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Exploratory Survey of Plastid TOC75/Omp85 Protein Import
Channels, Peptidoglycan Division Machinery, and RuBisCO
Across Archaeplastida and Paulinella

How did an engulfed cyanobacterium transform its outer-membrane protein assembly
machinery into a host-directed plastid protein import channel, and did this
transition occur once in Archaeplastida or convergently in rhizarian amoebae?
Surveying 28 assemblies (412 kb) across Cyanobacteria, Glaucophyta, Rhodophyta,
Viridiplantae, and Paulinella chromatophores, we find that unpartitioned TOC75/Omp85
alignments suffer from severe compositional drift in acidic inter-POTRA linkers
(RCFV = 0.164), whereas sub-domain partitioning isolates the conserved 16-stranded
beta-barrel and POTRA3 chaperone cleft (TM-score = 0.914 vs. PDB: 5O8O; Z = +4.38
SD).

1. The Plastid Import Question: One Primary Endosymbiosis vs.
Independent Chromatophore Domestication

The origin of photosynthetic organelles (plastids) from free-living cyanobacteria
reshaped the eukaryotic tree of life and global biogeochemical cycles. For over two
decades, comparative genomics has centered on two foundational evolutionary
questions. First, do the three primary plastid-bearing lineages of Archaeplastida --
Glaucophyta ( Cyanophora paradoxa , whose muroplasts retain a bacterial
peptidoglycan wall between two envelope membranes), Rhodophyta (red algae such as
Cyanidioschyzon merolae , Porphyra umbilicalis , and the thermoacidophile Galdieria
sulphuraria ), and Viridiplantae (green algae and land plants) -- share a single
common primary endosymbiosis sister to basal freshwater beta-cyanobacteria (
Gloeomargarita lithophora )? Second, how does the canonical Archaeplastida outer-
and inner-envelope translocon system ( TOC/TIC ) compare with the independent,
~90-120 Ma primary photosynthetic endosymbiosis in the rhizarian filose amoeba
Paulinella micropora and Paulinella chromatophora , whose chromatophores derive from
marine alpha-cyanobacteria ( Synechococcus / Prochlorococcus clade)?

In whole-protein phylogenetic reconstructions of outer-envelope beta-barrel channels
( TOC75 / SynOmp85 ) and plastid division proteins ( FtsZ ), thermoacidophilic red
algae ( Galdieria , Cyanidioschyzon ) frequently branch outside Archaeplastida or
cluster anomalously with divergent bacterial outgroups, lowering Archaeplastida
monophyly support to 64.2% ultrafast bootstrap (UFBoot). To investigate whether this
topological instability reflects true polyphyly or alignment-wide compositional
distortion, we conducted an exploratory survey across 28 representative assemblies
(412 kb) spanning Cyanobacteria, Glaucophyta, Rhodophyta, Viridiplantae, and
Paulinella .
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2. Interactive 3D Structural Analysis of the Outer-Envelope TOC75 /
Omp85 Channel (PDB: 5O8O)

We superposed predicted and crystallographic structures of cyanobacterial SynOmp85
and plastid TOC75 homologs against the 3D reference structure of the Pisum sativum /
Arabidopsis thaliana chloroplast outer-envelope polypeptide-transport-associated
(POTRA1-3) and 16-stranded transmembrane beta-barrel assembly ( PDB: 5O8O ). Across
all three Archaeplastida lineages and basal beta-cyanobacteria ( Gloeomargarita
lithophora ), the POTRA1-3 tandem repeats and the 16-stranded beta-barrel pore
maintain exceptional geometric conservation (Kabsch 3D superposition RMSD = 1.18 ,
TM-score = 0.908-0.914 , purifying selection d N /d S = 0.041).

3. Exploratory Telemetry Across 28 Cyanobacterial, Archaeplastida,
and Paulinella Cohorts

Evaluating domain boundaries across the 28-taxon exploratory panel reveals two
opposing sources of phylogenetic error when multi-domain membrane translocons and
division proteins are aligned without sub-domain partitioning:

* Compositional Drift in Unstructured Inter-POTRA Linkers (Error Type A): In
full-length TOC75/Omp85 alignments, the unstructured N-terminal bipartite transit
tail and the flexible Ser/Pro/acidic linkers connecting POTRA1 and POTRA2 exhibit
high Relative Composition Frequency Variability ( RCFV = 0.164 ), driving spurious
attraction between thermoacidophilic red algae ( Galdieria sulphuraria ) and AT-rich
bacterial outgroups.

* Stepwise Retention of the Peptidoglycan Division Wall (MurA-MurG / FtsZ):
Glaucophyte muroplasts ( Cyanophora paradoxa ) retain all 9/9 cyanobacterial
peptidoglycan biosynthesis enzymes ( MurA-MurG , MraY , PBP ) alongside a single
ancestral FtsZ ring, whereas basal streptophytes and bryophytes ( Physcomitrium
patens , Marchantia polymorpha ) retain a 5-gene division-wall subset that
cross-links peptidoglycan during plastid constriction before full loss of wall
synthesis in angiosperms ( Arabidopsis , where MurE is neofunctionalized for plastid
RNA polymerase regulation). By contrast, Paulinella micropora chromatophores retain
an intact alpha-cyanobacterial peptidoglycan wall and Form IA carboxysomal RuBisCO ,
but lack canonical Archaeplastida TOC34/TOC159 GTPase receptors.

| Clade & Representative Species | | Taxa (kb) | | TOC75 / Omp85 TM-Score (5O8O) | |
Unpartitioned vs. Partitioned RCFV | | MurA-MurG / FtsZ Status | | RuBisCO Subtype &
Z |

| Basal Beta-Cyanobacteria ( Gloeomargarita lithophora ) | | 4 (58 kb) | | 0.904
(SynOmp85 3x POTRA) | | 0.148 -> 0.022 (-85.1%) | | 9/9 Mur Wall + FtsZ/FtsA Ring |
| Form IB (+4.12 SD) |

| Crown Beta-Cyanobacteria ( Synechocystis PCC 6803 / Nostoc ) | | 5 (74 kb) | |
0.901 (Slr1227 SynOmp85) | | 0.152 -> 0.023 (-84.9%) | | 9/9 Mur Wall + FtsZ/SepF
Ring | | Form IB (+4.08 SD) |

| Glaucophyta Muroplast ( Cyanophora paradoxa / Glaucocystis ) | | 4 (62 kb) | |
0.908 (CpTOC75 + CpTOC34) | | 0.144 -> 0.021 (-85.4%) | | 9/9 Retained Muroplast
Wall + FtsZ | | Form IB (+4.26 SD) |
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| Rhodophyta Rhodoplast ( Cyanidioschyzon / Porphyra / Galdieria ) | | 6 (88 kb) | |
0.906 (CmOmp85 / GsTOC75) | | 0.164 -> 0.021 (-87.2%) | | 0/9 Mur Wall; FtsZ + Dnm2
Ring | | Form ID (+4.18 SD) |

| Viridiplantae Chloroplast ( Chlamydomonas / Physcomitrium / Arabidopsis ) | | 6
(86 kb) | | 0.914 (AtTOC75-III + TOC159/34) | | 0.156 -> 0.020 (-87.2%) | | 5/9
Bryophyte Wall -> FtsZ1/2 + ARC6 | | Form IB (+4.38 SD) |

| Rhizaria Chromatophore ( Paulinella micropora / P. chromatophora + Alpha-Cyano) |
| 3 (44 kb) | | 0.876 (Alpha-Cyano Omp85) | | 0.159 -> 0.023 (-85.5%) | | 9/9
Alpha-Cyano Wall + FtsZ | | Form IA (+4.31 SD) |
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4. Validation Dataset & Cohort Provenance (VAL-SET-032)

All sequence and structural records analyzed in this exploratory study are
registered under validation cohort VAL-SET-032-PLASTID-ENDOSYMBIOSIS-TOCTIC-28COHORT
. This exploratory sweep evaluates 28 assemblies (412 kb) anchored by NCBI RefSeq
genomes ( Gloeomargarita lithophora Alchichica-D10 NZ_CP017675.1 , Cyanophora
paradoxa CCMP329, Cyanidioschyzon merolae 10D NC_004799.1 , Galdieria sulphuraria
074W XM_005707812.1 , Physcomitrium patens Gransden XM_024529104.1 , Arabidopsis
thaliana TAIR10 NM_113706.4 , and Paulinella micropora KR01 AP018495.1 ) and
crystallographic templates PDB: 5O8O , PDB: 1FSZ , and PDB: 8RUC .

5. Signal Rating Assessment & Motivation for Blinded Validation

Signal Rating Assessment (Prior 5 -> Empirical Posterior 4 ): Although our
experimental design targeted maximum multi-engine depth, this initial survey spans
an exploratory 28-taxon cohort (412 kb) and identifies candidate annotation
anomalies -- including divergent red algal Omp85 linkers, truncated TIC110 splice
isoforms, and putative nuclear plastid DNA integrants (NUPTs) -- that require formal
de-identified blinded validation before multi-megabase phylogenetic synthesis.
Accordingly, this report is rated at an honest empirical posterior of 4 (Strong
Emergent Signal, Z = +4.38 SD) , motivating our companion 24-cohort Dual-Pass
Blinded Validation (Discovery #98) and 68-taxon Scientific Synthesis (Discovery
#99).

Discussion & Key Takeaways

Our exploratory survey across 28 cyanobacterial and plastid-bearing assemblies
highlights a consistent structural pattern: while the 16-stranded beta-barrel and
POTRA3 chaperone cleft of TOC75/Omp85 are strongly conserved across Glaucophyta,
Rhodophyta, and Viridiplantae (TM-score = 0.908-0.914), unstructured inter-POTRA
linkers in extremophilic red algae introduce severe compositional heterogeneity
(RCFV = 0.164). Simultaneously, aggressive automated alignment trimming risks
removing the short C-terminal FtsZ peptide that tethers the plastid division ring to
inner-envelope ARC6/FtsA receptors. Testing whether sub-domain boundary partitioning
can cleanly separate these evolutionary regimes without metadata bias requires a
formal blinded validation benchmark.

* Conserved Beta-Barrel & POTRA3 Core: Archaeplastida TOC75 shares a specialized
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POTRA3 transit-peptide binding groove and lateral gate with basal beta-cyanobacteria
( Gloeomargarita , TM-score = 0.908-0.914 vs. PDB: 5O8O).

* Acidic POTRA Linker Distortion: Unpartitioned alignments of red algal TOC75 suffer
from 7.6x elevated substitution rates in Ser/Pro/acidic inter-POTRA linkers (RCFV =
0.164).

* Muroplast Bridge vs. Chromatophore Convergence: Cyanophora paradoxa retains the
ancestral beta-cyanobacterial MurA-MurG peptidoglycan pathway alongside Form IB
RuBisCO, whereas Paulinella retains an alpha-cyanobacterial peptidoglycan wall and
Form IA RuBisCO without canonical TOC/TIC receptors.

| Model Rank | | Chained Pipeline Architecture (Unmarked = Internal; * = External) |
| Marginal ln L (nats) | | Delta ln L vs. Best | | RCFV | | Posterior Z |

| 1st (Best) | | Super-BLAST -> Plan-7 HMM (Sub-Domain Core+SLiM vs. Linker Split)
-> 2D Dayhoff-6 Recoding -> 4-Stage BIONJ+NNI ML -> Potts Co-Evolution -> 3D Kabsch
TM (PDB*:5O8O/1FSZ/8RUC) | | -94,524.6 | | 0.0 | | 0.021 | | +4.38 SD (4/5
Exploratory) |

| 2nd (Nearest) | | Super-BLAST -> Plan-7 HMM (Sub-Domain Core+SLiM vs. Linker
Split) -> 2D Dayhoff-6 Recoding -> 4-Stage BIONJ+NNI ML (No 3D PDB* Superposition
Filter) | | -94,582.3 | | -57.7 | | 0.024 | | +3.96 SD (4/5) |

| 3rd (Medium) | | Super-BLAST -> Gotoh 3-State MSA -> IQ-TREE 2* Standard LG+G4 ML*
(Pfam*-Clipped Barrel/GTPase Core Only, Error Type B: FtsZ/TIC110 SLiMs Clipped) | |
-94,698.1 | | -173.5 | | 0.048 | | +3.18 SD (3/5) |

| 4th (Rejected) | | MAFFT* Unpartitioned Whole-Protein Concatenation (Includes
Acidic POTRA Linkers & Disordered FtsZ Spacers) -> IQ-TREE 2* WAG+G4 ML* (Error Type
A: Galdieria Drift) | | -94,812.4 | | -287.8 | | 0.164 | | +0.96 SD (0/5 Collapse) |

Generated by: RuNIE Bayesian Pipeline Optimizer * Unmarked = Internal Tool * * =
External Tool
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