09 [M + H]+ 753.4297 4-[[4-(benzenesulfonyl)-5-oxido-1,2,5-oxadiazol-5-ium-
3-yl]oxy]butan-2-yl 
(4aS,6aR,6aS,6bR,8aR,10S,12aR,14bS)-10-hydroxy-
2,2,6a,6b,9,9,12a-heptamethyl-
1,3,4,5,6,6a,7,8,8a,10,11,12,13,14b-
tetradecahydropicene-4a-carboxylate 

C42H60N2O8
S 

752.407 20.49 CID 
24949892 

40 2.15 [M + H]+ 494.1245 (2S)-2-amino-5-[[(1S)-2-(carboxymethylamino)-1-[(8-
hydroxy-3-methyl-1,4-dioxo-2-naphthyl)sulfanylmethyl]-
2-oxo-ethyl]amino]-5-oxo-pentanoic acid 

C21H23N3O9

S 
493.116 2.47 CID 

52942238 

41 3.21 [M + H]+ 291.2536 5-isopropyl-N6-methyl-N4-[2-(4-
methylcyclohexyl)ethyl]pyrimidine-4,6-diamine 

C17H30N4 290.247 -2.34 CID 
80822319 

49 12.83 [M + NA]+ 356.8936 5-[(3,5-dichloro-4-pyridyl)sulfanyl]-4-nitro-thiophene-2-
carbaldehyde 

C10H4Cl2N2
O3S2 

333.904 1.14 CID 
87562543 

50 2.44 [M + H]+ 359.1494 2-[2-[(3-cyano-2-pyridyl)oxy]anilino]-N-(p-
tolyl)acetamide (a) 

C21H18N4O2 358.143 -2.46 CID 
60537784 

51 3.24 [M + NH4]+ 335.2798 N-[1-(3-Aminophenyl)ethylideneamino]undecanamide C19H31N3O 317.247 -3.34 CID 3616475 

81 2.44 [M + NA]+ 381.1314 2-[2-[(3-cyano-2-pyridyl)oxy]anilino]-N-(p-
tolyl)acetamide (b) 

C21H18N4O2 358.143 -2.29 CID 
60537784 

102 0.42 [M + H]+ 247.0425 1-(3-hydroxy-2-thienyl)-3-phenyl-propane-1,3-dione C13H10O3S 246.035 0.89 CID 
13004301 

121 0.44 [M + H]+ 229.0317 9-hydroxy-2-thioxo-3H-phenalen-1-one C13H8O2S 228.025 -2.41 CID 
88740582 

258 3.13 [M + NA]+ 391.1649 Phthalic acid, 2-chloroethyl decyl ester C20H29ClO4 368.175 1.85 CID 6424038 

290 3.05 [M + NA]+ 555.2936 2-(2,6-dihydroxyphenyl)-6-(1-hydroxy-3-oxo-octadecyl)-
2-methyl-6H-furo[3,4-d][1,3]dioxol-4-one 

C30H44O8 532.304 0.71 CID 
25069128 

297 4.92 [M + H]+ 359.3165 18-(2,3-dihydroxypropoxy)octadecan-2-one (a) C21H42O4 358.308 3.32 CID 
21475594 

298 4.67 [M + H]+ 359.3165 18-(2,3-dihydroxypropoxy)octadecan-2-one (b) C21H42O4 358.308 3.32 CID 
21475594 

345 7.79 [M + H]+ 579.5385 N''-[3-[3-[[4-(5-tert-butyl-2-methyl-phenyl)-1-[3-(5-tert-
butyl-2-methyl-

C38H66N4 578.529 3.84 CID 
90674863 
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phenyl)propyl]butyl]amino]propylamino]propyl]propane-
1,3-diamine 

347 8.03 [M + H]+ 647.5638 2-[2-[4-(4,6-dimethyldecan-3-yloxy)-3-methyl-5-pent-4-
ynyloxolan-2-yl]oxy-3,4,6-trimethylcyclohexyl]oxy-6-
ethyl-3,4,5-trimethyloxane 

C41H74O5 646.554 3.90 CID 
90993583 

350 7.79 [M + H]+ 619.5316 2-({16-[3-(Benzyloxy)-2-
(octyloxy)propoxy]hexadecyl}oxy)tetrahydro-2H-pyran 

C39H70O5 618.5223 3.27 CSID:899294
2 

354 7.53 [M + H]+ 551.5068 (Z)-19-methoxycarbonyltritriacont-9-enoic acid C35H66O4 550.496 6.39 CID 
87313417 

460 0.41 [M + H]+ 207.0357 (2S)-2-(5-chloro-2-thienyl)-1-hydrazino-propan-2-ol C7H11ClN2O
S 

206.028 2.04 CID 
82077398 

461 0.42 [M + H]+ 185.0534 1-azido-4-nitro-2H-triazin-5-amine C3H4N8O2 184.046 0.65 CID 
22213878 
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Supplementary Table  2 ANOVA results for comparison of metabolites regulation between 
Nepenthes species (n = 12) and metabolite in response to the environmental conditions. 
 

Sum of 

squares 

df Mean 

square 

F p (same) 

Sample: 2054.44 11 186.768 63.61 6.267E-135 

metabolite: 41796.8 124 337.071 114.8 < 0.001 

Interaction: 27132.6 1364 19.8919 6.775 < 0.001 

Within: 17615.6 6000 2.93594 
  

Total: 88599.4 7499 
   

 

Supplementary Table  3 Tukey’s post-hoc results for comparison of each Nepenthes species 
under the provided environmental condition. HL – Highland condition; IL – Intermediate 
condition; LL – Lowland condition. 

 amp HL amp IL amp LL min HL min IL min LL 
north 

HL 

north 

IL 

north 

LL 
raff HL raff IL raff LL 

amp 

HL 
 0.4547 1.2E-12 1.32E-12 1.33E-12 1.31E-12 0.9368 0.7910 0.7212 0.7792 0.0638 0.0115 

amp 

IL 
0.4547  1.32E-12 1.33E-12 2.25E-10 2.43E-12 0.9997 1 1 0.0016 2.32E-06 1.1E-07 

amp 

LL 
1.2E-12 1.32E-12  0.9579 0.1780 0.6256 1.32E-12 1.32E-12 1.32E-12 1.2E-12 1.2E-12 1.2E-12 

min 

HL 
1.32E-12 1.33E-12 0.9579  0.9682 1 1.34E-12 1.29E-12 1.3E-12 1.2E-12 1.2E-12 1.2E-12 

min 

IL 
1.33E-12 2.25E-10 0.1780 0.9682  0.9999 1.79E-12 7.88E-12 1.65E-11 1.24E-12 1.2E-12 1.2E-12 

min 

LL 
1.31E-12 2.43E-12 0.6256 1 0.9999  1.32E-12 1.36E-12 1.41E-12 1.2E-12 1.2E-12 1.2E-12 

north 

HL 
0.9368 0.9997 1.32E-12 1.34E-12 1.79E-12 1.32E-12  1 1 0.03492 0.0002 1.2E-05 

north 

IL 
0.7910 1 1.32E-12 1.29E-12 7.88E-12 1.36E-12 1  1 0.01104 3.13E-05 1.91E-06 

north 

LL 
0.7212 1 1.32E-12 1.3E-12 1.65E-11 1.41E-12 1 1  0.00728 1.76E-05 1.01E-06 

raff 

HL 
0.7792 0.0016 1.2E-12 1.2E-12 1.24E-12 1.2E-12 0.03492 0.01104 0.00728  0.9766 0.7973 

raff 

IL 
0.0638 2.32E-06 1.2E-12 1.2E-12 1.2E-12 1.2E-12 0.0002 3.13E-05 

1.76E-

05 
0.9766  1 

raff 

LL 
0.0115 1.1E-07 1.2E-12 1.2E-12 1.2E-12 1.2E-12 1.2E-05 1.91E-06 

1.01E-

06 
0.7973 1  
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Supplementary Table  4 Similarly, and individually expressed thermal stressed metabolites 
among the 4 Nepenthes species in response to the provided environmental conditions. 
Abbreviation: (H) represents the highest expression recorded on highland condition and (L) 
represents the highest expression recorded on lowland condition. 

12 common elements in 

"minima", "ampullaria", 

"northiana" and 

"rafflesiana" 

(H) Epiafzelechin 3-O-gallate-(4beta->6)-epigallocatechin 3-O-gallate  

(H) 4-[[4-(benzenesulfonyl)-5-oxido-1,2,5-oxadiazol-5-ium-3-

yl]oxy]butan-2-yl (4aS,6aR,6aS,6bR,8aR,10S,12aR,14bS)-10-hydroxy-

2,2,6a,6b,9,9,12a-heptamethyl-1,3,4,5,6,6a,7,8,8a,10,11,12,13,14b-

tetradecahydropicene-4a-carboxylate 

(H) Berberastine 

(H) 1-naphthoic acid 

(H) adenine (a) 

(H) adenine (b) 

(L) L-Tryptophan 

(L) 18-oxononadecanoic acid 

(L) Olealdehyde  (a) 

(L) Olealdehyde  (b) 

(L) Indole-3-acrylic acid (a) 

(L) 2-[2-[(3-cyano-2-pyridyl)oxy]anilino]-N-(p-tolyl)acetamide (a) 

8 common elements in 

"minima", "ampullaria" 

and "northiana" 

(L) Anatoxin a(s) 

(L) 2-[(2-Hydroxyethyl)(octadecyl)amino]ethyl hexadecanoate 

(L) 2-[2-[(3-cyano-2-pyridyl)oxy]anilino]-N-(p-tolyl)acetamide (b) 

(L) 18-(2,3-dihydroxypropoxy)octadecan-2-one (b) 

(L) N''-[3-[3-[[4-(5-tert-butyl-2-methyl-phenyl)-1-[3-(5-tert-butyl-2-

methyl-phenyl)propyl]butyl]amino]propylamino]propyl]propane-1,3-diamine 

(L) 2-[2-[4-(4,6-dimethyldecan-3-yloxy)-3-methyl-5-pent-4-ynyloxolan-

2-yl]oxy-3,4,6-trimethylcyclohexyl]oxy-6-ethyl-3,4,5-trimethyloxane 

(L) 2-({16-[3-(Benzyloxy)-2-

(octyloxy)propoxy]hexadecyl}oxy)tetrahydro-2H-pyran 

(L) (Z)-19-methoxycarbonyltritriacont-9-enoic acid 

7 common elements in 

"ampullaria", "northiana" 

and "rafflesiana" 

(H) Kaempferol 3-O-beta-D-xyloside(b) 

(H) Pro-Gln-Arg-Phe amide trifluoroacetate salt 

(H) Adenosine (a) 

(H) Adenosine (b) 

(H) (2S)-2-amino-5-[[(1S)-2-(carboxymethylamino)-1-[(8-hydroxy-3-

methyl-1,4-dioxo-2-naphthyl)sulfanylmethyl]-2-oxo-ethyl]amino]-5-oxo-

pentanoic acid 

(H) 5-isopropyl-N6-methyl-N4-[2-(4-methylcyclohexyl)ethyl]pyrimidine-

4,6-diamine 
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(H) Phthalic_acid,2-chloroethyl-decyl-ester 

5 common elements in 

"minima", "ampullaria" 

and "rafflesiana" 

(H) 5-Deoxyleucocyanidin 

(L) Kaempferol 3-O-beta-D-xyloside(a) 

(L) Indole-3-acrylic acid (b) 

(L) 5-Galloylshikimic acid (b) 

(H) Triphosphoric_Acid 

2 common elements in 

"minima", "northiana" and 

"rafflesiana" 

(L) Kaempferol 3-O-glucoside 

(L) (2S)-2-(3,4-dihydroxyphenyl)-8-[(2S,4R)-2-(3,4-dihydroxyphenyl)-7-

hydroxy-5-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-

yl]oxy-3,4-dihydro-2H-chromen-4-yl]-5,7-dihydroxy-2,3-dihydrochromen-4-

one 

6 common elements in 

"ampullaria" and 

"northiana" 

(H) Baicalein (b) 

(L) Baicalein (c) 

(L) 2-[4-(4-methoxyphenyl)-3-methyl-pyrazolo[3,4-b]pyridin-1-yl]-N-(1-

phenylpropyl)acetamide 

(L) N-(3-Nitramido-4,5-dihydropyridazin-4-yl)nitramide 

(L) 1-(3-hydroxy-2-thienyl)-3-phenyl-propane-1,3-dione 

(L) 2-(2,6-dihydroxyphenyl)-6-(1-hydroxy-3-oxo-octadecyl)-2-methyl-

6H-furo[3,4-d][1,3]dioxol-4-one 

7 common elements in 

"ampullaria" and 

"rafflesiana" 

(H) Rutin 

(H) L-Alanyl-D-glutamate 

(H) 3-(2-hydroxypropyl)benzoic acid 

(H) Norbergenin  

(H) 3-Butylidene-7-hydroxyphthalide 

(H) 5-[(3,5-dichloro-4-pyridyl)sulfanyl]-4-nitro-thiophene-2-

carbaldehyde 

(H) N-[1-(3-Aminophenyl)ethylideneamino]undecanamide 

8 common elements in 

"minima" and 

"rafflesiana" 

(H) Quercetin 3-(2''-galloyl-alpha-L-arabinopyranoside) (a) 

(H) Baicalin 

(L) Baicalein (b) 

(H) Luteolin 

(L) myrciacitrin I 

(L) L-Arginine 

(H) 2-(2,6-dihydroxyphenyl)-6-(1-hydroxy-3-oxo-octadecyl)-2-methyl-

6H-furo[3,4-d][1,3]dioxol-4-one 

(L) (2S)-2-(5-chloro-2-thienyl)-1-hydrazino-propan-2-ol 

4 common elements in 

"minima" and "northiana" 

(H) Quercetin 3-(2''-galloyl-alpha-L-arabinopyranoside) (b) 

(L) 4-O,6-O-Digalloyl-D-glucopyranose 

(L) 9-hydroxy-2-thioxo-3H-phenalen-1-one 
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(L) 8-methoxy-4,5-dihydrobenzo[g]benzothiophene-2-carboxylic acid 

9 common elements in 

"minima" and 

"ampullaria" 

(H) 4,2'-Dihydroxy-4',6'-dimethoxychalcone 4-glucoside 

(H) Peruvianoside II 

(L) Baicalein (a) 

(L) Norvaline 

(L) 11-aminoundecanoic acid 

(H) 3,5,7-trihydroxy-2-[3,4,5-trihydroxy-2-[2,3,4-trihydroxy-6-(3,5,7-

trihydroxychroman-2-yl)phenyl]phenyl]chromen-4-one (b) 

(H) Benzoic acid  (a) 

(H) Benzoic acid (b) 

(L) 18-(2,3-dihydroxypropoxy)octadecan-2-one (a) 

8 common elements in 

"northiana" and 

"rafflesiana" 

(H) minaprine 

(H) Baicalein (a) 

(L) Butin (b) 

(H) 7-Dodecenoic acid 

(H) 11-aminoundecanoic acid 

(L) Benzoic acid (b) 

(L) Syringin 

(H) Crucigasterin E 

41 elements included 

exclusively in "minima" 

(H) Catechin 5-O-gallate 

(H) Baicalein (c) 

(H) Afzelin 

(H) Butin (a) 

(H) Butin (b) 

(H) (2R,3R)-2-(2-Methoxybenzoyloxy)-3-hydroxysuccinic acid 

(H) N-(3-Nitramido-4,5-dihydropyridazin-4-yl)nitramide 

(L) Kaempferol 3-O-beta-D-xyloside(b) 

(L) 2-triacontanoylbenzenesulfonic acid 

(L) Trigonelline 

(L) Isoleucine 

(L) (2S)-2-amino-5-[[(1S)-2-(carboxymethylamino)-1-[(8-hydroxy-3-

methyl-1,4-dioxo-2-naphthyl)sulfanylmethyl]-2-oxo-ethyl]amino]-5-oxo-

pentanoic acid 

1 Quercetin-3-O-rhamnoside 

1 Quercetin 3-(6''-galloylglucoside) 

1 minaprine 

1 Quercetin 

1 Rutin 

1 6,8-Dihydroxykaempferol 3-rutinoside 
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1 miquelianin (a) 

1 miquelianin (b) 

1 7-Dodecenoic acid 

1 Pro-Gln-Arg-Phe amide trifluoroacetate salt 

1 L-Alanyl-D-glutamate 

1 5-Galloylshikimic acid (a) 

1 3-(2-hydroxypropyl)benzoic acid 

1 Norbergenin 

1 Adenosine (a) 

1 Adenosine (b) 

1 Syringin 

1 Coniferin 

1 Crucigasterin E 

1 reduced 6-(hydroxymethyl)-8-(1-D-ribityl)lumazine 

1 3-Butylidene-7-hydroxyphthalide 

1 2-[4-(4-methoxyphenyl)-3-methyl-pyrazolo[3,4-b]pyridin-1-yl]-N-(1-

phenylpropyl)acetamide 

1 5-isopropyl-N6-methyl-N4-[2-(4-methylcyclohexyl)ethyl]pyrimidine-

4,6-diamine 

1 5-[(3,5-dichloro-4-pyridyl)sulfanyl]-4-nitro-thiophene-2-

carbaldehyde 

1 N-[1-(3-Aminophenyl)ethylideneamino]undecanamide 

1 1-(3-hydroxy-2-thienyl)-3-phenyl-propane-1,3-dione 

1 Phthalic_acid,2-chloroethyl-decyl-ester 

1 3,5,7-trihydroxy-2-[3,4,5-trihydroxy-2-[2,3,4-trihydroxy-6-(3,5,7-

trihydroxychroman-2-yl)phenyl]phenyl]chromen-4-one (a) 

1 1-azido-4-nitro-2H-triazin-5-amine 

35 elements included 

exclusively in 

"ampullaria" 

(H) 9-hydroxy-2-thioxo-3H-phenalen-1-one 

(H) (2S)-2-(5-chloro-2-thienyl)-1-hydrazino-propan-2-ol 

(H) 8-methoxy-4,5-dihydrobenzo[g]benzothiophene-2-carboxylic acid 

(H) Trigonelline 

(H) Isoleucine 

(H) Coniferin 

(L) Crucigasterin E 

(L) reduced 6-(hydroxymethyl)-8-(1-D-ribityl)lumazine 

(L) 7-Dodecenoic acid 

(L) minaprine 

2 Quercetin-3-O-rhamnoside 

2 Kaempferol 3-O-glucoside 
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2 Quercetin 3-(6''-galloylglucoside) 

2 Catechin 5-O-gallate 

2 Quercetin 

2 Quercetin 3-(2''-galloyl-alpha-L-arabinopyranoside) (a) 

2 Quercetin 3-(2''-galloyl-alpha-L-arabinopyranoside) (b) 

2 Baicalin 

2 6,8-Dihydroxykaempferol 3-rutinoside 

2 Afzelin 

2 miquelianin (a) 

2 miquelianin (b) 

2 Luteolin 

2 Butin (a) 

2 Butin (b) 

2 myrciacitrin I 

2 (2S)-2-(3,4-dihydroxyphenyl)-8-[(2S,4R)-2-(3,4-dihydroxyphenyl)-7-

hydroxy-5-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-

yl]oxy-3,4-dihydro-2H-chromen-4-yl]-5,7-dihydroxy-2,3-dihydrochromen-4-

one 

2 L-Arginine 

2 5-Galloylshikimic acid (a) 

2 (2R,3R)-2-(2-Methoxybenzoyloxy)-3-hydroxysuccinic acid 

2 3,5,7-trihydroxy-2-[3,4,5-trihydroxy-2-[2,3,4-trihydroxy-6-(3,5,7-

trihydroxychroman-2-yl)phenyl]phenyl]chromen-4-one (a) 

2 2-triacontanoylbenzenesulfonic acid 

2 Syringin 

2 4-O,6-O-Digalloyl-D-glucopyranose 

2 1-azido-4-nitro-2H-triazin-5-amine 

42 elements included 

exclusively in "northiana" 

(H) 5-Galloylshikimic acid (a) 

(H) Kaempferol 3-O-beta-D-xyloside(a) 

(H) myrciacitrin I 

(H) Norvaline 

(L) Rutin 

(L) 6,8-Dihydroxykaempferol 3-rutinoside 

(L) Butin (a) 

(L) Benzoic acid  (a) 

(L) Quercetin 3-(6''-galloylglucoside) 

(L) Quercetin 

(L) (2R,3R)-2-(2-Methoxybenzoyloxy)-3-hydroxysuccinic acid 

(L) 3-(2-hydroxypropyl)benzoic acid 
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(L) Triphosphoric_Acid 

(L) Norbergenin 

(L) 5-[(3,5-dichloro-4-pyridyl)sulfanyl]-4-nitro-thiophene-2-

carbaldehyde 

(L) N-[1-(3-Aminophenyl)ethylideneamino]undecanamide 

3 Quercetin-3-O-rhamnoside 

3 5-Deoxyleucocyanidin 

3 Catechin 5-O-gallate 

3 4,2'-Dihydroxy-4',6'-dimethoxychalcone 4-glucoside 

3 Quercetin 3-(2''-galloyl-alpha-L-arabinopyranoside) (a) 

3 Peruvianoside II 

3 Baicalin 

3 Afzelin 

3 miquelianin (a) 

3 miquelianin (b) 

3 Luteolin 

3 3,5,7-trihydroxy-2-[3,4,5-trihydroxy-2-[2,3,4-trihydroxy-6-(3,5,7-

trihydroxychroman-2-yl)phenyl]phenyl]chromen-4-one 

3 3,5,7-trihydroxy-2-[3,4,5-trihydroxy-2-[2,3,4-trihydroxy-6-(3,5,7-

trihydroxychroman-2-yl)phenyl]phenyl]chromen-4-one (a) 

3 Trigonelline 

3 L-Arginine 

3 Isoleucine 

3 Indole-3-acrylic acid (b) 

3 L-Alanyl-D-glutamate 

3 5-Galloylshikimic acid (b) 

3 2-triacontanoylbenzenesulfonic acid 

3 Coniferin 

3 reduced 6-(hydroxymethyl)-8-(1-D-ribityl)lumazine 

3 3-Butylidene-7-hydroxyphthalide 

3 18-(2,3-dihydroxypropoxy)octadecan-2-one (a) 

3 (2S)-2-(5-chloro-2-thienyl)-1-hydrazino-propan-2-ol 

3 1-azido-4-nitro-2H-triazin-5-amine 

40 elements included 

exclusively in 

"rafflesiana" 

(H) Quercetin 3-(6''-galloylglucoside) 

(H) 2-[(2-Hydroxyethyl)(octadecyl)amino]ethyl hexadecanoate 

(H) 18-(2,3-dihydroxypropoxy)octadecan-2-one (a) 

(H) N''-[3-[3-[[4-(5-tert-butyl-2-methyl-phenyl)-1-[3-(5-tert-butyl-2-

methyl-phenyl)propyl]butyl]amino]propylamino]propyl]propane-1,3-diamine 
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(H) 2-[2-[4-(4,6-dimethyldecan-3-yloxy)-3-methyl-5-pent-4-ynyloxolan-

2-yl]oxy-3,4,6-trimethylcyclohexyl]oxy-6-ethyl-3,4,5-trimethyloxane 

(H) 2-({16-[3-(Benzyloxy)-2-

(octyloxy)propoxy]hexadecyl}oxy)tetrahydro-2H-pyran 

(H) (Z)-19-methoxycarbonyltritriacont-9-enoic acid 

(H) 2-triacontanoylbenzenesulfonic acid 

(H) 4-O,6-O-Digalloyl-D-glucopyranose 

(H) reduced 6-(hydroxymethyl)-8-(1-D-ribityl)lumazine 

(H) 2-[4-(4-methoxyphenyl)-3-methyl-pyrazolo[3,4-b]pyridin-1-yl]-N-(1-

phenylpropyl)acetamide 

(L) 1-azido-4-nitro-2H-triazin-5-amine  

(L) 3,5,7-trihydroxy-2-[3,4,5-trihydroxy-2-[2,3,4-trihydroxy-6-(3,5,7-

trihydroxychroman-2-yl)phenyl]phenyl]chromen-4-one (a) 

(L) 5-Galloylshikimic acid (a) 

(L) miquelianin (a) 

(L) miquelianin (b) 

(L) 4,2'-Dihydroxy-4',6'-dimethoxychalcone 4-glucoside 

(L) Quercetin 3-(2''-galloyl-alpha-L-arabinopyranoside) (b) 

(L) Peruvianoside II 

4 Quercetin-3-O-rhamnoside 

4 Catechin 5-O-gallate 

4 Quercetin 

4 Baicalein (c) 

4 6,8-Dihydroxykaempferol 3-rutinoside 

4 Afzelin 

4 Butin (a) 

4 Trigonelline 

4 Anatoxin a(s) 

4 Isoleucine 

4 Norvaline 

4 Benzoic acid  (a) 

4 (2R,3R)-2-(2-Methoxybenzoyloxy)-3-hydroxysuccinic acid 

4 Coniferin 

4 N-(3-Nitramido-4,5-dihydropyridazin-4-yl)nitramide 

4 2-[2-[(3-cyano-2-pyridyl)oxy]anilino]-N-(p-tolyl)acetamide (b) 

4 1-(3-hydroxy-2-thienyl)-3-phenyl-propane-1,3-dione 

4 9-hydroxy-2-thioxo-3H-phenalen-1-one 

4 18-(2,3-dihydroxypropoxy)octadecan-2-one (b) 
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4 3,5,7-trihydroxy-2-[3,4,5-trihydroxy-2-[2,3,4-trihydroxy-6-(3,5,7-

trihydroxychroman-2-yl)phenyl]phenyl]chromen-4-one (b) 

4 8-methoxy-4,5-dihydrobenzo[g]benzothiophene-2-carboxylic acid 
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Supplementary Table  5 Identification of 86 significantly altered metabolic features. 

Compound Groups No. RT 

(min) 

Adduct Mass Tentative identification Formula Monoisotopic 

Mass 

PPM 

(error) 

Database ID 

Flavonoids 19 2.17 [M + NA]+ 471.0905 Quercetin 3-O-rhamnoside C21H20O11 448.101 0.62 C01750 

37 1.89 [M + H]+ 731.1623 procyanidin B2 3'-O-gallate C37H30O16 730.1534 -2.26 CHEBI:75647 

45 2.10 [M+NA]+ 487.0854 Myricitrin C21H20O12 464.0955 -1.38 C10108 

135 2.14 [M + H]+ 449.1091 Kaempferol 3-O-glucoside C21H20O11 448.101 1.83 C12249 

145 2.08 [M + H]+ 465.1033 Hyperin C21H20O12 464.0955 -1.12 C10073 

549 0.44 [M + H]+ 449.1091 Kaempferol 3-O-glucoside C21H20O11 448.1006 2.72 C12249 

149 1.94 [M + H]+ 291.0850 5-Deoxyleucocyanidin C15H14O6 290.079 -4.31 C09736 

165 1.98 [M + H]+ 617.1169 Quercetin 3-(6''-galloylglucoside) C28H24O16 616.106 5.81 CID 44259190 

277 2.02 [M + H]+ 443.0981 Catechin 5-O-gallate C22H18O10 442.09 1.85 CID 15689618 

312 2.12 [M + H]+ 303.0503 Quercetin C15H10O7 302.0427 1.06 C00389 

394 2.20 [M + NA]+ 485.1431 4,2'-Dihydroxy-4',6'-dimethoxychalcone 4-glucoside C23H26O10 462.153 1.88 CID 13870531 

460 0.41 [M + H]+ 207.0357 (2S)-2-(5-chloro-2-thienyl)-1-hydrazino-propan-2-ol C7H11ClN2OS 206.028 2.04 CID 82077398 

581 2.04 [M + H]+ 443.0981 (-)-epicatechin-5-gallate C22H18O10 442.09 -1.81 CHEBI:65848 

425 2.16 [M + H]+ 587.1048 Quercetin 3-(2''-galloyl-alpha-L-arabinopyranoside) C27H22O15 586.096 2.51 CID 44259256 

409 1.92 [M + NH4]+ 512.1772 Peruvianoside II C23H26O12 494.142 2.75 CID 42608014 

464 1.76 [M + H]+ 447.0904 Baicalin C21H18O11 446.0849 -3.95 C10025 

541 12.77 [M + H]+ 271.0604 Baicalein C15H10O5 270.0528 1.11 C10023 

548 2.02 [M + H]+ 271.0604 Baicalein C15H10O5 270.0528 1.11 C10023 

591 1.82 [M + H]+ 271.0604 Baicalein C15H10O5 270.0528 1.11 C10023 

183 2.20 [M + NA]+ 441.0802 Kaempferol 3-O-beta-D-xyloside C20H18O10 418.09 2.39 C20727 

542 12.77 [M + NA]+ 441.0802 Kaempferol 3-O-beta-D-xyloside C20H18O10 418.09 2.39 C20727 

543 2.09 [M + NA]+ 441.0802 Kaempferol 3-O-beta-D-xyloside C20H18O10 418.09 2.39 C20727 

550 2.01 [M + NA]+ 633.1449 Rutin C27H30O16 610.1534 3.67 C05625 

553 1.89 [M + NA]+ 649.1396 6,8-Dihydroxykaempferol 3-rutinoside C27H30O17 626.148 3.75 CID 44260049 

588 2.34 [M + H]+ 883.1735 Epiafzelechin 3-O-gallate-(4beta->6)-epigallocatechin 3-O-gallate C44H34O20 882.164 2.55 CID 14521010 

128 2.24 [M + NA]+ 455.0961 Afzelin C21H20O10 432.106 2.11 C16911 

473 1.98 [M + H]+ 479.0828 Miquelianin  C21H18O13 478.075 1.09 CHEBI:66395 
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500 2.00 [M + NA]+ 501.0653 miquelianin C21H18O13 478.0747 2.89 CHEBI:66395 

406 2.21 [M + NA]+ 609.0862 Quercetin 3-(2''-galloyl-alpha-L-arabinopyranoside) C27H22O15 586.096 1.74 CID 44259256 

192 2.19 [M + H]+ 287.0556 Luteolin C15H10O6 286.0477 2.17 C01514 

129 2.17 [M + NA]+ 457.0755 Quercetin 3-O-beta-D-xylopyranoside C20H18O11 434.085 2.95 CID 5320861 

278 2.05 [M + H]+ 273.0763 Butin C15H12O5 272.068 3.68 C09614 

281 1.82 [M + H]+ 273.0763 Butin C15H12O5 272.068 3.68 C09614 

427 2.04 [M + NA]+ 501.1375 myrciacitrin I C23H26O11 478.1475 1.51 CHEBI:66417 

193 2.27 [M + H]+ 623.1018 3,5,7-trihydroxy-2-[3,4,5-trihydroxy-2-[2,3,4-trihydroxy-6-(3,5,7-

trihydroxychroman-2-yl)phenyl]phenyl]chromen-4-one 

C30H22O15 622.096 -2.38 CID 57691813 

280 2.13 [M + H]+ 623.1018 3,5,7-trihydroxy-2-[3,4,5-trihydroxy-2-[2,3,4-trihydroxy-6-(3,5,7-

trihydroxychroman-2-yl)phenyl]phenyl]chromen-4-one 

C30H22O15 622.096 -2.38 CID 57691813 

488 1.97 [M + NA]+ 745.1761 (2S)-2-(3,4-dihydroxyphenyl)-8-[(2S,4R)-2-(3,4-dihydroxyphenyl)-

7-hydroxy-5-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-

(hydroxymethyl)oxan-2-yl]oxy-3,4-dihydro-2H-chromen-4-yl]-5,7-

dihydroxy-2,3-dihydrochromen-4-one 

C36H34O16 722.185 2.62 CID 6325552 

Alkaloids 15 0.47 [M + H]+ 138.0549 Trigonelline C7H7NO2 137.0477 2.80 C01004 

54 8 [M + NH4]+ 832.2419 Ulithiacyclamide G C35H42N8O7S4 814.20593 -2.63 100927669 

209 2.44 [M + H]+ 253.1074 Anatoxin a(s) C7H17N4O4P 252.0987 5.63 C19998 

577 2 [M + NA]+ 375.1056 Berberastine C20H18NO5 352.118 -4.35 CHEBI:3065 

amino acids 158 0.5 [M + H]+ 175.1180 L-Arginine C6H14N4O2 174.1117 -5.74 C02385 

162 1.53 [M + H]+ 205.0977 L-Tryptophan C11H12N2O2 204.09 2.06 C00078 

228 0.47 [M + H]+ 132.1018 Isoleucine C6H13NO2 131.095 -3.66 C00407 

242 0.47 [M + H]+ 118.0835 Norvaline C5H11NO2 117.079 -23.74 CID 439575 

Fatty Acyls 98 5.24 [M+NA]+ 321.3159 18-methylnonadecan-1-ol C20H42O 298.3236 -10.49 CHEBI:84914 

200 4.28 [M + H]+ 313.2747 18-oxononadecanoic acid C19H36O3 312.266 4.39 CID 5312917 

299 4.92 [M + H]+ 267.2693 Olealdehyde C18H34O 266.261 3.72 CID17029 

300 4.67 [M + H]+ 267.2693 Olealdehyde C18H34O 266.261 3.72 CID17029 

Indoles 486 0.75 [M + H]+ 188.0708 Indole-3-acrylic acid C11H9NO2 187.063 1.90 CID 5375048 

494 1.53 [M + H]+ 188.0708 Indole-3-acrylic acid C11H9NO2 187.063 1.90 CID 5375048 

Organic acids 285 2.04 [M + H]+ 191.0707 1-naphthoic acid C11H10O3 190.063 2.21 C15102 

547 2.03 [M + H]+ 123.0441 Benzoic acid C7H6O2 122.037 -1.47 C00180 
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580 1.84 [M + H]+ 123.0441 Benzoic acid C7H6O2 122.037 -1.47 C00180 

545 1.35 [M + H]+ 327.0697 5-Galloylshikimic acid C14H14O9 326.064 -7.91 CID  460897 

585 0.7 [M + H]+ 327.0697 5-Galloylshikimic acid C14H14O9 326.064 7.90 CID  460897 

433 2.18 [M + H]+ 285.0612 (2R,3R)-2-(2-Methoxybenzoyloxy)-3-hydroxysuccinic acid C12H12O8 284.053 3.06 CID 70014677 

440 1.79 [M + H]+ 181.0863 3-(2-hydroxypropyl)benzoic acid C10H12O3 180.079 0.28 CID 67568076 

97 7.76 [M + H]+ 593.4588 2-triacontanoylbenzenesulfonic acid C36H64O4S 592.453 -2.50 CID 23652140 

inorganic acid 31 12.82 [M + H]+ 178.9506 diphosphoric acid H4O7P2 177.9432 -0.51 CHEBI:29888 

44 12.83 [M + H]+ 258.9170 Triphosphoric Acid H5O10P3 257.91 -1.09 C00536 

Trihydroxybenzoic acids 462 1.78 [M + H]+ 315.0713 Norbergenin C13H14O9 314.064 0.06 CID 73192 

Monolignols 309 1.76 [M + NA]+ 395.1316 Syringin C17H24O9 372.142 0.89 C01533 

372 1.78 [M + NA]+ 365.1212 Coniferin C16H22O8 342.1315 1.46 C00761 

Amino alcohols 367 2.90 [M + H]+ 280.2639 Crucigasterin E C18H33NO 279.256 2.22 CID 46937368 

1-monopalmitoylglycero 

derivative 

333 4.11 [M+NA]+ 353.2669 3-hexadecanoyl-sn-glycerol C19H38O4 330.277 -2.03 CHEBI:64757 

Lumazine derivative 100 1.51 [M + K]+ 369.0804 reduced 6-(hydroxymethyl)-8-(1-D-ribityl)lumazine C20H16O7 330.1176 -1.03 CHEBI:70986 

2-benzofurans derivative 39 3.42 [M + H]+ 149.0232 phthalic anhydride C8H4O3 148.016 0.74 CHEBI:36605 

268 3.42 [M + H]+ 205.0860 3-Butylidene-7-hydroxyphthalide C12H12O3 204.0786 0.34 C09921 

Others 495 1.78 [M + NA]+ 507.0752 4-O,6-O-Digalloyl-D-glucopyranose C20H20O14 484.085 2.02 CID 101630404 

29 0.41 [M + H]+ 203.0529 N-(3-Nitramido-4,5-dihydropyridazin-4-yl)nitramide C4H6N6O4 202.045 3.07 CID 419333 

40 2.15 [M + H]+ 494.1245 (2S)-2-amino-5-[[(1S)-2-(carboxymethylamino)-1-[(8-hydroxy-3-

methyl-1,4-dioxo-2-naphthyl)sulfanylmethyl]-2-oxo-ethyl]amino]-

5-oxo-pentanoic acid 

C21H23N3O9S 493.116 2.47 CID 52942238 

49 12.83 [M + NA]+ 356.8936 5-[(3,5-dichloro-4-pyridyl)sulfanyl]-4-nitro-thiophene-2-

carbaldehyde 

C10H4Cl2N2O3S2 333.904 1.14 CID 87562543 

50 2.44 [M + H]+ 359.1494 2-[2-[(3-cyano-2-pyridyl)oxy]anilino]-N-(p-tolyl)acetamide (a) C21H18N4O2 358.143 -2.46 CID 60537784 

81 2.44 [M + NA]+ 381.1314 2-[2-[(3-cyano-2-pyridyl)oxy]anilino]-N-(p-tolyl)acetamide (b) C21H18N4O2 358.143 -2.29 CID 60537784 

51 3.24 [M + NH4]+ 335.2798 N-[1-(3-Aminophenyl)ethylideneamino]undecanamide C19H31N3O 317.247 -3.34 CID 3616475 

102 0.42 [M + H]+ 247.0425 1-(3-hydroxy-2-thienyl)-3-phenyl-propane-1,3-dione C13H10O3S 246.035 0.89 CID 13004301 

121 0.44 [M + H]+ 229.0317 9-hydroxy-2-thioxo-3H-phenalen-1-one C13H8O2S 228.025 -2.41 CID 88740582 

258 3.13 [M + NA]+ 391.1649 Phthalic acid, 2-chloroethyl decyl ester C20H29ClO4 368.175 1.85 CID 6424038 

297 4.92 [M + H]+ 359.3165 18-(2,3-dihydroxypropoxy)octadecan-2-one C21H42O4 358.308 3.32 CID 21475594 
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298 4.67 [M + H]+ 359.3165 18-(2,3-dihydroxypropoxy)octadecan-2-one C21H42O4 358.308 3.32 CID 21475594 

303 12.03 [M + H]+ 247.1669 2,4-Diamino-6,7-diisopropylpteridine C12H18N6 246.1593 -1.32 CHEBI:73908 

379 1.84 [M+NA]+ 563.1380 (3S,4S)-5,6,7-Trihydroxy-4-(4-hydroxy-3,5-dimethoxyphenyl)-3-

[[(2R,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-

yl]oxymethyl]-3,4-dihydroisochromen-1-one 

C24H28O14 540.1479 -1.62 101437170 

455 2.05 [M + H]+ 124.0869 2,5-dimethylpyrimidin-4-amine C6H9N3 123.0796 -0.02 chebi:46546 

20 0.42 [M + H]+ 261.0582 8-methoxy-4,5-dihydrobenzo[g]benzothiophene-2-carboxylic acid C14H12O3S 260.051 -0.35 CID 81605969 

461 0.42 [M + H]+ 185.0534 1-azido-4-nitro-2H-triazin-5-amine C3H4N8O2 184.046 0.65 CID 22213878 
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Supplementary Table  6 ANOVA results for comparison of metabolites regulation between 
Nepenthes species (n = 4) and in response to the environmental conditions. 
 

Sum of 

squares 

df Mean square F p (same) 

Species: 1.56E+12 3 5.20E+11 71.71 5.08E-46 

Metabolites: 1.47E+14 248 5.94E+11 81.83 < 0.001 

Interaction: 5.36E+13 744 7.21E+10 9.928 < 0.001 

Within: 1.01E+14 13944 7.26E+09 
  

Total: 3.04E+14 14939 
   

 

Supplementary Table  7 The top 77 key metabolites with VIP scores over 1. 

Metabolites Comp. 1 Comp. 2 

2S-2-amino-5-1S-2-carboxymethylamino-1-8-hydroxy-3-methyl-

1,4-dioxo-2-naphthylsulfanylmethyl-2-oxo-ethylamino-5-oxo-

pentanoic acid 

2.4790 2.3770 

6,8-Dihydroxykaempferol 3-rutinoside 2.3869 2.2928 

1-naphthoic acid 2.3828 2.2852 

Unknown 191.0705mz 2.2763 2.1846 

Unknown 316.0751mz 2.2643 2.2018 

Unknown 267.0506mz 2.2633 2.1994 

Unknown 515.1534mz 2.2571 2.2026 

Berberastine 2.2081 2.1228 

Rutin 2.2073 2.1201 

Unknown 495.1506mz 2.1677 2.1614 

Unknown 286.0644mz 2.1382 2.0876 

Unknown 366.1244mz 2.0804 2.0551 

Unknown 297.0611mz 2.0500 1.9926 

Quercetin 3-2''-galloyl-alpha-L-arabinopyranoside b 2.0391 1.9743 

Unknown 634.1472mz 2.0381 1.9610 

Quercetin 3-2''-galloyl-alpha-L-arabinopyranoside a 1.9638 1.8981 
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Unknown 329.0874mz 1.8615 1.7847 

2R,3R-2-2-Methoxybenzoyloxy-3-hydroxysuccinic acid 1.8574 1.8037 

Norbergenin 1.8392 1.7973 

Unknown 376.1092mz 1.8334 1.7596 

5-Galloylshikimic acid b 1.8310 1.7733 

4,2'-Dihydroxy-4',6'-dimethoxychalcone 4-glucoside 1.8161 1.7864 

Epiafzelechin 3-O-gallate-4beta-6-epigallocatechin 3-O-gallate 1.8126 1.7384 

Peruvianoside II 1.7582 1.7704 

myrciacitrin I 1.7509 1.6787 

Unknown 143.0337mz 1.7267 1.6669 

Unknown 435.0930mz 1.6919 1.6227 

3,2-hydroxypropylbenzoic acid 1.6790 1.6851 

Unknown 360.1661mz 1.6691 1.6703 

3,5,7-trihydroxy-2-3,4,5-trihydroxy-2-2,3,4-trihydroxy-6-3,5,7-

trihydroxychroman-2-ylphenylphenylchromen-4-one a 

1.6672 1.6350 

Unknown 884.1764mz 1.6525 1.5869 

Unknown 553.2040mz 1.6072 1.5413 

Unknown 281.0659mz 1.5821 1.5299 

Unknown 496.1824mz 1.5566 1.5120 

Unknown 163.0755mz 1.5285 1.4782 

5-Galloylshikimic acid a 1.521 1.4624 

Unknown 283.0817mz 1.4954 1.4742 

18-2,3-dihydroxypropoxyoctadecan-2-one a 1.4693 1.4571 

Unknown 153.0182mz a 1.4682 1.4320 

Unknown 543.1846mz 1.4638 1.4164 

Anatoxin as 1.4606 1.5070 

Unknown 147.0652mz 1.4561 1.4633 

Unknown 585.5947mz 1.4403 1.3993 

2-2-3-cyano-2-pyridyloxyanilino-N-p-tolylacetamide a 1.4221 1.5039 

2-2-3-cyano-2-pyridyloxyanilino-N-p-tolylacetamide b 1.4177 1.4271 

Unknown 223.0093mz 1.4163 1.3824 

Unknown 391.0810mz 1.4024 1.3900 

Coniferin 1.3637 1.3711 
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Unknown 611.1618mz 1.355 1.3003 

Unknown 650.1421mz 1.3438 1.2883 

Unknown 582.5836mz 1.2629 1.3075 

Unknown 502.0681mz 1.2352 1.1892 

miquelianin b 1.2242 1.1754 

Unknown 197.0897mz 1.2183 1.1744 

Unknown 521.1271mz 1.2094 1.1612 

Unknown 513.1807mz 1.2046 1.1563 

Kaempferol 3-O-beta-D-xyloside b 1.2009 1.1545 

Unknown 360.3245mz a 1.1563 1.1198 

Unknown 341.1389mz 1.1357 1.1694 

Unknown 360.3245mz b 1.1313 1.0974 

Unknown 376.1758mz 1.1137 1.1103 

Unknown 884.1767mz 1.1086 1.0639 

Quercetin 3-O-beta-D-xylopyranoside 1.0940 1.0496 

Unknown 303.2902mz b 1.0900 1.0831 

Unknown 407.0548mz 1.0587 1.0188 

Unknown 303.2902mz a 1.0430 1.0405 

Unknown 554.5522mz 1.0357 1.0864 

Unknown 341.3058mz b 1.0350 1.1868 

Unknown 153.0182mz c 1.0336 0.99525 

Unknown 189.0392mz 1.0266 0.99264 

Unknown 107.0490mz 1.0254 1.0145 

Unknown 341.3058mz a 1.0229 1.1808 

2S-2-5-chloro-2-thienyl-1-hydrazino-propan-2-ol 1.0202 0.97918 

Unknown 588.1073mz 1.0146 0.99209 

Unknown 153.0182mz d 1.0101 1.0085 

Unknown 651.1454mz 1.0011 0.96712 
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Supplementary Table  8 Two-way ANOVA results for comparison of metabolite profiles 
between Nepenthes species (n = 2). 
 

Sum of squares df Mean square F P-value 

Nepenthes species: 38.03 1 38.03 19.38 < 0.001 

Metabolite: 69.28 3 23.09 11.77 < 0.001 

Interaction: 1.88 3 0.63 0.32 0.81 

Within: 62.80 32 1.96 
  

Total: 171.98 39 
   

 

Supplementary Table  9 Tukey's post-hoc test results for comparison of antibacterial 
properties of the methanolic leaf extracts of Nepenthes ampullaria within the bacterium 
species. 
 

Bacillius cereus Pseudomonas 

aeruginosa 

Staphylococcus 

epidermidis 

Bacillius subtilis 

Bacillius cereus 
 

0.3241 0.02059 0.8134 

Pseudomonas 

aeruginosa 

0.3241 
 

0.435 0.07443 

Staphylococcus 

epidermidis 

0.02059 0.435 
 

0.003435 

Bacillius subtilis 0.8134 0.07443 0.003435 
 

 

Supplementary Table  10 Tukey's post-hoc test results for comparison of antibacterial 
properties of the methanolic leaf extracts of Nepenthes rafflesiana within the bacterium 
species. 
 

Bacillius cereus Pseudomonas 

aeruginosa 

Staphylococcus 

epidermidis 

Bacillius subtilis 

Bacillius cereus 
 

0.6625 0.02415 0.9955 

Pseudomonas 

aeruginosa 

0.6625 
 

0.202 0.5255 

Staphylococcus 

epidermidis 

0.02415 0.202 
 

0.0152 

Bacillius subtilis 0.9955 0.5255 0.0152 
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Supplementary Figure  1 Permutation test for model PLS-DA model validation. 
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Supplementary Figure  2 Heatmap of 249 metabolites from the 4 Nepenthes species based 
on Euclidean distances and Ward clustering. The metabolites concentrations is represented on 
a log scale. 
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Supplementary Figure  3 Permutation test for PLS-DA model validation.  

 

Supplementary Figure  4 Permutation test for PLS-DA model validation. 
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Supplementary Figure  5 GC–MS chromatogram of the methanolic leaf extract of Nepenthes 
ampullaria. 

 

 

 

Supplementary Figure  6 GC–MS chromatogram of the methanolic leaf extract of Nepenthes 
rafflesiana.  

 


