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Abstract 

 

Abstract 

The deposition of atmospheric nitrogen is now recognized as a major driver of 

biodiversity changes at mid to high latitudes.  It has previously been shown that 

regional variations in wet nitrogen deposition in the British Isles are reflected in 

broad targeted chemical parameters in the common heathland lichen Cladonia 

portentosa.  A more detail analysis of alterations in the metabolic pathways in 

Cladonia portentosa collected from different locations within the UK was 

undertaken by applying the environmental metabolomics approach.  Fourier 

transform infrared spectroscopy (FTIR) and liquid chromatography mass 

spectrometry (LC-MS) were applied in combination with principal component 

analysis (PCA) and partial least squares regression analysis (PLSR).  The latter 

statistical method was used to correlate measured variables with modelled 

atmospheric data including wet nitrogen deposition, nitrogen concentration and 

precipitation.  While FTIR in combination with PCA and PLSR revealed signatures 

of broad metabolic classes, LC-MS in combination with PCA and PLSR allowed the 

identification of betaine lipids (BL) as potential biomarkers of nitrogen enrichment.  

A compound tentatively identified as monoacylglycerol-(N,N,N trimethyl)-

homoserine (MGTS) showed the strongest positive relation to increasing wet 

nitrogen deposition regimes and consequent phosphorus deficiency.  In contrast, the 

structurally related phosphatidylcholine containing a C18:2 ester showed the 

opposite trend in natural populations of C. portentosa.  Results obtained for C. 

portentosa collected from the N manipulation site Whim Moss indicated that 

ammonium is causal for the increase of two of the identified betaine lipids in natural 

populations in C. portentosa.  Betaine lipids as well as the phosphatidylcholine 

biomarker could potentially be used to monitor nitrogen regimes and resulting 

phosphorus limitation on the lichen C. portentosa.  The approach used for this study 

represented an effective integration of the complementary analytical techniques of 

FTIR and LC-MS in combination with multivariate statistical tools for environmental 

metabolomic studies. 

 

Keywords: N-pollution, Lichen, Environmental Metabolomics, FTIR, LC-MS, 

Multivariate Statistics.



 

 

“Die Naturwissenschaft braucht der Mensch zum Erkennen, den Glauben 

zum Handeln. “ 

 

Max Planck (1858-1947) 
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1 General Introduction 

1.1 The environmental issue of nitrogen pollution 

The nitrogen cycle is one of the most important nutrient cycles in terrestrial and 

aquatic ecosystems.  It has been subjected to drastic perturbations during the last 

century due to rapid increase of nitrogen emissions since the onset of agricultural and 

industrial revolutions (Cowling et al., 2002; Fowler et al., 2004; Galloway, 1998; 

Gruber and Galloway, 2008).  Nitrogen emitted to the atmosphere from fossil fuel 

combustion and agricultural activities exceeds the nitrogen emitted by natural 

processes by almost a factor of two (Galloway, 1998).  In the British Isles, the 

majority of pollutant nitrogen emitted into the atmosphere is in form of ammonia 

(NH3; Pitcairn et al., 1998), where most of it is converted into ammonium (NH4
+; 

NEGTAP, 2001).  Ammonia release is attributed to intensive agricultural practices 

(Fowler et al., 1998a; Fowler et al., 1998b).  Nitrate (NO3
-) emissions in contrast are 

released to the atmosphere as nitric oxides (NO) and derived from fossil fuel 

combustion (Oliver et al., 1998).  Traffic, on the other hand contributes to both 

ammonium and nitrate emissions (Gadson and Power, 2009).  Increasing nitrogen 

emissions in turn has led to a large increase in the deposition of atmospheric nitrogen 

to the terrestrial biosphere, particularly in areas of Northern Europe and North 

America, where rates of deposition are currently an order of magnitude greater than 

in pre-industrial times (Bobbink and Lamers, 2002).   

 

Atmospheric nitrogen compounds can be deposited in either dry or wet form.  

Precipitation is the major delivery route for wet nitrogen deposition, mainly carrying 

nitrate and ammonium.  Rainfall is of particular importance for the distribution of a 

number of inorganic elements in nutrient poor ecosystems such as those found in 

upland heath or blanket bogs, as it delivers wet nitrogen deposits and brings dry 

nitrogen deposits into solution.  It had been predicted that much of Europe might 

experience wetter winters and drier summers as temperature increases due to global 

warming (Folland et al., 1990; Rotmans et al., 1994), leading to larger fluctuations in 

seasonal water balance (Mayes, 1996).  Changes in precipitation patterns on a global 
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scale during the 20th century were recently published by Zhang et al. (2007), who 

found that anthropogenic forcing has been contributing significantly to observed 

increases in precipitation in the Northern Hemisphere mid latitudes.  Importantly, 

changing precipitation patterns will have consequences on wet nitrogen deposition 

patterns.  Increasing nitrogen pollution not only constitutes an ecological threat but 

also the acid load, as nitrate is a component of acid precipitation (Hyvärinen and 

Crittenden, 1998a).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1  Modelled wet inorganic N deposition (kg ha-1yr-1) received by the British 

Isles (2001-2003) at a resolution of 5 x 5 km (Hogan, 2009; R. Smith, Centre of 

Ecology and Hydrology (CEH)  pers. comm.). 

 

Within Europe atmospheric nitrogen deposition has increased from an estimated 

background rate of 1 - 3 kg ha-1yr-1 in the early 1900s to as high as  

30 - 60 kg ha-1yr-1 in the 1980s and early 1990s in the worst affected regions  

(Asman et al., 1998; Bobbink and Lamers, 2002; Galloway, 1995).  Within the 

British Isle modelled values of nitrogen deposition are given in the range of  

5 – 35 kg ha-1yr-1, showing spatial variation (Hogan, 2009; Figure 1.1).  Both groups 

of nitrogen products, NHx, which is a collective term for ammonia and ammonium 

and nitrogen oxide (NOx) and its reactions products such as gaseous nitric acid 
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(HNO3) and particulate nitrate, are similarly important in Europe.  Ammonia and 

ammonium, however, will often exert the larger ecological impact (NEGTAP, 2001).  

Dry ammonia deposition is of relevance close to a source; however, most of the 

ammonia taken up by water droplets react with protons (H+) to form ammonium.  

Thus, wet deposition of ammonium is important some distance downwind from the 

source (NEGTAP, 2001).  

 

The increase in nitrogen deposition illustrates a severe major ecological threat.  In 

fact, nitrogen deposition is predicted to be the third greatest driver of biodiversity 

loss at the global scale after land use and climate change over the coming century 

(Sala et al., 2000; Stevens et al., 2004).  Major consequences of increasing wet 

nitrogen deposition in semi-natural and natural ecosystems include acidification and 

eutrophication, which both lead to changes in vegetation cover and appearance 

(Bobbink et al., 2002; Bobbink and Roelops, 1995; Skinner et al., 2006; Stevens et 

al., 2004).  In semi-natural ecosystems levels of atmospheric nitrogen deposition are 

now considerably higher than rates of gaseous loss and very few of these areas leach 

significant quantities of soil nitrogen (Fowler et al., 2004).  Nitrogen accumulation in 

these soils is the most important sink and the supply of additional nitrogen may be 

very important in modifying the carbon economy as well as in changing the specific 

composition of the flora (Pitcairn et al., 1998; Pitcairn et al., 2003).  Considering that 

semi-natural land cover within the UK comprises approximately 46.3%, a wide range 

of ecosystems are affected by increasing nitrogen deposition (Fowler et al., 2004).  

In particular, sensitive ecosystems such as ombrotrophic bogs, which are 

characterised by very slow or non-existent mineralisation and which are highly 

dependent on rainwater as source of inorganic nitrogen input, will be drastically 

effected by increasing wet nitrogen deposition.     

 

Nitrogen is essential for primary production in all biological systems (Gruber and 

Galloway, 2008).  Only a few bacteria and archaea are able to convert gaseous 

molecular nitrogen (N2) to ammonia which they then further convert into their own 

organic compounds.  Nitrate and ammonium are essential inorganic nitrogen 

compounds for phototrophic organisms, including phototrophic bacteria, protista, 

algae, mosses, lichens and higher plants.  In terms of higher plants, nitrate is the 

preferred compound for uptake through the root system, as ammonium in large 
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concentrations is cytotoxic (Cox and Reisenauer, 1973; Findenegg, 1987).  A 

combined nitrogen source diet (nitrate and ammonium), however, promotes 

enhanced growth in higher plants (Kronzucker et al., 1999).  Lower organisms such 

as lichens, can scavenge nitrate and ammonium simultaneously and efficiently from 

intercepted precipitation through their thallus surface (Crittenden, 1996).  It might be 

possible that high concentrations of ammonium in precipitation inhibit nitrate capture 

by lichens at nitrogen polluted sites (Greenfield, 1992; Hyvärinen and Crittenden, 

1998a; Lang et al., 1976; Smith, 1960), a phenomenon which was also shown on the 

rice plant Oryza sativa (Kronzucker et al., 1999).  In addition, lichens can also use 

organic nitrogen, and in case of cyanolichens, gaseous molecular nitrogen in order to 

fulfill their demand for nitrogen (Hauck, 2010; Figure 1.2).    

 

Nitrate and ammonium form essential parts of the metabolism of phototrophic 

organisms by being incorporated into organic matter to create amino acids, amino 

sugars, proteins, nucleic acids etc.  These organic nitrogen compounds are consumed 

by heterotrophic organisms such as animals and fungi, which obtain the nitrogen 

required for their metabolism, growth and reproduction from these metabolites.  

Decomposers such as fungi and bacteria on the other hand convert organic nitrogen 

into inorganic nitrogen such as ammonia, which is rapidly converted to ammonium 

in solution (mineralisation process).  Ammonia can also be converted into nitrate, a 

process known as nitrification, which is only performed by specific bacteria.  Nitrate 

as such can then be taken up by phototrophic organisms and used for their 

metabolism.  Additionally, nitrate can also be converted into molecular nitrogen 

under anaerobic conditions, a process known as denitrification, which involves the 

stepwise metabolic reduction of nitrate (NO3
-) to nitrogen dioxide (NO2), nitric oxide 

(NO), nitrous oxide (N2O) and finally molecular nitrogen (N2).  Nitrogen oxides 

(NOx) as well as elemental nitrogen diffuse back into the atmosphere (NEGTAP, 

2001; Figure 1.2).  
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Figure 1.2 Simplified illustration of the terrestrial nitrogen cycle, distinguishing 

between natural and anthropogenic input of nitrogen to the terrestrial environment 

(adapted from Galloway et al., 2004).  

 

Living organisms therefore link the elemental cycle of nitrogen, next to carbon and 

other elements at the molecular level, as a result of the constitutional need of 

organisms for these elements to build tissues (Gruber and Galloway, 2008; Figure 

1.2).  Thus, it seems reasonable, that any changes to atmospheric nitrogen emission 

and consequent deposition patterns will be reflected in such organisms through their 

metabolism, which has been shown for broad targeted chemical and physiological 

parameters in the literature for higher and lower plants (Gidman et al., 2006; 

Hyärinen and Crittenden, 1998; Hyärinen and Crittenden, 1998a,; Phuyal et al., 

2007; Zechmeister et al.; 2008).   
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1.2 Conventional assessment strategies of N enrichment 

Atmospheric nitrogen input to the countryside is very patchy as a result of local 

sources of ammonia (Sutton et al., 1998), nitrogen oxides and variations in the 

aerodynamic roughness of vegetation (Fowler et al., 1998a), especially the presence 

of small areas of trees in an otherwise short vegetation landscape  

(Pitcairn et al., 2006b).  In addition, orographic effects have a strong influence on 

wet nitrogen deposition (NEGTAP, 2001; Smith and Fowler, 2001).  Due to these 

listed variations, some areas receive very large inputs of nitrogen relative to the mean 

annual deposition, which for the UK averages about 17 kg N ha-1yr-1 (Pitcairn et al., 

2006b).  In response to the occurring issue, different species composition and broad 

biochemical indicators in response to elevated nitrogen deposition have been 

identified in order to confirm the likely spatial scale of exceedance of determined 

critical load values.  The critical load is defined as “a quantitative estimate of an 

exposure to one or more pollutants below which significant harmful effects on 

specified sensitive elements of the environment do not occur according to the present 

knowledge” (CEH, 2001). 

 

To date effects of increasing nitrogen deposition have been assessed on individual 

organisms but also on the habit level (Figure 1.3), resulting in a wide range of 

biomonitors  (Hyvärinen and Crittenden, 1998a; Pitcairn et al., 2003; Pitcairn et al., 

2006a; Pitcairn et al., 2006b; Sheppard et al., 2004b).  Biomonitors are used for the 

quantitative determination of contaminants and can be classified as being sensitive or 

accumulative (Conti and Cecchetti, 2001).  A biomonitor can be either an organism 

or a broad biochemical response that reveals the presence of a pollutant by the 

occurrence of typical symptoms (Zechmeister et al., 2008).  Such symptoms include 

either morphological change in abundance behaviour of indicator species related to 

the environment or in physiology/chemical composition of organisms (Zechmeister 

et al., 2008).  In contrast, bio-indicator organisms are used for the identification and 

qualitative determination of human generated environmental factors (Tonneijk and 

Posthumus, 1987).  For the purpose of this thesis, changes in physiology/chemical 

composition of organisms will be termed as biomarkers, but have also been termed 

previously as bio-indicators (see below).    
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Figure 1.3 Strategies for the impact assessment of increasing wet and dry N 

deposition. 

 

Some biological monitors are based on predictable alterations in species 

composition, as these species have different abilities to use enhanced nitrogen 

(Pitcairn et al., 1998).  Stevens et al. (2004) showed that long term chronic nitrogen 

deposition has significantly reduced plant species richness in grassland sites.  The 

effect of increasing nitrogen deposition on other habitats was investigated by 

Bobbink and Roelops (1995) including ombrotrophic bogs, lowland dry-and wet 

heathlands, grasslands and moorlands, which are mostly dependent on precipitation.  

Critical loads of nitrogen deposition and indication of ecosystem change were 

determined for these different ecosystems, indicating that ombrotrophic bogs are the 

most sensitive ecosystems, showing a decrease in the moss Sphagnum and 

subordinate species and an increase in tall graminoids (grasses) if nitrogen deposition 

exceeds 10 kg ha-1 yr-1 (Bobbink and Roelops, 1995).   

 

Species particularly sensitive to increasing nitrogen inputs and which are drastically 

affected include mosses, liverworts and lichens in Atlantic oak woods (Mitchell et 

al., n.d.; www.nerc.ac.uk/publications/other/documents/gane_deposition.pdf).  

Certain epiphytic species, however, were more tolerant to nitrogen deposition than 

others.  The results lead to an establishment of a list of mosses, liverworts and 

Increasing wet and dry nitrogen deposition

Habitat response Single species response

Changes in species richness  Changes in targeted biochemical
response

Increasing wet and dry nitrogen deposition

Habitat response Single species response

Changes in species richness  Changes in targeted biochemical
response
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lichens, whose decline will act as an early indicator of increasing atmospheric 

nitrogen deposition (Mitchell et al., n.d.; 

www.nerc.ac.uk/publications/other/documents/gane_deposition.pdf).  A further study 

showed a significant association between nitrogen deposition and the changes in 

lichen records in Britain (Headley et al., n.d.; 

http://www.nerc.ac.uk/publications/other/documents/gane_lichens.pdf).   

 

The most common and most established method for the assessment of experimental 

but also naturally increasing nitrogen deposition is the determination of total tissue 

nitrogen concentration in higher plants such as Calluna vulgaris and Arabidopsis 

lyrata petraea (Leith et al., 2001; Pitcairn et al., 2006b; Skinner et al., 2006; Vergeer 

et al., 2008 ) but also in lichens and mosses (Hyvärinen and Crittenden, 1998a; 

Zechmeister et al., 2008).  Other biomarkers for increasing dry and wet nitrogen 

deposition include particular amino acids in mosses (Pitcairn et al., 2003) or in case 

of the lichen Cladonia portentosa, the ratio of concentrations for monovalent and 

divalent cations ([K+]/ [Mg2+]) for acid loads in precipitation, bearing in mind that 

nitrogen and acid pollution are largely co-deposited (Kytoeviita and Crittenden, 

1994).  Although these biomarkers, which were identified through hypotheses, give 

information about changes in broad targeted biochemical elements in the respective 

organisms, no mechanistic detail of affected metabolic pathways is known.  Also, the 

possibility exists that other biochemical elements (metabolites) within nitrogen 

sensitive species could be used in order to identify critical loads in nitrogen sensitive 

ecosystems.   

1.3 Lichens as bio-indicators for air pollution  

Lichens are symbiotic associations, formed of a heterotrophic fungus and a 

phototrophic alga, where the term alga indicates either a cyanophyte or a green alga 

(Chlorophyceae; photobiont) and the fungus (mycobiont) is usually an ascomycet  

(c. 98% of all lichens).  The photobiont is responsible for the supply of organic 

nutrients with the help of photosynthesis for the mycobiont, while the mycobiont in 

turn supplies the photobiont with water and minerals.  Lichens are perennial, sessile 

organisms which maintain their uniform morphology over time.  Unlike vascular 
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plants, lichens are very slow growing organisms (Pegau, 1968) and do not shed parts 

during growth (Conti and Cecchetti, 2001).   

   

Lichens in general are well recognised as important bio-indicator species for air 

pollution (Conti and Cecchetti, 2001; Nieboer and Richardson, 1981) and are the 

most studied bioindicator species of air quality (Bates, 2002).  Next to mosses they 

are most frequently observed to decline in response to increasing nitrogen deposition 

(Fowler et al., 2004).  This is mainly due to the fact that, unlike higher plants, lichen 

do not have a cuticula, stomata or roots and have therefore evolved an efficient 

uptake mechanism to enable them to accumulate substances and particulates from air 

or rainwater through their whole surface (Nieboer and Richardson, 1981).  Such 

substances or particulates can comprise heavy metals and sulphur (Nieboer et al., 

1972; Tomassini et al., 1976) and radionuclides (Tuominen et al., 1973).  At coastal 

sites they may accumulate chloride (Matthes-Sears et al., 1987).  Furthermore 

lichens rapidly and actively absorb key ions such as phosphate, ammonium and 

nitrate from solutions with concentrations similar to those found in rainwater (Farrar, 

1976, Lang et al., 1976, Reiners and Olsen, 1984).  Consequently they have a large-

scale dependence upon the atmospheric environment for their nutrients and are the 

most vulnerable organisms within ecosystems to air pollution. 

 

To date, numerous different types of lichen communities such as epiphytes on twigs, 

branches and trunks of trees and shrubs or terricolous lichens in boreal forests and 

tundra have been investigated in terms of atmospheric pollution by using targeted 

chemical and physiological analysis (Bates, 2002).  A range of physiological and 

biochemical parameters have been used to evaluate environmental damage of air 

pollution on epiphytic lichens including photosynthesis measurements (Calatayud et 

al., 1999; Ronen and Galun, 1984), chlorophyll content and degradation (Balaguer 

and Manrique, 1991; Garty et al., 1988; Kardish et al., 1987; Zaharopoulou et al., 

1993), decrease of ATP production in respiration levels (Kardish et al., 1987) and 

changes in endogenous auxins and ethylene production (Epstein et al., 1986; Garty et 

al., 1993).   

 

Regarding terricolous lichens, it was found that a range of broad targeted chemical 

and physiological parameters in Cladonia portentosa are excellent biomarkers for 
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different natural and experimental nitrogen regimes (Hogan, 2009; Hyvärinen and 

Crittenden, 1998a; Hyvärinen and Crittenden, 1998b).  Those biomarkers include 

tissue nitrogen and phosphorus concentration as well as phosphomonoesterase 

activity and nitrogen and phosphorus uptake kinetics (Hogan, 2009).  In addition, 

Sheppard et al. (2004b) identified visual and physiological damage such as damage 

of photosystem II and chlorophyll bleaching in the apical tips of C. portentosa in 

response to different concentrations of ammonia gas.   

 

In contrast to epiphytic lichens, C. portentosa poses several advantages for the study 

of atmospheric nitrogen pollution:   firstly, C. portentosa typically occurs in open 

situations where they intercept rainfall that is largely unmodified by overlying plant 

canopies (Hyvärinen and Crittenden, 1998a).  In addition, it was argued, that mat 

forming lichens are better indicators for atmospheric quality than epiphytic lichens 

for which relationships between acid rain and thallus chemistry are confounded by 

the influence of the bark chemistry (Farmer et al., 1991).  Secondly, mat forming 

lichens produce layers of necromass which partly isolates the living part of the mat 

from the chemistry of the underlying soil (Crittenden, 1991; Ellis et al., 2004).  The 

production of necromass allows the lichen to reuse nitrogen and phosphorus 

components (recycling) from older already dead parts and therefore increases the 

mean residence time of nutrients (Ellis et al., 2005; Hyvärinen and Crittenden, 

1998b).  It is argued that the translocation of recycled nitrogen from the degenerating 

lower thallus (necromass) is responsible for the maintenance of acropetal growth and 

also basal necromass production under nutrient limiting conditions (Crittenden, 

1989; Crittenden, 1991; Pakarinen, 1981).  Thirdly, it was shown that Cladonia spp. 

and Sterocaulum spp. efficiently scavenged 80% or more of inorganic nitrogen 

(ammonium and nitrate) delivered in rainfall (Crittenden, 1983; Hyvärinen and 

Crittenden, 1996; Hyvärinen and Crittenden, 1998a). 

 

1.3.1  Ecology, biology and biochemistry of Cladonia portentosa 

Cladonia spp. constitutes a major part of subarctic heathlands and northern-boreal 

forests (50°N and 70°N latitude) (Ahti and Oksanen, 1990), but also occurs 
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frequently in heathlands and ombrotrophic bogs in temperate regions  

(Brown et al., 1993; Gimingham, 1972; Webb, 1986) forming the principal food 

source for reindeer, caribou and deer during winter (Ahti and Oksanen, 1990;  

Pegau, 1968).  In the British Isles Cladonia portentosa is common and widely 

distributed lichen in Calluna-dominated lowland heathlands and upland moorlands 

(Hyvärinen and Crittenden, 1998a; Figure 1.4).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4  Distribution of Cladonia portentosa (Dufour) Coem. in the British Isles: 

Open circles, pre-1960 (usually nineteenth century) records; solid circles, 1960 

onwards records (Orange, 1996). 

 

Cladonia spp. is composed of a green alga, belonging to the genus Trebouxia 

(Chlorophyceae) and a fungus belonging to the class of Ascomycetes.  Trebouxia 

spp. are unicellular, coccoid green algae belonging to the order Pleurastrales, which 

occurs in an estimated 50 - 70% of all known lichens (Ahmadjian, 1990).  
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Atmospheric deposits are believed to be the main sources of key macro-nutrients 

such as nitrogen and phosphorus, which are frequently limiting factors for plant 

growth in lichen habitats (Crittenden, 1994).  As suggested by Hyvärinen et al. 

(2002) the growth of Cladina spp. may be rather limited by nutrients than by light or 

carbon, which is different to higher plants.  Minerals are acquired through wet or dry 

deposition across the whole thallus of the lichen, which is mainly comprised of the 

fungus (Palmquist et al., 2008).  There is evidence, that the mycobiont is the 

principal partner involved in nutrient capture (Honegger, 1998; Pavlova and Maslov, 

2008).   

 

Cladonia portentosa is actively metabolising during periods of thallus hydration and 

maintains very low levels of activity when the air is dry.  As lichens do not have an 

active mechanism for enhancing water uptake or preventing water loss, they are 

entirely dependent on periods of rain, dew or high atmospheric humidity to achieve a 

satisfactory level of thallus hydration and a resultant vigorous rate of metabolic 

activity (Beckett et al., 2006).  Lichen in general and C. portentosa in particular have 

adapted to rapid desiccation and rehydration on a cellular level in order to survive 

(Beckett et al., 2006).  This is shown for example in the fact, that lichens do not 

show wilting symptoms under drought stress, although colour changes may occur as 

a consequence of increasing opacity of the peripheral cortex (Honegger, 1998).  The 

zone of strongest metabolic activity in Cladonia portentosa is found in the first  

5 - 10 mm of the apices (Hogan, 2009; Hyvärinen and Crittenden, 1998a). 

 

1.4 Metabolomics Approach – The metabolome of lichens 

Hypothesis driven, targeted chemical and physiological analysis of organisms in 

response to environmental perturbations requires prior knowledge.  In contrast, the 

holistic approach of metabolomics seeks to comprehensively analyse, identify and 

quantify the metabolome, which is defined as all low molecular weight molecules 

(metabolites) present in a cell (Fiehn, 2002; Sumner et al., 2003).  Metabolomic 

analysis essentially reports on the actual functional status of the organisms (cell, 

tissue or biofluid), which relates to the organism phenotype (Fiehn, 2002).  It is 
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considered as a data driven approach (induction), which results in a wealth of 

biochemical variables that potentially could carry novel signatures of biological 

responses elicited by environmental perturbations.  In addition, metabolomics is 

complementary to hypothesis driven research but can also lead to the generation of 

new hypothesis (deduction) (Kell and Oliver, 2003).     

 

The metabolome of an organism is characterised by its chemical reactions which are 

the basis for reproduction, maintenance of structures and responses to the 

environment.  The complete set of such chemical reactions in organisms is termed as 

“metabolism” and the resulting intermediate or final products are called 

“metabolites”.  Since this study seeks to analyse the metabolome of lichens, 

essentially two metabolomes are present: the metabolome of the fungus and the 

metabolome of the green alga.       

 

Two major groups of lichen compounds are present:  primary metabolites 

(intracellular) and secondary metabolites (extracellular).  Primary metabolites 

typically found in lichens comprise proteins, amino acids, polyols, carotenoids, 

polysaccharides and vitamins, which are bound in the cell walls and the protoplasts 

(Ellix and Stocker-Woergoetter, 2006).  Some of these are produced by the fungus 

and some by the alga, but since the lichen thallus is a composite structure, it is not 

always possible to determine where a particular compound is biosynthesised (Ellix 

and Stocker-Woergoetter, 2006).  Primary metabolites are essential for growth, 

development and reproduction and are non-specific, i.e. are found in free-living 

fungi, algae and higher plants (Hale, 1983).  Secondary metabolites found in lichens, 

which in contrast are solely from fungal origin, are usually insoluble in water (Ellix 

and Stocker-Woergoetter, 2006).  Although more than 700 secondary metabolites are 

known from lichens (Dembitsky and Tolstikov, 2005; Huneck, 1999) most are 

unique to these organisms and only a small proportion of these (ca. 50-60) occur in 

other fungi or higher plants (Ellix and Stocker-Woergoetter, 2006).   

 

Chemical reactions within the cell are catalysed by enzymes (proteins) which are in 

turn produced by transcriptional and translational processes of enzyme genes.  

Enzymes represent the link between metabolites and genes.  Metabolites are thus the 

ultimate gene product and can be used to characterise the phenotype. The 
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metabolome should most closely reflect the activities of a cell at the functional level 

(Goodacre et al., 2004).  Figure 1.5 illustrates the cellular function in form of a linear 

hierarchy.  It is important, however, that metabolites are not seen in terms of linear 

pathways but more substantially in terms of highly regulated and integrated networks 

(Trethewey and Krotzky, 2007).   

 
     
Genome Transcriptome Proteome Metabolome Phenotype 

Gene mRNA Protein Metabolite Lichen thallus 

What can 
happen 

What appears to 
be happening 

What makes 
it happen 

What happened 
and is 
happening 

Why we care 

     

Figure 1.5 Concept of the different “omics” areas.  Adapted from Ferenci and 

Maharjan (2005) and Timischl (2008).   

 

Different terminology referring to the study of metabolites or metabolic classes are 

described and discussed in the literature.  These include a general distinction between 

metabolomics, metabonomics, metabolite profiling, and metabolite fingerprinting.  

The term “metabolomics” stands for the measurement of all metabolites in a given 

system.  Due the different chemical and physical nature as well as the different 

concentration range of metabolites occurring in biological systems, a platform of 

complementary technologies would be required, as no single technique is selective 

and sensitive enough.  Consequently, the measurement of all metabolites in a 

biological system is as yet not possible (Kopka et al., 2004).  Hall et al. (2005) on the 

other hand defined metabolomics as a non-targeted metabolite profiling strategy, 

followed by unsupervised data analysis  

 

Often, “metabonomics” is used as an alternative word to “metabolomics”, which is 

another term for the comprehensive profiling of the metabolome, defined by 

Nicholson and Lindon (2008) as the “quantitative measurement of the dynamic 

multiparametric metabolic response of living systems to pathophysiological stimuli 

or genetic modification”.  The term is believed to have arisen from the root word 

“genomics” and has been largely utilized in the realm of toxicology.  It was also 

suggested, that the origin of the two different terms were founded in the technology 
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platform chosen for analysis, i.e. metabolomics for mass spectrometry based 

approaches and metabonomics for nuclear magnetic resonance (NMR) based 

approaches (Sumner et al., 2003).  

 

The term metabolite profiling is a more restricted approach, as it aims to measure 

hundreds to thousands of metabolites in a robust and quantitative manner.  The 

procedure follows a streamlined pipeline for extraction, separation and analysis 

(Kopka et al., 2004).  Usually metabolic profiling techniques include hyphenated 

mass spectrometry such as gas chromatography mass spectrometry (GC-MS) as well 

as liquid chromatography mass spectrometry (LC-MS).  Metabolic profiling 

approaches are applied to evaluate variations in metabolite concentrations and are 

complementary to other “omic” techniques (Kopka et al., 2004).    

 

Metabolic fingerprinting in contrast is a rapid and global first round screening 

method, which often does not involve chromatographic separation and metabolites 

are generally not identified (Choi et al., 2004; Fiehn et al., 2001).  It has been applied 

for the discovery of marked differences between two samples by applying a broad 

range of analytical tools (Kopka et al., 2004), including nano-flow-direct infusion 

quadrupole-time of flight (Q-ToF) mass spectrometry for the analysis of different 

Arabidopsis lines and their crosses (Scholz et al., 2004) and time of flight (ToF) 

mass spectrometry for discrimination of bacterial strains (Vaidyanathan et al., 2001).  

Furthermore, spectroscopic techniques such as Fourier transform infrared 

spectroscopy (FTIR) were successfully applied for the analysis of plants exposed to 

different environmental conditions (Gidman et al., 2004; Gidman et al., 2005; 

Gidman et al., 2006).  FTIR generates information on the entire biochemistry of a 

sample and is in contrast to GC-MS and LC-MS not biased towards any specific 

chemical species.   However, low resolution and lack of structural information are 

some of the caveats (Bamba and Fukusaki, 2006).  That it is why it should be used in 

combination with a metabolic profiling technique.   

 

Metabolomics remains a tool and not a goal and plays an important role for 

understanding phenotypes (Fiehn, 2002).  Metabolomic data can give an unbiased 

view of changes in the metabolism during environmental, genetic or developmental 

changes compared to traditional targeted metabolite analysis.  Rather than looking at 
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particular metabolites, changes in relative amounts in 300 to 1000 or even more 

metabolites can be recorded and analysed, covering major metabolic pathways 

(Trygg, 2007).  The integration of biology, analytical chemistry, mathematics, 

biostatics and bioinformatics are essential parts of the metabolomics approach and 

thus important to convert information of diverse types into useful and interpretable 

results.   

 

1.4.1  Analytical instruments used for metabolomics 

A wide range of analytical techniques have been used in the field of metabolomics in 

order to explore metabolic differences between biological samples (Figure 1.6).  

Hereby, sensitivity, specificity and structural range of these different methods vary 

substantially.  Considering that different challenges occur when determining and 

quantifying metabolites of organisms, it would be desirable to use a range of 

different analytical methods to obtain a global picture of the metabolome.  Analytical 

challenges as such include the chemical complexity, the metabolic heterogeneity, the 

dynamic range and the ease of extraction (Goodacre et al., 2004).  In particular the 

presence of some metabolites in excess can cause significant chemical interferences 

that limit the range in which other metabolites may be successfully profiled  

(Sumner et al., 2003).  Clearly, the selection of the most suitable technology is a 

compromise between speed, selectivity and sensitivity (Sumner et al., 2003).  In 

addition, extraction and chromatographic methodologies as well as the detection 

techniques have unavoidable intrinsic bias against certain metabolite groups  

(Hall et al., 2005) and thus it is only possible to focus on a certain part of the 

metabolome when using a specific analytical technique.  In plant metabolomics, 

FTIR and LC-ToF-MS are widely used techniques for metabolite fingerprinting and 

profiling, respectively.  These techniques are discussed in greater detail below.   
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Figure 1.6  Graphical display of analytical tools available for the study of 

metabolites in plant, fungal and animal metabolomes, adapted from Gummer et al. 

(2009). Hyphenated mass spectrometry: GC-MS (gas chromatography mass 

spectrometry), LC-MS (liquid chromatography mass spectrometry), infusion (direct 

infusion of sample into an electrospray ionisation (ESI) source, atmospheric pressure 

chemical ionisation (APC) sources, or atmospheric pressure photo ionisation (APPI) 

source with no chromatographic separation), CE-MS (capillary electrophoresis mass 

spectrometry), MALDI-ToF-MS (matrix assisted laser desorption/ionisation time of 

flight mass spectrometry), MALDI imaging MS (direct MALDI mass spectrometry 

of tissue or surfaces).  Other analytical instruments: FTIR (Fourier transform infrared 

spectroscopy); FTIR imaging (direct FTIR on surfaces and tissues) and NMR 

(nuclear magnetic resonance spectroscopy) either used with direct injection or in 

combination with liquid chromatography.  

MS
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1.4.1.1 Fourier transform infrared spectroscopy (FTIR) 

The analytical technique Fourier transform infrared spectroscopy (FTIR) has been 

widely applied as a metabolite fingerprinting technique to detect plant biochemical 

responses to different environmental perturbations (Gidman et al., 2004; Gidman et 

al., 2005; Gidman et al., 2006; Johnson et al., 2002).  The main advantage of FTIR 

is, that it is a rapid, reagent-less, and non-destructive analytical technique (Ellis et 

al., 2004a).  FTIR spectroscopy is based on the fact, that when a sample is 

interrogated with light (electromagnetic radiation), molecules with dipole moment 

absorb at specific wavelengths and vibrate in one of a number of ways.  Such 

vibrations include bending, stretching, wagging, rocking or twisting (Williams and 

Fleming, 1995).  The frequency of the vibration depends on the masses of the atoms 

and strength of the bonds, meaning that lighter atoms show higher vibration 

frequencies compared to heavier atoms.  As a result, FTIR spectroscopy produces a 

spectral description of the entire biochemistry of a sample and can give first insights 

into broad biochemical responses of organisms exposed to different environmental 

conditions (Gidman et al., 2004).   

 

Within FTIR spectroscopy, mid infrared light, covering the whole frequency range of 

4000 – 600 cm-1, is split into two beams, where either one beam or both beams are 

passed through the sample.  While one beam reflects off a flat mirror which is fixed 

in a place, the other beam reflects off a flat mirror which is on a mechanism which 

allows this mirror to move a very short distance away from the beam splitter.  Due to 

the fact that the path that one beam travels is a fixed length and the other is 

constantly changing, the signal which exits the interferometer is the result of these 

two beams interfering with each other and consequently called interferogram 

(Schmidt, 2000; Figure 1.7).  The interferogram has the unique property that every 

data point which makes up the signal has information about every infrared frequency 

(Williams and Fleming, 1995). Thus, while the interferogram is measured, all 

frequencies are being measured simultaneously, resulting in very fast measurements.  

For interpretation, the interferogram is then decoded by the mathematical technique 

Fourier transform, resulting in the spectral information for the analysis.      
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Figure 1.7 Scheme of FTIR spectrometer equipped with ATR crystal (taken from 

Schmidt, 2000).   

 

The application of attenuated total reflectance accessories (ATR) in particular has 

further advanced the use of FTIR for solid residues.  ATR avoids the dilution with 

KBR, increases reproducibility and is non-destructive and therefore allows the 

sample to be re-used (Artz et al., 2008). 
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1.4.1.2 Liquid chromatography time of flight mass spectrometry 

(LC-ToF-MS) 

For metabolic profiling, hyphenated mass spectrometry is often chosen as a primary 

method because a wide range of metabolites are readily ionised in MS with a 

detection limit of nanograms or less (Gummer et al., 2009; Want et al., 2005).  

Hyphenated mass spectrometric methods provide separation of complex mixtures, 

leading to a higher overall coverage of the metabolome (Zhou et al., 2005).  

Currently the most widely implemented approaches are based upon GC-MS and  

LC-MS (e.g. de Vos et al., 2007; Fiehn and Weckwerth, 2003; Fiehn, 2003; Moco et 

al., 2006; Tolstikov and Fiehn, 2002; Vorst et al., 2005).  Historically, LC separation 

technologies suffered from limited peak capacity (resolution of individual analytes in 

complex mixtures) and as a result capillary techniques such as high-resolution GC 

were favoured (Looser et al., 2005).  The emergence of LC-MS coupling, first 

commercially available in the early 1990s and the iterative improvement in the 

performance of LC columns has recently made comprehensive metabolite profiling, 

as described before for GC, possible (Niessen, 2006b).  The main advantages of LC-

MS upon GC-MS are that metabolites do not require to be volatile or to be 

derivatised.  The field in metabolic profiling of plants using LC-MS has increased 

during the last few years and makes it a very valuable tool for the study of soluble 

plant metabolomes (de Vos et al., 2007; Jansen et al., 2008; Mihaleva et al., 2008; 

Moco et al., 2006; Vorst et al., 2005). 

 

Mass spectrometry is a widely used approach for the identification and quantification 

of metabolites.  It is defined as the production of ions that are subsequently separated 

or filtered according to their mass-to-charge (m/z) ratio and detected.  The resulting 

mass spectrum is a plot of the (relative) abundance of the produced ions as a function 

of the m/z ratio (Niessen, 2006a).  In general, a mass spectrometer consists of several 

parts: an ion source, a mass analyser, a detector and a computer system (Niessen, 

2006a).  
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In mass spectrometry different ionisation methods exist.  Electrospray ionisation, a 

soft ionisation method, is one option.  It was introduced in the 1980s and enabled 

many metabolites to be analysed at one time using LC-MS without the need for 

derivatisation (Whitehouse et al., 1985; Yamashita and Fenn, 1984).  Importantly, 

most of the ions produced with this soft ionisation technique are either protonated or 

de-protonated molecules, rather than fragments.  With this soft ionisation technique, 

charged droplets of a few µm ID are generated, whereupon charge-preserving solvent 

evaporation from the droplets gives smaller droplets with a higher number of 

charges.  Once the repulsive forces due to the surface charges exceed the forces due 

to surface tension, the droplets explode as a result of field-induced Rayleigh or 

electrohydrodynamic instabilities.  As a consequence multiple smaller droplets 

(microdroplets) are generated containing maybe only one charged molecule 

generated due to repetitive electrohydrodynamic instabilities.  Finally the soft 

desolvation of this droplet leads to a free ion in the gas phase and makes it 

amendable to mass analysis (Niessen, 2006b).   

 

Different types of mass analysers have been used in combination with LC or GC 

including quadrupole, ToF, Q-ToF and FT-ICR (Boccard et al., 2007; Chapagain and 

Wiesman, 2008; Fiehn, 2003; Ohta et al., 2007; Verhoeven et al., 2006) and the 

choice of the mass analyser will depend on requirements with respect to scan speed, 

sensitivity, and selectivity for specific metabolites (Dunn et al., 2005), but also on 

availability.  As metabolic profiling of complex mixtures requires the mass 

spectrometric system to have a high sensitivity, mass accuracy, mass resolution and a 

wide dynamic range, ToF mass spectrometry is a good option.  The main advantage 

of ToF includes the wider mass range and the possibility to rapidly obtain mass 

spectra over a broad ion mass range (Mamyrin, 2001).  In particular high mass 

accuracy and resolution are useful to resolve peaks that overlap in mass and retention 

time.  In comparison to quadrupole technology, ToF has the advantage that it scans 

faster, allowing either improved deconvolution of peaks in complex mixtures or 

shorter run times.  Furthermore, ToF technology can determine mass-to-charge ratios 

with a higher accuracy than it is possible with quadrupole systems (Trethewey and 

Krotzky, 2007).  Accurate mass values and exact quantification of isotope 

distribution can then be used to generate molecular formulae for ions of interest 

(Ojanpera et al., 2006).  
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Within the ToF mass analyser, packages of ions are pulsed into the field-free linear 

time-of flight tube, which occurs in the orthogonal accelerator, where a series of 

charged plates periodically pulse a repelling voltage, pushing the ions upwards 

(Figure 1.8).  This pulsing happens up to 20,000 times/sec.  The voltage gradient 

functions as an accelerator of the ions, whereas the ones of lower m/z values moving 

more rapidly than the ones with the higher m/z values.  Within the reflector, a rapid 

decrease in voltages slows the ions down, where the smaller ions are affected more 

readily and therefore are reflected more rapidly, whilst those ions with larger m/z 

move further into the reflector before being pushed out to the detector (Bruker 

Daltonics, 2006).  Time of flight mass spectrometry is based on the observation of 

the time (tflight) ions need in order to travel a fixed distance, when accelerated with 

the same amount of energy (Timischl, 2008).  In essence, the flight time needed for 

an ion with m/z to reach a detector placed at a distance d is measured.  Thus, the 

flight time is related to the m/z (Niessen, 2006b; Equation 1.1).  
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Figure 1.8 Structure of the time of flight mass spectrometer (taken from Bruker 

Daltonics, 2006). 
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1.4.2  Analysis of multivariate data sets 

Data analysis in metabolomics is a time consuming and very complex process.  

Within data analysis, chemometrics is an established field (Martens and Naes, 1989), 

and has proven to be valuable in the analysis of “omics” data in environmental 

sciences (e.g. Boccard J. et al., 2007; Goodacre, 2003; Goodacre et al., 2007; Xu et 

al., 2008).  Chemometrics has been defined as the information aspect of complex 

biological and chemical systems (Trygg and Lundstedt, 2007).  Proposed minimum 

reporting standards for the data analysis in metabolomics are described by Goodacre 

et al. (2007a) and range from the design of experiments, pre-processing of the 

obtained data, to algorithm selection for unsupervised and supervised learning 

methods.  Not only the collected data itself but also all metadata are important for the 

study and can potentially influence the interpretation of the results.   

 

Multivariate data sets consist of observations on a number of individuals (samples) 

of many measured variables, obtained from FTIR or LC-MS.  Usually the number of 

samples collected is much smaller than the number of metabolites or variables and 

simple visual inspection of all the data is not likely to be sufficient to complete the 

analysis (Goodacre et al., 2007a).   

 

Since each measured variable can be regarded as constituting a different dimension, a 

hyperspace is created, which is obviously difficult to visualise and the underlying 

theme of multivariate analysis is simplification or dimensionality reduction 

(Brereton, 2003).  The main aim is to summarise a large body of data to a few 

parameters, preferably the two or three which lend themselves to graphical display, 

with minimal loss of information (Goodacre, 2003).  Many algorithms exist for 

multivariate data analysis, but in general two strategies are used: Unsupervised and 

supervised statistical analysis, including Principal Component Analysis (PCA) and 

Partial Least Squares Regression Analysis (PLSR), respectively.  
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1.4.2.1 Data pre-treatment 

Multivariate data sets obtained from spectroscopic or mass spectrometric 

measurements are generally pre-treated prior to statistical analysis (Davey et al., 

2007; Ellis et al., 2004a; Ellis et al., 2004b).  These methods convert the clean data 

to a different scale, in order to focus on the relevant biological information and to 

reduce the influence of disturbing factors such as measurement noise.  The main data 

pre-treatment methods include scaling, centring and transformation (van den Berg et 

al., 2006). 

 

1.4.2.2 Principal Component Analysis (PCA) 

Principal component analysis (PCA) is a multivariate statistical method which allows 

metabolites to be grouped according to their fingerprints or profiles.  In this context it 

seeks to identify patterns in the data, which answer the question of how similar 

biological samples treated differently are, based on their chemical profile (Goodacre, 

2003).  PCA is a powerful tool for analysing data as it can be hard to find patterns in 

data of high dimension where graphical representation is not available.  The goal of 

PCA is to effectively reduce the number of dimensions without losing crucial 

information.    

 

Metabolic information can be presented as an X matrix where each row represents a 

sample (object, observation) (N) and each column (K) represents an instrumental 

response (Gullberg, 2005).  For visualisation of this data matrix, each sample is 

represented as a point in a K-dimensional space.  The main aim of PCA is to reduce 

the dimensionality of the mean centred multidimensional K space and the data matrix 

by introducing a new set of orthogonal linear independent vectors.  The original 

measured variables (Equation 1.2) are hereby linearly transformed to a new set of 

variables by the PCA algorithm NIPALS (non-linear iterative partial least squares) 

(Equation 1.3).   
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It is important to note that the maximum number of components is the same as the 

number of original variables.  The principal components of the correlation matrix 

(default), a standardised covariance matrix, are explained by the old variables 

multiplied by the square matrix (loading value), which was generated by the PCA 

algorithm (Equation 1.4 and 1.5).  In other words, Eigenvectors and Eigenvalues are 

calculated from the covariance matrix.  The Eigenvectors can then be ranked by their 

Eigenvalues, ranging from the highest to the lowest with the objective of removing 

components of lesser significance and reducing the dimensionality.  The Eigenvector 

with the highest Eigenvalue is PC1 (Smith, 2002; 

http://www.cs.otago.ac.nz/cosc453/student_tutorials/principal_components.pdf). The 

principal components are ranked according to how much of the total variance in the 

data they explain, so that PC1 explains the largest variation followed by PC2 which 

explains the second largest variation in the data and so on.   

 

In general, the scores show a low dimensional plane that closely approximates X, 

which is the swarm of points.  They give a good approximation of the location of the 

different samples in the K-dimensional space.  The scatter plot of the first two score 

vectors (t1 and t2) gives a summary of all samples in the data table, where groupings, 

trends and outliers are revealed (Trygg and Lundstedt, 2007).   

 

Each hyper-plane’s direction in the K-dimensional space corresponds to the loading, 

which describes the importance of the different variables for describing the variation 

in the PCs (Gullberg, 2005).  The loading value lies between 0 and 1 and the closer 

the value is to 1 the closer this value is to the original value.  The p-letter indicates 

the weighting or loading of each variable (Equation 1.4 and 1.5).  The equation for 

the decomposed mean centred X matrix to the scores, loadings and residuals is given 

in Equation 1.6.  Importantly, the directions in the score plot correspond to directions 

in the loading plot, for example for identifying which variables (loadings) separate 

different groups of objects (scores) (Trygg and Lundstedt, 2007).  This means that 

positive scores associate to positive loading values whereas negative scores associate 

with negative loading values.    
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The residuals (E) are the part of X, which is not explained by the model and 

represents the distance between each point in K-space and its projection on the plane.  

Overall, the scores (t), loadings (p) and residuals (E) together describe all of the 

variation in X.   

 

The number of significant PCs (or factors) can be estimated by either applying the 

Kaiser criterion or by using a scree plot (Cattell, 1966; Kaiser, 1960).  Regarding the 

Kaiser criterion, only factors with Eigenvalues greater than 1 are retained, which in 

essence implies that unless a factor extracts at least as much as the equivalent of one 

original variable, it will be dropped.  In terms of the scree plot, the Eigenvalues are 

plotted in a simple line plot, and the place where the smooth decrease of Eigenvalues 

appears to level off to the right of the plot should be identified (StatSoft; 

http://www.statsoft.com/textbook/principal-components-factor-analysis/).   

1.4.2.3 Partial Least Squares Regression Analysis (PLSR) 

The supervised statistical method partial least squares regression analysis (PLSR) has 

been used in environmental metabolomics including the analysis of spectral data 
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obtained from FTIR measurements (Gidman et al., 2006) or spectrometric data 

obtained from GC-MS (Gullberg, 2005).  PLSR analysis is, like PCA, a data 

reduction technique, but in contrast to PCA, additional information about the data is 

needed.  The main aim of this statistical technique is to establish a model that will 

correctly associate the inputs (measured independent x variables - x matrix) with the 

output (known y data vector) data and use a linear combination of the x-variables, 

which best model the y-dependent variables (Talbot, 1997; 

http://www.bioss.ac.uk/smart/unix/mplsgxe/slides/frames.htm).   

   

Not only measured (x) variables, but also known variables, in this case concentration 

(c), are modelled, which result in two sets of models, as shown in Figure 1.9.  In this 

case, only a single vector is used for PLS, but the algorithm can also be used for 

regression between two or more c (C) vectors and the X-matrix (Abdi, 2003; Geladi 

and Kowalksi, 1986; Wold et al., 2001).  While the product of T and P approximates 

the measured spectra (Equation 1.7), the product of T and q approximates the true 

concentration (Equation 1.8).  T, which is common to the measurements (X) and the 

concentrations (c), is defined as the scores matrix.  P and q are defined as the loading 

matrices of X and c, respectively.  As in PCA the scores are orthogonal, but in 

contrast to PCA the loadings are not orthogonal and also not normalised, i.e. the sum 

of squares of each loading vector does not equal 1 (Brereton, 2003).  W is the weight 

matrix of X, E and f are the residual matrixes for X and c.  The regression coefficient 

for the PLS model is expressed in Equation 1.9.     

 

 

 

 

 

 

 

 

 
          

Figure 1.9 PLS1 principle after Brereton (2003).     
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EWPXWETPX TT +=+= −1)(                Equation 1.7 

fXbfqWPXWfTqc TTT +=+=+= −1)(               Equation 1.8 

qWPWb T 1)( −=                  Equation 1.9 

 

PLSR combines features from principal component analysis and multiple regression 

analysis and is particularly useful when dependent variables have to be predicted 

from a very large set of independent variables (i.e. predictors) (Abdi, 2003).  It is, 

like PCA, designed to find the latent structure in the X-matrix.   PLSR is optimal for 

a criterion based on covariance and is optimal in cases, where the number of 

measured variables (independent x variables) is high, i.e. exceeding the number of 

samples (N) and where it is likely that explanatory variables are correlated (Abdi, 

2003).  Rather than simply describing the variation in the X-matrix, as PCA does, the 

main advantage of PLSR is that information from the data can be correlated with 

response data (Gullberg, 2005).  In contrast to PCA, the loading values of PLSR 

analysis have to be seen as absolute values, as it is not possible to interpret the 

loadings in terms of their +ve or -ve direction.  Only the magnitude of the loadings 

variable is important, since this value represents the amount of variance a variable 

contributes to each scores vector (Dr.Roger Jarvis, Stanford University/California, 

pers. email comm., 4th March 2010). 

 

1.4.3  Application of metabolomic studies 

The study of the metabolome can be seen as a new area for post genomic research 

with multiple applications.  Metabolomics is widely applied for system biology 

(Fiehn, 2001; Kell, 2004), plant engineering (Schauer et al., 2006; Trethewey, 2004; 

Trethewey, 2006), clinical pharmacology and toxicology (Looser et al., 2005), 

nutrition (German et al., 2003; van Ommen and Stierum, 2002) and environmental 

sciences (Bundy et al., 2008; Lin et al., 2006).   

 

The application of metabolomics in environmental sciences is termed as 

environmental metabolomics, which is used as an ecological tool to characterise the 

interactions of living organisms with their environment (Bundy et al., 2008) with the 
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goal to characterise organism function at the molecular level and/or to inform upon 

environmental health (Viant, 2009).  It makes it desirable to study the metabolome of 

organisms to better understand the influence of external and internal factors such as 

the environment or disease on those organisms.  Such studies can then be used to 

diagnose the health of organisms.  Measurements on individuals can also be related 

to the overall health of the environment, particularly the impacts of pollution.   

 

A pioneering study in environmental metabolomics included the study by Forrest 

(1980), who investigated the genotypic variation among native Scots pine 

populations in Scotland based on mono-terpene analysis using gas chromatography 

with flame ionisation detector (GC-FID) in combination with PCA, resulting in the 

division of several areas of biochemical similarity.  Recent environmental 

metabolomic studies cover a range of different topics including, for example, the 

toxic impacts or environmental stress on animals (Bundy et al., 2004; Gidman et al., 

2007), environmental risk assessment (Viant, 2008), and biodiversity assessment 

(Fiehn et al., 2000b; Goodacre et al., 2007b).  Abiotic stress factors such as 

temperature, atmospheric gases and water were investigated in higher plants using 

the environmental metabolomics approach (Davey et al., 2008; Gidman et al., 2006; 

Johnson et al., 2002).  Metabolomic research has also focused on biotic-biotic 

interactions, including plant-herbivore interactions (Jansen et al., 2008), competing 

wood decomposing fungi (Peiris et al., 2008) and the metabolic effects of the 

symbiosis between an endophytic fungus and its host plant Lolium perenne (Cao et 

al., 2008).  To date, no metabolomic studies have been carried on lichens exposed to 

different wet nitrogen regimes.    

 

Environmental metabolomics can be seen as a new tool for environmental risk 

assessment via the discovery of novel biomarkers.  Biomarkers are highly expressed 

metabolites, which are often unique and can provide exclusive bases for the 

differentiation of cell states, organs, tissues, varieties and organism (Sumner et al., 

2003).  They range from simple low molecular weight molecules such as sugars, 

fatty acids, steroids and free-floating peptides, to soluble proteins and cell surface 

proteins to complex integrated properties (Zhou et al., 2005).  The discovery of 

biomarkers involves the comparison of metabolic fingerprints from different groups 

such as an organism exposed to environmental stress versus a non exposed organism 
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and the quantification of relative changes in metabolite concentration between the 

groups (Zhou et al., 2005).  These environmental biomarkers can be the basis for 

rapid, broad-spectrum, effects-based monitoring systems for early detection of 

environmental change, improved risk management, and prediction of final end states 

(Pacific Northwest National Laboratory, 2007).  The emphasis lies on early 

detection, avoiding species loss with the help of taking the appropriate action.   

 

1.5 Research objectives 

The overall aim of this project was to study metabolic alterations in natural 

populations of Cladonia portentosa collected from different locations within the UK 

and subjected to different wet nitrogen regimes, using the environmental 

metabolomics approach.  Since the lichen samples were obtained from the direct 

environment it was essential to explore all available meta-data ranging from sample 

collection, treatment and storage to habitat type description and relating atmospheric 

data.  The mat forming lichen C. portentosa, whose metabolism is tightly and 

directly coupled to atmospheric sources, is an ideal candidate for this project.  

Clearly, the evaluation of nitrogen inputs on ecological effects is one of the most 

challenging areas of current field based research.  Species monitoring as well as 

targeted biochemical analysis all have their place and are important, but are either 

expensive, time consuming or most importantly require a specific knowledge of 

possible biochemical alterations in terms of targeted chemical analysis.  In addition, 

the assessment of ecosystem change is only capable of detecting overt 

phenotypic/species changes once they have already occurred.  The fact that 

hypothesis driven targeted chemical studies including tissue nitrogen and phosphorus 

as well as phosphomonoesterase activity and nitrogen and phosphorus uptake 

kinetics in this organism already revealed significant correlations and relationships 

with different wet nitrogen regimes, gave reason to apply the unbiased environmental 

metabolomic approach as an ecological tool.   For this study therefore, FTIR - a 

metabolic fingerprinting technique-, and LC-ToF-MS - a metabolic profiling 

technique - were applied in combination with the statistical tools principal 

component (PCA) and partial least squares regression (PLSR) analysis.  The 
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application of both analytical techniques provides a wealth of physiological variables 

that potentially could carry signatures of the biological responses elicited by a range 

of wet nitrogen inputs.  With the help of statistical tools it was aimed to identify 

markers of change (biomarkers) from a vast array of possible candidates.  The main 

objectives of this work are: 

 

a) To describe and analyse (i) all available data about sample collection, 

handling and preparation and (ii) available environmental and targeted 

chemical data, their correlation and relation and also their spatial dependency, 

as samples were collected from the direct environment.  

(Chapter 2).   

b) To look at broad metabolic differences and test if particular broad metabolic 

classes within C. portentosa apical tissue are correlated to the external 

environmental variables wet nitrogen deposition (Ndepos), nitrogen 

concentration ([N]ppt) and precipitation (PPT) but also to the internal variable 

tissue nitrogen ([N]tiss) and tissue carbon/nitrogen (C:Ntiss) ratio; by applying 

FTIR as a metabolic fingerprinting technique in combination with PCA and 

PLSR (Chapter 3). 

c) To develop appropriate chromatographic and extraction methods for 

metabolite profiling of the soluble metabolome of C. portentosa, using LC-

ToF-MS (Chapter 4). 

d) To look at differences in specific metabolites and to test if particular 

compounds of the soluble metabolome of C. portentosa are correlated to the 

natural wet Ndepos, [N]ppt and PPT gradients using PCA and PLSR.  Such 

compounds will then be identified and placed in the wider metabolic pathway 

context in order to get a better mechanistic understanding of the adaptation 

mechanism of C. portentosa to different wet nitrogen regimes.  In addition, it 

is aimed to compare metabolic profiles obtained from the natural populations 

with those from C. portentosa samples collected from the nitrogen 

manipulation site Whim Moss in order to see if nitrogen enrichment is a 

causal factor in any observed metabolic alteration (Chapter 5). 
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2 Environmental and biological meta-data 

2.1 Introduction  

A detailed description of environmental metabolomics was provided by Morrison et 

al. (2007) who defined the field of study as “the application of metabolomics to the 

investigation of both free-living organisms obtained directly from the natural 

environment (whether studied in that environment or transferred to a laboratory for 

further experimentation) and of organisms reared under laboratory conditions 

(whether studied in the laboratory or transferred to the environment for further 

experimentation), where any laboratory experiments specifically serve to mimic 

scenarios encountered in the natural environment”.  The potential of environmental 

metabolomics lies in its use as a tool for the detection of metabolomic disturbances 

in sentinel species that signal the possibility for ecosystem disturbance before it 

happens (Miller, 2006).      

 

Previous environmental metabolomic studies were performed on organisms grown 

under defined laboratory conditions (e.g Boelling and Fiehn, 2005; Johnson et al., 

2002), collected directly from the environment and returned to the laboratory for 

further investigation (Davey et al., 2007; Davey et al., 2008; Peiris et al., 2008) or 

directly collected from the field (Gidman et al., 2005; Gidman et al., 2006).  The 

latter should be considered with caution, since samples taken from the environment 

can be influenced by many different variables, including physical as well as 

biological parameters, which are difficult to trace.  

 

The environment as such is defined as all factors that are influential and external to 

the biological sample under investigation including other species, diurnal variation 

and exposure conditions that are likely to influence metabolic variation (Morrison et 

al., 2007).  In order to focus on one specific factor, it would be preferable to 

minimise the background variation in the experimental design.  This strategy, 

however, poses a dilemma since the desired outcome would be achieved but would 

not be representative of the true picture.  One opportunity to tease out important 
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changes in free-ranging uncontrolled populations would be best resembled by the 

comparison with data sets from controlled laboratory experiments (Miller, 2006).  

When analysing samples taken from the direct environment, however, it is essential 

to report all environmental features which are available and also relevant to the 

sample under investigation.   

   

The provision of background information describing the experimental design is 

essential when analysing biological samples collected directly from the environment.  

A suggested approach for reporting requirements is the SEP approach.  This 

approach demands detailed information about the sample (S), the environment (E) 

and the process (P) involved in the study.  Some of the suggested reporting 

requirements for the sample description include phenotypic characteristics, and also 

image data (Morrison et al., 2007). 

 

Essential requirements for the field environment description include the geographic 

location, the altitude (in meters above/below sea level), the habitat type, 

meteorological conditions (i.e. precipitation, weather type e.g. sunny or raining) and 

all other measured parameters such as pollutants and their concentrations.  In 

essence, describing the environmental conditions is very complex  

(Morrison et al., 2007). 

 

It is crucial to know from what type of habitat lichen samples were collected since 

different habitats show variable abiotic (i.e. temperature, precipitation, light) and 

biotic (i.e. species composition, canopy effect) characteristics.  For example, 

suggested critical loads for nitrogen deposition (i.e. nitrogen deposition load) where 

an ecosystem can endure without significant harmful effects vary for different habitat 

types (Bobbink et al., 2002; Nilsson and Grennfelt, 1988).  A decline in N-sensitive 

vegetation including cryptogams (bryophytes and lichens) was observed in nutrient 

poor habitats, such as ombrothrophic (raised) bogs, when the critical N load was 

exceeded (Bobbink et al., 2002; Bobbink and Roelops, 1995).  Interestingly, it has 

been suggested that bogs receiving higher precipitation, such as those found in the 

UK, are less sensitive to increasing nitrogen than bogs in drier areas such as the 

Netherlands or Sweden (Bobbink and Lamers, 2002).  Thus, precipitation is a 

modifying factor that needs to be taken into account.   
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In addition to atmospheric nitrogen, atmospheric phosphorus should be considered as 

a modifying factor as it is an essential element for all living organisms.  It has been 

shown that atmospheric N enrichment can induce phosphorus limitation in higher 

plants where it can cause shifts in tissue N:P ratios (Güsewell, 2004; Phoenix et al., 

2004).  For this study, however, inorganic phosphorus values in precipitation were 

not available and Hogan (2009) already indicated that inorganic phosphorus is very 

low in rainfall and consequently very difficult to measure.   

 

The question remains if the overall lichen biochemistry is directly or indirectly 

affected by increasing atmospheric wet N inputs.  Indirect effects of increasing N 

deposition on single plant species have been reported (Bobbink et al., 1998; Bobbink 

and Lamers, 2002; Carroll et al., 1999; Nordin, 2007).  Competition between fast 

growing, less nitrogen conservative species and slow growing species with high 

nitrogen use efficiency is a commonly found indirect affect of increasing N 

deposition (Pitcairn et al., 1998).  In addition, increasing susceptibility of plant 

species to secondary stress factors including pathogens, frost or low temperature 

desiccation can be a result of increased N deposition (Bobbink and Lamers, 2002).  

 

Together with the accurate description of the biological study design, the 

accompanying work flow data including sample collection procedure, chemical 

analysis, data processing and statistical analysis are crucial steps for metabolomic 

experiments (Goodacre et al., 2007a; Morrison et al., 2007; Sumner et al., 2007).  

Sample collection procedures and individual preparation of the samples for chemical 

analysis constitute crucial steps within the workflow and potentially contribute to 

metabolic variation and should thus be borne in mind 

 

Regarding the sampling process, a clear description should include the sampling and 

transport procedure as well as the storage and preservation of the samples (Morrison 

et al., 2007).  Sample collection, transportation and preparation are crucial steps 

when defining metabolic experiments, as biological system studies are in constant 

metabolic flux (metabolic reaction half lives are generally less than 1 s) and 

consequently there is the potential for metabolic changes to be observed that are not 

related to the scientific question being studied (Dunn et al., 2005).  Again, it is 

important to report the meta-data as precisely as possible, since these could be 
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responsible for metabolic variation.  Sample storage and/or preservation have mostly 

involved the application of liquid nitrogen, in order to snap freeze tissues.  Although 

this is the recommended storage procedure (e.g. Davey et al., 2008), it  is not always 

applicable when collecting samples from various field sites due to health and safety 

requirements (Gidman et al., 2005; Gidman et al., 2006). 

 

This chapter aims to characterise, analyse and discuss all available meta-data from 

the collection sites and their potential influence on lichen metabolism.  These 

included the sample collection and preparation procedure, the description of the 

habitat types from where samples were collected and also the atmospheric data.  

Regarding the latter, three sets of atmospheric data were available:  (1) annual mean 

total wet inorganic nitrogen (NO3
- + NH4

+) deposition (Ndepos), (2) annual mean 

volume-weighted inorganic nitrogen concentration ([N]ppt), and (3) annual 

precipitation (PPT).  Data for these three variables were either available as modelled 

or measured values, which were initially compared with each other.  In addition, 

targeted chemical phenotyping was performed on the collected sample material, 

including the determination of total tissue nitrogen ([N]tiss) and carbon ([C]tiss) 

concentrations.  Total tissue nitrogen concentration was chosen as it is a well known 

bio-indicator for nitrogen enrichment (Hyvärinen and Crittenden, 1998a; Hyvärinen 

and Crittenden, 1998).  In addition, [C]tiss was identified in order to see if it was 

influenced by increasing Ndepos as well.  Correlation testing of the atmospheric and 

chemical parameters was then performed.   

2.2 Materials and Methods  

2.2.1  Sampling design, N input and precipitation data 

Samples of Cladonia portentosa were collected from 25 sites within the UK where 

modelled (13 sampling sites) or both raw measured and modelled (12 sampling sites) 

Ndepos, [N]ppt and PPT values were available (Table 2.1, Table 2.2 and Table 2.3; 

Hogan, 2009).  Wet inorganic N was used rather than the total N deposition for two 

reasons.  Firstly, Hyvärinen and Crittenden (1998a) found that the effect of different 

components of total Ndepos and [N]lichen were not all additive: NO3
- and NH4

+ wet 
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deposition were strong co-variables and both strongly correlated with [N]lichen but 

were interchangeable rather than complementary.  In addition modelled NH3 

deposition did not explain [N]lichen while overall, wet NO3
-
 deposition, with or 

without measured NO2 concentrations in air, was the variable yielding the highest 

explanatory power (Hyvärinen and Crittenden, 1998a).  Secondly, dry deposition is 

derived from transfer models in contrast to wet deposition which is measured (note 

that the corresponding model for wet N deposition predicts from mapped actual 

measured rainfall), and contain large uncertainties (e.g. Magnani et al., 2007).  Also, 

Marner and Harrison (2004) reported that in the West Midlands of England wet 

deposited NO3
- and NH4

+  represented 50 - 70% of total N deposition (Hogan et al., 

2010a).      

 

For this study modelled Ndepos, [N]ppt and PPT values were supplied by R. I. Smith 

(Centre of Ecology and Hydrology, Edinburgh), derived using an atmospheric 

deposition model parameterised for moorland terrain (Smith and Fowler, 2001).  The 

model utilises a simulated rainfall field for the British Isles generated by the UK 

Meteorological Office and interpolated maps derived using measurements from the 

UK Acid Deposition Monitoring Network operated by the National Environmental 

Technology Centre (NETCEN, AEA Technology).  Modelled Ndepos and [N]ppt were 

provided as values of annual mean total wet deposited inorganic N (NO3
- + NH4

+) 

and annual mean volume weighted concentration of dissolved inorganic N in rainfall 

as 5 x 5 km gridded data sets for the UK, respectively.  Modelled PPT was provided 

as values of annual precipitation (Table 2.2).   

 

Measured [N]ppt, PPT and Ndepos data were based on the three year averaged data of 

2002 - 2004.  Values for annual mean volume-weighted concentration of inorganic N 

([NO3
-]m +[NH4

+]m) ([N]ppt(m)) and total annual rainfall (PPT(m)) were taken from 

open sources (Hayman et al., 2004; Hayman et al., 2004; Hayman et al., 2005), 

which were provided by AEA Energy & Environment and available on the website 

www.airquality.co.uk.  Ndepos(m) values were obtained by converting measured 

[N]ppt(m) values from µmol l-1 to kg ha-1 yr-1 using the yearly precipitation for each 

sampling site (Table 2.3).    
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Table 2.1 Abbreviations for the three environmental variables. 

Environmental 
Variables 

 

Ndepos Modelled annual mean total inorganic N deposition 
(kg ha-1yr-1) 

Ndepos(m) From measured volume-weighted inorganic N 
concentration in precipitation calculated N deposition 
(kg ha-1yr-1) 

[N]ppt Modelled volume-weighted inorganic N concentration 
in precipitation (mg l-1)  

[N]ppt(m) Measured volume-weighted inorganic N concentration 
in precipitation (mg l-1) 

PPT Modelled precipitation (mm yr-1) 
PPT(m) Measured precipitation (mm yr-1) 
 

 

Collection sites for C. portentosa were sought within each of the 5 x 5 km grid 

squares selected from the modelled data sets (13 sampling sites, Table 2.2), and as 

close as possible to each of the selected rainfall chemistry monitoring stations (12 

sampling sites, nine monitoring stations, Table 2.3).  The study sites were plotted 

according to their British National Grid coordinate six figure references, using the 

abbreviated letter grid.  The abbreviated coordinates were converted to full numerical 

British National Grid coordinates to enable import into ESRI ArcView (Version 9.0).  

The numerical sample coordinates were entered into a MS Access database table, and 

subsequently imported into ArcMap, part of ESRI Arcview, using the “tool: Import 

x, y data” menu command (Figure 2.1). 

 

Altitude data were acquired through the use of a DEM (digital elevation model) 

obtained through Edina Digimap ShareGeo website 

(http://digimap.edina.ac.uk/sharegeo/handle/10389).  Data for the “GB SRTM 

Shaded Relief DEM” were originally acquired by the NASA Shuttle Radar 

Topography Mission on an 11-day mission in February 2000 

(http://www2.jpl.nasa.gov/srtm/index.html).  The original raw data were cleaned 

with any missing data interpolated.  The data cover most of the British Isles barring 

the Shetland Isles, where at the higher latitude the data becomes unreliable due the 

curvature of the Earth.  Cell resolution of the raster DEM was approximately 90 m.  

The data were presented in OSGB coordinates in ArcInfo GRID format.  Height data 

was extracted from the DEM to the sample position point layer by using the zonal 
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statistics tool in the ArcMap Spatial Analyst Suite.   The other digital outline maps, 

based on an Ordinance Survey (OS) boundary data set, were also provided by Edina 

Digimap service.   

 

The distances between sites were calculated using a free ArcGIS add on called 

“Hawths Analysis Tools” available on http://www.spatialecology.com/htools/.  

Within the tool set the “distances between points tool (straight line)” was used by 

simply selecting the coverage.  A points distance text file was generated which was 

then copied to excel for formatting. 

 

2.2.2  Statistical analysis of the relationship among environmental and 

targeted chemical variables 

The distribution patterns of the environmental variables Ndepos, [N]ppt and PPT as 

well as the biological variables [N]tiss and C/Ntiss were analysed using the Anderson-

Darling normality test in MinitabTM (Version 12, Minitab Inc., State College, PA, 

USA).  The P-value reported as a result of the test is the probability of the data being 

normally distributed.  If P < 0.05, then the data was not normally distributed and 

consequently non-parametric statistics for correlation was applied (Dytham, 1999). If 

P > 0.05 then parametric statistics for correlation was applied.  The non–parametric 

test of Spearman’s rank order correlation (rs) and the parametric test of Pearson’s 

product moment (r) were selected as the tests of correlation, using SPSS (Version 

14.0, SPSS Inc. Chicago, IL, USA).  The correlation statistic ranges from -1 through 

0 to 1, indicating a ‘perfect negative correlation’, ‘no correlation’, and ‘perfect 

positive correlation’.   
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Figure 2.1 Plot of 25 lichen collection sites within the British Isles.  Different sites 

are coloured according to the level of modelled wet inorganic N deposition exposure 

(2002 - 2004) at a resolution of 5 x 5 km (R. Smith, CEH Edinburg and E. Hogan, 

Nottingham University, pers. comm.).  Letters indicate the locations with only 

modelled N input data available, while numbers indicate locations with additional 

measured N input data.  Number 11 and 10 on the map indicate that these 3 and 2 

sites respectively are covered by the same rain gauge. “copyright © Crown 

Copyright/database right 2009. An Ordnance Survey/EDINA supplied service”
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Table 2.2 Details of the 13 sites at which Cladonia portentosa was collected from, including national grid reference (NGR), collection date, 

altitude, and modelled values for Ndepos, [N]ppt and PPT (Figure 2.1, letters).   

 
 

 

 

 

 

 

 

 

 

 
 

* 2004 data for moorland ecosystems from R.I. Smith (CEH Edinburgh, pers. comm. through E.J. Hogan and P.D. Crittenden University 
of Nottingham 

 

 

 

 

Code Name NGR Collection
date 

Altitude 
(m) 

Ndepos  
(kg ha-1yr-1) 

[N]ppt  
(mg l-1) 

PPT 
 (mm yr-1) 

Modelled Data*       
A Wythburn Fells NY 315125   24.04.06 310 32.8 0.96 3279 
B Tarn at Leaves NY 258123 24.04.06 510 29.7 0.96 3000 
C Honister Pass NY 227133 05.05.06 419 22.3 1.05 2014 
D Alwen SH 923514 24.04.06 336 15.8 0.94 1591 
E Haye on Wye SO 170512 21.03.06 427 9.9 0.94 912 
F Yellow Craig NT 496855 08.05.06 21 4.1 1 395 
G Five Sisters NG 952167 11.05.06 46 8.4 0.31 2625 
H Nant-Y-Moch SN 757861 03.04.06 316 8.1 0.51 1371 
I Dalswinton NX 958873 13.05.06 184 7.6 0.77 952 
J Winterton Dunes TG 492202 24.03.06 1 8.7 1.4 605 
K Moira Tip SK 318149 25.07.06 104 7.3 1.56 450 
L The Brand SK 535131 27.03.06 111 9.7 1.7 547 
M Wooley Mine SE 310117 28.03.06 115 9.8 1.9 504 
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Table 2.3 Details of the 12 sites at which Cladonia portentosa was collected from, including national grid reference (NGR), altitude, collection 

date, modelled and measured values for Ndepos, [N]ppt and PPT  (Figure 2.1, numbers).  Discrepancy between rain gauge (rg) and study site (ss) is 

given in m. DC= Discrepancy. Abbreviations for “measured” sampling locations: TR-Tywi Reservoir, SF-Stoke Ferry, WW-Wangford Warren, 

WX-Whixall Moss, ST-Stiperstones, TC-The Cliff, CG-Cow Green Reservoir, LD-Loch Dee, STR-Strathyre, GD-Glen Dye, TH-The Halsary, 

LL-Llyn Llagi. 

Code Name NGR Collection 

 

Altitude 

(m) 

Collection 

 

Ndepos  

(kg ha-1yr-1) 

[N]ppt 

 (mg l-1) 

PPT  

(mm yr-1) 

DC 

      *Modelled **Measured *Modelled **Measured *Modelled **Measured  

8 TR SN 815 503 03.04.06 382 03.04.06 11.50 5.77 0.82 0.38 1293 1526 -40 

10 SF TF 722012 24.04.06 11 24.04.06 8.50 6.44 1.56 1.18 532 557 -8 

10 WW TL 757840 24.04.06 11 24.04.06 8.50 6.44 1.56 1.18 532 557 -1 

11 WX SJ 490357 21.04.06 428 21.04.06 7.00 5.46 1.08 0.99 638 549 25 

11 ST SO 359970 21.04. 06 428 21.04. 06 7.00 5.46 1.08 0.99 638 549 320 

11  TC SJ 393207 08.06.06 428 08.06.06 7.00 5.46 1.08 0.99 638 549 80 

22 CG  NY 818 298 05.05.06 510 05.05.06 16.80 6.88 1.21 0.52 1238 1357 3 

23 LD NX 480 794 13.05.06 232 13.05.06 14.80 7.08 0.69 0.38 2041 1897 -10 

27 STR NN 556 160 12.05.06 147 12.05.06 19.50 6.51 0.85 0.45 2192 1529 170 

29 GD NO 649 846 09.05.06 216 09.05.06 14.40 6.31 1.60 0.73 852 904 45 

32 TH ND 195 493 10.05.06 90 10.05.06 4.20 2.34 0.61 0.38 684 633 -8 

34 LL SH 647 481 04.04.06 398 04.04.06 12.20 7.53 0.54 0.31 2128 2426 5 
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2.2.3  Collection site description 

Habitats at sites included sand dunes, ombrotrophic bogs, heathlands, woodlands, 

pastures and a mine spoil, with each habitat altered by anthropogenic influences to 

different degrees.  The altitude of the different habitats, where lichen samples were 

collected from, varied as well, as shown in Table 2.4. 

 

The altitude of the sampling locations differed substantially between locations. 

According to the JNCC habitat definitions, upland habitats are defined as “open” 

habitats found above the upper limits of agricultural enclosure (usually around  

250 - 400 m) (Joint Nature Conservation Committee (JNCC), 2009; 

http://www.jncc.gov.uk/page-1436).  Five out of 25 study sites can be classed as 

upland habitats, whereas another seven study sites are higher than 400 m and 13 

study sites lower than 250 m.  Upland habitats usually include heaths, bogs, rough 

grasslands, and also rocky habitats such as screes and ledges, and mountain habitats.  

They cover in total around one-third of Britain's land surface.  These open habitats 

have important interfaces with other habitats such as native woodlands and 

freshwaters, and support a wide range of species (Joint Nature Conservation 

Committee (JNCC), 2009; http://www.jncc.gov.uk/page-1436).    
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Table 2.4 Description of the collection sites of C. portentosa (E.Hogan, University 

of Nottingham, pers.comm). 

Location Code Habitat type description Altitude 
(m) 

 Letters   
Wythburn Fells A Heavily grazed pasture  310 
Tarn at Leaves B Heavily grazed pasture  510 
Honister Pass C High altitude 419 
Alwen 
Reservoir 

D Edge of woodland, protected from 
grazing 

336 

Hye on Wye E High altitude, not grazed by sheep 427 
Yellow Craig F Sand dunes 21 
Five Sisters G Craggy outcrops  46 
Nant-y-Moche H Patches of heathland surrounding 

reservoir 
316 

Dalswinton 
Wood 

I Open rides at edge of woodland 184 

Winteron 
Dunes 

J Sand dunes 1 

Moira Tip K Small patches of heathland 104 
The Brand L Craggy outcrops  111 
Wooley Mine M Old mine spoil 115 
    
 Numbers   
Tywi Reservoir 8 Patches of heathland surrounding 

reservoir 
382 

Whixall Moss 11 Quite wet site 428 
Stiperstones 11 Small patches of heathland 428 
The Cliff 11 No Information available 428 
Wangford 
Warren 

10 Grazed land, taken from paths of 
heathland, not grazed by ponies 

11 

Stoke Ferry 10 No information available 11 
Cow Green 
Reservoir 

22 Grazed land 510 

Loch Dee 23 Wet heathland 232 
Strathyre 27 High altitude heathland (Calluna 

vulgaris),  patches not grazed by sheep 
147 

Glen Dye 29 Heathland 216 
The Halsary 32 Ombrotrophic bog 90 
Llyn Llagi 34 High altitude, near lake 398 
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2.2.4  Collection procedure, transport and date 

Fresh lichen samples were collected between March and July 2006 by P.D. 

Crittenden and E.J. Hogan from the University of Nottingham.  The samples were 

taken within 5 km² sites at different UK locations (Table 2.2 and Table 2.3).  Each 

sample typically consisted of a single clump of podetia of 50 - 150 mm in diameter.  

Samples were collected from open areas in order to minimize tree canopy effects and 

replicates were taken from locations more than 10 m apart in order to reduce the 

likelihood of collecting genetically identical lichen material.  Powder free gloves 

were worn when handling lichens in the field as well as in the laboratory in order to 

minimize contamination.   

 

Lichen samples were placed in individual polyethylene bags, labelled and transferred 

via car to the laboratory of the University of Nottingham.  Following collection, 

lichen material was air dried for 24 - 48 h at room temperature (Hogan, 2009).  The 

air dried lichen material was then transferred into polyethylene bags, sealed, labelled 

and stored at -15°C until targeted chemical analysis in the Nottingham laboratory.  

Additional lichen samples were then sent to the Environmental Research Institute 

and transferred into the -80°C freezer until sample preparation for metabolomic 

analysis.     

 

Overall, two batches of air dried lichen samples were provided by P.D. Crittenden 

and E.J. Hogan, from the University of Nottingham for this project.  The first batch 

of lichen samples was received in November 2006 and the second batch in October 

2007.  The second batch was used in order to increase the number of replicates 

needed for metabolomic analysis and also to ensure that enough material was 

available for chemical analysis.  

2.2.5  Sample preparation for chemical analysis 

The air dried lichen material was cleaned of extraneous debris (i.e. old plant material 

or moss) with a sterile forceps.  Air dried thalli were then cut 10 mm downwards 

from the apices (Figure 2.2) and ground up in liquid nitrogen with a pre-chilled 
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pestle and mortar.  The first 10 mm were selected because it has been shown that 

there are strong gradients in the concentration of elements (Hyvärinen and 

Crittenden, 1998a) and in physiological activity (Hogan et al., 2010a; Hogan et al., 

2010b) within the thallus in response to wet N deposition gradients, with maxima 

occurring at the apices.  The lichen powder was immediately transferred into 15 ml 

polypropylene CELLSTAR® test tubes (Greiner Bio-One, Kremsmuenster, Austria) 

and stored at -80°C.  Prior to chemical analysis of the finely ground up lichen 

powder, samples were freeze dried (Edwards, West Sussex, UK) for five to six hours 

in order to ensure the total elimination of remaining water in the samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Thallus of C. portentosa (50 mm tall) showing the selected distance of  

10 mm measured downwards from the apices, which was used for chemical analysis. 

 

Section used 
for chemical 
analysis

10 mm
Section used 
for chemical 
analysis

10 mm
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2.2.6  Determination of total tissue nitrogen and carbon concentration 

Total tissue N ([N]tiss) and C ([C]tiss) (Table 2.5) of the air dried lichen samples was 

determined by the Analytical Services of the School of Geosciences at the Edinburgh 

University.  The samples were analysed using a Carlo Erba NA2500 Elemental 

Analyser.  The instrument was calibrated using cyclohexanone as a standard.  For 

each analysis, 3 - 6 mg of sample material was weighed into tin capsules (Ann 

Mennim, Edinburgh University, pers. comm.).  In total 52 samples were analysed, 

covering  biological replicates from the 13 “modelled” study sites (Table 2.2, Letters 

A - M).  The number of replicates used for each site are summarised in Table 2.6. 

 

 

Table 2.5 Summary of the abbreviations used for the biological variables. 

 

 

Table 2.6 Number of replicates used for each of the 13 sampling sites for the 

determination of [N]tiss and [C]tiss.   

Location Sample Number (N) 
Winterton  3 
Dalswinton 3 
Nant-Y-Moch 3 
Tarn at Leaves 7 
Alwen Reservoir 3 
Honister Pass 7 
Woolley Mine 3 
Yellow Craig 6 
Moira 3 
The Brand 3 
5 Sisters 3 
Wythburn Fells 5 
Haye on Wye 3 

Biological Variable  
[N]tiss Total tissue nitrogen concentration in apical tips of C. 

portentosa (per unit dry ground up powder in %) 
[C]tiss Total tissue carbon concentration in apical tips of C. 

portentosa (per unit dry ground up powder in %) 
C:Ntiss Carbon/Nitrogen relation in apical tips of C. 

portentosa (per unit dry ground up powder in %) 
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2.2.7  Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) was performed on the apical tips of air dried 

samples of C. portentosa, using a TOPCON 300 SE equipped with Energy 

Dispersive X-ray analysis (EDXA) (TOPCON, New Jersey, USA).  The air dried 

lichen apices were placed on a clean stainless steel stub covered with a graphite 

surface (Agar Scientific, Essex, England) and imaged straight away, generally using 

an acceleration voltage of 20 kV and a chamber vacuum of 30 Pa.   

2.3 Results 

2.3.1  Appearance of Cladonia portentosa  

The SEM picture in Figure 2.3a clearly shows the highly branched thallus of  

C. portentosa with its apical tips.  Since the lichen samples were air dried, they were 

very fragile towards manual handling.  Consequently apical tips and also other parts 

of the thallus broke off easily (Figure 2.3a and c).  The outer surface of the thallus is 

composed of a comparatively loose network of fungal hyphae, showing a faintly 

verrucose appearance probably due to clusters of algal cells beneath the raised areas 

(Figure 2.3c).  By contrast, the inner surface of the thallus is composed of a dense 

mycelium of the cartilaginous layer of the medulla from which several short 

protrusions are visible (Figure 2.3c; Hogan, 2009).  In addition Figure 2.3b shows the 

fungal fruiting bodies of C. portentosa, which are surrounded by the hymenium, part 

of the reproductive structure.  The fruiting bodies contain the sexual ascospores, 

which are exclusively fungal in origin.  Only vegetative air dried apical tips of  

C. portentosa were used for the analysis for consistency reason, as not every lichen 

sample had fruiting bodies present.  Grinding samples in liquid nitrogen is common 

practise for metabolomic studies (e.g. Davey et al., 2008; Jansen et al., 2008).  The 

grinding procedure resulted in the destruction of the hollow structure and smaller 

particles of the lichen were obtained, which were not homogenous in size  

(Figure 2.3d).  The lichen powder was the basis for any chemical analysis including 

the determination of [N]tiss, [C]tiss as well as for FTIR and LC-MS analysis.  
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Figure 2.3 Images of Cladonia portentosa obtained from Scanning Electron 

Microscopy (SEM). (a) Thallus meshwork showing apical tips. (b) Fruiting bodies. 

(c) Hollow tube like thallus with a network of fungal hyphae forming the surface. (d) 

Particles of apical tips obtained by grinding under liquid N2. 

 

2.3.2  Measured vs. modelled nitrogen and precipitation values  

The measured values for Ndepos, [N]ppt and PPT from nine different rain gauge 

stations within the UK were compared with the corresponding modelled values.  

Important to note is that in some cases different study sites were covered by the same 

rain gauge due to their proximity to each other (Figure 2.1, numbers).  Thus, all 12 

sampling sites (numbers) were covered by nine rain gauges.  

 

The comparison of modelled vs. measured values for Ndepos and [N]ppt respectively 

showed that modelled values for these two environmental variables were higher than 

the respective measured values.  The trend of modelled and measured variables, 

 (a) (b)

(d)(c)

(c)

(b)
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however, was similar between the different rain gauge stations.  Modelled values for 

Ndepos covered a bigger range (4.2 – 19.2 kg ha-1 yr-1) compared to the measured 

values (2.34 - 7.53 kg ha-1 yr-1).  For the six locations Tywi Reservoir, Cow Green, 

Loch Dee, Glen Dye, The Halsary and Llyn Llagi modelled Ndepos values were 

approximately twice as high as the raw measured values, whereas for the Strathyre 

location the modelled Ndepos value was approximately three times higher than the 

measured value.  For the remaining stations modelled Ndepos did not much differ from 

the measured Ndepos values (Figure 2.4a).   

 

As with the modelled Ndepos values, modelled [N]ppt values were higher throughout all 

study sites compared to the measured values.  In particular, modelled values for 

[N]ppt for the seven locations Tywi Reservoir, Cow Green Reservoir, Loch Dee, 

Strathyre, Glen Dye, Llyn Lagi and The Halsary were approximately twice as high as 

the corresponding measured value.  For the remaining stations modelled [N]ppt values 

were not apparently different from measured [N]ppt values (Figure 2.4b).  In contrast, 

modelled PPT values (549 - 2426 mm yr-1) were fairly similar to the measured PPT 

values (557-2129 mm yr-1) (Figure 2.4c).   
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Figure 2.4 Comparison of measured ( ) vs. modelled ( ) values for the three 

environmental variables (a) Ndepos, (b) [N]ppt, and (c) PPT for the nine rain gauge 

stations within the UK Acid Deposition Monitoring Network (2002 - 2004).  Study 

sites are represented as abbreviations: TH-The Halsary, WX-Whixall Moss, ST- 

Stiperstones, TC-The Cliff, SF-Stoke Ferry, WW-Wangford Warren, TR-Tywi 

Reservoir, LL-Llyn Llagi, GD-Glen Dye, LD-Loch Dee, CG-Cow Green Reservoir, 

SR-Strathyre. 
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Since both, Ndepos(m) and [N]ppt(m) for each site were those received from precipitation, 

it was important to understand any statistical correlation or dependence that existed 

between these two measured N variables and the amount of precipitation itself.  The 

Spearman’s rank order correlation was applied, as only Ndepos(m) values were 

normally distributed along sites, while all other measured environmental parameters 

were not normally distributed (Appendix 2).  A strong positive significant correlation 

at the P ≤ 0.01 level was observed between Ndepos(m) and PPT(m) (rS = 0.758) 

including values from all nine rain gauge stations.  A significant negative correlation 

at the P ≤ 0.01 level was observed between [N]ppt and PPT (rS = -0.806).  A non-

significant weaker negative correlation was observed between Ndepos(m) and [N]ppt(m) 

(rS = -0.312; Table 2.7).  

 

Table 2.7 Spearman’s rank correlation coefficient (rS) for the three measured 

environmental variables Ndepos(m), [N]ppt(m) and PPT(m).   

 Ndepos (m) [N]ppt (m) PPT (m) 
Ndepos (m) 1 -0.312 0.758** 
[N]ppt (m) -0.312 1 -0.806** 
PPT (m) 0.758** -0.806** 1 

** Correlation is significant at the P ≤ 0.01 level (2 tailed) 

 
 
 

Based on correlation analysis it was found, that measured values for the three 

environmental variables Ndepos(m), [N]ppt(m) and PPT(m) were in good agreement with 

the corresponding modelled values indicating that measured, as well as modelled 

values for these environmental variables, have similar trends between stations  

(Table 2.8).    
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Table 2.8 Correlation between measured Ndepos(m) [N]ppt(m) PPT(m) and modelled 

Ndepos [N]ppt and PPT values. 

 Ndepos [N]ppt PPT 
Ndepos(m) 0.667*   
[N]ppt(m)  0.821**†  
PPT(m)   0.865**† 

** Correlation is significant at the P ≤ 0.01 level (2 tailed),     
*   Correlation is significant at the P ≤ 0.05 level (2 tailed) 
† Spearman’s correlation coefficient 

 
 

2.3.3  Correlation testing between different environmental parameters 

Following the original sampling design after Hogan (2009), modelled Ndepos values 

were plotted vs. modelled [N]ppt values for the 13 sites (letters).  Two gradients were 

obtained: six locations (A,B,C,D,E,F) corresponding to a distinct Ndepos gradient with 

a broad range of Ndepos values but similar [N]ppt values and eight locations 

(M,L,K,J,E,I,H,G) corresponding to a distinct [N]ppt gradient with a broad range of 

[N]ppt  values but similar Ndepos values.  In order to increase the data set, the original 

modelled data set (letters) were combined with the additional modelled data set 

(numbers) (Table 2.3).  Again,  modelled Ndepos values were plotted vs. modelled 

[N]ppt values for all 22 measuring stations (25 sampling locations), which  resulted in 

a distinct Ndepos (A,B,C,D,E,11,F) and [N]ppt (M,L,K,J,10,11,E,I,H,G) gradient 

(Figure 2.5).  Values for modelled Ndepos, [N]ppt and PPT ranged from  

4.1 – 32.8 kg ha-1 yr-1, 0.31-1.9 mg l-1, and 395 to 3279 mm yr-1 respectively.  Since 

the number of sampling locations for “measured sites” does not correspond to 

number of measuring stations (Table 2.3), the Ndepos gradient of seven values 

(A,B,C,D,E,11,F)  corresponds to nine sampling sites and the [N]ppt gradient of ten 

values corresponds to 13 samplings sites (see Table 2.3).   

 

The Spearman’s rank order correlation test indicated a significant positive correlation 

at the P ≤ 0.01 level between PPT and Ndepos for all 22 rain gauge stations (rS = 0.688) 

(2 tailed) (Table 2.9).  For the seven selected rain gauge stations corresponding to the 

distinct wet Ndepos gradient (A,B,C,D,E,11,F), the Pearson product-moment 

correlation indicated a very strong, almost perfect significant positive association at  
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the P ≤ 0.01 level between PPT and Ndepos (r = 0.998) (2 tailed).  A significant                      

negative correlation (rS = -0.615,) at the P ≤ 0.01 level (2 tailed) was found between 

PPT and [N]ppt for all 22 measuring stations, using the Spearman’s rank order 

correlation test (Table 2.9).  For the restricted ten rain gauge stations 

(M,L,K,J,10,11,E,I,H,G) an even stronger negative significant correlation  

(rS = -0.945) at the P ≤  0.01 level (2 tailed) was observed.  

 

 

Figure 2.5 Relationship between Ndepos and [N]ppt for sites on the British Isles.  The 

values for all 5 x 5 km grid squares represent distinct gradients in Ndepos 

(A,B,C,D,E,11,F) and [N]ppt (G,H,I,E,11,10,J,K,L,M).  Individual grid squares are 

represented by a unique site code, either as letters or as numbers (sites which in 

addition to modelled N input data also had raw measured data available).  The 13 

original modelled sites, here indicated as letters resulted in six locations 

(A,B,C,D,E,F) for a distinct Ndepos gradient and eight locations (G,H,I,E,J,K,L,M) for 

a distinct [N]ppt gradient.
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Table 2.9 Correlation coefficients between all three atmospheric data for all 22, seven (Ndepos gradient) and ten ([N]ppt) measurement sites.  In 

addition, correlations coefficients between all three atmospheric data for all 13 sites (letters only) are shown as well as for the six (Ndepos 

gradient) and eight ([N]ppt) measurement sites.  Numbers indicate the number of measurement sites. 

 

 

 

 

 

 

 

 

 

 

 
*   Correlation is significant at the P ≤ 0.05 level (2 tailed) 
** Correlation is significant at the P ≤ 0.01 level (2 tailed) 
†Spearman’s correlation coefficient  

 Ndepos25 [N]ppt25 PPT25 Ndepos7 [N]ppt7 PPT7 Ndepos10 [N]ppt10 PPT10 
Ndepos22 1† -0.034† 0.688**†       
[N]ppt22 -0.034† 1† -0.615**†       
PPT22 0.688**† -0.615**† 1†       
Ndepos7    1 -0.485 0.998**    
[N]ppt7    -0.485 1 -0.513    
PPT7    0.998** -0.513 1    
Ndepos10       1 0.330 -0.214† 
[N]ppt10       0.330 1 -0.945 †** 
PPT10       -0.214† -0.945**†  1 
 Ndepos13 PPT13 PPT6 PPT8      
Ndepos13 1 0.687**†        
Ndepos6   0.997**       
[N]ppt13  -0.562*        
[N]ppt8    -0.929**†      
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The subset of 13 locations (letters) and the corresponding Ndepos and [N]ppt gradients 

of six (A,B,C,D,E,F) and eight locations (M,L,K,J,E,I,H,G)  respectively were also 

subjected to correlation testing.  The correlation analysis revealed a significant 

positive association between Ndepos and PPT (rs = 0.687) at the P ≤ 0.01 level  

(2 - tailed) for the 13 locations.  Using only data for the six locations along the Ndepos 

gradient resulted in an almost perfect positive correlation (r = 0.997) at the P ≤ 0.01 

level.  A significant negative correlation was observed between [N]ppt and PPT for 

the 13 locations, using the Person correlation test  

(r = -0.552) on the P ≤ 0.05 level.  Restricting data to the eight locations specifically 

chosen along the [N]ppt gradient resulted in an almost perfect negative correlation  

(rS = -0.929) on the P ≤ 0.01 level.  Ndepos did show a very weak to almost no 

correlation to [N]ppt. 

2.3.4  [N]tiss and C:Ntiss ratio in apical tips of Cladonia portentosa and 

correlation with environmental variables 

The powder obtained of the apical tips from biological replicates collected from 13 

locations (A - M) was initially used for targeted chemical analysis to determine [N]tiss 

and [C]tiss of the apical tips of C. portentosa.  Single values for [N]tiss ranged from 

0.36 – 1.3%, depending on the collection site as well as the biological replicate.  The 

number of biological replicates varied from three to seven per sampling site.  The 

relationship between the biological variable [N]tiss and the atmospheric data Ndepos, 

[N]ppt and PPT respectively was investigated using either the Pearson’s Product 

moment or the Spearman’s rank order correlation test, depending on the nature of the 

data (see Appendix 2). 

 

The correlation between Ndepos and  [N]tiss  for the 13 chosen sites (A - M) was tested 

using the Spearman’s rank order correlation, since apical [N]tiss was not normally 

distributed for the 13 sites (Appendix 2).  A significant positive correlation at the  

P ≤ 0.01 level was detected between [N]tiss and Ndepos (rs = 0.754) (2 tailed).  A 

similar result was obtained for the individual values of [N]tiss and Ndepos (rs = 0.660).  

In contrast, a negative but not significant correlation between [N]tiss and [N]ppt  

(rs = -0.268) was found, being confirmed by using individual values [N]tiss  
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(rs = -0.259).  A weaker but still significant positive correlation at the P ≤ 0.05 level 

was observed for PPT and [N]tiss (rs= 0.583).  For individual [N]tiss values also a 

positive correlation was observed between PPT and Ndepos (rs = 0.522), being 

significant at the P ≤ 0.01 level. 

 

In addition, the correlation between Ndepos and [N]tiss was investigated using samples 

from sites with a broad range of Ndepos but similar [N]ppt values (A - F) and sites with 

a broad range of [N]ppt and similar Ndepos values (G, H, I, E, J, K,L,M) (Figure 2.5).   

A positive correlation was found for the six Ndepos sites with rS of 0.486, which was 

not significant.  Using individual [N]tiss values resulted in a significant positive 

correlation at the P ≤ 0.01 level (rS = 0.566).  Interestingly, the same correlation 

coefficient (rS) for PPT and [N]tiss was obtained as for Ndepos and [N]tiss as well as for 

average [N]tiss values as for single values  

(Table 2.10). 
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Table 2.10 Correlation coefficients between the environmental parameters Ndepos, [N]ppt, PPT and the biological parameter [N]tiss for the 13 study 

sites and the respective Ndepos and [N]ppt gradients.  The correlation to [N]tiss was established using the mean of biological replicates and 

individual values for [N]tiss which are shown in brackets. * Correlation is significant at the P ≤ 0.05 level (2 tailed), ** Correlation is significant 

at the P ≤ 0.01 level (2 tailed), † Spearman’s correlation coefficient

 Ndepos13 [N]ppt13 PPT13 [N]tiss13 Ndepos6 [N]ppt6 PPT6 [N]tiss6 Ndepos8 [N]ppt8 PPT8 [N]tiss8 
Ndepos13 1 0.055† 

 
0.687**†  0.754**† 

(0.660**†) 
        

[N]ppt13 0.055† 
 

1 -0.562*† 
 

-0.268† 
(-0.259†) 

        

PPT13 0.687**†  -0.562* † 

 
1 0.583*† 

(0.522**†) 
        

[N]tiss13 0.754**† 
(0.660 **†) 

-0.268 
(-0.259) 

0.583*† 
(0.522**†) 

1         

Ndepos6     1 -0.026 0.997** 0.486† 
(0.566**†) 

    

[N]ppt6     -0.026 1 -0.086 -0.677† 
(-0.368*†) 

    

PPT6     0.997** 0.086 1 0.486† 
(0.566**†) 

    

[N]tiss6     0.486† 
(0.566**†) 

-0.677† 
(-0.368*†) 

0.486† 
(0.566**†) 

1     

Ndepos8         1 0.384 -0.095† 0.016 
(0.27) 

[N]ppt8         0.384 1 -0.929**† -0.228 
-0.047) 

PPT8         -0.095† -0.929**† 1 0.238† 
(0.160†) 

[N]tiss8         0.016 
(0.27) 

-0.228† 
(-0.047†) 

0.238† 
(0.160†) 

1 
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A negative correlation for [N]ppt and [N]tiss was found for sites specifically chosen 

along the [N]ppt gradient (eight sites; rs= -0.228), which was not significant.  Using 

individual values for [N]tiss also resulted in a negative but this time weaker 

correlation coefficient (rS = -0.047; Table 2.10). 

 

In addition to [N]tiss, [C]tiss was measured, as both elements are essential elements for 

the metabolism.  As can be seen in Figure 2.7, [C]tiss in the apical tips of  

C. portentosa remained constant throughout the different wet N regimes the lichen 

grew under.  Consequently, correlation testing between the environmental parameters 

and C:Ntiss showed reversed trends to that of [N]tiss alone (Table 2.11).  A significant 

negative relationship at the P ≤ 0.01 was found between Ndepos and individual values 

of C:Ntiss using all 13 sites (rs = -0.567) and sites specifically chosen along the Ndepos 

gradient (rs = -0.543).  A negative relationship was also observed between PPT and 

C:Ntiss (rS = -0.463), which was significant at the P ≤ 0.01 for average values only.  A 

very weak positive and not significant relationship was observed between [N]ppt and 

C:Ntiss for all 13 as well as for eight locations. 

 

A graphical illustration of the relationship between Ndepos and [N]tiss as well as C:Ntiss 

is shown in Figure 2.6a,b and 2.6c, d.  As can be seen, the relationship between 

[N]tiss and wet Ndepos was not linear.   A positive relationship between Ndepos and 

[N]tiss for all 13 and six locations is indicated.  Generally [N]tiss showed high variation 

between biological replicates.  In addition, an increase in wet inorganic N deposition 

> 22.3 kg N ha-1yr-1 was not associated with a further increase in [N]tiss, which 

remained relatively constant at an average value of c. 1%.  In contrast a negative 

relationship between C:Ntiss and Ndepos was observed. C:Ntiss  did not show any 

changes above 22.3 kg ha-1 yr-1.   

 

 

 

 

 

 

 

 



Chapter 2 

 59

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Relationship between wet Ndepos and [N]tiss (%) (a,b) and Ndepos and C:Ntiss 

(c,d)  (a) 13 sites (b) six sites along the Ndepos gradient (c) 13 sites (d) six sites along 

the Ndepos gradient. 

 

Table 2.11 Spearman’s correlation coefficient for C:Ntiss and the three environmental 

variables Ndepos, [N]ppt and PPT for all 13 sites and the corresponding gradients. 

Spearman coefficient for individual values for replicates is indicated in brackets. 

 Ndepos13 Ndepos6 [N]ppt13 [N]ppt8 PPT13 
C:Ntiss13 -0.571*  

(-0.567**) 
 0.195  

(0.346) 
 -0.463** 

(-0.505) 
C:Ntiss6  -0.486  

(-0.543**) 
   

C:Ntiss8    0.167 
(0.026) 

 

** Correlation is significant at the P ≤ 0.01 level (2 tailed) 
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Figure 2.7 Relationship between (a) [C]tiss and Ndepos and (b) [C]tiss and PPT. 

2.3.5  Spatial analysis 

The spatial dependence of the three environmental variables Ndepos, Nppt and PPT and 

also the biological variable [N]tiss was tested using correlation tests.  This spatial 

dependency was tested for all 25 study sites, a subset of 13 study sites and sites 

specifically chosen along the Ndepos and the [N]ppt gradient (Figure 2.5).  Prior to 

applying a suitable correlation test, the inter-site differences between Ndepos, [N]ppt, 

PPT and [N]tiss and distances across all the sites were also tested regarding their 

departures from ‘normality’, using the Anderson-Darling test (Appendix 3).     

 
The outputs of the Pearson’s correlation or Spearman’s correlation test between the 

inter-site (IS) distance and each of the three environmental (Ndepos, [N]ppt and PPT) or 

the single biological parameter ([N]tiss) are summarised in Table 2.12.  No significant 

association was observed between the locations and Ndepos resulting in rS = 0.02 

across the 25 locations and rS = -0.18 across the subset of 13 locations, and both these 

correlations were not statistically significant.  Some positive association could also 

be observed between the inter-site differences of locations specifically chosen along 

the Ndepos gradient (Table 2.12), resulting in r = 0.228 for the six locations and  

r = 0.204 for the seven locations. 
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Table 2.12 Correlations of inter-site distances and differences in environmental 

parameters.  Distance between nine (seven values)  and six sites correspond to the 

Ndepos gradient for 25 and 13 sites respectively, whereas the distances between ten 

and eight sites correspond to the [N]ppt gradient of the 25 and 13 sites respectively. 

IS=Inter-Site Difference. 

Difference IS IS  Ndepos IS[N]ppt 
 25 

(N=300) 
13 (N=78) 9 (7) 

(N=36) 
6  
(N=15) 

13 (10) 
(N=78) 

8 
(N=28) 

Ndepos 0.02† -0.18† 0.204 0.228 ---------------------
[N]ppt  0.1† 0.24*† ----------------------- -0.177† -0.226 
PPT -0.06† -0.22† 0.266† 0.141  -0.176† -0.306 
[N]tiss N/A -0.037† N/A 0.304† N/A -0.053† 
* Correlation is significant at the P ≤ 0.05 level, †Spearman’s correlation coefficient  
 

 

In addition, some low positive association could be observed between the inter-site 

differences and [N]ppt for all 25 and 13 locations independently  

(rS = 0.1 or rS = 0.24, respectively), with the first correlation close to 0.05 and the 

latter statistically significant at the P ≤ 0.05 level.  Low spatial dependency of inter-

site differences and [N]ppt was also observed for locations chosen along the [N]ppt 

gradient, resulting in rS = -0.177 and r = -0.226 for 13 (ten values) and eight locations 

respectively.   

 

Very low spatial dependence (negative association) was present between the inter-

site difference of 25 and 13 sites and PPT (rS = -0.06 or rS = -0.22, respectively), both 

being not statistically significant.  Again restricting the locations to the [N]ppt 

gradient (13 sampling sites, 10 rain gauge stations) or eight locations respectively – 

Figure 2.5) resulted in a higher spatial dependence.  It was observed, that the spatial 

dependence of PPT for inter-site distances between the 13 (ten values) and eight 

study sites were similar to the values obtained for [N]ppt. Analysis of the spatial 

dependency of PPT for six or nine locations respectively resulted in very similar 

results obtained for Ndepos (Table 2.12). 

 

In terms of [N]tiss, no significant correlation with inter-site differences was observed 

for all 13 locations (rS = -0.037).  Restricting the analysis to the six locations, 
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specifically chosen along the Ndepos gradient resulted in a higher, but not significant 

correlation between these two variables (rS = 0.304). 

2.4 Discussion 

2.4.1  Study sites 

As shown in Table 2.4, Cladonia portentosa was collected from sites, which not only 

differed in their wet N deposition characteristics but also the type of habitat and 

altitude in which they grew.  These included environments with poorly developed 

soils such as heathlands, peatlands and sand dunes.  All these habitats are typically 

nutrient deficient and subject to frequent desiccation.  Such habitats are especially 

abundant in boreal Arctic, alpine and arid regions where lichens may form the 

dominant vegetation type (Crittenden, 2000).  Vegetation growing in these habitats 

receives most of their nutrients from the atmosphere and thus is particularly sensitive 

to air borne nitrogen loads (Bobbink et al., 1998).  In addition, it has to be noted, that 

the sampling sites have been influenced by man to different degrees.  These 

parameters together have to be taken into consideration when interpreting 

biochemical data, as environmental parameters such as species competition, 

temperature and altitude for example potentially contribute to changes in 

metabolism.     

 

2.4.2  Sample preparation 

A crucial step in metabolomics is the sample preparation for chemical analysis.  

Controlled air drying of the lichen C. portentosa was used for the present study prior 

to any metabolomic experiment.  Air drying procedures for C. portentosa has been 

applied previously (Ellis et al., 2003; Ellis et al., 2005; Hogan, 2009; Hyvärinen and 

Crittenden, 1996; Hyvärinen and Crittenden, 1998a; Hyvärinen and Crittenden, 

1998).  However, in contrast to these studies, the samples used here were not 

rehydrated in water - saturated air at 10°C prior to chemical analysis.   
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In general standard laboratory metabolic experiments include immediate grinding of 

the harvested plant material in liquid nitrogen after harvest and storage at -80°C (e.g. 

Davey et al., 2007; Fiehn et al., 2000a; Fiehn, 2002), direct freeze drying of mycelia-

agar cuts after harvest (Peiris et al., 2008) or in field experiments the transport of the 

organism on ice to the laboratory and immediate oven-drying and grinding of the 

dried material  upon arrival  (Gidman et al., 2005; Gidman et al., 2006).  The main 

aim of these sample preparation procedures is to rapidly stop inherent enzymatic 

activity in biological samples (Fiehn, 2002). 

 

In terms of metabolomic studies the preparation procedure of the lichen material is 

especially subject to controversy.  Considering that the biological system is in a 

constant metabolic flux, whereas the metabolic reaction half lives are generally less 

than 1 s (Dunn et al., 2005), air drying of plant/lichen material prior to extraction is 

likely to result in major changes in metabolism and, in particular, the levels of 

metabolic intermediates.  In addition, it has been shown, that fungi and their 

photobionts become leaky during desiccation and approximately 10% of the soluble 

cellular compounds have been recovered from washing fluids of dried lichens 

(Dudley and Lechowicz, 1987; MacFarlane and Kershaw, 1985).  It could be argued 

however, that levels of the major storage and structural compounds are unlikely to be 

altered as much by this approach.  

 

In contrast with higher land plants, however, the lichen forming fungi and its 

photobionts are both poikilohydric organisms, meaning that both have no means of 

controlling their water retention.  The lichen thallus is therefore subjected to often 

quite dramatic fluctuations in water content between saturation and desiccation  

(to < 20% water content on a dry weight basis) (Honegger, 1998).  Such wetting and 

drying cycles may occur within very short periods.  Thus, these organisms have to 

adapt to rapid desiccation and rehydration on a cellular level in order to survive.  

This is shown for example in the fact, that lichens do not show wilting symptoms 

under drought stress, although colour changes may occur as a consequence of 

increasing opacity of the peripheral cortex (Honegger, 1998).  During desiccation 

they enter metabolic stasis (Beckett et al., 2008).  Therefore, air drying has little 

detrimental impact on sample integrity.  In any case, because all the lichen samples 
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were processed in an identical manner any metabolomic signals of the adaptive 

desiccation response are unlikely to conflict within the N response.  

 

Furthermore, the most metabolically active zone and therefore the important part of 

the lichen for metabolite profiling is limited to the first 10 mm of the apical zone 

(Crittenden, 1991; Hogan et al., 2010a).   Remke et al. (2009) found that the upper 

20 mm of Cladonia appeared to be a good accumulator for N deposition.  While the 

apices of mat-forming lichens are physiologically active and growing, senescence as 

such only occurs in the basal part of this lichen (Crittenden, 1991).   

 

The homogenisation of the lichen material represents another crucial step in sample 

preparation.  Due to availability, in this study 12 pestles and mortars were used at a 

time in order to grind the apical tips of the C. portentosa in liquid nitrogen.  As can 

be seen in Figure 2.3d the particles of the ground lichen material were not 

homogenous in size.  This in turn may influence the outcome of the chemical 

analysis, i.e. extraction efficiency for LC-MS analysis (Chapter 4).  Generally it is 

recommended to use a ball mill for generating a homogenous powder of the plant 

material since plant materials have a very rigid tissue matrix (Bamba and Fukusaki, 

2006).  In comparison to plant material the matrix of the lichen is even more rigid 

due to the chitin containing fungal tissue which contributes approximately 90% to 

the symbiosis (Smith and Douglas, 1987).  Using the sample preparation method 

described here however combines two steps: flash freezing and homogenisation.    

2.4.3  Measured vs. modelled environmental variables 

The raw measured data for [N]ppt(m) and Ndepos(m) for the nine rain gauge stations were 

generally much lower than the modelled values of these two environmental variables 

for the majority of the stations.  The measured Ndepos(m) values were below  

> 10 kg ha-1yr-1 and are classified as low dose nitrogen (Nordin, 2007).  One major 

drawback of rain gauges within the network is that they are placed at relatively low 

altitudes and hence miss out much of the wet deposition in Britain and therefore most 

areas of critical exceedance (Smith and Fowler, 2001).  Even though samples of  

C. portentosa were sought as close as possible to the selected rainfall chemistry 
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monitoring stations (nine sites; Hogan, 2009), big discrepancies between study site 

(ss) and rain gauge (rg) station were still present (Table 2.3), suggesting that the 

measured values for [N]ppt and Ndepos available for these sites are not the actual value 

the lichens would experience at the collection site.  A negative discrepancy between 

study site and rain gauge indicated that a study site was situated at a lower altitude 

and vice versa (Hyvärinen and Crittenden, 1998a; Table 2.3).  Due to the 

discrepancies between collection site and rain gauge as well as wind-blown 

precipitation it can be assumed that the collection efficiency varied between the ten 

different rainfall collection stations in the UK Acid Deposition Monitoring Network 

(2002 - 2004) chosen for this study (Hogan, 2009).  This in turn is most likely to lead 

to the under estimation of the chemical composition of precipitation on higher 

altitudes (Hogan, 2009; NEGTAP, 2001).  In addition, some of the study sites shared 

the same rain gauge such as Stoke Ferry and Wangford Warren and Whixall Moss, 

Stiperstone and The Cliff.  In particular the latter three study sites varied in their 

discrepancies between study site and rain gauge substantially but were altitude wise 

on similar levels (Table 2.4).   

 

The moorland model, however, compensates for low collection efficiencies of the 

rain gauges including seeder-feeder enhancement, occult precipitation (fog and cloud 

water) and wind-driven rain (Smith and Fowler, 2001).  As stated in NEGTAP 

(2001) a substantial fraction of the additional rainfall in the uplands of Britain occurs 

by seeder-feeder scavenging, where the precipitation from the higher level cloud 

(seeder cloud) washes out the hill cloud (feeder cloud), increasing rainfall and the 

concentrations of the major ions reaching the ground.  Seeder feeder enhancement of 

rainfall and wet deposition make an important contribution to precipitation, wet 

deposition of pollutants and the exceedances of critical loads.  In addition, fog and 

dew are the major water sources for lichens and often share higher pollutant 

concentration than precipitation (Nash III, 2008).  Thus, it is not surprising that the 

modelled output values for [N]ppt and thus Ndepos are increased.  The model, however, 

has still a possible bias towards underestimation of wet deposition, which is of 

importance in calculating critical load exceedance in remote areas (Smith and 

Fowler, 2001).   

 



Chapter 2 

 66

Strikingly, the modelled values covered a bigger Ndepos range (4.1 – 32.8 kg ha-1yr-1) 

compared to the measured Ndepos values (2.34 - 7.08 kg ha-1yr-1), since among the c. 

11.200 5 x km grid squares a greater range of values was available than among the 

38 measurement sites of the UK Acid Deposition Monitoring Network (2002 - 2004) 

(Hogan, 2009).  The current critical load for atmospheric nitrogen deposition within 

Europe for Calluna dominated heath (upland moorland) ranges from  

10 - 20 kg ha-1yr-1 1, for raised blanket bogs from 5 - 10 kg ha-1yr-1 2, deciduous and 

coniferous forests from 10 - 15 kg ha-1yr-1 3 and coastal dune heaths from  

10 - 25 kg ha-1yr-1 1 (Ackermann and Bobbink, 2002; Bobbink et al., 2002), which 

are clearly exceeded at some of the study sites for this project.  Remke et al. (2009) 

suggested that critical loads for acidic, dry coastal dunes might be even lower than 

previously thought in the range of 4 - 6 kg N ha-1yr-1.    The critical loads for 

eutrophication were exceeded in c. 55% of UK 1 km x 1 km grid squares with 

sensitive heathlands and the percentages are expected to decline to c. 40%, with 

reduced atmospheric nitrogen (NH3 and NH4
+) being the main contributor 

(NEGTAP, 2001).  

 

For further statistical analysis modelled values for N inputs and precipitation values 

were used, as they (1) cover the lower range of ambient annual N deposition in the 

industrialised world (Stevens et al., 2004), (2) compensate for effects rain gauges do 

not (Smith and Fowler, 2001) and (3) have been used previously for modelling of 

metabolomic data sets (Gidman et al., 2006).    

2.4.4  Relationship between the modelled environmental variables 

The obtained results above showed that Ndepos as well as [N]ppt are dependent on 

PPT, with the first indicating a strong positive correlation and the latter a strong 

negative correlation.  This relationship was strengthened when sites were restricted 

                                                 

1 Expert judgement, when no empirical data were available for this type of ecosystem.  For this, the 
nitrogen critical load was based upon expert judgment and knowledge of ecosystems which were 
likely to be comparable with this ecosystem (Ackermann and Bobbink, 2002). 
2 Reliable, when a number of published papers of various studies showed comparable results 
(Ackermann and Bobbink, 2002) 
3 Quite reliable, when the results of some studies were comparable (Ackermann and Bobbink, 2002). 
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to the respective Ndepos and [N]ppt gradients.  The strong relationship between Ndepos 

and PPT was not surprising, since wet N deposition = Rainfall x Concentration 

(Smith and Fowler, 2001).  Locations within the Ndepos gradient do have similar 

[N]ppt values but a broad range in Ndepos and consequently the relationship between 

Ndepos and PPT was improved.  A negative correlation between [N]ppt and PPT would 

have been expected, since [N]ppt is being diluted with higher precipitation depth.  

Again this negative correlation was improved by restricting the test to locations with 

similar Ndepos values but a broad range of [N]ppt values. 

 

2.4.5  [N]tiss and [C]tiss and their relation to modelled environmental 

variables 

[N]tiss of biological samples was measured as it is usually a good indicator of 

regional variation in wet N deposition (Hogan, 2009; Hyvärinen and Crittenden, 

1998a; Walker et al., 2003; Walker et al., 2003; Zechmeister et al., 2008).  It was 

shown that chloro-lichens are efficient accumulators of NH4
+ and NO3

- of wet 

deposits (Crittenden, 1996; Crittenden, 1998).  Hereby it was shown that 50 - 60 % 

of the data variation in N content of C. portentosa thalli (apex and base) collected 

from heathlands and moorlands was explained by wet deposition of ammonium and 

nitrate (Hyvärinen and Crittenden, 1998a).  The present study showed that [N]tiss was 

positively associated with wet Ndepos which is in good agreement with  

Hogan (2009) and Hyvärinen and Crittenden (1998a).  Therefore it is an excellent 

first indicator of some metabolic changes within this lichen.   

 

The [N]tiss values for the chloro-lichen C. portentosa for this project comprised a 

similar range (0.36 – 1.3%) compared to Hyvärinen and Crittenden (1998a)  

(0.08 - 1.82%).  Values of 0.2 – 0.3 N [%] was suggested to be the natural 

background level, while a content of 1.3 N [%] was suggested to be lethal to reindeer 

lichen (Soechting, 1995).  Remke et al. (2009) detected [N]tiss values between 0.4 to 

0.56 %  from C. portentosa samples collected from sand dunes around the Baltic sea, 

corresponding to measured low (2.3 - 2.5 kg N ha-1 yr-1) to medium  

(7.5 - 7.8 kg N ha-1 yr-1) wet Ndepos values in a European context.  Hogan (2009) 
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showed in their study that [N]tiss values lay between 0.94 and 1.54%, which is 

generally higher compared to the values obtained in this study.  In line with their 

study, biological replicates were taken from the same sites collected at the same date.  

A possible explanation for the discrepancies between the present study and the study 

performed by Hogan (2009) could be biological variation.   

 

In comparison to Hyvärinen and Crittenden (1998a) the values for [N]tiss for the 

present study indicate a slightly smaller range.  This is most likely due to the fact that 

lichen samples were collected from different study sites, reflecting slightly different 

patterns of pollution (Table 2.13).  Furthermore, in the present study less biological 

replicates were used for [N]tiss determination due to financial restriction.  The number 

of biological replicates varied between three and seven in comparison to Hyvärinen 

and Crittenden (1998a) whose sample size varied between nine to ten biological 

replicates per site.  It is likely, that the number of biological replicates influences the 

correlation and relation of [N]tiss to Ndepos.   

 

The maximum values for [N]tiss from lichen samples collected in 1993/1994 by 

Hyvärinen and Crittenden (1998a) were higher compared to the values obtained for 

the present study.  An explanation could be that wet N deposition levels have been 

decreasing at the collection date (2006) as a result of decreasing emissions of 

oxidised N since the 1990s to 2010 (Fowler et al., 2004; NEGTAP, 2001), which 

could be reflected in [N]tiss.  The comparison of measured Ndepos(m) average values for 

seven sites obtained for the years 1991 - 1993 (Campbell et al., 1994; Stedman et al., 

1993; Stedman, 1993) and 2002 - 2004 (Hayman et al., 2004; Hayman et al., 2005; 

Hayman et al., 2004) would give an indication that at least three out of the seven 

study sites showed a decrease (Table 2.13).  The differences were, however, not 

significant (Hogan, 2009).  Reductions in nitrogen emissions have produced only 

small decreases in nitrogen deposition in the UK so far (16%) (NEGTAP, 2001).  

Unfortunately no [N]tiss values were available for lichen samples collected from these 

“measured” sites” (Figure 2.1, numbers).  The fact, that [N]tiss was determined 

differently in both studies, i.e. the application of a fluorometric technique vs. an 

elemental analyser method should not have affected the outcome of the results.  

Different sensitivities of the methods however can not be ruled out.    
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Table 2.13 Comparison between averaged measured annual mean total inorganic N 

deposition (Ndepos(m)) values for seven study sites obtained from (a) Campbell et al. 

(1994),  Stedman et al. (1993), and Stedman (1993) in Hyvärinen and Crittenden 

(1998a) for the years 1991 - 1993 and from (b) Hayman et al. (2004), Hayman et al. 

(2005) and  Hayman et al. (2004) for the years 2002 - 2004. Abbreviations for 

locations: TR=Tywi Reservoir, WW=Wangford Warren, ST=Stiperstones, CG=Cow 

Green, LD=Loch Dee, SY=Strathyre, TH=The Halsary. 

SN Location Discrepancy between ss and rg (m) Ndepos(m) 
 

  Hyvärinen and Crittenden 
(1998a) 

Project Average 
1991-1993 

Average 
2002 -2004 

8 TR -40 -40 6.6 5.77 
10 WW -1 -1 6.2 6.44 
11 ST 370 320 5.1 5.46 
22 CG 3 3 8.4 6.88 
23 LD -10 -10 10.2 7.08 
27 SY -5 170 5.9 6.51 
32 HA -8 -8 2 2.34 

 
  

 

The main finding of the present study showed that [N]tiss in C. portentosa is more 

closely related to the modelled Ndepos than to the modelled [N]ppt values, including 

both NO3
- and NH4

+.  Similar results were obtained by Hyvärinen and Crittenden 

(1998a), who showed a significant positive correlation for Ndepos(m) for both 

nitrogenous compounds (NO3
- and NH4

+) individually.  They could not however 

show which one of these compounds exerted the greatest effect on the lichen [N]tiss.  

Two reasons for this observation were suggested by Hyvärinen and Crittenden 

(1998a):  firstly, the elevated values of [N]tiss at sites exposed to high wet N 

deposition probably resulted from metabolically driven intracellular uptake of NO3
- 

and NH4
+ (Crittenden, 1996) and consequently the response of [N]tiss to [N]ppt may 

not be linear at the event level.  A second suggested explanation was that high values 

of NH4
+ in precipitation could inhibit NO3

- capture at polluted sites, which is 

consistent with Greenfield (1992) among others, and well documented for both algae 

and fungi (Jennings, 1995).  Generally, the better correlation and relation of [N]tiss 

with Ndepos could be the result of a longer term response.    
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In terms of [N]ppt the volume-weighted inorganic N concentration is considered.  The 

amount of precipitation the lichen experiences during a time period, which is 

essential for lichen growth, is not considered in this particular environmental factor.  

Some lichens collected from the study sites experienced higher precipitation rates 

with similar concentrations of N compounds, which resulted in a higher yearly 

deposition rate of N compounds.  The results obtained for the present study showed a 

negative, but non significant relationship between [N]tiss and [N]ppt, which would 

imply that [N]tiss is increasing with decreasing [N]ppt.  This in turn could suggest that 

lichens use lower [N]ppt more effectively to incorporate into their metabolism with 

higher precipitation rates during the year.  Since this relationship is not significant, 

the statement needs to be confirmed using the same number of biological variables 

from each study site.  

 

Unlike Hyvärinen and Crittenden (1998a), the present study showed a significant 

positive association between [N]tiss and modelled PPT for all 13 sites and for the six 

sites along the Ndepos gradient.  Nitrogen in the form of NH4
+ and NO3

- is mainly 

delivered by precipitation.  Thus, it is not surprising that a positive association 

between these two variables was detected.  There are two important differences 

between the present study and the study performed by Hyvärinen and Crittenden 

(1998a), which might account for the contrasting findings: first, in the present study 

modelled environmental variables were used for correlation testing with [N]tiss and 

second different lichen samples collected from completely different locations within 

the UK were tested regarding their correlation. 

 

It should be borne in mind that correlation is not causation.  Significant correlation 

can be due to chance or confounding factors.  However, the positive correlation of 

[N]tiss with Ndepos suggests some relationship between these two variables and could 

mean that metabolic changes are happening within the apical tips of C. portentosa.  

Some trend of [N]tiss in dependence of Ndepos was observed (Figure 2.7), although 

biological variation was very high and no change of [N]tiss was observed when  

Ndepos >15.8 – 22.3 kg ha-1yr-1.   

 

Another fundamental element in lichen metabolism is carbon.  [C]tiss of C. portentosa 

for this study comprised 39 - 45 %, which was in good agreement with Hyvärinen et 
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al. (2003).  Interestingly, results obtained for [C]tiss analysis for the apical tips of  

C. portentosa showed that it remained constant throughout the different nitrogen and 

precipitation regimes they grew under.  Hyvärinen et al. (2003) obtained similar 

results in their experimental study for the lichen Cladina stellaris, where they 

showed, that medium and high N treatments increased the total concentration of 

[N]tiss but had no detectable effects on [C]tiss.  It is known that an increase in thallus 

N content leads to enhanced respiration due to a greater demand for energy for tissue 

maintenance (Roy-Arcand et al., 1989).  This results in a situation, where more 

carbon is lost through respiration and less incorporated into new tissue.   

 

Generally, concentrations of N and P in tissues of higher plants are determined by 

balance of N and P uptake, C assimilation and the loss of C, N and P through 

turnover, leaching, herbivores and parasites (Güsewell, 2004).  Unlike higher plants, 

however, C. portentosa possesses an open structure, taking up water through the 

whole lichen surface, having no barrier against leaching of nutrients when the thallus 

is exposed to precipitation.  Approximately 66% of the photosynthetic net-production 

of the lichen Cladonia portentosa is due to rain, 22% due to fog and 10.4% due to 

dew, indicating that rain plays a major role for the metabolism in this lichen.  

Although the yearly carbon assimilation is estimated to be 79% of the carbon of the 

thallus, only a little fraction is used for growth.  Thus, a certain over production is 

required for this organism in order to meet requirements for growth and respiration, 

despite leaching.  Frequency and the type of precipitation will certainly determine the 

extent of photosynthetic products required for the loss caused by leaching (Bruns-

Stenge and Lange, 1992).  

 

2.4.6  Spatial dependency  

The spatial dependency of Ndepos, [N]ppt and PPT as well as [N]tiss was investigated 

for the full range and for the respective Ndepos and [N]ppt gradients (Table 2.12). 

Spatial dependence for the three environmental variables Ndepos, [N]ppt and PPT for all 

25 and 13 study sites was generally quite low and not significant.  Stronger spatial 
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dependency, but still not statistically significant, was observed for the locations 

specifically chosen along the Ndepos and [N]ppt gradients. 

 

The observed positive but not significant correlation of Ndepos differences and inter 

sites distances (ISD) for 25, nine and seven study sites would indicate that locations 

with higher differences in Ndepos are further apart.  Longer distance travelling of 

compounds due to prevailing wind conditions and rainfall could be an explanation.  

For example the conversion from ammonia (NH3) to ammonium (NH4
+) in cap 

clouds enables NHx loading of processed air streams to be transported over much 

longer distances before deposition (Bower et al., 2007). 

 

In contrast, the negative, but not significant correlation between ISD and [N]ppt 

differences ([N]ppt gradient) for the 13 and eight study sites would indicate that sites 

closer to each other have bigger differences in [N]ppt.  A possible explanation could 

be that N compounds especially NH3, which have a short life time in the atmosphere 

produce larger gradients in concentration over a small horizontal distance (NEGTAP, 

2001).  Both NH4
+ as well as NO3

- ions were considered for nitrogen concentration in 

this study and both have different transport properties in the atmosphere and hence 

no significant, clear spatial dependency or relation could be detected. 

 

Generally, no significant spatial dependency of the three external environmental 

variables Ndepos, [N]ppt and PPT was seen.  Clearly wet nitrogen deposition will be 

dependent on the pollution source, following the sequence of emission, transport, 

chemical transformation and deposition, which is very complex and will depend on a 

variety of factors.  These include the location of the pollution source, pollution site 

height, wind direction, precipitation, altitude, temperature etc.  Tracing atmospheric 

N deposition is a very complex process and many uncertainties exist, since it has so 

many chemical and biological interactions within the ecosystem (Smith and Fowler, 

2001).  Thus, it is not surprising that there are non-linearities in the relationships 

between emissions and depositions of pollutants (NEGTAP, 2001).  For example, 

pollutants are removed from the atmosphere by precipitation and areas with high 

rainfall tend to be areas of largest wet N deposition even though the concentrations 

are smaller in the rainfall areas (NEGTAP, 2001). 
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The biological variable [N]tiss showed some positive spatial dependency with regards 

to locations specifically chosen along the Ndepos gradient.  These locations follow an 

increasing Ndepos gradient, where [N]ppt stays constant but the amount of precipitation 

the lichens receive during a year is significantly positively correlated with Ndepos 

(r=0.997**) (as explained previously).  [N]tiss showed similar spatial dependency as 

Ndepos but also PPT (Table 2.12).  This would confirm the argument, that the 

biological variable [N]tiss is influenced by the external, atmospheric variable Ndepos as 

stated previously (Hyvärinen and Crittenden, 1998a; Hyvärinen and Crittenden, 

1998) but also PPT, which delivers nitrogen and other nutritional elements. 

 

2.5 Summary and Conclusion 

Initially sample collection and preparation procedures as well as habitat types were 

analysed and discussed.  This was important, as samples were collected from the 

direct environment.  Targeted chemical analysis of [N]tiss and [C]tiss were applied in 

order to get first insights into metabolic alterations in natural populations of C. 

portentosa on a broad level.  A positive relationship between [N]tiss and Ndepos and 

PPT respectively was observed, suggesting that atmospheric wet Ndepos as well as 

PPT, which is essential for metabolic activity, lead to metabolic alterations in natural 

populations of C. portentosa.  These broad alterations, however, need to be further 

investigated in order to obtain a better mechanistic understanding by obtaining 

information about alterations in broad metabolite classes as well as specific 

compounds.  Thus, the metabolite fingerprinting technique Fourier transform infrared 

spectroscopy and the metabolite profililng technique liquid chromatography mass 

spectrometry will be applied in combination with the unsupervised statistical 

technique principal component analysis (PCA) and the supervised technique of 

partial least squares regression analysis (PLSR).  In particular the latter, modelled 

environmental variables Ndepos, [N]ppt and PPT will be used, as they seem to reflect a 

more realistic situation regarding atmospheric wet N inputs  

C. portentosa experiences at the sampling sites.   
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3 Metabolic shifts in Cladonia portentosa exposed to 
varying nitrogen deposition regimes 

3.1 Introduction 

Mid infrared radiation (MIR), covering a range from 4000 – 600 cm-1, is commonly 

used for Fourier-transform infrared (FTIR) spectroscopic analysis of biological 

samples (Gidman et al., 2003; Gidman et al., 2004; Gidman et al., 2005; Gidman et 

al., 2006; Johnson et al., 2002).  The principle of FTIR is based on the fact that when 

a sample is interrogated with electromagnetic radiation, different chemical bonds 

absorb at specific wavenumbers and vibrate in a number of ways.  Some of these 

vibrations are associated with stretching, bending, rocking, twisting or wagging 

(Williams and Fleming, 1995).  These absorbance/vibrations can then in turn be 

correlated to the bonds or functional groups of molecules (Ellis et al., 2004a).   

 

FTIR is a holistic, reagent-less and non destructive method.  It is a rapid approach 

for producing a spectral description of the entire biochemistry of a sample at a given 

point in time (Gidman et al., 2004; Schmitt and Flemming, 1998).  FTIR instruments 

use an interferometer, which consists of a beam splitter and a pair of mirrors at right 

ankles to one another.  The interferometer produces an interferogram from the source 

radiation, which holds information about the intensity of all infrared radiation at all 

frequencies simultaneously.  The interferogram passes through the sample and then 

to the detector, where it is decoded to the infrared spectrum by the mathematical 

technique of Fourier transform.  The spectrum gives the intensity of the infrared 

radiation at each frequency separately, where some frequencies are absorbed more 

than others depending on the bonds present in the sample (Schmidt, 2001; Chapter 1, 

Figure 1.7).  In contrast to conventional IR spectroscopy, all frequencies are being 

measured simultaneously in FTIR, resulting in a faster data acquisition.  

 

The use of attenuated total reflectance (ATR) accessories such as a diamond has 

further advanced the use of FTIR in solids (Artz et al., 2008).  In the ATR technique, 

an infrared beam is directed onto an optically dense crystal with a high refractive 

index at a certain angle.  Due to internal reflectance of the infrared beam an 
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evanescent wave is created which extends beyond the surface of the crystal into the 

sample held in contact with the crystal.  The evanescent wave will be attenuated or 

altered in regions of the infrared spectrum where molecules within the sample absorb 

energy.  Consequently the attenuated energy from each evanescent wave is passed 

back to the IR beam, which then exits the opposite end of the crystal and is passed to 

the detector (Figure 3.1; Perkin Elmer, 2005).  The main advantage of ATR- FTIR 

spectroscopy is that it requires minimal or no sample preparation prior to spectral 

measurements due to the fact that the penetration depth of IR light in the sample for 

ATR measurements is independent of sample thickness (Kazarian and Chan, 2006).     

    

 

 

 

 

 

 

 

 

 

Figure 3.1 A multiple reflection ATR system (taken from Perkin Elmer, 2005). 

 

 

The nature of FTIR spectra is very complex, containing many hundreds of variables 

per sample and consequently making visual analysis very difficult.  Therefore 

chemometric data pre-processing and mining techniques are required for data 

analysis.  Commonly unsupervised statistical techniques for FTIR spectral data 

include principal component analysis (PCA) (Coimbra et al., 1999) and the 

supervised technique of partial least squares regression analysis (PLSR) (Artz et al., 

2008; Coimbra et al., 1999; Gidman et al., 2006; Meissl et al., 2007). 

 

FTIR spectroscopy in combination with multivariate statistical techniques has been 

proven successfully as a metabolite fingerprinting technique in different areas  

including food analysis (Belton et al., 1988; Coimbra et al., 1999; Goodacre and 

Anklam, 2001; Lai et al., 1994),  the differentiation of bacterial and fungal species 

To detectorMid infrared beam
Optical dense
ATR crystal

Sample in contact 
with evanescent 

wave

To detectorMid infrared beam
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ATR crystal

Sample in contact 
with evanescent 

wave
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(Goodacre et al., 1998; Helm et al., 1991; Timmins et al., 1998), and the 

identification of bacterial physiological parameters (Goodacre et al., 2000).  It was 

also successfully applied for environmental studies such as the responses of different 

varieties of tomato plants to salinity stress (Johnson et al., 2002), plant-plant 

interaction (Gidman et al., 2003), and rapid screening of plant responses to both 

experimental and environmental nitrogen deposition (Gidman et al., 2004; Gidman 

et al., 2005; Gidman et al., 2006).  In particular the latter showed that also various 

other external environmental dependent variables including sulphur deposition, 

precipitation, topsoil C:N, topsoil pH and mean number of species could be 

predicted with the help of mid infrared spectroscopic data from the foliar samples of 

Galium saxitale in combination with the PLSR technique.    

 

In this chapter FTIR spectra of the lichen Cladonia portentosa exposed to different 

environmental wet nitrogen regimes were assessed using PCA and PLSR.  PCA was 

initially applied to look at the overall structure in the spectral data set.  As PCA may 

fail to pick up on biologically significant effects that do not represent a large 

proportion of the variance (Bundy et al., 2007), the power of PLSR was tested using 

FTIR spectra to predict external environmental variables (Ndepos, [N]ppt, PPT) and 

internal biological variables ([N]tiss and C:Ntiss), independently.  External modelled 

atmospheric nitrogen and precipitation data were available for the respective 

collection sites (see Chapter 2).  The elemental composition data [N]tiss and [C]tiss 

were determined for a number of biological replicates collected from 13 sites  

(Chapter 2, Figure 2.1, letters; Appendix 1).  By using PLSR it was hoped that a 

model would be found, that could highlight those wavenumbers selective for the 

dependent variable (i.e. Ndepos) to be characterised and give a first insight into 

metabolic differences between samples of natural populations of C. portentosa 

collected from different wet N regimes.   
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3.2 Materials and Methods 

3.2.1  FTIR analysis 

FTIR spectra of air and freeze-dried lichen powder (Chapter 2), were obtained using 

a Bruker Equinox 55 Spectrometer fitted with a “Golden Gate” attenuated total 

reflection (ATR) accessory (purchased from Specac), which permits the direct 

placement of small amounts of dried and finely ground lichen powder on an ATR 

germanium crystal.  The spectra were acquired by averaging 32 scans at 2 cm-1 

resolution over the range of 4500 – 500 cm-1.  Spectral data were background 

corrected to a reference spectrum of the empty ATR crystal prior to every 

measurement.   

 

All spectra were recorded between the 23rd – 25th April 2007 at the Institute for 

Grassland and Environmental Research (IGER) in Aberystwyth/Wales.  The lichen 

powder was transported and stored at room temperature in Eppendorf mini-

centrifuge tubes until measurement.  In terms of the modelled data set 121 spectra 

were recorded for the 13 sites.  For the measured data set, 102 spectra were recorded 

for the 12 sites (treated as nine, as several sites were covered by a single rain gauge 

station, Table 3.1).  All samples from both sets were measured in a randomised 

sequence.   
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Table 3.1 Number of replicates of C. portentosa samples collected from 25 study 

sites within the UK. 

Location Number of 
biological 
replicates 

Location Number of 
biological 
replicates 

Modelled Sites  Measured Sites  
Winterton  11 Wangford  10 
Dalswinton 10 Stoke Ferry 8 
Nant-Y-Moch 11 Tywi Forest 11 
Tarn at Leaves 11 Strathyre 15 
Alwen Reservoir 10 Llyn Llagi 11 
Honister Pass 10 Loch Dee 10 
Woolley Mine 11 Glen Dye 10 
Yellow Craig 10 The Halsary 9 
Moira 5 Cow Green Reservoir 8 
The Brand 8 WX Moss 2 
5 Sisters 12 Stiperstones 3 
Wythburn Fells 9 The Cliff 5 
Haye on Wye 3   
Total 121  102 

 

 

3.2.2  Data pre-processing in combination with PCA 

FTIR spectra were smoothed (17 points) and vector normalised in OPUS Quant 

Software (Version 5.0, Bruker Optics), which was used to control the FTIR 

instrument.  Vector normalisation calculates the average y-value of the spectrum, 

which is then subtracted from the spectrum reducing the mid-spectrum to y = 0.  The 

sum of the square of all y-values is calculated and the spectrum is divided by the 

square root of the sum.  The vector norm of the resulting spectrum is 1.  The vector 

normalised spectra were then imported into the freely available statistical software 

PYCHEM 3.0.5 (Jarvis et al., 2006; http://pychem.sf.net/).  Prior to PCA, the vector 

normalised data were mean centred (Nicolaou and Goodacre, 2008).  PCA was 

performed on spectra ranging from 4500 - 500 cm-1 and additionally on the 

fingerprint region ranging from 1800 – 600 cm-1.  The non iterative partial least 

squares (NIPALS) algorithm was used for PCA (Wold, 1966; Wold, 1975).  The 

relevant number of principal components was applied by using the Kaiser Criterion 

(Kaiser, 1960). 
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3.2.3  Data pre-processing in combination with PLSR 

Unless otherwise stated, all FTIR data manipulation procedures and PLSR were 

performed using OPUS Quant Software (Version 5.0, Bruker Optics).  Raw uncut 

data (4500 - 500 cm-1) contained 2075 data points, whereas the cut raw spectral data 

(1800 to 600 cm-1) contained 624 data points for each sample.  Cut data were used in 

order to restrict the spectrum to the more information rich region, the so called 

fingerprint region and also to reduce the number of independent variables.  Spectra 

were subjected to smoothing (17 points), vector normalisation and mean centring 

prior to multivariate data analysis (see 3.2.2).   

 

To enhance the accuracy of the calibration, several spectral pre-treatments were 

tested in addition in the optimization mode in Set up Quant 2 Method including no 

spectral data pre-processing (NSD), multiplicative scattering correction (MSC), first 

derivative (1st DV), second derivative (2nd DV) and combined first derivative and 

multiplicate scattering correction.  The first derivative spectra were smoothed and 

derived using the Savitzky and Golay algorithm (Savitzky and Golay, 1964) via a 17 

point smoothing filter.  Second derivatives were obtained by using a second- order 

polynomial.  As a result, the smoothed, vector normalised, mean centred uncut and 

cut spectra were then additionally subjected to different additional pre-processing 

methods (indicated in the result section) prior to PLSR. 

 

 

Table 3.2 Number of spectra used for PLSR regression. 

Number of study 
sites 

Number of 
spectra 

25 223 
13 121 
7 63 
6 53 

10 99 
8 71 
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PLSR analysis is a supervised data reduction procedure used to model the 

relationship between a set of predictor variables X (independent variables, i.e. 

absorbance intensity at each wavenumber) (I objects x J variables) and a set of 

response variables Y (I objects x J responses).  For this study only one response in Y 

was assessed, thus Y had I (objects) x 1 (response) dimensions (Figure 1.9,  

Chapter 1, indicated as c).  The PLS 1 algorithm was applied.   Individual PLSR 

models were established for the environmental variables Ndepos, [N]ppt and PPT and 

also the biological response variables [N]tiss and C/Ntiss ratio.  Hereby, models were 

established using all modelled sites for Ndepos, [N]ppt or PPT, or sites chosen from 

distinct Ndepos or [N]ppt gradients.  A summary is shown in Figure 3.2. 

 

Initially test-set validation (TV) was applied.  A requirement for test-set validation 

was the division of the spectral data into a training set, which was used for the 

development of a model and then projected onto the independent test-set sample set.  

Hereby the spectral data were randomly split into a training and a test set using a 

ratio of 70:30% (Gidman et al., 2006; Gidman et al., 2006; Li et al., 2006),  while  

either performing the split on spectra obtained from biological replicates from the 

respective study site (Inter-Site: IS) or keeping the replicate FTIR spectra from each 

site together (Site Specific: SS) as done by Gidman et al. (2006).  The latter was only 

applied for the 25 and 13 study sites as enough sites were available to use this 

approach.  For the sites specifically chosen along the Ndepos or [N]ppt gradients the 

inter-site approach was applied, since the number of sites were reduced but the 

number of biological replicates within the sites was still high enough.  In all cases 

three independent PLSR models were constructed to test the effects of randomly 

swapping samples between training and test-sets.  This was one approach of testing 

the robustness of the obtained model (Meissl et al., 2007).   
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Figure 3.2 Schematic illustration of the different PLSR models established for the three environmental variables Ndepos, [N]ppt and PPT and the 

internal biochemical variables [N]tiss and C/Ntiss for all 25 locations (including numbers and letters) and the 13 study sites (letters only)  

(Chapter 2, Table 2.2 and 2.3).  In addition, subsets for Ndepos and [N]ppt gradients are included for all 25 and 13 study sites respectively.   

Response Variable

External Chemical 
Parameter 

(Environmental)

Internal Chemical 
Parameter 

(Biological)

Ndepos (kg ha-1yr-1)
25 study sites
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[N]ppt (mg l-1)
25 study sites
13 study sites

PPT (mm yr-1)
25 study sites
13 study sites

Ndepos gradient
7 study sites
6 study sites

[N]ppt gradient
10 study sites
8 study sites

[N]tiss
(%)

13 sites

C/Ntiss
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Ndepos gradient
6 study sites
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25 study sites
13 study sites

[N]ppt (mg l-1)
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25 study sites
13 study sites

Ndepos gradient
7 study sites
6 study sites

[N]ppt gradient
10 study sites
8 study sites

[N]tiss
(%)

13 sites

C/Ntiss
13 sites

Ndepos gradient
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The output of the training model included the determination coefficient (R2) and the 

root mean square error of estimation (RMSEE) (Equation 3.1), while for the test set 

model, the output included the determination coefficient (R2) and the root mean 

square error of prediction (RMSEP) (Equation 3.2).    

 

SSE
RM

RMSEE
1

1
−−

=
              Equation 3.1

      

∑= 2)(1
iDiffer

M
RMSEP               Equation   3.2 

 

The letter M is the number of standards, R the rank (PLS vectors) and SSE the sum 

of squared errors, which is the quadratic summation of the differences between the 

true and the fitted values. 

 

The determination coefficient, R², for the training and independent test sets of the 

PLSR models is given as the percentage of variance present in the predicted values 

compared to the true component values, which is reproduced in the regression. 

Hence R² approaches 100% as the fitted concentration values approach the true 

known values.   

 

In addition full cross validation (CV) with one sample omitted was applied in order 

to optimize the calibration models.  This was only done as an additional step for 

models, which resulted in robust outcomes by randomly swapping training and test 

sets during test set validation.  Within this process the number of optimal PLS factors 

(rank) were detected.  The full cross validation procedure involves the removal of 

each sample (one at a time) from the calibration set, performing a new calibration 

and generating a predicted value calculated for the sample removed.  This procedure 

is repeated until every sample has been removed (Opus Help).  The root mean square 

error of cross validation (RMSECV) can be taken as a criterion to judge the quality 

of the method: 
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PRESS
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2                                       Equation 3.3

          

Within the OPUS 5.0 Software, the number of PLS factor (ranks) are automatically 

suggested: the rank with the smallest PRESS value (predicted residual error sum of 

squares) is searched.  For all lower ranks, the quotient of their PRESS values and the 

minimum (i.e. the rank with the lower PRESS) is calculated (=F Value).  From this 

F-Value, a probability F-Prob (F-value, M,M = number of samples) is calculated. 

The rank, which first has a probability smaller than 0.75, is marked as the optimum 

rank (OPUS Software).  The advantage of the PLS regression is that the PLS factors 

are arranged in correct sequence, according to their relevance to predict the 

component values.  Thus, the first factor explains the most drastic changes of the 

spectrum (OPUS Help). 

 

All models were calculated to a maximum rank of 10 in OPUS 5.0 Quant Software. 

The results of the training (R2, RMSEE), the test set validation (R2, RMSEP) and the 

cross validation (R2, RMSECV) were compared.  The optimal rank was also defined 

through test validation.  The comparison of ranks obtained from cross validation 

(CV) and test set validation (TV) gives a first indication of the predictive ability of 

the model because models with large differences between ranks determined by cross 

validation and test set validation are never satisfactory (Gierlinger et al., 2002).  The 

co-efficient of the factor loadings were recorded and used as an indication of the 

relative importance of each wavenumber resulting from each PLSR model. 
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3.3 Results 

3.3.1  FTIR spectral data for multivariate analysis  

A typical FTIR spectrum of C. portentosa is illustrated in Figure 3.3.  These 

contained absorbance bands characteristic for functional groups of major metabolite 

classes including (Gidman et al., 2004; Schmitt and Flemming, 1998; Udelhoven et 

al., 2000): 

 

• Fatty acids (3050 - 2800 cm-1) 

• Amides (1700 - 1500 cm-1) ascribed primarily to proteins and peptides 

• Miscellaneous bio-organics (1500 - 1250 cm-1) ascribed to carboxylic groups 

of proteins,  free amino acids and  polysaccharides 

• Phospholipids (1250 - 1200 cm-1)  

• Polysaccharides (1200 - 900 cm-1)   

 

Characteristic bands and the responsible vibration mode of the functional groups of 

these metabolite classes are summarised in Table 3.3 and examples of metabolites 

are given in Figure 3.4.  Lichen samples showed a very distinct and dominant 

polysaccharide region (1200 - 900 cm-1) in relation to other metabolite groups 

(Figure 3.3).  Furthermore the majority of deformation-, bending-, and ring 

vibrations of bio-molecules are restricted to the region between 1800 and 600 cm-1, 

frequently referred to as the “fingerprint” region  

(Schmitt and Flemming, 1998).  Water usually absorbs between 4000 and 3000 cm-1 

and no distinct bands were visible between 2800 and 1800 cm-1. 
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Figure 3.3 Typical untreated FTIR spectrum of air dried and ground apical tips of 

the reindeer lichen C. portentosa.  Regions, which are characteristic of functional 

group vibrations of particular molecular species, are shown:  1: Fatty acids (3050 - 

2800 cm-1), 2: Amides (1750 - 1500 cm-1); 3: Carboxylic groups of proteins, free 

amino acids and polysaccharides (1500 - 1250 cm-1); 4: Polysaccharides  

(1200 - 900 cm-1; Schmitt and Flemming, 1998; Kacuráková et al., 2000), 5. Nucleic 

acids (RNA, DNA) and phospholipids (1250 -1200 cm-1; Udelhoven et al., 2000). 
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Table 3.3 Characteristic IR bands observed for different metabolite classes of 

biological samples (Socrates, 2004; Ellis et al., 2004a). s - strong intensity, m - 

medium intensity, w - weak intensity. 

Functional 
group 

Region (cm-1) Intensity Comments 

Polysaccharides    
Carbohydrates 3350 s O-H stretching 
 1160 - 1000 s C-O stretching 
Pyranose  1200 - 1030 s C-O stretching 
α-Pyranose 
compounds 

985 - 955 m-s Symmetric ring vibration 

β-Pyranose 
compounds 

975 - 960 m-s Symmetric ring vibration 

Cellulose 1750 - 1725 s C=O stretching, after oxidation 
Mixed region    
Free amino acid 1600 - 1560 s Asymmetric CO2

- stretching 
 1550 - 1485 w-m Symmetric -NH3

+ deformation 
vibrations 

 560 - 500 s C-H deformation vibration 
Proteins 1705 s C=O (esters, carboxylic groups) 
 1675 - 1645 s Amide I band (~80% C-O 

stretching, ~10% CN stretching, 
~10% NH bending vibration) 
(depending on structure, i.e. β-
sheet, random chain or α-helix) 

 1550 - 1548 s Amide II band (~60% NH bending 
vibration, ~40% CN stretching) 

 1310 - 1240 w-m Amide III band (30%CN 
stretching, 30% NH bending 
vibration, 10% CO stretching, 
10% O=C-N bending vibration, 
rest other vibrations) 

Fatty acid/Lipid 
region 

2955 s-m CH3 asymmetric stretching 

 2930 s-m CH2 asymmetric stretching 
 2880 s-m CH3 asymmetric stretching 
 2850 s-m CH2 asymmetric stretching 
 1730 s C=O stretching (fatty acid esters) 
Other 
functional 
groups useful 
for lipids 

   

-N(CH3)3+ 1490 - 1470 m-s NCH3 asymmetric deformation 
vibration 

 970 - 950 m NCH3 asymmetric deformation 
vibration 

ROP(OR)O2
- 1260 - 1200 s-m PO2

- asymmetric stretching 
 1110 - 1085 s-m PO2

- asymmetric stretching 
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Figure 3.4 Chemical structures for a) α-D-glucopyranose, b) β-D-glucopyranose, c) 

diacylglycerol, d) amino acid and e) dipeptide.   

 

Initially the correlation between the C:Ntiss ratio, identified from targeted chemical 

analysis (Chapter 2, Section 2.3.4), and the ratio of FTIR absorbance values of the 

polysaccharide (1200 - 900 cm-1) and amide (1700 - 1500 cm-1) region from samples 

collected from six locations along the Ndepos gradient were investigated.  This was 

done in order to see if targeted chemical parameters can be correlated with 

corresponding broad metabolite classes.  A weak, but significant positive correlation 

with rS = 0.362 (P ≤ 0.05) was obtained.  The correlation results indicated that 

changes observed in the targeted chemical analysis could be reflected in the FTIR 

spectra of the apical tips of C. portentosa.   

 

Although major spectral features were obvious, the very subtle differences that could 

occur between the spectra of each sample meant that visual interpretation of the large 

and complex data sets was difficult.  Either the entire or specific regions of the FTIR 

spectra were used for subsequent chemometric analysis.   
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3.3.2  Unsupervised statistical analysis - PCA 

Initially the general structure of the 223 smoothed, vector normalised, and mean 

centred FTIR spectra recorded for the lichen powder collected from the 25 sites was 

investigated for the full wavenumber range (4500 - 500 cm-1),  using PCA.  Since 

FTIR absorbance values were recorded every 2 cm-1, the number of independent 

variables resulted in 2075 values.  Figure 3.5a shows the score scatter plot obtained 

from PCA.  Principal component (PC) 1 was plotted vs. PC2, explaining 40.89% and 

18.46% of the total variation, respectively.  In addition to the individual scores 

obtained for PC1 and PC2, the centroids of the biological replicates for each site 

were included in the graph.  The scores have as many rows as the original data 

matrix, which correspond to 223 samples collected from 25 sites.  Furthermore, the 

relationship between score centroids for PC1 and the external factor wet Ndepos is 

shown in Figure 3.5b 

 

Following the Kaiser Criterion, 37 PCs in total with Eigenvalues greater than 1 were 

retained, which explained 99.6 % of the total variation.  As can be seen in  

Figure 3.5a there was a considerable overlap of the scores, when plotting PC1 vs. 

PC2.  No distinct groupings of the lichen populations collected from different wet 

nitrogen deposition regimes, based on their FTIR fingerprint, was observed, even 

when plotting other combinations of PC1 to PC37, using different pre-processing 

methods, and restricting the absorbance spectrum to the more information rich 

fingerprint region.   

 

The corresponding loading plot shows the contribution individual wavenumbers 

make, that explain the distinction between different scores along PC1 and PC2, which 

together explain 69.1% of the total variation (Figure 3.5c).  In total 2075 data points 

are shown, which equate to the entire wavenumber absorbencies range.  
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Figure 3.5 Principal Component Analysis: (a) Score plot obtained from mean 

centred and vector normalised FTIR spectra of apical tips of C. portentosa collected 

from 25 different sites exposed to different levels of wet Ndepos : 4.1 (  ), 4.2 (  ), 7 (  ), 

7.3 (  ), 7.6 (  ), 8.1 (  ), 8.4 (  ), 8.5 (  ), 8.7 (  ), 9.7 (  ), 9. 8 (  ), 9.9 (  ), 11.5 (  ), 12.2  

(  ), 14.4 (  ), 14.8 (  ), 15.8 (  ), 16.8 (  ), 19.5 (  ), 22.3 (  ), 29.7 (  ), 32.8 (  )  

kg ha-1yr-1. PC1 is plotted against PC2 which accounted for 40.89% and 18.46% 

respectively. (b) Score centroids (CI± 95%) for PC1 plotted versus wet Ndepos  (c) 

Loading plot for PC1         and PC2            . 
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The experiment design as shown in Figure 2.5 (Chapter 2) provided the opportunity 

to separate out Ndepos and [N]ppt effects over distinct ranges.  In this way cut FTIR 

spectra from samples collected from six sites (only letters) that corresponded to a wet 

Ndepos gradient and eight sites (only letters) that corresponded to the [N]ppt gradient 

were subjected to PCA and analysed to investigate if any separation between samples 

collected from theses sites could be detected. 

 

The score plots for both the Ndepos and [N]ppt gradient are shown in Figure 3.6a and 

3.6b.  Regarding the Ndepos gradient, a slight separation between centroids of scores 

from low (4.1 and 9.9 kg ha-1yr-1) and high (15.8 kg ha-1yr-1) wet Ndepos sites was 

observed along PC1, which explained 48.48% of the data variation.  For the 

remaining sites, which covered very high Ndepos values (22.3, 29.7 and  

32.8 kg N ha-1yr-1), there was a considerable overlap of the score centroids along 

PC1.  In total, six PCs were retained following the Kaiser criterion, which together 

explained 95.3%.  Plotting other combinations of PC1 to PC6 did not result in more 

distinct groupings.   In contrast, the score plot of the PCA performed on FTIR spectra 

collected from samples chosen along the [N]ppt gradient indicated a considerable 

overlap of the scores (Figure 3.6b).  This time, 22 PCs were retained for the [N]ppt 

gradients, explaining 99.3% and other combinations of different PCs did not result in 

groupings.         

 

The separation of sites exposed to different wet N regimes along PC1 and PC2 was 

driven by the corresponding loading values as indicated in Figure 3.6e.  While high 

positive loadings point to a more intense response of the corresponding metabolites 

in samples that have a high score value for this principal component, samples with a 

small negative score value contain comparatively less of the metabolites with large 

positive loadings and more of those with small negative loadings.  A high positive 

loading value for PC1 was observed at the wavenumber 955 cm-1 indicating a more 

intense response of the corresponding metabolite group in samples exposed to  

4.1 kg ha-1yr-1 (positive score value).  The negative score centroids of FTIR spectra 

from sites exposed to 15.8 and 9.9 kg N ha-1 yr-1 had a stronger metabolite group 

response at 1655 cm-1 (low negative loading value for PC1) as opposed to samples 

collected from the site exposed to 4.1 kg ha-1yr-1.  PC2 loadings indicated that 

samples from sites exposed to 9.9, 15.8, 29.7 and 32.8 kg ha-1yr-1 (positive score 
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value for PC2) had a high metabolite group response at the wavenumber of  

1036 cm-1 as opposed to the negative score centroids of 4.1 and 22.3 kg ha-1yr-1 along 

PC2, which are characterised by a higher response at the wavenumber of 955 cm-1.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Score scatter plots obtained from cut, smoothed, mean centred and vector 

normalised FTIR spectra obtained from apical tips of C. portentosa samples 

collected from (a)  a distinct Ndepos gradient, indicating Ndepos values for each site:  

4.1 (  ), 9.9 (  ), 15.8 (  ), 22.3 (  ), 29.7 (  ), 32.8 (  ) kg ha-1yr-1 and from (b) a distinct 

[N]ppt gradient: 0.31 (  ),  0.51 (  ), 0.77 (  ), 0.94 (  ), 1.4 (  ), 1.56 (  ), 1.7 (  ) 1.9 (  ) 

mg l-1. (c) Score centroids (CI± 95%) for PC1 plotted versus wet Ndepos and (d) versus 

[N]ppt .  The corresponding loading plots are shown below (c,d) for PC1       and 

PC2.          
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3.3.3  Supervised statistical analysis - PLSR 

a) Prediction of external environmental variables 

 

In order to probe for more specific correlations in the metabolite signatures for 

nitrogen effects, PLSR was applied to the data analysis.  PLSR was performed on the 

entire smoothed, mean centred and vector normalised FTIR spectra from all 25 (or 

13) locations, resulting in 2075 independent variables (i.e. absorbance intensity at 

each wavenumber).  Furthermore, PLSR models were established for sample subsets, 

which either corresponded to an Ndepos (6 or 7 locations) or [N]ppt (8 or 10 locations) 

gradient (Figure 2.5, Chapter 2).  In addition, spectra were restricted to the more 

information rich region between 1800 and 600 cm-1, resulting in 624 independent 

variables, running the same PLSR models as described above.  Essentially the uncut 

or cut FTIR data were assessed against the three environmental variables Ndepos, 

[N]ppt and PPT.  Thus, many different PLSR models were obtained.  The outputs are 

given in Appendix 4 to 11. 

 

Initially the uncut FTIR spectra obtained from biological replicates from all 25 study 

sites were subjected to PLSR modelling for Ndepos, while randomly allocating 

training and test sets to FTIR spectra from different sites (SS).  The first obtained 

PLSR model for Ndepos for the pre-processed FTIR spectra (vector normalised, mean 

centred and 2nd derivative), resulted in an R2 of 68.5% and a RMSEP of  

3.82 kg ha-1yr-1 for the training set, while a weaker R2 of 42.25% and a RMSEE for 

the test set of 6.16 kg ha-1yr-1 was obtained.  The interchange of test and training 

samples, however, resulted in different and also worse model statistics for the second 

and third iteration for both test and training sets (Appendix 4), indicating that the 

model is not robust (also confirmed by cross validation, resulting in different PLS 

factors).  All three models were explained by different numbers of PLS factors 

(ranks) and used different parameterisation.  A manual change of these parameters 

did not lead to an improvement of the model.  Also no improvement of site-specific 

or inter-site specific split between sites for the training and test site was observed.  

Restricting the FTIR spectra to the more information rich region of 1800 - 600 cm-1 

did not lead to an improvement of the PLSR models for Ndepos for 25 sites.   
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Restricting the PLSR model to the six study sites specifically chosen along the Ndepos 

gradient, where [N]ppt remains fairly constant, and the fingerprint region  

(1800 - 600 cm-1), resulted in a good and robust model.  The robustness was tested 

by interchanging test and training spectra, which resulted in similar PLS factors and 

also good R2 for the respective test and training set (R2 > 50%).  RMSEP for test set 

data ranged from 5.75 to 7.14 kg ha-1yr-1.  A representative model is shown in  

Figure 3.7.  The degree of deviation between the training and test-set regression 

values from the theoretical regression line of perfect model assumption is one 

indication of the predictive power of the model.  In the case of the model shown in 

Figure 3.7, good coefficients of determination were obtained for the training  

(R2 = 75.43%) and for the test set (R2 = 68.39%), using 5 PLS vectors.  Number of 

PLS vectors required ranged from 4 to 5 within the test set procedure (Appendix 5).  

 

In addition, full cross validation was applied to test the robustness of the model, by 

increasing the number (up to 20 out of 53 spectra) of samples omitted during this 

process.   Figure 3.8 indicates, that increasing the number of omitted samples up to 

20 has only a minor impact on the R2 and the RMSECV of the test set and the 

number of PLS factors (5 to 7) used.  When excluding more than 20 samples during 

the cross validation process, the R2 for the test set decreased, RMSECV increased 

and the PLS vectors showed a much higher fluctuation (data not shown). 
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Figure 3.7 (a) Plot of expected vs. predicted values for Ndepos in kg ha-1yr-1, as 

calculated by PLSR using smoothed, cut, vector normalised and mean centred FTIR 

spectra (624 variables) from C. portentosa samples collected from six sites following 

a distinct Ndepos gradient with similar [N]ppt values.  Predictions for the training set (  ) 

resulted in R2 = 75.43 and RMSEP = 5.54 kg ha-1 yr-1 and for the test set data (  ) it 

resulted in R2 = 68.39 and RMSEE = 5.8 kg ha-1yr-1 (5 PLS Vectors).   The 

regression line of best fit for the training (solid line) and the test set (broken line) 

data are displayed in the graph.   In addition a perfect model line (bold solid line) is 

given, where the gradient is 1 and the intercept is 0.  (b) Loading values generated by 

PLSR of smoothed, cut, vector normalised and mean centred spectra which were also 

subjected to the 2nd derivative.   
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For test set validation all three interrogations used the same wavenumber parameters 

1800 - 1680 and 1200 - 719 cm-1.  To understand what were the most important 

spectral features occurring in response to Ndepos, within this parameterisation for this 

particular model, the regression coefficients (loadings) of the PLSR model were 

examined.  These loading values for the six site prediction model for Ndepos were 

plotted graphically (Figures 3.7 b).  The deviation from the baseline zero of a loading 

value for a particular wavenumber is an indication of the relative importance 

assigned to it within the PLSR model.   

 

Details of the loading values for each wavenumber for Ndepos were used to highlight 

specific biochemical classes.  Strong loading bands were detected at  

1739 and 1699 cm-1, which is in the amide region (1750 - 1500 cm-1).  Furthermore 

several strong loading values were observed at wavenumbers 1133, 1055, 1008 and 

988 cm-1, which are in the region characteristic for polysaccharides   

(1200 - 900 cm-1; Schmitt and Flemming, 1998).  In addition, strong loading values 

were detected at 966 cm-1, which is a region were quaternary amines show medium 

asymmetric deformation vibration (970 - 950 cm-1; Socrates, 2004).  The loadings 

shown in Figure 3.7b are similar to the loadings from PLSR models obtained from 

the second and third iteration of training and test set data using test set validation and 

also for the cross validation.     

 

 

 

 

 

 

 

 

 

Figure 3.8 Progression of RMSECV (  ) and R2 (  ) in dependence on the number of 

samples omitted during cross-validation (model with 53 samples). 
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PLS models for the environmental variable Ndepos for seven sites, using cut and pre-

processed data resulted in good R2 for the test set ranging from 60.38 to 79.18% and 

for the training set ranging from 51.1 to 76.92 %.  These models did not seem as 

robust as the ones established for the six sites for Ndepos, showing a wider range of 

optimal PLSR vectors used (ranging from 3 to 9; Appendix 5). 

 

PLSR models established for PPT using the uncut and cut FTIR spectra collected 

from all 25 (13) sites, resulted in poorer models, judging on the number of factors 

used, the RMSEP and R2.  Again, restricting the model to the six locations along the 

Ndepos gradient using cut and pre-processed spectra resulted in fairly robust models 

using test set validation, which had similar PLS vectors (ranging from 6 to 7) and  

R2 > 50% for the training as well as for the test set data (Appendix 9a).   Also, full 

cross validation by omitting one sample at the time revealed good model statistics, 

i.e. R2 > 50 and used a similar PLSR vector (7). 

 

Model parameterisation differed within the three established optimal PLSR models 

obtained from test set validation and full cross validation (Appendix 9a).  The 

loading plots for the respective iterative models obtained from test set validation are 

presented in Figure 3.9.  All three loading plots showed high absolute values in the 

region of 1200 - 900 cm-1, characteristic for carbohydrates, but also between  

960 - 950 cm-1 which correspond to the region where quaternary amines absorb 

(Socrates, 2004).  In contrast to the second model iteration, the first (a) and third 

model (c) iteration showed high absolute loading values in the region characteristic 

for amides (1700 - 1500 cm-1; Socrates, 2004; Figure 3.9).  
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Figure 3.9 Loadings generated by PLSR of smoothed, cut, vector-normalised and 

mean centred FTIR spectra against PPT (mm yr-1) (six sites).  By interchanging 

training and test sets three different models were obtained, which loadings are 

illustrated: a) first model iteration (6 PLS vectors) b) second model iteration  (7 PLS 

vectors) c) third model iteration  (7 PLS vectors) (as indicated in Appendix 9a).  
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In terms of [N]ppt no robust models were obtained for either all 25 locations using 

uncut and cut FTIR spectra or for the corresponding [N]ppt gradients (eight or ten 

locations).  The results are summarised in Appendix 6 and 7.   

 

In summary, robust PLSR models based on their R2 and similar PLS vectors of the 

respective model obtained by test set and cross validation were only obtained for the 

environmental variable Ndepos and PPT for locations specifically chosen along an 

Ndepos gradient, where [N]ppt values were similar.  These models were improved when 

using cut spectra, restricted to a region of 1800 - 600 cm-1. 

 

b) Prediction of the internal biochemical parameter [N]tiss 

 

The FTIR spectra, restricted to the fingerprint region of 1800 to 600 cm-1 were also 

assessed against the biological parameter [N]tiss of the apical tips.  Results are shown 

in Appendix 10.  The percentage variance explained by the test set data was > 65% 

for all three iteration models for Ndepos values specifically chosen along the Ndepos 

gradient and also for the cross validated model.  PLS vectors for all three iterations 

of the test set validation ranged from 4 up to 10.  High absolute loading values were 

observed for the first model at 1200 and 1082 cm-1, wavenumbers characteristic for 

the polysaccharide region (1200 - 900 cm-1) , whereas the second iteration showed 

high absolute loading values at 1050, 1015 and 991 cm-1.  The third iteration did not 

show any strong loading values in the polysaccharide region.  All three model 

iterations showed strong loading values between 970 and 950 cm-1 (Figure 3.10).   
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Figure 3.10  Loadings generated by PLSR of cut, mean centred and vector-

normalised FTIR absorbances against [N]tiss (%) for six locations.  By interchanging 

training and test sets three different models were obtained.  Their loadings are 

illustrated: (a) first model iteration (7 PLS vectors) (b) second model iteration (4 PLS 

vectors) (c) third model iteration (8 PLS vectors) (as indicated in Appendix 10). 
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Weaker [N]tiss models were obtained when using Ndepos values of all 13 study sites, 

expressed in weaker R2 for the test set explaining between 45 to 63 % of the 

variation.  PLS vectors ranged from 7 – 10, which did not show such a high 

fluctuation compared to the six location model for [N]tiss. 

 

3.4 Discussion 

3.4.1  FTIR data acquisition 

In contrast to the methodology used here (ATR-FTIR), many other studies involved 

the preparation of tissue suspensions accompanied by drying procedures prior to 

DRIFT (Diffuse Reflectance Fourier Transform Infrared Spectroscopy) analysis 

(Gidman et al., 2003; Gidman et al., 2005; Gidman et al., 2006; Johnson et al., 

2002).  The preparation of such suspensions may influence the metabolome of the 

study organisms in that particular metabolites could be structurally altered due to 

degradation as a result of drying and hydration procedures.  In the present study ATR 

spectroscopy was applied for air dried lichen powder.  Both the use of ATR 

spectroscopy as well as air and freeze drying procedures reduce problems associated 

with water absorption during standard infrared spectroscopy.  Gidman et al. (2006) 

did not snap freeze dry the harvested plant material, which may have led to some 

degree of metabolic alteration or degradation of metabolites during transport and 

storage prior to measurement.  In addition, the storage time of the sampled material 

until measurement was not reported by these authors, but illustrates also a crucial 

factor.  Unlike the lichen C. portentosa, the plant used in their study is not known to 

be adapted to desiccation and thus could have shown some severe wilting symptoms 

with associated metabolic alterations prior to measurement.  Snap freezing however, 

was not practical due to health and safety reasons, since samples were collected from 

66 sites within the UK.   However, since all samples were treated in the same way, 

variation caused by sample preparation procedures should be distinguishable from 

those arising from environmental parameters.   
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The spectra for this study were recorded at a resolution of 2 cm-1, where in the 

literature it is common practise to record FTIR spectra at a resolution of 4 cm-1 

(Gidman et al., 2003; Gidman et al., 2005; Gidman et al., 2006; Goodacre et al., 

1998; Kacuráková et al., 2000), 8 cm-1 (Coimbra et al., 1999) and even up to  

16 cm-1 (Ellis et al., 2004b), covering wavenumbers from 4000 to 600 cm-1.  The 

advantage of recording spectra at larger intervals is that fewer variables are obtained 

and less noise is included.  In order to reduce this problem, the data were subjected to 

smoothing prior to any statistical analysis.  Noise in data will have consequences on 

the PLSR modelling process, as spectral noise in the samples can cause the PLS 

algorithm to interpret these features leading to degradation of the model.   

 

Data pre-processing is an important step prior to data analysis.  Some of the 

recommended procedures include scaling and centering.  Centering is the most 

important form of the data pre-processing.  It converts all the concentrations to 

fluctuations around zero instead of around the mean of the metabolite concentrations.  

It adjusts for differences in the offset between high and low abundance metabolites 

(van den Berg et al., 2006).  In this study, all data were smoothed and then scaled 

using vector normalisation and mean centering.  For PLSR modelling, additional pre-

processing steps were evaluated and used by the software OPUS, Version 5.0.  In 

general no recommendation could be given regarding data pre-processing methods 

applied prior to analysis as it entirely depended on the nature of the data (OPUS 

Help). 

   

3.4.2  General FTIR spectral characteristics 

The ground apices of C. portentosa represents a very complex system, consisting of 

two different partners, the mycobiont C. portentosa, which constitutes approximately 

90% to the symbiosis (Smith and Douglas, 1987) and the photobiont from the genus 

Trebouxia.  Many different signals arise from vibrations of molecules in the cell 

wall, the membrane and the cytoplasm of both partners.  Common intracellular 

products found in lichens include proteins, amino acids, polyols, carotenoids, 

polysaccharides, and vitamins, which are bound in the cell wall.  Furthermore, extra-
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cellular substances also contribute to signals arising from vibrations.  Such extra 

cellular compounds include secondary metabolites of the fungal component, which 

are deposited on the surface of the hyphae rather than within the cell (Ellix and 

Stocker-Woergoetter, 2006).  Certainly this will lead to broadening of bands in the 

spectra.  Resolution enhancement such as the use of 2nd derivative of the spectra 

could partly overcome this problem (Schmitt and Flemming, 1998). 

 

The most distinct region in the FTIR spectrum was the polysaccharide region  

(1200 - 900 cm-1; Socrates, 2004).  This is consistent with the fact that lichen thalli 

are known to contain considerable amounts of polysaccharides  

(Palmquist and Dahlman, 2002).   These are mainly found in the cell wall of either 

photo- or mycobiont.  For example, the study performed by Cordeiro et al. (2008) 

found a galactofuranan-rich heteropolysaccharide in the photobiont Trebouxia spp., 

which could be involved in the lichen recognition process and is thus important to 

build the symbiosis between this single celled green alga and the ascomycet.  

Galactofuranan structures are unusual polysaccharides for algae, but are common 

polysaccharides of bacteria, protozoa and fungi (Omarsdottir et al., 2007).  On the 

other hand Honegger and Bartnicki-Garcia (1991) showed that cell wall composition 

of aposymbiotically cultured mycobionts (Cladonia macrophylla, Cladonia 

caespiticia, Physcia stellaris) showed a meshwork of chitin microfibrils embedded in 

a large amount of insoluble -1,3-glucan, which is comparable to the cell walls typical 

to Ascomycetes and the lichenised state.  In addition, Alcantara et al. (2007) 

identified additional IR bands associated with carbohydrates in six genera from two 

lichen families including Physciacae and Parmeliacae (crustose growth form), which 

overlap in the amide region, in particular the C=O stretching between  

1700 – 1600 cm-1.  Keto-groups, for example appear in N-acetylglucosamine, a 

derivate of glucose, which is the basic unit of the polymer chitin (Figure 3.11). 
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Figure 3.11 N-acetylglucosamin unit of the polysaccharide chitin. 

 

3.4.3  Principal component analysis 

Overall PCA score plots from all 25 locations showed little structure to the data, 

indicating no distinct sample clustering based on high to low Ndepos values sites.  

However, it should be remembered that PCA is a method to indicate the levels of 

total variance present in the measured variables (FTIR absorbance at specific 

wavenumbers).  The PCA results therefore indicated the absence of a strong 

influence of other factors such as sampling location (site), geographic proximity, or 

sampling method on the FTIR data. 

 

Restricting PCA to the six locations following the Ndepos gradient resulted in some 

slight separation between centroid scores of sites exposed to low and medium/high 

Ndepos along PC1, whereas the samples exposed to very high Ndepos values 

overlapped in between.  High positive loadings for PC1 were detected at 955 cm-1, 

which point to a more intense response of compounds containing quaternary amines 

(Schmitt and Flemming, 1998) in samples that have a high score value at PC1.  In 

this case it corresponds to the Yellow Craig site (4.1 kg ha-1yr-1).  In contrast, 

samples with a small negative score value along PC1 such as Haye on Wye  

(9.9 kg N ha-1yr-1) and Alwen Reservoir (15.8 kg N ha-1yr-1) contain comparatively 
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less of this metabolite group (i.e. quaternary amines) with large positive loadings 

and more of those with small negative loadings at PC1.  Negative loadings for PC1 

included 1655 cm-1, a region where amide II band is observed, characteristic for 

proteins (see further discussion in 3.4.5).   

 

Gidman et al. (2005) demonstrated that in heather (Calluna vulgaris) FTIR  in 

combination with PC-DFA was capable of distinguishing between the effects of 

three different deposition rates of NH4NO3
-
 artificially applied to test plots.  

Metabolomic signals, i.e. functional groups vibrating in particular regions, included 

the amide I (1682 cm-1) region, which was positively associated with increasing 

Ndepos.  There is some agreement in the metabolic response of C. portentosa and 

Calluna vulgaris, indicating a common response in phototrophic organisms to 

possibly nitrogen enrichment, by for example up-regulation of specific enzymes 

(Hogan, 2009).  However, since the lichen C. portentosa does not possess a cuticula 

like Calluna vulgaris, many metabolites are washed out during precipitation events 

(Bruns-Stenge and Lange, 1992) and thus could make it more difficult to track 

changes in low molecular weight metabolites.     

 

3.4.4  Partial least squares regression models 

a) Prediction of external chemical variables 

 

This study showed that robust PLSR models were only obtained for the 

environmental parameter Ndepos and PPT for locations specifically chosen along an 

increasing Ndepos gradient, where [N]ppt remained fairly constant and when cut 

spectra (1800 to 600 cm-1) were used.  Including the region, where fatty acids/lipids 

absorb (3050 – 2080 cm-1) did not result in an improvement of the model (Appendix 

4 and 8), indicating that this region does not show any variation with different wet N 

deposition regimes and thus is not important for the model evaluation.  

Wavenumbers higher than 1800 cm-1 were thus excluded in order to avoid the 

parameterisation of noise.  Furthermore, the quality of the chemometric model 

depends on the choice of the correct number of PLSR factors (rank).  Too small 



Chapter 3 

 105

ranks results in under fitting so that not all features can be explained by the model, 

whereas too many factors (high rank) leads to over-fitting and only adds noise and 

degrades the model (OPUS Help).  The ranks chosen for the Ndepos and PPT model 

for the six locations therefore were reasonable (4 and 5), considering that PLS 

models were only run up to 10 ranks (default setting).  In addition, it seems 

reasonable that good models were obtained for both Ndepos and PPT as rainfall and 

nutrient input covary (see Chapter 2) and rainfall delivers wet deposits and brings 

dry deposits into solution.   

 

Several studies on Cladonia portentosa found a good correlation between 

environmental wet Ndepos and the broad targeted chemical parameter of [N]tiss 

(Hogan, 2009; Hogan et al., 2010a; Hyvärinen and Crittenden, 1998a).  As 

presented in Chapter 2, this correlation was supported by the data, also showing that 

a strong and significant correlation existed between [N]tiss and Ndepos and PPT, 

respectively for both, all 13 locations and a subset of six locations, with similar 

[N]ppt but a broad range of Ndepos values.  Together these results supported this idea 

of detecting correlation between biochemical alterations and wet Ndepos for this 

lichen.  Therefore, the results presented here could indicate N capture and with 

differences in the FTIR spectra giving some indication of metabolic alterations 

having been induced.    

 

By restricting the PLS models to the sites specifically chosen along the Ndepos 

gradient, the number of sites were reduced from 25 down to six.  Thus, it was seen 

as appropriate to do an inter-site split for test and training sets, so that both sets 

would cover the whole concentration range of the system, as recommended in 

OPUS Help.  Furthermore, more biological replicates for almost all sites were 

available as compared in the study performed by Gidman et al. (2006).  The number 

of biological replicates however, varied within each study site.  This variability in 

biological replicates was caused by the occurrence and availability of these samples 

within study sites.  The different number of biological replicates per study sites will 

have an effect on the statistical robustness of the PLSR.  

 

Important to note is that the experimental design by Gidman et al. (2006) differed 

from the present study in that their experimental design included 66 study sites (acid 
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grass lands) covering a similar Ndepos range, compared to the present study.  Since 

more study sites (66) and fewer biological replicates (5) within each study site were 

available, replicates were kept with either test or training data (site specific split).  In 

the present study both were applied, either the inter-site or site-specific split of 

training and test data.  The site specific split between test and training data, 

however, was only applied for 25 and 13 locations, since this approach is more 

appropriate for more sites.  In addition, a major difference between the two 

experimental designs was that Galium saxatile was collected from the same habitat 

type (acidic grasslands) in contrast to the present study, were lichen samples were 

collected from a range of different habitats (Chapter 2, Table 2.4).   

 

The robust model obtained for the six sites could be due to a limited number of 

locations.  In order to prove that, it would be desirable for further experiments to 

sample from more sites, which are characterised by an increasing Ndepos gradient but 

where [N]ppt remains similar.  It should be remembered, however, that the PLSR 

method uses typical features in the data set to establish a relationship to the known 

environmental parameter.  PLSR models can only be robust provided that future 

samples contain similar features to the original data, but the predictions are 

essentially statistical (Brereton, 2003).   

 

Assessing cut FTIR spectra against [N]ppt for all 25 or 13 sites resulted in weak 

model statistics.  Individual model iterations were more variable.  For example, 

restricting the model to the ten or eight sites, which were evenly distributed along 

the [N]ppt gradient, only resulted in a slight improvement of the model statistics 

(Appendix 6 and 7).  This might have been consistent with a better opportunity for 

the PLSR algorithm, within the reduced search space, to detect relatively enhanced 

[N]ppt responding to the putative metabolite signals.  Taken together these findings 

supported a view of a weaker response occurring due to [N]ppt compared to Ndepos in 

the metabolome of C. portentosa that was detectable by FTIR on the whole sample 

preparations used in this study.  Such differential responses to Ndepos and [N]ppt are 

supported by studies of Hyvärinen and Crittenden (1998a) and Hogan et al. (2010a) 

who found that Ndepos was a better correlate than [N]ppt for [N]tiss, PME activity and 

N:P ratio in C. portentosa tissue.  Therefore, the good PLSR model obtained for the 

restricted locations along the Ndepos gradient could suggest, that lichen metabolism 
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shows a long term response to deposition rates rather than to the more variable 

events such as [N]ppt.   

 

Since lichen samples were air dried prior to FTIR analysis, it is likely to result in 

major changes in the levels of metabolic intermediates, whereas the levels of the 

major storage and structural compounds are unlikely to be altered as much by this 

sampling approach.  Thus, it is possible that the metabolites positively correlated 

with Ndepos could be a long term response in structural compounds of this symbiosis. 

 

 

b) Prediction of internal biochemical parameters 

 

While Gidman et al. (2006) obtained statistically significant PLSR models mainly 

for external environmental parameters, the present study also tested the correlation 

via PLSR between the dependent biological parameters ([N]tiss, C:Ntiss)  and the 

independent variables (wavenumber absorbencies).  The advantage of establishing 

PLSR models using the biological variable [N]tiss is that they are already an internal 

part of the lichen biochemistry.  As could be seen in Figure 2.6 (Chapter 2), neither 

the response of [N]tiss or C:Ntiss towards Ndepos was linear.  By contrast, Hogan (2009) 

found a linear relationship between Ndepos of the six study sites and [N]tiss.  PLS 

regression tests linear correlation between particular wavenumber regions and the 

dependent variable tested.  This might be an explanation of why no stable model 

statistics were obtained.  In addition, a major drawback is, that the number of 

biological replicates for [N]tiss analysis differed between study sites and did not 

correspond to the full sampling set tested for FTIR analysis  

 

3.4.5  PLSR loadings for Ndepos and PPT  

To gain further insight into the response to Ndepos and PPT, where the best PLSR 

models were obtained, the regression loading values of the best models were 

examined.  The loadings were useful in indicating some putative metabolite groups 

that were correlated with environmental variables.  It is not possible to interpret the 
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loadings in terms of their +ve or –ve values, thus only the magnitude of the loading 

variables being important.  This value represents the amount of variance a variable 

contributes to each scores vector (Roger Jarvis, University of Stanford, pers. email 

comm., 4th March 2010).   

 

The results presented here indicate that FTIR in combination with PLSR revealed 

metabolic differences in lichen samples exposed to different wet Ndepos and PPT 

regimes, which were previously revealed by targeted chemical analysis (Hogan et 

al., 2010a).  It can be assumed that those targeted chemical biomarkers as well as 

the metabolic changes observed in the present study are not due to growth dilution 

as previously shown by Hyvärinen and Crittenden (1998).    

 

Regarding Ndepos PLSR model, high absolute loading values were observed at 1133 

and 1055 cm-1, all part of the region (1200 - 1030 cm-1) where pyranose molecules 

show strong intensities due to C-O stretching (Table, 3.3, Socrates, 2004).  Pyranose 

is a general term for carbohydrates which have a ring of five carbon atoms and one 

oxygen atom (Figure 3.4a, b).  A typical example for a pyranose molecule is α-D 

glucopyranose, which forms the basic unit for the polymers starch and cellulose.  

Cellulose for example is part of the inner layer of the cell wall of the algal partner 

Trebouxia spp. (Koenig and Peveling, 1984).  Furthermore, N-acetylglucosamine, 

an amino sugar derived from glucose, which forms the units for the long-chain 

polymer chitin is found in the cell wall of the ascomycete Cladonia spp. (Honegger 

and Bartnicki-Garcia, 1991).  One explanation could be that increased N supply is 

utilised by incorporating it into increasing amounts of structural components such as 

cellulose or chitin.  Thallus expansion in some lichens has already been reported to 

be directly sensitive to N stress, apparently being tightly coupled to N assimilation 

(Dahlman et al., 2002) and chitin content in lichen thalli itself has been correlated to 

nitrogen status in an extensive study by Palmquist and Dahlman (2002).  If this was 

the case, other metabolites would have to decrease, since the analysis of Ctiss in C. 

portentosa showed that C remained constant regardless of the different nitrogen 

regimes they grow under, a finding also shown by Hyvärinen et al. (2003).  It is 

known that an increase in thallus N content leads to enhanced respiration due to a 

greater demand for energy for tissue maintenance (Roy-Arcand et al., 1989).  This 

results in a situation, where more C is lost through respiration and less incorporated 
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into new tissue.  A possible metabolite used for increased respiration rates in 

response to higher nitrogen deposition could be starch, which again gives the 

characteristic pyranose signals.  In addition to certain compounds accumulating due 

to increased wet nitrogen enrichment, other compounds must presumably be down 

regulated, so that the carbon balance is maintained, since all metabolites contain 

carbon.  This is rather speculative but gives a first indication that metabolic shifts 

occur in the lichen C. portentosa and thus confirming that metabolic fingerprinting 

can be considered as unravelling, otherwise hidden, metabolic shifts without 

attempting to quantify individual biochemical components (Fiehn, 2001).  

  

Furthermore strong loadings were detected between 970 - 950 cm-1 throughout the 

different model iterations.  These correspond to asymmetric deformation vibrations 

of the quaternary ammonium moiety (-N(CH3)3
+), which shows medium intensity 

peaks between 970 and 950 cm-1 (Table 3.3).  Quaternary ammonium containing 

compounds, such as glycine betaine have been shown to function as osmoregulators 

in salt tolerant plants, marine algae and cyanobacteria (Gabby-Azaria et al., 1988; 

Rhodes and Hanson, 1993).  Regarding nitrogen fixing lichens of the Peltigerales, 

the quaternary ammonium compound solorine was found to be important to regulate 

water deficiency (Matsubara et al., 1994; Matsubara et al., 1999) (Figure 3.12b).  

Another quaternary ammonium compound which functions as an osmoregulator is 

sticticin, which was found in Lobaria laetevirens, a lichen consisting of a fungus, an 

alga and a cyanobacterium (Bernard et al., 1981; Figure 3.12c).  In addition, 

quaternary ammonium compounds include phosphocholine and betaine lipids, the 

latter typically found in lower plant organisms, lichen and bacteria (Kuenzler and 

Eichenberger, 1997; Figure 3.12d,e).   
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Figure 3.12 Some representative quaternary ammonium compounds found in higher 

plants (a,d) and lichens (b-e). a) glycine betaine, b) solorine found in Solorina crocea 

(Matsubara et al., 1994), c) sticticin found in Lobaria laetevirens (Bernard et al., 

1981), d) phosphatidylcholine lipid and e) betaine lipids (Kuenzler and Eichenberger, 

1997). 

 

Strong loadings were also detected at 1739 and 1700 cm-1, which is part of the 

amide region (1750 – 1500 cm-1).  This region is primarily ascribed to proteins and 

peptides (Schmitt and Flemming, 1998).  Increased levels of proteins could be 

functionally important either as structural components, transporter proteins in cell 

membranes, or simply a general up-regulation of enzymatic activity in broad 

metabolism due to N availability.  For example, for the rapid conversion of 

ammonium, which is cytotoxic, high activities of glutamine synthetase and 

glutamate dehydrogenase are crucial for producing tolerance to high ammonium 

concentrations (Neuhäuser et al., 2008; Cruz et al., 2006).  Furthermore, an up-

regulation of the enzyme phosphomonoesterase in Cladonia portentosa in response 

to increasing wet Ndepos regimes was shown in studies by Hogan et al. (2010a, 
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2010b), whereas the activity of this enzyme was solely restricted to the mycobiont.   

Gidman et al. (2006) suggested 1600 cm-1 to be responsible for the successful 

validation of their N deposition model, which is also part of the amide region. 

 

PLS models obtained for PPT using six values specifically chosen along the Ndepos 

gradient, showed similar loading values as those from PLSR models obtained for 

Ndepos.  This is not surprising since Ndepos is also delivered by precipitation.  Thus, an 

important question of the direct physiological impact of Ndepos or PPT inputs on C. 

portentosa metabolism remains unanswered.   Hogan et al. (2010b), however, 

showed in a field manipulation experiment, that modified N/P relationships and 

PME activity in C. portentosa were a direct effect of increased N deposition.  Thus, 

one could speculate that the overall metabolic differences detected in C. portentosa 

in this study with the help of FTIR are also a direct effect of different N inputs.  In 

addition, indirect community effects such as growth competition from other Ndepos 

sensitive species can not be ruled out, although a single study measuring C. 

portentosa growth rate after transplantation between UK sites of varying N 

deposition showed after one year no conclusive effects (Hyvärinen and Crittenden, 

1998). 

 

Considering that ~90-95% of the lichen biomass consists of fungal tissue (Smith and 

Douglas, 1987), it may be reasonably assumed that the major biochemical 

metabolite signals measured were derived mostly from fungal cells (Hyvärinen et 

al., 2002).  It will be of interest in the future to differentiate between the metabolism 

of the fungus and the algal partners. 

 

Given that 25 sites across the UK sites were investigated the question of the effects 

of any genetic divergence between these populations on Ndepos responses is 

prompted.  Whether this is reflected in plastic metabolic adaptation or evolutionary 

based genomic population differences remains unknown at this point.  No data on 

this is currently available.   
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3.5 Summary and Conclusion 

The FTIR results in combination with multivariate statistics presented here indicated 

some broad metabolic differences on the whole organism level of C. portentosa 

populations collected from different wet N regimes.  Broad metabolic classes were 

assigned to wavenumbers identified from loading plots from PCA and PLSR.  Such 

metabolic classes included amides, polysaccharides and quaternary amines.  These 

broad metabolite classes could include those from pools such as membranes, soluble 

cellular metabolites or structural components such as fungal and algal cell walls.  

Strikingly, it was found during PLSR analysis that the relationships of the broad 

FTIR biomarker classes were the strongest with modelled wet Ndepos and PPT data 

than those with [N]ppt rainfall.  This evidence makes a strong case for suggesting that 

C. portentosa has optimised N capture and usage in metabolism preferentially in 

response to N availability delivered from wet sources, at least under the ranges of 

Ndepos, [N]ppt and PPT included in this study.  Additionally, this emphasises that 

precipitation is essential for metabolic activity (Nash III, 2008).  FTIR has, however, 

a lower resolution compared to metabolite profiling techniques, which in turn are 

more time consuming and focus on a particular metabolite pool.  As a consequence 

the ability of FTIR to identify specific metabolites is relatively poor which could 

hamper the sensitivity of this technique when compounds at trace levels are 

involved in the lichen responses (Gidman et al., 2004).  Considering that the apical 

tips of C. portentosa mainly consist of fungus and only a small percentage consists 

of the green alga partner, any biochemical changes in response to different wet N 

regimes occurring solely to the alga might be more difficult to detect with FTIR.  

Now it is important to assign specific compounds to some of these identified classes, 

using a metabolic profiling technique, such as hyphenated mass spectrometry, in 

particular LC-MS.  This technique is very likely to facilitate a more detailed 

identification of specific metabolites and their responding pathways modifications. 
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4 Method development for LC-ESI-ToF-MS 

4.1 Introduction 

One strategy in environmental metabolomics is the examination and comparison of 

metabolic profiles from biological systems exposed to different environmental 

conditions, as they reflect the dynamic response of the network of biochemical 

reactions (Broeckling et al., 2005, Bundy et al. 2007).  The approach of metabolic 

profiling seeks to identify and quantify related metabolites with similar chemistries 

or metabolite pathways, with the help of hyphenated mass spectrometry (Dunn et al. 

2005, Broeckling and Fiehn, 2005, Kopka et al. 2004).  In contrast to targeted 

methods, where typically a handful of metabolites are chosen on the basis of 

assumptions about what is relevant, a wider range of chemistries are covered, with 

often many hundreds or potentially thousand of metabolites detected in a single 

analysis (Kopka et al., 2004).  Often the chemical identity of a large number of the 

measured metabolites remains unknown (Fiehn et al., 2000b).  Importantly, the 

measured metabolites differ in their abundance levels by many orders of magnitude, 

which can illustrate a problem in chemical analysis (Trethewey and Krotzky, 2007).   

Accordingly, methods must be developed to meet these analytical challenges.     

   

A range of metabolic profiling techniques have been applied to plants, animals and 

also fungi to address different environmental and biological questions (Boccard. et 

al., 2007; Bundy et al., 2007; Peiris et al., 2008; Roessner et al., 2002).  Prior to the 

current research using Cladonia portentosa, no metabolic profiles had been 

established for lichens.  This organism represents a symbiosis of a fungus 

(mycobiont) and a single celled green alga (phycobiont).  The photobiont of this 

symbiosis is similar but still distinct to cells of higher plants (Palmquist et al., 2008).  

However, since the photobiont has similar features to plants, strategies for plant 

metabolic profiling were investigated. 

  

The metabolome of plants is very complex and differs in size between different 

organisms.  The plant kingdom has been estimated to produce up to 200,000 different 
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metabolites (Fiehn, 2002), although individual plants and tissues contain 

significantly less metabolites (Dunn et al., 2005).  Arabidopsis leaves, for example, 

have been estimated to contain about 5,000 different primary and secondary 

metabolites (Bino et al., 2004).   

 

The plant metabolome consists of primary metabolites; including amino acids, fatty 

acids, carbohydrates, organic acids and lipids; and also a range of secondary 

metabolites.  Examples of secondary metabolites found in higher plants are shown in 

Figure 4.1.  With regards to lichens, potentially two metabolomes are present, one 

belonging to the fungus, which comprises the majority of the symbiosis biomass, and 

the other belonging to the single celled green algae.  A dominant part of the lichen 

biomass is made up of carbohydrate (CH2O(n) equivalents) (Palmquist and 

Sundberg, 2000), as highlighted by the FTIR fingerprint of Cladonia portentosa 

reported in Chapter 3.  In addition, secondary metabolites play a major role in lichens 

for optimal defence strategies, including protection from drought, high light stress 

and predation (Hyvärinen et al., 2002; Nybakken and Julkunen-Tiitto, 2006; 

Palmquist et al., 2008).  Two secondary metabolites found in Cladonia portentosa 

are the dibenzofuran usnic acid and the depside perlatolic acid, which contribute 

approximately 2.5 - 3.3% to the dry weight of the lichen sample (Dr. P. Crittenden, 

Nottingham University, pers. comm..; Figure 4.1e).   Generally, polyols, secondary 

metabolites and cell walls are the major carbon sinks in plants which have been most 

intensively investigated and it appears that these three sinks are also dominant in 

lichens (Palmquist et al., 2008).   

 

Different challenges occur when determining and quantifying metabolites of 

organisms.  These include the chemical complexity, the metabolic heterogeneity, 

differences in concentrations ranging from pmol to mmol and the ease of extraction 

(Dunn and Ellis, 2005; Goodacre et al., 2004).  In particular the presence of large 

amounts of single metabolites can cause significant problems limiting the range in 

which other metabolites may be successfully profiled (Sumner et al., 2003).   

 

A wide range of different tools are available for the chemical analysis of biological 

organisms.  Hyphenated mass spectrometry, including gas chromatography mass 

spectrometry (GC-MS) and liquid chromatography mass spectrometry (LC-MS) are 
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the techniques which have been most successfully applied for the analysis of plants 

and fungi (e.g. Peiris et al., 2008; Roessner et al., 2002; Vorst et al., 2005).   

Historically GC-MS has been the preferred method for metabolic profiling due to its 

relatively robust chromatography and compound separation efficiency (Fiehn et al., 

2000a; Fiehn et al., 2000b).  The high separation efficiencies of long (30 - 60 m) 

capillary GC columns allow a wide range and large number of metabolites to be 

profiled.  Thus, the separation of very complex mixtures is achieved and in 

combination with mass selective detection, such as a ToF analyser for example, the 

identification of a significant proportion of these compounds is achievable (Sumner, 

2006).  GC-MS has been widely used in contemporary plant metabolomic studies 

(Fiehn et al., 2000a; Fiehn et al., 2000b; Fiehn and Weckwerth, 2003; Fiehn, 2003; 

Roessner et al., 2002).  

 

Although GC-MS is widely established in plant metabolomic studies, only 

metabolites that are volatile, or can be made volatile through derivatisation, can be 

easily analysed.  Chemical derivatisation is usually required to reduce the polarity of 

certain compounds to facilitate their separation by GC.  However, this can influence 

their mass spectrometric properties (Halket, 1993).  Methoximation (methoxamine 

hydrochlorine) and silylation, using for example the trimethylsilylating (TMS) 

reagent N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) or the 

tertbutyldimethylsilylating (TBS) reagent N-tert-butyldimethylsilyltrifluoroacetamide 

(MTBSTFA), are often used for plant metabolomic studies (Fiehn et al., 2000a; 

Fiehn et al., 2000b; Fiehn, 2003).  Tertbutyldimethylsilylation (TBS) is reported to 

be the most comprehensive derivatisation method for metabolite profiling 

applications (Birkemeyer et al., 2003).   

 

GC-MS is, however, less applicable to more polar compounds which comprise major 

classes in plant secondary metabolism, including phenylpropanoids, flavonoids, 

saponins and glucosinolates (Davey et al., 2007; Davey et al., 2008; Vorst et al., 

2005; Figure 4.1a, b, c).  The high temperatures required for GC-MS analysis causes 

for example the degradation of glycosidic bonds and therefore a destruction of 

molecules with glycosidic bonds (Sumner, 2006).  LC-MS, as a non-targeted 

chemical analysis, provides an alternative to GC-MS and has several advantages over 

GC-MS.  The major advantage of LC-MS is that it removes the need for 
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derivatisation and thus, complex samples can be analysed directly or with minimal 

sample processing.  Furthermore, not only can more labile and larger metabolites be 

analysed with the help of LC-MS, but also compounds, commonly analysed by GC 

such as volatile organics, polar organics, non-polar organics, lipids, amino acids, 

carbohydrates, nucleotides, carotenoids, phenylpropanoids, hormones, peptides, and 

proteins (Sumner, 2006).  LC-MS offers the best combination of sensitivity and 

selectivity and is therefore central to most contemporary metabolomic approaches 

(Sumner, 2006).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1  Chemical structures of some common secondary metabolites found in 

higher plants (a-d) and the lichen C. portentosa (e-f).  Shown are representative 

structures for (a) phenylpropanoids (cinnamic acid), (b) flavonoids (flavonol), (c) 

saponins (yamonin), (d) glucosinolates (glucobrassicin), (e) dibenzofurans (usnic 

acid) and (f) depsides (perlatolic acid),    
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Clearly, the selection of the most suitable technology is a compromise between 

speed, selectivity, sensitivity and cost (Sumner et al., 2003).  All extraction, 

separation and detection techniques have unavoidable intrinsic bias against certain 

metabolite groups, such as sugars, proteins, fatty acids, alcohols, vitamins and 

secondary metabolites, as described previously (de Vos et al., 2007; Hall et al., 

2005).  

 

For metabolite profiling using LC-MS it is essential to develop an appropriate 

method.  The LC-MS protocol developed and described by de Vos et al. (2007) for 

higher plants was used as the basis for the analysis of soluble metabolites in the 

lichen C. portentosa in the present study.  The authors found, that this method is 

slightly biased towards secondary metabolites.  Interestingly, according to the 

carbon-nutrient balance (CNB) hypothesis, increased N and or P availability would 

lead to enhanced allocation of carbon to structures and growth at the expense of C-

based secondary metabolites (Bryant et al., 1983).  This hypothesis was partly 

proven by Hyvärinen et al. (2003) for the mat forming lichen Cladina stellaris, 

although under a relatively narrow set of artificially applied N and P conditions.  

Secondly, secondary metabolites play an important role in the tolerance to acidity, 

which occurs with increasing nitrogen deposition (Hauck et al., 2009).  Thus, 

applying a metabolic profiling method, which is slightly biased towards secondary 

metabolites, seems to be justified for the purpose of this study.   

   

The aim of this chapter is the development of a reproducible method, which should 

cover as broad range of metabolites as possible in order to identify biological 

variation of metabolites in lichens due to different levels of N input, which can then 

be distinguished from variation and errors arising from sample handling, sample 

preparation, extraction, extract storage and chromatography.  Therefore it was 

essential to use a reproducible method capable of producing consistent results for 

data acquisition.  The method developed by de Vos et al. (2007) had therefore to be 

adapted, as a different organism was used for the present study from that used to 

develop the original method.  Thus, several aspects of the method were identified for 

modification.  Firstly, the chromatography was developed in order to obtain good 

separation between the peaks.  Secondly, the reproducibility of the chromatographic 

method was tested using analytical and extraction replicates.  Thirdly, the extraction 
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procedure was optimised.  In addition, a reference compound was chosen, which was 

used as an internal standard, in order to evaluate the extraction efficiency.  Finally, 

the linearity and the limit of detection (LOD) were determined for usnic acid.   

4.2 Materials and Methods  

4.2.1  Collection of Cladonia portentosa 

Lichen material was collected from an ombrothrophic bog in the North of Scotland 

near Thurso, called The Halsary (ND 195 493; Figure 4.2, Number 32 on Figure 2.1) 

on the 13th November 2007 (rainy day, around 5 °C) and 13th February 2008 (a 

sunny, dry and cold (-5°C) winters day).  Replicate samples were taken from 

locations > 10 m apart in order to reduce the likelihood of collecting genetically 

identical lichen material (Hyvärinen and Crittenden, 1998a).  Powder free gloves 

were worn for handling lichens in the field in order to minimize contamination.  The 

collected lichen material (podetia size between 50 and 150 mm) was transferred into 

plastic bags and transported on ice back to the lab and air dried at room temperature 

(20°C) for 12 hours. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Collection site “The Halsary” situated near Spittal, Caithness, Scotland.  
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4.2.2  Cleaning of glassware & plasticware 

In order to ensure minimal interferences in analysis from contaminated glassware, all 

glass objects were incubated in a water bath containing detergent (DECON 90, East 

Sussex, England) over night and then rinsed three times with hot tap water followed 

by Milli-Q water.  The glassware was oven dried at 40°C.  Prior to use, the glassware 

was rinsed in the organic solvent which was used for the extraction.  In addition, 

eppendorf mini centrifuge tubes were rinsed three times with Milli-Q water and three 

times with methanol and dried prior to being used for extractions.   

 

4.2.3  General extraction procedure 

Soluble extracts of the lichen powder were prepared, using an ice cold extraction 

solution consisting of a mixture of methanol (Rathburn Chemicals Ltd., Walkerburn, 

UK), distilled water (Milli-Q water) and formic acid ( ≥ 95%, Sigma Aldrich, Dorset, 

UK) in a ratio of 75:24.9:0.1%.  The extraction solution was stored for not more than 

seven days prior to use.   The lichen powder was weighed to the nearest 0.01 mg in a 

pre-cooled Eppendorf mini-centrifuge tube (Eppendorf, Hamburg, Germany) and ice 

cold extraction solvent of a known volume was added.  The mixture was then 

vortexted for 10 s and sonicated at room temperature (20°C) for 15 minutes at a 

frequency of 40 kHz in an ultra sonication bath (Fisher Scientific, Hampton, NH, 

USA).  Samples were then centrifuged for 10 minutes at maximum speed (12,100 g) 

in a mini spin centrifuge (Eppendorf, Hamburg, Germany).  The resulting 

supernatant was transferred into a non-sterile 0.2 µm nylon-poly propylene  

Costar®Spin-X® centrifuge tube filter (Sigma-Aldrich, Dorset, UK) and centrifuged 

for a further 2 minutes at 12,100 g.  Optimisation of the sample extraction procedure 

is described later in this Chapter.  The final extract was transferred into a 0.1 ml 

polypropylene conical insert with a bottom spring which was placed in a standard 

opening 2 ml HPLC auto sampler vial with the dimension 8 mm x 12 mm x 32 mm 

(Kinesis, St. Neots, UK).  The vial was sealed with a screw cap and a 8 mm 

silicone/PTFE cap (Kinesis, St. Neots, UK).           
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4.2.4  Liquid chromatography development  

Reversed phase high pressure liquid chromatography (HPLC) was performed on the 

lichen extracts at 40°C using an Ultimate 3000 HPLC system, comprising a vacuum 

degasser, a tertiary pump, the flow manager and the autosampler unit (Dionex, 

Camberley, Surrey, UK) with a Luna 3 µm C18 (2) column (150 x 2 mm) 

(Phenomenex, Torrance, CA, USA).  A C18 4 x 2 mm Security GuardTM cartridge 

(Phenomenex, Torrance, CA, USA) was used.  The flow rate was set to 0.190 ml 

min-1, with an injection volume of 5 μl.  The auto-sampler temperature was 

maintained at 5°C.  All solvents used for extraction and mobile phases were HPLC 

Grade (Rathburn Chemicals Ltd., Walkerburn, UK).  Milli-Q water was used unless 

otherwise stated. 

 

Initially, chromatography was performed on a C12 Synergi Max-RP column 

(Phenomenex, Torrance, CA, USA ), using the two mobile phases (A) 0.1% formic 

acid and (B) 0.1% formic acid in acetonitrile, applying the gradient suggested by de 

Vos et al., (2007), which resulted in insufficient separation.  Thus, it was decided to 

modify the chromatography.  The modified mobile phase gradients were tested on 

the C18 column.  In total three different gradients (methods A, B and C) were tested, 

which are shown in Table 4.1.  For method C, (C) methanol was used as an 

additional mobile phase.       
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Table 4.1 Multistep gradients applied for chromatography development.  The mobile phase gradient developed by de Vos et al. (2007) was 

modified, here indicated as method A, B and C in order to obtain a good chromatographic separation. %A - 0.1% formic acid; %B - acetonitrile, 

0.1% formic acid; % C- methanol. 

 

 

 

 

de Vos et al. 2007 Method A Method B Method C 
Time 
(min) 

%A %B Time 
(min) 

%A %B Time 
(min) 

%A %B Time 
(min) 

%A %B %C 

0 95 5 0 60 40 0 60 40 0 60 40 0 
45 65 35 5 60 40 5 60 40 5 60 40 0 
47 25 75 45 0 100 45 0 100 45 0 100 0 
52 25 75 50 0 100 50 0 100 50 0 100 0 
54 95 5 55 60 40 62 60 40 52 0 0 100 
60 95 5 60 60 40 67 60 40 57 0 0 100 

         62 60 40 0 
         67 60 40 0 
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For method A, extracts were obtained from 25 mg of dry lichen powder using 75 µl 

of extraction solvent (volume/dry weight ratio of 3).  For method B, 100 mg of lichen 

powder and 400 µl extraction solvent (volume/dry weight ratio of 4) were used.  For 

method C, 25 mg of dry lichen powder and 100 µl of extraction solvent were used.  

All samples extracted followed the procedures described in 4.2.3  

 

The experimental design for selecting a suitable mobile phase involved the analysis 

of a range of solutions starting with neat MeOH followed by four injections of the 

lichen extract from the same vial.   Afterwards, the procedural blank was run four 

consecutive times.   Finally, the lichen extract and blank were analysed alternately.  

The experimental design is summarised in Table 4.2.    

 

  Table 4.2 Experimental design for chromatography development. 

Sequence Time of storage in 
autosampler 

(min) 
MeOH 0 
Lichen extract* ~70 
Lichen extract* ~140 
Lichen extract* ~210 
Lichen extract* ~280 
Procedural blank† ~350 
Procedural blank† ~420 
Procedural blank† ~490 
Procedural blank† ~560 
Lichen extract* ~640 
Procedural blank† ~710 
Lichen extract* ~780 
Procedural blank† ~850 

 

*Lichen extract obtained from one sample and re-measured †One procedural 

blank re-measured 

 

4.2.5  Time of flight mass spectrometry 

Mass data were collected using a time of flight (ToF) mass spectrometer (Bruker 

micrOTOFTM, Bremen, Germany) with an electrospray ionisation (ESI) interface.  
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All ions were detected in the positive ion mode and recorded in centroid mode over 

an m/z range from 100 - 1000 at a pulse rate of 40 kHz.  The maximum mass 

accuracy of the ToF is approximately 5 ppm with external calibration and the 

maximal resolution is approximately 15,000, but varies for different compounds.  For 

optimised electrospray ionisation conditions, nebulizer, drying gas flow and drying 

gas temperature were set to 1.5 bar, 8.5 l min-1 and 200°C, respectively, as 

recommended for flow rates between 200 – 500 µl min-1 (Bruker manual).  The 

voltages for the ion optics were set as followed: Spray shield, 3.5 kV; capillary cap, 4 

kV;  capillary exit, 150 V; skimmer 1, 50 V; skimmer 2, 22 V; hexapole 1, 22 V and 

hexapole RF, 100 Vpp.  The lens transfer and lens 1 pre-puls were set to 52 and  

1.0 μs, respectively.  The detector was set to 1,600 V.  

 

The external calibration of the ToF-mass spectrometer was performed using a  

10 mM NaOH ( ≥ 98%, Sigma-Aldrich, Buchs, Switzerland) solution in 50:50 

methanol/0.2% formic acid ( ≥ 95%, Sigma Aldrich, Dorset, UK).  For external 

calibration the calibrant solution was directly infused to the ToF mass spectrometer 

at a concentration of 10 mM at a flow rate of 4 µl min-1, using a 100 µl syringe 

(Hamilton, Bonaduz, Switzerland) in combination with a syringe pump (KD 

Scientific, Holliston, MA, USA) covering the desired mass range from  

m/z 100 - 1000.  Mass errors for calibration were less than 2 ppm using the quadratic-

high precision calibration algorithm.  In order to optimise the ESI conditions for 

external calibration at a lower flow rate of 4 µl min-1 as opposed to the LC flow rate 

at 0.19 ml min-1, nebuliser pressure and drying gas flow were changed to 0.4 bar and  

4 l min-1, respectively.  Masses were recorded using the rolling average at 20 x 0.5 s.  

Internal calibration was performed for one minute, using the same calibrant solution 

in a loop injection at the beginning of each analysis.  

 

4.2.6  Testing of extraction and analytical reproducibility 

The experiment, described in Table 4.3 was designed in order to test the 

reproducibility of the extraction, instrument performance and the storage conditions 

of the prepared extract in the freezer at -80°C.  The multistep gradient developed in 
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section 4.3.1 for HPLC analysis was applied.  The samples were randomised.  Three 

independent extractions were performed on lichen powder material obtained from the 

same clump of podetia, in order to minimise biological variation.  This was done in 

order to analyse the extraction reproducibility.   A volume/dry weight ratio of 4:1 

was chosen, with 125 mg of lichen powder in 500 µl extraction buffer and processed 

as described in 4.2.3.  When using a volume/dry weight ratio of four and lower, a 

solvent loss of approximately 50% occurred after extraction.  For this experiment 

samples were extracted only once.  A single injection was made from the first two 

vials and triplicate injections from the last vial (vial triplicate).  The latter was done 

in order to test the instrument performance with regards to consecutive injections.  

Using PCA it was then possible to investigate the overall variation between 

analytical and extraction replicates.  In addition the prepared sample extracts were 

stored for one day and two weeks, at -80°C, in order to investigate the influence of 

storage conditions on the lichen extracts. 

 

Table 4.3 Experimental design to test extraction, analytical and storage 

reproducibility (ext = extraction). 

Fresh Samples 1 Day Storage 14 Days Storage 
ext 1 vial 3c ext 3 vial 3a ext 1 vial 1 
ext 3 vial 3a ext 1 vial 3b ext 3 vial 3c 
ext 2 vial 2 ext 1 vial 3c ext 2 vial 2 
ext 2 vial 3a ext 3 vial 3c ext 2 vial 3a 
ext 1 vial 2 ext 2 vial 3a ext 1 vial 3c 
ext 3 vial 1 ext 2 vial 2 ext 2 vial 3b 
ext 1 vial 3b ext 3 vial 2 ext 1 vial 3b 
ext 2 vial 3c ext 2 vial 1 ext 1 vial 2 
ext 1 vial 3a ext 1 vial 1 ext 3 vial 3a 
ext 3 vial 3b ext 2 vial 3c ext 2 vial 3c 
ext 3 vial 3c ext 3 vial 1 ext 2 vial 1 
ext 1 vial 1 ext 1 vial 3a ext 3 vial 1 
ext 2 vial 1 ext 2 vial 3b ext 1 vial 3a 
ext 2 vial 3b ext 1 vial 2 ext 3 vial 2 
ext 3 vial 2 ext 3 vial 3b ext 3 vial 3b 
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4.2.7  Internal standard 

4-Chlorocinnamic acid (4-CCA) (99% predominantly trans; Acros Organics, Geel, 

Belgium) was used to spike both solutions and samples.  A dilution series of 4-CCA 

in MeOH was prepared in triplicate, covering the concentrations 1.83, 0.91, 0.61, 

0.46 and 0.23 mg ml-1.  In addition, a powder spike calibration was performed, where 

the lichen powder (extraction triplicates) was spiked with 30 µl of 9.13, 7.3, 4.6, 1.83 

mg 4-CCA ml-1 resulting in theoretical concentrations of 2.7, 2.1, 1.38 and 0.54 mg 

ml-1 respectively, when performing one extraction and using 100 µl extraction 

solution.  The solutions and extracts were subjected to LC-MS as described in 4.2.4.  

The integrated area of the EIC with m/z 137.016 ± 0.005 was plotted versus the mass 

of 4-CCA in the standard solution and the theoretical mass added to the powder, 

considering an injection volume of 5 µl. 

 

4.2.8  Recovery of the internal standard 4-CCA 

The recovery of 4-CCA was determined by comparing EICs of m/z 137.015 ± 0.005 

from the standard solution and the spiked powder extracts.  A stock solution of  

1.87 mg ml-1 was prepared and sequentially diluted down to 0.06 mg ml-1, using a 

dilution factor of two.  The four standard solutions with concentrations of 0.47, 0.23, 

0.12 and 0.06 mg ml-1 were measured in machine triplicates.  For powder spiking a 

separate stock solution (3.12 mg ml-1) was prepared, which was sequentially diluted 

down to 0.4 mg ml-1, using a dilution factor of two.  30 µl of the standard solutions 

were used to spike the lichen powder samples (smaller volume, MeOH evaporates 

faster) which were then extracted in 200 µl extraction solution.  After two extractions 

the theoretical concentration of 4-CCA ranged from 0.47 to 0.06 mg ml-1, theoretical 

values being the same for the standard solution.  Three extraction replicates were 

taken for each of the four different spiking concentrations.  The samples were run on 

a Luna 3 µm C18 (2) column (250 x 2 mm) using the same method as described in 

4.2.4.  The integrated area of the EIC with m/z 137.016 ± 0.005 was plotted versus 

the mass of 4-CCA in the standard solution and the theoretical mass added to the 

powder, considering an injection volume of 5 µl. 
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4.2.9  Linearity and LOD of usnic acid 

Usnic acid and perlatolic acid are known secondary metabolites from the genus 

Cladina (Huovinen and Teuvo, 1986) and Cladonia portentosa (P.D. Crittenden, 

University of Nottingham, pers. comm.).  However, only usnic acid is commercially 

available.  To get some idea of the linearity and the limit of detection (LOD) 

different concentrations of (+)-usnic acid (98%; Aldrich, Buchs, Switzerland) 

dissolved in acetone were analysed.  The samples were run as described in 4.2.4 

except that a Luna 3 µm C18 (2) column (250 x 2 mm; Phenomenex, MA, USA) was 

used.     

 

Initially a stock solution containing 0.422 mg ml-1 was prepared, which was diluted 

by a factor of six.  Pick up volumes of 5, 4, 3, 2, 1, 0.5, 0.4 and 0.1 µl were used for 

the measurement of the diluted stock solution (0.07 mg ml-1).  This resulted in the 

following absolute amounts on column: 350, 280, 210, 140, 70, 35, 28, 14, 7 ng.  The 

stock solution of 0.422 mg ml-1 was further diluted by a factor of 40 resulting in a 

concentration of 0.01 mg ml-1, which was then measured using pick up volumes of 

0.5, 0.4, and 0.3 µl resulting in absolute amounts on column of 5, 4 and 3 ng.  The 

linearity of the machine response was tested for the two different concentration 

ranges, using single measurements.  In addition, analytical replicates were taken in a 

separate run covering the absolute amounts of usnic acid on the column of and 2, 3, 

14, 35, 70 ng.   

 

For the determination of the LOD, triplicates of 0.3, 0.2 and 0.1 µl pick up volumes 

of the standard solution with a concentration of 0.01 mg ml-1 were analysed.  The 

LOD is defined as the lowest concentration in a sample that can be detected but not 

necessary quantified.  The LOD is quoted as the concentration yielding a signal to 

noise ratio of 2:1 (van Iterson, n.d; 

www.standardbase.com/tech/HPLC%20validation%20PE.pdf).  The signal to noise 

ratio is determined by: 

 

h
HS =                  Equation 4.1 
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Where H equals the height of the peak corresponding to the component and h equals 

the absolute value of the largest noise fluctuation from the base line of the 

chromatograms of the blank solution (van Iterson, n.d.; 

www.standardbase.com/tech/HPLC%20validation%20PE.pdf).   

 

4.2.10  Data pre-processing procedures and statistical analysis 

DataAnalysis 3.4 state-of-art Windows 2000/Windows XP application (Bruker 

Daltonics, Billerica, MA, USA) was used for data processing and browsing of LC-

MS data.  Data processing included the creation of total ion chromatograms (TICs), 

base peak chromatograms (BPCs), and extracted ion chromatograms (EICs).  TICs 

are obtained by summing up the intensities of all masses in the mass spectrum.  

BPCs are calculated by using the intensity of the most intense ion in the mass 

spectra.   Generally BPCs show better S/N ratios as compared to TICs.  EICs are 

calculated by summing the intensities of the specified masses in the mass spectra.   

For automatic integration of EICs peaks of biomarker compounds an embedded 

script within DataAnalysis 3.4 was used. 

 

Possible molecular formulae for molecular and fragment ions were calculated for 

single, manually specified m/z values using the “SmartFormula Manually” option in 

DataAnalysis 3.4.  The calculation of the molecular formulae is based on the mass 

accuracy and the isotope pattern.   

 

Initially the raw LC-MS chromatograms were bucketed in Profileanalysis 1.0 

(Bruker Daltonics, Billerica, MA, USA).  Using the bucketing approach the 

enormous number of data points was drastically reduced to a manageable number of 

defined statistical variables.  A data matrix was created in order to obtain mass-to-

charge/retention time (m/z-tR) independent variable pairs.  In total 14850 m/z- tR pairs 

were obtained by dividing the entire specified retention time ranging from  

60 to 4000 s and mass range from 100.5 to 1000.5 m/z into distinct buckets.  Hereby 

each bucket spans a retention time of 120 s and a mass range of 2 m/z.  The values 

obtained show the mean value within the delta value (Figure 4.3).  
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A single intensity value was calculated from the line spectra recorded in the positive 

mode for each bucket, i.e. for each m/z-tR pair by summing up the intensities of all 

data points in the respective m/z-tR time range.  Data were kernelised such that the 

intensity of a peak intersecting one or more bucket borders was divided among the 

buckets that shared the peaks according to their ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Bucketing parameters. Data bucketing was performed between 60 and 

4000s with Δs=120s and kernel of 30s, 100.5 to 1000.5 m/z with Δm/z of 2 and 

kernel of 0.5 resulting in 14850 m/z- tR variables.  

 

Profileanalysis 1.0 created data matrices were then exported as ASCII files and 

loaded into the statistical software package PYCHEM, in the format that samples 

(depended variables) were ordered as rows of the array and measured variables 

(independent variables) as columns.  Data buckets were treated in the following 

order: baseline correction (subtract average of first and last bin), mean centring and 

row normalisation. 

 

Columns were mean centred by subtracting the mean of each column (or variable) 

(Brereton, 2003) (Equation 4.2).  Hereby the sum of each column is now zero.  

Centering is used to focus on the fluctuating part of the data and leaves only the 

relevant variation (the variation between the samples) for analysis.  It converts all the 

Δm/z = 2

Δs=120s
60s 4000s

100.5 m/z

1000.5 m/z

Δm/z = 2

Δs=120s
60s 4000s

100.5 m/z

1000.5 m/z
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concentrations to fluctuations around zero instead of around the mean of the 

metabolite concentrations. 

 

ijxxijxij −=                            Equation 4.2 

 

Following mean centring of the data buckets, row scaling was performed (Brereton, 

2003) (Equation 4.3), where the rows are scaled to a constant total.  This procedure is 

particularly useful if the absolute concentrations of samples cannot easily be 

controlled, for example in biological extracts: the precise amount of material might 

vary unpredictably, but the relative proportions of each can be measured (Brereton, 

2003).   

 

∑
=

= J

J

xij

xijrxij

1

                                                                    Equation 4.3 

 

Following the pre-treatment procedures, data were subjected to PCA.   

 

4.2.11  Univariate statistics 

Univariate statistical tests were performed in SPSS (Version 14.0, SPSS Inc. 

Chicago, IL, USA), including one way analysis of variance (ANOVA).  ANOVA 

was calculated along with the Levene Test for homogeneity of variances and the 

Fisher’s Least Significant Difference (LSD) post hoc test to compare the change in 

one factor, i.e. TIC normalised EIC area for compounds of particular m/z values.  

The summed TIC intensity values for all m/z values ranging from 100 - 1000 

including the whole chromatography run of 67 minutes was obtained by creating a 

single bucket with Δm/z of 900 and Δs of 4000 s in ProfileAnalysis 1.0 (Bruker 

Daltonics, Billerica, MA, USA), whereas a single intensity value was calculated from 

the line spectra recorded in the postivie ion mode by summing up the intensities of 

all data points for this single bucket. 

 



Chapter 4 

 130

4.2.12  Terminology for different types of replicates 

The following terms were defined: 

• Extraction replicate: Three extracts taken from one podetia of  

C. portentosa. 

• Machine replicate: One extract measured three times, either taken from one 

vial or a single sample split into separate vials. 

• Biological replicate:  Three individual lichen podetia, sampled from 

positions at least 10 m apart from each other, each subjected to extraction and 

analysed separately. 

4.3 Results 

4.3.1  Chromatography development 

The initial chromatography gradient used on a C12 column for the analysis of the 

lichen extract, employing the mobile phase gradient suggested by de Vos et al. 

(2007), resulted in poor peak separation (Figure 4.4).  It can clearly be seen that the 

majority of metabolites eluted between 49 and 55 minutes with no even distribution 

of peaks over the 60 minute sample run.      

 

 

 

 

 

 

 

 

 

Figure 4.4  Base peak chromatogram of lichen extract performed on a C12 column 

using the mobile phase gradient suggested by de Vos et al. (2007). 
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Therefore the mobile phase gradient was modified and a C18 column used.  Using 

method A as described in Table 4.1, well defined peaks were obtained throughout the 

60 minute sample run for the first sample within the sample sequence (Figure 4.5a).  

The second (Figure 4.5b), third and fourth lichen base peak chromatograms, which 

were run consecutively, showed a baseline increase between 42 and 46 minutes, 

which could be indicative of contamination or sample carry over.  The BPCs 

obtained for lichen extracts measured straight after the procedural blank sequence did 

not show this baseline increase and appeared identical to the first BPC obtained 

within the sample sequence (Figure 4.5c). 

 

 

Figure 4.5 Base peak chromatograms obtained from LC-ESI-ToF-MS of the lichen 

extract using a multistep gradient as described in Table 4.1, experiment A. (a) First 

extract run, (b) second extract run, and (c) run after procedural blank. 

 

In order to avoid sample carry over between individual LC-MS runs, the multistep 

gradient was then modified, in the first instance ACN (0.1% FA) was ramped down 

from 100% to 40% over 12 minutes instead of 5 minutes as described for method A 

(Table 4.1) and the same experimental design, as described in Table 4.2 was applied.  
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The BPC of the first lichen sample run showed nicely separated peaks throughout the 

whole sample run, similar to the BPC obtained from the first lichen run from the 

previous experiment (Figure 4.6a).  Again, the BPC of the following sample run 

showed an increasing baseline shift between 41 - 45 minutes (Figure 4.6b).  The 

baseline shift within the time window was not present when procedural blanks were 

run prior to the lichen exact (Figure 4.6c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Base peak chromatograms obtained from LC-ESI-ToF-MS of the lichen 

extract using the modified multistep gradient as described in Table 4.1, experiment 

B. (a) First run, (b) second run, and (c) run after procedural blank.  

 

Finally, the multistep gradient was further modified by using neat methanol as a third 

mobile phase, as described in Table 4.1 (Experiment C).  The results, shown in 

Figure 4.7, indicated no baseline shift between 41 to 45 minutes and this gradient 

was therefore used for all analyses.    
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Figure 4.7 Base peak chromatograms obtained from LC-ESI-ToF-MS of the lichen 

extract using the modified multistep gradient as described in Table 4.1, experiment 

C. (a) First run, (b) second run, and (c) third run within the sample sequence 

measurement. 

 

4.3.2  Extraction, instrument and freezer storage reproducibility 

LC-MS data acquired from analytical and extraction replicates of fresh extracts were 

investigated using PCA (Figure 4.8a).  In total, 13 PCs were run according to the 

Kaiser criterion.  Scores corresponding to the same extract and taken from the same 

vial (vial 3), clustered together along PC1 (negative PC values).    In contrast, the 

remaining positive scores for PC1 corresponding to vial 1 and vial 2 for all three 

extraction replicates separated along PC1, which explained 52.38% of the total 

variation.  These scores with positive values for PC1 corresponded to the same 

sample taken from two different vials (vial triplicates).  As indicated in the 

corresponding loading plot, the separation along PC1 was driven by the bucket  
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m/z 761.5 tR 50 min, whereas the separation along PC2 was strongly driven by the 

bucket m/z 425.5 tR 18 min.  Investigation of the BPC of the respective samples 

identified peak corresponding to accurate masses of m/z 760.610 ± 0.005 eluting at 

49.5 ± 0.2 min and m/z 425.323 ± 0.005 eluting at 18.5 ± 0.1 min.   

 

Initially, the effect of storage time in the autosampler at 5°C on the metabolic 

extracts was investigated.  Some separation of analytical replicates (“vial 3” 

triplicates) taken from the same vial was observed along PC2.   The TIC normalised 

areas of m/z 425.321 ± 0.005 eluting at 18.5 ± 0.1 min, m/z 477.312 ± 0.005 eluting 

at 39.4 ± 0.1 min and m/z 760.607 ± 0.005 eluting at 49.5 ± 0.2 min were identified 

from the loading plot in Figure 4.8c and d and then analysed regarding their time 

dependency pattern (Figure 4.9).   

 

A time dependent decrease in the normalised peak area of m/z 760.607 ± 0.005 was 

observed for extract one and two, where in the latter the decrease was observed to be 

stronger.  In extract three the normalised integrated peak area of m/z 760.607 ± 0.005 

showed a slight increase after 11 hours and a drop after 12.  Normalised integrated 

peak areas of m/z 477.312 ± 0.005 showed a slight drop after nine and fifteen hours 

for extract one and two.  Regarding extract three the peak area remained similar over 

a time period of 12 hours.  Less variation was observed for normalised peak areas of  

m/z 425.321 ± 0.005, which showed a slight decrease after nine hours, where for 

extract two it remained the same over a time period of 15 hours.  In terms of extract 

three, this compound showed a slight drop after 12 hours.    
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Figure 4.8 (a) Score scatter plot of extraction and analytical replicates of the lichen extracts measured immediately after extraction: First extract 

(  ), second extract (  ), and third extract (  ). (b)  Score scatter plot of lichen extracts which were freshly measured (  ), stored for 1 day (  ) and 14 

days (  ) (c) and (d) Corresponding loading plot to figure a and b indicating m/z-tR buckets responsible for the separation along PC1 and PC2.
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Figure 4.9  TIC normalised EIC areas for m/z 760.607 ± 0.005 (  ) m/z 425.321 ± 

0.005 (  ), and m/z 477.321 ± 0.005 (  ) in dependence of different storage times in 

the autosampler. Extract 1 (a), Extract 2 (b), and Extract 3 (c).   
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In order to analyse the storage effects at -80°C on the extracts, LC-MS data were 

again subjected to PCA.  Again, 13 PCs were retained and tested according to the 

Kaiser criterion.  LC-MS data obtained from 75%MeOH/0.1%FA extracts showed 

two separate clusters of extracts, one for samples measured straight after extraction 

and stored for one day and the other consisting of the extracts stored for 14 days 

prior to measurement, along PC2 which explained 31.32% of the total variation 

(Figure 4.8b).  Furthermore, some separation was visible along PC1, which was not 

based on the storage conditions in the freezer, but on the analytical replicates as 

explained previously.  The loading plot showed the m/z-tR buckets driving the 

separation along PC1 and PC2 respectively.   

 

The separation along PC1 was mainly driven by the bucket m/z 761.5 tR 50 min,  

m/z 477.5 tR 40 and m/z 425.5 tR 18 min.  These buckets correspond to  

m/z 760.610 ± 0.005 eluting at 49.5 ± 0.2 min, m/z 477.321 ± 0.005 eluting at  

40.0 ± 0.1 min and m/z  425.321 ± 0.005 eluting at 18.4 ± 0.1 min, respectively   The 

bucket, m/z 221.5 tR 38 min had a very strong influence on the separation along PC2.  

The corresponding mass is m/z 221.117 ± 0.005 eluting at 38.6 ± 0.2 min.  In 

addition, buckets m/z 453.5 tR 2 min (m/z 453.345 ± 0.005, tR 2.5 ± 0.1 min) and   

m/z 679.5 tR 2 min (m/z 679.512 ± 0.005, tR 2.5 ± 0.1 min) contributed in a weaker 

manner to the separation of the stored and freshly measured samples along PC2.     

 

The TIC normalised EIC areas of the different compounds of different m/z values, 

identified from the PC2 loadings were compared for the different storage times 

(Figure 4.10).  Considering the standard deviation, the TIC normalised EIC areas of 

the selected compounds obtained from freshly measured samples and those stored for 

one day at -80 °C were not too different from each other.  In contrast, the TIC 

normalised EIC areas obtained from lichen extracts stored for 14 days indicated 

either a decreasing trend in dependence of the storage duration at -80 °C  

(m/z 425.322 and 760.607) or an increasing trend (m/z 221.116, 453.345 and 

679.512).   No clear trend was observed for compound m/z 477.329, which is also 

indicated in the lower loading value of the PCA performed.   Significant differences 

at the P ≤ 0.05 level were only obtained for m/z 453.345 using one way ANOVA as 

shown in Table 4.4.      
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Figure 4.10 Comparison of the mean TIC normalised EIC areas of extraction 

replicates with standard deviation for different compounds, which were identified 

with the help of PCA and lead to some separation of samples freshly measured (  ), 

stored for 1 day (  ) and stored for 14 days (  ) at -80°C.   Asterisk (*) indicates 

significance at the P ≤ 0.05 level. 
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Table 4.4 One way ANOVA and LSD post hoc results for compound m/z 453.345 ± 0.005.  Asterisk * indicates significance at the P ≤ 0.05 

level.  

 Storage 
duration 

Storage 
duration 

Mean 
Difference (I-J) 

Std. Error Sig Lower Bound Upper bound 

      95% Confidence interval 
m/z 453.345 1 -0.00023 0.00013 0.124 -0.0006 0.0001 
 

0 
14 -0.00067* 0.00013 0.002 -0.0010 -0.0003 

Levene=0.05 0 0.00023 0.00013 0.124 0.0000 0.0006 
F=13.435 

1 
14 -0.00043* 0.00013 0.016 -0.0008 -0.0001 

Sigma=0.006 0 0.00067* 0.00013 0.002 0.0003 0.0010 
 

14 
1 0.00043* 0.00013 0.016 0.0001 0.0008 
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4.3.3  Extraction procedures 

For sample extraction, the protocol developed by de Vos et al. (2007) was used as a 

basis and optimised by addressing the influence of the volume/dry weight ratio on 

the extraction efficiency and secondly by investigating the number of consecutive 

extractions needed to extract the majority of the metabolites.   

 

The extraction efficiency of three different volume/dry weight ratios (3, 5 and 10) 

were tested using 10 ± 0.5 mg of lichen powder and 30µl, 50 µl and 100 µl of 

extraction solvent, respectively.  Initially extracts were prepared using a volume/dry 

weight ratio of three as recommended by de Vos et al. (2007).  It was found, that 

after extraction, only 40% of the extraction solvent was recovered.  The volume/dry 

weight ratio was then increased to five and 60% of the extraction solvent was 

recovered.  Finally a volume/dry weight ratio of ten was applied, which resulted in 

recovery of 80% of the extraction solvent after extraction.  All three volume/dry 

weight ratios showed a consistent loss of 18 to 20 µl.  It was decided, however, to 

use a volume/dry weight ratio of ten, as the signal of the chromatograms was still 

high enough, even though samples were more diluted.  Due to the solvent loss after 

extraction, a fixed volume of 80 µl was removed from each sample after extraction 

for analysis.   

     

As a next step, the number of consecutive extractions needed to extract the majority 

of metabolites was assessed, using a volume/dry weight ratio of 10 (10 mg in 100 µl 

extraction buffer).  Extractions were performed as described in 4.2.3 but repeated 

twice, so that the lichen powder was extracted three times in total.  The summed total 

ion count (TIC) intensity (see 4.2.11) versus the extraction number is shown in 

Figure 4.11.  The results indicate, that at least two extraction cycles are needed, using 

a volume/dry weight ratio of 10, to extract the majority of metabolites.  
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Figure 4.11 Mean of summed TIC intensity (n=3) with standard deviation against 

the extraction number. 
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4.3.4  Internal standard 

Adding known compounds at different points during the extraction process can give 

some insight into the reproducibility of the method.  The compound chosen here was  

4-CCA, as chlorinated compounds are easily recognised due to the characteristic 3:1 

(75/25) isotope ratio of Cl35/Cl37.  Figure 4.12 illustrates the m/z values of chlorine 

containing fragments from the mass spectrum of 4-CCA, illustrating their 

characteristic 3:1 isotopic ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12  Mass spectrum of 4-CCA and its fragments.    
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Table 4.5  Molecular formulae of 4-CCA and its fragments were obtained in 

DataAnalysis 3.4.   

 

 

 

 

 

 

 

 

4-CCA eluted with a retention time of tR = 9.3 ± 0.1 minutes.   The base peak at this 

retention time is m/z 137.016 ± 0.005, which is a fragment of 4-CCA, as shown in 

Figure 4.12.  Analysis of the integrated base peak area of m/z 137.016 ± 0.005 at  

tR 9.3 ± 0.1 min as a function of the mass of the standard solution showed that the 

response was linear up to an intensity of 2.5 x 106, after which it levelled off (Figure 

4.13).  Additionally, 30 µl of four different concentrations of  

4-CCA, covering a similar range, were spiked onto the lichen powder and the 

methanol allowed to evaporate.  A non linear relationship between integrated base 

peak areas and the mass of the standard solution added onto the powder was 

observed (logarithmic relationship; Figure 4.13).  4-CCA in both, standard solutions 

as well as powder spiked aliquots had similar retention times.  The comparison in  

Figure 4.13 showed, that the signal of 4-CCA extracted from the powder spiked 

aliquots was much lower compared to the standard solutions.  Using the equation 

from the standard curve obtained for the 4-CCA standard solution (Figure 4.13) and 

the values of the integrated areas of 4-CCA from the powder spiked aliquots resulted 

in absolute amounts of 0.76, 1.5, 1.8 and 1.2 µg (average values) as opposed to the 

theoretically added amount of 2.95, 6.9, 10.5, and 13.5 µg in the standard solution 

(Figure 4.13).   This discrepancy indicates that one extraction is not sufficient to 

extract 4-CCA.      

 

 

Measured m/z 137.0157 165.0101 183.0201 
(M+H+) C8H6Cl C9H6 ClO C9H8 ClO2 
Theoretical m/z 137.0153 165.0102 183.0207 
err (mDA) -0.49 0.09 0.67 
|err| (ppm) 3.6 0.6 3.7 
err (ppm) -3.6 0.6 3.7 
mean error (ppm) 1.3 4.9 5 
mSigma 62.2 21.3 31.2 
Sigma Rank 1 1 3 
Rdb 5.5 6.5 5.5 
N rule ok ok ok 
e- even even even 
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Figure 4.13 Comparison of the mean EIC areas with standard deviation for the mass 

of 4-CCA (m/z 137.016 ± 0.005; tR = 9.3 ± 0.1 min) in the standard solution (  )  

(R2 = 0.9942; y = 674282Ln (x) + 1E+0.6) and the mass added to the powder, which 

was then extracted once and then measured (  ) (R2 = 0.5776; y = 273570Ln (x) + 

796288).  

  

It was decided to spike the powder with 30 µl of 3.65 mg ml-1 4-CCA solution, which 

gives a theoretical maximum concentration of 0.54 mg ml-1 after a two step 

sequential extraction (4.14).  This is equal to 2.74 µg on the column, which is in the 

linear range of the standard curve (Figure 4.13). 
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Figure 4.14 LC-MS chromatogram of lichen powder spiked with 30 µl of a 3.65 mg ml-1 4-CCA solution.
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4.3.5  Recovery of the internal standard 

The extraction efficiency was further investigated by comparing EICs with 

m/z 137.016 ± 0.005 of the standard solutions with two step sequential extracted 

spiked powder as shown in Figure 4.15.  Since for this experiment a longer column 

was used, 4-CCA eluted at tR 15.4 min.  As can be seen, standard solutions and the 

extracted powder, spiked with 4-CCA resulted in similar values, indicating that the 

majority of the spiking compound could be recovered after a two step consecutive 

extraction under consideration of the standard deviation.   
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Figure 4.15 Comparison of the mean EIC areas with standard deviation for the mass 

of 4-CCA (m/z 137.016 ± 0.005) in the standard solution (  ) (R2=0.9825; y = 4E+06 

Ln(X) + 1E+07) and the mass added to the powder, which was extracted twice and 

then measured (  ) (R2= 0.9727; y =6E+06Ln(X) + 1E+07).  
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4.3.6  Linearity & LOD of usnic acid 

Measurements were performed on a concentration series of usnic acid [2,6-diacetyl-

7,9-dihydroxy-8,9b-dimethyl 1,3(2H9βH)-dibenzofurandione], a secondary 

metabolite typically found in C. portentosa (Figure 4.16), in order to determine the 

linearity and the LOD.    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 Structure of usnic acid (C18H16O7) with molecular mass of  

344.315 g mol-1 and molecular formula of usnic acid obtained using the 

SmartFormula Manually option in DataAnalysis 3.4. 

  

 

Initially, the molecular formula of usnic acid was determined in DataAnalysis 3.4.  

The results are shown in Figure 4.16 and indicate that the m/z value of the protonated 

usnic acid was obtained with an accuracy of 2 ppm.    
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The integrated areas of m/z 345.099 ± 0.005 were plotted against the amount of usnic 

acid, covering a range from 70 to 350 ng.  This calibration curve gave an R2 of 0.987 

(Figure 4.17a).  A better R2 of 0.9987 was obtained for single measurements of a 

lower range covering 3 to 70 ng of usnic acid on column (Figure 4.17b).  Using 

triplicate measurements resulted in a poorer R2 of 0.966 (Figure 4.17c). 

 

In addition, the LOD was determined by taking machine triplicates.  Down to 1 ng on 

column a signal/noise ratio of 2 - 3 was observed with a standard deviation of 0.62.  

Thus, the LOD for usnic acid was determined as1 ng on column.  Considering a pick 

up volume of 5 µl, a total extraction volume of 200 µl and a dry weight of 10 mg,  

4 ng of usnic acid per mg dry weight (equals 4 ppm) could be detected.    

 

Comparing the range of the usnic acid standards with usnic acid in the lichen extract 

showed, that the integrated area of m/z 345.096 ± 0.005 eluting at tR 30.1 ± 0.2 min  

(peak area = 781472) for the lichen extracts was comparable to the EIC area of  

7 ng usnic acid (peak area = 786954) on the column.   Assuming a pick up volume of 

5 µl, a total extraction volume of 200 µl and a dry weight of 10 mg, 28 ng of usnic 

acid could be extracted from 1 mg dry lichen powder.    
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Figure 4.17 Calibration curves for EIC areas of m/z 345.096 ± 0.005; corresponding 

to the protonated usnic acid molecule covering two different absolute mass ranges on 

the column (a) 70 - 352 ng and (b) 2 - 70 ng.  In addition analytical replicates were 

measured for the lower range (c).   
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4.4 Discussion 

4.4.1  Chromatography development in combination with ESI-ToF 

For the analysis of the lichen extracts, liquid chromatography coupled to mass 

spectrometry was specifically chosen, as matrix effects such as competitive 

ionisation or ion suppression can be a serious problem in direct injection mass 

spectrometry (Annesley, 2003; Trethewey and Krotzky, 2007).  ESI, a soft ionisation 

method, was applied in the positive ion mode, thus only detecting those metabolites 

that could be ionised by protonation in order to obtain a positive charge.  

Heteroatom-containing molecules such as amines and ethers usually give abundant 

MH+ ions (McLafferty and Turecek, 1993).  Molecules, which intrinsically have 

positive and negative charges, such as amino acids or phosphocholine lipids for 

example, can be detected in both ionisation modes by protonation and de-

protonation.  Compounds less likely to be detected in the positive ion mode would 

include for example fatty acids, which are intrinsically negatively charged and which 

require the addition of two protons to produce a positively charged ion.  For 

completeness it would have been desirable to also measure metabolites in the 

negative ionisation mode, however, this would not have been practicable due to time 

constraints.   

 

As a starting point for LC, the mobile phase gradient developed by de Vos et al. 

(2007) for plant tissues was applied using a C12 column.  As can be seen in  

Figure 4.4, the chromatographic separation of peaks was not sufficient, showing that 

the majority of extracted metabolites eluted between 48 and 56 minutes, when 0.1% 

formic acid in acetonitrile was the dominant mobile phase.  Generally, 0.1% formic 

acid in acetonitrile is a medium-polarity solvent that is miscible with water and 

dissolves a wide range of ionic and non-polar compounds.  Strikingly, however, the 

metabolites extracted from the lichen had remarkably different polarities than the 

ones found in plant extracts (de Vos et al., 2007).  More apolar compounds were 

detected and although initially a C12 column was used, metabolites still eluted at 

very long retention times.   The C12 column differed from C18 column in that the 

carbon chain length attached to the column substrate was shorter.  Although C18 
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columns are often preferred, in order to obtain a high hydrophobic selectivity, the 

C12 column used was specifically designed to reduce peak tailing and offer also high 

hydrophobic selectivity (Phenomenex®; 

http://www.phenomenex.com/ProductCFG/pc/viewCategories.asp?idCategory=397), 

which should be ideal for common secondary metabolites.       

 

Clearly, the nature of metabolites extracted from the air dried lichen powder will 

vary from that of higher plants.  The fact that the lichen material was air dried prior 

to extraction is likely to have lead to a reduction of metabolic activity (Beckett et al. 

2008).  As a consequence, it is very likely that the abundance of small unstable 

metabolic intermediates is reduced in air dried samples and it is mainly structural 

components that are extracted.  For example, it was shown, that the plasma 

membrane of drought tolerant lichen-forming fungi and their photobionts becomes 

leaky during desiccation, and that approximately 10% of the soluble cellular 

compounds can be recovered from washing fluids of the dried lichens (Dudley and 

Lechowicz, 1987; MacFarlane and Kershaw, 1985).  However, since the lichen was 

not washed prior to extraction, it is likely that some of the leaking metabolites were 

still stuck on the surface and therefore have been captured in the lichen extract.  In 

addition, non-reducing sugars such as trehalose and sucrose are thought to be 

produced in order to tolerate desiccation (Beckett et al., 2006) as they promote 

vitrification, where the cytoplasm has the properties of a liquid but the viscosity of a 

solid.  Furthermore they substitute for water by forming hydrogen bonds, 

maintaining hydrophilic structures in their hydrated orientation (Crowe et al., 1984) 

and thus help to stabilise proteins and membranes under dry conditions (Leprince et 

al., 1993).  

 

Initial attempts at chromatographic separation of the lichen extract, using the method 

developed by de Vos et al. (2007) identified the necessity to modify the mobile phase 

gradient in order to obtain a sufficient separation of peaks.  As suggested by de Vos 

et al. (2007) a C18 column was used for subsequent chromatography.  Although 

method A resulted in good separation of the peaks, sample carry over was evident.  

Thus, the mobile phase gradient was modified using the same mobile phases.  The 

result showed that sample carry over was reduced but still evident.  In order to over 

come this, the mobile phase gradient was further modified, this time including 
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methanol as a third mobile phase component.  As could be seen, the sample carry 

over was further reduced.  Thus, method C was selected for use as it produced 

sufficient chromatographic separation and exhibited little sample carry over.   

However, in the chromatography, asymmetric peaks were observed.  These could be 

caused by several factors including overloading, insufficient resolution between the 

analyte peaks or unwanted interactions between the analytes and stationary phase, 

e.g. residual silanol groups, or voids in the column packing (Niessen, 2006b).  

Tailing of peaks can be for example caused by acidic groups which cause a delay of 

elution from the column.  Derivatisation can be used to overcome this issue. This, 

however, would result in an additional step.  Using the method developed here, not 

all peaks could be ideally separated and some co-elution was still present.  Within the 

software DataAnalysis 3.4 it was possible to establish extracted ion chromatograms 

(EIC) of selected ions, demonstrating the ability to virtually separate co-eluting 

compounds.       

 

The chromatographic conditions applied are nearly always a compromise between 

sufficient separation and sample throughput.  A sample run of 67 minutes as applied 

for the present study is quite long compared to other studies (e.g. Jansen et al., 2008).  

Applying steeper gradients may be better in order to decrease the total run time and 

thus the chance of possible perturbations resulting from increasing analysis times.  

Such perturbations could either involve the instrument performance or changes in the 

extract being stored in the autosampler at 5°C.  However, speeding up the LC run 

time with the same type of column results in an increased co-elution of compounds 

and thus may lead to a loss of resolution of compounds with similar chemical and 

physical properties and increased ion suppression and adduct formation at the 

ionisation source (de Vos et al., 2007).   

  

Some compounds within the extract will have similar nominal but different accurate 

masses and similar physical properties and are thus not physically separated on the 

column.  Thus, the combination of improved chromatography and accurate mass 

measurements of high mass resolution detectors (m/z/FWHM) such as the ToF is 

ideal for compound identification (Sumner, 2006).   
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4.4.2  Storage of extracts in autosampler and at -80°C 

A HPLC run time of 67 minutes for one sample is relatively long.  Thus it was 

necessary to test the stability of the extracts stored in the autosampler at 5°C over 

different time periods.  The experimental design shown in Table 4.3 allowed this 

aspect of the method development to be evaluated, where the longest storage time of 

the extract was ~15 h.  PCA revealed three compounds, m/z 425.321 ± 0.005,  

m/z 477.312 ± 0.005 and m/z 760.607 ± 0.004, responsible for this separation.   

 

Normalised peak areas of m/z 760.607 ± 0.005 showed a decrease with storage time 

at 5°C, indicating, that these compounds could be degrading during storage.  

Obviously this trend is stronger or weaker for the different extraction replicates. 

Weaker decreasing trends were observed for m/z 425.321 ± 0.005 and  

m/z 477.312 ± 0.005.   

 

PCA revealed that analytical variability (separation along PC1), was higher than 

variability in extraction replicates and also storage time (Figure 4.8a).  The 

chromatograms obtained from the measurement of the third vial for each extraction 

was different, possibly due to analytical fluctuation.  From a practicable point of 

view, as many samples as possible should be stored in the autosampler until 

measurement.  In order to eliminate the storage issue from biological variation, 

sample order was random.    

 

In addition, the experimental design gave the opportunity to examine the effects of 

storage at -80°C on the sample extract.  Score scatter plots obtained from PCA 

indicated some separation of fresh extracts and those stored for one day at -80°C 

from extracts stored for 14 days along PC2, which explained 31.32 % of the 

variation.  The TIC normalised EIC areas for the compounds identified from the 

corresponding loading plot leading to the separation along PC2 showed, irrespective 

of the high standard deviation, either increasing or decreasing trends in relation to the 

storage duration at -80°C.  Regarding the increasing trend of certain compounds, 

such as those with as m/z 221.116 ± 0.005, m/z 453.345 ± 0.005 and  

m/z 679.512 ± 0.005, these may be a result of the decomposition of higher mass 

compounds.  The compound with m/z 221.117 ± 0.005 eluting at 38.5 min had a very 
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high intensity, indicating that it is an easily extracted and ionised compound and/or 

that it is present in very high amounts.  In contrast, other compounds (m/z 425.322 ± 

0.005 and m/z 760.607 ± 0.005) investigated indicated a decrease in intensity, which 

could imply that they degraded during storage and are unstable under the 

temperatures they experience during sample manipulation (transition from auto 

sampler to freezer and vice versa).      

 

Despite the two opposite trends of the EIC areas of compounds with different m/z 

values with respect to their in dependence on storage time at -80°C, the standard 

deviation between extraction replicates was high.  One reason for this could be that 

extracted compounds could become stuck on the vial insert and thus not have been 

measured.  Furthermore, the intensity of ions depends on the ionisation efficiency, 

which could vary between runs, due to contamination on the spray-shield.   

 

A significant increase of the normalised EIC areas as a result of the storage time was 

only observed for the compound with m/z 453.345 ± 0.005.  Here it was shown, that 

the TIC normalised EIC area of extraction replicates was significantly higher when 

stored for 14 days as compared to those freshly measured or stored for one day only.  

The results presented here indicate that freezing samples for 14 days does not have a 

significant effect on most of the metabolites extracted, apart from the compound with 

m/z 453.345 ± 0.005.    

 

de Vos et al. (2007) recommend preparing extracts freshly at the beginning of a 

series of analysis.  Due to the number of samples, it was seen as more efficient to 

perform extractions on 20 samples at a time, where half of them were analysed (or 

stored at 5°C in the autosampler), and the other half stored at -80°C.  This was seen 

as a good compromise, as one sample run of 67 minutes was quite long,  and thus the 

storage of half the freshly prepared extracts in the freezer was seen as more 

appropriate than in the autosampler.   
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4.4.3  Extraction procedures 

The metabolome consists of a wide variety of compounds at very different molar 

concentrations and with very different polarities.  Solvent extraction is the most 

popular extraction method and the choice of solvent depends greatly on its properties 

and is probably the most critical factor to consider.  Currently, there is no single 

solvent capable of dissolving the whole range of compounds  

(Kim and Verpoorte, 2009).  Thus, the choice of extraction solvent very much limits 

the range of the metabolome studied.  From an ideal point of view, several 

extractions with different solvents would have been required to have as complete a 

view of the metabolome as possible, however even this would not give a full view 

and would be prohibitively time consuming.  In addition, extractions are destructive 

and only limited amounts of lichen apices were available.  In the present study 

acidified aqueous methanol with a low concentration of formic acid (0.1%) was used 

as the extraction solvent.  Methanol is a polar solvent often used for pigment 

extraction (Dunn et al., 2004).  Mass chromatograms of the lichen extracts were 

examined for the presence of photosynthetic pigments such as chlorophyll a  

(M+H+= 893.51 g mol-1) and b (M+H+= 907.47 g mol-1) and also β-carotene 

(M+H+=536.88 g mol-1), using the extracted ion chromatograms.  None of these 

pigments were detected in the lichen extract nor their phaeophytine products (minus 

Mg2+), which might be due to the fact, that a methanol/water mixture was used and 

not pure methanol.  The fact, that the photobiont only contributes a small percentage 

towards the biosynthesis might also explain their absence in the chromatogram.      

 

Different volume/dry weight ratios for extraction were tested.  Using a volume/dry 

weight ratio of three and five showed that ca. 40 and 60% of the extraction solvent 

respectively was recovered after the extraction procedure.  This is mainly due to the 

fact that dried lichen powder behaved like a sponge, soaking up the extraction 

solvent and thus requiring a higher volume/dry ratio to be applied.  This had also to 

be balanced with the need to produce a solution which was sufficiently concentrated.  

A good compromise between solvent loss and dilution resulted in the application of a 

volume/dry weigh ratio of 10.   Additionally, using more solvent will also increase 

the amount of material dissolved from the sample in case of limited solubility (Kim 

and Verpoorte, 2009).     
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The development of an efficient and consistent extraction method was the main 

purpose of this study in order to eliminate variation arising from extraction 

procedures.  The comparison of summed TIC intensity values indicated that at least 

two consecutive extractions were needed to extract the majority of metabolites.  The 

extraction efficiency thus was also dependend on the number of extraction steps 

applied.  This was not considered by de Vos et al. (2007) when they developed the 

original protocol.  Sekiyama et al. (2010)  however highlighted in their study on 

Arabidopsis thaliana that metabolites are not always extracted in a single step and 

that the distribution of metabolites in an extraction cannot be predicted solely on the 

basis of solubility.  They concluded that the solubility of each metabolite is 

influenced by the composition of all metabolites in the cell and thus changes in only 

a portion of the metabolites could influence the entire metabolite profile in a solvent 

extract.    

 

Each extraction step is time consuming, which leads to a delay in the analysis of the 

samples.  Thus, a compromise between extraction efficiency and speed has to be 

made.  Common extraction procedures for metabolic studies on plants use a single 

extraction (de Vos et al., 2007).  In this case, however, it was decided to apply two 

extraction steps and a volume/dry weight ratio of 10, a compromise between 

extraction efficiency, time and effort.  As a standard amount material, 10 ± 0.5 mg 

were used, due to the limited availability of individual samples.  Overall, it was 

important to use a consistent and reproducible method for all samples analysed to 

ensure that relative differences of extracted compounds could be investigated.      

 

Other important factors influencing the extraction efficiency include the extraction 

solvent, the nature of the biological matrix (which in the case of the lichen Cladonia 

portentosa mainly consists of fungal tissue) and the mechanism of release of 

metabolites from the biological matrix  (Kim and Verpoorte, 2009).  As stated 

previously, fungi and their photobionts become leaky during desiccation and 

approximately 10% of the soluble cellular compounds have been recovered from 

washing fluids of dried lichens (Dudley and Lechowicz, 1987; MacFarlane and 

Kershaw, 1985).  This should hypothetically have made the extraction procedure 

easier for compounds which are easily dissolved in aqueous methanol.   

Peiris et al. (2008) applied an extraction protocol subjecting crushed and freeze dried 
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agar containing mycelium to 5 ml methanol for 12 h at 4°C.  This seems a very long 

time to be subjecting tissue to an extraction solvent, compared to methods commonly 

applied for plant material to be analysed in GC/LC-MS (de Vos et al., 2007; Fiehn et 

al., 2000a; Fiehn and Weckwerth, 2003; Fiehn, 2003).  A possible reason for 

subjecting samples to the extraction solvent for such a long time could be that it is 

difficult to extract compounds from fungal tissue, due to the rigid cellular matrix.      

 

Variation in the extraction of the investigated compounds may also be due to the fact 

that the powder of individual samples used for the extraction procedures was not 

completely homogenous, due to manual crushing.  As the lichen has a very rigid 

matrix it was difficult to obtain homogenous particles (Figure 2.3, Chapter 2).  As 

stated by Bamba and Fukusaki (2006) homogeneity of the powder is required to 

maintain the extraction efficiency. 

4.4.4  Internal standard 

A difference in retention times of the same analyte is a problem that has to be 

addressed in most metabolomic studies, especially those using LC-MS.  Automatic 

retention time adjustments are possible for LC runs using retention times relative to 

either standard analytes or known peaks in the sample (Looser et al., 2005).   For the 

present study 4-CCA, a derivate of 4-hydroxycinnamic acid which naturally occurs 

in higher plants (Harborne and Corner, 1961), was used as an internal standard.  

Although organochlorine compounds are produced by organisms such as fungi and 

lichens (Gribble, 1996), 4-CCA was not found in the soluble metabolome of  

C. portentosa.  The characteristic fragmentation product with m/z value of  

137.015 ± 0.005 only appeared at a retention time of 9.3 ± 0.1 min on the 150 mm 

C18 column.  4-CCA was chosen as a suitable internal standard as it did not interfere 

with any other compound present within the lichen extract eluting at this time.  It was 

decided to spike the lichen powder with 30 µl of 3.65 mg ml-1 solution to give a 

theoretical mass of 2.74 µg on the column.  The chosen concentration fell within the 

linear range of the standard solution.   
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4.4.5  Recovery of the internal standard 

Recovery experiments for all peaks studied are seen as an important approach for 

method validation (Looser et al., 2005).  However, since most of the compounds are 

unidentified or unique to the lichen (Ellix et al., 2006), with standards not being 

commercially available, complicates this situation.  For commonly studied higher 

land plants such as the model organisms Arabidopsis thaliana the availability of 

commercial standards makes this approach more viable.  Thus, recovery was only 

tested using one compound, 4-CCA which is not naturally found in the lichen.   

 

Initially the recovery of the spiking compound was tested on the standard 150 mm 

long C18 column.  Here the signal of the standard solution was compared with the 

signal of the powder spiked extract and it was found that around 50% and less of the 

standard was recovered after the first extraction.  This suggests some saturation limit 

of 4-CCA in the solvent, indicating that in increasing the amount spiked the amount 

extracted will stay constant.  In addition, the response of the detector towards 4-CCA 

was linear up to a concentration of 0.6 mg ml-1 (R2 = 0.994).   

 

For further investigation of the recovery of 4-CCA, an additional experiment was 

performed, where the instrument signals of the standard solution and the spiked 

powder extracts covering the same concentration range as in the previously described 

experiment, were compared.  This time, the spiked powder was extracted twice.  Due 

to the break down of the original 150 mm column, a 250 mm column was used.  The 

majority of 4-CCA was recovered when applying a two step sequential extraction.   

 

Even though both experiments, Figure 4.13 and Figure 4.15 overlapped in their 

concentration range, the signal was much higher for the lower concentration range.  

Prior to the performance of the second experiment, the instrument was steam 

cleaned, a process used to clean the capillary.  This led to the improvement of the 

signal intensities by a factor of approximately ten. 
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4.4.6  Linearity & LOD 

Another important aspect of the method development includes the determination of 

the linear range (response) and also the limits of detection (LOD) of the instrument 

for all peaks that are studied.  It is too time consuming to determine the linear range 

and LOD for all peaks occurring in a sample.  Clearly, where profiling, as described 

here is undertaken, the determination of the linear range and the LOD of every 

compound is not practical, nor particularly beneficial, and even for those compounds 

whose identities are known, in most cases standards are not available.  It is, however, 

useful to have some knowledge of the linear range and the sensitivity of the method. 

 

Usnic acid is one of the best known and most extensively studied secondary 

metabolites occurring in lichens, including Cladonia species (e.g. Cansaran et al., 

2008; Hyvärinen et al., 2003; Nybakken and Julkunen-Tiitto, 2006) and is 

commercially available.  Initially the lichen extracts were analysed for the presence 

of compounds matching of the accurate mass of usnic acid, resulting in the 

identification of m/z 345.096 ± 0.005 eluting at tR 30.1 ± 0.2 min, which corresponds 

to the accurate mass of protonated usnic acid.  To test the linearity of the detector 

response, triplicates were only taken for the lower absolute amount range (2 - 7 ng).  

Ideally, however, three analytical replicates should have been taken throughout, but 

due to the length of one sample run, this was opted against.   A good linear 

relationship was obtained up to an amount of 70 ng for single measurements  

(R2= 0.999).  Using analytical triplicates for this range however resulted in a poorer 

R2 of 0.966, which could be attributed to the fluctuation of the instrument 

performance.  Beyond this range (70 – 350 ng) the coefficient of determination was 

poorer (R2 = 0.987).    

 

The LOD gives some indication of the sensitivity of the instrument.  In the case of 

usnic acid, a detection limit of 1 ng on column was achieved.  This corresponds to  

4 ng usnic acid per mg dry weight (4 ppm).   Cansaran et al. (2008) identified an 

LOD of 3.6 ppm for usnic acid, similar to the LOD achieved here.   

 

The lichen extracts analysed here contained usnic acid at a concentration equivalent 

to 28 ng mg-1 lichen powder (dry weight) or 0.0028 % dry weight.  In Cladonia 
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portentosa usnic acid constitutes approximately 2.3% to the dry mass (P.D. 

Crittenden, University of Nottingham, pers. comm.).  Houvinen and Ahti (1986) 

described usnic acid as the most characteristic lichen acid in the genus Cladina, 

which contributes on average 2.0% to the dry weight of this lichen.  Their results are 

far above the values obtained in the present study and are probably indicative of poor 

extraction efficiency.  Secondary metabolites found in lichens are usually insoluble 

in water and are only extracted using organic solvents (Ellix and Stocker-

Woergoetter, 2006).  Thus, a methanol/water mixture might not be the ideal solvent 

for extracting usnic acid explaining the poor extraction efficiency.   

 

4.5 Summary and Conclusion 

The method developed by de Vos et al. (2007) was used as a basis for extraction and 

chromatography development.  Since a different study organism was used here, all of 

the steps had to be evaluated and modified.  The findings obtained in this chapter 

lead to the following conclusions regarding the optimal method to be used for the 

analysis of the soluble metabolome of C. portentosa collected from different 

locations within the UK: 

 

• The multistep gradient (C) (Table 4.1) is the most suitable one tested for the 

separation of compounds found in the lichen extract and ensures little sample 

carry over between individual runs.   

• A volume/dry weight ratio of 10 is suitable for the extraction of 10 ± 0.5 mg air 

dried lichen powder. 

• Consecutive extractions are required to extract the majority of metabolites in the 

lichen tissue.  For efficiency, two extraction steps should be applied for each 

sample. 

• 4-CCA is a suitable internal standard and the corresponding bucket m/z 137.5 tR 

10 min can be used for the normalisation of the LC-MS data, in order to 

compensate for the different extraction efficiencies. 
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• For efficiency, batches of 16 - 20 samples can be extracted at one time, with half 

of the samples measured immediately and the other half stored at -80°C for a 

maximum of one day prior to analysis.   

• Within a single batch 8 - 10 samples should be run along with a blank + internal 

standard solution.  Between batches, the ToF should be externally re-calibrated.   

 

The work underlying this chapter lead to the development of a reliable and relatively 

quick extraction and chromatographic method that can be used to compare metabolic 

profiles of the terricolous and foliose lichen C. portentosa. 
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5 Metabolite profiling of Cladonia portentosa exposed to 
different wet N regimes  

5.1 Introduction 

Metabolite profiles of organisms reflect the dynamic response of their network of 

biochemical pathways to environmental, genetic, or developmental signals and can 

provide a valuable integrated measure of how a living system adjusts to a changing 

environment (Boelling and Fiehn, 2005).  Metabolic profiling techniques have been 

established using a wide range of analytical tools in combination with multivariate 

statistical tools in order to examine environmental and ecological issues such as the 

effects of phosphorus deficiency on the single celled green alga Chlamydomonas 

reinhardtii, the effects of metal contamination on the earthworm Lumbricus rubellus, 

interactions between plants and herbivores and the interactions of competing 

mycelial fronts of wood decaying basidiomycetes (Boelling and Fiehn, 2005; Bundy 

et al., 2007; Jansen et al., 2008; Peiris et al., 2008).   

 

Clearly, each extraction method, separation and detection technique will yield only a 

subset of the suite of metabolites present in a biological sample due to the diversity 

of chemical structures present in the metabolome (Boelling and Fiehn, 2005).  Thus, 

different technical platforms have been used to measure metabolite profiles with 

many studies using chromatographic separation in combination with mass 

spectrometry (e.g. de Vos et al., 2007; Moco et al., 2006; Moco et al., 2006; Vorst et 

al., 2005).  In comparison to direct injection mass spectrometry, hyphenated mass 

spectrometry has a number of advantages:  first, chromatographic separation prior to 

mass spectrometry reduces matrix effects such as ionisation suppression or 

enhancement (Annesley, 2003; Dunn et al., 2005; Matuszewski et al., 2003); second 

chromatographic separation prior to mass analysis allows quantification of low 

abundance compounds;  third, hyphenated mass spectrometry allows discrimination 

between isobaric metabolites.    

 

Comprehensive metabolite profiling approaches, using LC-MS have been reported 

for plant model organisms to investigate different biological questions (Boccard et 
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al., 2007; Chapagain and Wiesman, 2008; de Vos et al., 2007; Jansen et al., 2008; 

Mihaleva et al., 2008; Tolstikov and Fiehn, 2002; Tolstikov et al., 2003; Vorst et al., 

2005).  In particular, reversed phase chromatography on methanol extracts in 

combination with mass spectrometry is the favoured method when analysing semi-

polar compounds, such as secondary metabolites (de Vos et al., 2007).  Secondary 

metabolites are prominent in lichens and fulfil roles for defence compounds 

optimising their fitness (Backor et al., 1998; BeGora and Fahselt, 2000; Halama and 

van Haluwin, 2004; Hyvärinen et al., 2000; Hyvärinen et al., 2002; Nybakken and 

Julkunen-Tiitto, 2006).  However, methanol extraction recovers many other semi 

polar cellular compounds in addition to secondary metabolites (Sekiyama et al., 

2010).  As mentioned previously, to date, no metabolite profiles have been 

established for lichens.  

 

The comparison of metabolic profiles from different groups and quantification of 

relative changes in metabolite concentration between groups using multivariate 

statistical tools is a general strategy for biomarker discovery (Zhou et al., 2005).  A 

broad definition for a biomarker is given by Peakall (1994), who describes it as a 

‘biological response to a chemical or chemicals that give measures of exposure and 

sometimes, also, of toxic effects’.  Ernst and Peterson (1994) extend this definition 

by emphasising that ‘biomarkers may be used as an early warning system of specific 

or general stress at each biological level, from molecules to ecosystems’.  

Importantly, the sensitivity of a species/biomarker response will depend on the 

degree of adaptation to environmental stress already present, but also on the 

homogeneity of investigated populations (Ernst and Peterson, 1994).  The concept of 

biomarker discovery using environmental metabolomics has been applied for many 

ecotoxicological assessments (e.g. Bundy et al., 2007; Marshall-Adams et al., 2001). 

 

Clearly, environmental change will induce a cascade of physiological responses and 

adaptations within an organism over a range of temporal and spatial levels.  While 

analysis of individual targeted candidate chemical and physical processes can be 

informative and give a first insight, metabolic profiling approaches aimed at 

providing a broader non-targeted coverage of metabolic responses have the potential 

to be less biased and can better define an organism’s integrated physiological state.  

In particular, chemical analysis has previously revealed changes in the tissue 
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chemistry and physiology of Cladonia portentosa in response to different 

environmental wet nitrogen regimes, including changes in bulk biological variables 

such as tissue N, P, phosphomonoesterase (PME) activity and also phosphate and 

nitrogen uptake kinetics (Hogan, 2009).  However, this gives no information about 

related metabolites that may be involved.   

 

In this chapter, the metabolic profiling technique LC-ESI-ToF-MS, which was 

developed in Chapter 4, is applied in order to investigate if the metabolic profiles 

obtained from C. portentosa differed between collection sites where they were 

exposed to differing wet nitrogen and precipitation regimes.  The application of 

multivariate statistical projection methods for the analysis of the multivariate data 

sets was thus essential.  Such tools included PCA and PLSR and have proven to be 

valuable tools for the analysis of metabolic data in many applications (Bundy et al., 

2007; Gullberg, 2005; Trygg et al., 2006).  In addition ion trap (IT) MS/MS was 

used to obtain further structural information on key compounds, which were 

identified as potential biomarkers for N enrichment.  Furthermore, samples of 

Cladonia portentosa collected from the field manipulation site Whim Moss were 

investigated regarding biomarkers found in natural populations of C. portentosa in 

order to investigate if nitrogen enrichment is causal for metabolic changes observed 

in natural populations of C. portentosa.  Finally, these putative biomarkers are 

discussed in the wider picture, placing them in the metabolic pathways and relating 

them to different environmental parameters.       

 

5.2 Material and Methods 

5.2.1  Sample preparation and measurement sequence  

For LC-MS analysis, only extracts from samples collected from “modelled sites” 

(letters; Chapter 2, Figure 2.1) were analysed.  A second batch of biological 

replicates from these locations was provided by P.D. Crittenden and E.J. Hogan 

(University of Nottingham) at the end of October 2007, in order to increase the 

number of replicates for most of the locations (Table 5.1).   
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The lichen extracts were prepared as described in Chapter 4.  Prior to extraction, the 

lichen powder samples (10 ± 0.5 mg)  were spiked with 30 µl of a 3.65 mg ml-1 

solution of 4-CCA (in MeOH) as an internal standard.  The samples were allowed to 

stand until the MeOH evaporated.  100 µl of ice cold extraction solvent was added to 

the spiked lichen powder and the mixture was then vortexted for 10 s and sonicated 

at room temperature (20°C) for 15 minutes.  The samples were then centrifuged for 

10 minutes at 12,000 g in an Eppendorf mini spin centrifuge (Eppendorf, Hamburg, 

Germany).  80 µl of the resulting supernatant was transferred into a non-sterile  

0.22 µm nylon-poly propylene Costar® Spin-X® centrifuge tube filter (Sigma-

Aldrich, Dorset, UK) and centrifuged for an additional 2 minutes at 12,000 g.  The 

remaining pellet was extracted for a second time by adding an additional 100 µl of 

the ice cold extraction solution and the steps described above repeated to yield a 

second extract.  The extracts from the first and the second extraction were combined 

and 100 µl were transferred into a 0.1 ml polypropylene conical insert with a bottom 

spring for standard opening 2 ml vials with the dimension of  

8 mm x 12 mm x 32 mm (Kinesis, St. Neots, UK).  The vials were sealed with a 

screw cap and an 8 mm Silicone/PTFE cap (Kinesis, St. Neots, UK).           

 

In total 187 samples were subjected to LC-ESI-ToF-MS analysis (Table 5.1).  These 

were randomly split into batches with a maximum number of eleven samples per 

batch.  At the end of each batch a blank sample (extraction solvent) and the internal 

standard solution sample were measured as well.  All 21 sample batches were 

measured within three months (October – December 2008).  Between running 

batches 12 and 13 there was a time gap of four weeks where no measurements were 

made.  The number of replicates collected from each site within each sample run 

batch are summarised in Table 5.1.  

 

Prior to each batch measurement, the ToF mass analyser was externally calibrated 

using a 10 mM NaOH ( ≥ 98%, Sigma-Aldrich, Buchs, Switzerland) solution, in 

50:50 methanol/0.2% formic acid ( ≥ 95%, Sigma Aldrich, Dorset, UK).  In addition, 

internal calibration was performed (see Chapter 4, section 4.2.5), using the same 

calibrant solution in a loop injection at the beginning of each analysis.   
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5.2.2  LC-ToF-MS  

Reversed phase liquid chromatography coupled with ToF mass spectrometry using 

the settings as described and developed in Chapter 4, section 4.2.4 was used for all 

samples. 

 

The mass stability of the ToF was tested using 10 mM sodium formate, which was 

prepared as described in Chapter 4, section 4.2.5.  The ppm drift over a time period 

of two hours was calculated using the following formula: 

 

ppm change = (highest value - lowest value)/mass of ion x 106         Equation  5.1 
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Table 5.1  Batches of C. portentosa extracts indicating the origin of the sample extracts and the batch number they were measured in. 

 Batch number 
Location 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 Sum 
Wythburn Fells     1 1           1   1     1     1   1   6
Tarn at Leaves 2 1   1 1 1   1 2         1 1   1   2     14
Honister Pass 1   1 1 2 4 2     1               1   1 5 19
Alwen Reservoir 1       1 1   2   1 1 2 1 1 1 2 2   1 1   18
Hay-on-Wye 1 1                                     1 3
Wooley Mine 1 2 2 2 1     1 1   2   3 1 1 1 2     3   23
The Brand 1 1     1   1     1 1   2 1 1 1 1 1 1   1 15
Winterton   1 1 1 1       3   2 2     1 2     2 2 2 20
Five Sisters 1       1 1 1 3 1   1   1 1     1 2     1 15
Nant-y-moch   1 1 1     1 1   1 1           2 1 2 1   13
Dalswinton Wood 1       1   1     2 1 1   2 2 1 1 3 1 1 1 19
Moira   1     1     1     1 1       1           6
Yellow Craig 1   1     1 3   1     2 1 1 2 2   1       16
Sum 10 8 7 7 10 8 9 9 8 7 10 9 8 8 10 10 10 10 9 10 11 187
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5.2.3  LC-Ion Trap-MS (Tandem Mass Spectrometry) 

For structural elucidation of potential biomarkers, the 75% MeOH/0.1% FA lichen 

extracts were subjected to reversed and normal phase liquid chromatography in 

combination with ion trap mass spectrometry.  Reversed phase liquid 

chromatography was performed as described and developed in Chapter 4 (Section 

4.2.4).  In addition, normal phase chromatography was performed on a Phenomenex 

LUNA HILIC column (150 x 2 mm, 3 µm particle size) at a flow rate of 200 µl min-1 

using a 5 µl injection volume.  The mobile phases were (A) aqueous ammonium 

formate (1.2 ml formic acid (≥ 95%); 400 µl ammonium hydroxide  

(~30%/l H2O)), (B) propan-2-ol (with the same concentration of ammonium formate) 

and (C) hexane (Table 5.2).  The protocol was adapted from Sturt et al. (2004).  

 

Table 5.2 Multistep gradient applied for normal phase chromatography on a HILIC 

column, using three mobile phases: A = aqueous ammonium formate,  

B = propan-2-ol, C = hexane. 

Time (min) %A %B %C 
0 0 20 80 
45 7 65 28 
65 7 65 28 
70 0 20 80 
85 0 20 80 

 

 

Compounds eluting from reversed phase as well as normal phase chromatography, 

were analysed in an ion trap mass spectrometer (Bruker Esquire 3000 Plus, Bremen, 

Germany) equipped with an electrospray interface (ESI).  Instrument control and 

data analysis was achieved using Bruker Daltonics DataAnalysis 3.4 software. 

Automatic calibration was performed in order to calibrate the mass axis as well as 

for isolation and fragmentation, using the ES tuning mix (Agilent).  For optimised 

electro spray conditions, nebuliser, drying gas and drying temperature were set to  

20 psi, 8.5 l min-1 and 200°C, respectively.  Voltages for the ion transfer units were 

set as follows: Spray shield, 3.5 kV; capillary cap, 4 kV; capillary exit, 128.5 V; end 
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plate offset, -500 V; skimmer, 40 V; octopole DC 1,12 V; octopole DC 2, 1.7 V;  

octopole RF, 187.1 Vpp, lens 1, -5.0 V; lens 2, -60.0 V and the trap drive to 47.7.     

 

Full scan (line and profile) spectra from m/z 220 – 1000 in the positive ion mode 

were obtained (scan time 1 s) in the standard enhanced scan mode.  The ion trap was 

set for acquisition in the automatic gain control mode with a maximum accumulation 

time of 200 ms, a Smart Target value of 20,000 and an average of three.  In order to 

obtain good mass accuracy and resolution together with optimum sensitivity, the 

ICC (Ion Charge Control) was activated so that the number of ions entering the trap 

was regulated by either satisfying the target value (relative value) or the maximum 

accumulation time.     

 

AutoMSn up to MS3 was used to fragment ions above an ion count threshold of 104 

and excluding all masses between m/z 100 - 219 (excluding all lower masses which 

were not present for putative biomarkers as indicated in Table 5.7).  The number of 

precursor ions was set to 1.  The relative intensity threshold of further precursor ions 

based on the most intense precursor ion in the spectrum was set to 5%.   The most 

intense ion of the mass spectrum was used as the precursor ion.   

 

For better resolution and mass accuracy the lichen extract was measured by Dr. 

Andrea Raab from the University of Aberdeen using a HPLC (Agilent 1100 Series, 

CA, USA) coupled with a high resolution (30,000) ESI-MS (LTQ Orbitrap 

Discovery, Thermo, Fisher Scientific, Bremen, Germany).  Reversed phase 

chromatography was performed by injecting 100 µl of extract onto a 4.6 x 150 mm 

(5 µm) SunfireTM column (Waters, Milford, MA, USA).  The autosampler 

temperature and column temperature was maintained at 4°C and 30°C, respectively.  

A flow rate of 1 ml min-1 with a chromatographic gradient of two mobile phases ((A) 

0.1% formic acid and (B) 0.1% formic acid in methanol) was used as described in 

Table 5.3.  Mass spectrometric data were acquired for 50 minutes (Appendix 17).     
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Table 5.3 Mobile phase gradient used for LC of the lichen extract on a reversed 

phase column. %A = 0.1% formic acid; %B = methanol 

Time (min) %A %B 
0 100 0 
25 0 100 
50 0 100 
60 100 0 

 

Electrospray ionisation was applied and the following settings applied:  Spray 

voltage, 4.5 kV; spray current, 24.62 µA; capillary voltage, 21 V; capillary 

temperature, 319.95°C; and the tube lens, 99.98°C.  All ions were detected in the 

positive ion mode covering an m/z range of 100 - 2000.  MS2 measurements were 

performed in the LTQ Obitrap sequentially measuring one mass-spectrum and then 

when signal intensity was higher than 50,000 one MS2 was measured followed by the 

repetition of the cycle.  MS/MS was performed in CID (collision induced 

dissociation) mode with a resolution of 7,500 and an isolation width of 2 m/z.  The 

normalised collision energy was set to 35 V.  Two repeated counts were performed 

within 30 s.  Only m/z values with ± 10 ppm relative to the reference mass were 

measured.  The mass spectra were analysed in the software Xcalibur (Thermo 

Scientific, Version 2.0.7).   

5.2.4  Multivariate statistical analysis 

Following bucketing of the LC-MS data in Profileanalysis 1.0 as described in 4.2.10, 

the data were in addition normalised to the bucket m/z 137.5 tR 10 min, which 

corresponds to the internal standard.  After base line correction, mean centering and 

row normalisation as described in 4.2.10, data were subjected to non-supervised and 

supervised statistical tools, including PCA and PLSR using the freely available 

software Pychem (http://pychem.sourceforge.net/; Jarvis et al., 2006) 

 

For PCA, the non linear iterative partial least squares (NIPALS) algorithm was used 

(Wold, 1966; Wold, 1975).  The relevant number of principal components was 

obtained by either using the scree plot or the Kaiser Criterion (Cattell, 1966; Kaiser, 

1960). 
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For PLSR analysis, biological replicates from each site were split into training, 

validation and test sets (Inter-Site split).  No site-specific split was performed, as 

described in Chapter 3, since more biological replicates for each site than total 

number of sites was now available.  The ratio of training/validation/test set data was 

chosen as 64:16:20 (Table 5.4)  For each environmental variable four different 

models were established by changing training, validation and test set samples within 

biological replicates.  Again, since more samples were available for these sites, more 

models were run.  The environmental external variables tested were Ndepos, [N]ppt and 

PPT.   

 

Different types of PLSR models were established (Table 5.5), which are summarised 

in Appendix 12 - 15.  The robustness of models obtained was evaluated by looking at 

the root mean square error (RMSE) of the training, validation and test sets.  

Furthermore the coefficient of determination (R2) for the test set was used to assess 

the predictive power of the model, and the maximum number of factors used was 

evaluated. 

 

Table 5.4 Number of replicates analysed from each location and their 

training/validation/test ratio. 

Location Replicates Training Validation Test 
Wythburn Fells 6 4 1 1 
Tarn at Leaves 14 9 2 3 
Honister Pass 19 12 3 4 
Alwen Reservoir 18 12 2 4 
Haye on Wye 3 1 1 1 
Wooley Mine 23 15 4 4 
The Brand 15 10 2 3 
Winterton 20 13 3 4 
Five Sisters 15 10 2 3 
Nant y Moch 13 8 2 3 
Dalswinton 19 12 3 4 
Moira 6 4 1 1 
Yellow Craig 16 10 3 3 
Total 187 120 30 37 
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Table 5.5 Summary of PLSR models tested. 

 X x 14850 Data matrix Number of Samples 
PLSR:   
Ndepos 13 locations 187 
 11 locations 167 
 6 locations 76 
[N]ppt 13 locations 187 
 11 locations 167 
 8 locations 130 
PPT 13 locations 187 
 11 locations 167 
 6 locations 76 
 8 locations 130 

 

 

5.2.5  Chromatogram analysis and generation of molecular formulae 

Extracted ion chromatograms (EICs) of compounds of interest were automatically 

integrated in Bruker Daltonics DataAnalysis 3.4 state-of-art Windows 

2000/Windows XP (Chapter 4, section 4.2.10).  The integrated EIC areas were 

normalised to the peak area of the internal standard 4-CCA and also to the dry weight 

of lichen powder used.  

 

DataAnalysis 3.4 also provides the option to calculate theoretical molecular formulae 

for molecular and fragment ions, using the “SmartFormula Manually” option.  The 

calculations for the theoretical molecular formulae are based on the accurate mass, 

the isotope masses, their abundances and the valences defined in the Table of atomic 

and isotopic data.  Main elements included C, H, and O, where other elements were 

dealt with using the trial and error method.  The tolerance was set to 5 ppm.  Ring 

and double bonds were checked, ranging from a minimum of 0.5 to the maximum 

double bonds of the respective molecule.  The H/C ratio was set to 0.5 (minimum) up 

to 3 (maximum, as recommended by Kind and Fiehn (2007)).  The electron 

configuration was set to even.       
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5.2.6  Univariate statistical analysis 

Normality of the data was tested using the Anderson-Darling Test in MinitabTM 

(Version 12, Minitab Inc., State College, PA, USA) as described in Chapter 2, 

section 2.2.2.  All other statistical tests were performed in SPSS (Version 14.0, SPSS 

Inc. Chicago, IL, USA).  These included the Pearson’s product moment correlation 

(r) and the Spearman’s rank order correlation test (rS) in order to analyse the 

relationship between the normalised integrated EIC areas of identified biomarkers 

and environmental variables including Ndepos, [N]ppt and PPT.  In addition, one-way 

analysis of variance (ANOVA) was calculated along with the Levene Test for 

homogeneity of variances and the Fisher’s Least Significant Difference (LSD) post 

hoc test to compare the change in one factor (normalised integrated areas of 

compounds) between different sites.  When the integrated EIC data did not follow a 

normal distribution and the variances were not homogenous, the nonparametric 

equivalent, namely the Kruskal-Wallis test, was applied.  Furthermore, the 

independent t-test was performed on compounds detected in Cladonia portentosa 

samples collected from the Whim Moss site, if data followed a normal distribution 

and if variances were homogenous.      

 

5.2.7  Field manipulation experiment – WHIM Moss 

Samples of Cladonia portentosa exposed to different wet and dry N treatments at 

Whim moss site were subjected to metabolic profiling using LC-MS, in order to 

investigate if N enrichment is causal for the metabolic changes observed in natural 

populations of C. portentosa.   The Whim Moss site is an unmanaged ombrothrophic 

bog community near Penicuk/Edinburgh which belongs to the Whim Moss nitrogen 

manipulation study of the Centre of Ecology and Hydrology (Edinburgh/UK).  It 

represents a transition between a lowland raised bog and a blanket bog (NVC M19a), 

characterised by an acid peat layer of ≥ 3m, 280 above sea level.  Average mean 

temperature and annual rainfall are 10.7 °C and 900 m respectively with very low 

levels of pollutants (4 kg S ha-1yr-1 and 8 kg N ha-1yr-1; Sheppard et al., 2004a).   

 



Chapter 5 

 174

The field site covers 0.5 ha, in which the affects of wet and dry N deposition are 

tested (Sheppared et al., 2004a, Figure 5.1).  Overall, 11 wet nitrogen treatments 

have been applied since June 2002 to a total of 44 plots each 12.5 m2 in size (Figure 

5.2).  Control plots only receive background levels of 8 kg N ha-1yr-1, whereas 

experimental N treatments are applied at doses of 8, 24 and 56 kg ha-1yr-1 mixed with 

rainwater collected on site.  Considering the background level of  

8 kg ha-1yr-1, treatment plots receive a total of 16, 32 and 64 kg N ha-1yr-1 as both 

oxidised (NaNO3) and reduced (NH4Cl) N forms.  Furthermore, treatment blocks 

receiving 16 and 64 kg N ha-1yr-1 are also supplemented with P and K by adding 

K2HPO4 at a 1:14 PN ratio to give 16 kg N + 0.57 kg P ha-1yr-1 and 

64 kg N + 4 kg P ha-1yr-1, respectively (Sheppard et al., 2004a).  For this study 

however, only samples collected from N treated sites were analysed, as not enough 

replicates for the PK treated sites were available. 

 

 

 

 

 

 

 

 

 

Figure 5.1 (a) Whim Moss N manipulation study site (b) NH3 fumigation transect.   

 

The NH3 fumigation transect as part of the dry deposition experiment occupies  

20 x 60 m (Figure 5.1b).  Ammonia (NH3) release is determined by wind direction 

which is measured every 5 s by a sonic anemometer.  A Campbell 23xlogger linked 

to a mass flow controller on a NH3 cylinder controls the NH3 release, which occurs 

one metre from the ground through a series of 6 mm holes evenly distributed along 

and around a 10 m long pipe.  When the wind speed exceeds 2.5 m s-1, the system is 

activated.   Normally the NH3 concentrations are quantified in the downwind sector 

along a transect at 1, 2, 4, 6, 8, 12, 16, 32, 60 m and an upwind control position 

 

(a) (b)
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(Sheppard et al., 2004b).  As the lichen was collected from different distances from 

the source, distances instead of concentration are given.       

 

Wet treatments are only sprayed onto plots during rainfall events coupled with wind 

speeds < 5 m s-1.  During freezing conditions the system is closed down and 

reactivated when night temperatures rise > 0oC.  Both, wet and dry systems are fully 

automated and exposure times are recorded together with meteorological data 

(Sheppard et al., 2004a).   

 

 

Figure 5.2 Sampling design for wet N treatment at Whim moss.  

 

 

Samples of C. portentosa were collected on the 4th October 2007.  Samples were 

collected from open areas in order to minimize canopy effects of bigger plants such 

as Calluna spp.  On site, the first 10 - 15 mm of the apices of the lichen was cut with 

scissors from the lichen, wearing powder free gloves.  The apices were immediately 

transferred into plastic bags, sealed, labelled, put into a cooling box and transferred 
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to the CEH lab in Penicuik.  Prior to air drying as described in Chapter 2, section 

2.2.4, apices were cleaned of debris (e.g. moss, Calluna leaves) with a sterile 

forceps.  On the following day the cleaned and air dried material was transferred 

back in the labelled plastic bags and stored at -20°C.  In contrast to the natural 

populations of C. portentosa collected from the field, lichen samples from the Whim 

moss site were not freeze dried, since no freeze dryer was available.  Sample 

preparation and LC-MS analysis were carried out following the procedures described 

and developed in Chapter 4.  Replication number varied for each treatment since in 

some plots C. portentosa was either very scarce or not found at all.  The replication 

number for wet and dry treatments are summarised in Table 5.6. 

 

Table 5.6 Number of biological replicates for nitrogen treatment. 

Treatment  ( kg ha-1yr -1 ) Number of replicates 
Control 3 
64 NH4

+ 1 
64 NO3

- 1 
32 NH4

+ 2 
32 NO3

- 4 
16 NH4

+ 1 

 

 

Wet N treatment 

16 NO3
- 4 

Distance from fumigation soure Number of replicates 
36m 1 
40m 1 
54m 2 
50m 1 

 

Dry N treatment 

60m 2 
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5.3 Results 

5.3.1  Principal component analysis 

In order to analyse the overall variation between extracts of lichen samples collected 

from different wet N regimes, PCA was performed on the pre-treated bucketed LC-

MS data, which comprised 14,850 m/z-tR variables for 187 samples.  Initially 100 

principal components were tested, which explained 99.9 % of the total variation.  

Following the Kaiser criterion (Kaiser, 1960), it was found that the Eigenvalue for 

100 PCs was well above 1, specifically 2598.  It was then decided to use the scree 

test after Cattell (1966), as this was more economic in reducing the number of 

variables.  The Eigenvalues indicated that 19 PCs (20-1 dimension) should be 

retained (Figure 5.3).  While the Kaiser criterion sometimes retains too many factors, 

the second technique (scree test) sometimes retains too few.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 Scree test: Graphical line plot of Eigenvalues for the identification of the 

number of PCs required explaining the maximum variation. 
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Figure 5.4a shows the score scatter plot for PC1 and PC2, which together explained 

51.71% of the total variation.  In addition the centroids of PC1 and PC2 for 

biological replicates from each study site are displayed.  A separation along PC1 

between sites exposed to high (32.8 and 22.3 kg ha-1yr-1) and low (4.1 and  

7.3 kg ha-1yr-1) wet Ndepos regimes was observed.  Interestingly scores from lichen 

extracts collected from sites exposed to the very high wet Ndepos value of  

29.7 kg ha-1yr-1 overlapped with the remaining scores from lichen extracts collected 

from sites exposed to low/medium wet Ndepos (7.6 – 15.8 kg ha-1yr-1).  In addition, the 

relationship between the score centroids of PC1 and wet Ndepos are illustrated in 

Figure5.4b.  

 

The factors influencing the separation of the samples collected from different sites 

can be identified from the loadings plot.  All buckets (m/z-tR) which are located 

towards the centre of the loadings plot have no contribution to the variance in PC1 

vs. PC2.  However, each bucket far away from the central cloud is a factor for 

variation in the data set.  It is important to note, that the directions in the scores and 

loadings plot are linked.  Thus, the separation along PC1 and PC2 was driven by the 

m/z-tR buckets indicated in the corresponding loading plot as shown in Figure 5.4c.  

These buckets include four major pairs, which are summarised in Table 5.7.   

 

As with the FTIR data, samples collected from distinct Ndepos and [N]ppt  gradients 

were subjected to PCA separately (Figure 5.5 and 5.6).  The score scatter plot in 

Figure 5.5a showed a clear separation of lichen extracts exposed to low  

(4.1 kg ha-1yr-1) and medium to high (9.9 - 32.8 kg ha-1yr-1) wet Ndepos values.  By 

contrast, extracts obtained from samples exposed to medium to high Ndepos did not 

show a clear separation from each other.  The relationship between score centroids 

for PC1 and wet Ndepos for the selected six locations is illustrated in Figure 5.5b.  The 

corresponding loading plot is shown in Figure 5.5c, which is similar to the loadings 

plot in Figure 5.4c. 

 

When subjecting m/z-tR data obtained from lichen extracts collected along a [N]ppt 

gradient, a considerable overlap of the scores was observed (Figure 5.6a).  Using 

other combinations of principle components did not result in separate cluster 

patterns.   
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Figure 5.4 (a) Score scatter plot from PCA of m/z- tR values obtained by LC-MS 

measurements of lichen extracts.  Lichens were collected from 13 locations within 

the UK characterised by different wet Ndepos levels: 32 (  ), 29.7 (  ), 22.3 (  ), 15.8  

(  ), 9.9 (  ), 9.8 (  ), 9.7 (  ), 8.7 (  ), 8.4 (  ), 8.1 (  ), 7.6 (  ), 7.3(  ), 4.1 (  )  

kg ha-1 yr-1. b) Score centroids (CI± 95%) for PC1 plotted versus wet Ndepos. c) 

Loading plot.
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Figure 5.5 (a) Score scatter plot from PCA of m/z-tR values obtained by LC-MS 

measurement of lichen extracts from samples specifically chosen along a Ndepos 

gradient, resulting in six locations with the following Ndepos values: 4.1 (  ), 9.9 (  ), 

15.8 (  ), 22.3 (  ), 29.7 (  ), 32.8 (  ) kg ha-1 yr-1. b) Score centroids (CI± 95%) for 

PC1 plotted versus wet Ndepos c) Loading plot.  

-150.00

-100.00

-50.00

0.00

50.00

100.00

150.00

-150.00 -100.00 -50.00 0.00 50.00 100.00 150.00

PC1 (29.92%)

PC
2 

(2
2.

35
%

)

-0.60

-0.40

-0.20

0.00

0.20

0.40

0.60

0.80

-0.20 0.00 0.20 0.40 0.60 0.80

w(1)

w
(2

)

 m/z 221.5  tR 38 min

m/z 761.5 tR 54 min

m/z 737.5 tR 56 min m/z 761.5 tR 52 min

m/z 497.5 tR 24 min
 m/z 499.5 tR 24 min

-150

-100

-50

0

50

100

150

0 5 10 15 20 25 30 35

wet Ndepos (kg ha-1yr-1)

Sc
or

e 
C

en
tro

id
s f

or
 P

C
1 

(2
9.

92
)

(c)

(b)

(a)



Chapter 5 

 181

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 (a) Score scatter plot from PCA of m/z-tR values obtained by LC-MS 

measurement of lichen extracts from samples specifically chosen along a [N]ppt 

gradient, resulting in eight locations with the following [N]ppt values :  0.31 (  ),  0.51 

(  ), 0.77 (  ), 0.94 (  ), 1.4 (  ), 1.56 (  ), 1.7 (  ) 1.9 (  ) mg l-1. b) Score centroids  

(CI± 95%) for PC1 plotted versus wet [N]ppt. c) Loading plot. 
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5.3.2   Partial least squares regression analysis (PLSR) 

In order to relate the three response variables Ndepos, [N]ppt and PPT individually to 

the 14,850 m/z-tR variables (explanatory variables) obtained for each lichen extract 

collected from different sites, PLSR was applied.  This method aims to identify 

weighted combinations of the m/z-tR variables, known as the loading vectors which 

best model the three environmental variables separately.   

 

As for the FTIR data, the best model statistics were obtained for the environmental 

variable Ndepos followed by PPT for the restricted six locations along the Ndepos 

gradient, and 11 locations, excluding the two highest Ndepos values (Appendix 12 and 

14 and 15).  In contrast slightly poorer model statistics were obtained for the 

environmental variable [N]ppt regarding the RMSE% output for the training, 

validation and test set (Appendix 13).   

 

When restricting the Ndepos-PLSR model to the six locations specifically chosen 

along the distinct Ndepos gradient, as opposed to using all 13 sites, an improvement of 

the R2 for the training (0.76 - 0.86), and the test (0.52 - 0.64) set was observed, 

whereas the R2 for the validation (0.42 – 0.75) set remained similar to the 13 location 

Ndepos model.  The RMSE for the training (11 - 15%), validation  

(17 - 26%) and test (16 - 26%) set, however, was still high (Appendix 12).  The 

maximum number of factors used for the different models ranged from 5 to 9.   A 

representative model is shown in Figure 5.7a.   

 

As can be seen, highest wet Ndepos values (29.7 and 32.8 kg ha-1yr-1) are under 

predicted by the model.  Targeted chemical analysis already indicated a non - linear 

relationship (quadratic relationship) between [N]tiss and Ndepos, whereas wet Ndepos 

values higher than 22.3 kg ha-1yr-1 did not result in changes in [N]tiss.  It was then 

decided to exclude m/z-tR variables from lichen samples collected from high nitrogen 

deposition sites (32.8 and 29.7 kg ha-1 yr-1).   By excluding these samples, RMSEs 

were reduced down to 11% for the training sets of all four models.  Furthermore, the 

RMSE of validation and test sets of all four models were reduced down to 13, 16,,15 

and 17%, respectively (Appendix 12).  Good R2 (i.e. > 0.5) values were obtained for 

the training set (0.77 – 0.79), the validation set (0.5 to 0.76) and the test set  
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(0.54 to 0.7).  Excluding samples exposed to the highest Ndepos values clearly resulted 

in an improvement of the model.  The maximum number of factors used for the 

different models ranged from 8 to 10.  Results are shown in Appendix 12. 

 

Figure 5.7b illustrates a representative PLSR model for the environmental variable 

PPT, using six values, which correspond to the Ndepos gradient.  As with the  

Ndepos- PLSR model, the two highest PPT values were under predicted by the model.  

 

As a next step the loading values for Ndepos and PPT-PLSR models were examined.  

The loading plots for Ndepos for six locations for wet Ndepos and PPT respectively, 

indicated high absolute loading values for the same m/z-tR buckets which caused the 

separation along PC1 during PCA.  Similar results were found for the PPT model.  In 

addition, the fifth highest absolute loading value for the Ndepos-PLSR model was 

identified, which is indicated as number 5 in Figure 5.7c.  Most importantly, this 

bucket had a high absolute loading value throughout the different model iterations, 

while other loadings showed more drastic variation in their absolute values between 

different model iterations.     
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Figure 5.7  Plot of expected vs. predicted six values for Ndepos (a) and PPT (b) as 

calculated by PLSR using bucketed LC-MS data.  Predictions of the training (  ), 

validation (  ) and test (  ) sets are given.  Result outputs are shown in Appendix 12 

and 14 indicated by an asterisk (*).  In addition a line of perfect model assumption is 

illustrated, where the gradient is 1 and the intercept is 0.  (c) and (d) Loading plots, 

indicating the significance of each bucket contributing towards the goodness of the 

model. Each bucket number corresponds to a particular m/z-tR bucket.  Buckets 

which were of relevance in the PCA are indicated as numbers 1-4, numbered 

according to Table 5.7 .  In addition, the fifth highest loading peak, number 5, is 

indicated.  
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5.3.3  Univariate analysis of putative biomarker analysis 

The loading plots gave information about the m/z-tR buckets, which were responsible 

for the separation of sites according to the Ndepos regime within PCA and were also 

important for the establishment of the Ndepos and PPT-PLSR models.  The major 

buckets are summarised in Table 5.7.  After investigation of the m/z values within the 

respective tR window, the following accurate masses were determined, as highlighted 

in Figure 5.8.     

 

Table 5.7 m/z-tR
 buckets responsible for some separation of lichen extracts obtained 

from samples exposed to different N regimes. 

Nb. m/z-tR  m/z - range tR – range 
(min) 

Accurate 
mass 
±0.005 

tR  
(min) 

Average 
Intensity 

1 761.5-54 760.5-762.5 53-55 760.612 54.0 ± 0.1 2 x 104 
2 737.5-56 736.5-738.5 55-57 736.611 56.0 ± 0.5 5 x 104 
3 497.5-24 496.5-498.5 23-25 498.379 23.3 ± 0.1 0.8 x 105

4 221.5-38 220.5-222.5 37-39 221.117 38.3 ± 0.2 4 x 105 
5 519.5-22 519.5-521.5 21-23 520.339 21.9 ± 0.1 5 x 104 

 

 

 

 

 



 
 
 
 

Chapter 5 
 
 
 

 186 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8  Full scan (100 - 1000 m/z) ESI-Tof-MS spectra for buckets responsible for the separation of scores along PC1.  a) m/z  497.5 tR 24 

min b) m/z 761.5 tR 54 min c) m/z 737.5 tR 56 min  and PC2 b) m/z 221.5 tR 38 min.  The ions, which fit in the respective m/z bucket, are 

highlighted in bold. 
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Figure 5.9 A representative LC-ESI-TOF MS base peak chromatogram  

(m/z 100 - 1000) of a 75%/0.1% FA methanol extract of lichen.  The coloured peaks 

are overlaid extracted ion chromatograms of the major components eluting in the 

respective m/z-tR window, as indicated in Table 5.7, demonstrating the ability to 

virtually separate co-eluting components.  These compounds were identified as being 

responsible in the separation of lichen groups along PC1 and PC2.   

 

The relationship between the normalised integrated areas of the four identified 

compounds leading to separation along PC1 and PC2 and the respective 

environmental variables Ndepos, [N]ppt and PPT was investigated using correlation 

tests (Table 5.8).  A significant positive correlation at the P ≤ 0.01 level was 

observed for all three compounds (separation along PC1) and Ndepos and PPT, 

respectively.  The strongest positive and significant relationship was observed for  

m/z 498.379 ± 0.005 and Ndepos and also PPT with m/z 760.612 ± 0.005 and  

m/z 736.612 ± 0.005 also showing significant positive relationships with these two 

environmental variables.  By contrast, weak and not significant negative correlations 

were observed between all three compounds (m/z 498.379 ± 0.005,  

m/z 760.612 ± 0.005 and m/z 736.612 ± 0.005) and [N]ppt.  The correlation between 

m/z 221.117 ± 0.005, responsible for the separation along PC2, and the three 

environmental parameters Ndepos, [N]ppt and PPT was also tested.  A very weak, not 

significant positive relationship was observed between this compound and Ndepos and 

PPT.  By contrast, a positive, significant (P ≤ 0.01) correlation was observed with 

[N]ppt.  It should be borne in mind that correlation is not causation.   
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Table 5.8  Spearman’s correlation coefficients (rS,†) between the normalised 

integrated EIC areas of the compounds with m/z 498.379 ± 0.005 (tR = 23.3 ± 0.1 

min), m/z 760.612 ± 0.005 (tR =54 ± 0.1 min), m/z 736.612 ± 0.005 (tR = 56 ±0.5) 

and m/z 221.117 ± 0.005 (tR = 38.3 ± 0.02 min) in C. portentosa and the three 

environmental variables Ndepos, PPT and [N]ppt.  For correlation testing individual 

values were used.  

 
 

 

 

** Correlation is significant at the P ≤ 0.01 level 

 

Linear regression analysis showed, that the compound with m/z 498.379 ± 0.005 

eluting at 23.3 ± 0.1 min was strongly positively related to wet Ndepos (R2 = 0.79).  

Weaker but still positive relationships were observed for m/z 760.612 ± 0.005 and  

m/z 736.612 ± 0.005 (R2 = 0.23 and R2 = 0.42) (Figure 5.10).  Generally, the 

normalised integrated EIC areas show high variability due to biological and 

analytical variability.  In particular, samples collected from the location exposed to 

9.9 kg N ha-1yr-1 showed the highest variation, i.e. highest confidence interval, due to 

the small number of biological replicates (Figure 5.10).  If the number of replicates 

was increased then it is likely sample variation would decrease.   

   

 

 

 

 

 

 

 

 

 

 

 

 m/z 498.379 
±0.005 

m/z 760.612 
 ±0.005 

m/z 736.612 
±0.005 

m/z 221.117 
±0.005 

Ndepos  (6 sites) 0.561†**  0.508†** 0.404†** -0.065† 
PPT    (6 sites) 0.559†**  0.523†** 0.430†** -0.069† 
[N]ppt  (8 sites) -0.118† -0.158† -0.067† 0.445**† 
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Figure 5.10 Relationship between mean values of normalised integrated EIC areas  

( ±CI 95%) of major ions and Ndepos.  These ions were identified with the help of the 

PCA loading plot, which caused some separation of scores along PC1 (a) m/z 

498.379 ± 0.005 eluting at 23.3 ± 0.1 min (b) m/z 760.612 ± 0.005 eluting at 54 ± 0.1 

min (c) m/z 736.612 ± 0.005 eluting at 56 ± 0.5 min. 
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The mean values for the independent samples were compared by either applying the 

one-way ANOVA or the non-parametric equivalent, the Kruskal-Wallis test.  

Initially, the normalised EIC for the three compounds were subjected to normality 

(Anderson-Darling Test) and homogeneity of variances (Levene) testing.   

For m/z 498.379 ± 0.005 data were normally distributed and the variances were 

homogenous (P = 0.186).    

 

One-way ANOVA for the normalised integrated EIC areas with m/z 498.379 ± 0.005, 

eluting at 23.3 ±0.1 min resulted in an F ratio of 11.24 with P ≤ 0.001, indicating that 

at least two of the groups had means that were significantly different.  The F-ratio is 

the mean square for between groups divided by that for within groups.  Thus, if there 

is the same amount of variation between and within groups, the F-ratio will be one.  

The Fisher’s LSD post hoc test results in Table 5.9 indicate the pairs which are 

different from each other.  The normalised integrated EIC areas from the site 

exposed to low wet Ndepos 4.1 kg ha-1yr-1 were significantly lower than from sites 

exposed to medium (15.8 kg ha-1yr-1) (P ≤ 0.05) and high wet Ndepos (22.3, 29.7 and 

32.8 kg ha-1yr-1) (P ≤ 0.05).  In addition, values of EIC areas from sites exposed to 

9.9 kg ha-1yr-1 were significantly lower than values of EIC areas from sites exposed 

to 22.3 kg ha-1yr-1 and 32.8 kg ha-1yr-1 (P ≤ 0.05).  EIC area values from samples 

exposed to 15.8 kg ha-1yr-1 were significantly lower than EIC area values from 

samples exposed to 22.3 and 32.8 kg ha-1yr-1 (P ≤ 0.05).  Furthermore, normalised 

integrated EIC areas from samples exposed to 22.3 kg ha-1yr-1 were significantly 

higher than values obtained from samples exposed to 15 and 29.7 kg ha-1yr-1.   

 

As the values for the normalised EIC areas for the compound of m/z 760.612 ± 0.005 

were neither normally distributed nor were the variances homogeneous  

(Levene’s < 0.05), the non-parametric equivalent to the one-way ANOVA, the 

Kruskal Wallis test was applied.  The obtained ranks in Table 5.10 suggest that there 

was a difference between the groups of different wet Ndepos regimes, as the mean rank 

of the site with the lowest wet Ndepos value, i.e. 4.1 kg ha-1yr-1 was very different to 

sites exposed to medium to high wet Ndepos values (Table 5.10). 
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As with compound m/z 760.612 ± 0.005, the normalised EIC areas for compound m/z 

736.612 ± 0.005 were neither normaly distributed nor were the variances 

homogenous.  The Kruskal-Wallis test for the EIC areas for the compound of m/z 

736.612 ±0.005 indicated as well, that the mean rank of compounds relating to the 

wet Ndepos regimes of 4.1 kg ha-1yr-1 was different to the remaining wet Ndepos 

regimes (Table 5.10).   

 

Table 5.9 Fisher’s least significant difference (LSD) post hoc test for normalised 

EIC areas for m/z 498.379  ± 0.005 eluting at 23.3 ± 0.1 min.    

Site Site Mean 
Difference (I-J) 

Std. 
Error 

Sig Lower 
Bound 

Upper 
bound 

     95% Confidence interval 
9.9 -0.16 0.12 0.162 -.39 0.067 
15.8 -0.19* 0.063 0.004 -.32 -0.065 
22.3 -0.41* 0.062 0.000 -.53 -0.29 
29.7 -0.26* 0.067 0.000 -.4 -0.13 

4.1 

32.8 -0.48* 0.088 0.000 -.60 -.031 
4.1 0.16 0.12 0.162 -.067 0.39 
15.8 -0.027 0.11 0.813 -.26 0.20 
22.3 -0.25* 0.11 0.034 -.47 -.017 
29.7 -0.099 0.12 0.397 -.33 0.13 

9.9 

32.8 -0.032* 0.13 0.016 -.58 -.063 
4.1 0.19* .063 0.004 .065 0.32 
9.9 0.027 0.11 0.813 -.20 0.26 

22.3 -0.022* 0.060 0.001 -.34 -0.098 
29.7 -0.072 0.065 0.273 -.20 .058 

15.8 

32.8 -0.29* 0.087 0.001 -.46 -.12 
4.1 0.41* 0.062 0.000 .29 0.53 
9.9 0.25* 0.11 0.034 .019 0.47 
15.8 0.22* 0.060 0.001 .098 0.34 
29.7 0.15* 0.065 0.027 .018 0.28 

22.3 

32.8 -0.075 0.086 0.383 -.25 .096 
4.1 0.26* 0.067 0.000 .13 0.39 
9.9 0.099 0.12 0.397 -.13 0.33 

15.8 0.072 0.065 0.273 -.058 0.20 
22.3 -0.15* 0.065 0.027 -.28 -.018 

29.7 

32.8 -0.22* 0.09 0.016 -.40 -.043 
4.1 0.49* 0.088 0.000 .31 0.66 
9.9 0.32* 0.13 0.016 .063 0.58 
15.8 0.29* 0.087 0.001 .12 0.47 
22.3 0.075 0.086 0.383 -.096 0.25 

32.8 

32.8 0.22* 0.09 0.016 .043 0.40 
*. The mean difference is significant at the 0.05 level. 
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Table 5.10 Data output of the Kruskal Wallis test for normalised integrated EIC 

areas of the compound with m/z 760.612 ± 0.005 eluting at 54 ± 0.1 min and also m/z 

736.612 ± 0.005 eluting at 56 ± 0.5 min.   

 Site N Mean Rank 
m/z 760.612 ± 0.005 

Mean Rank 
m/z 736.612 ± 0.005 

Site 4.1 16 9.97 17.28 
 9.9 3 47.00 48.50 
 15.8 18 42.86 42.03 
 22.3 19 50.68 44.53 
 29.7 14 41.82 39.00 
 32.8 6 50.92 59.25 
Test Statistics     
Chi-Square   35.930 22.571 
df   5 5 
Asymp.Sig.   0.000 0.001 

 

 

The loading plot of the Ndepos-PLSR model revealed the same m/z-tR bucket as in 

PCA.  In addition, the bucket with the fifth highest absolute loading value was 

investigated (indicated as number 5 in the loading plot and Table 5.7).  The identified 

bucket was m/z 519.5 tR 22 min which corresponds to the accurate m/z value of 

520.339 ± 0.005 as indicated in Table 5.7.  Correlation analysis revealed a significant 

negative correlation at the P ≤ 0.01 level between compound m/z 520.339 ± 0.005 

and Ndepos but also PPT.  By contrast, weak and not significant negative correlations 

were observed between m/z 520.339 ± 0.005 and [N]ppt (Table 5.11) 

 

Table 5.11 Spearman's correlation coefficients for the normalised integrated EIC 

areas of the compound with m/z 520.339 ± 0.005 (tR = 21.9 ± 0.1 min) in C. 

portentosa and the three environmental varialbes wet Ndepos, PPT and [N]ppt.  For 

correlation testing individual values were used. 

 

 

 

 

 

** Correlation is significant at the P ≤ 0.01 level 

 

 m/z 520.339 
±0.005 

Ndepos  (6 sites) -0.353**  
PPT    (6 sites) -0.351**  
[N]ppt  (8 sites) -0.071 
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The normalised areas of compound with m/z 520.339 ± 0.005  were subjected to the 

Kruskal-Wallis test.  EIC areas of m/z 520.339 ± 0.005 indicated, that the mean rank 

relating to the wet Ndepos regime of 22.3 kg ha-1yr-1 was different to the remaining 

wet Ndepos regimes (Table 5.12, Figure 5.11).  

 

Table 5.12 Kruskal-Wallis Test for m/z 520.339 ± 0.005 eluting at 21.9 ± 0.1 min. 

 Site N Mean Rank m/z 520.339 ± 
0.005 

Site 4.1 16 45.5 
 9.9 3 52.67 
 15.8 18 41.92 
 22.3 19 14.29 
 29.7 14 31.92 
 32.8 6 35 
Test 
Statisticsa,b 

   

Chi-Square   28.106 
df   5 
Asymp.Sig.   0.000 
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Figure 5.11  Relationship between mean values of normalised integrated EIC areas 

of m/z 520.339 ± 0.005 (±CI 95%) and Ndepos.   
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5.3.4  Structure elucidation 

With the help of LC-ESI-ToF-MS the accurate masses of compounds which lead to 

some separation of lichen extracts collected from sites exposed to differing N 

regimes, were identified.  The m/z value of the identified compounds was used to 

generate molecular formulae in DataAnalysis 3.4.  Prior to identifying the molecular 

formula the mass stability of the microToF was checked over a time period of two 

hours, using 10 mM sodium formate.  It was found, that the average mass drift 

comprised about 5 ppm after one hour of measurement for all tested compounds.  

Longer measuring time resulted in an increased error up to 11 ppm after two hours of 

measurement (Figure 5.12).  This is very likely due to the temperature fluctuation in 

the laboratory.   

 

 

 

 

Figure 5.12 Relationship between mass drift of sodium formate clusters of different 

mass sizes and time (courtesy of Dr. Angela Squier).   
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The smallest error for all tested masses was observed at the beginning of the run, 

shortly after the external calibration.  Thus, the ions measured first, which were 

measured in the morning and also obtained immediately after the external 

calibration, were used for the calculation of molecular formulae, assuming an error 

of 5 ppm.  Only the major elements C, H, N and O were included.  The smaller the 

error, the fewer suggested formulae were given in the output.  As can be seen in 

Table 5.13, up to seven molecular formulae were suggested.  For the compound of 

m/z 498.3789, only three molecular formulae were given. 
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Table 5.13 Generated molecular formulae for all four identified biomarkers obtained from lichen extracts collected from Yellow Craig. 

 

Measured 
m/z 

Sigma 
Rank 

Molecular 
Formula 

Theoretical
m/z 

err 
(mDa) 

err 
(ppm) 

|err| 
(ppm 

mean 
error 
(ppm) 

mSigma Rdb N rule e- 

760.6062 1 C41H82N3O9 760.6046 -1.11 -1.5 1.5 -2.6 16.2 2.5 ok even 
 2 C37H78N9O7 760.6019 -3.79 -5 5 -6.2 18.7 3.5 ok even 
 3 C38H74N13O3 760.6032 -2.46 -3.2 3.2 -4.5 22.1 8.5 ok even 
 4 C42H78N7O5 760.6059 0.23 0.3 0.3 -0.9 26.0 7.5 ok even 
 5 C46H82NO7 760.6086 2.91 3.8 3.8 2.7 35.0 6.5 ok even 
 6 C43H74N11O 760.6072 1.57 2.1 2.1 0.8 37.9 12.5 ok even 
 7 C53H78NO2 760.6027 -2.96 -3.9 3.9 -5.1 66.1 15.5 ok even 
736.6080 1 C30H74N17O4 736.6104 2.39 3.2 3.2 3.4 7.7 2.5 ok even 
 2 C39H82N3O9 736.6046 -3.47 -4.7 4.7 -4.4 26.6 0.5 ok even 
 3 C40H78N7O5 736.6059 -2.13 -2.9 2.9 -2.6 36.7 5.5 ok even 
 4 C41H74N11O 736.6072 -0.8 -1.1 1.1 -0.8 47.5 10.5 ok even 
 5 C44H82NO7 736.6086 0.55 0.7 0..7 1.0 49.8 4.5 ok even 
 6 C45H78N5O3 736.6099 1.89 2.6 2.6 2.8 61.4 9.5 ok even 
498.3789 1 C28H52NO6 498.3789 -0.85 -1.7 1.7 -1.9 18.6 3.5 ok even 
 2 C25H44N11 498.3776 -2.19 -4.4 4.4 -4.8 22.3 9.5 ok even 
 3 C29H48N5O2 498.3803 0.49 1.0 1.0 0.7 30.8 8.8 ok even 
520.3412 1 C21H48N9O2P 520.3401 -1.08 -2.1 2.1 -2.3 19.1 3.5 ok even 
 2 C26H51NO7 P 520.3398 -1.39 -2.7 2.7 -2.9 30.7 2.5 ok even 
 3 C25H52N3O4 P2 520.3428 1.6 3.1 3.1 2.9 32.4 2.5 ok even 
 4 C27H47N5O3 P 520.3411 -0.05 -0.1 0.1 -0.3 42.6 7.5 ok even 
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To further investigate the molecular formula of these four compounds, IT mass 

spectrometry was used.  Here, the ions of interest are isolated, followed by a 

resonance excitation resulting in collision activated dissociation.  The obtained 

fragment ions are used for the structure elucidation, by for example investigating the 

neutral losses.  The fragmentation patterns of the three compounds of m/z 498.3 (tR = 

24 min), m/z 760.6 (tR = 51.2 min) and m/z 736.6 (tR = 52.7 min) are summarised in  

Figure 5.13.   

   

It was found, that the MS2 spectra of all three compounds contained the fragments 

m/z 236 and m/z 480.  Furthermore, in MS3, derived from the fragmentation of the 

most abundant ion in MS2, all compounds fragmented to m/z 143.3, m/z 161.1 and 

m/z 199.5.  In addition, during MS2 all three compounds had a neutral loss of 262 Da.  

These similarities in the fragmentation pattern of the three compounds indicated, that 

these putative biomarkers may well be structurally related.   

 

In addition, the structure of m/z 520.339 ± 0.005 was investigated by initially using 

the generated molecular formula option in DataAnalysis 3.4.  The results are 

presented in Table 5.13.  Furthermore, MS/MS was performed (Figure 5.14) and the 

fragmentation pattern (in normal phase) indicated the presence of a 

phosphatidylcholine group due to the loss of m/z 184 (m/z 183.9 in normal phase), 

which is characteristic for the head group of phosphatidylcholines.  The accurate 

mass (m/z 520.339 ± 0.005) obtained from ToF analysis in combination with the 

knowledge obtained from MS/MS was used for further analysis of these compounds, 

using Lipid Maps/Nature Publishing Group 

(http://www.lipidmaps.org/tools/ms/glycerophospholipids.php).  This resulted in one 

output, namely 2-(9Z, 12Z-octadecadienoyl)-sn-glycero-3 phosphatidylcholine.  It 

has to be emphasised that such detailed structural information can not be obtained 

from the mass alone.     
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Figure 5.13 Fragmentation pattern for m/z 498.3 (a), m/z 760.6 (b) and m/z 736.6 (c) obtained from reversed phase (RP) chromatography-ion trap 

mass spectrometry in MS2 and MS3 mode.  Values in brackets are those obtained in normal phase chromatography (NP). (see also Appendix 16).  

m/z 498.3

m/z 143.2 (144.0)   m/z 235.7 (236.1) m/z 480.3
4.2 % 17.3 % 100%

(a)

(b)

(c)

m/z 143.2 (144.0)    m/z 161.1 (162.1) m/z 199.5 (200.1) m/z 393.3 m/z 436.4
100 % 11.2 % 11.2% 11.2%        38.0 %

m/z 760.6

m/z 235.7 (236.1) m/z 480.3 m/z 498.3
19.0% 100% 28.4%

m/z 143.2 (144.0)    m/z 161.1 (162.1) m/z 199.5 (200.1) m/z 393.3 m/z 436.4
100 % 8.9 % 16.3% 19.7%           40.7 %

m/z 736.6

m/z 235.7 (236.1) m/z 456.4 m/z 474.4 m/z 480.3 m/z 498.3 
21.1% 100% 33.9% 48.2% 6.7%

m/z 143.2 (144.0)    m/z 161.1 (162.1) m/z 199.5 (200.1) m/z 369.3 m/z 412.4
100 % 10.9 % 14.4% 19.3%                              30.3%
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Figure 5.14 (a) EIC for m/z 520.3 ± 0.5 with the 

corresponding fragmentation pattern.  Values in 

brackets are those which differed in normal phase 

chromatography.  (b) EIC for m/z 520.339 

measured in ToF mass spectrometry and 

corresponding mass spectrum.  (c) EIC for m/z 

520.339 ± 0.005 and m/z 498.379 ± 0.005 

measured in the ToF mass analyser. The graph 

illustrates the trend (linear) of m/z 520.339 (R2 = 

0.57: y = -0.0024x + 0.1017) in comparison with 

m/z 498.337 (R2=0.76; y = 0.0137x + 0.121).  
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In addition, the compounds were analysed using an Orbitrap-mass spectrometer in 

order to gain accurate masses of both the biomarker compounds and their MS2 

fragments (Figure 5.15).  The suggested molecular composition, containing C, H, O, 

N, or P, and the errors are given in Table 5.14, resulting in absolute errors between 

0.11 – 0.49 ppm.  Although a different LC method was applied, the same fragments 

were observed in the MS2 mode indicating that the same compounds were measured.  

Molecular formulae for fragments obtained from the precursor ion m/z 498.38 

resulted in absolute errors between 7.39 – 8.47 ppm.  For the remaining three 

biomarker masses, molecular formulae for fragments as suggested had absolute 

errors between 0.07 – 0.68 ppm (Table 5.15).    
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Table 5.14 Suggested molecular formulae for accurate masses of the four biomarker 

compounds, which were obtained in the Orbitrap – mass spectrometer.  Elemental 

compositions for compounds which were identified as biomarker are highlighted in 

bold.  

m/z 
Theoretical 

mass 
Delta 
(ppm) 

RDB 
equiv. Composition 

498.3790 498.3789 0.11 3.5 C28 H52 O6 N 
 498.3789 0.12 9 C27 H46 O N8 
 498.3803 -2.57 8.5 C29 H48 O2 N5 
 498.3776 2.8 4 C26 H50 O5 N4 
 498.3816 -5.27 8 C31 H50 O3 N2 
 498.3762 5.49 -1 C25 H54 O9 
 498.3762 5.5 4.5 C24 H48 O4 N7 
 498.3749 8.18 -0.5 C23 H52 O8 N3 
 498.3749 8.19 5 C22 H46 O3 N10 
 498.3843 -10.64 12.5 C34 H48 N3 

520.3397 520.3401 -0.19 3.5 C21 H48 O2 N9 P2 
 520.3398 0.39 2.5 C26 H51 O7 N P 
 520.3398 0.4 8 C25 H45 O2 N8 P 
 520.3404 -0.79 -1 C17 H51 O2 N10 P3 
 520.3395 0.99 7 C30 H48 O7 
 520.3395 1 12.5 C29 H42 O2 N7 
 520.3388 2.16 2 C26 H56 N2 P4 
 520.3411 -2.18 7.5 C27 H47 O3 N5 P 
 520.3413 -2.56 -0.5 C17 H46 O9 N9 
 520.3385 2.75 6.5 C30 H53 N P3 

760.6089 760.6086 0.49 6.5 C46 H82 O7 N 
 760.6086 0.49 12 C45 H76 O2 N8 
 760.6099 -1.27 11.5 C47 H78 O3 N5 
 760.6104 -1.94 -1 C33 H80 O9 N10 
 760.6072 2.25 7 C44 H80 O6 N4 
 760.6113 -3.04 11 C49 H80 O4 N2 
 760.6059 4.01 2 C43 H84 O10 
 760.6059 4.02 7.5 C42 H78 O5 N7 
 760.6126 -4.8 16 C50 H76 N6 
 760.6046 5.78 2.5 C41 H82 O9 N3 

736.6084 736.6086 -0.24 10 C43 H76 O2 N8 
 736.6086 -0.24 4.5 C44 H82 O7 N 
 736.6072 1.58 5 C42 H80 O6 N4 
 736.6099 -2.06 9.5 C45 H78 O3 N5 
 736.6059 3.39 0 C41 H84 O10 
 736.6059 3.4 5.5 C40 H78 O5 N7 
 736.6113 -3.88 9 C47 H80 O4 N2 
 736.6046 5.22 0.5 C39 H82 O9 N3 
 736.6046 5.22 6 C38 H76 O4 N10 
 736.6126 -5.7 14 C48 H76 N6 
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Table 5.15 Suggested molecular formulae for accurate masses of the four biomarker 

compounds and their fragments obtained with the help of Orbitrap mass 

spectrometry.   

m/z 
 

m/z 
fragments 

Theoretical 
Mass 

Delta 
(ppm) 

RDB 
equiv. Composition 

498.38 480.3722 480.3684 7.99 4.5 C28 H50 O5 N  
 236.1513 236.1492 8.47 0.5 C10 H22 O5 N  
 144.1031 144.1019 7.39 1.5 C7 H14 O2 N  
    

520.34 502.3290 502.3292 -0.32 3.5 C26 H49 O6 N P  
 184.0734 184.0733 0.32 -0.5 C5 H15 O4 N P  
    

760.61 498.3789 498.3789 -0.07 3.5 C28 H52 O6 N  
 480.3686 480.3684 0.5 4.5 C28 H50 O5 N  
 236.1494 236.1492 0.68 0.5 C10 H22 O5 N  
    

736.61 498.3787 498.3789 -0.45 3.5 C28 H52 O6 N  
 480.3686 480.3684 0.56 4.5 C28 H50 O5 N  
 474.3792 474.3789 0.56 1.5 C26 H52 O6 N  
 456.3682 456.3684 -0.42 2.5 C26 H50 O5 N  
 236.1492 236.1492 -0.21 0.5 C10 H22 O5 N  
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Figure 5.15 MS2 fragmentation pattern of the four biomarker molecules measured in LC-LTQ-Orbitrap mass spectrometry.
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5.3.5  WHIM Moss Results 

The LC-MS bucketed data were initially subjected to PCA (Figure 5.16).  The results 

indicated some separation of lichen extracts exposed to 32 kg NO3
- ha-1yr-1 and 

control samples along PC1, which explains 51.26% of the variation (Figure 5.16a).  

This separation was mainly driven by m/z 421.5 tR 18 min and m/z 423.5 tR 18 min.  

Samples exposed to 16 kg NO3
- ha-1yr-1 seemed to overlap with control samples as 

well as with samples exposed to 32 NO3
-kg ha-1yr-1.  Unfortunately not enough 

replicates of samples exposed to 64 kg NO3
- ha-1yr-1 were available and thus no 

pattern was observed. 

 

Regarding NH4
+ treatment, some separation of control samples and samples exposed 

to 32 kg NH4
+ ha-1yr-1 along PC1 (51.29%) as well as PC2 (34.13%) was observed in 

the score scatter plot (Figure 5.16b).  Again, the separation along PC1 was driven by 

m/z 421.5 tR 18 min and m/z 423.5 tR 18 min whereas the separation along PC2 was 

driven by m/z 737.5 tR 56 min and m/z 761.5 tR 56 min.  For the remaining treatment 

loads, insufficient biological replicates were available.   

 

In terms of NH3 fumigation, a clear separation of samples collected near the NH3 

source (36 - 54 m; positive score values for PC1) from sample further away (60 m) 

and also control samples (negative score values for PC2) was observed  

(Figure 5.16c).  Again, this separation was driven by the buckets  

m/z 421.5 tR 18 min, m/z 423.5 tR 18 min (negative loading values) and  

m/z 737.5 tR 56 min and m/z 761.5 tR 56 min (positive loading values).  That implies 

that samples with positive score values have high concentration of compounds with 

positive loading values, whereas samples with negative score values have high 

concentrations of compounds with negative loading values.   The accurate masses for 

the respective m/z-tR buckets are shown in Table 5.15.   
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Table 5.16 m/z-tR
 buckets responsible for some separation of lichen extracts obtained 

from samples exposed to different N regimes. 

m/z-tR  m/z - range tR – range 
(min) 

Accurate 
mass 
±0.005 

tR  
(min) 

761.5-54 760.5-762.5 53-55 760.612 54.0 ± 0.1 
737.5-56 736.5-738.5 55-57 736.611 56.0 ± 0.5 
421.5 -18 420.5-422.5 17-19 422.315 18.4 ± 0.2 
423.5-18 422.5-424.5 17-19 423.345 18.8 ± 0.2 

 

 

The comparison of integrated areas in Figure 5.17b showed, that 32 kg NH4
+ ha-1yr-1 

lead to a significant up-regulation of  the two compounds with m/z  736.611 ± 0.005 

and m/z  760.661 ± 0.005 on the P ≤ 0.05 level in comparison to the control samples.  

A nitrogen load of 32 kg ha-1yr-1 of NO3
- alone did not seem to have an effect on 

these two compounds (Figure 5.17a).  Under consideration of the limited number of 

biological replicates, there seems to be only a physiological response of C. 

portentosa to NH4
+.   

 

In contrast, the compound with m/z 422.315 ± 0.005 was significantly lower in both, 

NO3
- (P ≤ 0.001) and NH4

+ (P ≤ 0.05) treated samples as opposed to the control 

samples (Figure 5.17a and b).  Thus, the physiological response regarding this 

compound to NO3
- and NH4

+ was indistinguishable.   

 

A similar trend was seen for the NH3 treated samples, where compounds with  

m/z 736.611 ± 0.005 and m/z 760.611 ± 0.005 were higher in relative concentration 

for samples close to the NH3 fumigation source (36 - 54 m) and compound with  

m/z 422.315 ± 0.005 was lower in relative concentration compared to the control 

samples (Figure 5.17c).  The observed differences of the three compounds between 

the two groups were not significant.   

 

Both compounds with m/z 736.611 ± 0.005 eluting at 56 ± 0.5 min and  

m/z 760.611 ± 0.005 eluting at 54 ± 0.1 min were found to be up-regulated in 

response to 32 kg ha-1yr-1 NH4
+ and also NH3 treatment, whereas compound with  

m/z 498.337 ± 0.005 and m/z 520.339 ± 0.005 did not show a clear trend as found in 

the natural populations of C. portentosa. 
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Figure 5.16 Score scatter plots from principal component analysis of m/z- tR values obtained by metabolic profiling of the lichen Cladonia 

portentosa collected from the Whim Moss Site (CEH, Edinburgh), where samples were subjected to different forms of nitrogen (a) NO3
- and (b) 

NH4
+ as well as different nitrogen loads, 8 (  ) (control) , 16 (  ), 32 (  ) and 64 (  ) kg ha-1yr-1.  In addition, score scatter plots for NH3 fumigated 

lichen samples are shown (c), collected from 36 (  ), 40 (  ), 50 (  ), 54 (  ) and 60 (  ) m from the source and also from ambient (  ) environment.  

The respective loading plots for the score scatter plots are shown in Figure 5.16 d, e and f. 
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Figure 5.17 Comparison of normalised and integrated areas of  control samples (  ) 

(three replicates) and the three compounds identified in the loading plot resulting 

from PCA (  ) with standard deviation  for (a) 32 kg NO3
- ha-1yr-1 (three replicates) 

(b) 32 kg NH4
+ ha-1yr-1 (2 replicates) and (c) NH3 treated samples (average of 36 - 54 

m distance).  Independent t-test: *** Difference is significant at the P ≤ 0.001 level; 

* Difference is significant at the P ≤ 0.05 level. 
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5.4 Discussion 

5.4.1  Analytical and statistical approach 

Since a single run lasted 67 minutes, the option of using analytical replicates was 

rejected.  Although the analytical (instrument) reproducibility was tested (Chapter 4, 

Section 4.3.2), the performance of the instrument however, will vary with the 

temperature of the room which was not constant.  In order to rule out machine 

variability in comparison to biological variability, the order in which samples were 

analysed was randomised, an approach used previously by Vorst et al. (2005).    

 

For the statistical analysis a bucketing approach was used as described in Chapter 4, 

(Section 4.2.10), which resulted in three dimensional data including m/z, tR and 

intensity values.  The Δm/z window of 2 Da seems very large, considering that many 

different masses were present in the biological extract.  The Δm/z width was 

specifically chosen in order to include isotopic compounds within the Δm/z window, 

but also reducing the number of variables down to 14850 as opposed to 29700 

variables when using a Δm/z of 1 Da.  Still, the number of 14850 independent m/z-tR 

variables was very high, but at the same time the statistical software Pychem could 

cope with this.  Furthermore, retention times were also used, which helped to limit 

the manual search for the compounds 

 

As with the FTIR data, PCA and PLSR were applied for the data analysis.  As PCA 

calculates axes that explain as much variance in the data set as possible, it may fail to 

pick up biologically significant effects that do not represent a large proportion of the 

variance (Bundy et al., 2007).  Therefore the supervised statistical technique PLSR 

was applied.  As expected, all three previously described biomarker buckets (Table 

5.7, number 1 - 3) showed high absolute loading values and were therefore important 

for the establishment of a good Ndepos-PLSR model.  In addition, the fifth highest 

loading peak for the wet Ndepos-PLSR model (Table 5.7, number 5), which was 

consistent between the different model iterations, was examined regarding its 

accurate mass.  For further work it would be essential to analyse more high absolute 

loading values, which are consistent within the different model iterations.  
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Importantly it has to be borne in mind, that PLSR is a linear modelling approach.  As 

the response of individual biomarker compounds might not be linear with increasing 

wet Ndepos regimes, the model output might not be as good.   

 

As a result of manual data deconvolution for the respective m/z-tR bucket window, 

the accurate mass values were obtained.  This procedure for untargeted LC-ToF-MS 

based metabolomic studies has been applied previously, where mass signals, which 

were identified as being significantly different between groups of samples, were 

identified by manually retrieving the accurate masses and corresponding elemental 

compositions from the raw data (von Roepenack-Layahe et al., 2004).  

5.4.2  Structural elucidation of biomarker compounds 

After the detection of changes in the intensities of certain buckets and the manual 

identification of the accurate m/z occurring within the respective m/z-tR window, the 

characterisation of the respective metabolites was of key importance for biochemical 

phenotyping.  Such identification is desirable to extend the catalogue of known 

metabolites of environmental importance in Cladonia portentosa.  Initially the 

“SmartFormula Manually” option in DataAnalysis 3.4 was used, in order to obtain 

the elemental composition of the compounds corresponding to these m/z values.  In 

order to automatically constrain the thousands of possible candidate structures, 

certain rules were applied, which are described in 5.2.5.  One rule included the error 

tolerance.  Restricting the error tolerance to 5 ppm, up to seven molecular formulae 

including the elements C, H, N and O were obtained.  Molecular formulae with 

masses which are closest to measured masses should be the desired formulae.  

However, two points should be considered: first, mass drift was observed linked to 

the duration of measurement and second the suggested molecular formula may not 

exist.  Regarding the first, the ToF instrument is very sensitive to temperature 

changes and thus it is important to re-calibrate the instrument regularly (Timischl, 

2008).  For further structural elucidation it was important to apply IT mass 

spectrometry, which presents an additional powerful tool for the characterisation of 

the unknown compounds (Huhman and Sumner, 2002).  Both, ToF and IT mass 

spectrometry complement each other well for the identification of unknown 
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compounds and it was important to use them in combination, since no standards were 

available.   

  

Product ions at m/z 456.4 and 480.3 were formed within MS2 from the precursor ion 

m/z 736.6, corresponding to the loss of the neutral carboxylic acids (RCOOH) 

octadecadieno acid (C18:2) (loss of 280 Da) and palmitic acid (C16:0) (loss of 256 

Da), respectively (Figure 5.20).  In the case of the precursor ion m/z 760.6 the 

product ion at m/z 480.3 was formed also, indicating the neutral loss of 

octadecadieno acid (C18:2) (loss of 280 Da).  The precursor ion m/z 498.3 resulted in 

a major fragment of m/z 480.3, a dehydration product (loss of 18 Da).  In addition, all 

compounds had a neutral loss of 262 Da, which was identified as a R-CH=C=O 

fragment of octadecadieno acid, also reported by Marzilli et al. (2003) in TAGs 

(Figure 5.19).  Thus, all three compounds have at least one linoleate unit within their 

structure.  Within MS3 all three precursor ions had the fragment ion of m/z 144.0, 

which corresponds to the betaine head group (Kuenzler and Eichenberger, 1997).  In 

addition all three precursor ions had the fragment ion m/z 235.7 in common, which 

was attributed as the glycerol backbone with the betaine head group attached on the 

sn-3 position.  To strengthen the results obtained for ToF and IT mass analysis, 

Orbitrap mass spectrometric analysis was used.  The suggested molecular formulae 

had associated absolute errors between 0.11 – 0.49 ppm.  Moreover, the suggested 

fragments had the expected masses and no discrepancies were observed.     

 

Although the elemental composition of the three compounds was identified, no 

information on whether these betaine lipids were diacyl/monoacylglycerol-O-

(N,N,N-trimethyl)-homoserine (DGTS/MGTS) or diacyl/monoacylglyceryl 

hydroxymethyltrimethyl-β-alanine (DGTA/MGTA) (whose polar parts are structural 

isomers) or about the positioning of the respective fatty acids for the ions  

m/z 736.612 ± 0.005 and 498.379 ± 0.005 was present (Figure 5.18a, b).  In addition 

no information about the positions of the unsaturations within the fatty acid C18:2 

was gained.  In order to get further information about the structure, pure material of 

these compounds would be required either by synthesis or purification of the crude 

extract, which then could be analysed by NMR.  Alternatively, the enzyme 

phospholipase A1 (cleaves sn-1 acyl chain) or A2 (cleaves sn-2 acylchain) could be 

used in order to get information about the positioning of the fatty acids on the 
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glycerol backbone.  Regarding unsaturation, GC-MS would be the favourable choice 

for determining the identity of the side chains.  One major problem however is, that 

no standards of betaine lipids are available, which illustrates a problem in the field.  

Consequently, the type of betaine lipid and the positioning of the respective fatty 

acids were postulated using the literature on previous studies on betaine lipids.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18 Structure of the three betaine lipid classes DGTS, DGTA and DGCC.  

 

All three identified compounds were treated as DGTS/MGTS as the fatty acid 

composition of DGTA shows a distinct difference from the fatty acid composition of 

DGTS.  Usually the fatty acids of DGTA are highly unsaturated, where C20 and C22 

acids with four to five double bonds are the major components of DGTA (Sato, 

1992).  However, Araki et al. (1991) also found C18:2 and C16:0 in DGTA lipids in 
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and Eichenberger (1997) showed that only DGTS and no DGTA were present in the 

lichen Cladonia fimbriata and no DGTA.   

 

The compound with an accurate mass of m/z 736.612 ± 0.005 was tentatively 

identified as a DGTS with C16:0 and C18:2 fatty acid chains attached on the C-1 and 

C-2 atom of the glycerol backbone respectively.  This order of the fatty acid chain 

was chosen, as it was found that major fatty acids at the C-1 are saturated acids of 

C16, whereas the fatty acids at the C-2 are unsaturated acids of C18 in most of the 

organisms analysed (Sato and Furuya, 1984; Sato, 1992).  Marzilli et al. (2003)  

however showed by comparing the relative intensities for fragment ions in MS2 

obtained from triacylglycerol, that the loss of fatty acyl groups from the secondary 

(sn-2) position was energetically less favoured than that from the primary positions 

(sn-1/3).  The fact that the intensity of the m/z 456.4 fragment from the precursor ion 

m/z 736.6 was twice as high compared to the m/z 480.3 fragment supports the 

hypothesis that linoleate (C18:2) is attached to the (sn-1) position. 

 

The compound with an accurate mass of m/z 760.612 ± 0.005 was also determined as 

a DGTS, this time with two C18:2 fatty acid moieties attached to the glycerol.  In 

contrast, the compound with an accurate mass of m/z 498.379 ± 0.005 only had one 

fatty acid moiety, namely C18:2, which is either attached at C-1 or the C-2 of the 

glycerol backbone.  It was observed, that the compound with this accurate mass 

eluted at different retention times, i.e. 23.3 and 24.4 min, indicative of an isomer, 

probably resulting from the attachment of the acyl chain to the two available 

positions on the glycerol backbone.  The fragmentation mechanisms for compound 

with m/z 736.6 are shown in Figure 5.19 – 5.21.  The general structure of the three 

proposed betaine lipids is shown in Figure 5.22.    
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Figure 5.19 Proposed fragmentation pattern for m/z 736.6.  The black circle indicates the possible protonation of the compound.

C

C

C O

O

O(H3C)3
+N

C
OHO

O

C14H29

HHH

H

H

H

H
O

C16H29
H H

m/z 736.6 m/z 736.6

-238 Da -262 Da

O
C

H
C

C14H29 O
C

H
C

C16H29

m/z 498.3 m/z 474.4

C

C

C O

O

O(H3C)3
+N

C
OHO

O

C14H29
HH

H

H

H

H

H
O

C16H29

H H

C

C

C OH

O

O(H3C)3
+N

C
OHO

H

H

H

H

H

C17H31

O

C

C

C O

OH

O(H3C)3
+N

C
OHO

C15H31

O

H

H

H

H

H

C

C

C OH

OH

O(H3C)3
+N

C
OHO

H

H

H

H

H

m/z 235.7



Chapter 5 

 214

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20  Proposed MS2 and MS3 fragments of m/z 736.6.
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Figure 5.21 Proposed MS2 and MS3 fragments of the parent ion m/z 736.6 
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Figure 5.22 Suggested structure for compounds with m/z 498.379 ± 0.005,  

m/z 760.612 ± 0.005 and m/z 736.612 ± 0.005 as part of the betaine lipids. R = Fatty 

carbon chain length:degree of unsaturation.  

 

The compound with the accurate mass of m/z 520.339 ± 0.005, which was obtained 

by ToF mass analysis was initially analysed using the “SmartFormula Manually” 

option in DataAnalysis 3.4 and also by using the lipid data base (Lipid Maps/Nature 

Publishing Group; http://www.lipidmaps.org/tools/ms/glycerophospholipids.php).  

The fragmentation pattern (after normal phase chromatography and also from 

Obitrap results) confirmed the presence of a PC from the identification of a mass 

which loses 184 (m/z 183.9 in normal phase) and is characteristic for the head group 

of PCs.  The resulting fragmentation patterns, as shown in Figure 5.23, indicated a 

molecular composition of a phosphatidylcholine with a linoleate moiety (C18:2).  

Most strikingly, the putative PC eluted at a similar retention time as the compound 

with an accurate mass of m/z 498.339 ± 0.005.  In addition, compound with m/z 

520.339 ± 0.005 also showed two peaks eluting shortly after one another  

(Figure 5.14c), which could be indicative for structural isomers. 
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Figure 5.23  Suggested fragmentation ions for m/z 520.3. 
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5.4.3  MSn obtained in reversed phase vs. normal phase chromatography 

Initially the fragmentation patterns were obtained using reversed phase 

chromatography in combination with ESI and IT mass spectrometry.  The ions were 

measured in the positive ion mode.  It was found that the fragmentation products  

m/z 143.2, m/z 235.7, m/z 161.1 and m/z 199.5 obtained in MS2 and MS3, were lower 

than the theoretically calculated value for fragments containing the betaine head 

group.  Normal phase chromatography in combination with ESI and IT resulted in 

similar fragments for the same compound.  The obtained fragments also contributed 

similar percentages.  Interestingly, fragments including the head groups now had m/z 

values of 144.0, 236.0, 162.1 and 200.1, which were closer to the theoretical 

calculated values.  A similar phenomenon was observed for the fragmentation pattern 

of the identified phosphatidylcholine with a linoleate moiety.  While in reversed 

phase chromatography fragments of m/z 183.3 were obtained, normal phase 

chromatography gave fragments of m/z 183.9.  The fragment of m/z 183.9 would 

presumably correspond to the head group of phosphatidylcholine.  

 

Interestingly, MS2 results obtained from reversed phase chromatography coupled to 

LTQ- Orbitrap mass spectrometry resulted in the expected masses for the fragments 

and no discrepancy between some of the measured masses and the theoretical 

calculated masses of fragments was observed, even though chromatography was 

performed in reversed phase using a methanol gradient.  Furthermore, the theoretical 

molecular formulae for the proposed fragments (except precursor ion m/z 498.38) 

resulted in small errors (0.07 – 0.68 ppm), supporting the structures proposed here.  

All four biomarker compounds eluted with 100% methanol  

(Appendix A16).  Using RP-LC-ToF MS, compounds with accurate masses of  

m/z 760.612 ± 0.005 (tR = 54 ± 0.1 min) and m/z 736.612 ± 0.005 (tR = 56 ± 0.5 min) 

eluted with 100% methanol as well.  Thus, the suggestion that different mobile 

phases could affect the sites of protonation, which in turn could affect the 

fragmentation mechanism, at least for these two compounds does not seem to be 

valid.  The discrepancy in masses of the fragments obtained in normal and in 

reversed phase chromatography could possibly be due to a calibration error.  
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5.4.4  Biomarker compounds for natural populations of Cladonia 

portentosa 

As a result of the accurate masses in combination with ion trap mass spectrometry, 

three structurally related compounds belonging to the class of betaine lipids are 

proposed as potential biomarkers, presumably for wet Ndepos or PPT, although other 

environmental factors can at the present stage not be excluded.  Betaine lipids are a 

group of complex lipids, usually found in membranes of lower organisms and have 

previously been reported from bacteria (Hofmann and Eichenberger, 1996; Klug and 

Benning, 2001), protozoa (Furlong et al., 1986), algae (Eichenberger, 1982; Sato, 

1988; Sato, 1991), bryophytes (Sato and Furuya, 1984; Sato and Kato, 1988), 

lichens, fungi and ferns (Kuenzler and Eichenberger, 1997).  These lipids are 

characterised by their peculiar structure, where a permethylated derivate of a 

hydroxyamino acid is linked to a diacylglycerol through an ether bond.  Three related 

classes of these lipids have been described, as shown in Figure 5.18:  diacylglycerol-

O-(N,N,N-trimethyl-homoserine (DGTS), diacylglycerylhydroxymethyltrimethyl-β-

alanine (DGTA) and diacylglycerylcarboxyhydroxymethylcholine (DGCC) (e.g. 

Kuenzler and Eichenberger, 1997; Sato, 1992; Eichenberger and Gribl, 1997).  These  

lipids, which are normally extracted by using methanol/chloroform (Milne et al., 

2006), were in this case extracted using a 75% methanol/water mixture, which as 

such is not a typical solvent for the extraction of lipids. 

 

It is known, that some organisms alter their membrane lipid composition in response 

to chemical or physical changes in the environment (Guschina et al., 2003).  In case 

of the present study, physical changes include different wet N deposition regimes.  

Nitrogen enrichment of terrestrial ecosystems can lead to upward shifts in the N:P 

ratios in plants and induce phosphorus limitation (Güsewell, 2004; Phoenix et al., 

2004).  Regarding the terricolous lichen Cladonia portentosa, Hogan (2009) found a 

negative relation between [P]apex and [P]bases with modelled Ndepos values.  In their 

study it was shown, that with an increase in modelled Ndepos from 4.1 to  

32.8 kg ha-1yr-1 the N:P ratio increased by a factor of 1.8 and that N enrichment 

changed lichen N:P ratios from values typical of N limitation (e.g. 10) to those 

indicative of phosphorus limitation (e.g 26) driving up-regulation of PME activity, an 
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enzyme which catalyzes the release of orthophosphate from organic phosphorus 

sources. 

 

The higher content of the betaine lipids, which do not require P, compared to 

phosphatidylcholine lipids in lichen samples exposed to higher wet N deposition 

regimes is very likely to be ecologically advantageous where phosphorous is limited.  

The molecular geometry and charge distribution of the betaine lipids, DGTS, DGTA 

and DGCC, show some similarity to the ubiquitous phosphatidylcholines (PC) 

(Kuenzler and Eichenberger, 1997).  Due to the apparent reciprocity of the 

abundance of DGTS and PC among different species of plants and algae it can be 

assumed that DGTS and PC are similar in their chemical and physical properties and 

are interchangeable with respect to their roles within the cell (Araki et al., 1991; 

Eichenberger, 1982).  In Chlamydomonas reinhardtii DGTS replaces the 

phosphatidylcholine in extraplastidic membranes (Riekhof et al., 2005).  DGTS is, 

due to its structural similarity, presumed to take on the functions of 

phosphatidylcholine as the major component of the extraplastidic membranes of 

these organisms (Moore et al., 2001; Sato, 1992).  Importantly, there is also 

evidence, that betaine lipids can substitute phosphatidylcholine in the membranes of 

bacteria and phytoplankton species under phosphorus deficiency (Hofmann and 

Eichenberger, 1996; Van Mooy et al., 2009).  

 

Interestingly, the loading plot of the Ndepos-PLSR model revealed another biomarker 

compound, m/z 520.339 ± 0.005, which seemed essential for establishing the model.  

This compound was identified as an octadecadienoyl-sn-glycero-3 phosphocholine, 

which is structurally very similar to the compound with an accurate mass of 

m/z 498.337 ± 0.005.  Both compounds elute in a similar retention time frame.  In 

addition, the compound with an accurate mass of m/z 520.339 ± 0.005 also shows 

two peaks eluting shortly after one another, which might be indicative of structural 

isomers, where the fatty acid moiety is either attached to the Sn-1 or Sn-2 position of 

the glycerol backbone.   

 

It was shown that the normalised integrated areas of m/z 520.339 ± 0.005 (PC) 

behaved differently in response to wet Ndepos (Figure 5.14c).  While the betaine lipid 

increased with increasing modelled wet Ndepos only up to a value of  
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22.3 kg ha-1yr-1 and then seemed to level off, the PC seemed to be down regulated at 

wet Ndepos values above 22.3 kg ha-1yr-1 (Figure 5.14c).  Taken together this would be 

indicative of a shift in lipid metabolism, i.e. that this particular phospholipid with  

the accurate mass of m/z 520.339 ± 0.005 is down regulated with higher wet Ndepos 

regimes and consequent phosphorus deficiency, while the structural related betaine 

lipid with the accurate mass of m/z 498.379 ± 0.005 is up-regulated.  Both lipids 

function as membrane lipids and are, as previously discussed, interchangeable.  This 

finding adds to the limited understanding of lipid biosynthesis under phosphorous 

limitation in C. portentosa and is in agreement with the literature published to date 

(Van Mooy et al., 2009).   

 

The PCA revealed that scores of LC-MS profiles from lichen collected from Yellow 

Craig (4.1 kg N ha-1yr-1) were distinct from other sites. The collection site at Yellow 

Craig is a coastal dune and it can be assumed that these lichen samples were exposed 

to more phosphorus from the atmosphere than samples collected from inland sites.  

This is due to the fact that major sources of atmospheric phosphorus include fine 

water spray which contains P, with oceans being the largest potential source 

(Newman, 1995).  Normally phosphorus concentrations are quite low in 

precipitation, with inputs of total phosphorus from the atmosphere (wet and dry 

deposition collected by funnels) ranging from 0.07 to 1.7 kg ha-1 yr-1  and thus vary 

widely from one site to another and one vegetation type to another (Newman, 1995).  

There is also some evidence that dry deposition contributes more phosphorus input 

than rain (Swank and Henderson, 1976; Tiedemann et al., 1980).  Certainly, 

phosphorus limitation is not only induced by nitrogen enrichment but also by the 

prevailing phosphorus deposition patterns at the respective collection site.  

Phosphorus is an essential element for the viability of all cells, being present in both 

nucleic acids and phospholipids as well as in other metabolites.  In addition 

phosphorus is essential for the energy and reduction equivalents such as ATP and 

NADPH respectively which are needed for the lichens anabolism.   

 

Hyvärinen and Crittenden (1998b) showed that C. portentosa has a considerable 

capacity for opportunistic uptake of inorganic PO4
3- from rainfall episodes.   Given 

the dearth of information on phosphorus deposition rates, however, it was not 
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possible to assess whether atmospheric supplies of phosphorus could meet the long-

term growth-led demand for this element.     

 

As lichen survive in many harsh environments it would be very reasonable for them 

to evolve strategies, in which they shift their lipid metabolism towards betaine lipids 

while down regulating their phospholipid metabolism at the same time, when dealing 

with environmental phosphate deficiency and nitrogen enrichment.  This strategy 

seems essential as it allows the lichen to maintain growth in the face of phosphorus 

limitation.  

 

The question arises as to why the alga continues to invest in producing 

phospholipids, especially under high nitrogen deposition.  Both lipids have a 

quaternary amine group within the head group in common.  The main difference 

between the head groups of phosphocholine and betaine lipids is the orthophosphate 

group.  Sato (1992) noted that the content of DGTS and that of PC seem to be 

reciprocal to each other.   It was found, that organisms that accumulate high levels of 

DGTS do not contain PC (e.g. Chlamydomonas reinhardtii) or contain very low 

levels of PC (e.g. Ulva pertusa) and this reciprocity between these two lipids was 

interpreted to indicate that DGTS has been progressively replaced by PC during the 

process of  evolution of green plants (Benning et al., 1995).  It appears that PC is a 

lipid that can confer some evolutionary advantage and might also be described as a 

higher quality class of lipid.  It is for example known, that metabolites derived from 

degradation of phospholipids are important intracellular signalling molecules 

involved in processes such as apoptosis (Milne et al., 2006).  Phosphorus is essential 

for growth and it is known that phosphorus is recycled within podetia of mat-forming 

lichens growing in nutrient poor habitats, migrating from degrading basal regions 

upwards to the growing apices following a source-sink relationship (Hyvärinen and 

Crittenden, 2000).  This might potentially illustrate a severe problem for lichen 

growing in habitats exposed to higher wet nitrogen deposition regimes, as 

phospholipids are down regulated in the apical tips due to increased wet nitrogen 

deposition and resulting phosphorus deficiency, and thus less phosphorus can be 

recycled from the degrading basal part.  The total phosphorus concentration in the 

apex (5 mm) as well as the total phosphorus concentration in the base (40 - 50 mm) 

in natural populations of C. portentosa were negatively related to modelled wet N 
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deposition (Hogan, 2009), which would be in good agreement with findings 

presented here, that betaine lipids are up- and PCs are down regulated in the apical 

tips of C. portentosa with increasing wet N deposition regimes.         

 

At the moment it is not clear if this shift is a genetic or a physiological adaption.  

Considering that the lichen are very slow growing organisms (Pegau, 1968) and thus 

were exposed to the respective wet N regimes for many years or decades would 

suggest a genetic adaptation.  However, three arguments resulting from targeted 

chemical analysis by Hogan (2009) could point towards a physiological adaptation: 

First, it was shown that shifts in N:P ratios and PME activity were induced at Whim 

Moss by addition of N over four years.  Second, these shifts in PME activities 

occurred in reciprocal transplant experiments.  Third, it was shown, that PME 

activities can be manipulated in pure cultures of the fungus (Hogan, 2009).  This 

evidence, however, does not preclude some genetic selection. 

 

Since Cladonia portentosa forms a symbiotic association with green alga (the 

phycobiont), the question arises as to whether only one or both organisms produce or 

contain DGTS/MGTS.  Since Chlorophyta in most cases contain this lipid while 

many fungal species do not contain DGTS, the alga Trebouxia sp. most probably 

contributes to the DGTS/MGTS content (Kuenzler and Eichenberger, 1997).  This, 

however, needs to be further investigated. 

 

Both partners need to adapt towards nitrogen enrichment and consequently 

phosphorus limitation.  This could happen differently in both partners.  The lichen 

fungus may adapt towards increasing wet N deposition regimes and phosphorus 

limitation by increasing PME activity (which was only found in the outer surface of 

the fungus) in order to utilise external organic phosphorus containing compounds in 

solutes and particles deposited onto the lichen as described by Hogan (2009).  The 

algal cells in contrast, are found beneath a comparatively loose network of fungal 

hyphae (Figure 2.3c, Chapter 2) and are thus not as directly exposed to phosphorus 

sources from the atmosphere, which it could utilise for its metabolism.  Inorganic 

phosphorus is essential for the alga which it requires for energy resources such as 

ATP, which is synthesised during photosynthesis and is further used for synthesis of 

sugar compounds within the Calvin Cycle.  Sugar compounds in turn are essential for 
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the heterotrophic fungus (Figure 5.24).   Thus, it is possible, that the algal partner 

compensates for the phosphorus deficiency by shifting membrane lipid synthesis 

from PCs towards betaine lipids.  As with PME activity, this shift is more likely to be 

triggered by phosphorus deficiency rather than direct nitrogen enrichment.  This 

however needs to be investigated further.  

 

It is not clear however, if the lichen fungus also contains DGTS/MGTS.  If this was 

the case another possible explanation could be, that the shift from 

phosphatidylcholine towards betaine lipids could be promoted indirectly by the PME 

enzyme, the activity of which was consistently located at hyphal lumina of Cladonia 

portentosa, perhaps indicating that this enzyme is located on the cell membrane and/ 

or innermost region of the hyphal wall.  The phosphocholine lipid is a 

phosphodiester, which initially could be hydrolysed by a phosphodiesterase, resulting 

in phosphatidic acid and choline.  The phosphatid acid in turn could then by 

hydrolysed by the PME enzyme, hydrolysing inorganic phosphorus.  It was 

suggested that PME activity might function more broadly in the cell lumen in the 

optimization of P-use efficiency, for example, by promoting turnover of cellular P 

(Hogan et al., 2010a).  The question arises as to whether phosphatidylcholines, 

which are major components of membranes, could be used in order to turn over 

phosphorus and essentially become modified towards betaine lipids? Nygren and 

Rosling (2009) found that PME activity in ectomycorrhizal fungi was highest in 

central parts of mycelia, potentially reflecting breakdown and recycling of 

phospholipids from old hyphae or potentially higher mycel density.  Under 

conditions of P deficiency phospholipids could potentially be replaced by betaine 

lipids, if they were present in the fungal partner of this symbiosis.    

 

The lichen fungus certainly benefits from the green alga by being provided with 

organic energy rich carbohydrates, which it utilises for its primary and secondary 

metabolism.  The carbohydrate flux (polyols in case of green alga lichens) from 

photobiont to mycobiont is well established (Smith and Douglas, 1987).  On the 

other hand no comparable flux of nutrients from the mycobiont to the photobionts 

has been demonstrated so far.  However, recent documentation of recycling of N and 

P in matforming lichens could provide first evidence for the metabolic flux from 

mycobiont to photobiont (Hyvärinen and Crittenden, 2000; Ellis et al., 2005).  The 
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question remains however, if the fungus serves as a reservoir of inorganic nutrients 

for the photobiont.  The possibility exists, that under phosphorus limitation   

phosphorus can be made available by the fungus for the alga by using external or 

internal sources with the help of increased PME activity (Hogan, 2009).  It could be 

hypothesised that internal sources could include phospholipids.  On the other hand, it 

cannot be ruled out, that solely the alga switches the lipid biosynthesis towards 

betaine lipids in order to adapt to phosphorus limitation due to limited supply of 

inorganic phosphorus by the fungus.  Whether the relationship between the two 

partners is mutualistic, i.e. where each individual derives a fitness benefit, is not 

clear.  Ahmadjian and Jacobs (1981) suggested for Cladonia cristatella, that the 

relationship between myco- and photobiont in this lichen is one of controlled 

parasitism, where both organisms are in equilibrium and where none or only minimal 

damage or disruption to the host organisms occurs.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24 Probable pathways leading to the major groups of lichen products (Ellix 

and Stocker-Woergoetter, 2006).   
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5.4.5  Biomarker compounds for Cladonia portentosa collected from 

Whim Moss 

Results obtained from the experimental field site Whim Moss can give an indication 

if nitrogen enrichment is causal for the production of the identified biomarkers in 

natural populations of C. portentosa.  However, since only a limited number of 

biological replicates for each treatment were available on the Whim Moss site, these 

results have to be treated with care. 

 

Biomarker compounds with accurate masses of m/z 736.612 and m/z 760.612 were 

significantly higher in terms of relative concentrations in samples exposed to  

32 kg NH4
+ ha-1yr-1 compared to control samples.  In contrast, no difference between 

control samples and samples exposed to 32 kg NO3
- ha-1yr-1 was observed for these 

two compounds.  These results would suggest that only NH4
+ leads to a physiological 

response of the two biomarker compounds with m/z 736.612 and m/z 760.612, which 

were also detected in natural populations of C. portentosa and could be indicative 

that NH4
+ is the preferred form of nitrogen taken up by lichens in comparison to 

NO3
- (Dahlmann et al.; 2002; Hauck; 2010).  In addition, these results would suggest 

causality between N enrichment and concentration of m/z 736.611 ± 0.005 and m/z 

760.611 ± 0.005.   Both compounds were identified as betaine lipids (see 5.4.3).  

 

Cladonia portentosa samples collected from Whim moss revealed an additional 

biomarker compound with m/z 422.315 ± 0.005, which was not observed in natural 

populations of C. portentosa collected from a range of sites across Great Britain.  

This compound showed, for both NO3
- and NH4

+ treatments, an inverse trend, i.e. 

they declined in response to the treatment using 32 kg ha-1yr-1 of either form of N.  

The identity of this compound was not determined and further work is needed for its 

identification.  Physiological responses which could not be distinguished between 

NO3
- and NH4

+ input were also reported by Hogan et al. (2010b) for Cladonia 

portentosa and by Phyal et al. (2008) for the moss Hypnum jutlandicum.   

 

Interestingly, two of the identified biomarker compounds with accurate masses of 

m/z 498.337 ± 0.005 and m/z 520.339 ± 0.005 observed in natural populations did not 
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show shifts in their relative concentrations in the Whim moss samples.  Hogan et al. 

(2010b) found that the concentration of phosphorus in thalli was unaffected by N 

enrichment and it seems reasonable that consequently no shifts in these two 

biomarkers were found.  A suggested explanation for the unmodified [P]tiss by Hogan 

et al. (2010b) is that N enrichment did not stimulate lichen growth rate and hence 

growth dilution of [P]tiss occurred.  If it did, however, additional P supply could have 

been secured by increased efficiency such as scavenging from the environment, 

recycling (Hyvärinen and Crittenden, 2000) or increased PME activity (Hogan et al. 

2010b).  Regarding the latter, with the help of the present data, it can be assumed that 

PME in case of the Whim moss samples only uses external organic phosphorus 

sources, rather than using internal sources (Hogan, 2009) such as phospholipids to 

cover their phosphorus demand.  In contrast to the WHIM moss study site, natural 

populations of C. portentosa were collected from different ecosystems, where it is 

likely that atmospheric phosphorus deposition varied, with for example higher 

deposition rates at coastal sites, as discussed previously.  The results obtained in the 

present study clearly indicate a direct link between tissue phosphorus concentration 

and PC content.         

 

5.4.6  Biosynthesis & metabolic pathways 

From the present results it is unclear where and how the lipid synthesis is changed on 

a genetic as well as on a metabolic level and only suggestions can be made by 

reference to the literature.  As for increased PME activity (Hogan, 2009), an 

increased demand for P is very likely to be the primary stimulus for the shift from 

phosphocholine lipids towards betaine lipids, rather than a direct response to 

increased N availability.  Sato (1988) showed in Chlamydomonas reinhardtii, which 

contains high levels of DGTS and virtually no phosphatidylcholines, that  

L-methionine is a precursor to the polar group of DGTS.  Furthermore, it was shown, 

that L-methionine was also selectively incorporated into the polar group of DGTS in 

the cultured cells of the liverwort Marchantia spp., which contains low levels of 

DGTS but a higher level of PC (Sato and Kato, 1988).   These two findings could 

point to the generality of the role of methionine in the biosynthesis of DGTS.  
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Methionine is a sulphur-containing, essential amino acid, which animals cannot 

synthesize.  In bacteria and plants, methionine is synthesized from aspartate.  S-

adenosylmethionine (SAM), synthesized from methionine and ATP, is a methyl 

group donor in many important transfer reactions including DNA methylation for 

regulation of gene expression (KEGG,  

http://www.genome.jp/kegg/pathway/map/map00270.html, Figure 5.27).   

 

Boelling and Fiehn (2005), using GC-MS in combination with PCA, showed that the 

single celled green algae Chlamydomonas reinhardtii, which were subjected to 

phosphorus depleted growth conditions, had highly distinctive metabolic profiles.  

Phosphate removal resulted in a significant rise in the intracellular cysteine pool that 

was 25-fold higher than with cells cultured in standard medium.  Cysteine is a 

sulphur containing amino acid and is also part of the methionine biosynthetic 

pathway (Figure 5.27), which is the pre-cursor for the functional group of the betaine 

lipid (Hofmann and Eichenberger, 1996).  Thus, these results fit in the bigger 

metabolic picture of up-regulation of betaine lipids in response to phosphorus 

deficiency in single celled green algae.  Changes in smaller metabolites such as 

cysteine were not discovered by applying PCA to the metabolite profiles in the 

present study.  On the other hand, Boelling and Fiehn (2005) did not detect changes 

of betaine lipids in this organism although the presence of betaine lipids in 

Chlamydomonas reinhardtii is well known (Eichenberger, 1982; Moore et al., 2001; 

Riekhof et al., 2005; Sato, 1988).  This is likely due to the fact, that only m/z 85 - 

500 were measured, although the accurate mass of m/z 498.379 is still in this range.  

However, GC-MS is not the preferred method for analysing lipids, due to the 

difficulty of volatilisation.     

 

Vogel and Eichenberger (1992) demonstrated in the alga Ochromonas danica, that 

DGTA is synthesized via DGTS by conversion of the N,N,N-trimethylhomoserine 

moiety to a hydroxy methyl-N,N,N-trimethyl-β-alanine moiety, via decarboxylation 

and a re-introduction of a new carboxyl group.  Similar results were shown for 

Cryptomonas sp. (Sato, 1991) 

  

While previous work on the bacterium Rhodobacter sphaeroides resulted in the 

identification of two gene products BtaA and BtaB required for phosphate stress-
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induced DGTS production (Klug and Benning, 2001), work on the single celled 

green algae Chlamydomonas reinhardtii by Riekhof et al. (2005) showed, that only 

one gene product (BTA1Cr), encompassing both activities, was required for the 

betaine lipid synthesis (Figure 5.25).  While the gene product RsBtaA was proposed 

to function as an Ado-Met/Diacylglycerol 3-amino-3-caroxylpropyl transferase, 

RsBtaB was identified as a trifunctional AdoMet-dependent N-methyltransferase.  

Interestingly, RsBtaB showed a high degree of sequence similarity to RsPmtA, which 

produces phosphatidylcholine by N-trimethylation of phosphatidylethanolamine 

(Arondel et al., 1993).  This might give some indication, that phosphatidylcholine 

and betaine lipid biosynthetic pathways are tightly coupled (as shown in Figure 

5.26).    

 

Metabolites can also be related by their molecular structure and the fact that they are 

built up by other metabolites, which can be visualised in maps or biochemical 

pathways describing the linkage between metabolite reactions.  Such databases 

provide a powerful visualization tool for the biological context of functional 

information and one example is the Kyoto Encyclopedia of Genes and Genomes 

(KEGG; Kanehisa and Goto, 2000; Kanehisa et al., 2006; Kanehisa et al., 2010).  

Although KEGG does have several metabolic pathways for model organisms, the 

metabolic pathway for DGTS synthesis was only recently added to the 

glycerophospholipid metabolism map 00564 of Chlamydomonas reinhardtii (Yuriko 

Matsuura, KEGG, pers. email comm., 20th April 2010).  

 

There is a good understanding of the pathways of primary metabolism for plant 

model organisms.  However, the understanding of primary metabolisms, secondary 

metabolism and the regulation of metabolic flux in general is poor for lichens, since 

no detailed metabolomics studies have been previously performed. This is an area 

which therefore requires further research if we are to better understand metabolic 

adaptations to environmental perturbations.   
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Figure 5.25 Hypothesis by Klug and Benning (2001) for the function of BtaA and 

BtaB in diacylglycerol-O-(N,N,N-trimethyl)-homoserine (DGTS) biosynthesis in 

Rhodobacter spheroids.  In contrast, Chlamydomonas only contains the CrBTA1 

protein, which is a fusion of BtaA and BtaB-like domains (Riekhof et al., 2005).  

DAG - diacylglycerl; 5’-MTA - 5’Methylthioadenosine; S-AHC S-

adenosylhomocysteine; SAM – S-adenosylmethionine. 

DAG

CH2

HC

H2C O

O+H3N

C
OHO

R1

O

O R2

O

CH2

HC

H2C O

HO

R1

O

O R2

O

CH2

HC

H2C O

ON+

C
OHO

R1

O

O R2

O

CH3

H3C

CH3

RsBtaA + SAM
CrBTA1

RsBtaB + 3 SAM
CrBTA1

DGHS + 5’-MTA

DGTS + 3 S-AHC

-OOC

NH3
+

SH
CH3

Adenosin



 
 
 
 

Chapter 5 
 
 
 

 231 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.26  Pathways of the glycerophospholipid metabolism in the endoplasmatic reticulum of Chlamydomonas reinhardtii (Kanehisa and 

Goto, 2000; Kanehisa et al., 2006; Kanehisa et al., 2010).  The red marked area indicates the biosynthetic steps for the synthesis of 

diacylglycerol-O-(N,N,N-trimethyl)-homoserine (DGTS).  The pathway was taken from 

http://www.genome.jp/kegg/pathway/map/map00564.html.   
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Figure 5.27 Cysteine and methionine metabolism in the model organism 

Chlamydomonas reinhardtii (Kanehisa and Goto, 2000; Kanehisa et al., 2006; 

Kanehisa et al., 2010).  The pathway map was taken from 

http://www.genome.jp/kegg/pathway/map/map00270.html .   
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5.5 Summary and Conclusion 

This is the first study presenting metabolic profiles of a lichen.  In this case the 

lichen C. portentosa studied was exposed to different natural wet Ndepos regimes.  

Although the extraction method is slightly biased towards semi-polar compounds, 

the applied metabolite profiling approach involves the detection of a wider field of 

metabolites compared to targeted chemical analysis.  Three structurally related 

compounds, namely betaine lipids, were identified in natural populations of 

Cladonia portentosa with the help of PCA and PLSR, which not only showed a 

significant positive correlation with Ndepos and PPT, but were also significantly 

different from each other in their relative concentrations.  In contrast, the identified 

phosphatidylcholine with a octadecadienoate moiety showed the opposite trend.  

Prior to the experiment, the importance of these betaine lipids for this lichen in 

response to increasing wet Ndepos and PPT was unknown and could not have been 

found without a fairly global metabolomics  approach.  LC-MS analysis in 

combination with PCA of natural population samples of Cladonia portentosa 

indicated an up-regulation of two types of DGTS (m/z 760.612 ± 0.005 and  

m/z 736.612 ± 0.005) which were also identified in samples of C. portentosa 

collected from the field N manipulation experiment site Whim Moss and thus 

establishes causality between nitrogen enrichment and increased betaine lipid 

content.  In contrast, metabolic shifts of a MGTS (m/z 498.337 ± 0.005) and a PC 

(m/z 520.339 ± 0.005) were only observed in natural populations of C. portentosa, 

indicating that N enrichment alone is not causing these observed metabolic shifts, 

but rather phosphorus limitation.  On the other hand an unknown component 

indicative for nitrogen enrichment was observed in Cladonia portentosa samples 

collected from the Whim Moss site, which showed the opposite trend (like the PC), 

i.e. lower absolute concentrations with higher nitrogen enrichment.  The regulatory 

mechanisms is, however unclear.  In order to elucidate the regulatory mechanism, it 

will be necessary to isolate both symbionts and examine them regarding their 

DGTS/MGTS lipid content.  Once this is known, the isolation of genes involved in 

the biosynthesis of specific lipids would be required.  Studying the expression of 

these genes may provide clues about the process by which the lichen alters its 
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membrane composition in response to different wet nitrogen and phosphorus 

regimes.     
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6 General Discussion 

The work presented here was initially inspired by the hypothesis driven targeted 

chemical analysis of natural populations of Cladonia portentosa.  Published work 

showed alterations in bulk biochemical variables such as tissue N, P, 

phosphomonoesterase (PME) activity and also phosphate and nitrogen uptake 

kinetics with increased wet Ndepos from 4.1 to 32.8 kg ha-1yr-1 (Hogan, 2009).  In 

order to gain a broader picture of the influence of different wet nitrogen regimes on 

the metabolism, a metabolomics approach was applied.  In particular metabolite 

classes and also specific metabolites were considered.  This thesis therefore 

represents a combination of inductive and also hypothesis-driven (deductive) science 

(Kell and Oliver, 2003).   

 

The results presented here clearly show metabolic differences in natural populations 

of C. portentosa collected from different wet N deposition and precipitation regimes.  

These differences were detected using targeted chemical analysis, metabolic 

fingerprinting and metabolic profiling techniques.  Each analytical approach lead to 

more specific information about metabolic alterations ranging from the broad 

chemical parameter tissue N to alterations in specific classes of metabolites (such as 

amides, polysaccharides and quaternary amines) to specific lipids (betaines and 

phosphatidylcholine).  Although the presence of betaine lipids in cryptogams is well 

known (Kuenzler and Eichenberger, 1997), the three betaine lipids, including MGTS 

(C16:0) and the two DGTS lipids, which differed in their fatty acid composition 

(DGTS1: C16:0 and C18:2; DGTS2: 2 x C18:2) have not been reported previously in 

C. portentosa.  Importantly, the MGTS and the PC are very similar in structure 

differing only in the composition of the polar head group.  While the betaine lipids 

identified showed an increased trend with increasing wet Ndepos regimes, the PC 

showed the opposite trend.  The down regulation of the identified PC in natural 

populations of C. portentosa is in agreement with Hogan (2009), who detected a 

negative relationship between tissue phosphorus concentration in apices and bases 

with modelled wet Ndepos in natural populations of C. portentosa.  
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It should be emphasised, that prior to using this global metabolomics approach the 

betaine and phosphatidylcholine lipids identified in Cladonia portentosa were not 

known as metabolites of  nitrogen enrichment and subsequent phosphorus deficiency 

and therefore any ecological advantage obtained from the regulation of these 

compounds could not be postulated.  It is unlikely that such findings would have 

been possible using a purely targeted chemical analytical approach.  

 

In this study it was shown, that the two analytical techniques, FTIR in combination 

with LC-MS, were complementary.  As PCA may fail to pick up on biologically 

significant effects that do not represent a large proportion of the variance (Bundy et 

al., 2007), PLSR was also applied to the data sets generated.  PCA and PLSR of the 

FTIR data indicated changes in quaternary amines whereas the same statistical 

techniques used for the LC-MS data resulted in the identification of betaine lipids 

(BL) and phosphatidylcholines (PC).  Importantly, both BL and PC have a 

quaternary amine functionality in their structure.   

 

Strikingly, relationships of [N]tiss, FTIR biomarker classes and LC-MS biomarker 

compounds were stronger with respect to modelled wet N deposition and 

precipitation data than to [N]ppt.  Such differential responses to Ndepos and [N]ppt are 

supported by studies of Hogan et al. (2010a) and Hyvärinen and Crittenden (1998a) 

who found that Ndepos was a better correlate than [N]ppt for [N]tiss in C. portentosa.  

Together, this evidence makes a strong case for suggesting that C. portentosa has 

optimised N capture and usage in metabolism preferentially in response to N 

availability delivered from wet sources, at least under the ranges of Ndepos, [N]ppt and 

PPT included in this study.  Additionally, this emphasises that precipitation is 

essential for metabolic activity (Nash III, 2008).     

 

An important question to address was, if wet Ndepos was the cause for the differential 

presence of the biomarkers identified and presented here.  This was important as the 

lichens used were collected directly from the environment where many other 

physical (e.g. temperature, precipitation, or radiation) (Nybakken and Julkunen-

Tiitto, 2006) as well as biological parameters (e.g. species competition in different 

ecosystems, canopy effect, reindeer grazing) (Stevens et al.; 2004; Reiners et al. 

1984; Hyvärinen et al. 2002) as discussed in Chapter 2, may have lead to metabolic 
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alterations in the natural populations of C. portentosa.  Important differences in 

metabolites, however, can be teased apart by comparing data sets from uncontrolled 

populations with those of controlled laboratory or field studies (Miller, 2006).  

Consequently, populations of C. portentosa were collected from the Whim Moss N 

manipulation site (controlled experimental site) and their LC-MS profiles compared 

with those obtained from natural populations of C. portentosa (Chapter 5).     

  

The results obtained for the C. portentosa samples collected from Whim moss 

indicated that the artificial supply of NH4
+ and NH3 are causal for the up-regulation 

of the two DGTS lipids with m/z 736.612 ± 0.005 and m/z 760.611 ± 0.005, which 

were also identified in natural populations of C. portentosa.  In addition, a new 

biomarker compound, m/z 422.315 ± 0.005, was identified, which appeared to be 

down regulated with increasing NH4
+ supply and stronger NH3 fumigation.  The 

identity of this compound was not established and further work on the structural 

elucidation of this compound is required.  Importantly, differences in the biomarkers 

were only seen between control samples and samples exposed to 32 kg NH4
+ ha-1yr-1, 

which might be mainly due to the limited number of biological replicates for the  

64 kg ha-1yr-1 treatment.  However, it is also possible to propose a physiological 

threshold.  Regarding the two biomarker compounds (DGTS), only NH4
+ lead to a 

physiological response in up-regulating the two DGTS lipids, which points towards 

the idea that NH4
+ is the preferred form of nitrogen uptake by lichens in comparison 

to NO3
- (Dahlmann et al.; 2002; Hauck; 2010). 

  

In contrast, the biomarker compounds identified in natural populations of  

C. portentosa with m/z 498.337 ± 0.005 (MGTS) as well as m/z 520.339 ± 0.005 

(PC) did not appear to be up- or down regulated in response to increasing wet N 

enrichment or dry NH3 fumigation.  Interestingly, Hogan (2010b) found in C. 

portentosa samples collected from the Whim moss site, that the concentration of 

tissue phosphorus in thalli was unaffected by wet Ndepos and consequently it seems 

reasonable that no shift in the two biomarkers (PC and MGTS) were found in the 

Whim moss samples.  A suggested explanation for the unmodified tissue phosphorus 

concentration is that N enrichment did not stimulate lichen growth rate and hence 

growth dilution of [P]tiss occurred (Hogan et al., 2010b).  If it did, however, 

additional P supply could have been secured by increased metabolic efficiency such 
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as scavenging from the environment, recycling (Hyvärinen and Crittenden, 2000) or 

increased PME activity (Hogan et al., 2010b), without using internal resources in the 

apices.  In addition, natural populations of C. portentosa were collected from 

different ecosystems, where it is likely that atmospheric phosphorus deposition 

varied, with for example higher deposition rates at coastal sites, as discussed 

previously (Newman, 1995).  It can be assumed, that the MGTS/PC biomarker ratio 

results from direct effects of phosphorus deficiency which is indirectly related to 

nitrogen enrichment.  Betaine lipids can substitute phosphatidylcholines under 

phosphorus deficiency, which is in agreement with previous studies (Hofmann and 

Eichenberger, 1996; Van Moy et al., 2009).  The results obtained here clearly 

indicate, that tissue phosphorus content of the apices of C. portentosa (Hogan et al., 

2010b) is closely linked to PC content, as shown in Chapter 5.     

 

At present it is not clear if only the alga, the fungus or both partners of the symbiosis 

produce the betaine lipids.  Most Chlorophyta contain diacylglycerol-(N,N,N 

trimethyl)-homoserine (DGTS) and thus it can be assumed that the alga Trebouxia 

spp. most probably contributes to the DGTS content as many fungal species do not 

contain DGTS (Kuenzler and Eichenberger, 1997).  If this was the case, the two 

partners of the symbiosis may have different adaptation strategies to phosphorus 

deficiency resulting from increasing wet N deposition and interlinked phosphorus 

deficiency.  The fungus would increase PME activity, as shown by Hogan (2009) 

while the alga replaces phosphatidylchloline lipids with betaine lipids.  Such 

different physiological responses of both partners seem reasonable, as different 

responses of fungal and algal growth to N and P fertilisation have previously been 

observed, suggesting that the tissue nutrient content, and particularly the nutrient 

balances, effect resource allocation in the lichen thallus (Makkonen et al., 2007) .   

 

On the other hand, the possibility exists that the fungus also produces betaine lipids, 

considering that it contributes about 90% to this symbiosis (Smith and Douglas, 

1987).  Thus, an alternative hypothesis could be that the shift from 

phosphatidylcholine lipids towards betaine lipids in the fungus could be indirectly 

promoted by the enzyme PME, which was solely found in the mycobiont (Hogan, 

2009).  The Whim moss results obtained by Hogan et al. (2010b) showed that PME 

activity was up-regulated, while tissue phosphorus concentration remained similar.  
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The results obtained here showed that the MGTS/PC ratio was not changed with 

different wet N regimes and could indicate that PME is not using indirectly PCs 

under those defined conditions, but rather external phosphorus sources (Hogan et al., 

2010b).  The possibility however, that PME indirectly hydrolyses PCs under severe 

phosphorus limitation cannot be ruled out.  In order to test this hypothesis, a crucial 

step for future work involves the separation of the fungus and the alga and the 

analysis of the lipid content of both partners.  

     

Since C. portentosa is a perennial, slow growing organism, achieving on average a 

few mm new growth per year (Crittenden, 1994; Purvis, 2007), metabolic shifts 

detected in natural populations of C. portentosa represent a along term adaptation.  

From the results presented here it cannot be conclusively determined whether the 

metabolic alterations are due to phenotypic plasticity or genetic adaptation.  The 

results obtained from samples collected from Whim moss, however, would point 

towards phenotypic plasticity, at least for the two DGTS betaine lipids, assuming that 

it is unlikely that within the five years in which the experiment has been running, no 

genetic adaptation is possible.  To be certain, however, it would be essential to 

perform a reciprocal transplantation experiment, where lichen populations from a 

low wet N deposition background are transplanted to an environment with high wet 

N deposition values and vice versa in order to investigate on what time scales this 

change occurs.  Hogan (2009) performed such a transplantation experiment and 

could show that a period of between six and 12 months was sufficient to detect 

changes in the PME response of C. portentosa to altered N supply at all depths of the 

thallus.  Assuming that PME activity was indirectly coupled to the hydrolysis of PC 

lipids and subsequent replacement with betaine lipids, a similar time duration would 

apply for betaine lipids as biomarkers and thus indicates that biomarkers are a result 

of phenotypic plasticity rather than genetic adaptation. 

 

Reciprocal transplant experiments can conveniently detect comparatively rapid 

lichen responses to variation in atmospheric chemistry (Hogan, 2009).  Rather than 

looking at a targeted chemical responses, future studies should initially use FTIR 

fingerprinting as a rapid method to look at metabolic differences during more and 

also shorter time intervals, including three, six, nine, twelve and eighteen months.  It 

would be interesting to investigate the metabolic behaviour even after 18 months in 



Chapter 6 

 240

order to see how the metabolism is changing in a different N pollution environment 

after long time exposure.  If metabolic differences are detected with the help of FTIR 

it would be recommended to use a metabolite profiling technique, depending on the 

broad metabolite class identified.  Transplantation experiments as such would give 

some indication of the adaptive behaviour of the lichen and on what time scale the 

identified biomarker response appears.   

 

For a mechanistic understanding, it would be necessary to isolate genes from the 

individual partners involved in the biosynthesis of DGTS lipids. Work on the 

bacterium Rhobacter sphaeroides identified genes that are required for the 

biosynthesis of DGTS (Klug and Benning 2001).  Their work resulted in the 

identification of an operon containing two open-reading frames, designated btaA and 

btaB, which appeared to be necessary for DGTS accumulation during phosphate 

deprivation in this bacterium.  While the gene product RsBtaA was proposed to 

function as an Ado-Met/Diacylglycerol 3-amino-3-carboxypropyl transferase, 

RsBtaB was identified as a trifunctional AdoMet-dependent N-methyltransferase.  

DGTS is synthesised via the same pathway found in eukaryotic organisms (Hofman 

and Eichenberger, 1996) and so it can be assumed that the sequences for the two 

genes are at least similar.  Interestingly, RsBtaB showed a high degree of sequence 

similarity to RsPmtA, which produces phosphatidylcholine by N-trimethylation of 

phosphatidyl ethanolamine (Arondel et al., 1993).  In addition, the genes involved in 

the synthesis of phosphatidylcholines should be isolated in order to compare their 

expression in samples collected from different sites within the UK with the help of 

microarrays.  Studying the expression of these genes may provide some clues about 

the processes by which the lichen alters its membrane composition in response to 

different artificially applied wet nitrogen and phosphorus regimes.   

 

The steps of the metabolic pathway for the production of betaine lipids is still unclear 

in the lichen C. portentosa and at present only information from model organisms 

such as Chlamydomonas reinhardtti, which is similar to the single celled green alga 

Trebouxia spp., can be used.  Even though Chlamydomonas reinhardtii is a well 

studied model organism and well known for its betaine lipid content (Riekhof et al., 

2005; Sato, 1988), the KEGG database only recently updated the metabolic pathway  
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for this organisms to include the betaine lipid pathway (Yuriko Matsuura, KEGG, 

pers. email comm., 20th April 2010; map 00564).    

 

The environmental metabolomics approach applied for the present study 

demonstrated an excellent tool to study metabolic alterations in the air pollution 

sensitive lichen Cladonia portentosa to different wet nitrogen regimes and revealed 

some novel biomarker compounds.  The identified biomarkers still need to be 

validated further (see discussion above), but could be used for subsequent 

environmental diagnostics.  In particular, the identified MGTS/PC biomarker ratio 

could potentially be used as an environmental monitoring tool to identify severe 

phosphorus limitation, which is caused by nitrogen enrichment (Gűswell, 2004) but 

also prevailing atmospheric phosphorus conditions (Newman, 1995).  In addition, the 

MGTS/PC ratio could be, as the N:P ratio, used to identify critical nitrogen loads 

(Hogan, 2009).  Strikingly, it was observed, that an increase in wet inorganic Ndepos > 

c. 22.3 kg ha-1yr-1 was not associated with a further increase in relative 

concentrations of the betaine lipids (Chapter 5).  The MGTS/PC ratio reached a 

maximum of ~52 at 22.3 kg ha-1yr-1, where after it decreased to ~ 15 and remained 

constant for the two highest wet Ndepos loads (29.7 and 32.8 kg ha-1yr-1).  

Interestingly, this Ndepos value falls within the upper values of critical nitrogen loads 

in upland moorland, forests and coastal habitats (Ackermann and Bobbink, 2002; 

Bobink et al., 2002).  Thus, the critical load was also reflected on a metabolic level, 

in particular mirrored in the MGTS/PC ratio and could thus potentially be used as an 

alternative to determine nitrogen critical loads which are linked to phosphorus 

deficiency.  The method developed here for LC-MS analysis could provide a 

straightforward and easy method to determine this ratio, which is potentially quicker 

than using fluorometric and spectroscopic methods individually for the determination 

of tissue nitrogen and phosphorus (Hogan, 2009).    
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8 Appendices 

Appendix 1 Measured elemental parameters of apical tips of Cladonia portentosa.   

Parameter Site Average Std. 
[N]tiss (%) 4.1 0.59 0.17 
 7.3 0.49 0.10 
 7.6 0.77 0.11 
 8.1 0.98 0.17 
 8.4 0.51 0.11 
 8.7 1.01 0.27 
 9.7 0.53 0.07 
 9.8 0.90 0.17 
 9.9 0.99 0.10 
 15.8 1.06 0.23 
 22.3 0.95 0.12 
 29.7 1.02 0.08 
 32.8 1.00 0.06 
Ctiss (%) 4.1 43.09 27.61 
 7.3 43.16 17.87 
 7.6 43.57 9.09 
 8.1 39.40 1.72 
 8.4 42.66 16.11 
 8.7 44.00 14.88 
 9.7 44.00 11.97 
 9.8 41.24 7.15 
 9.9 42.24 3.98 
 15.8 42.11 7.86 
 22.3 43.81 6.11 
 29.7 43.30 3.01 
 32.8 42.40 2.88 
C/Ntiss  4.1 79.65 27.61 
 7.3 90.05 17.87 
 7.6 57.32 9.09 
 8.1 40.23 1.72 
 8.4 85.59 16.11 
 8.7 57.45 34.60 
 9.7 83.56 11.97 
 9.8 46.65 7.15 
 9.9 42.81 3.98 
 15.8 41.01 7.86 
 22.3 46.75 6.11 
 29.7 42.54 3.24 
 32.8 42.67 2.88 
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Appendix 2 Anderson-Darling normality test result of modelled environmental 

and biological variables. 

Variable Site number (n) P-Value Distribution 
Ndepos 25 0.000 - 
 7 0.086 normal 
 10 0.226 normal 
 13 0.001 - 
 6 0.853 normal 
 8 0.401 normal 
[N]ppt 25 0.281 normal 
 7 0.056 normal 
 10 0.526 normal 
 13 0.254 normal 
 6 0.128 normal 
 8 0.659 normal 
PPT 25 0.001 - 
 7 0.069 normal 
 10 0.000 - 
 13 0.055 normal 
 6 0.801 normal 
 8 0.019 - 
[N]tiss 13 0.008 (0.048*) - (-) 
 6 0.007 (0.009*) - (-) 
 8 0.135 (0.279*) normal (normal) 
C:Ntiss 13 0.004 (0.000*) - (-) 
 6 0.000 (0.001*) - (-) 
 8 0.047 (0.012*) - (-) 
Ndepos(m) 9 0.855 (0.443†) normal (normal) 
[N]ppt(m) 9 0.030 (0.339†) - (normal) 
PPT(m) 9 0.016 (0.009†) - (-) 
    

*individual values, † distribution of modelled values for the 
“measured sites”. 
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Appendix 3 Distribution of inter-site differences for all 25 and 13 sampling 

locations and differences of environmental parameters along specific Ndepos and 

[N]ppt gradients. 

Differences Site number (n) P-Value Distribution 
Distance 25 0.000 - 
 13 0.032 - 
 9 (7) 0.064 normal 
 6 0.191 normal 
 10 0.000 - 
 8 0.119 normal 
Ndepos 25 0.000 - 
 13 0.000 - 
 7 0.051 normal 
 6 0.666 normal 
[N]ppt 25 0.183 normal 
 13 0.416 normal 
 10 0.442 normal 
 8 0.698 normal 
PPT 25 0.001 - 
 13 0.306 normal 
 9 (7) 0.026 - 
 6 0.769 normal 
 12 (10) 0.000 - 
 8 0.138 normal 
[N]tiss 25 0.106 normal 
 13 0.032 - 
 6 0.002 - 
 8 0.000 - 
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Appendix 4 PLSR results for wet Ndepos using smoothed, vector-normalised and mean centred FTIR spectra (4500 - 500 cm-1). 
         
 PE PP Test Set RMSEP Training RMSEE Rank Parameterisation 
25 Sites - SS 3 2nd DV 42.25 6.16 68.5 3.82 9 4100-3700,3300-2900,2100-1300 

 3 1st DV 44.18 5.97 23.52 5.8 4 4500-4100,3302-2500,1700-1300 
 3 NSD 27.53 4.4 19.69 6.88 3 3700-3300,1700-1300 
25 – CV (1)  1st + MSC 37.76 5.56 51.04 5.03 8 4500-2500,2100-900 
25 Sites - IS 3  

 
1st DV 53.17 4.36 

 
53.73 
 

5.12 
 

9 3300-2500,2102-900 

 3 MSC 30.66 5.29 23.01 6.47 2 3701-2900, 2500-2100,1700-1300 
 3 1st DV 24.55 5.59 30.7 6.13 3 3701-2900, 2500-2100,1700-1300 
13 Sites - SS 0 1st DV -35.05 10.7 24.35 7.76 1 3008-2854,1682-1560,1200-1080,960-839 
 0 1st DV 46.19 7.87 39.34 6.35 4 3008-2854,1682-1560,1200-1080,960-839 
 0 1st DV -5.62 6.93 20.15 8.60 1 3008-2854,1682-1560,1200-1080,960-839 
13 Sites - IS 0 1st DV 45.27 6.38 46.19 6.85 4 3008-2854,1682-1560,1200-1080,960-839 
 0 1st DV 47.68 6.3 64.75 5.62 7 3008-2854,1682-1560,1200-1080,960-839 
 0 1st DV 53.52 5.9 46.58 6.86 5 3008-2854,1682-1560,1200-1080,960-839 
7 Sites - IS 0 1st DV 71.19 5.7 65.97 6.71 6 3700-3300,2100-1700,1300-900 
 0 1st DV 52.01 7.36 62.36 7.06 6 3700-3300,2100-1700,1300-900 
 0 1st DV 55.33 7.1 57.52 7.22 3 3300-2900,2500-2100, 1700-1298 
6 Sites -IS 0 1st DV+MSC 63.95 6.19 65.29 6.28 2 4100-3700,3300-2500,2100-900 
 0 1st DV 76.56 4.99 80.57 5.18 8 2100-1700,1300-900 
 0 NSD 71.14 5.54 58.21 7.11 4 4500-3700,2900-2500,1700-1300 
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Appendix 5 PLSR results for Ndepos using smoothed, vector normalised, mean centred and cut FTIR spectra (1800 - 600 cm-1). † graphical 
display 
         
 PE PP Test Set (R2) RMSEP /RMSECV Training (R2) RMSEE Rank Parameterisation 
25 Sites -SS 1 1st DV + MSC 53.43 5.87 41.25 5.29 7 1800-1560,1082-958 
 1 1st DV + MSC 44.00 6.26 52.00 4.85 8 1801-1560,1082-958,840-600 
 1 NSD 34.52 7.23 36.73 5.12 7 1681-1560-1321-1200,960-840 
CV (1) 1 NSD 38.41 5.75 48.37 5.39 9 1800-1560, 1442-1319,1200-958 
25 Sites -IS 1 1st DV + MSC 49.37 5.30 46.5 5.47 6 1800-1560,1200-719 
 1 NSD 54.07 5.50 45.53 5.57 6 1800-560,1321-959,841-719 
 1 NSD 43.03 5.63 44.31 5.6 5 1801-1560,1200-1080 
13 Sites - SS 0 1st DV 57.50 6.90 47.1 6.00 4 1761-1560,1302-1200,960-841 
 0 1st DV 49.30 6.90 62.4 5.5 6 1761-1560,1302-1200,960-841 
 0 1st DV 45.90 7.20 51.2 5.7 5 1761-1560,1302-1200,960-841 
13 Sites -IS 0 1st DV 64.30 5.40 61.2 5.8 6 1682-1560,1200-1080,960-839 
 0 1st DV 44.70 6.80 61.4 5.7 6 1682-1560,1200-1080,960-839 
 0 1st DV 52.40 6.30 52.8 6.3 5 1682-1560,1200-1080,960-839 
7 Sites - IS 0 MSC 60.38 6.69 51.1 7.74 3 1800-1560,721-600 
 0 NSD 79.18 4.85 76.92 5.77 9 1800-1680,1442-1320,1000-1080,960-840 

 0 MSC 75.90 5.22 72.38 6.13 7 1800-1680,1442-1320,1200-840 
6 Sites -IS 0† 2nd DV 68.39 5.80 75.43 5.54 5 1800-1680,1200-719 
 0 2nd DV 69.01 5.75 80.71 4.91 5 1800-1680,1200-719 
 0 1st DV 52.06 7.14 79.43 4.99 4 1800-1680,1200-719 
CV (1) 0 2nd DV 70.76 5.54 83.81 4.43 6 1800-1560,1200-1080,960-839 

 
         
CV(5) 0 MSC 73.57 5.27 87.17 3.98 7 1800-1560,1442-1320,1200-958,840-719 
CV(10) 0 MSC 72.19 5.41 87.17 3.98 7 1800-1560,1442-1320,1200-958,840-719 
CV(15) 0 NSD 69.6 5.65 87.17 3.98 7 1800-1560,1442-1320,1200-958,840-719 

CV (20) 0 NSD 65.86 5.99 87.72 3.98 5 1800-1560,1442-1320,1200-958,840-719 
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Appendix 6 PLSR results for [N]ppt using smoothed, vector normalised and mean centred FTIR spectra (4500 - 500 cm-1). 
         
 PE PP Test Set (R2) RMSEP Training (R2) RMSEE Rank Parameterisation 

25 Sites -SS 3† 1st DV + MSC 7.39 0.267 2.632 0.499 1 4100-3700,2100-1700 

 3 NSD 34.83 0.308 36.69 0.391 9 4500-4100,3700-2500 

   35.84 0.415 39.13 0.338 8 4100-3700,2900-2500, 1700-1300 
25 Sites -IS 3 1st DV + MSC† 34.33 0.365 62.02 0.29 10 3700-900 
 3 2nd DV 38.05 0.353 42.64 0.35 4 4500-1300 
 3 MSC 50.42 0.324 43.07 0.352 9 3700-900 
13 Sites -SS 0 1st DV 5.124 0.423 56.76 0.287 8 4500-4100, 1700-900 
 0 MSC 24.81 0.262 47.28 0.383 7 4100-2100, 1300-900 
 0 2nd DV 23.62 0.327 25.67 0.413 3 3300-2900 
13 Sites -IS 0 1st DV 63.21 0.275 68.39 0.271 9 4500-4100, 3300-2500, 2100-1300 
 0 1st DV + MSC 43.33 0.334 36.4 0.375 4 4500-4100, 3700-3300, 2500-1700, 1300-900 
 0 1st DV + MSC 60.54 0.28 51.82 0.328 5 4500-2900, 1700-1300 
10 Sites - IS 0 1st DV + MSC 32.33 0.406 58.45 0.34 6 4500-3300,1700-501 
 0 NSD 58.33 0.313 46.96 0.394 8 4500-4100,3300-2500,2100-1700 
 0  1st DV + MSC 59.30 0.309 52.37 0.362 4 4500-3000,1700-1300 
         
8 Sites -IS 0 2nd DV 75.51 0.302 81.77 0.293 10 4500-4100,3300-2900,2500-2100,1700-500 
 0 2nd DV 26.20 0.514 39.25 0.491 2 4500-3700,2500-1700 
 0 NSD 60.73 0.382 59 0.43 8 4500-4098,3300-2098 



 
 
 
 

Appendices 
 

 275 

 
 

 
 

 

 

 

Appendix 7 PLSR results for [N]ppt using smoothed, vector normalised, mean centred and cut FTIR spectra (1800 - 600 cm-1) 
         
 PE PP Test Set (R2) RMSEP Training (R2) RMSEE Rank Parameterisation 
25 Sites –SS 3† MSC 24.00 0.389 31.88 0.379 6 1443-1319,960-839 
 3 2nd DV 46.9 0.303 49.81 0.336 10 1801-1440, 1200-1080 
 3 2nd DV 18.47 0.372 48.4 0.337 9 1562-1319, 1200-959 
25 Sites –IS 3 MSC 41.21 0.351 46.35 0.336 7 18001-1560, 1321-839 
 3 NSD 45.04 0.339 39.34 0.359 8 1801-1440, 1082-839 
 3 MSC 40.76 0.352 37.21 0.365 8 1562-1440, 1200-958 
13 Sites –SS 0 1st DV -86.54 0.447 39.50 0.349 4 1761-1560, 1302-1200, 960-841 
 0 1st DV -27.79 0.537 34.45 0.337 3 1761-1560, 1302-1200, 960-841 
 0 1st DV 19.89 0.465 37.01 0.335 3 1761-1560, 1302-1200, 960-841 
13 Sites –IS 1 1st DV 36.78 0.349 44.81 0.348 3 1736-1562, 1213-989,890-850 
 1 1st DV 39.46 0.342 45.31 0.346 3 1736-1562, 1213-989,890-850 
 1 1st DV 53.06 0.291 29.47 0.395 2 1736-1562, 1213-989,890-850 
10 Sites – IS 0 1st DV 60.31 0.352 51.96 0.371 4 1800-1560,1082-719 
 0 1st DV 14.89 0.494 17.83 0.490 3 1200-1080,840-720 
 0† 2nd  DV 49.73 0.38 55.69 0.366 5 1562-1319,1082-839,721-600 
8 Sites –IS 0 1st DV +MSC 60.49 0.364 43.59 0.46 3 1681-1200 
 0 1st DV +MSC 70.24 0.314 76.17 0.315 7 1681-1440,1321-1200,960-839,721-599 
 0 1st DV 74.83 0.292 73.45 0.342 10 1442-958,840-600 
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Appendix 8 PLSR results for PPT using smoothed, vector normalised and mean centred FTIR spectra (4500 – 500 cm-1).  
         
 PE PP Test Set (R2) RMSEP Training (R2) RMSEE Rank Parameterisation 
25 Sites -SS 3 1st DV+ MSC -21.47 595 60.58 592 10 4500-4100,3700-3300,2100-900 
 3 NSD 28.97 742 41.93 660 8 4100-3700,3300-2900 
 3 1st DV+ MSC 27.43 989 36.02 532 5 3700-3300, 2100-1300 
25 Sites -IS 3 1st DV+ MSC 44.27 604 58.45 578 9 3700-2900, 2500-900 
 3 NSD 40.42 614 55.03 606 10 4500-3700, 2900-1700 
 3 2nd DV 33.64 660 41.02 678 4 4100-3700,3300-2900,2100-1700 
13 Sites -SS 0 MSC 49.37 730 64.16 610 8 4500-4100, 2100-1700,1300-900 
 0 2nd DV 55.33 761 64.05 584 7 4500-4100,3700-3300,2900-2500,1700-1300 
 0 MSC 27.09 476 45.77 835 5 3700-3300, 2100-1700 
13 Sites -IS 0 1st DV + MSC 51.97 675 69.1 594 9 4500-3700, 3300-2898 
 0 1st DV 63.13 588 57.87 677 5 2800-1700, 1300-900 
 0 1st DV + MSC 49.01 692 48.57 748 5 4500-2900, 1700-1300 
7 Sites - IS 0 1st DV 77.87 505 66.4 671 6 2100-1700,1300-898 
 0 1st DV 53.65 731 59.57 711 3 3700-2900,2500-2090,1700-1300 
 0 NSD 69.78 590 58.97 735 5 4500-2500,1700-900 
6 Site-IS 0 2nd DV 81.33 450 83.95 475 8 4500-4100,3700-3300,1300-900 
 0 1st DV+MSC 74.81 522 73.55 570 4 3700-2900,2100-900 
 0 NSD 702.9 561 65.05 656 4 4500-3300,2900-2500,1700-1300 
8 Sites - IS 0 1st DV 68.84 424 89.61 273 10 4100-3700,3300-2900,1700-1300 
 0 2nd DV 41.41 555 64.75 482 5 4500-4100,2500-1700,1300-900 
 0 MSC 74.74 398 81.41 350 8 4100-3700,3300-2900,2500-1300 
10 Sites - IS 0 MSC 42.53 544 59.25 454 8 4500-3300,1700-900 
 0 MSC 66.56 415 49.33 502 7 3300-2500,1300-900 
 0 1st DV + MSC 72.92 347 77.09 356 10 4500-3700,3300-1300 
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Appendix 9 (a) PLSR results for PPT using smoothed, vector normalised, mean centred and cut FTIR spectra (1800 - 600 cm-1). 
         
 PE PP Test Set (R2) RMSEP/RMSECV Training (R2) RMSEE Rank Parameterisation 
25 Sites -SS 0 NSD 55.49 650 46.08 631 10 1801-1560,1321-1200,960-719 
 0 1st DV 40.95 661 42.94 670 6 1800-1441,1082-839 
 0 2nd DV 40.89 707 47.06 618 10 1681-1319,1201-1080 
25 Sites -IS 0 1st + MSC 43.3 661 47.26 642 6 1800-719 
 0 NSD 56.38 580 43.74 670 9 1800-1560,1440-1319,1082-839 
 0 NSD 39.92 680 55.31 597 6 1800-1560, 1321-1080,960-716 
13 Sites -SS 0 1st DV 46.2 734 67.63 67.63 8 1680-1560, 1200-1080, 960-840 
 0 1st DV 60.29 613 64.6 635 9 1680-1560, 1200-1080, 960-840 
 0 1st DV 45.97 742 63.03 636 8 1680-1560, 1200-1080, 960-840 
13 Sites -IS 0 1st DV 50.07 900 60.78 585 9 1680-1560, 1200-1080, 960-840 
 0 1st DV 38.99 907 68.19 560 10 1680-1560, 1200-1080, 960-840 
 0 1st DV 38.39 848 71.43 615 10 1680-1560, 1200-1080, 960-840 
7 Sites - IS 0 1st DV 60.04 679 58.21 733 4 1682-1560, 840-600 
 0 1st DV+ MSC 82.52 449 69.6 650 7 1800-1680,1562-1319,1200-1080,960-719 
 0 MSC 78.51 498 72.12 623 7 1800-1680,1442-1319,1200-940 
6 Sites -IS 0 2nd DV 71.39 556 78.58 530 6 1800-1680,1200-719 
 0 NSD 54.68 700 73.04 360 7 1442-1320,1082-600 
 0 1st DV +MSC 81.98 442 78.49 590 7 1681-1560,1200-1080,960-839 
CV (1)  MSC 72.02 547 87.11 403 7 1800-1560,1200-1080,960-600 
CV (5)  2nd DV 66.94 595 79.85 493 5 1800-1560,1442-1319,1082-719 
CV (10)  1st + MSC 64.29 618 78.21 507 4 1800-1560,1321-958 
CV (15)  NSD 63.52 625 79.46 515 8 1681-1560,1082-958 
CV (20)  MSC 62.76 631 74.61 553 5 1562-1080,960-839,721-600 
CV (25)  1st + MSC 68.69 579 77.39 517 4 1800-1560,1321-839 
CV (30)  2nd DV 66.1 602 81.01 482 6 1800-1560,1442-1319,1082-719 
CV (35)  1st DV 60.11 653 80.63 489 6 1681-1560,1442-839,721-600 
CV (40)  MSC 15.86 949 59.88 688 4 1800-1200,960-840 
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Appendix 9 (b) PLSR results for PPT using smoothed, vector normalised, mean centred and cut FTIR spectra (1800 - 600 cm-1). 
         
 PE PP Test Set (R2) RMSEP/RMSECV Training (R2) RMSEE Rank Parameterisation 
8 Sites - IS 0 1st DV 69.43 413 53.74 520 4 1680-1560,1321-958,840-719 
 0 2nd DV 63.93 430 63.77 745 5 1680-1200,960-600 
 0 1st DV 47.94 529 57.71 531 9 1200-1080,960-840 
10 Sites - IS 0 2nd DV 63.58 433 69.19 405 10 1681-1319,1200-1080 
 0 1st DV 72.68 375 53.07 484 6 1800-1680,1562-1319,1200-1080,960-840 
 0 MSC 53.7 521 54.58 470 8 1681-958 

Appendix 10 PLSR results of [N]tiss using vector normalised, mean centred and cut FTIR spectra (1800 - 600 cm-1). 
         
 PE PP Test Set (R2) RMSEP/RMSECV Training (R2) RMSEE Rank Parameterisation 
6 Sites - IS 0 2nd DV 76.86 0.083 86.71 0.0715 7 1800-1560,1442-1080,960-839 
 0 2nd DV 73.8 0.0884 62.11 0.115 4 1681-719 
 0 1st + MSC 75.68 0.0851 80.00 0.0892 8 1800-1680,1562-1319,960-839 
CV (1) 0 2nd DV 67.88 0.0982 93.55 0.0494 10 1800-1560, 1442-1200, 960-840 
13 Sites - IS 0 MSC 62.89 0.122 52.32 0.146 9 1681-1560,1082-958 
 0 2nd DV 50.38 0.141 58.46 0.135 7 1562-1319,960-840,721-600 
 0 NSD 45.26 0.148 57.29 0.137 7 1562-1440,1321-1200,721-600 
CV (1) 0 1st DV + MSC 49.85 0.141 71.62 0.111 10 1800-1560,1440-1320,1200-1080,840-719 
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Appendix 11 PLSR results for C:Ntiss using smoothed, vector normalised, mean centred and cut FTIR spectra (1800 - 600 cm-1). 
         
 PE PP Test Set (R2) RMSEP/RMSECV Training (R2) RMSEE Rank Parameterisation 
6 sites- IS 0 2nd DV 73.92 7.33 76.79 8.12 9 1800-1680,1321-1200 
 0 2nd DV 67.68 16.1 45.86 26 4 1800-1680,1321-960 
 0 2nd DV 80.42 6.35 73.52 7.97 4 1681-1440,1200-1080,960-719 
CV (1) 0 2nd DV 72.1 7.6 92.43 4.4 9 1800-1560,1200-1080,960-839 
13 sites -IS 0 1st DV 69.33 9.82 72.19 10.1 9 1800-1560,1442-1319,1200-960,840-719 
 0 NSD 40.94 13.4 63.35 12.3 10 1682-1560,1442-1319,1200-1080,960-

840,721-600 
 0 2nd DV 53.47 12.1 66.7 10.9 7 1562-1440,1200-600 
CV (1) 0 2nd DV 55.31 11.9 71.23 9.91 7 1681-1560,1442-1319,1200-1080,960-

839,721-600 
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Appendix 12 PLSR results for Ndepos using bucketed LC-MS data. *Graphical display 
   

Ndepos 13 locations Ndepos 11 locations  Ndepos 6 locations 
 Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

1 
Model 

2 
Model 

3 
Model 

4 
Factors  9 8 7 9 9 8 10 10 7* 7 9 5 
RMSE             
Cal. 4.52 

(14%) 
4.81 

(15%) 
4.97 

(15%) 
4.55 

(14%) 
2.36 

(11%) 
2.31 

(11%) 
2.27 

(11%) 
2.38 

(11%) 
4.25 

(13%) 
4.60 

(14%) 
3.53 

(11%) 
5.01 

(15%) 
Val. 5.62 

(17%) 
4.39 

(13%) 
6.4 

(21%) 
6.55 

(20%) 
2.98 

(13%) 
3.55 

(16%) 
3.49 

(15%) 
2.74 

(12%) 
5.77 

(17%) 
5.82 

(18%) 
6.38 

(19%) 
8.64 

(26%) 
Test 7.00 

(21%) 
7.08 

(22%) 
5.86 

(19%) 
6.38 

(19%) 
3.74 

(16%) 
3.95 

(17%) 
3.63 

(16%) 
3.47 

(15%) 
8.33 

(26%) 
6.93 

(21%) 
7.85 

(24%) 
5.37 

(16%) 
LSR             
TrI  
(error) 

4.11 
(0.66) 

4.81 
(0.69) 

5.13 
(0.74) 

4.21 
(0.67) 

2.34 
(0.48) 

2.25 
(0.47) 

2.18 
(0.46) 

2.4 
(0.49) 

3.79 
(1.21) 

4.51 
(1.32) 

2.63 
(1.01) 

5.24 
(1.24) 

TrS  
(error) 

0.68 
(0.05) 

0.62 
(0.05) 

0.60 
(0.06) 

0.68 
(0.05) 

0.78 
(0.05) 

0.79 
(0.04) 

0.79 
(0.04) 

0.77 
(0.05) 

0.8 
(0.06) 

0.76 
(0.07) 

0.86 
(0.05) 

0.72 
(0.8) 

VI  
(error) 

3.25 
(1.66) 

4.57 
(1.26) 

6.47 
(1.80) 

7.15 
(1.94) 

2.57 
(1.19) 

5.37 
(1.42) 

3.91 
(1.4) 

2.75  
(1.10) 

6.69 
(2.93) 

4.45 
(2.95) 

5.57 
(3.17) 

10.19 
(4.38) 

VS 
(error) 

0.74 
(0.13) 

0.64 
(0.1) 

0.49 
(0.14) 

0.43 
(0.15) 

0.76 
(0.11) 

0.49 
(0.13) 

0.63 
(0.13) 

0.74  
(0.1) 

0.62 
(0.17) 

0.75 
(0.17) 

0.69 
(0.18) 

0.42 
(0.25) 

TI 
(error) 

6.14 
(1.87) 

8.89 
(1.86) 

5.94 
(1.56) 

7.43 
(1.69) 

3.19 
(1.35) 

4.82 
(1.43) 

3.98 
(1.31) 

4.68  
(1.26) 

6.73 
(4.23) 

9.15 
(3.47) 

5.95 
(3.99) 

7.11 
(2.77) 

TS 
(error) 

0.52 
(0.15) 

0.33 
(0.14) 

0.53 
(0.12) 

0.41 
(0.13) 

0.70 
(0.13) 

0.54 
(0.13) 

0.62 
(0.12) 

0.55 
(0.12) 

0.64 
(0.23) 

0.52 
(0.18) 

0.68 
(0.21) 

0.62 
(0.15) 
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Appendix 13 PLSR results for [N]ppt for LC-MS bucketed data. 
   

[N]ppt 13 locations [N]ppt 11 locations [N]ppt  8 locations 
 Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

1 
Model 

2 
Model 

3 
Model 

4 
Factors  9 10 9 9 3 10 10 7 9 8 8 10 
RMSE             
Cal. 0.25 

(13%) 
0.26 

(14%) 
0.27 

(14%) 
0.27 

(14%) 
0.28 

(18%) 
0.16 

(10%) 
0.16 

(10%) 
0.21 

(13%) 
0.24 

(13%) 
0.27 

(14%) 
0.29 

(15%) 
0.25 

(13%) 
Val. 0.39 

(20%) 
0.38 

(20%) 
0.33 

(17%) 
0.31 

(16%) 
0.32 

(20%) 
0.30 

(19%) 
0.29 

(18%) 
0.23 

(14%) 
0.45 

(24%) 
0.48 

(25%) 
0.45 

(24%()
0.36 

(19%) 
Test 0.3 

(16%) 
0.37 

(19%) 
0.37 

(19%) 
0.37 

(19%) 
0.29 

(18%) 
0.31 

(19%) 
0.27 

(17%) 
0.26 

(16%) 
0.49 

(26%) 
0.5 

(26%) 
0.43 

(23%) 
0.41 

(22%) 
LSR             
TrI  
(error) 

0.33 
(0.05) 

0.35 
(0.06) 

0.36 
(0.06) 

0.38 
(0.06) 

0.67 
(0.08) 

0.22 
(0.05) 

0.23 
(0.05) 

0.46 
(0.06) 

0.2 
(0.06) 

0.25 
(0.06) 

0.3 
(0.07) 

0.22 
(0.06) 

TrS  
(error) 

0.71 
(0.05) 

0.68 
(0.05) 

0.67 
(0.05) 

0.66 
(0.05) 

0.28 
(0.09) 

0.77 
(0.05) 

0.75 
(0.05) 

0.57 
(0.07) 

0.83 
(0.05) 

0.79 
(0.05) 

0.75 
(0.06) 

0.81 
(0.05) 

VI  
(error) 

   0.44  
(0.18) 

 0.65 
(0.17) 

0.53 
(0.14) 

0.53 
(0.14) 

 0.87 
(0.2) 

  0.67 
(0.19) 

0.6 
(0.16) 

 0.53 
(0.14) 

  0.41 
(0.22) 

 0.71 
(0.24) 

0.36 
(0.22) 

0.37 
(0.69) 

VS 
(error) 

0.61 
(0.16) 

0.42 
(0.15) 

0.53 
(0.13) 

0.53 
(0.12) 

0.08 
(0.21) 

  0.28   
(0.2) 

0.36 
(0.18) 

0.44 
(0.15) 

0.66 
(0.19) 

 0.41 
(0.2) 

0.70 
(0.18) 

0.69 
(0.15) 

TI 
(error) 

0.41 
(0.12) 

0.48 
(0.14) 

0.50 
(0.14) 

0.57 
(0.15) 

0.69 
(0.15) 

0.53 
(0.15) 

  0.47 
(0.14) 

0.54 
(0.13) 

0.44 
(0.21) 

0.4 
(0.21) 

0.49 
(0.18) 

0.37 
(0.17) 

TS 
(error) 

0.62 
(0.11) 

0.56 
(0.13) 

0.54 
(0.13) 

0.48 
(0.13) 

0.25 
(0.16 

0.44 
(0.16) 

0.49 
(0.15) 

0.41 
(0.14) 

0.62 
(0.18) 

0.65 
(0.18) 

0.57 
(0.16) 

0.68 
(0.15) 
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Appendix 14 PLSR results for PPT using bucketed LC-MS data. * Graphical display 
 

PPT 13 locations PPT 11 locations PPT  6 locations (Ndepos) 
 Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

1 
Model 

2 
Model 

3 
Model 

4 
Model 

1 
Model 

2 
Model 

3 
Model 

4 
Factors  8 8 9 8 9 7 10 9 6* 7 8 1 
RMSE             
Cal. 574.25 

(16%) 
569.69 
(17%) 

506.41 
(15%) 

563.65 
(17%) 

367.18 
(14%) 

406.48 
(20%) 

332.32 
(17%) 

386.5 
(15%) 

499.55 
(17%) 

484.22 
(15%) 

458.47 
(15%) 

813.43 
(25%) 

Val. 756.58 
(21%) 

676.46 
(20%) 

759.38 
(23%) 

764.24 
(23%) 

566.24 
(22%) 

583.22 
(29%) 

567.94 
(22%) 

430.39 
(21%) 

630.76 
(19%) 

648.88 
(19%) 

659.89 
(20%) 

890.6 
(27%) 

Test 731.07 
(22%) 

763.19 
(23%) 

725.73 
(22%) 

707.55 
(22%) 

439.26 
(22%) 

585.95 
(22%) 

605.96 
(30%) 

537.63 
(20%) 

889.71 
(27%) 

697.14 
(21%) 

713.12 
(21%) 

608.55 
(18%) 

LSR             
TrI  
(error) 

516.39 
(75.71) 

516.29 
(75.59) 

409.31 
(67.19) 

501.95 
(74.4) 

294.71 
(55.14) 

357.69 
(61.05) 

238.85 
(49.91) 

327.67 
(58.16) 

504.46 
(138.93) 

489.04 
(135.36) 

431.15 
(128.17) 

1353.85 
(225.43) 

TrS  
(error) 

0.62 
(0.06) 

0.61 
(0.06) 

0.69 
(0.05) 

0.63 
(0.06) 

0.74 
(0.05) 

0.68 
(0.05) 

0.79 
(0.04) 

0.71 
(0.05) 

0.73 
(0.08) 

0.73 
(0.07) 

0.77 
(0.71) 

0.26  
(0.12) 

VI  
(error) 

562.97 
(198.58) 

625.11 
(177.55) 

678.82 
(194.17) 

661.4 
(200.59) 

318.85 
(170.8) 

602.49 
(175.92) 

530.04 
(171.31) 

306.25 
(129.82) 

715.41 
(311.68) 

570.79 
(320.63) 

548.98 
(319.71) 

1397.45 
(440.07) 

VS (error) 0.56 
(0.16) 

0.51 
(0.14) 

0.5 
(0.14) 

0.48 
(0.16) 

0.7 
(0.16) 

0.44 
(0.16) 

0.51 
(0.16) 

0.72 
(0.12) 

0.58 
(0.18) 

0.67 
(0.19) 

0.68 
(0.18) 

0.18  
(0.26) 

TI (error) 652.4 
(178.41) 

833.6 
(182.54) 

634.03 
(177.1) 

619.95 
(171.95) 

353.58 
(121.73) 

666.65 
(162.38) 

486.37 
(167.93) 

429.88 
(148.07)

869.98 
(438.7) 

914.35 
(338.21) 

657.01 
(351.62) 

1088.4 
(303.29) 

TS (error) 0.51 
(0.13) 

0.46 
(0.13) 

0.53 
(0.13) 

0.53 
(0.13) 

0.69 
(0.11) 

0.41 
(0.14) 

0.57 
(0.15) 

0.61 
(0.13) 

0.52 
(0.24) 

0.5 
(0.18) 

0.64 
(0.19) 

0.41 
( 0.17) 
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Appendix 15 PLSR results for PPT using bucketed LC-MS data. 
     
 Model 1 Model 2 Model 3 Model 4 
Factors  2 9 10 2 
RMSE     
Cal. 556.06 334.12 285.87 577.42 
Val. 645.72 647.7 529.43 470.27 
Test 638.32 502.18 657.02 690.29 
LSR     
TrI  
(error) 

611.96 
(91.07) 

220.93 
(54.72) 

162.11 
(46.82) 

660.4 
94.57) 

TrS   
(error) 

0.38 
(90.09) 

0.78 
(0.06) 

0.84 
(0.05) 

0.33 
(0.1) 

VI  
(error) 

814.69 
(221.59) 

744.62 
(222.27) 

403.42 
(181.69) 

566.49 
(161.39) 

VS 
(error) 

0.14 
(0.23) 

0.22 
(0.23) 

0.58 
(0.19) 

0.4 
( 0.17) 

TI (error) 767.25 
(195.53) 

563.6 
(153.83) 

611.98 
(201.26) 

894.03 
(211.45) 

TS  
(error) 

0.24 
(0.19) 

0.44 
(0.15) 

0.39 
(0.20) 

0.12  
(0.21) 
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Appendix 16 MS2 and MS3 spectra of biomarker compounds  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A16.1 Fragments obtained in MS2 mode of the parent ions (a) 498.3, (b) 

760.6 and (c) 736.6.  In addition, MS3 was performed on the most abundant fragment 

ions obtained in MS2 mode (d,e,f). (Reversed Phase Chromatography) 
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Figure A16.2 Fragments obtained from MS2 mode of the parent ion (a) 520.3.  In 

addition, MS3 was performed on the most abundant fragments obtained in M2 mode 

(b). (Normal Phase Chromatography). 

 

 

Appendix 17 LC-Orbitrap-MS Results 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure A17.1 Base peak chromatogram recorded in the FT-MS mode covering the 

m/z range from 100 - 2000.  
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Figure A17.2 Accurate masses of ions detected in the positive ion mode [M+H+] with the help of Orbitrap mass spectrometer 
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