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1. Introduction 

1.1.  Pigments of life  

Organometallic tetrapyrroles are of vital importance in all living systems. They are often named 

‘pigments of life’. As cofactors they are associated with essential proteins in numerous biological and 

physiological processes such as oxygen transport (heme), photosynthesis (chlorophyll), and electron 

transport (cytochrome c) (Battersby 2000, Mochizuki et al. 2010). Being   characteristic for blood-red 

and plant-green colours, often called ‘colours of life’, they have intense colours due to their essential 

electron allocation all over the porphyrin ring in the molecular structure (Brown et al. 1991).  

 

 

Figure 1-1 Three biological important tetrapyrrolic compounds of life that make the nature more 

colorful; a) heme, b) chlorophyll a, c) cytochrome c 
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Chlorophyll (Chl) is a member of the life pigments and has a special position among these natural 

porphinoids. Due to its property as energy transducer, Chl captures sunlight and converts the solar 

energy into chemical energy for the production of oxygen and carbohydrate anabolism, thereby 

starting the animal food chain (Eschenmoser 1988, Montforts et al. 1992, Ma and Dolphin 1999), 

including the daily diet of herbivorous feeders (Hendry et al. 1987). 

 

1.2.  Structure and distribution of chlorophylls  

The first isolation and structural elucidation of Chl started at the turn of 19th to 20th century by 

Willstaetter (Willstaetter 1915).  The structure of chlorophyll was established by Fischer, and later 

confirmed by the total synthesis of Chl obtained by Woodward (Fischer and Zeile 1929, Woodward et 

al. 1960, Eschenmoser 1988).  

 

  

Figure 1-2 Chemical structure of chlorophyll (Chl) a and b 
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The Chl is a magnesium coordinated complex of macrocyclic tetrapyrroles and contains a fifth 

isocyclic ring bearing a 131-oxo group (Porra 1997). It possesses a long isoprenoid alcohol side chain 

(e.g. phytyl, farnesyl, geranyl-geranyl, etc.) at position C-175 (Scheer 1991) bound as an ester. 

Studying Chl and its catabolites started at the beginning of the 20th century; however, there were 

only a few reports on this, in spite of the fact that it has been estimated that more than one billion 

tonns of Chl is degraded naturally every year on land and in the ocean (Hendry et al. 1987, Tsuchiya 

et al. 1999). The natural breakdown of Chl can occur at specific plant life stages, such as leaf 

senescence and fruit ripening (Rodoni et al. 1997, Müller et al. 2007). Numerous catabolites of the 

major green pigment, Chl a, have been found in a broad spectrum of organisms during last two 

decades. 

1.3. Chlorophyll breakdown in nature  

Chl degradation is probably the most obvious manifestation of life that is even visible from outer 

space. This is caused by the biosynthesis of 109 tonns of Chls in spring and their degradation in fall 

(Mühlecker et al. 2000, Scheer 2012). Chl breakdown is a conspicuous phenomenon in leaf 

senescence and in fruit ripening, and is associated with the degradation of Chl-protein complexes 

(Mühlecker et al. 1997, Yamatani et al. 2013). Chls are highly sensitive to conversion; when they 

loose their natural organell-protection, the chloroplast; they undergo chemical alterations leading to 

degradation. The pathway starts in the periphery of the macrocyclic tetrapyrroles, later follow 

oxidative ring opening to linear tetrapyrroles (Minguezmosquera and Gandulrojas 1995).   

1.3.1.  Chlorophyll-protein complex in nature 

In planta, Chl is one of the important co-factors involved in wide range of biochemical processes. The 

expenses for the degradation of Chl are enormous, because it needs metabolic energy and 

biosynthesis of proteins (Matile et al. 1989, Matile 1987). Chl a/b-binding proteins account for a third 

of the total amount proteins in the leaf; their recycling is important for the nitrogen balance of the 
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plant (Kräutler and Matile 1999). These proteins are only degraded and recycled after the release of 

the substrate (Thomas 1987). In order to degrade the apoproteins, the plant has to destroy the 

chromophore of Chl, which is achieved by deconjugation and opening of the porphyrin ring 

(Hörtensteiner 2006). Chl catabolic gene expression is regulated by hormones, e.g. ethylene and 

jasmonates are known to accelerate senescence in many plant species, for example by activating the 

chlorophyllase (CLH) (Drazkiewicz 1994, Takamiya and Tsuchiya 2000). Chl-binding proteins within 

the two photosystems contain a significant proportion of total cellular nitrogen (around 20 %), which 

plants are conformed to efficiently recycle during leaf senescence (Hörtensteiner 2006). The tight 

linkage of apoprotein and Chl degradation as seen in many stay-green mutants (SGR) is rationalized 

by the fact that unbound Chl is phototoxic. The disassembly of natural Chl-apoprotein complexes can 

cause photodynamic processes and, as a consequence, the production of reactive oxygen species 

(ROS) and cell death due to build-up of highly phototoxic intermediates (Grimm et al. 2006, 

Hörtensteiner 2006). The formation of singlet-oxygen is normally avoided by carotenoids, which act 

as quencher in the protein-Chl complex. 

In insects, several proteins are reported which are related to defense against viruses and bacteria (Hu 

et al. 2012). Belonging to the very large and abundant fluorescent lipocalin superfamily (Flower et al. 

2000) a chlorophyllide a binding protein (ChlBP, a polycalin) was found in the midgut of the silkworm 

B. mori (Mauchamp et al. 2006), when exposed to light. This protein has antiviral activity due to its 

binding of the Chl catabolite Chlide a (Campbell et al. 2008). Moreover, Pandian et al. found another 

Chlide a binding protein P252 kDa in the membrane of epithelial cells (P252) that showed an internal 

peptide with similarities to the nucleotide sequences of B. mori and has antibacterial activity 

(Pandian et al. 2008).   

1.3.2.  Early steps in chlorophyll degradation in higher plants 

Chl degradation starts with conversion of Chl b to Chl a, and this process is correlated with the Chl b 

reductase (CBR) and the 7-hydroxymethyl Chl a reductase (HCAR) (Tanaka and Tanaka 2006). A 
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chlorophyllase (CLH) enzyme cleaves off the phytol side chain and releases the first derivative of Chl, 

namely chlorophyllide (Chlide) (Willstaetter and Stoll 1928). Further catabolism removes the Mg2+ ion 

from the Chlide by a metal chelating substance (MCS), which is not identified yet, and generates 

pheophorbide (Phe) as an early degradation precursor of Chl (Langmeier et al. 1993, Christ and 

Hörtensteiner 2014).    

The product of the subsequent Phe pathway, pyropheophorbide (Pph) a was found in senescent 

leaves of some higher plants. Two different enzymes can catalyze the successive reactions in the 

formation of Pph a. (Kräutler and Matile 1999). One enzyme, named ‘pheophorbidase (Phedase)’, 

was purified from cotyledons of radish (Raphanus sativus). It catalyzes the conversion of Phe a to C-

132-carboxylpyropheophorbide a (C132Pph), by demethylation. Then the C132Pph is decarboxylated 

spontaneously yielding Pph a (Shioi et al. 1996). The activity of Phedase is inhibited by the reaction 

product, methanol. The other enzyme, termed ‘pheophorbide demethoxycarbonylase (PDC)’, was 

purified from the Chl b-less mutant NL-105 of Chlamydomonas reinhardtii. This enzyme did not 

produce any intermediate in the Phedase reaction, indicating that it converts Phe a directly into Pph 

a, probably by a nucleophilic reaction (Takamiya et al. 2000, Suzuki et al. 2002, Suzuki et al. 2006). 

Chlorophyll degradations play a pivotal role both in plant development and animals to build a 

biologically active compound (Uchida and Hayashiya 1981). Phe a, one degradation product of 

chlorophyll a, has a wide range of activities, such as anti-tumor, anti-oxidative (Hsu et al. 2005), anti-

HIV (Zhang et al. 2003), immunosuppression (Glinski et al. 1995), and bio-toxic (Song et al. 2002). 

Exposing human lymphoid leukemia Molt 4B cells to Phe a led to both, growth inhibition and 

programmed cell death (Hibasami et al. 2000, Chan et al. 2006). Chee et al. (2005) demonstrated that 

Phe a and its derivatives exhibited photocytotoxic activity against human leukemia and oral 

squamous carcinoma cell lines (Chee et al. 2005). Phe a isolated from Psychotria acuminata 

(Rubiaceae) inactivated cell surface receptors. It contributed not only to the anti-tumor effect of 

photodynamic therapy but also to systematic immuno-suppression (Glinski et al. 1995). Pph a, the 
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descendant of Phe a, also has a wide range of activities, including anti-tumor (Stefflova et al. 2007) 

and anti-hepatitis C virus (Ratnoglik et al. 2014).   

Ecologically, Phe a was considered as a potential insect toxin. It was shown to inhibit cholesterol 

acyltransferase, an enzyme necessary for the assimilation of the plant sterols to synthesize 

developmental hormones in insects such as ecdysone (Song et al. 2002). When photosensitized, Phe 

a disrupted mitochondrial electron transport (Kim et al. 2004). Our knowledge of the biochemical 

processes of seasonally occurring chlorophyll degradation has strongly influenced the knowledge 

concerning Chl degradation associated with biotic stresses like herbivory (Ni et al. 2001). Vencl et al. 

(2009) published the first work concerning the ecological role of Phe a as a deterrent in an insect 

defense. They assumed that Phe a played a unique role in ecology. For the first time, a Chl 

degradation product was assigned an interspecific, non-nutritive defense function, which might 

suggest a wider occurrence of Chl degradation products in other ecological systems (Vencl et al. 

2009).  

1.3.3.  Late steps in chlorophyll degradation in higher plants 

The biochemistry of Chl degradation to linear tetrapyrroles has been well characterized in higher 

plants over two decades (Hörtensteiner and Kräutler 2011). By that, Chl is converted to 

nonfluorescent colorless catabolites (NCC) in a pathway that is probably active in all higher plants 

(Pruzinska et al. 2005). Structure elucidation of NCCs from different plant species has unraveled a 

common tetrapyrrolic skeleton with an oxygenolytically opened porphyrin macrocycle (Oberhuber et 

al. 2003). Peripheral modifications at several positions within different NCCs are species specific 

(Berghold et al. 2002) and, hence, have been proposed to occur rather late in the pathway 

(Hörtensteiner 1999).  

The early degradation product Phe is further processed by oxidation. As described, the early products 

are converted to the open chain tetrapyrroles, which are now no longer phototoxic (Hörtensteiner 
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and Kräutler 2011). In Arabidopsis, Chl degradation is highly dependent on pheophorbide a 

oxygenase (PaO) (Pruzinska et al. 2005). For ring opening of the macrocyclic tetrapyrrole by oxidation 

(Kräutler et al. 1991, Curty and Engel 1996, Mühlecker et al. 1993), PaO is the key enzyme to cleave 

at the FCCs and NCCs.  

 

Scheme 1-1 Chl degradation pathway in higher plants. Early and late steps of Chl breakdown in 

senescing leaves. Early stages- CBR: Chl b reductase; CHL: chlorophyllase; PPH: Phy Phe hydrolase; 

MCS:  metal-chelating substance; PDC: Phe demethoxydecarbonylase; Late stages- PaO: Phe a 
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oxygenase; RCC: red Chl catabolite; RCCR: RCC reductase; pFCC: primary fluorescent Chl catabolite; 

NCC: non-fluorescent Chl catabolites. R1-R4 indicates the presence of species-specific modifications in  

C4/C5 meso position of the substrate in the presence of oxygen and light (Hörtensteiner et al. 1998). 

Up to now, 60 linear tetrapyrroles were found in numerous tree and plant leaves, and their chemical 

structures have been characterized (Christ and Hörtensteiner 2014).   

1.4.  Chlorophyll: friend or foe? 

Chl is a key component for photosynthesis, its degradation remobilizing nitrogen recycling and other 

nutrients (Hendry et al. 1987). Chl is very stable in its natural environment, the chloroplast, but after 

organell disruption it becomes susceptible to alterations (Porra 1997). Because of their strong 

photoactivity that can generate reactive singlet oxygen (ROS) the level of Chl and its derivatives 

needs to be regulated. Therefore, healthy growth of plants depends on the control of entire Chl 

metabolism (Tanaka and Tanaka 2006). Breakdown of Chl might prevent to build-up of highly 

phototoxic intermediates during plant developmental stages (Grimm et al. 2006, Hoertensteiner 

2006). In land plants, the regulation of Chl degradation mechanism is well understood (Hörtensteiner 

and Kräutler 2011), but almost nothing is known of their facts in grazing insects.  

1.5. Chlorophyll- a green pigment as a part of daily diet 

As the responsible pigments for the characteristic green colour in plants, algae and some bacteria, 

Chl is best known as energy transducer. Leaf Chl content varies within wide limits, e.g. soybean 

leaves contain 0.3-0.5% Chl, and even the content can be higher in green vegetabables such as 

spinach (1% of dry weight) (Scheer 1991, Ma and Dolphin 1999). Herbivorous insects feed on plants 

for more than 350 million years (Kursar et al. 2009, Rausher 2001). There are probably more than 

one million described insect species and almost fifty percent of insect species feed on plants 

(Mithöfer and Boland 2012). Thus, Chl degradation of consumed plants by feeding herbivores is a 

metabolic process of enormous meaning.   
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1.6.  Aims and Motivation 

The fate of Chl during plant developmental stages has been well established in the last two decades 

(Matile et al. 1999, Mühlecker et al. 2000, Hörtensteiner 2006). Less understood is Chl degradation in 

the digestion by terrestrial animals, which provides a comparable share to global biomass production 

(Hendry et al. 1987, Ma and Dolphin 1999, Sheer, 2012). Due to the huge number of insects, their 

‘common’ gut is an important giant compartment for food digestion, nutrient absorption and 

protection from pathogen invasion and, therefore, is also an important target for novel biological and 

chemical controlling strategies (Liu et al. 2010). Herbivorous feeders meet the ubiquitous Chl in 

edible leaves and algae. Because the plant leaves and/or green vegetables contain a large amount of 

Chls, it is also possible that the insects could accumulate Chl from their plant diet (Hörtensteiner 

2009). However, accumulation of intact Chls can cause cell death, because of the potential cell 

toxicity of components of the disassembled photosynthetic apparatus; the catabolites can produce 

damaging radicals in the presence of light and oxygen (Hörtensteiner 2009, Mochizuki et al. 2010, 

Brandis et al. 2006, Moser et al. 2012). Land plants have a well-controlled degradation program to 

avoid the problem of photodynamic damage during the developmental stages by converting the 

macrocyclic Chls into the linear tetrapyrroles, which then are no longer phototoxic (Hörtensteiner 

and Kräutler 2011, Scheer 2012). 

In higher plants the macrocyclic Chl is rapidly degraded to linear tetrapyrroles during the degreening. 

This process is caused by several enzymatic and non-enzymatic reactions in the presence of light and 

oxygen (Kräutler et al. 1991, Pruzinska et al. 2003, Hörtensteiner and Kräutler 2011). In other 

organisms, especially insects, the porphyrin may remain intact because of the relatively mild 

conditions during the Chl catabolism in their gut (Ma and Dolphin 1999, Ni et al. 2001).  

The insect gut is the first non-original medium interacting with Chl originating from plant edible 

leaves. In order to understand the degradation pattern of Chl in the gut of herbivorous feeders, 

digestive products such as regurgitate (gut-fluid) and frass of several Lepidopteran larvae should be 
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analysed and compared. For this, several highly sensitive analytical techniques needed to be 

employed and established in order to study the fate of Chl in the insect gut. 

The analysis of Chl degradation pathways in the digestive tract of insect (Lepidopteran) larvae 

should characterize and quantify the major products of Chl degradation. Therefore, it is 

necessary to study different insect species to establish common elements of the major 

pathway of Chl breakdown. A comparison of the digestion/breakdown of Chl in higher plants 

and insects at the early stages will show common and divergent elements. 

Biochemical characterization of the enzymes involved in Chl degradation in the insect gut 

needs to be studied. Also interesting is to unravel the distribution of Chl metabolites in the gut 

tube. This can be addressed by using their known characteristics such as auto-fluorescence or 

UV spectra etc., which could help to illustrate the impact of the different segments (fore-, mid-

and hindgut) of the insect gut on Chl degradation.  

In order to study the late stages of Chl degradation in the insect gut in detail, the degradation 

products have to be compared with compounds from senescent food plants. The structural 

assignment will be performed by various analytical methods. To study whether the whole 

degradation pattern of Chl ends in the gut or will continue after defecation with help of 

oxidative enzymes from various sources (plants, insects, microbes), frass will be investigated as 

well. Moreover, light and the presence of oxygen can lead to oxidative cleavage of Chl  

macrocyclic ring a scenario that will also be examinated.  

The overall aim of this thesis is to study and understand common degradation pathways of Chl in the 

insect gut and to discuss and compare the chemical and biological functions of Chl degradation in 

insects and plants. 
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2. Thesis outline 

Manuscript I 

 

Chlorophyll degradation and chlorophyll-binding in the gut of generalist and  

specialist Lepidopteran caterpillars 

 

Amarsanaa Badgaa, Aiqun Jia, Kerstin Ploss and Wilhelm Boland 

 Journal of Chemical Ecology, 2014 

 

Description:  

This manuscript describes the degradation pathway of chlorophyll in five different Lepidopteran 

species and one leaf beetle species, Chrysomela populi, in order to test whether insects’ chlorophyll 

breakdown pattern is comparable to higher plants’ chlorophyll degradation during senescence. By 

feeding generalists and/or specialists on fresh leaves of their hosting plant, we discovered that 

chlorophyll has a general breakdown pattern that was similar to that occurring in higher plants. 

However, at the early stage of degradation quantitatively different catabolites were detected. We 

could demonstrate that in insects the pheohorbide a/b and pyropheophorbide a/b are major 

degradation products, derived from chlorophyll a/b. Due to the anaerobic environment of the larval 

gut, the tetrapyrrole core of the chlorophyll catabolites was not cleaved. Furthermore, we could 

show that substantial amounts of intact chlorophyll a/b were strongly complexed by a protein in the 

mid-gut. This was neither detectable in the deposited feces nor in heat-treated digestive fluids sug-

gesting a non-covalent binding of chlorophyll a/b to a gut protein. 

 

Author’s contributions: 

I and Aiqun Jia designed and performed the experiments, analyzed the data, and wrote the draft of 

the paper. Kerstin Ploss conducted the LC-MS measurements. Prof. Wilhelm Boland designed the 

research, revised the manuscript and supervised the work. 
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Manuscript II 

 

Chlorophyll catabolites in the frass of the Small Tortoiseshell caterpillars (Aglais urtica L.)  

 

Amarsanaa Badgaa and Wilhelm Boland 

Mongolian Journal of Chemistry 14, 2013, 46-50  

 

 

Description:  

This manuscript reports on the chemical analysis of chlorophyll catabolites in the frass of butterfly 

larvae of Aglais urticae to compare whether chlorophyll breakdown pattern is comparable in 

butterfly and moth larvae (Manuscript I). When Aglais urticae larvae were feeding on their host, 

Urtica dioica, we discovered that at the early stage of degradation of intact chlorophyll follows the 

same breakdown pattern as in the other Lepidopteran moth larvae. However, the catabolites are 

quantitatively different.  

 

 

Author’s contributions: 

I designed and performed the experiments, analyzed the data, and wrote the draft of the paper. Prof. 

Wilhelm Boland revised the manuscript and supervised the work. 
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Manuscript III 

 

The green gut: Chlorophyll degradation in the gut of Spodoptera littoralis 

Amarsanaa Badgaa, Rita Büchler, Natalie Wielsch, Marie Walde,
 
Rainer Heintzmann, Ales Svatos and Wilhelm 

Boland 

 

submitted, Journal of Chemical Ecology 

 

Description:  

In this manuscript we describe the identification of a chlorophyllide a-binding protein that occurs in 

the gut fluid of Spodoptera littoralis and that was found to bind to the gut wall of the larvae. This 

protein is relevant for the degradation of intact chlorophyll in the gut. We demonstrate that 

chlorophyll-degradation is pH dependent. The kinetic study of interactions of chlorophyll with insect 

gut-fluid shows immediate disappearance of the chlorophyll (Manuscript I) and rapid degradation of 

chlorophyll molecules, thereby generating pheo-catabolites which are detectable in the gut of S. 

littoralis larvae. These results highlight once again the breakdown of chlorophyll and suggest a series 

of mild chemical reactions in the gut of herbivorous insects that is comparable to higher plants early 

stages degradation of chlorophyll.  

 

 

Author’s contributions: 

I designed and conducted the experiments, analyzed the data and drafted the manuscript. Dr. R. 

Büchler, Dr. N. Wielsch, Dr. A. Svatos and Dr. Y. Pauchet participated in the experimental design. M. 

Walde and Prof. R. Heintzmann conducted to the Microscopical analysis and wrote the experimental 

detail. Prof. W. Boland designed the study and wrote the manuscript. 

 



T h e s i s  o u t l i n e    18 

 

 

Unpublished data I 

 

Chlorophyll catabolites in senescent leaves of lima bean (Phaseolus lunatus) and in the frass of 

Spodoptera littoralis after defecation 

 

Amarsanaa Badgaa, Marco Kai, Christian Paetz and Wilhelm Boland 

 

 (in preparation) 

 

Description:  

Here, we describe studies of chlorophyll breakdown in senescent leaves of lima bean (Phaseolus 

lunatus), a laboratory deciduous plant and in the digested products of S. littoralis after defecating. 

Surprisingly, in crude extracts from freshly collected excretes no compounds with the absorption 

properties of the typical oxygenolytically opened chlorophyll catabolites could be detected by HPLC-

MS. But, extracts from casually altered excretes showed a threshold of identical peaks as isolated 

from the senescent lima bean leaves. As late steps degradation products, likewise oxygenolytically 

opened linear tetrapyrroles were isolated and their structure elucidation identified a new primary 

fluorescent chlorophyll catabolite (pFCC) from senescent lima bean leaves.  

 

 

Author’s contributions: 

I designed and performed the experiments, analyzed the data and drafted the manuscript. Dr. M. Kai 

performed HRMS, Dr. C. Paetz contributed to the initial identification of pFCC and conducted NMR 

analysis. Prof. W. Boland designed the research and wrote the manuscript. 
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3. Manuscript I 

 

Chlorophyll degradation and chlorophyll binding in the gut of generalist and specialist 

Lepidopteran cateripillars 
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Abstract - Plant feeding herbivores excrete most of the ingested chlorophyll (Chl) as partly degraded derivatives 

lacking the phytol side chain and the central magnesium ion. An ecological role of digested and degraded Chls in 

the interactions between insects, their food plant and other insects has been described recently. To gain more 

information on common degradation patterns plant-feeding insects, the orals secretions and frass of five 

Lepidopteran caterpillars, Spodoptera littoralis, Spodoptera eridania, Heliothis virescens, Helicoverpa 

armigera, Manduca sexta and, for comparison, the leaf beetle larva C. lapponica  were analysed for chlorophyll 

catabolites. The major degradation products were determined as pheohorbide a/b and pyropheophorbide a/b by 

using LC-MS, LC-NMR, UV, and fluorescence spectrometry. The compounds were not present in fresh leaves 

of the food plants (Phaseolus lunatus, Nicotiana tabacum). The catabolite spectrum can be attributed to the 

action of esterolytic gut proteins and the strongly alkaline milieu in the digestive tract. Due to the anaerobic 

environment of the larval gut, the tetrapyrrole core of the Chl catabolites was not cleaved. Substantial amounts of 

intact Chl a/b were strongly complexed by a protein in the mid-gut, but not in the deposited feces and not in 

microwave treated digestive fluids suggesting a non-covalent binding of Chl a/b to a gut protein. 

 

 

 

Key Words - Lepidopteran larvae; chlorophyll degradation; oral secretion; frass; chlorophyll catabolites; 

chlorophyll-binding.  
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INTRODUCTION 

Chlorophyll (Chl) degradation is an important enzymatic process during leaf senescence and fruit ripening. It 

allows recycling of nitrogen and other nutrients and prevents accumulation of phototoxic Chl intermediates 

(Hörtensteiner, 2006). It has been estimated that more than a billion tons of Chl a/b are biosynthesized and 

degraded every year on earth (Tsuchiya et al., 1999). Although the study of Chl a/b degradation started at the 

beginning of the 20th century, there were only a few reports on this topic until the last two decades (Matile et al., 

1999). The enzyme mediated Chl a/b breakdown in senescent leaves proceeds in essentially three steps: (I) 

dephytylation by the chlorophyllase (CLH); (II) conversion of chlorophyllide (Chlide) to pheophorbide a/b (Phe 

a/b) by the Mg-dechelatase, and (III) oxidative cleavage of the tetrapyrrol-macrocycle by a dioxygenase 

(Hortensteiner et al., 1998). Other early processes involve the removal of the central magnesium ion by the 

metal-chelating substance (MCS) generating pheophytin a/b (Phy a/b) followed by a pheophytinase (PPH) 

producing Phe a/b. Alkaline treatment of Chl a/b initiates similar rections and yields dephytylated and 

magnesium-free pheophorbin a/b (Phb a/b) (Fig. 1) (Kunieda et al., 2005). In planta exist two different 

pathways, the Phe pathway (Kräutler and Matile, 1999) and the oxidative bleaching pathway (Janave, 1997), 

both ultimately yielding pyropheophorbide  a and b (Pph a/b). The pheophorbidase or Phedase catalyzes the 

conversion of Phe a to C-13
2
-carboxylpyropheophorbide a, a precursor of Pph a by saponification. The β-keto 

acid decarboxylates spontaneously to give Pph a. The Phe demethoxycarbonylase (PDC) from a Chl b-less 

mutant NL-105 of Chlamydomonas reinhardtii converts Phe a directly into Pph a (Suzuki et al., 2006; Suzuki et 

al., 2002; Takamiya et al., 2000). Both, the biotic and the abiotic degradation of Chl generate a number of 

bioactive products. In particular, Phe a and Phe b have a wide range of activities. Phe a has anti oxidative 

properties and Phe a und Phe b are active against tumors (Hsu et al., 2005; Stefflova et al., 2007) and HIV 

(Zhang et al., 2003). Phe a is biotoxic (Song et al., 2002) and acts as a photosensitizer disrupting the mito-

chondrial electron transport (Kim et al., 2004). 

 

Fig. 1 

Fig. 2 
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Recent studies with Chl a/b catabolites revealed also deleterious effects on insects. Phe a from Persicaria 

vulgaris inhibited the cholesterol acyltransferase (Acyl-CoA), an enzyme necessary for the assimilation of the 

plant sterols to synthesize developmental hormones such as ecdysone (Song et al., 2002).  

While the process of Chl degradation is well studied in planta, we faced a remarkable lack in our knowledge on 

chemistry and biochemistry of the early and late events of Chl degradation in plant-feeding insects. Scattered 

information is available on Chl degradation in aquatic grazers (Harradine et al., 1996; Louda et al., 2008; Ma and 

Dolphin, 1999a), algae (Doi et al., 2001; Hortensteiner, 1999; Ziegler et al., 1988), bacteria (Haidl et al., 1985) 

and even aphids (Ni et al., 2001). The only detailed analysis of Chl degradation products has been reported for 

the silkworm Bombyx mori (Park et al., 2003). 

Vencl et al. (2009) presented first evidence for an ecological role of Phe a as a powerful deterrent in the fecal 

shield of larvae of the tortoise beetle. For the first time, a Chl degradation product was assigned an interspecific, 

non-nutritive defense function, which might suggest a wider occurrence of Chl degradation products with still 

unknown functions in other ecological systems (Vencl et al., 2009). Since the Phe was present in the fecal shield 

of the larvae, a structure that is build from the digestive products of the insect, this encouraged us to analyze the 

regurgitate and frass of other herbivorous insect for Chl degradation products. Since the pH and enzymatic 

inventory of the gut can differ significantly between the herbivorous insects (Funke et al., 2008) a comparative 

approach with selected generalists and a specialist herbivore was chosen. In the current study, we report on the 

early stages Chl a/b degradation products in the regurgitate and frass of five different Lepidopteran caterpillars, 

namely Spodoptera littoralis, S. eridania, Heliothis virescens, H. armigera, Manduca sexta and a non-

lepidopteran leaf beetle Chrysomela lapponica. We demonstrate that the overall degradation process in the 

selected insects is similar, but differs on the quantitative level of the early degradation products Phe a/b and Pph 

a/b. Moreover, ingested Chl a/b appears to be non-covalently bound to a protein in the gut of all of the studied 

species. 
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METHODS and MATERIALS  

Cultivation of plants and insects 

Lima bean (Phaseolus lunatus ‘Ferry Morse’ var. Jackson Wonder Bush) was grown in soil. Individual plants 

were grown in plastic pots in a growth chamber at 23
 °

C (160 µEm
-2

 s
-1

 during a 14-h photoperiod; relative 

humidity 60%) for 2 weeks. Larvae of S. littoralis, S. eridania, H. virescens, and H. armigera were reared on an 

artificial diet in a plastic box (25
 °

C±1
  °

C; 14:10 Light : Darkness) until their third instars (Bergomaz and 

Boppré, 1986). Third instar larvae of S. littoralis, S. eridania, H. virescens, and H. armigera were fed on lima 

bean leaves (two or three larvae on one leaf) for 2 days before collecting oral secretions and frass. Seeds of N. 

attenuata from glasshouse-grown plants of a collection originating from Utah were germinated on phytagel agar 

(Sigma, http://www.sigmaaldrich.com) as described (Baldwin et al., 1994) and the plantlets were transferred to 

soil after about 10 days. All N. attenuata plants were grown under a 28
 °
C/24

 °
C 16/8-h light/dark regime until to 

the early rosette stage. Larvae of M. sexta were hatched at 28
 °
C in a plastic box. First instar larvae of M. sexta 

were reared on Nicotiana attenuata leaves (one to three larvae on each plant) for one week before collecting 

regurgitate and frass (Halitschke et al., 2003). 

Collection and extraction of oral secretion and frass 

Oral secretions (OS) of all five species were collected into glass capillaries by gently squeezing the larvae with a 

pair of soft tweezers behind the head. Approximately 0.25 ml were immediately stored at -80 °C. Fecal 

excretions were collected 48 h after placing the caterpillars onto their food plants. Next, OS (0.1 ml) or frass (0.1 

g) were covered with acetone (2 ml) and stirred for 1 h in the dark at 4° C. After centrifugation at 14,000 × g for 

10 min at 4 
o
C the solvent was removed by a stream of argon. The residue was redissolved in methanol (0.3 ml) 

and filtered through membrane filters (PVDF, Millipore, 0.22 m) into a GC-vial. Samples were diluted with 

methanol (frass 1:10; OS 1:5) and directly analyzed (10 µl) by liquid chromatography-mass spectrometry (LC-

MS) coupling. 

Chl-binding with the OS of the caterpillars 

Chl a (Wako) was dissolved in methanol (200 µg ml
-1

) and added (50 µl) to a buffered solution (500 µl) of a 

buffer (0.1 M glycine, 0.1 M NaOH, and 0.1 M NaCl), adjusted to pH 9.5 (stock soln.). Next, increasing amounts 

of OS of the caterpillars (0, 5, 15, 35, 55, and 85 µl) were added to the buffered Chl a soln. and vortexed for 0.5 
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min. 50 µl aliquots were taken after each addition of OS; the sample was precipitated with 0.5 ml acetone, 

vortexed and centrifuged at 4ºC at 13200 rpm for 10 min. The supernatant was dried under a stream of argon and 

the residue dissolved in methanol. Free Chl was analysed by LC-MS analysis as described. The complexation 

was carried out with OS from insects reared on artificial diet (OSAD) and with OS from insects reared on plant 

leaves (OSPL). OS was denatured (den) by microwave-treatment (5 min) and buffer (without OS), served for 

control experiments.  

 

LC-MS analysis of Chl metabolites 

Chl a/b and their degradation products were analyzed by LC-MS and LC-HRMS with simultaneous DAD 

monitoring at 430 nm (Vencl et al., 2009). The sample was analyzed on a Thermo Finnigan LCQ with 

atmospheric pressure chemical ionization (APCI) in the full scan mode (vaporizer temperature: 450
 
ºC; capillary 

temperature: 145 ºC; discharge current: 5 eV; capillary voltage: 10 V; the tube lens offset: 20 V). Separation of 

compounds was achieved on an Agilent HP1100 HPLC system equipped with a Kinetex C18 column 

(Phenomenex, 5 m column, 150 x 4.6 mm). Pigments were eluted by a gradient starting at a flow of 0.750 min 

min
-1

 with 35% solvent A (0.01M ammonium acetate in water) and 65% solvent B (75% acetonitrile/25% 

methanol, MeOH/CH3CN, v/v) up to 100% B and a flow rate of 1 min min
-1

. Elution was maintained for 15 min 

before returning to the initial conditions for equilibration. For high resolution (HRMS), the samples were 

analyzed using an Orbitrap XL mass spectrometer (Thermo-Fisher, San Jose, CA, USA) connected to an Agilent 

HP1100 HPLC-system equipped with an Acclaim C18 column (Dionex, 2.2 m 250 x 4.6 mm). 

 

LC-NMR analysis of Chl metabolites 

The HPLC was connected to a Prospect 2 SPE unit (Spark Holland) for trapping of compounds. The post-

column eluent was diluted with H2O by a make-up pump prior to trapping individual peaks on a 

poly(divinylbenzene) SPE cartridge (HySphere resin GP, Spark Holland). The SPE device was coupled to a 

Bruker AVANCE 500 MHz spectrometer (Bruker Biospin, Rheinstetten, Germany) equipped with a 

cryogenically cooled TCI 
1
H 

13
C probe and a Cryofit

TM
 flow insert (30 µL active volume) (Hyvärinen et al., 

1995). The operating frequencies were 500.13 MHz for acquisition of 
1
H NMR and 125.75 MHz for 

13
C NMR 
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data. The SPE cartridge containing the trapped peak was dried with a stream of nitrogen gas. Next, the 

compound was eluted with acetonitrile-d3 and directly transferred to the NMR spectrometer for data acquisition 

at 297 K. 
1
H NMR, 

1
H-

1
H COSY and 

1
H-

1
H lrCOSY (optimized to observe long range correlations) spectra were 

measured in acetonitrile-d3. The spectra were referenced to the signal of acetonitrile at 1.93. Presaturation was 

used to suppress signals of acetonitrile and HDO. 

Offline 
1
H NMR, 

1
H-

1
H COSY, HMBC, and HMQC spectra of isolated compounds were measured in 

acetonitrile-d3 (120 µl) at 297 K in a 2.5 mm tube using the same spectrometer and TCI 
1
H 

13
C (Hyvärinen et al.) 

cryoprobe. 

 

Quantification of Chl degradation products  

Calibration curves for Chl a/b, Phe a and pyropheobphorbide a (Pph a) were prepared using LC-MS and parallel 

UV-monitoring (430 nm). For Chl a/b, Phe a and Pph a standards (Wako) at concentration of 0.1, 1.0, 10.0, 20.0, 

50.0, 100.0, and 200 µg ml
-1

 (for Phe a and Pph a only) were prepared in methanol. The standard solutions were 

processed as described. -Phe a gave two peaks corresponding to two different stereoisomers in ring D of the 

tetrapyrrole (Fig. 4b). Peak areas were sampled and averaged. 

 

RESULTS 

Identification of early products of Chl degradation The degradation of Chl in the digestive tract of 5 different 

herbivores (S. littoralis, S. eridania, H. virescens, H. armigera, and M. sexta) and a non-lepidopteran leaf beetle 

(C. lapponica) was addressed by analysis of their oral secretions (OS) and fecal deposits. HPLC-UV-APCI-MS 

coupling as well as LC-NMR was used to separate and to identify the Chl-related compounds. Authentic samples 

were used to identify the Chl catabolites in the OS, feces and extracts from the food plants. The major Chl 

metabolites were found to be identical in the feces and OS of all analyzed caterpillars (Fig. 3 and Table 1). For 

example, the metabolite profile, extracted from the frass of S. littoralis showed pheophorbide a (5) along with 

pyropheophorbide a and b (6 and 4) as the major products. Interestingly, the ingested Chl a/b (9/8), Chlide a/b 

(2/1) and pheophytin (10/7) were only present as minor products demonstrating that the majority of ingested Chl 
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is rapidly degraded in the gut. The two isomers of Phe a 5 (89%) 12.68 min and 5΄ (11%) 14.44 min were iden-

tified by their molecular ions ([M+H]
+
) at 593.2745, consistent with the calculated mass for C35H36N4O5 

(593.2759), and a strong UV absorption around 408 nm, along with a smaller long wave absorption at 666 nm 

(Fig. 4a). Injection of authentic Phe a generated the same two peaks, Phe a (5) and Phe a (5΄), with identical 

retention times and a similar ratio. Both peaks showed a strong UV absorption (408 and 666nm) and a strong 

fluorescence emission at around 670 nm accompanied by a small excitation band at 409 nm. In addition to the 

signals for Phe a, we identified in the frass eight additional signals, which could be attributed to Chl b (8) at 

30.37 min and Chl a (9) at 35.48 min  (m/z = 893 and m/z = 907, respectively). Others were identified as Phy a 

(10) at 7,08 and and Phy b (7) at  8.22 min (m/z = 815 and m/z = 885), Chlide a (2) at 7,08 and Chlide b (1) at 

8.22 min (m/z = 615 and m/z = 629), Phe b (m/z = 607), and Pph a/b at 13.96 and 9.57 min (m/z = 535, m/z = 

549) by their characteristic spectral data (Fig. 4). Pph b (C33H32N4O4) is characterized by a molecular ion at m/z 

549.3, a maximum long-wave UV absorption at 438 nm (Fig. 4a), and maximum fluorescence emission around 

680 nm, which is due to the extended chromophore with the aldehyde group in ring B (Fig. 2). The HR-ESI-MS 

yielded an [M+1]
+
 ion at m/z = 549.2484 consistent with the calculated value of 549.2496 for C33H32N4O4. Pph a 

(C33H34N4O3) is characterized by a molecular ion at m/z =535.3, a UV absorption maximum at 409 nm (Fig. 4a), 

and a fluorescence emission maximum at 671 nm. The HR-ESI-MS yielded a quasimolecular ion at m/z = 

535.2700 matching the calculated m/z = 535.2704 (Doi et al., 2001; Shioi et al., 1996). The dominant signals at 

8.94 and 23.35 min (m/z = 551), 17.08 and 18.81 min (m/z = 601) and 27.32 and 27.51 min (m/z = 713) in the 

plant extract were not assigned (denoted *; Fig. 3a). The natural concentration of Phe a and Pph a in the 

regurgitate  and in frass of S. littoralis was determined to be 9.77 μg mL
−1 

and 132.17 μg mL
−1

, and to be 56.28 

μg mg
−1

 and 96.14 μg mg
−1

. The concentration of Chl degradation products in five Lepidopteran caterpillars is 

summarized in Table 1.  

TABLE 1 

Fig. 2 

Fig. 3 

The structures of the two major degradation products of Chl a/b, namely Phe a and Pph a, were additionally 

confirmed by LC-SPE-
1
H-NMR. Phe a: 500mHz, CD3CN: 9.72, 9.49, 8.81 (3s, H10, 5, 20), 8.18, 6.41, 6.24 
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(3dd, JAX=17.9, JBX=11.7Hz, JAB=1.0Hz, HX, HA, and HB), 6.27 (s, 1H, H13

2
), 4.57 (q, J=7.5, 1H, H18), 4.16 (d, 

1H, J=7.6Hz, H17), 3.86 (s, 3H, H13
3COOCH3

), 3.78 (q, 2H, H8
1
, J=8.1Hz), 3.65 (s, 3H, H12

1
), 3.43 (s, 3H, H7

1
), 

3.26 (s, 3H, H2
1
), 2.42 (t, J=6.9Hz, 2H, H17

1
), 1.70 (m, 2H, H17

2
), 1.81 (m, 3H, H8

2
), 1.27 (br.s, 3H, H18

1
), 

0.13 (br. s, NH, A-cycle), 0.06 (br. s, NH, C-cycle); Pph a: 500mHz, CD3CN: 9.70, 9.44, 8.87 (3s, H10, 5, 20), 

8.21, 6.38, 6.21 (3dd, JAX=17.9, JBX=11.7Hz, JAB=1.0Hz, HX, HA, and HB), 5.21 (d, 1H, J=19.5, HA13
2
), 5.12 (d, 

1H, J=19.5, HB13
2
), 4.58 (q, J=7.5, 1H, H18), 4.31 (d, 1H, J=7.6Hz, H17), 3.71 (q, 2H, H8

1
, J=8.1Hz), 3.62 (s, 

3H, H12
1
), 3.13 (s, 3H, H7

1
), 3.44 (s, 3H, H2

1
), 2.41 (t, J=6.9Hz, 2H, H17

1
), 2.65 (m, 2H, H17

2
), 1.65 (m, 3H, 

H8
2
), 1.77 (br., 3H, H18

1
), 0.12 (br. s, NH, A-cycle), 0.06 (br. s, NH, C-cycle). These data identified the 

compounds as Pph a and Pph a (Duan et al., 2002; Kavakka et al., 2008; Scheer and Katz, 1978; Smith et al., 

1985). 

 Pyropheophorbide b (4) (C33H32N4O4) is characterized by a molecular ion at m/z 549.3, a maximum long-wave 

UV absorption at 438 nm (Fig. 4a), and maximum fluorescence emission around 680 nm, which is due to the 

extended chromophore with the aldehyde group in ring B (Fig. 2). The HR-ESI-MS yielded an [M+1]
+
 ion at 

m/z = 549.2484 consistent with the calculated value of 549.2496 for C33H32N4O4. Pyropheophorbide a (6) 

(C33H34N4O3) is characterized by a molecular ion of m/z =535.3, a UV absorption maximum at 409 nm (Fig. 4a), 

and fluorescence emission maximum at 671 nm. The HR-ESI-MS yielded a quasimolecular ion at m/z = 

535.2700 matching the calculated m/z = 535.2704 (Doi et al., 2001; Shioi et al., 1996).  

Particularly interesting is the relative concentration and distribution of ingested Chls a/b and the Chl a/b 

catabolites in regurgitate and in feces of S. littoralis. In this species the ratio of Chl a/b versus Phe a and Pph a 

(app. 1 : 150) is very low in the OS, but much more balanced in their feces (app. 1 : 5). The strikingly low level 

of Chls in the OS of S. littoralis is due to complexation of Chls a/b by a gut protein, since microwave-treatment 

of the OS (5 min) liberated the complexed Chls a/b after denaturation of the protein. However, since the 

microwave-treatment generated a very complex mixture of products, the complexation of Chls by components of 

the OS was independently demonstrated by addition of defined amounts of OS to a stock solution of Chl a. As 

shown in Fig. 5 addition of increasing amounts of the OS from larvae reared on artificial diet (AD, Chl-free) 

immediately resulted in the reduction of free Chl (determined by HPLC-MS). Repetition of the experiments with 

denaturated OS (microwave-treated, denOSAD) and buffer failed to reduce the level of free Chls. The same 

results were observed with OS of larvae of M. sexta, S. eridania, and H. virescens. If OS from plant-reared 

larvae were used, the phenomenon of Chl complexation was less pronounced. For example, larvae of S. littoralis 
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were grown for 48 h on Lima bean leaves prior to collection of their OS (OSPL). Repetition of the complexation 

experiments with OSPL of S. littoralis demonstrated a still high complexing-capacity for Chl of the OSPL, but 

not with a heat-inactivated sample. In contrast, the OS of H. armigera, grown on lima bean for 48h, showed a 

significantly lower complexing capacity.  

 

Fig. 5  

 

Besides the early degradation products of Chl (Table 1, Figure 3) no late catabolites were found in the OS.    

 

DISCUSSION 

In senescent plants Chl a/b are degraded first to Chlide a/b followed by removal of the central magnesium ion to 

give Phe a/b. Both compounds can exist as two stereoisomers that easily separate on C18 columns, since the β-

ketoester in the E-ring is prone to isomerization (Fig. 2). In plants and algae two different pathways lead to the 

Pph a/b (Suzuki et al., 2002). In plants the pheophorbidase generates C-13
2
-carboxylpheophorbide a by sapo-

nification releasing methanol. The resulting acid is unstable and suffers spontaneous decarboxylation. A Phe 

demethoxycarbonylase (Suzuki et al., 2002), which removes the ester moiety from the E-ring of Phe without 

obvious intermediates, was isolated from a mutant of Chlamydomonas reinhadtii (Fig. 1). Since the metal-free 

Phe is still able to generate cell-toxic singlet oxygen by photo-activation (Kim et al., 2004), further degradation 

is achieved by the Phe-oxygenase which generates primary fluorescent linear Chl catabolite (pFCC) by cleavage 

of the bond between the A- and B-rings of the tetrapyrrol skeleton (Berghold et al., 2002). The latter are further 

processed to non-fluorescent Chl catabolites (NCCs) all of which are stored in the vacuoles.  

While these processes are rather well understood for plants, almost nothing is known on Chl degradation in 

feeding insects. Since insects prefer to feed on young and fresh leaves, the ingested leave tissue does not possess 

the typical Chl degrading enzymes of the senescence program. Therefore all catabolic activities can be linked to 

processes and conditions in the insect gut (Table 1, Fig. 3). None of the Chl catabolites Phe a/b and Pph a/b were 

found in the leave tissue (Fig. 3a), but all five larvae possessed substantial amounts of Phe a and Pph a in their 

regurgitate and frass. In the gut of S littoralis even the Pph prevailed. On the contrary, in the regurgitate of 

Manduca sexta larvae feeding on leaves of N. attenuata, this compound was not observed at all. Although both, 

the Spodoptora and Helicoverpa larvae were fed with the same food plant (P. lunatus), there was no fixed ratio 
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of Phe to Pph indicating that individual differences in the gut milieu govern the degradation of Chl in the various 

species. In fact, most reactions, namely the hydrolytic removal of the phytol side chain, the removal of the 

central magnesium ion, and the hydrolysis of the ß-ketoester with subsequent spontaneous decarboxylation, can 

be achieved by the alkaline gut pH (Funke et al., 2008) in combination with non-specific hydrolases and ester-

ases present in the gut. On the other hand, the formation of pheophorbin a/b (Fig. 2) which in vitro results from 

alkali treatment of Chl was not observed among the degradation products in the regurgitate or frass (Kunieda et 

al., 2005). The different composition of the early Chl degradation products in the regurgitate or frass of the 

selected herbivores supports that in these insects, besides the high pH which is common to all of them, enzymes 

may contribute to a certain extent to the degradation process. Previously discussed candidates are glutathione S-

transferases (GSTs, EC 2.5.1.18) which are assumed to have Mg-dechelatation activities (Kunieda et al., 2005). 

Thus, the presence of different GSTs along with hydrolytic enzymes present in the gut may account for the 

observed differences in the degradation profiles of the lepidopteran caterpillars in this study. Since late Chl 

degradation products, such as pFCCs and NCCs require specific enzymes (Berghold et al., 2002) and the 

presence of oxygen, the digestive system of insects facilitates only the early steps of Chl degradation. Recent 

studies on the gut microbiota of S. littoralis indicated a large dominance of anaerobic Clostridia in their gut 

lumen which are indicative of an almost complete absence of oxygen (Tang et al., 2012). The absence of oxygen 

is also indicated by a strongly alkaline gut pH along with a negative redox potential as demonstrated for a 

number of lepidopteran larvae (Appel et al., 1990). Accordingly, the oxidative cleavage of the tetrapyrrole core 

of Chl a/b is not observed and, hence, the early catabolites of Chl are qualitatively identical in all of the studied 

species, including the non-lepidoteran leaf beetle larva (C. lapponica); only the quantitative composition may 

vary dependent on the enzymatic activities in the digestive tract (Table 1).  

After deposition of the feces the situation changes dramatically. In the presence of oxygen, the 

anaerobic bacteria will be killed immediately and other species which are able to utilize oxygen will become 

dominant (e.g. Pseudomonas spp.). Alternatively, also stable plant proteins surviving decompositon in the insect 

gut (Chen et al., 2007), could achieve such ring-cleavage reactions.  Accordingly, only in the deposited feces we 

can expect linear chlorophyll catabolites resulting from oxidative cleavage of Chl a/b. Whether or not such linear 

RCCs, pFCCs and NCCs (red Chl catabolite (RCC); primary fluorescent Chl catabolite (pFCC); nonfluorescent 

Chl catabolites, NCCs) resembling the late steps of plant catabolism of Chl (Ougham et al., 2008) are really 

present in deposited feces remains to be established. 
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Interestingly the observed complexation of Chl a/b by a protein from the insect gut (Table 2, S. littoralis) does 

not protect Chl against degradation. The highest complexing capacity was observed with OS of S. littoralis 

which at the same time displayed an extensive degradation of Chl a/b (Fig. 5, Table 2). It is interesting to note 

that Chl a/b is bound in a non-covalent fashion, since microwave treatment of the oral secretion liberated free 

Chl, as does the further processing of the gut content along the gut canal since freshly deposited frass of S. 

littoralis shows the presence of free and intact Chl a/b. On the other hand, the complex is stable enough to 

survive LC-MS analysis on a reversed phase column using a CH3CN/H2O gradient. Since the OS from larvae of 

S. littoralis, reared for  two days on lima bean leaves, completely masked the previously ingested amount of Chl 

a/b still efficiently complexed the externally added Chl, the binding capacity of the gut protein(s) must be 

exceedingly high. Preliminary studies indicate that the non-covalent binding is mediated via the phytyl side 

chain of Chl. The biological relevance of this phenomenon is still unknown and is currently being evaluated. The 

identification of the complexing protein will be reported in due course. 
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FIGURE 1 

 

Chl-degradation in higher plants. The chemical structures of Chl and Chl-catabolites are shown. Chl a R = CH3; 

Chl b R = CHO.  R1-R3 denominate species-specific modifications in NCCs. Early phase of Chl-degradation (I 

phase) - CHL: chlorophyllase; PPH: pheophytinase; MCS:  metal-chelating substance; Phedase: pheophorbidase; 

PDC: Phe demethoxydecarbonylase. Late phase of Chl-degradation (II phase) -  PAO: Phe a oxygenase; RCC: 

red Chl catabolite; RCCR: RCC reductase; pFCC: primary fluorescent Chl catabolite; NCC: non-fluorescent Chl 

catabolites. Pheophorbins a/b results from alkali treatment of Chl a/b (Willstätter and Benz, 1907; Kuneida, 

2005). 

 

 

 

 

FIGURE 2 

 

Basic structures of chlorophyll derivatives. *- presence of Mg
2+

 ion; (1) chlorophyllide b (Chlide b);  (2) 

chlorophyllide a (Chlide a); (3) pheophorbide b (Phe b); (4) pyropheophorbide b  (Pph ); (5) pheophorbide a ( 

Phe a); (6) pyropheophorbide a (Pph a); (7) pheophytin b (Phy b); (8) chlorophyll b (Chl b); (9) chlorophyll a 

(Chl a); Chl b: (10) pheophytin a (Phy a). 

 

 

FIGURE 3 

Chromatographic separation and identification of Chl-catabolites from frass of various insect larvae. TIC (LC-

MS, APCI positive full scan mode). Chromatogram of extracts of a) lima bean leaves, b) oral secretion and c) 

frass of S. littoralis. 

*- unidentified metabolites, (1)  chlide b, (2)  chlide a, (3) Phe b, (4)  Pph b, (5)  Phe a, (5´) isomer of  Phe a, (6)  

Pph a, (7) Phy b, (8) Chl b, (9) Chl a, (10)  Phy a. 
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FIGURE 4 

Spectrum of chlorophyll catabolites from frass extracts of S. littoralis by using of LC-UV-DAD-MS. a) UV 

spectra of Phe a, Pph a, and Phe. b) TIC (total ion current) of an acetone extract of frass from larvae of 

S.littoralis. [M+H]
+
 of Phe a at m/z = 593.27 and [M+H]

+ 
of Pph a at m/z = 535.31 and Pph b at m/z = 549.24.  

 

FIGURE 5 

Chl-binding assay.  Demonstrated with oral secretions (OS) from larvae of S.littoralis reared on artificial diet 

(OSAD: Chl free food). Binding to a protein from OSAD was compared with the binding to denaturated (heat-

inactivated) OS (denOSAD) and buffer without OS. Each data point was calculated from 3 replicates. Means (± 

standard error) are given.  
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Figure 1 Chl-degradation in higher plants. The chemical structures of Chl a/b and Chl-catabolites are 

shown. R1-R3 indicate the presence of species-specific modifications in NCCs. Early phase of Chl-

degradation (I phase)- CHL: chlorophyllase; PPH: pheophytinase; MCS:  metal-chelating substance; 

Phedase: pheophorbidase; PDC: Phe demethoxydecarbonylase; Late phase of Chl-degradation (II 

phase)- PAO: Phe a oxygenase; RCC: red Chl catabolite; RCCR: RCC reductase; pFCC: primary 

fluorescent Chl catabolite; NCC: non-fluorescent Chl catabolites. Pheophorbins a/b results from alkali 

treatment of Chl a/b (Willstätter and Benz, 1907; Kuneida, 2005). 
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Figure 2 Basic structures of chlorophyll derivatives. *- presence of Mg
2+

 ion, Chl a: 9-chlorophyll a, 

Chl b: 8-chlorophyll b, Chlide a: 2-chlorophyllide a, Chlide b: 1-chlorophyllide b, Phy a: 10-

pheophytin a, Phy b: 7-pheophytin b, Phe a: 5-pheophorbide a, Phe b: 3-pheophorbide b, Pph a: 6-

pyropheophorbide a, Pph b: 4-pyropheophorbide b  
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1 Chlide b 629 + CHO H COOCH3 MS  

2 Chlide a 615 + CH3 H COOCH3 MS  

3 Phe b 607 - CHO H COOCH3 MS, UV, NMR 

4 Pph b 549 - CHO H H MS, UV, NMR 

5 Phe a 593 - CH3 H COOCH3 Standard, MS, NMR 

6 Pph a 535 - CH3 H H Standard, MS, NMR 

7 Phy b 885 - CHO C20H39 COOCH3 MS  

8 Chl b 907 + CHO C20H39 COOCH3 Standard, MS, UV 

9 Chl a 893 + CH3 C20H39 COOCH3 Standard, MS, UV 
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Figure 3 Chromatographic separation and identification of Chl catabolites from frass of the various 

insects. TIC (LC-MS, APCI positive full scan mode): chromatogram of extracts of a) lima bean leaves, 

b) oral secretion and c) frass of S. littoralis. 

*- unidentified metabolites, 1- chlide b, 2- chlide a, 3- Phe b, 4- Pph b, 5- Phe a, 5´- Phe a, 6- Pph a, 

7- Phy b, 8- Chl b, 9- Chl a and 10- Phy a. 
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Figure 4 Spectrum of early precursors of the chlorophyll catabolites from frass extracts of S. littoralis 

by using of LC-UV-DAD-MS. a) UV spectra of Phe a, Pph a, and Phe. b) TIC- (positive total ion 

current) of an acetone extract of frass from larvae of S.littoralis. Clearly visible [M+H] peak of Phe a 

m/z 593.27 (big) as well as decarboxylated peak of Pph a (Pph a m/z 535.31 and Pph b m/z 549.24, 

small) indicates the cleavage of Phe a.  
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Fig. 5  Chl-binding assay were demonstrated with oral secretion (OS) from larvae of S.littoralis reared 

on artificial diet (OSAD: Chl free food). Native OSAD binding was compared with denaturated (heat-

inactivated) OS (denOSAD) from larvae fed on the same food chain and for control was performed 

with buffer solution without OS. Each data point was calculated from 3 replications. Error bar indicate 

the standard error of the mean. 

 

 

 

 

 

 

 

 

 

 
 

    

0 20 40 60 80
0

3

6

9

R
e

m
a

in
in

g
 o

f 
a

 C
h

l 
a

 c
o

n
c
e

n
tr

a
ti
o

n
, 

µ
g

 m
l-1

Titration volume (µl)

 OSAD

 denOSAD

 control



M a n u s c r i p t  I     41 

 

 

 

Table 1 Concentration of Chl-degradation products in different caterpillars 

 

 

 

Data are averaged from 5 replicates. Extracts of regurgitate (OS) and frass (f) from five Lepidopteran larvae (S. 

littoralis, S. eridania, H. virescens, H. armigera, M. sexta) reared on plant leaves (Phaseolus lunatus; Nicotiana 

attenuata) and a leaf beetle (C. lapponica) larva fed on birch (B. rotundifolia) were analysed by using of the 

HPLC-UV-APCI-MS. n.d.: not determined. 

 

 

 

 

 

 

 

 

Chl 

catabolites, 

sample 

Chl b Chl a Phe a Pph a 

OS,  

µg ml
-1

 

f,  

µg mg
-1

 

OS,  

µg ml
-1

 

f,  

µg mg
-1

 

OS,  

µg ml
-1

 

f,  

µg mg
-1

 

OS,  

µg ml
-1

 

f,  

µg mg
-1

 

S. littoralis 0.19 7.75 0.36 17.7 9.77 56.28 132.17 96.14 

S. eridania 2.16 13.71 6.33 24.26 17.02 57 52.66 43.56 

H. virescens 3.71 20.38 9.61 36.89 2.27 69.05 37.52 44.7 

H. armigera 5.98 21.96 16.23 24.72 5.51 44.47 22.29 23.92 

M. sexta 3.27 13.93 7.6 17.09 19.59 85.7 83.83 78.72 

C. lapponica - 9.75 - 2.43 - 98.17 - n.d. 

P. lunatus 8.22 17.31 - - 

N. attenuata 5.61 11,05 - - 
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Table 2  concentration of free Chl a after titration with OS 

 

 

 

 

 

 

 

 

 

 

 

 

 

Titration of Chl with oral secretions (OS). nat: OS from larvae reared on artificial diet (AD). den: OS 

denaturated by microwave treatment. Control assays were performed with buffer without OS.  

 

 

 

 

 

 

OS volume  [μl] 0 5 15 35 55 85 

Sample Chl a,  μg ml
-1

 

S. littoralis nat 7,07 1,91 0,61 0,08 0,03 0,02 

den 7,14 6,42 6,50 6,43 6,05 5,47 

 H. armigera nat 7,67 6,87 4,96 1,26 0,17 0,1 

den 7,67 7,59 6,57 7,06 6,55 6,12 

 M. sexta nat 7,87 6,12 4,11 1,18 0,1 0,04 

den 7,76 7,46 6,94 6,43 6,07 5,65 

 control 1  7,65 7,13 6,87 6,38 5,88 5,44 
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Abstract/  Chlorophylls, the most prominent natural pigments, are part of the daily diet of herbivorous insects. 

The spectrum of ingested and digested chlorophyll metabolites compares well to the pattern of early chlorophyll-

degradation products in senescent plants. Intact chlorophyll is rapidly degraded by proteins in the front- and 

midgut. Unlike plants, insects convert both chlorophyll a and b into the corresponding catabolites. MALDI-

TOF/MS imaging allowed to monitor the distribution of the chlorophyll catabolites along the gut of S. littoralis 

larvae. The chlorophyll degradation in the fore- and mid-gut is strongly pH dependent and requires alkaline 

conditions. We identified a lipocalin-type protein in the intestinal fluid of S. littoralis identical with the chloro-

phyllide a binding protein from Bombyx mori. The protein was identified by tryptic digestion with LC-MS/MS
E
-

sequencing. SuperSolution fluorescence microscope imaging revealed that the brush border membranes are 

covered with the chlorophyllide binding protein bound reversibly via its GPI-anchor to the gut membrane. A 

function in defense against gut microbes is discussed. 

mailto:boland@ice.mpg.de


M a n u s c r i p t  I I I     51 

 

Key Words/ Chlorophyll, chlorophyll degradation, lepidopterans, chlorophyllide binding protein, visualization 

of chlorophyll catabolites, pheophorbide, pyropheophorbide, larval gut imaging 

 

INTRODUCTION 

Chlorophylls (Chls), the green pigments required for photosynthesis in plants, algae and bacteria, are also part of 

the daily diet of herbivorous insects (Ma and Dolphin, 1999). Chl degradation occurs in nature during leaf 

senescence and fruit ripening, but is also noticed as a response to biotic and abiotic stresses (Hörtensteiner and 

Kräutler, 2011). The biochemistry of Chl degradation to linear tetrapyrroles has been studied in higher plants 

nearly in the last three decades (Banala et al. 2010). While the process of Chl degradation is largely known in 

planta, we faced a remarkable lack in our knowledge on the chemistry and biochemistry of Chl degradation in 

plant-feeding insects. Scattered information is available on Chl degradation in aquatic grazers (Harradine et al. 

1996), algae (Ziegler et al. 1988), bacteria (Haidl et al. 1985) and even aphids (Ni et al. 2001). The only 

qualitative analysis of Chl degradation products has been reported for frass of the silkworm Bombyx mori (Park 

et al. 2003). Chls and their derivatives generally form pigment–protein complexes to participate in 

photochemical processes of biological importance (Thornber 1975). As larvae of  Lepidopterans feed exclusively 

on plant leaves, chlorophyll and its derivatives occur in their gut juice and faecal matter and are utilized in the 

biosynthesis of pigment–protein complexes, like red fluorescent proteins (Matti et al. 2009). Most of the 

Lepidopteran guts contain a peritrophic membrane lining in their midgut characterized by polycalin (Campbell et 

al. 2008). Polycalins are most likely GPI-anchored to the brush border membrane but they are also found in 

soluble forms in the guts of several Lepidopterans like Helicoverpa armigera, B. mori and Manduca 

sexta,(Campbell et al. 2008) having multiple lipocalin domains (Mauchamp et al. 2006). Numerous proteins, like 

lipocalin type, are able to bind small lipophilic molecules (Flower 1996). In B. mori polycalin binds and reacts 

with chlorophyllide, producing a protein complex with broad-spectrum anti-microbial activity (Pandian et al. 

2010) that may account for the insect’s enhanced resistance to viruses when B. mori are fed a Chl-rich diet and 

are exposed to light (Campbell et al. 2008; Angelucci et al.2008). Our previous work demonstrated similarities 

between the early events of plant Chl degradation during senescence (Matile et al. 1993) generating 

pheophorbide (Phe) and pyropheophorbide (Pph) as the major catabolites (Kräutler et al. 1997). 

 

Scheme 1 

 

The observed spectrum of metabolites results from the combined action of esterolytic gut enzymes and the 

strongly alkaline milieu in the digestive tract. In general Chl a/b  first loose the central Mg
2+

 and the phytol side 

chain leading via different intermediates to the pheophorbides (Phe) a/b (Badgaa and Boland 2013; Badgaa et al. 

2014). Subsequent decarboxylation generates the pyropheophorbides (Pph) a/b as stable end products accum-

ulating in the gut fluids and faeces (Scheme 1). This degradative pathway proved to be identical in all examined 

Lepidopteran species, and along the alimentary canal all degradation intermediates could be found in varying 

concentration in the studied insects (Scheme 1). Interestingly, in the midgut of Spodoptera littoralis intact Chl 

a/b were not found, while they were present in hindgut and the feces of S. littoralis. Moreover, the absence of 
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Chl in the fore- and mid-gut of Lepidopterans is also supported by MALDI-TOF imaging of larval longitudinal-

sections. Here we report, that a previously described lipocalin-type chlorophyllide-binding protein (ChlBP) 

(Mauchamp et al. 2006; Pauchet et al. 2009) is present in the gut lumen, but also along the brush border 

membrane of the gut. Autofluorescence imaging analysis demonstrates that the entire inner gut surface is 

covered with the fluorescent ChlBP. The protein from the gut of S. littoralis was identified by nanoLC-MS
E
-

sequencing with MS-BLAST.  

 
 

METHODS AND MATERIALS 

Cultivation of plants and insects: Lima bean (Phaseolus lunatus ‘Ferry Morse’ var. Jackson Wonder Bush) was 

grown in soil. Individual plants were grown in plastic pots in a growth chamber at 23 °C (160 µEm
-2

 s
-1

 during a 

14-h photoperiod; relative humidity 60%) for 2 weeks. Larvae of S. littoralis and H. armigera were reared on an 

artificial diet in a plastic box (25 °C±1 °C; 14:10 light : darkness) until to their third instars (Bergomaz and 

Boppré 1986). Third instar larvae of S. littoralis, and H. armigera were fed on Lima bean leaves (two or three 

larvae on one leaf) for 2 days before collecting regurgitate. The regurgitate was collected into glass capillaries by 

gently squeezing the larvae with a pair of soft tweezers behind the head. Ca. 4.0 ml were immediately stored at -

80 °C until for the further use. 

MALDI TOF Imaging of chlorophyll catabolites in the gut of S. littoralis: 3rd instar S. littoralis larvae were 

anesthetized and washed 3 times with 70% ethanol followed by freezing in liquid nitrogen. The samples were 

stored at −80°C until further use. The larvae was embedded with 70% PVA and kept at −55°C and were cut into 

18 micron thin sections by using of Microtome (Cryo-Star HM 560M, MICROM Int. GmbH). The thin sections 

were mounted on MALDI-plate and covered by DHB (Carl Roth Co.) as a matrix solution with sublimation. 

MALDI imaging experiments were performed with MALDI Micro MX (Waters, Manchester, UK) operated in 

reflectron mode with the acceleration and plate voltages at 12 and 5 kV, respectively. Delayed extraction time 

was 500 ns. Desorption and ionization were accomplished using nitrogen UV laser (337 nm, 4 ns pulse of 

maximum 320 mJ and a frequency of 20 Hz). Matrix ions were suppressed with a low mass (300 Da or less) cut-

off. Internal mass calibration was performed with authentic Chl a, Phe a and Pph a (Wako) 0.2 mg ml
-1

 solution. 

External mass calibration was achieved using 
7
Li adducts of PEGs. Ion intensity imaging was analysed by 

BioMAP 3.7.5.5 software. 

Visualization of ChlBps in the gut of S. littoralis larvae by Structured Illumination Microscopy. The larvae of S. 

littoralis (3rd instar) reared on lima bean for two days have been anesthetized by chloroform absorbed on cotton 

wool. Guts of the anesthetized insects were dissected under a microscope for further experiments. The dissected 

guts were washed 3 times with 1x PBS and immediately frozen in liquid nitrogen. The sample was embedded 

with 70% polyvinylacohol (PVA, Tissue-Tek, Sakura Europe, NL) and maintained at -55. Embedded samples 

were cut to 60 µm cross-sections by a Microtome (Cryo-Star HM 560M, MICROM Int. GmbH). The thin slices 

were mounted onto SuperFrost Ultra Plus glass slides (Thermo Scientific) and covered by glass (8 mm x 18 mm 

x 0.17 mm, ZEISS, Germany). All autofluorescence images were acquired on a ZEISS Elyra S.1 microscope. 

Cross-sections images were acquired in Laser widefield mode without pre-treatment. Samples were excited with 

100 mW of 488 nm and 3.5 mW of 642 nm laser light for 50 ns. Structured Illumination Microscopy (SIM) 
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images were acquired and reconstructed by commercial ZEN software (ZEISS, Germany). SIM allows for a 

resolution doubling with respect to traditional methods, such as deconvolution and confocal microscopy, and 

thus enables imaging of smaller structures. Image analysis was conducted in Matlab (v7.7, The Mathworks, 

USA) with the DipImage toolbox (v2.3, TU Delft, NL). Excitation dosages for the tile scans were 0.175 mJ at 

642 nm and for the focal series 1.25 mW at 561 nm and 0.175 mJ at 642 nm. The focal range was 69 µm and the 

lateral size is approx. 75 x 75 µm2. Areas of outer and inner membrane were determined from transmission 

microscopy images (data not shown). The side view of the resulting 3 D volume was produced with the View5D 

plugin (by R. Heintzmann) for ImageJ (v 1.45s, NIH, USA). 

Gut surface analysis: The dissected guts were cleaned in 0.9% NaCl for 20 min on the shaker. Four different 

types of samples for analysis of the inner and outer membrane were prepared (2 x 4 samples). Images were 

acquired with a 1.4/63x oil immersion objective. To determine the mean-autoflourescence intensities over the 

entire gut sections, tiles scans at adjacent positions over several square millimeters were acquired. The dark 

background was removed by a threshold mask and the mean was calculated from the intensities in the remaining 

pixels. 

Enzymatic degradation of the GPI-anchor. The dissected guts were longitudinally cut  into two segments. One 

was incubated at 30° C with phospholipase C inositol (Sigma-Aldrich Chemie GmbH, Germany) for 30 min, 

while the other served as a control. Analysis of the autofluorescence was performed as described. After 

subtraction of the dark background offset, the mean of the fluorescence intensity distribution over the entire 

sample were calculated. In order to compare the results from different larvae, mean fluorescence levels and 

errors were normalized. The average fluorescence intensity after washing with Phospholipase C is taken from 

three biological replicates. Images of the samples were acquired on the Zeiss Elyra S.1 microscope (ZEISS, 

Germany) with 10x magnification in Laser Widefield mode. Each image consists of 1002 x 1004 pixels and 

approximately 10 x 10 images were tiles together to cover the entire sample. 

Identification of the ChlBP in the regurgitate of S. littoralis. Regurgitate (4 ml) was collected from larvae fed on 

Lima bean. After centrifugation (5000 rpm) the liquid was ultra-filtrated through a Vivaspin concentrator (100 

kDa MWCO, Sartorius Stedium Biotech, Göttingen, Germany). The concentrated sample was washed three 

times with buffer (glycine, pH 9.5) until a final volume of 100 µl was reached. This sample was subjected to a 

size exclusion Superdex 200 HR30/10 column eluted with 0.5 ml min
-1

 with glycine-buffer (pH 9.5) containing 

100 µM NaOH and NaCl. 500 µl fractions were collected and analyzed by gradient 10% SDS-PAGE according 

to Laemmli (Laemmli 1970). Individual bands were subjected to de novo-sequencing.  

Processing of separated gel bands: protein bands of interest were cut from the gel matrix and subjected to tryptic 

digestion (Shevchenko et al. 2006). Briefly, proteins were in-gel reduced by 10 mM dithiothreitol and alkylated 

by 55 mM iodoacetamide. Destained, washed, dehydrated gel pieces were rehydrated for 60 min in 0.5 µM 

solution of bovine trypsin in 25 mM ammonium bicarbonate buffer at 4 °C and then digested overnight at 37 °C. 

The tryptic peptides were extracted from gel pieces with extraction buffer (50% CH3CN/5% formic acid) and the 

extracts were dried down in a vacuum centrifuge. For LC-MS analysis samples were reconstructed in 10 µL 

aqueous 1% formic acid.  
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NanoLC-MS/MS analysis: 5 µl of diluted samples were injected onto a nanoAcquity nanoUPLC system (Waters). 

A mobile phase of 0.1% aqueous formic acid was used to concentrate and desalt sample on a Symmetry C18 

trap-column (20 x 0.18 mm, 5 µm particle size) at a flow rate of 15 µL min
-1

. The peptides were eluted on a 

nanoAcquity C18 column (200 mm×75 µm ID, BEH 130 material, 1.7 µm particle size) using an increasing 

acetonitrile gradient in 0.1% aqueous formic acid (FA) at a flow rate of 0.350 µl min
-1

. Phases A (0.1% FA) and 

B (100% CH3CN in 0.1% FA) were linearly mixed in a gradient from 1% B to 45% phase B in 60 min, increased 

to 95% B in 5 min, holding 95% B for 5 min and decreasing to 1% B  in 1 min of the run. The analytical column 

was immediately re-equilibrated for 9 min. The eluted peptides were transferred to the nano electrospray source 

of a Synapt HDMS tandem mass spectrometer (Waters) equipped with metal-coated nanoelectrospray tip 

(Picotip, 50 x 0.36 mm, 10 μm internal diameter, New Objective). The source temperature was set to 80 °C, the 

cone gas flow 20 L/h, and the nanoelectrospray voltage was 3.2 kV. For all measurements, the mass 

spectrometer was operated in V-mode with a resolving power of at least 10000. The acquisition cycle consisted 

of a survey scan covering the range of m/z 400-1500 Da followed by MS/MS fragmentation of the three most 

intense precursor ions collected over a 1 sec interval in the range of 50-1700 m/z. A 650 fmol/μL human Glu-

fibrinopeptide B in 0.1% formic acid/acetonitrile (1:1 v/v) was infused at a flow rate of 0.5 μL min
-1

 through the 

reference NanoLockSpray source every 30 seconds to compensate for mass shifts in MS and MS/MS frag-

mentation mode. 

 
MS-Data analysis. Acquired spectra were baseline subtracted, smoothed, deisotoped, and lockmass-corrected 

using ProteinLynx Global Server Browser (PLGS) v.2.5 software (Waters, Manchester, UK). Pkl-files were 

generated and searched against NCBInr database (updated September, 11, 2011, installed on a local server, 

containing 15270974 sequence entries) using MASCOT version 2.3. Mass tolerances for precursor and fragment 

ions were 15 ppm and 0.03 Da, respectively. Other search parameters were: instrument profile, ESI-Trap; fixed 

modification, carbamidomethyl (cysteine); variable modification, oxidation (methionine); up to one missed 

cleavage were allowed. In parallel, the processed MS/MS spectra were searched using PLGS software against a 

subdatabase containing common background proteins (human keratins and trypsin). Spectra which remained 

unmatched by database searching were interpreted de novo using following parameters: 0.002 Da mass deviation 

and ladder score (percentage of expected y- and b-ions) exceeding 40. Predicted de novo sequences were 

subjected for homology-based searching using MS BLAST (Shevchenko et al. 2001) installed on an in-house 

server. Statistical significance of hits was evaluated according to the described scoring scheme (Shevchenko et al. 

2001).  

Chlorophyll-degradation assay: Chl a (Wako) was dissolved in methanol (200 µg ml
-1

) and added (50 µl) to a 

buffered solution (500 µl) of a 0.1 M glycine, 0.1 M NaOH, and 0.1 M NaCl, adjusted to pH 9.5 (stock soln.). 

Next, increasing amounts of freshly harvested regurgitate (0, 5, 15, 35, 55, and 85 µl) were added to the buffered 

Chl a soln. and vortexed for 0.5 min. 50 µl aliquots were taken after each addition of regurgitate; the sample was 

precipitated with 0.5 ml acetone, vortexed and centrifuged at 4 °C, 13200 rpm for 10 min. The supernatant was 

dried under a stream of argon and the residue was re-dissolved in methanol. Free Chl was analysed by LC-MS 

analysis by monitoring the ion m/z 893. The complexation was carried out with regurgitate from insects reared 

on artificial diet (nat_AD) and with regurgitate from insects reared on plants leaves (nat_PL). Experiments with 
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denaturated regurgitate (den_AD) by microwave-treatment (5 min) and buffer (without regurgitate) served as  

controls. Analyses were performed on a Thermo Finnigan LCQ with atmospheric pressure chemical ionization 

(APCI) in the full scan mode (vaporizer temperature: 450 °C; capillary temperature: 145 °C; discharge current: 5 

kV; capillary voltage: 10 V; the tube lens offset: 20 V). Separation of compounds was achieved on an Agilent 

HP1100 HPLC system equipped with a Kinetex C18 column (Phenomenex, 2.6u column, 150 x 4.6 mm). Chls 

were eluted by a gradient starting at a flow of 0.750 min min-1 with 35% solvent A (0.01M ammonium acetate 

in water) and 65% solvent B (75% acetonitrile/25% methanol, MeOH/CH3CN, v/v) up to 100% B and a flow 

rate of 1 min min
-1

. Elution was maintained for 15 min prior to returning to the initial conditions.  

 

pH dependence of Chl degradation: 25 µl Chl a (at 200 µg ml
-1

) was dissolved in glycine buffer (250 µl), 

adjusted to pH 9.5 (0.1 M glycine, 0.1 M NaOH, and 0.1 M NaCl), pH 8.0 (0.1 M glycine, 0.1 M NaOH, and 0.1 

M NaCl) and to pH 6.8 (potassium phosphate buffer), respectively. Increasing amounts of regurgitate 0, 3, 8, 18, 

and 45 µl were added to the stock solution. Freshly harvested regurgitate from plant reared insects (nat_PL) was 

used. 

To follow the time course of chlorophyll degradation 0.8 ml regurgitate (nat_AD) were diluted with buffer (1:1) 

and mixed with 0.08 ml Chl soln. (at 0.5 mg ml
-1

). The reaction mixture was incubated at the room temperature. 

An aliquot (0.2 ml) was taken and extracted by adding 0.3 ml acetone after 15 min, 45 min, 2 h, 5 h, 16 h, and 24 

h (Fig. 3). The extraction and LC-MS analysis were describe above. For data processing we used relative 

abundance of total ion chromatograms (TIC) for each pigment peak. For separation and detection by LC-MS we 

used same method as described above. 

 

Preparation of phytylglucose: Reactions were performed under Ar and dry solvents were used. Previously 

prepared Ag2O (1 g, 4.32 mmol) was added to a stirred suspension of phytol (2.58 ml, 7.4 mmol) and CaSO4 (1 g, 

7.35 mmol) in ether (20 ml) at RT. After stirring under dim light for 1 h, acetobromglucose (2.34g, 5.69 mmol) 

in ether (20 ml) was slowly added. Stirring was continued for 24 h at RT followed by filtration and removal of 

ether by evaporation. Purification by column chromatography (petroleum ether/Et2O 4:1, v/v) on Silica (Si 60, 

0.200-0.063 mm, E. Merck afforded pure phytylglucose (0.17 g, 0.37 mmol, 7.75 % yield) (Reyle et al. 1950, 

Daloze and Pasteels 1994). 

Pre-treatment of regurgitate with phytylglucose:  Freshly collected regurgitate was  pre-treated with PhyGlc  

until saturation prior to addition of Chl (25 µl Chl a (at 200 µg ml
-1

) dissolved in 250 µl buffer, pH 9.5). After 

addition of regurgitate 0, 3, 8, 18, and 45 µl, aliquots (25 µl) were taken, precipitated with 0.3 ml acetone, 

vortexed and centrifuged at 4 °C, 13200 rpm for 10 min. The supernatant was dried under a stream of argon and 

the residue re-dissolved in methanol. Free Chl was analyzed by LC-MS analysis as described. The experiments 

were carried out with nat_PL and pre-saturated nat PL (nat + PhyGlc) with PhyGlc.  
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RESULTS AND DISCUSSION 

Fate of Chl in the gut of S. littoralis. The degradation of Chl in the gut of S. littoralis has been studied previously 

and is outlined in Scheme 1. Ingested Chl a/b is rapidly degraded in the fore- and midgut generating Phe a/b and 

Pph a/b as major products (Badgaa and Boland 2013; Badgaa et al. 2014). In the oxygen free gut the aromatic 

tetrapyrrole moieties Phe a/b and Pph a/b are stable end products, and are excreted unchanged in the frass. The 

pathway was found to be principally identical in all studied insect species, only the relative concentration of 

individual compounds varied. To follow the process of Chl degradation in the insect gut we determined the local 

distribution of ingested Chl‘s and Chl catabolites along the digestive canal and in the frass of S. littoralis (Fig. 1) 

by LC-MS. 

 Fig. 1 

In this species the ratio of Chl a/b versus Phe a and Pph a (app. 1: 150) was very low in the regurgitate (foregut 

contents obtained by regurgitation), but more balanced in their frass (ca. 1:2) (Fig. 1). The analyses focused  on 

Phe a and Pph a,  derived from Chl a as the major plant-derived Chl.  Apparently the degradation is a very rapid 

process, since already in the foregut fluids (regurgitate) of S. littoralis Pph a was detected as the major  metab-

olite. No other species displayed such a rapid and efficient conversion of Chl a/b after ingestion. It should be 

noted, that in contrast to plants, in the insect gut both Chl a and Chl b are converted into the corresponding 

catabolites (Christ and Hörtensteiner 2014). Surprisingly, the concentration of Chl a/b was higher in the in the 

frass than in the regurgitate. The apparently higher amount of Chl a/b in the frass could be due to the strong 

enrichment of all gut compounds by the dehydration and concentration processes in the hindgut. 

Distribution of Chl metabolites in the gut of S. littoralis larvae. To gain more information on the spatial 

distribution of Chl metabolites along the digestive tract, we monitored the individual Chl metabolites by 

MALDI-TOF/MS imaging. Plant fed (P. lunatus) larvae were anesthesized (CHCl3), washed, frozen (-80 °C) 

and attached in an extended position to a Cryotome target. The tissue was fixed with 70% polyvinyl acetate 

(PVA). The larva was cut into 18 micron thin longitudinal slices. The thin sections were deposited on a MALDI-

target and covered by sublimation with 2,5-dihydroxybenzoic acid (DHB) as the matrix. Positive-ion mode 

MALDI-TOF/MS imaging was used to monitor the individual Chl catabolites. Fig. 2 provides a survey on the 

spatial distribution of Chl and its metabolites from the foregut (f) via the midgut (m) to the hindgut (h) by their 

mass images.  

Fig. 2 

The mass image of Chl a (m/z 893) clearly confirms the analytical findings of Fig. 1. The lowest intensity of the 

Chl a molecular ion is seen in the foregut confirming the rapid degradation of the ingested Chl a/b. Minor 

signals in the midgut represent material attached to solids (see photo of Fig. 1). In line with a very rapid 

degradation of Chl in the foregut is the high intensity of the molecular ion of the catabolite Phe a (m/z 593). Due 

to the high pH in foregut and the presence of ester cleaving enzymes the concentration of Phe a decreases 

already in the midgut and Pph a accumulates as a stable end product that can be not catabolized further because 
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of the lack of oxygen in the gut. This is indicated by the presence of obligate anaerobic bacteria in the gut (Tang 

et al. 2012). The ion image of Pph a (m/z 535 [M+H]
+
) shows a rather equal distribution in the whole gut.  

Chlorophyll degradation in the gut of S. littoralis. In planta factors such as tissue damage, high temperature, 

extreme pH, enzymatic actions, molecular oxygen and light contribute or initiate the degradative transformations 

of chlorophyll (Ma and Dolphin 1999). The almost complete absence of intact Chl in the fore- and midgut, could 

be due to strong complexation or due to very rapid degradation of the ingested Chl. To test the stability of Chl 

a/b under gut conditions, Chl a was added to freshly collected regurgitate from larvae reared on artificial diet or 

on plant leaves (P. lunatus).The progress of the Chl-degradation was followed by LC-MS monitoring the 

molecular ions of Chl a, Chlide, Phe a and Pph a. Fig. 3 demonstrates that Chl a very rapidly disappears within 

the first minutes, while defined catabolites such as Phe a and Pph a are only slowly emerging. Especially, the 

lack of phytol is unexpected, since Phe a and Pph a represent dephytylated metabolites. 

Fig. 3     

Next, the involvement of enzymes and the impact of the gut pH was analyzed by using fresh and heat-denat-

urated regurgitate in buffer at pH between 6.8 and 9.5.  

Fig. 4     

According to Fig. 4, the involvement of active proteins is obvious, since the denaturated regurgitate fails to 

catabolize Chl a. Also, the alkaline pH of the gut has a considerable impact, since rapid Chl degradation is only 

observed at the natural pH 9.5 (Funke et al., 2008). At pH 6.8 the rate of degradation is significantly lower. To 

address the lack of phytol among the Chl catabolites, we tested, if one of the proteins in the regurgitate has 

phytol-complexing properties. Due to the very limited water solubility of phytol, we synthesized a phytol-

glucoside which was sufficiently soluble. The glycoside (PhyGlc) also mimicked the amphiphilic nature of 

chlorophyll with its unpolar phytol sidechain.    

Fig. 5     

While titration of Chl with the natural regurgitate from 3rd instar larvae leads to an immediate 

reduction/degradation of Chl, denaturated spit and phytylglycoside pre-treated regurgitate left the externally 

added Chl largely unaffected. Apparently the phytol moiety occupies a binding site that otherwise binds the 

phytol side chain of Chl. Blocking this binding site also stops the rapid degradation of Chl, since the molecular 

ion of Chl (m/z = 893) could be observed over prolonged periods without reduction of intensity. This experiment 

also clearly demonstrates that the Chl degradation requires for active enzymes in the digestive fluid. A candidate 

for the catalytic removal of the phytol side chain could be the plant-derived chlorophyllase (Tsuchiya et al. 1999). 

However, the relevant enzyme(s) in the digestive fluid are not of plant origin, since the regurgitate was collected 

from insects reared and grown up entirely on an artificial diet (Bergomaz and Boppré 1986). Control 

experiments in the presence of other enzymes known to bind unpolar compounds in a non-specific fashion, e.g. 

bovine serum albumin, had no effect on Chl degradation. Accordingly, a still unknown protein of insect origin 

has to be postulated for the Chl degradation in the insect gut.  
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Identification of the chlorophyllide-binding protein in the insect gut. Fractionation of the gut proteins using 

Vivaspin centrifugal concentrators with an 100,000 MWCO, revealed the Chl-modifying activity in the 

supernatant and allowed a simple enrichment of the relevant protein. Further purification was achieved by size 

exclusion chromatography (SEC) monitored by fluorescence detection (excitation 451 nm). A characteristic 

fluorescence band at 672 nm showed the presence of the chlorophyllide-binding protein (Mauchamp et al. 2006) 

previously reported to occur in B. mori (Hayashiya 1978). Fractions from SEC were loaded on an 1D SDS-Gel, 

separated and revealed a dominant band at the high mass range. Gel bands were de novo-sequenced by MS/MS 

analysis after in-gel digestion with trypsin. The identification of the protein fragments was done by database 

search in UniRef100 and gave in a confidential match according to MS BLAST statistics. The protein was 

identified as a homologue of the chlorophyllide a binding protein (ChlBP) from B. mori with 2720 AA length 

and a molecular weight of 252 kDa. The protein, also known as a polycalin with a species-characteristic number 

of subunits, is widespread in insects (Hayashiya 1986, Mauchamp et al 2006, Pandian et al. 2008, Pauchet et al. 

2008). The sequence provides evidence for a GPI-anchor and, hence, the lipocalin may be usually linked to the 

brush border membrane of the intestinum (vide infra), but will be also present in the gut fluid of different 

Lepidopteran larval stages (Campbell et al. 2008; Pauchet et al. 2009). After binding of Chlide, the protein 

becomes fluorescent and can be associated with a number of important properties. The complex confers toxin 

resistance (Hossain et al. 2004), anti-bacterial properties (Pandian et al. 2008), and anti-viral activity (Hayashiya 

1978). On the other hand, as lipocalin-type proteins are usually not endowed with catalytic properties, further 

studies are required to identify the protein that degrades the Chl. Since the same pattern of Chl-degradation has 

been observed in the gut of other herbivores, our results may be generally applicable.  

Localisation of the chlorophyllide-binding protein in the insect gut. According to the presence of a GPI-anchor 

in the ChlBP, the protein complex should be reversibly attached to the brush border membrane of the intestinum 

(Pauchet et al. 2008). Structured illumination microscopy (SIM) is a method that allows to monitor the distri-

bution of fluorescent molecules on surfaces with high resolution. We isolated and dissected the gut tissue of S. 

littoralis and visualized the presence of the ChlBP in cross-sections and longitudinal sections. The images show 

that the inner surface of the gut membrane is covered with autofluorescent molecules, showing a fluorescence 

emission characteristic for the ChlBP (Pandian et al. 2010). The fluorescence distribution in gut cross-sections of 

S. littoralis is shown in Fig. 6. 

 

Fig. 6   

 

Samples were excited at 488 and 642 nm and were previously calibrated with references of Chl a, Phe a and Pph 

a. The recorded auto-fluorescence is shown in forced colours as green (λem = 495 -550) and red (λem > 655 nm), 

respectively, and are superimposed with a transmission image shown in grey.  

The samples from insects reared on artificial diet showed no fluorescence, in line with the lack of ChlBP.  

Prolonged washing of fluorescent gut tissue from plant-reared insects with buffer showed the same effect, 

indicating non-covalent binding of the ChlBP to the gut membrane. 

Degradation of the GPI-anchor of ChlBP by phospholipase treatment.  Phospholipase C (PLC) is an enzyme that 

is known to cleave the phospho-glycerol bond typical for GPI-anchored proteins (Bordier et al. 1986). Thus, 
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treatment with PLC should cause a release of the GPI-linked ChlBP from the gut membrane. In consequence the 

autofluorescence should vanish in a time dependent manner after treatment with PLC.  

Fig. 7 

As shown in fig. 7 the fluorescence intensity of the ChlBP attached to the gut membrane was significantly 

reduced 30 min after treatment with a solution of phospholipase (Sigma, Aldrich Chemie GmbH, Steinheim, 

Germany). Affected were only the emission bands resulting from excitation at 561 nm and 642 nm. The latter are 

typical for ChlBP, while the excitations at 405 nm and 488 nm showed no effect (controls). The effect of 

phospholipase confirms that the fluorescence observed at the gut membrane is, in fact, due to the ChlBP that is 

loaded with chlorophyllide and eventually other chlorophyll catabolites. The phenomenon was observed along 

the whole gut, and is dependent on the uptake of chlorophyll with the ingested food. Due to the reversible 

binding the coverage of the gut membrane with the ChlBP is reduced upon prolonged uptake of Chl-free diet. 

The same effect was achieved by prolonged washing of the fluorescent gut membrane. 

Conclusion 

According to the results of the Structured illumination microscopy (SIM), the gut membrane is entirely covered 

with the fluorescent ChlBP. Due to the weak and reversible binding via its GPI-anchor large amounts of the 

protein also occur in the gut lumen. The protein consists of several lipocalin domains (up to 15 for S. littoralis) 

and easily reaches molecular weights of > 1 MDa. Moreover, the protein is not recycled in the gut, but excreted 

with the feces (Kalyankumar et al. 2009). Due to this huge investment of biosynthetic energy into ChlBP, the 

protein should be of special importance for the insect. Also the arrangement of the ChlBP lining the brush border 

membrane of the intestinum might have a functional relevance. Especially, as the ChlBP is widely spread in the 

midgut of all Lepidopteran species, e.g. B. mori,
[12]

 M. sexta, H. armigera 
[16]

 and S. littoralis all of which were 

recently studied with respect to chlorophyll degradation (Badgaa and Boland 2013; Badgaa et al. 2014). ChlBP 

has been reported as highly antiviral and antibacterial due to the binding of Chlide, especially in the presence of 

light (Campbell et al. 2008). An outstanding property of many Chl catabolites is their ability to activate 

molecular oxygen in the presence of light to the highly toxic singlet oxygen (Krasnovsky et al. 1990). Although 

the insect gut is an anoxic area, demonstrated by absence of oxydatively cleaved Chl metabolites and by the high 

density of Clostridia in the gut (Tang et al., 2012), the only area with limited availability of oxygen is the 

hemolymph embedded gut membrane. Due to the alignment of ChlBP along the peritrophic membrane, even 

limited access of light might may lead in the presence of molecular oxygen to the formation of singulett oxygen. 

Together with H2O2 produced by the cells of the gut membrane (Howes 2009), the reactive oxygen species may 

serve the insect to prevent infections by the gut bacteria and fungi. The same formation of singulett oxygen may 

also contribute to the previously reported deterrent property of the fecal shields of tortoise beetles (Vencl et al. 

2009).  
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FIGURE LEGENDS 

 

SCHEME 1   Chlorophyll degradation in the insect gut. 

Early phase of Chl-degradation (I phase): removal of phytol (chlorophyllase like);  loss of Mg
2+

 (metal-chelating 

substance like) resulting in pheophorbide (Phe). Decarboxylation of Phe (pheophorbide 

demethoxydecarbonylase like) generates pyropheophorbide (Pph).  

FIG 1 Chl catabolites in the insect gut and frass 

Comparative analysis of Chl catabolites in the digestive tract and the frass of S. littoralis larvae reared on plant 

leaves (P. lunatus). Chl a: chlorophyll a; Chl b: chlorophyll b; Phe a: pheophorbide a; Pph a: pyropheophorbide 

a.  

FIG 2   Monitoring of Chl catabolites by MALDI TOF imaging 

Positive-ion mode MALDI-TOF/MS imaging of Chl catabolites in longitudinal-section of Spodoptera littoralis 

reared on fresh plant leaves. Ion intensity maps of Chl a (m/z 893 [M+H]+), Phe a (m/z 593 [M+H]+) and Pph a 

(m/z 535 [M+H]+).  top: Photo of the larva embedded with PVA and mounted on a MALDI-target plate. f- 

foregut, m- midgut and h- hindgut. 

FIG 3    Degradation of Chl by the regurgitate of S. littoralis 

Time course of degradation of Chl a by freshly harvested regurgitate, nat_AD (regurgitate collected from larvae 

fed on artificial diet). For assignment of products see insert. All the samples were analyzed by LC-MS analysis. 

Error bars indicate mean of three replicates.  

FIG 4   Effect of pH on Chl degradation 

The impact of the gut pH on Chl degradation was determined with fresh regurgitate (regPL) of S. littoralis fed on 

P. lunatus.  LC-MS analysis of remaining Chl after addition of regurgitate to a buffered solution of Chl at 

different pH. For identification of treatment and relevant pH see insert. nat: native regurgitate; den: denaturated 

regurgitate. Each data point was calculated from 3 replications. Error bar indicate the standard error of the mean. 

FIG 5    Effect of phytolglycoside (PhyGlc) on Chl degradation 
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Titration of Chl with native (nat), heat-inactivated regurgitate (den) and regurgitate pre-treated with 

phytylglycoside (PhyGlc). LC-MS was used for analysis. Blue and red lines: natural regurgitate. Dotted line: 

denaturated regurgitate. Each data point was calculated from 3 replicates. Error bars indicate the standard error 

of the mean. 

FIG 6    Laser widefield auto-fluorescence imaging of a cross-section of the gut of S. littoralis 

Laser widefield auto-fluorescence imaging of a cross-section slice of the gut of S. littoralis. The non-

stained probe of insect gut is fully occupied with Chls. Emission was monitored after excitation at 488 

nm (green) and 642 nm (red) (forced colours). Scale bars: 1 mm.   

FIG 7  Effect of phospholipase C on the ChlBP 

Fluorescence intensities (normalized mean) of Chl-binding protein attached to the dissected gut wall of S. 

littoralis. Phospholipase C treatment (30 min) of the gut tissue (red bars) was compared with buffer-treated 

controls (gray bars). Measurement was done with a Zeiss Elyra S.1 using four different illumination lasers for 

excitation. Error bars indicate mean of three replicates.     
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SCHEME 1   Chlorophyll degradation in the insect gut. 
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FIG 1 Chl catabolites in the insect gut and frass 

 

 

 

FIG 2   Monitoring of Chl catabolites by MALDI TOF imaging 
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FIG 3    Degradation of Chl by the regurgitate of S. littoralis 

 

 

 

 

 

 

FIG 4   Effect of pH on Chl degradation 
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FIG 5    Effect of phytolglycoside (PhyGlc) on Chl degradation 

 

 

 

 

 
 

 

 

FIG 6    Laser widefield auto-fluorescence imaging of a cross-section of the gut of S. littoralis 
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FIG 7  Effect of phospholipase C on the ChlBP 
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6. Unpublished data I 

Chlorophyll catabolites in senescent leaves of lima bean (Phaseolus lunatus) and in the  

frass of Spodoptera littoralis after defecation 

6.1. Introduction 

Chlorophyll (Chl) degradation is an important enzymatic process during leaf senescence and fruit 

ripening (Matile et al. 1999). It allows recycling of nitrogen and other nutrients and prevents 

accumulation of phototoxic Chl intermediates causing cell death in plants (Grimm et al. 2006). More 

than one billion tons of Chls are biosynthesized and degraded every year on land and in the ocean 

(Tsuchiya et al. 1999). Chl is very stable in the chloroplast, but after disruption it becomes susceptible 

to degradation (Porra 1997). Studies of the breakdown of Chl in the terrestrial environment have 

revealed a series of transformations, cleavage of the macrocycle, production of linear tetrapyrroles 

and the loss of the corresponding cyclic tetrapyrrole chromophore (Matile et al. 1996, Curty and 

Engel 1996, Hörtensteiner 2006). The enzyme-mediated Chl breakdown in senescent leaves proceeds 

in essentially two main steps; first, the early processes of peripheral degradation that causes removal 

of the phytol side chain by the chlorophyllase (CLH) and loss of the central Mg2+ ion due to the 

activity of the Mg-dechelatase (MCS); second, the oxidative cleavage of the macrocyclic tetrapyrrole 

by a pheophorbide a oxygenase (PAO). In this last step linear tetrapyrroles are generated 

(Hörtensteiner and Kräutler 2011). The biochemistry of Chl degradation to linear tetrapyrroles is well 

understood in higher plants (Christ et al. 2013). However, there are only few studies that have 

applied an online technique, combining liquid chromatography with UV-DA-Detector and 

atmospheric pressure chemical ionization (APCI) tandem mass spectrometry (MSn) that allows to 

collect structural data for many components within a single run (Bale et al. 2010).  

In both regurgitate and frass of feeding herbivorous insect it has been shown that most of the 

ingested Chl has been partly degraded to derivatives lacking the phytol, the Mg2+ ion and the 
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carbonyl group at the isocyclic ring (Badgaa et al. in press). An ecological role of ingested Chls in the 

interactions between insects, their food plant and other insects has been described recently (Vencl et 

al. 2009). 

Our previous work has shown that the overall early Chl degradation processes in the selected insects 

are similar, but clearly differ on the quantitative level of the early metabolites for Phe a/b and Pph 

a/b. In spite of that, the results indicate that the early Chl breakdown pathway is comparable to 

higher plants. We now report the detection, isolation and characterization of late steps Chl 

catabolites, one new primary fluorescent Chl catabolite (pFCC) together with one known pFCC from 

senescent leaves of lima bean (Phaseolus lunatus) which grew in the greenhouse. Moreover, we 

tracked the late stages of Chl degradation products in the regurgitate and also in both freshly 

deposited and old frass of the larvae of Cotton leafworm Spodoptera littoralis (Lepidoptera) larvae, 

which were fed on fresh lima bean leaves.  

6.2. Experimental part 

6.2.1.  Materials 

Commercially available HPLC grade solvents were used for extraction and chromatographic 

separation. Potassium dihydrogen phosphate puriss. p.a., potassium phosphate dibasic-anhydrous 

p.a. were from Fluka (Buchs, Switzerland) and ammonium acetate 7.5 M soln were purchased from 

Sigma-Aldrich. SepPak-C18, Chromabond C18 and HR-X cartridges were purchased from Waters 

Associates and Macherey-Nagel, respectively. The pH values were measured with a WTW Sentix 21 

electrode connected to a WTW pH535 digital pH meter.  

a. Cultivation of plants and insects 

Lima bean (Phaseolus lunatus ‘Ferry Morse’ var. Jackson Wonder Bush) was grown in soil. Individual 

plants were grown in plastic pots in a growth chamber at 23°C (160 µEm-2 s-1 during a 14-h 

photoperiod; relative humidity 60%) for the whole time. Larvae of S. littoralis, were reared on an 
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artificial diet in a plastic box (25°C±1°C; 14:10 Light : Darkness) until their third instar (Bergomaz and 

Bopre 1986). Next, the third instars larvae of S. littoralis were fed (two or three larvae on one leaf) on 

green lima bean leaves (2 weeks old) for 2 days before collecting regurgitate and frass. 

b. Preparation of senescent plant samples 

The plants cultivated as described above were kept in the climate chamber until their leaves became 

started to yellow (160 µEm-2 s-1 during a 14-h photoperiod; relative humidity 60%). Such senescent 

plants were pulverized in liquid N2 and the material stored -80°C for further extraction. 

c. Samples from insect digestive tracts 

The digestive products from insects were collected 48 h after placing the caterpillars onto their fresh 

food plants. The regurgitate (0.1 ml) or frass (0.1 g) was covered with acetone (2 ml) and stirred for 1 

h in the dark at 4 ° C. After centrifugation at 14,000 × g for 10 min at 4 o C the solvent was removed 

by a stream of argon. The residue was redissolved in methanol (0.3 ml) and filtered through 

membrane filters (PVDF, Millipore, 0.22 m) into a GC-vial. Samples were diluted with methanol 

(1:10 frass. 1:5 regurgitate) and directly injected (10 µl) for LC-MS analysis. 

6.2.2.  Methods 

Crude extracts were fractionated by Sephadex LH20 with water-MeOH gradient mixture. 

Concentrating and desalting were done with the SepPak C18 (Waters) and on the HR-X, with 150 mg 

silica material for 4 ml (Chromabond) cartridges. Chl catabolites were filtered and analysed by LC-MS 

with online DAD monitoring at 320 nm and 450 nm (Kräutler et al. 1991). Analysis of early events Chl 

catabolites was described in our previous work (Badgaa et al. 2014).  

a. HPLC methods 

Separation of late events Chl catabolites was achieved on an Agilent HP1100 HPLC system equipped 

with a Kinetex Gemini C18 5 m, 250 mm x 2 mm i.d. column (Phenomenex). Catabolites were eluted 
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by a programmed gradient and varying flow rate starting at 0.30 ml/min and 20% solvent B 

(acetonitrile) and 80% solvent A (water) for 3 min, then started to 80% B for 47 min with an increased 

flow rate of 0.40 ml/min and ending at 100% B with a flow at 0.45 ml/min. This was maintained for 

10 min and followed by a reduction of the flow rate from 0.45 ml/min to 0.3 ml/min within 2 min, 

and re-equilibration to 20% solvent B, which was achieved within 8 min.  

Chl catabolites were purified by reversed phase semi-preparative HPLC using of 50 mM ammonium 

acetate buffer (solvent A) and methanol (solvent B) by using a Kinetex C18 2.6 m, 150 mm x 4.6 mm 

i.d. column (Phenomenex) with the same gradient as used in analytic HPLC. 

b. Mass spectrometry 

TIC and LC/MSn analysis was carried out using a Thermo Finnigan LCQ with atmospheric pressure 

chemical ionization (APCI), in the full scan mode (vaporizer temperature: 450 ºC; capillary 

temperature: 145 ºC; discharge current: 5 eV; capillary voltage: 10 V; the tube lens offset: 20 V). Ultra 

high performance liquid chromatography - High Resolution – mass spectrometry (HR-MS) data were 

acquired on a LTQ-Orbitrap XL mass spectrometer connected to the Ultimate 3000 series RSLC 

(Dionex, Sunnyvale, CA, USA) system. UHPLC was accomplished on an Acclaim C18 Column (150 ・ 

2.1 mm, 2.2 µm; Dionex) equipped with a C18 3.5µm guard column (2.1x10mm, Waters, Dublin, 

Ireland). As solvent system (A) water with 0.1% formic acid and (B) acetonitrile with 0.1% formic acid 

(eluent additive for LC-MS, Sigma Aldrich, Steinheim, Germany) was used. The flow rate was set to 

500 µl min-1. One µl of sample was injected into the gradient system. Starting conditions were set to 

99% A and 0.5% B. Gradient was linearly increased within 8 min to 10% B, followed by 7 min from 

10% to 80% B which was held for 6 min, before decreasing to the initial conditions, which were kept 

for 5 min to re-equilibrate the column. Ions were generated using an Atmospheric pressure chemical 

ionization (APCI) source that was operated at 400°C, at a heated capillary temperature of 220°C and 

a corona discharge of 4.5 mA. High resolution full scan mass spectra were acquired applying 30,000 

m/Δm resolving power in a mass range of m/z 150 – 1000 using the Orbitrap mass analyzer. MS/MS 
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data acquisition was performed using CID and HCD with various collision energies (5, 15, 20, 25). 

Data were interpreted using XCALIBUR software (Thermo Fisher Scientific, Waltham, MA, USA).  

c. Spectroscopy 

UV/Vis spectra: Jasco UV 550; λmax [nm] (log ε/rel. ε). Fluorescence spectra: F750. CD spectra: Jasco 

J810; λmax and λmin [nm], ε). 1H- and 13C- NMR, LC-SPE-NMR: Bruker Avance DRX 500MHz 

spectrometer; Bruker Avance AV-500 MHz II+ (δ (CD3OH)).   

6.2.3.  Isolation of late Chl catabolites 

a. Isolation of Chl catabolites from the senescent leaves 

70 g (frozen weight) of yellow lima bean (Phaseolus lunatus) leaves were worked up. The leaves were 

frozen in liquid nitrogen and ground. 90 ml of MeOH were added to each sample, the mixture was 

filtrated with suction over a Buechner funnel. The filter cake was suspended in 90 ml MeOH and 

extracted, as before. This extraction was repeated four times (totally 450 ml). The juice was 

concentrated on a rotary evaporator to 50 ml. The residual mixture was diluted with 50 ml of water 

and 100 ml of potassium phosphate buffer 20 mM pH 7 (KPi). After centrifugation (6000 rpm, 2x10 

min) another 100 ml of water were added and the preparation was applied to a 5 g SepPak Vac C18 

cartridge, and desalted by washing with water (Moser et al. 2012). The adsorbed material was eluted 

with MeOH/water (80/20) and the solution was concentrated to a volume of 4 ml using a rotary 

evaporator (Banala et al. 2010). Further purification by semi-preparative HPLC gave crude samples of 

Pl-FCC-1 from both batches, which were desalted and concentrated over SepPak cartridges (as 

described above) and purified further by a second round of semi-preparative HPLC. A fraction 

containing Pl-FCC-1 was obtained that was again desalted on a SepPak cartridge (washed with water; 

eluted with MeOH/water 8/2). The solvents were evaporated in vacuo and a sample of 4.2 mg of Pl-

FCC-1 was obtained, which was used for recording UV, Fluorescence, CD and APCI mass spectra, as 

well as NMR spectra.  
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b. Isolation of Chl catabolites from the excretions of S. littoralis larvae 

Freshly collected regurgitate (3 ml) were diluted with 27 ml ultra pure water. The extraction was 

repeated four times and the combined mixture was filtered with suction over a Celite. The filter cake 

was suspended again in 50 ml of MeOH and filtered, as before. 6.9 g (fresh weight, younger than two 

days) water containing fresh and 9.4 g old frass (older than two days to 3 months) collected from the 

larvae reared on green lima bean were used for extraction. The extractions of old frass with 70 ml 

and fresh frass with 40 ml of MeOH- KPi mixture 5:2 (v/v) were stirred in the coldroom (4°C) under 

dim light for 4 h. 

The juice was concentrated on a rotary evaporator to 25 ml and evaporated under 25°C. The residual 

mixture was diluted with 50 ml of water and 100 ml of KPi and partitioned with n-Hexane (20) ml to 

remove unpolar Chlorins. After centrifugation (6000 rpm, 2x10 min) another 100 ml of water were 

added, the preparation was applied to a 5 g SepPak Vac C18 cartridge and desalted by washing with 

water. The adsorbed material was eluted with MeOH/water (80/20) and the solution was 

concentrated to a volume of 1 ml using a rotary evaporator. The extraction and further purification 

proceeded as described above. The solvents were evaporated in vacuo and a crude extract was 

analyzed by HPLC-UV-DAD-MS application.  

c. Extraction of DNA from the excretions of S. littoralis larvae 

To analyze changes in the microbial community between fresh feces and old feces, the culture 

independent method, based on bacterial 16s rRNA gene, was performed. Three replicates per sample 

were collected from a cohort of S. littoralis larvae maintained in the lab and subjected to DNA 

extraction as described previously (Shao et al. 2014). To confirm the quality of extracted DNA 

samples, the bacterial 16s rRNA gene was subjected to PCR detection using the general primer pair 

27f and 1492r. The successful amplifications were combined and subsequently sent to 454 

pyrosequencing.  Bacterial tag-encoded FLX amplicon pyrosequencing (bTEFAP) was performed by an 
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external service provider (Research & Testing Laboratories, TX, USA). Processing of the high-quality 

sequencing reads was performed using QIIME according to a standard protocol (Caporaso et al. 

2010). 

6.3. Results 

Chlorophyll catabolites in senescent lima bean leaves: In order to investigate the whole degradation 

pathway of Chl in the gut of insects, we used the comparative analysis of linear tetrapyrroles isolated 

from the senescent food plants and from insect gut fluid and frass. First, we analyzed the senescent 

leaves of lima bean and characterized two major primary fluorescent Chl catabolites (FCC). One of 

them was isolated for the first time from this species (Pl-FCC-5) and the other one was identified as a 

novel FCC structure (Pl-FCC-1) containing a glucose unit (Scheme 6-1).  

 

 

Scheme 6-1. The structure of Pl-FCC-1 isolated from the senescent leaves of lima bean (Phaseolus 

lunatus). The structure was elucidated by NMR spectra. The constitution of Pl-FCC-1 and assigned H 
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atoms with heteronuclear correlations (1H,13C HMBC) are shown. The spectra were measured at 600 

MHz in CD3OH. For the corresponding data with 1H,13C NMR see Table 6-1.  

The yellow senescent lima bean leaves extract was compared with excretions of S. littoralis, 

chromatographic profiles were detected by LC-UV/DAD-MS on the basis of their characteristic 

fluorescence and absorbance (Kräutler et al. 1991, Moser et al. 2008). The comparison of excretions 

with the senescent leaf extracts showed nothing characteristic (Figure 6-1). Therefore, we started to 

identify the major FCCs of the senescent leaves and to characterize their identical absorbance and 

MS-fragments by using spectral methods that might be useful as references for further indications.  

 

 

Figure 6-1 The TIC chromatogram of lima bean methanolic extracts. LC conditions: Column: Kinetex 

C18 150  4.6 mm. Mobile phase: water (0.1% TFA) – methanol (90:10, v/v). Flow rate 0.65 ml/min. 

UV-DAD detection at λ=320 nm. a) senescent leaves of lima bean b) regurgitate of S. littoralis c) old 

frass of S. littoralis. ◊- unidentified NCC types, - unidentified FCC types.  
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The LC-UV/DAD-MS studies of samples from senescent leaves and S. littoralis excretions provided 

evidence for the major Chl catabolite of FCCs, whose spectral characteristics provide information on 

fluorescent open-chain linear tetrapyrroles (Kräutler et al. 1991). The UV/Vis spectrum of Pl-FCC-1 

shows absorbance maxima at 316 and 358 nm. The long wave absorption maximum at 363 nm and 

the photoluminescence at 442 mn are due to a conjugated π system extending over the C and D rings 

of the structure (Scheme 6-1 and Figure 6-2) (Mühlecker et al. 1997).  

 

 

 

Figure 6-2 The two major FCCs in senescent lima bean leaves, Pl-FCC-1 and Pl-FCC-5, are hmFCCs and 

have similar UV/Vis spectra (A). The fluorescence (excitation at 350 nm) spectra (B) of the glucosyl-

carrying Pl-FCC-1 is similar with Pl-FCC-5 (dashed line); spectra of FCCs in MeOH  

 

These FCCs were used as references for the further MS fragmentation. Both structures were holding 

a number of epimers in the LC-MS analysis. The crude extract of senescent leaves contained 5 FCCs 

and 3 NCCs. We identified two of the major peaks, which were further used for comparison with 

polar extracts of frass and regurgitate of S. littoralis (Fig 6-1). Regarding retention time (tR) and the 
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mass spectral data, the old frass contained products similar to the two FCCs shown above. In 

contrast, in the regurgitate none of the characteristics feature was detected. This may indicate that 

light- and oxygen-dependent degradation did not occur in the gut (Tang et al. 2012, Badgaa et al. in 

press). APCI-MSn spectra of Pl-FCC-1 indicated pseudo-molecular ions [M+H]+ at m/z 807 (base peak), 

consistent with a molecular formula C41H50N4O13. Loss of a glucopyranosyl moiety [M-162]+ was 

observed at m/z 645 suggesting a tetrapyrrole-sugar moiety. A fragment at m/z 687 indicated loss of 

an A ring (Fig 6-3 and 4). The 1H NMR spectra (600 MHz) of Pl-FCC-1 and Pl-FCC-5, dissolved in 

CD3OH, showed each a set of characteristic signals of the tetrapyrrole moiety, among them signals at 

low field account for one formyl and one vinyl group, three singlets and one doublet of four methyl 

groups at high field, as well as a sharp singlet of the methyl ester group at 3.73 ppm (Fig 6-5). 

 

 

Figure 6-3 The LC-APCI-MS of Pl-FCC-1 eluting at the 44.72 min.  
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Figure 6-4 The Tandem spectra of Pl-FCC-1 at m/z 807.  

Further information of the constitution of Pl-FCC-1 and Pl-FCC-5 was gained from 2D-NMR 

spectroscopy, such as 1H, 1H COSY, 1H, 13C HSQC and HMBC spectra (Kessler et al. 1988, Griesinger 

and Ernst 1987). A sharp singlet peak of the acidic proton at C(132) was detected at 4.44 ppm without 

any H/D exchange. The longest wavelength in UV/Vis spectrum is very characteristic for FCCs 

showing an intense band at 316 nm and with a shoulder at 358 nm (Fig 6-2), that is also indicative for 

the presence of an α-formylpyrrole (Curty and Engel 1996). The UV/Vis and CD spectra of the less 

polar FCC, named Pl-FCC-5, were similar to those of the more polar analogues. HR-NSI-MS showed a 

molecular ion at m/z: 829.3268 [M+Na]+, appropriate for 807.3469 [C41H50N4O13+H]+ (calc. for 

[C41H50N4O13+H]+ 807.3447) which is consistent with the NMR data for the newly identified 31,32-

didehydro-82-hydroxy-132-(methoxycarbonyl)-173-(1’-ß-glucopyranosyl)-1,4,5,10,17,18,20,22-

octadhydro-4,5-seco-(22H)-phytoporphyrin.   
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Figure 6-5 The proton NMR spectrum of the compound Pl-FCC-1. 

Figure 6-6 The 1H-1H COSY spectrum of Pl-FCC-1. 
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Table 6-1: 1H- and 13C-NMR data of Pl-FCC-1 and Pl-FCC-5 in CD3OH. 

 

Pl-FCC-1  Pl-FCC-5 

No.  C H mult. JHH [Hz] C H mult. JHH [Hz] 

1 CH 58.6 4.58 dd 4.0/7.8  58.1 4.59 m - 

2 C 156.6 - - -  156.0 - - - 

2
1
 CH3 12.7 2.03 s -  12.1 2.03 s - 

3 C 129.3 - - -  129.3 - - - 

3
1
 CH 127.0 6.46 dd 11.7/17.9  126.8 6.46 dd 11.7/17.8 

3
2a 

3
2b

 
CH2 119.6 

5.36 
6.14 

dd 
dd 

2.3/11.7 
2.3/17.9 

 119.4 
5.37 
6.46 

dd 
dd 

2.0/11.7 
2.0/17.8 

4 C 175.0 - - -  175.3 - - - 

5 CH 178.1 9.36 s -  178.0 9.37 s - 

6 C 130.0 - - -  129.2 - - - 

 7 C 134.9 - - -  135.1 - - - 

7
1
 CH3 8.8 2.24 s -  8.6 2.24 s - 

8 C 121.5 - - -  121.0 - - - 

8
1
 CH2 28.0 2.63 dd 6.7/7.5  27.7 2.63 m - 

8
2
 CH2 62.8 3.51 m -  62.3 3.50 m - 

9 C 137.4 - - -  136.7 - - - 

10a 
10b 

CH2 23.5 
3.99 
4.03 

d 
d 

16.5 
16.5 

 75.2 4.01 
d 
d 

16.7 
16.7 

11 C 136.7 - - -  136.5 - - - 

12 C 112.7 - - -  112.8 - - - 

12
1
 CH3 9.1 2.16 s -  9.0 2.16 s - 

13 C 127.0 - - -  126.9 - - - 

13
1
 C 189.0 - - -  n.d. - - - 

13
2
 CH 61.4 4.44 s -  52.1 3.85 s - 

13
3
 C 170.7 - - -  170.6 - - - 

13
5
 C 53.1 3.73 s -  52.8 3.73 s - 

14 C 156.1 - - -  n.d. - - - 
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Table 6-1 (continued): 1H- and 13C-NMR data of Pl-FCC-1 and Pl-FCC-5 in CD3OH. 

 

Pl-FCC-1  Pl-FCC-5 

No.  C H mult. JHH [Hz] C H mult. JHH [Hz] 

15 C 115.6 - - -  129.9 - - - 

16 C 153.5 - - -  145.3 - - - 

17 CH 47.8 2.45 m -  47.6 2.41 m - 

17
1a

 
17

1b
 

CH2 28.5 
1.66 
1.96 

m 
m 

- 
- 

 28.7 
1.65 
1.93 

m 
m 

- 
- 

17
2a

 
17

2b
 

CH2 31.9 2.35 m -  31.3 2.27 m - 

17
3
 C 173.2 - - -  174.9 - - - 

17
5
 - - -  -  51.9 3.60 s - 

18 CH 51.9 2.68 ddd 1.9/7.3/15.6  51.7 2.65 m - 

18
1
 CH3 18.2 1.10 d 7.3  17.6 1.10 d 7.5 

19 C 186.3 - - -  186.5 - - - 

20a 
20b 

CH2 34.7 
2.60 
2.98 

dd 
dd 

7.8/17.2 
4.0/17.2 

 34.4 
2.62 
3.00 

m 
dd 

- 
4.0/16.8 

1’ CH 95.7 5.44 d 8.1  - - - - 

2’ CH 74.0 3.31 m   - - - - 

3’ CH 78.8 3.34 m   - - - - 

4’ CH 71.4 3.34 m   - - - - 

5’ CH 78.0 3.40 m   - - - - 

6’a 
6’b 

CH2 62.3 
3.66 
3.82 

m 
m 

  - - - - 
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Chlorophyll catabolites in the excretions of S. littoralis larvae: Abundant Chls and their pheo-

derivatives were detected in the digested products of the cotton leafworm (Spodoptera littoralis), 

suggesting an incomplete degradation pathway of these pigments in the insect gut.  Moreover, this 

phenomenon is also observed in many other Lepidopteran species, such as Spodoptera eridania, 

Helicoverpa armigera, Heliothis virescens and the tobacco hornworm (Manduca sexta) (Badgaa and 

Boland 2013, Badgaa et al. 2014). In order to understand the whole degradation pathway of Chl in 

the gut of insects, I analyzed the different type of excretions for linear tetrapyrroles. As shown in 

Figure 6-1, the insect gut regurgitate has almost no polar compounds detectable by LC-UV/DAD-MS; 

in contrast the frass material showing several peaks that resembled the spectral characteristics of 

linear tetrapyrroles found in senescent leaves, Pl-FCC-1 m/z 807 ([M+H]+) (Figure 6-3 and 4) and Pl-

FCC-5 m/z 659 ([M+H]+) (Appendix, Figure 14-3 and 4). Interestingly, only in the old frass (one month 

old) the compounds were detected. This result suggested that the oxygenolytic cleavage of 

tetrapyrroles can occur only with the presence of light and oxygen very likely in combination with yet 

uncharacterized enzymes which might be provided from microbes or plant enzymes that survived 

during their journey through the gut tubule. Using 16S rRNA data obtained by 454 pyrosequencing, 

we analysed the relative abundances of bacterial taxa in fresh frass and aged frass of S. littoralis to 

assess the bacterial population dynamics during the chlorophyll degradation process. The most 

abundant taxa, Enterococcus sp.  and Clostridium sp., were detected in both samples (Appendix, 

Table 14-1). And they largely increased in the old feces, suggesting that they still maintain metabolic 

activity. The tightly packaged feces, mainly consisted of broken plant material, supplied an anaerobic 

microenvironment for bacterial activity. And they potentially could participate in the Chl degradation 

process outside the insect host. 

6.4. Discussion 

The oxygenolytically opened linear tetrapyrroles were found to be identical in the frass of Egyptian 

Cotton Leafworm, S. littoralis, and in senescent food plants, Phaseolus lunatus. Ma and Dolphin 
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hypothesized that Chl would be degraded in non-basic (non-nucleophilic) and/or anaerobic 

conditions (Ma and Dolphin 1999). Since the dephytylated and demetallated catabolite Phe is still 

able to generate cell-toxic singlet oxygen by photo-activation (Kim et al. 2004), further degradation is 

accomplished by the Phe a oxygenase (PaO), which generates a red fluorescent Chl catabolite (RCC) 

by cleavage of the methene bridge between the A and B rings of the macrocyclic tetrapyrrole 

skeleton (Berghold et al. 2002). The latter are further processed primary to fluorescent Chl 

catabolites (FCCs) and then non-enzymatically to non-fluorescent Chl catabolites (NCCs).  

The degradation of Chl in the digestive tract of S. littoralis was addressed by analysis of regurgitate 

and fecal excretions for the late Chl catabolites. In senescent plants the Chls are degraded by two 

major steps namely early events and late events. We found inhibitory FCCs that feature the 

isomerization of FCCs to NCCs due to complex ester functions at the propionyl substituent also called 

typically ‘hyper-modified’ (hm) FCCs (Vergeiner et al. 2013).  In insects, almost nothing is known on 

Chl degradation at the late stages. In our previous work it was shown that certain Lepidopteran 

larvae possessed substantial amounts of the Chl catabolites Phe a/b and Pph a/b in their digestive 

products, but these compounds were not found in the fresh food plant leaves. Since the late Chl 

degradation products, such as FCCs and NCCs were neither found in the regurgitate nor in the fresh 

frass, insects appear to only degrade the Chl periphery. Insects obviously lack the factors in their gut 

that might promote further degradation due to be anoxic conditions. This occurs only after 

defecations due to the expose to air and the microbial community of the frass, which is changed 

dramatically (Tang et al. 2012) data shown in supporting material (Appendix 14-1). 
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7. Discussion 

The annual cycle of greening and degreening of plants is probably the most obvious sign of life on 

earth (Hendry et al. 1987). It is caused by the biosynthesis of over billion tons of Chls in spring and 

their degradation in fall. The biochemistry of Chl breakdown to linear tetrapyrroles has been 

accomplished in land plants (Hörtensteiner and Kräutler 2011), and partially degrades Chl in some 

marine organisms (Kashiyama et al. 2012); but it is largely unknown in terrestrial insects, which are 

elusively feeding on plants, with a pool of plant primary and secondary metabolites. In turn, insect 

herbivores have evolved counter-measures to detoxify, degrade, or breakdown those plant 

metabolites. In this thesis work, I pointed out results on Chl degradation in the gut of phytophagous 

insects that customarily eat only fresh plant material, means digesting the intact Chl that has high 

phototoxic capability (Hörtensteiner 2013).  

This work presents an example for Chl degradation pattern in various insect guts by using fresh lima 

bean leaves and several polyphagous and specialist Lepidopteran larvae. The results of this study 

establish that the overall degradation pathway of Chl in insect gut is comparable to the process 

present in higher plants at the early stage, i.e. to embody the intact porphyrin ring in the digestive 

system (Manuscript I, II, III and Unpublished data I).  

Here, I provide an overall discussion of these individual topics within a frame of the major thesis 

theme. 

7.1. Fate of Chl in the gut of Lepidopteran larvae (Manuscript I, II and unpublished data I) 

Chl is a unique compound found in all photosynthetic organisms such as plants, algae and bacteria. 

The fate of Chl in plants is well worked out and the disappearance of green pigment colours during 

the seasonal changes is characterized. But Chl degradation in grazing insects which digest green 

leaves is largely unknown. Chls are cyclic tetrapyrroles, porphyrin, which are linked via methine 

bridges and metallated in the centrum (Mg2+), having in addition a characteristic fifth ring and a long 
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side-chain isoprenoid alcohol group, e.g. phytol, farnesol etc. (Scheer 1991, Ma and Dolphin 1999). 

Depending on their substitution pattern Chls are distinguished into Chl a, b, c, d and the recently 

discovered f type (Chen et al. 2010).  

The Chl degradation in the insect gut, characterized by high pH and anaerobic conditions, 

demonstrated that breakdown herbivore into catabolites appear, that indicate a consistent 

degradation pathway of Chl as described in naturally senescing plants. However, while in senescing 

plants only Chl a derivatives have been found (Moser et al. 2009, Hörtensteiner and Kräutler 2011), 

degradation for both Chl a/b, were detected in Lepidopteran larvae (Manuscript I). Turning the Chl b 

to a is an initial degradation processed in plants by action of two enzymes, Chl b reductase (CBR) and 

7-hydroxymethyl Chl a reductase (HCAR) (Christ and Hörtensteiner 2014). In contrast, in the insect 

species studied here the breakdown of both Chl a/b, can be achieved, thereby generating precursors 

of the early steps degradation, like Phe a/b and Pph a/b (Manuscript I and II). 

 

 

 

Figure 7-1 TIC (LC-MS) Chromatogram of leaf extracts compared with the regurgitant and frass of S. 

littoralis larvae fed on fresh leaves  
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It is well known that demetalation precedes dephytylation during senescence (Hörtensteiner 2006). 

The release of Mg2+ occurs at slightly acidic pH (Saga and Tamiaki 2012). Interestingly, the 

Lepidopteran larval gut pH is around 8 to 9,5 (Funke et al. 2008) and,  hence, represents an 

unfavorable environment for this process. Mg-dechelation from Chlide to Phe is known to be 

achieved by a magnesium chelating substance (MCS) (Hörtensteiner 2013). It was assumed, that 

glutathione S-transferases isolated from plants (GSTs, EC 2.5.1.18) might have Mg-dechelatation 

activities in artificial substrate (Kunieda et al. 2005). Thus, the presence of different GSTs along with 

hydrolytic enzymes present in the insect gut (Feyereisen 1999) may account for the observed 

differences in the degradation profiles of the Lepidopteran caterpillars in this study, when compared 

to plants (Fig. 7-1).  

Since insects prefer to feed on young and fresh leaves, the ingested leave tissue does not possess the 

typical Chl degrading enzymes of the senescence program. Therefore all catabolic activities can be 

linked to processes and conditions in the insect gut. When we feed the larvae on artificial diet (AD) 

which is not containing typical plant leaf products such as enzymes etc., there were no Chl 

catabolites detected in the LC-MS analysis. However, the insect gut juice collected from the larvae 

fed on AD was able to cleave the Chl a into Pph a, via Chlide a and Phe a (Manuscript III, Fig. 3). 

Therefore, we discuss that insects have their own enzymes which removing the phytol side chain, 

and followed by demetallation and decarboxylation. None of the Chl catabolites Phe a/b and Pph a/b 

were found in the leave tissue (Fig. 7-1), except of Phy a, but all five moth and one butterfly (Aglais 

urticae) larvae (Manuscript II) possessed substantial amounts of Phe a and Pph a in both their regur-

gitate and frass. In the gut of S. littoralis even the Pph prevailed. On the contrary, in the regurgitate 

of specialist larvae of Manduca sexta feeding on leaves of N. attenuata, this compound was not 

abundant. Although both, the Spodoptora and Helicoverpa larvae fed on the same food plant (P. 

lunatus), there was no fixed ratio of Phe to Pph indicating that individual differences in the gut milieu 

govern the degradation of Chl in the two species. In fact, most reactions, namely the hydrolytic 

cleavage of the phytol side chain, the removal of the central magnesium ion, and the hydrolysis of 
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the ß-ketoester with subsequent spontaneous decarboxylation, can be achieved the alkaline gut pH 

(Funke et al. 2008) in combination with non-specific hydrolases and esterases present in the gut. On 

the other hand, the formation of pheophorbin a/b (Manuscript I, Fig. 2), which in vitro results from 

alkali treatment of Chl (Kunieda et al. 2005) was not observed among the degradation products in 

the regurgitate or frass of all studied insects. The different composition of the early Chl degradation 

products in the regurgitate or frass of the selected herbivores supports that in these insects, besides 

the high pH which is common to all of them, also specific enzymes may contribute to a certain extent 

to the degradation process (Manuscript I and II).  

HPLC-MS analysis showed that pheopigments were the major components in the frass and in the 

regurgitate, accompanied a tiny amount of their epimers. But, intact Chl, which is the ingested 

pigment detected by MS and 1H-NMR in excretions of most of Lepidopteran larvae appeared in trace 

amount in the regurgitant. The direct imaging of MALDI-ToF/MS, based on the ion intensity of Chls 

and catabolites, showed that Chl a/b in the longitudal section of the larvae of S. littoralis did not 

occur in the fore- and mid-gut segment, but apparently re-appeared in the hind-gut (Manuscript III, 

Fig. 2). In contrast, by profiling the degradation precursors, the pheopigments, were detected to fully 

occupy the whole gut tube (Manuscript III, Fig. 3).   

In order to identify the chemical structure of major Chl catabolites which were present in the 

regurgitate and frass extracts of S. littoralis, we performed the hyphenated HPLC-SPE-NMR combined 

with MS. These applications demonstrated several advantages of HPLC-SPE-NMR analysis of a 

complex matrix over conventional identification of organic small molecules. HPLC-SPE-NMR enables 

intense chromatographic separation, peak collection and sample acquisition to be controlled by 

software. Thus, one can avoid single compound isolation procedures that will come along with a 

potential loss of substance and low-abundance metabolites during the purification when they have a 

good separation in LC system. In addition to multiple SPE trapping, the special designed flow-cell 

probe, typically with a volume of 30 or 60 μl, resp., in HPLC-SPE-NMR significantly increases NMR 
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sensitivity. We obtained 1H NMR spectra of two major catabolites that were measured in the HPLC-

SPE-NMR mode. We could also detect signals in the aromatic region (Manuscript I), most likely 

caused by the pheopigments tetrapyrrole ring. Moreover, we observed proton signals in the range of 

3.86 and 6.27 ppm that could be attributed to the ester carbonyl group of Phe a, discriminating Pph a 

molecule at 132 position of the tetrapyrrole skeleton. The 1H NMR chemical shift differences gave 

evidence for the fact that conformational changes take place in the whole macrocycle when the 

epimerization at C132 occurs (Hynninen and Sievers 1981).  

Intact Chl a and b ratio in the insect excretion was similar to the plant content. The extent of 

conversion of Chl a and b to catabolic metabolites were reflects in the accumulation and Chl a was 

more extensively degraded. More interestingly, in planta, Chl degradation starts with conversion of 

Chl b to Chl a. Thus, only Chl a type of catabolites can be found in senescent leaves, but no b types. 

But in insect gut we were able to find most of b type catabolites. According to these results, only 

together with catabolites in the insect digestive tract we could conclude that the gut tubule is able to 

perform general patterns of Chl degradation, namely demetallation, hydrolytic catalysis and 

decarboxylation of the macrocyclic ring.  

Recent studies on the Chl degradation in land plants indicated a full conversion of Chl b to Chl a 

which is indicative of a first line of breakdown (Hörtensteiner and Kräutler 2011) but in algae also 

direct degradation is reported (Gossauer and Engel 1996) and was comparable degradation of Chl in 

the insect gut. Accordingly, the demetallated and dephytylated, and even decarboxylated catabolites 

of both Chl a and b are observed. However, all studied insect species might not have the same 

enzymes to convert Chl b to Chl a as algae have. During the fast digestion process insects might 

transform Chl a/b by CLH-like enzyme to remove the long side chain (Willstätter and Stoll 1911), by 

MCS-like enzymes to release Mg2+ (Schelbert et al. 2009), and/or by PPH-like enzymes to release Phe 

from Phy (Tanaka and Tanaka 2011, Shimoda et al. 2012) also possible in their gut. The early 

catabolites of Chl are qualitatively identical in all of the studied species, including the non-
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Lepidoteran leaf beetle larva (C. lapponica); only the quantitative composition may vary dependent 

on the enzymatic activities in the digestive tract (Liu et al. 2010). The absence of reductases is also 

indicated by a strongly alkaline gut pH (Funke et al. 2008) along with a negative redox potential as 

demonstrated for a number of Lepidopteran larvae (Appel and Martin 1990). 

In the deposited feces we can detect a number of chlorophyll catabolites resulting from enzymatic 

degradation of Chl a/b, especially highly accumulated Phy a. But time course studies of Chl a 

degradation in the gut fluid in the beginning did not show any Phy a but Chlide a that converts 

rapidly to Pph a in vitro (Manuscript III, Fig. 3). From this results, we observed that main degradation 

pattern starts with dephytylation and follows with demetallation generating Phe a, which 

immediately converts to Pph a. Whether or not such Chl catabolites related to the late steps of plant 

catabolism of Chl (Ougham et al. 2008) are really degraded further in deposited feces will be 

discussed in unpublished results session (7.3). 

I would like to emphasize also that ingested intact Chls were not detected in the regurgitate. This has 

caused us to conduct an in vitro assay for Chl-degradation with collected digestive fluid of the 

specialist M. sexta and the generalists S. littoralis and H. armigera (Manuscript I, Fig. 5 and III, Fig. 4). 

The bioassays were conducted with both, a plant leaf and an artificial diet fed larval regurgitate that 

has been shown to process a high capacity of Chl-degradation. All caterpillar species showed a 

significant decrease in Chl concentrations that was even more pronounced for the generalists. 

Furthermore, we fed a plant leaf diet containing the free Chls to larvae of all three species and 

observed a clear reduction in Chl concentrations. This suggests that the gut of insect is containing an 

active Chl degrading component, even though the mode of action remains elusive and will be 

discussed in a following paragraph (7.2). 
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7.2. Chl-binding and rapid breakdown in the gut of insects (Manuscript III) 

The observed spectrum of Chl metabolites in the insect gut can be attributed to the combined action 

of esterolytic gut enzymes and the strongly alkaline milieu in the digestive tract (Funke et al. 2008). 

Modification of Chl a to Pph a is a major degradation pathway (Manuscript III, Scheme 1) for 

Lepidopterans feeding on plant leaves.  

As we demonstrated, intact Chl was not much detected compared to the other catabolites in the gut 

fluid of the Lepidopteran larvae, as shown especially in Spodoptera littoralis on defined levels of Chl 

a/b, for comparison with other insects (Manuscript I and II).  

The rapid Chl-degradation capacity was observed in regurgitate of S. littoralis, which at the same 

time displayed an extensive degradation of Chl a/b. It is interesting to note that Chl a/b is rapidly 

degraded in the gut juice. On the contrary, free and intact Chl a/b were detected in the freshly 

deposited frass of S. littoralis. Since the regurgitate from larvae of S. littoralis, reared for two days on 

lima bean leaves, still keeps the efficiency to degrade externally added Chl, the degrading capacity of 

the gut protein(s) must be exceedingly high and the necessary proteins must be highly abundant 

(Manuscript III). Degradation of Chl, especially with respect to the removal of the phytyl side chain 

was analyzed in the presence of hydrophobic Bovine Serum Albumin (BSA) as aprotein control. There 

was no degradation of Chl in the BSA soln. suggesting specific mechanism in the gut. Preliminary 

studies indicate that the first line of degradation process is uptake of the phytyl side chain of Chl. 

Because of the low solubility, the phytol was glycosylated by Konigs-Knorr synthesis, mixed with 

regurgitate and used for the degradation assay that showed no degrading capacity after addition of 

intact Chl (Manuscript III, Fig. 5). This result suggested that overall degradation activity was 

depending on the long side chain of the Chl molecule and regurgitate was saturated with 

phytylglucose. In vitro assays demonstrated that Chl-degrading capacity was specific and pH 

dependent (Manuscript III). The biological relevance of this phenomenon is still unknown and is 

currently being evaluated. Furthermore the mystery of Chl disappearance in the gut juice is due to 
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the degradation of Chl. To test this, we tracked pigment changes in the alkali stock soln. with 

regurgitate mixed with intact Chl a to study degradation of pigments over long (24 h) time period. In 

particular, we wanted to figure out the dynamics of degradation of individual Chl catabolites. Intact 

Chl a was not anymore detectable and had similar dynamics in vanishing over time, as described. The 

rapid degradation of Chl to the catabolic metabolite Pph was detected through the time dependent 

kinetic in vitro study. In the case of individual pheopigments, our results show that these catabolites 

had different dynamics in the gut of the Lepidopteran larvae, also in copepods (Bustillos-Guzman et 

al. 2002), suggesting that lability of the Chl molecules or chemical conditions within the gut of the 

larvae may regulate this phenomenon. The rapid conversion of the more labile molecule of Chlide a 

to the more stable molecules of Phe a and Pph a (Scheer 1991) may maintain its low but intermittent 

concentration during the time course, or diverse mechanisms of conversion (enzymes, alkali pH) 

could be acting at different rates (Chen et al. 2007). Even an association of both factors is possible.  

The degradation of intact Chl molecule in the regurgitate encouraged us to move on proteomic 

analysis of the gut fluid. For Bombyx mori, Hayashiya et al. proposed that the Chlide, the prosthetic 

group of Chl binds to the macromolecule which interacts enormously in the insect gut (Hayashiya et 

al. 1968) and Mauchamp et al. achieved the interpretation of this interacting protein, namely Chlide 

a-binding proteins as polycalin (ChlBP), from the gut fluid (Mauchamp et al. 2006). Coincidentally, the 

initial breakdown of Chl can be caused by regurgitate dominant ChlBP protein, that releases the 

catabolic metabolites of Chl (Manuscript III).  

I identified a known protein, ChlBP, that is most likely GPI-anchored to the brush border membrane 

but also found in soluble form in the gut fluid of different Lepidoperan larval stages (Campbell et al. 

2008, Pauchet et al. 2008). ChlBP containing gut fluid was able to degrade Chl, instead of Chlide, 

found in the gut of S. littoralis. Furthermore, I looked into the various insect species whether this 

protein is well distributed. It has been found in most of Lepidopteran moths and butterfly larvae and 

also in spirotrichs ciliate species of protists (Swart et al. 2013). Almost all of Lepidopteran larvae have 
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genes encoding ChlBP, and can express different number of lipocalin domains that are found in their 

gut (Hayashiya 1978, Hosain et al. 2004, Mauchamp et al. 2006, Pauchet et al. 2009 Pandian et al. 

2010, Manuscript III). 

Here, I would like to emphasize that for the first time the interaction of the gut fluid of the 

Lepidopteran larvae with intact Chl and further degradation into early catabolites is described 

(Manuscript III). And, therefore its necessary to degrade Chl to Chlide making a biological active Chl 

catabolite-protein complexes (Hayashiya 1978, Hossain et al. 2004, Pandian et al. 2010). One of the 

major example would be the CBP has been found with multiple lipocalin domains, polycalin, in 

various species of Lepidopterans (Hossain et al. 2004, Angelucci et al. 2008, Campbell et al. 2008, 

Pauchet et al. 2009). Many biological assays described that interaction of Chlide with the binding 

protein show highly antiviral and antimicrobial effects, e.g. on polynucleihydrovirus or several 

bacterial species (Hayashiya 1978, Pandian et al. 2008, Pauchet et al. 2009). The protein complex due 

to its prosthetic group shows red fluorescence. The tetrapyrrolic moiety was suggested to be 

essential in the antiviral and antibacterial activity rather than a protein part of the complex (Pandian 

et al. 2008, Matti et al. 2009). Moreover, this protein-tetrapyrrolic complex was reported to bind 

strongly to Bacillus thuringensis Cry1A toxins (Hossain et al. 2004), thereby reducing toxicity, and it 

still has antimicrobial activity in B. mori (Pandian et al. 2008). The biological relevance of this fact 

needs to be addressed in further studies.  

The absence of intact Chl in the gut of S. littoralis is supported by larval longitudinal-section MALDI-

ToF-MS imaging. Visualization of the whole larval longitudinal-section of S. littoralis, reared on plant 

leaves, was performed by MALDI-ToF-MS imaging technique. According to the ion intensities of 

molecular ion of Chl and its catabolites the gut content was mapped. Positive-ion mode MALDI-

TOF/MS imaging illustrated Chl catabolites in the gut longitudinal-section. Mass images of Chl a (m/z 

893) with catabolites Phe a (m/z 593) and Pph a (m/z 535), are shown in Manuscript III. The 

disappearance of Chl molecule in the insect gut fluid was affirmed by following the ion intensity of 
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Chl a, which was partially present in the hindgut, but not in the fore- and mid-gut. Our previous work 

on the analysis of Chl catabolites in the digestive products demonstrated that Chl a molecule is not 

present in the foregut juice, which highly dominated by metabolites of the early Chl degradation that 

fits with this imaging.  

The ion image at m/z 593 and m/z 535 corresponding to removal of Mg2+ ion, dephytylated and 

decarboxylated Chl catabolites Phe a and Pph a, respectively, confirms this finding. Phe a and Pph a 

were dominant in the whole gut tubule. The ion image of Pph a (m/z 535 [M+H]+) shows an equally 

distribution in the whole gut (Manuscript III, Fig. 2). In conclusion, studying the distribution of Chls 

and Chl catabolites by MALDI-MS imaging was an appropriate technique for detecting the intense 

ions and allowed to localize Chl catabolites.  

The resulting image of the insect gut visualized that the whole gut is fully occupied with the green 

pigments, when exciting in the different UV range (Manuscript III, Fig. 6). We observed the brightest 

auto-fluorescence after feeding on the fresh plant leaves, and when we washed the gut over the 

time it lost intensity. We found that Chl-free food-reared insect gut had no auto-fluorescence, but 

after immersion into Chl a containing soln. the situation changed and the membrane gained auto-

fluorescence. Although the microscopic imaging revealed the gut of S. littoralis is covered by ChlBP, 

after enzymatic treatment with phospholipase C (PLC) this was significantly decreased as shown by 

following the auto-fluorescence. Our results suggest that the PLC treatment of the inner gut 

membrane cuts ChlBP which is linked to the wall via GPI anchor (the enzyme release the fluorophore 

cutting of the phosphate bound by hydrolyzes). The acquired data visualize that the GPI-anchored 

ChlBP is released from the gut wall membrane to the gut fluid (Manuscript III, Fig. 7).  

7.3. Chlorophyll degradation at the late steps: in plants and in insect frass (Unpublished data I)  

The possible opening phenomena of the macrocyclic tetrapyrrole in the digestive tract of insects will 

be addressed (Unpublished data I). During the plant senescence the phototoxic Chl macrocycle is 
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converted into open-chain tetrapyrroles, that have no longer photodynamic potential (Hörtensteiner 

and Kräutler 2011, Moser et al. 2012).  

Light absorption capacity of tetrapyrroles caused by electron conjugation within the pophyrin ring, 

generates nonphototoxic pFCC whenever it cleaved to linear tetrapyrroles (Hörtensteiner 2006, 

Grimm et al. 2006, Hörtensteiner and Kräutler 2011). The Chl a and Chl b degradation pathways 

consist of a series of enzymatic and non enzymatic reactions in the cell (Hörtensteiner 2006) and up 

to now only those with Chl catabolites that have a chromophore absorbing the ultra-violet/visible 

light are known (Djapic 2013). The late Chl catabolism begins with the oxygenolytic ring cleavage of 

the Phe a, which is the precursor of early degradation. Opening of the tetrapyrrolic macrocycle of 

Phe a by the Phe a Oxygenase (PaO) and the subsequent tautomerization induces the loss of 

fluorescence, and the non-fluorescent Chl catabolites (NCCs), typical end products of Chl degradation 

are formed (Mühlecker et al. 1997, Hörtensteiner and Kräutler 2011, Djapic 2013, Christ and 

Hörtensteiner 2014).  

Although the late steps of Chl degradation leading to linear tetrapyrroles occur in the vacuole, they 

are initiated by light and the presence of oxygen. In old plants it occurs during cell disruption, but in 

the gut of insects, probably due to the absence of oxygen and light this degradation does not 

(Manuscript III, Scheme1 and Fig. 1). Since late the Chl degradation products in plants, linear 

tetrapyrroles such as pFCCs and NCCs require specific enzymes (Berghold et al. 2002) and the 

presence of oxygen, the digestive system of insects facilitates only the early steps of Chl degradation. 

Recent studies on the gut microbiota of S. littoralis indicated a large dominance of anaerobic 

Clostridia in their gut lumen which are indicative of an almost complete absence of oxygen (Tang et 

al. 2012). Accordingly, the oxidative cleavage of the tetrapyrrole core of Chl a/b is not observed and, 

hence, the early catabolites of Chl are qualitatively identical in all of the studied frass types, including 

the gut fluid; only the quantitative composition varies dependent on the enzymatic activities in the 

digestive tract.  



D i s c u s s i o n    96 

 

In order to understand the full catabolic pathway of Chl in insects we compared the polar extraction 

of the frass and regurgitate with linear Chl catabolites isolated from the senescent food plants 

(Kräutler et al. 2002). We detected seven linear Chl catabolites in the senescent leaves by their 

characteristic UV (Kräutler and Matile 1999) and mass fragmentation (Kräutler et al. 1992, Bale et al. 

2010) and two major pFCCs were elucidated by hyphenated HPLC-SPE-NMR combined with MS, in 

order to avoid potential loss of low-abundance catabolites.  

We identified two pFCCs from the senescent leaf extracts of Phaseolus lunatus (Pl), and the structure 

of one pFCC with substitution at 82 position (Pl-FCC-5), and one glycosylated pFCCs (Pl-FCC-1) 

attached to the critical propionate with its primary 6’-OH-group (Unpublished data I, Scheme 6-1). 

We could also detected large NMR signals for the anomeric proton, in case of the pFCC residues of O-

glycosides as compared with a non-glycosylated catabolite Pl-FCC-5 (Unpublished data I, Table 6-1). 

Theses pFCCs were used for comparison of plant degraded and insect digested late Chl catabolites 

profiled by LC-MS. According to the modifications there, I analyzed two types of frass of S. littoralis, 

freshly excreted and one week old.  

After deposition of the feces the situation changes dramatically. In the presence of oxygen, anaerobic 

bacteria are killed immediately and other species, which are able to utilize oxygen become dominant 

(e.g. Pseudomonas spp.) (Unpublished data I, Appendix, Table 14-1). Alternatively, also stable plant 

proteins surviving decompositon in the insect gut (Chen et al., 2007), could achieve such ring-

cleavage reactions. Accordingly, only in the deposited feces we can expect linear chlorophyll 

catabolites resulting from oxidative cleavage of Chl a/b. Not surprisingly, we found traces of 

senescent leaves pFCC only in aged frass, but not in the freshly deposited frass (Unpublished data I, 

Fig. 6-1). Whether or not such linear RCCs, pFCCs and NCCs, resembling the late steps of plant Chl 

catabolism (Ougham et al. 2008), were really oxidized during the ageing in deposited feces remains 

to be established. As described in previous articles, oxygenolytic cleaveage would not succeed 

without specific enzymes associated with the presence of oxygen and light. The insect gut is 
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characterized by lack of oxygen and light and associated with anaerobic microorganisms that occur 

on the gut in interior. This prompted us to postulate that living insect gut would not allow the 

porphyrin ring to cleave oxygenolytically. Only in the deposited frass an oxidation, with or without 

help of survived plant enzymes might be involved (Chen et al. 2007). 

7.4. Concluding remarks 

This study provides some important and new findings in the field of metabolic degradation of Chl in 

insects. Here, the major degradation catabolites of Chl of different insect species including generalist 

and specialists were investigated. In insects, Chl degrades only to Pph, but not to the linear 

catabolites. That was concluded because intact macrocyclic tetrapyrrole ring has been found in the 

gut fluid and in the frass of all studied species, and pheo-pigments were the major products of Chl 

breakdown. 

We have demonstrated that frass and regurgitate extracts of Lepidopteran larvae contain both Chl a 

and b-derived compounds, such as Phy a/b, Chlide a/b, Phe a/b and Pph a/b, representing 

catabolites appearing during digestion. The disappearance of ingested Chl in the gut fluid has been 

explained by Chl-dgeradation, that have enormous capacity of Chl-dgeradation dependent on specific 

pH at 9.5 and binds the long phytol side chain of Chl structure. The peritrophic membrane of S. 

littoralis is covered by Chls linked via ChlBP, which is anchored by a GPI to the gut wall. This protein 

also initiates the degradation of Chl into pheopigments. In contrast to the very first degradation of 

Chl b conversion to Chl a in plants, not necessary in the large amount of Chls catalyzed by 

herbivorous insects that convert both to the pheopigments.  
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Scheme 7-1. Postulated degradation pathway of chlorophyll in insects compared with common 

pattern of higher plants. Dashed line indicates the border of early and late events of Chl degradation. 

NOTE: in plants Chl b is first converted to Chl a (Grimm et al. 2006, Hörtensteiner and Kräutler 2011). 

In contrast, insects can degrade both type, Chl a and Chl b.  
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8. Future perspectives 

Chlorophyll (Chl) degradation and distribution in the gut of the destructive generalist insect, S. 

littoralis, was investigated in my study. Moreover, the identification of Chl catabolites in the digestive 

products of several Lepidopteran larvae was performed by a series of analytical techniques and the 

main catabolic pattern of Chl degradation was proposed.  

Considering the fact that the entire pathway of Chl breakdown in the gut of insects is not well 

understood, the obtained results clearly promote profound knowledge of degradation pathway. 

Following a logical series of analysis, the studies helped the identification of the Chl catabolites and 

Chl distribution in the gut tubule. However, at this point, it is still unknown whether or not there is a 

ChlBP able to breakdown intact Chl molecules and having both ecological and biological relevance.  

The huge number of Chl molecules in the gut of herbivorous S. littoralis generates large amount of 

catabolites. However, a putative benefit provided to the insects has to be examined. As presented in 

the results, Chl breakdown in the gut of insects generates catabolic precursors of early degradation. 

Unraveling the further degradation pathway of Chl in the gut of insects in supporting biological active 

catabolite e.g. photosensitziers and/or antiviral agents, is an area of considerable interest. How does 

the insect perform/handle in the basic and/or anaerobic environment the series of catabolic 

reactions of Chl? Whether or not the ChlBP involves in the catalyse demetallation and hydroxylation, 

even the decarboxylation occurring in the gut of insects performed only via interaction merits further 

research.   

As plant Glutathione S-transferase (GSTs, EC 2.5.1.18) is assumed to have Mg-dechelatation activities 

(Kunieda et al. 2005) the presence of different GSTs along with hydrolytic enzymes present in the gut 

may account for the observed differences in the degradation profiles of the Lepidopteran 

caterpillars. In our results, the frass was highly enriched with Mg2+ free metabolites, that 

accumulated during digestion, because of fresh food plants has shown only Chl a/b and the Phy a in 
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the extract (Manuscript I and II).    

Due to the loss of the long phytol chain the catabolites become more polar and easy to carry in the 

gut fluid, therefore they might accumulate in the regurgitant involved in defense. Those early 

degradation products are dominant in the insect digestive tracts. But it is still an open question, 

whether they have deterrent effect to natural predators, or whether they are generated 

continuously in the gut.  

Moreover, the investigation of the novel glucosylated and other FCCs observed with LC-MS/MS and 

online UV data in the frass extracts of the S. littoralis larvae has to be continued for structural 

alignment of NMR data. Because of the similarity of the frass FCCs with isolated Pl-FCC-1 and Pl-FCC-

5 from the plants one should also confirm the structures by spectral methods to prove oxygenolytic 

opening of the macrocyclic ring really happen after defecations. For this purpose, structural 

elucidation of chromatographically purified analytes is necessary. Additionally, the study of the origin 

of the linear tetrapyrroles that were discovered in the frass needs to be done. Therefore, microbial 

feces inhabitants that might be responsible for oxygenolytic cleavage should be studied.  

To investigate the impact of the identified ChlBP mechanism on Chl-degradation processes is highly 

important in order to characterize lipocalins in other insect families as well as in mammalian. The 

biochemical characterization of ChlBP is currently under investigation. According to the huge 

molecular weight (252 kDa for the tetramer) of this protein, the heterologous expression is not well 

working with full lengths. If it is possible to express sufficient amount of ChlBP, it might shed light on 

the regulatory mechanism of Chl degradation in the gut of insects at the first line. First results show 

that some lipocalin domains, expressed on the insect cell line, also bind to intact Chl molecule. This 

has to be continued.   

As we showed in the Manuscript III, the Chl interaction with regurgitate obtains clear binding and 

rapid degradation of Chl, generating immediately the breakdown intermediates over the time 
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course. To check whether this CBP do a series of catalysis along or there are other regulators/co-

factors associating in this process is needed to be done next.  

Our current knowledge on Chl metabolites and their quantitative composition as well as their 

biological functions is highly scattered. Basically, the fate of Chls in the mammalian, even in the 

human body, remains uninvestigated (Ma and Dolphin 1999, Thomas et al. 2002).  

After all, for a final pattern of Chl degradation pathway, all mentioned observations have to be 

investigated in more detail. But taking these results into account and comparing them with the 

analysis of the expressed protein interactions, the findings will certainly increase the knowledge of 

the biochemistry of Chl degradation in the gut of insects. 
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9. Summary 

Insects are the most species-rich group of Animala on earth and they are able to digest a high 

number of different plant metabolites, among them the chlorophylls, which are one of the largest 

share. It is established that some billion tons of Chls are degraded every year on earth. 

Simultaneously, Chl degradation is a complex phenomenon occurring in the gut of feeding insects. 

This study was conducted for the purpose to determine the degradation pathway of Chl in different 

segments of the gut of herbivorous insects belonging to the Lepidopteran family. Established 

methods of research were utilized and high sensitive analytical techniques were employed for 

gathering data, in order to better understand the degradation mechanism that exists in the gut of 

insects. The Chl catabolites were isolated and purified by using chromatographic methods (TLC, 

Column Chromatography, SPE and HPLC) and the structural analysis achieved by several analytical 

and spectral imaging techniques (LC-MS/MS, MALDI-ToF-MS, LC-SPE-NMR, UV spectra and 

Fluorescence microscopy).  

The thesis is broadly divided into three sections. Section I focuses on early events of the Chl 

breakdown in the gut of generalist and specialist Lepidopteran larvae, that might resemble the Chl 

degradation pathway in insects. Chlide and Pheo-pigments were only found in samples obtained 

from insect digestive tract but not in green leaves of the lima bean (Phaseolus lunatus L.). In contrast, 

the presence of qualitatively similar Chl catabolites suggests that in the gut of all studied 

Lepidopteran moth larvae (Spodoptera littoralis, S. eridania, Heliothis virescens, Helicoverpa 

armigera, Manduca sexta and Aglais urtica) and a specialist leaf beetle (Chrysomela lapponica), the 

degradation pathway in principle is comparable to higher plants (for example, Mg2+ ion loss, phytol 

side-chain removal, and generation of decarboxylated (pyro)pheo-pigment derivatives). Interestingly, 

substantial amounts of Chls were found to apparently disappear. This occurred only in the mid-gut, 

but not in the frass and not in heat-inactivated digestive fluids suggesting non-covalent binding 

and/or rapid degradation of Chl with proteins (Section II). As the target for Chl-
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disappearance/degradation I identified a lipocalin-type protein from the gut juice of S. littoralis, by a 

combination of stringent database searching, nanoLC-MS/MS spectra, and homology-based de novo 

sequencing approach (MS-BLAST). Such a protein was previously reported as the chlide-a-binding 

protein from in the silkworm Bombyx mori. Due to its anti-viral and antibacterial properties, this 

protein is widely distributed in other Lepidopteran species such as tobacco hornworm (M. sexta), 

armyworm (H. armigera), the Monarch butterfly (Danaus plexippus) and was also found in genome 

data of ciliated protozoa (Oxytricha trifallax). In addition, this section visualizes the distribution of 

Chls and catabolites in insect slices using their characteristic auto-fluorescence; molecular ion signals 

using several imaging techniques obtained the localization of ChlBP on the gut wall of S. littoralis. 

Section III demonstrates the inability of the insect gut to contribute to the late degradation processes 

of an ingested macrocyclic Chl because of lacking both, oxygen and light. First, for the purpose of 

references, I analyzed the open tetrapyrroles of lima bean leaves, which are generated during the 

senescence in plants where cell death promotes the macrocyclic Chlorin ring to be oxidatively 

opened to linear tetrapyrroles. I also analyzed the linear tetrapyrroles in the extracts of freshly 

collected regurgitate and frass of the insect S. littoralis.  

The major linear tetrapyrroles were determined by their spectral means, in particular by use of HPLC-

SPE-NMR analysis. Except of pheophytin a, none of the typical degradation compounds were 

detected in fresh leaves but five primary fluorescent chlorophyll catabolites (FCCs) and two non-

colourless chlorophyll catabolites (NCCs) were detected in senescent leaves of Phaseolus lunatus. 

Among them the two major FCCs were characterized for their chemical structures and determined as 

a novel glycosylated FCC and one known structure. Interestingly, I found the same FCCs traces in old 

frass, which was characterized by LC-MS and UV spectra. This might be connected to oxidative 

enzymes provided by plant origin and/or microbial production after exposing to the air. The observed 

spectrum of Chl metabolites in the insect gut can be attributed to the combined action of esterolytic 

enzymes and the strongly alkaline milieu in the digestive tract. Here I argue that Chl breakdown stops 
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in insect gut due to the lack of oxygen and light. After defecation, an oxidative degradation of Chl 

metabolites might be further processed by bacteria, so that finally ring opening of the macrocycles at 

the late stage may occur in pathways comparable to plants (Scheme 9-1).  

 

Scheme 9-1. Postulated degradation pathway of chlorophyll in insects compared with common 

pattern of higher plants. Dashed line indicates the border of early and late events of Chl degradation. 

NOTE: In plants Chl b is first converted to Chl a (Grimm et al. 2006, Hörtensteiner and Kräutler 2011). 

In contrast, insects can degrade both types, Chl a and Chl b.  
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Zusammenfassung 

Insekten sind die artenreichste Gruppe der Animalia auf der Erde, und sie sind in der Lage, eine große 

Anzahl verschiedener pflanzlicher Metaboliten zu verdauen, darunter Chlorophyll (Chl), das einen 

wesentlichen Anteil stellt. Es wird geschätzt, dass jedes Jahr etwa eine Milliarde Tonne Chl auf- und 

abgebaut wird. Gleichzeitig ist der Chl Abbau ein komplexes Phänomen, das auch im Darm von Blatt-

konsumenten, darunter natürlich auch Insekten stattfindet. 

Die vorliegende Untersuchung wurde durchgeführt, um den Abbauweg von Chl in verschiedenen 

Abschnitten des Darms pflanzenfressender Insekten aus der Familie der Lepidopteren zu studieren. 

Um die Chl Abbaumechanismen im Insektendarm zu verstehen und zu dokumentieren, wurden 

etablierte Untersuchungsmethoden und hochsensitive analytische Techniken verwendet. Chl 

Metaboliten wurden durch chromatographische Methoden (DC, Säulenchromatographie, SPE und 

HPLC) gereinigt und isoliert. Durch eine Reihe analytischer und spektroskopischer Imaging Techniken 

(LC-MS/MS, MALDI-TOF-MS, LC-SPE-NMR, UV-Spektren und Fluoreszensmikroskopie) konnten 

Strukturinformationen erhalten werden.  

Die Doktorarbeit ist in drei Abschnitte unterteilt. Sektion I beschäftigt sich mit den frühen Schritten 

des Chl-Abbau im Darm von Generalisten und Spezialisten larvaler Lepidopteren. Sie sind typische 

und weitverbreitete Vertreter für das Studium des Chl Abbau. Chlide und Pheo-Pigmente wurden nur 

im Insektendarm gefunden, nie in Proben grüner Blätter der Futterpflanze (z.B. Limabohnen 

(Phaseolus lunatus L.)), obwohl die Aufarbeitungsmethoden dieselben waren. Im Gegensatz dazu 

lässt die Präsenz von praktisch identischen Chl Kataboliten vermuten, dass im Darm aller untersuch-

ten Lepidopteren Larven (Spodoptera littoralis, S. eridania, Heliothis virescens, Helicoverpa armigera, 

Manduca sexta und Aglais urtica) und eines spezialisierten Blattkäfers (Chrysomela lapponica) ein 

Abbauprozess stattfindet, der im Prinzip dem der höheren Pflanzen ähnelt (z.B. der Verlust des Mg2+ 

Ions, der Phytol-Seitenkette und der Generierung von decarboxylierten (pyro)pheo-

Pigmentderivaten. Interessanterweise wurde ein Verschwinden bzw. Maskieren substanzieller 
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Mengen von Chl beobachtet. Dies galt besonders für den Mitteldarm, nicht aber für Ausscheidungen 

oder hitzeinaktivierte Verdauungssäfte, was eine nicht-kovalente Bindung an und/oder einen 

schnellen Abbau des Chl durch Proteine mit gleichzeitiger Bindung der Produkte vermuten lässt 

(Sektion II). Durch eine Kombination von Datenbanksuche, nanoLC-MS/MS Spektren und  Homologie-

basierter de novo Sequenzierung (MS-BLAST) konnte ich für das Verschwinden/Abbau des Chl ein 

Lipocalin-Typ Protein aus dem Darmsaft von S. littoralis identifizieren. Ein solches Protein wurde 

bereits als „Chlide-a-bindendes Protein“ für die Seidenraupe, Bombyx mori, beschrieben. Aufgrund 

seiner antiviralen und antibakteriellen Eigenschaften ist dieses Protein innerhalb der Lepidopteren 

weit verbreitet, so in M. sexta, H. armigera und dem Monarchfalter (Danaus plexippus); es wurde 

sogar in den Genomdaten des Protisten Oxytricha trifallax gefunden. Darüber hinaus wird in Sektion I 

die Verteilung von Chl und Kataboliten in Schnitten von Insekten gezeigt, wofür die charakteristische 

Autofluoreszenz der Verbindungen genutzt wurde. Mit dieser Technik gelang die Lokalisierung des 

Chl Bindeproteins an der Darmwand von S. littoralis.  Die Verteilung von Metaboliten des Chl im 

Darm konnte durch MALDI-TOF Imaging Techniken sichtbar gemacht werden. 

Sektion III zeigt, dass der Insektendarm nicht zu den späten Abbauprozessen des makrozyklischen Chl 

beiträgt, da Sauerstoff und Licht fehlen. Um Referenzen zu bekommen, habe ich ring-geöffnete 

Tetrapyrrole aus Blättern der Limabohne analysiert, die während der Seneszenz in der Pflanze 

gebildet werden; hier fördert der Zelltod die oxydative Öffnung des makrozyklischen Chlorin-ings zu 

offenen Tetrapyrrolen. Ich habe darüber hinaus auch die linearen Tetrapyrrole in Extrakten von frisch 

gesammelten Regurgitaten und in Ausscheidungen von S. littoralis Larven untersucht. 

Die dominierenden linearen Tetrapyrrole wurden aufgrund ihrer spektralen Eigenschaften bestimmt, 

insbesondere durch HPLC-SPE-NMR Analyse. Mit Ausnahme von Pheophytin a wurden keine 

typischen Abbauprodukte in frischen Blättern gefunden, aber in seneszenten Blättern der Limabohne 

fünf fluoreszierende Chl Katabolite (FCCs) und zwei nicht fluoreszierende Chlorophyll Katabolite 

(NCCs) i Von denen wurden die beiden FCCs bezüglich ihrer chemischen Strukturen charakterisiert, 
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und ein bis dahin unbekanntes, glykosiliertes FCC gefunden. Interessanterweise habe ich dieselben 

FCCs in alten fäkalen Ausscheidungen gefunden, wie durch LC-MS und UV Spektren gezeigt wurde. 

Das mag mit oxydativen Enzymen zusammenhängen, die pflanzlichen Ursprungs sein können 

und/oder mit mikrobiellen Prozessen nach der Exposition der Ausscheidungen an Luftsauerstoff. Die 

beobachtete Verteilung von Chl Metaboliten im Insektendarm kann man auf kombinierte Prozesse 

von esterolytischen Enzymen und das stark alkalische Milieu im Insektendarm zurückführen. Ich 

argumentiere damit, dass Chl Abbau im Insektendarm aufgrund von fehlendem Sauerstoff und Licht 

endet. Erst nach dem Ausscheiden kann dann ein oxydativer Abbau durch Bakterien stattfinden, so 

dass schlussendlich eine Ringöffnung des Makrozyklus durch Prozesse erfolgt, die den pflanzlichen 

Abbauprozessen gleichen (Schema 9-1).  
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14. Appendix 

 

14.1. Unpublished data 

Characterization data of isolated two FCCs 

Pl-FCC-1: Light yellowish; CD (c 0.25 mM, MeOH); UV/Vis (c 12.4 µM, MeOH) λmax (log ε) 218 (2.49), 

269 (1.85, sh), 316 (2.16), 358 (1.62) nm; for 13C NMR and 1H NMR spectroscopic data, see Table 1; 

APCI-MS m/z (rel. abundance)=807.24 (100, [M+H]+), 775.18 (16, [M-CH3OH+H]+), 687.1 (39), 645.06 

(94, [M-C6H10O6+H]+); HR-NSI-MS m/z: 829.3268 [M+Na]+, 807.3469 [C41H50N4O13+H]+ (calc. for 

[C41H50N4O13+H]+ 807.3447). 

Pl-FCC-5: Light yellowish; CD (c 0.25 mM, MeOH); UV/Vis (c 30.3 µM, MeOH) λmax (log ε) 262 (0.20, 

sh), 316 (0.23), 359 (0.16) nm; for 13C NMR and 1H NMR spectroscopic data, see Table 1; APCI-MS m/z 

(rel. abundance)=659.24 (100, [M+H]+), MS/MS at 659.24 (3, [M+H]+), 627.1 (20, [M-CH3OH+H]+), 

537.01 (5, [M-C7H8NO+H]+), 506.06 (94, [M-C8H10NO2+H]+), 494.06 (46, [M-C9H12NO2-H]+); HR-NSI-MS 

m/z: 659.3079 [C41H50N4O13+H]+ (calc. for [C41H50N4O13+H]+ 659.3075).  
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Figure 14-1 The proton NMR spectrum of the compound Pl-FCC-5. 

Figure 14-2 The 1H-1H COSY spectrum of Pl-FCC-5. 
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Figure 14-3 The LC-APCI-MS of Pl-FCC-5 eluting at the 53.83 min.  

 

 

 

Figure 14-4 The Tandem spectra of Pl-FCC-5 at m/z 659.  
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Figure 14-5 The Tandem MS3 spectra of Pl-FCC-5 at m/z 659.  
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Table 14-1 Microbial community of fresh and aged frass of the S. littoralis larvae fed on lima bean 

leaves 

 

 

 

Consensus Lineage 
 

New 
feces 

Old 
feces 

Root;k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales
;f__Enterococcaceae Enterococcus 50,87 63,15 
Root;k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridial
es Clostridium 15,17 27,02 
Root;k__Bacteria;p__Proteobacteria;c__Gammaproteobacte
ria;o__Enterobacteriales;f__Enterobacteriaceae Citrobacter  10,08 1,96 
Root;k__Bacteria;p__Firmicutes;c__Bacilli;o__Haloplasmatal
es;f__Haloplasmataceae Haloplasma  0,82 1,38 
Root;k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__A
ctinomycetales;f__Micrococcaceae Micrococcus  1,62 0,87 
Root;k__Bacteria;p__Proteobacteria;c__Gammaproteobacte
ria;o__Pseudomonadales;f__Moraxellaceae Acinetobacter 4,66 0,86 
Root;k__Bacteria;p__Proteobacteria;c__Alphaproteobacteri
a;o__Caulobacterales;f__Caulobacteraceae Caulobacteraceae 0,25 0,21 
Root;k__Bacteria;p__Proteobacteria;c__Gammaproteobacte
ria;o__Enterobacteriales;f__Enterobacteriaceae Enterobacter 3,91 0,16 
Root;k__Bacteria;p__Proteobacteria;c__Alphaproteobacteri
a;o__Sphingomonadales;f__Sphingomonadaceae Sphingomonadaceae 0,07 0,15 
Root;k__Bacteria;p__Proteobacteria;c__Gammaproteobacte
ria;o__Xanthomonadales;f__Xanthomonadaceae Stenotrophomonas 2,07 0,08 
Root;k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__A
ctinomycetales;f__Microbacteriaceae Microbacterium 1,23 0,07 
Root;k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;
o__Burkholderiales;f__Comamonadaceae Comamonadaceae 0,32 0,07 
Root;k__Bacteria;p__Proteobacteria;c__Alphaproteobacteri
a;o__Rhizobiales;f__Brucellaceae Ochrobactrum 1,69 0 
Root;k__Bacteria;p__Bacteroidetes;c__Sphingobacteria;o__
Sphingobacteriales;f__Sphingobacteriaceae Sphingobacterium 1,77 0 
Root;k__Bacteria;p__Bacteroidetes;c__Flavobacteria;o__Fla
vobacteriales;f__Flavobacteriaceae Flavobacterium 1,07 0 
Root;k__Bacteria;p__Proteobacteria;c__Alphaproteobacteri
a;o__Rhizobiales;f__Rhizobiaceae Agrobacterium 

0,31967
1195 0 

Root;k__Bacteria;p__Proteobacteria;c__Alphaproteobacteri
a;o__Rhodobacterales;f__Rhodobacteraceae Ketogulonicigenium 1,07 0 
Root;k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__A
ctinomycetales;f__Beutenbergiaceae Beutenbergiaceae 0,87 0 

 
Other bacteria 2,14 4,02 
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