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Figure 2.1: CO2 Fixation in C3 Plants (A) Three Stages of Carbon Fixation and 
important intermediates. The number in bracket indicates the stoichiometric 
coefficients of the overall reaction (B) Detailed Calvin cycle with stable intermediate 
metabolites. Copied From Buchanan et. al., 2001. 
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Figure 2.2 Two stage CO2 Fixation (A) C4 Plants (B) CAM Plant. Copied from 
Buchanan et. al., 2001. 
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Figure 2.3 (A) Stoichiometry of the primary nitrogen assimilation Mechanisms (B) 
Enzymes involved in nitrogen assimilation (Buchanan et. al., 2001).
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    Figure 3.3: (A) Total Intensity Chromatogram (B) 3-D Intensity Map 
     (C) Discrete Intensity measurement (D) Integrated Intensity Peak Area
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Figure 3.4: 3-D View of (A) a co-eluting aspartate & asparagine peak (B) ribitol peak
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Figure 4.1 Hierarchical Clustering Technique
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Figure 4.2 Principal component analysis: Projection of different plant samples into three 
dimensional space mapped by the first three principal components of their metabolic data. 
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Figure 4.3 FOM Analysis for metabolic data set: FOM curve indicates that the most 
optimum distribution of the variables is in six groups or  fifteen groups where the FOM 
curve shows local minima.
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Figure 5.1: A. Picture of the experimental setup in the growth chamber. 
B. Picture of a shake-flask in this setup. 
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Figure 5.2: (a) Complete Chromatogram of the plant sample (b) Each peak of chromatogram 
represents a particular compound (Ribitol – RT 21.91) or a group of co-eluting compounds 
(Xylitol and Arabinose RT: 22.22) (c) Mass spectrum recorded at a specific retention time 
(21.91 min).

(C)
(B)

(A)
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Ribitol Calibration
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Figure 5.3: Identifying and ensuring the linear range using ribitol samples
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Ionization Variation: Semi log Plots
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Figure 5.4 Variation in ratio of ribitol marker ion intensity peak area to total intensity peak 
area
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different ribitol quantities.
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Figure 5.5 Comparison of normalized profile for TIC and marker ion (specific m/z) for 
glycine and succinate. 
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Figure 5.6: Better Signal to noise ratio using marker ion. (A) Total Ion  Intensity 
Chromatogram (B) 3-D Intensity Map  (C) Chromatogram for specific marker ions 
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Ribitol peak area variation - Control System 
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Ribitol Peak area Variation - Perturbed System
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Figure 5.7 Ribitol marker ion peak area for different plant samples in (A) Control plant 
samples (B) Perturbed Plant samples.
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Figure 5.8 Normalized profiles for multiple derivatization forms of sugars and sugar 
derivatives.
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Figure 5.9 Injection hierarchical clustering – (A) control samples before outlier removal (B) 
control sample after outlier removal (C) Perturbed samples before outlier removal (D) 
Perturbed samples after outlier removal
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Figure 5.10 Biological Outlier Analysis (A) Control Samples  (B) Perturbed Samples.
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Figure 5.11:  Normalization w.r.t. time zero.
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Figure 5.12 Ratio of Normalized Area

8�%� ��������&7����2���+�)2&��.����� �� #*��:2 �B�

F
� 
	���� ��� ;���
�� C�!#�� �
� �	�� 
�
���� ��� �	�� ����� ��
����)������ �
���

�

��
�
������������ !C@����������� �
�����
� �
��������������� �	�� ���� �
� ��� ���������

�	�
������������
��	��	� 
	��������
������� �.�
�

���� ��� �	�� ��
��
���� 
�
�����

�	�
��������������������

���������	���������������������$(" ����������	�
��������

�	����	�
���������	������������
�
��
���������������&
����������������
��������������


�
���
������	����
��
����
�
�����

��� ��	����� ����
� ��� �	�� ����� �����
�
� ��� �� ���&���
���� 	��	� �	
���	���� �����

�������
�����
����
���������	�����
���������
����8������	�
�����	�����
�	���������

�.���
������ �
��� ��� 	��	� �	
���	���� ����� �.�
�

���� �����
�
�� 
�����
�� ����
�

������������
�����&�.�
�

���������
�
���
���
�����
��	����

���������
�
���	�
�

��
���
������������������	����������
��	�������
�
����������.�
�

��������

Normalized Area : Perturbed

-

1

2

3

0 3 6 9 12 15 18 21 24

Normalized Area : Control

-

1

2

3

0 3 6 9 12 15 18 21 24

log2(Normalized Ratiol)

(4.00)

(3.00)

(2.00)

(1.00)

-

1.00

2.00

0 3 6 9 12 15 18 21 24

Time (hrs) ---->

lo
g(

1%
 C

O2
/C

on
tro

l) 
---

>

iso-citrate_m/z

citrate_m/z

l-Proline_m/z

Threonine_m/z

Fumarate_m/z

malate_m/z

Asparagine_216m/z

Asparatate_232m/z

Succinate_m/z



98

Ra tio  (P e r turbe d  / Contro l)

-10

-6

-2

2

6

10

0 6 12 18 24

T im e  - - -> h r s

lo
g

2(
ra

ti
o

) 
  -

--
>

Figure 5.13 Graph of log-ratio vs. time for 150 metabolites obtained after normalization.
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Figure 5.14 Clustering of experiments using using pearson Co-relation using (A) Principal 
component analysis (B) Hierarchical clustering analysis  
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Figure 5.15 Two class paired SAM Analysis (A) metabolic profile (B) Gene expression
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Figure 5.16 (A) FOM Analysis using Euclidean distance (B) K-Means clustering using 
Euclidean distance
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Figure 5.17 Principal Component Analysis for metabolites with 
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Figure 5.18 K-Means Clustering – Pearson co-relation distance to identify metabolites 
having similar response to elevated CO2 perturbation.
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Figure 5.19 (A) Glutamate TIC Peak (B) Mass Spectrum (C) Glutamate marker ion 
individual peak area (D) Isotopomers of the marker ion 
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Figure 5.20 (A) Individual isotopomers fraction in control, perturbed system
and their ratio (B Time zero Normalized  isotopomers fraction in control, perturbed system 
and their ratio.
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