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Abstract

In metabolomics, the analytical challenge is to capture the chemical diversity of the
metabolome. With the current technologies only a portion of the metabolome can be analysed.
As a result there is a drive to direct significant analytical efforts towaajsturing the

metabolome or changes in the metabolome reliably and reproducibly in biological systems.
Apart from analytical challenges, the challenges also include development of appropriate
methodologies to quench and extract metabolites which is a afysarameter in sample

preparation and is required to achieve an accurate representation of phenotype. This thesis

focuses on addressing both the challenges in mammalian and microalgal metabolomics.

Metabolomics in cancer research is gaining momentum @®lkto understand the molecular
mechanism of disease progression and for the identification of specific biomarkers which may
assist distinguishing between normal, benign and metastatic cancer states. In our first
investigation we developed G@@S based mdified direct cell scraping, bead harvesting and LN
methods for harvesting three adherently grown mammalian cell lines (two breast cancer cell
lines MDAMB 436, MCF7 and an endothelial cell line HMEC1) which provided rapid and reliable
route with three fdd improved metabolome coverage and reduced the artifacts due to
metabolome leakage compared to conventional methods. Later optimized treatments were
employed and the influence of various washing and quenching solvents (buffered/unbuffered)
on metabolite éakage was investigated for metastatic cancer cell line MBA231. This
identified one washing step with PBS followed by quenching with 60% methanol (buffered with
HEPES) as the best washing and quenching solvents. Further validation and comparison of
proposed workflows for metabolomic study of two metastatic TNBC cell lines{(MIB231 and
MDAMB-436) resulted in recovery of 154 unique metabolites and demonstrated the robustness

and reliability of these methods in pathway based analysis in cancer.

In cag of GEMS based microalgal metabolomics, with comprehensive evaluation of selected
quenching and extraction methods in model microal@areinhardtii we have successfully
demonstrated that the choice of quenching and extraction solvents have signifinpatt on
recovery of different classes of metabolites. Our results clearly indicate that 60% methanol
(buffered with HEPES) and 25 % aqueous methanol are the best suited quenching and extraction
solvent respectively for untargeted metabolomic analysisCofreinhardtii as the highest

number of metabolites belonging to various chemical classes were recovered with good



intensities and reproducibilities with this miniaturized proposed method compared to other

evaluated methods.

Later impact of various stag involved in biodiesel production workflow from microalga on
recovery of biodiesel was assessed in three microalgal species n@medinhardtii, D. salina
andN. salina Within which we have developed an optimized-BD method and miniaturized
direct TE method for quantification of fatty acids, which can be applied to a small amount of
biomass and saves tremendous amounts of time, solvents and reagents required, is less
expensive and uses environment friendly solvents making it more suitable forrmaltdtaiarge

scale production.

In our final investigation,we directed our efforts towards preliminary optimization and
comparative analysis of HILIC andRIPHPLMased separation for the retention and separation
of specific metabolites classes. Thisnitiieed HILIC as the best available column till date for

untargeted metabolomic studies.

The descriptive understanding gained from each of these investigations provides greater insight

into biology of mammalian and algal systems by improving the metaf®lmverage for various

metabolite classes. These insights illustrating the underlying molecular pathways involved in
NBaLISOGADS orzt23eQas sAff KBHdissiOhedglicnai® A O O2 Y Y dzy
the metabolic network. In additiorhese insights will surely help in generating many hypothesis

based investigations in microalgal and cancer community.
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Figure 9.1 A representative snapshot of the samples processed by DT methods using base
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Figure 9.2 Effect of 10 different bead beating treatments on recovery of FAMEs was compared
for C. reinhardtii X-axis represents different applied treatments. Each treatment comprise of 2
factor combination generated by design expert softwaring< factorial design (Factorl: Cycle

/ Factor2: Time), where A=1/1;B=1/2; C=10/1;D=10/2; E=3/1; F=3/2; G=5/1; H=5/2; |
= 7/1 and J = 7/2.-8xis represents amount of FAMESs recovered in mg/L per DCW. After all the
treatments the extractd lipids from cell extracts were analysed by-BD: (a) = Overall FAME
recovery; (b) = recovery of low concentration FAMEs and (c) = recovery of high concentration

Figure 9.3 Effect of 10 different bead beating treatments on recovery of FAMEs was compared
for N. salinaX-axis represents different applied treatments. Each treatment comprise of 2 factor
combination generad by design expert software using 2 factorial design (Factorl: Cycle /
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the extracted lipids from cell extracts were analysed byFET (a) = Overall FAME recovery; (b)

= recovery of low concentration FAMEs and (c) = recovery of high concentration FARES.

Figure 9.4 Effect of 27 different sonication treatments on recovery of FAMEs was compared for
C. reinhardtii X-axis represents different applied treatments. Each treatment comprise of 3
factor combination generated by design expert software using 3 factorial design (Factorl: Time
/ Factor2: Duty cycle / Factor3: Output power). In 1101, first 1 digit standsrierfactor (range

1; 2 and 3 minutes); 10 digit stands for duty cycle factor (range 10; 20 and 30%) and last 1 digit
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6.4). Isocratic conditions were used, where flow rate was kept at 0.5 miL. ®ample volume

injected was 1@QL. Chromatograms we obtained using UV detection at a wavelength of either
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Figure 10.4 Mass spectra obtained for phenyladan(top) and methionine (bottom), where
purified HILIC fractions were collected from an Agilent 1100 HPLC using fraction collector and
infused directly on an ion trap mass spectrometer (HCT Ultra PTM Discovery System, Bruker
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Chapter 1

Introduction






1. Introduction

1.1 Background on metabolomics

The postgenome erahasseehKS SYSNB ¥ O8O PR EILINB I OKSa G2 OF

events, especially with respect to the expression of proteins and metabolites. The functions of
many open reading frames within the sequenced genomes are still unknown. Hence analysis at
the levd of functional unit like transcripts, proteins & metabolites has increasingly become
relevant. When, mRNA gene expression & proteomic analyses do not tell the whole story of
what might be happening in a cell, in such cases metabolic profiling can givetarganeous
snhapshot of the physiology of that cell,ragtabolites are the end products of cellular regulatory
processes, and their levels can be regarded as the ultimate response of biological systems to

genetic or environmental changes.

In the case ofjenomics and proteomics the analytical methodologies have stabilized into several
well characterized approaches, whereas analytical procedures for metabolomics analysis still
remain in a considerable flux due to the diversity and dynamic nature of metaitgolWith the
current technologies only a portion of the metabolome can be analysed. As a result there is a
drive to direct significant analytical efforts towards capturing metabolome or changes in the
metabolome reliably and reproducibly in biologicalstgyns with high enough precision,
resolution and sensitivity. Challenges also exist in increasing analyte throughput and reliably
detecting quantitative changes. Most of the metabolites involved in the corresponding
pathways are negatively chargadd mary are phosphorylated. #Aa result, to datgthere is no

single analytical method that is suitable for detection of all the metabolite classes. Apart from
this, there are several metabolite classes that cannot be analysed with the currently available
analytical technigquesThus for both targeted and uriargeted metabolomic investigations it is
essential to define a uniform, comprehensive, reproducible and -trgmdly system of
classifying metabolites based on their physicochemical properties, which will serve as a basis for
selection of analytical methods/protocols for the different metabolite classes in any biological
system.Chromatographic separations cougléo mass spectrometry offer the potential to
address these challenges and generate reliable metabolomic data. Hence we propose to
investigate and develop the optimized method for metabolomics by examining application of
both optimized G@1S and L®IS (offine MS) based techniques that has the potential to

comprehensively profile the metabolome in a given biological species.

Apart from analytical challenges, the challenges also include development of appropriate
methodologies to quench the metabolism beforanalysis, techniques for reliable and

comprehensive extraction of metabolites from the biological matlixta interpretation using
3
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statistical approaches, metabolite identificatioaptimal detections and quality control and
validation of all the stepsmvolved in metabolomics pipelindnalysis of the metabolomes
sample and cell dependent. Differences in cellular characteristics including membrane, wall
structure and size and sampling techniques employed, can influence the efficiency of
guenching, reovery of different metabolite classes and the rate of metabolite leakage. To
achieve an accurate representation of phenotype, development of rapid quenching and
metabolite extraction techniques is a crucial parameter in sample preparation workflows for

metabolomic investigations.

1.2 Mammalian metabolomics

Metabolome analyses haveeen increasingly applied in human studies on body fluids, for

various clinical applications to define biomarkers related to prognosis or diagnosis of a disease

or drug toxiciy/efficacy to provide improved understanding of the pathophysiology of disease

or therapeutic pharmacokineticddamas et al., 2011 Metabolomics is being recognised as a

valuable tool to evaluate cellular state and the deterioration of structgpathway-activity-

relationships (SPARSs) considered suitable for drug discodef2 2 | YR | f)mwdzo S A X  HJ
However, as reported previously there have been insufficient reports on the application of

metabolomics in the analysig cultured mammalian cell lind® dzLJS NGuigePal., 201KHho

'y R ! f mw JzdhBd the Potential mfimetabolomics in traditional and emerging biological

areas have yet to be fully realized.

The application of metabolomics to mammalian cell culture provides a controlled reproductive
but relevant model without the requirement of ethical consideration fiorvivoand human
studies. Data are easier to interpret as focusing on a specific cellelihees variability and
provide a more constant background against which subtle metabolic changes can be identified
(2 dzLOSNBIfdt al., 2010 Consequently, metabolome analyses on immortalized cancer cell
lines in cancer research is gaining momentum as a tool to understand the molecular mechanism
of disease progressi@and, response and resistance to therapeuticsdieg to the identification

of specific biomarkers which may assist distinguishing between normal, benign and metastatic

cancer state¢Sheikh et al., 2001

Several studies have been published on optimization of samplemueessing protocols, for
example onsuspensin cell culture(Dietmair et al., 2012Dietmair et al., 2010Kronthaler et

al., 2012aSelick et al., 2011Volmer et al., 201,1Wiendahl et al., 2007 but there are only a
few reports on the handling of adherent mammalian cells forMEC based metabolomic

analysigDanielsson et al., 201Dettmer et al., 2011Hutschenreuther et al., 2012bThe most
4



commonly used préreatments for handling of adherent mammalian cells arsagsated with

the higher metabolome leakage durirgampling and quenching procesSherefore, the
development ofoptimised methods/workflows which will improve the metabolome coverage
without altering the internal metabolite signatures and with minimal atmtlite leakages
required It is also important to establish the level of metabolome leakage for the specific cell
line investigated. Rapid approaches that combine quenching and extraction steps may be more

effective in retaining valid metabolome dataittvminimal metabolome leakage occurring.

For valid metabolomic data, it is also important to assess and compare the impact of newly
developed and proposed methods/workflows with the previously reported methods with
respect to metabolome leakage and covgea Moreover, the proposed protocols should able

to trackthe changes between the cell lines, which share common biological and morphological
features, such as two metastatic triple negative breast cancer (TNBC) cell lines, namely MDA
MB-231 and MDAVIB-436. Due to their aggressive phenotypes, TNBC only partially respond to
chemotherapy and present lack of clinically established targeted therapies. Therefore, further
validation of optimised workflows for handling adherent mammalian culture which cakttia
changes between TNBC cell lines is essential. To our knowledge we are not aware of such kind
of analysis in adherent mammalian cell metabolomics where emphasis was given to improve the
metabolome coverge witha comprehensive approach. Such a comprehenanalysis with the
pathwaybased metabolome coverage specific to cancer will surely help in generating many
hypothesis based investigations in cancer commusitgh as, for setting up a platform for
classifying cancer sttigpe, in defining the relativeantribution of major metabolic pathways in
TNBC and illustrating the underlying molecular mechanism involved in TNBC biology and finally

for generating novel therapeutic regimes by identifying novel targets for anticancer therapies.

1.3Microalgalkystems

Algae are one of the most important bifactories on earth based on their photosynthesisiCO
Ukation capacity and supposed to be biofuels of the third generaiigienkoop et al., 2010a

Not only do these organisms fix carbon dioxide, but they also have the potential to be used for
the production of inexpensive bulk chemicals because the major inputs into the system (light
and CQ) are essentially free. Howeveg, harness this potential through metabolic engineering,

a deeper understanding of photosynthetic metabolism is requif@dyle and Morgan, 2009
Field et al., 1998Vay et al., 2008p Bottlenecks in algal biodiesel production within the cell can
be identified by metabolomics approaches in combination with proteomics and transcriptomics,

as the identification of differentially expressed metabolites gives clueate-limiting processes
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in cell, which can be backed up by the determination of metabolite Rinally the integration
of such a reliable metabolomics data will help us in identifying thefg®t missing reactions in
the metabolic network which latewill allow the fine tuning of algal properties by genetic or

metabolite engineering in combination with other system biology approaches.

The metabolic response of microalgae to environmental stimuli or stressors have to date only
been carried out ilChlanydomonas, Dunalielland Nannochloropsispecies to obtain as much
information as possible about key metabolites, which will provide first insight into the metabolic
pathways employed. For example, the metabolic network of primary metabolismCfor
reinhardtii, was constructed recently using genomic and biochemical information, which include
484 metabolic reactions and 458 intracellular metabolif@syle and Morgan, 20Q9However,

the metabolome that can be covered with the currently available techniques is only one fifth of
the C. reinhardtimetabolome and there is considerable scope for improvement in metabolome
coverageThe major bottlenecks associated with the sample preparation workflow are efficient
sampling, quenching and extraction of metabolites without altering the internal meta&solit

signatures.

Past literature,demonstrated the potential of metabolomics in understanding the metabolic
pathways involved, and their underlying regulation. Howevery limited numbers of studies
were reported on optimised notargeted metabolic profiig approach that can potentially
detect and quantify hundreds of metabolites, in order to obtain as much information as possible
about key metabolites in micro algal species suclCaseinhardtii, Nsalinaand D. salina
Optimised quenching and extractigrotocols with parallel application of optimized NMd&sed
hyphenated techniques will provide first insight into the metabolic pathways employed, which

requires further attention.

C. reinhardtiis a unicellular green alga and was recently sequencetielera of global climate
change and biofuels it is a primary biological model system for basic studies on photosynthesis
and CQc¢neutral biomassN. salinas well appreciated in aquaculture due to its nutritional value
and the ability to produce valuablehemical compounds, such as pigments chlorophyll a,
zeaxanthin, astaxanthin and polyunsaturated fatty acids (EPA). Apart from.tk@inas also

known to have higher lipid content thus can be considered suitable for biodiesel production.

Biodiesel carbe produced from the microalgal lipids through tragsterification process,
however overall workflow involves different stages which includes selection of suitable species
with higher lipid contents, optimising the parameters for cultivation and haragsiof
microalgae, selection of appropriate lipid extraction technique and solvent, 4atevification

of extracted lipids into FAMEs and accurate and reliable quantification of lipids and obtained

FAMEs at various stages. For sustainable industrial gmalduction of biodiesel from
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microalgae, the impact of above stages on quality of biodiesel yield and on environment should
be carefully considered. Moreoveaturingquantification of fatty acids, it is essential to develop

an optimised miniaturised labased protocol that can save tremendous amount of time,
solvents and reagents required, is less expensive and uses environment friendly solvents thus

making it more suitable for sustainable large scale production.

1.4Aims and objectives

1.4.1Aim

The ain of this project is to capture an accurate and reliable metabolome data by improving the
metabolome coverage for all the major metabolite classes by developing an optimiskt6GC
and LEMS based sample preparation workflows that will aid in understandingnderlying
molecular mechanisms involved and deeper insight into biology of both the adherently growing

mammalian and microalgal systems.

1.4.20Dbjectives

1. To assess the extent of metabolite leakage with conventional approaches used for
harvesting adheently growing mammalian cells. Furthermore, characterisation of
combined quenching and extraction protocols for rapid and reliable metabolome
analysis towards improved metabolome coverage and minimal loss of intracellular
metabolites during harvesting ithree adherently grown mammalian cell lines (two
breast cancer cell lines MEMB 436, MCF7 and an endothelial cell line HMEC1).
(Chapter 3)

2. To examine the influence of various washing and quenching solvents (buffered/non
buffered) in metabolomics of adhemdy grown mammalian cells: A case study on the
metastatic cancer cell line MB¥B-231. (Chapter 4)

3. Further validation and comparison of proposed protocols for metabolomics of two
metastatic TNBC cell lines: Mi#B8-231 and MDAVIB-436. Analysis with respeto
pathway specific metabolome coverage. (Chapter 5)

4. To examine G®IS based optimised sampling, quenching and extraction workflow for
obtaining high quality metabolomic data for microalgal strafbhlamydomonas
reinhardtii.(Chapter 6, 7 and 8)



5. To gotimise and make acomparative evaluation of conventional and direct trans
esterification methods for reliable quantification of FAMEs from malgal biofuel
strains. Three microalgal species were investigated na@ehginhardtii, Nsalinaand
D. salina(Gapter 9)

6. To evaluak the useof HILIC and {RRHPLC for targeted analysis of amino acids, organic
acids, water soluble vitamins, nucleotides, nucleosides and nucleobases towards

improving metabolome coverage. (Chapter 10)
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2. Literature Review

2.1Introduction to metabolomics

In the pregenomic era, the main focus was to seek function first and therseekthe
corresponding genes that were involved in providing that functiWhereas the postgenomic

era tendsto elucidate the function of all the genes, for many of which there is no corresponding
biochemical activity or function known. Howeyehese methals do not provide direct
information about how a change in mRNA or protein is coupled to a change in biological
function, which led to the evolution of systems biold&jehn et al., 200Kell and Oliver, 2004
Kitano, 2002 Systens biology is the study of an organism, viewed as an integrated and
interacting netvork of genes, proteins and biochemical reactions. The-gesbmic sciences
basically include proteomics, transcriptomics and metabolortfessmann et al., 2006The

term metabolomics was first coined in 19@8liver et al., 199Bto describe thex OK I y3S Ay
relative concentration of metabolites as the result of deletion or emepression of gere At

the same time, the term metabolome analysis was coined, referred to the analysis of
metabolites in phenotypic profile d&. coli(Tweeddale et al., 1998In brief the metabolome
includes all the small molecular weight intermediates of metabolism (typically of mass <1500
Da). In addition xenobiotics and their biotransformation products can also constitute the
metabolome(Roux et al., 2011 The term metabonomics was coined(dicholson et al., 2002
Nicholson et al.,, 1999 YR 41 & RSTFAYSR &% a¢KS ljdzr yGAGLI i
multi-parametric response of a living system to pathophysiologicahudti or genetic
Y2RAFAOI GA2yéd ¢KS YSilFro2y2YA0a aiddzRASa 3ISy
diagnostic changes of metabolites in a given biological sample, which help in generating
metabolic phenotypes. Furthemetabolic phenotype studieare used to obtain new and
unexpected insights into biological processes like toxicity, onset and progression of @disease
well asageing and therapyRoux et al., 201,ITheodorids et al., 2008 The main difference
between metabolomics and metabonomics is that metabonomics is concerned with dynamic
changes within a system in response to some sort of stimulus, whereas metabolomics looks at

| = G&shoy df thé cellular metabol S €rang and Wang, 2006

Exhaustive work has been done on genomics, proteomics and transcriptomics, which has made
significant contribution to the field of functional genomi@Sarcia et al., 2008 Now the
question arises as to what the metabolomics can add®?liological systemthe metabolome
represents the finalomic level andts component can be viewed as an end product of gene

expression, which definethe biochemical phenotype of a cell or tiss{ieyan and Robards,
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2006). In addition, metabolites are highly connected, and changes in gene expression and
protein levels are amplified on the metabolome levalso, netabolomics can be ady
extended to different organiss)across all speciess agiven metabolite has the same chemical
structure whitt proteins can have species specific isof@(Wu et al., 200% Quantitative and
gualitative analysis of large number of cellular metabolites representsroad view of
biochemical status of an organism which is useful in monitoring and assessing the gene functions
(Sumner et al.,, 2003 In contrast, proteomics and transcriptomics technologies have some
limitations. Any changein the transcriptome andproteome due to increase in RNA do not
always corresponds to alteration in the biochemical phenotypkis may be becausthe
translated protein mayrequire posttranslational modifications tde enzymatically active
(Bedair and Sumner, 200BaFurhermore mRNA and proteins are identified by modern
techniques through sequence similarity or database matcHdentification is based on quality

of the match and is therefore indirectn the absence of existing databasé information,

profiling of the transcrips or proteinsyield very limited informatioffSumner et al., 2003

Based on the abovi@mitations, metabolomics is advantageous and complements oibweiics
technologies in many ways. It also proddee most functional information of theomics
technologies and facilitasametabolic engineering and system biology efforts towards designing
superior biocatalystand cell factoriegBedair and Sumner, 2008Garcia et al., 20Q8Morris

and Watkins, 2005Ryan and Robards, 2006umner et al., 20Q3Wu et al., 200k The
metabolomics field is currently developing rapidly for the study of several biological systems
including microbial, plant and mammalian syste Proteomics studies generajeneric protein
identification, however metabolomics studies has the igbilo reveal that, the accumulated
enzyme is more specifically related to a specific biochemical patt{egair and Sumner,
20089. Furthermore, knowledge othe metabolite level has led to the identification of
bottlenecks in the metabolic reaction network. For example, reactions far from equilibrium, such
as phosphofructokinase (PFK) and pyruvate kinase (PK), have been confirmed as key regulatory
points of glycojtic flux through metabolomics. Metabolite concentration plays an important
direct regulatory role through which rapid response to metabolic flux changes via allosteric or
feedback inhibition mechanism of enzymes as a mode of pathway flux control iseeffect
(Mashego et al., 20Q7Theobald et al., 1993Metabolomics(Sringer) journaldedicated to
publishing research related results to metabolomics wasdhaed in 2005 and as of today has

published 732 articles.
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2.1.1Approaches used in metabolomics

Due tothe wide diversity of metabolites in terms of their physicochemical properties, a major
challenge in metabolomics is the comprehensive profilinglidha metabolites in a biological
system. The chemical nature of metabolites ranges from ionic, inorganic species to hydrophilic
carbohydrates, hydrophobic lipids and complex natural products, extending e¥arders of
magnitude in concentration (pMM) (Monton and Soga, 200 Ryan and Robards, 2006
However there is no single analytical platform that is currently available, which is capable of
identifying and quantifying the entire metabolome in a giveoldgical system, in an unbiased,
reproducible way(Monton and Soga, 2007/Sumner et al., 2003 The approaches used in
metabolomics today which are concerned with investigating subsets of the metabolome are
listed in table 2.XDettmer et al., 200,/Hall, 2008.

Table2.1 Approaches used in metabolomics
T

Identification and quantification of all metabolites in a biological

Metabolomics ) ) . . p . .
system in a given physiological state at a given point of time.

The quantitative measurement of the dynamic, multi-parametric
) metabolic response of living system to pathophysiological stimuli or
Metabonomics | genetic modification.

Mainly used for screening purpose i study of primary effects of any
alteration. Biochemical profiling can be performed in greater detail on
Targeted selected groups of metabolites by using optimized extraction and
analysis dedicated separation/detection technique.

Identification and quantification of the metabolites present in an

organism. For practical reasons this is generally only feasible for a
; limited number of components, which are generally chosen on the

Metabolite - L= . . >

basis of discriminate analysis or on molecular relationships based

rofilin
P g upon molecular pathways/networks.
High throughput qualitative screening of the metabolic composition of
Metabolic an organism or tissue with the primary aim of sample comparison and

discrimination analysis. Generally no attempt is initially made to
identify the metabolites present. All steps from sample preparation,
separation and detection should be rapid and simple as is feasible.
Often used as a forerunner to metabolic profiling. Used for functional
genomics, plant breeding and disease diagnosis.

fingerprinting

Metabolic Analysis of extracellular metabolites in cell medium as a reflection of
footprinting metabolite excretion or uptake by cells.

Absolute quantification (to make dateomparable) would be possible with metabolomics
analysis, if standard reference materials are available. Howedwemost cases standard

reference materials for metabolomics analysis are not availabierefore metabolites are
13



mostly quantified using retare quantification by determining response ratio between the

metabolite and an internal standard or other metabolft¢oek et al., 2010

2.1.2Classification of metabolites

Metabolites are the end products of cellular regtdry processes and their levels can be
regarded as the ultimate response of biological systems to genetic or environmental changes.
On the basis of their origin, metabolites are classified as endogenous and exogenous
metabolites. Endogenous metabolites earfurther classified as primary and secondary
metabolites. Primary metabolites are those which are directly involved in the essential life
processes like growth, development and reproduction e.g. amino acids and glycolysis
intermediates. Whereas, secondamyetabolites are speciespecific and include those which

are not directly involved in those processes but usually has important ecological functions, as
they are synthesized for a particular biological function e.g. antibiotics, alkaloids and pigments.
On the other hand, exogenous metabolites are those that are secreted by an organism or
transformed in its immediate vicinity. The concept of xenometabolome was proposed by
(Holmes et al., 2008 which is a description of xenobiotic metabolic profile of an individual

exposed to environmental pollutants, drugs and phytochemicals.

In metabolomics, the analytical cllenge is to capture the chemical diversity of the
metabolome. Estimated number of metabolites present only in the plant and human
metabolome ranges from 2,766 to well over 200,{DWiarte et al., 200,7/Fiehn, 2002 These
metabolites vary in their polarity from nepolar lipids to extremely polar metabolites.
Functional groups include alcohols, amines, organic acids, aromatic alcohols, esters, aldehydes,
ethers, phosphates andnany others. Lipidome and glycome are some of the metabolic
subgroups which are so large and important that they have their own classification. Numerous
isomers exist in the metabolome, as it comprises a relatively narrow band of molecular weights
(typicdly < 1,500 Da). Compound chirality, chemical complexity of the metabolome and the
physiological concentrations of metabolites that range from mM to pM is also a concern and a

challenge to analysi®wivedi etal., 2008.

It is clear that, there is no single analytical technique that can detect all metabolites present in
a metabolome with high enough precision, resolution and sensitivity due to the large diversity
and complexity of the metabolom@an Der Werf et al., 2005To overcome this problem it is
essential to have an array of comprehensive analytical methods, as different aahlyti
techniques are capable of analysing different classes of metabolites. While developing the
analytical platforms that can allow the detection of all metabolites present in microbial, algal,
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plant or mammalian metabolome, it is essential to have acoessformation about the class

and number of metabolites potentially present in the metabolome. Hence, it is essential to
classify all the metabolites depending upon their physicochemical properties, which will serve
as a base, for setting up the analyticaéthods for different metabolite class€gverf et al.,
2007). The classes of compounds and the analytical techniques with which they are most

compaible are described in figure 2.1.

GC/MS LC/MS
= B
/ Alkylsilyl gerivatives [/ \
| Eicosanoids Alcohols
Essertial oils AAlkaloi:!s Organicacids
sters mino acids EATes
Perfumes Catecholamines ﬁi,g;laer'é;iz:snres
Terpenes Fatty acids lonic spacies
Waxes Phenolics Nikdeotides
Volatiles Polar organics Polyamines
Caratenoids Prostaglandgins
Flavenoids Steroids
\__Lipids AN J
e —
Overilap
Less Polar MorePolar

Figue 2.1 Classes of compounds and the analytical techniques with which they are most
compatible.

Recently, a validated and comprehensive analytical platform was s@audier et al., 200@n

which both GEMS and L@IS methods were developed to quantitatively analyze as many
metabolites in microorganisms as pdssi GEMS platform was used to analyze several classes
of small polar metabolites, i.esugars, mino acids and sugar phosphateshi the LCMS
platform was developed to analyze different classes of important metabolites that could not be
analyzed by G@IS such as nucleotides, coenzyme A esters, and sugar nucleotides. After analysis
by different analytical platforms in different biological systemstabolites wereclassifiednto
different classessuch asamino acid and its derivatives, polyamines, potide pathways
intermediates, TCA cycle intermediates, photorespiration intermediates, sugars/sugar alcohols,
isoprenoids, organic acids, phosphatds. Another approach was to classify them as cationic
and anionic metaboliteMatthew et al., 2009Saito et al., 2008vijayendran et al., 2008

To date, different authors have tried to classify metabolites based on their research perspective
rather than using a generalised approach. It is therefore essential to have a comprehensive,
reproducible and usefriendly system for theclassification of metabolites based on their

physicochemical propertiesvhich will serve athe basis for seleatiganalytical methods
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2.2 Metabolomics workflow

The steps involved in comprehensive metabolome analysis in a given biological sample are
discussed in this section which includes,
1) Sampling and quenching
2) Extraction of metabolites
3) Metabolite analysis
a) Direct detection methods such as NMR, FMISRDIMS and MALIMS
b) Separation based techniques such asM&E; LEMS and CIBS

4) Data export and analysis

2.2.1Sampling and quenching

Rapid sampling and instantaneous quenching of enzyme activities are essential because of the
high turnover rates of the intracellular metabolitels.is essential tdnactivate the enzymes
under mild conditions and as fast as possible during cell harvesting in order to retain a valid
snapshot of the metabolic processes and to minimize changes tanteenal metabolites
signature(Lee and Fiehn, 2008bThusthe ideal quenching solution should instantly arrest
cellular metabolic activity without causing any significant cell membraneadarthus inhibiting

leakage of intracellular metabolites from the cd¥etmair et al., 201D

The two general strategies that acemmonly used for queching area) smultaneous sample

processing, in which quenching and extraction are combined by rapid samplthg bfoth

directly into cold quenching solution. Howeyeahis method may lead to the risk of
2OSNBAGAYFOGAYT AYONF OStfdzf  NJ LI22f as Fthe Al R2SayQi
extracellular mediumb) squential sample processinmvolves quenchingollowed by a

separation of biomass from the extmltular medium then extraction of intracellular

metabolites(Link et al., 2008VillasBbas et al., 2005bA comparison of the different strategies

is shown inTable 2.2.
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Table 2.2 Comparison of the advantages and disadvantages between sequential and
simultaneous sample processing for metabolomics studies. Table modified(flashego et
al., 2007

Advantage Disadvantage
Sequential sample processing

Cold methanol or liquid Separation of biomass from Possible metabolite leakage

nitrogen quenching supernatant

Sample matrixs cleaner Multiple extraction procedure

for specific metabolites

Separate extraction step Laborious

(Targeted metabolites)

Simultaneous sample

processing

O]V [eallp e el [T iCVaieiog8  Procedure is simpler to perfornm Difficult to interpret data

with either alkali, acid, boiling

No separation of biomass from Sample matrix complex

ethanol or water supernatant required

Total quantification of both High salt content in samples
intra and extracellular

metabolites

Non-specific Metabolitesare too dilute
leading to poor detection and

quantification

The cold methanol and liquid nitrogen quenching are most widely used. However quenching
with the liquid nitrogen does not allow separation between inad extracellular metabolites.
Quenching with 60%v/v cold methanol at-40 or -50°C was originally pneered in
Saccharomyces cerevisiand has been used widely for microbial metabolomics. The
advantages ofisingmethanolinclude: a) it is fully miscible with water b) it has a very low
freezing point(-97.6°C) c)tiis less harmful to the cells thasther organic solvents and d)
methanolwater solutions are not very viscous thus allowing easy centrifugation and cell
separation(Canelas et al., 2008However, quenching with cold metharial prokaryotic cells,

results in leakage of intracellular metabolitesusedby cold shock.

Alternative methods to cold methanol quenchiigs been developed birabinowitz and co
workers(Rabinowitz, 200) Afilter culture methodologywas usedin which cells were grown

on filter on top of agarose media support, which enables quick quenching of metabolism simply
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by transferring a filter from an agarose plate into cold quenching solution. Bolten and co
workersusedthe fastfiltration method which is only applicable if metabolites with high time
constants are quantifiedBolten et al., 200y Similarly, Kimand ceworkers used the fast
filtration method withawater washing stefKim et al., 201B Although filtration can be quick,
there is a risk of the filter getting blocked if the number of cells required for analysis is high
(Dietmair et al., 201 Glyceroisaline quenching fluid wassoused(VillasBbas and Bruheim,
2007 which showed reduction in leakage of intracellular metabolites compated
methanol/water, however the application of glycerol leads to additional problems as it is difficult
to remove from the samples. Similarly, Link anehaykersusedATP as indicator for cell leakage

in case of microbial metabolomics and based the aralysirecovery of adenylates both in cell
extract and supernatant following quenchifignk et al., 2008 The authors suggested that the

use of methanol/glycerol quenching fluid could reduce leakage of ATP as compared to the
commonly applied methanol/water solution. However, the effect of glycerol on other
metabolites has not yet been assessed, requiring further investigations in future.oMame
analysis of ATP is just a representative of a small subset of metabolome, and results for other
high-turnover metabolites might be different. All suggested alternative methods to cold
methanol quenching has its own advantages and disadvantages arelimportantly cannot

be directly applied/extended to given organism.

In order to limit metabolite leakage when cold methanol quenching is uSaijeset al have
suggested the inclusion of additives, which will asta buffer or will restrict osmotishock
(Faijes et al., 20Q7Later several researchers explored the inclusion of various buffatizekl

to the methanol quenching method tminimise metabolitdeakage and reported contradicting
results o the influence of buffers and salt concentration in the quenching solutiBo#en et

al., 2007 Canelas et al., 200&im et al., 2013Link et al., 2008Spura et al., 2009 The
commonly employed buffer additives at different concentration involves methanol
supplementedwith either HEPES, AMBIC, tricine or NaCl. Influence of these buffer additives in
preserving the membrane integritgnd therefore inminimising metabolite leakge is well
studied for bacterigBolten et al., 200,/Faijes et al., 20QLink et al., 2008Varcinowska et al.,

2011, TaymazNikerel et al., 2000 fungi(Hajjaj et al., 1998and yeast (Canelas et al., 2008
Castrillo et al., 200XKim et al., 2013Spura et al., 2009 However, Canelas and -wmrkers
investigated use of atitives such as HEPES and AMBIC, and reported less recoveries of
intracellular metabolites for buffered sample compared to use of-baffered methanol in
yeast, and suggested no additives are required for metabolome quen¢bargelas et al., 2008
Faijes and cavorkersreported higher ATP leakage lin plaatarum when using methanol that

was supplemented with NaCl, compared to that of 60% aqueous metlieais et al., 200)/

On the other hand, some researché@anelas et al., 2008aymazNikerel et al., 2009Tredwell
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et al., 201) evaluatedaddition of tricine to methanol in order to reduce the osmotic shock
during quenching, however all reports demonstrated lower recovery of metabolites in terms of
number and concentration with use of methanol/tricine compared to that of 60% aqueous
methand alone. Moreover, Tredwell and aworkersreported strong interference of tricine
with the derivatization reactions which affected ®AS analysis and suggested use of methanol
supplemented with AMBICTredwell et al., 2011 Contrary to this, Castrillo and -®eorkers
employed ESLCGMS/MS technique and reported higher recoveries witbine in yeast samples
compared to use of HEPES and +hoiffered methanolCastrillo et al., 2003 InE. coli Taymaz

and coworkersevaluated influence of various additives HEPES, NaCl and tricine and reported
no significant improvement in the recovery of intracellular metaleslicompared to non
buffered aqueous methandiraymazNikerel et al., 200p Mashego and caorkerssuggested

use of different methodswhere leakage of metabolites should be corrected by measuring the
metabolites in both total broth and culture supernatanfslashego et al., 2007 However
quantification ofsuch leaked metabolites is a daunting task and will require highly sensitive
analytical method, as the concentration of leaked metabolites in culture supernatants is
expected to be below 1 puMLink et al., 2008 In additionthis approach also has drawbacks
because of the high salt content in the growth medium is likely to interfere with the MS analysis.
Todate it is not completely clear, this leakage is a constant loss or if it is linked to biological
parameterssuch as the state of the cells and length of time spent in the. ddidrefore, there

is a need for novel optimized metabolic quenching steps in the experimental procedure in
metabolomics for a given biological sample that can overcome all of the challenges in the field

of metabolic quenchingWellerdiek et al., 2009a

2.2.2 Extraction of metabolites

Due to the diverse physicochemical properties of metabolites, the identification of an optimal
extraction solvent to quantitatively extract all intracellular metabolites represents a major
challenge in metabolomic®ifferent procedures and a range of eattion solvents have been
usedtill date which includes acids, bases, organics, alcohols, water and the usage of hot or cold
temperatures. However, each extraction condition and solution may favour a set of metabolites

and certain cell typefietmair et al., 201D

In order to achieve efficient extraction, it is essential that the sample is homogenised. This can
be achieved by various technigues suctiggid N> grinding with a pestle and mortdErban et
al., 2007 milling with vibrational mill with chilletiolder (Weckwerth et al., 2004asonification
and freezethaw cycle with the use of liquidJMnd dry ice(Roessner et al., 20Q.1Various
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techniqueshave beerusedin order to increase the efficiency of extraction and these include:
supercritical fluid extractio(Chen et al., 20Q8Huie, 2002, microwave assiste extraction
(Brachet et al.,, 2002Kaufmann and Christen, 200Proestos and Komaitis, 200)8and
pressurized liquid extractiofBarbero et al., 200@8enthin et al., 19990ng, 2002

Extraction with boiling ethanol is capable of extracting a wide setathbolites from glycolysis,
TCA cyel and pentose phosphate pathwayoWever Mashego et abuggested that, it is still
essential to classify the extraction protocols, in order to target classes of like metabolites
(Mashego et al., 20Q7For example, polar solverftsr the extraction of polar metabolites, nen
polar solventsfor extracion of nonpolar metabolites, acidg$or extradion of acid stable
YSihl 62t A fdBexiEctidbnfalkal tabl@raetabolites, low temperature for thermo labile

metabolites high temperaturéor thermo stable metabolites.

In the case of ritrobial metabolomicsit has been(Prasad Maharjan an&erenci, 2003a
suggestedhat cold methanol/waterextractedmore metabolites fromE. coliwhereasit was
suggested late(Rabinowitz, 200)that extraction with this solvent mixture causes marked
decomposition of naleotide triphosphats, Additionally, theyusedthe extraction with acidic
acetonitrile for microbial samples which minimizkwss of high energy metabolites and their
conversion into lowenergy derivativesHiller et al demonstratedhat extraction with luffered

hot water (30 mM triethanolamine, pH 7.5, 95°C) resuritmore reliable metabolite extraction

in comparison to buffered ethanol, unbuffered hot water or perchloric acid Eorcoli
metabolomics(Hiller et al., 2007ga Yanes et akxplored the influence of solvent polayijt
temperature and pH, while extracting both polar and fmolar metabolites, and concluded that

hot polar solvents are most efficient for this purpa¥@nes et al., 20)1RecentlyDuportet et
alcompared different chemical extraction methods coupled to sonication for different microbial
cell types including gram positive bacterium, gram negative bacterium, yeast and filamentous
fungus, and concluded that different cheri@xtraction methods yield significantly different
metabolic profiles (mainly due to polarity of solvents used), therefore it is essential to identify
chemical extraction method using one or more organic solvents as an extraction agent for a
given biologial sampléDuportet et al., 201 Canelas et alsedan approach of addition 3fG
labeled internal standards at different stages of the sample treatment process, which is useful

in determination of metabolite recoverig€anelas et al., 2008

Inthe case of mammalian cellptimization of extraction protocols was performed by fractional
factorial design, based on the evaluation of different conditions on differentmesp variables
(Ritter et al., 2008 RecentlyDietmair et alcompared 12 different extraction methods with
respect to mammalian cells and concluded thatd extraction using 50% acetonitrile was the

best method (Dietmair et al., 201D
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Inthe case of micrealgal metabolomics, the combination methanolmtdform:water not only
yieldssuperiorrecoveries of amino acids, organic acids, and sugar alcohol but also adequately
recovers phosphorylated compounds in comparison with methanol extraction metedsen

et al., 1999 Smits et al., 1998VillasBoas et al., 2005aLee and Fiehrested five different
extraction solvent system with respect toC. reinhardti which include
methanol:chloroform:water (5:2:2) as published for plant orgg@ullberg et al., 2004a
Weckwerth et al., 2009amethanol: isopropanol: water (5:2:2), 100% methafwllasBoas et

al., 20053, acetonitrile: isopropanol: water (5:2:2) as published for blood plagkiehn and
Kind, 2007, and methanol: chloroform: water (10:3:1) which previously found to be most
suitable forC. reinhardti(. | £ £ Ay 3 | y).Rn adGdikié Koyfhis twe alterpative methods

for cell disruption were also tested for efficienofyextraction which include use of mixer mill
with glass beads and use of single 5 mm i.d. steel ball widely used in plant tissues. Authors
concluded use of methanol:.chloroform:water (5:2:2) coupled to steel ball milling for cell
homogenization was the nsb efficient extraction method. Recentlghin et alcarried out
evaluation of extraction methods for global metabolic profiing of gram negative marine
bacterium Saccharophagus degradanghich is capable of degrading wide range of
polysaccharides, whicknables its application to the saccharification of lignocellulose and
marine microalgae for biofuel productigi®hin et al., 2010 The evaluation criteria used was,
the number of peaks detected for each extraction solvent, the peak intensity of structurally
identified compound, and the reproducibility of metabolite quantification. Authors
demonstated that acetonitrile:methanol:water (2:2:1) and water: isopropanol: methanol

(2:2:5) were found to be superior extraction solvents.

Hence for the unbiased analysis oktabolites it is essential thatll metabolites need to be
completely, norselectivey and reproducibly extracted by avoiding their degradation (e.g.,
chemical, thermal) and conversion to other metabolites (e.g., due to enzymatic activity). For
global metabolite profiling, the ideal extraction solvent should cover a broad range of chemical
properties of metabolites, and should be capable of extraction of all metabolites in high yield
regardless of their chemical class and in addition the resulting sample matrix should be
compatible or amenable to the analytical method of chaipéetmair et al., 2010Mashego et

al., 2007 Prasad Mahrjan and Ferenci, 2003&hin et al., 201,0VillasBbas et al., 2005a
However it is impossible to generate summextraction solventhence it is essential to acquire

an optimal solventsystem to develop a method witthigh extraction efficiency and
reproducibility for a given biological samg@éanelas et al2008 Gullberg et al., 2004&hin et

al., 2010. Completeness of extraction cannot be determined theoretically, as no one knows
initially the number of metabdies present in the cells, hence determinitige extent of

metabolite degradation and efficacy of method should be tested to validate the optimal method.
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Efficacy can be tested by comparing the different methods for the identical biological sample,
whereasextent of metabolite degradation and the absence of enzyme activity can be tested by
metabolite recoveries, by means of spiking or standard additions, which will give information on
metabolite degradation (metabolitspecific recoveries much below 100%yanter-conversion

(metabolitemixed recoveries above and below 100%).

However segral authors reported thait is essential to identify the optimal extraction condition

with respect to the biological system considered for research siddler et al., 2007aVlashego

et al., 2007 Oldiges et al., 2004 Different groupsof metabolites have different extraction
efficiencies, hence method optimization should be based not only on a few compounds, as seen
in the previous studies, but rather on a broad range of metabo(iBstmair et al., 201D It is

also essential to validate the performance of different extraction techniques available by
utilizing methods described above with respect to microalgal species which has nosémsen

in the past literature.

2.2.3. Metabolite analysis

Historically, spectrophotometric assays capable of detecting single metabolites or by simple
chromatographic separation of mixtures of low complexity were used for the measurement of
metabolites. Howevermver the past decade, several analytical methods have been developed

offering both high sensitivity and accuracy for metabolome anafiissc et al., 2006

2.2.3.1. Direct detection methods

2.2.3.1.INMR

In the case of more concentrated metabolites, NMR has been widely used in the past and has
significantly contributed to the metabolite profiling studiéSowda et al., 2008Lindon et al.,

2004, Serkova and Niemann, 200&NMR offers many advantagescludinghigh information
content of resulting spectra, nedestructiveness, the relative stability of the resulting chemical
shifts, the ease of quantification of multiple classes of metabolites and the lack of any need to
pre-select the conditions employed fohé analysis. One dimensional NMR laid the foundation

of metabolomics studies, which offers an array of detection schemes that can be tailored to the
nature of the sample and the metabolic fMem that needs to be addressed.owever
complexity of the NMR setra limits the identification of metabolites. Several attempts were

made to improve peak assignments with the hel@aofetabolite database. However, it is still
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inadequate for a complete and unambiguous assignment, particularly for metabolites at lower
concentratiors. In addition NMR has a low sensitivity compared to MS and suffers from
overlapping signals, leading to smaller number of absolute identificatidme hyphenation of
NMR with HPLC can increase its efficiency by reducing thesomant peak and improving the
dynamic range, but their use still remains limited by low throughput and difficulties associated
with metabolite identification(Bacher et al., 1998artin et al., 2007Scalbert et al., 2009

2.2.3.1.2FTICR MS

FTICR has great potential to unravel metabolomes. This technique is capable of identifying many
metabolite classes simultaneously without the need for chromatographic separations. It has
been described for metabolome analysis of plamttracts and characterization of lipo

oligosaccharidef_eavell et al., 2002

2.2.3.1.3DIMS

DIMS provide the higthroughput metabolic fingerprinting and foot printing analyses in which
sample are directly injected in a flow injection mode into mass spectrometers without any prior
separation(Vaidyanathan et al., 2002Direct infusion is often employed with B3$ analysis

for rapid characterization of organisms, cells or tissues for foot printing purp@&adyanathan

et al., 200). This techniques has also been described for profiling of secondary metabolites in

plants and fung{VillasBoas et al., 2005b

2.2.3.1.AMALDIMS

MALDIMS has not been widely used for metabolomics, dumterferencefrom matrix ions in

the low moleclar weight range. However, introduction oféninoacridine as a matrix has been
shown successful application of this technigue in quantitative detection of metabolites in
negative ion modgEdwards and Kennedy, 2003.ater to assess the performance of this
method, a metabolite cocktail was spiked with different concentrations of single metabolites,
which lead to conclusion that changes in the concentration of ondytnés often influenced

the quantification of other metaboliteé/aidyanatha and Goodacre, 2007

However, FTIGRIS and DIMS are preferred techniques for metabolic fingerprinting, as they
require minimal sample preparation andqvide high throughput analysisoiever the spectra
obtained is very complex and elucidation otBuspectra is very complicated ta@koek et al.,
2010.
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2.2.3.2. Separation based techniques

2.2.3.2.1 Separation by chromatographic techniques

In the case of metabolites having lower concentration, sequential approaches of concentration,
separation and detection methods are commonly employed. Separation can be achieved by the
use of chromatographic or electrophoresis methods, such as GC, LCSap@Eation by GC can

be applied for those metabolites which have high vapour pressures or can be derivatized to form
volatile products. A major disadvantage of GC for metabolic profiling is thatvaeiatile
compounds cannot be determined and requir@sé consuming derivatization procedures to
render them volatile. LC can be used for the separation ofuadatile metabolites, which makes

up most of the metabolome. RRPLC has been widely applied for separation of-valatile
metabolites at lower cona#ration and varying polarities, however as compared to GC
separation; this method is time consuming, has low resolution and does not adequately address
the hydrophilic component of the metabolonfasbury and Hill, 20Q0Recently, UPLC has been
introduced to overcome these limitations, with small dial®etld 6 )KH kY0 LI O1 Ay 3IQa
silicoethyl bonded phase, thus linear mobile phase velocities of up to 10 mm/s can be achieved
without sacrifice in resolution Apart from these chromatographic techniques, CE can also be
used for the efficient separatioof cations and anions and/or hydrophilic metabolites in the
metabolome, but it is too slow and can take up to 16 hours for some separations. Furthermore,

the buffers used are not readily compatible with the ion source of MS.

After chromatographic or eldgrophordic separation of metabolites, identification of
metabolites is achieved by MBwivedi et al., 2008 MS is generally employed in combination
with pre-fractionation methods, such as GC, LC anb @tluce the complexity of target sample

before MS or tandem MS analysis.

2.2.3.2.2 Detection by Mass spectrometry (MS)

Mass spectrometry is a wedlstablished technique for the analysis of diverse chemicals and bio
molecules on the basis of their masschargeratio (m/z). Over the last decade, MS has secured

a pinnacle position and holds additional promise for the advancement of metabolomics based
upon sensitivity, selectivity, relative cost and depth of coverage. The MS based hyphenated
techniques cambine chromatographic techniques for separation of metabolites based on their

physicochemical properties coupled to mass detection with mass spectrometry.
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MS instrumentation

Typical mass spectrometer consists of an ionization source, mass analyzeetantbdas

shown in figure2.2;

SAMPLE
PREFRACTIONATION
Electrospray lonization (ESI)
Gas Chromatography (GC) IONIZATION SOURCE Matrix Assisted Laser (LC)
Liquid Chromatography (LC) Desorption/ionization (MALDI)

Capillary Electrophoresis (CE)

Quadrupole lon Traps (QIT)
Linear lon Trap (LIT)

COLLISION CELL MASS ANALYSIS Time-of-flight (TOF)
Fourier Transfer lon Cyclotron
Coliision-Induced Dissociation (CID) Resonance (FTICR)
Infrared Multiphoton Dissociation
(IRMPD) Photomuitiplier
Electron Capture Dissociation (ECD) DETECTOR Electron Multiplier (LC)
Electron Transfer Dissociation (ETD) Microchannel Plate

DATA ANALYSIS

Figure2.2 General flow chart for mass spectrometry (figure modified fiéemg et al., 2008

Mass spectrometers operate afour step process. Following the sample introductions are
generated in an ion source, at vacuum press, in order to create chargedpecies, a
requirement for the separation of ions according to masgharge(m/z) ratio. Subsequently
separation in space or time, of ions based on thmifz ratio occurs in a mass analyzer, followed
by detection of ions either physically at a detector as an ion current or by the detection of orbital

frequencies as image currents.

lonisation sourcs

In MS, there ee two types of ionization techniques, hard ionization techniques which result in
a large amount of fragmentation of the analyte and soft ionization techniques which result in
little ion source fragmentation and molecular ion peaks. lonization methodsbeafurther
classified on the basis tiie source of the ionsgither in thegasphase,by desorptionor in a
spray. In gaphase sourceghe sample is directly converted to gaseoussamd this modeis
applicable to compoundsvith molecularmasses ofiess than 18 Da. The electron impact
ionization and chemical ionization methods employ-ghase sources and can be easily coupled
with GC, but not with LC. In desorption methotl®e sample in either gas or liquid state is

converted to gaseous ions aiglapplicable to analysis of much higher masses e.g. MALDI. Lastly,
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the spray sources involves ionization of an aerosolized spray, which are commonly employed in
techniquessuch asatmospheric pressure chemical ionization (APCI) and electrospray ionization
(ESI)

Analyzes

Intime of flight TOF mass analyzer, all ions havithg same charge are imparted withe same

kinetic energy by acceleration through an electrical field and are then allowed to drift freely
through a vacuum tube. As all ions havye tsame kinetic energyhe lighter particles will
transverse the flight tube faster than heavier particles, thus allowing separation of ions based
on m/z. The TOF mass analyzers have several advantages over quadrupole and 3D ion traps
because they have wide mass coveragdt provides greater sensitivity by detecting all ions
simultaneously rather than scanning mass ranges as is the case with many quadrupole
instruments, thugprior knowledge of the metabolites to be detected is not required, as would

be required for QTOF and triple quadrupole instruments in tandem MS. It has high acquisition
rates greater than 100 Hz, thiids suitablefor sampling of data points across chromatographic
peaks. Italso provides accurate mass measurement of the molecwar with typical mass
accuracies of less than 5 ppithe hybrid QTOFinstrument provides tworoutes to identify
metabolites.First route involvesiccurate mass measurements of the molecularudrile the

other provides accurate mass measurements of theepursor (molecular) and product ions
using tandem mass spectrometry (MS/IMSFTICR mass spectrometease well known to
provide higher mass accuracy and mass resolytirt they are very expensivelowever ecent
developments in ' OF instrumentserves as a cheaper alternative to that of FTICR MS and are

capable of providing highenass accuracy, sensitivity and dynamic rafigyenn, 2008.

Detectors

The most commonly used detectors in MS @ire electron multiplier and Faraday cup. Faraday
cups are highly accurate, as the current producedresctly proportional to the number of ions,
whereas it has less sensitivity as compared to electron multipkeauseno amplification of
signal takes place in Faraday c@psnn, 2008

In conclusion, coupling of higlesolution separations to MS can also substantially increase the
depth-of-metabolomecoverage, add an additional dimension for metabolite identification, and
enhances the biological context through more rigorous identification of a greater number of
metabolites(Bedair and Sumner, 200Bdlence nowadays, hyphenation of GC, LC &nbaSed
separation techniques to MS are preferred over NMR and other analytical techniques, as they
are more robust and has the potential to be applied for the analysis of more than one metabolite

clasg(Dettmer et al. 2007, Scalbert et al., 200%/an Der Werf et al., 2005
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2.2.4. Data export and analysis

The resulting data burden arising frothe complexity and richness dhe metabolone is
regarded as one of thmajor bottlenecks. The raw instrumental data requires processing in
order to extract information for further analysis and interpretation. A standard extensible
markup language (XML) format for metabolomicsiiget to be developedSuch a development
can provide not only standardization of quantitative data output, but also a thorough sample
annotation, which is required fodata interpretation (Dettmer et al., 200). All analytical
instruments generallyhavesoftware for quantitative data procesg but unfortunatelynot all

are capableof processing very rich comprehensive metabolomics data generated BYSsC
and/or LGMS. Nowadays most of the instrument companies such as Agilent, Bruker emddrl' h
havebecome active in producing automated dagatraction tools for metabolomics, however
these tools work only for specific type of data and data forn{&@salbert et al., 2009Hence,

there is need for improvemesin the area of data extraction.

2.2.4.1Data processing

For data processinggssentially three types of methods are available: target analysis, peak
picking and deconvolution. The mainatlenges in data processing atee amount of data,
unbiased data processing, alignment of peaks shifted along the retention time axis and lastly
obtaining only one entry for each metabolit€oek et al., 2010 The G&MS and/or LEMS
experiments can generate 2 general typeslafa or mass spectral tags (MJT1) parent mass

+ chromatographic retention time or 2) parent mass + fragment mass + chromatographic
retention time. The identification of both known and unknown compounds is possible if these
properties are properly documented. The processing of olediraw sets of chromatogram
involves noise reduction, spectrum deconvolution, peak detection and integration,

chromatogram alignment, compound identification and quantificatfoun et al., 20111

The construction of mass spectral libraries and metabolite databases is essential so as to define
the metabolome more comprehensively. The most coomiy used databases for compound
identification are NIST 08, GMD, MassBank, METLIN, MMCD, and (@&dDB1(). However

these libraries are not specifitcom the metabolomics perspective. In @€S, a number of
research groups are developing their own metabolite mass spectral/retention index libramies,
examplecurrently availablesthe GOLM metabolome database. The variation in the retention
times across multiple samples can be normalized by addition of retention indicesdlkanes

to the sample which increases the reproducibility of chromatographic alignment. A match factor
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greater than 70% is generally employed for a mass spectral match. Recently, NIST libraries have
been carefully curated and available as NIST 14 with 242,477 spectra and GC retention indices
for 82,337 compounds. However there are no mass spectral/retentidex libraries available

for 2D G@MS (Dunn and Ellis, 2005In LEMS applications, these libraries are much less
developed. Recent development of the MZmine and MZmine 2 provides important platform
independent software for the processing of the MS data in metabolomics and proteom{ts!

et al., 2008 Similarly, a web based platform known as XCMS omhlase beenrecently
developed for analysis of {MS based metabolomics data which offers feature detection, RT
correction, alignment, annotation, statistical analysis and data visualization followed by putative
identification of metabolites againshe METLIN databag@atti et al., 2012Smith et al., 2006
Tautenhahn et al., 20Q7Tautenhahn et al., 2008 autenhahn et al., 2032

Deconvolution makes the use thfe differences in masspectrainformation betweendifferent
metabolites to separate overlapping peaks. One of the tools, performing spectra deconvolution
and application of retention indices is the AMDIS, which is freely available from NIST. It is most
promising method for G®S, as it can handle huge daets, automated processing, automatic
peak alignment and provides just one quantitative value per metabolite per sample. However,
AMDIS is not compatible with IS or CBMS, but ESLCMS data can be processed using
component detection algorithm. Recdwntfreely available software tool have been developed

by (Behrends et al., 203 for backfilling missing values obtained from AMPI&cessed GEIS

spectra, producing a data matrix moreitable for subsequent chemometric analysis.

Further development of LIS and GBS mass spectral libraries with respect to mammalian
and microalgal samples, and their applicability and availability across many research laboratories

is essential, but noget achieved.

2.2.4.2 Data interpretation and visualisation

Once raw data has been converted to a quantitative description, one can, in principle apply
statistical tools which are commonly employed for normalization, alignment, corrections, noise
removal and transformation of large data sets. The selection of statistical tool, in metabolomics,
highly depends on aim of the study. For sample classification; unsupervised methods such as
PCA, HCA or ICA are used, while for biomarker discovery, supervifeadsesuch as PLS,
ANOVA or SIMCA can be used. Data normalization and data transformations are used to
minimize the impact of variability of high intensity peaks. Each sample is usually normalized to
the sum of its intensities, while transformation isended to reduce high intensity values but

keep low intensity value@ettmer et al., 200Y. The widely used pattern recognition tools are
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PCA and HCA, which enable the ease of comparison and visualization of similarities and
differences between dat sets. PCA is a mathematical procedure that transforms a number of
possibly correlated variables into a smaller number of uncorrelated variables called principal
components, which are linear combinations of the original variaftegtelling, 1933Lu et al.,

2011). To gain further insight into data characteristics suclp-aalue, fold change, retention

time, m/z ratio and signal intensity of all detected features, cloud plot visualizationhaoé
beenrecently developed by the XCMS online platfdfatti et al., 201p

2.2.4.3 Metabolite identification

In order to extract the biological context from the data, it is essentialeatify themetabolites.
Metabolites should be identified or classified as either, unknown, belonging to a certain
chemical class, putativelidentified by a match to a database MST or confirmed with an
authentic standard. Recently the Metabolomics Standard Initiative (MSI), proposed a guideline
for the identification of nomovel metabolites, in which a minimum of two independent and
orthogoral data relative to an authentic standard compound analyzed under identical
experimental conditions are proposed as necessary for metabolite identificffiehn et al.,
2007, Sansone et al., 200.7Metabolites can also be identified lalibrary search. The largest
spectra libraries are aiablefrom Wiley and NIST 14.

Recently the first draft of minimum standard reporting requirements for biological samples in
metabolomics experiment was proposed and this has allovleel scientific community to
evaluate, understand, repeat, compare andimgesigate metabolomics studie§iehn et al.,
2006 Sumner et al., 20Q¥an der Werf et al., 2007However this approadhasnot beenwidely

usedin mammalian and microalgal metabolomics and requires further attention.

2.3 GEMS and LS based metabolomics

2.3.1 GeMS based metabolomics

GCMS is one of the most widely used ari@gl technique in metabolomics. Itombines the

high separation effiency and resolution of capillary GC that is essential for complex metabolic
profiling with the high sensitivity of mass selective detectidnaide range of volatile and/or
derivatized norvolatile metabolites can be analyzed qualitatively and quantiédyiwith high
analytical reproducibility andt lower cost compared to L&S and CBS. Coupling of GC to

quadrupole MS, provides high sensitivity amdvide dynamic range but it has nominal mass
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accuracy and slow scan speed. These limitations can beawer by G OFMS, which is
widely used in metabolic profiling as it offers higher mass accuracy and mass resolution.
Furthermore, it offers high scan speed essential for adequate sampling ofdsghution
chromatographic peak widths in the range of @3 s which also facilitates the implementation

of fast GC methods, thus reducing the analysis time and increases the productivity. However a
major disadvantage associated with-GIS is the requirement of analyte volatility and thermal
stability, which igorporates derivatization steps in analysis, which are time consuming.
Derivatization introduces an additional source of variance to the experimental procedures and
increases complexity of data, as a single metabolite can produce multiple derivatizedotitetab
peaks(Dunn, 2008.

The derivatized samgs are then introduced into the GC capillary column which provides high
resolution and peak capacity, through split or split less injection mode. GC columns are silica
capillariesthat havelengths between10-60 mwith internal diameterbetween 100-500 pm,
coated externally with an imide layer to reduce column fragility and internally with a liquid
stationary phase of siloxane of thickness3Mum. In metabolomics DB5 or DB17 columns are
generally employed which contains a 95/5 mix of methyl/phenyl groups a 50/50 mix of
methyl/phenyl groups respectivelfseparation can be achieved by rpolar stationary phase

that separates analytes according to their boiling point and polar stationary phase that separates
analytes based on their polarifiBedair and Sumner, 2008aunn, 2003 However, for complex
biological samples, peak capacities, resgypower and depth of metabolome coverage can be
further increased by the use ofR GC (GC x GC), that utilizes two columns having different
a0l GA2YIFNE LKIFIAS aStSOGA@AGEQa YR INB O2yySOGSR
first-dimension olumn, usuallynon-polar, are continuously trapped and released via a
modulator ontothe secondcolumn usually more polar, for further separation. Therefango
metabolites of similar volatility but diéfent polarity can be separate@his mode of sepation
provides higher sensitivity and wider dynamic range as comparedX@C. In order to acquire
sufficient data points across the sharp narrow peakf &Cjs often coupledwith TOFMS.
However, the data generated by GC x-B@FMS is large and congx requiring the use of
chemometric method# orderto gatherthe information from these profiles, using multivariate
tools like PCA, HCA, FDA, Fisher ratio and PARAFREBRAFAC provides a fully deconvoluted
mass spectrum as an aid to convert raw dathiological significancunn, 2008Zhang et al.,
2008
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2.3.1.1 Sensitivity of @S

Intracellular metabolitesre present at low concentratiorsndtherefore the detector has to be
highly sensitive. Analytical sensitivitys dependent on choice of the mass analyzer, the data
acquisition mode (full scan/SIM), and the chromatographic setup. In SIM modé$@Rd ion
traps provide higher sensitivity, however the dynamic range is lower than for quadsipole
operated in SIM mde. The full scanning mode requires sufficient number of data points, in
order to describe the chromatographic elution profile adequately. SIM mode is more sensitive
for quantitative analysis of isotoge however it is not the method of choice for metaliel
profiling. The sensitivity also depends on the injection techniques used-l&slitnjection is
most commonly used for quantitative analysis of low concentration-f@.Jopm (ng/pL)] and
very dilutes samples, whereas split injection methods are-quemtitative and generally

employed for target analys{€hen et al., 1998opka et al., 199%/illasBoas et al., 2005b

2.3.1.2 Rproducibility of G®IS

The major sources of viability in GEMS analysis are caused the analytical methodology
(chromatography, detection and stability of derivatized samplasyithe sample preparation
(sampling, quenching, extraction, and conceuittn). Reproducibilityof retention indices
between GC colns from different manufacturer allows transfer of libraries between GC
columns, however production of reproducible fragmentation mass spectra on different
instruments is difficult and is a majtimitation to the development of these librarig®unn,
2008. The application of CID is more variable across different instruments when compared to
the higher reproducibility of fragmentation patterns with El ionization acquired on different
instruments. Hence use of multiple collision energies acomemended for the construction of
MS/MS libraries, as the precursor ion of one metabolite may extensively fragment at a given
collision energy whereas a separate metabolite may not produce significant fragmentation of
the molecular ion at the same collisienergy. Large standard deviations may be observed if
the derivatized samples are not §isfently stable (within 24 hjsUse of cold tray at the GC auto
sampler could reduce the variations caused by loss of sample due to evaporation. The sample
to sampé variation can be minimized by use of internal standards, by adding it to sample as
early as possible in the process. Typical internal standards used are synthetic compacinds
asNYS G Kef I yA fcliokestaBe whigh Rhoydhnot exhibit significagthigher or lower
boiling points than the analytes, and should not interfere with the metabolites present in the

sample(VillasBobas et al., 2009b
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2.3.1.3 Derivatization

The primary requirement for GRS analysis is that analyte must be volatile and thermally
stable. Shorchain alcohols, esters, and low moleawaeight hydrocarbons and lipids meet
these requirements; however majority of the metabolites which includes, amino acids, organic
acids and sugars are highly polar and wolatile, thus requires chemical derivatization at the
functional group in order taeduce their polarity, render them volatile and increase their
thermal stability prior to GBS analysigDettmer et al.,2007, Wittmann, 2007. To date, the
commonly used derivatization methods for ®AS analysis of metabolites involves silylation,
alkylation or acylation rezions which are simplend leado high yield with efficient conversion

of nonvolatile analyte to volatilelerivative In alkylation, silylation and acylation reactions the
functional groups such ag€OOH;OH,-NH and¢SH can be derivatizg@Vittmann, 2007.

Silylation reactions involve replacement of the actitagdrogen by an alkylsilyl group
[trimethylsilyl (TMS)] with formation of TMS ethers, TMS esters, TMS sulfides or TMS amines.
The formed silyl derivatives shows better thermal stability, higher volatility and can produce
more distinct MS spectra as comparedtheir underivatized precursors. In metabolomics, the
predominantly used reagents for trimethylsilylation are BSTFA (Wis-@imethylsilyl}
trifluoroacetamide) and MSTFA-Nethyltri-methylsilyltrifluoroacetamide). The problem with
BSTFA is, the lemg group is trifluoroacetamide, which is responsible for causing interference
with early eluting peaks, whereas, comparable in silyl donor strength, MSTFA is the most volatile
of the TMS acetamides and therefore preferred over BSTFA fdM&ahalysisnicertain cases,

1% trimethylchlorosilane is also added as a catalyst. The disadvantage with silylation is its
sensitivity to water, which requires that reaction must be carried out under anhydrous
conditions and that derivatized samples must be storealdiny environment, in order to prevent
degradation. In addition to this, silylation reactions are also responsible for conversion reactions,
as arginine is being converted into ornithine by reaction with MSTFA or BB&&air and
Sumner, 2008zDettmer et al., 200). Alternativelyt-butyldimethylsilylation (TBS) derivatives,

can be used in addition to trimethylsilylation, which are less sensitive to moisture than TMS
derivatives, however TBrivatives have higher molecular mass than TMS derivatives, which
often leads to higher degree of partial derivatization in compounds with multiple functional
groups due to steric hindrancélkylation and esterification have been uskdt they can
derivatize a narrower range of metabolites than silylati@edair and Sumner, 200BaAs a

resultsilylation is preferred in metabolomics over other available alternatives.

In addition to this, hydroxylamine or alkoxyamines are also used to transfarbonyl groups

to corresponding oximes in order to stabilize the reducing sugars in the -cip&n
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orientation at the carbomitrogen double bond, oximes derivativearcbe formed asyn and
anti-isomers that can be chromatographically resolved, leading to two GC peaks for each
compound (Bedair and Sumner, 2008®ettmer et al., 200y For identification purpossg

alkoxyamims are preferred over hydroxylamin@Sehn et al., 2000

The twostep derivatization procedure is most commonly utilized for-NE& metabolite
profiling, in order to obtain broad coverage of the metabolome, which include methoximation
followed by silylation. So in the first step alkoxyamines convert carbonypgrtmoximes as
described above, while in the second step, the active hydrogen in polar functional groups is

replaced with trimethylsilyl group by silylation with MSTFA.

Inthe past, attempts have been made to study the influence of oximation temperatdgime
followed by silylation with MSTFA (with 1% trimethylchlorosilane) and variation of silylation
temperature, amount of reagent, and addition of-solventsuch ashexane, acetonitrile. The
derivatization efficiency study with respect to plant metétmics was carried out biGulberg

et al.,, 2004a by using reference compounds and concluded that methoximation with
methoxyamine in pyridine for 17 hours at room temperature, followed by silylation with MSTFA

for 1 hour at room temperature to be the optimum derivatization procedure

More recently (Koek et al.,, 2006 conducted an experiment with respect to microbial
metabolomics, in order to calculatee derivatization efficiency, by usiraset of n-alkanes as
reference compounds. Several parameters were testeduding the choice oflerivatization
solvents (i.e., acetonitrile, dimethylforamide, dimethyl sulfoxide, pyridine, tetrahydrofuran),
oximation reagents (hydroxylamine, ethoxyamirglylation reagents (BSA, MSTFA, BSTFA and
a mixture of trimethylsilylimidazole/BSA/trimethylchlorosilane 3:3:2 v/v), derivatization times

(1590 min), and temperature (300°C).

Moreover, in view of analytical performance of different metabolidschis mainly governed

by the stability of the silylation product after derivatizatiokoek and cavorkers, classified
metabolites based on their derivatization efficiencies, where authors demonstrated higher
derivatization efficiencies for metabolites comiig hydroxylic and carboxylic functional groups
such as organic acids and sug&ssults for these metabolites showed higher derivatization
efficiencies (6@ 115%), analysis of repeatability (RSDs < 5% in cell extracts) and reproducibility
(RSDs & 149). Metabolites containing amine or phosphoric functional groups showed
satisfactory derivatization efficiencies (80110%), repeatability ( 7%) and reproducibility
(10%), whereas metabolites with amide, thiol, or sulfonic functional groups were faubd t
difficult to analysewith the silylation reagentgKoek et al., 2006 Similar conclusionsn these

metabolite classewith the use of silylation reagentgere reported by Gullberg and cavorkers
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(Gullberg et al., 2004aas that ofKoek and cewvorkers (Koek et al., 2006with respect to

derivatization efficiencies and application range.

Recently, the source of bias in ®S based metabolomics was discussed brieflfMighur and
Rea, 2011 The aithors suggestedhat bias in metabolomics occurs in two forms. Type A bias
which are universal and affect all the metabolites equally and can be correcttx bgldition

of an internal standard, whereas type B bias, Hrese which affect individual metabolites
differently. Theyconcludedhat the primary source of bias in @S is the sample derivatization
step, which introduces both Type A and to a greater extent Type Blhiasefore it is essential

to ensure that enough derivatizing agemichoptimum experimental conditions exist for the
efficient derivatization of hundreds to thousands of organic compounds with a variety of
functional groups all competing for the same reageim addition the correct duration and
temperature also needs toebidentified in order to ensure complete derivatization step, as
incomplete derivatization of compound with multiple functional groups may result in eluting

multiple peaks for the same metabolite.

Few derivatization efficiency studies have been conductéith wespect to plant and microbial
samplesand methods have been optimized with respect to them, however there is no evidence

of such studies in the literature with respect to microalgal metabolomics

2.3.2 LaMS based metabolomics

The LEMS platform inmetabolomics offers several advantageser GEMS, such as operation
at lower analysis temperature, thus enabling analysis of thermo labile metabolites witéch of
degraded during GC analysis. More importarit@MS analysis does not require chemical
derivatization, thus simplifyingthe sample preparation steps and identification dfie
metabolites. lonization in the positive ion mode (amines and amino acids) and negative ion
mode (sugars and lipids) leads to the detection of two sets of analytes thatdiffem
significantly.Detection in boththe positive and negative ion mode simultaneously is possible
with LGMS, thus reducing the time required for analysis egdlicebias due to injection errors.
However, the major disadvantagé LCMS is ion suppresmn, which can be overcome to some
extent by miniaturization of ESb nanospray ionization and blgetter separation ofthe
metabolites.Other major drawbacks with the use bEMS metabolomics is contamination of
the MS source, and adduct formation. Bdthve significant consequences for the robustness of
the method andresult inthe lack of transferable RS libraries for metabolite identification

(Coulier et al., 2006
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LC operates by the passage of a liquid mobile phase through a stainless steel column packed
with the stationary phase, silica or related small diameter particles to which the stationary phase
is chemically bonded. The liquid mobile phase is pumped through the high resistance system, a
mixing system for combining multiple mobile phases, the column and the detector. The most
commonly used columns in LC separation are revplsese columns, suchsaC18 or C8, for
efficient separation of noipolar/hydrophobic metabolites (such as aromatics, lipids,
phospholipids and bile acids). However retention of polar metabolites on reydrase
columns is not sufficient and/or often eslute close to the colum void volume, thus making

their detection difficult with MS. This problem can be overcome by use of Kthi€h uses

water miscible polar organic solvents, such as acetonitrile and water and offer a complementary
metabolic profile providing greater ret¢ion of hydrophilic metabolites. In HILIC a staghant
water layer is established within the stationary phase and the separation is achieved by
partitioning the analyte between that polar layer and the mobile phase. However, greater
metabolome coverage cae obtained by employing both reverse and HILIC phase columns
(Dunn and Ellis, 2005An alternative option for theanalysis of hydrophilic metabolites with
reverse phase columns is use of ion pair reagents containingpatam moietiesand as a result
hydrophilic metabolitesre retained orhydrophobic stationary phasé&his approach hdseen

widely applied in microlil metabolomics to study glycolysis, pentose phosphate and TCA cycle
metabolites(Coulier et al., 2008-uo etal., 20074

Recently, UHPLC system which uses a polar mobile phase, typically consisting of water and
acetonitrile has been introduced®eparations achievedat relatively higher flow rate and high
pressure around 15,000 psiand involve the use of column packed with f2#fim stationary
phase. Reduction in the particle size, greatly enhances the chromatographic resolution and
efficiency, thus can be applied in resolving complex biological mixtures irangeted
metabolic prdiling (Zhang et al., 20)2Miniaturization, such as reduced column dimension and
reduced flow rates, increases the sensitivity in-ESI Several applicabns of the latterin
metabolomics and proteomics as demonstrated wihewanella oneidensi¢Bedair and
Sumner, 2008ghave been reportedCapillary columns packed with nine different stationary
phases were evaluated by Ding andweorkers (Ding et al., 200)7for efficient separation of
small polar metabolites i€yanobacteriunsp. Goodseparation was achieved withh Synergi
fusionRP column with packing material hagia pore size less than 0.01 pm and a surface area
larger than 400rf{g. The separation of polar analytes can be further improved with the use of
stationary phasesvhich havepolar functional groups imbedded in the C18 chain for better
interaction with poar metabolites. Alternatively, long capillary monolithic columns can also be
used as seen with metabolomics studyAshbidopsis thalianahe use ofwhich resulted irthe

detection of several hundred peak®olstikov et al., 2003
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Due to complicated experimental sap, the implementation of 2D KIS for metabadmics has
lagged behind than that of 2BCMS. In practice, effluents from the first column are transferred

to the second at constant interval via automated valves equipped with multiple sample loops.
The first column is used for the primary separation modsually with long analysis time and
gradient elution, whilethe second column is showith a larger inner diameter, used for the
orthogonal separation of the modulated fractions from the first dimensional separation.
However, in order to minimize th@d$s in the first dimensional resolution, fast modulation is
required, while to decrease the extra band broadening it requires a very fast selimessional
separation. A recent study showed that, the loss in the first dimensional resolution can be
minimized to 206 30 % by employing sampling rate of less than 1.5 times the standard deviation
of the first dimensional peakéSchoenmakers et al., 2006Alternatively, the use of high
temperature > 100°C RP gradient elution chromatography, using thermally stable stationary
phase resukin a second dimensional analysis time of 20 s, thus permitting a high modulation
rate. Recently 2D EESITOFMS was successfully applied for the anialgsd quantification of
Stevia rebaudianglycosidegPdl et al., 200y

2.3.2.1 Issues and challenges tMSC

The offline identification of metabolites at multiple collision energies witld @ possible;
however it is not suitable for the online identification of metabolites in LC applications. There
are two types of artefacts introduced lilie analtical system in LS analysisi) Chemical
noise, i.e. real peaks that are generated in tinstrument or apparent changes that are
instrument related, such as ion suppressighApparent sample differences introduced by the
experimental protocol or the data processifurton et al., 2008 However, it$ essential to
detect these artéacts, prior to normalizationf the databy using visualizain, univariate and
multivariate tools, so that they can kdentified (Burton et al., 2008 The consistency of the
analytical resultare assesseby injecting a mixture of reference compounds at regular intervals
to assess the performance of both the chromatographic column and the mass spectrometer
during themeasurements Alternatively, QC samples can also be used that are representative
of the biological samples, but this approach is not sufficient to normalize peak intensities, hence
other normalization approagshave been developed to facilitate mgparison of datasets, such

as NOMIS or CCMIN orderto overcome analytical variabilityDther instrumental artefacts
whichare mainly linked to the sample acquisition ord@m bedetermined andminimized by
randomizing theorder of samples throughout thesequence of injections prior to data

acquisition With this approach, the only systematic differences between these samples will be
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due to time related artefacts and, if all real classes are roughly equally represented, class effect

should cancel ougBurton et al., 2008Roux efal., 201).

However no single analytical method is suitabletfa detection of all the metabolites. As the
physicochemical propertiesuch asgpK,, polarity and sizeof metabolites covera wide range,

hence it is not possible to separate all metabolites with one separation method (GC, LC or CE).
In addition, it is not possible to measure all metabolites with one deted& cannot detect all
metabolites, as some metalites do not ionize well under certain conditions, or their
concentrations are too low for detection. The dynamic range of most MS is also still-dnly 3
orders of magnitude, whereas the range of concentration of metabolites in biological samples is
often much larger. In addition to being complex, a metabolome is transient, as biochemical
pathways are especially sensitive to stresses such as minor changes in pH, temperature,
concentraton, reaction rates, compositioand location. Due to this, metabolomehieh is
measured at one set of conditions will not necessarily be the same as that measured at another
set of conditions. Hence, to fully characterize a biological system, the evolving nature of its

metabolome must be monitored through flux analydsinn, 2008Dwivedi et al., 2008

Thusfor the acquisition of acomprehensive metabolite profile, it sssentialto set up the
generic metabolomics platforms that can analjthe maximum number of metabolites, by
parallel application of several techniques, using a combination €fI6CLEVIS and/or CBMS

methods.

2.4 Microalga for biofuel production

2.4.1 What are microalgae?

Algae are photosynthetic aquatic organisms. The term is often used to refer specifically to
eukaryotic organisms, thus excluding photosynthetic bacteria (such as cyanobacteria, which are
a2 NBFTSNNERNBSYylIat¥oboxbSd ¢KSe YIe& 0685 dzyAOSt
(macroalgae). The latter category includes seaweeds. The algae are very diverse in evolutionary
terms. The red algae and green algae belong to one group, whilgthiees, including diatoms,

brown algae, heterokonts, and dinoflagellates have all evolved separately. Whilst some aquatic
photosynthetic organisms, such as sgasses, are more closely related to flowering plants
(Scott et al., 201p0

The biodiversity of microalgae is enormous and they represent an almost untappedrce. It
has been estimated that about 200,0800,000 species exist of which about 40,000 species
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(Cyanophyceae), green algae (Chlorophyceae), diatomdléBaphyceae), yellovgreen algae
(Xanthophyceae), golden algae Chrysophyceae), red algae (Rhodophyceae), brown algae
6t K S21LK&0OSI Su= RAY2bF3AS4X Fyfazy @ 5:ANIZAKEDIGNSOS

Eustigmatophyceae).

2.4.1.1Microalgae for nosbiofuel products

Over 15,000 novel compounds originating from algal biomass have been chemically determined.
Most of these microalgae species produce unigque prodaath ascarotenoids, antioxidants,
polyunsaturated fatty acids (PUFA€nzymes, polymers,eptides, toxins, stable isotopes
polysaccharideand sterolgLamers et al., 201Q0Rulz and Gross, 200/ijesekara et al., 20)1

The chemical composition of microatge not an intrinsic constant factor but varies over a wide
range, depending on species and on cultivation conditions. It is possible to accumulate the
desired products in microalgae to a large extent by changing environmental fattohsas

temperature,illumination, pH, C&supply, salt and nutrients.

2.4.1.2Microalgacefor other biofuel products

The first generation bioethanol suffered from food vs fuel dilemma whereas the second
generation bioethanol (from lignocellulose feedstock) is associatddhigher investment costs

and still lacks economic viability for large scale production. The conversion of lignocellulose to
biofuel is costly and resistance to degradatoadds to the cost of overall biomass
saccharification. In contrasbioethanol @n be easily produced from algal biomass through
fermentation, as unlike plant biomass, algal biomass do not contain lignin and hence it is less
resistan to conversions into simple sugaf®aroch et al., 2013 Furthermore, in addition to
cellulose and hemicellulog@. reinhardti{Choi et al., 2010and C. vulgarigHirano et al, 1997

have high starchcontents as reserve materialhereforebioethanol from microalgal biomass
hasthe potential to replace conventional gasoline.

During photosynthesis microalgae converts water molecule into hydrogen iénar(éioxygen,

and uncer anaerobic conditions expression of a hydrogenase enzyme which recombiaed H

e (resulting from the photosynthetic electron transfer chain) resulting npkbduction. C.
reinhardtiiis considered as one of the most efficient eukaryotic producetd dAmaro et al.,

2013. Thermochemical conversion of algal biomagsthe gasification procestiave been
shown to convertcarbonaceous materials into synthetic gas (syngas) such as methane and
nitrogen by means of partial oxidation, the presence of air, at around 88000°C(Amin,

2009. In addition, ldrothermal liquefaction under subritical water conditions can be
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employed to convert wet algal biomass to crude-bib(Amin, 2009. Anaerobic digestion of
microalgal biomass slso known to yield methane gasecently, methane recovery from post
trans-esterified microalgal residues @fhlorella spcoupled with optimised biomass and lipid

production havebeen reported byEhimen et al., 201

2.4.2Microalgae for biodiesel production

Several microalgastrains have been reported to be significantly rich in oil which can be
converted into biodieselBiodiesel is a mixture of fatty acid alkyl esters which differ in chain
length and unsaturation, obtained conventionally by traasterification (alcoholys)s of
triglycerides from vegetable oils and animal fats. It is a complex mixture consistingd8¢20f
triglycerides by weight, small amounts of free fatty acid8%d), mono and diglycerides, residual
amounts of phospholipid, phosphatides, carotenespterols, sulphur compounds and traces

of water (Mata et al., 2010 The overall biodiesel pperties are determined by properties of
individual fatty estersTheproperties ofthe fatty esters are determined bgtructural features
whichincludethe chain length, degree of unsaturation and branching of the chéaire latter

have greater impact on fuel properties such as cetane number, exhaust emission, heat of

combustion, cold flow, oxidative stability, viscosity and lubri¢ftyothe, 200%

2.4.3Lipids and fatty acids

There is no such widely accepted definition for the lipids. However accordi(featty et al.,

2009z f ALJAR& I NB RS araypgipathic smalldmoldckliésRhaiknydokighate
entirely or in part by carbaniehased condensation of thioestessich agatty acids, polyketides

etc. and/or by carbanion based condensation of isoprene with ad INBy 2f a> a0 SNPR
the other hand, lipids are loosely defined bvlanirakiza et al., 200 | & &! RAGSNAS
biological substances made up primarily of fmylar compounds (triglycerides, diglycerides,
monoglycerides and sterols) and more polar compounds (free fatty acids, sphingolipids and
phosphd A LA R&VEéE P [ ALIARA INB O20IFtSyidte o2dzyR (2
and lipoproteins respectively. Lipids are broadly classified into simple and complex lipids where
simple lipids are those which yield two types of products on hydmffaity acids, sterols and
acylglycerols) whereas complex lipids are those which yield three or more products on hydrolysis
like glycerophospholipids and glycosphingolipids.

Fatty acids are the major building blocks of phospholipid and glycolipiddagizal membranes

and are widely known as fuel molecules for biofuel production. In geffatst acids contain a

long hydrocarbon chain @ha terminal carboxylic groupOn the basis otheir chemical
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properties, fatty acids are classified into two categs, saturated and unsaturatedsaturated

fatty acids(SFAs)are solid at room temperaturen contrastunsaturated fatty acids, are liquid

at room temperature Afatty acid is said to be saturated when each of the carbon atoms except
the two at the endf the chain is bonded to two hydrogen atoms i.e. all the bonding capacity
of the carbon is saturated with hydrogeBxamples of SFAs includes: caprylic acid, lauric acid,
myristic acid and palmitic acid ef€he fatty acid is said to be unsaturated when two adjacent
carbon atoms in the chain except the two at the ends of the chain is bonded to only one
hydrogen, and a double bond exist between the pair of carbons. The unsaturated fatty acids are
further clasffied into two categories: monounsaturated fatty acids (MUFAs) and
polyunsaturated fatty acids (PUFAS). In case of MUFAS, the chain contains only one double bond
e.g. oleic acid whereas in PUFAs the chain contains two or more double bonds e.g. limbleic aci
On the basis of the location of their double bonds PUFAs are further classified into omega 3 and
omega 6 fatty acids. An omega or n notation indicates the number of carbon atoms from the
methyl end of the acyl chain to the first double bond. Each familgerived from a specific
essential fatty acid that cannot be made by humans, and the two families cannot be
interconverted. The 6 family is derived from linoleic acid (LA) where& family is derived

from alphalinoleic acid (ALA).

Microalgal lpids

All marine and freshwater microalgae are primarily made up of lipids, proteins, carbohydrates
and nucleic acid in different proportions. The microalgal lipids mainly comprise of neutral lipids
such as triglycerides, pigments and trace amounts of hyathtmons and polar lipids such as
phospholipids, phosphotidylcholine, sterols, and prenyl derivatigash astocopherols,
terpenes and quinines. Lipid content of algae varies from 1 to 70 % of dry weight and can be
escalated to around 90% of dry weight wndccontrolled growth conditions. Lipid conterg
species dependerand also orthe growth conditions and induced stress factors. Receltbta

et alreviewed, summarised and compared the lipid content and productivities of different algal
species amonwhich Dunaliella, Nannochlorops@d Chlorellaspeciesvere shown tohave oil
yields between 20 to 50%which could be further increased, suitable for biodiesel production
(Mata et al., 201D

2.4.4Lipid extraction

The sustainability of microalgal biofuel producticglies on efficient extraction of lipids. For

microalgal biodiesel productiomn ideal extraction method should be more selective towards
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extraction of specific lipid classes and simultaneously minimise thexizaction of nonlipid

contaminants. The bottlenecks in microalgal lipid extractrartude:

1)

2)

3)

4)

Selection of suitable microaglal strain for biofuel productionfor biodiesel production, the
desired lipid fraction includes neutral lipids containing memir and trienoic fatty acyl
chaing(Halim et al., 201)L In brief, biodiesel produced from long chain FAs possess high cloud
point, representing a bad fuel characteristic whereas biodiesel derived from short chain FAs
have low cloud pointimproved flow characteristics and are anfidative(Stournas et al.,
1995. Furthermore, the overall biodiesel fuel characteristics such as cetane number,
oxidative stability and cold flow are largely dependent on fatty acid compositiciheof
microalgal species, hence selection of appropriate strain is cii&@iombe et al.2013.
Selection of appropriate disruption techniquéthe chemical complexity anthe variety of
structural robustness of algal cell walin influence the choice of extraction technique. For
efficient extraction, it is essential to weakeell wall by liberation of cell wall monor
polysaccharidesollowed by complete disruption ofhe cell wall prior to lipid extraction.
Currently there is no such disruption technique that can be widely applied to all microalgal
species belonging to ffiérent taxonomic classes.

Selection of appropriate solvent and solvent ratio¥he commonly applied conventional
protocols use solvent mixtures which include chloroform and methdeaiause oftheir
ability to penetrate the cell wall as they have highgrdy index values suggesting higher
solubility for all polar lipid compounds. However, both the solvents are toxic- non
environmentfriendly, pose health risk to humans and are expensA®.a result rany
researchers havéocused on theuse of norchlorinated solvents which areheaper, less
toxic, and havdesser impact on the environment compared to chlorinated solvents and
more importantly they have neartyre same lipid extraction efficiency. Howeyéar the past
literature, the extraction efficiencis achieved witlhhe use otthlorinated solvents have been
shown to be much higher than achieved with the useaf-chlorinated solvers. In addition,

the use of different solvent ratios with the same solvent system also affecextraction
efficiency. herefore, it is essential to carefully select the optimextraction solvent system
and their ratios prior tause The selected solvent system should also be evaluated for their
selectivity towards desired lipid classes of interest with mimmextraction of nonlipid
contaminants.

Effect of pretreatments: Pre-treatments for lipid extraction from microalgae include
lyophilisation, inactivation of lipases and addition of an antioxidant. All thempaments

are time consuming and will incur cest/hen usd onanindustrial scale, hence it essential

to assess the requirement for these and the effect of them on lipid extraction efficiency.
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2.44.1Lipidextraction techniques and methods

Conventional methods

The original Bligh and Dyer meth(®ligh and Dyer, 1959%as optimised for marine tissussich
ascod muscle anavith the recommendatiorthat the protocolshoub only be extrapolated to
those samples which contain at least 80 + 1% of water and about 19%Mipidalgae ofterhave
lipid contensgreater than 10%. In spite of thike method has been treated as a gold standard
andiswidely used for algal lipidséimation.However it is essential to keep thactualvolumes

of chloroform, methanol and waten the proportion of 1:2:0.8y/v/v (before homogenisation)
and 2:2:1.8,v/viv respectively (ratios considering the amount of water present in the wet
sample liomass).

The original Folch methoFolch et al., 1997was regarded as a classical method, for lipid
analysis in animal tissue, which was based on the assumtbtad the tissue/sample has specific
gravity of water, so 1 g of tissue/sample is computed as 1 ml. Moreover, Folch method relies on
initial homogenization of the sample with chloroformethanol mixture (2:1y/v) to a final
dilution, 20 fold the volume fowet sample and later addition of water to remove nlypid

materials, while keeping the final ratios of chlorofermethanolwater to 8:4:3v/v/v.

Solvent extraction

The use otoxic solventssuch as chloroform and methanoh an industrial scale will have a
great impact on the environment and will pose a threat to healflmnsidering toxicity of
methanol and chloroformattempts were made in whiclipids were extracted fronplaice,
mussel and herringamples using nenhlorinaed solvents (Modified Bligh and Dyer method)

as suggestegbreviously (Smedes, 1999awhere methanol was replaced by proparl or
ethanol and chloroform was replaced by cyclohexane or DIPE or MTBE in hexane. Among them
propan2-ol andcyclohexane mixture was found to be the best alternativehis chloroform:
methanol mixture. Moreover, cyclohexane has a lower density than chloroform, hence
separates on top of the extraction mixture, making isolation of organic phase easier and
minimises dripping lossesAnother studyinvestigated various combinations of solvenighich

are less toxic such adTBE, ethanol, hexane, IPA, butanol and acetic acid esters for lipid
extraction from wildtype SynechosystiBCC 6808heng et al., 2031 The authors concluded
that, methanotMTBE (1.5:5v//v) mixture was the most suitable alternative to metludn
chloroform mixture althoughit resulted in slightly lower yield than the conventional solvents,
however itisless toxic antess harmful to thenvironmental as the proportion of methanol was
reduced because of thehigher proportion of MTBE usedther solvent mixtureswere

ineffective in extracting lipids from witype SynechosystiBCC 6803n another investigation
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(Matyash et al., 2008 the use of methaneMTBE (1.5:5//v) for shotgun lipidomicsvas
demonstratedas an alternativavith equal or better recoveries for all ja lipid classes from
mouse brain, human blood plasm&. coli and Caenorhabditis elegansamples. Like
cyclohexane, MTBE has lower density than chloroform, hence separates on top of the
extraction mixture, facilitatingoetter recovery and minimiag dripping lossesThe use of
dichloromethane (DCM) has been recommendlecs |j dgM NI K ST  Radanhklterdelive n 1 ny
to chloroform for lipid extraction for animal and plant samples. DCM is much lessdoas,

less toxic and cheaper than chloroforand equal recovery of FAs to that of chlorofomas
obtained Lee and cavorkersevaluated different solvent systems for extraction of lipids from
green algaBotryococcus braunivhich includel acetoneDCM 11, hexanelPA 3:2, chloroform
methanol 2:1 and DCMthanol 1:1 among whicthe use ofchloroformmethanol 2:1mixture
resulted inthe highest recovery of lipidd.ee et al., 2010 Recently, Ryckebosch andworkers
evaluated seven different solvent systems for lipid extraction across four different microalgal
species and conatled that chloroformmethanol (1:1) resulted in highest lipid yields
(Ryckebosch et al., 201 A recent study(Kumari et al., 201)lcompared convetional methods

with the method suggested by Cequianchez et alf Slj dgM NIK ST  Sbandl f &=
concluded that methanethloroform mixture has more potential in extracting lipids compared

to that of the DCMmethanol mixture.

Bead beating

Bead beating is the most commonly used and recommended cell disruption technique in the
current literature. Recentlyjt was reported (Halim et al.,, 201Rthat the most effective
disruption methods includes higtressure homogenization, sulphuric acid treatment and bead
beating, however the authors did haccount for the energy expenses while comripg those
methods. Similarly, Serive and -emrkers evaluated nine disruption technigques on two
microalgal species for metabolomics studies and concluded that the use of glass beads with the
use of mixer mill was the most effective technig{8erive et al., 20)2However,n the same
aGdzRes GKS I dzi K2NRa | 0l yR?2 ysbaRaude kEcexsigerigednR 2 F
temperature of the samples. The possible reasongtemhigher temperatures might bdue to

the use of 2 mm i.d. glass beadghich have ampper limitof milling time and number of cycles

as 4 minute and 4 cycles respectively, while keeping the relaxation time constant as 1 minute.
In contrast to the above report, Ryckebosch andwmrkerssuggested bead beating was the
most effective techrue that yielded higher lipid contents compared to sonication and freeze
thaw cycles with liquid nitrogen (lLN(Ryckebosch et al., 2012This finding was in agreement

with that of Lee and cavorkers(Lee et al., 2010 Some report suggests combined use of bead

beating with microwavdlLee et al., 201)r sonication batiBreuer et al., 2013 which might
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not be a practical solution in terms of time and cost incurters. clear that there is an important
missing link while compang these disruption techniques. There is a lack of agreement on the

selection ofthe experimentaparameters.

Sonication

In contrast to bead beatinghe use of sonication in conjunction with deep freezing in &
mechanical grinding has been reportéthki et al., 2006as a better disruption technique for
metabolomics studies afiycobacterial cells. Similatlye combined use of grinding, micrawe
treatment and sonication has been demonstrated2 O i | NR& 6 ) tSadhievetbabtdr yields m H
of lipids from microalg&. vulgarisRecently, Araujo and esorkersevaluated and suggested
that sonication improves the efficiency and recovery of lipids from aaigaC. vulgariswhile
investigating the efficiency of five lipid extraction methg@saujo et al., 2018 In addition
Adam and ceworkersreported a solvent free ultr@ound assisted exdiction of fresh microalgae
as an optinum method to extract lipids fromN. oculata(Adam et al., 201R Other studies
(Kumari et al., 201, Paik et al., 200%avealso incorporated sonication as an efficient disruption

techniques for fatty acid profiling analysis of different microalgal species HJ[GC

Other lipid extraction techniques

The other techniques widely used for lipid extraction includes: conventi®ozghlet apparatus,
supercritical fluid extractor (SFE), thermal liquefaction, solid phase extraction (SPE), accelerated
solvent extraction (ASE) and microwave assisted extraction (MAE). Howesel] ase of ASE,
Soxhlet, and thermal liquefaction regas longer extraction times, larger solvent requirements
and high energy inputs making them inappropriate candidates for large scale biofuel production
from microalga.

MAE seems to be a more environmentalligfidly option compared to ASEpXlet, thermal
liquefaction and SPikecause the higheating rates effectively redasthe extraction time and
volume of extraction solvent required. The working principle of this metiasibeerdescribed

by Balasubramanian and-e@eorkers(Balasubamanian et al., 2001 Briefly, wheran oscillating
electric field at frequencies of MHz GHz was applied to wet microalgal biomass containing
water and other polar compounds, oscillations of polar molecules occurs resulting inanter
intra-molecubr friction coupled with the movement and collision of very large number of
charged ions resulting in rapid heating of the sample within seconds. This subsequent
intracellular heating causes pressurised effects resulting in rupturing of microalgal ¢ellomg!

with electroporation effects. MAE has several advantages over conventional extraction
methods. In addition to the excellent recovery of interested components other key advantages

include ease of usgfast and shorter reaction times, single stemeersion process, removal of
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water (expensive step) is not required instead water serves as an excellent solvent for extraction
and is nonrtoxic (Patil et al., 2012 Recently(Balasubramanian et al., 20ldleveloped and
optimised continuous microwave system for efficient lipid extraction from wet green alga
Scenedesmus obliquushere higher percentages of unsaturated and essential fatty acids were
recovered with superior quality compared to conventional Soxhlet extaatiethod. Despite

all these advantages offered by MAE, the method usually ingotlie use of organic solvent
such ashexane for microalgal lipid extraction, which is not considered to be enviroraignt
friendly for industrial scale application. Moreavelosed vessel MAE system poses high risk of
injuries to analysts due to use of higher pressures, whereas polytetrafluoroethylene (PTFE)
material used irthe constructionof vesselsdoes not allowthe use of high temperature and
therefore additional coolng ste arerequiredin orderto avoid the loss of extracted volatile
components. Open vessel systems are safer than closed vessel systertt mxtraction
conditions are less reproduciblm addition it cannot process many samples simultaneously and
requires longer extraction times to achieve efficiency similar to that of closed vessel system
(Tatke and Jaiswal, 2011

MAE seems to be suitable candidate as it offers higher extraction efficiencies, however
problems associated with the use efvironment friendly solvent arstill under investigation

and in additiornthe system poses high risk to analyst dues to use of higher pressuodssed

vessel system.

2.4.5In situ lipid extraction and transesterification

Fatty acids can occur in nature in the free unesterified form, however most often fatty acids are
found as esters, linked to glycerol, cholesterol or long chain aliphatic alcohols, and as amides in
sphingolipids. The physical state of the lipids varieattyreand they can be isolated as pure lipid
classes or else remain as a mixed lipid ext(@firistie, 1998 The esterification otrans
esterification TB reactions are carried out either &it extraction ofthe lipids or else they can

be effected while the lipids are present inside the sample matrix. It is important to note that
there is a difference betweenhe terms esterification and transesterificatiorDerivative
reactions are usually talysed by acidic or basic media or in the presence of acid or base
catalyst. The reactions usually occur with the following: a) free fatty acids in sample in presence
of catalyst. The reaction is called esterification. b) Fatty acids included in coripidisxblyO-

acyl bonds (ester) (such as phospholipids, triacylglycerols (TAGS)) in acid or basic media. The
reaction is called TE or tramsethylation. TE reactions are also known as alcoholysis or
methanolysis. As most of the fatty acids in the biologgahples are included in TAGnd

phospholipids, thereby derivatization reactions of fatty acids from such biological samples are
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often referred to as transesterification or FAME synthesis from fatty acid mix{@asapiso

and Garcia, 2000

Direct transesterification (DT) methods offer several advantages over two step TE methods
(extraction followed by TE). In DT methods, a separate extraction stepigedvand FAs are

simultaneously extracted and transesterified in presenca cdtalyst.

2.4.6Catalysts useith TE reactions

Homogeneous acid catalysed TE

The main advantage of acid catalysed reactions are their ability to catalyse the esterification
from samples containing higher content of FFAs (free or linked). They also have an ability to
simultaneously catalyse both the fatty acid esterification and oil TE reactions. However, the main
drawbacks associated with the use acid catalyst compared te baglystinclude: they are

4000 times slower reaction rate than the base catalysed reactions, high molar ratios of alcohol
to oil are required and higher temperatures (60°C to 90°C) and longer reaction times. The
commonly used acid catalysts in methaacd HCI, b5Q and BE.

In 1964, Morrison and SmitfMorrison and Smith, 1964ecommended the use dfewis acid
BR/methanol as a powerful acidic catalyst for the preparation of FAMEs and dimethyladetals
has potential to transesterify most lipid classes but usually longer reaction times are required.
Subsequentlythe TE efficiency of acetyl chlorifieethanol and BEmethanolwas investigated

and the results demonstrated thatcetyl chloridewasthe most appropriate reagenfLepage

and Roy, 1984In addition, severe peak tailing of solvent pees another major disadvantage

and this finding was in agreement with the findings of Rogieis coworkers(Rogiers, 197)¢

Other problems associated with the use ofsBfethanol are well summarised in reviews
(Carrapiso and GarciaQ0Q Christie, 1993 Briefly, the BE'methanol can be quickly destroyed

in the presence of water, it is more toxic, expensive and has a limited shelf life even when
refrigerated. In addition to thisit suffers fromthe formation ofmajor artefactsand the use of

old or highly concentrated (~50%) solutions may result in loss of PURAes eltract contain
antioxidantssuch asBHT, B#methanol is known to react with BHT to produce methoxy
derivatives which ceelute with methyl petadecanoate or hexadecanoate IGC analysis.
Recently, Xu and emorkerssuggestedhe use of acetyl chloride/methanol as the best option
compared to other reagentéXu et al., 2010 This finding ish agreement with the findings of
Lepage and Rdi.epage and Roy, 1984owever the authors suggested additiortloé reagent
should be doneni a dry ice bath, as addition at room temperature leads to exothergaction

which can lead to the loss of PUFAs due to their lower stabilitytlisdcan result in over
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estimation of C16:0 and C18:1 FAs. On the other hand, Harmaeeakevaluated TE efficiency

of BR/methanol and HCl/methanol and concluded thatBfethanol is better, as it resulted in
less interfering compounds and better statistical parameters compared to that of HCl/methanol
(Harmanescu, 20321t is important to note thathe findingsare incontrast to that of Lepage
and Roy(Lepage and Roy, 1984However,the authors did not consider the use of acetyl

chloride/methanol for evaluation purposes.

Homogeneous base catalysed TE

The main advantage of base catalysed reactions over acid catalysed rearggrthey are
widely preferredfor industrial scaleapplication because dheir higher efficiency, lower cost

and less corrosiveness. In addition, they have faster reaction rate and require lower temperature
and pressure conditiongEjikeme et al., 2010 In contrast, the main rwbacks are the
formation of soap between FFAs (content > 3%) and base catalyst. Algae usually contains as high
as 35.1% of FFAs which make them highly unsuitable for biodiesel production from microalgae
(Daroch et al., 201)3In addition, the posteaction treatments to remove catalyst from biodiesel

and treatment of the alkaline waste watés more expensiven industrial scale. The most
commonly used alkali catalysts a&daOH, KOH, TMG and sodium methoxideQD4).CHONa

isthe most popularamong them because at much lower concentratiahout 0.5M, 98% yield

could be easily obtained with shorter reaction time (30 mirglitéout it requirescomplete
absence of watertherebymakingit inappropriate for industrial scale applicati@ijikeme et al.,

2010. On the other hand, a special type of mimmic base catalyssuch asTMG has been
reported in a comprehensive review by Schuchardt €eehuchardt et al., 19980 be the most

suitable alkaline catalyst fan situderivatization as it has the ability to react with FFAs as well.

Combined: acid and base catalysed TE

The long reaction times required with the use of homogeneous acid or base catalyst can be
reduced drastically by sequential use of base catalyst followed by an acid catalyst. As FAs from
TAG are saponified or tramesterified at a faster rate using base catalyst and FFAs are then
esterified using acid catalyst owing to their high esterifying power. Use fadfollowed by
BR/methanol has been widehapplied Recently, Griffiths and ewmorkers investigated the
sequential use of CEDNa followed by BFmnethanol in presence of water for two microalgal
species and concluded that 100% TE efficiency was obtained with sequential use of both
catalyss compared to each separate{griffiths et al., 201p Similarly, Laurens and -@eorkers

applied the standard AOAC method 991.39 to four microalgal species invtihangse of

47



CHONa and B#fmethanol, however in this case both the acid and base catalyst were added
simultaneously and incubated together which was in contrast to thgGoiffiths et al., 201D
method (Laurens et al., 2012bHowever, so far sequential use ofONa with acetyl chloride

in methanol or methanolic HCI has not been applied to micrealtga evaluating FAME

recoveries.

2.4.7Lipiddetermination

Themost popular andcommonly used conventional methods include extraction of lipids by
usingsingleor mixedsolvent followed by lipid quantificatioby gravimetry (weighing) or by gas
chromatography (GCJ.he conventional gravimetric estimation of total lipid contéais been

in practicefor many years angstill routinely usedThis nethod usually involvelipid extraction

by organic solvent folload by estimation of total lipid content by gravimetric determination.
Gravimetric determinations are less time consuming and do not require specialised instruments
such asGC or HPLGlowever,the quantitative determination of lipids by gravimetiyhighly
inaccurate and could be overestimated due to the presence offatig acid compounds such

as proteins, pigments and steroids. In addition, the accuracy and precision of this method is
dependenton the accuracy and precision tife weight and volume measements which
cannot be corrected with the use of an internal standégthillips et al., 1997 Therefore, for
biodiesel production, where onlfatty acid content of the microalgal extract is of interest,

gravimetric determinations mayot provide required accuracy

On the other handGC along with flame ionisation detector (FID) is the most popular method
for the fatty acid profiling of lipideis compared to that of gravimetric determinationSC is
capable of quantifying individual fatty acids as well as the total fatty acid content in a very short
time. However the sample needs derivatization to volatile samples prior t&IBG@nalysis,
which is usually achieved by TE of lipigund FAs (TAGs and PLs) and esterification of FFAs to
FAMEs irthe presence of excess methanol and a catalyst. These procedures eliminate the
probability of overestimation of total FA content as unlike gravimetricnestions, nonrfatty-

acid substances are not detected by GC.

The identification of fatty acids imsample is relatively simple arnslbased on retention times

of commercially available authentic FAMEs standards. However, in certain application where
identification of complex organic compounds is essentiatM33s the preferred choideecause

it combines the retention time parameters tggmined by GC with the structural information
provided by the mass spectrometry (MS).-EO with fuseekilica capillary column comprising

of polar cyanopropyl polysilphenylenesiloxane phase (70%) is the most preferred and frequently
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used analytical methats for FAME analysis due to its high sensitivity and linear range response

for carboncontaining compounds.
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Figure 2.3 A Typical flame ionisation detector design (Figure modified from
http://www.chromacademy.com)

A typical ID design is shown in figure 2Bxiefly, a small voltage (2€BD0V) is applied between
anode and cathode resulting in ion formation, as the colwfffuent is burned in the flame
producedfrom a mixture ofhydrogen, make up gas and air. The exact mechanism of ion
production is not well characterised, howevigris suggestd that any hydrocarbons in the
sample will producearbon ionsvia pyrolysis ad small organic fragmenoms via high energy
combustion FID produces a constant proportional response to the number of carbon atoms in
a molecule. Sensitivity of FID detector can be severely reduced when heteroatoms are present.
Therefore, for quantitave determinations one should always generate calibration curves for
each analyte in order to account for the response variations due to rthire of the

compounds
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2.5 Microalgal metabolomics
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and therefore call for an in depth knowledge of basic biological functions through

YS{l 062 f(2aversOal al., 2009aln algae, most metabolic analyses have so far been

T20dzaSR 2y GKS ljdzZ yaAUOLGARZY | YR edoriv@igralie U0 GA2Yy 27
in food sciencethe pharmaceutical industry and plib health, among others. Fatty acids,

steroids, carotenoids, polysaccharides, lectins, polyketides and algal toxins are among the algal

productsthat have beerstudied(Siew Moi, 2004

Algae are one of the most important bfactories on earth based on their photosynthesis(CO
Ukation capacityandrich sources obiofuels of the third generatiofwWienkoop et al., 2010a

Not only do these organisms fix carbon dioxide, but they also have the potential to be used for
the production of inexpensive bulk chemicals because the major snflight and C¢) are
essentially free. However, to harness this potential through metabolic engineering, a deeper
understanding of photosynthetic metabolism is requil@byle and Morgan, 200%ield et al.,

1998 May et al., 2008p Bottlenecks in algal biodiesel production within the cell can be
identified by metabolomics approaches in combination with proteomics and transcriptomics, as
the identification ofdifferentially expressed metabolites gives cluesate-limiting processes in

cell. Finally the integration of such a reliable metabolomics data will help us in identifying the
asof-yet missing reactions in the metabolic network whigiay help tofine tune algal
properties by genetic or metabolite engineering in combination with other system biology

approaches.

Metabolomics also has a good potential to support environmental risk assessment of chemicals
in future, even ithe genome of a test species is not knowttuender et al in their studshowed

that, the parallel analysis of algal growth parameters (cell volume) and metabolite composition
indicates that metabolomics can support interpretation of wesdtablished toxicoldgal
assessment parameters. The study also revealed multiple metabolic markers, responding to
exposure, providing additional observation parameters to traditional endpoints in phytotoxicity
assessment(Kluender et al., 2009a Understanding toxicant induced deviations from
developmental metabolic trajectories may help to discriminate between primary and secondary

toxic effects.

As metabolites are the first to react to stressoiamers et al., 2009#Kluender et al., 2009a
Viant, 2007h, it will be advantageous to carry ottie evaluation ofstressinduced effects in
microalgaein combhationwith multivariate data analysissxamples of such studiess applied

by various researchers in pastcludes: evaluation of phytotoxic effects on green alga
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Scenedesmus vacuolatdgring the light phase of the cell cy@ed profiling alteredresponses

of gene expression or metabolite leviel responseto availability of macronutrients such as
phosphate, sulphur, carbon and nitrogerC. reinhardtii(Kluender et al., 20094 ee and Fiehn,
2008b. Recently, the metabolomics study enabled researchers to propose a working model for
the coordination regulation of cellular metabolism during the induction of the carbon

concentrating mechanism i@. reinhardti{Kempa et al., 2009&enberg et al., 2030

These observations indicate the importance of erslandingmetabolic pathwaysand their
underlying regulation. In particulathe increased energy burden of any new pathway, and more
importantly, the interdependence of pathwayéScott et al., 2010 The integration of
metabolomics data in the draft metabolic network of microalgae will lelthe identification

of missing reactions in the network. Considering the fraction of metabolites whose presence
cannot yet be explained by the draft network, it can be estimated how incomplete the network

actually still is.

However very limited numbers of studies were rematton optimised no#argeted metabolic
profiling approach that can potentially detect and quantify hundreds of metabolites, in order to
obtain as much information as possible about key metabolites in micro algal species €lich as
reinhardtii, N.salinaand D. salinaOptimised quenching and extraction protocols with parallel
application of optimized M$ased hyphenated techniques, will provithétial insight into the

metabolic pathways, whictill form the basis for a detailed investigation.

2.6 Mammalia metabolomics

Mammalian metabolomics has received special attention in recent years mainly because of its
potential in bothin vitroandin vivooncology studies, specificallytime prognosis and diagnosis

of cancerand for assessing the treatment eHiity by analysing cells, fluids or tissues for specific
biomarkers. Metabolomic biomarkers are generally exploredgtirécally using animal models

or human subjects followed by their quantification and validation in biofluids (urine, serum
samples) or dectly using tumour tissugdlamas et al., 2011 The metabolomics workflow for
biofluid analysis is well developed and several reports have been published for exploring tumour
biochemistry with metabolome analysis of urine, serum, plasma, saliva, bronchial washes,
prostatic secretions and/or faecal watépratlin et al., 2009 The application of metabolomics
directly to tumour tissues is more complex and expensive as it requires miszotiis
techniques, without whichthe protocols could be extremely tedious, as contamination from
surrounding stromal and epithelial cells could severely alter the metabolomics piSfitatlin

et al., 2009. In contrast to this, application of metabolomics directly to mammalian cell cultures
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instead of tumour tissues, animal models or human subjects offers severahtades.The
application of metabolomics to mammalian cell culture provides a controlled reproductive but
relevant model without the requirement of ethical consideration fovivoand human studies.

Data are easier to interpret as focusing on a spec#itline reduces variability and provide a
more constant background against which subtle metabolic changes can be identified
(2 dzLJS NGul2dadl. 52010 Consequently, metabolome analyses on immortalized cancer cell
lines in cancer research is gaining momentum as a tool to understand the molecular mechanism
of disease progression, response and resistance to therapeldading to the identification of
specific biomarkers which may assist distinguishing between normal, benign and metastatic
cancer stategSheikh et al., 20)1However, as reported previously there have been insufficient
reports on the application of metabolomics inettanalysis of cultured mammalian cell lines

(2 dzLJS NGul2 gtAab, 2010Y K22 Yy R | f)nAddz &suktie poetemtialr of

metabolomics in traditional and emerging biological areas have yet to be fully realized.

Sampling and quenching methodave extensivelgtudied in case of prokaryotes as discussed

in sectbn 2.2.1,but the methodscannot be simply adopted for mammalian cellse to basic
differences incell structure. Briefly, mammalian cells lack cell wall, and instead have a cell
membranewhich makes it more prone to metabolite leakage due to the delicael fragile
nature of the cell envelope compared to that of prokaryotBsetmair et al., 2010 As a result,

in case of CHO cells, numerous auth@®tmair et al., 2010Sellick et al., 20Q8/olmer et al.,

2011, Wurm and Zenpghave used various washing solutions and additives for quenching
solutions which aid in preserving the membrane integrity by maintaining the ionic strength and
preventing oamotic shock. However, rigorous studies demonstrating effective quenching
methods for adherent cell cultures have been few and far between. The sampling and quenching
of adherently grown cells is much more complicated than suspension cultures, as the former
involves detachment of adhered cells from the bottom of the cultured flask. This might be a
possible obstacle and deterrent for many researchers while development of sampling and
guenching protocols for adherent cellfhe detachment of adherent celfsom bottom of
culture flask is popularly achieved by either trypsinizatidalouecheBabari et al., 2008.ane

and Fan, 200yor cell scrapingMetallo et al., 2009Yuan et al., 201)2In trypsinization, which

is performed before quenching, the enzyme trypsin is used to cleave membiesesl integrin
attachments and release the cells in the medium to get a suspension from which the metabolites
can be extractedEDTA, a calcium chelator is often added to mop up divalent cations which
would otherwise inhibit trypsin. In cell scraping, which is performed after quenching, the cells
are detached by mechanically lifting the cells or scrapping them off gently by neéansell

lifter or a scraperln case of simultaneous quenching methods, Teng andarkerssuggested

direct quenching and extraction of human breast cancer cells using metkigeo et al., 2009
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Similar approach with use of LiNas recently reportedLorenz et al., 20)1where the authors
recommended washing with water, direct 1dienching and rapid single step extraction for LC

MS based metabolomics of adherent culturégarious uses of L.Nave beerreported inthe
literature includingfor preserving mammalian cell lines, extraction of metabolites using freeze
thaw cycles and so on; where the procedures are simple and various safety measures are
available to conduct these procedures saféythe cas of suspension cultures, quenching with
LNdoes not allow separation between intrand extracellular metabolite$lowever in the case

of adherent cultures, direct quenching with 4@&&n be successfully applidcorenz et al., 2001

where LNis directly poured into culture flask or well platéss previously reporte(ifeng et al.,

2009 trypsinized cells exhibit a chemical deviation from cells in their attached state and the
effective time of incubation employed faufficient detachment of cells by trypsin treatment

can lead to significant cell leakage. Given differences in the cell types, metabolite leakage during

trypsinization or cell scrapping in different cell types could be affected to different degrees.

Apartfrom simultaneous quenching methods, influence of various washing steps and inclusion
of various buffer additives to methanol quenching on extent of metabolite leakage in sequential
quenching protocols with adherent cultures is not well documentedidte, we are not aware

of any report except that of a very recent report by Purwaha ansvorkers(Purwaha et al.,

2014, where the authors evaluated the use of buffer additives such as AMBIC, HEPES and NaCl
and concludedhat the use of methanol/AMBIG &n effective quenching solution for OVGAR

cells (ovarian cancer cells). Despite potential axages of metabolomics, there are several
bottlenecks in sample preparation workflow for metabolome analyses of mammalian cell
cultures, among which the most importantie development of accurate and reliable sampling

and quenching methods.
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3. Metabolite leakage in metabolome analyses of adherent
mammalian cell lines

3.1 Introduction

Metabolome analyses has been increasingly appie¢tde human body fluids, for various clinical
applicationsin orderto define biomarkers related tthe prognosis or diagnosis of a disease or

to test drug toxicity/efficacy These investigationprovide improved understanding of the
pathophysiology of disease anformation on thetherapeutic pharmacokinetic®f drugs
(Mamas et al., 2011 Metabolomics is recognised as a valuable foothe evaluation of the
cellular state and the detemination of structurepathwayactivity-relationships (SPARS)
consideredessentialfor drug discoveryY K2 2 I y R | ) Wazéverl ds Ieportet n T
previously there have been insufficient reports on the application of imatamics in the
analysis of cultured mammalian cell lings dzLJS NGul2 B &10 2010Y K22 | YR | f mwe
2007). Thus the potential of metabolomics in traditional and emerging biological areas have yet
to be fully realized. The application of metabolomics to mammalian cell culture provides a
controlled reproduible modelwhich can be used without the requiremefatr ethicalapproval

for in vivoand human studies. Data are easier to interprettss focus is on foa specific cell

line thus redudng variability and providing more constant background against whiclbtel
metabolic changes can be identifi¢2l dzLJS NGul2 éBdl. 52010 Consequently, metadlome
analyses on immortalke cell lines in cancer research is gaining momentum as ahablcan

be usedto understand the molecular mechanism of disease progression, responsdragd
resistance resulting in the identification of specific biomarkerswhich may assistin
distinguishing between normal, benign and metastatic cancer s{&ksikh et al., 20)1

Recent advances and developments in analytical technologies have enabled profiling of the
mammalian cell metabolome. @S is one of the most widely used analytical techniques in
metabolomics, which combines the high separation efficiency and resolution of capillary GC that
is essential for complex metabolic profiling with the high sensitivity of mass selective detection.
A varietyof volatile and/or derivatized nomolatile metatlites can be analysed qualitatively

and quantitatively with high analytical reproducibility and lower s@st compared to L-BIS,
CEMS and NMR. However improvements in the analytical techniques are not sufficiently
supported by similar improvements in itheds for sample preparation. The entire
metabolomics experimental workflow should be planned, and requires careful consideration,
because the instrumental data are only as good as the experimental design and gample

treatments which are invariably liked to the quality and reliability adhe metabolomiadata.
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For the development of an analytical protocol to quantify metabolomes, it is essential to arrest
the metabolic activities, by inactivating enzymes as rapidly and with minimal disruption to
metabdism as possible, during the period of harvesting, in ordestitain a valid snapshot of
metabolism without altering the internal metabolite signatufghe ideal quenching solution
should instantly arrest cellular metabolic activity without causing agwifstant cell membrane
damage thuspreventingleakage of intracellular metabolites from the cells. The quenching
methods commonly employed are highly sample and cell dependent, and differences in cell
membrane, cell wall structure and cell size influentee efficiency of quenching and the rate

of metabolite leakagdSellick et al., 20080Often the methods employed for quenching and
other sample preareatment approaches in metabolomics are not sufficiently characterised with
respect to the effect they have on metabolite leakage from the cells.

Several studies have been publishedlomoptimization of sample pr@rocessing protocols, for
example onsuspension cell cultusgDietmair et al., 2012Dietmair et al., 201Kronthaler et

al., 2012aSellick et al., 201 Molmer et al., 2011Wiendahl et al., 2007 but there are only a

few reports on the handling of adherent mammalian cells forMNe& based metabolomic
analysis(Danielsson et al., 201M@ettmer et al., 2011Hutschenreutheret al., 2012h. The
sampling and quenching of adherently grown cells is more complicated than for suspension
cultures,because othe need to detachadherent cellsom the culture flaskTrypsinized cells
exhibit a chemical deviation from cells in their attached state and the effective incubation time
to achieve sufficient cell detachment can lead to significant cell leakage. Given differences in the
cell types, metholite leakage during trypsinization or cell scrapping in different cell types is
likely to be affected by varying degrees. Although this has been suggested in published
literature, there is minimal experimental evidence to support these cléidestmer et al., 2011
Hutschenreuther et al., 2012bhorenz et al., 201 Teng et al., 20091t is not clear whether, and

to what degree, trpsinization and cell scrappinéfect different cell types. This is a cructp

for devising appropriate reproducible protocols for representative metabolome analyses of
adherently grown mamnilan cells.

An alternative to the conventional approaches involves simultaneous quenching and extraction
of adherently grown cells using a single organic solvent such as cold mefiMantheau et al.,

2011 Teng et al., 200%r a combination of methanol and watéDettmer et al., 201}l The use

of acetone for deproteiation of mammalian cells prior to metabolome profiling has dsen
suggested for both suspension cell cultuf@sanibar et al., 201,1Bruce et al., 2009Tiziani et

al., 2008 & adherently grown cellDanielsson et al., 2010Recently, the use of liquid nitrogen

for direct quenching, followed later by extraction using a suitable extraction solvent, was
suggested for LMS based metabolomied adherently grown clonal-cell line INSL (Lorenz et

al., 2012 and human pancreatic cancer ceflancl (Bi et al., 2013 The breast cancer MGF
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cell line has been analysed using-K4§ based metabolomics after a similar quenching and
extraction approacliHutschenreuther et al., 2012b

The objective of this studg to assess whether and to what extent the conventional methods of
trypsinization and cell scrapping affect metabolite leakage in different adherently grown
mammalian cell lines. Two breast cancer cell lines, the primary MCF and the metastatic MDA
MB 436, in addition to the human microvascular endothelial cell line HME@re studied.
Furthermore, we characterised the effect of acetone precipitation and combined quenching and
extraction protocols, for rapid and reliable metabolome analysis of adherently grown
mammalian cells, with the aim of improving metabolome coverage reducing loss of
intracellular metabolites during harvesting and quenching. We also investigated metabolome
leakage with respect to recoveries of different metabolite classes during the quenching and

extraction steps.

3.2 Materials and Mthods

3.2.1 Chemica and reagents

The RPML640 medium was obtained from Lonza (GHBRL, Paisley, UK). All other reagents

and consumables were obtained from SigMldrich (Dorset, U.K.), unless stated otherwise.

3.2.2 Cell lines, cell culture and growth assessment

TheMDAMB-436, MCF7 breast cancer cell lines and the HMECzII line (Human dermal micro
vascular endothelial cells) were obtained from American Type Culture Collection (ATCC),
(http://www.atcc.org/). MDAMB-436, HME€EL and MCF cell lines were cultured @t 17 6 / 6 A i K
5% C®in T75 flasks with approximately 1¥klls per flask containing 10 ml RPMI media, 10%

fetal bovine serum, 1% penicillin/streptomycin and 1% glutamine. Growth curves were
produced by seeding cells in 24 well plates with 1 mL media a®ding density of 0.1x%0

cells per plate. Viable cell counts are obtained at 24ad@ 72 hours using a Beckmaou@ter

Vi-Cell XR cell viability analyser (Beckman Coulter, Germany) after trypsinization. Control flasks

were prepared without seeding csllto determine any unwanted background signal.
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3.2.3 Cell quenching

The cellsweregrowntomid SELR Y Sy GAl £ ¢ LIKI &S 6oc K2dzZNAEOD
extraction. Initially, the culture medium was removed from the T75 flask and cellsquasiely
washed twice with 5 mL ieeold phosphatebuffered saline (PBS, pH 7.4). The residual PBS was
removed by vacuum. The cells were rapidly quenched by addition of fivefold volumes of
precooled 60% aqueous methanol supplemented with 0.85% (w/v) ammohigarbonate
(AMBIC, pH 7.4) ab0°C to 1 x 10cells, unless stated otherwise (Sellick at al. 2088jlition of

cells to the quenching solution increaseattemperature by no more than 6.

3.2.4 Metabolite Extraction

Quenching and extraction wemgerformed using the methods described below and illustrated
schematically in Figure 3.1
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3.24.1 Trypsinization
Trypsinization is the conventional sample preparation method for adherently grown mammalian

cells, described in Figure 3.{BelouecheBabari et al., 2008_ane and Fan, 200Teng et al.,

2009. After removal of culture medium and two washings with PBS, 3 mL of trypsin was added
to the T75 culture flask with 5 minutes incubation time to detach the cells, which werer¢éhen
suspended in 3 mL of culture medium and rapidly quenched. The quenched biomass was then
centrifuged for 5 minutes at 25@0at -9°C, with the rotor prechilled at-24°C to minimize any
increase in the temperature during centrifugation. The supernatarg veamoved rapidly, and

an aliquot (1 mL) wagdnsferred to a 2 mL prehilled Bpendorf to assess the leakage of
internal metabolites. The cell pellets and supernatants were rapidly snap frozen in liquid
nitrogen and stored at80°C for further analysisThe procedure was repeated simultaneously

for the RPMI 1640 media which was treated as a control sample.

3.2.4.2 Cell scraping

Cell scraping (Figure 3.1b), is another conventional sample preparation method used previously
for adherent cell§Metallo et al., 2009Yuan et al., 200)21In contrast to trypsinization, cells are
quenched after removal of culture medium and two PBS washings. The cells are then suspended
in the quenching solution by delifting with a prechilled cell lifter,all these steps were
performed on dry ice. The quenched biomass is then centrifuged; with cell pellets and

supernatants collected and stored -&0°C.

3.2.4.3 Modified cell scraping

The modified sample preparatiomethod, in which cells were rapidly quenched after removal

of culture medium and PBS washings, in a similar manner to the cell scraping approach, but in
contrast the quenching solution was removed rapidly at this stage, and an aliquot (1 mL) was
transfered toa 2 mL prechilled Bppendorf to assess the leakage of internal metabolites (Figure
3.1c). This step was performed on dry ice. The adherent cells in the T75 flask were then subjected
to extraction by addition of 750 pL of pohilled 100% methanolpflowed by cell lifting with a
pre-chilled cell lifter,all these steps werperformed on dry iceThe cell suspension was then
transferred to 2 mL prehilled Fppendorf and stored on dry ice. A further 750 pL aliquot of 100%
methanol was added to culturask and the procedure was repeated. The first and second
aliquot was mixed together and metabolites were extracted by performing fréfeae cycles

as suggested elsewhei@Vinder et al., 2008 Briefly thealiquot was snap frozen in liquid
nitrogen for 3 minutes, followed by thawing on dry ice and vortexed. The fréeze cycle was

repeated three times for complete cell disruption and followed by centrifugation at 16a00
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9°C for 5 minutes. The pelletas reextracted with 500 yL of 100% methanol. The first and
second aliquots were then combined together and the extract was lyophilized overnight prior

to metabolite derivatization.

3.2.4.4 Bead harvesting

In this novel experimental approach, the cellsres cultured on beads in 50 mhal€on tube (in

a fixed horizontal position) instead of the conventional T75 flask, as shown in Figure 3.1d. The
guenching and extraction was performed as described for the modified cell scraping method

except that the cellsvere bead beaten prior to freezihaw cycles.

3.2.4.5 Acetone precipitation

The quenching and extraction was performed as described for the trypsinization method except
that the extract was subjected to protein precipitation by acetone prior to lyogtitis. (Tiziani

et al., 2008. Briefly, after performing the freezihaw cycles for extraction of intracellular
metabolites, the four times extract volume of peohilled acetone -@0°C) was added to the
extract. The tub was vortexed and incubated for 60 minutes &0°C, followed by
centrifugation for 10 minutes at 15,00 The supernatant wasarefully transferred to a new

Eppendorf and lyophilized overnight prior to metabolite derivatization.

3.2.4.6 Direct quenaig with liquid nitrogen

A recently described method wased(Bi et al., 2013Hutschenreuther et al., 2012horenz et

al., 2012 with little modification as shown indure 3.1e. Briefly, after removal of culture
medium and two washings with PBS, cells were rapidly quenched by directly adding ~15 mL
liquid nitrogen (LW to the T75 flask. The adherent cells in the T75 flask were then immediately
subjected to extraction Y addition of 750 L of prehilled 100% methandt40°C)followed by

lifting with a prechilled cell lifterall these steps werperformed on dry ice The cells were re

extracted and further steps were performed as described in the modifiedcelping method.

3.2.5 Metabolite Derivatization

Metabolite derivatization was performed as described elsewh@ender et al., 2008 Briefly,
to the lyophilized extract, 40 uL of 20mg/mL methoxyamine hydrochloride in pyridine was added
and samples were shaken for 80 mim 37°C. The samples were thederivatized by

trimethylsilylation of acidic protons by addition of 40 pL MSTFAmMEhyHN-
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trimethylsilyltrifluoroacetamide) with further incubations in shaking conditions &iCAfor 80
min. A retention index solution was added for the chromatogralfignment prior to analysis

by GGMS.

3.2.6 GeMS analysis

Metabolite data was acquired on a Thermo Finnigan TRACE D&% &gstem (Thermo
ScientificHertfordshire, UK operating in EI mode onto a TRACESWES capillary column (30

m x 0.25 mm x 0.26m). The derivatized sample volume of 1 uL was injected in split less mode
at 230°C, with the transfer line temperature was maintained at 250°C. The GC was operated at
a constant flow of 1 mL/min helium. The temperature prograams started at 88C for 6 n,
followed by temperature ramping at 6°C/min to final temp of 290°C and held constant at 310°C

for 5 min. Data acquisition was performed on a DSQ MS system with a mass range of 50 to 650.

3.2.7 Metabolite identification

The metabolites were identifieds TMSi derivatives by comparing their mass spectral and Rl
index with online databases (The GOLM Metabolome databdwta://csbdb.mpimp

golm.mpg.de/and NIST 05 database). The acquired spectra were dectatenl by AMDIS
(Automated Mass Spectral Deconvolution and Identification System), before comparing with the
database. Spectra of individual components were further transferred to the NIST mass spectral
search system and matched with NIST main libranyind®x library and the GMD (GOLM

metabolome database).

3.2.8 Data analysis

GCMS analysis yield complex data sets (time x mass x intensity) which require deconvolution,
as fragment ions may be shared between tweatating compounds. All G@Schromatograms

were processed using freely available AMDIS 2.70 software. The peaks were deconvoluted and
the retention indices (RIs) were automatically calculated according to the retention time of the
alkane mixture by exporting the RI calibration fil@iAMDIS. AMDIS deconvolution parameters
used are as follows: resolution was set to high, sensitivity was high, shape requirement
was medium, and component width was at 12 (Validated wAtimé&tabolite standard

mixture). For identifiation, the minimum match factor was kept at 60, resolution: high;
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sensitivity: high; shape requirement: medium. Finally, a report was generated in *.xIs format
and the first hit considered. Compounds found at least in two out of three biological reglicate
were considered true hits. Data for retention time, S/N ration, peak tailing, m/z value and peak
area was collected manually by exporting to MS Excel 2013. MATLAB 7.0 (MathWorks, Natick,
MA, USA) with in house routines employed for analysing #it@ dontaining metabolite
identities. For intracellular metabolites the @S data was normalised to viable cell count and

sum of peak areas as suggested elsewltegschenreuther et al., 2013b

3.3 Results and Discussion

A wide range of sampling and quenching protocols are reported in the literature for profiling
metabolomes in mammi&an cell cultures. We directed our efforts towards evaluating and
minimising the leakage of intracellular metabolites during different sampling and quenching
protocols.We adopted previously published quenching and extraction solvents for sampling of
adheently grown mammalian cells with a few modifications. For all the sampling methods,
except for direct quenching with LI cells were quenched by 60% aqueous methanol
supplemented with 0.85% AMBIC-a0°C to minimise the leakage of intracellular metatss
(Sellick et al., 2008 followed by an extraction with pure methan@Vinder et al., 2008
However, when the study objective is to maximise metabolome coverage, charadtarisdt
leakage with respect to metabolite class is required. For this, it is essential to first identify and
classify metabolites detected based on their physicochemical properties, thus generating a
metabolite matrix that can be utilized for interpretatis. Hence, all the identified metabolites
with the different sample treatment approaches were initially classified based on their
physicochemical properties. Althoughere are issues with metabolite identifications in-GIS,
changes in metabolite classasthin a sample set, provide a reasonable measure to compare

and assess.

The first objective of the investigation was to assess if the cell lines show differences in leakage
of intracellular metabolites when conventional methods of trypsinization and cell scraping are
employed, during quenching of adherently grown mammalianscdlhis was carried out on
three different cell lines, namely, two breast cancer cell lines NUBM36 and MCH, and the
human microvascular endothelial cell line HMEGubsequently, recently suggested optimized
methods that involve direct scrapir@i et al., 2013Dettmer et al., 2011Hutschenreuther et

al., 2012h Lorenz et al., 2011Martineau et al., 2011Teng et al., 2009were assessed as
alternative approaches &t appropriate modifications, and compared with the two

conventional approaches, with respect to evidence for metabolite leakage. In addition, we
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examined the influence of acetone precipitation on leakage and changes in metabolite classes
captured by the GMS approach adopted. Further, the use of glass beads to cultivate and
rapidly harvest metabolomes as a method of minimising metabolite leakage, was also examined.

These latter investigations were performed only on the breast cancer cell line;NVEB436.

3.3.1 Trypsinization versus Cell scraping

In order to compare the degree to which different cell lines are influenced by the conventional
cell detachment methods, MD®IB-436, MCF and HMEQ cells were either detached by
trypsinization or by scrapingddherent cells attach to the surface of tissue culture flasks or
dishes using secreted proteins to form a tight bridge between the cell and the surface. This needs
to be disrupted to lift the cells off the surface and extract the metabolites within. Fhis i
traditionally achieved biochemically with the help of a protease, typically trypsin, to cleave the
protein bridges and release the cells for harvest and analysis. Alternatively, the cells can be
mechanically lifted off the surface by scrapping. Both mdthhave the potential (have been
shown) to introduce artefact@ettmer et al., 2011Hutschenreuther et al., 2012horenz et al.,

2011, Teng et al., 2009

For an overall comparison, the harvested cell extracts;fiad supernatant of quenched cells
and the blank sample (culture medium) were analysed tteheine the extent of leakage of
intracellular metabolites during quenching. After monitoring -¢ede supernatant of quenched
cells and the blank medium, the necessary correction was done for appropriate calculation of
intracellular metabolites. Only féares that were present in at least two biological replicates
out of three were considered for further analysis. A summary of the unique recovery efficiency

of both methods for three different cell lines is shown in figure 3.2.
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Figure 3.2 Effect of trypsinization and cell scraping treatment on leakage of intracellular
metabolites during quenching was compared for three different cells lines,-MBA36, MCF

7 and HMEQ. Xaxis represents different sampling protocols; Trp_436= trypsinization on-MDA
MB-436; Csr_436 = cell scraping on MMB-436; Trp_MCF7 = trypsinization on MGF
Csr_MCF7 = cell scraping on MCHp_Hmec = trypsinization on HME@nd Csr_Hmec = cell
scraping on HMEC. Yaxis represents median number of metabolites of each cldssr Both

the treatments the extracted metabolites from cell extracts, ek#e supernatant post
guenching and blank samples were analysed bYISC(a) metabolites identified in cell extracts
only, (b) metabolites identified in supernatant only, (c) nimthtes present only in cell extract
(and not in the supernatant)unique to cells; (d) metabolites present only in supernatants (and
not in cell extract} unique to supernatants, (e) metabolites present in both the cell extract and
supernatant¢ (commonto both).

In total, after correction of leaked metabolites, 12816 and 119 unique metabolites were
identified with the trypsinization treatment in MDWMB-436, MCF and HMEQ respectively,
whereas with the cell scraping treatment, 115,112 and 103 umigetabolites were identified

in MDAMB-436, MCF and HMEQ respectivelyMetabolite identification and data analysis
was performed as detailed in section 3.2.7 and 3.A8ontrast to a previously published report
(Dettmer et al., 201}, for all the three cell lines we have found higher TIC for trypsinization
treatment as compared to cell scrapingvhich is in agreement with the recently published
report (Hutschenreuther et al., 2012b The leakage of metabolites during sampling and
guenching method is suggested to be higllgpendent on the cell membrane structure

(Dettmer et al., 2011Hutschenreuther et al., 2012WVinder et al., 2008 There is, however, a
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lack of experimental data to show the degree to which the specific treatments afietetbolite

leakage, therefore this was assessed in three different cell lines.

The results of the investigation are summarised in Figure 3.2, where the metabolite class and
numbers detected for each of the cell lines and treatment are plotted. FiguresBiamarises

the metabolites detected in the cell pellets, Figure 3.2b those detected in thefreell
supernatant, Figure 3.2c indicates the metabolites present in the cells but not in the
supernatants, Figure 3.2d indicates metabolites present in thersgpants and not in the cells,

and Figure 3.2e metabolites present in both the cell pellet and the supernatant. Metabolites
detected in the supernatant are from: a) the culture medium component, b) intracellular
metabolites actively secreted into the mediuthrough overflow metabolism, and/or c)
intracellular metabolites leaked into the medium as sample treatment artefact. High metabolite
numbers in the supernatant (Figure 3.2b), relatively high numbers detected in both the cells and
the supernatants (Figer3.2e), and corresponding low humbers unique to the cell pellets (Figure
3.2c) indicates high metabolite leakage. Higher proportion of metabolites detected in Figure
3.2e, compared to that detected in Figure 3.2c or Figure 3.2d indicates that thersnigeased

chance of metabolite leakage.

As can be seen from Figure 3.2, for the trypsinization treatment of HM&glls (Trp_Hmec),
metabolites unique to the cells are the highest (77% of cell extract) (Figure 3.2c), and
correspondingly, metabolites commao both the cells and supernatant (Figure 3.2e) are the
lowest (22% of cell extract). The number of metabolites detected in the supernatant is also the
least for all cell lines and treatments. This suggests miminteakage from cells into the
supernatantfollowing trypsinization, whereas cell scraping for this cell line results in 26% and
68% leakage respectively, suggesting significantly greater metabolite leakage. Compared to the
breast cell lines, trypsinization of HMEC shows mimimmetabolite leakageFor the other two

cell lines, both trypsinization and csltraping protocols adopted result in metabolite leakage,

but this is greater (by 2 fold) for trypsinization than for eltaping, as indicated by the
proportion of metabolites detected that anenique to the cells (Figure 3.2c as a proportion of
Figure 3.2a). This suggests that cell lines are differentially influenced by trypsinization and cell
scraping, and that, dependent on the specific cell line, the ideal approach requires optimisation,
to minimise metabolite leakage. A PCA analysis revealed that, the reproducibility of metabolome
recovery for biological replicates was better with the cell scraping treatment compared to the
trypsinization protocol adpted, for all three cell lines

Analysi 2F (KSaS aYSiK2R RSmapydifSrghdes in AwRrdghdd NI
classification groups as shown in figure 3.2. In the case of -MBA36 & HMEQ,

trypsinization yielded a larger proportion of organic acids, amino acids, sugars and phosphates,
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whereas in contrast to this, for ME&rcells there was negligible variance between the two
treatments inthe recovery of organic acids & sugars [Figure 3.2 (a)], whilst the scraped samples
comprised greater amino acids and amines than trypsinized sariffitage 3.2 (c)]. However,

the extent of leakage of organic acids, amino acids and sugars was higher following scraping
compared to trypsinization for both MDWB-436 & HMEEL. In contrast MGH cells,showed

severe leakage of alkanes, ketones & etl@rscrappingvhereas trypsinization resulted in loss

of organic acids & fatty acids [Figure 3.2 (d)].

In conclusion, the three cell lines investigated appear to be differently influenced by the two
conventional methods, with respect to metabolite leakage,howt terms of numbers and the
metabolite class detected. Trypsinized cells exhibit a chemical deviation from cells in their
attached state and the effective time for sufficient detachment of cells by trypsin treatment may
lead to significant metabolite léage (Teng et al. 2009). The &iaping protocol is subjective,

in the sense that it might be difficult to reproduce betweexperiments although there was
good reproducibility in our hands. However as shown in this investigation, it is importantgdo no
that the leakage of metabolites during trypsinization and scraping treatments is highly
dependent on the cell membrane structure which varies greatly across the different cell lines

and can significantly affect recovery of different metabolite classes.

3.3.2 Modified approaches

From our data we have shown that the conventional methotlsamplepreparation result in
leakage of intracellular metabolites, hence there is a need to address this problem in the
experimental protocol and preparation for the etabolome analyses of adherently grown
mammalian cells. Therefore, we have investigated a further 3 modified approaches as
comparisons to the conventional approaches of trypsinization and cell scraping in a single cell
line MDAMB 436 cell line. In additig the effect of protein precipitation using acetone was also

investigated. The data was analysed as described previously, and is preBautes3.3.
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Figure 3.3 Effect of the sampling protocols on leakage of intracellular metabolites during
quenching for MDAVIB-436.After all the treatment the extracted metabolites from cell extract,
supernatant following quenching and blank samples were analysed B Ss&axisrepresents
different sampling protocols; Trp_436 = trypsinization ; Csr_436 = cell scraping; NTcs = modified
cell scraping; Ap_436 = trypsinization with acetone precipitation; Bead_436 = bead harvesting
andLN = direct quenching and extraction with liguidrogen. Yaxis represents median number

of metabolites of each class; (a) metabolites identified in cell extracts only, (b) metabolites
identified in celifree supernatant only, (c) metabolites present only in cell extract (and not in
the supernatant) unique to cells; (d) metabolites present only in supernatants (and not in cell
extract) - unique to supernatants, (e) metabolites present in both the cell extract and
supernatantc (common to both).

3.3.3 Modified direct cell scraping (NTcs)

We investigited the recently suggested direct scraping mett{pattmer et al., 2011Teng et
al., 2009, with a modification. Ingtad of combined cell harvesting and extraction, MRME-
436 cells were quenched and extracted separately for assessing the leakage of intracellular

metabolites and for comparison with the other applied treatments (Figure 3.3c).

As can be seen in figure 38, and (e), the highest recoveries of metabolites unique to the cell
extracts and minimal proportion common to the cells and supernatants was determined for this
modified protocol, suggesting minimal leakage over all the applied protocols. The exception
this is withLN treatment where the supernatants could not loellected andanalysed as the

LN evaporates
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As previously reportedHutschenreuther et al., 2012bthe combined cell harvesting and
extraction technique does not allow determination of cell number, as cell detachment is a
prerequisite to cell counting. The proterontent of the cell pellet can be determined for
normalisation (Dettmer et al. 2011), however, a recently published rgptutschenreuther et

al., 2012h suggested normalization to the sum of peak areas, as a superior approach, since
normalisation to cellular protein content does not allow for adjustment of extract concentration
prior to metabolite extraction. In the method employed in the current studies, conventional cell
count for normalisation of data can be achieved by parallel cultivation of flasks, as quenching
and extraction are performed separately. In addition to this, the niediinethod offers an
advantage for selection of appropriate quenching and extraction solvents, depending upon the

cell type.

3.3.4 Bead harvesting

Here, we investigated a novel approach of cell culture in beads for quenching and harvesting
with minimaltime lag. The cells wercultured on beads in a 50 méaléon tube (kept in a fixed
horizontal position), and harvested as described in the modified direct cell scraping method. The
motivation behind culturing the cells on beads and in a flacon tube otigina a quest to find

a suitable means to culture and harvest the cells from a platform that aids rapid quenching and
extraction of metabolites from cells. We have adopted two extraction techniques together, bead
beating followed by freezéhaw cycle to ahieve higher extraction efficiency, as it was much
easier to apply in this approhgcas cells were cultured in alEon tube and on beads, which was

not possible to achieve with the conventional T75 flasks.

The quantitative data is shown in figure 3.Bhe overall recovery of intracellular metabolites
was improved compared to cell scraping, and similar to other sampling and quenching
techniques applied, as can be seen in figure 3.3 (a). With respect to the unique recoveries of
metabolites in cell extras (Figure 3.3 (c)), overall thiapproach proved superior to
deproteination (Ap_436) and the conventional methods for recovery of organic acids and sugars.
A similar trend was observed with leakage analysis, with this approach superior to
deproteination and conventional methods, with fewer metabolites in supernatants as shown in
figure 3.3 (d). However yields of fatty acids were much reduced compared to all other
treatments applied as can be seen in figure 3.3 (c). Further investigations on the conmpositio
of the cells grown on beads will be required to ingeat this observation. Bwever, this is an

appropriate method to use if the focus is on nlypid metabolites.
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3.3.5 Direct quenching usingaN

The recently described use of 1(Bi et al., 2013Hutschenreuther et al., 2012horenz et al.,
2017 for direct quenching and storage of cells&9°C for later extraction was also investigated

in this study, andcompared with the other sampling and quenching protocols. The overall
recovery of metabolites with this approach @_M36 in Figure 3.3 (a)) was similar to that of bead
harvesting and modified direct cell scraping treatment. However, compared to the other
modified approaches nucleotides/nucleosides/nucleobases, biogeniceafpiolyamines and
phosphatesiemonstrated increased recovery with theddpproach, whereas recovery of fatty
acids/alcohols appeared compromised. Recoveries of organic acids wasaklgsdutthat of
amino acids and derivatives were less tliaat of the modified direct cell scraping (NTcs_436)

method.

3.3.6 Protein precipitation using acetone (AP)

The presence of proteins in metabolome extracts of adherently grown mammalias tleély

to interfere with the composition of the metabolite pool, with a proportion of these are
enzymes, potentially affecting the metabolite pool p@straction, changing composition. In
addition, they could interfere with the chromatographic separatiof the metabolites.As
demonstrated in the past with KIS data(Bruce et al., 2006 SFUOA Sy i NEBY2JI
before injection onto an analytical chromatographic column is important to help in ensuring
highquality datad STUOASY G SEGNI OGAz2y 2F YSiloz2ztAdSas
lifetime of the column. In the case of serum samples, the use of organic solvents such as acetone
for deproteination of metabolome extracts has been regarded as an effectivéoaein reports

for the removal of detergents, lipids, small molecuhaass nucleic acids, and other contaminant
species, while providing high metabolite recoveries, most reliable data and also minimal post
preparation problems such as ion source contamimgiranibar et al., 201,Bruce et al., 2009

Duan et al., 2009Tiziani et al., 2008 We were therefore interested in examining if a protein
precipitation step prior to metabolome analysis enabled improved recoveries or perceivable
changes in composition. Accordingly, cells werevésted by trypsinization and geoteinized

using cold acetone, prior to derivatization.

As shown in figure 3.3 (a), surprisingly the overall recovery of metabolites appdsslightly
reduced with the deproteiation treatment as compared to the trypsinization protocol. With
respect to the unique reoveries, dproteination treatment shows a slightly higher unigue cell

recoveries for sugars and nucleotides (figure 3.3 (c)), as compared to the trypsinization protocol.
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However, we did not see any sigo&nt improvements following deproteation treatment, with

the cell line investigated. It is possible thatpecipitation of some metabolites along with the
precipitation of the macromolecules occurred, suggesting careful optimization is required to
prevent artificially introduced metabolome compositial changes. Overall, acetone
precipitation of proteins does not dramatically alter the pattern of different classes of

metabolites detected in MDMB 436, as compared with the other treatments.

3.3.7 Comparison of conventional and modified methods

In order to understand better the coverage of different classes of metabolites in cell extracts
and the extent of leakage during quenching by each of the applied approaches, we assessed and
compared all applied sampling protocols for the recovery of eleveferdiit classes of
metabolites identified by G®IS in the cell extracts and the cell free supernatants post
guenching. Metabolites from each of the applied sampling protocols were identified using the
NIST 05 and GOLM metabolome database, which were tleesitéd into eleven different
classes of metabolites, based on their physicochemical properties. Further, the unique
metabolite recoveries obtained from the cell extract and the extent of metabolite leakage in
supernatants following quenching for eachtbé applied sampling protocol was assessed and
then used to generate a heat map, as displayed in figure 3.4. Each band represents the median
metabolite levels from three independent determinations, normalised for each condition and

expressed on a logarithic scale to capture the variation that was over orders of magnitude.
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Figure3.4 Heat maps comparing the

response of 11 different classes of metabolite signals

identified by GEMS by each of the applied sampling and harvesting approaches across three
different cell lines. A= All netabolites in cell extracts; B Metabolites present wly in cell
extracts (unique to cells);€Metabolites present only in supernatants (unique to supernatants)

As displayed in figure 3.4A, the recovery of all classes of metabolites was significantly improved
with the modified direct cell scraping, ditetN quenching and bead harvesting methods,

compared to the conventional methods. The recovery of amino acids and its derivatives with
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the modified direct scraping treatment was found to Iseperior over all the compared
treatments as no leakage was obysed in the supernatant with thenodified direct scraping
treatment. Whereas recovery of sugars/sugar alcohols and its derivatives was found to be
superiorwith the bead harvesting and deproteition treatment. The direct quenching with £ N
resulted in superior recovery of nucleotides/nucleosides/nucleobases, biogenic
amines/polyamines and phosphates whereas recovery of fatty acids/alcohols and its derivatives
was severely impeded as compared to modified direct scraping, bead harvesting and
deproteination treatments. With respect to the recoveries of all metabolites classes unique to
the cells (figure 3B), there was an approximate threefold increase in the recoveries with the
modified cell scraping method compared to the conventional method, whereas afdislo
increase was noted with the bead harvest method when compared to the conventional cell
scraping. HoweverlLN: treatment could not be analysed due to nature of the protocol,
henceforth displaying highest recoveries in figure 3.4B and no intracellular leakage in figure
3.4C.

The heat map in figure &C shows that the recovery of metabolites unique to the supernatan
for all three cell lines was higher for cells harvested by conventional cell scraping method
indicating higher metabolite leakage during treatment particularly with amino acids. This finding
was in contrast to the previously published report, where théhar reported higher leakage of
amino acids with the trypsinization treatmerfDettmer et al., 2011 However, with the
modified cell scraping and bead harvest method, the extent of metabdditkage was

significantly reduced, except for leakage of few fatty acids/alcohols.

3.4 Conclusions

In this study, we have initially compared the conventional methods of handling adherent
mammalian cells across three different cell lines and succesd@utipnstrated that the leakage

of intracellular metabolites is highly dependent on cell type and the sampling and quenching
protocol used and it significantly affects recovery of different classes of metabolites. Moreover,
trypsinized cells exhibit a cheaail deviation from cells in their attached state and that the
effective time for sufficient detachment of adherent cellstbypsin treatment. h conclusion, it

is important to assess the treatment methodology for each cell type and optimise it to minimise
metabolome leakage. Inclusion of a step to precipitate proteins using acetone in the
trypsinization protocol, prior to metabolite profiling in MEMB-436 showed some changes in
the metabolite levels detected, suggesting that inclusion of this step iptbcol needs to be

assessed for the specific cell type before being included.
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The direct quenching and extraction techniques yielded higher recovery of all metabolite
classes, approximately three fold higher than the conventional sampling technigoesver
comparison within them, showed little variations with respect to number of metabolites
recovered, although recovery of different classes of metabolites appears to be altered
significantly across different simultaneous quenching and extractioatrtvents. In this
investigationwe have introduced bead harvesting, which is rapid, effective and an efficient
approach for recovery of different classes of metabolites, and does compare favourably with the
conventional approaches. The modified direct cellaping & Lhtreatments provide a rapid

and reliable route to quenching and extractj@nd could be combined with bead harvesting to
minimise artefacts due to metabolome leakage. Whichever approach is chosen, it is imperative
that the option is first cheacterised for metabolome leakage with the particular cell type being
investigated beforét isadopted. Moreover, when particular class of metabolites are of interest,

it is necessary to carefully consider the impact of different treatments on recovatiffefent

classes of metabolites.
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Chapter 4

Effect of washing and quenching in metabolomics
of adherently grown mammalian cells: A case study
on the metastatic cancer cell line MDKMB-231
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4. Effect of washing and quenching in metabolomics of adherently
grown mammalian cells: A case study on the metastatic cancer
cell line MDAVIB-231

4.1 Introduction

In Chapter 3, welemonstrated that selection ahe sampling methods largely depend on the
type of cells, culture format (adherent or nadherent) and anatgs of interest (exe
metabolome or endemetabolome), similarly different washing steps/solution and various
quenching additives might influencedhanalysis. In the case of suspension cultures, cells are
separated fromthe media by means of filtration or centrifugation followed by quenching and
washing stepsWhereas in the case of adherent culturéise media can be simply removed by
suction followed byawashing step. However, cells need to be detached from cell surface prior
to quenching. In metabolomics, potential problems connected to sampling have not been
considered properly, which often leads to enormous errors, as they are normally adepiad f

the literature without due consideration and critical evaluation for the given case and the
investigated organism as noted by several investigaioeselas et al., 2008ellick et al., 2008
Wellerdiek et al., 2009a

As discussed in Chapter 2, despite contradicting reports, sampling methods are rigorously
studied in case of prokaryotes which cannot be simply adopted for mammalian cells due to basic
differences in thecell structure. In case o$uspension mammalian culture€KO cells
methanol/water (buffered/unbuffered) was compared with cold isotonic saline (0.9% w/v NaCl)
(Dietmair et al., 201)) and it was shown that quenching with isotonic saline did not damage
cells and resulted in proper metabolic arrest, as it effectively halted the conversion of ATP to
ADP and AMP. However in contrast, no improvement in natbrecoveries was reported

with the use of 0.9% NaCl compared to that of 60% aqueous metii@abick et al., 200&nd
variousauthorshavesuggestedhe use of methanol supplemented AMBIC. With this solution

the membrane itegrity preservedcompared to other additives, thereby minimising the leakage

of intracellular ATP. A fluorescent marker such as green fluorescence protein (GFP) has been
used as a visualisation marker by Wurm anavookersto estimate the rate of metabdk efflux
calculated by numerical modelling from CHO cells upon membrane dafagen and Zeny

| dzi K2 NB NBLERZNISR dE: 2F &Yl fvien5vSfimerabzaner (i S &
damageis caused by washing, quenching sabuig or harsh sampling techniques. This clearly
underlines the requirement of rapid sampling methods with suitable quenching or washing

solutionsin orderto avoidmetabolite leakage.
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Rigorous studies demonstrating effectiveashing andquenching methods foadherent cell
cultures have been few and far between. Moreover composition of media used for mammalian
cultures are very rich in nutrients such as amino acids, vitamins, sugars etc. which are also
present inside the cells as an intracellular metabolitdence subsequent extraction of cells
followed by quenching, without any washing step will result in false higher recoveries for specific
intracellular metabolites that are found to be present in the medium as well. Moreover these
media carryovers might so interfere in the post extraction analytical protocols. Inclusion of a
washing step for adherent cultures would be advantageous as it can be performed rapidly prior
to quenching, and does not prolong the quenching time frame and thus might improve the
validity of the intracellular metabolite measurements. However, this needs to be validated to
see if the use of washing solution aachumber of washing steps employed influences the
intracellular metabolite leakage from adherent cultures? To our knowledgequantitative

data on effectiveness of various washing step/solutions and quenching solvents (buffered or

non-buffered) on adherent cultures is available

Hence, one objective of this researistio determine quantitatively, whether leakage occurs in
adherent cultures during the quenching step with the variety of quenching solsigoployed.

In case of intracellular leakage, the research will be diretteards determination of the
metabolite levels in the fractions in order to establish mass balanndgs@trace the fate of
metabolites In addition, the effect of other factorsvhich includesithe properties ofthe
guenching solution with various buffer additivethe number of washing steps required,
interferences with the analytical techniques (G@@S) and validity check of datavill be
investigated To achieve our objectives, we have emplogedapproach which involves initial
quantification of intracellular ATP levels from adherent metastatic NMIB\231 cell line using
bioluminescence assay. The contation of ATP wasletermined after thevarious washing
steps/solutions and normalised to total cellular protein content determined by BCA assay. In
addition, the effect of various quenching solutions (buffered or-bhaifered) on MDAVIB-231

cell membranentegrity was visualised using scanning electron microscopy (SEM). Furthermore
we investigatedthe overall recovery of eleven different metabolite classes usingMSC

techniqueand compared theesults with troseobtainedfrom the ATP assay and SEM asmly
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4.2 Material and Mthods

4.2.1 Chemicals and reagents

The RPML640 medium was obtained from Lonza (GHBRL, Paisley, UK). All other reagents

and consumables were obtained from SigMldrich (Dorset, U.K.), unless stated otherwise.

4.2.2 @Il lines, cell culture and growth assessment

The cell lines where maintained, cultured and provided by the Microcirculation research group
led by Prof. Nicola Brown at the Medical Schdble MDAMB-231 epithelial breast cancer cell

line was obtained im American Type Culture Collection (ATCC), (http://www.atcc.org/). Cell
fAYS o1 & Odzf (i dzNBROOMM Nuclgos dish @uciéda®, Fhermb Beientific) with
approximately 2x18cells per dish containing 10 ml RPMI media which contains 10%etiake

serum (FBS), 1% penicillin/streptomycin (GIBCO®) and 1% glutamine. Growth curves were
produced by seeding cells in a 24 well plates with 1 mL media and seeding density of 0.1x10
cells per plate. Viable cell counts are obtained at 24, 36, 48 ahd#2 using a Beckman coulter
Vi-Cell XR cell viability analyser (Beckman Coulter, Germany) after trypsinization. Control flasks

were performed but omitted seeding cells to determine any unwanted background signal.

4.2.3 ATP assay

For all ATP assay, alisay vials, glassware and pipette tips were soaked in 1N HCI overnight
followed by washing 3 times with ultrapure water and then dried in an oven at 40°C for 1 hour.
MDAMB-231 cells were seeded in triplicate (5 ¥ per well) in 24 well plate (Corsfir Cells

were incubated in 5001luof RPMI 1640 media containing 1% fungazone, 10% fetal bovine serum
0C. {0 M>? LISYAOAtftAYyKaAaUGNBLIGI2Y2OAY ¢ Biter36ht 0
hours of incubation, culture medium was removed from each el cells were treated
differently based on experimental design which include various washings and buffered
guenching reagents including direct quenching with.LThe level of free ATP in response to
various treatments indicating leakage, was determinathg ATP bioluminescent somatic cell
assay kit (FLASC) purchased from Sigidech (Dorset, U.K.). The assay parametershosvn

in Table 4.1. Briefly, 100Lpof ATP assay mix was addedh® assayials and incubated for at
least 3minutes at room tempature in order to hydrolyse any endogenous ATP. Cells im eac
well were suspendedn 150 (L of ATP relsing agent (ARRyhich includes:p-tertiary-

Octylphenoxy polyethyl alcohol and edetic adithally 75 L of sterile dRO was added to vial
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containing luciferase assayix followed by addition of 75ljuof sample as shown in figure 4.1.
The amount of light emitted from each reaction was measured immediately in luminescence
units (RLU) using microplate luminometer (Centro LB 960, Berthold, @gymdhe
concentration of ATP inM in each sample was determinddbm the log-log plot of eight or
seven ATP standard®@ to 1.5 nM)againstrelative luminescence units (RLU). To normalise for
differences in cell number between various treatments, twcentration levels of free ATP
were corrected for the levels of protein (in micrograms) present in the same cell extracts
prepared for the ATP assay. Determination of total protein content was described in detail in
section 4.2.4ThenM amounts of ATP peang of protein produced by MDIB-231 cellsafter

each treatmeni{n=3) was determined. Finally, theean standard deviation and standard error

of the mean (SEM) values were determined for each treatment and levels of free ATP

determined were reported imM ATP per mg of protein.

Table 4.1 Assay parameters employed fdhe estimation of ATP content by luciferase
bioluminescence assay in MBAB-231 cells. The amount of ATP determined was then
normalised to preein content estimated by BCA microplate assay

Assay Parameters

Scale 24 well plate (Corstar®)

Seeding density 50000 cells per well (cpw)

Incubation 36hr - 500pl fulr RPMI 1640 (37°C + 5% 0O
Luciferase assay mix dilution factor 1:25 (FLASC Kit dilution buffer)

Amount of ATP releasing reagent (ARR) 150 pl ATP Releasing Reagent, 100pl Luciferase

ATP standard range (n=3) for preliminary experimen, 0.2, 0.3, 0.44, 0.67, 1.0, 1.25, 1.5 (nM)
ATP standard range (n=3) for other experiments. 0, 0.44, 0.67, 1.0, 1.25, 1.5, 2 (nM)

Base line ATP MDA-231 1.2-1.3nM
Additional test std. dilution (0.87nM) (n=3) 6.5ul (1.5nM ATP) + 1493ul dB
Protein quantification BCA Microplate assay (ab. 570nm) (Pierce)

*Full = supplemented: 1% fungazone, 1% strep/P, 1% glutamine and 10% fetal bovine serum (FH
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Figure4.1 Schematicfor determining level of free ATP in response to various washing and
quenching processes using luciferase bioluminescence assay in adherently growing metastatic
cells MDAMIB-231.

4.2.3.1 Preliminary ATP assay optimisation
As a part of optimisation and tevaluate successful application of ATP assays to determine the

extent of leakage from adherently growing mammalian cell lines, preliminary ATP assay was
performed on eight ATP standard solutions, additional test ATP standard solution antViBDA

231 cell atract (n=3). The eight ATP standard solutions were prepargdultrapure waterin
different nM concentrations (0, 0.2, 0.8,44,0.67, 1, 1.25 and 1.5 nMThe standard solutions
were preparedoy making serial dilutions of the ATP standard stock soi20 uM)supplied

with the ATP bioluminescent somatic cell assay kit (FLABE)level of free ATP in response to
various ATP standard solutions, test solution and MMEA231 cell extract sample was

determined using ATP assay as described above.

4.2.3.2 ATP assay in response to various washing solutions and steps
After 36 hours of incubatiorthe culture medium was removed from each well atié cells

were subjected to various iesold washing steps, which includes no washing (control), washing
once with PBS (PB1), washing twice with PBS (PB2), washing once with water (W1) and washing
twice with water (W2). The level of free ATP in response to various washing solvents and steps

was determined using ATP assay as described above.

4.2.3.3 ATP assayliesponse to various quenching solvents
After 36 hours of incubatiorthe culture medium was removed from each well até cells

were washed with appropriate selected washing solution based on resultheofbove
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experiment (section 2.2.3.2). After wasp step,the cells were rapidly quenched separately
with five different quenching solvents (either buffered or rRbuffered) along with the control
sample. The various treatments includes no quenching (control), quenching with 100%
methanol, 60% \Wv) aqeous methanol, 60%v{v) aqueous methanol buffered with 0.85%
ammonium bicarbonate (AMBIC), 609§ aqueous methanol buffered with 70 mM2{4-(2-
hydroxyethyl)piperaziti-yllethane sulfonic acid (HEPES) and direct quenching using heN

level of flee ATP in response to various quenching solvents was determinedhsiagP assay

described above.

4.2.4 Protein assay as a normalisation to ATP content

The nM amounts of free ATP produced in response to various washing solutions/steps and
guenching reagents were normalised ttoe protein levels within each wholeell lysate.The

total protein content was determined by detergenbmpatible bicinchoninic @&t (BCA) protein
assayusing theMicroBCA Ritein Assay Kit purchased from Thermo ScientBigefly, seven
diluted albumin (BSA) standards in mg/mL (1, 0.8, 0.6, 0.4, 0.2, 0.1 and 0 mg/mL) were prepared
initially froma BSAstock solution (2 mg/mL) usifgRR as a diluent. Total volume of Micro BCA
working reagent (WR) required was determined and WR was prepared according to
Y| ydzF I OG dzNB NJizéb BOAFTétainNdGz0Kit, Rigrgé ThiermoScientific Rockford, IL,
USA)by mixing 25 parts of Micro BCA reagent MA and 24 mHrteagent MB with 1 part of
reagent MC (25:24:Ireagent MA:MB:MC). Finally, 79 of cell extract (MDMB-231) was
added tothe 96 well plate (Corst& followed by addition of 75 luof BCA WR. Tkkemponents

were gently mixed for 30 sec and incubated at 37°C for 2 hours wrapped in an aluminium foil.
The plates were cooled to room temperature for 5 minutes after incubation and absorbance
was measured at 570 nm on a plate reader (Centro LB 960,d@rtBermany). The average
absorbance reading of blank standard was subtracted from the absorbance reading of all
individual standards. Average values of all replicates samples {btardcted) were
determined and used to generata BCA standard curve bplotting the nmean standard
absorbance valuess\the respective concentrations. A béitpolynomial equation was used for

the standard curve and to estimate the amount of total protein content (mg).
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4.2.5 Scanning electron microscopy (SEM) analysis

Silicon wafer
containing
1 2 3 4 /6,
adherent MDA-
MB-231 cells A‘QQO Glass slide

(X g
QOO0

12 Well plate SEM protocol

Figured.2 Schematidisplaying workflow for SEM analysis of adherently growing cells. Adherent
cells were grown on silicon wafers, which carré@movedfrom the well platesby simply lifting

the silicon wafers with forceps and cells along witle silicon wafers can be fixed for SEM
analysis.

SEM analysis was performed on samples of control-nanched cells) and on MEMB-231

cells quenched with four different quenching reagents. The cell€weown in 12 well plate
under similar conditios as described in section 4.2. 2aweverfor easeof SEM analysis we used
silicon wafers as shown in figure 4.2, for growing adherent mammalian cells. Briefly, the
specimens were fixed in 3% glutaraldehydeihM phosphate buffer at 4°C. The specimens
were then washedhrice in 0.1M phosphate buffer with 30 mins intervals at 4°C. Secondary
fixation was carried out in 1% osmium tetroxide aqueous for 1 hour at room temperature.
Dehydration was carried out thrgi a graded series of ethanol contetions in the following

order: 75% ethanol for 15 mins, 95% ethanol for 15 mins, 100% ethanol for 15 mins, 100%
ethanol for 15 mins, 10% ethanol dried over anhydrouspper sulphate for 15 mins. Ahe

above dehydrabn steps were carried out at room temperaturkater he specimens were
placed in a 50/50 mixture of 100% ethanol and 100% hexamethyldisilazane for 30 min followed
by 30 minutes in 100% hexamethyldisilazane. The specimens were then allowed to air dry
ovemight at room temperaturebefore mounting on aluminium stubs. Upon completion of
drying, the specimens were mounted on 12.5 mm diameter stubs and attached with Carbon
Sticky Tabs and then coated in an Edwards S150B sputter coater with approximately 25nm of
gold. The specimens were examined in a Philip0XEcanning Electron Microscope at an

accelerating voltage of 20Kv.
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4.2.6 Cell quenching for metabolome analysis

The celsweregrowntomid SELR y Sy G A fé LIKIFAS 6ny K2dNREO
extraction. Initially, the culture medium was removed from the Nucleon dish andwels
quickly washed once with abo@® mL icecold phosphatebuffered saline (PBS, pH 7.4). The
residual PBS was removed by suction. The cells were rapidly quenche8 mit of prechilled
(-50°C) quenching solutions (buffered or Aouffered) 100% methanol alone, 60% aqueous
methanol, 60% aqueous methanol supplemented with 0.85% (w/v) ammonium bicarbonate
(AMBIC, pH 7.4) and 60% aqueous methanol supplemented wittMVBIEPES. Addition of the
cells to the quenching solution increased the temperature by no more th&n. ¥dter 60 sec,

the quenching solution was removed, and an aliquot (2 mL) measferred to a 2 mL prehilled
Eppendorf to assess the leakagetioé internal metabolites. This step was performed on dry ice.

An aliquot was then snap frozen indawd stored at80°C freezer for further extraction step.

4.2.7 Metabolite Extraction using modified cell scraping method

Quenching and extractions weperformed using the methods illustrated schematically in
figure 4.3.
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Figure4.3 Overview of quenching and extraction workflow using mediftell scraping method for metabolome analyses of adherently growing metastatic cancer

cell line MDAMB-231.1 = Washing step with PBS; 2 = quenching protocol and 3 = extraction protocol.
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The adherent cells in the Nucleon dish were then subjected t@etiom by addition of 1 mL of
pre-chilled 100% methand¢40°C) The cells were then suspended in extraction solentry

ice by cell lifting with a prechilled rubber tipped cell lifter. The cell suspension was then
transferred to a 2 mL prehilled Bppendorf and stored on dry ice. A further 1 mL aliquot of 100%
methanol was added tthe culture flask and the same procedure was repeated. The first and
second aliquot wre mixed together andhe metabolites were extracted by performing freeze
thaw cycles as suggested elsewh@hénder et al., 2008 Briefly the aliquot was snap frozen in
liquid nitrogen for 3 minutes, followed by thawing on dry &e&ortexed. The freezthaw cycle
was repeated five times for complete cell disruption and followed by centrifugation at 6000
at -9°C for 5 minutes. The pellet was-egtracted with 500 pL of 100% methanol. The first and
second aliquots were then combideand the extract was lyophilized overnight prior to

derivatization.

4.2.8 Simultaneous quenching and extraction with liquid nitrogen

Recent protocd (Bi et al., 2013Hutschenreuther et al., 2012korenz et al., 20)1were
adopted with a few modifications. Briefly, after removaltbé culture medium and washings
with PBSthe cells were rapidly quenchdaly drectly adding aboull5 mL liquid nitrogen (LN

to the Nucleon dish. The adherent cells in the Nucleon dish were then immediately subjected to
extractionon dry iceby addition of 1 mL of prehilled 100% methanol followed by lifting the

cell with a pe-chilled rubber tipped cell lifteiThe cells were rextracted and further steps were

performed as described in section 4.2.7.

4.2.9 Metabolite drivatization, GBS analysis, metabolite identification and data
analysis

Metabolite cerivatization, GBS analysis, metabolite identification and data analysis was

performed as described in Chapter 3.

4.3 Resuft and [scussion

To obtain a snapshot dlie intracellular metabolome, it is essential that the employed washing
solutions are effective in remawy the extracellular media components and similarly the
guenching solution is efficient in halting the metabolic activities within the cell without altering
the cell wall/membrane integrity. To achieve these primary objectives, required for any
metabolomic research, it ismportant to evaluate the efficiency of the washing and quenching
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solutions. In this context, we have directedr approach for evaluatinmetabolite leakage in
adherently grown metastatic cancer cell line MDW8-231 using a variety ofwvashing and
quenching solutions (buffered/nehuffered). Results from the different treatments are
evaluated andcompared using ATP assay, SEM analysis (for visual observation of membrane

integrity) and G@/S based untargeted metabolomics.

4.3.1 ATP assay

ATP is a key central metabolite to all live cells with high turnover rate (1.5 niDiEmair et

al., 2010 and with constant concentration across each cell. Unlike other metabolites, ATP is
never secreted into the extracellular environment by cells under normal conditions. However,
whencells are subjected t@nvironmental stress or membrardamage rapid changes iATP
concentration occurs because of théigh turnover rate and subsequerieakage into the
extracellular mediumcan occur(Lee and Fiehn, 2008&chwiebert and Zsembery, 2003
Quenching protocols in metabolomics studies are well known to cause severe leakage of
metabolites fromcells due to cold shock. Therefore, estimating changes in the total intracellular
ATP content in response to various washing and quenching solution will pesviddication of

the extent of metabolite leakage and quenching efficiencthefsolutions.

Based on the above rationale, the first objective of tinigestigationwas to evaluate the extent

of metabolite leakage in response to different washing and quenching solutions (buffered/non
buffered) using the ATP assay. The ATP content was determined using a luciferase
bioluminescence assay and normalised to protein congstimated bythe BCA assay. ATP and
protein assayfiave beensuccessfully applied to the bacterial and mammalian cell suspension
cultures,in contrastapplication to the adherent cell culturese few Hence prior to application

of these assays to actuakperiments on adherent cultures, standard curves were generated for
both ATP and protein assay using standard solutions, an additional test standard solution and
the MDAMB-231 cell extract (n=3). The standard curves for both assayshasenin figure

4.4,
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Figured.4 Standard curves generated for both luciferase bioluminescence ATP assay (a) and BCA
protein assay (b) using mean values of ATP and protein content obtained with set of standard
solutions (n=3).

4.3.2 Leakage of ATP in response to washing steps/solutions

The composition of the media used for mammalian cultures is rich in nutrients such as amino
acids, vitamins, sugars etc., which are also present inside the cells as intracellular metabolites.
Hence subsequent extraction tfe cell contentfollowed by quenching, without any washing

step, will result irhigh recoveries for specific intracellular metabolites that are present in the
medium as well. Ithe suspension culture, the washing step is performed after quenching and
centrifugation ofthe sample Asaddition of fivefold volume of quenching reagent to that of
suspension culture will dilute the media components, some reports have suggested exclusion of

washing step for rapid quenching thfe culture and have demonstrated minum leakage by
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doing saDietmair et al., 201Kronthaler et al., 2012&ellick et al., 2008Moreover, inclusion

of awashing step extends the duration of quenching raaglin more leakage.

In adherent cltures, similar workflow as that of suspension cultures cannot be applied as lifting
of cells from their attached state by trypsinization or cell scraping will result in more mechanical
damage causing severe leakage theould becaused by quenching or waigg steps alone.
Hence, it is essential to quench the adherent cultures in the adhered state only after removal of
the medium. It is known that usage of large volumes of quenching solvents virtually removes all
traces of most media components and extrdgier metabolites. However, in cases where the
media components are relatively more concentrated than theacellular metabolites, the
inclusion of a washing step to remove media components or extracellular metabolites could be
advantageousHowever, &ey concern is whether the use of washing solusiand number of

washing steps employed influence the metabolite leakage from adherent cultures?

In order b evaluatethe effects of washinghe levels of free ATP the washing solutionsvere

determinedafter the washing step(See Appendix 4.1 for calculation part).

Effect of washing steps/solutions on intracellular
ATP levels in MDA-MB-231

=oRms
N OB o

ATP (nmole/mg protein)

o
(=

C PB1 PB2 W1
Washing treatments

Figured.5 The effect of washing treatments on intracellular ATP levels of MIBAR31:C = No
washingstep (control); PB1 = washing once with PBS; PB2 = washing twice with PBS; W1 =
washing once with water and W2 = washing twice with water. Bars reprefiemtsiean of 3
independent experiments + standard error of the mean (SEM).

As can be seen in figude5, washing with déonised water (W1 & W2) resulted in higher leakage
of ATP (by 2 fold) compared to washing with PBS (PB1 & PB2). As the number of water washes
increased to two, more leakage of ATP can be not{gd vs W2; PB1sWwB2). On the other

hand, washing once with PBS (PB1) appears to show similar results to the control sample (C)
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suggesting that one PBS wash has a lower detrimental effect than atepoPBS wash. As
mentioned earlier in this report, mammalian cells are more delicate and tsegove their
membrane integrity, it is essential to keep the ionic strength of their medium highly compatible.
The extremely low ionic strength of water might be responsible for more leakage of intracellular
ATP into extracellular environment caused by osmshock.The effect of more than 2 washes
with PBSwas not investigatedas it will increase the processing time amdl result in the
decrease in ATP level due tiee conversion of ATP to ADP and Alsiid the estimation of
metabolite leakagewill not bereliable For subsequent experiments, washing wash with PBS

prior to quenching was selected as the optimal washing step.

4.3.3 Leakage of ATP in response to quenching solutions

As quenching is highly cell and sample dependent, differences in the updirabbquenching
additives with respect to specific sample can be explained. However, within the same biological
system contradictory reports have been published with respect to extent of metabolite leakage
(Dietmair et al., 2010Kronthaler et al., 2012&5ellick et al., 2008 On the other hand, in the
case of adherent cell cultures, except for the recent report by Purwaha anaddaers(Purwaha

et al., 2014, wherethe authors evaluatedhe use of buffer additives for OVCA&Rells (ovarian
cancer cells), there is little information available. Even here, it is important to notettteat
evaluation was based on a very narrow approachhagonclusioswere drawn based on only
amino acid analysis by HPLC. Moreover, there was no separate wastinincluded in the
protocol, instead the quenching solvent was emploiredvo washings, which in fact mighaive
caus@l more leakage than a single step rapid quenching. Furthermore, no analysis of
supernatant following quenching was performed. Howeverpur knowledge, no quantitative
data onthe effectiveness of quenching solvents on adherent cultures have beepmrzswith

a broader approachlhe broader approach in this contengfers tothe conclusionsvhich are
based highly correlated findings anttained using two or more analytical platforms.

We have evaluated levels of free ATP in supernatant following quenching with various

guenching solventghe results of which are shown 4n6.
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Effect of Quenching reagents on intracellular ATP levels
in MDA-MB-231
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Figured.6 The effect of five quenching reagents on intracellular ATP levels of WBD231 C =
unquenched sample (control);00%M = quenching with 100% methanol; 60%M = quenching
with 60% methanol; AMB = quenchingth 60% aqueous methanol supplemented with 0.85%
AMBIC; HEP = quenching with 60% aqueous methanol supplemented with 70 mM HEPES and
LN = simultaneous quenching and extraction with;lfdllowed by extraction with 100%
methanol. Bars represents the meand®ihdependent experiments + standard error of the mean
(SEM).

Influence of norbuffered methanol quenching on leakage

As can be seen in figure 4.6, in case of-haffered methanol quenching, quenching with 100%
methanol compared to 60% aqueous methanedulted in higher leakage of intracellular ATP
because of itsletrimental effect on cell membrane integrityhe levels of free ATP in nmole/mg

of proteins obtained with 100% methanol and 60% aqueous methanol are 2.21 nmole/mg and
5.02 nmole/mg respectely. However Koning and emorkerssuggested use of 60% aqueous
methanol as the most appropriate choice for effective quenching &tepause of its lower
freezing point(Koning and Dam, 1992Whilst evaluating the influence of increasing methanol
concentration above 60% our results showed severe leakage of metabolite (figure 4.6). Our
findings are in agreement with ltose of Canelas and eworkers where higher leakage of
intracellular metabolites inS. cerevisiaewas reported with the increase in methanol
concentration (Canelas et al.,, 2008In GEMS analysis, we expect higher recoveries of
intracellular metabolites with 60% aqueous methanol congohato that of 100% methanol

which will be discussed later in detail.

93



Influence of buffered methanol quenching on leakage

In the case of buffered methanol quenching, methanol supplemented with HEPES showed a
lower leakage of intracellular ATP.51 nmolemg)compared to that supplemented with AMBIC
(2.79 nmole/mg) In addition, an overall comparison of the nquenched and methanol
guenched (buffered/norbuffered) samples clearly suggests that methanol supplemented with
HEPES causes minimum leakage ofagslular ATP and could be said to have the least
detrimental effect on the membrane integrity of metastatic MIMB-231 cells. Our results of

ATP assay are in partial agreement with that of Faijes arglockers where authors reported

less leakage withuffered methanol compared to that of methanol alofi€aijes et al., 2007
However,in contrast to our results the study reported equal quenching efficiencies for both
HEPES and AMBIC in caseLaftobacillus plantarumin addition, contradicting data was
published by Sellick and weorkersfor CHO cells, where the authors reported AMBI@drad
methanol to be better than HEPES feméd methanol in preservingnembrane integritySellick

et al., 2008. As stated elsewhere in this report, this might be due to considerable differences
between the sample and cell sizand/or cell wall/membrane structure.Methanol
supplemented with 70nM HEPES has shown less leakage of intracellular ATP and thereby can
be said to preserve the membrane integrity of MBDUB-231 cells compared to other quenching

solvents.

4.3.4 SEM

In addlition to the ATP assay, the cell membrane integrity of MIEB\231 was further studied

with SEM analysiafter the application of theqguenching solutions. The adherent mammalian

cell integrity was studied on samples of unquenched cells with single PBSasasitontrol)

and cells quenched with four different quenching solutions such as with 100% methanol, 60%
aqueous methanol, 60% aqueous methanol supplemented with 0.85% AMBIC and with 60%
methanol supplemented with 76bM HEPES. The results of SEM obsemwain MDAMB-231

in response to various quenching solutions are summarised in figure 4.7.
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Figure4.7 The effect of various quenching solutions (buffered/narbuffered) on MDAVIB-

231 cell membrane integrity was visualised and compared against theuemched cells using
SEMbbservationswhere 1 = Nonquenched cells (Control); 2 = quenched with 100%hauet!;

3 = quenched with 60% aqueous methanol=4quenched with 60% aqueous methanol
supplemented with 0.85% AMBIC and 5 = quenched with 60% aqueous methanol supplemented
with 70mM HEPES.
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In the case of nowguenched cells (control) (Fig 417, it can ke clearly seen that MDMB-231

cells adopted a polygonal and a flat morphology in the adhered/fixed state, where the patterned
network and vascular channels are clearly visible. However, when the cells are quenched with
100% methanol (Fig 42), detrimengal effects on cellular morphology (completely shrinked)
can be clearly seen where patterned network, vascular channels and pores have completely
vanished. The use of 60% aqueous methanol (Figg¥talso shown to have a similar effect,
however managed to nreserve the membrane integrity to some extent compared to that of
100% methanol. The use of additives such as HEPES and AMBIC managed to preserve the
membrane integrity to a greater extent, where slight damage to cellular network can be seen
with use of AMBIC (Fig 4-4) compared to control. Overall, quenching with methanol
supplemented with 70 mM HEPES (Fig5).8eems to be a better choice compared to other

guenching solutions and correlates very well with éindingbased on ATP assay.

4.3.5 GeMS basd overall recovery of metabolites

In order to obtain confirmation of the findings from the ATP assay and SEMSGDalysis of

the samples was undertaken after reaction with the quenching solut{bogfered or non
buffered) In total 140 unige metabolites were identifiedAppendix 4.2across all treatments

in adherently growing metastatic cancer cell line MMB-231 However, when the study
objective is to maximise metabolome coverage, characterisatiadhelieakage with respect to
metabolite class is required. For this, it is essential to first identify and claksifjnetabolites
detected based on their physicochemical properties, thus generating a metabolite matrix that
can be utilized for interpretations. Hence, all the identified metabsliwith the different
sample treatment approaches were initially classified into eleven different metabolite classes

based on th& physicochemical propertiesdble 42).
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Table4.2 Eleven different metabolite classakng with their class IDs

Classes Class ID
Organic acids (non-fatty) & derivatives 1
Sugars/sugar alcohols & derivatives 2
Amino acid & derivatives 3
Nucleotides, nucleosides, nucleobases 4
Fatty acids/fatty alcohols & derivatives 5
Biogenic amines/Polyamine 6
Phosphates 7
Alkanes 8
Alcohols (other) 9
Ketones & ethers 10
Others 11

4.3.5.1 Metabolite leakage in response to washing steps

After monitoring ceHlfree supernatant of quenched cells and the blank medium, the necessary
correction wasappliedfor appropriate calculation of intracellular metabolites. Only features
that were present in at least two biological replicates out of three were considered for further
analysis. A summary of the recovery efficiefayall the applied sampling protocoése shown

in figure 4.8, where the metabolite class and numbers detected for various treatment are
plotted. Figure 4.8a summarises the metabolites detected in the cell pellets, Figure 4.8b those
detected in the celfree supernatant, Figure 4.8c indicati®® metabolites present in the cells

but not in the supernatants, Figure 4.8d indicates metabolites present in the supernatants and
not in the cells, and Figure 4.8&hows metabolites present in both the cell pellet and the
supernatant. Higher metaboliteumbers in the supernatant (Fig 4.8b), relatively high numbers
detected in both the cells and the supernatants (Fig 4.8e), and corresponding low numbers
unique to the cell pellets (Fig 4.8c) indicates high metabolite leakage. Higher proportion of
metabolites detected in Figure 4.8e, compared to that detected in Figure 4.8c or Figure 4.8d

indicates that there is an increased chance of metabolite leakage
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Figure4.8 The dfect of five quenching reagents witfsingle) or without PBS wash step on
leakage of intracellular metabolites during quenching was compared for-MB£231. Xaxis
represents different sampling protocols; 100M_P = 100% methanol with PBS wash step;
100M_WP = 100% methanol without PBS wash;s6&d_P = 60% methanol (aqueous) with

PBS wash step; 60M_WP = 60% methanol (agueous) without PBS wash step; 60MA P = 60%
methanol (aqueous with 0.85% w/v AMBIC) with PBS wash step; 60MA_ WP = 60% methanol
(aqueous with 0.85% w/v AMBIC) without PBS wash; §@biH P = 60% methanol (aqueous

with 0.85% w/v HEPES) with PBS wash step; 60MH _WP = 60% methanol (aqueous with 0.85%
w/v HEPES) without PBS wash step; C _P = control (unquenched) with PBS wash step; C_WP =
control (unquenched) without PBS wash step; LR = liquid nitrogen with PBS wash step and

LN WP = liquid nitrogen without PBS wash stepax¥é represents median number of
metabolites of each class. After both the treatment the extracted metabolites from cell extracts,
celHree supernatant post genching and blank samples were analysed byMSC (a)
metabolites identified in cell extracts only, (b) metabolites identified in supernatant only, (c)
metabolites present only in cell extract (and not in the supernatanihique to cells; (d)
metabolites present only in supernatants (and not in cell extracthique to supernatants, (e)
metabolites present in both the cell extract and supernata¢tommon to both).

As can be seen from figure 4.8c, 60% aqueous methanol supplemented with HEPES vyielded
similar recoveries of metabolites unique to the cells with both inclusion and exclusion of washing
step and highest compared to other treatments (except that of,)LNCorrespondingly
metabolites common to both the cells and supernatant (Fig 4.8e) are the lowest (with slightly

higher recovery with exclusion of washing step (60MH_WRP)). The number of metabolite
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detected in the supernatant are also the least comparedtteer treatments (Fig 4.8d). Among
other treatments, exclusion of washing step with 100M_WP and 60MA_WP treatments resulted
in overall higher recovery of metabolites unique to the cells compared to that of with inclusion
of PBS wash (Fig 4.8c). In contrdsgher recoveries were obtained with 60M_P and C_P
treatments involving washing step compared to that of exclusion of washing step. However,
recoveries of metabolites common to both the cells and supernatant (Fig 4.8e) exclusion of
washing step in all #ntreatments resulted in higher recoveries compared to that of inclusion of
washing step. Possible reason might be cawgr of media components along with the
intracellular metabolites contributing to the higher recoveries with all the treatments without
washing step. Only use of HEPES, direct quenching wiifwitN or without PBS wash) showed
negligible variations in recovery of metabolites in cell extracts (Fig 4.8a).

Our findings are in disagreement to the previously published re(@ellick et al., 2008where

the authors suggested no washing step is required in the case of suspension CHO cultures, based
on their ATP assay results. The authors reported loss of ATP with all the evaluated treatments
which includes methanalone and that supplemented with 70 mM HEPES, 0.85% AMBIC and
0.9% NaCl. However it is important to note that, the authors did the washing step with
quenching reagents which may further aggravate the metabolite leakage due to cold shock
phenomenon and exteded time limits for quenching step. In another rep(iftonthaler et al.,
201239, similar strategy was adopted for CHO cells, wheratitbors investigated the effect of
additional washing steps (one, two and three) against no washing, where PBS was used for both
washing and quenching steps. The authors reported severe leakage with the all the washing
steps. The possible reason might b tlonger duration of the protocol which might have
accelerated the conversion of ATP to ADP and AMP. We have demonstrated minor variation in
ATP leakage between nawashed (control) and cells washed once with PBS, which clearly
suggests that the washindgep with PBS does not result major leakage of metabolites in
adherent mammalian cultures. Moreover @4S analysis confirmed this conclusion, where
minor variations in recovery of intracellular metabolites were observed (Fig 4.8c) across all the

appliedtreatments.

4.3.5.2 Metabolite leakage in response to various quenching solutions

With respect to analysis of metabolite classes recovered mdfered methanol quenching
treatments (both 60% aqueous and 100%) resulted in severe leakage of neantaitiolite
classes (Fig 4.8c) compared to that of cells quenched with buffered methanol and direct
quenching with LN Data is not shown for LNas there was no supernatants analysed with this

treatment due to the nature of the protocoAmong buffered quenching solutions, methanol
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supplemented with HEPES resulted in the highest recoveries of organic acids, amino acids,
nucleotides and phosphates compared to that of AMBIC supplemented meth&itblall the
applied treatments no recoverfpr alkanes and ketones was observed in MidB:231 cells.
This finding is in contrast to a previously published refgBurwaha et al., 2004 where the
authors reported similar recoveries obtained for amino acids in OMO#Mrian cancer cdlhe

with both treatments However as discussed in section 2.3.3, the possible redsorihis
contradictay result might be the use of different analytical techniques employedttier
evaluationof the treatment method, and in this casmnclusions were drawn based on only
amino acid analysis by HPLC.

In contrast to both buffered and nebuffered methanol, dect quenching with LNyielded
highest recoveries for all the metabolite classes (Fig 4H8aever there were problems in
using LM for simultaneous quenching and extraction of metabolites. The procedure involves
pouring of LNdirectly into T75 culture flasksrhall necldiameter) or well platesand this could
result infrostbite or cryogenic burnandpossibleasphyxiationln additionthe compatibility of
culture flasks or well plates used for culturing adherently growirggnmalian cells should be

carefullytested for direct usevith LN, in order to avoid thdoss of samples.

4.3.5.3 Evaluating the interference of quenching additives with derivatization reactions
and GEGMS analysis

In past Sellick and covorkerssucceshilly demonstrated the use of AMBIC with no apparent
interference with the derivatization reactions and-®GIS analysiSellick et al., 2008However,

no such evaluation has been reported for HERE&thaler and ceworkerssuggested the use

of simultaneous quenching and washing step with PBS for suspension c(ittorthaler et al.,
201239, although addivn of fivefold volume of simultaneous quenching and washing solvent
will result in extremesoncentration of phosphateith the subsequent potential of interference

with the GGMS analysis.
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Figure4.9 GCMSbased analysis of intracellular metabolites extracted from adherent MIBA

231 mammalian cells. Cells were washed once with PBS and later quesitheglther 60%
agueous methanol alone (black), or 60% aqueous methanol + 0.85% AMB)CGor 60%
agueous nethanol + 70 mM HEPES (green) prior to extraction of metabolites using cold
methanol. For clarity, the-#xis for 60% aqueous methanol and for 60% aqueous methanol +
0.85% AMBIC has been offset.

To evaluate the effects of PBS washing step and use of quenching additives (HEPES or AMBIC)
on two step derivatization protocols (methoximation followed by silylation) aneMSased
analysis, we have profiled the metabolome and compared the chromatogodmsethanol
supplemented with HEPES to that of methanol supplemented with AMBIC and methanol alone.
Fig 4.9 represent&CMS based analysis of intracellular metabolites extracted from adherent
MDAMB-231 mammalian cells. Cells were washed once with PBSater quenched with

either 60% agueous methanol alone (black), or 60% aqueous methanol + 0.85% AMBIC (red) or
60% aqueous methanol + 70 mM HEPES (green) prior to extraction of metabolites using cold
methanol. For clarity, the-axis for 60% aqueous methol and 60% aqueous methanol + 0.85%
AMBIC has been offset. Comparison between three different sample types with respect to total
numbers and amounts of metabolites recoved showedmajor diffrences between them. In

total 41 + 3 unigue metabolites weiidentified with each of the three different sample types.
However, slightly higher relative peak areas for all the metabolites were obtained with methanol

+ HEPES treatment compared to other two treatments. This analysis clearly reveals that the
presence ®HEPES and AMBIC does not interefere with the derivatization reactions avié GC
analysis. Our results for inclusion of AMBIC were in agreement with that of Sellick and co
workers(Sellick et al., 2008 however in addition totiat we note no apparent interference of

HEPES witthe derivatization rections anthe GGMS analysis.
101



4.4 Conclusions

Estimation othe intracellular ATP levels in resporteevarious washing steps/solutions resulted

in minor variations in ATP leakagetlhaen nonquenched (control) cells and cells washed once
with PBS, indicating a single washing step with PBS does not alter the membrane integrity of
adherent mammalian cultures. MoreoveGGMS analysis confirmed this conclusion, where
similar numbersof intracellular metabolites wereecovered(Fig 4.8c)with all the applied
treatments. On the other hand, estimation of intracellular ATP levels in response to various
guenching solventdias shown less leakage of intracellular A¥ith the use ofmethanol
supplemented with 70mM HEPESnd appears tpreserve the membrane integrity of MDA
MB-231 cells compared to other quenching solvents. Similar conclusions were drawn from GC
MS based metabolomic analyses, where analysis based on recoveries of elevemtdiffere
metabolite classes clearly demonstrated seviemkage of nearly all metabolite classes with the
use of norbuffered methanol quenching treatments compared to that of cells quenched with
buffered methanol and direct quenching with L.NAmong buffered genching solutions
containing 60% aqueousmethanol HEPESupplemented methanol resulted in highest
recoveries of organic acids, amino acids, nucleotides and phosphates compared to that of AMBIC
supplemented methanol. Furthermore, SEM analysis in response to various guenching solvents
yielded similar conclusion to that of ATP assag @GMS based analysel addition, we have
demonstrated no interferences ae derivatization reactions and G@@S based analysis when

PBS and HEPES are employed in the protoédl.thesefindings from different analytical
platforms correlate very wdland clearly indicate thaa single washing step with PBS and
guenching wih methanol supplemented with 7M HEPES resulted in minim leakage of

intracellular metabolites.
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Chapter 5

Comparison of proposed protocols for
metabolomics of two metastatic TNBC cell lines:
MDA-MB-231 and MDAMB-436
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5. Comparison of proposed protocols for metabolomics of two
metastatic TNBC cell lines: MBIB-231 and MDAVIB-436

5.1 Background

Breast cancer (B@)ased on their genomic profiles and tumour characterist&s highly
heterogeneous type of cancefor which different subgroups of cell lineghat are
morphologically and clinically distinbive been establishe@Hutschenreuther et al., 20}3In

human mammary glandhere aretwo distinct types of epithelial cells namely basal and luminal
cellswhich are immunehistochemically distinct from each oth@Perou et al., 2000 Steroid
hormonereceptors such as estrogen receptor (ER) and progesterone receptor (PR) in concert
with the oncogene ErbB (HERR) are critical determinants of BC subtypes. The triple negative
breast cancer (TNBC) is characterised by absence of ER, PR and lack pfassioaexof HER.

TNBC represents approximately 20% of all BC and is typically associated with poor prognosis.
Moreover, due to its aggressive phenotype TNBC only partially responds to chemotherapy and
present lack of clinically established targeted thaes thus increases the probability of fatality

in patients(Criscitiello et al., 201,Z5luz et al., 2009Podo et al., 2010

In order b sustain growth and proliferation of tumour cells, they constantly require
supplements of macromolecular precursors thereby exhibiting altered metabolism compared to
quiescent cellsAs a resultseveral researchers have employing metabolomics approach to
catalogue theseand havefocused onthe classification approach where healthy cells were
compared against tumour cel{Podo et al., 2010 Neverthelesswhile doing so it is important

to obtain reliable metabolomics datasing an optimiseavorkflow which will provide maximum

coverage for all classes of metabolites with minimleakage.

In Chapter 3 conventional techniquewere comparedagainst the simultaneous quenching and
extraction techniquesusing three different adherently growing mammalian cell lines and
successfully demonstrated that the direct quenching and extraction techniques yielded three
fold higher recovery of all metabolites classes compared to the conventional sampling
techniques. Amonghe simultaneous quenching and extraction techniques the modified direct
cell scraping (NTcs) and Jtkeatments provided a rapid and reliable route wh can be
combined with the newly suggested bead harvesting technique in order to minimise artefacts
due to metabolome leakagén Chapter 4 we employed the optimised NTcs anc.tfdatments

and investigated the effect of washing steps/solvents and ghéry solvent additives on
metabolite leakage from adherently growing metastatic cancer line MBA231. This
identified one washing step with PBS followed by quenching with 60% aqueous methanol

supplemented with the 70mM HEPES as the best washing ancclyimgnsolvents for NTcs
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treatment which resulted in minimal leakage of metabolites compared to 60% aqueous

methanol supplemented with 0.85% AMBIC.

It is importantto note that, in both Gaptersit wasdemonstrated that whichever approach is
chosen, it igmperative that the option is first characterised for the metabolome leakage with
the particular cell type being investigated before being adopted, moreover it is essential to
consider the impact of different treatments on recovery of different classeneaifibolites.In
comparing the previously characterised metabolite profiles of two metastatic cancer lines
(MDAMB-231 and MDAMVIB-436) after optimised NTcs and LNreatments will provide
preliminary insight into the impact of these two treatments thie recovery of different classes

of metabolites.Data obtained from these measurements were analysed with the following

objectives:

1) To examinethe proposed protocols for adherent mammalian cell metabolomas
identify significant variations between them?

2) Toexamine whether theoroposed protocols able to tckthe changes between the cell
lines, which share common biological and morphological features?

3) To examine thempact of these proposed methods in pathway based analysis for
deriving meaningful biologicahterpretations, which will aid in understanding the

cancer metabolism and developing novel therapeutic regimens.

In order b meet these objectives, databtained from the proposed protocolgas selectedrom
Chapter 3 and 4 (NTcs and ANind comparedvith the results obtained with them for two
metastatic cancer cell line (MB¥MB-231 and MDAVIB-436).

5.2Comparison of the proposed protocéds adherent mammalian cell
metabolomics

To investigate the influence of two proposed treatme(Md cs and Li)lon recovery of different
classes of metabolites and thereby numbers of metabolites recovered within eachaaess
further investigatedfor two different cell lines(IMDAMB-231 and MDAVIB-436), thereby
resulting in four different conditions, as detailbélow:

Condition A Metabolome coverage with NTcs method for MBIUB-231

ConditionB: Metabolome coverage with Lkhethod for MDAMB-231

Condition C Metabolome coverage with NTcs method for MBUB-436

Condition D Metabolome coverage with Lkhethod for MDAMB-436
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The resultof the treatmentsare summarised in figure 5.1, whetree distribution of metabolite

classes detected in metabolometbie two metastatic cancer cell lines are plotted.
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Figure5.1 Distribution of metabolite classes detected in metabolome of two metastatic cancer
cell lines namely MDMB-231 and MDAVIB-436 usingtwo quenching and extraction protocols
namely modified direct cell scraping (NTcs) and direct quenching and extracttohMitLN).

Y-axis represents average number of metabolites identified in the cell pelletgistepresents
distribution of metabolite classes where 1 = organic acids fatiy) and derivatives; 2 =
sugar/sugar alcohols and derivatives; 3 = amino acidd derivatives; 4 = nucleotides,
nucleosides and nucleobases; 5 = fatty acids/fatty alcohols and derivatives; 6 = biogenic
amines/polyamines; 7 = phosphates; 8 = alkanes; 9 = alcohols (others); 10 = ketones and ethers;
11 = others

As can be seen frongire 5.1, for MDAMB-231 cell line similar recoveries fiive organic acids
were observed with both the applied methods, however with MMB-436 higher recoveries
were obtained with Lhimethod (around 18 organic aciddyor sugar/sugar alcohols and amino
acids and its derivatives, higher recoveries were obtained with NTcs métbhodvered 16
sugars and 24 amino acidlan with LN method (recovered 12 sugars and 18 amino acfds)
MDAMB-436, whereas in contrast to this higher recoveries were obtaiwégd LN method
(recovered 13 sugars and 28 amino acttian with NTcsnethod (recovered 12 sugars and 11
amino acids) in MDAMB-231. Wih both methods, no recoveries for
nucleotides/nucleosides/nucleobases was seen in MIB\231, whereas in MDMB-436
slightly higher recoveries were obtained withdrNethod than with NTcs method, for this class.
With both the cell lines, NTcs method showed higher recoveries for fatty acids/fatty alcohols
compared to Lhmethod, whereas in contrast to this, kMethod shoved higher recoveries for

biogenic amines/polyaminedass compared to NTcs method.
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With both methods and in both the cell lines no recoveriesrawbserved for alkanes (8),
whereas minor variations in recoveries of alcohetse observed. Only LiNnethodrecovered

few metabolites in MDAVB-436 belonging to ketone and ether class, whereas excepirLN
MDAMB-436, all other methods recovered few other classes of metabolites in both the cell

lines.

To further investigate, influencaf these methods in recovering different metabolites within the
same class, we have plotted the median intensities of metabolites recovered in each class, the
result of which are summarised in figure 5.2. In total 157 unique metabplitese identified

with both the cell line and methods, usinglST 05 and GOLM metabolome datalsaséhich

were then further classified into eleven different classes of metabolites, based on their
physicochemical properties. The list 157 unique metabolites along with thealass ID as

mentioned in figure 5.2, are summarisedAppendix 5.1
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Figure5.2 Median intensities of metabolites recovered in individual metabolite class with two metastatic cancer cell lines name{B\2RA and MDAVIB-436
across two different quenching and extraction protocols namely modified direct cell scraping (NTcs) and direct quencliitpetimh with LN (LN). Xaxis
represents method and cell line investigateeaxis representmedian intensities of metabolites recovered in individual metabolitithin each metabolite clasin
total 157 metabolitegSee Appendix 5.1)ere identified across all the treatments whiakere classified into 11 different metabolite classes and plotted sepatately

Different sampling protocols for two metastatic cancer cell lines
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As can be seen from figure 5.2, in case of organic dbglsecovery obtained with both methods
weresimilar inthe case of MDAB-231. INMDAMB-436, higher numbers were recovered with

LN method (20), whereas higher intenigis were observed with NTcs method. It is important

to note that both methods showed variation in recovery of different organic acids. In case of
sugars/sugar alcohols and amino acids and its derivatives, both higher number and intensities
were recovered wh LN method than with NTcs method in case of MDUB-231, whereas
contrast results were observed with MEMB-436, where NTcs method seems to be superior to
LN. With both methods, no recoveries for nucleotides/nucleosides/nucleobases was seen in
MDAMB-231, whereas in case of MEMB-436, higher recoveries in numbers with lower
intensities were obtained with LLNmethod. In both the cell lines, NTcs method seems to be
superior than the LNmethod in recovery of fatty acids/fatty alcohols and derivas. In
contrast, for remaining metabolites classes in both the cell lineg,mé&thod seems to be

superior to that of NTcs method.

Overall, it can be seen that, in both the cell lines, both lthe method and NTcs methoadre

superior with respect to recgeries of different metabolite classes and intensities recovered.

5.3 Are the proposed protocols able todk#éhe changes between the cell lines
which share common biological and morphological features?

In order to understand better the coverage of difént classes of metabolites in cell extracts of
both the cell lines with both the applied methods and to evaluate whether both the proposed
methodsare able to trackhe variation in metabolome of these two metastatic cancer cell lines,
we assessed and spared both the sampling protocols in both the cell lines for the recovery of
eleven different metabolites classes and then usedenerate heat map, as displayed in figure
5.3. Each band represents the median metabolite levels frtmee independent
determinations normalised for each condition and expressed on a logarithmic scale to capture
variation that was over orders of magnitudeata for retention time, S/N ration, peak tailing,
m/z value and peak area was collected manually by exporting to M$ BXt& MATLAB 7.0
(MathWorks Natick, MA, USAwith in house routines employed for analysing the data
containing metabolite identitieso obtain median values for each identified metabaliteor
intracellular metabolites the GIS data was normalised taable cell count and sum of peak

areas as suggested elsewhékutschenreuther et al., 2(2h).
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Figure5.3 Heat mapcomparing the response of 11 different classes of metabolite signals
identified by GEMSin metabolome of two metastatic cancer cell lines namely MIB231

and MDAMB-436 using two quenching and extraction protocols namely modified direct cell
scraping (NTcs) and direct quenching and extraction with liquid nitrogej (LN

As displayed indure 5.3, minor variations in the recovery of organic acids was observed in MDA
MB-231 with both methods, whereas higher recoveries were observed in-MBA36 with the

LN method. In MDAMB-231, the recovery of amino acids and its derivatives and sugayarfs
alcohols and its derivatives with the LiMethod was found to be superior over NTcs method,
however contradictory results were observed in MBDUB-436, where NTcs method show higher
recoveries tharthe LN method. In both the cell lines, the kkhethod resulted insuperior
recovery of nucleotides/nucleosides/nucleobases, biogenic amines/polyamines and phosphates
whereas recovery of fatty acids/alcohols and its derivatives was severely impeded as compared
to NTcs method. Overall the recovery with respanetabolome coverage with both methods

in both cell lines showed minor variations as summarised in talileathough slightly higher
variations were observed with respect to recovery of different metabolite classes as displayed

in figure 5.3.
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Table5.1 Median number of metabolites recovered in MB#B-231 and MDAVIB-436 across
two different quenching and extraction protocols namely modified direct cell scraping (NTcs)
and direct qugenching and extraction ih LN (LN2)

Class ID | NTsc_231 | NTcs_436 | LN2_231 | LN2_436
1 5 12 5 18
2 12 17 13 13
3 12 24 16 19
4 0 4 0 6
5 6 9 4 4
6 1 3 2 7
7 2 7 2 8
8 0 0 0 0
9 1 1 1 2
10 0 0 0 4
11 2 1 4 0
Total 41 78 47 81

Despite these minor variations between the two proposed methods, we selected both methods
for further investigation, where we directed our efforts in ¢king the variations in the
metabolome with both methods inwo metastatic cancer cell lines which share common
biological and morphological similarities. To assess the sample arrangements, PCA is calculated
(figure 5.4) using the feature intensities from all the analysed samples using XCMS online.
Comparison withi the two cell ines with bothmethods (436 vs 23INTcs) and (436sv231-

NTcs) displayed around 5 fold more significant changes alongdiis ¥han those on the-axis.

To further gain access to different data characteristics sughmadue, fold chage, retention

time, m/z ratio and signal intensity of all detected features, XCMS online, a web based platform
was employed for further validation of @S results using visualisation of the results by PCA
analysis and cloud plot. The results of these gtigmtions are summarised in figure BAd 5.5,

and table 5.2
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PCA Scores PCA Scores
436 Vs 231 — NTcs Method  Unit Variance scaling 436 Vs 231 - LN2 Method |t variance scaling
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Figureb.4 PCA analysisf metabolomics data displaying clustering of samples between two metastatic cancer cell lines with both the proptismids NTcs (left)
and LN (right). PCA is calculated using the feature intensities from all samples. The colours (red/blue) are assigned basathplettlass. Distance to the model
(DModX) test was used to verify the presence of outliers and &tuate whether a submitted sample fell within the model applicability domain.

Table5.2 Number of significantly different features across method and cell line comparison

Comparison type Comparison Significant features
Method comparison A Vs B (NTsc Vs LN2 for 23 83
C Vs D (NTsc Vs LN2 for 43 308
Cell line comparison A Vs C (231 Vs 436 By NTs 1204
B Vs D (23Vs 436 By LN2) 1149
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Figureb5.5 Cloud plos generated for four different comparisof vs D (top left); A vs B (top right); A vs C (bottom left) and B vs D (bottomaggligjed inTable
5.2, displaying significant features withyp f dz8 X nonwm | y.Rpragdldted fe@dufes srdshown in graen, whereas dewegulated features were
shown in red bubbles. The size of each bubbles corresponds to the log fold change of that feature. The shade of therfadpaiadto themagnitude of the p
value. Darker the colour, the smaller thesplue.
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As can be seen froffigure 5.5 and table 2, fewer dysregulated featurewere detectedwhen

both the cell lines (83 with A vs B and 308 witls©)are comparegdalthough very highumber

of dysregulated featurewere detected across the cell line comparison with both method6412

with Avs Cand 1149 withBv 50 ® G{ AIYAFAOI Yl FSI id2NBaé¢ Ay
were altered between sample groups withpl £ dzS XX ynRoAF 2 f R Qégllagfed S x
features are shown in greewhereas dowrregulated features were shown in red bubbles. The
size of each bubble corresponds to the log fold change of that feature. The shade of the bubble
corresponds to the magnitudef ahe p-value, darker the colour, the smaller thevalue. The
statistical significance of the fold change, as calculated by a Wedshwith unequal variances,

is represented by the intensity of the features colour, where features with gexalues are
brighter compared to features with higbvalues, and terefore more significant. The &6
ordinate of each feature corresponds to th&z ratio of the compound as determined by the

MS. The features that were identified with the METLIN database are belogr coded with

the black outline surrounding the bubble, whereas those not identified in the database are

displayed without a black outline.

These observations clearly demonstrate the ability of both the proposed methoadiothe
variations in thanetabolome of two biologically and morphologically similar metastatic cancer

cell lines.

5.4 Impact of these proposed methods in pathway based analysis for deriving
meaningful biological interpretations which will aid in understanding the cancer
metabolisn and developing novel therapeutic regimens

The biology and pathways involved in TNBC is still very poorly underskaodfore there is
demand foracomprehensive approach that will aid in defining the relative contribution of major
metabolic pathways ni TNBC(Ossovskaya et al., 2001Gross and cworkers recently
demonstrated that for the growth and survival of TNBC cells, dreytargely dependent on
glutamine and key glutamate derived inteedliates, which are responsible for supporting
macromolecule synthesis, cellular redox balance and ATP production to threeebnstant
metabolic demands of proliferative TNBC cell§Gross et al., 2093 This highlight the
significance of amino acid biosynthesis pathwsvayith respect to metabolome coverage.
Analysis of differential gene expression in metabolic pathways revealed significant variations in
purine, pyrimidine anddiate metabolism in TNBC cdBobrovnikovaviarjon and Hurov, 2014

Li et al., 20120ssogkaya et al., 20)1Few reportshave suggested significant variations in

arginine and proline metabolis(raina et al., 2003 Further research with TNBC cells, revealed
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importance of understanding alterations adenosine triphosphatdinding cassette (ABC) in
order to improve our ability in radnally designing appropriate chemotherapy regiméhblett

et al.,, 2012 Alison et al., 2012 Marquette and Nabell, 20)2and in mitochondrial
phosphorylation(Walsh et al., 2012 Recent research while exploring the novel therapeutic
targets for TNBC suggested elevated levels of serine and glycine imui&l®&&hift in metabolic

flux from phosphotidylcholingo glycine, which might serve as a precursor for macromolecules
and antioxidant defence required for rapid proliferation of TNBC, therefore anticancer therapy
should aim at targeting serine and glyeibiosynthesigAmelio et al., 2014Moestue et al.,
2010. Some reports also suggested alanine, aspartate and glutamate metabolism as TNBC
specific pathways and thus employed for functional characterisation of breast cériaeret

al., 2014. To our knowledge onlg single report implicated the importance of glyoxylate and
dicarboxylate metabolism in TNB@OHNSON et al., 2014 he pentose/glucuonate inter
conversions pathways in TNBC was recently reported while uncovering the therapeutic

vulnerabilities using genome and transcriptome sequen(@rgig et al., 2013

Fromthe above discussion, it is clear that various attempts have been made in past three years
to illustrate the metabolic pathways involved in TNB®wever the approach has been
restricted to coverage of specific metabolic pathways. As mentioned earlier, and the metabolic
pathways involved in TNBC are still very poorly understood, and demands for a comprehensive
approach that will aid in defining ¢hrelative contribution of major metabolic pathways in TNBC
has increased. Given this, we focused our analysis on evaluating the coverage of major breast
cancer pathways in the analysed metabolome for the two metastatic cancer cell lines with our

optimisedNTcs and LNnethods.

For comprehensive analysis, we have classified all the identified metabolites with both methods
in both the metastatic cancer cell lines based on their pathway involvement. Some of the
metabolites were found to be involved in moreathh one pathway. The list d26 metabolites

with their corresponding pathway involvement are summarisedppendix 5.2.

Initially C number for all the identified metabolites were searched using DBGET search tool in
KEGG compound tegory (Kanehisa and Goto, 20PQl the identified metabolites were then
mapped on cancer pathways using KEGG mapper tool. In total, 84 metabolites were successfully

mapped wihch were highlighted by red dot figure 56,
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As highlighted above, there were numerous major pathways likely to be involved in TNBC
biology and therefore comprehensive coverage of these pathways with the aid of metabolomics
will surely help in illustrating the underlying biology and mechanisms involved in TNBC cells and
for finding novel therapeutic targets. Given this, we have spetificaapped all the identified
metabolites with both methods in two metastatic cancer cell line to gdirst glimpse at
metabolome coverage with respect to specific important pathways involved in TNBC biology.

Selected pathways that were mapped with tidentified metabolites ardisted below:

E|

ABC transposdrs: 35 metabolites

Biosynthesis of amino afs: 27 metabolites

Pyrimidine metabolism: 10 metabolites

Glycine, serine and threonine metabolism: 11 metabolites
Alanine, aspartate and glutamate metllsm: 11 metabolites
Arginine and proline metabolism: 15 metabolites
Glyoxylate and dicarboxylate metabolism: 14 metabolites
Pentose and glucuronate interconversions: 10 metabolites
Galactose metabolism: 14 metabolites

Oxidative phosphorylation: Fumarate

= =4 4 4 a4 -4 A -a -5 -

Protein digestion and absorption: 23 metabolites

From aboveénformationit is clear that the proposed two methods for quenching and extraction
protocols namely modified direct cell scraping (NTcs) and direct quenahthgxtraction with

LN (LN) show superior metabolome coverage for the two metastatic cancer cell lines.
Furthermore, most of the identified metabolites with these methods were successfully mapped
on significant pathways involved in TNBC cells, thereby demonstrating the robustness and

reliability of these methods in pathways based analyggi§NBC cell lines.

5.5 Conclusions

The previously optimised sampling protocaisChapter 3 and 4, namely modified direct cell
scraping (NTcs) and direct quenching and extraction with (W) showed superia
metabolome coverage ithe two metastatic cancer cell linaavestigated With preliminary
investigations in both the cell lines, we have concluded that both methods are superior to each
other with respect to the recoveries of different metabolite clesand intensities recovered for
them.However, the usef visualisation tools resulted fiewer number of significantly changing
features, thereby demonstrating the minum variation between both methods The

importance of both methods in recovering spgacimetabolite classes with specific cell line
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under investigatiorhave been demonstratedlherefore when particular class of metabolites

are of interest, it is essential to carefully consider the impact of these two treatmentieon
recovery of differehclasses of metabolite€€Comparison withirthe metabolome recovered in

two different metastatic cancer cell lines with both methods revealed variations in significantly
changing features, where number of metabolites identified with MBB:-436 were aroundwo

fold higher than that of identified in MDRIB-231.These observations clearly demonstrate the
ability of both the proposed methods ttrack the variations in the metabolome of two
biologically and morphologically similar metastatic cancer cell lines.

In total 154 metabolites were identified with both methods in both the metastatic cancer cell
lines which were classified based on their pathway involvement. Most of the identified
metabolites with these methods were successfully mapped on significant pagisvinvolved in
TNBC cells, thereby demonstrating the robustness and reliability of these methods in pathways
based analysis in TNBC cell linds.work has yet been published adherent mammalian cell
metabolomics wherethe emphasis wason improving the metabolome coverage. The
observations made with the pathwéyased coverage specific to cancer will help in generating
many hypothesis based investigatiot®r example, irsetting up a platform for classifying
cancer suktypes, in defining the relative cdnbution of major metabolic pathways in TNBC and
illustrating the underlying molecular mechanism involved in TNBC biology and finally for

generating novel therapeutic regimes by identifying novel targets for anticancer therapies.

119



120



Chapter 6

Optimization of the guenching and extraction
workflow for GCMS based metabolomic
Investigation of microbial and microalgal species:
Protocol \alidation with hypothesis driven

biological study inC. reinhardtii.
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6. Optimization ofthe quenching and extraction workflow for GC
MS based metabolomic investigation of microbial and microalgal
species:Protocol walidation with hypothesis driven biological
study inC. reinhardtii.

6.1 Introduction

Microalgae not only play an important ecological role, but are also of commercial importance
and therefore there is a need for an in depth study of the metabolites through metabolomics
(Jamers et al., 2009bNannochloropsiss well appreciated in aquaculture because of their
nutritional value and ability to produce valuable chemical compounds such as pigments,
chlorophyll a, zeaxanthin, astaxanthin and polyunsaturated fatty acids (PUFASs). The metabolism
of such pigments isery dynamic, as exposure of cells to changes in light environment causes
rapid changes in pigments. Therefore, in order to elucidate the underlying mechanisms
involved, it is essential to carry out a metabolomic study first with the optimised quenchihg an
extraction protocolsRocha et al., 20Q03Dunaliella salinds well known for the commercial
LINE R dzO (icardtghe & F actumulates carotenoids to high concentrations. However, little

is known about the underlying mechanisms of carotenoid accumulation. Therefore, better
understanding of the regulatory mechanisthsy @ 2 f @ S Rarokegle oveforBdudtion using
YSlro2ft2YA0a oAttt FLIOAECAGIGS GKS LINBRAZOGAZ2Y

in D. salinaand in related organismgamers et al., 2008

The metabolic response of an organism to environmental stimuli or stressors have, to date, only
rarely been carried out in alga€. reinhardi is a unicellular green algae and its the genome was
recently sequenced. Recent report on the metabolite levelafeinhardtii under nutrient
deprivation described a procedure for cell preparation and metabolite extra¢Batling and
Fiehn, 2005 2 KSy OSffa ¢SNB 3INRGY dzy RSNJ ydzi NR Sy i
phosphorus, sulphur or iron), highly distinct metabolic phenotypes wesewed, as changes

in the metabolites are first to be observed in relation to changes in the nutridatsers et al.,
20093 Kluender et al., 2009kiant, 2007x Recently, a working model for the coordinated
regulation of cellular metabolism during the induction of the carbon concentrating mechanism
in C. reinhardtiihas been reported(Kempa et al., 2009bRenberg et al., 2030 These
observations underline the importance of understanding the metabolic pathways, and their
underlying regulation. Metabolomics approaches in combination with proteomics and

transcripomics, can be used to identify differentially expressed metabolites and provide clues
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to rate-limiting processes in the cell. Thus systems biology approach will enable the fine tuning

of algal properties by genetic or metabolite engineeriBghenk et al., 2008

In systems biology, proteomics studies generates generic protein identification, however
metabolomics studies has the ability to reveal that, the accumulated enzyme is more specifically
related to a specific biochemiga&thway. For an iulepth understanding of biology within given
organism and at a given condition, it is essential to adopt metaproteogenomic strategy, which
involves integration of both proteomics and metabolomics data. In Chapter 3, we have
successfully eimonstrated that, quenching methods are highly sample and cell dependent in
case of the adherent mammalian cultures, and the optimised quenching protocols cannot be
simply adopted for suspension cultures without validating them for a given case. Theitfore,
essential to develop optimised quenching protocols for a given biological sample, in this case
bacterial and microalgal cultures. Followed by quenching, the major issue with metabolomics
studies is to find the suitable extraction solvent that canawfitatively extract all the
intracellular metabolites. For an unbiased analysis of the metabolome it is essential to extract
all the metabolites completely, neselectively and reproducibly by avoiding their degradation

(e.g., chemical, thermal) and comg@n to other metabolites (e.g., due to enzymatic activity).

The objective of this investigation is to develop artargeted GEMS based metabolic profiling
approach that can potentially be used to detect and quantify hundreds of metabolites with
higheg possible recoveries to obtain as much information as possible about key metabolites in
microbial modeE. coliand microalgal species such@sreinhardtii, Nsalinaand D. salinaWe

have adopted few previously published quenching and extraction padson order to test the
efficiency of a variety of workflows for @€S based utargeted metabolomic studies and to
identify major bottlenecks in the sample preparation steps. In addition, the optimised protocol
for C. reinhardtiiwas used to study thenfluence of carbon source and availability on the
metabolome and proteome profiles i@. reinhardtiicultures grown under different trophic

conditions.

6.2 Materials and Methods

6.2.1 Bacterial/microalgal strain and growth conditions

a) Escherichiaoli
TheE. colK12 strain MG1655 was cultured at 37°C in 500 mL shake flasks containing 100 mL of

LuriaBertani (LB) medium. After inoculation with a frglture in the same medium to an OD of
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0.1 (wavelength = 600 nm using an Ultraspec 2100 Pro frommfideBiotech, Uppsala Sweden),
cells were harvested in the stationary phase. Cell dry weight was determined simultaneously by
centrifugation of 10 mL of medium containing cells at different optical densities. The pellets
were resuspended in 1 mL of striwater and transferred to a new Eppendorf tube, and dried

in vacuum concentrator. In order to obtain the dry weight the Eppendorf tubes were first

weighed empty and after drying the cells.

b) Chlamydomonas reinhardtii
For optimisation of the quenchingnd extraction workflows

The C. reinhardtiistrain CCAP 11/32C was obtained from the Culture Collection of Algae and
Protozoa, UK. The cells were grown in a Sanyo incubator -891R, Sanyo Versatile
Environmental Test Chamber, from Japan) at 25° C ishhlte flasks, containing 1 litre of TAP
medium, under constant illumination at 85 umol photonssh I YR Hpe/ ® ¢ KS YSF
litre) is composed of 2.42 g Tris; 25 ml TAP salts (1g Mg$0, 0.5g Cag2HO in 250 mL

dH0); 25 ml Ammonia chloride swion (containing 0.75g Ni&L in 50 mL dkD); 0.375

ml phosphate Solution (28.8gHPQ, 14.4g KEPQin 100 mL dbD); 1.0 ml solution Hunter

media (containing 2.2g9 Zn§TH0, 1.149 EBQ, 0.506g MnGl4H0, 0.161g CobH:0, 0.157g
CuSQ@5H0, 0.11g (NBsM07024 and 0.499g FeSTHO in 100 mL diD); and 1.0 ml glacial

acetic acid. Cells were harvested in stationary phase (OD at 750 nm = 0.700). Cell dry weight

measurement was performed simultaneously.
For biology based experiments

TheC. reinhardtiistrain CCAP 11/32CW15+ was obtained from the Culture Collection of Algae
and Protozoa, UK. The culture was maintained, cultured and provided by Joseph Longworth for
metabolomic investigations whereas the proteomic and biochemical analysis were
simultaneouslhcarried out by the Longworth and aeorkers(Longworth, 2013 Cultures were
grown in either TAP media as described above ormédia without acetate and pH adjusted

to 7 using HCI. Culture were grown in a Sartorius Biostat B plus bioreactor. Culture were

maintained at OD of 0.450 + 0.05 at 750nm for at least 12 h prior to any sampling event.

¢) Nannochloropsis salina
The microalga strain used in this study V&SAR49/1, which was obtained from the Culture

Collection of Algae and Protozoa, UK. The cells were grown in Sanyo incubate35M,R
Sanyo versatile environmental test chamber, from Japan) at 25°C in 14 fidsds containing
500 mL of /2 medium with 33.6 g artificial sea salt per litre (Ultra Marine Synthetica Sea Salt,

Waterlife). The medium (per litre) is composed of 33.6 g artificial seawater salts, 75 mg,NaNO
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5.65 mg NabPQ-2HO,1ml trace elementstsck and 1 ml vitamin mix stock. The trace
elemental solution (per litre) includes 4.16 gBBTA, 3.15 g Fe@®HO, 0.18 g MnG4HO, 10

mg CoGlI6H0, 10 mg CuSBHO, 22 mg ZnSIHO, 6 mg NéMoOs-2HO. The vitamin mix
solution (per litre) include$00 mg vitamin B1, 0.5 mg vitamin B12 and 0.5 mg biotin. Cells were
harvested in stationary phase (OD at 680 nm = 0.729). Cell dry weight measurement was

performed simultaneously.

d) Dunaliella salina
The microalga strain used in this study VzSAP 19/30btained from the Culture Collection of

Algae and Protozoa, UK. The cells were grown at the similar conditions usédsfaima Cells
were harvested in stationary phase (OD at 680 nm = 0.519). Cell dry weight measurement was

performed simultaneously.

6.2.2 Preparation of standard metabolites mixture

The amino acid kit (purchased from Sigma), was used to prepare a standard metabolite mixture,
containing 50 uM of each metabolite, for quality control purposes and/or used as a pure
reference compound fomethod validation and to assess analytical performance. Stepwise
dilution of stock solution was done and was used as a reference compounds in the current
research. The metabolite mixture containsulginine, kaspartate, kglutamate, kglutamine, Lt
histidine, Llysine, kmethionine, kphenylalanine, ithreonine, Malic acid, Citric acid and
Glucose (All obtained from Sigma). The mixture was derivatized prior 401S5&nalysis as

detailed in section 6.2.5 c).

6.2.3 Sample extraction and quenching

Combinatons of various quenching and extraction solvent previously reported for the species

used in this investigation are listed in table 6.1.
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Table6.1 Combination of quenching and extraction solvents employed for various species. (M=

methanol; C= chloroform; W= water)

Species Quenching with Extraction with
E. coli 1) 60 % ag. methanol 1)100% M
1) 32.5% aq. methanol 1) M:C:W (10:3:1)
C. reinhardtii 2) 60% ag. methanol 2) M:C:W (5:2:2)
3) 100% methanol
. 1) M:C (2:1)
0,
N. salina 1) 60 % aq. methanol 2) 100% M
D. salina 1) 60 % aq. methanol 1) M:C (2.5:2)

a) E. coli
10 mL of culture samples in triplicate were rapidly plunged into 50 micipitled Falcon tube

containing an equal volume of pihilled 60% aqueous methanol soluticd&°C)(Winder et

al., 2008. The centrifuge was set &°C and he rotor was prechilled at-20°C. The quenched
biomass was then centrifuged for 8 min at 2§@@-9°C. The supernatant was removed rapidly,
and an aliquot (1 mL) was transferred to a 2 mL Eppendorf to assess the leakage of internal
metabolites. The pelts and supernatant were snap frozen in liquid nitrogen and store8GC

for further analysis. The procedure was repeated simultaneously for the control sample, except

for the quenching step.

b) C. reinhardtii
For optimisation of the quenching workfles

In the case ofC. reinhardtiidifferent protocols were applied for intracellular metabolite
quenching and extraction. The two quenching solutions were tested in triplicate, quenching with
32.5% aqueous methan(®enberg et al., 203@nd with 60% aqueous methanglee and Fiehn,
2008h. Atthe incubation site 3 mL of cell suspensions were rapidly plunged into 50 mL pre
chilled Falcon tube containing 12 mL of jotdlled quenching solution48°C). The centrifuge

was set at-9°C and the rotor was prehilled at-20°C. The quenched biomass when
centrifuged for 5 min at 25@Pat -9°C. The supernatant was removed rapidly, and an aliquot (1
mL) was transferred to a 2 mL Eppendorf to assess the leakage of internal metabolites. The
pellets and supernatant were snap frozen in liquid nitrogen and store®GfC for further

analysis.
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For biology based experiments
For biology based investigatiors, the incubation site 5 mL of cell suspensions were rapidly
plunged into 15 mL prehilled tube containing 5 mL of philled quenching solution48°C).

The remaining steps were camdi®ut similarly as described above.

c) N. salina
In the case oN. salina60% aqueous methanol solution was used as a quenching solution, and

another set was also tested simultaneous without any quenching step, to determine the
efficiency of quenching imetabolomics. At the incubation site 5 mL of cell suspensions were
rapidly plunged into 15 mL pehilled tube containing 5 mL of pghilled quenching solution (
48°C). The centrifuge was set-8°C and the rotor was prehilled at-20°C. The quenched
biomass was then centrifuged for 5 min at 25@Q2-9°C. The supernatant was removed rapidly,
and an aliguot (1 mL) was transferred to a 2 mL Eppendorf to assess the leakage of internal
metabolites. The pellets and supernatant were snap frozen in liguidgeh and stored a80°C

for further analysis.

d) D. salina
In the current work withD. salina,60% aqueous methanol solution was used as a quenching

solution, whereas another set was also tested simultaneously without any quenching step, to
determine he efficiency of quenching in metabolomics. For further treatment, similar protocol,

as followed foN. salinawas adopted.

6.2.4 Extraction of metabolites

a) E. coli
The extraction method was based on a previously published répgértder et al., 2008 Briefly,

to the snap frozen biomass, 500 L of 100% methanol precool@@&E was added. The Falcon
tube was then transferred to liquid nitrogen for 3 min, followed by thawing on dry ice for 10
min, and briefly vortexed. Thigeezethaw cycle was repeated three times for complete cell
disruption. The sample was then centrifuged at 16§)Qft-9°C for 5 min. The supernatant was
transferred to a new tube, and the pellet wasegtracted twice with 500 pL of 100% methanol
precookd at-80°C. The first and second aliquots were then combined and stored on dry ice. The
700 pL of extract was spiked with 100 pL of internal standard solution containing 0.19 mgm 1L 1
succinicdj acid, 0.27 mg m L ! malowmicacid in HPLC grade water.eThamples were then

lyophilized overnight prior to derivatization.
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b) C. reinhardtii
For optimisation of the extraction workflows

The samples were lyophilized -®0°C overnight prior to extraction. Three different extraction
solvent systems were testeagainst two quenching solutions. The different extraction solvent
systems employed were: methanol: chloroform: water (10:3:1), previously found to be most
suitable forC. reinhardtii(. lling and Fiehn, 2005 methanol: chloroform : water (5:2:2) as
published for plant orgas(Gullberg et al., 2004&Veckwerth et al., 2009and 100 % methanol

as published fomicrobial metabolomic§Winder et al., 2008 Solvent ratios are given as
volumetric measures. Briefly, to lyophilized cells, 500 pL of extraction solvent was added, pre
chilled at-48°C, along with an equal volume of glass beads-60®5.um i.d., acid washed, from
Sigma). To the reaction mixture, 100 pL of the internal standard solution containing 0.19 mg m
L * succinidj acid, 0.27 mg m L ! malowicacid in HPLC grade water was added. Cells were
then disrupted using (Cell disruptdrom Genie), 13 cycles of disruption was performed with 1
min disruption, with an interval of 1 min on ice. The sample was then centrifuged at 14,000 rpm,
at-9°C for 10 min to remove any cell debris. The supernatant was transferred to neshieel
Eppendorf tube {20°C) and evaporated to dryness using vacuum concent(agfrl Vacuum

Concentrator, from Eppendorf). The dried extract was then store8GHC for further analysis.

For biology based experiments
Extraction was carried out with methanohloroform: water (5:2:2) mixture. All further steps

were carried out similarly as described above.

c) N. salina
Two different extraction solvent systems: methanol: chloroform (2:1) as published previously

for Daphnia magné/andenbrouck et al20100 and 100 % methanol as published for microbial
metabolomicgWinder et al., 200Bwere tested. Briefly, to the snap frozen biomass, 1.2 mL of
extraction solvent was added, pwhilled at-48°C. Cells were then digpted using sonicator
(450 Sonifier, from Bransonl,5 cycles of sonication (Duty cycle 50%, noise 40 times) was
performed with 1 min sonication, with an interval of 1 min on ice. After this time, 400 pL of
chloroform and 400 pL of ultrapure water was a&ddto the reaction mixture. The sample was
then centrifuged at 14,000 rpm, a®°C for 15 min to separate polar and npolar phase. The
resultant aqueous and organic fractions as well as pellet were transferred to a neshifiesl
Eppendorf tube L0°C)150 pL of each extract is then evaporated to dryness using vacuum
concentrator(5301 vacuum concentrator, from Eppendorf). The dried extract was then stored

at -80°C for further analysis.
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d) D. salina
The extraction method was based on a previously phbtisreport (Lameas et al.,, 2010p

Briefly, to the snap frozen biomass, 4 mL of chloroform: methanol (2:2.53hplled at-80°C

was added. To the reaction mixture, 66 ug ml * of glyceryl trinonadecanoate was added as an
internal standard and vortexed for 1 min. Celsre then disrupted using sonicator (450 Sonifier,
from Branson)15 cycles of sonication (Duty cycle 50%, noise 40 times with output control 6)
was performed with 1 min sonication, with an interval of 1 min on ice. After sonication, 2.5 mL
of a 50 mM Te-buffer (pH 7.5) containing 1M NaCl was added to the suspension. The samples
were vortexed and sonicated once more and subsequently centrifuged at 14,000 rp&iCat

for 15 min to separate the polar and ngolar phases. The ngoolar phase was transfezd to

a new Eppendorf tube and the polar phase and cell debris wetextracted with 1 mL
chloroform. The first and second chloroform fractions were combined and 150 pL of the pooled
chloroform fraction and polar phase were evaporated to dryness usingusaconcentrator
(5301 vacuum concentrator, from Eppendorf). The dried extract was then storé&D4T for

further analysis.

6.2.5 Derivatization of metabolites

a) E. coli
Metabolite derivatization was performed as suggested elsewlf@fiader et al., 2008 Briefly,

to the lyophilized sample, 40 puL of 20mg/mL methoxyamine hydrochloride in pyridine was
added and samples were shaken for 80 min at 40°C. The samples were then derivatized by
trimethylsilylation by the addition of 40 pL MSTFA (Mnethyl-N-
trimethylsilyltrifluoroacetamide) and incubating them further in shaking condition &C3for

80 min. A retention index solution was added for the chromatographic alignment prior to
analysis by G®IS. Chromatographic alignment approach usually account for the drifts in
retention times caused by the alteration in the column selectivity which is directly dependent
on various factors which includes: temperature fluctuation, irreversible adsorption, column
degradation and machine driftShe alignment is performed inzascore transformed retention

time domain to standardize chromatographic peak distribution across samples using a retention
index solution such as mixture ofatkanes. A mixture score is déwped to assess the similarity
between two peaks by simultaneously evaluating the mass spectral similarity and the closeness

of retention time.
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b) C. reinhardtii
Metabolite derivatization was performed as suggested elsewh&ee and Fiehn, 2008b

Briefly, to the dried extract, 30 pL of 20mg/mL methoxyamine hydrochloride in pyridine was
added and samples were shaken for 90 min at 30°C to protect aldehyde and ketone groups. The
samples were then derivatized by trimethylsilylation by the addition of 45 uL MSTimat{iy
N-trimethylsilyltrifluoroacetamide) and incubating them further in shakoondition at 37C for

30 min. A retention index solution was added for the chromatographic alignment prior to

analysis by G®IS.

c) N. salina
Metabolite derivatization was performed as suggested elsewfié¢amdenbrouck et al., 2010b

with little modification. Briefly, to the dried extract, 30 yL of 20mg/mL methoxyamine
hydrochloride in pyridine was added and samples were shaken for 90 min at 30°C to protect
aldehyde and ketone groups. The samples were then derivatized by trimethylsitytatithe
addition of 30uL MSTFA -NethyFN-trimethylsilyltrifluoroacetamide) and incubating them
further in shaking condition at 3Z for 30 min. A retention index solution was added for the

chromatographic alignment prior to analysis by-K§.

d) D. sdina
Similar protocol, as followed fd¥. salinavas adopted, See section 6.2.5 (c)

6.2.6 GEMS for metabolite analysis

GCMS analysis was performed as described in Chapter 3, section 3.2.6

6.2.7 ldentification of metabolites and data analysis

Identification of metabolite and further data analysis was performed as described in Chapter 3,

section 3.2.7 and 3.2.8.
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6.3 Results and Discussion
6.3.1 Validation of the use of &LS for metabolomics

The objective of this study was to validate a-K8E€ method that can be used to study
metabolites found in algae. Known metabolite mixtures provided a means of assessing the
performance and reliability of algorithms, databases and protocols used-indg&] metabolite
ARSYGAUOI GA2Y | vy Rthdjuderof/standardidedinietyblite mixiyirBsc8uRkl be
used to provide mucimeeded validation of existing methods and deconvolution softwares.

The AMDIS software for deconvolution of metabolomics data sets based eviSG®as
evaluated. Attention was paid tthe extent of detection, identification and agreement of
gualitative results. In addition flexibility and the productivity of this deconvolution software
program in their application was also monitored. To achieve this objective, we performed the
analysisof testmixture solution containing 50 uM of each of the 12 metabolites. The resulting
mass spectra, after deconvolution using the AMDIS search program, were compared with the
NIST mass spectral libraries containing both mass spectra and the retentimesinaf
derivatives. Depending upon the various parameters used the results showed a large number of
false positives (data not shown). It was found that the component width, match factor,
resolution and sensitivity are the most important parameters fordicéng the accuracy of the

deconvolution results.

AMDIS deconvolutes 87 components and 28 target peaks as displayed in Appendix 6.2, out of
12 metabolite derivatives with the set of parameters mentioned above. It was noted that the
number of peaks deteetd does not equal the number of metabolites before derivatization, as
the method of derivatization produces more than one derivative of a single metabolite. In
addition one single peak was deconvoluted as multiple components. So taking this into
consideraion, the parameters were optimised. The number of components detected by AMDIS
were closer to the true number of metabolites derivatives in solution, which made it easier to
define the true metabolites in real samples analyzed later in this current resddowvever only

11 metabolites out of 12 were detected, and futher analysis revealed that arginine was not
detectable (table 6.2). Previous studies have shown that, arginine is not detectable-lg GC
analysis, as silylation reactions converts argininertothine or its degradation products, which
were difficult to analyze by GKaS(Bedair ad Sumner, 2008®ettmer et al., 200). In addition,
histidine was found to be degraded to putresine. Still there is taangood balance between
avoiding false positive and negatives. Therefore the use of AMDIS for deconvoluting spectra

requires further validation and optimisation.
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Table6.2 List of metabolites identified by G@Salong with their retention timefrom twelve
metabolite mixture

Number Metabolites R.T.
1 Citric acid (4TMS) 25.027
2 Glucose methoxyamine (5TMS) 26.118
3 L-Aspartic acid (3TMS) 19.475
4 L-Glutamic acid (3TMS) 21.496
5 L-Glutamine (3TMS) 18.683
6 L-Lysine (4TMS) 26.751
7 L-Methionine (2TMS) 19.547
8 L-Phenylalanine (2TMS) 21.7
9 L-Threonine (3TMS) 16.428
10 |Malic acid (3TMS) 18.805
11 |Putrescine (4TMS) 17.35

Analysis of repeatabilityThe analysis was performed three times to test the repeatability of
the software, which resulted in repeatable result, thehowed the reliability of experimental

method was very high.

6.3.1.1 Amino acid analysis for quality control eM®®ased metabolomics
It is essential to check the consistency of analytical results before making any biological

interpretation. The purpose of this study was to detect and/or correct for detector drift and to
control the inertness of the GMIS technique. The amino acid mixtuwas treated as a QC
sample (normalization step) and used as an early marker for the decline of the performance of
the analytical system, as metabolites are more prone to adsorb or degrade on the surface of the
analytical column in the absence of samplatrix. The QC sample was injected periodically and
dza SR G2 m&dH yesponketiinkd that can then be used to adjust the response of the
analytical sample by assessing the performance of chromatographic column and the MS

detector during the experimnts.

6.3.20ptimization of the quenching and extraction workflow folMECbased
metabolomic investigation of one microbial and three microalgal species

In this section, we have evaluated the efficient applications of metabolomic workflow (as it was
not established before in our laboratory) for handling suspension cultures. The idea behind
these investigations was to assess the bottlenecks in metabolosdogple preparation

workflow for handling suspension cultures, and address them in the subsequent Chapters.
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6.3.2.1 Overview of E. coli metabolomics data
The metabolome of microbe, while not as complex as that of a plant and microalgae, still

contains atleast several hundred metabolites. In this research wérkcoliwas selected for
preliminary metabolomics study, due to its importance as both model organism, human
pathogen and ease of growth. The optimized analytical protocol suggested else(Wieider

et al., 2008 was applied for the comprehensive metabolite profiling ©f coliK12 strain
MG1655 Two biological replicates were analysed, with three analytical replicates taken from
each culture. For sampling and quenching 60%eaga methanol was used, while for extraction
100% methanol was used as suggested elsewl\fieder et al., 2008 followed by G@®4S
analysis. The procedure was repeated simultaneously for the control sample, except the
guenching step.

A representative chromatogram frof coliGGMS metabolomic analysis is shown in figure 6.1.

The number of metabolites identified by @4S in each replicates can be seen in table 6.3;
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NL:
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Figure6.1 Representative chromatogram froe coli GEMS metabolomic analysi¥he sample

was quenched with 60% aqueous methanol and extracted with pure methanol. The extracted
metaboliteswere derivatizedoy methakimationfollowed by silylation Thederivatized ample
volume of 1 uL was injected in split less mode at 23 separated on a TRACESNRS
capillary column (30 m xZ6 mm x 0.25 um)in total around 162 metabolites were identified
(see table 6.8), where few identified peaks were labelletb@chromatogram.
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Table6.3 Number of metabolites identified in each replicateEncolimetabolomic study (1, 2,
3 = analytical replicates; Control = Unquenched sample)

Biological Replicate | Biological Replicate Il
1| 2| 3 | Control | Control | 1 2 3

Number of Replicates

Total Number of Metabolites 90 | 98 | 87 106 98 72100 | 85
Identified
925 102+ 4 85 £ 11
Average
894

We compared ouE. colimetabolite data with a previously published optimized method for
global metabolite profiling oE. colicultures (this will be referred to henceforth as previous
study) (Winder et al., 2008 In the previous study, the number of peattstected with the
methanol quenching solution was reported as 152. The number of metabolites identified in our
research was 89 * 4. The possible reasons for the lower number identified by us as compared to
previously published method are listed below;

1) The analysis was carried out with -G&@FMS, whereas our results were based on
conventional quardupole GEMIS. As mentioned in section 6.1, GGFMS offers increased
productivity with higher mass accuracy and mass resolution as compared to conventienal GC
MS method

2) The metabolites were detected in both positive and negative mode, whereas the number of
reported metabolites in this research was based only on analysis in the positive ion mode.

3) The leakage of internal metabolites was assessed, and aelyubaianced to calculate final
number of metabolites, whereas in this study, the leakage of internal metabolites was not
assessed and corrected.

However, in our study we concentrated more on the choice of the GC column, which does not
appear to be consided in the previous studies. The @@umn used in this research study was
TR5-MS, which was selected purposely for metabolomics studies because of the diversity of
metabolome. The column characteristics such as column phase, internal diameter, filnefsick
and length were properly considered while developing the method in order to determine the
best column for separation. The column selection guide was referred prior to selection of
appropriate GC column for metabolomics

(http://www.polygen.com.pl/thermo/download/chromatographgatalogcolumn

selection.pdf. Very few studiegAl Awam et al., 2014ones and Higel, 201Biu et al., 201}
employed this column for GRS based metabolomic investigations, whereas other protocols
seems to be simply adopted from the literaturetiout critically validating them for the given

case. In addition, the extraction methods considered in the previous study were not suitable for
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extraction of highly lipophilic metabolites. Furthermore,-&S is not ideally suited to all classes

of metaboltes such as nucleotides and sugar phosphates, which are extremely labile. Therefore,
identifying and addressing the bottlenecks in quenching and extracting workflow with parallel
application of GdoFMS (in both positive and negative mode with-3RIS cdumn for GC
separation) and available IM'S techniques might improve the metabolome coveragg& .ofoli

further.

Quialitative analysis oE. colimetabolome coverage

The total number of unique metabolites identified in this research work W&itltoliwas 162
including quenched and neguenched sample. Summary of the number of metabolites
detected in each class are presented in table 6.8. Out of these, the total number of metabolites
identified with quenching protocol was 142; whereas numbers of mdtawidentified were
reduced to 118 in case of naquenched sample which was processed without quenching step.
We also attempted to find out metabolites which are unique and those that are common to the
different treatments. The results showed that, out the 162 metabolites identified, 66
metabolites were found to be identified under only one particular treatment, whereas 96

metabolites were found to present in both the treatments.

6.3.2.2 Overview of N. salina metabolomics data
For this studyN. salhawhich is a small yellogreen heterokont alga was selected because of

its high fatty acid content and its potential for use as a biodiesel producer. Investigation of its
metabolism through metabolomic study will help us in the development of stratefgies
increasing the lipid content and in understanding.@Xation mechanism, which can be then
enhanced by controlling the environmental conditions. To date, there is no evidence of
metabolomic study withN. salinaSo the protocols for quenching and eagtion were adopted

from previously published studies on other microalgae as mentioned in section 6.2.3 (c) and
6.2.4 (c) were tested. In addition to this, different combinations of quenching and extraction
solvents were also tested. Two biological refitsawere analysed, with three replicates taken
from each culture.

A representative chromatogram froid. salinaGCGMS metabolomic analysis is shown in figure

6.2. The number of metabolites identified by-®IS in each replicates can be seen in table 6.4.
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Figure6.2 Representative chromatogram frofN. saling GEMS metabolomic analysighe
sample was quenched with 60% aqueous methanol and extracted with metbhtwwbform
mixture (2:1v/v). The extracted metabolites were derivatized by methoximafatowed by
silylation Thederivatized sample volume of 1 yuL was injected in split less mode at 280°C
separated on a TRACE-GRS capillary column (30 m xX26. mm x 0.25 pm)in total, arand
116 metabolites were identified (see table 6.8), where few identified pesése labelledonto

a chromatogram.

Table6.4 Number of metabolites identified in each replicateNnsalinanetabolomics studyA,

B and C= different workflows, where A = no quenching and extraction with methanol
chloroform mixture (2:v/v); B = quenching with 60% aqueous methanol and extraction with
methanotchloroform mixture (2:1v/v) and C = quenching with 60% aqueous metiiaand
extraction with pure methanolwhereas 1, 2 and = biological replicates

SET A SET B SET C
Number of Replicates 1 2 3 1 2 1 2 3
Lower Phase (Non-polar) 36 | 32 | 31 40 | 37 | 42 | 32 | 41
Upper Phase (Polar) 36 | 43 | 50 | 56 | 956 | 32 | 62 | 19

Total Number of Metabolites 54 | 50 | 61 74 | 71 65 | 73 | 49

Identified
(18) | (17) | (19) | (19) [ (19) | (O) | (9) | (11)

(Excluding common)

Average 55 +4 713+2 62 +10

Among different quenching and extraction methods employed in this study, we proposed that
quenching with 60% aqueous methanol and extraction with methanol: chloroform (&et )B)

is the most suitable for metabolomic studyMf salinaThe metabolites were identified in both

the polar and norpolar phases. The total numbers of metabolites identified in both polar and

non-polar phases by GKS are shown in table 6.4. The omission of the quenching step (Set A)
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resulted in a lower number ahetabolites detected and extraction with 100% methanol (Set C)
resulted in detection of lesser number of metabolite as compared to that of extraction with
methanol: chloroform (2:1). As there are no previously published studiesNvidalinain the
literature, we cannot compare our data with other studies, however the adoption of similar
strategy such as, parallel application of 2DT®EMS (in both positive and negative mode with
TR5-MS column for GC separation) and availableMSCtechniques in futur@long with the
appropriate correction for leaked intracellular metabolites will surely increase the number of

metabolites identified as compared to recently adopted method in this study.

Qualitative analysis oN. salinametabolome coverage

The total nunber of uniqgue metabolites identified in this research work withsalinawas 116
(including all samples from three various treatments). Out of these, total number of metabolites
identified with quenching protocol (Set B and C) was much higher (arounth&®)that of
identified with no quenching (Set A) (only 72 identified). The individual treatment results
showed that treatments given in Set B are superior to others, with which 90 unique metabolites
were identified. Further data analysis showed that 50tahelites were found to be identified

in all the given treatments, 28 found to be identified in only two treatments given, whereas 41
metabolites were found to be identified only under one treatment. Summary of the number of

metabolites detected in eachads could be found in table 6.8.

6.3.2.3 Overview of D. salina metabolomics data
For this studyD. salinaa unicellular green halophilic alga, was selected because it is used for

LINE R dzO (i ka&ofeneg Ehlorophylls and xanthophylls such as lutegaxanthin and
neoxanthin. Further investigation of its metabolism through metabolomic study will help us
increase carotenoid accumulation which are powerful antioxidants used in human diet
supplements and colorants used as fish food pigmébtnery et al., 2004 The protocol for
guenching and extraction was adopted from previously faliedd studies as mentioned in
section 6.2.3 (d) and 6.2.4 (d). Two biological replicates were analysed, with three replicates
taken from each culture. A representative chromatogram frbmsalinaGCMS metabolomic
analysis is shown in figure 6.3. The nnbf metabolites identified by GEIS in each replicates

can be seen in table 6.5;
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Figure 6.3 Representative chromatogram from. salinga GEMS metabolomic analysi§he
sample was quenched with 60% aqueous methanol and extracted with methhtowbform
mixture (2.5:2v/v). The extracted metabolites were derivatized by methoximafalowed by
silylation Thederivatized sample volume of 1 uL was injected in spdis Imode at 230°@nd
separated on a TRACE-9RS capillary column (30 m X28. mm x 0.25 um)in total, around

103 metabolites were identified (see table 6.8), where few identified peaks were labelled onto
a chromatogram.

Table6.5 Number of metabolites identified in each replicatelinsalinametabolomic study (A,

B = Different quenching and extraction protocols, where A = No quenching, B = quenching with
60% aqueous methanol followed by extractionhwinethanol/chloroform (2.5:2); whereas 1,

2, 3 = Analytical replicates)

SET A SET B
Number of Replicates 1 2 3 1 2
Lower Phase (Non-polar) 41 37 35 33 48
Upper Phase (Polar) 60 53 S5 70 68
Total Number of Metabolites Identified 75 64 66 76 88
(Excluding common)
Average 685 82+6

From results, it can be seen that the number of metabolites identified with incorporation of
quenching step is higher as compared to method without quenching. The total number of
metabolites identified in this study was 82 = 6. Very few published reports are there in the
literature on metabolomics study &. salina However no attempts were made in this study to
improve the coverage of metabolome and protocol was simply adopteth fpyeviously
published study. The objective in this case was to construct metabolite specific librady for

salina

Qualitative analysis oD. salinametabolome coverage
The total number of unique metabolites identified in this research work Witlsalinavas 103

(including all samples from two various treatments). Overall comparison, negligible amount of
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variation was found in results as analyses showed that nearly equal numbers of metabolites
were identified in both treatments 91 in Set A (wititoquenching ) and 92 in Set B (with
guenching step). However it should be noted that the leakage of internal metabolites during
guenching is yet to be quantified for Set B, which may lead to results having greater variation in
numbers. Further analysisf @lata showed that 56 unique metabolites were found to be
identified under both the treatments whereas 47 metabolites were identified under only one
treatment. Summary of the total number of metabolites detected in each class could be found
in table 6.8.

6.3.2.4 Overview of C. reinhardtii metabolomics data
Among photosynthetic eukaryote€§,.reinhardtiiwas selected for this research work as it is a

sequenced organism and offers unique opportunities for the generation of-duiglity
metabolomics data. Theptimized analytical protocols suggested elsewhféree and Fiehn,
2008h May et al., 2008bRenberg et al., 20)Qvere adopted in this study as mentioned in
section 6.2.3 (b) and 6.2.4 (b). Two biotad replicates were analysed, with three technical
replicates taken from each culture. A representative chromatogram f@meinhardtiiGCMS
metabolomic analysis is shown in figure 6.4. The average number of metabolites identified by

GCMS with two diferent quenching and extraction protocols are summarized in table 6.6;
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Figure6.4 Representative chromatogram frof. reinhardtii GEMS metabolomic analysi$he
sample was quenched with 60% aqueous methanol and extracted with methhybform
water mixture (5:2:2v/v). The extracted metabolites were derivatized by methoximation
followed by silylation Thederivatized sample volume of 1 pL was injectedpiit $2ss mode at
230°Cand separated on a TRACESNES capillary column (30 m x26.mm x 0.25 pm)in total,

around 139 metabolites were identified (see table 6.8), where few identified peaks were
labelled onto a chromatogram.
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Table6.6 Number of metabolites identified i@. reinhardtimetabolomics study (A, B = Different
quenching protocols, where A = quenching with 32.5% aqueous methanol, B = quenching with
60% aqueous methanol followed by extraction lwia, b or c; where a = extraction with
methanol/chloroform/water mixture (10:3:1), b = extraction with methanol/chloroform/water
mixture (5:2:2) and ¢ = extraction with 100% methanol)

Quenching treatment A B

Extraction treatment A-a A-b A-C B-a B-b B-c
Average recoveriesll 7,8 G742  74+6 | 74t4 772 63+16
numbers

From the results, it is clear that quenching with 60% aqueous methamd extraction with
methanol: chloroform: water (5:2:2) {B), is most suitable for metabolome analysis @f
reinhardtil & A G NBadzZ 6SR Ay KAIKSad NBO2OSNRSA
compared to other applied treatment$he total mmber of unique metabolites identified in this
research work withC. reinhardtiivas 139 (including all the samples with various treatments)

In past, May and cavorkers reported identification 159 known metabolites using GCXGE

MS analysis, among whidii9 metabolites were actually identified fro@. reinhardticulture,
whereas the rest metabolites were spiked into the samfiiday et al., 2009May et al., 2008a
Authors reported two fold increase in number of metabolites identified compared to that
reported by Bdlling and Fiel{Bo6lling and Fiehn, 2005as they employed 2D GKOFMS with a

cold injection system (in order to protect thermo labile metabolites from undergoing
degradation or inte-conversions) instead of GIOFMS. Out of 119 identified metabolites, 24
metabolites were identified only by Bélling and FigBiblling and Fiehn, 200541 metabolites
were identified by both research groufBoélling and Fiehn, 200May et al., 083, whereas

57 newly identified metabolites were reported only by May andnarkers(May et al., 2008

All 159 identified m&abolites from both studiegBdlling and Fiehn, 2008ay et al., 2009May

et al., 2008a were then integrated along with the identified proteins from the proteomic
investigations and were successfully mapped using the MapMan visualization platform as
displayed in figure 6.9vlapMan is a visualisation tool that has been developed for the alspl

of metabolite and transcript data onto metabolic pathways of Arabidopsis and other plant

genomes and thus features a special emphasis on {gpeatific pathwaygViay et al., 2008p
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Figure 6.5 C reinhardtii central metabolism is visualised using the MapMan t&djuares
represent Chlamydomonas proteins that have been assigned into various pathWwaite.

boxes indicates 15@lentified metabolites, red boxes indicated 10&fentified proteins by MS,
whereas blue boxes indicates proteins with no peptide supporurgigdopted from (May et
al., 2008a)

We have compared the overall recovery of uniqgue metabolites identified in our study against
the metabolite database generated by May andveorkers(May et al., 2009May et al., 2008p

who compared his method with that of Bolling and Fig¢Bolling and Fiehn, 2005The results

of this investigatins are summarized in figure 6\@here we have generated Venn diagram for
only those metabolites that were fourtd be commonly identified with the previously published
reports. In addition, the newly identified metabolites that were not identified by both the
previous studies and therefore not included in the MapMan visualization platform were

represented by the pik colour.
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C. reinhardtii

(Metabolomics)

Metabolites
identified in
this research

New By Fiehn only

By Fiehn & May

By May only

| Total number of metabolites identified = 80 |

Figure6.6 Venn diagram displaying the capture ©f reinhardtimetabolomein our study in
comparison with previously publishedports by various researche®o6lling and Fiehn, 2005
May et al., 2009May et al., 2008p Dark blue colour represents8 metabolites identified by
May and ceworkersalone (May et al., 2008g purple colour represents addition of one new
metabolitereportedby Fiehn and cavorkers(Bolling and Fiehn, 200% that of 18 metabolites
reported by May and cavorkers,light blue colour represent89 newmetabolites identifiedn
later studiesby both authorsn addition to those 18Hhat were reported by May and emorkers

in their previous studiegMay et al., 2009 whereas pinlcolour represents 32 new identified
metabolites(see Appendix 6.3h current study in addition tall ofthose previously reported.

From figure 6.6, it can be seen that, in total 19 metabolites were identified by Bolling and co
workers(Bolling and Fiehn, 200&long with all the 18 metabolites that were reported by May
and coworkers(May et al., 2009May et al., 2008gin their previously published report. Later
both researchers conducted collatative investigation on capturing theC. reinhardtii
metabolome and reported recoveries of in total 47 metabolites, which were then incorporated
in the metabolic network of primary metabolism f@. reinhardtii Our GEMS based analysis
covered all thosanetabolites identified in previously published reports, in addition we have
captured 32 new metabolite€See Appendix 6.3Pespite capturing 32 new metabolites, the
metabolome coverage demonstrated in our study was not comparable to that of previously
published reports, as authors identified 1{day et al., 2009May et al., 2008gand 10Q(Bolling

143



and Fiehn, 2006metabolites, whereas we managed to cover only 80. The possiasons for

a lower number of metabolites detected in our research work as compared to previously
published methods are as discussed in section 6.3.2.1. In contrast, the number of new
metabolites identified in this study was quite high, which were not repdiith the previously
published benchmark methods and further validation of this data would lead to publishable
results.

The metabolic network of primary metabolism f0r reinhardtiiwas constructed recently using
genomic and biochemical information, wh include 484 metabolic reactions and 458
intracellular metabolites(Boyle and Morgan, 2009 This suggests that we currently have
identified only one fifth of theC. reinhardtimetabolome (with 139 identified metabolites) and

there is considerable scope for improvement.

Quialitative analysis ofC. reinhardtiimetabolome coverage

The total number of unique metabolites identified@nreinhardtiivas 139 (including all samples
with various treatments). In overall comparison with respect to quenching solvent employed,
negligible amount of variation was found in resu#ts,analysis showed that quenching with 60%
agueous methanol (Set A) leads to identification of 118 metabolites, whereas quenching with
32.5% aqueous methanol resulted in identification of 116 metabolites. However it should be
noted that the leakage of inteal metabolites during quenching is yet to be quantified for both
the sets, which may lead to results having greater variation in numbers. If we consider individual
treatments, the results clearly suggest that quenching with 60 % aqueous methanol and
extraction with M: C: W (5:2:2) (SetlB is superior to other treatments and with which 96
unique metabolites were identified (table 6.7). In order to provide further qualitative
information, we grouped all the identified metabolites in a way which will hedgn sorting
those which are identified only under one treatment, two treatments and so on up to six
different treatments. Analysis showed that 26 metabolites were found to be present only under
one treatment whereas 48 metabolites were found to be idéeti with both treatments as
detailed in table 6.6 Summary of the humber of metabolites detected in each class could be
found in table 6.8.
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Table 6.7 Number of unique metabolites identified i@. reinhardtii under each treatment
where: A, B = Different quenching protocols, where A = quenching with 32.5% aqueous
methanol B = quenching with 60% aqueous methanol followed by extraction with a, b or c;
where a = extraction with methanol/ébroform/water mixture (10:3:1)p = extraction with
methanol/chloroform/water mixture (5:2:2) and= extraction with 100% methanol

SET | Unique metabolites identified
A-a 83
A-b 84
A-C 90
B-a 92
B-b 96
B-c 94
Set A 116
Set B 118
In Total 139

Table6.8 Summary of the total numbeaind percentagef metabolites detected in each class
across all the species investigated in this study

. E. coli C. reinhardtii N. salina D. salina
Metabolite class
Number % Number % Number % Number %
Organic acids 43 26.5 31 22.3 25 21.5 20 19.4
Sugars or Sugar- 27 16.6 22 15.8 18 155 20 19.4
alcohols or Polyols
Amino acid and its 27 16.6 19 13.6 16 13.7 13 12.6
derivatives
Others 24 14.8 23 16.5 21 18 15 14.5
Alcohols or Fatty 10 6.1 7 5 8 7 6 58
alcohols
Biogenic amines 8 5 5 3.5 4 34 1 0.9
Fatty acids 7 4.3 6 4.3 7 6 8 7.7
Phosphates 5 3 3 2.1 0 0 0 0
Isopropenoids 4 2.5 6 4.3 3 2.5 3 2.9
Photorespiration 2 1.2 4 2.8 3 2.5 1 0.9
intermediates
Antioxidants 2 1.2 1 0.7 1 0.8 1 0.9
Nucleotides 2 1.2 2 1.4 2 1.7 1 0.9
n-alkane 1 0.6 11 8 11 9.5 11 10.6
Total metabolites 162 139 116 103
identified
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6.3.2.5 Comparing metabolome of all the species investigated
In this section, we combined the identified metabolites under various treatments across all the

four species. The objective of this type of data analysis is to examine the occurrence of different
metabolites under given treatment. In total, 216 unique mwmthtes were identified with GC

MS based analysis under various treatments across all four species. The analysis showed that 63
unique metabolites were found to be identified under only one treatment, whereas 24
metabolites were found to be identified inllahe various 12 treatments employed in this
research work across all four species. Further all the metabolites identified in this research work
were classified into different classes and compared across all the species. The comparison of
different classe of uniqgue metabolites identified across all the four species investigatede

seen in figure 6.and listed in table 6.9.

M E. coli

M C. reinhardtii

M N. salina

M D. salina

Number of metabolites

& Diffrent metabolite classes

Figure 6.7 Distribution of the metabolite classes detected in metabolome afr fdifferent

biological species investigateadmelyE. col{blue), C. reinhardti{red),N. salinalgreen)and D.

salina(purple) Y-axis represents average number of metabolites identifiedxX represents
distribution of 13 metabolite classes.
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Table6.9 Distribution of all the metabolites identified in this research into different classes
(Combined results from all the biological species investigated)

Metabolite Class Number| %
Organic acids 45 21

Others 41 19

Sugar or Sugar-alcohol and Polyjols 30 14
Amino acids and its derivativeg 29 13
n-alkane 14 6.5

Fatty acids 13 6

Biogenic amines or polyamines 11 5

Alcohols or fatty-alcohols 11 5
Isopropenoids 7 3.2
Phosphates 6 2.7
Photo-respiration intermediateq 3 1.3
Antioxidants 3 1.3
Nucleotides 3 1.3

Total metabolites identified 216

As can be seen from figure 6.8, the coveraf&CMS was excellent for most of the metabolite
classes which includes amino acids, organic acids, sugars/sugar alcohols, however recovery of
nucleotides/nucleosides/nucleotides and sugar phosphates was severely compromised, thereby
requiring the develoment of an optimized protocol with alternative analytical platform such
LCGMS for coverage of these classes of metabolites. This is addressed in Chajitee 40ove
preliminarily optimized quenching and extraction protocols were based on previous|ipedbli
benchmark protocols that had been adopted and modified slightly without critically evaluating
them for the given condition and organism. In addition, with the above quenching and extraction
protocolswe currently covered only one fifth of th€. reinhardtiimetabolome and there is
considerable scope for improvement by developing reliable protocols for sampling and
quenching (with appropriate correction for the metabolite leakage) followed by extraction

which we propose to address in subsequehapters.

6.3.3 Comparison of mixotrophic and photoautotrophic grow#.oginhardtigrown
under turbidostatic conditions: A metabolic and proteomic investigation.

6.3.3.1 Background
The major precursor for the biofuel production from feedstock oigamare the carbon

molecules in the form of carbohydrates and lipids, which constitute majority of the dry biomass.
Therefore the method by which the organisms derives its carbon compounds serve as a key
factor for any feedstock organism. Lab ba€edeitnardtii cultures were generally grown under

mixotrophic conditions (with acetate as a carbon source) in order to increase specific growth
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rates. However for the industrial scale biodiesel production, these cultures needs to be grown
under photoautotrophicconditions, where for the carbon source, cultures have to rely on
atmospheric or COsupplemented growth. However prior to extrapolating the lab based
investigations to industrial scale, it is essential to understand the influence of carbon source and

avdlability onC. reinhardticultures.

As discussed in section 64dgttlenecks in algal biodiesel production within the cell can be
identified by metabolomics approaches in combination with proteomics and transcriptomics, as
the identification of differetially expressed metabolites gives clues to rheiting processes in

cell, which can be backed up by the determination of metabolite flux. Thus, system biology
approach will allow fine tuning of algal properties by genetic or metabolite engine@uoigenk

et al., 2008.

To our knowledge only Wienkoop and -workers have investigated alterations in the
metabolome and proteome while comparing the mixotrophic and photoautotrophic batch
cultures(Wienkoop et al., 2010b However it is important to note that the approach was kept
targeted for both the-omics approachedpcusing more on low Gnduced proteins. Similarly
Renberg and cavorkers reported significant differences in 128 metabolites while comparing
the mixotrophic and autotrophic cultures @f. reinhardti{Renberg et al., 2030No proteomic
investigation was carried out in this study. In both previous studies, the analyses was carried out
by coupling the two different factors, carbon source and avaitgpilvhich ideally needs to be

evaluated separately under turbidostatic conditions.

Therefore, to assess the influence of these two factors, carbon source and availabil®y, on
reinhardtii cultures, the cultures were grown mixotrophically and photoataphically, each

with and without C@supplementation, using turbidostatic conditions in a stirred tank photo
bioreactor, followed by metabolomic and proteomic analyses. Turbidostatic cultures (fixed cell
density) were preferred over chemostatic culturéig€d nutrient supply), as use of chemostatic
culture will lead to dramatic impact on cell culture density, not an ideal condition for the desired
comparison of carbon source and availability. Given this, we employed turbidostatic culture to
gain control o the carbon availability at a per cell basis, where optical density (OD) was being

used as a measure of cell numbers.

The influence of carbon source and availability @nreinhardtiimetabolome and proteome

under the four conditions listed in figure 6a&re further investigated;
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Influence of carbon source and
availability on C. reinhardtii
metabolome and proteome
Condition A ondition B Condition C Condition D
0.04 % CO:2 2% CO2 0.04 % CO2 2% CO2
Air (1L/min) Air (1L/min) Air (1L/min) Air (1L/min)
Without Acetate Without Acetate With Acetate With Acetate
Photoautotrophic cultures without acetate Mixotrophic cultures with acetate (From TAP media)
Supplemented with either 0.04 or 2% CO2 Supplemented with either 0.04 or 2% CO2

Figure6.8 Summary of conditions studied to investigate the influence of carbon source and
availability onC. reinhardticultures grown under different trophic conditions.

Condition [A] Un-supplemented Photoautotrophic culturgiithout acetate and atmospheric
air supplemented with 0.04% GO

Condition [B]: Supplemented Photoautotrophic cultureiithout acetate and atmospheric air
supplemented with 2% GO

Condition [ Un-supplemented Mixotrophic culture with acetate from TAP media and
atmospheric air supplemented with 0.04%£0O

Condition [D]: Supplemented Mixotrophic culture with acetate from TAP media and

atmospheric air supplemented with 2% £0O

6.3.3.20verview of metabolomics and proteomics results
To investigate the changes occurring under different trophic conditions -ptex8 iTRAQ

proteomic investigation along with biochemical analysis (carbohydrate, protein and pigment
assays) was carried out by rigworth and ceworkers (Longworth, 2013 whilst we
simultaneously focused on metabolomic analysis. It is important to notedhaprimary aim

was to assess, if the optimized metabolomics protocol can be applied successfully to track the
changes in the metabolome @. reinhardticultures grown under different trophic conditions.
Moreover, validation of our results by other oraiapproaches, in this case with proteomics, was

also investigated to evaluate and compare the linearity between bothdhdcs studies.

Multiple comparisons can be made from the datasets obtained with both imics
approaches. The results of these mpléi comparisons, where only significant differences

observed in both the proteins and metabolites were summarized in table 6.10. HgiS32sed
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metabolomic investigations, two biological replicates with three technical replicates were used,
resulting in otal six replicates for each condition. Only features that were found to be identified

in four out of six replicates were considered as true hits for further data analysis.

Table 6.10 Number of significantly changing features in proteome and metabolah€.
reinhardtiiagainst various conditianas summarised in Figure 6.8

Number of Significantly Changing Features In
Comparative analysis Conditions Proteome Metabolome
1 Avs B 155 81
2 Avs C 191 278
Comparison 3 Avs D 165 285
p ]
4 BvsC 60 55
5 BvsD 92 91
6 CvsD 36 17
Comparison 2 AvsB,C&D X 488

In case of proteomic investigations, significantly different features refepst0.05, whereas in
case of meabolomics investigations significantly different features referpd, no®nm gAGK F2f R
OKIy3aS x mdod

6.3.3.3 Condition A vs B, C &nd
To assess the sample arrangement, PCA is calculated (figure 6.9) using the feature intensities

from all the analysedamples using XCMS online (web based platform). With PC1 38% variance
was observed compared to 11% variance of PC2, indicating 4.1 fold more significant changes
along the Xaxis than those on the-&xis. From figure 6.9 (a), it is clear that condition va#
separated from other conditions B, C and D. Similar observations were made with proteomic
investigations (figure 6.9(b)), where PC1 accounts for 74% variations compared to PC2 which
accounted for 10% variations, indicating 7.4 fold more significaanges along the-&xis than

those on the Yaxis. Both the approaches suggesting that, the primary effect of differentiation is

due to the carbon availability.
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Figure 6.9 PCA analysis displaying clustering@f reinhardtiisamples for all four culire
conditionsas summarised in Figure 6.8, whefa) PCAfor metabolomic data and (b) PCA for
proteomics data (figure adopted from (Longworth et al, 20E)r metabolomics ata, PCA is
calculated using the feature intensities from all samples. The colours (red/blue) are assigned
based on the sample class. Distance to the model (DModX) test was used to verify the presence
of outliers and to evaluate whether a submitted sampél within the model applicability
domain. For proteomics data PCA is based on variance stabilization normalisation (VSN), isotope
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To gain further insight into data characteristics sucp-aalue, fold change, retention timey/z

ratio and signal intensity of all detected features, cloud plot visualization tool was employed
using the XCMS online platform. The results of these irgat#dins are summarized in figure
6.10.

Cloud Plot 488 features with p-value = 0.01, fold change = 1.3
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Figure6.10 Cloud plot generated by comparing condition A against remaining three conditions
(see Figure 6.8)lisplaying 488 features with@ I £ dzS X n dnyva § ORregtRigdR O K
features are shown in green, whereas devegulated features were shown in red bubbles. The

size of each bubbles corresponds to the log fold change of that feature. The shade of the bubble
corresponds to the magnitude of theyalue. Darker the colour, the smaller thevalue.

As can be seen from figure 6.10, in total 488 dysregulated features were detected whose
intensities were altered between sample groupswit | f dzS XX nénm | yR F2fR
condition A (Dataset 1 as control) was compared against other conditions (Dataset 2), which
includes condition B, C and D. tfgulated features were shown in green, whereas dewn
regulated features were shown indéubbles. The size of each bubbles corresponds to the log
fold change of that feature. The shade of the bubble corresponds to the magnitude pf the
value, darker the colour, the smaller tipevalue. The statistical significance of the fold change,
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as catulated by a Welcl test with unequal variances, is represented by the intensity of the
features colour, where features with lopsvalues are brighter compared to features with high
p-values. The -Yco-ordinate of each feature corresponds to th@’z ratio of the compound as
determined by the mass spectrometry. The features that were identified with the METLIN
database were colour coded with the black outline surrounding the bubble, whereas those not

identified in the database are displayed without a blackline.

For gualitative and quantitative analysis, metabolite identification and data analysis was
performed as described in section 6.2.7. Out of 488 significant features, 138 unique metabolites

were identified across all the conditions.

6.3.3.4 Condibn A (Low carbon) vs Condition D (High carbon)
PCA analysis from both the omics approaches clearly suggests that there is majority of variance

between condition A and other three conditions. The carbon availability was extremely low with
the condition Awhereas in contrast it was extremely high with condition D. Considering this,

we have further selectively compared the condition A against the condition D.

To assess the sample arrangement between low vs high carbon conditions, PCA is calculated
(figure 611) using the feature intensities from samples belonging to condition A and D. With
PC1 13% variance was observed compared to 44% variance of PC2, indicating 5.7 fold more
significant changes along theaXis than those on the-axis. Further analysis wittloud plot
visualization (figure 6.12) reported 289 features that were significantly different from each other
among both the conditions, out of which 94 unique metaladitvere identified (Appendix 6.4

Among 94 unique metabolites, 63 metabolites weverid to be present in both the condition

A and D, whereas 13 and 18 metabolites were identified only in condition A and D respectively.
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Figure 6.11 PCA analysis for metabolomics data displaying clustering of samples between
condition A and condition IPCA is calculated using the feature intensities from all samples. The
colours (red/blue) are assigned based on the sample class. Distance to the(Dbtbe X) test

was used to verify the presence of outliers and to evaluate whether a submitted sample fell
within the model applicability domain.
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Figure6.12 Cloud plot generated by comparing condition Aiagt condition Odsee Figure 6.8)

displaying 289 features with-g | f dzS XX ndnm I yRregulafedfeatDédayed S x M Po d
shown in green, whereas dowegulated features were shown in red bubbles. The size of each

bubbles corresponds to the log faltiange of that feature. The shade of the bubble corresponds

to the magnitude of the gralue. Darker the colour, the smaller thesplue.
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In the proteomic analysis led by Longworth andwearkers (Longworth, 2018 the authors
grouped the significant proteins based on Gene Oncology (GO), the results of which revealed an
increase in the overall biosynthetic processes and therefinceeased cellular production with

the increased carbon availability (condition D) compared to lower carbon availability (condition
D). In case of metabolomics analysis we have classified the significant metabolites based on their
physicochemical charactistics, the results of which were in agreement with that of proteomic
investigation, as we have observed an increase in intracellular metabolite concentration across

various classes of metabolites. The results of these investigation are summarizedar6fiir

09 - Organic acids (non-fatty) & derivatives 2 Sugars/sugar alcohols & derivatives

1 2 3 4 5 6 7 8 9 10 11 12 13 14 16 17 18 19 20 21 22 23 24 25 26 7 28 29 30 31

2
Number of metabolites identified Number of metabolites identified
05 Amino acids & derivatives 0.9 I Fatty acids/fatty alcohols & derivatives

«
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Figure6.13Variations observed ifive different metabolite classes across Low Carbon (condition
A ¢ blue colouj and High Carbon (conditiond¥ed colou) culture conditions irC. reinhardtii
(Avs D). >axis represents uniqgue number of metabolites identified as listed in Appendix 6.3;
whereas Yaxis represents median intensitiebtained for individual metabolites

As can be seen from figure 6.13, compared to low carbon availability (condition A), higher

recoveries were observed for organic acids, amino acids, fatty acids, biogenic amines and
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phosphates with the high carbon availability condition (condition D). e ad sugars/sugar
alcohols and derivatives, minor variations were observed with both the conditions, which was
in agreement with the previously published rep@Renberg et al., 20)0Similar observations
were reported by Longworth and egorkers(Longworth, 2013with carbolydrate assay, where

no significant changes in total carbohydrates was observed. All these observations are in
agreement with the results obtained from proteomic and gross biochemical/physiological

analysigLongworth, 201Bconducted on the same sample set.

6.3.3.5 Six two way comparison for each condition against other
In order to assess the influence of these two factors (carlsonrce and availability)

independently and dependently, six two way comparisons were made for each condition against
other. With all the six comparisons number of significant differences observed are listed in table
6.10. The analysis was performed usolgud plot visualization tool, results of which are

summarized figure 6.14.
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Figure6.14 Cloud plot generated by comparing six two way comparison for each condition
against each of the other, displaying significantly different features withtpt dzS X n ®nm
OK I y 3 S Albthe somma@d culture conditions f@. reinhardtiare summaised in Figure

6.8. Up-regulated features are shown in green, whereas dewegulated features were shown

in red bubbles. The size of each bubbles corresponds to the log fold change of that feature. The
shade of the bubble corresponds to the magnitude & value. Darker the colour, the smaller

the p-value.
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Figure6.15 Volcano plots displaying the significant changes observed when comparing the
various culture condition®f C. reinhardtiamong them.Details of the culture conditions
compared above are summarised in Figure Bi®teins with significant changeg € 0.01) are
shown by red star. The more relaxed @it of p < 0.05 is indicated by a solid liaad the more
stringent cutoff of p < 0.0shown by a dotted line (figure adopted from (Longworth, 2013)).




A vs D comparison

As demonstrated above, major variation in the metabolome of condition A and D (figure 6.14
and 6.15) was mainly attributed to the fact of variations in both the carbon csoand

availability.

A vs C comparison

Higher number of significant changes (278 features) were observed (figure 6.14), when
condition A was compared against condition C. Similar observation were made with the
proteomic analysis where 191 significant @io changes were observed (figure 6.15),

suggesting there is a considerable reorganization of the metabolome and proteome with these

two culture conditions.

B vs D comparison

Reduction in number of significant differences, when condition B was compatedhat of D

(91 features) (figure 6.14), clearly suggests that supplemented mixotrophic growth (Condition
D) is similar to that of supplemented photoautotrophic culture. Similar observation were made
with the proteomic analysis where only 92 significanbtein changes were observed (figure
6.15).

B vs C; Avs B and C vs D comparison

Major reduction in number of significant features were also observed when following conditions
were compared with each other (figure 6.14);

B vs C (55 & 60 features in rabblome and proteome respectively),

A vs B (81 & 155 features in metabolome and proteome respectively) and

C vs D (17 & 36 features in metabolome and proteome respectively).

This investigation identified significant changes based on the trophisnenitifiés the need to
ensure consistent carbon availability between compared conditions during investigations.
Lowest number of significant features (17 features) (figure 6.14) within mixotrophic cultures (C
vs D), suggests that, the culture maintains iteetmixotrophic growth without any reduction in

the photosynthetic apparatus, as also demonsaivith the proteomics results.

The interpretations made from proteomics and biochemical ana{ysisgworth, 201Bin this

case suggests that, the most predominant factor influencingGheeinhardtiicultures is the

carbon availability rather than the source of carbon, where metabolomic analysis seems to
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support this conclusion based on multivariate analysis performed etangeted metabolomics
data, which further requires wdepth pathway based angdis to strengthen and support the

conclusions derived from both themics approaches.

However as mentioned earlier, the objective of this investigation was to demonstrate efficient
application of preliminarily optimized metabolomics workflow to hypotkediiven biological
study, along with the other-omics approaches such as proteomics. TheMSCbased
metabolomic results clearly showed the ability to track the variations in the metabolorie of
reinhardtii cultures grown under different trophic conditis. In addition, we directed our
efforts towards demonstrating and validating our results with that of proteomic results, which
showed highly linear relationship, when outcomes of both tHoenics approaches were
compared using visualization tools as shawmable 6.10. However, it would be advantageous

to assess the variations differentially expressed metabolit€and classes) with respect to their
involvement and role in numerous pathway, in order to fully explore the potential of
metabolomics. Onlyuch comprehensive investigation will help in understanding the biology
behind rate-limiting processes in cell, which can be then backed up by the determination of
metabolite flux. However, we restricted the scope of this investigation to assessing the
metabolome coverage and refrained from further pathways based metabolomic analysis due to
the adopted sampling, quenching and extraction protocols, which require prior comprehensive
evaluation and optimization in order to make accurate and reliable biologieapretations. As
discussed in Chapter 3 and 4, different solvent based quenching and extraction methods can
yield significantly different metabolite profiles, which has major influence on the biological
interpretations made from such metabolomics ddtaaddition, as mentioned in section 6.3.2.4,
with the above quenching and extraction protocwele currently covered only one fifth of the.
reinhardtiimetabolome and there is considerable scope for improvement which we propose to

address in subsequenhapters.

6.4 Conclusions

Results from optimized quenching and extraction protocols with microbial and microalgal
species have been used to demonstrate that-/&® is a valuable method for metabolomics
investigations Superiorcoverage for most of the metabolite classes was observed witMGC
based analysis. However, recovery of nucleotides/nucleosides/nucleotides, pigments and sugar
phosphates was severely compromised thus requiring development of an optimized protocol
with alternative analytical platform such IS for coverage of these classes of metabolites.

This aspect is addressed in Chapter 10. Further to improve the metabolome coverage with GC
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MS, we proposed employing 2D GGFMS or GEToFMS, but since we did not hawaccess to

such facilities, we directed our approach towards establishing the strategies for evaluation and
optimization of various steps involved in the metabolomics workflow that is needed irrespective
of the platform subsequently employed.

Biology basé metabolomics investigation identified significant changes in the metabolome of
C. reinhardticultures grown under different trophic conditions and showed higietation and
agreements with the conclusions drawn from proteomic and biochemical analysisvaluated

the influence of two factors, carbon source and availability, on mixotrophically and
photoautotrophically growing cultures of. reinhardtii and proposed that, the most
predominant factor influencing th€. reinhardticultures is the carboavailability rather than

the source. Results of these investigations clearly demonstrated suitability -0SGBased
metabolomics protocol for making a biological interpretations from the metabolomics data,
however we restricted ourselves from further patay based in depth analysis, as the applied
sampling, quenching and extraction protocols were optimizagded on very narrow approach,
where previously published benchmark protocols were simply adopted and modified slightly
without critically evaluatinghem for the given condition and organism. As demonstrated in
Chapters 3 and 4, different solvent based quenching and extraction methods can vyield
significantly different metabolite profiles, which can influence the biological interpretations of
the metabobmics data. In addition, with the above quenching and extraction protowels
currently covered only one fifth of th€. reinhardtiimetabolome and there is considerable
scope for improvement by developing reliable and appropriate methods for sampling and
quenching with appropriate correction for the metabolite leakage, which we propose to address
in Chapter 7Following quenching, the major issue in metabolomic studies is to find a suitable
extraction solvent that can quantitatively extract all the intrlickar metabolites, which we
propose to address in Chapter 8. Bottlenecks in algal biodiesel production within the cell can be
identified by metabolomics approaches, however prior to identifying and addressing these
bottlenecks it is essential to optimizke FAME production workflow for biodiesel application

as discussed in in Chapter 9.
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7. Evaluation and optimisation of appropriate sampling and
guenching method for microalgal sample: A case study on the
unicellular eukaryotic green al§hlamydomonas reinhardtii

7.1 Introduction

Quenching with 60%/v cold methanol at40°C or50°C has ben used widely in the past for
microbial, fungi, yeast and plant metabolomics. However, potential problems connected to
leakage of intracellular metabolites with cold methanol quenching was reported later for yeast
(Gonzalez et al., 199and bacterial cellgBolten et al., 200,/VillasBb6as and Bruheim, 2007
+Af £ amn. b [, Wittnuin et-af., ®30% As discpssed in the Chapter Bection 2.2.1,
various attempts were made in previously published reports, in order to overcome and/or
minimise the metabolite leakage during cold methanol quenching. However, no systematic
solution to this problem has be&eeported as yet. It is important to understand that, the leakage
occurs not only due to the contact of cold methanol solution with cells, but also because of the
other causes. In prokaryotes, a sudden change in temperature alone might cause drastic loss
metabolites induced by the cold shock, whereas in eukaryotes leakage is not only governed by
the cold shock, but also by various other factors as detailed below, which has not been

investigated thoroughly:

1. Inclusion of various buffer additives (such IHEPES, AMBIC, tricine, NaCl) to the
quenching solvent at different concentration.

Quenching solvents other than conventional cold methanol/water solution.

Various concentration of methanol in quenching solvent.

Starting and final temperature of quenchinghgent.

Contact time of sample with the quenching solvent.

o g A w N

Sample to quenching solvent ratio.

The inclusion of additives to methanol, will act as a buffer or will restrict osmotic shock, leading
to a decrease in leakage, as has been reported with bactezitd (Faijes et al., 20Q#east
(Canelas et al., 2008pura et al., 200%nd mammalian cellé<ronthaler et al., 2012I5ellick

et al., 2008. Inclusion of tricine buffer in 60% aqueous methanol have been shown to result in
lower recoveries for the intracellular metabolites because of the interference of tricine with
derivatization reactiongTredwell et al., 201)1 However, with other additives within the same
biological system contradictory conclusions have been repq@aahelas et al., 200&s can be

seen from Table 7.1.
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Table7.1 Summary of the main different quenching solvents and techniques applied so far for
the metabolome analysis of different biological systerf&ing xstands forno information
available or provideth the research papers surveyed)

Ratio
Culture Quenching Quenching Washing | Analytical | Recommended
Sompie volume solvent (QS) buffer Temp i:m S.'e solutions | Technique as Reference
Penicilliom 5 mL 100% Methanol (-40°C) X GC-MS & (de Jonge
chrysogenum 60% Methanol X (-40°C) 1:5 X LC-ESI- 40% Methanol | etal.
ysog 10mL | 40% Methanol (-25°C) L1 Ms/MS 2012)
60% Methanol « Mi
86% Methanol differences | (Tredwell
o ;
Pichia pastoris 2mL +61006 M“:tTh,a’TD' i(?"?M (-50°C) 1.7 o Nl;’:e g a:;: Q’SR with all 4 QS, etal.
EW’“M h“c'”f Or‘lcl'”r\'; q 60% Methanol 2011)
s Methano - +0.11M AMBIC
+0.11M AMBIC AMBIC
Fast filtration .
S. cerevisige 1mL | 100% Methanol X 1:5 > mL GC-ToF- with water (Kim et al.
water MS . 2013)
washing
o
60% Methanol 10 &/0r100
+10 &/or100 mM HEPES
mM HEPES
0y
60% Methanol 10 &/0r100
+10 &/or100 MM AMBIC
mM AMBIC GOMS & (Canel
- anelas
60% Methanol
S. cerevisiae X ’ 10 &/0r100 (-40°c) 1:5 N?r LC-ESI- 100% Methanol etal
+10 &/or100 - required
- mM Tricine MS/MS 2008)
mM Tricine
40% Methanol
50% Methanol
60% Methanol X
70% Methanol
80% Methanol
50%
9, _A0°
60% Methanol X (-40°C) Methanol
Glycerol
. Glycerol /NaCl
Yeast (Yarrowia ” NaCl (-20°C) . /Nacl ) (Zhao et
lipolytica) 7mL (3:2) 1:4 (1:1) GC-MS DMSO-saline al, 2014)
20, 40 or 60% NaCl [4;,(:20
DMSO/Nacl 40°C)
40% .

Veast and Ethanol/NacCl Nacl (-20°C) Not A40% s t
sastan X 60% Methanol x (-50°C) x < GC-MS | Methanol/0.8% | rora®
Bacteria Glycerol /NaCl required Nacl al. 2009)

(3:2) NaCl (-20°C)
Glycerol-water « (Villas-
3:2 -ToF- - 8
Yeast &Bacteria | 5mL (3:2) (-23°C) 15 X GCToR- | Cold glycerol | Bdas and
Glycerol-saline NacCl MS saline Bruheim
(3:2) @ 2007)
Bacillus subtilis,
Corynebacteriu
m glutamicum,
Giuc‘inﬁzcm . 60% Methanol 10mMm (58] 1 . HPLC& | 60% Methanol | (Bolten et
+10 mM HEPES HEPES : IC-MS/MS | + 10 mM HEPES al. 2007)
oxydans, P.
putida,
Zymononas
mobilis
60% Methanol With
+10 mM HEPES HEPES wash .
Corneybacteriu Sl 60% Methanol HEPES (-58°C) 2 Without HpLC Buffered (Vr\lf:inslan
m glutamicum +10 mM HEPES ' wash methanol 2004}
60% Methanol X )
0.9% NaCl X (0.5°C) X
Corneybacteriu (Wellerdie
. fui’amiwm 60% Methanol X (-50°C) X X LC-Ms ketal.
g 2009)
LN2 (Bertini et
E. i L -40° 1:1 PB: NMR LN2
col 5m 60% methanol X (-40°C) S al.)
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The use of alternative quenching solvents to cold methanol/water which includes: ghkycerol
saline(VillasB6as and Bruheim, 20Q)fmethanol/glycero(Link et al., 2008and methanol/N&|
(Faijes et al., 20Q'have showed minimum leakage compared to use of 60% aqueous methanol.
Howeve, these alternatives have also been shown to add difficulties in the overall
metabolomics workflow. For example, the higher viscosity and hygroscopicity of glycerol has
been shown to result in prolonged processing time (during separation of glyceroldeds)
(Schadel et al., 20)Aand interference with the commady employed silyalation derivatization
reaction (required for G®MS analysis)(Spura et al., 20Q%hao et al., 2014 Faijes and co
workers reported higher leakage of ATP fr@n cerevisiaevith the use of methanol/NaCl
indicating more damage to the cell integrity compared to 60% aqueous metkiaaipts et al.,
2007). To date, there are no effective alternative quenching solvents to that of 60% aqueous
methanol, which usually results in leakage of the intracellular metabolites, thereby requires

accurate balancing of the quenching supesrd and sampléWellerdiek et al., 2009b

Few reports have investigated the influence of various concentration of methanol on metabolite
leakageg(Canelas et al., 2008e Jongeet al., 2012, however the approach was kept limited for

the quantification of specific metabolites. Another important factor that needs to be evaluated
include, the influence of initial (before quenching) and final temperature of methanol (sample
quending solvent mixture). Lower the temperaturdpwer will be the turnover rate of all the
enzymes within the cell and hence more efficient is the quenching pr¢Sedicck et al., 2008

However, ony Canelas and eworkers evaluated this factor for yeaffanelas et al., 2008

where authors concluded that f S+ 1 F 38 FTNBS |jdzSYyOKAy3Ié¢ OFy 06585
methanol rather than 60% methanol with quenching solvent to sample ratio of 5:1, an0°&

or lower (Canelasetal.,200® | 26 SOSNJ 6 AGK GKS aAYAfFN af S|
and coworkers have demonstrated severe leakage Sn cerevisige suggesting reduced

membrane integrity caused by the use extreme cold quenching condifiGnset al., 2013

The influence of contact time of sgple with the quenching solvent has not been investigated
yet, where higher leakage of specific classes of metabolites is likely to occur upon increasing the
exposure time of sample to that of quenching solvéBulten et al., 200) Finally, the influence

of sample to quenching solvent ratio should also be carefully dersil, as it directly alters the
temperature of the quenching process and might help in minimising the intracellular metabolite
leakage. Schadel and-wmrkers evaluated this factor f&. colmetabolomics, and observed no

change in the impact of methanualith the temperature variatio{Schadel et al., 20}1

As discussed above, despite contradicting reports, quenching protocols have been rigorously

studied and optimised for yeast, mammalian and bacterial mode¢ and Fiehn suggested,

167



yeast can be regarded as good proxy@ormeinhardtias both are eukaryes and have sturdy

cell walls compared to that of bacterial models which are easily prone to metabolite leakage
caused by harsh quenching treatmer(isee and Fiehn, 200BaHowever, as discussed and
demondrated in Chapter 3, minodifferences in cellular characteristics including membrane,
wall structure, size and sampling techniques employed, can influence the efficiency of
guenching, recovery of different metabolite classes and the rate of metabolitkaipa
Therefore, optimised quenching methods for yeast, mammalian and bacterial models cannot be

simply adopted for microalga without critically evaluating them.

In case of microalgal samples we are not aware of any report to date, except that of Lee and
Fiehn(Lee and Fiehn, 2008avhere the authors reported quenching cultures@freinhardtii

with 70% aqueous methanol (pedoled to-70°C) with 1:1 ratio to sample, resulted in minimum
leakage of intracellular metabolites. In this case, the resultant final concentration of methanol
was 35% and final temperature recorded wa9°C. This findingras in contrast to their
previously published report, where no leakage was reported and results concludedCthat

reinhardtiicultures are resistant to quenching with cold metha(®blling and Fiehn, 2005

The objective of this investigation is to examigeantitatively, the influence of the above
mentioned factors on the extent of metabolite leakagelnreinhardticultures.To achieve our
objective we have designed and categorised the experiments into three different approaches.
Approach 1 involves evaluation of selected quenching solvents (nine in total) with varying
methanol concentration and with various buffer additives, on the extent of mdiebleakage.
Approach danvestigateghe effect of prolonged quenching duration on metabolite leakage and
approach 3investigatesthe effect of the ratio of quenching solvent to culture on metabolite
leakage Furthermore, we investigated recovery of tweldifferent metabolite classes using-GC

MS technique acrogdifferent quenching treatments. Thevaluation was based on recovery of
median number of metabolites within each class in all possible sample fractions and recovery of

normalised median peak intsities of metabolites within each class.

7.2 Material and Mthods

7.2.1 Chemicals and analytical reagents

All chemicals and reagents were obtained from Sigkitaich (Dorset, U.K.), unless stated

otherwise.
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7.2.2 Microalgal cultivation

TheC. reinhardtistrain (CC4323) was grown under constant illumination in a Sanyo incubator
(MLR351H, Sanyo versatile environmental test chamber, from Japan) at 25°C in 1L shake flasks,
containing 1L of TAP medium, under constant illumination at 85 pnttd/rihe medium (per L)

is composed of 2.42 g Tris; 25mL of TAP salts (159INt) MgSén 7,0, 2g Ca&b H20 in 1L

dH0); 0.375mL of phosphate solution (28.8¢HRQ, 14.4g KKPQ in 100mL dbD); 1mL
a2fdziaz2y |1 dzyGSNDRDa GNJF OS S tySoméhysii ResourddzNCEnkd & S
(Minnesota, US) and 1mL of glacial acetic acid. Cells were harvested at an OD of 1.2 at 680nm

wavelength.

7.2.3 Sampling and quenching

To evaluate and minimise the leakage of metabolites during quenching treatments the overall
design of quenching experimentsthin this Giapter has been categorised into three different
approaches as summarised in Figure 7.1. At the incubation site, 1 mL of cell suspensions were
rapidly plunged intaa 2 mL of prechilled Bppendorf containing 1 mbf pre-chilled quenching
solvent (50°C) unless stated otherwisa&ddition of the cells to the quenching solvent increased

the temperature by no more than 26.The centrifuge was set a®°C and the rotor was pre

chilled at-24°C. The quenched biomasssmaen centrifuged for 2 min at 250Gt -9°C. The
supernatant was removed rapidly, and transferrecat®d mLpre-chilledEppendorf to assess the
leakage of internal metabolites. The pellets and supernatant were snap frozen in liquid nitrogen

and stored at80°C for 3 weeks for further analysis.

7.2.4 Metabolite extraction

After 3 weeks of storagat -80°C, the samples were lyophilized-80°C for overnight prior to
extraction. Briefly, 500 L of extraction solvent (M:C:W (5:2:2)) was added to lyoplubiie,

as suggested elsewhe(@ullberg et al., 2004lhee and Fiehn, 2008@&/eckwerth et al., 2004b
pre-chilled at-48°C, along with an equal volume of glass beads-6@86um i.d., acid washed,
from Sigma). Cells were then disrupted using a d@&luptor, (Genie, VWR, U.K.), 11 cycles of
disruption was performed with 2 min disruption, with an interval of 1 min on ice. The sample
was then centrifuged at 13,000 rpm, a&°C for 15 min to remove any cell debris. The
supernatant was @insferred to anew prechilled ppendorf tube 20°C) and the remaining cell

debris was subjected to rextraction (5 Cycles) with 500 uL of extraction solvent & centrifuged
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at 13,000 rpm, at9°C for 15 min. The supernatant was then evaporated to dryness using
vacuumconcentrator(5301 vacuum concentrator, from Eppendorf). The dried extract was then

stored at-80°C for further analysis.

7.2.5 Metabolite derivatization

Metabolite derivatization was performed immediately after the drying step, as suggested
elsewhere(Lee and Fiehn, 2008&Briefly, 30 puL of 20mg/mL methoxyamine hydrochloride in
pyridine was added to the dried extract and samples were shaken for 80 min at 37°C to protect
the aldehyde and ketone groupBhe samples were then derivatized by trimethylsilylation of
acidic protons by addition of 45 pL MSTFAx(@&thyFN-trimethylsilyltrifluoroacetamide) and

incubating them further in shaking condition at°@for 80 min.

7.2.6 GEMS analysis, metabolite mification and data analysis

GCMS analysis, metabolite identification and data analysis was conducted as described in
Chapter 3.

7.3 Resuft and [scussion

In the hvestigation discussed in thib&pter, we have directed our approach towards evalugti

and minimising the leakage of intracellular metabolites from micro&gaeinhardtiiduring
guenching treatments. To achieve our objective in a broader sense, we have designed the
experiments and categorised them into three different approaches esréited in Figure 7.1.

In all, the applied quenching treatments, temperature during the quenching psesewere
maintained below-20°C.Although metabolites with high turnover rates such as ATP and ADP
might still remain activeat -20°C, theycannot be déected with GEMS based analysidn most

of the studiesthat evaluated the quenching methods for bacterial mod@aijes et al., 20Q7
Schadel et al., 20)tonclusions were drawn primarily based on ATP assay and adeeytatyy
charge. However such analysis confirms the disruption of in vivo metabolite ratios, however
comment on quenching efficiency protocols cannot be made only based on these assay as it
does not take into consideration the possible alterations in thet of the metabolome. As with

the Chapter 4, we have demonstrated high correlation between the results obtained with three
different types of analyses which included ATP assay, SEM akib®&sed anadys. Therefore,

in the present studywe focussed pmarily on GEMS based analysis and the optimisation of
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quenching protocols were done by taking into consideration quantification of detectable
compounds with GEMS analysis.

In all the three approaches, evaluation and comparison within different treatsesmtre based

on two response variables where only features that were present in at least three biological

replicates out of five were ewidered for further analysis:

1 Response variable 1: Median humber of metabolites recovered in;
a) Cell extracts
b) Inquenching supernatant
c¢) Only in cell extract and not in supernatant (Unique to cells)
d) Only in supernatant and not in cell extract (Unique to supernatant) and

e) In both the cell extracts and supernatants (Camro both)

1 Response variable Recoveries of metabolites within twelve different classes of

metabolites with respect to their normalised median peak intensities.

We analysed the unquenched samples, simply by centrifugation of the culture sample without
any quenching step in order to gan estimate of extracellular metabolites accurately, as
unquenched sample serves as a reliable standard for comparison of the extracellular
metabolome data from the quenched sample. As we have discarded the washing step in all the
applied guenching profools as suggested in the literature (section 7.1), we have also analysed
the culture media as a control for appropriate quantification of intracellular pool, to account for

the leftover media components if any.
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Figure 7.1 Experimental design and general workflow adopted for the evaluation and
optimisation ofquenchingprotocols forC. reinhardtii

7.3.1 Effect of various quenching solvents, methanol concentration and inclusion of
buffer addiives on metabolite leakage (Approach 1)

In order to compare the degree to which extent of metabolite leakage and recoveries of
intracellular metabolites were influenced by various quenching solvents and additives, cells of
C. reinhardtiwere harvestedand quenched as described in section 7.2.3 with nine different

guenching solvents and additives. Variation in quenching treatmgats tested to investigate
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