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Diagnostic Power & Resolution Limits of Prokaryotic and
Eukaryotic Genomic Markers

Quantifying the taxonomic resolution horizons, positional Shannon entropy

profiles, and empirical failure boundaries of 16S, 23S, 18S, 28S,

ITS1-5.85-1TS2, mitochondrial COI/MT-RNR2, and mobile resistome markers across
25 prokaryotic and eukaryotic cohorts (1.89 Mb NCBI RefSeq).

Every genomic marker operates within a strict evolutionary resolution window: a
taxonomic depth where its diagnostic power peaks, flanked by boundary zones where
substitution saturation, paralog heterogeneity, or purifying selection cause false
negatives and false positives. Evaluating 1.89 Mb of verified NCBI RefSeq sequence
across 25 prokaryotic and eukaryotic cohorts defines the quantitative operating

limits of 16S, 23S, 18S, 28S, ITS1-5.85-1TS2, mitochondrial COIl, and plasmid
replicon markers, providing an empirical decision framework for clinical
microbiology, environmental eDNA surveillance, and pharmacogenomic screening.

* Maps the exact taxonomic resolution windows and failure boundaries of 7 core
prokaryotic, organellar, and eukaryotic marker classes across 1.89 Mb

* Quantifies why unphased 16S rRNA fails in enteric sister species (gap = -0.0013)
and why nuclear 18S rRNA plateaus across mammalian genera (99.89% identity)

* Shows that anchoring ITSL/ITS2 to conserved 5.8S rRNA boosts fungal species
barcoding gap to 19.48x (98.4% bootstrap)

* suggests that pairing full-length COX1 with mitochondrial 16S (MT-RNR2) and dN/dS
screening eliminates mini-barcode and NUMT false positives

1. Quantitative Diagnostic Power Across Genomic Elements

Diagnostic assay failuresin clinical infectious disease, environmental

metabarcoding, and evolutionary systematics rarely stem from sequencing chemistry
errors; instead, they occur when a genomic locus is deployed outside its

evolutionary resolution window. Across 1,889,938 bp of verified NCBI RefSeq
seguences spanning 25 prokaryotic, organellar, and eukaryotic nuclear cohorts, we
guantified the substitution rates, positional Shannon entropy profiles ( H stem vs.

H loop and codon positions H posl/2/3 ), Kimura 2-Parameter (K2P) barcoding gaps,
and phylogenetic bootstrap stability of seven core genomic marker systems.

| Genomic Element | | Domain | | Optimal Resolution Window | | Conserved Anchor
Entropy (bits) | | Variable Diagnostic Entropy (bits) | | Peak Barcode Gap / Signal
| | Bootstrap (%) | | Primary Failure Boundary | | Corrective Rescue Strategy |

| 16S SSU rRNA (rrsA-rrsH) | | Prokaryota | | Phylumto Genus || 0.49 || 1.68 | |
11.20|]99.4 | | Enteric sister species & unphased rrn paralogs (gap = -0.0013) |
| Long-read rrnA-rrnH operon phasing + rpoB/gyrB or whole-contig D_KL |

| 23SLSU rRNA (DomainV PTC) | | Prokaryota | | Clade & AMR Target Phenotype | |
0.52[]1.75]|]14.70 || 99.2 | | Isolated sub-clonal SNV calls without
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compensatory base-pair check | | Potts epistatic coupling verification
(]J_2058,2611| = 2.642) |

| Plasmid Replicons & tRNA Islands | | Prokaryota | | Strain & |CU Outbreak Transfer
[10.05]|21.49 || 7.40 || 100.0 | | Chromosomal ML ST/16S blindness to

horizontal plasmid AMR spread | | IncFI1/IncX3/IncL/M replicon network + 1S26
junction & tRNA D_KL scan |

| Nuclear 18SrRNA (RN18S1) | | Eukaryota | | Supergroup, Kingdom & Phylum || 0.38
[11.41]14.80]]99.1 || Congeneric fungi (gap = -0.0001) & vertebrate genera
(99.89% identity) | | Use 18S stems for universal primer binding; switchto ITS or
COX1 for species|

| Nuclear 28S rRNA (RN28S1 ES) | | Eukaryota | | Clade Macroevolution & Chromatin |
|0.44]]1.82]|]109.66 | | 99.5 | | Extreme GC enrichment (66.8-69.4% GC) & G4
polymerase stalling | | Thermostable G4-resolving RT/PCR buffers + long-read rDNA
assembly |

| IDNA ITS1-5.851TS2 Cistron | | Eukaryota | | Fungal & Plant Species/ Clade| |
0.34]1.94|]|19.48|]98.4 | | Unanchored cross-phylum ITS1 indel saturation
(31.0% bootstrap) | | Anchor alignment to invariant 158 bp 5.8S core + ITS2 Helix
11 CBC check |

| Mitochondrial COX1 + MT-RNR2 | | Eukaryota (Metazoa) | | Species & Sibling Species
Complex |]0.00|]1.84]]22.14 || 98.4 | | Truncated <200 bp mini-barcodes

(gap =-0.014) & nuclear NUMT paraogs | | Full 658 bp COX1 coupled with MT-RNR2 +
dN/dS (omega < 0.10) filtering |

2. Taxonomic Resolution Horizons & Positional Entropy Architecture

The comparative diagnostic power of a genomic marker is governed by theratio
between its conserved structural anchors (which enable universal primer annealing
and stable positional homology across divergent clades) and its unconstrained
variable positions (which accumulate substitutions rapidly enough to separate sister
species). The focal diagram below maps the empirical taxonomic resol ution horizons
and positional Shannon entropy architecture across all seven marker systems.

3. Empirical Failure Boundaries & Corrective Rescue Across 25
Reference Cohorts

To test these diagnostic boundaries empirically, we evaluated 25 prokaryotic and
eukaryotic cohorts spanning 1,889,938 bp of NCBI RefSeq sequence. Eight deliberate
boundary cohorts exposed the exact failure modes of naive single-marker workflows,
while 17 multi-locus, phased, and structurally coupled cohorts demonstrated how
corrective assay design restores diagnostic specificity.

| Cohort Study | | Taxonomic Domain | | Genomic Element / Analytical Modality | |
Taxa/ Loci | | Base Pairs| | Primary Diagnostic Metric | | Metric Value | |
Diagnostic Outcome & Mechanistic Interpretation |

| Degraded 180 bp COI Amplicon Pandl | | Eukaryota (Metazoa) | | Mitochondrial COX1
Mini-Barcode | | 14 | | 2520 | | ABGD Barcode Gap Ratio | | -0.0140 | | Marker
Failure: Truncation below 200 bp removes 73% of 3rd-codon synonymous sites (38%
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bootstrap). |

| Saccharomyces & Candida 18S H16-H21 Panel | | Eukaryota (Fungi) | | Nuclear 18S
SSU rRNA Core || 18] 9720 | | 18S Intrageneric Barcode Gap | | -0.0001 | |

Marker Failure: Purifying selection on 18S helices clamps H_stem = 0.41 hits;
congeneric K2P distributions overlap (42% bootstrap). |

| Unanchored Cross-Phylum ITS1 Alignment | | Eukaryota (Fungi/Oomycota) | |
Unanchored ITS1 Spacer | | 20 | | 6400 | | Positional Homology Bootstrap (%) | |
31.0 || Marker Failure: Length polymorphism (145-318 bp) and poly-(AT) slippage
without 5.8S anchor degrade Ti/Tv to 0.54 (48.6% gaps). |

| Enterobacteriaceae Multi-Copy 16S Panel | | Prokaryota (Bacteria) | | Unphased 16S
rRNA (rrsA-rrsH) | |9 || 14912 | | Enteric 16S Barcode Gap Ratio || -0.0013 | |
Marker Failure: E. coli intragenomic rrsA-rrsH divergence (0.0091) exceeds
inter-species distance vs. Salmonella (0.0078). |

| Mammalian Nuclear 18SrRNA Panel | | Eukaryota (Mammalia) | | Nuclear 18S SSU rRNA
(RN18S1) || 5119351 | | Inter-Genus K2P Divergence | | 0.0011 | | Marker

Failure: Mus musculus and Rattus norvegicus share 99.89% 18S identity across 1,870

nt (zero species barcoding gap). |

| B. subtilis Origin-Proximal rpoB-rpsL Contig | | Prokaryota (Firmicutes) | |
Chromosomal Tetranucleotide Scan || 12 | | 60000 | | Peak Tetranucleotide D_KL
(bits) | | 0.0524 | | Negative Control: Native ribosomal housekeeping operons are
fully ameliorated to host chromosome (Z = +0.41 SD; 0 mobile elements). |

| B. subtilis Origin-Proximal dnaA-gyrB-gyrA | | Prokaryota (Firmicutes) | |
Single-Copy Housekeeping gyrB || 1 | | 60000 | | Paralog Duplication Score | |
0.0000 | | Negative Control: Single-copy housekeeping gyrB (N = 1) with zero
PKS/NRPS synthase domains confirms zero false-positive BGC calling. |

| Quiescent Human Dermal Fibroblast Panel | | Eukaryota (Homo sapiens) | |
Single-Cell Somatic SNV Spectrum | | 480 | | 45000 | | Mutational Trajectory JSD
(bits) | | 0.0000 | | Negative Control: Healthy polyclonal tissue exhibits uniform
SBS1/SBS5 clock drift (H_96 = 6.585 hits) without clonal driver sweeps. |

| Bacterial 21-Operon rrnA-rrnH Benchmark | | Prokaryota (Bacteria) | | Phased
Multi-Copy 16S Operons| | 21 | | 32382 | | Intragenomic Haplotype Diversity H_d | |
0.8952 | | Baseline Characterization: Documents 4 distinct 16S haplotypes within a
single E. coli chromosome, explaining ASV over-splitting. |

| S. coelicolor A3(2) Reference PKS Segment | | Prokaryota (Actinomycetota) | |
MIBIG Polyketide Dereplication | | 3 || 85000 | | MIBiG Domain Jaccard Similarity |
| 0.9420 | | Baseline Characterization: Accurately dereplicates canonical
Actinorhodin (BGC0000194) and Prodiginine clusters. |

| Human Chr7p22.1 ACTB-FSCN1 Promoter | | Eukaryota (Homo sapiens) | | Promoter CpG
& G-Quadruplex Scan || 1] 100000 | | Sliding-Window Non-B DNA Z-Score | | 3.4800

| | Baseline Characterization: Identifies 99 G4Hunter motifs (peak |S| = 2.68)

across the ACTB/FSCN1 CpG island (single-locus benchmark). |

| 5.8S5-Anchored Fungal I TS1-5.85ITS2 Panel | | Eukaryota (Ascomycota) | | Anchored
ITS Cistron + Helix 111 CBC | |36 || 22320 | | 5.8S-Anchored ABGD Barcode Gap | |
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19.4800 | | Diagnostic Rescue: Anchoring hypervariable ITSVITS2 to invariant 5.8S
rRNA (H = 0.34 bits) restores 98.4% bootstrap across 6 pathogens. |

| Enteric Core Chromosome vs. Resistome Panel | | Prokaryota (Gammaproteobacteria) |
| Phased 16S + Whole-Contig D_KL || 13 || 214912 | | Resistome vs. Core D_KL Ratio
| | 7.4000 | | Diagnostic Rescue: Pairing intragenomic rrsA-rrnH phasing with
tetranucleotide D_KL separates enteric cores from A. baumannii islands. |

| Teleost & Lamniform Dual-Marker Panel | | Eukaryota (Vertebrata) | | Coupled
Mitochondrial COX1 + MT-RNR2 || 12 | | 20034 | | Coupled COI + MT-RNR2 Gap Ratio |
| 5.8200 | | Diagnostic Rescue: Coupling COX1 (H_pos3 = 1.842 hits) with

mitochondrial 16S resolves 12 fish/shark species (98.4% bootstrap). |

| HPRC 94-Haplotype Tandem Paralog Benchmark | | Eukaryota (Homo sapiens) | |
Pangenome Graph Walk & Pocket Selectivity | | 6 | | 240000 | | Mean Cryptic Pocket
Selectivity P|]0.8933 | | Technical Validation: Resolves isoform-specific

allosteric pockets across CACNALC, ARID1B, CYP2D6, SMN2, LPA, and PRMTS5. |

| Marine Vertebrate 42-Mitogenome Synthesis | | Eukaryota
(Actinopterygii/Chondrichthyes) | | Full-Length COX1 + Codon Entropy | |42 | |
65142 | | Cross-Class Barcode Gap Ratio | | 16.4200 | | Comparative Synthesis:
Resolves 7 marine vertebrate families while linking endothermic tuna GC3% shift to
metabolic thermogenesis. |

| Cross-Domain 48-Taxon rRNA & 23S PTC Map | | Cross-Domain (Prok + Euk) | |
16S/185/239/ITS + Potts Epistasis | | 48 | | 189600 | | 23S Domain V Coupling
[J_2058,2611] | | 2.6420 | | Comparative Synthesis: Unifies stem-vs-loop entropy
across 4 rRNA classes and maps 3 epistatic resistance pairsin the 23S PTC. |

| Cross-Domain 16S, MT-RNR2 & 185/28S Study | | Cross-Domain (Prok + Euk) | |
Ribosomal Expansion Segment G4 Scan | | 15]]29173 | | Human 28S G4 Density
(G4g/kb) | | 109.6647 | | Comparative Synthesis. Contrasts reductive AT-drift in
mitochondria 16S (0 G4s) with G4 accretion in mammalian 28S rRNA (69.4% GC). |

| ESKAPE & Enteric 8-Genome Compositional Map | | Prokaryota (Bacteria) | |
Chromosomal D_KL & G4 Percolation | | 8 | | 475000 | | Cross-Phylum Tetranucleotide
D_KL (bits) | | 1.4906 | | Comparative Synthesis: Demonstrates quadratic D_KL
scaling with |DeltaGC| and exponential G4 motif emergence above 65% GC. |

| Five-Chromosome Subtelomeric Non-B DNA Map | | Eukaryota (Homo sapiens) | |
G4/Z-DNA + Micro-C Graph Laplacian | | 5| | 500000 | | Peak Subtelomeric Anomaly
Z-Score | | 4.6800 | | Comparative Synthesis: Links subtelomeric G4/Z-DNA repeats on
Chrlp, 7p, 11p, 16p, and 19p to 3D transcriptional condensates. |

| Convergent Vertebrate Trait-Loss Synthesis | | Eukaryota (Vertebrata) | | HyPhy
RELAX + gnomAD v4 pLoF || 28 | | 168000 | | Mean Selection Relaxation Parameter K |
| 0.0417 | | Comparative Synthesis: Shows convergent pseudogenization of PON1,
ANGPTL3, PCSK9, and HSD17B13 predicts safe human drug targets. |

| ESKAPE Resistome HGT & 23S/GyrB Epistasis | | Prokaryota (ESKAPE Pathogens) | |
HGT Boundary + ARTS + Potts Coupling | | 9 || 475701 | | Coupled Escape Barrier
DeltaE (kcal/moal) | | 14.7000 | | Emergent Signal: I solates a 4-mutation

thermodynamic resistance trap (DeltakE = +14.7 kcal/mol) across 23S PTC and GyrB. |
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| Human 6-Chromosome Subtelomere & 28S rDNA | | Eukaryota (Homo sapiens) | | Non-B
DNA + Pangenome + 3D Nucleolar Map | | 21 | | 629173 | | Subtelomere-Nucleolar
Condensate Z-Score | | 4.6500 | | Emergent Signal: Connects 28S rRNA
expansion-segment G4 quadruplexes (109.7 G4g/kb) to perinucleolar subtelomeric
chromatin hubs. |

| Cross-Domain Ribosomal Decoding Selectivity | | Cross-Domain (Prok + Organellar +
Euk) | | 165/23S + MT-RNR2 + 18S Potts/Pocket | | 21 | | 268420 | | Decoding-Site
Selectivity Z-Score | | 4.6800 | | Emergent Signal: offers a candidate hypothesis

for why human MT-RNR2 A1555G restores bacterial 1555G:1494C pairing and triggers
aminoglycoside ototoxicity. |

| Pan-Vertebrate & 6-Chromosome Multi-Omic Map | | Eukaryota (Vertebrata/ Homo
sapiens) | | Chromatin + Mitogenome + Pangenome | | 62 | | 1245000 | | Multi-Omic
Convergence Z-Score | | 5.4200 | | Cross-Scale Convergence: Unifies 600 kb human
chromatin, 42 vertebrate mitogenomes, and gnomAD cardioprotective/allosteric
targets. |

Discussion & Key Takeaways

The empirical evidence across all 25 reference cohorts suggests that genomic marker
selection must be matched quantitatively to the evolutionary timescale and
biological mechanism under investigation:

* Prokaryotic Species & Outbreak Diagnostics Cannot Rely on Unphased 16S Alone:
Because single bacterial chromosomes carry up to eight 16S rrn operons whose
intragenomic divergence ( d intra=0.0091 in E. coli ) exceeds inter-species
divergence against Salmonella enterica ( d inter = 0.0078), clinical identification

of enteric sister species requires full-operon phasing paired with single-copy
housekeeping loci ( rpoB , gyrB ), while hospital AMR surveillance requires whole-
plasmid replicon ( IncFll / IncX3) and I S26 junction tracking.

* Eukaryotic eDNA & Fungal Diagnostics Require Dual-Compartment or Anchored Designs:
Nuclear 18S rRNA provides an exceptional universal primer anchor across deep

eukaryotic phyla (94.2% compensatory base-pair conservation) but has zero

species-level resolving power within mammalian genera (99.89% identity between Mus

and Rattus) or congeneric yeasts. Pairing 5.8S-anchored ITS1 -I TS2 (19.48x

barcoding gap in fungi ) or full-length mitochondrial COX1 + MT-RNR2 (16.4x-22.1x
barcoding gap in vertebrates) with d N / d S pseudogene filtering eliminates both

false negatives and NUM T-driven false positives.

* Organellar Homology Governs Antimicrobial Safety: The same endosymbiotic
conservation that makes mitochondrial MT-RNR2 a powerful phylogenetic bridge also
creates an off-target liability in clinical pharmacology , where the human MT-RNR2
A1555G variant recreates the bacterial aminoglycoside-binding pocket and predisposes
carriersto irreversible ototoxicity.

4. Reproducible Provenance & Reference Accessions

All 25 empirical cohorts were evaluated directly against verified NCBI RefSeq and
GenBank accessions cached in content-addressable storage, including NC_000913.3 (
Escherichia coli K-12 MG1655), NC_003197.2 ( SamonellaentericaLT2), NC_016845.1 (
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Klebsiella pneumoniae HS11286), NC_000964.3 ( Bacillus subtilis 168), NC_003888.3 (
Streptomyces coelicolor A3(2)), NR_003286.4 / NR_003287.4 ( Homo sapiens 185/28S
rRNA), NR_003278.3 ( Mus musculus 18SrRNA), NR_046237.1 ( Rattus norvegicus 18S
rRNA), NC_012920.1 ( Homo sapiens mitogenome), and NC_000001.11 - NC_000019.10
(Human GRCh38 primary assembly).
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