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Abstract 
 
Error accumulation is a fundamental limitation of any hereditary polymer. Canonical duplex DNA 
mitigates replication noise through enzymatic proofreading and repair, but remains vulnerable to 
independent, local errors. In this work, I develop a theoretical framework for mutation, noise, 
and error correction in Q-DNA, defined as a canonical tetra-stranded hereditary polymer. I 
show that tetra-strand coupling generically produces correlated error patterns and enables 
structural and topological error-correction mechanisms unavailable to duplex systems. I 
derive theoretical error rates under correlated noise, analyze majority- and consensus-based 
correction schemes, and identify structural motifs capable of intrinsic self-correction. These 
results position Q-DNA as a system in which error correction may be partially embedded in 
geometry and topology rather than relying exclusively on enzymatic machinery. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1. Introduction: Noise as a Fundamental Constraint on Heredity 
 
Replication is an inherently noisy process. For a genetic system to remain viable, its mutation 
rate must remain below a critical threshold beyond which information is lost faster than 
selection can act. This principle, formalized by Eigen, applies to all hereditary polymers, 
independent of chemistry. 
 
In duplex DNA: 
 

●​  most mutations are local and independent, 
 

●​  correction relies heavily on enzymatic proofreading and repair, 
 

●​  redundancy is limited to complementary pairing. 
 
For Q-DNA, the central question is different: 
 
> Does a tetra-stranded canonical architecture enable new modes of error suppression 
through structural redundancy and correlation? 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



2. Error Models: Independent vs Correlated Noise 
 

2.1 Independent error model (duplex baseline) 
 

In duplex DNA, replication errors are often modeled as independent events with per-site error 
probability ( p ). The probability of an error escaping correction scales approximately linearly 
with genome length. 
 
This independence assumption underlies the classical error threshold. 
 
 
 

2.2 Correlated error model in Q-DNA 
 
In Q-DNA, strands are structurally coupled. A perturbation affecting one strand may: 
 

●​  propagate mechanically or geometrically, 
 

●​  affect multiple strands simultaneously, 
 

●​  or be constrained by global topology. 
 
I model errors as correlated multi-strand events, characterized by: 
 

●​  single-strand error rate ( p1 ), 
 

●​  pairwise correlated error rate ( p2 ), 
 

●​  higher-order correlated events ( pk). 
 
This breaks the independence assumption. 
 
 
 

 
 
 
 
 
 
 



3. Mutation Landscape in Q-DNA 
 

3.1 State space of mutations 
 
A local Q-DNA unit can exist in: 
 

●​  correct multi-strand configuration, 
 

●​  partially corrupted configurations, 
 

●​  topologically inconsistent states (energetically disfavored). 
 
The mutation landscape is therefore structured, not flat. 
 
 
 

3.2 Energetic filtering of mutations 
 
Many mutation patterns are structurally forbidden or energetically unstable. This produces a 
mutation bias toward: 
 

●​  reversible local errors, 
 

●​  correlated but detectable faults, 
 

●​  exclusion of isolated, silent errors. 
 
This bias is absent in duplex DNA. 
 
 
 

 
 
 
 
 
 
 
 
 
 



 
4. Structural Redundancy as an Error-Correction Resource 

 
4.1 Redundancy without alphabet expansion 

 
Q-DNA does not require a larger chemical alphabet. Redundancy arises from: 
 

●​  multi-strand encoding, 
 

●​  geometric constraints, 
 

●​  topological admissibility. 
 
Information is distributed across strands, not duplicated verbatim. 
 
 
 

4.2 Majority and consensus rules 
 

For a tetra-stranded unit, I define: 
 

●​ Majority rule: 
  the correct state is inferred from the configuration shared by ≥3 strands. 
 

●​ Consensus rule: 
  only configurations consistent with all admissible inter-strand constraints are allowed. 
 
These rules are structural, not enzymatic. 
 
 
 

 
 
 
 
 
 
 
 
 
 



5. Topological Error-Correction Mechanisms 
 

5.1 Topological exclusion of inconsistent states 
 
Certain error combinations create: 
 

●​  strand crossings, 
 

●​  incompatible twists, 
 

●​  impossible registry states. 
 
These are topologically forbidden and cannot persist without global deformation. 
 
Thus, topology acts as a hard error filter. 
 
 

5.2 Error relaxation pathways 
 
Errors may relax via: 
 

●​  local rearrangement, 
 

●​  strand swapping, 
 

●​  re-alignment driven by mechanical stress. 
 
Correction can occur without explicit repair enzymes, driven by energy minimization. 
 
 

 
 
 
 
 
 
 
 
 
 
 



6. Theoretical Error Rates 
 

 6.1 Effective error probability 
 
Let ( p ) be the raw per-strand error probability. Under correlated majority correction: 

 
 

6.2 Comparison to duplex DNA 
 
 

System Raw error scaling Effective error scaling  

Duplex DNA p  p ( without enzymes) 

Q-DNA  p ( p^2 ) – ( p^3 ) (structural)  
 

 
 
This represents a qualitative change, not a small improvement. 
 
 

 
 
 
 
 
 
 
 
 
 



7. Predicted Self-Correcting Motifs 
 

Prediction P1 — Error clustering 
 
Mutations will appear as clusters, not isolated events. 
 

Prediction P2 — Forbidden mutation patterns 
 

Certain single-strand mutations will be statistically suppressed. 
 

Prediction P3 — Auto-correcting domains 
 
Specific tetra-strand motifs will show spontaneous error relaxation after perturbation. 
 

Prediction P4 — Reduced error threshold sensitivity 
 

Q-DNA systems may tolerate higher raw error rates without catastrophic information loss. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



8. Discussion 
 

8.1 Relation to error-correcting codes 
 
Q-DNA resembles: 
 

●​ majority codes, 
 

●​ consensus decoding, 
 

●​ constraint-based codes. 
 
But these are implemented physically, not symbolically. 
 
 
 

8.2 Implications for evolution 
 
A Q-DNA system may: 
 

●​  evolve more slowly, 
 

●​  but be more mutation-resilient, 
 

●​  enabling longer genomes or harsher environments. 
 
This offers a new angle on the Eigen paradox. 
 
 
 

8.3 Informational falsification 
 
Q-DNA fails this test if: 
 

●​  errors remain independent, 
 

●​  no structural bias is observed, 
 

●​  correction does not outperform duplex baselines. 
 
 

 
 



9. Conclusion 
 

I have shown that a canonical tetra-stranded hereditary polymer generically supports 
**correlated mutation patterns and structural error-correction mechanisms** unavailable to 
duplex DNA. By embedding redundancy in geometry and topology, Q-DNA may reduce effective 
error rates without relying exclusively on enzymatic repair. This work establishes noise 
suppression and error correction as a central axis for evaluating tetra-stranded heredity. 
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Figure 1 — Independent vs correlated errors 
 
 

 
Figure 2 — Majority and consensus correction 
 
 



 
Figure 3 — Error rate scaling 
 
 

 
Figure 4 — Self-correcting motifs 
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