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Abstract 

Non structural polymeric water soluble carbohydrates such as fructooligosaccharides 

(fructans) accumulate in many important crops and forage plants. Fructans in Lolium perenne 

(perennial ryegrass) are complex mixtures of four fructan classes belonging to the (neo)inulin 

and (neo)levan series with degree of polymerisation (DP) > 100. Sufficient understanding of 

fructan biosynthesis in L. perenne is hampered by the lack of rapid, high-throughput, and 

quantitative methods for the analysis of the full fructan complement as well as by the 

unavailability of fructan standards. A major goal of this project was therefore the 

development of novel methods overcoming current limitations.   

Several chromatographic systems were tested and chromatography on porous graphitised 

carbon columns was shown to be superior for the separation of the different isomeric fructan 

series and a wide range of DP. To detect the separated fructans, methods using electrospray 

ionisation mass spectrometry in profile mode were developed for the analysis of the full 

fructan complement in L. perenne extracts. While the mass range of ion trap MS instruments 

is limited, it was shown that monitoring selected multiply charged ions can be used for the 

detection and quantification of high mass fructan isomers (DP>20). Linear ion trap MS 

instruments (LTQ) as used in this project have a low mass resolution and are therefore 

limited to the analysis of fructans with a DP up to 49. Using high resolution orbitrap MS 

(Exactive) greatly improved the signal-to-noise ratio and allowed the detection of fructans up 

to DP=100.  These methods can be used with standard high pressure liquid chromatography 

pumps and allow separation and quantification of isomeric fructan oligomers ranging from 

degree of polymerisation (DP) 3 to 117 and were used to show that recently developed L. 
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perenne high sugar grass cultivars accumulate fructans with much higher DP compared to 

cultivars with normal sugar levels.   

In vitro incubations of recombinant L. perenne fructosyltransferases (Lp6G-FFT/ 1-FFT, 

Lp6-SFT) expressed in Pichia pastoris with labelled 
13

C sucrose allowed the production of 

labelled fructans belonging to the four major classes of fructans found in ryegrass. The 

activities of the enzymes were confirmed and reaction products up to DP6 were synthesised 

that were also detected in ryegrass extracts. However, examination of both the total ion 

chromatogram (TIC) and the extracted ion chromatograms (XIC) also showed that additional 

oligosaccharide peaks are present in planta, possibly indicating additional enzyme activities. 

LC-MS
n
 analysis of 

13
C labelled fructan oligomers produced by recombinant L. perenne 

fructosyltransferases showed that specific MS
n
 fragmentation patterns are associated with β 

1-2 (inulins and neoinulins) and β 2-6 (levans and neolevans) fructans.  This method allows 

to account for the observed fragmentation patterns in terms of preferential cleavage of the 

glycosidic bond between O- and fructose C2 in both inulins and levans, and to differentiate 

reducing-end from non-reducing end cross ring cleavages in levans.  We propose that higher 

order MS fragmentation patterns can be used to distinguish between the four major classes of 

fructans present in ryegrass, i.e. inulins, neoinulins, levans, and neolevans without the need 

for authentic standards.   

This project has developed LC-ESI-MS
n
 methods and demonstrated these to be the most 

promising techniques for accurate profiling and quantitation of the full complement of 

ryegrass fructans providing considerable technical advantages over previously established 

techniques. Coupled with UHPLC instrumentation allows high-throughput analysis of large 

sample sets required by large scale biological experiments, e.g. population studies with 

genetical metabolomics. The unambiguous identification of the different fructan isomers 



iii 
 

based on their specific MS fragmentation patterns now paves the way for the routine analysis 

of fructan distribution in a wide range of plants.   

 



iv 
 

Declaration 

 

This is to certify that: 

1) This thesis comprises only the authors original work, except where indicated below; 

2) Due acknowledgment to all other material used has been made in the main text of the 

thesis 

 

My overall contribution to the work presented in this thesis is approximately 98%, based on 

the following: 

 

Chapter 5 

Incubations of 6-SFT and 6G-FFT were conducted by Mrs Hong Xue at AgResearch, 

Grasslands, Palmerston North 

 

Chapter 6 

Incubations of 6G-FFT were conducted by Mrs Hong Xue at AgResearch, Grasslands, 

Palmerston North 

 

 

 

  



v 
 

Dedication 

 

To my wife Jenny and my family without whose love and support this would not possible.   

 

  



vi 
 

Acknowledgements 

 

This thesis could not have been completed without the support and assistance from a number 

of persons whom I wish to acknowledge. 

First and foremost, I would like to thank my supervisors, who without their inspiration, 

knowledge, guidance and motivation, none of this would be possible. Dr Susanne Rasmussen, 

Dr Geoff Lane, Dr Silas G. Villas-Boas and Prof Phil Harris, I have greatly appreciated the 

confidence in me and in this project, you have all shown. To Susanne I am eternally grateful 

for without her insight, knowledge and stubborn belief this would not have happened. To 

Geoff for keeping me grounded and for giving me the advice, “It’s more complicated than 

that!”, which will serve me well for the rest of my career. 

 I am grateful for being given the opportunity to work with you and the group, thank you for 

the years of rewarding collaboration which I hope will continue in the future. Dr Chris Jones, 

thank you for your constant support, encouragement and funding over the last three years, 

especially during the last few weeks of writing.  

Thanks to all the staff members at Auckland and AgResearch Ltd. who have provided 

excellent advice and support,  

Last but certainly not least I wish to thank my family for their immense support and 

encouragement to undertake university studies.  

To my parents and wife, whom I admire and respect, so very much, thank you for always 

allowing me the freedom to pursue my own path. Without your love and support I could 

never have achieved all that I have. 

 

  



xii 
 

Table of Contents 

Abstract ....................................................................................................................................... i 

Declaration ................................................................................................................................ iv 

Dedication .................................................................................................................................. v 

Acknowledgements ................................................................................................................... vi 

Co-authorship Chapter 2 .......................................................................................................... vii 

Co-authorship Chapter 3 ........................................................................................................ viii 

Co-authorship Chapter 4 ........................................................................................................... ix 

Co-authorship Chapter 5 ............................................................................................................ x 

Co-authorship Chapter 6 ........................................................................................................... xi 

Table of Contents ..................................................................................................................... xii 

List of Figures ...................................................................................................................... xviii 

List of Abbreviations ............................................................................................................ xxvi 

1. Introduction: Fructan Biosynthesis in Plants ..................................................................... 1 

1.1 Introduction ................................................................................................................. 1 

1.2 Structures and Occurrence of Fructans ....................................................................... 5 

1.2.1 Structures ............................................................................................................. 5 

1.2.2 Occurrence of Fructans ........................................................................................ 9 

1.3 Biosynthesis of Fructans ........................................................................................... 12 

1.3.1 SST/FFT Model ................................................................................................. 13 



xiii 
 

1.3.2 Fructan Biosynthesis in Monocotyledonous Plants ........................................... 17 

1.3.3 Degradation of Fructans ..................................................................................... 22 

1.3.4 Localisation of Fructan Biosynthesis ................................................................. 26 

1.4 Analysis of Fructans in Complex Mixtures............................................................... 28 

1.4.1 Extraction of Fructans ........................................................................................ 29 

1.4.2 Chromatographic Separation of Fructans .......................................................... 30 

1.4.3 Direct Methods for Fructan Analysis ................................................................. 33 

1.5 Mass Spectrometry Techniques for Analysis of Fructans ......................................... 35 

1.5.1 MALDI-MS Analysis of Carbohydrates ............................................................ 36 

1.5.2 Electrospray Ionisation-MS (ESI-MS) Analysis of Fructans ............................ 38 

1.5.3 Inferring Carbohydrate Structures from ESI spectra ......................................... 40 

1.6 Summary ................................................................................................................... 47 

1.7 Project Hypothesis, Aims and Objectives ................................................................. 48 

2. Automated High Through-Put Analysis of Fractions Generated during the Isolation of 

Natural Products....................................................................................................................... 50 

2.1 Abstract ..................................................................................................................... 51 

2.2 Introduction ............................................................................................................... 52 

2.3 Methods ..................................................................................................................... 53 

2.3.1 Extraction and fractionation of fructooligosaccharides from perennial ryegrass. . 

 ............................................................................................................................ 53 

2.3.2 Fraction analysis protocol .................................................................................. 54 

2.4 Discussion ................................................................................................................. 55 



xiv 
 

3. A reverse-phase LC/MS method for the analysis of high molecular weight fructo-

oligosaccharides ....................................................................................................................... 60 

3.1 Abstract ..................................................................................................................... 61 

3.2 Introduction ............................................................................................................... 61 

3.3 Methods ..................................................................................................................... 63 

4. Analysis of high molecular weight fructan polymers in crude plant extracts by high 

resolution LC-MS. ................................................................................................................... 69 

4.1 Abstract ..................................................................................................................... 70 

4.2 Introduction ............................................................................................................... 71 

4.3 Materials and Method................................................................................................ 73 

4.3.1 Plant Material and sample preparation .............................................................. 73 

4.3.2 HPLC Conditions ............................................................................................... 73 

4.3.3 MS Analysis ....................................................................................................... 74 

4.4 Results and Discussion .............................................................................................. 75 

4.4.1 Monitoring of multiply charged ions ................................................................. 75 

4.4.2 Effect of resolution and mass accuracy ............................................................. 78 

4.4.3 Detection range and accuracy ............................................................................ 81 

4.4.4 Analysis of different ryegrass cultivars for high DP oligomers ........................ 85 

4.5 Conclusion ................................................................................................................. 87 

4.6 Acknowledgments ..................................................................................................... 87 



xv 
 

5. Linear ion trap MS
n
 of enzymatically synthesized 13C-labelled fructans reveals 

differentiating fragmentation patterns of β (1-2) and β (1-6) fructans and provides a tool for 

oligosaccharide identification in complex mixtures ................................................................ 88 

5.1 Abstract ..................................................................................................................... 89 

5.2 Introduction ............................................................................................................... 90 

5.2 Experimental section ................................................................................................. 94 

5.3 Results and discussion ............................................................................................... 95 

5.3.1 Enzymatic production of fructan mixtures ........................................................ 95 

5.3.2 Production of 
13

C labelled Inulins...................................................................... 96 

5.3.3 Fragmentation of Inulins .................................................................................... 98 

5.3.4 Production of 
13

C labelled Levans ................................................................... 100 

5.3.5 Fragmentation of Levans ................................................................................. 101 

5.4 Conclusions ............................................................................................................. 106 

5.5 Acknowledgment. ................................................................................................... 107 

6. Fragmentation of neo series fructans ............................................................................. 108 

6.1 Abstract ................................................................................................................... 109 

6.2 Introduction ............................................................................................................. 110 

6.3 Experimental section ............................................................................................... 112 

6.4 Results and discussion ............................................................................................. 114 

6.4.1 Examination of the Trisaccharide Product ....................................................... 114 

6.4.2 Fragmentation of 6G-Kestose .......................................................................... 115 



xvi 
 

6.4.3 Fragmentation and identification of DP4 molecules derived from 6G-Kestose .... 

 .......................................................................................................................... 117 

6.4.4 Fragmentation of DP5 derived from 6G-Kestose ............................................ 120 

6.4.5 Fragmentation of DP6 derived from 6G-Kestose ............................................ 123 

6.5 Conclusions ............................................................................................................. 128 

6.6 Acknowledgments ................................................................................................... 129 

7. General Discussion and Summary ................................................................................. 130 

7.1 Chromatographic Separation of Fructans ................................................................ 132 

7.2 Mass Spectrometry Method Development .............................................................. 137 

7.2.1 Summary of the Method .................................................................................. 146 

7.3 Identification of Fructans ........................................................................................ 147 

7.3.1 Differentiating Fragmentation Patterns for Inulins .......................................... 154 

7.3.2 Differentiating Fragmentation Patterns for Levans ......................................... 155 

7.3.3 Differentiating Fragmentation Patterns for Inulin Neoseries fructans ............. 156 

7.3.4 Differentiating Fragmentation Patterns for Levan Neoseries fructans ............ 157 

7.4 Future work ............................................................................................................. 158 

8. References ...................................................................................................................... 160 

9. Appendices ..................................................................................................................... 178 

9.1 Supplementary for Chapter 1 .................................................................................. 178 

9.2 Supplementary for Chapter 3 .................................................................................. 183 

9.2 Supplementary for Chapter 5 .................................................................................. 186 

9.3 Supplementary for Chapter 7 .................................................................................. 189 



xvii 
 

9.3.1 HPLC Method Development ........................................................................... 189 

9.3.2 Adjusting for Retention Time Drift ................................................................. 192 

9.3..3 Finding a Retention Time Marker.................................................................... 196 

 

  



xviii 
 

List of Figures 

Figure 1:1 Systematic numbering system for the carbon atoms of polysaccharide of 1-

kestose(A), 6-kestose(B) and 6G-kestose(C) (McNaught, 1997) .............................................. 6 

Figure 1:2 Possible DP4 fructan structures showing a rapid increase in complexity ................ 8 

Figure 1:3 A graphical representation of the SST/FFT model ................................................ 13 

Figure 1:4 A graphical representation of the reaction catalysed by 1-SST, using sucrose as 

both the donor and acceptor to produce 1-kestose ................................................................... 14 

Figure 1:5 A graphical representation of the chain extension reaction catalysed by 1-FFT, 

converting 1-Kestose to 1,1-Kestotetraose .............................................................................. 15 

Figure 1:6 A graphical representation of the reaction catalysed by 6G-FFT, converting 

sucrose to 6G-Kestose.............................................................................................................. 18 

Figure 1:7 A graphical representation of the reaction catalysed by 6-SFT, converting sucrose 

to 6-Kestose ............................................................................................................................. 20 

Figure 1:8 A graphical representation of the reaction catalysed by 1-FEH, converting 1-

Kestose to sucrose and fructose ............................................................................................... 23 

Figure 1:9 A graphical representation of the reaction catalysed by 6-FEH, converting 6-

Kestose to sucrose and fructose ............................................................................................... 24 

Figure 1:10 Common types of mass analysers ........................................................................ 36 

Figure 1:11 Proposed fragmentation pathways of the oligosaccharide metal ion complex 

(Cancilla et al., 1999) ............................................................................................................... 41 

Figure 1:12 Fragmentation of Sucrose (adapted from Domon and Costello, 1988) ................ 42 

Figure 1:13 Mass spectrum of the positive sucrose lithium ion adduct (Bruggink et al., 2005)

.................................................................................................................................................. 42 

Figure 1:14 Glucuronoxylan fragmentation (Reis et al., 2003) ............................................... 43 

Figure 1:15 Proposed tetrasaccharide fragmentation pathway (Quéméner et al., 2006) ......... 45 



xix 
 

Figure 2:1 Data collected from a preparative column to fractionate oligosaccharides from a 

ryegrass extract.A) “Heat map” representation of the mass spectral data showing the presence 

of ions from the target oligosaccharides in the fractions.  B) TLC plate for the same fractions 

and standards. ........................................................................................................................... 56 

Figure 2:2 Upper two panels show refractive index(RI) trace of a chromatographically 

separated ryegrass extract and total ion count (TIC) of ion fractograms detected by direct 

infusion electrospray ionisation MS.  Lower panels show selected ion traces for m/z ratios 

corresponding to hexose oligomers of DP 3 to 5.  Inserts show average ion spectra for 

oligomers with DP 3 to 5. ........................................................................................................ 58 

Figure 3:1 Selected ion chromatograms (SIC) of oligosaccharides in extracts of ryegrass leaf 

blades (upper panels) and pseudostems (lower panels) separated by HPLC and detected by 

ion trap MS.  A: Ion chromatograms of m/z ratios corresponding to singly charged low DP (3-

8) oligosaccharide ions.  B: Ion chromatograms of m/z ratios corresponding to multiply 

charged oligosaccharide ions of high DP.  The y-axis shows relative intensity referenced to 

the largest peak displayed in that chromatogram. .................................................................... 66 

Figure 3:2 Extracted ion chromatograms of m/z 1629 for the doubly charged ion 

corresponding to a DP 20 oligosaccharide.  A: Data collected in profile mode.  B: Data 

collected in centroid mode.  The y-axis shows relative intensity referenced to the largest peak 

displayed in that chromatogram. .............................................................................................. 67 

Figure 4:1 Charge state distribution vs. degree of polymerisation of fructans in ryegrass 

extracts analysed by electrospray ionisation in negative mode in an Orbitrap MS.  Symbols 

depict: dark diamonds – singly charged, light squares – doubly charged, mid grey triangles – 

triply charged, and dark circles – quadruply charged and light diamonds –five charges. ....... 76 



xx 
 

Figure 4:2 Profile spectra for ions of fructan oligomers with m/z of approximately 1630.  

Each trace is labelled with the degree of polymerisation (DP), the charge state and the mono-

isotopic mass.  As the charge state increases the spacing of the isotope peaks decreases ....... 77 

Figure 4:3 Extracted Ion Chromatograms (XIC) showing peak qualities for a multiply 

charged DP 74 fructan ion with a m/z 2402.24 +/- 0.024 (10ppm) at resolutions of 10,000, 

25,000, 50,000 and 100,000.  The definition of the chromatographic peak improves greatly as 

the resolution increases. ........................................................................................................... 79 

Figure 4:4 Profile spectra of DP 74 at resolutions of 10,000, 25,000, 50,000 and 100,000 with 

the measured signal to noise value.  The definition of the isotope peaks improves as 

resolution increases. ................................................................................................................. 80 

Figure 4:5 Extracted Ion Chromatograms (XIC) for DP 3, 4, 5, 6, 7, 8, 10, 20, 35, 62,71 and 

75 showing the peaks obtained by the analysis of extracts of the same sample using either an 

ion trap (left) at unit resolution or the Exactive Orbitrap (right) at 100K resolution.  The 

traces are similar in the lower DP fructans as would be expected.  However the larger DP 

fructans were not detectable using the ion trap. ....................................................................... 82 

Figure 4:6 (A) Extracted Ion Chromatogram (XIC) of a high sugar grass ryegrass extract for a 

multiply charged ion from DP 100 fructan, with a m/z 3245.05 +/-0.032 (10ppm) at 100K 

resolution.  The signal to noise ratio is approximately 7:1.  (B) The mass profile at the 

retention time of 16 min with the ion from DP 100 highlighted within the oval.  The presence 

of larger fructans can be seen at higher mass to charge ratio. ................................................. 84 

Figure 4:7 Distribution of high DP fructans in blade extracts from L. perenne cultivars with 

contrasting total sugar content, with measured areas displayed on a log10 scale.  Extracts 

were chromatographically separated and analysed by electrospray ionisation in negative 

mode with an Orbitrap MS.  Dark grey bars depict a standard (Fennema) and light grey bars a 



xxi 
 

high sugar cultivar (Expo).  Significantly higher levels of high DP fructans are present in 

Expo than in Fennema. ............................................................................................................ 86 

Figure 5:1 Molecular structures of A) 1-kestose (DP3 inulin) showing ring numbering system 

for oligomeric product ions (A,B,C / X,Y,Z), B) 6-kestose (DP3 levan) showing the standard 

numbering system for cross ring cleavages and C) 6G-kestose (DP3 neo-series) .................. 91 

Figure 5:2 Negative electrospray MS
2
 and MS

3
 spectra of inulins.  (A) MS

2
 (m/z 503) of 

unlabelled 1-kestose (DP 3 inulin);(B) MS
2
 (m/z 509).  of 1-kestose[UL

13
C6 fru], labelled 

fructose adjacent to glucose: (C) MS
2
 (m/z 515).  of 1-kestose[UL

13
C6 fru]2; (D) MS

2 
(m/z 

671) of 1,1-kestotetraose[UL
13

C6 fru] (DP4 inulin), labelled fructose adjacent to glucose; (E) 

MS
2
 (m/z 833) of 1,1,1-kestopentaose[UL

13
C6 fru] (DP5 inulin) labelled fructose adjacent to 

glucose; (F) MS
3 

(m/z 833→ 671) of 1,1,1-kestopentaose[UL
13

C6 fru] (DP5 inulin) labelled 

fructose adjacent to glucose.  The spectra are annotated with the fragmentations; the number 

of * next to the annotation indicates the number of [UL
13

C6 fru] units in the ion ................... 97 

Figure 5:3 Proposed fragmentation schema for 1,1-kestotetraose (DP 4 inulin).  The m/z 

values of the unlabelled ions are given first, with the m/z for the [UL
13

C6 fru] labelled species 

in parentheses.  The fragmentation is dominated by cleavage between the glycosidic O and 

fructose C2 to give C and Z product ions. ............................................................................... 99 

Figure 5:4 Negative electrospray MS
2
 and MS

3
 spectra of levans.  (A) MS

2
 spectrum of 6-

kestose (DP 3 levan) (m/z 503); (B) MS
2
 spectrum of 6-kestose [UL

13
C6 fru]2 (fructose-

labelled DP 3 levan) (m/z 515).  (C) MS
2 

spectrum of 6,6-kestotetraose[UL
13

C6 fru]3 

(fructose-labelled DP 4 levan (m/z 683), (D) MS
3
 spectrum of 6,6-kestotetraose[UL

13
C6 fru]3 

(fructose-labelled DP 4 levan) (m/z 683 →515), (E) MS
3
 spectrum of 6,6,6-

kestopentaose[UL
13

C6 fru]3 (fructose-labelled DP 5 levan) (m/z 851 →683) and (F) MS
2
 

spectrum of 6,6,6-kestopentaose[UL
13

C6 fru]3 (fructose-labelled DP 5 levan) (m/z 851).  The 

spectra are annotated with the fragmentations, the number of * next to the annotation 



xxii 
 

indicates the number of [UL
13

C6 fru] units completely or partially incorporated in the ion 

incubating 6-SFT with sucrose [1-
13

C1 fru], and examining the fragmentation of the DP3 

levan by LC-MS/MS. ............................................................................................................. 102 

Figure 5:5 Proposed fragmentation schema for 6-kestose (DP 3 levan).  The m/z values of the 

unlabelled ions are shown, with the m/z for ions incorporating universally labelled fructose 

units in parentheses.  In addition to the pattern of cleavage between the glycosidic O and 

fructose C2 to give C and Z product ions, as seen in the inulins, cross-ring cleavage of 

fructose units to form X and A product ions is observed. ..................................................... 104 

Figure 5:6 Negative electrospray MS
2
 spectra of levans.  (A) MS

2
 spectrum of 6-kestose (DP 

3 levan) (m/z 503); (B) MS
2
 spectrum of 6-kestose [1-

13
C6 fru]2 (1-

13
C fructose-labelled DP 3 

levan) (m/z 505).  (I) Potential 
0,1

A cleavage to produce glycolaldehyde fragment; (II) 

Potential 
0,2

A cleavage to produce glycolaldehyde fragment ................................................ 105 

Figure 6:1 Schematic representation of DP3 Fructans, * denotes the point at which chain 

extension may occur .............................................................................................................. 113 

Figure 6:2 Top Panel:- Potential fragmentations of 6G-kestose to give the observed ion at m/z 

221, Bottom Left Panel:- Extracted Ion Chromatograms (m/z 503, 509, & 515 (Top To 

Bottom)) from MS
1
 analysis of the 6G-FFT reaction mixture (chromatogram are presented on 

the same scale except the bottom trace which is multiplied by 10), Bottom Right Panel:-MS
2
 

Spectra (m/z 503, 509, & 515 (Top To Bottom)) for 6G-Kestose containing 0, 1 and 2 

labelled Fructose Units .......................................................................................................... 116 

Figure 6:3 Top:- Extracted Ion Chromatograms (m/z 665) from MS
1
 analysis of the 6G-FFT 

reaction mixture, Middle Left:- Possible DP4 products from 6G-kestose using 6G-FFT, 

Middle Right:- MS
2
 spectra (m/z 665) of Peaks A, B, C & D, Bottom Left:- MS

2
 spectra (m/z 

671) of Peaks A, B, C & D, Bottom Right:- MS
3
 spectra (m/z 665→503) of Peaks A, B, C & 

D ............................................................................................................................................. 118 



xxiii 
 

Figure 6:4 Top:- Extracted Ion Chromatograms (m/z 827) from MS
1
 analysis of the 6G-FFT 

reaction mixture, Middle Left:- MS
2
 spectra (m/z 827) of Peaks A, B, C & D Middle Right:- 

MS
2
 spectra (m/z 833) of Peaks A, B, C & D Bottom Left:- MS

3
 spectra (m/z 827→503) of 

Peaks A, B, C & D Bottom Right:- MS
3
 spectra (m/z 827→665) of Peaks A, B, C & D ..... 121 

Figure 6:5 Top:- Extracted Ion Chromatograms (m/z 989) from MS
1
 Analysis of the 6G-FFT 

reaction mixture, Middle Left:- MS
2
 spectra (m/z 989) of Peaks A, B, C & D Middle Right:- 

MS
3
 spectra (m/z 989→827) of Peaks A, B, C & D Bottom Left:- MS

3
 spectra (m/z 

989→665) of Peaks A, B, C & D Bottom Right:- MS
3
 spectra (m/z 989→503) of Peaks A, B, 

C & D ..................................................................................................................................... 125 

Figure 6:6 Graphical representation of the observed reaction products for the 6G-FFT 

incubation, the labelled fructose unit is shown in grey.  The grey box shows the two DP6 

compounds that co-elute ........................................................................................................ 127 

Figure 7:1 Pump program used for the Elution of the PGC Column..................................... 135 

Figure 7:2 TIC for a HyperCarb (PGC) Analysis of a Typical Aqueous Ryegrass Extract .. 136 

Figure 7:3 Positive ion electrospray spectrum of 1-kestose standard .................................... 138 

Figure 7:4 Positive ion electrospray spectrum of a 1-kestose standard over the mass range 450 

to560 ...................................................................................................................................... 139 

Figure 7:5 Negative ion electrospray spectrum of a 1-kestose standard ............................... 140 

Figure 7:6 Negative ion electrospray spectrum of sucrose .................................................... 141 

Figure 7:7 Simulated mass spectra of DP10 at four charge states at a resolution of 100000 

over a 6 m/z range .................................................................................................................. 143 

Figure 7:8 Simulated mass spectra of DP10 at 5 different resolution and -4 charge state .... 145 

Figure 7:9 MS2 Spectrum of m/z 503 of the First Eluting Major Peak with a Molecular Ion at 

m/z 503 From Aqueous Ryegrass Extract ............................................................................. 149 



xxiv 
 

Figure 7:10 MS2 Spectrum of m/z 503 of the Second Eluting Major Peak with a Molecular 

Ion at m/z 503 From Aqueous Ryegrass Extract ................................................................... 150 

Figure 7:11 MS2 Spectrum of m/z 503 of the Third Eluting Major Peak with a Molecular Ion 

at m/z 503 From Aqueous Ryegrass Extract .......................................................................... 151 

Figure 7:12 The Extracted Ion Chromatogram (m/z 503) of a Typical Aqueous Ryegrass 

Extract .................................................................................................................................... 152 

Figure 7:13 Chart of the MS
2
 Ions Observed from the possible DP4 Fructans, * Denotes the 

Base Peak in Each Case, - Denotes the Fact That No Ion Was Observed At This m/z Value, 

“N/D” Denoted that the MS
2
 spectrum of this Molecule was not Observed in the Experiment

................................................................................................................................................ 153 

Figure 9:1 TIC and Extracted Ion Chromatograms (DP3 to5) for a C18 Analysis of a Typical 

Aqueous Ryegrass Extract ..................................................................................................... 189 

Figure 9:2 Total Ion Chromatogram (TIC) and Extracted Ion Chromatograms (XIC) (DP2 

to5) for a HILIC Analysis of a Typical Aqueous Ryegrass Extract Top to Bottom:- TIC, XIC 

for DP2 (m/z = 341), XIC for DP3 (m/z = 503), XIC for DP4 (m/z = 665) and XIC for DP5 

(m/z = 827) ............................................................................................................................. 191 

Figure 9:3 A Series of Extracted Ion Chromatogram for DP3 (m/z 503.16 + 549.08) Showing 

RT variation Through-out the Batch ...................................................................................... 194 

Figure 9:4 Fitting of a non-linear function to RTs of peak 3 over the batch by cubic 

smoothing spline. ................................................................................................................... 195 

Figure 9:5 Distribution of Retention Times of Peaks 2, 3 &4 relative to Peak 1 .................. 196 

Figure 9:6 Extracted Ion Chromatogram (m/z 503) Showing the 5 Major DP3 Peaks and 

Extracted Ion Chromatogram (m/z 415) Showing the Marker Compound ........................... 197 



xxv 
 

Figure 9:7 Spectrum of Marker compound from ryegrass extract (Sucrose glycerate 

C15H28O13) showing molecular ion and the formate (461) and chloride adducts (451 &453)

................................................................................................................................................ 198 

Figure 9:8 MS2 Spectrum of Marker Compound .................................................................. 198 

Figure 9:9 Simulated spectrum of Marker compound (C15H28O13) (top) and spectrum from 

authentic standard (bottom) ................................................................................................... 199 

 

  



xxvi 
 

List of Abbreviations 

 

1-FEH  Fructan 1-Exohydrolase 

1-FFT Fructan: Fructan 1-Fructosyltransferase 

1-SST Sucrose: Sucrose 1-Fructosyltransferase 

6G-FFT Fructan: Fructan 6G-Fructosyltransferase 

6-SFT Fructan: Sucrose 6-Fructosyltransferase 

DP Degree Of Polymerisation 

GC Gas Chromatography 

GCMS Gas Chromatography–Mass Spectrometry 

HPAEC High Performance Anion Exchange Chromatography 

kDa kilodalton 

LC Liquid Chromatography 

LCMS Liquid Chromatography–Mass Spectrometry 

m/z Mass To Charge Ratio 

MALDI Matrix-Assisted Laser Desorption/Ionisation 

MS Mass Spectrometry 

MS/ MS Tandem mass spectrometry, involves two steps of mass 

spectrometry selection, with some form of fragmentation 

occurring between each step 

MS
2
 Tandem mass spectrometry, involves multiple steps of mass 

spectrometry selection, with some form of fragmentation 

occurring between each step, same as MS/MS 

MS
3
 Tandem mass spectrometry, involves three steps of mass 



xxvii 
 

spectrometry selection, with some form of fragmentation 

occurring between each step 

MS
n
 Tandem mass spectrometry, involves multiple (n) steps of 

mass spectrometry selection, with some form of fragmentation 

occurring between each step 

NMR Nuclear Magnetic Resonance Spectroscopy 

PAD Pulsed Amperometric Detection 

PGC Porous Graphitized Carbon 

RI Refractive Index 

SIC Selected Ion Chromatogram 

SPE Solid Phase Extraction 

TLC Thin Layer Chromatography 

TIC Total Ion Chromatogram 

XIC Extracted Ion Chromatogram 



 

1 
 

 

Chapter 1  

1. Introduction: Fructan Biosynthesis in Plants 

1.1 Introduction 

Fructans are synthesised from sucrose and are an alternative reserve carbohydrate to starch.  

They are a class of water-soluble polysaccharides composed of linear or branched oligomer/ 

polymers of fructose attached to sucrose through glycosidic bonds of two linkage types.  

Fructans are present in approximately 15% of flowering plant species (Hendry, 1993), 

including several economically important species such as wheat, barley, and forage grasses 

(Poaceae), chicory, and Jerusalem artichoke (Asterales), and some bulb forming plants e.g. 

onion and tulip (Liliales).  Fructans resist degradation in the human digestive tract and are 

therefore of major interest to the food industry as low-calorie food ingredients (Vijn and 

Smeekens, 1999) and as prebiotics (Gibson et al., 1995).   

Fructan accumulating plants are perennials and they are most abundant in areas where growth 

is restricted to certain seasons within an annual cycle (Pollock and Jones, 1979), such as 

regions with seasonal patterns of drought or low temperatures.  The content and structures of 

fructans are highly influenced by environmental conditions and the developmental stage of 

plants (Sims et al., 2001; Sims, 2003), facilitated by flexible polymerisation and 

depolymerisation processes.  Polymerisation can usually be induced by conditions that reduce 

plant growth and carbon translocation rates more than photosynthetic rates such as low 

temperatures (Livingston, 1991), nutrient limitation (Wang and Tillberg, 1996), water stress 
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(Volaire and Lelievre, 1997), and high CO2 concentrations (Smart et al., 1994).  

Depolymerisation and mobilisation, on the other hand, can be triggered by energy-demanding 

activities such as regrowth after defoliation in grasses (Amiard et al., 2003), during grain 

filling in cereals (Yang et al., 2004), sprouting (de Carvalho and Dietrich, 1993), and 

inflorescence development (Cairns et al., 1999; Vergauwen et al., 2000).   

Fructans are mainly localised in vacuoles of photosynthetic and storage cells (Frehner et al., 

1984; Boller and Wiemken, 1986; Wiemken et al., 1986), but their presence in phloem sap 

(Wang and Nobel, 1998) and the apoplastic space (Livingston and Henson, 1998; Van den 

Ende et al., 2005a) has also been reported.  In addition to their major role as reserve 

carbohydrates (below), there are several physiological advantages of fructans in plants: (i) 

regulation of temporary partitioning of assimilates by controlling sucrose concentrations in 

the cell and thereby preventing feed-back inhibition of photosynthesis (Pollock, 1986; 

Hendry, 1993); (ii) facilitation of sucrose unloading from the phloem and maintenance of 

osmotic potential to ensure cell enlargement in the elongation zone (i.e. osmoregulation) (De 

Roover et al., 2000; Pavis et al., 2001a); and (iii) protection of plants during drought (Pilon-

Smits et al., 1995) and cold stress (Chatterton et al., 1989; Olien and Clark, 1993; 

Konstantinova et al., 2002; Hisano et al., 2004), probably by stabilising plant membranes 

(Vereyken et al., 2001; Hincha et al., 2002).  However, the role of fructans as drought 

protectants has been questioned (Turner et al., 2008).   

Fructans are derived from an initial fructosyl transfer to one of the primary hydroxyl groups 

of sucrose catalysed by 1-SST (Sucrose: sucrose fructosyltransferase), resulting in the three 

basic trisaccharides: 1-kestose, 6-kestose and 6G-kestose.  These trisaccharides are further 

elongated by adding β-(2-1) or β-(2-6) linked fructosyl units to form fructans with different 

structures and sizes, catalysed by various fructosyltransferases (Van den Ende et al., 2004b).  

While fructans in members of the Asterales are usually of the inulin type derived from 1-
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kestose with almost exclusively β (2-1) linkages (Edelman and Jefford, 1968), fructans found 

in cereals and forage grasses are more complex, containing bothβ (2-6) and β (2-1) linkages 

and are often highly branched (Wiemken et al., 1995; Pavis et al., 2001b; Kawakami and 

Yoshida, 2005).  The enzymatic pathways that lead to fructan biosynthesis and degradation in 

grasses such as Lolium perenne (ryegrass) and L. arundinaceum (tall fescue) have not been 

fully resolved yet, and genes and enzymes critical for several steps of these pathways are still 

unknown.   

Perennial ryegrass is one of the most important temperate pasture grasses in the world and it 

is grown on more than 7 million hectares of pastoral land in New Zealand (Siegel et al., 

1985).  Cultivars with high concentrations of water soluble carbohydrates are currently 

advocated for improved animal production on pastures through: (i) improving milk yield per 

cow by increasing digestible dry matter intake per day; see review papers (Edwards et al., 

2007; Edwards et al., 2007); (ii) enhancing nitrogen supply from the rumen intestine for milk 

production through improved efficiency of protein capture in the rumen (Miller et al., 2001); 

and (iii) reducing the proportion of nitrogen eaten that is returned to the soil in urine, thereby 

reducing nitrogen leaching and greenhouse gas emissions in the form of nitrous oxide (Di and 

Cameron, 2002; Parsons et al., 2011).  High sugar grass (HSG) cultivars accumulating higher 

levels of fructans in the blades were bred at the Institute of Grassland and Environmental 

Research (IGER, UK) and have been introduced as commercial ‘Aber’ cultivars (e.g. 

AberDart, AberMagic).  The full expression of the high sugar trait is not reliably achieved 

under field conditions in New Zealand (Parsons et al., 2004; Rasmussen et al., 2009a), and 

currently attempts are under way to use molecular techniques (marker assisted selection; 

genetic transformation) to produce ryegrass cultivars with consistently higher levels of 

fructans in blades (Turner et al., 2006; Turner et al., 2008). 
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One of the major constraints on clarifying biosynthetic and degradation pathways of fructans 

are difficulties with the unambiguous analysis and identification of fructan oligomers, due to 

the extremely heterogeneous nature of these carbohydrates.  Currently, the main technique for 

analysing fructan profiles is high performance anion exchange chromatography (HPAEC) 

coupled to pulsed amperometric detection (PAD).  Disadvantages of this method are 

relatively long run times, problems with quantification of individual compounds due to 

different response factors of the PAD detector (Pavis et al., 2001b), and lack of definitive 

peak identification due to difficulties of coupling to mass spectrometry (MS) (Guignard et al., 

2005).  Recently, improved methods for the analysis of underivatised oligosaccharides and N-

glycans have been developed based on porous graphitized carbon (PGC) HPLC coupled to 

MS analysis (Antonio et al., 2007; Robinson et al., 2007a; Antonio et al., 2008).  These 

methods allow the separation of isomeric oligosaccharides, and the identification of specific 

oligomers based on retention time and mass to charge (m/z) ratio; they are highly sensitive, 

reproducible, and fast.  The extraction and analytical methods reported to date have been 

designed for the analysis of low DP fructans (2 to 20), e.g. in wheat.  The type and levels of 

fructans in grasses like ryegrass can be very complex and very large (DP >> 30) (Pollock and 

Cairns, 1991).  Despite this fact, most information available focuses on low DP fructans, 

which is largely due to the difficulty in separating and quantifying these larger, very complex 

fructans.   
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1.2 Structures and Occurrence of Fructans  

Fructans are polymeric carbohydrates consisting mainly of fructose units and minor amounts 

of glucose.  Sucrose forms the core of the fructan molecules, which are synthesised through 

successive addition of fructose units to form linear or branched chains (Vijn and Smeekens, 

1999).  Fructans occur in a wide range of organisms and can be found in bacteria, fungi, and 

plants.   

Closely related fructofuranosyl-only oligosaccharides such as inulobiose (β-1,2-linked 

difructose) found in honey (Ruiz-Matute et al., 2007) and levanbiose (β-2,6-linked 

difructose) can be produced by microbial endo-type inulinases and levanases (De Bruyn et 

al., 1992; Kang et al., 1999).  Inulo-n-oses have also been isolated from several species of the 

Asteraceae (Ernst et al., 1996), but these compounds will not be discussed in detail in this 

review as almost nothing is known about their biosynthetic origin or function in plants.   

 

1.2.1 Structures 

Five different series of fructans are known, namely the inulins, levans, mixed levans, and the 

inulin and levan neo-series (Pollock and Cairns, 1991).  The smallest fructan molecules are 

the three kestoses: 1-kestose, 6-kestose, and 6G-kestose (Figure 1:1), which act as precursors 

for the biosynthesis of the various fructan types in plants (see Section 1.3.0.0). 
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1.2.1.1 Kestoses 

The naming of fructans follows the rules proposed by McNaught (McNaught, 1997) and is 

shown here for the three simplest members of the DP3 (degree of polymerization) series, 

namely: 

1-kestose [O- β -D-glucopyranosyl-(1-2)-O- β -D-fructofuranosyl- (1-2)-D-fructofuranoside] 

Figure 1:1A 

6-kestose [O- β -D-glucopyranosyl-(1-2)-O- β -D-fructofuranosyl- (6-2)-D-fructofuranoside] 

Figure 1:1B 

6G-kestose (also called neo-kestose)[O- β -D-glucopyranosyl-(2-6)-O- β -D-fructofuranosyl 

-(1-2)-D-fructofuranoside] Figure 1:1C 

 

These three kestoses are the only trimeric fructan structures possible if, as generally accepted, 

bonding can only occur at the 1, 2, and 6 positions. 

 

(A)     (B)      (C) 

Figure 1:1 Systematic numbering system for the carbon atoms of polysaccharide of 1-

kestose(A), 6-kestose(B) and 6G-kestose(C) (McNaught, 1997) 
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1.2.1.2 Larger Fructans 

Fructans with a DP>3 are formed by the addition of further fructose subunits to the 

appropriate positions on the parent molecule.  Addition of a fructose to the 1 position of the 

terminal fructose of 1-kestose gives the inulin series, addition to the 6 position of 6-kestose 

gives the levan series and addition to the 6 position of either of fructose units giving the 

neolevan series or to the 1 position of either of fructose units giving the neoinulin series.  The 

number of potential fructan structures increases rapidly with chain length increase. Figure 

1:2 shows the possible tetraoses (DP4 fructans) with 1-2 or 2-6 bonding.  In Lolium perenne, 

fructans of up to DP8 belong to the inulin series, and inulin and levan neoseries, while high 

DP fructans (DP>8) belong mainly (75%) to the neoseries with an internal glucose residue 

(Pavis et al., 2001b).  The β (2–6) linked fructans are 70 times more abundant than β (2–1) 

linked fructans (Pavis et al., 2001a).  Similar types of fructans accumulate in leaf blade, 

sheath, and root tissues, but amounts, sizes, and ratios of fructan types differ in those tissues.   
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a) 1,1-kestotetraose (Inulin)    b) 6,6-kestotetraose (Levan) 

    

c) 6G,1-kestotetraose (Neoinulin)  d) 6G, 6-kestotetraose (Neolevan) 

 

    

e) 6&6G-kestotetraose (Neolevan)  f) 1&6G-kestotetraose (Neoinulin) 

 

 

g) Bifurcose (Branched) 

Figure 1:2 Possible DP4 fructan structures showing a rapid increase in complexity 
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 1.2.2 Occurrence of Fructans 

1.2.2.1 Fructans in Microorganisms 

The production of fructan oligomers by fungi was first reported for Aspergillus sydowi spores 

(Kopeloff et al., 1920), later in Aspergillus oryzaein (Bacon and Bell, 1953), and yeast 

(Bacon et al., 1953).  Fungi mainly produce fructans in the size range of DP3 to 10 with β -

(2-1) linkage (inulins) (Banguela and Hernández, 2006), but very large fructans have also 

been reported from A. sydowi and Penicillium chrymogenenum (Kawai et al., 1973; Olah et 

al., 1993; Heyer and Wendenburg, 2001).  The physiological significance of these 

polysaccharides is unknown, and the presence of fructan degrading enzymes and the rapid 

conversion of fructose to D-mannitol is more common in fungi (Lewis, 1991).   

Fructan synthesis is very common in bacteria and has been shown to occur in at least 6 out of 

the 19 major bacterial groups (Hendry, 1993; Hendry and Wallace, 1993).  Bacterial fructans 

are typically of the levan type, have a very high molecular mass (Goldman et al., 2008), and 

are formed by secreted enzymes as a major part of the exopolysaccharide (Heyer and 

Wendenburg, 2001).  The extracellular fructans produced by many microorganisms act as 

adhesive material around plant roots and leaves (Leigh and Coplin, 1992).  They are also a 

component of dental plaque formed by Streptococcus mutans (Marsh, 2004).   
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1.2.2.2 Fructans in Plants 

Fructans occur in approximately 15% of higher plants (Vijn and Smeekens, 1999) including 

Menyanthaceae, Boraginaceae, Campanulaceae, Goodeniaceae, Stylidiaceae, Brunoniaceae, 

Calyceraceae and Compositae (Pollard and Amuti, 1981), equating to more than 36000 

species (Hendry, 1987).  Fructans are absent from most mosses, ferns and algae except 

Sphagnum mosses and some liverworts (Hendry, 1993).   

They have been reported to occur in many tissue types such as the bulbs and leaves 

(Darbyshire and Henry, 1978) of onions (Allium cepa L.), the seeds (Pollock and Lloyd, 

1994) and roots of Eastern purple coneflower (Echinacea purpurea)
 
(Wack and Blaschek, 

2006), and the roots and shoots of asparagus (Asparagus officinalis) (Yamamori et al., 2002) 

and ryegrass (Gonzalez et al., 1990). 

 

1.2.2.3 Fructans in Dicotyledonous Plants 

In dicotyledonous plants the majority of fructans are inulins with linear β-(2-1) linked fructo-

furanosyl units (Portes and Carvalho, 2006).  Species in families of the orders Asterales, 

Campanulales, Dipsacales, and Ericales, and in all families of the Compositae (>25,000 

species) accumulate fructans.  Major important economic species are sunflower and 

Jerusalem artichoke (Helianthus tuberosus), lettuce (Lactuca sativa), and chicory (Cichorium 

intybus), as well as a wide range of horticultural plants.  Dicots tend to accumulate and store 

fructans below ground in the roots, as is the case with chicory, Jerusalem artichoke and 

Gomphrena macrocephala (Shiomi and Onodera, 1996; Stoop et al., 2007).  The average 

chain length can vary significantly, for example fructans in Jerusalem artichoke have an 

average chain length of DP 8–10, while in Globe artichokes (Cynara cardunculus) the 

average chain length is DP 65 (Hellwege et al., 1998). Branched chain fructans have been 
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reported in plants such as Agave (Ravenscroft et al., 2009), red squill (Urginea maritime) 

(Praznik and Spies, 1993), and Rengarenga lily (Arthropodium cirratum) (Sims, 2003). 

 

1.2.2.4 Fructans in Monocotyledonous Plants 

In monocotyledons from temperate climate zones, tribes of the subfamily Pooideae (mainly 

Triticeae, Poaceae, Bromeae, and Avenae) as well as some families of the Liliales accumulate 

fructans as the major form of carbohydrate storage (Ojima and Isawa, 1968; Smouter and 

Simpson, 1989).  The case of the Lilales is interesting because not all the members of the 

family accumulate fructans (Hendry, 1993).  The fructan containing plants onion and garlic 

(Allium sativum) are members of the Liliaceae with major economic importance (Darbyshire 

and Henry, 1981; Baumgartner et al., 2000). 

The structural diversity of fructans in monocots is far greater than that found in dicots 

(Pollock and Cairns, 1991).  The mean size of the fructans and the actual molecular species 

that are present within a sample has been reported as being species dependent (Pollock, 

1986).  Chatterton et al. (1990) suggested that the profiles of fructans may be useful for 

chemotaxonomic classifications of grasses in a similar way to starch granules (Chatterton et 

al., 1990), but the fact that levels and structures of fructans can vary significantly between 

tissue parts and developmental stages makes the selection of a truly representative sample 

difficult (Sandrin et al., 2006). 
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1.3 Biosynthesis of Fructans 

In bacteria, fructans are synthesised by a single multifunctional enzyme (levansucrase; EC 

2.4.1.10) which catalyses a transfructosylation reaction: 

 

Sucrose + GFn 
-
> Glucose + GFn+1 

 

Levansucrase interacts in a classical ping-pong mechanism with the donor substrate to form a 

Michaelis-type complex; fructose is subsequently hydrolysed from the donor and remains 

attached to the enzyme.  Finally, the acceptor substrate binds to the enzyme and fructose is 

transferred to the acceptor (Chambert et al., 1974; Song and Jacques, 1999).  The protein has 

been purified or cloned from several bacterial species, e.g. Streptococcus salivarius (Song 

and Jacques, 1999) and Lactobacillus reuteri (Van Hijum et al., 2004).   

In contrast to bacteria, fructan biosynthesis in plants requires multiple, substrate specific 

fructosyltransferases.  The currently most widely accepted model of fructan biosynthesis in 

plants, the sucrose: sucrose 1-fructosyltransferase / fructan: fructan 1-fructosyltransferase (1-

SST/ 1-FFT) model,  was proposed by Edelman and Jefford in 1968.  Although it was 

originally designed to represent fructan biosynthesis in Jerusalem artichoke, it is now 

generally applied to other plant systems as well.   
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1.3.1 SST/FFT Model 

The SST/FFT model (Figure 1:3) proposes the concerted action of sucrose: sucrose 1-

fructosyltransferase (1-SST) (EC 2.4.1.99) and Fructan: Fructan 1-Fructosyltransferase (1-

FFT) (EC 2.4.1.100) to produce the linear β (2->1)-linked fructans as found in many 

Asteraceae (which include chicory, sunflowers, daisies, and thistles).   
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Figure 1:3 A graphical representation of the SST/FFT model 

 

The first step is the transfer of a fructose unit from a donor sucrose molecule to the 1 position 

of the fructose on a second sucrose molecule, forming a β 1-2 glycosidic bond and resulting 

in a 1-kestose molecule (Figure 1:3), this reaction is catalysed by 1-SST.  The reaction 

product of this first step can be used as both the donor and acceptor for a second fructosyl 

transfer reaction which is carried out by 1-FFT.  This enzyme transfers a fructose unit from1-

kestose or other inulins to the 1 position of the fructose on an acceptor molecule, forming a β 

1-2 glycosidic bond, thus extending the fructose chain on the acceptor molecule by one 

fructose unit.   
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1.3.1.1 Sucrose: Sucrose 1-Fructosyltransferase (1-SST) 

 

Figure 1:4 A graphical representation of the reaction catalysed by 1-SST, using sucrose 

as both the donor and acceptor to produce 1-kestose 

 

1-SST is the first enzyme in the biosynthetic pathway (Edelman and Dickerson, 1966), using 

two sucrose molecules and transferring one fructose moiety from the donor sucrose to the 

fructose molecule of an acceptor sucrose generating one molecule of 1-kestose and a free 

glucose molecule (Figure 1:4).   

The enzyme has been purified from a variety of plants including H. tuberosus (Koops and 

Jonker, 1996), C. intybus (Van den Ende et al., 1996a), and Hordeum vulgare (Luscher et al., 

2000) by multiple chromatographic steps, and its activity confirmed in enzyme assays using 

sucrose as a substrate.  The purified proteins have a molecular mass of 67 to 69 kD, yielding 

under denaturing conditions two polypeptides with masses of 22 to 27 kD and 49 to 55 kD.  

MALDI-TOF mass spectrometric analysis of the polypeptides from chicory 1-SST detected 

molecular ions at m/z 40109 and 19896 (Van den Ende et al., 1996b).  The gene coding for 1-

SST has been cloned from a wide range of both dicotyledonous and monocotyledonous 
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species (for GenBank accession numbers see Table 9:1S1a, b in Appendix).  Heterologous 

expression of the cDNAs encoding onion, tall fescue, and ryegrass 1-SST in non-fructan 

producing tobacco protoplasts or Pichia pastoris showed the production of 1-kestose from 

sucrose, confirming gene function (Vijn et al., 1998; Luscher et al., 2000; Chalmers et al., 

2003).  The enzymes also exhibited minor exohydrolase and fructosyltransferase activities 

when incubated with 1-kestose as the sole substrate.   

 

1.3.1.2 Fructan: Fructan 1-Fructosyltransferase (1-FFT) 
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Figure 1:5 A graphical representation of the chain extension reaction catalysed by 1-

FFT, converting 1-Kestose to 1,1-Kestotetraose 

The enzyme responsible for chain elongation of inulin-type fructans is 1-FFT, which 

catalyses the transfer of a fructose unit from a fructan molecule to another fructan molecule 

or sucrose (Figure 1:5) (Bancal et al., 1992).  Generally, 1-FFT can only use fructans (DP3 

and higher) as donor molecules, but not sucrose, while sucrose, fructans and fructose can act 

as acceptor molecules (Jeong and Housley, 1992; Luscher et al., 1993; Koops and Jonker, 

1996; Van den Ende et al., 1996a).  The use of fructose as acceptor molecule and the 

production of fructose-only inulo-n-oses by 1-FFT has been reported for chicory (Van den 

Ende et al., 1996a), but the function and further metabolism of these oligosaccharides 

remains elusive.  Enzymes with 1-FFT activity have been purified from several plant species 

including Jerusalem artichoke (Koops and Jonker, 1996), dandelion (Luscher et al., 1993), 
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chicory and globe thistle (Van den Ende et al., 1996a), and wheat (Jeong and Housley, 1992).  

The gene coding for 1-FFT has been cloned from a wide range of both dicotyledonous and 

monocotyledonous species (for GenBank accession numbers see Table 9:1S2a, b in the 

Appendix.)   

Fructans accumulating in chicory and globe thistle (Echinops ritro) differ significantly in 

chain length, with average DP of chicory inulins of 10 to 15 (Roberfroid and Delzenne, 1998) 

and globe thistle inulins of 42 to 55 (Itaya et al., 1997).  Studies on purified 1-FFTs from 

these species demonstrated that the enzyme from chicory preferentially uses sucrose, 

fructose, and 1-kestose as acceptor, thereby leading to the transfer of fructose units from 

larger to smaller fructans (Vergauwen et al., 2003).  Globe thistle 1-FFT on the other hand 

preferentially uses larger fructans as acceptor molecules and has a low affinity for sucrose, 

fructose, and 1-kestose, leading to the accumulation of mainly high DP inulins.  Globe thistle 

as well as Viguiera discolour high DP 1-FFTs were cloned and expressed in P. pastoris for 

further functional characterisation (Van den Ende et al., 2005b; Van den Ende et al., 2006), 

confirming preferential production of high DP fructans by these enzymes.   
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1.3.2 Fructan Biosynthesis in Monocotyledonous Plants 

In Liliales like onions and in grasses such as perennial ryegrass and tall fescue the majority of 

fructans belong to the inulin and/or levan neoseries (Figure 1:6) which are characterised by 

an internal glucose and require as a key enzyme 6G-FFT (fructan: fructan 6G-

fructosyltransferase) (Shiomi, 1989; Vijn et al., 1997; Lasseur et al., 2006).  In cereals and 

cool season grasses like crested wheatgrass, the key enzymes for fructan biosynthesis are 1-

SST and 6-SFT (sucrose: fructan 6 fructosyltransferase) (Wiemken et al., 1995), although 1-

FFT seems also to be essential for fructan production in wheat (Kawakami and Yoshida, 

2005).  The exact biosynthetic pathway of fructans in Lolium species is still poorly 

understood.  It has been proposed that four enzymes are involved in the synthesis of fructans 

in L. perenne: 1-SST, 1-FFT, 6G-FFT and 6-FFT, although no gene encoding 6-FFT has been 

cloned or functionally characterised from Lolium species so far (Pavis et al., 2001a).  

Recently Lp-6-SFT has been cloned and functionally characterised by the production of 

recombinant enzyme using yeast (Lasseur et al., 2011), it is proposed that the 6-SFT produces 

fructans of the levan series.   
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1.3.2.1 Fructan: Fructan 6G-Fructosyltransferase (6G-FFT) 
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Figure 1:6 A graphical representation of the reaction catalysed by 6G-FFT, converting 

sucrose to 6G-Kestose 

 

6G-FFT catalyses the transfer of a fructose unit from 1-kestose to the glucose moiety of 

sucrose or inulin via a β 2-6 linkage (Shiomi, 1989; Ueno et al., 2005).  Asparagus 

(Asparagus officinalis) accumulates two types of fructans, inulins and the inulin neoseries, 

and separate proteins with 1-FFT and 6G-FFT activity, respectively, have been purified from 

this plant (Shiomi, 1981, 1982, 1989).  An asparagus cDNA encoding 6G-FFT was also 

expressed in P. pastoris and it was demonstrated that the recombinant protein exhibited 

mainly 6G-FFT activity and only very minor 1-FFT activity.  In contrast, a 

fructosyltransferase purified from onions has both 1-FFT and 6G-FFT activity, and no 

separate 1-FFT enzyme or cDNA has been identified from onions (Fujishima et al., 2005).  It 

has been proposed that the different patterns of fructan accumulation in asparagus versus 

onions (Henry and Darbyshire, 1980) might be a consequence of these different enzyme 

activities (Fujishima et al., 2005).   

In Lolium species fructans of the inulin and levan neoseries with an internal glucose molecule 

prevail, and several cDNA isoforms coding for 6G-FFT have been isolated from L. perenne 

(Lasseur et al., 2006; Hisano et al., 2008).  Recombinant 6G-FFT proteins expressed in P. 

pastoris had both 6G-FFT and 1-FFT activities with a maximum 6G-FFT/1-FFT ratio of two.  
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A purified fructosyltransferase from L. rigidum also exhibited both 1-FFT and 6G-FFT 

activities (St. John et al., 1997a; St. John et al., 1997c; St. John et al., 1997b).  So far, no 

separate enzymes with 1-FFT activity only have been isolated from Lolium species, and a 

fructosyltransferase putatively annotated as 1-FFT (Lidgett et al., 2002) was re-annotated as 

6G-FFT/1-FFT (Hisano et al., 2008).  Recently, it was demonstrated that the mutation of 

three amino acids in the vicinity of the active centre of L. perenne 6G-FFT led to a change in 

donor selectivity resulting in loss of 6G-FFT and gain of 1-SST activity (Lasseur et al., 

2009).  These findings allow much better prediction of functionality and donor specificity 

from gene sequences of the highly homologous GH32 glycosyl hydrolase members, which 

include fructosyltransferases, vacuolar and cell wall invertases, and fructan exohydrolases 

(Lammens et al., 2008).   
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1.3.2.2 Sucrose: Fructan 6-Fructosyltransferase (6-SFT) 
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Figure 1:7 A graphical representation of the reaction catalysed by 6-SFT, converting 

sucrose to 6-Kestose 

 

 

6-SFT catalyzes the transfer of a fructose unit from one sucrose molecule to another (Figure 

1:7), or to a variety of fructans forming exclusively β 2-6 linkages (Duchateau et al., 1995).  

The enzyme can use sucrose, not fructans, as a donor, differentiating it from 1-FFT.  6-SFT 

has been purified and/or cloned from barley (Duchateau et al., 1995; Sprenger et al., 1995; 

Hochstrasser et al., 1998), wheat (Kawakami and Yoshida, 2002), and crested wheatgrass 

(Agropyron cristatum) (Wei and Chatterton, 2001).  Native barley 6-SFT also exhibits 

invertase and 6-SST activity, leading to the production of glucose, fructose, and 6-kestose in 

the absence of fructans (Duchateau et al., 1995; Sprenger et al., 1995).  When expressed in P. 

pastoris the enzyme could also act as 1-SST (Hochstrasser et al., 1998).  The preferred 

acceptor was 1-kestose, yielding bifurcose, the simplest branched fructan in cereals, and it is 

not clear if the native enzyme can act as a 1-SST or if this activity is an artefact of 

heterologous protein expression in the yeast system.   

Like most plant β -fructosidases and fructosyltransferases, the 6-SFT protein from barley also 

consists of a large (50 to 60 kDa) and a small (25 to 30 kDa) subunit, with the large subunit 

harbouring the catalytic domains for sucrose binding and hydrolysis (Sturm, 1999; Ritsema 
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and Smeekens, 2003).  This was confirmed by expression of a chimeric protein with the large 

subunit of tall fescue 1-SST and the small subunit of barley 6-SFT, and vice versa, in P. 

pastoris (Altenbach et al., 2004).  It was also shown that, even though the catalytic activity is 

located on the large subunit, the small subunit is essential for enzyme activity as well.   

Recently 6-SFT has been characterised in Lolium perenne by the production of recombinant 

protein in yeast (Lasseur et al., 2011), although bifurcose the product of 6-SFT activity, do 

not accumulate. .  It is unlikely that  the proposal that 6-FFT might be a key enzyme for 

fructan biosynthesis (Pavis et al., 2001a) is correct, especially as no protein or gene with this 

function has been isolated so far.   
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1.3.3 Degradation of Fructans 

In microbes, fructans are degraded by endo- and exohydrolases, with the exohydrolases also 

having  invertase activity which degrades sucrose (Zelikson and Hestrin, 1961; Avigad and 

Bauer, 1966; Vandamme and Derycke, 1983).  In plants the breakdown of fructans is 

catalysed exclusively by means of fructan exohydrolases (FEHs) that are suggested to have 

evolved from catalytically deficient cell wall invertases, but are unable to catalyse sucrose 

degradation (De Roover et al., 1999; Verhaest et al., 2007; Le Roy et al., 2008).  Site-directed 

mutagenesis of an aspartate residue in Arabidopsis thaliana cell wall invertase resulted in a 

shift of enzyme activity from invertase (degrading sucrose) to fructan exohydrolase 

(degrading 1-kestose), and it was proposed that the presence or absence of aspartate at the 

239 position in the protein is a reliable marker for enzyme specificity.  Three types of 

exohydrolases are known from plants, namely 1-FEH, hydrolysing β 2-1 linkages, 6-FEH, 

hydrolysing β 2-6 linkages, and 1&6-FEH, which hydrolyse both linkage types.  Like 1-SST 

and 6-SFT, plant exohydrolases also belong to the GH32 family of glycosyl hydrolase 

(Verhaest et al., 2005).   
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1.3.3.1 Fructan 1-Exohydrolase (1-FEH) 
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Figure 1:8 A graphical representation of the reaction catalysed by 1-FEH, converting 1-

Kestose to sucrose and fructose 
  

 

1-FEH hydrolyses fructans by transferring a single fructose unit from inulins with DPn to a 

water molecule as acceptor, yielding free fructose and inulins with DPn-1 or sucrose if 1-

kestose was the donor (Van den Ende et al., 2000a) (Figure 1:8).  Enzymes with 1-FEH 

activity have been purified from Jerusalem artichoke (Marx et al., 1997b) and chicory, which 

has two distinct forms of 1-FEH (1-FEH I and II) (Claessens et al., 1990; De Roover et al., 

1999).  So far, 1-FEH I is the only isoform of 1-FEH which has been cloned from 

dicotyledonous plants (Van den Ende et al., 2000b).   

Enzymes with 1-FEH activity have also been isolated from a range of monocotyledons, such 

as wheat (Van Riet et al., 2006), barley (Henson, 1989), L. rigidum (Bonnett and Simpson, 

1995), and L. temulentum (Simpson et al., 1991).  Genes coding for 1-FEH have been cloned 

and functionally characterised from wheat (Van den Ende et al., 2003b; Van Riet et al., 2006) 

and L. perenne (Lothier et al., 2007).  In both wheat and ryegrass, these genes are highly 

expressed at times of high fructan synthesis rather than during fructan degradation as would 

be expected, suggesting a role for the enzyme in controlling fructan formation rather than in 
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fructan degradation (Van den Ende et al., 2003b; Lothier et al., 2007).  Surprisingly, two 

vacuolar invertases from rice (Oryza sativa), a non-fructan accumulating plant, have been 

shown to also possess 1-FEH activity (Ji et al., 2007), but their function remains elusive.   

 

1.3.3.2 Fructan 6-Exohydrolase (6-FEH)  
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Figure 1:9 A graphical representation of the reaction catalysed by 6-FEH, converting 6-

Kestose to sucrose and fructose 

 

Fructans with ß 2-6 linkages as found in cereals and temperate grasses, require the activity of 

6-FEH for degradation (Figure 1:9), and 6-FEH enzyme activities have been demonstrated in 

wheat (Van den Ende et al., 2005a; Van Riet et al., 2006), oat (Henson and Livingston Iii, 

1996), and L. perenne (Marx et al., 1997a).  Even though the majority of fructans in grasses 

contain β 2-6 linkages, and so require 6-FEH activity, the only examples of 6-FEH gene 

sequences available are from wheat (Van den Ende et al., 2005a; Van Riet et al., 2006).  A 

1&6-FEH, preferentially degrading bifurcose has also been cloned from wheat and 

functionally characterised (Kawakami et al., 2005).  6-FEH has been described in L. perenne 

stubble and has been connected to the remobilisation of fructose from fructans following 

defoliation, but neither the protein nor the gene have been isolated so far (Marx et al., 1997a).   
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Genes originally annotated as cell wall invertases from A. thaliana and Beta vulgaris (sugar 

beet), both non-fructan accumulating plants, were shown to have in fact 6-FEH and/or 1&6-

FEH rather than invertase activity (Van den Ende et al., 2003a; De Coninck et al., 2005).  No 

clear role for their presence could be demonstrated, but it was proposed that these enzymes 

may have a role in defence, degrading levan-type fructans produced by phytopathogenic 

bacteria such as Pseudomonas or Erwinia (Van den Ende et al., 2004a).  Similarly, vacuolar 

invertase-like enzymes with 1-FEH activity found in rice (Ji et al., 2007) might have the same 

role.  
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1.3.4 Localisation of Fructan Biosynthesis 

Vacuoles isolated from wheat, barley, and Jerusalem artichoke by either enzymatic lysis of 

protoplasts or mechanical methods were shown to contain fructans and 1-SST, 1-FFT, and 1-

FEH activities, and it has been generally assumed that fructan biosynthesis, accumulation, 

and degradation all occur in the vacuole (Wagner et al., 1983; Darwen and John, 1989).  

Electron microscopic investigations of Jerusalem artichoke tubers indicate that inulins are 

localized in small vesicles, which can reside in the cytoplasm or the central vacuole.  Cairns 

et al.(2008) also questioned localisation of fructan biosynthesis and accumulation in vacuoles 

and presented evidence for microsomal localisation of fructan biosynthesis, consistent with 

Kaeser’s findings (Cairns et al., 2008).  It should be noted here though, that all vacuolar 

proteins go through a series of different membrane systems starting at the endoplasmic 

reticulum through the Golgi complex and finally to vacuoles.  Also, the term ‘vacuole’ is a 

rather loose term as several types of vacuoles are known, which can merge during cell 

maturation (Vitale and Raikhel, 1999).   

Targeting sequences are required to transport proteins into vacuoles or other organelles 

(Vitale and Raikhel, 1999), and fructosyltransferases as well as fructan exohydrolases contain 

signal peptides of various lengths.  Signal peptides of L. perenne fructosyltransferases are 

between 59 to 115 amino acids long, comparable to vacuolar invertases, while the signal 

peptide of Lp1-FEH is only 23 amino acids long, more comparable to cell wall invertases 

(Chalmers et al., 2005).  This might suggest a different compartmentation of fructan 

biosynthesis and degradation, and considerable fructan amounts and FEH activities have been 

demonstrated in the apoplast of winter oat (Livingston and Henson, 1998) and wheat (Van 

den Ende et al., 2005a). 

Major criticism of the vacuolar localisation of 1-SST/ 1-FFT activities also arises from the 

fact that vacuolar substrate concentrations (sucrose, 1-kestose) are too low to allow efficient 
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fructan synthesis in this compartment as both 1-SST and 1-FFT have low substrate affinities 

compared to vacuolar invertases, which would be favoured under these conditions (Cairns 

and Pollock, 1988; Cairns et al., 1999; Cairns et al., 2008).  Enzymatic in vitro studies of 

fructan biosynthesis in cell free extracts with combined 1-SST and 1-FFT enzymes usually 

result in low DP fructans different from native fructan patterns, and it was shown that very 

high enzyme concentrations beyond concentrations usually found in vacuoles are required for 

longer chain (DP>3) fructan biosynthesis in vitro (Cairns, 1993; Penson and Cairns, 1994).  It 

was possible to synthesize high DP fructans in cell free extracts from tuberous roots of 

Viguiera discolor, albeit only at very high sucrose and 1-kestose concentrations (800 mM) 

and very long incubation times (up to 264 h) (Itaya et al., 1997).  Currently, there is no 

definitive evidence for the localisation of fructan biosynthesis and, as the enzymes are all 

closely related and from the same family of GH32 glycosyl hydrolases with similar activities 

it is extremely difficult to test theories (Pollock et al., 2003).  It is clear from the literature 

that, although most enzymes involved in fructan biosynthesis are known, their exact 

contribution, interactions, and locations are still open for debate.   
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1.4 Analysis of Fructans in Complex Mixtures 

As is obvious from the previous sections, fructan biosynthesis in plants is far from being 

resolved and many questions remain open.  Although the 1-SST/ 1-FFT model might 

satisfactorily explain fructan biosynthesis in inulin producing species such as the Asteraceae, 

the production of the much more complex fructans present in forage grasses such as ryegrass 

or tall fescue require additional fructosyltransferase activities for which enzymes or genes 

coding for them have only recently been identified  (6G-FFT/ 1-FFT, 6-SFT) or are still 

unknown (6-FFT, 6-FEH).  Furthermore, in vitro enzymatic assays of fructosyltransferases 

usually do not produce the full complement of fructans, or only with substrate and enzyme 

concentrations not consistent with a postulated vacuolar localisation of fructan biosynthesis 

and degradation.  Production and function of fructose-only containing oligosaccharides as 

described from some Asteraceae remains elusive and it remains to be shown if these 

compounds are also found in ryegrass.  To improve understanding of fructan biosynthesis in 

ryegrass and other plants a full characterisation and quantitation of all structural fructan and 

related carbohydrate isomers in relationship to regrowth of vegetative tissue after defoliation, 

environmental stress, and reproductive development is quintessential.  This requires the 

development of much improved analytical methods able to determine the full complement of 

fructans including DP range, structural isomers and branching types to overcome limitations 

of current most widely-used methods.  In the following chapters we will discuss some of 

these and propose the development of improved mass spectrometry based methods for fructan 

analysis from ryegrass.   

The extraction of biological samples with any kind of solvent results in complex mixtures of 

molecules depending on their solubility in the solvent of choice.  To directly detect and 

quantify fructans in extracts of plant material requires detection methods which are specific 

for this compound class and we will discuss a few direct analytical techniques in the 
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following sections.  All these direct methods have serious limitations, as they usually do not 

allow differentiation and measurement of fructans of different structural types and DP in 

complex mixtures.  To overcome these limitations, separation techniques for fructans mainly 

using chromatography have been developed and coupled with a variety of detectors, 

including mass spectrometers.  Mass spectrometry (MS) has proven to be a very powerful 

technique to analyse a very wide range of metabolites in complex biological samples, and this 

part of the review will focus on the potential use of MS techniques for the analysis of 

fructans, with examples of its application to other classes of carbohydrates.   

 

1.4.1 Extraction of Fructans 

Fructans are extremely soluble in water, but less soluble in alcoholic solvents and as the 

number of fructose units in the molecule (DP) increases, their solubility in aqueous ethanol 

decreases.  Experiments by Burdloff et al. showed the best extraction of water-soluble 

carbohydrates could be achieved by a 30 minute extraction in boiling water, but to achieve 

depletion three extractions were needed (Burdloff et al., 2001).  1-kestose has been shown to 

be stable in boiling water (L’homme et al., 2003) and no degradation of fructans in solution 

was observed following sterilisation at 100
o
C for 2 hours (Ziolecki et al., 1992).   

There are many extraction protocols in the literature, and 80% aqueous ethanol (Gonzalez et 

al., 1989) is one that has become commonly accepted, however, this only extracts  low DP 

oligomers (Pavis et al., 2001b).  To extract the higher DP oligomers a second aqueous 

extraction has been used in the literature (Pollock and Jones, 1979; Prud'homme et al., 1992).  

Aqueous alcoholic extracts are also often partitioned with chloroform to remove pigments, 

lipids, and other hydrophobic compounds (Darbyshire et al., 1979).  It has been shown that 

the extraction procedure has a significant effect on both the concentration and ratios of 

fructan oligomers recovered (O'Donoghue et al., 2004).   
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1.4.2 Chromatographic Separation of Fructans 

Biological extracts are usually complex mixtures of metabolites differing in a range of 

chemical characteristics such as molecular weight, hydrophobicity, or charge.  Separation of 

metabolites of interest from other molecules prior to detection usually improves the quality of 

analytical results substantially.  Most often this is achieved by employing a variety of 

chromatographic methods, which are all based on differential partitioning of analytes 

between mobile and stationary phases.   

1.4.2.1 Thin Layer Chromatography (TLC) 

Thin layer chromatography (TLC) provides a rapid, cheap and simple tool for the qualitative 

and semi-quantitative analysis of fructans.  Typically silica TLC plates are used which are 

developed with relatively complex solvent mixtures such as l-butanol: glacial acetic acid: 

water (50:25:25) (Thome and Kuhbauch, 1985) and then visualised using a sugar specific 

stain such as urea/phosphoric acid (Wise et al., 1955). 

TLC has been used during fructan purification or for monitoring enzymatic reactions (St. 

John et al., 1996; St. John et al., 1997c), as well as to monitor fructan levels in transgenic 

ryegrass plants (Gadegaard et al., 2008) and losses on oven drying of plant material (Kerepesi 

et al., 1996).  TLC autoradiography has been used to show how rapidly photosynthetic 

products are distributed into fructan biosynthesis in plants grown in an atmosphere enriched 

with radioactively labelled carbon dioxide (Cairns and Pollock, 1988).  An obvious 

disadvantage of TLC is that it does not allow quantitation of separated metabolites, and that it 

cannot be coupled directly to other detector types.  The resolution power of this technique is 

also not high enough to separate fructan isomers from each other.   
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1.4.2.2 High Performance Anion Exchange Chromatography 

(HPAEC) 

Currently the most common technique for separation of fructans is HPAEC which relies on 

interaction of the induced dipole within the fructan molecules with charged groups on the 

surface of the column packing material.  HPAEC is the accepted standard technique for the 

separation of oligosaccharides, especially fructans.  Usually the detection method of choice 

when analysing fructans by HPAEC
 
is pulsed amperometric detection (PAD) (Timmermans 

et al., 1994) generating data by oxidation/reduction of the analytes.  Borromei et al (2009), 

who have separated fructans  up to DP 80 with good resolution and Bruggink et al. (2005) 

coupled HPAEC to MS 

However, there are several limitations of HPAEC separation methods.  These include (i) 

relatively long run times; (ii) problems to quantify individual compounds due to different 

response factors of the PAD detector; (iii) deterioration of fructan separation with increasing 

DP (DP > 25); and (iv) strong baseline shifts making quantification extremely difficult.  As 

discussed below, chromatographic separation coupled to mass spectrometry provides a 

powerful system for fructan analysis.  HPAEC is not the method of choice for coupling to 

mass spectrometry(Guignard et al., 2005), as the highly concentrated solutions of inorganic 

salts required in the mobile phase for HPAEC separation must be removed by 

electrochemical desalting (Van der Hoeven et al., 1998; Guignard et al., 2005), adding 

complexity and expense.   

 

1.4.2.3 High Performance Liquid Chromatography (HPLC) 

HPLC systems allow the analyst to achieve efficient separations in relatively short 

timeframes.  A range of column materials and mobile phases have been used to separate 
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carbohydrates by HPLC, including Absorbosphere C18 (Livingston et al., 1993), Spherisorb 

ODS-1 (Sims et al., 1992), silver based Strong Cation-Exchange (SCX), (Antošová et al., 

1999), hydrophobic interaction columns (Zvyagintseva et al., 1999), size exclusion columns, 

(Picton et al., 2000), and Beta-Cyclodextrin based HPLC columns (Berthod et al., 1998).  

None of these stationary phases is optimal for the separation of carbohydrates.   

Historically, low pressure columns with carbon/celite mixtures as stationary phases were used 

to separate and isolate fructans (Whistler and Durso, 1950; Bacon, 1959), and one of the first 

examples of gradient elution chromatography of a mixture of sugars was performed on a 

celite/carbon column eluted with an ethanol water gradient (Aim, 1952).  These columns 

were relatively inefficient and had very long run times.  Even though those types of stationary 

phases have unique separation characteristics especially useful for carbohydrates, these 

columns were not widely used until the commercialisation of porous graphitised carbon 

(PGC) stationary phases for HPLC columns caused a resurgence in the use of carbon based 

separations (Forgács and Cserháti, 1995; Forgács, 2002).  While PGC has been used for the 

analysis of carbohydrates in conjunction with a range of detection methods, such as 

Evaporative Light Scattering Detector (ELSD) and Refractive Index (RI), its greatest 

potential is in conjunction with mass spectrometry (LC-MS) and will be discussed below 

(1.5).  Recent developments in HPLC instrumentation have resulted in the introduction of 

Ultra HPLC (UHPLC) columns, which have even shorter run times and better resolution 

compared to conventional HPLC columns, and have improved sample throughput even 

further.   
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1.4.3 Direct Methods for Fructan Analysis 

Techniques developed to detect and/or quantify fructans directly in crude extracts without 

any separation or purification can be useful for rapidly monitoring large sample sets for the 

presence and estimation of total amounts of fructans.  These methods range from simple 

colorimetric tests to highly sophisticated nuclear magnetic resonance (NMR) spectroscopy.  

Direct methods using mass spectrometry have also been developed and will be discussed 

under (1.5). 

 

1.4.3.1 Direct Chemical Methods 

The reactions of carbohydrates with agents such as anthrone, phenol-sulphuric acid and 

potassium ferricyanide followed by photometric detection of reaction products, have been 

used to assess carbohydrate levels in biological samples for many years (Dreywood, 1946; 

Dubois et al., 1956; Schnyder and de Visser, 1999).  Measuring the refractive index also 

gives a good estimation of the total level of sugars present and has been used for the analysis 

of chicory roots (Van Waes et al., 1998).  All of these methods detect a wide range of 

carbohydrates and other components in a sample and are not specific for fructans.  

Furthermore, these methods do not give any information about size distribution or structure 

of the different fructan molecules, and so are of limited use for the proposed project.   

 

1.4.3.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

In NMR spectroscopy, strong magnetic fields and radio frequency pulses are applied to the 

nuclei of atoms with odd atomic numbers (e.g. 
1
H) or odd mass numbers (e.g. 

13
C), inducing 

a nuclear spin and a promotion from low to high energy spin status.  Subsequent emission of 

radiation during relaxation is detected as absorption frequency and structures can be 
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elucidated based on specific chemical shifts depending on number of electrons orbiting the 

nucleus and neighbouring nuclei (Jameson, 1996).  NMR is most powerful when used for 

characterising isolated compounds (Agrawal, 1992; Sheng et al., 1998), but it has also been 

used with some success for the analysis of metabolites in complex mixtures (Ward et al., 

2003; Dunn and Ellis, 2005). 

The major advantage of NMR for metabolite analysis is that it provides a rapid, non-

destructive, high-throughput, and non-discriminatory method.  The major disadvantages are 

its relatively low sensitivity, especially compared to MS, and that interpretation of spectral 

data can become very difficult in the case of complex mixtures of polymeric compounds such 

as fructans, often requiring complex multistage extraction and isolation procedures before 

NMR can be usefully applied (Kardosova et al., 2003).  2D 
1
H and 

13
C NMR has been used 

for identification of fructans such as levanbiose, 1-nystose, and 1-kestose purified from 

extracts of chicory and Penicillium rigorosum (Timmermans et al., 1993; Barthomeuf et al., 

1997).  
13

C NMR has also been used to classify ethanol precipitated fructans in grasses, 

allowing the predominant bonding to be found but not the size of the molecule (Hammer and 

Morgenlie, 1990).   

Due to the discussed limitations, NMR cannot be the primary analytical tool for the proposed 

research and this review will concentrate on techniques with greater potential for the analysis 

of complex mixtures of fructans.  
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1.5 Mass Spectrometry Techniques for Analysis of Fructans  

Mass spectrometry (MS) has become widely used as one of the key techniques for the 

analysis of biomolecules in complex mixtures (Loo, 1995; Dunn and Ellis, 2005; Villas-Bôas 

et al., 2005), as it can provide measurements of molecular mass with varying degrees of 

precision, and also evidence of molecular structure based on ion fragmentation.  When 

compared to other detectors such as Refractive Index Detector (RI/ RID), Evaporative Light 

Scattering Detector (ELSD) or Pulsed Amperometric Detector (PAD), mass spectrometers 

give an additional dimension of data, i.e. the mass to charge (m/z) ratio.   

The basic principle of all MS instruments is the ionisation of molecules in an ion source, 

separation of these ions based on their m/z ratio in a mass analyser, and detection of these 

separated ions in a mass detector.  Major ionisation techniques are electrospray, chemical 

ionisation, atmospheric pressure ionisation (API) and matrix-assisted laser 

desorption/ionisation (MALDI).  Some of these will be discussed in more detail later in 

relation to specific MS methods used for carbohydrate analysis.  Mass analysers separate the 

ions produced in the ion source according to their m/z ratio by using static or dynamic electric 

or magnetic fields.  Often two or more of these mass analysers are coupled for tandem 

MS/MS.  Major types of mass analysers currently in use are sector field, time of flight, 

quadrupole and (linear) quadrupole ion trap, fourier transform ion cyclotron resonance (FT-

ICR), and Orbitrap analysers as summarised in Figure 1:10.  Mass detectors record either the 

charge induced or the current produced by the ions; usually the signal needs to be 

considerably amplified by an electron multiplier.  All MS analysers have particular strengths 

and weaknesses related to differences in their main characteristics, which are (i) mass 

resolving power to distinguish between slightly different m/z ratios, (ii) mass accuracy (ratio 

of m/z measurement error to true m/z), (iii) mass range, (iv) linear dynamic range (range over 

which the m/z signal is linear with the analyte concentration), and (v) acquisition rate (speed), 
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which determines the number of spectra per unit time.  ICR MS instruments are capable of 

very high resolution and give an accurate mass, but acquisition rates are typically relatively 

slow.   

It is beyond this review to discuss the different types of mass spectrometers in detail, and the 

focus will be on MS methods used for the analysis of carbohydrates.  For a review of how 

they are applied to oligosaccharide analysis see Zaia (2004).   

 

Figure 1:10 Common types of mass analysers 

 

Two approaches to introducing sample into the source applicable to complex mixtures are 

presented below.  Mass spectrometry is particularly valuable when used in conjunction with 

separation methods (‘hyphenated MS’) which will be discussed under (Chapter 7).   

 

1.5.1 MALDI-MS Analysis of Carbohydrates 

Matrix-Assisted Laser Desorption/Ionization (MALDI) is a soft ionisation technique 

especially useful for the analysis of polymeric biomolecules, such as proteins, peptides, and 

carbohydrates.  It uses a laser to both evaporate and ionise a sample that has been mixed with 

a matrix (e.g. 2, 5-dihydroxybenzoic acid) to absorb the laser energy and protect the 

biomolecules from fragmentation.  This matrix can mask lower mass signals, meaning 

MALDI has the greatest efficacy for larger molecules.  Carbohydrates have a high affinity for 
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alkali metal ions (sodium, potassium), which are often added to the matrix/analyte solution 

resulting in MALDI mass spectra of fructans or other carbohydrates being dominated by 

sodiated or potassiated ions carrying a single positive charge.  The intensity of the ion for 

each adduct is determined by the ratio of the particular metal ion in solution with the analyte 

(Field et al., 1996).  Inorganic salts, which are often present in crude extracts of plant 

material, should be removed by solid phase extraction to increase control over the ionisation 

process (Kabel et al., 2001).  Most often MALDI is used with TOF mass analysers because of 

their large mass range suitable for polymeric compounds.   

Stahl et al. showed that in extracts of onion bulbs neither extractable ions nor proteins 

interfered with fructan analysis by MALDI-MS (Stahl et al., 1997).  MALDI-TOF has also 

been used for the analysis of cell wall carbohydrates in Arabidopsis cell wall mutants and it 

proved to be a very fast method suitable for large sample sets (Lerouxel et al., 2002).  

Imaging MALDI-MS (Caprioli et al., 1997) has been shown to be useful for in situ analysis 

of spatial distribution of oligosaccharides (up to DP11) in wheat stems (Robinson et al., 

2007b).  A MALDI/FT-ICR-MS method allowed the rapid, precise, and robust analysis and 

quantitation of plant fructooligosaccharides (Seipert et al., 2008).  The MALDI spectrum 

enables an assessment of the molecular weight distribution in the sample and hence the range 

of DP, but structural information is limited.  MALDI post-source decay (PSD) techniques 

using hybrid MALDI-TOF MS instrumentation also allow linkage analysis of derivatised 

carbohydrates, but difficulties in calibration and a poor product-ion resolution (Zaia, 2004) 

makes its usefulness for the proposed research limited.  Some of the limitations regarding 

structure elucidation by MALDI techniques can be overcome with electrospray ionisation MS 

instruments as discussed below.   
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1.5.2 Electrospray Ionisation-MS (ESI-MS) Analysis of Fructans 

In ESI, ionic species in an extract are transferred into the gaseous form by dispersal of a fine 

spray of charge droplets, followed by solvent evaporation and ion ejection from the highly 

charged droplets.  Electrospray is well suited as an ionisation technique for the analysis of 

neutral oligosaccharides (Reinhold et al., 1995) which can be converted into ions by 

protonation or deprotonation, or by cationisation with metal ions, e.g. sodium or potassium.  

Emitted ions are subsequently accelerated into the mass analyser for molecular mass and ion 

intensity determination.  The main types of mass analysers used to separate ESI generated 

ions are quadrupoles, quadrupole ion traps, and TOF instruments.  Mass separation in 

multiple stages to generate MS/MS spectra can be achieved by using several mass 

spectrometer elements separated in space (e.g. three quadrupoles in a ‘triplequad’) or time 

(e.g. quadrupole ion trap), resulting in fragmented ions due to collision-induced dissociation 

(CID).  Ion traps can generate MS
n
 spectra through the isolation and CID of selected product 

ions, and the fragmentation profiles (ion trees) are very useful for the determination of parent 

ion structures of carbohydrates including linkage types and anomeric ions (Zaia, 2004; 

Ashline et al., 2005; Yamagaki et al., 2006).   

Usually, crude extracts are separated by chromatographic or other methods prior to being 

analysed in these types of MS instruments (‘hyphenated MS’, see Chapter 7), but they are 

also useful for the analysis of directly infused samples (see below).   

Carbohydrates can readily form adducts with various cations in positive, and anions in 

negative electrospray mode, which can affect fragmentation of the ions of interest, and can 

yield misleading information about the analytes under study (Law and Temesi, 2000).  On the 

other hand, adduct formation can also be advantageous for the identification of unknown 

molecules due to the often very specific nature of adduct formation and fragmentation (see 

below (Nielsen and Smedsgaard, 2003).  As adduct formation is an equilibrium process it is 
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advisable to increase the concentration of the adduct-forming ion to a level far higher than the 

background.  In hyphenated MS, this could be done by simply modifying the mobile phase, 

although this may interfere with the chromatography or even damage the pumping system in 

the long term.  An alternative is the infusion of the modifier coaxially into the electrospray 

probe (Kohler and Leary, 1995), an approach equally applicable for the addition of both 

anions and cations.  Electrospray ionisation can also lead to the formation of multiply 

charged ions; potentially causing confusion, as the m/z ratio could easily be mis-assigned, 

leading to mis-identification.  However, the use of multiply charged ions can also extend the 

effective mass range of the mass spectrometer and so allowing the analysis of polymeric 

carbohydrates and other biomolecules (Gaskell, 1997).   

In direct infusion mass spectrometry (DIMS) crude extracts are injected directly into the MS 

instrument without prior separation and usually with only minimal purification.  This 

technique can be very useful for scanning of large sample sets (comparable to NMR 

metabolite fingerprinting) as sample throughput can be very high.  DIMS analyses are mainly 

performed in metabolomics type experiments to determine profiles of a large number of 

metabolites, either using TOF MS analysers (Smedsgaard et al., 2004; Smedsgaard and 

Nielsen, 2005) or quadrupole ion traps (Koulman et al., 2007; Cao et al., 2008; Koulman et 

al., 2009a).  DIMS has also been used to analyse the purity of fructan fractions separated off-

line on size exclusion columns (Ravenscroft et al., 2009).  Even though ion trap MS 

instruments have only medium resolution and cannot measure m/z ratios to high accuracy, 

these instruments have a wider dynamic range than TOF.  Their high scan speed allows the 

collection of larger numbers of spectra in a short time, and they are also relatively 

inexpensive and small which makes them an attractive alternative to FT-ICR-MS.  As 

mentioned above, ion traps are particularly useful for direct infusion analyses because of their 

ability to give structural information by performing MS
n
 on trapped ions, which is a unique 
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feature compared to triple quadrupole or TOF instruments (Jonscher and Yates, 1997).  One 

of the major disadvantages of performing DIMS with an ion trap is relatively strong and 

unpredictable ion suppression which makes quantitation of metabolites very difficult.  The 

coupling of ion trap MS with UHPLC is a potential solution to this problem and discussed  

(Chapter 3).   

 

1.5.3 Inferring Carbohydrate Structures from ESI spectra  

As mentioned above, adduct formation (complexation) with metal ions is an important 

feature in mono- and oligosaccharide ESI-MS as the fixed configuration of the 

oligosaccharide: metal ion complex can direct the fragmentation by limiting the degrees of 

freedom of the oligosaccharide complex (Haddon and McLafferty, 1968).  Elucidation of 

stereochemistry of monosaccharides has been achieved by analysis of adduct fragmentation 

with lead and other ions (Salpin and Tortajada, 2002).  Three major processes occur in the 

fragmentation of oligosaccharide: metal ion complexes ((Cancilla et al., 1999); Figure 1:11):  

A: Cross ring cleavage 

B: Breakage of the glycosidic bond 

C: Disassociation and loss of the metal as a cation 
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Figure 1:11 Proposed fragmentation pathways of the oligosaccharide metal ion complex 

(Cancilla et al., 1999) 

 

A naming system for the fragmentation of the glycosidic bonds of sucrose (Figure 1:12) has 

been proposed by Domon and Costello (1988).  Ai, Bi and Ci labels are used to designate 

fragments containing a terminal (non-reducing end) sugar unit, whereas Xj, Yj and Zj 

represent ions still containing the aglycone (or the reducing sugar unit).  Subscripts indicate 

the position relative to the termini analogous to the system used in peptides, and superscripts 

indicate cleavages within carbohydrate rings (Domon and Costello, 1988).   
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Figure 1:12 Fragmentation of Sucrose (adapted from Domon and Costello, 1988) 

 

Bruggink et al. (2005) have shown sucrose to form a quasimolecular ion with lithium (m/z 

349 as compared to 343 for the molecular ion)
 
which undergoes the fragmentation proposed 

by Domon and Costello (Figure 1:13).   

 

Figure 1:13 Mass spectrum of the positive sucrose lithium ion adduct (Bruggink et al., 

2005) 

 

Activation barriers and cleavage of the glycosidic bond depend on the size of the alkali metal, 

while cross-ring cleavage depends on the linkage type, suggesting that glycosidic bond 
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cleavages are charge-induced while cross-ring cleavage are charge-remote processes 

(Cancilla et al., 1999).  Analysis of CID MS/MS spectra of ESI-Q-TOF fragmentation 

products of trehalose configuration isomers showed that the abundance of the Y-type 

fragment ion of α, α -trehalose is the highest, while that of β, β -trehalose is the lowest, 

indicating that α -glycoyl bonds cleave more easily than β -glycosyl bonds (Yamagaki et al., 

2006).   

Fragmentation analysis of singly and doubly charged molecular ions has also been shown to 

be useful for the elucidation of structures of branched underivatised oligosaccharides (Chai et 

al., 2002).   

Sequential MS experiments have shown that, under negative ionisation conditions, the 

fragmentation of the singly-charged [M–H]
-
 ions, as well as the C and Z fragment ions are 

often dominated by product ions from C- and Z-type glycosidic cleavages (Quéméner et al., 

2003).  ESI-MS/MS spectra of fragmentation profiles of glucuronoxylans from olive pulp 

allowed structural isomers to be identified and localisation of substitutions such as glucuronic 

acid or its methyl ether to be inferred (Reis et al., 2003) (Figure 1:14).   

 

Figure 1:14 Glucuronoxylan fragmentation (Reis et al., 2003) 
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Work by Quéméner et al. showed that sequential fragmentation of specific ions from the 

mass spectrum could be used to determine the structure of a branched tetrasaccharide by 

deducing the fragmentation mechanism, as shown in Figure 1:15.  The mass of each ion and 

the proposed glycosidic fragmentation are shown for each of the three stages.  The exact 

mechanisms were found by use of stable isotope labelled oxygen, the label being added to the 

reducing end of the molecule by dissolving the analyte in labelled water and allowing 

exchange to occur (Quéméner et al., 2006).  It was shown that, as branching in the 

oligosaccharide increased, the number of fragment ions produced decreased (Cancilla et al., 

1996).  These studies suggest that it will be possible to derive the structures of large and 

branched fructans typical for ryegrass by using MS and particularly ESI-MS/MS analysis.   
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Figure 1:15 Proposed tetrasaccharide fragmentation pathway (Quéméner et al., 2006) 
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1.5.3.1 Oligosaccharide MS Libraries  

As was shown above, the fragmentation pathways in ESI-MS are affected by the overall 

molecular structure of the oligosaccharides and, provided the fragmentation occurs under 

controlled conditions, the CID spectra produced show subtle but structurally informative 

differences (Ashline et al., 2005), and relative intensities of the fragment ions in the various 

stages of MS experiment can be used for identification (Bandu et al., 2005).  Due to the fact 

that oligosaccharides tend to be made up of a finite set of monosaccharide units, there is no 

requirement to have a complete library of each individual oligosaccharide (Tseng et al., 

1999), and a limited range of commercially available and authentic standards can be 

sufficient to build a spectral library which can also aid with the identification of unknown 

oligosaccharides (Zhang et al., 2005).  The libraries should contain both linked MS and MS
n
 

spectra to aid in compound identification (Kameyama et al., 2005), and the power of 

identification increases when coupled in hyphenated MS techniques with the 

chromatographic behaviour of the analytes studied (Royle et al., 2002).  As fragmentation is 

predictable under controlled conditions, it is possible to define a set of rules that enables 

automated spectral analysis (Lapadula et al., 2005), and web based tools have also been 

released to aid researchers (Gaucher et al., 2000).   
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1.6 Summary 

Fructans are composed of chains of fructose with a single, terminal or internal, glucose per 

molecule.  The current widely accepted model for fructan biosynthesis, the 1-SST/ 1-FFT 

model, has been developed for fructan biosynthesis in dicotyledonous plants and might be 

sufficient to explain biosynthesis of inulin, the major type of fructan accumulating in this 

type of plants.  In monocotyledonous plants such as forage grasses fructans can be very 

complex with extensive branching and mixed linkage types, and several enzymes and genes 

coding for these enzymes remain to be isolated from forage grasses.  Inconsistencies and gaps 

in the literature hamper a clear understanding of the processes involved in monocot fructan 

biosynthesis, which is at least in part due to the relatively low efficiencies of the analytical 

techniques that have been applied to date.  The hypothesis is therefore that the 1-SST/1-FFT 

model is not sufficient to explain fructan biosynthesis in forage grasses completely, and that 

improved analytical methods will contribute to a better understanding of this biosynthetic 

pathway.  Recent developments in LC-MS suggest improved analytical methodology can 

now be developed to separate, characterise and measure fructan isomers and oligomers in 

complex mixtures, giving improved insights into the processes involved in fructan 

biosynthesis.  One of the major goals of this project is to develop these improved analytical 

techniques to deliver higher quality data on appropriate sample sets to help to elucidate the 

complexities of fructan biosynthesis in ryegrass.     
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1.7 Project Hypothesis, Aims and Objectives 

 

Fructans are a group of carbohydrates that have been associated with important plant 

characteristics such as drought and cold tolerance.  In forage grasses fructans are the major 

source of water soluble carbohydrates for grazing livestock and as such play an important 

role in animal nutrition. Fructans in these grasses are very complex mixtures of isomers 

(differing in bonding between the monomeric sugar units) and oligomers (differing in chain 

length), and there are significant gaps in the current understanding of fructan biosynthesis.  It 

is proposed that to fully understand the underlying biochemistry of fructan biosynthesis it is 

essential to develop analytical methods suitable for the analysis of the complete fructan 

complement.   

 

The specific aims of this PhD project are therefore to develop new, improved mass 

spectrometry based methods for the analysis and unambiguous characterisation of fructans 

and other carbohydrates from ryegrass and the use of these methods to assess fructan profiles 

in vitro and in planta.   

 

Specific aims and milestones towards testing the hypothesis were:_ 

 

 To develop chromatographic methods suitable for the separation of fructan isomers 

and oligomers  

 To develop chromatographic methods suitable for cost effective handling of large 

numbers of samples typically produced in breeding programmes. 
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 To develop mass spectrometry techniques as selective methods for the detection of the 

full fructan complex in grasses. 

 To develop multistage mass spectrometry to generate diagnostic mass spectra. 

 To identify mass fragmentation patterns unique, reproducible and predictable for the 

different fructan classes.  

 To use isotopic labelling for the analysis of enzymatic fructosyltransferase products 

and the interpretation and understanding of fragmentation mechanisms 

. 
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2.1 Abstract 

Compound identification is a major issue for many scientists but especially practitioners of 

metabolomics and phytochemists.  These methods however only highlight a mass-to-charge 

ratio and a retention time for identification purposes.  This level of information is usually 

insufficient to categorically identify a metabolite, even when accurate mass systems have 

been used.  To achieve a full characterisation of the analyte requires the use of labour 

intensive methods for isolation and subsequent analysis by orthogonal analytical techniques 

such as NMR to enable the identification of compounds or for further confirmation of activity 

by techniques such as bioassays.  In this paper we describe an automated and rapid method 

for the monitoring of preparative separation techniques.  The described method is based on 

sequential flow injection analysis with mass spectral monitoring, using either single stage or 

MS
n
 techniques.  The collection of the data for an entire batch was carried out into a single 

data file.   

 

Keywords 

Electrospray, flow injection analysis, fractogram, selected ion chromatogram, metabolomics, 

natural product 
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2.2 Introduction 

One of the major difficulties in metabolomics and phytochemical analysis of complex 

mixtures remains the identification of unknown components.  Developments in recent years 

of metabolic profiling combined with statistical analysis to detect candidate biologically 

significant components have greatly accelerated the initial phase of discovery but in so doing 

have moved the bottle-neck to compound identification.  This is especially true for LC-MS 

based metabolite fingerprinting experiments where statistically significant metabolites may 

be detected solely as a specific mass to charge ratio (m/z) at a given retention time.  Accurate 

mass determination can be used to reduce the number of possible candidate molecular 

formulae but usually does not provide unequivocal identification.  To achieve full 

characterisation of these potentially biologically significant metabolites, a large amount of 

additional work is required (Koulman et al., 2009b).   

The identification of such components by techniques such as NMR, high resolution 

MS and/or X-Ray crystallography, as well as the evaluation of their biological activity in 

bioassays requires their isolation from the complex matrix in which they have been found.  

This usually involves multiple steps of sample fractionation by some form of chromatography 

with monitoring of the fractions e.g. by spectrographic analysis(Kader et al., 1996), HPLC, 

thin layer chromatography (TLC)(Redgwell, 1980) and/or bioassays.  Spectrographic analysis 

is rapid but requires prior knowledge of the presence of a chromophore in the molecule of 

interest.  Analytical LC-MS analysis is a good fit to the discovery process, but can be very 

time-consuming for multiple fractions.  TLC is inexpensive and rapid and can be either very 

general or selective dependent on the types of plates and the method used to develop and 

visualise them.  However the resolution of TLC is relatively low and it can be difficult to 

equate a spot on a TLC plate back to a specific peak of a particular mass to charge ratio seen 
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in an LC-MS chromatogram of a complex biological extract, in the cases of oligosaccharides 

the application of TLC as a monitoring technique can be both tricky and time consuming.   

In this paper we propose a rapid and automated analytical method for the monitoring 

of fractionation techniques such as solid phase extraction (SPE), flash column 

chromatography or preparative HPLC.  The described technique allows all the data from a 

single batch of fractions to be acquired into a single data file.  It is possible to increase the 

selectivity by use of mass dependent MS
2
 and MS

3
 spectra where needed and all the data can 

be collected in a single analysis.  The higher orders of MS spectra have been shown to be 

useful for both assessing purity and assisting in identification/ classification of metabolites.  

We exemplify this approach by applying it to monitor the fractionation of fructan oligomers 

from an extract of perennial ryegrass herbage.   

 

2.3 Methods 

 

2.3.1 Extraction and fractionation of fructooligosaccharides from 

perennial ryegrass. 

Perennial ryegrass (Lolium perenne L. var. Extreme) herbage was harvested; flash frozen in 

liquid nitrogen, freeze dried, and ground in a cyclonic mill (UDY, 1mm screen).  The plant 

material (75g) was extracted by the method previously described by Harrison et al(Harrison 

et al., 2009).  The extract was fractionated on a Bio-Gel P2 column (Housley and Pollock, 

1985), using MilliQ
®
water (0.3 ml/ min isocratic) as the elution solvent, on a Shimadzu 10A 

LC system equipped with a fraction collector and refractive index detector (Shimadzu, Kyoto, 

Japan).  Fractions of 0.4 ml each were collected sequentially throughout the run; each of 20 
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subsequent runs was collected into the same set of tubes.  Samples of each tube were 

transferred into autosampler vials for analysis.   

 

2.3.2 Fraction analysis protocol 

Two High Pressure Gradient JASCO X-LC 3085PU (JASCO International Co. Ltd., Tokyo, 

Japan) were used.  Solvent A was MilliQ
®
 water and solvent B was acetonitrile, running at 

0.2 ml/ min with an isocratic program depending on the solubility of the analyte.  Injections 

of each batch of samples were made using an HTS PAL autosampler with a 25 μl syringe and 

a 15k psi injection valve (CTC Analytics AG, Zwingen, Switzerland).  The valve was directly 

connected to the electrospray probe of an LTQ linear ion trap mass spectrometer (Thermo 

Fisher Scientific, Waltham, MA, USA) using a minimal length of PEEK tubing (0.005i.d.) 

(i.e.no column was used in the flow path).  A macro was written for the autosampler so that 

each fraction (20 μl) was injected sequentially.  The eluent and sample was ionised using 

electrospray ionisation (in negative mode for the fructan fractions).  The mass spectra were 

detected on a LTQ linear ion trap (Thermo Fisher Scientific, Waltham, MA, USA), with all 

the data for a batch of samples being acquired into a single data file.  The run time was 

determined by the number of fractions to be analysed, allowing 10-20 seconds per fraction.  

Data were collected over the m/z range suitable for the analytes (300 to 2000 for the fructan 

analysis), with a second segment used to acquire data dependant MS/ MS.  The MS data were 

acquired in profile data acquisition mode and processed using the Xcalibur 2.07 software 

package (Thermo Fisher Scientific, Waltham, MA, USA).   
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2.4 Discussion 

We demonstrate here the use of direct infusion electrospray MS for high-throughput analysis 

of time or volume-based fractions derived by chromatographic separation of complex plant 

extracts.  Electrospray mass spectrometric detection is a very general method and its mass 

selectivity facilitates tracking unknown compounds to specific fractions by the m/z of the ions 

they form.  There is a choice of either positive or negative mode and the method can be 

directly related to that used in the discovery phase.  A typical time for the analysis of a 

complete batch of fractions (50) is in the order of 20 minutes.  In the case of compounds 

which have the same nominal mass (isobaric), it may be possible to distinguish them by their 

MS
2
 fragmentation with this method.  Chromatographically unresolved isobaric compounds 

which cannot be distinguished by MS
n
 fragmentation in the fractogram would require further 

analysis (such as LC-MS analysis) but this would be required for only a limited subset of the 

total set of fractions.   

We required a range of isomeric and oligomeric fructans for an investigation of the 

biosynthesis of fructans in perennial ryegrass and have undertaken their separation and 

isolation from plant material as these compounds are not commercially available.  During the 

separation work it became apparent that monitoring progress by TLC would be difficult as 

many literature methods require the plate to be eluted several times to achieve separation.  

The ability to acquire mass spectral data for each sample by direct infusion allowed rapid 

monitoring of which fractions contained the components of interest by comparison of the 

relative intensities of specific mass traces.  One useful method of viewing the data is the 

“heat map” view in which the prominent ions in a given fraction can be seen (Figure 2:1A). 

This view is analogous to that presented in a TLC plate which is familiar to the majority of 

separation scientists (Figure 2:1B).  TLC analysis of the fructan fractions while relatively 

rapid and inexpensive has proved to be problematic and relatively insensitive in our hands.  
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The method itself allowed for rapid and sensitive analysis with minimal need for method 

development and data that is easily interpretable.   

 

 

Figure 2:1 Data collected from a preparative column to fractionate oligosaccharides 

from a ryegrass extract.A) “Heat map” representation of the mass spectral data 

showing the presence of ions from the target oligosaccharides in the fractions.  B) TLC 

plate for the same fractions and standards.   

 

The refractive index (RI) chromatogram of a Bio-Gel P2 separated ryegrass extract and the 

total ion count (TIC) of each volume/ time based collected fraction (Figure 2:2) clearly 

shows that it can be difficult to identify compounds of interest in fractionation of complex 
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extracts.  However, by monitoring appropriate selected ions, fractions containing the 

compounds of interest could be readily identified.  While the “heat map” (a representation of 

3D data with the axes displaying time and mass, the peak intensity is then represent by 

colour) view (Figure 2:1A) is familiar, we found an alternative view in which the data are 

rendered as “fractograms” for each m/z of interest also to be informative.  Selected ion 

fractograms for fructan oligomers with 3 to 5 hexose units (degree of polymerisation (DP) 3 

to 5) are shown in Figure 2:2.  Within each mass/charge channel, the relative concentrations 

between fractions can be estimated by either peak height or peak area, giving an indication 

which individual fraction has the greatest content of a given oligomer class.  The average 

mass spectra allow an assessment of peak purity at the point of highest concentration (see 

inserts in Figure 2:2 for fractions containing oligomers of DP 3 to 5).  Although possible 

variations in ionisation efficiencies can make absolute comparisons between channels 

difficult, our data indicate that despite overlap of the DP classes, individual fractions can 

show considerable enrichment of a particular DP class.  While further purification is required 

as ryegrass produces more than one isomer in each DP class (Pollock and Cairns, 1991), this 

can now be carried out with material substantially enriched for the appropriate oligomer 

class.   
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Figure 2:2 Upper two panels show refractive index(RI) trace of a chromatographically 

separated ryegrass extract and total ion count (TIC) of ion fractograms detected by 

direct infusion electrospray ionisation MS.  Lower panels show selected ion traces for 

m/z ratios corresponding to hexose oligomers of DP 3 to 5.  Inserts show average ion 

spectra for oligomers with DP 3 to 5.   
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We have demonstrated that direct infusion electrospray ionisation MS assisted fractogram 

analysis of chromatographically derived fractions of complex extracts allows rapid and 

efficient monitoring of compound purification procedures.  The automated acquisition of a 

fractogram is a rapid, cost effective and highly efficient use of instrument time, producing a 

display that is familiar to the analyst and easy to interpret.  The method allows the tracking of 

target analytes through a preparative system.   
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3.1 Abstract 

Many important crop and forage plants accumulate polymeric water soluble carbohydrates as 

fructooligosaccharides (fructans).  To understand fructan biosynthesis it is important to fully 

characterise both the degree of polymerisation and the structural class of the fructans present 

in these plants.  We have developed an improved method for the analysis of the full fructan 

complement in plant extracts based on chromatographic separation on porous graphitised 

carbon coupled to negative electrospray ionisation mass spectrometry and detection in profile 

mode.  By the use of profile data collection and multiple charge state ions, the effective mass 

range of the ion trap was extended to allow for the analysis of very high molecular weight 

oligosaccharides.  This method can be used with standard high pressure liquid 

chromatography pumps and allows separation and quantification of isomeric fructan 

oligomers ranging from degree of polymerisation (DP) 3 to 49.   

 

3.2 Introduction 

Fructooligosaccharides or fructans are an important class of carbohydrate molecules present 

in a wide variety of economically important plant species (Vijn and Smeekens, 1999).  

Fructans have been reported to be beneficial for human health (Ritsema and Smeekens, 

2003), animal nutrition (Turner et al., 2006), and improved plant performance(Gonzalez et 

al., 1990; Pilon-Smits et al., 1995; Thomas and James, 1999).  The biosynthesis of fructans in 

plants is proposed to be catalysed by multiple enzymes (Cairns et al., 2000), and three 

structurally different classes of fructans are known (inulin and levan series, and levan 

neoseries), but details of the biosynthetic pathways are still debated ( Cairns et al., 2008).  

One of the constraints on clarifying these pathways has been difficulties in the unambiguous 
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analysis and identification of fructan oligomers, both the number of sugar units they contain 

and the bonding between these subunits.   

Initially, low DP fructans from plants were separated by low pressure column 

chromatography on charcoal-Celite and Celite columns, which were unsuitable for HPLC 

(Bacon, 1959).  The current most commonly used method for the separation of these 

oligosaccharides is high performance anion exchange chromatography (HPAEC) (Lee, 1990) 

combined with electrochemical detection.  Disadvantages of this method are relatively long 

run times, a possible lack of definitive identification of the peak due to the 2D nature of this 

data and difficulties of coupling to mass spectrometry (MS) for peak identification (Guignard 

et al., 2005).  To allow HPAEC to be coupled to MS a membrane de-salter can be used but 

not only does this add dead volume to the system, potentially causing deterioration in the 

chromatography, it adds both cost and complexity to the system.  Ye et. al. showed the 

separation of ryegrass fructans using HPAEC with a run time of 54 minutes per sample, with 

the peak identities being assign against Helianthus tuberosus (Ye et al., 2001), the resolution 

shown would be less than optimal for good quantifiction.  Recently, improved methods for 

the analysis of underivatised oligosaccharides and N-glycans have been developed based on 

porous graphitized carbon (PGC) HPLC coupled to MS analysis (Antonio et al., 2007; 

Robinson et al., 2007a; Antonio et al., 2008).  These methods allow the separation of 

isomeric oligosaccharides, and the identification of specific oligomers based on retention 

time and mass to charge (m/z) ratio; they are highly sensitive, reproducible, and fast.  The 

extraction and analytical methods reported to date have been designed for the analysis of low 

DP fructans (2 to 20), present e.g .in wheat (Robinson et al., 2007a).  However, fructans in 

grasses like ryegrass (Lolium perenne) can be very complex and very large (DP >> 30) 

(Pollock and Cairns, 1991; Tang et al.).  Despite this fact, most information available focuses 

on low DP fructans, which is largely due to the difficulty in separating and quantifying these 
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larger fructans.  We propose that to fully understand the underlying biochemistry of fructan 

biosynthesis it is important to analyse the complete fructan complement.  We have therefore 

expanded on the described HPLC-MS techniques, making them applicable for the analysis of 

high DP fructans (DP > 20), whilst still allowing the analysis of smaller oligomers.   

 

3.3 Methods 

Vegetative material from perennial ryegrass (L. perenne L. var. Extreme) and New Zealand 

flax (Phormium tenax) plants grown at AgResearch Grasslands (Palmerston North, NZ) 

during the 2008 season was harvested and ground or chopped.  Plant material (75 g) was 

placed in a 500 ml round bottom flask with 150 ml of MilliQ
®
 water and boiled under reflux 

for 45 minutes.  After cooling, extracts were filtered through sinter glass funnels, covered 

with deactivated glass wool to prevent clogging, using reduced pressure.  Filtrates were 

transferred into glass vials and analysed without further manipulation.  Raffinose and 1-

kestose standards were obtained from Sigma-Aldrich (Auckland, NZ) and Megazyme 

International Ireland Ltd, respectively.  Filtrates (20 μl) were injected using a HTS PAL 

autosampler with a 25 μl syringe and a 15k psi injection valve (CTC Analytics AG., 

Zwingen, Switzerland).  Two High Pressure Gradient JASCO X-LC 3085PU HPLC pumps 

(JASCO International Co. Ltd., Tokyo, Japan) were used, pumping either MilliQ
®
 water 

(solvent A) and LiChroSolv (HPLC) grade acetonitrile (Merck, Palmerston North, New 

Zealand) (solvent B).  Oligosaccharides were separated on a Thermo Hypercarb column (100 

mm by 2.1 mm, 5 micron particle size; Thermo Fisher Scientific, Waltham, MA, USA), 

running the following program at a flow rate of 0.4 ml/ min: Initial 1% B hold for 0.5 min, to 

10% B after 1 min, to 16% B at 6 min, to 20% B at 12 min, to 30% B at 16 min, to 90% B at 

18 min, hold to 20min, and back to initial condition for 5 min equilibration.  Mass 

spectrometric analysis was performed using a LTQ linear ion trap mass spectrometer 
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(Thermo Fisher Scientific, Waltham, MA, USA) with electrospray ionisation in negative 

mode.  Data were collected in profile data acquisition mode over the mass range 300 to 2000 

and processed using the Xcalibur software package provided by the manufacturer.   

We have chosen to carry out a single hot water extraction of fructans  rather than extract 

serially with 80% aqueous ethanol and hot water (Robinson et al., 2007a).  This technique 

allows the extraction of the complete DP range of fructans in one step and minimises the 

amount of chlorophyll extracted, resulting in cleaner extracts and longer column lifetime.  

For low DP fructooligosaccharides the selected mass traces show that a range of isomers of 

low DP oligosaccharides have been separated by our chromatographic method (Figure 

3:1A).  Of the four major peaks in the m/z 503 selected ion chromatogram for oligosaccharide 

trimers, three of the peaks are likely to correspond to 1-kestose, 6G-kestose and 6-kestose, 

the reported fructan trimers from ryegrass (Thomas and James, 1999).  An authentic standard 

of 1-kestose co-eluted with peak 1 at 5.8 minutes and exhibited an identical MS
2
 spectrum.  

To identify 6G-kestose, we analysed extracts from New Zealand flax, which has been 

reported to accumulate only two fructan trimers, 1-kestose and 6G-kestose (Sims et al., 

2001).  By co-injection of ryegrass and flax extracts and comparison of the MS
2
 spectra, peak 

4 eluting at 6.9 minutes was identified as 6G-kestose.  The remaining unidentified major 

trimer peaks 2 and 3 are still the subject of further identification, but one is likely to be 6-

kestose.  As well as producing the three DP3 fructans, perennial ryegrass plants have been 

reported to also accumulate small amounts of the isomeric trioses raffinose and loliose (Pavis 

et al., 2001b).  However, a raffinose standard did not co-elute with any of the minor m/z 503 

peaks.  It was not possible to obtain a loliose standard to eliminate or confirm it as one of the 

unidentified peaks.   

The fructan oligomers can be seen from the data by the use of selected ion chromatograms, 

with the masses being chosen corresponding to the mass of the molecular weight of the 
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individual fructan molecules.  Both, the number of sugar units and the bonding between them 

affects the elution time of the oligomeric fructans (Figure 3:1A), and it is likely that the 

relative position (retention time) of each structural isomer within a DP group remains the 

same with increasing size.  Thus, even if the exact identities of higher DP peaks are as yet 

unknown, this technique may be useful for the comparative analysis of fructan isomeric 

composition of different samples.  Characteristic fragmentation patterns in the MS
2
 spectra 

were used to confirm the ion were from oligosaccharide molecules  

While the nominal mass of mono-anions of larger oligomers is outside the mass range of the 

linear ion trap (m/z 300 to 2000), high DP oligomers could be detected as multiply charged 

ions with m/z ratios within this range.  These multiply charged species could be identified as 

oligosaccharide oligomers by fragmentation in the ion trap.  It was possible to detect peaks 

corresponding to oligosaccharides up to DP 49 in the pseudostem (Figure 3:1B), with a m/z 

1990 (for the 
13

C isotopologue), charge state of -4 and a retention time of approximately 14 

minutes.  For these high DP fructans, data quality was greatly improved by collecting the MS 

data in profile mode.  With higher oligomers, isotopologue ions containing one or more 
13

C 

isotopes become more common than the monoisotopic species, and in the case of an ion with 

four charges the separation of the isotopologue peaks is ca. 0.25 m/z.  This poses problems 

for consistent peak detection and measurement.  The mass spectrometer pre-processes the 

acquired data prior to passing it to the data computer, as a set of m/z / intensity values 

(Figure 3:2).  When data are collected in centroid mode the m/z / intensity data are reported 

for a single m/z value within a mass range corresponding to the most intense signal.  This can 

lead to artefactual deterioration of the extracted ion chromatogram.  For high molecular 

weight species of high charge state several isotopologue peaks of similar intensity will fall  
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Figure 3:1 Selected ion chromatograms (SIC) of oligosaccharides in extracts of ryegrass 

leaf blades (upper panels) and pseudostems (lower panels) separated by HPLC and 

detected by ion trap MS.  A: Ion chromatograms of m/z ratios corresponding to singly 

charged low DP (3-8) oligosaccharide ions.  B: Ion chromatograms of m/z ratios 

corresponding to multiply charged oligosaccharide ions of high DP.  The y-axis shows 

relative intensity referenced to the largest peak displayed in that chromatogram.   
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within a nominal mass range resulting in a poorly resolved broad mass peak; this can lead to 

variability in the m/z values produced by the centroiding algorithm from scan to scan.  The 

centroid data, when displayed as a selected ion trace, is then extremely spiky due to 

“missing” data points as the mass range sampled varies across the chromatogram peak; this 

increased noise in the channel reduces sensitivity.  To overcome this problem we collected 

the data in profile mode as the entire intensity data across the mass peak is passed to the 

computer.  An extracted ion chromatogram then represents the data for a consistent mass 

range from scan to scan with the result that the selected ion traces are much smoother (Figure 

3:2).  Data collection in profile mode provides therefore higher levels of sensitivity and 

reproducibility (less variability) required for accurate quantification of high DP 

oligosaccharides.   

 

 

Figure 3:2 Extracted ion chromatograms of m/z 1629 for the doubly charged ion 

corresponding to a DP 20 oligosaccharide.  A: Data collected in profile mode.  B: Data 

collected in centroid mode.  The y-axis shows relative intensity referenced to the largest 

peak displayed in that chromatogram.   
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The levels of high DP fructans can be seen to be different in extracts of ryegrass leaf blades 

and pseudostems, with very little if any DP 34, 37, and 49 fructans being detected in leaf 

blades (Figure 3:1B), consistent with the proposed different physiological function of these 

tissues (Robinson et al., 2007b).  There are clear differences of low DP fructan isomeric 

profiles comparing leaves and pseudostems (Figure 3:1B), and similar differences can also 

be seen for high DP (12-49) fructan profiles, suggesting that our method is applicable for the 

comparative analysis of all fructan DP classes.   

We conclude that this method fulfils the need for a rapid, simple and reliable analytical 

method for the screening of large populations to investigate the variability of water soluble 

carbohydrate production within a plant species. In our own lab this method has be used to 

analyse large sample sets (>300 samples) for variations in fructan levels for line selection 

(unpublished data).  In that it uses standard HPLC pumps and solvents which means it can be 

easily adopted in most labs.  This new method overcomes some of the limitations of the 

currently used methods, especially for the analysis of larger fructan molecules, allowing 

extraction, separation, and quantification of fructan isomers from DP 3 to 49.  The use of 

mass spectrometry allows for the rapid assignment of peak identity especially in systems such 

as ryegrass where more than one fructan series is present.  The improved scope of fructan 

analysis will provide better information for the investigation of the activity of fructan 

biosynthetic enzymes, and the functional role of high DP fructans in plants.   
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4.1 Abstract 

The main water soluble carbohydrates in temperate forage grasses are polymeric fructans.  

Fructans consist of fructose chains of various chain lengths attached to sucrose as a core 

molecule.  In grasses fructans are a complex mixture of a large number of isomeric oligomers 

with a degree of polymerisation ranging from 3 to >100.  Accurate monitoring and 

unambiguous peak identification requires chromatographic separation coupled to mass 

spectrometry.  The mass range of ion trap mass spectrometers is limited and we show here 

how monitoring selected multiply charged ions can be used for the detection and 

quantification of individual isomers and oligomers of high mass, particularly those of high 

degree of polymerization (DP>20) in complex plant extracts.  Previously reported methods 

using linear ion traps with low mass resolution have been shown to be useful for the detection 

of fructans with a DP up to 49.  Here we report a method using high resolution MS using an 

Exactive Orbitrap MS which greatly improves the signal to noise ratio and allows the 

detection of fructans up to DP 100.  High sugar (HS) Lolium perenne cultivars with high 

concentrations of these fructans have been shown to be of benefit to the pastoral agricultural 

industry because they improve rumen nitrogen use efficiency and reduce nitrous oxide 

emissions from pastures.  We demonstrate with our method that these HS grasses not only 

contain increased amounts of fructans in leaf blades, but also accumulate fructans with much 

higher DP compared to cultivars with normal sugar levels.   
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4.2 Introduction 

Fructans are polymers of fructose attached to a sucrose core (Lewis, 1993) and unlike 

starches they are water soluble; they are a readily mobilised energy source for plants and are 

thought to act as the primary energy reserve (Chalmers et al., 2005).  Fructans have been 

reported in a wide range of plant species, including dicotyledons such as Helianthus 

tuberosus (Jerusalem artichoke) and Cichorium intybus (chicory), and monocotyledons such 

as Allium cepa (onion) and Lolium perenne (ryegrass) (Banguela and Hernández, 2006). 

Chicory, in common with most other dicotyledons, produces fructans that belong to the inulin 

series comprised of linear β 2-1 chains of fructose with a terminal glucose.  The commonly 

accepted biosynthetic pathway for these fructans proposes two enzymes, a sucrose: sucrose 

fructosyltransferase (SST) for the biosynthesis of 1-kestose from sucrose, and a fructan: 

fructose fructosyltransferase (FFT) for chain elongation (Edelman and Jefford, 1968).  

However, in monocots fructans are more complex and based on multiple isomers (basic 

trimers: 1-kestose, 6-kestose, 6G-kestose) with β 2-1, β 2-6, and mixed linkages.  Several 

additional fructosyltransferases producing these isomers have been characterised from 

monocots (Bacon, 1959) including wheat, barley, and ryegrass.   

Recently, forage ryegrass cultivars with high levels of fructans in leaf blades, the plant part 

harvested by grazing ruminants, have been introduced into pastures.  It has been shown that 

high carbohydrate content in the grazed diet results in improved nitrogen use efficiency of 

ruminants, which can result in improved milk and meat production and reduced nitrous oxide 

emissions from urine patches in pastures (Edwards et al., 2007; Ellis JL, 2011).  Major 

breeding efforts are underway to develop ryegrass cultivars for use as forage with even higher 

fructan content, but the rapid and accurate monitoring of fructan profiles is currently 

hampered by the lack of suitable analytical techniques.   
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A range of methods using chromatographic separation have been developed in the past 

(Timmermans et al., 1994; Van der Hoeven et al., 1998; Guignard et al., 2005; Antonio et al., 

2008), but usually these methods require long run times (>50 min) and are not suitable for 

high-throughput screening and analysis of large numbers of plant samples.  Currently the 

most common separation technique used for the analysis of fructans is High Performance 

Anion Exchange Chromatography (HPAEC), which has become the accepted standard 

technique for the separation of oligosaccharides, including fructans.  Usually the detection 

method of choice when analysing fructans by HPAEC
 
is pulsed amperometric detection 

(Timmermans et al., 1994).  However, unambiguous peak identification can be difficult if it is 

based on retention time only.  Coupling HPAEC with mass spectrometry (MS) is problematic 

as the high concentrations of inorganic bases in the mobile phase can cause blocking of the 

MS source capillary.  A way around this is electrochemical desalting (Van der Hoeven et al., 

1998; Guignard et al., 2005) similar to that used in ion chromatography.  However the added 

complexity and expense of these systems reduce their applicability.  An alternative approach 

has been developed using porous graphitic carbon (PGC) HPLC coupled with negative ion 

electrospray ionization mass spectrometry for the analysis of water soluble carbohydrates 

from Lupinus albus and Triticum aestivum.(Robinson et al., 2007a; Antonio et al., 2008).  

These authors reported the analysis of fructans up to DP 20 and we have previously reported 

the extension of this method for the analysis of fructans in crude ryegrass extracts of up to DP 

49 with run times <20 min per sample (Harrison et al., 2009).  However, these previous 

methods used linear ion traps, which have a limited mass range and low resolution, and so are 

not suitable for the monitoring of larger fructans with DP>50.  Here we report the application 

of high resolution mass spectrometry using an Exactive Orbitrap to distinguish and monitor 

multiply charged ions, which greatly improves our ability to monitor fructans up to DP 100.   
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4.3 Materials and Method 

 

4.3.1 Plant Material and sample preparation 

Method development was performed with perennial ryegrass (L. perenne L. Var. Extreme) 

plants grown outdoors at AgResearch Grasslands (Palmerston North, NZ) during the 2009 

season; total tillers were harvested, flash frozen in liquid nitrogen, freeze dried and ground.  

Plant material (50 g) was placed in a 250 ml round bottom flask with 100 ml of MilliQ
®

 

water and boiled under reflux for 45 minutes.  After cooling, extracts were filtered through 

sinter glass funnels covered with deactivated glass wool to prevent clogging, using reduced 

pressure.  Filtrates were transferred into glass vials and analysed without further 

manipulation.   

To analyse fructan size distribution in the L. perenne high sugar cultivar Expo and the normal 

sugar cultivar Fennema, plants (10 plants of each genotype) were grown in controlled 

environment chambers to induce high levels of fructans in blades as described (Rasmussen S, 

2009b).   

 

4.3.2 HPLC Conditions 

Filtrates (5 μl) were injected using a HTS PAL autosampler with a 25 μl syringe and a 15k 

psi injection valve (CTC Analytics AG., Zwingen, Switzerland).  An Accela quaternary 

UHPLC pump (Thermo Fisher Scientific, Waltham, MA, USA) was used, pumping MilliQ
®

 

water (solvent A) and LiChroSolv (HPLC) grade acetonitrile (Merck, Palmerston North, New 

Zealand) (solvent B).  Oligosaccharides were separated on a Thermo Hypercarb column (100 

mm by 2.1 mm, 5 micron particle size; Thermo Fisher Scientific, Waltham, MA, USA), 

running the following program at a flow rate of 0.4 ml/ min: Initial 1% B hold for 0.5 min, to 
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10% B after 1 min, to 16% B at 6 min, to 20% B at 12 min, to 30% B at 16 min, to 90% B at 

18 min, hold to 20min, and return to initial conditions for 5 min equilibration.   

 

4.3.3 MS Analysis 

Mass spectrometric analysis was performed using an Exactive Orbitrap mass spectrometer 

(Thermo Fisher Scientific, Waltham, MA, USA) with electrospray ionisation in negative 

mode.  Data were collected in profile data acquisition mode over the mass range 300 to 4000 

and at 10,000, 25,000, 50,000 and 100,000 resolution settings.  The data were processed 

using the Xcalibur software package provided by the manufacturer.  Monoistopic masses for 

DP 1 to 165 at charge states of -1 to -6 have been calculated and are shown in Table 9:4S1. 

Isotopic distributions for DP 1, 10,20, 30, 40, 50, 60, 70, 80 & 90 were calculated using 

IDCalc (McIlwain et al., 2007) and are presented in Table 9:4S2.   
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4.4 Results and Discussion 

 

4.4.1 Monitoring of multiply charged ions 

In the majority of reports in the literature positive ion mode is used for the analysis of 

oligosaccharides by MS, as the sensitivity of positive ionisation was found to be greater when 

analysing authentic standards.  However we have found when analysing crude extracts that 

the selectivity of negative ion mode gave far better sensitivity and therefore lower detection 

limits.  As the masses of the fructans DP>24 (mono isotopic mass of 3906.27) are outside of 

the ion mass range of the mass spectrometer, an increase of its effective mass range is 

required to monitor larger fructans.  This can be achieved by analysing multiply charged ions.  

Each high DP oligomer can theoretically give rise to multiple charge states, which would 

make quantification of individual oligomers difficult.  We therefore examined the distribution 

of charge states for oligomers ranging from DP 2 to 100 (Figure 4:1).  For the majority of the 

oligomers examined each oligomer had a predominant m/z (mass to charge) ion, oligomers of 

DP 3 to 10 were singly charged, DP 11 to 24 doubly charged, DP 24 to 40 triply charged 

while DP 80 to 100 were quadruply charged.   
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Figure 4:1 Charge state distribution vs. degree of polymerisation of fructans in ryegrass 

extracts analysed by electrospray ionisation in negative mode in an Orbitrap MS.  

Symbols depict: dark diamonds – singly charged, light squares – doubly charged, mid 

grey triangles – triply charged, and dark circles – quadruply charged and light 

diamonds –five charges.   

 

We propose therefore that with the choice of an appropriate single mass to charge ratio within 

each DP range it is possible to monitor for a wide range of fructan oligomers.  The 

monoisotopic m/z value for a fructan with a given degree of polymerisation can be calculated 

(Table S1), and an extracted ion chromatogram can then be generated with a mass window of 

+/- 0.5 Da. the isotopic distribution of the ions can be calculated (Table 9:4S2 ) and the fact 

that the predominant ion for a high DP fructan need not be the monoisotopic ion.  Peaks in 

the extracted ion chromatogram can be characterised by examining the mass spectrum at the 

peak retention time to determine the spacing of isotope peaks.  With ions carrying more than 

a single charge, the spacing of the isotope peaks is reduced by a factor of 1/(charge state) 

compared to that for the singly charged ion (Figure 4:2).   
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Figure 4:2 Profile spectra for ions of fructan oligomers with m/z of approximately 1630.  

Each trace is labelled with the degree of polymerisation (DP), the charge state and the 

mono-isotopic mass.  As the charge state increases the spacing of the isotope peaks 

decreases 
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Thus, providing the resolution is sufficient to resolve the isotope peaks, the charge state of 

the detected ion, and hence the mass of the ion detected, can be determined from the 

measured m/z for the predominant ion in the peak and the ∆m/z difference between the 

isotope peaks (charge state = 1.003/∆m/z; ion mass = m/z × charge state).  The presence of 

ions of the next or preceding oligomer can also help to confirm the assignment of the charge 

state.  For two sequential oligomers of the same charge state differing by ∆m/z, the charge 

state is approximately equal to 162/∆m/z.  This technique is less reliable than use of ∆m/z of 

the isotope peaks but can potentially be applied at high charge states where the isotope peaks 

are poorly resolved.   

 

4.4.2 Effect of resolution and mass accuracy 

Multiple injections of the same sample were carried out at the four possible resolution 

settings of the Exactive Orbitrap used in this study.  An extracted ion trace for a fructan 

oligomer with a charge state of -5 and a molecular weight in excess of 12000 Da (DP 74) at 

the different resolution settings (Figure 4:3) shows that increasing resolution improves peak 

quality.   
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Figure 4:3 Extracted Ion Chromatograms (XIC) showing peak qualities for a multiply 

charged DP 74 fructan ion with a m/z 2402.24 +/- 0.024 (10ppm) at resolutions of 10,000, 

25,000, 50,000 and 100,000.  The definition of the chromatographic peak improves 

greatly as the resolution increases. 
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The signal to noise ratios for the DP 74 oligomer shows significant improvement as the 

resolution is increased to 50,000 with little further improvement with increasing resolution to 

100,000.  Mass accuracy when coupled with high resolution allows the precise measurement 

of the isotope peaks.  The observed improvement in the chromatographic peak shape results 

from a reduction in the noise level on the chromatographic peak as well as an increase in the 

definition of the isotopologue mass peaks within the mass spectrum (Figure 4:4).  The mass 

spectra for this oligomer at the various resolutions shows the expected increase in mass peak 

definition, resulting in improved mass accuracy and hence an increase in the signal to noise 

ratio.   

 

 

Figure 4:4 Profile spectra of DP 74 at resolutions of 10,000, 25,000, 50,000 and 100,000 

with the measured signal to noise value.  The definition of the isotope peaks improves as 

resolution increases.   
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Thus with higher resolution larger oligomers can be detected from the background noise.  

Resolution by definition is the measured m/z divided by the measured m/z difference, and 

thus for high DP fructans detected in higher charge states the resolution needed increases as 

the m/z differences between isotopologue peaks decreases (above and Table 9:4S2).  The 

calculated minimum resolution required to separate isotope peaks for singly charged DP 10 is 

1638, doubly charged DP 20 is 3257, triply charged DP 30 is 4879 and quadruply charged DP 

40 is 6496 (Figure 4:2), and for DP 74 (Figure 4:4) a resolution of 100K is required.  High 

resolution coupled with mass accuracy as provided by the Exactive Orbitrap MS used in this 

study enables ions produced by the ionisation of fructan polymers to be separated from 

signals from other components in the extract as well as from background noise.   

 

4.4.3 Detection range and accuracy  

Polymerisation of sugars to form molecules such as fructans has been suggested as one 

mechanism for osmo regulation(Tomos and Leigh, 1999) as well as having a significant 

effect on the nutritional value of forage grasses (Turner et al., 2006), and thus as complete a 

knowledge of the fructan profile as possible is highly desirable for investigations of these 

areas.  Comparison of extracts of the same samples analysed by this technique and the ion 

trap based technique (Harrison et al., 2009) show the results to be comparable at low DPs but 

at high DP the technique described here can detect fructans that cannot be seen using a linear 

ion trap MS.  Thus while discrete chromatographic peaks can be resolved with a low 

resolution linear ion-trap MS up to modest DP 49 [13], a high resolution Orbitrap MS allows 

the resolution of much higher DP fructans (Figure 4:5),  
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Figure 4:5 Extracted Ion Chromatograms (XIC) for DP 3, 4, 5, 6, 7, 8, 10, 20, 35, 62,71 

and 75 showing the peaks obtained by the analysis of extracts of the same sample using 

either an ion trap (left) at unit resolution or the Exactive Orbitrap (right) at 100K 

resolution.  The traces are similar in the lower DP fructans as would be expected.  

However the larger DP fructans were not detectable using the ion trap.   
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extending up to DP 100 (detected at a charge state of -5) (Figure 4:6).  The signal to noise 

ratio in the trace for DP 100 (Figure 4:6, upper panel) is approximately 7:1 which makes it 

suitable for quantification.  The mass profile at the retention time for this peak (Figure 4:6, 

lower panel) demonstrates that there are larger fructan species present.  However for DP 115 

detected at a charge state of -6 in crude ryegrass extracts (m/z 3109.67 in Figure 4:6) the 

signal to noise ratio was 3, which is too low for quantification In the absence of authentic 

standards of individual high DP fructan oligomers, direct measurements of accuracy have not 

been possible, However the precision of the method appears adequate as examination of five 

replicate sequential injections showed the method to have a coefficient of variance (CV) 

below 5% and the linearity also appears satisfactory as serial dilutions of a crude ryegrass 

extract showed no evidence of ion suppression occurring.   
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Figure 4:6 (A) Extracted Ion Chromatogram (XIC) of a high sugar grass ryegrass 

extract for a multiply charged ion from DP 100 fructan, with a m/z 3245.05 +/-0.032 

(10ppm) at 100K resolution.  The signal to noise ratio is approximately 7:1.  (B) The 

mass profile at the retention time of 16 min with the ion from DP 100 highlighted within 

the oval.  The presence of larger fructans can be seen at higher mass to charge ratio.   
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4.4.4 Analysis of different ryegrass cultivars for high DP oligomers 

Extracts of blades from a HS cultivar (Expo), were shown previously to contain 

approximately twice as much total fructans compared to a standard cultivar (Fennema) grown 

and harvested under the same conditions (Rasmussen S, 2009a).  Using the Orbitrap MS 

method developed here we have demonstrated that the HS grass has significantly higher 

levels of large fructans compared to the standard cultivar (Figure 4:7).  In Fennema samples 

fructan polymers with a DP>30 were almost undetectable, while the high sugar grass variety 

accumulated fructan polymers of up to DP 60.  Thus the HS cultivar accumulated more than 

10 times the level of DP 40 than the standard line.  These results show that high sugar grasses 

differ not only in their total amounts of fructans in blades, but also in their size distribution 

compared to standard cultivars.  A recent study identified a fructosyltransferase from Phleum 

pratense (timothy grass) which was shown to catalyse the synthesis of highly polymerised 

fructans (Tamura, 2009).  It would be interesting to see if a comparable enzyme is present in 

L. perenne and differentially expressed in HS grass blades leading to the accumulation of 

high levels of high DP fructans in these cultivars. 
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Figure 4:7 Distribution of high DP fructans in blade extracts from L. perenne cultivars 

with contrasting total sugar content, with measured areas displayed on a log10 scale.  

Extracts were chromatographically separated and analysed by electrospray ionisation 

in negative mode with an Orbitrap MS.  Dark grey bars depict a standard (Fennema) 

and light grey bars a high sugar cultivar (Expo).  Significantly higher levels of high DP 

fructans are present in Expo than in Fennema.   
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4.5 Conclusion 

The development of a method using the high resolution and mass accuracy features of an 

Exactive Orbitrap MS enabling the monitoring of multiply charged ions extends the range of 

fructan oligomers that can be routinely analysed up to DP 100 which is well beyond the 

fructan DP range commonly reported in studies using either HPAEC or ion trap MS based 

methodology.  Two additional major advantages of the MS method described in this study 

compared to the commonly used techniques for fructan analysis are the much shorter run 

times, and the ability to determine the m/z ratio and the charge state of the ions which 

improves oligomer identification significantly.  Our finding that HS cultivars of the forage 

grass L. perenne accumulate particularly very high DP fructans when compared to standard 

cultivars indicates that selection and breeding of lines with even higher sugar levels than 

found in current HS cultivars might be accelerated using this high-throughput method for 

screening of large numbers of genotypes.   

 

4.6 Acknowledgments 

This work was partially funded by the Foundation for Research, Science and Technology NZ 

(FRST NZ) grant C10X0815.   

 

 

 

  



88 
 

Chapter 5 

5. Linear ion trap MS
n
 of enzymatically synthesized 

13C-labelled fructans reveals differentiating 

fragmentation patterns of β (1-2) and β (1-6) 

fructans and provides a tool for oligosaccharide 

identification in complex mixtures  

Scott Harrison
1,2,*

, Hong Xue 
1
, Geoff Lane

1
, Silas Villas-Boas

2
 and Susanne Rasmussen

1
 

 

1. AgResearch, Grasslands Research Center, Palmerston North, New Zealand 

2. SBS, Auckland University, Auckland, New Zealand 

 

 

 

The content of this chapter has been published in Analytical Chemistry (2012) 84: 1540-1548 
 

 

  



89 
 

5.1 Abstract  

Fructans are polymeric carbohydrates which play important roles as plant reserve 

carbohydrates and stress protectants, and are beneficial for human health and animal 

production.  Fructans are formed by the addition of β-D-fructofuranosyl units to sucrose, 

leading to very complex mixtures of 1-kestose based inulins, 6-kestose linked levans, and 

6G-kestose derived neoseries inulins and levans in cool season grasses such as Lolium 

perenne.  The identification of isomeric fructan oligomers in chromatographic analysis of 

crude plant extracts is often hampered by the lack of authentic standards and unambiguous 

peak assignment usually requires time consuming analyses of purified fructan oligomers.  We 

have developed a LC-MS
n
 method for the separation and detection of fructan isomers and 

present here evidence for specific MS
n
 fragmentation patterns associated with β 1-2 (inulins) 

and β 2-6 (levans) fructans.  LC-MS
n
 analysis of 

13
C labelled fructan oligomers produced by 

L. perenne fructosyltransferases expressed in yeast has enabled us to account for the observed 

fragmentation patterns in terms of preferential cleavage of the glycosidic bond between O- 

and fructose C2 in both inulins and levans, and to differentiate reducing-end from non-

reducing end cross ring cleavages in levans.  We propose that higher order MS fragmentation 

patterns can be used to distinguish between the two major classes of fructan, i.e. inulins and 

levans, without the need for authentic standards.   
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5.2 Introduction  

Fructans are a class of oligosaccharides composed largely of fructose residues that are 

produced by plants and some microbes.  The literature suggests that there are wide ranges of 

beneficial properties that can be attributed to these oligosaccharides such as a positive effect 

on stress tolerance of the plants that produce them(Hendry, 1993), the productivity of 

animals(Edwards et al., 2007), and health of humans(Ritsema and Smeekens, 2003) that 

ingest them.  Fructans have also been suggested as possible precursors for biofuels(Andersen 

and Kiel, 2000).  While fructans in dicots are usually of the inulin type derived from 1-

kestose with almost exclusively β (2-1) linkages between fructose residues(Edelman and 

Jefford, 1968), fructans found in monocots are usually more complex mixtures of molecules 

containing β (2-6) and β (2-1) linkages(Pavis et al., 2001b).  Biosynthesis of fructans is 

initiated by fructosyl transfer to sucrose, with transfer of either the free ketal hydroxyl group, 

catalysed by 1-SST (sucrose: sucrose 1-fructosyltransferase)(Edelman and Jefford, 1968) 

resulting in 1-kestose (Figure 5:1A), or the primary 6-hydroxyl group catalysed by 6-SST/6-

SFT (sucrose: fructan 6-fructosyltransferase)(Duchateau et al., 1995), resulting in 6-kestose 

(Figure 5:1B).  These trisaccharides may be further elongated to form fructans of different 

structures and sizes by addition of β (2-1) linked fructosyl units leading to 1-kestose based 

inulins (Figure 9:5S1A), or β (2-6) addition leading to 6-kestose based levans, Figure 

9:5S1B).  These chain extension reactions are catalyzed by various fructosyltransferases 

(including 1-FFT; fructan: fructan fructosyltransferase, and 6-SFT).  In cool temperate 

grasses such as Lolium perenne a third trisaccharide, 6G-kestose with an internal glucose 

(Figure 5:1C), is produced by 6G-FFT (fructan: fructan 6G-fructosyltransferase) and is 

utilised for the biosynthesis of neo-series inulins and levans (by 6G-FFT and 6-SFT)(Lasseur 

et al., 2006).  The activities of these enzymes are wider than the nomenclature suggests, with 

the pattern of products dependent on the supply of substrates(Lasseur et al., 2011).  All 
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isolated 6G-FFT proteins from L .perenne so far exhibit both 6G-FFT as well as 1-FFT 

activities, 

 

 

Figure 5:1 Molecular structures of A) 1-kestose (DP3 inulin) showing ring numbering 

system for oligomeric product ions (A,B,C / X,Y,Z), B) 6-kestose (DP3 levan) showing 

the standard numbering system for cross ring cleavages and C) 6G-kestose (DP3 neo-

series) 
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and no genes/ proteins with exclusive 1-FFT activity have been isolated from neo-series 

fructan producing grasses.  To assist in clarification of fructan biosynthesis and to 

unambiguously define enzymatic fructosyltransferase activities in L. perenne, we are 

investigating improved LC-MS-based methods for the analysis and characterisation of fructan 

oligomers produced in planta (Harrison et al., 2009) and in this study, in recombinant 

enzyme incubations, focussing initially on levans and inulins for which authentic standards 

are available.   

The structures of fructan trisaccharides have been defined by X-ray crystallography and 
13

C 

NMR of isolated compounds (Jeffrey and Park, 1972),(Ferretti et al., 1984).  Structures of a 

number of fructan oligomers have been determined by classical methylation(Sims et al., 

1992) and/or hydrolysis(Smouter and Simpson, 1989) procedures or NMR(Agrawal, 1992), 

following isolation from the matrix, but these characterising features are not readily 

applicable to chromatographic analysis of crude or minimally cleaned up samples.   

The most well-established approach to the analysis of complex fructans in plant extracts uses 

high performance anion exchange chromatography‐pulsed amperometric detection (HPAEC‐

PAD)(Cairns, 2003).  However, in this approach peak identity is assigned solely on retention 

time and is prone to misidentification due to retention time shifts.  The lack of readily 

available authentic standards has hampered research in this field, requiring researchers to 

repeat published laborious isolations and characterisation by classical techniques to confirm 

identifications.  Mass spectrometry is well-established as a tool providing valuable data for 

peak characterisation in chromatography, but the difficulties of coupling HPAEC with mass 

spectrometry due to high salt containing buffers have limited its use for on-line detection with 

this chromatographic system.  Recently the use of porous graphitized carbon high 

performance liquid chromatography columns (PGC HPLC) for the analysis of sugar polymers 

has been introduced (Robinson et al., 2007a).  These chromatographic systems can easily be 
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coupled to a mass spectrometer, but may be prone to retention time drifts(Koimur et al., 

1996).  Previous studies have shown that PGC HPLC MS can be used to separate isomeric 

fructan oligosaccharides, i.e. molecules of the same degree of polymerization (DP) but 

differing in linkage types between the monomeric units(Harrison et al., 2009) (Figure 

9:5S2).  However, while DP can be readily determined, it is not possible to assign an identity 

to peaks based solely on their electrospray mass spectra (MS
1
) as these contain the molecular 

ion and adducts only, with no distinctive structural information to distinguish isomers.  It is 

therefore important to have additional physicochemical data that can be used to characterize 

isomeric oligomers such as e.g. inulins and levans.   

Analysis of fragmentation patterns of molecular ions using higher order mass spectrometry 

(MS
n
) has become a key tool for the structural analysis and characterization of 

oligosaccharides (Reinhold et al., 1995; Stahl et al., 2002; Zaia, 2004; Tang et al., 2005; 

Harvey, 2008; Wuhrer et al., 2011).  Here, we report an investigation of the use of MS
n
 to 

characterise levans and inulins produced by recombinant L. perenne fructosyltransferases 

using isotopically labelled substrates, to identify differences in fragmentation patterns and 

relate them to structural characteristics.  These investigations could clarify some aspects of 

the activities of L. perenne fructosyltransferases activity.  To facilitate discussion Domon and 

Costello (1988) created a systematic ontology for the naming and assignment of 

oligosaccharide fragmentations(Domon and Costello, 1988), which is followed in this paper.  

Figure 5:1A shows the ring numbering when describing fragmentation in the X, Y and Z 

series which are referenced from the reducing end of the molecule; these are reversed for the 

A, B and C series which are referenced from the non-reducing end, the numbering for cross 

ring cleavages is shown in Figure 5:1B.   
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5.2 Experimental section  

1-kestose and levan (mixture of oligomers from Zymomonas moblilis; Sigma-Aldrich, USA) 

and 1,1-kestotetraose and 1,1,1-kestopentaose (Megazyme International, Ireland) were used 

as retention time standards.  Standards were made up at a concentration of 10 mg /ml in 

MilliQ water.  [UL-
13

C6 fru] sucrose (β-D-[UL-
13

C6]fructofuranosyl α-D-glucopyranoside) 

and [1-
13

C1 fru] sucrose (β-D-[1-
13

C1]fructofuranosyl α-D-glucopyranoside; Omicron 

Biochemicals, Inc. South Bend, IN USA) were used as starting material for the enzyme 

preparation of labelled standards.  Labelled compounds were produced by incubation of 

appropriate starting materials [100 mM] with recombinant enzymes (either sucrose: fructan 

6-fructosyltransferase (6-SFT; EC 2.4.1.10)(Lasseur et al., 2011) or fructan: fructan 6G-

fructosyltransferase (6G-FFT; EC 2.4.1.243; known to have also 1-FFT activity(Lasseur et 

al., 2006)) expressed in Pichia pastoris (Lasseur et al., 2011).  Sucrose only was used for the 

6-SFT reaction and a 1:1 mixture of sucrose and 1-kestose was used for the 1-FFT reaction of 

6G-FFT.  After centrifugation, 50 μl of the reaction mixture was placed into a vial and diluted 

to 2 ml in MilliQ water.  The reaction mixtures were separated using a PGC HPLC column 

(Hypercarb 100 x 2.1 mm 5 μ particle size, ThermoFisher) as previously described(Harrison 

et al., 2009).  Analysis of the chromatographic peaks was achieved using a ThermoFisher 

LTQ XL linear ion trap mass spectrometer in negative mode under the following conditions: 

Source Type:   HESI   Source Heater Temp (
o
C): 40.00 

Sheath Gas Flow (Arb.): 50.00   Aux Gas Flow (Arb.):  10.00 

Sweep Gas Flow (Arb.): 5.00  Source Voltage (kV):  5.00 

Capillary Voltage (V): -35.00  Capillary Temp (
o
C):  275.00 

Tube Lens (V): - 110.00 

Data were collected in centroid mode and targeted MS
2
 and MS

3
 scan functions were used.  

Values for the functions were derived from an initial MS
1
 survey of the sample.  MS

2
 data 
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were collected for m/z 503,505, 509, 515, 665, 668, 671, 683, 827,831, 833 and 851.  MS
3
 

data were collected for m/z 851→683, 851→671, 851→665, 851→:515, 851→509, 

851→503, 833→671, 833→509, 827→665, 827→503, 683→515, 683→509, 683→503, 

671→509, 671→503 and 665→503.  One scan function was used per analytical run.  All 

analyses were conducted using the following trap fragmentation settings, collision energy 

(CE) of 35% and an isolation width of 1.  Data collection and processing was carried out 

using ThermoFisher Xcalibur 2.1 software.   

 

5.3 Results and discussion  

 

5.3.1 Enzymatic production of fructan mixtures 

PGC chromatography and negative ESI LC-MS
n
 (Harrison et al., 2009) analysis of enzyme 

products synthesized from a 1:1 mixture of sucrose and 1-kestose by using the 1-FFT activity 

of recombinant 6G-FFT protein showed a mixture of inulins was formed due to the 1-FFT 

activity of this enzyme(Lasseur et al., 2011), together with other later-eluting products, most 

likely to be 6G-kestose and derived fructans (Figure 9:5S2 E).  Analysis of enzyme products 

synthesized from sucrose by recombinant 6-SFT showed a mixture of levans was formed.  

Inulin and levan products of these enzymatic syntheses were identified by comparison of 

retention times, fragmentation patterns and co-injection of authentic standards.  Inulins and 

levans of the same DP were well resolved using PGC chromatography(Harrison et al., 2009) 

and while products of cleavage around the glycosidic linkage (B/C or Z/Y cleavages) were 

prominent in the MS
2
 spectra of both classes of fructans, the spectra of the levans showed a 

pattern of additional distinctive product ions.  For each levan of DPn a series of product ions 

was observed corresponding to glycolaldehyde derivatives of levans of lower DP ([M(DP(n-1) 
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to DP1)-H+42]
-
).  The formation of glycolaldehyde derivatives in negative ESI MS/MS of a 

range of dihexosides has been confirmed by chemical synthesis
 
(Fang and Bendiak, 2007), 

and their formation in the MS
2
 of levans has been further characterised below.  Due to the 

lack of authentic standards for 6G-kestose and derived neo-series fructans, the data for the 

other products of the enzymes remain to be analysed further.  We have focussed here on 

elucidating the mass spectral fragmentation pattern of inulins and levans using 
13

C labelled 

compounds produced by enzymatic synthesis with labelled sucrose as a substrate, to provide 

a basis for further investigations of these products, and other fructans and related components 

from ryegrass.   

 

5.3.2 Production of 
13

C labelled Inulins 

The product mixture from the incubation of 1-kestose and sucrose[UL
13

C6 fru] with 

recombinant 6G-FFT contained 3 differently labelled 1-kestose molecules which were 

characterised by their MS
2
 spectra (discussed below): unlabelled 1-kestose (Figure 5:2A), 1-

kestose [UL
13

C6 fru] labelled next to the glucose (Figure 5:2B) indicating fructan: fructan 1-

fructosyltransferase (1-FFT) activity (St. John et al., 1997b), and 1-kestose [UL
13

C6 fru]2 

(Figure 5:2C) indicating sucrose: sucrose 1-fructosyltransferase (1-SST) activity.  No 

measurable signals were identified in Figure 5:2B for a singly labelled 1-kestose with a 

terminal [UL
13

C6 fru], which would be apparent as an unlabelled ion resulting from a C1 

cleavage (m/z 341, not present) therefore no sucrose: fructan 1-fructosyltransferase (1-SFT) 

activity was observed.  The unlabelled and singly labelled 1-kestose molecules were at 

approximately the same concentration (assuming equal ionization efficiencies), presumably 

due to a futile cycle being established, with labelled sucrose generating singly labelled 1-

kestose which then regenerates labelled sucrose when it loses the unlabelled fructose.  The 

doubly labelled molecule was present at approximately 1/70
th

 the level of the other two  



97 
 

 

Figure 5:2 Negative electrospray MS
2
 and MS

3
 spectra of inulins.  (A) MS

2
 (m/z 503) of 

unlabelled 1-kestose (DP 3 inulin);(B) MS
2
 (m/z 509).  of 1-kestose[UL

13
C6 fru], labelled 

fructose adjacent to glucose: (C) MS
2
 (m/z 515).  of 1-kestose[UL

13
C6 fru]2; (D) MS

2 
(m/z 

671) of 1,1-kestotetraose[UL
13

C6 fru] (DP4 inulin), labelled fructose adjacent to glucose; 

(E) MS
2
 (m/z 833) of 1,1,1-kestopentaose[UL

13
C6 fru] (DP5 inulin) labelled fructose 

adjacent to glucose; (F) MS
3 

(m/z 833→ 671) of 1,1,1-kestopentaose[UL
13

C6 fru] (DP5 

inulin) labelled fructose adjacent to glucose.  The spectra are annotated with the 

fragmentations; the number of * next to the annotation indicates the number of [UL
13

C6 

fru] units in the ion 

 

molecules and this suggests that in addition to, fructan: fructan 1-fructosyltransferase (1-FFT) 

activity and 6G-FFT activity, the recombinant enzyme has also 1-SST activity, but at a 

significantly lower level.   
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5.3.3 Fragmentation of Inulins 

The major product ion in the MS
2
 spectra of 1-kestose and its labelled isotopologues (Figure 

5:2) shows a shift from m/z 323 ion in the unlabelled molecule (Figure 5:2A) to m/z 329 in 

the singly labelled molecule (Figure 5:2B) and m/z 335 in the doubly labelled molecule 

(Figure 5:2C).  This establishes this fragment ion contains two fructose units and therefore 

results from a Z2 cleavage of the 1-kestose molecule.   

In contrast, ions corresponding to the m/z 341 ion in the unlabelled molecule were observed 

at m/z 347 in the spectra of both singly and doubly labelled 1-kestose showing the fragment 

ion contains only one fructose moiety and hence results from a C2 cleavage of the 1-kestose 

molecule.  When the spectra of the higher order oligomers were examined the same patterns 

of fragmentation were observed (Figure 5:2).   

The regular pattern of fragmentation was confirmed by higher order MS experiments, in 

which the MS
3
 spectra of C product ions of a given m/z generated from higher DP inulins 

were similar to the MS
2
 spectrum of the [M-H]

-
 ion from the corresponding inulin of lower 

DP.  Thus the MS
3
 spectra of the m/z 503 product ion from unlabelled 1,1-kestotetraose (DP 

4 inulin) (m/z 665→503) and unlabelled 1,1,1-kestopentaose (DP 5 inulin) (m/z 827→503) 

were closely similar to the negative electrospray MS
2
 spectrum for unlabelled 1-kestose (DP 

3 inulin) (m/z 503) (data not shown) with the same product ions present.  Similarly the MS
3
 

of the m/z 671 ion from the MS
2
 spectrum of the labelled DP5 inulin (m/z 833→671)  
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Figure 5:3 Proposed fragmentation schema for 1,1-kestotetraose (DP 4 inulin).  The m/z 

values of the unlabelled ions are given first, with the m/z for the [UL
13

C6 fru] labelled 

species in parentheses.  The fragmentation is dominated by cleavage between the 

glycosidic O and fructose C2 to give C and Z product ions. 
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(Figure 5:2F) shows the same ions in similar ratios as the MS
2
 spectrum of the labelled DP4 

inulin (m/z 671) (Figure 5:2D).  From the regular and predictable pattern in the 

fragmentation of the inulins and the distribution of label to product ions in the labelling 

experiment we infer that the inulins form primarily Cn-1 and Z n-1 product ions formed by 

cleavage of a glycosidic bond between O- and fructose C2 at either end of the oligomer chain 

(Figure 5:3), with the loss of a low mass neutral species.   

It is interesting to note that as the length of the oligomers increase beyond DP 4 there is 

evidence of some disruption of this pattern in the lower mass ions, possibly due to secondary 

fragmentations.  Thus a small level of B cleavage appears to occur in the MS
2
 of the labelled 

DP5 inulin (the m/z 491 ion, putatively assigned as B3 species) (Figure 5:2E) but this may 

alternatively be a C3 product ion of secondary cleavage of the labelled Z4 ion (m/z 653).   

 

5.3.4 Production of 
13

C labelled Levans 

The 6-SFT enzyme cleaves a sucrose molecule and attaches the fructose to the 6 position of a 

fructose on a second sucrose molecule or larger oligomers(Allen and Bacon, 1956).  

Incubation of recombinant 6-SFT with sucrose [UL
13

C6 fru] produced a DP3 product, 6-

kestose [UL
13

C6 fru]2 with all the fructose moieties in the molecule universally labelled with 

13
C while incubation with sucrose [1-

13
C1 fru] produced a DP3 product, 6-kestose [1-

13
C1 

fru]2 with all the fructose moieties in the molecule labelled with 
13

C at the 1 position (see 

analysis of MS
2
 spectra below).  In each case a series of higher DP levans incorporating 

labelled fructose moieties was also formed.   
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5.3.5 Fragmentation of Levans 

The MS
2
 spectrum produced by a levan of a given DP show several common features with 

the MS
2
 spectrum of an equivalent inulin, but with additional distinctive product ions.  Thus 

as with 1-kestose (DP3 inulin) (Figure 5:2A), the MS
2
 spectrum of 6-kestose (DP3 levan) 

(Figure 5:4A) shows Z2 and C2 product ions (m/z 323 and 341).  In the MS
2
 spectrum of 6-

kestose [UL
13

C6 fru]2 (Figure 5:4B) these product ions are observed at higher mass, 12 mass 

units higher (m/z 335) in the case of the Z2 ion and 6 mass units higher (m/z 347) in the case 

of the C2 product ion, as seen in the doubly-labelled 1-kestose (Figure 5:2C).  The most 

notable difference between the spectra of unlabelled 6-kestose (Figure 5:4A) and unlabelled 

1-kestose (Figure 5:2A) is the presence of additional ions at m/z 221, 233 and 383 in the 6-

kestose spectrum.  In the spectrum of 6-kestose [UL
13

C6 fru]2 (Figure 5:4B) these ions 

appear at m/z 229, 242 and 391 respectively, 8, 9 and 8 mass units higher than in 6-kestose 

(Figure 5:4A), indicative of cross ring cleavage of labelled fructose rings.  The mass shifts 

allow us to assign these ions as A3 and X1 products of cross-ring cleavages adjacent to inter-

fructose bonds from both directions.  The X cleavage products include residues from two 

labelled fructose moieties and can be assigned as 
0,3

X1 (m/z 221 unlabelled, 229 labelled) and 

2,4
X1 (m/z 233 unlabelled, 242 labelled) ions (Figure 5:5).  The A3 fragment (m/z 383 

unlabelled, 391 labelled) incorporates residues from unlabelled glucose and two labelled 

fructose moieties and logically would be assigned to a 
0,1

A3 cleavage as proposed in Figure 

5:5.  However two patterns of fragmentation to form such a species are possible, either 
0,1

A3 

(Figure 5:6, route I), or 
0,2

A3 cleavage of the fructan ring with additional cleavage of the 

bond between C1 and C2 (Figure 5:6, route II).  These possibilities could not be 

distinguished in fragment ions produced from levans with universally labelled fructose units 

as both would give product ions of the same mass.  This was resolved by synthesising a 

mixture of 
13

C1-labelled levans by  
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Figure 5:4 Negative electrospray MS
2
 and MS

3
 spectra of levans.  (A) MS

2
 spectrum of 

6-kestose (DP 3 levan) (m/z 503); (B) MS
2
 spectrum of 6-kestose [UL

13
C6 fru]2 (fructose-

labelled DP 3 levan) (m/z 515).  (C) MS
2 

spectrum of 6,6-kestotetraose[UL
13

C6 fru]3 

(fructose-labelled DP 4 levan (m/z 683), (D) MS
3
 spectrum of 6,6-kestotetraose[UL

13
C6 

fru]3 (fructose-labelled DP 4 levan) (m/z 683 →515), (E) MS
3
 spectrum of 6,6,6-

kestopentaose[UL
13

C6 fru]3 (fructose-labelled DP 5 levan) (m/z 851 →683) and (F) MS
2
 

spectrum of 6,6,6-kestopentaose[UL
13

C6 fru]3 (fructose-labelled DP 5 levan) (m/z 851).  

The spectra are annotated with the fragmentations, the number of * next to the 

annotation indicates the number of [UL
13

C6 fru] units completely or partially 

incorporated in the ion incubating 6-SFT with sucrose [1-
13

C1 fru], and examining the 

fragmentation of the DP3 levan by LC-MS/MS. 

 

The major product ions in the MS
2
 spectrum of 6-kestose [1-

13
C1 fru]2 (m/z 505, Figure 

5:6B) in each case show a mass shift of 1 dalton relative to those in the spectrum of 6-kestose 

(Figure 5:6A), indicating the incorporation of a single 
13

C1-label.  The unit mass shift for the 

A3 product ion (m/z 383 to 384) establishes this is the 
0,2

A3 ion, and that the labelled 
13

C1 of 
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the terminal fructose has been lost during fragmentation, in a similar mechanism as that 

proposed for the fragmentation of maltose and cellobiose(Fang et al., 2007).  A similar 

pattern was observed for higher DP levans produced in this incubation.   

As seen in the spectra of the inulins, the levan fragmentation is reproducible and predictable, 

with the MS
3
 spectra of C product ions of a given m/z generated from higher DP levans 

similar to the MS
2
 spectrum of the [M-H]

-
 ion from the corresponding levan of lower DP.  

Thus the MS
3
 spectrum for the m/z 515 ion (Figure 5:4D) from the MS

2
 spectrum of the 

labelled DP 4 levan (m/z 683) is similar to the MS
2
 spectrum of the labelled DP 3 levan (m/z 

515) (Figure 5:4B).  Similarly the MS
3
 spectrum m/z 851→683 ion from the labelled DP 5 

levan (Figure 5:4E) is a close match to the MS
2
 spectrum of the labelled DP 4 levan (m/z 

683) (Figure 5:4C).  This pattern is evident but less interpretable in the data for the 

unlabelled levans due to the fact that many of the possible fragments are isobaric (data not 

shown).  From examination of the product ion masses of the unlabelled and labelled levans 

we infer that with the levans, in addition to the Cn-1 and Z n-1 product ions formed by cleavage 

of a glycosidic bond between O- and fructose C2 at either end of the oligomer chain as seen 

for the inulins, cross-ring cleavage to form 
0,3

X and 
0,2

A ions is favoured (Figure 5:5).  As 

with the inulins, there are indications of formation of lower mass product ions by secondary 

fragmentations.   
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Figure 5:5 Proposed fragmentation schema for 6-kestose (DP 3 levan).  The m/z values 

of the unlabelled ions are shown, with the m/z for ions incorporating universally labelled 

fructose units in parentheses.  In addition to the pattern of cleavage between the 

glycosidic O and fructose C2 to give C and Z product ions, as seen in the inulins, cross-

ring cleavage of fructose units to form X and A product ions is observed.   
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Figure 5:6 Negative electrospray MS
2
 spectra of levans.  (A) MS

2
 spectrum of 6-kestose 

(DP 3 levan) (m/z 503); (B) MS
2
 spectrum of 6-kestose [1-

13
C6 fru]2 (1-

13
C fructose-

labelled DP 3 levan) (m/z 505).  (I) Potential 
0,1

A cleavage to produce glycolaldehyde 

fragment; (II) Potential 
0,2

A cleavage to produce glycolaldehyde fragment 
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Thus in the MS
2
 of the labelled DP5 levan (m/z 851) (Figure 5:4F) a signal corresponding to 

a labelled Y2 ion (m/z 353) was observed and this species was also observed as a major 

product ion in the MS
3
 spectrum (m/z 851→563) of the X3 ion from the labelled DP5 levan 

(data not shown).  It is notable that, compared to inulins, as chain length increases the signals 

for Cn-2 and Z n-2 and other lower mass ions formed by cleavages away from the chain 

terminus are relatively more intense indicating lesser selectivity of the sites of cleavage and 

likely increasing secondary fragmentation.   

 

5.4 Conclusions  

 

The use of PGC HPLC has simplified the analysis of oligosaccharide especially in complex 

mixtures.  Coupled with higher order MS experiments we have demonstrated that it is 

possible to identify two important classes of oligosaccharides even when they undergo 

retention time shifts.  Higher order MS
n
 experiments can be thought to be analogous to 

traditional hydrolysis analysis but are far more selective, and can be used to systematically 

deconstruct fructans one sugar unit at a time from the reducing end by selection and 

fragmentation of the [M(DP(n-1))-H]
-
 product ion, the major ions observed for the DP3, 4 &5 

inulins and levans are detailed in Table 9:4S1.  The use of 
13

C labelled substrates coupled 

with enzymatic synthesis of fructans has allowed the production of standards that are not 

freely available, and differential labelling has enabled us to account for the observed 

fragmentation patterns in terms of preferential cleavage of the glycosidic bond between O- 

and fructose C2 in both inulins and levans and to differentiate reducing-end from non-

reducing end cross-ring cleavages in levans.  The labelling experiments have also allowed us 

to resolve different activities of recombinant fructosyltransferease enzymes and notably to 
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detect 1-SST activity of recombinant 6G-FFT from L. perenne.  Our results clearly 

demonstrate that higher order MS spectra can be used to unambiguously differentiate levans 

from inulins and suggest the combination of PGC chromatography and LC-MS
n
 will be a 

useful tool for the further elucidation of fructan biosynthesis in L. perenne and more 

generally for the analysis of complex mixtures of fructans in crude extracts for which 

authentic standards may not be available.   
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6.1 Abstract  

Carbohydrates play important roles in many biological systems and can vary greatly in 

secondary structure. The identification of isomeric carbohydrate oligomers in 

chromatographic analysis of crude extracts of biological materials is often hampered by the 

lack of authentic standards and unambiguous peak assignment usually requires time 

consuming analyses of purified oligomers. A previous report described an LC-MS
n
 method 

for the separation and detection of carbohydrate isomers and presented evidence for specific 

MS
n
 fragmentation patterns associated with β 1-2 (inulins) and β 2-6 (levans) fructans 

(Harrison et al., 2012). Specifically 
13

C labelled starting materials were used with 

recombinant enzymes from Lolium perenne expressed in yeast to synthesise labelled fructans, 

and the distribution of label between their MS
n
 product ions enabled us to account for the 

observed fragmentation patterns.  This approach has now been extended to other fructan 

products, predominantly neoinulins, for which a cross glucose ring cleavage observed in LC-

MS
n
 proved to be diagnostic of the chain length on the 6 side of the glucose. We propose that 

higher order MS fragmentation patterns can be used to distinguish between the previously 

described inulins and levans, and neoinulins without the need for isolation of authentic 

standards.  
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6.2 Introduction  

 

Fructans, which are oligosaccharides composed mainly of fructose residues, are produced by 

plants and some microbes.  A wide range of beneficial properties have been attributed to 

fructans, such as a positive effect on stress tolerance of the plants that produce them (Hendry, 

1993), improved productivity of animals (Edwards et al., 2007) and health of humans 

(Ritsema and Smeekens, 2003) that ingest them. In addition  fructans are possible precursors 

for biofuels (Andersen and Kiel, 2000).  Dicots predominantly produce inulin type fructans 

which are derived from 1-kestose with almost exclusively β (2-1) linkages between fructose 

residues (Edelman and Jefford, 1968). In monocots fructans are usually more complex 

mixtures of molecules containing β (2-6) and β (2-1) linkages (Pavis et al., 2001b).   

The number of sugar units within the molecule is known as the degree of polymerisation 

(DP); sucrose is a DP2 sugar whilst 1-kestose, 6-kestose and 6G-kestose are all DP3 sugars.  

The points at which chain extension occurs for 1-kestose, 6-kestose and 6G-kestose are 

shown in Figure 6:1 by the symbol *.  1-kestose and 6-kestose both have a single point of 

extension and yield regular series i.e. inulins and levans, respectively.  6G-kestose on the 

other hand has four possible sites of chain extension giving rise to the neo series fructans 

which can be further subdivided. If the chain extension occurs solely on the 1 position of the 

molecule receiving the fructose unit this would produce neoinulin series fructans, whereas if 

the chain extension occurs solely on the 6 position of the receiving molecule this would 

produce neolevan series fructans.  If chain extension were to occur on the 1 position on one 

side of the receiving molecule and the 6 position on the other side this would produce mixed 

neo series (graminan) fructans (Lunn, 2001).   

The generally accepted SST/FFT model states that fructan biosynthesis is initiated by 

fructosyl transfer to sucrose, which is catalysed by 1-SST (sucrose: sucrose 1-
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fructosyltransferase) (Edelman and Jefford, 1968) to form 1-kestose. The 1-kestose acts as 

the key intermediate involved in the biosynthesis of the larger oligomers (Edelman and 

Jefford, 1968) in the inulin series or as substrate for other enzymes that are required for the 

production of  levan and neo series fructans.  For levan biosynthesis 1-kestose donates a 

fructose moiety which reacts with the 6-hydroxyl group of the fructose of sucrose, catalysed 

by 6-SST/6-SFT (sucrose: fructan 6-fructosyltransferase) to produce 6-kestose (Duchateau et 

al., 1995).  A third trisaccharide with an internal glucose that is present in cool temperate 

grasses such as Lolium perenne, is 6G-kestose, which is produced by 6G-FFT (fructan: 

fructan 6G-fructosyltransferase) using 1-kestose as a fructose donor and sucrose as a fructose 

acceptor.  6G-kestose is utilised for the biosynthesis of neoinulins and neolevans (by 6G-FFT 

and 6-SFT respectively) (Lasseur et al., 2006).  To date all isolated Lp-6G-FFT enzymes 

exhibit both 6G-FFT and 1-FFT activities, with the activities shown by this enzyme being 

dependent on the substrates that are available (Lasseur et al., 2011). The chain extension 

reactions required to produce larger fructans are catalysed by various fructosyltransferases 

(including 1-FFT; fructan: fructan fructosyltransferase, and 6-SFT). 

Until this point fructan research has been hampered by the lack of either authentic standards 

or independent physiochemical data that would allow researchers to identify individual 

fructans other than by chromatographic retention time.  Thus in an earlier study, pre-

separation by anion-exchange chromatography, mild hydrolysis and analysis by GC-MS was 

used to identify the fructan oligomers present in perennial ryegrass (Lolium perenne L.).  This 

work demonstrated the major lower DP fructans to be neoinulins, neolevans and inulins 

(Pavis et al., 2001b).  However, in the higher DP (>8) fructans, glycosidic (2 - 6) linked 

residues were found to predominate, and this is consistent with findings from NMR studies of 

ryegrass fructans (Tomasic et al., 1978).  In subsequent investigations of the products of 

recombinant enzymes (6-SFT and 6G-FFT) from perennial ryegrass involved in fructan 
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biosynthesis, products were identified by co-chromatography on anion-exchange with 

isolated standards(Lasseur et al., 2006; Lasseur et al., 2011). 

Recently we demonstrated that LC-MS and LC-MS/MS on porous graphitised carbon (PGC) 

can be used to separate both isomers and oligomers (Harrison et al., 2009).  The linear ion 

trap can be used to generate MS
n
 spectra which differentiate and provide characterising data 

for isomeric inulins and levans.  In this study specifically 
13

C-labelled starting materials were 

used with recombinant enzymes from Lolium perenne expressed in yeast to synthesise 
13

C-

labelled fructans and the fragmentation mechanisms were elucidated from the distribution of 

label between the MS
n
 product ions  (Harrison et al., 2012).   In this paper we extend this 

approach to the other possible biosynthetic products of a recombinant 6G-FFT enzyme.  This 

enables real time characterisation of the enzyme products without access to isolated standards 

or the need for prior separation and/or hydrolysis. 

 

6.3 Experimental section  

1-kestose (Sigma-Aldrich, USA), 1,1-kestotetraose and 1,1,1-kestopentaose (Megazyme 

International, Ireland) were used as retention time standards. Standards were made up at a 

concentration of 10 mg /ml in MilliQ water.  Labelled compounds were produced by 

incubation of [UL-
13

C6 fru] sucrose (β-D-[UL-
13

C6]fructofuranosyl α-D-glucopyranoside); 

(Omicron Biochemicals, Inc. South Bend, IN USA) [100 mM] and 1-kestose (Sigma-Aldrich, 

USA) [100 mM] with recombinant enzymes (fructan: fructan 6G-fructosyltransferase (6G-

FFT; EC 2.4.1.243(Lasseur et al., 2011)); known to also have 1-FFT activity (Lasseur et al., 

2006)) expressed in Pichia pastoris, as described previously(Lasseur et al., 2011).  After brief 

centrifugation, 50 μl of the reaction mixture was placed into a vial and diluted to 2 ml in 

MilliQ water.  The reaction mixtures were separated using a PGC HPLC column (Hypercarb 

100 x 2.1 mm 5 μ particle size, ThermoFisher) as previously described (Harrison et al., 
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2009).  Analysis of the chromatographic peaks was achieved using a ThermoFisher LTQ XL 

linear ion trap mass spectrometer in negative mode under the following conditions: 

 

 

Figure 6:1 Schematic representation of DP3 Fructans, * denotes the point at which 

chain extension may occur 
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Source Type:   HESI   Source Heater Temp (
o
C): 40.00 

Sheath Gas Flow (Arb.): 50.00   Aux Gas Flow (Arb.):  10.00 

Sweep Gas Flow (Arb.): 5.00  Source Voltage (kV):  5.00 

Capillary Voltage (V): -35.00  Capillary Temp (
o
C):  275.00 

Tube Lens (V): - 110.00 

Data were collected in profile mode and targeted MS
2
 and MS

3
 scan functions were used.  

Values for the functions were derived from an initial MS
1
 survey of the sample.  MS

2
 data 

were collected for m/z 503, 505, 509, 515, 665, 668, 671, 683, 827, 831, 833, 851 and 989.  

MS
3
 data were collected for m/z 851→683, 851→671, 851→665, 851→515, 851→509, 

851→503, 833→671, 833→509, 827→665, 827→503, 683→515, 683→509, 683→503, 

671→509, 671→503, 665→503, 827→503, 827→665, 989→503, 989→665 and 989→827.  

One scan function was used per analytical run.  All analyses were conducted using the 

following trap fragmentation settings, collision energy (CE) of 35% and an isolation width of 

1.  Data collection and processing was carried out using ThermoFisher Xcalibur 2.1 software.   

 

6.4 Results and discussion  

 

6.4.1 Examination of the Trisaccharide Product  

1-kestose, 6-kestose and 6G-kestose can all be well-resolved on the Hypercarb column 

(Harrison et al., 2009), with their MS
2
 (503) spectra of 1-kestose and 6-kestose are clearly 

different and reproducible (Harrison et al., 2012).  This allows the three species to be readily 

differentiated and in this study 1-kestose and 6G-kestose were identified to be present in the 

reaction mixtures.  The data for 1-kestose from the labelling experiment indicated that there 

was very little production of DP3 containing two labelled fructose units or molecules with the 
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terminal fructose group labelled consistent with previously published results (Harrison et al., 

2012).  The labelled fructose unit was found to stay predominantly in the sucrose moiety, 

implying there is little to no 1-SST activity.  There is evidence from the labelling experiment 

for the establishment of a futile cycle because ions for unlabelled and singly labelled sucrose 

(m/z 341 and 347) were observed at equal intensity in the reaction mixture, as were ions at 

m/z 503 and 509 which correspond to the molecular ions of unlabelled and singly labelled 1-

kestose.  Within the MS
2
 (509) spectrum of singly labelled 1-kestose there is no evidence of 

the label being on the terminal fructose as both DP2 ions contain a labelled fructose.   

A doubly labelled 6G-kestose was detected (as a minor component) together with the 

unlabelled and singly labelled 6G-kestose in the labelling experiment.  By examination of the 

peak areas of the extracted ion chromatograms from the MS
1
 trace (Figure 6:2), if we assume 

the 
13

C to have negligible effect on the ionisation efficiency of the molecules, the relative 

signal intensities demonstrate that under these conditions the production of 6G-kestose 

containing two fully labelled fructose molecules is approximately 2%.  Lp6G-FFT enzymes 

have previously been reported to show 1-SST activity, which produces 1-kestose from 

sucrose, therefore it is possible that the doubly labelled 1-kestose that is produced can be used 

as the fructose donor to produce doubly labelled 6G-kestose. 

 

6.4.2 Fragmentation of 6G-Kestose 

Comparison of the MS
2
 spectra of the unlabelled, singly and doubly labelled 6G-kestose 

(Figure 6:2, bottom panel) shows that whereas for the unlabelled (503) and doubly labelled 

(515) species a single class of disaccharide product ion species was observed, (either 

unlabelled (m/z 323 and 341) or singly-labelled (m/z 329 and 347) respectively), both classes 

were present in the MS
2
 spectrum (509) of the singly-labelled 6G-kestose.  In this case the 

labelled species were seen to be predominant, suggesting that the un-labelled fructose on the  
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Figure 6:2 Top Panel:- Potential fragmentations of 6G-kestose to give the observed ion 

at m/z 221, Bottom Left Panel:- Extracted Ion Chromatograms (m/z 503, 509, & 515 

(Top To Bottom)) from MS
1
 analysis of the 6G-FFT reaction mixture (chromatogram 

are presented on the same scale except the bottom trace which is multiplied by 10), 

Bottom Right Panel:-MS
2
 Spectra (m/z 503, 509, & 515 (Top To Bottom)) for 6G-

Kestose containing 0, 1 and 2 labelled Fructose Units 
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6 position of the glucose is lost preferentially to the labelled fructose on the 1 position of the 

glucose.  In the lower mass range, ions at m/z 179 and 221 which can be assigned as 

anhydrofructose and fructosyl-glycolaldehyde (Fang and Bendiak, 2007; Harrison et al., 

2012) species respectively, were observed in the spectrum of unlabelled and singly labelled 

6G-kestose.  The corresponding ions were observed at m/z 185 and 227 in the spectrum from 

the doubly labelled compound.  Considering the three possible routes for the formation of a 

hexosyl-glycolaldehyde ion (Figure 6:2, top panel, a, b & c), it can be inferred that the 

fragmentation occurs via Figure 6:2 route a.   

 

6.4.3 Fragmentation and identification of DP4 molecules derived from 6G-

Kestose 

The DP4 inulin 1,1-kestotetraose and three additional DP4 products were detected by LC-MS 

from incubation of recombinant 6G-FFT with sucrose and 1-kestotriose (Figure 6:3). The 

inulin data are shown for a consistent point of reference for other fructans of the same DP 

here and below. The production of two neoinulins, (1&6G-kestotetraose (x in Figure 6:3) and 

6G,1-kestotetraose (y in Figure 6:3)) together with the DP4 inulin (1,1-kestotetraose) by 6G-

FFT has been reported under similar conditions (Lasseur et al., 2006).  In perennial ryegrass 

these three compounds and an additional compound, (the neolevan 6G,6-kestotetarose (w in 

Figure 6:3)) have also been reported (Pavis et al., 2001b). The selected ion traces and the 

MS
2
 spectra of the four DP4 products detected in the current study, from unlabelled sucrose 

(m/z 665) and labelled sucrose (m/z 671) are shown in Figure 6:3.  The MS
3
 spectra (m/z 

665→503) for the three later-eluting peaks, 3B’”, 3C”’ and 3D”’ in each case include the 

product ions observed in the MS
2
 spectrum of 6G-kestose (Figure 6:2) although in differing 

ratios, which is consistent with these compounds being derived from the 6G-kestose.  
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Figure 6:3 Top:- Extracted Ion Chromatograms (m/z 665) from MS
1
 analysis of the 6G-

FFT reaction mixture, Middle Left:- Possible DP4 products from 6G-kestose using 6G-

FFT, Middle Right:- MS
2
 spectra (m/z 665) of Peaks A, B, C & D, Bottom Left:- MS

2
 

spectra (m/z 671) of Peaks A, B, C & D, Bottom Right:- MS
3
 spectra (m/z 665→503) of 

Peaks A, B, C & D  

 

 

 

The corresponding MS
2
 (m/z 665) spectra 3B’, 3C’ and 3D’ could be distinguished from that 

of 1,1-kestotetraose (3A’) by the occurrence of ions corresponding to cross-ring 
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fragmentation products, namely m/z 575 (3C’), m/z 383 (3B’ and 3D’) and m/z 221 (3C’ and 

3D’) (Figure 6:3).  Of these, the m/z 383 and m/z 221 ions are observed unchanged in the MS
2
 

(m/z 671) spectra (3B’’, 3C’’ and 3D’’) of the products of the labelling experiment, but the 

higher mass ion is observed at m/z 578 (3C’’).  The m/z 221 ion corresponds to a fructosyl-

glycolaldehyde species as observed from cross-ring cleavage of the glucose ring of the 

fructosyl-2,6-glucosyl moiety of 6G-kestose (above, Figure 6:2) and also from cross-ring 

cleavage of a 6-2-linked fructosyl-fructose moiety in the levan series but not from 1-2-linked 

fructosyl-fructose moieties in the inulin series(Harrison et al., 2012).  The m/z 383 ion 

corresponds to a fructosyl-fructosyl-glycolaldehyde homologue.  The observation of both m/z 

383 and m/z 221 product ions in the MS
2
 spectra 3D’& 3D’’ (both unlabelled and labelled) 

indicates there are two sites of cross-ring cleavage of unlabelled hexose moieties in this 

molecule consistent with the presence of a fructosyl-2, 6-fructosyl-2,6-glucose moiety.  This 

suggests the identity of peak 3D to be 6G, 6-kestotetraose (Figure 6:3, w) as reported in 

perennial ryegrass (Pavis et al., 2001b).  In the case of 3B’, the observation of a single m/z 

383 cross-ring product ion from both labelled and unlabelled products is consistent with the 

presence of a fructosyl-2,1-fructosyl-2,6-glucose (Fang and Bendiak, 2007)  for which cross-

ring cleavage of the glucose ring is preferred. This is consistent with the finding that peak 3B 

is 6G,1-kestotetraose (Figure 6:3, y) as reported from recombinant 6G-FFT incubations 

(Lasseur et al., 2006) and from perennial ryegrass (Pavis et al., 2001b). 

The observation of an ion at m/z 221 in the spectra 3C’ (MS
2
 (m/z 665)) and 3C’’ (MS

2
 (m/z 

671)) (Figure 6:3) suggests that in this product a single unlabelled fructose is attached at the 6 

position of the glucose, as with the 6G-kestose (Figure 6:2), which would suggest peak 3C to 

be either x or z.  A fructose attached at the 6 position of the labelled fructose as in z should 

give rise to an m/z 223 product ion in the spectrum of the labelled product by analogy with 

the fructosyl-2,6-fructosyl fragmentations seen for 3D (Figure 6:3, w) (above) and for the 
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levans (Harrison et al., 2012).  As this was not observed peak 3C would appear to be the 

previously reported 1&6G-kestotetraose(Pavis et al., 2001b; Lasseur et al., 2006) (Figure 6:3, 

x).  However the observation of a product ion of m/z 575 in the spectrum 3C’ shift to m/z 578 

in the spectrum of the labelled compound (3C’’) remains to be accounted for.  This can only 

result from a cross-ring cleavage across the labelled fructose ring which would suggest that 

the assignments above are incorrect and the labelled fructose ring is terminal as in w or y 

(Figure 6:3).   

The observation of a product ion of m/z 383, in the MS
2
 spectra 3B’’ and 3D’’ (above), but 

not 3C’’, provides unambiguous evidence of 3 contiguous unlabelled hexose moieties and 

excludes these possibilities. That being the case, the cross-ring cleavage that gives rise to the 

m/z 575 ion, corresponding to a neutral loss of C3H6O3, must be internal to the chain and not 

at the terminal end and appears to only occur across the fructose attached at the 1 position of 

the glucose (i.e. the original fructose contained in the core sucrose moiety).  This type of 

fragmentation does not appear to have been reported previously and thus although its 

observation cannot be considered conclusive evidence for structure x (Figure 6:3), it appears 

to further exclude structure z.   

 

6.4.4 Fragmentation of DP5 derived from 6G-Kestose 

The extracted ion channel for DP5 oligomers (m/z 827) (Figure 6:4) shows 4 major peaks 

including the DP5 inulin (peak 4A, 1,1,1-kestopentaose).  Two DP5 neoinulins (1,1&6G-

kestopentaose and 1&6G,1-kestopentaose) have been reported from incubations of perennial 

ryegrass 6G-FFT with sucrose and 1-kestotriose(Lasseur et al., 2006), while two neolevans 

(6G,6,6-kestopentaose and  
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Figure 6:4 Top:- Extracted Ion Chromatograms (m/z 827) from MS
1
 analysis of the 6G-

FFT reaction mixture, Middle Left:- MS
2
 spectra (m/z 827) of Peaks A, B, C & D 

Middle Right:- MS
2
 spectra (m/z 833) of Peaks A, B, C & D Bottom Left:- MS

3
 spectra 

(m/z 827→503) of Peaks A, B, C & D Bottom Right:- MS
3
 spectra (m/z 827→665) of 

Peaks A, B, C & D  
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6&6G,6-kestopentaose) were reported from perennial ryegrass (Pavis et al., 2001b). In each 

of the MS
2
 spectra (m/z 827) the products of C and Z cleavages characteristic of inulins 

(Harrison et al., 2012) are observed (Figure 6:4).  In addition, a distinctive cross-ring 

cleavage product ion was observed in each of the spectra 4B’, 4C’ and 4D’ (m/z 545, 737 and 

383 respectively). In the MS
2
 spectra of the corresponding labelled products (m/z 833) the 

m/z 545 and m/z 383 ions were observed to be unshifted in 4B’’ and 4D’’, but a peak shift to 

3 mu higher (m/z 740) was observed in 4C’’.  

The predominant m/z 545 cross-ring cleavage product ion in both 4B’ and 4B’’ (Figure 6:4 

panel 1&2) indicates three unlabelled hexose units must be attached at the 6 position of the 

glucose.  The absence of lower m/z cross-ring cleavage product ions and the similarity of the 

MS
3
 spectra (Figure 6:4 panel 3&4, 4B”’ & 4B’’’’), corresponding to the DP3 and 4 product 

respectively, to those of the MS
2
 spectra of 6G-kestose (Figure 6:2) and 6G,1-kestotetraose 

(Figure 6:3, 3B’) are indicative of a neoinulin structure.  These facts suggest peak 4B to be 

6G,1,1-kestopentaose.  This compound has not been reported by previous investigators in L. 

Perenne (Pavis et al., 2001b; Lasseur et al., 2006) but it has been reported in the related 

species (Lolium temulentum) (Sims et al, 1992). 

In the case of peak 4D the base peak in the MS
2
 spectrum is at m/z 383 (Figure 6:4, 4D’ & 

4D’’) and no mass shift is observed between the spectra of the unlabelled compound (4D’) 

and the labelled compound (4D’’).  This ion corresponds to a cross-ring cleavage product 

from two unlabelled hexose units attached at the 6 position of the glucose.  Lower m/z cross-

ring cleavage product ions were not observed. The MS
3
 (m/z 827→503) spectrum (4D’’’) is 

similar to the MS
2
 (m/z 503) of 1-kestose, and the MS

3
 (m/z 827→665) spectrum (4D’’’’) 

appears to be a composite of the MS
2
 (m/z 503) spectra of 6G,1-kestotetraose (Figure 6:3, 

3B’) and 1&6G-kestotetraose (Figure 6:3, 3C’).  Taken together these data indicate that peak 
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4D is 1&6G,1-kestopentaose, as previously reported (Pavis et al., 2001b; Lasseur et al., 

2006). 

In the MS
2
 spectra 4C’ and 4C’’, product ions were observed (m/z 737 and m/z 740 

respectively) consistent with the cross-ring cleavage of the (labelled) fructose that originates 

from the sucrose molecule as previously described for 3C’ and 3C’’ (above).  No other major 

cross-ring cleavage product ions were observed above the low mass cut-off.  The MS
3
 (m/z 

827→503) spectrum (4C’’’) is similar to the MS
2
 (m/z 503) spectrum of 6G-kestose, and the 

MS
3
 (m/z 827→665) spectrum (4C’’’’) with cross-ring product ions at m/z 575 and m/z 221 is 

similar to that for 1&6G-kestotetraose (Figure 6:3C’).  As the oligomers result from chain 

extension of the precursors we infer from these observations the identity of peak 4C to be 

1,1&6G-kestotetraose, as previously reported (Pavis et al., 2001b; Lasseur et al., 2006). 

The DP5 neolevans that have been reported from perennial ryegrass (Pavis et al., 2001b) 

were not detected as discrete significant peaks in this study, but the possibility of their 

production as minor products of recombinant 6G-FFT co-eluting with the neoinulins cannot 

be excluded.  

 

6.4.5 Fragmentation of DP6 derived from 6G-Kestose 

The extracted ion channel for DP6 oligomers (m/z 989) (Figure 6:5) shows 4 major peaks.  

Peak 5A is the DP6 inulin (1,1,1,1-kestohexaose) and of the three other peaks visible, one is 

dominant (Figure 6:5, Panel 1).  Pavis et al. 2001b reported three neoinulins from perennial 

ryegrass, 1,1,1&6G-kestohexose, 1,1&6G,1-kestohexose, and 1&6G,1,1-kestohexose. DP6 

oligomers were not reported by Lasseur et al. (2006).  Analysis of the fragmentation patterns 

for the three later eluting peaks shows a regular pattern similar to those observed above. MS
2
 

data for labelled DP6 oligomers were not acquired, as the signal intensities for these 

oligomers were too low in the labelling experiment.  In the MS
2
 (m/z 898) spectrum of peak 
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5B (Figure 6:5, 5B’) a base peak at m/z 707 is observed corresponding to cross-ring cleavage 

across the glucose ring with four hexose units attached, without further cross-ring 

fragmentation.  The MS
3
 spectra (m/z 989→827) (5B’’), (m/z 989→665) (5B’’’) and (m/z 

989→503) (5B’’’’) are similar to the MS
2
 spectra of 6G,1,1-kestopentaose (Figure 6:4, 4B’), 

6G,1-kestotetraose (Figure 6:3, 3B’) and 6G-kestose (Figure 6:2) respectively, suggesting 

that peak 5B is 6G,1,1,1-kestohexose.  This has not previously been reported in perennial 

ryegrass. 
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Figure 6:5 Top:- Extracted Ion Chromatograms (m/z 989) from MS
1
 Analysis of the 6G-

FFT reaction mixture, Middle Left:- MS
2
 spectra (m/z 989) of Peaks A, B, C & D 

Middle Right:- MS
3
 spectra (m/z 989→827) of Peaks A, B, C & D Bottom Left:- MS

3
 

spectra (m/z 989→665) of Peaks A, B, C & D Bottom Right:- MS
3
 spectra (m/z 

989→503) of Peaks A, B, C & D 

  



126 
 

In the MS
2
 (m/z 989) spectra of peak 5D (Figure 6:5, 5D’) ions are observed at m/z 383 and 

545, corresponding to glucose cross-ring cleavage products of di-fructosyl- and tri-fructosyl-

2,6-glucose moieties respectively.  Considering the DP5 substrates available for extension, 

we suggest that peak 5D is a combination of at least two neoinulin isomers rather than these 

ions being indicative of neolevan components.  Examination of the MS
3
 spectrum (m/z 

989→827) (5D’’) indicates this resembles a composite of the MS
2
 spectra (m/z 827) of the 

three DP5 neoinulins detected, 6G,1,1-kestopentose, 1,1&6G-kestopentose, and 1&6G,1-

kestopentose (Figure 6:4, 4B’, 4C’ and 4D’ respectively), while the MS
3
 spectrum (m/z 

989→665) (5D’”) resembles a composite of the MS
2
 spectra (m/z 665) of the two DP4 

neoinulins detected, 6G,1-kestotetraose, and 1&6G-kestotetraose  (Figure 6:3, 3B’ and 3C’ 

respectively). The MS
3
 spectrum (m/z 989→503) (5D’’”) resembles the MS2 spectrum of 1-

kestose.  We infer from these data that peak 5D is a co-eluting mixture of 1&6G,1,1-

kestohexaose and 1,1 &6G,1-kestohexaose. Both these neoinulins have been reported from 

perennial ryegrass (Pavis et al., 2001b). 

The MS
2
 (m/z 989) spectrum of Peak 5C (Figure 6:5, Panel 1) does not show major cross-ring 

cleavage product ions.  However the MS
3
 spectra (m/z 989→827) (5C’’), (m/z 989→665) 

(5C’’’) and (m/z 989→503) (5C’’’’) closely resemble the MS
2
 spectra (m/z 827) of 1,1 & 6G-

kestopentose (Figure 6:4, 4C’)  (m/z 665) of 1 & 6G-kestotetraose (Figure 6:3, 3C’) and (m/z 

503) of 6G-kestose (Figure 6:2) respectively, implying that 5C’ is 1,1,1 & 6G-kestohexaose 

as reported by Pavis et al., (2001b). 
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Figure 6:6 Graphical representation of the observed reaction products for the 6G-FFT 

incubation, the labelled fructose unit is shown in grey.  The grey box shows the two DP6 

compounds that co-elute 
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6.5 Conclusions 

 

We have shown that with the separating power of PGC chromatography and the information 

provided by MS
n
 on a linear ion trap and isotope labelling it is possible to identify the 

reaction products of recombinant perennial ryegrass 6G-FFT without the need for isolation or 

standards.  The study provides further evidence that the biosynthesis of isotope-labelled 

products from specifically labelled starting materials coupled with targeted fragmentation of 

selected ions can be extremely useful in both the understanding of the fragmentation routes of 

complex oligosaccharides, and in elucidating the parent structures. Being able to identify 

specific oligomers allows an understanding of the biosynthetic routes by which the enzymes 

may construct each oligomer (Figure 6:6).  The identified compounds are consistent with the 

observation that specific linkages are preferred in fructan biosynthesis (Pollock and Cairns, 

1991), and this work extends the findings of Lasseur et al. (2006), providing evidence of 

additional products of fructosyl-2,1- extension by recombinant Lp6G-FFT (Figure 6:6: 

6G,1,1-kestopentose, 6G,1,1,1-kestohexose)  not reported in previous studies.  While the MS 

response factors for isomeric fructans cannot be assumed to be uniform, the pattern of DP5 

and DP6 products (Figure 6:4 and 6:5) suggests extension of lower DP precursors by the 

enzyme is unselective between the fructan chains on either glucose 1- or 6-.   The on-line 

acquisition of physiochemical data characteristic of oligomer structure will allow future 

workers to identify fructans without the requirement to undertake laborious isolations.  In 

particular, this study suggests that as a general rule for the identification of neoinulins, the 

number of fructose units attached at the 6 position of the glucose can be determined from the 

m/z of the characteristic glycolaldehyde ion that is 42 mass units larger than that of the 

pseudo molecular ion of the DP chain.  We have shown that with the use of a linear ion trap it 

is possible to identify the reaction products of 6G-FFT and many of the oligosaccharide 
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components that have been observed in perennial ryegrass, without the need for isolation or 

standards. 
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Chapter 7  

7. General Discussion and Summary 
 

As stated previously fructans have a wide range of biological functions attributed to them 

(Ritsema ansd Smeekens, 2003), and many of the plant species accumulating fructans are 

economically important, e.g. chicory, onions, barley and wheat. Some of these species 

contain relatively simple fructans such as the Asterales with only inulin type fructans and the 

biosynthesis of these has been sufficiently explained by the 1-SST/ 1-FFT model. The Poales 

on the other hand accumulate very complex mixtures of fructans comprised of inulins, levans, 

inulin/ levan neoseries, and mixed linkage fructans. Despite the recent identification of a 

range of fructosyltransferases from these species, the biosynthesis of these complex mixtures 

is still poorly understood (Lasseur et al., 2006; 2011). Current methods used for the analysis 

of fructans have major drawbacks, i.e. (i) they require extensive sample preparation and 

clean-up; (ii) are not suitable for the quantitation of large fructans; and/ or (iii) require 

standards for peak assignment. However, standards for most of the naturally occuring 

fructans are not commercially available, hampering the analysis of complex mixtures 

produced by the various fructosyltransferases. One of the aims of this project was therefore to 

develop analytical methods suitable for the analysis of fructan mixtures in plant extracts and 

enzyme preparations. The main requirements for these methods were to separate, detect and 

identify fructans across the naturally occuring mass and structural range. 

Temperate forage grasses such as ryegrass and tall fescue are the main food source for 

grazing livestock in pastoral agriculture and high levels of water soluble carbohydrates have 

been shown to be beneficial to animal nutrition and the environment (Edwards et al., 2007a; 
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Edwards et al., 2007b). The majority of storage carbohydrates in forage grasses are made up 

of fructans and attempts to breed for high sugar grasses focus mainly on an increase of 

fructans in the grazed plant component, i.e. grass blades. An additional aim of this project 

was therefore the development of analytical methods suitable to assist breeders in the 

selection of new germplasm for the production of improved high sugar grass cultivars. 

Requirements for thse analytical methods were (i) fast, robust and easy sample preparation; 

(ii) high-throughput separation and detection suitable for large sample numbers typical for 

breeding trials; and (iii) cost effectiveness.  

Initially it was thought that this project would require the isolation of individual compounds, 

so that the structures could be determined by NMR, and chromatographic techniques were 

developed to allow the automated monitoring of  fractionations (see Chapter 2).  Efforts to 

isolate individual compounds on a suitably large scale were unsuccessful and NMR analysis 

of isolates proved inconclusive (data not reported).  The development of a reliable and robust 

separation method (Chapters 3, 4 and Section 7.1.) became pivotal for the identification of 

fructans.   

It was discovered that a combination of fructan biosynthesis using recombinant enzymes with 

specifically isotopically labelled substrates and targetted MS
n
 experiments allowed the 

dissection and explanation of the fragmentation patterns specific to the different fructan series 

(see Chapters 5 and 6).  Understanding and attributing the fragmentation patterns in turn 

allowed the identification of the fructans present in crude ryegrass extracts (Section 7.3). 
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7.1 Chromatographic Separation of Fructans 

This section provides additional background and context to the published information about 

LC-MS of fructans shown in Chapters 3 and 4.  To develop a chromatographic system 

suitable for the separation of complex fructan mixtures, several stationary phases were either 

tested directly in this project or assessed based on available literature (see Appendix 9.3.1).  

High performance anion exchange chromatography (HPAEC) coupled with Pulsed 

Amperometric detection (PAD) has become the standard technology for oligosaccharide 

analysis including fructans.  As outlined previously in 1.4.2. this method has several 

drawbacks, i.e. (i) relatively long run times; (ii) problems to quantify individual compounds 

due to different response factors of the PAD detector; (iii) deterioration of fructan separation 

with increasing DP (DP > 25); (iv) strong baseline shifts making quantification extremely 

difficult; and (v) requirements for pre-purification steps. Furthermore, HPAEC is not easily 

coupled to mass spectrometry (Guignard et al., 2005), as the highly concentrated solutions of 

inorganic salts required in the mobile phase for HPAEC separation must be removed by 

electrochemical desalting prior to injection into the MS source (Van der Hoeven et al., 1998; 

Guignard et al., 2005), adding both complexity and expense. This method was therefore 

considered not to be appropriate for the aims of this project.  Several other chromatographic 

separations were tried (See 9.3.1) but porous graphitised carbon was found to be the most 

appropriate for a high throughput assay.   
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7.1. Porous Graphitised Carbon 

As discussed in section 1.4.2.3, porous graphitised carbon (PGC) is an exceptional stationary 

phase for the separation of carbohydrates.  Despite this, PGC columns were initially used 

only to desalt fractions of HPAEC separated samples (Packer et al., 1998).  PGC HPLC has 

been coupled with negative ESI-MS to provide a sensitive and reliable method for the 

analysis of water soluble carbohydrates from Lupinus albus stems (Antonio et al., 2008).  

Tertiary gradient elution of PGC based LC-MS has been used to analyse underivatised low 

DP fructans from T. aestivum (Robinson et al., 2007a). This method was limited to the 

analysis of low DP fructans due to the extraction protocol as well as the data acquisition 

being carried out in centroid mode.   

Working from these reports it was decided to test the applicability of PGC columns for the 

separation of the full complement of fructans in crude extracts of ryegrass.  Initial trials used 

extracts based on the common extraction procedure for water soluble carbohydrates from 

ryegrass, i.e. an extraction with 80% ethanol for mono- and disaccharides and lower DP 

fructans, followed by a hot water extraction for larger DP fructans. Extracts were separated 

on a PGC column, but poor retention and peak shapes especially of the smaller oligomers 

were seen.  As a comparison, aqueous solutions of commercially available standards of the 

inulins 1-kestose, 1,1-kestotetraose, and 1,1,1-kestopentaose separately and as mixtures did 

not show the same issues.  

To test for a possible effect of the extraction solvent on the chromatography a 1ml sample of 

ryegrass extract (80% ethanol) was taken to dryness under reduced pressure and the residue 

was reconstituted to 1ml in MilliQ water. The chromatography of the reconstituted sample 

was found to be similar with that seen for the standards. It was therefore concluded that high 

levels of organic solvent interfered with the retention of the analytes. Further investigations 

showed as little as 5% ethanol within the sample could cause a major degradation in the 
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chromatography. It was therefore decided that ryegrass samples were extracted in hot water 

for PGC-MS analysis, which had the advantage of extracting both high and low DP fructans.   

Initial studies used a linear gradient from 5% to 95% aqueous acetonitrile; however as stated 

previously the analyte interaction with the column is very delicate and it was found that the 

reliability of the chromatography could be improved by the use of 100% aqueous solvent 

during the initial period to establish the analyte interaction with the column. To increase 

throughput a non-linear gradient was developed. After the initial hold period, the organic 

component was rapidly increased to start the analytes moving, followed by a shallow gradient 

to achieve separation of the isomers. The larger oligomers require a steeper gradient to be 

eluted.  The final gradient program is shown in Figure 7:1.   

While in many cases methanol and acetonitrile can be used interchangeably with little or no 

effect on the performance of the chromatography substitution of methanol for acetonitrile 

significantly affected the chromatographic performance with methanol behaving as a far 

stronger solvent than acetonitrile and hence causing the analyte to elute much earlier.  Both 

temperature (Koimur et al., 1996) and the solvent have been shown to affect retention 

mechanisms.  It has been proposed that acetonitrile forms a solvation layer on the surface of 

the carbon stationary phase (Melmer et al., 2010b), which may be disturbed by constituents 

of the sample.  Furthermore, the redox potential of the phase can impact on the retention of 

analytes on the column (Melmer et al., 2010a).  Interestingly, the use of formic acid (FA) had 

no visible effect on the chromatographic performance of the system, although there was an 

observed effect on the mass spectra (discussed later). As the instruments in the lab are 

multiuser and used for multiple projects, it was decided to use the standard lab solvent mix of 

0.1% v/v formic acid solution in acetonitrile and 0.1% v/v formic acid in water mixed as in 

the gradient program is shown in Figure 7:1.   
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HyperCarb HPLC Profile
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Figure 7:1 Pump program used for the Elution of the PGC Column 
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To develop a method that was applicable to the measurement of a large number of samples 

the following requirements were defined: 

1) Capable of running “crude extracts” 

2) Minimum sample prep needed 

3) Rapid, with an inject to inject time of under 30 minutes 

4) Separate fructan isomers 

 

The developed method fulfils all these criteria (Chapter 3); however, when applied to 

ryegrass extracts the resulting chromatogram (Figure 7:2) shows multiple overlapping peaks 

that would be impossible to interpret if a 2 dimensional detector such as a refractive index 

detector was used.  Therefore, mass spectrometry methods were developed as the detection 

method of choice.   

 

 

Figure 7:2 TIC for a HyperCarb (PGC) Analysis of a Typical Aqueous Ryegrass 

Extract 
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Retention time drift during batches did initially complicate the analysis of data; however a 

combination of relative retention time and the use of an endogenous compound as a retention 

time marker solved this issue (See 9.3.0.3)  

 

7.2 Mass Spectrometry Method Development 

LC-ESI-MS is one of the most promising techniques for accurate profiling and quantitation 

of the full complement of plant metabolites and UHPLC instrumentation allows high-

throughput analysis of large sample sets produced in large scale biological experiments e.g. 

genetical metabolomic studies of plant populations (Allwood et al., 2008).  In this project two 

mass spectrometer types were used, the LTQ, a low resolution (r=1500), nominal mass linear 

ion trap (Chapter 3), and the Exactive, an orbitrap instrument capable of acquiring data at 

high resolution (r=100000) with accurate mass (<5 ppm) (Chapter 4).  Once a reliable 

chromatographic separation protocol had been established, the coupling of the PGC HPLC 

separation method with MS detectors was a simple process of connecting the column elutant 

directly to the probe of the electrospray ion source. However, for optimising the mass 

spectrometric analysis of fructans in complex ryegrass extracts, several areas remained to be 

investigated i.e. (i) the optimum ionisation mode; (ii) factors providing control of adduct 

formation; (iii) factors allowing the analysis of large fructan molecules beyond the mass 

range of the instruments; and (iv) adequate mass resolution settings and data collection 

modes. These as well as the development of computational methods for correction of 

chromatographic retention time shifts are described in the following.  The majority of 

analyses conducted by LC-MS are performed in positive ion mode and this was chosen as a 

starting point for mass spectrometric analysis of fructans in ryegrass extracts. As can be seen 

below (Figure 7:3) the 1-kestose standard did not produce the protonated molecular ion at 

m/z 505 as was expected, but instead the major observed ion was at m/z 522, resulting from 
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the formation of an ammonium adduct (M+18), and an ion at m/z 527, resulting from the 

formation of a sodium adduct (M+23), other species present resulted from more than one 

molecule forming a cluster with the ion.   

 

 

Figure 7:3 Positive ion electrospray spectrum of 1-kestose standard 

 

A closer examination of the spectrum did show an ion at m/z=504 which corresponded to the 

molecular weight of 1-kestose (Figure 7:4), but the signal to noise ratio of this ion was very 

low.  No sodium had been added to the solvents and in fact there should be very little present 

as Milli-Q water was used. It is possible that some of the sodium ions present may have 

leached from the wetted surfaces of the HPLC system or released from the plant tissue during 

extraction.  If this is the case, then this is difficult to control and is an argument against using 

positive ionisation.   
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Figure 7:4 Positive ion electrospray spectrum of a 1-kestose standard over the mass 

range 450 to560 

 

Negative ion electrospray gave an ion at m/z=503 corresponding to the (M-H)
-
 as the most 

intense ion (Figure 7:5), the other major peak in the spectrum at m/z=549 corresponded to 

the (M+Formate)
-
 ion. Even though the signal intensity was approximately an order of 

magnitude lower in negative mode, the signal to noise value was much greater due to the fact 

that the majority of other compounds present (i.e. other than fructans) ionise poorly, if at all 

in negative mode. This improvement in signal to noise ratio means that lower detection limits 

for fructans in complex plant extracts could be achieved in negative mode than were 

achievable in positive mode. It was therefore decided to use negative mode ionisation for the 

mass spectrometric analysis of fructans in plant extracts. As discussed previously, the 

ionisation process can result in multiple ionic species being formed, and in  negative mode, 

the common ions that were observed were (M-H)
-
, (M+Chloride)

-
, (M+Formate)

-
 and 

multimers such as (2M-H)
-
 as seen in the MS

1 
spectrum for sucrose (Figure 7:6). The relative 

intensities of the various adduct ions were initially highly variable, especially when no 
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modifier was used in the HPLC mobile phase.  It was found that the use of 0.1% v/v formic 

acid in the HPLC mobile phase could control the formation of the (M+Formate)
-
.  The 

formation of multimer peaks was not unexpectedly found to be concentration dependent 

resulting in greater signal intensity for the multimer peaks as the concentration of the 

respective molecules increased. 

 

 

Figure 7:5 Negative ion electrospray spectrum of a 1-kestose standard 
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Figure 7:6 Negative ion electrospray spectrum of sucrose 
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extracts.  A result of the formation of multiply charged ions is that the spacing between a 

monoisotopic ion and the isotopologue peaks are reduced (Figure 7:7). The gap between the 

molecular ion and its first isotope with one charge is ~1, with 2 charges the gap reduces to 

~0.5 and with 3 charges the gap reduces further to ~1/3. This can have significant effects on 

peak assignments, causing inaccuracy in the integration of peak area especially at nominal 

mass. 



143 
 

 

Figure 7:7 Simulated mass spectra of DP10 at four charge states at a resolution of 

100000 over a 6 m/z range 
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The mass resolution is the measure of how well a mass spectrometer can differentiate 

between two different masses. It is calculated by dividing the lowest mass by the difference 

of the two masses, e.g. the minimum resolution required to differentiate between an ion at m/z 

750 and one at m/z 751 is 750/1 = 750. If however, we wanted to differentiate between 750 

and 750.5 then the minimum required resolution would be 1500. An ion trap or quadrupole 

instrument typically has a resolution of ~1500 and this is generally called unit mass 

resolution.  Quite often high resolution and accurate mass are used interchangeably, however, 

this is incorrect.  The most important factor in mass accuracy is mass stability and although 

the resolution can affect the measured mass (Figure 7:8) it is by no means the only factor.  

As the resolution of a spectrum is increased the mass peak widths decrease (Figure 7:8). In 

the example shown it can be seen that a resolution of 1500 is insufficient to allow the isotopic 

ion to be differentiated from the molecular ion, while at r=10,000 each peak is clearly 

defined.  The significance of resolution to the analysis is due to the fact that the larger fructan 

isomers form multiply charged species as discussed above.  A resolution of 1500 is sufficient 

to separate the DP3 molecular ions from the isotopic peaks; a higher resolution is required to 

distinguish higher mass multiply charged fructan isotopologue ions.   

Generally, most LCMS instruments collect data in profile mode in which the mass peaks 

appear as Gaussian like peaks. To save disk space these are then converted to a stick type 

spectra; this process is known as centroiding. If the centroiding is carried out on the 

instrument at the time of acquisition, peaks of similar mass can “confuse” the algorithm and 

lead to a mass “wobble”. This can significantly affect the data quality when attempting to 

find the area of peaks of multiply charged fructan ions (Figure 3:2) when extracted ion 

chromatograms are integrated. This effect either leads to drop outs if narrow windows are 

used or cross-talk if the window is widened. For this reason all data were collected in profile 

mode. 
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Figure 7:8 Simulated mass spectra of DP10 at 5 different resolution and -4 charge state 
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7.2.1 Summary of the Method 

The developed method uses a standard HPLC binary pump to deliver a non-linear solvent 

gradient using water and acetonitrile containing 0.1% v/v formic acid and separating fructans 

on a PGC column. Detection is done by mass spectrometers, either a ThermoFisher LTQ 

linear ion trap or a ThermoFisher Exactive Orbitrap. The LTQ could detect fructans up to 

DP74 and the Exactive with its higher resolution could be used to detect fructans up to 

DP117. Both mass spectrometers used negative ion electrospray ionisation and the data were 

collected in profile mode. The MS
n
 data from the LTQ were acquired on fructan oligomers, 

and together with isotope labeling used to characterise fructan oligomers (Chapters 5 and 6, 

and Section 7.3) 

Using an authentic standard of 1-kestose purchased from Sigma-Aldrich, the linearity of the 

mass spectrometric detection method was examined. The method was considered to have an 

acceptable linearity over three orders of magnitude and was considered to be suitable for 

comparative analysis over six orders of magnitude 
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7.3 Identification of Fructans  

Fructans together with other oligosaccharides are a complex mixture of a range of isomeric 

structures and DP in ryegrass (as discussed earlier). By definition fructan oligomers of the 

same DP number are isomers of each other, i.e. they all have identical chemical formulae, 

which in turn means that they give the same molecular ions. Fructans consist only of a 

collection of Carbon, Hydrogen and Oxygen atoms; in fact, they are polymers of the same 

monosaccharide monomers, only differing in the bonding between them. Five major peaks 

can e.g. be seen in the extracted ion chromatogram corresponding to a trisaccharide (m/z 503) 

of a typical ryegrass extract (Figure 7:12). Initial attempts to assign peak identities to the 

various fructan isomers present in ryegrass extracts were hampered by the lack of authentic 

standards.  Except for the inulin series fructans 1-kestotriose, 1,1-kestotetraose, and 1,1,1-

kestopentaose, no authentic standards of fructan isomers are commercially available, however 

a mixture of levans from Zymomonas moblilis was also used as a standard.  While the MS
1
 

spectra allow the determination of fructans differing in their DP, isomeric fructans of the 

same DP are not distinguishable by their mass. However, the studies reported here have 

provided a further demonstration that a promising route for the identification of 

oligosaccharide isomers is the determination of specific fragmentation profiles by MS
n
.  To 

fragment the ions, they are isolated in the ion trap and are caused to vibrate by the application 

of a high frequency electric field, this gives the ions energy and causes them to fragment to 

dissipate the excess energy.  Although much work has been carried out on the fragmentation 

of oligosaccharides and their interpretation (Reinhold et al., 1995; Stahl et al., 2002; Zaia, 

2004; Tang et al., 2005; Harvey, 2008; Wuhrer et al., 2011), prior to this study, the 

fragmentation of fructans had not been extensively studied.  

Examination of the MS
2
 spectra of the three major peaks with m/z 503 (Figure 7:9, Figure 

7:10 and Figure 7:11) shows both clear differences, as well as similarities in the spectra, 
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along with the fragmentations that were observed.  One of the hypotheses in this project, is 

that these differences in fragmentation profiles are associated with the different types of 

bonding in the fructan inulin and levan series, and the corresponding neoseries; and that the 

fragmentation profiles can be used to identify all of the fructan isomers present in plant 

extracts.  To produce labelled fructan molecules, labelled  sucrose was incubated with 

recombinant Lp6-SFT or Lp6G-FFT/ 1-FFT allowing the production of labelled 6-kestose, 1-

kestose and 6G-kestose and higher DP fructans of the inulin and levan (neo)series. The 

methods developed in this project for the identification of the different fructan series based on 

their fragmentation profiles as discussed in Chapter 5 and Chapter 6 are summarised below. 
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Figure 7:9 MS2 Spectrum of m/z 503 of the First Eluting Major Peak with a Molecular 

Ion at m/z 503 From Aqueous Ryegrass Extract 
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Figure 7:10 MS2 Spectrum of m/z 503 of the Second Eluting Major Peak with a 

Molecular Ion at m/z 503 From Aqueous Ryegrass Extract 
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Figure 7:11 MS2 Spectrum of m/z 503 of the Third Eluting Major Peak with a 

Molecular Ion at m/z 503 From Aqueous Ryegrass Extract 
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As was expected, the MS
2
 spectra of 1-kestose, 6-kestose and 6G-kestose (Figure 7:9, 

Figure 7:10 and Figure 7:11) clearly show a relationship between fructan structure and the 

MS
2
 spectrum and are discussed in the following in more detail..   

By comparison with a raffinose standard (Aldrich) the elution order was seen to be 1) 6-

kestose, 2) 1-kestose, 3) 6G-kestose, 4) raffinose, and 5) loliose (by elimination and therefore 

this is a putative identification) (Amiard et al., 2003) (Figure 7:12).   

 

Figure 7:12 The Extracted Ion Chromatogram (m/z 503) of a Typical Aqueous Ryegrass 

Extract 

 

Examination of the MS
2
 spectra of the possible linear DP4 molecules (summarised in Figure 

7:13) shows also that each molecule has a unique spectral pattern which means that these 

patterns could be used as a method to identify the particular fructans present.   
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Figure 7:13 Chart of the MS
2
 Ions Observed from the possible DP4 Fructans, * Denotes 

the Base Peak in Each Case, - Denotes the Fact That No Ion Was Observed At This m/z 

Value, “N/D” Denoted that the MS2 spectrum of this Molecule was not Observed in the 

Experiment 

 

  



154 
 

7.3.1 Differentiating Fragmentation Patterns for Inulins 

Inulins form a regular oligomeric series, in which each molecule in the series differs from its 

predecessor by having one more fructose unit bonded β 1-2, this means that at any given DP 

value there is only one inulin molecule.  These molecules can be synthesised in vitro by the 

1-FFT activity of 6G-FFT (Chapter 5), but only to ~DP6. 

Even the seemingly simple question, does the inulin ion lose the terminal glucose or fructose 

is difficult to answer. One way to answer this question would be to selectively change the 

mass of either the glucose or fructose unit. There are two possible methods to achieve this: 

1) Selective chemical derivatisation, 

2) Isotopic labelling. 

 

Derivatisation was dismissed as an alternative due to the fact that chemical modification 

would likely change the fragmentation mechanisms. This left isotopic labelling; there are two 

commonly used labels that would be appropriate in the analysis of oligosaccharides, 

deuterium, or 
13

C. Although 
18

O labelling is becoming more common especially in 

proteomics, it was not considered here due to the limited availability. It was decided to use 

13
C labelling because deuterium labelling was considered more likely to undergo exchange 

and this could cause confusion in the results.  Substrates of either sucrose containing 

universally labelled glucose, or sucrose containing universally labelled fructose were 

commercially obtained and used in the following experiments. Recombinant enzyme 

(sucrose: fructan 6-fructosyltransferase (6-SFT; EC 2.4.1.10) expressed in the yeast Pichia 

pastoris (Lasseur et al., 2011) had been shown to have also 1-SST activity. By incubating 

recombinant Lp6-SFT with sucrose (containing universally labelled fructose) it was possible 

to make labelled 1-kestose (containing 2 universally labelled fructose units). When analysed 

by LC-MS the retention time of the labelled compound was the same as the unlabelled 1-
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kestose, the MS
1
 spectrum of the labelled compound showed a 12 mass unit shift when 

compared to that of the unlabelled material (from 503 to 515).  Comparison of the MS
2
 

spectrum of the molecular ion of the labelled compound (m/z=515) with the MS
2
 spectrum of 

the molecular ion of the unlabelled compound (m/z=503), showed a 6 mass unit shift when 

compared to that of the unlabelled material (from 341 to 347) which shows that the 

fragmentation from 503 to 341 results from the loss of a fructose unit (Figure 5:2).  The 

major peak in the MS
2
 spectrum was shifted 12 mass units from 323 to 335 showing it 

resulted from the loss of the glucose subunit leaving two labelled fructose units (Figure 5:2). 

The inulin spectrum is dominated by cleavages of the glycosidic bond with little evidence of 

any cross ring cleavages. The major ion results from the loss of the glucose moiety via a Z 

type cleavage and the second most intense ion results from the loss of the terminal fructose 

unit via a C type cleavage.  Larger inulin series fructans were produced in enzyme assays of 

recombinant Lp6-G-FFT/ 1-FFT (EC 2.4.1.243), which had been shown to be a bifunctional 

enzyme (Lasseur et al., 2006), and the same fragmentation patterns were seen for these larger 

oligomers.   

Low levels of labelled 1-kestose with both fructose units containing the label were seen in 

assays of this enzyme as well, suggesting that it may also have some 1-SST (sucrose: sucrose 

1-fructosyltransferase) activity, which had not been reported previously.   

 

7.3.2 Differentiating Fragmentation Patterns for Levans 

Levans form a regular oligomeric series, in which each molecule in the series differs from its 

predecessor by having one more fructose unit bonded β 6-2, this means that at any given DP 

value there is only one levan molecule.  This fact is reflected in both the chromatogram 

(Figure 4:5) and the spectra, where a single levan peak at each DP can be seen in the 

chromatogram.  
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6-Kestose was synthesised in assays of recombinant Lp6-SFT (sucrose: fructan 6-

fructosyltransferase) (EC 2.4.1.10) incubated with labelled sucrose. The ion at m/z 383 in the 

MS
2
 spectrum of 6-kestose (containing 2 universally labelled fructose units) clearly results 

from a cross ring cleavage and the fact it undergoes an 8 mass unit shift in the spectrum 

shows it to be a cleavage of the terminal fructose.  The exact mechanism of this cleavage is 

not clear from the data as both possible routes contain 2 labelled carbons and therefore are 

indistinguishable (Figure 5:4).   

Higher DP levan series fructans were also produced in the Lp6-SFT assay, and the MS
2
 

spectrum is a complex mixture of ions resulting from cleavages of the glycosidic bonds and 

cross ring cleavages. As a general rule the major ions seen can be DP(n-x), DP((n-x)-18) and 

DP((n-x)+42) where n is the number of the monomer units in the parent molecule and x is an 

integer between 1 and (n-1). The molecule mainly undergoes Z, C and X cleavages to 

produce the observed ions.  An unusual cross ring cleavage of the terminal fructose unit was 

also observed and was elucidated by the biosynthesis of specifically labelled compounds.   

 

7.3.3 Differentiating Fragmentation Patterns for Inulin Neoseries fructans 

Although perennial ryegrass does produce both inulin and levan series fructans the majority 

of its fructans belong to the inulin and levan neoseries. Neoinulins form an oligomeric series 

based on 6G-kestose, in which each molecule in the series differs from its predecessor by 

having one more fructose unit bonded β 1-2. The additional fructose can add onto either of 

the terminal fructose units, this means at any given DP value (above 3) there can be multiple 

neoinulin molecules. The neoinulins were generated in vitro by the incubation of recombinant 

Lp6G-FFT with sucrose (containing UL 
13

C labelled fructose) and 1-kestose. The products of 

this reaction were 6G-kestose and a series of higher DP fructans derived from it.   
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The neoinulin spectra are dominated by one major ion, which seems to result from a cross 

ring cleavage occurring across the glucose moiety and forming an ion which contains the 

chain on the 6 position of the glucose and a glycolaldehyde unit. This ion is therefore 

diagnostic for the size of the chain on the 6 position of the glucose.  The size of the chain on 

the 6 position of the glucose can be calculated from the m/z of the base peak (most intense ion 

in the spectrum) – 59 divided by 162.  There was little evidence of any other fragmentation 

except glycidic bond cleavages.  In Figure 6:4 spectrum (4A’) is the spectrum of the DP5 

inulin (1,1,1-kestopentaose), spectrum (4B’) is from the neoinulin with the chain of three 

fructose units on the 6 position of the glucose (6G,1,1- kestopentaose) this is shown by the 

major ion at m/z=545, spectrum (4D’) is from the neoinulin with the chain of two fructose 

units on the 6 position of the glucose (1&6G,1- kestopentaose) this is shown by the major ion 

at m/z=383 and the spectrum (4C’) which does not initially seem to fit the pattern is skewed 

due to the low mass cut-off of the ion trap. When the sample was rerun with settings that 

allowed lower mass ions to be captured in the trap an ion at m/z=221 can be seen and this is 

indicative of (iii) being 1,1&6G- kestopentaose with one fructose unit on the 6 position of the 

glucose.  Similar patterns can be seen for the higher oligomers.   

 

7.3.4 Differentiating Fragmentation Patterns for Levan Neoseries fructans 

Only one neolevan molecule was observed from the enzymatic synthesis and although the 

fragmentations observed follow the expected pattern, further work is needed to confirm these 

findings.  Neolevans form an oligomeric series based on 6G-kestose, in which each molecule 

in the series differs from its predecessor by having one more fructose unit bonded β 6-2, the 

additional fructose can add onto either of the terminal fructose units, this means at any given 

DP value (above 3) there can be multiple neolevan molecules.  The spectrum of the observed 

neolevan was dominated by cross ring cleavage products of the glucose, which produces an 
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ion containing the chain that is attached to the 6 position on the glucose and a glycolaldehyde 

unit.  In a similar way to that used for the neoinulins the size of the chain on the 6 position of 

the glucose can be calculated from the m/z of the base peak (most intense ion in the spectrum) 

– 59) divided by 162.  Unlike the neoinulins the spectra of neolevans show additional cross 

ring cleavages that are reminiscent of the levan spectra.  These patterns can be seen in the MS 

spectra of ryegrass extracts and are presumably from the neolevans present, however further 

work is needed to confirm this. 

In summary, targeted MS
2
 analyses of the extracts reveals that the isomeric peaks 

corresponding to the various fructan classes can be distinguished by significant differences in 

their spectra. The use of authentic standards (where available) and the biosynthesis of known 

products using recombinant enzymes has allowed an understanding of the observed 

fragmentations and hence unambiguous identification of the components in the ryegrass 

extract. 

 

7.4 Future work 

During this work analytical techniques have been developed that enable reliable and 

reproducible analysis of fructans in perennial ryegrass as well as other fructan producing 

species.  These techniques can be used to carry out the analysis of large numbers of crude 

plant extracts usually produced in plant breeding trials.   

The tools developed in this project have advanced LC-MS based analysis of fructans, paving 

the way for researchers to apply these techniques to wider biological problems. Particularly, 

this work will allow the creation of a library of MS
2
 spectra of un-branched fructans for the 

purpose of identification in the absence of standards. 

 

A range of questions still needs to be answered: 
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1. How are the larger DP oligomers (>DP6) produced (as only <DP6 were seen in 

vitro)? 

2. Is there a way to overcome the lower mass limit observed in the ion trap MS
n
 spectra 

(2/3 rule) and if so would the spectra still be as informative? 

3. Can new technologies be used to give a wider spectral coverage, especially of higher 

DP oligomers, and allow the definitive identification of large neoseries fructans? 

4. How do the neolevan fragmentations compare to those of the other fructans? 

5. How applicable is this technique to mixed fructans (containing branched molecules)?  

6. What is the structure of additional unknown oligosaccharides found in ryegrass 

extracts? 
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9. Appendices  

9.1 Supplementary for Chapter 1 
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9.2 Supplementary for Chapter 3 
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Table 9:4S1 Monoisotopic masses of fructan polymers between DP1 and 108, showing 

formula, elemental composition and expected m/z for charge states -1 and -6.  The normally 

observed charge states are highlighted 
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Table9:4S2 Monoisotopic, singly negatively charged mass, expected m/z value and relative 

intensity as calculated by IDCalc, for DP1,10, 20, 30, 40, 50, 60, 70, 80 and 90 at the 

observed charge state.  Most intense isotopic peak highlighted in yellow  
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9.2 Supplementary for Chapter 5  

 

 

Figure 9:5S1 Molecular structures of (A) 1,1-kestotetraose (DP4 inulin) and (B) 6,6- 

kestotetraose (DP4 levan) 
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Figure 9:5S2 Example chromatograms A) Total Ion Chromatogram (TIC) of aqueous 

extract of perennial ryegrass (Lolium perenne), B) Extracted Ion Chromatogram (XIC) 

of m/z 503 of aqueous extract of perennial ryegrass (L. perenne), corresponding to 

oligosaccharides with 3 sugar units (DP3).  C) TIC of reaction products of 6-SFT with 

sucrose, D) XIC of m/z 503 corresponding to DP3 of reaction products of 6-SFT with 

sucrose, E) TIC of reaction products of 6G-FFT with sucrose and 1-kestose and F) XIC 

of m/z 503 corresponding to DP3 of reaction products of 6G-FFT with sucrose and 1-

kestose 
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Type Levan Inulin 

RT 3.4 min 4.7 min 

DP3  MS
2
 503 MS

2
 503 

Major Ions 383/341/323/233/221 341/323 

      

RT 3.8 min 5.3 min 

DP4  MS
2
 665 MS

2
 665 

Major Ions 545/503/485/383/341/323 503/485/341/323 

      

RT 4.6 min 5.6 min 

DP4  MS
2
 827 MS

2
 827 

Major Ions 665/647/545/503/485/383/341/323 665/647/503/485/341/323 

Table 9:5S1 list of the major ions observed for DP3, 4 &5 levan and inulin (with 

retention time of each).   
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9.3 Supplementary for Chapter 7  

9.3.1 HPLC Method Development 

Column systems tested included a C18 phase which is the most commonly used stationary 

phase in HPLC. However, polar analytes are poorly retained on this phase, and fructans 

present in ryegrass extracts had little to no interaction with the stationary phase, eluting either 

near or in the solvent front (Figure 9:1). Two possible approaches to solving this problem are 

the use of ion pairing reagents (Guo and Conrad, 1988) or derivatisation of the fructans 

(Rozaklis et al., 2002).  Both of these approaches were considered and rejected as they add 

both complexity and the possibility of increasing variability to the analysis.   

 

Figure 9:1 TIC and Extracted Ion Chromatograms (DP3 to5) for a C18 Analysis of a 

Typical Aqueous Ryegrass Extract 

 

Fructan oligomers and isomers from Agave deserti have been successfully separated on an 

amino column (Wang and Nobel, 1998). This phase was also tested in this project, but it was 
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found that the durability of the amino phase when injecting crude plant extracts was low and 

this method was therefore not pursued further due to the rapid loss of column performance. 

 

Hydrophilic Interaction Chromatography (HILIC) is a normal phase chromatography 

technique that can be used for the separation of polar analytes which are either not or only 

poorly retained on traditional reverse phase chromatography columns.  An advantage of   

HILIC columns is that standard HPLC pumps can be used and the method can be easily 

coupled to a mass spectrometer.  The solvent system used was 97% acetonitrile and 

3%ammonium formate held for 1 minute and then changed to 10% acetonitrile and 90% 

ammonium formate over the next 14.5 minutes, which is then held for 3 minutes For aqueous 

ryegrass extracts (Figure 9:2) good separation of DP2 to 4 fructans was observed with all the 

isomers of DP3 being separated.  However, molecules larger than DP4 showed poor or no 

response (Figure 9:2), thus limiting the applicability of this technique.  The selectivity of the 

method against higher DP fructan is not understood but could result from precipitation of 

high DP molecule in the highly organic initial solvent. 
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Figure 9:2 Total Ion Chromatogram (TIC) and Extracted Ion Chromatograms (XIC) 

(DP2 to5) for a HILIC Analysis of a Typical Aqueous Ryegrass Extract Top to Bottom:- 

TIC, XIC for DP2 (m/z = 341), XIC for DP3 (m/z = 503), XIC for DP4 (m/z = 665) and 

XIC for DP5 (m/z = 827) 
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9.3.2 Adjusting for Retention Time Drift 

The unambiguous identification of metabolites separated by chromatographic methods 

depends on their reliable discrimination by retention time as well as qualitative properties 

such as m/z ratio.  Retention time drifts can significantly complicate comparison of LC-MS 

datasets (America and Cordewener, 2008), causing potentially large inconsistencies in the 

quantitation of metabolites (Andersson and Hämäläinen, 1994), thereby making biological 

interpretation difficult and error prone.  Methods using relative retention time rely on 

retention time markers that are unique and easily detected within the data file, and have been 

used successfully to help accounting for retention time drifts often seen in chromatograms of 

complex samples (Zhao et al., 2005).   

For non-targeted approaches such as metabolomics, retention time shifts can have significant 

effects on data quality, and as such have been and continue to be a major topic for 

investigation (Elizabeth et al., 2007).  Methods of removing matrix effects such as automated 

solid phase extraction (SPE) have commonly been employed to stabilise chromatographic 

separation (Chambers et al., 2007), but such methods can lead to the loss of analytes 

especially when a non-targeted metabolomic approach is employed, as well as adding 

expense and complexity to the method.  As discussed above (7.1.1.0) and by Naidong et al. 

(2001), the solvent in which a sample is dissolved and injected can have a significant effect 

on the interaction of the analytes with the stationary phase of the column, especially the early 

eluting ones (Naidong et al., 2001).   

Retention time normalisation of one or more peaks has been useful in aiding identification of 

analyte peaks (Chilcote and Scott, 1973) but a simple retention time index may not be 

sufficient to provide adequate results (Chilcote, 1973).  Computational methods have become 

an alternative, using algorithms such as that implemented in software packages like Time 

warping (Prince and Marcotte, 2006), PETAL (Wang et al., 2007), XCMS (Smith et al., 
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2006), MZmine (Katajamaa et al., 2006), MetAlign (Lommen, 2009) and Parafac (Bylund et 

al., 2002).  Though being useful in general, these approaches render often unsatisfactory 

results for the analysis of isobaric/isomeric compounds such as fructan isomers. As discussed 

above, PGC columns have a unique stationary phase with high selectivity for positional 

isomers (Wan et al., 1995) with a retention mechanism which offers different selectivity than 

either normal phase or reverse phase chromatography (Chaimbault et al., 1998).  However, a 

drawback of this chromatographic system is potentially large variation in retention time due 

to the subtlety of the interaction.  Traditionally, such variations have been accounted for by 

using isotopically labelled standards but, due to the lack of such standards for fructan, other 

approaches were needed.  A computational method to correct for retention time drifts 

developed in this project. This method formed the basis for some of the results described in 

the previous chapters (Chapter 3 and 4). 
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Figure 9:3 A Series of Extracted Ion Chromatogram for DP3 (m/z 503.16 + 549.08) 

Showing RT variation Through-out the Batch 

 

Extracted ion chromatograms (Figure 9:3) allow the retention time wobble to clearly be seen 

in the peaks corresponding to fructans with a DP of 3.  The retention time drift is evident in 

the eight selected ion chromatograms which were chosen at random from the data set and are 

shown in run order from top to bottom.   
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Figure 9:4 Fitting of a non-linear function to RTs of peak 3 over the batch by cubic 

smoothing spline. 

 

The retention times of the selected peaks have shown systematic variation across the sample 

batch.  A non-linear function was fitted to the four most intense peaks.  The function for RTs 

of peak 3 is plotted in Figure 9:4.   
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Figure 9:5 Distribution of Retention Times of Peaks 2, 3 &4 relative to Peak 1 

 

The use of the difference between retention times of peaks of interest was used as a method 

to correct for drifts in retention time (Figure 9:5); however, as an automated process it is still 

possible that mis- assignment of peaks will occur.  This is mainly because the peaks are 

isobaric and have the same MS1 spectra, retention time is not reliable and the presence of an 

individual peak cannot be guaranteed.  A secondary approach was needed to allow the 

identity of peaks to be assigned 
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“marker” peak (Figure 9:7) shows the same adducts that are present in the spectra of the 

fructans.  When measured by high resolution/accurate mass spectrometry the ionic mass was 

found to be 415.14681, this mass gave the proposed ionic formula of C15H27O13 (molecular 

formula of C15H28O13).  When the mass for this ion was calculated it was found to be 

415.1457140 which equated a difference of 2.6ppm.  Analysis of the MS
2 

spectrum (m/z 415) 

(Figure 9:8) showed peaks that are typical of a saccharide containing molecule.   

 

 

Figure 9:6 Extracted Ion Chromatogram (m/z 503) Showing the 5 Major DP3 Peaks 

and Extracted Ion Chromatogram (m/z 415) Showing the Marker Compound 
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Figure 9:7 Spectrum of Marker compound from ryegrass extract (Sucrose glycerate 

C15H28O13) showing molecular ion and the formate (461) and chloride adducts (451 

&453) 

 

 

Figure 9:8 MS2 Spectrum of Marker Compound 
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Figure 9:9 Simulated spectrum of Marker compound (C15H28O13) (top) and spectrum 

from authentic standard (bottom) 

 

From the formula the theoretical isotope pattern could be calculated and this was found to be 

in good agreement with the measured pattern of the unknown (Figure 9:9).  Similar 

compounds have been identified as 2hexoses + glycerol - 2H2O, using non targeted 

metabolomic methodology previously in Synechococcus (Baran et al., 2010), probably a 

glyceryl ether of sucrose. 

The use of a retention time marker coupled with the use of relative retention times allows the 

drift in retention time to be accounted for and results in identifications that are made with a 

high degree of confidence.  
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