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Chapter 1 

VALIDATED HIGH QUALITY AUTOMATED 
METABOLOME ANALYSIS OF ARABIDOPSIS  
THALIANA LEAF DISKS 
Quality Control Charts and Standard Operating Procedures 

Oliver Fiehn 
UC Davis Genome Center, Health Sci. Drive, Davis, CA 95616, USA 

Abstract: Plants readily respond to changes in environmental conditions by alterations in 
metabolism. In addition, breeding processes as well as modern molecular tools 
often target at or result in constitutive changes in metabolite levels or metabolic 
pathways. These properties render metabolomics an ideal tool to characterize the 
degree of impact of genetic or environmental perturbation. In agronomic and 
agrobiotechnology, but also in some areas of fundamental plant biology research, 
this leads to experimental designs of genotype × environment (G×E) plots, which 
results in huge numbers of individual plants to be grown, harvested, processed, 
and analyzed. The benefit to add metabolomics is then to utilize analyses of 
metabolic events to better understand biochemical or regulatory mechanisms by 
which the plant responded to the G×E perturbations. However, technical 
challenges are still imminent regarding the complexity of plant metabolism and 
the need for high quality control in large projects. This chapter details how even 
larger projects with thousands of analyses can be managed in an academic 
laboratory while still keeping control over the total process by use of Standard 
Operating Procedures (SOP) and continuous Quality Control (QC) measures. 
This process is exemplified by SOP and QC implementations used for a larger 
study on effects of abiotic treatments on select Arabidopsis ecotype accessions. 

1 INTRODUCTION 

1.1 Theoretical considerations 

Metabolomics aims at achieving qualitative and quantitative metabolite 
data from biological samples grown under a specific set of experimental 
conditions (Fiehn et al., 2000; Bino et al., 2004). In order to interpret and  
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reuse data (via metabolomic databases), the sources of quantitative 
variability of data must be accurately described. Technical errors of the 
analytical process must be controlled and minimized in order to distinguish 
such variance in data (noise) from the inherent biological variability within 
and between the populations that are subjected to a certain experimental 
design. This chapter describes why and how Standard Operating Procedures 
and Quality Control charts are needed for larger metabolomic projects.  

1.2 No data without metadata 

The process of metabolomic analysis involves many steps from the actual 
experimental design of the biological trial to the conditions of plant growth 
and potential treatments by external factors such as changes in abiotic or 
biotic stressors, and following plant responses within temporal or spatial 
patterns, e.g., over plant organ development or within diurnal cycles. 
Reproducibility and reusability of metabolomic data sets therefore 
necessitate capturing this underlying information about the details of the 
total experimental design: without this, no data set can be understood and 
interpreted in a correct way. Such “data about the data” are called 
“metadata” in computing sciences and are at least in parts described and 
collated in the “materials and methods” sections of plant journals. However, 
in such sections plant biologists tend to focus on the novel parts of their 
experimental setup and do not give fully precise descriptions on more 
standard growth specifications. For example, unless researchers carry out 
specific light treatment studies, the light qualities (emission spectra) within 
green houses or climate chambers are usually not detailed out. The same is 
most often true for the type and dimensions of the climate chamber used, 
although it is known that each climate chamber has its own specifics with 
respect to air circulation conditions, which will ultimately affect water 
evaporation rates from the soil and by this, plant metabolic rates. One might 
argue that such description is overly detailed, but on the other hand, for each 
institution such information would only need be recorded once and then 
deposited as an object number in a database for future experiments.  

The need to accompany metabolic data with exact experimental metadata 
is also given by the fact that each plant species and even each organ 
comprises a wealth of unannotated or unknown metabolites which will only 
reveal their specific importance when tracing back their relative levels under 
a multitude of conditions. Unlike other cellular components such as primary 
and secondary gene products (transcripts and proteins), most metabolites do 
not carry annotated biological functions which relate to well-described 
unique biological roles. For a few secondary metabolites like auxins or 
glucosinolates such roles are known for controlling plant growth or  
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herbivore defense but for most, especially for primary metabolites, multiple 
functions must be assumed. The complementary addition of (experimental) 
metadata is therefore a very important and necessary element when 
metabolomic data sets are to be stored in public repositories. One aspect of 
the results reported here is the development of required and optional 
metadata entries for typical plant metabolomic experiments, with the 
ultimate aim to enhance public access and reusability of such data sets. 

1.3 Metabolomic methods require validation 

The other aspect is to elaborate the details of the experimental procedures 
between the point of plant harvests and the result data output. Just like 
details in plant growth affect interpretation of results, so do also differences 
in the sample processing workflow impair comparisons between sets of data. 
Differences in equipment render it difficult to result in fully identical results 
between laboratories, but at least the process within a specific laboratory 
must be tightly defined and monitored to allow high reproducibility and re-
usability of data. It is difficult to achieve long-term reproducibility due to a 
number of reasons: different staff may be responsible for sample work-up, 
each performing the dues somewhat differently, protocols may be 
understood and used in different ways (pointing to lack of training and 
supervision), suppliers of solvents, reagents, and consumables may lack tight 
specifications or change product characteristics without notification, the 
analytical instrumentation itself may be subjected to contamination or 
instability of sensitivity and selectivity (pointing to lack of ruggedness), and 
eventually data processing may be carried out in unexplained or varying 
ways, which may be the case for both, “relative” and “absolute” values. 
Most of these points are not relevant for small demonstration studies that 
only involve some 50 samples, since such projects will not take longer than a 
week and will be carried out by a single scientist. However, if hundreds of 
recombinant inbred lines or other genetic populations are to be compared 
and results are to be disseminated via public databases, far more rigid 
constraints have to be imposed. These constraints call for “validation” of the 
total process.  

Validation in itself is a term that is often misunderstood. Krull and 
Swartz (1999) clarified that validation of (analytical) processes is needed not 
only for industry but equally important for the academic laboratory. The 
point is that validation means “valid for a purpose”, and a valid method 
therefore needs first and for all a clear description of the purpose for which it 
is intended to be used. In many scientific papers, the difference is not made 
clear between method development and method validation: method 
development describes the steps which have been taken to evolve a process 
that led to a specific (analytical) result and ultimately to a protocol. 
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However, validation means more than that: a valid method would require 
that a certain result is always gained if defined processes are applied to a 
specified problem.  

Similar to the difference between a developed and a validated method is 
the distinction between a laboratory protocol and so-called ‘Standard 
Operating Procedures’ (SOPs). Protocols may lack a number of details 
because the protocol developers deemed these to be common sense, or 
because they were unaware of their importance which is more often the case. 
For example, a protocol suggests adding 200 µL of a buffer solution to a 
tube. An SOP, however, would detail that these 200 µL need be taken by a 
pipette that has undergone a defined calibration check at regular intervals, 
and that signatures are required that these calibration checks have actually 
taken place. In fact, pipette volume accuracy is a critical factor that is often 
underestimated, and also the staff skills to routinely and correctly estimate 
such volumes. Even without going as far as an SOP, it is good laboratory 
practice to exercise calibrations (by weighing the volume of pure water at 
defined temperature) in regular terms by all staff members and for all 
pipettes. For the 200 µL buffer example given above, an SOP would further 
detail how the buffer solution was prepared: the water quality and its source, 
the manufacturers and brands of the buffer components, and the actual 
preparation procedure. 

It is important to mention, however, that SOPs (a) must not be over-
detailed and (b) that they must undergo regular inspection and checks 
against the real laboratory practices. This means that only the parts of the 
procedures are detailed that may actually hamper the overall results – which 
is determined through the “validation” process. Therefore, it is important to 
accurately check all aspects of the developed (analytical) method with 
respect to ruggedness, i.e., how smaller or larger deviations from the details 
of the procedure affect the result data. For example, a protocol may say a 
sample is shaken for 20 s by a vortexer. An SOP might even be less rigid by 
detailing that this mixing could take place between 10 s and 30 s (because 
the actual mixing time would cause no significant difference to the results), 
but it might add that the mixing would need be done at room temperature 
between 18°C and 28°C (and not, say, in the 4°C cold room). Furthermore, 
results may indicate after a certain time that an SOP needs revision, or the 
laboratory manager discovers that a certain laboratory practice has never 
been mentioned before. Then, a new SOP is written which supersedes the 
old one and which explains which parts have been altered. 

1.4 Quality Control of data acquisition (QC) 

Many metabolomic research papers emphasize the details of a specific 
instrument, e.g., the type of mass spectrometer or NMR instrument used for 
data acquisition. In fact, however, this should be less important than details 
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how the quality of measurements were ensured. For example, relative levels of 
amino acids can be analyzed by various means such as HPLC-fluorescence 
detection or 1H-NMR or GC-MS, if the chosen data acquisition method 
suffices the specified sensitivity and selectivity. However, independent from 
the type of analytical instrument that is used are routines to ensure and prove 
long-term data precision. Some instruments may undergo a systematic drift in 
sensitivity over time; others may lose specificity for only certain compounds 
without affecting other metabolites, and certain instrumentation may simply 
lack robustness, producing highly oscillatory and hardly controllable 
measurements. All such errors cannot be evaluated in a single analytical 
sequence, be it 10 measurements or 100. Such trends will only be observable 
if identical samples are continuously subjected over long periods to (a) the 
total result of plant metabolome comparisons, (b) the total analytical method, 
or (c) the data acquisition process only. These three criteria are independent 
from each other. For example, an instrument may be perfectly in-control 
whereas sample preparation (grinding of leaf tissue followed by extraction, 
fractionation, drying, and derivatization) might cause high deviations. Going 
further, even the sample preparation step may be fully robust but plant growth 
conditions in the greenhouse or climate chamber might be altered by external 
factors (e.g., exchange of light bulbs, watering frequencies, temperature 
control, etc.). Depending on the purpose defined in the validation terms, 
different strategies may be adopted for maintaining robustness of the 
analytical results. In each case, the results must be monitored in so-called 
Quality Control charts that allow observing trends over time and deviations 
from upper and lower intervention limits: within these limits, the analytical 
process is in-control, but once these limits are crossed (out-of-control), results 
must be marked as unreliable and measures must immediately be taken (such 
as instrument maintenance or staff training) to bring the process back to 
control. 

1.4.1 Quality Control calibration curves 

Firstly, it must be ensured that the instrument itself does not cause 
systematic or large random deviations from routinely acquired data. In 
metabolomics, this can be ensured using compound mixtures covering all 
chemical classes of the typically analyzed metabolites (which were defined 
in the analytical scope before the validation process took place). If important 
classes of compounds cannot be analyzed within a given validated process, 
than the results by definition cannot be termed “metabolomics” but rather 
“metabolite profiling”. In addition to the requirement of selectivity of a 

equally important to control the analytical sensitivity, i.e., the increase in 
signal intensity upon increase in metabolite levels. The best way to perform 

metabolomic (or metabolite profiling) method, hence the ability to dis-
tinguish individual metabolites from other (matrix) components, it is 
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such quality control tests is by (daily) acquisitions of internal calibration 
curves, i.e., spiking a mixture of compound into a given matrix at 
concentrations spanning the whole range of typically detected levels in 
plants. Obviously, these compounds must not be present in the matrix 
before. This criterion can best be met using stable isotope labelled 
metabolites. If these are not available, alternatively external calibration 
curves may be employed by determining the instrument’s sensitivity by 
analyzing varying QC mixture levels alone, without matrix. Such QC 
mixture analyses need be accompanied by reagent blank controls, i.e., 
measurements that only comprise the containers, reagents, or solvents used 
directly in conjunction with the analysis. Such reagent blank controls qualify 
which analytical signals may be assigned as “blank contaminants”. Ideally, 
not a single peak should be detectable in such blanks. However, reality 
shows that this is generally not the case due to chemical impurities of 
reagents or ubiquitous (laboratory) contamination such as phthalate plastic 
additives originating, e.g., from pipette tips. 

1.4.2 Plant sample “reference design” 

The above-mentioned QC mix and reagent blank controls do not control 
for differences in sample preparation over time. Given the need to monitor 
this part of the process, a small set of identical plant specimen may be 
subjected to the homogenization, extraction, and fractionation procedure 
every day. However, as plant physiologists understand, there are no two 
fully identical plants. Even individual plants of homozygous lines grown 
under controlled standard growth conditions will show deviations from an 
assumed ideal mean (sometimes called “steady state”). Numerous factors 
account for this phenomenon, among which can be named small differences 
during germination (which may cause slight differences in growth rates and 
thus metabolism), subtle deviations of climate conditions (e.g., caused by 
position effects within the growth location) and, theoretically more 
fundamental, the basic properties of metabolic networks themselves which 
have been shown to amplify small oscillations of metabolic levels (e.g., 
external glucose fed into glycolysis) to larger metabolic deviations 
downstream along the pathways (Steuer et al., 2003; Weckwerth et al., 
2004). For this reason, it is not easy to obtain identical plant specimen to 
control for potential sample preparation errors. One way to remedy this is by 
referring each metabolite value of experiments against data of a mixture of a 
control plant specimen that is always grown concomitant with the 
experiments, independent from the actual experiment design. The problem 
here is the large difference between (Arabidopsis) accessions. If, for 
example, C24 was chosen as “reference line”, compounds that only occur in 
Ler or Cvi could not be referred to. On the other hand, such a reference  
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design would not only account for differences in sample preparation but also 
for larger differences in plant growth conditions, and in this, be helpful for 
inter-laboratory comparisons.  

1.4.3 Plant sample “master mix” design 

An alternative is to utilize “master mixtures” of plant extracts that all 
originate from a specific (large) experiment. The idea would be here to 
aliquot a small fraction (e.g., 10 µL) of each plant extract into a larger 
container that would pool all processed samples of each day. A plant 
specimen randomization schema is then needed to dictate that each 
Arabidopsis ecotype accession (natural variant) included in the larger 
experiment would be included in this daily “master mix”. Quality Control 
charts of these pools would then monitor deviations of the analytical results 
from these pool mixtures and compare them to the errors caused by the 
analytical instrument itself. The advantages of this procedure against a true 
“reference design” given above are threefold: (a) The total analytical error 
can be factored out into two distinct parts, the instrument error and the 
sample handling error. This facilitates decision making in where to put 
further emphasis in method refinements. (b) All metabolites (above a certain 
signal/noise threshold) would be monitored that are included in the 
Arabidopsis ecotype metabolomes under study. This alleviates the problem 
of using a specific accession that may not even be relevant for the 
experiment under study. (c) The largest advantage is that such a master mix 
design allows analysing plant samples that were grown elsewhere, i.e., 
where the (biological) design was not under control of the metabolomic 
laboratory. Such a situation is a daily reality in academia where colleagues 
ask the metabolomics specialist for collaboration in a certain project for 
which the growth is already complete or for which use of a specific 
reference accession would cause unacceptable complications.  

Whatever chosen for a specific setting, i.e., either “reference design” or 
“master mix design”, in any case method control blanks must be added. Such 
method control blanks are defined by utilizing all utilities, instruments, 
solvents, containers, and procedures in exactly the same way like the plant 
samples are treated, just without any sample in it. Method blank controls 
qualify which analytical signals may be assigned as “method blank 
contaminants” by comparison with the reagent blank controls. Ideally, not a 
single peak should be detectable in such blanks that are not also present in 
the reagent blank controls. However, reality shows that this is generally not 
the case due to the additive nature of laboratory contaminations (such as 
dishwasher detergents) and differences in lot qualities of solvents, tips, and 
glassware. 
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2 PRACTICAL IMPLEMENTATION OF QC  
AND SOP  

2.1 ArMet database framework 

Aforementioned considerations may be regarded as general 
recommendations for plant metabolomics experiments which may be subject 
to individual realizations depending on the biological focus or the techniques 
employed in a specific (academic) setting. Recently, an overall data model 
on how to capture the different components of such experiments has been 
suggested in order to enhance comparability and reusability of data, called 
ArMet (Architecture for Metabolomics). ArMet consists of nine basic 
modules (Jenkins et al., 2004): 
1. Administration: Informal experiment description and contact details. 
2. Biological Source: Genotype, provenance and identification data for 

items of biological source material. 
3. Growth: Description of the environments in which the biological 

material developed. 
4. Collection: Procedures followed for gathering samples from items of 

biological source material. 
5. Sample Handling: Handling and storage procedures following 

collection. 
6. Sample Preparation: Protocols for preparing samples for presentation to 

analytical instruments. 
7. Analysis Specific Sample Preparation: Protocols specific to particular 

analytical technologies. 
8. Instrumental Analysis: Process description of the chemical analysis of 

samples, including descriptions of analytical instruments and their 
operational parameters, quality control protocols, and references to 
archive copies of raw results. 

9. Metabolome Estimate: The output from the analytical instruments after 
it has been processed from raw data to produce a metabolome description 
and metadata about its processing. 
This model lays out the basic framework which general components need 

to be addressed and how ArMet compatible databases need to be structured. 
However, nothing has been standardized so far with respect to ontologies or 
controlled vocabularies to be used, and even less is agreed on which specific 
SOPs or QC measures need to be taken. In subsequent paragraphs, an 
example is given how this specific information content was implemented. 
All the metadata need to be acquired before the actual metabolomic analyses 
start. 
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2.1.1 Administration 

Usually, more than one staff and often, more than one principal 
investigator (PI) participates in a larger biological experiment. The 
Administration component may include all investigators and staff involved, 
however, this is impractical in daily routines and may not even been fully 
known in all cases. The philosophy here is to enable back tracing the origins 
of samples and potential observations after data sets have been (statistically) 
evaluated. A useful implementation might therefore ask for the main 
biological “owner” of the experiment with full name, affiliation and email 
address and the responsible chief staff in the PI’s laboratory who actually 
monitored plant growth and sample collection. 

2.1.2 Biological source 

In this component the genotype and pedigree of the plant sample is 
described. For the case of published mutants, database accessions must be 
given. For ecotype accessions (natural variants), reference to commonly 
used names are suitable. Further details of origins are required if the seeds 
were not garnered in the PI’s growth locations but sent from elsewhere, e.g., 
germplasm seed stocks or collaborating institutions. For the case of mutants, 
the parental genetic background line must be given. For crosses and 
recombinant inbred lines, both parent lines need be named. For other lines 
(which may evolve in complex cultivar breeding programs), the closest 
isogenic relative(s) or cultivar identification codes must be given. 

2.1.3 Growth 

Plant growth is a complex, lengthy, and often variable process. It is 
almost impossible to capture all details along the development of individual 
plants. Furthermore, if all imaginable growth metadata were required to be 
collected and stored, collaborative efforts in large research consortia would 
likely be hampered. Ultimately, the details of the growth component often 
comprise a large part of the experimental design which could eventually 
involve many fragmented steps. Therefore, a single and inflexible metadata 
import schema is inadequate. A useful implementation may therefore require 
only very basic objects which should be relevant to >90% of typical plant 
biology experiments and ask for more details to be placed in string text. 

(b) Sowing and transplanting date (mm-dd-yyyy). 
(c) Standard growth conditions before treatment: Medium (GS standard soil 

or Agar, etc.), Temperature (20°C day, 18°C night), Light (16/8 H, 240 
µMOL M−2 S−1), and Humidity (80%). 

(a) Name of growth location e.g. (InstituteGreenhouse#01). 
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(d) Treatment specifics, if applicable: when the treatment was performed 
(PLANT GROWTH STAGE, DATE and TIME), what kind of treatment 
was applied (string text such as “4°C cold acclimation”) and how long 
the treatment was applied (DD-HH).  

the treatment specifics into (non-queryable) string text comment fields. 

cold stress – abiotic perturbation, Cook et al., 2004) in database curation, but 
are not required before the metabolome experiment starts. 

2.1.4 Collection 

The collection component necessitates three entries: 

immediate freezing in liquid nitrogen”).  
For the harvested organ descriptions, automatic spelling corrections, 

and public ontologies are needed (such as www.plantontology.org). The 
harvesting procedures may best be described using an SOP which was not 

2.1.5 Sample handling 

The original metabolic composition must be ensured from the time of 
harvest to the actual analysis. Both biological and physicochemical factors 
may alter the metabolome during storage and handling:  
(a) Chemists tend to underestimate the metabolic turnover rates of enzymes. If 

plant tissues are kept unfrozen, and even if they are partly thawed during 
sample preparation, enzymatic activity is rescued and metabolism starts. 
Therefore, samples need be kept deep-frozen at all times until extraction. 
No reports are published about how long Arabidopsis leaf metabolome 
integrity is preserved during storage. As general precautionary measure, 
samples should not be stored longer than 4 weeks at −80°C or longer than 
2 weeks at −20°C.  

(b) Biologists tend to underestimate the effects of oxidation and light treatment. 
Oxygen is a diradical that will act independently from enzymes and 
therefore also in the frozen state. Samples must thus be stored under argon or 

minor importance is prevention from (excessive) light. Some molecules such 
as catecholamines or aromatic amines will undergo conformation changes or 
oligomerization when treated with light. Catecholamines are not found in 
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These details may later be collated to higher levels of hierarchies (such as 

The current suggestion leaves the details of the overall experiment and 

b)  harvested organ(s) and organ specifications (LEAF, ROSETTE). 

employed for the example experiment. 

c)  harvesting procedure (string text such as “cork borer 4 mm id., 

a)  harvest date and time (mm-dd-yyyy, hh). 

as cysteine/cystine, asorbate/dehydroascorbate, or glutathione/GSSG). Of 
nitrogen in order to preserve internal redox state metabolite markers (such
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Arabidopsis leaves but in Solanum tuberosum leaves, however, in principle 
some Arabidopsis metabolites might also be affected. 

2.1.6 Sample preparation 

The details of sample preparation will undoubtedly affect metabolomic 
readouts. However, it should be kept in mind that there is no optimal or final 
single metabolomic method: metabolomic methods try to be as comprehensive 
as possible despite the vastly different chemical properties of primary and 
secondary metabolites. Therefore, the chosen sample preparation method can 
only be regarded as good compromise that fulfills its scope and which can 
therefore be validated for a given purpose. One of the most important criteria 
in the validation process is comprehensiveness (the breadth of different 
chemical compound classes being detected) and precision (the repeatability of 
analytical results), but not accuracy (correctness of a specific metabolite in 
absolute concentrations). Therefore, a sample preparation method may be 
valid despite its lack of recovery of, for example, a specific plant hormone. If 
this specific compound needs to be included, either a specific “metabolite 
target” method is developed or the existing metabolomic method is altered 
(which may eventually result in loss of other compounds).  

For homogenization and extraction of Arabidopsis leaf metabolites, the 
following SOP is used at the metabolomics core of the UC Davis Genome 
Center. Note, that procedures for sample collection are documented but not 
solely allowed in connection with this SOP. 

2.1.7 Analysis-specific sample preparation 

In principle, sample extracts from the extraction SOP can be used for 
different analytical instruments such as NMR or GC-MS. Therefore, any 
further sample preparation steps must be regarded separate from the 
extraction. Subsequent steps such as “derivatization for GC-MS measure-
ments” need again be detailed in an SOP. Many of the derivatization 
parameters do not have a dramatic influence on the overall result in GC-MS, 
if the conditions and parameters are hardly controlled. However, this is 
usually not the case. In all GC-MS instrument setups reported so far, 
samples were manually derivatized in batches and then placed on 
autosamplers prior to injection. The time between addition of GC-MS 
reagents and the actual measurements therefore remained uncontrolled, 
although it is known that certain compounds (especially amines and amino 
acids) undergo further reactions during this time. In a more tightly controlled 
SOP it is therefore reasonable to use a robotic system for automatic 
derivatization and injection. Such a system also allows automatic addition of  
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Table 1-1. Example SOP for ‘extraction of Arabidopsis leaf tissue disks’ 
 

 
UC Davis 

Metabolomics Core  
 

 
SOP 

Standard Operating Procedure  

 

date: 01/15/2004 Extraction of Arabidopsis leaf 
tissue disks  

Code no.: 002_2005a 

Issued:         01-15-2005 
Valid from: 01-16-2005 

Validity area: UC Davis 
- Metabolomics Core - 

Responsible: Tobias Kind  
This SOP supersedes: SOP 002_2003a MPI Golm  Checked: Oliver Fiehn 

Extract ion  of  Arabidops is  l eaf  t i s sue  d isks  

1. References:  Weckwerth W., Wenzel K., Fiehn O. Process for the integrated 
extraction, identification and quantification of metabolites, proteins and RNA to reveal 
their co-regulation in biochemical networks Proteomics 2004, 4, 78–83 

2. Starting material: 
15-30 mg fresh weight, 1-3 mg dry weight Arabidopsis leaf disk, approx. 4 mm I.D. 

Sample collection leaf tissue  
Before sampling, take digital photo of plants to be harvested, indicating the target 
sample ID#. Take one or two disks of a fully mature rosette leaf from the leaf center by 
using the cork borer (diameter of cylinder will depend on the targeted amount of leaf 
material). Transfer the disk(s) immediately to an Eppendorf tube, equipped with a 
grinding metal ball and labeled by sample ID #. Close the Eppendof quickly and place it 
in liquid nitrogen. 

Samples may be taken in other ways but procedures need be documented and accessible.  

3. Equipment:  
• Grinder (ball mill MM 200, Retsch corp.)  
• Centrifuge Eppendorf 5417 C  
• calibrated pipette 1000 µl (check conformity SOP 007_2005a) 
• cork borer (diameter related to target disk weight. 4 mm I.D. appropriate for 

Arabidopsis leaves.)  
• metal balls for grinder  
• fine balance accuracy ± 0.1 mg  
• Safe lock micro test tubes 2 mL, uncolored, (order no. Eppendorf corp.0030 120.094) 
• Crimp V-vials glas 1ml, (order no. Fisher Scientific corp. 3102008) 
• Julabo corp. cooling bath  
• Vortex mixer/ stirrer, Scientific Industries corp. 
• Thermo mixer HLC  TM 130-6 
• Speed vacuum concentration system, Heto corp.  
• Large tweezers  

4. Chemicals 
• Methanol LC-MS Chromasolv, SAF order no. 34966 
• Chloroform Chromasolv, SAF order no. 25685 
• pure water “Purelab Plus” (Alternatively take LC-MS Chromasolv water SAF order 

no. 39253) 
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UC Davis 

Metabolomics Core  
 

 
SOP 

Standard Operating Procedure  

 

 

• two dewar vessels filled with liquid nitrogen 
• pH paper 1-14, Macherey-Nagel order no. 92110  

5. Procedure 

5.1. Preparation of extraction mix and material before experiment: 

paper, then one drop of solvent. Attention: this is not an accepted pH measurement by 
pH definition but suffices quality check here. 
⇒ H2O, MeOH, CHCl3 is mixed in volumes in proportion 1 : 2,5 : 1. 
⇒ rinse the extraction solution mix for 5 min with argon or gaseous nitrogen with small 
bubbles, for example using HPLC-solvent filters or pumice stones for home fish tanks. 
⇒ switch on bath to pre-cool at –15°C to –20°C (validity temperature range). 

5.2. Homogenization and extraction 
Pre-chill two Eppendorf tube holders in liquid nitrogen for > 60 s. Then, take out six 
Eppendorf sample tubes from liquid nitrogen and place these into the Eppendorf-holder 
of the grinder, each three samples per tube holder. Take care to compensate for weight, 
maintaining equilibrium. Shake holders for 30 s with a frequency of 25 s-1. Afterwards, 
immediately place Eppendorf tubes back into the second liquid nitrogen dewar. When 
all samples are ground and homogenized, take the tubes one by one out of the liquid 
nitrogen using the long tweezers and immediately add 1 ml of pre-chilled extraction 
solvent mixture (-15 to -20°C). Even partial thawing of samples must be prevented. 
Vortex for 10-20 s and shake for 4-6 min at 4°C (use thermo shaker in the 4°C cooling 
room). Samples may be stored on crushed ice (chilled at <0°C with NaCl) between 
vortexing and chilling for up to 10 min. After shaking, centrifuge samples for 2 min at 
20,200 cfg at room temperature. Take out 800 µl supernatant into a labeled Eppendorf 
tube and vortex the tube for 5-10 s. (The remainder residue containing cell debris is 
discarded.) Take out 10 µl aliquot into the ‘master mix pool’. Take out 400 µl into a 
round bottom 1 ml crimp glass vial. Store the residue aliquot under argon or nitrogen at  
-80°C. Dry the 250 µl sample aliquot in the speedvac concentrator to complete dryness. 
Once dry, store samples in darkness under argon or nitrogen at -20°C prior to analysis. 
Don’t store longer than 6 weeks. 

6. Problems 
In order to prevent contamination, disposable material is used. Check pH of extraction 
solvent mix! Take care that Eppendorf tubes are completely closed before placing them 
in liquid nitrogen. Otherwise, liquid nitrogen will immerse into the tube and cause 
disruption once put back to room temperature.  

7. Quality assurance 
The method is invalid without at least one method blank control per 40 samples to which 
the total procedure was applied  (i.e., employing all steps, materials and plastic ware), 
just leaving out the leaf tissue disk.  

8. Waste disposal  
Collect all chemicals in appropriate bottles and follow the disposal rules. 

 

⇒ check pH of MeOH, CHCl3, and water (pH7) by adding one drop of pure water to pH 

Table 1-1. (continued) 
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internal standards to control for injection errors and retention time shifts. A 
suitable SOP might use the following procedure: For derivatization and 
injection, use a robotic system with ovens, syringes, and manifolds to handle 
reagents and vials. Add 1 µL of a mixture of retention time standards and 
isotope labeled standards to the dried sample and immediately afterwards, 10 
µL methoxyamine in pyridine (40 mg/mL). The solution is shaken at 28°C 
for 90 min before 90 µL MSTFA is added. The reaction solution is shaken at 
37°C for 30 min and placed back to a waiting tray at room temperature. Each 
sample is injected exactly 3.5 h after addition of MSTFA. A macro program 
ensures that all steps are intimately linked. 

2.1.8 Instrumental analysis 

The ArMet database framework suggests distinguishing between the

different parts of the SOP can surely point to different database objects. The 

 
 

 

 
 

Figure 1-1. Image of a robotic system for sample derivatization, liner exchange, and gas 
chromatography/time-of-flight mass spectrometry (GC-TOF).  
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analysis specific sample preparation and the instrumental analysis. In 
the demonstration case presented here this is obviously not needed, but the

instrumental setup used here is specialized in that it also allows an automatic 
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liner exchange and cold injection into the GC-MS instrument. This ensures 
that each sample is subjected to a clean liner in order to avoid matrix carry 
over between samples. Especially for unsaturated free fatty acids but also for 
aromatics and phenolic compounds such a setup is needed for high-quality 
contamination-free analyses. Usual liners include some glass wool to prevent 
involatile material reach the chromatography column. The specialized liners 
used here include a microvial in which 1.5 µL of sample is injected at 40°C. 
Subsequent flash heating vaporizes all volatile components which are 
subsequently separated by gas chromatography, whereas all involatile 
components remain at the bottom of the microvial. The liner is then 
automatically exchanged against a new liner (with microvial) for the next 
injection. After use, microvials are discarded whereas liners are cleaned and 
reused. 

The injection is the most critical part in GC-MS. Most other settings such 
as heat ramping rate, the actual separation column used, and even the type 
of mass spectrometer will usually not dramatically affect the overall 
metabolomics aims, i.e., comprehensiveness and precision. However, the 
injection process may do so as is outlined in the next section. The last ArMet 
component, the Metabolome Estimate, will also be discussed in brief in this 
section. 

Figure 1-2. Long-time quality control chart for QC mix in GC-TOF mass spectrometry. 
Absolute values for ribitol (filled circles, left axis) and putrescine (open triangles, right axis) 
are notified in daily injections for absolute intensities at m/z 174+319. Dotted lines: upper 
intervention limit, mean, and lower intervention limit.  
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2.2 Quality control charts to monitor system suitability 

The different SOPs outlined above are a result of monitoring the overall 
system performance over long times. The instrument Quality Control 
mixture contains 28 compounds (amines, amino acids, aromatics, hydroxy 
acids, mono- , di- and trisaccharides, sugar alcohols, and sterols) which are 
used for immediate recognition of some of the more frequent problems in 
high throughput GC-MS. This QC mix is daily analysed in six dilution steps. 
(a) Detector response is monitored by absolute peak areas, e.g., ribitol and 

putrescine. These two chemically very different compounds elute in the 
midrange of the chromatogram and are not affected by injector boiling 
point discriminations. An example QC chart is given in Figure 1-2. Note 
that a lag time was used to get experience for suitable intervention limits. 
These limits were calculated by two-sigma standard deviations of the 
absolute peak areas during 100 subsequent days of operation, half a year 
after the instrument had been installed. Whenever the intervention limits 
were crossed, maintenance measures were taken to bring the process 
back into control, and no plant samples were run at that time. 

(b) System selectivity is monitored by three different parameters: (i) ratios of 
putrescine to ribitol. Amine-silyl bonds are far weaker and decompose 

contamination). In dramatic cases, and especially at low levels, amines 
may completely get lost, but before, problems become imminent by altered 

immediately affected by any kind of column contamination (fig. 1-4). A 
suitable maintenance measure is to cut the column by 10 cm. Therefore, 
10 m empty guard columns are used in conjunction with the separation 
column. (iii) peak asymmetry of alanine. Low boiling point compounds 
are adversely affected by alterations in injector pressure regulation, 
especially when binary solvent systems are used like pyridine/MSTFA. 

(c) System sensitivity is monitored for all compounds by alterations in 
slopes of the calibration curves. This may point to problems with liner lot 
quality delivered by the manufacturer. 

 3 CONCLUSIONS 

Many research groups and initiatives have been started in the area of 
(plant) metabolomics but yet, comprehensive databases and metainformation 
are still to come. In this chapter, reasons have been outlined why this may be 
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more easily in case any problem with injector quality occur (e.g., dirt, 

ratios of amines to carbohydrates (e.g., putrescine to ribitol, fig. 1-3). 
(ii) peak height of maltotriose. High boiling point compounds are
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Figure 1-3. Quality control chart for liner discrimination of low abundant amines. Normalized 
relative ratios of putrescine/ribitol from injection sequence 3266–3274. Black dotted lines: 
upper intervention limit, mean, and lower intervention limit.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1-4. Quality control chart for discrimination of high boiling (maltotriose, mto) against 
mid boiling compounds (ribitol, rbt) caused by matrix depositions in injector, liner and/or 
column. Black dotted lines: upper intervention limit, mean, and lower intervention limit. 
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the case and which steps can be taken to circumvent, monitor, and control 
problems. As an example case, capture of metadata, and Arabidopsis leaf 
disk extraction prior to GC-MS analysis was taken, but similar long-time 
procedure checks and quality controls need be taken in other instrumental 
approaches. Eventually, databases giving access to experimental data will 
need to be accompanied by information on both biological and analytical 
metadata. Only by such measures can comparability and exchange of data be 
ensured, which is certainly true not only for metabolomics but also related 
areas such as proteomics and transcriptomics. 
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