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General Information

Introduction

The COVAIN Toolbox is statistical data analysis software that runs under Matlab enviroment.
Though COVAIN was initially designed for metabolomics data processing, it can analyze other
types of omics data, such as proteomics and transcriptomics. COVAIN gets its name from one of
its functionalities: COVAriance INverse engineering. The design principle is to put most common
data analysis methods — including preprocessing, uni- and multi-variate statistics, time-series
analysis and network properties — into one software with a full graphical user interface (GUI)
support, thus making data analysis more convenient for both biologists and bioinformatician.

Availability

The latest COVAIN Toolbox can be downloaded from Dept.MoSys@Uni-Vienna homepage at:
http://www.univie.ac.at/mosys/software.html

Requirements

Matlab software and its Statistics Toolbox are required. COVAIN has been well tested under
Windows XP/Vista/7 with Matlab 2009a or newer; however, most functionality could work with
an older version. Microsoft Excel is required for .xls and .xlsx files operation. There are, a few
incompatibility problems with Mac/Linux due to Excel-like files reading and writing, which will be
solved in the future. Only for mzGroupAnalyzer and Matlab itself’s network visualization that the
Matlab Bioinformatics Toolbox is needed.

Release notes

2014.02.12:

B Add mzGroupAnalyzer and its associated Pathway Viewer for inferring pathways between
unknown m/z features from mass spectrum data.

B Add Ridge Regression method (also known as Tikhonov Regularization) in differential
Jacobian inference module to alleviate ill-conditioned problems.

B Display names for each figure, thus reduces confusion between many co-existing figures.

Display the percentage of variances in the PCA plot.
B KEGG mapping is temporally disabled and will be recovered soon.


http://www.univie.ac.at/mosys/software.html

Installation and launch

The installation has two options. One way is adding COVAIN folder permanently into the Matlab
path and the other way is every time, go to the COVAIN folder in the Matlab “Current Folder”,
illustrated by Figure 1.1. The second way is recommended because: 1) The COVAIN toolbox does
not have automatically uninstall tool which means if a new version is added to Matlab path, it
does not remove the older versions from the path; 2) Sometimes the user is reminded by Matlab
not to have privileges to save the path. For the first way, the user can set default Matlab starting
folder as COVAIN folder, see Figure 1.2; for the second way, if the user cannot save path, one
possible method is to revise permissions of the pathdef.m in Matlab root\toolbox\local\ folder,
see Figure 1.3.

Finally, to launch the COVAIN toolbox, input capitalized letters “COVAIN” in Matlab command
window (see Figure 1.1) and the toolbox GUI will be opened. If inputting small letters “covain”
instead, the user can still open the toolbox but get a warning.

Method 1: shift to the
__COVAIN folder

Input “COVAIN”
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Figure 1.1: Two methods to install and launch the COVAIN toolbox
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doi:10.1007/s11306-012-0399-3



Contact

If you have problems, suggestions, or special requirements on the COVAIN toolbox, please

contact us:
Dr. Xiaoliang Sun or Prof. Dr. Wolfram Weckwerth
(xiaoliang.sun, wolfram.weckwerth) @ univie.ac.at
Department of Molecular Systems Biology (MoSys),
University of Vienna,
Althanstr. 14, 1090 Vienna, Austria
Nomenclatures

“Variables” mean the measured substances such as metabolites, proteins or genes, etc;
“Conditions” mean experimental settings such as control and treatments.

A\ MATLAB - 2011a Properties [IESl| (B pathder.m Properties [
Security | Detailg I Previous Versions | General | Securty | Details I Previous Versions
General | Shorteut | Compatibility
Cbiect name:  C:AProgram Files\MATLABNR2D DbMoolboxMacals
@ MATLAE - 20112 (Group or user names:
82, SYSTEM
Target type: Application " E&Administmtors (P EAK2MAdministrators) 1
L EAK2AL:
Target location: wingd ' L=<k dsze)
Target: "C:\Program Files\MATLABNWRZD1 12 \binwin 644 I
| To change permissions, click Edi.
Start in: CAUsers\Sun™Documents'\MATLABNCOWAINY I
Shortcut key: | None 1 Pemissions for Users Alow Dery
1 Full control v
Run: ’ Momal window S ] 1 Modify \/
Comment: | Read & exscute o
I Read o
Open File Location ] ’ Change lcon... ] [ Advanced. . ] | Write o
| Special permissions
| For special permissions or advanced settings, |
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|
ok [ comea ) [ 2 ]| |l Lok J[ Cance J[ soy |

Figure 1.2 (left): Set the default starting folder. Firstly, find the shortcut of Matlab icon, then right click and
find the “Start in” option. Finally input the COVAIN folder such as
“C:\Users\Name\Documents\MATLAB\COVAIN\"

Figure 1.3 (right): Change the pathdef.m permission properties. The pathdef.m is located in Matlab
root\toolbox\local\ folder. Add “Modify” and “Write” or “Full control”.



Operation guide

To start data analysis, user needs to load data first, because not only results but options are both
associated with each dataset. Clicking on buttons without loading any data will receive errors. A

workflow of COVAIN is shown in Figure 2.1.

Data loading (Excel or text format)

I

Data preprocessing
1.Missing value imputation
2 Outlier adjustment
3 Transformation (log, z-Score)

Data visualization
1.error bar plot
2ANOVA

N\

Data analysis

Results export

Multivariate statistics

1.Correlation analysis
2 Principal component analysis
3 Independent component analysis
4_Clustering (Hierarchial,
K-means, Casecontrol)

Network analysis

1.Topological analysis
2 KEGG mapping
3N etw ork visualization

Time-series analysis

1.Cormelation analysis
2 Principal component analysis
3.Clustering (Hierachial, K-means)
4. Permuation entropy
5.Granger causation

>

Inverse Jacobian

1. Calculate the J acobian
given the covariance and
the stoichiomefric matrix
2. Visualize the differential
Jacobian under tw o different

1. Preprocessed data
2. Comrelation coefficients
3. PCA loadings
4.ICA loadings
5. Figures

states or conditions

Figure 2.1: lllustration of COVAIN workflow: data loading, preprocessing to analysis, visualization and results

exporting

Data loading

Data formats

The COVAIN toolbox supports loading Excel Spreadsheets (.xIs or .xIsx) or tab-separated text files.

Data header names

The first row header should be names of conditions or treatments, and all replicates under one
condition/treatment should use the same name, such as A, A, A (one condition with three
replicates), B, B, B (the other condition with three replicates)... If the replicates have different



names such as Al, A2, A3, B1, B2, B3 ..., they will be regarded as different conditions. The first
column header should be the names of variables (such as metabolites, proteins, m/z values, etc).

One data can only have one row header and one column header. User can use “selecting regions”
function when opening Excel sheets to avoid excessive header problems. If the data does not
contain header names, the toolbox will automatically name them.

If the data is arranged in a transposed way, i.e., row header is variable names and column header
is condition names, it can be transposed by the button “Transpose”. See Figure 2.2.

A.

— Data information

— Choose data
1—exampleData -

-

COVAIMN assumes rows are substances and columns are samples. ™ our data contains
119 substances, 80 samples, and &0 conditions

[ Tranzpose ] Mormalize -

- Data information

— Choose data

1_exampiebata N

COWVAIN assumes rows are substances and columns are samples.y"our data contains
&0 substances, 115 samples, and 12 conditions

Figure 2.2: COVAIN assumes rows are substances (variables) and columns are samples. The number of variables
and samples as well as conditions will be shown under the “Choose data” panel after loading the data. User can
therefore decide if the data needs to be transposed. If doing the transposition, the “Transpose” button will be

highlighted with fuchsia color indicating this action has been executed. The “Transpose” action can be cancelled.



Data contents

The blanks or none-number characters in the data are regarded as missing values and will be

replaced by zeros.

Data preview

After loading the data, the data name (the file name) will be shown in the “Choose data” panel
with a number prefix 1--, indicating it is the first dataset, and so on for further datasets (See
Figure 2.2). The data is previewed in the central table. The default is mean value preview, i.e.,
mean value under one condition for each variable. Sometimes if the variable names are too long,
or computer screen is too small, it may be favorable to use “transpose preview”. See Figure 2.3.

() full data preview @ mean value preview () transpose full preview () transpose mean preview

Figure 2.3: The four data preview radio buttons.

Default options for data preprocessing and data analysis

Before doing any preprocessing or analysis, it would be good to know the default options. Click
the button “Options” at the right side and you will see Options window, like Figure 2.4. All
options can be changed or edited. Wrong input (such as a negative p-value) will be ignored. The
options are updated by clicking the “OK” button.

u Choose options o |3 ZE

— Missing value fill

@ Minimal value () Prior distribution ‘

— Log transformation

@ Log 10 ©) Log 2 ‘

— Correlation
@) Pearson () Spearman ‘

— Correlation coefficients threshold for network inference——;

@ 050 © 0380 095 ||

— Granger lag time—— Granger significance p value—
1 ‘ ’7 0.01
. Noise type I Noise level
(@) Same diagonal noise () Random diagonal noise ” 1 ‘

4

— Number of clusters ‘

Figure 2.4: Options selection window.



Data preprocessing

Missing value imputation

The missing value information will be shown after loading the data (Figure 2.5). The default
option is using the half of the minimal value of all samples of the specified variable to fill the
missing values (of the same variable) that are not detected by instruments. It is also optional to
use prior distribution to estimate the missing values. The strategy is based on the assumption
that measurements are normal-distributed. Detailed algorithm can be referred to the paper. This
action can be cancelled. For many further data analysis, missing values imputation is necessary.

Outlier adjustment

The outlier information will be shown after loading the data (Figure 2.5). The outliers are defined
as measurements outside of two standard deviations of mean values for each condition of each
compound. The outlier adjustment firstly proposes a prior distribution of the rest of the data and
then randomly samples values from this distribution to fill outliers. This action is optional and can

be cancelled.

L There are 6 missing values across all samples
[ Fill missing values ] g P

[ Adjust outliers ] There are 377 outlier values across all samples

_ There are 0 missing values in 30 substances
_ There are 0 outlier values in 30 substances

Figure 2.5: Fill missing values and adjust outliers. After executing actions,

the background color of the buttons are highlighted in fuchsia color.

Sample normalization

Note the sample normalization is not related with statistical data normalization. It applies in
metabolomics or proteomics raw data and uses internal standard or fresh weight to calibrate the
data. For internal standard, a window will be launched to let user select one variable (Figure
2.6A); for fresh weight, one way is to append a row in the data file using the “Fresh Weight” as
variable name, thus the toolbox reads the fresh weight values; the other way is to input fresh

weight values for each sample in a series of new windows (Figure 2.6B).



A.

n Internal standard selection

— Please select a compound for internal standard normalization

u = X4

PGM 0.5h dark -rep_1

PGM 0.5h dark -rep_2

PGM 0.5h dark -rep_3

PGHM 0.5h dark -rep_4

Figure 2.6: Two sample normalization methods. A. Internal standard. B. Fresh weight.

Data transformation

@ *CHOD2 () *Fucose ... ) *Leucine (... () *Salicylic... () *beta-Ala...
) *25-Diam... () *CHO3 () *Fumaric... () *Lysine (4.. () *Serine (3... () *iso-Sina..
) *4-Amino... () *CHO4 ) *Galacton... ) *Malicaci.. ) *Serine4.. ) *myo-nos...
T *Alanine (. 7 *CHO5 7 *Glucose . T *Maltose ) *Sinapini.. T Raffinose
T *Alaning (... ) *CHOB T *Glucose . ) *Mannose... ~ *Spermidi... 71 Uracil
7 *Arabinos.. o) *CHO7 7 *Glucose-... ) *Methioni... 7 *Suberyl .. @ Uric acid
) *Ascorbic ... () *CHO8 () *Glutamic... () *Ornithine... ) *Succinic ...
() *Ascorbic... () *CHO9 () *Glutamin... ) *Parabani.. ) *Sucrose ...
() *Asparagi.. () *Citricaci.. () *Glyceric... () *Phenylal.. ) *Threonic...
() *Asparagi.. () *Citrulline.. ) *Glycerol ... () *Phospho.. ) *Threonic...
() *Aspartic... () *Cysteine ) *Glycing (.. ) *Praline (... ) *Threonin...
() *Benzoic... () *Dodeca... () *Glycine 3.. () *Putresci... ) *Trehalos...
) *CHO1 (") *Ethanola.. () *Hydroxyl.. ) *Pyrogluta... () *Tyrosine ...
@ *CHO10 @ *F6P ) *Indole-3-... ) *Pyruvica.. () *Uread2.
) *CHO11 ) *Fructose ... () *lsoleucin.. ) *Ribose ) *Valine 4...

Ok

COVAIN applies three transformations: Log (Logio or Logy), Z score and 0-1 normalization as

shown in Figure 2.7. The 0-1 normalization means, for a vector X (xi, X2, X3, .., X), the
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transformed vector will be (X; = Xmin)/(Xmax — Xmin), 1 = 1,2, 3, ..., N, where Xmaxand Xmin are maximal
and minimal value of X, respectively, thus all variables are scaled into [0,1] range.

Log transform | | Z transform | | 0-1 normalization |

Figure 2.7: The three data normalization buttons.

Data filtration and visualization

Evaluation

Click on the “Evaluation” button and you will see a window like Figure 2.8. The upper panel
shows the reproducibility report, i.e., how the replicates are similar to each other. The similarity
criterion is Pearson’s correlation coefficients. Generally, a close to 1 value indicates good
reproducibility (So please look at values instead of colors). The bottom labels are arranged as R1
vs R2, R1 vs R3, ..., denoting pairs between Replicate 1 with 2, Replicate 1 with 3, etc. It is
optional to remove some replicates by inputting their indices in the right edit box, for example,
“1”, or “1:2”, or “1,3,4". Click “OK” and a new dataset will be imported.

The lower panel shows some statistical features of all variables and enable user to select
variables that satisfy the specified criterions. There are three criterion to filter out variables: 1)
SNR (Signal-to-noise ratio), defined as mean value divided by standard deviation of a variable
under each condition; 2) Level, the mean value of a variable under each condition; 3) Change, the
relative change of mean value of one condition (such as treatment) to a reference condition (such
as control). In the future, more criterions will be introduced.

User can choose a subset of variables by applying “Top”, “Bottom” or “Middle” (list boxes under
the “Choose” options) to select some percentage (input boxes under “Percentage %” options)
and at the same time satisfying one or more criterions (check boxes under the “AND” options),
over one reference condition or all conditions (list boxes under the “Conditions” options).

User can use “View” button preview the selection effect before accepting. For overlapping part
of two or three criterions, a Venn diagram® will be shown in the right side (two criterions) or as a
new window (three criterions). Finally, clicking “Accept” will import the selected variables as a
new dataset, and closing the figure will not change the current data.

YA third-party script from Matlab Central, vennX.m, was modified and applied. The original file can be
downloaded from: http://www.mathworks.com/matlabcentral/fileexchange/6116



http://www.mathworks.com/matlabcentral/fileexchange/6116
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B Dats Evaluation =@ =

— Replicates report

PGM 0.5h dark [ ]
PGM 0.5h light {8
PGM 15.5h dark - I |
PGM 4h light
PGM 7.5h light [l |
PGM 8h dark
WT 0.5h dark
WT 0.5h light
WT 15.5h dark
WT 4h light
WT 7.5h light

.. . .. ‘ . - - - Remove replicate
F Il m .
| I

II. Illqi-.lll-l

— Vanables Selection
6 Choose Percentage AND Conditions
—=— top 20% (%)
4 — = top 40%
—&— top 60% .
—&—top 80% Top - 50 SNR Al -

na

Signal-to-noise ratio

= - ]

£ & §€ P 50 ci Al
E
g Stop20% 4 1oy L 50 LI Change ajlothers =
= — o top 40% 4
£ —&— top 60% Relative to
g —&— top 80% !
s PGMO.. ~ | View | [ Accept
z
B

Figure 2.8: The data evaluation enables user to filter out replicates or variables. See texts for details.

ANOVA

Currently only one way ANOVA is supported. It uses Matlab Statistics Toolbox ANOVA analysis
function anoval and multi-compare correction function multcompare. In the new popped out
window after clicking the “ANOVA” button (Figure 2.9), user needs to define a reference
condition and define a p-value. Then after clicking the “OK” button, a colored data table will be
shown, with grey color denoting the reference condition, blue color denoting significant negative
change (smaller than the reference condition at the specified p-value) and pink color significant
positive change (larger than the reference condition at the specified p-value).

Use the “Show” button to display variables with significant changes (both negative and positive)
over the reference condition: in the new table the variables are sorted from mostly negative
change to mostly positive change (Figure 2.10).

Use “Save new dataset” to import the variables with significant changes over the reference
condition as a new dataset. In the table, single or multi rows selections will produce box plots of
one or more variables under all conditions see Figure 2.11.
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Bl One way ANOVA

— Settings
Comparing to p-value
-
ggﬁ 'j' 0.01 OK Show Save new dataset
Zr P2 ZP3 ZP4
*1,3-bisethynylbenzene 0.0668 0.0423 0.3161 0.0 +
*2-methyl-Butanedioic acid 0.1139 0.0378 0.0867 0.1
*3,4-Dihydroxybenzoic acid 0.1862 0.1485 01770 0.2
*Allose 01483 0.0053 0.0275 0.1
*Glucose 123.0255 4872637 536.1627 388.3 2
*Arabinose 0.2384 0.2584 0.3179 0.3
*Ascorbic acid 01111 0.2010 0.2800 0.4
*Asparagine (2TM5]) 60.9108 28.8080 347445 188
*Aspartic acid (2TM5) 2 9065 1.7816 294827 3.8
*Benzoic acid (1TMS) 1.0051 0.8473 1.0071 1.0
*Sorbitol 231458 22158 2.34M 22
*Citric acid (4TIMS) 0.6816 0.4987 1.8773 48
*D-Glucopyranose (5TMS) 0.8623 0.7538 12.9381 13.2
*Diethyleneglycol (2TMS) 65.1829 30.4776 30.9154 422
*Erythritol (4TMS) 28106 5.0822 T7.4450 38
*Ethanolamine (3TMS) 0.1022 0.0891 0.2537 0.2
*Fructose 48770 43.3825 26.7374 15.0
*Fucose 0.1087 0.1378 0.1748 0.1
*Fumaric acid (2TMS) 393 7589 204 5270 T52 57594 477.8
*Gluconic acid (6TMS) 0.5263 0.7525 0.5843 0.2
*D-Xylose (4TMS) 5.2080 5.0042 2.3429 100
] 1 3

Figure 2.9: The new ANOVA window.

B One way ANOVA

— Settings
Comparing to p-value
-
igﬁ 3 001 Show Save new dataset
71 | oz [ 7e3 4 | 705 | 788 7°7
*Asparagine (2TMS) 60.9106 28.808 347449 18.9564 5.8768 7.6799 48308 -
*L-Phenylalanine 80.5353 18.1418 12817 10.157 71313 9.1427 10.3732 T
*L-Valine 18.0544 2.6499 52215 3.3178 55834 3.0294 24471
*Tyrosine (3TMS) 56068 1.4629 1.1798 0.84709 1.0383 11776 0,696
*Glucose, 1,6-anhydro,beta- (3TMS) 11.2016 11.0743 11.2658 9.3902 6.5386 6.0945 48515
*Ascorbic acid 0.11111 0.20103 0.23004 0.41828 0.60863 0.35283 0.35076 E
*D-Glucopyranose (STMS) 0.86235 0.73386 129381 13.8442 541137 19.8055 142028
*Glycerol (3TMS) 11.0603 13.5071 13.3109 258201 11.8125 17.6484 14.1268
*L-Threonic acid 47245 6.1435 10.7298 28.376 1.1001 652055 286318
*Oxalic acid (2TMS) 256308 2.084 1.8594 26267 4902 3.4165 3815
*Ribonic acid (5TMS) 0.67419 0.61258 0.54839 0.52696 0.55267 0.85838 0.94793
*Arabinose 0.23842 0.25344 0.31791 0.36797 0.38202 0.66081 1.0503
*Erythritol (4TMS) 28106 5.0822 7.445 39017 2.8261 23195 16935
*L-Alanine (2TMS) 1423123 188.956 2584846  224.3535 187.3013 1477036 91.3112
*L-Aspartic acid 3TMS) 8.1283 45168 11.9388 161121 19.3843 535116 36.1753
*Maleic acid 2TMS) 45206 1.3278 6.6065 81377 16.9523 31.2888 32.1897
*Phosphoric acid (3TMS) 6.8898 40736 7.3979 66411 11.4121 15.6568 12.4203
*Aspartic acid (2TMS) 2.9065 1.7816 28482 3.8231 55778 8.8467 6.0724
*Citric acid (4TMS) 0.68157 0.4987 1.8773 48058 7.0307 16.0753 10.5088
*D-Xylose (4TMS) 5206 5.0042 83489 10.0693 117768 15.0078 116146
*Ethanolamine (3TMS) 0.10219 0.089104 0.25365 0.21292 0.26051 0.42551 018754 i
4 [0 | v

Figure 2.10: The significant changes will be highlighted by blue or pink color, corresponding to

negative or positive change over the reference condition.
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Error bar plot

The error bar pIots2 show the mean value of all variables under all conditions with one standard
deviation on the error tick (Figure 2.12). Error bar plot is disabled for datasets with more than

100 variables.

*Asparagine (2TMS)
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Levels

100

50

Levels
e

*L-Phenylalanine
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Conditions

*Tyrosine (3TMS)

o= RIS

]
50T &

ZP1 ZP2 ZP3 ZP4 ZP5 ZP8 ZP7
Conditions

Figure 2.11: Multi rows selection of the ANOVA table produces box plot.

700
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500+

B
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200

100 H

ZP1

ZP2 ZP3 ZP4

Conditions

ZP5%

ZP6

‘L -Serine

[ *L-Threonine
[C*Glycine (3TMS)
[1*Psicose

[ *Allose

I Glucose

Figure 2.12 Error bar plot.

? Two third-party scripts from Matlab Central, barweb.m and errorbar_tick.m, were modified and applied. The

original files can be downloaded from: http://www.mathworks.com/matlabcentral/fileexchange/10803,
http://www.mathworks.com/matlabcentral/fileexchange/22826



http://www.mathworks.com/matlabcentral/fileexchange/10803
http://www.mathworks.com/matlabcentral/fileexchange/22826
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Data combination

COVAIN supports combining two or more datasets into one new dataset. This button lies in the

right side of the interface, just under the “Load data ...” button. As the first step, user needs to

select datasets to combine; then, because different datasets may have different number of

replicates or conditions, user need to define which replicates or conditions are combined

together. For replicates, please input their indices; for conditions, please select them from the list

boxes, see an example in Figure 2.13.

u Choose datasets

— Choose from the list

[[] 1—exampleData
[T] 2—-Matrix 64

[C] 3—Matrix 7B

Figure 2.13: Two steps to combine datasets. First step (left figure), select

datasets using check boxes; second step (bottom figure), select replicates and

conditions using list boxes.

n Combine data E‘E‘ﬁ
— Select replicates
exampleData contains 9 replicates. Please input indices of replicates: 123456789
Iatrix 64 contains 12 replicates. Please input indices of replicates: 1234567889
Matrix 7B contains 12 replicates. Please input indices of replicates: 1234567889

— Select conditions
exampleData PGM05h_ - PGM 0.5h = PGM 165 ~ PGM 4hli . - PGM 7.5h_ -
Matrix 64 1 - 2 . 3 . 4 .| 5 n
Matrix 78 zP1 - P2 - zP3 - P4 - ZP5 -]
exampleData PGM8hd - WT05h_ =
Matrix 64 6 - 7 -
Matrix 7B ZP6 = ZP7 -




15

Data analysis

Multivariate statistics

Conditions selection

Before doing analysis, user needs to set which conditions to be analyzed. Please simply select
“Default” if analyzing the whole data, or input the indices of conditions in the edit box (such as
“1,2,3”, or “1:3”, or “1 2 3”). No selection will result a warning.

PCA and ICA

Up to five principal components (PCs) or independent components (ICs) can be displayed. Please
specify the number of PCs/ICs in the edit box. Default number (2) will be used for wrong or
empty input. Then click the “Plot” button and four figures will appear: the PC variance occupancy
(PCA) or IC kurtosis values (ICA), loadings (PCA and ICA), score plot 2D and 3D (PCA and ICA), see
an example in figure 2.14 (PCA only). The names of variables on the loading plot can be labeled
by using the “Label PCA” or “Label ICA” buttons in the bottom of “Multivariate Statistics” panel.

B Figure 2: PCA PC variances occupancy =|@| % |JBy Figure 3: PCA loading S | B
File Edit View Insert Teols Deskiop Window Help w|[| File Edit View Inset Tools Desktop Window Help ~
DEHS | K RARODEA-3|0E | ad DEdde | kAU PEL- S| 0EH e
90 09
Glucose
80 f 08F
g7 iy
3 60 e
@ 05
S 50 ~
2 O 04
S 4p o éPsmnsa
@
8 03
@ 30 L]
= 021 o
=20 1 [ 8TMS
01 GSucrose (i )
o) *Fumaric acid (2TMS)
10 1 ol £
o o
0 o~ ©
0

g 220 0 40 50 8070 T2 0z 04 06 08 ] 12
PCs PC 1
Bl Figur= 4 [=[=] = e e, TR
Fle Edt View Inset Tools Desktop Window Help | I[ Fle Edic View Insert Tools Desktop Window Help M
NEde bR 00EL- |3 08 g NTOEe & AUDELA- G| 0EH 0
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300 2004

[ X ]
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e}
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100
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-100 200

1000

PC2 5001000 pgq

Figure 2.14: The four plots for PCA or ICA.
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Correlation

The default method is Pearson’s correlation coefficients, but can be changed to Spearman’s
method in “Options”. The threshold value in “Options” does not influence the correlation
coefficients calculation, but affects the inferred correlation network (See Network analysis
section). A heat map denoting correlation coefficients values will be shown after clicking the
“Calculate and View” button like Figure 2.15.

Substances

58 B oot wm‘ﬁ}*ﬁm‘@@@‘f}@ﬁ“ ARENENERNRE ) BB

S e e e
b Ao foke” “Fole! e O GG Cabalet e Golaip el

~M e o ‘M ’”ﬁf.@vf*’ig'”"

1
RS G g «;;,,_g;»«;;&“ g [ AR s i S

e

Figure 2.15: The correlation coefficients heat map with a color bar.

Bi-clustering

The bi-clustering uses average linkage of Euclidean distance between groups as the metric. The
“Normal analysis” clusters all conditions and all variables (Figure 2.16 left) while the
“Case-control analysis” needs to set up the control condition (Figure 2.16 right) and cluster the
difference of other conditions over the control condition for all variables.

u Cluster analysis ‘ L"‘:' 5 g
— Choose the control sample— — Choose treatment sample(s)

Select all others
@ zP1 ZP1
@ ZrP2 ZP2
@ ZP3 ZP3
ZP4
ZP5
ZP6

zP7

View bicluster graph

Figure 2.16: Two ways for bi-clustering.
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Time series analysis

Time order selection

Before doing analysis, user needs to set up the correct time series. Please simply select “Default”
if analyzing the whole data in the listed (shown in the table) time order, or input the indices of
conditions in the edit box (such as “4,1,2,3, or “4,1:3”, or “4 1 2 3”). No selection will result a
warning. Note: time series analysis in COVAIN needs a minimum length of four time points.

Correlation
The correlation analysis is the same as described in the Multivariate Statistics section.
Clustering

The clustering metric is similar to those described in the Multivariate Statistics section, but the
produced figures are profiles plot, i.e., levels as y-axis and time points as x-axis.

Granger causation analysis

The Granger causation analysis uses the “Granger time lag” and “p-value” (both can be defined in
the “Options”, the lag is limited to 2 for short time series) as optional parameters and plot three
figures with information on their figure titles, and “sort” and “export” function in their bottom
parts: 1) which variables causes which others; 2) which variables are caused by which other; 3)
which variables pair with which others, i.e., one causes the other and vice versa.

The number of causations and the significance levels are shown in the figure title. The lists of
variables and Benjamini-Hochberg corrected false discovery rate p-value are shown in the table
region, such as a four cell row “Variable A causes Variable B 0.001”. User can use the bottom

buttons “Sort ...” to sort the table by different rules. It is possible to export the table to an Excel
file.

Single or multi- sections of table cells will produce figures showing the profiles of causing
variables (in red) and the being caused variables (in blue).

Figure 2.17 illustrates the Granger causation analysis usage.
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Figure 2.17: Granger causation analysis.

Permutation entropy

The permutation entropy (PE) values for all variables are shown by stem plot like Figure 2.18. The
PE as a metric for complexity was investigated with transcriptomics time series data® but not
applied in metabolomics data yet.
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:
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Figure 2.18: The permutation entropy analysis.

® Sun X, Zou Y, Nikiforova V, Kurths J, Walther D., The complexity of gene expression dynamics revealed by
permutation entropy, BMC Bioinformatics. 2010 Dec 22;11:607



http://www.biomedcentral.com/1471-2105/11/607
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Network analysis

Network inference

The network inference uses either correlation coefficient or Granger causation p-value as metric.
For correlation coefficient, two variables are considered connected if their pairwise absolute
correlation coefficient value is higher than the threshold values; for Granger causation analysis, a
connection between two variables is established if its p-value lower than the threshold. Note that,
correlation network is undirected but Granger network is directed.

Network visualization

Network visualization checks if the selected inference result is available or not. If not, a warning
will be shown; if yes, it uses Matlab Biograph class (in Bioinformatics Toolbox) to visualize the
network as shown in Figure 2.19. For large network with over 500 interactions, visualizing in
Matlab is disabled (because it would be too slow) but the network can be visualized by a good

visualization software Cytoscape4 using the .sif file if you save the results (See Save section).

“ISeride

*Héxanoic acid
! L ThEeenE Acid

@ﬁ\

\ibonic atid

Figure 2.19: Network visualized by biograph. The names of variables have been labeled.

4
WWww.cytoscape.org



http://www.cytoscape.org/
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Network properties

Currently this function is not supported; User can use Cytoscape plug-ins to calculate the network
topological properties using the .sif file in the results (See Save section).

KEGG mapping

Currently only metabolomics data is supported, i.e., only metabolite names can be mapped to
KEGG pathways. First, the metabolite names stemming from a typical metabolomics analysis are
mapped against KEGG names and formulas to identify all involved pathways. In a second step a
minimal interconnected graph model, i.e., each node can be reached from every other node, is
defined. The resulting pathway network corresponding to the experimentally detected
metabolites and a minimal set of interconnecting metabolites is exported and visualized with

Cytoscape.

It is possible to select a control reference condition and color the change on other conditions
using predefined colors (red for positive change and blue for negative change). The strategy is

shown in Figure 2.20.

The KEGG mapping needs Matlab Bioinformatics Toolbox. It links to KEGG by a SOUP service.

|II

Note the mapping usually takes a long time; therefore, a “cancel” button is designed.

Mapping metabolomics data to KEGG

Original names Reduced names KEGG names mapping
T Ribsted Metabolite: Acomitic acid, cis-
Sorbitel

Ghcose
Sucrose
Acontic acid, cis

.. .Octadecancic acid
-+ .Echingcystic acid
..9-cis-Rezinoic acid

1
2
ok
Alanine " i e
|:: D> Alanins-, bata >
5...cis-Aeonitic acid
ASCOMC 30 &
7
e

..trans-Asemitie asid
T c ok - -2-Oxomuceinamic acid
Aspartic acid

Citnc acid
Hexadecanoic acid

.. .Oxalosuccinic acid
8...2-Aminosuccinic acid

Oetsdecannie seid 10...Citraconic acid

Eryhronic acid 11...0ctanedicic acid
Ethanclaming Which coe? 5
Name KEGG Name KEGG ID Formula
Aconitic aci, cis- cis-Aconiic acid CHO41T CBHEDR
Alaning o101 CIHTNGZ
beta-Alanine Co00%s C3HMNOZ
Ascorbic acid Co0072 CBHEOR i
Aspanic acid Aspaniic acid C1B433 CAHTNOY KEGG ID/Formula Mapplng
Citrc: acid Canc acid C00158 CEHBOT
Dehydroascoebic acd Dehydroascortee seid 05422 CBHEOG
Disaccharsd Lipsd A disacchande 2 CEEH1ZMNZ0ZP
Ethanclamine Ethanolamine CO01E9 CHINO
Fructose. Fructose 02335 CEH1206
e s
Name KEGG Name KEGG ID Formula Color Control 3D 5D 3G 56 !
Aconitic acid, cis- cis-Acontic acid CO0417 CEHEOG Teice 537184535 477204931 475735624 541641324 503003 |
Alsning Adanine CO01 CIHTHOZ bise 5.TEBO23669 531855679 542904623 6.0B64222  6.705485
Alsning-, beta beta-Alanne €00099 CIHTNOZ Toie 518895195  4.BG2B535 4 MMOITIE5 535239817 5438612
Ascorbic acid Ascorbic acid 00072 CEHBOE biue 5365646654 533068737 554844019 545579956 5716773 User’s data
Aspanic acid Aspartic acid C16433 CAHTNOY Irm 5 BI5499666 6.0TITOITT 6 73390743 6 14484235 5 57353
Citne acid Cane acid Co0158 CEHSO? Bise TAT0201132 729674425 72836382 7 SIBI206 7 301253 . )
Dishyroascorbic acid Dohydrascorbic acid 08422 CEHEDE leie EASLMA95T  GAIN2ITE GAOMTOOS G SBEMAIED 6 46E0SS | |ntegrat|on
Disaccharid Lipid A disacchande 04832 CESHI2ON2ONP  bhoe 4423030073 40585710 4 IZEGHMOE 24000042  4.0TEIS2
Etharslarne Ethanolarmne o018 C2HTNO Towce TEIWGATI TAG0A005 TEIEIM2 T ETASOSTT T.4SETT |
Fructose Fructose 02336 CEH1206 Bie G5EBIBESZ  GAT2MD 6OTEIMTS G.50G24B9 6.45TTTE

Figure 2.20: Mapping metabolomics data to KEGG pathway workflow.
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Inverse Jacobian analysis

User can use the example data (data_glycolysis

and stoichiometry_glycolysis) to try this

function. Please follow the steps in Figure 2.21. User can also upload their own data and the

corresponding stoichiometric matrix to get the inverse Jacobian from the covariance matrix.

‘f-fu\l data preview

@ mean value preview

() transpose full preview

() transpose mean preview

m

 High ) Low
GLC 49549 4.5668
MgATP 1.4235 1.4234
GBP 0.0395 0.0394
MgADR 0.1399) 01350 Input condition name of data A
FoP 0.0153 00153
FBP 0.0096 0.0096
GRAP 0.0060 0.0060
DHAP 0.1486 0.1486
P 09937 09987
A 0.0653 L0553 4\ Select File to Open 8 =
13P2G 4T75Te-04  4.7742e-04
NADH 1.5662e-04  1.5862e-04 Look in: ‘ COVAIN j =k Ea-
3PG 0.0681 0.0681 -
23P26 1.9260 1.9256 o= Name Date modified Type
2PG 0.0085 0.0085 e £ CovaN_PE 6/27/20117:25PM  MATL
Recent Flaces 4 g
PEP 0.0110 0.0110 COVAIN,_plotData 6/27/2011836 PM  MATL
PYR 0.0840 00840 " ) COVAIN _preTrans 10/6/2011356PM  MATL
LAC UELE UEEE Desktop ] COVAIN radioSelect 6/24/201110:13 PM  MATL
NADPH 00049 0.0049 - ) COVAIN_readKEGG 10/4/2011 1108 PM  MATL
NADP 22341e 85 22965 0 i ) COVAIN_save 10/6/2011 238 AM MATLS
AMP 0.0719 0.0720 Libraries ) COVAIN_strDist 6/24/201110:15PM  MATLS
A ) COVAIN_treatSelect 6/24/201110:16 PM MATLS
> B data_glycolysis 10/7/20111251 PM Micros
Computer ) eampleData 6/27/2011803PM  Micros
‘:‘.!-. || pearsonMEX.mexw32 4/25/20116:33PM  MEXW|E| | [
|- T | stoichiemetry_glycolysis 10/5/20 140 AW Tet DI ||
4 m ] b
Input index, such as 4,2,3,1 Fo
Fie name: [stoichiomery_alycolysis | Open |
Files of type [ Al Fies ] Cancel i
View
I m J
— Inverse J; bi
) K-Means Set condition A

B

l7 Input stoichiometric matrix

Cluster

Set condition B

5

[9 Calculate differential Jacobian

tion analys

View

{— KEGG Pathway

‘ I Compound mapping

ropy:

Load data ..

Iy notes
Name the results

Save

Options

Help

Figure 2.21: A simple tutorial on how to use the inverse Jacobian analysis on the example data. There are nine

steps (labeled in red numbers) to obtain differential Jacobian from metabolomics data. In this example, the two

conditions are labeled as “High” and “Low” meaning high and low glucose import, respectively.

1. Launch the COVAIN package and load data;

2. The data information will be shown, where rows are names of metabolites and columns are the names of

conditions (green circles);

L 0 N o v A~ W

Similarly, click the button “Set condition B ...” and

Click the button “Input stoichiometric matrix” and

Load the stoichiometric matrix file;

In the “Inverse Jacobian” panel, click the button “Set condition A ...” and

Finally, click the button “Calculate differential Jacobian” and obtain the result.

Choose condition A by inputting its dataset index (See Figure 2.2A), NOT the names in Figure 2.21.

Choose condition B by inputting its dataset index (See Figure 2.2A), NOT the names in Figure 2.21.
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mzGroupAnalyzer and Pathway Viewer

Format of inputs:

In Matlab GUI, it is difficult for drag-and-drop operations, so the format of input files need to
strictly obey predefined rules. Please follow the format of the example data files. In detail:
1) The m/z data Excel spreadsheet:
a) The first row (header) must have these names: m/z, Intensity, Theo. Mass, Delta (ppm),
Composition. Names are capital sensitive.
b) The second row is left for empty. The program reads data from the third row.
c) Any number in the composition need to closely follow characters. For example, H2 O,
H20, are correct, but H 2 O is wrong.
d) m/z features with empty composition are removed from further processing.
2) The rule Excel spreadsheet:
a) The first row (header) is not important. The program reads data from the second row.
b) Chemical elements that are not appearing in any m/z's composition are removed. For
example, C, H, O, N, P, S are defined in rules, but P and S do not appear in any
composition in the m/z data file, so P and S will be removed.

How to use:

In the COVAIN main panel, find two mzGroupAnalyzer buttons in the Network Analysis module.

mzGroupdnabyzer ]

| Load data & Analyze Pathway Viewer | |

For first use, please click the first button "Load data & Analysis", and you will see three

consecutive windows, representing respectively, 1) load the m/z data files (multiple files allowed.
If they are time series, the names of files should follow correct order); 2) load the rule file (single
file); 3) determine the name and folder to save the results. Then the program will do calculations
while displaying a dynamic wait bar. Then you will see a question dialog asking if proceeding to
the Pathway Viewer. You can select "Yes" to proceed, "No" not to proceed, or "Load" to open the
other existing mzStruct workspace which is titled as "mzStruct.mat". If you select "Yes", you will
see a new window similar to the below one.

The second button, Pathway Viewer, can be used separately if you already run the program
before (hence the mzStruct workspace is available). Click this button, and you will see a window
to find the workspace file "mzStruct.mat". After loading this workspace, you will see the below
window. This button is especially useful if you have processed a big dataset and only need to use
the Pathway Viewer.
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mzGraupAnalyzer Pathway Viewer - - [E=SE=T ™
Select & List
Composition Time Series Points
C H (o} JTP1 VTP 2 TP3 TP4 TP5
From 2 2 TP6 TP7T TP 8 TP 9 TP 10
To G 12
M/ Z value
From 100 to 300 i (=i
Chemical Transformation Rules
Totally 167 paths are found !

/ Select | Reject all OR -
' methylation / CH2 elongati._.  [/| pentosylierung (xylosylatio. From (m/z) | From (CHO} | To (m/z) To (CHO) Path
: c’;:::‘e‘ft':“‘;;U’ﬂ”{‘”&ﬂg‘m‘”m ‘ :‘Ui:‘:'ar;’;n 0 |mz 1150 C6HI1 .. mz1211._COHI3  mz 1150754 -> mz 219.10 *
- demem;‘amn (:CH’S.) 71 Smapy;m 51 |mz 115.0..C6H11 .. mz 131.0..C9H7 O mz 1150754 > mz 219.10
¥ Zxmethylation | CH2 elong... [4] carboxylation 52 |mz115.0..C6H11 . mz 131.0..C10H11 mz 1150754 > mz 219.10
v 2xmethylation / N-methylat. . || decarboxylation 53 |mz 115.0..C6H11 .. mz 133.0..COHIO mz 1150754 -> mz 219.10
/ de-2xmethylation / CH2 el... /| glucomalonylation 54 |mz 1150 _C6H11 . mz 1331._C10H13 mz 1150754 -> mz 219.10
. dez"methy‘a“t.”” ometh... g:uw’“a:””‘f:ai‘u”((’z%)) 55 |mz 1150._CEH11 .. mz1350..C9H11 O mz 1150754 -> mz 219.10
e monasraenation T combined Coumanyiation a 5 |mz 115.0..C6 H11 .. mz 137.0..CBHI 02 mz 115.0754 > mz 111.04
7| oxidation 7| benzoylation 57 |mz 115.0.CEH11 . mz 139.1._COHI5 O mz 115.0754 - mz 129.09
/| de-oxidation /| debenzoylation 58 |mz 117.0_C6H13 . mz 1190 _C8H7 O mz 117091 ->mz 115.075
//hydrogenation /| acetylation 58 |mz 117.0..C6 H13 .. mz 119.0..CIHI1  mz 117.091 -> mz 333.154
j dehvydrogenation j deacetylation 60 |mz 117.0..C6 H13 .. mz 121.0..C7 H5 02 mz 117.091 -> mz 115.075

AR v 6 |mz 117.0_CEHI3 . mz121.0.C8HIO mz 117.091 > mz 115.075
/| 2xdehydrogenation /| demethoxylation
 combined hydrogenation a. (/| combined glycosylation an 62 |mz117.0_C6H13 . mz 1211 _C9H13 mz 117.091 -> mz 333154
/| combined dehydrogenatio.. || sodium adduct 63 |mz 117.0._C6H13 . mz 1230 C8H11 O mz 117.091 -> mz 115.075
/| protonation /| dihydroxylation 64 |mz117.0..C6H13 .. mz 131.0..COH7T O mz 117.091 -> mz 115.075
/ deprotonation | dedihydroxylation 65 |mz 117.0..C6H13 .. mz 131.0..C10H11 mz 117.091 -> mz 115.075
B pHEi e ) 6 |mz117.0_C6H13 _ mz 132.0_C8H& 02 mz 117.091 -> mz 115.075
' dehydration | reduction {(-20+2H)
| e Al G s 67 |mz117.0._C6H13 . mz 1330 CIHIO mz 117.091 -> mz 115075
M 2 AT T B T T T 68 |mz117.0..C6H13 . mz 133.1._.C10H13 mz 117.091 -> mz 115.075
v oxidoreduction /| carboxylation+hydration 69 |mz 117.0..C6H13 ... mz 135.0..CO9H11 O mz 117.091 -> mz 333.154
/| de-oxidoreduction /| decarboxylation+dehydrati... 70 |mz 1170 _C6H13 . mz 1351 _C10H15 mz 117.091 -> mz 115075
7! hexosylation (glycosylation... v/ C=0 addition e e 447 A ARII4A e 4BT A AOIIA AN e 447 0N o e aaC nTE
/| glycosylation (-O) / thamn... [/|C=0 loss g U’ k
7| glycosylation (-20)

Explanation of all parts of Pathway Viewer:

Composition: Empty input means using default minimal and maximal values (0-10000). So if you
do not need this filtering option, just leave them empty.

m / z value: Empty input means using default minimal and maximal values (0-1000000). If you do
not need this filtering option, just leave them empty. Note: this filtering only applies on the first
and last compounds.

Chemical rules: You can select or reject all rules by clicking the "Select/Reject all" button; you can
also select only a few rules. The selected rules can be in AND relation, meaning the obtained
pathways (shown in the right side) contain ALL rules, or in OR relation, meaning ANY of these
rules. Very long rule names may not be completely displayed, but you can see their full names
when moving the mouse around (also known as tooltip string).

Time series points: The available time points of the first compound of a pathway. Multiple

selection means AND operation.

Show: All pathways satisfying the chosen criteria will be displayed in the table below. The number
of pathways will be shown. You can see the pathway chain by clicking the Path column. An
example is shown below, where the blue texts show the rules of each step, red denote the m/z
values, black mean the composition of each m/z value and green mean the available time points
of each compound (the time points are separated by "/" ).

Export: Save the table into an Excel file.
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B Path: mz 205.0859 -> mz 162.0754 -> mz 149.0961 -> mz 182.1016 -> mz 217.107 =NNC X
File Edit View Insert Tools Desktop Window Help k]
deacetylation de-oxidoreduction dihydroxylation dihydroxylation
mz 205.0859 ——— = mz 163.0754 —— = mz 149.0961 ——— = mz 183.1016 ——— = mz 217.107
(C12H13 03) (C10H11 02) (C10H130) (C10 H15 O3 ) (C10 H17 05 )

TP [1/2/3/4/5/T/8/9/10] TP [1/2/3/6/8/9/10] TP [1/6/10] TP [1/2/3/4/5/8/9] TP [1/2/3/4/5(7/8/9]

Outputs:

The results from a typical running may look like this:

|*| mzGroup_test.rmat

65 mzGroup_test_freqlistedGroups.xlsx

i3] mzGroup_test_freqNotlistedGroups.xdsx
|=| mzGroup_test_Pajek.net

2] mzGroup_test_transformations.xdsx

|#| test_mzStruct.mat

"_iﬂ test_pathwayTable.xlsx:

The first five results are saved by mzGroupAnalyzer(or, using the first button) and the other two

are exported by mzPathViewer(or, using the second button).

Notes:

Requires Matlab Bioinformatics Toolbox and Statistical Toolbox.

2. If your Matlab has Parallel Computing Toolbox, parallel computing will be used for
acceleration. You can increase the number of parallel threads by modifying the default
properties of this toolbox.

3. The program was tested only under Windows. Please contact me if you have problems with
other OS. Most possible problems may be during the Excel file import/export.

4. The pathway searching time for big data may be quite long. My testing results are shown
below (Data size is represented by number of m/z features. Empty means not available). The

testing results seem lack of "scalability" because not all tasks can be run in parallel.

CPU Q9300 i5-3320M i7-3770K 2 x Xeon E5-2690
Property 2.5G, 26~33¢G, 3.5~3.9¢G, 29~3.8¢G,
4 cores 4 threads 2 cores 4 threads 4 cores 8 threads 8 cores 16 threads
Number of 1 2 4 6 8 12

parallel threads

200 m/z 10s <1s <1ls <1s
500 m/z 50s 10s
1800 m/z 8h 1.6h 1.4 h 1.2h 1h

(I suggest processing big data in a desktop PC or server)
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Results saving

COVAIN creates default saving folder “COVAIN_Results” under the folder where each dataset is

saved. However COVAIN asks the user select other place to save results, see Figure 2.22.

Browse For Folder

2]

Flease choose a folder to save results

4 | COVAIN
. @KEGG
o COVAIN dev
, COVAIM_Results
L. Latest

» 1 Demo

) Exchange

Folder:  COVAIN_Results

Make Mew Folder ] [ Ok

] [ Cancel

Figure 2.22: Choose the saving folder.

The saved results for each datasets: one Excel file including processed data, the PCA/ICA loadings
(if done), notes (if not empty), and .sif network file (if done). The GUI data of COVAIN will be
saved in a Matlab workspace which may be useful for experienced users. Please use “Name

results” edit box to determine the Matlab workspace name. An example is shown in Figure 2.23.

Mame

|==| exarnpleData.sif
@_1 exarnpleData.xls
|>=| Matrix 7B.sif
B Matrix 7B.xds
|=| Matrix 64 .sif
B Matrix 64.xls

[#| testl.mat

Type

SIF File

Microsoft Excel 97-2003 ...

SIF File

Microsoft Bxcel 97-2003 ...

SIF File

Microsoft Bxcel 97-2003 ...

MAT File

Size

S5 KB

231 KB

SEB

146 KB

4 KB

177 KB

1,034 KB

Figure 2.23: The list of saved results. Here, there are three datasets whose file names are “exampleData”, “Matrix

7B” and “Matrix 64”. For each dataset, one Excel and one .sif file are saved; for this COVAIN operation, a Matlab

workspace (.mat) is saved, which contains all the analysis results of three datasets in a structure type.
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