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Outline
(1) How to analyze non-volatile small 

molecules using GC-MS

(2) GC-MS metabolomics workflows 
including data processing

(3) Statistics used to interpret GC-MS 
metabolomics data



Gas Chromatography Provides Great Detection 
For Small Molecules

separation profile (time & m/z)



low noise low tailing

narrow peaks 
(~6 sec)

descriptive 
(MS)

For Small Molecules, GC-MS is Selective, Sensitive, and 
Provides Excellent Quantitation



There Is Value in Using GC-MS for Non-volatile
Small Molecules

robust
• high-throughput
• reproducible
• sensitive

resourced
• standard methods
• retention index and 

MS databases

reduced
• cost-effective

non-volatiles



Derivatization = a chemical alteration of the initial metabolite

• methoximation

• silylation
-OH groups
-NH groups

non-volatile metabolite volatile analyte

Non-volatiles Are Amenable With GC-MS 
Analysis Via Derivatization



citric acid MSTFA + 1% TMCS

citric acid 4TMS

MSTFA Is The Most Common Derivatization Reagent

non-volatile metabolite

volatile analyte



Methoximation Is A Critical First Step For 
Samples With Saccharides

glucose 1MEOX 5TMS

glucose

(1) methoxyamine HCl
(2) MSTFA + 1% TMCS



Metabolite Databases Are Curated With Analytes

Key databases:
• NIST MS
• Golm Metabolome Database

sample

library



An Example Derivatization Protocol

dry

add 25 µL MSTFA + 
1% TMCS

20 µL beer

add 50 µL 25 mg/mL 
methoxyamine HCl in 
pyridine

60 °C for 1.5 hrs

60 ° C for 
30 minspin 5 min

50 µL to 
glass vial



GC-MS Non-Volatile Metabolite Profile of Beer

metabolites

analytes

“profile” inject 1 µL

derivatize



alanine
isoleucine

leucine
proline

aspartate

phenylalanine

putrescine

ornithine
tyrosine

tryptophan Example Amines



Organic Acids

phosphate
hydroxybenzoate

glutarate

citrate

fumarate
malate



Saccharides
glycerol

xylonic acid

xylose

fructose
glucose

maltose
maltotriose



palmitic acid

stearic acid

glyceropalmitic acid Lipids



Summary of Analyzing Non-volatiles via GC-MS
THE REALLY GOOD
• sensitivity 
• selectivity – complexity is reduced due to bias for volatility
• reproducibility – easy to compare GC-MS studies
• cost -- GC systems are robust and easy to maintain
• complement to reverse-phase LC methods

THE NOT SO GOOD
• selectivity – volatility is required for detection
• dirty inlets (due to oligomers, syrups) and ion sources
• derivatization requires time, supplies, and reagents
• incomplete derivatization and artifacts



What Makes A GC-MS Analysis ‘Metabolomics?’

x 5 beer types
x 5 process conditions
x 5 time points
= 125 samples!

Metabolomics is a comparative analysis of 
many metabolite profiles



Early Metabolomics Studies Used 
MSTFA + GC-MS



Extract 
metabolites

Detect 
metabolites

Process 
Data

Develop a 
hypothesis

Metabolomics Is Performed As A Workflow (5 Steps)

1 

2

4

3

Analyze 
Data5 



MS-Metabolomics Data Processing Creates a Data 
Matrix of Samples and Molecular Features

Process 
Data

Analyze 
Data

STEPS:
A/B: batch peak detection/grouping
C: retention time alignment
D: intensity normalization
OUTPUT: data matrix

MF = m/z_time



Example XCMS Code in R

Data processing aligns m/z 
values across many samples



Step A: Detect Peaks



202 m/z

202 m/z

Step B: Group Peaks



Step C: RT Correction



‘0’ values are replaced with an 
estimation of local noise

Step D: Fill Peaks & Normalize



Step D: Fill Peaks & Normalize



The End Product Is a Data Matrix of 
Samples and Molecular Features

XCMS aligned m/z and retention time among all samples



Deconvolution Reduces Data Complexity and Improves 
Quantitation and Statistics

RAMClust
deconvolution 
algorithm



Metabolite Annotation Using RamSearch



Overview 
Statistics

Comparative 
Statistics

Quality Control 
Statistics

Data Analysis Involves Many Types of Statistics



Quality Control/Assurance Statistics

PCA of pooled QC 
samples

CVs of QC samples Deconvolution QA



PCA Provides A Great Overview of Metabolite Data

PCA can detect outliers
95% confidence 
interval

PCA can show trends in 
chemical variation



met ~ type + time + type*time

each metabolite is assigned 
a p-value for each test

ANOVA and Regression Are Important Univariate Models 
(Use FDR Correction!)

time = β (met) + intercept = 0?



P-Value Bubble Plots (P values vs. Retention Time)



Grace, Stephen C., Stephen Embry, and Heng Luo. "Haystack, a web-based tool for 
metabolomics research." BMC bioinformatics 15.Suppl 11 (2014): S12.

There Are Many Ways To View And Interpret Data
(The Statistics Toolbox)

• z scores 
• hierarchical clustering
• heat mapping
• fold differences 
• multivariate regressions (e.g. PLS)

• discriminant analysis (A vs. B)
• regression: (y ~ met1 + met2….)

• data integration methods (O2PLS)
• networking



Biochemistry

Organizing The Data Is An Important Step To 
Facilitate Interpretation

Co-variation Chemical Structures



Extract 
metabolites

Detect 
metabolites

Process 
Data

Develop a 
hypothesis1 

2

4

3

Analyze 
Data5 

A better understanding 
of chemical variation in 

your system!



Summary
• GC-MS is a robust method to detect non-volatile metabolites

• Metabolomics is a method that compares metabolites profiles, 
and this may be useful to investigate hypotheses in brewing 
science

• A metabolomics workflow consists of a extraction, detection, 
and analysis methods

Resources
•Metacyc (Pathway Tools)
•Gramene Metabolic Map for cereals
•Metlin (Scripps)
•Lipidmaps

•Human Metabolome Database
•Foodb.ca
•Metabolomics Society
•North American Metabolomics Society
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