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ABSTRACT 

 
This work reports part of results obtained via metabolic profiling of a rumen microbe with the aim to 

disclose key genes encoding fibrolytic enzymes involved in hemicellulose degradation in the rumen. 
Hemicellulose is the second most important chemical barrier for microbial digestibility of lignocellulose, 
which limit rumen productivity. A metabolic footprinting analytical approach to assess fibre degradation in 
complex media has been implemented and optimized using a GC-MS platform. Several microbial mutants 
have been assayed to point out genes involved in fibre degradation. This work demonstrates how 
metabolomics coupled to other functional genomics tools can be successfully applied to increase our 
knowledge on rumen and microbe physiology. 
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INTRODUCTION 
 
The metabolome is an experimentally 

accessible feature of the cell that manifests 
extensive phenotypic information (Villas-Bôas et 
al. 2005a, b). In the post-genomic era, increasing 
efforts are been made to describe the relationship 
between genome and the phenotype in cells and 
organisms. It has become clear that even a 
complete information of the state of genes, 
messengers, and proteins in a living system does 
not completely reveal its phenotype. For instance, 
increases in mRNA levels do not always correlate 
with increases with protein levels (Gygi et al. 
1999), and once translated a protein may or may 
not be enzymatically active (Sumner et al. 2003). 
Therefore, changes observed in the transcriptome 
or in the proteome do not always correspond to 
phenotypic alterations. Thus, measurement of the 
metabolites synthesized by a biological system at a 
certain time point, the metabolome, constitutes an 
important complement to assess genetic function 
(Villas-Bôas et al. 2005b).  

Being the intermediates of biochemical 
reactions, metabolites play a very important role in 
connecting the many different processes that 
operate within a living cell. The level of the 
metabolites are determined by the concentration 
and the properties of the enzymes and substrates, 
and their level is, therefore, a complex function of 
many different regulatory processes inside the cell; 
i.e., regulation of transcription and translation, 
regulation of protein-protein interactions and 
allosteric regulation of enzymes through their 
interaction with metabolites. Thus, the level of 

metabolites represents integrative information of 
the cellular function, and, hence, can define the 
phenotype of a cell or tissue in response to genetic 
and environmental changes.  

Ruminants have played a major role in 
farming production for thousands of years, and 
have provided mankind with meat, milk and 
clothing. They are extremely adapted to utilize 
forages, which are often of low nutritive quality 
because of the high fibre content that limits 
microbial digestibility. These fibres consist of a 
compact crystalline complex of micro-fibres of 
polysaccharides covered by lignin layers, known as 
lignocellulose. The lignin shields the 
polysaccharides from hydrolytic enzymes and other 
external factors and stabilizes the complex 
structure (Villas-Bôas et al. 2002). The 
polysaccharide micro-fibres are most often formed 
by cellulose and hemicellulose filaments, and 
sometimes also by pectin.  

Researchers have identified the 
lignocellulose complex as the factor most limiting 
digestibility of forages, fodders, and crop residues 
used as animal feed. However, just a small increase 
in forage digestibility, such as 7 to 12%, result in 
substantial increases of 30 to 40% in animal gain 
(Akin et al. 1990). Such results demonstrate the 
potential for enhancing the efficiency of animal 
production through overcoming the barriers to 
forage digestibility and utilization. Therefore, there 
has been much research in the past 15-20 years 
directed towards improving the utilization of 
lignocellulose. Such studies have emphasized plant 
modification (Hanna & Gates, 1990; Cherney, 
1990; Watson, 1990), biological and chemical pre-
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treatment of crop-residues (Eriksson, 1990; Villas-
Bôas et al. 2002 and 2003a), alteration in the 
rumen microbes and their enzymatic potential 
(Gordon, 1990; White et al. 1990; Asmundson et 
al. 1990), and changes in rumen population to 
stimulate the more active fibre-degrading 
microorganisms (Gregg & Ware, 1990; Forsberg & 
Cheng, 1990). Enhanced efficiency of 
lignocellulose utilization for animal production is 
of immense importance world wide especially 
countries as New Zealand where ruminants 
constitute the vast majority of farmed animals and 
their products make up a significant proportion of 
the country’s exports.  

The degradation of hemicellulose is 
considered the second main barrier (after lignin) for 
an effective carbohydrate usage by the rumen 
microbes (Hespell & Whitehead, 1990). Increasing 
hemicellulose digestion by microbial manipulation 
requires a fundamental understanding of four 
important factors: (i) the types and numbers of 
hemicellulose degrading microorganisms, (ii) 
microbial adhesion to fibre, (iii) interactions within 
and between the hemicellulolytic and non-
hemicellulolytic microbial species, and (iv) the 
genes responsible for enzymes which hydrolyse the 
hemicellulose in the lignocellulosic substrate. 
Within this context, metabolomics is a powerful 
tool to be integrated with other functional genomics 
tools to speed up the discovery of microbes and 
their genes involved in microbial fibre degradation 
in the rumen.  

Clostridium proteoclasticum, a proteolytic 
bacterium isolated from rumen contents of New 
Zealand cattle grazing fresh forage and designated 
strain B316T (Attwood et al. 1996), is genetically 
related to Butyrivibrio/Pseudobutyrivibrio group of 
bacteria, and its genome sequencing is at an 
advanced stage. An array of candidate genes in 
B316T genome with diverse activity relevant to 
fibre degradation has been identified through 
bioinformatics. However, the hydrolytic enzyme 
activities remain to be confirmed.  

The Butyrivibrio/Pseudobutyrivibrio 
bacterial family is one of the most important 
groups of hemicellulose-degrading microbes in the 
rumen (Krause et al. 2003). Ruminal strains of 
Butyrivibrio are genetically diverse and have 
recently been reclassified with the creation of a 
new genus, Pseudobutyrivibrio (Krause et al. 
2003). Although cellulolytic strains of Butyrivibrio 
have been isolated in the past, this activity is often 
lost upon subculture in the laboratory (Krause et al. 
2003). The Butyrivibrio are, however, efficient 
utilizers of xylans, the major component of 
hemicelluloses (Hespell et al. 1987; Sewell et al. 
1987).  

In this work, we present the progress 
achieved in the development of microbial 
metabolomics capability at AgResearch 
(Grasslands Research Centre) in New Zealand. We 
particularly report the implementation and 
optimization of a GC-MS method for the profiling 
of mono, di- and oligosaccharides simultaneously 
with uronic and phenolic acids in samples 
consisting of spent bacterial complex culture 
media. The method has been applied for the 
determination of extracellular metabolite profiles of 
C. proteoclasticum grown on xylan based medium. 
In addition, the comparison of metabolic 
footprinting data of transposon-inserted mutants 
with their reference strains has the potential to 
yield direct evidence of the metabolic outcome of 
key genes involved in fibre-degradation process. 

 
MATERIALS AND METHODS 
 

Clostridium proteoclasticum  
C. proteoclasticum strain B316T, isolated 

from rumen contents of New Zealand cattle grazing 
fresh forage, and its transposon-inserted mutants 
were cultivated anaerobically in rumen bacteria 
medium 330 (http://www.dsmz.de/media/med330.htm) 
supplemented with glucose (4 g. L-1), and xylan 
and pectin (2 g. L-1), incubated for 24 hours at 38 o 
C under a CO2 atmosphere. The mutant cultures 
contained the antibiotic tetracycline (10 µg. mL-1) 

 
Transposon-inserted mutants 

A collection of Tn916 transposon mutants 
(Table 1) was generated through conjugation & 
transposition from an Enterococcus faecalis donor 
strain. 

 
TABLE 1: List of transposon-inserted mutants 
investigated in this work and their respective site of 
insertion  
 

MMuuttaanntt CCoonnttiigg OOrrff  NNoo.. AAnnnnoottaattiioonn 

16 C112 3107 ATP binding protein of ABC transporter 

28 C35 2645 Putative lipoprotein 

32 C66 1557 Putative rhamnogalacturonase 

36 C221 ND Hypothetical protein 

 
Sample Preparation 

The bacterial cultures were centrifuged at 
low temperature (2 o C) for 15 min at 12064 g. 150 
µL samples of the supernatant from each culture 
flask were alkalinized with 50 µL NaOH solution 
(1%) for the determination of amino and non-
amino organic acids, and another 50 µL samples of 
the supernatants were evaporated to dryness under 
vacuum using a SAVANT speed vacuum (Speed 



Proceedings of the New Zealand Society of Animal Production 2006, Vol 66 221 

 

Vac® Plus) SC110A for the analysis of 
carbohydrates and phenolic and uronic acids.  

 
Derivatizations  

The alkalinized samples were derivatized 
using the methyl chloroformate (MCF) purchased 
from ACROS ORGANICS (New Jersey, USA) 
following the derivatization protocol published 
previously by Villas-Bôas et al. (2003b) and the 
dried samples were derivatized using N-Methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA) 
purchased from SIGMA-ALDRICH (Steinheim, 
Germany) following the protocol described in 
Villas-Bôas et al. (2006).  

 
GC-MS Analysis 

We used a Shimadzu GCMS-QP2010, with 
a quadrupole mass selective detector (EI) operated 
at 70 eV. The column used for all analyses was a 
ZB1701 (Zebron, Phenomenex), 30 m x 250 µm 
i.d. x 0.15 µm film thickness. The MS was 
operated in scan mode. The detailed parameters for 
the analysis of amino and non-amino organic acids 
are described in Villas-Bôas et al. (2005a) and for 
the analysis of sugars and derivatives in Villas-
Bôas et al. (2006). The metabolites were identified 
using MS libraries of derivatized standards. 

 
RESULTS 

 
A new high-throughput approach for 

analysis of extracellular metabolites, as well as 
intracellular metabolites, in yeast culture was 
proposed recently (Villas-Bôas et al. 2005a) and 
we have adapted it to determine the level of amino 
and non-amino organic acids in complex culture 
media of rumen bacteria. Additionally, we have 
also optimized a classical derivatization 
methodology for analysis of sugars and derivatives 
as well as implemented the parameters for GC 
separation of sugar derivatives in order to increase 
the derivatization throughput and to improve 
resolution of sugar isomers in complex samples. By 
using micro-wave to assist the derivatization 
reaction we were able to reduce the derivatization 
time from 2 hours to ca. 6 minutes, and by setting 
up a narrower capillary GC column with different 
stationary phase, coupled to an extensive 
optimization of the gradient temperature during the 
GC analysis, we achieved an outstanding resolution 
able to separate more than 35 different sugars, 
including mono-, di-, and oligosaccharides, 
simultaneously with phenolic and uronic acids 
(Villas-Boas et al. 2006).  

We have observed that all transposon-
inserted mutants and their parental strain consumed 

glucose at similar rate after parallel cultivation on 
identical medium and incubation conditions 
(Figure 1), except for mutant 16 that consumed 
glucose at a higher rate. However, by comparing 
the extracellular metabolite profiles of the different 
strains (Figure 2) we could easily discriminate 
them, demonstrating the potential of metabolomics 
to differentiate the phenotype of microbial mutants.  

 
FIGURE 1: Level of glucose left in the culture 
medium after 24 hours anaerobic microbe growth. 
Control: medium with no inoculation; WT: wild 
type strain; Mut: mutant strain.  

 
Figure 2 shows the metabolite data for 

which differential ratios were observed with 
statistical confidence (multivariate analysis of 
variance [MANOVA], p < 0.05) and which were 
used for the Fisher Discriminant Analysis (FDA) 
(Figure 3). We applied FDA to visualize the 
differences between the metabolic footprints of the 
samples, demonstrating that our data distinguish 
the mutant very clearly, as shown in Figure 3. 
Furthermore, we might be able to classify unknown 
new samples and determine the main differences 
between classes to enhance the phenotypic 
characterization of these microbes. 

Differential metabolite-level data offer 
many avenues for analysis and interpretation. An 
exhaustive interpretation of these data lies outside 
the scope of this paper. However, a brief discussion 
of the general phenotypic features of the different 
mutants based on Figures 2 and 3 is warranted to 
provide a promising glimpse of the potential of 
integrating data for extracellular metabolite levels 
of fibre-degrading microorganisms with protein 
and gene expression data to speed up the discovery 
of key genes involved in fibre degradation and 
elucidate the mechanism of fibre degradation in the 
rumen. 
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FIGURE 2: Ratios of metabolite levels in bacterial 
media. The bacterial media and control were 
screened for over a 100 metabolites. A different set 
of metabolites was detected and identified for each 
class of samples (bacterial strains and control). The 
data are means of three measurements of five 
samples from each class (except the control [two 
samples]) and are presented as differential ratios 
and significance. Metabolites detected and 
identified in one class and not in another class 
resulted in infinite differential ratios and 
corresponding statistical confidences. Colour codes 
for relative ratios and statistical significance (p 
values obtained by analysis of variance) are shown 
in the legend. Control: medium with no 
inoculation; WT: wild type strain; Mut: mutant 
strain. 
 
 

 
 

FIGURE 3: Sample visualization. GC-MS 
metabolic footprinting data from detected TMS and 
MCF derivatives successfully distinguish among 
bacterial strains. Projecting data from metabolites 
left in spent bacterial medium from 27 samples into 
a two-dimensional space reveals distinct clustering 
of the six data classes. For each sample, we 
calculated projection values as a linear combination 
of metabolic values determined by Fisher 
Discriminant Analysis (FDA).  Control: medium 
with no inoculation; WT: wild type strain; Mut: 
mutant strain. 

 
DISCUSSION 

 
Distinctly from other Functional Genomics 

domains, the metabolome consist of extremely 
diverse chemical compounds from ionic inorganic 
species to hydrophilic carbohydrates, volatile 
alcohols and ketones, amino and non-amino 
organic acids, hydrophobic lipids, and complex 
natural products (Villas-Bôas et al. 2005b). This 
complexity makes it virtually impossible to 
simultaneously determine the complete 
metabolome. Therefore, the metabolome has to be 
studied using a combination of different 
approaches. 

We have decided for a metabolic 
footprinting approach to assess microbial fibre 
degradation in vitro. A living bacterial cell secretes 
enzymes and excretes metabolites to the 
extracellular medium that interact with and modify 
the medium components, and, according to Allen et 
al. (2003), those modifications are highly specific 
to species, environmental and/or genetic 
backgrounds. Hence, a metabolic footprint can be 
assessed by measuring the metabolites in the 
extracellular medium, and the profile of 
extracellular metabolites is able to distinguish 
between different physiological states of wild-type 
cells, and might distinguish between single-gene 
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deletion mutants even from related areas of 
metabolism (Allen et al. 2003).  

Applying two derivatization techniques we 
were able to profile a large number of extracellular 
metabolites involved in the breakdown of 
polysaccharides and proteins as well as resulted 
from the primary metabolism of the bacterial cells. 
As we can visualize on Figure 3, the mutant 16 and 
mutant 36 were the ones that presented the most 
distinctive metabolite profile compared to the wild 
type. Considering only the amino and non-amino 
organic acids profile we observed that mutant 16 
clustered completely separated from the other 
mutants and wild type strain, giving strong 
evidence that the gene disrupted by the transposon-
insertion in the mutant 16 altered its primary 
metabolism or, for instance, its ability in 
transporting amino and organic acids throughout 
the cell-wall and membrane. However, when 
considering only metabolites related to fibre 
degradation (sugars and derivatives) the mutant 36 
showed  non-detectable levels of mannosamine and 
lower levels of α-mannopyranoside and β-
arabinofuranoside, suggesting that a key gene 
responsible for the breakdown of side chains of 
hemicellulose might has been disrupted in this 
mutant. Although mutant 28 and 32 presented 
distinctive metabolite profile when compared to 
other mutants and wild type strain, we were unable 
to relate the changes of their metabolite profile 
with a possible gene function. We believe that by 
coupling the metabolome data with transcription 
and proteome data it will be easier to interpret the 
metabolic changes in these mutants.  

Therefore, our data demonstrate the great 
potential of metabolomics as a tool for phenotypic 
characterization of microbial mutants, even those 
with so-called “silent” mutations as observed for 
mutant 36 that has been previously annotated as a 
“hypothetical protein”.  More mutants are been 
phenotyped following the same procedure and we 
aim to confirm the function for several genes 
related to fibre degradation as annotated via 
bioinformatics by the time of NZSAP conference 
will take place. 
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