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Abstract

Background: DNA ligation is a pivotal process in molecular cloning, enabling the covalent joining of DNA
fragments. The efficiency of ligation depends on both the enzyme and reaction conditions, which dirvectly impact
downstream applications such as cloning and synthetic biology.

Methods: A total of 240 ligation reactions were conducted using four ligation systems, T4 DNA ligase (standard
conditions), T4 DNA ligase with polyethylene glycol (PEG) enhancement, E. coli DNA ligase, Taq DNA ligase
under thermostable conditions. Both cohesive-end and bluntend DNA substrates were utilized. Ligation efficiency
was assessed via gel electrophoresis and quantified using real-time PCR. Statistical comparisons were performed
using oneway ANOVA (p < 0.001).

Results: T4 DNA ligase with PEG enhancement showed the highest efficiency, achieving 87.3 + 4.2% for cohesive
ends and 72.8 + 5.1% for blunt ends. Standard T4 DNA ligase followed with 76.4 + 3.8% (cohesive) and 58.2 +
4.6% (blunt). E. coli DNA ligase exhibited moderate efficiency at 68.9 + 4.3% and 42.1 + 3.9% respectively. Taq
DNA ligase was least effective, with 45.2 + 3.7% for cohesive ends and negligible activity for blunt-end ligation. All
inter-group comparisons were statistically significant (p < 0.001).

Conclusion: The use of PEG with T4 DNA ligase significantly enhances ligation efficiency, especially for blunt-
end ligation. These findings support the strategic selection of ligation methods based on end-type and experimental
goals in molecular biology workflows.
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INTRODUCTION

DNA ligation represents one of the most critical enzymatic processes in molecular biology, serving as
the cornerstone for recombinant DNA technology and modern genetic engineering applications [1].
The process involves the formation of phosphodiester bonds between adjacent DNA fragments,
effectively joining separate molecules into continuous double-stranded structures [2]. This fundamental
reaction underpins numerous laboratory techniques including molecular cloning, DNA assembly, and
next-generation sequencing library preparation [3].The mechanism of DNA ligation involves a series of
coordinated enzymatic steps wherein DNA ligases catalyze the formation of covalent bonds between the
3hydroxyl group of one DNA strand and the 5-phosphate group of an adjacent strand [4]. This process
is essential for both cellular DNA repair mechanisms and artificial DNA manipulation in laboratory
settings [5]. The efficiency of ligation reactions directly impacts the success of downstream applications,
making the optimization of ligation conditions a critical consideration in experimental design [6].
Several classes of DNA ligases have been identified and characterized, each possessing distinct
biochemical properties and cofactor requirements [7]. T4 DNA ligase, derived from bacteriophage T4,
remains the most widely utilized enzyme in molecular biology applications due to its ability to ligate
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both cohesive and blunt-ended DNA fragments [8]. This ATP-dependent enzyme demonstrates robust
activity across a range of temperatures and buffer conditions, making it particularly suitable for routine
cloning applications [9]. Recent studies have demonstrated that the addition of polyethylene glycol
(PEG) to T4 DNA ligase reactions can significantly enhance ligation efficiency, particularly for blunt-
end substrates [10].

E. coli DNA ligase represents an alternative approach, utilizing NAD+ as a cofactor rather than ATP
[11]. This bacterial enzyme exhibits distinct substrate preferences and reaction kinetics compared to T4
DNA ligase, offering potential advantages in specific experimental contexts [12]. The enzyme
demonstrates particular efficiency in ligating cohesive-ended substrates but shows reduced activity on
blunt-ended DNA fragments [13].

Thermostable DNA ligases, such as Taqg DNA ligase derived from Thermus aquaticus, have gained
attention for specialized applications requiring elevated reaction temperatures [14]. These enzymes
maintain activity at temperatures that would denature conventional ligases, enabling their use in
thermocycling-based protocols and high-temperature DNA assembly reactions [15]. However, their
efficiency at standard reaction temperatures and their suitability for routine cloning applications remain
incompletely characterized [16)].

Despite the widespread use of these ligation methods, comprehensive comparative studies examining
their relative efficiencies under standardized conditions are limited [17]. Previous research has typically
focused on individual enzymes or specific applications, leaving gaps in our understanding of their
comparative performance [18]. Furthermore, the impact of different DNA end structures on ligation
efficiency across different enzyme systems requires systematic investigation [19].

The objective of this study was to conduct a comprehensive comparative analysis of four different
ligation methods: standard T4 DNA ligase, T4 DNA ligase with PEG enhancement, E. coli DNA ligase,
and Taq DNA ligase. We aimed to evaluate their relative efficiencies in ligating both cohesive and
blunt-ended DNA substrates under optimized conditions for each enzyme system.

MATERIALS AND METHODS

Study Design

This study employed a controlled experimental design to compare the ligation efficiencies of four
different DNA ligase systems. All experiments were conducted in triplicate using standardized DNA
substrates and optimized reaction conditions for each enzyme. The study design incorporated
randomization of sample processing order to minimize systematic bias and ensure statistical validity.
Sample Size and Selection

A total of 240 individual ligation reactions were performed, with 60 reactions allocated to each of the
four ligation methods tested. Each method was evaluated using both cohesive-end and blunt-end DNA
substrates, with 30 reactions per substrate type. This sample size was determined through power analysis
to detect a minimum difference of 10% in ligation efficiency with 80% power at a = 0.05.

DNA Substrates

Standardized DNA substrates were prepared using pUC19 plasmid (2686 bp) linearized with specific
restriction enzymes. Cohesive-end substrates were generated using EcoRI digestion, producing 5-"AATT
overhangs. Blunt-end substrates were prepared using Smal digestion, followed by treatment with T4
DNA polymerase to ensure clean blunt termini. All linearized vectors were treated with calf intestinal
alkaline phosphatase (CIAP) to prevent self-ligation and subsequently re-phosphorylated using T4
polynucleotide kinase.

Insert DNA fragments were prepared by PCR amplification of a 1.2 kb fragment from the f3-
galactosidase gene using high-fidelity DNA polymerase. PCR products were purified using silica column
purification and quantified using spectrophotometry. Insert concentrations were normalized to enable
consistent molar ratios across all experiments.

Equipment and Materials

DNA ligases were obtained from commercial suppliers: T4 DNA ligase (New England Biolabs,
MO0202S), E. coli DNA ligase (New England Biolabs, M0205S), and Taq DNA ligase (New England
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Biolabs, M0208S). Polyethylene glycol 4000 (Sigma-Aldrich) was used for PEG-enhanced reactions. All
restriction enzymes, buffers, and molecular biology reagents were purchased from established
commercial sources and stored according to manufacturer specifications.

Gel electrophoresis was performed using 1% agarose gels in TAE buffer with ethidium bromide
staining. A UV transilluminator and gel documentation system were used for visualization and analysis.
Quantitative PCR analysis was conducted using a real-time thermal cycler with SYBR Green detection
chemistry.

Experimental Procedures

Ligation reactions were performed in 20 uL volumes using insert-to-vector molar ratios of 3:1. Standard
T4 DNA ligase reactions contained 50 ng vector DNA, appropriate insert amounts, 1X T4 DNA ligase
buffer, 1 unit T4 DNA ligase, and nuclease-free water. PEG-enhanced T4 DNA ligase reactions included
5% (w/v) polyethylene glycol 4000 in addition to standard components.

E. coli DNA ligase reactions utilized 1X E. coli DNA ligase buffer containing NAD+ cofactor, with 2
units enzyme per reaction. Taq DNA ligase reactions employed thermostable ligation buffer with NAD+
cofactor and 5 units enzyme per reaction.

All ligation reactions were incubated under optimized conditions: T4 DNA ligase at 16°C for 16 hours,
T4 DNA ligase with PEG at 22°C for 2 hours, E. coli DNA ligase at 16°C for 16 hours, and Taqg DNA
ligase at 45°C for 1 hour. Reactions were terminated by heat inactivation at 65°C for 10 minutes.
Ligation efficiency was assessed using two complementary methods. Gel electrophoresis analysis
involved loading 5 pL of each reaction onto 1% agarose gels and quantifying the ratio of ligated
product to unligated vector using densitometric analysis. Quantitative PCR analysis employed primers
flanking the ligation junction to specifically amplify successfully ligated products, with efficiency
calculated relative to input DNA concentrations.

Statistical Methods

All statistical analyses were performed using SPSS version 28.0. Descriptive statistics including means,
standard deviations, and confidence intervals were calculated for each experimental group. One-way
analysis of variance (ANOVA) was used to compare ligation efficiencies between different methods,
followed by Tukey's post-hoc test for pairwise comparisons. Two-way ANOVA was employed to examine
the interaction between ligation method and DNA end type. Statistical significance was set at p < 0.05
for all analyses.

RESULTS

Overall Ligation Efficiency Comparison

The comparative analysis of four different ligation methods revealed significant variations in efficiency
across both cohesive-end and blunt-end DNA substrates. T4 DNA ligase with PEG enhancement
demonstrated the highest overall performance, achieving mean ligation efficiencies of 87.3 + 4.2% for
cohesive-end substrates and 72.8 + 5.1% for blunt-end substrates.

Standard T4 DNA ligase without PEG showed moderate efficiency with 76.4 + 3.8% for cohesive ends
and 58.2 + 4.6% for blunt ends. E. coli DNA ligase exhibited intermediate performance, achieving 68.9
+ 4.3% efficiency for cohesive-end ligation and 42.1 + 3.9% for blunt-end ligation. Taq DNA ligase
demonstrated the lowest efficiency among tested methods, with 45.2 + 3.7% for cohesive ends and
negligible activity for bluntend substrates (8.3 + 2.1%).

Statistical Analysis of Ligation Methods

One-way ANOVA revealed statistically significant differences between all four ligation methods for both
cohesive-end (F = 247.3, p < 0.001) and blunt-end substrates (F = 312.8, p < 0.001). Tukey's post-hoc
analysis confirmed that all pairwise comparisons between methods were statistically significant (p <
0.001), indicating distinct performance characteristics for each approach.

Two-way ANOVA examining the interaction between ligation method and DNA end type revealed a
significant interaction effect (F = 89.4, p < 0.001), suggesting that the relative performance of different
methods varies depending on substrate structure. The effect size (partial N2 = 0.78) indicated that this
interaction accounts for a substantial proportion of the observed variance.
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Cohesive-End Ligation Performance

For cohesive-end substrates, T4 DNA ligase with PEG enhancement achieved the highest efficiency at
87.3 + 4.2%, representing a 14.3% improvement over standard T4 DNA ligase (76.4 = 3.8%). E. coli
DNA ligase demonstrated respectable performance at 68.9 + 4.3%, while Taq DNA ligase showed
significantly reduced efficiency at 45.2 + 3.7%.

The coefficient of variation for cohesive-end ligation ranged from 4.8% for T4 DNA ligase with PEG to
8.2% for Taq DNA ligase, indicating generally consistent performance within each method group.
Confidence intervals for mean efficiencies were: T4 + PEG (85.7-88.9%), standard T4 (74.9-77.9%), E.
coli (67.3-70.5%), and Taq (44.0-46.4%).

Blunt-End Ligation Performance

Blunt-end ligation proved more challenging across all methods, with universally lower efficiencies
compared to cohesive-end substrates. T4 DNA ligase with PEG enhancement maintained superior
performance at 72.8 £ 5.1%, followed by standard T4 DNA ligase at 58.2 + 4.6%. E. coli DNA ligase
showed reduced efficiency at 42.1 + 3.9%, while Taq DNA ligase demonstrated minimal activity at 8.3 +
2.1%. The performance differential between cohesive and blunt-end ligation was most pronounced for
Taq DNA ligase (81.6% reduction) and least pronounced for T4 DNA ligase with PEG (16.6%
reduction). This suggests that PEG enhancement specifically improves the ability of T4 DNA ligase to
efficiently ligate blunt-end substrates.

Quantitative PCR Validation

Quantitative PCR analysis confirmed gel electrophoresis results, showing strong correlation (r = 0.94, p
<0.001) between the two measurement methods. The gPCR approach provided additional sensitivity
for detecting low-efficiency ligation products, particularly relevant for Taq DNA ligase blunt-end
reactions where gel electrophoresis showed minimal visible product formation.

Amplification efficiency values derived from qPCR standard curves ranged from 95-105% across all
experimental conditions, confirming the reliability of quantitative measurements. Melting curve analysis
verified the specificity of amplification products, with single peaks observed at expected melting
temperatures for all successfully ligated products.

Reaction Time Course Analysis

Time course experiments demonstrated distinct kinetic profiles for each ligation method. T4 DNA
ligase with PEG showed rapid initial ligation rates, achieving 90% of final efficiency within the first 30
minutes of incubation. Standard T4 DNA ligase exhibited slower kinetics, requiring 2-4 hours to reach
plateau efficiency levels.

E. coli DNA ligase demonstrated steady, linear increases in ligation efficiency over extended incubation
periods, reaching maximum efficiency after 12-16 hours. Taq DNA ligase showed rapid initial rates
during the first 15 minutes of high-temperature incubation, with minimal additional improvement
beyond 30 minutes of reaction time. (Table 1-3)

Table 1: Overall Ligation Efficiency Comparison

Ligation Method Cohesive-End Efficiency (%) | Blunt-End Efficiency (%)
T4 DNA Ligase + PEG 87.3+4.2 728 +5.1

T4 DNA Ligase (Standard) | 76.4 + 3.8 58.2 +4.6

E. coli DNA Ligase 689 +4.3 42.1+39

Taq DNA Ligase 452 +3.7 83+2.1

Table 2: Statistical Analysis of Ligation Efficiency
Comparison Type F- p-
Value | Value
One-way ANOVA (Cohesive- | 247.3 | <0.001 | All pairwise comparisons significant (p < 0.001)
End)

Post-Hoc Test Results
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Oneway ANOVA (Blunt- 312.8 | <0.001 | All pairwise comparisons significant (p < 0.001)
End)
Two-way ANOVA 89.4 <0.001 | Significant interaction between method and
(Interaction) DNA end type
Effect Size (Partial 1?) — — 0.78 (large effect)
Table 3: Confidence Intervals and Variation (Cohesive-End)
Ligation Method Mean £ SD (%) | Confidence Interval (%) | Coefficient of Variation (%)
T4 DNA Ligase + PEG 87.3+4.2 85.7 - 88.9 4.8
T4 DNA Ligase Standard | 76.4 + 3.8 74.9 - 77.9 5.0
E. coli DNA Ligase 68.9 +4.3 67.3 - 70.5 6.2
Taq DNA Ligase 452 +3.7 44.0 - 46.4 8.2
DISCUSSION

The results of this comparative study provide valuable insights into the relative performance
characteristics of four commonly used DNA ligation methods [20]. Our findings demonstrate that T4
DNA ligase with PEG enhancement consistently outperformed other methods across both cohesive and
blunt-end substrates, confirming previous reports of PEG's beneficial effects on ligation efficiency [21].
The 14.3% improvement observed with PEG enhancement aligns with earlier studies showing that
macromolecular crowding agents can facilitate DNA end-joining reactions [22].

The superior performance of T4 DNA ligase systems compared to alternative enzymes is consistent with
established literature documenting the broad substrate specificity and robust catalytic properties of this
bacteriophage-derived enzyme [23]. Our observed efficiency of 76.4% for standard T4 DNA ligase with
cohesive ends falls within the range reported by previous studies, validating our experimental approach
[24]. The enzyme's ability to efficiently ligate both cohesive and blunt-end substrates makes it
particularly valuable for diverse cloning applications [25].

E. coli DNA ligase demonstrated moderate efficiency levels that are consistent with its NAD+-
dependent mechanism and reported substrate preferences [26]. The observed 68.9% efficiency for
cohesive-end ligation aligns with previous characterizations of this enzyme, though our results suggest
somewhat lower performance than some earlier reports [27]. The reduced efficiency observed for blunt-
end substrates (42.1%) is expected given the enzyme's evolutionary optimization for ligating nicked
DNA rather than joining separate fragments [28].

The poor performance of Taq DNA ligase at standard reaction temperatures was anticipated based on
its thermophilic origin and reported temperature requirements [29]. While this enzyme demonstrates
unique capabilities for high-temperature applications and specialized techniques such as ligase chain
reaction, our results confirm its limited utility for routine cloning applications [30]. The minimal
activity observed for blunt-end ligation is consistent with previous reports indicating that thermostable
ligases generally require perfectly matched cohesive ends for efficient function [31].

The significant interaction effect between ligation method and DNA end type observed in our statistical
analysis highlights the importance of matching enzyme selection to substrate characteristics [32]. The
pronounced differences in relative performance between cohesive and blunt-end substrates suggest that
optimal protocol selection should consider both the specific enzyme system and the nature of the DNA
ends being joined [33].

Our kinetic analysis revealed distinct temporal profiles that have practical implications for protocol
optimization [34]. The rapid kinetics observed with PEG-enhanced T4 DNA ligase suggest that shorter
incubation times may be sufficient for many applications, potentially reducing overall protocol duration
and minimizing exposure to degradative conditions [35]. Conversely, the extended time requirements
for E. coli DNA ligase may limit its utility in time-sensitive applications [36].

The strong correlation between gel electrophoresis and quantitative PCR measurements validates both
analytical approaches and suggests that either method can provide reliable assessments of ligation
efficiency [37]. The enhanced sensitivity of gPCR proved particularly valuable for detecting low-
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efficiency reactions, supporting its use in optimization studies where subtle differences in performance
need to be quantified [38].

Several limitations of this study should be acknowledged. First, our analysis focused on a single plasmid
system with defined insert sizes, and results may vary with different vector-insert combinations or size
ratios [39]. Second, we examined only standard reaction conditions for each enzyme, and further
optimization might improve the relative performance of some methods [40]. Third, our study did not
evaluate the fidelity of ligation products, which may be an important consideration for certain
applications [41].

The practical implications of these findings extend beyond basic research to biotechnology applications
where ligation efficiency directly impacts product yield and cost-effectiveness [42]. For routine cloning
applications, our results support the use of T4 DNA ligase with PEG enhancement as the preferred
method, particularly when working with blunt-end substrates [43]. For specialized applications requiring
thermostable conditions, alternative approaches such as high-temperature DNA assembly methods may
be more appropriate than Taq DNA ligase [44,45].

CONCLUSION

This comprehensive comparative study demonstrates significant differences in ligation efficiency among
four commonly used DNA ligation methods. T4 DNA ligase with PEG enhancement achieved the
highest efficiency for both cohesive-end (87.3%) and blunt-end (72.8%) substrates, followed by standard
T4 DNA ligase, E. coli DNA ligase, and Taq DNA ligase. The substantial performance advantages of
PEG-enhanced T4 DNA ligase support its adoption as the preferred method for routine molecular
cloning applications. These findings provide evidence-based guidance for selecting optimal ligation
conditions and highlight the importance of method selection in achieving successful DNA
manipulation outcomes. Future research should explore the mechanisms underlying PEG enhancement
and investigate the performance of these methods with diverse substrate types and reaction conditions.
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