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Abstract 

 

Pairs of large insert clones located in proximity within 384 well storage plates 

should join contiguous overlapping sets of clones (hereafter contigs) at a predictable 

frequency.   The frequency of clone pairs joining single contigs should be related to 

distance apart in the plate. Biased frequencies will be caused by errors such as clone 

contamination, clone duplication, clone insert size variation and local variations in 

genome representation. The aim of this study was to detect potential clone contamination 

errors by biases in the frequencies at which clone pairs that were within the plate, 

adjacent rows and columns or neighboring wells joined the same contigs.  Simple 

statistical analyses of three biases in the frequency of pairs of clones coalescing into the 

same contig were used to identify potential contaminants. Manual editing determined 

whether the potential contaminants caused gaps or branches within contigs. BAC and 

YAC contigs of four plants and two animals were examined including Glycine max 

(soybean), Arabidopsis thaliana (thrale cress), Oryza sativa (rice), Zea mays (maize), 

Sorghum bicolor (sorghum) Mus musculus (mouse) and Homo sapiens (human). Clone 

pairs that formed contigs significantly (0.05<P<0.0001) exceeded expectation with plate 

pair clones (up to 5 fold, mouse) neighboring clones (up to 3 fold, mouse) and adjacent 

clones (up to 4 fold, soybean). After manually examining clone pairs contigs that 

contained fewer errors were built.  
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3  Shultz et al., 2003, evaluating physical maps 

 

Introduction 

 

The large genome size of many eukaryotic organisms (0.1 to ~50 Tbp) present 

problems of scale for genomic methods. Genome encompassing physical maps derived 

from large insert libraries have been or are being developed for eukaryotic organisms of 

compelling scientific and phyllogenetic value [1-4], or of economic importance [5-10]. 

The development of physical maps for large genomes has facilitated or assisted with the 

finishing of whole genome sequences for many higher eukaryotes [11-14]. Physical map 

builds proceed by iterative cycles of building contiguous overlapping sets of BAC clones 

(hereafter contigs) at high stringency; merging contigs at a lower frequency; and manual 

editing to identify and remove spurious BACs within contigs [10,15]. Therefore, physical 

maps represent large sets of data with clone overlap probabilities of variable robustness 

that are time consuming verify manually. Algorithms to automatically edit contigs within 

physical maps have been developed [16,17]. However, map-as you go sequencing is 

often the most efficient method for whole genome sequencing using nascent physical 

maps [11]. As genomic fingerprint data sets grow in size; increase genome coverage or 

represent larger genomes the importance of automated editing increases [3,5,10]. Low 

cost high-through-put builds of physical maps for large genomes will require techniques 

to identify potential problems as a precursor to tiling path DNA sequencing or the map-

based isolation of economically important genes [18].  
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A contaminated well contains more than one unique clone. Contaminated wells 

may be a significant source of error in physical map builds [5,19]. Fingerprints of BACs 

located in close physical proximity to each other within 384 well storage plates should 

join contigs at a predictable frequency determined by their distance apart. Biases in this 

frequency will include several sources of error that have different consequences. Cross-

contamination is the most damaging form of error for contig builds. After clone storage 

the cross-contamination of wells during replicating cannot be completely avoided [19]. 

During DNA preparations neighboring clones may be mixed. During gel loading prior to 

electrophoresis wells may be mixed. Other events with lesser effects on contig quality are 

expected. Cell division before plating for colony formation occurs at a predictable 

frequency that increases as incubation time after transformation increases [20]. Repeat 

colony picking by robot or human error is common where colony morphology is unusual 

[21]. These errors are likely to result in duplicate clones within the same plate (Fig. 1). 

During electrophoresis or editing lanes may be miss-identified. These errors are likely to 

result in duplicate clones that are immediate (Fig. 1; blue wells) or adjacent neighbors 

(Fig. 1; red wells) within the same plate. Contaminated wells  pre- or post- storage will 

cause either gaps or branches within contigs whereas duplicate clones will not. Although 

contaminated BAC pairs should be easy to eliminate in small data sets in large data set 

their identification becomes an onerous task because other errors mimic contamination. 

 

 Biased frequencies will be caused by errors such as clone duplication, clone insert 

size variation and local variations in genome representation or duplication [15,19,22,23]. 

Pairs of clones that are duplicated during physical map development are relatively easy to 
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edit as they absolutely overlap and do not affect contig quality greatly. Large insert 

clones tend to produce many bands or hybridizations can join many contigs at high 

stringency and present a problem for editors identifying the correct contig for assignment. 

Regions of the genome that are over-represented, duplicated or are cyclically over- and 

under –represented by clones across a short physical distance are also likely to bias clone 

pair frequencies. In each case these biases should be proportional to distance, unlike 

contaminated clones. 

 

The three types of  clone pair biases may be diagnostic of the source of problems. 

The first source of pair generation is general handling and use of the library including 

picking, allowing the transformed cells to replicate before spreading, and miscellaneous 

other sources results in duplication of a well within a plate (Fig. 1). These pairs are most 

frequently plate pairs. The second type of pair generation is contamination between 

adjacent wells (Fig. 1; red wells) that results from the fingerprinting procedure that 

requires the replication of the stored BACs from low-media, high density storage (384 

well plates) to a high media, low density growth platform (four, 2 ml-96 well plates for 

each 384 well storage plate). The transfer gives each BAC new “ row or column 

neighbors” (Fig. 1; red wells). The third type of pair generation is contamination, 

between adjacent storage plate wells during 384 well plate library storage and 

manipulation. These pairs are most frequently formed between immediate neighbors 

(Fig.1; blue wells).  
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In this study we report a method for the detection of potential errors in nascent 

and published physical map builds. It is important to note that a contaminated pair of 

wells or clones is not confirmed by the following analyses. This analysis only reports on 

the frequency of within plate linkages in comparison to their likelihood.  
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Materials and Methods 

 

A. Libraries, Maps and Contigs Used 

Publicly available large insert library derived contig databases were  analyzed: 

Glycine max (soybean)[24], Arabidopsis thaliana (thrale cress)[27], Oryza sativa (rice) 

[6,10], Zea mays (maize)[9], Sorghum bicolor (sorghum)[25] Mus musculus (mouse)[3] 

and Homo sapiens (human)[5].  Each library database  is unique in site of construction 

and/or method of physical map development.  

 

The soybean library [24] database consisted of 78,001 BAC fingerprints 

encompassing 11 haploid genome equivalents. Fingerprints derived from restriction 

digestion, end-labeling and acrylamide gel electrophoresis (download from  

http://www.siu.edu/~pbgc/contig/soy_fpc_data/). There were 56,417 of these clones 

represented in 5,597 contigs (view at  http://hbz.tamu.edu/- Physical Mapping/Soy Map).  

 

The rice library [10] analyzed consisted of 92,160 BAC clones encompassing 25 

haploid genome equivalents. Exactly 73,728 clones from this library have been 

fingerprinted using restriction digestion and agarose gel electrophoresis. There were 

62,509 clones in 438 contigs. 

 

The mouse library [3] analyzed consisted of a working copy of 24,000 YAC 

clones encompassing 13 haploid mouse genome equivalents. Hybridization was used to 

create contigs, thus allowing each clone to be listed in more than one contig.  After single 
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groups were removed, 57,971 comparisons in 9,371 contigs (6.186 per group) remained. 

Comparisons were made within contigs, eliminating between contig duplication of 

YACs.   

 

In addition to the three libraries above, publicly available contig data was 

sampled. Contigs from Arabidopsis [27], rice [6], maize [9], sorghum [25] and human [5] 

physical map builds were examined. 

 

B. Data preparation and analysis 

The data from each analyzed library was in different formats. Soybean was 

derived from HTML source code, mouse was downloaded in table format and rice was 

available in .FPC format. All data types were converted to and between standard 

spreadsheet formats during analysis. A Dell Dimension XPS R450 was used in all 

analyses. EZMacros ver 5.0 was used for repetitive user input (www.americansys.com).  

 

Extraneous information was removed from the initial data and a list of contigs 

with associated clones is created. As necessary (see below) clones were converted to 

either a complete numeric form; i.e. B002J12 becomes 10021012 (1BamHI002plate210Row 

J12Column 12) or a simple plate form 1002 (1BamHI002plate2 ) The resulting list was ordered 

by contig ready for manual comparisons (Fig. 2). 

 

Three types of clone pair comparisons were made: neighboring wells; adjacent 

wells; and adjacent plates (Fig. 1). In neighboring well comparisons, a complete numeric 

http://www.americansys.com/
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form conversion is required. The comparison allows the interrogator to compare one well 

with another well relative to the first within all plates listed. The analysis is valuable for 

genomes that have already undergone extensive editing. Adjacent well analysis also 

requires the full numeric form of the clone ID, but can be made more general – for 

instance, all clones within 5 rows can be identified using this comparison. The most 

useful initial comparison is plate to plate that creates a list that encompasses all clones 

that are in the same contig that come from the same plate. The user can rapidly list clones 

to be checked during manual editing. 

 

C. Error rate prediction 

 

Assuming no biases the probability of two clones randomly joining a common 

contig (PCT) may be predicted using the following formulae: 

 

Well to Well Contamination      1*    x  CC** = PCTW 

                 Clones in 1X coverage  

 

Adjacent Well Contamination    16*    x  CC   = PCTA 

                 Clones in 1X coverage   

 

Within Plate contamination    384*    x  CC   = PCTP 

                 Clones in 1X coverage  
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* Number of wells containing possible match. 

**Calculation of Contig Constant (CC). 

Average clones per contig = clones in contigs/contigs. 

Average clones per contig/genome coverage. 

 

D. Statistical Analysis. 

 

 In the simplest form the Chi squared statistic with one degree of freedom can be 

used to examine each type of contamination independently. A more sophisticated analysis 

uses ANOVA (SAS Institute, Cary, NC) to examine the bias of each of the three metrics 

simultaneously. Using ANOVA the independence of the biases can be examined. 

 

E. Manual Editing. 

The data from 78,001 soybean BAC clones was modified by removing the larger 

of the pair of contaminated clones. This dataset was then used to perform a series of 

contig builds and compared to the original dataset. 
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Results 

 

A. Soybean (PAGE fingerprinted) 

 

Using the 56,417 BACs and BIBACs that remained in 5,597 contigs after 

eliminating singletons from 83,026 clones fingerprinted expected rates of coincidence 

were calculated.  Clones in 1 fold genome coverage was assumed to be 8,000. The 

average number of clones per contig was 10.08 (56,417/5,597). The average number of 

clones per contig per genome represented was 1.44 (10.08/7). Therefore PCTW was 

0.00018, PCTA was 0.0029 and PCTP was 0.0691. There were significantly more plate 

pairs and adjacent pairs than expected (Table 1; Figure 1). When combined neighboring 

pairs did not differ  as significantly from expected as adjacent pairs. However, some 

neighboring pair positions were significantly under-represented and others over-

represented so ANOVA was strongly significant. 

 

B. Mouse (YAC STS hybridized) 

 

The mouse data is hybridization based, therefore clones can be represented more than 

once. In mouse, the number of comparisons within contigs is measured. After single 

groups were removed, 57,971 comparisons in 9,371 groups (6.186 per group) remained. 

These clones are in 96 well format, which reduces the chance of within plate 

contamination by 75%. Each YAC is approx. 800 kbp, with 1,840 YACs per genome 

coverage. The current data is based on 24,000 clones, representing 13x coverage. 
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Comparisons were made within contigs, eliminating between contig duplication of YACs 

(http://www.resgen.com/products/WIMITMYAC.php3). Expected rates of coincidence 

was calculated.  Clones in 1 fold coverage was 1,840. The average number of clones per 

contig was 6.186 (57,971/9,371). The average number of clones per contig per genome 

represented was 0.476 (6.186/13). PCTW was 0.0005, PCTA was 0.0041 and PCTP was 

0.0248. There were significantly more plate pairs and neighboring pairs than expected 

(Table 1). Surprisingly for a library stored in 96 well plates, adjacent pairs were under-

represented so ANOVA was not strongly significant.  

 

C. Rice (agarose fingerprint) 

 

  Exactly 65,287 fingerprinted BAC clones were analyzed, with 2,778 

singletons and 62,509 clones in contigs that were composed from BACs that represented 

about 20 haploid genomes. Due to the low number of contigs, once data was converted, 

comparison values were set to measure the clones directly adjacent to each other or in 

wells adjacent during fingerprinting (PCTA). Expected rates of coincidence was calculated 

(below). Clones in 1 fold coverage was 3,264. Average clones per contig was  143 

(62,509/438). Average clones per contig per genome coverage was 7.15 (143/20). 

PCTW was 0.002,  PCTA was 0.036 and PCTP was 0.841. There were not significantly more 

neighboring pairs than expected (Table 1). However, plate pairs were under-represented 

and adjacent pairs were not significantly different so ANOVA was not significant. 

 

http://www.resgen.com/products/WIMITMYAC.php3
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However, in order to generate an accurate assessment of the rice fingerprint data, 

it was necessary to check all clones using well to well comparisons, then adding the 

comparisons together to indicate only the wells that are adjacent during storage or 

fingerprinting. The PCTA of the rice fingerprints is an expected value of 2,190 clones 

randomly assigned to the same contig. Data comparisons identified 2,197 possible 

contaminants, indicating that the rice fingerprint database was relatively accurate and 

well edited prior to this analysis.  

 

D. Public Databases 

In addition to the three libraries above, publicly available databases were 

examined by application of this test. A sample contig from each library is listed, along 

with clones that would be indicated by a stringent comparison test (Table 2). 

 

 

Discussion 

Factors that affect physical map quality analysis are the insert size and variability; 

genome size, coverage depth and  local representation; numbers of contigs and super-tigs; 

and the tolerance and cutoff used for builds [15,19,23]. Only the average insert size and 

genome size are taken into account in the formulae underlying this method. Therefore, 

contaminated clone pairs identified by this method should be considered indicative not 

conclusive. 
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A positive feature of the physical map quality analysis method reported here was 

that the fingerprints, band or hybridization scores themselves are not compared [16]. 

Since only within contig comparisons can be made, the fewer the contigs and the greater 

the number of clones the more likely that there will clone pairs. If the probability of two 

clones from the same plate being placed on the same contig is high (eg. few contigs and 

many clones; rice) [10], more stringent within plate comparison must be made. If the 

probability is low (eg. many contigs and few clones; soybean)[26], plate to plate 

comparisons gave acceptable results. Assuming this method was incorporated to the 

iterative process of contig building, tolerance and cutoff can be accounted for by 

following a high cut-off and comparison of clones, with a lowering cutoff, and repeating 

until all contaminated wells are identified.  

 

Were problematic clones identified? 

In every library tested, the analysis identified contigs with improbable clone 

linkages. Some libraries had more potential contaminant pairs than others. The high 

singleton rate in soybean was probably due to the very high cutoff score (1e-20+) used to 

generate the contigs. The number of singletons and contigs may drop once the 

contaminated wells are identified and removed, and a lower cutoff score used. 

 

Which fingerprints are good, and which are not? 

There are three profiles commonly observed when manually comparing 

fingerprints; pairs of clones are identical, one is larger than the other in the pair or both 

clones in the pair are dissimilar [15,19,22,23]. Identical fingerprints most likely result 
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from miss loading during gel electrophoresis. The danger of this profile is that the user 

does not know which clone is represented. If further analysis is performed on one of these 

clones based on its fingerprint, the researcher has a 50% chance of using a completely 

unrelated clone. In the case of identical fingerprints, the safest procedure is to clearly 

“label” both clones, so that the correct clone can be identified prior to research. When 

one of the two fingerprints contains more bands than its neighbor, it is likely to be the 

contaminated clone and should be removed from analysis. Since minimum tiling paths 

are usually generated from the longest clones possible (McPherson et al., 2000), there is a 

increased risk of choosing a chimerical clone. If the fingerprint profiles are dissimilar, the 

clone comparison can be ignored. For hybridization, the same three tests are applied, 

although probe positives are used instead of bands. 

 

Within plate, and well-to-well contamination are serious detractors to the 

accuracy of contig data. With the reduction or elimination of these contaminations, the 

required stringency for contig creation is reduced along with the number of clones 

required for the creation of an accurate physical map. Reductions in the number of clones 

required for a physical map relate directly to the cost of each project. Identifying and 

removing just 5-10% of the clones from a library would greatly reduce forward and 

reverse end sequencing costs, along with commensurate time to analyze 

duplicate/erroneous data. 

 

Manual editing improves the map in two ways, identifying potential joins between 

contigs, performing merges and increasing contiguity (Fig. 3). Secondly, it identifies 
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potential chimerical contigs by revealing incorrectly overlapped fingerprint data or by 

high-lighting conflicting marker data [10]. The major problem with human manual 

editing is the near impossibility of identifying possibly contaminated wells. As contigs 

become larger, the task of the editor becomes more difficult. The method we report 

provides an automated method for identifying clones to be examined manually 

 

Conclusion 

In a series of tests using our own physical map builds [28-31] and those of others 

[3,10,26] well contamination appeared to be present. Contamination seems to be an effect 

of processing tens or hundreds of thousands of highly transferable organisms, the 

bacterial strains. The method presented allows map editors and map users to rapidly 

evaluate the quality of physical maps and to identify clones in contigs that should be re-

examined before merging to form super-tigs. 
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Table 2: Examples of clone pairs from five libraries identified by comparison of the 

probability of clone pairs joining the same contigs that were within the same plate, in 

adjacent rows and columns or in neighboring wells.  

 
 
Genome Source of Contig   Contig  Clones 
 
Arabidopsis http://hbz.tamu.edu/bacindex1.html 1013  T02H20/G22/G18 
         B12F20/D16 

http://www.mpimp-golm.mpg.de/mpi- 
mp-map/bacmap/chr1/chr1_1.html ch1;contig1 6K7/F3; 22M8/G18  
 

Rice  http://hbz.tamu.edu/bacindex1.html 400  R02E11/K19 
         B13A01/M01 
         H31D11/D12 
 
Maize  http://www.genome.clemson.edu/ 2  c0117P05/L23; 
         c0042L02/J08 
Sorghum http://www.genome.clemson.edu/ 7  c0030L20/F07 
          
 
Human  www.ncbi.nlm.nih.gov               ch1  61A13/14  

       239E10/D12 
         

http://hbz.tamu.edu/bacindex1.html
http://www.mpimp-golm.mpg.de/mpi-
http://hbz.tamu.edu/bacindex1.html
http://www.genome.clemson.edu/
http://www.genome.clemson.edu/
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Figure 1. An example of a section of a 384 well plate showing the positions of clone pairs 
expected from contamination by neigbor clones (blue) or adjacent clones (red). The well 
labeled D12 is the contamination source well. Panel A shows the coordinate position of 
wells. Panel B shows the number of clone pairs detected at each position when examining 
the mouse YAC contigs. Panel C shows the number of clone pairs detected at each 
position when examining the soybean BAC contigs. Panel D shows the number of clone 
pairs detected at each position when examining the rice BAC contigs. 
 
A, Example                   B, Mouse 
B10 B11 B12 B13 B14 
C10 C11 C12 C13 C14 
D10 D11 D12 D13 D14 
E10 E11 E12 E13 E14
F10 F11 F12 F13 F14 
 
C, Soybean            D, Rice 
 
11 8 259 12 25 
16 17 75 25 12 
74 96 D12 97 74 
13 25 74 18 15 
25 13 260 9 12 
 

14 19 54 47 31 
26 67 177 94 53 
79 243 D12 243 79 
53 94 177 67 26 
31 47 54 19 14 

95 90 119 96 99 
112 114 148 154 114 
157 219 D12 219 158 
114 154 148 114 112 
99 97 118 90 95 



27  Shultz et al., 2003, evaluating physical maps 

Figure 2: Example of clone pair detection in soybean contigs. A. Spreadsheet with 
encoded clones. B. Spreadsheet with potential clone pairs highlighted. Contig number is 
in column A. Columns B-0 show digitized clone plate addresses. The red arrow indicates 
a series of clone pairs in a single contig 
 
A.Digitized plate addresses in contigs 

  
 
B. Candidate clone pairs.  
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Figure 3: Examples of contigs built before and after contaminated clone removal. Panel 
A: Five contigs formed a set that would encompass the 0-2.0cM from genetic markers 
BARC-Satt504 to Sat_094. Anchored BAC clones are shown by  blue line for “Forrest” 
BACs or green lines for ‘Williams’ BACs or red lines for “Faribault” BACs. The contigs 
contained 10 potential contaminants indicated by red boxes. Red and black arrows ashow 
the merges predicted when contaminant pairs are edited. There were 270 bands between 
markers (after editing) so the interval is expected to represent about 710 kbp 
A. Contigs before editing. 

Satt504

e21-26

e18-24 e19-27

e16-23

Sat_094

e17-23

0.0-2.0 cM

Contaminants

Anchors

 
 
B. Edited Contig 

Sat_094Satt504

E38I08 (80)

E56L18 (80)

E18O16 (80)

H63A05 (80)

E24D23 (80)

E29J10 (80)

E20E05 (80)

E02K01 (80)

H07O03 (1203)

E59J01 (1203)

H22H24 (1203)

E46F09 (1203)

B41A15 (1203)

B33F04 (1203)

B45C02 (1203)

E60I02(86)

E29G03 (86)

E28G23 (86)

E69J07 (425)

B22K04 (425)

E79J10 (425)

H68E04(425)
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