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I. Introduction 
 

 In the past decades of environmental microbiology, nucleic-acid based methodology 

gained a central role in the characterisation of microbial communities. Among these methods 

TA-cloning of PCR-amplified genes retained its renown as the “golden standard”. 

 All of the subsequent steps of this complex technique are prone to errors biasing the 

detectable community picture. The potential biases during DNA isolation were recognized 

early, and are well described now, and mostly can be eliminated. The PCR-related biases were 

also widely investigated, and the Department of Microbiology at Eötvös Loránd University 

also published remarkable results in this field. However, possible biases during TA-cloning of 

PCR products are poorly understood, and only investigated with homogeneous insert pools. 

No thorough comparative testing has been carried out with different TA-cloning systems on 

heterogeneous insert pools such as community PCR products. Even the evolutionarily 

conserved genes have natural length and sequence heterogenities, so there is a possibility of 

preferential ligation of some specific sequences. Furthermore, the two most frequently used 

TA-cloning vectors are differing in their ligation mechanism, and thus their potential 

selectivity. 

 

II. Aims of the study 

 

 As a continuation of our investigations on PCR-related biases, we tried to detect and 

analyse the selectivity of TA-cloning, and to reveal the potential relationships with insert 

length heterogeneity. Since the information on the length heterogeneity of the otherwise 

frequently studied 16S rDNA region is scarce, we attempted to map the natural length 

variation of this gene by in silico analysis among bacteria. As the insert length preference of 

TA-cloning vectors can be presumed upon their documentation, we set up artificial 

communities modelling the length heterogeneity of partial 16S rDNA and 16S-23S intergenic 

spacer region. The results obtained in these model systems can also refer to other genes 

having similar length ranges and variances. Based upon the literature of environmental 

microbiology, the two nearly exclusively used TA-cloning systems are pGem-T (Promega, 

WI, USA) and TOPO-TA (Invitrogen, CA, USA), so the comparative analysis of these vector 

kits seemed to be important.  

 To gain more realistic results on preferential ligation, we made a comparative study 

with the two vector systems on a natural community, complemented with a cloning 
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independent semiquantitative method, namely length heterogeneity PCR (LH-PCR). Our aims 

could be summed in the following points: 

 

1. In silico analysis of the natural length variations of frequently investigated 16S rDNA 

regions. 

2. Creation of a model system for the detection and measurement of insert length related 

biases of TA-cloning, and validation by a cloning independent method, and also with 

inserts of the same length.  

3. Analysis of the insert length preference of the pGem-T vector system on the length 

range of partial 16S rDNA and 16S-23S intergenic spacer region, along with the 

testing of reproducibility and dependence of the phenomenon on the ligation 

parameters. 

4. Comparing the insert length preference of the pGem-T and TOPO-TA vector systems 

on the length range of partial 16S rDNA and 16S-23S intergenic spacer region. 

5. Comparative analysis of the pGem-T and TOPO-TA based partial 16S rDNA clone 

libraries of a natural bacterial community (GC-content preference, insert length 

preference, phylogenetic selectivity), and comparing the results with the community 

structure revealed by LH-PCR. 

 

III. Materials and methods 

 

 The in silico 16S rRNA length heterogeneity investigations were carried out on two 

databases: type strain data exported from Ribosomal Database Project II; and the actual non-

redundant reference dataset of ARB-SILVA (SSU Ref NR 104).  

 As there is no avaible software for the effective in silico LH-PCR analysis of such 

large sequence datasets, a special software was made by Ádám Novák to this purpose. The 

LengHet v1.1. Java application collects amplicon length data from a FASTA dataset based on 

the given primer sequences and primer nucleotide mismatch number allowed by the user. 

 In the model experiments, prior to ligation the PCR products from two strains were 

mixed at 1:1 copy ratio, and diluted to suit the different cloning system’s required insert-

vector ratio, calculated using the guidelines in the technical manuals. To ensure the 

reproducibility of the results, all specific model community mixtures were produced in three 

parallels (numbered X1-X2-X3), with independent DNA quantification and mixing. Fig. 1. 

describes the different mixtures, and clone libraries obtained.  
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Fig. 1. The insert mixture types of the model systems, the clone libraries constructed and the 

purpose behind the different setups. 
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 Cloning was carried out with both pGem-T Vector System (Cat. no. A3610, Promega 

WI USA) and TOPO TA Cloning Kit (Cat.no. K4500-01, Invitrogen, CA USA) in case of 

mixture B3 and C3. Ligation conditions followed the manufacturer’s protocol optimized for 

high transformant yields, meaning 16 hours ligation at 4 oC for the pGem-T vector, and 30 

minutes ligation at room temperature for the TOPO TA cloning system. From the B3 mixture, 

three pGem-T libraries were generated with different protocols, such as 1 hour ligation at 

room temperature (the manufacturer’s standard protocol), 16 hours ligation at 4 oC, and 36 

hours ligation at 4 oC. About 200 clones were analyzed from each library by PCR 

amplification with standard vector-specific M13 forward and reverse primers. PCR products 

were separated by 1% agarose gel electrophoresis, allowing the identification of the inserts by 

their size. In case of A1, A2, A3 libraries, where the size of the insert was highly similar, two 

self designed insert specific reverse primers were used together with 63f in one PCR reaction, 

giving different amplicons in length for the two different inserts. 

 The investigations on the environmental sample are detailed in Fig. 2. All steps were 

performed according to general PCR-cloning and LH-PCR protocols. LIBSHUFF analysis 

was performed to statistically support the significance of the difference between the sequence 

compositions of the two clone libraries. The webLIBSHUFF program provides a statistical 

test for the null hypothesis that two 16S rRNA gene libraries are samples of the same 

prokaryotic community – in this case the same batch of inserts ligated into cloning vectors. To 

determine the significance of differences between the sequence collections, differences 

between homologous coverage curves and heterologous coverage curves were calculated by a 

Cramér-von Mises-type statistic and compared by a Monte Carlo test procedure. For the 

Monte Carlo test, 1000 random shufflings were used. 

  

IV. Results and discussion 

 

 The in silico analysis revealed an approx. 200 basepairs variability on the length of the 

„full” 16S rDNA, which is congruent with the related literature. Although, more extreme 16S 

rRNA gene lengths can be found among the sequences of type strains in the Ribosomal 

Database Project: if aligned with the target position of standard bacterial 27f and 1492r 

primers, Thermoanaerobacter pseudethanolicus ATCC 33223 shows length of 1745 bp 

(sequence accession number: CP000924), while Nereida ignava (T) 2SM4 shows only 1426 

bp (sequence accession number: AJ748748) between the primers.  
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Fig. 2. Comparative investigations on a natural bacterial community by two TA-cloning 

system and Length-Heterogeneity-PCR. 
 

    

 The mixing procedure was highly reproducible and resulted in the expected ratio 

according to the validation by capillary electrophoresis and laser-induced fluorescence 

detection. The validating measurements of the quantification and mixing procedures showed 

that the 1:1 copy ratio model mixtures are prepared reliably. Five independent quantification, 

PCR amplification 
TET63f-519r 

PCR amplification  
63f-519r 

pGem-T 
clone library  

LH-PCR analysis 
(capillary electrophoresis 

and laser-induced 
fluorescence detection) 

Statistical analysis of 
the significance of 

difference 
(Libshuff analysis) 

TOPO-TA 
clone library 

LH-PCR analysis of 
OTU representatives 

Calculation of virtual 
LH-PCR community 

structures 
Analysis of GC content 

preference 

Analysis of insert 
length preference 

Analysis of 
phylogenetic preference 

Quantitative comparation 
of the community 

compositions 

Sequence analysis of 
OTU representatives 

Community 
DNA isolation 

ARDRA grouping 
OTU assignment 

ARDRA grouping 
OTU assignment 



 

 7 

mixing and measurement experiment resulted in an average copy ratio of 0.988:1, with a 

standard deviation (SD) of 1.1% (calculated from peak area ratios).  

 In the first experimental setup, two amplicons with similar length and G+C content 

were mixed at 1:1 copy ratio and cloned using pGem-T vector system. 244, 240 and 238 

clones were analysed from the three clone libraries made from the parallel mixtures. 

Calculated from the individual final insert ratios of the libraries, the average final ratio of the 

1472 bp insert was 43.98% with a SD of 0.6. This remarkably low standard deviation shows 

that the ligation bias was quite consequent and reproducible in the parallel libraries, and that 

the sizes of the model community clone libraries were sufficient. Since the length and the 

G+C content of the two inserts differed only slightly (5 bp and 0.3%), the slight alteration 

from the preset 50-50% ratio is probably due to sequence differences. In the three pGem-T 

libraries from the B1-B2-B3 mixtures, final compositions differed more from the pre-set ratio. 

241, 224 and 220 clones were analysed from the three parallel libraries. At average only 

30.79% of the clones contained the 322 bp short insert, with a SD of 0.64. This shows the 

strong selectivity of the pGem-T vector system when cloning a community PCR product of a 

region featuring such length heterogeneity (e.g.:16S-23S intergenic spacer). C1-C2-C3 

mixtures featured the natural length heterogeneity of the first third of the 16S rRNA gene. The 

three parallel libraries made with the pGem-T system displayed a strong and reproducible 

bias, overrepresenting the shorter (433 bp) insert at a final ratio of 65.91% with a SD of 0.96. 

Number of clones analysed in the three parallel libraries were 191, 190 and 182. 

 Since Promega provides two alternate ligation protocols in the pGem-T Users Manual, 

libraries with both protocols were created from the B3 DNA mixture. The “standard” protocol 

(for obtaining small, unimolecular clone libraries, with 1 hour ligation at room temperature) 

resulted in a less biased final composition than the “protocol for maximum transformant 

yield” (overnight ligation at 4 oC), although this latter method is reasonable for community 

samples where hundreds of clones should be obtained and examined (sizes of these libraries 

were 180 and 241 clones respectively). A third protocol with an even more extended 36 hours 

long ligation at 4 oC was also used to create a library of 187 clones, showing a final 

composition very close to the “standard” clone library. As this third protocol gave the least 

biased results (even compared to the TOPO-TA kit, see below), it is the most recommended 

for cloning a DNA region with great length heterogeneity (e.g.: 16S-23S intergenic spacer).  

 For a direct comparison between pGem-T and TOPO-TA systems, clone libraries with 

both kits were made from mixture B3. While the pGem-T kit preferentially ligated the longer 

insert, TOPO-TA showed a stronger preference to the shorter insert, resulting in alternately 
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biased final ratios, 31.06% and 76.84% respectively. The pGem-T and TOPO-TA library 

from B3 mixture contained 220 and 190 clones respectively. 

 Comparing the performance of the two cloning kits on the C3 mixture, the TOPO-TA 

library (192 clones) resulted in a less biased composition, containing the shorter insert at 

54.17% compared to the 64.93% in the parallel pGem-T library (191 clones).  

 Obvious differences can be detected comparing the community picture shown by LH-

PCR and the insert length composition of the TOPO-TA and pGem-T based environmental 

clone libraries. Generally, compared to the LH-PCR length distribution, both clone libraries 

preferred average-sized inserts (eg.: peak groups 470, 479, 480, 484). Peak groups of short 

(434 bp) and long inserts (503 bp and 518 bp) are relatively more abundant in the LH-PCR. 

The average insert length of the two libraries differed only slightly (TOPO-TA: 480.85 bp; 

pGem-T: 478.39 bp) but with a tendency coincident to the results of the model communities 

(pGem-T system’s stronger preference towards shorter inserts in this range). For some peak 

groups, one of the vector systems showed greater preference (eg.: pGem-T for peak group 

484, and TOPO-TA for peak group 503). 

 The LIBSHUFF analysis resulted in a delta-C of 0.038 and 0.096 for the TOPO-pGem 

and the pGem-TOPO comparisons respectively, with a lower p-value of 0.002. This indicates 

that the two libraries are significantly different in community composition with a confidence 

of 95% (p = 0.05), supporting the findings based on the insert length distribution differences, 

and our presumption based on the model community experiments. 

 

V. Conclusions 

 

 The results of the model experiments proved, that TA cloning systems may show 

preferential ligation when cloning diverse insert pools like PCR products of environmental 

samples. According to our results these cloning systems have a size-range preference, thus 

shorter or longer fragments are ligated into the vector less efficiently. These biases are 

reproducible, characteristic for different vector systems, and are affected by not just the insert 

length heterogeneity but also by ligation conditions. Other sequence properties may also 

contribute to differences in ligation efficiency. For cloning PCR products around the length of 

400-500 bp, e.g. pmoA or partial 16S rRNA gene amplicons (V1+V2+V3 region), TOPO-TA 

vector system might perform better. 

 The phenomenon of preferential ligation should be taken into consideration when 

investigating community compositions by clone libraries especially in the case of microbial 
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assemblages featuring low diversity. However, considering that the same bias applies in case 

of multiple samples, using cloning for comparison purposes should be still adequate. This also 

emphasizes the importance of polyphasic approaches and the necessity of applying multiple 

parallel methods in microbial community analysis. 
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