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LTC 

Comprehensive interactive package for physical mapping of 
complex genomes using fingerprinting data for BAC libraries.  
 
The corresponding tool, Linear Topology Contig (LTC) software package for 
contig assembly is based on exploring the topology of clone overlaps. We 
demonstrate how LTC can be used for construction, verification, elongation, 
merging, and ñcuringò of the contigs. The examples are based on practice with 
real and simulated data. Some more detailed explanations on LTC approach 
can be found also in our attached manuscript (Frenkel et al [1]). 
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1. Background  
 
Physical maps are the basis of genome sequencing and map-based cloning and their 
construction relies on accurate assembly of BAC clones into large contigs anchored to 
genetic maps with molecular markers. High Information Content Fingerprinting (HICF) based 
on SNaPshot technology (Luo et al [2], Nelson et al [3]) has become the method of choice for 
large and repetitive genomes such as those of maize, barley, and wheat. The high level of 
repeated DNA in these genomes requires the application of very stringent criteria to ensure a 
reliable assembly with the standard FingerPrinted Contig (FPC) software (Soderlund et al 
[5]). The main problems with the results of FPC processing are: short contigs (most with 
length of 3-5 clones before merging) and unreliable assembly in some difficult regions. These 
difficulties can originate from (i) chimerical clones; (ii) false clone overlaps; (iii) low power of 
clone ordering algorithms; and (iv) weakness of tools to identify sources of gaps in Minimal 
Tiling Paths (MTPs).  

In order to overcome the aforementioned difficulties a new analytical framework - 
Linear Topology Contig (LTC) - was developed. LTC enables the construction of highly 
reliable and longer contigs, the detection of ñweakò connections in contigs and their 
ñrepairingò, and the elongation of contigs obtained by other assembly methods. LTC is also 
able to work with clones fingerprinted by Sequence Tagged-Sites (STS) markers or by exact 
short sequence tags (Whole Genome Profiling (WGP) technology, van Oeveren et al [4]). 
 The theoretical basis for the LTC software was developed as a part of the activity of 
the Haifa University group within the TriticeaeGenome consortium (FP7 program). Close 
collaboration of Haifa group with the INRA (Clermont-Ferrand) group (Catherine Feuillet,  
Etienne Paux and Romain Philippe) played an important role in better understanding the 
major problems and limitations of the standard methods, setting the objectives and finding the 
best ways for testing of the proposed solutions. Fruitful collaboration with many other 
colleagues dealing with physical mapping of wheat and barley genomes was a rich source of 
challenges and gave us a great satisfaction when our approaches proved helpful for them.   
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2. General program  description  
 

2.1 Contig assembly with LTC 
 
Program LTC works with BAC HICF (or/and STS markers or/and WGP) data and can take 
into account information on markers presented in clones (analogously to FPC program). 
Working with LTC includes the following steps: 
 
(a) Importing of fingerprint data of clones.  
 
In the case of HICF fingerprint data based on SNaPshot  technology: importing from 
*.sizes files (in format suitable for standard FPC program: one-dimensional list of band sizes 
is provided for each clone). Note that LTC was developed for cases when data was already 
filtered to get rid of the following problems: (i) too short or too long bands; (ii) too similar 
bands within clone (bands should be different at least on the tolerance value); (iii) clones with 
problematic fingerprints (e.g., with too low or too high number of bands, etc.); and (iv) clones 
occupying in close plate positions and having high number of common bands that putatively 
caused by technical clone-to-clone contamination rather than real clone overlaps. 
 
In the case of WGP data:  
WGP data can be imported by two ways: (i) in the form of lists of found tags for each of BACs 
(in this case input file is looking exactly like *.sizes file, but tolerance is equal to zero); and (ii) 
in the form of lists of positive clones for each of tested tags. In both cases data should be first 
cleaned from putative clone-to-clone contamination. 
 
(b) Creation of net of significant (with the most liberal cutoff) clone overlaps for more quick 
future calculation 
 
(c) Identification of putatively problematic Q-clones and Q-clone overlaps 
 
(d) Adaptive clustering of entire DB, starting from liberal cutoff (no more liberal than was used 
for net of significant clone overlaps creation, see (b)) with (i) future increasing cutoff 
stringency and (ii) excluding of putatively problematic clones and clone overlaps for 
problematic clusters. We need to split too large clusters because it is difficult to work with 
them. We also split clusters with non-linear net structure of significant clone overlaps 
because it contradicts to linear structure of the real chromosome. 
 
(e) Selection of MTP for resulted linear clusters. Based on MTP clone-overlaps LTC 
calculates clone-end coordinates for MTP clones (starting from the beginning of MTP). After 
this, LTC estimates clone-end coordinates for other clones of the cluster (without creation of 
questionable band map for the cluster). From now, clones from the cluster with corresponding 
clone-end-coordinates represent the contig. 
 
(f) Verification of resulted contigs. 
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(g) Exporting of the resulted contig assembly in the popular format of FPC-output *.fpc file. 
LTC also collects all MTP clones with consequent overlaps into one file (analogously to 
MTP.txt created by FPC). LTC also collects all clones that putatively can be used as bridges 
for contig elongation and merging. 

 
2.2 Verification of contigs obtained by other tools (e.g. , FPC) 
 
To verify contigs and MTP obtained by other tools (e.g., FPC) the following steps should be 
conducted: 
 
(a) Importing of HICF fingerprint data from *.sizes files. Please note that names of clones in 
*.sizes files should be the same as in *.fpc file. 
 
(b) Creation of net of significant clone overlaps with the most liberal cutoff. 
 
(c) Identification of putatively problematic Q-clones and Q-clone overlaps. 
 
(d) Identification of putative gaps caused by (i) presence of Q-clones and Q-clone overlaps in 
contigs; (ii) errors in contig splitting; (iii) putatively wrong contig merging resulting in 
nonlinearity of topological structure of the net of significant clone overlaps; (iv) false clone 
overlaps (especially for adjacent MTP clones) caused by errors in clone ordering within 
contigs (also resulting in problematic clone-end coordinates). LTC is able to propose 
alternative MTP for contigs having linear structure. It also has possibility for maximal using of 
already selected MTP clones with special preference for some clones (e.g., already 
sequenced). 
 

2.3 Elongation  and merging of contigs into supercontigs  
(Under construction) 

 
LTC also can be used for elongation and merging of highly reliable contigs into longer (but 
less reliable) supercontigs. Combining contigs into supercontigs can also significantly simplify 
anchoring and contig orientation procedure. Using this LTC option includes the following 
steps: 
(a) Importing of HICF fingerprint data. 
(b) Creation/loading of significant clone overlaps net with the most liberal cutoff for more 
quick future calculation. 
(c) Automatic contig elongation and end-to-end merging in the cases of unique possibility of 
elongation/merging. 
(d) Manual contig elongation and end-to-end merging. 
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2.4 Simulation of HICF data 
 
LTC program also permits simulation of HICF and WGP data based on already sequenced 
scaffolds. LTC emulates DNA cutting by enzymes with low concentration to obtain DNA-parts 
corresponding to clones (BACs). In the case of HICF simulation, LTC emulates DNA cutting 
by other enzymes with high concentration to obtain the set of bands for each simulated clone. 
LTC also imitates errors in clone fingerprinting and merging of DNA-parts from different 
places into chimerical clones. Simulated data allows comparing effectiveness of different 
methods to reconstruct ñtrueò contig assembly. 
 

2.5 Identification of positive clones from the set of positive 3D -pools 
(Under construction) 

 
Pooling of clones (usually from MTP) can significantly simplify and make cheaper the 
identification of positive clones for DNA markers. Errors in scanning of pools, i.e. missing 
pools (false negatives) or artificially positive pools (false positives) cause wrong set of 
positive clones from the ñintersectionò of positive pools. This problem can lead to impossibility 
to identify candidate clones. Increasing excess of the number of candidate clones makes the 
tests more technically complicated and gives more possibilities for errors. By taking into 
account the clone overlaps covering a marker, LTC can clarify (based on maximal likelihood 
model) the set of candidate positive clones from the set of positive 3D-pools. 
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3. Installation and starting LTC program 

3.1 Installation  
Users get LTC-program in the form of a single archive file. This archive contains exe-file of 
LTC (that can be run in computer with installed Visual Studio 6.0 or distributives of Visual 
Basic) and folder of installation package (for computers without Visual Basic).  
 
You can start the program by simple running ñLTCbeta.exeò in computers with installed Visual 
Studio 6.0 or distributives of Visual Basic 6.0. We recommend before installation to create 
working folder for your project (say ñProject_by_LTCò). 
 
For computers without Visual Basic: 
 
In case of Windows platform package installation you have to do the following: 

- Activate Setup.exe program under ñLTC Package for Windowsò- folder. 
- Setup will automatically select default program folder as C:\Programs Files\LTC. 

If you want to select other folder, click ñChange Directoryò button, select drive and 
directory and double click on selected folder (validate that Path is correct).  
Click ñOKò button 

- Click Icon button to start installation.  
- In LTC-Choose Program Group click ñContinueò ï button. 
- In next steps in case the package was already installed, you can give message about 

files in-use (In this case click ñIgnoreò and ñYesò ï buttons). 
Click ñOKò in the result message box. 
 

In case of Linux platform you can work under Wine program. 
 
For comparison, you can use FPC and Pajek programs: 
 

- Standard FPC program can be run only on computers with Linux. FPC can be freely 
downloaded from the site: http://www.agcol.arizona.edu/software/fpc/.  
 

- Program ñPajekò can be used for alternative graphical visualization of nets of significant 
clone overlaps.  You can download the ñPajekò program from the site:  
http://vlado.fmf.uni-lj.si/pub/networks/pajek/default.htm 

 

3.2 Starting LTC 
 

To start LTC program you need to run ñLTC 1.3.exeò. 

http://www.agcol.arizona.edu/software/fpc/
http://vlado.fmf.uni-lj.si/pub/networks/pajek/default.htm
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4. Preparation of data  

4.1 Names of clones 
 
Beta version of LTC works with clones fingerprinted by SNaPshot or by WGP. BAC libraries 
are usually stored in plates: each clone in one specific well. Each well is characterized by its 
row and column numbers (row number is usually expressed by letter). Clone name is usually 
based on its library position. For example, substring 014A15 in clone name means that this 
clone is situated in plate 14, row A, and column 15. Clone name can include also the name of 
the reduced library name (it can include name of species and subspecies of organism, 
chromosome name, arm and enzyme, used for the library construction and library code).  
Example of clone name: TaaCsp3DLhA_0023F15 
Å Triticum aestivum subspecies aestivum 
Å Chinese Spring 
Å the chromosome 3D, arm L 
Å h - HindIII enzyme used for the library construction 
Å A is the library code (first library) 
Å Plate 23 
Å Well in row F and column 15 

Note that using of too long clone names is usually not so convenient. Standard FPC program 
canôt work with clone names more than 16 characters length. 
 

4.2 SNaPshot fingerprinted  data  
 
The BAC fingerprinted data should already be transformed into text format. It also should be 
filtered to get rid of the following problems: (i) too short or too long bands; (ii) too similar 
bands within clone (bands should be different at least on tolerance value); (iii) clones with 
problematic fingerprints (e.g., too low or too high number of bands, etc.); (iv) clones located in 
close plate positions and having high number of common bands that were putatively caused 
by technical clone-to-clone contamination rather than real clone overlaps. 
 
Algorithm of data preparation:  
 
BAC library fingerprinted using HICF technique (SNaPshotTM Kit using, i.e., ABI 3100 
capillary genetic analyzer and AB3730 sequencer, see Luo et al [2]; Nelson et al [3]). Results 
of fingerprinting are saved as fsa-file for each plate (e.g., TaaCsp3DLhA_0023F15.fsa). Fsa 
files are converted to text table data with GeneMapper program. Text table data are cleaned 
from background and are converted into FPC format (.sizes) by FPB program. 
 
For our 1BS data we used FPB with following tasks:  

1) Remove all bands being out of the range 50-500 bp. 
2) Discard all clones having less than 40 bands or more than 250 bands, as being either   

badly fingerprinted or potential chimerical clones. 
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3) Cleaning of fingerprints from background considering peak amplitude. 
4) Remove vector bands from fingerprints.  
5) Band sizes conversion to integer values. FPC works with integer numbers till 65535. 

To avoid rounding errors it was decided to work with multiplication factor 30. 
6) Exporting processed fingerprints to .sizes files that are compatible with GeneProfiler.  

 
Input data format 
 
Input data contains only a list of band sizes for each clone (analogously to FPC). Band sizes 
should be positive numbers (not exceeding value named ñGel lengthò). End of list of bands for 
the current clone is marked by number ñ-1ò. Clone names can be followed by number of 
bands and gel name (subdivided by tabs): 
 
Example: 
 
CloneExample_014A15_v1 3 Gel 
70 
120 
300 
-1 
CloneExample_018B21_v3 4 Gel 
75 
200 
250 
275 
-1 

 
We recommend using standard file extension ñ.sizesò for every file (usually fingerprint data is 
subdivided into several files. Each of these files contains fingerprint data for all clones from 
one plate). Size files should be saved into a single folder (no other files can be placed there). 
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5. Importing of fingerprint data  

We recommend creating specific folder for all of your LTC-based results for your physical 
mapping project, e.g., ñLTC_resultsò. 

 

5.1 Initial loading of fingerprinting data (from text fo rmat, .Sizes) 
 

Before importing the data, you should specify the following parameters: (i) total gel length; (ii) 
tolerance value in estimation of band size; and (iii) number of different bands using p-value of 
clone overlaps based on Sulston score. In the case that you are working in accordance with 
TG Consortium guidelines (http://www.triticeaegenome.eu/institutions.php?id=1/), then for each 
clone your fingerprint data is united from k=4 electropharesis results with band length from 
bmin=50 to bmax=500 bp with tolerance value tlocal=0.4 and scaling coefficient = 30 (to obtain 
integer band lengths). Correspondingly,  

(i) Total gel length L = k*bmax*s = 4*500*30 = 60000; 
(ii) Tolerance value t = tlocal*s = 0.4*30 = 12; 
(iii) Number of bands for calculation of Sulston score NSulst = k*(bmax-bmin)*s / 2t = 

4*(500-50)*30 / (2*12) = 2250. 
 
In several projects electropharesis results were with band length up to bmax=1200 and after 
the scaling:   

(i) Total gel length L= k*bmax*s = 40000; 
(ii) Tolerance value t = tlocal*s = 5; 
(iii) Number of bands for calculation of Sulston score NSulst = k*(bmax-bmin)*s/2t = 

4*(10000-700) / (2*5) = 3720. 

To set these parameters for calculations:  
- Click MainMenuĄView Ą General parameters 
- Set tolerance, Gel length and N_bands_Sulston:  

 
 

- Click ñOKò 
 

 

http://www.triticeaegenome.eu/institutions.php?id=1/
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Note that these parameters should not be changed during your using the LTC. If you want to 
change them, you will need to make all your calculations again. 
 
If your own data is stored in a single file, then 

- Click MainMenuĄFileĄLoad from LTC projectĄClones with lists of bands Ą 
from single ñ.size(s)ò fileé 
 

 
 

- Select your file with fingerprints and click ñOpenò. 
 
 
If your own data is stored in several files under the same specific folder, then 

- Click MainMenuĄFileĄLoad from LTC projectĄ Clones with lists of bands Ą 
from folder of ñ.size(s)ò filesé 
 

 
 

- Select any file from the folder with .sizes files and click ñOpenò. 
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The program will create a few files with data statistics for saving. In particular, it will create 
the file ñstatistics_of_bands.tsvò. If you want all results to be saved in specific folder, select 
it before saving: 
 

- Select the folder to save. 
- Click ñSaveò in ñSave Reportò dialog  
- If this folder already exists, click ñYesò and ñOKò in confirmation window about using 

this folder for all LTC results. 
- Set the name for the resulted file in ñSaveò dialog (default ñCloneBandSizes.LTCdbò). 

This name will be used for the file, containing your data in LTC specific format. Using 
of this file will simplify and accelerate data reading next time of using LTC for your 
data. 

- Click ñSaveò. 
File with selected name will be saved in working folder. 

- Click ñOKò in confirmation window 
 

  
 

- Program will show number of clones and file name in Database frame of main form. 
 

Next time you can faster load your data in LTC format. 
 

5.2 Loading LTC-data  

If you already have your fingerprinted data in LTC-format, you can load this file instead of its 
creating again: 

- Click MainMenuĄFileĄLoad from LTC projectĄ 
Clones with lists of bands Ąfrom ñ.LTCò fileé 

- Select file with lists of bands in LTC format (e.g., ñCloneBandSizes.LTCdbò) and click 
ñOpenò. 

- Click ñOKò in confirmation window about fingerprinted data loading. 
- Click ñOKò in appeared window with parameters. 
- You will see number of clones and file name in Database frame of main form. 
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6. Network representation of sign ificant clone overlaps  

 

LTC uses network representation of significant (with some cutoff) clone overlaps for contig 
assembly (see Frenkel et al [1]). To facilitate this process, LTC from the beginning calculates 
p-values for each pair of clones. 

6.1 Initial creating of file with net of significant clone overlaps  
 
To create file with net of significant clone overlaps you need to do the following: 

- Click MainMenuĄViewĄMetric for clone overlap 
 

  
 

- Set cutoff level (minimum of ïLog10SulstonScore). We recommend using cutoff equal 
to 15. If this value will be found as too liberal, then it will be relatively simple and fast to 
use most stringent cutoff(s). But if this cutoff level will be found not enough liberal, then 
recalculation will take a lot of time. 

- Set proportion of shared bands to consider clone C1 as buried in clone C2 (we 
recommend to use 0.9; this value can be dependent on the tolerance value and 
accuracy of band size score). 

- Press ñOkò button in the bottom of the form. 
- Click MainMenuĄFileĄCreate net of significant clone overlaps (.txt). 
- Click ñSaveò in ñPrint significant overlaps to text fileò dialog. 
- Click ñYesò button in the preprocess window. 
- Click ñOKò button in the window with selection the maximal number of bands per clone 

in the preprocess table. 
- Wait for finishing of calculation and press ñOKò button on the confirmation window 

 

. 
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- Click ñOKò button on the appeared window (selection of starting point = 1). 
- Wait until the end of calculations  

(note that this procedure can take a lot of time, depending on the number of 
clones: it calculates Sulston score for each pair of clones) 
and click ñOKò on the appeared message box  
 

. 
 

- In case we have clones with more than 500 overlaps, the following message appears 
 

 
 

- In next window click ñYesò to load the created net to LTC 

 

      . 

 
- You will get ñSaveò dialog with default file name  

(ñnet_signif_Sulston_1988_15.00.LTCnsò). 
- Click ñSaveò to save the net of significant clone overlaps in the LTC-specific format. 
- Click ñOKò in the window with parameters. 
- You can view now the basic characteristics of the net in the ñNetò pane of 
ñParametersò window.  
To view them, click  
MainMenuĄView Ą General parameters Ą Net of clone overlaps. 
 
Also they will be shown in Clone Overlaps frame of the main form. 
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6.2 Loading file with net of significant clone overlaps  
 
If you already have the file with the net of significant clone overlaps in LTC-format, then in 
starting of LTC you can load this file instead of making previous step described in section 6.1: 

- Click MainMenuĄFileĄLoad from LTC projectĄ 
Net of significant clone-overlaps Ąfrom ñ.LTCò fileé 

- Select file with lists of bands in LTC format (e.g., 
ñnet_signif_Sulston_1988_15.00.LTCnsò) and click ñOpenò. 
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7. Identification of Q -overlaps and Q-clones 
 

7.1 Analysis of entire database of clones 

 
To identify Q-clones and Q-overlaps (e.g., see TENPP procedure in Frenkel et al [1]) and 
create a new net of significant clone overlaps without Q-overlaps and without overlaps with 
Q-clones: 

- Click MainMenu Ą Analysis Ą Revision of net of significant clone overlaps Ą 
detect Q-overlaps, then Q-clones 

- Select the name of file for the new net  
(e.g., ñnet_signif_noQQ.LTCnsò) and click ñSaveò. 

- Select rank of the vertices (we recommend to use 1) and click ñOKò (in selecting the 
maximal rank of vertices to search short parallel paths). 
You will obtain next message window: 
 

  
 

- Click ñYesò, if you want to use additional cutoff in Q-clone identification (to reduce the 
number of Q-clones and to obtain putatively the longer contigs: for each tested clone c 
we consider set C of clones overlapped with c on additional more stringent cutoff; after 
this we clustering set C with initial cutoff, e.g., 15; if we obtain more than one cluster 
then clone c is referred as Q-clone). After this, in next window set an additional cutoff 
value (it should be more stringent than the initial one, e.g. 25, when the initial was 15) 
and click ñOKò: 
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- Wait for finishing of the procedure and click ñOKò in message box 
 

. 
 

You will get next files: 
- File with new net (in LTC format) 
- ñcutoff15_Q_clones.txtò  with  Q-clones   
- ñcutoff15_Q_overlaps.txtò with Q-overlaps 
- ñcutoff15_test_of_clones_for_Q.txtò with results of test for each clone of DB. 

 

7.2 List of all Q-clones 
 
Now, if you need to obtain a file containing only list of Q-clones, it can be done by the 
following way: 

- Open (or put content) of file ñcutoff15_Q_clones.txtò e.g., by Excel 
- Select column with clone names (without heading) 
- Copy it into new text file 

 
Q-clones can be used as putative ñbridgesò for contig merging. Because Q-clones can close 
gaps between contigs, we recommend to add Q-clones to the list of MTP clones (see below).  
 

7.3 List of Q-clones presented in list of clones 
 
If you need to obtain intersection of list of Q-clones with some list of clones (e.g., in FPC 
based contigs or in large cluster to split it into more simple parts, see below), please  do the 
following: 

- Create file with list of all Q-clones (see section 7.2, e.g., ñQ_clones.txtò) 
- Create file with list of interesting clones (e.g., ñmy_clones.txtò) 
- Click in main menu Tools Ą Two list of clones (names) Ą Intersectioné 
- In the open file dialog select file ñQ_clones.txtò and click Open 
- In the open file dialog select file ñmy_clones.txtò and click Open 
- After this program will generate file ñintersection_Q_clones_ my_clones.txtò with list 

of Q-clones presented in file ñmy_clones.txtò (clones in this resulted file will be sorted 
by name and repeats will be deleted). 
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8. Adaptive clustering  

After detection and exclusion from the analysis of Q-clones and Q-overlaps you can run 
automated adaptive clustering of your clones. Adaptive clustering will be started from the 
cutoff defined before (see Metric pane, if you want to change it then chick in main menu View 
Ą Metric for clone overlaps; note that it should be not more liberal than the one used in 
creation of the net of significant clone overlaps, e.g., 10^-20 < 10^-15, section 6.1).  
 
Initially, the entire database of clones is considered as one big cluster. For each cluster, the 
program checks its connectivity at current cutoff value.  
(I) If it is not connected, then the program is clustering this cluster into connected parts using 

single-linkage algorithm with current cutoff.  
(II) For connected cluster, the program checks its size:  

(II.a) if the cluster is too large then the program increases the cutoff. This can result in 
exclusion of some overlaps. After this step, the cluster can became unconnected. In 
such a case it will be split into parts in the next iteration.  

(II.b) If cluster is not too large, then the program checks the topology of net of significant 
clone overlaps (at current cutoff).  
(II.b.1) If it is linear then such cluster will be ordered and considered as a contig.  
(II.b.2) If not, cutoff will be increased. Increasing cutoff can result in exclusion of some 

overlaps. After this,  
(II.b.2.i) if the cluster is still connected, topology of clone overlaps can became 

linear (false overlaps are putatively less significant than true ones).  
(II.b.2.ii) If cluster becomes unconnected then it will be split into parts in the next 

iteration. We suppose that it will be split into linear parts rather than dissolved 
because false overlaps are putatively less significant than true ones. 

 
To run automated adaptive clustering you need to do the following: 

- Click MainMenu Ą Analysis Ą Adaptive clustering 
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Left panel is not used for automatic adaptive clustering, but can be used by users 
for manual contig assembling. We recommend using the following parameters in 
automated contig assembling, presented in right panel: 

¶ Maximal number of clones in contig (ñN clones in cluster>ò) = 1200. Clusters with 
more clones will be automatically separated into parts by increasing of cutoff (too 
large contigs are questionable). 

¶ Minimal number of clones in cluster (ñMinimal cluster sizeò) = 6 (short contigs may 
also be questionable). 

¶ Maximal width of network representation for clone overlaps within contigs (ñWidth 
of netò) = 1. Clusters with higher width are considered as questionable because 
their network representation contradicts to linear chromosome structure  
(see Frenkel et al [1]). 

¶ Cutoff increasing parameters in adaptive clustering: 
ñStep size = 10^ò = 3 ï increasing of cutoff stringency in each step. 
ñN stepsò = 6 ï maximal number of steps for cutoff increasing. 

¶ ñExcluding branchingò should be unchecked, because sometimes it does not 
work properly in the fully automatic procedure. 
  

- Click ñStartò. 
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- Click ñYesò in next message box 

 

. 
 

- Wait for finishing Clustering process (this procedure can take a lot of time). 
- After finishing of the process the following message box will appear: 
 

     . 
 
Click ñOKò. 

 
- Click ñOKò in saving FPC files message box. 
- You will get new folder with results files (see next chapter). 
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9. Viewing the results of analysis   
 

9.1 Resulting  files 
 
You will get new folder ñLTC_contigséò containing subfolders with results for each cluster 
separately and the following files: 
 

¶ ñreport_contigs.txtò with general statistics on resulted contigs: number of clones, 
cutoff (used for the contig construction), number of clones in substrate for MTP 
(diametric path), width of net of significant clone overlaps, quality of clone ordering 
based on global TSP-like optimization (sometime impossible to use), number of clones 
with ranks 2 and more relative to MTP and history of cluster creation in adaptive 
clustering 

  

 

¶ ñreport_clusters.txtò with general statistics on all obtained clusters  
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¶ ñFPC_like.fpcò and ñFPC_like_short_ctg_names.fpcò ï FPC-like files containing 
information on position of clones within the contigs 

¶ ñclones_in_MTP.txtò ï file with list of MTP clone names in all contigs 

¶ ñclones_in_MTP_and_bridges.txtò ï file with list of MTP clone names in all contigs 
and clones that were found (putatively artificially) without overlaps (at the starting 
cutoff) with MTP clones. If such situations are caused by structure of physical overlaps 
rather than low fingerprint quality then these clones can be used as putative ñbridgesò 
for contig merging. 

¶ ñclones_in_MTP_details.txtò ï file with estimated coordinates for MTP clone ends in 
band map (for all contigs), physical and map-based overlaps of adjacent MTP clones 
and p-value for overlaps calculated based on observed numbers on common bands.  
 
 

Folder with results for each cluster contains the following files (most of these files can be 
used by experience users): 

¶ ñ*.netò - for visualization of net of significant clone overlaps. 
Such files can be opened by using LTC tool for net graphics representation (see 
section 10.1).  
For comparing you can also open such files with Pajek program (see section 10.2). 

¶ ñorder_control_*.txtò - with results on verification of clone ordering by jackknife 
resampling on bands. 

¶ ñAll_dist_cl_*.txtò ï with names and bands of all pairs of clones in cluster, number of  
common bands, tolerance, Sulston factor, Absorption - buried field (if exists) and 
weakness of connection 
  

 
 

¶ ñconseq_dist_*.txtò with p-values for adjacent contigôs clones overlaps 

¶ ñconseq_dist_MTP_*.txtò with p-values for adjacent MTPôs clone overlaps 
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9.2 How to use these results 
 

In simple situations, the resulting file ñFPC_like_short_ctg_names.fpcò can be used as a 
result of contig assembly. However, sometimes the results need further improvement, e.g. 
using of the stingiest cutoff can be not enough to split problematic clusters. List of such 
problematic clusters can be found in file ñreport_contigs.txtò: you need to search for clusters 
having too much clones or width>1. Such clusters should be analyzed in more details: 

 

9.2.1 Clusters with width>1: network structure of such clusters should be viewed (see chapter 
10). Presence of single clones having no significant overlaps with MTP (i.e., in terms of 
network representation, showing no significant clone overlaps within cluster, see Frenkel et al 
[1], presence of vertices with rank>1 relative to diametric path) can be explained by low 
quality of fingerprinting and it is not probably to clime splitting of such clusters. Clusters with 
group(s) of overlapped clones, having no significant overlaps with MTP, need linearization. 
Sometimes it is enough to increase the clustering cutoff stringency cutoffstringent (hence need 
to make more steps in adaptive clustering, see above). In other cases, increasing of cutoff 
can lead do dissolving of cluster rather than to its linearization. In such cases we recommend 
manually detect the list of clones that should be deleted to split cluster into linear parts.  
 

 
 
By removing clones TaaCsp1BS063P11 and TaaCsp1BS055K02 (yellow colored, marked by 
arrows), we will get linear clusters.  
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9.2.2 Large clusters: although a cluster with >1200 clones is automatically considered as 
questionable, it still can represent real contigs and its network structure can be viewed using 
tools described in chapter 10 (if clusters not too large and clones of clusters are not too 
overlapped). In such cases we recommend manually detect the list of clones that should be 
deleted to split cluster into linear parts (see chapter 10). If you obtain linear part with >1200 
clones, then in the net running of adaptive clustering you need to increase this value (1200). 
 

9.2.3 Too large and too overlapped clusters: Manual dealing with such clusters seems 
problematic. We recommend using more stringent cutoffs in the identification of Q-clones and 
Q-overlaps within such clusters (see chapter 7): you need to (i) increase cutoff by clicking in 
main menu View Ą Metric of clone overlaps, select more stringent cutoff, e.g., 10-30 without 
additional cutoff, and click ñOkò; (ii) create subnet of significant clone overlaps with new cutoff 
by clicking in main menu Analysis Ą Create subnet of significant overlaps; (iii) find Q-
clones ï see sections 7.1 and 7.2; and (iv) select Q-clones situated only in too large 
cluster(s) ï see section 7.3. Sometimes this also does not help and large highly overlapped 
(even at stringent cutoff, say 10-50 of Sulston score) clusters can be obtained. We think that 
ordering of such clusters is too problematic and prefer to exclude from the analysis. 

 

9.3 Guidelines for continu ation  
 
After running the automatic clustering (chapter 8) and working with each problematic contig 
individually (section 9.2) you need to find the following:  

¶ Find cutoffstringent , e.g., 10-36.6, sufficient to improve clusters with width>1 (see above, 
paragraph 9.2.1) 

¶ Find maximal number of clones NL in linear part of large clusters (e.g., 1361  
that>1200, see above, paragraph 9.2.2) 

¶ Find list of all clones that should be deleted in order to split problematic clusters into 
linear parts (see paragraphs 9.2.1-3) and save it in a single text file, e.g., 
ñclones_to_exclude.txtò. Please note that this file should be organized manually. If 
you want to add selected clones in Draw Net form (see section 9.2.1) 

 
After this you should do the following: 

¶ Set initial liberal cutoff, e.g., 10-15. 

¶ Load net of significant clone overlaps with excluded Q-overlaps and disconnected Q-
clones using initial liberal cutoff, e.g., 10-15 (see section 6.2). 

¶ Disconnect clones saved in files ñclones_to_exclude.txtò by clicking in main menu:  
Edit Ą Clusters Ą Restart (no need to create cluster with all clones); then 
Edit Ą Clusters Ą Move to BlackList (clones from *.txt file); then select file 
ñclones_to_exclude.txtò in Open file dialog and click ñOpenò; then Edit Ą Clusters 
Ą Create subnet with disconnected clones from the black list. After this, new 
LTC-specified file with net of significant clone overlaps will be created. In this file Q-
overlaps (based on initial cutoff, e.g., 10-15) are excluded; Q-clones (based on initial 
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cutoff, e.g., 10-15, and additional cutoff, e.g., 10-25) and all clones from 
ñclones_to_exclude.txtò will be disconnected from others. 

¶ Load the created net file (Main menu Ą File Ą Load from LTC project Ąnet of 
significant clone-overlapsĄfrom ñ.LTCò fileé  
and select these new net file) 

¶ Run again automated adaptive clustering with using (ñN clones in cluster>ò) = 1375 
and ñN stepsò = Int[(-Log10 cutoffstringent ï (- Log10 cutoffinitial))/ Log10 Step size]+1= 
Int[(36.6-15)/3]+1 = Int[7.2]+1 = 8 (see chapter 8); 

¶ Revise results again (see this chapter 9) 
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10. Visualization of cluster net structure  

10.1 Visualization with LTC program  
In order to visualize the net structure using LTC program you need to do the following:  

- Click Main menu ĄView Ą Net of clone overlaps; 
- In Draw Net window click: File Ą Open net file; 
- Select *.net file (containing network representation for a concrete cluster). 

 
If you made your contigs with automated adaptive clustering in LTC, such files are 
saved in respective subfolder. 
 
 

 
 

- Once you made your contig selection, the program will open the net. Vertices are 
corresponding to clones; edges are corresponding to significant clone overlaps. Color 
of edges can characterize p-value of clone overlap (see below). Color and shape of 
vertices are used for marking of some clones (see below). To make the figure more 
informative (user-friendly), LTC can automatically change position of vertices in the 
picture. Thus, after opening the file, you can sometimes (if the coordinates of vertices 
were not fixed previously) see animation representing the optimization process of 
vertices positions. This process converges to a ñstaticò picture of the net, e.g.:  
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Editing the picture: 

- You can run automatic process to improve vertices positions by click  
ñRun processò. 

- When the process is running you can manually stop it by pressing ñStop processò, 
otherwise the process will be stopped after 100 steps of positions optimization.  
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- By using option ñSelection Ą Vertexò you can select / unselect a vertex.  
When pressing on any vertex of the picture, you will change the vertex color to yellow 
and the name of the clone corresponding to the selected vertex will be added to the 
ñSelected Verticesò pane. 
 

 
 

- If you click ñShiftò button and simultaneously select another vertex, this vertex will be 
selected and its clone name will be added to ñSelected Verticesò pane. 

- If you click on an already selected vertex, it will be colored by the initial color and its 
clone name will be removed from the ñSelected Verticesò pane. 

- You can select several vertices simultaneously using  
ñSelection Ą Group by Rectangleò  
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- You can drag and drop selected vertices using mouse: 
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-  
 

- You can also rotate selected vertices. Click ñActivate rotateò button 
 

 
 

- After clicking, you will see a picture with center of rotation in the center  
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- You can change position of rotation center by mouse click on any point of the picture, 
change value of angle and rotate selected vertices by arrows ñRotate leftò or ñRotate 
rightò. We selected angle=90 and used ñRotate leftò 
 

 
  

- To cancel ñRotateò option click ñCancel rotate optionò button 
 

 
 

- After clicking the ñCancelò button the cursor of rotation center will disappear and 
rotation arrows will be inactive. 
. 

- You can also zoom and move pictures by pressing on corresponding buttons: 
 



                                          

 

 
Page 33 

 
  

       
 

- ñZoom Inò option will be further improved in the next version of LTC.  
     

- By clicking the button ñResize full pictureò you can get the next picture: 
 
 

 
 

- By choosing  ñSelection ĄGroup by linksò option you can select group of vertices, 
linked to the selected one: 
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- You can save the current picture by pressing ñDoò; you can cancel this action by 
pressing ñUndoò (last 5 steps are saved). 

 
- You can save network representation by pressing ñFile Ą Saveò. After you selected 

the file name in ñSave Dialogò, the program will save the file (default folder is Results 
under working folder). 
 

- If you want to select/unselect all vertices use options ñAllò/òUnselect Allò or in 
ñSelectionò menu or by right mouse click 
 

 
 
Some other options are under construction.  
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10.2 Visualization  with Pajek program  

For comparison, you can also visualize the net structure with the standard ñPajekò program 
(see above section 3.1 explaining how to obtain and install this program). For that, you need 
to do the following:  

- Start Pajek program 
- Click Main menu ĄFile Ą Network Ą Read 
- Select the file with network representation (*.net, obtained before).  
- Minimize Report window 
- Click Main menu ĄDraw ĄDraw 
- Maximize window with picture 
- Press ñCtrl+Kò or click   

Main menu Ą Layout Ą Energy Ą Kamada-Kawai Ą Free in Pajek Graph window 
- You will get next picture: 

 

 
 

- In the resulting picture, the vertices correspond to clones and edges correspond to 
significant clone overlaps. Overlaps can be marked by their Sulston Score value 
(Log10SulstonScore); clones can be marked by names; vertices corresponding to 
buried clones are marked by white border; vertices corresponding to clones from the 
selected diametric path (MTP) are colored by red; clones with rank two and higher 
ranks relative to MTP are marked by squares; arrows indicate that one clone is buried 
in another.   

- You can make the picture more clear by changing options (click ñOptionsò in Pajek 
window with picture) Ą é) or by manual moving of vertices. 

- You can save the picture in vector format (using function Save) or in bitmap format 
(*.bmp or *.tif) using Ctrl + Print Screen and pasting the image into a picture editor 
(e.g., Paint). 
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11. Importing and automatic verification of contigs assembled by 
FPC  

11.1 Importing contigs assembled by FPC 
 
To import contigs assembled by FPC program you should first input the fingerprints of 
corresponding clones (see chapter 5). You also need to select a cutoff and create net-file 
with significant clone overlaps (see chapter 6) or import an already existing net-file by  
MainMenu Ą File Ą Load from LTC project Ąnet of significant clone-overlapsĄ 
from ñ.LTCò fileé and select net file (e.g., ñnet_signif_Sulston_1988_15.00.LTCnsò) 
 
Then, you should perform the following: 

- Click MainMenu ĄFile Ą Read FPC contigs (ñ.FPCò) ĄAll.  
- Select *.fpc file with results of FPC contig assembly from ñLTC_Contigs_...ò folder. 

Please note that names of clones in *.sizes files should be the same as in *.fpc file. 
Because of the restriction on clone names in FPC, clone names can be different from 
the initial ones. It seems simpler to change clone names (return the original ones) in 
the *.fpc file using text editor (e.g., TextPad) 

- Click ñYesò in message box ñClear information about markersò. 
- Wait for the finishing of FPC-file reading and click ñOKò in the resulting message box. 
- Click ñYesò in message box ñPrint FPC contigsò. 
- Click ñYesò in message box ñDo you want to test contigs?ò to run automatic 

verification. 
- Click ñYesò in message box ñUse maximal connected sub cluster?ò 
- You will get message box 

 

     . 

 
-    If you want to eliminate connections between contigs from too far parts of MTP path,    
      click ñYesò.  

- You will have to wait quite a lot of time to get the results (especially for big BAC 
libraries. After the test is finished click ñOKò in message box ñTest of clusters 
completedò. 

 
- You will get the message 



                                          

 

 
Page 37 

 
  

 

       
 
- If you have no file with MTP, then select ñNoò. 

If you also have file with MTP in FPC format and want to test it, click ñYesò.     
Then, select this file and wait for finishing of MTP-file reading and testing (this 
procedure can take a lot of time). 
  

At this stage you will get: 

(a) File ñmarkers_in_clones.LTCò that contains information about markers in clones (in 
the current version of LTC this file is not in use) 

(b) Folder with name ñclusters_FPC_orderedò.  
This folder contains three subfolders:  
ñcontig_orderedò with lists of clones ordered in each contig by left-end coordinate 
provided by FPC;  
ñcontig_ordered_coorò with printed left-end and right-end coordinates for each clone;  
ñcontig_ordered_markersò with printed markers for each clone. 

(c) Folder with name ñLTC_contigséò with results of verification of your clusters;  see 
chapter 9 with explanations on how to understand these results. 

(d) Folder with name ñMTP_FPC_...ò - this folder contains file ñreport.txtò with short report 
about parallelism of MTPs (obtained by FPC) to diametric path selected by LTC 
program. You also can view the situation by opening corresponding *.net files (using 
tools described in chapter 10). 
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11.2 Manual  run of contigs and MTP verification  (under construction) 

The resulting contigs should have linear structure (width of net equal to 1 or even 0, see file 
ñreport.txtò) and contain no gaps in the order (see also file ñreport.txtò). Width equals to 2 and 
more points to non-linearity of the cluster structure. This non-linearity is inconsistent with 
linear chromosome structure. It can be a result of false clone overlaps or bad selection of 
diametric path (in the case of width=2). For more detailed verification of resulted contigs and 
candidate MTPs you can view file with information about all pair-wise overlaps of clones from 
the cluster. To obtain such files you should check the option ñTest of all distancesò in the 
analysis of your clusters (see sections 13.1, 13.2, and 13.3). You also should take into 
account the topology of cluster structure (that can be visually viewed, see chapter 10).  
 
You can manually edit your clusters by changing the order of clones within files, by adding 
additional clones or excluding some clones. It can also be useful to apply special LTC tools: 
Click MainMenu ĄTools Ąé 
Here you can sort a selected list of clones (by name), delete repeats, obtain combined lists of 
clones, check for differences between two sets of clones, compare two different subdivisions 
of clones into clusters, print *.sizes files for selected list of clones, etc. 
 

11.3. Dealing with large highly overlapped cluster s  

Sometimes, automatic contig assembly (after excluding Q-clones and clone overlaps and 
automatic relaxing of clustering stringency) can result in problematic large highly overlapped 
cluster(s). It is expected, that if coverage of the BAC library was not high, an extremely large 
number of significant overlaps at one clone indicates a problem in data (e.g., contamination, 
chimerical clones, many long repeats, etc.) or is a result of a too liberal cutoff. For such large 
problematic clusters we recommend to exclude clones having too many (say >40) significant 
(at intermediate cutoff, e.g., 10-30 for HICF data) overlaps. After this, try to run adaptive 
clustering again. If you still obtain complex cluster with non-linear structure, then try to identify 
linear parts manually using graphical representation of net of significant clone overlaps for 
this cluster.  
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12. Elongation and merging  (under construction) 
 
Current version of LTC program does not yet allow automatically merging of the contigs.  
Elongation can be fulfilled in graphical mode. You continue to work in ñLTC Draw Netò 
window. If you enter this window without previous loading of net of significant overlaps and 
FPC contig and try to elongate any contig, which was imported from net-file, you will get the 
message: ñNeed to load net before elongationò. 

In our case we get contig cl_93 from 1BS LTC project. You select some clones (vertices) at 
the one end of contig (Selected clones are in the ñSelected verticesò pane) and  select option 
ñElongateò by right mouse click: 
 

 
 
You can select the parameters in next window and press ñGoò 
 

 
 
You can also select another  cutoff to check clones overlapped with the selected clones 
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(default value will  be 15 - cutoff of overlaps in selected net). After click ñOkò the program will 
calculate the number of ranks (till 5) with clones overlapped with clones of previous rank: 
 

 
 
n(0) ï number of clones to elongate (rank = 0); 
n(i) ï number of clones  overlapped with clones of previous rank. 
 
If the program did not found clones overlapping with the selected list, n(1) = 0 and after click 
ñOkò the following message will appear: ñNo clones added.ò 
 
In our case, the program calculated 5 ranks and default rank value: Rank = 5 (decided to 
elongate till 100 new clones). 
 
After click ñOkò you will get message:  
 

 
 
And after pressing ñOkò you will get a new picture on LTC Draw Net window: 
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All clones, belonging to the same cluster are marked with the same color. You can select 
ñClusterò in selection mode and after pressing on any clone symbol you will see all clones of 
this cluster yellow colored and corresponding cluster in ñClustersò pane will be selected 
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Otherwise, if you select any cluster in cluster pane, all clones of this cluster will be yellow 
colored on the picture. 
 
In Clusters pane you can see a lot of new clusters. First of all we want to remove some 
clusters. We select 1-st cluster cl_12584 with a big number of clones (11016): 
 

  
 
Now select option ñRemove selected verticesò by right mouse click and get a new picture  
without the deleted cluster: 
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You always can go back to the previous step by pressing ñUndoò (5 steps are saved). 
In the last case ñRedoò is also possible to move to next step. 
 
Select cluster cl_12314.   
 

 
 
The selected cluster is not fully represented in the picture (only 61 of 101 clones are shown). 
You can select option ñFill clustersò by right mouse click and click ñOkò in the next window.  
The following  picture will be obtained: 
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Now this cluster is full ï all 101 clones are shown. In order to clarify the local structure of 
supercontig, it may be helpful to move some clones or contigs within the graphical display. 
In the presented example, select clusters cl_412 and cl_3166 and move them. 
 

 
 

We can see now that the selected clusters are linked to the middle of another cluster; 
therefore,  we remove them. After removing, let us rotate part of cluster cl_12314: 
 

 
 

Select end clones of this cluster and try to elongate them: 
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Click Ok in next window to select Rank = 3 
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Select cluster cl_11881 with shown 19 clones of 196 and fill this cluster. You will get a picture: 
 

 
 
Now try to elongate the cluster cl_93 from the other end. After selection of some vertices, 
elongation and filling the new cluster we will get the following result:   
 

 
 
This option will be further improved in the next version of LTC. It will also include additional tools for 

merging contigs into supercontigs. 




































